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Methods 

Catalyst synthesis and preparation 

Preparation of NH2-UiO-66 (aUiO) particles. In a typical synthesis, 10 mg of anhydrous zirconium (IV) chloride (ZrCl4) was 

dissolved in 5 mL of anhydrous N,N-Dimethylformamide (DMF) in a 20 mL glass vial. In another vial, 5 mg of 2-

aminoterephthalic acid (NH2-BDC) was also dissolved in 5 mL of anhydrous DMF. Then, the two solutions were mixed before 

1.3 mL of acetic acid was added. The resulting solution was shaken and then heated in a 120 °C isothermal for 12 h. Light 

yellow powders were collected by centrifugation (8000 rpm, 5 min), washed five times with DMF over a period of 48 h, and 

five times with methanol over a period of 36 h. Finally, light yellow aUiO powder was obtained by drying the products under 

the dynamic vacuum overnight at room temperature. 

Preparation of defect-rich NH2-UiO-66 (d-aUiO) particles. The as-prepared aUiO powders with partial acetate ligands were 

activated under high dynamical vacuum and high temperature to remove the acetate residuals and obtain d-aUiO. Typically, 120 

mg of the as-prepared aUiO powders were put into a quartz crucible and kept in a vacuum oven at 100 °C for 8 h. Then, the 

oven temperature was raised to 180 oC at a rate of 2 °C min–1 and maintained at 180 oC for 28 h. Finally, brownish yellow 

powder was obtained after cooling down to room temperature. 

Preparation of Ir1/d-aUiO (1.4 wt.%). In a typical synthesis, 80 mg of d-aUiO powders were fully dispersed by 60 mL of 

ultrapure water. Then, under vigorous stirring, 1.3 mL of K₂IrCl₆ solution (5 mM) was slowly injected (1 mL min–1) into the 

above dispersion with an injection pump. The mixture was stirred at 500 rpm under 40 oC for 12 h. After that, the products were 

collected via centrifugation (8000 rpm, 5 min) and washed by ultrapure water (two times). After drying in the vacuum oven 

under 80 oC, the products were put into a quartz boat and heated to 200 °C at a rate of 5 °C min–1 and maintained at 200 °C for 1 

h in a tubular oven under high-purity (99.9999%) Ar protection (60 sccm). The resultant powders were cooled down to room 

temperature and collected for further characterizations and tests. The preparation of 0.7 wt.% Ir1/d-aUiO particles was similar 

but with K₂IrCl₆ solution of lower concentration (2.5 mM). The mass loading of Ir species was measured by inductively coupled 

plasma atomic emission spectrometer (ICP-AES). 

Preparation of Irx/d-aUiO. In a typical synthesis, 60 mg of d-aUiO powders were fully dispersed by 45 mL of ultrapure water. 

Then, 1.3 mL of K₂IrCl₆ solution (7.5 mM) was slowly injected (1 mL min–1) into the above dispersion with an injection pump. 

The mixture was stirred at 500 rpm under 40 oC for 12 h. After that, the products were collected via centrifugation (8000 rpm, 5 

min) and washed by ultrapure water (two times). After drying in the vacuum oven under 80 oC, the products were put into a 

quartz boat and heated to 250 °C at a rate of 5 °C min–1 and maintained at 250 °C for 1 h in a tubular oven under H2/Ar (1/4 v/v, 

60 sccm). 

Preparation of IrNPs/d-aUiO. In a typical synthesis, 60 mg of d-aUiO powders were fully dispersed in 45 mL of ultrapure 

water. Then, 1.3 mL of K₂IrCl₆ solution (15 mM) was slowly injected (1 mL min–1) into the above dispersion. The mixture was 

stirred at 500 rpm under room temperature for 1 h. After that, the products were collected via centrifugation (8000 rpm, 5 min) 

and washed by ultrapure water (two times). After drying in the vacuum oven under 80 oC, the products were put into a quartz 

boat and heated to 300 °C at a rate of 5 °C min–1 and maintained at 300 °C for 2 h in a tubular oven under H2/Ar (1/4 v/v, 60 

sccm).  
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Preparation of Ir1/aMIL. Typically, 655 mg of 2-aminoterephthalic acid (NH2-BDC), 6.5 mL of anhydrous DMF, 1.2 mL of 

anhydrous methanol and 0.312 mL of Ti(OiPr)4 were added into a 15 mL Teflon-lined autoclave. After 0.5 h of sonication, the 

autoclave was sealed and heated at 130 oC for 15 h. Light yellow powders were collected by centrifugation (8000 rpm, 5 min), 

washed five times with DMF over a period of 48 h, and five times with methanol over a period of 24 h. Finally, MIL-125(NH2) 

(aMIL) powders were obtained by drying and activating under 160 oC and dynamic vacuum for 24 h. After that, 80 mg of the 

activated aMIL powders were dispersed by 60 mL of ultrapure water. Then, under vigorous stirring, 1.3 mL of K₂IrCl₆ solution 

(5 mM) was injected (1 mL min–1) into the above dispersion with an injection pump. The mixture was stirred at 500 rpm under 

40 oC for 12 h. The products were collected via centrifugation (8000 rpm, 5 min) and washed by ultrapure water (two times). 

