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Abstract

To enhance both the efficiency and stability of perovskite solar cells (PSCs), an ideal
interface needs to be formed; that is, defect passivation, efficient charge transport and
suppression of ion migration must be achieved simultaneously. We rationally designed a
series of multifunctional pseudohalide (PH) anions in this study, including APCA,
APCA20H, and APCA30H, and systematically and synergistically regulated the interfacial
properties by introducing functional groups such as -COQO-, -OH, -NH,, -CN, and aromatic
rings. First-principles calculations and ab initio molecular dynamics (AIMD) simulations
indicate that the optimal APCA30H molecule anchors to the perovskite surface via strong
multidentate chelation. Cooperative coordination can reduce both deep and shallow trap
states effectively by breaking up the harmful Pb, trimers and Pb, dimers associated with
Pb-1 antisite (Pb,) and iodine vacancy (V,) defects. From an electronic standpoint, the
intrinsic dipole moments of the designed PH anions can adjust the surface work function to
reduce the energy-level mismatch at the electron-selective contact and promote
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non-radiative carrier extraction. In addition, the synergistic chemical bonding and prominent steric hindrance caused
by the ortho-hydroxyl group in APCA3OH increase the activation energy for iodide migration to 10.72 eV and thus
inhibit halide diffusion. The functionalized structure also forms a dense hydrogen-bonding network that restricts
water infiltration and enhances dynamic stability. By elucidating the structure-activity relationships of these complex
molecular architectures, this work provides fundamental molecular insights for the design of comprehensive
interfacial passivants for future perovskite photovoltaics.

INTRODUCTION

Single-junction perovskite solar cells (PSCs) based on organometallic halides have achieved a certified high
power conversion efficiency (PCE) of 28%, comparable to that of commercial silicon solar cells (27.8%)".
Despite these remarkable advances, uncontrollable crystallization during the solution process leads to a high
density of bulk and interfacial defects!>*. These defects generally involve uncoordinated atoms that can
readily serve as nonradiative recombination centers and facilitate ion migration and structural degradation,
thereby aggravating hysteresis and deteriorating device performance and lifetime®”. Therefore, reducing
defect formation is critical for improving the quality of perovskite films, which requires the development of
advanced passivation strategies'™”.

Small organic molecules have been studied as defect-passivating agents for PSCs, due to their adjustable
physical and chemical properties"*'?’. Among them, monovalent pseudohalide (PH) anions (e.g., PF_, BF,,
SCN, HCOO, CH,COO) are frequently used to passivate defects, and, due to their ionic similarity to native
halides, have shown good results. The above features can achieve several functions: strengthen the structure,
regulate energy levels, reduce non-radiative recombination, and improve film crystallinity"*"”. To further
improve the defect passivation effect, some functional groups (such as -CN, C=0, -OH, -NH,, aromatic
rings, and halides) have been added to these ionic structures. The above structural modifications can regulate
the crystal growth of the molecules and form specific chemical bonds with the perovskite lattice to reduce
defect density and improve film morphology"**". For example, Jeong et al. showed that adding formamidine
formate to FAPbI, -based PSCs reduced non-radiative recombination and improved device performance by
iodide vacancy passivation and hydrogen bonding between HCOO™ PH anions and FA* cations™. Based on
the above molecular analysis, more research has been conducted to design multifunctional passivation
molecules that can address various types of defect sites. The arrangement of functional groups and their
cooperative effects are necessary to be optimized for passivation. For example, the optimized geometry of
carbonyl (C=0) and amino (-NH,) groups in caffeine and its derivatives effectively suppresses Pb antisite
defects”), and the symmetrical spatial arrangement of 5-amino-3-pyridinecarboxylic acid maximizes
interactions with both halide ions and undercoordinated sites'”". Similarly, highly functionalized molecules
such as D-4-tert-butylphenylalanine with -COOH, -NH,, a benzene ring>>**/, and 3-phenoxy-2-
hydroxypropyl acrylate featuring -OH, C=0, benzene ring””, have been developed to address multiple types
of defects simultaneously. Li et al. have further promoted this idea by using the electron-rich oxygen atoms
of a 1,2,2-tris(4-methoxyphenyl)ethene derivative to simultaneously anchor and passivate multiple
uncoordinated defects””®. Although there have been some good results, most of the multifunctional
passivation molecules are still unknown!. More notably, the fundamental structure-activity relationships
that control the optimal selection, combination, and space distribution of functional groups in complex
molecular structures have not been systematically determined, and this is a serious problem for subsequent
research™?.

