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atteries to perovskite solar cells –
efficient recycling of Pb-containing materials†

Jiajia Suo, *ab Bowen Yang, a Sonja Prideaux,b Henrik Petterssonb

and Lars Kloo c

Themost efficient and stable perovskite solar cells typically contain lead compounds as a key component in

the light-absorbing layer. To advance the commercialization of perovskite photovoltaics, it is crucial to

address sustainability concerns regarding the use of toxic lead. In this work, we have developed

a straightforward lead recycling pathway that converts lead compounds from lead–acid batteries into

lead iodide. Purity analyses of the resulting lead iodide and the direct fabrication of perovskite solar cells

demonstrate that the recycled lead iodide matches the quality of commercially available products. Most

importantly, establishing this efficient lead recycling process not only supports sustainable recycling and

resource utilization in a circular materials flow but also promotes the future development of perovskite

photovoltaics.
Sustainability spotlight

Lead compounds are critical for fabricating efficient perovskite solar cells (PSCs), despite their toxicity. Rather than exploring new lead sources, it is crucial to
develop efficient recycling pathways for lead from waste products to minimize waste generation as well as protect both the environment and human health. In
this work, we have established a straightforward lead recycling method using widely available lead–acid batteries to produce lead iodide, a key component in the
light-absorbing layer of PSCs. Our work aligns with the UN Sustainable Development Goal (SDG) 12: Responsible Consumption and Production by minimizing
waste and improving resource efficiency. Moreover, by advancing the sustainable development of renewable energy technologies, this work contributes to the
SDG 7: Affordable and Clean Energy.
Introduction

Perovskite solar cells (PSCs) have emerged as one of the most
promising technologies of the next-generation photovoltaics (PVs)
due to their excellent device performance, unique defect tolerance,
straightforward fabrication process, low manufacturing costs, and
other advantages.1–6 Over the past decade, advancements in
materials and device engineering have signicantly improved the
efficiency and stability of PSCs. Recently, single-junction PSCs have
shown power conversion efficiencies (PCEs) exceeding 26%.7–9

Additionally, the stability of PSCs has markedly improved, with
devices passing different industry standard tests, such as the damp
heat test (85% relative humidity, 85 °C) and the temperature
cycling test (−40 to 85 °C).10–12 These accomplishments have
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brought the perovskite PV technology closer to
commercialization.2,13,14

In perovskite PVs, toxic lead compounds are key components
of the light-absorbing materials, playing a crucial role in the
generation of highly efficient PSCs. For instance, producing one
gigawatt of solar PV capacity with perovskite modules at 20%
efficiency would require approximately 3.5 tons of lead, based
on a perovskite lm thickness of 500 nm. Extrapolating to
a broader context, if perovskite photovoltaics would comprise
20% of the anticipated 8500 gigawatt PV market by 2050, the
total lead content in these modules could amount to about 6000
tons.15 To realize future commercialization, exploring new lead
resource for perovskite PVs is highly demanded.16 In industry,
extracting lead from ores such as galena, cerussite, and angle-
site typically involves multiple steps including mining, crush-
ing, roasting, smelting, and rening.17 These traditional
extraction processes demand high energy input and generate
substantial waste products. In addition, these industrial activ-
ities produce different pollutants, such as sulfur dioxide (SO2)
and lead-containing dust, leading to signicant environmental
and health concerns. Therefore, the identication of alternative
lead sources for PSCs is highly necessary. This also offers the
possibility to make a conceptual change in the materials ow of
lead-containing compounds, from a linear ow generating large
RSC Sustainability, 2025, 3, 1003–1008 | 1003
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amounts of waste products to a circular ow with minimal
waste generation. Recycling lead compounds from used lead–
acid batteries to manufacture PSCs offers a promising solution
to this challenge. In a lead–acid battery, highly pure lead
chemicals (lead and lead dioxide) as well as sulfuric acid
(H2SO4) requiring a purity of at least 99.9%, are crucial for the
performance, longevity, and safety of the batteries. Lead–acid
batteries are widely used in a multitude of applications, such as
automotive, uninterruptible power supplies, and backup power
systems. To avoid environmental pollution and health hazards,
over 95% of lead–acid batteries in the world are recycled to
fabricate new batteries. In some regions, especially in Europe,
the recycling yield is over 99%. However, the growth in lead–
acid battery demand may be moderated with the development
of competing and superior lithium-ion and other advanced
battery technologies, as well as the widespread PV materials.
Therefore, the current lead recycling process for manufacturing
new lead–acid batteries might be disrupted in the future,
necessitating the exploration of alternative reuse pathways.18–20

