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Abstract:

In their current state, conventional dye solar cells are harmful waste with no economically
profitable way of recycling. However, by understanding the recycling processes and how the
recycling of materials is interlinked in a multicomponent system, it is possible to eco-design the
systems by selecting materials that enable economically motivated recycling and reach
sustainability. Economic intensive is by far the best guarantee of recycling taking place at the end
of life. With eco-design it is possible to avoid future problems, for instance having rare and
expensive critical metals trapped in waste from which they are difficult or even impossible to
recover. Recycling at the end of life is a perspective that is rarely considered in the field of dye
solar cells research and this is the first contribution analyzing systematically how the conventional
materials and their combination affect recycling and how alternative material choices change this
equation. The purpose of this work is to describe the effect of multiple different material options
that are still under development and to guide future research. Interestingly, many of the alternative

materials that enable recycling have not originally designed for that purpose and it is often non-



obvious how the combination of different materials affects recycling. Our investigation reveals
that the selection of substrate plays a major role in retrieval of other materials and the conventional
thick glass substrates used in dye solar cells prevent the utilization of existing recycling methods
for retrieving critical materials. Using plastic, paper, or wood substrates would allow retrieval of
critical metals but those substrate types require further development in particular to reach sufficient
stability. Another option is employing a very thin, flexible glass (motivated usually by enabling
roll to roll mass production with high device efficiency and stability) to make the weight portion

of silver in the system high enough for economically feasible recovery.
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List of abbreviations

DSC dye solar cell

FTO fluorine doped tin oxide

ITO indium doped tin oxide

PEDOT poly(3,4-ethylenedioxythiophene)
PET polyethylene terephthalate

TCO transparent conducting oxide

1. Introduction

As the number of solar cells increases significantly in the following decades, a large amount of
critical elements is needed to convert sunlight into electricity. However, when renewable energy
devices such as solar cells are designed, they often aim only at high performance, low cost, or long
lifetime. Additionally, they require critical materials to ensure those characteristics, but still their
recyclability has not been given a priority. For instance around 10 % of earth’s silver is expected
to be in utilization in photovoltaics by 2050 (Dias et al., 2016; Nevala et al., 2019). Silicon solar

cells, which have been on the market for some time, are now starting to face challenges of



recycling. In their case the recovery of materials such as Ag is currently struggling to be
economically viable — the average quantity being 630 g/ton in silicon solar cell waste (Dias et al.,
2016) and the limit of economic viability 700 g/ton (Dias et al., 2016; Strachala et al., 2017). The
issues of recycling have not been resolved even in other energy applications which are already in
large global use: for instance, Lithium-ion batteries are not recycled even in all western countries.
When Li batteries are recycled only foil materials (Cu and Al) as well as Co are recovered, while
for instance Li is not currently recovered at all — though there are technical methods to achieve this
— since there is no return on the additional investment (Frohlich et al., 2017; Georgi-Maschler et
al., 2012). The challenges for their recycling are low volumes of the end-of-life devices compared
to other waste streams as well as ultra-low quantities of the recovered metals. In general, recycling
is often looked quite late in the development, for instance when there is a ready product. However,
implementing eco-design strategy when materials research is still very much ongoing ensures that

research emphasis can be directed towards material combinations that allow economically feasible

recycling.
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Figure 1. Structure of a typical DSC. Photoelectrode consists of a dyed TiO2 layer on top of a glass substrate with TCO
(transparent conductive oxide) coating. The counter electrode is another TCO coated glass with a catalyst layer. The space between
the electrodes is filled with liquid electrolyte. Image is not in scale.

When developing eco-design for solar cells, dye solar cells (DSCs) are an interesting emerging
technology since there are numerous alternative material combinations and preparation methods
for all their components (Gong et al., 2017; Ye et al., 2015). DSCs have a different structure and
operation principle compared to conventional silicon solar cells, in fact DSCs are electrochemical
devices, which consist of two electrodes and electrolyte (Figure 1). While there is usually
understanding on how materials choices of DSCs affect efficiency and some insight on stability,
the information on how the material choices affect recycling is virtually non-existing. There is
only one study that points out the complexity of the DSC recycling coming from the utilization of

nanostructures (Reijnders, 2010).



For DSCs, possible individual eco-friendly materials or processing methods have been recently
suggested (Dinesh et al., 2019; Golshan et al., 2020; Rezaei et al., 2019; Santos et al., 2019); but
a systematic eco-design perspective for the full DSC system has not been proposed. Eco-designs
have been prepared mainly for more simple systems as nanostructured cellulose sponges (Fiorati
et al., 2020), where the material complexity is low. Another popular approach is to prepare an eco-
design for full energy systems as combined solar desalination plant (Monnot et al., 2018) or
industrial water plant (Ahmadi et al., 2016) where eco-design is considered a life cycle assessment
(LCA) analysis of the selected materials/components and their environmental impact to the final
system. In this work we want to demonstrate that with knowledge of individual recycling
processes, it is possible to apply eco-design approach also to develop complex energy systems to

have high recyclability.

It is also crucial to understand the drivers of recycling: in developed countries, materials are
recycled if it is 1) economically profitable or 2) mandated by legislation. In developing countries,
recycling takes place usually only in the first case. Thus, the best guarantee for recycling is making
products that are worth recycling in the economic sense — preferably with a significant profit.
Another key advantage is utilization of eco-design perspective before large-scale mass production
so that we can affect the recovery of critical materials that will prevent their cost, and consequently
the device cost, from skyrocketing in the future. The metal price is bound to rise either if lower
grade ores are needed or if the recovery from recycling is very costly to fulfill the demand. The
ease of recycling needs to be weight against other key criteria such as performance, lifetime, and
cost. Thus, in addition to the information regarding recycling, we also shed light on the main

challenges the different materials are facing in terms of commercialization to give a balanced view.

