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Figure S1. TEM micrographs of the supports (L) Ru-BZEr20, and (R) Ru-BZY20. 

 

X-ray Diffraction  

Figure S2. Pawley fitting of pristine BZY20 as an example of a typical fitting (Rwp = 11.3). 
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Figure S3. Lattice parameters yielded by Pawley refinement of laboratory-source XRD patterns of the 
pristine and ruthenium-loaded support materials. Standard deviation expressed as error bars.  

 

  



S4 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S4. Histograms of ruthenium particle size measurements taken from 50 measurements across multiple 
micrographs for each sample. 
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Figure S5. The rates of ammonia synthesis of the four rare-earth-doped BZ samples have no direct correlation with 
(a) bulk proton conductivity, (b) ruthenium nanoparticle size, (c) proton transport activation energy, (d) lattice 
parameter. However, there appears to be better correlation with their proton concentration. Non-rate data in (a), (c), 
and (e) from ref. 1. 

Proton conductivity can be in functions of many factors such as sample crystallinity, grain 
boundaries, and more importantly oxygen vacancies and trapped sites etc. As seen from Fig. S5 that there 
is a good correlation of rate of ammonia production to their proton concentration per unit cell where Y 
shows the highest value.  

a 

e 



S6 
 

 

 

Figure S6. Comparison of (a) RuBZY20 over 34 hours, and (b) Cs-RuBZY20 over 24 hours. 

 

Figure S7. Conversion of feedstock against temperature. Error bars represent standard deviation from at least three 
rate measurements. Conversion at thermal equilibrium and 20% equlibrium calculated using FactSage software. All 
experiments carried out with 0.1 g catalyst, 3:1 H2:N2, GHSV = 12,400 h-1. 

 

The rates of reaction observed at or beyond 450°C are considered to be limited by back-reaction. 

It is important to acknowledge that these measurements are still valid observations. It is true that 

unexpectedly low hydrogen-orders at temperatures approaching equilibrium could be attributed to 

‘equilibrium-limiting hydrogen-poisoning’; however, only high orders are observed. So, it is acknowledged 
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that at high temperatures the observed rate of reaction will be being significantly repressed by backward 

reaction, resulting in a minimum activity that is some fraction of the non-equilibrium limited activity.  

 

 

 

Figure S8. Kinetic analysis of Cs-RuBZY catalysts at (a) 425°C and (b) 450°C.  
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Comparison to literature performance 

Catalyst Ru 
wt. % 

Temperature 
/ ºC 

WHSV /mL 
h-1 g-1 

Rate /µmol 
g-1 h-1 

Rate /mol 
molRu-1 h-1 Reference 

Cs-Ru/BZY10 10 360 120,000 14,100 14.2 This work 

Cs-Ru/BZY20 10 375 120,000 22,900 23.1 This work 

Cs-Ru/BZY20 10 400 120,000 37,400 37.8 This work 

Ru/C12A7:e- 1.2 400 18,000 8200 69.1 Kitano et al. 
2012 

Ru-Ba/AC 9.1 400 18,000 8300 9.2 Kitano et al. 
2012 

Ru-Cs/MgO 6.0 400 18,000 12,100 20.4 Kitano et al. 
2012 

Ru/BaZrO3(a) 4 375 (10,000 h-1) 10,200 25.8 Wang et al. 
2013 

Ru/BaZrO3(a) 4 400 (10,000 h-1) 15,300 38.7 Wang et al. 
2013 

Ru/Pr2O3 5 400 18,000 19,000 38.4 Sato et al. 
2016 

Co-LiH - 350 60,000 11,500 - Wang et al. 
2017 

Fe-LiH - 350 60,000 10,800 - Wang et al. 
2017 

Ru/BZY10 2 400 36,000 4,000 20.2 Shimoda et al. 
2017 

Ru/La0.5Ce0.5O1.75(b) 5 400 72,000 65,000 131.4 Ogura et al. 
2018 

Ru/La0.5Ce0.5O1.75(b) 5 350 72,000 32,000 64.7 Ogura et al. 
2018 

Ru/Ba-Ca(NH2)2 10 360 36,000 60,000 60.6 Kitano et al. 
2018 

Ru/CeO2 10 400 60,000 18,000 18.2 Lin et al. 2018 

Cs−Ru/MgO(111) 3.7 400 72,000 34,300 93.7 Wu et al. 2020 

Table S1. Test conditions and ammonia synthesis rates of literature, and investigated catalysts. Literature data taken 
from references 2–10 All literature rates are from tests recorded at 3:1 H2:N2 and at 1.0 MPa, except (a) and (b) for 
which 3.0 MPa and 0.9 MPa were used, respectively. WHSV could not be determined for the Ru/BaZrO3 catalyst, so 
the reported GHSV is given instead.4 
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Further testing 

