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Following the achievement of impressive power conversion efficiencies of perovskite solar cells (PSCs),
the current challenges of this technology include long-term stability, upscaling for industrial processing,
and its environmental effect. One of the significant concerns of the latter is accidental Pb leaching from
PSCs and modules, due to the well-documented Pb toxicity. Such concerns may cause deceleration in
PSC commercialization. However, this threat is found to be comparable to that posed by currently used
Pb-containing products, and a plethora of measures are available to mitigate the environmental impact
of Pb, as we present in this review. We show that the amount of Pb is estimated to be comparable to
that in currently used electricity generation technologies, including fossil fuels, electronic solder wires,
and lead—-acid batteries. Analysis of accidental (worst-case) scenarios shows that the released quantities
are within the orders-of-magnitude typical of currently used Pb-containing technologies.
By comparison, PSC processing is found to have larger environmental impacts than Pb release, and the
currently available Pb substituents, such as Sn, also have significant negative environmental impacts. Pb
Received 17th April 2021, contamination can effectively be reduced and controlled using Pb adsorbing materials implemented into
Accepted 14th July 2021 the encapsulation layers or integrated into the PSC. Recycling and reusing Pb-containing materials will
DOI: 10.1039/d1ma00355k also reduce the environmental impact, increase the material availability and decrease the devices' energy
payback time. We, therefore, suggest that Pb in PSCs and its effect on the environment are not as
rsc.li/materials-advances concerning as they seem to be.
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Introduction

Since their introduction as the absorbing material in solar
cells, organic-inorganic lead (Pb) halide perovskites have
reshaped the prospect of photovoltaic (PV) technologies as a
source of green energy. Within a decade, they have attracted
tremendous global attention with single-junction solar cell
power conversion efficiency (PCE) reaching up to 25.5%.>”
These materials also show great promise in several other
applications such as light-emitting diodes, lasers, batteries,
and photodetectors, due to their unique properties, including
ambipolarity, high charge-carrier mobility, high carrier
diffusion length, high absorption coefficient, and an easy and
cheap preparation method at moderate temperatures.* Pb is an
essential part of commonly used halide perovskite compositions,
but it is considered a hazardous chemical with major health
concerns affirmed by the World Health Organization (WHO).>®
The prospective effects on the environment associated with the
large-scale implementation of this technology are therefore of
high interest.” ' While the toxicity of Pb is of significant
concern, several aspects have demonstrated that Pb quantities
in perovskite solar cells (PSCs) are comparable to those in
currently used technologies, and can safely be handled within
acceptable limits, to utilize its benefits. Indeed, severe measures
should be taken for safe handling and disposal of Pb-containing
perovskites, however, it may not be necessary to eliminate them
entirely from PSCs and other halide perovskite-based devices.
The present review focuses on such reasons for optimism,
showing why and how Pb-containing halide perovskites can be
used in a sustainable manner.

The first presence of Pb in human history is tentatively dated
back to 6500 B.C.'' Since its discovery, Pb has become an
indispensable metal for our civilization due to properties such
as high density, low melting point, malleability, ductility, high
resistance to corrosion, etc.” Current applications of Pb are
schematically described in Fig. 1 and indicate mostly its
utilization in Pb-acid batteries.’> Pb is a cumulative toxicant
that affects multiple body systems, distributed to the brain,
kidney, liver, and stored in bones and teeth; carcinogenic and
neurological effects were also noted." It is particularly harmful
to young children and during pregnancy, as Pb stored in bone

Batteries (~85.2%)

™ Paints and cosmetics (~5.6%)
Rolled and extruded products
(~3.6%)
Miscellaneous (~2.1%)

® Ammunitions (~1.4%)

u Alloys (~1.3%)

M Cable sheathing (~1%)

Fig. 1 Usage of Pb in different worldwide applications until 2012; data
from ref. 12.
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is released into the blood and becomes a source of exposure to
the developing fetus. The presence of heavy metals, especially
Pb, creates reactive radicals, which damage cell components,
including DNA and membranes.”*™*® Organic-bound Pb is
considered to be the most toxic because of its lipid-soluble
nature.'® Indeed, several works have demonstrated the high
bioavailability and toxicity of Pb released from halide
perovskites, %720

Most importantly, there is no minimum level of Pb exposure
that is known to have no harmful effects.”’ The maximum
permissible levels of Pb in drinking water and air has been set
to 10 pg L™ " and 0.5 pg m >, respectively, by the Joint Food and
Agriculture Organization of the United Nations (FAO)/WHO
Expert Committee on Food Additives (JECFA).”*> In 2003, a
maximum Pb level of 50 pg per liter of blood has been imposed
by the WHO.?® In the next sections, we review Pb quantities in
PSCs compared to those found in currently used technologies
and indicate its compatibility with the relevant legislation. We
then compare the environmental impact of Pb in PSCs to
that of its alternatives, which surprisingly do not show clear
advantages in that sense. We conclude by reviewing a plethora
of measures suggested to mitigate the environmental effects of
Pb release from PSCs.

