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Sustainable and Circular Management of Perovskite Solar
Cells via Green Recycling of Electron Transport Layer-Coated

Transparent Conductive Oxide

Valentina Larini, Changzeng Ding, Fabiola Faini, Giovanni Pica, Giovanna Bruni,
Lorenzo Pancini, Silvia Cavalli, Matteo Manzi, Matteo Degani, Riccardo Pallotta,

Michele De Bastiani, Chang-Qi Ma, and Giulia Grancini*

Transparent conductive oxide (TCO)-coated glasses are the most expensive
and environmentally impacting components of perovskite solar cells (PSCs),

comprising 56% of the total cost of a perovskite module and 96% of its carbon

footprint. Thus, recycling TCO glasses from end-of-life perovskite modules
can reduce both their levelized cost of electricity and energy payback time. In
this work, tin oxide (SnO,)-coated indium tin oxide glasses are refurbished
from n-i-p PSCs employing dimethyl sulfoxide as a green solvent to dissolve
the upper layers of the devices. Employing the recovered substrates,
new-generation PSCs are produced, which retain the same champion power
conversion efficiency (PCE) of 22.6% as fresh samples and display an even
higher average PCE. This performance enhancement is investigated through
compositional and electrical analyses that demonstrate that the proposed
recycling protocol induces beneficial surface modifications on the

SnO, [perovskite interface and trap passivation, boosting charge extraction.

1. Introduction

Perovskite solar cells (PSCs) are an emerg-
ing photovoltaic (PV) technology that has
witnessed exceptionally rapid progress
for its extraordinary optical and electri-
cal properties.!l PSCs, which achieve
at present 25.8% record power conver-
sion efficiency (PCE), are also solution-
processable technologies and can be
fabricated using commercial, low-energy
coating methods.[*?! This represents a
significant advantage to reduce the cost of
the manufacturing process, making the
levelized cost of electricity (LCOE) of PSCs
competitive with the best crystalline silicon
technologies.] As a consequence, PSCs
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stand out for their small energy payback
time (EPBT) compared to mainstream
technologies.l’! Nowadays, considerable
efforts have been placed both from the
academic and industrial sectors with
the aim of advancing PSCs toward their commercialization.[®!
In this regard, several device configurations and architectures
have been proposed as scalable prototypes over the years. For
instance, a technical report by the National Renewable Energy
Laboratory (NREL) in 2021 provides an estimation of the man-
ufacturing costs of a sheet-to-sheet n-i-p perovskite module.l’!
The extrapolated materials costs are displayed as percentages
in Figure la. The resulting pie chart shows that the trans-
parent conductive oxide (TCO) glass, coated with the electron
transport layer (ETL), largely outweighs all other constituents,
clearly indicating its huge impact on manufacturing costs.
In terms of sustainability, Tian et al.l%] recently performed a
life cycle assessment (LCA) analysis on PSCs, revealing that
the most environmentally impacting component of devices
composed of indium tin oxide (ITO) glass, tin oxide (SnO,),
N2,N2,N2",N?' N7 N’ ,N”’",N”"-octakis(4-methoxyphenyl)—9,9'-
spirobi[9H-fluorene]—2,2",7,7'-tetramine (spiro-OMeTAD), and
copper is the ITO glass, as displayed by the pie chart of Figure 1b.
Moreover, they estimated that by recycling key components of
a PSC, its LCOE, EPBT, primary energy consumption, and
greenhouse gas emission factor can be reduced by 0.16-0.59
cents kWh!, 52.6%, 50.9%, and 51.5%, respectively.l®)
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Figure 1. a) Pie chart reporting the materials cost breakdown of an n-i-p perovskite solar module (PSM). Data are extrapolated from.[’! b) Pie chart
displaying the carbon footprint impact of constituting materials of an n-i-p PSM. Data are extrapolated from.[¢]

