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Abstract

Perovskite solar cells (PSCs) combine high efficiency with low-cost processing, but their rapid
progress toward commercialization is challenged by insufficient end-of-life strategies. Here we
present the proof-of-concept of solvent-based revival of carbon-based PSCs using the green solvent
~-valerolactone (GVL) reaching high revival rates, which requires significantly less energy com-
pared to the production of a new device. With this revival approach, we not only recover the mate-
rials but also the structure of the whole devices, including the energy and costs invested in them in
the original manufacturing, thus advancing the highest level of resource-efficient recycling within
the eco-design concept. Devices subjected to the optimized protocol revived up to 95% of their
initial power conversion efficiency, with a stable fill factor and only modest reductions in pho-
tocurrent and open-circuit voltage (V). Impedance spectroscopy revealed only a small increase in
series and charge-transfer resistances, attributable to interfacial changes of the carbon/perovskite
boundary, while scanning electron microscopy confirmed the preservation of the carbon scaf-

fold and successful reinfiltration of the perovskite precursor. Energy return on investment analy-
sis further highlighted the sustainability advantage of revival compared to single-use devices. These
results establish GVL-assisted revival as a practical first-level recycling strategy for PSCs.

1. Introduction

PSCs have rapidly emerged as one of the most promising photovoltaic (PV) technologies, achieving
power conversion efficiencies of 27% in single-junction devices and 30.1% in perovskite—perovskite dou-
ble junction devices (NREL Best Research-Cell Efficiencies Chart 2025). Their combination of high per-
formance, low-temperature solution processing, and compatibility with lightweight and flexible substrates
has positioned PSCs as strong candidates for next generation solar technologies with commercial poten-
tial (Sengupta et al 2025). With the growing attention to scaling strategies (Li et al 2025), the urgency

of addressing end-of-life (EoL) strategies is increasing. Regulatory and environmental frameworks such
as the EU Waste Electrical and Electronic Equipment Directive and restrictions on hazardous substances
highlight the need for sustainable management of toxic lead and electronic waste.

Despite these drivers, research on PSCs remains dominated by efficiency and operational stability
studies, while sustainable EoL strategies lag behind. In our previous work, we introduced an eco-design
concept that classifies PV recycling into four levels depending on the balance between energy input and
value output: (i) reviving a device, (ii) reusing components, (iii) recycling compounds, and (iv) recov-
ering elements (Miettunen and Santasalo-Aarnio 2021). Traditionally PSCs recycling efforts have been
focused on full recovery of valuable materials, which is called recycling-remake strategy (Binek et al
2016, Kadro and Hagfeldt 2017, Wang et al 2021). Under this approach the whole device architecture
is mechanically and chemically disassembled to separate and individually recycle the materials for fur-
ther reuse. Recent advances in PSC recycling have mainly addressed the middle levels. Holistic aqueous
(Xiao et al 2025) and solvent-based circular recovery (Larini et al 2025) enable high-purity material reuse
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Figure 1. C-PSCs device-level revival within the circular economy concept (reproduced from Hadadian et al 2025). To begin

with, a printable stack is prepared where perovskite is infiltrated to make a working device, which then be used. At the end of life,
the perovskite can be flushed out from the degraded device to have the stack ready for another perovskite infiltration.

while lowering cost and environmental impact. Green solvent approaches (Pacchioni 2025) and recent
reviews (Selvanathan et al 2025) confirm the potential of low-toxicity strategies, though challenges with
encapsulation, scalability, and lead safety remain. These developments strengthen the intermediate levels
of the eco-design concept (i.e. component reuse and compound recycling). The revival level—restoring
device performance without destroying the architecture—represents the most resource-efficient strategy
but remains largely unaddressed.

In our previous contribution, we showcased what these recycling levels options could entail for per-
ovskite solar cells and their technoeconomic assessment (Akulenko et al 2023). In that study, we high-
lighted that among different PSC architectures, mesoporous PSCs, in particular carbon-based PSC (C-
PSCs) are promising in this respect. In C-PSCs, the photoactive material, perovskite, is the material
that is the most susceptible to degradation (Zouhair et al 2024). Perovskite is infiltrated in the meso-
porous C-PSCs scaffold, providing a unique feature for washing off the perovskite from the scaffold
at the end of life and reinfiltrate new (or regenerated) perovskite, which is called reviving the whole
device (figure 1). Beyond their recyclability, C-PSCs are especially attractive due to their low-cost materi-
als, facile fabrication without the need for vacuum deposition or noble metals, and superior long-term
stability under ambient conditions. The use of carbon as the back electrode eliminates the need for
costly and unstable hole transport layers and gold contacts, making C-PSCs one of the most scalable
and commercially relevant architectures for large-area and sustainable perovskite PVs (Hadadian et al
2020, Bogachuk et al 2022). A current research question with C-PSC devices is increasing their efficiency
(He et al 2025).

