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Perovskite solar cells’ lead toxicity and leakage are key obstacles to commercialization. Here, we introduce a
diazapolyoxamacrobicycle structure of cryptand 222 (C222) into the perovskite precursor solution to obtain
high-quality films. The abundant diazapolyoxamacrobicycles in C222 can effectively coordinate with Pb? * and
form hydrogen bonds with FA™ in perovskite, thereby reducing the defect density, suppressing non-radiative
recombination, and mitigating lead leakage. As a result, C222-based PSCs achieve a remarkable power con-
version efficiency (PCE) of 25.34 % (0.1 cmz) and 23.78 % at a larger area (1.0 cmz), retain over 90 % of its

initial PCE after 1500 h of continuous maximum power point tracking (MPPT) under simulated AM 1.5 illu-
mination. Furthermore, the adsorption equilibrium capacity (qe) of C222 is 23.58 mg/g, with an adsorption rate
constant (kg) of 0.035 g (mg/min), indicating a lower adsorption potential barrier for anchoring sites, causing an
effectively prevention of lead leakage.

1. Introduction

Halide perovskite solar cells (PSCs) have garnered considerable in-
terest owing to the cost-effectiveness in manufacturing and rapid in-
crease in power conversion efficiency (PCE)[1,2]. To date, the certified
PCE of PSCs has surpassed 26 %, positioning them as robust competitors
for the next generation of photovoltaic technology[3-5]. However, it is
disheartening that the currently available advanced and efficient PSCs
still rely on lead element, inevitably carrying the risk of toxic lead
leakage. This risk could pose a serious threat to ecosystem cycles and
impact human living environments[6-8], eventually limiting the
commercialization of this technology. Therefore, concerted research
efforts are needed to control and minimize lead leakage from perovskites
in the environment.

The degradation of PSCs mainly results from the less-than-ideal bulk-
phase stability of perovskite films under harsh environmental conditions
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[9]. The low formation energy of perovskite makes it susceptible to the
formation of various types of lead-containing deep-level defects on its
grain boundaries (GBs) during the anneal process of films (such as un-
coordinated Pb2t or Pbp)[10,11]. Deep-level defects typically serve as
non-radiative recombination centers for photogenerated charge carriers,
significantly diminishing the efficiency and operation stability of the
devices. Defects also act as initiators of the degradation process, causing
the devices with poor efficiency also preset lower stability[12], and
raising the risk of lead leakage[13-15]. As a contingency, recently,
extensive research has been devoted to minimizing lead leakage in
degrading PSCs by constructing functionalized materials. Researchers
have devised strategies for in-situ anchoring Pb?>" within perovskite
films[16-18]. Specifically, materials with multiple functional groups are
introduced into halide perovskites, demonstrating outstanding in-situ Pb
anchoring capabilities through strong chemical interactions with Pb2*,
This can mitigate the issue of lead leakage arising from perovskite
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degradation. Moreover, these embedded functional materials can also
minimize defect density, thereby enhancing the photoconversion effi-
ciency (PCE) and the stability of the devices[19-21]. However, consid-
ering the intrinsic characteristics of halide perovskites, effectively
passivating defects at the source and employing an in-situ anchoring
Pb?* strategy within the perovskite films, would be an efficient
approach for solving the environmental problems caused by lead
leakage.

As cyclic molecules containing ether groups, crown ethers possess
highly electronegative cavities that can selectively complex with various
metal cations. Consequently, crown ethers are widely employed as
complexing agents and phase-transfer catalysts[22,23]. Recent studies
have shown that crown ethers, through host-guest interactions with
Pb?*, can passivate deep-level defects, thereby reducing defect density
and optimizing the crystallization of perovskite films. Crown ethers can
anchor metal Pb?* in PSCs, thereby mitigating the risk of lead leakage
[24]. The interactions between 15-crown-5 and halide perovskite
include coordination with metal Pb?* and the formation of hydrogen
bonds with FAT[25]. On the other hand, 18-crown-6 can stabilize the
precursor solution of triple-cation perovskite, facilitate the formation of
high-quality films, and prevent moisture erosion[26-29]. Clearly, the
supramolecular host-guest complexation between crown ethers and
Pb2* is pivotal to improving the performance of PSCs. However, despite
significant progress in modifying halide perovskite films with crown
ethers, the interaction between most oxygen-containing crown ethers
and Pb?* has not been fully satisfactory[30] . Additionally, according to
the Gutmann donor number theory[31], crown ethers often exhibit
limitations, potentially restricting their ability to passivate defects.
Consequently, many PSCs still face the problems of high open circuit
voltage (Voc) loss and non-optimal long-term operation stability when
modified by crown ether.