With the expected future commercialization of perovskite PVs,
using recycled lead materials from the surplus of “end-of-life”
lead–acid batteries to produce perovskite PVs offers an ideal
solution. Furthermore, the establishment of this new approach
will not only reduce the potential environmental impact of
Fig. 1 (a) Lead recycling process from lead–acid battery to PbI2; (b) XRD
electrodes; (c) XRD patterns of pure PbSO4 and lead-containing comp
containing compounds after the second step.

1004 | RSC Sustainability, 2025, 3, 1003–1008
industrial activities by developing an alternative lead source but
also promote the widespread application of perovskite PVs.

Although some recycling studies have been reported, most of
previous studies involve high-temperature calcination (above
500 °C), which require a signicant energy input.17–19 In addi-
tion, the use of hazardous chemicals, such as hydrogen
peroxide, limits the industrial application of the recycling
processes suggested.20 In this study, we have developed a simple
and efficient recycling method suitable for future industrial use.
The current process integrates lead compounds, including lead
dioxide, lead, lead sulfate, and other mixed lead-based mate-
rials, collected from both the positive and negative electrodes of
lead–acid batteries. These recycled lead compounds are utilized
to synthesize lead iodide (PbI2), a crucial material for efficient
and stable PSCs, as summarized in Fig. 1a. Different purity
analysis techniques conrm that the composition of the recy-
cled PbI2 is similar to that of commercially available PbI2.
Importantly, perovskite devices fabricated based on the recycled
PbI2 following the procedures outlined in this work show
comparable performance to those made from commercial PbI2.
This indicates that the recycled PbI2 meets the high purity
standards required for PSCs and matches the quality of
commercially available PbI2.
patterns of lead-containing compounds from the negative and positive
ounds after the first step; (d) XRD patterns of pure PbCO3 and lead-

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Results and discussions
Lead recycling process

Ideally, during the discharging process of lead–acid batteries,
the lead dioxide (PbO2) from the positive electrode (cathode)
and the lead (Pb) from the negative electrode (anode) both
convert to lead sulfate (PbSO4). When the battery is recharged,
the lead sulfate on the electrodes reverts back to lead and lead
dioxide, respectively. Thus, Pb, PbO2, and PbSO4 are the
primary lead compounds in a lead–acid battery, although
different Pb-containing compounds will accumulate during
ageing of the battery. To investigate the recycling methods for
these three compounds, we discharged a lead–acid battery from
12 V to 5 V, as depicted in Fig. S1.† Aer disassembling the
battery, we collected the lead-containing compounds from the
negative and positive electrodes separately. X-ray diffraction
(XRD) measurements were then used to conrm the main
chemical composition of the lead-based compounds.

As depicted in Fig. 1b and S2,† when comparing the XRD
patterns of pure PbSO4 (peaks at 2q 31.4° and 36.4°) suggest the
presence of lead metal in combination with PbSO4 originating
from the negative electrode. Meanwhile, 2q peaks detected at
25.5°, 28.5°, 32.0° and 36.2° indicate a mixture of PbSO4 and
PbO2 within the lead-containing compounds collected from the
positive electrode. In order to streamline the recycling process,
wemixed the lead-based compounds from both the positive and
negative electrodes for subsequent treatment. Sodium sulte
(Na2SO3) was used as the reducing agent under acidic (H2SO4)
conditions to facilitate the reduction of Pb(IV) in PbO2 to Pb(II)
compounds. According to the following reaction (1), PbO2 reacts
with Na2SO3 to yield lead oxide (PbO), which promptly
undergoes a reaction with H2SO4 to form PbSO4. Simulta-
neously, lead reacts slowly with dilute H2SO4 to generate PbSO4,
as shown in reaction (2). Thus, aer this reaction, both PbO2

and Pb from the different electrodes have converted into PbSO4.
The composition of the product from this step was conrmed by
the XRD results, which showed the disappearance of peaks
corresponding to Pb and PbO2, with only signals from PbSO4

remaining in Fig. 1c.