In this work, we first investigate the challenges that there are in the primary approach of reusing
DSCs and their components. Secondly, we investigate recycling at the compound and elemental
level. The focus of this work is to examine how DSCs would fit to existing recycling processes
and what kind of tailored material solutions support recycling. It should be noted that while many
of the individual materials have existing recycling pathways (for instance glass or Ag), some of

them cannot be used when the material is a part of a complex device and there is no recycling



pathway that would deal with the combination of these materials. Typically, what is worth
recycling are a) valuable materials (if they can be harvested efficiently to clean streams), and b)
high volumes of pure materials streams. Getting clean and/or large material streams from
nanostructured devices is hard in general, and in DSCs the nanomaterials are purposely intermixed,
e.g. an atom layer of dye on TiO2 nanoparticle layer penetrated with electrolyte. While it is
excellent from cost and resource efficiency perspective to utilize nanostructures, the quantity of
expensive materials is low, reducing the economic value at the end of life. The conventional
recycling methods have very low selectivity to handle nanowaste which has high diversity and
complexity. For this reason, the nanowaste would require unique, case specific recycling methods
which development is costly, whereas the amounts of recovered metals are very low and do not
provide the economic incentive for recovery. Some new solutions for particular nanowaste
recycling have been proposed, however, they are focused on very valuable metals such as Au or
high hazard nanomaterials such as uranium rich nanocrystals (Chen et al., 2014; Pati et al., 2016).
Therefore, even though DSCs include rare and expensive elements that can be recycled such as
Ag, Ru, and Pt, currently, in the conventional DSC the concentration of all precious metals remains
below the limit of economically viable recovery as will be shown in detail in the following
sections. Thus, the degraded conventional DSCs bare negative value and are considered hazardous

waste since the devices contain hazardous material.

In this contribution we show that the situation can, however, be significantly improved, but setting
realistic goals is important. Firstly, it should be realized that likely not all materials can be recycled
in such a complex system — so it is important to think which components and materials are critical
to retrieve. Secondly, having the other materials/components selected so that they do not need to
be recycled (cheap, abundant/renewable, environmentally friendly) and that they do not interfere
with the capturing of critical materials. Achieving these two points would already count as a great
success for such a complex device. The purpose of this work is to bring insight on how the different
materials, and more importantly their combinations, affect the recycling at the end of life to guide
the materials research to find sustainable solutions. Surprisingly, many material approaches that
have not been designed for better recycling or even for environmental friendliness (but for higher
efficiency, better roll-to-roll manufacturing etc.) play a key role in developing eco-design for
DSCs.



2. Methods

In this work, we evaluate the recyclability of both individual components and a full DSC system.
Applying the principles of circular economy, we should always consider lighter alternatives than
recycling down to the elemental level to use less energy and gain higher value end product.
Therefore, we will analyze the DCS system recyclability with the different levels of recycling

hierarchy, presented at Figure 2.
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Figure 2. The different recycling levels and their correspondence to product value levels.

When considering recycling, there are various levels of material recovery that require differing

energy input which are presented in Figure 2 and examples of these levels in the case of DSCs

could be:

1) Reviving/restoring performance (e.g. adding electrolyte to the cell)
2) Reusing components (e.g. reutilizing counter electrode or FTO glass)
3) Recycling materials (e.g. recycling dye molecules)

4) Recovering raw materials (e.g. extracting Ru from the dyes)

The left-hand-side of Figure 2 shows the recycling hierarchy where each step downwards requires
more processing and therefore increased energy input. The more specialized, complex
multicomponent structures the device includes, the more steps are required for their recycling. At
the same time, when requiring more energy to go from product to element level, the value of the
output product decreases (Figure 2). In principle the highest return on investment is achieved when
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reviving high value devices with modest effort and energy (Figure 2 at the upper parts of the
triangles), as opposed to utilizing a lot of energy to recover low value elements (Figure 2 at the
lower parts of the triangles). The key to efficient recycling process is finding an optimal level at
this triangle (Figure 2): the less we need to process, the more likely it is that recycling makes
economic sense. Going down to element level is sometimes required if the reuse of components is

prevented by them being too degraded or their cleaning takes too much labor-intensive processing.

Furthermore, we consider that eco-design approach should be used in materials development of
new energy systems to increase the recyclability rate and to avoid unintended consequences such
as degraded devices causing environmental problems. Since DSCs are not yet a fully commercial
technology, it is still possible to propose new directions for the material development. We
introduce a new eco-design approach for materials selection to energy systems that is presented in

Figure 3.
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Figure 3. Eco-design decision approach for the material selection to a DSC system.

As is presented in Figure 3, the materials design should start from reaching sufficient efficiency
and lifetime to merit further research. The next step is to look into return of energy investment
(REI) which comes from potential to produce energy (determined by efficiency and lifetime)
compared to energy embedded into the system during its production. It is important that solar cells
produce a lot of energy and their replacement time is long. The REI values are unknown for many
of the materials used in DSCs and such values are basically known only for the most typical
conventional DSC materials (Parisi et al., 2014; Veltkamp, 2007). Eventually, all solar cells

degrade and having suitable means for their recycling is critical to retrieve in particular rare



materials back to use. The first step in the recycling is to evaluate the safety of the components —
hazardous materials usually make recycling more challenging and in worst case prevents it. Then,
it is good to investigate if there is recycling pathways for the individual materials — this was not
the main challenge here but should be kept in mind when considering new alternative materials.
In terms of recycling the important aspect to consider is the how to recycle the material system:
choosing combinations and/or the weight portions of different materials to enable recycling. In
this work, we gather information related to the eco-design of DSCs shown in Figure 3 for different
material combinations, and particularly focus on developing insight related to recycling. Some
material options are incompatible with each other and only compatible ones are considered in this
work. We will assess the hazardness and recyclability of each component separately and after that
as a full system and classify them by 4 different categories:

1) Recoverable — indicating that this component is critical and is possible to recover with
current recycling processes;

2) Unrecoverable — indicating that this component is critical but is not possible to recover

in this energy system with current methods;

3) Unrecoverable but abundant — indicating that this material cannot be recovered with

current methods, however, the material itself is not critical and can be lost in the recycling

process;

4) Hazardous — indicating that this material can cause hazard during the recycling process

and its use should be avoided.

Each of the different parts of DSCs and their materials choices are discussed in detail in the
following sections taking into account the large variety of different material choices and their
combinations for the full recyclability of this energy system. After that we have prepared a
recyclability analysis for each mix-component DSC system and found alternative routes that will
provide high recyclability.