On the contrary, cryptands easily form coordination complexes with
metal cations, such as Pb%** and K*, resulting in the formation of double-
ring and multi-ring multidentate complexes. In comparison to other
coordinating agents, such as crown ethers, cryptands exhibit more
stronger coordination ability and more flexible molecular configuration,
which makes cryptand show better performance in passivating Pb2*-
related defect states. Additionally, it is worth noting that the structure of
cryptands typically assumes a cage-like form, capable of encapsulating
Pb%" within its interior, effectively immobilizing the Pb?" and thus
forming a stable complex. This host-guest complexation can prevent the
escape and leakage of Pb2" from perovskite materials under harsh
environmental conditions. In this study, we innovatively introduce the
structure of diazapolyoxamacrobicycles molecule cryptand 222
(referred to as C222) into the halide perovskite precursor solution. It has
been discovered that C222 can effectively passivate uncoordinated Pb*
and Pby defects, and facilitate the formation of high-quality films,
consequently inhibiting non-radiative recombination and enhancing the
efficiency and operational stability of the devices. Therefore, C222
modified PSCs achieve an optimized PCE of 25.34 % (0.1 cmz) and
23.78 % at larger area (1.0 cm?) with negligible hysteresis. Moreover,
even after 1500 h of continuous maximum power point tracking (MPPT)
under simulated AM 1.5 illumination, retains over 90 % of its initial
PCE. Furthermore, under damp-heat conditions (85 % RH and 85 °C),
the encapsulated device retained 88 % of its initial PCE during 1050 h
continuous hours of operation. More importantly, the rich dia-
zapolyoxamacrobicycle structure of C222 can effectively chelate lead
ions through host-guest complexation, firmly anchoring lead ions and
reducing dramatically lead leakage, thus minimizing the adverse effects
of lead on the environment.

2. Results and discussion
2.1. Chemical interaction between C222 and perovskite components

The diazapolyoxamacrobicycles in C222 can easily form complexes
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with metal ions, as depicted in Fig. 1a. Previous research has indicated
that the Pb%" cations in perovskites are coordinated on a plane with two
N atoms and four O atoms in the cryptand, forming a highly stable
chelate complex that holds promise for reducing the risk of lead leakage
[32]. Concurrently, through ion-dipole interactions between the host
and guest complexation, C222 can coordinate with Pb?" and form
hydrogen bonds with FA" in hybrid halide perovskite films, thus
passivating corresponding defects and suppressing non-radiative
recombination[33,34]. Hence, drawing from the structural character-
istics of C222, we introduce the C222 into the perovskite precursor so-
lution to obtain high-performance and environmentally friendly PSCs.
Additionally, to scrutinize the effects on C222 and perovskite, we
designated the “Control (without C222)” and “Target (with C222)”
samples for subsequent films and devices characterization.

