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resolving residual impurity challenges via targeted
post-treatment
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The sustainable deployment of perovskite solar cells (PSCs) is critically hindered by the lack of efficient
recycling strategies for end-of-life (EOL) modules, which pose significant environmental and resource
challenges. This work systematically compares conventional single-solvent (SS) recycling with an
advanced layer-by-layer multi-solvent (MS) approach to recover functional device components from
degraded PSCs. Comprehensive surface and compositional analyses reveal that both SS and MS
protocols leave persistent residues, particularly carbon (C), cesium (Cs), and lead (Pb), on the recycled
substrates, undermining substrate integrity and limiting their reuse in high-performance devices. To
overcome these limitations, we introduce a targeted post-treatment process that eliminates residual
contaminants, restoring the substrates to a state comparable to pristine materials. Devices fabricated on
these post-treated substrates exhibit a markedly improved fabrication yield and a significantly narrower
distribution of power conversion efficiency (PCE) with a variation of just 2.5% across 16 devices,
compared to 6% for conventional recycling methods. Furthermore, our techno-economic analysis
demonstrates that the proposed recycling protocol reduces the levelized cost of energy by 0.4 to 0.9 ¢
per kWh and shortens the energy payback time by 20 to 40 days relative to modules fabricated on fresh
substrates, with module PCE, degradation rate, and system lifetime as key determinants. These findings
establish a robust framework for high-yield, economically viable, and environmentally responsible
recycling of PSCs, thereby advancing their prospects as a sustainable photovoltaic technology.

Photovoltaic modules, designed for 25-30 years of use, often degrade prematurely due to physical, chemical, and environmental stressors. Common issues
include potential-induced degradation (PID), light-induced degradation (LID), UV-induced degradation (UVID), and reverse bias degradation, each contributing

to significant power losses. Micro-cracks in field-tested modules exacerbate energy loss through increased resistance and hot spot formation. Additional
degradation pathways, such as EVA discoloration, encapsulant delamination, busbar corrosion, silver migration, and solder bond failure, often push modules
beyond the acceptable annual degradation rate of 0.5-0.7% within the first 5-7 years. Moreover, the perovskite module further suffers from intrinsic material
degradation mechanisms. As global deployment accelerates, the volume of PV module waste will surge from 8.0 million tonnes by 2030 to 78 million tonnes by

2050. To address this challenge, jurisdictions are introducing recycling mandates and recovery targets. For instance, the European Union's WEEE directive
requires member states to recover 85% of PV module mass and recycle 80%. Recovered materials could be worth over USD 15 billion by 2050, enabling the

production of approximately two billion new modules or redistribution to other markets. Therefore, establishing robust recycling protocols offers significant
promise and demands prompt focus from the research community.

Introduction

their disposal in landfills introduces resource depletion,
toxicity, and other potential environmental hazards. Imple-

End-of-life solar modules pose a significant environmental
challenge in the emergent photovoltaic (PV) technologies, as
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menting the circular economy principle by recovering crucial
raw materials used in their construction can significantly
reduce the levelized cost of electricity and energy payback
time"” across various solar cell technologies, thus establishing
sustainable practices and the potential of reducing human
toxicity impacts by 68.8%." Perovskite solar cells have emerged
as a promising PV technology, offering a high-power conversion

EES Sol.


http://crossmark.crossref.org/dialog/?doi=10.1039/d5el00131e&domain=pdf&date_stamp=2025-10-16
http://orcid.org/0000-0001-9691-7152
http://orcid.org/0009-0006-1872-2898
http://orcid.org/0000-0003-0320-6808
http://orcid.org/0000-0003-2322-7403
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5el00131e
https://pubs.rsc.org/en/journals/journal/EL

Open Access Article. Published on 01 2025. Downloaded on 04/12/2025 1:32:47 .

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

EES Solar

efficiency of >26%.° However, the widespread adoption of PSCs
faces two significant challenges, the high cost and scarcity of
materials associated with the use of float glass, fluorine tin
oxide (FTO), indium-doped tin oxide (ITO) as a transparent
conducting oxide (TCO), metal contacts, and the environmental
concerns surrounding the presence of toxic Pb in the perovskite
absorber layer.”*® Before widespread commercialization,
addressing these issues is crucial for the sustainable and
economically viable large-scale deployment of perovskite
module technology. Numerous studies have highlighted the raw
material cost distribution of individual components in a proto-
type n-i-p structured PSCs, where the TCO, hole transport layer
(HTL), such as spiro-OMeTAD, and metal electrodes like gold
(Au) or silver (Ag) constitute significant portions of the total raw
material cost. Wang et al.'* concluded that these components
make up 30%, 53%, and 16% of the total raw material cost,
respectively. Augustine et al. estimated FTO, having a sheet
resistance of approximately 14 Q [0, costs around $285 per
m®.*2 Huang et al.*® highlighted that ITO accounts for approxi-
mately 51.2% of the overall material cost. Larini et al.' pre-
dicted that TCO-coated glasses constitute 56% of the total cost
of a perovskite module and 96% of its carbon footprint. Binek
et al.® also calculated that the hole-transporting material spiro-
OMeTAD and Au electrode are the major cost factors, with
potential replacements being considered for future scalability.
Thus, recovering the TCO-coated glass from the EOL device is
important for the sustainable development of PSCs. Most
studies on various other PV module recycling methods involve
the mechanical crushing of the cells and subsequent high-
temperature/energy-intensive  processing.'>'® Various solar
technologies, such as CdTe,** CIGS,*** silicon, and tandem
solar cells at the lab scale, have also established high-yield
recycling processes.”*' However, among emerging technolo-
gies such as PSCs, recycling the EOL device is more feasible due
to the capability of solution processing of overall PSCs. Several
researchers have reported recycling EOL devices by reverse
engineering the fabrication protocols of PSCs.>'>*>* This
involves dissolving the widely used HTL spiro-OMeTAD in
chlorobenzene (CB), the perovskite layer in dimethylformamide
(DMF) or dimethyl sulfoxide (DMSO), and the electron transport
layer (ETL) in subsequent solvents with extended ultra-
sonication times.>'*> Consequently, the recovered FTO or FTO/
ETL (for regular structured devices) and FTO/HTL (for inver-
ted structured devices) can be reutilized to construct fresh
devices. Furthermore, researchers have explored and upscaled
the extraction of raw materials such as HTL," perovskite
precursor (Pbl,),* and expensive TCO substrates in refabricat-
ing PSCs. The research efforts in recycling PSCs can be broadly
classified into two distinct categories. The first is single-solvent
(SS) recycling, which dissolves the full device in a single solvent.
Dissolution of the different layers in selective solvents such as
spiro-OMeTAD, MAI, FAI, Csl, and Pbl, in different solvents can
be termed multi-solvent (MS) recycling of the perovskite device.
In SS recycling, various solvents such as KOH,"* methylamine,*
DMF,***3 DMSO,* butylamine,**® choline chloride, ethylene
glycol (EG),”” aqua regia,* y-butyrolactone,” and numerous
others have been investigated, yielding positive outcomes in
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recycling the expensive substrate as well as other components of
PSCs. In the MS or selective dissolution recycling process,
adhesive tape for Au removal, solvents such as ethyl acetate for
Au removal and delamination, dichlorobenzene (DCB)* and
CB**® for HTL dissolution, DI water* and ethanol® for dissolu-
tion of organic components of perovskite, and DMF and
DMSQO**3439%> for Pbl, dissolution are explored by researchers.
DMSO has also been reported to have the lowest total environ-
mental impact and being least harmful to human health among
the DMSO, DMF, N,N-dimethylacetamide (DMAC), N-methyl-2-
pyrrolidone (NMP), 1,3-dimethyl-3,4,5,6-tetrahydropyrimidin-
2(1H)-one (DMPU), gamma-butyrolactone (GBL), tetrahydro-
furan (THF), 1,3-dimethylimidazolidin-2-one (DMI) solvents.**
Prior studies have highlighted the reuse of FTO/ETL***
substrates via single- and multi-solvent recycling and compared
these approaches; in contrast, the present work specifically
focuses on the end-of-life perovskite residues that remains on
the substrate. Numerous studies have also highlighted the
presence of sticky residual perovskite precursor impurities C,
Cs, Pb, and I on the substrate despite post-processing the
recovered substrate with acetone, isopropyl alcohol (IPA), and
DI water. These studies also reported that even after ultra-
sonication and post-cleaning of the substrate, the residues stick
to the substrates, as revealed by X-ray photoelectron spectros-
copy (XPS) measurements.'">'*3536394¢  However, a direct
comparison between SS and MS recycling and their impact on
the recycled FTO/ETL substrate has not been explored in the
literature until now. While the MS recycling procedure can be
more beneficial for implementing the circular economy prin-
ciple, the simultaneous comparison of SS recycling with MS
recycling and the removal of residual impurities for the reliable
fabrication of the PSC is the essence of this study. During this
investigation, we examined the impact of transitioning from SS
to MS recycling on the FTO/ETL substrate and uncovered several
novel findings. Quantitative XPS analysis revealed that SS recy-
cling leaves residual Pb, C, and Cs concentrations on FTO/ETL
substrates. In contrast, in MS recycling, the presence of Pb on
the substrate was significantly diminished, further reduced by
introducing a novel step in the recycling process, i.e., post-
treatment of the MS processed substrate with the widely avail-
able laboratory chemicals, diluted potassium hydroxide (KOH)
and hydrochloric acid (HCl) sequentially. The detected Pb
content in the post-processed case (target sample) was notably
at an ultra-low level, and other residual impurities were
removed entirely from the substrate. Our study's central goal is
to remove these residues through post-processing using
a combination of KOH and HCI, enabling recovery of the
substrates under as close to pristine conditions as possible for
reuse in new devices. Perovskite film growth on recycled
substrate was observed to be polycrystalline with minimum
impurity phases. Our findings also highlighted the issues con-
cerning the reproducibility of obtaining high device efficiency
when utilizing SS recycled substrates, in contrast to the target
sample. The additional step introduced during MS recycling
drastically reduced Pb content, resulting in highly efficient and
reproducible devices. This observation is particularly desirable
for establishing a high process yield in the recycling process,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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which is highly desirable for commercializing PSC and imple-
menting recycling solutions for large-scale applications, as the
EU's WEEE directive requires 85% recovery of the waste gener-
ated due to PV modules.”” Lastly, our techno-economic analysis
predicted the benefits of recycling various components of PSCs
for utility-scale installation and predicted a cost curve to yield
the maximum benefit of the recycling process.