Pb in PSCs and its effect on the
environment

The crystalline structure of Pb-based perovskites can be described
by the chemical formula ABX;, where the A-site comprises large
organic cations like CH;NH; " (MA), [(NH,),CH]" (FA), or inorganic
Cs"; B is either lead (Pb**) or Sn>" or other divalent metal cations;
and X is a halide anion such as I, Br~, or CI". Pb and organic A
cations are currently used in PSCs of the highest efficiency.”*
Decomposition of Pb-based PSCs occurs in the presence of
moisture, UV light, oxygen, temperature, or a combination of
these factors. The decomposition results in the production of Pbl,
or PbBr,, a small amount of metallic Pb and carbonated moieties
that ultimately convert to hydroiodic acid (HI) and methylamine
or formamidinium.>® Pbl, and PbBr, are moderately soluble in
water with a solubility product in the order of 10~ %, much higher
than other heavy metal compounds (e.g. CdTe <10 >%).2%*”
What are the relevant PSC-related Pb quantities? The typical
Pb content in a 300 nm thick methylammonium lead iodide
(MAPI) film is estimated to be ~0.4 g m~>.>® Hailegnaw et al.>®
showed that a planar 400 nm thick (non-encapsulated) MAPI
layer with an area of 3.6 cm” would release ~ 0.5 mg of Pb when
washed with 1 hour of simulated rain (5 mL h™"). In a detailed
study, Babayigit et al.” discussed the fire issue associated with
PSCs and, considering 0.4 g Pb per m* of the module and 50 m>
PSCs installation per house, they estimated ~ 15 tons of Pb can
be released in one year due to structure fires worldwide,
assuming that every home is equipped with a PSC-based
photovoltaic installation. For comparison, they calculated the
release of 17.8 tons of Pb from batteries in vehicle fires in the
USA alone in 2015 considering only 10% of the car batteries

© 2021 The Author(s). Published by the Royal Society of Chemistry
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involved in car fires.” Pb quantities per area in PSCs based on
thick meso-porous electrodes infiltrated with the perovskite® >
are naturally larger and more difficult to estimate, requiring
further studies.

MAPI-based PSCs with an efficiency of 25% would require
~160 tons of Pb to provide the USA’s yearly electricity demand,
reflecting an energy intensity of 38 pug kW' h™.%%* For
comparison, Pb emissions in 2011 from leaded aviation fuel,
processing of metals, and electricity generation from fossil
fuels in the USA were reported to be 440, 120, and 35 t per year,
respectively.>* The Pb content of electronic solder produced in
the USA (including commercial PV panels) was reported to be
6200 t per year in 2012.%*° These numbers indicate that the Pb
content of the new perovskite-based PV technology is comparable
to that in currently used other technologies that consume or
release Pb and can therefore be similarly treated and tolerated.

Life cycle assessment (LCA) is a study of the environmental
impact of a given product at different stages of its life. Fig. 2
shows the suggested stages of the life cycle of perovskite solar
cells. The initial stages (raw material extraction and material
processing) are not unique to PSCs, therefore will not be
discussed herein. The manufacturing stage involves heavy
metal toxicity from the precursor salts, especially as Pb salts
are soluble in fat and organo-Pb compounds demonstrated
increased bioavailability compared to inorganic Pb com-
pounds. Proper safety protocols for the workplace and use of
personal protective equipment should therefore be used to
restrict Pb hazards."® According to the LCA of the PSC manu-
facture stage (cradle to gate) by Zhang et al.®® the perovskite
absorber is indeed the primary source of environmental
impact, associated with 64.77% of the energy consumption
and 31.38% of materials consumption. However, Pb only
contributes to about 1.14% of the human toxicity potential of
the PSC manufacture. Similar conclusions were also drawn by
other studies®”™*° for different perovskite deposition procedures,
where water-soluble Pb(n) halides had relatively little impact.

