


Nitricity produces distributed nitrogen fertilizer
using only air, vgag‘ter,/ and rengwable_electricity..
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Solar + Agriculture

India is pushing 31 GW of solar to help farmers
offset pumping and electrical needs

V Bloomberg NEF  Pproouct BLOG ~ ABOUT  SUMMITS CONTACT LOGIN SEARCH/| -

World's Largest Solarization of Agriculture Program
Blooms: Q&A

f v in 4

January 28, 2021

By Vandana Gombar, BloombergNEF. This article first appeared on
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Incumbent technology

N, + 3H, = 2NH,

Gas Purge

Water
Absorber

22%
NH3 [P

Heat Water -
H,+N, Exchangers _L Circulator
Compressor Q Separator
Condenser

Filter

Ammonia

Haber-Bosch:
4007, 200 atm

Pattabathula, Venkat, and Jim Richardson. “Introduction to
Ammonia Production.” Back to Basics, 2016, 7.



Incumbent technology - distribution

Vegetarian 14% N used
— a.
N2 + 3H2 < 2NH3 N Fertilizer N Fertilizer N N N N
Produced Applied in Crop Harvested inFood Consumed
Gas Purge ‘ ‘ t @ t t
Water 6 47 16 5 12
Absorber
22%
NH, . . o
Heat | Water - Carnlvorous 4 /0 N Used
H,+N, Exchangers _L Circulator
b.
Compressor 2 Separator N Fertilizer N Fertilizer N N N N
== Produced Applied in Crop in Feed in Store  Consumed
: Condenser
Filter Ammonia

OrOTOrOToye

Haber-Bosch:
4007, 200 atm

Galloway, James N., and Ellis B. Cowling. “Reactive Nitrogen and The
Pattabathula, Venkat, and Jim Richardson. “Introduction to World: 200 Years of Change.” AMBIO 31, no. 2 (March 2002): 64-71.

Ammonia Production.” Back to Basics, 2016, 7.



Incumbent technology - distribution

N2 +3 H2 = 2N H3 © N Fertiizer N Fertilizer N N N N

Produced Applied in Crop Harvested inFood Consumed

Gas Purge

Water

Absorber

Heat
H,+N Exchangers

Compressor

Filter

Haber-Bosch:
4007, 200 atm

Galloway, James N., and Ellis B. Cowling. “Reactive Nitrogen and The
Pattabathula, Venkat, and Jim Richardson. “Introduction to World: 200 Years of Change.” AMBIO 31, no. 2 (March 2002): 64-71.

Ammonia Production.” Back to Basics, 2016, 7.



N,O emissions

Organic matter inputs
(manure, crop and
cover crop residue)

N,O emitted from microbial
activity in both ammonia
oxidation (nitrification) and
nitrate reduction (denitrification)

Nitrate-based
fertilizer inputs

Atmosphere

Ammonium-
based
fertilizer
inputs

Excess N increases emissions

NH,t — NO,” ~—r NO;
\ |

e #

PRS-y

NO; — NO; —» NO—> N0 :
e processes Low oxygen increases

Senltriicaton N et denitrification

occur mainly in

Increasing soil moisture and microbial activity* / decreasing soil oxygen

the topsoil.
High frequency application has
CALIFORNIA AGRICULTURE « VOLUME 71, NUMBER 3 been shown to reduce NZO
A Appendix https://www.sciencedirect.com/science/article/abs/pii/S01678809163039547

via%3Dihub, Scientific RepoRts | 6:30349 | DOI: 10.1038/srep30349


https://www.sciencedirect.com/science/article/abs/pii/S0167880916303954?via%3Dihub

Problems that require breakthrough solutions

Production Distribution Application
1.4% of global CO, 0.07% of global CO, 6.1% of global CO,eq

Centralized, Farmers pay Ineffective nutrient
extreme CapEx 3x-5x gate cost management

