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Ammonia in the form of fertilizer is essential for feeding the world's population. It consists of hydrogen and
nitrogen, with the latter being sourced from atmospheric nitrogen via diverse methodologies. Commonly
utilized processes are cryogenic or pressure swing adsorption. Due to the necessity of mitigating climate
change, it is important to obtain ammonia and nitrogen in an environmentally friendly, energy and
resource-efficient way. Electrochemical oxygen reduction by means of an oxygen depolarized cathode
offers a promising green, carbon dioxide neutral nitrogen separation possibility with the supply of
renewable energy. In this paper, electrochemical single cells based on proton conducting polymer
electrolyte membranes are investigated with respect to different operating parameters, including cell and
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process ones. Depending on the air flow rate and maximum current provided, the oxygen content within
the gas stream is reduced to <1%. This reduction in oxygen content is achieved while maintaining a
commendably high Faraday efficiency of 90% across a wide potential range. These outcomes underscore

DOI: 10.1039/d4re00104d
the potential of electrochemical cells as environmentally-friendly and efficient technologies for enriching
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1. Introduction
Electrochemical oxygen depletion using an oxygen

depolarized cathode offers the possibility of a green, carbon
dioxide-neutral, separation of nitrogen and oxygen from air.
The generated nitrogen can be used as a source for the
electrochemical ammonia synthesis. The electrochemical
ammonia synthesis enables less energy-intensive, carbon
dioxide-neutral ammonia production."™ Moreover, ammonia
is useable as a fuel or source of hydrogen due to its high
energy density.” In addition, especially in the present time,
electrochemical synthesis offers decentralized production.®
For electrochemical ammonia synthesis, nitrogen and
hydrogen are needed as reactants. During the electrochemical
reaction using oxygen-depolarized cells, water is oxidized at
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the anode, where protons and oxygen are also produced. The
pure oxygen can be used in different fields such as in
medicine, including in the treatment of patients suffering
from heart or lung diseases.” O, can also be used as an
oxidant in fuel cells, instead of air. The partial pressure is
higher and the needed volume is less. Fuel cells enable a
carbon dioxide neutral energy supply.® Argon, carbon dioxide
(CO,), and other noble gases are still present in the gas. The
noble gases do not influence the process. CO, can be
removed by means of liquid or solid adsorbents.’

Currently, for the large-scale separation of nitrogen and
oxygen cryogenic and pressure swing adsorption (PSA) are the
most utilized technologies.” In the cryogenic process, air is
first purified and then the air components are subsequently
separated via distillation.'® The cryogenic distillation enables
a pure production of nitrogen (>99%), with the required
products being in liquefied form. Nevertheless, it is also an
energy intensive method.” Cryogenic nitrogen requires about
0.7 kW h per norm cubic meter (Nm?) of N, resulting in 0.89
kW h for 1 kg N, (p(N,) = 1.25 kg m~®)."* The separation of the
PSA is performed by the contact and adsorption of certain gas
components like O, on a microporous-mesoporous solid
adsorbent at a relatively high pressure. The adsorbent can be
reused by lowering the superincumbent gas-phase partial
pressure inside the column, hence the adsorbed components
desorb."® The PSA enables a nitrogen purity of 98-99.5%.""
Furthermore, this technique is considered energy-intensive.™*

This journal is © The Royal Society of Chemistry 2024
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The required electrical power for nitrogen PSA is 0.31 kW h
per norm cubic meter of N, resulting in 0.39 kW h for 1 kg of
N, at 1% O,. The required electrical power depends on the
remaining oxygen content. In case of remaining 0.1% O, the
needed power is 0.58 kW h for 1 kg of N,."