3. Results and Discussion

Reviving DSCs and reuse of components

According to the recycling hierarchy (Figure 2), we should first address the possibility to revive
the whole DSC system. For that analysis it is pivotal to investigate the degradation processes. In



the aging of DSCs, the degradation of electrolyte often plays a key role (Asghar et al., 2010; Ye et
al., 2015). For instance, in our studies both in accelerated aging tests and in outdoor conditions,
the loss of charge carriers in electrolyte was the main reason for degradation (Lepikko et al., 2018;
Mastroianni et al., 2014; Miettunen et al., 2016; Poskela et al., 2018; Tiihonen et al., 2015). In
practice, charge carriers reacted and formed compounds that offered either no or very limited
charge transfer. If the electrolyte was the only degraded component and if there were effective
methods for flushing aged electrolyte out the device without damage to other components, then
refilling DSCs with new electrolyte could be the cheapest option for reviving them in an
economical manner. Those two requirements are not, however, easy to fulfill. If the cells degrade
due to leakage, it is likely that the incoming impurities would degrade the entire device, and
managing the leakage and refilling is unlikely to suffice. In a system with many sensitive
components and variation in the cause of degradation, reviving devices may require too much

manual case-by-case analysis rendering the approach unfeasible.
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Figure 4. The structure of the electrodes in conventional DSCs.

If reviving complete DSCs proves to be too challenging, the next step would be to consider reusing
cell components (Figure 2). When taking the cell apart, the first step is to split the cell into two by
separating the two electrodes (Figure 4). Firstly, reusing electrodes as such (after rinsing
electrolyte residues) should be considered. The challenges in electrode reuse are that the electrode
materials may be too degraded, and they could degrade more during the recycling process (e.g.
dyes at the photoelectrode are typically sensitive to air and moisture). Another step down is to

consider recycling the conductive substrates. Glass substrates with the transparent conducting
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oxide layer (TCO, typically fluorine doped tin oxide (FTO)) are typically a relatively robust part
of the device. Furthermore, the TCO glasses are the most expensive components of DSCs
comprising up to 60% of the total materials costs (Hashmi et al., 2011; Kalowekamo and Baker,
2009; Kroon et al., 2007), and thus their reuse is lucrative. The viability of TCO glass reuse can
be evaluated with comparing with another technology: In the case of screens, it has been
commercially profitable to dismantle screens by hand and take their TCO plastic (ITO-PET, of
roughly similar or higher cost to FTO glass) (Hashmi et al., 2011a) to make new products (Dang
et al., 2015). However, the ITO-PET taken from screens is clean whereas the TCO glass from
DSCs is topped with a multicomponent electrode and electrolyte residues — so an additional labor-
intensive step would be required which increases the cost. In terms of feasibility of the cleaning,
at the photoelectrode side, the porous TiO- layer is often relatively easy to scrape off. In the case
of perovskite solar cells with relatively similar layers on TCO glass, the TCO glass was
successfully reused to a new solar cell that reached practically the same device performance (Binek
et al., 2016). Another hindrance is that the TCO layer on the substrates of solar cells is often cut
to sections (in contrast ITO-PET layers used in screens). Thus, while the reuse of TCO glass could
be technically possible, its profitability as well as geometrical suitability for reuse remain highly

questionable.
Recycling of DSCs and material recovery

The purpose of the next sections is to provide a holistic overview on the recycling processes used
for electronic and energy devices to recover pure material streams. Comprehensive review on these
different processes to recycle energy devices is presented elsewhere (Veldzquez-Martinez et al.,
2019). Figure 5 shows a schematic of different possible recycling steps that can be applied for
solar cells and the recycling path is selected to optimize the recovery (i.e. which exact steps are
needed). The first step of the recycling process is the collection and transportation of the aged
devices to the recycling facility (Figure 5). For DSCs, arranging logistics can be a significant
challenge since large enough volumes are needed to motivate it. Additionally, safety issues must
be considered: for instance, DSCs contain typically liquid electrolyte and therefore it is important
to keep the cells undamaged until they can be handled in proper safety conditions. The different

recycling process steps and their applicability for DSC recycling are discussed next.
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Figure 5. Possible process steps for recycling DSCs. These processes can be optimized by altering the number of steps i.e.
including only steps that necessarily required and bring added value in a particular case.

Mechanical processing
The purpose of mechanical processing in recycling solid state waste is to liberate and separate
different components to as clean product streams as possible. In reality, this is only performed in
two different cases: 1) it is economically feasible (e.g. a clean product stream can be obtained with
high purity with economical value), often at higher levels of recycling processes (Figure 2) or 2)
the device includes hazardous components or contaminants that could cause harm for the further
processing or staff (Wills and Finch, 2016). In the case of valuable devices before the actual
mechanical recycling, there is a labor-intensive manual stage to separate clean parts or hazardous
compounds, for example in car recycling, the battery needs to be removed and processed
separately. In the case of DSCs, if the cells are protected with a metallic frame and/or other casing,
such casing as well as external wiring should be taken apart at this stage (Figure 5) and recycled

separately since in this way pure material stream can be obtained.

After the manual dismantling stage, the comminution phase will start to liberate different materials
from each other by crushing or shredding to as clean stream as possible (Figure 5). In DSCs, the
layers are nanometers or micrometers thick and they are purposely intermixed, for instance the
electrolyte penetrating the electrodes. Furthermore, the electrode materials in DSCs are
deposited/printed on glass substrates unlike in silicon solar cells were wafers are protected by glass
that can be detached. The material liberating is ensured by utilization of different shredders,
crushers, or cutters depending on the material type; for Si solar cells crushing and shredding are
used (Strachala et al., 2017) and most likely DSCs would be mechanically recycled in a similar

