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A B S T R A C T   

The complete conversion of PbI2 into high-grade perovskite material with less trap-state density and long-term 
durability still remains challenging for two-step perovskite photovoltaics. In this work, nanoscale UiO-66, as a 
classical Zr-MOFs with respectable stability and high specific surface area, has been innovatively introduced into 
the PbI2 layer to facilitate the conversion process by morphology tuning and also ultimately improve the 
durability of the resultant perovskite photovoltaic devices. The added UiO-66 has impressively changed the 
morphology of PbI2 film from a pristine compact one into a porous structure, providing better contact with 
organic salt during second-step deposition, consequently benefitting the thorough and uniform perovskite con
version process. Importantly, the addition of UiO-66 has effectively suppressed the halide vacancies formation 
due to the increased halide vacancy formation energy at the interface, as evidenced by density functional theory 
(DFT) calculation, leading to noticeably enhanced charge transport property and greatly improved optoelec
tronic property. Furthermore, the crystal orbital Hamilton population (COHP) calculation result directly proves 
that the incorporation of UiO-66 has enhanced the stability of perovskite materials by intensifying the bonding 
interaction of Pb-I bonds at the interface. Consequently, the UiO-66-assisted devices deliver a champion power 
conversion efficiency of 23.05% with noticeably improved stability, significantly outperforming the pristine 
devices. This work demonstrates the brightening potential of MOFs to assist the consequential manufacture of 
highly efficient and stable perovskite solar cells for upscaling process and deployment in the near future.   

1. Introduction 

Organic-inorganic halide perovskite solar cells (PSCs), as the front 
runner among emerging photovoltaic technologies with the record- 
certified power conversion efficiency (PCE) reached 25.7 % [1], have 
attracted tremendous research interest [2–11]. At this stage, the scaling- 
up of PSCs with improved durability is receiving growing attention. In 
contrast to the one-step method, two-step approaches have been favored 
to apply to large-area manufacturing of PSCs because of their better 
crystallization control and higher reproducibility [12,13]. However, the 

dense and compact PbI2 film severely hinders the permeation of organic 
salt solution with the unsatisfactory conversion efficiency of PbI2 into 
perovskite film and seriously hampers further development [14–22]. 

To solve this issue, intensive research efforts have been made to tune 
the morphology of PbI2 thin films to enhance the conversion process. 
Zhao and co-workers first introduced two-dimensional (2D) monolayer 
Ti3C2Tx nanosheets into the PbI2 layer to form porous channels to 
enhance the susceptibility of PbI2. These porous channels effectively 
reduce the amount of the residual PbI2 in the perovskite film, promotes 
the perovskite transformation process, and magnify the grain size of 
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perovskite [23]. A. Alharbi et al. found that the addition of mixtures of 
1D δ-RbPbI3 and δ-CsPbI3 into the PbI2 solution could induce the for
mation of porous mesostructured PbI2 films. These porosity channels 
awfully facilitate the heterogeneous nucleation and the permeation of 
organic cations within the PbI2 layer [24]. Zhang and co-workers 
incorporated molybdenum disulfide nanosheets into the PbI2 solution, 
functioning as nano-frameworks to postpone the quick nucleation pro
cess of PbI2 and enlarge the physical volume of the PbI2 film with a 
nano-porous channel morphology. Hence, the penetration of the organic 
cations is remarkably promoted, leading to a perfected surface perov
skite crystal orientation with perceptively reduced residual stress and 
trap state density [25]. To really achieve the application goal of 
perovskite photovoltaic technology, long-term stability is another 
challenging issue that draws huge research interest. With impressive 
chemical and thermal stability, high specific surface area, inter
connected porous structure, and solution-processable nanoscale metal
–organic framework (MOF) has attracted increasing attention and 
successfully applied in the perovskite photovoltaic device [9]. In 2015, 
Huang et al. first reported incorporating MOF crystals into the perov
skite photo-active layer to fabricate PSCs. They synthesized the MOF- 
525 nanocrystals (≈140 nm) and integrated them with perovskite. The 
microporous structure of nanoscale MOF-525 significantly enhanced the 
morphology and crystallinity of the perovskite thin film [26]. In 2019, 
Lee et al. methodically investigated the influence of MOF/perovskite 
heterojunction on the photovoltaic performance and durability of PSCs 
with inverted p–i–n structure. They found that the hybrid MOFs were 
mainly distributed over the perovskite grain boundaries, providing a 
passivation function of perovskite grain boundaries with noticeably 
improved device stability [27]. In 2021, Dou et al. introduced the ul
trathin Eu-MOF layer between the electron-transport layer and the 
perovskite absorber to suppress defects and improve the device’s sta
bility. They found that the Eu-MOF can reduce disintegration under 
ultraviolet light and improve light utilization as well as improve the Jsc 
[28]. To give an overview of MOF-assisted perovskite photovoltaic 
studies, we have systematically summarized the photovoltaic parame
ters of the MOFs-assisted perovskite heterojunction of PSCs as shown in 
supporting information (Table S3). 