To address this important knowledge gap and elucidate the structure-activity relationships in complex
passivation systems, we rationally designed three structurally related multifunctional PH anions, namely
APCA, APCA20H and APCA30H. These molecules share a common molecular framework containing
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-COO;, -OH, -NH,, -CN, and a benzene ring. APCA is devoid of hydroxyl groups, whereas APCA20H and
APCA3OH each incorporate one hydroxyl group at different positions within the molecular framework. This
molecular design minimizes variations in the molecular backbone while allowing systematic investigation of
the effects of hydroxyl functionalization and its spatial position on the interfacial properties of the
passivation molecules. In particular, the electron-rich -CN and -COO" groups, coupled with the planar =-
conjugated aromatic framework, provide potential Lewis-basic sites for coordinating with uncoordinated
Pb** defects. Meanwhile, the introduced -OH group enables additional hydrogen-bonding interactions with
the perovskite lattice and organic cations (e.g., MA*), while the hydrophobic aromatic framework acts as a
molecular barrier against water penetration, thereby improving the moisture resistance of the passivated
interface. Therefore, these three molecules constitute a model molecular series for elucidating how hydroxyl
functionalization and spatial arrangement regulate interfacial binding, defect passivation, and moisture
resistance. Supported by first-principles calculations and ab initio molecular dynamics (AIMD) simulations,
we found that the rationally designed PH anions tend to adopt multidentate chelating configurations to
bridge adjacent Pb** defect sites. The unique molecular structures play a crucial role in determining the
spatial electronic distribution and interfacial binding strength, which are closely associated with the observed
defect passivation effects and reduced non-radiative recombination. Consequently, the appropriate
incorporation of APCA30H enhances defect formation energies, reduces trap-state density, suppresses
detrimental ion migration, and potentially contributes to longer carrier lifetimes and better transport
mobility. Finally, the spatial arrangement of functional groups within APCA-based PH anions enables the
simultaneous passivation of diverse defect sites through efficient synergistic interactions, demonstrating the
potential of targeted molecular design for enhancing the performance of perovskite photovoltaics.

COMPUTATIONAL METHOD

The computational models for all systems, including pristine, defective, and passivated MAPbI,, were
constructed using a three-layer PbI -terminated (001) slab. A 25 A vacuum layer was introduced along the z-
direction to suppress spurious interactions between periodic images, resulting in supercell dimensions of
12.6 x 12.6 x 42 A’ along the x, y, z directions, respectively. The geometries of the PH anions were optimized
using Gaussian 167, First-principles calculations were performed using Vienna Ab initio Simulation
Package” ). The exchange-correlation interactions were described using the generalized gradient
approximation (GGA) with the Perdew-Burke-Ernzerhof (PBE) functional. The projector augmented-
wave (PAW) method!*" was employed to describe the interactions between the ionic cores and valence
electrons. A plane-wave cutoff energy of 400 eV and an electronic convergence criterion of 10° eV were used
throughout the calculations. The climbing-image nudged elastic band (CI-NEB) method*>* was used to
calculate the iodide ion migration barriers, with a force convergence criterion of 0.15 eV A"'. The Grimme’s
D3 dispersion correction!* was included to account for van der Waals (vdW) interactions. To evaluate the
interfacial behavior and structural robustness under humid conditions, AIMD simulations were performed
using the CP2K package. The PBE functional was combined with the DFT-D3 dispersion correction,
together with Goedecker-Teter-Hutter (GTH) pseudopotentials and DZVP-MOLOPT-SR-GTH basis
sets!*»*. A plane-wave cutoff energy of 400 Ry was employed. The simulations were carried out in the
canonical ensemble at 300 K using a Nosé-Hoover thermostat, with a time step of 1 fs for a total simulation
time of 15 ps"*”*. Time-dependent density functional theory (TDDFT) calculations were further performed
using the CP2K package based on the structures obtained from the AIMD simulations. A plane-wave cutoff
of 400 Ry and a relative cutoff of 50 Ry were employed for the electron-density representation, together with
the DZVP-MOLOPT-SR-GTH basis set and the PBE exchange-correlation functional*. For each system,
the lowest 50 singlet excited states were calculated, together with 30 additional virtual molecular orbitals for
subsequent excited-state electronic-structure analysis. The convergence threshold for the TDDFT excitation
energies was setto 1 x 10™* eV, while the Self-Consistent Field convergence criterion was set to
1% 107 eVIs#l,
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Figure 1. (A) Geometries and electrostatic potential diagrams of APCA, APCA20H, APCA30H, together with the schematic illustrations
of their passivation on defective perovskite surface; (B) DFEs of the three PH anions before and after passivation. DFEs: Defect formation
energies; PH: pseudohalide; ESP: electrostatic potential.

50,51]

The defect formation energy (DFE) was calculated using!

