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The rapid evolution of perovskite solar cells (PSCs) has positioned this technology as a promising candidate
in the global transition towards sustainable energy sources. As the renewable energy sector continues to
gain momentum, driven by global initiatives aimed at achieving net-zero emissions, the integration of
circular economy principles into the production of PSCs has become increasingly significant. In recent
years, a growing body of research has been dedicated to exploring various strategies for recovering and
reusing the components of perovskite photovoltaic devices. This review offers a comprehensive analysis
of the current state of remanufacturing processes as they apply to PSCs, encompassing material

Received 28th February 2024 recovery, the essential capturing and recycling of lead, and device refurbishment. Moreover, we review
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the available information pertaining to the environmental impact of reported remanufacturing strategies,

DOI: 10.1035/d4su00100a solvent management, the introduction of greener solvents, exempt and design compatibility, all aimed at

rsc.li/rscsus further enhancing the sustainability profile of PSCs remanufacturing.

Sustainability spotlight

Integrating circular economy principles into PV manufacturing is paramount for ensuring long-term sustainability. Perovskite solar cells (PSCs) are an emerging
photovoltaic energy technology that hold great promise for the development of a low-cost, low-embodied energy and efficient solar technology. This work details
the advance in remanufacturing approaches for PSCs with the potential to significantly improve the sustainability of this emerging technology. Strategies for
recovering and reusing all device components, including lead, while minimising environmental impact are detailed. This aligns with the UN's Sustainable
Development Goals, particularly Goal 7 (Affordable and Clean Energy) and Goal 12 (Responsible Consumption and Production), by promoting renewable energy
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adoption and sustainable manufacturing practices.

1. Introduction

As the impacts of climate change continue to intensify, nations
and organisations have joined in the goal to achieve net-zero
carbon emissions by 2050, seeking to limit the rise in global
temperature to 1.5 °C above pre-industrial levels. A critical
component of this effort is the replacement of fossil fuels with
renewable energy sources. The International Energy Agency
(IEA) predicts that these sources will contribute almost 90% of
the global power capacity growth over the next decade.’
Photovoltaic (PV) installations have experienced a remarkable
growth in recent years, witnessing a twenty-sixfold increase
between 2010 and 2022. As of the close of 2022, the global
cumulative PV installed capacity reached 1047 GW and is ex-
pected to surpass 5400 GW by 2030.> As demand increases and
deployment expands in the pursuit of achieving net-zero,
ensuring the sustainable production, utilisation, and end-of-
life (EoL) management of PV modules becomes imperative. A
report by the International Renewable Energy Agency (IRENA),
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states that recycling or repurposing silicon PV panels at the end
of their lifetime can unlock an estimated 78 million tonnes of
raw materials and valuable components by 2050, with a recov-
ered material value exceeding USD 15 billion if fully injected
into the economy.® At present, the design of PV panels and the
insufficient and inadequate infrastructure for recycling and
remanufacturing are significant barriers to the efficient
recovery of valuable components.*® Consequently, landfilling,
stockpiling or downcycling of recovered materials is the most
common EoL scenario. To overcome these challenges, it is
essential to integrate circular economy principles into the
design and production of PV technology, minimising waste
and maximising the recovery of valuable materials throughout
the entire life cycle of the devices, from raw material extraction
to EoL disposal.”® Emerging PV technologies, such as perov-
skite solar cells (PSCs), offer an attractive alternative to silicon
PV with promising balance between performance and low cost
due to the use of inexpensive materials and facile solution-
based methods of device production. Since their introduction
in 2009, there has been remarkable progress in the power
conversion efficiency (PCE) of PSCs, currently exceeding 26% in
laboratory-scale devices and 33% in tandem configurations.’
Despite their performance and fabrication advantages, the
commercial feasibility of PSCs remains uncertain due to
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concerns about the toxicity of the lead present in the absorber
material and the short device lifetime linked to material
instability. Given the potential adverse effects on human
health and the environment, it is essential these issues are
addressed prior to large-scale deployment. Integrating circular
economy principles from the early stages of this emerging
technology can help deliver sustainable and safe production,
mitigate lead use and ensure effective EOL management.'® This
will help PSCs become a competitive technology to help achieve
the rapid deployment of renewables needed to mitigate climate
change.

Refurbishing strategies could help prolong components and
device lifespan. Material recycling has been estimated to reduce
over 70% of both primary energy consumption and carbon
footprint associated with the lifecycle of a PSCs, improving the
energy payback time (EPBT). Tian et al. conducted a study where
the fabrication process of 1 m” solar modules was modelled
using data derived from reported laboratory scale devices.'* Life
cycle assessment (LCA) was conducted contrasting the EoL
scenarios of landfilling against recycling. A significant reduc-
tion of the EPBT was found for the recycled EoL scenario where
the FTO substrate is reused, with EPBTSs as low as 0.09 years for
a SnO,/perovskite/spiro-MeOTAD/Cu module."* Shorter EPBT
and improved sustainability introduced by material recovery
and remanufacturing strategies could, to some degree, alleviate
the constraint of short device lifetimes in PSC technology and
help facilitate commercialisation.

While there is no current access to industrial-scale produc-
tion data for perovskite modules, remanufacturing strategies
based on laboratory-scale devices can provide valuable insights
into potential viability, issues and impacts associated with
recovery processes. These strategies can help inform the design
of devices and production methods at this early, pre-
commercial stage, avoiding issues of ‘linear lock-in’ faced by
existing commercial technologies.