manner unless they are directly imputed into pyrometallurgical processing.
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In general, the next step in the mechanical processing is the separation of materials into different
fractions (Figure 5) by exploiting differences in their physical properties to concentrate the
materials of interest (Velazquez Martinez et al., 2019). Altogether, in these recycling processes,
foil and sheet type of materials will remain at larger size after shredding and are easy to separate
from small particle size glass and any powders based on particle size and shape (Kaya, 2016).
Thus, to ensure liberation, powder materials need to be detached from surfaces where they were
originally attached to and this is challenging for nanomaterial powders in DSCs. One of the first
process steps is often magnetic separation that will collect material streams that possess magnetic
properties. The following mechanical separation steps (Figure 5) can include properties as visual
appearance, relative density, surface properties, magnetic susceptibility or electrical conductivity
(Kaya, 2016; Wills and Finch, 2016). After these steps, the different fractions can be used in new
products as such or after further processing. To ensure efficient material separation, the
communion phase should be as efficient as possible, however, that is only obtained if each
individual part contains only one element. It is also good to keep in mind that the communion
phase depends on the physical properties of different materials whereas nanomaterials might have
completely different physical properties than their corresponding bulk materials, for instance Co
metal is not magnetic whereas some Co nanoparticles are strongly magnetic. Another challenge
with nanowaste is that it can easily be diluted in the waste stream, and therefore some nanoparticles

cannot be separated by a magnet even if they are magnetic.

Since the volume fraction of substrate in DSCs is so dominant (typically around 99 %) (Parisi et
al., 2014) because the active materials are at most micrometer level thick, the substrate will
dominate the physical properties preventing separation of the active components with all the above
mentioned methods. Since the nanolayers/nanoparticles are attached to the substrates, those will
not be separated by shredding or crushing. Thus, the high value nanomaterials cannot be separated
in a high value stream with the conventional methods, and on the other side the nanomaterials

prevent the recovery of the glass as a pure high-volume stream.
Pyrometallurgical processing
When producing metals from ores, the metal is often as an oxide or sulfide mineral that is reduced

in a pyrometallurgical process (referred here on as pyro process) at high temperature. The smelting

process is optimized for one main metal (for instance Cu) that will remain in liquid matte and the
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rest of impurities separate to an oxide based slag and there are possibilities to obtain certain other
metals from the slag after further processing (Reuter, 2013). In recycling, mechanical treatment is
often used to provide concentrated fractions as a feed to energy intensive pyro processes (Figure
5). In the case of batteries, there are processes where batteries are directly inserted to the pyro
process without any mechanical pretreatment. The advantage in this approach is that there is no
need to invest into mechanical separation equipment and if the feed batteries still include some
electrical charge, it will not damage the processing equipment (Ojanen et al., 2018). Therefore,
pyrometallurgical processing is a robust way to recycle complex energy devices in a safe way. The
disadvantage of the direct feed of devices into pyro process is that only one or possibly few metals
are recovered while the rest of the materials are utilized only as energy (incinerated at high
temperature). Furthermore, there are some materials (unfortunately typical for DSCs) that are not
wanted in the pyro process: firstly halogens, such as iodine and fluorine, are volatile at the high
temperatures and can cause air pollutants. Secondly, a large amount of glass will not be incinerated
but would significantly increase the volume of the slag and reduce the concentrations of the
recovered metals in the slag. Nevertheless, some silicates are included to the pyrometallurgical
processing to enhance the slag quality. The best-case scenario is that adding some glass-based
solar cells could even reduce the need for process additives. However, this is a question of overall

process design in the future.

Hydrometallurgical processing
After the pyro process or, in some cases, streams directly from mechanical processing, the fraction
can be upgraded with hydrometallurgical processes (referred here on as hydro processes) where
metals are recovered from aqueous solutions (Figure 5). The key is that individual metals can be
obtained in quite high quality by changing the process conditions, but these processes require a
large amount of chemicals and/or thermal, pressure, or electrical input. The fraction entering to
hydro process should be very fine to ensure good solubility and therefore high recovery. In solution
with various metals, their separation is dependent on how similar conditions they precipitate: if

the conditions are close to each other it is very unlikely that they can be recovered with high purity.

These basic principles from the recycling process are to provide a view on how difficult it is to
recycle complex multimaterial devices. The reality is that if recycling is omitted at the design
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stage, most likely it is possible to recover just few elements and all economic incentive is lacking.
This increases the probability that the devices have a significant risk to end to a landfill. It is quite
unlikely that all the materials can be recycled from such a complex system. Therefore, it is
important to establish which materials are most crucial to recover and how this process can be
made economically motivated for instance by selecting other materials so that they do not prevent
the recovery process and the lost materials are preferably abundant and renewable.
Eco-Design of DSCs

Next, we investigate the possible recycling options for each individual component of DSCs and
discuss how the alternative material options and eco-design methodology affect the recycling.
Figure 6 illustrates how material choices in DSC design will affect the recyclability of the entire
system and we go through each case in the following sections. Since substrates dominate the
recycling process due to their highest weight portion, Figure 6 summarizes how the substrate
selection affects the recycling of materials in DSCs. For instance, a typical DSC prepared on thick
glass substrates is not suited for commercially viable recycling and furthermore it is hazardous in
the recycling process. However, there are several pathways which allow recovery of all critical
elements and do not lead to formation of hazardous gases in the recycling process (Figure 6). In

the following sections, all materials shown in Figure 6 are investigated component by component.
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Figure 6. Different material and elements choices for DSCs and their potential for recovery in current recycling processes.
Hazardous refers to hazard in the recycling, mainly formation of toxic gases. CP stands for conducting polymer. The typical DSC
is noted as state of the art and one of the possible sustainable alternative pathways is highlighted.

