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Perovskite solar cells (PSCs) are recognized as one of the most promising next- oot sty
generation photovoltaics, primarily due to their exceptional power conversion efficiency, ease “\“‘a G P >
of processing, and cost-effectiveness. Despite these advantages, challenges remain in achieving ‘,\\g\“\ “4 %, %,
high-quality films and ensuring the long-term stability of PSCs, which hinder their widespread %6
commercialization. Polymers, characterized by multifunctional groups, superior thermal § PSC— 3
o , . . E . 5N s %
stability, flexible long chains, and cross-linking capabilities, offer significant potential to 2 o -~ ) S 3
. 1..1s . . . 5 |8 A Polymers 3§ o
enhance the performance and reliability of PSCs. This review comprehensively presents the % § - b_);\» 2 E
= » = S 5
multifaceted roles that polymers play in PSCs. Through carefully controlling interactions 2 \ ~= g °
between polymers and perovskites, crucial aspects such as film crystallization kinetics, carrier p QQ-??\ ;
transport process, ion migration issues, and mechanical properties under bending can be J'%% &
Fecti o 5 g " Ob/b,-’y W
effectively regulated to maximize the device performance. Furthermore, the hydrophobic %11, S
poi®

properties and strong chelated cross-linking networks of polymers significantly enhance the
stability of PSCs under various environmental conditions while effectively mitigating lead
leakage, thereby addressing environmental concerns and long-term durability. Moreover, this
pathways for further advancing polymer-based strategies in PSC applications.

Perspective identifies potential

perovskite solar cells, polymers, chemical interaction, stability, Pb immobilization

formation, passivate existing defects, and enhance the barrier
against ion migration, resulting in suppressive phase separation
and strengthening both photo and thermal stability.”> Addi-
tionally, the long flexible chains and superior elastic properties of

Perovskite solar cells (PSCs) have emerged as highly promising
photovoltaic devices due to their exceptional properties such as
high mobility, strong absorption coefficient, tunable band gaps
and low exciton binding energy.l_5 Over the past decades, their
power conversion efficiency (PCE) has skyrocketed from 3.8%°
to 26.41%,” rivaling traditional monocrystalline silicon solar
cells. However, the inherent soft lattice structure of perovskite
renders them susceptible to instability under conditions like

polymers enhance the mechanical characteristics of films and
serve as strain regulators during device bending. Their
hydrophobic nature, high transparency, gas impermeability,
and chemical inertness make them ideal for both the internal and
external encapsulation of perovskite solar cells (PSCs).

high temperature, humidity and light exposure.®™"° Film defects,
inefficient carrier transport, ion migration, and phase separation
further challenge the performance and durability of PSCs. To
address these issues,'"'* innovative organic molecule-based
strategies have been utilized to enhance the performance and
stability of PSCs. Polymers, in particular, have proven to be
highly effective compared to small molecule materials and
inorganic materials due to their superior thermal stability,
customizable diversity structure, elastic properties, and cross-
linking capabilities.”*~"® Polymers functionalized with various
groups play a pivotal role in regulating the crystallization kinetics
of perovskite films, thereby enhancing the film crystallization
and decreasing defect density, which is responsible for
facilitating carrier transport'®'’ and reducing nonradiative
recombination loss and voltage deficit for enhancing the device
performance.'*™*" The strong chemical interactions derived
from multifunctional groups in polymers inhibit defect
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Furthermore, dendritic spatial structures and cross-linking
networks significantly improve the polymers’ capacity to capture
Pb**, thereby mitigating lead leakage and ensuring safety during
operation.

This review focuses on the multifaceted roles of polymers in
PSCs, including their ability to regulate crystallization kinetics,
improve film flexibility, control carrier transport, inhibit ion
migration, and prevent lead leakage (Figure 1). Moving forward,
optimizing polymer structures to perovskite requirements, and
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Figure 1. Summary of polymer strategies in PSCs.

exploring novel polymer functionalities are crucial for advancing

the application of polymers in next-generation PSCs.

2. THE FUNCTIONS OF POLYMERS IN PSCS

2.1. Crystallization Kinetics Regulation

The quality of the perovskite absorbing layer significantly
influences the photovoltaic performance of PSCs, encompassing
crystallinity, umformlty, surface morphology, film coverage and
defect density.” In the solution-processed perovskite films, film
quality is heavily influenced by the precise control of
crystallization kinetics during the film formation process,
which is associated with the balance between nucleation and
growth process as the solvent evaporates.”**® Besides conven-
tional solvent engineering techniques used to manage solvent
removal rate, the functional polymers with adjustable chemical
groups, lone pair electrons, and hydrogen bond donors are
capable to regulate the crystallization by forming an
intermediated phase that retards the crystallization process.
Therefore, the crystallization kinetics could be effectively
controlled through the rational design of polymers and
intermolecular interaction to achieve high-quality and less-
defect perovskite films.”’~*°

For example, Li et al. designed a multifunctional fluorination
additive (Figure 2a), 3-fluoro-4-methoxy-4',4-bis((4-vinylphen-
yl ether)methyl)-triphenylamine (FTPA), which suppressed the
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Figure 2. Crystallization kinetics regulation. (a) Chemical structure of FTPA. In-situ UV absorption spectra of (b) control and (c) FTPA films.
Reproduced with permission from ref 31. Copyright 2023 Spring Nature. (d) Chemical structure of CPDMA. In-situ UV absorption spectra of (e)
control and (f) PDMA films. Reproduced with permission from ref 32. Copyright 2023 Wiley-VCH. (g) Schematic hydrogen-bonding facilitated
CsPbl, crystallization mechanism. (h) Escape energy barrier at (100), (010), and (001) surfaces with and without PAA treatment. (i) Active energy of
control and PAA-treated films. Reproduced with permission from ref 30. Copyright 2023 Cell Press.
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Figure 3. Carrier transport manipulation. GIWAXS mapping of control (a) “edge on” and (b) “face on” stacked P3HT films. (c) Mobility results.
Reproduced with permission from ref 20. Copyright 2021 Wiley-VCH. (d) Synthesis route of Poly-4PACz. (e) UV—vis spectra and chemical structure
of Me-4PACz and Poly-4PACz thin films. (f) _]1/ 2 vs V characteristics of hole-only devices with a structure of glass/ITO/PEDOT:PSS/HTM/MoO;/
Ag. Dash lines are linear fitting curves. Reproduced with permission from ref 34. Copyright 2023 Cell Press. (g) Molecular structure of PD-10-DTTE-
7. (h) Schematic energy level alignment. (i) Steady-state photoluminescence spectra. Reproduced with permission from ref 35. Copyright 2019 Wiley-

VCH.

complex intermediate phase and facilitated directional crystal-
lization of a-phase perovskite.”’ The hydrogen bonding
between FTPA and perovskite promotes the formation of the
FTPA-5-FAPbI; intermediate phase, effectively inhibits the
formation of other complex intermediate phases, and delays the
crystallization kinetics of perovskite (Figure 2b, c). Benefiting
from the promoted orientated crystallization of perovskite films,
the unencapsulated devices achieve 24.10% PCE and maintain
>95% of the initial efficiency for 1000 h under continuous
sunlight soaking. In the two-step method, Zhao et al. introduced
a polymerization-assisted grain growth (PAGG) strategy to
enhance the film quality of FA,_,MA Pbl, perovskite.” The
bulk polymer would adhere to the grain boundaries of Pbl,
through previously established interactions during the Pbl,
annealing process, and the energy barrier for the formation of
perovskite crystals is higher than before due to the sufficient
interaction between the polymer and Pbl,. PAGG slows the
crystallization rate, increases the grain size of perovskite, and
improves the crystallinity and orientation of the films. By further
leveraging the advantages of polymer cross-liking, a telechelic
silicone polymer, poly(dimethylsiloxane-co-methylsiloxane
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acrylate (PDMA) (Figure 2d), was introduced to reahze
functions of crystallization regulation and defect healing.*”
PDMA additives tightly anchor at the grain boundaries (GBs)
and bridged perovskite grains through a condensation reaction,
thereby retarding the rapid crystalhzatlon kinetics and reducing
the film defects (Figure 2e, f).>* Based on similar research
considerations, Xu et al. developed a multifunctional polymer
additive PPG-mUPy-APDS, rich in hydrogen bonds and
carbonyl groups.”” The O and N in PPG-mUPy-APDS form
hydrogen bonds with methylamine (MA*), formamidine (FA")
and halide ions in perovskite, respectively, which slow down the
growth of perovskite crystals and improve the quality of
perovskite films. The strong interaction between C=0O and
Pb”* can also passivate uncoordinated Pb**, leading to reduced
nonradiative recombination loss.

Furthermore, to address the challenge of achieving high-
quality inorganic perovskite films, Hu and co-workers developed
a universal hydrogen-bonding-facilitated dimethylammonium
extraction strategy to control the CsPbl; crystallization kinetics
(Figure 2g).”° Theoretical and experimental findings revealed
that the introduced poly(acrylic acid) (PAA) could effectively
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coordinate with DMAPDI;, decreasing the escape energy barrier
(Ep) of DMA by forming hydrogen bonds (N—H---O) (Figure
2h, i). This interaction accelerated the decomposition of
DMAPDI; and promoted the crystallization of CsPbl;. With
improved control over crystallization, the resulting CsPbl; films
present uniform morphology, high crystallinity, and low defects.
Thus, effective modulation of the polymer—perovskite inter-
action represents a promising approach to manipulate
crystallization kinetics and enhance perovskite film quality.

The photoelectrical properties of the CTLs significantly
influence carrier separation, transfer and nonradiative recombi-
nation in PSCs, thereby crucially impacting photovoltaic
performance and stability of PSCs.***” To address the low-
efficiency carrier transport, new polymeric CTLs and interface
modifiers have been developed to enhance the carrier transport
ability, optimize energy level alignment and reduce interface
recombination loss.***”

P3HT stands out as one of the most classical and
commercially viable polymeric hole transport layers (HTLs)
due to its excellent carrier mobility, suitable energy levels,
hydrophobic property and favorable thermal stability, making it
highly promising for PSCs.,**™** However, P3HT typically
presents an “edge on” stacking configuration, which restricts the
effective carrier transport in the vertical direction (Figure
32)."™* To overcome this challenge, Hu et al. engineered a
“face on” stacked P3HT by controlling the intermolecular
interaction (Figure 3b), resulting in nearly 3-fold enhanced
carrier mobility in the vertical direction (Figure 3c).”® This
advancement enabled the achievement of record-efficiency
CsPbL,Br PSCs with dopant-free HTLs. To overcome the poor
wettability and substrate roughness, Ren et al. synthesized a
novel polymer HTL called polycarbazole phosphonic acid
(Poly-4PACz, Figure 3d), which exhibits superior hole mobility
and conductivity compared to traditional self-assembled
monomolecules (Figure 3e,f).>* In addition, in the scalable
manufacturing of perovskite components, the wettability,
densification, and uniformity of HTMs on TCO crucially
impact the perovskite film quality and device performance. The
newly synthesized polymeric HTL presents insensitivity to layer
thickness on underlying substrates like ITO and FTO, offering
excellent wetting and compactness, which delivers promising
potential for the scalable deposition of perovskite films. These
superiorities benefit the achievement of large-area PSCs with a
notable 20.7% PCE at the 25 mm? area.

