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S1 Experimental Procedures 

Materials and solvents: All the reagents were purchased from commercialization without 
further purification. Solvents for the device fabrication (N,N-Dimethylformamide (DMF), 
acetonitrile (CN), dimethyl sulfoxide (DMSO), chlorobenzene (CB) and isopropanol (IPA)) 
were purchased from Sigma-Aldrich. CsPbI2, methylammonium chloride (MACl), 2-(2-
Fluorophenyl)ethylamine iodide (oFPEAI), formamidinium iodide (FAI), methylammonium 
bromide (MABr), 4-tert-butylpyride (TBP), FK209, and bis(trifluoromethylsulfonyl)imide 
lithium salt (Li-TFSI) were obtained commercially from Xi’an Polymer Light Technology 
Corp. Lead iodide (PbI2) and lead bromide (PbBr2) were purchased from Alfa. Spiro-
OMeTAD was obtained commercially from Toronto Research Chemicals, Inc. Additionally, 
ZrOCl2·8H2O, 1,3,5-benzenetricarboxylicacid, p-Phenylenediamine were purchased from 
Aladdin. 1,3,5-triformylphloroglucinol (Tp) synthesized according to the literature method .1 

Density functional theory (DFT) calculations: The first principles calculation was used to 
calculate the adsorption of perovskite chalcogenide (001) on MOF@COF. Its adsorption 
energy and the charge density difference of the adsorption configuration have been calculated. 
At the same time, the adsorption energies of MOF@COF on Pb ions in the post-adsorption 
conformation were also calculated. This work has employed the Vienna ab initio simulation 
package (VASP) to perform all density functional theory (DFT) calculations within the 
generalized gradient approximation (GGA) using the Perdew-Burke-Ernzerhof (PBE) 
function. the projected augmented wave (PAW) potentials were chosen to describe the ionic 
cores and take valence electrons into account using a plane wave basis set with a kinetic energy 
cutoff of 500 eV. Partial occupancies of the Kohn−Sham orbitals were allowed using the 
Gaussian smearing method and a width of 0.05 eV. The electronic energy was considered self-
consistent when the energy change was smaller than 10-6 eV. A geometry optimization was 
considered convergent when the force change was smaller than 0.01 eV/Å. Grimme’s DFT-
D3 methodology was used to describe the dispersion interactions. The Brillouin zone was 
sampled using Monkhorst-Pack mesh k-points with a reciprocal space resolution of 
2π × 0.04/Å. 
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Characterization: The photocurrent-voltage (J-V) plots and Electrical impedance 
spectroscopy (EIS) were performed at the air atmosphere with a Gamry Framework and a 
solar simulator (Newport) under AM 1.5 G sunlight produced by a 450 W xenon lamp. Active 
area of PSCs is 0.06 cm2. The incident photo to electron efficiency (IPCE) spectra were 
conducted under the excitation beam from a 300 W xenon lamp. And a 1/4 monochromator 
(model 74125 Oriel Cornerstone 260, Newport, USA) was used to collect the given light. 
Fourier transform infrared (FT-IR) spectra were carried out using a PerkinElmer Spectrum 
100 FT-IR spectrometer. Shimadzu XRD-6000 X-ray Diffraction instrument with Cu-Kα 
radiation was used to conduct X-ray diffraction (XRD) patterns. For in situ XRD test, the 
perovskite solutions were successively spin-coated on the ETL substrates, then 150 μL of 
chlorobenzene with or without MOF@COF was poured on spinning substrate. Afterward, the 
films were annealed at 120 °C for different times (0, 3, 5, 10, 15, 20, 30, 60, 180, 300, 600, 
1800, and 3600 s). The perovskite films annealed at different times were removed immediately 
for XRD test. The X-ray photoelectron spectroscopy (XPS) was performed with ESCLAB 
250Xi from Thermo Fisher Scientific. The thermogravimetry (TGA) was carried out in a 
nitrogen or air stream using Netzsch thermal analysis equipment (STA449F5 Jupiter) with a 
heating rate of 5 °C min-1. The different perovskite precursor solution with or without 
MOF@COF were heated at 100 °C for 1 h under N2 condition to obtain in situ real-time TG-
FTIR spectra. The density functional theory (DFT) was investigated by using the B3LYP 
functional and 6-31G (d, p) basis set (Gaussian 09 software). Scan electron microscope (SEM) 
measurements were carried out using Merlin Compact from ZEISS. The transmission electron 
microscopy (TEM) was performed using a FEI Tecnai G2 F30. The perovskite films based on 
(FAPbI3)0.93(MAPbBr3)0.04(CsPbI3)0.03 with or without MOF@COF were deposited on a clean 
FTO and then scratched from FTO. The perovskite power was dispersed in IPA and then 
dropped on TEM grids for testing. The perovskite films with or without MOF@COF were 
deposited on clean silicon chip for testing femtosecond transient absorption spectroscopy (fs-
TAS). The atomic force microscope (AFM), Kelvin probe force microscopy (KPFM). UV-vis 
absorption spectra were carried out with a Shimadu and SPECORD S600 spectrophotometer. 
The PL emission intensity spectra were recorded by an FLS 920 luminescence spectrometer. 
The time-of-flight secondary-ion mass spectrometry (TOF-SIMS) measurement was 
performed using a TOF-SIMS V instrument (ION TOF-SIMS 5).  