Since TCO glass substrates are the costliest and most impact-
ing components, several efforts have been devoted to recycling
TCO glasses from end-of-life PSCs. However, the majority of pre-
vious works employ toxic dimethylformamide (DMF) to dissolve
the upper layers of the solar cell. DMF is a hazardous solvent both
for human health and the environment, included in the candidate
list of substances of very high concern, as part of the regulation by
the European Chemical Agency.®] DMF can be absorbed into the
human body through the respiratory system, skin, and digestive
organs, causing prenatal toxicity and cancer.”*!!l Moreover, its
end-of-life treatment impacts global warming and fine particulate
matter formation.®] Nevertheless, Ku et al.l'?l employed DMF
to restore a mesoporous nickel counter electrode from print-
able PSCs, Kadro et al.['¥] Huang et al.['* Zhu et al.l®! and
Chowdhury et al.'®! used DMF on mesoporous titanium oxide
(TiO,)/fluorine-doped tin oxide (FTO)-based PSCs, while Huang
et al.l'”7l adopted DMF to reuse ETL-free FTO substrates. In a
relatively recent publication, a “one-key bleacher solution” was
used to simultaneously and selectively dissolve all components
of the PSC.1'8] However, the “bleacher” solution was composed of
methylamine and tetrahydrofuran, another highly toxic and haz-
ardous solvent.['*2% On the contrary, little evidence has been pro-
duced on the efficacy of less toxic and environmentally friendly
(also called “green”) solvents to recycle TCO substrates for PSCs,
despite being pivotal. Augustine et al.?!l adopted a potassium hy-
droxide solution in deionized water to remove the upper layers of
p-i-n PSCs thus recycling the ITO glass substrate. Nevertheless,
the devices PCE, which was already quite low (8.15%) was fur-
ther reduced by 12% upon recycling. More recently, Feng et al.[??]
managed to recover nickel oxide/ITO substrates from p-i-n PSCs
employing dialkylamines to dissolve the perovskite layer and the
hole transport layer (HTL). Both works employed p-i-n PSCs con-
figuration, but n-i-p is usually more commonly adopted in record-
efficiency devices.[?l However, environmentally friendly and hu-
man health-safe recycling protocols have not been produced for
the n-i-p configuration yet.

In this work, we develop a method to recycle SnO,-coated
ITO glass substrates of n-i-p PSCs employing the green solvent
dimethyl sulfoxide (DMSO) to dissolve the upper layers of the de-
vice up to the metal oxide ETL. DMSO is a polar aprotic solvent
that has a lower impact on the environment than DMF and is
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classified as a non-hazardous substance according to the Regis-
tration, Evaluation, Authorisation, and Restriction of Chemicals
(REACH) registration (see Supporting Information). We demon-
strate the validity of DMF replacement with DMSO in the devel-
opment of a recycling protocol for PSCs. Indeed, by adopting our
protocol, we fabricate recycled PSCs that retain 100% of the ini-
tial PCE, with even better average statistics, achieving a 22.6%
PCE for the champion device. We investigate the reasons behind
such an average performance improvement by analyzing the sur-
face composition of fresh and recycled ETL/ITO glass substrates.
We identify substantial changes in the energetics (electron prop-
erties) of the ETL surface, which we correlate to modifications in
charge carrier recombination and charge extraction dynamics oc-
curring at the ETL/perovskite interface. Such variations are then
associated with the morphological and optical properties of fresh
and recycled samples.

2. Results

Figure 2 displays a scheme of the recycling protocol designed for
the recovery of ETL-coated ITO glass substrates. The recycling
process consists in peeling off the metal electrode (gold in our
case), followed by the simultaneous removal of HTL and per-
ovskite layer employing a polar aprotic solvent. We employed ei-
ther DMF or DMSO to demonstrate their equal ability to effec-
tively remove the upper layers of the devices. Being the ETL a
metal oxide, it remains firmly attached to the TCO when the sub-
strates are dipped in the solvents. This allows for a smart recovery
of the glass/TCO/ETL substrate to produce second-generation
PSCs.