Polymers have been widely used as interfacial modifiers
between perovskite and CTL to improve the interface contact
quality, passivate defects, and manage carrier transfer.
Addressing the significant energy level mismatch between
perovskite and spiro-OMeTAD, Gao et al. developed a high-
mobility conjugated polymer (PD-10-DTTE-7, Figure 3g) as an
interlayer to markedly reduce the interface recombination.*®
The PD-10-DTTE-7 polymer exhibits an extremely high
mobility of 9.54 cm? V™! s7! compared to spiro-OMeTAD
(107 em® V7' s71), with a HOMO level at —5.33 eV, slightly
lower than spiro-OMeTAD (—S5.22 eV), resulting in interface
energy level matching (Figure 3h). These electronic properties
ensure an effective hole injection at the interface (Figure 3i). Dai
et al. utilized an iodine-terminated self-assembled monolayer (I-
SAM) between perovskite and SnO, ETL, enhancing adhesion
toughness by 50% and mechanical reliability.”” This modifica-
tion increased PCE from 20.2% to 21.4% and the T, operational
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stability from ~700 to 4000 h under 1-sun illumination and with
continuous maximum power point tracking (MPP). Hu et al.
modified the poly(bis(4-phenyl)(2,4,6-trimethylphenyl)amine)
(PTAA) HTL with poly(methyl methacrylate)
(PMMA):2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoquinodime-
thane (F4-TCNQ).’® The results reveal that PMMA molecules
on PTAA induce an interface dipole at the PTAA/perovskite
interface caused by the electrostatic interaction between the
ester groups in the PMMA molecules and the electron-deficient
N* free radicals in the PTAA molecules. Physical adsorption
results in an increase of 60 mV V__ and achieves a PCE of more
than 20%, with ideal stability.

In addition to their carrier transport function, polymers with
defect passivation groups have been designed to reduce the
interface recombination loss for further strengthening the carrier
transport efficiency.”*> To address the largely nonradiative
recombination loss at interfaces, Sun et al. developed a new
pyridine-based polymer HTL to extract photogenerated holes
and passivate uncoordinated Pb** and iodide defects.”® The
interaction mechanism involves pyridine acting as a Lewis base
and coordinating with lead ions to regulate the highest occupied
molecular orbital (HOMO) levels and mobility of HTLs. These
advancements led to PSCs with the newly synthesized dopant-
free HTLs achieving an impressive PCE up to 22.41%. Similarly,
Bai et al. synthesized two donor—acceptor (D-A) conjugated
polymers, PBTI and PFBTI, which incorporate benzene
dithiophene (BDT) and thiopheneimine (BTI) units. These
polymers present high mobility and suitable energy levels. Due
to the strong electronegative potential of the oxygen and fluorine
atoms, the Lewis base is coordinated with uncoordinated Pb** in
the perovskite. As a result, PSCs employing dopant-free PBTI-
and PFBTI-HTLs achieved promising PCEs of 23.1% and
22.6%, respectively, surpassing conventional doped spiro-
OMeTAD HTL devices (21.4%) due to synergetic carrier
transport ability and surface passivation effect.”*

Sun et al. demonstrated that introducing the n-type polymer
N2200 into PCBM can improve the electrical properties of
PCBM and passivate the defects distributed on the surface of the
perovskite, resulting in the improvement of band alignment and
electron mobility. They obtained a high V. of 1.20 Vand a PCE
of 24.53% based on the PCBM@N2200 CTL.>® Chen et al.
employed two n-type polymers, PBTI and PDTzTI, both of
which were synthesized based on thienyl imine and thiazolyl
imine, respectively, to fabricate inverted perovskite solar cells
(PSCs) as electron transport layers (ETLs). The PDTzTI ETL
exhibited higher power conversion efficiency than PBTI and
PCBM ETLs, attributed to its superior electron mobility, well-
matched energy level alignment, and passivation of interfacial
defects. A comparative analysis of the HOMO and LUMO levels
of these two polymers revealed that the incorporation of thiazole
significantly reduced the HOMO (~—5.8 eV) and LUMO
(~—3.8 eV) energy levels. Consequently, the energy offset
between the LUMO of PDTZTT and the conduction band of the
perovskite could be greatly minimized following modification of
the polymer structure, facilitating efficient extraction of
electrons from the perovskite to the ETL. This study
demonstrates that the energy level alignment between the
perovskite and the ETL is crucial for electron extraction and
interfacial contact. Moreover, due to the high hydrophobicity of
the polymer and its ability to block mobile ions, devices utilizing
PDTzTI ETL exhibited excellent long-term stability and
operational stability compared to those utilizing PCBM.>°
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Figure 4. Ion migration suppression. (a) The mesoporous sMMA-Pbl, membrane contains residual MMA monomers that can form a polymer
network. (b) Linear energy dispersive spectrometer (I-EDS) patterns tested in the cross section. (c) Long-term stability of the corresponding PSCs
under nitrogen and illumination. Reproduced with permission from ref 66. Copyright 2020 Wiley-VCH. (d) Schematic diagram of the interaction
between the PPP polymer (partial 3D structure) and perovskite, including chelation between C=0 and Pb and hydrogen bonding between —CF; and
FA" and MA*. (e) ToF-SIMS depth profiles of PPP-modified PSCs before (solid line) and after (short dashed line) thermal aging at 75 °C and full-
spectrum sunlight for 300 h in N, atmosphere. (f) Maximum power point (MPP) illumination at 45 °C and thermal stability of encapsulated control
and PPP-modified devices. Reproduced with permission from ref 67. Copyright 2021 American Association for the Advancement of Science. (g) The
schematic diagram of BTA anticorrosion. (h) ToF-SIMS for depth profiling in aged PSCs with BTA/Cu after aging at 85 °C for S00 h in a glovebox. (i)
Thermal stability of unencapsulated PSCs aged at 85 °C in a glovebox. Reproduced with permission from ref 68. Copyright 2020 American Association

for the Advancement of Science.

Perovskite materials, characterized by their soft lattice and
relatively weak bonds as ionic crystals, exhibit a low defect
formation energy. This makes them susceptible to ion defects
induced by heat and light, exacerbated by electric fields that
promote ion migration within the perovskite lattice.”” " Such
ion migration leads to local crystal deformation and electrode
erosion, contributing to detrimental phenomena like current
density—voltage hysteresis and phase segregation.”®" These
issues significantly curtail the stability and performance of PSCs,
thereby impeding their path to commercial viability. Organic
molecules have emerged as effective agents to mitigate these
challenges by passivating defects and suppressing ion migration
in PSCs. Polymers, in particular, offer superior passivation

3404

capabilities and stronger barriers compared to small mole-
cules.”> ™%

Duan et al. introduced self-polymerized methyl methacrylate
(sMMA) as an innovative approach to suppress ion migration
and enhance PSCs’ durability (Figure 4a).°° The introduced
SMMA effectively blocks ion diffusion channels and immobilizes
Pb*" ions, significantly hindering their migration toward the Ag
electrode and the diffusion of Ag (Figure 4b). This intervention
notably enhances operation stability (Figure 4c), presenting a
promising avenue for advancing PSCs toward commercializa-
tion. Cao et al. developed a 3D star-shaped polymer,
silsesquioxane-poly(trifluoroethyl methacrylate)-b-poly(methyl
methacrylate) (PPP), aimed at mitigating ion migration and
improving charge transport at the perovskite interface (Figure
4d).°” The polymeric PPP forms a protective core—shell
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structure around the perovskite crystals, imparting robust
resistance to ion migration and humidity (Figure 4e). PSCs
with PPP incorporation demonstrated exceptional stability,
maintaining high efficiency at the maximum power point for
1000 h at elevated temperature under continuous one-sun
illumination (Figure 4f). Li et al. proposed a chemical
anticorrosion strategy to enhance the PSC stability by
incorporating benzotriazole (BTA) before the Cu electrode
(Figure 4g). BTA chemically coordinated with the Cu, forming a
polymeric [BTA-Cu] film that effectively suppresses ion
migration of I” and corrosion of the Cu electrode (Figure 4h).
The modified device with this chemical anticorrosion strategy
demonstrated excellent durability, maintaining over 90% of its
initial efficiency even after undergoing 1000 h of aging at 85 °C
(Figure 4i).68

Besides, a copolymer strategy by Ma et al. was innovatively
developed using a poly[4,8-bis(5-(2-ethylhexyl)thiophen-2-
yl)benzo[1,2-b;4,5-b’ ]dithiophene-2,6-diyl-alt-(4-(2-ethylhex-
yl)-3-fluorothieno(3,4-b]thiophene-)-2-carboxylate-2—6-diyl)]
(PCE10) and monopolymer polystyrene (PS) to create a barrier
at the perovskite boundary, effectively hindering ion migration
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across grain boundaries.”” The barrier prevents ions from
diffusing freely, thereby stabilizing the devices. Liu et al.
developed hydrophobic hydrogen-bonded polymer networks
(HHPN) using poly(ionic liquid)s (PILs), which passivate the
perovskite/ETL interface.”’ These networks not only inhibit ion
migration but also act as barriers against water and oxygen
intrusion, thereby enhancing the device stability. Furthermore,
Zhang et al. integrated a polymerizable organic small molecule
monomer, n-carbamoyl-2-propen-2-yl-4-enamide (Apronal),
into perovskite films to form a cross-linked polymer (P-Apronal)
by thermal cross-linking.”' The approach effectively fixes ion
positions through multiple hydrogen bonds, thereby preventing
thermally active ion migration and improving long-term

stability.