Here, we innovatively introduced nanoscale UiO-66 into the PbI2 
layer for the sequential deposition of perovskite solar cells, which has 
not been explored and reported so far. It has been found that the addi
tion of UiO-66 has noticeably changed the morphology of PbI2 thin film 
into a more porous structure, as confirmed by top-view SEM images. 
After the second step of organic salt deposition and post thermal 
annealing, we then systematically examined the conversion process of 
those PbI2 thin films with the help of GIWAXS. The 2D GIWAXS data 
shows that an obvious PbI2 scattering peak at 0.9 nm− 1 was presented 
for the pristine sample, while an almost negligible one for the one 
modified with UiO-66, indicating a more complete conversion for UiO- 
66-assisted PbI2 sample. The incorporation of UiO-66 has enhanced the 
charge carrier transport properties and improved the opto-electronic 
properties upon SCLC and different physical measurements. Further
more, DFT calculation result suggests the addition of UiO-66 has effec
tively suppressed the halide vacancy formation due to the increased 
halide vacancy formation energy at the interface. In addition, the crystal 
orbital Hamilton population (COHP) calculation result demonstrates 
that the addition of UiO-66 has enhanced the stability of perovskite 
materials by intensifying the bonding interaction of Pb-I bonds at the 
interface. Consequently, the UiO-66-assisted devices deliver a champion 
PCE exceeding 23 % with noticeably improved stability. 

2. Results and discussion 

Nanoscale UiO-66 has been added into the PbI2 solution to fabricate 
UiO-66-assisted PbI2 thin film during the first deposition step. Detailed 
information including the morphology, size distribution, and N2 
adsorption–desorption isotherms of UiO-66 crystals are shown in the 

supporting Information (Figs. S1 and S2). Plan-view morphology of the 
corresponding PbI2 thin films was characterized by SEM, as shown in 
Fig. 1(a-b). It can be clearly noticed that the pristine film consists of 
densely packed plate-like PbI2 crystals with few voids (Fig. 1a), while 
the addition of UiO-66 has changed the morphology of PbI2 thin films 
into more deep pin-holes, as shown in Fig. 1b. To better demonstrate 
this, we further use SEM to record the morphology difference between 
the two samples with high-magnification as shown in the supporting 
information (Fig. S5a, b). We measured the root mean square value (Ra) 
of the PbI2 surface by atomic force microscopy (AFM) and found that the 
surface roughness is increased from 5.66 nm of the pristine (Fig. S6a, b) 
to 6.34 nm of the UiO-66-assisted (Fig. S6d, e). The mean value of 
vertical height curves vary with distance are recorded in the corre
sponding AFM image for (Fig. S6c) pristine (− 0.0329 nm) and (Fig. S6f) 
UiO-66-assisted PbI2 films (− 0.437 nm). These results demonstrate that 
UiO-66-assisted PbI2 films exhibit a deeper pore structure, providing 
better contact with organic salt during second-step deposition. 
Furthermore, the cross-sectional SEM image exhibits a more porous 
morphology in contrast to the pristine one (Fig. S7). The modified 
morphology of PbI2 thin film with pin-holes is supposed to be beneficial 
for the perovskite conversion process due to the improved contact 
[29,30]. Grazing-incidence wide-angle X-ray scattering (GIWAXS) has 
been performed to examine the crystalline quality and crystal structure 
of PbI2 thin films. 2D GIWAXS patterns were recorded for both pristine 
and UiO-66-assisted PbI2 thin films, as shown in Fig. 1(c, d). The scat
tering peak located at q = 0.9 Å− 1 is identified as the hexagonal (001) of 
PbI2 as reported previously [31]. According to the radial integration 
curves from 2D GIWAXS patterns plotted in Fig. 1(e), the pristine and 
UiO-66-assisted PbI2 thin films exhibit identical scattering peaks from 
the hexagonal (001) of PbI2. This result suggests the addition of UiO-66 
has changed the PbI2 in terms of morphology rather than the crystal 
structure or orientation of PbI2 crystals. 