Substrates
The typically used substrate for DSCs is a thick glass with the FTO coating. As mentioned earlier,
recycling of the FTO glass as a complete component would be excellent if it could be done in an
economically viable manner. For that limitations arise from how well the degraded topping
electrodes can be removed and how much energy and manual labor that requires. If the FTO glass
cannot be recycled as a component, it is crushed together with other components for pyro or
hydrometallurgical processing. A major challenge in the pyro or hydro processing is that the
normally used thick glass dilutes the proportion of other materials, in particular Ag, (7.2 g/m?
which is ~300 g/ton with 4 mm thick glasses) (Parisi et al., 2014) below the limit of economically
viable retrieval (700 g/ton for Ag) (Dias et al., 2016; Strachala et al., 2017). Thus, to make DSCs
commercially interesting for recycling, it would be important to lower the total weight of the
substrates at least below 10,000 g/cm? (i.e. two 2 mm thick glasses) but preferably even more so
that the device at the end of life would have significant value to motivate recycling. Typically,
thick glass sheets are used to make the device less fragile so it should be carefully weight how thin
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the glass layer can be without major compromises on safety or stability of the device. For the
recovery of Ag, one would use the Cu process, which allows the recycling of many other
interesting metals such as Pt and Co as well (Reuter, 2013). As discussed earlier, as a pure material
stream glass is recyclable, however, with the connection of different metals, chemicals, and
nanoparticles, most likely it would not be accepted for glass recycling. Furthermore, thick glass
substrates would not be accepted for direct pyro processing to recover the other materials as the
vast weight portion of glass in the solar cell would increase the slag amount and its composition.
Therefore, all compounds and elements in the DSCs (except perhaps the external casing) would
be lost as illustrated in Figure 6.

The typical alternative substrates are plastics, metal foils, and most recently bio-based and bio-
composite substrates (Miettunen et al., 2018). Typically the motivation to use of these alternative
substrate is that they enable roll-to-roll manufacturing, which has been seen critical in keeping the
manufacturing costs down, as well as in some cases getting also direct reductions in materials costs
since the FTO glasses are the single most expensive components in DSCs (Hashmi et al., 2011,
Kalowekamo and Baker, 2009; Kroon et al., 2007). Notably, the value of the FTO coating on top
of the glass is not separated in these calculations but it plays a major role. Like FTO glass, if these
alternative conductive substrates can be reused that would be a priority, but they are facing the
same issues as the FTO glass discussed earlier. Here, we discuss how these supporting materials

affect recycling; separate conductive layers (e.g. FTO) are discussed separately later.

Plastic (as such with no conductive coatings) is a low value material like glass and thus only high
purity and high-volume plastic streams are economically interesting for recycling (e.g. plastic food
containers such as bottles). Neither of those criteria is fulfilled when used in DSCs. The benefit of
using plastics instead of glass in DSCs is that they are flexible but also thin and lightweight; typical
plastic substrates are 200 um thick (Lund et al., 2018) so their mass contribution would be only
around 200 g/m? per substrate. Therefore, if plastic is used on both electrodes, it offers a massive
over 20-fold reduction to the overall device weight compared to a conventional glass-based device.
The utilization of plastic substrates would thus increase the weight portion of silver to around
15,000 g/ton making it multiple times over the limit of economically viable retrieval. Furthermore,

since the reuse of plastics from DSCs would not be interesting, they can even be burned in the
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retrieval of metals, the amount of remaining ash is estimated to be around 0.2 % for the plastic
(Séanchez et al., 2007), which would increase the weight portion of other materials even further
(e.g. Ag would be in the order of 100,000 g/ton) — over 100 times over the limit of economically
feasible recovery of Ag and in such case the degraded solar devices would have a significant value
at the end of life. It should be noted that utilization of plastic substrates results in losses in the
overall device performance since high temperature treatments in the manufacturing cannot be
employed (which is particularly problematic when considering the use of cobalt complex
electrolyte) and additionally the plastic substrate are permeable which results in stability issues
(Lund et al., 2018; Miettunen et al., 2018). The other downside with plastics is that they are not
renewable and recently bio-based alternatives and composite structures have been investigated
(Miettunen et al., 2018). Burning bio-based materials at the end of life would be even less of a
concern. However, the bio-based substrates have at the moment even more challenges with
permeability compared to plastic substrates that limit the cell lifetime (Miettunen et al., 2018). But
quite interestingly paper and wood based substrates can provide superior optical properties —
allowing light reflection inside the device due to high haze — resulting in higher photocurrent
compared to glass or plastic substrates as has been demonstrated in other photovoltaic technologies
(Chen et al., 2018; Fang et al., 2014; Hu et al., 2013; Li et al., 2018, 2016; Ma et al., 2019). In
DSCs, the studies of bio-based approaches have been limited to opaque substrates (Hashmi et al.,
2014). Plastic, paper or other bio-based substrates that are easily incinerated could be inserted
directly into Cu pyro processing where the recovery of Ag, Pt, Zn, Ru, Co, and In is technically
possible (Figure 6) (Sanchez et al., 2007).

The other typical alternative substrates are metals. The benefit with metals is that they allow using
high temperature treatments and reaching higher efficiencies in flexible solar cells is easier
compared to plastic substrates alone (Lee et al., 2013; Li et al., 2019; Liang et al., 2015). The main
challenge in using metals in DSCs is their corrosion in the liquid electrolyte — the particular
problem is that the charge carriers in the liquid electrolyte corrode the metal and whilst doing so
the reacted charge carriers are rendered useless from the operational perspective of the solar cells
(Miettunen et al., 2015). In other words, the metal is typically only marginally affected by the
corrosion but the loss of corrosive agents, the charge carriers, degrades the cell performance

(Miettunen et al., 2015). Thus, the corrosion prevention needs to be at a considerably higher level
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than what is needed to prevent harmful degradation of the metal itself, and there are very few
metals that can reach such stability in the iodine based electrolyte (Miettunen et al., 2015). When
using iodine based electrolyte, Ti has been the only stable metal that can be used without additional
coatings (Miettunen et al., 2018). Ti foils are expensive (90 $/m?, 5-10 times the cost of FTO glass
substrates)(Hashmi et al., 2011) causing a significant increase to the overall device cost making
large scale manufacturing questionable. When using Co complex electrolyte which is less
corrosive, cheaper metals, such as stainless steels (Miettunen et al., 2012) or even ferritic steels
(Miettunen et al., 2014), can be utilized. Stainless steels could be up to 80 % cheaper than
conventional FTO glass substrates (Hashmi et al., 2011) so they are interesting from commercial
perspective, and conformable for metal recycling. However, the pyrometallurgical recycling
processes of both Fe (used for stainless steel) and Ti do not allow the recovery of Pt, Ag, Co, or
Ru as shown in Figure 6 (Sanchez et al., 2007). Metal substrates offer a simpler structure compared
to glass or plastics since no additional current collectors are needed on that side and therefore both
TCO and Ag grids can be omitted. This is because metals even with poor conductivity have more
than 1000 times higher conductivity compared to TCO layers such as FTO (Ma et al., 2004). Metal
foils are opaque so only one electrode, typically the counter electrode, can be made on it and a
separate catalyst layer is still needed (Miettunen et al., 2013). In the case of metal electrode, it
would be important to separate the two electrodes so that for instance Ag current collector grid on
the window electrode could be recycled. It is also possible to make a monolithic solar cell on a
metal foil and omit other substrate completely (Fu et al., 2013). The monolithic cell design is more
difficult to prepare — making all layers work together (e.g. without peeling off) and avoiding
pinholes that could lead to short circuiting is challenging. In the case of a metal based monolithic
cell, the metal substrate would be the only part that could be recovered. Another option to avoid