After drying in the vacuum oven under 80 oC, the product was put into a quartz boat and heated to 200 °C at a rate of 5 °C min–1 

and maintained at  200 °C for 1 h in a tubular oven under high-purity (99.9999%) Ar protection (60 sccm). 

Preparation of Pd1/d-aUiO (0.8 wt.%). 80 mg of d-aUiO powders were fully dispersed in 60 mL of ultrapure water. Then, 1.3 

mL of Na2PdCl4 aqueous solution (5 mM) was slowly injected (0.5 mL/min) into the above dispersion with an injection pump. 

The mixture was then stirred under room temperature for 14 h. After that, the products were collected via centrifugation (8000 

rpm, 5 min) and washed by ultrapure water (two times). After drying in the vacuum oven under 80 oC, the products were put 

into a quartz boat and heated to 200 °C at a rate of 5 °C min–1 and maintained at 200 °C for 1 h in a tubular oven under high-

purity (99.9999%) Ar protection (60 sccm). The resultant powders were cooled down to room temperature and collected for 

further characterizations and tests. 

Preparation of Pdx/d-aUiO. 60 mg of d-aUiO powders were fully dispersed in 60 mL of ultrapure water. Then, 1.3 mL of 

Na2PdCl4 aqueous solution (7.5 mM) was slowly injected (1 mL/min) into the above dispersion with an injection pump. The 

mixture was then stirred under room temperature for 14 h. After that, the products were collected via centrifugation (8000 rpm, 

5 min) and washed by ultrapure water (two times). After drying in the vacuum oven under 80 oC, the products were put into a 

quartz boat and heated to 200 °C at a rate of 5 °C min–1 and maintained at 200 °C for 1 h in a tubular oven under high-purity 

(99.9999%) Ar protection (60 sccm). The resultant powders were cooled down to room temperature and collected for further 

characterizations and tests. 

Preparation of PdNPs/d-aUiO (1.3 wt.%). In a typical synthesis, 60 mg of d-aUiO powders were fully dispersed in 45 mL of 

ultrapure water. Then, 1.3 mL of Na2PdCl4 solution (15 mM) was slowly injected (1 mL min–1) into the above dispersion. The 

mixture was stirred at 500 rpm under room temperature for 1 h. After that, the products were collected via centrifugation (8000 

rpm, 5 min) and washed by ultrapure water (two times). After drying in the vacuum oven under 80 oC, the products were put 

into a quartz boat and heated to 300 °C at a rate of 5 °C min–1 and maintained at 300 °C for 2 h in a tubular oven under H2/Ar 

(1/4 v/v, 80 sccm). 

Preparation of Ir/TiO2 (0.42 wt.%) and Ir/ZnO (0.40 wt.%). 60 mg of commercially available TiO2 (Acros) or ZnO (Acros) 

powders were fully dispersed in 45 mL ultrapure water. Then, 1.3 mL of K₂IrCl₆ aqueous solution (5 mM) was slowly injected 

(1 mL min–1) into the above dispersion. The mixture was then stirred at 500 rpm under room temperature for 12 h. After drying 

in the vacuum oven under 80 oC, the products were put into a quartz boat and heated to 300 °C at a rate of 5 °C min–1 and 

maintained at 200 °C for 1 h in a tubular oven under high-purity (99.9999%) Ar protection (60 sccm). The resultant powders 

were cooled down to room temperature and collected for further characterizations and tests. 

Fabrication of leaf-like SA/MOF membranes. Typically, 12.5 mg of SA/MOF powders (Ir1/d-aUiO, Pd1/d-aUiO or Ir1/aMIL) 
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were first dispersed in a mixture of isopropanol, ultrapure water and Nafion solution (150 μL of Nafion solution in 8 mL of 7:1 

isopropanol: water mixture). The mixture was then sonicated for 30 min to produce SA/MOF inks. Then the inks were deposited 

onto one side of commercially available polytetrafluoroethylene (PTFE) films to fabricate the 15-μm-thick membranes through 

vacuum filtration. After that, the as-prepared membranes were dried in Ar and activated in high dynamical vacuum at 80 oC. 

Fabrication of TiO2 and ZnO based solid films. About 20 mg of Ir/TiO2 or Ir/ZnO powders were dispersed in a mixture of 

isopropanol, water and Nafion solution (150 μL of Nafion solution in 8 mL of 7:1 isopropanol: water mixture). The mixture was 

then sonicated for 1.5 h to produce catalysts inks. Then the inks were deposited onto one side of the polytetrafluoroethylene 

(PTFE) films to fabricate the 15-μm-thick membranes through vacuum filtration. After that, the as-prepared membranes were 

dried in vacuum under 80 oC. 

