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G R A P H I C A L A B S T R A C T
� We have summarized the challenges and
recent research associated with the life-
cycle of perovskite solar cells (PSCs).

� Key stability strategies, including the use
of additives and interfacial layers, are
outlined.

� We reviewed methods for extending the
lifetime of PSCs and improving their
stability.

� Crucial recycling strategies for noble and
toxic materials, along with related chal-
lenges, are discussed.
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Perovskite solar cells (PSCs) have shown remarkable advancements and achieved impressive power conversion
efficiencies since their initial introduction in 2012. However, challenges regarding stability, quality, and sus-
tainability must be addressed for their successful commercial use. This review analyses the recent studies and
challenges related to the operating life and end-of-life utilization of PSCs. Strategies to enhance the stability and
mitigate the toxic Pb leakage in operational and recycling approaches of discarded PSCs post their end-of-life are
examined to establish a viable and sustainable PSC industry. Additionally, future research directions are proposed
for the advancements in the PSC industry. The goal is to ensure high efficiency as well as economic and envi-
ronmental sustainability throughout the lifecycle of PSCs.
1. Introduction

Global population growth and rapid industrial development have
resulted in an increasing demand for sustainable energy worldwide.
Among the various renewable energy sources (namely water, wind,
biomass, and solar power), solar energy is the most promising because it is
inexhaustible, clean, and long-lasting. PSCs have shown significant ad-
vancements since their initial introduction [1], achieving an impressive
26% PCE [2]. This progress has been driven by research focusing on high
efficiency, modularization, and reproducibility of PSCs, bringing them
closer to commercialization. However, certain challenges, particularly
those concerning quality assurance and sustainability, must be addressed.
In addition to achieving high efficiency, ensuring economic and envi-
ronmental sustainability during the entire PSC lifecycle is essential.

When evaluating energy sources, LCOE is a commonly used metric that
considers efficiency, cost, and lifetime. Despite their low initial cost, PSCs
have an LCOE of ~14 US cents/kW/h owing to their shorter lifetime (~1 y)
[3,4],which is higher than those of other PV technologies including Si, CIGS,
and CdTe solar cells (3–5 US cents/kW/h) [3]. To competewith commercial
Si solar cells, PSCs must last for at least 16 y, assuming at 25% PCE [5].
Therefore, extending their operational lifetime is crucial for successful
commercialization. The PSC lifetime is influenced by intrinsic and extrinsic
stability factors [6]. Enhancing the extrinsic stability through encapsulation
techniques protects PSCs from external factors including moisture and oxy-
gen. However, intrinsic stability is still limited by heat, light, and bias due to
the presence of numerous defects in the perovskite film.

PSCs also contain toxic Pb components within the perovskite material,
which may leak during exposure to external stimuli (such as high tem-
perature, humidity, and intense light) and cause environmental and
health risks. Consequently, the use of Pb in Europe is restricted to 0.1%
according to the RoHS Directive [7]. Efforts such as inner passivation and
encapsulation have been made to reduce Pb leakage during PSC opera-
tion; however, it is equally essential to properly manage the discarded
PSCs and handle the toxic Pb and precious materials post their end-of-life.
Recently, LCAs have highlighted the significance of recycling strategies,
proving that they are more economically and environmentally effective
than landfill options [8]. Implementing recycling strategies is therefore
crucial for achieving a sustainable and eco-friendly PSC industry while
responsibly managing the toxic substances and precious materials.

This review addresses the challenges and recent studies pertaining to
two main aspects of PSCs: their performance during operating life and
end-of-life utilization (Fig. 1). First, we examine various strategies aimed
at enhancing stability and mitigating Pb leakage during operation. Next,
we explore recent recycling approaches for discarded post-end-of-life
PSCs to establish a viable and sustainable PSC industry. Finally, we
propose research directions and offer perspectives for advancing the
construction of the PSC industry.

2. PSC structures and working principle

The structure of PSCs is a simple stack structure, illustrated in
Fig. 2a. This involves incorporating perovskite material as a light-
absorbing layer between two electrodes. To mitigate carrier losses
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resulting from the work function difference between the electrode and
the light-absorbing layer, a carrier transport layer (CTL) is introduced
between the light-absorbing layer and the electrode. Initially, electron-
hole pairs are generated when light is introduced into the absorber
layer, which is composed of perovskite materials with an ABX3 struc-
ture (Figs. 2b�d). In general, A and B denotes monovalent organic
materials (MAþ, FAþ) and Pb2þ or Sn2þ, respectively, and halide atoms
including I, Cl, Br, and etc. are used for X cites. The optical properties
of perovskite can be tuned by varying either monovalent cation or the
halide components, suggesting the wider solar cell applications [9–11].
The generated electrons and holes then transferred to front and back
electrodes, respectively, through the CTL. The thin layer of n-type
materials is usually introduced as ETL, whereas p-type materials served
as HTL. The ETL assists the generated electrons transferred to the front
electrodes, also blocking release of holes towards to front electrode.
The n-type materials such as TiO2, ZnO, SnO2, and PCBM are widely
used due to its higher electron affinity and ionization potential. Then
the electrodes are gathered at front electrodes. The front electrodes
require several properties including good electrical conductivity, high
transmittance, and high work function, thus FTO and ITO are widely
employed. On the other hand, the hole transferred to back
electrodes through the HTL, the p-type materials such as
Spiro-OMeTAD (2,20,7,70-tetrakis-(N,N-di-p-methoxyphenylamine)-9,
90-spiro-biuorene), P3HT (Poly(3-hexylthiophene-2,5-diyl)), and CuI.
The back electrodes include Al, Ag, Au, Cu, and Pt that are stable and
have low work function. The PSC structures are classified based on
their layered configuration, leading to distinct pathways for light. In
the conventional (n–i–p) structure, light progresses through TCO and
subsequently the ETL. In contrast, the inverted (p–i–n) structure allows
light to pass through the TCO and then the HTL, as illustrated in
Figs. 2a and c. While the conventional PSC was initially reported and
achieved a certified efficiency above 25% [12–15], it presents chal-
lenges such as high hysteresis and low stability, leading to a shortened
lifetime [16,17]. Consequently, the inverted PSC has garnered more
attention due to several advantages, including low hysteresis, high
stability, and a simpler process [18–20]. Despite this, the efficiency gap
between conventional and inverted PSCs highlights the need for further
study.

3. Operating life

Despite considerable advancements in efficiency, the practical use of
PSCs as a next-generation energy source is hindered by their shortened
lifetimes. Although PSCs are more cost-effective than Si solar cells, they
display a significantly higher LCOE that is primarily attributed to their
limited lifespans. Research has indicated that the LCOE of PSCs is
approximately threefold higher than that of other solar cells [3],
underscoring the urgency of extending their lifetime. Consequently,
extensive efforts have been devoted toward enhancing the stability and
regeneration processes to prolong the lifespan of PSCs. Moreover, toxic
Pb generation and leakage during operating life not only impact the
environment but also reduce the PSC stability. To address this issue,
several studies have focused on Pb immobilization.



Fig. 1. Schematic illustration of sustainable PSCs lifecycle from utilization to end-of-life.
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3.1. Stability

Numerous studies have extensively discussed PSC degradation and
efforts to improve the PSC stability by considering both intrinsic and
extrinsic stability factors [21–24]. Intrinsic stability can be improved by
optimization of metal electrodes, alleviation of internal stress, immobi-
lizing the inner composition, whereas extrinsic stability is enhanced
through encapsulation strategies that effectively block the penetration of
external environmental factors, including water and oxygen. Addition-
ally, several strategies have been proposed to prevent Pb leakage by
immobilizing Pb, advocating an environmentally sustainable PSC
industry.

3.1.1. Optimization of metal electrode
Metal electrodes pose a substantial challenge, compromising the

stability of PSCs by inducing issues such as ion migration and reactions
with the perovskite layer. Ag, commonly used as top metal electrode in
PSCs, raises stability concerns due to its reaction with halides, leading to
the formation of silver halides [25,26]. Au, another frequently employed
metal electrode, is more stable than Ag; however, it carries the potential
to diffuse toward the perovskite layer, resulting in the irreversible
degradation of PSCs [27,28]. Therefore, alternative metals such as Cu,
Ni, Mo, and W have been utilized as substitutes for Ag and Au electrodes
[29–31]. A Cu electrode, investigated in PSCs, demonstrates excellent
stability due to remarkable corrosion resistance [32–34]. Xu et al.
recently achieved a PCE of 20.10% in Cu-based n–i–p PSCs, showcasing
high stability by retaining 92% of their initial PCE after 1000 h of storage
[35]. In the absence of oxygen and moisture, Cu remains stable even in
direct contact with the perovskite layer, showing no diffusion of Cu into
the perovskite after long-term annealing or sun illumination [36].
However, Cu can be oxidized in the presence of oxygen andmoisture, and
the resulting oxidation products can cause perovskite decomposition
3

[36]. Additionally, Mo and Ni were utilized as electrodes and exhibited
better stability compared with Ag electrodes [30]. In particular, the Mo
electrode exhibited superior hardness and elasticity compared to Au,
positioning Mo as a promising candidate for replacing noble metal
electrodes [31]. Nevertheless, previous studies using alternative metal
electrodes in PSCs revealed relatively low PCE, emphasizing the necessity
for further research to improve photovoltaic performance. Carbon based
electrodes have attracted attention in PSCs due to their high conductiv-
ity, tunable structures, and chemical stability [37,38]. In addition to
metal electrodes, organic HTMs are considered as main factor for low
stability, leading to an increased focus on HTM-free PSCs utilizing carbon
electrodes (C-PSCs) [39–41]. However, despite achieving high stability,
C-PSCs face challenges such as poor contact with the perovskite layer and
low power conversion efficiency (PCE) [42,43]. The introduction of an
HTM between the perovskite and carbon electrodes can enhance
photovoltaic performance by facilitating efficient charge separation and
hole collection. Recently, Du et al. developed hole-transporting bilayers
(HTbL) for fully printed C-PSCs, achieving an enhanced PCE of 19.2%
compared to C-PSCs fabricated with a single HTL [44]. Moreover, C-PSCs
with HTbL exhibited no noticeable degradation even after 2500 h under
65 �C and one sun aging test, highlighting the considerable potential of
carbon as an effective electrode in PSCs. Additionally, various strategies,
such as incorporating polymers [45,46], multilayer electrodes [47–49],
and introducing bilayers [27,50], have been employed to mitigate the
decrease in stability caused by metal electrodes. However, additional
studies are still required to further enhance photovoltaic performance for
practical applications.

3.1.2. Inner passivation
PSC stability is attributed to various factors including ion migration,

metal electrode corrosion, and residual strain, which are induced by
operational conditions such as light, heat, and electric fields [3,22].



Fig. 2. Schematic illustration of (a) two distinct PSC structures and (b) the perovskite structure. The energy band diagram for (c) conventional and (d) inverted
structure PSC.
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Organic–inorganic hybrid perovskites lack chemical robustness owing to
the weak ionic bonds and van der Waals interactions that bind their
organic and inorganic components within the lattice structure, making
them susceptible to decomposition when exposed to different stimuli
[22,51]. Consequently, harsh conditions including light illumination,
high operational temperature, and an electric field can disrupt the weak
ionic bonds within the perovskite structure, leading to the migration of
dissociated ions.

Spiro-OMeTAD, commonly used as the hole-transporting material
(HTM) in PSCs, has been reported to undergo irreversible degradation
when partially oxidized spiro-OMeTAD reacts with migrating I� at the
spiro-OMeTAD/perovskite interfaces [52]. Additionally, spiro-OMeTAD
was found to generate iodine containing byproducts when exposed to
moisture. These byproducts then diffused into the Ag electrode, accel-
erating the degradation of PSCs by forming AgI [25]. One potential so-
lution to this issue involves introducing interfacial layers between the
HTM and perovskite layer, thereby preventing ion migration.