A 14



Problems that require breakthrough solutions

Production Distribution Application
1.4% of global CO, 0.07% of global CO, 6.1% of global CO,eq

Centralized, Farmers pay Ineffective nutrient
extreme CapEx 3x-5x gate cost management

1 Highs/acre ———————




Potential for Electrification

approach Cell Faradaic | kWh/kg
potenti | effecien NH,
al [V] cy

Haber-bosch + NA NA 18.3

water splitting’

Electrochemical 1.23 100 6.9

limit

Low FE 1.23 1 690

electrochemical

High 4 100 22.4

overpotential

1Cussler, Edward et. al. “Ammonia Synthesis at Low Pressure.” JoVE no. 126

(August 23, 2017): e55691.




Electrochemistry — a possible distributed competitor

N, + 6H" + 6e" = 2NH,
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Electrochemistry — a possible distributed competitor
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Basic Definitions

Faradaic Efficiency =

Charge to NH3

Total Charge

N, + 6H" + 6e" = 2NH,

(V)
N

2NH,

R\< 3/2 0, + 6H* 6e’
3 H,0

N, + 6H*

anode cathode



The Voltage Determines the Driving Force

N, + 6H" + 6e" = 2NH,

Charge to NH3

()
Total Charge Vv
\_/

Faradaic Efficiency =

Hydrogen
Evolution Oxygen _ 2NH,
Reaction Evolution b + .
(pH=1) Reaction R 3/20, +6H ©
(HER) (OER) /

I I > 3 H,0

0 193 Volts [J/C] N, + 6H*

anode cathode



The Voltage Determines the Driving Force

N, + 6H" + 6e" = 2NH,

Charge to NH3

Faradaic Efficiency = Total Charge @
Nitrogen
Reduction 6o 2N,
(N2RR) |~ 320, 6
0.09 v. HER
oFR C %
HER | - 4o

Volts [J/C +
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The Voltage Determines the Driving Force

N, + 6H" + 6e" = 2NH,

Charge to NH3

Faradaic Efficiency =—— Charge C )
\_/
2NH,
6e
N2RR \ 3/20, +6H* 6e’
HER OER < /
I I I > 3H,0
0 193 Volts [J/C] N, + 6H*

anode cathode



Simplified Mechanism of Ammonia Synthesis

NH,

H* H NH,
N +2H" + 2e +3H* + 3e

N=N \ —_— I —_— —_—
N N

e

Singh, Aayush R., Brian A. Rohr, Michael J. Statt, Jay A. Schwalbe, Matteo Cargnello, and Jens K.
Narskov. “Strategies toward Selective Electrochemical Ammonia Synthesis.” ACS Catalysis, July 29,
2019, 8316-24.



Simplified Version of the Energetic Landscape

» Energy
H* More Negative Voltage j

Y

+3H"+3e

H
N
J \ !
'I\l +2H* +2e

Potential Applied

Limitin

Singh, Aayush R., Brian A. Rohr, Michael J. Statt, Jay A. Schwalbe, Matteo Cargnello, and Jens K.
Noarskov. “Strategies toward Selective Electrochemical Ammonia Synthesis.” ACS Catalysis, July 29,
2019, 8316-24.



The Hydrogen evolution reaction presents a fundamental
challenge

(A) Transition Metal (TM) Terraces

0.0 i e
Eail er R“-fl"ﬁt" S,
ool i
° HER

Fe
Reg A
—0.51 ,VE“‘M

Limiting Potential (Up) [V vs. RHE]

_15 4
Nitrogen
—-2.0 .
Reduction
cu
—-2.5 T T T T
-3 -2 -1 0 1 2

Nitrogen Binding Energy (AGy) [eV]

Singh, Aayush R., Brian A. Rohr, Michael J. Statt, Jay A. Schwalbe, Matteo Cargnello, and Jens K.
Noarskov. “Strategies toward Selective Electrochemical Ammonia Synthesis.” ACS Catalysis, July 29,
2019, 8316-24.



