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ABSTRACT
The absence of halide ions in perovskite at the buried interface remains a critical factor restricting the stability in efficient inverted
perovskite solar cells (PSCs), mainly due to the metastable perovskite lattice. Herein, through a systematic investigation of the
bonding mechanisms between arylboronic acid derivatives and perovskite, designing 5-fluoro-6-hydroxypyridin-3-ylboronic acid
(FO-PyBA) anchors robustly on the perovskite surface vacancies to reinforce the perovskite octahedron to stabilize the buried
interface. The –B(OH)2 and C═O groups in FO-PyBA promote the concurrent formation of C═O─Pb and B─O─Pb coordination
bonds alongside N─H⋅⋅⋅I and O─H⋅⋅⋅I hydrogen bonds, which establish a robust coplanar multidentate anchoring with perovskite
to reinforce the octahedral framework. Crucially, this more stable multidentate anchoring is enabled by precisely tailoring the
interatomic distances of anchoring sites in derivatives to match the defect sites of perovskite. The FO-PyBA effectively suppresses
Pb/I vacancy defects and iodine ionsmigration to reduce interfacial nonradiative recombination. Consequently, it enabled inverted
PSCs achieving a champion efficiency of 26.85% (certificated 26.70%) and maintained 94% of its initial efficiencies after 1000 h of
operating under one-sun illumination in N2.
1 Introduction

Inverted perovskite solar cells (PSCs) exhibit significant com-
mercialization potential, particularly due to their high com-
patibility with flexible and multi-junction solar cell technology
[1–3]. Owing to the advancements in self-assembled monolayers
(SAMs) molecular technology, inverted PSCs employing SAMs as
the hole transport layer (HTL) have achieved a power conversion
efficiency (PCE) of 27.3% [4]. However, the poor wettability of the
non-polar SAM surface toward the perovskite precursor solution
disrupts perovskite crystal nucleation, leading to halide-deficient
lattices and instability at the buried interface [5–7]. Consequently,
the HTL/perovskite interface becomes highly susceptible to
environmental stressors such as heat, moisture, and UV light,
© 2026 Wiley-VCH GmbH
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promoting chemical degradation of the perovskite and posing a
major challenge to the stability of inverted PSCs [7–11].

To overcome this critical bottleneck, researchers have explored
various strategies to improve the buried interfacial quality, such as
improving wettability via hybrid SAMs [7, 12], introducing func-
tional interlayers [13, 14], and designing multifunctional SAMs
with high binding energy [15–17]. Among these, the utilization of
interfacial modifiers with multifunctional groups has emerged as
a promising avenue, where their strengthened interactions with
the perovskite contribute to improved buried interface quality
[18, 19]. The acidic-weakened boric acid functionalized molec-
ular combines superior interfacial compatibility with multi-site
coordination to perovskite precursors, facilitating the formation
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of high-quality buried interfaces [20–22]. For example, Guo et
al. [21]. introduced excess boric acid-functionalized molecules,
which improved perovskite deposition and formed a coher-
ent, well-passivated buried interface. Besides, electron-donating
groups have been shown to modulate intramolecular electron
density distribution, which promotes molecular polarization and
reinforces its electrostatic interactions with perovskites [23–26].
However, the functional potential of these molecules critically
depends on the spatial arrangement of their groups, requiring
careful molecular design to ensure optimal performance. Liang
et al. [24]. systematically compared the F substitution positions
of F-PEAI and confirmed that para-F-PEAI (p-F-PEAI) possesses
the most symmetric charge distribution and minimal steric
hindrance, thereby exhibiting the strongest interfacial interac-
tions with perovskite. It is important to note that achieving
optimal functionality requires consideration of both the intrinsic
properties of the functional group and its spatial position [27–
29]. For instance, ortho-(phenylene)di(ethylammonium) iodide
(o-PDEAI2) enables the formation of a more stable surface
2D perovskite phase compared with meta (m)- and p- sites,
boosting both the efficiency and operational stability of PSCs
[30]. This structure-anchoring relationship is crucial at the
buried interface, especially during the crystallization process of
perovskites. Unstable anchoring compromises the effectiveness
of interfacial passivation and may promote interface modifier
desorption during crystallization, leading to a passivation failure
that negates its intended function [23, 31]. This progress that 3,4,5-
trifluorophenylboronic enables improved buried interface quality
[32], has stimulated our curiosity about the underlying mech-
anisms and identifying the molecular configurations required
for such interfacial regulation. Accordingly, designingmultifunc-
tional modifiers capable of forming cooperative and persistent
binding at the perovskite surface is crucial for stabilizing buried
interfaces and sustaining long-term device performance.

