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Perovskite quantum dots (PQD) hold great promise for next-generation pho-
tovoltaics. However, neat ester antisolvents hydrolyze inefficiently into target
ligands under ambient conditions, compromising the formation of integral
conductive capping on PQD surfaces. Herein, we construct alkaline environ-
ments, which facilitate the rapid substitution of pristine insulating oleate
ligands with up to twice the conventional amount of hydrolyzed conductive
counterparts. Theoretical calculations reveal that this environment renders
ester hydrolysis thermodynamically spontaneous and lowers reaction activa-
tion energy by approximately 9-fold. Through tailoring potassium hydroxide
coupled with methyl benzoate antisolvent for interlayer rinsing of PQD solids,
the assembled light-absorbing layers exhibit fewer trap-states, homogeneous
orientations, and minimal particle agglomerations. Consequently, the fabri-
cated solar cells (0.036 cm?) achieve a certified efficiency of 18.3%, the highest
value among published PQD solar cell reports, alongside a steady-state effi-
ciency of 17.85% and an average efficiency of 17.68% over 20 devices. More-
over, the alkaline treatment is broadly compatible with diverse solid-state
treatments and PQD compositions, demonstrating universality in modulating

PQD surface chemistry.

Solution-processed lead halide perovskite quantum dots (PQD) have
garnered substantial research interest in light-emitting diodes (LED)" >,
photodetectors*, lasers’, and photovoltaics®™®, owing to their tunable
bandgap energy (Eg), high photoluminescence quantum yields (PLQY),
defect tolerance, and chemical processability’™. In particular, lead
iodide PQDs (APbl; PQD, A=cesium (Cs*), methylammonium (MA), or
formamidinium (FA®)) are promising for next-generation solar cells
due to their high light absorption coefficients (10°cm™) and Egs closer
to the ideal Shockley-Queisser theoretical value (-1.34 eV). Compared
to bulk counterparts, the enhanced surface strain of PQDs with a large
surface-to-volume ratio stabilizes their perovskite core lattices in the

photoactive black phase'>. Meanwhile, the colloidal synthesis of PQDs
separates their crystal growth from film deposition, enabling device
manufacturing processes to be more tolerant of environments”™.
Continued advances in surface ligand chemistry, A-site composition
regulation, and homo-/hetero-junction light-absorbing layer archi-
tecture design have significantly improved the power conversion
efficiency (PCE) of PQD solar cells (PQDSC) from 10.7% to the currently
National Renewable Energy Laboratory (NREL) certified 19.1%' 2. In
particular, benefiting from suitable Goldschmidt tolerance factors,
long exciton lifetimes, and tailorable lattice structures, hybrid A-site
lead iodide PQDs prepared by post-synthetic cation exchange enable
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solar cell devices exhibiting higher short-circuit current (/sc) and lower
open-circuit voltage (Voc) deficits™ 2.

The light-absorbing layer of a PQDSC is typically assembled by the
layer-by-layer deposition of PQD solid films, with each layer rinsed
using an antisolvent of appropriate polarity to adequately remove the
pristine ligands from the PQD surface without disrupting or dissolving
the perovskite core, thereby benefiting subsequent solution
depositions®* %, Wheeler et al. revealed that the pristine long-chain
oleate (OA) ligands on the X-site of PQD surface could be substituted
by short acetate (Ac) ligands hydrolyzed from methyl acetate (MeOAc)
antisolvent under ambient humidity, improving charge transfer
between adjacent PQDs?. Since then, esters have been commonly
used antisolvents for interlayer rinsing of PQD solid films. Upon
achieving the desired thickness, post-treatment with alternative short
cationic ligands (such as FA*, phenethylammonium (PEA®), and the
lately reported MA®) to substitute the pristine long-chain oleylammo-
nium (OAm®) ligands on the A-site of PQD surface could further
enhance electronic coupling of inter-PQDs, thereby resulting in
PQDSCs with advanced performance® . Our previous study identified
protic 2-pentanol (2-PeOH) with moderate polarity as the ideal solvent
of cationic salts, which mediated efficient A-site ligand exchange
during post-treatment of PQD solid films*’. Recent development of
concentrated quantum dot inks (=200 mg mL?) via liquid-state ligand
exchange has demonstrated promising scalability, enabling the single-
step deposition of light-absorbing layers with enough thickness and
conductivity”®. However, the inherent fragility of the ionic perovskite
lattice imposes limitations on selecting solvents for PQDs after ligand
exchange, which prevents the application of sufficiently short ligands
with high polarity, thus compromising the efficiency of resulting
PQDSCs.

Despite the progress achieved in enhancing the photovoltaic
efficiency of PQDSCs through regulating A-site cationic ligand salts for
post-treatment, the controlled solubilization of highly polar exogen-
ous anionic salts in mild ester antisolvents remains challenging for
interlayer ligand exchange. As a result, relying on ambient hydrolysis
of ester antisolvents to generate target anionic ligands has become the
standard practice to exchange the X-site pristine OA" ligands during
interlayer rinsing of PQD solids®. Nevertheless, the robust C-O-CH,
bonding of esters hinders their hydrolysis spontaneity. Hence, con-
ventional neat ester antisolvent rinsing predominantly induces the
direct dissociation of dynamically bound pristine OA" ligands rather
than substituting them with hydrolyzed shorter counterparts, thereby
generating extensive surface vacancy defects to capture carriers™.
Moreover, Ac ligands hydrolyzed from traditional MeOAc antisolvent
exhibit weak binding to the PQD surface, challenging to provide a
durable capping for ensuring effective charge transfer®. Importantly, if
the removed pristine X-site anionic ligands are not effectively replen-
ished by the alternatives during the interlayer antisolvent rinsing
process, the surfaces of these PQDs would be destabilized. As a result,
undesirable aggregation would occur from further shrinkage of inter-
particle space during subsequent A-site cationic ligand exchange,
which in turn deteriorates charge transport of the assembled light-
absorbing layers. Therefore, identifying esters with appropriate func-
tional groups and controllably enhancing their hydrolysis probability
are essential for effective interlayer antisolvent rinsing, which allows
the dynamically bound pristine long-chain insulating OA” ligands to be
sufficiently substituted with robustly bound short conductive ligands,
highly desirable for further enhancing the photovoltaic performance
and stability of PQDSCs.

Herein, an alkali-augmented antisolvent hydrolysis (AAAH) strat-
egy is presented to improve the conductive capping of PQD surface,
supported by comprehensive theoretical calculations and experi-
mental studies. The investigation of esters with different functional
groups identified methyl benzoate (MeBz) with suitable polarity as the
preferred antisolvent for interlayer rinsing of PQD solid films, and its

hydrolyzed ligands enable superior binding and charge transfer
properties on the PQD surface. Notably, the establishment of alkaline
environments significantly overcame both the thermodynamic spon-
taneity and kinetic activation energy barriers to ester hydrolysis,
thereby enabling the rapid formation of short anionic ligands that
effectively substituted the pristine long-chain OA" ligands during
interlayer antisolvent rinsing. Through carefully regulating the alkali-
nity, potassium hydroxide (KOH) was screened to ensure adequate
ligand exchange without compromising the structural integrity,
resulting in a conventional 2-fold number of densely conductive short
ligands capping on the PQD surface. Consequently, the fabricated
hybrid FAg 47Csg 53Pbl; PQDSCs yielded a remarkable PCE of 18.37%
(certified 18.30%), the highest value among hybrid A-site PQDSCs.
Moreover, the storage and operational stability of solar cells were both
improved. Charge carrier dynamics revealed that the high photo-
voltaic performance was attributed to the assembly of light-absorbing
layers with fewer defects, homogeneous crystallographic orientations,
minimal PQD agglomerations, and favorable energy level positions
through the AAAH strategy, resulting in suppressed trap-assisted
recombination and facilitated charge extraction within PQDSCs.

Results

Neat ester antisolvent rinsing of PQD solids

The hybrid FAg 47Cso 53Pbl; PQDs with an average size of ~12.5 nm and
photoluminescence (PL) emission peak at 728 nm were prepared via
post-synthetic cation exchange of CsPbl; PQD parent according to our
previous report (Supplementary Fig. 1)*. The resulting PQD colloids
were spin-coated into solid films for subsequent analysis.

