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We present a green-solvent remanufacturing strategy for mesoscopic
carbon-based perovskite solar cells (CPSCs) that enables complete
recovery of the printed device stack. By immersing aged devices in y-
valerolactone (GVL), the perovskite absorber can be selectively
removed without harming the underlying mesoporous carbon scaf-
fold. Fresh perovskite is then reinfiltrated, restoring up to 89% of the
device's first life power conversion efficiency (PCE). This sustainable
method offers a promising route toward circularity in scalable
perovskite photovoltaic technologies.

The large-scale deployment of photovoltaic (PV) technologies is
central to global strategies for energy decarbonisation and
achieving net-zero targets. This involves a projected global
cumulative PV capacity of approximately 4500 GW by 2050," an
unprecedented scale which introduces several critical chal-
lenges concerning an adequate end-of-life (EOL) management
and recovery of critical materials.»® With the accelerated
deployment of silicon PV, it is projected that recycling or
repurposing end-of-life panels could unlock around 78 million
tonnes of raw materials and valuable components by 2050, with
an estimated value of USD 15 billion if reintegrated into the
economy.* However, present module designs and the lack of
adequate infrastructure for recycling and remanufacturing
remain major barriers to effective material recovery.® These
limitations not only restrict access to critical raw materials
locked within solar panels, but also lead to the loss of the
substantial embedded energy and carbon footprint associated
with initial module fabrication, impacts that are reproduced
with each new production cycle.*”

Emerging PV technologies present a unique opportunity to
embed circularity principles at the design stage, enabling effi-
cient remanufacturing and optimised end-of-life management
while minimising material loss and environmental impact.®®
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Circular design, the use of less toxic materials and processes, and reliance
on abundant, low-cost resources are critical to ensuring photovoltaic
technologies fulfil their role in the energy transition while remaining
sustainable over the long term. To avoid the lock-in of valuable resources,
a challenge already faced with decommissioned panels, emerging tech-
nologies must incorporate these considerations from the design stage. We
present a remanufacturing pathway for carbon-based mesoscopic perov-
skite solar cells, a scalable and inexpensive architecture, enabling reuse of
the full stack with reduced material and energy demand. By extending
device lifetimes and lowering environmental impact, this work illustrates
how emerging photovoltaic technologies can support a circular energy
economy and advance SDGs 7 (Clean Energy), 12 (Responsible Produc-
tion), and 13 (Climate Action).

Among emerging PV technologies, perovskite solar cells
(PSCs) show exceptional promise due to their high-power
conversion efficiencies, reaching up to 27% in single-junction
devices,” and their advantageous solution-based, low-
temperature fabrication processes.

Research into material recovery and recycling strategies for
perovskite solar cells (PSCs) has recently accelerated, with most
efforts focused on conventional n-i-p device architectures.”***
While these conventional configurations deliver excellent
performance, their scalability is limited by the use of expensive
materials, such as spiro-OMeTAD and noble metals like gold or
silver, as well as fabrication methods that are difficult to scale
up, including spin coating and metal evaporation. Moreover,
most recovery methods reported to date rely on dissolving the
device layers, which results in the loss of films with high
embedded energy'®'” and adds energy requirements associated
with material recovery from effluent recovery-solutions and
subsequent film redeposition.

Carbon-based mesoscopic perovskite solar cells (C-PSCs)
present a compelling alternative to conventional PSCs, partic-
ularly for applications where cost-effectiveness, durability, and
scalability are critical. This type of device consists of a triple-
layer architecture of mesoporous TiO,, a mesoporous ZrO,
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spacer, and a carbon electrode. The full stack is screen-printed,
and the perovskite is subsequently infiltrated via drop casting
into the porous scaffold. Although power conversion efficien-
cies reported for C-PSCs (~20%) are lower than those of
conventional devices,'®" they offer advantages such as
compatibility with large-area, low-cost fabrication methods, and
do not require costly hole-transport materials or metal elec-
trodes.*® Additionally, the use of 5-aminovaleric acid (AVA)
helps passivate defects, suppress the escape of methyl-
ammonium iodide (MAI), and mitigate the detrimental effects
of ion migration under stress conditions.?**> As a result, C-PSCs
infiltrated with AVA-MAPI, where MAPI denotes the commonly
used methylammonium lead iodide (MAPbI;) composition,
have been demonstrated to meet rigorous standards such as the
IEC 61215:2016 stability tests.*

From a circularity perspective, the architecture of C-PSCs is
particularly well suited to remanufacturing strategies. Because
the perovskite absorber is infiltrated into the mesoporous
scaffold, it remains directly accessible for post-treatment,
dissolution, and reinfiltration, without requiring the removal
of upper electrodes or transport layers, as is necessary in
conventional device architectures.