Recent LCA of lab-scale PSCs has identified transparent
conductive oxide (TCO) substrates, gold contacts and the energy-
intensive annealing processes required to deposit charge-transfer
semiconductor materials films, as the main contributors to
production costs and embodied carbon of the device."*** These
findings, along with the concerns linked to the device toxicity,
have led to the development of remanufacturing methods
focused on reusing the most expensive and impactful compo-
nents of the device as well as aiming for the recovery and reuse of
lead to reduce potential impact on health and the environment.

This review highlights a body of research that departs from
the traditional emphasis on performance enhancement and
underlines the importance of environmental sustainability in
the progress of PSCs. The reviewed key areas include the
development of methodologies for the recovery and reuse of
substrates and transport layers in PSCs, and the capturing and
recycling of lead. Additionally, the review examines studies that
explore device designs with great potential for remanufacturing
and delve into aspects such as the impact of materials and
solvent use, all within the context of developing an effective and
sustainable remanufacturing strategy for PSCs.
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2. Substrate recovery

Cost analyses conducted on various projections from
laboratory-scale fabrication methods of PSCs suggest that TCO
substrates account for 40-60% of the total device cost, making
recovery and reuse of TCOs an area of significant interest."*** In
addition to the cost of the TCO substrate, the semiconductor
oxide films deposited onto the TCO used as charge-selective/
scaffold materials (TiO,, NiOx, SnO,, Al,O;, and ZrO,) typi-
cally require high-temperature annealing processes. Carneiro
et al. found that, for mesoscopic TiO,-based perovskite devices,
the high temperature required for the production of the mes-
oporous TiO, layer (typically annealed at 500 °C for 30 minutes)
accounted for 74% of the energy consumption for the produc-
tion of the PSC module.*® Developing efficient methods for
recovering both TCO substrates and semiconductor oxide films
deposited on top of the TCO would have a significant impact in
the cost and embodied energy of devices that incorporate
recovered components on PSC production.

Several methods have been proposed for recovering and
reusing TCO substrates (Fig. 1). These methods include selec-
tive dissolution of device components using organic solvents
such as dimethylformamide (DMF), chlorobenzene, and
toluene, where the removal of a 20 nm dense TiO, layer
deposited from a sol-gel solution was achieved by immersing in
DMF for an extended time (at least 4 minutes)" as well as single-
step substrate recovery methods using DMF on ETL-free
devices.'® Alternatives to organic solvents have been reported
in the work of Augustine et al., where ITO substrates were
successfully recovered and reused in inverted devices where
PEDOT was used as an ETL,"” and more recently in the work by
O'Hara et al., where a 4 M ammonium iodide solution was
demonstrated to be effective for the dissolution of perovskite
and the recovery of FTO substrates.**

The recovery of TCO substrates in combination with charge
transport layers has been documented for different device
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Fig. 1 Schematic of single-solvent TCO-substrate recovery method
using (A) an alkaline solution or (B) dimethilformamide. (C) Multi-
solvent TCO recovery methods. (D) Performance of the devices
fabricated with recycled TCO substrates as reported by Augustine
et al,*” Huang et al.*® and Binek et al.*®
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architectures. Feng et al. reported a method employing alkyl-
amines for the recovery of TCO/NiOy from inverted devices and
demonstrated that the substrate could be reused without any
loss in performance.'?°

The recovery and reuse of TCO substrates with compact TiO,
(TCO/c-TiO,) and with mesoporous TiO, (TCO/mp-TiO,) has
been reported with variable degrees of success.”*>* Fig. 2
summarizes the methodologies reported for the recovery and
reuse of TCO/TiO, substrates and the results achieved with
recycled substrates. In general, compact TiO, layers have proven
to be robust enough for recovery and reuse. Kim et al. reported
the reuse of the compact TiO, for up to 10 cycles without loss in
the device performance.>®

The recovery of mesoporous TiO, has proved more chal-
lenging due to the solubility of TiO, nanoparticles in DMF, the
organic solvent most commonly used in the recovery process, as
well as subtle morphology changes in the mesoporous structure
caused by multiple cleaning cycles.”> The works by Kadro et al.
and Huang et al. found a slight decrease in the performance of
recycled TCO/mp-TiO, substrates.?*?

3. Recovery of lead

The toxicity of lead-based PSCs has raised concerns regarding
the feasibility of widespread deployment of the technology. The
presence of lead in air, soil, and water can cause serious health
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Fig. 2 (A) Sequential dissolution of perovskite device components by
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recovery and reuse of TCO/TiO, substrates. Efficiencies reported for
(C) sequential dissolution??2*2¢ and (D) single-solvent recovery of
TCO/TiO,.242*
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problems and significant disruption to valuable ecosystems.
Inorganic lead compounds have been classified as probable
carcinogens, and short-term or low-level exposure to lead is
linked to detrimental health effects such as developmental
issues, mental decline, blood pressure issues, and kidney
problems.””** Several studies have addressed the possible
environmental consequences of lead release from PSCs and
have found that, while the risk to the environment and human
health is low, it is still non-negligible.**?* Alternatives to lead-
based perovskites have been widely studied, but so far, their
performance and stability are still behind those of optimised
lead halide perovskites.***” Tin halide perovskites are one of the
most promising alternatives to replace lead-based materials,
however, the toxicity of these materials under certain condi-
tions, particularly in aquatic environments, is still a topic of
ongoing research. Furthermore, the global availability and
material security challenges of tin could potentially set back the
development of tin-based devices.*®** Given the current state of
research in PSCs, it is likely that optimised devices will contain
lead, and their commercialisation will require careful consid-
eration of containment strategies and recovery protocols.