As we highlighted before, the revival of whole devices is possible with minimal additional energy
input (Akulenko eral 2023). However, systematic studies on revival remain scarce. Existing demonstra-
tions include revival of C-PSCs via methylamine gas treatment (Hong et al 2017) and solvent-based
approaches applied to devices with metallic electrodes (Zhiliang Ku et al 2015). Gas-based processes add
complexity and bring additional safety concerns, making solvent based processing more preferred from
both practical and environmental perspectives.

Despite this potential, solvent-based revival specifically for C-PSCs has received very limited atten-
tion in the literature. In our previous work, we reported an initial proof-of-concept for solvent-based
revival of C-PSCs and compared N,N-dimethylformamide (DMF), dimethyl sulfoxide (DMSO), and ~-
valerolactone (GVL), but the revival rates were modest (~65%) (E. Akulenko et al 2023). While DMF
and DMSO readily dissolved perovskite, they frequently induced peeling of the carbon mesoporous layer.
GVL, in contrast, effectively dissolved degraded perovskite with minimal or no carbon peeling, showing
more promise for perovskite revival (E. Akulenko et al 2023).

This behavior can be rationalized by differences in solvent properties. As summarized in table 1,
DMEF and DMSO exhibit high dielectric constants, high donor numbers, and high Pbl, solubility result-
ing in strong coordination with Pb?*, though this strong interaction also leads to mechanical stress on
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Table 1. Key solvent properties relevant for solvent-based revival of C-PSCs.

Dielectric Donor Hansen Key features
constant € number Pbl, solubility 6D, P, 0H and environ-
Solvent  Chemical structure (25 °C) (DN) (30°C) (MPa'’?) mental aspect References
DMF 0 36.7 26.6 Very 17.4 Strong Pb?+ (Prat et al
Jk .CHgz high 13.7 coordination; 2014, Petrov
H i}j (Z2M) 11.3 aggressive towards etal 2021)
CHs carbon scaffold;
reprotoxic solvent;
SVHC under EU
REACH; unsuitable
for sustainable
scale-up
DMSO (@] 46.7 29.8 High 18.4 Very strong Pb?>+ (Prat et al
/§\ (=14M) 16.4 coordination; 2014, Petrov
HiC CHs 10.2 induces carbon etal 2021)
peeling; low acute
toxicity solvent
GBL 42 18 Sufficient™ 18.0 Used as common (Stevenson
O&O 16.6 perovskite precursor et al 2017,
7.4 solvent; low Radicchi et al
coordination 2020, Petrov
strength; etal 2021)
petrochemical origin;
regulatory and
toxicity concerns
limit sustainability
GVL /L_\/Q 36.0 >18** Sufficient™** 17.1 Moderate (Kerkel et al
o (o) 11.9 coordination; 2021, Worsley
6.2 preserves carbon etal 2021,
scaffold; bio-based, Akulenko et al
biodegradable, 2023, Miao
low-toxicity solvent; etal 2023,
aligned with Viisdnen 2025)
sustainability
principles

*Sufficient to dissolve precursors in typical perovskite formulations (Petrov et al 2021).

**We note that, unlike DMF and DMSO, an experimentally determined DN for GVL has not been reported in the literature. Therefore,
comparison with gamma-butyrolactone (GBL) provides a useful benchmark. Worsley et al (2021) suggests that GVL coordinates more
readily to Pb?>* centers compared to GBL (DN = 18).

***Sufficient solubility demonstrated by complete removal of degraded perovskite and successful reinfiltrating (E. Akulenko et al
2023).

mesoporous carbon layer. GVL, in contrast, exhibits moderate coordination to Pb**, offering compa-
rable to DMF dielectric constant. This balance appears sufficient to dissolve degraded perovskite while
limiting mechanical stress on the mesoporous carbon electrode, as reflected by the substantially reduced
carbon peeling observed experimentally (E. Akulenko et al 2023). In addition, GVL is a bio-based, low-
toxicity solvent, making it particularly attractive in terms of environmental and sustainability aspects.
Recently, a GVL-based remanufacturing potential for mesoscopic C-PSCs was investigated. However, the
reported results do not directly quantify the extent to which the functionality of an individual cell can
be restored after perovskite washing out (Valadez-Villalobos et al 2025). A critical issue remaining largely
unexplored in the literature is reaching high revival rates with C-PSCs using a solvent-based revival
strategy.

