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• Water solubility of PbI2 is highly tem-
perature dependent, which was exploi-
ted for Pb recycling from perovskites. 

• Pb was fully extracted from different 
perovskites and PbI2 recovered in pure 
form was made into a new perovskite 
layer. 

• The extracted perovskite residues were 
sufficiently depleted in metals to not 
qualify as hazardous materials.  
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A B S T R A C T   

Perovskite solar cells represent an emerging and highly promising renewable energy technology. However, the 
most efficient perovskite solar cells critically depend on the use of lead. This represents a possible environmental 
concern potentially limiting the technologies’ commercialization. Here, we demonstrate a facile recycling pro-
cess for PbI2, the most common lead-based precursor in perovskite absorber material. The process uses only hot 
water to effectively extract lead from synthetic precursor mixes, plastic- and glass-based perovskites (92.6 – 
100% efficiency after two extractions). When the hot extractant is cooled, crystalline PbI2 in high purity (>
95.9%) precipitated with a high yield: from glass-based perovskites, the first cycle of extraction / precipitation 
was sufficient to recover 94.4 ± 5.6% of Pb, whereas a second cycle yielded another 10.0 ± 5.2% Pb, making the 
recovery quantitative. The solid extraction residue remaining is consequently deprived of metals and may thus be 
disposed as non-hazardous waste. Therefore, exploiting the highly temperature-dependent solubility of PbI2 in 
water provides a straightforward, easy to implement way to efficiently extract lead from PSC at the end-of-life 
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and deposit the extraction residues in a cost-effective manner, mitigating the potential risk of lead leaching at the 
perovskites’ end-of-life.   

Environmental implications 

Novel perovskite photovoltaics are promising for renewable en-
ergy production, but can contain lead (Pb) in their perovskite 
layers. So far, Pb recycling mostly relied on selective dissolution in 
organic solvents. We exploited the temperature dependence of 
PbI2 solubility in water instead and used hot water to fully extract 
Pb from different perovskites, producing pure PbI2 upon cooling. 
The recovered PbI2 was successfully re-manufactured into a new 
perovskite layer. The extracted perovskite residues were suffi-
ciently depleted in Pb so that they did not longer classify as haz-
ardous materials. Relying only on water, our approach offers an 
environmentally benign possibility for recycling.   

1. Introduction 

Perovskite solar cells (PSCs) are considered a potential breakthrough 
technology for sustainable energy [1,2]. Vast research and development 
efforts have led to large improvements in power conversion efficiencies, 
up to 25.7% [3]. These improvements have, along with straightforward 
solution-based processing methods, paved the way towards the tech-
nologies’ commercialization [4]. However, the use of lead (Pb) repre-
sents a possible environmental and social acceptance concern for the 
industrial-scale application of perovskite solar cells [5–7]. Lead is a 
prominent metal pollutant due to its formerly widespread use in various 
consumer goods (paint, gasoline and household plumbing) and is highly 
regulated. Pb recycling is mandatory for the commercialization of 
Pb-containing products [8–12] and any new technology is required to 
limit Pb use, to prevent Pb leaching [13,14] and/or develop suitable Pb 
recovery and re-use schemes[15,16]. Avoidance of Pb in PSC is possible 
via substitution with Sn or by using Pb-free double perovskites such as 
Cs2AgBiBr6 [17–19]. However, the resulting photovoltaic devices are 
neither as efficient nor as stable compared to their Pb-based counter-
parts [3]. Therefore, utility-scale commercialization with Pb-based pe-
rovskites is probable. 

During the early stages of PSC development, initial efforts towards 
Pb recycling have been carried out. Binek et al. (2016) and Kadro et al. 
(2017) used selective dissolution in different organic solvents to recover 
all components of the PSC device stack layers [20,21]. After these initial 
studies, further methods used molten-salt electrolysis and subsequent 
electrochemical recovery [22], and leaching followed by ion exchange 
resins and / or composite materials to concentrate Pb sufficiently for 
recovery [23,24]. Despite successful in recovering Pb, the methods used 
so far have potential for optimization with regard to their demand for 
chemicals (organic solvents, eluents), materials (ion exchangers), en-
ergy (high-temperature processes) as well as occupational health and 
safety requirements (regulated chemicals, acids). Further, the methods 
used so far were partly based on mechanical handling that may proof 
difficult to upscale (i.e., the use of adhesive tape to remove electrodes). 