Moody et al. employed microwave digestion to assess the
lead content in perovskite films, finding concentrations of
344 mg kg~ " in films on glass substrates and 22 400 mg kg™ in
films on PET substrates.”” In the EU, the RoHS directive is the
primary regulation for hazardous substances, setting a limit of
1000 mg of lead per kg of homogeneous material. Currently,
due to climate change-related policies, PV modules are exempt
from RoHS compliance, and it is unclear how these limits would
be enforced if exemptions were lifted. The definition of
‘homogeneous material’ is “a substance or group of substances
that cannot be mechanically separated” which does not clearly
state whether the threshold applies to the entire PV module or
only to the perovskite absorber layer.*** If the entire device is
considered as homogeneous material, devices with glass
substrates would likely comply with RoHS limits based on
Moody et al.'s estimations. However, compliance might be
compromised if the standard applies to individual layers within
the device. This uncertainty could prompt regulatory authorities
to revisit and refine standards to ensure their effectiveness
amidst evolving environmental concerns and the varied lead
content in devices entering the market.

In the US, hazardous waste regulation is governed by the
Resource Conservation and Recovery Act (RCRA), which focuses
on leaching potential determined by a protocol simulating
landfill conditions. Under RCRA, leached lead concentrations
are limited to 5 mg L™". Moody et al. followed the RCRA ‘toxicity
characteristic leaching procedure’ and estimated the leaching
potential of lead from perovskite films on glass substrates to be
>14 mg L '.* Thus, perovskite waste would be classified as
hazardous waste and require appropriate disposal. Imple-
menting re-use strategies could reduce the risk of lead pollution
and be a cost-effective alternative to high disposal costs asso-
ciated with hazardous waste requirements.

Some of the studies that have focussed on the recovery of
substrates have also addressed the capturing and recovering of
lead,">*** either to avoid lead pollution or for reuse in
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remanufacturing of new perovskite films (Table 1). With the aim
of maximising capture and effective reuse, the strategies so far
reported span in situ recovery, electrochemical methods,
dissolution/precipitation, adsorption and ionic exchange (Fig. 3).

3.1 In situ recovery of lead

Exposure to moisture can result in the dissolution and/or vola-
tilization of the organic species in lead halide perovskite mate-
rials, leaving behind Pbl, and rendering devices unsuitable for PV
operation. One direct method for reusing degraded devices
involves in situ conversion techniques. The evaporated metal
electrodes and hole-transporting material (HTM) are removed
using selective solvents, leaving the perovskite film exposed. This
film may have partially or fully converted into Pbl,, making it
available for restoration treatment with a methylammonium
iodide (MAI) solution** or methylamine gas.** Chhillar et al.
demonstrated that spin coating of a MAI solution followed by
annealing at 100 °C on partially degraded MAPDI; films can
effectively restore the film optical properties.** Xu et al. conducted
a similar study where degraded perovskite films were thermally
treated at 300 °C to achieve full conversion of partially degraded
perovskite films into Pbl,.** A MAI solution was subsequently spin
coated on the Pbl, films and annealed to achieve crystallisation of
the perovskite film. Devices fabricated with refurbished perov-
skite films exhibited a higher PCE than devices with fresh films.
The superior performance of refurbished films was attributed to
an improved crystallinity promoted by the annealing at 300 °C of
PbI, during the restoration process.”” The in situ approach for
reuse of lead eliminates the need to dissolve the lead iodide. This
method can significantly reduce the use of toxic solvents, the risk
of lead leakage through contaminated effluents, and enables
direct reutilization of the TCO substrate and charge-selective
semiconductor films deposited on the TCO substrate. However,
introducing an annealing step of 300 °C to restore the perovskite
film adds an energy-intensive process to the remanufacturing
procedure. This step might not be entirely advantageous,
considering that the deposition of fresh Pbl, films typically
occurs at temperatures of around 80 °C.

Although in situ restoration of the perovskite layer offers an
exciting prospect scientifically and offers practical advantages
over other forms of lead recovery and reuse, the economic and
environmental ‘cost’ of the solvent used to remove the upper
layers to expose the perovskite film needs to be quantified to
determine if this approach is ultimately worthwhile. Moreover,
the energy required for redeposition of the expensive HTM and
re-evaporating the gold, could render this method ineffective in
enhancing the device's sustainability through remanufacturing.
In contrast, the in situ restoration approach may be more
advantageous for HTM-free devices or alternative architectures
aligned with direct refurbishing. Such a scenario could offer
a more cost-effective and energy-efficient solution, as explored
in more detail in Section 5.