Another separation technology is electrochemical
separation by means of a polymer electrolyte membrane. The
system can work in an alkaline or acidic medium, depending
on the membrane, catalysts, and electrodes. In the case of an
acidic environment, the well-known proton-conducting
polymer electrolyte membrane (PEM) Nafion® can be used.™
In this application, during the electrochemical process, water
is introduced on the anode side, while air is supplied at the
cathode. A potential is applied across the cell. The water
molecules at the anode oxidizes (eqn (1)), resulting in the
generation of protons (H') and O,.

2H,0 — 4H" + 4e + O, (Anode reaction) (1)

These protons subsequently diffuse through the membrane
and react with the oxygen from the incoming air to form
water molecules (eqn (2)).

0O, +4H" + 4¢” — 2H,0 (Cathode reaction) (2)

The relative content of nitrogen in the air increases at the
outlet of the cell. Within the gas flow remains N,, CO,, and
Ar, as well as other noble gases. From the thermodynamic
viewpoint, this reaction is possible at a potential of 0 V if the
concentration gradient from the anode to the cathode side is
not considered. Due to over potentials and the concentration
gradient, an applied potential is necessary. The increase of
potential resulting from the Nernst potential (eqn (3))

Nernst equation: U = U, + RT/(zF)-In(Cox/Cre) (3)

and the dependency of the oxygen concentration on the
cathode is displayed in Fig. 1. Where U, = 0 V is the standard
electrode potential for this reaction, U the resulting potential,
R the universal gas constant R = 8.314 J K', T the
temperature and C the concentration of the oxidized form
and reduced form. To achieve a residual concentration of 1%
0O, in N,, a Nernst potential of 30 mV is required. For 0.1% of
O, the required potential is 44 mV.

H, can be produced at the cathode at a potential of 1.23 V
as well. Under this condition, it must be assured that
operation is always outside the explosion limits of the ternary
mixture of H,, O,, and N,. An explosive mixture is formed
when hydrogen and oxygen contents are higher than 4% in
the gas mixture.'® H, can be used as an energy source'’ or a
recombination with the remaining oxygen is possible to
reduce the oxygen content even further.'®

In this paper, different operating parameters are outlined,
such as: temperature, the flow rate of air and water,
potential, hot pressing of the membrane with catalyst layers,
the active cell area, and the membrane thickness regarding

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 Nernst potential - oxygen content dependency. With
decreasing amounts of oxygen on the cathode side, the potential
required to run the reaction increases.

their influence on oxygen reduction using a depolarized
cathode. In addition, the Faraday efficiency (FE) is studied
with respect to the production of pure nitrogen. This oxygen
reduction and nitrogen enrichment technology enables a
portable, easy-to-handle system for generating pure nitrogen
for electrochemical ammonia synthesis.

2. Experimental

The cell is a combination of a fuel cell cathode 1.3-1.4 mg
em™? Pt/C HiSpec 9100 supported on carbon felt H2315
CX312 from Freudenberg and a PEM electrolysis anode 2 mg
em? IrO, from Alfa Aesar-/Thermo Fisher Scientific
supported on a carbon paper from Toray, TFP-H 120® The
Pt/C cathode is produced by means of the decal method and
the IrO, layer via spray coating directly onto the membrane.
Both electrodes were produced in house. These electrodes
have high active surface areas and are fairly common
materials.">?® ESIf Fig. S1 illustrates the electrochemical cell
and its corresponding flow field structure. Alternative
materials were not considered, because these catalysts
consistently yielded the most favorable outcomes, as asserted
by Giddey et al.” As PEM, Nafion™ membranes (Chemours)
with different thicknesses were used. The active cell area was
6.25 cm? and 17.64 cm” in the smaller and larger cell. A hot-
pressing process was studied with regard to oxygen depletion
and cell performance. During hot pressing, the cathode
electrode and anode gas diffusion layer are pressed together
with the membrane (the anode cathode was sprayed onto the
membrane directly), which leads to better ionic conductivity,
and so a higher current density.”" This technique is used by
default in water electrolysis.>”> Hot pressing is performed at
130 °C the glass transition temperature of Nafion and 0.5 kN
ecm ™. The anode bipolar plate is stainless steel coated with
platinum and the cathode bipolar plate is stainless steel
coated with gold. The flow field in the bipolar plates features

