
EES Solar

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

3 
M

ay
 2

02
5.

 D
ow

nl
oa

de
d 

on
 1

/2
2/

20
26

 1
1:

54
:5

1 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Circular managem
aDepartment of Chemistry, INSTM, Univers

Pavia, Italy. E-mail: giulia.grancini@unipv.
bInnovation Laboratory & Printable Electron

Nano-Tech and Nano-Bionics (SINANO),

Ruoshui Road 398, Suzhou, 215123, China
cSystems Engineering, College of Engineerin

USA
dRobert Frederick Smith School of Chemica

University, Ithaca, NY 14853, USA
eCornell Atkinson Center for Sustainability, C

† Electronic supplementary informa
https://doi.org/10.1039/d4el00004h

Cite this: EES Sol., 2025, 1, 378

Received 13th September 2024
Accepted 26th April 2025

DOI: 10.1039/d4el00004h

rsc.li/EESSolar

378 | EES Sol., 2025, 1, 378–390
ent of perovskite solar cells using
green solvents: from recycling and reuse of critical
components to life cycle assessment†
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Environmental needs and international regulations urgently ask for a robust practice for the recycling and

reusing of critical components of perovskite solar cells (PSCs) to reduce the primary material demand and

energy consumption. This work demonstrates a circular approach based on green solvents to refurbish

critical materials of PSCs, i.e. SnO2-coated indium tin oxide substrates, PbI2 and Spiro-OMeTAD. Using

such recovered materials (and purifying the employed solvents) we fabricate PSCs in an iterative way

keeping 98.4% of the initial average efficiency. This comes from an efficient re-utilization of single

components, as rationalized by investigating interfaces and device properties upon each recycling step.

Concomitantly, we compare the proposed recovery strategy with the conventional landfill treatment for

PSCs and silicon photovoltaics through a comparative life cycle assessment (LCA). LCA results reveal that

the recovery scenario is preferable to landfilling in reducing energy requirements and environmental

footprint.
Broader context

With more than 90% of the global economy still being linear, we almost exclusively rely on new, virgin raw materials (including minerals, ores, biomass and
fossil fuels). Therefore, shiing our mindset towards circularity is crucial, especially at the design stage of new products. In this work we propose a recovery
method to reuse and recycle critical materials from perovskite solar cells (PSCs), new photovoltaic technologies now entering the market. Materials are
refurbished employing green solvents and utilised to fabricate recovered PSCs. To close the loop, solvents are restored and re-inserted in the recovery process.
The developed method results to be more sustainable than the landll scenario and environmentally advantageous even aer its third iteration.
Introduction

Among emerging photovoltaics (PVs), perovskite solar cells
(PSCs) stand out as promising candidates to advance towards
carbon neutrality by 2050, due to their low energy payback time
(in the order of months) and levelized cost of electricity and
their outstanding record power conversion efficiency (PCE) of
ity of Pavia, Via T. Taramelli 14, 27100
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tion (ESI) available. See DOI:
26.7%.1–4 The International Energy Agency (IEA) has recently
reported that the global manufacturing capacity for solar PVs
will likely more than double in the next ve years, in alignment
with the milestones set to reach Net Zero by 2050.5 The rapid
expansion of photovoltaic (PV) systems has prompted countries
across the globe to enforce extended producer responsibility
(EPR) on PV manufacturers, requiring them to take responsi-
bility for the collection and recycling of their PV product waste.
This is reected in regulations such as theWEEE Directive 2012/
19/EU in the European Union, as well as similar legislation in
Asia and the United States. Indeed, the International Renewable
Energy Agency stated that 60 Mt of solar PV waste will be
generated worldwide by 2025,6 while other studies predicted
scenarios considering between 50 (best-case) and 160 (worst-
case) million metric tons of PV module waste.6 Although these
numbers are much smaller compared to the waste generated by
other sources of energy (i.e. coal ash and oil),6 conceiving end-
of-life strategies for deployed PV panels becomes crucial to
limiting their dependence on virgin raw materials and lowering
© 2025 The Author(s). Published by the Royal Society of Chemistry
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energy consumption.7 PSC manufacturers recently started to
advertise their rst commercial products and the PSC market
size is forecasted to steadily grow in next years.8,9 Moreover,
since environmental impacts of up to 80% of products are
determined at the design phase, foreseeing an end-of-life
strategy for PSCs is likewise fundamental.10 With material
management accounting for two-thirds of global greenhouse
gas emissions, a circular economy approach should be consid-
ered.11 Indeed, the reduction of primary material consumption
is a key aspect for environmental, economic, and social
sustainability. It is directly linked to natural resource conser-
vation, environmental impacts, climate change, and economic
efficiency. Additionally, stricter regulations and the demand for
responsible business practices encourage companies to reduce
primary resource use.12–16 The scarcity of some nite resources
makes this transition even more urgent. Circular economy is
a model of production and consumption that aims to reduce
waste to a minimum and, once a product reaches its end of life,
to create further value by recycling the contained materials and
keeping them within the economy.17

Several studies have been conducted to recover critical
components of PSCs, such as transparent conductive oxide
(TCO)-coated substrates18–23 and toxic lead iodide (PbI2).24–29

Efforts have also been made to simultaneously recover those
and other critical components of PSCs.30 Many published
studies, however, employ harmful and toxic solvents to collect
and recover the various components of PSCs. Indeed, although
achieving comparable or even higher PCEs for recycled devices
with respect to fresh devices, several studies employ N,N-
dimethyl formamide (DMF) to dissolve the perovskite layer.31–33

