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Additional characterizations

1. X-ray powder diffraction
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Figure S1: X-ray powder diffraction patterns of the investigated catalysts. The tick marks indicate the possible Bragg

reflections of the respective oxide phases. Sm;0;, Gd,03 and Y,0; - Ia3; y-AL,0; - Fm3m. MgO - Fm3ms 10, -
P 4y/mnm (red) and I 4,/amd (blue);*> ZrO, - P12,/c1.5



2. N, physisorption
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Figure S3: Derived pore-size distributions using the BJH model (applied to the desorption branch of the isotherm) of the
investigated catalysts.
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Additional catalytic data

1. Measured outlet concentrations

Table S1 Measured outlet volume concentrations of CO, CH; and CO,

CO /vol.% CH, / vol.% CO, / vol.%

200 °C

Ru-Sm,04 0 0 9.73
Ru-Gd,0; 0 0.01 9.76
Ru-Y,0; 0 0 9.73
Ru-TiO, 0 0.13 9.66
Ru-ZrO, 0 0.02 9.78
Ru-AlO; 0 0.03 9.74
Ru-SiO, 0 0 9.76
230 °C

Ru-Sm,0; 0 0.07 9.71
Ru-Gd,04 0 0.08 9.73
Ru-Y,0; 0 0.04 9.71
Ru-TiO, 0 0.38 9.54
Ru-ZrO, 0 0.10 9.73
Ru-AlL 04 0 0.10 9.68
Ru-Si0, 0 0 9.76
270 °C

Ru-Sm,04 0.05 0.42 9.48
Ru-Gd,04 0.04 0.47 9.52
Ru-Y,0; 0.03 0.25 9.58
Ru-TiO, 0 1.18 9.14
Ru-ZrO, 0 0.54 9.52
Ru-ALO; 0.02 0.40 9.51
Ru-Si0, 0.05 0.07 9.68
290 °C

Ru-Sm,05 0.09 0.98 9.17
Ru-Gd,0; 0.07 1.06 9.20
Ru-Y,0; 0.07 0.59 9.38
Ru-TiO, 0 1.90 8.78
Ru-ZrO, 0.01 1.2 94
Ru-AlO; 0.05 0.76 9.33
Ru-SiO, 0.14 0.18 9.54
310°C

Ru-Sm,0; 0.19 2.67 8.29
Ru-Gd,04 0.13 2.30 8.54
Ru-Y,0; 0.12 1.34 8.97
Ru-TiO, 0.02 2.87 8.30
Ru-ZrO, 0.02 2.09 8.88
Ru-ALO; 0.11 1.35 8.99
Ru-Si0O, 0.31 0.36 9.27
350 °C

Ru-Sm,04 0.33 7.20 5.92
Ru-Gd,04 0.30 7.25 5.99
Ru-Y,0; 0.30 5.74 6.69
Ru-TiO, 0.08 5.45 7.02
Ru-Zr0, 0.08 4.43 7.95
Ru-ALO; 0.36 3.34 7.82
Ru-Si0, 1.03 1.15 8.27
400 °C



Ru-Sm,0; 0.42 8.47 5.28

Ru-Gd,04 0.39 9.78 4.73
Ru-Y,0; 0.35 9.94 4.62
Ru-TiO, 0.26 8.44 5.42
Ru-ZrO, 0.31 6.32 6.91
Ru-ALO; 0.82 6.29 6.03
Ru-Si0, 1.78 3.49 6.56

2. CO, consumption rates and CH, selectivity

We define the conversion and methane selectivity as
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Figure S4 (left) CO, conversion rates and (right) CH, selectivities for all cataysts in the investigated temperature range.
Reaction conditions. pressure 1 bar, flow rate 50 mL min’, 4/1/5 Hy/COy/Ar, 50 mg catalyst. The vertical line at 310°C
indicates a change regarding the best performing catalysts.