using TCO altogether is preparing DSCs on metal meshes (Yang et al., 2020).

Another, very unusual approach for flexible solar cells is to utilize extra thin flexible glass layers
(0.1-0.2 mm) (Sheehan et al., 2015). Whilst the conventional soda glass is very brittle as a thin
layer, the willow glass is flexible. There are benefits of utilization of extra thin flexible glass when
considering device performance and lifetime: it is a good barrier (unlike plastics), itis inert towards
corrosion (unlike many metals), and it enables high temperature treatments (up to 550 °C)

(Sheehan et al., 2015) which is essential for the preparation of the highest quality photoelectrodes
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to reach top performance. Utilization of flexible willow glass is likely more expensive compared
to normal soda glass sheets, but its flexibility would enable roll to roll manufacturing which in turn
lowers the manufacturing costs. By utilizing super thin flexible glass substrates instead of typical
thick ones, the total weight of the substrate reduces to 500-1,000 g/m?, which increases the
percentage of silver in the whole device to 3,000-6,000 g/ton which is high enough to motivate
recycling of Ag from commercial perspective (at best almost 10-times above the limit of economic
viability). Glass cannot be reduced in volume/mass further by burning unlike plastics or bio-
substrate, but it is inert and not harming recovery of other materials. For thin glass, similar
recycling approach as for the alternative substrates could be utilized: if DSCs with thin glass
substrate would be possible to insert directly into Cu pyro process, the recovery of valuable metals
is possible (Sanchez et al., 2007). Thin glass would not burn but it would go into slag, however
due to its smaller volume, it might not alter the slag volume of composition too much. This is a
research field that would require further investigation. Utilization of super thin glass is a prime
example of how change in one component could tip the balance so that it would make the recycling
of another component (Ag current collector grids) in the device economically profitable.
Conductive layers

As mentioned, the FTO coating on the conventional glass substrate is hindering recycling of other
components since in the pyro process it results in toxic gas. The typical alternatives are indium
doped tin oxide (ITO), thinly printed metal grids, conductive polymers, and carbon nanotubes
(Ellmer, 2012). These different materials can be applied on variety of substrates and the only
approach which does not work for all substrates is FTO. Since FTO requires high temperature
manufacturing, it cannot be applied on plastics or bio-based substrates, and the common low
temperature alternative has been ITO. Replacing FTO with ITO resolves the toxic gas problems
related to fluorine during recovery of metals, but causes another critical recycling problem: indium
is a very rare metal and its amounts are insufficient for large scale global manufacturing of
photovoltaics (Grandell and HOo0k, 2015). Thus, utilization of other alternatives is highly

recommended even if In could be recycled in some cases (Figure 6).

One option for the preparation of transparent conductive layers is to utilize thin metal grids, e.g.
from Ag. Although Ag is in limited supply if it is used anyway to make the current collectors and
the cell design is commercially viable for the recycling of Ag, having more of the same metal on
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the same substrate would make this additional coating directly economically feasible for recycling.
In general, having fewer different materials is typically easier from recycling perspective. The
transparent Ag grids cannot, however, be utilized in all DSC types since Ag corrodes very easily
in iodine based electrolytes (Miettunen et al., 2015), and they cannot be protected like the larger
scale current collector grids. Thin Ni grids have been demonstrated in DSCs (Okada et al., 2004),
but later on also Ni was shown to corrode in the iodine based electrolyte (Fang et al., 2005).

Conductive polymers such as poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate) (PEDOT-
PSS are another option to make a transparent conductive layer. Such polymers are uninteresting
for commercially viable recycling from DSCs, but they are abundant and do not hinder recycling
of other more critical materials. It should be noted that some of conducting polymers are also
catalytic: at the counter electrode, the conducting polymers could replace even both the conductive
and the catalyst layer which is discussed more in the following section. PEDOT based materials
are actually one of the highest performing catalysts for Co complex electrolyte (Park et al., 2014,
Tsao et al., 2011). In contrast at the photoelectrode, conductive polymers are highly problematic
since even a poor catalyst can cause massive back reaction resulting in major losses in efficiency.
Another issue is sufficient stability for the conducting polymers — it should be kept in mind that
photovoltaic devices are subjected to very harsh environmental stress, e.g. UV light, that may
degrade the polymers.

Another option are carbons structures which are generally rather robust. Although stability needs
to be validated case by case, carbon structures have been used in many cases to reach long term
stability for DSCs (Kato et al., 2009). Thick carbon layers can be also utilized as a catalyst layer
like some conductive polymers discussed above. Interestingly, whilst carbon nanotubes have some
catalytic features, they can be utilized also at the photoelectrode: for instance they have even been
mixed into the porous dyed TiO; to improve the charge transfer at the photoelectrode (Yen et al.,
2008). Thus, the transparent carbon nanotube layers could potentially be utilized at both electrodes.
Carbons, also for carbon nanotubes, can be sourced from fossil sources or from renewable biomass.
In particular in the latter case, they could offer an environmentally sustainable option that supports
the recovery of critical materials in DSCs.
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Counter electrode

As mentioned earlier, the conventional catalyst Pt is problematic — it is rare and expensive metal,
with likely availability issues in large scale manufacturing of solar cells (Hinsch et al., 2014). This
is even though the evaluated amount of Pt in DSCs is very small since only a very thin layer is
needed and the amount varies between 0.02-0.1 g/m? (0.8-4 g/ton) (Hinsch et al., 2014; Veltkamp,
2007). 1 nm thick layer of Pt relates to the portion of Pt to be 1 g/ton in the conventional glass-
based device. The limit of economically viable recovery of Pt is 1-7g/ton from the ore depending
on what other minerals there are or how difficult the deposit is to excavate so the suggested
amounts of Pt are on the borderline (Lewins et al., 2008). Utilizing thin glass, plastic, or bio-based
substrates, the proportional amount of Pt is raised to 10-50 g/ton depending on the substrate and
Pt retrieval can be made viable (Figure 6). Note that in the case of stainless steel and Ti substrates,
the pyrometallurgical recycling process of neither stainless steel nor Ti allows the recovery of Pt
(Figure 6) (Sanchez et al., 2007).