DMF is a fetotoxic solvent, it is harmful if inhaled and if in
contact with skin and it is included in the candidate list of
substances of very high concern, as part of the regulation of the
European Chemicals Agency.34 Therefore, its use should be
limited if possible. Feng et al. used butylamine, due to its
suitable boiling point and solubility, to dissolve the perovskite
and to recrystallize high purity methylammonium lead iodide
(MAPbI3) crystals.35However, butylamine is classied with acute
toxicity, skin corrosion and ammability hazard statements.36

On the other hand, Wang et al. adopted a greener method to
dissolve the perovskite layer, employing methylamine and
reusing the obtained “liqueed perovskite”, upon addition of
acetonitrile, to re-fabricate the active layer.37 Nevertheless, they
used methylamine together with tetrahydrofuran (THF) to
create a so-called “bleacher solution” that simultaneously
dissolves the hole-transport layer (HTL) and the perovskite layer
of the PSC. Although this method enables the selective collec-
tion of all components of the PSC in one single step, the use of
THF is not as convenient, since THF is a suspected carcinogenic
substance.38,39 Hence, a process that simultaneously recovers all
critical components of PSCs using safe and environmentally
friendly solvents is still lacking.

Herein, we propose a multistep process that enables the
recovery of several critical components of PSCs, such as the tin
oxide (SnO2)-coated indium tin oxide (ITO) substrates, the toxic
PbI2 and the expensive N2,N2,N20,N20,N7,N7,N70,N70-octakis(4-
methoxyphenyl)-9,90-spirobi[9H-uorene]-2,20,7,70-tetramine
© 2025 The Author(s). Published by the Royal Society of Chemistry
(Spiro-OMeTAD), with the use of green and safe solvents, i.e.
deionized water (DI H2O), ethanol (EtOH) and ethyl acetate
(EtOAc),40,41 which are puried by distillation to be inserted in
the recovery loop. Although Spiro-OMeTAD may not be the best
candidate for achieving high long-term stability in devices, we
believe that, due to the similar chemical properties of the HTL
used, our method could be applied to other HTL compositions.
To test the efficacy of our method, we fabricated PSCs employ-
ing fresh and recovered materials and compared their PV
performances. Moreover, to understand the contribution of
each recovered component to the recycled device performance,
we studied single-component recovery processes and compared
the optical, electronic, morphological and compositional
properties of fresh and recovered materials. Furthermore, we
assessed through a life cycle assessment (LCA) the environ-
mental footprint reduction and energy return benets of our
recovery process in comparison to those obtained by the same
type of analysis for both landll treatment of PSCs and silicon
PVs. This evaluation was performed considering various
possible module lifetimes and recovery iterations.
Experimental
Materials

Acetone ($99.8%), 2-propanol (IPA, $99.8%), ethanol (EtOH,
absolute, $99.8%), ethyl acetate (EtOAc, $99.5%),
N2,N2,N20,N20,N7,N7,N70,N70-octakis(4-methoxyphenyl)-9,90-spi-
robi[9H-uorene]-2,20,7,70-tetramine (Spiro-OMeTAD, 99%),
bis(triuoromethane)sulfonimide lithium salt (Li(TFSI),
99.95%), acetonitrile (ACN, anhydrous, 99.8%), and 4-tert-
butylpyridine (4-tBP, 98%) were purchased from Sigma-Aldrich.
Hellmanex III cleaning concentrate was purchased from
Hellma. Tin(IV) oxide (SnO2, 15% in H2O) was purchased from
Alfa Aesar. Lead iodide (PbI2, >98.0%) was purchased from TCI.
Formamidinium iodide (FAI, >99.99%), methylammonium
chloride (MACl) and 4-methylphenethylammonium chloride
(MePEACl) were purchased from GreatCell Solar Materials.
Chlorobenzene (CB, extra dry, 99.8%), dimethyl sulfoxide
(DMSO,$99.9% Extra Dry), and N,N-dimethylformamide (DMF,
99.8%, Extra Dry) were purchased from Acros Organics.
Device fabrication

ITO-coated glass substrates were cleaned in acetone and IPA by
sonicating for 15 minutes in each solvent. Substrates were then
dried with a N2 airow and subjected to oxygen-plasma treat-
ment for 10 minutes. SnO2 colloidal dispersion was diluted to
10 wt% in water, spin-coated onto ITO/glass substrates and
annealed at 150 °C for 30 minutes. Subsequently, SnO2-coated
substrates were UV-ozone treated for 30minutes. To prepare the
perovskite precursor solution (1.2 M), PbI2, FAI and MACl
(35 mol%) were dissolved in DMF : DMSO = 4 : 1, with 5 mol%
PbI2 excess. The precursor solution was spin-coated onto SnO2-
coated substrates, 150 mL of chlorobenzene was dropped 10
seconds aer the beginning of the spin-coating process for the
antisolvent procedure and the substrates were annealed at 150 °
C for 30 minutes. Subsequently, the FAPbI3 perovskite layer was
EES Sol., 2025, 1, 378–390 | 379
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passivated with aMePEACl solution 0.01M in IPA.42 To fabricate
the hole-transport layer, Spiro-OMeTAD was dissolved in CB
(80 mgmL−1) and 17.5 mL of Li(TFSI) (500mgmL−1 in ACN) and
28.8 mL of 4-tBP were added to 1 mL of solution. The doped
solution was spin-coated onto the perovskite layer. Finally,
80 nm of Au was thermally evaporated on the device, producing
devices of 0.045 cm2 active area as a result of the overlapping
area between the ITO and the metal contact.
Devices and solvent recovery

