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M AT E R I A L S  S C I E N C E

Molecularly tailorable metal oxide clusters ensured 
robust interfacial connection in inverted perovskite 
solar cells
Fengzhu Li1,2, Chaowei Zhao1,3,2*, Yanxun Li1,2, Zhen Zhang1, Xiaofeng Huang1,2, Yuefeng Zhang3, 
Jie Fang3, Tieyuan Bian4, Zhiyuan Zeng1, Jun Yin4*, Alex K.-Y. Jen1,5,6,2*

Interfacial recombination and ion migration between perovskite and electron-transporting materials have been 
the persisting challenges in further improving the e�ciency and stability of perovskite solar cells (PVSCs). Here, 
we design a series of molecularly tailorable clusters as an interlayer that can simultaneously enhance the interac-
tion with C60 and perovskite. These clusters have precisely controlled structures, decent charge carrier mobility, 
considerable solubility, suitable energy levels, and functional ligands, which can help passivate perovskite surface 
defects, form a uniform capping net to immobilize C60, and build a robust coupling between perovskite and C60. 
The target inverted PVSCs achieve an impressive power conversion e�ciency (PCE) of 25.6% without the need for 
additional surface passivation. Crucially, the unencapsulated device displays excellent stability under light, heat, 
and bias, maintaining 98% of its initial PCE after 1500 hours of maximum power point tracking. These results show 
great promise in the development of advanced interfacial materials for highly e�cient perovskite photovoltaics.

INTRODUCTION
Inverted (p-i-n structured) metal halide perovskite solar cells 
(PVSCs) have emerged as one of the most attractive photovoltaics 
regarding their applicability in tandem solar cells and �exible devic-
es (1�4). �e incorporation of self-assembled hole-extraction mono-
layers has greatly elevated the power conversion e�ciency (PCE) of 
single-junction PVSCs, reaching an impressive value of 26.2% (5�7). 
However, the interface between perovskite and electron-transporting 
layers (ETLs) still su�ers from considerable recombination losses 
and stability issues, which impede the long-term durability required 
for commercializing perovskite photovoltaics (4,� 8). Extensive re-
search has focused on interface modi�cations�such as using large 
organic cations to form a low-dimension perovskite layer, aiming to 
reduce the interfacial recombination losses and achieve ultralow 
voltage de�cits (9�11). Nevertheless, the electron blocking at the in-
terface of two/three-dimensional (2D/3D) perovskite and the stabil-
ity issues related to the migration of organic cations have been 
highlighted recently (12�15). �e movement of these ions, particu-
larly under thermal and light stress, severely a�ects the long-term 
stability of PVSCs for practical applications (13).

Composite materials, including MXenes, metal-organic frame-
works, and polymers, have also been explored for interfacial modi-
�cation and defect passivation in PVSCs with certain success 
(16�20). However, their poor solubility and tendency to aggregate 
on rough perovskite �lm surfaces prevent them from forming a 
fully covered conformal coating layer (21). �erefore, it is necessary 
to develop strategies for constructing a sharp and sturdy interlayer 

to block the ion migration and improve the interfacial connection. 
Metal oxide clusters, such as titanium oxide clusters (22,�23), are a 
class of molecularly tailorable compounds that are rarely explored in 
PVSCs despite their distinctive attributes, including well-de�ned 
chemical structures, abundant passivating ligands, good solubility, 
and decent charge carrier mobility (24,� 25). Distinguished from 
common metal oxide nanomaterials with complex synthesis and 
limited modi�cations, these molecular clusters can be easily de-
signed to provide extensive functionalities with ligands for cross-
linking, arylation, �uorination, amination, etc. (26). �ey also have 
good solubility in various processing solvents rather than merely 
dispersing like most inorganic nanomaterials (23). �ese unique 
characteristics enable them to serve as promising candidates for pre-
cisely tailored multifunctional interlayers for enhancing the perfor-
mance and long-term stability of perovskite photovoltaics.

