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Recent advances in eco-friendly and cost-effective materials
towards sustainable dye-sensitized solar cells

The most significant and impactful strategies recently
adopted by the scientific community to enhance the
sustainability of materials in classical components of
dye-sensitised solar cells, a topic of utmost importance,
are reviewed. These include sensitizers, redox couples,
electrolytes and counter electrodes, which are critically
presented and discussed in terms of environmental impact
and cost, along with their smart syntheses and deposition
procedures for practical scaling-up.
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Dye-sensitized solar cells (DSSCs), as emerging photovoltaic technology, have been thoroughly and
extensively investigated in the last three decades. Since their first appearance in 1991, DSSCs have gained
increasing attention and have been classified as feasible alternatives to conventional photovoltaic devices
due to their numerous advantages, such as cheap and simple preparation methods, the possibility of
being integrated in buildings and astonishing performances under indoor and diffuse illumination con-
ditions. Photoconversion efficiencies of up to 14% and 8% have been obtained for lab-scale devices and
modules, respectively. Albeit the efforts made, these values seem arduous to be outdone, at least under
simulated solar radiation. Nevertheless, recent lab-scale systems have demonstrated photoconversion
efficiencies of up to 33% under indoor illumination (i.e. 1000 lux) leading to an actual Renaissance (or
Revival) of these devices. It is worth mentioning that scientists in this field are developing innovative
materials aiming at long-term and efficient devices, being the concept of sustainability often set apart.
However, in light of effective commercialization of this technology, stability, efficiency and sustainability
should be considered as the essential keywords. Nowadays, DSSCs are finding a “new way back” towards
sustainability and rather a huge number of reports have focused on the preparation of green and cost-
effective materials to replace the standard ones. In this scenario, the present review aims to give an over-
view of the most adopted strategies to enhance the sustainability of materials in classical DSSC com-
ponents (e.g. sensitizer, redox couple, electrolyte and counter-electrode), including smart synthesis and
deposition procedures, which currently represent utmost important topics in the scientific community.

Change (IPCC) declared that the energy supply sector is the
largest contributor to global greenhouse gas emissions

With a world population that is now about to reach eight
billion people and a forecast of even ten billion by the middle
of this century, we need to appropriately answer the question
of how humanity will be able to fulfill its energy needs in the
near future. To date, most of the global electricity production
has been entrusted to fossil fuels, which - in addition to being
non-renewable - generate large quantities of carbon dioxide,
the greenhouse gas that has now become a real threat to our
global ecosystem."” The Intergovernmental Panel on Climate
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(considering energy extraction, conversion, storage, trans-
mission and distribution processes that deliver final energy to
end-use sectors).” In the framework of climate change,
decarbonizing electricity generation is a key feature of cost-
effective mitigation strategies in achieving low-stabilization
levels (430-530 ppm CO, eq.).” Following the Sustainable
Development Goal 7 (SDG7, Affordable and Clean Energy)* rec-
ommendation and according to the 2030 Climate & Energy
Framework,” the European Union (EU) aims at reaching two
targets by 2030: (i) at least 32% share for renewable energy and
(ii) at least 32.5% improvement in energy efficiency.

For many years, financing entities perceived renewables
(e.g., first-generation solar cells made of ultrapure silicon
metal) as risky because of the high cost of production, leading
to high lending rates for individuals and businesses requiring
funding for renewable power generation. However, considering
the most recent International Renewable Energy Agency
(IRENA) report, this trend is on continuous decline since the
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last decade, and unsubsidized onshore wind and solar renew-
ables are becoming more and more cost-competitive, with an
increasing number of companies entering the renewable
energy industry.® Specifically, the report showed that the
global weighted-average cost of electricity declined by 26%
year-on-year for concentrated solar power (CSP), followed by
bioenergy (—14%), solar photovoltaics (PV) and onshore wind
(both —13%), hydropower (—12%), geothermal and offshore
wind (both —1%). Consequently, cheaper renewable energy
sources and batteries are expected to lead to wind and solar
accounting for at least half of the global electricity generation
by 2050.

In a market analysis and forecast from 2019 to 2024, the
International Energy Agency (IEA) set the renewable power
capacity expansion to 50% led by solar technologies. In par-
ticular, the rapid increase in the ability of consumers to gene-
rate their own electricity presents new opportunities and chal-
lenges for electricity providers and policy makers worldwide;
consequently, distributed solar PV systems in homes, commer-
cial buildings and industry will significantly gain a solid posi-
tion in the market, and their capacity is forecast to increase up
to 320 GW, almost half of the total PV growth.”®

The Sun, being a continuous source of electromagnetic
radiation that cannot regenerate itself, is technically a flow
resource and not a renewable energy source as it cannot be
stocked.® However, the Sun can be considered as renewable
energy since it is (considering the timescale of mankind at
least) inexhaustible. Energy from renewable resources can be
considered as a feasible starting point toward truly sustainable
sources (especially with respect to those produced by fossil
fuels'®) because their exploitation rate is slower than their con-
sumption. Of course, a renewable resource’ does not necess-
arily mean a sustainable'" energy output. In fact, this purpose
can be achieved only through efficient technology, where its
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production and distribution are not compromised by the avail-
ability of materials.

Accordingly, emerging PV and specifically dye-sensitized
solar cells (DSSCs) can improve the share of energy produced
from renewable sources and energy efficiency through their
above-listed specific applications, complementing traditional
solar panels.

Originally co-invented by O’Regan and Griitzel,'> DSSCs are
photoelectrochemical devices, which belong to the group of
emerging PV technologies. For more than two decades they
have been developed as a credible alternative to the well-estab-
lished p—n junction PV devices made from silicon due to their
rapid and simple preparation methodology coupled with green
and sustainable production."”®> Nowadays, with the strong
advent of newly developed perovskite solar cells (PSCs),"*™°
the lead-based thin-film technology that has quickly and sig-
nificantly outclassed the record PV efficiencies by a factor of
two on both rigid and flexible configurations, promising to
compete with silicon technology in the near future, outshined
the effective role and prospects of DSSCs for utility-scale solar
applications. Nevertheless, at present, there are still limited
choices of perovskite materials and their stability and toxicity
remain extremely challenging issues; thus, DSSCs and other
emerging photovoltaic technologies must be considered still viable
and can be developed, perhaps concurrently, for many years in the
future, offering the possibility to design solar cells with large flexi-
bility in shape, color and transparency.'”” Compared to silicon-
based technologies, there are two main issues preventing the wide-
spread commercialization of DSSCs, their lower efficiency and
shorter life-time."®"® However, despite the sizeable decline
in silicon prices,*® DSSCs still offer the major advantage of remain-
ing functional even under diffuse light.*" Moreover, they can be
realized as transparent devices, and therefore be used as smart,
power-generating building blocks.*
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Indeed, particularly where low production cost and environ-
mental benignity are primary requirements, DSSCs still rep-
resent a competitive alternative technology for three main
reasons: (i) their simple preparation methods can contribute
to exploiting solar energy in a sustainable way, increasing its
use and promoting climate change mitigation,* (ii) the oppor-
tunity to produce devices that do not contain any critical raw
materials (CRMs),>* and (iii) their foreseen exploitation in dis-
tributed energy as windows, internet of things (IoT) devices
and in indoor applications.>**®

However, despite these merits, their commercialization
requires much more effort, and thus significant research is
focused on the development and optimization of each of the
components of DSSC to enhance their lifetime and efficiency,
while reducing costs and environmental impact.'® Accordingly,
several comprehensive and informative articles have been pub-
lished over the last 10 years, which reviewed the improvements
and challenges in the field of DSSCs, from the analysis of their
different components and the effect of nanostructuration by
S. Anandan in 2007,%” to the fundamentals and current status
by K. Sharma et al.,” as well as the general trends and develop-
ments in the field of photoelectrodes, photosensitizers (PS)
and electrolytes by Bose et al.®® Different types of sensitizers
were thoroughly discussed by Shalini et al.,*® while the work
by J. Wu et al. chiefly focused on the counter electrode (CE)
part of the devices,*® including metals/alloys, carbons and con-
ductive polymers. D. Sengupta et al. gave insights into the key
role of the photoanode and the effect of influencing para-
meters on its PV characteristics.*" On the other hand, some
authors focused on the electrolyte composition and features to
reach the best trade-off between efficiency and stability.***

Thus, by considering and comparing different review
articles in the literature, the basic concepts, research history,
key materials, techniques and prospects on further develop-
ment have been comprehensively reviewed.**® However, we
found that there is room for highlighting the research that
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reported the replacement of conventional DSSC materials due
to their high cost, limited abundance and uninvestigated sus-
tainability with environmentally friendly, green and sustain-
able materials. Accordingly, throughout this review, we report
the most recent advances towards the implementation of inno-
vative materials for sustainable DSSCs. It should be noted here
that we mainly focus on a thorough and critical analysis of the
sustainability of constituent materials of classical DSSCs,
together with their synthetic and deposition processes.
Actually, a valuable discussion on the sustainable routes for
the industrial scale-up and commercialization of DSSCs has
been recently reported by Parisi et al.,>>?” which is a perfectly
complementary approach to the present review.

After the introduction of the working principle of these
devices as one of the mandatory steps in improving their sus-
tainability, an overview of the aspects to be considered while
assessing the sustainability of materials, with a brief mention
of the final product, is offered (section 1.1). Section 2 investigates
(i) the use of noble and CRMs, (ii) material cost, (iii) energy con-
sumption for the manufacture of materials, (iv) materials resulting
in degradation and (v) design for product integrity and advan-
tageous waste management. These five aspects are linked to the
components of DSSCs, and some research trends for their resolu-
tion are presented. In the following sections, each component,
namely dyes (section 2.1), electrolytes (section 2.2), counter-electro-
des (section 2.3) and transparent conductive oxide (TCO)-coated
glass (section 2.4), are individually discussed with the aim to
present potential ways to improve the sustainability of the exploited
materials. The attention is thoroughly focused on environmental
issues, but socio-economic aspects at the material and production
levels are also mentioned.

It is our precise and straightforward decision not to tackle
the analyses of photoanode, as briefly explained in section 1.1,
since nanostructured TiO,, being abundant and relatively
safe,*®3° already represents the best trade-off between high
efficiency and sustainability.*

Nadia Barbero is Assistant
Professor in Organic Chemistry
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The proposed approach aims at creating awareness of the
features that require investigation when facing sustainability
assessments and to offer a comprehensive set of present
studies and insightful topics, which can become relevant in
the near future.

1.1 Dye-sensitized solar cells: state of art and future
challenges

DSSCs were firstly designed with the intent to reproduce
the principle of photosynthesis that occurs in the cells of
plants. Artificial photosynthesis has existed for decades, but to
date, has not been successfully exploited industrially to create
renewable energy because it is still a complicated multi-step
process that has to be optimized, which often requires expen-
sive and toxic materials.”"*> DSSC photovoltaic technology can
be likened to artificial photosynthesis since it mimics the way
nature absorbs energy from sunlight. According to researchers
in this field,"*** DSSCs are the closest concept we have to
photosynthesis due to their greener, smaller, more flexible and
eco-friendly features compared to the early-generation solar
cells, which require much more energy to manufacture. These
advantages are due to the use of a dye as the photosensitive
material, which also makes the working mechanism simple.

A DSSC basically consists of four major components, the
anode, PS, electrolyte and CE. Its classic representation is illus-
trated in Fig. 1a, which schematically shows the main com-
ponents of the state-of-the-art device established by O’Regan
and Gritzel, comprising: (i) a porous layer of dye-sensitized
nanocrystalline TiO, semiconductor as the photoelectrode, (ii)
an electrolyte based on the I'/I;~ redox couple, and (iii) plati-
num thin film as the CE.'>** This assembly is generally
enclosed within a sandwiched structure of two conductive sub-
strates made of fluorine-doped tin oxide (FTO)-coated glass at
both the photoanode and the cathode.

The above described cell architecture is typical of conven-
tional DSSCs, namely n-type, which are based on a n-semi-
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conductor, where the charge movement is guaranteed by nega-
tive carriers (i.e. electrons).

