Downloaded via GEORGIA INST OF TECHNOLOGY on June 18, 2023 at 14:23:45 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

AC

Energy
Eiié

http://pubs.acs.org/journal/aelccp

A Decade of Electrochemical Ammonia

Synthesis

Cite This: ACS Energy Lett. 2022, 7, 4132-4133

I: I Read Online

ACCESS |

lihl Metrics & More

’ Article Recommendations ‘

acing to critical milestones is a favorite pastime of

historical explorers and scientist. From the race to be

the first to the North Pole to the discovery of the
Haber—Bosch process, overcoming seemingly impossible goals
often comes through persistent teams exploring creative
solutions, while at the same time paying close attention to
past failures. The race to develop electrochemical routes for
ammonia synthesis is like these endeavors, as the path to the
pole is long, not clear, and at times treacherous.

Over the past decade, researchers have made significant
progress in improving electrochemical ammonia synthesis.'
One critical challenge identified early was inaccurate product
analyses. The low levels of ammonia reported were often in the
same range as sources of lab-based adventitious ammonia and
NOx.” This provided researchers several challenges with
respect to identifying the true activity of a given catalyst.
Thus, mitigating nitrogen contamination emerged as the
critical problem to resolve within the field.>*

Various research groups have converged on several
suggested ammonia measurement methods which, if employed,
can aid in ruling out contamination. Suggested controls which
employ the use of isotopically labeled nitrogen gas and
quantitative nuclear magnetic resonance spectroscopy allow
researchers to discern adventitious nitrogen ('*N,) from
isotopically labeled nitrogen ('*N,).” Beyond improving low-
level ammonia measurements, movement toward operating
conditions which increase ammonia yield well beyond the
adventitious ammonia levels is also ideal. Specifically, moving

to conditions where the m,, .4, > m and Cyy, > 100 ppm

system
is an important threshold identified which can provide
confidence in each measurement.’

Interestingly, low ammonia levels and false positives are not
a new occurrence. In fact, there are many cautionary tales
within published scientific literature discussing this issue. For
instance, the first observation of electrochemical N, fixation, in
1807, was later proven non-reproducible 90 years later,”* and
there were several passionate discussions on this subject which
were published in the 1990s.”~"

Despite this setback, with solutions available for low-level
ammonia measurements, there has been a significant growth in
research centered around both aqueous-phase and non-
aqueous-based electrocatalytic and photocatalytic sys-
tems.'”~"° Suppressing the hydrogen evolution reaction
remains the critical bottleneck for aqueous-based catalytic
systems. For these reasons, non-aqueous and lithium-mediated
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Figure 1. With electrosynthesis of ammonia reaching 100%
Faradaic efliciency, will the next milestone be related to energy
efficiency and cost?

electrocatalytic approaches have emerged as the most likely
routes to achieve technology-significant targets in terms of rate
of production (current density) and product selectivity
(Faradaic efficiency).'

Lithium-mediated nitrogen reduction (LiNR) most recently
showed low Faradaic efficiencies (FE < 20%) and current
densities (I < 20 mA cm™2)."”'® While significant, these values
were well below the U.S. Department of Energy’s feasibility
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targets (e.g, I = 300 mA cm™> and FE = 90%). However,
recent research findings by Simonov, MacFarlane, and
colleagues and Chorkendorff and colleagues have for the first
time demonstrated Faradaic efficiencies which approach 100%
(Figure 1, top)."”” MacFarlane and Simonov and colleagues
were able to suppress electrolyte decomposition through
tuning the local physicochemical properties of the electrode—
electrolyte interface with an imide-based lithium-salt electro-
lyte. Likewise, Chorkendorft and colleagues showed this is also
possible through the use of a highly porous Cu electrode, at
elevated current density (—1 A cmgeo,z).20 This is the first
demonstration of the lithium-mediated nitrogen reduction
reaction at industrially relevant current densities.

With these impressive metrics, the field has undoubtedly
reached a significant milestone, and in a sense has reached a
“North Pole”-like discovery. With the “North Pole” in the rear-
view mirror, eyes now are set on the “South Pole” (Figure 1,
bottom). For ammonia electrosynthesis to compete with the
Haber—Bosch process, significant work is needed to improve
the energy efficiency, and several questions remain regarding
the technoeconomics.”' Furthermore, with growing materials
criticality issues, will lithium remain a viable substrate, or will
other materials emerge? I look forward to the next decade of
electrochemical ammonia synthesis.
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Letters ® orcid.org/0000-0002-5144-4969

B AUTHOR INFORMATION

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsenergylett.2c02335

Notes

Views expressed in this editorial are those of the author and
not necessarily the views of the ACS.
The author declares no competing financial interest.