Herein, we systematically investigate the interaction between
trifluorophenylboronic acid (TFBA) isomers and adjacent halo-
gen vacancies in the perovskite octahedron to design 5-fluoro-
6-hydroxypyridin-3-ylboronic acid (FO-PyBA) to stabilize the
buried interface. By replacing the para-position F atom with a
carbonyl (C ═ O) group and introducing a pyridinyl hydroxyl,
FO-PyBA adopts a coplanar multidentate anchoring (CPMA)
configuration on the perovskite surface, enabling cooperative C
═ O─Pb and B─O─Pb coordination along with N─H⋅⋅⋅I and
O─H⋅⋅⋅I hydrogen bonding, thereby reinforcing the perovskite
octahedral framework. Crucially, this more stable multidentate
anchoring is enabled by precisely tailoring the interatomic
distances of anchoring sites in derivatives to match the defect
sites of perovskite. Molecular dynamics results indicate that
the robust CPMA of FO-PyBA effectively inhibits octahedron
distortion of perovskite and iodide migration. Therefore, the FO-
PyBA effectively reduces interfacial nonradiative recombination
and modulates the interfacial electronic structure. These effects
enabled FO-PyBA-based PSCs to exhibit the best performance
with an efficiency of 26.85% (certificated 26.70%, 0.08 cm2) and
25.83% (1 cm2), respectively. Remarkably, the PSCs retained 92%
and 94% of their initial efficiencies after 1200 h aging in UV
irradiation and 1000 h of operating under one-sun illumination
in an N2-filled glovebox, respectively, demonstrating excellent
long-term stability.
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2 Results and Discussion

2.1 Design of Interfacial Modifier Molecules

To optimize the buried interface, we employed arylboronic acid
derivative interface modifiers, whose superior interfacial
compatibility with multi-site coordination to perovskite
precursors facilitates uniform precursor binding and
the formation of high-quality buried interfaces [20–22].
Therefore, TFBA isomers bearing boronic acid (–B(OH)2)
and F substituents with different configurations were
investigated, namely 2,4,6-trifluorophenylboronic acid (m-
FBA), 2,3,4-trifluorophenylboronic acid (o-TFBA), and
3,4,5-trifluorophenylboronic acid (p-TFBA) (Figure S1). First,
we conducted a systematic investigation using DFT calculations
on the bonding mechanisms between TFBA isomers and the
perovskite surface. The results indicate that the TFBA isomers
tend to adopt a parallel configuration orientation, forming two
coordination bonds with the adjacent halogen vacancies in
the perovskite octahedron, owing to its interatomic distances
of anchoring sites (∼6.48 Å) matching the size of adjacent
halogen vacancies of α-FAPbI3 (∼6.36 Å) (Figure S2 and Note
S1). In the parallel configuration of TFBA isomers, the rational
functional group distribution and coplanar negative potential
region of p-TFBA promote the interaction of para-fluorine atoms
with surface Pb2+, forming a bidentate F─Pb bonding, which
maximizes the interface anchoring ability of multifunctional
groups (−1.95 eV). In contrast, m-TFBA and o-TFBA exhibit
weaker interactions, with binding energies of −1.79 and −1.87 eV,
respectively (Figure 1b).

Therefore, we propose that maximizing the multifunctional
groups anchoring ability of arylboronic acid derivative on the
perovskite surface hinges on satisfying the following three criteria
(Figure 1a): (a) Axisymmetric arrangement of electron-donating
anchoring groups on a benzene ring; (b) Interatomic distances
of anchoring sites are designed to match the adjacent halogen
vacancies in α-FAPbI3 (∼6.36 Å); (c) The molecule features a
coplanar negative electrostatic potential distribution. Guided by
these principles, 5-fluoro-6-hydroxypyridin-3-ylboronic acid (FO-
PyBA) was designed by replacing the para-position F atom with
a carbonyl (C = O) group and introducing a pyridinyl hydroxyl
(Figure S3 and Note S2). The ESP map of FO-PyBA displays a
negative-potential distribution on the boronic acid and carbonyl
oxygen atoms, while the pyridinyl hydroxyl exhibitsmore positive
potential, collectively forming a coplanar and highly polarized
electrostatic surface (Figure S3f). The FO-PyBA adopts a coplanar
multidentate anchoring (CPMA) configuration on the perovskite
surface through C ═ O─Pb and B─O─Pb coordination, N─H⋅⋅⋅I
and O─H⋅⋅⋅I hydrogen bonding interactions, reinforcing the
perovskite octahedral framework. DFT results show that FO-
PyBA exhibits robust binding to the perovskite surface (−2.49 eV)
than TFBA isomers (Figure 1b). The Crystal Orbital Hamilton
Populations (COHP) [33] value effectively reflects the chemical
bond strength of these derivatives on the perovskite surface
(Figure 1c; Figure S4). The spatial para-position of F substituents
in p-TFBAexhibits bidentate chelationwithCOHPvalues of−0.11
and −0.13 eV, respectively, which are significantly stronger than
the monodentate chelation observed in other isomers. Notably,
relative to TFBA isomers, themore stable C═O─Pb coordination
Advanced Materials, 2026
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FIGURE 1 Interaction and configuration between arylboronic acid derivatives and perovskite. (a) Schematic diagram of coplanar multidentate
anchoring for buried interface. (b) The binding energies of parallel bonding configurations of arylboronic acid derivatives on the PbI-terminated FAPbI3
(100) surface. (c) The FO-PyBA on the PbI-terminated FAPbI3 (100) surfacewith the ICOHP value. (d) XPS spectra of Pb 4f. (e) Time-dependent evolution
of B─O─Pb bond lengths for TFBA isomers and C ═ O─Pb bond lengths for FO-PyBA on the FAPbI3 (100) surface. (f) Time-dependent bond angles of
I─Pb─I in FAPbI3 without and with FO-PyBA. (g) The PLQY of control, and arylboronic acid derivatives-treated HTLs based perovskite films.
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(−1.69 eV) serves as the dominant contributor to maintaining the
anchoring of the derivatives on the perovskite surface.

