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Perovskite solar cells (PSCs) have witnessed a rapid progression as emerging alternatives for innovative
photovoltaics (PVs). However, this promising growth also comes with challenges related to the end-of-
life (EolL) management of exhausted devices. In this review, we discuss different studies on the
implications of the decommissioning of PSCs from a sustainable perspective by reviewing current PSC

Received 2nd April 2025 recycling strategies as general guidelines in the field of EoL PSCs. We hope that this review would
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recycling protocols for PSC recovery, from lab- to large-scale application in view of perovskite-based
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1. Introduction

One of the most urgent global issues is accomplishing the
challenge of carbon “net zero” in the context of the UN sustain-
able development goals. Therefore, intensifying eco-friendly
energy-conversion technologies is mandatory. In this respect,
the International Renewable Energy Agency (IRENA) predicted
that in the coming years, photovoltaics (PVs) will lead the
industry of renewable energy production. However, this inspir-
ing near-futuristic vision comes with a downside related to
the end-of-life (EoL) management of exhausted solar panels.
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PV technology’s imminent jump to the market.

In fact, IRENA also estimated that global solar PV waste will
reach 60 million metric tons by 2050." Other studies also
envision scenarios of cumulative PV module waste production
between 54 million and 160 million metric tons.” Even though
this may appear as a relevant quantity of waste, it is important
to compare this quantity with the much higher waste produc-
tion from other types of technologies (i.e. coal ash and oily
sludge waste generated from fossil fuel energy). This means
that continuous research on long-lasting high-yield PV modules
together with their reuse and recycling is still of great relevance
in contributing to decarbonization, and EoL strategies need to
be addressed in the early stages of any solar cell technology
development.

In photovoltaics, perovskite solar cells (PSCs) have attracted
great attention from the scientific community and from
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stakeholders and government® as new emerging solar energy
production devices* owing to their various advantages. Among
these, their low energy payback time (EPBT) and levelized cost
of electricity (LCOE) together with a high record power conver-
sion efficiency (PCE) make them ideal candidates in the solar
arena. In less than 20 years, PSCs have approached lab-scale
record efficiency (27%),> which monocrystalline silicon tech-
nologies attained only after more than 50 years of research. The
reason behind the success of PSCs lies in their extensive
tolerance towards defects, besides being processed from solu-
tions of the perovskite active material, which results in reduced
charge carrier recombination and long carrier diffusion length,
leading to remarkable PCEs.*’ Perovskite materials can be
integrated with other photovoltaic technologies to fabricate
tandem or triple-junction solar cells, thereby exceeding the
efficiency limitations of conventional single-junction devices.
In the most widely studied tandem architectures, a perovskite
absorber is deposited on top of another photovoltaic layer,
such as a secondary perovskite layer (perovskite/perovskite)
or a crystalline silicon (perovskite/silicon). Notably, in the
2-terminal perovskite/silicon configuration, recent advancements
have enabled a PCE of 34.6%, demonstrating the potential
of these hybrid approaches to revolutionize next-generation
photovoltaics.®

Despite their high efficiencies and broad applicability, PSCs
still suffer from device longevity with respect to the 20 years of
stable operation required from commercial PV technologies.’
Extensive research efforts have been made to enhance the
stability of PSCs,'®'! spanning from strategies that tackle
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intrinsic properties of perovskites to encapsulation procedures
to secure the device from the external environment.'>™*
Consequently, several companies have just started working on
perovskite-based PV installed pilot lines and produced module
prototypes for commercialization.'® Therefore, it is estimated
that perovskite-based PVs will soon contribute to the global
solar PV market and consequently also to PV waste generation.

In this respect, PSC decommissioning becomes an urgent
task that, in our opinion, should be readily addressed at the
device design stage. According to the European Union, 80%
of a product’s environmental impact is determined during its
design phase.'® Moreover, in line with the 12th sustainable
development goal of the Agenda 2030, the recovery of PSCs
would meet the requirements of responsible consumption and
production patterns.'” It is also important to keep in mind that
just converting renewable solar energy into electricity does not
directly translate to green production. Therefore, to achieve real
sustainability, both the recyclability and the environmental
impact of such a novel energy-conversion technology must be
considered. In this regard, the circular economy, whose pillars
are, in a priority order, reduce, reuse, recycle, and recover, is the
model of choice for minimizing material waste and creating
further value from depleted PSCs. Life cycle assessment (LCA)
comparing landfill and recycling EoL scenarios for exhausted
PSCs demonstrates that the recovery of critical components
of PSCs reduces the environmental impact of such techno-
logy,'®"® as schematically depicted in Fig. 1. Moreover, recycling
PSCs results in the safe management of their toxic contents,
mainly represented by lead (Pb). It is well known that Pb
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Fig. 1 Schematic of virtuous versus non virtuous PSC-derived waste
disposal.

represents a hazard to human health because it can enter the
bloodstream by several paths (ingestion, inhalation or dermal
contact) and can accumulate in the skeleton (with a half-life of
40-50 years).”®>" Furthermore, Pb is known to be genotoxic,
and it can cause neurological and non-neurological different
types of disorders.”” By collecting Pbl, or the entire perovskite
from spent PSCs, lead pollution can be reduced, while PSC
sustainability is enhanced.

For these reasons, in recent years, many efforts have been
made to ensure the circular deployment of perovskite-based
PVs, developing sustainable protocols, in particular, employing
green solvents to manage EoL and remanufacturing of PSCs
(e.g. recycling of toxic lead iodide component and reuse of
expensive charge transporting materials and metal contacts).
Meanwhile, it is compelling to adequately disseminate to the
scientific community the major outcomes of this important
research aspect to boost perovskite-based PV technology’s full
development and its imminent launch to the market.

Thus, in this review, we first give a brief introduction to PSC
technology, mainly focusing on the architecture of the different
available devices, as basic knowledge to allow full comprehen-
sion of the subject to non-specialised readers. Then, we present
various studies on the implications of the decommissioning of
PSCs from a sustainable perspective through an overview of the
proposed LCA and techno-economic analysis (TEA) in the
literature, demonstrating the fact that such types of environ-
mentally friendly ‘“best practices”” applied to PSCs can produce
valuable resources from waste even at the lab-scale. We further
proceed by commenting on different recovery protocols by
discussing several published works from lab- to large-scale.
Specifically, we summarise the existing recovery strategies for
each (or multiple) material(s) that comprises PSCs, providing
an overview of related articles following the waste hierarchy
reported in the Directive 2008/98/EC of the European Parlia-
ment. Then, we discuss the impact of the solvent choice on
recycling strategies and the rationale behind its selection, with
special attention paid to the implementation of the use of green

This journal is © The Royal Society of Chemistry 2025
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solvents. Finally, we conclude by summarising the main out-
comes as general guidelines in the field and providing future
perspectives.

2. Perovskite photovoltaic
technologies

Perovskites are a class of materials characterized by an ABX;
crystal structure, where “A” represents an organic or inorganic
cation, such as cesium (Cs'), methylammonium (MA",
CH;NH;"), and formamidinium (FA*, CH;CH,NH;"). The “B”
site is occupied by a metal cation, commonly tin (Sn>*) or lead
(Pb*"), while “X” is a halide anion, including iodide (I7),
chloride (C17), or bromide (Br™). By carefully selecting different
combinations of these elements, it is possible to tailor the
properties of perovskite materials for specific applications in
photovoltaics and optoelectronics.*?***

One of the key advantages of lead-based perovskite materials
is their excellent optoelectronic properties. They exhibit a high
absorption coefficient (~5.7 x 10* em ™" at 600 nm), low Auger
recombination, efficient charge carrier mobility (1-10 cm* V" s %),
and long charge diffusion lengths. These characteristics make
perovskites highly attractive for applications in solar cells,
light-emitting diodes (LEDs), photodetectors, and other opto-
electronic devices.