Esters are regarded as an available antisolvent for interlayer rin-
sing PQD solid films because they possess neither protonicity nor
nucleophilicity, which ensures both the removal of dynamically bound
pristine long-chain ligands and avoids attacking the perovskite core,
thus favoring deposition of subsequent layers*’. Meanwhile, the pris-
tine long-chain insulating OA ligands on the PQD surface have the
potential to be exchanged by the short conductive acidic anions
hydrolyzed from esters”. Therefore, starting with the viewpoint con-
cerning functional groups of the anionic ligands bound to the X-site of
PQD surface, we first investigated the effect of neat ester antisolvents
rinsing on the performance of PQDs and corresponding solar cell
devices™, Effective ester antisolvents for rinsing PQD solid films should
foremost meet these criteria: (1) high hydrolysis probability; (2)
hydrolysis to short ligands; (3) rapid and efficient removal after rinsing.
To meet the above requirements, esters that possess short hydro-
carbon chain lengths at both the acyl and alcohol ends were preferred,
which minimizes the spatial resistance for water molecule adhesion
while ensuring low viscosity and boiling point for uniform coverage
and rapid evaporation. Therefore, listed in decreasing order of polar-
ity, esters including methyl methanesulfonate (MMS), methyl benze-
nesulfonate (MeBzS0O3), methyl formate (MeFo), ethyl formate (EtFo),
MeOAc, MeBz, ethyl acetate (EtOAc), and ethyl cinnamate (EtCa), were
selected for rinsing PQD solid films (Supplementary Fig. 2 and Sup-
plementary Table 1).

In our typical experiments, a preliminary screening of alternative
antisolvents was carried out. Initially, an “as-cast” solid film of PQDs
covered with pristine OA- and OAm® ligands was prepared, followed by
rinsing it with alternative antisolvents under ambient conditions at a
relative humidity (RH) of -30%. This step was designed to initiate
hydrolysis with atmospheric moisture, thereby substituting the pris-
tine OA’ ligands with the generated acidic anions. The resulting PQD
solid films are hereafter referred to as “antisolvent-based” samples. As
shown in Fig. 1a, despite sulfonates being widely reported as efficient
capping agents on account of their strong binding affinity to per-
ovskites, rinsing with either sulfonate-based ester in our study led
to the instantaneous and complete degradation of the perovskite
core. Moreover, as shown in Supplementary Fig. 3, among
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Fig. 1| Effects of neat ester antisolvent treatment on PQDs. a Molecular struc-
tures of the alternative ester antisolvents used in this work. Light absorption

spectra (b), normalized PL spectra (c), FT-IR spectra (d), and conductivity (e) of as-
cast, MeOAc-, MeBz-, EtOAc-, and EtCa-based PQD solid films. The Inset in (e) shows

the device architecture for conductivity measurement. f Schematic illustration of
ligand exchange during ester antisolvent rinsing of PQD solid films. g PCE statistics
of MeBz-, EtOAc-, and EtCa-based PQDSCs. For each condition, 20 devices fabri-
cated from different batches were applied for statistics.

carboxylate-based esters, the excessive polarity of MeFo and EtFo
resulted in degradation and film cracking of the assembled PQDs,
respectively. In contrast, rinsing with ester antisolvents of moderate
polarity, such as MeOAc, MeBz, and EtOAc, preserved the structural
integrity of PQD solids, leading to denser packing without the forma-
tion of visible cracks. Notably, the EtCa-based PQD solid exhibited a
rougher and more porous morphology, accompanied by a less ordered
packing arrangement. Therefore, in the following, we focused on dis-
cussing the effect of these available ester antisolvents on the proper-
ties of PQDs.

Figure 1b, ¢ present the light absorption and steady-state photo-
luminescence (PL) spectra of PQD solid films, and the corresponding
Tauc plots are shown in Supplementary Fig. 4a. It can be observed that
compared to the as-cast sample, PQD solid films rinsed with MeOAc,
MeBz, and EtOAc show the identical extent of red-shifted spectra,
indicating improved electronic coupling of inter-PQDs*. In contrast,
PQD solid film treated by EtCa exhibited a slight blue-shifted emission
compared to the as-cast sample. This is likely attributed to the dis-
rupted pristine crystallographic orientation caused by surface strain,
which arises from the hydrolyzed cinnamate anionic ligands with rigid
and bulky conjugated benzene rings and alkenyl groups (Supplemen-
tary Fig. 4b, c)*°. Fourier-transform infrared (FT-IR) spectra of PQD
solid films were measured to monitor the status of surface ligands. As
shown in Fig. 1d, ester antisolvent treatments significantly weakened
the alkyl stretching vibrational signals of PQDs, including v(C-H,) at
1460 cm™, v(C-H,) at 2780-2980 cm™, and v(C=C-H) at 3005cm™,
indicating removal of pristine long-chain oleyl ligands. In contrast, the

stretching vibration strengths of ammonium and imine groups (v(N-
H;") at 3138 cm™ and v(C=N-H,") at 3200-3450 cm™) were almost
identical in all samples, suggesting the pristine OAm" ligands and FA*
cations on PQD surface were essentially unaffected after ester anti-
solvent treatments (Supplementary Fig. 4d). Notably, all PQDs rinsed
with ester antisolvents exhibited stronger C =0 stretching vibration
centered at 1636 cm™ compared to the as-cast sample*’. These obser-
vations suggest changes in the chemical environment of carboxylate
groups on the PQD surface after being rinsed by esters, probably
resulting from the substitution of pristine OA" ligands with other spe-
cies containing carboxylate groups. In addition, MeBz- and EtCa-based
PQDs show distinctive aromatic C=C bending vibrational modes at
1562 cm™, and the carboxylate stretching vibration signals (vs(COO’)
around 1400cm™ and v,(COO") around 1520 cm™) were shifted
toward lower wavenumbers in these two samples compared to others,
likely due to the conjugation effects from benzene and vinyl groups*.
We proceeded to study the resistance of PQD solid films. Vertical
conductivity combined with film thickness measurements (Fig. 1e and
Supplementary Fig. 5) revealed that all ester antisolvent-rinsed PQDs
exhibited markedly enhanced conductivity compared with their as-
cast state, whose surfaces remained densely covered by pristine long-
chain insulating ligands®. Among these, the MeBz-based PQDs pos-
sessed the highest conductivity, ~1.5 times higher than that of con-
ventional MeOAc- and EtOAc-rinsed PQDs, whereas the conductivity of
PQDs rinsed by EtCa with a longer hydrocarbon chain was weaker, at
only -53% of MeBz-based PQDs. These results indicated that ester
antisolvents with different functional groups at the acyl ends have the
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potential to hydrolyze into various acetic anions under ambient
moisture to substitute the pristine long-chain OA" ligands during the
rinsing process. The lengths of these functional groups determine the
coupling degree of inter-PQDs, while their electronic properties
determine the binding status of the hydrolyzed anionic ligands on the
PQD surface, as illustrated in Fig. 1f.

Subsequently, we investigated the effect of neat ester antisolvent
treatments on the photovoltaic performance of PQDs by fabricating
solar cell devices. During the preparation of the light-absorbing layer,
PQD solid films underwent solely interlayer rinsing with the afore-
mentioned ester antisolvents, without any additional treatments.
Figure 1g and Supplementary Fig. 6 present the statistical PCEs and
other parameters, including Voc, Jsc, and fill factor (FF) of these
PQDSCs derived from 20 devices manufactured across different bat-
ches. The corresponding data are summarized in Supplementary
Table 2. MeBz-based PQDSCs show an average PCE of 15.57%, sur-
passing those of the conventional MeOAc- and EtOAc-based devices. In
contrast, despite the advantage of more conjugated I1-bonds favoring
electron transport, employing EtCa with a longer hydrocarbon chain
for rinsing PQD solid films significantly rolled off the FF and efficiency
of solar cells. The efficiency trends of solar cells paralleled the con-
ductivities of corresponding PQD solid films, highlighting the impor-
tance of enhancing charge transport between PQDs to achieve PQDSCs
with high photovoltaic performance.