Characterization 

XRD measurements of the obtained catalyst powders were performed on a Rigaku MiniFlex 600 diffractometer with a Cu-Kα 

X-ray radiation source (λ = 0.154056 nm). Typically, 2 mg of powders were placed on an amorphous silica substrate and the 

XRD patterns were record at a scan rate of 2  min–1. XPS measurements were performed by a Thermo VG ESCALAB-250 

system with Al-K and Mg-K source operated at 15 kV. The binding energies were referred to the C 1s peak (284.8 eV) from 

adventitious carbon. In situ FTIR spectra were recorded a Bruker ALPHA spectrometer. The one-dimensional 1H spectra were 

recorded on Bruker ARX-400 and Bruker ARX-700 spectrometers. ESI-MS results were recorded on a PE SCIEX API 150 

mass spectrometer. In the tests, the solution was continuously infused with a syringe pump at a constant flow rate into the 

pneumatically assisted electrospray probe with N2 as the nebulizing gas. N2 sorption isotherms were measured at 77 K on a 

Quantachrome ASiQMVH002-5 absorption apparatus. Before tests, the samples were pre-activated at 120 °C for 12 h. The pore 

size distributions were estimated by the DFT method from a N2 sorption experiment at 77 K. 

The metal loading in our catalysts was determined by an ICP-AES spectrometer (Model Optima 2000, PerkinElmer). A 

series of solutions for the measurements were prepared by dissolving 20 mg of samples in 4 mL of aqua regia (75 vol.% HCl 

and 25 vol.% HNO3). The solution was left overnight to allow complete dissolution. The resultant solution was diluted to 50 mL 

with deionized water in a volumetric flask and then analysed using ICP-AES. 

UV-vis DRS spectra were recorded by a UV-2600 (Shimadzu) spectrophotometer in the wavelength range of 300–800 nm, 

using BaSO4 as reference. The steady-state PL spectra were measured by an F-4500 spectrophotometer (Hitachi). The transient-

state PL spectra were carried out on an FLSP920 spectrophotometer (Edinburgh Instruments). The ESR measurements were 

performed out on a JEOL FA-200 micro spectrometer at 90 K. Samples were placed into NMR tubes and cooled to 90 K using 

liquid nitrogen stream for measurements. 

The TEM images were obtained on a JEM-2100 transmission electron microscope operating at 200 kV. The samples were 

prepared by dropping water/ethanol dispersion of samples onto ultrathin carbon film and immediately evaporating the solvent. 

The high-angle annular dark-field scanning TEM (HAADF-STEM) images were obtained on a TECNAI F30 transmission 

electron microscope operating at 300 kV. The aberration-corrected high-angle annular dark-field scanning TEM (AC-HAADF-

STEM) images and STEM-EDX elemental mapping were collected on a JEM-ARM200F transmission electron microscopy 

working at 200 kV, equipped with a probe spherical aberration corrector. The SEM images and EDX elemental mapping were 

acquired from JEOL S-4800 and Zeiss Supra 55 scanning electron microscopes. 

http://www.baidu.com/link?url=cKXWSlPWKQ9oDWTdW1jWUj-YHZHLaMvrYyqKIwASbZM0KQqVDoMfYy0NXFXHK34jZLKUNE6uREgX8kG7ZmzY-vYgh6n_WOQ4vHmSGl_C7QyfhRDOkhuF-u1KdVFlNKsq
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The Ir L-edge XAFS spectra were obtained at beamline BL14W1 of the Shanghai Synchrotron Radiation Facility (SSRF). 

The samples were measured in fluorescence mode by using a 32-element Ge solid state detector to collect the data. Iridium foil 

(Ir), iridium chloride (IrCl3) and iridium oxide (IrO2) were used as standard reference materials for these measurements. The Pd 

K-edge XAFS spectra were obtained at beamline BL14W1 of the Shanghai Synchrotron Radiation Facility (SSRF) and 

beamline BL01C1 of the National Synchrotron Radiation Research Centre (NSRRC). The samples were measured in 

fluorescence mode by using a solid-state detector to collect the data. Palladium foil (Pd), and palladium oxide (PdO) were used 

as standard reference materials for these measurements. Athena and Artemis codes were used to extract the data and fit the 

profiles. For the X-ray absorption near edge structure (XANES) part, the experimental absorption coefficients as function of 

energies μ(E) were processed by background subtraction and normalization procedures and reported as “normalized absorption” 

for all the measured samples and standard references. For the extended X-ray absorption fine structure (EXAFS) part, the 

Fourier transformed (FT) data in R space were analyzed by applying different models for M-O, M-Cl and M-M (M = Ir, Pd) 

contributions. The passive electron factors, S0
2, were determined by fitting the experimental data on metal foils and fixing the 

coordination number (CN) of M-M, and then fixed for further analysis of the measured samples. The parameters describing the 

electronic properties (e.g., correction to the photoelectron energy origin, E0) and local structure environment including CN, 

bond distance (R) and Debye-Waller factor around the absorbing atoms could vary during the fit process. 

Catalysis Experiments 

Photocatalytic CO2RR in the conventional particle-in-solution (PiS) mode. The photocatalytic CO2 reduction reaction 

(CO2RR) experiments were carried out in an outer irradiation-type photo-reactor (Pyrex glass) connected to a closed gas-

circulation system (Figure S20). High-purity CO2 (99.9999%) was cycled by a gas-recycle-pump with tunable flow rates. 