’ Raw
Material material
Recycle processing g e)t()traf:tu.on
Pb Pb Pb mining
recovery Precursor
salts *
End of life Manufacture
Di | Solar cell
R fabrication

Usage
Solar cell
life time

h 3 M

Fig. 2 Schematic presentation of the suggested stages of the life cycle of
perovskite solar cells (based on the analysis in ref. 10 and 40).
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Zhang et al®® found that the most significant environmental
impact in the manufacturing process comes from the solvents
used in perovskite synthesis and TiO, layer deposition, as well as
from the energy consuming processes. Gong et al*' also
concluded that most of the environmental impact was related
to gold, TCO layer, organic solvents, and the energy-consuming
thermal evaporation. Celik et al.*” found that the inorganic HTL
layer induced significant environmental impacts, and significant
eutrophication can be caused by organic perovskite precursors.
Compared with commercial Si and CdTe solar cells, perovskite
solar cell manufacturing consumes less energy, shows lower
energy payback time, and produces comparable greenhouse gas
emissions.***"*!

The environmental impacts per unit of electricity generated
(the usage stage) depend on the PSC’s lifetime and can be low
in stable PSCs.*” Billen et al.** found that the Pb intensity in
PSC life cycles can be 4 times lower, and potentially toxic
emissions can be 20 times lower, than those in representative
USA electricity generation mixes, considering that PSC operational
lifetimes are around 20 years. They determined that the toxicity
potential is dominated by the manufacturing energy rather than
by the use of the PV system, therefore low-energy manufacturing
processes and long PSC lifetime would reduce Pb emission by
2 to 4 times with respect to currently used PV technologies.*?
Krebs-Moberg et al.** performed cradle-to-grave LCA comparison
of multi-crystalline Si, organic thin-film (OPV), and PSC panels
which revealed that the production and use of Si panels resulted
in the worst impacts, OPV panels produced significantly lower
impacts, and impacts from PSCs fell at mid-range. As Si panels are
the most widespread, replacing them with PSCs of comparable
PCE (and similar long-term stability,* yet to be achieved) would
indicate improvement in PV environmental impacts. PSC usage
and end-of-life disposal can cause local intoxication upon cell
damage and in landfill. These stages, as well as mitigation of the
Pb release in these stages and the effect of the recycle stage, are
discussed in detail in the following sections.

Environmental effects of Pb
alternatives in PSCs

Pb toxicity triggered attempts at Pb substitution in perovskite
PV, by partial or full replacement of Pb using Sn,**™*® Ge,**™>
Sb,>*7°% Bi,**™® Cu,*>*® and others.*"*® Among all alternatives,
Sn-based perovskites receive the most attention with materials
such as methylammonium tin iodide (MASnI;), formamidinium
tin iodide (FASnI;), and cesium tin iodide (CsSnl;).°**” However,
PCEs of Sn-based PSCs are typically lower than that of Pb-based
ones (Fig. 3), and once these materials are exposed to ambient,
they degrade much faster mostly due to oxidation from Sn>" to
Sn*" which causes loss in Voc.®® It has also been reported
that Sn-based perovskites crystallize faster than the Pb-based
ones and hence grain size is smaller and recombination
losses are larger.>’° Several attempts made to
suppress such limitations.”" Chen et al”> demonstrated the
use of CsSnysGeysl; perovskite as the light absorber in PSCs

were
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Fig. 3 Highest efficiencies reported for PSCs using different ‘B’ cation-based absorbers such as Pb, Sn, Ge, Sb, and Bi. Reproduced without
modifications from Ke et al.%> under a Creative Commons Attribution 4.0 International License http://creativecommons.org/licenses/by/4.0/.

with 7.11% PCE and less than 10% reduction in efficiency after
500 h of continuous operation in a N, atmosphere. Improved
stability, optoelectronic properties, and PSC performance were
achieved through the incorporation of a bulky divalent organic
cation, 4-(aminomethyl)-piperidinium (4AMP), in FASnI;.”*

Double perovskites with the general formula of either
A,B(1)B(m)Xe or A,B(1v)Xs were also suggested. Cs,SnXs (X =1,
Br) was found to be the most stable of the Sn-based perovskites.
Despite its narrow direct bandgap of 1.3 to 1.6 eV, unfavorable
carrier transport properties limit its efficiency in PV devices.”
A stable cell with a PCE of 1.44% was made of Cs,AgBiBrs.”>
Over 28 million AA’BB’X;X’; double-perovskite-like composi-
tions were screened by Kanno et al.,”® considering their semi-
conducting properties, the feasibility of their synthesis, toxicity,
and cost, where 24 very promising candidates were found,
among which 5 were well-known organic-inorganic tin-halide
perovskites. The use of trivalent (3+) substitution was also
suggested for Pb alternatives where the structure will change
from ABX; to A;B,X, and will take the form of 0-D or 2-D
structures,®’”’® although less favorable for PV devices due to
their strongly bound excitons and low carrier mobility. For
example, PSCs based on non-toxic methyl-acetate solution-
processed (CH;3;NH;);Bi,I, films with a band-gap of 2.1 eV were
fabricated by Jain et al.”® with a low PCE of <2%.