Therefore, to thoroughly investigate the reason for MeBz enhan-
cing the optoelectronic properties of PQDSCs, we conducted density
functional theory (DFT) calculations. Coordinates of ligand-bound
surface models are provided in Supplementary Data 1. Our results
revealed that the benzoate (BZA") anionic ligands hydrolyzed from
MeBz exhibit stronger binding affinity and electron transfer capability
to the PQD surface compared to the Ac ligands hydrolyzed from
conventional MeOAc (Supplementary Fig. 7), confirming its suitability
as the target anionic ligand*. Although MeBz rinsing improved the
photovoltaic performance of PQDSCs, the X-ray photoelectron spec-
troscopy (XPS) analysis indicated that chemical environments of PQD
surface deteriorated after both the conventional neat MeOAc and the
preferred neat MeBz rinsing compared to the as-cast state (Supple-
mentary Fig. 8). This primarily resulted from the incomplete ligand
capping on these rinsed PQD surfaces, suggesting that neat antisolvent
rinsing predominantly drives the direct dissociation of pristine ligands,
thereby compromising carrier transport and the stability of the PQDs.
Therefore, it is imperative to increase the hydrolysis probability of
ester antisolvents to achieve more adequate short ligand
compensation.

Ligand exchange of PQDs based on alkali-augmented anti-
solvent hydrolysis

For the accomplishment of adequate ligand exchange, we introduced a
series of alkaline additives, including NaOH, KOH, Me;SiOK, and
K,COs, in descending order of alkalinity, into the ester to prepare
saturated solutions, thereby promoting ester hydrolysis through
controlled modulation of the alkaline environment. The rationale for
specific alkalis added into the antisolvent is presented in Supplemen-
tary Note 1. Given that MeBz demonstrated superior potential to other
esters listed above for enhancing the performance of PQDSCs, herein,
we focused on investigating the properties of MeBz antisolvents and
MeBz-based PQDs.

Firstly, the pH values of the regulated antisolvents were tested,
showing about 6.7 for neat MeBz, which increased progressively with
the alkalinity of the added alkali (quantitative data are provided in
Supplementary Fig. 9). The as-cast PQD films were then rinsed with
these antisolvents, and the resulting samples were designated as
“MeBz/alkali-based”. Unfortunately, NaOH with excessively high alka-
linity could attack PQD surface components via strong hydrogen
bonds, resulting in the disintegration and decomposition of the solid

film (Supplementary Fig. 10). In contrast, MeBz with added other
alkalis did not visibly damage the PQD solid film. As shown in Fig. 2a,
we proceeded to measure the X-ray diffraction (XRD) pattern of PQD
solid films rinsed with MeBz containing the available alkalis and found
that the diffraction peak position, intensity, and full width at half-
maximum (FWHM) of these samples remained almost constant, indi-
cating the crystal structure and grain size of PQDs were unaffected.
Therefore, we will mainly discuss the surface properties of PQDs in the
following. After identifying the available alkaline additives, we
designed and conducted hydrolysis experiments (detailed procedures
and analyses are provided in Supplementary Fig. 11 and Supplementary
Note 2) and confirmed that their ability to promote MeBz hydrolysis
increases with their alkalinity.

As illustrated in the FT-IR spectra (Fig. 2b), when the alkalinity of
the added additive did not exceed that of KOH, rinsing PQD solid films
with MeBz/alkali antisolvents would not introduce destructive hydro-
xyl groups (stretching vibration mode at 3250-3600 cm™) to the PQD
surface. Notably, we observed that the vs(COO") signal in PQDs rinsed
with MeBz/alkali antisolvents shifted toward higher wavenumbers of
1408 cm™ compared to the sample rinsed with neat MeBz (1399 cm™),
with increasing intensities correlating with the alkalinity of the added
alkalis. Correspondingly, the intensity of the C=C stretching peak at
~1468 cm™ in the Raman spectra, originating from the benzene ring of
PQDs, was also stronger with increasing pH values of the MeBz/alkali
antisolvents used for rinsing PQD solid films (Supplementary Fig. 12)*.
These observations indicate an increased presence of deprotonated
BZA' species on the surface of MeBz/alkali antisolvents rinsed PQDs,
likely interacting closely with the uncoordinated Pb?*.

The 'H nuclear magnetic resonance (NMR) spectra detailed the
status of ligands on the PQD surface, as depicted in Fig. 2c and Sup-
plementary Fig. 13a. To avoid the proton signal overlapping between
the amidinium group of FA* cation and the aromatic group of MeBz,
we chose CsPbl; PQDs as the sample for NMR measurement, instead of
FA,Cs1-,Pbl; PQDs. Samples were prepared by scraping PQD powders
from Si wafers and dissolving them completely in deuterated chloro-
form (d-CDCl5) at a concentration of 2mgmL™. Compared to the
sample rinsed with conventional MeOAc (Supplementary Fig. 13b),
PQDs treated by MeBz exhibited distinct aromatic proton resonances
originating from phenyl groups (para protons H,, meta protons Hp,
and ortho protons H¢) with chemical shifts () ranging from 7.4 to
8.2 ppm. These resonances were sharpened and downfield-shifted
relative to the corresponding resonances of neat MeBz, confirming the
hydrolyzed BZA' ligands were robustly bound to the uncoordinated
Pb** on the PQD surface via electron donation®. Furthermore, each 'H
NMR peak was normalized to the intensity of the chloroform proton
resonance (6 =7.26 ppm) for quantitative analysis of phenyl groups on
the MeBz-rinsed PQD surface, with the content increasing with the
alkalinity of the added alkali, suggesting that compensation of short
ligands hydrolyzed from MeBz on the PQD surface vacancies was
effectively enhanced. Particularly, MeBz/KOH-based PQDs possessed
the largest number of BZA' ligands, up to twice that of the neat MeBz-
based sample. As shown in Fig. 2d and Supplementary Fig. 14, further
analysis of the XPS spectra of PQD solid films revealed that, in com-
parison to the neat MeBz-based PQDs, despite no variation in the
composition of perovskite core (Supplementary Table 3), the Pb 4 f
peaks of samples rinsed with MeBz/alkali antisolvents shifted towards
lower binding energies, indicative of electron acquisition*®. Further-
more, the ratio between carboxyl groups (-532.5eV) and hydroxyl
groups (-531.4 eV) in samples increased with the pH value of the rinsed
MeBz/alkali antisolvent, corresponding to a gradual reduction in
anionic vacancies on the PQD surface. Notably, no signal of the K
element was detected among these samples. Therefore, based on the
combined results of FT-IR, NMR, and XPS analyses, we conclude that
the AAAH strategy effectively compensates for X-site vacancies on the
PQD surface by introducing a greater number of short anionic ligands
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Fig. 2 | Effects of AAAH strategy on ligand exchange of PQDs. XRD pattern (a),
FT-IR spectra (b), '"H NMR spectra (c), and histograms of carboxyl-to-hydroxyl
group ratios (d) for MeBz-, MeBz/K,CO3-, MeBz/Me;SiOK-, and MeBz/KOH-based
PQD solid films. Note that in (b), spectral ordinates on the left and right sides of the
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values for MeBz hydrolysis in conventional neutral (e) and constructed alkaline (f)
environments, referenced to the initial state of each system. g Fluence-dependent
TRPL spectra of MeBz-, MeBz/K,CO5-, MeBz/Me;SiOK-, and MeBz/KOH-based PQD
solid films. h Schematic comparison diagram of conventional and AAAH-based
ligand exchange of PQDs using MeBz antisolvent.

hydrolyzed from ester antisolvents, rather than anions or cations dis-
sociated from the added alkalis.

First-principles calculations were conducted to identify the tran-
sition state (TS) of MeBz hydrolysis, providing a theoretical study of
the reaction process (Supplementary Fig. 15), according to the fol-
lowing reaction Egs. 1 and 2%,

C4HsCOOCH; +H,0 — C,H;COOH + CH,OH 1)

C4HsCOOCH; + OH™ — C,HsCOO™ + CH,0H @)

As illustrated in Fig. 2e and Supplementary Movie 1, the calculated
total energy of products was higher than that of reactants, indicating
that the conventional ester hydrolysis reaction requires absorbing
sufficient external thermal energy to realize. Additionally, the activa-
tion energy (E,) for MeBz hydrolysis in a neutral environment was as
high as 53427 Kcal mol™, reflecting a slow rate of the hydrolysis reac-
tion. Despite evidence that the PQD surface functions as an active site
for catalyzing chemical reactions, simultaneously overcoming both
thermodynamic and kinetic barriers for MeBz hydrolysis remains a
significant challenge®. In contrast, Fig. 2f and Supplementary Movie 2
demonstrate that the introduction of hydroxide ions (OH) into the
reaction system substantially decreased the total energy difference
between reactants and products, signifying that the MeBz hydrolysis
reaction becomes highly spontaneous at room temperature.

