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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.*

Matteo Bonomo is a post-doc-
toral researcher at the University
of Turin and his work is mainly
related to the synthesis and
characterization of innovative
materials for emerging photovol-
taics. More recently, he has been
involved in the investigation of
structural and electronic pro-
perties of ionic liquids and deep
eutectic solvents for energetic
application. He has received,
among  others, the Junior
“ENERCHEM 2020” prize (for
his innovative contribution in the Chemistry for Renewable
Energy). He is (co)author of 35 publications (h-index 11, >350
citations) in international peer-reviewed journals.

Matteo Bonomo

Green Chem., 2020, 22, 7168-7218 | 7169


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

Open Access Article. Published on 30 July 2020. Downloaded on 10/29/2025 8:42:07 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Critical Review

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.*
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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
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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
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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-
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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.*'®

This journal is © The Royal Society of Chemistry 2020
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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
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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 bearing a tetradentate hybeb ligand (hybeb = [1-
(2-hydroxybenzamido)-2-(2-pyridinecarboxamido)benzenato]).
Despite the rapidity of the charge exchange process, as demon-
strated by electron paramagnetic resonance (EPR), the overall
efficiency of the cell (Table 2, entry 11) was definitely low com-
pared to that reported by Oyaizu.>*"

Two other metals have been exploited in the electrolyte of
p-type solar cells, namely tungsten and molybdenum. Both of
them have a rather low natural abundance of 0.00011% in the
Earth’s crust, but only tungsten is considered a CRM.**’
Bakker et al.®” reported an excellent Vo improvement using
two types of Lindqvist polyoxometalates (POMs), viz.
[TBA[,M040;9 and [TBA],WsO,9 (Where TBA = tetrabutyl-
ammonium), with redox potentials of —0.40 and —0.90 V,
respectively (Fig. 7a). These values were remarkably lower than
that of I;7/I” (+0.32 V) and [Co(en);]*"*" (=0.03 V). In addition,
the two POMs showed negligible molar absorption in the VIS
range, thus avoiding any competition for light harvesting with
the dye. As expected, the Vo values were found to dramatically
increase for both the molybdenum- and tungsten-based elec-
trolytes compared to the iodine- and cobalt-based electrolytes
(100 and 80 mV, respectively). Possibly, sluggish diffusion
caused a drop in the Js¢; therefore, the overall efficiencies of
these devices were still unsatisfactory (0.13% and 0.11%,
respectively, Table 2, entry 12). The development of alternative
redox pairs also involves the synthesis of fully organic electro-
Iytes to completely overcome the issues related to the use of
metals, in particular cobalt, in complexes. However, the evalu-
ation of the impacts of each approach should be evaluated. In
this respect, Parisi et al. observed that the electrolyte does not
have a huge impact in the overall device in terms of CED and
green metrics.”> However, their study highlighted the larger
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(a) Absorption spectra of the POM-based electrolytes (black and red) in comparison with the iodine-based electrolytes (blue). The extinction

coefficients of the former are negligible. Adapted from ref. 57. (b) Cyclic voltammograms (CV) of MP-derived carbon (red), PEDOT-PSS (light blue)
and Pt (black) electrodes (sulphur-based redox couple and 0.1 M LiClO, in acetonitrile solution). Adapted from ref. 177. (c) Digital photograph of suc-
cinonitrile quasi-solid electrolytes. Adapted from ref. 252. (d) Schematic illustration of the electron pathway in the smectic crystal. Adapted from

ref. 253.

impacts (ozone depletion) of the iodine-based couple com-
pared to the cobalt-based couple due to the higher require-
ment of organic solvents. They also suggested an opportunity
to achieve lower impacts by shifting towards solid electrolytes.
Thus, it will be very interesting to evaluate the impacts of
different electrolyte categories.

Besides metal-based redox couples, pure organic couples
may be a feasible choice to achieve sustainable, but efficient,
DSSCs and to overcome the limitation displayed by metal-
based redox couples, namely low diffusion coefficient and
complicated charge transfer kinetics (see above). An example
of a fully organic electrolyte is TEMPO/TEMPO" (Fig. 6b), a
redox couple with good efficiency in an aqueous
environment.”***** TEMPO (2,2,6,6-tetramethyl-1-piperidine-1-
oxyl) is a commercially available and relatively cheap (3.87 €
per g by Merck) nitroxide radical molecule,*** which can be
easily oxidized to TEMPO'. When used in DSSCs, the
TEMPO"" redox couple offers several advantages, such as easy
preparation, non-toxicity,>*> no light absorption in the VIS
range, fast electron transfer process, rapid mass transport
kinetics**® and highly positive redox potential, which is
necessary for achieving high Voc.”** In 2015, Yang et al. tested
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TEMPO”" in ACN solution with two different dyes, D149 and
LEG4.>%°

Although TEMPO”" presented a relatively low regeneration
driving force (due to its highly positive redox potential), which
resulted in regeneration efficiencies of 68% and 87% (with
D149 and LEG4 dyes), the authors were able to achieve remark-
able efficiency values of 3.29 and 4.70%, respectively (Table 2,
entry 13). It showed a diffusion coefficient comparable to that
of cobalt complexes in ACN (4.4 x 10°° em® s7'),**” suggesting
that mass transport is a limiting factor in obtaining a high
PCE. Additionally, TEMPO”* has a smaller electron lifetime
compared with the traditional cobalt and iodine-based electro-
Iytes; therefore, some precautions, such as the employment of
thinner electrodes should be taken into account to reduce the
undesired charge recombination.

To the best of our knowledge, the TEMPO®" redox couple
was applied for the first time in aqueous DSSCs by Yang
et al.”® in the same year. As expected, they obtained a high
Voc (995 mV), Jsc (5.78 mA em™?), FF (0.75) and, consequently,
rather high PCE of 4.14% (Table 2, entry 14). In an elegant
work,”*® the TEMPO redox couple was used in combination
with ZnO photoanodes, thus avoiding the energy-consuming

This journal is © The Royal Society of Chemistry 2020
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high-temperature thermal treatment of traditionally used TiO,.
ZnO was electrochemically deposited at a low temperature,
where its morphology consisted of pillars grown vertically to
the substrate. It ensured enhanced electron mobility and the
resulting lab-scale cell demonstrated an efficiency of 3.92%
(Table 2, entry 15). More recently, Kato et al.>*® reported a
hydrophilic TEMPO derivative (4-hydrox-2,2,6,6-tetramethyl
piperidine-1-oxyl, TEMPOL), which was successfully entrapped
in a Nafion® polymeric matrix using an aqueous solution to
replace ACN, since Nafion® is a good choice to immobilize
electro-active cations. Specifically, a Nafion®-coated electrode
(NCE) was dipped in an aqueous TEMPOL solution, giving a
PCE of 1.6%, which was several times higher than that of its
Pt-counterpart (0.11%, Table 2, entry 16). It is worth mention-
ing that NCE is a CRM-free CE, even if its applicability is
limited to Nafion®-based polymeric electrolytes. 4-Hydroxy-
TEMPO is less expensive than TEMPO because it is obtained
from the cheaper precursor triacetonamine.>*® Overall,
although TEMPO is sufficiently inexpensive to be exploited at a
laboratory scale, it is not affordable on an industrial scale.
Conversely, structurally related analogues (e.g., TEMPOL) can
be much less expensive since they are produced from acetone
and ammonia, with the latter being seriously considered by
the scientific community as an emerging solar fuel.>*
Specifically, for their purification, selective adsorption onto a
hydrophobic resin is highly effective, and thus costly azeotro-
pic distillation is avoided. Accordingly, they can be considered
a more sustainable choice with respect to TEMPO. Concerning
applications, they can be easily incorporated onto/into a solid
support to achieve a heterogeneous material for catalysis or
electrochemistry.

The TEMPO®" redox couple and its analogues are very
cheap and commercially available materials. The cost of the
redox couple should be carefully considered in the design of
sustainable, but cost-effective, DSSCs. Actually, in a conven-
tional electrolyte, the redox couple concentration is usually
higher than 1 M, and although a modest volume of electrolyte
is employed in a conventional device, it can seriously hamper
the cost-effectiveness and increase the EPBT of the complete
device. Accordingly, TEMPO®* and its derivatives could be con-
sidered as promising cost-effective redox couples in sustain-
able DSSCs.

The organic thiolate/disulfide couple and its derivatives
offer several advantages when used as redox mediators in
DSSCs (Fig. 6¢), including ease of preparation, non-corrosive-
ness, negligible light absorption in the VIS range and tunable
redox potential. 5-Mercapto-1-methyl tetrazole (T~) with its
dimer di-5-(1-methyltetrazoledisulphide) (T,) (Fig. 7c) was the
first>*" and the most commonly exploited organic sulfur-based
redox couple. Sulfur-based electrolytes cannot be used in com-
bination with platinum CE due to the formation of an irrevers-
ible S-Pt bond, which contributes to the depletion of both
redox active species of the electrolyte and active metal centers
of the electrode.*** Simultaneously, also transition metal com-
pounds (TMCs) seems to be unexploitable in conjunction with
these couples due to the likely formation of S-M bonds.
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Consequently, alternative materials need to be developed, such
as PEDOT or carbonaceous materials (section 2.3.1).>** In
2015, two interesting reports were published using a compo-
site TiC/carbon®** and a full carbon CE.>** In particular, the
TiC/carbon composite electrode was hydrothermally syn-
thesized using TiC and glucose as the carbon source.
Compared to platinum, bare TiC and carbon CEs,*** the TiC/
carbon composite electrode generated the strongest reduction
in current density among the electrodes under investigation,
suggesting that it was able to effectively reduce T,.
Furthermore, the PV parameters of the TiC/carbon-based cell
were comparable to that of the platinum-based cells (PCE =
3.59% vs. 3.84%, Table 2, entry 17). In the following example,
the carbonaceous material used as the CE was obtained by
pyrolysis at 850 °C under the inert atmosphere of a mangos-
teen peel (MP), an important source of natural phenolic anti-
oxidants."”” Even if MP is obviously a green and sustainable
scaffold, the very high pyrolysis temperature negatively impacts
the comprehensive sustainability-driven approach (i.e. higher
CED). Among the electrode materials tested (platinum and
PEDOT), MP resulted in the lowest charge transfer resistance
in the symmetrical cell using T~/T, in ACN as the electrolyte
(Fig. 7b). Consequently, the MP-based cells reached an average
efficiency of 2.63%, remarkably higher than that of the
PEDOT:PSS-cells (0.60%) and almost twice that of their plati-
num counterpart (Table 2, entry 18). The promising prospects
of carbon CE combined with T7/T, were further confirmed by
Tangtrakarn and co-workers in 2019,>** who presented a com-
parison of the electrocatalytic behavior of an annealed carbon-
based material obtained by arc evaporation method and plati-
num (Table 2, entry 19).

In 2012 Tian et al?**® demonstrated that T~/T, was also
effective in aqueous electrolyte in combination with two
organic dyes, D45 and D51. The efficiency obtained with the
aqueous electrolyte (2.6%) was even higher than that reached
using the corresponding ACN-based electrolyte (1.1%), which
is likely ascribed to the enhanced solubility of the compounds
and wettability of the hydrophobic dye-TiO, using Triton X as
the surfactant. However, these efficiencies were still unsatisfac-
tory compared to that of the iodine-based device (Table 2,
entry 20). Actually, the diffusion coefficient of DTT in pure
water was much lower than that of the triidiode couple.
Furthermore, the regeneration of D45 dye was found to be
4-times slower using TT /DTT compared to its iodine-based
counterpart. In the following years, the redox and chemical
properties of the thiolate/disulfide redox couple were custo-
mized via the modification of the substituents in the tetrazole
ring.>***® The main goal was to increase the solubility of
these sulfur-based compounds in organic solvents. In fact, the
low solubility of T7/T, still represents a sizeable issue in the
use of organic sulfur-based redox mediators. Accordingly, it
should be noted that to thoughtfully choose a redox couple, a
benefit/cost analysis should be also considered, for example,
we reported the case of the T7/T, redox mediator. It could be
easily substituted with different alkyl moieties (e.g. butyl,
hexyl, and octyl) by following the same synthetic route and
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with almost quantitative yields.>*® However, the alkylthiocya-
nates employed as precursors have different prices, for
example 8 € per g, 5 € per g and 103 € per g for 1-butyl, 1-hexyl
and 1-octyl thiocyanate, respectively, where the latter is too
high to be considered cost-effective.