The present study provides the proof-of-concept of high revival rates of C-PSCs using a green sol-
vent, GVL, fully aligned with circular economy principles complemented with energy investment anal-
ysis. The optimized protocol, incorporating simplified handling to reduce electrode damage, enabled an
average revival rate of 95% of the initial power conversion efficiency across multiple devices. In addi-
tion to investigating the PV performance of the devices of original and revived devices, their conduc-
tivity is studied using electrochemical impedance spectroscopy (EIS). Furthermore, the morphology
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of the carbon layer before and after revival is investigated using scanning electron microscope (SEM).
Photoluminescence (PL) measurements were also performed to verify whether the revival step preserved
the characteristics of the perovskite absorber. To contextualize the energy implications of revival, we refer
to the concept of energy return on investment (EROI) (Celik et al 2018), which compares the net energy
gained with the net energy invested to providing an energy source (Murphy and Hall 2010, Arvesen and
Hertwich 2015, Jech et al 2026). While traditionally applied to first-use devices, this concept can also be
extended to evaluate the benefits of revival, where single-use devices are compared with revived ones as
done in this study.

2. Materials and methods

The study combined fabrication of C-PSCs, their solvent-assisted revival with GVL, and subsequent per-
formance, electrical, and morphological characterization. In addition, EROI analysis was applied to eval-
uate the sustainability benefits of device revival relative to first-use operation.

2.1. Materials

For fabricating C-PSCs a complete commercial kit of components from Solaronix was used. The pri-
mary aim of the present work was to demonstrate that high revival rates for C-PSCs can be reached
under well-defined and simplified conditions. Therefore, we prioritized the use of commercially avail-
able materials, which have well-defined and reproducible characteristics. The kit included prefabricated
carbon monolithic electrodes (CME), ready-to-use perovskite precursor solution and polyamide impreg-
nation masks. CME consisted of a layered structure deposited on fluorine-doped tin oxide (FTO) glass,
comprising a mesoporous ZrO, layer, a mesoporous TiO, layer, a compact TiO, layer and a carbon
layer. The precursor solution included lead iodide (Pbl,), methylammonium iodide (CH3NH;I), and
5% 5-ammonium valeric acid iodide (5-AVAI) dissolved in GBL. Ethanol (anhydrous, >99.5%) and GVL
(anhydrous, 99%) for revival step were purchased from Sigma Aldrich.

2.2. Fabrication process

High-temperature treatment of CMEs was carried out at 400 °C using a programmable hot plate with
a closed lid for 30 min after a 30 min ramp. A uniform thermal environment facilitates reaching high
performance and removal of the contaminants trapped in the porous structure during storage.

After the heat process, CMEs were allowed to cool down inside the hot plate with a closed lid. Once
the temperature dropped to 150 °C, the samples were removed one at a time from under the hot plate
lid for masking in a fume hood and immediately returned after. This procedure was repeated sequen-
tially for each CME, ensuring that all the electrodes remained covered by the hot plate lid throughout
the cooling process.

Afterward, the mesoporous layers of CMEs were infiltrated with 5.76 ul of methylammonium lead
iodide (MAPDI;) precursor solution inside a glovebox. The samples were left in the plastic container
with lid on and kept inside the glove box for 30 min to allow the solution uniformly spreads over the
electrodes. Then samples were heated at 50 °C for 15 min on a hot plate.

2.3. Revival process

In our initial study of C-PSC (E. Akulenko et al 2023), the revival rate was relatively low and various
results indicated that the carbon layer is very prone to damage. Thus, here the revival procedure was
simplified to reduce handling steps and improve reproducibility compared with our earlier protocol

(E. Akulenko et al 2023). The key issues in the optimization of the device preparation were to (1) mini-
mize contamination (e.g. by ambient moisture and air) while (2) minimizing the number of heat treat-
ments. Specifically, we modified the masking step to prevent moisture absorption by the porous carbon
layer, with detailed procedure given in section 2.2. Then, high temperature treatments were limited to
one with high uniformity (note that uncovered hotplate tends to be too unrepeatable) and time from
there to the masking was minimized.

