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2D Layered Perovskites

Solution Processable Materials

The recent discovery that single-layer 2D perovskites can

be prepared using solution processing techniques! has been
followed by enormous research into optoelectronic applications
of 2D perovskites including light emitting diodes (LEDs),?
phototransistors,® and solar cells.*

Tunable Emission Wavelength

Photoluminescent 2D perovskites have an emission wavelength
that changes depending on the layer thickness and the choice
of amine and halide. We offer an excellent portfolio of the most
popular 2D perovskite compositions for photoluminescence
based devices.

Improved Moisture Stability

Solar cells fabricated with 2D perovskites have improved
stability in moist air compared to 3D perovskites.*
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Merging Biology and Photovoltaics: How Nature

Helps Sun-Catching

Luca M. Cavinato, Elisa Fresta, Sara Ferrara, and Rubén D. Costa*

Accomplishing sustainability in optoelectronics, in general, and photovoltaics
(PV), in particular, represents a crucial milestone in green photonics. Third
generation PV technologies, such as organic solar cells (OSCs), perovskite
solar cells (PSCs), and dye-sensitized solar cells (DSSCs) have reached a
mature age and are slowly making their way in the market as complementary
devices to the first generation solar cells. For example, they are well suited
for high-end smart applications, like flexible and wearable devices, fully
transparent solar cells and windows, and biocompatible devices for medical
applications. In this context, major efforts have been conducted to realize
easy-to-do and low-cost recycling devices without losing performance level.
This has fueled a strong cooperation between engineering, biology, chemistry,
and physics fields to discover new strategies for cost-effectiveness prepara-
tion and implementation of bio-derived materials in highly performing PVs.

conditions. This makes difficult to further
reduce the cost of electricity production.’?!
Furthermore, although solar energy is a
renewable source, it does not mean that
any kind of photovoltaics (PV) is sustain-
able. For instance, silicon is an essential
material in electronics and solar industries
and, up to date, is irreplaceable. Despite
its abundancy in Earth’s crust, it is for the
vast majority (80%) present as ferrosilicon,
whose purification is expensive and highly
pollutant. The production of 1 ton of silicon
requires 6 tons of raw materials, almost
3 tons of Quartz, 1.5 tons of reducing
agents, 1.5 tons of wood and 13 000 kWh
of energy*1% Therefore, in 2014 the EU

The recent efforts of these groups are honored here, providing a general
overview on bio-derived materials suitable for PV applications as well as
an in-depth revision of the most relevant and recent advances obtained by

merging biology and third generation PV technologies.

1. Introduction

In 2017, the international renewable energy agency (IRENA)
reported that the world can meet around 90% of the decarburi-
zation goals set by the Paris Agreement through accelerated
deployment of renewable energy and their conversion effi-
ciency.! Among the plethora of green sources able to produce
electricity, solar energy is the largest global renewable onel and,
in turn, it is one of the most promising options.>=! Up to date,
the market is still dominated by the first generation solar cells
(SC) based on silicon wafers, which accounts for 95% of the total
production.l’! They are expensive to manufacture, but feature
high power conversion efficiencies (PCEs), close to their theoret-
ical maximum, and excellent stabilities under outdoor operation
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commission included silicon metal in the
critical raw material (CRM) list.l!

In this context, the third generation
PV has reborn, offering cost-effective and
efficient CRM-free devices with a lower
reliance on the incident angle of light and
integration in smart-end applications, like
flexible and wearable devices,'> fully transparent solar cells
and windows,>!l and biocompatible devices.”""] The leading
third generation SCs are organic solar cells (OSCs),20-22
perovskite solar cells (PSCs),?>*) and dye-sensitized solar cells
(DSSCs).28-301 Despite their versatile applications and high per-
formances, sustainability still represents a major issue toward
becoming an ideal energy technology in the mid-long term
future. Among others, fullerene-based materials are toxic,?"
indium tin oxide (ITO) is brittle, chemically unstable, and
expensive due to limited indium sources on Earth’s crust.3%33
Cobalt is also listed as CRM,™ while cadmium, selenium, lead
and ruthenium are toxic materials.’***! With regard to flex-
ible devices, polyethylene terephthalate (PET) is the standard
substrate; though its environmental footprint is critical and its
nonbiodegradable properties lead to harmful effects in living
organisms.B% This has fueled a strong cooperation among the
fields of engineering, biology, chemistry, and physics to discover
new strategies for cost-effectiveness preparation and implemen-
tation of bio-derived materials in highly performing PVs.

In general, this cooperation constitutes a part of the
emerging and multidisciplinary field of biophotonics,[*”! which
involves biomedical optics,®® living light,?*“#! biomimetic,
biomaterials and bioengineered compounds, as well as fabrica-
tion/implementation methods applied to optoelectronics*?l and
photonics, ! among others. For instance, artificial lightning
and biology have been recently merged with the implementa-
tion of cellulose, chitosan, silk, and fluorescent proteins as

© 2021 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH

85U801 SUOWWOD SAIERID (dedl|dde au Aq peusenob aJe oIl VO ‘88N JO S9|NJ 10} ARIq1T 8UIUO A8]IA UO (SUOTPUOD-PUE-SWS) 00" A | IM A eIq 1 jBUlJUO//:SANY) SUORIPUOD pue SWs 1 841 88S *[2202/0T/c2] Uo Ariqiauliuo Ae|im eIl pueIyo0D Aq 02G00TZ0Z WUSe/Z00T OT/I0p/W00" A8 1M Alelq puljuo//Sdiy Woly pepeojumod ‘sv ‘TZ0Z ‘0v89rTIT


http://crossmark.crossref.org/dialog/?doi=10.1002%2Faenm.202100520&domain=pdf&date_stamp=2021-05-06

ADVANCED
SCIENCE NEWS

ADVANCED
ENERGY
MATERIALS

www.advancedsciencenews.com

active device components, i.e., substrates, electrodes, emitters,
etc. toward highly performing bio-based lighting devices.[*#l
It is worth to mention that the term “biomaterial” refers to
any substance of synthetic, biological, and hybrid nature that
interfaces with living tissues.l Thus, biomaterials are not
necessarily biological or based on bio-related matter. However,
biogenic materials are per se eco-friendly. Again, this does not
directly imply that they are sustainable, especially when they
are derived from superior organisms. The sustainability goal
could be reached either if a bacteria-based production is imple-
mented in the fabrication process or if the source materials are
recovered from large quantity wastes of other sectors.*8! Similar
to the artificial lighting, many research groups working on PV
are endeavored to introduce bio-derived materials, managing to
keep the performances of standard components and eventually
even outperforming them -4

This review aims at providing an extensive description
of the most relevant and recent advances in bio-based PV
devices, considering the last five years as period of interest
(2015-2020 and over 150 works) and the third generation
PV technologies. The reader will be redirected to previous
reviews focused on the sustainability and biodegradability of
SCs and more specific contributions when necessary.l>>-62
This allows us to provide a comprehensive and accurate
review to reflect the actual evolution of PVs that blurs the
lines between physics, chemistry, biology, and engineering,
building up the knowledge bridges between these worlds.
As such, this review is divided in five follow-up sections: i) a
brief historical view of SCs and their integration with biology
(Section 2), ii) an overview about the different types of third
generation PVs (Section 3), iii) an introduction on the most
used biological materials in SCs and their actual bacterial-
based production (Section 4), iv) an in-depth discussion about
the current scenario in merging biology and PV (Section 5),
and v) a final conclusion section that aims to summarize the
most relevant strengths, drawbacks, and perspectives of the
field (Section 6). The authors hope that this manuscript will
inspire scientists and engineers to realize the importance
of interdisciplinary co-operation in order to open new hori-
zons toward sustainable and high performing bio-based PV
devices.

2. Brief Historical View

The PV effect is the essential basis of the conversion of light
into electricity. Even though an extensive description of the
history of PVs is not the aim of this review, the authors care
about reminding the discovery of Edmond Bequerel. In 1839,
while doing experiments involving electrolytic cells, he noticed
that the voltage of the cell increased when its silver plates
were exposed to the sunlight.®3 In 1905, Albert Einstein theo-
rized the photoelectric effect, whose direct consequence is the
PV one. Thanks to the latter, he was awarded with the Nobel
Prize in 1921, further promoting the knowledge about photons,
namely quantized packets of energy that are the building
blocks of light. In short, when light impacts a semiconductor
bearing photons with energies higher than the energy bandgap
of the material (i.e., 1.1 eV for silicon) they can be absorbed.
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Therefore, electrons are promoted from the valence band to the
conduction band, leaving a corresponding number of holes in
the former. A built-in potential barrier in a PV cell acts on these
electrons to produce voltage.[®4

In 1954, the era of PV power generation began with the first
crystalline silicon solar cell by Chapin’s group, featuring a 6%
PCE.[®] To overcome the issues related to the silicon supply
chain and the high production cost, two strategies were pro-
posed: 1) the use of amorphous silicon wafer or optimal light-
harvesting materials, and ii) the reduction of the thickness
of the silicon wafer from 100 to 5-50 pm (crystalline silicon
thin film solar cells).¢®l Thin-film technology (namely
second generation PVs) developed fast, since the mid-1980s
with the introduction of ternary compound semiconductors,
like CuGaSe, and CulnS,, and multinary alloy Cu(In,Ga)
(S,Se),.l%8]

Inspired by natural photosynthesis in 1991, O'Regan and
Gritzel made significant progresses within the DSSC con-
cept, reaching promising efficiencies of almost 8%.% In
this device, the presence of impurities in either the starting
materials and in the final device became of less relevance.
Hence, the fabrication cost of DSSCs is lower compared to
that of monocrystalline silicon SCs. A few years later, fully
OSCs were developed with a modest efficiency around 1%,
but they outperformed DSSCs in the early-2010s, reaching
today remarkable efficiencies of 18%.97%1 Perovskites were
first discovered by Weber in 1978, then further explored by
Kagan et al. for light-emitting applications.”73] Evolving from
the DSSCs concept, the first perovskite-sensitized SCs were
fabricated by Miyaska and co-workers,” reaching today high
efficiencies over 25%.°]

Along these timelines, all the aforementioned PVs met
Biology in the form of innovative materials, components, archi-
tectures, etc.’>%2 Among them, DSSCs was the first and the
most prolific area in terms of using bio-inspired and bio-derived
materials and/or components up to date. In fact, around ten
years after the first DSSC example, the scientific community
started to look for solutions related to the toxicity involved in
device fabrication, e.g., highly volatile solvents, dyes, etc. For
instance, high efficiencies have been reached thanks to toxic
ruthenium based photosensitizers, mostly N719 and N3. In this
case, natural dyes extracted from vegetable species have been
widely tested in DSSCs. The first attempt was carried out in
2002 by Minoura’s group.’® They applied more than 20 dyes
extracted from their natural source as photosensitizers for
DSSCs, reaching efficiencies of 1.5% with red cabbage derived
photosensitizers. This approach has been particularly active
since 2014.”77°l More recently, the use of bio-inspired and water
compatible compounds in DSSCs has opened a new horizon
toward eco-friendly aqueous cells featuring record efficiencies of
7%.8% Although promising results have been obtained turning
DSSCs in a greener and more sustainable technology compared
to its origins, major efforts are required to achieve milestones
related to stability and up-scaled production (Section 5.3).

In OSCs and PSCs, the appearance of Biology into the field
happened only much later. In 2005, the concept of paper elec-
tronics was introduced by Lamprecht et al.®!l while the first
use of photo-/electro-active compounds, such as carotenoids
in combination with an electron-acceptor fullerene derivative
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in OSCs, dates back to 2013.8% Since these pioneering works,
research efforts have been conducted toward introducing bio-
derived materials as electron/hole transport layers (deoxyribo-
nucleic acid (DNA), t-arginine), donor/acceptor (photosystems,
natural dyes), and electrodes (cellulose, catecholamine).283-8¢]
Recently, Uchiyama et al. studied the encapsulation of electron
donor beta carotene semiconducting layers to provide highly
durable solar cells.®’] In fact, similar to DSSCs, the major limi-
tation of Bio-OSCs is the device stability and an efficient pro-
cessability (Section 5.1).84

As the most recent PV technology, PSCs were merged with
Biology in the very last years, achieving a remarkable suc-
cess. First examples refer to the use of dopamine as dopant
in poly(3,4-ethylenedioxythiophene) polystyrene sulfonate
(PEDOT:PSS) hole transport layers (HTLs),#8#)] while recent
work reports on its use in electron transport layers (ETLs)
crosslinked with titania oxide electrodes.’” Researchers are also
increasingly focused on using i) biogenic compounds to stabi-
lize perovskite layers (surface passivation)®3 reaching over
250 h stability under operation condition and ii) biomimetic
strategies to enhance sun-bath enhancing the overall optical
efficiencies of 25% regardless of the illumination angle and
others.” This recent success is based on the previous knowl-
edge acquired in bio-based OSCs and DSSCs. Up to date, there
is no review focused on bio-PSCs.

In order to provide a state-of-the-art synopsis to the reader,
Figure 1 displays a timeline of the most efficient PVs,”l
focusing on DSSCs, OSCs, and PSCs and their respective bio-
based versions. This is complemented with the below summary
that takes into account the Watt cost production for reference
purposes:

— monocrystalline Si: 26.1% (=3$ W), very close to the theoretical
maximum around 29%;"#!

DSSCs: 12.6% (<0.4$ W1);[64

OSCs: 18.2% (<0.2$ W1);70)

PSCs: 25.5% (0.2$ W~1);%%]
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Figure 1. Chart of the best performing DSSCs, OSCs, and PSCs”! as well
as their bio-based version since 1991.
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3. Device Architecture, Materials, Operation,
and Characterization

3.1. Organic Solar Cells

The standard OSC features an ITO anode coated onto glass or
plastic substrates, a multilayered architecture of hole/electron
transport layers and light absorbing active layer (bilayer donor/
acceptor or donor/acceptor single layer bulk heterojunction
(BHJ) devices), high work-function metallic electrodes, and
encapsulation layers (Figure 2). Upon sun illumination, the
donor material is photoexcited and the acceptor material can
extract the electron from the former, without long-range diffu-
sion of the charge carrier thanks to the close contact. Both holes
and electrons diffuse toward the electrodes and finally trans-
ferred to the external electric circuit.’ Despite high efficiencies
of 18.2%,"% their commercialization is blocked, among others,
by issues related to the thickness of the active layer, the stability
in air, the transparency of the final device and the lack of effi-
cient alternatives to fullerene-based acceptor materials.l”% In
addition, the complicate architecture limits large-scale produc-
tion.[9%1%% This review will revise the recent advances and major
limitations.

To efficiently harvest sun light, the achievement of a pan-
chromatic absorption is required. Tandem OSCs, in which
photoactive layers with complementary absorption spectra are
interconnected, were consequently designed to accomplish the
requirement. To date, the most promising approach is the ter-
nary active layer strategy, which comprises either two acceptors
and one donor or one acceptor and two donors in a BHJ config-
uration to maximize the interfacial area (Figure 2). Both small
molecules and polymers have been used in OSCs reaching
panchromatic absorption and remarkable hole/electron mobili-
ties, 17104 and bio-based donor/acceptor compounds have been
proposed with a moderate success. In particular, the implemen-
tation of photosynthetic systems has been very attractive due
to their availability, extremely high internal quantum efficiency
(IQE), and rapid charge separation.!%5-177]

ITO is the most widely used transparent conducting elec-
trode for OSCs owing to its high electrical conductivity and good
optical transparency. However, it is brittle, chemically unstable,
and expensive due to limited indium sources on Earth’s crust
and difficult preparation processes. This results in limita-
tions toward the widespread use of ITO in the next-generation
devices.’?33 1t is urgently desirable to find new materials
to replace ITO for organic electronics. The widely used
PEDOT:PSS is a promising candidate due to its mechanical
flexibility, high transparency, and compatibility with solution-
based deposition techniques.'%®! Other main alternatives to ITO
include metal meshes, metal nanowires, graphene, and carbon
nanotubes.%11% Nevertheless, in the prospective of further
commercial applications, there are still shortcomings that must
be overcome. Herein, we discuss how biological derived mate-
rials can also help to unlock greener and more sustainable elec-
trode materials. For instance, cellulose is an abundant and low-
cost material that is emerging as matrix for innovative flexible
electrodes thanks to its suitable compatibility with conductive
materials, like graphene and PEDOT:PSS."" In addition, the
strong adhesive properties of catecholamine derivatives have an
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Figure 2. Schematic views of the standard architectures (top) and working mechanisms (bottom) in: DSSCs (left), OSCs (center), and PSCs (right).

Inset: generic ABX; perovskite structure.

enormous impact in enhancing the performances of innovative
electrode materials like metal grids and nanotubes.

The moderate stability of OSCs is mostly caused by the inter-
facial instability and diffusion of water and oxygen into the
device. The introduction of an interlayer between the electrode
and the photoactive material prevents these side reactions and
improves charge-collection efficiency, carrier selectivity in the
device due to a better energy levels alignment, balancing propa-
gation and distribution of light and optimizing the morphology
of the active layer."">"1 In the past decades, significant progress
has been achieved as far as the cathode interface modification
in OSCs is concerned. For instance, transition metal oxides,""!
self-assembled layers,"® polyelectrolytes,” nonconjugated
and conjugate organic materials,"® and hybrid materials have
already been employed;®l among them, the nonconjugated
polyethylenimine (PEI)-based analogs are the most used.[1%120]
All of them feature several drawbacks, namely poor electron/
hole transport, stability, and complicated synthetic routes.
Therefore, the design and synthesis of novel interface materials
is still considered a challenging task. The application of bio-
derived materials as interlayers in OSCs has recently received
great research interest.'2I"124 Small molecules with functional
polar groups, such as amino acids, are contemplated to be the
most effective ETL owing to the formation of dipoles at the
interface that improve the work function of ITO and the con-
sequent reduction of the interface energy barrier.?>126 These
advances are summarized in depth in Section 5.1.

3.2. Perovskite Solar Cells

A typical PSC comprises a five-layered-structure (Figure 2),[127:128]
involving i) a transparent fluorine-doped tin oxide (FTO) coated
glass/plastic as anode, ii) a compact metal oxide layer (MO,)
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that helps electron transport, iii) a multi crystalline metal halide
perovskite (P) layer as absorbing layer, iv) an organic HTL, and
v) a metallic counter electrode.

The device mechanism is similar to that described in
OSCs. The main processes are described as: i) photoexci-
tation of the perovskite layer: P + hv — (e™---h*)P; ii) carrier
injection: (e~---h*)P— e (MO,)//(e”---h")P — h*(HTL); iii)
radiative and nonradiative loss at P: (e"---h*)P— hv//(e”---h*)
P — V; and iv) back electron/hole transfer: e"(MO,) + h*(P)
— V//h*(HTL) + e*(P) - V.

In contrast to BHJ-OSCs, the exciton formation at the perov-
skite layer and its dissociation at the donor-acceptor interface
are excellent, reaching PCEs of =25% for a single, non-tandem
PSCs.129130] Their high efficiency is mainly attributed to the
suitable band gap, ambipolar transport property, and broad
range and long charge-carrier diffusion length of perovskites
layers. They have a general chemical formula of ABX;, where
A, B, and X are an amine cation, metal cation, and halogen
anion, respectively (Figure 2).I131132 Not only the high perfor-
mance, but also the low-cost solution-based processes used for
device fabrication attest to a huge potential of PSCs.['33-136] Nev-
ertheless, there are still limited choices of perovskite materials
and their toxicity and instability remain extremely challenging
issues to be solved.'’’1%] In detail, the main factors affecting
the instability of perovskite materials include:

i) Humidity: as an example, CH;NH;3Pbl; is hygroscopic and
eventually decomposes into CH3;NH;I and Pbl, when ex-
posed to water.[0]

ii) Thermal stress: overcoming the limits of the tetragonal
CH;NH;PDbI; phase (slightly below =50 °C) shortens the du-
rability of the device.[142]

iii) Photoinduced oxidation:M¥ O, and UV light may accelerate
perovskite degradation.3] Additionally, degradation was
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also reported under normal light conditions by Ito et al., in

the absence of a surface blocking layer between TiO, and the

perovskite.[4
iv) Device operation: accelerated degradation takes place under
open-circuit conditions. This is ascribed to trap charging
combined with radical formation and assisted by undesir-
able extrinsic ion diffusion that is not prevented by internal
fields.¥l Slow degradation under short-circuit and maxi-
mum power-point conditions is attributed to internal and
external ion migration due to internal interfacial fields.
Other factors: vacancies in the perovskite structure upon film
forming are quite common.[*] These defects can encour-
age ion migration through the perovskite film, the surface
morphology, crystal phase transition, photo trap states, and
grain boundary behavior of the material, which can also af-
fect the stability of the perovskite material itself.

=

A cospicuous number of research efforts are still in progress
to address the issue of stability by way of interface engineering
and new device architectures.

In this context, bio-derived materials with polar groups,
such as amino acids and catecholamine, have been mostly
implemented in order to i) mitigate intrinsic elements of sta-
bility: they improve the morphology of the deposited perov-
skite, increasing the grain size and reducing the number of
defects, voids, and grain boundaries, and ii) modify the TiO,/
perovskite heterojunction interface toward enhanced charge
extraction.

These phenomena are favored by the dipolar nature of
the bio-derived materials, whose carboxylic group is prone to
anchor on the TiO, surface through COO™ bidentate coordina-
tion, while the amino group stretches outward from the sur-
face.! Such conformation would facilitate the interaction
between amino acids and the perovskite crystals formed at the
interface.

3.3. DSSCs

As in natural photosynthesis, DSSCs utilize pigments to
transfer electrons to inorganic electrodes converting sun
irradiation into electrical energy instead of chemical energy
(adenosine triphosphate (ATP) or NADPH). The sandwich
architecture of a typical DSSC consists of i) two electrodes, i.e.,
nanocrystalline mesoporous metal oxide photoanode/cathode
and platinum counter electrode deposited onto FTO glass or
plastic substrates, ii) donor or acceptor dyes attached onto
the metal oxide photoelectrode, and iii) a liquid, solid state or
quasi-solid state electrolyte bearing a redox couple that con-
nects both electrodes (Figure 2).[148]

The working mechanism involves four steps: i) the dye is
excited by sun irradiation; ii) charge injection, e.g., the electron
in the excited state is injected into the conduction band of the
mesoporous material; iii) the oxidized/reduced dye is regener-
ated by the electrolyte; iv) the electrolyte is regenerated at the
counter electrode interface.”®! Unfortunately, several undesired
processes can also take place: i) decay of the excited dye to the
ground state, ii) back electron transfer from the metal oxide
to the dye, and iii) dark current generates by electron transfer
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from the metal oxide to the electrolyte. The latter is considered
the main loss mechanism in DSSCs.[¢149:150]

Although they present lower efficiencies and stabilities
compared to other PV devices,"'52] they shine in term of
cost-effectiveness, sustainable production, and little mainte-
nance requirements. Furthermore, DSSCs remain functional
even under diffuse light, reaching astonishing efficiencies
of 32%[%3 and they can be realized as fully transparent
device.’* 3¢ In this context, they are ideal SCs for in-door
purposes. 1715

Since each part of the DSSCs can independently be opti-
mized, several approaches have been demonstrated toward
sustainable electrodes/substrates, dyes, and electrolytes. Con-
cerning electrodes/substrates the materials and approaches
developed in OSCs have been also applied to DSSCs.[160-162]
More innovative ideas toward bio-based dyes and electrolytes
are present in the prior art. In short, the design of dyes for
highly performing DSSCs should fulfill several requirements:
i) high molar extinction coefficient, ii) broadband absorption
spectra covering visible and Near-IR range, iii) strong binding
or electron coupling with the mesoporous semiconductor, iv)
alignment of energy levels, with regard to the conduction band
of the semiconductor and the redox couple potential, and v) sta-
bility upon continuous sunlight exposition.l'6>164 Along these
lines, sustainable and/or bio-based dyes include proteins and
natural dyes.['®>'7] Their device performance, implementation
and limitations will be summarized in Section 5.3. As far as the
electrolyte is concerned, liquid, quasi-solid, and solid electro-
lytes based on several redox species have been investigated.['®!
Some of the most known redox couples, especially among
liquid electrolytes, are iodide/triiodide (I7/I57) systems, as well
as bromide/tribromide (Br~/Br;7). Interhalogen redox systems
such as I7/IBr,” and I7/I,Br~ have been tested, although the
search was limited to ruthenium-based sensitizers. Moreover,
the most known pseudohalogen redox couples are SCN7/
(SCN);~ and SeCN7/(SeCN);™ besides electrolytes exploiting
Co-complex-based redox systems. At the laboratory scale, a solu-
tion of iodide/triiodide in an organic solvent, like acetonitrile, is
the most used due to several advantages of the solvent, namely
poor absorption in UV-vis region, strong polarity, chemical sta-
bility, and low-cost. Nevertheless, it is well known that organic
solvents are associated to high toxicity and low boiling point,
while iodide/triiodide is highly corrosive in the long-term, ham-
pering the scaling-up of the panels and the production of large-
area devices. To circumvent this issue, two main strategies have
been followed: i) the use of a sealant film to encapsulate the
cell, and ii) the use of the aforementioned solid or quasi-solid
electrolytes.'°] In the latter case, solid electrolytes are related
to the use of either polymer thin films with salts, e.g., polyeth-
ylene oxide containing iodide/triiodide, or hole transport mate-
rials such as 2,277 -tetrakis[N,N-di(4-methoxyphenyl)amino]-
9,9"-spirobifluorene (spiro-OMeTAD). The quasi-solid ones usu-
ally bear the same salts and additives as the liquid electrolytes
along with polymers to promote a jellification process. Both,
photosensitizer and electrolyte, have been extensively reviewed
in literature.’®%60.170] Herein, we focus on the implementa-
tion of bio-inspired photosensitizers, electrolytes, electrodes,
light trapping layers, and sealant films in DSSCs. We highlight
how versatile can be the integration of these materials in such
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a device, potentially paving the way to a fully bio-derived solar
cell.