With the aim of increasing the redox potential and speed-
ing up the reduction process, Rahman et al.>*’ reported the
easy preparation of 5-methylthio-1,3,4-thiadiazole-2-thiol
(MTDT)/5-methylthio-1,3,4-thiadiazolium disulfide dication
(MTDD*) as a redox mediator (Fig. 6c), which was then com-
bined with PEDOT CE and indolenine D205 dye or CdS
quantum dots (QDs) as sensitizers. The well-matched combi-
nation of the MTDT/MTDD*" redox shuttle with PEDOT CE
and favorable band alignment of the sensitizers with the redox
potential led to efficiency values of 3.55% and 1.20% with
D205 and CdS, respectively, which were still lower than that of
the reference device (Table 2, entry 21). This was attributed to
both ionic conductivity (0.52 S m™', four times lower) and
diffusion issues (D of MTDD*" in ACN is roughly two orders of
magnitude lower). Bhargava et al.>®® substituted the methyl
group with a phenyl group (Fig. 6¢) in 5-mercaptotetrazole,
which was used in combination with a 20 pm-thick carbon CE.
The different substituents on the tetrazole ring had a funda-
mental effect on the self-assembly properties of the electrolyte;
specifically, the 1-phenyl substituted redox couple formed a
protective monolayer on the surface of the CE, which worked
as a surface-passivating agent to limit corrosion and recombi-
nation phenomena at the interface. Under the optimized con-
ditions, an overall efficiency of 4.6% was achieved (Table 2,
entry 22). The dual effect of 1-phenyl-5-mercaptotetrazole and
its dimeric form was also demonstrated in p-type DSSCs, with
sensitized-NiO as the photocathode (PCE = 0.51%).>*"

In conclusion, several alternative redox mediators have
been reported, but much work has still to be done in tuning
the chemical, electrochemical and physical features of these
compounds, considering also the sustainability of the raw
materials and the processes involved. It should be noted that
the thoughtful development of redox mediators cannot over-
look the synergic behavior of both the sensitizer (which needs
to be regenerated by the redox mediator) and the counter-elec-
trode (thanks to which the redox mediator is reduced again).
Additionally, the above-presented materials have been
designed for a specific application in liquid (or at least quasi-
solid) electrolyte, whereas a substantially different paradigm is
required considering their application in solid-state DSSCs
(see section 2.2.3).

Two other examples of the use of T/T, as a redox mediator
are worth mentioning,>®>*** in which the efforts of the
authors were devoted to the replacement of organic solvents
and the realization of non-volatile, non-flammable and stable
electrolytes. In the first case,”* succinonitrile (SCN) was mixed
with T7/T, and used as a quasi-solid electrolyte, having the
positive characteristics of ensuring good contact with the elec-
trode materials, maintaining acceptable ionic conductivity,
and simultaneously, avoiding the leakage of the electrolyte
(Fig. 7c). Specifically, SCN is a solid non-ionic polymer with
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high polarity, which can dissolve various types of salts. Under
the optimized conditions, a remarkable PCE of 3.52% was
achieved (Table 2, entry 23).>°?

In the second example,® Tan and co-workers firstly
demonstrated a crystalline DSSC electrolyte with the T7/T,
redox couple, which was obtained in the form of a smectic
liquid crystal by mixing 1-dodecyl-3-methyl-1H-imidazol-3-ium,
1-methyl-1H-tetrazole-5-thiolate ([C;,MIm]|[T]) and di-5-(1-
methyltetrazole) disulfide in a 2: 1 ratio (Fig. 7d). The smectic
liquid crystal allowed its highly mobile 2D pathways to be
exploited, resulting in remarkable PCE of 4.1% (Table 2,
entry 24).

2.2.2 On the use of water as an alternative, sustainable
electrolyte solvent. Traditional DSSC electrolytes are made of
organic solvents, mainly nitrile-based, which are characterized
by several drawbacks, primarily including toxicity, related
severe environmental impact, high vapor pressure, and in
some cases, explosiveness, where this issue affects their safety
and seriously limits their practical applications in DSSCs,
especially if indoor applications are envisaged.>* Accordingly,
water represents an effective solution due to its strong sol-
vation ability, inertness and low viscosity. However, the DSSC
community has historically considered water as a poison for
cell stability, and this forced the design of robust encapsula-
tion systems'® and specifically conceived barrier materials."*®
However, despite these precautions, traces are
always present in the mesopores of the photoanode layer and
in the electrolytic solution, where water contamination expo-

water

nentially increases if plastic/flexible architectures are envi-
saged. Actually, water permeation in these materials is rather
high (i.e., 0.01 g m~> day™'), which may account for a water
content exceeding 10 wt% after one year of real outdoor
use.llO,ZSS

Obviously, water is non-toxic compared to organic solvents,
and thus intrinsically safe and non-hazardous. Nevertheless,
water is a natural resource and its contamination must be care-
fully considered. Actually, the main issue when using water as
a solvent is not represented by its supply, but rather by its puri-
fication, recovery and disposal.>*®**” Moreover, to obtain good
photoconversion efficiency, ultrapure water is mandatory,
leading to a significant increase in the overall cost of the
device (mainly due to energy-demanding purification pro-
cedures), which in turn lowers its sustainability. Our group is
involved in an LCA analysis on the economic impact of the
employment of ultrapure water. Indeed, the production
process of ultrapure water is highly energy-demanding,
affecting the impact of the resulting devices. A more sustain-
able option may be the employment of wastewater or tap
water, but we did not find any report on this topic. Clearly, it is
worth highlighting that water displays many attractive features
as a solvent, but its use has its own barriers and set of pro-
blems,*” especially when organic molecules are involved.
Preliminary investigations towards aqueous DSSCs involved
either the use of traditional electrolytes and dyes or the investi-
gation of non-fully aqueous electrolytes comprised of different
ratios of water and organic solvents.>”® Nowadays, the trend is
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to completely re-think the chemistry aimed at fabricating fully
aqueous DSSCs by making use, for instance, of surfactants.>*”

The seminal paper by O'Regan et al. in 2010 placed water at
the center of the research of a new, truly green DSSC, which
exploit it as the main component of the electrolyte. This rep-
resented a recent turning point in the research on photoelec-
trochemical cells.>®® The amount of methoxypropionitrile
(MPN) and water was varied when preparing different electro-
lytes (PMII 2.0 M, I, 50 mM, GuSCN 0.10 M and TBP 0.5 M;
PMII = 1-propyl-3-methylimidazolium iodide; GuSCN = guani-
dinium thiocyanate; TBP = 4-tert-butylpyridine, respectively).
Besides, a hydrophobic dye (TG6) was chosen and 1% Triton
X-100 surfactant was introduced into the electrolyte to avoid
phase separation. The basic functions of the DSSC (injection,
regeneration and transport) worked properly at all water con-
centration levels, even at an H,O content as high as 80 vol%,
and lab-scale cells showed limited losses of 7% and 8% in Js¢
and Vo, respectively, after 1000 h at 1 sun illumination (35 °C
with UV-filter).

In the last decade, the scientific community has spent con-
siderable efforts aimed at using bare water as a solvent. In the
context of green chemistry and circular economy milestones,
DSSCs fabricated with water-based electrolytes are foreseen to
guarantee reduced costs, non-flammability, lower volatility and
improved environmental compatibility without neglecting the
importance of water as a precious resource. However, this
approach is extremely challenging from both the chemical and
materials science viewpoints, although an increasing number
of electrodes, dyes and electrolyte components has already
been proposed for operating in an aqueous environment."*°
This also matches with the initial purpose of the inventors of
DSSCs, viz. the construction of an artificial photosynthetic
system that can convert solar light into electricity; by using
only water as the key electrolyte component we will be close to
achieving photosynthesis, also paving the way for the wide-
spread distribution of sustainable PV cells in the market.
Besides being inexpensive and inherently safe, aqueous DSSCs
clearly do not suffer from water contamination issues, with the
added value of easily solvating many potential redox
mediators. In recent years, photoanode modifications, selec-
tion of specifically conceived redox couples, introduction of
novel additives and surfactants, preparation of suitable cath-
odes and jellification of electrolytes have rapidly led to the
assembly of 100% aqueous solar cells (see Table 3). Note that
100% aqueous solar cell means water as the only solvent. The
wide variety of cell components clearly reveals that a unique
strategy to achieve good efficiencies in the presence of
aqueous electrolytes is not available to date. Indeed, the TiO,
electrode structure, dye molecules, redox pairs and related con-
centration, cathode type and cell thickness are all extremely
variable and current efficiency records approaching 7% rep-
resent, in principle, a solid milestone considering future
optimization in this field.>**

Among these studies, two of them emerge in terms of sus-
tainability-related aspects, namely the work by Lin et al.>*> and
Fayad et al.*®* The article by Lin et al.*® firstly showed a 100%
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water-based device bearing a metal-free sensitizer and redox-
shuttle. Anthracene/phenothiazine units were used as spacers
for the MD3 dye, which in the presence of CDCA, was able to
match the performance of N719 in standard lab-scale devices.
In an aqueous environment, a dual-TEMPO iodide electrolyte
(JC-IL) was proposed, which led to an efficiency of 4.96%.
Besides enhancing the Vo to 0.77 V, the TEMPO-based redox
couple avoids the use of cobalt, and thus is considered a big
step forward to a sustainable path. However, TEMPO is toxic to
aquatic life, it is highly persistent and can accumulate in the
environment. Even if this is not widely known in the solar har-
vesting community, in other fields (e.g., catalysis) researchers
are placing huge efforts on the reuse/recycling of TEMPO or its
immobilization into polymeric matrixes.?®’

The sulfide/polysulfide couple is a valid alternative in
aqueous environment. It was investigated by Fayad et al.>** in
combination with a zwitterionic and thiocyanate-free dye
(namely, T169). The resulting solar cells demonstrated very
high current densities (Jsc = 13.30 mA cm™>) and a PCE of
4.5%, which were rather stable after 2000 h of aging test
(limited 3.3% performance decay). The sustainability of this
sulfur-based electrolyte should be fully understood starting
from its precursor, ie. 1-(2-hydroxyethyl)-5-mercaptotetrazole,
the synthesis of which involves several steps. Even though a
couple of LCA studies on DSSCs were published in recent
years, further efforts should be focused on the proper under-
standing of the concrete impact of these alternative redox shut-
tles. Actually, in some cases, issues related to the use of sol-
vents and energy spent for the whole synthesis place these
emerging systems not so far from the traditional systems
based on cobalt or organic electrolytes.

Independently from the specific literature articles under
analysis, some common aspects related to aqueous DSSCs
emerge. Firstly, platinum is still highly used within the
aqueous DSSC community; when considering the widespread
practical application of these devices on a large-scale, this rep-
resents an obstacle to be overcome soon due to cost-related
reasons. Secondly, half of the proposed redox couples are
based on cobalt, and this is even more critical since it results
in safety and environmental issues. Thirdly, a clear strategy to
design molecular dyes is still scarce since it requires the devel-
opment of a photoanode showing good wettability, while con-
currently preventing dye desorption by water. Finally, the ana-
lysis of solar cell parameters highlights Jsc values that are
roughly half of those recorded by the corresponding organic
electrolyte-based cells. The reason for the low current of water-
based DSSCs is still unclear, but likely ascribed to the contri-
butions of weak electrolyte penetration in the whole electrode
thickness and the fraction of recombination at the photo-
anode/electrolyte interface.