Furthermore, tunable bandgaps ranging from 1.3 to 2.2 eV
are extremely important for tandem and multi-junction solar
cells (Fig. 2c and d).> In fact, in the context of perovskite solar
cells (PSCs), different device architectures can be employed.”®
As schematically illustrated in Fig. 2a and b, the single-junction
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Fig. 2 Schematic illustration of different perovskite device architectures:
(a) NIP, (b) PIN, (c) tandem and (d) triple junction solar cells.
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configuration follows either an n-i-p (NIP) or p-i-n (PIN)
structure depending on the arrangement of the charge trans-
port layers relative to the light path.?”” Common hole transport
materials (HTMs) include spiro-OMeTAD, NiO, PTAA, and SAM
layers, while electron transport materials (ETMs) frequently
used are Cq, PCBM, and SnO,.?%2°

Perovskite materials offer versatile applicability across var-
ious photovoltaic (PV) domains,*® including indoor PV,
building-integrated photovoltaics (BIPV), and agrivoltaics.*"*>
This broad adaptability stems from their facile processability,
as perovskite films can be deposited using solution-based
techniques or vacuum evaporation methods, enabling scalable
and cost-effective manufacturing.*

3. Sustainability and economic
considerations of decommissioning
PSCs

From an eco-friendly broad context, green energy production
plays a strong role in fighting the climate crisis, with the
ambition of substituting fossil fuels with other renewable
sources of energy. The selection of one type over another
technology can be driven by several aspects, such as geogra-
phical collocation and material availability. For a total evalua-
tion of new green energy-conversion technology, besides
efficiency, lifetime, and ease of manufacturing, environmental
sustainability and economic advantages are timely fundamen-
tal aspects to consider when developing novel techniques and
must also be considered as important indicators when design-
ing proper recovery strategies. In fact, each adopted process
accounts for material and electricity consumption as well as for
environmental impact, which needs to be carefully evaluated to
render both the process and the recovery protocols advanta-
geous from a commercialisation perspective. LCA and TEA have
been performed to evaluate the competitiveness of different PV
technologies® and can also be useful types of studies to
compare different recoveries of PV device processes.

In the contest of perovskite-based PVs, works that compare
circular EoL approaches with landfill EoL scenarios for PSCs
are of fundamental importance to foresee a virtuous direction
to sustainable PSC commercialisation that may start already at
the lab-scale and are discussed in detail in the subsequent
sections.?”

3.1. Environmental impact of recovery strategies by life cycle
assessment

As anticipated above, LCA is a powerful tool for assessing the
environmental impact of a product. Usually performed as a
comparative analysis, it evaluates the sustainability of all
manufacturing, operational, and disposal processes occurring
during a product’s lifetime. Although some studies performed a
comparative LCA to estimate the profitability of PSCs with
respect to other PV technologies,**™® other types of studies
evaluated the effects of PSC recovery as opposed to land-
filling."®*° In this respect, the effect of material recovery on

Chem. Soc. Rev.

View Article Online

Chem Soc Rev

Table 1 Comparison of EPBT and LCOE of PSC and Si PV technologies

PSCs Si PVs
EPBT (years) 0.19-0.60 1.3-2.4
LCOE (€cents per kW h) Estimated 4.52-6.11 4.1-9.2

primary energy consumption (PEC), global warming potential
(GWP), energy payback time (EPBT), and greenhouse gas (GHG)
emissions are several environmental-related indicators to con-
sider in an LCA analysis.

Tian et al.'® performed an LCA on six PSC architectures and
identified the most advantageous device stacks by considering
several environmental-related indicators. As shown in Table 1,
PSCs can be fully competitive with their silicon counterparts.
According to the study, the EPBT for silicon photovoltaics is
approximately 2.4 years under a landfill end-of-life scenario,
which can be reduced to 1.3 years when recycling processes are
implemented. In comparison, PSCs exhibit significantly shorter
EPBT values in all analysed cases, ranging from 0.19 to 0.60
years under landfill conditions, with further reductions antici-
pated under recycling scenarios. Although some uncertainty
remains regarding the precise LCOE values for perovskite
technology, a reliable estimate ranges from 4.52 to 6.11 €cent
per kW h, demonstrating cost competitiveness with silicon-
based photovoltaics.*°

Results showed that in all cases, the recovery of critical
components of PSCs can reduce the environmental footprint of
the technology (Fig. 3).

Similarly, in a recent work conducted by our group, we
developed a circular recovery method to reuse and recycle key
PSC materials and performed an LCA to assess its profitability
with respect to a landfill end-of-life scenario. The analysis of full-
spectrum midpoint impact categories revealed that the application
of our circular recovery approach is definitively more beneficial
with respect to the landfill EoL scenario.*’ Finally, Rodriguez-
Garcia et al.** analysed 13 PSC recycling techniques reported in the
literature that focused on transparent conductive oxide (TCO)-
coated glass recovery. Surprisingly, their comparative LCA revealed
that all considered processes, except for one, generated a higher
environmental impact than the production of virgin substrates.
In particular, the highest footprint was generated by chemicals
used to dissolve the PV layers of the stack. Dimethylformamide
(DMF), a toxic and environmentally harmful solvent,*>**
employed in most of the impactful techniques analysed, while
potassium hydroxide (KOH) aqueous solution was used in the
process that truly resulted in a sustainable one. We can therefore
conclude that the choice for using “greener” solvents, which is
extensively discussed later in this review in a dedicated section,
seems to be crucial in reducing the environmental impact of PSC
recovery protocols.

was

3.2. Impact of recovery strategies on costs by techno-
economic analysis

In a similar manner to LCA, TEA can be performed to estimate
the economic profitability of a product in comparison to others,
considering all lifetime stages, from production to disposal.

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 Comparison of (a) EPBT and (b) GHG emission factors among
13 PV modules based on different technologies. The solid bars correspond
to landfill end-of-life scenarios for different PV modules, while the striped
bars correspond to the recycling counterparts. The evaluations are based
on rooftop-mounted installation in Southern Europe, with annual irradia-
tion of 1700 kW h m™2 and a performance ratio of 75%. Error bars, 95%
confidence intervals. Reproduced with permission.® Copyright 2021,
Nature.

The LCOE is a common indicator that allows for the
calculation of the average cost of electricity in a currency per
energy unit and can help assess the electricity generation costs
of a technological process. Similarly, the minimum sustainable
price (MSP) can be an important indicator to consider for
providing the minimum rate of return (i.e. the efficiency of a
technology in generating profits in relation to the resources
used) necessary for a given industrial process to support a
sustainable business over the long term.

Since most TEA studies on perovskite-based PVs neglect EoL
impact, Martulli et al.’® proposed a model that considers both
financial and environmental key indicators to obtain a com-
plete environmental-techno-economic assessment (ETEA), eval-
uating the restoration of PSCs from an LCA perspective and
estimating its economic advantages. Their study assessed the
effects of different levels of recovery rates and retained PSC
performance on device sustainability. The work also demon-
strated that EPBT and GHG emission factors of PSCs can be
decreased up to 23% and 13%, respectively, when high levels of
recovery (>90%) and slightly reduced efficiency are achieved.
Moreover, they calculated that the MSP and LCOE of PSCs can
be reduced by 14% and 4%, respectively, if PSCs were recovered
with high recovery levels (~100%) and no performance loss.

This journal is © The Royal Society of Chemistry 2025
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Wu et al.*> compared the manufacturing costs of 1 m> PSC
fabricated with either fresh or recovered components. Their
study reveals that the reuse of substrates and the recycling of
the perovskite layer and HTL would reduce costs by 63.7%
and 90.7% for devices fabricated at laboratory and industrial
scales, respectively.