Although Pt could be in some cases recovered, more abundant alternatives should be preferred. In
previous section, we already discussed some alternatives: carbons and conducting polymers. These
materials can reach roughly similar efficiencies than Pt in DSCs with iodine based electrolytes
(Thomas et al., 2014). Furthermore in DSCs with Co complex electrolyte, alternative materials can
even outperform Pt, and record efficiencies have been reached with carbon catalyst (13 %)
(Mathew et al., 2014). From stability perspective, carbon catalysts are usually stable and they have
been utilized for instance in the longest reported outdoor stability test of DSCs (Kato et al., 2009).
In conclusion, the utilization of carbon-based catalyst does not compromise performance, lifetime,
or cost compared to Pt — in fact carbon could even surpass Pt. For conductive polymers, there are
some concerns about their stability (Thomas et al., 2014). Carbon and conductive polymer
catalysts are normally used in much larger amounts compared to Pt (carbons typically around 10-
60 um thickness). Whilst the layers are thicker, these materials are abundant and lower value
compared to Pt. They cannot be sourced back from degraded solar cells, but instead carbon and
conducting polymers would be burned in the retrieval of precious metals. Depending on how the
carbon and polymers have been sourced, the issue of not retrieving them varies. In the most
environmentally sound end, there are for instance bio-carbons that are prepared from bio-waste

streams using waste from food production (Ma et al., 2018; Madhu et al., 2014; Maiaugree et al.,
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2015; Wang et al., 2015), forestry waste (Jiang et al., 2010; Xu, 2017; Xu et al., 2018), or marine
biomass (Wang et al., 2014). Carbon catalyst layers are often composite layers containing
materials such as ZnO, ZrO, and TiO> (Hashmi et al., 2014; Ogata et al., 2019; Wu et al., 2011).
Since such composite materials are cheap, abundant, and safe, not recycling them is not an issue.
Electrolytes

The selection of electrolyte plays a critical role: the good operation of DSC requires that the
electrolyte penetrates well both electrodes, which consequently means that its residues will be
present at both electrodes in the recycling. As mentioned earlier, electrolyte is often among the
first components to degrade and its reuse is not possible. The sufficient availability of iodine for
very large scale use in DSCs has also been questioned (Hinsch et al., 2014). However, iodine
should be collected from degraded devices since it is harmful for aqueous life and requires to be
disposed as harmful waste. lodine in the conventional pyrometallurgical metal recovery process
(i.e. those used for recovery of Ag) can cause harmful HI that will be released as part of flue gases
and should therefore be avoided. Since the electrolyte is present on all the active components of
DSCs, it can in the worst case prevent the recycling of all other components.

There are, however, alternative redox couples. Most of them, such as pseudohalogen redox
couples, such as SeCN7/(SeCN)s~ (Wang et al., 2004), disulfide/thiolate redox couples (Wang et
al., 2010), or ferrocene/ferrocenium (Daeneke et al., 2011) result in lower efficiencies compared
to iodine based electrolytes and many suffer from poor stability in the final device rendering them
uninteresting for large scale manufacturing at the moment (Wu et al., 2015). The exception among
alternative electrolytes are the Co complex based electrolytes, which have been used to exceed the
efficiencies of the conventional iodine based electrolytes (Mathew et al., 2014), and more recently
also Cu based electrolytes (Cao et al., 2017). The Co complex electrolytes have suffered from
stability issues (Hinsch et al., 2014), but modifications to the electrolyte composition has improved
the situation (Jiang et al., 2014; Kamppinen et al., 2020; Wu et al., 2015). It has been evaluated
that unlike iodine based electrolytes, those based on Co complexes based have virtually no
limitations of availability (Hinsch et al., 2014). It should be remembered that like iodine also Co
complexes as such are not environmentally friendly materials, and the leakage of Co to soil needs
to be prevented (critical concentration in soils is approximately 0.1 g kg™*) (Hinsch et al., 2014).
In a metal recovery process, Co would not be released as a gas but would end up in the oxide slag
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and from there it, as well as series of other precious metals (e.g. Ag, Pt), can be recovered (Figure
6) if Cu pyro processing is used (Reuter, 2013). Note that if there is a sufficient amount of Ag to
economically motivate recycling — the other metals such as Pt or Co can be retrieved economically
from the slag even if they were present in much lower quantities than needed for their economical
viable recovery as an individual element. This is because the energy intensive part (expensive part)
of the processing is already done.
Photoelectrode