React. Chem. Eng., 2024, 9,1924-1932 | 1925
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a meandering structure. The cell assembly process initially
involves tightening the screws at a torque of 3 Nm, followed
by a secondary tightening step at 5 Nm. The 5 Nm tightening
is then repeated to ensure secure sealing. The quantification
of the oxygen content is measured using the oxygen sensor
“OMD-507 Oxygen Analyzer” from Southland Sensing, while
the hydrogen content is measured with the sensor “FTC 300”
from Messkonzept. It is noteworthy that both sensors have a
specified error of 1% of their selected measuring range. The
used mass flow controller for the air flux is from Brooks
Instruments MultiFlo™ “GF40”. The mass flows were
calibrated to 0 °C by Brooks Instruments and are given in
NmL (norm milliliter). The air flow rates employed in this
study conform to the prescribed standard flow rates as
established in the literature, specifically 10, 50, and 100 NmL
min~'. At the same time, the water flow rate was maintained
at a constant rate of 10 NmL min™".

The maximum possible consumption of oxygen is limited
through the current supply provided by the power station.
The potentiostat, which was utilized in all experiments, is
from Ivium the “Ocotostat 500” and has a maximum current
supply of 5 A. The used current range of the potentiostat was
+10 A and the measured current accuracy is 0.025% of the
applied current range. If Faraday's law is considered (eqn (4))

Q=nFz (4)
the ideal gas equation is as follows (eqn (5)).
pV=nRT (5)

where F is the Faraday constant F = 96485 C mol ', Q is the
charge and n the number of mols. The resulting pressure of
the experiments is atmospheric pressure p = 101325 Pa and z
is the number of electrons. Four electrons are needed for the
0O, reduction reaction. The calculation is based on a
temperature of 273.15 K, because the mass flow controllers
were calibrated at 0 °C. If a current of 5 A is supplied for 1
min, it results in the amount of substance of 7.77 x 10™* mol
and hence, an oxygen volume of 17.42 NmL min~". The
oxygen content 20.94%>® of an air flow rate of 100 NmL
min" (20.94 ml O,) is a little above the maximum content of
oxygen, which can be reduced. Nevertheless, the flow rates of

H,0

O

Circulation pump A C

Electrochemical Cell
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10, 50, and 100 NmL min* are used as standard flow rates.
In terms of the active cell area 17.64 cm?, these are 0.57 =~
0.6 NmL min " em?, 2.83 ~ 3 NmL min* cm ? and 5.67 ~ 6
NmL min™ ecm™,

The test setup, illustrated schematically in Fig. 2, was
constructed to realize the experiments. Water was pumped
with a circulation pump into the anode to provide the
protons. The mass flow controller delivers the specific air
flow rates to the cathode. Based on the reaction equation,
eqn (2), water is produced on the cathode side. In addition,
water from the anode side can move through the membrane
via diffusion and electroosmotic drag. The water is emitted
on the cathode side with the nitrogen, remaining oxygen
(also noble gases and carbon dioxide), and possible produced
hydrogen. Hence, the water influences the total volume flux
and so the values of the O, and H, sensors. As of the
temperature, the partial pressure of water is influenced,** as
is the gaseous volume. Therefore, a water condenser is
integrated into the system to remove it from the gas stream.
Thus, the gaseous volume of water is reduced. The water
condenser cools the gas down to 3 °C. Hence, the water
volume content of the gas is 0.75% (758.05/101 325 Pa) of the
gas stream. In comparison, the water content is 3.13% (3170/
101325 Pa) of the gas stream at room temperature. The O,
and H, content are measured with their corresponding
Sensors.