Subsequently, we developed multiple methods for investigating the
interaction between C222 and perovskite components, such as the study
of chemical changes in the fabricated Control and Target
FA¢.95Csg.05PbI3 perovskite films using X-ray photoelectron spectros-
copy (XPS). See Supporting Information for further details on film and
device fabrication and characterization. Fig. 1b depicts two peaks at
binding energies of 138.6 eV and 143.5 eV, attributed to Pb 4 f;/,» and
Pb 4 5,5, respectively. After incorporating C222, both Pb 4 f peaks shift
remarkably towards 138.1 eV and 143.0 eV, pointing to an ion-dipole
interaction between €222 and perovskite. Additionally, two metal Pbg
signals known as non-radiative recombination centers observed in the
control films at 136.6 eV and 141.5 eV cause instability and degradation
in device performance[35,36]. The introduction of C222 significantly
reduces the metal Pby peak, indicating a reduction of sources of
non-radiative recombination losses. Moreover, upon the introduction of
C222, an O 1 s peak emerges in the Target films in contrast with Control
film where this peak is absent, see Fig. 1c. Comparing O 1 s peak of the
Target films to C222 raw material, it shifts from 532.4 eV to 532.8 eV.
This shift suggested chemical interactions between the O in the C222
molecules and the perovskite. Moreover, we also observed that the two
peaks associated with Cs 3ds,» (737.8 eV) and Cs 3ds/3 (723.8 eV) in the
control films shifted to 737.3 eV and 723.3 eV, respectively, in the
Target films, see Fig. Sla. This fact suggests that C222 can also form
host-guest interactions with Cs*. Furthermore, as present in Fig. S1b, the
displacement of the I 3d peak in the Target perovskite films could result
from the weakened chemical interaction between Pb and I, possibly
stemming from the complexation of C222 with Pb[37]. Similarly,
compared to the Control samples, the C-N-C peak shifted toward lower
binding energy in the Target films (Fig. S1c), indicating chemical in-
teractions between the N atoms in C222 and the perovskite[38].
Fourier-transform infrared spectroscopy (FTIR) was also utilized to
measure C222 raw material, control and target perovskite films. As
illustrated in Fig. 1d and Fig. S2, the stretching and bending vibration
characteristic peaks of the C-O-C ether bond in the C222 raw material at
1124.4 cm™! and 979.5 cm ™! shift to lower wavenumbers in the Target
perovskite films at 1097.1 cm ™! and 950.2 cm ™, indicating host-guest
complexation between C222 and halide perovskite[39,40]. Further-
more, the stretching vibration peak of the C-N bond is located at
1362.1 cm ™}, and with the addition of C222, a noticeable shift of the
peak to 1352.3 cm ™}, further indicating the occurrence of ion-dipole
interactions between the host and guest. Subsequently, the chemical
interaction between perovskite and C222 was analyzed using
liquid-state nuclear magnetic resonance spectroscopy (NMR). As
depicted in Fig. S3a, it can be observed that in the mixed solution of
C222 and Pbly, the shift of each proton peak is very pronounced, indi-
cating strong chemical interactions between C222 and Pb?*. Moreover,
the chemical shifts of the NH3 peak in the FAI and G222 mixed solution
also indicates the N-H---O hydrogen bonds between C222 and FAI, see
Fig. S3b.
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Fig. 1. Chemical interaction and morphology.(a) The schematic diagram of the mechanism of C222 regulation in PSCs. XPS spectra of (b) Pb 4 f and (c) O 1 s the
C222, Control and Target perovskite films. (d) FTIR spectra of the C222, Control, and Target perovskite films. (e) Surface SEM images of the Control and Target
perovskite films. (f) Cross-sectional SEM images of the Control and Target perovskite films. (g) AFM images of the Control and Target perovskite films. (h) GIWAXS

images of the Control and Target perovskite films.

2.2. Effect of C222 modification on morphology and crystallization of
perovskite films

We utilized scanning electron microscopy (SEM) and atomic force
microscopy (AFM) to examine the effects of C222 modification on the
morphology of halide perovskite films, as illustrated in high-resolution
Fig. 1e and low-resolution Fig. S4. It can be obviously observed that the
surface morphologies of the perovskite films appear denser and more
uniform after C222 modification. Additionally, the grain size increased
from 460 nm in the control perovskite films to 553 nm after C222
modification, see Fig. S5, increasing the grain size while decreasing the
presence of grain boundaries (GBs). Furthermore, Fig. 1f demonstrates
that the addition of C222 produces a higher density of grains covering
the entire film thickness. Moreover, the perovskite films also achieve a
smoother surface after C222 modification, see Fig. 1g, the root means
square roughness reducing from 20 nm (Control) to 18 nm (Target).