The X-ray photoelectron spectroscopy (XPS) was performed
to further confirm the interaction between different interface
modifiers and the perovskite. As shown in Figure 1d, the Pb
4f5/2 and Pb 4f7/2 peaks of the control film, located at 143.41
and 138.52 eV, respectively, shifted toward lower binding energies
after these derivatives-treated. This shift indicates that derivatives
donated electrons to the undercoordinated Pb2+. Compared with
TFBA isomers, the binding energy shift of FO-PyBA is 0.58 eV
of the Pb 4f5/2 peaks toward lower binding energy, indicating the
enhanced interaction between FO-PyBA and Pb2+. Furthermore,
these derivatives-based perovskite films display decreased I 3d
binding energies comparedwith the control (Figure S5), implying
that the halide ions also engage in hydrogen bonding with the
Advanced Materials, 2026
derivatives, which can fix halide ions in the perovskite lattice
to inhibit ion migration. The I 3d peaks of FO-PyBA shift by
0.59 eV relative to p-TFBA (0.23 eV). These pronounced peak
shifts indicate that the FO-PyBA markedly enhanced anchoring
strength on perovskite surface compared with the TFBA isomers.

To further investigate the structural stability of these derivatives
anchoring configurations, we conducted ab initio molecular
dynamics (AIMD) simulations. First, we monitored the temporal
evolution of the strongest interfacial bond length between each
derivative and the perovskite surface. The temporal evolution of
interfacial bonding configurations reveals that FO-PyBA main-
tains robust C ═ O─Pb coordination (Figure 1e) during the
simulation, which ensures a stable anchoring configuration and
preserves the octahedral integrity of the perovskite lattice. In
contrast, p-TFBA exhibits pronounced fluctuations in anchoring
3 of 11
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distance and desorbs from the surface at around 8000 fs, indica-
tive of an unstable interfacial structure and weaker coupling
with surface Pb sites. Furthermore,m-TFBA and o-TFBA readily
desorb from the perovskite surface at the initial stage of the
simulation. This result indicates that themolecular configuration
is critical for establishing a stable anchoring configuration. Sub-
sequently, we monitor the time-dependent evolution of I─Pb─I
bond angles within the perovskite lattice with and without FO-
PyBA anchoring (Figure 1f). In the control-based perovskite, the
bond angles fluctuate widely between 61◦ and 103◦, indicating
significant lattice distortion and the presence of non-radiative
recombination centers that impair device efficiency and stability.
In contrast, the FO-PyBA-based perovskite maintains a more
stable I─Pb─I angle range of 74◦ to 102◦. The corresponding
standard deviation of the bond angle is significantly reduced
in FO-PyBA-based perovskite (Figure S6), indicating effective
suppression of perovskite lattice distortion and preservation of
lattice integrity [34]. The root mean square displacement of the I−
ions, representing the inorganic Pb─I framework, in FO-PyBA-
based perovskite surface remains the lowest compared with the
control (Figure S7). The migration barrier of I− ions increased
from 0.346 to 0.902 eV (Figure S8), which indicates that FO-PyBA
effectively inhibits iodide ionmigration by forming robust CPMA
with undercoordinated Pb2+ and I− ions.

Ion absence of halide ionswithin perovskite lattices is the primary
origin of non-radiative recombination. We further investigated
the ability of arylboronic acid derivatives interfacial treatment
to suppress defects at the buried interface of perovskites. As
shown in Figure S9, the defect formation energy results confirm
that the interface modifier can effectively suppress the formation
of VPb and VI on the perovskite surface, following the order:
FO-PyBA > p-TFBA > o-TFBA > m-TFBA > control. This
result indicates that the robust CPMA of FO-PyBA enables a
more efficient suppression of defect formation, implying that it
has fewer non-radiative recombination sites. We experimentally
incorporated these derivatives as interfacemodifiers to fabricated
the perovskite films, employing photoluminescence quantum
yield (PLQY) measurements to quantify interface non-radiative
recombination loss. Remarkably, the FO-PyBA-based perovskite
film exhibits the highest PLQY (5.89%) among all these derivatives
treated-HTLs-based films (Figure 1g).

To explore the interaction between the arylboronic acid deriva-
tives and NiOx, XPS spectra analysis was conducted. As shown
in Figure S10a, the XPS spectra of NiOx/Me-4PACz film exhibit
Ni 2p3/2 peaks at 860.02 and 854.20 eV, corresponding to Ni3+
and Ni2+, respectively. Upon treatment with arylboronic acid
derivatives, Ni3+ peak positions shift toward lower binding
energies by 0.12, 0.07, 0.12, and 0.09 eV, respectively. This shift
was further evidenced by the increased Ni3+/Ni2+ ratios, which
from 1.21 reached 1.40, 1.44, 1.61, and 1.81, respectively. It reflects
an improved surface chemical environment, which benefits the
long-term stability of the buried interface. TheO shifts to a higher
energy level than NiOx/Me-4PACz film (Figure S10b), indicating
that the boronic acid in arylboronic acid derivatives interacts with
NiOx.

