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Lead halide perovskite solar cells (PSCs) are an emerging solar photovoltaic (PV) technology on the cusp
of commercialisation, promising to deliver the lowest cost solar energy to date (<32 $ per MW h).
Owing to the required scale of PV deployment to mitigate climate change, potential limits to
deployment due to materials criticality issues, and the necessity to prevent impacts from PV waste,

Received 15th March 2023, adoption of circular economy is essential for perovskite technologies. Here we examine 3 key themes to
Accepted 3rd July 2023 inform future development towards commercialisation: legislative and economic drivers for adoption of
DOI: 10.1039/d3ee00841j circular economy by the emerging perovskite PV industry; environmental and future materials supply

issues; and current state of research which may enable remanufacturing and recycling strategies to
rsc.li/ees facilitate circular utilisation of key materials in successive product generations.

Broader context

Photovoltaics (PV) are one of the fastest-growing energy technologies, with global cumulative installed capacity exceeding 1 TW by March 2022 following rapid
reductions in levelised cost of energy (LCOE). To mitigate climate change, cumulative installed capacity may reach >10x this quantity by 2050. Market
dominant crystalline silicon (c-Si) PV faces limits to its deployment owing to global materials security issues, and deployment to scale will generate enormous
quantities of waste from which secondary materials cannot be recovered at suitable purity to feed future PV manufacturing given the state of current recycling
technology. Adoption of circular economy for PV is essential to ensure these technologies are sustainable for the future. However, existing technologies suffer
linear lock-in having been designed for a single lifetime with no consideration of end-of-life (EoL) outcomes. Perovskite PV is a promising emerging technology
on the cusp of commercialisation, with calls for adoption of circular economy for this technology to mitigate potential impacts of Pb used in the absorber
materials of these devices. To do so successfully, consideration of design with full lifecycle thinking, now, at this early pre-commercialisation stage is essential.
We review economic, legislative, and environmental drivers for adoption of circular economy for perovskite technology, examining environmental and resource
security issues of common materials used in device architectures, and consider strategies to enable circular retention of materials in successive product
generation to facilitate circular economy.

Introduction Finite natural resources are extracted to create products which
are ultimately discarded as waste. Each stage in this process

Humanity faces global environmental and energy crises.””> The consumes fossil fuels and generates emissions and waste.’®

pursuit of growth via linear economic models (i.e. the ‘take-

make-waste’ economy, Fig. 1) has disrupted the Earth’s natural

systems to the extent we face risks from climate change,

disruption of natural geochemical flows, pollution, land system T T T
change, ocean acidification and the ongoing sixth mass
. . 1,3 . . . . .. TAKE MAKE USE DISPOSE
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standards for billions, increasing population and per-capita
consumption mean we face the limits of linear economy.*™

Linear throughput of materials*

Fossil fuels; energy; water
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Value is created exclusively at the point of product sale, thus
economic growth is strongly coupled to primary material and
energy consumption with associated emissions and waste genera-
tion. Approximately 60% of global greenhouse gas (GHG) emis-
sions and >90% of biodiversity loss and water stress results from
resource extraction.” Achieving the Paris Agreement goal of limit-
ing global temperature rise to 1.5 °C above pre-industrial levels
will not be possible through decarbonisation of energy and
transport networks alone,’ emissions from primary materials
extraction, manufacturing and end-of-life (EoL) processes must
also be reduced.>”° There is also growing concern about access to
critical raw materials (CRMs) with increasing global demand,
particularly for technology metals and other essential materials
needed for low carbon technologies.'”"" Many of these materials
are produced only as minor by-products of other mining opera-
tions, bringing new mines on line takes decades, and CRM
recycling rates from EoL products are low in general due to the
dissipative nature of their applications, so no rapid solutions to
demand spikes or disruption to primary supply exist.’> Due to the
essential role of CRMs in green technologies for a sustainable
future, global resource criticality is a major challenge to address.

Even green technologies required for net-zero cause envir-
onmental impacts during production, use, and EoL when they
become waste electrical and electronic equipment (WEEE, or
e-waste). WEEE is the fastest growing waste stream on the
planet with 53.6 Mt per year generated globally."*> WEEE pre-
sents a major global challenge owing to its hazardous material
content.™ CRM recovery rates are below 1% for many elements
due to low collection rates of EoL products, the dissipative
nature of their applications resulting in low recoverable value
from individual products, and dissipative losses during recy-
cling processes.'? Even recovery rates of high value materials
such as Au and platinum group metals (PGMs) do not exceed
~50%. However, despite barriers to recovery, WEEE represents
a considerable opportunity as a secondary source of CRMs,
many of which are present in greater concentrations than in
mined ores."

Primary
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Materials/Parts
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To meet the goals of the Paris Agreement, GHG emissions
must be reduced across all sectors through deployment of
renewable and low-carbon energy technologies.’® This will
increase reliance on CRMs. Low-carbon technologies currently
account for 20% of global CRMs consumption, and demand
will increase with widescale deployment.’”” " To meet climate
and energy targets in the EU, CRM demand is expected to
increase by a factor of 20 for certain materials®* and studies
projecting CRM demand in future green energy scenarios fore-
cast multiple supply bottlenecks which may limit technology
deployment and our ability to combat climate change."%>373

Cumulative global photovoltaic (PV) waste generation by
2050 has been projected as 60-78 Mt by the International
Renewable Energy Agency (IRENA), with annual generation
reaching 5.5-6 Mt per year.*® This projection is based on
~4.5 TW of cumulative installed PV capacity in 2050 in line
with the 2 °C scenario (2DS) for climate change mitigation
proposed by the International Energy Agency (IEA).'® Strategies
providing the best chance of limiting global temperature rise
to 1.5 °C rely heavily on PV deployment requiring installed
capacity to reach 8.5-14.0 TW by 2050.°2?” This suggests
future PV waste generation and CRM demand for production
could be considerably higher than previous estimates suggest.
To address these issues, there are calls to urgently adopt
circular economy in the lifecycles of PV technologies to improve
their EoL outcomes and lifecycle impacts overall.

Circular economy is an industrial economy inspired by
natural systems which is restorative and regenerative by design,
decoupling growth from consumption to enable sustainable
economic development (Fig. 2), replacing the concept of ‘waste’
with that of ‘resource’.>?*™*? Product lifetimes are extended,
retaining materials at their highest possible value within the
tightest possible loops of the economy for as long as possible.
Thus, flow of materials through the economy is slowed and
primary resource consumption is minimised by adopting waste
hierarchy principles (Fig. 3). To minimise primary resource
consumption and loss of materials from the economy, materials

(closed loop
material flows)

(open loop
material flows)

Industria,

The Wider
Circular
Economy

Fig. 2 Material flows within a circular economy (reused with permission from Charles et al.).*®
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Fig. 3 The waste hierarchy with refurbishment, repair, upgrade, remanu-
facturing, and repurposing operations incorporated with priority of actions
for waste prevention indicated by the arrow.
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which cannot be retained within closed-product loops should be
cascaded into production of other products through industrial
symbiosis.'>**7"

Adopting circular economy successfully for established PV
technology is a considerable challenge. Crystalline silicon (c-Si)
technology currently accounts for ca. 95% of global PV production
(2020) with cadmium telluride (CdTe) and copper indium gallium
selenide (CIGS) thin-film technologies accounting for 4% and 1%
respectively.”> Take-back schemes deliver Eol, CdTe modules to
recycling processes which recover high purity materials for new
panel production preventing toxic Cd emissions while providing
secondary supplies of critical Te. Promising results have also been
reported for pipeline CIGS recycling processes which achieve
>90% recovery rates for active materials including critical Ga and
In.>** ¢-8i PV recycling generally has poor resource efficiency
outcomes with significant barriers to recovery of materials at
sufficient purity for use in new module production.’*™” The
barriers to adoption of circular economy for c¢-Si PV result from
the fact that these technologies suffer from ‘linear lock in’, having
been designed for a linear economy with focus on product long-
evity over a single useful life without regard to the importance of
materials retention over successive product generations. To facil-
itate retention of products and components requires eco-design of
products and lifecycle processes in tandem. This requires, where
possible, elimination of hazardous and critical materials, incor-
poration of low impact renewable materials, and facilitation of
repair, upgrade, disassembly procedures for remanufacturing and

a)
Metallic -+
contacts
(Au)
S ETL
b)

|
Mesoporous layer
(Ti0, or AL,0,) I

View Article Online

Perspective
efficient materials recovery.*®*°® This must be guided by life-
cycle assessment (LCA) to ensure environmental impacts are mini-
mised throughout product lifecycle and not simply ‘burden
shifted’, with highest impact and non-substitutable ‘critical’
components/materials retained in product
generations.*”*>®””7' These approaches will reduce demand
for primary materials, increasing secondary supply, helping to
ensure green-technology deployment is not limited by supply
bottlenecks.”'>”>77® Circular design principles and holistic
systems thinking must be applied from the earliest possible
stage in development of emerging PV technologies to deliver
truly sustainable technologies that integrate with a wider
circular economy.**7¢7?

