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1. Characterization of the synthesized MOFs

1.1.  Structural Analysis

1 pm
—

Supplementary Fig. 1. Scanning electron microscopy images of the as synthesized
catalysts. SEM images of a Ni-Nb MOF, b Ni-Al-MOF and ¢ Ni-Fe-MOF.
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Supplementary Fig. 2. MOFs particle size distribution. a Ni-Nb-MOF particle size
distribution (blue bars), b Ni-Al-MOF particle size distribution (orange bars) and ¢ Ni-Fe-
MOF particle size distribution (green bars) measured from TEM images of the as-
synthesized MOFs.
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Supplementary Fig. 3. Thermogravimetric analysis. TGA curves of Ni-Nb-MOF (blue
line), Ni-Al-MOF (orange line) and Ni-Fe-MOF (green line) performed under N2
atmosphere at a rate of 10°C/min.



1.2.  Spectral Analysis and Electronic Structure Elucidation
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Supplementary Fig. 4. Optical properties of the as-synthesized catalysts. UV-Vis DRS
spectra of the as-synthesized Ni-Nb-MOF (blue line), Ni-Al-MOF (orange line) and Ni-

Fe-MOF (green line).
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Supplementary Fig. 5. Charge transfer properties of the as-synthesized MOFs. Cyclic
voltammograms of a pyrazine linker, b Ni-Nb MOF, ¢ Ni-Fe MOF and d Ni-Al MOF
measured at 100 mV/s (purple lines), 50 mV/s (pink lines) and 20 mV/s (green lines). e
Electrochemical impedance spectra of the three studied MOFs (Ni-Nb-MOF in blue, Ni-
Al-MOF in orange and Ni-Fe-MOF in green) and their pyrazine linker (black line) in the
frequency range 10°-10! Hz. Inset: Zoomed Nyquist plot.



2. LED light source characterization
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Supplementary Fig. 6. LED source characterization. Emission spectra of the
components of LED ligh (UV, blue, green and red light) used in the photocatalytic
experiments.

Supplementary Table 1. LED light source irradiance corresponding to different light
compositions. (spot area = 1.1 cm?)

LED light composition

uv Power Irradiance (W/cm?)
%) Blue (%) | Green (%) | Red (%) | (W)

0 0 0 0 0 0.0
25 25 25 25 1.59 14
50 50 50 50 2.89 2.6
75 75 75 75 4.05 3.7
100 100 100 100 5.05 4.6
0 100 100 100 3.45 3.1
25 100 100 100 3.87 3.5
50 100 100 100 4.29 3.9
75 100 100 100 4.68 4.3
100 100 100 100 5.05 4.6
100 0 100 100 2.76 2.5
100 25 100 100 3.52 3.2
100 50 100 100 4.11 3.7




100 |75 100 100 4.62 4.2
100 | 100 100 100 5.05 4.6
100 | 100 0 100 4.27 3.9
100 | 100 25 100 4.53 4.1
100 | 100 50 100 4.72 4.3
100 | 100 75 100 4.89 4.4
100 | 100 100 100 5.05 4.6
100 | 100 100 0 4.62 4.2
100 | 100 100 25 4.75 4.3
100 100 100 50 4.86 4.4
100 | 100 100 75 4.95 4.5
100 | 100 100 100 5.05 4.6

3. Elucidation of the reaction’s pathways
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Supplementary Fig. 7. Role of light irradiation in the catalytic reaction. a CO (blue
bars) and CHa4 (green bars) production rates using Ni-Nb-MOF as a catalyst. b CO (blue
bars) and CHa4 (green bars) production rates using Ni-Fe-MOF as a catalyst. Reaction
conditions: 180°C, (1:1) (CO2:Hz), yellow-shaded areas under 4.6 W/cm? LED light
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Supplementary Fig. 8. Comparison between in-situ DRIFTS of Ni-Nb and Ni-Fe
catalysts. In-situ DRIFTS spectra of Ni-Nb-MOF (blue line) and Ni-Fe-MOF (green line)
at 180°C, (1:4) and (1:1) (CO2 : H2) respectively, and 4.6 W/cm? LED light intensity.
Intermediates are identified by dashed lines.
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Supplementary Fig. 9. In-situ time-dependent DRIFTS measurements for the
identification of intermediates. In-situ DRIFTS spectra of a Ni-Nb-MOF and b Ni-Fe-
MOF, under a flow of (1:4) and (1:1) (COz : H2) respectively, 180°C and 4.6 W/cm? LED
light intensity, recorded every 2 mins for 24 mins after restructuring (blue to red-shaded
lines).
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Supplementary Fig. 10. Possible reaction routes. a Suggested CH4 formation pathways
on the surface of Ni-Nb-MOF. b Suggested CO formation route using Ni-Fe-MOF as a
catalyst. Evidence for the formation of Nb2CTx/Nb20s and FeF2/Ni(OH)2 will be given in
subsequent sections.
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4. Control experiments for the Ni-Nb
photocatalytic reaction
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Supplementary Fig. 11. Control experiment. CHa4 (green line) and CO (blue line)
formation rates using Ni-Nb-MOF as a catalyst at 180°C, 4.6 W/cm? LED irradiation and

