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Figure S1: 1 wt.% Ru/PrOx catalyst tested over several pressurization, depressurization, and
reduction cycles. Catalyst was tested at a space velocity of 36,000 mL/gca/hr, 1:1 H2:N> and 30
bar.
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Figure S2: Arrhenius plots of doubly promoted 1 wt.% Ru, 2 wt.% Cs, 2 wt.% M/PrOx catalysts
at various temperatures. Catalysts were tested at a space velocity of 36,000 mL/gca/hr, 1:1 H2:N>
and 30 bar.



Table S1: Comparison of current state of the art ammonia synthesis catalysts.

Ammonia Synthesis
Ru | Temperature | Pressure Synthesis Rate Rate
Catalyst Wt.% (°C) (bar) | Ha:Na | (mmol/ge/hr) | (Mmolg, /hr)
Cs-Ru/MgO[1] 5 423 50 3:2 68.65 1370
KMIR[1] N/A 450 107 3:1 68.76 N/A
Ru/La;Cer07[2] 4 425 100 3:1 52.7 1320
Ru/CeO7[3] 10 400 100 3:1 115 1150
Ru/Pr,03[4] 5 400 30 3:1 64 1280
Ba-Ru/AC[5] 10 400 100 3:1 312.5 3125
Ba-Ru/CNT[6] | 34 450 100 3:1 110 3235
K 680
Ru/LaxCe207[7] 5 400 10 3:1 34
“Ba-Cs- 6540¢
Ru/PrOx °] 400 30 1:1 65.42
“Ba-Cs- 4220¢
Ru/PrOx 3 400 30 1:1 126.7
aThis Work

bActual Ru content closer to 0.6 wt.%
°Actual Ru content closer to 1.8 wt.%
dAssuming that the nomial amount of Ru is the actual amount
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Figure S3: XRD patterns for each of the catalysts (1 wt.% Ru, 2 wt.% Cs, 2 wt.% M/PrOx) used
in this study.
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Figure S4: TPR profiles of various variations of the 1 wt.% Ru, 2 wt.% Cs, 2 wt.% Ba/PrOx.
Samples were ramped at 20°C/min under pure hydrogen.
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Figure S5: Comparison of doubly-promoted 1 wt.% Ru, 2 wt.% Cs, 2 wt.% M/PrOx catalysts at
various temperatures. Catalysts were tested at a space velocity of 36,000 mL/gcar/hr, 1:1 H2:N>
and 30 bar.
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Figure S6: Activity vs partial pressure of nitrogen tested at 400°C, 30 bar, 72000 mL/gca/hr. The
catalysts tested were 1 wt.% Ru/PrOx (black), 1 wt.% Ru, 2 wt.% Cs/PrOx (blue), 1 wt.% Ru,
3.86 wt.% Ba, 4.12 wt.% Cs/PrOx (red).
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Figure S7: Activity vs partial pressure of hydrogen tested at 400°C, 30 bar, 72000 mL/gca/hr. The
catalysts tested were 1 wt.% Ru/PrOy (black), 1 wt.% Ru, 2 wt.% Cs/PrOx (blue), 1 wt.% Ru,
3.86 wt.% Ba, 4.12 wt.% Cs/PrOx (red).
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Figure S8: Outlet concentration of ammonia vs total flow rate of reactants (min cm™) tested at
400°C, 30 bar, 45000-125000 mL/gca/hr. The catalysts tested were 1 wt.% Ru/PrOx (black), 1
wt.% Ru, 2 wt.% Cs/PrOx (blue), 1 wt.% Ru, 3.86 wt.% Ba, 4.12 wt.% Cs/PrOx (red).
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Figure S9: Activity vs partial pressure of nitrogen tested at 360°C, 30 bar, 72000 mL/gca/hr. The
catalysts tested were 1 wt.% Ru/PrOx (black), 1 wt.% Ru, 2 wt.% Cs/PrOx (blue), 1 wt.% Ru,
3.86 wt.% Ba, 4.12 wt.% Cs/PrOx (red).
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Figure S10: Activity vs partial pressure of hydrogen tested at 360°C, 30 bar, 72000 mL/gca/hr.
The catalysts tested were 1 wt.% Ru/PrOy (black), 1 wt.% Ru, 2 wt.% Cs/PrOx (blue), 1 wt.%
Ru, 3.86 wt.% Ba, 4.12 wt.% Cs/PrOx (red).
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Figure S11: Outlet concentration of ammonia vs total flow rate of reactants (min cm™) at 360°C,
30 bar, 45000-125000 mL/gca/hr. The catalysts tested were 1 wt.% Ru/PrOx (black), 1 wt.% Ru,
2 wt.% Cs/PrOx (blue), 1 wt.% Ru, 3.86 wt.% Ba, 4.12 wt.% Cs/PrOx (red).