Trap density Measurements: The hole transport behavior could be also tested by the space-
charge-limited current (SCLC) measurement in dark with a specific structure of 
FTO/TiO2/perovskite/PCBM/Ag. The trap density (Nt) is calculated by following Eq. (S1):  

Nt=
2𝑉𝑉𝑇𝑇𝑇𝑇𝑇𝑇𝜀𝜀𝑟𝑟𝜀𝜀0

𝑞𝑞𝐿𝐿2
                                  (S1) 

where ε0 is the vacuum permittivity, ε is the relative dielectric constant of perovskite, q is 
the electron charge, and L is the thickness of the perovskite film. 

TRPL decay spectra: TRPL decay spectra of perovskite film without and with MOFs can be 
fitted with the following bi-exponential decay Eq. (S2): 

y(t) = A1e-t/τ1 + A2e-t/τ2 + y0                        (S2) 

where A1 and A2 are the relative amplitudes, τ1 is the fast decay component, related to non-
radiative recombination, τ2 is the slow decay component, related to radiative recombination, 
and y0 is a constant for the base-line offset. The relevant key parameters resulting from the 
fitted results are listed in Table S5. The average carrier lifetimes (τave) can be calculated by the 
following formula: 
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τaverage = (τ12A1+τ22A2)/(τ1A1+τ2A2)                            (S3) 

Sorption kinetic: MOF@COF (40.0 mg) and a freshly prepared aqueous solution of lead(II) 
iodide (10.0 ppm, 100.0 mL) were mixed in a 200 mL round-bottom flask and stirred at room 
temperature. During the adsorption, the mixture was withdrawn and filtered at intervals 
through a 0.22 µm membrane filter for all samples and then quantified by ICP-OES to 
determine the remaining Pb(II) content. 

The linear formation of pseudo-first-order kinetic model kinetic model is given as following 
Eqs. (S5, S6). 

𝑙𝑙𝑙𝑙(𝑞𝑞𝑒𝑒 − 𝑞𝑞𝑡𝑡) = 𝑙𝑙𝑙𝑙 𝑞𝑞𝑡𝑡 − 𝑘𝑘1𝑡𝑡                               (S5) 

𝑡𝑡
𝑞𝑞𝑡𝑡

= 1
𝑘𝑘2𝑞𝑞𝑒𝑒2

+ 𝑡𝑡
𝑞𝑞𝑒𝑒

                                   (S6) 

where k1 (min-1) and k2 (g∙mg-1∙min-1) refer to the rate constants of pseudo-first-order and 
pseudo-second-order kinetic models, qe and qt are the amounts of adsorbed uranyl ions (mg∙g-

1) at equilibrium and given time “t”, respectively. 

Sorption isotherms: Lead(II) acetate aqueous solutions of various Pb(II) concentrations (10, 
25, 50, 100, 250, 500, 750 and 1000 mg L-1) were prepared, and used in the following 
adsorption procedure. MOF@COF (5.0 mg) was added to each centrifuge tube containing 
Pb(II) solution (5.0 mL) with different concentrations. The mixtures were stirred at room 
temperature for 18 h. Then the supernatant was filtered through a 0.22-µm membrane and 
analyzed using ICP-OES to determine the remaining Pb(II) content. Generally, the Langmuir 
model, represented by Eq. (S7), assumes that there is no interaction between the adsorbate 
molecules and the adsorption localizes in a monolayer. Whereas Freundlich model proposes 
an empirical model that is based on adsorption on heterogeneous surfaces and can be 
expressed as Eq. (S8). 

𝑞𝑞𝑒𝑒 = 𝑞𝑞𝑚𝑚𝐾𝐾𝑇𝑇𝐶𝐶𝑒𝑒
1 + 𝐾𝐾𝑇𝑇𝐶𝐶𝑒𝑒

                                     (S7) 

𝑞𝑞𝑒𝑒 = 𝐾𝐾𝐹𝐹𝐶𝐶𝑒𝑒
1/𝑛𝑛                                    (S8) 

where qe is the amount adsorbed at equilibrium (mg g-1) and Ce is the equilibrium 
concentration (mg L-1), qm is the maximum adsorption amount or the saturated amount (mg∙g-

1), KL is an equilibrium constant related to the binding strength (L mg-1), n and KF are 
Freundlich constants which are indicators of the adsorption capacity and adsorption intensity, 
respectively. 

