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AMMONIA SYNTHESIS USING PLASMA-
PRODUCED ELECTRONS

RELATED APPLICATION DATA

[0001] This application claims the benefit of U.S. Provi-

sional Application Serial No. 62/647,021, filed Mar. 23,
2018, which 1s mcorporated by reference herein.

GOVERNMENT FUNDING

[0002] The present mvention was made with government
support under grant W91INF-17-0119 awarded by the
Department of Defense/Army Research Office. The govern-
ment has certain rights 1n this mvention.

BACKGROUND OF THE INVENTION

[0003] The fixation of nmitrogen (N,) has an enormous
energy, environmental, and societal impact, the most impor-
tant of which 1s the synthesis of ammoma (NH5) for fertili-
zers that helps support nearly half of the world’s population.
Industrially, NHj 1s currently produced via the Haber-Bosch
(H-B) process by reacting N, with hydrogen (H,) over an
iron-based catalyst at high pressure, about 150-300 standard
atmosphere (atm) and high temperature, about 400-
500 degree Celsius (°C). See Appl, M., Ammonia, 1. Intro-
duction. In Ullmann’s Encyclopedia of Industrial Chemis-
try, Wiley-VCH Verlag GmbH & Co. KGaA: 2012. This
heterogeneous reaction scheme consumes more energy and
contributes more greenhouse gas emaissions than any other
process associated with the top large-volume chemicals
manufactured worldwide. A critical reason 1s that the source
of H, for H-B process 1s fossil fuels, and either coal or nat-
ural gas must also be catalytically converted mn multiple
steps betore NH; synthesis takes place. Because of the low
smgle-pass conversion efficiency (15%) and high tempera-
tures and high pressures, plants that implement H-B process
are large and centralized to be economical, making them
difficult to integrate with renewable sources of H, such as
electrolysis.

[0004] Strategies for large-scale NH3 synthesis at ambient
conditions that use renewable sources of H, or water are
bemng explored mcluding photochemical processes (See
Mediord, A. J. et al., Acs Catalysis 2017, 7, (4), 2624-
2643) and electrochemical processes (See Giddey, S. et al.,
Int. J. Hydrog. Energy 2013, 38, (34), 14576-14594). The
major bottleneck with these approaches has been poor selec-
tvity (<1%) for the desired NH; product, especially at mild
temperatures (<80° C.), which, 1n turn, means higher energy
consumption, as well as higher capital cost and equipment
tootprint. See van der Ham et al., Chem. Soc. Rev. 2014, 43,
5183-5191 and Kuglar, K. et al., Phys. Chem. Chem. Phys.
2014, 16, 6129-6138. Photocatalytic reduction suttfers from
weak adsorption of N, on the surface of and oxidation of the
reaction products by the holes i semiconductor catalysts.
See Mozzanega, H. et al., J. Phys. Chem. 1979, 83, 2251-
2255. Electrocatalytic reduction has been characterized by
large overpotentials that are required for the relatively stable
N, to associatively or dissociatively adsorb on a metal cat-
alyst and energetically satisty multiple intermediates
involved 1n the complex reaction mechanism. See Skulason,
E. ¢t al., Phys. Chem. Chem. Phys. 2012, 14, 1235-1245,
and Montoya, J. H. et al., ChemSusChem 2015, 8, 2180-
2186. Moreover, the electrocatalysts with the lowest over-
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potentials are metals that tavor the adsorption of hydrogen
species (H,, HT, etc.) over N,, making 1t difficult to suppress
the hydrogen evolution reaction (HER), which ultimately
compromises NH; formation. See Singh, A. R. et al., ACS

Catalysis 2017, 7, 706-709.

[0005] Plasma-based processes are capable of activating
N, without a catalyst by generating highly energetic elec-
trons. In fact, mtrogen fixation occurs naturally 1n the atmo-
sphere from lightening and before H-B process was devel-
oped. The very first method for nmitrogen fixation was an
clectric arc 1n air known as the Birkeland-Eyde process.
See Eyde, H. S., J. Royal Soc. Arts 1909, 57, 568-576.
More recently, plasmas have been combined with solid cat-
alysts to enhance the heterogeneous reaction of N, and H,
and enable NH; synthesis at atmospheric pressure and room
temperature. See Kim, H-H. ¢t al., Plasma Proc. Poly. 2017,
14, 1-9. The synthesis of NH; has also been reported from
other sources of hydrogen such as ethanol and water. Water
in particular 1s attractive to avoid the dependence on fossil
fuels. See Kubota, Y. et al., J. Plasma. Fusikon Res. 2010, 3,
042, and Haruyama, T. et al., Green Chem. 2016, 18, 4536-
4541.

SUMMARY OF THE INVENTION

[0006] The present invention 1s directed to a method and a
system to synthesize ammonia. Strategies for scalable
ammonia synthesis at ambient conditions that use renewable
sources of energy and feedstocks are being explored to
replace the Haber-Bosch process. Here the inventors present
a catalyst-free, electrolytic hybrid plasma system which 1s
capable of high faradaic etficiency (up to 100%) and pro-
duction rate (up to 0.44 mg ammonia/hour) at atmospheric
temperature and pressure using nitrogen gas in the plasma,
and water as a proton source. Adding scavenging nitrates to
the system demonstrates that the ammomnia production pro-
cess occurs through a mechanism mvolving hydrogen radial
(H-) and solvated e¢lectrons and additional expermments.
Compared to alternative electricity-driven demonstrations
which use water as the proton source at atmospheric tem-
peratures and pressures, the hybrid plasma process emerges
as an efficient technique with high production rates and 1s
therefore promising for renewable ammonia generation

where there 1s an abundance of renewable energy.
[0007] In some embodiments, the invention mcludes a cat-

alyst-free, electrolytic approach to form NH; at ambient
(e.g., 25° C.) temperature and pressure from N, and water
by mjecting electrons from a plasma 1nto hiquid water. Sol-
vated electrons, one of the most powertul reducing agents
known, are created 1n a plasma by electrical breakdown of a
gas 1 contact with a liquad surface such as water. See Rum-
bach, P. et al., Nat. Comm. 2015, 7248. The feasibility of
solvated electrons reducing N5 to NH; has been previously
demonstrated using boron-doped diamond films, but
required ultraviolet (UV) radiation to generate the solvated
electrons and the selectivity for NH; was not determined.
See Zhu, D. et al., Nat. Mater. 2013, 8, 836-841. By using
only electricity to form the solvated electrons, the mventors
are able to calculate the current (faradaic) efficiency for NH,
synthesis and show that up to 100% selectivity 1s possible.
The role of solvated electrons and hydrogen radicals (H-) in
the reaction mechanism 1s clarified by scavenger experi-
ments which show that NH; synthesis 1s reduced by remov-
ing them. The reducing potential of solvated electrons, lack
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of a solid catalyst surface, and the localized flow of N, are
all suggested as possible reasons for the remarkably high
selectivity of this hybrid electrolytic approach.

[0008] In one embodiment, a method of ammomnia synth-
es1s mcludes contacting a nitrogen gas-containing plasma
with an aqueous solution, thereby forming ammonia from
the nitrogen gas and water.

[0009] In another embodiment, an electrochemical cell for
ammonia synthesis mcludes a container including an acidic
liquad electrolyte. The electrochemical cell also includes a
source of nitrogen gas, a metal electrode at least partially
immersed 1n the electrolyte, a metal tube electrode spaced
apart from a surface of the electrolyte by a predetermined
spacimng, and a plasma spanning the predetermined space
from the metal tube electrode to contact the surtace of the
electrolyte.

BRIEF DESCRIPTION OF THE FIGURES

[0010] The present mmvention may be more readily under-
stood by retference to the following figures wherein:

[0011] FIG. 1 provides a schematic 1llustration of a hybrid
plasma electrolytic system configured for catalyst-free, elec-
trolytic NH; production from N, and water using plasma-
produced solvated electrons.

[0012] FIG. 2 provides a graph illustrating total NH; pro-
duced after 45 minutes at 6 mulliampere (mA) for various
gas configurations (no plasma, Ar plasma, Ar plasma and
N,, and N, plasma).

[0013] FIG. 3 provides a schematic illustration of key
reaction pathways involving solvated electrons (e-,,) and
hydrogen radials (H-) that lead to NH; formation.

[0014] [FIG. 4 provides a graph illustrating NH; yield and
efficiency 1n a plasma electrolytic system, where total NH;
produced and corresponding faradaic efficiency are shown
as a function of process time at 6 mA.