in the absence of COa.
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Supplementary Fig. 12. Control experiments a CH4 production rates (green bars) and b
CO production rates (blue bars) in the presence and absence of light respectively, both
using Ni-Nb-MOF as a catalyst and (1:4) (CO2:H) flow at 180°C..
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Supplementary Fig. 13. Surface temperature determination. Forward-looking infrared
camera image of Ni-Nb-MOF surface without heating, under 4.6 W/cm? light irradiation
and a flow of (1:4) (CO2:Hz).
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5. Investigation of the in-situ restructuring process

51. TEM imaging

Supplementary Fig. 14. Transmission electron microscopy imaging post-catalysis.
TEM images of a spent Ni-Nb-MOF, b spent Ni-Al-MOF and c spent Ni-Fe-MOF.

Supplementary Fig. 15. Annular dark field-scanning transmission electron
microscopy imaging of Ni-Nb catalyst under thermal conditions. ADF-STEM image
of Ni-Nb-MOF after thermal methanation at 300°C.

14
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Supplementary Fig.16. Particle size distribution of surface particles. a Particle size

distribution of the particles formed on the surface of Ni-

NDb catalyst throughout the catalytic

reaction, represented by blue bars. b Particle size distribution of the particles formed on
the surface of Ni-Fe catalyst throughout the catalytic reaction, represented by green bars.

(Scale bar = 100 nm).

5.2.  Atomic Force Microscopy
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Supplementary Fig. 17. AFM imaging and surface thickness determination. a AFM
image of Ni-Nb-MOF after catalysis. b Height profile of the line highlighted in blue.
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Supplementary Fig. 18. AFM imaging and surface thickness determination. a AFM
image of Ni-Fe catalyst after reaction. b Height profile of the line highlighted in green.

5.3. Elemental analysis
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Supplementary Fig. 19. Catalysts’ metal composition before and after catalysis. a Ni
(grey), Nb (blue) and total (purple) metal composition in Ni-Nb-MOF before and after
catalysis. b Ni, Fe and total metal composition in Ni-Fe-MOF before and after catalysis.
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Supplementary Table 2. Relative metal composition from ICP-OES. Relative metal
percentages in Ni-Nb and Ni-Fe catalysts before and after reaction as calculated from ICP-

OES.

From ICP
Fresh Ni-Nb- | Spent Ni-Nb- Fresh Ni-Fe- | Spent  Ni-Fe-
MOF MOF MOF MOF

Ni% |47 56 Ni% |52 51

Nb % | 53 44 Fe% |48 49

Supplementary Table 3. Relative metal composition from SEM-EDX. Relative metal
percentages in Ni-Nb and Ni-Fe catalysts before and after reaction as calculated from three
SEM-EDX measurements for each material.

From EDX
Fresh Ni-Nb- | Spent Ni-Nb- Fresh Ni-Fe- | Spent  Ni-Fe-
MOF MOF MOF MOF

Ni% |35 41 Ni% |53 52

Nb % | 65 59 Fe% |47 48

17




5.4. EDS mapping

Supplementary Fig. 20. Elemental composition of Ni-Nb-MOF post catalysis. EDS
maps showing the distribution of C (orange), Ni (green) and Nb (red) on the surface of Ni-
Nb-MOF after reaction.

Supplementary Fig. 21. Elemental composition of Ni-Al-MOF post catalysis. EDS
maps showing the distribution of Ni (green), Al (red) and C (orange) on the surface of Ni-
Al-MOF after reaction.