Results and discussion
Recycling process

Fresh PSCs were fabricated using the process described in the
Experimental section with the device structure FTO/SnO,/
perovskite/spiro-OMeTAD/Au  electrode. Various samples
deposited on the fresh substrate FTO/SnO, are termed ‘fresh’
throughout the manuscript. After a 50% efficiency loss, the EOL
unencapsulated devices were used to recycle the FTO/SnO,
substrate for subsequent deposition of the complete cell. As
previously proposed, in the SS recovery of the substrates, the Au
electrode was first peeled off using Scotch tape. DMSO solvent
was selected based on the criteria of green, and high-polarity
aprotic solvent, to dissolve the perovskite lattice.****** Lastly,
SS-processed substrates were cleaned using DI water, acetone,
IPA, and ultraviolet ozone (UVO) treatment before refabricating
the fresh devices on recycled substrates. These samples are
termed ‘SS’ in the manuscript. For the MS recycling procedure,
the Au electrode was first peeled off using Scotch tape and
subsequently delaminated in ethyl acetate. After this step, for
HTL (spiro-OMeTAD) dissolution, devices were kept in
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chlorobenzene (CB) and sonicated for 10 minutes. For MAI, FAI,
and Csl dissolution, devices were submerged in DI water and
sonicated for 10 minutes. After that, Pbl, was removed using the
DMSO solvent. These samples are termed ‘MS’ in the manu-
script. Fig. S1 in the SI shows a sequential recovery workflow
starting with collected EOL PSC cells, followed by key steps of
the recycling process. After MS processes, the target substrates
were briefly submerged in diluted KOH and HCI; these samples
are termed ‘target’ in the manuscript. The detailed experi-
mental protocol is listed in the Experimental section. Fig. S2
shows that the MS recycling process discussed above is highly
selective for removing the layer-by-layer extraction, and the
cross-sectional scanning electron microscope (SEM) imaging
confirmed this trend. Fig. S2a shows the cross-sectional image
of the PSC just before the EOL. Fig. S2b shows the device's cross-
sectional image after removing the Au electrode using Scotch
tape and ethyl acetate delamination, and the device is stacked
up to the HTL only. After Au removal and delamination, the HTL
was dissolved in CB, and Fig. S2c shows the remaining
perovskite-coated substrate. Lastly, the perovskite layer was di-
ssolved in DI water, and DMSO subsequently caused the
dissolution of the remaining perovskite on FTO/ETL substrate,
as shown in Fig. S2d. Fig. 1 presents a flowchart detailing the
recycling process for various photovoltaic technologies,
including CdTe, CIGS, PSC, and silicon-based cells, each with
its distinct recycling pathway. PSC recycling stands out for its
efficiency and environmental friendliness. Its key advantage lies
in selective solvent dissolution, enabling layer-by-layer separa-
tion of components while preserving substrate integrity. This
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technologies were collected using ref. 51-59.
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non-destructive method allows precise targeting of functional
layers and maintains material value. The approach facilitates
the separate recovery of the perovskite layer, transport layers,
and the substrate without damage. The PSC branch in the figure
shows a more straightforward, solvent-based process mainly
occurring at room temperature or with minimal heating,
avoiding energy-intensive crushing or shredding. This method
achieves nearly complete material recovery up to 99.2% effi-
ciency for Pb components.® In contrast, other PV technologies
use more destructive, energy-intensive methods. Silicon cells
require harsh chemical treatments and high-temperature
processes, while CdTe cells involve aggressive sulfuric acid
and hydrogen peroxide treatments, along with multiple thermal
and leaching steps. The environmental impact of HCI and the
reclaimed TCO-coated glass substrate is presented in the SI.

