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The growing global energy demand has prompted an increase in research into renewable energy
conversion technologies. Although lead-based perovskite solar cells (PSCs) offer high efficiency as well
as low manufacturing costs, the toxicity of the material is still a serious hurdle to their commercialization
and widespread adoption. Amid ongoing efforts to develop lead-free perovskites, over the last few
years, growing attention on mitigating the toxicity of lead by inhibiting the leakage of lead from PSCs
has been observed. This review discusses the potential replacement of lead from PSCs and explores
various approaches to mitigate lead leakage from PSCs. In addition, researchers expect that tin,
germanium, antimony, bismuth and their combination-based perovskites (PVSKs), as well as other PVSK
structures like halide double PVSKs, chalcogenide PVSKs, and metal-free organic perovskites, will be
alternatives to lead-based PVSKs for the development of effective lead-free PSCs. Moreover, along with
efforts to develop lead-free PSCs, researchers are also keen on supporting highly performing lead-based
PSCs by addressing the issue of lead contamination by means of exploring strategies for lead
confinement and lead recycling in Pb-based PSCs, since complete removal of lead from PSCs may
require rigorous research and significant time. Therefore, technologies that increase the public
acceptability of the present Pb-based PSCs require further development.
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1. Introduction

Photovoltaic technology is fascinating and has immense pro-
spects as solar energy is plentiful, free, and will never run out.
In comparison with limited fossil fuels, solar energy is naturally
renewable and eco-friendly, making it an appropriate energy
resource.”” Renewable energy sources produced approximately

30% of the total 29000 TW h of worldwide electricity output in
2022, in which the contribution of solar energy was 4.5%.>" In
2019, this contribution was only 1.6%.> Thus, photovoltaic
technology is gaining popularity due to its colossal prospects
for capturing solar energy. The photovoltaic industry compre-
hends several generations of solar cells (SCs) with their own set
of benefits and challenges.
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Fig. 1 Recent progress in emerging PV SCs. Data extracted from NREL (https://www.nrel.gov/).

Perovskite solar cells as third-generation SCs have emerged as a
front runner in the renewable energy arena owing to their impress-
ive efficiency, facile fabrication process and cost-effectiveness. In
addition, PVSKs have already proven to be an extraordinary
emerging material for SC applications, by raising their efficiency
from 3.81% at their first utilization in 2009 to their existing
record of 26.7% somewhat more than a decade later.®® However,
in most cases, highly efficient PSCs are composed of lead-based
PVSK materials. The attained power conversion efficiency (PCE)
of the PSCs supersedes that of other established thin-film-based
photovoltaics (PVs), including CIGS with 23.6%, CdTe with
23.1%, and Si-thin-film crystal with 21.2% (https://www.nrel.
gov). The trend of emerging PV SCs is depicted in Fig. 1.

In academia and industry, research communities have
involved themselves in the commercialization of PSCs. However,
their poor operating stability, module scalability, and the toxicity
of the materials, notably lead, raising legitimate environmental
concerns about their long-term ecological impact, are major
concerns hindering their practical commercialization and wide-
ranging application.'”"" Pb is a heavy metal lethal to both plants
and other living organisms.'® To be specific, high-performing
PSC compositions contain lead, a well-known neurotoxin.'* In
the presence of degradation factors, these PVSKs are easily
degraded. As a consequence, they dissolve into water to generate
toxic Pb>" ions. The lead element produced from PVSKs was
discovered to enter plants as well as other living organisms."®
Thus, they poisoned the food cycle more extensively as well as
causing risks to human health.

Even at a low exposure level, it can cause serious harm to
neurological and renal systems, as well as leading to poor bone
calcification. The capacity of lead to substitute for Ca®" ions
in the enzyme protein kinase C impacts the neurological
system.'® Lead poisoning is caused largely by the capacity for
lead to make covalent bonds with the active position of the
thiol group of numerous enzymes, inhibiting the function of
many antioxidant enzymes.'® Therefore, in practical circum-
stances, the potential risk of lead leakage from broken PSCs

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

should be seriously considered, along with other hazardous
elements like Cd and Hg. In this regard, scientific communities
have been expanding their efforts to reduce the toxicity in
PSCs.' ™

To overcome these challenges, researchers and industrial pio-
neers are actively working on a transition towards greener alter-
natives by balancing the need for expediting efficient energy
conversion with long-term stability and the imperative of sustain-
ability. This transition encompasses a multifaceted approach that
addresses various aspects of PVSK material engineering, advances in
the fabrication process and modification of cell design. One pivotal
feature of this transition involves exploration of toxic-element-free
PVSK frameworks. By replacing toxic elements, especially lead, with
isoelectronic elements such as Sn or Ge, the researcher’s goal is to
sustain the high performance of PSCs while mitigating potential
environmental hazards. This transition not only minimizes the
environmental impact of SC production, but also improves the
safety of the product, which aligns with worldwide efforts to
promote sustainable energy alternatives. Although this approach
allows greener alternatives, they do not perform as well as lead-
containing PVSKs. In addition, the lead becomes stable in the +2
oxidation state by losing its p-electrons from s*p**° The inert s-pair
is a more typical configuration in heavier materials like lead,
wherein relativistic contraction settles the s-orbitals.*" On the other
hand, Sn and Ge are more stable at a higher oxidation state (+4).
Indeed, any endeavors to develop lead-free PSCs by employing Sn or
Ge or mixing them in an ABX; structure have confirmed major
stability concerns, which are directly related to Sn or Ge oxidation
and the subsequent generation of Sn or Ge lattice vacancies.”
Fortunately, controlling the film morphology, compositional engi-
neering, reducing exposure to the atmosphere throughout device
preparation, additive engineering, or encapsulation of the device,
significantly inhibit the further oxidation of Sn*"/Ge******** In
Fig. 2, a comparison of toxic elements and the PCE of PSCs without
lead is demonstrated.”> "

Researchers have been initiating compositional engineering
by inserting various sized cations or anions on their respective
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Fig. 2 Attempt to produce eco-friendly PSCs. (a) Comparing the toxicity of various metals; redrawn with permission from ref. 42. (b) The progression in

efficiency of lead-free PSCs.

sites in ABX; to form a huge number of lead-free derivatives of
PVSK materials, including A,B'B*'Xs, A;B*",Xs, A,B*'X,
AB*",X,, A,B'B*'X;, and A;B*'Xs. Among them, A,B"B*'Xq,
called halide double perovskite (HDP), is more efficient and
more stable. However, the PCE of devices based on HDPs has
not yet reached a satisfactory level. Ongoing research on HDP-
based PSCs aims to improve their efficiency. Various research
groups suggest that chalcogenide or metal-free organic-based
PVSKs could be potential alternatives to lead-based PVSKs in
PSCs. This conclusion is supported by both theoretical and
experimental scrutiny of their mechanical properties, optoelec-
tronic characteristics, and thermodynamic features.

Although the replacement of lead by double halide or
chalcogenide or metal-free organic-based PVSKs shows promise
as a safer and more eco-friendly alternative to lead-based
PVSKs, they currently do not match the performance levels
achieved by lead-containing absorbers.>>*? Lead-based PVSKs
are known for their exceptional PCE and favorable optoelectro-
nic properties, which are challenging to replicate with alter-
native PVSK materials. Despite significant research and
progress, lead-free PVSKs involving Sn, Ge, double halide,
chalcogenide, etc. still face hurdles in reaching comparable
performance, limiting their immediate application in high-
performance photovoltaic devices. Since lead-based halide
PVSKs have been confirmed to be highly effective photovoltaic
materials in PSCs, it is important to consider how they can be
utilized without negatively impacting the environment or
human health. Some researchers are trying to mitigate the
leakage of lead from PSCs in parallel with efforts to produce
lead-free PSCs. Consequently, different attempts have been
made to lessen the toxicity risk of lead from PSC modules,
including an additive approach for complexation (or chelation),
modification to charge transporting layers, encapsulation by a
lead-capturing functionality, and lead management at the end
of life of PSCs.***’

In a nutshell, while lead-based PVSKs have demonstrated
significant potential in photovoltaic applications, their envir-
onmental and toxicological risks cannot be overlooked. This
study offers a comprehensive review on replacing lead-based
PVSKs with alternative materials or reducing lead leakage from
PSCs to develop more environmentally friendly and sustainable

2720 | Mater. Adv, 2025, 6, 2718-2752

PSCs. In addition, the review highlights the various approaches
being explored to address the environmental issues linked with
lead and emphasizes the importance of finding viable solutions
that maintain the high performance of PSCs while minimizing
their ecological impact. The essence of our review is depicted in
Fig. 3.

2. Material and structures of PSCs

It is indispensable to understand previous technologies to gain a
better comprehension of the functioning of PVSK-based photo-
voltaic cells. A conventional SC is mainly composed of two
semiconductor (junction) layers, where one layer comprises a p-
type semiconductor and the other comprises an n-type semicon-
ductor. This p—n-junction-based device produces a current when
subjected to solar irradiation.*® The photovoltaic industry compre-
hends various generations of SCs, making distinctions according
to the materials and technologies utilized in their manufacture,
each of which have their own set of benefits and challenges. First-
generation SCs, also known as wafer cells, involving monocrystal-
line and polycrystalline silicon, are excellent in terms of both PCE
and stability, but their manufacturing cost is high. In addition,
they need harsh production conditions, involving high vacuum
and high temperature.* Second-generation SCs, known as thin-
film SCs, including CdTe and CIGS, are less expensive, but their
PCE is moderate.”® Third-generation SCs, known as emerging
photovoltaics, including CZTS, DSSCs, PSCs, organic photovoltaics
and quantum dot SCs, are cost-efficient and high in PCE, but they
face stability issues.”’™* The configuration of various generations
of SCs is presented in Fig. 4(a).

Cell development is a fundamental element in determining
the overall role of SCs. The basic components of a PSC are a
transparent conductive oxide (TCO), an electron transport layer
(ETL), PVSK material, a hole transport layer (HTL), and a metal
electrode.”® PSCs are fabricated by employing layer-by-layer
deposition to make a stack of these basic components. PSCs
are labeled as having a conventional (n-i-p) arrangement or an
inverted (p-i-n) arrangement, depending on how the incident
light first enters.>® In addition, these two configurations can
also be classified as mesoscopic or planar PSCs. PSCs based on

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a) Structural configuration of various generations of SC. (b) Diagrams showing PSCs with: (i) n—i—p mesoscopic arrangement, (ii) n—i—p planar
arrangement, (iii) p—i—n planar arrangement, and (iv) p—i—n mesostructured arrangement.

a mesoscopic structure include a mesoporous layer, whereas
the planar structure comprises all-planar films. Moreover, PSCs
without ETL or HTL have also been confirmed. In a nutshell,
PSCs based on an n-i-p mesoscopic arrangement, n-i-p planar
arrangement, p-i-n planar arrangement, p-i-n mesoscopic
arrangement, ETL-free arrangement, HTL-free arrangement, or
both ETL-free and HTL-free arrangement can be fabricated.>*>’
Different types of PSCs are shown in Fig. 4(b).

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

In 1839, German mineralogist Gustav Rose discovered CaTiO3,
which he called a PVSK in honor of Russian mineralogist Count
Lev Alekseyevich von Perovski.”® Later any stoichiometric ratio of
ABX; was termed a PVSK. In the ABX; stoichiometric configu-
ration, the symbol A suggests a monovalent organic or inorganic
cation or a mixture of both cations, B reveals a divalent cation
and X means a halide anion.” In addition, various cations and
anions with different valences can be combined in the ABX;

Mater. Adv,, 2025, 6, 2718-2752 | 2721
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The role of the Goldschmidt tolerance factor in performance.

formula. For example, chalcogenide, oxygen, carbon, or nitrogen
can be positioned at the X-site to form ABX; PVSKs, where the
valences of the A and B cations will be changed in such a way that
the structure attains charge neutrality. A cubic PVSK compound
consists of corner-sharing BXg octahedra that establish a 3D
system with A-site cations in the 12-fold coordinated (cuboctahe-
dral) vacancies to guarantee charge neutrality (shown in
Fig. 5(a)).°>°" On the other hand, a PVSK material might be
deemed a cubic close-packed AX; sublattice with divalent B-site
cations inside six-fold coordinated (octahedral) cavities.

Moreover, monovalent and trivalent cations can be combined
to swap divalent ones from group IV, including Pb, Ge, Sn, to form
double PVSKs with the stoichiometric formula A,B'B*'X,, which
demonstrates an extended 3D structure similar to ABX; PVSKs.%?
This approach also revealed a large number of new halide PVSK
materials for prospective greener photovoltaic applications. There
are also various novel PVSK derivatives, including A;B**,Xo,
ABYXg, AB*,X,, A,B'B*'X;, and A,B'B*'X..**"® Unfortunately,
except for double halide A,B'B*'X;, all are lower-dimensional
materials. Generally, lower-dimensional materials possess poor
carrier transportation properties, high carrier effective masses,
and high exciton binding energies, which limit their applicability
in photovoltaics.