3.4. Figures of Merit

As anticipated in Section 2, SCs generate electricity upon pho-
toexcitation. The resulting excitons dissociate into separated
charge carriers, namely holes and electrons. The dissociation
efficiency relies onto the excitons binding energy, E, defined as

E, = [E-EA-E,, (1)

where IE is the ionization energy, EA the electronic affinity, and
E,p is the energy of the relaxed exciton relative to the ground
state. Usually, in inorganic materials E, is small, while organic
compounds show greater exciton binding energies, which
implies very inefficient charge separation if only one organic
material is used. The donor—acceptor approach efficiently
solved the issue.[!

The main figures of merit of PVs are displayed in Figure 3
and summarized as follows:

i) Short-circuit photocurrent density (Jsc) represents the photo-
current per unit area (mA cm™2) of the cell under short circuit
conditions (when the resistance is zero, V=0V).

Open circuit voltage (Vo) is the electrical potential differ-
ence under open circuit conditions (when the resistance is
infinite, I = 0 A) between the photoanode and the counter
electrode.

iii) Fill factor (FF) is defined as

ii

=

Pmax

FF = ———
Jsc X Voc

(2)

Where P, is the maximum power output of the cell per
unit area. In a current-voltage (J-V) plot, the FF describes how

. FE = I:)MAX - Jl\/IPVMP
PT ‘]SCVOC

PMAX

Figure 3. Schematic description of the figures of merit. Left: general IPCE
curve. Right: general J-V curve and the correlated parameters.

Adv. Energy Mater. 2021, 11, 2100520 2100520 (6 of 44)

www.advenergymat.de

the area embedded by the curve of the measured device fills-in
the maximum rectangle described by the product Jsc X Voc.

iv) PCE (7) of a SC can be expressed as

Voc X JSC x FF (3)
P

where P is the power of radiation incident P [W m™2].

Usually the tested solar cells are illuminated with a simu-
lated air mass (AM) spectrum of AM1.5G, which means a
power of radiation incident P of 963 W m™2.["72

For a better insight into the device mechanism, another
useful parameter is the incident photon conversion efficiency
(IPCE) or external quantum efficiency (EQE) that corresponds
to the photocurrent generated in the external circuit per mono-
chromatic photons flux that irradiates the cell. The IPCE is
directly correlated with the absorption features of the sensi-
tizer, the amount of photoactive species, and the yield of carrier
extraction. The value is calculated under short circuit conditions

T’:

IPCE = 1240 _Jse (4)
A X ¢ (1)

where A is the given excitation wavelength and ¢, (4) is the
photon flux of the incident monochromatic light.

4. Bio-Related Materials: Description,
Characteristics, and Eco-Friendly Production

As above mentioned, a large number of works on bio-based
PVs have been published over the last 15 years. However, this
has experienced a significant thrust over the last 5 years since
the use of innovative and eco-friendly materials have been
explored to address the sustainability challenge.*3:39-62173-175]
This section briefly introduces the most common used bio-
related materials in the PV field, focusing on their spec-
troscopic, optical, and mechanical features as well as its
ecofriendly production.

4.1. Mono- and Poly-Saccharides
4.1.1. Monosaccharides

Monosaccharides are polyhydroxy aldehydes or ketones with
more than one hydroxyl (—OH) and carbonyl (—C=0) groups
placed at either the terminal carbon atom (aldose) or at the
second carbon atom (ketose) (Figure 4). According to their chain
length, monosaccharides fall into several categories, of which
the most nutritionally important are the pentoses (5-carbon
atom skeleton, ribose) and the hexoses (6-carbon atom skeleton,
glucose).l”l However, the presence of asymmetrical carbons
in monosaccharides with different functional groups attached
gives rise to optical activity and enhanced ionic conductivity.
For instance, the Bio-DSSCs have been highlighted by the use
of sugars as sensitizers and electrolytes (Section 5.3).1°1 Here,
the selection of an ion conductive additives as electrolyte must
meet the ability to solvate ions and an optimum glass transition
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temperature (T,).>'”) Monosaccharides feature a high den-

sity of polar residues that can form electrostatic bonds with
the ions, facilitating their solvation, while low T, promotes the
segmental motion. Indeed, they have been successfully applied
to batteries and supercapacitors as electrolytes.”#181 Finally,
they are commonly produced through hydrolysis by hydrolytic
agents (enzymes, acids, or bases) or with immobilized enzy-
matic method. In both cases, the raw materials are first hydro-
lyzed or isomerized in a reactor and then dissolved in water at
low-temperature. Subsequently, several purification steps follow
via filtration, desalination, concentration, and crystallization. In
addition, if a mixture of isomers is obtained, a further purifi-
cation through chromatography is required before crystalliza-
tion.82 The major sources of raw materials are wastes from
corn industry, in particular starch - vide infra, hence their pro-
duction cost is extremely low and they do not display interfer-
ence with food supply chain.

4.1.2. Cellulose and Derivatives

Cellulose is the most abundant biopolymer on earth. Besides
its traditional uses in paper manufactory, paper optoelectronics
is recently arising. Cellulose is biocompatible, biodegrad-
able, recyclable, lightweight, flexible, foldable, and low cost.
These features are especially remarkable when compared to
petroleum-based plastics.®3184 Tt can be extracted from cotton,
wood, hemp, algae, bacteria, agro-industrial wastes, among
others. The cellulose production cost is very low (<0.5 cent m~2),
while it can reach a cost between 0.3 and 3 $ m~ in the form
of printing paper.'™® In addition, it can also be produced
using bacteria, leading to the so-called nanocellulose.'* The
BC (bacterial cellulose) market was valued at US$ 20736 mil-
lion in 2016, and is expected to reach US$ 49776 million by
the end of 2022 and to surpass US$ 700 million in 2026. The
total capital investment for an industrial facility capable of pro-
ducing 504 tons of BC per year was about US$ 13 million. The
manufacturing cost of BC is estimated to be US$ 74 million
per year, and the net profit to be US$ 3.3 million per year.!'%¢!
Commonly, BC is produced through a fermentation process
involving Acetobacter xylinum, a nonpathogenic mesophilie and
an aerobic Gram-negative bacterium. The fermentation process
requires pH values between 3 and 7 and a mild temperature
(25-30 °C). The use of glucose as carbon source during BC
production leads to the formation of gluconic acid that compli-
cates the pH stabilization in the medium, requiring the pres-
ence of various additives. Almost 30% of the overall production
cost depends on the fermentation medium; hence this is a
huge limiting factor to the industrial production of BC. Thus,
innovative and cost-effective carbon sources as well as culture
mediums are necessary toward a sustainable and competitive
BC production on an industrial scale.'¥’]

In general, cellulose consists of fibers of a polydisperse linear
homopolysaccharide (poly-S(1,4)-p-glucose) with a syndiotactic
configuration, i.e., an ordered arrangement of the pendants
groups along the chain. The peripheral chains exhibit both
interchain and intrachain hydrogen bonds, which enhance the
structural and thermal stabilities, leading to a tensile strength of
up to 140 GPa and withstanding temperature up to 250 °C.137188]
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The most relevant mesostructures derived from cellulose are
rod-like cellulose nanocrystals (CNCs) and cellulose nanofibrils
(CNFs). CNCs are highly crystalline needle-like cellulose crys-
tals of 10-20 nm in width and several hundred nanometers
in length. CNFs, whose morphology and dimensions can vary
significantly according to the degree of fibrillation, contain
amorphous cellulose and are not as highly crystalline as CNCs.
The former is generated from the amorphous regions between
crystallites, upon acid hydrolysis of wood cellulose fibers. The
latter are isolated by breaking the interfibril hydrogen bond-
ings, leading to long and flexible nanofibrils that resemble the
individual elementary fibrils in cell walls (Figure 4).1°V

Regarding its suitability for thin-film device applications,
standard uncoated paper presents some disadvantages, such as
microscale surface roughness, opaqueness, high porosity with
large pores, hygroscopicity, and poor dimensional stability upon
changing the moisture level.l'®% However, the physical proper-
ties of cellulose-based materials can be easily engineered to a
high degree, allowing the construction of ideal substrates with
i) flat surface, ii) excellent optical features, e.g., transmittance
of up to 90% in the visible region and refractive index of 1.48,
iii) good mechanical features, e.g., Young modulus varying up
to 80 GPa, 89191 jy) thermal properties, stability over 300 °C for
dehydrated cellulose, v) chemical stabilities , e.g., excellent
inertness toward solvents, as well as numerous oxidation and
reduction agents, and vi) enable an inexpensive and scalable
production. In addition, it has recently been shown how to
straightforward optimize the transparency and haze, i.e., ratio
between diffuse and total light intensity of paper-like material
with beneficial optical properties.®2l This chemical structure
results in a linear polymer with a high polar surface because
of the multiple hydroxyl groups, and biodegradable properties,
which makes it an excellent candidate for the manufacturing
of cheap and ecofriendly electronic devices.'®3 The field has,
therefore, quickly advanced, as presented in these excellent
reviews dealing with paper optoelectronics.[*/-6219419]

4.1.3. Chitin and Chitosan

An enormous number of living organisms use chitin, %! while
it is the single largest waste resource for the fish processing
industry (10° tons annually), the global market of chitin and
derivatives should reach $4.2 billion by 2021."71 Chitin con-
sists of units of N-acetyl-p-glucosamine covalently bonded via
B(1,4) glycosidic bonds (Figure 4). It occurs naturally as ordered
crystalline microfibrils mainly forming structural components
in the exoskeleton of arthropods or in the cell walls of fungi
and yeasts. Up to date, the principal chitin sources have been
crab and shrimp shells. The variability in the raw materials, the
harshness conditions of the deacetylation process (strong alkali
treatment), and the inconsistency of the grade of deacetylation
and protein contamination are the most relevant issues lim-
iting the industrial scale production of chitin and chitosan.!'*®!
However, a “green conversion” of agro-industrial wastes by the
biological activity of Rhizopus arrhizus and Cunninghamella
elegans bacteria strains can also be used to produce chitin and
chitosan. Such industrial sources have significant advantages
including independence from seasonal factors, avoiding allergic
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reactions in individuals susceptible to shellfish antigens, ease
of large-scale production and reduction in time and cost of
production. In addition, the standard extraction process from
the fermentation medium is simple and cheap. This consists
mainly in deprotonation in weak basis condition and separation
of insoluble component via centrifugation. Upon adjusting the
pH of the acidic extract, chitin and chitosan are then separated
between each other and the crude products are washed and
finally air-dried.[9200]

Like other natural glucose-based polymers, chitin is gener-
ally insoluble or partially soluble in water or common organic
solvents owing to its intrinsic structural stability. When chitin
is deacetylated with a degree above 50%, it becomes soluble in
aqueous acidic media and it is called chitosan. Furthermore,
the presence of numerous functional groups, like hydroxyl,
carboxyl and amino, allows the main chain of the polymer to
be functionalized in different ways, allowing the control of its
optical, e.g., transmittance of 91% in the entire visible range
as well as refractive index of 1.54 at 633 nm, which minimizes
light scattering, mechanical, e.g., elastic modulus of 4-5 GPa
and low coefficient, and thermal features, e.g., low coefficient
thermal expansion (CTE) of 18 ppm K. Chitosan is largely
used in different applications in the form of solutions, gels,
fibers, or stable thin-films.[1196:201.202] Noteworthy, chitin and
derivatives have been already employed successfully in opto-
electronic devices in the form of thin film (Section 5).[202:203]

4.1.4. Lignin and lignosulfonates (LS)

Lignin and lignosulfonates are water-soluble anionic poly-
electrolyte polymers obtained as by-products from the pro-
duction of wood pulp using sulfite pulping, currently almost
70 milion tons of lignin are produced annually worldwide.
Despite huge efforts to find higher end-life applications for
these by-products, most of the lignin and lignosulfonates pro-
duced from paper industry are burned as low-value fuel to
generate electricity. Better valorization of these by-products is
highly desired by either paper industry (more profit) and envi-
ronment (less greenhouse gases emission).?%42%5 Thanks to
its stiffening properties, e.g., crosslinking is obtained in mild
conditions through condensation and repolymerization, the
different forms of isolated lignins have been harnessed in
manmade polymeric materials for many decades. Owing to
lignin’s character as small, mostly spherically shaped, mul-
tifunctional molecule, the longest and the most intensively
investigated application has been the use in thermosetting
materials, in general, and in phenolic resins for wood bonding,
in particular.2% The well-recognized variabilities of isolated
lignins can be solved by targeted chemical modification,
opening pathways to the use of pulp lignins in biodegradable
(or compostable) polymeric materials. The aromatic structure
and electron transfer property of lignin has recently attracted
some attention for its use in optoelectronics, especially as supe-
rior hole transporter in OSCs and PSCs.?72%8] Indeed, lignin
and its derivatives contain several aromatic rings that strongly
absorb in the ultraviolet range of the electromagnetic spectrum.
In organic electronic devices, hole transport process is associ-
ated with the oxidation of electron-rich compounds, such as
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thiophene in PEDOT:PSS and carbazole in poly(vinylcarbazole).
Lignosulfonate poses exceptional hole-transfer characteristics
owing to oxidation of phenols and | aggregation phenomenon.
The latter is responsible for the semiconductive nature of ligno-
sulfonates, showing promising hole mobility in thin films of
3.75 x 107° cm? V-1 g71,[206:209]

4.1.5. Starch

Starch is an abundant polysaccharide found in plants,?' and it
is composed of two kinds of polysaccharides, amylose and amy-
lopectin. Amylose bears p-glucose residues with linear o-(1—4)
linkages, while amilopectine in a linear amylose-like or(1—4)
linkages and o-(1—6) branch linkages. The most relevant types
of starch sources are potatoes, maize, wheat, and rice. The wide
range of properties of the starches from these species lies not
only in the different ratio of amylose and amylopectin, ranging
from 17% to 70% and 83% to 30%, respectively, but also on
the differences in the nonstarch components (lipids, proteins,
and inorganic salts). Commonly, upon extraction from the raw
material, chemical and physical modification steps are required
to improve the properties of the starch-derivative. However,
enhancement of the physico-chemical properties may also be
achieved by the handling of starch biosynthesis in the plant
itself by breeding or through genetic manipulation.2!

Starch is commonly functionalized through crosslinking, to
increase the resistance against high temperatures, low pH, and
high shear stress. As well, the functionalization rules viscosity
and textural properties.?!l In PVs, it has been used to fabricate
bio-based electrolyte gels for DSSCs (Section 5.3).PB As its
stability and ion conductivity depend on the amylose content,
only starch with high amylose content has been applied.'*) In
addition, disposable organic electronics have also been demon-
strated with starch paper, featuring, for example, a transparency
of 93% in the visible and IR range, tensile strength of 20.0 MPa,
and an elongation of 0.48 mm for a 20 mm? sample containing
0.5% in weight of poly vinyl alcohol.l24

4.2. Amino Acids and Proteins
4.2.1. Amino Acids

They are organic compounds containing carboxylic and amino
groups along with a specific side group that defines each amino
acid (Figure 4). Although hundreds of amino acids are known,
only 20 are genetically encoded. They are building blocks for
proteins and are used in many industrial applications as bulk
biochemicals to produce a wide range of products, such as
animal feed additives and flavor enhancers in human nutrition,
or as ingredient in cosmetic and medical products.

The amino acid market demand is increasing since the
production of monosodium glutamate started, in far 190721
Therefore, the interest in investigating and developing new
routes to produce them in a more cost-effective and sustainable
way has significantly increased in the last years. Amino acids
can be produced by different processes, such as extraction from
protein hydrolysates, chemical synthesis or via enzymatic fer-
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mentation through microorganisms, in particular Corynebacte-
rium glutamicum and Escherichia coli.?'® The main advantages
of the former method concern the use of industrial by-products
as raw materials, its simplicity and the well-established chem-
ical plants. Nevertheless, the amino acids yields are usually low,
since the production of toxic by-products may take place. In this
case, the amount of wastewater is huge. In addition, it is suit-
able only for a few amino acids, such as 1-cysteine, 1-leucine,
and r-tyrosine. The chemical synthesis consists in the reaction
of hydrogen cyanide, p-methylbenzylamine, and an aldehyde in
methanol. Then, the hydrolysis of the amino nitrile leads to an
N-methylbenzyl amino acid and, finally, a hydrogenolysis step
removes the methylbenzyl group leading to the desired amino
acid. The major limitations are the hazardousness of the cya-
nide sources and the separation steps required to obtain an
enantiomeric pure product. Up to date, the fermentation pro-
cess is the most used one at the industrial scale, due to eco-
nomic and environmental advantages, as well as to the develop-
ment of new genetic engineering techniques. Furthermore, it
can be operated at mild conditions. In addition, nowadays it is
possible to produce amino acids using also residues and waste
streams as feedstock that do not competes with human food.
By contrast, fermentation based on aerobic bacteria requires
sterility, high-energy consumption for oxygenic transfer, and
water addition that affect capital and operation costs. In addi-
tion, innovative and expensive separation techniques, such as
the nanofiltration membranes, are required for an effective
isolation of the products.?”l In PVs, they have been applied
to process films, as electrochemical redox species, additives
for surface passivation or dipole surface enhancement (Sec-
tion 5.1). For instance, the presence of a polar amino group can
be exploited to form interfacial dipole moment at the electrode
interface, while the carboxylic group allows for a successful
adhesion to titania nanoparticles (NPs) used in both DSSCs
and PSCs. In the latter, it has been demonstrated that amino
acids reduce the defect density upon perovskite crystalliza-
tion, leading to a remarkably enhanced charge extraction and
transfer. The excellent results and easy production are, indeed,
fueling an increasing interest in PSCs and DSSCs.

4.2.2. Polypeptides

Two consecutive o-amino acids can form a peptide bond,
leading to a linear chain of amino acid residues called polypep-
tide. The latter can be arranged in a biologically functional pro-
tein (Section 4.2.3). Generally, proteins own a unique sequence
of different amino acids that is encoded in the genome, but it
is also possible to find polypeptides made of only one type of
amino acid. Polylysine is the most common homopolypeptide
that can be found in nature, and contains two different amino
groups, i.e., those bonded with either o~carbon or &-carbon,
leading to orpolylysine (o~PL) or &-polylysine (&-PL). The latter
is mainly used as food additive,?"®! while the former is com-
monly used to coat tissue culture as an attachment factor.2%]
This unique features is based on the positively charged hydro-
philic amino group at pH 7 that polylysine owns and makes this
biopolymer appealing for various application, such us delivery
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of DNA,2 proteins??!l or therapeutic agent???l and surface
modifier-vide infra. Despite &-polylysine is produced commonly
by natural fermentation in strains of bacteria in the genus
Streptomyces, o-polylysine is still synthetically produced by poly-
condensation reaction. The cost of &-PL production using tradi-
tional raw materials is estimated to be 4.94 $ kg 11223 Although
a proper cost analysis has not been found for the o counter-
part, the different productions result in a selling price around
2.25 $ g™ for &PL and 6000 $ g™ o-PL. Their use in optoelec-
tronics is similar to that of amino acids, owing to their dipolar
nature and the surface modification properties (Section 5.1).

4.2.3. Proteins

Proteins are macromolecules consisting of one or more poly-
peptides that rearrange to perform a vast array of functions
within organisms like catalysis (enzymes), cell signaling, and
structural support (fibrous proteins like collagen, elastine, and
keratin). Proteins can also interact with other small molecules,
such as co-factor, and with other proteins to perform complex
tasks like photosynthesis. Photosynthesis is the largest-scale
sustainable effective solar-to-energy conversion system in
nature,??#22 which already inspired artificial PV systems.[?%]
Using natural protein complexes from biosources present
some advantages, such as abundance, cost-effectiveness, easy
scale-up, nontoxicity, sustainability, and very high absorption
efficiency. However, their stability out of cells and the lack of
optimized charge transfer events represent critical bottlenecks.

There are four major protein complexes involved in light-
dependent reaction, namely photosystem II (PSII), cytochrome
b6f complex, photosystem I (PSI) and ATP synthase that work
together to produce ATP and NADPH. PSII absorbs photons
at 680 nm, and splits water in electrons, protons, and oxygen,
cytochrome b6f complex helps the transfer of electrons, while
PSI absorbs photons at 700 nm and helps in pumping pro-
tons and transfer electrons. The competition for mostly the
same wavelength range for the two photosystems required in
photosynthesis reduces the overall photochemical efficiency of
the process. In this regard, efforts have been done to control
the energetic gap between the photosystems by, for example,
engineering variants present in cyanobacteria that absorbs
further into the near-IR.??7?28] Moreover, all photosynthetic
organisms also contain light-gathering antenna systems, such
as light-harvesting complex II (LHCII), with pigments able to
collect energy and transfer it to the reaction centers (Figure 4).
The integration of this very efficient antenna, or directly of the
pigment, in hybrid devices with an optimal energy level align-
ment could lead to relatively high performing devices. Efforts
have been already done in this direction, especially thanks to
the DSSC concept, and the reader is invited to have a look at
Section 5 and these dedicated reviews.[56:59:60.229]

With regard to photosystem protein complexes, the standard
extraction process is applied directly to the leaves. A homogeni-
zation step in a buffer solution leads to a slurry that is purified
through centrifugation and filtration. A final purification step
by column chromatography leads to a concentrated solution of
the desired proteins.!?3*!
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4.3. Others
4.3.1. Catecholamine and Derivatives

Catecholamine is a class of neurotransmitters and hormones
that display a catechol (o-dihydroxylbenzene) and an amino
group as side chain (Figure 4). Leading examples are dopa-
mine and norepinephrine. All the catecholamine’s derivatives
are synthesized from the amino acid 1-tyrosine in the brain, in
the adrenal medulla, and by some nerve fibers. The develop-
ment of catecholamine-based coatings in 2007 by Lee et al.23l
was a major advance in surface science. Thanks to the rich
density of functional groups, this class of compounds is able
to functionalize numerous types of surface in an effective
way.232] They are very susceptible to oxidation and polymeriza-
tion in eumelanin-like structure, displaying a strong adhesion
capability with a controllable film thickness and a long stability
under ambient conditions. In addition, polydopamine (PDA)
displays appealing properties similar to melanin with respect to
optics, i.e., intense and broadband absorption ranging from UV
to visible region and electronics, e.g., hydration-dependent elec-
trical and photoconductivity ranging from 1078 to 10 S cm™,
depending on the hydrated state.?33234 Moreover, the pres-
ence of peripheral groups serve as anchors for the loading of
transition metal ions, realizing hybrid materials.?*! In gen-
eral, hybrid catecholamine-based materials have been already
successfully employed in different fields, such as batteries, 23l
supercapacitors,?¥l drug delivery,?3¥ water treatment,>*") opto-
electronics,?*-2#1 and of course, PVs.[243-24]

Since the supply of catecholamine derivatives is vital in case
of neural diseases, such as Parkinson’s one, their production
has been widely investigated. For instance, the total global
market of only 1-3,4-dihydroxyphenylalanine (:-DOPA), a pre-
cursor of dopamine, is about $101 billion per year and its pro-
duction still relies on asymmetric chemical synthesis proposed
by Monsanto in the 1960s.24] However, this method presents
low conversion rate and enantioselectivity and depends on
expensive metal catalysts. Several biotechnological productions
of catecholamine derivatives have been proposed since the
early 2000s, but, in order to be effectively competitive, they still
need to face the long operation times and complex purification
steps issues. For instance, compared to fast chemical synthesis,
microbial fermentation takes over 10 days and the culture
media usually includes hundreds of other molecules and pro-
teins.?¥] The most promising biotechnological production pro-
cess involve biocatalytic conversion with immobilized enzymes.
It is a single step process, which occurs under mild conditions,
and it is based on a reusable immobilized biocatalyst. It shows
outstanding enantioselectivity, but the low yield and stability of
the enzymes hamper its use on an industrial scale. Efforts have
been done to fabricate more suitable supports for the immo-
bilization of the enzymes, reaching promising stability of over
120 days.2*! Nevertheless, the conversion rate were not really
enhanced and intense research is still needed in this direction.

