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ABSTRACT: Access to nitrogen-based fertilizers is critical to maximize agricultural 1000

yield, as nitrogen is the most common rate-limiting nutrient. Nearly all nitrogen- < Business as Usual
based fertilizers rely on ammonia and nitric acid as feedstocks, and thus the demand 2 8004

for these chemicals is heavily dependent on the global population and food demand.

Over the next three decades, the global population will continue to dictate the §

market size and value for ammonia and nitric acid, which consequently will have a & 600

significant impact on our energy infrastructure. Here, we discuss the potential for UEJ

carbon-free electrocatalytic nitrogen reduction, nitrogen oxidation, and nitrate &

reduction to meet fertilizer manufacturing demands. We also explore various © 4001 Two-Degree Scenario |

growth scenarios to predict the 2050 market size and value for ammonia and nitric
acid. We highlight that if the current approaches for manufacturing ammonia and
nitric acid remain constant, carbon emissions from the production of fixed fertilizer
feedstocks could exceed 1300 Mtco, /yr, prompting a strong need for green
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alternatives.
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market value).

here are many types of fertilizers comprised primarily

of phosphorus, potassium, and nitrogen macro-

nutrients. However, since fixed nitrogen is most
often the rate-limiting macronutrient for plant growth, the
production of nitrogen-based fertilizers (ammonia, nitrate, and
urea) has always been a critical global challenge. Over the next
three decades, to curb global hunger, nitrogen-based fertilizer
usage will only continue to rise."”” This will have a substantial
impact on energy and the environment as nearly all nitrogen-
based fertilizers are produced using two feedstocks that have
high energy and carbon footprints (ammonia and nitric acid).?

Ammonium nitrate constitutes the largest
portion of the global nitrate market (80%). The production of
nitric acid is accomplished through the Ostwald process, which
consumes 66.6 GJ per ton of fixed nitrogen (~1.7 times the
energy to produce ammonia), and 0.6 EJ of global energy use
per year (~1% of the energy consumed in the chemical

industry)."
Thus, new technological solutions for manufacturing

Ammonia is one of the largest volume chemicals produced
globally, with a market size of 175 million tons and a market
value of US$67 billion (~5% of chemical market value).””
Fertilizer production accounts for 80% of the ammonia used by
volume, and 40% of the market size in terms of revenue
(Figure 1).° On a smaller scale, ammonia is a feedstock for
explosives, pharmaceuticals, refrigerants, and textiles.® The
production of ammonia is accomplished through the Haber—
Bosch process which consumes 39 GJ of energy per ton of
fixed nitrogen, and accounts for a 5.5 EJ of global energy use
per year (~11% of the energy consumed in the chemical
industry).”~”

The global market of nitric acid (HNO,), while lower than
ammonia, is also expanding largely due to the growth in
synthetic fertilizers. The global market size is ~70 million tons
and the market value is US$24 billion (~3% of chemical
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ammonia and nitric acid, which do not rely on fossil-based
fuels, are necessary. Here, we discuss the opportunities
electrocatalytic nitrogen reduction, nitrogen oxidation, and
nitrate reduction may aid in meeting the goal of an electrified
nitrogen economy. We also explore various growth scenarios
for ammonia and nitric acid and discuss the projected 2050

market size, value, and impact on the energy sector.
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Figure 1. Mass flow of ammonia and nitric acid for the manufacture of fertilizers and other products. Values listed are million metric tons per

year.
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Figure 2. Production of nitrogen fertilizer feedstocks occurs through (a) the Haber—Bosch process (ammonia) and (b) the Ostwald process

(nitric acid).

B CURRENT MANUFACTURING OF AMMONIA AND
NITRIC ACID

Current thermochemical approaches for ammonia synthesis
(Haber—Bosch process) rely on the use of elevated temper-
ature and pressure to drive the chemical reaction (Figure 2a).
Reactant (H, and N,) purification occurs in the first stage of
the Haber—Bosch process. The production of high-purity
hydrogen occurs by reacting steam and methane in the primary
stage of a steam reformer at high temperature (1120—1170 K)
and pressure (25—35 atm) with a nickel-based catalyst. The
production of high-purity nitrogen occurs in the second stage
of the steam reformer. The oxygen in the air reacts with
methane through a combustion reaction, resulting in the
formation of hydrogen, carbon monoxide, and unreacted
nitrogen. Alternatively, cryogenic distillation, pressure-swing
adsorption, or membrane separation can provide high-purity
nitrogen. At a large scale, commercial nitrogen production
occurs through fractional distillation of liquefied air, which is
the most efficient method.'”"> Steam reforming accounts for
75% of the energy used within the entire Haber—Bosch
process. The cryogenic air separation has a similar energy
expenditure as is required for CO, removal in the methane-fed
Haber—Bosch process.
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After steam reforming, the transformation of carbon
monoxide to carbon dioxide occurs through the water—gas
shift reaction. Removal of carbon dioxide then occurs using the
Benfield or Selexol process, resulting in a pure mixture of
hydrogen and nitrogen. Finally, ammonia synthesis occurs by
reacting nitrogen and hydrogen at high temperature and
pressure (723—823 K and 250—350 atm) on a Fe-based
catalyst. The separation of ammonia from the reactants (H,
and N,) occurs through compressing and cooling the products.
This results in liquefied ammonia, gaseous nitrogen, and
gaseous hydrogen. This product distribution allows for easy
recovery of the liquid phase ammonia, while the gaseous
reactants are recycled.

Current manufacturing practices for nitric acid occur
through the Ostwald process (Figure 2b). Here, ammonia
vapor (10%) and compressed air (90%) react over a PtyRh,
(60—80 mesh wire gauze). The ammonia oxidation reaction
results in the formation of NO gas and water at high pressure
(4—10 atm) and temperature (975—1225 K). Then, the
oxidation of the produced gases (10—12% NO) occurs with
additional oxygen to produce NO, and N,0, in an oxidation
and absorption tower. These products then go through a
hydration process to produce nitric acid. The noble Pt—Rh
alloy enables high conversion (>96%) when operated with
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atmospheric oxygen at 1170 K.* The Ostwald process requires
a significant amount of precious Pt—Rh alloy catalysts, which
contribute to the high system cost. Furthermore, higher
catalyst loss and deactivation during the process are inevitable.
Finally, a full understanding of the ammonia oxidation reaction
is still lacking. Thus, the development of non-noble metal
catalysts is of growing importance.

B FUTURE MANUFACTURING OF AMMONIA AND
NITRIC ACID

The large carbon and energy footprint associated with
ammonia and nitric acid production is because coal, natural
gas, and petroleum are the primary energy sources utilized.”’
Displacing hydrocarbons directly with renewable derived
electricity is one way to mitigate these issues. Yet, in most
cases, the conversion of electrical energy into thermal energy
(electrification of heat) to maintain current industrial processes
is not possible. For instance, it is estimated that to meet
thermal needs in industry, the electricity running through our
distribution infrastructure would need to approximately
double.'® This would require a significant investment in our
transmission and distribution infrastructure. Thus, thermo-
chemical processes powered by electricity alone are unlikely.
The only real potential would be in regions with high
renewable electricity production and low electricity costs.'”

We highlight that current manufactur-
ing processes for ammonia and nitric
acid could produce 1300 Mtco /yr by

2050. This prompts a strong need for
sustainable synthesis approaches such
as electrochemical nitrogen/nitrate re-
duction for the production of ammonia
and electrochemical nitrogen oxidation
for the production of nitric acid.

Chemical looping (either driven by waste heat or solar
energy) is another alternative approach to decarbonizing

ammonia synthesis.'® This method decouples N,/H, dissoci-
ation, bond formation, and NH; desorption to separate
thermodynamically stable reaction intermediates on oxides,
nitrides, and metals.'® However, this method has slow kinetics,
still requires hi§her temperature, and suffers from catalyst
durability issues.'” Photocatalysis is another process capable of
obtaining decarbonized ammonia. This process operates at
ambient conditions, but nearly all photocatalysts suffer from
low rates of production.'”™**

Plasma-driven ammonia synthesis also operates under mild
conditions and has the added benefit of fast startup and
shutdown times. Two major challenges, however, remain high
energy cost and low energy efficiency.””** Direct electro-
chemical conversion systems, which manufacture ammonia and
nitric acid from abundant (nitrogen) or waste (nitrate)
resources, are also a desirable route to produce decarbonized
ammonia. These processes occur at ambient conditions, are
continuous, and easily integrate with renewable electricity.
Three such reactions to achieve electrified nitrogen fertilizer
feedstock production include (1) electrochemical nitrogen
reduction to ammonia, (2) electrochemical nitrate reduction to
ammonia, and (3) electrochemical nitrogen oxidation to nitric
acid. Below we provide a brief perspective on the prospects for
each of these electrosynthetic pathways, which are summarized
in Figure 3.

