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ancy with ammonium salt-trapped
ZIF-8 capsules for stable perovskite solar cells
through simultaneous compensation and loss
inhibition†

Chi Li,‡a Shanshan Guo,‡a Jingan Chen,a Zhibin Cheng, a Mengqi Zhu,a

Jindan Zhang, *ab Shengchang Xiang ab and Zhangjing Zhang *ab

Due to the easy loss of ions during synthesis or usage, vacancies in perovskite film are ubiquitous,

accelerating the degradation of perovskite materials and seriously hampering the stability of perovskite

solar cells (PSCs). Herein, to simultaneously compensate for vacancies and reduce ammonium cation

loss, a sustained release strategy was proposed by introducing multi-functional capsules consisting of

zeolitic imidazolate framework-8 (ZIF-8) encapsulation agent and ammonium iodide salts as interlayer

between the perovskite and hole transport layer. In the capsule interlayer, not only are ammonium

iodide salts in ZIF-8 pores released to the perovskite layer, compensating for the vacancies, but the ZIF-

8 also prevents the organic component of perovskite from evaporating and isolates the perovskite from

moisture. As a consequence, decreased trap density, improved device efficiency, and enhanced stability

of PSCs are obtained owing to the successful passivation of defects by the introduced capsules. ZIF-

8@FAI shows the highest efficiency of 19.13% and a stabilized PCE over 93% of the initial efficiency at

maximum power point for 150 h. This work provides a new strategy to improve efficiency and stability of

PSCs based on the large family of porous materials.
Introduction

Perovskite solar cells (PSCs), which are based on organic–inor-
ganic lead halide perovskite absorbers with unique and
intriguing optoelectronic properties, have received increasing
attention due to their low cost and high power conversion effi-
ciency (PCE).1–6 Mainly beneting from the great efforts on
engineering the device structure, solvent, composition, addi-
tive, and interface, the PCE of PSCs has been strikingly
enhanced from the original 3.8% to the presently certied
25.5% within only several years.7–15 However, in state-of-the-art
PSCs, there exists signicant non-radiative loss in the perov-
skite absorber, mainly originating from ionic defect states such
as methylamine (MA+) or formamidine (FA+) ion vacancies,
limiting further improvement of the device performance.16–18
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Simultaneously, those vacancies are believed to be a target for
attacks from the external environment, such as moisture, heat
or light, resulting in perovskite degradation and device insta-
bility.19–22 To suppress the formation of such vacancies, one
efficient way is to use excess halogenated MA/FA during or aer
the perovskite annealing process.23–28 The evaporation and loss
of organic components persist during usage or under the attack
of moisture, limiting the durability of the perovskite. Thus, to
passivate the cation vacancies and further mitigate evaporation
of organic components, many recent studies developed a two-
dimensional (2D) perovskite on a three-dimensional perov-
skite surface by introducing a small amount of hardly volatile
organic ammonium salts with a larger molecule.9,29–31 Unfortu-
nately, the lack of effective ways to accurately control the n-value
in the 2D phase hinders surface conductivity, harms the
reproducibility of device efficiency, and results in more
complicated carrier transport in the perovskite. Thereby,
a convenient strategy to effectively maintain organic ammo-
nium content for cation vacancy suppression is crucial and
urgent.

Inspired by the interface construction in metal corrosion
inhibition science, we propose a sustained-release strategy to
realize controllable supplementation and loss inhibition (under
thermal or moisture condition) of organic ammonium by
introducing multifunctional capsules encapsulating
© 2021 The Author(s). Published by the Royal Society of Chemistry
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ammonium salt to the perovskite and hole transport material
(HTM) interface. With the help of capsule encapsulation,
evaporation of the ammonium salt inside capsules is sup-
pressed, effectively overcoming the disadvantages of the “excess
methylamine” approach and, thus, avoiding the problems
induced by the large ammonium molecules. To develop these
capsules, the encapsulation agents should possess a porous
structure with suitable pore size to contain the ammonium salts
and release them in suitable conditions; meanwhile, it should
be hydrophobic to protect the perovskite layer against moisture.
In this regard, metal–organic frameworks (MOFs) would be
desirable materials due to the characteristic structural and
componential controllability,32–36 hydrophobic property37–40 and
chemical stability.41–45

