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ABSTRACT

This study explores the utilization of industry-standard methods for transforming battery-waste lead into high-purity lead iodide precursors 
for methylammonium lead iodide perovskite synthesis. The resulting metalorganic perovskite is suitable for optoelectronic applications, 
such as photovoltaic solar cells.

Despite strict regulations about the use of lead in several countries, large amounts of waste lead-acid batteries are generated worldwide every 

year, seriously polluting the environment, and constituting a persistent threat to human health. Here, we focus on the use of lead recycled by 

established industrial methods to obtain lead-halide perovskite, a highly studied material for future photovoltaic and optoelectronic technology. 

Recycled lead is purified to obtain a lead-iodide (PbI2) precursor for CH3NH3PbI3 lead-halide perovskite, where a re-crystallization route was 

developed to eliminate impurities and refine the PbI2. The refined lead-iodide enables the synthesis of high-quality CH3NH3PbI3 perovskite thin 

films, which exhibit comparable photoluminescence emission and photocarrier diffusion length to those obtained from commercially available 

PbI2. This result is further corroborated by 830 mV open-circuit voltage achieved with a basic solar cell device utilizing the recycled material. 

Our results demonstrate that lead obtained from industrial recycling methods, together with tailored synthesis and recrystallization of lead-

iodide precursor, is able to deliver optoelectronic-grade CH3NH3PbI3 perovskite. The recycled lead thus avoids further depletion of lead from 

virgin natural resources, reinforcing the sustainability of this material for photovoltaic and optoelectronic technology.

Keywords  waste management · recovery · purification · perovskites

Discussion

•	 Previous research has demonstrated the potential of utilizing battery-waste lead for the synthesis of lead-based organometallic perovskites. 
However, the involved methods required recycling routes that deviate from industry-standard practices. Is it possible to employ established 
industrial recovery techniques while maintaining the obtention of high-quality precursors?

•	 Adopting established industrial methods, can the resulting lead-based precursors achieve the level of purity necessary for the synthesis of 
optoelectronic-grade perovskites?

•	 Can we redirect recycled battery-waste lead towards the production of renewable energy?

http://crossmark.crossref.org/dialog/?doi=10.1557/s43581-024-00107-0&domain=pdf
http://orcid.org/0000-0001-5924-5940
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Introduction
In the global pursuit of sustainable energy technology, there 

is a growing focus on materials innovation that offers both high 
efficiency and cost-effectiveness for photovoltaic1 and light-emit-
ting devices LED technology.2 Among the leading contenders 
in this field, lead-based perovskite materials have demonstrated 
exceptional performance in solar cells as well as LED devices. So 
far, the perovskites delivering the best-performing devices have 
the chemical formula APbX3, where A is a monovalent cation 
and X is a halide ion (either Cl-, Br- or I-). Despite the promising 
success of these materials, the conventional synthesis of lead-
based perovskites relies on virgin, high-purity lead sources, con-
tributing to resource depletion and environmental concerns.3 
Although recycling scenarios for perovskite products based on 
virgin lead promise sustainability,4–6 the inclusion of recycled 
lead from other residual sources paves the way for revaluation 
and sustainability.

First proof-of-concept results were reported by Chen et al.,7 
where high-purity perovskites were obtained from car battery 
lead, resulting in efficient CH3NH3PbI3 (methylammonium 
lead iodide, MAPI) perovskite solar cells. Li et al.8 further 
demonstrated the feasibility of car battery lead by synthesiz-
ing high-purity lead acetate, leading to 17%+ efficient MAPI 
solar cells, while Xie et al.9 employed alternative purification 
strategies and obtained impressive solar efficiencies surpass-
ing 20%. Inorganic perovskites are also in the scope: Hu 
et al. recently claimed a “self-purification” effect of CsPbI3 
quantum-dots based on car battery lead, demonstrating solar 
cells with efficiencies above 14%.10 Further efforts focused on 
self-sustainability possibilities for perovskite photovoltaics by 
recycling lead at the end of the life of perovskite solar cells, 
obtaining high-purity MAPI and efficient solar cells.11 This 
idea was further pursued by Binek et al., who also recycled 
the f luorine-doped (FTO) tin oxide-covered glass substrate, 
demonstrating 13% efficient cells even after three cycles.12 
Despite these important achievements, the reported results 
rely on laboratory-scale recycling strategies. In our view, an 
important step further is to harness the potential of already 
existing industrial-scale lead-recovery methods proven in cir-
cular economy models that involve lead recovery, recycling, 
and reintroduction into the lead-acid battery value chain.