S2 Supplementary Figures and Tables  
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Fig. S1 SEM images of (a) MOF-NH2, (b) TpPa-1-COF, and (c) TEM mapping images of 
MOF@COF 

 

 

Fig. S2 (a) XPS spectra and (b) IR spectra of MOF-808, H2H-MOF-808, COF, and 
MOF@COF 
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Fig. S3 (a) UV-vis absorption spectra and (b) UV-vis diffuse reflectance spectra of MOF, COF 
and MOF@COF 

 

 

Fig. S4 J-V curves of PSCs with different concentration of MOF@COF 

 

 

Fig. S5 (a) TEM mapping and (b) HR-TEM images of MOF@COF functionalized perovskite 
film 
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Fig. S6 SEM mapping images of MOF@COF-functionalized perovskite film 

 

Fig. S7 AFM images and 3D images of (a, c) control, (b, d) MOF@COF-functionalized 
perovskite films 

 

Fig. S8 The selected FT-IR spectra of different perovskite precursors at maximum 
volatilization time 

https://springer.com/journal/40820


Nano-Micro Letters 

S7/S16 

 

Fig. S9 Dark J-V curves of the electron-only device 

 

Fig. S10 XPS spectra of (a) Pb 4f, (b) I 3d, (c) N 1s, and (d) N 1s of perovskite films without 
or with MOF@COF 
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Fig. S11 (a) PL and (b) TRPL spectra 

 

Fig. S12 Cross-sectional SEM images of PSCs 

 

Fig. S13 (a) UV-vis absorption spectra and (b) Tauc spectra of control and MOF@COF-
functionalized perovskite films. (c) UPS spectra of control and MOF@COF functionalized 
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perovskite films. (d) Relevant energy level distribution of PSCs 

 

Fig. S14 (a) J-V curves of PSCs with different concentration of MOF@COF under dark. (b) 
The EIS measurement spectra for control and MOF@COF-functionalized PSCs. (The Inset of 
Figure b is the equivalent electrical circuits for fitting the EIS data) 

 

Fig. S15 Statistical distribution of (a) JSC, (b) VOC, and (c) FF for control and MOF@COF-
functionalized PSCs 

 

Fig. S16 (a) IPCE curves and (b) integrated JSC of different PSCs 
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Fig. S17 Long-term stability of control and MOF@COF-functionalized PSCs (stored 
conditions: 30%~50% RH and 25~30 oC). (a) JSC, (b) VOC, (c) FF 

As we have proved the superior stabilities of the MOF@COF functionalized device under 
long-term storing conditions, we believe that the MOF@COF functionalized device would 
exhibit excellent stability under long-term operation. As is shown in Figure S18a, we have 
tracked the long-term stability test (MPP) of the unencapsulated devices with and without 
MOF@COF functionalization in ambient conditions under Am 1.5G simulated illumination 
for 200 h. It was found that the pristine device showed a rapid light decomposition within 200 
h and only retained 51% of its PCE after the stability test. In comparison, the MOF@COF 
functionalized device maintained over 85% of its initial PCE under the same condition and 
only underwent a slight decrease of PCE during its working condition. As the performance 
loss of PSCs at MPP was frequently attributed to the cation and halide (vacancies) migration 
crossing the perovskite layer under the electric field, the results further suggested our efficient 
strategy of utilizing MOF@COF to enhance the perovskite quality with low-defect density, 
and evidently improve the operational stability of PSCs. 

In a simulated thermal annealing at 85 oC, the MOF@COF functionalized unencapsulated 
devices possess superior stability compared to the pristine devices (Figure S18b). The pristine 
device maintained only 40% of its initial PCE after 300 h of aging. By contrast, the 
MOF@COF functionalized devices maintain over 80% of the initial efficiency after same time 
of aging, which is a substantial improvement compared to the pristine devices. The 
improvement in hydrothermal stability comes from the fact that the stability of MOF@COF 
could effectively restrain the penetration of water molecules into the perovskite layer, and 
enhanced the perovskite quality with low-defect density. 