[0015] FIG. S provides a graph 1llustrating representative
current waveforms measured 1n plasma electrolytic system
during NH; synthesis, where the total charge 1s 5448 mAs.
[0016] FIG. 6 provides a graph 1llustrating representative
current waveforms measured 1n plasma electrolytic system
during NHj; synthesis, where the total charge 1s 10858 mAs.
[0017] FIG. 7 provides a graph 1llustrating representative
current wavetorms measured 1n plasma electrolytic system
during NHj; synthesis, where the total charge 1s 16717 mAs.
[0018] FIG. 8 provides a graph illustrating representative
current wavetforms measured 1n plasma electrolytic system
during NHj; synthesis, where the total charge 1s 21647 mAs.
[0019] FIG. 9 provides a graph 1illustrating NH; yield and
efficiency 1n plasma electrolytic system, where the total
NH; produced and corresponding faradaic efficiency are
shown as a function of current after 45 minutes.

[0020] FIG. 10 provides a schematic illustration of a
hybrid plasma electrolytic system 1n a split H-cell geometry.
[0021] FIG. 11 provides a graph 1llustrating stability and
trapping of NHj; 1n a plasma electrolytic system, where the
total NH; produced 1n a split-compartment cell and 1n sin-
gle-compartment cell at representative times and current are
compared.

[0022] FIG. 12 provides a graph illustrating stability and
trapping of NH; 1n a plasma electrolytic system, where total
NH; captured 1n a main reaction cell and a secondary trap
vessel (e.g., a strongly acidic H,SO, bath; pH=2) as a func-
tion of pH 1n the mam reaction cell are compared.
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[0023] FIG. 13 provides a schematic illustration of the
influence of NO, on NH; formation 1n a plasma electrolytic
system; 1n the illustration the potential scavenging reaction
pathways of NO;- are represented mm green and NO,- 1n
purple.

[0024] FIG. 14 provides a graph 1llustrating a comparison
between total NH3 produced after 45 minutes at 6 mA for
low (10 mM) and high (1 M) concentrations of NO3- and
NO,-, and total NH; produced for the same conditions m

the absence of any scavenger.

[0025] FIG. 15 provides a graph illustrating NO,, concen-
tration measured as a function of processing time at 6 mA.
[0026] FIG. 16 provides a graph illustrating NO, concen-
tration measured as a function of current after 45 minutes.
[0027] FIG. 17 provides a graph 1llustrating a comparison
of experimentally produced NO, (empty circle data points
with black solid line for guide) with predicted NO, and NO;
based on O, gas evolved at anode 1n a plasma electrolytic

system as a function of process time.
[0028] FIG. 18 provides a graph 1llustrating a comparison

of experimentally produced NO, (empty circle data pomts
with black solid lin¢) with predicted NO, and NO5 based on
O, gas evolved at anode 1 a plasma electrolytic system as a
function of current.

[0029] FIG. 19 provides a graph illustrating representative
fluorescence assay calibration used to determine NH; pro-
duced, where the empty black square data points correspond
to control solutions and filled blue triangle data points cor-
respond to solutions synthesized in a plasma electrolytic
system.

[0030] FIG. 20 provides a graph illustrating representative
fluorescence assay calibration used to determine NO, pro-
duced, where the empty black square data points correspond
to control solutions and the filled blue triangle data points
correspond to solutions synthesized 1n a plasma electrolytic
system.

DETAILED DESCRIPTION OF THE INVENTION

Definitions

[0031] Unless otherwise defined, all technical and scienti-
fic terms used herein have the same meaning as commonly
understood by one of ordinary skill in the art to which this
application pertains. Although methods and materials simi-
lar or equavalent to those described herein can be used 1 the
practice or testing of the exemplary embodiments, suitable
methods and materials are described below. In case of con-
tlict, the present specification, mcluding definitions, will
control. In addition, the materials, methods, and examples

are 1llustrative only and not intended to be limiting.

[0032] The terminology as set forth herein 18 for descrip-
tion of the embodiments only and should not be construed as
limiting the application as a whole. Unless otherwise speci-
fied, “a,” “an.” “the,” and “at least one” are used inter-
changeably. Furthermore, as used in the description of the
application and the appended claims, the singular forms “a”,
“an”, and “the” are inclusive of theiwr plural forms, unless
contraindicated by the context surrounding such.

[0033] The recitations of numerical ranges by endpoints
include all numbers subsumed within that range (e.g., 1 to
Sincludes 1, 1.5, 2, 2.75, 3, 3.80, 4, 5, etc.).

[0034] The term “about™ as used herein when referring to
a measurable value such as an amount, a temporal duration,
and the like, 1s meant to encompass variations of £20% or
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110%, more preferably £5%, even more preferably +1%,
and still more preferably +£0.1% from the specified value,
as such variations are appropriate to perform the disclosed
methods.

[0035] As used herein, “plasma” 1s a state of matter mn
which an 10n1zed gaseous substance becomes highly electri-
cally conductive to the pomnt that long-range electric and
magnetic fields dominate the behavior of the matter. Plasma
1s an electrically neutral medium of unbound positive and
negative particles.

[0036] As used herein, the term “mitrogen gas i the
plasma,” “mtrogen gas-contaming plasma,” or “nitrogen
plasma” encompasses plasma created using nitrogen gas.
“Nitrogen gas 1 the plasma” or “nitrogen plasma” contains
1onized nitrogen.

[0037] Faradaic etficiency 1s calculated by the equation
below.

Faradaic eﬁficiency( % ) =

Experimentally measured NH ; concentration 100

Faradaic NH 5 concentration

0
. Bzl _
charge, F 1s Faraday’s constant, z 1s the number of electrons

and equal to 3 for the NH; reaction, and V 1s the volume of
the solution and equal to 20 mulliliter (mL).

where Faradaic NH; concentration= = where Q 18 the total

An Electrochemical Cell and A Method for Synthesizing
Ammonia

[0038] The present mvention 1s directed to methods for
ammonia synthesis at ambient conditions that use renewable
sources of energy and feedstocks. These methods can be
used, for example, to replace the Haber-Bosch process. In
one aspect, the mvention provides a catalyst-free, electroly-
tic hybrid plasma system which 1s capable of achieving a
high faradaic efficiency and an ammonia production rate at
atmospheric temperature and pressure using nitrogen gas 1n
the plasma, and water as a proton source. In particular, the

faradaic efliciency may be between about 70% and about
100%, between about 80% and about 100%, between

about 90% and about 100%, and about 100%. The ammonia

production rate may be between about 0.2 milligram per hour
(mg/hour) and (.44 mg/hour, between about 0.3 mg/hour
and 0.44 mg/hour, between about 0.4 mg/hour and

(.44 mg/hour, and about 0.44 mg/hour

[0039] In one aspect, the present invention provides a
method of ammonia (NHs) synthesis. The method may
include contacting a nmitrogen gas (N,) contaimning plasma
with an aqueous solution, thereby forming ammonia from
the nitrogen gas and water. An aqueous solution 1s a solution
in which the solvent 1s water. Preferably, the aqueous solu-
tion 1includes electrolytes that help to conduct current within
the aqueous solution. While not intending to be bound by
theory, the mventors believe that the presence of solvated
electrons and H- 1 plasma electrolytic synthesis of NH;
play an important role in providing the improved character-
1stics of the ammonia synthesis method described herein.
[0040] In some embodiments, the nitrogen gas-containing
plasma (e.g., nitrogen plasma) 1s a microplasma, which 1s a
plasma of small dimensions. A microplasma can have a dia-
meter ranging from about 10 to 100 micrometers, or from
100 to 1000 mucrometers. The mnitrogen gas-contaming
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plasma may be present 1 an electrochemical cell including
a plasma-generating cathode and a metal anode. Details of
the electrochemical cell are discussed herein (see for exam-
ple FIG. 1 and Example 1). The nitrogen gas 1s delivered to
the aqueous solution from the plasma-generating cathode
while an electrical current 1s applied to generate the nitrogen
pas-containing plasma.