In their perspective, Schileo et al.*® mentioned that Sn-based
perovskites or other Pb-free perovskites not only fail to provide
substantial advantages in terms of cost, toxicity or environmental
safety, but also possess intrinsic limitations that hinder better
stability and efficiency compared to Pb-based PSCs. A comparative
analysis of the impact on the environment due to the use of
Sn- and Pb-based PSCs was done by Serreno-Lujan et al.*® where
operational and disposal phases were identified as key device life
stages. Sn is found to be more hazardous than Pb complexes in an
acidic environment. Sn-based PSCs were found to have a larger
impact than Pb-based ones, due to the greater impact of Sn on
terrestrial ecotoxicity (rather than human toxicity) and global
warming, mainly caused by its low efficiency.*® Babayigit et al."”
compared the environmental impact of Pbl, and Snl,, which are
the main degradation products of PSCs. Using zebrafish

6128 | Mater. Adv., 2021, 2, 6125-6135

(Danio rerio) modeling, they showed that for similar concentra-
tions of both compounds, a higher lethal response was found in
embryos exposed to Snl, than for Pbl,. It is important to note that
the lethality rates and morphological defects in embryos induced
by Snl, are not just due to the presence of Sn, but also due to
reduced pH value than the PbI, case. PSC-released Sn uptake in
mint plants was reported to be lower than Pb uptake, yet it
similarly inhibited seed germination and early seedling.'®
A thorough review of human toxicity effects of Sn from PSCs
indicated that Sn poisoning from inorganic compounds causes
short-term effects such as ataxia, muscle weakness and irritation
of gastrointestinal mucosa, and chronic exposure causes effects
similar to Pb exposure, though such effects are less well
documented and some are still debated.'® Altogether, currently,
Sn does not present clear advantages in terms of environmental
effects over the use of Pb in PSCs.

Legislation for restricting Pb usage in PV

Hazardous trash related to electrical and electronic equipment
accumulates on landfills, especially in developed countries,
which makes the enforcement of various legislations, aimed
at limiting the environmental impact of hazardous materials,
particularly important.®"®* More than 12 million tons of
e-waste has been estimated just in the European Union (EU) by
2020.%* According to Zeng et al.,** China is the world’s leading
producer of e-waste and will generate 15.5 and 28.4 million
tons of electronic equipment waste between 2020 and 2030,
respectively. The global move towards sustainable and renew-
able energy resources results in a large number of solar
modules being installed, which may produce a significant
amount of waste at the end of the solar module life cycle.®®
To address these global issues, the Restriction of Hazardous
Substances (RoHS)-(2002/95/EC) directive was adopted by the
EU in 2003, which applies the use of 6 hazardous materials in
electrical and electronic equipment, among which Pb and Cd
are frequently used in PV systems.*® RoHS 3, which came into
effect on July 22, 2019, extended the restrictions to 10

© 2021 The Author(s). Published by the Royal Society of Chemistry
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substances.’” A related directive is the EU’s Waste from
Electrical and Electronic Equipment (WEEE) directive,** aimed
at the collection, recovery, and recycling of electric and electronic
equipment, to improve environmental management and recover
scarce and costly resources. As of today, all consumable products
marketed or manufactured in the EU must pass WEEE
compliance and carry the “Wheelie Bin” sticker.** Manufacturers
outside of the EU who wish to import their products to the EU must
also comply with the RoHS directive. The Chinese government has
its legislation entitled Administrative Measures on the Control of
Pollution Caused by Electronic Information Products.®® Pb is
identified as one of 6 hazardous substances and its content level
in listed products is limited. In the US, the Californian Electronic
Waste Recycling Act restricts the content of heavy metals identified
in the RoHS and establishes a funding system for the collection and
recycling of a limited number of products.’® Many other states in
the USA have either effective or pending regulations inspired by the
EU RoHS directive. Extensive reviews of Pb-related legislation were
presented by Babyigit et al.” and Kadro et al.®®

According to the RoHS directives, “A maximum concentration
value of 0.1% by weight in homogeneous materials for Pb (<1000
ppm).... shall be tolerated”.””*® ‘Homogeneous’ material means a
unit that cannot be mechanically dismantled into separate mate-
rials, i.e., separated by mechanical actions such as unscrewing,
cutting, crushing, grinding, and abrasive processes. In the case of
planar PSCs, if the absorber layer is considered uniform and
homogeneous, MAPI would contain ~ 33 wt% of Pb, which clearly
violates the present RoHS limit. However, the ‘homogeneous’
definition becomes somewhat ambiguous with respect to the
absorber layer for the commonly used mesoscopic device struc-
ture, and an estimated 0.4-0.5 wt% Pb content was calculated for
MAPI embedded in mesostructured TiO, with infiltrated Spiro-
MeOTAD,’*°" which still exceeds the permitted limit but is within
the same order of magnitude.