Herein, by harnessing its superior perovskite affinity34 and
hydrophobicity, zeolitic imidazolate framework-8 (ZIF-8) was
utilized as an encapsulation agent to generate a sustained-
release capsule containing ammonium iodide (Fig. 1a). Aer
introduction into PSCs as an interlayer between perovskite and
HTM (Fig. 1b), the sustained-release capsules not only effec-
tively passivated the generated vacancies by releasing the trap-
ped ammonium iodide, driven by concentration gradient in the
defect area, but also inhibited the loss of ammonium ion by
blocking the ammonium iodide salt in perovskite against
evaporation. Furthermore, the hydrophobic ZIF-8 agent pro-
tected the perovskite from environmental water attack. There-
fore, capsules consisting of ZIF-8 and MAI/FAI are conrmed
effective to passivate perovskite defects, block MA evaporation
and isolate moisture, simultaneously. As a result, the device
Fig. 1 (a) Chemical structure of ZIF-8@ammonium iodide salts. (b) Sch
perovskite. The ammonium iodide salts in ZIF-8 diffuse to perovskite laye
ZIF-8 framework isolates the perovskite frommoisture and bars the organ
nitrogen adsorption (solid circle)-desorption (empty circle) isotherms at

© 2021 The Author(s). Published by the Royal Society of Chemistry
based on ZIF-8@MAI or ZIF-8@FAI shows signicantly
improved PCE and stability. Among these, ZIF-8@FAI shows
a PCE of 19.13% and a stabilized PCE, maintaining over 93% of
the initial PCE at maximum power point for 150 h.
Experimental
Materials and methods

All reagents and solvents used were commercially available
without further purication. The surface morphologies and
element distributions of the perovskite lms were investigated
using eld emission scanning electron microscopy (SEM) and
energy dispersive spectroscopy (EDS) analysis (JSM-7500F,
Japan). X-ray diffraction (XRD) was carried out with a PAN-
alytical X'Pert3 powder diffractometer equipped with a Cu
sealed tube (l ¼ 1.541874 Å) at 40 kV and 40 mA over the 2q
range of 5�–50�. The N2 adsorption/desorption isotherms were
obtained at 77 K on a Micromeritics ASAP 2020 HD88 surface
area analyzer. X-ray photoelectron spectroscopy (XPS) data were
obtained using an ESCALAB Xi+ XPS system (Thermo Fisher
Scientic) with Al Ka X-ray radiation (1486.6 eV). UV-vis spectra
were obtained from a Lambda 950 spectrophotometer. Water
contact angle was measured using a DSA25 contact angle
instrument. Photoluminescence (PL) was measured with an
Edinburgh Instruments Ltd. FLS 980 spectrometer. Thermal
analysis was carried out on a METTLER TGA/SDTA 851 thermal
analyzer from 30 to 800 �C at a heating rate of 2 �Cmin�1 under
N2 ow. The current–voltage (J–V) curves were measured under
illumination at AM 1.5 G (100 mW cm2) using a solar simulator
ematic illustration of effect of ZIF-8@ammonium iodide capsule on
r and occupy the organic cation and halide vacancies. Meanwhile, the
ic component of perovskite from evaporating. (c) XRD patterns and (d)
77 K of ZIF-8, ZIF-8@MAI and ZIF-8@FAI.
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(Newport, Oriel Class A, 91195 A, equipped with a 300 W xenon
lamp) and a source meter (Keithley 2420). The maximum power
point (MPP) tracking was measured by monitoring photocur-
rent with a bias voltage at the maximum power point. Electro-
chemical impedance spectroscopy (EIS) spectra were recorded
with a Zahner Pro2 electrochemical work station from 1 Hz to
105 Hz at 0.9 V in the dark, then tted using the Z-view soware.
The photo-to-current conversion efficiency (IPCE) spectra were
collected using a Newport IPCE measurement system, and the
light intensity was adjusted by an NREL-calibrated Si solar cell.
The active area of solar cells was 0.09 cm2. The trap density
measurement was performed with device structure FTO/perov-
skite/MoO3/Ag. The trap density was estimated according to the
equation:

nt ¼ 23r30VTFL

eL2

where nt is the trap density, 3r is the dielectric constant of the
polymer, 30 is vacuum permittivity, L is thickness of the active
layer, and e is the elementary charge. VTFL is obtained by tting
the dark I–V data with the equation.
Syntheses of ZIF-8, ZIF-8@MAI and ZIF-8@FAI

