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Abstract

The environmental implications of all photovoltaic (PV) technologies should be
rigorously assessed throughout their entire lifecycle. Perovskite PVs have emerged as
a transformative innovation, challenging the dominance of conventional silicon PVs,
with numerous companies now commercializing this promising technology. While
efforts to enhance the efficiency and longevity of perovskite PVs are crucial, it is
equally important to develop sustainable and cost-effective methods for disposing of

waste perovskite solar panels, especially given their significant content of water-

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

soluble lead ions. In this study, we explore the feasibility of employing incineration to

process degraded flexible perovskite solar modules. We analyze the decomposition
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byproducts and their potential environmental impacts. By implementing careful

(cc)

management of hazardous decomposition products, we demonstrate that
incineration can serve as a sustainable and economical solution for the disposal of
waste perovskite solar modules, offering valuable insights for the future handling of

these materials.
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1. Introduction

Since the 1990s, solar photovoltaic (PV) power generation has experienced robust
and steady growth with an annual rate of 37%, positioning solar energy as the fastest-
growing renewable energy sourcel3. More intuitively, the cumulative PV installed
capacity, which stood at a mere 1.28 GW in 2000, surged to a cumulative PV capacity
of 709.67 GW by 2020*. Meanwhile, the emergence of new thin-film PV technologies
has also significantly contributed to the development of solar PVs, particularly
perovskite PVs that exhibit advantages including low-cost manufacturing, lightweight,
and mechanical flexibility> 6. Compared to rigid and heavy silicon PVs, perovskite PVs
have huge application potential in building-integrated, foldable, and flexible PVs.

As the scale of PV power installation continues to expand, the environmental
implications of these PV panels must be rigorously assessed throughout their entire
lifecycle. Global waste PV module is expected to surge to 60-78 million tons
(equivalent to 630 GW) by 2050’. The existing PV waste management strategies
mainly focus on crystalline silicon modules, including landfilling and recycling® °.
Among them, recycling, which aligns with the principles of environmental
sustainability and resource recovery, stands as the most extensively researched
disposal method. The recycling process for crystalline silicon modules involves physical
separation, chemical treatment, and heat treatment, aiming to efficiently recover
valuable materials such as silicon, Ag, and Cu while minimizing environmental
pollution®®, However, the recycling approach faces multiple challenges. The first is the
environmental challenge, which includes the release of extremely harmful gases, such
as hydrofluoric acid, during chemical treatments, as well as the dust and noise
generated during physical processes like high-pressure crushing!'13. The second
challenge is economic feasibility because the cost of establishing and operating
recycling infrastructures is relatively high? 1. Additionally, the economic viability of
recycling is also constrained by the limited quantity and overall value of recoverable
materials!>18, The related studies have indicated that the recycled products of

crystalline silicon modules are mainly composed of 68% glass and 15% base Al metal®

DOI: 10.1039/D5SC07083J
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19, The low value of these materials, combined with the high costs of recycling@neb/pssco7osss
disposal, results in a lack of economic sustainability for this recycling method.

Emerging as a transformative innovation challenging conventional silicon PVs,
perovskite PV technology has attracted hundreds of industrial players pursuing its
commercialization?> 2!, While ongoing research focuses on enhancing device
efficiency and operational stability, equal emphasis must be placed on developing
sustainable and economically viable disposal methods for end-of-life perovskite
modules, particularly given their substantial environmental risk from high
concentrations of water-soluble lead compounds??24. Current recycling strategies
primarily target the recovery of conductive substrates and Pbl, precursors, yet critical
challenges persist: the economic feasibility of Pbl, reprocessing remains unproven
(particularly a large amount of solvents involved), while flexible conductive substrates
often suffer irreversible degradation from mechanical stress and environmental
exposure during operational lifespan. These limitations underscore the urgent need
for alternative disposal solutions to ensure the sustainable development of perovskite
PVs.

