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Table S1. Overview of some of the interesting and recently reported catalysts for thermochemical 

ammonia synthesis.

Testing conditions

 

Catalyst Performance Catalyst 

(as named in the ref.)

Pressure 

[bar]

Temperature 

[˚C]

WHSV 

[ml.g-1.h-1]

Activity 

[mmol.g-1.h-1]

Activity 

[mmol.gRu-1.h-1]

 Ref.

Ru(5%)/C_inCs 10 380 48,000 63.7 1274.0 This work

Ru(10%)/C_inCs 10 380 48,000 81.1 811.0 This work

Ru/C_exCs (Cs/Ru = 10) 10 380 48,000 36.1 839.5 This work

Ba-Ru-Li/AC 10 459 62,400 46.3 964.6 1

Li-Ru/(111)MgO 10 400 62,400 33.04 660.8 1

Cs-Ru/(111)MgO 10 400 62,400 22 440.0 1

Ba-Ru/AC 10 400 18,000 8.285 91.0 2

Cs-Ru/MgO 10 400 18,000 12.117 202.0 2

Cs–Ru/r-CeO2 10 400 18,000 14.266 356.7 3

Ru/C12A7:e- 10 400 18,000 8.245 206.1 2

K–Ru/r-CeO2 10 400 18,000 11.227 280.7 3

Co/CeO2-D-500 10 425 NP 19 NA 4

Ru@CeO2-9 10 425 NP 13.5 544.3 4

Cs-Ru/BaCeO3-a (1.25wt%) 10 425 24,000 14.57 1165.6 5

Ru−Ba/Al2O3-980 10 400 60,000 7.217 144.3 6

Ru-Cs/MgO-MIL 10 400 24,000 19.2 619.4 7

TiH2 10 400 66,000 0.7 NA 8

Cr–LiH 10 350 60,000 8.5 NA 9

Mn–LiH 10 350 60,000 6 NA 9

Fe–LiH 10 350 60,000 10.7 NA 9

Co–LiH 10 350 60,000 11.2 NA 9

Ru/Pr2O3 10 400 18,000 19.1 382.0 10

K2[Mn(NH2)4] 10 400 60,000 11.1 NA 11
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Ru/Ce0.6Zr0.4O2 10 390 18,000 1.7 43.9 12

Ru/Ca2N:e- 10 320 36,000 4 222.2 13

3BaH2-10%Co/CNTs 10 400 60,000 21 NA 14

Ba-Co/C 10 440 160,000 86.4 NA 15

KM1 10 440 160,000 46.8 NA 15

Ba0.35–Fe/C 10 400 53,300 14.4 NA 16

Ba0.35–Co/C 10 400 53,300 22.32 NA 16

LaRuSi after EDTA 10 400 36,000 14.3 NA 17

Co/C12A7:e− 10 400 18,000 4.2 NA 18

Co-Mo/CeO2(NaNaph) 10 400 72,000 3.15 NA 19

Ru/Ca(NH2)2 10 320 36,000 31.97 319.7 20

Ru/Ba-Ca(NH2)2 10 340 36,000 57.05 570.5 21

Co/Ba-Ca(NH2)2 10 380 36,000 24.42 NA 21

Ru/BaO−CaH2 10 320 36,000 30.66 306.6 22

Ru/Ti-Ce-S 10 400 36,000 14.58 486.0 23

Mn4N-LiH 10 300 60,000 2.253 NA 24

Mn4N-BaH2 10 300 60,000 1.322 NA 24

LaCoSi 10 400 36,000 5.5 NA 25

Ru/3LaN/ZrH2 10 400 60,000 12.8 673.7 26

Ni/CeN 10 340 36,000 9 NA 27

Ni/LaN 10 340 36,000 5.3 NA 28

Ru/Ba/LaCeOx 10 400 72,000 88.1 1762.0 29

Ba2RuH6 /MgO * 10 325 60,000 55 NA 30

NA: Not applicable. NP: Not provided.

* This catalyst is tested at different feed composition (H2/N2: 2/3) than others. All other catalysts are tested in 
stoichiometric feed ratio (H2/N2: 3/1)
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Table S2. Reaction orders for ammonia synthesis over different catalysts.

Catalyst α (H2) β (N2) γ (NH3) Ref. 