In this work, we focus on redirecting an existing indus-
trial method for the recovery of battery-waste lead towards 
the preparation of lead-based precursor for the synthesis of 
MAPI and demonstrate that the resulting quality of MAPI films 
suits the quality demands for optoelectronic and photovoltaic 
devices. To the best of our knowledge, this is the first instance 
where a lead battery-based industrial method has been directly 
employed to produce lead as a raw material for high-quality 
PbI2 synthesis. We demonstrate that by fine-tuning the PbI2 
purification process, lead recycled from batteries through 
existing industrial methods can deliver optoelectronic-grade 
MAPI perovskite.

Experimental section
Lead recovery from out‑of‑life batteries

The key individual process steps in the industrial recovery, 
melting, and refining of lead from battery recycling process are 
described in what follows. Figure SI1 in the Supplementary Infor-
mation document depicts the flow diagram of the process. The 
separation of lead from plastic and the reduction of volume is 
achieved through a crushing process. The following step is melt-
ing in a high-temperature oven with the addition of necessary sup-
plies such as fluxes (shell, chip, tinplate, sand, charcoal, ulexite), 
and lead sludge. This melting stage results in the production of 
metallic lead and lead sludge in the form of cones. A quantitative 
examination of the lead concentration in the slag is conducted. If a 
value greater than 4% is observed, the slag is re-processed in a sub-
sequent melting phase. Alternatively, if the proportion is lower, 
it is categorized as green slag and reserved for other processes at 
a final disposal. The subsequent step involves purification of the 
contaminated metallic lead in a refining process (see Fig. SI1). 
Here, the refining pots are filled with lead cones. Sulfur is intro-
duced at 320–350 °C to remove the copper that emerges to the 
surface, and the percentage of residual copper, tin and antimony 
is checked to continue the process. After the temperature rises 
to 640–670 °C, calcium carbonate (CaCO3) is added to remove 
Tin. In the following step, the antimony is removed by heating 
the mixture to 720–750 °C and adding sodium nitrate (NaNO3) 
and CaCO3. Finally, the mixture is allowed to cool to 430 °C and 
a final cleaning is carried out by incorporating NaNO3 and extract-
ing the material from the surface. Samples are extracted from the 
lead cast for a final control (chemical analysis of lead cast is shown 
in Table SI1), which, once approved, proceeds to mold the ingots 
with a purity level of 99.9%. These refined ingots are subsequently 
employed in the lead iodide (PbI2) synthesis process.

PbI2 synthesis from battery‑processed Pb

Lead nitrate (Pb(NO3)2) is synthesized by placing 100 g lead 
slices in a round glass matrass and slowly adding 318.2 g of con-
centrated nitric acid (HNO3) over the lead. The mixture is heated 
gently until the lead dissolves completely, forming a transparent 
solution of Pb(NO3)2 (Eq. 1). In a different matrass, 165.6 g of 
potassium iodide (KI) is dissolved in 500 mL of distilled water to 
obtain a saturated solution of KI. The KI solution is slowly added 
to the Pb(NO3)2 solution while constantly stirring, resulting in a 
plum yellow color of PbI2 (Eq. 2). The precipitate is filtered and 
washed with distilled water to remove any reactive in excess. PbI2 
is dried in a furnace at low temperature for several hours. The 
chemical analysis of impurities is showed in Table SI1.