3.2 Electrochemical methods for the recovery of Pb and I,

Wang et al. reported an electrochemical method where PbI, is
separated from perovskite modules by dissolution in molten
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LEAD RECOVERY METHODS
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Fig. 3 Schematic of Pbl, recovery through different methods: in situ reuse, electrochemical methods, solvent extraction and crystallisation, and

adsorption and ionic exchange.

lithium chloride-potassium chloride (LiCl-KCl) at 450 °C with
subsequent in situ electrochemical deposition of Pb and I,.*
This resulted in a lead recovery efficiency of 99.7%. Poll et al.,
proposed a method where perovskite is dissolved in a mix of
choline chloride (ChCl) and ethylene glycol (EG), which is
shown to easily dissolve MAPbI;, FAPbI; and MAPbI;_,Cl, at
a capacity of recovery of 1 m* per solvent litre.* After dissolu-
tion, lead is electrodeposited directly from the solvent with
a recovery efficiency of 99.8%.%¢

While electrochemical methods report high recovery effi-
ciency and provide a high purity of recovered materials,
dissolution/precipitation methods, adsorption and ionic
exchange are more likely to be adopted due to their compati-
bility with large scale applications and lower costs.*»*

3.3 Adsorption composites and ionic exchange

Due to its versatility in design, ease of implementation, and
cost-effectiveness, adsorption is a commonly employed tech-
nique for removing heavy metals from contaminated water
sources. The process involves the attachment of heavy metal
ions onto the surface of a solid adsorbent material, which can
then be separated from the solution. The adsorbent material

© 2024 The Author(s). Published by the Royal Society of Chemistry

can be of various types, including activated carbon, zeolites, and
various natural and synthetic polymers.>~>*

For successful recovery and capture of lead from EoL PSC
devices, adsorption composites should be cost-effective, reusable,
and scalable, while also enabling the efficient retrieval and reuse of
the high purity lead halides. Park et al. synthesized Fe-decorated
hydroxyapatite (HAP/Fe) for this purpose and achieved a high
recycling yield of 99.97% from a Pbl, solution in DMF.>* The
solvent treated with the HAP/Fe absorption composites resulted in
final concentrations varying between 0 and 6 ppb, which is in
compliance with EPA regulations, where an upper limit of 15 ppb
is set for Pb emissions. Although the purity of the recovered lead
compound is not specified, devices fabricated using the reused
Pbl, exhibited similar performance to devices prepared with as-
purchased Pbl,, with an average efficiency of 16%.**

Hong et al. reported the synthesis and application of an
adsorbent based on whitlockite, an abundant mineral, and
compared it to the performance HAP.>® An absorption capacity
of 2339 mg g~ ' was obtained for the whitlockite, 1.68 times
higher than the value found for HAP in the same study. This
improvement was ascribed to the difference in adsorption
mechanisms (Fig. 4) where whitlockite has a strong interaction
with Pb," ions and rapid protonation in an aqueous solution, vs.

RSC Sustainability, 2024, 2, 2057-2068 | 2061
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Pb2* retrieval from aqueous solutions (reproduced with permission
from ref. 56. Copyright 2021, American Chemical Society). Pb>*
adsorption mechanisms of (c) hydroxyapatite and (d) withlockite
(reproduced from ref. 55, available under a Creative Commons CC BY
licence).

the ion exchange mechanisms in HAP, which is limited by
formation of a passivated Pb," surface layer.®® Although this
material shows promising potential, further studies are neces-
sary to evaluate the efficacy of whitlockite in the organic
solvents typically employed for the dissolution of perovskite.
Adsorption composites have proven to be an efficient
method for recovering lead cations from aqueous solutions.
However, their non-reusability poses a significant challenge.
The synthesis of HAP/Fe composites requires a high energy
input due to their high annealing temperature, exceeding 400 °©
C. Moreover, extracting absorbed lead cations involves acidic
dissolution of the composite, making the material unfit for
reuse and rendering the process relatively energy intensive.
Recovery systems that can be regenerated and reused are
preferred because of their potential cost-effective nature. Ren
et al. studied zeolite to stabilize the lead by enhancing the
dissolution of PbI, in an aqueous solution.’® The adsorption
capacity of zeolite was compared with that of other minerals and
commercial adsorbents. Lead adsorption from super saturated
solutions was proven successful after observing the precipitation
of zeolite powder leaving a transparent solution. In this method,
the concentrated iodide solution left after the adsorption of lead
could potentially react with lead ions desorbed from zeolite to
form Pbl, which could be reused in the fabrication of devices.*®
Chen et al. reported recovery of lead iodide from small perov-
skite modules (25 cm?® active area) via a carboxylic acid cation-
exchange resin.* This method was demonstrated effective with
a lead concentration twenty times larger than that reported for the
purification with Fe/HAP, potentially reducing the volume of
solvent required in the recovery process. 99.2% recycling efficiency
was achieved and the estimated purity of the Pbl, was of 99.9%.
Devices fabricated with recycled Pbl, had an average efficiency of
20.5%, comparable with the 21% average efficiency of devices
prepared with as-purchased 99.99% purity commercial Pbl,.*
This study also addresses the presence of a small amount of
PbO in degraded perovskite devices, as previous studies on
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perovskite degradation mechanisms have demonstrated.”° In
this method, PbO particles can be filtered from the DMF
effluent and then dissolved in HNO; for recycling.*

Overall, the recovery of materials using ion exchange
columns offers the potential for resin and solvent reuse, along
with improved outcomes relative to other reported composites.