To demonstrate the efficacy of the recycling process, we pro-
duced n-i-p PSCs, whose architecture is schematically presented
in Figure 3a, employing both fresh and recycled SnO,/ITO glass
substrates. Figure 3b shows the current density—voltage (J-V)
characteristics in forward and reverse scan (FS and RS) of cham-
pion devices fabricated with fresh and recycled (with DMF or
DMSO) SnO, /ITO substrates, whose PV parameters are reported
in Table 1. The three PSCs display similar PCE — 22.6%, 22.1%,
and 22.6% for the fresh sample, the sample recycled with DMF,
and the sample recycled with DMSO, respectively. These values
resulted from the compensation between a slight decrease in
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Figure 2. Scheme of the recycling protocol of transparent conductive ox-
ide (TCO)/glass substrates. The metal electrode is peeled off, followed by
the dissolution of the hole transport layer (HTL) and perovskite with a po-
lar aprotic solvent. The electron transport layer (ETL) is recovered along
with the TCO substrate, which is reused to fabricate a second-generation
device.

open-circuit voltage (V) and an increase in fill factor (FF) upon
recycling. The statistical dispersion and mean value (represented
as a horizontal line) for each PV parameter are displayed in the
box charts of Figure 3c—f. While the mean V. decreases by 4%
after recycling, the short-circuit current density (J5.) slightly in-
creases by 1%. However, the most relevant variation is displayed
by the FF, which increases by 13% after recycling, ultimately lead-
ing to an overall 10% relative increment in the average PCE of
the recycled PSCs. Incident photon-to-current efficiency (IPCE)
curves are reported in Figure S1 (Supporting Information). While
there is no change in the band gap of the three samples, the
curves of DMF and DMSO recycled samples are shifted upwards,
in line with a minimal reduction in the transmittance spectra
(Figure S2, Supporting Information). Moreover, the mean hys-
teresis index of recycled devices is lower in absolute value with re-
spect to fresh samples, as displayed in the box chart of Figure S3

Table 1. Photovoltaic parameters for forward and reverse scan (FS and RS)
of champion devices fabricated with fresh and recycled, either with DMF
or DMSO, SnO,/ITO glass substrates.

Sample Voc Ml Jsc [mAcm™2] FF[%]  PCE[%]
Fresh FS 1.14 24.7 79.5 22.4
Fresh RS 1.14 24.7 79.9 22.6
Recycled with DMF FS 1.09 25.1 82.0 22.5
Recycled with DMF RS 1.07 25.1 82.5 22.1
Recycled with DMSO FS 1.12 24.8 80.6 2255
Recycled with DMSO RS .11 24.8 82.1 22.6
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(Supporting Information). Finally, Figure S4 (Supporting Infor-
mation) presents the stability ratio (A, = performance of
fresh sample at time X / performance of recycled samples at time
X) between PSCs fabricated with fresh and recycled SnO,/ITO
glass substrates, which was evaluated by performing 1000 h of
maximum power point tracking at 1 Sun illumination. Both Rec.
DMF and Rec. DMSO devices show better stability than Fresh
samples during the first 300 h of operation, while from 300 to
1000 h their behaviors equalize. For all PV parameters, there is
no difference between devices fabricated with substrates recycled
with DMF or DMSO. Since DMSO is a viable greener alterna-
tive to the more commonly employed DMF, due to its prefer-
able LCA and environmental, health, and safety properties and
its non-hazardous classification according to REACH registra-
tion (see Supporting Information), further comparisons will be
performed between fresh and DMSO-recycled samples.(®!