Sometimes the potential applicability of PVSK in photovoltaic
is determined by the Goldschmidt tolerance factor (GTF). GTF is
a dimensionless quantity that is utilized to forecast the geome-
trical distortion along with the phase stability of a PVSK material,
depending on the sizes of the anions and cations in ABX;. It is
defined as ¢ = (R + Rx)/V2(Rx + Rg), where Ry, Ry and Ry
are the effective ionic radius for A, B, and X atoms in ABX; or
mixed PVSK, respectively. This value should be in the range

2722 | Mater. Adv., 2025, 6, 2718-2752
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0.80 < t < 1.0 to uphold a stable photovoltaic 3D PVSK
structure.®® The GTF of a given ABX; structure not only aids as
a pointer for assessing its possibility of adopting a 3D configu-
ration but also aids as a projecting tool for defining whether it
will exhibit an ideal cubic phase with ¢ ~ 1 or deviate to
tetragonal by having 0.9 < ¢ < 1.0 or tilted to orthorhombic
phases by having 0.8 < ¢ < 0.9.°° In addition, a GTF of less than
0.8 or higher than 1 has a tendency to result in a non-
photovoltaic PVSK (as illustrated in Fig. 5(b)).”

On the other hand, as reported in recent studies, the accuracy
of GTF is often insufficient.”* Considering 576 ABX; PVSK materi-
als experimentally scrutinized under ambient circumstances and
reported in ref. 72-74, the GTF properly distinguishes between
non-PVSK and PVSK for only 74% of materials and performs
noticeably worse for compounds containing heavier halides (accu-
racy levels for chlorides: 51%, bromides: 56%, and iodides: 33%)
than for oxides (83% accuracy) or fluorides (83% accuracy). This
inadequacy in the generalization of halide PVSKs harshly limits
the applicability of GTF for the discovery of new materials. How-
ever, the prominent research group led by Christopher J. Bartel
presented a new tolerance factor defined by the following equa-
tion:”

R
T= & — HA | DA — L
Rg ln<ﬁ)

Rg

where n, signifies the oxidation state of A and R, Rg, and Rx
represent the ionic radius of ions A, B, and X, respectively. In
addition, R, > Rg by definition, and © < 4.18 imply a PVSK. By
adopting this formula for 7, a high accuracy with a percentage of
92 for the experimental set (94% for an arbitrarily chosen test set
of 116 materials) and relatively consistent performance for the
five studied anions have been observed with accuracy values of
92%, 92%, 90%, 93% and 91% for oxides, fluorides, chlorides,
bromides, and iodides, respectively. The preciseness and prob-
abilistic characteristics of 7, as well as its generalizability across
single and double PVSKs, offers novel physical insights into the
stability of the PVSK structure and can predict thousands of novel
double PVSK oxides and halides.

Another essential quantity is recognized as the octahedral
factor, denoted by u, that assesses the formability of BXg
octahedra along with the stability of the PVSK compounds.
This factor is shaped by the ratio of Ry and Ry. To facilitate the
formation of BXg octahedra, u should be within the limits
0.414 < p < 0.732.7° Although some researchers agree on a
lower limit, they have reported a higher upper limit of 0.895 for
halide perovskites.”> Preserving the 3D configuration is essen-
tial for easing charge transportation within the system, which
ensures the efficient accumulation of photogenerated charges.””

3. Approaches to greenness

As the emphasis on sustainability grows, the development of
PSCs with a greener footprint is gaining momentum. Scientific
communities are gradually prioritizing the development of

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Strategies for addressing lead-related issues in perovskite materials.

non-toxic, earth-abundant materials to swap for lead and other
hazardous substances usually used in PSCs. This movement
aims to improve the environmental friendliness of solar tech-
nology while retaining high efficiency and reliability. Innovations
are also being directed towards improving the life cycle and
recyclability of PSCs, reducing their negative environmental
impact. By advancing towards greener PVSK formulations and
manufacturing processes, the scientific community is making
significant strides towards realizing SCs that are not only effective
and economical but also environmentally sustainable, contribut-
ing to the broader goal of reducing toxic footprints and promot-
ing clean energy. Fig. 6 illustrates the approaches that are being
used by the scientific community to address the issue of lead for
sustainable energy by means of PSCs.

3.1 Lead-free perovskites

In particular, lead-based PSCs have demonstrated remarkable
PCE:s that are comparable to those of conventional SCs, especially
silicon SCs. Efficiency improvements in Pb-based PSCs have been
astounding; in recent years, laboratory-scale devices have
achieved efficiency levels beyond 26.7%.>”® However, lead toxi-
city, stability (particularly when exposed to heat and moisture),
and the scalability of manufacturing procedures are among the
concerns for Pb-based PSCs. The inevitable Pb poisoning of an
ecosystem can be accelerated by extreme weather conditions like
heavy rain, high temperature, or intense sunlight. This could

IXelat s 65 6p*

Post-Transition Metal,

Fig. 7

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

cause harm to wildlife and the environment. Along with stability,
the toxicity of Pb-based PSCs is the main concern to overcome to
make them eco-friendly and efficient alternatives as a renewable
source of energy.”” The Pb toxicity from PSCs is mainly due to
Pbl, and PbBr, and between these two, Pbl, is more toxic than
PbBr,.%° Research showed that a one square meter MAPbI; PSC
module on a rooftop possibly decomposed 0.9 g of Pbl, due to
heavy rainfall.®* This amount of Pbl, must be diluted with
20000 L of water to obtain a safe concentration of lead, while
4-10 L of water would be available for every square meter of PSC
surface that receives intense rainfall each hour.®? Therefore, it is
essential to take the initiative to reduce/stop the use of lead in
PSCs. Fig. 7 shows how toxic lead relocates to aquatic water
from Pb-based PSCs.

3.1.1 Replacement of lead from ABX;. In the past few years,
there has been a growing interest in replacing the toxic lead
from ABX; PVSK with other elements, including tin, germa-
nium, copper, antimony, or bismuth, although Pb is relatively
inexpensive. This substitution aims to enhance environmental
safety and enhance the suitability of PVSKs for photovoltaic
applications and crystal formation.®* Among these alternatives,
Sn-based PVSKs are appealing due to their superior charge
mobility, long carrier lifetime and smaller optical bandgaps,
close to the Shockley-Queisser limit.** These properties make
them ideal for use in single-junction SCs and all types of PVSK
tandem SCs. Additionally, tin is naturally abundant and does

Illustration of lead migration from Pb-based PSCs into aquatic environments, highlighting the environmental contamination pathway.

Mater. Adv,, 2025, 6, 2718-2752 | 2723
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not pose environmental or health risks. The first Pb-free
inorganic halide (CsSnlI;-based) PSC was reported in 2012 with
an efficiency of 0.9%, and the first hybrid PSC using MASnI;
was reported in 2014 with a PCE of 6%.%>%” Recently, Sn-based
PVSKs have undergone comprehensive investigation for achiev-
ing high efficiency and confirmed a PCE reaching 15.38%,
which is smaller than for lead-based PSCs (26.7%).”>>%%%°

However, Sn-based PSCs cannot be equally effective as Pb-
PSCs because of their high V. losses. The large V,. losses are
ascribed to augmented carrier recombination owing to defects
triggered through the oxidation of Sn>* to Sn**, which acceler-
ates the background carrier density.’® The rapid crystallization
of Sn-based PVSKs can compromise the quality of the PVSK film
by resulting in small grain sizes and pinhole formation within
the film. As a consequence, charge recombination occurs at
grain boundaries and interfaces, leading to poor performance of
the devices.”*

Conversely, germanium (Ge), a group-14 element like Pb and
Sn, has emerged as a promising alternative to lead. Ge is a strong
candidate for use in PSCs due to its relatively large electronega-
tivity and heightened covalent nature compared to Pb.°> Despite
extensive theoretical studies highlighting the prospect of
germanium-based PVSKs for SC applications, experimental
investigations have been limited. This is primarily owing to the
unstable nature of germanium in oxidation state +2.°* In 2015,
Stoumpos and his team produced an AGel; PVSK compound and
explained its structural, electrical and optical characteristics.”*
The bands of these AGel; PVSKs were observed from 1.6 to 2.8 eV
(1.6ev,1.9eV,2.2eV,2.5eV, 2.7 eV, 2.5 eV and 2.8 eV for CsGel;,
CH;NH;Gel;, HC(NH,),Gel;, CH;C(NH,),Gel;, C(NH,);Gels,
(CH;);NHGel;, and (CHj3),C(H)NH;Gel,, respectively), which are
larger than certain Pb-based PVSKs. The large bandgap may be
attributed to higher orbital energies in Ge 4s states and Ge>'-
induced structural distortion of [Gels] octahedra because of the
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three short and long Ge-I bonds instead of the regular [Gelg]
octahedral structure. Currently, the PCE of Ge-based PSCs is
lower than 5%, hindered by factors such as smaller ionic radius,
limited solubility in polar solvents, and relatively large bandgap
(over 1.6 eV).”>” One strategy to enhance the efficiency of PSCs
involves the mixing of tin and germanium, a method that has
shown promising results in the literature.*°® Incorporating Ge is
believed to improve the stability of the PVSK compound while
reducing trap density. C. H. Ng et al. reported a similar trend,
obtaining the highest PCE for Sn-Ge-based PSCs at 7.9%.%°
However, it is important to note that the PCE of Sn-Ge-based
PSCs remained much lower than that of their Pb-based counter-
parts, primarily due to their lower V,. and J,.. This discrepancy is
likely to be due to insufficient absorption in the UV range and
challenges related to aligning energy levels at the ETL and PVSK
interface, as noted in previous studies.**'® Some notable
research on Sn, Ge and their combination-based PSCs have been
tabulated in Table 1.

On the other hand, bismuth (Bi)- and antimony (Sb)-based
PVSKs have been explored as Pb-free PVSK compounds. Bi-based
PVSKs are an excellent example of materials that offer low toxicity,
stability in atmospheric conditions, and significant tenability."*°
Similarly, Sb-based PVSKs, though containing a heavy metal, also
exhibit relatively low toxicity. In 2015, Park et al. first utilized a
straightforward one-step spin-coating method to develop Cs;Bi,lo,
MA;Bil,, and MA;Biyls_,Cl."*" Among these compounds,
Cs;3Bixly demonstrated the highest performance, achieving an
efficiency of 1.09% in a mesoscopic configuration. In comparison,
MA;Bi,I, and MA;Bi,l, ,Cl, had significantly lower efficiencies of
0.12% and 0.003%, respectively. The researchers recognized the
very low efficiency of MA;Bi,Is_,Cl, in the presence of amorphous
BiCl;. Additionally, the first inverted device using MA;Bi,l, was
reported, but due to its large bandgap of 2.9 eV, its efficiency
remained very low at approximately 0.1%. Another piece of

Table 1 Reported work on Sn, Ge and their combination-based PSCs and the corresponding photovoltaic parameters