Typically, 15 mg of catalyst powders were dispersed in a mixture of water and isopropanol (40 mL of water and 10 mL of 

isopropanol). The dispersion was transferred into the catalysis system, thoroughly degassed to remove the air by high-purity Ar 

(99.9999%) displacement.  After 30 min of high-purity (99.9999%) CO2 bubbling, the dispersion was illuminated by a 300 W 

Xe-lamp (Beijing China Education Au-light Co., Ltd.) with a 420 nm long-pass filter. During the catalysis tests, the CO2 was 

continuously bubbled at the flow rate of 120 mL min–1 into the dispersion, which was magnetically stirred at 800 rpm. 

The liquid products (e.g. HCOOH) were quantified with NMR. Typically, after photocatalytic CO2RR, 500 µL of the 

resultant solution was extracted from the reactor and mixed with 100 µL of D2O (99.9 at.% D, Sigma-Aldrich) containing 0.05 

μL of dimethyl sulfoxide (99.9%, Sigma-Aldrich,) as an internal standard. The 1H NMR spectra were then measured with water 

suppression using a pre-saturation method. 

The gaseous products were quantified by an online gas chromatography (Shimadzu GC-2014C) with a packed column 

(MS-13X). A thermal conductivity detector (TCD) was used to quantify H2 concentration, and a flame ionization detector (FID) 

with a methanizer was used to quantitatively analyze the content of CO. 

Photocatalytic CO2RR in the GMG mode. The photocatalytic CO2RR tests of the leaf-like membranes in the GMG mode 

were carried out in a home-made outer irradiation-type gas-flow cell connected to a closed gas-circulation system (Figures S30 

and S31). The as-prepared membranes were sandwiched by two gas chambers (Figure S31). During the photocatalysis process, 

humidified high-pure CO2 (99.9999%) was cycled continuously in the whole system by a gas-recycle-pump with tunable flow 

rates so that the CO2 and water molecules could continuously pass across the membranes. Before tests, the whole catalytic 

system was thoroughly degassed to remove the air by high-purity Ar (99.9999%) displacement. After 30 min of high-purity 
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(99.9999%) CO2 circulation, the membranes were illuminated by a 300 W Xe-lamp (Beijing China Education Au-light Co., 

Ltd.) with a 420 nm long-pass filter. The water vapor carried liquid products (e.g. HCOOH) were collected by a cold trap and 

then quantified with NMR. The gas-phase products (e.g. H2) were quantified by an online gas chromatography (Shimadzu GC-

2014C). 

Photocatalytic O2 reduction in the conventional particle-in-solution (PiS) mode. The photocatalysis O2 reduction reaction 

(ORR) tests were also carried out in an outer irradiation-type photo-reactor (Pyrex glass) connected to a closed gas-circulation 

system. High-purity O2 (99.9999%) was cycled by a gas-recycle-pump with tunable flow rates. Typically, 20 mg of the 

photocatalyst powders were dispersed in a mixture of water (40 mL) and isopropanol (10 mL). The dispersion was transferred 

into the catalysis system, thoroughly degassed to remove the air by high-purity Ar (99.9999%) displacement. After 30 min of 

high-purity (99.9999%) O2 bubbling, the dispersion was illuminated by a 300 W Xe-lamp (Beijing China Education Au-light 

Co., Ltd.) with a 420 nm long-pass filter. During the photocatalytic tests, the O2 was continuously bubbled at the flow rate of 

120 mL min–1 into the dispersion, which was magnetically stirred at 800 rpm. 

The H2O2 decomposition reactions were carried out in a Pyrex glass vial. 20 mg of the catalyst powders were dispersed in 

a mixture of hydrogen peroxide (50 µmol), water (40 mL) and isopropanol (10 mL). The dispersion was transferred into the 

catalysis system, thoroughly degassed to remove the air by high-purity Ar (99.9999%) displacement. After that, the catalysis 

reactions were carried out under visible light irradiation. During the tests, the Ar was continuously bubbled at the flow rate of 

30 mL min–1 into the dispersion, which was magnetically stirred at 800 rpm. 

The H2O2 concentration was measured by a cerium sulfate Ce(SO4)2 titration method based on the mechanism that the 

yellow solution of Ce4+ could be reduced to colourless Ce3+ by H2O2 according to following equation: 

2Ce4+ + H2O2 → 2Ce3+ +O2 + 2H+ 

Thus, the concentration of H2O2 could be obtained by measuring the concentration of Ce4+ (UV-visible absorption at the 

wavelength of 316 nm) ref. 1. 

Photocatalytic O2 reduction in the GMG mode. The photocatalytic O2 reduction tests of the leaf-like membranes in the GMG 

mode were also carried out in a home-made outer irradiation-type gas-flow cell connected to a closed gas-circulation system. 

The as-prepared membranes were sandwiched by two gas chambers. During the catalysis process, humidified high-purity O2 

(99.9999%) was cycled continuously in the whole system by a gas-recycle-pump with tunable flow rates so that the O2 and 

water molecules could continuously pass across the membranes. In addition, the surfaces of the leaf-like membranes needed to 

be washed by ultrapure water (was cycled by a peristaltic pump) intermittently (with a fixed interval of 20 min) to ensure the 

efficient collection of the liquid H2O2 generated during the catalytic process. Before tests, the whole catalytic system was 

thoroughly degassed to remove the air by high-purity Ar (99.9999%) displacement. After 30 min of high-purity (99.9999%) O2 

circulation, the membranes were illuminated by a 300 W Xe-lamp (Beijing China Education Au-light Co., Ltd.) with a 420 nm 

long-pass filter. 