DFT Gives us a Starting Point

(A) Transition Metal (TM) Terraces

0.01

T H* N,

Fe_ o~ .
Re i ..C Ni
~0.51 Wt~ eo HER

Limiting Potential (Up) [V vs. RHE]
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_15 4
Nitrogen
—2.01 .
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cu
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Singh, Aayush R., Brian A. Rohr, Michael J. Statt, Jay A. Schwalbe, Matteo Cargnello, and Jens K.
Noarskov. “Strategies toward Selective Electrochemical Ammonia Synthesis.” ACS Catalysis, July 29,
2019, 8316-24.



DFT Gives us a Starting Point

(A) Transition Metal (TM) Terraces

— 0.0 PLm~o +
= Ru.jll.,l;‘io o~ | H N
= Re, [Ce-85, *Ni 2
g 051 Wee ™ ) HER
2,
=
2 -1.01
@
)
=
L 15
o
o
E Nitrogen
£ 2.0 .
£ Reduction
-25 cu
) - -1 0 1 2 -
Nitrogen Binding Energy (AGy) [eV] e

Singh, Aayush R., Brian A. Rohr, Michael J. Statt, Jay A. Schwalbe, Matteo Cargnello, and Jens K.
Noarskov. “Strategies toward Selective Electrochemical Ammonia Synthesis.” ACS Catalysis, July 29,
2019, 8316-24.



Even the Most Exciting Cases Don’t Work in Water

FE<1% - Not Statistically Significant

0.03

absorbance
o
o
=

-0.01

N2RR

conditions

Negative control

350

Wavelength [nm]

Jay Schwalbe, unpublished data
Andersen et. al. nature 1,2019
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Model Development

~ ~ ~ ~ +
Ty = kyOpCy+Co— = kyCy+C,- H

Singh, Aayush R., Brian A. Rohr, Michael J. Statt, Jay A. Schwalbe, Matteo Cargnello, and Jens K.
Noarskov. “Strategies toward Selective Electrochemical Ammonia Synthesis.” ACS Catalysis, July 29,
2019, 8316-24.



Model Development

~ ~ ~ ~ +
'T}{ — lC}{f?}{(jfii'C:eﬂ— = ﬁ(}{(j}{i‘(:ef‘ +1 quz
T = knOnefén} Ce-

—_ I(IV(iAIZ ~ ﬁgliiszZ
N2 ™ 14Kyéy+Ce-+KnCn, K45_H]lée—

Singh, Aayush R., Brian A. Rohr, Michael J. Statt, Jay A. Schwalbe, Matteo Cargnello, and Jens K.
Noarskov. “Strategies toward Selective Electrochemical Ammonia Synthesis.” ACS Catalysis, July 29,
2019, 8316-24.



Model Development

T}{ — lC}If?}{i?}{ﬁ'é&;" = l(}lé?}{i‘é?e"
TN — kNHNng*'&e_ = kN

v kn KN Cn,

Ty kH KH CH+C6

Water has too many protons!

o H T
. N, H
H+ H H* H*

HHH HH H
|

| |
Catalyst Surface

e-

Singh, Aayush R., Brian A. Rohr, Michael J. Statt, Jay A. Schwalbe, Matteo Cargnello, and Jens K.
Narskov. “Strategies toward Selective Electrochemical Ammonia Synthesis.” ACS Catalysis, July 29,

2019, 8316-24.



Proposed Strategies

4 P =
Fo =N
~ o~ ~ o~ “ 0o
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K b, e AA
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Y NUN,Ch+Ce= = Ny CN, [ 5,
H s
oo
k K \\Ele tron
n N BN CN, g v L
— : & & cou %
TH kH KH CH"'Ce | & :

Singh, Aayush R., Brian A. Rohr, Michael J. Statt, Jay A. Schwalbe, Matteo Cargnello, and Jens K.
Narskov. “Strategies toward Selective Electrochemical Ammonia Synthesis.” ACS Catalysis, July 29,
2019, 8316-24.