Considering these challenges, numerous efforts have been made to
enhance the stability by addressing the aforementioned issues (Table 1).
Regarding ion migration, several studies have focused on incorporating
additives that coordinate with the functional groups present in the
perovskite components [23,53–58,61–63]. These additives have been
utilized in perovskite precursors to immobilize ions in the perovskite
structures. Niu et al. employed polymerizable additives (AAmmonomers)
containing carbonyl functional groups in the perovskite precursor to
immobilize Pb ions by forming a polymerized network (Figs. 3a and b)
[53]. Through thermal treatment, the AAm monomer was transformed
into a Pb-chelating polymer, effectively preventing Pb leakage from the
perovskite layer. Consequently, the PSCs exhibited enhanced stability,
maintaining 80% of the initial PCE after 1000 h under one sun equivalent
illumination, compared with the control PSCs that maintained 80% for
600 h under the same conditions (Fig. 3c). Other functional groups
including fluorine [54], sulfonic [23,55], and carboxyl groups [58], have
4

also been employed to immobilize Pb ions. These Pb-ion-immobilizing
strategies enhance the stability of PSCs and reduce their environmental
impact by effectively preventing Pb leakage. Management of organic
cations is also crucial for achieving high PSC stability. Organic cations are
particularly sensitive because of their weaker bonding with the Pb–I
framework, making them more prone to bond breakage and migration
that accelerate PSC decomposition [76]. Furthermore, the low activation
energy of organic cations reduces the precursor quality, leading to the
formation of the δ-phase perovskite [77]. Zhu et al. introduced Lewis
bases that exhibited excellent interaction with Pb and formamidinium
(CH(NH2)) ions simultaneously in the perovskite precursor [56]. FDA
molecules comprising 15F in diphthalic anhydride, employed as Lewis
bases, effectively passivated and enhanced the stability of both the
perovskite precursor and PSCs, as shown in Fig. 3d. The PCE of PSCs
fabricated with an FDA-added precursor increased to 22.43% (PCE of
control PSCs, 19.58%) and retained ~90% of the initial PCE, even after
1000 h of heating at 80 �C (thermal) or exposure to 50% RH atmospheric
testing, without the need for encapsulation (Figs. 3e and f). Meanwhile,
the multifunctional molecule 4TA was employed in the perovskite pre-
cursor to enhance the operational stability of the perovskite by passiv-
ating surface defects [57]. 4TA has two functional groups: (1) The
trifluoromethyl group forms hydrogen bonds with methylammonium
ions, preventing organic cation defects and serving as a hydrophobic
barrier to shield the perovskite surface from humidity exposure; and (2)
the aniline group coordinates with uncoordinated Pb ions, effectively
passivating ion defects and reducing Pb leakage. This approach signifi-
cantly improved the operational stability—a long-term stability of 93%
of the initial PCE was achieved after 30 d of storage in air (~55%
humidity)—with a high PCE of 20.24% (Fig. 3g). Additionally, to
passivate perovskite surface defects, additives were introduced into the
antisolvent instead of being added to the perovskite precursor. Liang et al.
dissolved ZnP in an antisolvent (methylbenzene) and subjected it to
thermal polymerization to passivate the perovskite surface [61]. The



Table 1
Summary of various strategies for enhancing the stability by inner passivation.

Method Passivation materials PSC architectures PCE (control PCE) Stability (control stability)
*Stability condition

Pb leakage (Pb leakage for
control)

Module PCE (control)
*Size

Ref.

Additive (perovskite
precursor)

Polymerizable acrylamide
(PAm)

Ag/BCP/PCBM/i-PAM/i-PAM@
Cs0.05(FA0.90MA0.10)0.95Pb(I0.90Br0.10)3
/PTAA/NiOx/ITO/glass

22.1% (best)
(20.1%)

80% after 1000 h (80% after
600 h)
*One sun illumination

1.33 ppm after immersed in water
for 225 min (2.90 ppm)

15.7%
*19.16 cm2

[53]

Fullerene–porphyrin dyad
(FAD)

Ag/spiro-OMeTAD
/FAD-FA0.94MA0.01Cs0.05Pb(I0.99Br0.01)3
/SnO2/ITO/glass

23.00% (best)
22.56% (aver.)
(20.99%/20.36%)

>83% after 1500 h
*Ambient air

~700 ppm after immersion in
water for 90 s (~1200 ppm)

– [54]

Heptadecafluo-
rooctanesulfonic acid
tetraethylammonium salt
(HFSTT)

Au/spiro-OMeTAD/
(FAPbI3)0.98(FAPbBr3)0.02(HFSTT)
/TiO2/FTO/glass

23.88% (best)
(22.02%)

80% after 700 h (80% after
70 h)
*60 �C, 60% RH

N/A 18.27% (16.91%)
*60.68 cm2

[23]

Amphoteric
phenylbenzimidazole sulfonic
acid (PBSA)

Au/spiro-OMeTAD
/FA0.92MA0.08PbI3/SnO2/ITO/glass

23.27% (best)
(20.38%)

~85% after 1000 h (~40%
after 1000 h)
*Ambient air, 30% RH

<1 ppm after immersion in water
for 250 min (~3.5 ppm)

15.31%
*19.32 cm2

[55]

4,40-
(Hexafluoroisopropylidene)
diphthalic anhydride (FDA)

Au/spiro-OMeTAD
/(FAPbI3)0.95(MAPbBr3)0.05
/TiO2/FTO/glass

22.43% (best)
(19.58%)

88% after 600 h (38% after
200 h)
*Ambient air, dark, 50% RH

N/A – [56]

4-[(Trifluoromethyl)
sulfonyl]aniline (4TA)

Ag/spiro-OMeTAD/MAPbI3-4TA
/SnO2/ITO/glass

20.24% (best)
(18.00%)

93% after 30 d
*~55% RH

10 ppm after immersion in pH
~5.7 water for 60 s (50 ppm)

– [57]

Carbon nanotubes (CNTs)
grafted w/poly(acrylic acid)
(PAA)

Ag/MoOx/spiro-OMeTAD
/MAPbI3/SnO2/ITO/glass

21.2% (aver.)
(18.6%)

80.9% after 800 h (30%)
*Ambient air, 30% RH

2.9 ppm after immersion in water
for 10 h (9.5 ppm)

– [58]

Poly(ethylene glycol)-b-
poly(dimethyl siloxane)-
poly(ethylene glycol)-
chloride (PECL)

Au/Cr/BCP/PCBM þ C60/CsPbI2Br þ PECL/
NiOx/ITO/glass

23.11% (best)
22.83% (aver.)
(20.02%, 19.76%)

92% after 1008 h (85 �C, N2,
dark)

– – [59]

Methyl 3-amino-2-thiophene-
carboxylate (MATC)

Ag/BCP/C60/(Cs0.17FA0.83)
Pb(I0.9Br0.1)3þMATC/PTAA/ITO/glass

21.51% (best)
(19.67%)

90% after 800 h (80 �C, N2)
(control: 74.9%)

– – [60]

Additive (anti-solvent) Zinc porphyrin (ZnP) Ag/PCBM/MAPbI3
/mesoporous TiO2 (mp-TiO2)
/ZnO-MgO-EAþ/FTO/glass

19.26% (best)
20.53% (aver.)
(18.21%, 19.77%)

77% after 900 h (27% after
500 h)
*85 �C

N/A – [61]

Poly(butyleneadipate-
coterephthalate) (PBAT)

Au/Cr/BCP/OCBM þ C60
/Cs0.15MA0.45FA0.4PbI3 (PBAT)
/NiOx/ITO/glass

22.07% (best)
(19.17%)

90% after 3000 h (57%)
*85% RH

10.70 ppm after immersion in
water for 240 min (25.71 ppm)

– [62]

3-Mercaptopropyl-tri-ethoxy-
silane (SiSH)

Ag/spiro-OMeTAD
/Rb0.02(FA0.95Cs0.05)0.98PbI2.91Br0.03Cl0.06
(SiSH)/SnO2/ITO/glass

22.42% (best)
22.21% (aver.)
(20.80%, 20.67%)

95% after 500 h (60%)
*dark, 25 �C, 40–45% RH

1.205 ppm after immersion in
water for (3.551 ppm)

– [63]

Bilayer (or buffer layer) 1H, 1H, 2H, 2H-perfluorode-
canethiol (PFDT)

PFDT@Ag/BCP/PCBM/PFDT
@Cs0.05(FA0.85MA0.15)0.95Pb(I0.85Br0.15)3
/NiO/FTO/glass

21.79% (best)
20.65% (aver.)
(20.15%, 19.03%)

90.1% after 500 h (46.2%)
*N2 atmosphere, 85 �C

2.05 ppm after immersion in water
for 200 min (12.28 ppm)

– [64]

1,2-Ethanedithiol (1,2-EDT) Ag/spiro-OMeTAD
/1,2-EDT/FA0.24MA0.64Cs0.12PbI2.63Cl0.37
/SnO2/ITO/glass

21.0% (best)
(19.16%)

>87% after 1005 h (66%)
*Ambient air, RT, 40–60% RH

~17.5 ppm after immersion in
water for 30 min (~25 ppm)

– [65]

Diphosphatidyl-glycerol
(cardiolipin, Di-g)

PDMS/Ag/PCBM/BCP
/Di-g/pero/PEDOT:PSS/PEN
/hc-PEDOT/PDMS

20.29% (best)
19.41% (aver.)
(18.80%, 17.70%)

85% after 10,000 bending
cycles

Not detected after immersion in
water for 48 h w/encapsulation
(20 ppm)

15.01%
*25 cm2

[66]

Photocurable benzyl acrylate
(BzA)

Au/spiro-OMeTAD/BzA
/FA0.42MA0.06Cs0.52PbI2.91Br0.06Cl0.03
/SnO2/ITO/PET

20.86% (best)
(19.07%)

80.1% after 400 h (30%)
*Module (24 cm2, active
area), RT, 75% RH

*module
2.1 ppm after immersion in water
for 240 min (12.3 ppm)

16.75% (14.79%)
*24 cm2

[67]

2D π-conjugated
benzodifuran-based polymer
(PBDFP-Bz)

Au/spiro-OMeTAD
/PBDFP-Bz/perovskite/SnO2/ITO

21.73% (best)
20.52% (aver.)
(19.55%, 19.21%)

92.2% after 720 h (64.4%
after 720 h)
*2.1 � 105 ppm O2, 25–30 �C,
~30% RH

18.9 ppm after immersion in water
for 7200 min (68.4 ppm)

– [68]

(continued on next page)
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Table 1 (continued )

Method Passivation materials PSC architectures PCE (control PCE) Stability (control stability)
*Stability condition

Pb leakage (Pb leakage for
control)

Module PCE (control)
*Size

Ref.

Poly-l-lysine w/sulfonic acid
group (PLLS)

Au/spiro-OMeTAD
/(FAPbI3)0.95(MAPbBr3)0.05/TiO2

/FTO/glass

22.31% (best)
(20.60%)

80% after 960 h (80% after
100 h)
*RT, 10% RH

N/A 18.4% (16.4%)
*36 cm2

[69]

2,20,200 ,2000-(((9,90-Spirobi
[fluorene]-2,20,7,70

tetrayltetrakis(phe-
nylazanediyl))
tetrakis(ethane-2,1-diyl))tetr-
akis(oxy))tetrakis(-ethan-1-
ol) (Spiro-OH) and 1,5-naph-
thalene diisocyanate (NDI)

Ag/spiro-OMeTAD/spiro-NPU (in situ
copolymerized layer)
/CH3NH3PbI3/SnO2/FTO/glass

21.69% (best)
20.06% (aver.)
(20.51%, 19.45%)

>90% after 500 h (42%)
*Ambient air, 85 �C, 55% RH

<1 ppm after immersion in water
for 20 d (~17 ppm after 1 h)

– [70]

2D perovskite 1-Ethyl-3-methylimidazolium
Bromide ionic liquid ([EMIM]
Br) IL

Au/spiro-OMeTAD
/ionic-liquid-perovskite capping layer
/perovskite/SnO2/FTO/glass

24.33% (best)
(22.67%)

�90% after 1000 h (�80%)
*RT, 30% RH

N/A 20.33% (18.8%)
*10.75 cm2

[71]

1-Decyl-3-methylimidazolium
bromide (DMIMB)

Au/spiro-OMeTAD
/2D [CsPbI3]0.05[(FAPbI3)0.85
(MAPbBr3)0.15]0.95 (DMIMB)
/[CsPbI3]0.05[(FAPbI3)0.85
(MAPbBr3)0.15]0.95/TiO2/FTO/glass

22.40% (best)
21.23% (aver.)
(21.17%, 19.77%)

67.7% after 660 min (27.6%)
*50 �C, 50% RH

N/A 18.43% (17.02%)
*25 cm2

[72]

ortho-(Phenylene)
di(ethylammonium) iodide
(o-PDEAI2)

Au/spiro-OMeTAD
/FA0.81MA0.24Cs0.05PbI2.77Br0.04Cl0.19
(o-PDEAO2)
/FA0.81MA0.24Cs0.05PbI2.77Br0.04Cl0.19
/TiO2/SnO2/FTO/glass

23.92% (best)
22.45% (aver.)
(21.94%, 20.71%)