Photo-electrochemical measurements. Photo-electrochemical tests were performed using a CHI 660E potentiostat with a 

three-electrode system. A platinum plate (1 × 1 cm2), a saturated calomel electrode (SCE), and a modified fluorine-doped tin 

oxide (FTO) glass plate (1 × 2 cm2) were used as the counter, reference, and working electrode, respectively. All potentials in 

this study were measured against the SCE and converted to the reversible hydrogen electrode (RHE) reference scale by E (V vs. 

RHE) = E (V vs. SCE) + 0.0591 × pH + 0.244. To prepare working electrodes, 15 mg of catalyst powders were dispersed in the 
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mixed solution of 2 mL of water, 0.7 mL of ethanol and 0.3 ml of 5 wt.% Nafion by sonication for at least 30 min to form a 

homogeneous ink. Then, 150 μL of the as-prepared catalyst inks were loaded onto the FTO electrode and dried under room 

temperature. 
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Supplementary Data 

 

Figure S1. Characterization of aUiO particles. (a) SEM image, (b) TEM image and (c) XRD pattern for aUiO. 
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Figure S2. Preparation and characterization of aUiO and d-aUiO particles. (a, b) Crystal structures of (a) aUiO and (b) d-

aUiO. The ligands (2-aminoterephthalic acid) of aUiO were partially replaced by acetates (highlighted by the red circle), which 

were removed by activating the aUiO powders under high vacuum and temperature to create defects. (c) XRD patterns for d-

aUiO (red) and aUiO (blue), suggesting that they shared the same crystal structures before/after the removal of acetates. (d, e) 

1H NMR profiles of digested aUiO (d) and d-aUiO (e) particles, showing the composition of organic residuals of them. Before 

1H NMR test, the samples (~5 mg) were digested and dissolved in a mixture solution of DMSO-d6 (560 μL), hydrofluoric acid 

(48%, 20 μL) and D2O (20 μL). After high-temperature activation, the molar ratio of acetate/2-aminoterephthalic acid was 

decreased from 0.18 (aUiO) to 0.02 (d-aUiO), suggesting the effective removal of acetate residuals from the aUiO matrix. (f) 

FT-IR spectra of d-aUiO (red) and aUiO (blue). The presence of μ3–OH vibration in the post-activation d-aUiO samples 

suggests the effective removal of coordinated acetates from the Zr6–O clusters, resulting in d-aUiO particles with missing 

linkers and Zr6–O clusters with abundant defects terminated by −OH/−OH2 groups2. (g) Pore size distributions of d-aUiO (red) 

and aUiO (blue) samples, showing the creating of external micropores upon the removal of acetates. 
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Figure S3. STEM and EXAFS characterization of the as-prepared defect-deficient Ir/aUiO samples. (a, b) HAADF-

STEM images of Ir/aUiO particles showing the existence of small nanoparticles in the aUiO matrix. Scale bar: 100 nm. (c) Ir 

L3-edge EXAFS fitting results for Ir/aUiO (1.3 wt.%), revealing the presence of both Ir–O (coordination number: 2.4) and Ir–Cl 

(coordination number: 3.8) coordination in the as-prepared Ir/aUiO. 
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Figure S4. High-resolution aberration-corrected HAADF-STEM images of Ir1/d-aUiO particles (1.4 wt.%). Some of the 

Ir single atoms were highlighted by red circles. Scale bar: 2 nm. 
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Figure S5. XRD, XPS and EXAFS characterization of the as-prepared Ir1/d-aUiO (1.4 wt.%) samples. (a) XRD patterns 

for d-aUiO (blue) and Ir1/d-aUiO (red) particles. (b) Ir 4f core level XPS spectrum for Ir1/d-aUiO showing that most Ir species 

were in highly oxidized state. (c) Ir L3-edge EXAFS spectra of Ir1/d-aUiO (red), IrO2 (blue) and bulk Ir foil (cyan). (d) Ir L-

edge EXAFS fitting results (CN of Ir–O: 3.8) for Ir1/d-aUiO. The presence of Ir–O coordination but no Ir–Ir signals confirmed 

the atomic dispersion of Ir species in the 1.4 wt.% Ir1/d-aUiO samples. 
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Figure S6. High-resolution aberration-corrected HAADF-STEM images of 0.7 wt.% Ir1/d-aUiO particles. Some of the Ir 

single atoms were highlighted by red circles. Scale bar: 2 nm. 
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Figure S7. XRD, XPS and EXAFS characterization of the as-prepared 0.7 wt.% Ir1/d-aUiO samples. (a) XRD patterns for 

d-aUiO (blue) and 0.7 wt.% Ir1/d-aUiO (red). (b) Ir 4f core level XPS spectrum for 0.7 wt.% Ir1/d-aUiO. (c) Ir L3-edge EXAFS 

spectra of 0.7 wt.% Ir1/d-aUiO (red), IrO2 (blue) and bulk Ir foil (cyan). (d) Ir L3-edge EXAFS fitting results (CN of Ir–O: 4.0) 

for 0.7 wt.% Ir1/d-aUiO. The presence of Ir–O coordination but no Ir–Ir signals confirmed the atomic dispersion of Ir species in 