Although research into remanufacturing methods for C-PSCs
is still an emerging area of study,**** their compatibility with
green solvent processing and scalable manufacturing presents
a compelling opportunity for sustainable EOL approaches.>**¢*

In this work, we explore green-solvent-based remanufactur-
ing strategies for C-PSCs using AVA-MAPI as the perovskite
absorber. Our goal was to recover the full device stack by
removing the infiltrated perovskite using non-toxic solvents,
thereby enabling reuse of the printed mesoporous scaffold. The
solubility of lead halide salts in perovskite precursor formula-
tions limits the range of suitable solvents. Polar aprotic solvents
are typically employed because their lone pairs can coordinate
to Pb>" centres, promoting dissolution of Pbl, through the
formation of solvated iodoplumbate complexes. In search of
greener alternatives to the typical aprotic solvents of high
toxicity used for perovskite deposition, y-valerolactone (GVL)
has emerged as a promising substitute.”****° GVL is a dipolar
aprotic solvent with polarity comparable to DMF, allowing
efficient solvation of ionic lead-halide species with moderate
coordinating strength that has led to slower and more
controlled perovskite crystallisation.” In mesoscopic carbon-
based devices, GVL has been shown to form stable, homoge-
neous precursor dispersions that infiltrate the porous scaffolds
effectively, supporting reproducible device fabrication.***®
Given its established use as the precursor solvent and proven
compatibility with the mesoporous stack, GVL was selected as
a candidate solvent for the recovery process.

Extending the search for environmentally benign processing
routes, an aqueous KOH solution was also evaluated as a water-
based alternative. While Pbl, is only sparingly soluble in water,
Pb(u) compounds dissolve readily in strong acids and alkalis,
forming soluble hydroxo-plumbite complexes in excess
hydroxide.**** The use of strong alkaline solutions such as KOH
has previously been shown to remove perovskite films and
recover transparent conductive oxide (TCO) substrates without
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damaging the underlying layers, and can even improve surface
wettability."** Building on this, we explored an aqueous-based
route as a greener alternative to organic solvents, offering
effective dissolution of Pb species alongside simple, low-toxicity
handling. Unlike sequential dissolution methods applied to
planar devices, where only perovskite solubility and TCO
stability are critical, the present approach required preserving
the functionality of the mesoporous triple-stack scaffold,
introducing an additional layer of complexity to the removal
process. To this end, we tested both solvent systems, GVL
(Fig. 1a) and an aqueous 1.5 M potassium hydroxide (KOH)
solution (Fig. 1b), to assess whether the AVA-MAPI absorber
could be effectively removed while retaining the scaffold's
functionality for a second life.

Fig. 1c shows the best j-V curves obtained for non-aged,
reinfiltrated devices. The highest power conversion efficiency
(PCE) achieved using the GVL-based recovery method was
10.7%, compared to 9.1% for the KOH-based approach. For
reference, the best-performing standard device from the same
batch (without reinfiltration) reached a PCE of 12.1%. Electro-
luminescence (EL) imaging (Fig. 1e) revealed uniform perov-
skite emission in both the standard and GVL-rinsed devices,
indicating good perovskite distribution and no apparent
contact issues with the carbon counter electrode.

