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The demand for sustainable energy has motivated the development of artificial photosynthesis. Yet the catalyst and
reaction interface designs for directly fixing permanent gases into liquid fuels are still challenged by sluggish mass
transfer and catalytic kinetics at the gas-liquid-solid three-phase boundary. Here, we report that breathable
metal-organic framework (MOF) membranes decorated with metal single-atoms (SAs) can synergistically promote
the diffusion, adsorption, and activation of gas molecules (e.g. CO;, O2) to boost the photocatalytic conversion of
them into liquid fuels. With Ir SAs as active centers, the defect-engineered MOF (e.g. NH,-UiO-66) matrixes can
efficiently harvest visible light and sensitize the electronically tailored Ir SAs for reducing CO; to HCOOH with the
high activity of 0.51 mmol g.,' h'! at the conventional three-phase reaction interface. Furthermore, the breathable
SA/MOF membranes can directly convert humid CO; gas into HCOOH at the high-throughput gas-solid interfaces,
presenting a near-unity selectivity and an unprecedented activity of 3.38 mmol gc.c! h'l. Similarly, with Pd SAs as
active centers, the SA/MOF membrane can catalyze the O»-to-H,O: conversion with an ultrahigh activity of 10.4

mmol gc,c! h'! under visible light, suggesting the wide applicability of our catalyst and reaction interface designs.
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In nature, solar energy is harnessed by photosynthesis and stored in fossil fuels through extremely slow geochemical
fossilization processes. Resembling the functionalities of green leaves, interdisciplinary researchers have developed various
photosynthetic systems across the natural-artificial spectrum!=. Although a solar-to-electric energy conversion rate of over
20% can be achieved by inorganic photovoltaic devices’, abiotic photosynthetic systems that can fix naturally abundant
permanent gases (e.g. COz, O>) into value-added liquid fuels still face challenges in productivity and selectivity®!?. The
synergistic catalyst and reaction interface design strategy is urgently needed but not yet fully established for enabling
efficient photoreduction of permanent gas at the gas-liquid-solid three-phase boundary with water as proton donors.
Challenged by the large kinetic barriers, both homogeneous and heterogeneous artificial photosynthesis catalysts feature
inherent advantages and trade-offs for such applications''. Homogeneous catalysts possess highly dispersed and accessible
active sites with accurately tailored structures for specific reactions but poor product isolation and/or long-term stability'>!3.
Heterogenous approaches exhibit enhanced product separation but suffer from smaller active surface areas and limited
accessibility to the active sites!*!3. In addition, the traditional photocatalytic interface design with dissolving or submerging
catalysts in aqueous solutions is optimal for reactions involving only liquid reactants (e.g. water splitting)*. The limited
solubility and sluggish diffusion kinetics of permanent gas in aqueous solutions strongly retard the following catalytic
conversion on the heterogeneous reaction interface'®'8. In addition, the overwhelming competitions from water adsorption
on the flooded catalyst surface further suppress the reduction of gas molecules with the undesired hydrogen evolution
reaction (HER)®!%-20, Consequently, photoreduction of insoluble and stable gas molecules (e.g. CO,, O2) on the three-phase
catalysis interface inevitably confronts three formidable challenges: (i) the kinetically hindered diffusion, (ii) the sluggish

surface adsorption, and (iii) the inefficient activation and catalytic conversion of the gas reactants.