Impact of recycling processes on substrates

To explore the efficacy of the recycling process in removing
residual impurities via various recycling processes, we first
measured the contact angles of the various samples. The
contact angle is a critical parameter that indicates the wetta-
bility of a surface, which affects the adhesion and spreading of
liquids on solid substrates® and can also be used to gauge the
presence of residual perovskite impurities on various
substrates. Fig. 2a illustrates the comprehensive model for the
proposed target recycling strategy of perovskite solar cells. The
schematic outlines the materials, solvents, and sequential steps
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involved in the recycling and post-treatment to recover high-
quality substrates for device refabrication. The innovative step
in the proposed model is a targeted post-treatment using
diluted KOH and HCI, which effectively removes persistent
contaminants. We hypothesize that KOH and HCI play
complementary roles in targeted residue removal. KOH is
a strong alkaline agent that effectively breaks down contami-
nants such as carbon-based compounds. HCl is a strong
mineral acid commonly used to dissolve and remove hydroxides
and other inorganic metal residues from the surfaces. Fig. 2b
shows the contact angle measurement of perovskite precursor
ink on a fresh FTO/SnO, substrate as a reference sample. The
contact angles measured on both sides of the droplet are 13.79°
and 13.67°, indicating a hydrophilic surface. Fig. 2c suggests
a substrate subjected to an MS recycling process. The contact
angles for these samples are 7.97° and 8.67°, which are lower
than those of the fresh substrate. The reduced contact angles
suggest increased surface hydrophilicity due to the organic and
inorganic residues that alter the surface energy. Due to the
presence of perovskite residues, the SS-processed substrate
using DMSO showed extreme hydrophilicity towards perovskite
ink, as shown in Video V1, provided in the SI. Lastly, Fig. 2d
shows the target sample that underwent post-treatment with
KOH and HCI after the MS recycling process. This post-
treatment removes residual elements that have remained on
the substrate after the MS process. The contact angles are 11.02°
and 10.96°, higher than those of the MS recycled sample,
approaching those of the fresh substrate. This indicates that the
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Fig. 2 Comparative analysis of FTO/SnO, substrates during the PSC recycling process. (a) Schematic model of the recycling procedure
proposed in this work with various materials. (b—d) Contact angle measurements of the triple cation perovskite precursor on the (b) fresh FTO/
SnO, substrate, (c) MS processed substrate, and (d) target substrate treated with KOH + HCL. (e—g) SEM images of the (e) fresh substrate, (f) SS

processed substrate, and (g) target substrate. (h—
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i) AFM topographic images of the (h) fresh SnO, ETL substrate and (i) target substrate.
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post-treatment has effectively cleaned the surface, restoring it to
its original hydrophilicity compared to the MS and SS-processed
substrates. Fig. 2e—g show the SEM images of these substrates
and explore the features of the recycling process. Fig. 2e shows
a large, uniform, and featureless area, indicating a smooth or
flat fresh FTO/SnO, substrate surface, and the substrate appears
free of significant defects or contamination, which is desirable
for the initial fabrication of the PSCs. Fig. 2f shows a more
textured or granular surface with numerous small particles
dispersed across the area. It shows the presence of large
agglomerated residual impurities on the SS substrate compared
to fresh and target substrates. These features suggest a hetero-
geneous or rough surface attributed to impurities or residues
left from the EOL perovskite device after the SS recycling
process. Fig. 2¢ indicates that the target recycling process has
removed significant impurities compared to the SS-processed
substrate, resulting in a cleaner surface. To qualitatively and
quantitatively analyze the presence of various residual impuri-
ties on different substrates, we performed the energy dispersive
X-ray spectroscopy (EDX), elemental mapping, and XPS
measurements of multiple samples. Fig. S3a presents the EDX
spectrum of a sample processed through the SS recycling
method. The spectrum shows prominent peaks corresponding
to tin (Sn) and oxygen (O), and noticeable peaks for Pb, sug-
gesting that Pb from the perovskite material remains on the
substrate after the SS recycling process, and shows the
elemental composition of the SS-processed substrate deter-
mined using EDX. Fig. S3b presents the EDX spectrum of
a target substrate. The spectrum again shows peaks for Sn and
O, which are consistent with the presence of SnO,. The Pb peaks
appear to be eliminated compared to the SS samples, suggest-
ing that the target treatment effectively reduces Pb contamina-
tion on the substrate. Furthermore, Fig. S4a-c show the
elemental mapping of Pb on a substrate undergoing SS, MS, and
target recycling processes. The mapping is visualized as
a distribution of red dots across a dark background, where the
intensity of the red color corresponds to the concentration of Pb
present on the substrate. The SS map in Fig. S4a indicates the
significant presence of Pb, suggesting that the SS process is
ineffective in removing Pb from the substrate. Fig. S4b presents
the elemental mapping of Pb on a substrate treated with an MS
recycling process; the intensity and distribution of the red dots
are less pronounced than the SS sample, implying that the MS
process is more effective at reducing Pb contamination,
although some Pb remains during the process. Fig. S4c shows
the elemental mapping of Pb on a substrate that has undergone
a targeted treatment. The red dots in this image are sparse and
less intense, indicating a substantial reduction/elimination of
Pb present on the substrate. Tables S1 and S2 shows the
quantitative elemental composition of SS and the target
substrate determined through EDX measurement. We
measured fresh and target samples using an atomic force
microscope (AFM) to estimate the effect of target recycling
processes further. Fig. 2h shows the 2D AFM scan of a fresh
FTO/SnO, substrate. The surface appears relatively smooth with
a fine, granular texture.®* The root mean square (RMS; Rg)
surface roughness is 11 nm, typical for ETL thin films used in

© 2025 The Author(s). Published by the Royal Society of Chemistry

View Article Online

EES Solar

PSCs. Fig. 2i presents a 2D AFM scan of FTO/SnO, for the target
substrate, which shows a slightly more pronounced texture than
the fresh substrate, with an Ry of 12 nm. The increase in
roughness could be due to the etching effect of the chemical
treatment, which modifies the surface topography. Fig. S5a and
b show 3D AFM representations of the fresh and target
substrates, providing a visual perspective of the surface peaks
and valleys. Other values of AFM statistical parameters of these
substrates are listed in Table S3. Fig. S5c shows the XRD
patterns of the fresh and target FTO/SnO, substrates. Both
substrates exhibit similar patterns of several distinct peaks at
specific 26 angles, which correspond to the planes of the crystal
lattice, labeled with their respective Miller indices such as (110),
(101), (200), (211), (220), (310), and (301) corresponding to the
tetragonal phase of the thin film.** The similarity in peak
positions between the fresh and recycled samples suggests that
the recycling process preserves the crystalline structure of the
FTO/SnO, substrate. The lattice parameters for target substrates
are a = b = 4.76 A; ¢ = 3.18 A. Furthermore, the microstrain of
magnitude of ~4 x 107> for the target substrate and average
crystallite size in the range of ~15.5 nm were determined using
Williamson-Hall analysis.*

XPS survey scans were obtained for a comprehensive over-
view of the elemental composition and chemical states of FTO/
SnO, substrates undergoing different recycling processes.
Fig. S6a presents a comparative survey scan of the MS, SS, and
target samples. Fig. S6b focuses on the SS-processed substrate,
confirming the presence of elements such as Sn, O, nitrogen
(N), Pb, Au, Cs, and C peaks suggest that the SS recycling leaves
significant impurities on the substrate. Fig. S6¢ shows the XPS
spectrum for the MS-processed substrate. Like the SS sample,
there are peaks present for Sn, O, Pb, and C. It does not elimi-
nate them, as evidenced by the persistent presence of Pb and C.
Fig. S6d shows a survey scan of the target sample with reduced
intensity of impurity peaks and does not show signs of N, Au, C,
or Cs peaks.