A further interesting strategy in the field of aqueous DSSCs
deals with the preparation of hydrogel electrolytes, with the
aim of increasing cell stability and facilitating device assembly
with printing techniques. Notably, the first examples of this
type involved the use of polymeric matrices obtained by non-
oil-derived sources.”’® Xiang et al. and Zhang et al. prepared
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Table 3 List of the most efficient 100% aqueous DSSCs, characterized under 1 sun irradiation (AM 1.5G), with their main components, advantages,
drawbacks, highest recorded efficiencies and corresponding reference articles

PCE
Anode Dye  Electrolyte Cathode Pros Issues (%) Entry™"
TiO, (4.5 pm) + D149 Gul 8.0 M, I, 20 mM and CDCA Platinum « Cobalt-free « High iodide 4.1 1262
TiCl, until saturation concentration
required (8.0 M)

BL + TiO, MK-2 K,Fe(CN)g 0.40 M, K3Fe(CN), Platinum « Cheap formulation « Unstable, presence 4.1 2104
(1.3 pm T+ 5 pm 40 mM, KCl 0.10 M, Trizma-HCl mirror of cyanide
SL) + TiCl, buffer 50 mM (pH 8) and Tween 20

0.1%
TiO, (1 pm T + MK-2  [Co(bpy)s]*" 0.20 M, [Co(bpy);]** Platinum - Simple « Cobalt-based 4.2 3293
3 pm SL) 40 mM, NMBI 0.70 M and PEG 300 photoanode

1% fabrication
TiO, (BL+4pm LEG4 TEMPO 0.15 M, TEMPOBF, 50 mM,  Platinum « Metal-free redox « Acute toxicity of 41 4732
T+ 4 pm SL) + LiClO4 0.10 M and NMBI 0.20 M shuttle NMBI
TiCl,
TiCl, + TiO, T169 T /T, 0.4/0.4 M, Triton X-100 0.1%, PEDOT « Metal-free redox + 25% PCE loss in 4.5 5264
(14 pm + 6 pm pH 5.0 shuttle and cathode 2000 h
SL) + TiCl,
TiO, (9 pm T + MD3 TEMPO 0.40 M, NOBF, 0.40 M, Lil  Platinum « Metal-free redox « 8 components in the 5.0 6>
3 pm SL) 0.10 M, I, 50 mM, DMPII 0.60 M, shuttle electrolyte

GuSCN 0.10 M and Tween 20 0.1%
TiO, (1 pm T + MK-2  [Co(bpy)s]*" 0.20 M, [Co(bpy);]** Platinum:  « Lowering Pt « Cobalt-based 5.0 7°%3
3 pm SL) 40 mM, NMBI 0.70 M and PEG 300  ITO amount by adding

1% ITO
TiO, (7 pm) + D51 [Co(bpy-pz);]Cl, 0.13 M, [Co(bpy- PEDOT « Improved « Cobalt-based 5.5 82¢¢
TiCl, pz)3]Cl; 60 mM, NMBI 0.80 M solubility of the

redox shuttle

TiO, (1 pm T + MK-2  [Co(bpy);](NOs), 0.20 M, [Co(bpy);]  Platinum « Stability (0% PCE  « Cobalt-based 5.6 9%¢7
3 pm SL) + TiCl, (NOs); 40 mM, NMBI 0.70 M and decrease in 500 h)

PEG 300 1 wt%
TiO, (10 pm) EO3  JC-IL 0.40 M and NOBF, 0.40 M Platinum « Dual metal-free « Stability not 6.0 10%®

redox couple demonstrated

TiO, (BL + D149 Nal 1.0 M and I, 10 mM cPEDOT « Metal-free redox « Impact of D149 7.0 1121
12.5 pm) + TiCl, shuttle, dye and synthesis

Gul = guanidinium iodide; BL = blocking layer; T =

transparent layer; SL =

cathode

scattering layer; PEG = poly(ethylene glycol); NMBI =

N-methylbenzimidazole; DMPII = 1,2-dimethyl-3-propylimidazolium iodide; and cPEDOT = cationic PEDOT.

hydrogels using gelatin, a widely available, non-toxic and bio-
degradable polypeptide made by the hydrolytic degradation of
collagen.””"*”*> In a recent work, the use of cellulose gum,
widely known as carboxymethyl cellulose (CMC),>°® allowed
the development of homogenous gels with less than 10 wt%
CMC in the aqueous electrolyte. The resulting lab-scale devices
demonstrated a remarkable efficiency retention of 93% after
one month of storage in the dark, and excellent stability when
subjected to a further month of thermal aging at 60 °C in an
oven.

2.2.3 Beyond liquid-state electrolytes. When screening
DSSCs in the literature, a progressive transition clearly
emerges from studies focused on liquid electrolytes (during
the first years after the 1991 seminal paper) to articles dealing
with quasi-solid systems (i.e. physically or chemically gelled by
means of polymers or nanoparticles);*”® subsequently, comple-
tely solid cells were proposed.®® The rationale behind this evol-
ution is clearly based on the stability issues, as well as on the
difficulty of perfectly sealing a liquid electrolyte between two
pieces of glass. However, to date, it is rarely discussed in the
DSSC community how this is in contrast with the fact that the
first industries entering in the market proposed DSSCs (con-
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ceived for architectural integration or portable electronics)
based on liquid electrolytes.

Considering the aspects strictly related to sustainability,
quasi-solid electrolytes do not represent a concrete step
forward. In fact, they are usually made of the same salts, sol-
vents and additives used for the preparation of traditional
liquid electrolytes. Moreover, in most cases, a thermoplastic
polymer derived from oil is used to jellify the system, nega-
tively influencing the sustainability-driven trade-off. Also, con-
sidering the working mechanism, there is no substantial
difference between quasi-solid and liquid electrolytes, where
on one hand, the regeneration of the dye is always based on
the electron injection from the redox potential of the mediator
to the HOMO level of the dye. On the other hand, the regener-
ation of the mediator is always based on the mass diffusion of
the redox mediator between the cell electrodes. The presence
of a polymeric membrane can negatively influence the
diffusion of the mediator throughout the electrolyte, but sim-
ultaneously, it can protect the latter from unwanted charge
recombination at the TiO,/electrolyte interface. Several reviews
have been published on this issue to date,””**”> from which a
good step forward in terms of industrial stability and processa-

This journal is © The Royal Society of Chemistry 2020
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bility emerges (e.g., through printing techniques), but this is
overall accompanied by a step backward in terms of device
sustainability.

Replacing liquid-based systems with solid semiconducting
materials started to be concretely possible in 1998, when Bach
et al. demonstrated the hole-transporting ability of 2,2',7,7'-
tetrakis-(N,N-di-pmethoxyphenylamine)-9,9'-spirobifluorene
(Spiro-OMeTAD).?”® Currently, this represents one of the most
attractive solid-state p-type charge transporting layers due to
its adequate TiO, pore-filling capability and very efficient light-
induced charge carrier generation at the heterojunction. Spiro-
OMeTAD completely changed the working mechanism of
DSSCs, passing from the diffusion of a redox shuttle to the
hole-hopping process through a very thin layer separating the
electrodes. On the other hand, this solid-state compound led
to poor interfacial contacts, causing interface electrostatics to
become one of the limiting factors for reproducible, efficient
and stable devices.>”” However, the most important issues
regarding Spiro-OMeTAD are related to its sensitivity to both
moisture and oxygen and its high production costs, mainly
due to its lengthy synthesis protocol, which is low yield with a
considerable impact in terms of solvents used for the separ-
ation and purification steps.>’®?”° Furthermore, it necessitates
the addition of additives based on lithium and/or cobalt
(a well-known CRM) to boost its conductivity and hole mobi-
lity, thus making this system far from the sustainability targets
of the DSSC scenario. Accordingly, the development of alterna-
tives to Spiro-OMeTAD is now an urgent research topic, mainly
in the field of PSCs, where the hole transporting material must
be in the solid state.*®°

Plastic crystals, i.e. crystals consisting of weakly interacting
molecules bearing some conformational or orientational
degree of freedom, entered the solid-state DSSCs scenario a
few times. After some seminal studies on succinonitrile,*®'
some groups proposed organic ionic plastic crystals utilizing
pyrrolidinium, phosphonium and quaternary ammonium
cations.”®® These systems are solid, show poor volatility and
high ionic conductivity (which can be further increased by the
addition of SiO, nanoparticles), targeting a PCE of close to
8%. They can be liquefied at mild temperature to allow cell
filling and then become solid; indeed, plastic crystals function
as a solid solvent for the iodine-based redox shuttle. However,
the sustainability of this approach is poor (or, at least, not
better than that of liquid organic electrolytes). Indeed, the pro-
duction of succinonitrile involves the addition of HCN to acry-
lonitrile, which are both strictly connected to impactful indus-
trial preparation protocols.>®

As a third type of solid DSSC, “zombie solar cells” emerged
in recent years when liquid DSSCs based on copper complexes,
such as [Cu(tmby),]*""*, were dried and the redox shuttle was
able to work as a solid hole-conducting species.?®* To date,
this approach can give PCE values of up to 11.7%, being the
highest ever obtained for solid-state DSSCs.">® Interestingly,
photocurrent dynamics as a function of irradiation intensity
showed that the Jsc depends linearly on the light power, thus
clarifying the absence of mass transport limitations, which
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can instead be present in the case of copper complexes usually
employed in liquid electrolytes. Thus, an LCA study of this
approach will be crucial at this stage. In fact, the ability to fab-
ricate solid-state DSSCs based on copper can leads to the sim-
ultaneous achievement of sustainability, stability and high
efficiencies.

2.2.4 Final remarks on electrolytes. As discussed above,
many alternative redox couples have been proposed to date,
which can be potentially derived from renewable sources or
waste products. This actually limits issues related to the use of
CRMs and allows the electrolyte components to be sustainable.
However, as reported in Table 3, in most cases, the use of
organic solvents in the electrolyte and high energy-consuming
synthetic procedures threaten the sustainability of these
alternative redox couples. Consequently, extensive research
still has to be focused on new materials and reliable pro-
cedures. In summary, several alternative redox couples to the
traditional iodine and cobalt have been here reported. When
using metal-based redox couples, their natural abundance,
availability and the eventual recovery must be considered and
correlated with their effective properties. As an example, iron
is a very abundant metal in the Earth’s crust. However, its com-
plexes, when used as redox mediators in DSSCs, resulted in
several problems, such as O,  sensitivity, photodegradation
and high recombination rate. On the other hand, copper com-
plexes present several advantages, such as low light absorption
in the visible region, high dye regeneration efficiency, efficient
regeneration at the CE, and stability. However, the synthesis of
specific ligands (based on phenanthroline) and complexes is
far from being “sustainable” since it involves the use of toxic
organic solvents and inert N, or an Ar atmosphere. In addition
to metal-based complexes, completely organic redox mediators
were considered, such as TEMPO™ and sulphur-based ones.
Concerning the TEMPO”" redox couple, the main issues are
its lower regeneration efficiency and electron lifetime com-
pared to that of the traditional cobalt and iodine. Thus, the
use of thinner photoanodes must be considered in order to
reduce recombination losses and improve electron collection.
Finally, sulphur-based compounds are the most investigated
in the wide plethora of alternative redox couples. Actually, they
offer several advantages, such as ease of preparation, non-cor-
rosiveness and negligible light absorption in the visible
region. Also, although they cannot be used in combination
with traditional platinum CEs, they work well with alternative
candidates, such as PEDOT or carbonaceous materials.

The choice of the redox pair must also be accompanied by
the adequate replacement of organic solvents (in the case of
liquid-state DSSCs). Although the long-term stability of
aqueous-DSSCs is not unambiguously accepted, water certainly
represents a winning choice for this purpose, especially con-
sidering that commercial DSSCs are now assembled with
liquid electrolytes and the introduction of water as a solvent
does not require invasive intervention in production plants.
Achieving a truly aqueous solar cell with high efficiency at the
level of its organic-based electrolyte counterparts represents
the Holy Grail for the DSSC community, which is strongly
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focused on the development of sustainable, cheap and scal-
able technology with unique features, especially if indoor and
portable objects are envisaged. Accordingly, the issues related
to the (ultra)purification of water should be carefully evaluated
to classify aqueous DSSCs as truly sustainable technology.