To clarify the origin of improvements behind the PV parame-
ter trends, we performed X-ray photoelectron spectroscopy (XPS)
on fresh and recycled SnO,/ITO glass substrates and used for-
mamidinium lead iodide (FAPDI,), deposited onto ITO glass, as
a control sample (Figure 4a). As shown by the magnification in
Figure 4b, there are two peaks related to the presence of K on the
surface of fresh SnO,/ITO glass that disappear upon recycling.
Similar results are provided by the time of flight — secondary
ion mass spectroscopy (ToF-SIMS) K* surface maps of fresh
and recycled SnO,/ITO glass substrates, shown in Figure 4c.
While fresh samples present a homogeneous distribution of K*
throughout their surface, recycled substrates display no evidence
of the cation. From a work published by Bu et al.,|**] we know
that K* ions are included in the formulation of the SnO, Alfa
Aesar precursor solution. Figure S5 (Supporting Information)
reports scanning electron microscopy (SEM) images and SEM-
Energy Dispersive X-ray (EDX) analysis of fresh and recycled
Sn0,/ITO glass substrates, which demonstrate the presence of
K-based crystallites on the surface of fresh samples that disap-
pear after the recycling process. Further investigation is needed
to determine the nature of such crystallites, which could consist
either of a single substance or a compound or an oxidized or hy-
drolyzed form of K. From cross-section SEM images (Figure S6,
Supporting Information), we could not identify any relevant dif-
ference in the structure of the perovskite growing on top of K-rich
or K-free SnO, surface. The K-based crystallites removal upon re-
cycling is further confirmed by atomic force microscopy images
(AFM), presented in Figure S7 (Supporting Information), which
reveal a reduction in the root mean square roughness (0.12 nm
and 0.05 nm for fresh and recycled samples, respectively) of the
SnO, surface after recycling.

Figure 4d is a magnification of the 125-155 eV range of
Figure 4a, which highlights the Pb 4f XPS signals.['®) While the
fresh sample does not display (as expected) any signal related
to Pb, two peaks are present in the recycled substrate in cor-
respondence with those shown by the FAPbI; control sample,
suggesting the presence of residual Pb on the surface of recy-
cled Sn0O,/ITO glass substrates. ToF-SIMS Pb?** surface maps
of fresh and recycled SnO,/ITO glass substrates (Figure 4e)
corroborate these results, revealing the absence of Pb?* on the
surface of fresh samples and a uniform distribution of the
cation on recycled substrates. We quantified the amount of Pb
traces in the recycled sample using a fluorimetric Pb detection
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Figure 3. a) Schematic representation of the stack of the fabricated n-i-p perovskite solar cells (PSCs). b) Current density—voltage (J-V) curves in forward
and reverse scan (FS, RS) of the best-performing devices fabricated employing fresh and recycled SnO,/ indium tin oxide (ITO) glass. For recycling,
dimethylformamide (DMF) and dimethyl sulfoxide (DMSO) solvents were compared and the related results are indicated as “Rec. DMF” and “Rec.
DMSO”, respectively. Box charts of ¢) V¢, d) Js¢, €) FF, and f) PCE of PSCs fabricated with fresh, recycled with DMF and recycled with DMSO SnO, /ITO
glass substrates. Whiskers limit the 1.5 interquartile range, the box limits identify the 25" and 75t percentile and the horizontal line indicates the mean
value. Sample size for Fresh, Rec. DMF and Rec. DMSO devices is 29, 40, and 30, respectively.

system (Figure S8, Supporting Information).[*! We determined
a 0.3% Pb residual compared to a pristine FAPbI; film, which is
equal to 1.5 X 107> mg cm™2.