[0041] The ¢lectrical current used to generate the plasma
may range from about 1 milliampere (mA) to about 20 mA,
about 1 mA to about 15 mA, or about 1 mA to about 8 mA.
The mitrogen gas may be delivered at a flow rate of about
100 mulliliter per mimnute (mL/min) to about 150 ml./min,
about 110 mL/min to about 140 ml./min, about 120 ml./

min to about 130 mL/min, or about 125 mlL/min.
[0042] The method may be carried out at a suitable tem-

perature and pressure such that the water in the aqueous
solution 1s 1 liquid form. Accordingly, mm some embodi-
ments, the temperature 1s greater than 0 degree Celsius
(°C) and lower than 100° C., between about 5 degree Cel-
sius (°C) and 45° C., between about 10° C. and 40° C.,
between about 15° C. and 35° C., between about 20° C.
and 30° C., between about 22° C. and 28° C., between
about 24° C. and 26° C., and about 25° C. In some embodi-
ments, the method may be carried out at room temperature
(e.g. 25° C.) and atmospheric pressure. The method can also
be carried out at a variety of moderate pressures. The pres-
sure may be between about 1.5 atmospheric pressure (atm)
and 0.5 atm, between about 1.3 atm and 0.7 atm, between
about 1.2 atm and 0.8 atm, between about 1.1 atm and

(0.9 atm, and about 1 atm.
[0043] In another aspect, the present invention provides an

electrochemical cell for ammonia synthesis. An electroche-
mical cell 1s a device capable of using electrical energy to
cause a chemical reaction such as the formation of ammo-
ma. The electrochemical cell may include a contamer
including an acidic liquid electrolyte, a source of nitrogen
oas, a metal electrode at least partially immersed 1n the elec-
trolyte, and a metal tube electrode spaced apart from a sur-
face of the electrolyte by a predetermined spacing. When 1n
operation, the electrochemical cell mncludes a plasma span-
ning the predetermined space from the metal tube electrode
to contact the surface of the electrolyte. The plasma 1s gen-
crated when power 1s applied to the metal tube electrode.
Power can be provided by an electrical power supply device
that supplies electric power. The predetermined spacing
may be between about 1 millimeter (mm) and about 1 centi-
meter (cm), between about 1 mm and about 0.5 cm, between
about 0.5 mm and 0.5 cm, between about 1 mm and about
0.1 cm, and less than about 1 mm. The electrochemical cell
1s configured to synthesize ammonia from the mitrogen gas
and water (e.g., water 1n the acidic hiquid electrolyte) under
moderate (e.g., atmospheric) pressure.

[0044] The container 1s configured to contain the acidic
liquid electrolyte. An advantage of the present mvention 18
that the method of ammonia synthesis can be carried out on
a relatively small scale. The volume of the container or the
clectrochemical cell may be any suitable values. For exam-
ple, the container or the electrochemical cell may have a
volume of about 1 liter or less, about 500 millimeters (mL)
or less, about 300 mL or less, about 200 mL or less, about
100 mL or less, about 50 mL or less, about 30 mL or less,
about 20 mL or less, about 10 mL or less, or 5 mL or less.
The acidic liquad electrolyte may be an aqueous solution has
apH of 5 or less, 4 or less, 3.5, or 2. The acidic liquid may




US 2023/0286820 Al

include a solution containing sulturic acid (H,SO,4) m deio-
nized water having apH ot 5, 4, 3.5, or 2. In further embodi-
ments, acids other than sulfuric acid, such as hydrochloric
acid or nitric acid, can also be used mn the electrolyte

solution.

[0045] The source of nitrogen gas 1s configured to supply
nitrogen gas to the metal tube electrode (e.g., the plasma
oenerating cathode). The source of nitrogen gas may include
a hollow conductive body including a first opening and a
second opening comprising a nitrogen gas outlet and the
second opening being separated from the surface of the
acidic liquud electrolyte by the predetermined spacing. Pre-
terably, the mitrogen gas supplied 1s relatively pure, but n
some embodiments the nitrogen gas can include additional
non-reactive gases such as argon. The source of nitrogen
may be configured to deliver the nitrogen gas at a tlow rate
of about 100 milliliter per minute (mL/min) to about
150 ml/min, about 110 ml/min to about 140 ml./min,
about 120 ml./min to about 130 ml./min, or about 125 ml./
min.

[0046] The metal electrode (e.g., anode) may be any sui-
table anode material and 1n any suitable shape or dimension.
For example, the metal electrode may be made of platimum
(Pt), gold, silver, or copper The metal tube electrode may be
made of any suitable cathode material and 1n any suitable
shape or dimension capable of deliver the mitrogen gas
toward the acidic liquid electrolyte gas. For example, the

metal tube electrode may be made of stainless steel.
[0047] FIG. 1 shows a schematic depiction of the chemaical

electrochemical cell for ammonia synthesis set forth above.
In the illustrated embodiment, an electrochemical cell 10
may include a contamner 12 mncluding an acidic liquid elec-
trolyte or an aqueous solution 14. The electrochemical cell
10 may mclude a source 16 of nitrogen gas, a metal elec-
trode 18 (¢.g., anode) at least partially immersed 1n the elec-
trolyte 14, and a metal tube electrode 20 (e.g., cathode)
spaced apart from a surface 22 of the electrolyte 14 by a
predetermined spacimg 24. The nitrogen gas may be deliv-
ered to the electrolyte or aqueous solution 14 from the metal
tube electrode 20, which 1s a plasma-generating cathode.
The metal tube electrode 20 may be connected to a power
supply and the metal electrode 18 may be wired to a resistor
to ground the metal electrode 18. When a negative high vol-

Sep. 14, 2023

tage 1s applied via the power supply, a plasma 26 1s created
spanning the predetermined space 24 from the metal tube
clectrode 20 to contact the surface 22 of the electrolyte 14.
In some embodiments, the electrochemical cell 10 may
include a first purging tube 28 and a second purging tube
30 to ensure that the electrochemical cell 10 1s 1solated
from ambient gasses. The first purging tube 28 may be
used for bubbling nitrogen through the electrolyte 14 and

the second purging tube 30 may be used as an exhaust.
[0048] Below synthesis of NH; from N, and water using

plasma-produced solvated electrons 1s discussed with refer-

ence to the electrochemical cell 10.

[0049] The setup bears similarity to electrochemical
approaches except that the metal cathode was replaced by
a plasma formed 1n a gas gap between a staimnless steel noz-
zle and the solution surface. Details of reactions at the

plasma-liquid interface have been reported elsewhere. See
Richmonds, C. et al., Appl. Phys. Lett. 2008, 93, 131501,

Richmonds, C. et al., J. Am. Chem. Soc. 2011, 133,
17582-17585, and Ghosh, S. et al., J. Electrochem. Soc.
2017, 164, D818-D824.

[0050] Here, 1n order to study NH; formation, both argon
(Ar) and N, were mvestigated as the plasma gas and the
purge gas, the latter of which was bubbled through the elec-
trolyte solution. All experiments were performed with a pla-
tinum (Pt) electrode immersed n the solution which oper-
ated as the anode. The electrolyte may include a solution
contaming sulfuric acid (H,SO,) 1 deionized water
(18.2 MQ) to both supply and conduct protons (H™) for N,
reduction and trap the as-synthesized NH;, as will be
discussed.

[0051] The mventors mitially performed a series of con-
trol experiments to verity NH; formation under the same
amount of time and current of 45 minutes and 6 milliampere
(mA), respectively. FIG. 2 shows the average mass of NHj
produced for the following configurations: 1) N, gas Hlow-
ing 1nto the cathode where the plasma 1s normally generated,
and bubbled through the solution, but e¢lectrical power
apphied (1.e. plasma generated), 2) Ar gas mn the plasma
and bubbled, 3) Ar gas 1n the plasma and N, gas bubbled,
and 4) N, gas 1 the plasma and bubbled. The complete set
of data for all trials which produced ammonia 1s shown 1n
Table 1.
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TABLE 1
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Summary of NH; produced and Faradaic efficiencies by plasma electrolytic synthesis for Ar gas in the plasma and N,
gas bubbled 1n solution and N, gas in the plasma and N, gas bubbled 1n solution. The current was 6 mA, the
processing time was 45 minutes, and the reaction volume was 20 mulliliter (mL) 1n both cases

Ar plasma + N, bubbling

NH; produced NH; produced

Total charge

Faradaic NH;  Faradaic efficiency

(mM) (mg) (mAs) conc. (mM) (%)
Tral 1 0.022 0.007 16254 2.81 0.8
Tral 2 0.172 0.059 16227 2.80 6.1
Trial 3 0.067 0.023 16198 2.80 2.4
Trial 4 0.003 0.001 16394 2.83 0.1
Tnal 5 0.144 (.049 16252 2.81 5.1
Trial 6 0.029 0.010 16228 2.80 1.0

Average 0.025+0.018 2.58+1.85
N, plasma + N, bubbling
NH; produced NH; produced Total charge Faradaic NH;  Faradaic efficiency

(mM) (mg) (mAs) conc. (mM) (o)
Tral 1 0919 0.313 16240 2.86 32.1
Trial 2 0.889 0.303 16314 2.87 30.9
Trial 3 0.902 0.307 16387 2.89 312
Trial 4 0.929 0.317 16288 2.87 32.4
Tral 5 0919 0.313 16322 2.88 31.9
Trial 6 0.926 0.315 16263 2.87 32.3
Trial 7 0.896 0.305 16253 2.81 31.9
Trial 8 0.902 0.307 16227 2.80 32.2
Trial 9 0.908 0.309 16199 2.80 32.5
Trial 10 0.990 (0.337 16394 2.83 35.0
Average 0.313+0.006 32.2+0.6

[0052] Without a plasma, or with only Ar 1n the system, no
detectable amount of NH3 was found. In comparison, sub-
stantially zero NH; was produced when N, was either
bubbled or 1n the plasma, confirming that 1t was not coming
from other sources mcluding background contamination.
The NH; yield was significantly larger with N, 1 the
plasma compared to Ar 1n the plasma. See Table 2 below.