Fig. 3a and b present an XPS analysis of Sn 3d for fresh and
target samples, and the peak deconvolution is shown in Fig. S7a
and b. Fig. 3a shows the characteristic Sn 3d doublet with two
prominent peaks: the Sn 3ds, peak and the Sn 3d;, peak,
consistent with the spin-orbit coupling effect observed in 3d
orbitals. Fig. S7a presents the deconvolution of the Sn 3ds,
peak into its constituent different oxidation states® of tin: Sn**,
Sn**, and metallic Sn°. The Sn** species appear at a binding
energy of 485.27 eV with a full width at half maximum (FWHM)
of 1.26 eV and dominating the spectrum with 73.8% of the total
Sn 3ds, area. The metallic tin (Sn°) component is positioned at
484.97 eV and has a narrower FWHM of 0.85 eV with 0.5% of the
total area. The intermediate Sn** oxidation state appears at
485.31 eV and has a notably broader FWHM of 2.43 eV, sug-
gesting greater chemical or structural heterogeneity for this
species with a 25.7% contribution to the total area. The domi-
nance of Sn*" aligns with the expected stoichiometry of pristine
SnO,, while the minor Sn** and Sn° components suggest slight
surface reduction. The broader Sn** peak implies structural
disorder or heterogeneous bonding environments.*>* Fig. 3b
presents XPS data for the target sample. Similar to the fresh
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Fig.3 Comprehensive characterization of fresh and post-treated FTO/SnO, substrates using various spectroscopic techniques. (a—d) XPS core-
level spectra showing: (a) Sn 3d spectrum of the fresh FTO/SnO, substrate with characteristic Sn 3ds,, and Sn 3ds,, peaks, (b) Sn 3d spectrum of
the target post-treated substrate, (c) O 1s spectrum of the fresh substrate, and (d) O 1s spectrum of the target substrate. (e and f) C contamination
analysis: (e) C 1s spectrum of the SS processed substrate and (f) C 1s spectrum of the MS processed substrate. (g) Pb 4f core-level spectra of SS,
MS, and target samples. (h) Relative atomic concentration ratios of C, Cs, and Pb across SS, MS, and target samples. (i) Optical transmission

spectra comparing fresh and target substrates.

sample, the target sample exhibits the characteristic Sn 3d
doublet with Sn 3ds/, and Sn 3ds,, peaks. Fig. S7b shows the
deconvolution of the Sn 3d5/, peak into its constituent chemical
states with the Sn**, Sn**, and Sn° peaks. The deconvolution of
the target substrate reveals notable differences compared to the
fresh sample. The Sn*" component appears at 485.26 eV with an
FWHM of 1.17 eV, showing a slight shift in binding energy and
areduction in area compared to the fresh sample, with a 64.1%
contribution of Sn 3ds,. The Sn** species is positioned at
485.54 eV with an FWHM of 1.46 eV, indicating a significant
binding energy shift and an increase in relative proportion
compared to the fresh sample, with 33.1% of the total area. The
metallic Sn° component appears at 484.02 eV with a small area

EES Sol.

compared to fresh samples, with a 2.8% contribution. The fresh
sample shows a predominance of the Sn** oxidation state
(typical for Sn0O,), with a smaller contribution from Sn>* and the
presence of metallic Sn°. In contrast, the target sample exhibits
a more balanced distribution between Sn** and Sn*' states,
suggesting a partial reduction of the Sn species during treat-
ment. The relative areas of these peaks provide quantitative
evidence for this chemical transformation, with the Sn*": sn**
ratio decreasing from approximately 2.9 :1 in the fresh sample
to 1.3 :1 in the target sample. The binding energy positions also
show subtle but significant shifts between the samples, partic-
ularly for the Sn** and Sn° components, indicating changes in
the chemical environment surrounding Sn species after

© 2025 The Author(s). Published by the Royal Society of Chemistry
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treatment. These shifts, coupled with the changes in FWHM
values, suggest structural reorganization and changes in the
local coordination chemistry of Sn atoms in the treated sample.
The narrowing of Sn*" peak and reduction in FWHM from
2.43 eV to 1.47 eV, suggesting a more uniform chemical envi-
ronment after treatment. The chemical treatment induces
a pronounced Sn** enrichment. The stable Sn** peak FWHM
(~1.2 eV) reflects retaining of SnO, domains despite chemical
treatments. The narrowing of Sn** peak FWHM (2.43 eV — 1.47
V) implies homogenization of Sn>* sites. Fig. 3c and d show the
high-resolution XPS spectrum of the O 1s region from a fresh
SnO, sample, spectral data exhibiting an asymmetric profile
that indicates the presence of multiple O species. The decon-
volution analysis has resolved this complex peak into three
distinct components, each representing a specific O chemical
environment in the SnO, lattice.” The dominant component,
0,, is centered at approximately 529.5 eV; this peak corresponds
to lattice oxygen bonding in the SnO, crystal structure, repre-
senting O*~ ions bound to the Sn** state. The second compo-
nent, O,, indicates oxygen vacancies, and Oz corresponds to
hydroxyl groups.®® The target sample in Fig. 3d exhibits
a redistribution of these O components, with O; showing
a 7.10% increase in area under the curve. In comparison, the
area under the curve for O, marginally increases by 1.66%, and
the area under the curve for O; dramatically decreases to
56.45% after baseline correction. This significant depletion of
hydroxyl groups (O;) in the target sample indicates effective
dehydroxylation of the surface during target treatment, thus
reducing the presence of hydroxyl groups on the surface of
SnO,. Simultaneously, the relative increase in lattice oxygen (O,)
and modest growth in oxygen vacancies (O,) suggest restruc-
turing of the oxide framework. We speculate that these films
bear surface -OH groups that block reactive sites and leave most
tin as Sn*". Upon KOH exposure, K* ions coordinate with
surface hydroxyls to form KOH i situ, weakening Sn—-O bonds
and loosening the hydroxyl network. This priming step renders
the surface more susceptible to oxygen removal. Subsequent
HCI treatment provides H' ions that neutralize the remaining
OH™ groups (H' + OH~ — H,0) and CI~ ions that transiently
interact with Sn sites. The acid-mediated dehydroxylation strips
surface hydroxyls and creates oxygen vacancies (Vp), each of
which releases two electrons. To preserve electrical neutrality,
neighboring Sn** ions capture these electrons and reduce to
Sn**. Thus, the KOH step softens the surface bond framework,
and HCI completes dehydroxylation and vacancy creation,
culminating in a substantial increase in reduced tin species.
This combined chemical sequence not only cleanses the surface
but also enriches Sn*" and oxygen vacancies, optimizing the
electronic properties of recycled SnO, for high-performance
perovskite solar cell applications. Fig. S7c shows the Cs XPS
spectrum for the SS-processed substrate. The broad peak
observed in the Cs 3p core level region indicates the presence of
Cs on the substrate surface. Cs is used in the perovskite triple
cation perovskite absorber layer to improve the device effi-
ciency® and stability under air ambient conditions.” However,
its presence in the recycled substrate indicates residue from the
EOL device, suggesting incomplete removal during the SS

© 2025 The Author(s). Published by the Royal Society of Chemistry
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recycling process. These residual impurities potentially inter-
fere with the formation of the perovskite layer and affect the
overall device performance, as seen later in the /-V response of
the PSCs. Fig. 3e and f display the C 1s signal arising from EOL
residual impurities, which can be attributed to adventitious
carbon and distinct functional groups (-C-C, -C=NH,", and -
C-NH,) expected from methylammonium/formamidinium
degradation. The aim of the combined protocol was to remove
both forms of carbon, i.e., originating from perovskite and from
adventitious sources, as further verified by Fig. S6 in the SIL
Fig. 3g presents the XPS spectra of the Pb 4f region for different
samples processed by SS, MS, and a targeted treatment. The
spectra exhibit two distinct peaks corresponding to the Pb 4f;,
and Pb 4f;,, components, characteristic of Pb in samples.” The
SS sample exhibits the highest Pb 4f peak intensity, indicating
the maximum Pb concentration. The MS sample shows lower
intensity, suggesting reduced Pb concentration compared to SS.
The target sample has the lowest Pb 4f peak intensity, indi-
cating negligible Pb concentration. This demonstrates that the
target treatment is the most effective in removing Pb, making
the substrate more suitable for fabricating new PSCs. The SS
exhibits a notably large area under the curve, suggesting
substantial Pb retention from the original perovskite composi-
tion. The MS-processed sample shows significantly reduced
peak intensities, with the area under the curve of approximately
25% of the Pb content found in the SS sample. The target
sample shows minimal peak intensities, with the area under the
curve indicating that its Pb content is about 5.4% relative to that
of the SS sample. Fig. 3h is a bar graph showing the relative
atomic concentration ratios of C, Cs, and Pb detected on the
samples during the XPS study. The SS sample has the highest
relative atomic concentration of Pb, as indicated by the tallest
bar in the graph, while the target sample has the least.
Furthermore, no C and Cs signatures were observed in the
target samples. Lastly, Fig. 3i shows the optical transmission
spectra of fresh and target samples across the visible wave-
length range. The similarity of transmission spectra for fresh
and recycled FTO substrates prominently indicates that the
optical transmission of the FTO is retained after recycling. Both
samples exhibit higher transmission across most visible and
near-infrared regions, peaking at approximately 85% around
600 nm.