Traditional landfill disposal of household waste presents unacceptable

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

environmental hazards due to potential pollution to soil and groundwater systems?>-

28 Modern waste management practice demonstrates that advanced incineration

Open Access Article. Published on 10 January 2026. Downloaded on 1/11/2026 8:17:33 AM.

technologies, when equipped with proper emission control systems and ash

(cc)

treatment protocols, can achieve both economic viability and environmental safety?*
30, Drawing inspiration from these developments, this study systematically
investigates the thermal decomposition pathways of degraded flexible perovskite
solar modules. Through comprehensive analysis of incineration byproducts (including
solid residues and gaseous emissions), we characterize the complete incineration
profile and propose optimized post-treatment protocols for resultant materials,
providing important guidance for the post-treatment of degraded perovskite modules.
Our findings demonstrate that controlled incineration, when integrated with
appropriate flue gas purification and ash stabilization techniques, presents a

promising dual solution addressing both economic constraints and environmental
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concerns in perovskite PV waste management. DOI: 10.1039/D55C07083J

2. Results and discussion

2.1. Module incineration and ash analysis

The complete thermal degradation profile and analytical results are systematically
presented in Fig. 1. For this investigation, we employed a representative flexible
perovskite module architecture of polyethylene terephthalate (PET)/indium tin oxide
(ITO)/poly[bis(4-phenyl)(2,4,6-trimethylphenyl)amine (PTAA)/perovskite/Ceo/
bathocuproine (BCP)/Cu. The perovskite active layer comprised Cso1FAooPbls (FA*:
formamidinium) composition, widely adopted in commercial module fabrication due
to its high efficiency and thermal stability3" 32, The pristine perovskite modules were
able to realize a high power conversion efficiency (PCE) of 15.6% at an aperture area
of 59.3 cm?, with an open-circuit voltage (Voc) of 16.2 V (1.16 V for each sub-cell), a
short-circuit current (/sc) of 82.4 mA, and a fill factor (FF) of 0.691 (Fig. S1). Then the
unencapsulated module was put under light soaking to accelerate the natural
degradation. To simulate real-world disposal conditions while ensuring complete
incineration, modules were subjected to controlled incineration in a chamber under
continuous air supply. Post-incineration ash residues were first analyzed via X-ray
photoelectron spectroscopy (XPS) to determine elemental composition, chemical
speciation, and potential lead-containing byproducts. Note that the encapsulants like
polyolefin elastomer (POE) or polyisobutylene (PIB) were not involved in this study, as

their incineration products have been well studied previously33 34,
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Fig. 1. Schematic illustration of incineration product analysis of degraded flexible

perovskite solar modules.

As shown in Fig. 2a, the C 1s spectrum of the ash displays three binding energies
at 284.5, 285.6, and 288.9 eV, which can be assigned to C-C/C-H, C-N, and C=0,
respectively. The characteristic peak observed at 400.0 eV in the N 1s XPS spectrum
(Fig. 2b) provides additional evidence for the presence of C-N bonds within the

obtained ash3°, which could potentially originate from residual FA* or insufficiently

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

combusted BCP or PTAA compounds. The Pb 4f peak at 138.5 eV (Fig. 2c) is well

assigned to that of Pbl, (138.5 eV)3¢, indicating a large amount of Pbl, remaining in the

Open Access Article. Published on 10 January 2026. Downloaded on 1/11/2026 8:17:33 AM.

ash after incineration. In addition, the presence of a characteristic shoulder at 138.9

(cc)

eV suggested that the formation of a complex mixture rather than pure Pbl,,
potentially comprising various oxide phases and possibly carbonates. This can also be
verified by the peak of corresponding £-PbO and/or PbCO; with binding energy of
531.7 eVinthe O 1s XPS spectrum (see Figs. 2c and 2d, respectively)3”-38. Furthermore,
the XPS spectra of | 3d and Cs 3d are presented in Figs. 2e, f. The characteristic peaks
of | 3ds/; and | 3d3/; are identified at binding energies of 619.2 eV and 630.7 eV, while
Cs 3ds;; and Cs 3ds/, peaks are observed at 724.6 eV and 738.6 eV, respectively3® 40,
These spectral features are consistent with the spectra of I” and Cs* in the perovskite
structure. Overall, following the incineration of waste flexible modules, the

predominant chemical states of key elements in the residual solid ash are identified
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as Pb?* (primarily existing in Pbl,, PbO, and PbCO3 compounds), along with Cs¥candiz2/055c07083

The ash residue can be further recycled to reproduce Pbl, precursor.
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Fig. 2. XPS analysis of the ash obtained from incineration: (a) C 1s, (b) N 1s, (c) Pb 4f,
(d) O 1s, (e) 1 3d, and (f) Cs 3d.