Electrochemical Nitrogen Reduction to Ammonia.
Electrochemical nitrogen reduction (NRR) is a kinetically
challenging reaction,

N, + 6H' + 6e” — 2NH, (1)
as it requires six proton-coupled electron-transfer processes.
While the theoretical potential is only 0.06 V under ambient
conditions, most research investigations couple NRR with the
oxygen evolution reaction at the anode.”>*" Therefore, the
theoretical whole cell potential is 1.17 V at ambient conditions,
which resides close to the theoretical water splitting potential
(1.23 V). Directly reducing nitrogen to ammonia is attractive
to minimize complexity; however, competition with the
hydrogen evolution reaction (HER) is the main bottleneck.
This is because most catalysts preferentially adsorb hydrogen
rather than nitrogen.”” As such, typically low temperature NRR
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Figure 3. Overview of current status for electrochemical synthesis of ammonia and nitric acid.
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Table 1. Summary of Various Lithium-Mediated Routes of NRR with Different Proton Sources in Non-aqueous Electrolytes

catalyst operating condition electrolyte

Cu electrode 3 mA cm™? 1 M LiBF,
ambient N, THF

Ag—Au@ZIF —29Vfor6h 02 M Li(CF;805)
ambient N, THF

Cu 2 mA cm™? 0.2 M Li(CF;S0;)
50 bar of N, THE

Cu electrode —22.5 mA cm™? 0.2 M LiBF,
19.5 bar of N, phosphonium

Au/carbon paper -4V 0.2 M LiClO,
ambient N, THF

Ni 18V 0.1 M LiCl
ambient N, EDA

Li on Mo =31V 0.2 M LiClO,
ambient N, THE

Li on Mo 3.3 mA cm 2 0.5 M LiClO,
ambient N, THF

proton source FE (%) NH, production rate (mol cm™ s™*) ref
EtOH 18.5 7.9 x 107° 45
EtOH 18 1.0 x 107" 54
EtOH 59.8 4.0 x 107 sS
0.5 bar H, 69 53 x 107° 50
EtOH 34 7.7 x 10710 46
H,0 17.2 3.6 x 107! 56
EtOH 7.5 22 x 10710 42
EtOH 10 N/A 57

experiments result in low rate of production (107! mol cm™
s7"), faradaic efficiency (107°—10%), and energy efficiencies
(1-2%).

Strategies for achieving highly active and selective NRR
electrocatalysts focus on single atom construction,®® crystal
engineering,31’32 metal doping,33’3'4 vacancy engineering,35’36
and surface/interface engineering.”**” However, the feasibility
for large-scale commercialization is not clear as reproducibility
remains a critical challenge.”® This is in part due to
documented challenges with contamination.”*~*' In addition,
catalyst decomposition can also lead to false positives. This was
demonstrated with N-containing catalysts (tetragonal Mo,N),
where chemical decomposition rather than catalysis resulted in
an overestimation of NHj selectivity.”” Thus, care is needed in
performing these experiments, and validation is necessary using
isotope-labeled gases and quantitative NMR spectroscopy.*

NRR can also occur through a lithium-mediated reaction in
a non-aqueous medium (see Table 1). To date, this approach
has achieved the most promising ammonia production rates
and yields.*"**~*> The reduction of Li* under a N,
environment forms lithium nitride. If this lithium nitride is
exposed to a proton source, the formation of ammonia is
teasible. The lithium nitridation reaction is sensitive to the
concentration of Li* and nitrogen in a given solvent.* ™" One
challenge is that lithium deposition during the cyclic process
can reduce the overall energy efficiency.”*® This can also
degrade the electrode/electrolyte interface under strong
reducing potentials causing performance decline.”"*” A
number of promising proton sources have been investigated
to improve the system performance. Currently, phosphonium
is emerging as an ideal candidate to enhance system
performance. Phosphonium provides a source of protons and
additional ionic conductivity that allows for high FE (69 + 1%)
and production rates of (53 + 1 nmol s™! cm™2).”" In addition,
the potassium ions in the electrolyte stabilize the reaction
intermediates and increase the selectivity.”"
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System design is also critical to enable realistic production.
Gas diffusion-based electrochemical cells have emerged as an
ideal platform to enhance mass transport and production
yield.""** However, more work is needed to understand how
each system component contributes to the overall system cost.
To date, there have only been a few investigations into the
technoeconomics of electrochemical nitrogen reduction.”
Finally, addressing the low energy efficiency, poor stability,
and the need to continuously replenish the electrolyte is critical
for lithium-mediated approaches to reach commercialization.

Electrochemical Nitrate Reduction to Ammonia. The
electrochemical nitrate reduction (NO5RR),

NO;™ + 9H' + 8¢~ — NH, + 3H,0 )
is another potential pathway to produce ammonia. The
theoretical potential is 0.88 V at standard conditions. The
conversion of nitrate to ammonia (eq 2) not only produces a
valuable product (ammonia) but also remediates a prominent
groundwater contaminant, and therefore is a form of water
treatment. Like NRR, the NO;RR requires multiple proton
and electron transfer processes. Unlike NRR, ammonia
production from NO;RR is catalytic easier than NRR because
the adsorbed/activated ion reactants (NO;~, NO,”) have an
advantage of a lower dissociation energy for the N—O and
N=O0 bonds (204 and 607 k] mol™") than that of N=N bond
(941 kJ mol™).°>*7* In addition, nitrate adsorbs more easily
than nitrogen to surfaces at ambient conditions.

Nitrate can be electrochemically converted into urea,
ammonia, %> 4nd nitrogen® depending on a
preferred pathway from nitrate. Indium hydroxide (with single
{100} facets) (In(OH);-S) generated urea with a yield of
§33.1 ug h™ mg, ™', high FE of $3.4%, and nitrogen
selectivity of 82.9%.°* It was shown that CO, suppresses HER
and boosts urea production, inducing a n-p transform in the
semiconductor surface. Copper (Cu) is a promising catalyst to
promote ammonia production through a direct eight-electron

64
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transfer pathway. Engineering Cu electrocatalysts have shown a
variety of results. For example, the incorporation of Cu in a
PTCDA achieved a FE of 85.9%, and ammonia production rate
of 436 + 85 ug h™! em 2% CuO nanowire arrays achieved a
FE of 95.8% and ammonia production rate of 0.2449 mmol h™*
em 2" and CuyNig, achieved a FE of ~95%.°” Finally,
defected CuO achieved a FE of 89% and ammonia production
rate of 520 ymol h™' ecm™.% The Cu aids in regulating the
proton transfer and suppressing hydrogen production.
Furthermore, modulation of Cu electronic structure and the
oxygen vacancy (defects), aid in improving NOj3 and relevant
intermediate adsorption.

Strained ruthenium nanoclusters exhibited nearly 100%
ammonia selectivity and high ammonia production rate (5.56
mol g, ~' h™"). Performance was attributed to the production
of hydrogen radicals which suppressed hydrogen—hydrogen
dimerization.”® For denitrification (nitrate conversion to
nitrogen gas), pure metals have yielded low selectivity to
nitrogen. Thus, introducing secondary materials consisting of a
bimetal system is necessary to achieve high nitrogen selectivity.
Pd—Cu bimetal electrocatalysts exhibit high N, selectivity
(99% by CuPd on Ni foam,” 97% by Cu—Pd@N-doped
ordered mesoporous carbon,”” and 85.5% by CuPd/rGO"").
This is due to Cu capturing and reducing nitrate and Pd
promoting nitrite reduction to N,.