Lead halide perovskite solar cells (PSCs) are an exciting
emerging PV technology achieving power conversion efficiency
(PCE) of 25.8% at lab scale,® 20.5% in mini-modules
(63.98 cm®)®" and 17.9% at module scale (802 cm?)** in little over
a decade of development.** The rapid rise in PSC efficiencies is
unprecedented in PV technology development, competitive with
PCESs of ¢-Si (26.7%), CIGS (23.4%) and GaAs solar cells (29.1%).%*
PSCs are on the cusp of commercialisation and promise the
lowest levelised cost of energy (LCOE) of any PV technology to
date due to solution processability.*® Tremendous progress in
scale-up has been achieved with a variety of material sets,
production processes and cell architectures reported, in a race
to stabilise the perovskite layer for viable commercialisation.®®
Common cell architectures are presented in Fig. 4, generally
comprised of a transparent conductive substrate such as trans-
parent conductive oxide (TCO) coated glass or polyethylene
terephthalate (PET) onto which an electron transport layer (ETL,
usually TiO,),*”*® the perovskite, hole transport layer (HTL) and
metallic contacts (typically Au via thermal evaporation) are
sequentially deposited. The ETL and perovskite can be deposited
as distinct layers in planar devices (Fig. 4a) or as a mesoporous ETL
infiltrated by the perovskite (Fig. 4b). The most employed hole
transport material (HTM) to date has been spiro-MeOTAD,* !
although many alternatives have been reported.”® ¢ A variety of
industrially relevant deposition techniques have been used;
slot-die coating,””® blade coating,”®'°" inkjet printing,'®>
spray coating’®®'®* and vapour deposition.'®>'% Inverted
P-I-N architectures (Fig. 4c), with HTL deposited directly onto

successive
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Fig. 4 Perovskite solar cell configurations. Some of the most common materials employed are depicted. (a) N-I-P planar configuration; (b) N-I-P
mesoporous configuration; (c) P-I-N inverted configuration; and (d) triple stack configuration.
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the TCO, followed by the perovskite and ETL layers'®’'® have
been studied owing to the possibilities of easier processability
and substitution of organic HTLs with low-cost, stable inor-
ganic alternatives such as NiQ.'%''° Inverted devices also
benefit from less hysteresis compared with traditional planar
PSCs'"'™*% and the possibility of replacing Au contacts with Ag
or AL'MLI21 Ajthough efficiency is usually lower than
traditional mesoporous PSCs, PCEs of 20.5% have been
reported.’®® The inverted perovskite architecture has also proven
to be a better option for perovskite/tandem solar cells due to the
nature of its components (better transmission of the top layer)
and the compatibility of their deposition (vacuum deposition of
fullerene-derived layers as ETL) with the silicon solar cell
components.'"® The ‘triple stack’ perovskite solar cell (Fig. 4d)
has been developed as a scalable configuration in which 3
mesoporous layers consisting of an ETL (TiO,), insulating layer
(ZrO, or Al,03) and carbon counter electrode are sequentially
deposited prior to infiltration of the perovskite throughout the
mesoporous framework."'® This architecture offers good scal-
ability potential with complete screen printability of the meso-
porous structure having been demonstrated, and renders
metallic contacts and HTLs unnecessary.'"” PCEs of 15% for
lab scale devices''® and 6.6% for modules (198 cm®)'*® have been
reported,'*° which is promising for low-cost module production.

Easy manipulation of the perovskite chemical composition
to tune photophysical properties is possible. Gradual substitu-
tion of iodide for a smaller halide such as bromide enables
band gap tuning to a value between 1.6 eV (MAPbI;) and 2.3 eV
(MAPDbBr;),"'%"*'"** a useful feature for tandem solar cell
applications.’®*'?* perovskite/c-Si tandem devices have been
developed'**™**° using wider bandgap perovskite top cells
leading to PCEs of 29.8% (1cm?).%° Caesium-containing triple
cation PSCs with higher thermal stability and 21.1% efficiency
have also been reported, with this chemistry used as the current
standard for high efficiency PSCs.

Drivers for circular economy of
perovskite solar cells

Given the significant requirement for acceleration of PV deploy-
ment, the outstanding properties of perovskite absorbers for PV,
significant advancement in the scaling and stability challenges
facing PSC technology and their potential use in high efficiency
tandems, it is likely they can dramatically disrupt and impact the
market. Couple this with the global drive for sustainability
enhancement, circular economy, and better materials stewardship
then the need to design perovskite devices to integrate within a
circular economy is paramount. Here, we discuss in detail the
drivers for establishing circular economy for perovskite PV. These
include legislation, and the competitive advantage available
through adoption of circular business models.

Legislative drivers

To mitigate impacts associated with WEEE, the EU introduced the
WEEE directive (2012/19/EU)"*° and Restriction of Hazardous
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Table 1 Restricted substances referred to in Article 4(1) and maximum

concentration values tolerated by weight in homogeneous materials as
listed in ANNEX Il of the RoHS directive®®

Maximum concentration

Material (Wt%)
Pb 0.1
Hg 0.1
Cd 0.01
Hexavalent chromium (Cr VI) 0.1
Polybrominated biphenyls (PBB) 0.1
Polybrominated diphenyl ethers 0.1
(PBDE)

Substances (RoHS) Directive (2011/65/EU)"*' to enhance the
industrial ecology and resource-efficiency of the EEE industry.
The WEEE directive emphasises the waste hierarchy (Fig. 3) and
creates a regulatory environment conducive to circular economy,
banning landfilling of WEEE, establishing statutory collection,
recycling and reuse targets and imposing extended producer
responsibility (EPR) on electrical and electronic equipment
(EEE) producers.t EPR makes producers responsible for their
products’ EoL costs ensuring cost is no barrier to appropriate
WEEE management. In the EU, PVCycle act as a producer
responsibility organisation (PRO or compliance scheme) ensuring
compliant collection and treatment of waste PV, charging mem-
bers (PV producers) a fee reflecting their products’ EoL costs
which is used to finance WEEE management systems and R&D to
improve outcomes."*>'** China, the world’s largest PV market,
has equivalent legislation including PV within its scope.'**'*>
Japan and California (largest US PV market) have also adopted
EPR for waste PV with more nations and authorities likely to
follow suit in the near future. This creates an economic incentive
to design for circular economy. The cost of compliance with EPR
will be passed on to consumers in the price that they pay for PV,
ultimately impacting LCOE. PV technologies which can undergo
repair/upgrading, re-use, disassembly, remanufacturing and effi-
cient recycling will have lower EoL costs therefore gaining a
competitive LCOE advantage.

The EU RoHS directive limits permissible levels of hazardous
substances in EEE to protect human health and the environment
(Table 1),"*" and like the WEEE directive, ROHS instruments are
being globally adopted."*® RoHS limits Pb content to <0.1 wt%
in homogeneous materials within products. The definition of
‘homogeneous material’ used in the legislation has caused
debate around permissible quantities of Pb in PSCs."®” The
composition of typical perovskite absorbers in lab-scale devices
exceeds this limit, and if the mixture of TiO,, perovskite and
spiro-MeOTAD is considered a homogeneous layer, lead content
is currently 0.55 wt%, >5x the RoHS limit"*® which may prevent
consumer product integration. However, RoHS aims to avoid
obstructing development of renewable energy technologies so PV
panels to produce energy for public, commercial, industrial and
residential applications are exempt. CdTe PV which contains Cd
in excess of RoHS permissible limits (0.01 wt%, Table 1) holds

+ The producer is defined in legislation as the party responsible for placing EEE
on the market which can include manufacturers or importers.

This journal is © The Royal Society of Chemistry 2023
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such an exemption. This has meant that manufacturers
have had to establish systems for lifecycle management of CdTe
panels to prevent impacts from Cd emissions. Given that Pb-free
perovskites currently offer no performance advantage over Pb
perovskites,"? it is likely that Pb perovskite PV will be granted a
RoHS exemption and be commercialised, accelerating the
urgency to develop robust lifecycle solution to mitigate potential
impacts of Pb, analogous to those adopted for CdTe PV to
mitigate Cd emissions.