Device PCE (%) FF (%) Jse (MA cm™?) Voe (V) Year (ref.)
ITO/CsSnl;/Au/Ti 0.9 22 4.80 0.42 2012%°
FTO/c-TiO,&m-TiO,/MASNI,/Spiro-OMeTAD/Au 6.4 42 16.8 0.88 20141
ITO/PEDOT:PSS/FASNI;/Ceo/BCP/Ag 6.22 60 22.07 0.47 2016'%?
ITO/PEDOT:PSS/FAy 75MA, 555n15/Cgo/BCP/Ag 8.12 63 21.20 0.61 2017'%
ITO/PEDOT:PSS/FASnI; (PEAI)/Cgo/BCP/Ag 9.00 71 24.1 0.53 2018
ITO/PEDOT:PSS/FA, 75MAg 555N.05G€0.0515/PCBM/Cgo/Ag 4.48 55 19.50 0.42 2018°°
FTO/TiO,/CsGel;/Spiro-OMeTAD/Ag 4.94 51 18.78 51 2018'%°
FTO/PEDOT:PSS/FA, 0sEDA, 01Sn15/Cg0/BCP/Ag/Au 10.18 73 23.09 0.60 20197
FTO/PEDOT:PSS/FAg 75MAg 255N0.05G€0.0513/PCBM/Cg0/BCP/Ag/Au 7.9 — — — 2019%°
ITO/PEDOT:PSS/FASNI;/Cg/BCP/Ag 11.4 64 23.5 0.76 20208
ITO/PEDOT:PSS/FASNI;/Ceo/BCP/Ag 11.78 72 22.37 0.73 2020'%°
ITO/PEDOT:PSS/PEA, 15FA 5Sn1;/ICBA/BCP/Ag 12.4 75 17.4 0.94 2020
FTO/PEDOT:PSS/Ge doped FAq ogEDA, ¢1SnI;(EA, ;)/Ceo/BCP/Ag/Au 13.24 78 20.32 0.84 2020
ITO/PEDOT:PSS/FASnI;(FPEABr)/ICBA/BCP/Al 14.8 71 24.9 0.84 20212
ITO/PEDOT:PSS/FASNI;/Cqo/BCP/Ag 13.4 72 23.02 0.81 2021'"
ITO/PEDOT:PSS/PEA, FA, oSnI;/ICBA/BCP/Ag 14.81 70.76 24.91 0.84 2021
ITO/PEDOT:PSS/PEA, 15FA, 5Sn1;/ICBA/BCP/Ag 14.63 771 20.6 0.91 2021*°
ITO/PEDOT:PSS/FAy 75MA, 555n13/Cgo/BCP/Ag 14.7 76.7 24.9 0.77 2022'1°
ITO/PEDOT:PSS/PEA, 15FA, 35Sn1;/DCBA(Trasn3)/BCP/Ag 14.58 75.7 21.39 0.90 20237
ITO/PEDOT:PSS/PEA, 15FA, g5Sn1;/ICBA/BCP/Ag 14.6 78.6 20.6 0.905 20238
ITO/PEDOT:PSS/FASnI;-BrDS/ICBA/Cg,/BCP/Cu 14.98 79.5 23.86 0.79 20240
ITO/PEDOT:PSS/PEA, 15FA, 55Sn1;/PCBM/BCP/Ag 15.38 72.37 24.81 0.856 2024%
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research conducted by I. Turkevych et al. reported the fabrication
of PSCs using a stable Ag;Bil; PVSK with a rudorffite formation.'*>
A device with the configuration FTO/c&m-TiO,/Ag;Bils/PTAA/Au
achieved a PCE of 4.3%. Jin Huang and his research team
developed a PSC by adopting the structure FTO/TiO,/CsBiSCl,/
Spiro-OMeTAD/Au."* In this research, they overcame the chal-
lenge of the poor solubility of Bi,S; by incorporating DMA, leading
to the preparation of a well-soluble DMABIS, intermediate. Control
experiments were conducted to determine the optimal annealing
temperature, duration, and precursor stoichiometric ratio for
PVSK films. As a consequence, they prepared a film of CsBiSCl,
with the highest quality and crystallinity using a precursor solution
with a molar ratio of CsCl to DMABIS, of 4:1 after annealing at
220 °C for 1 h and 20 min. Measurements of the optical properties
confirmed the successful synthesis of CsBiSCl, PVSK crystals with
a bandgap of 2.012 eV. Tests of electrical properties showed that
the device, built with a conventional structure, achieved a PCE of
10.38%. Additionally, the CsBiSCl, PSC demonstrated excellent
stability in ambient air, retaining 97% of its original efficiency after
150 days, with only a 3% reduction. This makes it one of the most
stable devices among inorganic Bi-based PSCs currently available.
This research offers new perspectives for the future development
of environmentally friendly and commercially stable lead-free
PSCs. The research group led by Seok was the pioneer in fabricat-
ing PSCs with MASbSI, PVSK structures as light absorbers."** The
formation of MASDSI, involved a sequential reaction of Sb,Ss, Sbl;,
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and methylammonium iodide, followed by moderate annealing in
an argon environment. PSCs made with MASbSI, achieved a PCE
of 3.08%. The low PCE of antimony chalcogenide-based SCs is due
to the self-trapping of photoexcited carriers caused by distortions
in the Sb,S; lattice. Some notable work on Bi and Sb based PSCs
has been tabulated in Table 2.

3.1.2 Halide double perovskites. Initiating compositional
engineering by various sized cations or anions on their respec-
tive sites in ABX; can form a huge number of derivatives of
PVSK materials. However, among them all, A,B"B*'Xg, called
HDP, is more efficient and stable.”*"'** Due to there being
more alternative elements for each ionic position and the stable
structure of HDPs, a lot of HDP structures are possible. After
the first synthesis of Cs,AgBiBrs in 2016, more than 300 HDPs
have been synthesized. However, not all HDPs are appropriate
for SCs, but they can be used in other photovoltaic devices as
well for their different optoelectronic properties. The transition
from toxic, unstable, lead-based PVSKs to non-toxic, stable,
lead-free double halide alternatives and the increasing research
interest in lead-free HDPs are highlighted in Fig. 8.

The feasibility of HDPs in photovoltaic applications was first
experimentally demonstrated in 2017 using Cs,AgBiBrs HDPs,
obtaining a PCE of 2.43%."** Because of its comparatively broad
and indirect bandgap, Cs,AgBiBrs SCs have a Shockley-Queisser
maximum efficiency of less than 8%."** A higher simulated PCE
of 11.17% can be attained, according to Islam et al., by adjusting

Table 2 Reported work on Bi- and Sb-based PSCs and their photovoltaic parameters

Device PCE (%) FF (%) Jse (mA ecm™?) Voe (V) Year (ref.)
FTO/c&m-Ti0,/Cs;Bi,lo/Spiro-OMeTAD/Ag 1.09 60 2.15 0.85 2015
FTO/c&m-TiO,/MA;Bi,ls/Spiro-OMeTAD/Au 0.259 48 0.83 0.56 2016'%°
FTO/c&m-TiO,/Ag;Bils/PTAA/Au 4.3 64 10.7 0.63 201722
FTO/c&m-Ti0,/MASbSI,/PCPDTBT/PEDOT:PSS/Au 3.08 59 8.12 0.65 2018'%*
FTO/c-Ti0,/Cs;Bi,lo/Cul/Au 3.20 64 5.78 0.86 2018'2¢
FTO/c&m-TiO,/AgBil,/PTAA/Au 2.20 62 5.24 0.67 20187
FTO/c&m-TiO,/Ag,Bils/PTAA/Au 2.60 62 6.04 0.69
FTO/c&m-TiO,/MA;Bi,lo/P3HT/Au 3.17 78 4.02 1.01 201828
FTO/c&m-Ti0,/Cs;Bi,lo-Ag;Bi,I, BHJ/PDBD-T/Au 3.59 60 7.65 0.78 2020'*°
FTO/c&m-TiO,/Bil; co-doped Sb,SI;/PCPDTBT:PCBM/PEDOT:PSS/Au 7.05 63 21.5 0.52 2021%°
FTO/Ti0,/CsBiSCl,/Spiro-OMeTAD/Au 10.38 0.58 16.73 1.07 2024
(c) 140 126 129
120 4
[
-g 100 96
Z 80 70
. ‘9_ 60 4
- 8 45
n-g. 40 4
20 4

APbX,
v Toxicity
v Instability against humidity, thermal, light etc.

v Non-toxicity

Fig. 8

A,B*B¥X;

2021 2022 2023

Publication Year

2019 2020

v Highly stable against humidity, thermal, light etc.

(@) and (b) Comparison between lead-based and lead-free HDP materials: the transition from toxic, unstable, lead-based PVSKs to non-toxic,

stable, lead-free double halide alternatives. (c) The increasing research interest in lead-free HDPs is highlighted by the growing number of publications

from 2019 to 2023.
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the valence band between Cu,O as HTM and Cs,AgBiBrs.'*”
However, the SC is affected by a vast hysteresis, which hinders
the PCE of the SC enormously. To resolve the hysteresis problem,
Martina Pantaler et al. used a new approach, a simple and highly
reproducible deposition technique in order to produce a homo-
geneous Cs,AgBiBre capping layer.'*® Their fabricated layer with
a uniform and compact size does not show hysteresis because of
tuning of the material deposition parameter and using different
molecular and polymeric HTM. An m-TiO, oxide scaffold and
PTAA have been used to reach a PCE of up to 1.26%. To achieve
device performance without hysteresis, this study defines a clear
and reliable procedure and specifies the fundamental methods
for the optimal synthesis of Cs,AgBiBrs active layers. Low PCEs
from low absorption of visible light, poor film quality, and a
broad indirect bandgap are still problems that prevent them from
being used extensively in SCs. Meanwhile, Z. Zhang et al
achieved a PCE of 6.37%, by employing a method of post-
treatment of hydrogenation plasma for Cs,AgBiBrs films and
tuned the bandgap from 2.18 €V to 1.64 eV, with long environ-
mental stability.””” Doping with hydrogen atoms is believed to
be responsible for this decrease in the bandgap from 2.18 to
1.64 eV. During their experiment, the carrier concentration of
Cs,AgBiBrg was 5.96 x 10" ecm >, which was much higher than
previously, and the carrier lifetime and mobility were 41.86 ns
and 9.28 cm> V™' 57, respectively."*® The V,. and J,. were 0.92 V
and 11.40 mA cm ™ >, Meanwhile, these hydrogenated Cs,AgBiBr,-
based SCs show excellent stability by retaining nearly 95%, 91%,
and 84% of initial PCE after exposure to N, at 20 °C with light
illumination and 85 °C without or with light for 1440 h, respec-
tively. These achievements inspired researchers to develop PSCs
with HDPs material as an alternative to Pb by adopting different
approaches, including doping or post-crystallization treatment
for further improvement. This compound has made significant
improvements in the case of toxicity and environmental stability
in PSCs. Despite notable advances in achieving non-toxicity and
ambient stability, the photophysical properties and PV perfor-
mance of these materials still fail to meet expectations. To fully
harness their potential and position them as the best alternative
to lead-based PVSKs, further research is needed in areas such as
structural characteristics, morphological control, fundamental
photophysics, tuning of optoelectronic properties, and device
optimization. Some of the challenges are discussed here.
According to the SQ limit for an SC, the perfect bandgap
range for the material is around 1.1 to 1.4 eV'*® However, the
majority of reported HDPSs exhibit extremely wide bandgaps,
greater than 2 eV. In addition, parity-forbidden transitions pose
a challenge to In- and Tl-based HDPs with direct bandgaps.
Photon energy near the bandgap is weakly absorbed by the
parity-forbidden transitions, which is not desirable for thin-
film applications. The parity-forbidden transition is frequently
broken by doping or alloying at high concentration. Besides,
the low photoluminescence quantum yields (PLQY) of double
PVSKs are one of their main disadvantages. The goal of several
groups is to raise the PLQY of HDPs. Suppressing surface
defects, doping with an additional metal ion, or adding water
during synthesis can occasionally lead to an increase in the
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PLQY of HDPs. Moreover, HDPs typically have a stable cubic
structure. But occasionally, orbital interaction is restricted by
the cubic unit cell, resulting in a large bandgap and a narrow
conduction band. Further study on charge carrier dynamics is
necessary to comprehend the charge transfer mechanism. The
morphology of halide PVSKs, or their size and shape, could be
readily adjusted. However, tuning the morphology of HDPs is a
challenging task. To produce HDPs, the precursor elements must
be accurately controlled in terms of quantity or ratio. Further-
more, component engineering might be feasible through the
alloying of rare earth elements, which might result in a notable
alteration in optical characteristics. The high temperatures
required for the preparation of some HDPs pose some challenges
in the fabrication of the device. One of the primary obstacles to
quickly gaining a thorough grasp of this class of materials is the
solubility of the precursors. Solution-processed HDPs are more
difficult to fabricate than lead halide PVSKs due to several issues.
More precursors are required, and most halide salts are poorly
soluble in the solvents that are typically used to make lead-based
PVSKs. One way to solve this problem might be to use solid-state
synthesis methods (like ball-milling powder synthesis). In Table 3,
recent research work on HDP has been tabulated with their PSC
structure and photovoltaic performance.