The working principle of DSSCs involves four fundamental
processes (Fig. 1d) to convert the electromagnetic radiation
coming from the Sun (or any artificial source) into electrical
energy: (i) the impingement of sunlight onto the dye provokes
photoexcitation; (ii) the photogenerated electrons are then
injected in the conduction band (CB) of the photoanode and,
then, to the external circuit; (iii) the electrolyte supplies elec-
trons to reduce the dye molecules, thus avoiding their
decomposition, through the redox reaction of iodide into triio-
dide (this reaction has to be rapid to avoid the recombination
of injected electrons with the oxidized dye molecules, which
causes cell short circuiting) and (iv) at the cathode, triiodide
eventually recovers an electron coming from the external load
to complete the electronic circuit.

Scientists involved in the field have also deeply investigated the
feasibility of a p-type counterpart, in which a sensitized p-semi-
conductor acts as the working electrode (Fig. 1b *°). Unfortunately,
the photoconversion efficiency of the “inverted” geometry has
never approached that of the conventional geometry (lower by one
order of magnitude®’), despite the great efforts in tailoring photo-
cathode materials®*®" and the development of dedicated
sensitizers®> > and redox couples.’®>” This is mainly ascribed to
the lower photocurrent powered by p-DSSCs, as expected by their
hole-driven charge diffusion processes. In both the n and p con-
figurations, only one electrode is photoactive (the anode or the
cathode, respectively), whereas the other operates as a standard
electrode. Some articles reported the exploitation of a tandem geo-
metry, in which both the photoanode and the photocathode, being
sensitized, are actively involved in the production of a photocurrent
(Fig. 1¢).>®® This configuration allows higher photovoltages to be
obtained compared to the single junction device, but the overall
efficiency is still heavily limited by the charge transport properties
of the photoanode.
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Fig. 1 Schematic representation of (a) classical DSSC, (b) inverted architecture DSSC and (c) tandem device; (d) main electronic processes occurring

in a conventional device upon operation.

The specific working principle of each device component
will be thoroughly discussed in a dedicated section of this
review, with specific attention on the correlation of proposed
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materials with the physical and chemical phenomena occur-
ring in classical DSSCs. For a deeper approach, please refer to
the fundamental review by Hagfeldt et al.>°

DSSCs have aroused significant interest as they offer the
possibility to achieve a good conversion of solar energy via a
simple design at competitive manufacturing cost. The first cell
reported by O’'Regan and Gritzel showed an efficiency of 7%,"?
and subsequently the work by the Gritzel’s team brought it to
about 10%.%" Currently, the best certified result obtained on
the laboratory scale is 12.3% (Fig. 2),°> which is slightly lower
than the maximum efficiency obtained by Kakiage et al. of
around 14%.°* This enhancement was achieved by the intro-
duction of alternative redox couples (section 2.2), which were
developed in conjunction with properly designed sensitizers
(section 2.1). As highlighted by L. Peter in 2011,** “if DSSCs are
to progress, we do not need just more research; we need better
focused research”. Indeed, a specific component should be
designed considering its interplay with other cell components,
and if the best material does not exist, we should aim to deter-
mine the best photoanode/dye/electrolyte/counter-electrode
set. Accordingly, computer modelling, machine learning and
also the use of specific software for material selection are key

This journal is © The Royal Society of Chemistry 2020
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Fig. 2 NREL chart of record performances, showing the highest certified power conversion efficiencies for different types of emerging photovoltaic

technologies from 1990 to the present.

to allow better understanding of the processes in
DSSCs.>>%>"%% Actually, the improvement in device sustainabil-
ity should proceed on two parallel (but interconnect) paths
aimed at finding the most suitable materials and guaranteeing
the best trade-off between sustainability and efficiency.

The photoconversion values sensibly increase if a low inten-
sity light source, simulating indoor application, is employed,>®
where the highest efficiency reported to date is close to 32%
(1000 1lux),*® outperforming OPVs,”® whereas better perform-
ances can be obtained by using PSCs.”* However, regarding indoor
application, the presence of lead is a serious issue to be solved. In
the case of commercial modules, the maximum reported efficiency
is about 8.2%.”> One of the parameters that should be chiefly
monitored is the effect of degradation on performance, where lab-
oratory experiments have shown a decrease in efficiency, which
can reach 5% after 1000 h stress at 80 °C or 60 °C in the dark or
under the Sun, respectively. In the case of commercial modules,
less than 15% degradation in four years has been demonstrated.”
It is worth mentioning that indoor application will reduce the
ageing conditions of the device, leading to better stability.
Presenting prospects for the future (i.e. next 5-10 years) is very chal-
lenging since the further development of DSSCs is bound to that
of PSCs. Nonetheless, theoretical calculation showed that a
20-25% efficiency is feasible for singlejunction DSSCs,”*”
whereas the Shockley-Queisser limit (i.e. 33.8%)° is still far from
being reached.

Due to their characteristics of transparency, flexibility,
robustness and lightness, DSSCs are well conceived to be inte-
grated in the construction of buildings.”” They can be applied
to windows, walls and roofs of new and existing buildings.
Furthermore, besides their ability to generate electricity even

This journal is © The Royal Society of Chemistry 2020

indoor or under low illumination conditions, they also have
positive aesthetic features. The implementation of this techno-
logy in construction is possible due to the wide range of dyes,
operation temperatures and almost insensitivity to the angle of
incidence of light. Not limited to glass, DSSC technology can
make skylights, windows, and even building facades (which
are exposed to daylight) capable of producing electricity. It is
worth mentioning that, before penetrating the building inte-
grated photovoltaics (BIPV) market, DSSC technology may find
useful application in decorating urban street tools and rooftop
greenhouses, assisting the growth of plants and supplying
small electronic devices to power IoT and low voltage devices
(e.g. sensors).”®”® Wearable devices are also an opportunity,
such as self-energy converting sunglasses based on DSSCs.
This interesting and feasible plethora of applications should
be considered in terms of the coupling of light-harvesting
devices (e.g. DSSCs) and energy storage systems (e.g. a batteries
or a supercapacitors)®®" in order to avoid issues related to the
intermittent availability of a light source.

It should be noted that almost all the scientific efforts
made in the field of DSSCs aimed at obtaining more efficient
and/or more stable devices. However, in recent years, increas-
ing attention has been paid to tackle the sustainability and
greenness of the developed device components.

2. The concept of sustainability
applied to DSSCs

As mentioned in the introduction, a great number of articles
and book chapters on DSSCs have been published in the litera-

Green Chem., 2020, 22, 7168-7218 | 7173
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ture, where leading scientists working in this field extensively
reviewed the working principles, architectures, chemistry,
physics, materials science, engineering and smart technology
behind DSSCs.'??%:*%1:82785 The applications of new materials
have been explored to enhance the efficiency and the stability
of DSSCs; nevertheless, they are sometimes expensive, unsafe,
toxic, not environmentally friendly and/or even produced by
complicated and energy consuming processes that are difficult
to be scaled-up at competitive prices. Actually, the cost for
achieving the highest efficient device overwhelms the actual
motivation behind developing a particular class of solar cell
technology, which must be eco-friendly and competitive in
terms of cost manufacturing. Indeed, in recent years, increas-
ing attention has been focused on tackling the sustainability
and greenness of the developed device components.>***%”

It is worth recalling that a device that produces energy from
a renewable source is not necessarily sustainable. Indeed, the
energy produced from renewable sources presents its own
emissions®® and criticalities, such as the use of CRMs in the
involved technologies.®® Therefore, the investigation of the
main responsible factors threating the sustainability of a par-
ticular technology is of great importance to achieve renewable
energy that can be indeed claimed as sustainable.

A powerful tool to examine the environmental sustainability
of a product or service is the life cycle assessment (LCA),*®
which allows the evaluation of its environmental impacts and
the identification of the main contributors, namely “hotspots”.
LCA results are characterized by uncertainty levels, where the
more the life cycle of a product is assessed, the lower the
uncertainty.’® In the case of DSSCs, the large-scale production
and the end-of-life (EoL) phase are not mature, which means
that the accuracy of the presented results can be improved in
the future when more data will be available, and the processes
will be better defined. Moreover, many LCAs for DSSCs have
been studied in a “cradle-to-gate” way, where this approach
considers the life cycle of DSSCs from the extraction of raw
materials to the production phase (the use phase and the EoL
are not considered due to the lack of data for waste
management).”"*> Subsequently, the LCAs presented in litera-
ture deal with “established architecture”, in which conventional
(and high performing) materials are employed.?*°"%
Therefore, the majority of the innovative materials presented
throughout this review have not been investigated via an
effective LCA; nevertheless, if LCA data are available, we criti-
cally analysed the preparation procedures of a specific material
in dedicated paragraphs. On the other hand, when LCA data
are not available, we evidenced eventual “hotspots” to be con-
sidered in a forthcoming assessment.

Additional indicators considered for PV energy systems are
the cumulative energy demand (CED) and the energy payback
time (EPBT). CED is defined as an energetic indicator that
quantifies the whole energy required during the life cycle of a
product. It is obtained by summing both the direct energy
(e.g., electricity for manufacturing, and thermal energy) and
the indirect energy (embodied energy of materials) contri-
butions.”® EPBT is an indicator, which is expressed in years,
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representing the time required to generate the same amount
of energy consumed during the production processes and can
be considered a quantitative evaluation of the cost-effective-
ness of a specific technology (and its constituent materials).”?
The EPBT depends on the CED, the yearly energy output (YEO)
and the electrical conversion factor (C), according to the fol-
lowing equation: EPBT = CED YEO ™' C~'. Both CED, and,
more broadly, EPBT, are parameters readily neglected in the
literature when innovative materials are proposed. Throughout
this review, we attempt a qualitative analysis (since the actual
numbers are not available in literature) of the synthesis and
deposition procedures of materials claimed as sustainable (or
more generally cost-effective) in order to evidence the main
factor(s) that can negatively influence both parameters.

Furthermore, in a sustainability-driven analysis, one cannot
only consider the environmental impacts; indeed, socio-econ-
omic factors must also be considered. In the European frame-
work, materials classified as CRM, characterized by supply risk
and economic importance, should be substituted and their
recovery prioritized.

Cost-effectiveness is another important parameter to con-
sider when envisaging the practical exploitation of any device
on a large market scale. Actually, it will not be cost-effective to
purchase a brand new, top-quality, expensive PC when all is
required is surfing the internet sometimes and storing photos.
Similarly, it is not convenient to consume large amounts of
energy and expensive reactants for the production of new,
super ecofriendly materials for DSSCs if their efficiency it is
not competitive on the market scale. DSSCs can reach the
verge of commercialization only if the manifested cost esti-
mates for the technology approach the projected costs of other
leading PV technologies on the market. Accordingly, to render
DSSCs more competitive, enhancing device efficiency and
stability at significantly reduced material and manufacturing
costs is among the most fundamental steps. Generally, we
found it very hard to retrieve all the necessary information
about the cost and preparation of materials (including chemi-
cals, precursors, and additives) since LCA and LCC analyses
are missing in most of the literature reports. Moreover, this is
more an industry-related challenge than an academic one
because correlating costs for lab-scale production when
working with a few milligrams/grams of reactants to industrial
scale production (kilos/tons) is often difficult, and normally a
linear correlation cannot be drawn easily. Thus, we decided in
this work not to specifically focus on the cost-effectiveness of
all the materials presented. In each of the following sections,
we included some specific details trying also to make a com-
parison with the corresponding state-of-the-art commercial
devices, particularly focusing on the processes for material
production and data in terms of related costs. From a practical
application viewpoint for predicted large-scale production, this
will allow bringing the best possible profits or advantages at
the lowest possible costs. Den Hollander et al.>® presented the
concept of design for product integrity, where a product
should be designed in a way to avoid it becoming obsolete.
Accordingly, the lifetime concept is replaced by the concept of
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use cycle. This purpose can be achieved through different
approaches. In a liquid-state DSSC, for instance, the device
can be designed for refurbishment, where this approach is at
the product and component level. The chemist, at the material
level, should design materials that are stable to last longer and
guarantee enhanced resistance to obsolescence, as well as be
readily recyclable. On the other hand, the engineer, at the
process level, should design scalable and cost-effective pro-
cesses to produce large-area modules having innovative archi-
tectures that are readily disassembled/dismantled, thus favour-
ing material recovery/reuse.'®'%

A thorough analysis of the environmental impact of DSSC
deals with a set of different and complementary issues such as
materials and/or processes mainly impacting the DSSC life
cycle should be deeply investigated, focusing on the main
factors affecting stability and lifetime. Moreover, the use of
CRMs and precious metals and the employment of expensive
synthetic procedures and processes should be completely
avoided. It should be noted that, in this context, the analyses
will be mainly focused on the laboratory scale due to the lack
in availability of data for industrial processes for the pro-
duction of DSSCs. Indeed, the same concepts can be applied
to both scales.