Here, we introduce leaf-like gas-permeable membranes consisting of numerous structurally tailored MOF crystals as
photosensitizers and nanoreactors for three-phase artificial photosynthesis (Figure la). Single-atom iridium (Ir;) and
palladium (Pd;) are anchored on the MOF nodes to serve as the catalytic hydrogenation centers for CO, and O, respectively
(Figure 1b). The defect-engineering of MOF matrix can not only enhance their light harvesting capability but also tailor the
chemical structures of their oxide nodes (e.g. the Zr—O notes of NH>-UiO-66) to finely control their interactions to the
introduced metal SAs. As a result, the synergy between the defect-rich Zr—O nodes and metal SAs can promote the
adsorption and activation of gas reactants and efficiently convert them to specific products. Moreover, the ultrahigh porosity
of SA/MOF membranes allows the creation of gas-membrane-gas (GMG) configuration, which boosts the high-throughput
diffusion of humid CO; to the metal SAs located at the vast gas-solid reaction interfaces within the interconnected MOF
pores. Compared with the traditional gas-liquid-solid reaction interface, such gas-solid interface design can significantly
increase the local concentrations and molecular ratios of gas reactants (versus water) in the vicinity of each catalytic centers

(e.g. SAs). Consequently, bridging advanced catalytic center and reaction interface designs, our Iri/d-aUiO membranes can
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catalyze the CO»-to-HCOOH photoreduction with near-unity selectivity and a record activity of 3.38 mmol ge! h7l,
exceeding 6.5 times that of the Iri/d-aUiO particles. Moreover, following similar optimization strategy, the Pdi/d-aUiO
membranes can convert humid O to H>O, with an exceptional activity of 10.4 mmol ge,i ! h™! under visible light, verifying

the wide applicability of our catalyst and reaction interface designs.

RESULTS AND DISCUSSION

Catalyst synthesis. We screened a series of photosensitizers, including MOFs, inorganic semiconductors and coordination
complex, as the hosts of metal SA active centers and the building blocks of our artificial photosynthesis membranes. Among
these candidates, NH,-UiO-66 (aUiO), a kind of representative MOF materials®!, represented a promising candidate with
unique advantages such as high photoactivity, porosity, specific surface area, and water stability?'?2. Especially, the versatile
chemical tunability of such MOF materials allowed us to modify their chemical structures and light harvesting capabilities
at the molecular level for anchoring and sensitizing external metal species with rationally designed catalytic properties?*24.
Typically, monodispersed aUiO particles were prepared by solution method with the ligands (2-aminoterephthalic acid)
partially replaced by acetates (Figure S1). These acetates were removed afterwards by activating the as-obtained aUiO
particles under elevated temperature in a vacuum oven to obtain defect-rich d-aUiO with missing linkers and abundant
defects on the edges of the ZrsO4(OH)4(-CO2)12-« octahedral secondary building units (SBUs, where x represents number of
missing linkers per SBU)? (Figure S2). Compared with the pristine defect-deficient aUiO particles, such defects provided
abundant anchoring sites to bond the subsequently introduced metal (e.g. Ir and Pd) species to obtain our SA/MOF particles

and membranes (Figures S3—-S11).

Selected metal single-atoms (SAs) (e.g. Ir and Pd) were then incorporated into the activated d-aUiO particles by
impregnation and annealing treatments (see Methods). For instance, Ir SAs (1.4 wt.%) could be evenly dispersed in d-aUiO
matrix to form Iri/d-aUiO particles, as revealed by the scanning electron microscopy (SEM) image (Figure 1c), high-angle
annular dark-field scanning TEM (HAADF-STEM) image and corresponding energy-dispersive X-ray spectroscopy (EDS)
maps (Figure 1d), as well as aberration-corrected HAADF-STEM (AC-HAADF-STEM) images (Figures le and S4).
Extended X-ray absorption fine structure (EXAFS) analysis exhibited the existence of Ir—O bonds with the average
coordination number of 3.8 and the absence of Ir—Ir bonding (Figure S5), further verifying the single-atomic dispersion of Ir
species in the Iri/d-aUiO particles. Lowering the Ir loading to 0.7 wt.% resulted in sparser dispersion of Ir SAs in Iri/d-aUiO
(Figures S6 and S7), while increasing the loading of Ir to 2.7 wt.% led to the formation of d-aUiO containing both Ir SAs
and small clusters (Iry/d-aUiO, Figures S8 and S9). Similarly, Pd (0.8 wt.%) could also be atomically dispersed in d-aUiO to