McGovern et a presented a techno-economic study
of perovskite PV technologies, comparing rigid and flexible
single-junction perovskite modules to crystalline silicon PV
(Si PV). They calculated the LCOE as a function of module
efficiency and stability for a set of four modules. The LCOE
equation demonstrated that low-weight flexible perovskite
modules are promising. In fact, even though they are only
slightly more interesting than rigid perovskite modules in
competing against the Si PV utility sector, LCOE greatly bene-
fited when considering the production of flexible low-weight
modules by roll-to-roll manufacturing. Furthermore, LCA was
performed for a representative flexible PSC device with 14%
power conversion to evaluate the environmental impact of each
layer in the flexible PSC architecture.

This type of comparison is important because flexible perov-
skite PVs can, in principle, broaden the range of PV applica-
tions, reaching novel PV market areas that are currently not
achievable by exploiting both rigid perovskite and Si PVs.*’

l, 46

4. End-of-life management of
perovskite solar cells

Considering the rapid growth in photovoltaic technology, cir-
cular recycling is trivial in PV deployment. Therefore, addres-
sing the potential accumulation of large amounts of discarded
solar panels is increasingly relevant for developing the sustain-
able decommissioning processes of photovoltaics. Presently,
the recycling of commercial silicon PV modules is quite chal-
lenging owing to laborious component separation, leading to
downcycling.*® In contrast, layer-by-layer PV devices, such as
PSCs, could potentially allow for a relatively easy separation of
material components through a selective dissolution strategy.*’
Even though the perovskite PV device commercialisation
process is still in its infancy,"” we believe that the intrinsic
potential impact on recycling of such a type of device should
already be addressed at the developing stage of this technology
to pave the way towards fully sustainable PSCs.

As extensively demonstrated in the previous section of this
review, TEA and LCA confirmed the economic benefits of
developing recycling procedures that can reduce environmental
impacts at both the laboratory and industrial scales.

To program proper decommissioning strategies as a first
step, it is important to identify the most critical components of
PSCs. Once spotted, it is key to define directives for the design
of dismissal processes. Fig. 4 presents a schematic representa-
tion of the waste hierarchy pyramid reported in the Directive
2008/98/EC of the European Parliament, where waste avoidance
and waste treatment strategies are arranged from the most
preferred (at the top) to the least preferred (at the bottom).>

Chem. Soc. Rev.
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Fig. 4 (a) Waste hierarchy pyramid as reported in the Directive 2008/98/
EC of the European Parliament and of the Council of 19 November 2008
on waste and repealing certain directives.®® Analysis of the (b) primary
energy consumption, (c) cost analysis and (d) carbon footprint of perovs-
kite solar cells.

When possible, reduction and reuse are to be pursued since
they completely avoid waste generation. Recycling and recovery,
instead, must be put in place before disposal when waste
avoidance is impossible.

In this section, we summarise the existing recovery strate-
gies for each (or multiple) material(s) that comprise PSCs,
providing an overview of related articles following the waste
hierarchy pyramid.

4.1. Evaluation of the economic and environmental impact of
each perovskite solar cell component

The rational design of recovery strategies for PSCs involves
determining the economic and environmental impact of each
component of the technology. Through such analyses, materi-
als can be ranked in terms of cost and sustainability, and their
recovery urgency can be estimated. In Fig. 4b-d, the analysis of
the primary energy consumption, costs and carbon footprint
considering each perovskite solar cell component is graphically
presented.

Nazeeruddin and coworkers®' performed a cost analysis to
produce perovskite solar panels. In their analysis, the material
and equipment costs associated with perovskite PV production
were estimated by comparing the impact of selecting different
ETL and electrode materials in multiple locations. Significant
variance was found in all metrics between the selected loca-
tions, which were considerably affected by local glass proces-
sing prices. Furthermore, in one of our studies,’® it emerged
that transparent conductive oxide (TCO) glass coated with an
electron transport layer (ETL) outweighs all other constituents,
clearly indicating its high impact on manufacturing costs (23%
of the cost analysis; pie chart depicted in Fig. 4c).

Furthermore, from an environmental footprint perspective,
in the LCA proposed by Tian et al.'® mentioned in Section 3.1,
the contribution that each component of the device has on its
carbon footprint and PEC is evaluated, considering six different
single-junction perovskite solar module (PSM) architectures.
From an embedded material perspective, transparent conduc-
tive oxide (TCO)-coated glasses, such as indium tin oxide (ITO)
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and fluorine tin oxide (FTO), are widely used in solar cells
owing to their excellent electrical conductivity and optical
transparency, representing the most environmentally impacting
component for all PSM architectures. Regarding manufacturing
processes, although different architectures were characterized by
different fabrication processes, those that required high tempera-
tures or energy-intensive procedures were generally marked by
higher PEC and carbon footprints.

Wu et al.*> demonstrated the high economic impact of the
TCO glass, estimating the mass and cost composition of a 1 m*
PSM based on indium tin oxide (ITO)/tin oxide (SnO,)/methyl-
ammonium lead iodide (MAPbI;)/N*,N*',N”,N”'"-tetrakis(2,4-di-
methoxyphenyl)-N?,N*' N’,N”"-tetraphenyl-9,9’-spirobi[fluorene]-
2,2',7,7'-tetraamine (spiroOMeTAD)/Au. The ITO-coated sub-
strate comprised almost the entire total mass (99.9%) and most
of the total cost (58.3%) of the device. Furthermore, in 2020,
NREL conducted a TEA, where manufacturing costs were esti-
mated for a sheet-to-sheet single junction PSM produced in the
United States.>® The analysis considered all steps of module
production and installation, evaluating material cost, labour,
utilities, maintenance, and depreciation. Thus, TCO was the
most impacting component from both economic and environ-
mental perspectives.

It is important to keep in mind different types of PSCs such
as flexible PSC devices that employ alternative materials as
substrates, such as plastic-based ITO using polyethylene tere-
phthalate (PET) and polyethylene naphthalate (PEN), for which
it is important to estimate costs and plan targeted recovery or
recycling protocols. Even though the estimated costs of PET
and PEN are lower than those of glass, they have petrochemical
origins. Hence, their use may be associated with environmental
pollution issues that need to be addressed differently from
glass when considering their EoL management.>*

Furthermore, the second highest GWP is the back glass used
for encapsulating the device. Bogachuk et al> developed a
novel thermally assisted mechanochemical approach to remove
it along with most of the device constituents for remanufactur-
ing PSCs. From a production perspective, it is therefore impor-
tant to lower fabrication costs by developing highly effective
and low-cost encapsulation materials as well as low-cost
materials for charge transport layers and electrodes.”®

Moreover, other impacting components are the metal con-
tacts of PSCs. Industrial-scale PSC manufacturing is envisioned
to also adopt different materials for metal contact (i.e. carbon)
and different deposition methods that require additional recov-
ery studies. For instance, Li. G et al.”’ recently published a
material cost analysis in which the costs of NIP and PIN PSCs
were highly comparable ($86.49 and $81.31, respectively), while
costs significantly reduced to $41.16 for carbon devices (49-
52% reduction). This result is related to the fact that a carbon
electrode is much cheaper than any noble metal electrode.
Moreover, for carbon electrode deposition, a slot-die coating
process associated with low energy consumption is needed.
On the contrary, the deposition of noble metals requires an
expensive physical vapor deposition process with high energy
consumption. From a circular EoL management perspective,
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the reuse of collected metal contacts from spent devices is also
an important aspect to consider, which is, however, still chal-
lenging. Many studies have described protocols for metal
contact collection but do not reuse them in refabricated PSCs.*®
This is related to the constraints that lab-scale fabrication imposes
on metal contact deposition, which is usually performed by thermal
evaporation and on metal contact choice, usually Au or Ag.