Obtaining satisfactory lifetime for PSCs remains challenging
compared to commercial silicon solar cells.””** Perovskite
materials have a soft ionic lattice feature and include unstable
components with weak interactions, such as hydrogen bonds or
van der Waals interactions. Defects like halide vacancy usually
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serve as initial decomposition sites or channels for ion migration,
contributing to phase separation and film decomposition.”*~">
Besides, CTLs are sensitive to light and heat. In organic
semiconductors, illumination can generate free radicals that
result in cross-linking to form new separated phases or increased
disorder within CTLs.”® To enhance device stability, various
polymer design strategies were developed to enhance the
inherent perovskite stability and establish in situ device self-
encapsulation networks within devices.”””®

Internally, defects in the bulk, grain boundaries, and surfaces
of perovskite crystals make them susceptible to degradation by
oxygen and moisture in the environment. Many polymers can
effectively passivate these defects by coordinating with
uncoordinated Pb** ions. For instance, Li et al. utilized the
ordered dipolar structure polymer, b-poly(1,1-difluoroethy-
lene), to stabilize perovskite films (Figure Sa), achieving 96%
retention of the initial efficiency after 1000 h of 1-sun maximum
power point tracking (Figure Sb).”” Additionally, Li et al.
improved humidity stability using polymeric 3-fluoro-4-
methoxy-4',4"-bis((4-vinyl benzyl ether) methyl))-
triphenylamine (FTPA), attributing its effectiveness to the
hydrophobic properties of fluorine-based polymeric FTPA on
grain boundaries and perovskite surfaces, maintaining over 95%
of initial PCE after 1000 h of exposure to sunlight and 50%
humidity.”’ Xu et al. developed a self-repairing polymer PPG-
mUPy-APDS, rich in hydrogen bonds and carbonyl groups,
which enhanced stability by forming chemical interactions with
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perovskite and coordinating with Pb? ions. The resulting device
remained 89% of its initial efficiency after 2000 h stability test in
ambient air (23 = 2 °C and 30 + 10% relative humidity
(RH)).*° Zhao et al. proposed using hygroscopic polymer PEG,
which demonstrated improved water stability and self-healing
capabilities by attracting MA" through hydrogen bonding and
preventing its escape.8

Another effective strategy to enhance thermal and humidity
stability involves employing encapsulation techniques to prevent
the ingress of humidity and oxygen from the environment,
thereby suppressing the gaseous decomposition of perovskite
materials. Li et al. developed an ultraviolet-curable block
polymer (PM2) for encapsulating monolithic perovskite-silicon
tandem solar cells (Figure Sc). PM2 material is eco-friendly and
solidifies under UV light in just 1 min. Stability test conducted at
60 °C and 85% relative humidity (RH) demonstrated that the
device retained over 90% of its initial efficiency after 1000 h
(Figure 5d).** Moreover, Wang et al. designed a self-cross-
linked fluorosilicone polymer gel (CFDP) for room-temper-
ature, encapsulation. This approach effectively enhances heat
dissipation, mitigates thermal stress, and blocks humidity and
oxygen ingress (Figure Se). Encapsulated devices maintained
98% of their initial PCE after 1000 h under 85% RH and 85 °C
conditions (Figure 5f). Moreover, 220 thermal cycles, the
devices retained 95% of their initial PCE (Figure 5g).* These
strategies highlight the potential of polymers for enhancing the
stability of PSCs through both internal modification and external
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encapsulation approaches, paving the way for their further
development and application in renewable energy technologies.

The rapid growth of portable electronic products has made
research into flexible solar cells increasingly attractive. Perov-
skite materials are recognized as promising candidates due to
their excellent photovoltaic performance, low-temperature film
processing, and low cost. However, the tendency to generate
cracks during bending restricts their widespread application in
devices such as wearables and portables.”” To address this
challenge, polymers or polymeric networks are commonly used
to bridge grain boundaries or adhere the perovskite to adjacent
functional layers, which eﬂ:ectivelgf mitigates film strain and
enhances mechanical properties.****

Given to strengthen the interface adhesion between perov-
skite and charge transport layer (CTL), Li et al. developed
dendritic hyperbranched molecules (HBPs) integrated into the
SnO,/perovskite interface to improve the film adhesion and
mechanical stability in flexible PSCs (Figure 6a).*® These HBPs
contained amine and carbonyl functional groups that anchor
with perovskite and SnO,, respectively, creating a binding effect.
Moreover, the hydrogen bond network within HBPs dissipated
the mechanical energy through reversible association, increasing
fracture energy and enabling self-healing of microcracks while
inhibiting crack formation (Figure 6b). Flexible PSCs with
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HBPs exhibited exceptional bending resistance even after 10000
bends at a radius of 3 mm (Figure 6¢c). Meng et al. employed a
and glued polymer, Poly(3,4-
ethylenedioxythiophene):poly(ethylene-co-vinyl acetate) (PE-
DOT:EVA), between indium tin oxide (ITO) and perovskite
layers to promote oriented crystallization and device adhesion
(Figure 6d).”

On the one hand, PEDOT:EVA can interact with perovskite
precursor solution and ITO film to produce fewer perovskite
nuclei, thus optimizing the growth of perovskite film and
improving the interfacial contact with ITO. On the other hand,
PEDOT:EVA has better cohesion and mechanical stability due
to the adsorption interaction in PEDOT:EVA ink. Benefiting
from the strengthened interface contact, the flexible device
maintained approximately 96% of its initial PCE After 7000
cycles at a 10 mm bending radius (Figure 6e).

Considering the intrinsic flexible improvement, Xue et al.
explored the benefits of a self-healing ionic conductive elastomer
(ICE) in flexible PSCs, demonstrating its capability to repair
grain boundary cracks and reduce the potential difference
between grains and grain boundaries (Figure 6£).5% The self-
healing ICE was added to the perovskite precursor, leading to
the formation of the cross-linked network structure of ICE at the
grain boundary of the perovskite. The adhesive ICE on the
separated particles at the bending cycle fracture of the film can

conductive
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be rapidly connected by dynamic covalent disulfide bonds and
noncovalent hydrogen bonds, thereby repairing micro- and
macrocracks in perovskite films. This self-repairing ability
significantly improved device performance and bending stability
over 10 000 cycles at bending radii of both 10 mm and S mm
(Figure 6g, h). Xiong et al. investigated the incorporation of
polymer polyvinylpyrrolidone (PVP) into perovskite films
through hydrogen bonding interactions, which not only slowed
perovskite film degradation in a humid environment but also
enhanced the film mechanical strength.®” Huang et al. found that
elastomer polyurethane (PU) additives cross-linked the grain
boundaries between adjacent perovskite crystals, forming a PU
network that effectively enhanced film flexibility.”’ Comparative
mechanical bending tests showed perovskite films with PU
maintained uniform morphology without cracks, highlighting
PU’s role in improving film flexibility.

In the process of commercializing PSCs, they are inevitably
exposed to environmental factors, such as rain and high
temperatures. These conditions can lead to significant lead
leakage from the devices, posing serious health and environ-
mental risk due to the toxicity of lead accumulation.”"”* To
address this issue, strategies focus on converting water-soluble
Pb** into insoluble forms to prevent their transfer from damaged
equipment.%’94

One effective approach involves the use of interpenetrating
polymer networks within the perovskite structure. These
networks utilize abundant functional groups that interact
strongly with Pb** ions, thereby effectively limiting lead
leakage.”” ™"’ For instance, Wang et al. developed a self-cross-
linked fluorosilicone polymer gel, CFDP, which achieves
nondestructive encapsulation at room temperature (Figure
7a). Devices encapsulated devices with CFDP exhibited
excellent inhibition of lead leakage under the water-dripping
test (Figure 7b).** This polymer not only addresses the lead
leakage issue effectively but also offers excellent processability at
low temperatures, thereby mitigating the impact of high
temperatures on unstable perovskite materials. Similarly, Li et
al. utilized a highly adhesive polyamide-amine-based hyper-
branched polymer to enhance the interface integrity and
effectively suppress lead leakage effectively. The polymers
contain abundant intramolecular cavities that provide numerous
sites (—C=0, —NH— and —NH, groups) for Pb** adsorption
sites to capture Pb*', significantly reducing lateral water
permeation and maintaining 98% lead retention efficiency
compared to control devices (Figure 7c, d).”®

Additionally, Dong et al. implemented a poly(vinyl
butyraldehyde) (PVB) layer as an internal encapsulation barrier
between the perovskite and ETLs. This internal layer effectively
suppresses lead leakage and enhances the overall stability of
PSCs.”” Another innovative method introduced by Zhang et al.
involves incorporating the introduced organic monomer
octafluoro-1,6-hexanediol diacrylate (POF-HDDA) into the
perovskite film.'*’ This forms a protective polymer POF-HDDA
through in situ cross-linking, where the hydrophobic —C—F
groups shield Pb** from water infiltration and anchor non-
coordinating Pb** ions (Figure 7e, f). Testing shows that POF-
HDDA significantly reduces lead leaching compared to control
films, with an 85% inhibition rate observed after 180 min (Figure

7g).
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High-efficiency and stable PSCs have long been the focus of
research efforts. While significant strides have been made in
improving their efficiency, ensuring long-term stability remains a
critical challenge for their commercial viability. Researchers have
explored various approaches to achieve efficient, stable, and
hysteresis-free perovskite solar cells. Among these, polymers
have emerged as promising partners due to their unique
chemical and physical properties. Polymers have been
extensively studied as additives in various components of
PSCs, including the light-absorbing layers, charge transport
layers, and interfacial buffer layers. This strategy harnesses
polymers’ potential to enhance stability and overall perform-
ance. This review summarizes recent advancements in polymer
applications for enhancing charge transport, controlling perov-
skite crystallization kinetics, inhibiting ion migration, improving
device flexibility, ensuring stability, and preventing lead leakage
in PSCs.

While polymer strategies demonstrate significant potential,
several challenges remain unresolved. These include identifying
optimal types of functional groups, chemical interaction
strength, optical properties and physical properties of polymers
(Figure 8). Addressing these challenges is crucial for further
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PSCs.

advancing polymer applications in perovskite films and devices.
To tackle these issues, the following strategies are proposed

I. Tailoring polymer structure to enhance intrinsic stability
of perovskite materials: Improving the intrinsic stability of
perovskite materials is crucial for addressing the device
stability issues. Thus, the most effective and urgent
strategy involves customizing the polymer structures to
meet the perovskite requirements. Designing novel
polymers with specific functional groups that interact
favorably with perovskite materials is essential. These
polymers should effectively passivate defects, regulate
perovskite crystallization, inhibit ion migration, and
facilitate high charge transfer rates with high selectivity

https://doi.org/10.1021/jacsau.4c00615
JACS Au 2024, 4, 3400—3412


https://pubs.acs.org/doi/10.1021/jacsau.4c00615?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.4c00615?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.4c00615?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.4c00615?fig=fig8&ref=pdf
pubs.acs.org/jacsau?ref=pdf
https://doi.org/10.1021/jacsau.4c00615?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

for either holes or electrons. For example, polymers with
multiple active sites can support the coexistence of various
interactions to enhance the passivation effectiveness.
Additionally, incorporating a cross-linked network with a
high elastic modulus improves the mechanical properties
of perovskite films, thereby enhancing their resistance to
environmental stress and prolonging their operational

stability.