Furthermore, the E, for MeBz hydrolysis was reduced to
6048 Kcal mol™, triggering a faster reaction rate. These results indicate
that the alkaline environment effectively lowers the energy threshold
for MeBz hydrolysis, contributing to the rapid generation of more
short-cationic ligands.

To examine the effect of the constructed hydrolysis environment
for ester antisolvents on the photophysical properties of PQDs, we
performed light absorption, steady-state PL, and time-resolved PL
(TRPL) measurements on PQD solid films, as shown in Supplementary
Fig. 16. No notable distinctions in the absorption edge and PL peak
positions were found among samples rinsed with different MeBz/alkali
antisolvents, indicating that the £, of PQDs was not affected. However,
the PL intensity and lifetime of these samples increased with the pH
value of the employed MeBz/alkali antisolvent. To in-depth analyze the
carrier dynamics within PQD solids, fluence-dependent TRPL mea-
surements were performed under confocal excitation. As shown in
Fig. 2g, the PL lifetime of the neat MeBz-based PQD solid exhibited an
initial increase as the excitation fluence increased from 25 to
80 nJ-cm~2, followed by a decrease at higher fluences. This suggests
that a trap-assisted Shockley-Read-Hall recombination dominates at
low fluence, which transits to bimolecular radiative recombination
once the traps become saturated upon photon filling*’. In contrast, all
three MeBz/alkali-based samples exhibited monotonic decreases in
their carrier lifetimes with increasing fluence, which is consistent with a
regime dominated by radiative recombination with lower trap
density**. Among these samples, MeBz/KOH-based PQDs consistently
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Fig. 3 | Effects of AAAH strategy on photovoltaic performance of PQDSCs.

a Cross-sectional SEM image of a FA 47Cs s3Pbl; PQDSC device. b Statistical PCEs
of MeBz-, MeBz/K,CO3-, MeBz/Me;SiOK- and MeBz/KOH-based PQDSCs. For each
condition, 20 devices fabricated from different batches were applied for statistics.
c/-V curves of MeBz- and MeBz/KOH-based PQDSCs. IPCE spectrum (d) and

stabilized PCE (e) of the MeBz/KOH-based PQDSC. f Evolution of reported PCEs for
hybrid A-site PQDSCs with publication year. Stability of the unencapsulated MeBz-
and MeBz/KOH-based PQDSCs under ambient conditions of 25 + 5% RH storage (g),
and continuous 100 mW cm white LED illumination in an N, atmosphere (h).

showed the longest PL lifetime across all excitation fluences, indicating
the lowest trap density, followed by MeBz/K,COs3- and MeBz/Me;SiOK-
based samples, while neat MeBz-based PQDs exhibited the shortest
lifetime. Supplementary Tables 4 and 5 summarize the fitting para-
meters of TRPL decay curves using phenomenological models.
Although these models were not necessarily physically relevant, they
primarily provided a numerical description of the PL decay process. It
can be found that the variation trends in carrier lifetime closely cor-
relate with the PL intensity order of these PQDs, confirming that the
AAAH-based ligand exchange leads to more effective surface ligand
capping, with KOH emerging as the most effective additive among
those tested.

Based on the aforementioned results, we summarized the impact
of the AAAH strategy on the ligand exchange and photophysical
properties of PQDs, as illustrated in Fig. 2h. When neat MeBz is used as
an antisolvent for rinsing PQD solid films, the requirement for external
energy input and the high £, combine to hinder its hydrolysis in neutral
environments at room temperature. Consequently, the dynamically
bound pristine long-chain OA" ligands are predominantly dissociated
from the PQD surface rather than substituted by short anionic coun-
terparts during rinsing. Although this improves the conductivity of
inter-PQDs, it introduces numerous surface vacancy defects, poten-
tially deteriorating the photophysical properties of PQDs. In contrast,
the AAAH strategy involves the introduction of alkalis into MeBz,
successfully overcoming the substantial thermodynamic and kinetic
barriers to ester hydrolysis by constructing an appropriate alkaline

environment. This allows the pristine long-chain OA" ligands to be
substituted by up to twice the conventional number of shorter BZA
ligands during the brief antisolvent rinsing process, thereby ensuring
the integrity of conductive termination on PQD surface, effectively
enhancing charge transport between PQDs and avoiding the formation
of surface trap states.

Photovoltaic performance of PQDSCs

To study the effect of optimizing the environment for antisolvent
hydrolysis on the photovoltaic performance of PQDs, we constructed
PQDSCs with indium-doped tin oxide (ITO)/tin dioxide (SnO,)/PQDs/
2,2',7,7-tetrakis[N,N-bis(4-methoxyphenyl)amino]-9,9’-spirobi-
fluorene (Spiro-OMeTAD)/Au planar structures. Figure 3a shows the
cross-sectional scanning electron microscopy (SEM) image of the as-
fabricated PQDSC device, where SnO, and Spiro-OMeTAD films serve
as the electron and hole transport layers (ETL and HTL), respectively.
To maximize the efficiency of fabricated PQDSCs, the layer-by-layer
assembled PQD solid film, acting as the light-absorbing layer, was
further post-treated with a 2-PeOH solution of short cationic ligands
(named 2-PeOH/ligand) to sufficiently exchange the pristine long-
chain OAm" ligands, as previously reported™. The detailed description
is provided in the Methods. The photovoltaic performance of PQDSCs
was evaluated under AML5G 100 mW cm™ illumination. We first
compared various cationic ligands for the post-treatment of PQD solid
films, including previously reported FA™>, PEA™, choline (CH")*, tri-
methylsulfonium (TMS")”, and other alternative candidates, by
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measuring the efficiencies of fabricated PQDSCs (Supplementary
Fig. 17 and Supplementary Table 6), and concluded that the benza-
midinium (PhAD"), simultaneously containing a conjugated benzene
ring and a FA" cation, ensured favorable surface charge transport and
binding affinity with the surface A-site of FAg4;Csos3Pbl; PQDs.
Figure 3b shows the statistical PCEs of PQDSCs fabricated with
2-PeOH/PhAD" post-treatment, with the corresponding photovoltaic
parameters, including Voc, Jsc, and FF, summarized in Supplementary
Fig. 18 and Supplementary Table 7. It can be observed that all devices
demonstrated high reproducibility, with efficiency increasing with the
pH value of the employed MeBz/alkali antisolvent. This trend was
duplicated in PQDSCs fabricated without post-treatment (Supple-
mentary Fig. 19 and Supplementary Table 8). Notably, MeBz/KOH-
based PQDSCs exhibited markedly superior photovoltaic performance
compared to devices fabricated with other MeBz/alkali-based PQDs,
indicating that the combination of MeBz with KOH is the preferred
antisolvent for rinsing the PQD interlayer. Consequently, we focus
primarily on a comparative study between MeBz- and MeBz/KOH-
based PQDSCs in the following.

As demonstrated by the photocurrent density-voltage (/-V)
curves of the champion devices (Fig. 3c), the MeBz-based PQDSC
yielded a PCE of 16.85% with a Voc of 1.162V and an FF of 0.745. In
contrast, MeBz/KOH-based PQDSCs achieved improved Voc and FF
values of 1.194 V and 0.775, respectively, resulting in a PCE as high as
18.37%. Moreover, the best-performing MeBz/KOH-based PQDSC was
certified by an independent solar cell accreditation laboratory,
obtaining a PCE as high as 18.30% (Supplementary Fig. 20), which is the
highest certified efficiency among published PQDSC reports to date, as
summarized in Supplementary Table 9. Despite observing a slight
hysteresis phenomenon when recording /-V curves under different
voltage scanning directions that are similar to other solar cells using
highly doped Spiro-OMeTAD as the HTL, the hysteresis in MeBz/KOH-
based PQDSCs was substantially suppressed compared to that in
MeBz-based devices (Supplementary Fig. 21)*°. Besides alkalis, it has
been reported that acids also have the potential to catalyze ester
hydrolysis*’. Nevertheless, PQDSCs fabricated based on MeBz/acetic
acid interlayer rinsing only showed a PCE of up to 13.56% (Supple-
mentary Fig. 22), likely due to the acid disrupting the dynamic equili-
brium of X-type ligand pairs on the PQD surface, thus accelerating the
structure disruption of perovskite lattice®. It is worth noting that
although the ester hydrolysis in alkaline environments proceeds via
the nucleophilic attack by OH™ ions, the presence of water molecules is
essential, as it serves as the medium that enables OH" dissociation and
facilitates the overall hydrolysis process. Without the participation of
water, the ester antisolvent rinsing of PQD solids cannot effectively
trigger X-site ligand exchange, as demonstrated in Supplementary
Fig. 23 and Supplementary Note 3. Figure 3d and Supplementary
Fig. 24 present the incident photon-to-electron conversion efficiency
(IPCE) spectra of PQDSCs. The integrated photocurrent densities of
18.65 mA cm™ and 19.05 mA cm ™ were recorded for MeBz- and MeBz/
KOH-based PQDSCs, respectively, aligning well with the J;. extracted
from the J-V curves. Moreover, as depicted in Fig. 3e, the stabilized
efficiency of 17.85% for MeBz/KOH-based PQDSCs matches their PCE
values extracted from /-V curves. According to Fig. 3f, it is noteworthy
that the champion PCE of our PQDSCs is the highest value among solar
cells fabricated with hybrid A-site PQDs. To further validate the
potential of the AAAH-based ligand exchange for large-area photo-
voltaic applications, we fabricated 1cm? solar cells (Supplementary
Fig. 25), which achieved a champion PCE of 15.60%, highlighting the
promising scalability of this strategy.