Besides the elements present in the perovskite light-absorbing layer, we also
analyzed the chemical states of electrode materials after incineration, including ITO

and Cu. Similarly, XPS analysis was performed on key metallic elements including In,
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Sn, and Cu, within these incineration products (Figs. 3a-c). The results reveal thatothe/pssco7083)
In element primarily exists as In,03, evidenced by corresponding binding energies of
445.1eV*1 42, Furthermore, the binding energy of Sn 3ds/, located at 487.0 eV indicates
the presence of Sn**, thereby confirming the possibility of the existence of Sn0,%3. As
presented in Fig. 3c, the Cu 2ps/; spectrum exhibits two distinct peaks located at 932.8
and 934.0 eV, respectively, demonstrating that the Cu element exists in the form of
Cu* and Cu?* oxidation states within the incineration products of burned waste flexible
perovskite modules** 4>, To verify the above conclusion, the PET-ITO flexible substrate
coated with a 130-nm-thick Cu layer was subjected to identical incineration.
Subsequently, as shown in Fig. 3d, X-ray diffraction (XRD) analysis was performed on
the resulting residue. The diffraction pattern closely matched the standard card for
In,O3 (PDF#06-0416), strongly supporting the presence of crystalline In;Os in the
pyrolyzed residue, consistent with the XPS results. However, it is noteworthy that no
characteristic diffraction peaks associated with Cu were detected in the XRD pattern.
Given that XPS identified Cu and its oxidation states, we infer that this absence is most
likely attributable to the relatively low Cu content in the sample or its existence in an

amorphous form, resulting in a diffraction signal below the XRD detection limit or

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

indistinguishable from the background. Collectively, the above results elucidate the

primary chemical speciation of key metallic elements within the pyrolyzed residue of
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electrodes (ITO/Cu) from waste flexible PV modules: In element predominantly exists

(cc)

as crystalline In,03; Sn is stabilized in the Sn** oxidation state within the SnO, matrix;
and Cu co-exists in both Cu* and Cu?* oxidation states. This result directly confirms the

elemental transformation pathways of electrode materials during incineration.
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Fig. 3. XPS analysis of the ash obtained from incineration: (a) In 3d, (b) Sn 3d, and (c)

Cu 2p. (d) XRD pattern of the ash after incineration of PET/ITO/Cu sample.

2.2. Thermal decomposition and exhaust analysis

To systematically investigate the thermal decomposition behavior of the waste
module, gas analysis was then conducted using TG-MS at a heating rate of 10 °C min-
1in ambient air. The experiment was conducted using a combination of TG analyzer
and MS technology to enable real-time monitoring of mass loss dynamics and
formation of gaseous species. As shown in Fig. 4a, TG curves reveal four distinct
thermal decomposition stages. The flexible module demonstrates remarkable thermal
stability below 300°C with negligible mass loss (1.5%), indicating that the module has
little moisture content and few low-temperature volatile components. Within the
temperature range of 300-465°C, the sample undergoes significant thermal
decomposition, resulting in a mass loss of 89%. Furthermore, by analyzing the
derivative TG curve, a prominent peak at 438°C can be observed, signifying the

maximum thermal decomposition rate of the sample at this temperature. This
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intensive mass loss is mainly attributed to the decomposition and volatilizationi1ef/pssco7083)
organic macromolecular substances into small molecular substances®. In the
temperature range of 465-600°C, there are three small peaks in the derivative
thermogravimetry (DTG) curve, corresponding to 491, 530, and 567°C, respectively.
This stage is mainly for the formation of carbon ash and decomposition of some
inorganic substances®’. Beyond 600°C, the rate of weight loss stabilizes, indicating that
the thermal decomposition of the material is nearly complete. Since the thermal