As we discussed above, the electrochemical nitrate reduction
is an efficient and attractive method to produce various final
products relevant to the fertilizer industry (ammonia, urea,
nitrogen).68 However, when compared to NRR, very few
investigations have probed the impact of nanocatalyst
engineering and catalytic modification (e.g, single atom
catalysts, metal doping, surface and interface engineering).
Thus, there is significant room for catalyst engineering. There
is also a growing interest in gaining a mechanistic under-
standing about the nitrate and nitrite reduction reactions on
model systems, since there are a number of different pathways
to ammonia, urea, and nitrogen. There is also a strong need to
evaluate the durability of these systems with long-term cycling,
and in complex and real solutions.”” Furthermore, unifying
testing protocols are important to avoid contamination,
especially when measuring ammonia.

Electrochemical Nitrogen Oxidation to Nitric Acid.
Electrochemical nitrogen oxidation to HNOj is theoretically
possible through the following reaction,

N, + 6H,0 — 12H" + 10e” + 2NO,~ (3)

but still requires a 10-electron transfer process. The reaction is
a more thermodynamically favorable reaction than the parasitic
oxygen evolution reaction for a wide potential range at pH
above 1.3.”° Thus, nitrogen can be converted to nitrate that
could be the only product of nitrogen oxidation reaction
(NOR), theoretically. Despite this, there have been very few
reports for NOR electrocatalysts. Discovering highly efficient
and selective electrocatalysts will require excellent selectivity
(poor water oxidation selectivity), and high stability under high
pH conditions. Selectivity can be overcome through designing
catalysts which prevent water adsorption and promote OH™
and N, adsorption to prevent oxygen evolution reaction
(OER).

Electrochemical NOR has been demonstrated to occur on
ZnFe,Co,_,0, spinel oxides.”* Here, the highest nitrate
production rate 130 + 12 pumol h™" gy~ and FE of ~10%
at 1.6 Vpyp. Tensile-strained palladium (Pd) porous nano-
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sheets showed high nitrate yield (18.56 ug h™' mg_, "), but
still low FE of 2.5%. Electrochemical in situ Raman and FTIR
demonstrated that PdO, is the active site.”” Transition metal
oxide materials may be able to promote nitrogen oxidation as
they have been shown to mitigate the water oxidation reaction.
In addition, the synergistic effect of Pt and transition metal
oxide hetero-nanostructures can offer a plausible new approach
to achieve high activity and selectivity for synthesizing nitric
acid.”® Some potential catalyst candidates include Pt or Pd-
based alloy nanoparticles on titanium dioxide or antimony
trioxides.”” However, NOR electrocatalysts are not largely
explored yet. Furthermore, the use of inert nonpolar nitrogen
gas for the direct NOR under ambient operating conditions
and OER in aqueous electrolyte limit the high production of
nitric acid. Therefore, with highly active and selective NOR
electrocatalysts, testing in non-aqueous media with various
additives/mediates should be investigated. Like NRR,
contamination and false positives will also be critical to rule
out in all experiments. Nitrate-based salts are commonly used
in most catalyst syntheses, and therefore care in cleaning the
synthesized or purchased catalyst is critical. Adventitious
ammonia known to arise in NRR experiments may also
promote false production of nitrate, as oxidation of ammonia
can form nitrite.

Finally, most protocols used for measuring nitrate use
standard spectroscopy (UV/Vis) or chromatography (ion
chromatography). Both instruments and protocols are stand-
ardized by the EPA for water treatment purposes (wastewater,
groundwater, etc.). Therefore, many constituents common in
electrochemical media (supporting electrolytes) may interfere
with these established nitrate measurement techniques and
protocols. Electrochemically generated products (peroxides)
may also interfere with common measurements, and the
residual NOy found in gas cylinders may produce false
positives. For these reasons, care must be taken to ensure all
measurements are accurate. Like electrochemical NRR studies,
the use of isotope-labeled gases and quantitative NMR may
prevent false positives. Proper control should include (1) argon
with applied potential control and (2) no applied potential
with feedstock gases (N,/0O,) supplied.

B CURRENT AND FUTURE MARKET AND ENERGY
DEMANDS FOR AMMONIA AND NITRIC ACID

Since fertilizers dominate both the nitrate and ammonia
market, it is not surprising that the main market driver for
ammonia and nitric acid is the global population. Thus, here
we project the ammonia and nitric acid market using
population models and current per capita global nitrogen
inputs for food production.”®”” Due to the uncertainty in
population models, we have developed low, moderate, and
high market projections. The low projection assumes a fertility
rate (number of children per woman), which is 0.5 birth below
the total fertility in the medium variant. The moderate
projection assumes that the fertility rate (number of children
per woman) is 2.42 between 2020 and 2025, and decreases to
2.21 between 2045 and 2050. Finally, the high projection
assumes that the population growth rate is high (0.5 birth
above the total fertility in the medium variant).”® The low
projection also assumes that per capita nitrogen fertilizer usage
remains unchanged (24 kg cap™' yr™'). The moderate
projection assumes that the per capita nitrogen fertilizer
usage increases to 28 kg cap~' yr~! by 2050. Finally, the high
projection assumes that per capita nitrogen fertilizer usage

https://doi.org/10.1021/acsenergylett.1c01614
ACS Energy Lett. 2021, 6, 3676—3685


http://pubs.acs.org/journal/aelccp?ref=pdf
https://doi.org/10.1021/acsenergylett.1c01614?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Energy Letters

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

400
b3350-
Z 300/
© 250+
£

5200
o

> 150
£ 100
©

S 50

i Ammonia '
Nitric Acid

2030 2040

Year

2020

2020 2050

)
=

-
o N

Energy Consumption (EJ)

o N »h O ©

2030 2040

Year

2050

2020 2030 2040 2050
Year

1200

1000 1
800+ 1
so0] /
400 ]
200

Equivalent CO, Emissions (Mt/yr) o

2030 2040

Year

2020 2050
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increases to 32 kg cap™! yr™! by 2050.”” The low projections
represent conditions where there is no change in the global
nitrogen fertilizer input to croplands. Nitrogen stress is defined
as a country having a per capita nitrogen fertilizer input below
15 kg cap™" yr'.”” While the moderate conditions allow for a
near elimination of global nitrogen stress, and the high
projection allows for the complete elimination of global
nitrogen stress.

The most likely scenario is the moderate projection as this
scenario is based on median probabilistic fertility. The
projections indicate a realistic market size for ammonia in
2050 may be between 220 million and 402 million tons. To
put this into perspective, this is equivalent to ~10% of the
current global oil production (Figure 4a). According to our
projections, the compound annual growth rate (CAGR) for the
production volume of ammonia is 2.1% between 2020 and
2026. Our projections match the market report analysis that
predicts a CAGR of 2.03% for the same forecast period.” Our
predictions show that the CAGR for the market volume in the
forecast period between 2021 and 2030 is 2.2%, between 2031
and 2040 is 1.8%, and between 2041 and 2050 is 1.4%.

Our predictions demonstrate that the
2050 market size and value for ammo-
nia and nitric acid will significantly
impact on our energy infrastructure.

The value of the ammonia market is expected to grow with a
compound annual growth rate (CAGR) of 6.4% yearly in the
next decade.” If this growth rate is preserved through 2050, the
market value will increase from US$67 billion in 2020 to US
$430 billion in 2050 (Figure 4b). However, assuming
accelerated market growth, with a CAGR of 6.4% between
2021 and 2030, a CAGR of 6.9% between 2030 and 2040, and
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a CAGR of 7.4% between 2041 and 2050, a projected market
value of US$495 billion is possible in 2050. Similarly, assuming
decelerating market growth over the next few decades, with a
CAGR of 6.4% between 2020 and 2030, a CAGR of 5.9%
between 2030 and 2040, and a CAGR of 5.4% between 2040
and 2050 could result in a projected market value of US$374
billion in 2050. Thus, even with a decelerating market growth,
the ammonia market is expected to grow by over US$300
billion over three decades. This market growth promotes
opportunities to invest in innovations, which maximize both
industrial and environmental considerations. This innovation
can occur through companies reinvesting a portion of their
profits into R&D or through government and like agencies
investing in new startups.