Beside the development of water-based DSSCs, the discov-
ery of the remarkable performance exhibited by the copper-
based “Zombie-cell” has opened a new branch in the field of
hole transporters. This strategy, which has offered efficiencies
of above 11% to date, can became an unprecedent break-
through in the realization of truly sustainable DSSCs if in-
depth LCA studies show adequate figures of merit. To date,
this solution has already demonstrated the ability of bypassing
the use of CRMs, such as cobalt, while simultaneously offering
high efficiency and stability.

2.3 Cost-effective and eco-sustainable counter-electrodes
(CEs)

285 since it cata-

The counter-electrode plays a key role in DSSCs
lyses the reduction (also known as regeneration) of the oxi-
dized species of the redox shuttle. Beyond good catalytic
activity, CEs should exhibit wide thermal and (photo)chemical
stability.*®® With regards to the regeneration mechanism, its
kinetics is mainly dependent on the nature of the redox
mediator and the physical status of the electrolyte more than
on the CE material itself (vide section 2.2). Indeed, the latter
should present a wide surface area in order to expose a large
number of catalytic sites. Accordingly, throughout this section,
we mainly focus on the morphological features of the different
classes of materials effectively employed as CEs together with
their electrochemical properties and relations with other
device components. Specific attention is paid on greener and
more sustainable synthetic and deposition approaches.

Concerning liquid and quasi-solid electrolytes, the
reduction of the redox mediator occurs in three steps as
follows: (i) the approaching and absorption of the reduced
species onto the surface of the CE; (ii) the regeneration reac-
tion; and (iii) the desorption of the oxidized species from the
surface of the CE into the electrolyte solution."® Therefore, a
good CE should avoid strong chemisorption of the redox
species to allow efficient regeneration kinetics. To compare
different type of CEs, two main parameters should be ana-
lysed, namely the charge transfer resistance (Rcr) and limiting
current density (/;ym). The former, usually obtained from
electrochemical impedance spectroscopy (EIS),”®” is a quanti-
tative detector of the resistance experienced by an electron to
be transferred from the CE to the oxidized species of the redox
couple. The latter is the maximum current density value a CE
can support. Thus, to have an efficient counter-electrode, a low
Rcr and high Jj;y, are required.

Historically, platinum is the CE of choice in DSSCs, but the
scientific community is searching for feasible alternative, sus-
tainable materials that are being and more readily
available.?®*®??® In addition, platinum tends to degrade when
in contact with the standard I;7/I” redox mediator, thus
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restricting its use on a large scale.****°® However, due to its
superior characteristics of high electrical conductivity and
electrocatalytic activity, finding and developing alternative CEs
to replace platinum is a significant challenge and huge
demand in the community.>*”

Recently, several research works have been focused on the
development of cost-effective platinum-free CEs. A plethora of
different materials were explored such as carbon-based
materials,?*® conducting polymers,>”**°° metal chalcogenides
and oxides,'**?%%3" nitrides®®> and metal/carbon compo-
sites.’®® Among them, hereafter we focus on carbonaceous
materials, metal-based compounds and composites since they
are the most effective in terms of both sustainability and scal-
ability. We decided not to discuss polymeric films because
despite their good catalytic activity, they usually require rather
time- and energy-demanding synthetic procedures and the
employment of toxic solvents that increases the CED and
lowers the sustainability of the corresponding devices.*** The
most sustainable approaches to obtain efficient CEs are briefly
described. It is worth mentioning that a 100% green and sus-
tainable approach is actually unpractical or at least has not
been discovered, to the best of our knowledge. Therefore, we
referred to papers aiming at reducing the environmental
impact in terms of CE production, which avoid the use of
CRMs, hazardous solvents or chemicals and harsh procedures,
while concurrently demonstrating PCE values close or even
higher than that recorded with standard platinum-based refer-
ence devices. Furthermore, due to the large number of reports
on this topic, we specifically focus on the most recent (i.e. last
year) papers. Indeed, the purpose of this chapter is to evidence
some useful approaches towards sustainable, futuristic
cathode materials for DSSCs rather than just give a simple
comprehensive overview. It should be noted that a definite
verdict on the sustainability of a specific material can be
drawn just after a specific LCA.

2.3.1 Carbon-based CEs. Among the different carbon-
aceous materials,>*>?° graphite was firstly investigated mainly
due to its large availability. However, natural graphite has been
evaluated as a critical material since 2011 by the EU.® This cri-
ticality assessment is based on its economic importance,
supply risk and proven and readily available substitutes (both
from a cost and performance perspective). Graphite is critical
especially due to its low substitution potential in refractories,
in particular for steel production, and for its large commercial
use as an Li-ion battery anode. However, graphite is claimed as
a “green” material because of its simple, time/energy saving
deposition procedure even under ambient conditions. Pristine
graphite shows high electronic conductivity, but its catalytic
ability toward triiodide reduction is quite poor. This is mainly
ascribable to its limited surface area (i.e., few catalytic sites)
and slow electron transfer on the z-axis, which results from its
intrinsic plane-to-plane structure.’*’°® In contrast, owing to
their high surface area-to-volume ratio and stability, the use of
both carbon black?**?'® and carbon nanotubes®' is very
promising to obtain excellent performances. Unfortunately,
the synthesis of carbon black usually involves operation at very
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high temperatures,®'*?*"?
obtained using rather expensive and harsh templates.

It is worth mentioning that even though the eco-friendli-
ness of carbonaceous materials is widely accepted, their sus-
tainability is tightly linked to both the source of their precur-
sors and manufacturing approach, which should be con-
sidered in green metrics analyses.>'® Accordingly, the use of
harsh solvents and the production of carbon dioxide should
be minimized. Moreover, the existing carbon-based CEs still
demonstrate unsatisfactory features/performances, and overall,
provide lower electrocatalytic activity compared to the standard
platinum electrode when classical redox couples are employed.
Consequently, further material design and innovation are
required to boost the intrinsic electrocatalytic activity of car-
bonaceous materials. Moreover, it is worth noting that the use
of platinum-free CEs is not always cost-effective and environ-
mentally friendly. Sometimes, indeed, the impact of the pro-
duction process of tailored materials is observed to even
exceed that with the use of bare platinum. Thus, to reduce the
environmental impact, a valuable approach is to use bio-
derived waste as carbon sources and reduce the number of pro-
duction steps, leading to a lower CED. Recently, different

and high surface area CNTs are
314,315
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biomass/bio-waste, including coffee waste,®"” corn straw,*'®
leaves,®™® mangosteel peels,’””” potato peels and waste resi-
dues,**° were exploited and transformed into biochar for appli-
cation as CEs.

Very recently, Di and co-workers showed a carbon-based
matrix obtained through the pyrolysis of humic acid at high
temperature and under an inert atmosphere (Fig. 8a).>>" The
precursor was a sub-product of the microbial biodegradation
of organic biomass. Even though the process was relatively
time consuming (1 day) and required a high pyrolysis tempera-
ture (i.e., 900 °C), the use of a secondary raw material made
this approach more environmentally sustainable from a circu-
lar economy viewpoint compared to that using virgin
materials. The electrocatalytic properties (toward the triiodide
reduction) of the newly synthesised material were lower than
that of platinum. Nonetheless, by cell testing the authors
recorded a remarkable PCE of 6.14%, which is only slightly
lower than that of the platinum-based reference cell (7.1%),
likely because of the lower current density of the carbonaceous
matrix (Table 4, entry 1), and suggested improvements include
functionalisation with cheap metal atoms (i.e., nickel). The
use of waste derived from fruits and vegetables to produce

Ig (J/ mA cm?)

-0.2 0.0 0.2 04 0.6 0.8
Potential / V

Fig. 8 SEM images of different carbon-based nanostructures derived from waste materials: (a) humic acid (adapted from ref. 321), (b) orange peels
(adapted from ref. 322), and (c) pomelo peels (adapted from ref. 323). Electrochemical impedance spectroscopy (EIS, (d)) and Tafel polarization
curve (e) of pomelo peel-derived CEs made by different synthetic routes (adapted from ref. 323).
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Table 4 Summary of the various materials implemented as the most sustainable CEs in DSSCs

View Article Online

Green Chemistry

Class Material Pros Issues PCE vs. platinum  Entry™"
Carbonaceous Humic acid » Sub-product of biodegradation - 1 day reaction -13% 132
+ High temperature
Orange fiber « Waste-derived « Use of cobalt n.a. 2°%?
Pomelo peels « Waste-derived « High temperature Slightly better 3323
+ CRM-free
2-Methyl-8-hydroxy quinolinol  « Cheap source « Very high temperature —27% 43
« CRM-free » CO, emission
« Binders
Silicon rubber - Textile-based « Poor PCE Very low 532%
» Low temperature
TM compounds  Co0;S,/MoS, « Low temperature « Use of DMF Slightly better 628
+ (Amorphous) » Use of cobalt
+ Argon atmosphere
MoS, « Low temperature « Not relevant Slightly lower 73%9
« Bifacial device
+ No sintering
CoS - Direct growth - Use of cobalt -11% g3
« Low temperature « 1 day reaction
+ No sintering
Ni/Zn$S « Direct growth « 1 day reaction Extremely lower ~ 9%°
+ Low temperature « Slow I, regeneration
« No sintering
FeS « CRM-free « Moderate PCE Slightly lower 10%3%¢
« Moderate temperature
FeS@C « CRM-free « Very high temperature Slightly better 11%3%¢
* Glucose as carbon source « Long reaction
+ Argon atmosphere
NiMoS, « Cheap sources « Use of thiourea Slightly better 12338
» Low temperature
« Water-based
TiS, « Direct growth « High voltage Comparable 13%%
« Use of NH,F
» Sulfidation step
NiSe « Direct growth « Use of thiourea +20% 14343
« Electrodeposition
» Water-based
SnSe « Direct growth « High temperature Extremely lower  15°"
+ CRM-free + Argon atmosphere
Cu/FeSe « Direct growth « Complex Slightly better 16°*%
» Scalable » N, atmosphere
+ Use of oleylamine
VSe, « CRMs-free « CO, emission +10% 17340
« Low temperature
+ (Crystalline)
+ Water-based
Cu,0 « CRMs-free + Low PCE Lower 18341
« Simple approach
La, ,Cay ;MnO; « CRM-free « Use of lanthanum Lower 19342
+ Use of EDTA
« High temperature
FeTa,0q « CRM-free « Low surface area Lower 20%43
« Moderate temperature
FeTa,0,@C « CRMs-free « Not relevant Slightly better 21%°
« Carbon from waste
« Moderate temperature
Composites MoS,/rGO - Low temperature - Long time Slightly lower 22°%
« Hydrogen as reductant + Use of DMF
+ CRM-free
Ni;S,@carbon « CRM-free - Nitrogen atmosphere Comparable 23%7
» Water-based
« Carbon from glucose
Ni;S,@carbon/CNFs « CRM-free « Nitrogen atmosphere Higher 24%%7
» Water-based » Unknown source of CNFs
CuS/graphene + Low temperature + Unknown source of graphene ~ Comparable 25%0
+ Short time
+ CRM-free
Ni/CoP,@CNTs « Low temperature « Use of cobalt Higher 26%¢°

7198 | Green Chem., 2020, 22, 7168-7218

» Green precursor

+ Long time
» Unknown source of CNTs
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valuable CE materials has been recently investigated. Balanay
et al.*** exploited orange peels (Fig. 8b) as starting materials to
obtain carbonaceous CEs after grinding with Co(NO3), and fol-
lowing heat treatment at 200/300 °C. The higher the sintering
temperature, the better the catalytic performances of the CEs
(Table 4, entry 2), even though the slight amelioration did not
justify the increase in energy consumption. In a similar
approach, Yun and co-workers reported on the employment of
pomelo peels as a raw material (Fig. 8c).**? After washing with
water to remove impurities and grinding to finely pulverise the
precursor, the authors proposed three different methods to
obtain bio-derived carbonaceous films with controllable mor-
phologies. The first method simply consists of a chemical
degradation process (to disrupt the macromolecular structure
of pomelo peels) followed by microwave pyrolysis (500 W,
6 min), but the as-obtained powders showed an insufficient
Brunauer-Emmett-Teller (BET) specific surface area. To better
control the morphologies and the surface area of the powder,
the authors tested the effect of two consecutive carbonization
processes (at 500 °C and 800 °C). From a sustainability view-
point, the enhancement of the catalytic properties of the
materials after pyrolysis was negatively counterbalanced by the
higher energy consumption. In the third approach, aiming at
reducing both the energy consumption and the use of chemi-
cals, the macromolecular structure was hydrothermally dis-
rupted by avoiding the use of H;PO, and the annealing
process was limited to a single step at 500 °C for 2 h. The
latter method proved to be the best trade-off between good
catalytic activity and improved sustainability. For the final pro-
duction of the CE (Table 4, entry 3), the powder (dispersed in
isopropanol) was sprayed onto FTO and annealed at 400 °C for
30 min.