We then examined the impact of different derivatives treatment
on charge transfer at the perovskite/HTL interface. As shown in
Figure S11, theKPFM results show that the FO-PyBA-treatedHTL
4 of 11
displays a lower average surface potential compared to the control
and TFBA isomers-treated. The hole conductivity and mobility
were measured using devices with the structure FTO/NiOx/Me-
4PACz/(with or without arylboronic acid derivatives)/Ag, as
shown in Figures S12 and S13. The derivative-treatedHTLs exhibit
markedly enhanced conductivity and hole mobility, enabling
efficient hole transport and extraction while effectively sup-
pressing charge accumulation at the HTL/perovskite interface,
with the FO-PyBA–treated HTL delivering the most pronounced
enhancement.We further calculated the density of states (DOS) to
explore the effect of these derivatives on the electronic properties
of the perovskite surface. As shown in Figure S14, the DOS
near the conduction band minimum (CBM) and the valence
bandmaximum (VBM) of the TFBA isomers and FO-PyBA-based
perovskite surface have increased compared to the control. This
indicates a redistribution of charge carriers and enhanced p-type
conductivity at the perovskite film surface, which facilitates more
efficient carrier transport [35, 36].

2.2 Effect on Crystallization of Perovskite Films

To elucidate how arylboronic acid derivatives affect perovskite
layer formation, we first measured the contact angles of per-
ovskite precursor solutions on derivative-treated HTLs, as shown
in Figure S15. The contact angle was decreased from 40.59◦ for the
control sample to 33.94◦ for m-TFBA, 29.78◦ for o-TFBA, 27.36◦
for p-TFBA, and 22.41◦ for FO-PyBA, respectively. Notably, FO-
PyBA exhibits the lowest contact angle, which can be attributed
to the enhanced interfacial interactions between the perovskite
precursor and the modified interface. This improved wettability
promotes homogeneous precursor distribution and optimized
nucleation density during spin-coating, thereby regulating per-
ovskite crystallization and promoting high-quality film forma-
tion. Subsequently, we performed in situ photoluminescence (PL)
to monitor the perovskite crystallization during the spin-coating
and annealing stages. As shown in Figure 2a,c, all perovskite
precursor films exhibit prominent PL emission upon antisolvent
dropping at 40 s during spin-coating, indicating the onset of
perovskite nucleation in the wet film. The FO-PyBA-based per-
ovskite film exhibits the strongest PL intensity among the control
and TFBA-based films, indicating that its improved wettability
providesmore effective nucleation sites and an effective stabilized
perovskite octahedron structure, which promotes the formation
of defect-suppressed higher-quality perovskite templates.

During the annealing stage, perovskite films on control and
arylboronic acid derivatives-treated HTLs exhibit a characteris-
tic crystallization-dissolution-recrystallization growth behavior,
indicating that these derivatives do not alter the growth dynamics
of perovskite films (Figure 2b). As shown in Figure 2d, the in
situ annealing extracted PL results show that the FO-PyBA-based
perovskite film reaches itsmaximumPL intensity at∼121 s, which
is significantly later than the control film that peaks at ∼90 s
(Figure 2d). In comparison, the films on substrates treated with
m-TFBA, o-TFBA, and p-TFBA exhibit intermediate peak times of
∼98, ∼104, and ∼112 s, respectively. The results reveal that these
derivatives effectively retard the crystallization of the perovskite
films, which originates from the robust interaction between
the interfacial modifier and the perovskite precursor. Especially,
the potent coordination between FO-PyBA and the precursor
Advanced Materials, 2026
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FIGURE 2 In situ characterization of perovskite crystallization. (a) In situ PL spectra of control, arylboronic acid derivatives-treated HTLs based
perovskite films during spin-coating and (b) annealing. The extracted PL curves from in situ PL during (c) spin-coating at 779 nm and (d) annealing at
775 nm of control and arylboronic acid derivatives-treated HTLs based perovskite films.
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solution effectivelymodulates the crystallization kinetics, thereby
governing the controlled crystal evolution. As the annealing
proceeds, the PL intensity of all films gradually decreases due to
lattice reorganization and the regeneration of non-radiative defect
centers. However, the FO-PyBA-based film consistently main-
tains the highest PL intensity throughout the entire annealing
stage owing to its robust CPMA.

2.3 Photoelectric Properties of Perovskite Films

To evaluate the crystallization quality, scanning electron
microscopy (SEM) images and grain size distribution of
perovskite films deposited on different HTL substrates were
obtained, as shown in Figure S16. The top-view SEM images
reveal that all perovskite films exhibited uniform and dense
morphologies without observable pinholes. Statistical analysis of
the grain size distribution shows that the average grain diameter
(Davg) increases from 0.51 µm for the control film to 0.53 µm
for m-TFBA, 0.54 µm for o-TFBA, 0.60 µm for p-TFBA, and
0.68 µm for FO-PyBA, respectively. This systematic increase
in Davg demonstrates that the introduction of arylboronic acid
derivatives at the buried interface effectively promotes perovskite
grain growth, with FO-PyBA delivering the most pronounced
enhancement. Further cross-sectional SEM demonstrates that
Advanced Materials, 2026
treatment with arylboronic acid derivatives effectively eliminates
interfacial voids and cracks, thereby improving contact between
the perovskite and the hole transport layer, while the FO-PyBA–
based perovskite film simultaneously exhibits enlarged grains
and highly ordered vertical grain growth (Figure S17).