To investigate how the changed morphology of PbI2 thin films 
influenced the conversion process to final perovskite films, first, we 
examined the morphology of the corresponding perovskite thin films 
morphology after the second-step organic salt deposition followed by 
post-thermal annealing treatment. Fig. 2 (a,b) are the plan-view SEM 
images for pristine and UiO-66-assisted perovskite thin film, respec
tively. The perovskite grain size for each sample has been statistically 
calculated as the insert indicated. Compared to the average grain size of 
ca. 454 nm for the pristine sample, the addition of UiO-66 has helped to 
enlarge the perovskite grain size with an average grain size of ca. 733 
nm. The cross-sectional SEM micrographs (Fig. S8) exhibit similar grain 
size and the thickness of the perovskite film is about 700 nm. This can be 
understood as the added UiO-66 can retard the nucleation rate at the 
initial stage, leading to an increased perovskite grain size. Furthermore, 
we have utilized thermogravimetric analysis (TGA) and SEM-Energy 
dispersive spectroscopy (EDS) for pristine and UiO-66-assisted one to 
determine the presence of UiO-66 in the final perovskite films. The TGA 
results suggest that the decomposition temperatures (Td, 5 % mass loss; 
as revealed in Fig. S9) for pristine (272.7 ◦C) is slightly lower than that of 
UiO-66-assisted one (279.75 ◦C) due to the better thermal stability of 
UiO-66 nano-crystals, although its amount is quite limited. The SEM- 
EDS mapping of the UiO-66-assisted perovskite film (Fig. S11) con
firms that both Zr and O elements can be detected, visualizing the 
presence of UiO-66 on perovskite film compared with the undetected Zr 
and O elements of pristine sample (Fig. S10). More importantly, the 2D 
GIWAXS results suggest that the scattering peak is distinct between the 
two samples. In contrast to the pristine perovskite film (Fig. 2c), the UiO- 
66-assisted one exhibits much less intensity for the scattering ring at a 
low q value of 0.9 Å− 1 (Fig. 2d), corresponding to (001) of PbI2 crystals. 
It directly proves that the addition of UiO-66 can facilitate the conver
sion of PbI2 into perovskite material with almost negligible residuals in 
the final perovskite film. To quantitatively illustrate this, we have 
plotted the radial integration curves in Fig. 2(e) from the corresponding 
2D GIWAXS patterns. A strong scattering peak at q = 1.0 Å− 1 can be 
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observed for both samples, attributed to the (110) of perovskite crystals. 
For the pristine one, a strong scattering peak at q = 0.9 Å− 1 can be 
clearly noticed next to the scattering peak from (110) of perovskite 
crystals, which is due to (001) of PbI2 crystals as mentioned above. For 
the UiO-66-assisted sample, an almost negligible scattering peak shows 
up at the same location (q = 0.9 Å− 1) for the UiO-66-assisted sample, 
indicating few PbI2 residuals in the final perovskite film. More efficient 
conversion of PbI2 into perovskite materials for the UiO-66-assisted one 
can be understood by the changed PbI2 morphology with more distrib
uted pin-holes due to the addition of UiO-66, as discussed above. It 
enables organic salt solution effectively penetrate into the underlying 
PbI2 during the second-step deposition and promotes the contact be
tween PbI2 and organic salt, resulting in the facilitated conversion of 
PbI2 into perovskite material. 

Crystal structures of pristine and UiO-66-assisted PbI2 thin films 
were evaluated by XRD, as shown in Fig. 3(a). Both PbI2 films show a 
strong diffraction peak at 12.8◦, corresponding to the (001) lattice plane 
of crystallized PbI2 [32]. The UV–vis absorption spectra of the pristine 
and UiO-66-assisted PbI2 thin films showed no noticeable change 
(Fig. 3b). The XRD patterns (Fig. 3c) for both perovskite samples show 
two prominent diffraction peaks at 2θ ≈ 14.2◦ and 28.6◦, attributed to 

the (110) and (220) of the perovskite phase. It is worth mentioning that 
the intensity of the diffraction peak at 12.80◦ exhibit a remarkable 
reduction for UiO-66-assisted perovskite film compared to the pristine 
one, as shown in Fig. 3c. These XRD results are in good agreement with 
the 2D GIWAXS data as discussed above. The UV–vis absorption spectra 
of both perovskite samples are shown in Fig. 3d. Quite similar to the 
PbI2, no obvious difference can be noticed for the onset of the two ab
sorption spectra for perovskite samples, indicating that the addition of 
UiO-66 did not change the optical bandgap of either PbI2 crystals or 
perovskite material. Furthermore, in contrast to the pristine one, based 
on the XPS data, the peaks of Pb 4f and I 3d are both shifted to higher 
binding energies for UiO-66-assisted PbI2 film (Fig. S12), indicating the 
strong electronic interactions between the UiO-66 and Pb2+ and I−