ITO/SnO2 substrates were recovered from end-of-life PSCs,
while PbI2 and Spiro-OMeTAD were recycled from standard
devices fabricated with either the drop-cast perovskite or drop-
cast hole transport layer (HTL), depending on the layer that is
intended to be recycled. The fabrication of drop-cast layers that
provide similar material quantities to large-area modules is
necessary because of the small area of lab-scale PSCs, which
yields only hundreds of nanograms of perovskite material and
HTL, preventing any recovery attempt. Devices were dipped in
EtOAc to dissolve the Spiro-OMeTAD layer and induce Au
delamination. Au akes were collected by ltration while Spiro-
OMeTAD was puried from Li(TFSI) and 4-tBP dopants by
extraction with MilliQ H2O. Puried Spiro-OMeTAD powder was
collected by rotary evaporation. Subsequently, substrates were
dipped into DI H2O and sonicated for 10 minutes to dissolve the
perovskite layer. PbI2 was precipitated by EtOH addition and re-
collected by centrifugation. PbI2 powder was puried by re-
dispersion with EtOH, followed by centrifugation, for four
times and then evaporated under reduced pressure and dried at
80 °C for 4 hours. The obtained ITO/SnO2 substrates were
further cleaned by sonication in cleaning solution for 10
minutes, DI H2O for 10minutes, acetone for 15minutes and IPA
for 15 minutes. Substrates were then dried with a N2 ow and
subjected to UV-ozone treatment for 30 minutes prior to reuse.
To fabricate recovered devices, restored ITO/SnO2, recycled PbI2
and recycled Spiro-OMeTAD were employed either simulta-
neously or singularly adopting the same procedure used to
fabricate fresh PSCs. For multiple recovery iterations, recovered
components were subjected to the same recovery procedure
multiple times. EtOAc, EtOH and DI H2O solvents were puried
employing a simple distillation apparatus. The recovery yield
for each material was calculated with eqn (1) and averaged
between three replications:

Recovery yieldsingle component ¼
mass of recovered material

mass of initial material
� 100

(1)

Recovery yield for the all-component-recovered devices was
calculated as a weighted mean with eqn (2):

Recovery yieldall components ¼
P�

mass of recovered material � recovery yieldsingle component

�

P
mass of initial material

(2)
380 | EES Sol., 2025, 1, 378–390
The glass substrate mass was not included in the calculation
of the all-component recovery yield since it is not an active layer.
Moreover, Au was also excluded from the calculation since its
recollection by ltration would yield almost 100% recovery yield
but, due to lab-scale fabrication limitations, it could not be re-
deposited onto recovered PSCs.

It is worth noting that, since our recycling approach relies on
straightforward techniques such as device dipping, solvent
ltration, and/or distillation, we are condent that our
approach is compatible with industrial-scale processes. Addi-
tionally, the design of the recovery protocol for degraded layers
is a key aspect in this eld, as it simulates realistic operating
conditions.43,44However, in our work, we decided to focus on the
recycling of fresh layers, without considering the evaluation of
the recovery process on degraded ones. This decision is moti-
vated by our goal to provide a solid proof of concept for the
recycling of all components of the device, even considering
multiple iterations.
Current density–voltage characteristics

Current density (J)–voltage (V) measurements were acquired
using aWavelabs SINUS-7000 solar simulator and a Keithley 2400
sourcemeter. The simulated 1 Sun AM1.5G illumination was
calibrated using a certied Si reference cell (Open RR-1002, KG5
window). Devices were measured in an ambient atmosphere, at
room temperature, in the reverse and forward scan in the 0–
1.2 V voltage range at 130 mV s−1 scan rate. During measure-
ment, a metal shadow mask with an aperture area of 0.03 cm2

was used.
Incident photon-to-current efficiency

IPCE measurements were performed with a Cicci Research
Arkeo steady-state test module. The wavelength scan range was
set between 300 and 900 nm with a scan step of 10 nm.
Scanning electron microscopy

SEM analyses were carried out using a Zeiss EVO MA10 (Carl
Zeiss, Oberkochen, Germany). SEM images were recorded with
a SEM (Regulus8230) under 5 kV electron beam acceleration
voltage.
Time-of-ight secondary ion mass spectroscopy

ToF-SIMS surface and bulk analyses were performed with
a TOF-SIMS 5–100, with the pulsed primary ions from a Cs+ (2
keV) ion gun for sputtering and a Bi+ ion beam (30 keV) for
analysis.
Time-resolved photoluminescence

TRPL curves were collected using a customised optical setup in
which the excitation was provided by a pulsed/CW laser at
470 nm (PicoQuant) with a spot diameter of z30 mm. The
luminescence was analysed with an interferometer (GEMINI by
Nireos) and recorded with a single photon detector (IDQuan-
tique) coupled with a Time Tagger (Swabian Instrument). The
© 2025 The Author(s). Published by the Royal Society of Chemistry
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scan was performed in pulsed mode (repetition rate of 5 MHz)
using an energy uence of 0.2 mJ cm−2.

Decay curves were tted with a bi-exponential t function,
reported in eqn (3):

yðtÞ ¼ A1 e
� t
s1 þ A2 e

� t
s2 (3)

where s1 and s2 are the lifetimes of two different decay channels
for photogenerated charge carriers and A1 and A2 are the relative
amplitudes.

Transient photocurrent and transient photovoltage

TPV and TPC analyses were performed with a commercial
apparatus (Arkeo, Cicci Research s.r.l.) based on a high-speed
Waveform Generator that drives a high-speed LED (5000
kelvin). The device is connected to a transimpedance amplier
and a differential voltage amplier to monitor short circuit
current or open circuit voltage. Measurements were conducted
under 1 Sun illumination and constant bias was perturbed with
short light pulses of 200 ms width.