form Pdi/d-aUiO, as confirmed by AC-HAADF-STEM and EXAFS results (Figures 1f, S10 and S11).
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Figure 1. Schematic illustration and structural characterization of the SA/MOF membranes. (a) Humidified gases (e.g.
CO2, O2) can be fed through the breathable MOF/PTFE membranes and photocatalytically reduced to value-added
chemicals (e.g. HCOOH and H;O;) under visible light irradiation and ambient conditions. (b) With controllable
defect-engineering, specific metal SAs (e.g. Ir and Pd) can be precisely anchored on the edges of the ZrsO4(OH)4(-CO2)12-x
octahedral to act as programable catalytic centers for catalyzing different reactions, such as photocatalytic CO»-to-HCOOH
and O»-to-H,O; conversion. The open and interconnected MOF pores serve as the nanoreactors facilitating the diffusion and
conversion of gas reactants. (¢) SEM image for Iri/d-aUiO particles. (d) HAADF-STEM image and corresponding EDS
maps for Iri/d-aUiO particles. (e, f) AC-HAADF-STEM images for (e) Iri/d-aUiO and (f) Pdi/d-UiO, indicating the atomic
dispersion of metal species in d-aUiO matrixes. (g, h) SEM image (g) and corresponding EDS mapping (h) for the cross
section of Iri/d-aUiO/PTFE membranes.

These SA/d-aUiO particles were then deposited onto commercially available porous polytetrafluoroethylene (PTFE)
films in a layer-by-layer manner to fabricate flexible and breathable membranes through facile filtration protocols (Figures
1g,h and S12-S16). The hierarchical channels of the PTFE films (Figure 1g) and the interconnected pores of the SA/d-aUiO
particles naturally resembled the stomata of green leaves, facilitating the direct diffusion of gas molecules and the collision

of them onto the open metal SA catalytic centers within the pores and channels of MOFs.
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Photocatalytic CO2RR. We then performed photocatalytic CO; reduction reaction (CO,RR) at traditional three-phase (with
Ir1/d-aUiO particles) and our re-designed reaction interfaces (with Iri/d-aUiO membranes) to demonstrate the advantages of
single-atomic catalytic centers and high-throughput gas-solid reaction interfaces. As revealed by ultraviolet-visible
absorption spectra (Figure 2a), creating missing linkers and coordination defects on the Zr—O nodes dramatically enhanced
the visible light absorption efficiency of aUiO particles?®, shifting their absorption band edge up to 600 nm in the visible
region. Compared with the pristine defect-deficient aUiO and other typical semiconductor photocatalytic hosts, such as
titanium dioxide (TiO,) and carbon nitride (C3N4), d-aUiO exhibited much higher photon-to-electron conversion efficiency
under visible light (> 420 nm) irradiation (Figures 2b, S17 and S18). The photogenerated electrons could be then effectively

captured by active centers such as metal SAs and nanoparticles (NPs) (Figure S19).