The photoelectric properties of perovskite films were investi-
gated through photoluminescence (PL) mapping, as shown in
Figure 3a. The arylboronic acid derivatives-based perovskite
films exhibited significantly enhanced PL intensity with bright
yellow color within a 30 × 30 µm2 confocal microscopy area.
This indicates that these derivatives can suppress non-radiative
recombination at the buried interface by bonding with under-
coordinated Pb2+/I− sites. Specifically, among the derivatives
interface-modified perovskite films, the FO-PyBA-based film
exhibits the highest and most uniform PL intensity, attributed
to its more homogeneous nucleation and the preservation of a
stable and well-integrated perovskite octahedral framework. The
steady-state PL and electroluminescence (EL) measurements are
also shown in Figures S18 and S19. Both the PL and EL intensities
sequentially decrease in the order of FO-PyBA > p-TFBA > o-
FBA >m-TFBA > control, indicating the improved film quality
with fewer trap defects. Similar conclusions were drawn from
the time-resolved photoluminescence (TRPL) spectra, as shown
in Figure S20 and Table S1. The average carrier lifetime of the
5 of 11
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FIGURE 3 Optoelectronic and stability characteristics of perovskite films. (a) PL mapping of control-, and arylboronic acid derivatives-based
perovskite films. (b) FWHM of (100) and (200) peaks. (c) The defect density of control-, and arylboronic acid derivatives-based on perovskite films was
measured by using SCLCmeasurement. (d) The tDOS analysis of control-, and arylboronic acid derivatives-based perovskite films. (e) In situ PL spectra
of control- and FO-PyBA-based perovskite films at 85◦C in N2. (f) The bottom SEM of perovskite deposited on control and FO-PyBA-treated HTLs before
and after aging at 85◦C for 15 h under 254 nm UV lamp with an intensity of ∼50 mW⋅cm−2 in an N2 environment. (g) The XRD of the perovskite films
deposited on control and FO-PyBA-treated HTL under 85◦C in an air atmosphere (RH = 40%–50%).
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control-based perovskite film is determined to be 333.28 ns. In
contrast, the carrier lifetimes of the m-TFBA, o-TFBA, p-TFBA,
and FO-PyBA-based perovskite films increased to 441.47, 447.77,
559.45, and 745.63 ns, respectively. These results demonstrate that
the introduction of arylboronic acid derivatives at the buried
interface of the perovskite film effectively suppresses defect-
related non-radiative recombination. The optical absorption
properties of perovskite films were also investigated, as shown
in Figure S21. It was obvious that the FO-PyBA-based perovskite
films show increased light absorption, which is beneficial for the
light harvesting of PSCs.

In addition, X-ray diffraction (XRD) has been performed to
further characterize the crystallinity of perovskite films. In Figure
S22, two strong diffraction peaks observed at 14.14◦ and 28.28◦
belong to (100) and (200) crystal planes. The half maximum
(FWHM) value was also calculated for the perovskite films,
showing a decrease in the (100) planes FWHM value from
0.19◦ in the control-based perovskite film to 0.11◦ in the FO-
PyBA-based perovskite film, whereas the (200) planes FWHM
value decreases from 0.20◦ to 0.16◦, confirming the increase in
6 of 11
crystallinity (Figure 3b). Defect density analysis via space-charge-
limited current (SCLC) measurements corroborates these results,
as shown in Figure 3c and Figure S23. The calculated trap density
is decreased from 1.38 × 1015 cm−3 for control-based perovskite
film to 1.07 × 1015 cm−3 form-TFBA, 0.96 × 1015 cm−3 for o-TFBA,
0.74 × 1015 cm−3 for p-TFBA, and 0.66 × 1015 cm−3 for FO-PyBA,
respectively. Furthermore, the relationship between the defect
density of states (tDOS) and energy level depth reveals that the
deep-level defects at grain boundaries and buried surfaces are
significantly reduced in FO-PyBA-based devices compared to the
control- and TFBA-based (Figure 3d).

We next systematically evaluate the thermal, photoinduced, and
moisture stability of the perovskite films. In particular, in situ
PL monitoring of the perovskite films during thermal aging at
85◦C in a N2-filled glovebox is employed to capture the onset
and progression of thermal quenching, providing direct insight
into the intrinsic stability of the perovskite lattice. As the aging
time increased, the PL intensity of the control-based perovskite
films progressively decreased, whereas the FO-PyBA-treated film
shows a relatively slow decay, with its intensity significantly
Advanced Materials, 2026
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higher than that of the control (Figure 3e; Figure S24). These
results indicate that the FO-PyBA effectively mitigates structural
degradation, thereby enhancing the thermal stability of the
perovskite films. To assess the stability of the buried interface
before and after FO-PyBA treatment, we conducted an aging test
under UV irradiation and thermal stress at 85◦C on the perovskite
films. As shown in Figure 3f, the perovskite film deposited
on FO-PyBA-treated HTL exhibits a pronounced reduction in
nanoscale voids at grain boundaries compared with the control
HTL before aging, forming a highly uniform and compact film
morphology. But during aging, the control films undergo severe
morphological degradation, while the FO-PyBA-based perovskite
films retain a uniform and compact morphology owing to the
stability perovskite octahedral framework in the buried interface.
In particular, the extensive PbI2 aggregation observed at grain
boundaries in the control film is almost completely suppressed
in the FO-PyBA-based film.