TABLE 2

Summary of one-sample and two-sample t-tests carried out on data sets 1n
Table 2

One-Sample t, Test of £t = 0.00 vs p =1 0.00
Algebraic Standard  95% Lower

Mean Deviation Bound Probability
N, plasma Ar 0.313 0.010 (0.306 0.000  0.000 0.050
plasma + N, 0.025 0.024
Two-Sample t, Testof u; - u, =90
095%
Lower 05% Upper
Dafference Bound Bound Probability
N, plasma vs. Ar 0.288 0.263 0313 0.000

plasma + N2

[0053] A potential mechanism for NH; synthesis 1s 1llu-
strated m FIG. 3, highlighting the key reactions that could
be mitiated by solvated electrons. As noted, solvated elec-
trons 1n liquid water are highly reactive with a reduction
potential of -2.86 V and could be mvolved 1n a multitude
of reactions. See Buxton, G. V. ¢t al., J. Phys. Chem. Ref.
Data 1988, 17, 513-886. Previous work on solvated elec-
tron-mediated formation of NH; has shown that a likely

pathway 1s through the formation of hydrogen radicals
(H-), for example H* + e- (,,) =* H-, tollowed by reaction
of H- with N, to form N,H. See Christianson, J. R. et al., J.
Phys. Chem. B 2014, 118, 195-203. This 1s generally con-
sistent with the i1dentification of N>H as the critical inter-
mediate 1 reduction of N, by proton and electron transfer.
See Bazhenova, T. A. et al., Coord. Chem. Rev. 19935, 144,
69-145. The intermediate, N>,H, then continues to react with
H- to ultimately produce NHj;. Analogous to electrochemi-
cal synthesis of NH;, the HER 1s a major competing reac-
tion, reducing selectivity, and occurs via either the second
order recombination of solvated electrons, 2e-(,,) + 2H,O
— Hy(,) + 20H-, or hydrogen radicals, 2H- — Haj(,). With-
out these side reactions occurring, NH; production only
requires three electrons. The mventors note that while
other reaction pathways to produce H, involving solvated
clectrons and/or hydrogen radicals exist, these two are the
most Kinetically important.

[0054] NH; yield and efficiency m the plasma electrolytic
system were examined by measuring the amount of NH;
synthesized for different periods of time and at different
steady-state operating currents. FIG. 4 shows the average
mass of NH; obtained as a function of time at a current of
6 mA. The complete set of data for all trials 1s shown 1n
Table 3. A linear increase m NH; produced with time
would indicate a constant production rate, but the mventors
find that the rate changes, decreasing after 10 minutes. The
efficiency was estimated by comparing the measured NH;
mass at each time point to the amount of NH; calculated
from Faraday’s law assuming a three electron reaction.
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TABLE 3

Summary of NH; produced and Faradaic efficiencies by plasma electrolytic synthesis after different processing times.
The current was 6 mA and the reaction volume was 20 mL 1n all cases

t=5 min
NHj3 produced NHj3; produced Total charge  Faradaic NH; conc. Faradaic

(mM) (mg) (mAS) (mM) efhciency (%)
Trial 1 0.206 0.070 1838 0.317 64.9
Trial 2 0.073 0.025 1862 0.322 22.8
Trial 3 0.339 0.116 1832 0.317 107.1
Trial 4 0.150 0.051 1866 0.322 46.5
Average (0.065+0.033 60.3+30.9

t=15 min
NH;3 produced NHj3; produced Total charge  Faradaic NH; conc. Faradaic

(mM) (mg) (mAs) (mM) efficiency (%)
Trial 1 0.335 0.114 5508 0.951 35.2
Trial 2 0.285 0.097 5532 0.956 29.8
Trial 3 0.324 0.110 5493 0.949 34.2
Trial 4 0.346 0.118 5519 0.935 37.1
Trial 5 0.461 0.157 5511 (0.933 49 4
Trial 6 0.359 0.122 5541 0.938 38.2
Average (0.120+£0.015 37.3+4 .9
Trial 1 0.574 0.196 11026 1.905 30.2
Trial 2 0.602 0.205 11038 1.907 31.6
Trial 3 0.529 0.180 11014 1.902 27.8
Trial 4 0.572 0.195 11030 1.905 30.0
Average (.194+0.009 29.9+1.3
Trial 1 0.919 0.313 16567 2.86 32.1
Trial 2 (.889 0.303 16643 2.87 309
Trial 3 0.902 0.307 16717 2.89 31.2
Trial 4 0.929 0.317 16615 2.87 32.4
Tral 5 0.919 0.313 16651 2.88 31.9
Trial 6 0.926 0.315 16590 2.87 32.3
Trial 7 0.896 0.305 16253 2.81 319
Trial § 0.902 0.307 16227 2.80 32.2
Trial 9 0.908 0.309 16199 2.80 32.5
Trial 10 0.990 0.337 16394 2.83 35.0
Average 0.313£0.006 32.2+0.6

[0055] The mventors note that while the set point for the TABLE 4-continued

current through the hybnid electrolytic system was kept con- _ .

. : Summary of one-sample and two-sample t-tests carried out on data sets 1n
stant, there were small fluctuations over the duration of the Table 3
experiments arising from plasma instabilities, particularly
when the plasma was 1gnmited. See FIGS. 5-8. Although Algebraic
over the experimental period, these fluctuations did not con- Mean
tribute signmificant deviations from the average current
because they occurred on very short time scales on the
order of seconds, to ensure that the faradaic amount of

One-Sample t on NH; production Test of £t = 0.00 vs 1 =1t 0.00

05% Lower
St. Deviation Bound

Probability

Two-Sample t on NH; production Test of pu; - u, =0
95% Lower  95% Upper

NHj; calculated was precise, the temporal current was mon- Difference Bound Bound Probability
itored, I(t), and integrated to obtain the total charge, Q = | . oo 00 1 0o
I(t)dt. As a function of time, the average faradaic efficiency 1 e | | o
1s found to decrease from ~60% at 5 minutes to a statisti- 15 vs. 0074 0051 0 097 0 000
cally indistinguishable value of ~30% at 30 and 45 minutes 30 min
as shown 1n Table 4, consistent with the observed changes 1n 30 vs. 0.118 0.102 0.133 0.000
A 45 min
the NH; production rate.
One-Sample t on FE Test of u = 0.00 vs u > 0.00
TABLE 4 Algebraic 05% Lower
Mean St. Deviation Bound Probability
Summary of one-sample and tWG—TS;;IiIEIE t-tests carried out on data sets in 5 min 650 3 35 6 (] 4 0071
. 15 mi 37.3 6.59 31.9 0.000
One-Sample t on NH; production Test of © =0.00 vs n =1t 0.00 m?“ |
Alacbraic o T 30 min 29.9 1.56 28.1 0.000
4 .
Mean St. Deviation Bound Probability 45 min 32.1 1.70 31.5 0.000
5 vs. 23.0 -80.4 34.3 0.291
5 min 0.065 0.038 0.005 0.021 15 min
15 min 0.120 0.020 0.099 0.000 15 vs. 7.42 0.23 14.6 0.045
30 min 0.194 0.010 0.178 0.000 30 min
30 vs. 2.24 0.175 4.66 0.062

45 min 0.312 0.016 0.305 0.000
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One-Sample t on FE Test of u = 0.00 vs 1 > 0.00

Sep. 14, 2023

TABLE 4-continued [0056] FIG. 9 shows the average mass of NH; produced

after 45 minutes as a function of current in the plasma elec-

45 min

Algebraic

Mean

trolytic system. The complete set of data for all trials 1s

shown 1n Table 3.
[0057] The processing time was 45 minutes and the reac-

tion volume was 20 ml. 1n all cases.