0.7% Ir1/d-aUiO. 
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Figure S8. High-resolution aberration-corrected HAADF-STEM image of the as-prepared Irx/d-aUiO (2.7 wt.%) 

samples. Both atomically dispersed Ir (highlighted by red circles) and Ir clusters (highlighted by yellow circles) can be found in 

the Irx/d-aUiO samples. Scale bar: 2 nm. 
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Figure S9. XRD, XPS and EXAFS characterization of as-prepared Irx/d-aUiO (2.7 wt.%) samples. (a) XRD patterns for 

d-aUiO (blue) and Irx/d-aUiO (red), respectively. (b) Ir 4f core level XPS spectrum for Irx/d-aUiO showing more Ir species were 

in lower oxidation states. (c) Ir L3-edge EXAFS spectra of Irx/d-aUiO (red), IrO2 (blue) and bulk Ir foil (cyan). (d) Ir L3-edge 

EXAFS fitting results for Irx/d-aUiO. The two notable peaks in the region of 1 to 3 Å represent the Ir–O (CN of Ir–O: 2.1) and 

Ir–Ir (CN of Ir–Ir: 3.4) contribution, respectively. 
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Figure S10. High-resolution aberration-corrected HAADF-STEM images of the as-prepared Pd1/d-aUiO (0.8 wt.%) 

samples. Scale bar: 2 nm. 
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Figure S11. XRD, XPS and EXAFS characterization of the as-prepared Pd1/d-aUiO (0.8 wt.%) samples. (a) XRD patterns 

for d-aUiO (blue) and Pd1/d-aUiO (red). (b) Pd 3d and Zr 3p core level XPS spectra for Pd1/d-aUiO showing most Pd species 

were in oxidized states. (c) Pd K-edge EXAFS spectra of Pd1/d-aUiO (red), PdO (blue) and bulk Pd foil (cyan). (d) Pd K-edge 

EXAFS fitting results for Pd1/d-aUiO. The presence of only one notable peak in the region of 1 to 2 Å indicates the existence of 

only Pd–O coordination with no Pd–Pd contribution (in the region of 2 to 3 Å), confirming the atomic dispersion of Pd species 

in the Pd1/d-aUiO samples. 
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Figure S12. Fabrication strategy for the leaf-like SA/MOF membrane. (a) Illustration for the preparation of PTFE-

supported SA/MOF membranes via the vacuum filtration method. (b, c) Digital photographs of the as-prepared PTFE-supported 

SA/MOF (e.g. Ir1/d-aUiO) membrane, revealing the high flexibility of the leaf-like membrane. (d) The thickness of the as-

prepared Ir1/d-aUiO membrane was measured by a micrometre calliper with the bare PTFE film as reference. The thickness of 

the Ir1/d-aUiO layer was measured to be about 0.015 mm, which was in consistence with the SEM images of the cross sections 

of the PTFE-supported SA/MOF membranes (Figures 1h and S15). 
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Figure S13. Characterization of the porous PTFE films. (a) Digital photograph and (b, c) SEM images of the porous PTFE 

films. (d) Digital photograph of the contact angle showing the hydrophobic nature of the PTFE film. 
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Figure S14. XRD patterns for the PTFE film and the PTFE-supported SA/MOF membranes. Ir1/d-aUiO (red), Pd1/d-

aUiO (blue), PTFE (violet) and simulated aUiO (black). 
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Figure S15. Cross-sectional SEM images of the as-prepared PTFE-supported membranes. (a, b) Ir1/d-aUiO, (c, d) Pd1/d-

aUiO. 
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Figure S16. Digital photographs of the contact angles on the as-fabricated membranes at 0 and 15 min. (a) Ir1/d-aUiO, (b) 

Pd1/d-aUiO. The decrease of contact angles on the SA/MOF membranes after 15 min standing suggested that the pores of the 

breathable SA/MOF membranes could be slightly soaked by water. 
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Figure S17. Comparison of the photon-to-electron conversion efficiency of aUiO and d-aUiO samples. (a, b) Photocurrent-

time curves of aUiO (blue) and d-aUiO (red) samples under monochromatic light with the wavelength of 500 nm (a) and 600 

nm (b), showing the effective photo-to-electron conversion of d-aUiO as compared to aUiO. The photoelectrodes were 

irradiated by a 300-W Xe lamp with the bandpass filters at (500 ± 20) and (600 ± 20) nm. (c) Electron spin resonance (ESR) 

profiles of aUiO (blue) and d-aUiO (red) samples under Ar atmosphere. A much stronger ESR signal was observed on the d-

aUiO samples, revealing their much higher photon-to-electron conversion efficiency as compared to aUiO. 
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Figure S18. Comparison of the photon-to-electron conversion efficiency of d-aUiO and other commercially available 

photosensitizers. (a) UV-vis absorption spectra and (b) photocurrent-potential curves for d-aUiO, C3N4 and TiO2, respectively. 