Among the various functionalization strategies, �uoroaryl moi-
eties stand out as particularly promising for stabilizing the interface 
with C60 due to their potential for strong quadrupole interactions. 
�e interactions between C60 and adjacent layers are typically weak, 
stemming from low binding energies associated with � interactions, 
which lead to facile delamination and present a bottleneck in the 
context of long-term stability (27). In contrast, the face-to-face in-
teraction between electron-rich �-systems (e.g., the �-network of 
C60) and electron-de�cient aromatic rings (e.g., hexa�uorobenzene) 
is notably stronger. These interactions are driven by favorable 
quadrupole interactions, which arise from the anisotropic electron 
distributions in these systems. Benzene, for example, has a negative 
quadrupole moment due to the localized electron density above 
and below its molecular plane, while hexa�uorobenzene exhibits a 
positive quadrupole moment resulting from electron withdrawal 
by the �uoro atoms. �e attractive quadrupole-quadrupole interac-
tion arises from the alignment of these electron-rich and electron-
de�cient regions. Consequently, electron-de�cient aromatic rings 
can serve as e�ective linkers, enhancing the strength of these inter-
actions and reinforcing the interfacial stability between C60 and sur-
rounding layers.
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Here, we present the design and synthesis of a series of nanometer-
sized cyclic titanium oxide clusters (CTOCs) with di�erent �uoroa-
ryl groups that can simultaneously enhance their interactions with 
commonly used C60 ETL and perovskite. �ese clusters also ex-
hibit atomically precise molecular structures, decent charge carrier 
mobility, and favorable energy levels. �e integration of this func-
tional cluster at the perovskite/C60 interface can passivate the de-
fects on perovskite surface terminations and provide quadrupole 
interactions to C60, establishing a robust interfacial connection. In 
addition, the distinctive size of the cluster also introduces steric hin-
drance to C60, preventing its physical movement during aging. Le-
veraging these unique functionalities, the derived inverted PVSCs 
achieve an outstanding PCE of 25.6% without additional surface 
treatment. Notably, these cluster-integrated devices exhibit re-
markably improved stability, maintaining 98% of their initial PCE 
a�er maximum power point (MPP) tracking for 1500 hours, and 
retaining 93% after being heated at 85°C for 1000 hours. These 
promising results pave the way for further developing advanced 
interfacial materials to enhance the performance and durability 
of perovskite photovoltaics.

RESULTS
Design and characterization of the CTOCs
�e general criteria for our design are based on the development of 
clusters with suitable energy levels and charge mobilities in conjunc-
tion with multiple �uoroaryl groups for optimizing their interaction 
with perovskite and C60. �ese clusters were facilely synthesized 
through the direct ligand exchange between bare CTOCs and target-
substituted benzoic acids, as detailed in Materials and Methods (28). 
Single-crystal x-ray di�raction (XRD) analysis a�rmed the deliber-
ate customization of CTOC at eight acid sites on each [Ti4O2] unit, 
achieved through its hierarchical ligand exchanging activity (�g. S1 
and tables S1 and S2). �is customization resulted in three distinct 
CTOC-series clusters, labeled as CTOCPh, CTOCPh-F (CCDC 
2312101), and CTOCPh-5F (CCDC 2312102), featuring groups of 
phenyl, p-�uorophenyl, and penta�uorophenyl, respectively (Fig. 1A) 
(29). Comprehensive analysis, including single-crystal structure 
examination (data S1 and S2), powder XRD (PXRD; �g. S2), infra-
red and Raman spectrum (�g. S3 and table S3), and nuclear mag-
netic resonance (NMR) spectra (�g. S4), further veri�ed the 
phase purity of these clusters. �e inherent cyclic structure, supported 

Fig. 1. Crystal structures and properties of the clusters. (A) Molecular structure of the CTOCPh, CTOCPh-F, and CTOCPh-5F clusters with top and side views, extracted 
from the single-crystal �les. Chartreuse, Ti; red, O; gray, C; green, F. (B) Electron mobility of the clusters. (C) Schematic representation of the band edge positions of the 
clusters and perovskite based on values from UPS results, referenced to the vacuum level. EF and EVAC represent Fermi and vacuum levels, respectively. (D) HAADF-STEM 
image coupled with the modeling of the CTOCPh-5F clusters.
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by eight [Ti4O2] units and double-deprotonated ethylene glycol 
(OC2H4O) ligands, remained intact in all three CTOC-series clus-
ters. �is preserved structure ensures identical interior spaces within 
the clusters, while the external surfaces were successfully modi�ed 
with distinct �uoro-substituted phenyl groups.