The value of the nitric acid market is expected to grow with
CAGR of 3.4% yearly in the next decade.'” If the growth rate is
preserved through 2050, the market value will increase from
US$24 billion in 2019 to US$68 billion in 2050. If there is
accelerated market growth, with a CAGR of 3.4% between
2020 and 2030, a CAGR of 3.9% between 2030 and 2040, and
a CAGR of 4.4% between 2040 and 2050, the projected market
value may reach US$78 billion in 2050. Similarly, assuming
decelerating market growth over the next few decades, with a
CAGR of 3.4% between 2020 and 2030, a CAGR of 2.9%
between 2030 and 2040, and a CAGR of 2.4% between 2040
and 2050 could result in a projected market value of US$58
billion in 2050 (Figure 4b). The nitric acid market value and
size are substantially smaller than ammonia (Figure 4a,b), and
this is in part due to the complexity of the Ostwald process
which has higher operational costs (increased energy demand).
Despite this fact, there is a growing interest in expanding the
use of nitrate-based fertilizers. These are fertilizers where the
primary nitrogen compound is nitrate rather than ammonia.
Nitrate-based fertilizers have some environmental benefits,
namely, less ammonia volatilization and reduced nitrate
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contamination. However, exploration of new technologies
which can produce nitric acid without ammonia as a feedstock
may be necessary to decrease the interdependency between the
two chemicals.

The current method to produce ammonia at industrial scales
is the Haber—Bosch process. This process consumes 5.5 EJ of
energy every year (~38 GJ/tyy,) and emits over 450 million
).”%¥! Using the
market trends outlined above, by 2050, the expected global
energy consumption for the production of ammonia may
approach 10 EJ, and the yearly carbon dioxide emissions may
approach 1 billion tons (Figure 4c,d).

The production of nitric acid currently is primarily
accomplished through the Ostwald process, and consumes
66.6 GJ per ton of fixed nitrogen, ~10 GJ of energy per ton of
nitric acid produced.” This equates to a yearly energy demand
of 0.6 EJ. Nitric acid production practice also emits 1.7
equivalent tons of carbon dioxide per ton of nitric acid,
resulting in yearly carbon dioxide emissions of 60 million
tons.”> Using our market projections by 2050, the expected
energy consumption for nitric acid production may increase to
~1 EJ (Figure 4c), and the expected emissions will approach
150 tons of equivalent carbon dioxide (Figure 4d).

metric tons of carbon dioxide (~2.9 tco /tay,

B PATHWAYS TOWARD CARBON-NEUTRAL
FERTILIZERS

As shown above, it is unlikely that fertilizer feedstock
(ammonia and nitric acid) production will decrease within
the next three decades. This is because without fertilizers, the
global population can not be sustained. In addition, with the
growing interest in using ammonia in non-agriculture sectors
(energy) as an alternative fuel or hydrogen storage media, the
production of ammonia is likely to increase. Thus, redesigning
the catalytic manufacturing processes responsible for produc-
ing ammonia and nitric acid is essential to meet the COP21
two-degree scenario (2DS) targets. Specifically, to meet the
COP 21 2DS targets, the emissions tied to chemical processes
must decrease by 20% from the 2013 levels.” The 2050 target
for the ammonia-related carbon dioxide emissions is 367
Mtco,/yr (Figure Sa) and the target for nitric acid-related

emissions is 72 Mtco, /yr (Figure Sb). If we continue our

current reliance on the Haber—Bosch and Ostwald processes
for ammonia and nitric acid production, the ammonia-related
emissions will reach 900 Mtco /yr (Figure Sa, Business as
usual) and the nitric acid-related emissions will reach 150
Mtco,/yr (Figure Sb, Business as usual). This is 245% over the
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2DS target for ammonia and 208% over the 2DS target for
nitric acid. Replacing all new demands for ammonia and nitric
acid with renewable approaches such as electrochemical
synthesis or a green Haber—Bosch process coupled with
water electrolysis will not be enough to reach the 2DS target. If
we replace all new demands with renewable approaches, which
have emissions equivalent to approximately 0.05 tco,/tnm,

ammonia-related emissions are projected to be 523 Mtcg, /yr

and nitric acid-related emissions are projected to be 103
Mtcoz/yr.53 Thus, to meet the 2DS target for ammonia, we

have to reduce existing ammonia-related emissions by 5
Mtco,/yr. This is equivalent to converting 1.7 Mtyy,/yr

produced through the Haber—Bosch process (0.95% of the
current ammonia production capacity) to a renewable driven
synthesis process. Similarly, to meet the 2DS target for nitric
acid, we have to reduce existing nitric acid-related emissions by
1 Mtco,/yr. This is equivalent to replacing 0.6 Mtyyo,/yr of

nitric acid capacity from the Ostwald process to a renewable
synthesis process (1% of the current nitric acid production
capacity). This means that to meet the 2DS targets, all new
demand for ammonia and nitric acid, and 29% of the current
ammonia and nitric acid production capacity must be
produced with renewable energy.

Electrochemical synthesis of ammonia
and nitric acid could aid the chemical
industry in meeting the COP21 two-
degree scenario targets to alleviate
carbon emissions.

Transitioning the current infrastructure to renewable-driven
approaches will be challenging, and solutions that utilize the
existing infrastructure will be essential to avoid financial losses.
A possible solution is to replace steam—methane reforming
(SMR) and coal gasification in the current infrastructure with
green hydrogen. This solution would take advantage of existing
infrastructure (Haber—Bosch loop, air separation, product
purification loop, etc.) to alleviate capital investment. We
recommend targeting Haber—Bosch facilities that use coal
gasification instead of SMR. These facilities already use
cryogenic air separation to purify nitrogen. In contrast, the
methane-fed Haber—Bosch process relies on SMR to produce
both hydrogen and nitrogen. Therefore, the coal gasification
process can be replaced by a water electrolysis facility.
However, the SMR process requires the same water electrolysis
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facility and an additional air separation unit. Additionally, it is
essential that all new infrastructure is built, paying close
attention to sustainability based best practices. The best
renewable approaches to replace the Haber—Bosch and
Ostwald processes are unclear. In some scenarios, electro-
chemical approaches will be more economical, while in other
scenarios, coupling Haber—Bosch with green hydrogen might
be more affordable. However, for electrochemical ammonia or
nitric acid production to become feasible, electricity prices will
need to be below $0.03/kWh.>® Thus, this may only be viable
in areas with high levels of renewable electricity and low
electricity prices.

B CONCLUSIONS

Ammonia and nitric acid have a large impact on both global
economic markets and food production. For all growth models,
these demands are only going to increase over the next three
decades. Thus, to meet the COP21 two-degree scenario
targets, game-changing approaches are needed to achieve green
catalysis. Long-term electrochemical conversion of nitrogen to
ammonia and nitric acid, and nitrate to ammonia may enable
widespread production of fertilizer feedstocks with only
renewable-based electricity.

B AUTHOR INFORMATION

Corresponding Authors

Seung Woo Lee — George W. Woodruff School of Mechanical
Engineering, Georgia Institute of Technology, Atlanta,
Georgia 30332, United States; ® orcid.org/0000-0002-
2695-7105; Email: seunglee@me.gatech.edu

Marta C. Hatzell — George W. Woodruff School of Mechanical
Engineering, Georgia Institute of Technology, Atlanta,
Georgia 30332, United States; © orcid.org/0000-0002-
5144-4969; Email: marta.hatzell@me.gatech.edu

Authors
Jeonghoon Lim — George W. Woodruff School of Mechanical
Engineering, Georgia Institute of Technology, Atlanta,
Georgia 30332, United States
Carlos A. Fernandez — George W. Woodruff School of
Mechanical Engineering, Georgia Institute of Technology,
Atlanta, Georgia 30332, United States

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsenergylett.1c01614

Author Contributions
J:]eonghoon Lim and Carlos A. Fernandez have equal first
authorship.

Notes

The authors declare no competing financial interest.
Biographies

Jeonghoon Lim is currently a Ph.D. candidate in Mechanical
Engineering at Georgia Institute of Technology. He received his
M.S. in Material Science and Engineering from KAIST (2017) and
B.S. in Materials Science and Engineering from Hanyang University
(2015). His current research interest is designing efficient ORR and
nitrate/nitrogen electrocatalysts.

Carlos Fernandez is currently a Ph.D. candidate in Mechanical
Engineering at Georgia Tech. He received a B.S. (2018) and M.S.
(2020) in Mechanical Engineering from Georgia Tech. His current
research interests are in reactor design and computational methods
for efficient electrochemical CO, conversion to high-value fuels.