Cordell and coworkers™ presented a recent cost analysis of
perovskite/silicon (Si) tandem modules with an efficiency of
25% and found that the choice of Si cell architecture, overall
module efficiency, and factory throughput have the most signi-
ficant impact on cost and competitiveness. In fact, they calcu-
lated an MSP of $0.428/WDC for their baseline two-terminal
design and $0.423/WDC for their baseline four-terminal design,
each at a module production of 3 GW per year in the United
States.

Besides, considering all aspects previously mentioned in the
introduction, the toxicity of Pb and the instability of perovskites
prevent us from ignoring the threat that Pb-based PSCs might
pose to the environment and human health. Several studies
have demonstrated that when Pb enters the soil, it can be easily
absorbed by plants®® and, if present in water, it can accumulate
in aquatic animals,*" thus entering the food chain. In humans,
Pb can enter the bloodstream by ingestion through intestinal
absorption, inhalation or skin contact.®” It can then accu-
mulate in organs and the skeleton and impair physiological
functions and biochemical processes by mimicking biological
ions such as Ca*', Fe*" and Zn*'.°®* This issue results in
neurotoxicity, detrimental effects on renal function and immu-
nity, heart diseases and carcinogenicity.®*®* Zhang et al.®*
calculated that even low fractions of Pb leaking from the PSCs
into the food chain would exceed the threshold of the Pb weekly
intake limit set by the Food and Agriculture Organization (FAO)
of the United Nations.

In this respect, the issue related to Pb management has been
addressed in several ways, such as by using lead-free perovs-
kites (i.e. tin-based PSCs).®* However, so far, this alternative
strategy has not yet proved sufficiently valid owing to the poor
stability and low efficiency of these types of devices. Moreover,
PbI, sequestration using passivation or device encapsulation is
a different attempted strategy for reducing the risks related to
Pb use.’® Furthermore, Pb recycling is indeed an alternative
strategy to mitigate its long-term risk. In fact, from a recovery
perspective, the safe manipulation of EoL PSCs could contri-
bute to the prevention of Pb pollution, complementing other
practices and easing the way toward PSC commercialization.

Once the most impacting components are spotted, it is
essential to define the directives for the disposing processes
following the waste hierarchy.

4.2. Highest priority in the waste hierarchy: material reuse

As the most impacting components from both economic and
environmental perspectives, extensive studies have been con-
ducted to design the recovery of TCOs. Their reuse is made
possible by the superior adhesion that exists between glass and
TCO, which is derived from the commonly employed TCO
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deposition technique of magnetron sputtering. TCOs are
usually exposed from spent PSCs by dissolution with the proper
solvents of the upper layers of the stack and are then subjected
to standard cleaning steps. They can be restored from both
single- and multi-junction solar cells, and, in some cases,
charge transport materials (CTMs) can be recovered together
with the TCO substrate.

4.2.1. Transparent conductive oxide reuse. The reuse of
TCO substrates can be achieved when all the other layers of
the PSCs are soluble in proper solvents or can be physically
removed without compromising the TCO quality.

For instance, fluorine-doped indium tin oxide (FTO) sub-
strates were successfully restored by Chowdhury et al.®® and
Huang et al.®® through the dissolution of the above layers with
DMF. The as-obtained FTO glasses displayed similar crystal-
linity, optical and morphological properties with respect to
pristine samples. Furthermore, Huang et al®® demonstrated
that the reuse of the FTO substrate does not affect the proper-
ties of the freshly deposited perovskite, thus enabling the
fabrication of PSCs with performances similar to those pro-
duced with pristine substrates. Augustine et al® achieved
similar results by employing a KOH solution in deionized water
(DI H,0), instead of DMF, for the dissolution of the device
components. Substrates refurbished with this strategy pre-
sented similar transmittance, conductivity, and roughness to
pristine samples and a high degree of purity. Despite some K
traces persisting on the surface of the recovered substrates, the
performance of the refabricated PSCs was higher than those of
fresh devices owing to the improved wettability that such K
species conferred to the restored ITO surface. The recovery of
the ITO glass substrate was also demonstrated for a perovskite-
perovskite tandem solar cell and was hypothesized for a perov-
skite-silicon tandem by Tian et al'® (Fig. 5a and b). First,
device active layers were removed through subsequent cleaning
steps in an aqueous cleaning solution, DI H,O, acetone and
isopropyl alcohol (IPA). Then, the effectiveness of the recovery
protocol was tested by comparing the PCE of perovskite-per-
ovskite tandems fabricated with pristine and recovered ITO
substrates. Solar cells fabricated with restored ITO glass
demonstrated a higher efficiency of 22.2% (20.8% on average)
with respect to the pristine substrate (21.7% for the champion
device, 20.3% on average), which progressively increased after
each recycling iteration, reaching a champion of 22.9% (21.4%
on average) (Fig. 5¢ and d).

4.2.2. Restoration of metal oxide-coated transparent con-
ductive oxide. In some cases, TCO reuse cannot be decoupled
from the recovery of CTMs coated on top. This is particularly true
when the CTM is a metal oxide that remains firmly attached to
the TCO surface, even upon solvent treatment. Therefore, several
metal oxides, either used as ETL or HTL, have been recovered
together with the TCO.

Feng et al.®® tested several dialkylamines to recover NiO,
HTL-coated ITO substrates and ultimately selected a butyl-
amine (BA):dipropylamine (DPA)-based 2-step approach. The
improved PCE displayed by PSCs fabricated with restored
substrates (18.65 £ 0.6% with respect to the pristine device,
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16.46 + 0.6%) was attributed to the ability of alkylamines to
template the growth of high-quality perovskites and passivate
the HTL/perovskite interface. Similarly, Zhu et al.®® fabricated
PSCs that displayed higher PCE when refurbished substrates
were employed. They noticed that the refurbished FTO/titanium
oxide (TiO,) substrate contained high quantities of Ti*" jons and
some residual perovskite with a Pb-rich composition. The authors
correlated the presence of these species to work function

reduction and the conduction band minimum (CBM) narrowing.
Although the former promoted electron-hole pair separation and
suppressed recombination of charge carriers, the latter reduced
interfacial recombination, ultimately leading to higher PCE. In a
recent study, our group reported an enhancement of the average
PCE upon the restoration of the SnO, ETL-coated ITO by employ-
ing DMSO (and DMF for comparison) to dissolve the upper layers
of the device (Fig. 6a—c).”” In this case, the efficiency improvement
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(a) PCE, (b) FF and (c) Voc box charts of PSCs fabricated with fresh and recycled SnO,/ITO glass substrates. Time of flight-secondary ion mass

spectroscopy (ToF-SIMS) (d) K* and (e) Pb?* surface maps of fresh and recycled SnO,/ITO glass substrates. (f) Transient photocurrent (TPC) decay curves
of fresh and recycled SnO,/ITO glass substrates. Reproduced with permission.> Copyright 2023, Wiley.
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was strictly related to an average fill factor (FF) enhancement,
which counterbalanced a slight open-circuit voltage (Voc)
reduction (Fig. 6d and f). Although the average V¢ decrease upon
substrate restoration was correlated with the removal of K' ions
from the surface of ITO/SnO,, inducing higher charge-carrier
recombination, the average FF increase was ascribed to the effect
of Pbl, residuals on the surface of restored substrates. With a
wider bandgap than the perovskite, Pbl, can trap holes generated
in the ETL, preventing recombination at the ETL/perovskite inter-
face and facilitating charge extraction, as suggested by transient
photocurrent measurements (Fig. 6f). In contrast, although Kim
et al.”® observed the presence of residual chemical species on the
surface of restored FTO/mesoporous (mp)-TiO, substrates, they
did not witness an enhancement in the PV performance of their
recovered PSCs. The morphological, structural and optical proper-
ties of refurbished substrates remained unchanged with respect
to pristine samples, leading to almost the same efficiency of
fresh devices, with minor PCE losses after iterating ten times
the recovery process.