As depicted in Fig. 1A, the CTOC-series clusters exhibit a 
doughnut-like structure with an inner diameter of 0.83 nm, match-
ing well with the size of a single C60 molecule to facilitate the ex-
quisite trapping of C60. �e eight phenyl groups radiate in two 
directions, forming a bridging interface between perovskite and C60 
with robust chemical interactions when used as an interlayer. Notably, 
the clusters maintain decent electron mobilities derived from the 
[Ti4O2] inorganic units, measuring 1.01� ×� 10�5, 6.47� ×� 10�4, and 
1.33�×�10�3�cm2�V�1�S�1 for CTOCPh, CTOCPh-F, and CTOCPh-5F, 
respectively (Fig. 1B and fig. S5). We then applied ultraviolet 
photoelectron spectroscopy (UPS) to evaluate the work functions 
and energy levels of the clusters (�gs. S6 and S7). Figure 1C illus-
trates a gradually decreased Fermi level (EF) from CTOCPh to 
CTOCPh-F and CTOCPh-5F, attributed to the strong electronegativ-
ity of the �uoro group. Although the EF of CTOCPh-5F is slightly 
higher than that of perovskite, the thin layer with a thickness of 
1.6 nm for one CTOCPh-5F molecule allows e�cient electron tunnel-
ing for charge transport. A�er coating with CTOCPh-5F, the EF of the 
perovskite �lm shows an upward shi� of 50 meV, as con�rmed by both 
UPS (�g. S8) and Kelvin probe force microscopy (KPFM) (�g. S9) 
characterizations. �is shi� indicates a more n-type surface of the �lm, 
which facilitates charge transfer between the perovskite and C60 (30).

We also characterized the morphology and microstructure of the 
CTOCPh-5F cluster using scanning transmission electron micros-
copy (STEM) (�gs. S10 and S11). As shown in Fig. 1D, the CTOCPh-
5F clusters present a distinctive hollow wheel-like structure with an 
average diameter of 2 nm, which is consistent with the size and con-
�guration obtained from the single-crystal structure. �e abundant 
�uoro-substituents on the cluster surface also promote strong inter-
molecular F���F interactions to facilitate the formation of a compact 
net-like structure (�g. S12 and table S4) (31). Because of the strong 
electronegativity of �uoro atoms, weak interactions, such as F���H 
and F����, considerably improve the intramolecular planarity and 
intermolecular interactions (32). In addition, the bulky C6F5 surface 
groups and low surface energy lead to a reduced crystallinity of the 
CTOCPh-5F �lm (33), as shown in the grazing incidence wide-
angle x-ray scattering intensity pro�les (�g. S13). �e solubility of 
CTOCPh-5F is also crucially increased, enabling its solubility in a 
variety of solvents (�g. S14). Consequently, the CTOCPh-5F clus-
ters can be solution processed to form a uniform and conformal 
thin layer on the perovskite �lm, as evidenced by the homogenous 
Energy Dispersive X-Ray Spectroscopy (EDX) mappings and the 
unaltered atomic force microscopy (AFM) images and XRD pat-
terns of control and treated �lms (�gs. S15�17).

Interactions between clusters, perovskite, and C60
To comprehensively elucidate the role of these clusters as an inter-
layer, we conducted density functional theory (DFT) calculations on 
the perovskite/cluster and cluster/C60 models. We �rst examined the 
interfacial interactions between clusters and PbI2-rich (100) termi-
nated perovskite, because PbI2-rich termination can induce the 
charge carrier trapping centers and degrade the surface due to 
the presence of uncoordinated Pb2+ ions (34�38). This also 
enables us to probe the impact of defect passivation with di�erent 