PbI2 purification methods

PbI2 from the previous step is purified by recrystallization in 
aqueous solution to remove any impurities using two alternative 
methods namely at atmospheric pressure and at higher pressures 
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in an autoclave chamber. Henceforth, we employ the labels Atmos-
pheric Recrystallization (AR) and Pressurized Recrystallization 
(PR) for the purpose of enhancing identification as shown in the 
rightmost labels in Fig. 1. PbI2 is dissolved at temperature in slightly 
acidified water to prevent hydrolysis, and KI is added to compensate 
for probable iodide deficiency. The amount of additional KI is estab-
lished by considering the desirable I/Pb stochiometric ratio, the 
determined I/Pb ratio for PbI2 powders (see Fig. SI2, Supplemen-
tary Information), the equilibrium displacement (Eq. 3) according 
to Le Chatelier principle, and the operating pressure to maximize 
the recrystallization performance. Consequently, the process is sum-
marized as follows: PbI2 at AR condition is carried out by dissolving 
2 g of PbI2 and 0.174 g of KI (Anedra ACS reagent, 99.9%) in 500 mL 
of deionized water (DI, 18.2 MΩcm @ 25 °C) with 0.5 mL of acetic 
acid glacial (ACS reagent, ≥ 99%). The solution is covered with Al 
foil to avoid light exposure and is heated ensuring it does not boil 
for at least 60 min with continuous and vigorous stirring until the 
PbI2 dissolves. The supernatant is quickly transferred to a preheated 
conical flask and allowed to cool overnight, precipitating PbI2 crys-
tals. The flakes of PbI2 are vacuum filtered, washed with DI water, 
and dried in a vacuum oven at 60 °C for 24 h. PbI2 at PR condition 
was carried out dissolving 0.260 g of PbI2 and 0.166 g of KI (Anedra 
ACS reagent, 99.9%) in 40 mL of deionized water (DI, 18.2 MΩcm 
@ 25 °C) with 0.04 mL of acetic acid glacial (ACS reagent, ≥ 99%) in 
a 50 mL Teflon-lined hydrothermal autoclave at 200 °C during 6 h. 
The solution is cooled slowly in the oven to reach room temperature, 
and the flakes of PbI2 are filtered out in a vacuum, washed with DI 
water and dried in a vacuum oven at 60 °C for 24 h.

In order to compare our results with standard procedures, PbI2 
purchased from Sigma Aldrich with a purity of 99% is recrystal-
lized and used as a reference precursor. Recrystallization at AR 
condition without extra KI is chosen because it is the most widely 
used method.13,14

(1)
Pb(s)+ 4HNO3

(

aq
)

→ Pb(NO3)2
(

aq
)

+ 2NO2(l)+ 2H2O(l)

Preparation of methylammonium lead iodide

The precursor solution of methylammonium lead iodide 
(MAPI) is synthesized within a controlled environment glove-
box. The solution includes a mixture of methylammonium iodide 
(MAI), PbI2 from different sources (see labels in Fig. 1), and 
dimethyl sulfoxide (DMSO) in a molar ratio of 1:1:1 and dimeth-
ylformamide (DMF) as a solvent, 50 wt%. Briefly, MAI (Solaro-
nix, 235 mg) and PbI2 (B-AR, B-PR, C-AR, 681.5 mg) are mixed 
in DMF (1 mL) and DMSO (95 μL). The resulting solution is then 
subjected to filtration using a PTFE 0.45 µm syringe filter.

Further characterizations of MAPI films are conducted using 
glass and indium tin oxide (ITO) substrates. The substrates are 
cut into pieces of 25 × 25 mm2 and cleaned using a detergent 
solution, followed by rinsing with deionized water. Afterwards, 
the substrates are sonicated for 15 min in acetone and mixed 
50:50 ethanol-isopropanol and dried using compressed air. 
Before the deposition step, the substrates are treated in plasma 
for 15 s. Immediately, the samples are transferred to a glovebox 
and heated at 100 °C for 5 min to evaporate residual humidity 
on the surface. The perovskite precursor solution is spin-coated 
onto the substrates at 4000 rpm for 50 s. During this step, DMF 
is selectively washed with chlorobenzene just before the white 
solid begins to crystallize in the substrate. Afterwards, the sub-
strate is annealed at 100 °C for 10 min.