 

Fig. S18 (a) The operational stability test of the un-encapsulated PSCs with or without 
MOF@COF under continuous illumination in the maximum power point (MPP) condition. (b) 
and thermal stability test the un-encapsulated PSCs with or without MOF@COF under 
thermal annealing at 85 ℃ 

The N2 adsorption and desorption experiments have been performed to evaluate the 
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permanent porosity of the synthetic materials (Fig. S19). The Brunauer–Emmett–Teller (BET) 
surface areas of MOF-808 and MOF@COF are 1037.7 and 753.5 m2 g-1, respectively. After 
introducing TpPa-1-COF, the reduced BET surface area is mainly ascribed to that TpPa-1-
COF was in situ homogeneous growth on the surface of MOF-808. The high BET surface area 
of the resultant MOF@COF also shows the advantage of the combination of MOFs and COFs 
in retaining the porosity of the MOF/COF composite 

 

Fig. S19 N2 adsorption isotherms of MOF-808, and MOF@ COF 

 

Fig. S20 XPS spectrum of MOF@COF after adsorbing Pb 

Table S1 Photovoltaic parameters of control and MOF@COF-functionalized PSCs 

Dopant (mg·mL-1) Jsc (mA·cm-2) Voc (V) FF PCE (%) 

0.5 25.02 1.15 0.78 22.67 
1 25.18 1.20 0.78 23.61 

1.5 25.08 1.18 0.75 22.15 

2 24.80 1.18 0.74 21.81 

Table S2. Carrier lifetime of control and MOF@COF-functionalized PSCs 

Devices τ1 τ2 A1% A2% τaverage[a] 

Perovskite 67 545 70.96 29.04 434 

Perovskite with MOF@COF 106 748 36.79 63.21 699 
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[a] τaverage = (τ1
2A1+τ2

2A2)/(τ1A1+τ2A2) 

Table S3 Summary of MOFs and POMs used in PSCs 

MOFs 

MOFs Jsc (mA·cm-2) Voc (V) FF PCE (%) References 
Cu3(HHTT)2 30.13 0.92 0.794 22.01 [S3] 
Cd-2D MOFs 25.36 1.111 0.79 22.22 [S4] 

Zr-MOF-525/Perovsktie 23.04 0.93 0.60 12.0 [S5] 
ZrL3 22.58 1.20 0.8138 22.02 [S6] 

Zn-CBOB 23.17 1.135 0.784 20.64 [S7] 
mp-TiO2/ZIF-8 22.82 1.02 0.73 16.99 [S8] 
Cu-BTC MOF 21.8 1.09 0.75 17.8 [S9] 

UiO-66 21.85 1.072 0.769 18.01 [S10] 
Cu-BTC 23.90 1.11 0.80 21.44 [S11] 

HKUST-1@mp-TiO2 22.75 0.99 0.65 14.64 [S12] 
Eu-MOF 23.71 1.14 0.82 22.16 [S13] 

NH2-MIL-125 23.52 0.89 0.648 13.49 [S14] 
In-BTC 23.55 1.12 0.79 20.87 [S15] 

ZnL 23.86 1.118 0.793 21.15 [S16] 
Zn-TTB 25.16 1.148 0.801 23.14 [S17] 
Pb-MOF 24.37 1.11 0.762 20.87 [S18] 

PCN-224 QDs 24.56 1.172 0.782 22.51 [S19] 
2D-Zn-cbpp 23.32 1.155 0.79 21.28 [S20] 

CoW12@MIL-101 23.85 1.135 0.79 21.39 [S21] 
MIL-125(Ti) 22.81 1.01 0.718 16.56 [S22] 
ZIF-8@FAI 23.93 1.058 0.756 19.13 [S23] 

Cd-Httb-BDC 24.25 1.182 0.774 22.18 [S24] 
ZIF-8 22.13 1.06 0.72 17.32 [S25] 

POMOF 25.03 1.194 0.78 23.30 [S26] 
2D COF 24.92 1.112 79.6 22.04 [S27] 

TTDA-TTA-COF 24.64  1.14 79.95 22.44 [S28] 
SP-3D COF 23.60 1.031 78.3 19.07 [S29] 
Car-ETTA 23.18 1.097 77.84 19.79 [S30] 
DA-COF-2 24.55 1.10 81.96 21.11 [S31] 
HS-COFs 25.10 1.17 82.6 24.26 [S32] 

COF 14.17 1.282 79.01 14.35 [S33] 
MOF@COF 25.18 1.20 78.0 23.61 This work 
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Table S4 Photovoltaic parameters of control and MOF@COF-functionalized PSCs in the 
forward and reverse scanning directions 

Device Scan directions Jsc (mA·cm-2) Voc (V) FF PCE (%) Hysteresis 
index[a] 

Control 
Forward scan  24.10 1.11 0.71 18.97 

0.129 
Reverse scan 24.92 1.17 0.75 21.78 

MOF@
COF 

Forward scan  24.88 1.18 0.76 22.24 
0.058 

Reverse scan 25.18 1.20 0.78 23.61 

[a] Hysteresis index = (PCEReverse – PCEForward)/PCEReverse. 
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