No intentional aging or accelerated degradation (e.g. thermal, light-induced, humidity-driven, or
combined stress) was applied to the devices prior to revival. The revival protocol was investigated on
freshly fabricated devices and on samples in which the perovskite absorber had been removed during the
washing-out step.

The actual revival process consisted of immersing the samples in flat beakers with 30 ml of GVL for
30 min at ambient temperature (following the Ku eral 2015), continued with ethanol washing, thermal
treatment on a hot plate at 150 °C for 10 min, and reinfiltration with the MAPbI; precursor in a glove
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Immersion in GVL, Ethanol washing, Heating, 150 -C for MAPbI; precursor
30 min 1 min 10 min infiltration
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Figure 2. Revival process: step-by-step process for reviving the C-PSCs, washing and reinfiltration of MAPbI; precursor. Devices
are first immersed in GVL, followed by ethanol washing. The substrates are then heated at 150 °C before infiltration with the
MAPDI; precursor solution.

CPE,, CPE,
A\ A\
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A— —
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s J J
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Figure 3. Equivalent circuit diagram, where R,—the series resistance of carbon electrode and FTO, R-—the charge transfer
resistance at the carbon/perovskite interface, Rrec—the charge recombination resistance at the TiO,/perovskite interface.

box after cooling (figure 2). Variation of GVL volume between 17.5 and 30 ml did not lead to systematic
changes in revival efficiency.

For the ethanol washing step, an 800 ml glass beaker containing 200 ml of ethanol was used. The
samples were placed on a flat spatula (as shown in figure 2) and gently immersed in the ethanol bath
for 1 min at the ambient temperature. After immersion, the samples were lifted using the spatula and
immediately transferred onto a hot plate using tweezers.

Further optimization compared to our previous protocol (E. Akulenko et al 2023), where samples
were immersed in GVL in deep beakers, ethanol washing involved sequential transfer with tweezers
across three separate beakers and standard current—voltage (IV) characterization was employed after the
washing step, here we simplified the procedures: flat beakers were used for GVL immersion step, and a
single wide beaker with a flat spatula was used for ethanol washing to minimize mechanical stress on
the carbon electrode, and a multimeter-based check replaced full IV testing. These changes in protocol
reduced handling steps and lowered the risk of carbon electrode peeling. Furthermore, it is also more
cost-effective, since a method with fewer operations is inherently easier and cheaper to implement on an
industrial scale.

2.4. Samples characterization

The performance of the solar cells was measured the next day after fabrication/revival using a solar sim-
ulator (PEC-LO01, PECCELL) comparable to AM 1.5G standard testing conditions. Prior to the IV mea-
surements, the cells were illuminated under the solar simulator for 1 min. The IV characteristics were
recorded with a Gamry Reference 600+ potentiostat, starting from —0.2 V after a 3 s equilibration, and
scanned in both forward and reverse directions up to 1 V at a scan rate of 100 mV s~! with a 20 mV
step size. IV measurements were performed using a custom mask with a rectangular aperture 0.64 cm?,
smaller than active device area (12.5 x 12 mm?, fabricated following the protocol of Garcia et al (2024).

For the rapid verification of the samples state after ethanol washing, a multimeter-based check was
performed using a UNI-T UT133A digital device under ambient light. In these conditions, the samples
from which perovskite had been removed typically showed V. values between 30-40 mV while working
devices gave V. values of 470-560 mV confirming the loss of PV activity.

EIS measurements were conducted with the same Gamry Potentiostat and using the same solar sim-
ulator as the light source as in the IV measurements. EIS was carried out in the frequency range from
50 mHz to 5 MHz at zero applied voltage. Data was analyzed using the BioLogic EC-Lab® V11.52 soft-
ware and fitted to the equivalent circuit diagram shown in figure 3 to obtain impedance parameters.
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Figure 4. IV curves of a sample before and after revival (reverse scans).

The morphology and elemental composition of the samples was analyzed by SEM (Thermo Scientific
Apreo S) and energy dispersive x-ray spectroscopy (EDS) (Oxford Instruments Ultim Max 100 spectrom-
eter). SEM analysis was done at 2 kV and 25 pA, using both Everhart-Thornley (ETD) and the lower
in-lens (T1) detectors with a 10 mm working distance. EDS analysis was done at 7 kV and 0.8 nA with
the same 10 mm working distance. EDS spectra were analyzed with the AZtec 6.1. software.