3.1.3 Chalcogenide perovskite. Chalcogenide PVSK com-
pounds are expected to exhibit beneficial structural, optical,
and electronic properties favoring photovoltaic application, but
experimental validation of the many computational studies
remains insufficient. Like lead-based PVSKs, the band edges in
chalcogenide PVSKs are determined through the d-states of the B-
site cation and the p-states of the chalcogen, while the bands of
the A-site cation remain localized and deep."**'*" Another resem-
blance to lead-based PVSKs is the degree of covalency in the B-X
(chalcogen) bonds, resulting from the small difference in electro-
negativity between the B-site cation and the chalcogen. This
contrasts sharply with ferroelectric oxides, which have UV-
bandgaps caused by their polar bonding.'**'®* The heightened
covalency in chalcogenide PVSKs leads to substantial band dis-
persion and thus smaller effective masses (< 0.5m.), which reveal
fast carrier mobilities. Table 4 demonstrates the optical and
transport parameters, bandgap, absorption coefficient, and effec-
tive mass, calculated using DFT. The calculations show that
chalcogenide PVSKs have ultra-high absorption coefficients
exceeding 10°> cm™ " at the onset of absorption. This characteristic
can minimize the requirement for long diffusion lengths and
lead to enhanced photovoltaic performance.*®*

Among chalcogenide PVSKs, BaZrS; has garnered the most
attention, largely owing to its relatively low bandgap. The
strong absorption of this material is driven primarily by transi-
tions from sulfur p-orbitals to zirconium d-orbitals. Combined
with the high joint density of states at the VBM (valence band
maximum), this results in a significantly higher transition
probability, a characteristic that sets ABS; materials apart from
hybrid PVSKs, whereas transitions occur to or from hybridized
bands.'®®'®® Both experimental observations and theoretical
calculations show that BaZrS; has a sharp absorption edge,
indicating a low number of tail states with Urbach energies

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Reported work on double halide PSCs and the corresponding photovoltaic parameters

Device PCE (%) FF (%) Jse (MA cm™?) Vo (V) Year (ref.)
FTO/c-TiO,/Ti;C,T,/Cs,AgBiBre/Spiro-OMeTAD/M0O;/Ag 2.81 70.0 4.14 0.96 2021'°
FTO/c&m-TiO,/Cs,AgBiBry/Spiro-OMeTAD/Au 2.30 70.0 3.10 1.09 2021
FTO/c&m-TiO,/Cs,AgBiBr/Spiro-OMeTAD/Au 2.43 62.4 3.96 0.98 202142
FTO/C&m-TiO, PVSK/Spiro-OMeTAD/Ag 2.28 69.32 3.220 1.020 20213
FTO/c&m-TiO,/C-Chl/PVSK/Spiro-OMeTAD/Ag 3.11 73.12 4.090 1.040
FTO/c&m-Ti0,/Cs,AgBiBrs/PTB7/Au 2.53 76.0 3.50 0.95 202144
FTO/c&m-TiO,/Cs,AgBiBr4/Spiro-OMeTAD/Ag 3.19 58.6 5.24 1.04 2021'
FTO/c&m-Ti0,/D149-Cs,AgBiBr/Spiro-OMeTAD/Ag 4.23 70.3 8.24 0.73 2021'4°
FTO/c&m-Ti0,/C-Chl-Cs,AgBiBr,/Spiro-OMeTAD/Ag 3.11 73.1 4.09 1.04 20217
FTO/c&m-Ti0,/Cs,AgBiBre/Spiro-OMeTAD/Ag 2.09 71.0 2.38 1.23 20228
FTO/c&m-TiO,/Cs,AgBiBr/Spiro-OMeTAD/Ag 3.07 58.1 5.14 1.03 20229
FTO/c-TiO,/Cs,AgBiBre/PBDB-T/M0O;/Ag 3.31 77.5 3.34 1.28 202210
FTO/c&m-TiO,/Cs,AgBiBre/Spiro-OMeTAD/Au 2.47 66.0 3.50 1.07 20221
FTO/m-TiO,/Cs,(Ag; _,Zn,)BiBre/carbon 2.16 51.0 4.23 1.00 2022%2
FTO/c&m-Ti0,/Cs,AgBiBrs/carbon 2.25 67.6 2.82 1.18 202213
FTO/c&m-TiO,/Cs,AgBiBr¢/carbon 2.22 71.0 2.61 1.20 2022134
FTO/c&m-Ti0,/D149-Cs,AgBiBr,/Spiro-OMeTAD/Ag 4.47 70.0 8.85 0.72 2022
ITO/SnO,/Cs,AgBiBre/Spiro-OMeTAD/Au 6.37 60.93 11.29 0.920 202217
FTO/SnO,/MA,KBiClg/Au 0.15 59 0.3 0.90 20231°°
FTO/SnO,/MA,NaBiClg/Au 2.09 58 4.0 0.98 2023
FTO/SnO,/MA,AgBiCls/Au 1.639 34.5 5.0 0.95 20231°°
FTO/Ti0,/Cs,Ag0.05G0.05BiBre/Spiro-OMeTAD 4.52 80 6.01 0.94 20247
FTO/Ti0,/Cs,AgBiBry/Spiro-OMeTAD/Au 3.48 73 5.13 0.92 20247
FTO/Ti0,/Cs,Ag.05Al0.05BiBrg/Spiro-OMeTAD/Au 3.40 71 5.29 0.91 2024%%
FTO/Ti0,/Cs,AgBiBre/Spiro-OMeTAD/Au 3.02 67 5.01 0.89 20248
FTO/Ti0,/Cs,AgBiBre/carbon 1.82 54.3 3.29 1.02 2025
FTO/TiO,/Cs o6Lig.01Nag 03AgBiBre/carbon 5.02 71.6 6.56 1.07 202519
Table 4 Optoelectronic parameters of chalcogenide PVSKs!6>-167
Parameter Type CaSnS; BaZrS; CaZrS; BaHfS; SrHfS; SrZrS; SrSnS; BaZrSe;
E, in eV (bandgap) Direct 1.58 1.81 2.48 1.31 1.12 1.46 1.56 1.44
Indirect 1.98 1.81 2.48 1.31 1.12 1.46 — 1.01
« in cm ™' (absorption coefficient) — >10° — >10° >10° >10° >10° —
m* (effective mass) e 0.31 0.43 0.41 0.94 0.23 0.79 0.5 —
h* 0.64 0.75 0.22 0.35 0.27 0.34 0.33 0.82

around 28 meV, similar to high-efficiency MAPbI;."”° Addition-
ally, photoluminescence in BaZrS; and other ABS; structures
exhibits sharp peaks with small Stokes shifts relative to their
bandgaps, as well as decent yields in early development stages.
This suggests the potential for high open-circuit voltages.'”*
Although BaZrS; has a bandgap of approximately 1.8 eV, which
is a little bit higher than the Shockley-Queisser limit, making it
a little bit unsuitable for singlejunction SCs, it could be
effective in tandem SC applications. Various efforts have been
made to lower the bandgap for single-junction use through
alloying with different cations and anions.’®®'*'7® Specifi-
cally, substituting titanium for zirconium and mixing selenium
with sulfur have shown promising results. Titanium substitu-
tion is expected to drop the bandgap in a more significant and
linear way than selenium doping, which exhibits a bowing
effect.'”" For instance, the compound BaZr, ,5Tig,5S; is pre-
dicted to have a bandgap of 1.43 eV, approaching the optimal
value in accordance with the Shockley-Queisser limit.”*
Despite the scarcity of experimental research on chalcogen-
ide PSCs, there has been substantial theoretical work exploring
their optoelectronic properties, as well as their mechanical and
thermal behavior. These studies also include extensive efforts

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

at device optimization, providing valuable insights for future
experimental endeavors. In such an attempt, the research group
of L. Marasamy optimized a structure with FTO/ZrS,/BaZrS;/SnS/
Au by means of SCAPS-1D."”* Optimizing the thickness of the
absorber and carrier concentration significantly increased
absorption and built-in potential, enhancing charge carrier gen-
eration and reducing interface charge accumulation. The best
PCE of 28.08% was attained for the device, which might have
occurred due to suppressing the barrier height of 0.1 eV at the
junction of ZrS, and BaZrS;, as well as the degenerate behavior of
SnS, which augmented the charge carrier movement and con-
ductivity in the device. Another piece of research conducted by
D. Pal and his team explored the potential of BaZr,Ti; ,S;-based
hybrid SCs with the structure ITO/WS,/BaZr,Ti; _,S;/Cu,0/Au.'”>
Optimization was carried out on critical parameters, including
thickness, bandgap, bulk defect density, and doping concen-
tration of the absorber BaZr,Ti; ,S;. The impact of defects at
the ETL/BaZr,Ti; ,S; and HTL/BaZr,Ti; ,S; interfaces on perfor-
mance was also analyzed. Light-intensity-dependent explorations
were conducted to assess the ideality factor as well as recombina-
tion losses. The optimized non-toxic BaZr,Ti;_,S; SCs were
projected to achieve efficiencies exceeding 27% with proper
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parameter engineering. The research group led by S. Karthick
conducted a numerical investigation on an n-i-p configured
chalcogenide-PVSK-based SC modelled with BaZrS; and its var-
iants, BaZr(Sy6Seo.4)s.""® The study optimized different parameters
of absorber layer properties, including thickness and defect den-
sities, and achieved PCEs of 12.42%, 15.47% and 18.85% for
BaZrS;, BaZr(So¢S€.4)3, and Ba(ZryosTig05)S3, respectively. It also
examined limiting factors like interface and surface states, current
leakage, and charge recombination, which contribute to parasitic
resistance. The analysis indicated that parasitic resistance and
operating temperature impact device performance, with higher
temperature and series resistance reducing efficiency. Their find-
ings suggest that chalcogenide BaZrS;-based PVSKs have great
potential as efficient, cost-effective, and environmentally friendly
SC absorbers.

The promising optoelectronic properties of chalcogenide
PVSKs have revealed significant prospects for PV applications.
Researchers have been exploring their structural stability, defect
tolerance, and environmental resilience, all of which are sophisti-
cated properties for the practical deployment of SCs. These materi-
als reveal a favorable bandgap, high absorption coefficients, and
robust charge carrier dynamics, making them potential candidates
for energy conversion. As the research community continues its
efforts to advance the understanding and optimization of these
properties, it is projected that the realization of chalcogenide-PVSK-
based SCs will occur in the near future.

3.1.4 Metalfree organic perovskite. Metal-free organic perovs-
kite, often called O-PVSK in the literature, describes a specific kind
of PVSK material in which an NH," molecule takes the place of a
metal cation at the B-site of the ABX; crystal. To maintain charge
neutrality, the A cation should be divalent, and the X anion can
vary widely, from halogens to large species like BF,~ or ClO, .78
This results in a PVSK structure free of metallic elements, espe-
cially lead, which has several benefits, such as light weight,
structural flexibility, and potential eco-friendly processing. These
A(NH,)X;-type PVSKs feature a larger cubic cavity of (NH,)Xes
compared to traditional PbXs octahedra, which enables the accom-
modation of diverse organic divalent cations and facilitates a wide
range of A-B-X permutations. The first metal-free organic PVSKs,
(C4H1,N,)(NH,)Cl3-H,0 and 2-H hexagonal C¢N,H;,-NH,Cl;, were
synthesized in 2002 from an aqueous solution comprising piper-
azine hexahydrate, NH,Cl, and HCl at room temperature.'®’ In
addition, the inherent ferroelectricity of these PVSKs enhances
electron-hole separation, which can basically improve the perfor-
mance of PVSK-based solar cells.®” Moreover, systematic studies
reveal that bandgaps can be finely tuned by modifying divalent
Atype organic cations.’® For instance, the ferroelectric metal-
free PVSK (1-methyl-1,4-diazabicyclo[2.2.2]octane-1,4-diium)(NH,)I;
exhibits a large bandgap of ~4.0 eV, with conduction and valence
bands dominated by A** cations and halide anions, respectively.'®*
The research group of J. Bie and his colleagues optimized the
bandgap at ~1.74 eV of a metal-free organic PVSK named
6-ammonio-1-methyl-5-nitropyrimidin-1-ium-(NH,)I;, which is
favourable for photovoltaic applications due to its optimal band-
gap and strong optical absorption, underscoring the potential of
metal-free PVSKs as lead-free light absorbers in solar energy

2728 | Mater. Adv, 2025, 6, 2718-2752

View Article Online

Review

technologies."®® Some reported divalent cations which are com-
patible at the A-site can be listed as follows:'®*#¢ N-methyl-N-
diazabicyclo[2.2.2]-octonium (MDABCO**), (ii) M-hydroxy-N-diaza-
bicyclo[2.2.2]-octonium (ODABCO?"), (iii) R-3-ammonioquinucli-
dinium (R-3AQ*") and (iv) S-3-ammoniopyrrolidinium (S-3AP>"),
(v) CNDABCO-NH,X; (the hydroxy groups of ODABCO-NH,X are
replaced by cyanide groups), (vi) (H,A)[NH,(ClO,);] where H,A can
be H,pz** (1,4-diium-piperazine), H,mpz>" (1-methylpiperazine-
1,4-difum), H,hpz** (homopiperazine-1,4-dijum), H,dabco-O**
(1,4-diazabicyclo[2.2.2]octane-1,4-diium-dioxide) or H,mdabco®*
(1-methyl-1,4-diazabicyclo[2.2.2]-octane-1,4-diium). Although avail-
able data on their direct application as light-absorbing layers is
limited, metal-free organic PVSKs show some evidence of improv-
ing PVSK film quality and performance. For instance, DABCO-
NH,Cl; addresses surface defects and helps the crystallization
of 3D FAPbI; PVSKs.'®” This one-dimensional metal-free PVSK
offers many nucleation sites, which slows crystal development
and produces homogeneous, large-grain films. Their organic
groups also aid in passivating defects, enhancing structural
stability. These factors taken together produce 24.72% efficiency
with greater stability. In particular, after 3120 h of storage, the
efficiency of the modified device drops by only 9.87% of the
original PCE, whereas the degradation in PCE of the control
device is as high as 22.7%, more than twice as much as that of
the modified device. Although these types of PVSK material
show promising mechanical, thermodynamic and optoelectronic
properties, are low cost and have facile synthesis processes, their
large bandgap eliminates the possibility of using the materials
reported so far in photovoltaic applications. The bandgap should
be tuned to align with the solar spectrum by adopting composi-
tional engineering at different sites along with an enhancement in
the absorption coefficient, so metal-free organic halide PVSKs
could exhibit significant application in photovoltaics.