The low temperature catalysis of the most active catalyst Cs-RuBZY10 was tested. It is well-researched 

that the rate determining step of the HB process is the dissociative adsorption of dinitrogen, and would be 

expected to be verified by an activation energy ~100 kJ mol-1.11,12 However, between 280°C and 360°C, the 

reaction is shown to have an activation energy of 42 kJ mol-1 (Figure S7). This value is very low and is 

more similar to diffusion activated reactions. The value fully agrees with the activation energy found by 

thermal desorption spectroscopy for the desorption of hydrogen from a loosely bound state that is associated 

with high overage of hydrogen (42 kJ mol-1)13. It is proposed that the electron donation from the hydrogen 

spill-over effect reduces the activation energy for the dissociation of dinitrogen so much that the rate-

determining step becomes the removal of poisonous hydrogen from the ruthenium surface. The value is 

also similar to DFT calculations of activation energy for the dinitrogen dissociation (35 kJ mol-1)14. This 

unexpectedly low value can again be explained by reduced activation energy due to hydrogen spill-over. 

An even lower activation energy analysis was found for Cs-RuBZY20 at high temperatures. 

 

 

Figure S9. Arrhenius plot from data recorded using Cs-RuBZY10 catalyst (left) and Cs-RuBZY20 catalyst (right) at 
pH2 = 7.5 bar, pN2 = 2.5 bar, 10 bar total pressure, 200 mL min-1 flow. 

 

As shown in the main manuscript, at the optimal temperature of 425°C, the highest average values of 

xH2 were yielded by BZY20, as well as interestingly not changing at 450°C. Both of these behaviours have 

been attributed to increased spill-over resulting in reduce hydrogen poisoning and increased strength of 
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binding. The catalyst was tested at additional temperatures down to 350°C. The data collected using 425°C 

and 450°C has been discussed in the main manuscript. For the 50°C below 425°C, the peak rate decreases 

steadily and xH2 values approach 0. This is in agreement with greater poisoning at lower temperatures12. In 

this range, an activation energy can be extracted to be 22.7 kJ mol-1 (pH2 = 7.5 bar).  
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Figure S10. Near-ambient pressure XPS of RuBZY, RuBZY10, RuBZY20, and RuBZY30. 
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Sample Element Composition (total) / 
%wt 

Composition (support) / 
%wt 

Calculated B-site 
occupancy / % 

RuBZ (pre) 
Ru 6.569 N/A  

Y 0.005 0.005  

RuBZY20 (pre) 
Ru 8.203 N/A  

Y 5.732 6.244 19.39 

RuBZY20  (post) 
Ru 9.974 N/A  

Y 5.896 6.549 20.06 
 

Table S2. Catalyst composition from ICP-OES analysis (Optima 8300DV). 

 
  Treatment Non-deuterated   Deuterated        
  Refinement model     No deuterium   Deuterium   

Phase   Material BZY20 RuBZY20 D-BZY20 D-RuBZY20 D-BZY20 D-RuBZY20 
  No. bkg. parameters 24  

BZY support Rexp / % 0.5782 0.6366 0.7018 0.6135 0.7015 0.6134 
  Rwp / % 3.8735 2.8981 4.6343 3.3552 4.5542 3.3078 
  Rp / % 2.5376 2.1157 3.1432 2.4649 3.1944 2.3635 
  GoF 6.6992 4.5526 6.6039 5.4685 6.4918 5.3930 
  Space group Pm-3m 
  Lattice parameter             
  a / Å 4.22585(7) 4.2229(1) 4.2340(1) 4.2304(1) 4.2341(1) 4.2304(1) 
  Volume / Å3 75.464(4) 75.307(6) 75.903(5) 75.710(7) 75.905(5) 75.709(6) 
  Phase density / g cm-3 5.93(4) 6.0878(5) 5.92(5) 6.0554(5) 5.81(4) 6.059(1) 
  Atomic positions             
  A site (Ba2+) (0, 0, 0) 
  B site (Zr4+/Y3+) (0.5, 0.5, 0.5) 
  O2- site (0.0, 0.5, 0.5) 
  D+ site N/A N/A (0, 0, 0.5) 
  Occupancy             
  Ba2+ 1.00(1) 1.00(1) 0.98(1) 
  Zr4+ 0.790(6) 0.775(6) 0.778(6) 
  Y3+ 0.190(5) 0.176(6) 0.151(6) 
  O2- 0.90(1) 1.00(1) 0.97(1) 
  D+ N/A N/A 0.037(13) 0.048(16) 
  beq (= 8 π2 × Uiso) /  Å2             
  A site (Ba2+) 1.01(6) 0.80(7) 0.87(8) 
  B site (Zr4+/Y3+) 1.48(7) 1.14(9) 1.2(1) 
  O2- site 1.83(5) 2.23(6) 2.27(8) 
  D+ site N/A N/A 20(7) 
                