As already mentioned, the use of carbonaceous materials
as CEs in DSSCs has been reported and investigated world-
wide, but the sole use of carbon is not sufficient for the
resulting CE to be considered truly “sustainable”. Indeed,
various factors should be considered as follows: (i) the car-
bonaceous material under use should preferably come from
waste or low-cost precursor; (ii) the energy demand and the
CO, emissions should be minimized during the carboniz-
ation process; and (iii) the final material should exhibit good
catalytic properties. To exemplify this concept, it is worth
reporting the approach by Kumar et al,*** who carbonized
the commercial 2-methyl-8-hydroxy quinolinol under an inert
argon atmosphere. The starting material is relatively cheap
($30 per 100 g), but the process required a very high temp-
erature (1200 °C) and it produced more than 4 eq. of carbon
dioxide. Moreover, the carbonaceous powder could not be
directly deposited onto FTO, which required pre-dispersion
in polyvinylpyrrolidone (PVP) followed by doctor-blading. The
use of PVP binder forced to an additional sintering step
(450 °C, 1 h), leading to a lower PCE compared to the Pt-
based device (Table 4, entry 4). This is a clear example of
the production of a green, CRM-free material that is hardly
sustainable in our opinion, and clearly, it should be evalu-
ated after thorough LCA.
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As already discussed early in this section, we decided not to
tackle polymer-based CEs due to their barely sustainable syn-
thetic procedures and their poor solubility, which prevents the
production of CEs through solution processing. However, com-
pared to both carbonaceous materials and transition metal
compounds, polymers are elastic, and thus readily exploitable
in flexible and wearable electronics. Accordingly, among the
plethora of works on this topic, one example of a truly innova-
tive and sustainable approach, which is the specific aim of this
review, is that recently proposed by the Ehrmann’s group.®*®
They coated a conductive liquid silicone rubber (Powersil® 466
A/B) layer based on polydimethylsiloxane filled with carbon
black and graphite on a viscose cotton woven fabric, which
was employed as a CE in lab-scale DSSCs after being sintered
at 200 °C. Even though the PCE value was found to be rather
low (Table 4, entry 5), this work can be effectively considered
as the first interesting step toward the development of sustain-
able textile-based DSSCs.

2.3.2 Transition metal-based CEs. The green characteristics
of carbonaceous materials are somehow outshined by their
issues in terms of instability towards corrosive iodine-based
electrolyte.>”® Consequently, different classes of materials have
been exploited as alternative, efficient CEs in DSSCs.**® Among
them, transition metal-based compounds represent the best
trade-off between long-term stability, environmental impact
and sustainability, resulting in good catalytic activity toward
the most commonly employed redox couple, remarkable
chemical inertness and good electronic properties.

Among the transition-metal compounds, MoS, and more
broadly sulphides®® can be considered the most viable option
to replace platinum due to their abundance, low cost and com-
parable electrocatalytic behaviour. Vikraman et al. described a
chemical bath method to deposit MoS, directly onto FTO-
coated glass.**” However, the performances of the obtained
device were strongly dependent on the film deposition time,
which was layer grown for less than 20 min and unable to
support the current powered by the photoanode, resulting in a
very low FF. To enhance the PCE of pure MoS,, a mixed cobalt/
molybdenum sulphur composite was used. Qian et al. recently
reported on the synthesis of pure MoS, and CosS,/MoS, nano-
cubes (Fig. 9a) via hydrothermal route (200 °C for 18 h) in an
autoclave.?*® They obtained PCE values similar or even better
(mixed sulphur) than that of platinum-based devices (Table 4,
entry 6) and EIS evidenced a slightly lower charge transfer re-
sistance at the CE/electrolyte interface. Unfortunately, this
approach cannot be classified as “green” since it used DMF as
the solvent. Moreover, due to requirements in terms of
material crystallinity, a further annealing step (350 °C for 1 h
under an argon atmosphere) was added, which sensibly
increased the overall energy demand of the whole process,
thus lowering its sustainability. The (even partial) replacement
of molybdenum with cobalt is somehow critical.®’
Unfortunately, the chemical approach for the preparation of
the CEs affects the sustainability on a large-scale and also
leads to extremely thick substrates, thus affecting the transpar-
ency of DSSCs. Accordingly, to overcome these two issues in a
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Fig. 9 Transition-metal based nano- and microstructures of: (a) CozS4/MoS; nanocubes (adapted from ref. 328), (b) CoS nanoflakes (adapted from
ref. 334), (c) Cu5S4/CuS nano-hollows (adapted from ref. 337), (d) TiS, nanorods (adapted from ref. 339), (e) VSe, nanoflakes (adapted from ref. 340),
(f) Cu,O nanosponges (adapted from ref. 341), (g) Lag,Cao 3sMnO3 nanospheres (adapted from ref. 342) and (h) CuTa;00,6 Nanoplates (adapted from

ref. 343).

single stage, Jeong and co-workers reported an innovative
approach involving low-temperature (below 100 °C) atomic
layer deposition of nanometric films to be employed in bi-
facial devices.**® The as-obtained films did not require any sin-
tering step, which greatly reduced the total energy consump-
tion for the production of CEs. Remarkably, this material also

7200 | Green Chem., 2020, 22, 7168-7218

showed PCE values almost comparable (—8%) to that of the
control cells (Table 4, entry 7) due to its relatively high i, and
low R¢r (Fig. 10a). On the other hand, CoS nanostructures can
be produced via simple and cost-effective procedures, with a
reduced number of synthetic steps.****? Accordingly, Ashok
Kumar et al. presented hierarchical CoS structures (Fig. 9b)

This journal is © The Royal Society of Chemistry 2020
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Fig. 10 EIS and Tafel polarization curves of (a) MoS, (adapted from ref. 329), (b) different TM sulphides (adapted from ref. 290), (c) cobalt and nickel
selenides (adapted from ref. 345) and (d) tantalum-based compounds (adapted from ref. 343).

directly grown on an FTO substrate via the hydrothermal
method,** in which they mixed the reactants (i.e., CoCl, and
thiourea) on the top of an FTO substrate inside a sealed auto-
clave. The layout was heated at 180 °C for 24 h, thus concur-
rently growing CoS structures that were tightly anchored onto
the conducting film support, avoiding any further deposition
step. Then, they tested a similar approach to synthesize a
plethora of binary and ternary sulphides, including cobalt,
nickel and/or zinc (Table 4, entries 8 and 9).>°° The best
results were obtained with the cobalt-containing ternary mix-
tures, whereas the cobalt-free electrodes mainly suffered from
a slow triiodide regeneration reaction, which minimized the
current density output (Fig. 10b). To completely avoid the use
of CRMs, Park and co-workers focused on the synthesis of crys-
talline pyrite (i.e., FeS) nanoparticles via hot-injection mould-
ing,**® which required a moderate operating temperature of
about 200 °C.>*® FeS nanoparticles were then spin-coated onto
FTO glass and used as CEs, giving slightly lower PCEs com-
pared to that of the platinum-based CEs (Table 4, entries 10

This journal is © The Royal Society of Chemistry 2020

and 11). To further improve the efficiency of the newly devel-
oped CEs, nanoparticles were supported on amorphous
carbon. However, even though the glucose carbon source can
be considered “green”, the supplementary synthetic procedure
was time and energy consuming (high temperature needed)
and required a completely inert atmosphere, which actually
invalidated the overall sustainability of this approach.

To completely avoid the use of CoS, Li et al.**” focused on
the hydrothermal synthesis of Cu,S,/CuS nano-hollows
(Fig. 9c), which mimicked the behaviour of platinum. The
authors reported the complete synthetic approach starting
from a copper salt and the use of cheap and less hazardous
precursors (i.e., Cu(NOs),, NaOH, ascorbic acid, and ethylene
glycol) to obtain Cu,O, avoiding the use of organic solvents;
this low-temperature solvothermal synthesis (using Na,S as the
sulphur source) leads to good PCE values in lab-scale devices.
These conditions accounted for the true sustainability of this
proposed approach, even though it was not definitely con-
firmed by LCA. Furthermore, when supported on GO, it
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showed lower charge transfer resistance and higher limiting
current density compared to that of Pt. Yang and Chen?*®
employed a low cost and scalable hydrothermal approach to
synthesize NiMoS, compounds using cheap, abundant and
very safe reactants (i.e., nickel acetate, sodium molybdate and
thiourea as nickel, molybdenum and sulphur sources, respect-
ively) using deionized water as the solvent and relatively low
temperature for heat treatment (200 °C for 12 h). Once
thoroughly washed and dried, an ethanol solution of the
corresponding compound was spin-coated onto FTO glass and
then dried at 140 °C. This approach confirms the possibility of
obtaining resistant, cheap and catalytically active materials
even at relatively low temperatures, effectively avoiding the use
of organic solvents (Table 4, entry 12).

Titanium is an abundant and relatively cheap material, and
thus usually employed in photoconversion devices. Schmuki
and co-workers reported the use of TiS, as an efficient alterna-
tive to platinum.**® A titanium thin layer (1 pm) was directly
evaporated onto FTO glass and then anodized at room temp-
erature in an EG : H,O solution of NH,F (60 V for 10 min; EG =
ethylene glycol). The as-obtained titanium oxide layer was ther-
mally converted to the anatase phase (450 °C for 1 h), which
showed very poor electrocatalytic properties. A further sulfida-
tion step was then required, which was performed in a quartz
tube under an H,S flow (500 °C). The process took 2 h for com-
pletion, and the resulting TiS,@FTO showed catalytic activity
comparable to that of platinum (Fig. 9d, Table 4, entry 13). If
we just consider the final material, this approach can be surely
classified as green; however, the use of fluorinated com-
pounds, high voltage and a sizeable amount of H,S does not
allow it to be considered truly sustainable.

One of the paradigms of sustainability is to reduce the
amount of energy required for the production of materials,
especially without a massive transition to renewables.
Consider this, it can be very useful to avoid high temperature
post-treatments, which are usually required to obtain crystal-
line materials. Lee and co-workers reported the direct solvo-
thermal growth of CoS nanostructures onto FTO using aniline
as the template, ethanol as the solvent and Co(NO;), as the
cobalt precursor. The reactants were mixed in an autoclave
containing clean FTO slides, and then thiourea was added as
the sulphur source and the sealed vessel was heated at 200 °C
for 12 h. The as-obtained films were directly employed as CEs,
leading to similar results compared to that of the control
devices.