decomposition behavior of Ceo has been extensively studied previously*8->°, we did not

investigate this point in present work.
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Fig. 4. TG-MS analysis of the exhaust during incineration. (a) TG-DTG curve of
incineration of waste flexible module at a temperature rate of 10°C min. (b) MS
spectra diagram of thermal decomposition products at 438°C (the inset is an enlarged

image in the m/z range of 45 to 130). (c-f) The ion current intensity of the major

gaseous fragments released from thermal decomposition products in ambient air.
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To systematically investigate the thermal decomposition behavior of theowaste/ps5sco70833

module, gas analysis was then conducted using TG-MS. Figure 4b presents the mass
spectrum acquired at the DTG peak temperature (438°C), revealing predominant
characteristic ions corresponding to N* (the mass-charge ratio (m/z)=14), O* (m/z=16),
N> (m/z=28), O, (m/z=32), and CO; (m/z=44)*. Furthermore, the inset diagram in Fig.
4b presents an enlarged view of the m/z 45-130 region. The observed characteristic
peaks at m/z=51, 77, and 105 exhibit a strong correlation with the standard
characteristic peaks of the benzoic acid molecule (CgHsCOOH). Additionally, the
molecular ion peak at m/z=122 corresponds to the CsHsCOOH from PET substrate,
providing definitive evidence for its identification®? 2. Figures 4c-f show the ionic
current curves of typical gas fragments with temperature, and the signal intensity is
positively correlated with the concentration of the corresponding substance.
Specifically, the ion current curve of m/z=44 (CO,) with temperature (Fig. 4d) exhibits
multi-stage release characteristics: an initial emission peak at 453°C followed by
secondary peaks at 497, 536, and 574°C, which correspond well with the peak points
of the weight loss rate on the DTG curve. This multi-step release mechanism is due to
the differential thermal stability of the multilayer structure of the device. The primary
CO; arises from the deacetylation reaction of ethylene-vinyl acetate, the incineration
product of PET, while subsequent emissions originate from further cleavage of
remaining organic substances and oxidation of organic molecules such as PTAA, BCP,
and Cgo at elevated temperatures®3. Notably, weak signals of the ion current are
detected near a temperature of 453°C, which correspond to the thermal
decomposition products m/z=45 (C;HsO*) and 46 (NO,). The generation of NO; is
primarily due to the oxidation of the PTAA and BCP layers in the components, as well
as the FA* in the active layer. In addition, trace signals of m/z=127 and 128 are
detected near 467°C (Fig. 4f), which correspond to ion peaks of I-and HI, respectively,
which are obtained by thermal decomposition of the perovskite layer. The low ionic
current values of these peaks indicate that halogen ion products from decomposition
of the perovskite active layer account for a very low proportion in the tail gas.

TG analysis indicates that the incineration of the waste flexible module primarily
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occurs between 300 and 465°C, with complete incineration occurring around®00fGe/b55c070833
TG-MS analysis reveals that the principal gaseous products generated during the
incineration of waste flexible modules include CO,, NO,, C;HsOH, CgHsCOOH, and HlI.

Notably, I, was hypothesized as a potential major decomposition product, but its
detection proved challenging through conventional MS due to its solidification inside

the channel before reaching the detector.

To verify whether iodine vapor is produced during the incineration of waste
module, we further set up a simple detection test as shown in Fig. S2a. First, we cut
the discarded flexible module into small pieces and put them in a crucible, which was
then positioned inside a stainless-steel pipe (painted as a glass tube in the schematic
diagram for clarity). The polytetrafluoroethylene piston T-shaped three-way joint can
be connected to both the balloon and the stainless-steel pipe separately by using
polyurethane (PU) tubes. The exhaust outlet was connected via PU tubing to a conical
flask containing a starch indicator. Before starting the heating, the T-valve was opened
to introduce O, from the balloon into the system. Then, the bottom of the stainless-
steel pipe was continuously heated using a butane air gun. After about 2 minutes, the

starch indicator in the conical flask visibly changed from white to purple, as shown in

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Figs. S2b and S2c, indicating that iodine vapor was indeed produced during the

incineration process of the waste module, thus confirming our hypothesis.