Table S2: Supplier and precursor type for each of the promoters used in this research.

Element Precursor Type Chemical Supplier
Ag Nitrate Sigma Aldrich
Al Nitrate Alfa Aesar
Ba Nitrate Alfa Aesar
Bi Nitrate Fisher Scientific
Ca Nitrate Alfa Aesar
Cd Nitrate Fisher Scientific
Ce Nitrate Sigma Aldrich
Co Nitrate Acros Organics
Cr Nitrate Sigma Aldrich
Cs Acetate Fisher Scientific
Cu Nitrate Acros Organics
Dy Nitrate Fisher Scientific
Er Nitrate Fisher Scientific
Eu Nitrate Alfa Aesar
Fe Nitrate Sigma Aldrich
Ga Nitrate Alfa Aesar
Gd Nitrate Alfa Aesar
Hf Acetylacetonate Fisher Scientific
Ho Nitrate Alfa Aesar
In Nitrate Alfa Aesar

Ir Acetate Fisher Scientific
K Acetate Alfa Aesar
La Nitrate Alfa Aesar
Li Acetate Acros Organics
Lu Nitrate Alfa Aesar
Mg Nitrate Sigma Aldrich
Mn Nitrate Sigma Aldrich
Na Acetate Fisher Scientific
Nd Nitrate Sigma Aldrich
Ni Nitrate Alfa Aesar
Pb Nitrate Fisher Scientific
Rb Acetate Strem Chemical
Re Ammonium Perrhenate Sigma Aldrich
Sc Acetate Alfa Aesar
Sm Nitrate Alfa Aesar
Sn Acetate Sigma Aldrich
Sr Nitrate Fisher Scientific
Tb Nitrate Fisher Scientific
Tm Nitrate Sigma Aldrich
\Y Acetylacetonate Fisher Scientific
Y Nitrate Alfa Aesar
Yb Nitrate Alfa Aesar
Zn Nitrate Alfa Aesar
Zr Dinitrate Oxide Fisher Scientific




References

1. Rosowski, F.; Hornung, A.; Hinrichsen, O.; Herein, D.; Muhler, M.; Ertl, G. Ruthenium
Catalysts for Ammonia Synthesis at High Pressures: Preparation, Characterization, and Power-
Law Kinetics. Appl Catal A Gen 1997, 151, 443-460, doi:10.1016/S0926-860X(96)00304-3.

2. Han, W.; Li, Z.; Liu, H. La2Ce207 Supported Ruthenium as a Robust Catalyst for
Ammonia Synthesis. Journal of Rare Earths 2019, 37, 492-499, do0i:10.1016/5.jre.2018.09.010.

3. Lin, B.; Liu, Y.; Heng, L.; Wang, X.; Ni, J.; Lin, J.; Jiang, L. Morphology Effect of Ceria
on the Catalytic Performances of Ru/CeO 2 Catalysts for Ammonia Synthesis. Ind Eng Chem
Res 2018, 57, 9127-9135, doi:10.1021/acs.iecr.8b02126.

4, Imamura, K.; Miyahara, S.; Kawano, Y.; Sato, K.; Nakasaka, Y.; Nagaoka, K. Kinetics of
Ammonia Synthesis over Ru/Pr203. J Taiwan Inst Chem Eng 2019, 105, 50-56,
doi:10.1016/j.jtice.2019.10.006.

5. Lin, B.; Guo, Y.; Cao, C.; Ni, J.; Lin, J.; Jiang, L. Carbon Support Surface Effects in the
Catalytic Performance of Ba-Promoted Ru Catalyst for Ammonia Synthesis. Catal Today 2018,
316, 230-236, doi:10.1016/j.cattod.2018.01.008.

6. Ma, Y.; Lan, G.; Fu, W,; Lai, Y.; Han, W.; Tang, H.; Liu, H.; Li, Y. Role of Surface
Defects of Carbon Nanotubes on Catalytic Performance of Barium Promoted Ruthenium
Catalyst for Ammonia Synthesis. Journal of Energy Chemistry 2020, 41, 79-86,
doi:10.1016/j.jechem.2019.04.016.

7. Vieri, H.M.; Badakhsh, A.; Choi, S.H. Comparative Study of Ba, Cs, K, and Li as
Promoters for Ru/La2Ce207-Based Catalyst for Ammonia Synthesis. Int J Energy Res 2023,
2023, 1-11, doi:10.1155/2023/2072245.