AH:ED_ED=O+Zni,Ui (1)
i

where E; and E,_ represent the total energies of the defective and pristine MAPbI. slabs, respectively. n,
denotes the change in the number of atoms of element i associated with defect formation, and 4, represents

the corresponding chemical potential referenced to the most stable phase of element i. The iodine migration
rate constant (x) was estimated using the Arrhenius equation!®*,

RESULTS AND DISCUSSION

Among various defect types, intrinsic point defects dominate due to their low defect formation energies
(DFEs) and act as non-radiative recombination centers by introducing deep or shallow trap states, thereby
severely affecting exciton recombination, charge-carrier transport, and overall device stability***°. In
MAPbI,, the DFEs of four typical point defects, including iodine vacancy (V,), Pb-I antisite defects (Pb,), I-Pb
antisite defects (I,,), and lead vacancies (V,,), were calculated under Pb-rich conditions on the PbI,-
terminated (001) surface. Among these defects, V, and Pb, exhibit the lowest DFEs, indicating their
preferential formation during film processing and identifying them as the primary passivation targets in this
work [Supplementary Figure 1]. The corresponding DFE values under I-rich conditions were also evaluated
to investigate the defect stability under different chemical environments. As shown in Supplementary Figure
2, the average DFEs under I-rich conditions are higher than those under Pb-rich conditions. Notably, V, and
Pb, under Pb-rich conditions are known to induce shallow and deep trap states, respectively. To
synergistically passivate these two types of defects, three multifunctional PH anions based on 2-(4-
aminophenyl)-2-cyanoacetate (APCA), namely APCA, APCA20H, and APCA30H [Figure 1A], were
rationally designed. These molecules contain -COO", -OH, -NH,, -CN, and benzene ring groups and were

employed to investigate their surface passivation mechanisms under Pb-rich conditions.

Electrostatic potential (ESP) mapping of APCA reveals that the amino group attached to the benzene ring
acts as an electron-donating moiety, facilitating hole transport similarly to conventional hole transport
materials (HTMs)"”**, whereas the para-cyanoacetate group functions as an electron-accepting moiety"”..
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The integration of these acceptor (A) and donor (D) units generates a pronounced molecular dipole moment
within the framework [Supplementary Figure 3]. To further evaluate the role of auxiliary functionalization,
hydroxyl groups were introduced at the meta- and ortho-positions of the benzene ring, yielding APCA20H
and APCA30H, respectively. ESP and molecular orbital analyses indicate that APCA30H exhibits enhanced
electron-withdrawing capability.

All three PH anions coordinate with the perovskite lattice at the terminal -COO" group during the evaluation
of host-guest interactions. By systematically simulating the binding configurations of each functional group
at both Pb, and V| sites, the lowest-energy structures show strong multidentate chelation between the
molecules and undercoordinated Pb atoms near the defects [Supplementary Figure 4], and an interfacial
dipole is formed that points from the PH anions towards the perovskite surface. Specifically, at the V|
surface, either a single oxygen atom from the C=0O group or multiple oxygen atoms from both the C=0 and -
OH groups occupy the vacancy site through steric hindrance to form strong Pb-O chemical bonds. This
cooperation will help to improve the form of the film in post-production. After molecular anchoring, the
DEFEs of the passivated systems are significantly higher than those of the corresponding unpassivated system
[Figure 1B], and thus the surface has improved thermodynamic stability. Stabilization will suppress the
formation of both V, and Pb, defects simultaneously and reduce non-radiative recombination. In addition,
the polar groups (-COO, -OH, -CN) are located outside the benzene ring, and a good pathway for hole
extraction and transport is formed. The charge density difference (CDD) and plane-averaged CDD profiles
also show this interaction by presenting the spatial separation of electron and hole accumulation regions
[Supplementary Figure 5]. Bader charge analysis shows that approximately 0.7 e is transferred to the PH
anion. Furthermore, charge distribution extends into the perovskite lattice due to the combined effects of D-
A molecular dipoles and Lewis acid-base interactions, regulating the surface energy levels and improving
hole extraction efficiency!™.