According to different studies, the critical
factors for DSSCs are: (i) use of CRMs or noble metals, (ii) per-
formance degradation due to electrolyte instability, (iii) high
energy demanding TCO/glass, and (iv) sustainability concerns
related to uncertain waste management. The sustainable
exploitation of materials should consider the use of non-toxic,
readily available and low cost, waste derived and/or easily
recyclable materials. Ruthenium, cobalt, silver and platinum
are the most controversial elements in this context. It is worth
mentioning that the impact of different materials (and the
related procedures) strongly depends on their amount
employed to build a complete device. Therefore, sensitizers
will be less meaningful in a sustainability-driven analysis with
respect to the counter-electrode and/or electrolyte.

Hereafter, the main sustainability issues are briefly pre-
sented, but will be more deeply investigated in dedicated sec-
tions. Historically, the most widely employed sensitizers are
based on ruthenium, resulting in the highest certified
efficiency for DSSCs (12.3%). Nonetheless, ruthenium is a
scarce material and it has been included in the list of CRMs by
the EU.'9?1979 It is costly and its complexes require relatively
sophisticated syntheses and solvent-demanding purification
steps.®” Thus, to address these issues, alternative dyes have
been developed, such as metal-free organic and natural
dyes,®*'% which should be synthesised following the twelve
principles of Green Chemistry,'*" thus allowing the lowest
impacts on the lab-scale phase and the possible evaluation
through the green chemistry metrics.'%

The research on alternative electrolytes is important to over-
come degradation issues and extend the lifetime of devices.'*®
However, the lifetime of DSSCs is affected by different factors
as follows: (i) leakage of electrolytes, (ii) corrosion of CE by the
redox couple, (iii) electrolyte bleaching and (iv) removal of the

19,21,37,93,97,98
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adsorbed dye on the surface of TiO,. To overcome the conven-
tional iodine-based electrolyte-related issue, researchers have
tried different routes.’” For example, alternative redox couples
to the traditional I"/I;~ have been suggested, which are less
prone to evaporation;'**'°® among others, quasi-solid electro-
Iytes in gelled forms and truly solid-state polymer-based elec-
trolytes have been explored;'®” "% and even water,"'® room
temperature ionic liquids (RTILs)""" and deep eutectic solvents
(DESs)"**''? were proposed. Gel electrolytes guarantee the best
trade-off between efficiency and durability,'** while solid-elec-
trolytes, despite providing lower efficiencies, have the remark-
able advantages of being non-volatile and non-fluid, thus
avoiding evaporation, leakage and related risks of toxic com-
pound inhalation."*® With respect to redox mediators, cobalt-
based couples have been recently exploited as feasible and
best performing alternatives to iodine-based couples.*"''
Issues related to the use of cobalt include its toxicity, and
mainly its supply since cobalt is primarily mined in the politi-
cally sensitive Democratic Republic of Congo. Its supply regu-
lation is of great importance, as confirmed by the establish-
ment of the Cobalt Institute, an organisation aimed at promot-
ing “the sustainable and responsible use of cobalt in all
forms”."*”

The cost of a technology must be considered, not only for
economic reasons, but also for complete compliance of the
aforementioned sustainability principles. Platinum-based CEs
are typically used in DSSCs, but their cost (about
$30 000 kg~)"'® is extremely high due to the presence of a pre-
cious metal, which also requires high temperatures for its
deposition. Platinum is also correlated with degradation/stabi-
lity issues because of its electrocatalytic properties and its dis-
solution in the electrolyte.'® The suggested alternatives are
carbon-based,"'*® such as activated carbon'** and graphene,'**
transition metal-based'** and composite electrodes.'*?

The energy consumption of a process must be considered
when attempting to lower its impacts. In DSSCs, the coated
glass is the most relevant component in almost all environ-
mental impacts.”®®”">* Actually, it is highly impactful in terms
of high energy required for its production; in addition, it has a
high impact in terms of weight with respect to total mass and
overall cost, since glass accounts for 17% of the total device
cost.'® Accordingly, several LCA studies®®®” have suggested the
replacement of glass with plastic materials as a suitable solu-
tion because of their lighter weight and lower process tempera-
tures required compared to sintering and glass lamination,
which are time and energy consuming.”” However, exploiting
lower temperatures for material processing can lead to worse
performances. For instance, it was observed that the TiO, sin-
tering performed at lower temperatures over poly(ethylene tere-
phthalate) (PET) resulted in lower efficiencies due to the
different morphologies and sizes of TiO, particles compared
to that obtained through sintering on glass substrates.””**®
Additionally, electrode fabrication and glass-glass lamination
are highly energy demanding processes.”®

It is worth mentioning that photoanodes are not specifi-
cally reviewed here. Indeed, a sustainable alternative to the use
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of TiO, nanoparticles has not been proposed thus far since
they exhibit a low recombination rate for hole-electron pairs,
excellent absorption properties, high chemical and thermal
stability, corrosion resistance, non-toxicity, large availability,
biocompatibility and competitive cost.’®*® However, it should
be noted that some properties of TiO, are not ideal; for
example, having a band gap of 3.2 eV (in its anatase phase) it
absorbs ultraviolet radiation (4 < 380 nm). This leads to the for-
mation of highly reactive holes, which can degrade some
device components. Accordingly, the employment of semi-
conductors with a wider band gap has been exploited, for
example tin oxide, SnO,, has a larger band gap (3.6 eV), but its
more energetic conduction band leads to a sizeable decrease
in photovoltage compared to classical devices.'>” On the other
hand, zinc oxide, ZnO, has also attracted increasing attention
to be employed as a photoelectrode material in DSSCs,"**3°
guaranteeing faster electron mobility compared to TiO,."**
However, it does not guarantee improved performances com-
pared to traditional photoanodes, since the electron transport
throughout the semiconductor is not a limiting factor for
DSSCs under their operational conditions. In summary,
alternative semiconducting oxides can operate as photoanodes
in DSSCs, but, to the best of our knowledge, their perform-
ances have not surpassed that of TiO,.

The main components of DSSCs along with the corres-
ponding critical materials, related issues and envisaged solu-
tions are summarized in Fig. 3.

Sealing is crucial for both cell stability and waste
management,'®'3* where specific materials are used to guar-
antee perfect sealing (no leakage and/or contamination) of the
device during its whole lifespan, but should also be easily
removable upon disposal at the end of its operational life.
Degradation and stability are two concepts directly bound to
the lifetime of a product. Thus, preventing the production of
waste is pivotal to prevent the correct functionality of the PV
panel from jeopardizing its lifetime, and thus research on new
materials that are stable upon operation and in contact with
the other cell components is mandatory.

After product disposal, any device becomes waste, and thus
must be correctly designed to become a new source of
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materials. The EoL of any PV device is a fundamental step to
consider chiefly when aiming at producing truly sustainable
technology. Nowadays, any industrial product must be
designed from the initial step of its production process to be
suitable for disassembling, thus allowing the recovery of the
highest amount of materials as possible, especially precious
and rare metals as well as CRMs.

DSSCs are not a fully mature technology. Research in this
field is still at the laboratory or pre-industrial scale. This
means that researchers are mainly focused on the investigation
of the best materials using the standard assembly adopted for
conventional PVs. Once efficient and stable materials are
obtained, this technology may have structural improvements
to increase its sustainability profile. Accordingly, for other PV
technologies, delamination is one of the critical aspects in PV
waste treatment since it is the first step performed to disas-
semble the device.'** At a material level, as already mentioned
above, it is worth highlighting the role of sealing in the per-
spective of dismantling the panel. From a sustainability view-
point, scientists must consider numerous aspects in choosing
the most suitable materials, where they should (i) be derived
from available, widespread and fairly managed resources; (ii)
be synthesized minimizing waste, avoiding the use of toxic
materials and saving energy; and (iii) improve the product
integrity and facilitate the waste recovery and disposal at the
EoL.

The development of an ideal DSSC, which can establish its
position in the market, should not function just on the best
efficiency (where this and long-term stability are the key
factors to break through the market), but should also consist
of inexpensive sensitizers, non-toxic electrolytes, platinum-free
CE and recyclable/reusable = components/encapsulation
systems, resulting in a PV device that can be fabricated by
smart and sustainable procedures. The opportunity to use
cheap, available and sustainable or waste-derived materials
(e.g. waste from both the food and agriculture industries) for
the conversion of solar energy, together with the smart use
of nanomaterials and nanotechnology to replace precious
(platinum) and rare (indium, component of indium-doped
tin oxide — ITO layer) metals can favor the fabrication of
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Fig. 3 Main DSSC components, along with corresponding most critical materials, related issues and envisaged solutions.
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next-generation solar cells that are much cheaper and simul-
taneously eco-friendly and sustainable, like the inspiring first
idea of Gratzel aimed to achieve.

2.1 Photosensitizers for DSSCs

The photosensitizer (namely, the dye) is one of the most
important components of DSSCs since it has the main role of
absorbing photons from sunlight, supplying electrons to the
semiconductor, and subsequently converting the absorbed
sunlight into electrical energy.

To be considered as an efficient PS for DSSCs, a dye should
possess several essential requirements, as follows:"** (i) a high
molar extinction coefficient with panchromatic light absorp-
tion ability (from the visible (VIS) to the near-infrared (NIR)
region); (ii) the ability to strongly bind to the semiconductor
through an anchoring group (typically, a carboxylic or hydroxyl
group), so that electrons can be efficiently injected into the
semiconductor CB; (iii) good highest occupied molecular
orbital/lowest unoccupied molecular orbital (HOMO/LUMO)
energy alignment with respect to the redox couple and the CB
level in the semiconductor, which allows efficient charge injec-
tion into the semiconductor, and simultaneously efficient
regeneration of the oxidized dye; (iv) the electron transfer rate
from the dye sensitizer to the semiconductor must be faster
than the decay rate of the PS; and (v) stability under solar light
illumination and continuous light soaking. Thus, the specific
function and the working mechanism of sensitizers are closely
related to both the photoelectrode and the redox mediator.
Indeed, the design of an effective PS should not neglect the
mutual interactions with both of these components. The
adsorption of the PS onto the photoelectrode should lead to
the highest surface coverage (to limit the back-transfer reaction
between electrons in the CB of the semiconductor and the
redox mediator) without giving rise to multilayered structures,
which promote self-quenching of the excited state. On the
other hand, the LUMO of the sensitizer should be delocalized
as close as possible to the anchoring site in order to promote
effective charge injection into the semiconductor CB, whereas
the opposite is valid for the HOMO, which should be deloca-
lized in the portion of the molecule facing the electrolyte to
promote the regeneration process. The overall working prin-
ciple of a DSSC was presented in section 1.1, but further
insight in the mechanism and function of the PS in a DSSC
can be found in a series of excellent reviews in the literature.*®

Among the most efficient sensitizers, we include three
main classes of dyes, functionalized oligopyridine metal com-
plexes, Zn-based dyes (Zn-porphyrins and Zn-phthalocyanines)
and fully organic dyes. The major issues regarding most of
these PSs are (i) the possible release of harmful chemicals as
by-products, (ii) the use of toxic reagents/catalysts and the
amount of organic solvents needed during their synthesis and
purification steps. Moreover, in the case of metal-based mole-
cules, where rare metals such as ruthenium and osmium are
employed, the main concern is the use of CRMs, which makes
the overall device production highly dependent on rare

This journal is © The Royal Society of Chemistry 2020
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resources, and thus non-sustainable and uneconomical from a
large-scale production viewpoint.'??

