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            Abstract
Metal–organic frameworks (MOFs)1,2,3 are known for their specific interactions with gas molecules4,5; this, combined with their rich and ordered porosity, makes them promising candidates for the photocatalytic conversion of gas molecules to useful products6. However, attempts to use MOFs or MOF-based composites for CO2 photoreduction6,7,8,9,10,11,12,13 usually result in far lower CO2 conversion efficiency than that obtained from state-of-the-art solid-state or molecular catalysts14,15,16,17,18, even when facilitated by sacrificial reagents. Here we create ‘molecular compartments’ inside MOF crystals by growing TiO2 inside different pores of a chromium terephthalate-based MOF (MIL-101) and its derivatives. This allows for synergy between the light-absorbing/electron-generating TiO2 units and the catalytic metal clusters in the backbones of MOFs, and therefore facilitates photocatalytic CO2 reduction, concurrent with production of O2. An apparent quantum efficiency for CO2 photoreduction of 11.3 per cent at a wavelength of 350 nanometres is observed in a composite that consists of 42 per cent TiO2 in a MIL-101 derivative, namely, 42%-TiO2-in-MIL-101-Cr-NO2. TiO2 units in one type of compartment in this composite are estimated to be 44 times more active than those in the other type, underlining the role of precise positioning of TiO2 in this system.
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                    Fig. 1: Illustration of molecular compartments generated by positioning of TiO2 within specific pores of MOFs.[image: ]


Fig. 2: Control over the number and location of TiO2 units in TiO2-in-MOF composites.[image: ]


Fig. 3: Visualization of TiO2 locations within MOF single crystals by electron microscopy.[image: ]


Fig. 4: CO2 photoreduction performance of TiO2-in-MOF composites and correlation with TiO2 locations.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 Electron diffraction data from the MOF and the TiO2-in-MOF samples.
a, b, 2D projection of the reconstructed reciprocal space of the MOF (MIL-101-Cr; a) and the TiO2-in-MOF (23%-TiO2-in-MIL-101-Cr; b) samples along the [100] direction. The inset in b is the differential electrostatic potential obtained from the 3D diffraction data of 23%-TiO2-in-MIL-101-Cr subtracted from that of MIL-101-Cr. The yellow circles at top right in a and b indicate the diffraction points with highest resolution. Scale bars, 1 nm−1.


Extended Data Fig. 2 Elemental maps of TiO2-in-MOF samples revealed by EDS analysis.
a, b, Elemental maps of single-crystal 23%-TiO2-in-MIL-101-Cr (a) and 42%-TiO2-in-MIL-101-Cr (b); the elements are given at the top right of each coloured map. The uniform TiO2 distribution in both samples is clear. Also shown (bottom right in a and b) is the atomic ratio Ti/Cr (in %) for the five sampling points indicated at top left of a and b. The green dashes in these plots indicate the Ti/Cr ratio of the bulk materials. The Ti/Cr atomic ratios at the five distinct positions in one single crystal are almost identical. Scale bars: a, 100 nm; b, 50 nm.


Extended Data Fig. 3 STEM images of MIL-101-Cr taken from [110] incidence.
a, HAADF and b, iDPC images. The sample thicknesses are indicated on the left in yellow. Red and blue outlines (bottom right of each panel) are overlaid on the images to highlight the position of molecular compartments, with the unit cell in orange. Scale bars, 20 nm.


Extended Data Fig. 4 STEM images of 23%-TiO2-in-MIL-101-Cr taken from [110] incidence.
As Extended Data Fig. 3 but for 23%-TiO2-in-MIL-101-Cr.


Extended Data Fig. 5 STEM images of 42%-TiO2-in-MIL-101-Cr taken from [110] incidence.
As Extended Data Fig. 3 but for 42%-TiO2-in-MIL-101-Cr.


Extended Data Fig. 6 Fourier diffractograms of the images of MOF and TiO2-in-MOF samples in Extended Data Figs. 3–5.
a–c, Fourier diffractograms of the iDPC images in Extended Data Figs. 3–5, respectively; d–f, Fourier diffractograms of the HAADF images in Extended Data Figs. 3–5, respectively. Insets, contrast plots for the spots used to derive the resolution (boxed, labelled with indices). The dashed yellow circles indicate the resolution of each sample.


Extended Data Fig. 7 Line profiles for pure MOF and TiO2-in-MOF samples at different sample thickness in the HAADF images.
a, Illustration of the mesopore distribution in MOF single crystal in different directions, from which the sample thickness is derived. b, Line profiles across mesopores of different types in HAADF images at identical sample thickness. The line profiles of MIL-101-Cr, 23%-TiO2-in-MIL-101-Cr and 42%-TiO2-in-MIL-101-Cr are marked in green, red and blue, respectively. The black lines represent those obtained from the symmetry averaged image of pure MIL-101-Cr as references.


Extended Data Fig. 8 Electron transfer pathway in TiO2-in-MOF composite.
a, The energy level diagram of TiO2, reaction intermediates and products. h+, holes; e−, electrons. b, Electron transfer pathway of the photocatalytic reaction illustrated in TiO2-in-MOF compartments composed of Cr clusters.


Extended Data Table 1 Comparison of CO2 conversion performance of various catalystsFull size table


Extended Data Table 2 Comparison of excited electron lifetime for CO2 reduction photocatalystsFull size table
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