�uoro-substituted phenyl groups on clusters (39,�40). As illustrated 
in Fig. 2 (A to C), the Ebinding between perovskite and clusters is no-
ticeably increased, progressing from �2.88 eV for CTOCPh to 
�3.70 eV for CTOCPh-F, and further to �3.94 eV for CTOCPh-
5F. �is trend signi�es the strongest binding between CTOCPh-5F 
and surface undercoordinated Pb2+ ions, a crucial factor for stabiliz-
ing the perovskite structure and passivating the deep-level defects of 
uncoordinated lead cations (�gs. S18 and S19) (41). Furthermore, in 
both CTOCPh-F and CTOCPh-5F, the para-substituted F atoms on 
each benzene ring can form Pb-F bonds with the PbI2-rich (100) 
termination of the perovskite, demonstrating the e�ective strategy 
of �uoro-substitution (19). Moreover, in the case of FAI-rich ter-
mination, compared to CTOCPh (�1.61 eV), both CTOCPh-F 
and CTOCPh-5F exhibit much higher binding energies (�2.45 
and �2.47 eV, respectively) (�g. S20). Bene�ting from the strong 
interaction, these clusters can form a favorable lattice-matched clus-
ter/perovskite interface (�g. S21), which not only mitigates the con-
siderable strain and lattice distortion during aging but also creates 
charge transport channels (42,�43). We further explored the interac-
tions between the clusters and C60, where the binding between the 
�uorophenyl groups and C60 gradually increased with the numbers 
of �uoro-substitution (�g. S22). Speci�cally, CTOCPh-5F shows the 
strongest Ebinding (�1.21 eV) among the clusters, surpassing previ-
ously reported values and demonstrating its potential to restrain the 
C60 movement under heating (Fig. 2D) (44). �erefore, CTOCPh-
5F was selected to investigate its potential as an interlayer between 
perovskite and C60 layers to improve the device�s e�ciency and stability.

To further investigate the chemical interaction between cluster and 
perovskite, we used x-ray photoelectron spectroscopy (XPS) to study 
the �lms with cluster coating (�g. S23). As depicted in Fig. 2 (E and F), 
the binding energies of Pb 4f and I 3d shi� obviously due to the elec-
trostatic interaction between the �uoro groups and PbI6

4�, indicating 
a clear interaction between cluster and the undercoordinated Pb2+ on 
perovskite surface (table S5). �e decreased binding energies suggest 
an increased electron density from the electron-donating clusters, 
agreeing well with the more n-characteristic of perovskite �lms 
a�er coating. We also collected the solid 19F NMR spectra to gain 
further insights into the intermolecular interactions between the 
cluster, perovskite, and C60 in solid state. As shown in Fig. 2G, the 
bare CTOCPh-5F displays �ve peaks located at 148.07, 130.81, 125.17, 
121.59, and 105.43 parts per million, respectively, corresponding to 
the �ve �uoro atoms of the penta�uorophenyl group (�g. S24). When 
mixed with perovskite powder, these peaks show a notable upper shi�, 
indicating electron donation from penta�uorophenyl to perovskite 
(table S6). �is result is consistent with the decreased Eb of Pb 4f peaks 
in XPS and the F-Pb bond formation in DFT calculations. However, 
a�er mixing the CTOCPh-5F with C60 powder, only three peaks 
(coming from the free rotation of the single bond between the phenyl 
ring and the carboxylate group) appeared in the spectrum (Fig. 2G). 
�is characteristic asymmetric line-broadening and reduction in peak 
numbers further con�rm the presence of quadrupolar interaction be-
tween C60 and the penta�uorophenyl groups in CTCOPh-5F (45�49). 
�is strong interaction between CTOCPh-5F and C60 was further 
veri�ed by DFT calculations of the noncovalent interactions between 
C60, phenyl, p-�uorophenyl, and penta�uorophenyl groups, respec-
tively (�g. S25). �e strongest interaction between penta�uorophenyl 
groups and C60 demonstrates the great potential of CTOCPh-5F in 
building a compact capping net for restricting the movement of C60, 
thereby enhancing its long-term thermal stability (50).
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Fig. 2. The interaction between clusters, perovskite, and C60. (A to D) Calculated binding energy (Ebinding) for (A) PbI2-rich FAPbI3 (100)/CTOCPh, (B) PbI2-rich FAPbI3 
(100)/CTOCPh-F, (C) PbI2-rich FAPbI3 (100)/CTOCPh-5F, and (D) CTOCPh-5F/C60. The green dashed circle marked the connection between the perovskite and the �uorine 
on the benzene ring. The DFT calculations were performed at the GGA/PBE+vdW level. (E and F) The XPS spectra of (E) Pb 4f and (F) I 3d of the perovskite �lms with and 
without CTOCPh-5F coating. (G) 19F solid-state NMR spectra of the pure CTOCPh-5F cluster, the mixture of CTOCPh-5F and perovskite, and the mixture of CTOCPh-5F and 
C60, respectively. The peaks corresponding to the penta�uorophenyl group are marked in stars. The dashed lines in (E), (F), and (G) are purely for visual guidance and do 
not convey any speci�c meaning.
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Assessment of device performance and durability
We further evaluated the performance of PVSCs incorporating 
clusters in an inverted device con�guration of glass/indium tin 
oxide (ITO)/(4-(7H-dibenzo[c,g]carbazol-7-yl)butyl)phosphonic 
acid (51)/perovskite/clusters/C60/bathocuproine/Ag (�g. S26). �e 
clusters, dissolved in chlorobenzene with an optimized concentra-
tion of 2.5 mg/ml, were spin coated onto the perovskite �lm. As 
illustrated in Fig. 3A, the clusters seamlessly integrated into the 
interface between perovskite and C60, forming a robust bridge. 
Benefiting from the effective passivation of the surface defects 
and n-doping of the perovskite �lm, the PCEs of devices increase 
gradually with the CTOCPh, CTOCPh-F, and CTOCPh-5F coat-
ing (Fig. 3B and table S7). �e average PCE rose from 22.7% for 
control devices to 24.8% for CTOCPh-5F�coated PVSCs, mainly 
attributed to the increased open-circuit voltage (VOC) and �ll fac-
tor (FF) (�g. S27). �e champion device with CTOCPh-5F coating 
shows a remarkable PCE of 25.6%, with a VOC of 1.18 V, a short-
circuit current density (JSC) of 25.57 mA/cm2, and an FF of 
84.89%, which is among the highest PCE of inverted perovskite 
photovoltaics (Fig. 3C and table S8). �e reduced interfacial re-
combination loss with cluster coating is further proved by calcu-
lating the Urbach energy, which is decreased from 22.6 to 17.9 meV 
with CTOCPh-5F coating (�g. S28) (52,� 53). We also collected 
photoluminescence (PL) and time-resolved PL spectroscopy to 
study the charge carrier recombination in films (fig. S29). �e 
CTOCPh-5F�coated perovskite �lm exhibits substantially enhanced 