B ACKNOWLEDGMENTS

This material is based upon work supported by the National
Science Foundation under Grant No. 1846611.

B REFERENCES

(1) Renner, J. N; Greenlee, L. F; Ayres, K. E.; Herring, A. M.
Electrochemical Synthesis of Ammonia: A Low Pressure, Low
Temperature Approach. Electrochem. Soc. Interface 2015, 24 (2), S1.

(2) Greenlee, L. F.; Renner, J. N.; Foster, S. L. The Use of Controls
for Consistent and Accurate Measurements of Electrocatalytic
Ammonia Synthesis from Dinitrogen. ACS Catal. 2018, 8 (9), 7820.

(3) MacLaughlin, C. Role for Standardization in Electrocatalytic
Ammonia Synthesis: A Conversation with Leo Liu, Lauren Greenlee,
and Douglas MacFarlane. ACS Energy Lett. 2019, 4, 1432.

(4) Kibsgaard, J.; Nerskov, J. K; Chorkendorff, I. The Difficulty of
Proving Electrochemical Ammonia Synthesis. ACS Energy Lett. 2019,
4, 2986. ]

(5) Andersen, S. Z.; Coli¢, V.; Yang, S.; Schwalbe, J. A.; Nielander,
A. C; McEnaney, J. M.; Enemark-Rasmussen, K.; Baker, J. G.; Singh,
A.R; Rohr, B. A;; Statt, M. J.; Blair, S. J.; Mezzavilla, S.; Kibsgaard, J.;
Vesborg, P. C. K; Cargnello, M; Bent, S. F; Jaramillo, T. F;
Stephens, I. E. L,; Norskov, J. K; Chorkendorff, I. A Rigorous
Electrochemical Ammonia Synthesis Protocol with Quantitative
Isotope Measurements. Nature 2019, 570 (7762), 504.

(6) Iriawan, H.; Andersen, S. Z.; Zhang, X.; Comer, B. M.; Barrio, J.;
Chen, P.; Medford, A. J.; Stephens, I. E. L.; Chorkendorff, I; Shao-
Horn, Y. Methods for Nitrogen Activation by Reduction and
Oxidation. Nat. Rev. Methods Primers 2021, 1, 56.

4133

(7) Lord Rayleigh. XIII. - Observations on the Oxidation of
Nitrogen Gas. J. Chem. Soc,, Trans. 1897, 71, 181.

(8) Author, A. I. The Bakerian Lecture, on Some Chemical Agencies
of Electricity. Philos. Trans. R. Soc. LondON 1807, 97, 1.

(9) Davies, J. A.; Edwards, J. G. Reply: Standards of Demonstration
for the Heterogeneous Photoreactions of N, with H,O. Angew. Chem.,
Int. Ed. Engl. 1993, 32, 552.

(10) Palmisano, L.; Schiavello, M.; Sclafani, A. Concerning “An
Opinion on the Heterogeneous Photoreduction of N, with H,0”:
Second Letter. Angew. Chem., Int. Ed. Engl. 1993, 32, 551.

(11) Edwards, J. G.; Davies, J. A.; Boucher, D. L.; Mennad, A. An
Opinion on the Heterogeneous Photoreactions of N, with H,O.
Angew. Chem., Int. Ed. Engl. 1992, 31 (4), 480.

(12) Augugliaro, V.; Soria, J. Concerning “An Opinion on the
Heterogeneous Photoreduction of N, with H,O”: First Letter. Angew.
Chem., Int. Ed. Engl. 1993, 32, 550.

(13) Lim, J.; Fernindez, C. A.; Lee, S. W.; Hatzell, M. C. Ammonia
and Nitric Acid Demands for Fertilizer Use in 2050. ACS Energy Lett.
2021, 6, 3676.

(14) Ripepi, D.; Zaffaroni, R; Schreuders, H.; Boshuizen, B;
Mulder, F. M. Ammonia Synthesis at Ambient Conditions via
Electrochemical Atomic Hydrogen Permeation. ACS Energy Lett.
2021, 6 (11), 3817.

(15) Liu, Y. H; Fernandez, C. A.; Varanasi, S. A.; Bui, N. N,; Song,
L.; Hatzell, M. C. Prospects for Aerobic Photocatalytic Nitrogen
Fixation. ACS Energy Lett. 2022, 7 (1), 24.