3. Weisz-Prater calculations

The criterion was calculated for all temperatures and catalysts according to the following equation

cat

Teffp catd 2
we= of f
4ce zD co,

Knudsen diffusion is taken into account for all catalysts except Ru-TiO, and Ru-ZrO, as these catalysts
exhibit macropores. The following catalyst densities are assumed (as stated by the supplier, if available):
Panos =2.3-100gm>,  pye =3.6-100gm>,  pripx=42-10gm3, pz0,=5.7-100gm3 and
Osio2 = 2.7-10% g m3. For the REO catalysts, the densities were approximated as Osmo3 = 6.9-10° g m3,
06203 = 7.4-10% g m3 and pyy03 = 6.9-10% g m*. For the xerogel catalysts a tortuosity of 2 was assumed
based on a previous study on rare earth metal oxide aerogels.” For all other catalysts, the tortuosity was
presumed to be 3. The results are compiled below.

Table S2 Results of Weisz-Prater criterion calculations.

200°C  230°C 270 °C 290 °C 310 °C 350 °C 400 °C

Ru-Sm,0; 0 0.0092 0.0561 0.1185 0.2724 0.5420 0.6683
Ru-Gd,0;  0.0054 0.0217 0.0992 0.1854 0.3209 0.6174 0.6542
Ru-Y,0; 0 0.0039 0.0270 0.0593 0.1214 0.3709 0.4804
Ru-ALO; 0.0028 0.0091 0.0347 0.0623 0.1037 0.2179 0.3294
Ru-MgO 0 0 0.0054 0.0150 0.0299 0.2034 0.4013

Ru-TiO, 0.0229 0.0589 0.1564 0.2315 0.3184 0.4912 0.6123
Ru-Zr0, 0.0030 0.0175 0.0998 0.1954 0.3173 0.5468 0.6554
Ru-SiO, 0 0 0.0116 0.0292 0.0593 0.1661 0.3184




4.  Arrhenius plot
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Figure S5: Arrhenius presentation of all catalysts for the investigated temperatures. The dashed line refers to a linear fit in
the temperature range 200-310 °C, showing the deviation at elevated temperatures.



5. Stability runs
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Figure S6: Normalized methane formation rate vs. time at 400 °C for selected catalysts. The methane formation rate was
chosen as a descriptor as it would reflect changes in the conversion rate as well as selectivity. The rates are normalized to
the initial methane formation rate. Reaction conditions: pressure 1 bar, flow rate 50 mL min!, 4/1/5 H,/COy/Ar, 50 mg
catalyst



6. TEM images of selected, spent catalysts
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Figure S7: TEM images of the catalysts afier reaction.



7. Reproducibility
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Figure S8: Methane formation rates for the investigated catalysts and for various catalyst batches to ensure reproducibility
of the synthesis route; blue symbols indicate catalyst batch 1, red symbols indicate batch 2, green symbols indicate batch 3.
Another batch refers to newly synthesized Ru nanoparticles and support materials (if synthesized in-house). The methane
formation rate was chosen as a descriptor as it would reflect changes in the conversion rate as well as selectivity. In the main
manuscript data corresponding to batch 1 is shown.
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Additional DRIFTS results

1. Deconvoluted and fitted DRIFT spectra, exemplary shown for Ru-Gd,O; at 160 °C (spectra
acquired during the temperature dependent reaction study, Fig. 6 in the main manuscript)
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Figure S9: DRIFTS — reaction study on Ru-Gd,O; at 160 °C, 5 vol.% CO,, 20 vol.% H, in He, Vf0f= 100 mL min!. Solid red
line: measured spectra, dashed green/blue lines: fitted peaks, dotted black line: calculated spectra based on the fitted peaks.

The peaks were fitted using the Gauss-Lorentzian model.

2. Temperature-dependent DRIFTS-reaction study on Ru-Sm;0;
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Figure S10: Temperature-dependent DRIFTS — reaction study on Ru-Sm;03, 5 vol.% CO,, 20 vol.% H, in He,

min! references: 191, The spectra qualitatively match the results on the Ru-Gd,Oj; catalyst.