[33–35]. To further examine their potential specific interactions be
tween UiO-66 and PbI2. Fourier transform infrared (FTIR) spectra of 
films composed of equimolar quantities of UiO-66 and PbI2 were 
employed (Fig. S13). For UiO-66, the stretching vibrations of C––O 
(1656 cm− 1), asymmetric stretching of O–C–O (1586 cm− 1), sym
metric stretching of O–C–O (1398 cm− 1), stretching of C–O (1020 
cm− 1) [36], stretching of Zr–O (746 cm− 1) [37], and bend of O–H 
(665 cm− 1) [38] are observed. For films composed of equimolar 

Fig. 1. The plan-view (top) scanning electron microscopy (SEM) images of (a) the pristine and (b) UiO-66-assisted PbI2 thin films with the crystal structure of UiO- 
66. The 2D grazing-incidence wide-angle X-ray scattering (GIWAXS) images of (c) pristine and (d) UiO-66-assisted PbI2 thin film. (e) Radial integration of both 
pristine and UiO-66-assisted PbI2 from 2D GIWAXS patterns. 
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quantities of UiO-66 and PbI2, almost all vibration peaks are obviously 
shifted to a lower wavenumber, indicating that the strong interaction 
between O and Pb and H and I [34]. The addition of UiO-66 crystals has 
improved the PbI2 conversion into perovskite material, resulting in high- 
quality perovskite thin film. The time-resolved PL (Fig. 3f) confirms that 
the UiO-66-assisted perovskite sample shows a significantly increased 
charge carrier lifetime (t = 326 ns for the pristine while t = 587 ns for 
the UiO-66-assisted perovskite, as shown in Fig. S14), indicating the 
higher optoelectronic quality of UiO-66-assisted perovskite thin film and 
an impressively suppressed non-radiative recombination process [39]. 
This result is also in good agreement with the steady-state PL with 
enhanced PL peak intensity for the UiO-66-assisted perovskite sample, 
as shown in Fig. 3e. 

To investigate more in-depth information on how the added UiO-66 
affects the perovskite thin film, the DFT calculations using the Vienna Ab 
initio Simulation Package code have been conducted to reveal the 
detailed interaction mechanism between UiO-66 crystal and perovskite 
material. The exposed plane for perovskite and UiO-66 is (001). The 

optimized structures and charge density difference of UiO-66/ 
perovskite heterojunctions as shown in Fig. 4(a). The interaction at 
the interface is dominated by the Pb-C and Zr-O bonds. UiO-66 transfers 
0.05 electrons to the perovskite calculated by Bader approach. The 
formation energies for the iodine vacancy at the interface were calcu
lated to be 3.32 eV, which is higher than the value of 1.82 eV on the 
surface of MAPbI3. It suggests that the addition of UiO-66 has remark
ably stabilized the perovskite materials by suppressing the formation of 
iodine vacancy at the interface with its porous structure and high spe
cific surface area. Then, we performed the COHP calculations to analyze 
the stability of the Pb-I bonds (Fig. 4b). COHP partitions the band 
structure energy into orbital-pair interactions, showing bonding (nega
tive values) and antibonding (positive values) contributions to the band. 
A plot between energy and -COHP is usually adopted. The COHP re
flected the bonding and antibonding interactions in the system. Higher 
antibonding states at the Fermi level indicate that the system has poorer 
chemical stability [40]. The integral of COHP (ICOHP) with respect to 
the energy reflects the bond strength (net bonding contribution). The 

Fig. 2. The plan-view (top) SEM and grain size distribution histograms (inset) of the (a) pristine and (b) UiO-66-assisted perovskite films. 2D GIWAXS images of (c) 
pristine and (d) UiO-66-assisted perovskite thin film. and (e) Radial integration of both pristine and UiO-66-assisted perovskite from 2D GIWAXS patterns. 
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-ICOHP for the Pb-I bonds at the interface between perovskite and UiO- 
66 turns out to be 1.21 eV, mainly contributed by the bonding states 
ranging from − 5.0 eV to − 2.5 eV, which is higher than the value of 1.05 
eV for the surface of MAPbI3. Bonding states are mainly located ranging 
from − 5.0 to − 2.5 eV, which contributes to stability of the Pb-I bond. 
This COHP calculation result suggests that the incorporation of UiO-66 
has improved the stability of perovskite materials by intensifying the 
bonding interaction of Pb-I bonds. 