3.2 Minimization of lead leaching out from PSCs into the
environment

A notable advance has been made in lead-free PSCs with a PCE of
about 15.38%, whereas the PCE of lead-based PSCs has reached
26.7%.%*>** In addition, along with the PCE, the stability of lead-
free PSCs is also still inferior to that of Pb-based PSCs. The scientific
community is eager to enjoy the excellent performance of lead-
based PSCs, notwithstanding their toxicity. Hence researchers are
trying to mitigate the leakage of lead from PSCs in parallel with
efforts to produce lead-free PSCs. Consequently, different attempts
have been made to reduce the risk of the toxicity of lead from PSC
modules.”” As PVSK materials are ionic, they dissolve easily in water
and seep into the soil and subterranean water to affect plants and
other living organisms. The most likely method of human exposure
to this lead is the ingestion of drinking water or food contaminated
with lead in the soil. As a result, there are restrictions in place to
limit the amount of lead in water, soil, and food. The WHO
recommends limiting the lead level to 10 pg L™* in drinking
water and the USA limits it at 15 pg L™", with a plan to reduce
this to 10-15 ug L' and a goal of null in the future.”””'®® To
minimize the lead in the environment, researchers recom-
mended the additive approach for complexation (or chelation),
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modification of charge transporting layers, encapsulation by lead
capturing functionality, and lead management at the end of life
of PSCs. Table 5 highlights promising studies that employ various
approaches to address and mitigate lead leakage effectively.

3.2.1 Additive approach for chelating. The lead ion (Pb*")
is a Lewis acid, which is capable of accepting additional
electrons from other Lewis bases. Hence, it can form covalent
bonds by coordinating with Lewis-base compounds that are
rich in electrons. This complexation of lead through coordina-
tive covalent bonds can lessen the solubility and mobility of
lead ions when the PVSK layer is exposed to water. More
specifically, chemicals which have functional groups alongside
significant electron-contributing capabilities, including thiol,
carbonyl, and sulfonate, as well as phosphate groups, etc., have
been frequently utilized with the precursor of PVSK to interact
with Pb®" ions. Generally, this strategy carries extra benefits,
including upgrading the crystallinity of PVSK films by passivat-
ing the defects in the PVSK layer.

The bond of the carbonyl group is polar, owing to the partial
negative and positive charges localized to oxygen and carbon,
respectively. As a result, oxygen can efficiently interact with Pb>" to
frame a coordinating covalent bond. As an example, the prominent
research group led by B. Niu utilized a polymerizable acrylamide
monomer as an additive into the precursor of PVSK for the first
time to mitigate lead leakage from PSCs.*® They found that the
dormant monomer additives transformed into chelating polymer
frameworks within PVSK layers and passivated the defects of the
PVSK layer as well as protecting Pb*>" from dissolution into water.
With a heightened efficiency of 22.1% in contrast to the PCE of the
reference device of 20.1%, the PVSK-polymer hybrid PSCs success-
fully enabled up to 94% rejection rate of Pb>* dissolution upon
directly submerging the unencapsulated PSCs into water, which
accurately replicates the exposure of crushed and bare panels to
heavy rain for 24 hours. Similarly, another research team com-
prised of Cao et al. successfully employed an eco-friendly and
biodegradable poly(butylene adipate-co-terephthalate) (PBAT) poly-
mer in the precursor of PVSK during spin coating.'®" This additive
polymer passivated the uncoordinated Pb>" and neutral iodine
defects of the PVSK compound, owing to its sufficient carbonyl
groups and benzene rings; hence, it regulated the crystallization of
PVSK film with lower trap density, inhibited non-radiative recom-
bination and augmented charge carrier transport. Consequently,
the polymer-adopting inverted PSCs demonstrated an improve-
ment in PCE from 19.17% to 22.07%. In addition, the PSCs with
polymer controlled the leakage of lead by up to 98% after immer-
sing the PVSK film in DI water for 240 minutes. The performance
of pristine, PBAT-incorporated, and PBAT-coated PSCs are dis-
played in Fig. 9.

In addition, the prominent research group of H. Liang et al.
fabricated PVSK film by employing a polymerized zinc porphyrin
(ZnP) additive by getting inspiration from the trapping strategy of
a spider’s web.?*> During thermal annealing, the ZnP molecules
produced spider-web-like linkers, and the C-O bond of the
polymer coordinated with Pb>* to effectively fix Pb*>" inside the
PVSK film and, hence, reduce the film defects. Consequently, the
PCE of the PSC was improved from 19.77% to 20.53%. In
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addition, the revised PSCs sustained 77% of their initial PCE
after 900 h of steady heating and 86% after 630 h of lighting.
Moreover, there is another endeavor by J. Wang et al. to reduce
the leakage of lead from the PSCs, as shown in Fig. 10.2°* They
utilized conductive carbon nanotubes grafted with poly(acrylic
acid) with a carbonyl group. Due to its high conductivity, the
carbon nanotube can enhance charge transportation in the PVSK
compound, whereas the carbonyl group in poly(acrylic acid)
apprehends Pb®" in water. The modified device exhibited an
improved efficiency over that of the pristine device from 19.6%
to 21.8%. Additionally, after submersion in water for 10 hours,
the PSC showed a reduction in lead ion leakage by nearly 70%.
The functional groups of sulfonate or thiol are being widely
utilized to prevent the migration of lead ions from the PVSK film.
For example, the eminent research team led by H. Bi used a thiol
group in 3-mercaptopropyl-tri-ethoxy-silane in the fabrication of
PSCs with PVSK film and they found strong interaction with lead
ions in the PVSK film, which was verified by FTIR and XPS
studies.’®® They reported that the PSC modified with additive
displayed a better PCE of 22.42% in contrast to the reference
device (20.80%). In addition, they claimed that their strategy is
able to reduce the 66% lead leakage after immersing the film for
30 minutes in DI water with a pH of 5.7. Another research group
led by Y. Hu added an amphoteric phenylbenzimidazole sulfonic
acid, which is almost insoluble in water, to the PVSK precursor to
concurrently control crystal development, passivate defects, and
minimize lead leakage from the film.>** They observed a signifi-
cant interaction between the Pb>" and the functional groups of the
additives, which increases the crystallinity and stability of the
PVSK films. In addition, this additive was capable of absorbing
Pb" in an aqueous Pbl, solution, reducing 98% of Pb** from a
concentration of 4 ppm to 0.08 ppm within 60 minutes. Further-
more, the strong coupling between the sulfonate groups of the
additive and water-soluble Pb*" to form an insoluble complex in
water effectively prevented lead ion leakage from unencapsulated
devices, which is very important in promoting the use of optoe-
lectronic appliances made with lead-based PVSK materials. How-
ever, the PSCs based on phenylbenzimidazole sulfonic acid-
treated PVSK films displayed the best efficiency of 23.27%. The
research group of H. Zhang and his colleagues designed a strategy
of superhydrophobic surfaces to mitigate lead leakage from PSCs,
where thiol-functionalized perfluoroalkyl molecules are used to
chemically change the lead-based PVSK layer and electrode with
metal through a vapor-assisted self-assembly technique.>*> The
perfluorocarbon tail-chains of 1H,1H,2H,2H-perfluorodecanethiol
offer hydrophobicity, while the head of the thiol group of
1H,1H,2H,2H-perfluorodecanethiol reduces the melting point,
enabling vapor-assisted deposition on both sides of the PVSK
and metal electrodes. In addition, the head of the thiol group
makes a bond between Pb and S on the PVSK film surface to
enhance efficiency and operating stability. When 1H,1H,2H,2H-
perfluorodecanethiol-treated PSC was immersed in DI water of
PH 5.5, the trickle rate of lead ions was meaningfully minimized.
Another endeavor has been reported by the research group of
X. Li and his colleagues in which the multiple-ligand molecule
4-{(trifluoromethyl)sulfanyl]-aniline (4TA) with trifluoromethyl
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Reproduced with permission from ref. 191.
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(-CF3) and aniline (-NH,) moieties can be utilized to prevent and suppress surface imperfections and obtain large crystal
water ingression into PVSK film."*® In addition, the -CF; and grains by delaying crystal growth. Moreover, -CF; produces a
-NH, functional groups interact strongly with PVSK materials hydrophobic barrier on the PVSK film surface to prevent water
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ingression, preventing cell decomposition. More specifically, the
-CF; group interacts with MA"™ to improve the stability of the PVSK
framework and produces a hydrophobic wall to inhibit water
intrusion, while the aniline group interacts with Pb>" to passivate
the defect. Subsequently, the performance of the PSCs is signifi-
cantly enhanced with PCE increasing from 18% to 20.24%. A
device with multifunctional molecular moieties sustains 93% of its
initial PCE after 30 days at ~55% RH in air without packaging.
Moreover, 80% of lead leakage from PSCs has been controlled
through the built-in 4TA molecule, which is favorable to eco-
friendly applications. The prominent researcher Y. Liang and his
team synthesized a fullerene-porphyrin dyad (FPD) with a por-
phyrin ring as well as pentafluorophenyl groups.'** The porphyrin
ring bonds with Pb®" and makes a stable and water-insoluble FPD-
Pb complex to preclude lead leakage. Consequently, FPD-based
PSCs yield an improvement in PCE to 23% from 20.99% with a
noticeable enhancement in operational stability (Tg, > 1500 h).
Moreover, they observed that 42% of lead leakage was prevented
after immersion in water for 960 seconds.

The research group led by Z. Dai conducted a study on the
interfacial modification of the perovskite layer by adopting a
novel cationic conductive-passivation molecule, 1,3-bis(2-vinylbenzyl)-
1H-benzimidazolium chloride (VBN)."®® VBN features crosslinkable
vinylbenzyl groups for in situ crosslinking (forming PVBN) and a
benzimidazole group to enhance surface interactions. Experi-
mental results show that PVBN effectively fills halide vacancies
by saturating Pb>* sites, alleviates surface strain through its
crosslinking network, and improves interfacial charge extraction

View Article Online
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and transfer due to the n-m stacking of benzene rings. This
conductive-passivation strategy led to PSCs with a record PCE
of 25.30% for crosslinking-modulated inverted PSCs. The unen-
capsulated devices demonstrated exceptional stability, retaining
92.8% of their initial PCE after 1200 hours of continuous
illumination. Additionally, the PSCs maintained 90% and 95%
of their initial performance after 1200 hours at 85 °C and 2000
hours of shelf storage, respectively. Moreover, the PVBN network
also reduced lead leakage by 83.6%. The performance matrices
are depicted in Fig. 11.

As part of the research into minimization of lead leakage while
maintaining high performance, Y. Hu et al introduced 2,2’
dihydroxy-4,4’-dimethoxy-5,5"-disulfobenzophenone disodium salt
(BP-9) into the CsPbLBr precursor solution.”*® This addition
regulated perovskite crystallization, reducing trap density and
passivating uncoordinated Pb>* ions and electron-rich defects.
Subsequently, non-radiative recombination was suppressed, and
optimized energy levels improved charge carrier transport. The
champion PSC was 17.11%, which was higher than the PCE of the
pristine device of 13.85%. In addition, the lead confinement ability
of the PSCs also increased with the photovoltaic performance of
the device with respect to the pristine structure. The performance
matrix of the two devices is compared in Fig. 12. Moreover,
encapsulating perovskite grains with a hydrophobic material like
polystyrene or water-resistant oxides such as TiO, or Al,Os, or
insoluble lead salts like PbS, PbSO, etc. can effectively prevent
water infiltration and ion leakage from perovskite layers.””” The
success of these isolation strategies relies on the low water
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Fig. 11

(a) Storage stability of unencapsulated control and PVBN devices at 30% RH, and 25 °C. (b) Thermal stability of unencapsulated control and PVBN

devices in N, atmosphere at 85 °C. (c) Operational stability of the control and PVBN devices under white LED exposure in N, atmosphere. XRD patterns of
the (d) control and (e) PVBN films under deionized water for 10 min and 90 min with digital photographs of the corresponding films. (f) Concentration of
leaked lead of the control and PVBN films after dipping in water for 180 min. Reproduced with permission from ref. 189.
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Fig. 12 (a) /-V characteristics of PSCs with different concentrations of BP-9 additives. (b) /-V hysteresis. (c) Stability test at 25 °C in ambient air with 20—

25% RH with BP-9(OAA) and pristine device (RAA). (d) Pb?* leakage test into deionized water at room temperature and 50 °C of the additive-induced

device and pristine device. Reproduced with permission from ref. 206.

permeability, strong hydrophobicity, and compact structure of the
capping materials, and complete coverage of the perovskite grains.
During perovskite crystallization, depositing these hydrophobic
compounds or salts onto the perovskite layer as a post-treatment
facilitated the in situ encapsulation of grain boundaries and sur-
faces. For example, the research group consisting of L. Xie et al
developed an innovative approach utilizing in situ-formed inorganic
PbS, layers through post-synthesis treatment with ammonium
sulfide.”®® This PbS, layer effectively passivated the grains of the
surface and served as a protective coating. Consequently, the PCE of
the surface-modified PSC significantly improved from 16% to 19%,
preserving approximately 95% of its initial PCE after one month of
storage.