Zinc nitrate hexahydrate (Zn(NO3)2$6H2O, 73.44 mg) was dis-
solved in 25 mL methanol as solution A, and 2-methylimidazole
(810.6 mg) was dissolved in 50 mL methanol as solution B.
Then, solution B was slowly poured into solution A with stirring.
Aer stirring for 1 h, the precipitate was collected by centrifu-
gation, washed with methanol three times and dried at room
temperature.46 Then, the obtained ZIF-8 powder was added into
a saturated MAI or FAI ethanol solution with continuous stir-
ring for 24 hours. The resulting ZIF-8@MAI and ZIF-8@FAI
capsule powders were captured by ltration, washed with
ethanol, and dried in air.
Device fabrication

PSCs were prepared with a FTO/TiO2/CH3NH3PbI3/HTM/Ag
structure. Fluorine-doped tin oxide (FTO, 1.5 � 1.5 cm2) glass
(15 U m�2 square, NSG, Japan) substrates were ultrasonically
washed with deionized water in an ultrasonic bath, followed by
acetone and ethanol for 20 min, respectively. Then, the compact
titanium dioxide (bl-TiO2) lm was deposited via spin-coating
titanium(IV) isopropanol (112 mL), in 2.5 mL n-butanol solu-
tion, at 2800 rpm for 20 s. Aer annealing at 500 �C for 30min in
air, a TiO2 paste (Dyesol DSL 30NR-D) in isopropanol (1 : 20,
mass ratio) was spin-coated on the substrate at 4000 rpm for
30 s, followed by annealing at 550 �C for 30 min. The perovskite
solution was prepared by dissolving 159 mg CH3NH3I and
461 mg PbI2 in 1 mL mixed solvent of DMF and DMSO (volume
ratio 4 : 1). Then, the solution was coated onto the mp-TiO2/bl-
TiO2/FTO substrate by two consecutive spin-coating steps, at
1000 and 6000 rpm for 10 s and 20 s, respectively. During the
second spin-coating step, 150 mL chlorobenzene was dropped
onto the substrate aer 5 s. The intermediate phase substrate
was then put on a heating plate at 110 �C for 10 min. Then, for
surface treatment samples, ZIF-8, ZIF-8@MAI, or ZIF-8@FAI-
3556 | Nanoscale Adv., 2021, 3, 3554–3562
solution in isopropanol at different concentrations (0.5 mg
mL�1, 1 mgmL�1, 2 mg mL�1, 3 mg mL�1 and 4 mgmL�1) were
spin-coated at 4000 rpm for 20 s, followed by annealing at
100 �C for 2–3 min. The hole transport layer (HTL) lms
(72.9 mg of Spiro-OMeTAD in 1 mL chlorobenzene with the
addition of 17.5 mL of Li-TFSI solution [520 mg in 1 mL aceto-
nitrile] and 29 mL of t-BP) were spin-coated at 4000 rpm for 30 s.
All procedures were completed in a nitrogen-lled glovebox.
Finally, 4 nm MoO3 and 100 nm silver top electrode was ther-
mally evaporated.

Results and discussion

To develop a multi-functional interlayer between perovskite and
HTM with defect passivation and cation/moisture barrier
blocking abilities (Fig. 1a and b), ZIF-8@MAI or ZIF-8@FAI
capsules were fabricated rst. As shown in Fig. 1c, sharp
peaks in the XRD spectra of ZIF-8@MAI and ZIF-8@FAI were
attributed to the synthetic ZIF-8, which exhibited high crystal-
linity. To prove MAI or FAI was successfully encapsulated inside
the pores of ZIF-8, specic surface area (Fig. 1d and S2a†), TGA
(Fig. S2b†), and elemental mapping scan (Fig. S3†) measure-
ments were carried out. As shown in Fig. 1d, the specic surface
areas of ZIF-8@MAI and ZIF-8@FAI were relatively lower than
the pristine ZIF-8 sample, suggesting the pores of ZIF-8 were
occupied by MAI or FAI. The pore distribution showed the main
pores of ZIF-8 were partly occupied, and the incomplete occu-
pation could be ascribed to the vacuum extraction process
during the specic surface area measurement. Moreover, the
encapsulation of MAI or FAI was further conrmed by the
weight loss before 100 �C in ZIF-8@MAI or ZIF-8@FAI TGA
curve, and also by the iodine distributions in the elemental
mapping scan image.