Therefore, this study investigated a novel recycling route based 
solely on the strong temperature dependence of PbI2 solubility in water. 
The process consists of simple mechanical pre-treatment for breaking 
the PSC structure (either cutting of the plastic PSC by scissors or shat-
tering of glass cells by a hammer), hot aqueous extraction of the 
perovskite layer, separation of plastic or glass residues from Pb dissolved 
in hot water and crystallization of PbI2 upon cooling. Extraction con-
ditions were optimized using a design-of-experiment approach and 
extraction efficiency was determined by triple-quadrupole inductively 
coupled plasma mass spectrometry (QqQ-ICP-MS) for synthetic PSC 
mixtures as well as real plastic- and glass-based PSC. The elemental mass 

flow as well as purity of the precipitates was studied by QqQ-ICP-MS and 
total organic carbon (TOC) measurements. The starting materials as well 
as the residues after extraction were evaluated in relation to their 
possible classification as hazardous wastes. 

2. Methods 

2.1. Chemicals and materials 

A synthetic PSC mixture was prepared based on the composition of a 
stack of indium tin oxide (ITO) / TiO2 / (methylammonium lead triio-
dide) (MAPI) / 2,2′,7,7′-Tetrakis[N,N-di(4-methoxyphenyl)amino]−
9,9′-spirobifluorene (spiro-OMeTAD)/Al commonly used [55]. ITO 
nanopowder, TiO2 (nanopowder, < 100 nm), spiro-OMeTAD and PbI2 
(all Sigma-Aldrich, Basel, Switzerland) and methylammonium iodide 
(MAI, TCI Chemicals, Tokyo, Japan) were dissolved in deionized water 
(18.2 MΩ/cm). HNO3 (67%, trace metals grade, Sigma-Aldrich, Basel, 
Switzerland) was used for sample acidification and digestion. The 
amounts dissolved were based on typical material thicknesses in PSC 
(Table S1, Supporting Information) and the final concentration of PbI2 
corresponded to 1 g/L. 

For extraction experiments, glass substrate samples (ITO / poly(4- 
butyl-N,N-diphenylaniline) (poly-TPD) or [2-(3,6-Dimethoxy-9 H-car-
bazol-9-yl)ethyl]phosphonic acid (MeO-2PACz) / FA0.83Cs0.17P-
bI0.83Br0.17 / LiF / C60 / SnO2 / ITO / Ag) were shattered with a hammer 
and the fragments (6–9 cm2) were processed without any further size 
reduction. Polyethylene terephthalate (PET) substrate samples (ITO / 
SnO2 / FA0.83Cs0.17PbI3 / poly(3-hexylthiophene-2,5-diyl) (P3HT) or 
spiro-OMeTAD / Ag) were cut into pieces of 0.5 cm2. Based on the 
sample area, the water volume was calculated using an area-equivalent 
concentration of 1 g PbI2 per m2. Total concentrations in the samples 
were verified after microwave-assisted acid digestion (see Section 4.2). 
This included waste glass cells (~1.1 × 1.4 cm2) used to establish the 
mass balances. 

2.2. Analytical methods 

All metal analyses were performed on an ICP-MS system (8800 QqQ- 
ICP-MS, Agilent, Basel, Switzerland) using general-purpose operational 
settings. Quantification was performed via external calibration from 
multi-element standards using 103Rh+ as an internal standard to account 
for matrix effects. For extraction experiments, 107Ag+, 115In+, 118Sn+, 
133Cs+, 197Au+, and 208Pb+ were used for quantification and the ICP-MS 
was operated using helium as a collision gas (5 mL/min), whereas 47Ti+

and 27Al+ were measured in mass-shift mode using O2 as a reaction gas 
(30%). Total metal content after extraction was determined by 
microwave-assisted acid digestion (MARS 6, CEM GmbH, Kamp- 
Lintfort, Germany). The samples were placed into 55 mL Teflon ves-
sels and 5 mL 67% HNO3 was added. The temperature was then ramped 
to 200 ◦C in 15 min and kept at 200 ◦C for 10 min before cooling to room 
temperature. 