Referring specifically to PV panels, permanently installed
photovoltaic panels were excluded from the EU’s RoHS directive
in its RoHS 2 update,”>* hence large-scale commercialization of
Pb-containing PSCs is still possible, as is the case for CdTe PV
systems. Naturally, this exclusion would be void if Pb substitutions
can be found to provide comparable performance, but until then,
the RoHS permits the use of Pb-containing PSCs.*® Similarly, the
USA legislation related to hazardous materials in electronic waste
does not refer to PV modules.*’ In Japan, no restrictions on Pb
usage in electronic products are imposed, other than recycling
requirements.”® It is further noted that the RoHS and related
regulation refer only to Pb in electronic products, which constitu-
tes about 10% of the global Pb consumption, while most of this
consumption is attributed to lead-acid batteries, in which Pb
usage is not restricted (other than its recycling requirements).”

Mitigating environmental effects of Pb
release

PSC exposure to water (in rain, hail, dew, or humidity) or fire
will cause its release into the environment. Several studies

© 2021 The Author(s). Published by the Royal Society of Chemistry
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quantified the release of Pb in the case of PSC failure.
Hailegnaw et al.>® simulated the effect of rainfall and found
that with time, most or all of the PSC’s Pb content can be
solubilized. However, the authors predicted an increase by
~70 ppm in the Pb concentration in the first one cm of soil
under the damaged device, assuming an average soil density of
1.5 ¢ mL ™', comparable to the 50-200 ppm of Pb found
naturally in the soil in urban areas.’® Standard leaching tests
showed concentrations of 3-6 mg L' in water, only slightly
higher than the hazardous waste limit of 5 mg L™" set by USA’s
and China’s regulations.”® They also confirmed the slow
solubility of Pb by repeated leaching cycles, which may set a
time window following the PSC damage that allows limiting the
released Pb content. Leached quantities of the same order of
magnitude (up to 28.3 mg L") were recorded by Jiang et al.®’
for unencapsulated modules subjected to simulated hail
damages and subsequent water dripping test. Babayigit et al.”
calculated a maximum release of 20 g of Pb from a single
domestic PSC-based PV system involved in a structure fire,
excluding Pb in soldering material. Further detailed analysis by
the same group showed that domestic fires damaging a Si/PSC
tandem-based PV system should not cause an immediate
health hazard in terms of Pb release quantities to the air, but
only treatable long-term effects.”® Analysis of perovskite-
originated airborne deposits showed that at locations immediately
adjacent to the heated zone a discernible Pb signal was detected,
which vanished with increasing distance. “Worst case”
atmospheric dispersion modeling, assuming full evaporation of
the perovskite, was used to determine the danger from inhaled
Pb-containing species. It showed a maximum concentration of
41 pg m? of PbO, in the air downwind of a burning residential
installation, within the European Commission’s safe limit of
50 ug m > for a one-day exposure, or 15 mg m > within 30 min
suggested by the National Institute for Occupational Safety and
Health. The authors therefore concluded that the “health hazard
from exposure of perovskite PV fumes from a burning residential
installation. .. would not be alarming”.”® Such accidental (worst-
case) release estimates are therefore within the orders-of-
magnitude typical of currently used Pb-containing technologies. It
should be noted that other airborne toxins (such as CO) may also
be released by fire.

While eliminating Pb from PSCs is currently impractical,
reducing the Pb content in PSCs will reduce its content in the
related waste. Zhu et al®® theoretically demonstrated that
through introduction of an optical spacer layer, the device
efficiency can be retained by up to 96% of its original value
while reducing the perovskite film thickness to one-third of its
previous value. Using this method, the Pb content can be
reduced by 70% in PSCs or modules. Partial replacement of
Pb by other metal cations was also proposed for the same
purpose, with improved PCE compared to complete Pb
replacement.”® However, it is not clear whether partial Pb
substitution by Sn is beneficial for the PSC’s environmental
impact or not (see above). Another aspect of reducing the Pb
waste from PSCs stems from material loss during perovskite
deposition; in that sense, deposition techniques limiting

Mater. Adv,, 2021, 2, 6125-6135 | 6129
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material loss should be preferred (e.g. slot die coating is
preferred over spin coating).®®

In cases where accidental Pb release has already occurred,
remedies are readily available, as extensively reviewed by
Dedecker et al.® These include physical and biological techniques
to reduce or eliminate Pb contamination of soil, by soil replace-
ment, isolation, thermal treatment, and the use of Pb-capturing
bio-organisms. Various physical and chemical techniques can be
used for the water purification of Pb. Chelation therapy is used in
cases of human Pb poisoning, with partial success.'”
Such concepts were demonstrated to efficiently treat water
contaminated by Pb released from damaged PSCs using metal-
organic framework (MOF)-polymer composites."”" While the
availability of these possible remediation paths is reassuring,
the best strategy is to prevent or reduce accidental Pb release.
Some methodologies for such prevention in PSCs are described in
the following sections.