Additionally, the increased intensity in XRD diffraction peak and UV
absorption, see Fig. S6 and Fig. S7 respectively, also indicate that the
Target perovskite films exhibit enhanced crystallinity, which contrib-
uted to increased photocurrent density in PSCs[41]. Furthermore,
grazing-incidence wide-angle X-ray scattering (GIWAXS) was employed
to assess the crystalline quality of perovskite films[42]. At g= 1.0 A™1,
there were diffraction rings observed in both the control and target
samples, corresponding to the perovskite (100) crystal lattice plane, see
Fig. 1h. Notably, the diffraction peak intensity of the target perovskite
films is greater than the control films, indicating that a well-controlled
amount of C222 can facilitate generate perovskite films with high
crystalline quality. These results collectively suggest that C222 modifi-
cation contributes to improving halide perovskite film crystalline qual-
ity, expecting consequently an impact enhancing photoelectric
performance and promoting charge carrier transport, ultimately
improving device performance[43].
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2.3. Effect of C222 modification on carrier dynamics

Subsequently, we examined the effect of the C222 modification on
carrier dynamics of perovskites. The steady-state photoluminescence
(PL) spectra are presented in Fig. 2a. In comparison to the Control
perovskite films layered on glass substrates, the C222-modified Target
films exhibit increased PL intensity, indicating the reduction of non-
radiative recombination, as expected from the enhancement structural
properties already commented. Additionally, carrier lifetimes of corre-
sponding perovskite films, see Fig. 2b, were assessed via time-resolved
photoluminescence spectra (TRPL). TRPL spectra were fitted by a dou-
ble exponential function equation of I(t) = Iy + Ajexp(-t/71) + Agexp(-t/
To), where A; and A, represent the decay amplitude of fast and slow
decay process, respectively. 11 and T, represent the fast and slow decay
time constants, respectively. The average carrier lifetime (z,y) was
calculated by using the equation of 7,ye = (Alr% + Azz'%)/(Alrl + Aoto).
The fitted results reveal a significant extension of the carrier lifetime in
the C222-modified films of 597.28 ns compared to that in the control
films of 222.19 ns, see Table S1, which is also agreement with the results
obtained from PL mapping, see Fig. 2¢, implying a lower defect density
in Target perovskite films[44] . This leads to an increase in carrier life-
time and carrier mobility, pointing to a reduction of trap-assisted
non-radiative recombination. Subsequently, we deposited perovskite
films on a glass/NiOy/PTAA/Al;O3 substrate and compared the charge
extraction efficiency through the respective PL intensity and fitted TRPL
lifetimes, see Figs. 2d and 2e respectively. The PL intensity decreases for
the C222-modified films, and the carrier lifetime decreases from
153.82 ns for the control films to 91.72 ns, see Table S2, indicating that
C222 modification significantly improves the charge extraction effi-
ciency, in compliance with the results from PL mapping, see Fig. 2f[45] .
In summary, C222 modification is poised to accelerate carrier extraction
and transport dynamics while suppressing non-radiative recombination
processes, thus potentially elevating the photovoltaic efficiency of the
devices.

Research has indicated that residual stress is inevitably generated
while annealing the halide perovskite films[46]. Consequently, perov-
skite films were characterized utilizing grazing-incidence X-ray
diffraction (GIXRD) to elucidate the stress release effect following the
modification of C222. With the grazing incidence angle (w) gradually
increasing from 0.5° to 1.5°, depicted in Fig. S8a, the diffraction peaks
showed a progressive shift towards lower angles in the Control film. In

o
o
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contrast, the Target film exhibited negligible residual stress, see
Fig. S8b. Furthermore, the d-spacing values of the (001) plane is pre-
sented in Fig. S8c. The passivation effect of deep-level defects in
perovskite films is crucial for ensuring the stability of the perovskite
structure and additionally the release of residual stress[47]. Evidently,
the ion-dipole interaction between C222 and uncoordinated Pb%*
minimize the defect density, improving the film quality and crystallinity
and leading to a significant reduction in residual stress. A decrease in
residual stress is expected to contribute to improvements in the PCE and
long term stability[42] .