4.2.3. Restoration of transparent conductive oxide coated
with mesoporous structures. The restoration of TCO substrates
from PSCs with mesoporous configurations has been similarly
demonstrated. In this case, the use of proper solvents leads to
the removal of the perovskite layer from the device structure.
Once the TCO/CTM substrate is restored, the perovskite can be
reloaded into the mesoporous scaffold to produce recovered
devices.

Huang et al.”” demonstrated the reuse of both FTO/compact
(¢)-TiO, and FTO/c-TiO,/mp-TiO, substrates. After the dissolu-
tion of HTL and perovskite with DMF, both types of restored
substrates displayed similar morphology and composition to
the pristine samples. To further demonstrate the efficacy of the
recovery process, a fresh perovskite was coated onto fresh and
refurbished substrates, and its optical, structural and morpho-
logical properties were investigated. Ultimately, PSCs were
fabricated by employing fresh and restored FTO/(c)-TiO, and
FTO/c-TiO,/mp-TiO,, which retained 90% and 85% of the
original PCE, respectively, and 84% and 74% of the original
PCE, respectively, after one additional recovery iteration. Types
of mesoporous scaffolds other than mp-TiO, have also been
explored. Zhao et al.”*> adopted super-aligned zinc oxide (ZnO)
nanorods as mesostructured ETM; Ku et al.”* employed an mp-
Ni counter electrode coated onto an FTO/TiO,/aluminum oxide
(Al,O3) substrate, and Li et al.”* designed an FTO/mp-TiO,/mp-
Al,Oz/nanoporous (np)-Au:NiO, template. These three studies
feature the dissolution of the perovskite with DMF and its
reloading to fabricate refurbished PSCs. Bogachuk et al.”” went
one step further, recovering not only the FTO-glass substrate
coated with ¢-TiO,/mp-TiO,/mp-zirconium oxide (ZrO,) from a
carbon-based PSM but also the back glass used for encapsulat-
ing the device, which is the component with the second highest
GWP. The FTO substrate and the back sheet were manually
separated after thermal treatment at 120-140 °C. The back glass
was cleaned from polyisobutylene (PIB) and thermoplastic
polyolefin (TPO) by peeling off after 1 hour in acetone. The
FTO glass (10 x 10 cm?® plates) was restored by removing the

l,71
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perovskite in a bath of methylamine and ethanol (EtOH),
followed by annealing at 400 °C. Finally, the encapsulated PSCs
were refabricated, showing 88% of the original PCE. Interest-
ingly, Kadro et al.”® envisioned the recovery of all components
of an NIP by selectively dissolving all layers of the device.
Although the fate of HTL, PbI, and Au was discussed, only
the FTO/mp-TiO, substrate was eventually recovered. Refabri-
cated PSCs retained the same PCE as fresh devices, even after
the second recovery iteration of the TCO/ETL.

4.2.4. Reuse of silicon sub-cells. Although Si exhibits dif-
ferent chemical, morphological, and electrical properties than
TCOs, a recovery strategy similar to those previously mentioned
was adopted by Yang et al.”” to restore the Si bottom cell of a
perovskite-Si tandem solar cell. First, glass—glass encapsulation
was removed by thermal delamination. Then, the perovskite
top cell was dissolved in a DMF: DMSO = 4 : 1 mixture, and the
poly(bis(4-phenyl)(2,4,6-trimethylphenyl)Jamine (PTAA) HTL
was removed with toluene (Fig. 7a). The recollected double-
sided textured Si wafer was subjected to optical (Fig. 7b),
morphological (Fig. 7c and d) and PV (Fig. 7e) investigations
to ensure the preservation of its properties. When the refur-
bished Si bottom cell was employed to fabricate new perovs-
kite-Si tandem devices, 98% of the original average efficiency
was preserved, with a champion of 25.7% PCE (Fig. 7f and g).

4.3. Middle priority in the waste hierarchy: material recycling

According to the waste hierarchy, when the reuse of compo-
nents is impossible, material recycling must be pursued.
Regarding PSCs, critical materials other than the TCO, such
as toxic Pbl, and some expensive CTMs, cannot be reused
without any additional treatment and their recovery needs to
go through some recycling steps. The recycling of costly CTMs,
such as spiro-OMeTAD, is usually presented in the literature as
part of more comprehensive recovery routes, where several device
components are simultaneously recycled and reused. Thus,
strategies addressing their recycling will be presented later in
the section dedicated to the reuse and recycling of full device
components. The first part of the section focuses on Pbl, recy-
cling, for which various methods have been proposed, all aimed at
reducing the risks associated with EoL management.

4.3.1. Adsorption or complexation of lead iodide. Among
several methods for recycling PbI,, its adsorption or complexa-
tion, followed by its release in the form of Pbl,, has been
broadly studied.

Yang et al.”® employed a supramolecular complexation method
based on chemical coordination and multidentate chelation
between 2-hydroxypropyl-p-cyclodextrin (HPBCD)-1,2,3,4-butane
tetracarboxylic acid (BTCA) complex and Pb*" ions (Fig. 8a).
HPBCD-BTCA complex was integrated into PSCs as a built-in
network embedded in the active layer, and its Pb** sequestration
capability was tested by subjecting damaged encapsulated devices
to continuous water scouring for 1 h. The pristine sample showed
a Pb leaking rate of 973 mg m > h™? while the complex-
containing sample displayed a leaking rate of 54 mg m~> h™?
(Fig. 8b), which was further reduced to 14 mg m > h™> (corres-
ponding to 98.6% of Pb sequestration efficiency) when the
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encapsulating cover glass was replaced with a flexible polymer@
HPBCD-BTCA-based sheet. HPRCD-BTCA@PbI, complexes were

Chem. Soc. Rev.

recovered either to be redissolved for active layer fabrication or to
collect Pbl, by dissolution in DI H,O and centrifugation (Fig. 8c).
Another approach based on chemical coordination was
reported by Ren et al.,”’ who employed zeolite to absorb Pb**
ions. First, the HTL of the PSC was removed with ethyl acetate.
Second, the perovskite active layer was dissolved in H,0, where
Pb>" ions could be absorbed by the zeolite (with an adsorption
efficiency of 100%), driving the ion exchange reaction (eqn (1))
towards the complete dissolution of Pbl,.
PbI,(s) = Pb*'(aq) + I (aq) (1)
Finally, PbI, could be restored by the reaction of the I -rich
solution with Pb*>" ions desorbed from the zeolite. PSCs fabri-
cated employing recycled PblI, displayed an even higher
champion efficiency (21.58%) than pristine devices (21.50%).
Hong et al.®® compared the Pb** adsorption capacity of hydro-
xyapatite (HAP, Ca;o(PO,4)s(OH),) with their synthesized whi-
tlockite (WH, Ca;sMg,(HPO,),(PO,):,), the first and second
most abundant biominerals in human hard tissues, respec-
tively. The results showed that WH had 1.68 times the absorp-
tion capacity of HAP, enabling 100% extraction of 3000 ppm of
Pb>" from a Pb(NO;), solution after 30 minutes. Pbl, was then
recovered by treating WH with absorbed Pb®>" with HNO;
aqueous solution and KI. As-obtained recycled PbI, was tested
for the fabrication of the active layer of PSCs, which attained an

This journal is © The Royal Society of Chemistry 2025
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average PCE of 19.0 + 1.4%, only slightly lower than the
pristine PCE (19.3 + 0.9%). Similarly, Park et al.®" synthesized
an iron (Fe)-incorporated HAP (HAP/Fe) hollow composite to
induce Pb>" adsorption. After PSC dissolution in DMF, HAP/Fe
composites were added to the solution, absorbing Pb** ions
with a collection yield of 99.99%. The HAP/Fe@Pb** complexes
were removed from the solution by exploiting the magnetic
properties induced by Fe incorporation by applying a magnetic
field. Pbl, was recrystallized by reaction with 1 M potassium
iodide (KI) solution under acidic conditions, with a 99.97%
recovery yield. Finally, PSCs were fabricated by employing
recycled and commercial Pbl,, which displayed average PCEs
of 16.0 = 0.9% and 16.6 = 1.0%, respectively.