Decay curves were tted with a mono-exponential t func-
tion, reported in eqn (4):

yðtÞ ¼ A e�
t
s (4)

where s is the lifetime and A is the amplitude.

X-ray photoelectron spectroscopy

XPS analysis was conducted with a PHI 5000 VersaprobeII
system coupled with an Al X-ray source. X-ray beam voltage was
set to 15 kV.

Atomic force microscopy

AFM images were acquired with a TriA-SPM microscope (A.P.E.
Research S.r.l., Trieste, Italy) in non-contact mode, using
NSC15/AI BS probes (Mikromasch – Innovative Solutions Bul-
garia Ltd) and scanning areas of 5× 5 mm and 10 × 10 mm. AFM
images were edited with Gwyddion36 and root mean square
roughness (Rq) data were processed with the specic soware
function.

UV-vis spectroscopy

UV-Vis spectroscopy measurements were performed employing
a PerkinElmer LAMBDA 1050+ UV/Vis/NIR spectrophotometer.
To generate the calibration line, measurements were replicated
three times for each concentration and all acquisitions were
repeated three times.

X-ray diffraction

XRD patterns were acquired using a Bruker D2 X-ray diffrac-
tometer coupled with a Cu X-ray tube (l = 1.5418, 300 W, 30 kV)
and a Lynxeye (1D mode) detector. Measurements were per-
formed adopting 0.02° step size and 1 step per s scan rate.

Proton nuclear magnetic resonance spectroscopy
1H-NMR spectra were recorded on a Bruker Advance 400 MHz.
© 2025 The Author(s). Published by the Royal Society of Chemistry
Fluorometric analysis

Fluorometric analysis for solvent contamination assessment
was conducted employing a uorometric Pb detection system,
based on the Pb-selective BODIPY uorophore that emits when
the analyte – Pb in this case – is detected.45 Fluorescence spectra
were recorded with an Agilent Cary Eclipse spectrouorometer,
at a scan rate of 600 nm min−1, in the 495–600 nm interval,
manual voltage 550 V, with bandwidth of excitation and emis-
sion slits at 5 nm. Measurements were replicated three times for
each sample and all acquisitions were repeated three times.
Statistical analysis

OriginPro 2018 soware was employed to perform statistical
analysis. For photovoltaic parameters and TRPL lifetime and
amplitude values, dataset was arranged in box charts, where
whiskers limit the 1.5 interquartile range, the box identies the
25th and 75th percentiles and the horizontal line represents the
average value. Sample size (n) is reported for each analysis. For
TRPL lifetime and amplitude values, average values with error
bars are also reported.
Life cycle assessment modelling

In conducting our LCA, we have evaluated a variety of envi-
ronmental impacts utilizing the PEF methodology.46,47 Our
analysis uses one square meter of PSC module area as the
functional unit.48 However, it does not imply the actual size of
the commercial solar panels.49,50 Previous LCA studies on PSCs
have shown that even minimal usage of precious metals in
electrodes can signicantly impact most environmental cate-
gories.51,52 As a result, using costly electrode materials, like gold
and silver, may not be sustainable for large-scale PSC produc-
tion. Therefore, we use non-precious transition metals, partic-
ularly copper, as potential replacements for noble metals in
manufacturing PSCs.53

We developed a comprehensive life cycle inventory (LCI)
dataset detailing material and energy ows at each life cycle
stage for the studied perovskite solar cell. This dataset material
and energy utilization calculations draw upon experimental
data from cell production and recycling stages. We converted all
energy forms into their electrical equivalents, which is in line
with standard practices found in the literature.51 Moreover, for
processes expected to be upscaled to industrial levels, our
energy and material consumption evaluations are based on
extrapolations from the existing literature.54

We organized the results using various impact metrics in the
life cycle impact assessment (LCIA) phase. The LCIA data for the
perovskite solar cell provided valuable insights into how the
materials used and the processes involved contribute to
different environmental impact indicators. The sustainability
metrics were analysed considering several recycling iterations
and specic PSC lifetimes. These analyses allowed us to make
data-driven recommendations for enhancing the proposed
recycling method sustainable deployment and periodic
maintenance.
EES Sol., 2025, 1, 378–390 | 381
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Results and discussion
Recovery protocol

To design our recovery method, we followed the waste hierarchy
reported in the EU directive 2008/98/EC, which denes the
order of actions that should be taken to manage waste.55 The
hierarchy, from most to least preferred, goes through preven-
tion, reuse, recycling, other recovery and disposal.55 Therefore,
where possible, we reused components instead of recycling raw
materials. More specically, we dene the reuse of ETL-coated
TCO substrates as “restoration” since the process involves
some steps to return to their initial condition. The word
“recovery” will be used hereaer to identify processes that
involve both recycling and restoration. Moreover, we employed
the CHEM21 solvent guide, which combines safety, health and
environmental criteria with LCA considerations, to select the
safest and most environmentally friendly solvents.41