However, according to different LCA”"%*"** results, the dye
contributes a very small part to the overall impact (lower than
3%) and the main reason for its environmental impact is the
high consumption of solvents and eluents during its synthesis.
Indeed, the quantity of dye necessary for the sensitization of a
semiconductor is very limited, since normally the dye loading
capacity of a DSSC is around 3 x 10™7 mol em™2, which means
that in the case of N719 and a squaraine dye, 0.35 or 0.20 mg
cm™? are needed, respectively.*® According to the above calcu-
lation, it is clear that the overall impact in terms of costs of the
whole device is not attributable to the PS, and therefore its re-
placement with a more sustainable alternative is less urgent.
Nevertheless, when considering Ru-based dyes, the metal
centre is the most impactful component. It is interesting to
observe that in assessing the impacts of YD2-0-C8, D5 and
N719 (Zn-porphyrin dye, organic metal-free dye and Ru-based
dye, respectively), the latter is the least impactful since its syn-
thesis is well optimized.”® The optimization of the synthesis of
Ru-based dyes is also evident from their availability on the
market at very low prices compared to organic dyes, for
example 65 € per g for N719 versus 400 € per g for a squaraine-
based dye."*”

Moreover, it should be noted that ruthenium-based dyes
have been widely investigated and have achieved some of the
best PV properties with conversion efficiencies exceeding
11%;"*® they have been already exhaustively reviewed in the
literature;'*°7**° therefore, their role will not be further investi-
gated here.

However, recently, to overcome the limitations of the use of
sensitizers based on rare metal complexes, the scientific com-
munity has focused on replacing them with other PSs with
comparable efficiencies, which will be briefly discussed in the
following paragraphs. On the other hand, the removal of criti-
cal elements is not the only parameter to follow in order to
achieve a more sustainable dye. This is why it is crucial to
combine LCA and green metrics to evaluate the overall
environmental impacts.*’

2.1.1 CRM-free dyes. After DSSCs co-sensitized with two
CRM-free organic dyes reached the highest efficiency of
14.3%,%® CRM-free and fully organic dyes started to be con-
sidered the most promising alternatives to replace metal com-
plexes and have been extensively explored due to their numer-
ous advantages.®” Specifically, their optimal flexibility in mole-
cular design, easy large-scale production and possibility of
simple synthetic pathway requiring few and economical purifi-
cation steps. In addition, they show extremely high molar
extinction coefficients (usually exceeding 2.50 x 10* M~ em™"
in the VIS region) for their charge transfer band compared to
ruthenium(n) complexes with a tunable absorption,'*® from
the VIS to the NIR region. It is impossible to gather all the PSs
proposed to date and, therefore, only some examples will be
analysed starting from the recent review by Boschloo.”> Other
reviews specifically focused on metal-free PSs can be found in
the literature.'*>'44
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Fig. 4 Structures of various CRM-free photosensitizers: porphyrins (YD2 and YD2-0-C8) and fully organic dyes. All the molecules were drawn using

ChemDraw 19.0.

One of the first well-performing porphyrin dyes is the YD-2
dye (Fig. 4), bearing a diarylamino donor group and an ethy-
nylbenzoic acid moiety acceptor group, which reached a photo-
conversion efficiency (PCE) of 11% when used with an iodide/
triiodide-based electrolyte (Table 1, entry 1). The device exhibi-
ted a broad absorption in the range of 400 to 750 nm with a
peak maximum of over 90% at 675 nm, a short-circuit current
density (Jsc) of 18.6 mA cm™> and an open-circuit voltage (Voc)
of 0.77 V.'*

In 2011, Yella et al.' proposed a tailored variant of YD-2,
i.e. the donor-r-acceptor (D-n-A) Zn porphyrin dye YD2-0-C8
(Fig. 4), which reached a PCE value as high as 11.9% using a
cobalt(n/m) tris(bipyridyl)-based redox electrolyte, with a V¢ of
965 mV and Jsc of 17.3 mA ecm~> under standard air mass (AM)
1.5 sunlight at 995 W m™> intensity (Table 1, entry 2). YD2-o-
C8 absorbs light over the whole VIS range and bears two octy-

7178 | Green Chem., 2020, 22, 7168-7218

loxy groups in the ortho positions of each meso-phenyl ring,
impairing the interfacial back electron transfer reaction and
leading to enhanced photo-induced charge separation in the
DSSC. Moreover, this porphyrin dye reached a power conver-
sion efficiency (PCE) of 12.3% under simulated AM1.5G sun-
light when co-sensitized with the Y123 organic D-n-A dye
(Fig. 4, Table 1, entry 3). The corresponding cell showed a
remarkable panchromatic photocurrent response over the
whole VIS range, with a limited 10% to 15% decrease in overall
efficiency after continuous (220 h) exposure to full sunlight at
30 °C. The advantage of using a Zn-based PS instead of Ru can
be also explained by the higher supply risk of the Ru metal. In
fact, the natural abundance of Zn in the Earth’s crust is con-
siderably higher (72 ppm versus 0.000037 ppm for Ru) and the
political stability of top reserve holders make the overall rela-
tive supply risk of Zn lower (4.8) compared to Ru (7.6)."*%*°

This journal is © The Royal Society of Chemistry 2020
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Table 1 Different classes of dyes, together with name/acronym of the most representative ones, related advantages, critical issues, highest
recorded efficiency values and corresponding reference articles

Class Dye Pro Issues® 7 (%) Entry™"
Zn-Porphyrin YD2 « Iodide/triiodide electrolyte + Not meaningful 1.1 1"
« Broad absorption
YD2-0-C8 + High PCE + Cobalt-based electrolyte: Co 11.9 2'%
- High stability (bpy);>***
YD2-0-C8 + Y123 - High PCE - Cobalt-based electrolyte: Co 123 3'%
« High stability (bpy);****
SM315 + Panchromatic absorption + Cobalt-based electrolyte: Co 13.0 4"
« No need of co-sensitization (bpy)s*"**
+ Very high PCE
D-m-A Adeka-1 « High PCE « [Co(Cl-phen),]*"/** 12,5 5%
» High stability
Adeka-1 + LEG4 « Iodide/triiodide electrolyte « Not meaningful 1.2 6%
Adeka-1 + LEG4 « Record PCE « Cobalt-based electrolyte: 143 7%
[Co’ (phen)s](PFs ),
R6 - High PCE - Cobalt-based electrolyte: Co 12.6 8!
« High photostability (bpy)s> "
Y123 - Copper-based electrolyte: Cu « Not meaningful 131 9%
(tmp),**"" TFSI
WS72 « Copper-based electrolyte: Cu « Not meaningful 1.6 10™*
(tmp),*""" HTM
DTS-CA - Todide/triiodide electrolyte « Not meaningful 8.9 11'»®
Organic squaraine €219 - Todide/triiodide electrolyte « Not meaningful 101 12"°
dye
Flavonoids Anthocyanin from + Natural PS + Low stability 1.1 13"
M. malabathricum « Extended n conjugation  Low PCE
Carotenoids MeO-¢-6-CA - Natural PS « Low stability 2.6 14"
» Low PCE
PPB + B-carotene « Natural PS « Low stability 42 15"
« Iodide/triiodide electrolyte « Co-Sensitization with a
chlorophyll derivative
» Low PCE
Chlorophylls Chlorophyll c1 from Undaria + Natural PS + Low stability 34 16"
pinnatifida « Low PCE
Chlorophyll c2 + Natural PS + Low stability 4.6 17"°
» Low PCE
Betalains SPA - Natural PS - Low stability 3.0 18"
« Iodide/triiodide electrolyte + Low PCE

“Issues related to the synthesis of the dyes are omitted for clarity.

A further tailored modification on the zinc-porphyrin struc-
ture was proposed in 2014 by Mathew et al.,'*® who included a
bulky bis(2',4"-bis(hexyloxy)-[1,1"-biphenyl]-4-yl)Jamine donor
group and proposed a novel benzothiadiazole group as an
acceptor. The panchromatic porphyrin sensitizer SM315
(Fig. 4), together with a [Co(bpy);]*"** redox couple, showed
an improved Jsc (18.1 mA cm™>) with a record 13.0% PCE
(Table 1, entry 4) at full sun illumination without the need for
a co-sensitizer. The introduction of a novel cobalt(u/m) tris
(phenanthroline)-based complex redox electrolyte together
with the use of a novel metal-free sensitizing dye, ADEKA-1
(a carbazole/alkyl-functionalized oligothiophene with an alkoxy-
silyl-anchor moiety, Fig. 4), led to improved light-to-electric
energy conversion efficiencies of over 12% (Table 1, entry 5).*>°
The same dye demonstrated >14% PCE in the presence of the

This journal is © The Royal Society of Chemistry 2020

co-sensitizer LEG4 (a carboxy-anchor organic sensitizing dye,
Fig. 4 and Table 1, entries 6 and 7).*> The benzothiadiazole
group was used as acceptor in the organic R6 dye (Fig. 4,
Table 1, entry 8), which exhibited a polycyclic aromatic hydro-
carbon core with a diarylamine electron donor™" and a brilli-
ant sapphire color when absorbed on a TiO, film with a cobalt
(u/m) tris-(bipyridyl)-based redox electrolyte. The resulting
DSSC provided an impressive PCE of 12.6% with remarkable
photostability. Nevertheless, the use of a cobalt-based electro-
Iyte negatively influences the sustainability of the device, as
thoroughly discussed in the following section.

In principle, all of these reported PSs are sustainable since
they do not employ CRMs; however, the high efficiency values
reported to date have been achieved in the presence of cobalt-
based redox couples. Moreover, the synthetic pathways of
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Zn-porphyrin dyes should be analyzed and further optimized
to diminish the number of required synthetic steps (i.e. actu-
ally more than ten for SM315 from commercially available
starting materials), increase their yields and possibly remove
the use of homogeneous noble metal catalysts (i.e. several
steps required for Pd-based complexes).'>* Indeed, the higher
the number of synthetic steps and the lower the reaction yield,
the higher the CED of the process.

Examples of more sustainable DSSCs are those using CRM-
free PSs coupled with CRM-free copper-based electrolytes,
where the use of rare metals and cobalt is avoided. In 2017,
Cao et al."® proposed the well-known Y123 dye using a blend
of [Cu(tmby),](TFSI), and [Cu(tmby),](TFSI) as the hole trans-
porting material (HTM) and electrodeposited poly(3,4-ethyle-
nedioxythiophene) (PEDOT) as the CE. Also, in 2018, thanks to
the design of an enhanced DSSC architecture, the same group
achieved an efficiency of 13.1% on the lab-scale (Table 1,
entry 9).°° A 26% improvement compared to the Y123 refer-
ence dye was achieved with the WS-72 dye (Fig. 4), employing a
[Cu(tmby),]**"* liquid-junction redox electrolyte.’>* The solidi-
fication of the electrolyte for the champion device led to a PCE
of 11.7% (Jsc = 13.8 mA cm >, Vo¢ = 1.07 V), which is the
highest efficiency reported to date for solid-state DSSCs
(Table 1, entry 10).

Among the organic dyes, Marder and his group proposed
4,4-bis(2-ethylhexyl)-4Hsilolo[3,2-b:4,5-b|dithiophene (DTS) co-
valently linked to a squaraine donor, yielding an asymmetrical
push-pull D-z-A structure, which provided a PCE of 8.9% with
the triiodide/iodide redox couple (Table 1, entry 11)."*> The
DTS-CA squaraine dye (Fig. 4) bears two branched 2-ethylhexyl
chains out-of-plane, and thus is able to reduce dye aggregation
with a considerable improvement in Jgc, incident photon-to-
electron conversion efficiency (IPCE) and overall cell perform-
ance. Another well-performing organic dye featuring more
than 10% efficiency is C219 (Fig. 4), which is an amphiphilic
push-pull chromophore, consisting of a binary n-conjugated
spacer and blocks of a lipophilic alkoxy-substituted triphenyla-
mine electron-donor and a hydrophilic cyanoacrylic acid elec-
tron-acceptor. The C219 dye demonstrated a stable perform-
ance and high efficiency of 8.9% in a lab-scale solvent-free
ionic liquid cell (Table 1, entry 12)."°°

Anyway, even if these fully organic dyes do not bear CRMs,
their synthetic procedure can often be non-sustainable. The
dyes themselves and the solvents and reagents used for their
synthesis can be toxic, hazardous or expensive, and the by-pro-
ducts from their manufacture may be environmental pollu-
tants. Thus, for every synthesis, the calculation of the CED
should be undertaken, which is obtained by summing both
the direct energy (e.g., electricity) and the indirect energy
(embodied energy of materials) contributions. For example,
the synthesis of R6 consists of several time/energy consuming
steps, including two-fold Suzuki-coupling, double Grignard
nucleophilic addition, acid-catalyzed intra-molecular Friedel-
Crafts cyclization, Buchwald-Hartwig coupling, monobromina-
tion, Sonogashira-Hagihara reaction plus final hydrolysis and
acidification.’* The organic dye C219 is achieved via seven
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synthetic steps, requiring a certain amount of organic solvents
and palladium catalysts."*® The synthesis of the squaraine dye
DTS-CA involves an aldehyde protection step, lithiation and
stannylation, followed by Knoevenagel condensation."*® All or
most of all these synthetic steps require CRM-based catalysts
and an overall large amount of organic solvents, making the
final dye non-sustainable, even if it actually does not bear rare
metals or CRMs.