Preparation of photovoltaic devices

Photovoltaic solar cells were prepared following the layer 
stack Glass/FTO/c-TiO2/mp-TiO2/MAPI/C, where the c- and 
mp- prefixes indicate compact and meso-porous titanium diox-
ide, respectively. The FTO serves as the front contact, while 

(2)Pb(NO3)2
(

aq
)

+ 2KI
(

aq
)

→ PbI2(s)+ 2KNO3
(

aq
)

(3)Pb2+
(

aq
)

+ 2I−
(

aq
)

↔ PbI2(s)

Figure 1.   Further process of Lead refinement and labels in PbI2 conditioning.
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a carbon electrode was chosen for the back contact. The TiO2 
serves as an electron transport layer (ETL) for photogenerated 
electrons, while the corresponding photogenerated holes are 
transmitted directly to the carbon back contact. To isolate the 
effects of MAPI layers prepared with different precursors, the 
hole-transport layer (HTL) from the device architecture was 
omitted. This simplification minimizes the number of variables, 
facilitating a direct comparison of the MAPI layer’s influence 
on device performance. The active area of the resulting cells is 
0.1 cm2. Further details about cell preparation are found in the 
Supplementary Information.

Characterization methods

Metal trace determination was performed by Atomic absorp-
tion spectrometry (AAS) with a Varian SpectrAA 55B instru-
ment. X-ray diffraction (XRD) patterns were obtained with 
an X-ray diffractometer (Rigaku SmartLab SE), working in 
Bragg–Brentano geometry on a flat sample holder working at 
0.0152° interval steps in the 2θ range of 10°–45° deg. Sur-
face topography was evaluated with a Field emission scanning 
electron microscope (FE-SEM) (Zeiss Crossbeam 350), taking 
×20,000 magnification images at 5 kV acceleration voltage.

Elemental semiquantitative analysis by X-ray fluorescence 
(XRF) was performed using a PW4025 Minipal2 X-ray spec-
trometer with a Cr anode at 20 kV and 15 µA. A complementary 
analysis of composition was carried out by X-ray energy disper-
sive spectroscopy (EDS) using an Oxford Ultimax 100 detector. 
X-Ray photoelectron spectroscopy (XPS) was measured with a 
XPS K Alpha Thermo Fisher Scientific instrument.

Thermogravimetric analysis (TGA) was performed using a 
Shimadzu Tga-50H instrument at a scan rate of 10 °C/min and 
a mixed N2/O2 atmosphere.

Transmittance spectra were recorded as quality assessment 
techniques of the samples, and different parameters such as film 
thickness, exciton binding energy and band gap energy were 
extracted by fitting (fitting model described in the Supplemen-
tary Information). The normal incidence total transmittance was 
measured at room temperature with S2000 OO spectrometer 
coupled to an integration sphere OO FOIS-1 and a HL2000 OO 
tungsten-halogen lamp was used as the light source.

The optoelectronic quality of the perovskite films was tested 
through photoluminescence (PL) measurements and the ambi-
polar diffusion length of photogenerated charge carriers using 
the steady-state photocarrier grating method (SSPG). See Sup-
plementary Information for experimental setup details.