Fig. 1(a) presents a schematic illustration of the process
adopted to recycle and restore, by selective dissolution, different
layers of nip PSCs, whose architecture is reported in the
scheme. All recovered components were used to re-fabricate
PSCs and the employed solvents were puried by distillation.
In order to test the efficacy of our recovery method, we
compared the PV performances of PSCs fabricated with recov-
ered and fresh materials and investigated the properties of the
obtained materials. Fig. 1(b) displays the recycling yield for
single-component and all-component recovery processes,
calculated as percentage of mass recovered. The recovery yields
for all-component-recovered devices are close to 100% for ITO/
SnO2, 99.1 ± 0.3% for PbI2 and 89 ± 4% Spiro-OMeTAD, ulti-
mately leading to a weighted mean of 81 ± 2% for the full
recovery stack. Moreover, Fig. 1(b) summarizes the PV param-
eter percentage loss for recovered PSCs with respect to fresh
PSCs, in the case of both single-component and all-component
recovery processes. Note that Fig. S23–29† report the PV
parameter distribution of devices fabricated with the non-
optimized recovery procedure. While PbI2 recycling does not
induce signicant PV performance variation, ITO/SnO2 resto-
ration mainly impacts the average short-circuit current density
(JSC) and the average ll factor (FF), which are reduced by 3.0%
and enhanced by 3.6%, respectively. Likewise, Spiro-OMeTAD
recycling produces a great enhancement of the average FF
(increasing it by 5.5%). These results are reected in the
performance of the all-component-recovered devices, where
a great enhancement in the average FF (increase of 7.5%)
compensates for an open-circuit voltage (VOC) and JSC decrease
(decrease of 3.9% and 4.8%, respectively). The PCE, VOC, JSC, FF
and hysteresis index (HI) statistical analyses for fresh and all-
component-recovered PSCs are reported in Fig. 1(c) and S1
(ESI).† For PSCs fabricated by simultaneously employing all
recovered components, there is a 98.4% PCE retention with
respect to fresh PSCs, which is a demonstration of the effec-
tiveness of our recovery method. Incident photon-to-current
efficiency (IPCE) and integrated current density curves for
fresh and recovered devices are presented in Fig. S2 (ESI).† In
order to further investigate the properties of the recovered
382 | EES Sol., 2025, 1, 378–390
devices, we acquired scanning electron microscopy (SEM) cross-
sectional images and performed time-of-ight secondary ion
mass spectroscopy (ToF-SIMS) analysis, whose results are pre-
sented in Fig. 1(d). Spiro-OMeTAD and ITO/SnO2 layers display
comparable morphology to fresh ones, while the for-
mamidinium lead iodide (FAPbI3) perovskite layer fabricated
with recycled PbI2 presents more grain boundaries than the
FAPbI3 fabricated with fresh PbI2, whose implications will be
further investigated later on in the paper. ToF-SIMS analysis,
superimposed to SEM images, for Au, C, PbI2 and In does not
show any relevant difference between fresh and recovered
devices, again conrming the efficacy of our protocol. Further-
more, we tested the effect of multiple recovery iterations on the
PV performance of our PSCs. Results are presented in Fig. S3
(ESI),† where VOC, JSC, FF and PCE box charts are provided for
fresh devices as well as for the rst, second and third recovery
iterations. When going from fresh materials to third-time
recovered components, 84.2% of the original average PCE is
maintained. While JSC remains almost constant from the rst to
the third recovery iteration, VOC and FF progressively decrease.
On one hand, the VOC trend can be correlated with the
progressive VOC reduction displayed by PSCs fabricated with
multiple times restored ITO/SnO2 substrates (see Fig. S4, ESI†).
On the other hand, the FF reduction trend cannot be ascribed to
one single material recovery process, but it results from
a convolution of several effects that multiple recovery iterations
have on PSC performance. Despite the iteration of the recovery
process resulting in a decline in the PV parameters, we believe
that, with continuous advancements in the lifetime of state-of-
the-art perovskite solar cells—at least reaching a level compa-
rable to that of silicon-based technologies—and its relative
mass scale production, our recovery protocol could ensure the
use of the same materials for over half a century. Indeed,
Fig. S3† shows a negligible decrease in the PV parameters aer
one recovery cycle, and a decrease of around 10% aer the
second cycle.
Single-component recovery