Steady-state PL spectra were recorded using an FLS1000 spectrofluorometer (Edinburgh Instruments
from UK). Time-resolved PL (TRPL) were carried out using a PicoQuant time-correlated single photon
counting setup, and the decay traces were acquired using EasyTau 2.3 software.

2.5. EROI analysis

EROI was utilized to compare the benefits of revival with those of manufacturing new cells. This
approach visualizes both the influence of the first operational lifetime and the extended lifetime enabled
after revival, allowing the impact of efficiency retention to be analyzed. EROI was calculated in following
way:

EROI — EOut_initial + EOut_revived (1)

Emanufacturing =+ Erevived

where Equt initial and Eout_revivea are the electricity produced by the initial cell and revived cell, respec-
tively. Emanufacturing aNd Erevival are the energy consumed during manufacturing and revival, respectively
(detailed break-down in supplementary table S1). The electricity production was calculated:

Eouty =1+ A+ UF - £+ Ninitial 2)

where I is the average yearly insolation (assumed as 1700 kWh m~2 per year (Celik et al 2018), A is the
active area of the cell (assumed as 1 m?), UF is the utilization factor (here UF = 0.8), and ¢ stands for
years during initial operation (t = 5). Nl 1S the efficiency of the device during first life. Initial effi-
ciency is set to the average measured efficiency of the initial cells at t = 0 and then it was set to linearly
decrease to 80% of the initial efficiency at t = 5 years. Eout_revived Was calculated in similar fashion only
the efficiency was the respective revived efficiency. The second life efficiency was set to decrease in same
fashion as the first life efficiency.

3. Results and discussion

3.1. Samples performance before and after revival

C-PSCs samples fabricated with CMEs were subjected to the optimized GVL-based revival protocol, and
their PV performance was assessed before and after revival. Representative IV curves (figure 4) and PVs
characteristics (table 1) demonstrate that the overall device functionality was mainly preserved after
revival, with only a mild reduction in photocurrent density and open-circuit voltage, while fill factor
(FF) remained stable.
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Table 2. Average photovoltaic characteristics and their standard deviations (for batch 1) at their initial state and after revival.

Cells Scan direction Jse (MA cm™?) Voe (V) EF (%) PCE (%) Revival rate (%)
Initial Forward 21.5+0.3 0.83 £ 0.02 4047 741
Reverse 21.34+0.4 0.84 + 0.02 51+1 9.0+ 0.2
Revived Forward 2041 0.80 £ 0.02 42 +2 6.7 £ 0.6 95 420
Reverse 20+ 1 0.82 + 0.02 50+ 1 82405 91+7
a = = Initial data b 201 = Initial data
Initial fit Initial it
* Revived data e S Revvedaaia
200 Revived fit 200 - Revived fit
g 150 551 1504
5 S
100 £ 1001
50 50
0 s T T - ooy T T T 0 C T T T
10% 10" 10° 10" 10°  10°  10*  10°  10° 0 50 100 150 200 250
Frequency (Hz) Re(Z) (Ohm)

Figure 5. (a) Example Bode plot of the impedance measurements; (b) example Nyquist plot of the impedance measurements.

Initial devices showed average efficiencies of 9.0 + 0.2% in reverse scans and 7 + 1% in forward

scans. These efficiencies are typical for such simplistic material combination (Grancini et al 2017).

The more interesting and important part was that after revival, the efficiencies were 8.2 + 0.5% and

6.7 £ 0.6%, corresponding to revival rates 91% and 95%, respectively. There were only small efficiency
(PCE) losses, which are primarily attributed to a drop in short-circuit current (J.) and in V. (table 2).
These small changes likely originate from incomplete regeneration of the perovskite absorber and interfa-
cial modifications. The FF remained largely unaffected as indicated by table 2, which suggests that charge
extraction and contact quality were maintained. These results also motivate further studies to reach opti-
mized material combination for high initial performance.