85% after 1008 h (58%)
*Module (26 cm2, active
area), 40–50% RH

N/A 21.36%
*26.00 cm2

[73]

n-Hexylamine (NHA) Ag/spiro-OMeTAD
/alkylated amorphous perovskitoid
/MAPbI3/SnO2/ITO/glass

21.5% (best)
20.5% (aver.)
(18.7%, 16.2%)

94% after 30 d (32%)
*25 �C, ~55% RH

63.6 ppm placed in pH ~5.7 water
for 60 s (120 ppm)

– [74]

(Z)-2-([1,10-biphenyl]-4-yl)-3-
(4-(3-aminopropoxy)phenyl)
acrylonitrile (BPCSA)

Ag/BCP/PC61BM/FAPbI3/NiOx/ITO/glass 23.45% (best)
(19.07%)

90% after 4000 h (65 � 5%,
25 �C)
(control: 45%)

– – [75]
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Fig. 3. Schematic illustration of (a) a Pb-leakage blocking strategy using polymerizable additives and (b) structure of inverted PSCs fabricated using an in situ
polymerized network. (c) Normalized power output comparison between control PSCs and PSCs with 20 mg/mL AAM additive (20 AAm) at the maximum power point
under one sun illumination. Reproduced from Ref. [53]. Copyright 2021 American Chemical Society. (d) Illustration of strategy for enhancing device stability by
replacing CDA to FDA in precursor. (e) Statistics of photovoltaic parameters and (f) thermal stability of unencapsulated control, 0.1%-CDA, 0.1%-FDA devices.
Reproduced from Ref. [56]. Copyright 2021 American Chemical Society.
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carbonyl in the polymerized ZnP coordinated with the Pb ions on the
perovskite surface, which effectively reduced the trap density and sup-
pressed nonradiative recombination. Thus, the ZnP-incorporated PSCs
exhibited a PCE of 20.53% with enhanced thermal stability, maintaining
77% of the initial efficiency even after 900 h of continuous heating at 85
�C. Another effective additive, the eco-friendly biodegradable plastic
PBAT, has also been introduced to passivate various trap sites including
Pb and neutral iodine. The carbonyl groups and benzene rings present in
PBAT effectively passivated these trap sites, leading to significant im-
provements in the PCE and overall stability of the PSCs [62]. SiSH, which
contains sulfhydryl (–SH) groups and siloxanes, was also employed as an
additive to enhance the PSC stability [63]. SiSH offered advantages
7

including Pb defect passivation through the sulfhydryl group and pro-
tection from moisture through the hydrophobicity of siloxanes.
Furthermore, the flexible SiSH chain contributes to stress mitigation in
perovskites. The SiSH-incorporated PSCs achieved a high PCE of 22.42%
and high humidity stability.

Another approach to enhance the operational stability is to form a
bilayer between the CTL and perovskite layer. Similar to the aforemen-
tioned studies using additives with functional groups, these bilayers
include various functional groups to passivate the surface defects on the
perovskite. The bilayer also acts as a protective wall against water/oxy-
gen penetration and Pb leakage [64]. Wang et al. applied a coating of 1,
2-EDT with a thiol group on the perovskite layer to passivate surface
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defects [65]. The thiol group strongly coordinated with the Pb ions,
effectively passivating the defects and suppressing carrier recombination
(Fig. 4a). Additionally, the hydrophobicity of the 1,2-EDT-coated
perovskite improved the humidity resistance, presenting only 13%
decay even after 1005 h exposure to 40–60% RH (Fig. 4b). The intro-
duction of a two-dimensional (2D) π-conjugated benzodifuran-based
polymer, PBDFP-Bz, comprising a benzodifuran backbone and multi-
functional group between the perovskite and charge-transfer layers has
been reported [68]. Such polymers have demonstrated superior charge
mobility [78,79], and specifically, PBDFP-Bz exhibits a deep-lying mo-
lecular orbital energy level. This leads to beneficial charge transport and
extraction optimization, resulting in improved PSC performance.
Furthermore, the abundant functional molecules present in PBDFP-Bz,
(C–N, C–S, and C–F) and their electron-rich characteristics effectively
passivated surface defects. Additionally, the long alkyl side chain in
PBDFP-Bz enhanced the moisture resistance, resulting in a high PCE of
21.73% and excellent stability (92.2% of initial PCE after 720 h under
ambient conditions). Di-g, comprising hydrophilic phosphonic acid
groups and a hydrophobic end, was employed in flexible PSCs [66]. The
embedded Di-g layer simultaneously interacts with phosphonic groups
and prevents water penetration, thereby enhancing the long-term sta-
bility. In flexible PSCs, this layer also provides mechanical stability
during device operation by releasing residual stress in the perovskite
surface region, thereby decreasing damage during the bending cycles
(85% of initial PCE after 10,000 bending cycles). Similarly, Zhu et al.
employed BzA as an interfacial layer in flexible PSCs [67].The carboxyl
(C¼O) group in BzA directly coordinated with Pb ions, effectively sup-
pressing the trap density, and preventing water, oxygen, and Pb leakage.
Consequently, the optimized PSCs exhibited remarkable long-term sta-
bility against moisture, retaining 81.0% of their initial PCE, even after
400 h at 75% humidity. Guo et al. reported a bilayer that not only
passivated surface defects in perovskite, but also addressed under-
coordinated defects in the ETL [69]. They introduced the non-toxic
Fig. 4. (a) Schematic of 1,2-EDT-treated perovskite layer and its coordination with
under 40–60% RH at ambient atmosphere. Inset: contact angles of perovskite layers
(c) Schematic of interlayer PLLS and its function and (d) energy level diagram of TiO2

with/without spiro-NPU under ambient air (RT, 5–10% RH). Inset: optical image of

8

eco-friendly PLL between the TiO2 and perovskite layers after modi-
fying PLL with a sulfonic acid group without changing the bandgap en-
ergy (Figs. 4c and d). The PLLS sulfonic groups effectively passivate
oxygen vacancies and defects in TiO2 by reacting with under-coordinated
Ti ions, whereas the amine groups effectively passivate deep-level surface
defects on the perovskite. The implementation of PLLS in PSMs has led to
remarkable stability achievements, surpassing expectations not only for
PSCs but also for the entire module (Fig. 4e). Additionally, the intro-
duction of a modified HTM can enhance photovoltaic performance and
stability [70]. Spiro-NPU, synthesized by the copolymerization of
Spiro-OH and NDI monomers, exhibited a well-matched energetic
structure with the perovskite layer, facilitating effective hole transfer
while preventing electron back-transfer. Consequently, the PSCs incor-
porating the spiro-NPU bilayer demonstrated remarkable stability,
maintaining nearly 100% of their initial PCE, even after 3000 h at 60%
RH and 25 �C in air. Despite the significant progress achieved through the
incorporation of additives and interfacial bilayers, it is crucial to carefully
design the characteristics of these additives and bilayers to ensure that
they effectively fulfill their intended functions without compromising
charge transportation within the device.

The formation of an additional 2D perovskite layer on the perovskite
surface is another good passivation strategy. Zhu et al. used an IL to
passivate defects by forming a thin IL-state perovskite layer on a 3D
perovskite surface [71]. The IL [EMIM]Br was employed for
HC(NH2)2PbI3 (FAPbI3) PSCs, which anchored the Pb2þ and I� ions via
strong ionic bonds thereby enhancing the stability and efficiency.
Another IL—DMIMB—enhanced the stability by forming a 2D perovskite
layer [72]. These layers retard the charge recombination by passivating
defects and improve the charge extraction through their suitable
band-energy alignment. Typically, 2D perovskite layers are formed via
organic halide salt treatment; this leads to an in-plane formation pref-
erence that results in compromised charge transport and hindered
photovoltaic performance during working hours, particularly under
Pb. (b) Long-term stability of a PSC fabricated with/without 1,2-EDT treatment
with/without 1,2-EDT. Reproduced from Ref. [65]. Copyright 2022 Wiley-VCH.
layer with/without PLLS modification. (e) Long-term stability of PSMs fabricated
a 6 � 6 cm2 PSM. Reproduced from Ref. [69]. Copyright 2023 Elsevier.



Fig. 5. (a) Schematic diagram of the a-PVKD formation process and (b) cross-sectional image of an a-PVKD-assembled PSC. Comparison of the (c) Nyquist plots and
(d) stability under specific conditions of the control PSC and PSC fabricated with a-PVKD. Reproduced from Ref. [74]. Copyright 2022 Elsevier.
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high-temperature conditions [80,81]. To address these issues, Liu et al.
investigated various 2D perovskite structures by incorporating ortho-,
meta-, and para-PDEAI2 [73]. Among them, o-PDEAI2 afforded an
increased energy barrier, preventing the formation of in-plane 2D
perovskite and inhibiting organic cation migration into the perovskite
lattice, even at high temperatures. Consequently, PSCs passivated with
o-PDEAI2 achieved a high PCE of 23.9% and demonstrated enhanced
long-term stability for over 1000 h. Recently, an a-PVKD/c-PVK hetero-
structure was employed by reconstructing c-PVSK using a post-treatment
solution (Fig. 5) [74]. Both devices (PSCs with/without the a-PVKD
interlayer) exhibited similar series resistances (Rs), indicating that the
a-PVKD interlayer did not impede charge transport. However, the control
device had a significantly lower recombination resistance (Rrec ¼ 17,225
Ω) than the a-PVKD-based device (23,137 Ω), indicating that this layer
effectively suppressed recombination within the device (Fig. 5c). More-
over, the a-PVKD layer effectively terminated defects on the perovskite
surface, acting as a moisture barrier and passivating defects on the c-PVK
surface, thereby resulting in enhanced operating stability (> 85% of
initial PCE after 1000 h; Fig. 5d).

Additionally, temperature variations induce residual strain owing to
the higher thermal expansion coefficient than that of the other layers,
resulting in PSC degradation over time. The internal stresses generated
during the formation of perovskite films are usually substantial,
impacting device performance negatively and contributing to degrada-
tion. Several strategies have been employed to alleviate internal stress in
the perovskite layer. One common approach involves reducing internal
stresses by lowering the annealing temperature of the perovskite layer.
Rolston et al. reported a reduction in residual stresses by eliminating the
annealing process [82]. Additionally, tensile stress can be significantly
decreased by minimizing the thermal coefficient mismatch. Given the
high coefficients of thermal expansion (CTE) in perovskites, the use of
high CTE polymeric substrates can reduce tensile stress and enhance PSC
stability [82]. In addition, introducing a buffer layer or CTL with high
CTEs can effectively relax internal stress, further improving PSC stability.
Alkyltrimethoxysilanes have been employed between the TiO2 and
perovskite (CsPbI3) layer as a strain-released layer, with the longest alkyl
9

chain proving most effective in suppressing lattice distortion and
enhancing stability (retaining 80% of initial PCE after 3228� 91 h under
40 �C one sun illumination test for encapsulated PSCs) [83]. Another
strategy to reduce internal stress involves modulating lattice distortion.
Huang et al. mitigated interfacial lattice distortion by passivating the
TiO2 surface with gaseous fluorine [84]. Additionally, the introduction of
2D WS2 nanoflakes helped relax internal strain, demonstrating remark-
able stability over 120 days under 80% humidity at 25 �C [85]. Recently,
light-induced cross-linking of acrylamide (Am) monomers was employed
to enhance the efficiency and stability of PSCs [86]. The Am monomers
promote the preferred crystal orientation of perovskite, and their liquid
properties effectively alleviate lattice strain during the crystallization of
perovskite film. Consequently, PSCs treated with Am exhibited high
moisture stability (retaining 80% of initial PCE after 700 h under � 55 �
5% RH) and light stability (retaining 80% of initial PCE after 1008 h
under one sun illumination). It is crucial to note that controlling internal
stress can enhance PSC stability, representing a potentially intriguing
area for further exploration. However, attributing stability issues solely
to internal stress proves challenging; thus, comprehensive research
should consider various factors influencing stability.