Scanning electron microscopy (SEM) images were recorded with a 
GeminiSEM (Zeiss, Oberkochen, Germany) operating at 20 kV. The 
investigation of the elemental composition was performed by energy 
dispersive X-ray diffraction (EDX) analysis using an ultra-dry 
EX470–299100 detector (Thermo-Scientific, Basel, Switzerland) oper-
ating at 20 kV. Crystalline PbI2 samples were applied onto an Au-coated 
nuclear pore filter (0.2 µm pore size, APC GmbH, Eschborn, Germany) 
and air dried. 
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2.3. Design of experiments and extraction process 

Process conditions for PbI2 extraction were optimized using a design- 
of-experiments approach (STAVEX software, AICOS, Basel, 
Switzerland). In short, the added amount of PbI2, temperature and 
exposure time was investigated using a central composite design matrix 
(Table S2, Supporting Information). The measured response variables 
were the maximal dissolved Pb2+ concentration and the minimal energy 
requirement. The energy requirement was based on water mass, tem-
perature increase and the specific heat capacity of water (detailed in 
Section S4, Supporting Information). The experiments were performed 
in batches of 100 mL. Heating was carried out on a heating plate under 
stirring. Samples were taken after 5, 15, 30, 60 and 120 min and 
immediately diluted into 3% HNO3 for ICP-MS measurements. 

After the design-of-experiment, the optimized extraction process 
consisted of the following: after heating of the synthetic PSC solution for 
one hour at 50 ◦C, the solid residue was removed by vacuum micro-
filtration using an MN-GF 5 filter (0.4 µm, Macherey-Nagel, Düren, 
Germany). The filtration was performed with heated glassware (>
50 ◦C) to minimize losses by early crystallization on colder surfaces. The 
hot permeate was then left to cool down to room temperature. The 
crystalline precipitate was separated from the supernatant by vacuum 
microfiltration and dried under reduced pressure. 

2.4. Calculations 

The extraction yield, YE [%] was defined as the amount of element 
dissolved at 50 ◦C divided by the total amount of element in the 
experiment × 100. The precipitation yield, YP, [%] was defined as the 
amount of element dissolved at 50 ◦C minus the amount of element 
dissolved at 20 ◦C divided by the total amount of element in the 
experiment × 100. 

3. Results 

3.1. Pb extraction 

Optimal process parameters (i.e., minimal energy input and exposure 
time, maximal dissolved Pb2+ concentration) were determined by a 
design-of-experiments approach to be 50 ◦C, 1.05 g/L PbI2 loading and 
62.5 min exposure time (full details in Table S2, supporting informa-
tion). Based on these parameters, high PbI2 extraction yields were 
achieved and ranged between 87 ± 11% (synthetic perovskite mixture,  

Fig. 2A), 87 ± 4% (plastic substrate, Fig. 2B) and 91 ± 3% (glass sub-
strate, Fig. 2C). After separation of PbI2 by crystallization, the same 
aqueous phase was subjected to another extraction cycle and total Pb 
extraction could be increased to 93 ± 11% using the synthetic perov-
skite mixture (Fig. 2A), 96 ± 6% using a plastic substrate (Fig. 2B) and 
100 ± 6% using a glass substrate (Fig. 2C). 

Importantly, other non-perovskite layer-derived elements (Ti, In, Sn, 
Al, Ag) were not extracted. The maximal extraction was seen for Ti 
(6.3%, synthetic perovskite mixture, Fig. 2 A) and Sn (0.03% and 1.6%, 
plastic and glass substrate, respectively, Fig. 2B-C), whereas the other 
elements were not detected via ICP-MS. The respective limits of detec-
tion were lower than 0.0001% for Ag, Al and In. This was consistent with 
the mass flow determined for glass PSCs (Table 1), that showed quan-
titative Pb recovery and little other element recovery after two extrac-
tions (max 1.9% In). The low residual Pb concentrations that were still 
observed in the extracted glass residues (Table 2) may be either due to 
an (mathematical) overestimation of elemental yields (compare the 
standard deviations in Table 1) and / or to Pb present in the original 
glass not being extracted by water. Other possible components that will 
be extracted at 50 ◦C and may thus interfere with the recovery of pure 
PbI2 are BrI2, MAI, FAI and CsI. However, all these compounds are 
highly soluble at 20 ◦C as well (supporting information, section S4), so 
that PbI2 is the only component which is expected to precipitate upon 
cooling due to the significant difference in solubility at 20 ◦C and 50 ◦C 
(supporting information, Fig. S3). This was reflected by the crystallinity 
and high purity of the precipitates obtained (see next section). 