To investigate the intrinsic activity and catalytic mechanism of our catalysts, we first monitored the CO,RR on powder
photocatalysts in the conventional particle-in-solution (PiS) mode with gas-liquid-solid reaction interfaces (Figure S20). As
shown in Figure 2c, bare d-aUiO showed no observable CO,RR activity. Decorating d-aUiO with iridium species triggered
the selective and efficient photoreduction of CO; to formic acid. Especially, Ir SAs showed much higher formic acid activity
and selectivity than Ir clusters and nanoparticles (Figure 2c,d). The 0.7 wt.% Iri/d-aUiO particles exhibited a HCOOH
generation rate of 0.24 mmol ge,! h™' with a high selectivity of 96.3%. Increasing the Ir SAs loading to 1.4 wt.% elevated
the HCOOH activity to 0.51 mmol ge ' h™! with the a near-unity selectivity (Figures S21 and S22), exceeding that of
previously reported photocatalysts under similar conditions (Table S1). In sharp contrast, iridium clusters and nanoparticles
(i.e. Irx/d-aUiO and IrNPs/d-aUiO, respectively) suffered from strong hydrogen evolution reaction (HER) competition and
showed inferior CO2RR performance (Figures 2d and S23), suggesting that the chemical structures of Ir species and their
interactions with the d-aUiO hosts played a critical role in the selective photoreduction of CO, to HCOOH. Compared with
Ir clusters and nanoparticles, the Ir SAs were more electron-deficient as revealed by X-ray absorption near-edge structure
(XANES) and X-ray photoelectron spectroscopy (XPS) analysis (Figures 2e and S24). Such differences in electronic
structures may thereby result in their different catalytic reactivity. As shown in Figure 2f, the Iri/d-aUiO catalyst showed
much lower apparent activation energy (Eapp) for HCOOH evolution (9.8 kJ mol™) than Iry/d-aUiO (25.1 kJ mol™') and
IrNPs/d-aUiO (55.6 kJ mol™), suggesting the much faster CO>RR kinetics on Iri/d-aUiO under similar conditions. Thus, the
strong metal-substrate interactions could substantially modulate the electronic structures of Ir species, and the highly

electron-deficient Ir SAs presented the best CO2RR activity and selectivity targeting HCOOH production.
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Figure 2. Photocatalytic CO:RR on SA/MOF powder catalysts. (a, b) The enhancing of light harvesting and conversion
efficiency for d-aUiO through defects engineering. UV-vis diffusive reflectance spectra (a) and photocurrent-potential
curves (b) for d-aUiO and a-UiO samples, respectively. Inset in (a): Digital photograph showing the colour of aUiO and
d-aUiO samples. (¢) Time course of HCOOH evolution on d-aUiO, Iri/d-aUiO, Iry/d-aUiO and IrNPs/d-aUiO catalysts. (d)
HCOOH and H; selectivity as a function of Ir loadings in Ir/d-aUiO catalysts. (e) Ir L-edge XANES spectra of It/d-aUiO
catalysts with different Ir loadings. Ir foil and IrO, were used as standards. The first maximum of the XANES curves after
the absorption edge (dashed line) shows gradual positive movement with decreasing Ir loading, suggesting the metallicity of
the Ir species was gradual decreased. (f) Apparent activation energy (Eapp) of various catalysts for HCOOH generation. (g)
HCOOH yields on d-aUiO and aMIL catalysts with and without Ir SAs modification. All the photocatalytic reactions were
performed under visible light (> 420 nm) irradiation and using isopropanol (20 v/v% in water) as sacrificial agents. Error
bars were calculated by carrying out three parallel catalysis reactions.

The reaction route for CO2RR on the Iri/d-aUiO catalyst was further studied by isotope-labeled mass spectroscopy
(MS) and in situ Fourier-transform infrared spectroscopy (FTIR). As revealed by the electrospray ionization-mass
spectrometry (ESI-MS) (Figure S25), H*COO™ was the only product when'*CO, was used as feed gas, confirming that the
formates were generated from photocatalytic CO2RR exclusively. Additionally, as shown in Figure S26, FTIR peaks (at
1497 and 1433 cm™!) of the surface carbonic acid species?’-?8, the intermediate species for formic acid evolution?’, were
immediately observed when humidified CO, was fed into the reactors containing Iri/d-aUiO or d-aUiO catalysts in dark,
indicating the adsorption of CO; by the hydroxyls on the Zr—O nodes of d-aUiO?**°, The reactors were then purged with Ar
to remove the excess CO». Under visible light irradiation, new infrared peaks (at 2920, 2850 and 1576 cm™') were observed
on the Iri/d-aUiO catalyst (Figure S27a), suggesting the formation of HCOO* species upon irradiation!-33. To the contrary,
no significant HCOO* peaks could be found in the FTIR spectra for the bare d-aUiO catalyst (Figure S27b). Therefore, a
plausible reaction route for photocatalytic CO2RR on Iri/d-aUiO would be that the CO, molecules were first adsorbed by