An interesting approach to design simpler and more stable
dyes that require only a few synthetic steps, and, consequently,
a lower amount of energy (lower CED) was proposed by
Abbotto et al., designing di-branched di-anchoring sensi-
tizers.">” A similar idea was also proposed in the case of sym-
metrical far-RED-NIR sensitizers based on squaraine dyes
(VG1-C8 and VG1-C10, Fig. 4).">®*"*° The authors were able to
obtain a symmetric squaraine and its related non-symmetric
structure with comparable efficiencies in DSSCs, but with
undoubtedly the advantages of low cost and simple synthesis
of the symmetrical structure. The latter approach was further
implemented in subsequent years, improving the synthetic
yields and lowering the energy request by performing all the
synthetic steps within a microwave oven.'®® Unfortunately,
photovoltaic efficiencies that surpass that of record Zn-por-
phyrins and/or metal-free organic dyes reported in Table 1
have not been achieved to date using this approach.

Recently, an approach combining mass-based green
metrics and life cycle assessment was applied to identify the
best synthetic protocol for the preparation of an organic dye,
TTZ5 (Fig. 4),>® which was previously proposed as sensitizer.'®*
New synthetic strategies were compared with the previously
reported synthesis. The procedures rely on two different
approaches based on a C-H activation/Stille cross-coupling
sequence or on a one-pot double C-H activation sequence, and
were optimized to allow the production of TTZ5 on a gram
scale. The results highlight the contribution of direct energy
consumption and purification operations in organic syntheses
on the lab scale. It becomes evident how both the new pro-
cedures allowed the synthesis to be completed in a more sus-
tainable way than the previous procedure, considering the
inferior production of waste, the lower costs and smaller
environmental impact. Despite the greater number of steps,
surprisingly the C-H/Stille route was revealed to be more sus-
tainable than the one-pot C-H activation route, even though
the employment of toxic and/or flammable reagents such as
n-butyllithium and tin-containing materials increased its eco-
scale value, while the application of LCA showed that the draw-
back of the one-pot C-H activation route procedure is the raw
material input for its chromatography setup. Furthermore, this
approach demonstrates the usefulness of the environmental
multifaceted analytic tool and the power of life cycle assess-
ment to overcome the intrinsic less comprehensive nature of
green metrics for the evaluation of organic synthetic protocols.

2.1.2 Natural dyes. To overcome the limitations in the sus-
tainability of using metal complexes and metal-free dyes,
natural pigments and dyes found in plants have been pro-
posed as alternatives PSs for DSSCs."®>"'®* Here, we stress that
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an extremely precise analysis of the cost-effectiveness of
natural dyes was not possible despite our efforts, especially
since the volume of solvents used for the extraction and the
overall yield of this process are usually not reported in litera-
ture. The final cost of natural dyes in many cases is difficult to
assess since it greatly depends on the availability of their
natural sources and the impact of the extraction and purifi-
cation methods. However, the advantage is that, even if in
some cases a large quantity of solvent is needed, it can be
easily recovered (with a fixed energy request) downsizing the
overall CED and environmental impact of the dye production
process due to the minimization of final costs and waste.

To date, despite the limited performance that natural dyes
have demonstrated, they have a number of beneficial features,
including, among others, high absorption coefficients, simple,
low cost and energy saving production, low toxicity, complete
biodegradability, ready availability and, most importantly,
high reduction in the use of noble metals and CRMs, and thus
a negligible environmental impact at lower cost. With respect
to the photoconversion efficiency, for all dyes and chiefly for
natural dyes, it is important to control the recombination with
the electrolyte and with the oxidized dye, since a relatively fast
electron/dye cation recombination process has been evi-
denced.'®® Therefore, the optimization of the interfaces is
necessary to improve the Voc, which is usually 200 mV lower
compared to that of Ru complexes. Moreover, the IPCE can be
affected by the choice of electrolyte, where Co-based complexes
may greatly decrease it, while a kinetically faster redox couple
such as iodine/iodide seems necessary.

Natural pigments (e.g., anthocyanins, carotenoids, aurones,
chlorophylls, tannins, betalains and many others) may be cost
effective (depending on their photovoltaic efficiency) when
compared to manufactured dyes, since they can easily be
extracted from the fruits, flowers, leaves, seeds, roots, barks
and various parts of plants utilizing simple extraction pro-
cesses based on water and simple alcohols (i.e. methanol or
ethanol), which are environmentally preferable solvents.'®
These dyes and pigments may not contain a solubilising
group, which can be temporarily generated during the appli-
cation."” On the other hand, the efficiency obtained using
natural dyes as sensitizers is quite low because of their ten-
dency to degrade and lack of panchromatic absorption, which
is limited to the range of 400 to 700 nm."'®®

Natural pigments can be grouped into four main families,
flavonoids (Fig. 5a), including anthocyanins (Fig. 5b), caroten-
oids (Fig. 5c), betalains (Fig. 5d) and chlorophylls (Fig. 5e)."®
Flavonoids (Fig. 5a) are important natural products belonging
to a class of plant secondary metabolites having a polyphenolic
structure, which are widely found in fruits, vegetables, grains,
bark, roots, stems, flowers, tea and wine. Flavonoids act as
unique ultraviolet (UV) filters, also protecting plants from
different biotic and abiotic stresses.'’® From a structural view-
point, they have a basic C6-C3-C6 skeleton and can be divided
into four different classes, i.e. flavonoids or bioflavonoids, iso-
flavonoids and neoflavonoids. They contain a 15-carbon (C15)-
based structure with two phenyl rings connected by three
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carbon bridges, forming a third ring. The degree of phenyl
ring oxidation results in their different colours.'®® They can be
used as natural PSs for DSSCs,'”! where their adsorption on
the mesoporous TiO, surface is fast, displacing an OH™
counter ion from the titanium sites, which can combine with a
proton coming from the flavonoid structure. Anthocyanins are
the most abundant and widespread pigment of the flavonoid
family. They exhibit a broad band in the VIS region of the spec-
trum, which is ascribed to charge transfer transitions, and
their compounds can easily bind to the semiconductor via
their carbonyl and hydroxyl functional groups through a chela-
tion mechanism."*®> DSSCs sensitized by anthocyanin pig-
ments showed efficiencies below 1%, with the exception of a
few cases (Table 1, entry 13)."*>'%%172173 The generated IPCE
does not exceed 20%, even if charge injection is usually very
fast, due to problems related to dye aggregation, electron
recombination with the oxidized sensitizer and electron recap-
ture by the iodine/iodide electrolyte. In all of these examples,
both the efficiency and stability of lab-scale DSSCs are highly
affected by the temperature of the extracting solvent and its
nature,””*'”> where mainly its polarity influences the solubility
of the pigments. Actually, acidic aqueous dye extracts greatly
improved the coloration of the photoanodes for selected egg-
plant and red grape extracts compared to that obtained from
ethanolic solutions.

Carotenoids (Fig. 5c) are an essential component of all
photosynthetic organisms due to their eminent photoprotec-
tive and antioxidant properties.'””® We counted more than 600
known carotenoids, which can be further categorized into two
major classes: xanthophylls (containing oxygen) and carotenes
(purely hydrocarbons without oxygen, such as lycopene and
carotene). They can be even further classified as primary (i.e.,
required by plants for the photosynthetic process) and second-
ary (i.e., localized in fruits and flowers) carotenoids. Normally,
they are yellow, orange and red organic pigments produced by
plants and algae and several bacteria and fungi. Carotenoids
belong to the general family of isoprenoids, having a basic
structure made up of eight isoprene units, which results in a
Cy40 backbone, allowing them to absorb electromagnetic radi-
ation of short wavelengths ranging from 380 to 550 nm. Their
absorptive capability, together with their molar extinction
coefficients exceeding 10°, allows some types of carotenoids to
be potential sensitizer materials in PV cells and other artificial
photochemical devices. Usually, raw natural dyes are better
than their purified or commercial analogues due to the pres-
ence of natural extracts, such as alcohols and organic acids,
which can improve dye adsorption, prevent electrolyte recom-
bination and decrease dye accumulation.'®”-'%8

Another promising research direction is the realization of
natural, low cost and environmentally friendly DSSCs made
from organic waste, leading to a huge decrease in the overall
CED. A good example was proposed by Maiaugree et al., where
both the dye and counter electrode were prepared from waste
mangosteen peel.””” In particular, a carbonized mangosteen
peel film was used with mangosteen peel dye extract as a
natural counter electrode and a natural photosensitizer,
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Fig. 5 Chemical structures of natural dyes: (a) basic flavonoid structure, (b) basic structure of an isoprene unit, (c) chemical structure of carotene,
(d) structure of betalain derivatives and (e) chemical structures of various chlorophylls. All the molecules were drawn using ChemDraw 19.0.

respectively, to obtain a solar conversion efficiency of 2.63% in
combination with an organic disulfide/thiolate mixture as the
electrolyte (see section 2.3.1).

Different approaches using carotenoids resulted in the
generation of photocurrents upon illumination (usually,
around 2 nA cm™?), but the resulting IPCE was very low
(<0.4%). The main issue is due to the kinetic limitation of
efficient photo-injection and movement of electrons imposed
by the short S; excited state lifetime (10-50 ps). This was par-
tially solved by Gao et al. by directly coordinating a carotenoid,
8'-apo-p-caroten-8'-oic acid substituted with a terminal carbox-
ylate group, to the TiO, surface via the formation of covalent
bonds.'”® The resulting cell showed a Jsc of 4.6 mA cm™> with
an IPCE of 34% and a Vp of 0.15 V, together with stability for
1 h under continuous irradiation. In fact, carotenoids have not
been thoroughly investigated as sensitizers for DSSCs because
most of them do not have effective functional groups to bond
with the hydroxylic groups of TiO,. In addition, the strong
steric hindrance of their long alkyl chains prevents the dye
molecules from arraying efficiently onto the TiO, film.
Yamazaki et al.'”® reported a comparison study between the
different photosensitization behaviors of two carotenoids,
namely crocetin and crocin. Crocetin, a carotenoid bearing car-
boxylic groups, exhibited high binding ability to the surface of
the semiconductor film and its photoelectrochemical perform-
ance (0.56%) was three times or even higher than that of
crocin (0.16%). These successful attempts promoted the use of
carotenoids as potential new natural sensitizers. Thereafter,
carotenoids have been used in DSSCs,'®° %> reaching the
highest efficiency of 2.6% with analogues of carotenoic acids
(Table 1, entry 14),"®* which increased up to 4.2% in combi-

7182 | Green Chem., 2020, 22, 7168-7218

nation with a chlorophyll derivative as the sensitizer (Table 1,
entry 15).'%*

Chlorophylls (Fig. 5e) are natural green pigments that are
found in natural photosynthetic systems, such as the leaves of
most of plants, algae and bacteria.'® Six different types of
chlorophyll pigments exist. Chlorophylls a (Chl-a) and b (Chl-
b) are the most common types, which absorb light from the
red, blue and violet region with an absorption maximum
located at 670 nm."®® The basic molecular structure of chloro-
phyll includes a porphyrin ring, which is coordinated to the
central atom, together with different side chains and a hydro-
carbon tail. Chl-a and Chl-b differ only by the substituent
attached to the pyrrole ring on the porphyrin ring opposite to
the phytol tail."*> The absorption spectra of Chl-a and Chl-b
are in the range of 400-700 nm and 450-650 nm, respectively,
depending on their different side groups. Therefore, chloro-
phylls and their derivatives are attractive as PSs in DSSCs
because of their ability to absorb light in a broad region of the
VIS spectrum.