Ultimately, Pb** can also be absorbed by organisms, such as
fungi Cladosporium sp. strain F1, A. niger VKMF-1119 and M.
ramannianus R-56, as demonstrated by Lee et al®* Fungal
strains were added to Pbl, solutions in DI H,O (pH 7), and
their biosorption capacity was evaluated over time. Cladosporium
sp. strain F1 exhibited the highest Pb®" biosorption capacity, with a
94.1% extraction yield. PbI, was recovered with a 99.7% yield from
the hyphae of Cladosporium sp. strain F1 by solvent treatment with
DMSO in an acidic aqueous solution (pH 2) at 70 °C.

4.3.2. Recrystallization of lead iodide. A completely differ-
ent environmentally friendly approach for Pbl, recycling was
adopted by Schmidt et al.,** who exploited the temperature
dependence of Pbl, solubility in H,O. In fact, they used hot
water to fully extract Pb from different perovskites, while cooling,
they obtained pure solid PbL,. In detail, fragments (6-9 cm?) of
PSCs were immersed in H,O at 50 °C for 62.5 minutes to induce
perovskite degradation and Pbl, dissolution. Subsequently, the
solution was vacuum filtered to remove the solid components and
cooled to 20 °C. At such a temperature, MAI, formamidinium
iodide (FAI) and cesium iodide (CslI) are soluble in H,O, while Pbl,
precipitates can be extracted from the solution (Fig. 9a). Employ-
ing this method, 97% of the PbI, contained in a PSC could be
dissolved in H,O, and 100 £+ 6% of dissolved PbI, could be
extracted from H,O after two consecutive crystallization cycles
(Fig. 9b). Therefore, the residue was metal-free and could be
discarded as non-hazardous waste.

4.3.3. Electrochemical recycling of lead. Apart from
absorption and recrystallization, electrochemistry can also be
employed to recover Pb after perovskite dissolution. Wang
et al.® utilized a lithium chloride (LiCl)-potassium chloride
(KCI) eutectic composition, while Poll et al.?® opted for choline
chloride (ChCI):ethylene glycol (EG) = 1:2 deep eutectic sol-
vent to dissolve the perovskite. In both cases, the yields of Pb*"
dissolution were very high, namely 99.9% and 99.7%, respec-
tively. Recovery yields were only reported by Wang et al.,®* who
achieved 91.5% and 98.0% metal Pb deposition yields after the
first and second electrolysis cycles, respectively.

4.3.4. In situ perovskite recycling. Finally, Chhillar et al.®”
and Xu et al® reported an in situ recovery of degraded
perovskite films by the deposition of the organic component
(MAI in both cases), dissolved in IPA, onto the degraded films.
In both works, the optical, morphological and structural prop-
erties of the reformed perovskite were assessed and compared
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Fig. 9 (a) Scheme of the H,O-based Pbl, recycling process. The process
includes mechanical fragmentation of PSCs (1), hot aqueous extraction (2),
solid—liquid separation (filtration) (3), Pbl, precipitation (cooling) (4) and
recovery (5). Pbl, can be reused in new perovskites. Solid waste (W) is
deprived of Pb compounds. (b) Metal extraction from a PSC during two
consecutive extraction cycles. Reproduced with permission.* Copyright
2023, Elsevier. (c) Schematic of in situ perovskite recycling from PSCs and
sequential fabrication of new solar cells. (I) Removal of Ag electrode with
adhesive tape. (I) Removal of the HTM by immersing in CB solvent.
(Il Thermal decomposition of the perovskite into remained solid Pbl,
and emitted organic gases. (IV) Development of new perovskite films by
spin coating a MAI solution. (V) Preparation of spiro-MeOTAD layer.
(V1) Evaporation of Ag electrode. (d) J-V characteristics and e) IPCE curves
of PSCs fabricated with pristine Pbl, (sample 1), recycled Pbl, with
optimized (sample 2) and non-optimised (sample 3) recycling procedure
and second-time recycled Pbl, (sample 4). Reproduced with permission.&4
Copyright 2017, Wiley.

to those displayed by fresh samples (Fig. 9c). Moreover, Xu
et al® tested the performance of devices fabricated with
pristine and recovered perovskite films (Fig. 9d and e), which
displayed 14.34% and 14.84% PCE, respectively, further

demonstrating the efficacy of their recovery methods.

4.4. Recovery of multiple device components

To simultaneously overcome environmental and cost-related
issues concerning PSCs, recovery strategies that simultaneously
recycle and reuse more than one device component have been
proposed. These processes are usually performed by sequen-
tially dissolving each layer of the PSC stack, followed by specific
treatments to recover each target material.

4.4.1. Simultaneous TCO/CTM reuse and Pbl, recycling.
Since TCO-coated substrates are the highest impacting compo-
nents of PSCs and Pbl, represents the most toxic compound of
the device architecture, several recovery strategies combine
TCO reuse with Pbl, recycling. For instance, Chen et al®®
developed a protocol based on perovskite dissolution and
PbI, extraction, as presented in Fig. 10a.
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First, the module encapsulation was removed by thermal
delamination. Then, the ETL was washed with 1,2-dichloro-
benzene, and PSMs were immersed in a DMF bath to dissolve
the perovskite active layer. A carboxylic acid cation-exchange
resin was employed to collect Pb>* ions, exhibiting a 99.6%
recovery yield (Fig. 10b). Pb** adsorption and release were gov-
erned by ion exchange between H" and Pb>" ions, as described
in the following equation:

2R-COOH + Pb*" = (R-CO0),Pb + 2H" (2)
Since eqn (2) describes a reversible reaction, the addition of
H' ions could reverse the equilibrium towards Pb>" release.
Therefore, HNO; aqueous solution was used to release Pb*"
ions from the resin (with a 99.7% recovery yield, Fig. 10b),
which were further treated with sodium iodide to precipitate
PbI, (99.2% recovery yield). Recycled Pbl, was employed to
fabricate the active layer of new PSMs, which displayed a
median of 20.4% PCE for 8 mm? devices, only 2.8% lower than
the 21.0% PCE of pristine devices (Fig. 10c). Moreover, ITO/glass

Chem. Soc. Rev.

and back cover glass were collected from PSMs and reused to
fabricate 25 cm® active area modules. Devices produced with
restored ITO/glass attained an average PCE of 15.9%, fairly
similar to the average 16.7% PCE of pristine devices (Fig. 10d).
Another approach was adopted by Deng et al.,** who dissolved
the perovskite in DMF:DMSO = 9:1 and reused the resulting
solution upon MAI addition to fabricate a recycled perovskite
layer. Moreover, the same solvent composition was used to
restore ITO/glass substrates. Champion PCEs of 16.6% and
15.3% were reported for devices produced with fresh and
recycled materials, respectively. Zhang et al.®® employed DMF
to dissolve the perovskite active layer, displaying a dissolution
yield of 99.9%. Then, the solution was treated with ammonia
(NH;3) to precipitate lead hydroxide (Pb(OH),), which was con-
verted into Pbl, by reaction with hydroiodic acid (HI). The
resulting Pbl,, obtained with a 95.7% reaction yield, displayed
99.9% purity. Morphological, optical and structural properties
of both recycled Pbl, and MAPbI; fabricated with recycled
Pbl, were assessed and compared with those displayed by
fresh materials. Furthermore, PSCs produced using fresh and

