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Solar thermochemical NH3 synthesis (STAS) 

Reduction/oxidation of 
metal oxide/metal nitride 

pair driven by concentrated 
solar radiation 

AlN/Al2O3 the first 
proposed redox pair 

Galvez et al., Ind. Eng. Chem. Res. 2007  Michalsky and Pfromm, AIChE Journal, 2011  



3	

AlN/Al2O3 not the ideal redox pair 

Reduction of Al2O3 
requires C(s) 

Data from FactSage Bartel et al., ACS App. Mater. Interfaces 2016 

Kinetics of hydrolysis 
are challenging 
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Identifying viable pairs (MN/MO) 

What makes a good pair (based on thermo)? 
•  Rxns are spontaneous and high yield 
•  MN and MO are thermodynamically stable 

Michalsky and Pfromm, AIChE Journal, 2011  



5	

Identifying viable pairs (MN/MO)	

What makes a good pair? 
•  Rxns are spontaneous and high yield 
•  MN and MO are thermodynamically stable ΔGf(T)	

ΔGrxn(T)	<	0	 ΔGd(T)	<	0	



6	

Acquiring Gibbs formation energies  

Experimental data is 
incomplete (and difficult) 

Chase et al., 1998 

Calculation data is 
incomplete (and difficult) 

phonondb 

~100s of calculated G(T) 

phonondb.mtl.kyoto 

~100s of experimental ΔGf(T) 
(~20 MN) 
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Acquiring Gibbs formation energies  

Experimental data is 
incomplete (and difficult) 

Chase et al., 1998 

Calculation data is 
incomplete (and difficult) 

phonondb 

~100s of calculated G(T) 

phonondb.mtl.kyoto 

Machine learning to connect DFT 
materials databases with ΔGf 

~100s of experimental ΔGf(T) 
(~20 MN) 



8	

Some evidence that ML model works 

ML model performs similarly 
on training and test sets 

ML model captures reaction 
energetics well 

Bartel et al., Submitted 
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Some evidence that ML model works 

Complex thermodynamic 
equilibrium well predicted 

Mo2N 

H2O 

1 atm 

Bartel et al., Submitted 
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Identifying viable pairs (MN/MO)	

What makes a good pair? 
•  Rxns are spontaneous and high yield 
•  MN and MO are thermodynamically stable ΔGf(T)	

ΔGrxn(T)	<	0	 ΔGd(T)	<	0	

ΔH	+	ML	→	ΔG		
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Viability of pairs for NH3
 generation 

1.5H2O	→	NH3	

MN → MO must 
make up difference  
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Viability of pairs for NH3
 generation 

Plenty of pairs viable for the 
hydrolysis step 
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Viability of pairs for NH3
 generation 

MN more stable 

MO more stable 
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Viability of pairs for NH3
 generation 

MN more stable 

MO more stable In general, MO more 
stable than MN 

vs 
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Viability of pairs for MO reduction by H2 

Many weakly stable MO’s 
are reducible at 1600 K 
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Viability of pairs for N fixation 

ΔGf,MN	<	0	

Many metals 
can reduce N2 
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But what about the full cycle? 

Correlated stability of MN/
MO limits viability 
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But what about the full cycle? 

Correlated stability of MN/
MO limits viability 
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What about going beyond reaction energetics? 

Mo2N 

H2O 

1 atm 

Implicitly considers 
stability in addition to 

reaction energetics 
Bartel et al., Submitted 
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Benchmarking equilibrium analysis 

Cr 
•  Cr + N2 → Cr2N shown at 1000°C 
•  Cr2N + H2O → Cr2O3 shown at 1000°C 
•  Cr2O3 + H2 → Cr failed at 1600°C 

Michalsky et al., Solar Energy 2011 
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Cr 
•  Cr + N2 → Cr2N shown at 1000°C 
•  Cr2N + H2O → Cr2O3 shown at 1000°C 
•  Cr2O3 + H2 → Cr failed at 1600°C 

Michalsky et al., Solar Energy 2011 

Mix of CrN/Cr2N 
predicted and observed 

Texp 
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Benchmarking equilibrium analysis 

Cr 
•  Cr + N2 → Cr2N shown at 1000°C 
•  Cr2N + H2O → Cr2O3 shown at 1000°C 
•  Cr2O3 + H2 → Cr failed at 1600°C 

Michalsky et al., Solar Energy 2011 

Nitride corrosion 
predicted and observed 
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Benchmarking equilibrium analysis 

Cr 
•  Cr + N2 → Cr2N shown at 1000°C 
•  Cr2N + H2O → Cr2O3 shown at 1000°C 
•  Cr2O3 + H2 → Cr failed at 1600°C 

Michalsky et al., Solar Energy 2011 

Minimal reduction yield 
predicted and observed 

Texp 
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Systematic thermodynamic screening of MN/MO 

ü  STAS limited by correlated MO/MN stability 
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Systematic thermodynamic screening of MN/MO 

QUESTIONS? 

ü  STAS limited by correlated MO/MN stability 

ü Nature of the redox cycle leads to  
    volcano-like dependence upon ΔG 

ü Machine-learned eq analysis  
    compares well with experiment 