The SSPG technique, which has been successfully applied to 
different types of perovskites,15–17 consists of measuring the pho-
toconductivity in a coplanar contact geometry using different 
non-uniform photogeneration profiles. This is accomplished by 
intersecting two coherent laser beams onto the film surface,18 
with the intensity of one beam being much higher than the other 
beam (see SI in Ref. 17 for setup geometry). When biasing the 
sample contacts, the photoconductivity is determined in two dif-
ferent cases: coherent or incoherent, chosen by the polarization 
of one of the beams. The coherent state produces a periodic light 

intensity profile on the sample and therefore a periodic photo-
carrier concentration profile. Since the carriers photogenerated 
in the brighter semi-period smear out to the darker semi-period 
by diffusion, the average photoconductivity depends on the 
ratio between carrier diffusion length LD to grating period Λ.19 
Both polarization states yield therefore different photocurrent 
measurements, and the differences between currents with and 
without grating with respect to the current obtained with the 
higher intensity only, yields the ratio of current differences β, 
which is modeled as a function of LD (model details given in the 
Supplementary Information).

Photovoltaic devices were characterized by current–voltage 
scans under standardized AM1.5G irradiation using an Oriel 
94011A solar simulator (Xe arc lamp and AM1.5 filter) and an 
IVIUM CompactStat electrochemical interface. Samples were 
held at a forward bias voltage of 1.2 V for 10 s before sweeping 
the voltage down to − 0.2 V, at a scan rate of 1 V/s.

Results and discussion
PbI2 purification: Stoichiometry, thermal stability and crystal 
structure

The purity percentage of the raw material, Pb, and the syn-
thetized PbI2 (labeled as B in Fig. 1) were determined by atomic 
absorption spectrometry. The resultant values were 99.98% and 
99.96%, respectively. In addition, chemical analysis yields the 
identification of metallic impurities (see chemical analysis in 
Table SI1). The identification of traces of antimony (Sb), copper 
(Cu), and silver (Ag) in the lead casting acquired during battery 
processing, as well as copper, bismuth (Bi), and selenium (Se) 
in B PbI2, requires a semi-quantitative analysis of I and Pb in the 
synthesized PbI2 and subsequent purification. Table 1 presents 
the results of the elemental analysis of Pb and I in PbI2 powder 
using EDS. Additionally, the stoichiometry can be compared 
with that of commercial PbI2 as a reference (labeled as C). The 
PbI2 obtained from battery processing (labeled as B, B-AR, and 
B-PR) exhibits a I/Pb ratio slightly higher than 2, which has been 

Table 1.   Energy dispersive X-ray spectroscopic analysis of PbI2 powder.

PbI2 Pb (at %) I (at %)

Another 
detected ele‑
ment (at %)

I/Pb 
(molar 
ratio)

B 32.1 65.3 2.6 (Cu) 2.037

B-AR 32.9 66.2 – 2.013

B-PR 32.6 67.4 – 2.070

C 34.3 65.7 – 1.917
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reported as suitable for PbI2 for perovskite solar cells (PSCs).13,20 
However, the presence of high levels of Cu in the powder without 
further purification (labeled as B) suggests the possibility that 
Cu impurities compete with Pb in the presence of KI to form 
CuI giving an overestimation of the iodine content associated 
to I–Pb binding (true I/Pb ratio). Then, the recrystallization was 
carried out with the addition of KI as an iodide source, consider-
ing moreover that Senevirathna et al. and Kerner et al. referred 
to K+ as a beneficial additive for ionic conductivity of perovskite 
devices.14,21 With the KI addition, the recrystallization pro-
cess does not only eliminate metal traces as impurities but also 
increases the true I/Pb ratio (see Fig. SI2).