3683

Seung Woo Lee is an Associate Professor of Mechanical Engineering
at Georgia Institute of Technology. He received his B.S. in Chemical
Engineering from Seoul National University and Ph.D. in Chemical
Engineering from Massachusetts Institute of Technology. His research
has focused on nanostructured electrodes for energy storage and
conversion systems.

Marta C. Hatzell is an Associate Professor of Mechanical Engineering
at Georgia Institute of Technology. She received her B.S., M.S., and
Ph.D. in Mechanical Engineering from Pennsylvania State University.
Her research focuses on sustainable and
catalysis and separations for energy and the environment.

electrochemical-based

B ACKNOWLEDGMENTS

This material is based upon work supported by the National
Science Foundation under Grant Nos. 1846611 and 1933646.

B REFERENCES

(1) Smil, V. Nitrogen in crop production: An account of global flows
adds recycled in organic up by harvested and Quantification of N
losses from crop to 26—60. Global Biogeochemical Cycles 1999, 13,
647—662.

(2) van der Hoeven, M.; Kobayashi, Y.; Diercks, R. Technology
roadmap: Energy and GHG reductions in the chemical industry via
catalytic processes. International Energy Agency, 2013.

(3) Levi, P. G.; Cullen, J. M. Mapping global flows of chemicals:
from fossil fuel feedstocks to chemical products. Environ. Sci. Technol.
2018, 52, 1725—1734.

(4) Fortune Business Insight. Ammonia Market Size, Share &
COVID-19 Impact Analysis, By Application (Fertilizers, Textile,
Refrigeration, Pharmaceutical, Household & Industrial Cleaning, and
Others), and Regional Forecast, 2021—2028. Report ID: FBI101716,
July 2021; https://www.fortunebusinessinsights.com/industry-
reports /ammonia-market-101716.

(5) Mordor Intelligence. Ammonia Market - Growth, Trends,
COVID-19 Impact, and Forecasts (2021—2026); https://www.
mordorintelligence.com/industry-reports/ammonia-market.

(6) YARA. Yara Fertilizer Industry Handbook, October 2018;
https://www.yara.com/siteassets/investors/057-reports-and-
presentations/other/2018/fertilizer-industry-handbook-2018-with-
notes.pdf/.

(7) Smith, C.; Hill, A. K.; Torrente-Murciano, L. Current and future
role of Haber—Bosch ammonia in a carbon-free energy landscape.
Energy Environ. Sci. 2020, 13, 331—344.

(8) Noelker, K; Ruether, J. Low energy consumption ammonia
production: baseline energy consumption, Options for energy
optimization. Nitrogen+ Syngas Conference. Dusseldorf, 2011; p 1.

(9) Capdevila-Cortada, M. Electrifying the Haber—Bosch. Nature
Catalysis 2019, 2, 1055—1055.

(10) Technavio. Nitric Acid Market by Application and Geography -
Forecast and Analysis 2020—2024. Dec 2020; https://www.technavio.
com/report/nitric-acid-market-industry-analysis.

(11) Grand View Research. Nitric Acid Market Size, Share & Trends
Analysis Report By Application (Fertilizers, Adipic Acid, Nitro-
benzene, Toluene Di-isocyanate, Nitrochlorobenzene), By Region,
And Segment Forecasts, 2020 - 2027. Report ID: 978-1-68038-441-3,
March 2020;https://www.grandviewresearch.com/industry-analysis/
nitric-acid-market.

(12) Fior Markets. Nitric acid Market by Type (Strong, Fuming),
Application (Nitrobenzene, Adipic Acid, Ammonium Nitrate,Toluene
Diisocyanate), End-use Industry (Explosives, Agrochemicals, Elec-
tronics, Automotive, Others), Region, Global Industry Analysis,
Market Size, Share, Growth, Trends, and Forecast 2021 to 2028.
Report ID: 419494, June 2021;https://www.fiormarkets.com/report/
nitric-acid-market-by-type-strong-fuming-application-419494.html.

(13) Rouwenhorst, K. H.; Jardali, F.; Bogaerts, A.; Lefferts, L. From
the Birkeland-Eyde process towards energy-efficient plasma-based

https://doi.org/10.1021/acsenergylett.1c01614
ACS Energy Lett. 2021, 6, 3676—3685


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Seung+Woo+Lee"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-2695-7105
https://orcid.org/0000-0002-2695-7105
mailto:seung.lee@me.gatech.edu
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://orcid.org/0000-0002-5144-4969
mailto:marta.hatzell@me.gatech.edu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jeonghoon+Lim"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Carlos+A.+Ferna%CC%81ndez"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.1c01614?ref=pdf
https://doi.org/10.1029/1999GB900015
https://doi.org/10.1029/1999GB900015
https://doi.org/10.1029/1999GB900015
https://doi.org/10.1021/acs.est.7b04573?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.7b04573?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://www.fortunebusinessinsights.com/industry-reports/ammonia-market-101716
https://www.fortunebusinessinsights.com/industry-reports/ammonia-market-101716
https://www.mordorintelligence.com/industry-reports/ammonia-market
https://www.mordorintelligence.com/industry-reports/ammonia-market
https://www.yara.com/siteassets/investors/057-reports-and-presentations/other/2018/fertilizer-industry-handbook-2018-with-notes.pdf/
https://www.yara.com/siteassets/investors/057-reports-and-presentations/other/2018/fertilizer-industry-handbook-2018-with-notes.pdf/
https://www.yara.com/siteassets/investors/057-reports-and-presentations/other/2018/fertilizer-industry-handbook-2018-with-notes.pdf/
https://doi.org/10.1039/C9EE02873K
https://doi.org/10.1039/C9EE02873K
https://doi.org/10.1038/s41929-019-0414-4
https://www.technavio.com/report/nitric-acid-market-industry-analysis
https://www.technavio.com/report/nitric-acid-market-industry-analysis
https://www.grandviewresearch.com/industry-analysis/nitric-acid-market
https://www.grandviewresearch.com/industry-analysis/nitric-acid-market
https://www.fiormarkets.com/report/nitric-acid-market-by-type-strong-fuming-application-419494.html
https://www.fiormarkets.com/report/nitric-acid-market-by-type-strong-fuming-application-419494.html
https://doi.org/10.1039/D0EE03763J
https://doi.org/10.1039/D0EE03763J
http://pubs.acs.org/journal/aelccp?ref=pdf
https://doi.org/10.1021/acsenergylett.1c01614?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Energy Letters

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

NO X synthesis: a techno-economic analysis. Energy Environ. Sci.
2021, 14, 2520—2534.

(14) Castle, W. Air separation and liquefaction: recent developments
and prospects for the beginning of the new millennium. Int. J. Refrig.
2002, 25, 158—172.

(15) Marcinek, A.; Guderian, J.; Bathen, D. Process intensification of
the high-purity nitrogen production in twin-bed Pressure Swing
Adsorption plants. Adsorption 2021, 27, 937—952.

(16) Thiel, G. P.; Stark, A. K. To decarbonize industry, we must
decarbonize heat. Joule 2021, S, 531—-550.

(17) Wismann, S. T.; Engbzk, J. S.; Vendelbo, S. B.; Bendixen, F. B;
Eriksen, W. L.; Aasberg-Petersen, K.; Frandsen, C.; Chorkendorff, I;
Mortensen, P. M. Electrified methane reforming: A compact approach
to greener industrial hydrogen production. Science 2019, 364, 756—
759.

(18) Swearer, D. F.; Knowles, N. R.; Everitt, H. O.; Halas, N. J.
Light-driven chemical looping for ammonia synthesis. ACS Energy
Letters 2019, 4, 1505—1512.

(19) Chang, F.; Gao, W.; Guo, J.; Chen, P. Emerging Materials and
Methods toward Ammonia-Based Energy Storage and Conversion.
Adv. Mater. 2021, 2005721.

(20) Comer, B. M,; Liu, Y.-H.; Dixit, M. B.; Hatzell, K. B.; Ye, Y.;
Crumlin, E. J; Hatzell, M. C,; Medford, A. J. The Role of
Adventitious Carbon in Photo-catalytic Nitrogen Fixation by Titania.
J. Am. Chem. Soc. 2018, 140, 15157—15160.

(21) Medford, A. J; Hatzell, M. C. Photon-Driven Nitrogen
Fixation: Current Progress, Thermodynamic Considerations, and
Future Outlook. ACS Catal. 2017, 7, 2624—2643.