The TiO2 and C3N4 powders were purchased from Alfa Aesar (USA) and Energy Chemical (China), respectively. 
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Figure S19. Characterizations of the Ir/d-aUiO samples showing the suppression of photogenerated carrier 

recombination by Ir species. (a–c) Steady-state photoluminescence (PL) spectra (a), electrochemical impedance spectroscopy 

(EIS) (b) and photocurrent-time curves under visible light irradiation (c) for d-aUiO (orange), IrNPs/d-aUiO (cyan), Irx/d-aUiO 

(blue) and Ir1/d-aUiO (red) samples. The decoration of Ir species (esp. Ir SAs) could effectively boost the separation of 

photoexcited electron-hole pairs in d-aUiO. 

  



26 

 

 

Figure S20. Schematic for the setup of photocatalytic CO2RR and ORR in the conventional particle-in-solution (PiS) 

mode. A gas-tight circulation system with on-line gas chromatography was used to quantify the gas-product (H2). The liquid 

product was quantified by NMR (HCOOH) or Ce(SO4)2 titration (H2O2). 
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Figure S21. Blank experiments for photocatalytic CO2RR on Ir1/d-aUiO (1.4 wt.%) powders. No HCOOH evolution could 

be detected in experiments without (a) light irradiation, (b) CO2 feed or (c) catalysts (i.e. Ir1/d-aUiO). 
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Figure S22. Cycling tests for CO2RR under visible light irradiation. (a) HCOOH evolution rates versus cycle numbers. (b) 

TON versus cycle numbers. 
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Figure S23. Characterization of the as-prepared IrNPs/d-aUiO samples. (a) TEM and (b, c) HAADF-STEM images of 

IrNPs/d-aUiO. Ir nanoparticles could be found within the d-aUiO particles through both TEM and STEM images. Scale bar: (a) 

20 nm and (b, c) 100 nm. (d, e) XRD patterns of bare d-aUiO (blue) and IrNPs/d-aUiO (red). XRD peaks for Ir crystals are 

highlighted by asterisks. (f) Ir 4f core level XPS spectrum for IrNPs/d-aUiO showing more Ir species in IrNPs/d-aUiO were in 

metallic state. 
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Figure S24. XPS characterization revealing the interactions between the Ir species and the d-aUiO supports. The larger 

shift in Zr 3d peaks for Ir1/d-aUiO suggests the stronger metal-support interactions between the Ir SAs and the Zr6–O clusters in 

Ir1/d-aUiO than those in Irx/d-aUiO and IrNPs/d-aUiO. 
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Figure S25. ESI-MS profiles for the liquid products of photocatalytic CO2RR on Ir1/d-aUiO (1.4 wt.%) powders in the 

PiS mode with 12CO2 and 13CO2 as gas reactants. During the photocatalytic reaction, 15 mg of Ir1/d-aUiO powders were 

dispersed in a CO2-saturated H2O/TEOA (4:1) solution. The dispersion was irradiated by visible light for 4 hours before ESI-

MS tests. The peaks at m/z = 45.3 and 46.3 are assigned to H12COO
－

and H13COO
－

, respectively, suggesting that the formates 

were generated from photocatalytic CO2 reduction exclusively. 
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Figure S26. In situ FT-IR spectra of Ir1/d-aUiO and d-aUiO catalysts after the exposure to humid CO2 with different 

purge time. (a) Ir1/d-aUiO, (b) d-aUiO. 
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Figure S27. In situ FT-IR spectra of Ir1/d-aUiO and d-aUiO catalysts after irradiated by visible light with different time. 

(a) Ir1/d-aUiO, (b) d-aUiO. Before tests, the catalysts were purged with humid CO2 for 10 min. 
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Figure S28. Characterization of the as-prepared Ir1/aMIL (1.3 wt.%) samples. (a) High-resolution aberration-corrected 

HAADF-STEM image of Ir1/aMIL. Scale bar: 2 nm. (b) XRD patterns for bare aMIL (black) and Ir1/aMIL (red). (c) Ir 4f core 

level XPS spectrum for Ir1/aMIL, showing that most Ir species were in oxidized states. (d) Ir L-edge EXAFS spectra of 

Ir1/aMIL (red), IrO2 (blue) and bulk Ir foil (cyan). (e) Ir L-edge EXAFS fitting results for Ir1/aMIL. The presence of Ir–O 

coordination but no Ir–Ir signals confirmed the atomic dispersion of Ir species in Ir1/aMIL. (f) Ir L-edge XANES spectra for 

Ir1/aMIL (red) with bulk Ir foil (orange), IrCl3 (blue) and IrO2 (cyan) as references. The Ir SAs in Ir1/aMiL were positively (~ 

+3) charged. 
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Figure S29. Apparent activation energy (Eapp) for CO2RR on Ir1/aMIL and bare aMIL photocatalysts in the PiS mode.  
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Figure S30. Schematic illustration for the setup of photocatalytic CO2RR and ORR in the gas-membrane-gas (GMG) 

mode.  A gas-tight circulation system with on-line gas chromatography was used to quantify the gas-products of the reaction. 