Band structure analysis demonstrates that unpassivated Pb, defects introduce deep trap states within the
bandgap between the conduction band minimum (CBM) and valence band maximum (VBM), resulting in a
bandgap of 1.74 eV [Figure 2A and Supplementary Table 1]. Density of states (DOS) analysis and contour
plots further confirm that these localized trap states primarily originate from the p-orbitals of the defective
Pb atoms [Supplementary Figures 6A and 7]. In contrast, the V, defect narrows the bandgap to 1.55 eV
without introducing mid-gap trap states [Figure 2B and Supplementary Table 1], while exhibiting orbital
contributions to the conduction and valence bands similar to those of the Pb,-defective surface
[Supplementary Figures 6B and 8]. Upon passivation, the trap states on the Pb, surface are substantially
suppressed, while the bandgap of the V, surface is widened to values comparable to those of the Pb, system.
After passivation with APCA, APCA20H and APCA30H, the bandgaps of the V, defect system increase to
1.72, 1.73 and 1.75 eV, respectively [Figure 2C-H and Supplementary Table 1]. For narrow-bandgap
perovskite materials, moderate bandgap widening can favor an increase in open-circuit voltage (V..),
thereby contributing to improved photovoltaic performance. The V| defect induces anomalous bandgap
narrowing by introducing defect-related states and perturbing the electronic structure near the band edges.
Upon passivation with PH anions, these defect-induced states are effectively suppressed, thereby reducing
their contribution to non-radiative recombination and restoring the band-edge electronic structure. Such
suppression of defect states and recovery of the band-edge electronic structure are therefore favorable for
reducing V. losses and achieving a higher V “**?. This convergence in electronic structure is also reflected
in the optical absorption spectra, which exhibit consistent spectral shifts without compromising the
absorption strength [Supplementary Figure 9]. These results indicate that all three PH anions provide
synergistic passivation and yield similar electronic-structure characteristics across different defect systems,
leading to comparable passivation effects for multiple defect types. The DOS profiles further confirm that the
PH anions do not perturb the orbital contributions near the band edges, indicating that no additional trap
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Figure 2. Band structures and DOS of (A) Pb,_MAPbDI,, (B) V,_MAPDI,, (C) APCA@Pb,_MAPbI;, (D) APCA@V,_MAPbI;, (E)
APCA20H@Pb,_MAPbI;, (F) APCA20H@V _MAPbI,, (G) APCA3OH@Pb,_MAPDI;, and (H) APCA3OH@V,_MAPDI,. DOS: Density of
states; TDOS: total density of states; MA: methylammonium.

states are introduced [Supplementary Figure 6C-H]. Nevertheless, in the PH@Pb,_MAPbI, systems, the
residual trap states exhibit flat band characteristics, with localized charge largely removed from the defective
Pb site. The resulting charge distribution resembles the CBM contribution of the pristine system, indicating
substantially weakened carrier trapping [Supplementary Figure 7]. In addition, the VBM contour plots
exhibit similar distributions across all systems, with the charge density extending throughout the entire
structure, including the PH anions. This distribution indicates that, after electron excitation to the CBM, the
remaining holes are delocalized across the structure, suggesting that these PH anions can effectively facilitate
hole extraction and subsequent transport toward the HTMs [Supplementary Figures 7-8].

To investigate the structural origin of the substantial reduction in trap states at the Pb, defective surface and
the bandgap widening of the V| defective surface after adding PH anions, local atomic configurations were

studied. In the unpassivated Pb, system, a Pb, trimer exists at the defect site and serves as the structural unit


https://file.oaecenter.com/published/pdf/735a58f251221c36ed1b7c22fbd9310f/1793758301/em60231-SupplementaryMaterials.pdf
https://file.oaecenter.com/published/pdf/735a58f251221c36ed1b7c22fbd9310f/1793758301/em60231-SupplementaryMaterials.pdf
https://file.oaecenter.com/published/pdf/735a58f251221c36ed1b7c22fbd9310f/1793758301/em60231-SupplementaryMaterials.pdf
https://file.oaecenter.com/published/pdf/735a58f251221c36ed1b7c22fbd9310f/1793758301/em60231-SupplementaryMaterials.pdf
https://file.oaecenter.com/published/pdf/735a58f251221c36ed1b7c22fbd9310f/1793758301/em60231-SupplementaryMaterials.pdf

Li et al. Energy Mater. 2026, 6, 600152 Page 7 of 18

for the formation of deep trap states [Supplementary Figure 10A]. The corresponding trap-state contour plot
also shows that the charge density is concentrated around the Pb, trimer [Supplementary Figure 7A].
Passivation by PH anion effectively disrupts the Pb, trimer and relaxes the local structure into a less harmful
Pb, dimer configuration [Supplementary Figure 10B-D], thus significantly reducing the trap states
[Supplementary Figure 7B-D]. The structure reconstruction shows that residual trap states still exist in the
band structure, but they have been reduced significantly after passivation [Figure 2C, E and G]. For the V,
defect, the lack of iodine leads to the formation of a Pb, dimer; thus, there is significant distortion of the
inorganic octahedral framework and a narrowing of the bandgap [Supplementary Figure 11A]. Passivation
eliminates the Pb, dimer and, at the same time, oxygen atoms from the -COO" group occupy the vacant
iodine sites to form strong Pb-O bonds. These interactions restore the distorted octahedral framework to its
original shape [Supplementary Figure 11B-D] and thus increase the bandgap. In addition, comparison of the
passivated structures on the Pb, and V-defective surfaces [Supplementary Figures 10B-D and 11B-D] shows
that they have a high degree of structural integrity and atomic arrangement. This structural similarity
indicates that the PH anions produce comparable passivation effects on the two distinct defect types and
explains why the two defective surfaces exhibit similar bandgap values after passivation.