To understand the effects of the above-mentioned surface vari-
ations on the PV performances of PSCs, we performed the same
washing steps of the recycling procedure onto fresh SnO,/ITO
glass substrates (before depositing the perovskite layer). Subse-
quently, we completed the fabrication of PSCs and analyzed their
performances. The resulting box charts of the PV parameters are
reported in Figure 5a and Figure S9 (Supporting Information),
where samples subjected to the recycling washing steps are in-
dicated as “Ref washed” and control samples are named "Ref".
While the mean V. decreases upon washing the substrates, the
average FF remains unchanged, overall leading to a lower PCE,
further emphasized by a slight decrease in .. These results sug-
gest that the removal of K crystallites from the surface of fresh
Sn0, /ITO glass substrates has a negative impact on the V. of
the devices, but it does not affect their FF, which must be influ-
enced by the perovskite removal and the consequent residual Pb
traces remaining on the ETL surface.

Aiming at clarifying the causes of the V. reduction upon re-
cycling, we performed time-resolved photoluminescence (TRPL)
and photoluminescence quantum yield (PLQY) on devices fab-
ricated with fresh and recycled SnO,/ITO glass substrates.
Figure 5b and Table S1 (Supporting Information) summarize the
results. We collected TRPL traces on full devices before the evap-
oration of the metal contacts using a customized optical setup in
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which the excitation was provided by a 470 nm pulsed laser with
a fluence of 0.2 u] cm=2 corresponding to an excitation density
of 4 X 10'° cm3.126] In this regime, the PL decay can be fitted by

a bi-exponential fit function y = A, € + A,e= where t; and t,
are the decay constants and A, and A, the amphtudes of each de-
cay component. The value of the shorter lifetime ¢, is unchanged
between the statistical error for fresh and recycled samples (t; =
3.0+ 0.8 nsand t; = 2.5 + 0.8 ns, respectively), while t, decreases
by 24% relative after the recycling protocol (from 83 + 3 ns to
67 + 7 ns), suggesting for worse quality of the perovskite in the
recycled sample, being ¢, related to the bimolecular radiative re-
combination mechanisms occurring in the active material.[?! To
further corroborate these hypotheses, we investigated the over-
all quality of the perovskites through PLQY analysis. We mea-
sured the PLQY of glass ITO/SnO, /perovskites in the same ex-
perimental condition of TRPL analysis. The quenching of PLQY
value of 29% after the recycling process (inset in Figure 5b) mir-
rors the behavior of t, extrapolated from TRPL analysis, indicat-
ing a favored non-radiative recombination mechanism, which ex-
plains the V. trend observed in the devices. To confirm these re-
sults, we conducted transient photovoltage (TPV) measurements
on PSCs fabricated with fresh and recycled SnO,/ITO glass sub-
strates, which are reported in Figure 5c. Recycled samples display
a faster decay, with a carrier lifetime of 2.1 ps, while fresh devices
exhibit a decay time of 4.0 ps. A shorter carrier lifetime can in-
duce higher charge recombination, resulting in a V. reduction,
in agreement with PL analyses.?”) Thus, the removal of K-based
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Figure 4. a) X-ray photoelectron spectroscopy (XPS) of FAPbI;/ITO glass and fresh and recycled SnO,/ITO glass substrates. Peak assignments are
reported on the graph. b) Magnification of the 270-395 eV range, which highlights the potassium (K)-related peaks for fresh and recycled SnO,/ITO
glass. ¢) Magnification of the 125-155 eV range, which points out the lead (Pb)-related peaks for perovskite and fresh and recycled SnO,/ITO glass.
d) Time of flight — secondary ion mass spectroscopy (ToF-SIMS) K* surface maps of fresh and recycled SnO,/ITO glass substrates. e) ToF-SIMS Pb?+

surface maps of fresh and recycled SnO,/ITO glass substrates.

crystallites from the surface of SnO, upon recycling has a nega-
tive impact on the ETL/perovskite interface. Indeed, Bu et al.[?4l
report that K ions act as passivants on the surface of SnO,, lead-
ing to an enhancement of the device performance. In our work,
however, the mean V. reduction, induced by the recycling pro-
cess adopted on PSCs, is fully compensated by an increase in the
average FF.