4.3.2. DNA

DNA is a biopolymer that contains crucial genetic informa-
tion for the synthesis of RNA and proteins. It consists of two
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strands coiled around each other in a double-helix structure of
monomeric units called nucleotides (Figure 4). Each nucleotide
owns a phosphate group, a pentose sugar, and a nitrogenous
base and, noteworthy, the phosphate backbone is negatively
charged, with Na* or H* as counter ions, which make DNA
soluble in polar solvents and easily processable by spin coating.
In most cases, DNA for bio-based optoelectronic devices is
extracted from natural resources like salmon fish. Usually, the
samples are seeded with bacterial culture and homogenized
with a solution buffer. The homogenate is centrifuged, while
the pellets are resuspended in a solution buffer and finally
incubated. Then, a solution of hexadecyl trimethylammonium
bromide (CTAB) and sodium chloride is added before the next
incubation step. Proteins are, then, removed by a single liquid
extraction, while DNA is precipitated. Further purification steps
involve centrifugation, ether separation, and/or column puri-
fication. Through this standard protocol, the yield of DNA is
often low due to the multiple steps.[?*’]

DNA was shown to exhibit, i) excellent thermal stabilities up
to 140 °C in its solid form,>% and ii) easy tunability via chem-
ical and physical treatments.[l Indeed, DNA has successfully
been used in optoelectronics,“2°2-27] especially as anionic tem-
plate of gold nanowires,!?® gate dielectric,?! hole-transport
layer and electron blocking layers due to the favorable energy
levels (HOMO: —5.2 eV; LUMO: —1.1 eV) to inject charges.*>¥
Despite its successful application in optoelectronics, it has
received Dby far less attention in the PV field. We will review the
handful number of paper on DNA-based PVs, highlighting the
most relevant benefits and limitations.[83121:162,260-263]

4.3.3. Natural Pigments

Flavonoids consist of two benzene rings connected via y ring
(Figure 4), leading to two types of Flavonoid structures. They
can be easily extracted from vegetables species from different
parts of the plants, like roots, stems, leaves, flowers, and fruits.
Several compounds of this family have been applied to PVs
due to their interesting absorption features, e.g., wide range
of colors, extended 7 conjugation and absorption in the vis-
ible range, tunability of the color stability features depending
on pH. For instance, anthocyanins are the most abundant and
widespread pigment, they exhibit a broad band absorption
spectra in the visible region and their derivatives can be easily
anchored onto mesoporous metal oxide electrode via carboxylic
and hydroxyl groups.?*Y Likewise, betalains are a small group
of water-soluble indole derivatives featuring a broad absorption
in the visible region and a short excited state lifetime that has
been successfully exploited in DSSCs.[2%%]

Carotenoids are organic natural pigments present in plants,
algae, fungi and in several bacteria. Most of them are composed
of a Cy hydrocarbon backbone including structural and oxy-
genic transformations. They present absorption spectra ranging
from 380 to 550 nm and an extinction absorption coeflicient
that far exceed those of standard electron donors, like P3HT,
ie., 1.4 x 10° versus 2 x 10* cm™ mol™? L.2%] Thanks to their
extended 7-conjugation, carotenoids are good candidates to sub-
stitute p-type semiconductors, but they lack effective functional
groups to attach to semiconducting electrodes, leading to low
photocurrents.?”l Up to date, crocetin is the most performing
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Figure 4. Principal categories of bio-derived materials that have led to an improvement in device performances, stability, and sustainability.

carotenoid that has been employed in DSSCs.?%8] Chlorophylls
are the natural photosynthetic pigment found in plants and
bacteria. The basic structure includes a porphyrin ring coor-
dinated with a central metal ion bearing different side chains
(Figure 4). There are six different types of chlorophyll and the
most common one is chlorophyll-o. Despite their efficient light-
harvesting mechanism and electron-transfer reactions, they
suffer lack of stability and they are extremely dependent on the
conditions of the extraction process.?®)l This has limited their
use in solar cells, as they reached poor efficiencies (<1%).17")
Usually, lipids and cellular components are removed through
consequential steps of washing and centrifuging. Then, a final
step of purification involving filtration or column chromatog-
raphy is required to achieve pure product.

5. Bio-Derived Materials in Devices

This section describes the most relevant concepts and
achievements realized implementing bio-derived materials in
the active layer/photosensitizers, charge transporting layers,
electrolytes, substrates, electrodes, light-trapping layers, and
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sealant films. These constitute the core of the following sec-
tion that is divided into OSC, PSC, and DSSCs. Tables 1-3
summarize the figures of merit of all the discussed devices
in this section.

5.1. Bio-OSCs
5.1.1. Active Layer

Proteins: Among the plethora of photosynthetic membrane pro-
teins, LHCII is the most abundant on Earth and it has already
shown high efficiencies in absorbing and transferring solar
energy.”’'-231 Unfortunately, LHCII complexes are bulky poor
conductors and this might be attributed to the non-ohmic con-
tact with the electrode for a thicker LHCII modification layer,
while a single protein monolayer absorbs a relatively small por-
tion (<1%) of the sunlight. This represents the major challenge
in the field. In 2016, Yao et al. reported a ground-breaking work
coupling metallic nanoparticles that exhibited strong localized
surface plasmon resonance to the LHCIL!% The implemen-
tation of metallic nanoparticles is a promising strategy due to
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their tunable optical properties and the ability to enhance the
total number of excitons created in adjacent photoactive. This
is caused by the intense local electric field upon resonant excita-
tion.[”7+276] In detail, the group built a plasmonic metal/photo-
sensitizer nano—bio hybrid for broadband light harvesting by
mixing silver nanoprisms (Ag-530) with the natural sensitizer
LHCII. This innovative layer displayed multiple advances:
i) broad-band optical absorption enhancement and a conse-
quent photocurrent increase from the complementary con-
tribution of Ag-530 and LHCII, ii) enhanced light harvesting
from the protein complex induced by the plasmonic field of
Ag-530, and iii) excellent compatibility with the well-established
fullerene-based acceptor. The devices featured the architecture
ITO/ZnO/Ag-530:LHCII/polymer:PC;;BM/MoO;/Ag, in which
they used PIDTT-DFBT, PBDT-DTNT, and PTB7-Th as poly-
mers. Among them, the latter showed the best performance,
namely PCE of 10.57%, Jsc of 1799 mA cm™2, V¢ of 0.80 V and
FF of 73% (Table 1). This represents a ~20% enhancement in
device efficiency compared to reference devices.

In 2017 Ajeian’s group,% inspired by the works of Cliffel’s
group,?”7?8l and Gordiichuck,*”?) who demonstrated that biolog-
ical components can be integrated in OSC without diminishing
the optoelectronic properties, built a bio-organic solid state
SC based on PSI extracted from young spinach leaves. PSI is
involved in both direct and indirect electron transfer reactions,
and exhibit a perfect conversion of absorbed photons to elec-
trons, reaching EQE of almost 100% (Section 4.2).12% Here, the
major challenge is the control of the PSI morphology to achieve
high efficiencies. In this case, they disclosed that the presence of
a Tyrosine layer deposited onto ITO prior to the deposition of PSI
film has an enormous impact onto the performances of the solar
cell. Tyrosine improves the alignment of the PSI layers increasing
carrier mobilities. The solar cells with architecture ITO/Tyrosine/
PSI/Cgo/Au exhibited PCE of 0.52%, Jsc of 3.47 mA cm™2, V¢ of
0.36 V, and FF of 33% (Table 1). Although the PCE is low com-
pared to those of the state-of-the-art of OSCs, the regulation of
the PSI layer morphology through the presence of Tyrosine to
control carrier mobility is demonstrated by the high value of cur-
rent density. In detail, the introduction of a Tyrosine buffer layer
led to a fivefold enhancement of Jsc compared with the prior
art of PSI-based PV.”””! The fine control of the PSI active layer
might be key for future achievements-vide infra. In parallel, the
same group also proposed a new strategy to achieve a favorable
energetic band alignment for an efficient charge transfer from
the PSI to electrodes.®> Remarkably, upon photoexcitation of
PSI, almost 66% of the formed charge carrier are concentrated in
the top of the system, where the iron—sulfur clusters are located
(Fy). Consequently, a permanent dipole is formed with the posi-
tive terminal side (Pyg,") and it is possible to exploit the charge
separation to build a single-component bio-SC, without the
requirement of an acceptor compound. The device with struc-
ture FTO/PEDOT:PSS/PSI(800 nm)/LiF(2 nm)/Al exhibited the
following figures of merit: PCE = 0.07%, Jsc = 0.96 mA cm™,
Voc = 0.25 V, and FF = 31% (Table 1). Despite the promising
results for a single-component OSC, the random distribution
of PSI systems is still a challenge. Ideally, PSI should be depos-
ited layer-by-layer, generating a vertically assembled network,
allowing the direct flow of dissociated charge carriers through
the PSI layers toward the electrodes.
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In this context, it is important to give visibility to the pio-
neering work of Kumar and collaborators.’8 They used the
so-called artificial membrane approach introducing a PSI-based
poly(butadiene),,—poly(ethylene oxide)s (PB;,—~PEOg) block
copolymer membrane, miming the lipid double layer and stabi-
lizing PSI. To efficiently couple the structure with an electrode,
they introduced a second layer based on the same copolymer
and a conjugated polymer with a phenylene vinylene core and
two alkyl chains with terminal quaternary ammonium groups
that allows electron transfer across the artificial membranes
(Figure 5). The proof-of-concept devices achieved photocurrents
of 35 WA cm™ that represented a twofold enhancement com-
paring with the state-of-the-art of PSI-based system achieved in
2014.1281 The development of new systems able to stabilize mem-
brane proteins will play a crucial role in the development of new
bio-electrochemical devices as well as bio-derived PV devices.

DNA: Supramolecular polymerization represents a pow-
erful bottom-up concept to achieve 2D and 3D chromophore
arrangements for functional 7-systems. In this sense, DNA has
been successfully used to control shape, size, and arrangement
of chromophore assemblies.

In 2013, Sezi and Wagenknecht's groups showed that oligo-
2’-deoxyadenosines (dA), provides an excellent template for
the self-assembly of an ethynylpyrene-2-deoxyuridine conju-
gated (Py-dU), circumventing the limitations concerning the
covalently linked oligochromophores.[?82l Indeed, further pro-
gress was, for example, demonstrated in mixed assemblies of
Py-dU and ethynyl-Nile-red-modified nucleoside (Nr-dU) along
(dA),o, realizing dual emission as a result of energy transfer
between the two different chromophores.?®3 In 2016, the
same group did a pioneering work by covalently attaching a
fullerene to the (dA),, template to obtain charge separation
after energy transfer and light-harvesting in the oligonucleo-
tide—chromophore stacks."”) The fullerene-DNA conjugate
was incorporated into OSCs with inverted structures, i.e., ITO/
ZnO cathode and a MoO;/Ag anode. The photoactive layer
comprised representative assemblies with a chromophore
ratio Py-dU:Nr—dU of 8:12. Upon illumination of AMLS5,
these devices showed a V¢ of 0.67 V and an EQE of 0.2%.
The low EQE was attributed to the low fullerene concentra-
tion (3.5 wt%) that hampers the transport of electrons to the
cathode. Nevertheless, this work clearly demonstrated that
DNA has a significant potential as key structural element for
chromophore assemblies in functional m-systems, which may
be further exploited in PVs.

Natural Dyes: Recently, Vohra et al.l?’% successfully used
[-carotene as electron donor in OSCs, achieving a fourfold
enhanced performance compared to the state-of-the-art of carot-
enoid-based solar cells, i.e., PCE = 0.15%; Jsc = 0.86 mA cm™%;
Voc =0.63 V; and FF = 28%.182 This result was thoroughly inves-
tigated via microscopy and spectroscopic assays. The authors
pointed out an unexpected thickness dependence behavior
that correlate the best performing output with an ultrathin
active layer (=30 nm). Using thin active layers improved the [
without showing a trade-off a lack of light absorption through
the entire active layer caused by the high extinction absorption
coefficient of B-carotene. The device with structure ITO/ZnO/ -
carotene:PC;BM (1:4)/MoO;/Ag showed a PCE of 0.53%, Jsc of
3.51 mA cm™?, V¢ of 0.46 V, and FF of 33% (Table 1). Higher
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Figure 5. a) Design of photosystem | (PSI) block copolymer integrated membrane.?2% Copyright 2016, The Royal Society of Chemistry. b) Scheme of
the device geometry used for numerical simulations; work function values determined by UPS measurements of five different dipole layers adsorbed on
ITO coated glass substrates.[*) Copyright 2016, Wiley-VCH GmbH & Co. KGaA, Weinheim. c) Chemical structure of L-Arg, PTB7-Th and PC71BM and
EQE curves of different ETLs devices.® d) Thermal- and photostability of different PV devices with and without PLL interface layer. The active layer of
the stability study was PBDB-T:ITIC BH). Reproduced with permission.*% Copyright 2020, The Royal Society of Chemistry. Copyright 2020, Elsevier B.V.

thicknesses led to a detrimental impact of the device efficiency,
reaching, for instance, PCE 0.28% with 90 nm active layer.

Chlorophyll show an ambipolar behavior, being suitable as
both electron donor and electron acceptor, when coupled with,
for instance, P;HT and PCgBM, respectively.?$4281 A recent
progress by Wang’s groupl?®®l showed that it is possible to build
OSCs with entire active layers consisting of linear carotenoids
(i.e., lycopene) and chlorophyll derivatives. The device with
architecture ITO/MoOs/lycopene:chlorophyll (1:4)/Ca/Al exhib-
ited a PCE of 0.045%, Jsc of 0.23 mA cm™, V¢ of 0.85 V, and
FF of 23% (Table 1). The poor performances of the so-fabricated
devices were mainly attributed to the low electron mobility of
disordered spin-coated chlorophyll-based thin film. Likewise
proteins - vide supra, natural components have evolved in a
well-organized system, and such order has to be maintained to
ensure efficient charge/energy transfer processes.

To summarize, the introduction of bio-derived hybrid mate-
rials in the active layer allows i) broad-band optical absorption
enhancement and a consequent photocurrent increase, ii)
enhanced light harvesting due to the high extinction absorption
coefficient that unlock the fabrication of extremely thin devices,
and iii) outstanding compatibility with established photoactive
materials. Nevertheless, the performances reached by bio-based
OSCs are still far from the state-of-the-art of the technology. The
interest in the field of the scientific community is constantly
growing and it is mainly focused on i) achieving fine control of
the layer morphology and orientation and ii) reaching optimal
energy alignment levels and charge transport features. The key
efforts in this field are directed toward thin film fabrication
techniques, surface functionalization, and peripheral function-
alization of the aforementioned materials.

5.1.2. Charge Transporting Layer

Amino Acids: The presence of a polar amino group can be
exploited to form a permanent interfacial dipole moment at the
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electrode interface, allowing for a better charge collection due
to the reduction of the work function level of the ITO. This idea
has recently been demonstrated by several groups. The reader
could also read an excellent comprehensive overview on dipole
effects at the interfaces reported by Niiesch.[?¥’]

In 2015, Wirfel's group did a pioneering work through
numerical simulation of different solar cells architectures.l%8!
They explained that the essential requirement for efficient
charge separation and further collection at the electrode is to
create layers featuring highly dominant hole and electron con-
ductivities near the anode and cathode, respectively. Hence, any
increase of the concentration of the “wrong” type of charge car-
riers in proximity to the contact will, therefore, deteriorate the
device performance. One year later, the same group and collab-
orators®! introduced small molecules with permanent dipole
to study how the alignment affects the collection efficiency of
electron and holes. Noteworthy, three out of five molecules with
permanent dipole were natural amino acids, namely histidine
(His), phenylalanine (Phen), and sarcosine (Sarc). They built
OSCs with four different donor polymers, i.e., P3HT, PCDTBT,
PTB7-Th, and PfiBT4T-20D mixed with PC;BM or PCyBM
and the device architecture was ITO/DL/active layer/MoO;/Ag
where DL indicates the interlayer with dipole (Figure 5). All of
them enhanced the PV performances, mainly on V¢ and FF,
while His showed the largest effect regardless of the active layer
composition, reaching PCE = 74%; Jsc = 14.95 mA cm™%; Ve =
0.78 V, and FF = 63% (Table 1). Moreover, the His interlayer
outperformed the more established interlayers, such as ZnO,
TiO,, or PFN. Thus, they proved that amino acids are highly
effective in converting a nonselective electrode, like ITO, into
an electron contact with a high degree of selectivity.

In the same year Li et al. successfully introduced 1-arginine
(1-Arg) as ETL into inverted OSCs with architecture: ITO/
ZnO/1-Arg/PTB7:PC;;BM/Mo00O;/Ag, directly spin coated
at 2500 rpm for 40 s from a nontoxic water solution.®¥ The
device exhibited a PCE of 9.31%, Jsc of 1749 mA cm™2, a V¢ of
0.78 V, and a FF of 68%. This accounts to a PCE that is fivefold
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improved compared to the reference device without ETL. They
also described a new aspect: the 1-Arg films increased the life-
time of the OSCs. After 35 days, the average PCE of OSCs
with ZnO/1-Arg double ETL feature a loss of 10%, while the
reference device with only ZnO showed a PCE of =70% of the
original value (Figure 5). The authors claimed that 1-Arg films
help to mitigate the native surface defects of ZnO layer and
enhanced the efficient flow of electrons across the junction.

In 2019 Zhu et al.’®% demonstrated the versatility of this
strategy implementing charge amino acids interlayers in non-
fullerene based OSCs, i.e., ITO/ZnO(30 nm)/Gly/PM6:IT-4F/
MoO; (10 nm)/Ag (100 nm), realizing PCEs of 14.0%, Jscs of
22.0 mA cm™2, Ves of 0.85 V, and FFs 75% (Table 1). In line
with previous works, a glycine (Gly) modified ZnO film fea-
tured lower number of surface defects states and a lower work
function. This facilitates both charge transport and collection.
In addition, the surface ligand functionalization increased the
hydrophobicity, enhancing the interfacial contact between the
photoactive and the ETL layers.

Polypeptides: In 2018, Tang’s group!®®¥ firstly introduced a
poly-amino acid, o~poly-1-Lysine (0~PLL) as effective electron
extraction layer to improve the charge transport in fullerene-
free OSC. They pointed how boosted PV performances could
be obtained with an efficient interfacial doping between the o~
PLL layer and the acceptor layer. Finally, they also demonstrated
that an amino acid-based layer could be efficiently introduced
also with a conventional architecture. This statement is sup-
ported by OSCs featuring fullerene- and nonfullerene-based
acceptor layers as well as conventional/inverted structures.
In all cases, the effect of o-PLL layer was always significantly
positive. Among all the configurations tested, the device ITO/
PEDOT:PSS/PBDB-T:IT-M/o-PLL (7 nm)/Al (140 nm) achieved
the best performances, namely PCE of 11.9% and a Jsc of
1713 mA cm™2, with a Vo of 0.94 V and a FF 74% (Table 1). One
year later, Huang et al.?!l attempted for the first time to use
two enantiomeric biopolymers, namely poly-1-lysine (PLL) and
poly-p-lysine (PDL), as electron extraction layer. Although the
consequence of the chiral nature of peptides is well-known in
biology and medicine, the effect of the two enantiomers on
the electrical performance of OSCs was not explored. They
tuned the working function using various arrangements of the
amino groups and correlating it with the polarity of the layer.
The surface energy results suggested that the hydrophobic
characteristic of PLL was favorable to improve the interfacial
compatibility with the photoactive layer, while the blend of
PLL and PDL led to lower surface potential. They tested the
green poly-lysine electron extraction layer in fullerene- and
nonfullerene-based OSCs. Regardless of the device, the perfor-
mance was always boosted and, similar to 1-Arg,® the integra-
tion of these biopolymers improved both thermal stabilities and
photostabilities of the devices.

Recently, the same groupl®” incorporated a poly-lysine layer
as interlayer in ITO-free flexible OSCs based on a novel 100%
bio-based polymer, polyethylene furandicarboxylate (PEF) vide
infra. As expected, they observed a decreasing of working
function of poly-lysine derived ZnO due to dipole formation
arising from the arrangements of amino groups, resulting
in well-defined blend morphologies to achieve high perfor-
mance and long-term stability. They studied different anodic
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configurations, namely glass/ITO, glass/PEDOT:PSS and PEF/
PEDOT:PSS and different photoactive layers, specifically PTB7-
Th:PC;;BM, PBDB-T-2F:Y6, PBDB-T:ITIC, and PBDB-T-2CL.IT-
4F. The presence of the interlayer of PLL was always associated
with an increase of V¢ and Jsc, confirming that the work func-
tion shift leads to a better energetic alignment. Furthermore,
the authors pointed out how the presence of these electron
extracting layers exhibits a drastically effect on device stability.
For instance, the reference device exhibited a dramatic decrease
of PCE after 24 h, while the presence of the interlayers allows
retaining 70% of the device performances after 400 h under
operation conditions (Figure 5). This is related to the efficient
blocking of spontaneous doping occurring at the interface
between the active layer and the electrode vide supra. Finally,
with regard to thermal-stability studies, the reference device
(without interlayer) and the device with ZnO layer only retained
60% of the initial values upon 400 h at 100 °C, while devices
with PLL held 80% of initial values.

Polysaccharides: In 2015, Chen’s groupl?®’l employed highly
dispersed graphene sheets to modify ZnO electron transport
layer to improve the PV response. Following up previous work,
the authors used ethyl cellulose to obtain highly uniform gra-
phene sheets via liquid ultrasound exfoliation.l?*>?%4 Henceforth,
a novel ZnO@graphene:ethylcellulose (ZnO@G:EC) nanocom-
posite was successfully prepared and implemented in inverted
OSC with structure: ITO/ZnO@G:EC/active layer/MoO,
(7 nm)/Ag (90 nm), in which the active layers were P3HT:PC5;BM
and PTB7:PC;BM (Table 1). Replacing the pure ZnO layer with
ZnO@G:EC decreases the work function from 4.35 V to 3.78 eV,
consequently enhancing the electron extraction and transport
from the active layer. In addition, the presence of EC in the layer
as stabilizer was proved to smoothen the surface, preventing the
aggregation of ZnO onto the stacked graphene sheets. The two
combined effects resulted mainly in an enhancement of conduc-
tivity and Jsc and in a consequent twofold improvement of PCE
compare to bare ZnO-based devices.