3.4 PbI, recovery through solvent extraction and
crystallisation

Recovery of lead through solvent extraction and precipitation
involves the immersion of the perovskite film in DMF, amines or
aqueous solutions that allow the dissolution of the perovskite
components. In this method, the lead is subsequently recovered by
vacuum evaporation of the solvent, precipitation, or separation of
the components through physical methods such as centrifugation.
This route has shown high recovery efficiency for lead, typically
>95%. However, recrystallization of the Pbl, is often required to
achieve adequate purity for reuse in perovskite synthesis.

Zhang et al. developed a method for recovering lead from
carbon-based perovskites through dissolution in DMF.** The
lead ions are then recovered through precipitation using
NH;-H,O0 (eqn (1)) and subsequent reaction with HI to obtain
PbI, (eqn (2)), with a recovery efficiency of 95.7%.

Pb>* + 2NH;-H,O 2 Pb(OH),| + 2NH,* (1)

Pb(OH), + 2HI & Pbl, + 2H,0 (2)

The recycled Pbl, results in a device with a champion effi-
ciency of 11.36%, comparable to 12.17% for the champion
device fabricated with commercial PbI,.>*

Feng et al. reported a reversible liquefaction of perovskite by
interaction with butylamine.** Amines can be used as an effec-
tive solvent for the successful liquefaction of methylammonium
lead iodide, thus allowing for a rapid and efficient separation of
the perovskite layer from other functional layers in the full
device stack.' Using selective solvent extraction to separate the
other elements of an inverted device and finally recrystallizing
the Pbl, with a recovery efficiency of 98.9%, this study reports
efficiencies of >17% for devices fabricated with recycled Pbl,.

Single-solvent extraction methods have been shown to effec-
tively recover lead with the added benefit of simpler imple-
mentation. Binek et al. demonstrated that immersion of PSCs
devices in DMF can recover 600 mg of Pbl, (1.25 mM) from 70
dm? of devices, which can then be concentrated through solvent
vacuum evaporation.” The resulting 1 ml solution of 1.25 M can
be used to produce 2 dm” of perovskite films. However, due to
impurities present in the recovered DMF solution, recrystalliza-
tion of the lead iodide in water is ultimately required before reuse
of Pbl, to achieve performances similar to fresh Pbl,."

Schmidt et al. propose an alternative method, free of organic
solvents, using hot water for the extraction of lead.®® By taking
advantage of the Pbl, increased solubility in hot water, a lead
extraction efficiency of 91 & 3% was achieved. Pbl, is recovered
at ambient temperature, while the remaining components ob-
tained from the device dissolution remain soluble and do not
interfere as contaminants in the precipitation process. The

© 2024 The Author(s). Published by the Royal Society of Chemistry
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recovery efficiency was 92.6% for one cycle and 100% for two
cycles with a final Pbl, purity of 95.9%.%

Wang et al. reported a novel one-step recovery of all the
device elements using a bleacher solution composed of
methylamine and a non-polar solvent (THF).** This approach
facilitated the retrieval of the substrate and ETL, FTO/SnO,, and
the gold contacts as solid precipitates. The perovskite and spiro-
MeOTAD, were recovered as two separate liquid phases: the
THF-dissolved spiro-MeOTAD and the liquefied perovskite and
were reused for the fabrication of new devices. As a result, this
one-step method allowed for the recovery and direct reuse of all
the functional layers present in a device with efficiencies of over
20%, similar to device prepared with pristine materials.®*

3.5 Encapsulation for lead capture

In addition to EoL strategies for lead recovery, encapsulation
with effective lead capture is imperative for deploying lead-safe
commercial perovskite modules.® Various effective approaches
have been explored, including self-healing polymer-based
encapsulation® and the integration of lead-absorbing chem-
ical agents. The integration of cation exchange resins (CERs), as
demonstrated by Chen et al, has successfully reduced lead
leakage to 7 ppb, below the safe level (15 ppb) of drinking water
according to the US Federal 40 CFR 141 regulation.®* Another
promising option is self-healing Pb-absorbent ionogels, as
documented by Xiao et al., which achieved lead leakage levels as
low as <1 ppb from damaged perovskite modules after simu-
lated hail impact tests followed by 24 hours of water soaking.*®
Despite its significance for future commercial modules, rema-
nufacturing methods have not yet broadly addressed the chal-
lenge of encapsulation for recovery and remanufacturing of
devices. Chen et al. showcased material recovery through
delamination of epoxy-encapsulated devices following thermal
treatment at 250 °C for 2 minutes,*” while Bogachuk et al.
employed mechanically assisted thermal delamination at 120-
140 °C for modules encapsulated with thermoplastic olefins
(TPO) and polyisobutylene (PIB)-based edge seal.®® These
examples underscore the varying energy requirements and
methodologies associated with delamination, contingent upon
the sealing methods and materials used. More research is
required to identify materials and methods that are not only
effective for encapsulation and lead capture but also energy-
efficient in application, constituted by abundant and inexpen-
sive materials and are conducive with EoL processes.