Following the confirmation that the AAAH strategy effectively
improved the efficiency of solar cells, we proceeded to investigate the
stability of the PQDSC devices. We first tested the shelf life of unen-
capsulated PQDSCs under ambient conditions with an RH of 20-30%,
following the ISOS-D-1 protocol®’. Figure 3g displays the normalized

PCE variations over aging time, with the corresponding pristine /-V
curves in Supplementary Fig. 26. It can be observed that after 20 days
of aging, MeBz-based PQDSC lost over ~40% of its initial PCE. In con-
trast, MeBz/KOH-based PQDSC could maintain ~-82% of the initial effi-
ciency after 30 days of aging.

Moreover, the continuous operational stability of a solar cell is
crucial for evaluating the overall performance of the device in practical
applications. We therefore conducted photostability measurements
on PQD solid films and unencapsulated PQDSCs*’. The suppressed
peak splitting in steady-state PL spectra and grazing-incidence XRD
pattern demonstrated that the light-induced phase segregation in neat
MeBz-based hybrid FA,Cs;.,Pbl; PQDs could be significantly inhibited
by a more efficient ligand exchange using the AAAH strategy (Sup-
plementary Fig. 27)****. Moreover, as shown in Fig. 3h, MeBz/KOH-
based PQDSC lost as low as 10% of its PCE after 400 h of continuous
output at its maximum power under 100 mW cm? illumination, while
MeBz-based PQDSC retained only about 60% of its efficiency after
tracking its maximum power points for 200 h. The improved storage
and operational stability of PQDSCs could be attributed to the more
complete capping with hydrophobic BZA' ligands on the PQD surface,
inhibiting vacancy-triggered moisture/oxygen penetration and ion
migration®,

Microphysical and optoelectronic properties of PQD light-
absorbing layers

The aforementioned studies have demonstrated that the pristine long-
chain OA' ligands on the PQD surface could be sufficiently substituted
with short anionic ligands through the AAAH strategy. Accordingly, we
measured the trap density of states (tDOS) using thermal admittance
spectroscopy on devices fabricated from PQD solids without post-
treatment A-site ligand exchange, as shown in Supplementary Fig. 28.
The MeBz/KOH-based PQDSCs exhibited a notably lower trap density
compared to the neat MeBz-based control device, especially in the
shallow trap region of 0.30-0.37 eV. This result indicates that the
hydrolyzed BZA Lewis base ligands effectively passivate iodide
vacancies on the PQD surface, contributing to the suppression of
nonradiative recombination pathways in photovoltaic devices. In the
following section, we will delve into the microscopic surface physical
and optoelectronic properties of PQD solid films prepared via a com-
prehensive two-step sequential X- and A-sites ligand exchange as
similar to the light-absorbing layer in PQDSCs, aiming at elucidating
the mechanisms underlying the enhancement in photovoltaic
performance.

FT-IR spectra (Supplementary Fig. 29) verified that the introduced
short conductive PhAD* ligands could effectively substitute the pris-
tine long-chain insulating OAm" ligands on the A-site of the PQD sur-
face during 2-PeOH/PhAD" post-treatment without affecting the FA*
components and the interlayer exchanged X-site BZA" ligands. PQD
solid films of a certain thickness have been reported to undergo sig-
nificant volume shrinkage upon antisolvent rinsing, which is caused by
the drastic loss of the pristine long-chain ligands, bringing adjacent
PQDs into closer proximity*. Nevertheless, once these PQDs draw too
close to agglomerate, it leads to delamination between the top and
bottom layers, and severely deteriorates charge transport (Supple-
mentary Fig. 30a). Therefore, to investigate the depth-dependent
structural characteristics of 2-PeOH/PhAD* post-treated PQD solid
films, we employed the grazing-incidence wide-angle X-ray scattering
(GIWAXS) technique at incident angles of 0.2° and 0.8°, corresponding
to probe depths of approximately 2 nm (surface region) and 100 nm
(bulk region), respectively. This technique enabled the collection of
two-dimensional (2D) Bragg reflections (e.g., spots, arcs, or rings) from
specific lattice planes, thus providing detailed crystallographic infor-
mation within PQD solid films**%, As shown in Fig. 4a-d, at an incident
angle of 0.8°, samples exhibited clear ring scattering signals at vectors
(g) of 1.012, 1.432, and 2.021 A, corresponding to the (110), (111), and
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angles of 0.2° and 0.8° of 2-PeOH/PhAD" post-treated MeBz- and MeBz/KOH-based
PQD solid films. KPFM images and corresponding surface potential distributions
(f, g), AFM images (h, i), and 2D pseudo-color PL lifetime maps (j, k) of 2-PeOH/
PhAD" post-treated MeBz- (f, h, j) and MeBz/KOH- (g, i, k) based PQD solid films.

(220) lattice planes, respectively. However, when the incident angle
was reduced to 0.2°, the g values showed a slight increase (Supple-
mentary Fig. 30b, c), indicating compressive strain at the top of the
light-absorbing layer, probably originating from the removal of pris-
tine ligands from the PQD surface®. Figure 4e illustrates that at an
incident angle of 0.8°, the MeBz/KOH-based PQD solid film merely
exhibited a slightly higher integrated intensity than the MeBz-based
sample at an azimuthal angle of 90°, indicating that the crystal-
lographic orientations within the bulk of both samples are comparably
well-defined. In contrast, when the incident angle was as small as 0.2°,
the azimuthal integrated intensity at 90° of MeBz/KOH-based PQD
solid films was significantly stronger than that of the MeBz-based
sample, almost as high as that of the sample without 2-PeOH/PhAD*
post-treatment (Supplementary Fig. 30d, e). These results suggested
that the AAAH strategy effectively stabilizes homogeneous crystal-
lographic orientations throughout the depth of the light-absorbing
layer by forming a more integral surface BZA' ligand capping.

Kelvin probe force microscopy (KPFM) was employed to analyze
the surface potential of the PQD light-absorbing layer*. As illustrated
in Fig. 4f, g, after being post-treated with 2-PeOH/PhAD*, MeBz/KOH-
based PQD solid film displayed a lower surface potential and a more
uniform surface potential distribution compared to the MeBz-based
sample. This demonstrates a greater number of phenyl electron
donors hydrolyzed from MeBz effectively coordinate to the PQD sur-
face, effectively improving the surface capping integrity and electronic
properties of PQDs. In addition, atomic force microscopy (AFM) ima-
ges revealed that after 2-PeOH/PhAD* post-treatment, MeBz/KOH-
based PQDs exhibited a clearer particle assembly morphology than the
MeBz-based PQDs (Fig. 4h, i). Moreover, the root-mean-square
roughness (Sq) of MeBz/KOH-based PQD solid film (Sq: 11.95 nm) was

lower than that of the MeBz-based sample (S,: 14.35 nm), confirming a
smoother surface.