Competitive advantage

PV development has always focused on design for longevity over
a single product lifetime as a means of improving LCOE and
commercial attractiveness. This includes module lamination to
prevent degradation during use. However, this feature currently
prevents efficient recovery of materials from c-Si PV. Manufactur-
ing cost analysis of perovskite solar module (PSM) production
processes indicates a cost of US $107 per m?> is achievable,
comparable with commercial PV technologies, and at this cost
PSMs will exhibit competitive LCOE when a PCE of 18% and
lifetime of 20 years is achieved."*® Current LCOE for utility scale
PV is 32-44 $ per MW h,"" with techno-economic analyses
of state of the art PSC manufacturing indicating a competitive
LCOE of <32 § per MW h is achievable,'** with further reduc-
tions through economies of scale once commercially established
holding the potential to cement perovskite PV as a cost leader.®
Materials costs, particularly TCO coated glass substrates, signifi-
cantly impact LCOE. These could potentially be reduced through
recovery from EoL modules. Chen et al., successfully demon-
strated the cost-effective recycling of lead, glass and TCOs from
modules, calculating that materials with a value of $12 per m>
could be recovered for use in new devices consuming materials
worth only $1.35 per m” to do so."*® It is a principle of circular
economy that materials cost savings result from access to
recovered components and materials of sufficient purity and
low toxicity to substitute purchased primary materials. Increased
use of recycled content, as well as refurbishment and remanu-
factured devices could therefore improve perovskite PV LCOE
through materials cost savings, particularly if materials are
retained over successive product lifecycles, which has been
demonstrated to be feasible and is discussed below.”® By capita-
lising on the opportunity to design PSMs with multiple lifecycles
in mind at this pre-commercialisation stage of development,
improved economic and environmental performance of products
could be unlocked. LCOE would be further improved by valorising
module components at EoL to a greater extent than is currently
achievable for c-Si PV, thereby reducing EPR compliance costs
which are ultimately passed on to consumers in the price they
pay. Retention of embodied energy and emissions within compo-
nents will also reduce module energy payback time (EPBT) and
emissions associated with electricity generation (kg CO,-eq per
kW h), providing a means to further decouple energy production
from GHG emissions, and provide an additional marketing
angle which becomes increasingly valuable as global markets
become increasing environmentally conscious."?” Tian et al. have
shown through lifecycle assessment that recycling strategies for

This journal is © The Royal Society of Chemistry 2023
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perovskite PV modules could reduce energy consumption and
GHG emissions associated with producing modules by >70% with
the best architectures having an extremely low EPBT of 0.09 years
and GHG emission factor of 13.4 gCO,-eq per KW h (compared with
1.3-2.4 years and 22.1-38.1 gCO,-eq per kW h for Si PV)."** Further
advantages in this area may result from publicising circular
business models, as resulted for First Solar following their
adoption of recycling systems which positioned them as a
leading environmentally conscious supplier in the PV industry.
If perovskite technologies and lifecycle systems can be proven
to be reliable, then adoption of PSS models in which producers
retain ownership of PSMs, granting use of them to customers at
a fee will remove capital barriers to deployment, potentially
accelerating uptake. This may be particularly important for
electrification in developing regions where capital outlay may
be a barrier to adoption and ensuring collection at EoL to avoid
impacts from informal treatment of PSMs is important.>'*>

Environmental and human health risk drivers

The predominant environmental issue considered in PSC
research has been potential impacts of toxic Pb. The archetypal
absorber layer, MAPI, contains 1/3rd Pb by mass (~500 nm
thick layer in planar device contains <1 g per m* Pb)."*” Even if
PSC modules are RoHS compliant, the solubility of the lead
compounds contained results in its waste being classified as
hazardous, with numerous implications for EoL treatment and
export to recycling facilities. Concerns have been raised about
potential impact on workers during manufacturing and recycling,
and the potential for accumulation in the environment and impacts
on human health if modules are damaged and exposed to
rain.?%¢*® ph is carcinogenic and causes chronic and acute
damage to all organs. Children are particularly susceptible due to
their vulnerable stage of ongoing development with exposure caus-
ing lifelong intellectual impairment. Pbl,, a common degradation
product of MAPI, has a relatively low solubility constant in water
(keq = 9.8 x 107°). In acidic media such as acid rain, solubility
increases presenting a pathway for bioaccumulation.'*® Pb levels in
soil contaminated with rain leachate from a broken PSC module
have been calculated to be 70 ppm in the first centimetre of soil,"*
which is moderate compared to background levels of contamination
in urban areas (400 ppm considered low-level contamination).'*
Khalifa has modelled the human exposure of Pb from accidental
emissions from perovskite PV modules and found the single point
exposure concentrations of Pb in soil, groundwater aquifer and air
even under utility scale catastrophic failure scenarios fall below EPA
regulatory limits."”* However, it should be noted that there is no
natural background Pb level. All detectable Pb in the environment
has accumulated because of anthropogenic activities. Therefore,
even undetectable emissions of Pb to the environment add to this
accumulation and increasingly significant contamination. Minute
traces of Pb can accumulate and concentrate in food chains, so even
undetectable Pb emissions may result in acute effects in organisms
at the top of food chains such as humans. It has been claimed that
any detectable level in the blood is detrimental to human health."
In the UK, the HSE set employee blood Pb action levels at which
point measures to prevent further exposure must be taken and
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Table 2 Action and Suspension blood lead levels for employees set by the
UK HSE®®
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Table 3 Global warming potential (GWP) resulting from mining 1 kg of
metal’®”

Action
level (ug di™)

Suspension

Employee category level (ug di™)

General employees 50 60
Women of child-bearing age 25 30
Young people under 18 40 50

suspension levels as low as 30 pg dl™* for women of child bearing
age (Table 2)."** For these reasons, use of Pb even in such a
potentially beneficial technology as PSCs is controversial, and
circular economy strategies to properly manage potential impacts
throughout all stages of product lifecycles will be crucial.

LCA studies assessing potential impacts of Pb use have
concluded that impacts in production and use of PSCs do not
warrant exclusion of Pb;'** with toxicity impacts from produc-
tion of grid energy consumed in manufacturing far exceeding
any potential impact from Pb emissions.>>'*® Zhang et al.
concluded that Pb in devices only accounts for ~1% of human
toxicity potential."®” "*° Greatest potential impacts from Pb will
occur at EoL if modules are improperly managed, and LCA has
shown that with appropriate EoL infrastructure and handling
to capture Pb, risk of impacts are not significant with Pb
becoming a minor component of overall lifecycle impacts. Sn
is one of the most promising alternatives to Pb for PSCs and
under equivalent circumstances, the global warming potential
(GWP) and ecotoxicity impacts of Sn production are an order of
magnitude higher than for Pb and these will dominate lifecycle
impacts of PSCs.'® It has also been shown that Sn(u) in
perovskite materials rapidly oxidises to Sn(wv) in aqueous envir-
onments leading to HI formation; and that SnI, exposure is
more acutely toxic to zebrafish than Pbl, due to more severe
acidification effects brought about by Sn>* compared with
Pb**.1®1 Alternative metals investigated to replace Pb and Sn
include In*, Ga", Bi*" and Sb*" all of which are commonly
designated as CRMs, with long-term supply concerns which may
impede deployment to the scale required to achieve climate
goals.'® When Pb perovskites are used, numerous strategies have
been demonstrated to prevent leakage from modules including
use of chelating agent additives within functional layers of cells,
use of interface modifiers with hydrophilic groups and inclusion
of Pb absorbing materials within encapsulation materials."®>
Phosphonic and carboxylic acid compounds mixed with encapsu-
lant materials'®® and ion exchange resins incorporated in the cell
structure’® have proven to be particularly effective for lead
capturing, preventing lead leaking in case of cell failure.

Numerous LCA studies on production of PSCs with varying
architectures and materials sets have been conducted to inform
development of more environmentally friendly devices. The
results of these studies however vary considerably owing to
differences in methods and assumptions made. Maranghi et al.
have attempted to harmonise these studies for comparison and
enable ranking of architectures according to environmental
impacts and identification of the materials and processes
accounting for greatest impacts.'®> When used in devices, Au
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Metal (kg CO,-eq)
Pt 14704

Au 12 806

Ag 440

Cu 3

dominates environmental impact owing to its high impacts of
production, energy intensity associated with its deposition
via evaporation and low deposition efficiency of this process.
The same is true for Pt in cells that use this in place of Au.
The lowest impact cells considered in this study use Ag or C.
Both have lower embodied impacts than Au (Table 3), but Ag
still contributes considerably to overall production impacts due
to energy consumption in its deposition, whereas carbon may
represent a lower impact deposition option with R2R solution
deposition recently demonstrated.®® Final selection must be
justified considering overall cell performance and net benefits
afforded following consideration of avoided use of grid elec-
tricity. Should Au prove to be the most beneficial choice overall,
circular economy strategies to retain Au in successive genera-
tions of PSMs will be important to mitigate ongoing impacts
associated with its primary production and meet increasing
demand from PSC technologies as deployment scales. Where
porous carbon electrodes are used as in ‘carbon stack’ devices
(Fig. 4d), the embodied energy in these layers may be retained
through remanufacturing approaches which retain the carbon
structure for reuse in new cells thereby retaining impacts
incurred during its deposition and curing."®®