Beyond localized defect healing, we further evaluated the macroscopic effects of passivation on device
energetics and carrier transport. The electron-hole pair creation energy (W) is an important parameter for
evaluating electron-hole pair generation and the internal quantum yield '***). The W values of all passivated
structures differ only slightly from one another [Supplementary Figure 12], further indicating that these PH
anions can enhance the photo-response and charge transport. Energy-level alignment analysis reveals that
the PH anions modulate the surface work function (WF) through their intrinsic dipole moments [Figure 3A
and B]. The net positive dipoles increase the built-in potential at the interface [Supplementary Figures 3A
and 13], an effect mainly arising from the highly polar -CH(CN)COO" and -OH terminal groups. This
resulting enhancement of the interfacial electric field across the perovskite/electron transport material (ETM)
(TiO,) interface reduces the energy-level offsets [Figure 3C and D], while the more consistent alignment of
the energy cutoffs facilitates rapid carrier extraction and suppresses V. loss'”\. Notably, APCA30H provides
more favorable energy-level alignment on both defective surfaces than APCA20H and APCA. This
alignment promotes electron transfer to ETMs and hole transfer to HTMs, thereby effectively reducing V.

loss.

Effective mass calculations further suggest a predicted trend of improved carrier-transport characteristics.
According to deformation potential (DP) theory, the effective mass is an important parameter governing
carrier transport, and carrier mobility is inversely related to the effective mass®**.. When the other relevant
parameters, including the elastic constant and deformation potential constant, are comparable, a smaller
effective mass favors more efficient carrier transport. We therefore calculated the electron and hole effective
masses for all investigated systems. The electron effective masses increase substantially from 0.35 m, for
pristine MAPDI, to 0.81 m, and 1.20 m, for Pb, MAPDI, and V,_ MAPbL,, respectively. Meanwhile, the hole
effective mass of Pb,_ MAPbI increases from 0.29 m, to 0.48 m,, whereas that of V,_MAPDI, remains nearly
unchanged. These changes indicate that defect formation impairs carrier transport by increasing the effective
masses and enhancing carrier localization. Together with the emergence of defect-induced electronic states,
these effects can further promote nonradiative recombination. After passivation with the three PH anions,
the electron effective masses decrease in all defective systems. For holes, the effective mass of
APCA@V,_MAPDI, remains nearly unchanged at 0.29 m,, whereas those of the other passivated systems
decrease. Overall, these changes indicate that PH anion passivation generally improves carrier-transport
characteristics while suppressing defect-induced carrier localization and nonradiative recombination.
Moreover, due to its lowest hole effective mass, APCA30OH is expected to exhibit better hole transport
properties on both defective surfaces [Figure 3E and F].
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Figure 3. Simulated energy-level and work function diagrams of the surfaces (A) before and (B) after PH anion passivation. Energy-level
alignment of the (C) Pb, and (D) V, defective systems before and after PH anion passivation within the complete device architecture;
Electron and hole effective masses of the pristine, defective, and PH-anion-passivated systems for (E) Pb, and (F) V, defects; Interactions
between the APCA30H PH anion and surface Pb atoms on the defective surfaces of (G) Pb,_MAPbI; and (H) V,_MAPbI,; COHP analysis
of the Pb-O interactions in (1) APCA3OH@Pb,_MAPbI; and (J) APCA3OH@V,_MAPbDI,, and the Pb-N interactions in (K)
APCA30OH@Pb,_MAPbI; and (L) APCA3OH@V,_MAPbI,. PH: Pseudohalide; WF: work function; COHP: crystal orbital Hamilton
population; ICOHP: integrated COHP; FTO: fluorine-doped tin oxide.