Simultaneous external and internal polymer encapsula-
tion: Implementing both external polymer encapsulation
and internal polymer encapsulation integration within the
device concurrently can comprehensively enhance the
performance and stability of PSCs. The encapsulation
materials should meet the following criteria: a suitable
refractive index to minimize optical losses; resistance to
heat, oxygen, and ultraviolet radiation; an appropriate
coeflicient of thermal expansion compatible with the
perovskite layer to prevent delamination; low-temper-
ature processing to avoid damaging the perovskite; and
enhanced capability to absorb lead ions from damaged
perovskite modules, thereby reducing environmental
contamination.

IL

III. Optimizing polymer integration method: Practical
application of polymer strategy in PSCs faces several
challenges. For example, phase separation between
polymer and main material may occur, reducing the
efficiency and stability of the device due to the poor
compatibility of polymer and perovskite. Additionally,
some polymers exhibit low charge mobility or electrical
insulation, making device performance highly sensitive to
the polymer concentration or thickness. To address these
issues, we propose that employing suitable methods such
as in situ or ex situ polymerization for chemical blending
and determining appropriate molecular weights or doping
levels based on specific integration methods and
experimental conditions.

IV. Establishing perovskite/organic tandem devices: Utilizing
organic active layers as an effective encapsulation layer or
protective barrier for underlying PSCs on the consid-
eration of their robust hydrophobic properties. Incorpo-
rating chelation groups for Pb** can suppress lead leakage
and enhance operational safety. Besides, PSCs serve as
high-energy photon filter to effectively enhance the
photostability of organic solar cells. Thus, tandem devices
combining perovskite and organic solar cells can improve
overall device efficiency and stability.

In wide-bandgap perovskite subcells of tandem devices,
polymers containing various functional groups can be
engineered as additives or interfacial layers to facilitate multiple
interactions with perovskites. Designing confined polymer
networks can effectively suppress ion migration and passivate
defects while serving as a barrier against water and oxygen
intrusion, thereby enhancing device stability and photovoltaic
conversion efficiency.

Apart from the active layer, the interconnective layer (ICL) in
tandem devices is crucial to the overall device performance.
Factors such as parasitic absorption, interfacial contact proper-
ties, and material mobility of ICLs significantly affect light
absorption in the active layer and carrier transport efficiency.
While ultrathin metal materials are commonly used for ICLs,
their poor light transmission often results in inferior perform-
ance. Additionally, the vacuum deposition process used to
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prepare metal-based ICLs can cause perovskite film damage. By
molecularly designing polymeric ICLs with high mobility and
high transparency, it is possible to improve carrier transport and
light absorption in the active layer, as well as reduce voltage loss
and nonradiative recombination, thereby enhancing the
performance of tandem devices.

By pursuing these strategies, researchers aim to unlock the full
potential of polymers in improving the stability and efficiency of
PSCs, paving the way for their broader application in renewable
energy technologies.

Ming-Hua Li — Beijing National Laboratory for Molecular
Sciences (BNLMS), Institute of Chemistry, Chinese Academy
of Sciences, Beijing 100190, China; College of Chemical
Engineering, Beijing Advanced Innovation Center for Soft
Matter Science and Engineering, Beijing University of Chemical
Technology, Beijing 100029, China; Email: limh2022@
buct.edu.cn

Jin-Song Hu — Beijing National Laboratory for Molecular
Sciences (BNLMS), Institute of Chemistry, Chinese Academy
of Sciences, Beijing 100190, China; University of Chinese
Academy of Sciences, Beijing 100049, China; © orcid.org/
0000-0002-6268-0959; Email: hujs@iccas.ac.cn

Shuo Wang — Beijing National Laboratory for Molecular
Sciences (BNLMS), Institute of Chemistry, Chinese Academy
of Sciences, Beijing 100190, China

Xue-Yuan Gong — Beijing National Laboratory for Molecular
Sciences (BNLMS), Institute of Chemistry, Chinese Academy
of Sciences, Beijing 100190, China; College of Chemical
Engineering, Beijing Advanced Innovation Center for Soft
Matter Science and Engineering, Beijing University of Chemical
Technology, Beijing 100029, China

Ming-Xin Li — Beijing National Laboratory for Molecular
Sciences (BNLMS), Institute of Chemistry, Chinese Academy
of Sciences, Beijing 100190, China; College of Chemical
Engineering, Beijing Advanced Innovation Center for Soft
Matter Science and Engineering, Beijing University of Chemical
Technology, Beijing 100029, China

Complete contact information is available at:
https://pubs.acs.org/10.1021/jacsau.4c00615

IS.W. and X.-Y.G. contributed equally.

The authors declare no competing financial interest.

This work was supported by the National Natural Science
Foundation of China (22025208, 22379010, 22109166,
22309190), the Chinese Academy of Sciences.

(1) Dong, Q.; Fang, Y.; Shao, Y.; Mulligan, P.; Qiu, J.; Cao, L.; Huang,
J. Electron-hole diffusion lengths > 175 pm in solution-grown
CH;NH;Pb, single crystals. Science 20185, 347 (6225), 967—970.

(2) Shi, D.; Adinolfi, V.; Comin, R.; Yuan, M.; Alarousu, E.; Buin, A.;
Chen, Y.; Hoogland, S.; Rothenberger, A.; Katsiev, K,; et al. Solar cells.

https://doi.org/10.1021/jacsau.4c00615
JACS Au 2024, 4, 3400—3412


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ming-Hua+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
mailto:limh2022@buct.edu.cn
mailto:limh2022@buct.edu.cn
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jin-Song+Hu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-6268-0959
https://orcid.org/0000-0002-6268-0959
mailto:hujs@iccas.ac.cn
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shuo+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xue-Yuan+Gong"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ming-Xin+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.4c00615?ref=pdf
https://doi.org/10.1126/science.aaa5760
https://doi.org/10.1126/science.aaa5760
https://doi.org/10.1126/science.aaa2725
pubs.acs.org/jacsau?ref=pdf
https://doi.org/10.1021/jacsau.4c00615?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Low trap-state density and long carrier diffusion in organolead trihalide
perovskite single crystals. Science 2015, 347 (6221), S19—522.

(3) Lu, H,; Krishna, A.; Zakeeruddin, S. M.; Gratzel, M.; Hagfeldt, A.
Compositional and Interface Engineering of Organic-Inorganic Lead
Halide Perovskite Solar Cells. iScience 2020, 23 (8), No. 101359.

(4) Burschka, J.; Pellet, N.; Moon, S. J.; Humphry-Baker, R.;; Gao, P.;
Nazeeruddin, M. K,; Gratzel, M. Sequential deposition as a route to
high-performance perovskite-sensitized solar cells. Nature 2013, 499
(7458), 316—319.

(5) Jeon, N.J.; Noh, J. H.; Kim, Y. C.; Yang, W. S; Ry, S.; Seok, S. L.
Solvent engineering for high-performance inorganic-organic hybrid
perovskite solar cells. Nat. Mater. 2014, 13 (9), 897—903.

(6) Kojima, A.; Teshima, K.; Shirai, Y.; Miyasaka, T. Organometal
halide perovskites as visible-light sensitizers for photovoltaic cells. J. Am.
Chem. Soc. 2009, 131 (17), 6050—6051.

(7) Zhou, J.; Tan, L.; Liu, Y.; Li, H; Liu, X; Li, M.; Wang, S.; Zhang,
Y.; Jiang, C.; Hua, R; et al. Highly efficient and stable perovskite solar
cells via a multifunctional hole transporting material. Joule 2024, 8 (6),
1691-1706.

(8) Baikie, T.; Fang, Y.; Kadro, J. M; Schreyer, M.; Wei, F;
Mhaisalkar, S. G.; Graetzel, M.; White, T. J. Synthesis and crystal
chemistry of the hybrid perovskite (CH;NH;)Pbl; for solid-state
sensitised solar cell applications. J. Mater. Chem. A 2013, 1 (18), 5628—
5641.

(9) Rong, Y.; Liu, L.; Mei, A; Li, X.; Han, H. Beyond Efficiency: the
Challenge of Stability in Mesoscopic Perovskite Solar Cells. Adv. Energy
Mater. 2015, S (20), No. 1501066.

(10) Bryant, D.; Aristidou, N.; Pont, S.; Sanchez-Molina, L;
Chotchuangchutchaval, T.; Wheeler, S.; Durrant, J. R;; Haque, S. A.
Correction: Light and oxygen induced degradation limits the
operational stability of methylammonium lead triiodide perovskite
solar cells. Energy Environ. Sci. 2016, 9 (), 1850—1850.

(11) Li, M.-H,; Qiu, F.-Z,; Wang, S.; Jiang, Y.; Hu, J.-S. Hole
transporting materials in inorganic CsPbl;_ Br, solar cells: Fundamen-
tals, criteria and opportunities. Mater. Today 2022, 52, 250—268.

(12) Wang, S.; Li, M.-H,; Jiang, Y.; Hu, J.-S. Instability of solution-
processed perovskite films: origin and mitigation strategies. Mater.
Futures 2023, 2 (1), 012102.

(13) Xu, Y.; Guo, X,; Lin, Z.; Wang, Q;; Su,J.; Zhang, J.; Hao, Y.; Yang,
K; Chang, ]. Perovskite Films Regulation via Hydrogen-Bonded
Polymer Network for Efficient and Stable Perovskite Solar Cells. Angew.
Chem., Int. Ed. 2023, 62 (33), No. €202306229.

(14) Zhao, Y.; Zhou, W.; Han, Z; Yu, D.; Zhao, Q. Effects of ion
migration and improvement strategies for the operational stability of
perovskite solar cells. Phys. Chem. Chem. Phys. 2021, 23 (1), 94—106.

(15) Zhong, Y.; Yang, J.; Wang, X.; Liu, Y.; Cai, Q;; Tan, L.; Chen, Y.
Inhibition of Ion Migration for Highly Efficient and Stable Perovskite
Solar Cells. Adv. Mater. 2023, 35 (52), No. e2302552.