Moreover, the research team headed by J. Xiong incorporated
triethyl phosphate (TEP), a cost-effective, efficient, and hydro-
phobic electron-rich organophosphorus ligand, into an MAPbI;
perovskite layer using antisolvent engineering.**® TEP functions
as a defect passivator, a morphology-modifying agent to improve
crystallization, and a humidity stabilizer. The phosphate group in
TEP establishes robust Pb-O bonds with PVSK, efficiently passi-
vating defects produced during crystallization. Furthermore, the
ethyl groups provide hydrophobic protection, safeguarding the
PVSK coating from moisture-induced deterioration. The perfor-
mance of TEP-modified PSC surpassed that of pristine PSC by
enhancing the PCE from 15.20% to 19.60. Moreover, during
400 hours at 85% humidity in darkness, the TEP-modified device
preserved 82% of its initial PCE, whereas the unmodified PSC

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

retained only 4%. This performance suggests that TEP can
effectively bind Pb through its electron-rich phosphate group,
thereby enhancing the stability of the PVSK layer. However, the
research group did not study the mitigation of lead leakage under
water. Furthermore, using a phosphate-containing molecule,
hydrogen octylphosphonate potassium (KHOP), the research
team under the direction of B. W. Mao investigated a PVSK
composition of (FAPbI;), o(MAPbL;), o5 to passivate iodine defects
by inhibiting the formation of metallic lead.>'® By means of
oxygen peaks at 532.2 eV (surface oxygen) and 530.6 eV (phos-
phate oxygen), an XPS study verified the existence of KHOP. Two
Pb 4f spectral peaks in the control sample at 141.9 and 137.0 eV
also showed the presence of metallic Pb® due to iodine defects,
which disappeared following KHOP modification, demonstrating
its efficacy in preventing the formation of metallic Pb° Due to
this passivation of defects, the KHOP-modified PSC shows a
surprisingly reduced hysteresis of 1.33%, compared with the
control (6.13%) PSC. Furthermore, the pristine device with the
configuration FTO/c-TiO,&m-TiO,-perovskite/Spiro-OMeTAD/Au
exhibited a PCE of 18.65, whereas the KHOP-modified device
demonstrated a PCE of 22.21%. They demonstrated that, while
the passivation of I -based defects in the PVSK film is satisfied by
the interactions of K" cations of KHOP molecules with the halides
of PVSK films, the passivation of lead defects results from the
Lewis acid-base interactions between the phosphate groups of
KHOP molecules and Pb** at the surfaces and grain boundaries
of PVSK films. Furthermore, the mild hydrophobic alkyl chain
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found in the KHOP molecule enhances the stability to moisture
of PVSK films as well as the devices. Following tuning, the
champion device still maintains 88% of its starting efficiency
after 2000 h of storage in dark environmental settings.

3.2.2 Modification of charge transporting layers. To effi-
ciently capture the Pb®" leaking from the PVSK film, charge
transporting materials with a high lead adsorption rate and cap-
ability are indispensable. Plentiful, cost-effective, and simplistic
processable charge-carrying materials capable of chelating lead ions
with moderate strength to avoid lead leakage should be produced
commercially. For example, the renowned research group led by
Dong synthesized a metal-organic framework (MOF) based on
polyoxometalate (POM) by employing H;PMo0,,0,, with a
zirconium-porphyrin-based MOF-545 (P@Ms) to be utilized as
a lead-ion-trapping dopant for a familiar HTL, Spiro-OMeTAD.'*®
The POM-MOF-induced doping of Spiro-OMeTAD under inert
ambiance enhanced the hole mobility of the HTL from 3.2 X
10* em®> V' s t0 5.8 x 107* em® V' 57" relative to conventional
dopants. Moreover, the doped PSCs demonstrated a high efficiency
of 21.5% compared to the 20.1% of the control, along with
noteworthy long-term air stability by sustaining almost 85% of their

~
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~
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original efficiency under ambient conditions after 1000 h. Impor-
tantly, the functionalized P@M-containing active sites act as an
encapsulating layer, effectively limiting the movement and leakage
of Pb*" from degraded PSCs, minimizing heavy metal pollution.
They claimed that they were able to control 70% of lead leakage. A
comparative performance analysis of pristine, MOF, POM, and
P@Ms integrated Spiro-OMeTAD-based PSCs is given in Fig. 13.
Another prominent research team comprised of D. Xu and
his colleagues fabricated an in situ-crosslinked insoluble poly-
mer (Spiro-NPU) with compatible energy levels, good electrical
conductivity, and well-matched hole mobility.”** This Spiro-
NPU was composed of 1,5-naphthalene diisocyanate (NDI) and
(2,20,20,200’-(((9,90-Spirobi[fluorene]-2,20,7,70-
tetrayltetrakis(phenylazanediyl))tetrakis(ethane-2,1-
diyl))tetrakis(oxy))tetrakis(-etan-1-ol)) (Spiro-OH) utilized as an
internal encapsulation layer between the Spiro-OMeTAD and
PVSK layers. They observed that the acylamino groups from
Spiro-NPUs can coordinate with Pb**. They also claimed that
they had found 17 ppm of lead after the MAPbI; film was
immersed in deionized water for one hour. On the other hand,
they did not see any lead after immersing MAPbI; film covered
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Fig. 13 (a) Absorption of lead ions on P@M-4. The two inserted figures show the quantity of absorbed Pb?* and the pseudo-first-order kinetic model. (b)
Pb concentration in contaminated water, detected by ICP-OES. TOF-SIMS depth profiles of PSCs with (c) pristine HTL and (d) HTL-P@M-4. (e) Stability
test of the unencapsulated devices in 40% RH and 25 °C. (f) A schematic diagram of the impact of P@M on the performance of the devices. Reproduced

with permission from ref. 195.
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Fig. 14 (a)-(c) Comparative stability analysis of PSCs with and without Spiro-NPU internal encapsulation under varied moisture and temperature

conditions. (d) Maximum power point (MPP) tracking of PSCs under AM1.5G, 100 mW cm~2 solar spectrum conducted in a glovebox. (e) Water-soaking
test for MAPDbIz with and without Spiro-NPU, displaying lead leakage measurements. Reproduced with permission from ref. 211.

with Spiro-NPU for 3 hours. Moreover, the efficiency of the PSCs
with Spiro-NPU was enhanced to 21.69% from 20.51%. The
essence of this research is depicted in Fig. 14.

Meanwhile, the well-established research team led by S. Wu
utilized a thiol-functionalized 2D conjugated MOF with high
electron transfer capability and chemical stability as an electron-
extraction layer at the interface of PVSK and the cathode in p-i-
n-configured PSCs.”*> More specifically, they adopted a 2D
conjugated Zr(v)-based MOF with n-type conductivity. The new
linker compound holding thiol-group-based ZrL; made bonds
between S and Ag with the top Ag electrode, to decrease the
contact resistance. As a result, they observed a better efficiency of
22.02% in contrast to the reference device, which had a PCE of
21.32%. In addition, PSCs modified with a MOF maintained
more than 90% of their reference efficiency under continuous
light exposure with MPP tracking at 85 °C for 1000 hours. More
outstandingly, the functionalized MOF was capable of absorbing
most of the leaked lead ions from degraded PSCs by making
water-insoluble compounds. In particular, ZrL; displayed a high
lead adsorption capability (355 mg g~ ') as well as a high sorption
rate constant (0.103 min~'). Another prominent research team
consisting of J. Chen et al. employed Naz;PO, to modify the ETL
SnO, to enhance its charge transfer capabilities and passivate
the buried PVSK interface."®® The compound Na;PO, passivated
Sn dangling bonds in the ETL of the SnO, layer by making Sn-O-
P bonds, which altered the alignment of the energy level to
facilitate the extraction of photoelectrons. Consequently, they
observed that the modified PSCs showed a higher PCE of 23.06%
in comparison to the PCE of 20.39% for the pristine PSCs. In
addition, they claimed that they reduced the leakage of lead from
PSCs by 80% after utilization of Na;PO,. Similarly, J. Zhang et al.
utilized a mixture of amino trimethylene phosphonic acid and
KOH (ATMP-K) into the precursor of SnO, to elevate the perfor-
mance of the ETL in PSCs.>"® They found that ATMP-K success-
fully passivates oxygen deficiencies and lessens the hydroxyl
groups on the ETL surface, which facilitates a larger grain size
as well as better alignment of the energy level with PVSKs. ATMP-

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

K improves the efficacy of the devices from ~21% to ~24%. In
addition, they observed that the SnO, + ATMP-K film absorbed
50% of Pb>" while the control SnO, film adsorbed only 14% of
Pb>" after immersion into water with Pb>" for 5 days.

3.2.3 Encapsulation by lead-capturing functionality. In a
regular encapsulation approach, the encapsulant is applied to
both sides of solar devices. Formulating the encapsulant with
suitable lead-absorbing materials can provide an additional
function of effectively capturing leaked lead from the device.
The prominent research group led by X. Li coated lead-capturing
substances onto the back and front of PSCs and controlled 96%
of the lead leakage from the device after submerging it in water
for 180 minutes.>"* More specifically, on the glass side of the
front transparent conducting electrode, they employed a trans-
parent lead-capturing molecular film of P,P’-didi-phosphonic
acid with phosphonic acid groups that make strong bonds with
lead. On the reverse side of the metal electrode, they used a
polymer film of N,N,N',N'-ethylene-diamine-tetrakis(methylene-
phosphonic acid)-poly(ethylene oxide) mixed with lead-chelating
agents between the metal electrode and a standard photovoltaic
packing film. Similarly, another research team consisting of
Y. Jiang and his colleagues utilized epoxy-resin-based polymers
containing diglycidyl ether bisphenol A, n-octylamine, and
m-xylylenediamine to form materials with self-healing features
activated by heat at 42 °C, which is their glass transition
temperature.?*> Compared to the traditional encapsulation method
utilizing a glass cover with ultraviolet-cured resin at the edges of the
module, their approach significantly lowered the Pb leakage rate by
a factor of 375. Another renowned research team led by X. Xiao
employed a self-healing ion gel prepared from poly(acrylic acid)
chains crosslinked with methylene-bisacrylamide, employing azobi-
sisobutyronitrile phosphate as a thermal initiator, and integrating
tributyl(methyl)phosphonium dimethyl phosphate as an ionic
liquid."®” They applied this gel to encapsulate PSC modules in
their study. They discovered a significantly enhanced PCE of
22.87%, while sustaining 95.2% of its original PCE under 85%
humidity at 85 °C over 1000 hours of the covered PSC module.
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In addition, they also observed that poly(acrylic acid) with
carbonyl groups and tributyl(methyl)phosphonium dimethyl phos-
phate with phosphate groups coordinate with Pb ions. Impor-
tantly, PSCs with encapsulation by the aforementioned ion gel
reduced 94% of lead leakage from the PSCs after submersion in
water for 24 h. The research group of S. Chen et al. adopted an
abundant, low-cost and chemically robust cation-exchange resin
(CER) with two sulfonate groups that were able to capture divalent
ions to sustain charge neutrality.>'® The integration of the CER on
both sides of the electrode of the mini-module has the ability to
minimize lead leakage during a water-dipping test. In addition,
they further utilized a mixture of the CER and carbon paste with a
ratio of 5: 1. Although the PSCs displayed a negligible drop in PCE,
they inhibited 98% of lead leakage from the device. In a similar
manner, the established researcher Z. Li and his team employed a
blend of a CER (C100) and an ultraviolet resin as an encapsulant of
PSCs to effectively absorb the leakage of lead.*> In addition, the
sulfonic acid group (SO;) in the CER has a greater affinity for Pb**
than for Na*; therefore C100 easily makes Na" available to capture
Pb*". Later they used the blended C100 with a conventional UV-
curable encapsulant to wrap the PSCs with a cover glass. They
claimed that their device was able to reduce 90% of lead leakage
from the PSCs when the encapsulated damaged mini-modules
were subjected to acidic water. The encapsulation design utilizing
CER within the encapsulant layer to effectively prevent lead ion
leakage and the impact of CER-based encapsulant are demon-
strated in Fig. 15.

The research team of Z. Li et al. employed sulfonated
graphene aerogels blended with polydimethylsiloxane to facil-
itate lead-capturing encapsulants on both sides of PSCs.*!” The
sulfonated graphene aerogels have exceptional lead adsorption
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capability in solution owing to their large specific surface area
and superior binding energy with Pb>*. More than 99% of Pb**
from the degraded PSCs can be netted by the encapsulant in
various circumstances. After 3000 bending cycles, the PSCs
were dipped in deionized water, and they found a concen-
tration of 150 ppm within 30 minutes from the pristine PSCs,
whereas it was 9.6 ppb from the encapsulated PSCs.