3. Results

This study investigated the cell parameters of membrane
thickness and size of the active cell area, as well as the
influence of the process engineering parameters, the hot
pressing of the cathode layer on the membrane, air flow rate,
water condensation, and temperature effects.

A cell with an active cell area of 6.25 ¢cm® was used to
analyze the impact of hot pressing at room temperature. The
employed air flow rates were, as previously mentioned, 10,
50, and 100 NmL min '. The water flow rate was maintained
at a constant rate of 10 NmL min~". The water flow rate was
also changed and studied; however, the experimental
outcomes indicated that alteration in the water flowrate does
not influence the extent of the oxygen reduction (see ESIY
Fig. S2). The effect of hot pressing on the oxygen reduction is

Mass flow controller

A

Z

Water cooler

o) @

O, sensor  H, sensor

Fig. 2 Schematic illustration of the operating system. Water is introduced on anode side and air on cathode side.
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(a) Remaining oxygen content (as line with dots) at the cathode outlet and current density results (as dashed line), without hot pressing the

MEA, (b) remaining oxygen content and current density, with hot pressing the MEA.

studied by measuring the oxygen ratio in the gas at the
respective potentials. These oxygen values are then compared
with the results of a cell that is not hot pressed.

For all flow rates, the remaining oxygen decreases more
strongly of the MEA cell which is hot pressed (Fig. 3b) than
the MEA cell which is not hot pressed (Fig. 3a). In the
circumstance of 100 ml min™", the oxygen content decreases
from 13% to 7%. For the applied air flow rate of 50 ml min™",
the decline is from 8% to 3%, and for the last flow rate of 10
NmL min~, it is from 1.5% to 0.5% at a potential of 2 V with
a comparable concentration also being obtained at lower
voltages also. Furthermore, as is written in ref. 21, the
current densities increase due to hot pressing. Thus, it has a
positive effect on the electrochemical cell's performance.
Therefore, this method was used for the subsequent cell
assemblies.

In Fig. 4, the thickness of the membrane is analyzed
comparing Nafion 115 (127 pm thick, red) and Nafion 212
(51 pum thick, blue). The results are only studied for an air
flow rate of 10 NmL min~'. Both membranes exhibit the
same reduction in oxygen while applying a flow rate of 10
NmL min~" (Fig. 4a). In the case where only oxygen reduction

occurs below 1.23 V, the -current densities of both
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characteristic showing that there is no clear trend.

This journal is © The Royal Society of Chemistry 2024

membranes are equal. Starting from approximately 1.4 V the
current densities of Nafion 212 increases more strongly than
in the case of Nafion 115. Nafion 212 is thinner than Nafion
115 therefore the ohmic resistance is lower. This leads to a
higher current flow at the same applied potential.

The results of the comparison of different active cell areas
are displayed in Fig. 5. Fig. 5a shows in red, the oxygen
depletion of the active cell area of 6.25 cm? with air flow rates
of 10, 50 and 100 NmL min . In violet are marked the results
of the flow rates, which are referred on an area of 1 cm?,
resulting in flow rates of 3 and 6 NmL min~* ¢cm 2, which are
the same flow rates referred on 1 cm” as for the cell area of
17.64 cm® with flow rates of 50 and 100 NmL min ™" to enable
an area-related comparison of both cells. The oxygen
reduction regarding 3 NmL min™ cm™ are similar. The
oxygen reduction content is lower for the smaller cell area
with respect to 6 NmL min~' cm™. However, due to the
power station it must be said that a complete depletion of an
air flow rate of 100 NmL min™" is not possible. Thus,
regarding 3 ml min™" cm™ there is no difference in the cells.
In Fig. 6b the polarization curves of the data shown in Fig. 5a
are plotted. If the area-related flux rate is considered again,
the current density, with the larger cell area (17.64 cm?),
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(a) Comparison of the oxygen content of different membrane thicknesses (127 um, red and 51 um, blue). (b) The respective voltage-current
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being a bit lower. This means that the current, energy
required for oxygen depletion is lower for the same specific
conditions (ml min™ e¢m™). As a result, not only is the
quantitative amount of oxygen depletion with the larger cell
area higher but is also more efficient in terms of energy. In
conclusion, it can be said that a larger cell area is beneficial
for the oxygen depletion and nitrogen enrichment.