the d-aUiO to form surface carbonic acid species and then hydrogenated on the Ir; catalytic centers with photogenerated
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electrons provided by the d-aUiO matrix and protons (from water) to form HCOOH?**%, Interestingly, similar photocatalytic
CO3RR route for HCOOH production can be also enabled on other Ir/MOF catalysts. For instance, NH>-MIL-125(Ti)3¢
(aMIL) decorated by Ir SAs (Iri/aMIL, Figure S28) showed significantly higher CO;RR activity than the pristine aMIL
components. Under visible light irradiation, the HCOOH evolution rates were 0.27 and 0.013 mmol ge. ! h™!, with the Eapp
of 20.1 and 58.7 kJ mol~'on Ir;/aMIL and bare aMIL, respectively (Figures 2g and S29). Therefore, the synergy between the

MOF matrix and the Ir SA active centers contributes to CO,RR for HCOOH evolution with high activity and selectivity.

Reaction interface design. Along with the catalytic center optimization, fabricating porous SA/MOF membranes allows us
to build novel gas-solid reaction interfaces that can break the mass transfer limitation for gas reactants to further promote
CO2RR. Compared with the PiS mode in which the local concentration of CO; in the vicinity of catalyst surfaces is
restricted by their low solubility and sluggish diffusion in aqueous solutions (Figure 3a), the updated gas-membrane-gas
(GMQG) (Figures 3b, S30 and S31) configuration can significantly decrease the diffusional lengths and resistance for gas
reactants. As a result, the molecular ratio of CO»/H>O in the vicinity of each catalytic centers can be increased by 4 orders of
magnitude from 1/1600 (saturated CO; solutions, PiS) to ~30/1 (CO; gas with saturated H,O steam, GMG)'”. The increase
of local CO; concentration and the reverse of CO2/H,O ratio in the SA/MOF membranes would thus dramatically enhance
the CO2RR activity in a wide range of CO; flow rates (Figure 3d). For instance, with the CO, flow rate fixed at 120
standard cubic centimeters per minute (sccm), the Iri/d-aUiO membrane exhibited an HCOOH yield of 3.38 mmol ge, ! h!

in the GMG mode, exceeding more than 6.5 times that showed by Iri/d-aUiO particles in the conventional PiS mode.

The advantages of the SA/MOF membranes and the GMG reaction interfaces were further demonstrated by measuring
the photocatalysis performance at different CO, availability. As shown in Figure 3e, in the PiS mode, the HCOOH evolution
rate increased gradually with the volume fractions of CO; concentrations in the mixture of CO; and Ar [i.e. CO2/(CO: + Ar),
v/v%]. To the contrary, the HCOOH yield increased rapidly and reached to the plateau at low CO, concentrations (< 40
v/v%) in the GMG mode. Notably, in the relatively low CO» concentration region (< 60 v/v%), the GMG configuration
exhibited an order of magnitude higher HCOOH generation rate compared with the conventional PiS mode. These results
further confirm that the Iri/d-alUiO membranes can enable efficient gas mass transfer, thereby enrich CO; with relatively
low initial concentrations, and turn them into HCOOH with much higher efficiency than the powder catalysts dispersed in
aqueous solutions. In addition, the photocatalytic activity and selectivity of the Iri/d-aUiO membranes remained stable over
the long-term operation of 100 hours (Figure 3f). With the near-unity selectivity, the formic acid productivity was as high as

