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S1. Kinetic Calculations

Activation energy (kJ/mol) was calculated according to the linearized Arrhenius

equation:

Ea
Ink=——+1In4
RT

Where: R = gas constant (8.314 J-mol-!"K-1)
T = reaction temperature (K)

A = pre-exponential factor

S2. W Surface Density Calculations

W surface density (W atom/nm?) was calculated according to:

wy Ny

=—— " x10°20
Pw=sa,-z,

Where: PW = W surface density (W atom/nm?)
“w =W loading (W wt.%)
Na— Avogadro’s number
SAy surface area of XWO,-CeO, (m?/g)

Zy — W molar mass (g/mol)

Egs. S1

Eqgs. S2



S3. Surface O, Density Calculations

The surface oxygen vacancy density was calculated for Pd/CeO,, and Pd/0.6WO,-CeO,
catalyst using O,-TPD, BET measurements!”. The adsorbed molecular O,y corresponded
directly to the molar amount of O, adsorbed in the oxygen vacancies. Surface oxygen vacancy

density (in sites/nm?) was calculated according to:

Nrpp Ny

Prac™ SA Egs. S3

Where: Pvac = Surface oxygen vacancy density ( X 10'7/nm?)

"rpp = Adsorbed oxygen in O,q, at 150-210 °C (mmol/g)

SA = Catalysts surface area (m?/g)



S4. CO, Hydrogenation Reaction Elementary Steps'®

CO, first reacts with coordinatively unsaturated O~ sites in the presence of oxygen

vacancies (O,) to form monodentate or bidentate carbonate species (Egs. S4).
CO, + O* + O, <> CO5* Egs. S4

Alternatively, CO, reacts with surface hydroxyl groups to generate bicarbonate species (Egs.

S5).
CO, + OH~ — HCO5- Egs. S5

The bicarbonate species can then be hydrogenated to form hydrocarboxyl intermediates (Egs.

36).
HCO; + 2H* — COOH + H,0 Egs. S6

Subsequent hydrogenation of carbonate- or bicarbonate-derived species yields formate

(HCOO) and methoxy (CH30) intermediates (Eqs. S7).

COs5* + nHpy <> HCOO*/CH;0* + * Egs. S7
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Figure S1. (a) Pd;—CO stretch position, (b) Pd 3ds;, binding energy, and (¢) PdO reduction

temperature as a function of W loading.
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Figure S2. H,-TPR spectra of synthesized catalysts.
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Figure S3. (a) Raman spectra, and (b) Catalytic performance of different W loading. Reaction
conditions: 300 °C, 1 bar, 60,000 mL-g.,!*h~!, Hy/CO, =3
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Figure S4. O 1s XPS spectra of Pd/Al,O5 and Pd/0.6WO,-Al,0O5 catalyst after ex situ reduction
at 200 °C.
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Figure S5. Normalized CO probe molecular DRIFTS spectra of fresh (solid line) and spent
(dotted line) catalysts.
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Figure S6. (a) Arrhenius plot of CO formation over Pd/CeO, and Pd/0.6WO,—CeO, catalysts
measured in 10 °C steps at reaction temperatures between 250 and 300 °C. (b) CO formation
rate at constant CO, pressure as a function of H, partial pressure, and (¢) CO formation rate at
constant H, pressure as a function of CO; partial pressure for Pd/CeO, and Pd/0.6WO,—CeO,
catalysts measured at 300 °C, 1 bar.
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re S7. Time and atmospheric composition depend on signal intensities of the typical surface
species over (a) Pd/CeO, and (b) Pd/0.6WO,-CeO,. Reaction conditions: 300 °C, 1 bar, 60,000
mL'gcafl'hfl, Hz/COz =3,



Table S1. Support properties with different W loading.

Sample Surface Area W loading W Surface Density
(m?/g)? (Wt.%)P (W atom/nm?)°

Al,O5 124.8 - -
0.6WO4-Al,04 - 1.1 0.30

CeO, 140.4 - -
0.6WO,-CeO, 1343 0.9 0.22
1.6WO,-CeO, 123.7 1.7 0.45
3.3WO0,-CeO, 112.8 3.6 1.05
13.0WO4-CeO;, 102.2 14.2 4.52

a Catalysts surface area (m?/g) was calculated from BET results. ® W loading (wt.%) was
determined from ICP-MS results. ¢ W surface density (W atom/nm?) was calculated from
surface area and ICP-MS results.



Table S2. Catalyst properties with different W loading.

) Desorbed O, Surface O, O,s. Ce3* Wo*
Surface Area Pd loading i . . )

Catalyst (m2/g)" (WE%)b from O, Density Concentration  Concentration Concentration

(mmol/g)° (X 10'7/m?)d (%)° (%)° (%)°
Pd/Ce0O, 126.4 0.25 0.087 4.14 20.6 31.4 —

Pd/0.6WO,-CeO, 120.1 0.24 0.221 11.08 38.7 33.4 88.0
Pd/1.6WO4-CeO, 118.3 0.26 0.202 10.28 34.7 27.6 79.8
Pd/3.3WO0O4-CeO, 97.0 0.28 0.140 8.65 30.5 25.3 54.5
Pd/13.0WO,-CeO, 80.3 0.26 0.093 6.89 13.9 19.5 29.1

a Catalysts surface area (m?/g) was calculated from BET results. ® Pd loading (wt.%) was determined from ICP-MS results. ¢ Desorbed O, from
O.gs. (mmol/g) was calculated from O,-TPD results as the amount of desorbed O, below 210 °C. 9 Surface O, density (site/m?) was calculated
from surface area and desorbed O, from O,y calculated from O,-TPD results. ¢ Surface species concentration (%) was calculated from XPS
results.
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Figure S8. Comparative analysis of the CO, hydrogenation catalysts.
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Table S3. Summary of the catalytic properties of catalysts for CO, hydrogenation.

Catalyst T (°C) P (bar) Metal Met(ai/ tl.oo/ao()hng (msgeﬁgl-{h-l) Reference
CoAILDH-P,-R 300 30 Co 46.7 1.2 1
Coln;/MgO 300 30 Co 12.5 4.9 2
CuZnZr 240 30 Cu 60.02 2.0 3
Cu/TiO, 300 40 Cu 5.9 1.6 4
Cu/ZnALL,Oy 220 30 Cu 8.0 3.0 5
Au0.005Cu/ZnO 250 30 Cu 28.0 1.1 6
In-Pd/Si0O, 300 40 In-Pd - 0.6 7
NiO-In, 03 250 30 NiO 6.0 4.2 8
Pd/CeO,-R 240 30 Pd 2.0 1.2 9
Pd/ZnO 250 20 Pd 1.0 0.9 10
Pd/In,0; 280 50 Pd 0.8 134.7 11
Pd-P/In,0; 300 50 Pd 0.9 97.8 12
Pd/ZnZrOy 340 50 Pd 0.6 115.0 13
Pd-Cu/Si0, 250 50 Pd-Cu 15.7 0.3 14
Pt/inyO;-ZrO, 300 50 Pt 0.5 107.4 15
Re/ln,0; 300 50 Re 1.0 54.0 16

Pd/0.6WO,-CeO, 300 30 Pd 0.2 11.9 This Work

Pd/CeO, 300 30 Pd 0.2 6.1 This Work

a atom %
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