(16) Li, K; Shapel, S. G.; Hochfilzer, D.; Pedersen, J. B.; Krempl, K;
Andersen, S. Z.; Sazinas, R.; Saccoccio, M.; Li, S.; Chakraborty, D.;
Kibsgaard, J.; Vesborg, P. C. K; Nerskov, J. K; Chorkendorff, I.
Increasing Current Density of Li-Mediated Ammonia Synthesis with
High Surface Area Copper Electrodes. ACS Energy Lett. 2022, 7 (1),
36.

(17) Kim, D. Y.; Shin, D.; Heo, J.; Lim, H,; Lim, J. A; Jeong, H. M.;
Kim, B. S.; Heo, L; Oh, L; Lee, B.; Sharma, M.; Lim, H.; Kim, H,;
Kwon, Y. Unveiling Electrode-Electrolyte Design-Based NO Reduc-
tion for NH; Synthesis. ACS Energy Lett. 2020, S (11), 3647.

(18) Huy, L; Xing, Z.; Feng, X. Understanding the Electrocatalytic
Interface for Ambient Ammonia Synthesis. ACS Energy Lett. 2020, S,
430.

(19) Du, H.-L,; Chatti, M,; Hodgetts, R. Y.; Cherepanov, P. v;
Nguyen, C. K; Matuszek, K; MacFarlane, D. R.; Simonov, A. N.
Electroreduction of Nitrogen with Almost 100% Current-to-Ammonia
Efficiency. Nature 2022, 609 (7928), 722—727.

(20) Li, S.; Zhou, Y.; Li, K.; Saccoccio, M.; Sazinas, R.; Andersen, S.
Z.; Pedersen, J. B.; Fu, X,; Shadravan, V.; Chakraborty, D.; Kibsgaard,
J.; Vesborg, P. C. K; Norskov, J. K.; Chorkendorff, I. Electrosynthesis
of Ammonia with High Selectivity and High Rates via Engineering of
the Solid-Electrolyte Interphase. Joule 2022, 6 (9), 2083—2101.

(21) Lazouski, N.; Limaye, A.; Bose, A.; Gala, M. L.; Manthiram, K.;
Mallapragada, D. S. Cost and Performance Targets for Fully
Electrochemical Ammonia Production under Flexible Operation.
ACS Energy Lett. 2022, 7 (8), 2627—2633.

https://doi.org/10.1021/acsenergylett.2c02335
ACS Energy Lett. 2022, 7, 4132—-4133


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Marta+C.+Hatzell"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Marta+C.+Hatzell"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-5144-4969
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Marta+C.+Hatzell"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Marta+C.+Hatzell"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.2c02335?ref=pdf
https://doi.org/10.1149/2.F04152if
https://doi.org/10.1149/2.F04152if
https://doi.org/10.1021/acscatal.8b02120?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.8b02120?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.8b02120?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsenergylett.9b01123?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsenergylett.9b01123?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsenergylett.9b01123?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsenergylett.9b02286?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsenergylett.9b02286?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41586-019-1260-x
https://doi.org/10.1038/s41586-019-1260-x
https://doi.org/10.1038/s41586-019-1260-x
https://doi.org/10.1038/s43586-021-00053-y
https://doi.org/10.1038/s43586-021-00053-y
https://doi.org/10.1039/CT8977100181
https://doi.org/10.1039/CT8977100181
https://doi.org/10.1098/rstl.1807.0001
https://doi.org/10.1098/rstl.1807.0001
https://doi.org/10.1002/anie.199305521
https://doi.org/10.1002/anie.199305521
https://doi.org/10.1002/anie.199305511
https://doi.org/10.1002/anie.199305511
https://doi.org/10.1002/anie.199305511
https://doi.org/10.1002/anie.199204801
https://doi.org/10.1002/anie.199204801
https://doi.org/10.1002/anie.199305501
https://doi.org/10.1002/anie.199305501
https://doi.org/10.1021/acsenergylett.1c01614?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsenergylett.1c01614?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsenergylett.1c01568?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsenergylett.1c01568?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsenergylett.1c02260?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsenergylett.1c02260?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsenergylett.1c02104?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsenergylett.1c02104?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsenergylett.0c02082?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsenergylett.0c02082?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsenergylett.9b02679?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsenergylett.9b02679?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41586-022-05108-y
https://doi.org/10.1038/s41586-022-05108-y
https://doi.org/10.1016/j.joule.2022.07.009
https://doi.org/10.1016/j.joule.2022.07.009
https://doi.org/10.1016/j.joule.2022.07.009
https://doi.org/10.1021/acsenergylett.2c01197?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsenergylett.2c01197?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
http://pubs.acs.org/journal/aelccp?ref=pdf
https://doi.org/10.1021/acsenergylett.2c02335?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