(16) Wang, H.; Liu, H; Dong, Z; Li, W,; Zhu, L; Chen, H.
Composition manipulation boosts the efficiency of carbon-based
CsPbl; perovskite solar cells to beyond 14%. Nano Energy 2021, 84,
No. 105881.

(17) An, Y,; Zhang, N.; Zeng, Z.; Cai, Y,; Jiang, W.; Qj, F.; Ke, L.; Lin,
F.R,; Tsang, S. W.; Shi, T; et al. Optimizing Crystallization in Wide-
Bandgap Mixed Halide Perovskites for High-Efficiency Solar Cells. Adv.
Mater. 2024, 36 (17), No. €2306568.

(18) He, D.; Ma, D.; Lj, R;; Liu, B.; Zhou, Q.; Yang, H.; Lu, S.; Zhang,
Z.; Li, C,; Li, X; et al. Synergistically Stabilizing Hole Transport Layer
and Dual Interface Enables High-Performance Perovskite Solar Cells.
ACS Energy Lett. 2024, 9 (6), 2615—2625.

(19) Chen, J. Z.; Park, N. G. Materials and Methods for Interface
Engineering toward Stable and Efficient Perovskite Solar Cells. ACS
Energy Lett. 2020, S (8), 2742—2786.

(20) Li, M. H;; Shao, J. Y; Jiang, Y.; Qiu, F. Z.; Wang, S.; Zhang, J.;
Han, G.; Tang, J.; Wang, F.; Wei, Z,; et al. Electrical Loss Management
by Molecularly Manipulating Dopant-free Poly(3-hexylthiophene)
towards 16.93% CsPbL,Br Solar Cells. Angew. Chem., Int. Ed. 2021,
60 (30), 16388—16393.

3410

(21) Wang, S.; Li, M.-H.; Zhang, Y.; Jiang, Y.; Xu, L.; Wang, F.; Hu, J.-
S. Surface n-type band bending for stable inverted CsPbl; perovskite
solar cells with over 20% efficiency. Energy Environ. Sci. 2023, 16 (6),
2572-2578.

(22) Wang, R;; Zhu, J; You, J.; Huang, H.; Yang, Y.; Chen, R.; Wang,
J; Xu, Y;; Gao, Z.; Chen, J.; et al. Custom-tailored solvent engineering
for efficient wide-bandgap perovskite solar cells with a wide processing
window and low V. losses. Energy Environ. Sci. 2024, 17 (7), 2662—
2669.

(23) Wu, Z.; Sang, S.; Zheng, J.; Gao, Q.; Huang, B.; Li, F.; Sun, K;
Chen, S. Crystallization Kinetics of Hybrid Perovskite Solar Cells.
Angew. Chem., Int. Ed. 2024, 63 (17), No. €202319170.

(24) Bi, D.; Yi, C.; Luo, J.; Décoppet, J.-D.; Zhang, F.; Zakeeruddin, S.
M,; Li, X.; Hagfeldt, A.; Gritzel, M. Polymer-templated nucleation and
crystal growth of perovskite films for solar cells with efficiency greater
than 21%. Nat. Energy 2016, 1 (10), No. 16142.

(25) Wu, G; Li, H;; Cui, J.; Zhang, Y.; Olthof, S.; Chen, S.; Liu, Z;
Wang, D; Liu, S. F. Solvent Engineering Using a Volatile Solid for
Highly Efficient and Stable Perovskite Solar Cells. Adv. Sci. 2020, 7
(10), No. 1903250.

(26) Yu, Y; Yang, S.; Lei, L; Cao, Q; Shao, J.; Zhang, S.; Liu, Y.
Ultrasmooth Perovskite Film via Mixed Anti-Solvent Strategy with
Improved Efficiency. ACS Appl. Mater. Interfaces 2017, 9 (4), 3667—
3676.

(27) Li, M. H,; Yeh, H. H,; Chiang, Y. H,; Jeng, U. S.; Su, C.J.; Shiu, H.
W.; Hsu, Y. J.; Kosugi, N.; Ohigashi, T.; Chen, Y. A; et al. Highly
Efficient 2D/3D Hybrid Perovskite Solar Cells via Low-Pressure
Vapor-Assisted Solution Process. Adv. Mater. 2018, 30 (30),
No. e1801401.

(28) Wu, Y,; Xie, F.; Chen, H; Yang, X; Su, H; Cai, M.; Zhou, Z;
Noda, T.; Han, L. Thermally Stable MAPbI; Perovskite Solar Cells with
Efficiency of 19.19% and Area over 1 cm?® achieved by Additive
Engineering. Adv. Mater. 2017, 29, 1701073.

(29) Kim, K;; Han, J.; Lee, S.; Kim, S.; Choi, J. M.; Nam, J. S.; Kim, D.;
Chung, I; Kim, T. D.; Manzhos, S.; et al. Liquid-State Dithiocarbonate-
Based Polymeric Additives with Monodispersity Rendering Perovskite
Solar Cells with Exceptionally High Certified Photocurrent and Fill
Factor. Adv. Energy Mater. 2023, 13 (14), No. 2203742.

(30) Li, M.-H,; Wang, S.; Ma, X;; Long, R.;; Wy, J; Xiao, M,; Fu, J;
Jiang, Z.; Chen, G.; Jiang, Y.; et al. Hydrogen-bonding-facilitated
dimethylammonium extraction for stable and efficient CsPbl; solar
cells with environmentally benign processing. Joule 2023, 7 (11),
2595—-2608.

(31) Li, M;; Sun, R; Chang, J.; Dong, J.; Tian, Q; Wang, H.; Li, Z.;
Yang, P.; Shi, H,; Yang, C.; et al. Orientated crystallization of FA-based
perovskite via hydrogen-bonded polymer network for efficient and
stable solar cells. Nat. Commun. 2023, 14 (1), 573.

(32) Wang, T.; Wan, Z.; Min, X.; Chen, R; Li, Y; Yang, J.; Pu, X;
Chen, H.; He, X,; Cao, Q; et al. Synergistic Defect Healing and Device
Encapsulation via Structure Regulation by Silicone Polymer Enables
Durable Inverted Perovskite Photovoltaics with High Efficiency. Adv.
Energy Mater. 2024, 14 (S), No. 2302552.

(33) Zhao, Y.; Zhu, P.; Wang, M.; Huang, S.; Zhao, Z.; Tan, S.; Han,
T.H.,; Lee, J. W.; Huang, T.; Wang, R.; et al. A Polymerization-Assisted
Grain Growth Strategy for Efficient and Stable Perovskite Solar Cells.
Adv. Mater. 2020, 32 (17), No. e1907769.

(34) Ren, Z.; Cui, Z.; Shi, X; Wang, L.; Dou, Y.; Wang, F.; Lin, H.;
Yan, H.; Chen, S. Poly(carbazole phosphonic acid) as a versatile hole-
transporting material for p-i-n perovskite solar cells and modules. Joule
2023, 7 (12), 2894—2904.

(35) Gao, X.-X;; Xue, D.-J.; Gao, D.; Han, Q.; Ge, Q.-Q.; Ma, J.-Y,;
Ding, J; Zhang, W.; Zhang, B.; Feng, Y, et al. High-Mobility
Hydrophobic Conjugated Polymer as Effective Interlayer for Air-Stable
Efficient Perovskite Solar Cells. Solar RRL 2019, 3 (1), No. 1800232.

(36) Howard, 1. A.; Abzieher, T.; Hossain, 1. M; Eggers, H,;
Schackmar, F.; Ternes, S.; Richards, B. S.; Lemmer, U.; Paetzold, U. W.
Coated and Printed Perovskites for Photovoltaic Applications. Adv.
Mater. 2019, 31 (26), No. e1806702.

https://doi.org/10.1021/jacsau.4c00615
JACS Au 2024, 4, 3400—3412


https://doi.org/10.1126/science.aaa2725
https://doi.org/10.1126/science.aaa2725
https://doi.org/10.1016/j.isci.2020.101359
https://doi.org/10.1016/j.isci.2020.101359
https://doi.org/10.1038/nature12340
https://doi.org/10.1038/nature12340
https://doi.org/10.1038/nmat4014
https://doi.org/10.1038/nmat4014
https://doi.org/10.1021/ja809598r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja809598r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.joule.2024.02.019
https://doi.org/10.1016/j.joule.2024.02.019
https://doi.org/10.1039/c3ta10518k
https://doi.org/10.1039/c3ta10518k
https://doi.org/10.1039/c3ta10518k
https://doi.org/10.1002/aenm.201501066
https://doi.org/10.1002/aenm.201501066
https://doi.org/10.1039/C6EE90023B
https://doi.org/10.1039/C6EE90023B
https://doi.org/10.1039/C6EE90023B
https://doi.org/10.1016/j.mattod.2021.11.017
https://doi.org/10.1016/j.mattod.2021.11.017
https://doi.org/10.1016/j.mattod.2021.11.017
https://doi.org/10.1088/2752-5724/acb838
https://doi.org/10.1088/2752-5724/acb838
https://doi.org/10.1002/anie.202306229
https://doi.org/10.1002/anie.202306229
https://doi.org/10.1039/D0CP04418K
https://doi.org/10.1039/D0CP04418K
https://doi.org/10.1039/D0CP04418K
https://doi.org/10.1002/adma.202302552
https://doi.org/10.1002/adma.202302552
https://doi.org/10.1016/j.nanoen.2021.105881
https://doi.org/10.1016/j.nanoen.2021.105881
https://doi.org/10.1002/adma.202306568
https://doi.org/10.1002/adma.202306568
https://doi.org/10.1021/acsenergylett.4c00816?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsenergylett.4c00816?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsenergylett.0c01240?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsenergylett.0c01240?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.202105176
https://doi.org/10.1002/anie.202105176
https://doi.org/10.1002/anie.202105176
https://doi.org/10.1039/D3EE00423F
https://doi.org/10.1039/D3EE00423F
https://doi.org/10.1039/D4EE00330F
https://doi.org/10.1039/D4EE00330F
https://doi.org/10.1039/D4EE00330F
https://doi.org/10.1002/anie.202319170
https://doi.org/10.1038/nenergy.2016.142
https://doi.org/10.1038/nenergy.2016.142
https://doi.org/10.1038/nenergy.2016.142
https://doi.org/10.1002/advs.201903250
https://doi.org/10.1002/advs.201903250
https://doi.org/10.1021/acsami.6b14270?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.6b14270?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/adma.201801401
https://doi.org/10.1002/adma.201801401
https://doi.org/10.1002/adma.201801401
https://doi.org/10.1002/adma.201701073
https://doi.org/10.1002/adma.201701073
https://doi.org/10.1002/adma.201701073
https://doi.org/10.1002/aenm.202203742
https://doi.org/10.1002/aenm.202203742
https://doi.org/10.1002/aenm.202203742
https://doi.org/10.1002/aenm.202203742
https://doi.org/10.1016/j.joule.2023.09.009
https://doi.org/10.1016/j.joule.2023.09.009
https://doi.org/10.1016/j.joule.2023.09.009
https://doi.org/10.1038/s41467-023-36224-6
https://doi.org/10.1038/s41467-023-36224-6
https://doi.org/10.1038/s41467-023-36224-6
https://doi.org/10.1002/aenm.202302552
https://doi.org/10.1002/aenm.202302552
https://doi.org/10.1002/aenm.202302552
https://doi.org/10.1002/adma.201907769
https://doi.org/10.1002/adma.201907769
https://doi.org/10.1016/j.joule.2023.10.014
https://doi.org/10.1016/j.joule.2023.10.014
https://doi.org/10.1002/solr.201800232
https://doi.org/10.1002/solr.201800232
https://doi.org/10.1002/solr.201800232
https://doi.org/10.1002/adma.201806702
pubs.acs.org/jacsau?ref=pdf
https://doi.org/10.1021/jacsau.4c00615?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

(37) Bi, C; Wang, Q.; Shao, Y; Yuan, Y,; Xiao, Z.; Huang, J. Non-
wetting surface-driven high-aspect-ratio crystalline grain growth for
efficient hybrid perovskite solar cells. Nat. Commun. 2018, 6, 7747.