The use of chlorophylls as PSs in DSSCs was recently
reviewed.'®"73'%¢ Their main disadvantage is their long
chains, leading to low-electron transferability due to steric hin-
drance, and in some cases very low adsorption ability onto the
semiconductor surface due to the absence of suitable anchor-
ing groups.'® The most interesting examples utilized chloro-
phyll extracted from a species of moss bryophyte together with
a quasi-solid-state polyacrylonitrile (PAN)-based iodide electro-
lyte, which led to an efficiency of 1.97% with a Jsc of 5.78 mA
em™? and Voc of 0.60 V, covering quite a wide IPCE spectrum
from 300 to about 550-600 nm.'®® A further increase (Jsc =
5.96 mA cm > and Voc = 0.58 V with PCE = 2.00%) was
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obtained using chlorophyll extracted from the bryophyte
Hyophila involuta, and a gel electrolyte based on poly(vinyl
alcohol) (PVA) and a double salt (KI and tetrapropyl-
ammonium iodide). The use of chenodeoxycholic acid (CDCA)
as an anti-aggregation agent added to chlorophyll led to a
further increase in the light to electricity efficiency of 2.62%
with a Jsc of 8.44 mA cm™2 and V¢ of 0.54 V.'®° To the best of
our knowledge, chlorophyll c2 extracted from Undaria pinnati-
fida, which was isolated from a brown seaweed, demonstrated
the highest efficiency ever recorded among chlorophyll-sensi-
tized DSSCs."* Chlorophyll ¢ (Chl-c) was isolated by removing
Chl-a and carotenoids, and then the purified Chl-c was sub-
jected to polyethylene column chromatography to isolate Chl-
c1 and Chl-c2. Efficiencies of 3.4% and 4.6% were obtained
from the Chl-c1- and Chl-c2-sensitized DSSCs, with liquid elec-
trolyte (Table 1, entries 16 and 17), respectively."”® On the
other hand, concerning sustainabiltiy, the additional purifi-
cation steps counterbalance the gain in efficiency. Moreover, a
DSSC prepared using a cocktail of natural dyes (chlorophyll
extract of wormwood and anthocyanin extract of purple
cabbage) achieved a PCE of 1.95%, V¢ of 0.765 V and Js¢ of
5.83 mA cm >.'"! However, although chlorophylls have been
widely employed as natural sensitizers in DSSCs due to their
efficient light-harvesting mechanism and electron-transfer
reactions,"® they lack stability and are highly dependent on
the condition of leaves form which they are extracted (whether
fresh or dried), which can affect the device performance.
Moreover, their absorption is greatly influenced by the solvent
and the pH used during pigment extraction.'®*

Betalains (Fig. 5d) are a small group of water-soluble and
nitrogen-containing indole-derived glycoside pigments present
in the vacuoles of cells of fruits, roots and flowers of plants of
the order of Caryophyllales. They can be divided into betacya-
nins and betaxanthins. Red and violet tonalities result from
different substitution patterns in betacyanins, while different
amino acid or amine side chains determine the color of betax-
anthins.'®® Betalains are aromatic indole derivatives and are
an alternative to synthetic colorants, which absorb radiation in
the VIS range between 476 and 600 nm. Additionally, they
show stability over a wide pH range and a high molar extinc-
tion coefficient, but they are generally unstable when exposed
to light, heat and oxygen.'®” Although only few reports have
been published to date on betalain-based DSSCs, the presence
of carboxylic functional groups favours their binding to the
surface of TiO,, which makes them promising PSs. The few
published examples, reporting efficiencies of around
0.5% "% up to 2%,'”® were thoroughly reviewed by
Bartolotta and Calogero,'® who explained the limitations of
using betalains in DSSCs due to their short S, lifetime.
Recently, Giizel et al.’®” reported a betanidin extract, with a
very broad absorption in the range of 300 to 700 nm, which
showed the highest PCE of 3.04% and excellent stability
during solar irradiation when tested in lab-scale DSSCs
(Table 1, entry 18). The low performances of betalain-based
DSSC are due to their low Vg, similar to other natural dyes,
and insufficient electron injection quantum yield. The short S,
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lifetime is responsible for a rapid internal conversion process,
and thus the injection is highly affected.'®® Calogero et al.'®®
observed that it is unlikely that charge injection is the IPCE-
limiting process, but recombination losses can be responsible.
Unfortunately, a detailed investigation on this issue is still
lacking.

The overall performances of DSSCs based on natural dyes
and pigments are low compared to other devices where
organic or metal-organic dyes are employed as sensitizers.
This is chiefly ascribed to the low interaction between dye sen-
sitizers and the semiconductor surface due to the absence of
specific anchoring groups and/or presence of bulky groups on
the dyes, which results in steric hindrance, preventing the for-
mation of strong bonds with the oxide surface. The low
efficiency is also determined by the low Vg, resulting from the
inefficient reduction of the oxidized dye. This can be overcome
with the use of additives and co-absorbers, but this can have a
negative influence on the molar extinction coefficient and the
absorption maximum since natural dyes are pH-sensitive."®’
Another important issue is the stability of these devices, which
is most often low and insufficient to match the standard
devices assembled using other classes of dyes. Other issues
include the source of the dyes and pigments, and the solvents
employed for their extraction. From the examples reported to
date, it is clear that the device performance depends on the
polarity and acidity of the solvent or on the extraction tempera-
ture,'”* where the solvents used to extract these natural dyes
must be carefully selected to achieve high effectiveness in the
extraction process, without hampering their sustainable
features."™”

2.1.3 Final remarks on sensitizers. Although the actual
quantity of dye used in a DSSC device is very low, making the
problem of its cost-effectiveness less impactful, the sustain-
ability of photosensitizers can be substantially enhanced.
Starting from the “classical” Ru-based dyes, different direc-
tions have been investigated. The substitution of ruthenium
with other metals that are not CRM (such as zinc) greatly
improved the overall sustainability. A complementary approach
involved the design of fully organic sensitizers. However, this
elegant approach is usually not classified as sustainable since
it is characterized by a sizeable number of synthetic steps and
the employment of harmful reactants, solvents and catalysts.
Aiming at sustainability, natural dyes can be considered a
valid alternative, being environmental-friendly due to their
natural occurrence in locally available resources, i.e. plants,
flowers, fruits and roots. Unfortunately, their performances are
lower compared to those of synthetic dyes and they suffer
degradation in the presence of sunlight, resulting in great
stability problems in DSSCs. Moreover, natural dyes show
absorption mainly in the visible region (400-700 nm) of the
solar spectrum, losing a consistent energetic contribution
from longer wavelengths. Thus, due to the above-mentioned
reasons, even if the production of natural dyes is less expensive
since it requires simple and direct chemical procedures, they
are not cost-effective and synthetic dyes are still more success-
ful and functional. Increasing their light absorption capacity
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via co-sensitization is among the most effective possibilities to
enhance the DSSC performances of natural dyes because it
promotes a synergistic effect in improving electron injection,
light harvesting and limitation of electron recombination. This
is actually critical for synthetic dyes, which are in principle
designed for this specific target, but it becomes much more
critical when using natural dyes, which may also bear impuri-
ties and functional groups that can affect the functioning of
the device. Thus, from a chemical point of view, efforts can be
focused on the modification of the design for the production
of synthetic dyes, varying the overall approach to their syn-
thesis rather than optimizing the single steps of the conven-
tional protocol, lowering the environmental impact and redu-
cing waste.>>'*® The latter route can lead to well-performing
but stable synthetic dyes and can be considered the best trade-
off between obtaining cost-effective but sustainable dyes.

2.2 Sustainable electrolytes: beyond iodine, cobalt and
organic solvents

As already mentioned in the Introduction, the electrolyte is
among the key elements for a well-performing DSSC:*? it is
responsible for the regeneration of the dye after the injection
of electrons or holes in n-type and p-type devices,
respectively,>°®?°! and ensures a good charge transfer through
the cell, enabling proper device operation. The electrolyte
should have high stability, appropriate redox potential with
respect to the HOMO level of the sensitizer, high transparency
in the VIS region to avoid competition for light absorption
with the dye and low corrosiveness.>” To further improve the
practical application of DSSCs on a large scale, it should also
come from abundant, possibly renewable, raw materials.
Historically, liquid electrolytes have been firstly exploited for
application in DSSCs because they guarantee high charge
carrier diffusion and effective permeation of the photoelec-
trode porous structure. As discussed in detail below (see
section 2.2.3), more recently quasi-solid and solid electrolytes
have also been investigated to minimize the critical issue of
liquid-based devices, typically linked to solvent leakage.
Throughout this section, we mainly focus on liquid (both
organic, 2.2.1, and aqueous, 2.2.2) electrolytes since they are
more thoroughly investigated and considering that the first
industries entering in the market proposed DSSCs based on
this type of electrolyte. Accordingly, it should be noted that the
improved stability guaranteed by quasi-solid and solid electro-
lytes is not automatically a “green light” toward sustainability,
and thus proper LCA analyses should be performed.

The most common redox couples of the electrolyte are
based on iodine or cobalt. Iodine-based electrolytes are com-
posed of the I'/I;~ redox couple, I;~ being formed through the
reaction I, + I” 2 137, which offers several advantages, such as
fast dye regeneration and charge mobility.>*> Additionally,
since I" is a small anion, it effectively permeates the meso-
porous structure of sensitized photoelectrodes, resulting in
almost quantitative sensitizer regeneration. On the other
hand, this can also favor the recombination reaction with the
electrons injected in the VB of TiO,, which can be efficiently
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prevented by the insertion of a nanometric “blocking”
layer.>**?%* However, I, is often corrosive towards commonly
used metals (both at the lab-scale and module-scale levels);**®
in particular, when platinum is used as the CE, iodate can be
formed, with a depletion of the active species in the electro-
lyte.** This negatively affects the long-term durability of cells,
which is also reduced by the volatility of I,, even if this last
issue was partially solved by the use of a quasi-solid
electrolyte.>*®**” Moreover, I, is colored and absorbs part of
the solar radiation, thus competing with the sensitizer.>’” This
point is of crucial interest in the development of bifacial
devices to be applied in BIVP. In addition, it has a fixed, high
redox potential, and thus the Vo is limited between 0.6 and
0.8 V and cannot be tailored as desired.>*® Finally, this redox
couple presents a complicated two-electron process, which is
analytically described in some review articles.>**

On the other hand, cobalt-based organometallic complexes
offer the possibility of finely tuning the chemical and redox
properties of the mediator by varying the ligands on the metal
center. However, they are usually sterically hindered molecules,
and this results in a mass transportation issue, with slow
charge transfer dynamics (i.e. for 107® em” s™' in ACN, which
is slower than that of triiodide, ~2 x 107> cm?* s71).29%*1°
Cobalt is a CRM and its natural abundance of 0.003% in the
Earth’s crust and 8 x 10”°% in the ocean®"" poses a high risk
for its future supply according to a recent press release by the
European Chemical Society (EuChemS). If the last three
months of 2019 are considered, the cost of cobalt hydroxide
increased by 55%.>'* Despite the high performance of its com-
plexes as redox pairs, which allowed the highest efficiency
values in the field of DSSCs (up to 14.3%),%* it must be
replaced with abundant and renewable raw materials for sus-
tainability. Therefore, although in this context they are not
investigated in detail, a recent review excellently summarized
their application in DSSCs.>"?