4. Recovery of gold, spiro-MeOTAD
and organic halides
4.1 Recovery of gold

The recovery and reuse of other components in PSCs, beyond
substrates and lead ions, has not been extensively studied to
date. The gold contact, along with TCO substrates, are consid-
ered the most expensive and environmentally impactful
components present in PSCs. Depending on the configuration
studied, the deposition of the gold counter electrode may
contribute 53-65% of the carbon footprint and between 45-90%
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of the embedded material cost, owing to both the value of the
material and the energy requirements of thermal evaporation
used for its deposition.'***¢”

Although the recovery of gold from perovskite devices is
a straightforward procedure, direct reuse of the recovered gold
foil is challenging. The shape of the material recovered is not
suitable to use as an alternative to gold pellets/wire, and melting
the foil recovered before reusing it in a new evaporation is an
energy-intensive process and not an economically viable option
for large scale application.®® It is very likely that low-cost,
abundant materials, such as carbon,*®*” will substitute gold
as electrode for large-scale production of perovskite devices.
However, the advantageous properties of gold, such as its
stability and high conductivity, could still be used in alternative
device configurations that enable material reuse, increasing the
feasibility of the material application in PSCs.

Li et al. (Fig. 5a and b) developed a printable stack with Ni/Au
bilayer which forms a NiO/Au electrode of interconnected Au
network embedded in oxidized Ni.”* After optimization of the
device and infiltration parameters, this template could poten-
tially reach comparable performance with triple-mesoscopic
carbon-PSCs, with the added advantage of charge collection
using the NiO/Au layer which functions both as an HTM and
a conductive electrode. In this study, the optimised device
reached a PCE of >10% and it was demonstrated it could be
reused by rinsing with DMF followed by reinfiltrating, with
negligible loss on efficiency.” Using a different approach, Yang
et al. (Fig. 5¢c and d) reported a method where gold is introduced
as a removable nanoporous film obtained from the dealloying
of a commercial Au;sAges with HNO;.”> The film was then
recovered and reused in fresh devices up to 12 times with no
significant loss in device performance.

4.2 Recovery and reuse of spiro-MeOTAD

While the multi-solvent sequential dissolution method has
proved effective in separating the components of PSCs, there has
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Fig. 5 Alternative designs allowing for gold reuse. (a) Au/NiOy is used
as HTM/counter electrode in a recyclable all inorganic fully printable
stack. (b) JV curves of fresh vs. recycled devices with architecture
(Reproduced with permission from ref. 71. Copyright 2017, American
Chemical Society). (c) Process for removal and reuse of nano-Au film,
(d) performance of devices fabricated with recycled Au film (Repro-
duced from ref. 72, available under a Creative Commons CC BY
licence).
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been limited research on the recovery and reuse of spiro-
MeOTAD, PCBM, organic halides and other organic compounds
and additives used as dopants or in small amounts in perovskite
devices. Spiro-MeOTAD is the most commonly used HTM in high-
performance PSCs. Although it has been demonstrated that it can
be separated from perovskite films using selective dissolution
with chlorobenzene,***>*?¢ there has been a lack of subsequent
research addressing the recovery and potential reuse of spiro-
MeOTAD following this separation method.

In the work by Wang et al. where perovskite and spiro-
MeOTAD are recovered with a single bleacher solution and
separated in different liquid phases, the recovery and
successful reuse of spiro-MeOTAD dissolved in THF was
demonstrated without loss in performance.** Additionally,
this work points to evidence in the morphology of the recycled
HTM that suggests the dopants might be recovered/retained
alongside the recycled spiro-MeOTAD due to the formation
of a chemical bond between the dopants and the HTM.*"7
Further research is needed to assess the quality of the spiro-
MeOTAD upon recovery from degraded devices, and its
ability to perform as a high-quality HTM upon reuse. It has
been suggested spiro-MeOTAD may undergo degradation
when in contact with perovskite materials due to ionic
migration.”*”® This degradation can result in irreversible
changes to the properties of spiro-MeOTAD, which could
impact its ability to function as a HTM in future perovskite
devices.””® This highlights the importance of research into
remanufacturing of aged devices to ensure developed strate-
gies are suitable to future EoL management.

4.3 Organic halides

While the recovery of lead ions remains a primary concern,
other ions present in perovskite materials can also influence the
environmental sustainability of PSCs. Alberola Borras et al.
conducted a LCA of multiple cation/anion PSCs and found that
the utilization of the FA (formamidinium) cation contributes to
higher life cycle greenhouse gas (GHG) emissions.”” Further-
more, a study by Hutter et al investigated the impact of
perovskite materials on plant exposure and found a correlation
between plant growth inhibition and the accumulation of
iodine.” Conversely, the use of bromide salts resulted in
reduced toxicity levels. The iodine content is influenced by the
concentration of both lead iodide and organic iodides (MAI,
FAI, CsI) present in the precursor solutions. These findings
emphasize the importance of developing recovery methods that
extend beyond the existing techniques focused solely on the
recovery of lead ions. Comprehensive methods are needed to
enable the capture and retrieval of other elements within the
perovskite devices with potential toxic effects.