18



Supplementary Fig. 22. Elemental composition of Ni-Fe-MOF post catalysis. EDS

maps showing the distribution of Ni (green), Fe (red) and C (orange) on the surface of Ni-
Fe-MOF after reaction.
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5.5. Diffuse reflectance spectroscopy (DRS) and Tauc plots analysis
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Supplementary Fig. 23. Optical properties of the three MOFs after catalysis. UV-Vis
DRS spectra of Ni-Nb-MOF (blue line), Ni-Al-MOF (orange line) and Ni-Fe-MOF (green

line) after reaction.
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Supplementary Fig. 24. DRS spectra of fresh and spent Ni-Nb-MOF. Comparison

between the DRS spectra of Ni-Nb-MOF before (black line) and after (blue line) reaction.
Peaks that disappear throughout the reaction are shaded in grey.
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Supplementary Fig. 25. Band gap determination. Optical band gap estimation from tauc
plots of Ni-Nb-MOF before (blue line) and after (red line) catalysis.
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Supplementary Fig. 26. Band gap determination. Optical band gap estimation from
tauc plots of Ni-Al-MOF before (orange line) and after (navy line) catalysis.
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Supplementary Fig. 27. Band gap determination. Optical band gap estimation from tauc
plots of Ni-Fe-MOF before (green line) and after (purple line) catalysis.

5.6. TGA-FTIR
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Supplementary Fig. 28. FTIR-coupled TGA. a FTIR spectra of released species upon
heating Ni-Nb-MOF at selected temperatures under inert conditions. b FTIR spectra of
released species upon heating Ni-Fe-MOF at selected temperatures under inert conditions.
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5.7. X-Ray photoelectron spectroscopy (XPS) analysis
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Supplementary Fig. 29. Full XPS scan of Ni-Nb-MOF. a XPS spectrum of Ni-Nb-MOF
before reaction. b XPS spectrum of Ni-Nb-MOF after reaction.
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Supplementary Fig. 30. XPS scan of N 1s in Ni-Nb-MOF. a N 1s scan before reaction.
b N 1s scan after reaction. The background is represented as a grey line.
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Supplementary Fig. 31. XPS scan of F 1s in Ni-Nb-MOF. a F 1s scan before reaction. b
F 1s scan after reaction. The background is represented as a grey line.
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Supplementary Fig. 32. XPS scan of Ni 2p in Ni-Nb-MOF. a Ni 2p scan before reaction.
b Ni 2p scan after reaction. The background is represented as a grey line.
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Supplementary Fig. 33. Full XPS scan of Ni-Al-MOF. a XPS spectrum of Ni-Al-MOF
before reaction. b XPS spectrum of Ni-Al-MOF after reaction.
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Supplementary Fig. 34. XPS scan of N 1s in Ni-Al-MOF. a N 1s scan before reaction. b
N 1s scan after reaction. The background is represented as a grey line.
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Supplementary Fig. 35. XPS scan of F 1s in Ni-Al-MOF. a F 1s scan before reaction. b
F 1s scan after reaction. The background is represented as a grey line.
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Supplementary Fig. 36. XPS scan of Al 1s in Ni-Al-MOF. a Al 1s scan before reaction.
b Al 1s scan after reaction. The background is represented as a grey line.
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Supplementary Fig. 37. XPS scan of Ni 2p in Ni-Al-MOF. a Ni 2p scan before reaction.
b Ni 2p scan after reaction. The background is represented as a grey line.
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Supplementary Fig. 38. Full XPS scan of Ni-Fe-MOF. a XPS spectrum of Ni-Fe-MOF
before reaction. b XPS spectrum of Ni-Fe-MOF after reaction.
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Supplementary Fig. 39. XPS scan of N 1s in Ni-Fe-MOF. a N 1s scan of Ni-Fe-MOF
before reaction. b N 1s scan of Ni-Fe-MOF after reaction. The background is represented
as a grey line.
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Supplementary Fig. 40. XPS scan of F 1s in Ni-Fe-MOF. a F 1s scan of Ni-Fe-MOF
before reaction. b F 1s scan of Ni-Fe-MOF after reaction. The background is represented
as agrey line.
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a Ni 2p before reaction b Ni 2p after reaction
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Supplementary Fig. 41. XPS scan of Ni 2p in Ni-Fe-MOF. a Ni 2p scan of Ni-Fe-MOF
before reaction. b Ni 2p scan of Ni-Fe-MOF after reaction. The background is represented
asagrey line.
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