3.38 mmol gea ! h™!, which is more than 6.5 times higher than previously reported best values (Table S1).
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Figure 3. Photocatalytic CO:RR on SA/MOF membranes. (a) In the particle-in-solution (PiS) mode, gas-phase CO; was
fed into the aqueous photocatalyst dispersion and then reduced on the water flooded surfaces of catalysts. (b) In the
gas-membrane-gas (GMG) mode, humidified CO, gas was fed through the SA/MOF membrane, where water vapor was
carried by the CO; stream. (c¢) Schematic illustration for the solid films fabricated by non-porous semiconductor particles.
(d) HCOOH yields on Iri/d-aUiO particles (PiS) and membrane (GMG) under different CO, flow rates, respectively. (e)
HCOOH yields on Iri/d-aUiO particles (PiS) and membrane (GMG) under different CO> concentration (in Ar mixtures),
respectively. (f) Time course of HCOOH, CO and H; evolution on Iri/d-aUiO membrane (GMG). All the photocatalytic
reactions were performed under visible light (> 420 nm). The CO> flow rates in (e) and (f) were fixed at 120 sccm. Error
bars represent the standard deviation for three independent catalysis tests.

Further control experiments also suggested the vital role of the highly porous MOF matrix in constructing such
high-throughput gas-solid catalytic interfaces. The porous Iri/d-aUiO and Iri/aMIL membranes exhibited a 5.6- and 4.8-fold
enhancement in CO2RR activity as compared with their powder counterparts, respectively; however, the solid films
composed of non-porous inorganic particles (e.g. Ir/TiO», It/ZnO) showed a much lower activity enhancement (~40%)
(Figures S32—-S36). These significant differences in enhancement factors for CO,RR on MOF membranes and solid films
may arise from their markedly different mass transfer and photoelectron deliver efficiencies (Figure 3b,c). Thanks to the
ultrahigh porosity and open pore structure of MOF matrixes, the diffusion of CO»/H>O molecules from gas phase to the
highly dispersed active centers would be efficient in high throughput (Figure S37). The delivery of photoelectrons from the
local ligands to the active sites also not be hindered by stacking SA/MOF particles. However, the aggregation of solid
semiconductor particles would form a solid film that would retard the efficient diffusion of gas molecules to the surface

active sites (Figures 3c and S37), further suppressing the photocatalytic reduction of CO; on such solid films.
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The use of water vapor instead of aqueous solutions as proton sources brought additional advantages for CO,RR. As
shown in Figure S38, in the PiS mode, the HCOOH evolution rate significantly declined when tap water or rainwater (both
collected on the BIT campus in Beijing) was used as proton sources instead of the ultrapure DI water. The decrease in
catalyst activity would be possibly caused by the impurities in tap water or rainwater (e.g. Cl, CIO™ and other ions), which
may poison the active centers. However, using the naturally purified water vapor as proton sources could effectively avoid
the poisoning of catalyst from such impurities and ensure the HCOOH yield despite the types of water sources. Therefore,
our SA/MOF membranes and GMG interface designs exhibited great potential in fixing relatively low-concentration CO> to

HCOOH with high selectivity and activity, using naturally available water as proton sources and visible light as energy

supplies.
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Figure 4. Photocatalytic O, reduction (ORR) on Pd modified MOF powders and membrane. (a) Pd K-edge XANES
spectra of PANPs, Pdx and Pd; decorated d-aUiO catalysts. PdO was used as standard. (b) Time course of H»O»
decomposition on PANPs, Pdyx and Pd; decorated d-aUiO catalysts. (¢) Time course of H O, generation on pristine d-aUiO
and PdNPs, Pdx and Pd; decorated d-aUiO catalysts. (d) H>O: yields on Iri/d-aUiO particles (PiS) and membranes (GMG),
respectively. All the photocatalytic reactions were performed under visible light (> 420 nm) irradiation and using
isopropanol (20 v/v% in water) as sacrificial agents. The O, flow rates were fixed at 120 sccm. Error bars represent the
standard deviation for three independent catalysis tests.