1928 | React. Chem. Eng., 2024, 9, 1924-1932

Fig. 6 shows the temperature influence, which was
studied with respect to the extent of the oxygen reduction
and hydrogen formation. In addition, the degradation effect
was investigated, and occurs through the temperature
change and repeated measurements. Fig. 6a displays the
result and the respective trends of three tests at room
temperature. The two measurements Fig. 6¢c and d exhibit

This journal is © The Royal Society of Chemistry 2024
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the corresponding hydrogen results. In between the room
temperature trials, the trials at 80 °C were measured. Fig.
S37 illustrate schematically the measurement procedure for
investigating the influence of temperature. For the lowest
flow rate, 10 NmL min~', the changing temperature and
experiments had no influence on the performance of oxygen
depletion (Fig. 6a and b). The oxygen content was roughly
reduced to 1% from 1 V. In the case of 50 and 100 NmL
min~", the oxygen content in the gas increased strongly from
the first to the second and third runs at room temperature
(Fig. 6a). At a potential of 1.2 V the amount of oxygen
increases from roughly 1% to 10% at 50 NmL min~". The
increase was from approximately 8% to 16% for 100 NmL
min . It is assumed that caused by the temperature stress
the oxygen reduction reaction was not so efficient anymore
at room temperature.

The results applying 10 NmL min ' were approximately
the same at 80 °C as noted previously. There is a degradation
from the first trial to the second in the case of the other flow
rates at 80 °C. The oxygen quantity at 80 °C for both trials
was lower compared to the second and third trials at room
temperature due to the better kinetics at elevated
temperatures. However, as written previously, if the results of
the first and second trial of Fig. 6a are considered, it seems
that the degradation is strengthened due to the temperature
stress. The assumption is that the catalyst layer becomes ever
more catalytically inactive, concerning the oxygen reduction
reaction, but the kinetic becomes faster due to the
temperature increase resulting in a higher oxygen reduction
at 80 °C in comparison to the second and third trial at room
temperature. Water condensation resulting in flooding the
GDL and an impairment of the oxygen transfer to the
cathode catalyst layer is a huge challenge in a fuel cell
system.>® This is not a difficulty in this system and not the
reason for the lower oxygen reduction, as the higher the air
flow rate the better the removal of the water should be.

Fig. 6¢ and d presents the hydrogen concentration, which
is measured. The hydrogen production strongly increases
from room temperature to 80 °C. At room temperature, the
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amount of hydrogen is below 5% for all flow rates. The grey
colored area displays the error margin of the hydrogen
sensor, which is 1%. The produced hydrogen concentrations
of the flow rates 50 and 100 NmL min™' are in the error
range. At 80 °C, it is higher than 10% for all flow rates.
Repeating the measurement at 80 °C does not, degrade the
hydrogen evolution. As expected, the kinetic in terms of
hydrogen production is improved through the temperature
increase. Furthermore, the lower the flow rate, the higher the
amount of hydrogen. The reason for this is that in terms of
10 NmL min ", most oxygen is already reduced at the higher
potential, and hence the current, can be used for hydrogen
evolution. The increase of the relative hydrogen extent from
1.4 V to 1.5 V is huge at 80 °C. Nevertheless, an overpotential
is necessary to produce hydrogen. The increases production
of hydrogen at elevated temperature is in this case, the
competing reaction and reduces oxygen reduction.