We proceeded to perform PL lifetime mapping tests on PQD solid
films with 2-PeOH/PhAD* post-treatment to gain further insights into
the particle status and photophysical behavior within the PQD light-
absorbing layer®®®’, As shown in Supplementary Fig. 31a, b, the overall
lifetime of MeBz/KOH-based PQD solid film (average 6192.47 ps) was
significantly longer than that of the MeBz-based sample (average
3825.73 ps). Figure 4j, k present normalized 2D pseudo-color maps of
the PQD solid films, where the MeBz-based sample exhibited multiple
scattered bright spots with lifetimes significantly exceeding the aver-
age, likely due to the formation of large-sized nanocrystal
agglomerates®. After splitting the PL lifetime components by a
bi-exponential function (Supplementary Fig. 31c, d), it was found that
the MeBz-based sample exhibited massive carrier capture sites in the
fast decay region, representing the nonradiative recombination.
In contrast, both the overall and split lifetime distributions of the
MeBz/KOH-based PQD solid film were more uniform, indicating that
the AAAH-based ligand exchange effectively mitigated the aggrega-
tions of adjacent PQDs. Furthermore, the more ordered and homo-
geneous stacking of MeBz/KOH-based PQDs on the substrate than neat
MeBz-based counterparts after 2-PeOH/PhAD" post-treatment can also
be visualized in the scanning electron microscopy (SEM) images
(Supplementary Fig. 32).

Charge carrier extraction and recombination dynamics

within PQDSCs

Optoelectronic properties of the light-absorbing layer reflect carrier
generation and transport, which are critical determinants of photo-
voltaic performance. Accordingly, we further analyzed charge carrier
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Fig. 5 | Effects of AAAH strategy on charge extraction and recombination of
PQDSCs. a SCLC curves of MeBz- and MeBz/KOH-based electron-only devices.
Nyquist plots (b), energy level diagram of functional layers (c) of MeBz- and MeBz/

KOH-based PQDSCs. d Schematic diagrams of charge carrier dynamics within
PQDSCs fabricated with neat ester antisolvent interlayer rinsing (neat ester-based
PQDSCs) and MeBz/KOH-based AAAH interlayer ligand exchange.

kinetics in PQDSC devices. Space charge-limited current (SCLC) mea-
surements were conducted on the electron-only devices with a
capacitor-like ITO/SnO,/PQDs/PCBM/Ag structure to quantify the trap
density (Ngap) within the PQD light-absorbing layer (Fig. 5a). Nirap was
derived using the following Eq. 3,

_ 2808 Vip

Ntrap - eLZ

3

Where Vyp is the trap-filled limit voltage, L is the active layer thickness,
& and & denote the vacuum permittivity and relative dielectric
constant of the active layer, respectively®’. The Vg, values for MeBz
and MeBz/KOH-based devices were determined to be 0.24V and
0.14V, corresponding to the calculated N, Of 3.26 x10%cm™ and
1.9 x10® cm™, respectively, indicating that trap states were reduced in
the MeBz/KOH-based PQD light-absorbing layer. Additionally, electron
mobility () of the PQD light-absorbing layer was also calculated from
the SCLC data using the following Eq. 4,

gl
€ 9gye, V2
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Where Jp, is the dark current density in the SCLC region, and V is the
applied voltage®. The MeBz/KOH-based device exhibited significantly
enhanced p. of 285x10*cm?V's? compared to that of
0.73 x10™* cm? V' s”! for the MeBz-based device, which implies a better
electron transport within the MeBz/KOH-based PQD light-
absorbing layer.

Further analysis of the charge recombination dynamics within a
complete PQDSC device was performed by examining the light
intensity-dependent Vo (Supplementary Fig. 33a). The V¢ could be

approximated as a linear function of light intensity, modeled by the
following Eq. 5,

kT (),
wil) o

Where n, k, T, Jon, and Jo are the diode ideality factor, Boltzmann
constant, Kelvin temperature, photocurrent density, and reverse
saturation current density, respectively®’. The slope of the linear
relationship, indicative of diode behavior, decreased from 2.07 kT/q in
MeBz-based PQDSC to 1.45 kT/q in MeBz/KOH-based device, probably
due to suppressed trap-assisted charge recombination. Electrochemi-
cal impedance spectroscopy (EIS) was performed to further elucidate
charge transport and recombination performance within PQDSCs.
Figure 5b shows the Nyquist plots and the corresponding equivalent
circuit model, with the low- and high-frequency regimes of the
semicircles revealing the recombination resistance (R..) and the
charge transport resistance (R.,), respectively. Compared to the MeBz-
based PQDSC with an R, of 63.7 Q and an R, of 4.72 kQ, the MeBz/
KOH-based sample exhibited a smaller R, of 40.6 Q and a larger R, of
6.13kQ, suggesting more efficient charge transport and reduced
interfacial recombination®**®. As shown in Supplementary Fig. 33b and
Supplementary Note 4, to elucidate the mechanisms behind reduced
interfacial charge recombination, Mott-Schottky analysis reveals that
the MeBz/KOH-based PQDSCs exhibit a higher built-in potential
(1.09V versus 1.07V) and a significantly lower interfacial carrier
density (7.28 x 10 cm™3 versus 1.06 x 107 cm~3) compared to the neat
MeBz-based devices. These align well with the higher Voc and FF values
for MeBz/KOH-based PQDSCs. Moreover, transient photovoltage
(TPV) measurements further show a significantly longer carrier lifetime
of 4.44ms in the MeBz/KOH-based devices compared to that of
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146 ms in the MeBz-based counterparts (Supplementary Fig. 33c).
These results further confirm suppressed charge recombination and
improved charge extraction within the device fabricated using the
AAAH strategy. Ultraviolet photoelectron spectroscopy (UPS) was
employed to assess the energy levels of the functional layers in the
PQDSC. As depicted in Fig. 5c, the slight upward shift of Fermi level in
MeBz/KOH-based PQD solids is likely attributed to the enhanced
surface capping of BZA  electron-donor ligands that reduces surface
potential, as measured by KPFM (Fig. 4f, g). Moreover, the calculated
conduction and valence band positions of the MeBz/KOH-based PQD
solid film exhibited a downward shift relative to the MeBz-based
sample, aligning more closely with the measured conduction band
maximum of SnO, (Supplementary Fig. 34). This promotes efficient
interfacial electron transport and is consistent with the enhanced
carrier extraction dynamics observed in the PQDSC devices, as
evidenced by the EIS and Mott-Schottky measurements®>’,

In addition to MeBz, we also incorporated KOH into other ester
antisolvents, especially MeOAc and EtOAc, to optimize interlayer
anionic ligand exchange of FA,Cs;.xPbls PQD solid films. As expected,
the resulting PQDSCs outperformed those fabricated via conventional
neat ester antisolvent rinsing. Besides, we integrated the AAAH-based
interlayer anionic ligand exchange with different previously reported
post-treatment cationic ligand exchange, such as FA* and PEA’,
achieving improved PQDSC performance compared to the conven-
tional intralayer neat antisolvent rinsing coupled with the corre-
sponding post-treatment approach. Furthermore, we validated the
applicability of the AAAH strategy to PQD solids of different compo-
sitions, such as CsPbls, with the resulting PQDSCs exhibiting enhanced
PCEs relative to conventional devices. As shown in Supplementary
Fig. 35, these findings highlight both the universality and feasibility of
the AAAH strategy in manufacturing high-performing PQDSCs.

In light of the aforementioned insights into charge carrier
dynamics in PQD solid films and solar cells, we propose a model to
comprehensively elucidate the role of AAAH strategy in fabricating
high-performing photovoltaic devices (Fig. 5d). PQD Ilattices in the
model were expanded from the primitive cell with coordinates shown
in Supplementary Data 2. During the layer-by-layer deposition of PQD
solid films, conventional interlayer rinsing using neat ester anti-
solvents, such as MeOAc or MeBz, encounters substantial thermo-
dynamic and kinetic barriers to hydrolysis, predominantly leading to
the direct dissociation of pristine OA" ligands from the X-site of PQD
surface. This process would generate numerous carrier-trapping
defects and induce PQD agglomerations after the post-treatment
exchanging of A-site pristine OAm"* ligands, consequently deteriorat-
ing charge extraction within solar cells. In contrast, the AAAH strategy
involves interlayer rinsing of PQD solid films utilizing ester antisolvents
with incorporated alkalis (especially MeBz with added KOH), allowing
sufficient substitution of pristine long-chain OA" ligands with short
anionic ligands due to the significantly lowered energy thresholds for
ester hydrolysis. This strategy maintains the integrity of conductive
capping on the PQD surface and the independence of adjacent nano-
particles after subsequent A-site ligand exchange, ensuring the
assembled light-absorbing layers featuring superior optoelectronic
properties, homogeneous crystallographic orientations, and favorable
energy level alignments, substantially suppressing carrier recombina-
tion and vacancy-mediated ion migration within PQDSCs, conse-
quently enhancing their efficiency and stability.