Intrinsic stability challenges further complicate the development of
Perovskite solar modules (PSMs). Passivation emerges as an efficient way
to enhance stability and PCE, even for large-area PSMs. Zhu et al. ach-
ieved a notable PCE of 18.27% from PSMs with an active area of 60.68
cm2 [23]. The PSMs retained 80% of their initial PCE after 1800 h under
~45 �C and one sun illumination, showcasing the potential adoption of
additives for commercial viability. PSMs, featuring interconnected sub-
cells, manifest heightened contact and series resistance, resulting in
accelerated degradation due to increased joule heat as the active area
expands. Additionally, exposed perovskite interfaces and direct contact
interfaces between metal electrodes and perovskite expedite the degra-
dation process. The P2 and P3 scribe processes present additional chal-
lenges by elevating the defect density at the perovskite interfaces. In view
of these combined factors, to effectively address the intricate challenges
associated with achieving intrinsic stability in PSMs, meticulous and
comprehensive studies are required.
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3.1.3. Encapsulation
PSCs are vulnerable to degradation when exposed to environmental

stimuli, including moisture, heat, oxygen, and UV radiation, owing to the
poor chemical stability of the perovskite layer. To enhance the extrinsic
stability of PSCs, encapsulation approaches have been employed to isolate
devices from these external factors. PSC encapsulation techniques were
initially performed using polymers and glass coverslips [87,88]. However,
the most recommended method for encapsulating PSCs is glass–glass
encapsulation, which can be performed with/without additional epox-
y/polymeric encapsulation materials and different edge sealants [89]. Shi
et al. demonstrated a cost-effective encapsulation strategy using glass with
PO/PIB-based polymeric sealants [6]. These polymers serve as effective
moisture barriers and strong adhesives between the cover glasses and
PSCs, resulting in enhanced stability. The PIB-encapsulated PSCs exhibi-
ted excellent performance retention even after 1800 h of damp heat
testing, surpassing the IEC 61215:2016 standard (1000 h). Polymer layers
offer an alternative encapsulation strategy that is applicable to both rigid
and flexible PSCs, making them versatile options for various device con-
figurations. These strategies include liquid, film, and evaporation forms,
depending on convenience and specific requirements. However, such
polymers often have free volumes or pinholes within their films, which
limit their effectiveness as barriers [90]. To overcome this, multilayer
encapsulation techniques have been demonstrated to improve stability
[24,91–93]. However, although multilayers enhance stability, they may
lead to reduced transmittance and thereby necessitate a trade-off between
stability and photovoltaic efficiency.

The stability of PSCs can be enhanced, without compromising their
photovoltaic efficiencies, by applying AR coatings in the encapsulation
[94–97]. Cho et al. employed a PPFC thin film on flexible PSCs to enhance
their PCE [96]. The PPFC thin film significantly increased the PCE from
18.6% to 20.4% by improving light transmittance through its antire-
flection effect, which was attributed to its low refractive index of 1.38.
Additionally, the hydrophobic nature of the PPFC film protected the PSCs
from moisture and removed contaminants from the surface, resulting in
high long-term stability with a retention rate of 80.6� 6.0% of the initial
PCE after 957 h of testing at 25 �C and 65% RH.

Furthermore, encapsulation techniques not only improve the PSC
stability but also address environmental concerns by effectively blocking
the toxic Pb leakage (Table 2). Various Pb-adsorbing materials have been
employed in encapsulation strategies to effectively prevent Pb leakage
[98,99,101–104]. Inogel-based encapsulation using polyacrylic acid has
been developed to enhance stability and reduce Pb leakage, achieving
effective Pb leakage reduction > 99% under simulated hail and car
rolling tests [102]. Li et al. employed S-GA combined with PDMS as an
encapsulant for flexible PSCs, demonstrating both bendability (�84% of
initial PCE after 3000 cycles bending test) and long-term stability (~90%
of initial PCE after 500 h under 40–50% RH at 25 �C) (Fig. 6) [104].
Additionally, the encapsulant exhibited a high maximum Pb adsorption
capacity of 520.83 mg/g, resulting in > 99% reduction in Pb leakage (<
10 ppb) in various real-world simulated tests that included acid rain,
bending, and thermal circling. Detailed information regarding the
encapsulation strategies is provided in Table 2. These advancements in
enhancing the stability and reducing the environmental impacts can
greatly contribute to the accelerated commercialization of PSCs.

3.2. In situ regeneration

As mentioned previously, extensive research has been conducted to
enhance the PSC stability using passivation and encapsulation ap-
proaches. However, the long-term stability and overall lifetime of PSCs
have not yet reached the desired levels for commercialization. To address
this, recent efforts have focused on the in situ regeneration of PSCs using
two primary approaches: self-healing and reuse. These approaches aim to
restore the initial PSC performance following damages caused by envi-
ronmental stresses, including light, thermal, and mechanical factors, to
extend the overall lifetime.
10
3.2.1. Self-healing
PSC self-healing is an effective strategy to enhance their stability,

which can restore them to their original state (Table 3). There are several
reports on the reversible decomposition–reconstruction of perovskite
under dark conditions [105–109]. Light-induced damage to perovskite
results in phase segregation or metastable trap states that can be restored
through a certain relaxation time in the dark [107,109]. Such self-healing
behaviors involve defects or ion migration; thus, the recovery rate could
be affected by the perovskite composition [105], defects [106], and
temperature [107]. Ceratti et al. investigated the influence of the
perovskite composition on the self-healing performance [105]. Among
the single perovskite crystals with an APbBr3 structure, FAPbBr3
demonstrated the fastest self-healing ability, whereas CsPbBr3 exhibited
a slower recovery. This behavior was attributed to the lower Cs and Br
activities, which make CsBr3 formation harder than those of MABr3 and
FABr3. Moreover, the slow recovery rate was attributed to energy barriers
that hinder detrapping of ion defects from grain boundaries. The recov-
ery process initiates at the grain boundary and progresses towards the
grain center in Ref. [106]. Additionally, photoinduced degradation can
be fully reversed by thermal activation in the absence of light, and the
recovery rate tends to increase at higher temperatures [107].

To ensure a long-lasting self-healing performance, it is crucial to
prevent the decomposed perovskite species, including halides and cat-
ions, from escaping. Halogen ions, especially I� ions, have a high diffu-
sion coefficient (~10�12 cm2/s) [120], which causes continuous
migration toward the electrode. Consequently, the diffused I� ions react
with diffused Agþ ions to form stable AgI composites. This gradual
perovskite decomposition hinders full recovery, primarily because of the
loss of I� ions. Consequently, the Ag electrode was replaced with an ITO
electrode to prevent the formation of AgI composites (Fig. 7a) [108]. The
ITO electrode inhibited the decomposed I� ions from migrating, leading
to saturation at the perovskite/ITO surface without I� consumption
under light conditions. Subsequently, the saturated I� ions recovered the
corresponding vacancies under dark conditions, displaying 90% of the
initial PCE even after 17 harvesting–rest–recovery cycles (Fig. 7b).
Owing to the volatile characteristics of perovskite, several gaseous
byproducts from its thermal degradation [121,122], can also signifi-
cantly impact the self-healing performance by causing a loss in the
perovskite composition. Therefore, efforts have been made to prevent
decomposed volatile species from escaping from perovskite. Zhao et al.
introduced a polymer-scaffold PSC that demonstrated an impressive J–V
curve recovery to its original state within 45 s (Fig. 7c) [111]. The use of
the highly hygroscopic PEG as a polymer-scaffold material allowed for
the formation of a compact barrier to prevent moisture penetration.
Additionally, PEG was anchored around the perovskite layer, interacting
with MAI and preventing it from escaping. After preventing the loss of
MAI, the PbI2 within the perovskite layer reacted with the retained MAI
to regenerate the perovskite in a process similar to the two-step perov-
skite synthesis. A similar study reported self-healing PSCs using PVP,
which acted as an anchor for MAI through hydrogen bonding between
the PVP C¼O and MA N–H groups [112]. The PVP-containing perovskite
film showed rapid recovery within 30 s after being exposed to water
spraying for 60 s. Notably, the PVP-incorporated PSCs exhibited
repeatable self-healing properties, retaining 50% of their initial PCE after
three cycles of self-healing tests involving 60 s of exposure to water.
Borate salt (borax) combined with PMMA was also employed to enhance
the self-healing properties (Fig. 7d) [110]. The addition of borax resulted
in the formation of a dense barrier, promoting enhanced self-healing
properties. The degraded PSCs subjected to 10 h of one sun illumina-
tion exhibited remarkable recovery, with over 95% of their initial PCE
after two cycles of working/self-healing processes involving 12 h resting
under dark conditions (Fig. 7e). Encapsulation is another effective
strategy to prevent decomposed perovskite species from escaping from
PSCs. Lv et al. developed a bilayer encapsulation approach by applying
the sequential deposition of compact Al2O3 and hydrophobic 1H,1H,2H,
2H-perfluorodecyltrichlorosilane layers, preventing volatile organics



Table 2
Summary of various strategies for stability enhancement by encapsulation.

Encapsulation materials PSC architectures PCE (control PCE) Stability (control stability)
*stability condition

Pb leakage (Pb leakage for
control)

Module PCE (control)
*size

Ref.

Glass with polyisobutylene (PIB)-
based sealant

Glass/PIB/Au/PTAA
/Cs0.05FA0.8MA0.15Pb(I0.85Br0.15)3/mp-TiO2

/compact TiO2 (c-TiO2)/FTO/glass

13.8% (best)
13.3% (aver)
(14.1%, 13.5%)

Survival after 1800 h
*85 �C, 85% RH
Survival after 75 cycles
*40–85 �C

– – [6]

Parylene/MgF2/Al2O3 Al2O3/MgF2/parylene/Ag/BCP/PCBM
/FA0.85Cs0.15Pb(Br0.15I2.85)/NiMgLiO
/FTO/glass

19.86% (19.85%) 96% after 100 h
*85 �C, 85% RH

– – [91]

Perhydropolysilazane (PHPS)/
poly(ethylene terephthalate)
(PET)/PHPS

PHPS/PET/PHPS/Au/spiro-OMeTAD
/MAPbI3/SnO2/FTO/glass

17.36% (17.37%) 90% after 1000 h
*ambient air

– – [92]

Glass with polyvinylpyrrolidone
(PVP) and epoxy

Glass/epoxy/PVP/Ag
/bathophenanthroline (Bphen)
/[6,6]-phenyl-C61-butyric acid methyl ester
(PC60BM)/MAPbI3
/poly-TPD(2,3,5,6-tetrafluoro-7,7,8,8-
tetracyanoquinodimethane(F4-TCNQ)
/ITO/glass

15.26% (15.62%) 80% after 1000 h
*AM 1.5 irradiation

– – [24]

Glass/CeO2/SiO2/TiO2/PDMS Carbon/MAPbI3/TiO2/FTO/glass/CeO2

/SiO2/TiO2/PDMS
16.60% (14.92%) 98.5% after 31 d

*50 �C, 90% RH, w/UV lamp
– – [95]

Plasmapolymerized-fluorocarbon
(PPFC)

Au/spiro-OMeTAD
/(FAPbI3)0.95(MAPbBr3)0.05/SnO2/ITO
/PET/PPFC

20.4% (18.6%) 97.7% after 100 h
*25 �C, 65% RH

– – [96]

Glass with acrylate hot melt
adhesive (AHMA) and polyvinyl
butyral (PVB)

Glass/PVB/AHMA/Au/MoO3

/spiro-OMeTAD/2-Phenylethylamine
hydroiodide (PEAI)
/CsFAMAPbI3/SnO2/ITO/glass

20.88% (21.58%) – 703 ppb after dripping water for 6
h (control: 17.32 ppm)

– [97]

Glass or plastic sheet with sulfonic
acid cation exchange resins (Pb-
adsorbing resin)

plastic sheet/epoxy
/Pb-adsorbing resin
/Cu/BCP/C60/MAPbI3/PTAA/ITO/glass

20.6% (best)
20.1% (aver.)
(19.8%, 19.3%)

~80% after 500 h
*ambient air, 45 �C

11.9 ppb after exposure to
dripping water for 1 h (control (w/
o Pb-adsorbing resin): 16 ppm)

– [98]

P,P0-didi-phosphonic acid
(DMDP), ethylene vinyl acetate
(EVA) w/n,n,n’,n’,-ethylene-
diamine-tetra-kis (methylene-
phosphonic acid)-poly(ethylene
oxide) (EDTMP-PEO)

EVA/EDTMP-PEO/Au/spiro-OMeTAD
/(CsPbI3)0.05(FAPbI3)0.85(MAPbBr3)0.15
/TiO2/FTO/glass/DMDP

20.12% (best)
(19.69%)

Above 80% after 500 h
*ambient air, 50 �C

Pb SQEa ¼ 97.7% (at R.T.) – [99]

Glass w/epoxy resin-based
polymers (diglycidyl ether
bisphenol A, n-octylamine, m-
xylylenediamine)

Glass/Au/spiro-OMeTAD
/Cs0.07FA0.93PbI3/c-TiO2/FTO/glass

N/A N/A < 1.8 mg/h m2 after dripping acid
water (pH¼ 4.2) on damaged PSM
for 1.5 h (control: 34 mg/h m2)

14.3% (14.1%)
*12.0 cm2

[100]

Glass w/3-mercaptopropyl)
trimethoxysilane-capped
nanospheres (MPTMS-ns)

Glass/Si adhesive þ MPTMS-ns/Au
/spiro-OMeTAD
/Cs0.05(MA0.17FA0.83)0.95Pb(I0.83Br0.17)3/SnO2

/FTO/glass

~7% (no significant difference
between encapsulated and
control devices)

N/A Pb SQE ¼ 98% – [101]

Glass w/poly acrylic acid (PAA)
inogel

Glass/inogel/polyolefin(POE)/Cu
/bathocuproine(BCP)/C60/MA0.7Fa0.3PbI3
/poly(bis(4-phenyl) (2,4,6-trimethylphenyl)
amine) (PTAA)
/ITO/glass/inogel
/polydimethylsiloxane (PDMS)

22.9% (best)
21.7% (aver.)
(22.45%, 20.9%)

95.2% after 1000 h
*85 �C, 85% RH

0.63 ppb after immersed in water
for 24 h (control: 10.65 ppm)

18.5% (17.2%)
*31.5 cm2

[102]

cation-exchange resins (CERs) 19.2% (best)
(19.5%)

N/A 1.96 ppm after water dripping for
1 h (control: 13.24 ppm)

– [103]

(continued on next page)
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from escaping the decomposed PSCs [113]. The encapsulated PSCs
exhibited reversible decay–recovery performance and demonstrated only
slight decay under harsh conditions (85 �C, 85% RH) due to enhanced
water resistance. These results indicate the feasibility of using
well-encapsulated PSCs with reproducible self-healing properties.