To understand each single-component contribution to the all-
component-recovered devices, we fabricated PSCs employing
either restored ITO/SnO2, recycled PbI2 or recycled Spiro-
OMeTAD. Fig. 2(a) displays the VOC, JSC, FF and PCE box
charts of PSCs fabricated with fresh and restored ITO/SnO2.
While VOC and JSC decrease upon the restoration process, FF is
widely increased, leading to the same average PCE for fresh and
restored samples. To study the recombination processes
occurring at the SnO2/perovskite interface, we fabricated full
stack devices with fresh and restored ITO/SnO2, without metal
contact deposition, and performed time-resolved photo-
luminescence (TRPL) analysis (Fig. 2(b)). The measurement was
conducted on a statistic of 5 samples and box chart results and
average values with error bars for photogenerated charge carrier
lifetimes (s1 and s2) and amplitudes (A1 and A2) are presented in
Fig. S6 (ESI).† Both s1 and s2 are statistically higher for fresh
samples, being reduced by 24% and 31%, respectively, upon the
restoration process. s1 reduction can be ascribed to faster
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) Schematic illustration of the recovery processes for three critical components of PSCs, i.e. SnO2-coated ITO substrates, PbI2 and Spiro-
OMeTAD. Recycling/restoration processes are identified by green arrows, while re-fabrication processes are identified by gray arrows. (b)
Photovoltaic parameters percentage variation of recovered samples with respect to fresh samples for single-component and all-component
recycling/restoration processes. Recycling yield, calculated as percentage of mass recovered, is reported for single-component and all-
component recycling/restoration processes. Yellow dots highlight the variation of PV parameters after the third recovery cycle of all compo-
nents. (c) Power conversion efficiency box chart for PSCs fabricated with fresh components (“Fresh PSC”) and restored ITO/SnO2, recycled PbI2
and Spiro-OMeTAD, simultaneously (“Recovered PSC”). Sample size is 18. Whiskers limit the 1.5 interquartile range, the box identifies the 25th and
75th percentile and the horizontal line represents the average value. (d) SEM cross-sectional images of PSCs fabricated by employing fresh
components and, simultaneously, restored ITO/SnO2 and recycled PbI2 and Spiro-OMeTAD. ToF-SIMS curves for Au, C, PbI2 and In are
superimposed on SEM images.
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charge extraction at the SnO2/perovskite interface, which is re-
ected in the average FF increase.56 On the other hand, s2
decrease can be related to higher bulk recombination, which
negatively affects the VOC.57 To further conrm these results, we
performed transient photocurrent (TPC) and transient photo-
voltage (TPV) measurements, reported in Fig. 2(c) and S7 (ESI),†
respectively. For both TPC and TPV curves, lifetime (s) was lower
in the case of PSCs fabricated with restored ITO/SnO2 substrates
© 2025 The Author(s). Published by the Royal Society of Chemistry
(sTPC-fresh = 1.13 ms, sTPC-restored = 0.96 ms, sTPV-fresh = 2.80 ms,
sTPV-restored= 1.51 ms), corroborating the faster charge extraction
and higher charge carrier recombination assumptions.58,59 In
order to correlate the photoelectronic properties of fresh and
restored samples with morphological and compositional
aspects, we conducted ToF-SIMS analysis on fresh and restored
ITO/SnO2 substrates. Surface maps, reported in Fig. 2(d),
display a reduction in the K+ signal intensity and an increase in
EES Sol., 2025, 1, 378–390 | 383
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Fig. 2 (a) Photovoltaic parameter box charts for PSCs fabricated with fresh and restored ITO/SnO2 substrates. Sample size is 38. Whiskers limit
the 1.5 interquartile range, the box identifies the 25th and 75th percentile and the horizontal line represents the average value. (b) TRPL decay of
full-stack devices – without Au metal contact – fabricated with fresh and restored ITO/SnO2 substrates. (c) TPC decay of PSCs fabricated with
fresh and restored ITO/SnO2 substrates. Carrier lifetime values are reported for each curve. (d) ToF-SIMS surfacemaps of fresh and restored ITO/
SnO2 substrates for K

+ and Pb2+ ions. (e and f) XPS of fresh and restored ITO/SnO2 substrates in the characteristic binding energy range of K 2s, K
2p and Pb 4f signals.
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the Pb2+ signal intensity upon restoration. These results are
further conrmed by X-ray photoelectron spectroscopy (XPS)
measurements, presented in Fig. 2(e), (f) and S8 (ESI),† where K
2s and K 2p peaks disappear and Pb 4f peaks arise aer ITO/
SnO2 restoration. The K+-based species on the surface of the
SnO2 ETL are ascribable to potassium hydroxide (KOH), which
is inserted into the SnO2 precursor solution by the supplier.60

Since it is reported that KOH passivates the SnO2/perovskite
interface, suppressing non-radiative recombination, its partial
removal upon substrates restoration would increase interfacial
recombination, negatively impacting the average VOC of the
devices.60 Moreover, Abdi-Jalebi et al. found that potassium salt
passivation would not only increase the VOC but also the JSC of
their devices, due to increased carrier mobility, which could be
the reason behind the higher JSC displayed by PSCs fabricated
with fresh substrates with respect to restored ITO/SnO2.61 On
the other hand, Pb2+ species, ascribed to PbI2 from ToF-SIMS
measurements (see Fig. S9, ESI†), seem to have an impact on
charge extraction. Indeed, it is reported that, having a wider
bandgap than the perovskite, PbI2 can act as a hole sink.62 In
particular, holes generated in the ETL preferentially recombine
384 | EES Sol., 2025, 1, 378–390
with electrons formed in PbI2, facilitating the extraction at the
n-contact of electrons generated in the perovskite, thus
improving the average FF.63,64

To study the effect of PbI2 recycling on the properties of the
active layer, we fabricated FAPbI3 thin lms employing fresh
and recycled PbI2. SEM images, displayed in Fig. 3(a), demon-
strate that recycled PbI2 induces the formation of smaller
perovskite grains. Moreover, Rq values extracted from atomic
force microscopy (AFM) images, shown in Fig. S10 (ESI),†
indicate that FAPbI3 fabricated with recycled PbI2 has higher Rq