Open Access Article. Published on 10 January 2026. Downloaded on 1/11/2026 8:17:33 AM.
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2.3. Sustainable management and recycling

Through systematic analysis of incineration byproducts, we demonstrate that
thermal treatment can serve as a sustainable disposal method for waste flexible
perovskite modules, provided that exhaust gases and residual ash are properly
managed like the incineration of household waste. The acidic exhaust gases can be
effectively treated using established alkaline scrubbing systems containing NH3-H,0
or Ca(OH); - a technology already widely implemented in municipal solid waste
incineration facilities.

The resulting ash, containing valuable rare metals (In) and toxic heavy metals (Pb),

requires centralized processing with particular attention to preventing Pb
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contamination. While the economic feasibility of metal recovery remaing10s/b55c070833

consideration, we propose a comprehensive recycling protocol for incineration
residues from perovskite modules (Fig. 5). Our approach addresses two critical
challenges simultaneously: (1) safe containment of hazardous Pb and (2) recovery of
strategically important elements (In, Cu). Notably, the combustion process generates
primarily acidic off-gases, which can be efficiently neutralized through absorption in
alkaline solutions (e.g., aqueous ammonia). This integrated treatment strategy not
only ensures environmental safety but also enables resource recovery from end-of-
life PV devices. For the most metal ions in the ash, they can first be treated with an
acidic solution (such as HNOs) to dissolve the components to form soluble Pb?* and
Cu?*, which can subsequently be precipitated as Pbl, (Ksp = 1.39 x 10%) and Cul (Ksp =
1.1 x 10'1?) by adding KI. Since the solubility of Pbl, increases significantly above 80°C,
a temperature gradient method can be used to separate Pbl, from Cul. By heating,
most of the Pbl, dissolves, and the Cul precipitate is filtered off while still hot. The
solution is then cooled to 0-4°C to obtain Pbl, precipitate®*. As for In,0s3, it can first be
dissolved in an acid solution to form InCls. Then, ammonia water is added to it to
generate In(OH)s. Finally, a dehydration reaction at high temperature is carried out to
produce pure In,03. A lab-scale trial was carried out to verify the feasibility of the
proposed recycling scheme. The specific experimental procedures and the analysis of

the resulting products are presented in the Supplementary Information.
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Fig. 5. Schematic illustration of a proposed management strategy for incineration

products of degraded flexible perovskite modules.

Building upon the preceding analysis, the integrated incineration process,
synergistically coupled with the hydrometallurgical recovery pathway outlined earlier,
presents a viable and promising technological solution for the future large-scale
treatment of waste flexible perovskite PV modules. This combined approach offers a

tripartite advantage: first, it effectively decomposes organic constituents such as the

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

polymer substrate and organic charge transport layers; second, it concentrates

valuable (e.g., In, Cu) and potentially toxic metals (notably Pb) within the residual ash;

Open Access Article. Published on 10 January 2026. Downloaded on 1/11/2026 8:17:33 AM.

and third, it enables the stabilization of hazardous Pb while facilitating the efficient,

(cc)

sequential resource recovery of critical elements like In, Cu, and | through tailored
wet-chemical techniques. It is worth mentioning that all chemicals in this process are
aqueous solutions, and no organic solvents (e.g., DMF or alcohols) are involved.
Consequently, this integrated strategy significantly mitigates environmental hazards
associated with landfilling or improper disposal, while simultaneously ensuring
economic feasibility through the recuperation of valuable materials, thereby offering

a holistic and sustainable end-of-life management solution.
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3. Conclusions