3. Additional DRIFTS results on Ru-Al,0;, Ru-MgO and Ru-SiO,
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Figure S12: Isothermal DRIFTS experiments carried out for Ru-Al,0zat 350 °C under different gas atmospheres. Red spectra:
exposure to 5 vol.% CO, in He for 15 min; blue spectra: pure He for 20 min; green spectra: subsequent exposure to 20 vol.%

H, in He; yellow trace: exposure to 5 vol.% CO, and 20 vol.% H; in He,

spectra from lighter to darker colors (bottom to top).
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Figure S13: (top) Temperature-dependent DRIFTS — reaction study on Ru-Al,0;, (bottom) normalized peak height for HCO5
(1441 cm!), HCOO- (1587 cm™), Ru=CO (1971 cm™), Ru-CO (2046 cm!) and Ru™-CO (2069 cm™); conditions: 5% CO,,
V,pr =100 mL min~*

20% H, in He, ~ tot references: 10.17.18
2
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Figure S14: (top) Temperature-dependent DRIFTS — reaction study on Ru-MgO, (bottom) normalized peak height for m-
CO3* (1508 cm!), HCOO- (1606 cm™), HCOj (1647 cm™), Ru=CO (1930 cm!) and Ru=CO®? (1984 cm™!); conditions:
X 1

5vol.% CO,, 20 vol.% H, in He, Vtot =100 mL min ., references: 19721
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Figure S15: Temperature-dependent DRIFTS — reaction study on Ru-SiO,, 5 vol.% CO,, 20 vol.%H, in He, Vior— 100 mL
min’'; references: 224

Raman results

1. Experimental description

Raman spectra were recorded on a LabRam ARAMIS (Horiba Jobin Yvon) Micro-Raman spectrometer
equipped with a laser working at 785 nm and less than 20 mW. The use of a 50x long working distance
objective (Olympus) with a numerical aperture of 0.55 provides a focus spot of about 5 um diameter
when closing the confocal hole to 1000 um. The spectra were collected in the range 90 cm™! to 800 cm-
! with a spectral resolution of approximately 1.2 cm™!' using a grating of 1800 grooves mm and a
thermoelectrically cooled CCD detector (Synapse, 1024 x 256 pixels). The spectral positions were
calibrated against the Raman mode of Si before and after the sample measurements. In some cases, the
optimized filtering was required to minimize the fluorescence and to reduce laser intensity to avoid
sample damage. At least 15 spectra were collected with an acquisition time of 10 s /window for an
adequate signal-to-noise ratio. The high-temperature spectra were performed using a Linkam heating
stage (TS1500) connected to a continuous gas (5 vol.% H, + 95 vol.% Ar) supply to the stage. The
powder samples were loaded and the compartment was flushed with the gas mixture for several minutes
before heating at the sample 50 °C. Afterward, the temperature was ramped to 200 °C at 20 °C/min and
kept for 45 min. In each case, the sample was then cooled down from the target temperature to 50 °C
followed by collecting spectra to exclude the quasiharmonic (lattice thermal expansion effects) and
anharmonic contributions in shifting the Raman bands. After a thermal equilibration period of 5 min
spectra were collected, and the experiment was repeated between 50 °C and 400 °C with a 50 °C step
(e.g., 50 °C -> 200 °C -> 50 °C -> 250 °C-> 50 °C -> 300 °C -> 50 °C -> 350 °C -> 50°C ->400 °C >
50 °C). As much as three different locations were chosen at each temperature step, and an averaged
spectrum was produced for a better statistics. After background correction and normalization, the peaks
were fitted with Gauss-Lorentzian model.
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2. Raman spectra of the as-prepared catalysts
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Figure S16: Raman spectra of the as-prepared Ru-TiO; catalyst at ambient condition. The tick marks refer to observed band
positions of anatase.”

3. Temperature-dependent shift of the Raman frequency
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Figure S17: Temperature-dependent changes of Raman frequencies (Aw) of Ru-TiO, (147 cm™!) under H, atmosphere.
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