Solar glass substrates represent a high proportion of embo-
died impacts of devices, with a net reduction in impacts
afforded through substitution of indium doped tin oxide
(ITO) with fluorine doped tin oxide (FTO), as is the trend in
the field owing to the ‘critical’ status of In. Many LCA studies
have shown relatively low impacts of substrates which is mis-
leading as these use lifecycle impact data from the Ecoinvent
database for float glass production which doesn’t account
for impacts of TCO deposition which adds considerably to
substrate impact.'®® For these reasons, substrate retention at
EoL for reuse in remanufactured devices will be important.
Substitution of glass as substrate and encapsulant for lower
impact or biologically derived materials may also help to address
the considerable lifecycle impact associated with the use of glass.
Alternative transparent plastic substrates such as PET or poly-
ethylene naphthalate (PEN)'®® which are suitable for roll-to-roll
(R2R) production have been used for PSCs and polymeric
encapsulants are widely used in the PV industry.””'”° However,
their chemical compatibility with PSCs and behaviour in EoL
processes must be considered. Delamination is a crucial step in
recycling to avoid shredding and access internal components for
remanufacturing/recycling. Glass substrates have the distinct
advantage that they are not damaged by thermal delamination
processes,”®>” whereas polymeric substrates are likely to ther-
mally degrade preventing reuse. Where a single electrode only
need be transparent, R2R production of inverted devices using
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flexible metal substrates has been demonstrated which could
reduce consumption of glass’”*”* and metal substrates will
also withstand thermal delamination. Alternatively, Ke et al
successfully deposited ITO on mica to create transparent elec-
trodes for high efficiency flexible solar cells."” These substrates
retained low electrical resistance after 1,000 bending cycles and
are compatible with high temperature (450 °C) annealing, and
may therefore present an interesting alternative when flexible
transparent electrodes which could endure thermal delamina-
tion are required. Owing to its low-cost, biological source,
recyclable and biodegradable nature, cellulose based substrates
have also been used.'’® Li et al. produced PSCs on cellulose
paper achieving 13.2% PCE, a record for solar cells on paper
substrates.'”” Lei et al. produced acrylic resin coated nanocellu-
lose paper for use in PSCs."”® Although unlikely to withstand
thermal recycling processes, the renewable biological nature of
cellulose and its biodegradability make it an attractive alterna-
tive to glass for flexible cells.

Although ETLs account for less of the embodied impacts in
manufactured devices, these are not insignificant. SnO, has a
relatively high environmental impact due to the presence of Sn.
Alternative ETLs, such as TiO,, can result in high impacts when
spin-coating, heating and annealing is required resulting in
relatively high energy consumption. Titania nanotubes have
been used in place of mesoporous titania layers with high
impacts resulting from high solvent consumption in their pre-
paration, requiring significant efficiency and stability gains in
final devices to justify their use.">>'®> Strategies to retain ETLs
on substrates, if viable reuse can be demonstrated, will be
important for mitigating embodied impacts of Sn and high
energy consumption during preparation, deposition and curing.

The impacts of HTLs in cells are dominated by energy
consumption in their synthesis and materials with long/
complex synthetic pathways and low final yields have higher
impacts still. Where such HTMs are used, their recovery will be
important, and eco-design of cells considering substitution of
such HTMs with those that can be biologically sourced or have
shorter/higher-yield synthetic pathways should be considered.
It is clear solvent use adds considerable environmental impact
to production, and that to mitigate this, solvent capture sys-
tems which prevent environmental emissions and enable sol-
vent reuse following curing of films are necessary to mitigate
these impacts. The toxicity of dimethylformamide (DMF) for
perovskite deposition and chlorobenzene for HTM deposition
is particularly problematic."”®

Materials considerations
Resource security and materials supply constraints

Global availability of raw materials is increasingly under pressure
due to growing demand and increasing likelihood of supply
bottlenecks. Access to CRMs has become a priority issue for
governments and industries around the world. CRMs exhibit
extreme price volatility, which is problematic from the point of
view of PV manufacturing as sudden increases in material costs
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cannot be passed on to consumers without impacting LCOE."”®
Here we consider materials used in current PSC devices which
have potential long-term supply risks owing to growing demand,
geological abundance, geopolitical factors, and the fact that they
may be produced as minor biproducts of major metals preventing
scaling of primary supply with demand. Potential substitute
materials which have been demonstrated in PSCs are discussed,
as circular economy strategies are the most promising approach
to mitigate criticality. Substitution eliminates reliance on CRM:s,
and where this is not possible, increasing device longevity and
efficiency to reduce demand and increasing secondary supply
through component reuse and recycling is essential to ensure
deployment of PV is not limited by access to CRMs.

Transparent conductive oxides (TCOs)

ITO is the main TCO used in solar cells, coated onto glass to
create transparent electrodes. Indium (In) has been classified
as a CRM, and found to be one of the most critical elements for
the PV industry using ITO in amorphous silicon and CdTe PV
panels, and In in CIGS or CIS semiconductors.'®"*¥" Other
major applications of In contributing to global demand include
ITO glass in flat panel displays (FPDs) and touch screens, alloys
and solders, thermal interface materials, LEDs and laser diodes.
In is produced as a by-product metal ie., it is not the primary
target of mining operations, rather 95% of refined primary In
supply is from Zn ores processing, particularly from the mineral
sphalerite. This creates problems in meeting demand spikes as
primary supply depends on markets for Zn. Primary production
is also concentrated in China (48%) which has high domestic In
demand and a history of imposing export restrictions to conserve
domestic material reserves. Although no official data is available
on secondary supply, recycling from ITO production scrap is
thought to be a considerable proportion of global supply,
potentially exceeding primary supply.'®" Recovery from EoL
products however, is almost unknown. An issue with developing
secondary supplies from ITO in WEEE and EoL PV is that In is
present in such low quantities that economic recovery has been
challenging. Processes for economic recovery did not exist
until recently."®* Given the critical status of In, future lifecycle
optimisation strategies should substitute ITO, and if used in
commercialised devices, ensure recovery at EoL through sub-
strate reuse or recovery from substrates making use of processes
such as counter-current leaching systems proposed by Rocchetti
et al. for economically viable recovery from flat-panel display
glass.’® ITO is subject to registration under EU REACH and
conflict minerals regulations, further reason to substitute ITO.
Although In has received much attention as a CRM, the Sn
component of ITO has received far less, particularly in terms of
assessing its criticality and substitution potential. The abundance
of Sn in the Earth’s crust is 2.1 ppm, lower than other major
industrial metals such as Al, Cu and Pb; and its major applica-
tions are in Pb-free solder alloys, tinplate, tin chemicals, copper
alloys and in Pb-Ca lead-acid battery grids. Global production of
refined tin was approximately 361 kt per year over the period
2012-2016 with China the main producer accounting for 35% of
primary production, followed by Indonesia (27%) and Myanmar
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(10%). Indonesia’s production has plummeted since its govern-
ment banned exports of unprocessed tin concentrates, and nearly
all Myanmar’s outputs are refined in China. Current EoL recycling
input rate is approximately 31%, with recovery efficiencies
depending on application. Valero et al. examined material bottle-
necks in the future development of green technologies concluding
that cumulative Sn demand from PV alone could exceed known
reserves by 2050, highlighting the importance of circular economy
practices such as substitution, dematerialization, recycling and
increased resource efficiency throughout product lifecycles to
ensure Sn availability does not limit PV deployment.>® This
suggests substitution of SnO, based TCOs in PSCs should be
strongly considered, and where such TCOs are used, strategies to
reuse coated substrates or recover the TCO must be prioritised.
ITO has been successfully substituted by FTO and aluminium
doped zinc oxide (AZO), both of which avoid In, but only AZO
avoids use of Sn. Alternatively, flexible transparent electrodes have
been produced by depositing a silver nanowire/antimony doped
tin oxide (ATO) composite on PET.'®* Although this avoids the use
of In, it relies on replacement with Sb, itself a CRM. TCO free PSCs
have been created in several ways. Sun et al, replaced the
TCO with PEDOT:PSS,"®* a material more commonly used as a
HTM, and created flexible PSCs using graphene coated with MoO;
as the other electrode. Graphene transparent electrodes have
been demonstrated by others.'®"'® Numerous applications of
metals to replace ITO substrates have been investigated and well-
reviewed.'”>"®® Electrodes composed of metal nanowires, mesh,
and ultrathin transparent metal films enable TCO replacement in
transparent electrodes, and patterned metal electrodes in inverted
devices negate the requirement for TCO substrates. Metals, can be
a viable and attractive substrate candidate for preparing compact
and mesoporous TiO, layers, owing to their endurance at high
temperature, a favourable characteristic for thermal delamination
at EoL. However, integrating a transparent material as top elec-
trode is necessary with metal substrates to enable light absorption.
In this context, Troughton et al produced PSCs with a nickel
mesh/PET transparent electrode on commercially available tita-
nium foil, which lends itself to R2R production of flexible PSCs."”*
Impressive PCEs have been achieved by Chen et al. using Ni/Au
mesh transparent electrodes,'®” and Sears et al. using R2R slot-die
coated silver nanowire transparent electrodes.'®® However, the use
of noble metals makes this a questionable strategy from a scal-
ability point of view although a nanowire approach may reduce the
quantity required for efficient cells.