The superior electronic performance of APCA30H relative to the other two PH anions can be attributed to
its stable interfacial coupling network. The optimized structures show that APCA30H binds to the
perovskite surface through multidentate coordination. In addition to the primary -COO" coordination, the
auxiliary -CN, -OH, and -NH, groups form additional Pb-N, Pb-O, and H-I interactions that further stabilize
the interfacial structure [Figure 3G and H]. Crystal orbital Hamilton population (COHP) analysis further
confirms these interactions [Figure 3I-L]. Pb-O coordination involving the ortho-hydroxyl group gives large
negative integrated COHP (ICOHP) values of -0.78 and -0.46 eV for Pb, and V, surfaces, respectively,
indicating strong stabilizing interactions below the Fermi level [Figure 3I-J]. Furthermore, Pb-N
coordination involving the -CN group gives ICOHP values of -1.04 eV and -0.82 eV for Pb, and V, surfaces,
respectively. Pb-N coordination involving the -NH, group is also observed on the V| surface, with an ICOHP
value of -0.55 eV. These large negative ICOHP values clearly confirm that cooperative multisite anchoring
promotes robust thermodynamic adsorption™.
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To elucidate the microscopic origin of the suppressed nonradiative recombination upon passivation, we
employed TDDFT to investigate the effect of APCA3OH passivation on the excited-state behavior of
defective MAPDI,. Combined with quantitative hole-electron analysis, the spatial distribution of
photoexcited carriers was further examined. As shown in Supplementary Figure 14, both the CBM and VBM
of the unpassivated defective systems exhibit pronounced localization around the defect regions, indicating
that the defect-related states participate in low-energy electronic excitations. Upon APCA30H passivation,
the localization of the frontier orbitals around the defect sites is substantially reduced, while their
distributions become predominantly concentrated on the perovskite framework. This redistribution weakens
defect-induced carrier localization and is expected to facilitate the delocalization and transport of
photoexcited carriers™.

The excited-hole, excited-electron, and CDD distributions provide further insight into the spatial separation
and redistribution of photoexcited carriers upon passivation, offering microscopic evidence for the
suppression of defect-assisted nonradiative recombination. As shown in Figure 4A, the excited-hole and
excited-electron distributions in the Pb,-defective system exhibit pronounced spatial overlap and are mainly
localized near the perovskite surface. The corresponding CDD distribution further shows that the electron-
density redistribution is primarily concentrated around the defect and neighboring regions, suggesting
substantial involvement of the defect states in the photoexcitation process. Upon APCA30H passivation
[Figure 4B], the hole and electron distributions become more spatially separated, accompanied by a
pronounced reduction in carrier localization around the defect region. Meanwhile, the CDD distribution
reveals a redistribution of the excited-state charge density from the defect-related regions toward the
perovskite framework, indicating that APCA30H effectively regulates photoinduced charge redistribution
and suppresses defect-induced carrier trapping. Similar behavior is observed in the V, defective system
[Figure 4C and D], where APCA3OH passivation redistributes the excited-state charge density and reduces
carrier localization around the defect-related regions.

The favorable electronic properties of APCA30OH-passivated defective MAPDI, are further supported by
quantitative excited-state hole-electron descriptors. As summarized in Supplementary Table 2, APCA30H
passivation decreases the hole-electron distribution overlap function (S, ) while increasing the electron-hole
centroid distance (D,), indicating reduced spatial overlap and enhanced separation between photoexcited
electrons and holes. This enhanced spatial separation is expected to reduce the probability of electron-hole
recombination and facilitate the effective transport of photogenerated carriers. In addition, the decreased
hole delocalization index (HDI) and electron delocalization index (EDI) indicate greater spatial
delocalization of the excited-state holes and electrons, resulting in a more homogeneous charge distribution.
The enhanced charge delocalization is expected to further reduce the likelihood of defect-assisted
nonradiative recombination, highlighting the effectiveness of APCA30H in regulating the excited-state
charge distribution and electron-hole interactions!*”").

Overall, the TDDFT results indicate that APCA30OH surface passivation effectively mitigates defect-induced
carrier localization and enhances the spatial separation of photoexcited electrons and holes, thereby reducing
the likelihood of defect-assisted nonradiative recombination and carrier trapping. These favorable excited-
state characteristics are expected to promote the transport and utilization of photo-generated carriers and
provide favorable conditions for extending carrier lifetime!>”).

It is well established that V, defects can facilitate halide-ion migration under operational conditions"”*”*. CI-
NEB calculations reveal a low migration activation energy (E, = 0.49 eV) and a high migration rate constant
(k)1 of 2.30 x 10° s™* for the unpassivated V| surface [Supplementary Table 3, Figure 5A and B]. Such facile

iodide migration can induce lattice distortion, interfacial degradation, phase segregation, V. loss, impaired
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Figure 4. Spatial distributions of the excited-state hole, electron, and CDD calculated by TDDFT for (A) Pb,_MAPbI;, (B)
APCA30H@Pb,_MAPbI,, (C) V,_MAPDbI,, and (D) APCA3OH@V,_MAPbI,. For each system, the left, middle, and right columns represent
the spatial distributions of the hole, electron, and CDD, respectively, where CDD is defined as the electron density minus the hole density.
The cyan and yellow isosurfaces represent the hole and electron densities, respectively. CDD: Charge density difference; TDDFT: time-
dependent density functional theory.