Photocatalytic oxygen reduction reaction. Notably, the wide applicability of our catalyst and reaction interface design
strategy can be further applied to the photoreduction of O, to H,O, (Figure 4). Like Ir/d-aUiO, the strong metal-substrate

interactions could also modulate the electronic structures of Pd species (e.g. Pd SAs, clusters, and nanoparticles) supported
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by d-aUiO matrix (Figures 4a, S39 and S40). As compared with the Pd clusters and nanoparticles, the electron-deficient Pd;
sites could not only significantly promote H,O, generation (Figure S41) but also effective suppress H,O> decomposition®’
(Figure 4b). As a result, in the PiS mode, Pdi/d-aUiO particles exhibited an H>O> yield (1.74 mmol ge, ') that was more
than 3 and 12 times that of Pdy/d-aUiO (0.58 mmol ge. ') and PANPs/d-aUiO (0.14 mmol gea!), respectively (Figure 4c).
Further enhancement in H,O» generation activity was realized by reacting humidified O, gas flow on Pd;/d-aUiO membrane
in the GMG mode, showing an unprecedented H,O, evolution rate (10.4 mmol g, ! h™!) that was more than 4.9-fold higher
than that observed in the PiS mode (Figure 4d and Table S2). That is, the breathable MOF (e.g. d-aUiO, aMIL) membranes
can serve as a versatile array of photosensitizer and nanoreactor to host different metal SAs (e.g. Ir, Pd ) for the selective

photocatalytic reduction of specific gases into chemical fuels under visible light and mild conditions.
CONCLUSIONS

The highly porous SA/MOF membranes decorated with single-atomic reaction centers, assembling numerous regularly
arranged and interconnected photocatalytic nanoreactors, bridge the best of homogeneous and heterogeneous catalysis. On
one hand, like molecular catalysts, the explicit structures for the highly dispersed photocatalyst modules (ligand—node—SA)
allow us to modify their light harvesting, electron delivery and catalytic conversion properties with atomic precision. On the
other hand, the porous but rigid MOF crystals hold all the nanoreactors together via stable coordination bonds with
interconnected pores, ensuring the high stability, dispersity, and accessibility of the atomically dispersed catalytic centers.
Especially, starting with humidified gas instead of gas solutions, the novel GMG reaction interfaces not only facilitate the
diffusion of gas molecules but also eliminate the competitive adsorption of liquid water, which is inevitable in conventional
three-phase photocatalytic gas reduction reactions. The substantial increase in local concentration and molar ratio of gas
reactants in the vicinity of each catalytic center thereby promote the activity and selectivity of photocatalytic reduction of

gas molecules significantly.

In practice, our SA/MOF membranes can directly reduce CO» and O, into value-added and ready-to-use chemical fuels
(i.e. HCOOH and H,0»). With specifically designed catalytic centers, the major components of air (CO», O, and even N»)
could be fixed via sustainable photocatalytic reactions with water vapor as proton donors under mild conditions to convert
and store the intermittent solar energy. The facile preparation of SA/MOF membranes facilitates the scale-up of such
photocatalysis devices and the minimized usage of water vapor saves the cost of freshwater in arid regions with rich solar
powers. Our work provides a general and programmable strategy bridging photocatalysis center and reaction interface
designs to solve the complexity for mass transfer and catalytic conversion in three-phase photocatalytic reactions. The
powerful toolbox in single-atom and MOF chemistry endows us with almost infinite possibilities to engineer the chemical

structures of SA/MOF membranes. Such design may find wider applicability in more substantial heterogeneous reactions.
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Figure 1

Schematic illustration and structural characterization of the SA/MOF membranes. (a) Humidified gases
(e.g. CO2, 02) can be fed through the breathable MOF/PTFE membranes and photocatalytically reduced
to value added chemicals (e.g. HCOOH and H202) under visible light irradiation and ambient conditions.
(b) With controllable defect engineering, specific metal SAs (e.g. Ir and Pd) can be precisely anchored on
the edges of the Zr604(0H) CO2)12-x octahedral to act as programable catalytic centers for catalyzing