Further direct analysis of the perovskite film’s trap density (Nt) was 
conducted using the Space-charge-limited current (SCLC) measurement 
for hole-only devices comprised of ITO/PEDOT: PSS/perovskite/Spi
roOMeTAD/Au, as presented in Fig. 5(a-c). The Nt of UiO-66-assisted 
perovskite films was calculated using the SCLC method according to 
the following equation (1) [41]. 

Nt =
2εε0VTFL

eL2 (1)  

Where e denotes elementary charge, L represents the thickness of the 
perovskite film (≈700 nm), ε means the relative dielectric constant of 
perovskite [42], and ε0 indicates the vacuum permittivity (8.8542 ×
10–14 F/cm). VTFL is the onset voltage of the trap-filled limit region. The 
VTFL of the pristine and UiO-66-assisted perovskite films deposited on 
SnO2 substrates are 0.72 and 0.25 V. Thus, the calculated Nt is 3.51 ×
1015 cm− 3 for the UiO-66-assisted one, while remarkably higher Nt of 
1.01 × 1016 cm− 3 for the pristine (Fig. 5c). The Mott–Schottky analysis 
of capacitance versus voltage curves was applied to verify the variation 
of the built-in potential (Vbi) in PSCs based on both pristine and UiO-66- 
assisted samples (Fig. S15) [43]. The Vbi of pristine and UiO-66-assisted 
device calculated from the intercept of the linear region are 0.93 V and 
0.98 V, respectively, indicating that UiO-66-assisted PSCs is favorable to 
extracting the photogenerated carriers and excellently suppressing the 
recombination, leading to the enhancement of Voc [44]. Subsequently, 
the dark current measurements (Fig. S16) of the UiO-66-assisted devices 
were lower than that of the pristine sample in both the forward and 
reverse bias regions, indicating that a larger shunt resistance was ach
ieved with UiO-66-assisted [45]. Fig. 5(d) shows the measured EQEEL for 
devices versus current density in an ambient air environment. The UiO- 
66-assisted devices exhibit a maximum EQEEL of 7.11 % at a sun (25 mA 
cm− 2). The pristine sample display EQEEL of 4.17 %. The EL intensity for 
the pristine and UiO-66-assisted devices at biases from the lowest 

voltage (1.00 V) to the highest voltage (1.35 V). is available in Fig. 5(e, 
f). The higher bias voltages deliver higher EQEEL as well as higher sta
tionary values due to the higher injected current [46]. It suggests that 
the UiO-66-assisted device shows much stronger EL intensity with less 
trap state density. 

The PV performance of UiO-66-assisted perovskite thin films is 
evaluated by incorporating them into PSC devices of the architecture 
shown in Fig. 6(a). Fig. 6(b) gives a cross-sectional SEM image of the 
UiO-66-assisted PSCs with a structure of ITO/SnO2/UiO-66-assisted 
perovskite/SpiroOMeTAD/Au. Electrochemical impedance spectros
copy (EIS) was also conducted to analyze PSCs’ electrical properties and 
charge recombination behavior [47]. Fig. 6(c) and the inset image 
display the EIS spectra of the cells without applied bias and sunlight 
illumination and the equivalent circuit diagram, which consists of the 
series resistance (Rs), recombination resistance (Rrec), and capacitance 
(CPErec) [48]. The value of Rrec is a standard parameter for evaluating 
the charge recombination behavior in PSCs, and the higher Rrec repre
sents that charge recombination is harder [49,50]. The Rrec value of UiO- 
66-assisted cells was 244 kΩ more than the pristine (167 kΩ). It indi
cated that the recombination of charge carriers was strongly suppressed 
in the UiO-66-assisted PSCs. The fitting parameters are listed in 
Table S4. 