Ru/C_inCs -0.6 1.5 -0.3 This work

Ru/C_exCs -1.3 1.8 -0.5 This work

Ru/CaH2 0.67 0.57 – 1.6 22

Ru/BaO-CaH2 0.45 0.47 – 1.3 22

Ru-Cs/MgO – 0.43 0.99 – 0.12 31

Ru/C12A7:e– 0.97 0.46 – 1.0 2

Ru/Ba-Ca(NH2)2 0.75 0.96 - 0.92 21

Ru/Ca2N:e– 0.79 0.53 – 1.0 13

Ru/Ca(NH2)2 0.55 0.53 – 1.5 20

Cr-LiH 0.62 0.43 -1.2 9

Mn-LiH 1.1 0.12 -1.3 9

Fe-LiH 0.88 0.37 -1.3 9

Co-LiH 0.65 0.48 -1.2 9

Ba-Co/C 2.3 1.2 -1.6 16

Ba-Fe/C 1.2 0.9 -0.9 16

KM1 2.2 0.9 -1.5 16
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Table S3. Relative loading of Cesium in different in situ and ex situ promoted catalysts 

measured by ICP-MS. 

Catalyst Cs loading (wt%) Cs/Ru (atom/atom)

Ru/C_exCs (Cs/Ru=1) 11 ± 0.2 ~ 1

Ru/C_exCs (Cs/Ru=2.5) 32 ± 1.5 ~ 3

Ru/C_exCs (Cs/Ru=10) 43 ± 0.5 ~ 8

Ru(10%)/C_inCs 53 ± 1.1 ~ 8
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Table S4. Average particle size of in situ and ex situ catalysts measured by TEM.

Catalyst Average particle size (nm)

Ru/C_exCs (Cs/Ru=2.5) 3.0 ± 1

Ru(10%)/C_inCs 10 ± 4
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Fig. S1 Overview of some of the most recent and promising catalysts reported for thermochemical 

ammonia synthesis9,20–22,29,30. Most of data points (filled symbols) are extracted from original 

references based on the following conditions: Pressure = 10 bar, H2/N2 = 3. The open symbols are 

estimated values (at 10 bar) based on the original data reported at lower pressures. The data point 

with * symbol is tested at a different feed composition (H2/N2: 2/3)
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Fig. S2 Ammonia synthesis experiment over 0.1 g Ru/C. Section I: feed stream bypassing Cs-

based trap; Section II: feed stream passing through Cs-based trap; Section III: in situ dosing of Cs 

in to the reactor (Cs-dosing in Ar flow started at around 27 h).
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Fig. S3 TEM images of (a) Ru/C_exCs (Cs/Ru=2.5), and (b) Ru(10%)/C_inCs catalysts.
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Fig. S4 Reaction order measurements for Ru/C_inCs and Ru/C_exCs.
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The performance of in situ promoted catalyst in the presence of water

To add a controlled concentration and known amount of water to the feed stream over a period 

during some experiment, a U-tube was filled with CuO powder (99.99% trace metals basis, Sigma-

Aldrich). The U-tube was installed in the feed stream before the reactor with the possibility of 

being by-passed. The CuO powder was heated to approximately 250 ˚C. In the period of water 

addition, the feed stream was passing through the U-tube and then entering the reactor. The amount 

of CuO was adjusted so the produced water was in excess of the dosed metallic Cs.

Fig. S5 (a) Comparison of ammonia synthesis rate after two cycles of in situ Cs doing and H2O 

dosing over the same Ru/C. (b) Changes of produced ammonia concentration over an in situ Cs 

promoted Ru/C before and after introducing small amount of water into the reactants stream.

A freshly loaded Ru/C was in situ dosed with metallic Cs vapor to reach its maximum activity. 