Noble metals

Au, like Ag and the platinum-group metals (PGMs), is a noble
and a precious metal with main applications in jewellery,
bullion, coins, decoration, medicine and dentistry and as
contact and conductor material in EEE. Global production in
2018 was 3502 t year ' supplied mainly by China (14%),
Australia (8%), Russia (8%) and the US (7%). Au supply is
governed by conflict mineral regulations due to links between
gold trade, armed conflict and civil rights abuses, introducing
additional geopolitical issues to supply.>* In 2008, Morley and
Eatherley found Au to be the most ‘at risk’ material for the UK

3718 | Energy Environ. Sci., 2023, 16, 3711-3733

View Article Online

Energy & Environmental Science

of 69 assessed.'®” While examining resource constraints to the
renewable energy transition, Moreau et al found known
reserves could be fully depleted by 2035.%* In 2018, 26% of
global supply was recycled from scrap. Mitigating depletion of
primary reserves requires this rate to increase significantly but
major barriers to doing so exist.'®® Major applications of Au
such as jewellery and bullion are viewed as precious assets
handed down through generations, traded or held as reserve
assets."®® Therefore much gold never becomes available for
recycling. Much Au in WEEE is unrecovered due to low collection
rates, dissipation in recycling, and the fact that cut-off-grades for
recovery are determined by fluctuating market values.'>"*> Au
recovery is most usually achieved via smelting of PCBs with
subsequent hydrometallurgical refinement.’***** Au content of
a PSC today is low (at ~100 nm thickness ~1.9 g m~?). However,
cost, criticality issues and contribution to environmental impacts
of PSCs form a strong case for substitution with low impact
abundant materials that avoid high energy low efficiency thermal
evaporation. If use of Au is shown by LCA to hold benefits despite
these issues, EoL strategies for efficient recovery must be imple-
mented, and alternative methods which enhance efficiency of
deposition such as electroplating should be considered.

Global Pt demand in 2018 was 245 tonnes, with autocata-
lysts and jewellery the major demand sectors, followed by
chemical, electronics, glass and petroleum applications.'®” Its
high catalytic activity is the reason for its use in many of these
applications, as well as its use in counter electrode catalysts in
PSCs with dye-sensitised solar cell (DSSC) like architectures.™®
74% of global supply in 2018 was from mining which is highly
concentrated in South Africa (67%), with additional supply
from Russia (13%), Zimbabwe (9%), Canada (6%) and the US
(2%). Pt is also recycled primarily from autocatalyst scrap and
jewellery."”® Pt recycling is traditionally achieved through oxi-
dative digestion in acidic chloride media, with a number of
processes used to recover Pt from solution including solvent
extraction, ion exchange and precipitation.’®* Although little
demand exists from PV, growth in demand from hydrogen fuel-
cells and electrolysers,'*>'*>™*®7 and the EV sector is
projected.”® Pt is therefore ‘critical’ at the global level owing
to high supply risk and production impacts,'*® with circular
mitigation strategies to decrease demand and increase secondary
supply.®*'*® Numerous nanostructured carbon based counter-
electrodes were developed as non-precious Pt alternatives for
DSSCs.'**?*% Feasibly, similar innovation could avoid noble metal
use in PSCs. R2R production of carbon electrodes in perovskite
modules that avoid Au use has been demonstrated.®® P-I-N
architectures also avoid the use of Au contacts.

Global Ag demand in 2018 was 32,145 tonnes, primarily for
electronics, jewellery, coins, bullion, and c-Si PV. Only 15% of
demand is met by recycling, with primary production in several
countries. Only 30% of primary production is supplied from
primary silver mines, >60% of reserves are polymetallic with
one third of production as biproducts of Pb/Zn operations and
20% from Cu production. Ag is recovered through several
processes including smelting of electronics with subsequent
hydrometallurgical refinement, cupellation of jewellery, and
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electrolytic processes for less pure sources. Future recovery
from Si-PV is a challenge due to the use of comminution to
liberate materials from EVA laminate for physio-mechanical
separation resulting in dissipation across material output
fractions.”®" Ag has viably replaced Au and Pt in PSCs, with
associated cost and environmental benefits.'®” GHG emissions
of Ag production are ~1/30th of GHG emissions of Au and Pt
(Table 3), and market values of Ag are ~ 1/40th of Pt and 1/68th
of Au.: However, previous studies have shown Ag may be the
most critical metal in future clean energy scenarios,**” and
known reserves could be depleted by 2037>* introducing very
real prospects of future supply constraints.** The use of Ag in
PSCs may also be problematic due to AgI formation on contact
surfaces which reduces PCE following reaction with MAI from
perovskite degradation.’®® Despite potential economic and
environmental advantages over Au and Pt, resource criticality,
price volatility and technical issues cast doubt on viability of Ag
also. For these reasons, alternative abundant metals such as Al
and Cu, or carbon-based materials may be the most sustainable
options.''”"'8%2%> Gopper and aluminium foil are suitable sub-
strates for R2R production of inverted PSCs.>**?* Cu in parti-
cular is known for good corrosion resistance in different
environmental conditions and may be particularly promising
for inverted PSC applications in which Cu has been shown to
have a relatively stable interface with perovskite exhibiting little
migration of Cu into the perovskite, slow chemical reaction
between the two layers, and effective blocking of moisture
penetration into the perovskite.>*> Cr-Cu alloy electrodes have
been used in high efficiency cells (23.4% PCE),>*> and Cu has
been used as an interelectrode in high efficiency (>26% PCE)
four terminal perovskite/perovskite tandem cells.>*® When
inverted cell architecture is undesirable, carbon may be the
front runner to replace noble metals owing to compatibility
with printing for up-scaling, low-cost and environmental foot-
print, and abundance of carbon.?®

Caesium and rubidium

New high efficiency perovskite formulations replace methylam-
monium with Cs and/or Rb to improve thermal stability.>*”>°
Cs has traditionally been an obscure metal with no formal
markets and therefore difficult to price. Cs has been neglected
in criticality assessments until recently. In 2018, the United
States Geological Survey (USGS) added Cs to their CRM list.
Concerns over Cs supply have been raised owing to limited
sources and geopolitical issues associated with supply.>'*>"?
Vidal et al. examined potential supply risks of Cs based on
scarce and uncertain data concluding current rates of use could
deplete known resources by 2056.>'* Cs is used primarily as
caesium formate in drilling fluids by the oil and gas industry.
Other important applications include use as a photoelement;
Csl is used in photomultiplier tubes and detectors of ionising
radiation; CsI and CsBr are used to manufacture luminous
tubes; Cs based catalysts are used to produce ammonium
compounds, sulfuric acid, butyl alcohol, formic acid and for

+ LBMA PM 29/01/21 prices.
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dehydrogenation reactions; Cs is the basis of numerous med-
ical treatments; and Cs plasma is an important component of
high-power efficiency magnetohydrodynamic generators. How-
ever, the current race to secure access to Cs has been driven by
its use in atomic clocks for 5G infrastructure.?'* The global Cs
market was expected to grow 7%/year from 2018 to 2022,>" and
production at a single mine results in considerable risk to
future supply.*'®*"* Khalifa calculated that 1% of global Cs
reserves would be sufficient to supply the entire US electricity
demand from utility-scale PV to 2050 suggesting Cs demand
from PV will not be a barrier to scaled deployment of PSCs.""
However, In light of growth of larger demand sectors and potential
supply bottlenecks despite sufficiently large reserves to meet
demand for PSCs, substitution of Cs with alternative abundant
materials may be desirable. If Cs is used, CE strategies to retain Cs
within PSC lifecycles may be necessary to ensure long terms supply
and mitigate price volatility classically exhibited by CRMs.