5. Compatibility of device design with
remanufacturing

Triple-mesoscopic carbon-PSCs®*7° offer the advantages of
inexpensive and scalable fabrication methods and the omission
of the expensive spiro-MeOTAD transport layer.
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In remanufacturing methods requiring the removal of layers
atop the perovskite, the absence of spiro-MeOTAD presents an
advantage, as the carbon layer is comparatively inexpensive.
Bogachuk et al.®® recently reported a remanufacturing tech-
nique for encapsulated triple-mesoscopic carbon-PSCs with
a 1.5 cm? active area, and assessed potential carbon footprints
for 1 m> remanufactured modules. The proposed method
involves thermally-assisted mechanical separation and acetone
immersion to remove sealant and encapsulant, while methyl-
amine and ethanol baths are used to remove the carbon layer
and the degraded perovskite. A fresh carbon layer is then
applied onto the recovered FTO/TiO,/ZrO, stack, followed by re-
infiltration of perovskite. Remanufactured devices using the
recovered stack showed a performance of up to 88% of those
fabricated with fresh stacks. The authors concentrated on the
global warming potential (GWP), which is expressed in kilo-
grams of CO2-equivalent per kilowatt-peak (kWp) of generated
power. They considered this metric the most direct link between
the energy generation system and its associated greenhouse gas
emissions. The CO2-equivalent emissions produced during the
processing of each module component, as obtained from the
life cycle assessment (LCA), were correlated with the total energy
expected to be produced during the lifespan of the PV module. A
33% reduction in GWP was estimated for optimised remanu-
factured modules, and a decrease of the “break-even” lifetime
from 16 years to 10.7 years.*®

Remanufacturing techniques involving the removal and
redeposition of films pose several challenges. There is no clear
method for reintroducing dissolved materials in the remanu-
facturing of new devices, and the redeposition of the removed
layers requires energy expenditure. Some methods reported for
the remanufacturing of printable devices allow for the recovery of
the full stack by regenerating the perovskite through chemical
post-treatment, solvent extraction and re-infiltration of the
absorber material, or direct restoration of the perovskite by heat
treatment in the case of fully inorganic perovskite materials.*%”*%

Hong et al. have demonstrated crystal reconstruction
induced by treatment with methylamine gas for triple-
mesoscopic carbon-PSCs.*® After experiencing a reduction in
the power conversion efficiency (PCE) to 40% of its initial value
due to perovskite degradation, the application of methylamine
gas as a post-treatment successfully restored the PCE to 91% of
its original value, following two cycles of photodegradation and
recovery (Fig. 6).*¢

Using the same device configuration with an all-inorganic
perovskite composition, Valastro et al. demonstrated the
remarkable recovery of a degraded fully printable device
through a heat treatment at 350 °C.*® Initially, they enhanced
the performance of all-inorganic CsPbl; PSCs by introducing
europium doping, increasing the efficiency from 1.4% to 9.2%.
CsPbl; perovskite is known to undergo a phase transition,
shifting from its photoactive black orthorhombic phase to
a non-photoactive yellow phase, resulting in a decline in device
performance. However, this material does not release any
volatile species, which can be advantageous for device stability.
Valastro et al. applied a heat treatment at 350 °C for two
minutes to the entire device, successfully reversing the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Remanufacturing methodologies for triple-mesoscopic
carbon-PSCs device architectures applying: (A) a methylamine gas
restoration treatment (Reproduced with permission from ref. 46.
Copyright 2017, John Wiley and Sons Inc.) and (B) restoration of all-
inorganic CsPblz perovskite through thermal treatment (Adapted from
ref. 80, available under a Creative Commons CC BY licence).

transition to the black phase. This process effectively restored
the device's performance to 90% of its initial efficiency.*® The
ability to rejuvenate these devices without the need for solvents
offers a promising approach for sustainable and cost-effective
device maintenance. While an all-inorganic perovskite mate-
rial without organic components offers a compelling option for
solar cell fabrication, it is essential to address concerns
regarding the availability of materials. As the industry prog-
resses, it becomes imperative to reduce the reliance on scarce
resources and critical raw materials. Notably, europium, being
a highly rare material, and cesium and rubidium, listed among
the top 35 critical minerals in the U.S. supply chain, raise
significant concerns.®* Developing alternative materials or
recycling strategies is crucial to ensure long-term viability and
environmental responsibility in solar cell manufacturing.®

Ku et al. reported an alternative to printable triple-mesoscopic
carbon PSCs by incorporating a mesoporous Ni layer as the p-
type contact.” In this configuration, the perovskite was infil-
trated into the mp-TiO,/Al,O;/mp-Ni stack through a two-step
process, resulting in a PCE of 13.6%. Following the degrada-
tion and a decrease in PCE in unencapsulated devices, dissolu-
tion of the degraded perovskite by immersion in DMF followed
by re-infiltration of the perovskite material enabled a remarkable
recovery of 90% of their initial PCE (Fig. 7).”°
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i devi
Rinsing with DMF device evice

Fig. 7 Remanufacturing methodology for a fully printable device
architectures with a mesoporous nickel counter electrode (adapted
from ref. 79 with permission of the Royal Society of Chemistry).
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Fig. 8 All-back-contact (ABC) perovskite architecture (Reproduced
from ref. 83, available under a Creative Commons CC-BY licence.).

In terms of compatibility with remanufacturing strategies, all-
back-contact perovskites provide an interesting device design
(Fig. 8). In this configuration, both electron and hole selective
contacts are on one side of the device, offering advantages
towards novel ways of perovskite passivation, encapsulation and,
most relevant to this work, it offers the possibility of refurbishing
by a simple process of dissolution and redeposition of the
perovskite layer, with full recovery of the substrate with both
charge selective contacts.®** This technology is, however, in its
infancy, efficiencies are not optimized, and the mechanisms of
charge transfer are not fully understood.