Perovskite deposition on substrates

To compare the performance of recycled substrates for device
application, we studied the fresh vs. target substrates for
perovskite layer deposition using various characterization tools.
Fig. 4a shows the nearly identical absorbance curves for fresh
and target samples, indicating excellent reproducibility
between the fresh and target samples using the recycling
methodology. The strong absorption across the visible spec-
trum indicates excellent light-harvesting capabilities in this
range for both samples. Fig. 4b shows the XRD pattern for fresh
and target samples, indicating a pseudo-cubic crystal struc-
ture,” typical for triple cation perovskite compositions. Both
samples showed the presence of well-defined peaks indexed to
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Fig. 4 Characterization of perovskite films on fresh and target substrates. (a) Optical absorption spectra (600-900 nm) of perovskite films. (b)
XRD patterns showing the crystalline structure of perovskite materials on fresh and target substrates. (c and d) SEM images of perovskite film

morphology on (c) fresh and (d) target substrates (500 nm scale bars).

(e and f) 2D AFM topographical images (2.0 pm x 2.0 um) of perovskite

films on (e) fresh substrate and (f) target substrate. (g) Steady-state PL spectra peaks for both substrates. (h) TRPL decay curves for perovskite
films. (i) Bar chart showing recombination rate constants (Kg, KT, and Kp) extracted from time-resolved photoluminescence (TRPL) fitting for both

sample types.

(001), (011), (111), (002), (012), (112), (022), and (003), which are
consistent with a pseudocubic structure. The absence of
significant peaks at around 11.7° (which would indicate opti-
cally inactive 3-FAPbI;) and minimal presence of peaks at 12.7°
(which would indicate excess Pbl,) suggest high phase purity in
these samples.” This confirms the successful formation of the
desired perovskite phase with minimal impurities. Fresh
samples showed a microstrain of magnitude 9.11 x 10~ *, while
the target sample showed a microstrain of 0.10 x 10™* as
calculated using the Williamson-Hall analysis, as shown in
Fig. S8a. Similar patterns show preserved crystal structures of
perovskite in fresh and target samples. Fig. 4c and d show the

EES Sol.

SEM images of perovskite coated on fresh and target substrates.
Both surfaces show a uniform, densely packed crystalline
structure with well-defined grain boundaries similar to the
fresh substrate, indicating that the morphology of the perov-
skite crystals is reproduced on the target surbstrate.” Fig. 4e is
a 2D AFM image of the perovskite on the fresh substrate with
the Ry measured at 26 nm. The relatively low roughness indi-
cates a smooth surface, which signifies the formation of high-
quality perovskite films.””® Fig. 4f is a 2D AFM image of the
perovskite on the target substrate with Ry being slightly higher
at 27 nm. Other AFM statistical parameters of both perovskite
films are given in Table S3.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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The steady-state photoluminescence (PL) spectra in Fig. 4g
are presented for perovskite materials on fresh and target
samples. The fresh and target perovskite samples exhibit
a prominent PL peak with a symmetric profile, characteristic of
the radiative recombination of charge carriers in the perovskite
material.”” The peak position lies in the 750 to 800 nm range for
the triple cation perovskite material. The similarity in peak
positions suggests that the electronic properties of the perov-
skite are preserved after the recycling process, radiative
recombination is of similar magnitude in both samples, and no
other defect peak is detected. Fig. 4h shows the TRPL decay
curves for perovskite coated on fresh and target substrates. The
decay profiles of the perovskite films on different ETLs are fitted
with a double exponential decay function, and the average
lifetime t,,, for a system described by double exponential decay

(a ) » ‘Full dewcesmm ( b )
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is given in the SI. Both samples yield a lifetime of 120-140 ns
(fresh sample, 137.8 £ 3.2 ns, and target sample, 122.9 + 4.3
ns), while Table S4 shows the corresponding fitting parameters.
Fig. 4i shows the recombination kinetics of perovskite compo-
sitions on fresh and target samples, via their fundamental rate
constants using the mathematical models developed by Péan
et al. and an open-source program.’® The analysis reveals
bimolecular recombination constants (Kg) of 1.19 x 10~° cm?
s ! for the fresh sample and 0.64 x 10~ ° cm® s~ for the target
sample. These values fall in the expected range for high-quality
perovskites.” The trapping rate constants (Kr) are 1.06 x 108
em?® s for fresh and 2.05 x 10°% em® s~ for target samples.
The target sample exhibits nearly twice the trapping rate of the
fresh sample, suggesting higher defect density. The magnitude
of Ky relative to K is approximately 9: 1 for fresh and 32:1 for
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Fig. 5 PSC recycling process and performance characterization. (a) Schematic of PSC recycling workflow showing various stages, including
substrate recovery and material extraction. (b) JV curves comparing devices fabricated on fresh and target substrates with forward/reverse scans.
(c) JV characteristics of the device on the target substrate, with performance metrics shown in the inset. (d) JV curves after multiple target cycles
(R1, R2, and R3). (e) Space-charge-limited current (SCLC) measurements of perovskite electron-only devices on fresh and target substrates. (f—i)
Statistical distribution of PV parameters across SS, MS, and target substrates: (f) Voc, (9) Jsc. (h) FF, and (i) PCE presented as box plots with

individual data points.
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target samples. The de-trapping constants (Kp) of 2.5 x 107°
em?® s (fresh) and 1.65 x 107° em?® s™* (target) reveal that the
target sample shows a lower de-trapping rate than the fresh
sample, indicating a deeper trap state compared to the fresh
sample. The Kr: Kp ratio (approximately 4 : 1 for fresh and 12: 1
for target) provides insight into the trap depth. This increased
detrapping in both samples contributes to their improved
carrier lifetimes by allowing the re-emission of trapped carriers.
Fig. S8b quantifies the relative contributions of each recombi-
nation pathway. Trapping accounts for approximately 59% of
recombination in the fresh sample versus 72% in the target
sample. Both samples are consistent with defect-mediated
recombination being the primary loss mechanism in halide
perovskites, which could explain the smaller device efficiency
shown in Fig. 5, in comparison to the recent high-efficiency
perovskite solar cells. Bimolecular recombination accounts for
approximately 35% in the fresh sample versus 27% in the target
sample. This shift toward radiative recombination is consistent
with the literature finding that high-quality perovskites typically
show bimolecular contributions around 30%.*° The low bimo-
lecular contribution compared to trapping suggests that trap
states are not saturated. Detrapping contribution decreases
from 6% in the fresh sample to <1% in the target sample. This
significant increase in de-trapping indicates modification of
trap state energetics.