Calculated revival rates (table 2) averaged 95% for forward scans and 91% for reverse scans demon-
strate promising revival across the multiple samples. In cell 4 (table S2), the revival performance even
exceeded the initial value (7.51% revived vs 5.13% initial), likely due to improved redistribution of the
perovskite precursor within the porous carbon scaffold during reinfiltrating. To assess the repeatability
of the revival process, we made further batches and the performance data is shown in supplementary
table S2. While there is some batch-to-batch variation in original performance as typical, the revival
rates were similar in the tested batches. The overall average revival efficiency increases to 96% =+ 20
for the forward scan and 92% = 10 for the reverse scan (table S2). Furthermore, when outlier samples
(both outstandingly high and low) are excluded, the overall average revival efficiency is 92% =+ 14% for
the forward scan and 91% =+ 15% for the reverse scan. These results show a substantial improvement
compared with our initial study (E. Akulenko et al 2023). The higher revival rates can be attributed to
protocol simplifications that reduced mechanical stress on the carbon electrode and minimize unneces-
sary handling steps. Together, these findings confirm that GVL enables efficient and promising revival
of C-PSCs, achieving revival rates up to 95% of the initial cells performance (see table 2). This demon-
strates the potential of solvent-based revival as a practical first-level recycling strategy within circular
economy concept.

3.2. Electrochemical impedance analysis before and after revival
EIS was performed to investigate the impedance characteristics of perovskite solar cells before and after
revival. The measurements were done under illumination at 0 V conditions. The Nyquist plot and Bode
phase diagram of a device before and after revival are shown in figure 5.

Two arcs can be observed in the Nyquist plot. The semicircle in the high-frequency region is com-
monly attributed to the Ry, while the low-frequency region shows a part of a parabola associated with
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the Ry.c (Rong etal 2014, Meng et al 2018, Don et al 2023). Another interesting value is the Ry, which
can be read from the distance of the first semicircle from the origo. Ry consists mainly of the sheet resis-
tance of the FTO glass and the carbon layer. The Bode magnitude plot shows that the revival did not
affect the time constants of the charge transfer and recombination processes, as both the initial and
revived curves plateau and peak at the same frequencies.

Series resistance values increased after the revival process for all the cells, with initial and revived Ry
values being 15 £ 1 Ohm cm~2 and 21 + 3 Ohm cm 2, respectively. Generally, higher R, value results
in reduced FF and thus leads to lower efficiencies (Meng et al 2018, Bhandari et al 2020). In this study,
a statistically significant change in R values was noted but the difference is so small that it has only
a minor impact on FF (figure 6) and consequently on PCE when its increase is calculated (data not
shown). This analysis based on EIS is well in line with the IV measurements discussed in the previous
section.

Moreover, there was an increase of the R at the perovskite/carbon interface after the revival, indi-
cated by the parabolas in the high-frequency region. Average R values at the carbon/perovskite inter-
face for initial and revived cells were 60 &= 10 Ohm ¢cm~2 and 68 4+ 4 Ohm cm ™2, respectively (table 3).
Higher R indicates a more hampered transport of holes from the perovskite to the carbon electrode
(Don et al 2023). However, the changes in R cannot be directly compared since the voltage over the
photoelectrode is different in different cells due to varying V,. and FE Ry does not vary based on device
voltage, thus allowing reliable comparison. The increase in Ry and potentially R, could be attributed
to minor degradation of the carbon electrode and subsequent changes at the carbon/perovskite inter-
face after the revival process. Results from the fitting of impedance data show that recombination
resistance R,.. decreased after the revival. Lower R values signify faster charge recombination at the
TiO,/perovskite interface which leads to lower V. values (Don et al 2023). This corresponds to the
slight drop in V. observed during IV measurements of the revived cells (table 2).

3.3. Surface morphology analysis

The morphology of the sample surface was analyzed using SEM (figure 7). Top-down images of the ini-
tial and revived samples were taken using both the ETD and the T1 detectors. The images taken with
the ETD detector show the surface topography of the sample, whereas the T1 images highlight the mate-
rials contrast with lighter elements showing darker areas in the images. In the initial samples, the sur-
face appears uniform, with perovskite formation primarily within the carbon electrode. In the T1 image
the perovskite formations are seen as lighter spots in the darker carbon electrode surface, but in the
ETD image the surface seems uniform and there are no separate perovskite crystal formations on top

of the carbon layer. In some of the revived samples, in addition to the formation of the perovskite in the
carbon scaffold, perovskite crystal formations are observed on top of the carbon, indicating that some
perovskite now forms on the surface rather than within the carbon scaffold. However, figure S1 shows
the SEM of another revived cell that shows a similar structure to the initial samples without perovskite
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Table 3. Impedance fitted characteristics (for batch 1), normalized by masked active area of
0.64 cm?. The samples 1-4 represent the individual results, whereas the average and their
standard deviations are at the end, highlighted with bold.