Selenium can be effectively used in place of sulphur in
binary transition metal compounds due to its similar elec-
tronic structure and reactivity.>** Among the different pro-
duction methods to directly deposit catalytic films onto the
TCO substrate, Jiang and his group®*® focused their efforts on
the use of electrodeposition, which is a relatively cheap
method that completely avoids the use of harsh solvents and/
or toxic materials. Here, thiourea, selenium oxide and nickel
chloride in water were used as the sulphur, selenium and
nickel sources, respectively. The as-obtained CEs showed out-
standing catalytic properties, leading to a PCE of 7.54% (20%
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higher than that of the control device, Table 4, entry 14) due to
an increased Jsc and lower charge-transfer resistance, as
proven by both the J-V and EIS analyses (Fig. 10c). Due to the
relatively high PCE coupled with easy and cheap synthetic
path, these NiSe CEs can be considered cost-effective. A
similar approach was recently exploited by Ahn and co-workers
to deposit CoSe, films.>*® However, compared to previous
work, notwithstanding the promising PCE, the use of cobalt in
place of nickel reduces the sustainability of this route.

The green features of selenium-based materials are undis-
puted, especially when coupled to inexpensive, abundant and
hazardless cations, such as tin. However, their sustainability is
still under debate. As an example, Kishore Kumar and co-
workers®"” deposited SnSe films via manual screen-printing
onto FTO glass and annealed them in an inert atmosphere at
900 °C similar to platinum-CEs (Table 4, entry 15). Even
though avoiding the use of platinum looks like a great
improvement in terms of sustainability of the devices, the pro-
duction of SnSe is far from sustainable since the reaction is
carried out in a quartz tube at 900 °C for 24 h (relatively high
CED). Actually, the use of an extreme temperature seriously
increases the energy consumption of the overall process,
undermining the sustainability of these SnSe films.

The in situ hydrothermal growth method surely provides a
feasible, even if hardly scalable, approach for the fabrication
of MSe, films, which have good adhesion to FTO glass.
Recently, Chen et al**® reported an economic and scalable
hot-injection approach to produce copper/iron mixed selenide
nanocubes (Table 4, entry 16). The acetylacetonate precursor
salts of both metals were mixed in oleylamine and heated at
150 °C under a controlled nitrogen atmosphere to avoid oxi-
dation. Then, a selenium precursor solution was added, and
the temperature was increased to 250 °C. The excess oleyl-
amine was removed by ion exchange reaction and the surfac-
tant-free CuFeS, nanocubes were drop-casted onto FTO glass
and dried at 60 °C. In our opinion, the only drawback of this
approach is the replacement of water (a green solvent) with
oleylamine, which is still questionable in terms of environ-
mental impact. The as-obtained film demonstrated lower
charge transfer resistance and comparable limiting current
density compared to that of platinum, leading to almost iden-
tical PCE values.

An innovative approach was recently proposed by Ho and
co-workers®*® based on the use of VSe, as an electrocatalytic
material. Indeed, both vanadium and selenium and the result-
ing VSe, are not CRMs; moreover, the synthetic procedure is
relatively easy, and it does not require very high temperature
(i.e. 220 °C) or even hazardous reactants or solvent. Notably,
crystalline materials were obtained without any treatment at
high temperature (Fig. 9¢). The only drawback of this approach
is the high 13:1 ratio of moles of CO, per mole of VSe, pro-
duced, starting from SeO,, V,05 and C,H,0,-2H,0 precursors
dissolved in deionized water (Table 4, entry 17). Therefore,
alternative routes should be investigated with the aim to
reduce the amount of produced carbon dioxide without under-
mining the good catalytic properties of the material.

This journal is © The Royal Society of Chemistry 2020
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Compared to both selenides and sulphides, oxides are
more stable and cheaper CEs to produce. Interestingly, Miclau
and co-workers proposed a “full-copper” device, where Cu,O
was used as both the photocathode and CE,**" in which some
metallic copper nanoparticles (Fig. 9f) were dispersed to
enhance the catalytic activity toward the reduction of the redox
shuttle. The authors simply employed copper acetate as the
starting material and the synthesis was conducted in an auto-
clave (180 °C for 24 h). Since both electrodes were fabricated
using a p-type semiconductor, their PCE was relatively low
(Table 4, entry 18), but the simple and inexpensive synthetic
route made this approach appealing in terms of sustainability
of the final device. Alami and co-workers®**® attempted comp-
lementary approaches to obtain Cu,O@Cu films. Among
them, electrodeposition required the use of a strong oxidizing
acid (i.e., H,SO,), but a very short deposition time of 15 min.
The chemical bath approach led to a mixed oxide/hydroxide,
thus limiting the scalability of the procedure; however, the very
low sintering temperature (60 °C) sensibly reduced the overall
energy consumption. Finally, they carried out chemical ageing
(an ammonia-based water solution) for 24 h followed by
baking at 250 °C for 2 h. It should be noted that even if the
obtained PCE of the control device was very low mainly
because of the non-optimized photoanode, the Cu-based
device suffered from a lower FF compared to that of Pt, which
can be ascribed to the poor charge transfer at the electrolyte/
CE interface.

Li, Jin and co-workers presented a ternary oxide (ie.,
La,,Ca,3MnO; with a perovskite structure, (Fig. 9g) as a CE in
DSSCs, approaching the PCE of the platinum-based device
(Table 4, entry 19).>**> They claimed that their material was in-
expensive, but the use of lanthanum, a rare-earth element,
ethylenediaminetetraacetic acid (EDTA) as the coordinating
molecule and the high (900 °C) calcination temperature
seriously affected the sustainability of the proposed approach.
Yun et al recently explored the use of tantalum-based bi-
metallic oxides.*** They mixed TaCls (tantalum precursor) with
a nitrate secondary metal precursor (ie., iron, cobalt and
copper) in an ethanol solution, which was hydrothermally
treated at 200 °C for 18 h in an autoclave. The as-obtained pre-
cipitate was then annealed under nitrogen at 800 °C for 3 h to
obtain the corresponding oxides, FeTa,0s CoTa,0s and
CuTa; 0y, respectively (Fig. 9h, Table 4, entry 20). The latter
showed lower catalytic activity compared to the Pt-based CEs,
as proved by the electrochemical characterization (Fig. 10d).
To improve their photocatalytic properties without signifi-
cantly impairing the green characteristics of the approach, the
oxides were supported on a carbon matrix, which was obtained
from bio-sourced aloe peel waste (Table 4, entry 21).>*° Both
the pristine and the carbon-based powders were simply dis-
persed in isopropanol and sprayed onto a heated FTO sub-
strate and annealed at 400 °C (at least 100 °C lower than the
annealing temperature for platinum-based CEs). The best
efficiency was provided by the iron-modified supported oxide,
which outperformed the reference device, thus resulting in a
“green” and rather sustainable alternative to platinum.

This journal is © The Royal Society of Chemistry 2020
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2.3.3 Composite CEs. The use of composite materials is a
valuable approach to concurrently exploit the positive charac-
teristics of different materials.>®' However, as it is known, the
complexity of a  material negatively affects its
recyclability.’>®?** In the field of DSSCs, this seminal
approach was reported by Pang and co-workers,>> who
coupled the robustness and eco-friendly features of MoS, with
the electronic properties of reduced graphene oxide (rGO),
where the composite electrode achieved a PCE of 6.7% com-
pared to that of 0.74% and 3.18% for bare MoS, and rGO,
respectively (Table 4, entry 22). Notwithstanding the better per-
formance compared to the Pt-device, the proposed materials
suffered from relatively high series resistance (as proven by
EIS), which is a warning signal of the stable adhesion of the
film on the FTO substrate. With regards to the synthetic
approach, an MoS,/GO film was hydrothermally synthesized
(200 °C for 12 h) starting from a DMF/water solution of GO,
Na,MoO, and t-cysteine. The resulting material was then de-
posited onto FTO through blade-coating (Fig. 11a). A meaning-
ful step toward sustainability involved the use of a hydrogen
flux (under moderate vacuum) to reduce GO to rGO, thus com-
pletely avoiding hazardous chemical reductants.

The synthesis of composites is usually complicated, often
requiring a number of different steps and high temperatures,
thus negatively impacting the CED. Hydrothermal synthesis is
amongst the least impactful methods due to the small amount
of solvent required, good control of the characteristics of the
final material structural/morphological and the relatively low
energy demand. Metal sulphides usually show high catalytic
performances, but poor conductivity and structural instabil-
ity.*>® Thus, to overcome these issues, they are coupled with
carbonaceous materials such as CNTs or graphene, which
greatly enhance the overall conductivity of the resulting com-
posite. Li et al. exploited a mixture of Ni(NOs),, glucose, urea
and cysteine to obtain carbon-supported Ni;S; composites,
which showed catalytic features comparable to that of Pt
(Table 4, entry 23).**” The synthetic procedure can be con-
sidered as a further improvement towards more sustainable
DSSCs, even though the autoclave reaction (180 °C, 20 h), and
mainly the following sintering at 500 °C under nitrogen
somehow impair the green features of this approach. These
authors also reported the use of NizS,@C/CNTs CEs (Fig. 11b),
which outperformed the control device. This is mainly
ascribed to the increase in both FF and Jgc due to the combi-
nation of the electrochemical features of sulphur and carbon-
based materials. Nonetheless, the claim for the real sustain-
ability of this second approach should be verified after further
details on the production of CNTs are provided.

Some very interesting results were reported by Oh and co-
workers, who employed a perovskite-based material slightly
doped with GO as a very effective CE (Table 4, entries 24 and
25).%>® The best device (4% GO doping) achieved a remarkably
high PCE (i.e., 12.5%) even though the authors did not report
the value of the reference platinum-based device. It is worth
mentioning that GO sheets were synthetized via the Hummers’
method, which cannot be considered green since it involves
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Fig. 11 Nanostructures of composite materials: (a) MoS,@rGO nanoflakes (adapted from ref. 355), (b) NizS; nanospheres supported on carbon
nanotubes (adapted from ref. 357), (c) graphene-La,CdSnTiO4-WSe, nanopyramids (adapted from ref. 358), (d) hierarchical NiO@NiS@QG nano-
composites (adapted from ref. 359) and (e) Ni/CoP,@CNTSs nanostructures (adapted from ref. 360).

the use of concentrated H,SO,, KMnO,, H,0,. On the other
hand, the relatively small amount of GO used, also coupled
with the extremely good performance obtained, counterba-
lances the rather hazardous approach. Graphene-
La,CdSnTiO4-WSe, (G-LCT-W) hybrids (Fig. 11c) were prepared
via the hydrothermal method by mixing LCT, graphene and
WSe,, followed by heating at 150 °C for 15 h. The precipitate
was washed and dried several times, and then dispersed in
ethanol to obtain a slurry, which was finally deposited on FTO
trough doctor-blading at room temperature.

Rosei et al. presented a CuS/graphene composite, which
showed catalytic activity comparable to that of platinum
(5.73% vs. 5.78%, Table 4, entry 25).>*®" The most valuable
point of this approach is the relatively low sintering tempera-
ture required (100 °C for 15 min), even though a complete LCA
study is required. Indeed, even if the CuS precursors (ie.,
thioacetamide and copper nitrate trihydrate) were actually
“green”, the authors did not give any useful information about
the synthesis of graphene. However, if it was produced via a
sustainable approach, undoubtedly this work has to be con-

7204 | Green Chem., 2020, 22, 7168-7218

sidered as a meaningful milestone in the achievement of
100% green and sustainable CEs. Very recently, Silambarasan
and co-workers®® reported the synthesis of hierarchical
NiO@NiS@G nanocomposites (Fig. 11d) coupling the electro-
chemical ability of cheap NiO with the electronic properties of
graphene, thus leading to the fabrication of a more cost-
effective and CRM-free CEs, having similar efficiency values
compared to that of the platinum-based device.