Rb is a potential Cs alternative, and more abundant in the
Earth’s crust than common metals such as Cu, Zn and Pb, and
30 and 4 times as abundant as Cs and Li respectively, the
production of which yields Rb as a by-product. Despite afore-
mentioned risks to Cs production, normal problems associated
with by-product metal supply scaling with demand may not be
an issue for Rb as Li production is increasing constantly to
meet demand from Li-ion batteries. Future availability of Rb
may be more secure than Cs and therefore Rb may be a viable
substitute for Cs in high efficiency PSCs.>"*

Interface engineering

Another important consideration in PSCs development has been
performance and stability improvement by tuning the interface
between the perovskite and active layers to improve energy level
alighment between layers,'***'*>?° charge separation and
extraction,”*®?*'2% chemical interaction between selective and
perovskite layers,?** to achieve surface passivation,*'®220:224-227
reduce non-radiative recombination,?¢?20221:228  preferential
perovskite crystals,?'®??0?*%7231  increase light
absorption,”*” and increase of electron/hole transport capacity of
materials.*'®>** A range of materials and approaches have been
employed for optimisation at the perovskite/ETL interface and
perovskite/HTL interface (Fig. 5). Most of these improvements
have been achieved through the implementation of self-
assembled monolayers (SAMs),>***'®??® mainly consisting of
materials such as carboxylic 216234235 hhosphonic
acids,*'® amino acids,?**?*° silanes, and fullerene derived
materials,”*>** although alternative materials have also been
employed.**"**® However, doping of the selective layers with
materials such as Cu,2%” Cs, 2 In,21 1,4,226:233.236 Mg,225’233 Nb233
and Sb,*'® and the use of the plasmonic effect through use of
noble metal nanoparticles such as Au** to increase light absorp-
tion have also been implemented to improve the interface of
perovskites with selective layers. Various quantum dot materials
and composites, such as graphene, MoS, and CsPbBr; have also
been used to improve charge transport and energy band align-
ment at the perovskite/HTL interface reducing charge transfer
resistance while passivating defects.>**>*! Issues associated with
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Fig. 5 Summary of materials employed for interface optimisation in perovskite solar cells at the electron transport layer/perovskite interface and the

hole transport layer/perovskite interface.

the use of Cs, In, Sb and Au have already been discussed, but Li,
Mg and Nb have all be cited as critical by the EU."*" Although
only required in small amounts for interface engineering, high
growth in consumption from other sectors and primary supply
concentration may result in future supply bottlenecks and/or
price volatility. The introduction of materials in trace amounts
also represent a potentially dissipative application as recovery of
such small quantities will be challenging and further investiga-
tion of the fate of these materials in EoL processes is required.

Encapsulants

The encapsulant in a PV module provides protection from
the environment, structural stability, electrical insulation and
resistance to UV and thermal degradation.>**>*® The most
successful material employed for commercial Si-PV encapsula-
tion is ethylene vinyl acetate (EVA), representing ~ 80% of the
current market,** providing high transmittance, good electrical
and chemical resistance, easy processability, low cost and it has
been used commercially for > 20 years.>**>*** However, degra-
dation of EVA generates acetic acid that can induce corrosion in
the PV system.>**?*”**% Alternative encapsulants such as poly-
vinyl butyral (PVB) and silicones have also been employed less
extensively than EVA.>*

Selecting appropriate encapsulants for PSCs is non-trivial. In
addition to aforementioned properties, challenges arise from the
intrinsic nature of PSCs. Encapsulants must be chemically inert
with the perovskite and selective layers of PSCs. If curing is
required, the temperature must be limited to avoid perovskite
degradation, which in most cases implies curing below 200 °C
depending on perovskite composition.>**>*' Encapsulants com-
patible with flexible substrates must themselves be flexible
enough to protect the active layers and maintain mechanical
properties of the module.>**>*** Initial attempts to encapsulate
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PSCs with EVA, 7! polyurethane (PU),>* polyolefin (POE),>*>
polyisobutylene (PIB),>*' epoxy resins,>****">°¢?%” thermoplastic
polymers,'””*** AL,0O;>*® and other alternatives**>****®° have
resulted in varying degrees of success. However, high curing
temperatures for EVA,'?72#2243251.25% delamination of thermo-
plastic polymers,”** chemical interaction with the perovskite layer
and high costs of epoxy resins>>***>'?>° present significant barriers
to viable PSC encapsulation.

The compatibility of encapsulants with EoL processes for
PSMs must also be considered. Traditionally, two main processes
for module delamination have been used: thermal degradation
(mainly for Si-PV)°”**"***> and crushing for leaching of critical/
valuable components (for thin film technologies).””*** Due to
their high cost, embodied impacts and CRM containing TCO
coating, glass substrate should be primary targets for recovery in
reusable form."*”?%?%* To this end, thermal degradation is, so
far, the most promising approach. However, the high tempera-
tures required are likely to result in loss of the perovskite and any
organic materials of cells. Chemical delamination of modules has
been used and suggested as a promising method to selectively
dissolve encapsulants, but this is yet to be proven viable for
perovskite devices.””**"** Implementing solvent delamination
must consider likely dissolution of active layers in the cells and
could potentially be combined with a selective solvent dissolution
approach to cell recycling. A new delamination method success-
fully demonstrated on CIGS modules which relies on cooling
rather than heating, submerging module pieces in liquid nitrogen
causing separation of EVA from glass due to their differences in
thermal expansion coefficient.>* This cooling approach may be
suitable for perovskite module delamination where heating is not.
A potential alternative encapsulation strategy may be use of
de-bondable polymers as edge sealants, which when triggered
by an external stimulus (e.g. an electric/magnetic field, heating
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with induction or specific wavelength IR) de-bond, allowing access
to cells without degradation, although this strategy has yet to be
demonstrated for PV.>*%>%

Recent developments in the field have seen incorporation of
materials into the encapsulation material to capture lead
through chemisorption in the event of module failure and
leakage from cells."®” Sulfonated graphene aerogel,”*® sulfonic
acid resins,**® phosphonic acid derivatives®’**”* and ionogel>">
have all been incorporated into encapsulation layers of high PCE
devices demonstrating lead sequestration efficiencies of 98-99.9%.
Chemisorption of Pb in this way seems to be a highly viable
method of preventing Pb emissions from PSC modules while in
use without compromising cell efficiency or light harvesting ability.

Solvents

Solution processability is a major advantage of PSCs presenting
low-cost manufacturing options and promising prospects for
cell recycling. Lifecycle impacts of hazardous solvents used in
PSC manufacturing, particularly DMF (workplace exposure limit =
15 mg m™* as a reprotoxic solvent) are a barrier to commercia-
lisation and may hinder scalability. DMF and dimethyl acet-
amide (DMAc) is on the substances of very high concern (SVHC)
list for consideration of restriction under Registration, Evalua-
tion, Authorisation and Restriction of Chemicals (REACH)
regulations®”® and N-methyl-2-pyrrolidone (NMP) is now a
restricted substance under REACH. One of the major aims of
circular economy is substitution of toxic materials, and sub-
stitution of toxic solvents with less hazardous ones which don’t
compromise cell performance and are suitable for scaled
manufacturing techniques is a crucial challenge.?”*

Identifying suitable solvents requires careful consideration
of solvent-solute interactions to produce high PCE devices.*””
Efficient perovskite films require solvents to dissolve PbI, to
yield high concentration perovskite precursor solutions.?”®””
Solvents must act as strong metal ligands,>’® and MAPbI,
dissolution/deposition depends on Lewis acid-base interac-
tions between Pbl, and dipolar aprotic solvents.””® This is also
pertinent to the prospect of lead-free perovskites; Snl, exhibits
greater Lewis acidity than PbI, requiring more highly basic
chelating solvents. DMF functions well due to high dielectric
constant and donicity, moderate vapour pressure and low
viscosity, improving solvent removal during film curing and
wettability to substrates. Desired solvent properties are highly
dependent on the manufacturing method. There is a clear need
for comprehensive frameworks to aid design of green low-
toxicity solvent systems that attain high PCE given the number
of manufacturing approaches being investigated for the various
PSC architectures.?®°

Novel engineering solutions to design less harmful solvent
systems have been demonstrated, such as dissolving methyla-
mine gas into volatile acetonitrile to deposit perovskite at room
temperature.””® The highly basic methylamine aids in solubi-
lising the precursors, albeit at lower solution concentrations,
negating the need for the solvent itself to coordinate precursors.
An extension of this method bubbles methylamine through
ethanol, a ‘green’ solvent which is subsequently mixed with
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tetrahydrofuran (THF),*®" a common low-cost solvent with high
vapour pressure, allowing rapid antisolvent-free crystallisation
over relatively large areas. This strand of solvent system develop-
ment has consequently found application in R2R manufacturing.
Several issues persist with this formulation in terms of sustain-
ability of the solvents themselves along with the added danger
posed by the highly volatile chemicals THF and methylamine. It
should be noted that THF is a carcinogenic chemical of concern. A
recent work by Casella et al., 2023, presented a novel binary solvent
system to remove methylamine from the manufacturing process.'**
The novel solvent system, comprised of 2-methoxyethanol (2-ME)
and THF, opens the potential for high throughput R2R manufac-
ture via an annealing free perovskite deposition. Greater scalability
and reduced embedded energy cost remains an important goal
for potential commercialisation. The toxicity of 2-ME may ulti-
mately limit the application of this system, however, this highlights
the importance of ongoing research into these systems and the
potential for a breakthrough on the horizon.