(38) Chen, S.; Xiao, X; Gu, H.; Huang, J. Iodine reduction for
reproducible and high-performance perovskite solar cells and modules.
Sci. Adv. 2021, 7 (10), No. eabe8130.

(39) Li, Z.; Li, B,; Wu, X.; Sheppard, S. A.; Zhang, S.; Gao, D.; Long,
N. J; Zhu, Z. Organometallic-functionalized interfaces for highly
efficient inverted perovskite solar cells. Science 2022, 376 (6591), 416—
420.

(40) Li, M. H,; Gong, X.; Wang, S.; Li, L.; Fu, J.; Wy, J.; Tan, Z.; Hy, J.
S. Facile Hydrogen-Bonding Assisted Crystallization Modulation for
Large-area High-quality CsPbI,Br Films and Efficient Solar Cells.
Angew. Chem.,, Int. Ed. 2024, 63 (10), No. e202318591.

(41) Zhao, Y.; Heumueller, T.; Zhang, J.; Luo, J.; Kasian, O.; Langner,
S.; Kupfer, C.; Liu, B.; Zhong, Y.; Elia, J.; et al. A bilayer conducting
polymer structure for planar perovskite solar cells with over 1,400 h
operational stability at elevated temperatures. Nat. Energy 2022, 7 (2),
144—152.

(42) Dy, T;; Qiu, L.; Zhou, X; Le Corre, V. M.; Wu, M.; Dong, L.;
Peng, Z.; ZhaO, Y,; Jang, D.; Spiecker, E. Efficient, stable, and fully
printed carbon-electrode perovskite solar cells enabled by hole-
transporting bilayers. Joule 2023, 7 (8), 1920—1937.

(43) Ding, Y.; Guo, Q.; Geng, Y.; Dai, Z.; Wang, Z.; Chen, Z.; Guo, Q;
Zheng, Z.; Li, Y.; Zhou, E. A low-cost hole transport layer enables
CsPbI2Br single-junction and tandem perovskite solar cells with record
efficiencies of 17.8% and 21.4%. Nano Today 2022, 46, No. 101586.

(44) Liang, Z.; Zhang, Y.; Xu, H.; Chen, W,; Liu, B.; Zhang, J.; Zhang,
H.; Wang, Z.; Kang, D. H.; Zeng, J.; et al. Homogenizing out-of-plane
cation composition in perovskite solar cells. Nature 2023, 624 (7992),
557—-563.

(45) Yang, W. S.; Park, B. W.; Jung, E. H,; Jeon, N. J; Kim, Y. C,; Lee,
D. U, Shin, S. S; Seo, J; Kim, E. K; Noh, J. H; et al. Iodide
management in formamidinium-lead-halide-based perovskite layers for
efficient solar cells. Science 2017, 356 (6345), 1376—1379.

(46) Qj, Y.; Almtiri, M.; Giri, H; Jha, S.; Ma, G.; Shaik, A. K;; Zhang,
Q.; Pradhan, N,; Gu, X.;; Hammer, N. L; et al. Evaluation of the
Passivation Effects of PEDOT:PSS on Inverted Perovskite Solar Cells.
Adv. Energy Mater. 2022, 12 (46), No. 2202713.

(47) Wang, J; Yu, Z.; Astridge, D. D.; Ni, Z.; Zhao, L.; Chen, B;
Wang, M.; Zhou, Y.; Yang, G.; Dai, X;; et al. Carbazole-Based Hole
Transport Polymer for Methylammonium-Free Tin—Lead Perovskite
Solar Cells with Enhanced Efficiency and Stability. ACS Energy Lett.
2022, 7 (10), 3353—3361.

(48) Li, B.; Yang, K;; Liao, Q.;; Wang, Y.; Su, M,; Li, Y.; Shi, Y.; Feng,
X.; Huang, J.; Sun, H.; et al. Imide-Functionalized Triarylamine-Based
Donor-Acceptor Polymers as Hole Transporting Layers for High-
Performance Inverted Perovskite Solar Cells. Adv. Funct. Mater. 2021,
31 (21), No. 2100332

(49) Dai, Z.; Yadavalli, S. K.; Chen, M.; Abbaspourtamijani, A.; Qi, Y.;
Padture, N. P. Interfacial toughening with self-assembled monolayers
enhances perovskite solar cell reliability. Science 2021, 372 (6542),
618—622.

(50) Hu, L.; Zhang, L.; Ren, W.; Zhang, C.; Wu, Y,; Liu, Y.; Sun, Q;
Dai, Z.; Cui, Y.; Cai, L.; et al. High efficiency perovskite solar cells with
PTAA hole transport layer enabled by PMMA:F4-TCNQ_ buried
interface layer. J. Mater. Chem. C 2022, 10 (26), 9714—9722.

(51) Hou, Y.; Du, X,; Scheiner, S.; McMeekin, D. P.; Wang, Z.; Li, N.;
Killian, M. S.; Chen, H.; Richter, M.; Levchuk, L; et al. A generic
interface to reduce the efficiency-stability-cost gap of perovskite solar
cells. Science 2017, 358 (6367), 1192—1197.

(52) Chen, W.; Zhu, Y.; Xiu, J.; Chen, G.; Liang, H.; Liu, S.; Xue, H.;
Birgersson, E.; Ho, J. W.; Qin, X; et al. Monolithic perovskite/organic
tandem solar cells with 23.6% efficiency enabled by reduced voltage
losses and optimized interconnecting layer. Nat. Energy 2022, 7 (3),
229-237.

(53) Sun, X,; Li, Z.; Yu, X;; Wu, X.; Zhong, C.; Liu, D.; Lei, D.; Jen, A.
K.-Y,; Li, Z. a.; Zhu, Z. Efficient Inverted Perovskite Solar Cells with

3411

Low Voltage Loss Achieved by a Pyridine-Based Dopant-Free Polymer
Semiconductor. Angew. Chem., Int. Ed. 2021, 60 (13), 7227—7233.

(54) Bai, Y.; Zhou, Z.; Xue, Q; Liu, C.; Li, N.; Tang, H.; Zhang, J.; Xia,
X.; Zhang, J; Lu, X; et al. Dopant-Free Bithiophene-Imide-Based
Polymeric Hole-Transporting Materials for Efficient and Stable
Perovskite Solar Cells. Adv. Mater. 2022, 34 (49), No. e2110587.

(55) Sun, X; Li, Y;; Liu, D.; Liu, R;; Zhang, B.; Tian, Q; Fan, B,
Wang, X,; Li, Z.; Shao, Z.; et al. V,_ of Inverted Perovskite Solar Cells
Based on N-Doped PCBM Exceeds 1.2 V: Interface Energy Alignment
and Synergistic Passivation. Adv. Energy Mater. 2023, 13 (41),
No. 2302191.

(56) Chen, W.; Shi, Y.; Wang, Y.; Feng, X.; Djurisic, A. B.; Woo, H. Y.;
Guo, X;; He, Z. N-type conjugated polymer as efficient electron
transport layer for planar inverted perovskite solar cells with power
conversion efficiency of 20.86%. Nano Energy 2020, 68, No. 104363.

(57) Xiao, Z.; Yuan, Y.; Shao, Y.; Wang, Q.; Dong, Q.; Bi, C.; Sharma,
P.; Gruverman, A.; Huang, J. Giant switchable photovoltaic effect in
organometal trihalide perovskite devices. Nat. Mater. 2015, 14 (2),
193—198.

(58) Li, C.; Tscheuschner, S.; Paulus, F.; Hopkinson, P. E.; Kiessling,
J.; Kohler, A.; Vaynzof, Y.; Huettner, S. Iodine Migration and its Effect
on Hysteresis in Perovskite Solar Cells. Adv. Mater. 2016, 28 (12),
2446-2454.

(59) Meloni, S.; Moehl, T.; Tress, W.; Franckevicius, M.; Saliba, M.;
Lee, Y. H,; Gao, P.; Nazeeruddin, M. K, Zakeeruddin, S. M,
Rothlisberger, U,; et al. Ionic polarization-induced current-voltage
hysteresis in CH;NH;PbX; perovskite solar cells. Nat. Commun. 2016,
7, 10334.

(60) Calado, P.; Telford, A. M.; Bryant, D.; Li, X.; Nelson, J.; O’Regan,
B. C,; Barnes, P. R. Evidence for ion migration in hybrid perovskite solar
cells with minimal hysteresis. Nat. Commun. 2016, 7, No. 13831.

(61) Eames, C.; Frost, J. M.; Barnes, P. R.;; O’Regan, B. C.; Walsh, A,;
Islam, M. S. Ionic transport in hybrid lead iodide perovskite solar cells.
Nat. Commun. 2018, 6, 7497.

(62) Zhou, Y.; Yin, Y.; Zuo, X.; Wang, L.; Li, T.-D.; Zhou, Y.; Padture,
N. P.; Yang, Z.; Guo, Y.; Xue, Y,; et al. Enhancing Chemical Stability
and Suppressing Ion Migration in CH3NH3PbI3 Perovskite Solar Cells
via Direct Backbone Attachment of Polyesters on Grain Boundaries.
Chem. Mater. 2020, 32 (12), 5104—5117.