3.2. Characterization of recovered PbI2 

Precipitates from the synthetic PSC mixture were visible as hexago-
nal platelets (size variation between a few μm and 10–15 µm up to 
100–150 µm) in SEM, which corresponded to typical morphology of PbI2 
[25]. Elemental analysis of different platelets the crystalline product via 
EDX spectroscopy showed that Pb and I were present in a weight ratio of 
25.0 ± 0.7 wt% Pb: 29.5 ± 0.3 wt% I, corresponding to a molar ratio of 
1 ± 0.03 mol Pb: 1.95 ± 0.02 mol I Fig. 3C). The high value for Au 
(29.5 ± 0.9 wt%) originated from the gold nuclear pore filter on which 
the crystals were deposited, and Cu possibly originated from the sample 
holder. XRD measurements have shown that the crystallinity of the 
product was comparable to the starting material (supporting info, 
Fig. S5). The purity of the precipitates was determined by QqQ-ICP-MS 
and TOC and higher than 95.9% (supporting information, Table S4). The 
obtained PbI2 was successfully incorporated in a new perovskite layer 
with optoelectronic properties (band gap, visible absorption behaviour 
and carrier lifetime) similar to commercial PbI2 (supporting informa-
tion, section S8). For fabrication of most efficient PSCs, however, one 
may still need to recrystallize PbI2 (either in water or organic solvent) 
and finetune its stoichiometry (e.g. [25,26]), which will result in some 
environmental impacts (compare e.g. [11]). 

4. Discussion 

4.1. PSC recycling by hot aqueous extraction 

Binek et al. (2016) achieved PbI2 recovery by first hydrolysing the 
perovskite layer and extracting MAI in water, followed by quantitative 
extraction of PbI2 in DMF [20]. The PbI2-DMF solution was then re-used 
for the fabrication of fresh perovskite layers. A residual concentration of 
Pb in the aqueous phase (after MAI extraction) of 4 mg/L was reported. 
Similarly, Kadro et al. (2017) demonstrated a two-step approach for PbI2 
recovery by perovskite conversion using EtOH (for MAI extraction) and 
subsequent PbI2 extraction using DMF [27]. Despite PbI2 can be selec-
tively dissolved in DMF, the use of DMF in industrial processes is highly 
regulated (e.g., EU Commission Regulation 2021/2030) due to its 
reproductive toxicity. Therefore, both studies routes would need to 
include efficient solvent recovery to ensure a safe Pb management [28], 

Fig. 1. Scheme of the facile recycling process developed. The process includes 
mechanical pre-treatment (cutting or shredding) (1), hot aqueous extraction(2), 
solid-liquid separation (filtration) (3), PbI2 precipitation (cooling) (4) and re-
covery (5). PbI2 can be reused in new perovskites; solid waste (W) is deprived 
of Pb. 
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certainly adding to the costs. Recently, more than a dozen different 
recycling options mainly relying on selective dissolution with organic 
solvents were compared by life-cycle-analysis [29], demonstrating that 
most had a higher environmental and toxicological impact than the 

materials themselves due to the use of high amounts of solvents. Though 
technically possible, other approaches of Pb recycling may prove too 
energy intensive (e.g. molten-salt electrolysis and subsequent electro-
chemical recovery [22]) or costly (ion exchange resins and composite 
materials to eluents to regenerate these) [23,24]. 

Here, we present a simple procedure using hot water as the only 
extractant and means to concentrate PbI2 by precipitation (Fig. 1). The 
recovered PbI2 was crystalline (Fig. 3 and supporting information, 
Fig. S5) and pure (supporting information, Table S5) and successfully re- 
used in new perovskite films, with no considerable negative effect on 
optoelectronic properties in comparison to commercial PbI2 (supporting 
information, Fig. S6). The necessary pre-treatment is easy to implement 
technically (shredder for plastic PSC, hammer mill or else for glass PSC). 

Perovskite hydrolysis leads to the immediate dissolution of various 
inorganic and organic halide salts (e.g. CsI, MAI, FAI, CsCl), depending 
on the perovskite composition [30]. These salts are highly water soluble 
even at 20 ◦C (supporting information, section S4), and thus remain in 
solution upon cooling of the perovskite aqueous extractant (confirmed 
by purity and crystallinity of the PbI2 produced). Contrary, PbI2, the 
most common starting material for perovskite absorber layer fabrica-
tion, has a strongly temperature-dependent water solubility (supporting 
information, Fig. S3) [31]. This behaviour is leveraged here to recover 
PbI2 selectively. Process optimization showed full dissolution after 
15 min (supporting information, Fig. S2) at moderate temperatures 
(50 ◦C, 97% dissolution) after two extraction steps. Even higher tem-
peratures may be used to ensure high PbI2 extraction when off-heat from 
another process is used as a heating source [32]. Water reuse for another 
recovery cycle (see Fig. 2) represents a simple method to increase PbI2 
recovery. Critically, while aiding PbI2 dissolution in initial cycles, 
gradual build-up of iodide (one molar equivalent per cycle) would limit 
Pb2+ solubility at very high iodide concentrations; by the presence of 

Fig. 2. Metal extraction of a synthetic PSC mixture (A), a plastic-based PSC (B) and a glass-based PSC (C) during two consecutive extraction cycles (for details on 
composition see supporting information). 