In order to understand the reasons behind the FF improve-
ment upon recycling, we performed transient photocurrent
(TPC) analyses on devices fabricated with fresh and recycled sub-
strates (Figure 5d). The TPC transients show a longer charge
transport time for the fresh samples (2.3 ps) and a shorter time
(1.2 ps) for the recycled devices. The faster photocurrent decay of
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recycled samples indicates a faster charge extraction, which can
be related to the FF improvement.[?!] We speculate that charge
extraction enhancement is related to the presence of Pb resid-
uals on the surface of recycled SnO,/ITO glasses. Indeed, sev-
eral works report that PbI, at the ETL/perovskite interface acts
as holes sink thanks to its wide bandgap of 2.3 eV and prevents
recombination between holes from the ETL and electrons from
the perovskite layer, thus favoring charge extraction.[?>3%31] Fur-
thermore, ultraviolet photoelectron spectroscopy (UPS) curves
(Figure S10, Supporting Information) of fresh and recycled
Sn0,/ITO glass substrates show a downward shift of the work
function (WF) and the conduction band minimum (CBM) of
SnO, upon recycling. While the WF reduction, from —3.1 to
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Figure 5. a) V¢ and FF box charts of PSCs fabricated with fresh SnO,/ITO glass substrates with or without further washing steps after SnO, depo-
sition. Whiskers limit the 1.5 interquartile range, the box limits identify the 25t and 75t percentile and the horizontal line indicates the mean value.
Sample size for Ref and Ref washed devices is 22 and 28, respectively. b) Time-resolved photoluminescence (TRPL) of spiro-OMeTAD/passivation
layer/perovskite/SnO, /ITO glass devices fabricated with fresh and recycled SnO,/ITO glass substrates. The inset reports their relative photolumines-
cence quantum yield (PLQY). c) Transient photovoltage (TPV) and d) transient photocurrent (TPC) decays of PSCs fabricated with fresh and recycled

Sn0O,/ITO glass substrates. Decay times are reported in the insets.

—3.7 eV, is in accordance with the V. reduction, the downshifted
CBM suggests an improved charge extraction, therefore confirm-
ing TPC results.

3. Conclusion

In summary, we demonstrated a green recycling protocol to re-
cover SnO,-coated ITO glass substrates from n-i-p PSCs employ-
ing DMSO as a solvent to dissolve the upper layer of the device.
The obtained recycled substrates were used to fabricate second-
generation PSCs, which displayed the same champion PCE as
fresh PSCs. Furthermore, a slight decrease in the mean V,, was
extensively compensated by a FF increase, which lead to an over-
all average PCE enhancement. On one hand, the V. reduction
upon recycling was attributed to higher non-radiative recombina-
tion, which was a consequence of the removal of K from the sur-
face of recycled SnO,/ITO glass substrates. On the other hand,
the FF improvement was associated with a faster and more effi-
cient charge extraction, promoted by the presence of a residual
amount of Pb (in the order of 10~ mg cm~2) on the surface of
recycled SnO,/ITO. Overall, our work contributes to advance in
the rational design of recycling methods to improve PSCs sus-
tainability. Due to the wide versatility of the developed process,
we believe that our recycling method can be effectively applied
to other ETL systems, such as TiO,-based PSCs, as well as to
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PSCs in p-i-n configuration. By recovering TCO glass substrates
from end-of-life perovskite PVs, their economic and environmen-
tal impact will be reduced, easing the potential entry of PSCs into
the PV market.