Another inspiring work was carried out by Zhang et al. in
2017 They solved the inhomogeneity of spin coated layers
from chitosan solution via its chemical functionalization
into an anionic polyelectrolyte N,O-carboxymethyl chitosan
(NOCC) and a cationic polyelectrolyte quaternized chitosan
(QCS). In this way, they took advantage of electrostatic layer-
by-layer self-assembly to prepare continuous films. They
studied the applications of chitosan as a cathode interlayer in
an inverted OSC with architecture: ITO/NOCC:QCS8(7 nm)/
PTB7:PC;BM(210 nm)/MoO; (10 nm)/Ag (100 nm). The
optimized OSCs exhibited a PCE of 10.2%, Jsc of 20.0 mA cm™2,
Voc of 0.76 V, and FF of 67% (Table 1). These values represent
an almost threefold improvement compared with reference
devices without interlayer.

In 2018, Chueh’s group systematically explored chitosan,
methyl-cellulose, and dextrin as modifying interlayers for the
ZnO electron-transporting layer in inverted OSCs.2% They
pointed out how the “B-type” glucose-based cellulose was the
most efficient modifying interlayer for ZnO electron-trans-
porting layer due to a smoother morphology of the thin layers
(Table 1). While a similar energy alignment was expected,
the authors also discussed that the glucose-based interlayers
showed a capability to prevent the formation of aggregates in
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the photoactive layer prepared onto them to yield an ideal BH]
morphology.

In 2020, Ouyang and collaborators?%” pioneered the use of car-
boxymethyl cellulose sodium (CMC) as adhesive, stabilizer, and
film former in PVs. They prepared a CMC layer from rice straws
and used it as a co-modifying layer with ZnO for the transfer and
collection of electrons in inverted OSCs. The best device architec-
ture was ITO/ZnO/CMC/PBDB-T:IT-M (100 nm)/MoO,. (5 nm)/
Ag (100 nm), showing PCEs of 11.96%, Jscs of 1787 mA cm™,
Vocs of 0.94 V, and FFs of 72% (Table 1). The presence of a
ZnO/CMC bilayer diminishes the work function of ITO from
4.72 to 4.22 eV. In addition, the Js¢ increased significantly, i.e.,
=8% higher than that of pristine ZnO-based devices, resulting
an improvement in PCE up to 12%. Again, the increase in the
current density was ascribed to the enhanced charge extraction
from the active layer. All of the devices employing CMC as inter-
layer showed better performances than those with pristine ZnO
interlayers, indicating a strong potential of CMC layer for the
interfacial modification of OSCs.

DNA: In 2016, Brown’s group successfully employed DNA
isolated from salmon fish as electron extraction layer in ITO/
DNA/PTB7:PC,,BM(80 nm)/MoO;/Ag.?l They firstly opti-
mized the thickness of the DNA layer using spin-coating. Thin
DNA layers led to dramatic enhancement in Vg from 0.39 to
0.71V, an increase in Jsc of almost 20%, and final PCEs ranging
from 2.3% to 4.9% for devices without and with DNA layers,
respectively. Thus, this work clearly settled the seminal use of
DNA in OPVs. Especially, they highlighted the main benefits
of using DNA: i) DNA as sodium salt can be processed from
solution at room temperature, and ii) it can easily be functional-
ized with other molecular groups, ions, metal nanoparticles, 2!
nanotubes,?”! or wires,*%® which can be used to tailor its elec-
tronic influence on PVs.

One year later, the same group’ joint efforts with others
research groups to further expand the use of DNA layers in
0SCs.[832621 They initially used a DNA nanolayer in concert
with a ZnO nanoparticle-based electron transport layer in order
to enhance charge separation/extraction efficiencies in OSCs.
Since an annealing step was not required, they were able to
transfer all layers from glass to flexible substrates. The inverted
OSC with the structure: glass/ITO/ZnO/DNA/PTB7:PC;,BM/
MoOs; (5 nm)/Ag (100 nm) displayed PCEs of 8.31%, Jscs of
18.90 mA cm™2, Vs of 0.71 V, and FFs of 62%. The same
architecture onto PET substrate achieved PCEs of 706%, Jscs of
16.92 mA cm™2, Vocs of 0.72 V, and FFs of 58% (Table 1). Impor-
tantly, these devices were the most efficient OSCs at that time.
The group explained that when DNA is deposited on the ZnO
nanoparticles, the work function is lowered from 4.7 eV (bare
ITO) to 4.27 eV (DNA-ZnO). In addition, the subsequent spin-
coating of the photoactive blend allows the DNA to imprint a
different long-range structure on the photoactive polymers with
respect to the solar cells without DNA interlayer. The resulting
structure is more efficient at extracting the initially formed exci-
tons into separate polarons, improving mainly the Jqc.

In 2018, Elfwing et al. developed a new electron transport
material based on a self-doped polyelectrolyte PEDOT-S, DNA
and an ammonium surfactant, cetyltrimethylammonium chlo-
ride (CTMA) (Figure 6).23] This blend effectively modified the
work function of the cathode, showing a broad tolerance to

§[295
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thickness variation than other commercial materials, namely
PCEs of 720% and 4.64% for 10 and 22 nm thick layers, respec-
tively. Remarkably, devices with the thinnest layer exhibited
comparable performance to that of devices based on the com-
monly used LiF/Al cathode (Table 1).

Catecholamine: Similar to the above-described works, another
successful strategy to smooth ZnO films is the use of PDA.
PDA exhibits strong adhesive properties, which ensure that the
polymer is attachable to almost all the material interface.?*”! O
and N sites in PDA have a strong chelating capability toward
metal ions; therefore, PDA can fix nanoparticles and prevent
aggregation. Furthermore, the polymer has a strong reduction
property that can be useful during the synthesis of metal
nanoparticles from metal solution through atom-by-atom
growth.B% These appealing features, in concert with a good
thermal stability, make PDA an appropriate interface material
for optoelectronics.[232:301-303]

In 2017, Wang and Yan fabricated PDA/ZnO nanocompos-
ites and used them as electron transport layer in OSCs.[?*l The
results showed that the strong adhesive property of PDA to
ZnO nanoparticles is beneficial to prepare defect-free and uni-
form ZnO films. In addition, PDA has a strong chelating capa-
bility toward metal ions, and it partially forms a Zn-complex
that enhances the electron transfer between ZnO and PDA.
Devices with the architecture ITO/PDA-ZnO/PTB7:PC;BM/
MoO; (10 nm)/Al (100 nm) exhibited PCEs of 2.64%, Jscs
of 747 mA cm™2, with a Viocs of 0.67 V, and FFs of 53% (Table 1).

One year later, the same group exposed PDA powders and
PDA films to electron beam to investigate the effect of radia-
tion on morphology, structure, and band gap.3%* The electron
beam irradiation modified PDA films combined with ZnO was
used as charge transporting layer in OSCs. They pointed out
a clear relationship between the irradiation dose and the poly-
merization degree of PDA. The changes in morphology, hydro-
philicity, frontier orbitals, and bandgap were attributed to a dif-
ferent degree of conjugation upon irradiation due to distortion
of phenyl rings and/or ring-opening. The modified PDA films
showed a stronger binding affinity between ZnO and ITO sub-
strates, leading to enhanced performances. The best device was
ITO/100 kGy—PDA-ZnO/PTB7:PC;;BM/Mo0;/Al with PCEs of
3.82%, Jscs of 13.70 mA cm™2, Vges of 0.59 V, and FFs of 48%
(Table 1).

In the same year, Yin and collaborators introduced another
type of electron transport layers, namely a composite film mixing
PDA and gold nanorods (AuNRs).?] The doping with AuNRs is
expected to improve the PCE due to their positive effects on light
scattering, local electric fields, and charge transport. This was
nicely corroborated in functional devices. For instance, the mod-
ification of ZnO layers with AuNRs increased the Jsc from 9.24
to 10.81 mA cm™2 and the PCE from 3.57% to 4.57%. Introduc-
tion of 50 kGy—-PDA/AuNRs composite films further improved
the device performance, resulting in PCEs of 5.66%, Jscs
of 12.75 mA cm™2, Vcs of 0.72'V, and FFs of 62% (Table 1).

In 2019, Tan et al. successfully used the PDA-based approach
to overcome the limits of a novel class of electron transport
oxide, aluminum-doped ZnO (AZO).?*!l The inherent brittle-
ness and low adhesion of this metal oxide layer had seriously
limited charge transport and extraction in OSCs up to that
time.3%-307) They pointed out that PDA can effectively passivate
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Figure 6. a) Molecular structures of DNA, CTMA, and PEDOT-S. b) Schematic representation of the fabrication of the layer. c) Schematic representation
of the final OSC. d) EQE of devices interfaced with DNA:CTMA:PEDOT-S films and the reference devices. Reproduced with permission.['?l Copyright 2018,

American Chemical Society.

surface defect sites of AZO through the formation of strong
intermolecular hydrogen-bonding interactions. The modified
nanoparticles exhibited superior features: i) high-transparency
and conductivity, ii) enhanced flexural endurance of the inor-
ganic ETL upon bending, and iii) endowed strong interfacial
adhesion between the organic active layer and the inorganic
one. The best device had the structure ITO/AZ0:1.5% PDA/
PBDB-T-2F:IT-4F/MoO;/Al and exhibited PCEs of 12.5%, Jscs
of 21.62 mA cm2, Vocs of 0.83 V, and FFs of 70% (Table 1).

In parallel, Ahmad et al. developed the idea of improving
the performance of ZnO by introducing an very thin PDA layer
between the glass/ITO electrode and the ZnO film.3%! They
found that the introduction of a 10 nm film leads to improving
PCE due to a better morphology given by the crystallinity and
the crystal orientation in ZnO structure. These devices (ITO/
PDA-10 nm/ZnO/PBDB-T-2F:ITIC/MoO;/Al) exhibited PCEs
of 11.1%, Jscs of 1786 mA cm™2, Vs of 0.88 V, and FFs of 71%
(Table 1). Recently, Yan and collaborators used PDA to modify
the surface of gold nanoparticles (Au-NPs), improving their
stability in thin film and effectively binding them to a ZnO
electron transport layer in an OSC.% In fact, it is known that
carrier recombination on the surface of exposed metal nano-
particles would result in an increase of the exciton quenching
rate, with consequent degradation of the cell performance.
Therefore, PDA coated Au-NPs were selected to prevent such
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phenomenon, as previously described for the PDA modification
of ZnO ETL. These devices (ITO/Au@PDA-ZnO/PTB7:PC;BM/
MoO;/Al) showed PCEs of 6.03%, Jscs of 13.98 mA cm™2, Vs
0f 0.74 V, and FFs of 59% (Table 1).

PEDOT:PSS is one of the most widely studied anode inter-
face materials or hole transport materials over the past decades,
although it shows several pivotal deficiencies, including a rela-
tively modest work function and structural inhomogeneities.31°!
Recently, Zeng et al. successfully doped with dopamine hydro-
chloride (DA * HCl) a PEDOT:PSS aqueous solution.’? The
dopamine reacted with PSS producing PSS-DA, as reported in
literature.l3" This enhances the intermolecular stacking of the
PSS-DA segments in PEDOT:PSS-DA, improving the regular
aggregation of the PEDOT backbone and enhancing the elec-
tron conductivity of the resulting layer. They used the synthe-
tized new hole transport material in OSCs with five different
photoactive layers, namely PM6:Y6 as-cast, PM6:Y6 annealed,
PBDB-T:ITIC, PM6:IDIC, and P3HT:PCg;BM. In all those cases,
the performance of the devices with PEDOT:PSS-DA layer was
superior with respect to the reference devices (Table 1).

Vitamins: In 2017, Zhang et al. treated PEDOT:PSS spin-
coated film dropping 100 uL of vitamins B;, B3, Bg, and C water
solutions (0.1 m).5"l They noticed a significantly enhancement
in conductivity of PEDOT:PSS from 0.3 up to 1000 S cm™.
Vitamins induce phase segregation between PEDOT and PSS
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Table 1. Figures of merit of bio-derived OSCs.

Compound Function Active layer Jsc [mA cm™? Voc [V] FF [%] PCE [%] Ref.
Ag-530/LHClI Light harvesting PIDTT-DFBT:PC;,BM 14.46 0.98 63 8.94 [105]
Ag-530/LHCII Light harvesting PBDT-DTNT:PC;,BM 15.50 0.85 67 8.89 [105]
Ag-530/LHCII Light harvesting PTB7-Th:PC;BM 17.99 0.80 73 10.57 [105]
PSI Active layer PSI1:Cep 3.47 0.36 33 0.52 [106]
PSI Active Layer - 0.96 0.25 31 0.07 [85]
DNA-fullerene conjugates Active layer - - 0.67 - 0.2 (EQE) no7]
p-Carotene Active layer [-Carotene:PC;;BM 3.51 0.46 33 0.53 [270]
Chlorophyll Active layer Lycopene:chlorophyll 0.23 0.85 23 0.045 [286]
His Interlayer P3HT: PC¢,BM 9.90 0.62 62 3.80 [49]
His Interlayer PTB7-Th: PC;,BM 14.95 0.78 63 7.40 [49]
His Interlayer PCDTBT:PC;BM 10.37 0.88 66 6.01 [49]
His Interlayer PffBT4T-20D: PC¢BM 14.87 0.77 59 6.72 [49]
L-Arg Interlayer PTB7-Th: PC;,BM 17.49 0.78 68 9.31 [84]
Gly Interlayer PM6:IT-4F 22.00 0.85 75 14.0 [289]
o-PLL Interlayer PBDB-T:IT-M 17.13 0.94 74 11.92 [290]
o-PLL Interlayer PDCBT:ITIC 16.58 0.94 65 10.17 [290]
o-PLL Interlayer )52:IEICO-4F 25.95 0.72 63 1.74 [290]
PLL Interlayer PBDB-T-2Cl:IT-4F 19.77 0.85 60 9.86 [297]
PLL Interlayer PBDB-T:ITIC 16.80 0.84 53 7.39 [297]
PLL Interlayer PTB7-Th: PC;;BM 16.75 0.75 60 7.29 [297]
PLL (glass/PEDOT:PSS) Interlayer PTB7-Th: PC;;BM 12.95 077 46 459 [50]
PLL (PEF/PEDOT:PSS) Interlayer PBDB-T-2F:Y6 18.62 0.84 45 6.96 [50]
PTB7-Th: PC;;BM 12.81 0.78 45 4.52 [50]

PLL (glass/ITO) Interlayer PTB7-Th: PC;,BM 17.48 0.77 62 8.29 [50]
PBDB-T:ITIC 16.72 0.85 55 7.81 [50]

PBDB-T-2Cl:IT-4F 20.58 0.85 70 12.32 [50]

PBDB-T-2F:Y6 24.81 0.85 72 15.07 [50]

ZnO@G:EC Interlayer P3HT:PCsBM 8.05 0.63 73 37 [292]
ZnO@G:EC Interlayer PTB7: PC;BM 15.88 0.74 69 8.1 [292]
NOCC:QCS Interlayer PTB7-Th:PC;1BM 20.0 0.76 67 10.2 [51]
Chitosan Interlayer PTB7-Th:PC;;BM 16.45 0.78 59 7.54 [207]
Methyl-cellulose Interlayer PBDB-T:ITIC 16.93 0.87 67 9.89 [207]
Dextrin Interlayer PTB7-Th:PC;BM 16.69 0.79 64 8.43 [207]
CMC Interlayer PBDB-T:IT-M 17.87 0.94 72 11.96 [295]
DNA Interlayer PTB7:PC;,BM 14.07 0.71 49 4.88 [127]
DNA (glass/ITO) Interlayer PTB7:PCyoBM 18.90 071 62 8.31 83]
DNA (PET/ITO) Interlayer PTB7:PCyoBM 16.92 072 58 7.06 83]
DNA Interlayer P3HT:PC;,BM 11.86 0.59 59 4.09 [262]
DNA:CTMA:PEDOT-S Interlayer PTB7:PC;;BM 13.52 0.76 70 7.20 [123]
PDA-ZnO Interlayer PTB7: PC;0BM 7.47 0.67 53 2.64 [244]
100 kGy—PDA-ZnO Interlayer PTB7:PC;,BM 13.70 0.59 48 3.82 [304]
50 kGy—PDA-Au—Nrs/ZnO Interlayer PTB7:PC;;BM 12.75 0.72 62 5.66 [245]
AZO:1.5% PDA Interlayer PBDB-T-2F:IT-4F 21.62 0.83 70 12.5 [247]
PDA-10 nm/ZnO Interlayer PBDB-T:ITIC 17.86 0.88 Al i [308]
Au@PDA-ZnO Interlayer PTB7:PC;BM 13.98 0.74 59 6.03 [309]
PEDOT:PSS-DA Interlayer PM6:Y6 (as-cast) 25.66 0.85 72 15.62 [52]
PEDOT:PSS-DA Interlayer PM6:Y6 25.52 0.84 77 16.55 [52]

Adv. Energy Mater. 2021, 11, 2100520

2100520 (17 of 44)

© 2021 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH

85U801 SUOWWOD SAIERID (dedl|dde au Aq peusenob aJe oIl VO ‘88N JO S9|NJ 10} ARIq1T 8UIUO A8]IA UO (SUOTPUOD-PUE-SWS) 00" A | IM A eIq 1 jBUlJUO//:SANY) SUORIPUOD pue SWs 1 841 88S *[2202/0T/c2] Uo Ariqiauliuo Ae|im eIl pueIyo0D Aq 02G00TZ0Z WUSe/Z00T OT/I0p/W00" A8 1M Alelq puljuo//Sdiy Woly pepeojumod ‘sv ‘TZ0Z ‘0v89rTIT



ADVANCED
SCIENCE NEWS

ADVANCED
ENERGY
MATERIALS

www.advancedsciencenews.com

Table 1. Continued.

www.advenergymat.de

Compound Function Active layer Jsc [mA cm? Voc [V] FF [%] PCE [%] Ref.
PEDOT:PSS-DA Interlayer PBDB-T:ITIC 16.93 0.90 72 10.92 [52]
PEDOT:PSS-DA Interlayer PM6:1DIC 17.52 0.95 66 10.96 [52]
PEDOT:PSS-DA Interlayer P3HT:PCsBM 7.75 0.58 66 2.94 [52]
H:V-Mo (30 nm) Interlayer PB3T2:IT-M 16.2 0.96 68 10.5 [316]
H:V-Mo (150 nm) Interlayer PB3T2:IT-M 12.1 0.95 66 7.5 [316]
H:V-Mo Interlayer PBDB-TF:IT-4F 20.2 0.86 77 133 [316]
H:V-Mo Interlayer PBDB-TCL:IT-4F 20.7 0.87 78 14.2 [316]
Keratin Substrate P3HT:PC61BM 2.4 0.50 25 0.30 [330]
Newspaper Substrate CuPc/PTCBI 0.22 0.40 - <0.30 (170 W m™2) [87]
P10 Substrate PTB7:PC;,BM 13.65 0.71 51 4.98 [335]
CNF Substrate P3HT:PC61BM 9.58 0.74 45 3.2 [337]
CNC Substrate PFDTBTP: PC;0BM 3.50 0.90 40 1.4 [332]
CNF Substrate PFDTBTP: PC;0BM 2.00 0.70 30 0.5 [332]
Cellophane Substrate PTB7-Th:PC;;BM 1.26 0.80 63 5.65 [333]
PEF Substrate PTB7-Th: PC;,BM 12.81 0.78 45 4.52 [50]
PEF Substrate PBDB-T-2F:Y6 18.62 0.84 45 6.96 [50]
Paper/PDMS Light-trapping layer TQ1: PC;,BM 1.29 0.85 58 5.50 [345]
CNP Light-trapping layer Y6:PM6 26.48 0.858 1.7 15.99 [346]
PEDOT:PSS:G:EC Electrode PBDTTT-EFT:PC;,BM 16.41 0.77 72 9.2 [86]
PEDOT:PSS:G:EC Electrode p-DTS(FBTTh,),:PC;;BM 11.55 0.80 69 6.3 [86]
Cellulose-GnPs Electrode PfIBT4T-20D: PC;,BM 8.91 0.74 43 2.85 [350]
s-Ag grids/PDA Electrode PTB7-Th: PC;;BM 13.20 0.77 63 6.4 [357]
Ag mesh@PDA Electrode PBDB-T:IT-M 15.04 0.95 72 10.2 [352]
PDA@Ag grids Electrode PBDB-T:ITIC 16.90 0.85 63 9.1 [353]
PDA@AGg grids Electrode PBDB-T-2F:IT-4F 19.53 0.80 Al 1.2 [353]
G-pNE Electrode PTB7-Th:PC;;BM 15.89 0.80 62 7.93 [242]

due to conformational changes in the PEDOT chain. As above
explained, distancing PSS excess from the PEDOT chain is a
method to improve conductivity and film morphology stability.
Nevertheless, the typical chemical agents are poisonous and
dangerous for environment.313-35] Remarkably, vitamins A, D,
E, K, B,, and B; did not lead to an enhancement in the conduc-
tivity of PEDOT:PSS thin films, as they are not soluble in water.
Despite the excellent results of Zhang et al., no functional OSCs
have been fabricated employing this vitamin—-PEDOT:PSS hole
transport layers yet. One year later, Hou and co-workers used
another characteristic of vitamin C, namely its reduction capa-
bility, to partially reduced Mo(VI) to Mo(V) realizing a n-type
doping effect in the MoO, anode interlayer (H:V-Mo).31l
Again, improving the conductivity of the interlayers through p-
and n-type doping is a wide spread method to enhance their tol-
erance to the thickness variation in OSCs, reducing the device
production costs.37317318] They demonstrated how to control
the doping effect merely varying the amount of vitamin C in
the precursor water solution of ammonium heptamolybdate tet-
rahydrate, (NH4)¢Mo,0,,. Devices with architecture: ITO/H:V-
Mo/active layer/PFN-Br/Al with the thickness of H:V-Mo layer
spacing from 10 to 150 nm showed PCEs of 12-8% and Js¢s of
18.4-12.1 mA cm™?, as well as a constant Vi of 0.95 V and FF
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of 65% (Table 1). Although this is an effective method to con-
trol the hole transport capability of MoO,, the light absorption
nature of n-doped MoO,, will also lead to a non-negligible deple-
tion of the sun energy, especially for thick layers(>100 nm).

To conclude, the presence of an electron extracting and
transporting layer is crucial to achieve highly efficient OSCs.
Bio-derived materials are rich in functional groups and they
can be exploited to enhance the device performances, mainly
due to a i) better level alignment, ii) enhanced morphology
of the photoactive layer, and iii) faster dissociation of excitons
in polarons. Among them, amino acids, DNA, and catecho-
lamine have already outperformed synthetic materials. For
instance, the presence of a His interlayer between ITO and
photoactive materials led to almost eightfold enhancement of
the PCE. DNA-based layer achieved comparable performances
with respect to well-established electron transport materials,
such as ZnO and LiF/Al, without requiring an annealing step.
Henceforth, the development of DNA-based materials will
be crucial to smooth the transition in flexible and wearable
devices. Finally, the fine control of the electron conductivity of
PEDOT:PSS through functionalization with DA has been dem-
onstrated to be an easy-to-apply strategy. Through DA-based
functionalization, at least 10% enhancement in all device has
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been demonstrated, regardless the active layer composition.
Developing innovative production routes for these bio-derived
materials will be a milestone to achieve fully sustainable OSC
in the mid-term future.

5.1.3. Substrate

Flexible PVs has received an increasing attention from both
the scientific and industrial communities due to the low thick-
ness, lightweight, wearability, and up-scalable roll-to-roll fabri-
cation technique.}13201 Over the past decade, different kinds
of polymers, e.g., PET,321322] polyethylene naphthalate (PEN),
and?3-3%1 poly(ether sulfone) (PES)P?¢l have been developed
as flexible substrates for solar cells. Less attention has been
focused on renewable and biodegradable materials, such as
cellulose.3?7328 In general, a proper substrate material has to
guarantee: i) thermal stability, ii) mechanical stability, iii) sur-
face smoothness, iv) high optical transmittance, v) chemical
inertness, and vi) barrier properties. Often, the aforementioned
polymers show a high CTE =10-80 x 10° K™! that limits the
electrode and active layers fabrication conditions, due to the
growth and modification of the material under thermal stress.
In addition, temperature fluctuations in a day- or year-timescale
cause plastic substrates to expand and shrink severely, resulting
in cracks and damage of the top coatings.’?%! In this context,
the development of flexible solar cells has significantly starting
to flourish using sustainable and biocompatible substrates.