Although effective in other PSC architectures," KOH posed
challenges in the thicker, printed mesoscopic configuration,
likely due to chemical interactions between its basic nature and
the interfaces within the porous scaffold. While the 1.5 M KOH
solution enabled second-life efficiencies of around 9%, reinfil-
trated devices exhibited poor operational stability, pronounced
hysteresis (Fig. S1), and limited reproducibility, particularly in
aged devices, where rinsing with the KOH solution led to cloudy
or visibly damaged substrates (Fig. S4 and S8) rendering many
samples unsuitable for reinfiltration. Despite exhibiting
uniform EL, the best-performing KOH-rinsed device showed
significantly lower EL intensity compared to both the non-
reinfiltrated and GVL-rinsed counterparts (Fig. 1e). This obser-
vation was consistent with steady-state photoluminescence (PL)
measurements (Fig. 1d), which showed reduced emission in
both reinfiltrated devices, with a more pronounced decrease in
the KOH-rinsed sample. These results, together with the
pronounced hysteresis and low stability, point to increased
interfacial disruption between the AVA-MAPI absorber and the
underlying stack in KOH-treated devices relative to those
recovered using GVL.

Devices recovered using GVL demonstrated better stability
(Fig. S2), and exhibited hysteresis behaviour comparable to that
of standard devices (Fig. 1c and S1). To further evaluate the
robustness and practical applicability of the GVL-based recovery
method, we applied it to aged C-PSC devices, defined as those
stored under ambient conditions for over three months. These
samples exhibited initial power conversion efficiencies (PCEs)
ranging from 11% to 15%, with an average PCE of 12.7%.
Remanufacturing conditions were systematically varied by
adjusting both the immersion time and the GVL temperature
during sample immersion. Optimal rinsing conditions were
identified at 85 °C, yielding average PCEs of 8.9% and 9.5% for

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Remanufacturing processes and performance of non-aged devices. Schematic illustration of the AVA-MAPI removal and re-infiltration
process using (@) GVL and (b) aqueous KOH; (c) current density—voltage (J-V) curves of best-performing non-aged devices: standard, GVL-

recovered, and KOH-recovered; (d) steady-state photoluminescence
(EL) images of standard and recovered devices.

immersion times of 15 and 30 minutes, respectively (Fig. 2a).
Overall, PCE recovery, defined as the second-life efficiency
expressed as a percentage of the original (first-life) PCE, varied
widely across tested conditions. Values ranged from 25% in the
lowest-performing device to 89% in the best case, where
a second-life efficiency of 12.4% was achieved from a device
with a first-life PCE of 13.9% (Fig. 2b).

XRD patterns of GVL-rinsed scaffolds (Fig. S7) show no Pbl,
reflections for either short (3 min, 25 °C) or extended (20 min,
85 °C) treatments. The lack of detectable Pb-containing phases
suggests that differences in post-processing conditions likely
arise from trace-level residues below the XRD detection
threshold rather than bulk Pbl,. The integrity of the carbon
counter electrode was likely a key factor contributing to the high
variability in device performance after recovery. While moderate
damage to the carbon film in aged devices did not significantly
impact first-life efficiency, surface imperfections became crit-
ical during remanufacturing. These defects hindered uniform
perovskite removal throughout the stack, ultimately leading to
samples unfit for reinfiltration (Fig. S5).

PL and TRPL measurements provide insight into the limi-
tations causing remanufactured devices to exhibit lower PCEs
than first-life devices. These measurements were performed on
complete devices, with excitation incident through the glass
substrate, thereby illuminating the TiO, mesoporous scaffold
side of the stack. Excitation wavelengths of 450 nm (PL) and
405 nm (TRPL) were used, which, given the perovskite's
absorption coefficient (~10° cm "), correspond to a penetration
depth of less than 1 pm.** As a result, the data primarily reflect

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

(PL) spectra of standard and recovered devices; (e) electroluminescence

the perovskite within the TiO, mesoporous scaffold. The results
show variable PL intensities (Fig. 2c), sometimes exceeding
those of pristine devices, as well as peak shifts and consistently
shorter TRPL, with 7, dropping from over 30 ns in first life
devices to 22 ns and even as low as 5 ns (Fig. 2d).

A PL blue-shift of approximately 5 nm was observed for the
KOH-treated non-aged sample relative to the standard and GVL-
recovered samples, both of which show a PL emission peak at
approximately 765 nm (Fig. 1d). Although this initial evaluation
was carried out on non-aged recovered devices and appears to
show a solvent-dependent effect, a wide variation in peak
position was also observed in aged devices recovered using GVL.
PL blue-shift and apparent bandgap widening have been widely
linked to differences in perovskite crystallisation and micro-
structure: smaller grain size, increased disorder, and lattice
strain, arising from confinement within mesoporous scaffolds
or from structural variations between surface and edge regions
in MAPI single crystals, can all shift the emission to higher
energies.** Alternatively, partial degradation or Pbl, forma-
tion has also been shown to produce blue-shifted and broad-
ened PL spectra.*® The variability observed here likely reflects
local differences in perovskite crystallisation, strain, and
degradation within the mesoporous stack, influenced by both
solvent-specific effects on the infiltration environment and
variations in the structural integrity of individual stacks. These
factors together help explain the observed spread in device
performance.