charge extraction, and the formation of shallow trap states”””.. Moreover, accelerated iodide migration can
enhance electron-phonon coupling and shorten carrier lifetimes, further deteriorating the optoelectronic
performance of the perovskite. Meanwhile, iodine vacancies can serve as preferential adsorption sites for
environmental H,0O and O, [Supplementary Figure 15], facilitating surface reactions and accelerating
degradation of the perovskite lattice. Together, these effects compromise the long-term structural and
environmental stability of perovskite materials”*””. Passivation markedly increases E, to 5.4 eV for APCA,
5.8 eV for APCA20H, and 10.72 eV for APCA30H, thereby reducing «x to 7.55 x 107° s, 1.44 x 10 s”', and
3.21 x 107 s, respectively, and effectively suppressing the migration pathway [Supplementary Table 3,
Figure 5A and B]. These results demonstrate that PH anion passivation strongly inhibits iodide migration
and enhances structural stability. Analysis of the migration pathways from the initial state (IS) through the
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Figure 5. Inhibition of iodide ion migration in V,_MAPbl, by different PH anions. (A) Transition-state energy profiles for iodide migration in
different systems; (B) Activation energy (E,) of the corresponding systems; Top views of the IS, TS, and FS along the iodide migration
pathways on the surfaces of (C) V,_MAPbl,, (D) APCA@V,_MAPbl,, (E) APCA20H@V,_MAPbl;, and (F) APCA3OH@V,_MAPbI,. PH:
Pseudohalide; IS: initial state; TS: transition state; FS: final state.

transition state (TS) to the final state (FS) further elucidates the mechanism underlying the suppression of
iodide migration [Figure 5C-F]. In the APCA30H-passivated system, strong Pb-O, Pb-N and O-H
interactions act together with steric hindrance to restrict iodide migration. At the TS, the migrating iodide
ion must overcome strong repulsive interactions with oxygen atoms that tightly coordinate to the vacancy
region through Pb-O bonds [Supplementary Figure 16]. Because the newly formed Pb-O bonds (~2.6 A) are
considerably shorter and stronger than the native Pb-I bonds (~3.3 A), displacement of the passivant is
energetically unfavorable.

The differences in E, among the three PH anions can be further understood from their distinct coordination
environments. As shown in Figure 5B, APCA and APCA20H exhibit similar E, values because both PH
anions passivate the defect site through multiple interactions involving the same functional groups, namely -
COO-, -CN, and -NH,, where steric confinement further increases the migration barrier. In contrast, the
substantially higher E, of APCA30H can be attributed to its ortho-hydroxyl group, which forms additional
Pb-O bonds and further saturates the local coordination environment, thereby imposing a much higher
kinetic barrier to iodide migration [Supplementary Figure 16]. The combined effects of spatial confinement
and chemical anchoring more effectively hinder Pb-I bond reformation and suppress iodide migration.
Importantly, both the presence and position of the -OH functional group play key roles in regulating
structural stability and suppressing iodine migration.
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The perovskite lattice is susceptible to degradation upon exposure to water and oxygen. AIMD simulations
were performed using CP2K for 15 ps at 300 K to evaluate the dynamic stability of the passivated surfaces
against water intrusion*”**\. In these simulations, four H,O molecules were initially placed approximately
9 A above the defective and passivated surfaces [Supplementary Figures 17-19]. The heights of the H,O
molecules exhibit pronounced fluctuations on the defective surfaces, with most molecules accumulating near
the surfaces before penetrating into the perovskite octahedral cages [Figure 6A and B]. Trajectory snapshots
show that structural collapse of both the Pb, and V| defective structures begins within 5 ps, followed by deep
H,O intrusion into the lattice by 10 ps [Supplementary Figure 20]. In stark contrast, all PH-passivated
structures maintain stable energy and temperature profiles throughout the simulations [Supplementary
Figures 21-22]. The H,O molecules remain at substantially greater heights above both passivated defect
surfaces; although some aggregation occurs, the molecules stay far from the surfaces [Figure 6C-H and
Supplementary Figure 23]. Trajectory snapshots further show that the multifunctional groups form a dense
hydrogen-bonding network that physically impedes moisture penetration, maintaining H,O molecules at
substantially greater distances from the perovskite surface. Accordingly, all passivated structures remain
intact without evident structural deformation or damage [Supplementary Figures 24 and 25]. These AIMD
results demonstrate that all three PH anions provide synergistic passivation of multiple defects. Among
them, APCA30H affords the strongest dynamic protection, completely preventing water penetration across
the approximately 5 A threshold.