The results of temperature influence, degradation effects
on the voltage-current characteristic, and subsequent
determination of Faraday efficiency, are shown for the air
flow rate of 50 NmL min™" in Fig. 7. There are two distinct
regions for both temperatures. The first region is the current
density increase (Fig. 7a) from approximately 0.6 V to 0.9 V.
The reactions according to eqn (1) and (2) occur when the
oxygen out of the air gas stream is reduced to water and
oxygen is produced at the anode. From 0.9 V to 1.4 V, the
current remains almost constant. At a temperature of 80 °C,
there is no current increase from 0.9 V to 1.4 V. Starting from
1.4V, the second region occurs, and a second electrochemical
reaction is carried out. Hydrogen evolution then starts to
occur (2H' + 2e” — H,). This leads to an increase in the
current density. Hydrogen production and current density
increase sharply at 80 °C and 1.5 V, which is due to the better
catalytic kinetic that results in enhanced hydrogen
production at 80 °C. This corresponds to the increasing
hydrogen content in Fig. 6d compared to 6c. The current
density decreases at room temperature, after applying 80 °C.
This correlates with the effect of the increased measured
oxygen content at room temperature. As is shown in Fig. 6,
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oxygen (line) and hydrogen (dashed line) for all measurements while applying an air flow rate of 50 NmL min™™.
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the air flow rate impacts the oxygen reduction and hydrogen
production, and hence the current density. The higher the air
flow rate, the higher the current density, which leads to
higher absolute reductions of oxygen, but not relative ones.
The Faraday efficiency of oxygen reduction (5(0,)) was close
to 100% for the first and second trials at room temperature
in the voltage range of 0.8-1.5 V with respect to the error (see
Fig. 9). At 80 °C, the Faraday efficiency is close to 100% as
well, but it drops sharply at 1.5 V because hydrogen
formation significantly increases. Nevertheless, the Faraday
efficiency is quite high over the temperature and voltage
range.

In order to verify the oxygen reduction, process the
reproducibility of the experiments was assessed and the
influence of the error also examined (Fig. 8). The exact same
measurement was repeated twice with two fresh cells and
MEASs. An average value and the standard deviation were then
calculated. The error of the oxygen sensor as written before
was specified with 1% of the selected measuring range.

Concerning the measuring range of 0-25% of the sensor,
which was used, resulted in an error of 0.25%. The total error
is shown for each air flow rate of 10, 50, and 100 NmL min*
as the colored area (Fig. 8). The error was bigger for smaller
potentials in case of 10 NmL min~" whereas for 50 NmL
min, it was the other way around. However, the scattering
of 10 and 50 NmL min~" were fairly small. Applying 100 NmL
min™' leads to an increase in errors if the applied voltage
becomes greater than 1.0 V.

An applied voltage greater than or equal to 1.2 V will cause
the residual oxygen to drop below 1% while using 10 or 50
NmL min™" as flow rates. It is possible to strongly enrich
nitrogen. The parameters should be selected based on the
desired result. Already at a potential of 1.0 V, the remaining
oxygen quantity is only slightly larger than at 1.5 V. This
means that one third of the energy can be saved.
Furthermore, it must be considered which quantity of oxygen

22
20|
18]
16 |
14 ]
12}

sl

[ —E—@ 10 NmL/min
| —8—@ 50 NmL/min
| —A—@ 100 NmL/min
1 " 1 " 1

1 1 " 1 " 1 " ) 1 " 1
00 02 04 06 08 10 12 14 16
Voltage U/V

Fig. 8 Remaining oxygen content (line with dots) and the resulting
error (colored area) of each air flow rate.