PbO2 þNa2SO3 þH2SO4 �!H2O
PbSO4 þNa2SO4 þH2O (1)

PbþH2SO4 �!H2O
PbSO4 þH2 (2)

Due to the low reactivity of PbSO4, a desulfurization reaction
is necessary. To achieve this, excess ammonium carbonate
((NH4)2CO3) was added in the second step to react with PbSO4,
producing lead carbonate (PbCO3), as shown in reaction (3).
XRD results (Fig. 1d) of the product displayed 2q peaks corre-
sponding to PbCO3, conrming its formation. In addition,
energy dispersive spectrometry (EDS) measurements (Fig. S3†)
showed the complete disappearance of sulfur from the
carbonate product, indicating a successful conversion of PbSO4

to PbCO3.

PbSO4 þ ðNH4Þ2CO3 �!H2O
PbCO3 þ ðNH4Þ2SO4 (3)
© 2025 The Author(s). Published by the Royal Society of Chemistry
In the nal step, as shown in reaction (4), the lead-based
compounds were added to a dilute nitric acid solution, where
PbCO3 reacted to form lead nitrate (Pb(NO3)2). Subsequently,
potassium iodide (KI) was added, producing the desired end
product lead iodide (PbI2) as a precipitate. To further enhance
the chemical purity of PbI2, the product was re-crystallized. XRD
measurements were then conducted to conrm the composi-
tion of the nal product, as shown in Fig. 2a, which matches the
reference pattern for PbI2.

PbCO3 �����!1ÞHNO3 ;H2O

2ÞKI
PbI2 (4)

It is worth mentioning that we used the mixture of lead
compounds originating from both electrodes in the rst
recovery reaction, which only allows an approximate estimate of
the recovery yield. However, due to the limited solubility of
these lead compounds in aqueous solution, as summarized in
Table S1,† more than 99% of the lead species can be success-
fully recycled during this initial step, allowing nearly all of the
lead compounds to be collected for the production of lead
iodide. Moreover, to minimize lead contamination during the
recycling process and reduce waste, we also recycled all reaction
solutions from the previous steps, repeating the reactions under
the same conditions. The same products were obtained, as
conrmed by the XRD results shown in Fig. S4.† This approach
also effectively mitigates the environmental impact of the other
chemicals used.

In addition, we estimated the costs associated with the
recycling process to approximately USD 1.3 per gram lead
iodide. The details of our estimate can be found in Table S2.†
The obtained cost is signicantly lower than the commercial
price of lead iodide, which exceeds USD 3 per gram lead iodide.
Purity assessment of recycled PbI2

The quality of PbI2 is critical for the performance of PSCs.
Therefore, we systematically compared the quality of the recy-
cled PbI2 with that of pure, commercially available PbI2. The
XRD patterns of the pure PbI2 (Fig. S5a†) showed differences in
peak width and peak ratios as compared to the recycled PbI2,
indicating differences in crystallinity, crystal size and possibly
preferential crystal orientation. These differences were further
conrmed by scanning electron microscopy (SEM) experiments
on the two PbI2 powders, as observed in Fig. S5b and c.†
Furthermore, EDS was performed to analyze the chemical
elements present and their relative abundances. EDS analyses
(Fig. 2b and c) showed only lead and iodine to be present in
both samples; with identical ratios, indicating the same mate-
rial composition. To further investigate the elemental compo-
sition at the surface of the PbI2 lms, we employed X-ray
photoelectron spectroscopy (XPS). Results from XPS measure-
ments in Fig. 2d and e showed identical peak positions for Pb
(4f) and I (3d) in both samples, conrming that the elements in
recycled PbI2 experience the same chemical environment as in
the commercial PbI2. In other words, the recycled PbI2 exhibits
similar purity as the pure, commercially obtainable PbI2.
RSC Sustainability, 2025, 3, 1003–1008 | 1005
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Fig. 2 (a) XRD patterns of recycled PbI2 and its reference XRD patterns; EDS spectrum of (b) recycled PbI2 powder and (c) pure, commercially
obtainable PbI2 powder; XPS core level signals of (d) Pb 4f and (e) I 3d of recycled and pure, commercially available PbI2.
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Perovskite lm and solar cell fabrication