Environmental stability of perovskite films was further evaluated
by aging samples with and without FO-PyBA treatment under
40%–50% relative humidity (RH). As shown in Figure 3g, both
films exhibited increased PbI2 diffraction peaks after two weeks,
indicative of perovskite decomposition. However, control-based
perovskite films degraded faster than those based on FO-PyBA.
These results highlight the effectiveness of FO-PyBA stabilized
perovskite octahedra framework in mitigating moisture-induced
degradation. The stabilization mechanism formed by FO-PyBA
with CPMA on the perovskite surface slows down decomposition
kinetics and enhances the durability of the film under the com-
bined effects of thermal and humidity stress, providing critical
insights into strategies for improving perovskite lattice stability.

2.4 Photovoltaic Performance of PSCs

Inverted PSCs with the structure FTO/NiOx/[4-(3,6-dimethyl-
9H-carbazol-9-yl) butyl] phosphonic acid (Me-4PACz)
/FA0.9Cs0.05MA0.05PbI3/PDADI/C60/BCP/Ag were fabricated to
assess device performance. We first optimized the concentrations
of these derivatives, and the statistical photovoltaic performance
along with the corresponding parameters is presented in Figures
S25–S28 and Tables S2–S5. Each derivatives show optimal
performance at a concentration of 0.2 mg⋅mL−1 (Figure S29).
Accordingly, all subsequent TFBA- and FO-PyBA-treated
HTLs were fabricated using this concentration. The statistical
photovoltaic performance of 40 devices based on different HTLs
with an active area of 0.08 cm2 is shown in Figure 4a and
Figures S30 and S31 and Table S6 exhibit an increasing trend
in average PCE in the order of control < m-TFBA < o-TFBA <

p-TFBA < FO-PyBA, accompanied by a significantly narrower
distribution. The FWHM of the PCE distribution fitting curve
was significantly decreased from 0.49 for the control to 0.40 for
the FO-PyBA-based PSCs, reflecting the excellent fabrication
reliability. This enhancement is mainly attributed to the notable
improvements in open-circuit voltage (VOC) and fill factor (FF),
while the short-circuit current density (JSC) remains nearly
unchanged. The increased VOC and FF are closely associated
with the reduced interfacial nonradiative recombination and
modulate the interfacial electronic structure to enhance charge
extraction. The champion power conversion efficiency (PCE) of
different HTLs-based PSCs is shown in Figure 4b and Table S7.
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The FO-PyBA-based PSCs achieved the highest PCE of 26.85%
compared to TFBA-based PSCs, with a VOC of 1.190 V, an FF of
86.50%, and a JSC of 26.08 mA⋅cm−2. One of the best-performing
FO-PyBA-based PSCs has been sent to a third-party, achieving a
certificated efficiency of 26.70% (Figure S32). In contrast, control-
based PSC only achieved a PCE of 24.99%, with aVOC of 1.174 V, an
FF of 81.99%, and a JSC of 25.97 mA⋅cm−2. As shown in Figure S33,
the integrated JSC obtained from the external quantum efficiency
(EQE) of the control and champion FO-PyBA-based PSCs are
25.5 and 25.8 mA⋅cm−2, respectively, which is consistent with the
JSC values from the J–V curves. The hysteresis index (HI) was also
calculated for the control and FO-PyBA-based PSCs, showing a
decrease from 0.019 (control) to 0.002 (FO-PyBA), confirming
the suppression of interfacial defects and ionic migration (Figure
S34 and Table S8). In addition, the stabilized power output of
both PSCs was measured under maximum power point tracking
(Figure S35). The FO-PyBA-based PSC achieved a PCE of 26.01%
with negligible decay over 300 s, whereas the control-based PSC
exhibited a decline from 24.26% to 23.35%.

To evaluate the potential of FO-PyBA for large-area industrial
applications, PSCs with an active area of 1 cm2 were prepared
(Figure 4c; Table S9). The champion FO-PyBA-based PSC deliv-
ered a PCE of 25.83%, outperforming the control counterpart
(23.90%), demonstrating the exceptional capability of FO-PyBA to
enable high-quality and large-area perovskite films. In addition,
we prepared a wide bandgap perovskite (1.67 eV) on FO-PyBA-
treated HTL to assess its universality. As shown in Figure 4d, the
champion FO-PyBA-based PSCs achieved a PCE of 23.44% (JSC =
22.30 mA⋅cm−2, VOC = 1.243 V, FF = 84.55%), outperforming the
control-based PSCs with a PCE of 21.86% (JSC = 21.99 mA⋅cm−2,
VOC = 1.209 V, FF = 82.23%). The PCE distribution histogram
(Figure 4e; Table S10) further confirms the performance advan-
tage, with the FO-PyBA-based PSC exhibiting an average PCE
of 23.07% versus 21.46% for the control. These results highlight
the universal applicability of the FO-PyBA to effectively suppress
defect generation in enhancing photovoltaic performance across
different perovskite bandgaps, supporting its potential for the
commercialization of tandem PSCs.