05% Lower

St. Deviation Bound Probability

TABLE 5
Summary of NH; produced and Faradaic efficiencies by plasma electrolytic synthesis at different currents
I=1 mA
NH,; produced NH; produced Total charge  Faradaic NH; conc. Faradaic

(mM) (mg) (mASs) (mM) efficiency (%)
Tnal 1 0.456 0.155 27709 0.468 974
Tnal 2 0.470 0.160 27705 0.467 100.7
‘nal 3 0.463 0.158 27700 0.466 99 8
I'nal 4 0.463 0.158 2732 0.472 98.1
Average 0.158+0.002 99.0+1.3

I=2 mA
NH; produced NH; produced Total charge  Faradaic NH; conc. Faradaic

(mM) (mg) (mASs) (mM) efficiency (%)
Tnal | 0.849 0.289 5438 0.939 90.4
Tnal 2 0.939 0.320 5483 0.947 99.1
Tnal 3 0.944 0.322 5448 0.941 100.3
Tnal 4 1.017 0.346 5798 1.002 101.5
Tnal 3 1.050 0.358 5690 0.983 106.8
Tnal 6 1.043 0.355 5643 0.975 107.0
Average 0.332+0.020 100.9+4 .6

I=3 mA
NH- produced NH; produced Total charge  Faradaic NH; conc. Faradaic

(mM) (mg) (mAs) (mM)} etficiency (%)
Tnal 1 0.586 0.199 8132 1.405 41.7
Tnal 2 0.514 0.175 8189 1.415 36.3
Tnal 3 0.431 0.147 8072 1.394 30.9
Average 0.174+0.025 36.3+5.1
Tnal 1 0.674 0.230 11121 1.921 35.1
Tnal 2 0.714 0.243 11156 1.927 37.1
Tnal 3 0.664 0.226 11015 1.903 349
Tnal 4 0.724 0.247 11049 1.909 379
Tnal 5 0.664 0.226 11076 1.913 347
Tnal 6 0.719 0.245 11076 1.902 37.8
Average 0.236£0.007 36.3+1.1
Tnal 1 0.919 0.313 16567 2.86 32.1
Tnal 2 0.889 0.303 16642 2.87 30.9
Tnal 3 0.902 0.307 16717 2.89 31.2
Tnal 4 0.929 0.317 16615 2.87 324
Tnal 3 0.919 0.313 16650 2.88 31.9
Tnal 6 0.926 0.315 16591 2.87 32.3
Tnal 7 0.896 0.305 16253 2.81 319
Tnal § 0.902 0.307 16227 2.80 32.2
Tnal 9 0.908 0.309 16199 2.80 32.5
Tnal 10 0.990 0.337 16394 2.83 35.0
Average 0.313£0.006 32.240.6
Tnal 1 0.962 0.328 22063 3.81 252
I'nal 2 0.900 0.307 22152 3.83 235
Inal 3 0.953 0.325 22111 3.82 25.0
‘ral 4 0.877 0.299 22028 3.81 23.0
Inal 5 0.961 0.327 22037 3.81 252
Tnal 6 0.882 0.300 22047 3.81 23.2
Average 0.314+0.010 24 2+0.8

[0058] The current that drives the plasma electrolytic sys-
tem 1s measured at the power supply and 1s the same as the
plasma current which, like the Pt anode, 1s electrically con-
nected 1 series. Increasmg the plasma current leads to an
increase 1n the number of gas-phase electrons injected trom
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the plasma mto solution that then solvate, and based on the
mechanism shown 1 FIG. 3, should, thus, increase NH;
production. Here, however, the inventors find that the NH;
yield exhibats a rather complicated dependence on current,
significantly increasing from 1 mA to 2 mA, then decreasing
significantly from 2 mA to 3 mA, then increasing again from
3 mA to 4 mA and 5 mA to 6 mA before staying constant at
6 mA and 8 mA (See Table 6). These results suggest that as
the current 1s mcreased to greater than 2 mA, the mnjected
electrons are mvolved m competing reactions that do not
form NH;. This apparent decrease in selectivity towards
NH3 1s corroborated by the faradaic efliciency which
decreases sigmificantly from 2 mA to 3 mA, and then
decreases more slowly, but statistically significantly from
4 mA to 8 mA (See Table 6). The most likely reaction path-
way that competes with NH; formation 1s the HER which
occurs either by recombination of solvated electrons or H-
(See FIG. 3). In general, the HER 1s kinetically favored at
higher concentrations of solvated electrons or H- because of
the second order dependence. Assuming that the solution
volume over which the solvated electrons or H- are gener-
ated 1s constant, mncreasing the current would increase their
concentrations and support the observed trends 1n faradaic
ciliciency.

TABLE 6

Summary of one-sample and two-sample t-tests carried out on data sets in
Table 5.

One -Sample t on NH; ; production
Testof u =000 vs s pu> 000

Algebraic St. 5% Lower
Mean Deviation Bound Probability
1 mA 0.158 0.002 0.155 0.000
2 mA 0.332 0.027 0.310 0.000
3 mA 0.174 0.026 0.130 0.004
4 mA 0.236 0.010 0.228 0.000
6 mA 0.313 0.010 0.307 0.000
8 mA 0.314 0.014 0.303 0.000

Two-Sample t on NH; production Test of u; - puy, = 0
05% Lower 95% Upper

Difference Bound Bound Probability
1 vs. 2mA 0.174 0.146 0.202 0.000
2 vs. 3mA 0.158 0.106 0.210 0.001
3 vs. 4mA 0.062 -0.005 0.130 0.058
4 vs. 6 mA 0.077 0.065 0.088 0.000

0 vs. 8§ mA 0.002 -0.013 0.016 0.819
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One-Sample t on NH; production FE Test of n = 100 vs u < 100

Algebraic St. 5% Upper
Mean Deviation Bound Probability
1 mA 99.0 1.51 100.7 0.000
2 mA 1.01 6.12 1059 0.000
3 mA 36.3 5.39 454 0.0600
4 mA 36.2 1.52 37.5 0.000
6 mA 32.2 1.08 32.9 0.000
8 mA 24.2 1.06 251 0.000
1 mA 99.0 1.51 97.2 0.000
2 mA 1.01 6.12 05.8 0.0600
3 mA 36.3 5.39 27.2 0.004
4 mA 36.2 1.52 35.0 0.000
6 mA 32.2 1.08 31.6 0.000
8 mA 242 1.06 23.3 0.000
1 vs. 2 mA 1.88 -8.59 4.84 0.505
2 vs. 3 mA 64.6 53.5 75.6 0.0600
3 vs. 4 mA 0.00 -13.6 13.7 0.986
4 vs. 6 mA 4.00 2.38 5.63 0.000
6 vs. 8 mA 8.05 6.82 9.28 0.000

[0059] While abundant NH; was produced 1n a single-
compartment cell setup, the mventors addressed the poten-
tial decomposition of NH; by comparing with a split H-cell
gecometry where the plasma cathode was formed 1n one com-
partment, the Pt anode was contained 1n the other, and the
solutions 1n the two compartments were separated by a glass
frit that allowed 1onic contact, but prevented mixing (See
FIG. 10). It NH; 1s decomposed by oxidation at the anode
in the single cell, the measured amount of NH; would be
lower than what 1s actually produced at the cathode and
the split cell would show a higher yield.

[0060] FIG. 11 shows the average masses of NH; pro-
duced 1 a single and split cell at several representative cur-
rents and times. The complete set of data for all trials 1s
shown 1n Table 7. The NH; yields were found to be statisti-
cally identical, indicating that NH; 18 not decomposed at the
anode (See Table 8). This 1s consistent with a previously
reported proposed mechanism for NH; decomposition that
occurs through reaction with OH- and only becomes signii-
icant 1n basic solutions. See Kim, K-W. et al., Electrochi-
mica Acta 2005, 50, 4356-4364.