Proteins: In 2019, Posati et al. demonstrated for the first time
the potential of keratin films (KF) as natural support for the
fabrication of fully printable ITO-free OSCs.>3% They prepared
keratin films from aqueous solution by adding glycerol as a
plasticizer in order to improve their mechanical properties. As-
cast KF and annealed KF80 samples were compared in terms of
transparency, structure, morphology, thermal, and mechanical
properties, in order to mimic and evaluate the impact of the pro-
cessing conditions used for device fabrication. They obtained a
free-standing, acidic water resistant, transparent, e.g., 87-90%
transmittance in the visible region after annealing, and smooth
film, i.e., RMS roughness of around 10 nm, which was suc-
cessfully used as support for working OSCs. In particular, the
annealed films showed better properties with respect to higher
transparency and thermal stability, since the thermal annealing
determines a transition from crhelix to B-sheet resulting in a
more packed structure. Moreover, it was rehydrated at ambient
conditions for 7 days, with a consequent decrease in the Young
modulus to values typical of the nontreated film. Devices with
structure KF/PEDOT:PSS/P3HT:PCyBM/LiF/Al showed PCEs
of 0.30%, Jscs of 2.4 mA cm™2, Vocs of 0.50 V, and FFs of 25%
(Table 1). Although this performance is not optimal compared
to the state of the art, they were similar to those reported for the
reference devices.

Polysaccharides: The first solar cell fabricated on a paper sub-
strate was reported by Lamprecht et al. in 2005.8U They coated
a common newspaper with a film made of ORMOCER fol-
lowed by parylene C film. The device PCE was <0.3% under
170 W m™2 irradiation with a Jsc of 0.22 mA cm™ and a V¢
of 0.4 V. Since the device performance was not excellent, this
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paper did not attract the attention of the community for almost
a decade. Indeed, almost no information about the optical and
mechanical features of this substrate was provided.

In 2015, Nge’s group produced optically transparent and
conductive paper using CNF from wood pulps of Sitka spruce
(Picea sitchenis) and silver nanowires synthesized via reduction
of AgNO; in presence of poly(vinylpyrrolidone) in ethylene gly-
cole.B3! Here, transmittance values of >90% across the visible
range were the most remarkable figure of these films. OSCs
were fabricated with the architecture: CNF/Ag nanowires/
PEDOT:PSS/P3HT:PC;;BM/Al (60 nm), achieving a PCE of
3.2%, and a Jgc of 9.58 mA cm™2, a V¢ of 0.74 V, and a FF
of 45% (Table 1). Therefore, the device performance was defi-
nitely comparable to ITO—glass based solar cells, paving the
way toward innovative highly transparent conductive paper for
portable electronics.

One year later, Costa et al. successfully compared the PV
performances of OSCs made on top of different cellulose-
based substrates, namely CNC and CNF.3}32 In both cases,
the devices featured the structure substrate/Ag/ZnO:Al/
PFDTBTP:PC;)BM/Mo00O3/Ag. They pointed out how the PV
response of CNC substrate was better than the one achieved by
the traditional CNF-based substrate (Table 1). This was nicely
correlated to the properties of the CNC films with respect to
roughness, crystallinity, and homogeneity of the fibers. As the
most relevant conclusion, they demonstrated how the cellulose
fibers have to be precisely ordered in a nanocrystalline fashion
in order to achieve high transmittances. Following up this work,
Song and collaborators discovered that a reduction in substrate
thickness from 150 to 25 um is a mean to mitigate the strain
stress in flexible SCs under folding with extremely curvature
radius of micrometer.?33 They fabricated flexible polymer OSCs
with a structure of cellophane/OMO/ZnO/PTB7-Th:PC;;BM/
MoOs/Al, where OMO is an emerging ultrathin Ag electrode
with trilayer structure Oxide/Ag/Oxide,334 and upon irradia-
tion of AM1.5G, the devices exhibited PCEs of 5.65%, Jscs of
11.26 mA cm2, Vocs of 0.80 V, and FFs of 63% (Table 1). Note-
worthy, the PV performances onto cellophane substrate were
maintained upon 500 bending cycles, whereas the reference
solar cells on PET/ITO failed only after a few cycles of bending.
The same year, Zhang and co-workers fabricated a cellulose-
based substrate for flexible solar cells utilizing seafood waste
and cellulose pulp.**! They performed homogenous etherifica-
tion base-assisted of cellulose in NaOH/urea solution without
extra catalyst, obtaining O-(2,3-dihydroxypropyl) cellulose
(DHPC). In order to reinforce it, they added different amounts
of rigid percolating tunicate cellulose nanocrystals (TCNCs) iso-
lated from the mantles of sessile sea creatures. For the prepara-
tion of DHPC/TCNCs matrix, a suspension of the latter (3 wt%)
was blended in an aqueous solution of the former (4 wt%) in
accordance with the desired mass ratio. The mixed solution was
cast on a glass mold and evaporated at 40 °C for 24 h. Thanks to
the hydrogen bond interactions, the latter were homogeneously
immobilized in DHPC matrix with a mass ratio DHPC/TCNCs
1:0.1 (P10). Noteworthy, without further treatments, a thin
layer of ITO was directly deposited onto P10 using magnetron
sputtering. The average roughness of P10-ITO was =4.4 nm,
keeping the transparency of the ITO electrode. The OCS with
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architecture P10 (100 pm)/ITO (80 nm)/ZnO (30 nm)/PTB7-
PC;BM (1:1.5 by weight, 100 nm)/MoO; (10 nm)/Ag (100 nm)
exhibited PCEs of 4.98% under a P of 1000 W m™ associated
to Jscs of 13.65 mA cm™ and Vs of 0.71 V, and FFs of 51%
(Table 1).

Recently, Chen’s groupl” successfully introduced a novel
100% bio-based polymer, namely polyethylene furandicarboxy-
late (PEF), in the PV panorama. This polymer can be synthe-
sized easily by monoethylene glycol (MEG) and 2,5-furandi-
carboxylic acid (2,5-FDCA), both moieties are able to be trans-
formed from biomass components, such as lignocellulosic and
agricultural wastes.336-3401 The ITO-free solar cells were fabri-
cated with configuration: PEF/PEDOT:PSS/ZnO/poly-lysine/
active layer/MoOs3/Ag. PEF retains the performances of glass-
based reference devices, with PCE values around 4.7% in the
presence of fullerene-based active layer and 7.14% with a non-
fullerene one.

In conclusion, both proteins and polysaccharides used as
substrates for OSCs have been disclosed. The most relevant
aspect is the possibility to realize flexible and ITO-free devices
that retain high transparency and conductivity features, even
outperforming PET-ITO-based devices. On one hand, the
research on proteins for this scope is still in its infancy, and
a deeper optimization of such materials is necessary to reach
state-of-the-art performances. On the other hand, the employ-
ment of polysaccharides is in a mature stage. The use of poly-
saccharide-based substrates has led to i) astonishing perfor-
mances with regard of flexible devices (performances retained
upon 500 bending cycles with cellophane substrate) and ii)
successful valorization of biomass wastes (DHPC and PEF).
In addition, huge effort has been made to investigate system-
atically the impact of the various hierarchical structures of
cellulose derivatives onto the device performances. Remarkably,
CNF must be precisely ordered, like in CNC, to retain high
transmittance.

Besides, following the recent studies described therein,
contributions in the direction of fully bio-derived poly-
mers with suitable nanostructure for optical application are
expected.

www.advenergymat.de

5.1.4. Light-Trapping Layers

In Section 3.1, it was pointed out how the PCEs of OSCs is still
lower than that of the Si-SCs and PSCs owing to the limited
absorption of the active layer.3*! In this regard, the develop-
ment of novel materials and devices with enhanced light in-
coupling is highly desirable. Particularly, it will be a great help
for developing solar windows, as fully transparent devices show
lower performances due to the absence of a back-reflecting elec-
trode, and a loss of photons to transmission.34-3#

Polysaccharides: In 2015, Tang et al. combined a low-cost light
trapping scheme with fully solution processed SCs.?*] In short,
they fabricated an efficient device suitable for roll-to-roll process,
demonstrating that a paper-based reflector could enhance the
EQE by a factor of 2.5. The device structure was paper reflector/
PDMS/glass/PEDOT:PSS/PEIE/TQ1:PC,;BM/PEDOT:PSS.
Upon irradiation at 1 sun and AM1.5G conditions, the devices
achieved PCEs of 5.50%, Jscs of 11.29 mA cm™2, Vges of 0.85 V,
and FFs of 58% (Table 1). In 2020, Ouyang’s group demonstrated
the use of eco-friendly and water-resistant cellulose nanopaper
(CNP) with high transparency and haze for efficient optical trap-
ping.3*l The light trapping layer was prepared from tobacco stalk
(agroforestry residues) and was cooked in a solution of ammo-
nium sulfite and hydrolyzed with formic acid. CNP with thick-
ness of 20 um showed a haze above 75% from 300 to 1000 nm,
with a corresponding transmittance over 90% (Figure 7). The
conventional CNP-20/ITO/PEDOT:PSS/PM6:Y6/PDIN/Ag OSCs
were fabricated using CNP as a light-trapping layer. They exhib-
ited PCEs of 15.99% (AML.5) with record Jscs of 26.48 mA cm™2,
Vocs of 0.86 V, and FFs of 72% (Table 1). This work demon-
strated for the first time the successful utilization of biodegrad-
able, renewable, and sustainable materials for light-trapping and
wide-angle capture in OSCs.

5.1.5. Electrodes

Polysaccharides: In 2015, Chen’s group did a pioneering work
creating large-scale high conductive PEDOT:PSS:graphene:ethyl
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Figure 7. Right a) Tobacco stalk, b) CNP structure, c) transmittance of CNP under a red laser and daylight, d) final device architecture, e,f) schematic
view of the processes of transmittance, scattering, and reflection of CNP and g,h) ITO glass under sunlight. Left (top): J-V curves; (bottom): dark
J-V curves; and c) EQE values with integrated currents for glass/ITO. Reproduced with permission.*! Copyright 2020, Royal Society of Chemistry.
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(I)Gravure printing:
. PEDOT:PSS:G:EC

(1) cleaning and
pretreatment for PET
substrates

(IV) annealing treatment
and encapsulation

(ln) Slot die:
Ethylene Glycol

Figure 8. a) Schematic view of the structural rearrangement of PEDOT:PSS and G:EC, b) schematic roll-to-roll fabrication, c) pictures of the printed
electrode, d) images of 20 LED etched onto the printed electrode. Reproduced with permission.®l Copyright 2015, Wiley-VCH GmbH & Co. KGaA,

Weinheim

cellulose (G:EC) electrodes (Figure 8).8% The introduction
of a G:CE suspension enables the increase of conductivity of
the PEDOT:PSS composite, without the need of a strong acid
treatment. In fact, the PSS interacts strongly with the ethyoxyl
group of EC to realize a well phase separation between PEDOT
and PSS chains, and the highly uniform and conductive G:EC
enables the rearrangement of the PEDOT chains with more
expended conformation surrounded by G:EC through the
7-7 interaction.’¥3*¥ They successfully prepared ITO-free
OLEDs, OSCs and organic photodetectors. Remarkably, in all
cases reference ITO-based devices were outperformed. Con-
cerning OSCs, they tested devices within the inverted structure
concept, namely: PET/PEDOT:PSS:G:EC/PEIE/active layer/
MoO,/Ag, where the active layer was PBDTTT-EFT:PC,BM
or p-DTS(FBTTh,), :PC;BM. The device based on a polymer
PBDTTT-EFT:PC;;BM blend featured PCE surprising values of
9.4% associated to Vs of 0.79 V, Jscs of 16.52 mA-cm™2, and
FFs of 0.72 (Table 1).

Another key aspect that greatly benefits from the introduction
of bio-derived materials is the realization of a solution-processed
top electrode. In fact, the classical structure of evaporated
MoO; and Ag or Al is not up-scalable and suffers mechanical
unstability, under thermal aging.**) The same approaches
used to substituted ITO-based electrode are also suitable for
this purpose. In detail, La Notte et al. fabricated the first fully
sprayed flexible polymer solar cell with cellulose-graphene nano-
platelets (GnPs) electrodes. GnPs is a good candidate to confer
conductivity to cellulose and its derivatives, and cellulose—gra-
phene blends are achieving important results as flexible and
printable material for optoelectronics.l**” The device with archi-
tecture PET/ITO-Ag-I1TO/ZnO/PEIE/PffBT4T-20D:PC70BM/
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V,0,/PEDOT/cellulose-GnPs achieved PCEs of 2.85%, Jscs of
8.91 mA cm™2, Vcs of 0.74 V, and FFs of 43%, combining high
efficiencies with remarkable resistance to bending (Table 1).
Catecholamine and Derivate: The aforementioned adhesive
capability of PDA films could be helpful to overcome limits of
metal meshes, such us poor adhesion and high temperature
processing, allowing greener fabrication methods. In 2018,
Wang et al. presented a novel s-Ag grids@PDA/PET electrode
with ultraadhesion and mechanical flexibility that was success-
fully prepared by in situ growth at low temperature and fiber
mask assisted acid etching.*>!l OSCs with the structure PET/s-
Ag grids@PDA/PEDOT:PSS/PTB7-Th:PC;BM/Ca/Al showed
PCEs of 6.4%, Jscs of 13.20 mA cm™2, Vics of 0.77 V, and FFs
of 63% (Table 1). One year later, the same group collaborated
in two interesting works, 32353 where they again proposed
again the same approach, that is, the preparation of a flexible
metal-mesh electrode based on Ag mesh@PDA/PET, but they
improved the preparation methods. At first, they combined
electroless plating and inkjet printing. Significantly, electro-
less Ag plating was performed with the assistance of PDA and
inkjet-printed polystyrene matrices, leading to an ultrathin
film (50 nm) with highly homogeneous conductivity. The
PET/Ag mesh@PDA/ZnO/PBDB-T:IT-M/MoO;/Al  showed
PCE of 10.24%, Jsc of 15.04 mA cm™2, Vo of 0.95 'V, and a FF
72%. This performance was on par with the PV response of
the ITO-based reference device for the first time. In the second
work, they combined ultraviolet nanoimprint lithography tech-
nology with the electroless deposition of metallic Ag on the
exposed PDA, which guarantees superior conductivity and flex-
ibility of PET/PDA@Ag grids and simultaneously improves
the adhesion between the flexible substrate and Ag grids.
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Remarkably, the so-assembled different OSCs with configura-
tion: PET/PDA@Ag grids/ZnO/Active Layer/MoO;/Ag, where
active layer is PBDB-TIITIC or PBDB-T-2F:IT-4F, achieved
higher performances than the ITO-based reference devices.

In 2018, Jung et al. successfully fabricated graphene elec-
trode-based OSC by modifying the graphene surface via thin
film coating of polymerized norepinephrine (pNE) as surface
modifier.2*?] NE is another derivate of catecholamine that func-
tions as neurotransmitter and as hormone associated with
stress or danger. It is composed of a hydrophobic benzene ring
and a hydrophilic functional group, especially its 3,4-dihydroxy-
benzaldehyde unit suppresses the aggregation of pNE particles
and yields a relatively smooth thin film.3> By optimization
of incubation time and annealing condition, pNE could effec-
tively modify the hydrophobic surface of graphene, improve the
overall film quality and induce doping of graphene with negli-
gible change in the chemical composition and optical transmit-
tance of the resulting film. The optimized graphene-based OSC
with structure: G-pNE/PEDOT:PSS/PTB7-Th:PC;BM/AI exhib-
ited PCEs of 793%, Jscs of 15.89 mA cm™2, Vs of 0.80 V, and
FFs of 62% (Table 1).

To conclude, the best candidates to replace ITO in PV devices
are metal oxides, carbon materials, metallic nanomaterials,
and conductive polymers. Each of them implies challenges to
be solved before commercial applications. Nevertheless, it has
been demonstrated that bio-derived materials perfectly fit with
the next generation electrodes, as demonstrated by astonishing
performances. For instance, cellulose-graphene blends are
expected to play a crucial role in the close future toward a com-
pletely ITO-free optoelectronics in the close future. In addition,
catecholamines are a versatile tool that can be used to effectively
functionalize the aforementioned materials. Remarkably, the
PET/PDA@Ag grid electrode developed by Chen’s group led to
a 10% enhancement of the corresponding OSC with regard to
ITO-based reference.

5.2. Bio-PSCs
5.2.1. Charge Transport Layer

Aminoacids: Peptides have been successfully employed as addi-
tives to enhance the stability of PSCs. For instance, it was
reported that the photovoltaic performance of PSCs could
be improved through TiO, surface modification of the TiO,/
CH;NH;PbI; heterojunction interface with amino acids.[?%3>>-3%]
Usually, the carboxylic group of the amino acids binds to the
titania surface, while the amino group can interact with the
perovskite layer. Thus, the peptides are considered as an effi-
cient monomolecular interlayer that enhances the electronic
coupling between titania and perovskite layers. This depends
on the molecular and electronic structures of the peptides. It
has been, however, also pointed out that the amino acid has
the ability to adsorb onto the TiO, surface in a zwitterionic
form (NH;"CH,COO") through hydrogen bonds instead of
the formerly indicated COO~ bidentate coordination.l**® This
conformation is not beneficial to assist the electronic coupling
between the titania and perovskite layers, reducing the carrier
transport performance. These aspects are discussed as follows.
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Shih et al. reported that PSC’s performance could be
improved through amphipathic monolayer located at the TiO,/
CH;3NH;PbI; heterojunction interface using the amino acid
glycine. This peptide reduces the surface defects formed during
crystallization of perovskite.3>> The device architecture con-
sisted in FTO/TiO,/glycine/perovskite/Au. The average PCE of
PSCs was increased from 6.99% to 9.48%, mainly due to the
improvement of Js¢ (Table 2). Without glycine, Pbl, crystallized
into a broader size range of 200-600 nm with more voids. In
contrast, the Pbl, grown on the glycine-treated TiO, displays
less and smaller voids with a narrow crystal size range of 200—
300 nm. Glycine was found to promote an even smoother Pbl,
crystal growth along the ¢ axis of titania with the direction per-
pendicular to the TiO, surface.

In a follow-up contribution, they systematically explored
the effects of different amino acids, namely glycine, f-alanine,
t-alanine, and 5-aminovaleric acid, used to modify the TiO,
electron transport layer, and its consequent effect on the crystal-
line features of the perovskite layer and the electrical proper-
ties of the interfacial charge transport.*l The authors fabricated
devices with the previously studied architecture. However, the
FTO/TiO, electrodes were immersed in the amino acid solu-
tions for over 10 h to ensure a full coverage of the electrode
surface. All the amino acid-modified devices exhibited supe-
rior PCEs than the non-modified devices caused owing mainly
to the rise in Jsc, while the V¢ and FF are slightly changed
(Table 2). Among the tested amino acids, 1-alanine, whose out-
ward functional groups include —-NH, and —CHj3;, achieved the
best performance with the highest average Jsc of 22.40 mA
cm™2 and PCE of 14.22% (Table 2). This was accompanied by
the lowest carrier lifetime, which is associated to faster charge
diffusion and efficient charge transport at the TiO,/perovskite
interface.

Wu and collaborators also employed commercial 1-leucine
to improve electron injection from CH3;NH;PbI; to the TiO,
layer.>> The group reported that the bipolar nature of 1-leu-
cine improves the quality of the perovskite films, promotes the
charge transfer at the interface, and protects the films from
H,0/0, penetration. This is ascribed to the ability of r-leucine
to form a passivation layer on the face of the perovskite film.
PCEs reached a maximum of 18.2% in devices with the archi-
tecture  ITO/PTAA/1-leucine/perovskite/Cs/BCP/Ag,  with
PTAA:poly(triaryl amine), BCP:bathocuproine. This strongly
contrasts with the performance of the reference devices with
PCEs of 16.1% due to mainly the lower Js¢ values (Table 2).

The use of amino acids in inverted p—i-n PSCs was reported
by Xu and collaborators.l3%! The latter features an HTL com-
monly based on the PEDOT:PSS, which, can, however, cause
degradation and hysteresis issues. Adding the amino acid 1-ala-
nine to pristine PEDOT:PSS proved beneficial to reconstruct
the distribution of the —SO;™ and —SO3;H groups, resulting an
improvement of the charge collection and transport attributed
to the weakened enrichment of —SO;H. Here, when 1-alanine
is added to PEDOT:PSS, part of the sulfonyl groups (-SO;H)
of PSS easily react with -NH, groups, increasing the amount
of -SO;~. Since PEDOT is a conjugated polymer and carries
positive charges, charged macromolecules are formed via the
“bridge” of —SO5~, resulting in an increase of conductivity. An
optimized amount of 1-alanine allowed for an improvement of
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the PCE from 12% (nonmodified PSC) to 15.5% (alanine-mod-
ified PSC) in devices with the architecture FTO/PEDOT:PSS/
perovskite/  PCBM/BCP/Ag, with PCBM: [6,6]-phenyl-Cgy;-
butyric acid methyl ester. Additionally, the PSCs showed
improved humidity-dependent stability, featuring a 70% of its
maximum current value (21.77 mA c¢cm™?) after spending 8 h at
50% humidity, while the nonmodified PSC reached only a 56%
(Table 2).

In 2018, He et al. implemented the amino acid cysteine in
a Cu:NiO, PSCs interlayer.’®!] NiO was selected as electrode
owing to its low cost and ultrahigh thermal stabilities and
photostabilities, as well as its lower corrosion issues. However,
improving the Voc of the PSCs is still an open challenge. An
effective strategy can be metal doping of the electrode (in this
case, Cu doping). The ITO substrates covered by Cu:NiO,, were
immersed in the cysteine solution for 12 h. The surface treat-
ment slightly increased the surface energy and the wettability
of the Cu:NiOx films, which facilitates the preparation of uni-
form and pinhole-free perovskite films. Therefore, Jsc and Vo¢
increased from 20 to 23.6 mA cm™2 and from 1.06 to 1.12 V,
respectively (Table 2). A similar strategy was recently employed
by Li and co-workers.?*® This group modified PSCs with the
amino acid 1-cysteine at the interface TiO,/CH;NH;PbI;. The
incorporation of r-cysteine increased the PCE from 11.5% to
14.4% (Table 2). Here, spectroscopic studies showed that the
electron injection from perovskite to mp-TiO, is enhanced
due to the interactions between the functional groups
(-COOH, -NH,, and —SH) of cysteine and Ti** ions in mp-TiO,
and unsaturated Pb?" and I- ions in the perovskite film. This
accounts for an enhanced charge separation and collection,
leading to higher Jsc values.

Proteins: Das et al. recently reported on how to enhance
PSC’s efficiencies through protein functionalization of the TiO,
electrode.??l In particular, the bacteriorhodopsin (bR) protein
was immobilized on the TiO, surface by covalent attachment
of the protein via cysteine groups. The bR molecules between
TiO, and the perovskite layers have a key role in enhancing
the photon absorption and hot carrier transfer, as the transfer
of photogenerated electrons from the perovskite absorber to
bR molecules through the Forster resonance energy transfer
(FRET) process. Indeed, the excited state lifetime is signifi-
cantly decreased upon the adsorption of bR on the TiO, film,
which further confirms that bR can assist the charge car-
rier extraction from perovskite to the TiO, ETL. The cham-
pion cell with the TiO,/bR electrode in a device architecture
FTO/TiO,/pervoskite:bR/spiro-OMeTAD/Au  exhibited  Jgcs
of 22.61 mA cm™2, FFs of 70.5%, Vgcs of 1.05 V, and PCEs of
17.02%. By contrast, reference devices without bR reached sim-
ilar Jges (22.59 mA cm™2) and Vs (1.02 V), but higher series
resistances affecting the FFS (61.8%) and reducing the PCEs
down to 14.59% (Table 2).

DNA: In 2016, Yusoff et al. demonstrated DNA-CTMA as
HTL in inverted PSCs with the structure FTO/DNA-CTMA/
CH;NH;Pbl;/PCBM/ALB%] The group reported that spun-
casted perovskite onto PEDOT:PSS produced incomplete
surface coverage with pinholes, whereas spun-casted perov-
skite onto DNA-CTMA led to uniform and complete surface
coverage. The devices with DNA-CTMA exhibited a PCE of
15.86% with Jsc of 20.85 mA cm™2, V¢ of 1.04 V, and FF of
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73.15% (Table 2). This represents a strong improvement com-
pared to the reference device without DNA-CTMA — PCE of
12.49% with Jsc of 19.20 mA cm™2, V¢ of 0.90 V, and FF of
72.27%. The authors attributed the performance improvement
to the well-aligned energy of the perovskite valence band with
the HOMO of DNA-CTMA. The HOMO orbitals located on
the guanine and adenine units of the DNA-CTMA minimize
energy loss for hole transfer and optimize the magnitude of the
Voc. The LUMO coefficients are located on the thymine and
cytosine units, which efficiently blocks electrons, reducing the
recombination and enhancing both Jc and PCE of the device.