Encapsulation to prevent Pb release

Poor stability due to environmental factors like moisture and
oxygen can be addressed by encapsulation, which would
enhance device lifetime'®®™% as well as prevent or restrict
accidental Pb release into the environment in the case of device
breakage.®®°” The optimal encapsulation material should
possess low water absorptivity, high light transmission, good
adhesion, high mechanical strength as well as resistance to
ultraviolet (UV) degradation and thermal oxidation.'®
Additionally, it should be low cost and its processing needs to
be effortless and compatible with the PSC requirements, such
as low temperature.'”” An in-depth review of the existing PSC
encapsulation techniques was published by Corsini et al'’®
where details of the currently available encapsulation materials
and their role in blocking external influences such as UV light,
moisture, and oxygen were discussed. Herein we focus on
encapsulation properties relevant to preventing Pb release.

Devices fabricated on rigid substrates such as glass can be
sealed with a full glass encapsulation method or glass/adhe-
sive/glass or glass/adhesive/metal plate,'® in which the device
is sandwiched between two plates whose edges are sealed.
Another frequently used technique is the lamination technique,
where the device is kept in between two barrier materials and
sealed using an adhesive film adhering to the top glass plate.
For example, a five-layer laminated structure: glass front side/
EVA (ethylene vinyl acetate)/photovoltaic module/second EVA
sealing film/back face protection, has been used to encapsulate
Si solar modules.™*°

Quantitative measurements of Pb leakage due to damage of
encapsulated modules by simulated hail impact followed by
water dripping and other simulated weather conditions were
performed by Jiang et al.’” They found that the leakage rate was
significantly dependent on the encapsulation method. 375 times
less Pb leakage was reported in glass/adhesive/glass encapsulated
modules compared to unencapsulated ones, when the epoxy
resin-based polymer adhesive was sandwiched between the FTO/
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glass substrate and a glass cover, with the addition of another
glass plate covering the Au electrode and edge sealing using
UV-cured resin. The highest released Pb content measured in
water dripped on these damaged modules was 1.8 mg L', below
the required threshold (see above). They concluded that the
key factor in limiting Pb leakage was the ability of the epoxy
resin-based polymer to self-repair when heated to temperatures
above its Ty, for example, by the sun on a sunny day, combined
with its increased mechanical strength.

Conings et al."™ exposed Si/PSC tandem modules, encapsu-
lated by glass/polymer laminate on either side, to simulated fire
damage that produced temperatures up to 760 °C and studied
the Pb remains on the samples. The glass-covered regions in
the damaged samples were found to be void of Pb traces, while
the exposed cell areas still indicated significant amounts of Pb.
Pb remains were also found on damaged non-encapsulated
cells. The authors deduced that during a fire the organic moiety
leaves the perovskite first, thereby forming Pbl,, which either
evaporates or is oxidized into PbO and PbO,, which are less
volatile. Significant Pb quantities were found within the encap-
sulating glass in covered parts of the damaged sample, indicat-
ing that nearly all Pb from the perovskite layer dissolved into
the glass cover on top of it. The authors concluded that high
melting-temperature glass would be resistant to fire damage,
improving the Pb leakage protection. Both works demonstrate
that Pb leakage from damaged PSCs can be minimized by
proper encapsulation.

Pb sequestration by PSC-integrated
components

Several attempts were made to integrate Pb-trapping materials
into PSCs, as active PSC layers or as added protection layers on
the outer electrode surfaces."”” Wu and his co-workers'%* used
a 2-D conjugated MOF (ZrL3) with n-type electrical behavior at
the electron extraction layer (bis-C60)/cathode interface in the
PSC. A dense array of thiol groups in the ZrL3-MOF possess the
capability of trapping heavy metal ions (Pb*>* in this case), in
addition to stabilizing the MOF structure. The resulting PSC
showed high PCE, due to improved electron extraction and hole
blocking, and good operational stability under N,, probably due
to prevention of the interaction between the perovskite and the
cathode metal (Ag) by the MOF layer. In the degraded PSCs,
Pb*>* ion leakage was shown to be prevented by the MOF layer
by SIMS depth profiling. Submerging the degraded PSCs in
deionized water with a pH value of ~5.6 (simulating acidic
rain) has shown that the Pb** concentration decreased over
80% for MOF-containing PSCs compared to control devices.
This indicates that Pb** ions from the degraded perovskite can
be confined in the thiol-functionalized MOF layer and form
water-insoluble complexes. Chen et al'® utilized a cation
exchange polymeric resin that can strongly and selectively
adsorb Pb>" via sulfonate groups from aqueous solution, and
is water-insoluble, to prevent or reduce Pb leakage from
damaged PSCs. Integrating the cation exchange resin into