Table 1 
Mass flow during glass-based PSC recycling.    

Extraction 1 Extraction 2 total  

Initial YE YP YE YP YP-SUM  
[%] [%] [%] [%] [%] [%] 

Pb 100 97.3 ± 5.4 94.4 ± 5.6 12.6 ± 5.1 10.0 ± 5.2 104.3 
Ti 0.1 ± 0.2 -0.1 ± 0.4 0.8 ± 0.8 0 ± 1.6 -0.1 
In 2.0 ± 0.8 1.8 ± 0.8 0.1 ± 0.1 0.0 ± 0.1 1.9 
Sn 0.5 ± 0.7 0.5 ± 0.7 0 ± 0 -0.2 ± 0.3 0.3 
Al 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0.0  

Table 2 
Metal content in glass PSC before and after extraction versus maximally allowed 
concentration in solid (regulated in the US “Resource Conservation and Re-
covery Act“, see supplementary information).   

Max. Conc. solid Conc. PSC initial Conc. PSC residue  
[mg / kg] [mg / kg] [mg / kg] 

As 100 21.1 ± 2.3 < 1.8 
Ba 2000 < 2.0 92.9 ± 18.0 
Cd 20 < 3.9 < 2.0 
Cr 100 < 1.0 < 1.0 
Pb 100 360 ± 51.5 37.2 ± 3.6 
Hg 4 < 1.0 < 1.0 
Se 20 3.4 ± 0.7 1.1 ± 0.1 
Ag 100 < 5.8 < 2.0  

Fig. 3. SEM micrographs showing hexagonal crystals of PbI2 recovered at 2100 × (A) and 13100 × (B) magnification and EDX spectra with elemental composi-
tion (C). 
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excess iodide in a common ABX3 composition, the thermodynamic 
equilibrium for PbI2 precipitation (APbI3 ⇄ A+

(aq) + Pb2+
(aq) + 3 I-(aq) ⇄ 

PbI2 (s) + A+
(aq) + I-(aq)) is shifted and favours the precipitation based on 

“Le Chatelier’s principle” and the “common ion effect”. Addition of 
excess iodine (e.g. by KI addition) thus offers an opportunity to further 
increase the yield of Pb, limiting emissions with the spent aqueous phase 
and minimizing Pb impacts [26]. In this study, the extraction with hot 
water was conducted twice since this was sufficient to recover Pb 
quantitatively (Table 1). In practise, one would probably use the same 
extraction medium for further extraction steps until the Pb extraction is 
no longer quantitative and the solution has been saturated. After that, 
either the dissolved materials can be recovered from the concentrate or 
the liquid needs to be disposed of (by means of conventional or 
advanced wastewater treatment; or by incineration). How often the 
extraction can be repeated (as well as how much cost / environmental 
impact is associated with the respective treatment) remain questions for 
future research. 

Extraction at high pulp densities decreases water (and thus heat) use 
as well as necessary footprint per area of PV recycled. Applying opti-
mized extraction conditions to real PSC samples, pulp densities (i.e., 
substrate mass per volume of water) ranged from 250 to 270 g/L (for 
PET substrate) to 1′300–1′500 g/L (for glass substrate). Despite these 
high pulp densities, efficient extraction was achieved (see Fig. 2B–C). 
These pulp densities were considerably higher compared to other pub-
lished PV recycling routes; Chakankar et al. (2019) leached various 
metals from end-of-life solar cells (glass substrate) using microbes at a 
low pulp density of 10 g/L [33]. Zhang et al. (2020) reported efficient 
recovery of Te from (glass-based) CdTe PV by acid leaching employing a 
pulp density of 40 g/L [34]. Additionally, two recycling methods con-
cerning recycling processes of CdTe and CIS modules (glass substrate) 
employ pulp density between 10 and 300 g/L, which, for PET substrate 
PSCs, is similar to the process described here [35,36]. 