Performance evaluation of the recycled device

Fig. 5a shows the schematic diagram of the recycling process
and reutilization of the substrate for fresh perovskite device
fabrication. To understand the utilization of recycled
substrates, we fabricated complete PSCs on fresh and target
substrates using the device fabrication process described in the
Experimental section. Fig. 5b relates the performance of a PSC
with fresh and target substrates, and both devices showed
similar performances. Fig. 5c shows the JV characteristics of
a PSC fabricated on a recycled substrate. The inset table shows
key performance metrics for the solar cell with open-circuit
voltage (Voc) values of 1.093 V (forward scan) and 1.094 V
(reverse scan), short-circuit current density (Jsc) values of 23.55
mA cm ™ (forward scan) and 23.51 mA ¢cm ™ (reverse scan), fill
factor (FF) values of 68% (forward scan) and 71% (reverse scan),
and PCE values of 17.48% (forward scan) and 18.26% (reverse
scan). The hysteresis index is approximately 4%, indicating
minimal hysteresis between the forward and reverse scans.
Fig. 5d shows the JV curves for a PSC with substrates recycled
multiple times (R1, R2, and R3). The curves are closely grouped,
indicating that solar cell performance is maintained even after
multiple recycling processes, with device parameters of R1
being the same as in Fig. 5c. This suggests that the recycling
protocol is robust and that the substrate can be reused multiple
times without substantial loss in efficiency. Fig. S9a presents
the dark jV curves for fresh and target recycled substrates. The
overlap of the curves for both samples indicates that the target
recycling process does not adversely affect the recombination
processes in the solar cell. Fig. 5e illustrates the Vg, determi-
nation for fresh and target substrates, with the inset showing
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the schematic for an electron-only device. The Vig;, shows
a slight difference between the fresh (0.447 V) and target
substrates (0.503 V), having a slightly higher trap-filled voltage
with the trap density of the fresh sample at 1.20 x 10™ cm
and the target sample at 1.35 x 10" em™>, determined using
the formula described in the SI.

The statistical analysis of device parameters for PSCs coated
on SS, MS, and target substrates is depicted in Fig. 5f-i. The
analysis provides insights into the reproducibility and efficiency
of devices fabricated on SS, MS, and target substrates. Target
devices consistently showed the highest median values for Vg,
Jsc, and FF. MS devices perform intermediately, while SS devices
exhibit the lowest medians. Notably, target substrates demon-
strate the tightest distribution across all parameters, indicating
superior consistency. In contrast, SS substrates show the
broadest data spread, reflecting greater performance variability.
These results confirm that target devices achieve higher
performance values and better consistency, essential for reli-
able device operation. Fig. S9b shows that the target substrate
devices exhibit the highest shunt resistance (Ry,), indicating
minimal leakage current paths compared to MS and SS
substrates. Fig. S9c reveals that the target configuration also
achieves the lowest series resistance (R;), demonstrating
reduced resistive losses.**

Techno-economic impact of recycling for perovskite PV
technology

To assess the technoeconomic potential, we assumed a 100 MW
utility-scale power plant operating under a power purchase
agreement, with module efficiency ranging from 16% to 22%.
Fig. S10 shows the assembly line schematic for the sequential
manufacturing process from the front glass substrate through
ITO sputtering, three scribing steps (P1, P2, and P3), deposition
of functional layers (SnO,, perovskite, and spiro-OMeTAD),
metal electrode application, testing, sealing, and final
assembly, culminating in the completed photovoltaic device for
perovskite module fabrication. The system has a DC-to-AC ratio
of 1.4 (defined in the SI), a system lifetime between 5 and 30
years, and degradation rates between 0.5% and 5%. Additional
details, including yearlong weather data specific to the location
(Fig. S11a and b), technical module parameters, manufacturing
equipment specifications, utility-scale solar installation
parameters, technical central inverter parameters, cost break-
down of modules, various financial assumptions, and DC and
AC power losses, are provided in Tables S5-S12. Various module
component costs, such as glass, ITO, and others, were removed
during the cost calculation of the recycled module compared to
the fresh module. The levelized cost of electricity (LCOE)
calculations were conducted using the System Advisor Model
developed by the National Renewable Energy Laboratory, USA.*
The LCOE across different solar cell technologies offers valuable
insights into economic feasibility and competitiveness. Fig. 6a
shows the pie chart breakdown of the cost contributions of
various components used in PSC modules. Notably, the junc-
tion box accounts for 23.67%, followed by the front glass at
22.09%. The hole transport material, spiro-OMeTAD, also

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig.6 Techno-economic analysis of perovskite modules: (a) cost distribution of perovskite solar module components.>®* (b) Module cost (S per
m?) comparison between fresh and recycled perovskite modules at 35% material recovery across varying efficiencies (16-22%). (c—f) Real LCOE
(S per kWh) dependence on annual degradation rate, PCE, and material recovery for fresh and recycled modules. (g) LCOE reduction trend with
increasing material recovery percentages. (h) EPBT for perovskite modules with different component recovery scenarios.

constitutes a huge portion at 22.22%. The edge seal (12.28%)
and back glass (9.59%) further add to the overall costs, while
lamination (4.86%) and sputter ITO (4.1%) represent smaller
but still notable fractions. Interestingly, the active perovskite
layer contributes only 0.5% of the total cost, underscoring its
material efficiency and low expense relative to other compo-
nents. Additional elements such as SnO,, metal contacts,
interconnections, and solder wire collectively account for only
0.69%, classified under ‘others’. The bar chart in Fig. 6b illus-
trates a systematic comparison between fresh perovskite
modules and their recycled counterparts across multiple PCE
benchmarks (16%, 18%, 20%, and 22%), revealing consistent