Discussion

In summary, we have demonstrated an efficient AAAH strategy for
enriching the conductive capping of PQD surfaces, enabling the fab-
rication of high-performance solar cells. Through identifying MeBz as
the preferred antisolvent and establishing proper alkaline environ-
ments via KOH incorporation to promote its hydrolysis under ambient
conditions, the pristine long-chain OA" ligands on the PQD surface

were rapidly substituted by the hydrolyzed short BZA' ligands in 2-fold
the conventional number. This AAAH-based ligand exchange effec-
tively diminished defects in the assembled light-absorbing layers,
homogenized crystallographic orientations, suppressed PQD
agglomerations, and optimized energy-level alignment. Consequently,
it enabled PQDSCs to achieve a PCE of 18.37% (certified 18.30%), the
highest reported for solar cells fabricated with hybrid A-site PQDs.
Moreover, the dense ligand coverage on PQDs imparted by the AAAH
strategy enhanced both storage and operational stability of solar cells.
The high photovoltaic performance was attributed to the simulta-
neous suppression of trap-assisted recombination and enhancement
of charge extraction. This work offers a versatile and practical route for
precisely modulating the PQD surface ligand chemistry, advancing the
performance of next-generation photovoltaics and other optoelec-
tronic devices.

Methods

Materials

Cesium carbonate (Cs,CO3, 99.99% (metals basis)), oleic acid (OA, 90%
(tech. grade)), oleylamine (OAm, 80-90% (tech. grade)), methyl acet-
ate (MeOAc, 99.5% (anhydrous)), ethyl acetate (EtOAc, 99.8% (anhy-
drous)), ethyl cinnamate (EtCa, 98%), methyl formate (MeFo, 99%
(anhydrous)), n-hexane (>99% (GC)) and n-octane (>99% (GC)), were
purchased from Aladdin. 1-octadecene (ODE, tech. 90.0%), 2-pentanol
(2-PeOH, 99%), chlorobenzene (CB, 99.9% (ACS)), methyl methane-
sulfonate (MMS, 99%), Methyl benzenesulfonate (MeBzSOs;, 98%),
methyl formate (EtFo, 97%), methyl benzoate (MeBz, 99%) and tin (IV)
dioxide (Sn0O,, 15% in H,O colloidal dispersion) were purchased
from Alfa Aesar. Formamidinium iodide (FAI, >99.5%), lead
iodide (Pbly, 99%), 2,2’,7,7"-tetrakis (N,N-di-p-methoxyphenylamine)
-9,9’spirobifluorene  (Spiro-OMeTAD, >99.9%), lithium bis(tri-
fluoromethylsulfonyl)imide (Li-TFSI), benzamidinium iodide (PhADI,
98%), and tris(2-(1H-pyrazol-1-yl)-4-tert-butylpyridine)-cobalt(Ill) Tris
(bis(trifluoromethylsulfonyl)imide)) (FK 209) were purchased from
Xi'an Yuri Solar. Acetonitrile (ACN, 99.8% (anhydrous)) and 4-tert-
butylpyridine (4-TBP, 96%) were obtained from Sigma-Aldrich. Potas-
sium trimethylsilanolate(Me;SiOK, 98%), potassium hydroxide (KOH,
85%(GR)), potassium carbonate (K,COs3, 99%) were purchased from
Innochem. Toluene (TOL, 99% (AR)) was purchased from Xilong Sci-
entific. All reagents were used as received without further purification.

Synthesis of CsPbl; PQDs

Pbl, (0.922 g) and ODE (50 mL) were placed into a 250 mL 3-neck flask,
and the mixture was degassed at 120 °C under a vacuum for 1 h. Sub-
sequently, OA and OAm (5 mL each) were injected into the flask under
an N, atmosphere, followed by vacuum degassing until all precursors
were fully dissolved. The temperature was then raised to 180 °C under
continuous N, flow, at which point the 100 °C preheated Cs-OA pre-
cursor (4 mL) was swiftly injected into the flask. After 5's, the flask was
rapidly immersed in an ice-water bath to cool the temperature down.
The preparation of Cs-OA precursor involved loading Cs,CO3 (0.611 g),
OA (1.88 mL), and ODE (30 mL) into a three-necked flask. The mixture
was degassed under a vacuum at 120 °C for 1h, after which the tem-
perature was heated to 150 °C under a continuous N, flow until the
Cs,CO;5 was completely dissolved, resulting in a clear solution.

Preparation of FA,Cs,..Pbl; PQDs

FA,Cs;.«Pbl; PQDs were prepared by post-synthetic cation exchange of
CsPbl; PQDs. During the 1st purification process, 35 mL MeOAc anti-
solvent was added to 15 mL as-synthesized CsPbl; PQDs, followed by
centrifuging at 8000 rpm (6400 g) for 5min. After that, the super-
natant was discarded, and the PQD precipitate was collected and dis-
solved in hexane at a concentration of 25mgmL™ for subsequent
cation exchange. During the 2nd purification process, ACN and TOL
mixture (2:3, v/v) solution of FAI (FAI-ACN/TOL, at a concentration of
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1.5mgmL?) was added in a 1:1 volume ratio to the 1* purified hexane
solution of PQDs to trigger the cation exchange between Cs" and FA",
then the mixture was swiftly centrifuged at 8000 rpm (6400 g) for
Smin. Afterward, the obtained FA,Cs..Pbl; PQD precipitate was
redispersed in hexane (5mL) and stored overnight in a refrigerator.
The stoichiometry of FA" in this study was determined to be 0.47
according to Vegard’s law. All purification processes of PQDs were
conducted under ambient conditions. The purified PQDs were cen-
trifuged at 4000 rpm (1600 g) for 5 min and vacuum dried before use.

Deposition of PQD solid films and assembly of light-

absorbing layers

The octane solution of PQDs (-85 mgmL?) was spin-coated on the
substrate at 1000 rpm for 10 s and then 2000 rpm for 20 s to deposit
one layer of the “as-cast” PQD solid film. After that, alternative ester
antisolvents including MMS, MeBzSO;, MeFo, EtFo, MeOAc, MeBz,
EtOAc, and EtCa with or without dissolved alkalis were pipetted onto
the as-cast PQD solid film for -5 s, followed by spin-drying at 4000 rpm
for 60 s, then rinsing again with the same neat ester antisolvent for -2 s.
For the assembly of light-absorbing layers, the above process was
repeated 4-5 times to form a thick solid film (500-600 nm), which was
subsequently treated with the 2-PeOH solution of PhADI (2-PeOH/
PhADI, 0.5 mgmL™) for -5 s and then spin-dried at 2000 rpm for 60's,
followed by rinsing the solid film with neat EtOAc. The modified ester
antisolvent was prepared by adding 1mg alkali powder, such as
Me;SiOK, K,CO3, KOH, and NaOH, into 1 mL of ester and sonicating for
40 min to prepare a saturated solution. Excess solids were removed by
centrifugation at 8000 rpm (6400 g) for 5 min. The 2-PeOH/PhADI was
prepared by sonicating the PhADI powder in 2-PeOH until the solids
were completely dissolved. All solid film preparation processes were
carried out under ambient conditions at a relative humidity (RH)
of 30-40%.