This journal is © The Royal Society of Chemistry 2025
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recycled PbI, demonstrated similar PV performances, with
12.17% and 11.36% champion PCEs, respectively. Then, FTO/
¢-TiO,/m-TiO, substrates were recollected and structurally and
optically compared to pristine substrates. PSCs fabricated with
reused FTO/c-TiO,/m-TiO, displayed a 12.03% champion PCE,
which is very close to the 12.21% champion PCE of fresh
devices. Binek et al.°" achieved a 92-94% PbI, recovery yield
by employing a dissolution-crystallization method. After the
organic component (MAI) of the perovskite layer was removed
with DI H,O, Pbl, was dissolved in DMF and extracted from the
solvent under reduced pressure. The FTO/TiO, substrates were
further treated with DMF to completely remove the ETL. The
effects of Pbl, and FTO recycling on PSC performance were
studied separately. Devices fabricated with fresh and recycled
PbI, displayed 14.6% and 12.1% champion efficiencies, respec-
tively. However, the use of recovered FTO glass substrates
produced average PCEs of 13.4 + 1.1%, 12.8 + 1.3% and
13.5 + 1.5% for the 1st, 2nd and 3rd recovery iterations,
respectively. Feng et al. treated the devices with a BA solution
to dissolve the perovskite layer and the [6,6]-phenyl-C61-butyric
acid methyl ester (PCBM) ETL. After BA evaporation, the solid
precipitate was washed with toluene to remove PCBM and with
ethanol to dissolve butylammonium iodide (BAI) and batho-
cuproine (BCP). Recycled MAPbI; crystals were then synthe-
sized from recollected PbI, by employing a temperature-lowering
method. Although fresh and recycled perovskite displayed very
similar morphology and crystallinity, a red-shifted PL emission
peak for recycled MAPbI; was attributed by the authors to the
formation of shallow defects near the band edge. ITO/NiO,
substrates were also refurbished and optically, morphologically
and compositionally tested. Pristine and restored samples
displayed similar properties, except for the presence of Pbl,
traces on the surface of the recovered ITO/NiO,. Nonetheless,
the PV performances of the recovered devices were not nega-
tively affected by PbI, residues. The recovered PSCs displayed a
champion of 17.95% and an average of 17.27% PCE, which was
even higher than the champion and average PCE of pristine
devices, namely 17.84% and 17.18%, respectively.

4.5. Simultaneous TCO/ETL reuse and PbI2 and HTL
recycling

Utilizing approaches that simultaneously combine TCO and
ETL reuse together with PSC multi-component recycling helps
to alleviate pollution risks, decrease waste generation during
the device recycling process, and lower EoL recycling costs. The
recycling techniques discussed in this section focus on devel-
oping protocols for multiple material recovery. In the context of
multiple-material recovery, the recycling of the top CTM of
PSCs has also been included in several recovery strategies as an
additional step in substrate reuse and PbI, recycling. Interest-
ingly, all proposed processes are designed on the NIP and
employ expensive spiro-OMeTAD as HTL.

Among these contributions, Wang et al.°> demonstrated the
recovery of ITO/NiO, substrates, the perovskite layer and the
spiro-OMeTAD HTL using a ‘“one-key bleacher” solution
composed of methylamine and tetrahydrofuran (THF). Protocols
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based on layer-by-layer schemes for disassembly require several
steps to obtain proper material to reuse in refabricated PSCs,
resulting in economically expensive protocols. In this work, the
bleacher solution simultaneously dissolved the entire stack of
the device, exposing the ITO/NiO, substrate (Fig. 11). Spiro-
OMEeTAD was recovered from THF by rotary evaporation, achiev-
ing 98.9% purity, and the methylamine solution containing
the liquefied perovskite was utilised upon acetonitrile (ACN)
addition to reform a perovskite layer with morphological and
crystalline properties similar to those of fresh samples. PSCs
fabricated with fresh and recycled components displayed similar
performances, namely 20.6 £ 0.6% and 20.3 % 0.6% respectively,
and minimal PCE loss was displayed after repeating the recycling
protocol two times (20.1 £ 0.6% PCE). In a recent study,
Wu et al.*® demonstrated the recovery of ITO/SnO, substrates,
MAPDI; perovskite and spiro-OMeTAD HTL with almost 100%,
87% and 66% recovery yields, respectively. Spiro-OMeTAD was
removed by dissolution in chlorobenzene (CB) and purified from
its dopants through column chromatography. MAPbI; was then
dissolved in y-butyrolactone (GBL) and recrystallised with EtOH.
Finally, additional SnO, deposition was performed onto recov-
ered ITO/SnO, substrates to improve the PV performances of
recycled devices. After the comparison of fresh and recycled
material properties, PSCs were fabricated by employing pristine
and recovered components, demonstrating a champion 17.1%
PCE, which is very similar to the champion 17.7% PCE of fresh
devices. Additionally, the TCA and LCA of the proposed protocol
were conducted, demonstrating the benefits of the adoption of
such a recycling process with respect to a landfill EoL scenario.
Similar results were demonstrated by our group*' for the recov-
ery of ITO/SnO, substrate, Pbl, and spiro-OMeTAD, employing
green solvents. Recycling yields were close to 100%, 99.4% and
89.2% for ITO/Sn0O,, Pbl, and spiro-OMeTAD, respectively. Spiro-
OMEeTAD was dissolved in EtOAc and purified from its dopants
by MilliQ H,O extraction. Formamidinium lead iodide (FAPbI;)
perovskite was removed from the ITO/SnO, substrate by ultra-
sonication in DI H,0, and Pbl, was recrystallized with EtOH.
Finally, ITO/SnO, substrates were cleaned by sequential ultra-
sonication in the washing solution, DI H,O, acetone and IPA.
The properties of recovered materials were compared to those
displayed by fresh components, and PSCs were fabricated to
assess the impact of the recycling procedure on PV performance.
Recycled PSCs displayed an average of 18.9% PCE, which is only
1.6% lower than the pristine average PCE (19.2%). The environ-
mental advantages of the adoption of this recycling protocol with
respect to a landfill EoL scenario were demonstrated by LCA.
Moreover, the entire recovery protocol was repeated three times,
and although PSCs displayed progressive PCE loss after each
iteration, the energy return on investment (EROI) assessment
revealed that the third iteration was still more convenient than
landfilling. Finally, the solvents employed in the recycling pro-
tocol were recovered by distillation.

In summary, two major recycling methods for perovskite
solar cells are generally applied. The first one, described in
most of the procedures, involves the sequential dissolution of
each single device layer (the layer-by-layer approach). Usually,
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the top metal contact is typically removed through a tape-
assisted lift-off process, followed by a series of sequential
chemical treatments that enable the selective dissolution of
the constituent layers of the device. The second method, less
common, uses a “special” solution that can simultaneously
dissolve the entire stack of the device in a single step. On the
one hand, the layer-by-layer approach has been consolidated in
several studies as an effective strategy for recycling methods for
PSCs. On the other hand, the possibility of simultaneously
recycling all components of perovskite-based devices in one
step may represent a promising route to simplify the recycling
complexity and reduce the LCOE of PSCs.