Another PSC self-healing strategy involves Pb0 and I0 defect removal
from the perovskite. Even in well-encapsulated PSCs, the Pbþ and I� ions
undergo reduction/oxidation under external stimuli, leading to the for-
mation of Pb0 and I0 defects and the subsequent decay in photovoltaic
performance [123,124]. Wang et al. introduced a Eu3þ–Eu2þ ion pair as a
“redox shuttle” to regenerate the perovskite by eliminating Pb0 and I0

defects. Eu3þ and Eu2þ ions cyclically oxidize Pb0 and reduce I0 defects,
respectively [115]. Although the redox reactions of Y3þ and Fe3þ ions
with Pb and I were also evaluated, the effectiveness of Y3þ ions was low,
and the Fe3þ ions were too strong to oxidize I�. Therefore, the utilization
of Eu3þ ions as a “redox shuttle” for the regeneration of perovskite is a
promising strategy. Chang et al. employed Fc as a recovery agent to
eliminate I0 and Pb0 defects. The sandwich architecture of Fc with a Fe2þ

core protects the perovskite layer by preventing its direct replacement by
Fe2þ ions [114]. Fig. 7f shows the self-healing process through redox
reactions, where the Fc/Fcþ pair facilitates FcPbI3 formation, effectively
eliminating I0 and Pb0 defects. This is followed by the cyclical regener-
ation of perovskite and Fc, leading to the elimination of A-site elemental
defects. Notably, after soaking in an Fc solution, the PCE of the degraded
PSCs (14.9%) recovered to 16.0%, which is comparable to that (16.9%)
of the original PSC (Figs. 7g and h). These results suggest the effective-
ness of Fc for both self-healing and recovery of the degraded PSCs.

The flexibility of PSCs makes them highly suitable for use in wear-
able/foldable devices. However, flexible PSCs are prone to perovskite
crystal brittleness when subjected to long-term bending/stretching,
leading to a reduced photovoltaic performance and lifetime. Conse-
quently, self-healing polymers have been used to enable PSCs to self-heal
under external mechanical stresses. For example, self-healing SHP has
been incorporated into perovskite films to repair cracks at the grain
boundaries (Fig. 8a) [116]. SHP releases the external mechanical stress
and repairs the cracks via extensive hydrogen bonding. The
SHP-containing PSCs exhibited 80% recovery of their initial PCE after
800 cycles of 20% stretching testing (Fig. 8b), indicating the promising
potential of self-healing polymers as a strategy for enhancing the dura-
bility and applicability of PSCs in wearable devices. Lan et al. proposed a
thermally driven self-healing approach for flexible PSCs by incorporating
PUDS, which comprises both hard and soft phases that provide high
tensile strength and enhance resistance to bending [117]. When broken
due to external mechanical stresses, the disulfide bonds in the hard phase
recombine at response temperatures above 80 �C, enabling self-healing of
the flexible PSCs after cracking (Figs. 8c–e). Through thermal annealing
at 80 �C for 10 min, the PCE of the PUDS-incorporated flexible PSCs
recovered to 15.12%, following a significant decrease in PCE from
17.19% to 2.06% after the bending test (Figs. 8f and g). Similarly,
polyurethane [118] and thiourea-triethylene glycol polymer TUEG3
[119] have been utilized as self-healing polymers to address mechanical
stresses in flexible PSCs, resulting in remarkable PCE recovery with the
restoration of cracked device surfaces. These studies underscore the
effectiveness of self-healing polymer approaches for achieving substan-
tial PCE recovery, making them highly valuable for wearable and fold-
able devices. However, it is crucial to consider the requirement of
adequate heat to restore self-healing polymers to their initial state.
Therefore, the feasibility of their self-healing performance during oper-
ating life should be considered, necessitating further investigation.

3.2.2. PSC rejuvenation
The ability to prolong the limited lifetime of PSCs through regener-

ation would greatly benefit their sustainable and viable commercializa-
tion (Table 4). Huang et al. first reported the rejuvenation of degraded
PSCs, leading to an extended lifetime exceeding 100 d [125]. At over 60
d of aging, the PSCs exhibited degradation in the vertical direction,



Fig. 6. (a) Schematic of flexible PSC encapsulated with S-GA/PDMS and computed minimum-energy adsorption model structures of Pb2þ. (b) Bendability of PSMs
without/with different encapsulants under ambient conditions (40–50% RH, 25 �C, bending radius: 5 mm) and (c) Langmuir isotherms of S-GA for Pb2þ sorption. (d)
Pb leakage test for degraded PSMs without/with S-GA/PDMS encapsulant and (e) Pb concentration of contaminated water containing PSMs without/with different
encapsulants. Reproduced from Ref. [104]. Copyright 2021 Wiley-VCH.
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resulting in two distinct areas: a degraded PbI2 region (yellow) and a
perovskite (black) region protected by gold electrodes. To address the
horizontal degradation, the degraded PSCs were immersed in an MAI
solution at 70 �C, which easily rejuvenated the PSC and achieved a PCE of
11.0%, comparable to that of the original PSC (11.6%), even after two
aging–rejuvenation cycles. The spin coating of an MAI solution on a
degraded MAPbI3 perovskite layer also resulted in the regeneration of
decayed photovoltaic performance [126]. This regeneration was attrib-
uted to the recrystallization of the MAPbI3 structure after thermal
annealing, which resembled the two-step perovskite synthesis process.
To enhance the photovoltaic performance of the recovered PSCs, a
sequential process to recover the degraded PSCs was introduced which
involved the thermal decomposition of MAPbI3 [127]. This process
included removing the Ag electrode using adhesive tape and HTM using
chlorobenzene. Subsequently, the perovskite layer was thermally
annealed to decompose into highly crystalline PbI2 with a mesoporous
scaffold. This scaffold showed effective recovery of the degraded PSCs,
exhibiting a PCE of 14.84% comparable to that of the original PSCs
(14.35%). However, the PSC performance after the second recovery was
reduced to 8.51%, possibly because of the excess remaining PbI2.
Chhillar et al. compared degraded perovskite films deposited using three
different methods: single-step acetate, single-step chloride, and sequen-
tial deposition, as shown in Figs. 9a and b [130]. Among them,
single-step acetate deposition resulted in an increase in PL intensity and a
slightly blue-shifted peak after recycling, indicating improved film
quality (Fig. 9c). Furthermore, the degraded perovskite films deposited
via this route showed easy reconversion to the perovskite upon the
introduction of MAI, attributed to the lower PbI2 crystallinity compared
to that of fresh PbI2 (Fig. 9d). These findings highlight the importance of
the characteristics of the degraded perovskite layer and the synthesis
conditions of the perovskite film for the effective reuse of degraded PSCs.
An unusual solid–liquid–solid phase transition induced by methylamine
gas was also utilized to regenerate degraded PSCs [129]. The encapsu-
lated MAPbI3 PSCs achieved a remarkable recovery, with the PCE
reaching 91% of its initial value after two degradation–regeneration
cycles by introducing methylamine gas, despite the PSCs degraded to
~40% (Figs. 9c and d)). This approach enables on-site PSC regeneration
13
without the need to replace any components, indicating its potential in
terms of eco-friendliness and cost-effectiveness in PSC technology. The
aforementioned regeneration studies demonstrate the potential of
regeneration techniques to significantly prolong the lifetime of PSCs and
enhance their commercial viability.

4. Post-end-of-life

Management of solar cells post their end-of-life poses critical issues
for the future of energy resources. With the implementation of the 2012
revision of the WEEE Directive, the solar PV panels intended for disposal
were categorized as WEEE within the European Union according to the
WEEE Directive [131]. Consequently, producers were made responsible
for the collection, recycling, and recovery of PV panels. In particular,
PSCs contain noble metals and toxic materials that can cause significant
environmental and economic issues. Therefore, the management of PSCs
post their end-of-life is inevitable. In a recent study, Tian et al. investi-
gated the landfill and recycling scenarios after the end-of-life stage for six
types of PSCs [8]. The results showed that recycling strategies could
significantly decrease the energy payback time by up to 72.6% and
reduce the greenhouse gas emission factor by 71.2%. Consequently,
recycling PSCs post their end-of-life has become a pressing concern that
has led to several studies on the recycling of noble and toxic materials.

4.1. Noble material recycling

The LCOE of PSCs (~14 US cents/kW/h) is higher than those of other
traditional PV technologies including Si, CdTe, and CiGS (5–10 US cents/
kW/h, assuming a five-year lifetime). Although the LCOE significantly
depends on the lifetime, reducing the fabrication cost remains important
for commercialization. Recent research has estimated the cost of PSCs,
revealing that the fabrication of FTO accounts for the highest portion
(43%) of the total PSC cost [132]. Moreover, because TCO substrates
include rare metals (e.g., In and Sn), efficient recycling is required. The
metal electrode, particularly Au, also represents a substantial portion
(18%) of the total cost [132,133]. Although substituting Au with cheaper
alternatives (e.g., Cu, Ni, and Cr) reduces the cost of the metal electrode,



Table 3
Summary of various strategies for PSC self-healing.

Type Self-healing condition PSC architectures PCE [%] (control PCE) Method Recovery Ref.