The photoelectrode is composed of a dyed TiO; layer. TiO- is a cheap and abundant material that
is also used by industry as a filler. It is significantly more valuable, approximately 100 times, as a
nanostructured screen printing paste ready to be utilized in DSCs (Hashmi et al., 2011a). It cannot
be retrieved in the form of paste and thus recycling it is not motivated. Luckily the TiO; particles
do not interfere with the recycling of other materials. The dye layer on top of the nanoparticle TiO>
layer is the valuable material, but its proportion is extremely small since it is only one atom layer
thick. Conventional high performance and stability dyes in DSCs with iodine electrolyte are
typically Ru complexes (Asghar et al., 2010; Harikisun and Desilvestro, 2011). Ru is an expensive
and scarce to extent that its availability may hinder very large scale manufacturing of DSCs
(Hinsch et al., 2014). Therefore, it should not be wasted and preferably it should be replaced.
Alongside the electrolyte, the dye is one of the components that are most likely subjected to
degradation (Asghar et al., 2010). Thus, whilst the dye layer can be detached, for instance with
water/ethanol mixture containing tetrabutylammonium hydroxide which is used in the analysis of
the degradation of dye (Rendon et al., 2015), it is highly unlikely that the dye could harvested in a
good condition without impurities ready to be used again. The degradation products of the dye
vary based on the composition of the electrolyte, impurities in the device, and on the weathering
conditions (Rendon et al., 2015; Tiihonen et al., 2015; Tuyet Nguyen et al., 2010, 2009). In other
words, the dye does not end up in one single degraded state, which would be easier to manage in
the revival and reuse of the degraded dye. Recovering Ru as a metal from a degraded (crushed)
solar cell, is even more problematic since the amounts of dye are so negligible, 0.1 g/m? (Hinsch
et al., 2014). In conventional glass-based DSCs, the amount of Ru is only 0.5 g/ton. Ru can be
recovered in a similar process as Pt (Figure 6) and is economically motivated only as a part of

other recovery processes (Frohlich et al., 2017).
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When considering alternative dyes, natural dyes, such as Chlorophyll, have been suggested since
their utilization would remove not only the need for precious metals in dyes but also the costly and
energy intensive synthetization process of dyes (Ludin et al., 2014). However, natural dyes have
major limitations in terms of both performance (highest efficiency only 2.67 % with mangosteen
peels) (Maiaugree et al., 2015) and poor stability (Escobar and Jaramillo, 2015; Ludin et al., 2014).
Thus, they are not currently able to provide a commercially or even environmentally sound

alternative, when considering aspects such as return of energy investment of the entire device.

There are other alternatives such as organic synthesized dyes or dyes with non-rare metal center.
Some of them are even more energy intensive to prepare than the conventional Ru based dyes,
such as 5,15-bis(2,6-dioctoxyphenyl)-10-(bis(4-hexylphenyl)amino-20-4-carboxyphenyl
ethynyl)porphyrinato]Zinc (1) (known as YD2-0-CB) is three times more energy intensive to
prepare compared to Di-tetrabutylammonium cis-bis(isothiocyanato)bis(2,2'-bipyridyl-4,4'-
dicarboxylato)ruthenium(ll) (known as N719) (Parisi and Basosi, 2015). However, since dyes are
used in such a negligible weight percentage, even tripling the energy required for manufacturing
of the dye itself does not add significantly to the overall embedded energy at the device level.
Interestingly, the conventional Ru based dyes do not result in the highest performances in DSCs
with alternative electrolyte, but top performances are reached with a porphyrin dye with Zn as the
central metal such as the above mentioned YD2-0-CB (Yella et al., 2011) or an organic dye 3-{6-
{4-[bis(2',4'-dihexyloxybiphenyl-4-yl)amino-]phenyl}-4,4-dihexyl-cyclopenta-[2,1-b:3,4-
b']dithiphene-2-yl}-2-cyanoacrylic acid (Y123) (Cao et al., 2017). Having Zn instead of Ru relaxes
the need to recover the dye due to utilizing a less scarce metal. Zn is abundant so if cannot be
recycled if used for instance with stainless steel substrates (Figure 6), it is not significant loss.
However, Zn could be recycled when used together with thin glass, plastic or bio-based substrate
(Figure 6).

4. Conclusions
The main scope of this contribution is to initiate discussion on the consequences of different
material selections for the recyclability of DSCs and provide eco-design strategies for development
of devices. In the future, all produced energy production devices having metallic or harmful

components need to be recycled. But unfortunately, such recycling processes are highly non-trivial
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for advanced nanostructured devices like DSCs, and it is questionable if they can become
economically viable. As this work concludes, components or elements, that in general can be
recycled, may not be possible to recover as a part of a DSC system. It is not just the individual
components but the entire system that needs to be considered — the combination and proportions
of materials defines which materials, if any, can be retrieved. Proper eco-design prior to
commercialization, preferably already during material development, ensures that any critical

materials needed for the high performance is recovered.

Reviving complete devices or reusing components should be preferred in the recycling process,
but it is questionable if they can be obtained in good enough condition and what type of labor-
intensive steps are required. Building such tailored recycling processes requires that very large
quantities of aged solar cells are put through it. Among the different DSC components, conductive
substrates are the most likely parts to reach economically profitable reuse, but even they have

major challenges. Primarily the work required to separate and clean them may be too costly.

When considering the retrieval of elements from degraded DSCs, existing recycling pathways
could be utilized which relaxes the need for very large quantities of degraded devices. The
challenge in utilization of existing recycling methods is complicated since DSCs consist of
multiple materials, many of which are nanostructured and appear in such small quantities that their
recovery may not be economically feasible. For instance, the conventional of DSCs with thick
glass substrates do not conform to economically viable recycling for rare metals and in addition it
includes toxic materials. There are, however, several material combinations that lead to sustainable
options in regard to recycling. For instance, changing from thick glass substrates to thin flexible
substrates is enough to change the weight percent of Ag current collector grids so that their
recovery is economically motivated. The utilization of a super thin flexible glass (i.e. using same
type of base material but in smaller quantities) would suffice to motivate recycling without
sacrificing the advantages that glass substrate gives in terms of performance and stability. Some
of the substrates, such as plastic or cellulose based foils, could even be burned off, raising the
proportion of Ag over 100 times above the limit of commercial viability for recycling, meaning
that DSC waste would have significant value. However, these substrates still face other challenges,

in particular in stability, before they can be utilized in commercial devices, but these results give
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further motivation for their research. Interestingly, DSCs based on cobalt or copper complex
electrolytes, which are known for their high performance, suit also better for the recycling process
compared to iodine-based electrolytes. Furthermore, Co or Cu based devices show highest
performance with abundant alternative materials such as carbon catalysts and organic dyes or dyes
based on Zn. If it is economically meaningful to collect degraded DSCs because for instance their
Ag concentration is high enough, the benefit is that the cells will go to the recycling process and

other harmful chemicals that the cells contain do not end up untreated in the soil.
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