© 2025 The Author(s). Published by the Royal Society of Chemistry

cost reductions achieved when glass substrates (front glass +
back glass + ITO + SnO,) are recovered and reintegrated into
manufacturing processes. At 16% module efficiency, fresh
perovskite modules demonstrate a manufacturing cost of
approximately $0.42 m~>, while recycled modules utilizing
recovered glass/FTO/SnO, substrates achieve a reduced cost of
$0.34 m >, representing a 19% cost reduction. This economic
advantage persists across all efficiency tiers. The cost differen-
tial becomes increasingly pronounced at higher efficiency
levels, with 20% of efficient modules exhibiting costs of $0.39
m > (fresh) versus $0.30 m ™2 (recycled) and 22% of efficient
modules achieving $0.37 m™~> (fresh) compared to $0.29 m >
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(recycled). The economic rationale for substrate recycling
becomes particularly evident when examining the cost distri-
bution illustrated in the companion pie chart, which reveals
that front glass (22.09%), back glass (9.59%), and related
components collectively constitute approximately 31.68% of
total module manufacturing expenses. Manufacturers can
reduce material input costs without compromising perfor-
mance characteristics by recovering and reusing these high-
value components. Notably, our recycling process maintains
the functional integrity of these components, preserving key
optoelectronic properties while eliminating the energy-
intensive manufacturing steps required for new component
production compared with other PV recycling technologies such
as silicon, CdTe, etc.'*'** The economic benefits quantified
here represent only direct material cost reductions and under-
estimate the comprehensive advantages of recycling strategies,
including reduced energy inputs and decreased waste
management expenses.* Fig. 6¢c-f present a comparative anal-
ysis of the real LCOE for fresh and recycled PV perovskite
modules under varying operational parameters, while
Fig. S12a-d show the nominal LCOE data with similar input
parameters. Fig. S13 shows the annual energy production per
year for a module efficiency of 22%, an annual degradation rate
of 0.5%, and a system lifetime of 30 years. These contour maps
visualize the economic implications of different system life-
times, degradation rates, and PCEs on the cost-effectiveness of
solar energy production using perovskite modules. Fig. 6c¢
illustrates the real LCOE (C per kWh) for fresh PV modules as
a function of system lifetime (10-25 years) and annual degra-
dation rate (0.5-2.0%). The LCOE values range from 7.06 to 13.3
¢ per kWh, with the highest value at low system lifetimes (10-12
years). As the system lifetime increases beyond 15 years, LCOE
values decrease significantly, reaching optimal values between 7
and 9 C per kWh at higher lifetimes and lower degradation
rates. However, a 5% annual degradation rate dramatically
increases the LCOE for perovskite-based modules from an
initial 7.06 ¢ per kWh to 23.86 ¢ per kWh, which represents
more than 3.5 times increase in LCOE, severely undermining
the technology's economic competitiveness. Fig. S14a and
b show system-generated annual energy production decline
over a 5-year period and depict various energy loss mechanisms.
Thus, for perovskite technology to meet current industry
warranty requirements, annual degradation rates must be
below 5%. The contour map in Fig. 6d shows the real LCOE for
recycled PV modules under identical parameter ranges. The
LCOE values span from 6.60 to 12.4 ¢ per kWh, consistently
lower than fresh modules under equivalent conditions. This
demonstrates the economic advantage of recycled modules,
with optimal performance achieved at higher system lifetimes
and lower degradation rates. The contour map in Fig. 6e
examines the fresh module LCOE as a function of PCE (16-22%)
and system lifetime (15-30 years). LCOE values range from 6.45
to 9.78 ¢ per kWh, with the lowest costs achieved at high effi-
ciency (21-22%) and extended lifetime (28-30 years) combina-
tions. The steep gradient in the green region (16-18 years)
indicates that extending the system lifetime beyond this
threshold delivers significant economic benefits, especially
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when coupled with higher PCE. Recycled modules consistently
demonstrate lower LCOE values (0.4-0.9 ¢ per kWh reduction)
compared to fresh modules under identical operational condi-
tions, as shown in Fig. 6f. System lifetime emerges as the most
influential parameter affecting the LCOE, with dramatic cost
reductions observed when extending operational lifespans
beyond 16 years for both module types. Annual degradation
rates below 1% improve economic performance, particularly for
systems with longer operational lifetimes. PCE demonstrates
a notable but less dramatic impact on the LCOE than the system
lifetime. Fig. 6g shows a pronounced negative correlation
between the percentage of material recovery and the resulting
LCOE. Data fitting was achieved using a hyperbola fit,
Y = ) + C, and the values of fitting parameters were ob-
tained as A = 8, B = 30.87, and C = 4.59. A steep decline in the
LCOE occurs as material recovery increases from 30% to
approximately 45%, where the LCOE drops to about 5.1C per
kWh, representing a reduction of 22%. Beyond 45% recovery,
the LCOE continues to decrease, though at a more gradual rate,
following a near-linear trend through the 50-95% recovery
range. At 95% material recovery, the LCOE reaches its
minimum value of approximately 4.6 ¢ per kWh, representing
a total reduction of nearly 30% compared to the 30% recovery
scenario. The findings indicate that research and development
efforts should focus on advancing recovery rates from low (30%)
to moderate levels (45-50%), as this range captures the steepest
segment of the economic benefit curve. The inset summarizes
key module material recovery components: a 35% recovery rate
corresponds to the reclamation of ITO, SnO,, front glass, and
back glass, while a 45% recovery rate includes additional
materials such as Cu, interconnections, and solder wire lami-
nation. Fig. 6h illustrates the energy payback time (EBPT) for
fresh and recycled perovskite modules with varying levels of
component recovery. Table S13 shows the primary energy
demand for various components of the perovskite module. The
fresh device exhibits the highest EBPT, approximately 60 days,
indicating the longest time required to recover the energy
invested in its production. In contrast, recycled devices show
significantly reduced EBPT values depending on the compo-
nents recovered. When only the frame, glass, ITO, and SnO, are
recovered, the EBPT drops dramatically to around 10 days,
representing the most energy-efficient recovery scenario.
Recovering just the frame and glass results in a moderate EBPT
of about 20 days, while recovering metal along with glass, ITO,
and SnO, leads to an EBPT close to 40 days. Fig. 7 shows the
scatter plot comparing LCOE values (¢ per kWh) with PCE% for
various solar cell technologies published in the literature. PSCs
exhibit a wide range of PCE values, from approximately 16% to
25%, with corresponding LCOE values ranging from 3 ¢ per
kwh to 14.5 ¢ per kWh. This variability reflects ongoing
advancements in perovskite technology and its potential for
achieving high efficiency and competitive electricity costs.
Silicon solar cells show a similar range of efficiencies (15-28%)
but tend to achieve lower LCOE values between 3 ¢ per kWh and
8 ¢ per kWh due to their mature manufacturing processes and
widespread adoption. CIGS (Copper Indium Gallium Selenide)

© 2025 The Author(s). Published by the Royal Society of Chemistry
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technology demonstrates PCE values between approximately
14% and 20%, with LCOE values ranging from 2.5 ¢ per kWh to
5.5 ¢ per kWh, indicating strong economic performance in
certain applications. Tandem configurations involving perov-
skite layers exhibit promising results. Two-terminal perovskite—
perovskite (2T P/P) tandems achieve ~12 ¢ per kWh at ~15%
PCE, while two-terminal perovskite-silicon (2T P/S) tandems
reach ~5-6 ¢ per kWh at efficiencies exceeding 27%. Four-
terminal cadmium telluride/CIGS tandems (4T CdCI) demon-
strate even lower LCOE values (~4-5 € per kWh) at similar high
efficiencies (~26-28%). Cadmium telluride (CdTe) technologies
show varying performance metrics across LCOE values (~2-9 C
per kwWh), reflecting their adaptability in different market
segments. The scatter plot underscores that while standalone
perovskite cells are competitive, tandem configurations
combining perovskites with silicon or other materials can
achieve superior efficiency and lower electricity costs, making
them highly attractive for commercial deployment.

Conclusions

The persistent challenge of residual impurities in end-of-life
perovskite solar cells presents a significant barrier to effective
recycling and reproducible device fabrication. In this study, we
systematically characterized the residual signatures left by two
prevalent recycling protocols, the SS and MS methods, following
perovskite layer dissolution. Advanced surface and composi-
tional analyses revealed that both approaches leave behind
trace contaminants, notably C, Cs, and Pb, which compromise
substrate quality and limit their reuse in high-efficiency PSCs.
To address these limitations, we implemented a novel post-
treatment protocol that substantially reduces residual impuri-
ties, enabling the recovery of EOL substrates to a near-pristine
state. Devices fabricated on these post-treated substrates
demonstrated highly reproducible performance, with a power
conversion efficiency variation of just 2.5% across 16 devices, in
stark contrast to the 6% variation observed with conventional SS
recycling. This clear correlation between impurity removal and
device performance underscores the critical importance of tar-
geted posttreatment for reliable PSC fabrication. Our

© 2025 The Author(s). Published by the Royal Society of Chemistry

comprehensive techno-economic analysis further highlights the
substantial benefits of this recycling methodology. Specifically,
the approach yields reductions in the levelized cost of electricity
(by 0.4 to 0.9 ¢ per kWh) and energy payback time (by 20 to 40
days) for utility-scale PSC installations. These gains are most
pronounced in scenarios featuring high device efficiency,
extended operational lifetimes, or reduced degradation rates.
Moreover, component-specific recovery, such as glass, ITO,
junction boxes, and metal frames, delivers additional economic
advantages, reinforcing the value proposition of advanced
recycling. Collectively, this work establishes a robust, experi-
mentally validated framework for the high-yield, economically
viable, and environmentally responsible recycling of PSCs. The
findings advance the field toward sustainable large-scale
deployment of perovskite photovoltaics by integrating innova-
tive recycling protocols with rigorous techno-economic valida-
tion. Future scope of this work involves investigating alternative
chemical methods for gentle removal to eliminate residual
impurities without harming the underlying substrate, exam-
ining the impact of the proposed protocol on different archi-
tectures of perovskite solar cells, and addressing challenges
linked to encapsulation removal in perovskite devices and
modules.