Then, we carried out a series of characterizations of the
perovskite lms with ZIF-8, ZIF-8@MAI or ZIF-8@FAI layer on
their surface. The corresponding samples were named ZIF-8,
ZIF-8@MAI and ZIF-8@FAI, respectively, and the perovskite
lm without any treatment (namely, pristine) was used as
control. As shown in Fig. 2a–d, aer the incorporation of
functional layers, average grain sizes of perovskite lms
increased to �250 nm for the ZIF-8 based sample, to �300 nm
for the ZIF-8@MAI sample and to �420 nm for the ZIF-8@FAI
sample, which are about 1.25, 1.5 and 2.1 times that of pris-
tine lm (200 nm). Simultaneously, perovskite lms with
functional layers exhibited more uniform size, without obvious
pinholes. The cross-sectional SEM images of devices are shown
in Fig. S8.† Results showed that the incorporation of ZIF-8-
based capsules induced less grain boundary and increased
crystal size in the internal perovskite layer. Moreover, due to the
hydrophobicity of ZIF-8, perovskite lms with MOF-based
functional layers showed larger water contact angles (62.5� for
ZIF-8@FAI, 60� for ZIF-8@MAI and 55� for ZIF-8) than pristine
lm (43.6�), indicating the enhanced hydrophobicity to resist
moisture. In the XRD patterns (Fig. 2e), all perovskite lms
showed perovskite characteristic peaks at 14.2� (110), 24.9�

(202), and 19.4� (220). The full width at half-maximum (FWHM)
values (Fig. 2f) of the (110) peak from a Gaussian curve t were
© 2021 The Author(s). Published by the Royal Society of Chemistry



Fig. 2 Top-view SEM images of (a) pristine, (b) ZIF-8, (c) ZIF-8@MAI and (d) ZIF-8@FAI perovskite films. Insets in (a)–(d) are images of water
contact angles on the corresponding perovskite films. (e) XRD patterns of perovskite films with and without the MOF-based multi-functional
layers. (f) FWHM of the (110) peak and intensity ratio of the PbI2 peak to (110) peak in XRD.
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determined to be 0.1585, 0.1537, and 0.1492 for perovskite lms
with ZIF-8, ZIF-8@MAI, and ZIF-8@FAI, respectively, which
were smaller than the pristine lm (0.1635), indicating the
increased crystallinity. The disappearance of the PbI2 peak at
12.8�, evidenced by the decrease of PbI2 peak/(110) peak
(Fig. 2f), also showed the higher crystallinity of MOF-treated
samples, in accordance with the SEM images. Notably, the
better morphology and crystallinity of ZIF-8@FAI than that of
ZIF-8@MAI could be attributed to the incorporation of FA
cation, which has stronger reorientation ability and superior
Goldschmidt tolerance factor, with minimum distortions in the
perovskite lattice.47 As shown in Fig. S4,† the UV-vis absorption
spectra show a slight absorption enhancement over the region
from 450 to 760 nm, which can be ascribed to the better
Fig. 3 Photovoltaic characterization of the corresponding PSCs. (a) Sche
PSCs; (c) current density–voltage (J–V) curves; (d) PCE histogram based
(IPCE) spectra and integrated Jsc; (f) stable output at maximum power p

© 2021 The Author(s). Published by the Royal Society of Chemistry
crystallization and higher lm quality. In further analysis based
on the Tauc plots, as shown in Fig. S5,† the bandgaps were
calculated to be 1.5685, 1.5635, 1.5634, and 1.5599 eV for pris-
tine, ZIF-8, ZIF-8@MAI and ZIF-8@FAI lms, respectively.
Results show that there is no noteworthy difference in absorp-
tion band edge, suggesting a negligible impact of ZIF-8 capsules
on the bulk crystal structure of pristine perovskite.

To evaluate the effects of the ammonium salt-trapping ZIF-8
capsule on device performance, PSCs with a structure of FTO/
TiO2/perovskite/MOF-based functional interlayer/HTM/Ag were
fabricated (Fig. 3a and b). The current density–voltage (J–V)
curves of the best devices are presented in Fig. 3c, and related
photovoltaic parameters are listed in Table 1. The device PCE
experienced an improvement from 17.23% to 17.69% aer
matic representation and (b) SEM images of the cross-sectional view of
on 20 devices; (e) incident photon-to-current conversion efficiency

oint.