(22) Liu, Y-H; Vu, M. H; Lim, J,; Do, T.-O.; Hatzell, M. C.
Influence of carbonaceous species on aqueous photo-catalytic
nitrogen fixation by titania. Faraday Discuss. 2019, 215, 379—-392.

(23) Neyts, E. C.; Ostrikov, K.; Sunkara, M. K.; Bogaerts, A. Plasma
catalysis: synergistic effects at the nanoscale. Chem. Rev. 2015, 115,
13408—13446.

(24) Sharma, R. K; Patel, H; Mushtag, U, Kyriakou, V,;
Zafeiropoulos, G.; Peeters, F.; Welzel, S.; van de Sanden, M. C;
Tsampas, M. N. Plasma Activated Electrochemical Ammonia
Synthesis from Nitrogen and Water. ACS Energy Letters 2021, 6,
313-319.

(25) Zhao, X,; Hu, G.; Chen, G.-F.; Zhang, H.; Zhang, S.; Wang, H.
Comprehensive Understanding of the Thriving Ambient Electro-
chemical Nitrogen Reduction Reaction. Adv. Mater. 2021, 33,
2007650.

(26) Yang, B,; Ding, W.; Zhang, H.; Zhang, S. Recent progress in
electrochemical synthesis of ammonia from nitrogen: strategies to
improve the catalytic activity and selectivity. Energy Environ. Sci. 2021,
14, 672—687.

(27) Martin, A. J.; Shinagawa, T.; Pérez-Ramirez, J. Electrocatalytic
reduction of nitrogen: From Haber—Bosch to ammonia artificial leaf.
Chem. 2019, S, 263—283.

(28) Foster, S. L.; Bakovic, S. I. P.; Duda, R. D.; Maheshwari, S.;
Milton, R. D.; Minteer, S. D.; Janik, M. J.; Renner, J. N.; Greenlee, L.
F. Catalysts for nitrogen reduction to ammonia. Nature Catalysis
2018, 1, 490—500.

(29) Renner, J. N.; Greenlee, L. F; Ayres, K. E.; Herring, A. M.
Electrochemical synthesis of ammonia: a low pressure, low temper-
ature approach. Electrochem. Soc. Interface 2015, 24, 51.

(30) Wang, X.; Wang, W.; Qiao, M.; Wu, G.; Chen, W.; Yuan, T,;
Xu, Q; Chen, M,; Zhang, Y.; Wang, X,; et al. Atomically dispersed
Aul catalyst towards efficient electrochemical synthesis of ammonia.
Science bulletin 2018, 63, 1246—1253.

(31) Tong, W.; Huang, B.; Wang, P,; Li, L.; Shao, Q; Huang, X.
Crystal-Phase-Engineered PdCu Electrocatalyst for Enhanced Ammo-
nia Synthesis. Angew. Chem. 2020, 132, 2671-2675.

(32) Li, S.-J.; Bao, D.; Shi, M.-M.; Wulan, B.-R;; Yan, ].-M.; Jiang, Q.
Amorphizing of Au nanoparticles by CeOx-RGO hybrid support
towards highly efficient electrocatalyst for N2 reduction under
ambient conditions. Adv. Mater. 2017, 29, 1700001.

3684

(33) Zhang, J.; Tian, X,; Liu, M; Guo, H; Zhou, J.; Fang, Q; Liu,
Z.; Wu, Q; Lou, J. Cobalt-modulated molybdenum-dinitrogen
interaction in MoS2 for catalyzing ammonia synthesis. J. Am. Chem.
Soc. 2019, 141, 19269—19275.

(34) Yu, X; Han, P.; Wei, Z,; Huang, L,; Gu, Z.; Peng, S.; Ma, J;
Zheng, G. Boron-doped graphene for electrocatalytic N2 reduction.
Joule 2018, 2, 1610—1622.

(35) Liu, Y,; Kong, X,; Guo, X,; Li, Q; Ke, J.; Wang, R,; Li, Q;
Geng, Z.; Zeng, J. Enhanced N2 electroreduction over LaCoO3 by
introducing oxygen vacancies. ACS Catal. 2020, 10, 1077—108S.

(36) Jin, H; Li, L;; Liu, X; Tang, C.; Xu, W,; Chen, S.; Song, L.;
Zheng, Y.; Qiao, S.-Z. Nitrogen vacancies on 2D layered W2N3: a
stable and efficient active site for nitrogen reduction reaction. Adv.
Mater. 2019, 31, 1902709.

(37) Yang, Y.; Wang, S.-Q.; Wen, H.,; Ye, T.; Chen, J; Li, C.-P.; Dy,
M. Nanoporous gold embedded ZIF composite for enhanced
electrochemical nitrogen fixation. Angew. Chem., Int. Ed. 2019, S8,
15362—15366.

(38) Choi, J.; Du, H.-L; Chatti, M.; Suryanto, B. H.; Simonov, A.;
Macfarlane, D. Promoting nitrogen electroreduction to ammonia with
bismuth nanocrystals and potassium cations in water. ChemRuxiv
Preprint 2020, 11768814.

(39) Hu, B; Hu, M, Seefeldt, L; Liu, T. L. Electrochemical
dinitrogen reduction to ammonia by Mo2N: catalysis or decom-
position? ACS Energy Letters 2019, 4, 1053—1054.

(40) 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, 7820—
7827.

(41) Andersen, S. Z.; Statt, M. J; Bukas, V. J.; Shapel, S. G;
Pedersen, J. B.; Krempl, K, Saccoccio, M.; Chakraborty, D.;
Kibsgaard, J.; Vesborg, P. C.; et al. Increasing stability, efficiency,
and fundamental understanding of lithium-mediated electrochemical
nitrogen reduction. Energy Environ. Sci. 2020, 13, 4291—4300.

(42) 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;; et al. A rigorous electrochemical ammonia synthesis
protocol with quantitative isotope measurements. Nature 2019, 570,
504—-508.

(43) Westhead, O.; Jervis, R.; Stephens, L. E. Is lithium the key for
nitrogen electroreduction? Science 2021, 372, 1149—1150.

(44) Cherepanov, P. V.; Krebsz, M.; Hodgetts, R. Y.; Simonov, A.
N.; MacFarlane, D. R. Understanding the Factors Determining the
Faradaic Efficiency and Rate of the Lithium Redox-Mediated N2
Reduction to Ammonia. J. Phys. Chem. C 2021, 125, 11402—11410.

(45) Lazouski, N.; Schiffer, Z. J.; Williams, K.; Manthiram, K.
Understanding continuous lithium-mediated electrochemical nitrogen
reduction. Joule 2019, 3, 1127—1139.

(46) Gao, L.-F.; Cao, Y.; Wang, C; Yu, X.-W,; Li, W.-B,; Zhou, Y,;
Wang, B,; Yao, Y.-F,; Wu, C.-P,; Luo, W.-J,; et al. Domino Effect:
Gold Electrocatalyzing Lithium Reduction to Accelerate Nitrogen
Fixation. Angew. Chem., Int. Ed. 2021, 60, 5257—5261.

(47) Battino, R; Rettich, T. R; Tominaga, T. The solubility of
nitrogen and air in liquids. J. Phys. Chem. Ref. Data 1984, 13, 563—
600.

(48) Lazouski, N.; Chung, M.; Williams, K.; Gala, M. L.; Manthiram,
K. Non-aqueous gas diffusion electrodes for rapid ammonia synthesis
from nitrogen and water-splitting-derived hydrogen. Nature Catalysis
2020, 3, 463—469.

(49) Tsuneto, A,; Kudo, A,; Sakata, T. Efficient electrochemical
reduction of N2 to NH3 catalyzed by lithium. Chem. Lett. 1993, 22,
851-854.

(50) Suryanto, B. H.; Matuszek, K; Choi, J.; Hodgetts, R. Y.; Du,
H.-L.; Bakker, J. M.; Kang, C. S.; Cherepanov, P. V.; Simonov, A. N,;
MacFarlane, D. R. Nitrogen reduction to ammonia at high efficiency
and rates based on a phosphonium proton shuttle. Science 2021, 372,
1187—1191.