2.4. Photovoltaic performance of PSCs

Afterward, we utilized a structure of ITO/NiO./PTAA/Al;O3/
perovskite/PCBM/ BCP/Ag to fabricate the corresponding PSCs. After
further optimizing the concentration of C222, the best addition con-
centration is identified to be 0.3 mg/mL, as highlighted in Fig. S9.
Moreover, the detailed statistical photovoltaic performance parameters
of 15 devices indicate that the C222-modified devices exhibit signifi-
cantly improved repeatability, as indicated by the lower standard de-
viation obtained for Target PSCs, see Fig. S10. The average PCE
increased from 22.66 % for the Control devices to 24.79 % for the Target
devices, see Fig. 3a. The current density-voltage (J-V) curves of the
champion Control and Target device are depicted in Fig. 3b and Fig. 3c,
respectively. Compared to the Control devices, the Vpc of the target
Devices increased from 1.143 V to 1.180 V, the short-circuit current
density (Jsc) increased from 25.35 mA/cm? to 25.81 mA/cm?, the fill
factor (FF) increased from 80.3 % to 83.2 %, and the PCE also signifi-
cantly increased from 23.27 % to 25.34 %. As exhibited in Fig. 3d, the
Target devices achieved a steady-state current density of 24.77 mA/cm?
and a steady-state PCE of 25.25 %, compared to the Control devices (a
steady-state current density of 23.49 mA/cm? and a steady-state PCE of
23.02 %). Furthermore, the incident photon-to-current efficiency (IPCE)
spectra, plotted in Fig. 3e, indicates that the integral Js¢ for the Control
device is 24.22 mA/cm?, while that for the Target device is 24.62 mA/
cm?, with only a 3 % deviation from the J-V curve. Finally, for the Target
samples, we achieved, for larger-area (1.0 cm?) devices, a PCE as high as
23.78 %, see Fig. 3f.
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Fig. 2. Carrier dynamics. (a) PL spectrum, (b) TRPL curves and (c) PL mapping images of the Control and Target perovskite films layered on glass substrate. (d) PL
spectrum, (e) TRPL curves and (f) PL mapping images of the Control and Target perovskite films layered on glass/NiOy/PTAA/Al,O3 substrate.
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2.5. Optoelectronic properties of PSCs

We subsequently conducted further investigations into the electrical
characteristics of the PSCs. Transient photocurrent (TPC) measurements
were employed to evaluate the carrier extraction and transport effi-
ciency of the devices, see Fig. 4a. The TPC decay time was observed to be
shorter in the Target devices than in the control devices (0.6 and 1.2 ps,
respectively), indicating superior carrier extraction and transfer capa-
bilities[39]. Carrier recombination was assessed through the transient
photovoltage (TPV) decay time. As illustrated in Fig. 4b, the carrier
lifetime of the C222-modified devices increased from 4.6 ps to 14.9 ps,
signifying a notable decrease in non-radiative carrier recombination.
Furthermore, space charge-limited current (SCLC) measurements were
employed to elucidate the density of defect within the perovskite layer.
Initially, hole-only devices with and without C222 modification were
prepared with an ITO/NiOy/perovskite/Spiro-OMeTAD/Ag structure,