(63) Lee, H. J.; Kang, Y. J;; Kwon, S. N;; Kim, D. H,; Na, S. L
Enhancing the Stability and Efficiency of Inverted Perovskite Solar
Cells with a Mixed Ammonium Ligands Passivation Strategy. Small
Methods 2024, 8 (3), No. e2300948.

(64) Chung, Y,; Kim, K. S.; Jung, J. W. On the role of carboxylated
polythiophene in defect passivation of CsPbI,Br surface for efficient
and stable all-inorganic perovskite solar cells. Int. . Energy. Res. 2022, 46
(5), 6012—6021.

(65) Yadavalli, S. K; Dai, Z.; Chen, M.; Padture, N. P. Delineation and
Passivation of Grain-Boundary Channels in Metal Halide Perovskite
Thin Films for Solar Cells. Adv. Mater. Interfaces 2022, 9 (11),
No. 210258S.

(66) Duan, X,; Li, X; Tan, L; Huang, Z.; Yang, J,; Liu, G.; Lin, Z,;
Chen, Y. Controlling Crystal Growth via an Autonomously
Longitudinal Scaffold for Planar Perovskite Solar Cells. Adv. Mater.
2020, 32 (26), No. e2000617.

(67) Cao, Q; Li, Y.; Zhang, H.; Yang, J.; Han, J.; Xu, T.; Wang, S,;
Wang, Z.; Gao, B.; Zhao, J.; et al. Efficient and stable inverted perovskite
solar cells with very high fill factors via incorporation of star-shaped
polymer. Sci. Adv. 2021, 7 (28), No. eabg0633.

(68) Li, X.; Fu, S.; Zhang, W.; Ke, S.; Song, W.; Fang, J. Chemical anti-
corrosion strategy for stable inverted perovskite solar cells. Sci. Adv.
2020, 6 (51), No. eabd1580.

(69) Ma, Y.; Cheng, Y.; Xu, X; Li, M.; Zhang, C.; Cheung, S. H.; Zeng,
Z.; Shen, D.; Xie, Y. M,; Chiu, K. L.; et al. Suppressing Ion Migration
across Perovskite Grain Boundaries by Polymer Additives. Adv. Funct.
Mater. 2021, 31 (3), No. 2006802.

(70) Liu, L.; Farhadi, B.; Li, J.; Liu, S.; Lu, L.; Wang, H.; Du, M.; Yang,
L.; Bao, S.; Jiang, X,; et al. Hydrophobic Hydrogen-Bonded Polymer

https://doi.org/10.1021/jacsau.4c00615
JACS Au 2024, 4, 3400—3412


https://doi.org/10.1038/ncomms8747
https://doi.org/10.1038/ncomms8747
https://doi.org/10.1038/ncomms8747
https://doi.org/10.1126/sciadv.abe8130
https://doi.org/10.1126/sciadv.abe8130
https://doi.org/10.1126/science.abm8566
https://doi.org/10.1126/science.abm8566
https://doi.org/10.1002/anie.202318591
https://doi.org/10.1002/anie.202318591
https://doi.org/10.1038/s41560-021-00953-z
https://doi.org/10.1038/s41560-021-00953-z
https://doi.org/10.1038/s41560-021-00953-z
https://doi.org/10.1016/j.joule.2023.06.005
https://doi.org/10.1016/j.joule.2023.06.005
https://doi.org/10.1016/j.joule.2023.06.005
https://doi.org/10.1016/j.nantod.2022.101586
https://doi.org/10.1016/j.nantod.2022.101586
https://doi.org/10.1016/j.nantod.2022.101586
https://doi.org/10.1038/s41586-023-06784-0
https://doi.org/10.1038/s41586-023-06784-0
https://doi.org/10.1126/science.aan2301
https://doi.org/10.1126/science.aan2301
https://doi.org/10.1126/science.aan2301
https://doi.org/10.1002/aenm.202202713
https://doi.org/10.1002/aenm.202202713
https://doi.org/10.1021/acsenergylett.2c01578?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsenergylett.2c01578?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsenergylett.2c01578?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/adfm.202100332
https://doi.org/10.1002/adfm.202100332
https://doi.org/10.1002/adfm.202100332
https://doi.org/10.1126/science.abf5602
https://doi.org/10.1126/science.abf5602
https://doi.org/10.1039/D2TC01494G
https://doi.org/10.1039/D2TC01494G
https://doi.org/10.1039/D2TC01494G
https://doi.org/10.1126/science.aao5561
https://doi.org/10.1126/science.aao5561
https://doi.org/10.1126/science.aao5561
https://doi.org/10.1038/s41560-021-00966-8
https://doi.org/10.1038/s41560-021-00966-8
https://doi.org/10.1038/s41560-021-00966-8
https://doi.org/10.1002/anie.202016085
https://doi.org/10.1002/anie.202016085
https://doi.org/10.1002/anie.202016085
https://doi.org/10.1002/adma.202110587
https://doi.org/10.1002/adma.202110587
https://doi.org/10.1002/adma.202110587
https://doi.org/10.1002/aenm.202302191
https://doi.org/10.1002/aenm.202302191
https://doi.org/10.1002/aenm.202302191
https://doi.org/10.1016/j.nanoen.2019.104363
https://doi.org/10.1016/j.nanoen.2019.104363
https://doi.org/10.1016/j.nanoen.2019.104363
https://doi.org/10.1038/nmat4150
https://doi.org/10.1038/nmat4150
https://doi.org/10.1002/adma.201503832
https://doi.org/10.1002/adma.201503832
https://doi.org/10.1038/ncomms10334
https://doi.org/10.1038/ncomms10334
https://doi.org/10.1038/ncomms13831
https://doi.org/10.1038/ncomms13831
https://doi.org/10.1038/ncomms8497
https://doi.org/10.1021/acs.chemmater.0c00995?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemmater.0c00995?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemmater.0c00995?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/smtd.202300948
https://doi.org/10.1002/smtd.202300948
https://doi.org/10.1002/er.7540
https://doi.org/10.1002/er.7540
https://doi.org/10.1002/er.7540
https://doi.org/10.1002/admi.202102585
https://doi.org/10.1002/admi.202102585
https://doi.org/10.1002/admi.202102585
https://doi.org/10.1002/adma.202000617
https://doi.org/10.1002/adma.202000617
https://doi.org/10.1126/sciadv.abg0633
https://doi.org/10.1126/sciadv.abg0633
https://doi.org/10.1126/sciadv.abg0633
https://doi.org/10.1126/sciadv.abd1580
https://doi.org/10.1126/sciadv.abd1580
https://doi.org/10.1002/adfm.202006802
https://doi.org/10.1002/adfm.202006802
https://doi.org/10.1002/anie.202317972
pubs.acs.org/jacsau?ref=pdf
https://doi.org/10.1021/jacsau.4c00615?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Network for Efficient and Stable Perovskite/Si Tandem Solar Cells.
Angew. Chem., Int. Ed. 2024, 63 (8), No. €202317972.

(71) Zhang, J.; Niu, X.; Peng, C.; Jiang, H.; Yu, L.; Zhou, H.; Zhou, Z.
Inhibiting Ion Migration Through Chemical Polymerization and
Chemical Chelation Toward Stable Perovskite Solar Cells. Angew.
Chem., Int. Ed. 2023, 62 (50), No. e202314106.

(72) Li, X.; Zhang, W.; Zhang, W.; Wang, H.-Q.; Fang, ]. Spontaneous
grain polymerization for efficient and stable perovskite solar cells. Nano
Energy 2019, 58, 825—833.

(73) Tang, X.; Zhang, T.; Chen, W.; Chen, H.; Zhang, Z.; Chen, X;
Gu, H;; Kang, S.; Han, C.; Xu, T.; et al. Macromers for Encapsulating
Perovskite Photovoltaics and Achieving High Stability. Adv. Mater.
2024, 36, No. 2400218.

(74) Chu, Q.-Q.; Sun, Z.; Wang, D.; Cheng, B.; Wang, H.; Wong, C.-
P.; Fang, B. Encapsulation: The path to commercialization of stable
perovskite solar cells. Matter 2023, 6 (11), 3838—3863.

(75) Li, X.; Zhang, W.; Wang, Y. C.; Zhang, W.; Wang, H. Q.; Fang, J.
In-situ cross-linking strategy for efficient and operationally stable
methylammoniun lead iodide solar cells. Nat. Commun. 2018, 9 (1),
3806.

(76) Zhang, H.; Park, N.-G. Strain Control to Stabilize Perovskite
Solar Cells. Angew. Chem., Int. Ed. 2022, 61 (48), No. e202212268.

(77) Luo, J.; Liu, B.; Yin, H.; Zhou, X.; Wu, M.; Shi, H,; Zhang, J.; Elia,
J.; Zhang, K.; Wu, J.; et al. Polymer-acid-metal quasi-ohmic contact for
stable perovskite solar cells beyond a 20,000-h extrapolated lifetime.
Nat. Commun. 2024, 15 (1), 2002.

(78) Kim, S.K; Kim, J.; Choi, S.; Yong, T.; Park, J. Y.; Lee, G.; Han, S.;
You, H. R; Ko, S.; Park, G.; et al. The Impact of Multifunctional
Ambipolar Polymer Integration on the Performance and Stability of
Perovskite Solar Cells. Adv. Energy Mater. 2023, 13 (41), No. 2301927.

(79) Li, G.; Su, Z.; Canil, L.; Hughes, D.; Aldamasy, M. H.; Dagar, J.;
Trofimov, S.; Wang, L.; Zuo, W.; Jeronimo-Rendon, J. J.; et al. Highly
efficient p-i-n perovskite solar cells that endure temperature variations.
Science 2023, 379 (6630), 399—403.

(80) Xu,Y.; Guo, X; Lin, Z.; Wang, Q.; Su,J.; Zhang, J.; Hao, Y.; Yang,
K; Chang, J. Perovskite Films Regulation via Hydrogen-Bonded
Polymer Network for Efficient and Stable Perovskite Solar Cells. Angew.
Chem., Int. Ed. 2023, 62 (33), No. e202306229.

(81) Zhao, Y.; Wei, J.; Li, H.; Yan, Y.; Zhou, W.; Yu, D.; Zhao, Q. A
polymer scaffold for self-healing perovskite solar cells. Nat. Commun.
2016, 7, No. 10228.

(82) Li, R;; Xu, Q; Shi, B.; Wang, J.; Li, Y.; Chen, B; Liu, J.; Ren, N.;
Han, W,; Li, Y.; et al. UV Encapsulated Monolithic Perovskite/Silicon
Tandem Solar Cells for Hundred-Watt Power System. ACS Energy Lett.
2023, 8 (3), 2414—2422.