Name R, (Ohm cm™2) R (Ohm cm™2) Rrec (Ohm cm™2)

1 Initial 17.53 66.19 5495
Revived 20.88 68.55 3430

2 Initial 15.89 71.03 6169
Revived 19.08 63.22 4456

3 Initial 14.23 52.39 6078
Revived 24.66 72.80 7558

4 Initial 13.53 51.05 5808
Revived 18.16 66.27 2252

Average Initial 1541 60 + 10 5900 + 300
Revived 2143 68 1+ 4 4400 £+ 2000

Figure 7. SEM images of initial and revived cells: (a) initial cells ETD; (b) initial cells T1; (c) revived cells ETD; (d) revived cells
TI1.

forming on the surface. The formation of the perovskite on top of the carbon in some of the samples
suggests that a small part of the perovskite nucleates on the surface, likely due to structural changes in
the carbon electrode induced by the initial infiltration and revival process. The crystals on top should
not interfere with charge transport inside the device. However, it is unknown if they will have an impact,
for instance on long term stability of the device.

Figures S2-S4 show the EDS maps for the initial, washed, and revived samples respectively. The
atomic percentages obtained from the elemental spectra show a decrease in the amounts of both iodine
and lead in the washed sample, indicating that the perovskite was washed out successfully. After revival,
the amounts of lead and iodine return to similar values as in the initial sample, indicating that the ele-
mental composition and therefore the amount of perovskite in the revived sample is similar to the initial
sample.
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Figure 8. (a) Steady-state and (b) time-resolved photoluminescence (PL and TRPL) spectra of the initial and revived carbon-
based perovskite solar cells. Measurements were performed from the glass side using a ~45° excitation—detection geometry.
The excitation wavelength was 405 nm for both PL and TRPL measurements, and the TRPL decay was monitored at an emission
wavelength of 760 nm.

To investigate the zirconia underlayer maintains the initial structure after immersion in GVL, we
performed SEM analysis on zirconia electrodes (FTO/C-TiO2/M-TiO2/M-ZrO2) before and after GVL
immersion (figure S5). The structure remained similar to the initial even after immersion.

To further verify whether the revival step preserved the characteristics of the perovskite absorber, PL
and TRPL measurements were performed on the initial and revived devices. When measured from the
glass side, both the initial and revived devices showed a broad emission in the 650-850 nm range, with
the main peak centered at around 760 nm (figure 8). The normalized PL spectra was almost overlap-
ping, and the absolute PL intensity was also the same order (inset of figure 8). This suggests that the
emissive quality of the perovskite layer is largely preserved after revival and that the process does not
introduce a strong increase in defect-assisted non-radiative recombination.

The TRPL decay collected at 760 nm also showed very similar behavior for the initial and revived
devices, with both traces decaying on the tens-to-hundreds of nanoseconds timescale (figure 8). Since
steady-state PL intensity and TRPL lifetime are commonly used as indicators of defect density and
recombination losses in perovskite absorbers, the close similarity between the two devices points to a
very similar recombination landscape before and after revival. It compares favorably with a recent green-
solvent remanufacturing work on mesoscopic carbon perovskite solar cells, where PL peak shifts and
shorter TRPL lifetimes were observed when the scaffold or interfaces were more disturbed during recov-
ery (Valadez-Villalobos et al 2025). Overall, the PL and TRPL results support that, for the representative
devices shown here, the perovskite absorber and its interfaces remain largely intact after revival, which
helps explain the nearly unchanged solar cell performance.

3.4. EROI analysis

EROI was utilized to evaluate the influences of the length of the first and second lifetime, together

with acceptable degradation and efficiency loss of the cells after revival. In the top right-hand corner

of figure 9(a), the maximum achievable EROI is shown (~23), assuming full retention of performance
after revival and same degradation rate during both lifetimes. The maximum indicates that the revived
cell, after completing two lifetimes, provided approximately 23 times more electricity than was consumed
during the cell’s production and revival. Figure 9(a) further illustrates the EROI that can be achieved
during varying first and second lifetimes. Thus, looking at the bottom right-hand corner of figure 9(a),
the maximum energy return achievable during the first lifetime is 12.3. This is the same as for a single
use of the initial cell, highlighted with the white line. Moreover, looking at the area above the bottom
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Figure 9. EROI results (a) influence of lifetimes on the EROI performance of revived cells. (white line indicates maximum EROI
of the initial cell), assuming average revival efficiency during second-life. (b) Influence of efficiency and lifetime assumptions on
the potential EROI (solid line represents the average efficiency of the revived devices) under the 100 mV s~! scanning.

right-hand corner, if the cell lasts 5 years during the first life, it takes a fraction (around 2 d) of the first
year for the revived cell to outperform the initial cell. This is due to the revival process consuming far
less energy compared to manufacturing (0.4 kWh m™2 for revival versus 44.6 kWh m~? for manufactur-
ing). Thus, operating the revived cell for even a short period of time (more than 2 d) at the average effi-
ciency achieved after revival is more beneficial than using two virgin cells from an energy return point of
view.