(51) Hao, Y.-C.; Guo, Y.; Chen, L.-W.; Shu, M.; Wang, X.-Y.; Bu, T.-
A.; Gao, W.-Y,; Zhang, N.; Su, X.; Feng, X,; et al. Promoting nitrogen

https://doi.org/10.1021/acsenergylett.1c01614
ACS Energy Lett. 2021, 6, 3676—3685


https://doi.org/10.1039/D0EE03763J
https://doi.org/10.1016/S0140-7007(01)00003-2
https://doi.org/10.1016/S0140-7007(01)00003-2
https://doi.org/10.1007/s10450-020-00291-8
https://doi.org/10.1007/s10450-020-00291-8
https://doi.org/10.1007/s10450-020-00291-8
https://doi.org/10.1016/j.joule.2020.12.007
https://doi.org/10.1016/j.joule.2020.12.007
https://doi.org/10.1126/science.aaw8775
https://doi.org/10.1126/science.aaw8775
https://doi.org/10.1021/acsenergylett.9b00860?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/adma.202005721
https://doi.org/10.1002/adma.202005721
https://doi.org/10.1021/jacs.8b08464?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.8b08464?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.7b00439?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.7b00439?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.7b00439?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C8FD00191J
https://doi.org/10.1039/C8FD00191J
https://doi.org/10.1021/acs.chemrev.5b00362?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.5b00362?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsenergylett.0c02349?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsenergylett.0c02349?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/adma.202007650
https://doi.org/10.1002/adma.202007650
https://doi.org/10.1039/D0EE02263B
https://doi.org/10.1039/D0EE02263B
https://doi.org/10.1039/D0EE02263B
https://doi.org/10.1016/j.chempr.2018.10.010
https://doi.org/10.1016/j.chempr.2018.10.010
https://doi.org/10.1038/s41929-018-0092-7
https://doi.org/10.1149/2.F04152if
https://doi.org/10.1149/2.F04152if
https://doi.org/10.1016/j.scib.2018.07.005
https://doi.org/10.1016/j.scib.2018.07.005
https://doi.org/10.1002/ange.201913122
https://doi.org/10.1002/ange.201913122
https://doi.org/10.1002/adma.201700001
https://doi.org/10.1002/adma.201700001
https://doi.org/10.1002/adma.201700001
https://doi.org/10.1021/jacs.9b02501?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.9b02501?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.joule.2018.06.007
https://doi.org/10.1021/acscatal.9b03864?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.9b03864?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/adma.201902709
https://doi.org/10.1002/adma.201902709
https://doi.org/10.1002/anie.201909770
https://doi.org/10.1002/anie.201909770
https://doi.org/10.26434/chemrxiv.11768814
https://doi.org/10.26434/chemrxiv.11768814
https://doi.org/10.1021/acsenergylett.9b00648?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsenergylett.9b00648?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsenergylett.9b00648?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/acscatal.8b02120?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/D0EE02246B
https://doi.org/10.1039/D0EE02246B
https://doi.org/10.1039/D0EE02246B
https://doi.org/10.1038/s41586-019-1260-x
https://doi.org/10.1038/s41586-019-1260-x
https://doi.org/10.1126/science.abi8329
https://doi.org/10.1126/science.abi8329
https://doi.org/10.1021/acs.jpcc.1c02494?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.1c02494?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.1c02494?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.joule.2019.02.003
https://doi.org/10.1016/j.joule.2019.02.003
https://doi.org/10.1002/anie.202015496
https://doi.org/10.1002/anie.202015496
https://doi.org/10.1002/anie.202015496
https://doi.org/10.1063/1.555713
https://doi.org/10.1063/1.555713
https://doi.org/10.1038/s41929-020-0455-8
https://doi.org/10.1038/s41929-020-0455-8
https://doi.org/10.1246/cl.1993.851
https://doi.org/10.1246/cl.1993.851
https://doi.org/10.1126/science.abg2371
https://doi.org/10.1126/science.abg2371
https://doi.org/10.1038/s41929-019-0241-7
http://pubs.acs.org/journal/aelccp?ref=pdf
https://doi.org/10.1021/acsenergylett.1c01614?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Energy Letters

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

electroreduction to ammonia with bismuth nanocrystals and
potassium cations in water. Nature Catalysis 2019, 2, 448—456.

(52) Fernandez, C. A.; Hortance, N. M.; Liu, Y.-H.; Lim, J.; Hatzell,
K. B,; Hatzell, M. C. Opportunities for intermediate temperature
renewable ammonia electrosynthesis. J. Mater. Chem. A 2020, 8,
15591—-15606.

(53) Fernandez, C. A.; Hatzell, M. C. Editors’ Choice—Economic
Considerations for Low-Temperature Electrochemical Ammonia
Production: Achieving Haber—Bosch Parity. ]. Electrochem. Soc.
2020, 167, 143504.

(54) Lee, H. K; Koh, C. S. L;; Lee, Y. H,; Liu, C; Phang, I. Y.; Han,
X.; Tsung, C.-K; Ling, X. Y. Favoring the unfavored: selective
electrochemical nitrogen fixation using a reticular chemistry approach.
Science advances 2018, 4, eaar3208.

(55) Tsuneto, A.; Kudo, A.; Sakata, T. Lithium-mediated electro-
chemical reduction of high pressure N2 to NH3. J. Electroanal. Chem.
1994, 367, 183—188.

(56) Kim, K,; Yoo, C.-Y.; Kim, J-N,; Yoon, H. C.; Han, J.-L
Electrochemical synthesis of ammonia from water and nitrogen in
ethylenediamine under ambient temperature and pressure. J. Electro-
chem. Soc. 2016, 163, F1523.

(57) Schwalbe, J. A; Statt, M. J.; Chosy, C.; Singh, A. R;; Rohr, B.
A.; Nielander, A. C.; Andersen, S. Z.; McEnaney, ]J. M,; Baker, J. G,;
Jaramillo, T. F.; et al. A combined theory-experiment analysis of the
surface species in lithium-mediated NH3 electrosynthesis. ChemElec-
troChem 2020, 7, 1542—1549.

(58) Li, J.; Zhan, G.; Yang, J.; Quan, E,; Mao, C; Liu, Y.; Wang, B.;
Lei, F.; Li, L.; Chan, A. W,; et al. Efficient ammonia electrosynthesis
from nitrate on strained ruthenium nanoclusters. J. Am. Chem. Soc.
2020, 142, 7036—7046.

(59) Wu, Y; Jiang, Z.; Lin, Z.; Liang, Y.; Wang, H. Direct
electrosynthesis of methylamine from carbon dioxide and nitrate.
Nature Sustainability 2021, 4, 725-730.

(60) Chen, G.-F.; Yuan, Y,; Jiang, H.; Ren, S.-Y,; Ding, L.-X.; Ma, L.;
Wu, T.; Lu, J.; Wang, H. Electrochemical reduction of nitrate to
ammonia via direct eight-electron transfer using a copper-molecular
solid catalyst. Nature Energy 2020, S, 605—613.

(61) Wang, Y.,; Zhou, W,; Jia, R; Yu, Y,; Zhang, B. Unveiling the
activity origin of a copper-based electrocatalyst for selective nitrate
reduction to ammonia. Angew. Chem. 2020, 132, 5388—5392.

(62) Wang, Y.; Xu, A.; Wang, Z,; Huang, L,; Li, J.; Li, F.; Wicks, J;
Luo, M.; Nam, D.-H.; Tan, C.-S,; et al. Enhanced nitrate-to-ammonia
activity on copper-nickel alloys via tuning of intermediate adsorption.
J. Am. Chem. Soc. 2020, 142, 5702—5708.

(63) Katsounaros, I. On the assessment of electrocatalysts for nitrate
reduction. Current Opinion in Electrochemistry 2021, 28, 100721.

(64) Lv, C; Zhong, L.; Liu, H,; Fang, Z.; Yan, C.; Chen, M.; Kong,
Y,; Lee, C.; Liu, D.; Li, S; et al. Selective electrocatalytic synthesis of
urea with nitrate and carbon dioxide. Nature Sustainability 2021,
DOI: 10.1038/s41893-021-00741-3.

(65) Daiyan, R;; Tran-Phu, T.; Kumar, P.; Iputera, K; Tong, Z.;
Leverett, J.; Khan, M. H. A.; Esmailpour, A. A; Jalili, A.; Lim, M.;
et al. Nitrate reduction to ammonium: from CuO defect engineering
to waste NO x-to-NH 3 economic feasibility. Energy Environ. Sci.
2021, 14, 3588.