An innovative composite was recently proposed by Feng and
co-workers®®® as an effective CE (Table 4, entry 26), where
nickel-cobalt phosphide supported on CNTs (Fig. 11e) was
obtained using cheap and green reactants and a sustainable
synthetic hydrothermal approach. Specifically, nickel and
cobalt oxalates were dissolved in deionized water and added
dropwise to a basic solution of CNTs, which was then heated
at 100 °C for 24 h in an autoclave. The nickel/cobalt mixed
hydroxide@CNT precipitate was obtained via a phosphoryl-
ation process using NaH,PO,, and then heat-treated at 300 °C
for 2 h. The performance of the NiO@NiS-based device was
partially jeopardized by its lower FF, which can be ascribed to

This journal is © The Royal Society of Chemistry 2020
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the adsorption phenomena of both triiodide and iodide
anions onto the NiO surface.*®®> However, even though the pro-
posed approach avoids the use of critical materials and/or pro-
cedures (only cobalt-based issue remains), the sustainability of
this approach is not clear because of the lack of information
on the precursors and the process for the production of CNTs.
If their renewable origin is confirmed, this approach has to be
included in the sustainable ways to obtain effective CEs that
outperform platinum-based CEs.

2.3.4 Final remarks on CEs. Throughout this section, we
discussed some feasible approaches to design and implement
environment-friendly, green and sustainable DSSC CEs, some
of which are also shown in Fig. 12. The most interesting and
valuable ones were summarized, mainly focusing on the type
of approach and related sustainability than on the bare PCE,
which is nonetheless a meaningful output considering practi-
cal application. Considering the plethora of approaches and
materials analysed, it is quite difficult to outline a hom-
ogenous and straightforward path, and only some general con-
siderations can be drawn.

True understanding of which is the most sustainable CE
material is questionable since LCA studies are rarely per-
formed. As the best practice: (i) the use of cobalt should be
minimized as much as possible, and most likely completely
avoided; (ii) transition-metal based materials should be pre-
ferred over carbonaceous ones in terms of better stability, even
though the latter are more convenient if “waste-sourced”; (iii)
oxides should be preferred over selenides and sulphides
because of the reduced number of additional synthetic steps
(i.e., selenization or sulfidation); and (iv) composites show the
most promising prospects, particularly if the synthetic pro-
cedures will be substantially improved in the coming future.
All these suggestions should be coupled with a thoughtful
choice of the most suitable redox mediator (without neglecting
the nature of the solvent and the presence of additives, if any),
and to better match the electronic features of the state-of-art
electrolyte (see section 2.2), further engineering of the CE can
also be considered.

In terms of preparation procedures, among the different
approaches, those allowing the direct deposition of CE
materials onto TCO glass should be highly preferred, viz. elec-
trodeposition and hydrothermal synthesis. Actually, these
methods effectively avoid the rather energy demanding anchor-
ing step. It is worth mentioning that a sintering step is always
necessary to improve the catalytic performance and the stabi-
lity of the material, where obviously, the lower the sintering
temperature, the higher the relevance and added value of the
approach since it will reduce the energy consumption and
pave the way for the use of polymeric (and flexible) substrates.
The wise development of synthetic and deposition procedures
should not neglect future industrialization, and obviously, the
proposed approaches should be scalable and easily
implemented in existing pilot lines.

It is worth mentioning that the drafted conclusions here
refer to standard systems in which iodide/triiodide in organic
solvent and glass/FTO are the electrolyte couple and the CE
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View Article Online

Critical Review

substrate, respectively, which are the most exploited in large-
scale devices. Nonetheless, our general considerations can be
easily applied to alternative redox couples, greener solvents
(e.g., aqueous electrolytes) and innovative substrates (e.g:, flex-
ible PET).

2.4 The sustainability issue of TCO/glass substrates

Cradle-to-gate LCA has identified the TCO/glass substrate as
one of the main components responsible for the environ-
mental impacts of DSSC modules,”?* which can easily
ascribed to the following: (i) TCO/glass is the dominant com-
ponent in terms of mass of a module and (ii) its production is
highly energy demanding.

According to a cradle-to-gate LCA,”* investigation of other
substrates to assess the different impacts demonstrated that
polymeric substrates, such as PET or PEN (polyethylene
naphthalate), decrease the environmental impacts in all the
indicators. Replacing glass with polymers results in enhanced
performances also in terms of CED and global warming poten-
tial within 100 years (GWP100); moreover, the EPBT for DSSCs
with polymeric substrates was calculated to be lower than the
corresponding DSSCs with glass substrates, even accounting
for the lower neat efficiency reachable with a polymeric sub-
strate. Indeed, the trade-off between cost, efficiency, and socio
and environmental sustainability should be the final achieve-
ment of any process design.

Some representative configurations of polymeric substrates
for DSSC are those reported by Yamaguchi and Hsu.***?¢
Both Yamaguchi’s and Hsu’s groups prepared a plastic sub-
strate photoelectrode starting from ITO/PEN supplied by Oji-
Tobi Co. and Pecce Technologies, Inc., respectively (PEN is
more thermally stable than PET, but more expensive).
Nowadays, the most implemented technology to obtain the
conductive substrate is direct magnetron sputtering. Usually,
ITO/glass is annealed at 350 °C after the deposition process,
but this temperature is too high for plastic substrates. The
lower temperature required by polymeric substrates leads to
the investigation of alternative deposition techniques, such as
pulsed laser deposition and gravure printing process, both pro-
posed as low temperature treatments.*®®

Glass substrates are treated at high temperature for the
proper activation of TiO, through sintering. The traditional
process for the preparation of electrodes involves the sintering
of TiO, at a temperature in the range of 400-450 °C, while the
maximum operational temperature for a plastic substrate is
around 150 °C due to its moderate thermal resistance.
However, low sintering temperatures do not allow the com-
plete removal of both the binder and the solvent in the TiO,
paste resulting in insufficient electronic connections between
the TiO, active material nanoparticles with a corresponding
decrease in performance.*®’

Different processes or a combination of processes were
investigated to achieve high efficiencies with polymeric sub-
strates. To achieve good adhesion onto TCO/substrates and
good interconnection between TiO, particles using low temp-
eratures (lower than 200 ©°C), alternative TiO, layer prep-
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arations were exploited,'*?%”*°® which include the press

method developed by Hagfeldt et al.,**® lift-off process investi-
gated by Diirr et al.,>**® and the combination of UV light expo-
sition with subsequent low temperature heating step by Longo
and co-workers.*”® Miyasaka and co-workers explored the com-
bination of electrophoretic deposition and chemical treat-
ments®”" and the preparation of a binder-free paste for the low
temperature coating process.'> An in depth analysis of these
approaches is out of the scope of the present review, but we
consider that it worth mentioning that these processes exploit
a lower temperature compared to the traditional sintering, and
hence the energy requirement is lower even if the conditions
and chemicals used in each process should be considered for
environmental impact evaluation. For instance, Diirr et al.>*
exploited a gold layer for the lift-off process, which means that

7206 | Green Chem., 2020, 22, 7168-7218

the sustainability as a whole may be impaired by the use of a
precious metal. It is clear that one of the most critical aspects
to consider comparing glass and plastics is the employed
temperature, which significantly affects the final CED.
However, the manufacturing process, influence of water,
weight, fragility and final application are important aspects to
consider when comparing both substrates (Table 5).
Roll-to-roll production is one of the most meaningful added
values of polymeric substrates since it allows continuous pro-
duction instead of the discontinuous process required for
glass modules. Polymeric substrates are also superior in term
of both light weight and flexibility, where these two aspects
allow a high efficiency to weight ratio, lower emission during
transportation and reduced risks of breaking during transpor-
tation and stocking.>”>?”® On the contrary, stability and per-

This journal is © The Royal Society of Chemistry 2020
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Table 5 Comparison of the main characteristics of glass vs. polymeric
DSSC substrates affecting device sustainability

Glass substrate PET/PEN substrates®®*?%°

High environmental impact in a
life-to-gate evaluation

Higher thermal stability

Higher efficiency

Batch production

Heavy weight

Fragility

Mainly windows as BIPV

Low environmental impacts in a
life-to-gate evaluation

Lower thermal stability

Lower efficiency

Roll-to-roll production

Light weight

Flexibility

Indoor, wearable, portable

meability to water and other small molecules (such as oxygen)
are issues for polymeric substrates, where aqueous electrolytes
and the exploitation of suitable encapsulants can actually
avoid this drawback.

Several studies compared glass and plastics in different
fields of application (e.g. bottles),’”*”® but a comprehensive
study focusing on DSSCs is still missing likely due to the lack
of thorough life-cycle knowledge. It should be noted that suit-
able glass recycling can decrease the overall impact of large-
scale DSSC modules. Although considering the pros and cons
of each substrate as a valuable approach, the final application
is always pivotal in the definitive choice and sustainability
evaluation of a product or service. The future market for
DSSCs is more geared towards wearables, portables and indoor
application due to the widespread use of PSCs for outdoor
applications and the high efficiency of DSSCs under weak and
diffuse illumination. However, envisaging the replacement of a
traditional window with a DSSC module glass cannot be
avoided. In this case, the impacts of glass are partially incor-
porated in those for window glass production. Again, the best
choice in terms of sustainability is a trade-off between many
aspects, including environmental impacts, thermal stability,
efficiency, ease of manufacturing, weight, fragility and final
use, which should be carefully and thoughtfully evaluated.

3. Conclusions and future outlooks

Throughout this review, we analysed the materials proposed
for conventional DSSCs chiefly focusing on their sustainability
aspects. Indeed, toward the forthcoming commercialization of
this class of emerging photovoltaics, the employment of truly
sustainable materials cannot be overlooked. Specifically, based
on a thorough review of the recent literature, we suggested a
set of possible guidelines to generalize the sustainable exploi-
tation of materials, which should be selected and produced
strictly focusing on the use of non-toxic, readily available and
low cost, possibly waste-derived and/or easily recyclable
materials.

The most important issues regarding sustainability in
DSSCs involve: (i) the employment of the TCO/glass substrate,
which is considered a highly energy-demanding material, and

This journal is © The Royal Society of Chemistry 2020
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the sustainability concerns of which are mainly related to its
uncertain waste management; (ii) the use of CRMs or noble
metals including cobalt in the redox shuttle, platinum in the
counter-electrode and ruthenium in the sensitizer; and (iii) the
limited long-term stability mainly due to the extreme volatility
and harshness of organic-based electrolytes.

Photosensitizers should be designed with the aim at avoid-
ing the use of CRMs, where zinc-based porphyrins and some
metal-free dyes combine the very high efficiency, typical of
metal-based dyes, with a synthetic procedure that can be still
improved considering green metrics. It is worth mentioning
that the best efficiency has been obtained by using a cocktail
of fully organic dyes. Although these molecules do not bear
any CRM, their synthetic procedures are usually expensive and
not sustainable, requiring multiple steps and the employment
of a large amount of toxic and/or hazardous solvents and
reagents. For every synthesis, calculation of the CED should be
undertaken. To overcome these limitations, scientists pro-
posed natural pigments as effective sensitizers in DSSCs,
which may become competitive compared to manufactured
dyes since they can easily be extracted from vegetables utilizing
simple extraction processes based on green solvents, but only
if their efficiency and stability can be further enhanced.

Screening the literature, it is evident that, to date, the best
efficiency was obtained using cobalt-based (lab-scale) or
iodine-based (modules) redox couples in organic solvents.
However, cobalt is a CRM, iodine is quite aggressive towards
the other device components and the organic electrolyte,
being highly volatile, jeopardizes the long-term stability of the
cells. As detailed in section 2.2, copper-based complexes have
been proven to be the best trade-off between sustainability and
photoconversion efficiency. More recently, the investigation of
organic-based redox couples has been successfully exploited,
where TEMPO (and its derivatives) allowed a good photocon-
version efficiency coupled with relatively long stability to be
obtained. The latter is also a prerogative of sulphur-based
redox couples; however, in most cases, the synthetic pro-
cedures, being highly energy-consuming, threaten the sustain-
ability of these alternative redox couples, and accordingly sig-
nificant effort should deal with the design of more environ-
mentally friendly and sustainable synthetic routes. It should
be noted that these alternative redox couples (both Co/Cu-
based and fully organic ones) have been mainly tested in com-
bination with solvents such as ACN or MPN, which undermine
their long-term stability. Therefore, some alternative solvents
such as ionic liquids, deep eutectic solvents and (simply) water
have been proposed and investigated. In the last year, water,
which for many years was considered poisonous to the device,
has become a resource, where its employment as a solvent led
to a photoconversion efficiency approaching 7%. Effortless
research is still required, but scientists involved in aqueous
DSSCs are very optimistic regarding the possibility of the com-
plete and effective replacement of organic solvents. Truthfully,
it should be noted that the sustainability of aqueous-DSSCs is
still under debate, where to obtain good photoconversion
efficiency, ultra-pure water should be employed, which in turn
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negatively impacts the sustainability of the entire production
process. The use of wastewater can be proposed, but the rela-
tive performances and stability have not been investigated to
date.