Then, a small amount water was dosed into the reactor and the produced ammonia concentration 

was monitored. The ammonia synthesis activity was dropped after the injection of water into the 

reactor and started to after a few hours until it reached a fairly stable level. However, the activity 

after water dosing could not reach to same level as before. The water-dosed catalyst was then re-

dosed with fresh metallic Cs. Interestingly, the H2O dosed catalyst from the first cycle was able to 

gain high activity (close to the values after first Cs-dosing) by re-dosing fresh Cs vapor over the 

second Cs dosing cycle (Fig. S4a).  Fig. S4b shows the changes in ammonia concentration before 

(experiment time: 112-125 h) and after (experiment time: 138-145 h) the second water dosing step 

(experiment time: 125-138 h). It is clear that the ammonia synthesis activity of a freshly promoted 

Ru/C with Cs vapor significantly decreases by introducing water to the catalyst.
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Fig. S6 Performance of Ru/C_inCs H2O dosed catalyst in presence of H2O for several hours 

(continuation after 2nd H2O dosing step in effect of water experiment).
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Fig. S7 Comparing the performance of in situ Cs promoted Ru/C catalyst when Cs dosing was 

done in different gas stream (in Ar and in N2+H2 mixture).
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Fig. S8 The side and top views of the Ru( ) surface (a-b) and the B5-sites(c-d). Green 101̅5

spheres represent Ru atoms. The Ru atoms on the B5-sites are labeled in grey.
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Fig. S9 The phase diagrams of Cs promoted Ru in equilibrium with its oxides, hydroxides and, 

hydrides, amides and nitrides under reaction conditions as a function of temperature (panels a, b, 

and c) and H2O pressure (panels d, e, and f). Three different N2 conversion values were used in 

these calculations: 2% (panels a and d), 5% (panels b and e), and 10% (panels c and f). 
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Fig. S10 The calculated N2 dissociation energies (∆ETS, labeled in blue number below the 

configurations) on pristine Ru(a), Cs* doped Ru (b, e), (Cs-O)* doped Ru(c, f) and (Cs-OH)* 

doped Ru(d, g). Green, purple, red, yellow, and blue spheres represent Ru, Cs, O, H, and N atoms. 

The Ru atoms on the B5-sites are labeled in grey.
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Fig. S11 Phase diagram of H* and NHx*(x=0, 1, 2) adsorption energies on (a) Ru, (b) ¼ Cs/Ru 

and (c) ½ Cs/Ru surfaces at T = 613 K, P = 10 bar, H2:N2=3:1. 
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Table S5 Differential electronic (∆EH) and free (∆GH) binding energies of H* on the Ru, ¼ Cs/Ru 

and ½ Cs/Ru surfaces at T = 613 K, PH2 = 7.15 bar.
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Table S6 Calculated electronic energies and free energies for N2 dissociation on pristine Ru, ¼ 

Cs/Ru and ½ Cs/Ru surface at T = 613 K, PH2 = 7.15 bar, PN2 = 2.375 bar (N2 conversion = 5%). 

The topmost images depict the configuration of N-N* transition states on pristine Ru (a), H* 

covered ¼ Cs/Ru (b) and H* covered ½ Cs/Ru surface. Green, purple, blue and white spheres 

represent Ru, Cs, N, and H, respectively. The Ru atoms on the B5-sites are labeled in grey. Hup 

and Hlow mean the removed H atoms on step sites and lower step sites, respectively.
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Fig. S12 Calculated apparent barriers and rates on ¼ Cs/Ru and ½Cs/Ru by kinetic analysis. 

Reactions are Ptotal = 10bar, H2:N2=3:1 and the N2 conversion is 2%.
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Fig. S13 Details of Time-of-Flight Mass Spectrometer (ToF-MS) spectra at mass 17 and 18. The 

high mass resolution of ToF-MS allows us to distinguish between species that have very close 

masses (such as OH and NH3, or H2O and 15NH3). 
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XRD

The collected XRD patterns of in situ and ex situ promoted catalysts were analyzed using 

HighScore Plus and reference pattern from Inorganic Crystal Structure Database (ICSD). Both in 

situ and prompted catalysts were matched with cesium hydrogen carbonate (CsHCO3) reference 

patterns. This is most probably due to the reaction of metallic Cs on the samples with H2O and 

CO2 in the ambient air to form CsHCO3.

Cs + H2O  CsOH + ½ H2;

2CsOH + CO2  Cs2CO3 + H2O;

 Cs2CO3 + CO2 + H2O  2CsHCO3. 