(66) Lim, J.; Liu, C.-Y.; Park, J.; Liu, Y.-H.; Senftle, T. P.; Lee, S. W.;
Hatzell, M. C. Structure Sensitivity of Pd Facets for Enhanced
Electrochemical Nitrate Reduction to Ammonia. ACS Catal. 2021, 11,
7568—7577.

(67) Fajardo, A. S.; Westerhoff, P.; Sanchez-Sanchez, C. M.; Garcia-
Segura, S. Earth-abundant elements a sustainable solution for
electrocatalytic reduction of nitrate. Appl. Catal, B 2021, 281, 119465.

(68) Zeng, Y.; Priest, C.; Wang, G.; Wu, G. Restoring the nitrogen
cycle by electrochemical reduction of nitrate: progress and prospects.
Small Methods 2020, 4, 2000672.

(69) Shen, Z.; Liu, D.; Peng, G.; Ma, Y.; Li, J.; Shi, J.; Peng, J.; Ding,
L. Electrocatalytic reduction of nitrate in water using Cu/Pd modified
Ni foam cathode: High nitrate removal efficiency and N2-selectivity.
Sep. Purif. Technol. 2020, 241, 116743.

3685

(70) Wang, J.; Teng, W,; Ling, L.; Fan, J.; Zhang, W.-x,; Deng, Z.
Nanodenitrification with bimetallic nanoparticles confined in N-
doped mesoporous carbon. Environ. Sci.: Nano 2020, 7, 1496—1506.

(71) Chen, Z.; Wang, Y.; Wang, J.; Hu, Z.; Teng, W.; Fan, ].; Zhang,
W.-x. Enhanced activity and selectivity of electrocatalytic denitrifica-
tion by highly dispersed CuPd bimetals on reduced graphene oxide.
Chem. Eng. J. 2021, 416, 129074,

(72) van Langevelde, P. H.; Katsounaros, I; Koper, M. T.
Electrocatalytic nitrate reduction for sustainable ammonia production.
Joule 2021, 5, 290—294.

(73) Chen, J. G.; Crooks, R. M.; Seefeldt, L. C.; Bren, K. L.; Bullock,
R. M,; Darensbourg, M. Y.; Holland, P. L.; Hoffman, B.; Janik, M. J.;
Jones, A. K; et al. Beyond fossil fuel—driven nitrogen transformations.
Science 2018, 360, eaar6611.

(74) Dai, C; Sun, Y.; Chen, G.; Fisher, A. C; Xu, Z. J.
Electrochemical oxidation of nitrogen towards direct nitrate
production on spinel oxides. Angew. Chem. Int. Ed. 2020, 59,
9418—-9422.

(75) Han, S.; Wang, C.; Wang, Y.; Yu, Y.,; Zhang, B. Electrosynthesis
of Nitrate via the Oxidation of Nitrogen on Tensile-Strained
Palladium Porous Nanosheets. Angew. Chem. Int. Ed. 2021, 60,
4474—4478.

(76) Song, F.; Bai, L.; Moysiadou, A.; Lee, S.; Hu, C.; Liardet, L.;
Hu, X. Transition metal oxides as electrocatalysts for the oxygen
evolution reaction in alkaline solutions: an application-inspired
renaissance. J. Am. Chem. Soc. 2018, 140, 7748—7759.

(77) Anand, M.; Abraham, C. S.; Nerskov, J. K. Electrochemical
oxidation of molecular nitrogen to nitric acid-towards a molecular
level understanding of the challenges. Chemical science 2021, 12,
6442—6448.

(78) United Nations, Department of Economic and Social Affairs,
Population Dynamics. World Population Prospects 2019, 2019
Revision; https://population.un.org/wpp/

(79) Liu, J; You, L; Amini, M.; Obersteiner, M.; Herrero, M.;
Zehnder, A. J; Yang, H. A high-resolution assessment on global
nitrogen flows in cropland. Proc. Natl. Acad. Sci. U. S. A. 2010, 107,
8035—8040.

(80) Boerner, L. K. Industrial ammonia production emits more CO,
than any other chemical-making reaction. Chemists want to change
that. Chem. Eng. News 2019, 97 (24), 1-9.

(81) Liu, X; Elgowainy, A.;; Wang, M. Life cycle energy use and
greenhouse gas emissions of ammonia production from renewable
resources and industrial by-products. Green Chem. 2020, 22, 5751—
5761.

(82) Thiemann, M.; Scheibler, E.; Wiegand, K. W. Nitric acid,
nitrous acid, and nitrogen oxides. Ullmann’s encyclopedia of industrial
chemistry; Wiley-VCH Verlag GmbH & Co. KGaA: Weinheim,
Germany, 2000. DOI: 10.1002/14356007.a17_293

https://doi.org/10.1021/acsenergylett.1c01614
ACS Energy Lett. 2021, 6, 3676—3685


https://doi.org/10.1038/s41929-019-0241-7
https://doi.org/10.1038/s41929-019-0241-7
https://doi.org/10.1039/D0TA03753B
https://doi.org/10.1039/D0TA03753B
https://doi.org/10.1149/1945-7111/abc35b
https://doi.org/10.1149/1945-7111/abc35b
https://doi.org/10.1149/1945-7111/abc35b
https://doi.org/10.1126/sciadv.aar3208
https://doi.org/10.1126/sciadv.aar3208
https://doi.org/10.1016/0022-0728(93)03025-K
https://doi.org/10.1016/0022-0728(93)03025-K
https://doi.org/10.1149/2.0741614jes
https://doi.org/10.1149/2.0741614jes
https://doi.org/10.1002/celc.201902124
https://doi.org/10.1002/celc.201902124
https://doi.org/10.1021/jacs.0c00418?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.0c00418?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41893-021-00705-7
https://doi.org/10.1038/s41893-021-00705-7
https://doi.org/10.1038/s41560-020-0654-1
https://doi.org/10.1038/s41560-020-0654-1
https://doi.org/10.1038/s41560-020-0654-1
https://doi.org/10.1002/ange.201915992
https://doi.org/10.1002/ange.201915992
https://doi.org/10.1002/ange.201915992
https://doi.org/10.1021/jacs.9b13347?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.9b13347?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.coelec.2021.100721
https://doi.org/10.1016/j.coelec.2021.100721
https://doi.org/10.1038/s41893-021-00741-3
https://doi.org/10.1038/s41893-021-00741-3
https://doi.org/10.1038/s41893-021-00741-3?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/D1EE00594D
https://doi.org/10.1039/D1EE00594D
https://doi.org/10.1021/acscatal.1c01413?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.1c01413?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.apcatb.2020.119465
https://doi.org/10.1016/j.apcatb.2020.119465
https://doi.org/10.1002/smtd.202000672
https://doi.org/10.1002/smtd.202000672
https://doi.org/10.1016/j.seppur.2020.116743
https://doi.org/10.1016/j.seppur.2020.116743
https://doi.org/10.1039/D0EN00087F
https://doi.org/10.1039/D0EN00087F
https://doi.org/10.1016/j.cej.2021.129074
https://doi.org/10.1016/j.cej.2021.129074
https://doi.org/10.1016/j.joule.2020.12.025
https://doi.org/10.1126/science.aar6611
https://doi.org/10.1002/anie.202002923
https://doi.org/10.1002/anie.202002923
https://doi.org/10.1002/anie.202014017
https://doi.org/10.1002/anie.202014017
https://doi.org/10.1002/anie.202014017
https://doi.org/10.1021/jacs.8b04546?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.8b04546?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.8b04546?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/D1SC00752A
https://doi.org/10.1039/D1SC00752A
https://doi.org/10.1039/D1SC00752A
https://population.un.org/wpp/
https://doi.org/10.1073/pnas.0913658107
https://doi.org/10.1073/pnas.0913658107
https://doi.org/10.1039/D0GC02301A
https://doi.org/10.1039/D0GC02301A
https://doi.org/10.1039/D0GC02301A
https://doi.org/10.1002/14356007.a17_293
https://doi.org/10.1002/14356007.a17_293
https://doi.org/10.1002/14356007.a17_293?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
http://pubs.acs.org/journal/aelccp?ref=pdf
https://doi.org/10.1021/acsenergylett.1c01614?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