Immobilization of decomposed
species

Stored for 10 h in the dark under
N2 atmosphere

ITO/PC61BM/AZO/MAPbI3/NiOx/FTO
/glass

– Prevent Ag diffusion into
perovskite by substituting Ag
electrode with ITO electrode

90% of its initial value after 17
cycles (one cycle:
harvesting–rest–recovery)

[108]

Stored for 12 h in dark Au/spiro-OMeTAD/PDMS-boraxþ
(FAPbI3)0.95(MAPbBr3)0.05
/SnO2/FTO/glass

22.05 (best)
20.70 (aver.)
(20.93, 19.22)

Prevent escape of decomposed
species and react w/PbI2 to
regenerate perovskite

~95% of its initial value after two
cycles (one cycle: 10 h
working–12 h recovery)

[110]

Maintained in ambient air for 45 s Au/spiro-OMeTAD/PEG þ MAPbI3/TiO2/
FTO/glass

12.5 (aver.)
(~8)

Prevent escape of MAI by strong
interaction between MAI and PEG

Recover J–V curve almost to its
original value

[111]

Maintained in ambient air for 30 s Au/spiro-OMeTAD/PVP þ MAPbI3
/m-TiO2/c-TiO2/FTO/glass

20.32 (best)
(18.47)

Prevent escape of MAI by strong
interaction between MAI and PVP

50% of its initial value after three
cycles (one cycle: water spraying
60 s–repair 30 s)

[112]

Stored for 2 h under N2

atmosphere without heat and light
1H,1H,2H,2H-
perfluorodecyltrichlorosilane (FDTS)
/Al2O3/Ag/PCBM/MAPbI3/NiO/ITO
/glass

19.7 (best)
(19.9)

Prevent escape of gaseous
products from perovskite
decomposition by encapsulation

Recover J–V curve almost to its
original value

[113]

Redox of Pb0 and I0 defects Soaked in ferrocene (Fc) solution
for 12 h

Au/spiro-OMeTAD
/MAPbI3/SnO2/FTO/glass

16.9 (best)
(�)

Recover elemental defects by
chain-reaction cycle of Fc → FcI→
FcPbI3 → Fc

16.0% of PCE after recovery
(pristine: 16.9%, decomposed:
14.9%)

[114]

– Au/spiro-OMeTAD
/Eu3þþ(FA, MA, Cs) Pb (I, Br)3(Cl
)/TiO2/ITO

21.52 (best) Redox shuttle selectively oxidized
Pb0 and reduced I0 defects by
Eu3þ-Eu2þ_ redox shuttle

2.7% of Pb0/(Pb0þPb2þ) after 85
�C 1000 h (pristine: 11.3%)

[115]

Self-healing polymer Stored for 2 h at RT PDMS/hc-PEDOT:PSS/PCBM
/FAPbI3/PEDOT:PSS
/hc-PEDOT:PSS
/PDMS

19.50 (best)
(16.57)

Prevent moisture by hydrophobic
polysiloxane (SHP) and
passivation of fragile grain
boundary

80% of its initial value after 800
cycles (1 cycle: stretching with
20% strain–rest)

[116]

Thermal annealing at 80 �C for 10
min

Ag/PEI/PC61BM/polyurethane elastomers
with disulfide bonds (PUDS) þ MAPbI3
/NiOx/ITO/PEN

17.19 (best)
(�)

Thermally driven self-healing of
cracked perovskite by PUDS
polymer

80% (13.71% PCE) of its initial
value after two cycles (One cycle:
bending–heal)
(pristine: 17.19%, cracked:
2.06%)

[117]

Thermal annealing at 100 �C for
10 min

PDMS/hc-PEDOT:PSS/PEDOT:PSS
/PEI/PCBM/self-healing polyurethanes (s-
PU) þ MA0.22FA0.78PbBr0.03I0.97
/PEDOT:PSS/hc-PEDOT:PSS
/PDMS

19.15 (best)
18.68 (aver.)
(14.74, 14.06)

Thermally driven self-healing of
cracked perovskite by s-PU
polymer

88% of its initial value after 1000
cycles (1 cycle: 20%
stretching–100 �C annealing)

[118]

Thermal annealing at 85 �C for 30
min

Ag/BCP/PC61BM
/thiourea-triethylene glycol polymer
(TUEG3) þ MAPbI3/PTAA/PH1000
/ITO/PET

8.87 (best)
6.46 (aver.)
(13.69, 11.35)

Thermally driven self-healing of
cracked perovskite by TUEG3
polymer

80% of its initial value after 1.5
mm radius 50 times bending–85
�C annealing step

[119]
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Fig. 7. (a) Schematic illustration of the degradation and recovery processes involving ion migration; and (b) self-healing performance achieved by dark storage.
Reproduced from Ref. [108]. Copyright 2021 Wiley-VCH. (c) Optical images showing surface changes on perovskite films without/with PEG (60 s water spraying and
45 s in ambient air). Reproduced from Ref. [111]. Copyright 2016 Springer Nature. (d) Self-healing process by PMMA treatment and (e) the self-healing performance
results. Reproduced from Ref. [110]. Copyright 2022 Royal Society of Chemistry. (f) Sustainable self-healing process via Fc/Fcþ redox shuttle. (g) Photographs and (h)
PSC J–V curves during Fc-assisted self-healing. Reproduced from Ref. [114]. Copyright 2021 Wiley-VCH.
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overcoming the lower PCE remains critical for practical use, under-
scoring the necessity of recycling the metal electrode.

4.1.1. Substrate recycling
The TCO substrate accounts for a significant portion (> 43%) of the

overall cost of PSC fabrication (Fig. 10a) [132,134]. Additionally, such
substrates involve rare resources (e.g., tin and indium), which further
limit the commercialization of PSCs. Initially, TCOs were recycled
because of their stability and simple recovery process compared to other
PSC components. TCOs can be easily recovered by dissolving their upper
layers (e.g., ETL, perovskite, and HTL; Table 5). A layer-by-layer
approach to TCO recycling was demonstrated by selectively stripping
15
the upper layers (Fig. 10b) [134]. First, the gold electrode was removed
using adhesive tape, followed by the removal of spiro-OMeTAD by im-
mersion in chlorobenzene. Subsequently, the perovskite layer was
transformed into PbI2 through water treatment; PbI2 was then removed
by immersion in DMF, resulting in the recovery of TiO2/FTO/glass.
However, the recycled PSC exhibited a significant decrease in PCE, which
was attributed to TiO2 degradation during DMF immersion. Thus, the
TiO2 layer was further immersed in DMF to remove it from the substrate,
resulting in the recovery of FTO/glass. Notably, although TiO2 is insol-
uble in DMF, solvent penetration into the TiO2 pores potentially causes
delamination of the TiO2 layer. The recycled PSCs fabricated using the
recovered TCO substrate exhibited a PCE (15.1%) comparable to that



Fig. 8. (a) Schematic illustration of passivation and self-healing mechanisms via SHP and (b) self-healing performances of flexible PSCs with/without SHP during the
stretching cycles under 20% strain. Reproduced from Ref. [116]. Copyright 2022 Wiley-VCH. (c) Schematics of the self-healing process by PUDS and (d) optical images
of PUDS during the crack self-healing process. (e) AFM images and illustrations of the cracked and self-healed perovskite films. (f) J–V curves of flexible PSCs under the
crack and self-healing process and (g) self-healing cycle test. Reproduced from Ref. [117]. Copyright 2022 Elsevier.
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(14.6%) of the fresh PSC (Fig. 10c). A similar approach was introduced
for recycling major components such as Au, Pb, and TCO substrates
[135]. PSC dismantling involved sequential immersion in chlorobenzene,
ethanol, and DMF, leading to the recovery of Au, Pb, and TiO2/FTO/-
glass. The recycled PSCs using the recovered TiO2/FTO/glass achieved
PCEs of 15–16%, indicating no significant decline in photovoltaic per-
formance after recycling. The slight decrease in PCE was attributed to a
reduction in Jsc, potentially caused by residual solvents during the
recycling process. Although the photovoltaic performance post-recycling
of Au/Pb was not demonstrated, the recovery of each valuable compo-
nent through a sequential dismantling process for recycling was
demonstrated, indicating the potential to reduce the fabrication cost and
environmental impact of PSCs. Kim et al. conducted a study to identify an
appropriate solvent for recycling TCO from PSCs (Fig. 10d) [136]. The
J–V curves of the PSCs fabricated with fresh PbI2 revealed that polar
solvents dissolved the perovskite layer, whereas non-polar solvents only
removed the spiro-OMeTAD layer. However, the dissolution kinetics of
polar protic solvents (ethanol and water) were slow (~24 h), owing to
the low solubility of metal halides. Conversely, polar aprotic solvents
effectively decomposed the perovskite layer within a brief time (within
30 s) through a reaction between the partially negative aprotic solvents
and Pb2þ ions in the perovskite. The TiO2/FTO/glass recovered using a
polar aprotic solvent exhibited optical characteristics similar to those of
fresh TiO2/FTO/glass and showed a PCE comparable to that of PSCs
fabricated using a fresh substrate. Moreover, this recycling process
demonstrated multiple repeatability, maintaining the initial PCE (15%)
even after 10 cycles (Fig. 10f). Likewise, Huang et al. recycled FTO/glass
substrates from ETL-free PSCs using DMF, achieving a comparable PCE of
~10% with the recycled substrates [137]. They also demonstrated the
recycling of TiO2/FTO/glass using the same procedure, achieving a
slightly decreased PCE of 11.87% for the recycled PSCs compared to the
14.08% observed with fresh PSCs [138]. This reduction in PCE was
attributed to a decrease in the fill factor, owing to a reduction in the shunt
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resistance (Rsh) and an increase in the series resistance (Rs). The decrease
in Rsh was attributed to the altered surface affinity of the substrate, which
facilitated direct contact between the ETL and HTL in local areas.
Meanwhile, the increase in Rs was attributed to surface modifications of
c-TiO2, owing to residual materials and changes in the surface topog-
raphy resulting from multiple cleaning procedures.

Alternative solvents for recycling TCO substrates have been explored.
One approach is the use of a single non-volatile cost-effective alkaline
solvent to recover the TCO substrate [139]. To recover ITO/glass, the
effects of different KOH concentrations on the recovered substrates were
investigated (Figs. 11a–d). The ITO/glass recovered using 1.5 M KOH
showed optical transmittance and electrical uniformity comparable to
those of the fresh ITO substrate, whereas a lower KOH concentration
resulted in residues/impurities on the substrate that could impact the
surface properties. Additionally, KOH treatment enhanced the substrate
wettability, leading to a high fill factor. Consequently, the recycled PSCs
exhibited a PCE (7.20%) similar to that of fresh PSCs (8.05%). Alkyl-
amines (butylamine, dipropylamine, diethylamine, and dibutylamine)
have also been investigated as solvents for recycling TCO substrates from
inverted PSCs [141]. NiOx/ITO/glass was recovered using a two-step
process involving two alkylamine solvents (Figs. 11e–g). Notably, the
substrate recovered through butylamine–dipropylamine treatment
exhibited a high PCE (20%), surpassing that of the fresh PSCs (17.92%).
This enhanced PCE was attributed to the strong alkylamine–NiOx in-
teractions, resulting in Ni–N coordination. This interaction enhances
photovoltaic performance by passivating defects and providing a tem-
plate effect for perovskite crystallization. Furthermore, the recycled PSCs
maintained their photovoltaic performance even after 10 re-cycles,
demonstrating the practicality and potential of this approach for recy-
cling high-quality substrates from PSCs.

Although significant progress has been made in recycling TCO sub-
strates, several challenges must still be addressed for the sustainable
commercialization of PSCs. In particular, it is important to consider the



Table 4
Reported PSC rejuvenation strategies and photovoltaic performances.

PSC architectures Reuse methods Reused architectures Reuse time PCE [%] Ref.

Au/spiro-OMeTAD/MAPbI3
/ZnO/ITO/glass

Immersion in MAI solution and
heat treatment

Au/spiro-OMeTAD/MAPbI3/ZnO/ITO/glass 0 11.59 [125]
1 11.59
2 11.04

Au/PTAA/MAPbI3/TiO2

/FTO/glass
Spin coating of MAI solution and
heat treatment

Degraded perovskite/TiO2/FTO/glass 0 16.8 [126]
1 7.6

Ag/spiro-OMeTAD
/MAPbI3/m-TiO2

/c-TiO2/FTO/glass

HTM dissolution by CB and
thermal decomposition of MAPbI3
and spin coating of MAI solution

PbI2/ETM/FTO/glass 0 14.35 [127]
1 14.84
2 8.51

Au/spiro-OMeTAD
/MAPbI3/TiO2/FTO/glass

HTM dissolution by CB and
thermal decomposition of MAPbI3
and spin coating of MAI solution

PbI2/ETM/FTO/glass 0 16 < [128]
1 14–15

Carbon/MAPbI3/m-ZrO2

/m-TiO2/c-TiO2/FTO/glass
Introduction of methylamine gas Carbon/MAPbI3/m-ZrO2/m-TiO2/c-TiO2/FTO/glass 0 14.39 [129]

1 �12
2 �13
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recycling of various materials in conjunction with TCO substrates and
carefully evaluate the cost and environmental impact of the entire
recycling process.

4.1.2. Metal electrode recycling
Noble metal electrodes, particularly Au electrodes, used in PSCs are

expensive. Despite the relatively small number of PSCs, their reuse is
crucial for practical large-scale applications. Therefore, recycling metal
electrodes is necessary to address the cost and sustainability concerns in
the PSC industry. Similar to TCO/substrate recycling, metal electrodes
can be easily separated and recycled by immersion in a solvent that de-
composes the perovskite layer. An early study revealed that the Au
electrode recovered through immersion in DMF contained only 0.41% Pb
impurities, indicating its potential for facile Au recycling [136]. Another
approach involved layer-by-layer dissolution for recovering Au, which
showed no traces of foreign metals [135]. However, for their desired
application, these recovered Au electrodes may require additional pro-
cesses such as purification, deposition, and manufacturing, thereby
increasing costs and environmental impacts. Yang et al. developed a
recycling process for Au electrodes using a dry transfer process, which
allowed the direct redeposition of the Au electrode onto a newly fabri-
cated HTL (Fig. 12) [133]. To facilitate the simple fabrication and recy-
cling process, they employed a nanoporous Au electrode of high specific
surface area, which enabled effective contact with the HTL. In this pro-
cess, the PSCs were immersed in acetone to dissolve the perovskite layer
and HTL. The floating nanoporous Au electrode was then transferred
onto a membrane film for reuse. After washing, the nanoporous Au
electrode on the membrane was directly attached to the HTL, and the
membrane film was slowly detached. This process could be repeated
multiple times, and the PCE of the recycled PSCs comprising the nano-
porous Au electrode maintained its performance even after 12 cycles,
demonstrating the feasibility of reducing fabrication costs, minimizing
resource wastage, and reducing environmental impact. However, the loss
and cracking of the Au electrode during the recycling process and the
limitations in device size need to be overcome.