PCEForward)/PCEReverse-

while electron-only devices were fabricated with an ITO/SnO2/per-
ovskite/PCBM/Ag structure. Fig. 4c reveals that the hole trap density of
the Target device significantly decreased from 1.12 x 10® em 2 for the
Control device to 3.25 x 10! cm™3, Fig. 511, while the electron trap
density decreased from 1.35 x 10'® cm™ for the Control devices to
3.97 x 10'® em 2 after modification, see Fig. S12. This fact indicates
that after C222 modification, the halide perovskite material exhibits
fewer defect density, providing an improved film quality. Fig. 4d depicts
the device’s Mott-Schottky plot, revealing that the increase in built-in
potential (V4;) increased from 1.07 V for the Control device to 1.15V
for the Target device. The increased V4, favors an efficient charge in-
jection through the charge transport layers[48]. Subsequently, light
intensity-dependent measurements of the J-V characteristics were con-
ducted, see Fig. 4e. The Vpc of the Target device exhibited a linear
relationship with the logarithm of light intensity, showing an ideality
factor, n;, of 1.27, determined by slope value in kT/q units, which was
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markedly lower compared to the Control ideality factor, 1.45 kT/q,
signifying the reduction of the Shockley-Read-Hall trap mediated
non-radiative recombination, leading to enhanced Voc and FF of the
device[49] . The ideality factor reduction observed Target devices also
indicated an evolution of the recombination mechanism with a higher
weight of surface recombination, n; = 1, due to a significant reduction of
trap mediated bulk recombination, n; = 2[50] .

The alignment of energy levels between the halide perovskite and the
charge transport layer is essential for facilitating the extraction and
transport of light-generated carriers. We assessed the bandgap and en-
ergy levels of C222-modified perovskite films through T, plots, see
Fig. S13, and ultraviolet photoelectron spectroscopy (UPS) measure-
ments. A significant barrier to electron or hole transfer across the
interface will hinder charge carrier transport, leading to the recombi-
nation of a significant amount of electron-hole pairs at the perovskite/
charge transport layer interface and an increase in device Vp¢ loss[51].
As illustrated in Fig. S14 and the corresponding detailed parameter in
Table S3, the minimum value of the conduction band of the target
perovskite (Ecpy) shifted from —4.09 eV to —3.79 eV. This shift can
diminish the obstacle for electron transfer to the PCBM layer, facilitating
electron separation and extraction. Additionally, compared to that of the

Control perovskite (-5.61 eV), the Target perovskite’s maximum value
of the valence band (Eygy) (-5.31 eV) is closer to the PTAA layer, pro-
moting hole extraction and transmission. A smaller bandgap offset can
lead to higher V¢ in PSCs, as depicted in the corresponding energy level
diagram in Fig. 4f.

Simultaneously, in Fig. 4g, the time-resolved microwave conduc-
tivity (TRMC) spectra of the perovskite films layered on a glass/NiOx
base are presented. In comparison to the Control film’s charge carrier
mobility of 20.22 cm? V! S71, the Target perovskite film showed an
increased charge carrier mobility of 41.68 cm? V™! S~1. The diminished
defect density and elevated charge carrier transport are likely the pri-
mary reasons for the increased charge carrier mobility. Additionally, as
illustrated in Fig. S15, the average weighted charge carrier lifetime of
the C222-modified devices increases from 3.02 ps to 5.59 ps, see
Table S4. Concurrently, we conducted further investigations using
transient reflection spectroscopy (TRS) to obtain the surface extraction
velocity (SEV)[52,53]. Fig. 4h and Fig. 4i showcase the surface carrier
dynamics measured by transient reflection for three different pump
pulse excitations. For the control samples, the extracted SEV is 5660
+ 440 m/s. In contrast, the target samples exhibited an improved SEV
(8950 + 510 m/s). The enhanced hole extraction can be attributed to
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improved band alignment, minimized trap density, and increased charge
carrier mobility after C222 modification[21,54].

2.6. Long-term operation stability of PSCs

Beyond device PCE, an assessment of the stability of both control and
target devices was conducted. The long-term operational stability under
simulated AM1.5 illumination for continuous maximum power point
tracking (MPPT) is showed in Fig. 5a. After continuous testing for
1500 h, the target device maintained more than 94 % of its initial PCE at
25.29 %, dramatically higher than the Control device, which declined to
60 % of its initial PCE at 23.20 %. Additionally, following damp-heat
aging for the encapsulated devices under 85 % RH and 85 °C condi-
tions. After 1050 h of aging, the target device maintains 88 % of its
initial value at 25.03 %, while the control device exhibits a decline in its
PCE to the initial 47 % after aging for 750 h, see Fig. 5b. These results
indicate that the Target devices exhibit superior humidity, light, and
thermal stability compared to those of the Control devices, attributed to
the improved perovskite film quality with lower defect density as defects
act seeds for degradation process.