Electrochemical impedance spectroscopy (EIS), dark J–V char-
acterization, and ideality factor (nID) analysis were employed to
explore the underlying device physics. EIS analysis revealed that
the recombination resistance (Rrec) increased from 2.18 × 105 to
3.46 × 105 Ω, while the series resistance (Rs) decreased from 21.91
to 19.43 Ω for control and FO-PyBA-based PSCs, respectively.
These results indicate suppressed charge recombination and
enhanced charge transport at the buried interface (Figure S36 and
Table S11). To further investigate the dominant recombination
mechanism, we examined the relationship betweenVOC and light
intensity using the equation:

VOC =
nIDkBT

q
ln (I)

where kB is the Boltzmann constant, and q is the elementary
charge. The extracted nID was 1.63 for control-based PSC and
1.39 for FO-PyBA-based PSC (Figure 4f), indicating that FO-
PyBA effectively inhibited non-radiative recombination induced
by intrinsic defects of perovskite [37]. This conclusion is further
supported by the lower current leakage observed in the dark J–V
7 of 11
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FIGURE 4 Device performance. (a) Statistical photovoltaic parameter distributions of PCE for 40 devices (without and with) arylboronic acid
derivatives treatment. (b) J–V curves (reverse scan) of the champion planar PSCs (without and with) arylboronic acid derivatives treatment; the area of
the cell is 0.08 cm2. (c) The J–V curves (reverse scan) of control and FO-PyBA-based PSCs with an active area of 1 cm2. (d) The J–V curves (reverse scan)
of control and FO-PyBA-based 1.67 eV wide-bandgap PSCs with an active area of 0.08 cm2. (e) Distribution histograms of PCE value among 40 control
and FO-PyBA-based 1.67 eV bandgap PSCs, respectively. (f) VOC of PSCs with control-based and FO-PyBA-treated HTLs plotted against the logarithm
of light intensity. (g) Plots of the SQ-limit FF, analytical FF, and the experimental FF for PSCs with control-based and FO-PyBA-treated HTLs. (h) The
normalized SPO of the unencapsulated inverted PSCs under continuous one-sun illumination in N2 glovebox. (i) PCE evolution of unencapsulated
control and FO-PyBA-based PSCs stored under a 254 nm UV lamp with an intensity of ∼50 mW⋅cm−2 in an N2 environment.
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curves (Figure S37). Subsequently, we compared the maximum
FF with the experimental values to reveal the reasons for the
enhancement of FF (Figure 4g). These results indicate that FO-
PyBA-based PSCs exhibit lower non-radiative recombination and
diminished charge transport losses than control-based PSCs.
Collectively, these findings confirm that FO-PyBA effectively
suppresses perovskite defects, mitigates carrier recombination,
and facilitates more efficient interfacial charge transport, thereby
enabling high-performance PSCs.

We further assessed the device stability of the unencapsulated
device under diverse conditions. The FO-PyBA-based PSCs exhib-
ited excellent operational stability under continuous white LED
illumination (100 mW⋅cm−2) in N2 atmosphere, retaining 94%
of their initial PCE after 1000 h (Figure 4h). For UV stability
evaluation, devices were irradiated under a 254 nm UV lamp
in an N2 environment. After 1200 h, the FO-PyBA-based PSC
maintained 92%of its initial PCE, compared to 75% for the control-
8 of 11

v

based PSCs (Figure 4i). Thermal stability tests conducted at 85◦C
in a N2 atmosphere demonstrated that FO-PyBA-based PSCs
retained 90% of their initial efficiency after 600 h (Figure S38).
The enhanced device stability is attributed to the robust CPMA
of FO-PyBA, which improves buried interfacial quality, thereby
mitigating degradation pathways [31].

3 Conclusion

In summary, FO-PyBA stabilizes the perovskite octahedral struc-
ture via the concurrent formation of C ═ O─Pb and B─O─Pb
coordination bonds along with N─H⋅⋅⋅I and O─H⋅⋅⋅I hydrogen
bonds to enhance the robustness of the buried interface. The
robust CPMA of FO-PyBA constructs a high-quality buried
interface, enabling efficiency and stable inverted PSCs. The FO-
PyBA-based PSCs achieved a champion efficiency of 26.85%
(certificated 26.7%) and 25.83% for active areas of 0.08 and 1
Advanced Materials, 2026
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cm2, respectively. The 1.67 eV wide-bandgap device attained
an efficiency of 23.44%. More importantly, the unencapsulated
device demonstrated excellent long-term stability, retaining 92%
and 94% of its initial efficiency after 1200 h of aging under UV
irradiation and 1000 h of operating under one-sun illumination,
respectively. The robust anchoring of arylboronic acid derivatives
on the perovskite surface reveals the critical importance of
functional group design, spatial configuration, and steric effects
in buried-interface engineering, while also establishing that only
robust anchoring can effectively stable octahedral framework.
The proposed robust CPMAprovide a viable pathway to overcome
buried interfacial instability and offers valuable insights into the
development of high-performance and durable PSCs.