4.2. Toxic materials recycling

Environmental concerns surrounding PSCs have led to extensive in-
vestigations into the potential toxicity risks posed by hazardous sub-
stances. LCA studies have been conducted to quantitatively assess
environmental impacts and develop more effective and sustainable PSC
technologies [8,143–145]. Recent LCAs have demonstrated that recy-
cling strategies can reduce greenhouse gas emissions by up to 71.2% and
decrease energy payback time by up to 72.6% [8]. In particular, the main
perovskite component, Pb, presents a challenging obstacle for commer-
cialization owing to its toxicity. Consequently, the Pb in the perovskite
adsorption layer has been substituted with Sn; however, Sn-based PSCs
showed lower PCEs and stability [146–148]. Moreover, several reports
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have indicated that replacing Pb is not an effective solution because of
the tradeoff between hazardous effects and reduced PCE and stability
[149–151]. The utilization of toxic solvents in the recycling process is
another key limiting factor for commercialization. Therefore, solvent
recycling is important in the implementation of sustainable recycling
technologies for the commercialization of PSCs.

4.2.1. Pb recycling
The solubility and purity issues associated with PbI2, which serves as

a precursor for refabricated perovskite layers, makes the recycling of Pb
in PSCs challenging. The Pb recycling process typically involves dis-
solving the perovskite and extracting the Pb. Various solvents have been
employed to dissolve perovskites, including deep eutectic and polar
aprotic solvents (Table 6). Polar aprotic solvents (DMF, γ-butyrolactone,
and DMSO) have been mainly utilized because they can easily dissolve
the perovskite layer through the reaction between their partially negative
O and positive Pb cations [136]. DMF has been extensively studied and
employed as a representative polar aprotic solvent. Binek et al. employed
DMF to dissolve PbI2 after sequentially removing the HTM and MAI
layers from PSCs using chlorobenzene and water, respectively [134]. The
recycled PbI2 was used to fabricate PSCs that exhibited an efficiency
exceeding 12%, which is comparatively lower than that of the PSCs
prepared with fresh PbI2 (14.6%). The decrease in PCE resulting from a
reduction in the open-circuit voltage and fill factor were attributed to
impurities in the PbI2 solution. Another approach for recycling Pb from
carbon-based PSCs was demonstrated, which does not require the
removal of the HTM owing to its HTM-free structure [152]. The
carbon-based PSC was immersed in DMF and the dissolved Pb was
precipitated with NH3H2O to form Pb(OH)2. Subsequently, by adding HI
solution, yellow PbI2 powder was obtained, which exhibited a high re-
covery rate of 95.7%; it was then used to refabricate PSCs. The PCE of the
recycled PSCs was lower (11.36%) than that of the original PSC
(12.17%). This reduction was ascribed to impurities introduced during
the precipitation process, emphasizing the significance of high-purity
recycled PbI2. Other approaches to Pb recycling involve adsorption
processes, which can enhance the Pb selectivity and consequently
improve the purity of the recycled Pb compounds. Kim et al. reported the
recovery of Pb from DMF solutions containing perovskites using HAp
(Ca10(PO4)6(OH)2) as the adsorbent [136]. Park et al. recently developed
a Pb-recycling process using Fe-decorated HAp (HAp/Fe) [153]. HAp/Fe
was employed to adsorb Pb from the DMF solution containing the dis-
solved perovskite, and the Pb-adsorbed HAp/Fe could be easily collected
using a magnetic field (Fig. 13a). Subsequently, Pb was recycled as PbI2
for the fabrication of PSCs through acid treatment to dissolve HAp/Fe
and precipitate PbI2. The decorated Fe not only exhibited magnetic
properties for efficient collection, but also provided high adsorption sites,
resulting in an impressive 99.97% recovery rate (Fig. 13b). Additionally,
the recycled PSCs achieved a PCE (16.04%) comparable to that (16.65%)
of fresh PSCs, indicating their potential for Pb emission-free PSC



Fig. 9. Illustration of the recycling process by (a) single-step and (b) sequential deposition route. (c) PL spectra of MAPbI3 film deposited by single-step acetate routes,
and (d) optical images of perovskite films via different recycle processes. Reproduced from Ref. [130]. Copyright 2019 American Chemical Society. (e) Schematic
illustration of degradation–regeneration cycle for encapsulated PSCs and (f) their corresponding PCEs during two cycles. Reproduced from Ref. [129]. Copyright
2017 Wiley-VCH.
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manufacturing (Fig. 13c). Pb recycling can be conducted using various
adsorbents, including metal oxides [154,155], carbons [156,157], bio-
sorbents [158,159], and ion exchange resin [103,160], and the recycling
characteristics can vary depending on the type of adsorbent used. Hong
et al. reported the Pb recycling performance using two different bio-
sorbents, HAp and whitlockite (Ca18Mg2(HPO4)2(PO4)12 (Fig. 13d)
[158]. Despite having similar compositions, they showed different
adsorption mechanisms, which affected the Pb recycling performance.
Indeed, whitlockite exhibited a higher Pb adsorption capacity (2339
18
mg/g) than HAp (239mg/g) because of its dissolution–reprecipitation Pb
removal mechanism (Fig. 13e). Furthermore, the complete trans-
formation of whitlockite into hydroxypyromorphite (Pb10(PO4)6(OH)2)
allowed to produce high-purity PbI2, resulting in a comparable PCE of
19.00% for recycled PSCs (fresh PSC PCE: 19.31%; Fig. 13f). Conversely,
the recycled PSCs using HAp exhibited a relatively low PCE (16.85%),
indicating that the PbI2 purity significantly impacts the performance of
recycled PSCs. Cation-exchange resins were also employed by Chen et al.
for low-cost Pb recycling [140]. The PSCs were first dissolved in DMF,



Fig. 10. (a) Pie chart of the estimated cost of each PSC layer. (b) Recycling process of PSCs: (I) Ag electrode removal by adhesive tape, (II) HTM removal by immersion
in chlorobenzene, (III) MAI extraction in water, (IV, V) PbI2 and TiO2 removal using DMF, (VI) coating of new TiO2 layer, (VII) preparation of the perovskite layer on
recycled FTO, (VIII) coating of new HTM layer, and (IX) deposition of Au electrode. (c) J–V curves of PSCs fabricated with fresh, recycled, and both recycled and
recrystallized PbI2. Reproduced from Ref. [134]. Copyright 2016 American Chemical Society. (d) Recycling procedures for PSCs and their schematic illustration. (e)
Cross-sectional SEM images of PSCs treated with different solvent types. (f) J–V curves of PSCs fabricated with fresh and tenfold-recycled substrates. Reproduced from
Ref. [136]. Copyright 2016 Springer Nature.
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and the Pb ions were fully adsorbed using a carboxylic acid
cation-exchange resin. The Pb ions could be easily released as Pb(NO3)2
in an HNO3 aqueous solution because of the weak carboxylic acid group,
resulting in a high Pb recycling efficiency of 99.2%. Subsequently,
Pb(NO3)2 was transformed into PbI2, demonstrating a photovoltaic per-
formance comparable to that of PSCs fabricated using high-purity
(99.99%) commercial PbI2. Additionally, the material cost for the recy-
cling process was $1.35/m2, assuming fivefold reuse of DMF and resin,
thereby leading to energy and cost savings comparable to PSC fabrication
using new materials. Despite these positive progresses for Pb recycling
using adsorbents, significant issues regarding the use of toxic solvents
remain. Poll et al., demonstrated the use of a DES for recycling Pb from
PSCs [161]. The DES, consisting of ChCl and EG, effectively dissolved the
perovskite layers in PSCs, allowing for the subsequent electrodeposition
of Pb with a 99.8% recovery rate. An advantage of using DES over
19
aqueous solvents is the reduced risk of contaminating the water supply
with waste solutions. Additionally, DES does not require volatile organic
solvents or concentrated acids, making it a more environmentally
friendly option. Recently, molten LiCl–KCl was employed to dissolve PbI2
from perovskite, followed by electro-extraction of Pb metal and I2
products [162]. This method achieved a 99.89% Pb recovery rate at a
lower cost (~$8.9/kg Pb) compared with that achieved in previous
studies ($10–$160/kg Pb). Despite these advantages, the electrochemical
deposition process to obtain the desired Pb can be complex under prac-
tical working conditions, and additional steps are required for the reuse
of the recovered Pb in PSC fabrication because of its recovered solid form.
Deng et al. demonstrated a simplified Pb recycling process using evapo-
ration methods, eliminating various steps including adsorption, adsor-
bent dissolution, precipitation, and electrodeposition (Fig. 13g) [163]. In
this approach, PSCs were dissolved in a DMF/DMSO solvent mixture and



Table 5
Reported substrate recycling strategies and photovoltaic performances of PSCs.

Architectures Recycled Materials Recycling time PCE [%] Ref.

Ag/spiro-OMeTAD/MAPbI3-xClx/FTO/glass FTO/glass 0 11.82 [137]
1 10.81
2 9.97

Au/spiro-OMeTAD/MAPbI3/TiO2/FTO/glass FTO/glass 0 14.6 [134]
1 15.1
3 15.4

Au/spiro-OMeTAD/MAPbI3 or (FAPbI3)0.85(MAPbBr3)0.15
/TiO2/FTO/glass

TiO2/FTO/glass 0 15 [136]
10 > 15

Ag/spiro-OMeTAD/MAPbI3-xClx/m-TiO2

/
FTO/glass

mp-TiO2/FTO/glass 0 14.08 [138]
1 12.67
2 11.87

Ag/spiro-OMeTAD/MAPbI3/c-TiO2/FTO/glass c-TiO2/FTO/glass 0 14.79
1 12.60
2 11.03

Au/spiro-OMeTAD/MAPbI3/TiO2/FTO/glass TiO2/FTO/glass 0 16.1 [135]
1 16.0
2 15.0

Al/Ca/PC60BM/MAPbI3/TiO2/PEDOT:PSS/ITO
/glass

ITO/glass 0 8.15 [139]
1 7.20

Cu/Cr/C60BCP/Cs0.1FA0.9PbI3/PTAA/ITO/glass ITO/glass 0 16.6 [140]
1 15.5

Ag/PCBM/CsFAMA/NiOx/ITO/glass NiOx/ITO/glass 0 17.92 [141]
1 20

Au/spiro-OMeTAD/MAPbI3/ZnO/AZO/glass ZnO/AZO/glass 0 13.5 [142]
1 12.6

Au/spiro-OMeTAD/MAPbI3/ZnO/AZO/PET ZnO/AZO/PET 0 7.2
1 6.8

Fig. 11. (a) PSC structure and its corresponding optical image. (b) Sheet resistance and (c) optical images of ITO substrates treated with various KOH concentrations.
(d) PCE of PSCs fabricated with reference and ITO substrates treated with different KOH concentrations. Reproduced from Ref. [139]. Copyright 2019 Elsevier. (e)
Schematic recycling process of substrates using alkylamines. (f) Optical images and (g) AFM surface morphologies of the fresh and recovered substrates. (h) PCE of
PSCs fabricated with fresh (Fresh-D) and recycled substrates using various alkylamines (benzyl alcohol–benzyl alcohol treatment: RBA-BA-D, benzyl alcohol-
–dipropylamine treatment: RBA-DPA-D). Reproduced from Ref. [141]. Copyright 2021 American Chemical Society.
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Fig. 12. (a) Schematic illustration of the Au electrode recycling procedure. (b) J–V curves of PSCs fabricated using a multi-recycled Au electrode. (c) Optical images of
Au films during the sixth recycling process and (d) photovoltaic parameters of PSCs fabricated with multi-recycled Au electrodes. Reproduced from Ref. [133].
Copyright 2020 Wiley-VCH.
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subsequently evaporated at 100 �C. The resulting yellow powder mainly
consisted of PbI2 with a small amount of MAI, which is consistent with
the reported degradation progress of perovskite into PbI2. The recovered
PbI2 powder was then reused as a perovskite precursor, thereby
achieving a slightly reduced PCE of 15.30% for a single recycling process
(fresh PSC PCE: 16.29%; Fig. 13h). Although this recycling strategy
provides a simplified process and reduces costs and harmful effects, the
use of DMF/DMSO during the perovskite dissolution process still poses
environmental concerns. More recently, Schmidt et al. introduced a novel
approach for PbI2 recycling utilizing a solvent-free method based on hot
water extraction [164]. They observed that the solubility of PbI2 in water
was more temperature-sensitive than that of other halide salts, including
CsI, MAI, FAI, and CsCl. While these salts remain highly soluble even at
20 �C, the PbI2 solubility exceeds 1 g/L at temperatures> 50 �C. Based on
this difference, the perovskite was dissolved in water at 50 �C, whereby
only PbI2 recrystallized during the subsequent cooling process while the
other salts remained in solution. This process yielded crystalline PbI2
with a remarkable purity > 95.9%, resulting in a 94.4 � 5.6% PB re-
covery rate. Although this method significantly alleviates environmental
concerns during recycling, the purity level required for direct reuse in
PSC fabrication remains a concern; therefore, further studies are required
to address this issue.