In 2020, Peng et al.?% doped mesoporous TiO, with DNA
by following a hydrothermal method. This consisted in spin
coating onto a layer of compact titania a solution of hydro-
chloric acid, butyl titanate and DNA, The author observed an
improved in the TiO, dispersion and uniformity in presence of
the DNA. Importantly, the PCE of the cell with structure FTO/
compact-TiO,/meso-DNA:TiO,/perovskite/spiro-OMeTAD/
Ag with 0.2 mg mL™ DNA doped meso-TiO, was remarkably
boosted to 17.59% from 13.25%. The V¢, Jsc, and FF were of
1.07 V, 22.90 mA cm™?, and 71.9%.

Carbohydrates: In 2018, Hong's group reported a new bio-
inspired hole transport material based on natural carbon
components extracted from aloe-vera plant.’®* The aloe-vera
gel was removed from leaves, dried for 24 h, carbonized, and
crosslinked with carbon NPs. The obtained black powder was
washed with HCl and water, dried, and thermal annealed at
1000 °C, then mixed with chlorobenzene and used as paste
for screen printing. The resistivity of the screen-printed film
and commercial colloidal carbon paste showed 6.99 and 78.72
Q cm™2, respectively. The devices with architecture FTO/BI-
TiO,/mp-TiO,/ZrO,/MAPDbI;/aloe-vera HTL showed PCEs of
12.58%, Jscs of 21.65 mA cm™2, Vcs of 0.99 V, and FFs of 59%.
Noteworthy, the performances were retained without encapsu-
lation for almost 1000 h, tenfold increase with respect of the
reference device capped with the standard spiro-OMeTAD/Au
cathode.

Catecholamine: In 2017, Huang et al. modified the HTL
PEDOT:PSS of p—i-n PSCs with catechol derivatives, such as
1-DOPA, norepinephrine, and 3,4-dihydroxybenzhydrazide
(DOBD).3%] The average PCE increased to 13.68%, 13.23%,
and 16.82% for PSCs based on DOPA-, norepinephrine-,
and DOBD-PEDOT:PSS, respectively, while the nondoped
PEDOT:PSS led to an average PCE of 13.53% (Table 2). While
these results indicate that PEDOT:PSS can be replaced by cat-
echol derivatives without affecting the device performance, this
finding is not related to the electronic features of the catechol
layers rather than to the changes in the perovskite layers. This
was ascribed to the presence of bigger grains and fewer grain
boundaries in the modified perovskites, which accounts for
reduced carrier recombination.

Dopamine: They were mostly employed to functionalize the
interfaces at, for example, the hole transport PEDOT:PSS layer
in inverted PSCs and the metal oxide electron transport layer in
planar PSCs. Cao’s group modified PEDOT:PSS with dopamine
semiquinone.”?l The modified material presented enhanced
charge extraction capability. Additionally, the dopamine
doping improved the quality of the perovskite films. This was
ascribed to the ability of the amino and hydroxyl groups of the
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dopamine to interact with the under coordinated Pb atoms
on the perovskite crystal, reducing charge-recombination
rate, and increasing charge-extraction efficiency. The cham-
pion cells, i.e., ITO/dopamine-PEDOT:PSS/perovskite/PCBM/
PN,N/Ag architecture, with PN,N being an amino-containing
polymer*”] achieved V¢ of 1.08 V, PCE of 18.5%, compared to
1.01 V and 16.1% for the non-doped cells, respectively. In addi-
tion, only 20% PCE loss was noted after 250 h under operation
conditions (Table 2).

In 2018, Hou et al. introduced dopamine as self-assembled
interlayer between the perovskite sensitizer and the SnO, ETL
interlayer.*®8] This modification led to an enhanced crystalliza-
tion of the perovskites, as well as a lower defect concentration
and a faster electron transfer from the perovskite to the SnO,
layer. This resulted in enhanced figures-of merit, reaching
Vocs, Jscs, and PCEs of 1.05 V, 21.72 mA cm™?, and 16.31%
compared to 1.04 V, 19.07 mA cm2, and 12.63% for the non-
modified devices (Table 2).

The same year, Zhai et al. covalently linked dopamine to
anatase TiO, nanocrystals, optimizing the ratio between dopa-
mine and TiO, to allow for a complete attachment of the
former.’®! This type of interlayer successfully absorbs water
molecules on its surface. This led to a lack of Pbl, perovskite
precursor isolation during the film forming process, as it cre-
ates hydrogen bonds with the inorganic salt. Finally, water, as
well as Pbl, processing solvent (DMSO, DMF) are removed in
a drying step, leading to a mesoporous precursor PbI, layer,
and, consequently, to a morphologically improved perovskite
layer. The device was finalized with the architecture FTO/
dopamine-TiO,/perovskite/spiro-OMeTAD/Ag. Compared to
the reference devices without dopamine, the device figures of
merit enhanced, reaching a PCE of 16.36% that accounts for an
increase of an absolute 2% in device efficiency (Table 2).

In 2019, Zhang et al. fabricated dopamine-capped TiO, nano-
particles as ETL interlayer for CsgosFAggiMAg14PbI; 55Brg4s
PSCs.’ In this follow-up work, the authors further exploited
the strong electron-donating capability of dopamine.

14.8¢

/
PEDOT:PSS

0,5

SO,M 30,4 SOM 30,

www.advenergymat.de

Dopamine-capped TiO, nanoparticles are therefore new
hybrid systems, in which localized orbitals of surface-bound
ligands are electronically coupled with the conduction band of
TiO,. This electronic coupling favors direct injection of photo-
generated electron into the conduction band of the TiO,,"
resulting in effective charge transfer and reduced charge
accumulation at the TiO,/perovskite interface. The cham-
pion cell exhibited PCEs of 20.93% with negligible hysteresis.
Moreover, unencapsulated devices retained 80% of their initial
performance after 1200 h operation under constant full-sun illu-
mination in nitrogen atmosphere, which represents an impor-
tant step toward device commercialization. Finally, dopamine
doping was also recently applied to the TiO, layer in planar
PSCs.’1 The authors showed that in situ dopamine function-
alization of titania leads to a tailoring of the energy level align-
ment and enhanced charge extraction, owing to reduced charge
accumulation between titania and the perovskite layer. Overall,
they achieved PCEs of 19.45% that are significantly higher to of
the nondoped cells (16%) (Table 2).

Polydopamine: In 2017, Huang et al. used dopamine copoly-
merized PEDOT to obtain a water-resistant and high working
function material (Figure 9).5% They also replaced PSS by LS,
to enhance the layer morphology. Thus, devices with the archi-
tecture ITO/PEDOT:PSS or dopamine-PEDOT:PSS/perovskite/
PCBM/AIl were compared. For reference devices, the Vo, Jsc,
and FF were 0.86 V, 20.62 mA cm™, and 67.5%, respectively,
resulting in a PCE of 11.98%. These values were only slightly
improved by using PDA:PEDOTLS, i.e., Vo, Jsc, and FF of
1.02 V, 18.19 mA cm2, and 65.14%, yielding a PCE of 12.05%
(Table 2, Figure 9). However, the most relevant result was the
significant enhancement toward water and irradiation resist-
ances. As an example, after 32 days of aging under environ-
mental conditions, the dopamine modified PSCs showed
negligible changes in PCE, while this reduced to 58% for non-
modified PSCs.

Likewise, Huang et al. copolymerized dopamine with
PEDOT:PSS to obtain an improved hole extraction layer.[l
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0.84 -0-PDAPEDOTLS 0.8
Y 8
€ 6l 2 06
3 b
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Figure 9. Top left: Contact angles of a drop of water on the surface of bare ITO substrate for bare PEDOT:PSS and PDA:PEDOT:LS (polydopamine-
doped-PEDOT:PSS). Bottom left: Molecular packing and structure of PEDOT:PSS (left), and polydopamine-doped-PEDOT:PSS (right). Right: Nor-
malized stability characteristics of the PSCs using PEDOT:PSS and PDA:PEDOT:LS as the HTL, with a) PCE; b) V¢ ¢) Jsc; d) FF. Adapted with

permission.l®% Copyright 2018, Royal Society of Chemistry.
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Table 2. Figures of merit of bio-derived PSCs.

Compound Function Jsc [mA cm™? Voc [mV] FF [%] PCE [%] Ref.
L-Glycine Interlayer 16.28 0.98 60 9.48 [355]
L-Glycine Interlayer 21.37 0.96 64 13.14 [92]
L-Alanine Interlayer 22.40 0.99 64 14.22 [92]
PB-Alanine Interlayer 21.36 0.99 64 13.27 [92]
5-Aminovaleric acid Interlayer 18.41 0.96 60 1.72 [92]
L-Alanine Interlayer 2177 0.89 80 15.46 [360]
L-Cysteine Interlayer 23.6 m 70 18.3 [361]
L-Cysteine Interlayer 22.34 0.90 7 14.4 [356]
Bacteriorhodopsin Interlayer 22.61 1.05 70.5 17.02 [362]
Aloe-vera extract Interlayer 21.65 0.99 59 12.58 [365]
DNA Interlayer 20.85 1.04 73 15.86 [363]
DNA Interlayer 22.90 1.07 71.9 17.59 364]
Dopamine semiquinone Interlayer 22.0 1.08 77.5 18.5 [93]
Dopamine Interlayer 21.55 - - 19.45 [377]
Dopamine Interlayer 21.72 1.05 71.8 16.31 [368]
Dopamine Interlayer 23.65 1.16 76.3 20.93 [90]
Dopamine Interlayer 20.58 1.07 77 16.94 [369]
DOPA Interlayer 20.72 0.97 74.2 14.85 [366]
Norepinephrine Interlayer 20.58 0.97 72 14.40 [366]
DOBD Interlayer 21.45 1.04 78.6 17.46 [366]
Polydopamine Interlayer 18.19 1.02 65.14 12.05 [89]
Polydopamine Interlayer 20.63 1.08 78 16.6 [88]
Polydopamine semiquinone Interlayer 19.97 0.97 75.36 14.60 [372]
Polydopamine Interlayer 22.43 1.05 78.1 18.35 [243]
DNA Sensitizer 23.46 112 78.9 20.63 [375]
L-lysine Sensitizer 7.64 1.57 81 9.68 [357]
Glycine hydrocloride (n:8) Sensitizer 22.19 1.08 75.08 18.06 [373]
Glycine hydrocloride (n:4) Sensitizer 20.86 1.01 63.4 15.61 [373]
Ethyl cellulose Sensitizer 22.89 1.1 77 19.41 [97]
CDHC Sensitizer 17.73 0.96 61 10.38 [376]
HEC Sensitizer 16.12 0.89 62 8.90 [376]
Chitin laminate composite Substrate 17.41 0.98 74 12.52 [203]

In particular, the HOMO of the doped material was placed at
—5.33 eV, compared to —5.1 eV for the nondoped HTL. Impor-
tantly, the doped layer also showed a higher pH of 5.2 (com-
pared to 1.8 for the nondoped one), which can be linked to less
corrosion issues. The PCE and Jsc retained 85.4% and 89.2%
of their original values even after 28 days of aging as compared
to 60.4% and 59.3%, respectively, for the PEDOT:PSS-based
device. Devices based on dopamine-PEDOT:PSS, i.e., (ITO/
dopamine-PEDOT:PSS/perovskite/PCs;BM/BCP/Ag  exhibited
a much higher V¢ of 1.08 eV and slightly decreased Jsc and FF
as compared to PEDOT:PSS-based devices. Therefore, the PCE
was enhanced to 16.6%, while PEDOT:PSS-based device only
showed an efficiency of 15.2% associated to Vcs of 0.97 V, Jscs
of 20.63 mA cm™2, and FFs of 0.78 (Table 2). Dopamine semi-
quinone copolymerized PEDOT was also employed by Wang
et al. in 2018 for heterojunction planar PSCs.[72l The authors
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reported that the working function of the modified PEDOT:PSS
layer changed from 5.0 to 5.32 eV. This matches better with
the HOMO energy level of the perovskite (-5.40 eV), rendering
charge transfer more efficient. The average efficiency of twenty
devices with modified PEDOT:PSS was increased to 14.16%
from 10.67% with PEDOT:PSS (Table 2).

In 2019, Duan et al. employed polydopamine modified NiO
for flexible PSCs with the architecture ITO/NiO:polydopamine/
perovskite/PCBM/BCP/Ag.?*3l The strong intramolecular inter-
actions between polydopamine and the NiO allowed decreasing
the inherent brittleness. Particularly, the crosslinked network
NiO:polydopamine facilitates the releasing of mechanical
stress, and thus the corresponding PSCs could hold >70% of the
initial PCE after 1000 bending cycles. Moreover, the HOMO of
the doped material (-5.35 eV) is more similar to the perovskite
layers (—5.4 eV), improving charge transfer efficiency. Overall,
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champion devices showed PCEs of 18.35%, Vs of 1.05 V, and
Jscs of 22.49 mA cm™2, compared to 15.87%, 0.97 V; and 21.90,
respectively, for pure NiO-based PSCs (Table 2).

5.2.2. Sensitizer

Amino Acids: The positive effect of the amino acid t-lysine
was also confirmed in inorganic PSCs based on cesium lead
bromide (CsPbBr;).3%] The latter presents outstanding envi-
ronmental stability and low preparation cost. Therefore, it is
regarded as one of the most promising perovskite sensitizers
for commercial applications. However, the performance of
CsPbBr; PSCs is highly sensitive to the presence of ionic
defects at the grain boundaries of perovskite films, which gen-
erate high charge recombination and efficiency loss. Defects
are usually originated when the precursor solution of CsBr is
poured onto a PbBr, film, starting the crystallization process
that leads to the formation of the perovskite layer. If 1-lysine is
incorporated into the PbBr, solution, it can considerably reduce
the defect density upon crystallization, prolong the carrier life-
time, and heal the charge recombination centers (Pb?*,Cs*, and
Br) within perovskite films as well as it enhances the interfacial
energy level alignment, which contributes to a remarkably
enhanced charge extraction and transfer. Moreover, the addi-
tion of r-lysine delays the crystallization rate, enlarges grain
size, and improves the crystallinity of CsPbBr; perovskite by
modulating the surface morphology and crystallinity of PbBr,
films, leading to reduced grain boundaries and improved quality
of CsPbBr; films and thereby a suppressed charge recombina-
tion. The devices were fabricated with a standard configura-
tion of FTO/TiO,/1-lysine/perovskite/carbon. Overall, the V¢
could be improved of up to 61% compared to reference PSCs
without 1-lysine, reaching a high value of 1.56 V, accompanied
by a PCE of 9.69% and a FF of 0.81 (Table 2). In this line, Chen
and co-workers recently implemented amino acid derivatives in
Ruddlesden—Popper (RP) perovskites.?”3l In detail, they added
glycine hydrochloride [Gly,(Csp05FAg.95)n1PbnI3,1ClJoo(FA
PbBr3)g 4, where n could be 4, 6, or 8. Due to the strong interac-
tion between C=0 and Pb?*, the Gly* can become a nucleation
center and be beneficial to uniform and fast growth of the Gly-
based RP perovskites with larger grain sizes, leading to reduced
grain boundary and increased carrier transport. The champion
device with n:8 showed PCEs of 18.05%, Vs of 1.08 V, and
Jscs of 22.9 mA cm™2 (Table 2). Another interesting effect was
recently reported by Lang et al.’# The researchers investigated
the effect of the amino acid 1-lysine during the perovskite for-
mation. While a comparable behavior was noticed, the authors
also reported that amino acid additives strongly increase the
perovskite stability in water. Unfortunately, the effects on the
device figures of merit are still unknown.

DNA: In a preliminary work from Yusoff et al., DNA was
incorporated as the separate layer underneath the perov-
skite layer, which resulted in insufficient interfacial coupling
between DNA and perovskite. This issue was addressed by Hou
et al. in 2019.57 The authors developed a self-assembly process
that can incorporate DNA strands into the perovskite nanocrys-
talline film. In detail, the bulk CH3;NH;PbI; perovskite crystals
were exfoliated by intercalation of methylamine molecules to
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form liquid intermediate consisting of 2D perovskite layers. The
DNA-CTMA molecules were then introduced into the liquid
perovskite intermediate, and the subsequent self-assembly
of DNA-CTMA molecule with 2D perovskite layers finally
resulted in a core—shell composite structure after spin-coating
process. This results in the formation a core—shell heterostruc-
ture with DNA-CTMA molecules occupying the perovskite
grain boundaries. The so-fabricated architecture allows the
hole carriers to be effectively extracted from perovskite grains
and then transferred to the HTL, while, simultaneously, the
trap sites at grain boundaries are passivated by bonds between
DNA molecules and the perovskite itself, thereby reducing
the nonradiative recombination loss. The group built devices
with the architecture FTO/compact TiO,/mesoporous TiO,/
DNA-—perovskite/spiro-OMeTAD/Au. The PSC devices based
on the bio-based hybrid composite attained remarkable PCEs of
20.63%, and the V¢, Jsc, and FF were 1.12 'V, 23.46 mA cm™?,
and 78.9%, respectively.

By contrast, HTL-free PSC devices attained a PCE of 14.05%,
which is nearly 65% higher compared with the pristine device.
This represents one of the best device performances in the field
of bio-photovoltaics and underlines the beneficial role of bio-
derived materials.

Cellulose Derivatives: The use of ethyl cellulose for control-
ling the film quality of the perovskites was introduced by Bao
and co-workers in 2019.°Y Indeed, the group highlights the fact
that the use of a long polymer offers more stable and reliable
interactions with the perovskite layers, serving as grain bound-
aries crosslinkers to reduce defects. The material was spin
coated together with the precursors Pbl, and CH3;NH;I. Thanks
to its hydroxyl and ethyl groups, the cellulose could coordinate
the uncoordinated Pb?* atoms via the lone pair on the oxygen
atom, as confirmed by both XPS and FTIR measurements. The
ethyl cellulose-passivated PSC in the planar n—i—p architecture
(in which the perovskite is sandwiched between an ETL and an
HTL), reaches an average PCE of 19.41%. The V¢, Jsc, and FF
were of 1.1V, 22.89 mA cm™2, and 0.77, respectively (Table 2).
With regard to the stability, the device comprising EC retained
80% of the initial PCE value after 30 days in ambient air. At the
same time, the reference PSC fully degraded.

The same year, Chu et al. implemented chlorodeoxyhydroxy-
ethylcellulose (CDHC) and hydroxyethylcellulose (HEC) into
organic inorganic inverted PSCs.’’%l The dopants were directly
added to the precursor CH3;NH;l solution and were reported
to improve film crystallinity by decreasing the number of grain
boundary defects as well as increasing the crystal grain sizes,
crystallinities, and absorption intensities of the modified perov-
skite films. The fabricated PSCs, whose device structure was
indium tin oxide/PEDOT:PSS/CH;NH;PbI;:cellulose deriva-
tive/[6,6]-phenyl-Cg¢—butyric acid methyl ester/Ag showed
maximum Jscs of 1773/16.12 mA cm™2, Vs of 0.96/0.89 V,
FFs 0f 0.61/0.62, and PCEs of 10.38/8.90% for CDHC and HEC,
respectively (Table 2).

5.2.3. Substrate

Chitin: The use of chitin nanofibers transparent laminate com-
posite film (HCLaminate) for flexible PSCs was pioneered by
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Figure 10. Top: Schematic illustration of the fabrication procedure of the HCLaminate. Bottom: digital photograph of the transparent HCLaminate
(left), digital photograph showing the mandrel bend test of the HCLaminate (centre), and J-V curves of flexible PSC fabricated on the HCLaminate
(right). Adapted with permission.2%%l Copyright 2017, American Chemical Society.

Bae and collaborators.l?)l These films presented a transparency
>90% in all the visible range, as well as favorable mechanical
properties, such as an higher elastic modulus of 6 GPa and
very low CTE of only 22 ppm K™ (PET, as an example, as a
CTE of 24 ppm K'). Their proof-of-concept PSCs on CNL/
ITO/PEDOT:PSS/perovskite/PCsBM/Ag  reached Jscs  of
1741 mA cm™2, V¢s of 0.98 V, FFs of 74%, and PCEs of 12.52%
that are comparable to those with standard PET (Table 2,
Figure 10).

To summarize, the majority of contributions regarding the
implementation of bio-derived materials in PSCs concerned
the modification of the transport—perovskite interface or the
perovskite with molecules possessing ambipolar moieties,
such as amino acids, catecholamine, dopamine, and DNA.
Noteworthy, other types of bio-derived materials led to impres-
sive results, e.g., capsaicin,’””l betulin®*® and biopolymer
heparin sodium interlayers.’’””). Common to all of them is
i) the improvement of the perovskite’s morphology and
its defect passivation, as well as ii) the enhancement of the
charge extraction owing to a modified HTL/perovskite hetero-
junction. Additionally, these modifications are often accompa-
nied by a simultaneous increase in device stability, which is
essential in order to scale-up PSCs production. Importantly,
the implementation of bio-derived materials usually leads to
improved performances compared to the reference devices
(Table 2). This is a key message as it is commonly accepted
that performances can be within to a certain extent sacrificed
in order to achieve greener devices, but, in the case of PSCs, a
greener approach is becoming even essential to fabricate supe-
rior cells.
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5.3. Bio-DSSCs
5.3.1. Photosensitizer

Proteins: In 2015, Molaeirad and Rezaeian immobilized for
the first time a layer of bR onto a ZnO film and successfully
built PV devices within DSSC concept.l'®] In detail, they used
a dip coating film deposition to sensitize the photoanonde with
a monolayer of bR (Figure 11). The device was closed with a
Pt-based counter electrode and filled the space between the
two electrodes with iodine liquid electrolyte. The so-fabricated
device showed poorly performances, namely PCE of 0.1%,
Jsc of 0.39 mA cm™?2, Ve of 0.50 V, and FF of 52% (Table 3).
Despite these results, when comparing to literature data con-
cerning protein-sensitized solar cells, this approach resulted
in more efficient devices than the prior-art based on bR.380:381]
Some months later, Mohammadpour et al. further expanded
the emergent field of protein-sensitized solar cells introducing
for the first time green fluorescent proteins (GFP) as co-sen-
sitizer of bR to enlarge the absorption spectra and enhance
the PCE.%2 This devices consisted in a co-sensitized layer
embedded between an FTO/TiO, photoanode and a FTO/Pt
counter electrode with an iodine-based electrolyte (Figure 11),
and led to PCE of 0.4%, Jsc of 1.2 mA cm™2, V¢ of 0.68 V, and
FF of 49%. Importantly, the authors confirmed the role of the
proteins as photosensitizers, measuring an IPCE spectrum that
resembles the absorption spectra of both proteins.

The following year, Chellamuthu et al. pointed out the limits
of liquid electrolytes for protein-sensitized DSSCs due to
the high recombination process that drastically reduces the
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Figure 11. a) Schematic view of the co-sensitizing effect of GFP and bR, b) energy level diagram of the fabricated protein-based DSSC, c) absorption
spectra of bR and absorption and emission spectra of GFP. Reproduced with permission.*82 Copyright 2016, Elsevier Ltd.

current density.?83] Thus, they applied a quasi-solid state elec-
trolyte with an acetamide gel to a bR-based DSSC, achieving
the record PCE of 0.5%, Jsc of 1.1 mA cm™2, Vo of 0.67 V,
and FF of 58% (Table 3). In 2018, Srivastava et al. developed
an innovative new class of bio-hybrid and biogenic material
suitable for PV applications.3¥ They successfully encapsu-
lated E. coli cells, genetically modified to produce a photoactive
dye, in TiO, mesoporous layer trough a tryptophan-mediated
interface. When coupled with a Pt counter electrode and an
I7/1I5 the so-fabricated DSSCS achieved PCE of 0.057%, Jsc of
0.69 mA cm™2, Vo of 0.29 V, and FF of 28% (Table 3).