2.7. Pb leakage analysis of PSCs

In addition to performance analysis it is important to remark that the
toxicity of lead constitutes a significant impediment to the commer-
cialization of lead-based PSCs[55]. Regarding this consideration, the
abundant diazapolyoxamacrobicycles endowed €222 with an
outstanding ability to adsorb Pb2", that can also help alleviate this
problem. As mentioned above, in comparison to other coordinating
agents, such as crown ethers, C222, functioning as a hole-ether material,
forms more tightly bound and stronger interactions with Pb2*. Conse-
quently, C222 is expected to effectively mitigate the risk of lead leakage
by securely anchoring lead within the perovskite layer through con-
ventional chemical interactions thereby mitigating the risk of lead
leakage more efficiently. To verify this hypothesis, we conducted simple
experiments to confirm the strong host-guest complexation between
€222 and Pb?*. As shown in Fig. S16a, after adding C222 to the Pbl,
precursor solution for 5 min, partial yellow-white substances were
observed at the bottom of the bottle. The amount of generated substance
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increased with prolonged reaction time, and the solution gradually
turned slightly yellow, indicating that C222 could adsorb Pb?* in the
solution and coordinate with it to form corresponding complexes
(C222-Pb). Moreover, unlike the water-soluble Pbl, solution, the
generated C222-Pb complexes were insoluble in water and could stably
exist in the form of precipitates in water, see Fig. S16b and Fig. S16c.
Based on this, we speculate that ether-like molecules with large elec-
tronegative cavities have superior ability to adsorb Pb2*. Therefore, we
further explored the adsorption capacity of C222 and representative
crown ether molecules, 15-Crown-5 (15C5), and Dibenzo-21-Crown-7
(DB21C7) for Pb2+, and investigated for the first time the adsorption
kinetics evolution of these molecules on metal Pb2*. Initially, the con-
centration of Pb®" in the solution was determined via inductively
coupled plasma optical emission spectroscopy (ICP-OES). As illustrated
in Fig. S17a, compared with that in 15C5 and DB21C7, the concentra-
tion of Pb?" in the C222 adsorption solution rapidly decreased with
increasing reaction time. This result suggested that C222 adsorbed Pb?*
significantly quickly, capturing 72.3 % of the Pb%* in the solution within
a mere 5 min. Furthermore, pseudo-first-order and pseudo-second-order
kinetic models of the adsorption process are displayed in Fig. S17b and
Fig. S17c, respectively. The corresponding curves were fitted, and the
fitted results, reported in Table S5 and Table S6, revealed that the
pseudo-second-order kinetic model exhibited a higher R? value.
Consequently, we employed this model for the respective adsorption
kinetics study. The calculated equilibrium adsorption capacities (qe)
during the Pb%* adsorption process of the 15C5, DB21C7 and C222 were
found to be 12.50, 14.49, and 23.58 mg/g, respectively. These values
closely coincide with the experimental results of g, which are 11.70,
13.97, and 23.22 mg/g, affirming that the capture of Pb*" by 15C5,
DB21C7 and C222[56]. Concurrently, we can calculate the
pseudo-second-order adsorption rate constants (ky), where ky-15C5,
ko-DB21C7 and ky-C222 are determined to be 0.016, 0.020, and 0.035 g
(mg/min), respectively. It is evident that at the same temperature, C222
exhibits the highest ks, indicating a superior adsorption rate for Pb?*
and a lower adsorption potential barrier for anchoring sites. This
manifestation is attributed to the strong interaction ability of the
abundant diazapolyoxamacrobicycles on C222 with Pb2*. These results
strongly support our hypothesis that C222, which contains abundant
diazapolyoxamacrobicycles, can effectively function as a complexing
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Fig. 5. Operation stability and Pb leakage. (a) Stability evolution of unencapsulated Control and Target PSCs measured via MPP tracking under continuous one-sun
illumination in N,. (b) Damp-heat stability of the encapsulated Control and Target PSCs kept at 85 % RH and 85 °C in N,. TOF-SIMS analysis of the (c) Control and (d)
Target PSCs after aging for 1000 h at 50-60 % RH. (e) Variation in the Pb?* concentration of the Control and Target PSCs immersed in deionized water.
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agent for the adsorption of Pb2*, thereby preventing lead leakage into
the environment.