For further details on the recrystallization processes of PbI2, 
we now analyze the results from thermogravimetric analysis 
(TGA). Figure 2a presents TGA curves for various PbI2 pow-
der samples obtained by different purification routes. Up to 
400 °C, none of the PbI2 powders exhibit a weight drop, sug-
gesting that the crystals lack any residual H2O or hydrated form. 
Subsequently, it can be observed that every sample exhibits at 
least two events of weight loss within the temperature range of 
400–700 °C. These events align well with the decomposition of 
PbI2 into metallic Pb.22 Interestingly, B-PR PbI2 starts to lose its 
weight at higher temperatures than B and B-AR PbI2, suggesting 
a greater degree of thermal stability with a profile that closely 
resembles that of C PbI2. The observed improvements in thermal 
stability could be attributed to an enhancement in crystallinity. 
To verify this hypothesis, X-ray diffraction (XRD) patterns were 
conducted. Figure 2b shows XRD in (004) plane corresponding 
to the hexagonal lattice pattern (PDF 00-007-0235, ICDD 1957). 
Although the diffraction peaks were normalized with respect to 
the (001) plane due to the higher intensity if this peak (full pat-
terns can be seen in Fig. SI3, Supplementary Information), the 
(004) plane was chosen for comparison between samples due 
to the enhanced resolution in atomic spacings at higher theta 
angle according to Bragg’s law. As can be seen from Fig. 2b, 
samples B and B-AR exhibit a lower 2θ at (004) peak intensity, 

indicating an increase in the interplanar distance. The observed 
increment in lattice constant may be responsible of the TGA pro-
files depicted in Fig. 2a, because as the interplanar distance is 
increased it requires a minor consumption of energy to break the 
bond between Pb–I–Pb coordination.

MAPI film characterization: Crystal structure

The XRD patterns of MAPI films deposited onto glass synthe-
sized as described in the “Experimental section” are shown in 
Fig. 3. The diffractograms display clear peaks that correspond 
to the tetragonal symmetry of MAPI (PDF 01-084-7607, ICDD 
2018). Furthermore, we identify the existence of residual PbI2 
in B-PR and B-AR samples, indicated by an asterisk in Fig. 3a. 
The amount of MAI and PbI2 in each sample was the same for 
all methods used in this study. This suggests that the presence 
of PbI2 may indicate segregation, which can be detrimental to 
structural as well as optoelectronic quality. Therefore, additional 
research will be required to clarify the impact of the relation-
ship between MAI and battery-waste PbI2 precursors. However, 
it is interesting to note that the film obtained from B-PR PbI2, 
has larger crystal domains based on the full width at half maxi-
mum (FWHM) measurement of the (110) plane of the perovskite 
phase (see Fig. 3b). The larger grain sizes in the B-PR sample 
are directly seen in top-views of SEM images (See Fig. SI4, Sup-
plementary Information).

Figure 4 shows the results of high-resolution XPS spectra 
for the core levels of Pb 4f and In 3d. The photoelectron bind-
ing energy (EB) of the Pb 4f edge in Fig. 4a has a photo-peak 
positioned at a EB of 138.6 ± 0.1 eV and a peak splitting of 
4.8 eV inf luenced by the halide element, agreeing with the 
expected signals for MAPI.23 In the sample obtained from pro-
cess B (red lines in Fig. 4), we additionally identify a signal at 
EB = 137 eV and a peak splitting of 4.8 eV, which corresponds 
to Pb0.24

Figure 2.   a Thermogravimetric analysis and b X-ray diffraction pattern of PbI2.
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The differences in the chemical environment of the observed 
atomic species can be determined by tracking chemical shifts in 
the EB. The shifts in the Pb 4f 7/2 and In 3d 5/2 peak position, 
shown in higher resolution in Fig. 4c and d, reveal changes in the 
electron density around each atom. In the particular cases under 

study, the chemical shifting could originate from the occurrence 
of extrinsic (or intrinsic) defects such as metallic impurities 
detected by AAS. The survey spectra (see Fig. SI5, Supplemen-
tary Information) did not reveal a substantial difference between 
films or the presence of other elements. According to the work of 

Figure 3.   a XRD of MAPI films obtained from different sources of PbI2. The asterisk symbol denotes a signal attributed to PbI2. b Close-up of the peak 
corresponding to the (110) plane of the perovskite phase.

Figure 4.   High-resolution XPS spectra for a, c Pb 4f and b, d In 3d core levels. C-AR MAPI was utilized as a reference to illustrate chemical shifts.
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Kerner et al., detrimental impurities, such as oxygen-containing 
anions have the potential to compete halides.14 Therefore, this 
will be a subject of examination in future research.