Proposed Strategies

rH — kH9H6H+6e— = kH6H+6e_

Ky
TN —_— kNHN CH+C€ = kNK_CNZ
H

v kn KN Cn,

Ty kH KH CH"'Ce

Singh, Aayush R., Brian A. Rohr, Michael J. Statt, Jay A. Schwalbe, Matteo Cargnello, and Jens K.
Noarskov. “Strategies toward Selective Electrochemical Ammonia Synthesis.” ACS Catalysis, July 29,

2019, 8316-24.
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Experimental Measurements of Ammonia
Synthesis



Ammonia rates are observed to be low
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“A Physical Catalyst for the Electrolysis of Nitrogen to
Ammonia.” Science Advances 4, no. 4 (April 2018):
e1700336.

“Ammonia Electrosynthesis with High Selectivity
under Ambient Conditions via a Li+ Incorporation
Strategy.” Journal of the American Chemical
Society 139, no. 29 (July 26, 2017): 9771-74.

“Electro-Synthesis of Ammonia from Nitrogen at
Ambient Temperature and Pressure in lonic
Liquids.” Energy & Environmental Science 10, no.
12 (2017): 2516-20.

“Electrochemical Synthesis of Ammonia from
Water and Nitrogen in Ethylenediamine under
Ambient Temperature and Pressure.” J.
Electrochem. Soc. 163 (2016).
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Ammonia rates are observed to be low
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Low enough to be in the range of common contamination
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Detect ammonia
with N, supplied

Eliminate sources
of contamination

Amount greater
than with Argon or
no Current?

Verify with purified
15N, experiment

42



Ammonia detection is possible with a number of techniques -

Colorimetric

(1) NH; + OCI~ ————3 NHCI

OH 0]

(2) @ + NHCI _
OH
(3) @ + ¢ -
0 QD:
N | Yellow Blue

W = == A, |

OuM 55 pM 165 uM
Searle, Phillip L. “The Berthelot or Indophenol Reaction and Its Use in the
Analytical Chemistry of Nitrogen. A Review.” Analyst 109, no. 5 (January 1,
1984): 549-68.
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Ammonia detection is possible with a number of technigues -

Colorimetric - S
(1 NH; +0Cl~ ——————  NHCI 0.08 | 3.0
] ©
o O 25
C 006} 4 E
d i 3 ~
— NH3 © 2.0
(@) B
(2) + NHC @&—— o & 004 D
‘ ol o s
©
0.02 | Lo

0.00 1 1 0.5
OH 400 500 600 700 800
JoR Q -
0 Q)
‘)_ 1 { Yellow Blue

“.—-»‘ = |a\

OuM 55 pM 165 uM
Searle, Phillip L. “The Berthelot or Indophenol Reaction and Its Use in the

Analytical Chemistry of Nitrogen. A Review.” Analyst 109, no. 5 (January 1, 44
1984): 549-68. Thanks, Chenshuang Zhoul!



Ammonia detection is possible with a number of techniques -

Colorimetric

(1) NH; + OCI~ ————3 NHCI

OH

(2) @ + NHCI e —

& & 0. @
007

s UL )

OuM 55 pM 165 pM

Searle, Phillip L. “The Berthelot or Indophenol Reaction and Its Use in the
Analytical Chemistry of Nitrogen. A Review.” Analyst 109, no. 5 (January 1,

1984): 549-68.
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Ammonia detection is possible with a number of techniques - NMR

— 300 uM 65 :
— 200 uM 5.5 i J }
— 100 uM 4.5 R ’ :
35
15
W"\'*\'J""“"’l"‘xv'ﬁ',""ﬁﬂ‘“' “,,&,QMM YW > selective excitation

0.5 of ammonia
1.5

7.18 7.14 7.10 7.06 7.02f 6.98 6.94 6.90 6.86 6.82 6.78 6.74
1
(ppm) Nielander, Adam C., Joshua M. McEnaney, Jay A. Schwalbe, et al. ACS
Catalysis 9, no. 7(July5 2019): 5797-5802.