Owing to the disadvantages of iodine- and cobalt-based
electrolytes, extensive research has been focused in recent
years on the development of alternative redox pairs.>> In the
following subparagraphs, we will briefly review the most inter-
esting developments in this respect, including major outcomes
in the last five years, chiefly highlighting specific aspects
related to the circular economy of the DSSC market of tomor-
row. We strongly believe that a fully sustainable DSSC should
be based on innovative electrolytes and related components
obtained from renewable sources and not be made up of
CRMs, the supply of which can fail in the coming years and
the use of which is not justified in terms of overall gain in
efficiency output of the device. To our knowledge, there are no
literature reports of redox pairs obtained from renewable
sources or waste-derived products, as conversely demonstrated
for CE (e.g., carbon-based cathodes coming from the food
industry waste, vide infra). However, we are quite confident
that efficient redox pairs based on transition metal complexes
may be obtained from waste recovery, and purely organic or
sulfur-based shuttles may be readily obtained from biomass or
renewable sources.*!*

This journal is © The Royal Society of Chemistry 2020
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2.2.1 Alternative redox couple electrolytes. Pseudohalogens
are among the first alternative redox couples reported in the
literature.”*>>'® In particular, the SeCN™/(SeCN), couple can
be easily incorporated in a photo-reticulated polymer mem-
brane, which may potentially enhance the long-term stability
of devices (i.e. the trapping of the redox couple in a polymer
matrix greatly reduces the evaporation of the electrolyte
solvent), thus representing a step forward towards their com-
mercialization. Pseudohalogen-based redox couples allow
in situ free-radical polymerization, which is not possible with
the traditional iodine-based redox couple due to its radical-
quencher nature.>"® Free-radical polymerization is one of the
most useful and lucrative fields of chemistry discovered to
date, which is tolerant of diverse functionality and can be per-
formed in a wide range of solvents. Particularly, UV and ther-
mally induced methods are rapid, energy saving, and solvent-
free, and thus cost-effective and sustainable, and already
widely propelled to the commercial scale for the manufacture
of diverse polymers starting from oil derivatives. Furthermore,
the chemical behavior of pseudohalogens is close to that of
halide ions, where the presence of heteroatoms and double
bonds does not significantly influence their chemical pro-
perties.”™® They often show a more positive redox potential, e.g.
the redox potential of the SeCN7/(SeCN), shuttle is 0.19 V
higher than that of I"/I;7, leading to a higher Vp¢. It has also
been reported that the SeCN™/(SeCN), redox couple possesses
good mass transport characteristics, at the level of iodine-
based couples.””® The application of SeCN~/(SeCN), in a UV-
crosslinked polymer network was demonstrated, which led to
a quasi-solid state system showing a Voc of 550 mV, Jsc of
6.68 mA cm~?, fill factor (FF) of 0.53 and PCE of 1.95%
(Table 2, entryl). A selenium-based pseudohalogen redox
couple was also reported by Lennert et al,*'® who used an
RTIL as the electrolyte medium. RTILs are salts in the liquid
state at room temperature, which present several advantages,
such as low volatility, high chemical and thermal stability, low
flammability and rather easy structure tuning to increase the
solubility of specific solutes.*” Consequently, they are poten-
tial candidates to replace the high-performing state-of-art
organic solvents in DSSC electrolytes. However, although
RTILs offer a suitable solution for the replacement of volatile
and flammable organic solvents, according to the green chem-
istry criteria, their synthesis and final disposal at the EoL are
still not sustainable®” and extensive work has still to be done
to make them robust alternatives. In the work by Lennert
et al., an alkyl-substituted RTIL was used with either selenocya-
nate or iodide counter anions. Remarkably, the PCE of the
selenocyanate-based device was only slightly lower than its
iodide-based counterpart (5.00% vs. 5.60%, respectively,
Table 2, entry 2) mainly due to the slower ionic diffusion and
less efficient regeneration at the counter electrode compared
to that of its iodine-based counterparts. Overall, despite these
promising results, no other relevant work has been done in
the development of this redox couple, most likely because sel-
enium is a very rare element in the Earth’s crust (5 x 107°
wt%)>'! and is toxic at high concentrations.*'®
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View Article Online

Critical Review

Iron-based redox couples have also been investigated to
replace cobalt- and iodine-based electrolytes. Iron is one of the
most abundant metals (6.3 wt% in the Earth’s crust)*'! and its
metal complexes allow for tuning of the redox potential with
the use of different ligands. Unfortunately, most of the iron
complexes are air sensitive and require dry glove-box confine-
ment for the assembly of the device. This represents a hin-
drance for the scalability of the manufacturing process, par-
ticularly when an easier processability is claimed for DSSC
technology with respect to other PV devices. Notably, Fe forms
several complexes that are soluble in water, thus its use in
green, aqueous-based DSSCs can be envisaged,'*"*'? as will be
discussed in section 2.2.2. One of the first devices based on
iron complexes as redox mediators was reported by Daeneke
et al.,'®" who demonstrated the use of a ferricyanide/ferrocya-
nide (Fe(CN)¢*™?7) redox couple, using water as the solvent
and proposing this electrolyte as non-corrosive. This redox
couple had a similar redox potential to that of I"/I;~, and thus
it could be effectively coupled with already existing molecular
dyes. A pH buffer and a surfactant were used to regulate the
pH of the electrolyte and allow the permeation of the electro-
Iyte into the hydrophobic sensitized TiO,; unfortunately, the
PCE was the half of that of the iodine-based reference (Table 2,
entry 3). The same redox couple was adopted by Kokal et al.,**°
who reported an aqueous DSSC with an inexpensive magenta
dye (new fuchsin) and a platinum-free CE based on CoS de-
posited on carbon fabric. Here, a remarkable efficiency of
2.88% was reached (Table 2, entry 4), which can be considered,
as a first approximation, cost-effective. However, the (Fe
(CN)¢*™*7) redox couple has some intrinsic problems that
limit its application, for example, since it has a low redox
potential, it less effectively regenerates commonly employed
dyes and, as a result, more pronounced TiO,/dye recombina-
tion can be expected. In addition, it undergoes to photolysis
and photodecomposition under UV and near UV radiation,
loosing almost 80% of its initial efficiency just after 5 h of
light soaking.®

Iron-based organometallic complexes were also exploited in
p-type DSSCs.**' Perera et al>® successfully employed the
Fe(acac);” ™" redox couple (acac = acetylacetonate) in a p-type
DSSC with NiO as the photocathode. This redox couple
showed a remarkably lower redox potential (—0.20 V vs. NHE)
compared to that of I"/I;~ (+0.32 V vs. NHE). Consequently,
both the Vo and PCE were strongly improved (645 vs. 243 mV
and +191%, respectively, Table 2, entry 5). However, despite its
higher abundance and ready availability compared to cobalt,
the results achieved with iron based redox couples are still
unsatisfactory, which, added to their O, sensitivity, severely
limit their widespread exploitation on a large scale.

Copper is intrinsically less toxic,”’' more environmental
friendly**® and two times more abundant than cobalt in the
Earth’s crust (0.003% vs. 0.0068%, respectively).*'"
Furthermore, its complexes are generally more stable in air
than iron-based ones, which allows their assembly without the
use of glove-box conditions. The most common copper-based
redox couples are constituted by copper(u/i) organometallic

Green Chem., 2020, 22, 7168-7218 | 7185


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d0gc01148g

View Article Online

Green Chemistry

Critical Review

0ssd 2d&-d ur (_,°'0%M) %6'8T—

JNd

(_,°*0%W)
I9)eM UT SISOUIUAS »
srmyeraduia) moT »

s (Lc°"O%W) %T'29+  PUE dPLIPAYUE D139JE UT SISIYIUAS a[qeIs a1y - NOV Ut ' 0°m¥vea1] pue *0%oWvel]
JAISOIIOD-UON «
SUONIPUOD UOZIE )[eqOd 0}
Iapun UeINJOIPAYRIIA) SNOIpAYUE 30adsar y3im wnipeuea
cozbT pantodar joN ut puesi[ 9y JO SISaYIUAS - Jo souepunqy - NOV ut [(qaqg)oalarud/[(92q4q)oA](d ud)
14011032 PasEq-1UA[OS JTUBSIQ « JAISOII0D-UON *
)[eqOd 0} sardnod
SUONIPUOD PI[[OIIUOD 309dsa1 yym winipeueA (*A9ON ySnoIyy ny1s u1 pawiioy XOpaI paseq
1e20T pa1odar JoN A[3011)S I9pUN SISOYIUAS » JO dduEBpUNqY » ST 9]dN0 XOPa1 a1} JO WILI0J PAZIPIXO AY3) NOV UT (U[eS)OA -[elow 1910
1A]01303[0 PsEQ-IUA[OS OTUBIIQ «
24[01109]0 paseq
uonedsyund 10§ auan[o} Jo asn « -0D 03 a[qeredwo)) -
puesy|
23 Jo s1saypuis oy 10y (duejuad
ur a1oydsowje uodie apun NOV ur , \&Eo::ohﬁw:o:m
o0zeb %8 F— Do 8£—) WINIPI[AING-7 JO 350 » A101X0) MOTT » -01‘1-Ansaw-g)nD] pue , [¢(surjoryreusyd-o1 -[Asaw-g)nd
%6°T9—
%€'6L—  NA[01DI[0 PISBJ-IUA[OS JIUBIIQ «
pa11oda jou
cze8 %T1°'88— ST spuedI aY3 JO SISOYIUAS Y, £101X0) MOT « NDV Ul i&EoEE:E:E
(1nq-u) %79 6+
(1huayd) 9p22°5~
puesi| ays jo
(14103) %7¥'ST+  SISIYIUAS 93 10J UONIPUOD UOSIY »
veel (Ksawr) 969" L+ auaN[o3 ‘wWnI[AINg-7 Jo sn - £o1x0) Mo - el (Purorgpueuayd-0 T 1-|&y[e-7)n))]
puBSI 9U3 JO SISAYIUAS 91} 10§
(am@ ur a1oydsounye uodie opun
(pa181U2OU0D) %S 07— Do 8£—) WINIPI[AING-7 JO 3s() » soxarduwroo
029 (refowrnba) 95z T+  21A[01103[0 PASEQ-IUA[OS OTUBSIIQ « K101X0) MOTT » NOV ut ,, [(suroryyueusayd-o1‘T-[Ayzowip-£ p-[Ansaw-g)nd) paseq-1addon
A1[1qeIs Mo »
JUQAJOS OTUEB3IO JO 3S() *
uomnyeredoxd
cS adfy-d c\iwﬂ 214[01309]0 103 a19ydsounye 2N « souepuUNgE [BINJEN - NOV ur [£(oeoe)ag]/[E(oeoR)ad N NG
n
39S SIY) PIM _E/_T JO UOTIIPUOD
oy 3urzrundo jou pue gD se
oze?  dHqej uoqied e Suisn Ing) %8I+ A1[1qeIs moT « JUOAJOS SE I9JBM » 197eM UT 9(ND)2IEN/2(ND)2d " soxaduod
vor€ %9°0S— SJUBIOBJINS JO S(] * JUDA[OS SE I19JBA » 19yem Ut °(ND)adE/2(ND)2d ™ poseq-uoig
3S Jo AIIqe[reae Mo -
012 %L 0T— 94p 21} JO UONBIUIZI IOMO[S * JUQA[OS J[IIB[OA-UON * pmbiy oruor payninsqns-[Aye ur 4(ND9S)/ND2S°D
3S Jo AI[IqEe[IeAR MOT] »
SJUIA[OS O1UEBSIO JO 3s() » $91A[01303[2 pI[OS
el paioda1 30N APXoy, « -1senb ur uoneidaug « NOV UI 4(ND9S)/_ND?S sua3o[ey-opnasq
oA TIUE 90Ud19JaI *Sa DA sanss| soid [eLI9e N sse[D

S3)011Je 9oUBI34a4 bulpuodsaliod
pue Jie-Jo-23e3s SA sanjeA ADUaIoLJa Papi0dal 3sayBIy ‘sanss| 1ed13D ‘sabejueApe paje)al ‘(s)jelarew BuiN}ISUOD Yum Jay3aboy ‘'sa3k)04309)9 91dn0d XOpaJ SARUISYE JO SOSSE)D JuIdyld 2 d19el

'90UB217 paModun 0'g uong LNy suowiwoD aaireas) e sepun pasusol|siapiesiyl |[EEGEEL ()
"¥T:S:0T ¥°202 0T8T U0 popeojumoa ‘020g S 0E Uo paus!iand 991y sse20Y Usdo

This journal is © The Royal Society of Chemistry 2020

7186 | Green Chem., 2020, 22, 7168-7218


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d0gc01148g

View Article Online

iew

| Rev

itica

Cr

Green Chemistry

SISOUIUAS 9}

(syuaajos a[ne[oa
-uou) prnbiy otuog «
UONIPUOD JUIQUIY »

((s10ZBII™Y
TAYIoW-T)-6-Tp = 7, {93e[0TY)-S-2[0ZeNA)-H T-[AYIdW-T WNI-E-[0Z

*9PIXOJ[NS JAIDWIP = QSN PUE {SINIOUBU WOCIRD PI[[EM-INNU = STNDM ‘(21eu0jnsauaifis)Ajod = SSd ‘OPTUWRWIONAISWIP-N‘N = AINA