(of 3.2 nm) than the fresh sample (Rq = 2.6 nm). Although UV-
Vis absorbance measurement and Tauc plot analysis as well as
XRD and XPS measurements show no difference between
FAPbI3 and PbI2 thin lms before and aer recycling (Fig. S11
and S12, ESI†), the different crystallization of the perovskite
upon PbI2 recycling impacts the charge carrier lifetime, as
demonstrated by TRPL decays (Fig. 3(b) and S13, ESI†). Simi-
larly to the ITO/SnO2 restoration case, s1 and s2 both decrease
when recycled PbI2 is used to fabricate the perovskite layer.
While s1 reduction upon recycling can be ascribed to enhanced
charge extraction, s2 decrease can be associated with higher
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) SEM images of FAPbI3 perovskite fabricated with fresh and recycled PbI2. (b) TRPL decay of full-stack devices – without Au metal
contact – fabricated with fresh and recycled PbI2. (c) TPC decay of PSCs fabricated with fresh and recycled PbI2. Carrier lifetime values are
reported for each curve. (d) TPV decay of PSCs fabricated with fresh and recycled PbI2. Carrier lifetime values are reported for each curve. (e)
Photovoltaic parameter box charts for PSCs fabricated with fresh and recycled Spiro-OMeTAD. Sample size is 16. Whiskers limit the 1.5 inter-
quartile range, the box identifies the 25th and 75th percentile and the horizontal line represents the average value. (f) TPC decay of PSCs
fabricated with fresh and recycled Spiro-OMeTAD. Carrier lifetime values are reported for each curve. (g) TPV decay of PSCs fabricated with fresh
and recycled Spiro-OMeTAD. Carrier lifetime values are reported for each curve.
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non-radiative recombination occurring in the perovskite bulk,
as a consequence of the higher amount of grain boundaries.
Interestingly, the amplitude A1, referred to the rst decay
channel, is enhanced from 26.3 ± 0.9% to 44 ± 4% for FAPbI3
fabricated with fresh and recycled PbI2, respectively, suggesting
that charge extraction becomes almost as signicant as bulk
recombination. This can possibly explain the absence of varia-
tion in the PV parameters displayed by PSCs fabricated with
fresh and recycled PbI2, whose statistical analysis is reported in
the box charts of Fig. S14 (ESI).† We speculate that higher bulk
recombination is compensated by a better perovskite/charge
transporting material (CTM) interface, produced by the
smaller grain dimension.65 This is corroborated by TPC and TPV
curves, presented in Fig. 3(c) and (d). Indeed, the faster TPC
decay and almost identical TPV lifetimes of devices fabricated
© 2025 The Author(s). Published by the Royal Society of Chemistry
with fresh and recycled PbI2 suggest faster charge extraction
and similar charge carrier recombination within the device.

Finally, we assessed the efficacy of our method for Spiro-
OMeTAD recycling. Proton nuclear magnetic resonance (1H-
NMR) spectroscopy reveals a perfect match between the NMR
signals of fresh and recycled Spiro-OMeTAD (see Fig. S15, ESI†),
suggesting that the recycled material does not deteriorate with
respect to the pristine material. Moreover, fresh and recycled
Spiro-OMeTAD exhibit similar morphology, as demonstrated by
SEM and AFM images and by Rq analysis, provided in Fig. S16
and S17 (ESI).† Fig. 3(e) presents the VOC, JSC, FF and PCE box
charts of PSCs fabricated employing fresh and recycled Spiro-
OMeTAD. While VOC and JSC are slightly reduced (by 0.3% and
0.7%, respectively), FF is largely increased by 5.5%, leading to
an overall 4.5% average PCE enhancement. Once again, these
EES Sol., 2025, 1, 378–390 | 385
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results can be rationalized by studying charge carrier extraction
and recombination mechanisms. TPC and TPV measurements
are reported in Fig. 3(f) and (g), respectively. The shorter TPC
carrier lifetime of devices fabricated with recycled Spiro-
OMeTAD suggests a faster charge extraction, while the faster
TPV decay is ascribable to higher charge carrier recombination
occurring in the device with recycled Spiro-OMeTAD.

Interestingly, recycled Spiro-OMeTAD thin lms exhibit
higher oxidation capacity than fresh ones, as demonstrated by
the UV-Vis absorbance spectra in Fig. S18 (ESI).† Aer 6 days in
an oxidizing atmosphere, peaks at around 510 nm, 700 nm and
1480 nm start rising for both samples and they add to the already
present 383 nm peak, which is characteristic of neutral Spiro-
OMeTAD.66,67 These additional absorption peaks originate when
Spiro-OMeTAD2+ and Sprio-OMeTAD4+ oxidized forms are
created as products of the redox reaction between neutral Spiro-
OMeTAD, oxygen and lithium bis(triuoromethanesulfonyl)
imide (Li-TFSI) – which is inserted in the Spiro-OMeTAD
precursor solution as the dopant.67,68 The higher intensity of
those peaks for recycled Spiro-OMeTAD suggests a higher
Fig. 4 (a) Comparison of full-spectrum midpoint impact categories betw
to the EF v3.0 method. CC: climate change. OD: ozone depletion; HTC: h
PMF: particulatematter formation; IR: ionizing radiation: human health; P
ET: eutrophication: terrestrial; EF: eutrophication: freshwater; EM: eutrop
use; MR: material resources: metals/minerals; CED: cumulative energy d
the ratio of electricity generation to the primary energy invested throu
recovery from one to three times under lifetimes of 5, 10, 15 and 30 years
warming potential (GWP), recovering one time means two square meters
Relative impacts of perovskite multiple recovery in terms of abiotic deplet
in terms of CED.

386 | EES Sol., 2025, 1, 378–390
oxidation state with respect to the fresh material, which we
speculate to arise from the longer exposure of recycled Spiro-
OMeTAD to oxygen and Li-TFSI – both prior and aer recycling.
A higher oxidation state of Spiro-OMeTAD is known to improve
the HTL conductivity that results in higher average FF.68

Solvent purication

In order to close the recovery loop and further reduce the eco-
toxicity of the proposed method,69 we decided to distil the
solvents used for recovering ITO/SnO2, PbI2 and Spiro-OMeTAD
to re-insert them in the circular process.