The renowned researcher X. Zhu and his colleagues intro-
duced an “inner encapsulation” tactic in flexible PSCs by employ-
ing a photocurable crosslinkable molecule named benzyl acrylate
(BzA).'*® The photocurable BzA has the ability to coordinate with
Pb** by making C=0-Pb bonds. BzA is capable of being poly-
merized on the surface of PVSK film; consequently, the acrylic
group of BzA boosts the water-repelling ability of the film surface
along with a reduction in deep shallow-level traps, which leads to
control over recombination at interfaces. They achieved an out-
door PCE of 20.86% (0.07 cm” cell) and 16.75% (24 cm” module
of 8 cells) under illumination by AM1.5G for the flexible device.
Moreover, they explored the indoor PCE of the PSC module for
the first time and achieved 30.73% for a white LED and 26.48%
for a yellow LED under an intensity of 1000 lux. More impor-
tantly, the PSC module based on BzA confirmed excellent long-
term stability, by retaining 81.0% of the reference efficiency after
400 hours in 75% humidity testing and 84.5% of the original
efficiency after 300 hours of lighting at AM1.5G. Furthermore, it
displayed mechanical flexibility and stability by retaining 80% of
the original efficiency after 3000 bending cycles with a 10 mm
radius. Besides, the thick crosslinked BzA layer effectively pre-
vented lead leakage from the PSC when dipped in water.

In order to assess the leakage of lead ions from the PSC
module under acid rain erosion conditions, we submerged
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Fig. 15 (a) Cation exchange resin (cation exchange between Pb?" and Na*). (b) Encapsulation design utilizing CER within the encapsulant layer to
effectively prevent lead ion leakage. (c) Pb?* absorption kinetics by the cation exchange resin. The two inserted figures show the quantity of adsorbed
Pb?* and Lagergren first-order kinetics. (d) Temporal Pb?* concentration profile of glass substrates with a 25 : 1 UVR/C100 coating versus pure UVR in 10
ppm Pbl, solution; the orange dashed line indicates background Pb?* in DI water. (e) Temporal Pb?" concentration profile of the damaged pristine
device, with UVR and UVR-C PSCs soaked in 2 mL of DI water at room temperature and 70 °C. (f) Normalized PCE of the pristine device, with UVR and
UVR-C PSC encapsulation kept in ambient air for over 500 hours. Reproduced with permission from ref. 45.
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unencapsulated PSC modules both with and without a BzA
layer in DI water with a pH of roughly 5-6. The lead content for
the device without BzA reached 12.3 ppm at ambient tempera-
ture and increased much more when heated to 60 °C, suggest-
ing that substantial lead leakage had occurred. On the other
hand, the lead content of the BzA-based PSC module decreased
significantly to 2.1 ppm, suggesting that BzA showed good
capacity to prevent Pb*" ions from dissolving in water. This
has promising implications for preventing environmental pol-
lution due to Pb leakage. The performance of the PSCs and lead
leakage from the PSCs with and without BzA under various
conditions has been analyzed in Fig. 16.

3.2.4 Lead management at the end of life of PSCs. A PV
module can be made of numerous materials, each having
environmental, ecological, and economic consequences corre-
lated with its fabrication, usage, and disposal. The recovery and
recycling of all components from a module is one of the essential
tasks of the evaluation of the life cycle of a device. In addition, for
the commercialization of PSCs, sustainable lead management
through recycling technology is inevitable, according to the
demands of the European-Union-endorsed rules of Directive
2012/19/EU on waste electrical and electronic equipment for
manufacturers to collect, recycle, and reuse.”*® The leaking of
the lethal heavy element lead from deteriorating PSCs at the end
of their life can cause substantial environmental contamination
and have hazardous effects on our ecosystem. Thus, managing
the lead at the end of life of PSCs is an imperative task to
minimize its destructive influence on the natural environment.
Various tactics have been utilized to recover lead from Pb-holding
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solutions, such as reverse osmosis,”"® chemical precipitation,**
adsorption,**"*** and ion exchange.?**?** Lead extraction and
reuse in PSCs, reconstruction of the PVSK layer and other
associated layers are depicted in Fig. 17. In addition to these,
some promising results of lead recovery and the performance of
recycled PSCs are also depicted.

As an attempt at lead recycling, the famous research group
led by C. G. Poll used a deep eutectic solvent made of ethylene
glycol and choline chloride for the first time to extract the lead
from MAPbI;, MAPbI;_,Cl, or FAPDbI;, through dissolution and
selective electrodeposition.** They confirmed that the lead
cation is enclosed by three chlorine atoms at a 2.65 A distance.
More specifically, the most likely Pb species in the DES is
[PbCL;]". In addition, they claimed that the process was able
to achieve an outstanding recovery rate of up to 99.8% of lead
elimination from the solution with eutectic solvent via electro-
chemical deposition. Additionally, the renowned researcher A.
Binek and his colleagues employed a method for recycling Pb
and reusing FTO from solar devices with a configuration of
glass/FTO/TiO,/MAPbI,/Spiro-OMeTAD/Au."* According to this
approach, the PSCs were broken down layer by layer. After
eliminating the Au and HTL, the PVSK film of the PSC was
immersed in distilled water to convert it into Pbl, and MAI in
water. Subsequently, MAI was obtained from the water. Due to
the short time of immersion and low solubility of Pbl, in water,
DMF was added with PbI, to dissolve and reuse it. The recycled
PbI, solution and FTO substrate were then utilized in the
production of fresh PSCs. The PSCs made from the recovered
materials exhibited an efficiency of 13.5%, which is slightly
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(a) ISOS-D-1 stability test results for PSCs with and without BzA, exposed to air with 75% humidity over 400 hours. (b) ISOS-L-1 stability test

results comparing PSCs with and without BzA modification, under AM1.5G illumination at 20% relative humidity over 300 hours. (c) Performance analysis
of the devices with respect to bending cycles with a 10 mm radius. (d) Dipping test of the devices with and without BzA in DI water with pH between 5 and
6 to mimic acidic rain. (e) Lead concentration leakage from unencapsulated PSCs after 240 minutes of dipping in water. Reproduced with permission
from ref. 198.
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lower than that for PSCs (14.6%) made from highly pure Pbl,.
The reduced PCE was likely to be due to the presence of very few
impurities in the recycled Pbl,. A research team comprised of S.
Zhang et al. established an eco-friendly dissolving-precipitating
technique for the cyclic utilization of lead from carbon-based
PSCs with the configuration glass/FTO/c-TiO,/m-TiO,/MAPbI,/
carbon.””® They used DMF to dissolve solar devices and obtain
lead with lixivium. In addition, NH;-H,O was employed as a
precipitator to extract Pb*>" from lixivium. The findings scruti-
nized by inductively coupled plasma optical emission show that
roughly 99.9% of the lead could be extracted by NH;-H,O. Later,
HI was utilized to produce Pbl,. They found that a small amount
of Pbl, was converted into [PbI,]>” owing to the low concen-
tration of HI. The estimated lead recovery rate was 95.7%. Finally,
a new PSC was fabricated by employing the recycled Pbl, and
attained an efficiency of 11.36%, which was a little bit lower than
that of PSCs (12.17%) fabricated from commercial Pbl,. This
drop in PCE might be attributed to the poorer purity of recycled
PbI, in comparison with commercial Pbl,, which also indicates
the impurities remaining in Pbl, at the time of precipitation. In
addition, the Pb lixivium is a combination of dissolved HTMs
and PVSK, since DMF dissolves both PVSK and HTM.

Another research group led by J. Xu, devised an in situ Pbl,
recycling technique, which represents a step toward sustainable

2738 | Mater. Adv., 2025, 6, 2718-2752

PSCs.”*® They studied the thermal characteristics of MAPDI;
films on an m-TiO,/c-TiO,/FTO/glass substrate. Their findings
revealed a Pbl, mesoporous configuration with good crystal-
linity and a broad domain. Firstly, they removed HTM from PSC
by immersing it in chlorobenzene and decomposed the PVSK
into mesoporous PbI, and organic gases by adopting heat
treatment. Subsequently, a fresh PVSK film was made by
employing MAI through the spin-coating technique. Due to
the mesoporous structure of Pbl,, it facilitates effective contact
between MAI and Pbl,. Therefore, the PCE of the rejuvenated
PSCs was augmented from 14.35% to 14.84%. This heightened
PCE can be ascribed to the increased PVSK loading of the
nanostructured scaffold and the bi-layered PVSK configuration
created during the regeneration approach, which allows for
effective light trapping. However, the efficiency of the double-
regenerated device was lowered to 8.51% because of the excess
residual Pbl, and lower surface coverage.

Designing a procedure to recycle and recover target materi-
als from degraded devices requires a comprehensive strategy.
The well-known researcher B. J. Kim and his co-workers devel-
oped a strategy to isolate most major components of PSCs,
including lead from PVSK, ETL, HTL, electrode, and TCO,
simultaneously.>® The procedure of selectively dissolving
m-TiO,-coated FTO substrates in PSCs consists of many simple

© 2025 The Author(s). Published by the Royal Society of Chemistry
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stages. First, the trihalide PVSK and Spiro-OMeTAD are sepa-
rated by submersing the devices in a polar aprotic solvent (PAS)
like DMF, DMSO or GBL and shaking them for 30 s. Then the
substrates are washed, rinsed with DI water, and annealed at
500 °C for an hour for further improvement in performance. The
gold in PSCs is non-reactive with PASs; therefore any gold that
remains in solution after cleaning can be recovered. In addition,
the lead is removed from the PAS by adopting a two-step recycling
process including solvent extraction and an ion exchange techni-
que. A 0.05 molarity MAPDI; solution in DMF is poured into ether,
a non-polar solvent, which separates the precipitated lead com-
pound. The lead component is isolated and then centrifuged for
10 minutes at 8000 rpm. A laboratory-prepared (Ca;o(PO,)s(OH),)
powder is then added to the rest of the solution to eliminate
leftover Pb>" ions by ion exchange from Ca>* to Pb*". After stirring
the solution at 200 rpm for 3 hours, the Pb**-ion-adsorbed
(Ca19(PO,)s(OH),) powder is isolated by centrifugation at 8000
rpm for 10 minutes. They claimed that almost 99.99% Pb content
from the blended solution was removed by employing this tech-
nique. Moreover, they fabricated PSCs by utilizing the recycled
material and obtained comparable results to fresh material.
Another research group led by J. M. Kadro proposed an
approach for the recycling and recovery of solar devices that
involves the layer-by-layer breakdown and recovery of most main
components.>** A PSC with the structure glass/FTO/c&m-TiO,/
MAPbI;/Spiro-OMeTAD/Au underwent a treatment process
where chlorobenzene was used to dissolve the HTL, which also
allows for recycling of Au. Subsequently, ethanol was adopted to
eliminate MAI, leaving behind PbI, from MAPbI;. The PbI,
remaining on the glass/FTO/c-TiO,/m-TiO, substrate was then
recycled using DMF. To recover Pb from the mixed DMF
solution, Payne’s electrodeposition technique was suggested.
They perceived that methanol facilitates the quickest conversion
from MAPDI; to Pbl, among the solvents tested. This was
followed by deionized water, ethanol, and 2-propanol in terms
of conversion speed. Ethyl acetate, on the other hand, was the
slowest, taking several hours for complete MAI dissolution, thus
rendering it impractical for use. Ethanol was preferred over
methanol for device recycling due to its lower toxicity for
humans and the ecosystem, despite its slower dissolution rate,
and because it dries faster than water. The lead content within
every solvent was evaluated by utilizing inductively coupled
plasma mass spectrometry to evaluate their selectivity in lead
sequestration. Water performed with the highest selectivity,
showing only 0.14% of the total lead content, similar to chlor-
obenzene. After purification with Amberlite 120 IR resin, the
lead content in water dropped to 0.03%, although lead seques-
tration by the resin might be limited at very low concentration. A
saturated Pbl, solution in water with a 30-fold molar excess of
MAI displayed a lead concentration of 43.5 ppm, which reduced
to 0.44 ppm after 16 hours of resin treatment, indicating a 99%
sequestration efficiency. The 2-propanol confirmed the second-
best selectivity with 0.35% lead content, but its slower MAI
dissolution time (about 20 minutes) made it less suitable.
Ethanol resulted in up to 3.4% lead content, and methanol
had the poorest performance with up to 7% lead content. Ion

© 2025 The Author(s). Published by the Royal Society of Chemistry
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exchange resins like Amberlite IR 120 can purify organic solvents,
including methanol and IPA.>**?* An effective electrochemical
method for lead recovery from PSCs has been explained, involving
the electrodeposition of lead using ethylene glycol with choline
chloride as the solvent.>** However, the device performance with the
recycled FTO/TiO, substrate was 15-16% PCE along with J,. ranging
from 19.7 mA cm™ > to 21.5 mA cm >

Another research study conducted by X. Tao et al. describes
an environmentally benign approach for upcycling sustainable
PSCs using optimal lead recovery and recycling.”' The proce-
dure entails screening of Pb-solubilizers (BA, DMF, and DMSO)
and employing KI precipitation. DMF was chosen as the best
solubilizer due to its high Pb-dissolution capacity and low Pb-
adhesion, resulting in a Pbl, purity of 96.03%. DMF is also
recoverable for reuse, which improves sustainability. The recov-
ered Pbl,, ITO, and Ag components were effectively utilized in
PSC manufacturing. Notably, the recycled PSC had a PCE of
22.78% that is higher than the 20.76% PCE of PSCs built from
new components. After four recycling cycles, the refabricated
PSC still had a PCE of 20.79%, equivalent to that of fresh PSCs.
The detailed performance metrics are depicted in Fig. 18.