[0061] The reaction volume was 20 mL 1n all cases.
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TABLE 7
Summary of NH; produced and Faradaic efficiencies by plasma electrolytic synthesis 1in a split cell
6 mA. 45 min
NH; produced NH,; produced Total charge Faradaic NH; Faradaic efficiency
(mM) (mg) (mAs) conc. (mM) (%)
Trial 1 0.874 0.298 162635 2.81 31.1
Trial 2 0.935 0.318 16171 2.79 33.5
Trial 3 0.930 0.317 16180 2.79 33.3
Average 0.311+0.011 32.6x1.2
4 mA., 45 min
NH; produced NH; produced Total charge Faradaic NH, Faradaic efficiency
(mM) (mg) (mASs) conc. (mM) (%e)
[rial 1 0.691 0.235 10791 1.86 37.1
Trial 2 0.651 0.222 10834 1.87 34.8
Trial 3 0.686 0.234 108835 1.88 36.5
Average 0.230+0.007 30.1+1.1
6 mA, 15 min
NH,; produced NH; produced Total charge Faradaic NH; Faradaic efficiency
(mM) (mg) (mAs) conc. (mM) (%)
Trial | 0.391 0.133 5417 0.936 41.8
Trial 2 0.287 0.098 5402 0.933 30.8
Trial 3 0.447 0.152 5489 0.948 472
Trial 4 0.382 0.130 5391 0.931 41.0
Tral 5 0.322 0.110 5393 0.932 34.5
Trial 6 0.362 0.123 5402 0.933 38.8
Average 0.124+0.014 39.0+4.3
TABLE 8
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iventors studied the etfectiveness of NH; trapping by vary-

ing the pH of our solution 1 the single cell and connecting

Summary of two-sample t-tests carried out on data sets in Table 7 (and
Table 5 and Table 3)

Two-Sample t on NH; production Test of u; - u, = 0

the gas etffluent from the cell to a second vessel containing a
strongly acidic H,SO, bath (pH=2) to ensure complete cap-
ture. FIG. 12 shows the average mass of NH; measured 1n

. 0 0
I?xfir gﬁgﬂ{_lﬁ:f - %éﬁegﬂ - Probability the main reaction cell and the second trap vessel at different
. pH. The complete set of data for all trials 1s shown 1n Table
6-45 single 0.002 -0.030 0.033 0.837
vs. split 9.
4-45 single 0.004 0.012 0.020 0.535 [0063] The pH was controlled by the concentration of sul-
V. furic acid. “MC” refers to the main reaction cell and “Trap”
Zli?’liglf"} > 0.005 -0.021 0.030 0.692 refers to a second trapping vessel where the gas exhaust
split from the main reaction cell was bubbled through a solution
of sulturic acid at pH=2. The reaction volume was 20 mL 1n
all cases.
[0062] Another possible loss mechanism for NH; 18 sim-
ply vaporization because of its relatively low solubility. The
TABLE 9
Summary of NH; produced and Faradaic efficiencies by plasma electrolytic synthesis at different pH
pH=2
NH; produced NH; produced Total charge Faradaic NH; Faradaic efficiency
(mM) (mg) (mAs) conc. (mM) (%)
Trial 1 1.116 0.380 16252 281 39.8
Trial 2 1.146 0.390 16227 2.80 40.9
Trial 3 1.104 0.376 16199 2.78 39.5
Trial 4 154 0.393 16395 2.83 40.8
Average 0.385+£0.007 40.2+0.6
pH=5.5
NH; produced NHj3; produced Total charge Faradaic NHj Faradaic efficiency
(mM) (mg) (mAs) conc. (mM) (7o)
Trial 1 0.884 0.301 16252 281 31.5
Trial 2 0.821 0.280 16227 2.80 29.3
Trial 3 0.834 0.284 16198 2.80 29.8
Trial 4 0.796 0.271 16395 2.83 28.1
Average 0.284+0.011 29.77+1.2
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pH=7
Trial 1 (MC) 0.134 0.045 16290
Tnal 1 (Trap) 0041 0.014 16290
Tnal 2 (MC) 0.066 0.022 16231
Tnal 2 (Trap) 0.105 0.036 16231

[0064] The results confirm that for pH <7, no detectable
amount of NHj; 1s lost from the reaction cell. The lack of any
NHj; collected 1n the trap at acidic conditions also shows that
the NH; measured 1 our electrolytic process 1s not formed
in the gas phase, for example by reaction 1n the plasma
between N, and H, produced from the HER, but 1s formed
in solution. Interestingly, the inventors also observe that the
NH; yield and faradaic efficiency significantly increase with
decreasing pH (See Table 10).

[0065] “MC” refers to the main reaction cell and “Irap”
refers to a second trapping vessel where the gas exhaust
from the main reaction cell was bubbled through a solution
of sulturic acid at pH=2.

TABLE 10
Summary of one-sample and two-sample t-tests carried out on data sets 1n
Table 9
One-Sample t on NH; production Test of = 0 vs u > 0.00
Algebraic St. 95% Lower
Mean Deviation Bound Probability
pH 2.0 0.385 0.008 0.375 0.000
(MC)
pH 3.5 0.313 0.010 0.307 0.000
(MC)
pH 5.5 0.284 0.013 0.269 0.000
(MC)
pH 7 (MC) 0.034 0.016 -0.039 0.104
pH 7 (Trap) 0.025 0.015 -0.043 0.131

Two-Sample t on NH; production Test of u; - u, =0
95% Lower  95% Upper

Difterence Bound Bound Probability
2.0 (MC) 0.072 0.060 0.085 0.000
vs. 3.5
(MC)
3.5 (MC) vs 0.029 0.048 0.009 0.015
3.5 (MC)
5.5 (MC) vs 0.250 0.083 0.417 0.033
7.0 (MC)
7.0 (MC) vs 0.009 -0.210 0.192 0.668
7.0 (Trap)
pH 2.0 40.22 0.708 39.39 0.000
(MC)
pH 3.5 32.24 1.080 31.62 0.000
(MC)
pH 5.5 29.67 1.404 28.02 0.000
(MC)
pH 7 (MC) 3.55 1.700 -4.030 0.104
pH 7 (Trap) 2.60 1.610 -4.560 0.131
2.0 (MC) vs 7.978 6.844 9.113 0.000
3.5 (MC)
3.5 (MC) vs 2.569 0.402 4.736 0.030
5.5 (MC)
5.5 (MC) vs 26.13 8.470 43.79 0.034
7.0 (MC)
7.0 (MC) vs 0.950 -20.04 21.93 0.669

7.0 (Trap)
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2.81 4.7
2.61 1.5
2.50 2.3
2.50 3.7

[0066] This 1s consistent with the potentially important
roles of H- and the competing HER pathways (see FIG. 3).
Decreasing pH leads to an increase 1n the proton (H™) con-
centration and enhances the rate of H* reacting with sol-
vated electrons via mass action to produce H- relative to
the second order recombination of solvated electrons (see
FIG. 3), ultimately increasing the NH; production rate and
selectivity. The mventors do not find a decrease 1n the NH;
yield and faradaic efficiency even at the lowest pH tested of
pH = 2, which indicates that the second order recombination
of H- does not become important; this suggests that N, may
be sufficiently abundant 1n our process and reacts quickly
with any available H- to form NHjs. The mventors note
that the dependence of NH; formation on H' 18 independent
of 1ts trapping since all the NH; formed 1s effectively cap-
tured 1n the reaction cell below pH=7.

[0067] The crucial role of solvated electrons and H- 1n
plasma electrolytic synthesis of NH; was verified by sca-
venger experiments. The high reactivity of these species
allows a controlled mmpurity or scavenger to be added to
the solution which rapidly reacts with and essentially
quenches them, impeding their subsequent reaction. This
approach 1s well known 1n radiation chemistry to elucidate
reaction pathways mvolving solvated electron formation
and their reaction byproducts. See Wollt, R. K. et al., J.
Chem. Phys. 1970, 53, 4211. Relevant to the present inven-
tion, scavengers have also been shown to reduce the concen-
tration of solvated electrons generated by a plasma. The
inventors mitially studied NOs- which has a high reactivity
for solvated electrons with a measured rate constant for
plasma-1nj ected solvated electrons, k=7.0 £ 2.6 X 10° M-
Is-1 (Rumbach, P. et al., Nat. Comm. 2015, 7248) and would
be expected to rapidly lower the solvated electron concen-

tration, as depicted m FIG. 13.
[0068] FIG. 14 shows that the NH; yield 1s reduced by the

addition of NO;5-, reflecting the effect of scavenging sol-
vated electrons, but the NO3- concentration needs to be sui-
ficiently high (10 mM vs. 1 M) to observe ~50% reduction.
The complete set of data for all trials 1s shown 1 Table 11.