Counter-electrodes have been the most investigated DSSC
components in the last few years. This is mainly due to (i) the
necessity to replace platinum since it is expensive, toxic and
relatively unstable; and (ii) the practically endless alternative
materials. Among them, the best results have been obtained
with carbon-based nanostructured materials, resulting in long-
term stability and good catalytic properties (mainly toward
iodine-based redox couple). However, carbon-based materials
cannot be considered sustainable a priori and careful investi-
gation must be done regarding their re-use or by-product
sources, production processes and effective performances over
a relatively long operation lifetime. Unfortunately, the majority
of research articles dealing with carbon-based counter-electro-
des do not report any meaningful information on their pro-
duction process, leading to a difficult (and sometimes imposs-
ible) sustainability-driven verdict. Another feasible option to
replace platinum involves the use of transition-metal based
nanostructures. Indeed, transition metals are usually quite
abundant and safe (with some exception, viz. cobalt); more-
over, they can be easily obtained both as sulphides and oxides.
The main issue regarding this class of compounds is related to
their catalytic activity, which is sizeable only when they are in
the nanostructured and crystalline phase. However, nanostruc-
turation often requires high temperature and energy-demand-
ing processes, thus leading to a negative balance in terms of
sustainability. Trying to circumvent this issue, scientists
resolved to couple the catalytic activity of carbon-based
materials with the robustness of transition-metal oxides/sul-
phides. Accordingly, although still in the early stage of devel-
opment, the results are very promising, even if only investi-
gated in conjunction with an iodine-based shuttle to date.

Finally, the “problem” of the TCO/glass substrate (only mar-
ginally investigated in this review), which is the highest
energy-demanding component in conventional DSSCs, should
be attentively tackled, where some interesting results have
been obtained by the substitution of glass with polymer-based
(e.g. PEN and PET) or metallic substrates, which consequently
open the doors to flexible devices. However, on the one hand,
the photoconversion efficiency is significantly lower compared
to that of glass-based devices, while, on the other hand, the
use of plastic materials requires a complete afterthought of the
production processes of both lab- and large-scale devices.

It should be noted that, as briefly mentioned in the above
paragraphs, the efforts toward more sustainable materials have
been related to a single component (i.e. sensitizer, redox
couple, electrolyte and counter-electrode) more than complete
devices. Indeed, zinc-based porphyrins showed remarkable
photoconversion efficiencies when coupled with cobalt- or
iodine-based redox couples (dissolved in an organic and
highly volatile solvent), whereas copper complexes and/or
water environments were not considered. On the other hand,
when CRM-free redox couples and aqueous DSSCs were ana-
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lysed, neither sustainable sensitizers nor platinum-based
counter-electrodes were employed. Therefore, a more compre-
hensive approach is needed, focusing on developing a comple-
tely sustainable and cost-effective device.

After the discovery of the DSSC in 1991, scientists and com-
panies involved in this field aimed at obtaining efficient (the
former) and stable (the latter) materials toward the actual com-
mercialization of this class of photovoltaic devices. However,
after almost 30 years and considering the “energy problem”
affecting society currently, the sustainability of the employed
materials cannot be considered a worthless spine of the
efficiency DSSC. From here on, these three concepts should
proceed hand-in-hand, where “stable”, “efficient” and “sus-
tainable” should be the adjectives associated with forthcoming
innovative materials and processes, considering that a Holy
Grail recipe does not exist, but green metrics and LCA can and
should drive future research in this field.

4. Abbreviations

4.1 Acronyms and symbols

ACN Acetonitrile

AM Air mass

BET Brunauer-Emmett-Teller

BIPV Building integrated photovoltaics

C Electrical conversion factor

CB Conduction band

CDCA Chenodeoxycholic acid

CE Counter electrode

CED Cumulative energy demand

CMC Carboxymethyl cellulose

CNT Carbon nanotubes

CRM Critical raw material

CSP Concentrated solar power

DES Deep eutectic solvents

DMF Dimethylformamide

DSSC Dye-sensitized solar cell

D-n-A Donor-rn-acceptor

EC European commission

EDTA Ethylenediaminetetraacetic acid
EoL End-of-life

EPBT Energy payback time

EuChemS European chemical society

FF Fill factor

FTO Fluorine-doped tin oxide

GO Graphene oxide

GuSCN Guanidinium thiocyanate

GWP Global warming potential

HOMO Highest occupied molecular orbital
HTM Hole transport materials

IEA International energy agency

IPCC Intergovernmental panel on climate change
IPCE Incident photon-to-electron conversion efficiency

IR Infrared
IRENA International renewable energy agency

This journal is © The Royal Society of Chemistry 2020
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Jsc Short-circuit current density
LCA Life cycle assessment

LCC Life cycle costing

LUMO Lowest occupied molecular orbital
MP Mangosteen peel

MPA Methoxyacetonitrile

MPN Methoxypropionitrile

NIR Near-infrared

PCE Photoconversion efficiency
PEDOT Poly(3,4-ethylenedioxythiophene)
PEN Poly(ethylene naphthalate)
PET Poly(ethylene terephthalate)
POM Polyoxometalate

PS Photosensitizer

PSC Perovskite solar cell

PV Photovoltaic

PVA Poly(vinyl alcohol)

PVP Poly(vinylpyrrolidone)

QD Quantum dot

rGO Reduced graphene oxide

RTIL Room temperature ionic liquid
SCN Succinonitrile

SDG Sustainable development goal
TBA Tetrabutyl ammonium

TCO Transparent conductive oxide
TFSI Bis(trifluoromethanesulfonyl)imide
™ Transition metal

uv Ultraviolet

VIS Visible

Voc Open-circuit voltage

YEO Yearly energy output

4.2 Codes of sensitizers and redox couples

ADEKA-1

[C12MIm][T]

C15
C6-C3-C6
Chl-a
Chl-b
D149

D45

D51

dmp
DTS

(E)-2-Cyano-3-(5""-(9-ethyl-9H-carbazol-3-yl)-
3,3",3" 4-tetrahexyl-[2,2":5',2":5" 2""-quaterthio-
phen]-5-y1)-N-(4-(trimethoxysilyl )phenyl)
acrylamide
1-Dodecyl-3-methyl-1H-imidazol-3-ium-1H-tetra-
zole-5-thiolate

15 Carbons alkyl chain

6 Carbons-3 carbons-6 carbons alkyl chain
Chlorophyll a

Chlorophyll b
5-[[4-[4-(2,2-Diphenylethenyl)phenyl]-1,2,3-
3a,4,8b-hexahydrocyclopent[b]indol-7-yl methyl-
ene]-2-(3-ethyl-4-oxo-2-thioxo-5-thiazolidinyli-
dene)-4-oxo-3-thiazolidineacetic acid
(E)-3-(5-(4-(Bis(2',4"-dimethoxy-[1,1-biphenyl ]-4-
yl)amino)phenyl)thiophen-2-yl)-2-cyanoacrylic
acid
(E)-3-(6-(4-(Bis(2',4"-dimethoxy-[1,1-biphenyl ]-4-
yl)amino)phenyl)-4,4-dihexyl-4H-cyclopenta[2,1-
b:3,4-b"|dithiophen-2-yl)-2-cyanoacrylic acid
2,9-Dimethyl-1,10-phenanthroline

This journal is © The Royal Society of Chemistry 2020

DTS-CA

EO3

hybeb

LEG4

JCIL

MeO-¢-6-CA

MK-2

MTDD2*

MTDT

N719

PMII
R6

salen
SPA

T169
T,
TEMPO

TEMPOL
TG6

WS-72
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4,4-Bis(2-ethylhexyl)-4Hsilolo[3,2-b:4,5-b']
dithiophene
(E)-4-((6-(6-((E)-2-Carboxy-2-cyanovinyl)-4,4-bis
(2-ethylhexyl)-4H-silolo[3,2-b:4,5-b']dithiophen-
2-yl)-1-dodecyl-3,3-dimethyl-3H-indol-1-ium-2-
yl)methylene)-2-((E)-(1-ethyl-3,3-dimethyl-
indolin-2-ylidene)methyl)-3-oxocyclobut-1-
enolate
(E)-3-(7,10-Bis(4-(2-(2-(2-methoxyethoxy)ethoxy)
ethoxy)phenyl)-10H-phenothiazin-3-yl)-2-cya-
noacrylic acid
[1-(2-Hydroxybenzamido)-2-(2-pyridinecarboxa-
mido)benzenato]
(E)-3-(6-(4-(Bis(2',4"-dibutoxy-[1,1"-biphenyl]-4-yl)
amino)phenyl)-4,4-dihexyl-4H-cyclopenta[2,1-
b:3,4-b"|dithiophen-2-yl)-2-cyanoacrylic acid
1-Butyl-3-{2-ox0-2-[(2,2,6,6-tetramethylpiperidin-
1-oxyl-4-ylJamino]ethyl}-1H-imidazol-3-ium
iodide
(2E,AE,6E,8E,10E,12E)-13-(4-Methoxyphenyl )-
2,7,11-trimethyltrideca-2,4,6,8,10,12-hexaenoic
acid
2-Cyano-3-[5""-(9-ethyl-9H-carbazol-3-y1)-3',3",3"

'/4-tetra-n-hexyl-[2,2',5',2",5",2""-quater thio-
phen-5-yl] acrylic acid
5-Methylthio-1,3,4-thiadiazolium disulfide

dication

5-Methylthio-1,3,4-thiadiazole-2-thiol
Di-tetrabutylammonium cis-bis(isothiocyanato)
bis(2,2"-bipyridyl-4,4'-dicarboxylato)ruthenium
(1)

1-Propyl-3-methylimidazolium iodide
4~(7-((15-(Bis(4-(hexyloxy)phenyl Jamino)-
9,9,19,19-tetrakis(4-hexylphenyl)-9,19-dihydro-
benzo[10',1']phenanthro[3’,4":4,5]thieno[3,2-b]
benzo[10,1]phenanthro[3,4-d]thiophen-5-yl)
ethynyl)benzo[c][1,2,5]thiadiazol-4-yl)benzoic
acid

N,N'-Ethylenebis(salicylideneiminate)

Stalk of pokeweed (Phytolacca americana)
extracts

5-Mercapto-1-methyl-tetrazole
Cs53He2N1,04RUS, index name not yet assigned
(CAS 1884649-49-3)

Di-5-(1-methyltetrazole)
2,2,6,6-Tetramethylpiperidine-1-oxyl
4-Hydroxy-2,2,6,6-tetramethypiperidine-1-oxyl
(cis-Bis(thiocyanato)(2,2"-bipyridyl-4,4’-dicarbox-
ylato){4,4"-bis[2-(4-hexylsulfanylphenyl )vinyl]-
2,2"-bipyridine}ruthenium(n) mono(tetrabutyl-
ammonium) salt)
(E)-3-(6-(8-(4-(Bis(2',4"-bis(hexyloxy)-[1,1"-biphe-
nyl]-4-yl)Jamino)phenyl)-2,3-bis(4-(hexyloxy)
phenyl)quinoxalin-5-yl)-4,4-dihexyl-4H-cyclo-
penta[2,1-b:3,4-b']dithiophen-2-yl)-2-cya-
noacrylic acid
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(E)-3-(6-(4-(Bis(2’,4"-bis(hexyloxy)-[1,1"-biphenyl]-
4-yl)amino)phenyl)-4,4-dihexyl-4H-cyclopenta
[2,1-b:3,4-b"dithiophen-2-yl)-2-cyanoacrylic acid
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