4. Experimental Section

Materials: Chlorobenzene (CB, extra dry, 99.8%), dimethyl sul-
foxide (DMSO, >99.9% Extra Dry), and N,N-dimethylformamide
(DMF, 99.8%, Extra Dry) were purchased from Acros Organics.
Tin (iv) oxide (SnO, 15% in H,0) was purchased from Alfa Aesar.
DMSO (Reagent Plus, >99.5%), acetone (>99.8%), 2-propanol (IPA,
>99.8%), N?,N2,N?',N?' N7 ,N7,N7,N”"-octakis (4-methoxyphenyl)—9,9'-
spirobi[9H-fluorene]-2,2",7,7'-tetramine (Spiro-OMeTAD, 99%, HPLC),
Bis (trifluoromethane)sulfonimide lithium salt (Li-salt, 99.95%), ace-
tonitrile (ACN, anhydrous, 99.8%), and 4-tert-butylpyridine (4-tBP,98%)
were purchased from Sigma-Aldrich. Lead iodide (Pbl,, >98.0%) was
purchased from TCIl. Formamidinium iodide (FAI, >99.99%), methylam-
monium chloride (MACI) and 4-methylphenethylammonium chloride
(MePEACI) were purchased from GreatCell Solar Materials. Hellmanex |11
cleaning concentrate was purchased from Hellma.

Device Fabrication:  For the fabrication of perovskite solar cells (PSCs),
indium tin oxide (ITO)-coated glass substrates were consecutively cleaned
in acetone and IPA by ultrasonicating for 15 min for each solvent. Sub-
strates were dried with N, airflow and UV-ozone treated for 30 min.
SnO, colloidal dispersion (10% in water) was spin-coated onto ITO/glass
substrates and annealed at 150 °C for 30 min. Subsequently, SnO,-
coated substrates were subjected to UV-ozone treatment for 30 min. All
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solutions were prepared in an Ar-filled glovebox, while the deposition of
each layer of the solar cell was performed in an N,-filled glovebox. The per-
ovskite precursor solution (1.2 M) was prepared by dissolving Pbl,, FAI,
and MACI (35 mol%) in DMF/DMSO 4/1, with 5 mol% Pbl, excess. The
solution (25 pL) was deposited on the SnO,-coated substrates and spin-
coated with a three-step procedure: in the first step substrates were spun
at 1000 rpm for 12 s, the second step proceeded at 5000 rpm for 27 s,
while the last step was a speed reduction of 4 s. Ten seconds after the be-
ginning of the second step, CB (150 pL) was dropped onto the spinning
substrate for an antisolvent procedure. Subsequently, substrates were an-
nealed at 150 °C for 30 min. For the passivation layer, 50 uL of a solution
of MePEACI (0.01 m) in IPA was spin-coated onto the perovskite layer at
4000 rpm for 30 s and substrates were annealed at 100 °C for 10 min.
To fabricate the HTL, Spiro-OMeTAD was dissolved in CB (80 mg mL™").
The solution was doped by adding Li salt (17.5 uL) dissolved in ACN
(500 mg mL™" in ACN) and 4-tBP (28.8 uL) to 1 mL of Spiro-OMeTAD
solution in CB. The solution (10 uL) was spin-coated onto the perovskite
layer. Finally, 80 nm of Au was thermally evaporated on the device with a
shadow mask of 0.0825 cm? area, producing devices of 0.045 cm? active
area due to the overlap between evaporated gold and ITO. The evapora-
tion speed was adjusted to 0.01 nm s~ for the first 5 nm, 0.02 nm s~!
from 5 to 15 nm, and 0.06 nm s~ for the rest of the procedure.

Device Recycling:  To recycle SnO,-coated ITO glass substrates from n-
i-p PSCs, the Au top electrode was peeled off using scotch tape. Then, the
perovskite layer and HTL were dissolved into either DMF or DMSO and
the recovered ITO/SnO, substrates were consecutively cleaned in DMF
or DMSO, Hellmanex I1I cleaning concentrate diluted in water, water, ace-
tone, and IPA by ultrasonicating for 15 min for each solvent. Finally, sub-
strates were dried with N, airflow, UV-ozone treated for 30 min, and em-
ployed for the fabrication of second-generation PSCs.