4.2. Roadmap to future solid waste management of PSCs 

Waste disposal costs (via landfilling) are commonly determined on a 
by-weight basis [37], and different categories of wastes are associated 
with distinctive costs. In particular the deposition of “hazardous waste” 
is costly: it has been estimated that deposition of such waste can cost ~ 
3´300 $USD/t compared to 40 $USD/t for municipal waste [11]. Pre-
viously, it has been noted that the value of recovered materials may be a 
driver for recycling. For instance, Binek et al. determined FTO to be one 
of the most expensive layers in the stack (with a price of ~18 USD/m2 

for industrial scale), whereas the perovskite layer is relatively inex-
pensive (1.1 $ USD/m2). Considering the weight of the glass PSCs used 
here (~5.6 kg / m2 for the cell alone, without frame, wiring etc.), the 
deposition of 1 m2 PSC as hazardous waste would cost an estimated 18.5 
$ USD/m2, with a cost saving of 18.3 $ USD / m2 if it can be deposited at 
the price of 40 $ USD /t. In the USA, for instance, there is a number of 
elements that will determine, if a waste is considered hazardous or not 
(compare section S6, supporting information) [11], amongst them Pb. 
Therefore, Pb extraction needs to be sufficiently efficient to qualify the 
residual waste for standard disposal and WEEE compliance [38]. Using 
hot water applied here indeed resulted in sufficiently low residual Pb 
concentration in the glass residues (Table 2). If the glass fraction is 
sufficiently depleted in metals, it may not be deposited at all (but re-used 
for the manufacture of new glass), so that cost savings would be the full 
18.5 $ USD/m2. Although these are rough estimations, they clearly 
underline that avoidance of deposition costs at the end-of-life will be a 
major driver for recycling, and the value of recovered PbI2 will not be. In 
any case, end-of-life waste management will thus strongly influence 
LCOE [39], in particular that of glass based PSCs, since glass can account 
for more than 90% of total PSC weight [40]. 

Next to fulfilling the requirements regarding hazardous waste, Pb 
recycling is also mandatory from the point of complying with Waste 
from Electrical and Electronic Equipment (WEEE) regulations. The 

European Unions’ Waste from Electrical and Electronic Equipment (EU 
WEEE) directive, for instance, defines recycling rates based on weight. 
Thus, successful glass recycling is therefore the prerequisite for 
achieving specified recycling rates. Decommissioning of glass-based 
perovskites in rooftop or solar park installations may proceed simi-
larly than for first-and second-generation PV and glass recycling may 
proceed in the same way (reviewed in [41,42]), with the exception of 
materials exclusively present in PSCs. Tandem solar cells (e.g. 
perovskite-on-silicon or all-perovskite tandems) have the potential to 
become the first PSC product to enter the market [2,43]. The low 
reactivity of silicon active layers towards aqueous treatment should 
enable the development of processes similar to those presented here. 

Next to costs, there are considerate social and environmental impacts 
associated with the use of some materials in PSC, most prominently with 
Pb, Ag and/or ITO (e.g. [16]). One the one hand, impacts are generated 
during the production (through primary mining and refining of raw 
materials), on the other hand, negative impacts may originate during the 
use and end-of-life phase upon e.g. leaching (see [44,45]). Recycling and 
re-use of PSC components thus also contributes to the mitigation of these 
negative impacts. In addition, it may lessen supply risks associated (in 
particular In is a critical raw material39). Augustine et al. (2019) 
recently published a straightforward procedure to recover ITO glass 
using mild alkaline treatment and demonstrated the re-usability of PSC 
substrates [46]. Li et al. (2011) showed In recovery from ITO targets via 
acid leaching and selective precipitation to quantitatively recover In 
[47,48]. Ag recovery may be envisioned via acid extraction (see [49]). 
All approaches can be considered compatible with the PbI2 recovery 
scheme development and would use the solid residue (“W” in Fig. 1) as a 
starting material for extraction of elements. For applications envisioned 
for plastic-based PSCs, such as consumer electronics and 
internet-of-things [50] one can apply energy recovery via incineration 
with prior or subsequent element recovery (as demonstrated for Ag and 
organic photovoltaics by Søndergaard et al., 2014, 2016 [49,51]). 
Alternatively, plastic waste (after elemental recovery) may be used as an 
aggregate in building and construction materials [52,53]. Lastly, recy-
cling may also facilitate technology acceptance[54], in particular 
considering that Pb is such a “prominent” contaminant. 
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