Nanoscale Adv., 2021, 3, 3554–3562 | 3557



Table 1 Photovoltaic parameters for the pristine and ZIF-8, ZIF-
8@MAI and ZIF-8@FAI devices

Devices Voc (V) Jsc (mA cm�2) FF (%) PCE (%) max (ave)

Pristine 1.047 21.97 74.9 17.23 (16.59)
ZIF-8 1.048 22.46 75.1 17.69 (17.04)
ZIF-8@MAI 1.054 23.78 75.2 18.85 (17.75)
ZIF-8@FAI 1.058 23.93 75.6 19.13 (17.95)

Nanoscale Advances Paper
incorporation of the ZIF-8 layer, which could be ascribed to the
better morphology of perovskite. The PCE further improved to
18.85% and 19.13% for the ZIF-8@MAI and ZIF-8@FAI-based
devices, respectively. The improved open-circuit voltage (Voc)
and ll factor (FF) for ZIF-8@MAI and ZIF-8@FAI-based devices
resulted from the effective passivation by the functional
capsule. The enhancement in current density (Jsc) was caused by
the stronger light absorption (Fig. S4 and S5†), reduced resis-
tance (Fig. S7†) and high quality of perovskite lm. Moreover,
the passivation signicantly suppressed interfacial recombina-
tion, providing a pathway for improved Voc. The J–V hysteresis
measurements (Fig. S6 and Table S1†) reveal suppressed
hysteresis on passivated cells, with hysteresis index (HI)
decreasing to 0.213, 0.206, and 0.187 for the ZIF-8, ZIF-8@MAI,
and ZIF-8@FAI-based devices, respectively, from an original
value of 0.236. The improvement in J–V and hysteresis curves
indicates a more efficient carrier extraction and reduced
recombination. The PCE distribution of 20 individual devices
(Fig. 3d and S9†) showed good reproducibility among the
devices. Moreover, the dark current appeared at 0.927 V for
pristine, and the value increased to 0.998 V, 1.032 V and 1.061 V
for the ZIF-8, ZIF-8@MAI and ZIF-8@FAI devices, respectively,
indicating that the charge recombination was suppressed. The
J–V results illuminated that the ZIF-8 capsule-based functional
layer, especially the FAI-trapped ZIF-8 capsule, successfully
passivated the defects in perovskite. The better performance of
ZIF-8@FAI than that of ZIF-8@MAI was ascribed to the better
morphology and crystalline degree, as shown in Fig. 2.

The IPCE values and integrated current densities (18.15,
18.61, 19.33, 20.21 mA cm�2 for pristine, ZIF-8, ZIF-8@MAI, and
ZIF-8@FAI, respectively, Fig. 3e) show trends consistent with
those observed from the J–V curve, conrming the restrained
carrier recombination and the improved perovskite lm crystal-
linity due to passivation of the ZIF-8-based functional layer.
Compared to the Jsc obtained from J–V curves, the integrated
current densities were slightly lower, which might be caused by
capacitive current owing to J–V hysteresis.48 Fig. 3f shows the
curves of normalized PCE as function of illumination time (at AM
1.5, in N2) while keeping the device at the maximum power point
(MPP). The PCE of the pristine device exhibited more than 20%
loss within 1000 s, and the PCE remained at 81.05% for the ZIF-8-
based PSCs, suggesting their better stability due to the barrier
preventing the evaporation of MA cation. Moreover, the value
improved to 92.06% and 94.58% for ZIF-8@MAI and ZIF-8@FAI
devices in development, indicating that MAI or FAI in the capsule
could effectively compensate the MA vacancies in the perovskite.
3558 | Nanoscale Adv., 2021, 3, 3554–3562
The space charge limited current (SCLC) was measured to
gain further insight into the effect of ZIF-8 capsules on the
defect density of perovskite lms. As shown in Fig. 4, the trap-
lled limit voltage (VTFL) and trap density from SCLC were
0.885 V and 2.26 � 1016 cm�3 for pristine, and the corre-
sponding values were 0.837 V and 2.14� 1016 cm�3 for the ZIF-8
sample. The decrease in trap density (ntrap) could be assigned to
blocking of MA cation evaporation by the ZIF-8 framework. For
the ZIF-8@MAI and ZIF-8@FAI samples, the further decreasing
ntrap (0.794 V and 2.03 � 1016 cm�3 for ZIF-8@MAI, 0.751 V and
1.92 � 1016 cm�3 for ZIF-8@FAI) illuminated the passivation
ability of the trapped ammonium salts in the ZIF-8-based
capsule on perovskite.