The aforementioned approaches are able to tackle the issue of
lead in PSCs, and the Pb recovery rates in these studies were
acceptable. However, the efficiencies of solar devices made with
recycled components, especially Pbl,, were somewhat lower than
those made with new Pbl,. The impurities in recycled components
have been labeled a possible cause of the degraded efficiency. Thus,
purification methods for recycled materials, along with recycling
and recovery approaches, need to be optimized to prepare for
large amounts of end of life (EOL) solar devices. Furthermore,
although more complex PSC structures, like Csg5(MAg.17FA0.83)0.95-
Pb(I g3Bro.17)3, demonstrate superior PCEs and stability, extracting
and purifying high-quality Pb-containing materials from PSCs is a
major challenge.**>**® The lead-acid battery industry has estab-
lished advanced Pb recycling technologies consisting of electrode-
position and precipitation.””?*° Consequently, Pb recycling and
recovery from PSCs may offer greater industrial potential applica-
tions along with other PSC components.

The cost contribution of the PVSK layers, composed from
lead-based compounds, is relatively lower than that of other
PVSKs like germanium-based PVSKs and other components of a
PSC. As a result, their (lead-based) recycling holds minimal
economic interest, and the reason for that lower interest is
depicted in Fig. 19. However, due to environmental concerns
associated with lead-containing materials, the focus shifts
toward recycling PbI, to mitigate its ecological impact. Addi-
tionally, from an economic perspective, the recovery and reuse
of FTO/ITO-coated glass, HTM, ETM, and electrodes are
valuable.

4. Potential hazardousness of
incorporated substances

During the replacement of lead within the PVSK framework,
researchers must carefully assess the toxicity levels of

Mater. Adv,, 2025, 6, 2718-2752 | 2739
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Fig. 19 A pie chart illustrating the projected expenses associated with the
various layers in PSCs. Redrawn with permission from ref. 250.

substituting elements compared to lead. Fig. 2(a) presents a
comparison of the health effects of various elements consid-
ered potential lead replacements, where Pb, Cd, and Hg exhibit
significant health hazards. Based on this analysis, suitable
alternatives to lead can be discovered. Furthermore, the
research community should also prioritize evaluating the envir-
onmental and health impacts of other materials used in PSCs,
including additives, solvents employed during the fabrication

2740 | Mater. Adv,, 2025, 6, 2718-2752

of fresh PSCs, and the recovery and recycling of different
components of PSCs. Our observations indicate that the addi-
tive compounds included in Table 6 and Table S1 (ESIt)
demonstrate various degrees of toxicity, from low to high, with
associated risks, such as neurotoxicity, carcinogenicity, respira-
tory complications, organ toxicity, and environmental persis-
tence. By taking appropriate protective measures with
adequately ventilated spaces, safety can be ensured. However,
environmental factors must be considered, since a few persis-
tent chemicals may lead to enduring ecological harm. More-
over, comprehending the toxicity profile of these compounds is
essential for creating safer formulations, reducing occupational
risks, and guaranteeing regulatory adherence in industrial and
research contexts. Consequently, thorough risk evaluations, the
discovery of alternative materials, and compliance with safety
regulations must be prioritized in any research employing these
compounds.

5. Perspective and prospects

The remarkable achievements in the performance of lead-based
PVSKs within a very short period are overshadowed by the
environmental and health hazards posed by poisonous lead.
Lead-free PVSKs are now being projected as the next break-
through in the evolution of PSCs. Accordingly, extensive
research endeavors have been conducted to replace lead or

© 2025 The Author(s). Published by the Royal Society of Chemistry
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lower the leaching of lead into the environment from PSCs by
adopting various approaches. Many research groups suggested
that Sn, Ge, Bi, Sb, etc. could be promising alternatives to lead
in PVSK structures, because of their similar structures to lead
with ns® lone pairs, which can form octahedra with halogen
anions. Theoretical studies and experimental electro-optical
characterization suggest that Sn-based PVSK shows comparable
carrier lifetime and diffusion length to lead-based PVSK. Sn-
based PSCs show a glimmer of hope by achieving a noticeable
efficiency of 15.38%, although this is far from the value for
lead-based PSCs. However, Sn>" is easily converted into Sn*'.
The level of Sn** oxidation is greatly influenced by the sur-
rounding chemical environment in the precursor and crystal
lattice. Thus, investigating of composition engineering at A-
and X-sites can minimize Sn>* oxidation and greatly boost the
performance and stability of Sn-based solar devices.

On the other hand, a similar problem of stability in Sn-based
PVSK, namely the oxidation of Ge*" to Ge*", is also a significant
concern with Ge-based halide PVSKs. Currently, the PCE of Ge-
based PSCs is below 5%, hindered by factors such as a smaller
ionic radius, limited solubility in polar solvents, and a relatively
large bandgap. However, PVSKs based on Ge have not yet
received considerable experimental interest because of the
aforementioned limitations. Recent theoretical and experi-
mental research suggests that a Ge-Sn combination might be
a feasible choice for upgrading the performance of Ge**-based
PSCs. So far, the highest efficiency recorded for mixed Ge-Sn
materials is around 7.9%. However, Sn- or Ge-based PVSKs
decay faster than lead-based PVSKs.

To overcome this, tactics such as employing bilayer PVSKs
(e.g., Bi**/Sb®") to prevent phase changes induced by ion
migration, delaying crystallization, suppressing oxidation by
additive engineering, or synthesizing double PVSKs can be
applied. Most HDPs typically have relatively larger bandgaps
than Pb-based PVSKs (usually greater than 1.8 eV). This feature
is generally undesirable for single-junction photovoltaics,
although it can be advantageous for tandem SCs. At present,
the PCE of HDP-based (Cs,AgBiBrs) PSCs is around 6.37%,
which is also far from the value for lead-based PSCs. Despite
earnest efforts to enhance overall PCE, it remains considerably
lower than for Pb-based SCs. Therefore, the continuous sys-
tematic exploration of abundant composition options for Pb-
free halide PVSKs can expand the range of absorber materials
and boost performance by expediting the advancement of eco-
friendly and cost-effective Pb-free PSCs through material gen-
ome approaches and innovative device designs.

On the other hand, some researchers have proposed chalco-
genide and metal-free organic PVSKs as promising emerging
photovoltaic materials due to their exceptional optoelectronic
properties, supported by both theoretical and experimental stu-
dies. However, their research is still in its early stages for photo-
voltaic applications. To further improve performance, key inherent
challenges must be addressed, such as enhancing material stabi-
lity, exploring novel synthetic methods, designing appropriate
device structures, and gaining a deeper understanding of the
photodynamics and underlying functional mechanisms.
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As lead-based PSCs performed better with a PCE of 26.7%
than lead-free PSCs with a PCE of 15.38% along with superior
stability, the scientific community is eager to enjoy the excellent
performance from lead-based PSCs, notwithstanding their toxicity.
Those researchers are working on the confinement of lead within
host materials to lessen the leakage of lead from PSCs in conjunc-
tion with attempts to produce lead-free PSCs. Consequently, many
approaches have emerged to lower the toxicity risk of lead by
mitigating lead leakage from PSC modules, including an additive
approach for chelation, modification of charge transporting layers,
encapsulation by lead-capturing functionality, and lead manage-
ment at the end of life of PSCs. In the case of lead-immobilization
strategies, encapsulation by lead-capturing functionality is gener-
ally more effective than complexation in reducing Pb leakage.
Conversely, complexation offers additional benefits, including
improved crystallinity and defect passivation, which ultimately
enhance performance. Encapsulation effectively inhibits lead leak-
age following damage, but it does not contribute to improving the
intrinsic performance of PVSK materials. That is why research on
PVSK materials should be focused more on compositional engi-
neering, the adoption of lower-dimensional structures, and the
strategic application of performance-enhancing additives to bring
about intrinsic stability.

Incorporating functional molecules or dopants can help
passivate defects, reduce ion migration, and improve optoelec-
tronic characteristics. These techniques not only enhance device
performance, but they also solve crucial moisture and thermal
stability issues. Therefore, more systematic studies are needed to
explore the roles of different functional groups or dopants from
various perspectives. Similar strategies should also be utilized for
Pb-chelating charge-transport compounds. Encapsulation with
Pb-chelating materials appears promising for achieving Pb leak-
age levels that are safe for use. However, thorough research is
essential to confirm that materials with different functional
groups used for chelating or capturing lead are environmentally
safe. In addition, the lead-suppression efficiency of an absorbent
material may be hindered by factors such as sorption kinematics,
environmental variations (pH, temperature), and interference
from other ions. Test conditions, like temperature and water
exposure methods, greatly influence lead leakage and adsorption.
To enable an accurate evaluation and comparison of lead leakage
from PSCs across global findings, a standardized lead-leakage
testing protocol should be developed. This would ensure consis-
tent assessment of various lead-confinement techniques under
uniform conditions.

Moreover, the degradation or damage of lead-based PSCs poses
significant environmental concerns because of the risk of toxic Pb
leakage at the end of their lifespan. The recycling of lead com-
pounds at the end of their life or after their damage has emerged
as a critical research topic for long-term use with little environ-
mental impact. To date, several prominent researchers have
focused on Pb recycling and fabricated PSCs utilizing recycled
lead. They obtained PCEs that are comparable to those of the
original PSCs, which indicates their potential as a promising
strategy for practical application. However, attention should be
given to eco-friendly solvents for dissolving the lead-containing

© 2025 The Author(s). Published by the Royal Society of Chemistry
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materials and an evaluation of the environmental impact of
recycling processes to ensure overall sustainability.

Therefore, the ideal solution would be to completely replace
lead-containing PVSK materials with eco-friendly PVSK com-
pounds with desirable performance. However, due to the sub-
optimal performance of lead-free PSCs, this approach may
demand extensive research, along with a considerable invest-
ment of time and resources. Therefore, practical risk manage-
ment strategies for dominant lead-based PSCs are essential to
ensure the usage of PSCs that are economically viable, sustain-
able, and eco-friendly. In addition, technologies that increase
the public acceptability of the present Pb-based PSCs demand
further development.

6. Conclusion

PVSK solar cells have emerged as a leading contender among
emerging photovoltaic technologies by achieving an impressive
PCE of 26.7%. However, the environmental concerns associated
with the lead content in PSCs require the development of
effective tactics to mitigate lead-related risks. In this review,
various tactics have been discussed to overcome this issue,
implemented by different prominent research groups, including
replacing lead in the ABX; structure with isoelectronic elements,
confining lead within the PVSK matrix using functional mole-
cules or dopants, integrating lead-absorbent materials into
charge carrier transport layers, and employing encapsulation
techniques with lead-capturing materials. As the replacement of
lead by isoelectronic alternatives has not matched the perfor-
mance of lead-based PSCs, the scientific community is enthu-
siastic about enjoying the excellent performance from lead-based
PSCs by implementing lead-confinement strategies along with
keeping a focus on the replacement of lead in the PVSK frame-
work. Among all attempts at lead confinement inside a device,
the incorporation of functional molecules or dopants not only
confines lead within the PVSK framework, but also enhances the
stability and performance of the PSCs by confirming improved
crystal quality. On the other hand, encapsulation effectively
prevents lead leakage, but it does not contribute to intrinsic
improvements in the photovoltaic properties of the material.
Therefore, future research should focus on compositional engi-
neering, the adoption of lower-dimensional entities and the
development of multifunctional additives that simultaneously
improve the stability, efficiency, and environmental safety of
PSCs. Furthermore, recycling approaches for PSCs have been
studied by showcasing methods to extract lead from damaged
devices and reuse it in fresh PSCs. These refabricated devices
presented comparable PCEs with reduced cost and promoted
environmental safety. Such initiatives highlight the potential for
sustainable and environmentally responsible practices in PVSK
solar technology. In the final part of this review, a comprehensive
perspective and future direction on the various approaches to
addressing lead-related challenges in PSCs were provided. By
reviewing the successes, limitations, and future directions, we
believe that these insights will advance the understanding of lead

© 2025 The Author(s). Published by the Royal Society of Chemistry
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mitigation in PSCs, encouraging the development of safer, more
sustainable photovoltaic technologies.
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