Importantly, it appears that the most virtuous PSC EoL
management procedures (efficient in reducing energy require-
ments and environmental footprints) consider the use of
“green solvents” or water-based solutions and exploit recycling
protocols that allow recovering the most critical components of
the device stack to reuse purified materials in multi-component

Chem. Soc. Rev.

refabricated PSCs, lowering waste and costs in the EoL proce-
dure. Additionally, in this case, the use of aqueous solutions or
less toxic and environmentally friendly solvents is crucial for
achieving efficient and sustainable decommissioning.

5. Importance of solvents
(manipulation and or substitution
towards green solvents)

As already mentioned, solvents significantly affect recovery
techniques.*” The shift towards ecofriendly solvents represents
a significant step towards real sustainability in PSC EoL. There-
fore, this part of the review is dedicated to their selection.
Specific criteria for their evaluation based on their impact on
human health and the environment are first discussed. Finally,
special attention is dedicated to their purification after use
from a real circular economy perspective.

This journal is © The Royal Society of Chemistry 2025
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5.1. Criteria for solvent selection

First, a strategy that univocally identifies solvent hazards and
environmental impacts must be defined. Several studies evalu-
ate solvents based on combined LCA and environmental,
health and safety (EHS) properties. Therefore, by coupling
hazard estimations with full life-cycle resource exploitation
and pollutant emissions, one can determine how green is
a solvent.”**> According to these guidelines, the Innovative
Medicines Initiative (IMI)-CHEM21 public-private partnership
consortium developed a solvent guide that combines the EHS
criteria with LCA for common and bio-derived solvents, expand-
ing the results previously reported by Prat et al.®®°” In their
ranking, solvents are classified as recommended (or preferred),
problematic, hazardous and highly hazardous based on the
constraints that one should consider when employing them at
the lab-scale or in a pilot line. Fig. 12a presents the IMI-
CHEM21 ranking of solvents commonly employed for PSC
manufacturing and recovery. Although only DMF is ranked as
hazardous, owing to its high toxicity and environmental
impact, many other common solvents, such as DMSO, THF
and CB, are identified as problematic and are, therefore, not
ideal to be employed in large-scale production. Among recom-
mended solvents, we reported IMI-CHEM21 ranking of H,O,
EtOH, EtOAc, IPA and acetone, which were employed in some
previously discussed recovery protocols. In this regard, Fig. 12b
summarises the number of studies, among those analysed in
the previous paragraphs, which report the use of a specific
solvent as the main dissolution aid for the perovskite layer or
CTMs and the impact of such solvent according to the IMI-
CHEM21 ranking. Although several works adopted low-impact
solvents, such as eutectic solvents, EtOH and H,O, problematic
solvents have been widely employed, and DMF was used in 15
of the mentioned publications. These results suggest that,
although some efforts towards the use of safer solvents have
been made, more awareness is needed when designing recovery
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protocols, especially on solvent choice and solvent manage-
ment. For example, in a very recent publication, Xiao et al.°®
showed that the development of a water-based solution is
efficient for perovskite recycling. In the best closed-loop system
scenario, the choice of using “‘green solvents” should also be

considered from a fabrication viewpoint.>®%"%°

5.2. Solvent purification

Rodriguez-Garcia et al.*” estimated that solvent purification can
significantly reduce the environmental impact of recovery
processes by 56-68%. Moreover, from an economic viewpoint,
Wu et al.*® reported that by implementing solvent recycling into
recovery strategies, the cost of PSMs fabricated with both
refurbished materials and recycled solvents would be reduced
by 18-20% with respect to the sole material reuse.

In a recent work from our group,"’ we presented the
purification of solvents employed in the recovery protocol with
the aim of creating a process that could be as circular as
possible. EtOAc, EtOH and DI H,0 were distilled, and their
purification was evaluated with respect to specific contami-
nants, i.e. spiro-OMeTAD for EtOAc and PbI, for EtOH and DI
H,O0, resulting in ~100%, 99.8% and 97.4% removal, respec-
tively. Similarly, Kim et al.”® reported that 99.99% of Pbl, could
be removed from the solvent used to dissolve the perovskite
layer (DMF) by adsorption with HAP. In the context of DMF
recovery, the use of such refurbished solvent to manufacture
new PSCs was demonstrated by Kim et al., who developed
gelatine-conjugated hematite nanoparticles (HT NPs) that
could effectively capture Pbl, from both wastewater (even in
binary systems, with 99.9% extraction efficiency).'*"'** In the
latter case, purified DMF was used, together with recovered
spiro-OMeTAD dissolved in CB, to fabricate new PSCs, which
exhibited an average 24.02 £+ 0.30% PCE, very much similar
to the 24.12 £+ 0.31% PCE of devices produced with fresh

solvents.'*?
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6. Conclusions and future
perspectives

This review provided an important overview of the EoL manage-
ment of depleted PSCs, which is a crucial issue that we
encourage to take into consideration at the design stage, long
before the commercialization of devices. In fact, since some
PSC components are toxic, such as Pb and Pb-derived materi-
als, inappropriate disposal of exhausted devices may lead to
serious waste pollution, thus resulting in public environmental
and health hazards.

Herein, we first presented the economic and environmental
types of analysis that should be performed to assess the
implications behind the recycling of PSCs. Such type of study
is of fundamental importance to obtain a complete ETEA for
evaluating PSC restoration, estimating both sustainability and
economic advantages at once. As extensively demonstrated in
the dedicated section of this review, TEA and LCA confirmed
the economic benefits of developing recycling procedures that
can reduce environmental impacts, both at the laboratory and
industrial scales.

As TCO is the most impacting component, from both
economic and environmental perspectives, extensive studies
have been conducted to design its recovery. Overall, the reuse
and restoration of TCO is a crucial step toward achieving a
closed-loop system for perovskite solar cells, ensuring that
these devices are both high-performing and environmentally
friendly. Challenges in designing efficient close-looped strate-
gies also come from the need to address the proper reuse of
other impacting components, such as the encapsulation back
glass and metal contacts.

Thus, following the waste hierarchy pyramid, aside from
TCO/ETL reuse, it is also important to provide useful recycling
protocols to simultaneously recover all materials composing
the device stack, such as PbI, and HTL, to refabricate new high
performance PSCs.

From a green chemistry perspective, we highlighted the
major importance of solvent choice within recovery protocols,
emphasizing the need for future studies to select solvents
carefully based on their toxicity and environmental impact.
Using ‘““‘green solvents” should also be considered at the fabri-
cation stage to achieve a total circular system.

In fact, designing recovery protocols that will be easily
integrated into pilot lines and industrial manufacturing pro-
cesses is fundamental to advancing towards PSC sustainable
commercialization.

Furthermore, it is important to keep in mind different types
of PSCs; for example, flexible devices that enlarge the field of
application of perovskite-based PV technology. Since such
devices employ alternative materials as substrates, it is urgent
to plan new protocols for targeting proper recovery or recycling.
In this respect, we envision new challenges in the recycling of
flexible PSC substrates.

Finally, with the rapid advancement of the Internet of
Things (IoTs) in our society, the application of PSC as indoor
photovoltaics (IPVs) can offer a promising solution to fulfil new
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requests in terms of the type of energy font by providing
lightweight power sources for IoT devices that can adapt to
diverse indoor lighting conditions. In this respect, we foresee
the rapid development of “ad hoc” and more and more virtuous
sustainable and cost-efficient strategies to achieve proper
EoL management integrated with a smart device design and
environmentally friendly fabrication. This is essential to rapidly
move from lab- to large-scale manufacturing in view of the
forthcoming launch of perovskite-based PV technology to the
market from a circular economy perspective.
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