Despite the modest results, the reported approach obviates
the extraction and purifications steps for photosensitizers. As
covalent linkages of the dyes are no longer required, genomic
engineering could drastically enhance the yield of products and
offer a green route toward the fabrication of DSSCs avoiding
toxic solvents and chemicals.

In 2019, Cerdd’s group further expanded the panorama of
suitable proteins for PV devices fabricating a R-phycoerythrin
red protein-based DSSCs.’®] Using raw extract from two dif-
ferent algae species Anotrichium furcellatum and Palmaria decip-
iens, without further purification, they built DSSCs that showed
PCE of 0.11%, Jsc of 0.22 mA cm™2, V¢ of 0.69 V, and FF of
62% (Table 3).

In the same year, Giizel et al. developed a bionanoferritin-
based cages (FBNCs) and used it as interface modifier on TiO,
layer, reporting a new concept of protein-based DSSCs.*3¢ The
bionanoferritin-based particle were first mixed with graphene
and then ITO coated with a TiO, layer was immersed in the
dispersion. After coating, the photoanode was dried and the
cell closed with a Pt-based counter electrode, finally iodine
based liquid electrolyte was used to close the electrical circuit.
This device achieved PCEs of 0.24%, Jscs of 0.65 mA cm™,
Vocs of 0.54 V, and FFs of 72% (Table 3). Recently, the same
groupl®”! used the same approach to prepare photosystem 11
bio-nanococktails (BCNs) and used it as photosensitizer of a
TiO, layer. The resulting device exhibited PCE of 0.22%, Jsc of
0.88 mA cm™2, Vo of 0.37 V, and FF of 50% (Table 3).

In light of the above-mentioned, there are still many open
questions about the efficiency of the charge transfer process from
proteins to metal oxide electrodes, as well as the role of the pro-
tein functionalization and structure in the back electron transfer
reactions. Thus, device efficiencies have remained poor up to date.
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Natural Dyes: Different biological dyes, such as flavo-
noids, betalains, carotenoids, chlorophylls, and bacteria pig-
ments, have been successfully employed as photosensitizer in
DSSCs.P% Up to date, their principal source of extraction from
vegetables and a precisely final cost of the products is difficult
to assess together with a proper life-cycles assessment anal-
ysis.[®) The promising results achieved by natural dyes in PVs
required further efforts in developing new biosynthetic routes
to obtain them in a more sustainable and up-scalable way. This
was, for example, nicely highlighted by Lorquin and collabora-
tors with respect to the application of carotenoids. 38

Up to date, DSSCs sensitized with flavonoids have shown
PCEs <1%,3%93%9 mostly due to dye aggregation, electron
recombination, and prominent undesired back electron
transfer reactions. In 2017, Prabavathy et al. introduced two
algae-derived buffer layers to functionalize the TiO,—photo-
anode, improving the anchoring groups suitable for dye
loading and the overall efficiency of the anthocyanin-based
PVs.[10 The first buffer layer was made by sodium alginate,
while the second one by Spirulina, i.e., green algae extract
made of chlorophylls, xanthophylls, amino acid, and phycocy-
anin. Sodium alginate helps to produce more hydroxyl groups
onto TiO, surface, and in turn, the dye concentration anchored
to the semiconductor and its light-harvesting efficiency
improved. The second buffer layer has different functions:
i) xanthophylls (carotenoids family) broaden the absorption
spectrum and dissipate the excess of energy from sunlight
shielding from UV, ii) phycocyanin is an antioxidant that pro-
tect the SC from free radical, iii) chlorophylls help to improve
the light harvesting, and iv) amino acids improve the interface
between organic dyes and TiO,. The synergistic effects of the
various components led to an enhancement in device perfor-
mances, namely PCE of 1.47%, Jsc of 5.8 mA cm™, V¢ of
0.60 V, and FF of 41% with an improvement of almost 185%
compared to PCEs achieved by DSSCs sensitized with the
same type of anthocyanines.[3%2

Generally, the use of carotenoids as sensitizers has led to a
very low PCEs, especially due to the lack of anchoring groups
as demonstrated by Yamazaki et al.?®! Nevertheless, their use
as co-sensitizers has showed promising results. For instance,
Wang and collaborators used methyl 3-carboxy-3-devinyl-
pyropheophorobide (PPB, a chlorophyll) as sensitizer in com-
bination with 10% of spirilloxanthin (Spx) carotenoids from
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Rhodospirillum rubrum S1, reaching PCEs of 4.2%.12/l Unfortu-
nately, no further improvements have been reported up to date.

Recently, two promising works reported on the use of
carotenoids from non-photosynthetic UV-resistant Antarctic
bacteria. In 2016, Ordenes-Aenishanslins et al. tested both the
red- (Hymenobacter) and the yellow-pigments (Chryseobacte-
rium) from Antarctic bacteria as sensitizers in DSSCs.?% The
PCEs were around 0.03% regardless of the pigment. The pho-
tostability of the isolated carotenoids was investigated from the
decay in light absorbance at different exposure times, and it
was evident that the UV-resistant carotenoids are stable under
light exposure for longer times. Two years later, Montagni et al.
improved the performance of the red-pigment-based DSSCs
through the usage of polysaccharide co-sensitizers, which
helped in improving bonding/anchoring of xanthophylls pig-
ments onto the TiO, surface due to the presence of extra
hydroxyl groups.'®”] Noteworthy, this class of carotenoids from
Antarctic bacteria has not been employed as co-sensitizer with
other natural dyes yet, e.g., chlorophylls, suggesting that fur-
ther improvements are easily at hand.

Despite the presence of a carboxylic group in betalains, only
few reports have been published. Giizel et al. proposed a new
betalain-based extract from stalk of pokeweed as natural sen-
sitizer suitable for DSSCs.?*¥l Thanks to its broad absorption
spectra spanning from 300 to 700 nm, the resulting devices
showed PCE of 3.04%, Jsc of 9.08 mA cm™2, V¢ of 0.63 V, and
FF of 53%, This is the highest performances achieved by beta-
lain-based DSSCs up to date (Table 3).

With regard to chlorophylls, there are no recent relevant
progresses focused on their use as photosensitizer for DSSCs.
The reader could use these exhaustive reviews to satisfy further
curiosities.[56:59.60,389,390,395]

In conclusion, the research on proteins as photosensitizers
has not led to outstanding performances yet. Nevertheless,
remarkable progress has been achieved in the last 5 years:
i) the panorama of suitable protein-based sensitizers has
been expanded, ii) new concepts have been developed, and
iii) interactions with other DSSC components have been dis-
closed. In particular, the PCE achieved by the bR-based DSSC
fabricated by Jeganathan and collaborators represents a five-
fold improvement with respect to the previous state-of-the-art.
Concerning natural dyes: i) an almost threefold enhancement
of flavonoid-based DSSC has been achieved and ii) the highest
PCE has been achieved with betalain-based DSSCs. Note-
worthy, the stability issues of proteins and natural dyes is still
a challenge to be tackled in order to further optimize this type
of photosensitizers. However, the beneficial impact of a buffer
layer introduced by Prabavathy and co-workers has not been
used with other classes of natural dyes yet. Overall, the use of
bio-derived materials as photosensitizer in DSSCs is still very
challenging.

5.3.2. Electrolytes

Polysaccharides: In 2017, Bella et al. proposed paper-based quasi-
solid DSSCs, consisting of a cellulosic fiber based photoanode
and nanoscale microfibrillated cellulose (NMFC) biopolymer
electrolyte.?%] The latter was obtained from sulfite bleached
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spruce pulp using two stages refining process. Two oli-
gomers, namely poly(ethylene glycol) diacrylate (PEGDA) and
poly(ethylene glycol) methyl ether methacrylate (PEGMA), were
mixed and added to the NMFC suspension. Through steps of
drying, pressing, photocuring, and drying under vacuum, a
final polymer membrane 100 um thick was obtained, which
was finally rapidly soaked into an I7/I5~ liquid electrolyte. The
resulting DSSCs provided PCEs of 3.55% and 5.20% under 1
and 0.2 sun irradiations, respectively (Table 3). This bioinspired
DSSC maintained a 96% of its PCE even after 1000 h of acceler-
ated aging tests.

Later, Poskela et al. suggested the use of CNF, TEMPO-
oxidized CNF (TOCNF), BC, and chitin nanofibers (ChNF)
as bio-based cryogel membranes, acting as electrolyte holders
in DSSCs. Through these membranes the electrolyte can be
directly applied before sealing the cell, thereby preventing
segregation effects (Figure 12). Among the candidates, BC
was chosen as the most promising, yielding higher PCEs and
longer stabilities, mainly due to residual components in CNF,
e.g., lignine. DSSCs based on Z907 (Dyesol) and BC as cryogel
membrane featured PCEs of 4.9%, FFs of 60%, Vocs of 0.70
and Jgcs of 11.6 mA cm™ (Table 3). The longest stability was,
however, reported by Willgert et al. with CNC. They fabricated
nanocomposites of CNC and polyethylene oxide (PEO) for
a copper dye based DSSC featuring PCE of 1.09% that hold
almost constant (15% loss) after 1440 h of aging (Table 3).

The high crystallinity of cellulose resulted in low ion conduc-
tivities. However, cellulose can easily be modified via chemical
functionalization, plasticization, grafting, and blending with
another polymers.3%l One of the most commonly employed
derivatives is ethyl cellulose.

In 2015, Rudziah et al. studied biopolymer electrolytes
based on carboxymethyl kappa-carrageenan (CMKC)/CMC
blend for use as electrolytes in solid-state DSSCs.?"! The salts
were then blended and doped with ammonium iodide/iodine
(NH4I/I,). The so-fabricated gels exhibited a high conductivity
of 2.41 x 10 S cm™! for the CMKC/CMC containing 30 wt%
of NH,I. The DSSCs exhibited Jsc of 0.42 mA cm™2, V¢ of
0.50 V, and FF of 0.64 that resulted in PCE of 0.13% (Table 3).
The poor performance was attributed to the contact at the elec-
trode—electrolyte interface. Two years later, Bella et al. employed
CMC as electrolyte and 2-[{4-[4-(2,2-diphenylethenyl)phenyl]-
1,2,3,3a,4,8b-hexahydrocyclopento[b]indole-7-yl}methylidene]-
cyanoacetic acid (D131) as sensitizer.”! The group fabricated a
self-standing gel composed of 6.5 wt% CMC, aqueous Nal or
KI, I,. The best PCE (0.72%) was achieved in the presence of
5.5 wt% CMC and 5.5 M KI. More importantly, the stability per-
formances were remarkable with a 93% of retained efficiency
after 29 days of aging (Table 3).

Naceur Abouloula et al. applied oil palm waste based phtaloyl
cellulose in N719-based DSSCs.*% The gel was obtained in
DMSO with the redox couple Lil/I,. The group reported the
presence of strong interactions between the Li* cations and
the hydroxyl groups of the cellulose, as proved by Fourier
transform infrared spectroscopy (FTIR) assays. Upon addi-
tion of 10 wt% Lil, the highest ionic conductivity in the elec-
trolyte was obtained, and, therefore, the highest PCE of 3.29%
evolved (Table 3). Selvanathan et al. employed phthaloyl starch
and hydroxyethyl cellulose to fabricate ionic gels for N719-based
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Figure 12. Conventional electrolyte filling method makes the electrolyte flow through the entire cell horizontally (10-20 mm distance) (left). By using
an electrolyte membrane (right), the electrolyte can wet the photoelectrode vertically, reducing the diffusion length to 50 um. Reproduced with permis-

sion.’%l Copyright 2019, American Chemical Society.

quasi-solid state DSSCs.l Devices containing gels with 70%
and 30 wt% of phthaloyl starch and hydroxyethyl cellulose,
respectively, showed the best mechanical and rheological prop-
erties, and also achieved the best device performances, namely
PCE of 3.02%, Jsc of 9.02 mA cm™2, V¢ of 0.57 V, and FF of
60% (Table 3).

Starch and Derivatives: In a first contribution, Yogananda
et al. employed rice starch based aqueous gel electrolytes for
DSSCs.[*2 The gel was isolated from raw rice via an alkali treat-
ment, while the electrolyte Lil/I, was used. The champion DSSC
showed Vi of 0.92'V, Jsc of 0.28 mA cm™2, FF of 46%, and PCE
of 0.35% (Table 3). In a follow-up work, the group focused on
potato starch (PS) and potato starch nanocrystals (PSN).[3! Both
electrolytes were obtained from raw potatoes via an alkali treat-
ment. PSN was obtained by acid hydrolysis of PS and lyophilized
to get a fine powder. The electrolyte gel was prepared by mixing
PS or PSN with Nal/I, in DMSO. The latter showed slightly
better performances than PS, achieving 5.59 mA cm™2, V¢ of
0.72, PCE of 2.01%, and FF of 50% (Table 3).

In 2019, Lobregas and Camacho modified potato starch
by grafting 1-glycidyl-3-methylimidazolium chloride (GMIC)
ionic liquid onto the polysaccharide chain to afford a cationic
starch.?3] The starch powder was added to a DMSO solution
of the redox couple KI/I, to achieve a gel electrolyte. DSSCs
based on N719 achieved PCE of 0.51% (Table 3). The group of
Sambandam achieved a starch-based biopolymer gel electrolyte
system by mixing Lil/I, with bare and citric acid crosslinked
potato starches with glycerol as the plasticizing agent.** The
gel is obtained by adding a gelation agent, namely starch, to
the Lil/I, in DMSO solution. Crosslinked starch hinders the
interaction of iodine with the starch polymer itself, thereby ren-
dering the iodine more available for transport. The champion
cell prepared with crosslinked starch and N719 as sensitizer fea-
tured PCE of 1.4%, FF of 82%, Jsc of 2.17 mA cm™2, and V¢ of
0.67 V (Table 3).

Monosaccharides: In 2016, Sagaidak et al. explored the use of
iodide salts and ionic liquids based on carbohydrate p-glucose or
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D-mannose core units as DSSC electrolytes.“’! The electrolytes
based on p-glucose revealed excellent properties under environ-
mental condition and accelerated aging test, reaching 1000 h in
accelerated aging tests. The best solar cell performances were
achieved with glucose methylimidazolium iodide, i.e., PCE of
73% compared to 8% for the benchmark electrolyte, using the
ruthenium dye C106 as sensitizer. Recently, Boldrini et al. and
Selvanathan et al. reported on sugar-based natural deep eutectic
solvents (NADESs) as active electrolyte for DSSCs.[*0¢47] These
were obtained by mixing different amounts of glucose, sorbitol,
fructose, and mannose. The group furtherly implemented the
glucose phenothiazine di-branched derivative PTZ-Glu as photo-
sensitizer and a glucose-based co-adsorbent. The best devices
were obtained with a glucose based electrolyte, sensitizer, and
co-adsorbent, namely PCE of 1.4%, FF of 64%, Voc of 0.53, and
Jsc of 4mA cm™2 (Table 3). The group highlighted how the inter-
play between the sugar-based sensitizer, the co-adsorbent, and
the NADES are responsible for the highest device performance.

Gelatin: In 2015, Sharma et al. fabricated an Au/gelatin gel
electrolyte for a set of quasi-solid-state DSSC.I**®l The addition
of Au NPs into a gel electrolyte facilitates the enhancement of
ionic conductivity of the gel by providing a large active surface
area.*9#0 To obtain the desired electrolyte, presynthesized Au
nanocrystal dispersion was added to aqueous gelatin solution
under vigorous stirring, and a crosslinker (glutaraldehyde) was
added to the mixture. After curing at =60-70 °C, the mixture
turned into the desired nanocrystal gel within a few minutes.
A gel electrolyte was prepared by soaking dried Au/gelatin gel
in the liquid electrolyte (Lil/I,) for more than 96 h to reach
absorption saturation. DSSCs exhibiting N719 as sensitizer and
the Au/gelatin gel showed PCE of 1.97%, V¢ of 0.66 V, Jsc of
4.94 mA cm™ and FF of 61% (Table 3). Two years later, Khannam
et al. used graphene oxide immobilized into gelatin hydrogel
as quasi-solid state gel electrolyte for DSSCs.*!!l The graphene
oxide was sonicated and dispersed in water and later added to
the gelatin together with the glutaraldehyde crosslinker. The
mixture was then cured to yield the desired hydrogel. The
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Table 3. Figures of merit of bio-derived DSSCs.

Compound Function Photosensitizer Jsc [mA cm™? Voc [V] FF [%] PCE [%)] Ref.
bR Photosensitizer - 0.39 0.50 52 0.1 [165]
bR/GFP Photosensitizer - 1.2 0.68 49 0.4 [382]
bR+gel elctrolyte Photosensitizer - 11 0.67 58 0.5 [383]
cell@TiO, Photosensitizer - 0.69 0.29 28 0.057 [384]
R-phycoerythrin Photosensitizer - 0.22 0.69 62 0.11 [385]
FBNCs Photosensitizer - 0.65 0.54 72 0.24 [386]
Spirulina Buffer Layer Anthocyanin 5.8 0.60 41 1.47 [166]
PPB + Spx Photosensitizer - 1.5 0.57 63 4.0 [267]
Yellow-pigment Photosensitizer - 0.13 0.55 48 0.032 [393]
Red-pigment Photosensitizer - 0.20 0.44 37 0.033 [393]
Red-pigment Photosensitizer - 0.13 0.46 51 0.03 [67]
Betalain Photosensitizer - 9.08 0.63 53 3.04 [394]
cMC Electrolyte N719 0.42 0.5 64 0.13 [399]
Cellulose Electrolyte, substrate N719 8.35 0.98 60 3.55 [396]
CMC Electrolyte D131 2.61 0.45 61 0.72 [396]
BC Membrane 7907 1.6 0.70 60 4.90 [397]
Phtaloyl cellulose Electrolyte N719 7.89 0.59 7 3.29 [400]
Phtaloyl starch, hydroxyethyl cellulose Electrolyte N719 9.02 0.57 60 3.02 [425]
Rice starch Electrolyte N719 0.28 0.92 46 0.35 [402]
Potato starch Electrolyte N719 5.44 0.68 51 1.88 [403]
Potato starch nanocrystals Electrolyte N719 5.59 0.72 50 2.01 [403]
Grafted starch Electrolyte Ruthenizer 535-bisTBA - - - 0.51 [213]
Crosslinked starch Electrolyte N719 2.17 0.67 82 1.40 [404]
Glucose iodide salt Electrolyte C106 16.2 0.70 65 7.3 [405]
Glucose-NADES, glucose-phenothiazine, Electrolyte, Sensitizer, PtZ-Glu 4.0 0.53 64 1.4 [406]
glucose co-adsorbent Co-adsorbent

Gelatin Electrolyte N719 4.94 0.66 61 1.98 [408]
Gelatin Electrolyte N719 3.06 0.68 63 1.31 [411]
TiO,@GO-Tyr Electrode N719 8.190 0.69 73 413 [413]
PEDOT-G-SiCs Electrode N719 14.1 0.71 72 7.2 [414]
PEDOT-p Electrode N719 13.09 0.72 63 6.13 [161]
GDs/PEDOT:PSS-glass Electrode N719 14.7 0.72 70 7.36 [415]
GDs/PEDOT:PSS-paper Electrode N719 12.08 0.70 58 4.91 [415]
TiO,/FBs/CMC Electrode N719 8.36 0.66 64 3.55 [396]
rGO-SCCh Electrode N719 12.30 0.74 69 6.36 [416]
CRCF Electrode N719 16.12 0.74 68 8n [160]
CN,/CNT Electrode N719 16.3 0.73 61 7.38 [417]
DNA Dispersing agent/ N719 16.8 0.72 70 8.3 [263]

electrode
C-DNA@TIO, Electrode N719 15.53 0.79 64 7.88 [162]
W-DNA@TIO, Electrode N719 16.98 0.82 65 9.01 [162]
CW-DNA@TIiO, Electrode N719 18.89 0.81 60 9.23 [162]
DNA Dispersing agent/ - 0.34 0.51 39 0.68 [418]
electrode

DNA Binding agent/electrode N719 3.80 0.66 69 3.40 [54]
Rhodamine-doped Silk PC Light-trapping Layer N719 2.94 0.68 60 1.18 [420]
BC/NFC on polyurethane Sealant N719 - - - 3.25 [423]
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optimized graphene oxide/gelatin gel electrolyte (i.e., 0.1 wt%
graphene oxide) was placed evenly in between the dye adsorbed
NiO@TiO, based photoanodes and the Pt counter electrode.
The champion cell featured PCE of 1.31%, V¢ of 0.68 V, Jsc of
3.06 mA cm™2, and FFs of 63% (Table 3).

Following the electrolytes discussion, most of the contri-
butions are focused on the implementation of quasi-solid or
solid-state biopolymers.[¥2 In this context, the high polarity of
poly- and mono-saccharides is ideal, as it improves the solva-
tion process. In addition, they feature a low tendency to vola-
tilize keeping good ion conductivities that lead to outstanding
stabilities of >1000 h. However, more efforts are required in
order to improve the PCE, which are usually lower than the
ones achieved with conventional electrolytes.

5.3.3. Electrodes

Amino Acids: In 2017, Taki et al. demonstrated the use of
amino acids for the reduction of graphene oxide and tune
of the corresponding energy levels.*®| They incorporated
the amino acids-functionalized graphene into TiO, layer in
DSSCs, achieving a performance enhancement of about 4.1-
fold for the device assembled with the tyrosine-functionalized
graphene (Table 3). The electrical conductivity, electrocatalytic
activity, and photovoltaic properties of the graphene-composite
directly depend on the structure of the functional amino
acids, realizing better performances with aromatic amino
acids. Noteworthy, the amino acid-functionalized graphene
nanosheets showed an HOMO-LUMO band gap correlated
with the type of amino acid employed. Thus, the authors
claimed that the graphene derivative acts as both sensitizer
and electron transporting/collection material within the net-
work of the photoanode.

Proteins: In 2018, Krishnamoorthy’s group4 identified silk
cocoons (SiCs) as a competitive substrate for flexible DSSCs
due to their intrinsic mechanical stability. They coated poly-
phenols from green tea on SiCs as a protective and reductive
coating and then from a gold plating solution they deposited a
metal film onto SiCs network. In order to obtain a functional
counter-electrode, they finalized the fabrication trough electro-
polymerization of PEDOT:PSS (PEDOT-G-SiCs). SiCs display
an insulating nature and require blending with conductive
particles in order to be effectively incorporated in a functional
electrode. Gold is an excellent candidate to this end due to its
low electrocatalytic activity that avoids any interference with the
real catalyst (PEDOT:PSS in this case). In addition, this fabri-
cation method allows reducing the consumption of expensive
gold. The DSSCs fabricated with architecture FTO/TiO,/N719/
PEDOT-G-SiCs achieved PCE of 72%, Jsc of 14.1 mA cm™2, V¢
of 0.71V, and FF of 72% that were comparable with those noted
for Pt—FTO based references (PCE of 74%) (Table 3).

Polysaccharides: In 2015, Kurungot and co-workers success-
fully prepared a Pt- and TCO-free counter electrode for flexible
DSSCs, taking advantage from the effective and up-scalable
approach to prepare highly conducting PEDOT-impregnated
cellulose paper (PEDOT-p)."®!l In PEDOT-p the polymerization
of ethelenedioxythiophene (EDOT) is confined over the cellu-
lose fiber, which resulted in enhanced doping. The resulting
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DSSC with the structure: PET/ITO/N719/PEDOT-p showed
PCE of 6.1%, Jsc of 13.09 mA cm™2, V¢ of 0.72 V, and FF of
63% that were slightly below the performance observed for Pt—
FTO based reference.