Moreover, as noted above, a Pb, trimer and a Pb, dimer are present in the Pb, and V| defective structures,
respectively. During the AIMD simulations, analysis of the Pb-Pb distance reveals distinct structural
evolution for the two defective surfaces. The Pb-Pb distance profiles over the entire simulation further
confirm that both types of defective structures tend to form stable Pb, dimers [Supplementary Figures 26 and
27]. These dimers seriously distort and disrupt the octahedral cages, leading to H,O penetration and the
release of organic cations [Supplementary Figure 28]. By contrast, in PH-anion-passivated Pb, defect
structures, the Pb-Pb distances remain essentially unchanged throughout the simulations, indicating that the
Pb, trimer does not regenerate and that the resulting Pb, configuration remains structurally stable after
passivation [Supplementary Figure 26]. In the passivated V-defective structures, the Pb-Pb distances
increase to large values, indicating dissociation of the Pb, dimer while the integrity of the octahedral
framework is preserved [Supplementary Figure 27]. These structural changes effectively eliminate the
associated trap states, thereby reducing nonradiative recombination and supporting long-term operational
stability. Overall, these AIMD results demonstrate that PH anion passivation forms a stable multifunctional
protective layer that effectively suppresses defect-induced lattice distortion and water penetration. Among
the investigated molecules, APCA30OH exhibits the most pronounced overall passivation performance,
highlighting its potential for stabilizing defective perovskite surfaces. From the perspective of experimental
feasibility, we further propose a potential solution-phase synthetic route for APCA30H involving the Pd-
catalyzed a-arylation of ethyl cyanoacetate with an appropriately functionalized aryl bromide, followed by
ester hydrolysis and subsequent transformations””. The detailed proposed synthetic pathway is illustrated in
Supplementary Figure 29. These findings provide a molecular-level design strategy for developing more
robust perovskite materials and suggest that APCA30H-passivated perovskites may exhibit promising
stability and photovoltaic performance in future experimental devices. Further experimental synthesis of
APCA30H and device-level evaluation will be valuable for validating its practical applicability.

CONCLUSION

In summary, this study demonstrates that achieving high efficiency and operational stability in perovskite
solar cells relies critically on the construction of an optimum interface. Our comprehensive investigation
indicates that an ideal interface should simultaneously satisfy three key and cooperative requirements: (1)
effective passivation of surface defects and thermodynamic stabilization of the perovskite surface structure;
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Figure 6. Height evolution of H,O molecules in (A) Pb,_MAPDbI,, (B) V_MAPbI,, (C) APCA@Pb,_MAPDI,, (D) APCA@V,_MAPDI,, (E)
APCA20H@Pb_MAPbI,, (F) APCA20H@V,_MAPbI,, (G) APCA3OH@Pb,_MAPbI,, and (H) APCA3OH@V,_MAPbI,.

(2) favorable interfacial charge transfer; and (3) formation of a compact and stable electron-selective contact
that effectively suppresses ion migration. These structural and electronic requirements can be fulfilled
through the rational design of multifunctional PH anions, including APCA, APCA20H, and APCA30H.
First-principles calculations and AIMD simulations reveal that the optimized APCA30H molecule adopts a
multidentate chelating configuration through cooperative Pb-O and Pb-N interactions, effectively reducing
the deep and shallow trap states associated with Pb, and V, defects. This coordination alleviates defect-
induced structural and electronic perturbations through distinct mechanisms. For the Pb, defect, APCA30H
disrupts the Pb, trimer and stabilizes the resulting Pb, configuration, thereby substantially weakening the
associated deep trap state. For the V| defect, APCA30H disrupts the Pb, dimer and restores the local
inorganic octahedral framework, thereby suppressing the associated shallow trap states and reducing their
electronic perturbations. Regarding the second requirement, the inherent donor-acceptor dipoles of the
designed PH anions favorably tune the surface work function. This dipole effect reduces the energy-level
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mismatch between the perovskite and the TiO, layer, decreases the effective masses of electrons and holes,
and facilitates efficient carrier extraction while suppressing nonradiative recombination at the interface.
Importantly, for the third requirement, the combination of strong chemical bonding and pronounced steric
hindrance, particularly that introduced by the ortho-hydroxyl group in APCA30H, increases the activation
energy for iodide migration to 10.72 eV. Consequently, the passivated electron-selective contact forms a
compact and robust barrier that strongly suppresses detrimental halide diffusion. Finally, this study
elucidates the structure-activity relationships governing multifunctional passivation architectures. By
demonstrating that targeted molecular design can simultaneously regulate defect energetics, carrier
dynamics, and ion migration, this work provides a molecular design framework for constructing optimal
interfacial contacts in next-generation perovskite photovoltaics.
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