Fig. 6(d) shows the pristine’s indoor J–V curves and UiO-66-assisted 
PSCs under AM 1.5G illumination at 100 mW cm− 2. The UiO-66-assisted 
device displays a higher striking PCE of 23.05 % (with open-circuit 
voltage (Voc) of 1.190 V, short-circuit current density (Jsc) of 24.16 
mA cm− 2, and a fill factor (FF) of 80.19 %), demonstrating noticeable 
improvement in comparison with the PCE of 20.83 % for the pristine 
device. The UiO-66-assisted device exhibited almost negligible hyster
esis as shown in the forward and reverse scanning J–V curves (Fig. S17). 
The improvement of the Voc in the PSCs is reported to be related to the 
reduced trap-state density and nonradiative recombination losses [51]. 
The improvement of the FF in the PSCs is likely related to the higher 
crystallinity of perovskite [45]. Fig. 6e and Fig. S18 reveals that the 
integrated Jsc values (22.77 mA cm− 2 for pristine and 23.05 mA cm− 2 

for the UiO-66-assisted device) from the external quantum efficiency 
(EQE) spectra are in good consistency with the Jsc extracted from J- 
V curves. The statistical distributions of photovoltaic parameters of 
pristine and UiO-66-assisted devices are shown in Fig. S19. The UiO-66- 
assisted devices deliver better repeatability with a tighter distribution 
and higher average PCE than the pristine devices. The maximum power 

Fig. 3. (a) XRD patterns and (b) UV–vis of the pristine and UiO-66-assisted PbI2 films. (c) XRD patterns and (d) UV–vis of the pristine and UiO-66-assisted perovskite 
films. (e) Steady-state photoluminescence (PL) and (f) time-resolved PL (TRPL) spectra of the pristine and UiO-66-assisted perovskite films. 
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point (MPP) tracking under AM 1.5G illumination for the best device, 
shown in Fig. S20, indicated a stabilized PCE of 20.04 % and 22.70 % for 
pristine and UiO-66-assisted PSCs at 300 s. Moreover, upon exposure to 
the dry ambient conditions (RH = 10 %) in the dark, the PCE of the UiO- 
66-assisted unencapsulated device dropped slowly and maintained 75 % 
of the initial efficiency after 2000 h, while the pristine device showed 
quicker degradation and led to a more significant decrease in the effi
ciency as shown in Fig. 6f. We further investigated the long-term sta
bility of pristine and UiO-66-assisted devices under air ambient 
conditions and continous white LED illumination in an N2 atmosphere 
near the maximum power point. The unencapsulated device presented 
excellent stability that retained 84 % of its original PCE for over 400 h 
under air ambient conditions (RH = 40 ± 5 %, T = 21℃), as shown in 
Fig. S21. More importantly, we performed MPP tracking of devices using 
a 1-sun equivalent illumination white LED in an N2 atmosphere. The 
UiO-66-assisted devices maintained about 81 % of the initial PCE 
(Fig. S22) under MPP and 1-sun equivalent illumination for 400 h. In 

contrast, the pristine sample retains 46 % of its initial efficiency over the 
same time. 

3. Conclusion 

In summary, we innovatively introduced nanoscale UiO-66 crystals 
into the PbI2 layer as a multifunctional additive to fabricate efficient and 
durable two-step perovskite solar cells. The added UiO-66 has impres
sively changed the morphology of PbI2 film into a porous structure, 
leading to a more efficient perovskite conversion with improved device 
performance. Importantly, the DFT calculation data proves that the 
addition of UiO-66 crystals has effectively suppressed the halide vacancy 
formation due to the increased halide vacancy formation energy at the 
interface. Furthermore, the COHP calculation result directly evidences 
that the addition of UiO-66 crystals has intensified the bonding inter
action of Pb-I bonds at the interface, resulting in enhanced stability of 
perovskite materials with fewer halide vacancies and suppressed ion- 

Fig. 4. (a) The charge density difference of MAPbI3/ 
UiO-66. Charge transfer mainly occurs between the I 
and Zr atoms. Yellow and blue colors label charge 
accumulation and depletion, respectively. The iso
value for the isosurface is set to 0.002 electrons/ 
bohr3. (b) The crystal orbital Hamilton population 
(COHP) illustrated the stability of Pb-I bonds, where 
the negative values (-COHP) represent antibonding 
interactions (down side), while positive values repre
sent bonding ones (upper side), and zero represent 
fermi level. (For interpretation of the references to 
colour in this figure legend, the reader is referred to 
the web version of this article.)   
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migration. As a result, the UiO-66-assisted devices deliver a champion 
power conversion efficiency of 23.05 % with noticeably improved sta
bility, significantly outperforming the pristine devices. This work dem
onstrates the promising potential of MOFs to assist the two-step 
fabrication of efficient and durable perovskite photovoltaics for 
upscaling process and deployment in the near future. 
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