To conrm the passivation and barrier effects of ZIF-8 and
the ammonium salt-trapped ZIF-8 capsule on perovskite lm,
XPS measurements were conducted. Compared to the pristine
perovskite lm, both the Pb 4f (�138 eV and �143 eV, Fig. 5a)
and I 3d (�619 eV and�631 eV, Fig. S10†) peaks shied to lower
binding energy for the ZIF-8 sample, indicating the lower
oxidation state of lead due to the electron donated by 2-meth-
ylimidazole of the ZIF-8 framework. The further shi of XPS
peaks to lower binding energy for the ZIF-8@MAI and ZIF-
8@FAI samples suggested an interaction between perovskite
and ammonium salts. It is known that metallic Pb in perovskite
lms could become recombination centers and is closely
related to iodide vacancies;49 thus, the disappearance of
metallic Pb (140.3 and 135.5 eV) in ZIF-8@MAI and ZIF-8@FAI
lm demonstrated the passivation of iodine vacancies. In
addition, based on these XPS results, the relevant atomic ratios
were calculated according to the peak area and sensitive factors
and are summarized in Table S3.† The atomic ratios of N/Pb for
pristine perovskite only retained 25% of the initial value
(decrease from 0.49 to 0.12) aer heating at 80 �C in N2 for 72 h,
revealing the serious loss of MA during the heating process.
Meanwhile, the value for perovskite with ZIF-8 treatment
increased to 68% (from 0.54 to 0.37) due to suppression of MA
evaporation by the ZIF-8 framework. The incorporation of MAI
and FAI further improved the value to 78% and 83%, respec-
tively, displaying the further passivation of organic vacancies.
When considering the I/Pb ratios, similar results were obtained.
Pristine perovskite only retained 57% of its initial value
(decrease from 3.20 to 1.83) aer heating, while the value of
perovskite with ZIF-8 treatment increased to 81% (from 3.30 to
2.68). The incorporation of MAI and FAI further improved the
value to 85% and 89%, respectively, displaying the further
passivation of I vacancies. It should be noted that the reason
why the I/Pb ratio is higher than 3 (the theoretical value) is
because of the accumulation of I in the surface owing to ion
migration. It is notable that the Pb 4f spectra showed stronger
interactions with FA cation compared with the MA cation,
which led to the higher atomic percentage remaining and better
thermal stability of the ZIF-8@FAI sample.

As presented in Fig. 5b, the PL spectra showed a similar
trend to XPS, with the PL peak improved aer functional layer
incorporation, indicating the effective passivation of trap states
and reduction of carrier recombination in perovskite lm. The
PL intensity of perovskite lms with functional capsule layers at
© 2021 The Author(s). Published by the Royal Society of Chemistry



Fig. 4 Dark I–V curves of devices with the structure FTO/perovskite/MoO3/Ag for the (a) pristine, (b) ZIF-8, (c) ZIF-8@MAI, and (d) ZIF-8@FAI
samples.

Fig. 5 Stability tests of perovskite films and real devices with and without ZIF-8-based functional layers. (a) Pb4f peaks in XPS spectra. (b) Steady-
state photoluminescence (PL) spectra. (c) Evolution of PL intensity at �772 nm stored at room temperature under natural light for 600 h. (d) and
(e) Long-term stability test of unencapsulated perovskite devices stored at room temperature (RT) under natural light in N2 and in air atmosphere
(RT, 50–70% RH). (f) Stable output at maximum power point under a nitrogen environment at room temperature.