© 2021 The Author(s). Published by the Royal Society of Chemistry
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carbon electrodes on top of C60/SnO, electron extraction layers
or directly on the perovskite in hole conductor free PSCs, by
mixing with the carbon paste, hardly affected the PCE, while
the Pb leakage from broken mini-modules to flowing or soaked
water was reduced by up to 98%. The same group have reported
a Pb-adsorbing sulfonic acid-based resin incorporated as an
insulating mesoporous scaffold into the perovskite layer, that
can effectively immobilize Pb ions while not decreasing the
PCE."* Lee et al.'"® fabricated high PCE PSCs with a novel
hole transporting layer made of a donor-acceptor polymer
containing benzo[1,2-b:4,5:b'|dithiophene and tetraethylene
glycol (TEG)-substituted 2,1,3-benzothiadiazole capable of
chelating Pb®" ions. The interaction with Pb** was demon-
strated in solution, and significant Pb content was found in
the hole transporting layer in aged devices using SIMS depth
profiling, however, no leakage tests were performed. Recently,
Mokhtar et al"'® used hydroxyapatite nanoparticles as a
Pb-sequestering agent blended into the mesoporous TiO, layer
in high PCE PSCs, which substantially decreased Pb release
into water from the PSC (Fig. 4).

Outer-cell protection layers were also used by Chen et a
who coated the cation exchange resin on the metal electrode
and the outer face of the glass substrate. The resin was found to
reduce Pb leakage from damaged PSCs soaked in water (neutral or
acidic) or by water dripping by ~ one order of magnitude in terms
of the concentration in water. Li et al'"” used a transparent
micron-thick molecular layer on the outer glass surface, which
contains phosphonic acid groups known to bind to Pb*", and is
insoluble but highly permeable to water. They also utilized an
opaque polymer film blended with chelating agents such as
EDTMP (ethylene diamine tetrakis methylene phosphonic acid)
on the metal electrode without any negative impact on the PSC
performance. Damaged EVA-coated PSCs were soaked in water for
Pb leakage tests. Compared to PSCs without the sequestration
layers, Pb leakage to water was reduced by over 97%, and
significant Pb content was found in both sequestration
layers."’” The use of other PSC additives to form stable and
insoluble compounds such as phosphates, hydroxides, and
sulfates, or adsorbents combined with chelating agents such as
EDTA (ethylene diamine tetracetic acid), was also suggested®?®
but are yet to be tested. These studies suggest that although PSCs

113
L,

(A) (a) 0%-1
(b) 70%E -1
(C) 70%E -1
(d) 70%E -2
a) (b c) (d
0%-1  70%Ez-1 70%E -1 70%E ;-2 (@) (S)yste(nz @
Fig. 4 (A) Device architectures (glass/FTO/bl-TiO,/perovskite/Spiro/Au)

used for failure tests. Green indicates the hydroxyapatite nanoparticle’s
location, and red stars show the breakage points. (B) Pb release from
damaged devices of different architectures after 24 h immersion in water.
Reproduced from ref. 116 with permission from the Royal Society of
Chemistry.
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present similar Pb leakage hazards as frequently used in other
technologies, strategies are already available to significantly
reduce such leakage without adversely affecting PSC performance.

PSC recycling

Most PV technologies use valuable and hazardous materials,
some of which have potential for recycling and reuse, which can
reduce their environmental impact, increase their availability
and decrease the device’s energy payback time.** Similar to
recycling protocols of other PV technologies,"'*"*° once the
operational lifetime is over, PSCs recycling procedure should
be robust and aimed to reduce exposure of the hazardous
substances to the environment and humans. It typically
comprises of mechanical separation of encapsulation materials
from the PV device, followed by chemical extraction of the
scarce and/or polluting device components. Several methodol-
ogies for recycling and re-use of PSCs were examined at the lab
scale, although not tested on a commercial scale.’*>*** Kadro