Characterization: ~ Current density—voltage (J-V) characteristics of the
produced PSCs were carried out using a Keithley 2400 sourcemeter and an
Abet solar simulator. The simulated 1Sun AM1.5G illumination was cali-
brated using a certified Si reference cell (Open RR-1002, KG5 window). The
devices were measured both in reverse scan (1.2 V =[]0V, 130 mVs™')
and forward scan (0 =[] 1.2V, 130 mVs~'). During every measurement,
a metal shadow mask with an aperture area of 0.03 cm? was used to cover
the device’s active area.

Incident-photon-to-current efficiency (IPCE) measurements were per-
formed with a Cicci Research Arkeo steady-state tests module. The wave-
length scan range was set between 300 and 900 nm with a scan step of
10 nm.

Transmittance curves were analyzed by UV-visible spectrometer
(Lambda 750, PerkinElmer).

X-ray and ultraviolet photoelectron spectroscopy (XPS and UPS) analy-
ses were conducted at a PHI 5000 Versaprobell system.

Stability measurements were conducted by coupling a Wavelabs
SINUS-70 solar simulator with a Fluxim Lithos Lite module and perform-
ing maximum power point tracking for 1000 h under an N, atmosphere at
1 sun illumination, employing a shadow mask of 1.25 mm? active area.

Time of flight — secondary ion mass spectroscopy (ToF-SIMS) surface
maps were acquired with TOF.SIMS 5-100, with the pulsed primary ions
from a Cs* (2 keV) ion gun for sputtering and a Bi* ion beam for analysis.

Scanning electron microscopy and energy dispersive X-ray spec-
troscopy analyses were carried out by a Zeiss EVO MA10 (Carl Zeiss,
Oberkochen, Germany) coupled with an EDS detector (X-max 50 mm?,
Oxford Instruments, Oxford, UK). Cross-section SEM images of PSCs were
recorded with a SEM (Regulus8230) under 10kV electron beam accelerate
voltage.

Atomic force microscopy (AFM) measurements were performed with
a TriA-SPM microscope (A.P.E. Research S.r.l., Trieste, ltaly) in contact
mode, using CSC17/AIBS probes (Mikromasch — Innovative Solutions Bul-
garia Ltd.) applying a force of 60 nN and scanning an area of 5 X 5 um.
AFM images were edited with Gwyddion and root mean square roughness
was calculated with an internal software function.

Time-resolved photoluminescence (TRPL) curves were collected us-
ing a customized optical setup in which the excitation was provided by
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pulsed/CW laser at 470 nm (PicoQuant) with a spot area of #70 um?. The
luminescence was analyzed with an interferometer (GEMINI by Nireos)
and recorded with a single photon detector (IDQuantique) coupled with
a Time Tagger (Swabian Instrument). The scan was performed in pulsed
mode (repetition rate of 5 MHz) using an energy fluence of 0.2 uj cm™2.

Photoluminescence quantum yield (PLQY) was carried out with a vari-
ation of the customized aforementioned optical setup in which the exci-
tation was provided by the same laser at 470 nm and a repetition rate of
80 MHz allowing an energy fluence of 0.2 yj cm™2.

Transient photovoltage (TPV) and transient photocurrent (TPC) analy-
ses were performed with a Cicci Research Arkeo transient tests module.
Measurements were conducted under 1 Sun illumination and constant
bias was perturbed with short light pulses of 200 us width.

Statistical Analysis: For photovoltaic parameters statistical analysis,
data were pre-processed by defining as outliers all values lying above or
below the 1.5 interquartile range. The resulting dataset was arranged in
box charts, where the upper and lower limits of the box identify the 25th
and 75th percentile, respectively, while whiskers indicate the 1.5 interquar-
tile range. The mean value for each sample is presented as a horizontal line
within the box. Sample size (1) for Fresh, Rec. DMF and Rec. DMSO de-
vices was 29, 40, and 30, respectively. OriginPro 2018 was employed for
statistical analysis.
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