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Overview
Goal: Distributed green ammonia production

A Approach: Catalytic membrane reactors

A Focus on YSZ motivated by success for ammonia decomposition

A YSZ never investigated

A ZrO,, rare earth oxides have been effective supports

YSZ supported Ru catalyst
A Catalyst preparation and characterization
A Baseline YSZ support vs. Al,O,
A Understand effect of promoters (Cs / Ba / K)
A Characterize performance as a f(T, P, H,/N,)
A Develop and validate microkinetic model for design/scale up
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Ammonia & Climate Change
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Graphs from left to right: [1] Sustainable Ammonia Synthesisi Exploring the scientific challenges associated with discovering alternative,
sustainable processes for ammonia production; US DOE Office of Science: 2016. 3
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Fallacy: Haber -Bosch is inefficient
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State -of -the-Art: ~28 GJ/ton NH

SMR H2: 8 GJ/ton

NH3 19 GJ/ton Haber-Bosch:1.5 GJ/ton

A Losses / costs / CO, primarily associated with hydrogen production
A Haber-Bosch CapEx intensive, does not scale down
A Renewable H, highly distributed

Klerke, A.; Christensen, C. H.; Ngrskov, J. K.; Vegge, T., Ammonia for hydrogen storage:
challenges and opportunities. Journal of Materials Chemistry 18 , 2304 (2008). 4




Fallacy: Haber -Bosch is inefficient
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State -of -the-Art: ~28 GJ/ton NH

Opportunity for Scalable Production

A Produced @ $150/ton
A Costs: ~$450/ton
A Difference shipping

SMR H2: 8 GJ/ton

NH3 19 GJ/ton Haber-Bosch:1.5 GJ/ton

_osses / costs / CO, primarily associated with hydrogen production
Haber-Bosch CapEx intensive, does not scale down
Renewable H, highly distributed

Klerke, A.; Christensen, C. H.; Nagrskov, J. K.; Vegge, T., Ammonia for hydrogen storage:

challenges and opportunities. Journal of Materials Chemistry 18 , 2304 (2008).



ARPA -E Concept
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AVision: Develop catalytic membrane reactor (CMR) technology for both
efficient hydrogen delivery and distributed production of ammonia
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Efficient H , Generation from NH ,
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Z. Zhang, S. Liguori, T. F. Fuerst, J. D. Way and C. A. Wolden, "Efficient ammonia
decomposition in a catalytic membrane reactor to enable hydrogen storage and utilization”, o
ACS Sustainable Chemistry & Engineering 7, 5975 (2019).
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Earth A Energy A Environment Colorado School of Mines
~ CMR e 100- A - n__ 7
—— % AT . £ 30
Catalyst I'mpAr‘egnated § . E e
y ) g
60 —
— ® © 20-
. g 40 1 %15-.
AT < 450 K: é . ) ——-Equilibrium E m_’
§ 207 ; 3 E | AL . ° ar © “C 3 bar
A >99% conversion =] A Cowom]| o] {:f sl EE%EEE . gggggg
A Exceeds equilibrium TR e Gl
Temperature (°C) 0 200 400 600 800
AH|gh pUI’Ity HZ: >995% éé , b éé}ég b NH, Flowrate {sccm)
o 3 r :k A PNH3 0 PN2 O l,l(fIU)
A Productivity >0.1 g/h/cm f%ﬁg B k., &, 2 =Far FWJI
A Reduced catalyst loading 10X o He y
: ‘ w T DD 8C) =n
A Developed/validated 2D Model P RY: QU (D;EC) = CNHs

Z. Zhang, S. Liguori, T. F. Fuerst, J. D. Way and C. A. Wolden, "Efficient ammonia
decomposition in a catalytic membrane reactor to enable hydrogen storage and utilization”, o
ACS Sustainable Chemistry & Engineering 7, 5975 (2019).



Catalyst Preparation & Characterization

Environment
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A YSZ (Praxair) support: low

specific surface area 2.24 m?/g

A Ru loading: 0.4 7 1.0 wt%

A Good dispersion (3-10 nm)
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Impact of Support & Promoters
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AYSZ ~4X > Al,O, 20

A Promoters increase
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