The 1inventors believe this 1s because 1) NO3- competes with
H*, which based on radiation chemistry has a similar rate
constant for reaction with solvated electrons (k=2.3 x 1010
M-1s-1) (Buxton, G. V. et al., J. Phys. Chem. Ref. Data 1988,
17, 513-886) and 2) transport limitations which will lower
the concentration of NOs- at the plasma-liquid interface

where the solvated electrons are generated as compared to

the bulk.
[0069] The concentration of NO; and NO, was controlled

by NaNO; and NaNO,. The reaction volume was 20 mL 1n
all cases.
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TABLE 11
Summary of NH; produced and Faradaic efficiencies by plasma electrolytic synthesis in the presence of NO; and NO,
scavengers
10 mM NOQ;
NH; produced NH;3 produced Total charge  Faradaic NH; conc. Faradaic
(mM) (mg) (mAs) (mM) etficiency (%)
Tnal 1 0.779 0.265 5409 0.934 83.3
Tnal 2 0.797 0.272 5437 0.939 84.9
Tnal 3 0.727 0.248 5402 0.933 77.9
Average 0.261£0.011 82.0£3.5
100 mM NO;
NH,; produced NH; produced Total charge  Faradaic NH; conc. Faradaic
(mM) (mg) (mAs) (mM) efficiency (%)
nal 1 0.553 0.188 5379 0.929 59.5
Tnal 2 0.568 0.194 5409 0.934 60.8
Tnal 3 0.584 0.199 5402 0.933 62.6
Average 0.194+0.005 61.0+1.5
Tnal 1 0.330 0.112 5419 0.936 35.3
Tnal 2 0.314 0.107 5428 (0.938 334
Tnal 3 0.322 0.110 5411 0.935 34.5
Average 0.110+0.003 34.44+0.8
Tnal 1 0.211 0.072 5390 0.931 22.6
Tnal 2 0.188 0.064 5392 (0.932 20.1
Tnal 3 0.136 0.046 5421 0.936 14.5
Average 0.061+£0.012 19.1£3.9
Tnal 1 0.376 0.133 5303 0.916 41.0
Tnal 2 0.406 0.138 5338 0.922 441
Tnal 3 0.389 0.133 5216 0.901 432
Average 0.133+£0.005 42 7+1.5
Tnal 1 0.026 0.009 5314 0.918 2.9
Tnal 2 0.037 0.013 5319 0.918 4.1
Tnal 3 0.032 0.011 5030 0.869 3.7
Average 0.032 0.011 3.6+5.7
[0070] 'The mmventors addressed the former 1ssue by also TABLE 12-continued

studying NO,- which has been found to have a similar reac-

.. .. Summarv of one-sample and two-sample t-tests carried out on data sets 1n
tivity as NO;- for plasma-injected solvated electrons, k=5.2 ‘ P P

Table 11

- 2.6 X 10° M-1s-1_ but reacts close to 500 times faster with

One-Sample t on NH; production Test of u = 0 vs p > 0.00

H (Madden, K. P. et al., J. Phys. Chem. Ref. Data 2011, 40,, St. 05% Lower
023103). At the same concentratlons as NO;-, NO,- showed Algebraic Mean Deviation Bound Probabulity
much stronger reduction of NH; production, with almost O3
complete suppression at 1 M (see FIG. 14 and Table 12). é]i;l 0.133 0.005 0.124 0.000
These results substantiate that the formation of NH; occurs N
through solvated electron chemistry and that one of the key O,
intermediates 18 H-. Previous work on reduction of N, to 1NM 0.110 0.003 0.105 0.000
NH; by solvated electrons suggested either a mechanism 0,
based on N,- or H- (see Zhu, D. ¢t al., Nat. Mater. 2013, 8§, 1 M 0011 00072 0 008 0.005
836-84]1 and Chrnistianson, J. R. et al., J. Phys. Chem. B g—
2014, 118, 195-203) and while the solvated electrons were g
genergted here by a different _approachj our scavenger No. 0051 0018 0 085 0003
experiments support NH; formation through H-. ne
Vi,
10-
TABLE 12 mM
N-
Summary of one-sample and two-sample t-tests carried out on data sets in O;
Table 11 10- 0.128 0.095 0.162 0.004
One-Sample t on NH; production Test of w = 0 vs u > 0.00 n;ii
St. 35% Lower 0,
Algebraic Mean Deviation Bound Probability Vs,
10-
No 0.313 0.010 0.307 0.000 mM
SC- N-
av- 0,
;‘; No- 0.203 0.195 0.211 0.000
10- 0.261 0.012 0.240 0.000 E:
mM 1 M
N- N-
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TABLE 12-continued

Summary of one-sample and two-sample t-tests carried out on data sets 1n
Table 11

One-Sample t on NH; production Test of 0w = 0 vs u > 0.00

ST 95% Lower
Deviation Bound

Algebraic Mean Probability

0.152 0.120 0.184 0.002

0.099 0.093 0.105 0.000

[0071] Although the single-compartment cell was closed
and purged with Ar or N, to remove background ambient
air, the oxadation process at the Pt anode i our system
evolves O, gas which could serve as an unintended impurity
during the experiments 1n several ways. The presence of O,
1n the plasma could lead to reaction with gas-phase electrons
and reduce their flux to the solution surface, thus, decreasing
the concentration of solvated electrons produced. See Rum-
bach, P. et al., J. Phys. D 2015, 48, 424001. In addition, O,
could react with N, 1n the plasma to produce NO, 1n the gas
phase, as historically demonstrated by the Birkeland-Eyde
process, and 1ts subsequent dissolution forms NO,- and
NO;- 1n solution which would affect solvated electron
chemistry via the aforementioned scavenging reactions
(see FIG. 13). The relative stmilarity of NH; yields 1n the
split and single cells show that the former 1s not a significant
1SSUE.

[0072] 'To address the latter, the mnventors measured the
NO, generated m solution for our plasma electrolytic sys-
tem. FIG. 15 and FIG. 16 show the NO, concentration as a
function of process time at 6 mA and as a function of current
after 45 minutes, respectively. The complete set of data for

all trials 18 shown 1n Table 13.
[0073] The current was 6 mA 1n the time trials, the proces-

sing time was 45 minutes 1n the current trials, and the reac-
tion volume was 20 mL 1n all cases.

TABLE 13

Summary of NO, produced by plasma electrolytic synthesis after ditferent
processing time and at different currents

NO, produced (mM)

t =25 min t=15 min t = 30 min t =45 min
Tnal 1 0.412 0.654 0.951 1.18
Tnal 2 0.438 0.659 0.929 1.09
Tnal 3 0.468 0.629 0.971 1.06
Average 0.439 0.647 0.951] 1.11

NO, produced (mM)

I=2 mA [ =4 mA I =6 mA [=8 mA
Tnal 1 (0.653 1.04 1.18 1.13
Tnal 2 0.671 0.990 1.09 1.03
Tnal 3 (0.658 1.03 1.06 1.16
Average 0.661 1.02 1.11 1.11
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[0074] The NO, concentrations were not found to be large
enough to substantially scavenge and quench the solvated
clectrons (see FIG. 14). The mventors verified that the
NO, formation was from O, gas evolution at the Pt anode
by also carrying out these measurements 1n the split cell
which showed no detectable amount of NO,. This was
further corroborated by comparing the measured NO, with
an expected amount from the faradaic yield of O, and
assuming that all of 1t reacts with N, (in the plasma) to
form either NO, or NO; (see FIG. 17 and FIG. 18).

[0075] Given that O, gas evolution and subsequent NO,
formation does not likely have a large impact on NHj3 pro-
duction 1n our specific reactor, and that our results collec-
tively point to solvated electron concentration, H+ concen-
tration, and H- concentration as all being mmportant, the
inventors speculate that there 1s a combmation of factors
that lead to the decreased NHj5 yield and faradaic etficiency
as the current 18 increased above 2 mA, as shown 1n FIG. 4
and FIG. 5. The mcreased production of solvated electrons
and their reaction may deplete the H+ at the plasma-liquid
interface such that there 1s msuflicient H+ for NH; forma-
tion. While H+ may be present in the bulk from the nitial
acid and water oxidation at the anode, transport limitations
could prevent the H+ from reaching the mterface. As dis-
cussed, low concentrations of H+, and high concentrations
of H- would result 1n higher rates of HER. Thus, at higher
currents and solvated electron concentrations, the HER
becomes significant and reduces the selectivity towards
NH; formation. The change in rate with time shown
FIG. 4 supports a potential mterplay between kinetics and
transport that needs turther investigation. This interplay has
been observed before 1n a similar reactor in our laboratory,
where the goal was to make silver nanoparticles. There, a
minimal concentration of 150 mM silver 1ons was needed

to overcome transport limitations 1n the cell.
[0076] While the exploration of the kinetic and transport

parameters 15 subject to future studies, the mventors have
shown that the plasma hybrid system 1s capable of highly
efficient NH; production. compare our results with recent
electrochemical demonstrations at room temperature and
pressure which use water as the proton source for ammonia
generation 1n Table 14.