Thermal and solvent stress during GVL rinsing and subse-
quent drying at 350 °C, along with the presence of residual
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Fig.2 Remanufacturing of aged carbon-based perovskite solar cells via GVL rinsing. (a) Recovered power conversion efficiency (PCE), expressed
as a percentage of the original efficiency, for devices remanufactured by immersion in y-valerolactone (GVL) at different temperatures and
durations. (b) Current density—voltage (J-V) characteristics of the best-performing remanufactured device, before and after GVL recovery. (c)
Steady-state photoluminescence (PL) spectra and (d) time-resolved PL (TRPL) decay curves comparing standard (fresh) and remanufactured

devices.

perovskite, may induce chemical or morphological changes at
the perovskite interfaces on samples subject to recovery and
reinfiltration. These alterations can impair infiltration quality,
evidenced by reduced PL intensity, or disrupt charge collection
at the interfaces, as suggested by cases where higher PL inten-
sity is accompanied by shorter carrier lifetimes. Together, the
reduced performance of remanufactured devices, along with PL
and TRPL data, points to multiple mechanisms contributing to
performance loss, primarily related to disruption of the printed
mesoporous scaffold, which may hinder perovskite infiltration
and lead to interfacial disruption.*

While the recovered performance does not match that of
pristine devices, these results provide compelling evidence of
the structural resilience of the full mesoporous stack. This is
a key finding from a circular design perspective: the ability to
rinse and reuse the scaffold without re-depositing each layer
represents a substantial reduction in energy and material input,
a trade-off that could be acceptable if long-term stability can be
achieved.”* Conventional scaffold fabrication is an energy-
intensive process, typically requiring sintering at 400-550 °C
for each oxide layer. The mesoporous transport layer represents

RSC Sustainability

a major energy input in PSC manufacturing, with studies indi-
cating that substrate patterning, spray pyrolysis of TiO,, and the
deposition and sintering of the mesoporous layer can jointly
account for up to 74% of the total energy demand in conven-
tional mesoscopic PSCs.* In carbon-based architectures, this
share is even higher due to the absence of gold evaporation and
the inclusion of additional printed layers requiring multiple
sintering steps.'®'” These findings highlight the substantial
energy investment embodied in the mesoporous scaffold and
underscore the importance of remanufacturing strategies that
enable its reuse.

Conclusions

In summary, carbon-based perovskite solar cells (C-PSCs) can
be effectively remanufactured using sustainable,
destructive methods that preserve the original device architec-
ture and enable a functional second life for the device. While
the KOH-based method enabled partial recovery of device
performance, achieving a maximum reinfiltrated efficiency of
9.1% for non-aged devices, it was limited by poor stability, low

non-

© 2025 The Author(s). Published by the Royal Society of Chemistry
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reproducibility, and structural disruption in aged scaffolds.
Future efforts aimed at mitigating scaffold disruptions during
recovery with KOH solutions could make this water-based
approach an attractive and scalable alternative for sustainable
device remanufacturing. The GVL-based rinsing and reinfiltra-
tion strategy proved successful for both non-aged and ambient-
aged devices, maintaining functional interfaces and restoring
up to 89% of the original (first-life) efficiency. This approach
offers a practical route to extending the operational lifetime of
devices without requiring mesoporous stack redeposition or
high-temperature reprocessing.

Future work focused on optimising rinsing conditions,
enhancing interface passivation, and preserving the structural
integrity of the carbon layer could further improve remanu-
facturing outcomes, potentially achieving efficiencies compa-
rable to those of pristine devices. By enabling the reuse of
critical device components and minimizing the need for energy-
and resource-intensive processing, this strategy represents a key
step toward more circular and sustainable perovskite photo-
voltaic technologies.
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