In summary, this study presents the first systematic characterization and analysis
of incineration products from waste flexible perovskite modules, providing
comprehensive insights into material transformations and dynamic compositional
evolution during thermal decomposition. Our findings demonstrate that controlled
incineration, when accompanied by rigorous control measures for harmful gas and
toxic substance emissions, represents an environmentally sound and economically
viable disposal strategy for waste flexible perovskite modules. These findings are
largely extendable to rigid perovskite modules through appropriate process
optimization. This investigation not only establishes an empirical foundation for
understanding incineration mechanisms in next-generation PV waste, but also
proposes practical strategies and fundamental scientific principles to guide industrial-

scale recycling of perovskite solar modules.
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Materials

PTAA (average M, 7,000-10,000), BCP, Pbl, (99.999% trace metals),
dimethylformamide (DMF), 1-methyl-2-pyrrolidinone (NMP), and toluene were
purchased from Sigma-Aldrich and used without further purification. Ceo was
purchased from Nanjing Zhiyan Inc. Formamidinium iodide (FAI), Methylammonium

Chloride (MACI), and Cesium iodide (Csl) were purchased from Greatcell. Flexible

PET/ITO substrates were purchased from Langu Electronic Technology Co., Ltd.

Module fabrication

The flexible substrates with patterned P1 lines were first UV-ozone treated for 10
minutes before use. The hole-transporting layer, PTAA, with a concentration of 3.3 mg
mL™ dissolved in toluene, was blade-coated onto substrates at a speed of 20 mm s,
The gap between the blade-coater and ITO substrates was 150 um. Then, a 2.38 M
precursor solution of Csp1FAq9Pbls, containing additional 5 mol% Pbl, and 12.5 mol%
MACI, was prepared in a solvent mixture of DMF and NMP at a volume ratio of 5.2:1.

This solution was subsequently diluted to obtain a final concentration of 1.1 M. The

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

precursor solution was then blade-coated on the substrates coated with PTAA,

utilizing a gap of 300 um and a movement speed of 20 mm s. The nitrogen knife was

Open Access Article. Published on 10 January 2026. Downloaded on 1/11/2026 8:17:33 AM.

operated at a pressure of 30 psi and a movement speed of 5 mm s after the coating

(cc)

process. Following this, the perovskite films were annealed at 120°C for 30 minutes in
ambient air. Ceo (30 nm at 0.25 A s), BCP (6 nm at 0.1 A s2), and Cu (35 nmat 0.5 A s°
1) were then evaporated onto the perovskite layer sequentially. P2 lines were scribed
with a laser maker (345 nm), and then the second layer of Cu was evaporated with a
thickness of 130 nm. The flexible modules were completed with P3 line scribed with

the same laser maker.

Module incineration and analysis
A flexible module (10 cm x 10 cm) was placed in a chamber, and then subjected to

complete incineration in a fume hood assisted with a butane-powered heat gun under
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continuous air supply. Following the incineration process, the resulting ash iwag/b55c070833

allowed to cool to ambient temperature before being carefully transferred into
specimen bottles using a stainless-steel spatula. The collected ash sample was
subsequently prepared for compositional analysis and material characterization. The
chemical states of elements in the ash obtained from incineration were detected by
XPS (Thermo Fisher Scientific K-Alpha). The XPS test used an Al Ko X-ray source and
had a spot size of 400 um. The XRD patterns were acquired with a Bruker D8 ADVANCE
X-ray diffractometer. Furthermore, the experiment was conducted using TG-MS for
real-time monitoring of the weight loss and formation of gaseous substances. The TG
analyzer used was the PerkinElmer TGA 8000, while the mass spectrometer was the
PerkinElmer Clarus SQ 8T. In this experiment, a waste flexible module was cut to a
piece size of 0.3 cm x 0.3 cm and then placed in a platinum crucible. The sample was
heated in ambient air at a 10 °C min™! rate. The mass loss of the sample was recorded
continuously as a function of temperature. Simultaneously, the mass spectrometer
was used to detect and analyze the volatile compounds released during the heating
process. Inductively coupled plasma mass spectrometry (ICP-MS) was performed on

an Agilent 7800 instrument.
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