Recent attempts to replace the regulated solvent y-butyrol-
actone (GBL) in printing carbon-based devices have been
attempted. GBL is a precursor chemical which metabolises to
GHB upon ingestion.”®> GBL has the ability to sufficiently
coordinate PbI, in solution, leading to room temperature stable
solutions. An inverse temperature-crystallisation relationship is
exhibited for this solvent system wherein small MAPI crystals
precipitate from solution as the temperature increases allowing
infiltration of the carbon stack and pore filling at relatively low
temperatures (ca. 50 °C). However, similar chemicals have been
identified to perform this role, specifically the bioderived
solvent y-valerolactone (GVL), a ‘greener’ alternative unhin-
dered by strict regulatory control.>®®

To aid solvent substitution, selection methodologies are
needed to screen alternative solvents. Substitution must consider
environmental, health and safety (EHS) factors, solvent perfor-
mance in manufacturing and/or recycling, along with techno-
economic performance of manufactured devices. Screening
solvents based on EHS metrics provides justification for the
substitution via a systematic approach. Due to the importance
of solvents and quantities employed for industrial chemical
processes, solvent selection guides to support improvements to
process efficiency, sustainability, and safety are available. This
includes those of large chemical and pharmaceutical compa-
nies including Sanofi, GSK, Astra Zeneca and Pfizer.”®*>%*
Researchers have created unified guides consolidating this
information, culminating in solvent selection frameworks such
as the IMI-CHEM-21 guide.”®¢?%°2%7 As a result, there is a
growing body of research proposing alternative solvents, justi-
fications for their use, and technical aspect of their impacts on
the final perovskite film. Doolin et al. screened solvents based
on the CHEM-21 method in conjunction with technical solvent
parameters, using an approach described by the decision tree
in Fig. 6 to produce cells with a mixture of DMSO:DMPU:
2-MeTHF:EtOH with comparable performance to those pro-
duced with DMF.>” This framework for optimisation of greener
solvent systems is a significant contribution to the field and
will be an important approach to follow as new alternative
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Fig. 6 Solvent selection decision tree for screening and evaluation of alternative solvents for perovskite deposition (adapted from Doolin et al.).?”> EHS —
Environmental, health and safety, LCA - life cycle assessment, LCIA — life cycle impact assessment, MAPbls — methylammonium lead triiodide.

solvents become available to replace traditionally hazardous
ones. Doolin et al. highlighted a lack of appropriate LCA and
LCIA data to inform the selection. Vidal et al. have recently
published a health and environmental impact assessment of
the industrial scale use of common solvents used in producing
PSCs taking account of solvent production, use/removal, emissions
and potential EoL treatments considering energy of evaporation
for each solvent, air emission, condensation and subsequent
incineration, reuse or distillation for solvent recycling.>”® This is
an important contribution to the knowledgebase for selection of
solvents for industrial PSC production and recycling taking
account of full lifecycle impacts.

To date, highest efficiency devices reported have been pro-
duced using hazardous solvents, leading to conclusions that
PCE and toxicity must be balanced for commercialisation.>*®
This implies PCE will always be compromised through use of
greener solvent systems. However, Wu et al. have successfully
produced high efficiency formamidinium based perovskite
cells reaching PCEs of 22.4% using the green solvent triethyl
phosphate.>*>*°° Many factors influence PCE and not all labs
are able to achieve record efficiencies even with solvents such
as DMF. Doolin et al. demonstrated that when a fair compar-
ison to evaluate their green solvent systems side by side against
DMF was made, comparable cell efficiencies were achieved. In
an attempt to replace DMF in inks for printing perovskite,
Gardner et al. evaluated cells produced with less hazardous
solvent/alcohol/acid precursor systems against DMF based ones

3722 | Energy Environ. Sci., 2023, 16, 3711-3733

and also found efficiencies to be comparable.** Liu et al. used
a similar solvent engineering approach to Doolin et al. to
develop a greener low-boiling point mixed solvent system for
MAPI deposition in large area devices consisting of methyla-
mine in ethanol and THF which when compared to DMF
formed films with greater surface coverage and fewer defects
yielding 0.1 ecm?® and 10 ecm? cells with good PCEs of 20% and
15.6% respectively.”®’ This suggests fair side by side compar-
isons are necessary to properly evaluate performance of greener
solvent systems against traditional hazardous ones and PCE
needn’t be compromised for the sake of solvent toxicity.

Enabling circularity in PSCs

Take-back schemes with dedicated and efficient EoL processes
will result in better outcomes for EoL PSMs than is possible
through current WEEE management systems from which few
materials are produced of suitable quality for closed-loop PV
manufacturing. Most research toward remanufacturing and recy-
cling of PSCs has focused on Pb recovery to prevent environmen-
tal emissions, and reutilisation of substrates. Ensuring Pb
emissions are minimised throughout PSC lifecycles is essential
to ensure perovskite technology does not contribute to ongoing
accumulation of Pb within the environment, and EoL worker and
public safety. This will be crucial to ensure favourable public
perception of this important emerging technology. Establishment
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of appropriate business models to capture EoL modules and
deal with Pb appropriately may add brand value to organisations
moving early to commercialise such approaches. The take-back
strategy of FirstSolar for recycling CdTe PV modules to prevent
hazardous Cd emissions and secure secondary supplies of
critical Te has successfully granted competitive advantage and
established the company image as environmental leaders in the
PV industry.*> With the trend to substitute impactful precious
metals in PSCs, substrate recovery would result in retention of
the most impactful and costly cell components as well as CRMs
in the TCO. Tian et al. recently concluding that recovery of TCO
coated glass substrates for remanufacturing could reduce EPBT
and GHG emissions from new PSM production by 73 and 71%
respectively.'** The study also aligns with previous LCA findings
showing embedded impacts in materials far exceed impacts of
manufacturing processes, and thermal processes for coating and
curing account for the largest process impacts. Retention of
substrates with thermally deposited functional layers for reuse in
PSM remanufacturing must therefore be a priority goal of EoL
strategies.

Recycling and remanufacturing approaches

If the low-cost energy promised by PSC technology are realised,
successful commercialization will dramatically increase materials
demand. Based on toxicity, environmental impacts, and resource
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efficiency consideration for materials contained in PSCs, devel-
opment of circular economy strategies to capture and reuse
materials from EoL PSCs are urgently required.”” Achieving
this will require appropriate selection of materials sets and
architectures®>%>2%:3% taking account of performance during
EoL treatment. The following section examines progress
towards recycling and remanufacturing processing which could
enable circular economy for PSCs through retention of materials/
components in new devices without considerable losses in PCE.
Remanufacturing represents a tighter loop of the circular econ-
omy than recycling (Fig. 2). Recycling processes recover materials
at a molecular level, enabling them to be reutilised in fabrication
of new cells (Fig. 7a), whereas remanufacturing seeks to create
new cells from old ones utilising as much of the original cell as
possible (Fig. 7b and c). Remanufacturing therefore avoids costs
and environmental impacts incurred during production from
raw materials (even recycled ones) by creating ‘like new’ cells
using the major cost and impact components again ie. glass
substrates with mesoporous sintered layers in place.

Selective dissolution has proved an effective technique for
the recovery of PSCs components for reuse in new cells without
significant reduction in PCEs compared with those produced
from virgin materials (Fig. 7a). Initial efforts focused on sub-
strate retention owing to the high cost and proportion of
embodied environmental impacts in these components. In an

DEVICE REMANUFACTURING
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Fig. 7 Methods for recovery of device components vs. remanufacturing methods: (a) multi-solvent and single-solvent approach for recycling of cells
through separation, recovery and reuse of the device elements; (b) remanufacturing of a printable n-i-p stack with mesoporous nickel cathode by rinsing
and re-infiltration of the perovskite material (adapted from Ku et al.);>°° (c) remanufacturing of a printable carbon stack cell using a simple methylamine
gas treatment to restore degraded perovskite (process described in Hong et al.) 16¢

This journal is © The Royal Society of Chemistry 2023 Energy Environ. Sci., 2023, 16, 3711-3733 | 3723


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3ee00841j

Open Access Article. Published on 26 2023. Downloaded on 06/02/26 19:17:00.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Perspective

initial study by Huang et al., FTO-coated glass was recovered
from ETL-free PSCs by dissolution of degraded perovskite layers
and spiro-MeOTAD in DMF allowing silver counter electrodes
flakes to float to the solution surface for recovery.>*® Devices
fabricated with the recovered substrates exhibited a PCE of
10.8%, comparable to 11.5% in devices fabricated on fresh FTO
substrates. Binek et al. reported a more selective multi-solvent
method where counter electrodes and spiro-MeOTAD were
removed using chlorobenzene, before selective removal of
methylammonium iodide from the perovskite with deionized
263 DMF then removed remaining Pbl, and the TiO,
mesoporous film. Recovered FTO substrates were reused in
new devices without loss in PCE after two cycles of recovery.
Augustine et al. reported an alternative technique for recovering
and reusing ITO-coated glass in inverted devices using a single
inexpensive alkaline solvent while maintaining PCE in devices
fabricated on recovered substrates.”®® The strategy has also
been successfully demonstrated for mixed cation CsPbIBr,
carbon-stack devices by Zhu et al., in which treatment with
DMF enabled FTO/TiO, recovery for use in new devices with
20% higher efficiency than virgin devices owing to the effect of
residual perovskite derived species on substrates.*®”

Multi-solvent dissolution techniques have been successful
in retaining charge-transport layers in addition to TCO-coated
glass from planar**® and mesoscopic®®*?°*>'" Ti0O, devices,
with promising results showing no performance loss over 10
cycles of recovery and reuse in new devices.”®® Feng et al.
reported the effective use of alkylamines in liquefaction of
the perovskite absorber for the recovery of ITO/NiOx substrates
in inverted devices without PCE loss in devices produced from
recovered substrates.’’> One-step dissolution with DMF has
also been demonstrated to work for recovery of printable
devices, as reported by Ku et al. for a full inorganic stack
FTO/c-TiO,/mp-TiO,/Al,03/NiOx where degraded perovskite
was removed using DMF and reloaded into the recovered stack
with a final efficiency of 12.1% versus 13.6% on a fresh stack
(Fig. 7b).>° Li et al. found similar results for FTO/c-TiO,/mp-
TiO,/mp-Al,O3/np-Au:NiOX stack devices, with an initial PCE
of 8.6%, and PCEs of 8.2% and 7.7% for the first and second
generation reused stacks.*’* This approach represents a
potential remanufacturing method to retain all functional
layers and recondition cells through removal and reapplication
of perovskites to the mesoporous structure.