6. Sustainability and impact of the
recovery processes

Since the goal of the remanufacturing process is the reduction
of cost and the increased sustainability of the device, a trade-off
exists between the effective remanufacturing and the impact
linked to the solvents, materials and energy invested in the
recovery. Solvent processing of perovskite device offers a great
advantage over other technologies, but it also implies that the
impact to human health and environment of the solvent used at
an industrial scale should be addressed.

The use of DMF, the most common solvent reported in the
fabrication of perovskite devices due to its ability to dissolve
lead iodide and low volatility, has been linked with liver damage
and reproductive health issues.*>® There is a current effort to
introduce greener solvents in the fabrication of perovskite
devices and remanufacturing processes are required to evolve in
the same direction, towards increasing the recycling of solvents
and towards the reduction of energy embedded into the
process. 889

There is currently a gap for studies on the potential reuse of
solvents at large scale, but evaluation of the current methods
reported for lab-scale devices has been addressed in a few
studies. In the study by Rodriguez Garcia et al., the evaluation of
the environmental impact of substrate recovery methods points
at solvents use as the cause of major impact.®* According to their
results, the choice of multi-solvent and high toxicity solvents
recovery strategies were the most impactful.”

Kim et al. recently reported the utilization of recycled chlo-
robenzene and DMF in the production of new devices.”” These
solvents were initially used to remove spiro-MeOTAD and
perovskite from devices, and later subjected to purification
using hematite nanoparticles to eliminate lead ions. It was
observed that, upon following sequential dissolution and
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avoiding the contamination of DMF with spiro-MeOTAD, the
remaining impurities had no measurable impact on device
performance, achieving a 24% efficiency, similar to devices
prepared with pristine solvents.”” Nonetheless, further investi-
gation is still necessary to evaluate the long-term stability of
perovskite and HTM films prepared with these recycled
solvents, considering potential impurity effects.

While recycling strategies could mitigate the impact of toxic
solvent use, the risks of exposure and spillage and its potential
effect on health and environment are still present. Conse-
quently, it is essential to shift towards non-organic or non-toxic
organic solvents to enhance the feasibility and sustainability of
remanufacturing methods.

7. Conclusions

As demonstrated by the various methods reviewed in this study,
remanufacturing strategies hold the potential to address critical
concerns related to the lifetime viability and toxicity of
perovskite-based devices. The recovery of key components such
as lead, TCO substrates, and transporting layers offer significant
potential reductions in production costs and waste generation.
Additionally, the adoption of diverse methods for lead capture,
recovery, and reuse can effectively mitigate environmental
impacts and toxicity, thereby alleviating major challenges facing
the viability of perovskite-based PV technology.

However, to fully optimise the efficiency and sustainability of
remanufacturing strategies for perovskite devices, a more inte-
grated approach is necessary. Key considerations for advancing
research in this area include:

Prioritising adequate device configurations: research on
remanufacturing would benefit from focusing on perovskite
device configurations that align with the most cost-effective
and energy-efficient refurbishing methods, potentially, even
if these devices are not the highest efficiency configurations.
This is particularly pertinent for triple-mesoscopic carbon
perovskite solar cells, where there is the possible potential for
the perovskite to be refurbished in situ or to be removed and
replaced without the removal of contact layers. This would
provide significant economic and environmental benefit if
viable. For long term feasibility, it is essential to select
configurations that are compatible with remanufacturing
processes that can be carried out at scale, and this likely means
avoiding processes that require sequential dissolution. Wher-
ever possible the use of materials robust enough to withstand
multiple life cycles without needing redeposition through
costly and energy-intensive methods is crucial. Alternatives
like carbon-based devices, hole transport-free designs, or all-
inorganic configurations using abundant materials could
offer greater durability and reusability after the perovskite
absorber degrades.

Addressing real life conditions: current remanufacturing
methodologies often overlook real-life operational conditions,
predominantly focusing on fresh or recently manufactured lab-
scale devices. This approach neglects critical factors such as
encapsulation, chemical changes upon material degradation,
and other operational stressors, which can severely compromise
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the effectiveness of these methodologies in practical scenarios.
It is therefore imperative to develop remanufacturing method-
ologies that are tailored to the realistic end-of-life conditions of
aged modules, considering potential degradation and changes
at the materials and interfaces. Without addressing these
issues, the methodologies may prove to be ineffective in real-
world applications.

Optimising methodologies ensuring payback and sustain-
ability: when proposing methods for the remanufacturing,
recovery, and reuse of materials, it's crucial to adopt a holistic
approach that considers the subsequent implications on cost,
environmental impact, and energy expenditure throughout the
device's lifecycle. The criteria for integrating optimal steps
should extend beyond mere effectiveness to include sufficient
payback and sustainability assurance. Early research into the
reuse of materials from perovskite solar cells included the use
of toxic solvents or complex and energy-intensive processes.
Although useful as a proof of concept at this stage research in
this field has matured enough to warrant a shift away from such
approaches. Utilising life cycle assessment (LCA) and similar
methodologies can ensure that each step, whether it involves
solvents, heat treatment, or other processes, is carefully evalu-
ated with the benefit of such processes quantified.

When applied together, these approaches could contribute
to meaningful and sustained innovation in perovskite solar
cells, bringing us closer to a sustainable and robust PV tech-
nology with the potential of setting a precedent in terms of
technology design for circular economy.
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