PL intensity and a prolonged lifetime (table S9), indicating re-
duced nonradiative recombination loss and a more homogeneous 
carrier lifetime distribution (54).

To assess the long-term reliability of the cluster-coated PVSCs, 
we subjected the devices to continuous 1-sun illumination at �xed 
resistance loads near the MPP. �e control device experienced a fast 
degradation with its PCE dropping to 75% of its initial value a�er 
800 hours, while the CTOCPh-5F�coated device could maintain 
98% of its original e�ciency a�er being tracked for 1500 hours (Fig. 
3D). We then conducted accelerated aging tests with high-intensity 
UV irradiation (ISOS-L-2) and thermal heating (ISOS-D-2), re-
spectively. �e CTOCPh-5F�coated device could retain 96% of its 
initial e�ciency a�er UV illumination for 400 hours, in contrast to 
the control device, which decreased to 74% a�er ~ 250 hours (�g. 
S30). �e photodegradation mainly contributes to the I2 generation 
upon illumination, which induces iodide vacancies and undercoor-
dinated Pb2+ ions (55). Bene�ting from the cohesive interfacial con-
nection and the strong binding of penta�uorophenyl groups, the 
iodine generation can be e�ectively retarded with CTOCPh-5F 
coating. �is is demonstrated by the slower increase in I2 absorption 
observed in the treated �lms in hexane compared to the control 
�lms (�g. S31). We also aged the devices following the ISOS-D-2 
protocols and tracked their performance under heating at 85°C. As 
shown in Fig. 3E, the T95 of the CTOCPh-5F�coated device was 
extended to 800 hours and 93% of its initial PCE remained a�er 
aging for 1000 hours, while the control device dropped to 65% of its 

Fig. 3. Device performance. (A) Schematic illustration of the CTOCPh-5F interlayer in the device from the top view and side view. (B) Box plots of the PCE of bare 
perovskite and CTOCPh-, CTOCPh-F�, and CTOCPh-5F�coated PVSCs, respectively. (C) J-V characteristics of the champion devices. Inset is the stable power output (SPO) 
of the device. (D) Operational stability of the PVSCs under MPP tracking. (E) Evolution of the device performance under heating at 85°C.
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original e�ciency at the same timescale. �is considerably im-
proved stability of cluster-integrated devices is superior to tradition-
al low-dimensional perovskite-capped devices (table S10), which 
showed no notable improvements in our in-house comparisons (�g. 
S32), demonstrating the great prospects of this material.