To address the environmental impact of lead toxicity, works
on substrate recovery have integrated strategies for effective lead
capture. Kim et al. report the removal of lead from the resulting
lixiviant of perovskite dissolution via solvent extraction and ion
exchange, allowing 99.99% of lead removal from residual
solvent.*™* Binek et al. reported recovery and reuse of Pbl, by
two methods: directly from the DMF lixiviant and through
recrystallization of Pbl, which when used in new devices resulted
in a drop in device PCE dropping only 1% compared to devices
prepared with fresh Pbl,.>*® Zhang et al. reported lead recovery
from carbon-based cells by precipitation of lead ions from DMF
lixiviant as Pb(OH), using NH;-H,O, followed by reaction with HI
to produce Pbl, with a recovery rate of 95.7%, and only 1.5%

water.
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drop in PCE in devices fabricated with recovered Pbl,.*"* Feng
et al. reported a recovery yield of 98.9% and no loss in PCE in
devices fabricated from recovered NiOx/ITO substrates and pre-
cursor solutions generated from recrystallized MAPI recovered
via liquefaction in alkylamines.*'> Park et al. have demonstrated
the use of an iron containing hydroxyapatite absorbent to recover
Pb from non-aqueous solvent systems with 99.97% efficiency
proposing a process for recycling modules or contaminated
materials from any stage of the product lifecycle via magnetic
field assisted seperation of the resulting Pb complex and recovery
of Pbl, and clean solvents.*'> A technique yet to be demonstrated
in devices was explored by Poll et al., where lead is dissolved using
a deep eutectic solvent (choline chloride and ethylene glycol) and
recovered by selective electrodeposition with a yield of 99.8%.3'¢
This all suggests that prevention of Pb emissions during EoL
treatment is possible via a number of efficient recovery strategies.

An alternative approach to selective dissolution for recovery
of substrate and lead is device reconditioning. Hong et al.
successfully regenerated MAPI crystals within HTM free triple
mesoscopic inorganic structured PSCs by post-treating devices
with methylamine gas (Fig. 7c).'®® After two cycles of photode-
gradation and regeneration of the MAPI PSCs, PCEs recovered to
91% of the initial value from 40% in the degraded state. Methyl-
amine treatment also works well as alternative to anti-solvent to
enhance performance of printed devices in manufacturing
(increasing PCE from 6.67% to 15.26%).'°® Another type of in-
situ recovery of Pbl, has been reported for films and devices after
natural or thermal-induced degradation of the perovskite film to
Pbl, is reversed by spin coating of a new MAI solution onto the
PbI, film, restoring the perovskite film optical performance and
resulting in an increased efficiency relative to freshly prepared
devices.">'® Such in situ strategies could potentially lead to
reconditioning of cells, representing a tighter loop of the circular
economy than recycling.

Although the selective dissolution of devices presents the
potential for the recovery of all components, the recovery of
other materials removed from the device such as spiro-MeOTAD,
PCBM, and additional dopants used in the fabrication of per-
ovskite devices have not been demonstrated for the techniques
previously mentioned. Recently Wang et al. reported an innova-
tive “one-key-reset” method for the recovery and reuse of all
components in an ITO/SnO,/MAPI/spiro-MeOTAD/Au device,
reaching efficiencies of 20% after the second cycle of recovery
of all components, pointing at an interesting application for
solvent engineering in recovery and remanufacture of high-
performance devices.*"” Submersion of devices in a ‘bleacher
solution’ of methylamine in THF results in liberation of gold
contacts, SnO, coated substrates and a liquid fraction composed
of a THF dissolved spiro phase, and liquified perovskite phase
enabling all components to be reused following purification. The
recovery of noble metals used as electrodes remains a challenge.
Although solvent removal allows Au counter electrode recovery
as HTMs are dissolved and electrodes float free, its reuse for
deposition of new evaporated films is still complex. Wang et al.
report recovered gold required melting at high temperatures to
render it usable in deposition of new films.”” Effective ways to
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take advantage of noble metal properties compatible with rema-
nufacturing have been demonstrated in reports by Li et al,
where Au was applied as a dopant in the fully printable inorganic
stack,>"® and Yang et al., where a durable nanoporous gold film
counter electrode is manufactured, recovered and reused in
perovskite devices.>'® Given the high cost and environmental
impact of gold, substitution in commercial devices may negate
the recovery challenges.

Cost-effective module recycling has been successfully demon-
strated by Chen et al. who reported a method for close-loop lead
recovery and remanufacture of encapsulated ITO/PTAA/Perovs-
kite/C60/BCP/Cr/Cu modules."*® The cover glass was recovered
through thermal delamination, DMF bath was used to recover
ITO substrates, and a cation exchange resin bath served to
recover lead iodide. The devices remanufactured with recovered
substrates, lead iodide, and cover glass did not exhibit a notice-
able photovoltaic performance drop. Furthermore, the cation
exchange resin was regenerated with an effectiveness close to
100%. This suggests that recycling at module scale could signifi-
cantly reduce lifecycle costs of PSC PV, improving competitive-
ness with alternative technologies. Further consideration of the
sustainability and cost-effective aspects of the recovery process
itself is still required for the future. Life cycle assessments of
many substrate recovery techniques published up to 2021 have
shown most of the impact of these techniques comes from the
toxicity of solvents such as DMF.*" This suggests that further
investigation of solvent based recycling strategies which rely on
greener solvent systems such as that reported by Doolin et al. for
device fabrication should be investigated.>”

Conclusion

Adoption of circular economy throughout lifecycles of perovskite
PV is necessary to minimise environmental impacts of production,
ensure Pb emissions are prevented, and mitigate materials
criticality issues which may limit PV deployment. There is a
considerable opportunity to effectively design PSCs, PSMs and
associated EoL processes in a way that will be far more difficult
for established PV technology facing linear lock-in. Although
legislation increasingly drives progress in this regard, the
potential benefits for the technology in terms of competitive-
ness with established renewables are considerable.
Substitution of the most critical and costly materials of
PSCs, for the most part, is technically feasible, although the
impact on techno-economic performance of PSMs remains to
be seen. Where this isn’t possible for techno-economic reasons,
processes to retain high-value CRMs used in current architectures
via cell refurbishment, remanufacture and module recycling have
been demonstrated. This presents the potential to reduce produc-
tion costs and environmental impacts to below levels of any other
PV technology to date. The ability to valorise EoL devices to a
greater extent by cycling materials back into production will result
in considerably lower EoL costs compared to mechanical recycling
approaches analogous to those used for Si-PV. Especially when
potential decontamination strategies to mitigate lead content are
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also considered. The adoption of circular economy practices into
lifecycles of PSMs could therefore result in the lowest LCOE from
PV technologies so far.

High levels of materials retention through PSC and PSM
recycling, as well as cell reconditioning has been demonstrated
in the literature. Solvent dissolution of active materials for
redeposition within retained mesoporous electrode structures
appears a viable strategy for future commercial EoL treatment to
retain most embodied costs and impacts of initial production
and contained CRMs, potentially delivering second generation
cells at a fraction of initial costs while mitigating the industries
susceptibility to global resource security concerns. A major
milestone to be demonstrated is that this can be achieved for
complete carbon triple stack devices.

Barriers remain to commercial adoption for EoL treatment
of PSMs. Greener solvents are required than those which have
been utilised to date, although progress in this area for cell
manufacturing lends itself to EoL solutions. Suitable encapsu-
lants enabling EoL module delamination require development.
Device longevity and prevention of Pb emissions is paramount
for commercialisation yet leads to a dichotomy when balancing
this priority with the requirement of viable delamination. Given
the potential of materials retention to reduce LCOE and emissions
associated with energy generation, appropriate encapsulants
may sacrifice device longevity to some extent for net benefit over
successive generations of PSMs afforded via retention of compo-
nents/materials. Inspiration may be gained from de-bondable
adhesives in development for use in alternative technologies
which facilitate active disassembly.
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