The effective geometric area of the SA/MOF membrane is 12.5 cm2. 
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Figure S31. Explosive diagram (a) and digital photographs (b–e) of the gas-flow cell used in the experiments. 
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Figure S32. Cross-sectional SEM images of the as-prepared PTFE-supported Ir1/aMIL membrane.  
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Figure S33. XRD and XPS characterization of the as-prepared Ir/TiO2 (0.42 wt.%) and Ir/ZnO (0.40 wt.%) samples. (a) 

XRD patterns and (b) Ir 4f core level XPS spectrum for Ir/TiO2. (c) XPD patterns and Ir 4f core level XPS spectrum for Ir/ZnO. 

Most Ir species in Ir/TiO2 and Ir/ZnO samples were in the oxidation states. 
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Figure S34. Cross-sectional SEM images of the as-prepared PTFE-supported solid films. (a, b) Ir/TiO2, (c, d) Ir/ZnO. 
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Figure S35. Products evolution rates for photocatalytic CO2RR on Ir1/d-aUiO, Ir1/aMIL, Ir/TiO2 and Ir/ZnO in PiS 

(blue) and GMG (red) modes. Notably, the main reduction products were HCOOH on Ir1/d-aUiO and Ir1/aMIL catalysts, and 

CO on Ir/TiO2 and Ir/ZnO, respectively. 
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Figure S36. Photocatalytic activity improvement factors of different types of membranes calculated from the products 

(HCOOH for Ir1/d-aUiO and Ir1/aMIL, CO for Ir/TiO2 and Ir/ZnO) yields in PiS and GMG modes. 
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Figure S37. Pressure-dependent CO2 flow rates on SA/MOF (Ir1/d-aUiO and Ir1/aMIL) and solid (Ir/TiO2 and Ir/ZnO) 

membranes. The gas fluxes through the SA/MOF membranes were much higher than that through the solid membranes at 

similar pressures, suggesting the ultrahigh porosity of the MOF building blocks. 
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Figure S38. HCOOH yields on Ir1/d-aUiO particles (PiS) and membranes (GMG) by using ultrapure, tap and rain water 

as proton source, respectively. The photocatalytic reactions were performed under visible light (> 420 nm). 
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Figure S39. AC-HAADF-STEM and EXAFS characterization of the as-prepared Pdx/d-aUiO samples. (a) AC-HAADF-

STEM image for Pdx/d-aUiO. Scale bar: 2 nm. (b) Pd K-edge EXAFS spectra of Pdx/d-aUiO (red), PdO (cyan) and bulk Pd foil 

(blue). (c) Pd K-edge EXAFS fitting results for Pdx/d-aUiO. The two notable peaks in the region of 1 to 3 Å represent the Pd–O 

and Pd–Pd contribution, respectively. 

  



46 

 

Figure S40. Characterization of the as-prepared PdNPs/d-aUiO (1.3 wt.%) samples. (a–c) HAADF-STEM images of 

PdNPs/d-aUiO showing the presence of Pd nanoparticles. Scale bar: 100 nm. (d) XRD patterns of PdNPs/d-aUiO (red) and bare 

d-aUiO (blue). (e) Pd 3d core level XPS spectrum for PdNPs/d-aUiO, showing that the PdNPs were mostly in the metallic form. 
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Figure S41. Apparent activation energy (Eapp) for ORR on Pd1/d-aUiO, PdX/d-aUiO and PdNPs/d-aUiO photocatalysts in 

the PiS mode. 
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Table S1. Comparison of the photocatalytic CO2RR performance of the state-of-the-art catalysts with HCOOH as main 

products. 

Catalyst Light source Reaction mode Activity (mmol g–1h–1) Ref. 

Ir1/d-aUiO Visible light GMG (gas-solid) 3.38 
This 
work 

work 

Ir1/d-aUiO Visible light Liquid-solid 0.51 

AD-MOF-2 Visible light Liquid-solid 0.443 3 

NH2-MIL-101 (Fe) Visible light Liquid-solid 0.445 4 

Cobalt complexesa 

 

Visible light Liquid-solid 0.105 5 

Eu-Ru(phen)3-MOF Visible light Liquid-solid 0.094 6 

RuRu’/Ag/mpg-C3N4 Visible light Liquid-solid 0.083 7 

N-Ta2O5 Visible light Liquid-solid 0.07 8 

PCN-222 Visible light Liquid-solid 0.06 9 

NH2-UiO-66 (Zr) Visible light Liquid-solid 0.026 10 

a Using carbon nitride (C3N4) nanosheets as photosensitizer and support. 
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Table S2. Comparison of photocatalytic ORR performance (H2O2 evolution) of the state-of-the-art catalysts.  

Catalyst Light source Reaction mode Activity (mmol g-1h-1) Ref. 

Pd1/d-aUiO Visible light GMG (gas-solid) 10.4 
This 

work 
Pd1/d-aUiO Visible light Liquid-solid 1.74 

Diimide/C3N4/rGO Visible light Liquid-solid 1.33 11 

g-C3N4/PDI Visible light Liquid-solid 0.7 12 

Au/BiVO4 Visible light Liquid-solid 0.514 13 

g-C3N4/BDI Visible light Liquid-solid 0.44 14 

m-g-C3N4 Visible light Liquid-solid 0.208 15 

C3N4 Visible light Liquid-solid 0.125 16 

RF535a Visible light Liquid-solid 0.082 17 

 

a Using pure water as proton source without any sacrificial agents. 
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