Ammonia detection is possible with a number of techniques - NMR

— 300 uM
— 200 uM
— 100 uM
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0.5 of ammonia

Selective excitation

Solvent not

1.5

7.18 7.14 7.10 7.06 7.02 6.98 6.94 6.90 6.86 6.82 6.78 6.74
Nielander, Adam C., Joshua M. McEnaney, Jay A. Schwalbe, et al. ACS

f1 (ppm)

strongly detected

Catalysis 9, no. 7(July5 2019): 5797-5802.



Detect ammonia

with N, supplied

Amount greater
than with Argon or
no Current?
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Schematic of Electrochemical Experiment

Voltage Supply

_®_ Gas Supply

=/

Electrolyte:

THF, 0.1M LiClO,,
1 v% Ethanol

Mo cathode



Schematic of Electrochemical Experiment

Voltage Supply

S

=/

Electrolyte:

THF, 0.1M LiClO,,
1 v% Ethanol

Mo cathode

80

Gas Supply

(%2}
(=]
.

n
o

Faradaic Efficiency

0.0 0.5 1.0 1.5
More Protons —

Tsuneto, Akira, Akihiko Kudo, and Tadayoshi Sakata. Chemistry Letters 22,
no. 5 (May 1, 1993): 851-54.



Schematic of Electrochemical Experiement

Voltage Supply

S

Electrolyte:

=/

THF, 0.1M LiClO,,

1 v% Ethanol
Mo cathode
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Schematic of Electrochemical Experiement
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NMR Has Less Baseline Variation

No Current, N,

WMWWWWMWMMMW_3

Current, Ar
N A A n A A - . L2

Current, N,

.28 7.24 7.20 7.16 7.12 7.08 7.04 7.00 6.96 6.92 6.88 6.84 6.80 6.76 6.72 6.68 6.64
f1 (ppm)



Detect ammonia
with N, supplied

Amount greater
than with Argon or
no Current?

Verify with purified
15N, experiment
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LN labelling experiments

Genuine
15
NH,
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14NH,
Only adventitious




Contamination in N,
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Contamination in N,

Contamination m.“J.
+Genuine
15NH,

Eo
\
\%Q_

Spectra of

commercial N,
. 10

1
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T T T T

absorbance
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Spectra of 1°N,0O

14NH,
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1 | |
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“The Contamination of Commercial 15N2 Gas Stocks with 15N-Labeled Nitrate and
Ammonium and Consequences for Nitrogen Fixation Measurements.” PLoS ONE 9,
no. 10 (October 17,2014): e110335.



Gas must be purified and quantitative agreement achieved

_ @\ \9 B M’: 4-way valve —r rofr

“ ‘ I Pl Cu impurity
e : ' = trap
s — : 2 .
1‘N2, Ar, ey i b -~
10% Hy/Ar [JE 2 f =
1 z = Gas :
selection

Gas purification and recycling
set-upatDTU

Andersen, Suzanne Z., Viktor Coli¢, Sungeun Yang, Jay A. Schwalbe, Adam C. Nielander, Joshua M. McEnaney, Kasper Enemark-
Rasmussen, et al. “A Rigorous Electrochemical Ammonia Synthesis Protocol with Quantitative Isotope Measurements.” Nature, May 22,
2019, 1.



Gas must be purified and quantitative agreement achieved
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Gas must be purified and quantitative agreement achieved
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Amount greater
than with Argon or
no Current?

Detect ammonia
with N, supplied

Verify with purified
15N, experiment
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Questions?