1."** and Binek et al."** have demonstrated methodologies

eta
for selective dismantling processes that can recuperate each key
component of the PSCs separately for potential future use
(Fig. 5). Several works showed that expensive transparent
conductive electrode substrates (typically FTO or ITO, with or
without a charge selective metal oxide layer, such as the
electron transporting TiO,) can be used several times for
efficient device preparation after stripping of the device layers
at the end of its life."”*™*® 1t is noted that the heavy use of
solvents for such processes will also have a significant environ-
mental impact. Retrieving and re-using Pb from PSCs can
significantly reduce Pb waste. Recycling of the active perovskite
layer starts by selective stripping of the layers covering it. Binek
et al."** showed that, following such stripping, short immersion
of the half-device with an MAPI absorber layer in distilled water
resulted in almost fully dissolved MAI and a small amount of
dissolved Pb (4 mg L"), while most of the PbI, was left on the
substrate and could be subsequently dissolved (in dimethylfor-
mamide, DMF) and re-used for perovskite deposition (Fig. 5). It
is noted that Pb retrieval from water can be done in several
ways,” though not applied therein. In situ recycling of Pbl, from
PSCs has been reported by Xu et al."*® by thermal decomposition
of MAPI that resulted in evaporation of MAI leaving a PbI, layer
on the substrate/electrode, that can be re-converted to perovskite
in a “two-step” deposition method.

The advantage of this method is its compatibility with
mesoporous substrates. However, while almost similar device
efficiency has been observed after the first cycle, ~40%
reduction in device performance occurred in devices recycled
a second time. A similar approach of regenerating MAPI from
PbI, films was applied to MAPI films naturally degraded in
ambient.'®*® The authors noted that enhanced crystallization of
the degraded PbI, films hampered their consecutive conversion
back to MAPL Feng et al."*" recycled the entire MAPI layer by its
dissolution in butylamine together with other organic materials
in the PSC, followed by butylamine evaporation and selective
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Fig. 5 Schematic illustration of the recycling procedure for PSCs, as
suggested by Binek et al.*®* (I) Removal of Au electrode with adhesive
tape. (Il) Removal of the hole transfer material (HTM) by immersing in
chlorobenzene. (lll) Transformation of MAPI into MAI and Pbl, and extraction
of MAI in water. (IV and V) Removal of Pbl, and TiO, using DMF. (VI)
Preparation of a new TiO, film. (VIl) Formation of the perovskite film on
recycled FTO from recycled Pbl,. (VII) Preparation of the HTM layer. (IX)
Evaporation of the Au top electrode. Reprinted with permission from ref. 124.
Copyright (2016) American Chemical Society.

dissolution of the organic materials from the remaining
powder. The recovered MAPI was then used again for PSC
fabrication with equivalent performance to that of fresh devices.

Poll et al.*** dissolved the active perovskite layer in an ionic
solvent that was subsequently used for electrochemical deposition
of metallic Pb from the dissolved material, which can be re-used
in various products. At the end-of-life cycle of the PSCs, incinera-
tion and recovery of Pb have been suggested to be beneficial as
compared to the landfill treatment in terms of environmental
impact.*® Though metal recovery from ashes following PV panel
incineration is widely accepted by acid leaching and
electrolysis,'** we could not find evidence that this is done for
Pb recycling. Pb recycling at any stage of the PSC life cycle is
certain to reduce its content in waste and its environmental
impact.

Summary

Utilizing Pb in PSCs is considered one of the major obstacles to
the commercialization of this promising PV technology, due to
its negative environmental and health impacts. However, our
review demonstrates that this threat is comparable to that
posed by currently used Pb-containing products, that the
related legislation is supportive of developing PV technologies
regardless of their Pb usage, and that a plethora of measures
is available to mitigate the environmental impact of Pb.
Specifically, we show that the Pb content in PSCs is comparable
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to that in currently used electricity generation technologies.
LCAs show that the impact of Pb in PSCs is significantly lower
than that of the energy used in PSC manufacture and that
utilization of less wasteful fabrication methods will reduce the
Pb consumption of this technology. LCA comparison shows
that replacing the currently used Si PV panels by PSCs of similar
performance would yield an improvement in their environmental
impacts. Examining the environmental impacts of replacing Pb in
PV perovskites with other metal cations results in significant PCE
losses unless Sn is used, however, Sn demonstrates severely
negative impacts by itself.

Analysis of accidental (worst-case) release scenarios shows
that the released quantities are within the orders-of-magnitude
typical of currently used Pb-containing technologies. As the
dissolution of Pb salts in water was found to be relatively slow,
frequent inspection and fast response to failure can limit Pb
release. Furthermore, methodologies are available to readily
mitigate such release. These include the use of optics to reduce
the perovskite content in PSCs without reducing its light
absorption; soil, water, and human remedies in the case of Pb
release; PSC encapsulation to prevent Pb release; Pb trapping by
PSC-integrated components, preventing its release in the case of
device failure; and recycling of the PSC active/absorber layer to
reduce Pb release as waste. Altogether, we suggest that the
Pb-associated barrier to PSC commercialization is significantly
smaller than currently considered.
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