P paioda1 30N SuLInp paA[oAUL ST WLIOJOIO[YD) « armjerodwal Wooy « -eprul-H 1-[Aypowr-¢-[Aoapop-T = [L][wrn?'o]) [AL)/[ L [wine o]
((opynsip
91A]01399[0 Paseq-JUAOS JTUBSIQ » 910ZeIAAYIOW-T)-G-TP = 4, {WNTUOWWIRAYIIUIRIIN-N
2c2€T paj1odar JoN aroydsoune uody . amjeradwa) mo « a[ozenayAypow-T-oydesrow-¢ = 1) NOV Ul 41/ _L,
opynsIp(e[ozenanjAylow-1)-g
-1p = (°™1) ‘o1ozenanjAyaw-1-oydesow-g wnIpos = W, (3102
94]01109[ PASBQ-IUA[OS DTUBSIQ « -ena)-H 1-[Auayd-1)s1qory3rp-,6‘s = ¢(U4 L) ‘a3e[ory3-G-o[0z11)-HT
4 parrodar JoN aroydsouwye uodiy . asrnyeradwa) wooy « “[fuayd-1 wnipos = (_491) NOV ur ¢(PWr)/_ W, pue ¢(Udy)/_udy,
(rerorowrtuoo-,)
WLIOJ PIZIPIXO 9} (ON*ag y3noIy ng1s ur pawrioy st 4,
. 4 %0°LE—  IA[O1IDI[O PISBQ-IUIA[OS JIUBSIQ » JO UOneIdUAI NS Ul »  ‘[OIYI-Z-I[OZBIPRIYI-F*E‘ T-OIIAYIoW-S = 1) NDV/OSIAA Ul &1/ L
([orozern-(v'¢*1)-[Aypaw-p]SIqoTyIIp-,£°€ = %1, *a1B[OIY3-€-2[0ZELN)
4 %9°€S—  A[0103[0 PISB]-IUA[OS JIUBIIQ « amyeradwa) Mo« -H*¢ T-[AYIoW-F WNI[OIZepIWI-[AIow-€-[AY3a-T = _IL)NOV Ul &1/_L
((Gpymsip
91A[01309[0 PASBQ-JUIA[OS JTUBIIQ » 910ZB1YAYIOW-T)-G-IP = &1, {WNTUOWWEBIAYIOWEIID)-N
2261 %8°Gh— aroydsounje uodiy . arnyeradwa) wooy « o1ozenayAypow-T-oydesraw-¢ = 1) NOV Ul 41/ _L
(uoqIes diN :aD) %T TE+ ((epynsip
(SSA:LOQAd :dD) %8'IE—  91A[01D3[d PISB(-IUIA[OS JTURSIQ * 910Ze1ANAYIOW-T)-G-IP = 2, {WUNTUOWWRIAYIOUIRIIN-N
18T (wmumnerd :gD) %91— aroydsounje uo3Iy . arnjeradwa) wooy » a1ozenayAypow-T-oydesraw-¢ = 1) NOV Ul 41/ L
((opysip sa[dnoo xopaz
9)A]013D9[0 PISBQ-JUIA[OS JIUBSIQ * 910Ze1ANAYIOW-T)-G-IP = I, {WNTUOWWRIAYIDUIRIIN-N paseq-apynsIp
RA payiodal JoN aroydsoune uo3iy « armyeradwa) wrooy « a[ozenayAypow-T-oydesrawi-¢ = 1) NOV Ul 41/_L /9ye[01y,],
1500 MOT »
(234[01m0970 o1UESI0 armjeradwa) Mo «
103 pazrwndo jou sueIqUIdW SISOUIUAS Aseq «
) @UONEN & 3ursn) 950051+  IA]ONDI[D PISEY-IUA[OS dTULSIQ » OIX0)-UON » NOV Ul "49-TOdWAL/TOdWAL
amyeradwa) mo «
SISOUIUAS Aseq «
0eST pa110dor1OoN  9)AJ0109[0 PISBQ-JUIAJOS OTURSIO JIX0}-UON » NOV Ul "A9-OdINAL/OdINAL
DSSA snoanby «
amjeradwa) Mo «
SISOUIUAS Aseq «
2ee¥1 paodar JoN JUBAJ[AI JON » JIX0)-UON » 197eM UI YA9-OdINAL/OdINAL
amjeradwal mo «
SISOUIUAS Aseq « sa[dnoo xopaz
€T ((myop/(m)oD 'sa) %L8T—  NA[O1OI[O PISBJ-IUIA[OS JIUBIIQ « JIX0)-UON] * NOV Ul *AGOdINAL/OdINAL Poseq-OdNA.L
JorhTUE 20Ud19ja1 *Sa DA sanss| so1d eI Sse[D

'90UB217 paModun 0'g uong LNy suowiwoD aaireas) e sepun pasusol|siapiesiyl |[EEGEEL ()
"¥T:S:0T ¥°202 0T8T U0 popeojumoa ‘020g S 0E Uo paus!iand 991y sse20Y Usdo

(Pauod) 2z oqel

Green Chem., 2020, 22, 7168-7218 | 7187

This journal is © The Royal Society of Chemistry 2020


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d0gc01148g

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Open Access Article. Published on 30 jlijs 2020. Downloaded on 18.10.2024 10:45:14.

(cc)

Critical Review

- P
Y=CH; X=

b 0/+

CF3

c2

Yo

oA

e

\\ /
c4

Fig. 6 Chemical structures of various alternative redox couples:

- N
\S—TS\SKS)\ S\

View Article Online

Green Chemistry

+/2+

N\N

/<\ \

[Cu(2-mesityl-4,7-dimethyl-1,10-

T N
L~ 7y
\ c5 N

(@) copper-based complexes (al:

phenanthroline)]*/2*; a2: [Cu(2-tolyl-4,7-dimethyl-1,10-phenanthroline)2]*/?*; a3: [Cu(2-phenyl-4,7-dimethyl-1,10-phenanthroline)2]*/?*; and a4:
[Cu(2,9-dimethyl-1,10-phenanthroline)2]*/2*), (b) TEMPO®* (2,2,6,6-tetramethyl-1-piperidinyloxy) and (c) sulphur-based organic molecules: (c1:
2-methyl-5-trifluoromethyl-2H-[1,2,4]triazole-3-thiol and 3,3'-dithiobis(2-methyl-5-trifluoromethyl-2H-[1,2,4]triazole); c2: 5-(methylthio)-1,3,4-
thiadiazolidine-2-thiolate and 1,2-bis(5-(methylthio)-1,3,4-thiadiazolidin-2-yl)disulfane; c3: 5-(trifluoromethyl)-2,3-dihydrobenzold]thiazole-2-thio-
late and 1,2-bis(5-(trifluoromethyl)-2,3-dihydrobenzold]thiazol-2-yl)disulfane; c4: 1-phenyl-1H-tetrazole-5-thiolate and 1,2-bis(1-phenyl-1H-tetra-

zol-5-yl)disulfane; and c5: 5-mercapto-1-methyl tetrazole and di-5-(1-methyltetrazoledisulfide)). All molecules were drawn using ChemDraw 19.0.

complexes with a distorted geometry (Fig. 6a).>°*>*>>*” This

type of complex shows negligible structural changes when
switching from the oxidized to reduced form, which means
minimal energy loss and fast electron transfer.”*° Their
usually more positive redox potential guarantees higher
theoretical Vo values compared to that of conventional redox
mediators (iodine and cobalt); on the other hand, less efficient
dye regeneration can be expected due to the limited AG of this

process. However, transient absorption spectroscopy con-

7188 | Green Chem., 2020, 22, 7168-7218

firmed an almost quantitative dye regeneration yield.*****®

Additionally, from a pure electrochemical point of view,
copper-complexes have been proven to be relatively stable.**®
The main drawback in the use of copper complexes is the
presence of the phenanthroline-derived ligand, which requires
harsh synthetic conditions despite allowing the realization of
complexes with tunable features and low-reorganization
energy.””® Indeed, the 2-substituted phenanthroline ligand is

commonly produced via the nucleophilic aromatic substi-
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tution of the commercially available 1,10-phenanthroline
using suitable lithium derivatives. These are produced by
transmetallation reaction between the corresponding bromo-
derivative and ¢butyllithium in diethyl ether or pentane at
—68 °C, having a negative impact on the CED factor. For the
purification of the ligands, toluene is also used. Moreover, the
synthesis of the copper complexes is carried out in dry ACN or
toluene under an argon atmosphere.>*> Consequently, despite
the higher abundance of copper and its reduced toxicity com-
pared to cobalt, the synthesis of copper complexes bearing the
2-substituted phenanthroline ligand is still a significant issue
to be solved for the exploitation of this metal as a sustainable
redox mediator in DSSCs.

In 2016, Magni et al.>°® reported the preparation of [Cu(2-
mesityl-4,7-dimethyl-1,10-phenanthroline)]"** complexes,
which were used as effective redox mediators in ACN solution.
They reached an efficiency of 4.4% and 4.1% with the organic
G3 dye and platinum and PEDOT as CEs, respectively, proving
that these couples could also be effectively regenerated by
carbon-based CEs (Table 2, entry 6). Furthermore, to broaden
their light harvesting capability, copper-based complexes were
coupled with a Zn>" porphyrin bearing cyanoacrylic acid as an
anchoring group at the beta-pyrrolic position with an ethynyl-
phenyl bridge. This structure was reported by Colombo
et al.*** to be more accessible compared to that of natural por-
phyrin dyes, allowing a deeper contact with the complexes.

The substituent in the 2-position of the phenanthroline
ligands of the [Cu(2-mesityl-4,7-dimethyl-1,10-
phenanthroline)]"** complexes plays an important role in
maintaining a distorted geometry and reducing the internal
reorganization energy involved in the redox reaction. In 2018,
Benazzi et al®** introduced different substituents in the
2-position, such as tolyl, phenyl and n-butyl. For all these com-
plexes, the regeneration of the dye was effective and faster
than interfacial recombination, as demonstrated by transient
absorption spectroscopy measurements. No substantial differ-
ences were observed in the shape of the J-V curves of the
corresponding devices, with efficiencies in the range of 4.9%
to 6.0%, suggesting that all the proposed redox couples may
be efficiently used as redox mediators (Table 2, entry 7).
Similarly, Karpacheva et al.*** introduced different substitu-
ents in phenanthroline ligands, such as methyl, methoxyl and
bromophenyl in the ortho and para positions. However, in this
case, the efficiency values were found to be rather low (Table 2,
entry 8) compared to that reported by Benazzi et al.>** In 2016,
Freitag et al.>*® reported a copper complex bearing the dmp
ligand (dmp = 2,9-dimethyl-1,10-phenanthroline). The
diffusion coefficient of [Cu(dmp)]”**, determined by cyclic vol-
tammetry, was found to be twice that of the state-of-art [Co
(bpy)*"**; furthermore, the dye regeneration was four times
faster, as confirmed by transient absorption spectroscopy
measurements. Consequently, the PCE was high (7.0%) and
comparable to that of the best performing cobalt-based
devices (Table 2, entry 9). Although the increase in device sus-
tainability is clear, the cost-effectiveness of this redox mediator
should be further investigated by means of specific LCA.
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Among the metal complexes proposed as redox mediators
in DSSCs, oxovanadium-based complexes are worth consider-
ing. Even if according to the European Commission vanadium
is envisaged as a CRM,**’ it is widely used in other energy
fields, such as redox-flow batteries,>*® and was proposed as a
valid alternative to cobalt due to its higher abundance in the
Earth’s crust (0.019% vs. 0.003%).”"* In addition, vanadium-
based redox shuttles present fast electron transport, as con-
firmed by paramagnetic resonance spectroscopy and electro-
chemistry.>°® The first report on an oxovanadium redox couple
was published in 2013 by Oyaizu et al.>*" The oxovanadium(iv/
v) redox couple has an efficient redox mechanism that involves
a bimolecular self-exchange reaction. In particular, the
authors reported that the [VO(salen)]””* complex (where salen =
N,N'-ethylenebis(salicylideneiminate)) was highly soluble in
ACN electrolyte solvent compared to its homologous.
According to its crystal structure, it was found that the
[VO(salen)]””* redox couple experienced slight changes during
the redox reaction, highlighting its low rearrangement energy
and fast electron exchange. Also, its more positive redox poten-
tial compared to the iodine-based electrolyte accounts for its
larger Vo (0.74 V). Remarkably, the Jsc and PCE were found to
be 12.3 mA cm™? and 5.4%, respectively (Table 2, entry 10).
Two years later, Apostolopoulou et al.*>°® reported an oxovana-
dium complex bea