Furthermore, figure 9(a) can be used to optimize the timing of the revival process. For instance, the
intersection of the initial lifetime is 4 years with the maximum initial EROI (solid white line) is located
in the bottom right-hand part of figure 9(a), at around 1 year. This intersection indicates that if the cell
is revived after 4 years, it needs to operate for a year after revival to provide a higher EROI than the ini-
tial cell. Similarly, revival after 3 years means operating the revived cell for over 2 years (area in the mid-
dle of figure 9(a). Analogically, the entire triangular area below the solid white line depicts lifetime com-
binations when revival is not justified or should not be pursued. For instance, reviving with first year of
initial lifetime would not reach higher EROI than use of single cell for 5 years without revival. However,
optimizing the revival period would primarily depend on the degradation of the initial cell and, more
importantly, the revived cell. Same degradation rate was assumed before and after revival, yet precise
degradation rate after revival needs to be thoroughly investigated. Therefore, the values here are just for
initial orientation.

Focusing on figure 9(b), the absolute EROI of the revived cell can be discussed. The EROI increase
is visualized by the color gradient and is a function of lifetime and efficiency after revival. Analogous to
the previous figure, the top right-hand corner of figure 9(b) shows the maximum achievable EROL The
maximum indicates a case when the initial efficiency can be fully restored. However, a slight decrease in
efficiency after revival was discussed above, for which case the real average efficiency after revival is high-
lighted (solid vertical white line in figure 9(b)). Looking at the intersection of the white line with the
top border of the graph, the maximum EROI achieved after the herein discussed revival can be found
(EROI = 22.1). Note that this directly corresponds with the maximum EROI in figure 9(a). This indi-
cates that technically 22 times more electricity can be produced over the combined lifetime than was
consumed for the manufacturing and revival of the cell. This is approximately twice the value achievable
by using two virgin cells, i.e. not reviving, over the same period (which is visualized by the green line,
EROI = 12.3). Moreover, other combinations of lifetime and efficiency can be assessed using the same
graph. Generally, the area above and to the right of the green line suggests settings at which revival is
more beneficial. Thus, it is evident that achieving higher Energy return (compared to not reviving) by
reviving the degraded cells is indeed possible.
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4, Conclusions

This is the proof-of-concept to establish solvent-based revival of C-PSCs as a practical recycling strategy
within the circular economy that combines high efficiency retention with improved sustainability met-
rics. Solvent-based revival of C-PSCs can achieve near-complete recovery of device performance (95%).
Device measurements showed that the FF remained stable, while modest reductions in photocurrent
density and open-circuit voltage were observed. This highlights that solvent-based revival can maintain
the functional integrity of C-PSCs, with remaining limitations attributable to absorber recovery that
could be addressed through further optimization. Additionally, the work advances the development of
sustainability metrics such as EROIL Our study highlights that the important future research question

is exploring carbon electrode composition and architectures to increase both efficiency and mechanical
robustness. Indeed, the robustness of carbon scaffolds should be added to the list of desired properties of
mesoporous carbon layers.

EIS indicated minor increases in series resistance and charge-transfer resistance at the carbon/per-
ovskite interface, consistent with interfacial modifications induced by the revival process. Importantly,
these changes were minor, and impacts to device performance losses were equally minor. Morphological
analysis by SEM confirmed that the porous carbon scaffold was preserved, supporting effective rein-
filtration of the perovskite precursor. Complementary PL measurements further supported these find-
ings, indicating that revival step preserved the characteristics of the perovskite absorber. From a sustain-
ability perspective, revival offers a clear advantage over manufacturing new devices. EROI calculations
revealed that the energy demand of revival is roughly one hundredth of that required for initial pro-
duction. Which translates into revived cells having a higher return of energy than single-use cells after
operating for as short as 2 d. These findings underscore the importance of revival as a viable first level
recycling route, complementing existing strategies such as component reuse and material recovery.
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