Experimental section
Chemicals

The chemicals used in this study were used as received from the
company without further purification. 15% tin(iv) oxide in H,O
colloidal dispersion was purchased from Alfa Aesar. Hellmanex
soap and spiro-OMeTAD (99%) were purchased from Sigma-
Aldrich. Trimethylpropylammonium bi-
s(trifluoromethanesulfonyl)imide (98%), lead iodide (PbI,)
(99.99%), formamidinium iodide (FAI) (99.99%), methyl-
ammonium bromide (MABr) (98.0%), lead bromide (PbBr,)
(98.0%), cesium iodide (CsI) (99.0%), 4-tert-butylpyridine
(96.0%), and lithium Dbis(trifluoromethanesulfonyl)imide
(98.0%) were purchased from Tokyo Chemical Industry (TCI).
Isopropanol (99.5%), acetone (99.5%), dimethyl sulfoxide
(DMSO) (99.0%), N,N-dimethylformamide (DMF) (99.5%),
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acetonitrile (ACN) (99%), and chlorobenzene (CB) (99.5%) were
purchased from Merck. 2.2 mm-thick FTO-coated glass plates
with 15 Q per square sheet resistance were purchased from
Greatcell Solar Materials. HCI (37% by weight), KOH (pellets,
99.99%), and KCl (pellets, 99.5%) were purchased from Sigma-
Aldrich.

Device fabrication

All the devices and films for characterization were fabricated
under air ambient conditions with controlled humidity (25%
RH). FTO glass substrates (TEC-15) of 2.5 x 2.5 cm”* area were
cleaned thoroughly with detergent (2% Hellmanex in DI water),
acetone, and isopropyl alcohol (IPA) by ultrasonication for 30
minutes each. The nitrogen dried FTO substrates were further
treated with UV-ozone cleaning for 20 minutes. A thin layer of
SnO, film was spin-coated on the cleaned FTO substrates. 15%
tin(v) oxide in H,O colloidal solution was diluted 1:5 V/V in DI
water for the deposition. The prepared solution was sonicated for
30 minutes, followed by stirring for 10 minutes at 600 rpm. Then,
150 mL of solution was used to deposit each SnO, layer, spinning
at 3000 rpm (rotations per minute) for 30 seconds. Then, SnO,
spin-coated substrates were dried at 120 °C for 60 minutes. The
perovskite substrate was pre-treated using 30 mM KCl salt di-
ssolved in DI water and post-dried at 120 °C. The FA/MA/Cs
perovskite films were spin-coated from a precursor solution
containing FAI (1 M), Pbl, (1.1 M), MABr (0.2 M), and PbBr, (0.2
M) in anhydrous DMF : DMSO (4 : 1 (v/v)) with CsI (1.5 M, with the
desired amount in DMSO). The Cs/FA/MA solution was vigorously
stirred at 810 rpm at 65 °C for 60 min, then 80 pL of this solution
was dropped on the substrate and spin-coated at 0 rpm for 5 s,
then 1200 rpm for 12 s, and the spin rate was accelerated to
6000 rpm for 30 s. Antisolvents were dripped at the 23rd second.
After spin coating of the precursor solution, the substrates were
transferred to the hot plate and heated at 102 °C for 60 min. The
perovskite substrates were covered with a glass Petri dish in all
cases. After cooling down to 60 °C, the spiro-OMeTAD hole
transport layer (HTL) was spin-coated on top of the perovskite
film at 2000 rpm for 30 s from an 8 wt% solution of spiro-
OMeTAD in chlorobenzene solution containing additives of
24.66 pL lithium bis(trifluoromethanesulfonyl)imide and 5.75 uL
4-tert-butylpyridine. Before metal coating, all the samples were
kept overnight for ageing in a dry room. Finally, an Au metal
electrode of about 100 nm was thermally evaporated on top of the
spiro-OMeTAD layer. Various samples deposited on the fresh
substrate FTO/SnO, are termed ‘fresh’ throughout the manu-
script. Devices were fabricated on a recycled substrate by
repeating the same protocol as described above. For an electron-
only device, a LiF layer of a few nm was deposited using thermal
evaporation.

Process of recycling

Single solvent (SS) recycling process. The end-of-life perov-
skite solar cells were processed to recycle FTO substrates by
peeling off the gold electrode using Scotch tape. The remaining
device layers were dissolved in DMSO solvent. Recovered
substrates underwent cleaning with DI water, acetone, IPA, and
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UV-ozone (UVO) treatment before reuse in perovskite device
fabrication. These substrates are labelled as ‘SS’ in the
manuscript.

Multi-solvent (MS) recycling process. The gold electrode was
delaminated using ethyl acetate. Subsequent steps included
dissolving the HTL in chlorobenzene (CB) with 10-minute
sonication, removing MAI, FAI, and CsI via DI water sonication
(10 minutes), and dissolving Pbl, residues with DMSO. Recov-
ered substrates were cleaned with DI water, acetone, IPA, and
UVO treatment. These substrates are labelled as ‘MS’
throughout the manuscript.

Target recycling process. This method follows the MS recy-
cling steps for gold delamination, HTL dissolution, cation
removal, and Pbl, dissolution until substrates with high
residual impurities are recovered. The cleaning protocol was
enhanced by adding sequential treatments with potassium
hydroxide (KOH, 0.5-0.9 M in DI water) to neutralize organic
residues, rinse with DI water, followed by an acid wash using
hydrochloric acid (HCl, 37%, diluted 1: 8 v/v in DI water) and
further rinse with DI water to eliminate inorganic traces. After
rinsing with DI water, substrates underwent UVO treatment.
This improved the surface properties for subsequent perovskite
device fabrication. Standardized UVO treatment across all
samples ensured that any observed differences in contact angles
across different samples are primarily attributable to the pres-
ence of residual impurities and their effects on surface affinity
for perovskite precursors, rather than variations in surface
oxidation states caused by differential UVO exposure.

Device characterization. Morphological, structural, and
optical characterization experiments were performed using
a scanning electron microscope (Zeiss MERLIN), an X-ray
diffractometer (D8 Discover, Bruker) with a Cu Ka radiation
source, and a UV-Vis spectrometer (UV-1800, Shimadzu),
respectively. Topographical analysis was conducted with an Agi-
lent 5500 atomic force microscope (AFM). Photoluminescence
measurements were carried out using a Horiba iHR 320 spec-
trometer, while time-resolved photoluminescence (TRPL) was
measured with a Horiba Fluorolog-QM Microspectrometer.
Contact angle measurements were performed using a Data-
Physics goniometer (Model OCA 15 Pr) with a droplet volume of
10 uL, and X-ray photoelectron spectroscopy (XPS) was conducted
with a PHI 5000 VersaProbe III system. Device performance was
evaluated under ambient conditions (relative humidity, 15-85%),
with devices stored after measurement in a humidity-controlled
dry room (15-40% RH) and covered with aluminium foil.
Photovoltaic measurements were performed under simulated
AM 1.5G illumination, 100 mW c¢m™>, provided by a PEC-L01
solar simulator from Peccell Technologies. Current-voltage (/-
V) characteristics for devices with an active area of 0.09 cm” were
measured using a Keithley 2450 Source Measure Unit, and dark j-
V measurements were conducted over a voltage range of —1.5 to

1.5 V at a scan rate of 20 mV s~ %,
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