4 Experimental Section

4.1 Materials

Materials required for preparing the hole transport layer: Nickel
oxide (NiOx) and [4-(3,6-dimethyl-9H-carbazol-9-yl) butyl] phos-
phonic acid (Me-4PACz) were purchased from Vizuchem Co.,
Ltd (Shanghai, China). Materials required for fabricating the
perovskite layer: cesium iodide (CsI, 99.98%), formamidinium
iodide (FAI), methylammonium iodide (MAI, 99.9%), methy-
lammonium chloride (MACl, 99.9%), lead(II) chloride(PbCl2,
99.9%), 1,3-Diaminopropane dihydroiodide (PDADI), 5-fluoro-
6-hydroxypyridin-3-ylboronic acid (FO-PyBA) were purchased
from Xi’an Yuri Solar Co., Ltd. Lead iodide (purity: 99.999%)
was purchased from Tokyo Chemical Industry (TCI). Materials
required for fabricating the electron transport layer: fullerene
(C60), 2,9-dimethyl-4,7-diphenyl-1,10-Phenanthroline (BCP) were
purchased from Xi’an Yuri Solar Co.

4.2 Device Fabrication

The F-doped tin oxide (FTO) glass (7 Ω⋅sq−1) was sequentially
ultrasonically cleaned with detergent (2 vol%), deionized (DI)
water, ethanol, and DI water for 15 min, respectively. The FTO
substrate was treated with ultraviolet ozone (UV-O) for 30 min.
Then the substrate was spin-coated with a thin layer of NiOx
nanoparticle film (5 mg⋅mL−1 NiOx water solution) at 3000 rpm
for 30 s and annealed in ambient air at 150◦C for 10 min. 0.5
mg⋅mL−1 Me-4PACzwas deposited on theNiOx at 4000 rpm for 30
s in a N2 glovebox. Subsequently, 0.2 mg⋅mL−1 Trifluorophenyl-
boronic acid isomers (IPA solution) was deposited on the hole
transport layer at 4000 rpm for 30 s and annealed at 100◦C for
5 min. 50 µL perovskite solutions were spin-coated onto HTL at
1000 rpm for 10 s, subsequently at 5000 rpm for 40 s. 200 µL CB
was dripped onto the center of the film at 10 s before the end of
spin-coating. The deposited perovskite films were subsequently
annealed on a hotplate at 100◦C for 30min. 1mg⋅mL−1 PDADIwas
deposited on the perovskite at 4000 rpm for 30 s and annealed at
100◦C for 5 min. For the electron transport layer (ETL), 20 nm
C60 was thermally evaporated on the perovskite films at a rate of
0.2 A⋅s−1 under a high vacuum of ∼10−7 Torr, followed by 7 nm
BCP evaporation as a hole-blocking layer. Finally, a 100 nm Ag
electrode was evaporated by thermal evaporation.
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4.3 Density Function Theory Calculations

All calculations were performed using the Vienna ab initio
simulation package (VASP 5.4.4) [38, 39], and the exchange–
correlation energy has been treated using the Perdew–Burke-
Ernzerhof (PBE) function [40]. For the surface calculations, we
constructed a 2 × 2 × 1 supercell system of PbI-terminated of 𝛼-
FAPbI3 (100) surface with a vacuum layer of more than 20 Å.
The Brillouin zone integration was sampled with a 3 × 3 × 1 Γ-
centered k-point gridwith a planewave energy cutoff of 500 eV. To
explore the bondingmechanism of chemical bonds in the system,
the Crystal Orbital Hamilton Population (COHP) method [41, 42]
is used, which is calculated by using the Local Orbital Basis Suite
towardElectronic-StructureReconstruction (LOBSTER) software
package [43, 44]. Ab initio molecular dynamics calculations were
performed with the canonical ensemble condition (NVT) ensem-
ble. The climbing-image nudged elastic band (CI-NEB) [45–47]
and an improved dimermethod (IDM) [48] were used to calculate
the iodide migration energy barriers. The electrostatic potentials
of the TFBA isomers were calculated using the Gaussian 09
package [49] at the B3LYP/def2-SVP [50–52] level with DFT-D3.

4.4 Device Characterization

The surface and crossmorphologies of perovskite filmsweremea-
sured using cold field-emission scanning electron microscopy
(SEM, Hitachi S-4800). The XRD patterns of the perovskite films
deposited on HTL were obtained on an X-ray diffractometer
(D8 Advance, Bruker). PL mapping was carried out using a
laser confocal fluorescence lifetime imaging microscope (Nikon-
RsiMP-LSM-Kit-Legend Elite-USX) with a 405 nm excitation

wavelength. The current–voltage (J–V) characteristics of PSCs
were measured using a Keithley 2400 Source Meter with a power
density of 100 mW⋅cm−2. The external quantum efficiency (EQE)
spectra of PSCs were achieved using a QE-R system (Enli Tech.).
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