Paper Nanoscale Advances
�772 nm (Fig. 5c and S11†) was maintained at higher intensity
over 600 h compared to the control sample. The increased PL
intensity in the rst 300 h, as seen in Fig. 5c, could be ascribed
to the mitigation of defects induced by the introduction of ZIF-
8, which blocks ions and prevents consumption of ions. The
dissociated ions in the perovskite layer are subsequently
restored to the corresponding vacancies under dark condition
© 2021 The Author(s). Published by the Royal Society of Chemistry
to heal the perovskite.50 For ZIF-8@MAI- or ZIF-8@FAI-based
samples, the released MAI or FAI further passivated the vacan-
cies in perovskite, therefore leading to greater improvement in
the PL intensity. Time-resolved photoluminescence was moni-
tored, as shown in Fig. S12,† and the related lifetime data are in
Table S4.† The lifetime increased from 94.27 (pristine) to
162.01, 258.90 and 272.36 ns by introducing ZIF-8, ZIF-8@MAI
Nanoscale Adv., 2021, 3, 3554–3562 | 3559
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and ZIF-8@FAI devices, respectively. These results demon-
strated the restrained non-radiative recombination due to the
successful passivation of defects aer ZIF-8-based capsule
incorporation.

Long-term stability tests of the corresponding unencapsu-
lated PSCs were performed under natural light in nitrogen
atmosphere (Fig. 5d), under humidity (50–70 RH%, Fig. 5e) or at
50 �C in N2 (Fig. S15†). The superior stability of ZIF-8 PSCs
compared to pristine PSCs conrmed the hypothesis that the
ZIF-8 framework could isolate the perovskite layer from mois-
ture and block the MA cation from evaporating once again.
Simultaneously, the device stability improved with MAI and FAI
incorporation. The stability of the ZIF-8@FAI device was the
best, with 86%, 85.43% and 74.28% of the initial PCE remaining
aer storage under natural light in nitrogen atmosphere for
600 h, in 50–70 RH% for 600 h, and at 50 �C for 60 h, respec-
tively. Notably, in MPP tests, the ZIF-8@FAI device retained over
93% of its initial PCE value aer 150 h, while the pristine device
only had �68% le aer 22 h. These results indicate the better
operational stability of PSCs with ZIF-8@FAI.

Conclusions

In summary, ZIF-8 capsules encapsulating ammonium iodide
salts in their pores (ZIF-8@MAI or ZIF-8@FAI) were used as
multi-functional interlayer to passivate perovskite defects, block
MA evaporation and isolate moisture. Results showed that the
defects were successfully passivated by the ZIF-8 capsules, with
trap density decreasing to 1.92 � 1016 cm�3 for the best-
performing ZIF-8@FAI-based sample. Thus, incorporation of
the ZIF-8 capsule layer led to enhanced performance, from
17.23% to 19.13%. In addition, greatly improved thermal and
moisture stability was observed. PSCs with ZIF-8@FAI main-
tained 74.28% of their initial performance aer storage at 50 �C
for 60 h, as well as over 93% of their initial PCE at maximum
power point for 150 h. This work provides a strategy to effi-
ciently improve the efficiency and stability of PSCs based on the
large family of porous materials.
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M. B. Johansson, U. B. Cappel, O. Karis, J. Liu, H. Rensmo,
G. Boschloo and E. M. J. Johansson, Inorganic CsPbI3
perovskite coating on PbS quantum dot for highly efficient
and stable infrared light converting solar cells, Adv. Energy
Mater., 2018, 8, 1702049.

26 N. Li, S. Tao, Y. Chen, X. Niu, C. K. Onwudinanti, C. Hu,
Z. Qiu, Z. Xu, G. Zheng, L. Wang, Y. Zhang, L. Li, H. Liu,
Y. Lun, J. Hong, X. Wang, Y. Liu, H. Xie, Y. Gao, Y. Bai,
S. Yang, G. Brocks, Q. Chen and H. Zhou, Cation and
anion immobilization through chemical bonding
enhancement with uorides for stable halide perovskite
solar cells, Nat. Energy, 2019, 4, 408–415.
© 2021 The Author(s). Published by the Royal Society of Chemistry
27 J.-H. Cha, K. Noh, W. Yin, Y. Lee, Y. Park, T. K. Ahn,
A. Mayoral, J. Kim, D.-Y. Jung and O. Terasaki, Formation
and encapsulation of all-Inorganic lead halide perovskites
at room temperature in metal–organic frameworks, J. Phys.
Chem. Lett., 2019, 10, 2270–2277.

28 Y. Wang, Z. Zhang, M. Tao, Y. Lan, M. Li, Y. Tian and
Y. Song, Interfacial modication towards highly efficient
and stable perovskite solar cells, Nanoscale, 2020, 12,
18563–18575.

29 Y. Liu, S. Akin, L. Pan, R. Uchida, N. Arora, J. V. Milić,
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