Exploration of ion migration blockage and C60 anchorage
To unravel the degradation mechanism and enhanced stability af-
forded by the molecular cluster coating, we �rst characterized the 
surface morphology of perovskite �lms covered by C60. Although 
both �lms exhibit full coverage of C60 before aging, the control sam-
ple presents some accumulation at grain boundaries (Fig. 4, A and B, 
and �g. S33). Continuous aging under heating leads to the severe 
aggregation of C60 on the control perovskite �lm (56), resulting in 
poor coverage and direct contact between perovskite and electrodes 
(Fig. 4C). �e exposed perovskite was evident in the surface poten-
tial imaging, displaying a considerably varied and uneven distribu-
tion (Fig. 4E) (56). In contrast, the strong quadrupole interaction 
between CTOCPh-5F and C60 helps reinforce the interfacial con-
nection and maintain the �lm morphology of C60 (Fig. 4D). As dis-
played in Fig. 4F, the surface potential mapping of the aged perovskite 
sample with CTOCPh-5F presents a more uniform distribution than 
that of the aged control �lm. �e robust connection and enhanced 
mechanical stability between CTCOPh-5F and C60 were further dem-
onstrated by the peel-o� test, with the CTCOPh-5F�coated �lm showing 
increased adhesive strength (�g. S34) (27).

Further investigation into the breakage of Pb-I-Pb bonds during 
thermal degradation was studied through XPS (57). We observed 
obvious Pb 4f and I 3d signals at the C60 surface in the aged control 
�lm, indicating the degradation of perovskite and the migration of 
Pb2+ and I� ions (Fig. 4G) (58). However, no signal could be de-
tected in the CTOCPh-5F�coated samples, suggesting the robust 
CTOCPh-5F barrier suppressed �lm decomposition and blocked 
ion migration (Fig. 4H). �is phenomenon was also compared with 
the perovskite modi�ed by a typical 2D passivation layer, where the 
obvious signals of Pb2+ and I� ions appeared, demonstrating the 
brokerage of Pb-I-Pb bonds and ion migration (�g. S35). We fur-
ther collected the XPS depth pro�les of aged devices to gain in-
depth insights into the ions� motion (�g. S36). As shown in Fig. 4I, 
migrated I� and Ag+ ions in the control device were detected on 
the electrode surface and in the bulk of perovskite, respectively 
(�g. S37). �e migrated iodine can react with Ag to form the stable 
AgI compound on the surface of the electrode (fig. S38), driving 
the irreversible migration of iodine/iodides from the perovskite 
layer (59), whereas these ion movements were effectively ham-
pered in the devices coated with CTOCPh-5F (Fig. 4J and 
figs. S39 and S40), which can be attributed to the multifunction-
alities of clusters in stabilizing the interface connection, as dis-
cussed above. Hence, combined with the inherent stability of 
clusters (�g. S41), we conclude that such molecularly tailorable 
clusters are very promising candidates for robust interlayers in 
perovskite photovoltaics.

DISCUSSION
We present an interface bridging strategy by incorporating a mo-
lecularly tailorable cluster with varied �uoro-substitution to simul-
taneously enhance the interactions with C60 and perovskite. �e 
favorable intramolecular planarity and good solubility of clusters 

enable the formation of a compact and uniform capping layer with-
out aggregation. �e penta�uorophenyl groups on CTOCPh-5F not 
only provide strong electrostatic interaction with perovskite surface 
terminations but also exhibit substantial quadrupole interaction to 
help anchor C60. Our design demonstrates a remarkable PCE of 
25.6% and impressive durability in inverted PVSCs, addressing the 
challenges of persistent recombination loss and device degradation 
associated with the perovskite/ETL interface.