Two years later, Lee et al.*?! further improved the develop-
ment of paper-based counter electrodes. They firstly synthe-
sized graphene dots (GDs) from glucose and water in a sealed
glass bottle heated in a microwave oven at 595 W for 9 min and
then they added them to an aqueous solution of PEDOT:PSS.
Afterward, they immersed a commercial A4 sized printing
paper in the solution of GDs/PEDOT:PSS for 10 min to obtain
the final composite counter electrode. DSSCs fabricated on
glass substrate achieved PCEs of 7.36%, which is close to
those realized in Pt-based reference DSSCs (8.46%). The PCE
recorded by Lee and co-workers was the highest ever reported
efficiency with PEDOT:PSS-based counter electrode (Table 3),
confirming the beneficial effects of the addition of GDs. Note-
worthy, flexible DSSCs with GDs/PEDOT:PSS paper-based
counter electrodes achieved PCE of 4.91%, that was surpris-
ingly higher with regards to the sputtered Pt paper electrode
used as reference (1.70%). In addition, the performances of
the flexible DSSC were retained upon 150 bending cycles. In
the same year, Bella and collaborators fabricated the first two
components paper-based DSSCs, comprising both bio-derived
photoanode and electrolyte.3% With regard to the photoanode,
a bleached softwood pulp was beaten to obtain fibers (FBs)
that were then mixed with CMC and TiO, nanopowder to gain
a slurry. The suspension was filtered and dried; afterward the
TiO,-laden paper membrane was transferred and bonded onto
the conductive substrate, namely FTO/glass. The resulting two
components paper-based DSSC achieved a promising PCE of
3.55% (Table 3).

One year later, Feng and co-workers completed a further
step in the expansion of bio-derived materials in the DSSCs
panorama.f'®l They realized S-doped chitin/graphene (rGO-
SCCh) counter electrodes, enhancing both electrocatalytic and
conductivity performances, reaching the state-of-the-art Pt-
based counter electrodes. The presence of N- and S-doped gra-
phenes onto a chitin structure improves the catalytic capability,
while maintaining a high conductivity and an optimal charge
carrier transfer. The resulting DSSCs with the architecture:
FTO/TiO,/N719/rGO-SCCh achieved PCEs of 6.36%, Jscs of
12.30 mA cm™2, Vs of 0.74 V, and FFs of 69% (Table 3). Finally,
Ouyang’s group successfully fabricated a novel counter elec-
trode made of conductive regenerated cellulose film (CRCF).[10l
In order to obtain CRCF, ITO was sputtered onto regenerated
cellulose films. The fabricated DSSCs with the structure: FTO/
TiO,/N719/CRCF achieved PCE of 8.11%, Jsc of 16.12 mA cm™,
Voc of 0.74 V, and FF of 68% (Table 3).

Catecholamine: In 2017, Shrestha et al. demonstrated that
polydopamine can be used successfully as nitrogen containing
precursor to generate catalytically active nitrogen-doped carbon
nanotubes (CN,/CNT) with excellent activity toward the reduc-
tion of I;~."] The excellent adhesive properties of PDA have
been beneficial to deposit it onto CNT surface and, upon car-
bonization, an highly catalytic and conductive CN,/CNT has
been obtained and employed as counter electrode in DSSCs.
Again, the doping strategy has been established as a valuable
method to increase the catalytic capability of carbon-based
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materials. The devices fabricated with this innovative counter
electrode with architecture: FTO/TiO,/N719/ CN,/CNT reached
PCE of 738%, Jsc of 16.30 mA cm™2, V¢ of 0.73 V, and FF of
62%, superior to those noted for Pt-based DSSCs used as refer-
ences (Table 3).

DNA: In 2015, Yu et al. created single-walled carbon nano-
tubes (SWNTs)@(TiO,/Ag/Au) nanocomposites with a syn-
thesis processes involving multifunctional DNA.[263 DNA works
both, as a dispersing agent preventing SWNTs bundling and as
a sacrificial mold assembling TiO,, Ag and Au nanoparticles
on the surface of the SWNTs. This material was used as photo-
anode for DSSCs. The plasmid DNA solution was mixed with
SWNTs to achieve SWNT dispersion. The composite was then
obtained by adding silver nitrate, chloro(trimethylphosphine)
gold(I), and TiO, nanoparticles, and finally mixed with com-
mercial TiO, paste to give rise to the improved photoanode.
This resulted in N719-based DSSCs with PCE of 8.3%, Jsc of
16.8 mA cm™2, V¢ of 0.72 V, and FF of 69.7% (Table 3).

In 2016, Sonmezoglu’s group reported for the first time on
the application of DNA as interface modifier between TiO,
layer and the sensitizer in DSSCs.[%? They pointed out how the
introduction of DNA is beneficial in two ways: i) the binding of
DNA to TiO, layer influences the energy Fermi level of the con-
duction band and prevent charge recombination at the interface
by blocking of holes, enhancing Vo, and ii) the DNA inter-
layer reduces the number of vacant Ti site and free anchoring
group of dye molecules, reducing the aggregation behavior and
enhancing Jsc. Furthermore, thanks to the phosphate moie-
ties in the DNA double helix, the bond between DNA and TiO,
is favorable without the usage of additional linkers. In their
pioneering work, the authors extracted DNA from chickpea
(C) and wheat (W) plants and then they spin coated the DNA
aqueous suspension directly onto TiO, coated FTO substrates.
The resulting DSSC was FTO/TiO,/DNA/N719/Pt. The two
different DNA molecules were used alone and in a mixture of
them (CW) and the DSSC based on the latter achieved a PCEs
0f 9.23%, with an improvement of almost 50% compared to the
reference device (Table 3).

Kundu and collaborators also exploited the idea of using DNA
to promote the synthesis of an innovative photoanode material,
namely Nb,Os nanoassemblies.[*®! The latter were obtained by
dissolving niobium pentachloride in aqueous DNA solution
and stirring for 30 min with intermittent microwave heating
for about 3 min. Importantly, the different morphologies of
Nb,O5 nanomaterials could be prepared by altering the concen-
tration ratio of starting precursor solution and by optimizing
other reaction parameters. Proof-of-concept DSSCs were fabri-
cated and exhibited PCEs of 0.68%, Jsc of 0.34 mA cm™2, V¢ of
0.51V, and FF of 39% (Table 3).

In 2018, Shakir et al. fabricated DNA template gold wires
(AuWs) on Pt sputtered ITO (Pt/ITO) substrates for their use
as counter-electrode in DSSCs.’¥ The group employed a previ-
ously developed method relying on the self-assembling proper-
ties of DNA-Ag/Au NP films prior to scribing.") The assem-
bling process and the drying capillary force induce the NPs to
form a metal-DNA pattern on the film. Enzymatic etching was
finally applied to remove the unwanted DNA material to yield
only the metal wire on the substrate. The so-fabricated AuWs/
Pt/ITO counter electrode exhibited enhanced electrocatalytic
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activities and higher conductivities than conventional Pt/ITO
electrodes due to the synergistic effect of Pt and AuWs network
on ITO. The DSSCs fabricated using TiO, photoanode, N719
dye, I;7/I" electrolyte, and AuWs/Pt/ITO counter-electrode
showed a 36% increase in efficiency as compared to the cells
made under same parameters but using conventional (Pt/ITO)
counter-electrode (Table 3).

If the use of proteins as photosensitizer did not result in
satisfying performances, their implementation in electrodes
appear more than promising with overall PCEs around 7%
and FFs of =70%, achieved with PEDOT-G-SiCs. In addition,
there still is space for further improvement, especially with
regard to replacement of gold as conductive component of
the electrode. Following these inputs, innovative blends based
either on graphene or on cheaper metals (Cu, Ag) are highly
desired. As for the electrolyte, polysaccharide-derived mate-
rials are the most investigated categories. Paper-based counter
electrodes have been demonstrated to be able to outperform
the standard Pt-based counter electrode in flexible devices.
The GDs/PEDOT:PSS paper-based counter electrode showed
an almost threefold improvement of the performances with
regard to the Pt-based reference. Furthermore, rGO-SCCh
counter electrodes achieved on par performances with Pt-based
reference also with the standard glass substrate. Moreover, PDA
has been successfully used as nitrogen precursor to function-
alize CNT. The resulting electrode exhibited excellent catalytic
activity and adhesion property, leading to a DSSC outper-
forming the Pt-based reference. Several well operating devices
were fabricated also with DNA-based electrodes, leading to an
overall improvement of performances around 50%.

Anyway, the best results are related to proof-of-the-concept
devices with N719 photosensitizer, whose toxicity is well-known.
Therefore, a deeper research around the use of bio-based elec-
trodes with non-Ru-based dyes is urgent.

5.3.4. Light-Trapping Layers

In 2019, Hu et al. built a silk-based “self-collimator” coupling
fluorescence from doped Rhodamine 6G silk fibroin (SF) with
the inverse opal photonic crystal (PC).?Y! An SF solution was
meso-doped with the dye and then used to infiltrated colloidal
crystals prepared by Czochralski method.*?!] After optimization
of photonic bandgap and fluorescent emission, they pointed
out that ten-layer rhodamine-doped silk PC increased the self-
fluorescence by 50-fold. The integration of this so-fabricated
light-trapping layer enhances the PCE of quasi-transparent
N719-based DSSCs in different ways. First, offering reflected
light by the presence of PCs. Second, converting the trans-
mitted light of higher energy to the wavelength region where
N719 displays maximum incident photo-to-current conversion
efficiency (530-570 nm), through fluorescence that at the same
time is greatly enhanced by the silk PC “self-collimator.”

5.3.5. Sealant Films

Several attempts have been made to prolong the lifetime of
the new emerging SCs, in particular by using encapsulations.
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Table 4. Selection of the best performing SCs with bio-derived materials.
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Bio-derived material Advantages/disadvantages PV device Material Function PCE [%] Remarks Ref.
class
Monosaccharides « High end-life value for biomass wastes [eNe - - - - -
« Good ion-solvating ability
« High boiling point
« Low conductivity PSC - - - - -
High crystalline nature DSSC  Glucose iodide salt Electrolyte 73 Green solvent [405]
Cellulose and Inexpensiveness 0OsC CNP Light-trapping layer ~ 15.99  Waste valorization [346]
derivatives Lightweight
« Flexible
«  Poor solubility PSC Ethyl cellulose Sensitizer 19.41 High stability [91]
«  Required fine control of the nanostructures  DSSC CRCF Electrode 8 Waste valorization [160]
Other « High end-life value for biomass wastes [eNe NOCC:QCS Interlayer 10.2  Threefold improved [51]
polysaccharides - Lightweight PCE
« Easy functionalization
« Poor solubility PSC Chitin laminate Substrate 12.52  Efficient flexible PSC [203]
« Limited industrial scale production DSSC composite Electrode 6.36 Efficient metal-free [416]
rGO-SCCh CE
Amino acids + High performing electron extraction layer 0oscC Gly Interlayer 140  10% enhanced PCE [289]
« Good adhesion properties
« Easy production PSC Glycine HCI (n:8) Sensitizer 18.06  Long-term stability [373]
« Lack of well-established industrial plants DSSC TiO,@GO-Tyr Electrode 413 Fourfold enhanced [413]
PCE
Polypeptides «  Good surface modifiers [eNe PLL Interlayer 15.07  Long-term stability [50]
« Lightweight PsC - - - - -
« Green production still not optimized DSSC PEDOT-G-SiCs Electrode 7.2 Highly flexible [414]
Proteins « Inexpensiveness 0OsC Ag-530/LHCII Light harvesting 10.57  20% enhanced PCE [105]
« Extremely high IQE
« Easy industrial scale production
«  Poor stability PSC bR Interlayer 17.02  20% enhanced PCE [362]
« Required high ordered systems DSSC bR Sensitizer 0.5 Up-scalable [383]
production
Catecholamine and « High adhesion properties 0sC PEDOT:PSS-DA Interlayer 16.55  >10% enhanced PCE [52]
derivatives « Easy functionalization
« Long stability under ambient conditions PSC Dopamine Interlayer 20.93  Long-term stability [90]
«  Green production still not optimized DSSC CN,/CNT Electrode 7.38 10% improved PCE [417]
DNA « Good solubility [eNe DNA Interlayer 8.31 Smoother [83]
« Excellent thermal stability morphology
«+ Easy functionalization PSC DNA-CTMA Sensitizer 20.63  >10% improved PCE [375]
« Green production still not optimized DSSC CW-DNA@TIO, Electrode 9.23  50% enhanced PCE [162]
Natural pigments « Easy extraction OsC [-carotene Active layer 0.53 30 nm thick active [270]
+ Inexpensiveness layer
+ High molar extinction coefficient in the VIS
range
- Difficult purification PSC - - - - -
« Poor performances DSsC Betalain Sensitizer 3.04 Long-term stability of ~ [394]

the pigment

Ideally, the specifications of encapsulating materials for elec-
tronic devices are water vapor transmission rate (WVTR) and
oxygen transmission rate (OTR) values of <10° g m™ day™!
and <10~ cm? m2 day! atm™, respectively.??l Among the sev-
eral types of polymeric materials, vinyl alcohol-based (co)poly-
mers, such as PVA and EVOH, have been widely studied and
developed for encapsulating organic electronic devices. This
was encouraged by the reasonably low OTR values of PVA and
EVOH compared to those of other common polymers. Several
approaches were used to further optimize the barrier properties
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of the vinyl alcohol-based (co)polymers, such as applying ZnO
nanopowder to the PVA matrix, and reinforcing EVOH with clay.
It is noteworthy that when the clay was used, the barrier proper-
ties of the polymer were improved at the expense of its trans-
mittance. This is considered a drawback of the system, taking
into account the fact that light absorption of the active layer
underneath the solar cell could be blocked or suppressed. In this
regard, the use of nanofillers deserves a high consideration.

In 2017, Yuwawech et al. successfully demonstrated how to
enhance the barrier properties of polyurethane-based sealant
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films for DSSC using cellulose derivatives, namely CNCs and
esterified CNCs.[*?3] The encapsulated device showed a life-
time extended of almost 350 h, without losing the initial PCE.
In addition, the transmittance of the device was maintained
close to 90%. Another recent and ground-breaking work has
been reported by Bonomo et al.,*?* in which the crucial role
of polyurethane-based encapsulants for PSCs is illustrated.
This underlines the relevance of polyurethane nanocomposites
toward low-cost and long-life SCs.

6. Conclusion and Future Perspectives

This review has analyzed the intersection of different worlds
(optoelectronics and biology) toward greener and more
sustainable PVs. Throughout a brief historical survey, we
pointed out how and when the PV scientific community
was inspired by biology to fabricate innovative and eco-
friendly solutions. Nowadays, scientists hold a complete
understanding of the operation mechanisms of the different
classes of emerging PVs, knowing strengths and weaknesses
of each type of SCs. In addition, progress in nanotech-
nology has allowed mastering hierarchically natural struc-
tures. Henceforth, a mature stage of knowledge to merge
efficiently bio-derived materials and PVs toward bio-based
solar energy conversion devices has been reached. We have,
indeed, shown that several groups have demonstrated that
it is possible to take advantages from biology, managing to
keep the device performance achieved by standard device
components, and even outperforming the state-of-the-art. In
principle, all components of PV devices (active layer/photo-
sensitizers, carrier transport layers, electrolytes, substrates,
electrodes, light-trapping layers, and sealant films) could be
substituted with bio-derived materials. However, this repre-
sents a long-term goal in the field. To aid the reader to select
the best bio-derived materials for each device component in
the third generation photovoltaic technologies (Section 5),
Table 4 provides an eye-catching summary.

With regard to OSCs, the performances reached by bio-based
active layers are still far from the state-of-the-art, but the interest
in the field of the scientific community is constantly growing.
A deeper knowledge of biological materials as well as of their
interaction with inorganic component (ZnO, ITO) will lead to
an optimum device design with respect to energy level align-
ment and morphology. Specifically, the orientation of the bulky
bio-photoactive systems has been proved to be crucial to guar-
antee satisfying charge carrier mobility within the active layer.
The best PCE (0.58%) was achieved with a fB-carotene electron
donor in an active layer constituted by S-carotene:PC,;BM.[>7%
More importantly, the solvent choice plays a fundamental role:
higher boiling point solvents, such as chlorobenzene, induce a
crystallization in the active layer that leads to improved efficien-
cies. This is a key point that must be taken into consideration
when planning future work in the field. In general, however,
much higher efficiencies were reached by modifying the inter-
layer (e.g., PEDOT:PSS) with bio-derived materials, such as
dopamine (PCE = 16.55%) (Table 4).5%! The dopamine doping
was found to improve the regular aggregation of the PEDOT
backbone and the electron conductivity of PEDOT:PSS. The
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morphology of the thin films plays a key role in determining
the hole extraction efficiency at the interface between interlayer
and active layer. Interestingly, this strategy also led to excel-
lent results in PSCs.[B893372] Another interesting aspect is the
possibility to realize ITO-free and flexible devices that keep
high transparency and electronic conductivity features, even
outperforming PET-ITO based devices. In this context, both
proteins and polysaccharides have been already successfully
implemented (Table 4).1340426] Ag leading examples, OSCs with
bio-derived PEF reached over 7% in devices that maintained
the 80% efficiency under the high bending radius of 3 mm.
Cellulose achieved good results when employed as substrate and
excellent results as light-scattering layer. The implementation
of cellulose nanopaper from agroforestry residues led to OSCs
with an efficiency higher than 16%.53%! The success is attributed
to the different refractive indices of amorphous and crystalline
regions in cellulose, which results in a wide-angle light trap-
ping. However, the manufacture of raw cellulose to obtain a
material with the right transparency, homogeneity, and suitable
mechanical properties for photovoltaics still poses some dif-
ficulties as far as the reproducibility and up-scalability of the
synthetic methods are concerned. The use of polysaccharides
certainly requires further in-depth studies concerning their
thermal, optical, and mechanical features, as well as the devel-
opment of new strategies to achieve functionalized structures
with tailored properties. Finally, several groups have actively
tested bio-derived materials to replace conventional electrodes.
Interesting results were reported by Zhou et al. in 2019 with
PDA-modified PET/Ag grids (PCE 11.6%).13>%] These were pre-
pared by electroless deposition of metallic Ag on PDA through
coordination-bond interactions, which show better results in
bending tests and lower sheet resistance with comparison
to the commercial PET/ITO. However, the presence of silver
renders the material neither biocompatible nor recyclable.
Further efforts have to be devoted to achieve 100% bio-based
electrodes.

With regard to PSCs, the results achieved through the
implementation of bio-derived materials are highly encour-
aging. Usually, either the TiO,/PEDOT:PSS interlayer or the
perovskite itself is modified with the biomaterial, but the aim
is similar, that is, improving the charge collection through
superior morphology and defect passivation at the interface
HTL/perovskite. The best PCE (20.93%) was obtained by
employing dopamine-capped TiO, nanoparticles with sup-
pressed charge recombination at the interface and improved
binding with the perovskite layer (Table 4). Those, along with
similar results with amino acids and catecholamine, were
achieved by following a widely known procedure with proved
positive effects on the charge collection, perovskite grain
morphology, and improved water resistance and stability. A sim-
ilar result (PCE of 20.63%) was realized by directly modifying
the perovskite with the HTL material DNA-CTMA (Table 4).573]
This produces the same effect as the dopamine-doping of the
TiO, layer, that is, improved charge collection and defect pas-
sivation (65% with respect to the reference). This per se justi-
fies the implementation of bio-derived materials as a relevant
green concept toward enhanced devices. A further take home
message is their effect as modifiers as a universal strategy to
enhance PSCs regardless of the device architecture. Finally, it is
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important to underline that numerous contributions reported
on the increase of the humidity resistance and stability of PSCs
following implementation of bio-derived materials, such as
amino acids, DNA, dopamine, and catecholamines (Table 4). As
leading example, a DNA-PSC retained 90% of its initial conver-
sion efficiency after more than 700 h of use.’” This effect was
also reported for doped PEDOT:PSS layer (e.g., 85% of the PCE
retained after more than 670 h of use).’¥ This is particularly
important considering that PSCs are still heavily affected by
their low stability under ambient operation and storage condi-
tions. The quick success in bio-based PSCs must be considered
as very striking since i) so far, a vast majority of bio-derived
materials has still to be explored, e.g., polysaccharides were
not considered yet, and ii) it has mostly concerned interfacial
TiO,/perovskite and perovskite/HTL interfaces, while green
electrodes or substrates are scarcely reported. In this context,
promising results have been reported by Bae and collabora-
tors, 12 which fabricated chitin nanofiber-based substrates for
PSCs that featured comparable PCEs (=13%) to those fabricated
on PET. Similar to other photovoltaic technologies, the field is
far from providing fully bio-based PSCs. Indeed, the perovskite
itself has been strongly criticized owing to its toxicity and non-
recyclability. Although the use of bio-derived materials plays
an essential role in modifying the characteristics of the device,
they do not render the device more “environmental friendly,” as
they are usually added as an additional component. This repre-
sents the major challenge in the field.

As far as DSSCs are concerned, research on natural dyes
has led to very poor efficiencies, while a bacterial up-scalable
production of the suitable sensitizers also remains as the major
challenge. Noteworthy, data are often obtained under different
conditions and device set-ups and, as such, it is difficult to
provide direct comparisons. The majority of the employed
photosensitizers belong to different chemical classes, which
contain mainly carotenoids, betalains, flavonoids, or chlorophyll
(Table 4). The best PCE (3%) involves betalain, which displays
a broad absorption spectrum and a good chemical stability.
Overall, the stability of natural pigments is still an open ques-
tion.[*””l Many research groups focused on the implementation
of bio-based electrolytes aiming at replacing or diminishing the
amount of the commonly employed iodine-based electrolytes,
which are toxic, difficult to dispose, and corrosive. In general,
biopolymer-based electrolytes shine in competitiveness with
respect to the nonsustainable counterparts, achieving thou-
sands of hours of stabilities. Biopolymers used for the solid-
state and quasi-solid state electrolyte preparation are mostly
mono- or poly-saccharide (Table 4). They are appealing candi-
dates as their high polarity ensured high ion conductivity and
their low T, guarantees a high ion conduction. Mono- and
poly-saccharides possess structural similarities with slight var-
iations, which lead in the resulting gels to differences in ion
conductivity and performances.'*] As a rule of thumb, the ion
diffusion, and conductivity increase proportionally to the number
of free polar groups available in the biopolymer. The most
efficient device (PCE = 73%) was reported by Sauvage and
co-workers in 2016.4%! They used a glucose 1,3-dimethylimi-
dazolium iodide salt as quasi-solid state electrolyte and the
polypyridyl Ruthenium C106 dye as sensitizer, which combined
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high conductivity and chemical stability with low viscosity and
low volatility. As a result, the PCE of reference devices with
1,3-dimethylimidazolium iodide was only slightly higher (8%),
which is an encouraging result. However, despite their large
number of polar groups present on their backbones, biopoly-
mers are considered a very poor conductive material, owing to
the intermolecular secondary bonding between the polymer
chains, high crystalline nature, and high activation energy bar-
rier for ion transportation.’**?8] In addition, the limitations
in the solvent selection is a bottleneck with respect to device
fabrication. A viable solution is the replacement of hydroxyl
or amino groups with more polar groups, such as carboxy-
methyl, hexanoyl, and cyanoethyl groups, in order to provide
more active sites for ion transportation.[*?>4?] Regarding the
fabrication of a bio-based electrodes for flexible DSSCs, CRCF
and DNA have been identified as the best candidates (Table 4).
As the most relevant result, DNA-TiO, photoelectrodes have
led to PCE of 9.23%.[162l DNA possesses phosphate groups of
nucleotides along the double helix structure that readily react
with TiO, surface. The presence of DNA influences both the
valence band of the semiconductor and the undesired recombi-
nation processes, as it blocks holes from accessing recombina-
tion centers on the TiO, surface. Nevertheless, the high PCEs
are achieved by employing Ru-based photosensitizer (N719),
which is toxic and unsustainable. Bio-inspired materials have
also been tested as sealants, imposing themselves as co-actors
of traditional encapsulation systems. They are, however, often
combined with nondegradable agents and polymers.*?4 Thus,
efforts are needed i) to optimize the new high performing
encapsulants in the presence of biodegradable agents, and ii) to
move toward fully bio-based solutions.

In general, solar cells must be considered as multifacto-
rial systems, whose performance is truly depending on the
optimization of every single constituent of the device. Most of
the studies therein proposed followed mono- or bi-component
approaches consisting in the implementation of one or two bio-
derived elements in the solar cell architecture. We rationally rec-
ognize that this behavior perfectly suits the needs of evaluating
the possible implementation of the aforementioned compo-
nents in the device, comparing it with reference items. Anyway,
an effort toward a fully bio-based device is now required, since
the applicability of bio-derived materials has been investigated
and confirmed in every respect. We strongly believe the scien-
tific community is ready to fulfil this milestone in a close future.
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