Ruthenium metal Space group N/A P63/mmc N/A P63/mmc N/A P63/mmc 
  Lattice parameter             
  a / Å N/A 2.697(2) N/A 2.695(2) N/A 2.694(2) 
  c / Å N/A 4.289(8) N/A 4.307(8) N/A 4.310(7) 
  Volume / Å3 N/A 27.03(6) N/A 27.09(6) N/A 27.09(5) 
  Phase density / g cm-3 N/A 37.26(8) N/A 37.18(8) N/A 37.17(7) 
  Composition/ %wt. N/A 1.20(8) N/A 1.53(9) N/A 1.51(8) 
  Ru atomic position N/A (1/3, 2/3, 0.25) N/A (1/3, 2/3, 0.25) N/A (1/3, 2/3, 0.25) 
  Ru occupancy N/A 1 * N/A 1 * N/A 1 * 
  Ru beq /  Å2 N/A 1 * N/A 1 * N/A 1 * 

 

Table S3. Details for the Rietveld refinement of deuterated BZY20 and deuterated RuBZY20, with and without an 
interstitial deuterium site. Parameters fixed at unity denoted by *. 
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Mechanistic considerations 

We have previously studied the rate equation for ammonia synthesis by examining the reaction orders of N2 

over Ru on different supports, which show almost the same positive order (around 1 to 1.5) in the rate 

equation for ammonia synthesis over ruthenium catalysts as similar to typical literature value.10 The value 

indicates the dynamic adsorption of N2 is critically important in the rate-determining step (dissociative 

adsorption mechanism). It was found that the reaction order of H2 can be greatly altered from typical 

negative or zero order (H2 poisoned Ru) on inert supports to positive order (rate dependent on H2) if some 

hydrogen-trapped supports are used.  

In this paper, we have focussed on the correlation of the rate for ammonia production with the proton 

concentration (proton trap site) on the BYZ support with the H2 reaction order. First, we consider a Ru 

metal surface that could be under dynamic equilibrium with gaseous H2 (classical Langmuir–Hinshelwood) 

and the surface hydrogen traps on the support if slow may not be able to alter such process under steady-

state conditions. On the other hand, the kinetics for hydrogen adsorption on metal can still be altered 

provided that there is a faster but reversible hydrogen traps/storage on the support. Kitano et al. have 

recently studied the kinetics of nitrogen and hydrogen isotope exchange and hydrogen 

adsorption/desorption reactions over Ru/C12A7:e-.15 They concluded that the rate-determining step of 

ammonia synthesis involves rapid but reversible storage and release of hydrogen atoms on the Ru/C12A7:e- 

surface on the basis of observed hydrogen absorption/desorption kinetics.  

In addition, as shown from the Fig. 5, we doped Y into BZ which would increase the concentration of 

oxygen vacancies. However, we did not see the progressive linear relationship of rate versus doping 

(oxygen vacancies) concentration but was found to be optimum at 20% Y, afterwards declining. There 

appears to be no simple direct relationship between the oxygen vacancies of the support and the weakening 

of hydrogen adsorption on Ru. We also observed the effect of hydrogen trapping near Y by our neutron 

work. As a result, we adopted a similar view as Kitano et al., that the surface traps on the support can affect 

the adsorption kinetics of the overlying Ru. However, further proof is required in future through the careful 
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study of adsorption heat and saturation coverage of hydrogen, and temperature-programmed desorption 

measurements.  

Notice that there appears to be no initial rate or directional limitations as anticipated for homogeneous Ru 

sites on a single crystalline support surface. However, for polycrystalline powder catalysts with randomly 

distributed ruthenium, there are facets of the Ru metal crystallites and BYZ support that show different 

relative adsorption for H2 and N2. For example, hydrogen poisoning for more active Ru facets can be 

alleviated by conducting the H2 species to other facets with weaker adsorption for reversible H2 desorption 

via the support and its local proton conductivity. The H2 reservoir and the fast reversible H2 storage and 

dissociation from the BYZ perovskite will then help the overall H2 poisoning over the overlying Ru under 

dynamic conditions. In these catalytic investigations we particularly used continuous flow reactors, the 

dynamic equilibrium in which strong Ru active sites are made available to dinitrogen adsorption more often 

than without the proton reservoir can be obtained.   
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