Material characterization

The X-ray diffraction (XRD) pattern was measured using an X-ray dif-
fractometer (D8 Advance, Bruker) with Cu Ka radiation (A\=1.54 A),
covering a scanning range of diffraction angles from 5° to 50°. Grazing-
incidence wide-angle X-ray scattering (GIWAXS) measurement was
performed using a SAXS/WAXS laboratory beamline (Xeuss 3.0,
XENOCS) equipped with a Cu Ka2 X-ray source (8.028 keV, 1.54 A), and
the diffraction patterns were collected by a detector (Pilatus3 1M,
Dectris). The exposure time for each PQD solid was kept at 120 s during
measurement to maximize the signal-to-noise ratio. The thickness of
PQD solid films was measured by a step profiler (Dektak XT, Bruker).
The AFM and KPFM results were measured using an atomic force
microscope (FMNanoview 1000), a Pt-coated Si tip (Model HA-FM/Pt/
15) with a spring constant (k) =3.5Nm™ was employed. Scans were
performed over 5 um at 256 pixels and 1Hz frequency in a dual-pass
setup, the first pass to record topography and the second to measure
the contact-potential difference (CPD) in tapping mode. The work
function of the Pt tip was calibrated by measuring the CPD relative to a
freshly cleaved highly oriented pyrolytic graphite (HOPG) with a
standard work function of 4.6 eV. All measurements were done in
ambient conditions under indoor lighting. FT-IR spectroscopy was
conducted using a Nicolet 6700 FT-IR Spectrometer in transmittance
mode. The absorption spectra were recorded using an Ultraviolet-
visible (UV-Vis) spectrophotometer (UV-2600, SHIMADZU). Steady-
state photoluminescence (PL) spectra were recorded using a spec-
trofluorometer (Puguangweishi Technology Co., Ltd) under a 375 nm
monochromatic excitation. Time-resolved photoluminescence (TRPL)
decay spectra were measured using a transient fluorescence spectro-
meter (FLS1000, Edinburgh) equipped with a picosecond diode laser
with a 374 nm excitation light. Fluence-dependent TRPL spectra were
acquired by exciting the PQD solid films with a 405 nm laser diode
(PDL 800-D, PicoQuant) operating at a 2.5 MHz repetition rate under

varying fluences. The emitted signal was passed through a mono-
chromator to select the desired wavelength and detected using a
photomultiplier tube (PMA Hybrid 50, PicoQuant), with timing con-
trolled by a time-correlated single photon counting module (Harp 300
Picosecond Event Timer, PicoQuant). PL lifetime mapping images were
captured with a microscopic fluorescence lifetime imaging system
(OmniFluo-FLIM, Zolix Instruments Co. Ltd.) equipped with a time-
dependent single photon counter (TCSPC), a 375nm picosecond
pulsed laser was employed to excite the fluorescence of the PQDs and
a 100X objective with a spatial resolution of <1 um was adopted to
carry out the imaging. The morphology of perovskite quantum dots
(PQDs) was characterized using a transmission electron microscope
(JEM-2100, JEOL) at an accelerating voltage of 200 kV. X-ray photo-
electron spectroscopy (XPS) and ultraviolet photoelectron spectro-
scopy (UPS) measurements were performed using a spectrometer
(ESCALAB 250Xi, Thermo) with excitation using an X-ray and He I
(21.22 eV) UV-light source, respectively. The N 1s and O 1s core-level
XPS spectra of the samples were deconvoluted using a sum of Lor-
entzian and Gaussian functions. The fitting was performed with X2
values between 0.95 and 1.1 to ensure reliability. 'H NMR spectra were
collected on an NMR spectrometer (AVANCE Il 600 M, Bruker). Raman
spectra were collected on a Renishaw 2000 microscope equipped with
a 785nm laser to avoid excitation of the fluorescence signal. The
conductivity of PQD solids was recorded under dark conditions, based
on devices with a structure of ITO/PQDs/Au. The conductivity value
was calculated by the following Eq. 6,

J=0V/L (6)

WhereJ, V, 0, and L are current density, applied voltage, conductivity,
and film thickness, respectively.

Fabrication of solar cells

The ITO glass substrate underwent sequential washing procedures
using detergent, deionized water, and ethanol. After that, the substrate
was subjected to UV-ozone treatment for 20 min to enhance surface
wettability and eliminate organic contaminants. A SnO, nanoparticle
solution (2.67% concentration, diluted with deionized water) was then
spin-coated onto the ITO substrate at 4000 rpm for 30 s, followed by
annealing at 150 °C for 30 min. The light-absorbing layers were pre-
pared following the above layer-by-layer procedure of PQD solid films.
Afterward, the Spiro-OMeTAD solution was spin-coated onto the PQD
light-absorbing layer at 4000 rpm for 30 s under ambient conditions at
an RH lower than 20%. The Spiro-OMeTAD solution was prepared by
dissolving Spiro-OMeTAD in CB at a concentration of 72.3 mgmL?,
followed by mixing with 28.8 uL of 4-TBP, 17.5 uL of ACN solution of Li-
TFSI (520 mg mL?), and 10 uL of ACN solution of FK209 (300 mg mL").
Finally, a~ 60 nm thick gold electrode was thermally evaporated onto
the top at a rate of 0.5 A s, thus completing the solar cell fabrication.

Solar cell characterization

The photovoltaic parameters of devices were tested in an N, atmo-
sphere. The J-V curves were recorded using the Keithley 2400 digital
source meter under AMLS5 G illumination (100 mW cm™) provided by a
AAA Class solar simulator (71SO503A, SOFN INSTRUMENTS Co., LTD.).
The incident light intensity was calibrated using a National Institute of
Metrology-certified silicon solar cell, and the working area of an indi-
vidual cell was 0.036 cm? defined using a black metallic mask. The
voltage scan range is from 1.3V to —0.1V, with a scan speed of 0.21V s
and a dwell time of 20 ms. The incident photon-to-electron conversion
efficiency (IPCE) spectra were measured using a quantum efficiency
system (QE-R, Enli Technology). The stabilized power output (SPO)
was measured by monitoring the photocurrent at the maximum power
point (MPP) under continuous illumination (AML5G 100 mW cm™).
The MPP tracking was carried out in an N, atmosphere using a
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long-term solar cell stability testing system (PV-S-16, Tianjin Meitong
Corp., China) under continuous 100 mW cm2 white LED illumination
(MT-LED, Tianjin Meitong Corp., China) at 30 +5°C, with the results
automatically recorded by dedicated aging test software. Electro-
chemical impedance spectroscopy (EIS) measurement was performed
in the dark by a compositive electrochemical workstation (CIMPS-pro,
Zahner Zennium). The SCLC measurement was conducted using a
Keithley 2400 to record the /-V curve of the electron-only device in
dark conditions. The Vir was determined by the intersection of the
tangent lines between the ohmic and the trap-filling zone.

Computational method

First-principles calculations have been carried out using the projected
augmented wave (PAW) as implemented in the Vienna Ab Initio
Simulation Package (VASP) code to model the binding of perovskite
core to a ligand®. To save computational effort without compromising
the results, individual Cs* was chosen to represent the A-site cation in
the model. A generalized gradient approximation (GGA) in the form of
Perdew-Burke-Ernzerhof (PBE) functionals was employed to describe
the exchange-correlation function. A cubic CsPbl; {001} surface slab
consisting of eight atomic layers within a 2 x 2 supercell was adopted
as the substrate, which was separated by a vacuum layer of more than
30 A to minimize interactions between neighboring slabs”. A cut-off
energy of 500.0 eV and a gamma-centered K-point mesh of 6 x 6 x1
were sampled for structural relaxation of the surface slab after con-
vergence tests. The Grimme DFT-D3 corrections were introduced to
capture the Van der Waals interactions. The top four layers of the
surface slab were fully relaxed using the quasi-Newton algorithm until
the energy difference between two successive ionic steps and the
Hellmann-Feynman force of each atom converged to 10~eV and
0.02 eV A, respectively. While the underlying layers, representing the
bulk, were fixed. The binding energy (Epinding) Of ligands to the surface
slab was defined using the following Eq. 7,

E binding =E system — E ligand — E substrate (7)

where Egyem refers to the total energy of the entire system after
structure relaxation, Ejigang and Eguace are energies of ligands and
surface slab, respectively.

Three-dimensional charge density differences (pgqifr.) were calcu-
lated using the following Eq. 8,

Pdifr. = Psystem — Pligand — Psubstrate ®)

where psyseem is the total charge density of the system with ligand
binding, piigand and Psubstrace are the charge densities of the ligands and
the PQD surface slab®®.

For the investigation of the effect of an alkaline environment on the
reaction process of hydrolysis for ester antisolvents, we performed
transition state (TS) and intrinsic reaction coordinate (IRC) calculations
employing Gaussian 16 set package on account of the density functional
theory (DFT). Ground states of molecules were optimized using
dispersion-corrected hybrid exchange-correlation B3LYP-D3 (BJ) func-
tionals and the basis set of 6-31+ G*, followed by single-point calcula-
tions at 6-311 ++ G**, The solvent environment was modeled as water
using the Polarizable Continuum Model (PCM). The reaction energy
barrier (E,) was determined by calculating the energy difference
between the transition state and the reactants through the IRC curve.

Reporting summary
Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability

All data generated in this study are provided in the article and Sup-
plementary Information and the raw data supporting this study are
available from the Source Data file. Source data are provided with
this paper.
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