MAPI film characterization: Optical properties

Fits to the transmittance spectra yield MAPI film thicknesses 
in the range 450 to 490 nm (see Fig. 5a). This thickness is main-
tained across samples with different PbI2 purification routes 
because the deposition of MAPI is carried out using the same 
solution and spinning parameters. The transmittance spectra 
are shown in logarithmic scale to appreciate the accuracy of the 
fits for photon energies above the band edge (wavelengths below 
760 nm).

The absorption coefficient spectra of MAPI films with B-AR 
and C-AR PbI2 are depicted in Fig. 5b and appears to be almost 
identical. The Elliott equation from Eq.  SI1 can be used to 
obtain the exciton binding energy through fitting. This energy 
is defined as the difference between the exciton absorption peak 
and the midpoint of the sigmoidal function, which represents the 
bandgap energy.25,26 Both films exhibit nearly identical exciton 
binding energies of 38.4 meV. Furthermore, both films have the 
same bandgap energy of 1.69 eV, suggesting that both exhibit 
identical optical absorption characteristics.

The PL spectra were divided by the integration time of the 
spectrometer for each measurement to make them comparable 
and can be seen in Fig. 6. The peak position for sample C-AR 
is 786 nm and for sample B-AR is 787 nm. The B-AR sample 
has 91% of the intensity of sample C-AR at peak position. The 
FWHM from the Gaussian fits is 78.6 nm for sample C-AR and 
73.6 nm for sample B-AR. These findings suggest that both sam-
ples have nearly identical photoluminescence (PL) characteris-
tics, including the same energy at which excitons recombine and 
the similar interaction between excitons and phonons.25,27 The 

presence of a single clearly defined peak indicates good crystal-
linity in both samples. More than one peak would indicate the 
presence of trap states due to defects that generate exciton local-
ized recombination along with the free exciton recombination.26

MAPI film characterization: Optoelectronic quality

The optoelectronic quality of our films is deduced from 
measurements of the ambipolar diffusion length of photogen-
erated carriers by SSPG technique. Figure 7 shows the results 
from SSPG measurements (symbols) in terms of β vs. Λ plots, 
corresponding to MAPI films grown onto glass, where MAPI 
was obtained by the different routes adopted in this work. Fig-
ure 7a shows results for the commercial PbI2 precursor (series 
C-AR), while Fig. 7b and c give the results for the atmospheric- 
and high-pressure crystallization routes of battery-waste PbI2 
precursors, B-AR and B-PR, respectively. The fits to the data 
(solid lines) yield the ambipolar diffusion length of photogen-
erated carriers, indicated next to each curve. Table 2 resumes 
the diffusion length measurements for each film type, where 
the displayed diffusion length corresponds to the average value 
from the SSPG fits from Fig. 7. The best value was obtained in 
the B-PR series, reaching 556 nm diffusion length. Note that 
since in SSPG the photogenerated carriers f low parallel to the 
surface, interface- as well as grain-boundary recombination 
affects the effective recombination lifetime. This implies that 
the actual intra-grain carrier diffusion length must be higher 
than the measured ambipolar diffusion lengths, meaning that 
higher diffusion lengths are to be expected in the case of car-
rier f low perpendicular to the surface, as in e.g., solar cells. 
Thus, since the diffusion length of the films from battery-waste 
precursor is comparable and even exceeds the film thickness 
450–490 nm, we conclude that the optoelectronic quality of 
our films fulfills the fundamental criterion for solar cells that 

Figure 5.   a Transmittance spectra (solid lines) of MAPI films with B-AR (red) and C-AR (blue) PbI2, and the corresponding fits (dashed lines) yielding the 
MAPI thicknesses indicated in the inset. b Absorbance spectra of MAPI films with B-AR (solid red) and C-AR (solid blue) PbI2. The dashed lines are the 
corresponding fitted excitonic absorption, and the dash dot lines are the corresponding fitted sigmoidal functions modeling interband absorption from 
Elliott’s model (see Eq. SI1).
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diffusion length should exceed film thickness to attain high 
energy conversion efficiencies in solar cells.