Fig. S14 XRD patterns of in situ and ex situ promoted catalysts.
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XPS analysis

XPS spectra of the un-promoted and in situ promoted Ru/C catalysts were collected (details in 

Methods section). The in situ promoted XPS samples were prepared in two different environments: 

in ambient air and in Ar glovebox (named as in air and in glovebox, respectively). The un-

promoted sample was prepared in ambient air (named as Fresh). The in air prepared samples were 

transferred to the Ar glovebox after being pre-heated. All the samples were transferred to the XPS 

chamber with a UHV compatible transfer arm to avoid any exposure to ambient air while being 

transferred. The XPS spectra were collected for all samples (Layer 0), then the samples were 

sputtered using an Ar-sputter gun for four times and after each sputtering XPS spectra were 

collected (Layers 1-4). 

Fig. S15 shows the survey scans for all three samples (layer 0). The spectra of the in situ promoted 

samples are dominated by Cs features. Fig. S16-17 present the detailed scans of carbon, ruthenium, 

cesium, and oxygen. The Ru features (Ru3d and Ru3p) were observed for of all three samples. For 

the Ru(10%)/C Fresh and Ru(10%)/C_inCs in air samples the Ru peaks shifted to smaller binding 

energies (towards smaller oxidation state) after the first sputtering, which is most probably due to 

the known reduction effect of Ar-sputtering. The sputtered layers are well aligned and no shift was 

observed from layer 1 to 4. The similar effect was seen for the Cs features of the promoted samples. 

The Cs peaks are shifted to higher binding energies after sputtering which indicates that they were 

reduced because of the Ar-sputtering. 

The carbon peak of Ru(10%)/C Fresh and Ru(10%)/C_inCs in air samples are fairly similar to 

each other (around 284.5 eV), while the Ru(10%)/C_inCs in glovebox sample has two peaks for 

carbon. The extra carbon peak of Ru(10%)/C_inCs in glovebox sample can be assigned to 

carbonate species. The formation of carbonate species on reactive metals such as Cs is anticipated 

in our glovebox atmosphere and we have seen the same effect on Li foils using the same transfer 

technique. Unfortunately, this shows that even avoiding air exposure and using inert atmospheres 

(such as Ar) is not enough to evaluate and understand the actual oxidation states of our catalysts 

during the reaction (an ideal system would be a high pressure reactor with the possibility of direct 

transfer of the sample to a UHV chamber for surface characterization such as XPS). However, we 

could still see that the sample transferred in air has a higher oxidation state for Cs compared to the 

transferred in Ar (see Fig S.19 b and c).
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Two sets of XPS measurements were done for the Ru/C_exCs (Cs/Ru=10): before and after 

reaction testing. The after-reaction sample was first unloaded from the reactor in an Ar glovebox, 

then both before and after samples were prepared in the glovebox. Both samples were transferred 

to the XPS instrument in air. The XPS spectra of these two samples are fairly similar to each other 

and the in situ samples (especially the in air prepared one), this can be most probably due to the 

highly reactive nature of the samples which are easily oxidized outside the reactor. 
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Fig. S15 Survey XPS spectra of (a) Ru(10%)/C fresh, (b) Ru(10%)/C_inCs prepared in ambient 
air, and (c) Ru(10%)/C_inCs prepared in Ar glovebox. 
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Fig. S16 Detailed XPS spectra of the Ru(10%)/C fresh.
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Fig. S17 Detailed XPS spectra of the Ru(10%)/C_inCs prepared in ambient air.
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Fig. S18 Detailed XPS spectra of the Ru(10%)/C_inCs prepared in Ar glovebox.
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Fig. S19 Stacked detailed XPS spectra of Ru(10%)/C fresh, Ru(10%)/C_inCs prepared in 
ambient air, and Ru(10%)/C_inCs prepared in Ar glovebox.
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Fig. S20 Survey XPS spectra of (a) Ru/C_exCs (Cs/Ru=10) before, (b) Ru/C_exCs (Cs/Ru=10) 
before after the reaction testing.
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Fig. S21 Detailed XPS spectra of the Ru/C_exCs (Cs/Ru=10) before reaction testing.
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Fig. S22 Detailed XPS spectra of the Ru/C_exCs (Cs/Ru=10) after reaction testing.
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Fig. S23 Stacked detailed XPS spectra of Ru/C_exCs (Cs/Ru=10) before and after reaction 
testing.
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