MATERIALS AND METHODS
Materials
All the reagents and starting materials for synthesizing CTOC de-
rivatives were commercially available and used without further pu-
ri�cation, if not speci�ed. All the materials for perovskite �lm and 
device fabrication were used as received without further puri�ca-
tion, including N,N�-dimethylformamide (DMF; 99.99%, J&K), di-
methyl sulfoxide (DMSO; 99.70%, J&K), isopropanol (IPA; 99.50%, 
J&K), and chlorobenzene (CB; 99.90%, J&K). Cesium iodide (CsI), 
methylammonium iodide (MAI), and formamidinium iodide (FAI) 
were bought from Dysol. PbI2 (99.9985%) was bought from TCI 
(Japan). MACl, bathocuproine (99.9%), and C60 were bought from 
Xi�an Yuri Solar Co. Ltd. (4-(7H-dibenzo[c,g]carbazol-7-yl)butyl)
phosphonic acid (CbzNaph) was synthesized according to our pre-
vious reports (51).

Synthesis of clusters
The raw CTOC was synthesized according to the published 
procedure but with a scaled quantity (28). Synthesis of CTOC [Ti32O16
(OC2H4O)32(C4H9CO2)16(C2H5O)16] (�g. S1A): A mixture of ethyl-
ene glycol (30 ml), pivalic acid (5.1 g), and titanium tetraisopropa-
nolate [Ti(OiPr)4, 3 ml] in a 100-ml round-bottom �ask was heated 
at 100°C for 24 hours under ambient condition, producing a large 
amount of colorless precipitates. The product of CTOC can be 
obtained by centrifugation as white powder in 70% yield based 
on Ti(OiPr)4, which was washed successively with fresh ethanol 
and tetrahydrofuran, and lastly dried in the vacuum oven at 70°C 
for 5 hours.

Synthesis of CTOCPh [Ti32O16(OC2H4O)32(C4H9CO2)8(PhCO2)8
(C2H5O)16] (fig. S1B) was conducted based on a modified pub-
lished method (60). A mixture of CTOC (100 mg) and benzoic acid 
(80 mg) in mixed solvents of dichloromethane (2 ml) and ethanol 
(2 ml) were sealed in a 20-ml vial, which was incubated in an oven 
at 50°C. Caution: �e vial should not be completely sealed because 
of the volatile dichloromethane. A�er 5 days, colorless crystals of 
CTOCPh can be collected in 80% yield based on CTOC.

Synthesis of CTOCPh-F [Ti32O16(OC2H4O)32(C4H9CO2)8(p-
FPhCO2)8(C2H5O)16] (fig. S1C): A mixture of CTOC (100 mg), 
4-�uorobenzoic acid (85 mg), and triethylamine (20 �l) in mixed 
solvents of dichloromethane (2 ml) and ethanol (2 ml) was sealed in 
a 20-ml vial, which was incubated in an oven at 50°C. A�er 5 days, 
colorless crystals of CTOCPh-F (CCDC number: 2312101) with 
suitable quality for single-crystal XRD analysis can be collected in 
83% yield based on CTOC.

Synthesis of CTOCPh-5F [Ti32O16(OC2H4O)32(C4H9CO2)8
(C6F5CO2)8(C2H5O)16] (�g. S1D): A mixture of CTOC (100 mg), pen-
ta�uorobenzoic acid (105 mg), and triethylamine (20 �l) in mixed 
solvents of dichloromethane (2 ml) and ethanol (2 ml) was sealed in 
a 20-ml vial, which was incubated in an oven at 50°C. A�er 5 days, the 
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Fig. 4. Stability assessment. (A to D) AFM topography images of the pristine [(A) and (B)] and aged [(C) and (D)] �lms. (E and F) Surface potential mapping of the aged 
(E) perovskite/C60 �lm and (F) perovskite/CTOCPh-5F/C60 �lm. The red circles in (C) and (E) indicate examples of C60 aggregation after aging. (G and H) Pb 4f and I 3d XPS 
spectra of the (G) perovskite/C60 �lm and (H) perovskite/CTOCPh-5F/C60 �lm before and after aging. (I and J) XPS depth pro�le analysis of the aged devices (I) without and 
(J) with CTOCPh-5F coating layer.
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