MAPI film characterization: Photovoltaic devices

The characterization of solar cells prepared with commer-
cial PbI2 (C-AR) as well as recycled PbI2 (B-AR) tested under 
standard solar illumination delivered the output parameters 
shown in Table 3. The corresponding current–voltage char-
acteristics are shown in the Supplementary Information file, 

Fig. SI6 in the Supplementary Information. Despite the basic 
solar cell structure adopted, the achievement of 830 mV open-
circuit voltages with the battery-waste precursor is indicative 
of a sufficiently low defect density in MAPI, in agreement with 
the diffusion length measurements. Such open-circuit voltages 
are typical for carbon-contacted MAPI solar cells without hole-
transport layer.28–30 Further optimization of the device archi-
tecture, like work function tuning of the carbon electrode,30 
could therefore unlock higher performance devices from MAPI 
films prepared with battery-waste precursors.

Conclusions
We describe a feasible path from battery wastes to lead, 

purified lead and high purity lead iodide precursor for per-
ovskites to lead-halide perovskite films, demonstrating that 
obtaining optoelectronic-grade lead-halide perovskite films 
is possible using battery-waste lead.

The two recrystallization processes of PbI2 from the bat-
tery give solids without detected impurities by EDS, while 
the process at high pressure yields a precipitate of par-
ticles with enhanced cr ystallinity. The PbI2 purification 

Figure 6.   PL spectra for C-AR (blue) and B-AR (red) samples divided by the 
integration time to make them comparable.

Figure 7.   Experimental results (symbols) of the parameter β vs. grating 
period Λ obtained from SSPG measurements of three different samples in 
series C-AR (a), B-AR (b), and B-PR (c), and the corresponding fits (solid 
lines) yielding the ambipolar diffusion lengths indicated next to each curve 
(Lamb). Since the ambipolar diffusion length of series B-PR films exceeds the 
film thickness (d = 450 to 490 nm), we infer that the obtained optoelectronic 
quality fulfills the fundamental criteria for efficient solar cells Lamb > d (see 
main text for discussion).

Table 2.   Average ambipolar diffusion length obtained from SSPG charac-
terization of MAPI films obtained using different PbI2 precursors or recrystal-
lization strategies.

PbI2

Recrystallization 
pressure Designation

MAPI diffu‑
sion length 
Lamb (nm)

Commercial Atmospheric C-AR 329

Battery-waste Atmospheric B-AR 293

Battery-waste High B-PR 420

Table 3.   Solar cell output parameters for cells prepared with commercial 
and refined battery-waste PbI2.

PbI2

Designa‑
tion

Efficiency 
(%)

Open-
circuit 
voltage 

(mV)

Short-
circuit 
current 
density 

(mA/cm2)

Fill 
factor 
(%)

C�ommer-
cial

C-AR 3.6 910 9.5 42

B�attery-
waste

B-AR 3.0 830 8.9 41
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step at atmospheric pressure leads to optoelectronic-grade 
CH3NH3PbI3 perovskite films, showing nearly identical room-
temperature photoluminescence than films obtained with 
high-purity commercial precursors. Moreover, the ambipolar 
diffusion length of photogenerated carriers reaches values 
comparable to the film thickness, implying that optoelectronic 
devices are possible using battery-waste precursors. Our first 
solar cells prepared with commercial and recycled PbI2 showed 
comparable output parameters, reaching open-circuit voltages 
above 800  mV in a structure without hole-transport layer, 
which is a strong indicator for the high quality of the MAPI 
films obtained by the recycling process.

The obtention of optoelectronic-grade perovskite films thus 
shows that avoiding high-purity lead sources, contributing 
to alleviate resource depletion, is a viable technological path 
towards sustainable perovskite technology.
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