TABLE 14

Comparison of electrically-driven N, reduction to ammonia
demonstrations at atmospheric temperatures and pressures

Demonstration Size

Production  (geometric area, catalyst Faradaic

Reference  Rate (mg/hr) loading) Efficiency (%)

Shi 2017 0.021 1 cm? area, 1 mg /cm~? 5%

Kong 2017 0.0038 6.25 cm?, 1 mg/cm? 10%

Zhou 2017 0.000063 0.25 cm?, 146 ug/cm? 60%

Bao 2017 0.00016 1 cm?, 0.33 mg/cm? 4%

catalyst

Our Study 0.44 n/a, catalyst free 100%
[0077] The mventors note that only studies which utilize a

non-nitrogen control gas are mcluded, for a fair comparison.
The mventors also only include the highest faradaic effi-
ciency recorded 1n each study. The comparison reveals that
the process described mn this study has the highest faradaic
efficiency while maintaining high production rate, which 1s
over an order of magnitude higher compared to other elec-
trochemical methods at similar reaction geometric areas.
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Additionally, recent relevant work by Kong et al. demon-
strated NH; production mn a membrane-based device at 1.7
cell voltage allowing an estimate of power consumption. It
was estimated that a power consumption of 8000 kwh/kg
NH; at the highest 10% faradaic efficiency 1s achieved m
the first hour of operation. While the present invention has
a high power consumption (estimated to be 2700 kwh/kg
NH; produced at 2 mA for 45 minutes) compared to H-B,
which requires about 9-13 kWh/kg of NH; produced, the
inventors note that the present invention doesn’t require cat-
alyst, high pressures, or temperatures and can operate at a
small scale. This makes the present invention a promising
technology for distributed production with high renewable
energy resources.

[0078] The mventors demonstrate high faradaic efficien-
cies (up to 100%) are possible at ambient temperature and
pressure for NH; production 1in liquid water using a catalyst-
free, electrolytic hybrid plasma system which contamned N,
in the plasma gas. Scavenger experiments show that NO,
compounds reduce the NH; production, and show that this
process occurs through a mechanism mnvolving H- and sol-
vated electrons. Experiments conducted at ditferent pH,
show that H+ concentration 1s also significantly important
to the overall production and efficiency. A comparison of
this technology with other ammonia generation alternatives
suggests that this 1s a promising approach for distributed,
rencwable NHj3 production.

Example 1: Ammomnia Synthesis Using Plasma
Electrochemical Cell

Plasma Electrochemical Cell Setup

[0079] The custom designed electrochemical cell contains
a stainless steel capillary tube (Restek inc, 1/16" O.D., 0.02”
[. D. and 10 ¢cm long) that 1s connected to a negative high
voltage power supply (Gamma High Voltage, RR15-10R)
through a variable ballast resistor (0.25-1 M) 1n series as
the cathode. A Pt foil (Alfa Aesar, 99.9% punity, 0.001”
thick) was wired through a 300 € resistor to ground to
form the anode. The electrodes, along with two purging
tubes were fed into the reactor cell through a custom poly-
tetrafluoroethylene (PTFE) lid that ensured that the reactor
cell 1s 1solated from ambient gasses. One of the purging
tubes was used for bubbling nitrogen through the solution
and the other served as exhaust. The capillary tube was set at
a high voltage and then lowered 1nto the cell through the Iid
until the microplasma 1gnited close to the solution surface.
All experiments were performed at a constant current mode
of the power supply and 1n 20 mL of electrolyte solution.

[0080] Some control experiments were performed using a
H-shaped electrochemical cell. A representative drawing of
the cell 1s shown 1n FIG. 10. In this cell, the cathode and the
anode chambers were separated with a glass frit. Each of
these two compartments are sealed with PTFE hids. The
lids are designed such that they allow the insertion of a
pair of purging tubes and an ¢lectrode 1n the respective
half-cells. In general, the split-cell experiments were oper-
ated using similar plasma itiation protocols as that of the
previously described single cell. However, the presence of
the frit usually increases the resistance of the circuit and thus
needs a relatively higher operating voltage for the same cur-
rent. Each half-cell contained 20 mL electrolyte solution.
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Calculation of Charge Transterred and Power Yield

[0081] The current passing through the microplasma and
the electrolyte was determined by measuring and dividing
the voltage drop across the 500 Q resistor, every 30 ms.
This data was recorded continuously for the duration of
cach experiment using a custom LabView interface between
the computer and the voltmeter. The obtained current vs.
time plot was then integrated to calculate the total amount
of charge transferred during each mdividual experiment.

Sample Preparation and Treatment

[0082] Unless stated otherwise, pH 3.5 sulturic acid solu-
tion was prepared from 18.2 M) water and sulfuric acid
(Sigma Aldrich, 99.999% purity) and 20 mL used for each
sample solution. The sample solution 1s then bubbled with
ntrogen (Airgas, 99.99+%) for 30 minutes ensuring the
removal of any dissolved gasses and to fill the container
headspace with N,. The purging tube was then raised out
of the sample solution and the Pt metal anode lowered mto
the solution. 60 sscm of N, was then flowed through the
capillary tube cathode and a DC microplasma formed at
the surface of the sample solution. Standard conditions of
operation were 45 minutes of plasma treatment at 6 mA
unless otherwise noted. Experiments were also performed
with varying concentrations of NaNO3; and NaNO, (Acros
Organics, purity 99+%) as radical scavengers.

[0083] In order to ensure that during the plasma-electro-
chemical process all ammoma was produced 1n the electro-
lyte, a secondary trap-cell was incorporated. The reaction
effluents were passed through a trap-cell contaiming H,SO,4
solution of pH = 2. The trap-cell contents were later ana-
lyzed for ammonia.

Ammonia Identification

[0084] Immediately following plasma treatment experi-
ments, 2 mL electrolyte was stored 1n a N, purged, secaled
vial and refrigerated until ammonia analysis. The ammonia
assay (BioAssay Systems, QuantiFluo DNH3-200) utilized
an o-phthalaldehyde method and quantified with fluores-
cence at wavelengths of 360/450 nm. The fluorescent inten-
sity of the assay has a lower detection limit at 12 uM and
increases proportionally with ammonia concentration 1n the
sample solution. The fluorescence of the assay 1s calibrated
using four known solutions of basic water containing

ammonium hydroxide at 0.001, 0.01, 0.1 and 1 M for
every batch of measurements. A sample dataset of assay

calibration and NH; concentration calculations can be
found in FIG. 19 and FIG. 20.

Statistical Analysis

[0085] All data are represented as the mean of a data set &
the standard error which was calculated from the variance 1n
the raw data within two standard deviations of the mean
(approximately 95% confidence interval). Statistical differ-
ences between data sets were determined using a two-sam-
ple t-test (Minitab). To determine 1f a data set was nonzero, a
one sample t-test was employed. All t-tests were performed
using Minitab Software Version X. The results ot all of the t-
tests and the sample size for each data set 15 tabulated. For
all statistical tests, a threshold value of a = 0.05 was chosen,
and a p-value at or below 0.05 mdicated significance.
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[0086] The complete disclosure of all patents, patent
applications, and publications, and electronically available
material cited herein are incorporated by reference. The
foregoing detailed description and examples have been
o1ven for clarity of understanding only. No unnecessary lim-
1itations are to be understood therefrom. The invention 1s not
limited to the exact details shown and described, for vana-
tions obvious to one skilled 1 the art will be included within
the invention defined by the claims.

What 1s claimed 1s:

1-12. (canceled)

13. An electrochemical cell for ammonia synthesis, com-
prising: a contamer comprising an acidic lhiquid electrolyte; a
source of mitrogen gas; a metal electrode at least partially
immersed 1 the electrolyte; a metal tube electrode spaced
apart from a surface of the electrolyte by a predetermined spa-
cing; and wherein the electrochemical cell 1s configured to
provide a plasma spanning the predetermined space from the
metal tube electrode to contact the surface of the electrolyte
when power 1s applied to the metal tube electrode.

Sep. 14, 2023

14. The electrochemical cell of claim 13, wherein the
source comprises a hollow conductive body mcluding a first
opening and a second opening comprising a nitrogen gas out-
let and the second opening being separated from the surface of
the acidic liquid electrolyte by the predetermined spacing.

15. The electrochemical cell of claim 13, wherein the metal
electrode comprises a platinum electrode.

16. The electrochemical cell of claim 13, wherein the acidic
liquad electrolyte has a pH of 5 or less.

17. The electrochemical cell of claim 13, wherein the
source of nitrogen gas 1s configured to deliver the nitrogen
oas at a flow rate of about 125 mulliliter (mL) per minute.

18. The electrochemical cell of claim 13, wherein the metal
tube electrode comprises a stamnless electrode.

19. The electrochemical cell of claim 13, wherein the elec-
trochemical cell has a volume of about 1 liters or less.

20. The electrochemical cell of claim 13, wherein the elec-
trochemical cell has a volume of about 100 malliliter (ml) or
less.
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