To assess the quality of recycled PbI2 for use in PSCs, we
selected a formamidinium lead triiodide (FAPbI3) perovskite
composition to fabricate perovskite lms and subsequent solar
cells. XRD results (Fig. 3a) show no presence of PbI2 or d-FAPbI3
peaks in the lms generated, indicating the formation of a pure
Fig. 3 (a) XRD patterns of FAPbI3 films fabricated from pure, commerci
from (b) commercially obtainable and (c) recycled PbI2; (d) UV-vis spect
PbI2; (e) the architecture of C-PSCs; (f) JV-curve of champion devices fa

1006 | RSC Sustainability, 2025, 3, 1003–1008
a-FAPbI3 phase. Furthermore, comparable ratios of the (001)
and (002) XRD peaks in the peaks from the two sources of PbI2
suggest that both perovskite lms exhibited similar crystalli-
zation properties.21 SEM images in Fig. 3b and c show compact,
pinhole-free polycrystalline perovskite lms with similar grain
sizes and surface morphologies, consistent with the XRD
ally available and recycled PbI2; SEM images of FAPbI3 films fabricated
ra of FAPbI3 films fabricated from commercially available and recycled
bricated from commercially available and recycled PbI2.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Photovoltaic parameters of champion C-PSCs fabricated
from commercially available and recycled PbI2

Jsc (mA cm−2) Voc (V) FF PCE (%)

C-PSCs (ref.) 24.50 1.039 0.725 18.45
C-PSCs (recycled) 24.46 1.042 0.721 18.38
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ndings. UV-vis spectra (Fig. 3d) further demonstrate that both
lms display similar light absorption properties.

Lastly, as shown in Fig. 3e, carbon-based PSCs (C-PSCs) with
the architecture of uorine-doped tin oxide coated glass (FTO
glass)/tin oxide (SnO2)/FAPbI3/n-hexyl trimethyl ammonium
bromide (HTMABr)/P3HT/carbon were fabricated to investigate
the effect of recycled PbI2 on device performance. The JV-curve
in Fig. 3f shows that the device fabricated with recycled PbI2
generates a champion power conversion efficiency (PCE) of
18.38%, demonstrating a performance comparable to C-PSCs
made from commercially available PbI2. The parameters of
the champion devices are detailed in Table 1. Moreover,
statistical box charts for various photovoltaic parameters
(photocurrent density (Jsc), open-circuit voltage (VOC), ll factor
(FF), PCE) from 15 separate devices, as summarized in Fig. S6,†
also reveal that PSCs fabricated with recycled PbI2 exhibit
a performance comparable to those made from pure, purchased
PbI2.
Conclusions

Recycling of lead to replace the exploration of new sources is
essential for minimizing lead pollution and protecting both the
environment and human health. In this study, we have estab-
lished a straightforward recycling pathway to convert lead
compounds from combined positive and negative electrodes of
lead–acid batteries into PbI2, a key component for efficient and
stable PSCs. This opens a new circular resource ow pathway for
Pb-containing compounds. The recycled PbI2 was characterized
in detail to demonstrate that it meets the required purity
standards and comparable quality to commercially available
PbI2. Implementing this recycling strategy will mitigate the
environmental impact of toxic lead and promote the future
commercialization of perovskite PVs.
Data availability
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