Additionally, time-of-flight secondary ion mass spectrometry (TOF-
SIMS) was employed to assess the escape of Pb?t from PSCs after aging
for 1000 h under 50-60 % RH. As presented in Fig. 5S¢, under aging
conditions, Pb?* in the Control PSCs move toward the Ag electrode layer
through the electron transport layer (ETL), indicating that PSCs are
prone to degradation and release lead-containing products into the
environment. Encouragingly, for the Target PSCs, almost no Pb%* signals
appeared on the Ag electrode layer, see Fig. 5d, mainly attributed to the
excellent adsorption capability of C222, which effectively anchored lead
within the perovskite, thereby mitigating the risk of lead leakage.
Further analysis of the concentration of escaped Pb2* in the contami-
nated water subsequent to the immersion of PSCs can be obtained by
examining both Fig. 5e and Fig. S18. The amount of Pb?* leakage from
PSCs sequentially decreases from the Control to 15C5, DB21C7, and
C222 (Target). This suggests that both crown ether and cryptand mol-
ecules can mitigate lead leakage, and C222, with its diazapolyox-
amacrobicycles, is more effective at capturing Pb?*, thereby offering
better environmental protection against toxic Pb2*. In conclusion, the
aforementioned results indicate that the diazapolyoxamacrobicycle
groups in C222 play a dominant role in capturing leaked Pb2*,
contributing to the development of eco-friendly lead-based PSCs.
Beyond the implications in Pb sequestration derived from TOF-SIMS
analysis, note that C222 is detected in the bulk perovskite film, see
Fig. 5d, pointing to a preferent location at grain interfaces. This result is
also in good agreement with the reduction of trap-mediated bulk
recombination indicated by ideality factor reduction in Target devices,
see Fig. 4e, as well a defect density reduction, analyzed in Fig. 4c.

3. Conclusions

In conclusion, for the first time, we report a unique multifunctional
supramolecular cryptand material, C222, designed to synergistically
mitigate lead-related defects and lead leakage, thereby addressing
environmental pollution concerns in PSCs, at the same time that im-
proves PCE and long-term stability. The C222 modification strategy
endows halide perovskite films with significant advantages, such as
reducing non-radiative recombination, enhancing charge carrier
extraction, reducing the defect density, and improving the crystalline
quality. Consequently, these outstanding features result in a champion
PCE of 25.34 % (0.1 cm?) and 23.78 % (1.0 cm?) with negligible hys-
teresis for C222-modified PSCs. Furthermore, the C222-based device
exhibited excellent operational stability, retain over 90 % and 88 % of
its initial PCE after 1500 h of continuous simulated AM 1.5 illumination
with MPP tracking and 1050 h of continuous at 85 % RH and 85 °C.
More importantly, €222, enriched with abundant diazapolyox-
amacrobicycles, C222 chemically anchors and adsorbs toxic Pb%*
through host-guest complexation, lowering the risk of lead leakage. This
unique supramolecular crown ether material offers an innovative
avenue to address the environmental issues associated with potential
lead leakage. Therefore, this distinctive supramolecular cryptand ma-
terial holds wide-ranging applications in the field of perovskite photo-
voltaics, enabling the development of low-toxicity, environmentally
friendly PSCs.
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