4.2.2. Solvent recycling
Another critical issue is the use of toxic solvents in the PSC recycling

process. DMF, DMSO, and chlorobenzene are commonly used in this
process because they easily dissolve the perovskite/CTL. However, these
solvents are classified as hazardous or problematic substances that can
affect safety, health, and the environment, making it necessary to recycle
or manage them during the entire recycling process [168]. Notably, the
reuse of solvents in the recycling process has rarely been reported. Chen
et al. demonstrated the possibility of reusing DMF multiple times in the
recycling process [103]. Similarly, the reuse of water in hot-water
extraction for Pb recycling has been reported for other Pb extractions
[164]. However, in practical applications, an increase in the number of
water reuse cycles may lead to excess iodide concentration, which can
limit the Pb2þ solubility and reduce the Pb yield. Therefore, further
research is necessary to determine the maximum number of times the
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extraction process can be repeated, and to assess the cost and environ-
mental implications associated with these treatment methods. In recent
years, a “one-key-reset” recycling strategy has been implemented, which
considers the environmental impact of both the fabrication and recycling
processes (Fig. 14) [167]. In this method, the perovskite and
spiro-OMeTAD components are simultaneously dissolved using a bleach-
ing solution to form two separate liquid phases (liquefied perovskite and
spiro-OMeTAD dissolved THF). Subsequently, each liquid is collected and
reused as a precursor to fabricate new PSCs. The refabricated PSCs
exhibited a high PCE exceeding 20%, indicating the potential of this
approach as a sustainable PSC recycling method. Nonetheless, additional
research is necessary to address the composition uncertainty of the recy-
cled liquids. Recently, there have been reports on the reuse of toxic sol-
vents in the recycling process of PSCs [14]. In a two-step dissolution
process, PSCs were separated, and the recovered solvents, chlorobenzene
and DMF, were reused as solvents for perovskite precursor. PSCs fabri-
cated with these recovered solvents exhibited a remarkable PCE of
25.02%, comparable to that of control PSCs (25.12%), indicating the po-
tential for a sustainable recycling strategy. However, additional research is
needed to analyze in detail the residual organic and halide components in
the recovered solvent and manage the residual components for the pure
solvent recycling. In addition, to establish a sustainable closed-loop PSC
industry, comprehensive investigations and discussions regarding the
recycling of residual solvents during PSC fabrication are crucial.

5. Conclusion and outlook

5.1. Long-term stability

Stability enhancement is critical in the development of PSCs to
overcome their vulnerability to degradation by environmental factors.
Various strategies, including metal electrode optimization, internal stress
control, additive incorporation, interfacial bilayers, and 2D perovskite
layers, have shown promising results in improving stability and overall
performance. Additives with functional groups can effectively passivate
surface defects, inhibit ion migration, and enhance stability. Interfacial
bilayers provide defect passivation and protection against external fac-
tors, thereby contributing to long-term stability. The implementation of



Table 6
Reported Pb recycle strategies and photovoltaic performances of PSCs.

PSC architectures Recycle methods Dissolving solvent Pb recovery rate
[%]

Recovered
form

Re-cycling
time

PCE
[%]

Ref.

MAPbI3, FAPbI3, or MAPb3-xIx
/TiO2/FTO/glass

Dissolution and electrodeposition DES (ChCl-EG) 99.8 Pb – – [161]

Degraded PSCs (no structural
information)

Dissolution and electrodeposition DES (LiCl–KCl) 99.89 Pb, I2 – – [162]

Au/spiro-OMeTAD/MAPbI3/
TiO2/FTO

/Glass

Dissolution and precipitation chlorobenzene, water,
DMF

– PbI2 0 14.6 [134]
92–94 1 12.1

Carbon/MAPbI3
/m-TiO2/c-TiO2/FTO
/Glass

Dissolution and precipitation DMF – PbI2 0 12.17 [152]
95.7 1 11.36

Ag/spiro-OMeTAD
/MAPbI3-xClx/FTO
/Glass

Dissolution, precipitation, and
adsorption

DMF 99.98–99.99 Pb – – [136]

Ag/BCP/PCBM
/MAPbI3/NiOx/ITO
/Glass

Dissolution and precipitation butyl amine, toluene,
EtOH

– PbI2 0 17.84 [165]
98.9 1 17.95

Au/spiro-OMeTAD
/MAPbI3/TiO2/FTO
/Glass

Dissolution, adsorption, and
precipitation

DMF – PbI2 0 16.65 [153]
99.97 1 16.04

Ag/spiro-OMeTAD
/FAPbI3/SnO2/TiO2

/FTO/glass

Dissolution, adsorption, and
precipitation

ethyl acetate, water – PbI2 0 21.50 [166]
95 1 21.58

Cu/Cr/C60BCP
/Cs0.1FA0.9PbI3
/PTAA/ITO/glass

Dissolution, adsorption, and
precipitation

DMF – PbI2 0 21.0 [140]
99.2 1 20.4

Au/spiro-OMeTAD
/MAPbBr3-doped MAPbI3/SnO/

ITO
/Glass

Selective dissolution and
liquefaction

THF – Liquefied
perovskite

0 20.9 [167]
99.97 1 20.7

2 20.4

Carbon/MAPbI3
/SnO2/ITO/glass

Dissolution and evaporation DMF, DMSO – PbI2 0 16.29 [163]

1 15.30
5 12.10

Al/spiro-OMeTAD
/MAPbI3/TiO2/ITO
/glass

Hot aqueous extraction and
precipitation

water 87 � 11 PbI2 – – [164]
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additional 2D perovskite layers offers an alternative approach for
passivation, retardation of charge recombination, and improved charge
extraction. Encapsulation techniques are also crucial in isolating PSCs
from external stimuli, further improving their stability and reducing their
environmental impact. Moreover, the utilization of Pb-adsorbing mate-
rials in encapsulation has demonstrated significant potential for reducing
toxic Pb leakage, furthering the environmental friendliness of PSCs and
reinforcing their position as a promising future renewable energy tech-
nology. These advancements in stability enhancement and environ-
mental impact reduction are vital for the successful commercialization of
PSCs as clean and efficient energy sources. Continued research and
development in these domains are crucial for the extensive integration of
PSCs and their contribution to a more sustainable and eco-friendly en-
ergy future. Furthermore, the industrial development of PSCs necessi-
tates a comprehensive understanding of degradationmechanisms, crucial
for formulating efficient solutions to enhance the Power Conversion Ef-
ficiency (PCE) and stability of PSCs. Additionally, given the diverse ap-
plications of perovskite solar cells in various fields, further research is
imperative to achieve efficiency and stability tailored for extreme envi-
ronments such as outer space, underwater, indoor settings, stretchable
conditions, and flexible environments.

5.2. In situ regeneration

The regeneration and self-healing techniques hold great promise in
PSC lifetime extension and stability enhancement. Various methods,
including immersion in MAI solution, thermal decomposition, and solid-
–liquid–solid phase transitions induced by methylamine gas, have been
successfully used to rejuvenate degraded PSCs and restore their photo-
voltaic performance. Additionally, self-healing strategies that involve
22
reversible perovskite decomposition–reconstruction and prevention of
escaped decomposed species have demonstrated the ability to enhance
stability and durability. The use of polymers as scaffolds, in encapsulation
techniques, redox shuttles, and as self-healing polymers offers potential
solutions for addressing mechanical stresses and restoring degraded PSCs
to their original state. As PSC technology continues to advance, further
research and development of regeneration and self-healing techniques are
essential for the sustainability and long-term viability of PSCs. Continued
efforts to optimize and evaluate the long-term effectiveness of these
strategies is crucial for achieving commercial viability and widespread
adoption of PSC technology. Moreover, exploring the integration of self-
healing polymers into flexible PSCs can open new possibilities for dura-
ble and resilient photovoltaic devices, enabling them to withstand me-
chanical stresses without compromising their functionality. Owing to
these advancements, PSCs have the potential to become clean and effi-
cient energy sources, contributing to a greener more sustainable future.
However, for practical applications, research in the field of in situ
regeneration technology should be complemented by studies on the
environmental impacts affecting recovery performance, the number of
renewable cycles, and associated limiting factors.

5.3. Recycling of noble materials

Recycling strategies for TCO substrates and metal electrodes in PSCs
are crucial for cost-effectiveness and sustainability. Various methods,
such as solvent immersion and dry transfer processes, have shown
promising results in recovering and reusing TCO substrates and metal
electrodes, which can significantly reduce fabrication costs and minimize
environmental impacts. The successful use of alternative solvents, such as
alkaline and alkylamine solutions, further demonstrated the feasibility of



Fig. 13. (a) Schematic illustration of the Pb recycling process using HAP/Fe composite. (b) Pb concentration after Pb removal, and (c) PCE of PSCs fabricated with
commercial PbI2 and recycled PbI2. Reproduced from Ref. [153]. Copyright 2020 Springer Nature. (d) Illustration of Pb adsorption mechanisms and (e) Langmuir
isotherm of Pb removal by HAP and WH. (f) J–V curves of PSCs fabricated with commercial PbI2 and PbI2 recycled using WH and HAP. Reproduced from Ref. [158].
Copyright 2022 Wiley-VCH. (g) Fabrication process using recycled perovskite and ITO substrate, and (h) the PCE of fresh and refabricated PSCs. Reproduced from
Ref. [163]. Copyright 2022 American Chemical Society.
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recycling high-quality substrates with a photovoltaic performance com-
parable to that of fresh PSCs. However, challenges remain, particularly in
the recycling of other materials; moreover, careful evaluation of the costs
and environmental implications of the entire recycling process is neces-
sary for the sustainable commercialization of PSCs. Recently, significant
effort has been directed towards Si-PSC tandem solar cells to achieve
high photovoltaic efficiency. Nonetheless, the distinct lifetimes of Si solar
cells and PSCs pose significant challenges in maintaining continuous
solar energy systems, making research on the recycling of PSCs an
inevitable necessity. Therefore, continued research and development in
recycling technologies and collaborative efforts between academia,
research institutions, and industry players are essential for realizing the
full potential of recycling in the PSC industry.
23
5.4. Recycling of toxic materials

Pb recycling from PSCs typically involves two main steps—perovskite
layer dissolution and Pb compound extraction. Various solvents,
including polar aprotic and deep eutectic solvents, have been employed
for Pb recycling, leading to perovskite decomposition and Pb separation.
Subsequently, methods such as electrochemical deposition, precipitation,
and adsorption have been utilized to selectively extract Pb compounds
from solutions or suspensions. Recycling of Pb compounds through these
processes offers significant potential in enhancing the overall sustain-
ability and reducing the environmental impact of PSCs. However, to fully
realize these benefits, further advancements in solvent recycling and
optimization of the extraction methods are required. Moreover, the



Fig. 14. (a) “One-key reset” recycling process using bleacher solution comprising non-polar and polar phases. (b) J–V characteristics and (c) steady-state current
density and PCE for fresh, recycled, and twice-recycled PSCs. Reproduced from Ref. [167]. Copyright 2021 Elsevier.
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recycling of toxic solvents used to fabricate PSCs presents a critical
challenge that demands future attention. Although reports suggest the
possibility of reusing solvents such as DMF and water, a comprehensive
understanding of the maximum number of reuse cycles, associated costs,
and environmental implications is crucial. Continued research efforts in
this area are necessary to develop safe and efficient solvent-recycling
methods that will ultimately reduce the overall environmental foot-
print of PSC production.
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