To verify the purity of the recovered solvents, we tested the
presence of specic contaminants, i.e. PbI2 for DI H2O and
EtOH and Spiro-OMeTAD for EtOAc. To assess the presence of
PbI2 contaminants inside recovered DI H2O and EtOH, we
employed a uorometric Pb detection system.43 Fluorescence
spectra, reported in Fig. S19 (ESI),† are the most representative
curves for the blank solution, distilled solvent and solvent
collected from PbI2 recycling. Three curves were acquired for
each sample and each measurement was repeated three times.
een single-crystal silicon PV, PSC recovery, and PSC landfill according
uman toxicity: carcinogenic; HTN: human toxicity: non-carcinogenic;
OF: photochemical oxidant formation: human health; AC: acidification;
hication: marine; ECF: ecotoxicity: freshwater; LU: land use; WU: water
emand. (b) Energy Return of Investment (EROI), which is calculated as
ghout the life cycle of PVs for the perovskite landfill and perovskite
. (c) Relative impacts of perovskite multiple recovery in terms of global
PSC fabrication and three times correspond to four square meters. (d)
ion potential (ADP). (e) Relative impacts of perovskite multiple recovery

© 2025 The Author(s). Published by the Royal Society of Chemistry
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From average data, we calculated that 97.4% and 99.8% of PbI2
were removed by distillation from DI H2O and EtOH, respec-
tively. Spiro-OMeTAD removal from EtOAc was, instead, evalu-
ated by UV-Vis absorbance spectroscopy, generating
a calibration line on the 383 nm peak. Three curves were
acquired for each sample and each measurement was repeated
three times. The calibration line and most representative curves
for 0.02 M, 0.01 M and 0.001 M concentrations and for distilled
EtOAc are reported in Fig. S20 (ESI).† Since the intensity of all
curves referred to distilled EtOAc is too close to the photometric
accuracy of our spectrophotometer (±0.001 A), we assume that
all Spiro-OMeTAD contaminant has been removed from EtOAc.
Life cycle assessment

We conducted a detailed LCA to assess the environmental impacts
of the proposed recovery strategy compared to single-crystal
silicon PV and PSC landll disposal methods for waste modules.
In this work, the ITO glass, PbI2 comprising the perovskite layer
and Spiro-OMeTAD of PSCs were recovered. The solvents used for
recycling were puried. Our evaluation includes both a “cradle-to-
cradle” system boundary for our recovery process and a “cradle-to-
grave” system boundary for the landll scenario. For the landll
scenario, detailed in Fig. S21 (ESI),† we considered life cycle
stages, including raw material obtainment, PSC fabrication, elec-
tricity generation, and eventually landll. In contrast, our recovery
method, shown in Fig. S22 (ESI),† uses a circular approach by
recovering the decommissioned PSC devices to reuse crucial
components rather than directly landll them. The stages of raw
material collection, PSC fabrication, and electricity production
remain consistent in both landll and recovery scenarios. We
assessed midpoint impact categories following the Product Envi-
ronmental Footprint (PEF) methodology, as outlined in the IEA –

Photovoltaic Power Systems Program Task 12 report to reveal the
full-spectrum consequences associated with climate change,
resource depletion, cumulative energy demand, and so on.46

We nd that the environmental performance of the
proposed recovery method outperforms those of the landll
scenario of traditional silicon PVs in all evaluated indicators
(Fig. 4(a)). Specically, our recovery strategy can signicantly
reduce the carbon emission associated with PSCs by 55.5% and
28.1% when compared to silicon PV and PSC landlling,
respectively. Besides, compared to PSC landlling, the recovery
strategy can reduce human toxicity by 64.3% (cancer effects)
and 31.0% (non-cancer effects). We attribute these merits to our
holistic recovery strategy that can restore most components in
PSCs, eliminating the need for excessive virgin material inputs.
Compared to the landll scenario, our recovery strategy ulti-
mately yields more electricity per m2 PSC, even though the
process reduces the power conversion efficiency and requires
additional energy input. For potential lifetimes of 5, 10, 15 and
30 years the EROI (Fig. 4(b)) values for PSC recovery (one time)
are 4.21, 8.42, 11.36 and 24.95 respectively, in contrast to 3.66,
7.33, 11.99 and 22.47 for the landll scenario. Multiple recovery
has the potential to further improve the PSC fabrication energy
return through the cyclic utilization of virgin materials. The
EROIs when recovering two times are 4.23, 8.45, 11.41 and
© 2025 The Author(s). Published by the Royal Society of Chemistry
25.01. Note that the EROI slightly decreases when recovering
three times due to the signicant efficiency loss. From the m2

PSC perspective, multiple recovery can gradually enhance the
performance of various indicators (Fig. 4(c) and (e)). For
instance, the ADP of PSC gradually decreases from 0.34 to 0.26
g-eq. m2. It is worth mentioning that longer module lifetimes
make market scenarios for many recovery strategies less plau-
sible due to technological advancements occurring during the
module lifetime and the emergence of novel materials. In this
regard, prior studies have shown that recycling may not be
essential if perovskite cells can achieve lifetimes similar to
silicon-based systems.1
Conclusions

In this work we demonstrated the recovery of several critical
components of PCSs, employing green and safe solvents that we
puried by distillation. Materials recovery yields reached almost
100.0%, 99.1± 0.3% and 89 ± 4% for ITO/SnO2, PbI2 and Spiro-
OMeTAD, respectively, ultimately leading to an 81 ± 2% overall
recovery yield with PSCs displaying 98.4% of the fresh PCE. By
fabricating single-component-recovered PSCs, we deconvolved
the contribution of each material recovery and correlated VOC
and JSC reduction with higher charge carrier recombination and
FF enhancement with better charge extraction at the perovskite/
CTM interfaces. Moreover, we tested the wider applicability of
our recovery protocol by performingmultiple recovery iterations
that progressively reduced the environmental impact of the
device, without critically affecting energy return. With a small
amount of additional energy and material inputs, our approach
resulted to be favorable with respect to a landll scenario, as
determined via LCA. Overall, the developed approach meets the
circularity and sustainability requirements set for current
technology development, which is crucial for a timely market
uptake. We believe that the demonstrated sustainable and
practical method can be easily scaled up, reducing the envi-
ronmental impact of perovskite solar technology and short-
ening its gap to commercialization.
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