different reactions, such as photocatalytic CO2 to HCOOH and 02 to H202 conversion. The open and
interconnected MOF pores serve as the nanoreactors facilitating the diffusion and conversion of gas
reactants. (c) SEM image for Ir1/d aUiO particles. (d) HAADF STEM image and corresponding EDS maps
for Ir1/d-aUiO particles. (e, f) AC HAADF STEM images for (e) Ir1/d aUiO and (f) Pd1/d-UiQ, indicating the
atomic dispersion of metal species in d aUiO matrixes. (g, h) SEM image (g) and corresponding EDS
mapping (h) for the cross section of Ir1/d aUiO/PTFE membranes.
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Figure 2

Photocatalytic CO2RR on SA/MOF powder catalysts. (a, b) The enhancing of light harvesting and
conversion efficiency for d-aUiO through defects engineering. UV-vis diffusive reflectance spectra (a) and
photocurrent-potential curves (b) for d-aUiO and a-UiO samples, respectively. Inset in (a): Digital
photograph showing the colour of aUiO and d-aUiO samples. (c) Time course of HCOOH evolution on d-
auio, Ir1/d-aui0, Irx/d-aUi0 and IrNPs/d-aUiO catalysts. (d) HCOOH and H2 selectivity as a function of Ir
loadings in Ir/d-aUiO catalysts. (e) Ir L-edge XANES spectra of Ir/d-aUiO catalysts with different Ir
loadings. Ir foil and IrO2 were used as standards. The first maximum of the XANES curves after the
absorption edge (dashed line) shows gradual positive movement with decreasing Ir loading, suggesting
the metallicity of the Ir species was gradual decreased. (f) Apparent activation energy (Eapp) of various
catalysts for HCOOH generation. (g) HCOOH yields on d-aUiO and aMIL catalysts with and without Ir SAs
modification. All the photocatalytic reactions were performed under visible light (> 420 nm) irradiation



and using isopropanol (20 v/v% in water) as sacrificial agents. Error bars were calculated by carrying out
three parallel catalysis reactions.
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Figure 3

Photocatalytic CO2RR on SA/MOF membranes. (a) In the particle-in-solution (PiS) mode, gas-phase CO2
was fed into the aqueous photocatalyst dispersion and then reduced on the water flooded surfaces of
catalysts. (b) In the gas-membrane-gas (GMG) mode, humidified CO2 gas was fed through the SA/MOF
membrane, where water vapor was carried by the CO2 stream. (c) Schematic illustration for the solid
films fabricated by non-porous semiconductor particles. (d) HCOOH yields on Ir1/d-aUiO particles (PiS)
and membrane (GMG) under different CO2 flow rates, respectively. (¢) HCOOH yields on Ir1/d-aUiO
particles (PiS) and membrane (GMG) under different CO2 concentration (in Ar mixtures), respectively. (f)
Time course of HCOOH, CO and H2 evolution on Ir1/d-aUiO membrane (GMG). All the photocatalytic
reactions were performed under visible light (> 420 nm). The CO2 flow rates in (e) and (f) were fixed at
120 sccm. Error bars represent the standard deviation for three independent catalysis tests.
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Figure 4

Photocatalytic 02 reduction (ORR) on Pd modified MOF powders and membrane. (a) Pd K-edge XANES
spectra of PANPs, Pdx and Pd1 decorated d-aUiO catalysts. PdO was used as standard. (b) Time course
of H202 decomposition on PdNPs, Pdx and Pd1 decorated d-aUiO catalysts. (c) Time course of H202
generation on pristine d-aUiO and PdNPs, Pdx and Pd1 decorated d-aUiO catalysts. (d) H202 yields on
Ir1/d-aUiO particles (PiS) and membranes (GMG), respectively. All the photocatalytic reactions were
performed under visible light (> 420 nm) irradiation and using isopropanol (20 v/v% in water) as
sacrificial agents. The 02 flow rates were fixed at 120 sccm. Error bars represent the standard deviation
for three independent catalysis tests.
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