(83) Wang, T.; Yang, J.; Cao, Q;; Pu, X; Li, Y,; Chen, H; Zhao, J;
Zhang, Y.; Chen, X; Li, X. Room temperature nondestructive
encapsulation via self-crosslinked fluorosilicone polymer enables
damp heat-stable sustainable perovskite solar cells. Nat. Commun.
2023, 14 (1), 1342.

(84) Wu, Y.; Xu, G.; Shen, Y,; Wy, X,; Tang, X,; Han, C.; Chen, Y,;
Yang, F,; Chen, H; Li, Y,; et al. Stereoscopic Polymer Network for
Developing Mechanically Robust Flexible Perovskite Solar Cells with
an Efficiency Approaching 25%. Adv. Mater. 2024, 36, No. €2403531.

(85) Lee, D. S.; Kim, K. W,; Seo, Y.-H.; Ann, M. H.; Lee, W.; Nam, J.;
Chung, J.; Seo, G.; Nam, S,; Ma, B. S,; et al. Overcoming stability
limitations of efficient, flexible perovskite solar modules. Joule 2024, 8
(5), 1380—1393.

(86) Li, Z.; Jia, C.; Wan, Z.; Xue, J.; Cao, J.; Zhang, M.; Li, C.; Shen, J.;
Zhang, C; Li, Z. Hyperbranched polymer functionalized flexible
perovskite solar cells with mechanical robustness and reduced lead
leakage. Nat. Commun. 2023, 14 (1), 6451.

(87) Meng, X.; Cai, Z.; Zhang, Y.; Hu, X; Xing, Z.; Huang, Z.; Huang,
Z.; Cui, Y; Hu, T.; Su, M,; et al. Bio-inspired vertebral design for
scalable and flexible perovskite solar cells. Nat. Commun. 2020, 11 (1),
3016.

(88) Xue, T.; Fan, B; Jiang, K.-J.; Guo, Q.; Hu, X.; Su, M,; Zhou, E,;
Song, Y. Self-healing ion-conducting elastomer towards record efficient

3412

flexible perovskite solar cells with excellent recoverable mechanical
stability. Energy Environ. Sci. 2024, 17 (7), 2621—2630.

(89) Xiong, H,; DeLuca, G.; Rui, Y.; Zhang, B.; Li, Y.; Zhang, Q.;
Wang, H.; Reichmanis, E. Modifying Perovskite Films with
Polyvinylpyrrolidone for Ambient-Air-Stable Highly Bendable Solar
Cells. ACS Appl. Mater. Interfaces 2018, 10 (41), 35385—35394.

(90) Huang, Z.; Hu, X; Liu, C.; Tan, L.; Chen, Y. Nucleation and
Crystallization Control via Polyurethane to Enhance the Bendability of
Perovskite Solar Cells with Excellent Device Performance. Adv. Funct.
Mater. 2017, 27 (41), No. 1703061.

(91) Lyu, M,; Yun, J. H; Chen, P.; Hao, M.; Wang, L. Addressing
Toxicity of Lead: Progress and Applications of Low-Toxic Metal Halide
Perovskites and Their Derivatives. Adv. Energy Mater. 2017, 7 (15),
No. 1602512.

(92) Chen, J.; Li, S.; Ma, T.; Wu, D.; Zhao, Y.; Wang, C.; Zhao, D.; Li,
X. Managing Lead Leakage in Efficient Perovskite Solar Cells with
Phosphate Interlayers. Adv. Mater. Interfaces 2022, 9 (18),
No. 2200570.

(93) Yan, N; Gao, Y,; Yang, J.; Fang, Z.; Feng, J.; Wu, X; Chen, T;
Liu, S. F. Wide-Bandgap Perovskite Solar Cell Using a Fluoride-
Assisted Surface Gradient Passivation Strategy. Angew. Chem., Int. Ed.
2023, 62 (11), No. e202216668.

(94) Kim, K.; Han, J.; Lee, S.; Kim, S.; Choi, J. M.; Nam, J. S.; Kim, D.;
Chung, I; Kim, T. D.; Manzhos, S.; et al. Liquid-State Dithiocarbonate-
Based Polymeric Additives with Monodispersity Rendering Perovskite
Solar Cells with Exceptionally High Certified Photocurrent and Fill
Factor. Adv. Energy Mater. 2023, 13 (14), No. 2203742.

(95) Li, N,; Niu, X;; Li, L.; Wang, H.; Huang, Z.; Zhang, Y.; Chen, Y,;
Zhang, X; Zhu, C; Zai, H; et al. Liquid medium annealing for
fabricating durable perovskite solar cells with improved reproducibility.
Science 2021, 373 (6554), 561—567.

(96) Zuo, L.; Guo, H.; deQuilettes, D. W.; Jariwala, S.; De Marco, N.;
Dong, S.; DeBlock, R; Ginger, D. S.; Dunn, B.; Wang, M,; et al.
Polymer-modified halide perovskite films for efficient and stable planar
heterojunction solar cells. Sci. Adv. 2017, 3 (8), No. e1700106.

(97) Jiang, Y.; Qiu, L.; Juarez-Perez, E. J.; Ono, L. K; Hu, Z.; Liu, Z.;
Wu, Z,; Meng, L; Wang, Q.; Qi, Y. Reduction of lead leakage from
damaged lead halide perovskite solar modules using self-healing
polymer-based encapsulation. Nat. Energy 2019, 4 (7), 585—593.

(98) Li, Z,; Jia, C.; Wan, Z.; Xue, J.; Cao, J.; Zhang, M.; Li, C.; Shen, J ;
Zhang, C,; Li, Z. Hyperbranched polymer functionalized flexible
perovskite solar cells with mechanical robustness and reduced lead
leakage. Nat. Commun. 2023, 14 (1), 6451.

(99) Dong, H,; Shen, G.; Fang, H,; Li, Y,; Gao, X; Song, Q.; Xu, X,;
Wang, Y,; My, C; Xu, D. Internal Encapsulation Strategy Using a
Polymer Enables Efficient, Stable, and Lead-Safe Inverted Perovskite
Solar Cells. Adv. Funct. Mater. 2024, No. 2402394.

(100) Zhang, J.; Li, Z.; Guo, F.; Jiang, H.; Yan, W.; Peng, C.; Liu, R;;
Wang, L; Gao, H; Pang, S.; et al. Thermally Crosslinked F-rich
Polymer to Inhibit Lead Leakage for Sustainable Perovskite Solar Cells
and Modules. Angew. Chem., Int. Ed. 2023, 62 (31), No. e202305221.

https://doi.org/10.1021/jacsau.4c00615
JACS Au 2024, 4, 3400—3412


https://doi.org/10.1002/anie.202317972
https://doi.org/10.1002/anie.202314106
https://doi.org/10.1002/anie.202314106
https://doi.org/10.1016/j.nanoen.2019.02.009
https://doi.org/10.1016/j.nanoen.2019.02.009
https://doi.org/10.1002/adma.202400218
https://doi.org/10.1002/adma.202400218
https://doi.org/10.1016/j.matt.2023.08.016
https://doi.org/10.1016/j.matt.2023.08.016
https://doi.org/10.1038/s41467-018-06204-2
https://doi.org/10.1038/s41467-018-06204-2
https://doi.org/10.1002/anie.202212268
https://doi.org/10.1002/anie.202212268
https://doi.org/10.1038/s41467-024-46145-7
https://doi.org/10.1038/s41467-024-46145-7
https://doi.org/10.1002/aenm.202301927
https://doi.org/10.1002/aenm.202301927
https://doi.org/10.1002/aenm.202301927
https://doi.org/10.1126/science.add7331
https://doi.org/10.1126/science.add7331
https://doi.org/10.1002/anie.202306229
https://doi.org/10.1002/anie.202306229
https://doi.org/10.1038/ncomms10228
https://doi.org/10.1038/ncomms10228
https://doi.org/10.1021/acsenergylett.3c00275?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsenergylett.3c00275?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41467-023-36918-x
https://doi.org/10.1038/s41467-023-36918-x
https://doi.org/10.1038/s41467-023-36918-x
https://doi.org/10.1002/adma.202403531
https://doi.org/10.1002/adma.202403531
https://doi.org/10.1002/adma.202403531
https://doi.org/10.1016/j.joule.2024.02.008
https://doi.org/10.1016/j.joule.2024.02.008
https://doi.org/10.1038/s41467-023-41931-1
https://doi.org/10.1038/s41467-023-41931-1
https://doi.org/10.1038/s41467-023-41931-1
https://doi.org/10.1038/s41467-020-16831-3
https://doi.org/10.1038/s41467-020-16831-3
https://doi.org/10.1039/D4EE00462K
https://doi.org/10.1039/D4EE00462K
https://doi.org/10.1039/D4EE00462K
https://doi.org/10.1021/acsami.8b04236?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.8b04236?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.8b04236?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/adfm.201703061
https://doi.org/10.1002/adfm.201703061
https://doi.org/10.1002/adfm.201703061
https://doi.org/10.1002/aenm.201602512
https://doi.org/10.1002/aenm.201602512
https://doi.org/10.1002/aenm.201602512
https://doi.org/10.1002/admi.202200570
https://doi.org/10.1002/admi.202200570
https://doi.org/10.1002/anie.202216668
https://doi.org/10.1002/anie.202216668
https://doi.org/10.1002/aenm.202203742
https://doi.org/10.1002/aenm.202203742
https://doi.org/10.1002/aenm.202203742
https://doi.org/10.1002/aenm.202203742
https://doi.org/10.1126/science.abh3884
https://doi.org/10.1126/science.abh3884
https://doi.org/10.1126/sciadv.1700106
https://doi.org/10.1126/sciadv.1700106
https://doi.org/10.1038/s41560-019-0406-2
https://doi.org/10.1038/s41560-019-0406-2
https://doi.org/10.1038/s41560-019-0406-2
https://doi.org/10.1038/s41467-023-41931-1
https://doi.org/10.1038/s41467-023-41931-1
https://doi.org/10.1038/s41467-023-41931-1
https://doi.org/10.1002/adfm.202402394
https://doi.org/10.1002/adfm.202402394
https://doi.org/10.1002/adfm.202402394
https://doi.org/10.1002/anie.202305221
https://doi.org/10.1002/anie.202305221
https://doi.org/10.1002/anie.202305221
pubs.acs.org/jacsau?ref=pdf
https://doi.org/10.1021/jacsau.4c00615?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