0O, Concentration ¢(O,) / %

o N O

1930 | React. Chem. Eng., 2024, 9, 1924-1932

View Article Online

Reaction Chemistry & Engineering

110 e T —————

o L — —
2 100} | e . ]
S oof ) 1
= r N\
oy 80 - \\\ \\ E
o
% 70 .- \. -
S 60 Voo
= L
W 50F i
% .
g 40 I b
& 30+ :
L L
ON 20 i —E—@ 10 NmL/min| ]

10 + —8—@ 50 NmL/min| |

L —A=—@ 100 NmL/min
0 1 1 1 1
0.6 0.8 1.0 1.2 14 1.6

Voltage U/V

Fig. 9 Faraday efficiency of oxygen (line with dots) and the respective
error (colored area) of each air flow rate.

should be reduced and at which time. Time permitting, a
flow rate of 10 NmL min ' allows much lower power
consumption than the flow rate of 50 NmL min .

As mentioned previously, a total depletion of an air flow
rate of 100 NmL min™" is not possible within the current
limit of the potentiostat. This leads to a higher remaining
oxygen content.

The affirmation of favorable outcomes for the air flow rate
of 100 NmL min™" is substantiated by the empirical results
displayed in Fig. 9. The mean value of the Faraday efficiency
of 100 NmL min™" is approximately 97%, considering the
error a Faraday efficiency of 100% is reached. The efficiency
of 50 NmL min™" is similar. Over the voltage range from 0.8 V
to 1.5 V 5(0,) remains stable, and close to 100%. The Faraday
efficiency while applying 10 NmL min™" exhibits a lower
profile across the potential range. Expect at the applied
potential of 1.4 V. Gorlin et al.®® found in a study on oxygen
evolution that oxidation of metal surfaces can significantly
reduce the Faraday efficiency. We assume that a similar
reaction may be the competing reaction here at the anode.

Drawing on results of this work, a calculation was
performed, to study how much energy is needed to produce 1
kg of nitrogen using the electrochemical oxygen depletion
method. 1 kg of N, corresponds to 0.79 Nm?® of N,. If the traces
of CO, and noble gases are neglected in air, the amount of N, is
79% and O, is 21% in the air. This leads to an inlet air gas
stream of 1.0 m®. Hence, 0.21 Nm?/0.3 kg O, (p(0,) = 1.43 kg
m™) needs to be reduced to generated 1 kg N,. The molar mass
of oxygen is M(O,) = 32 g mol . The equation used to calculate
the amount of substance is (eqn (6)).

n=m/M (6)
If eqn (6) is inserted into eqn (4), the charge can be
calculated that is necessary to reduce 0.3 kg O,, which is

9.375 mol O,, resulting in charge of 3618 kC. Utilizing the
following equation to calculate the theoretical energy, which

This journal is © The Royal Society of Chemistry 2024
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is used to reduce the amount of oxygen and producing 1 kg
of N, is (eqn (7)).

E=QU )

where E is the energy, Q the charge and U the potential. 2.95 A
are measured (Fig. 7a, 1. Trial) at the applied potential of 1.2 V
of the flow rate of 50 NmL min ", leading to less than 1%
oxygen. Therefore, the calculation is based on 1.2 V and the
required energy is E(1.2 V) = 1.18 kW h. The theoretical value is
quite similar, because almost a Faraday efficiency of 100% is
reached. In the case of 80 °C, 1% remaining oxygen is not
reached at an air flow rate of 50 NmL min™". At 10 ml min™" the
required electrical energy are the same for room temperature
and 80 °C.

If it is assumed that the same oxygen amount is reached
and the measured current is constant at 0.8 V due to the
optimization of parameters, the required energy is E(0.8 V) =
0.79 kW h for 1 kg of N,. Considering Fig. 1 and eqn (1)-(3)
to reach 1% of remaining O, in the gas, the minimum
required energy is £(0.03 V) = 0.03 kW h. If the actual energy
requirement can be brought close to this value due to
optimization of parameters like higher catalyst loading,
larger active cell area, which lead to reducing over potentials,
the process will be much more energetic efficient than the
cryogenic distillation (0.89 kW h kg;I;) and PSA (0.39 kW h
kgI};). For all methods the energy consumption increases in
dependency of the desired purity of nitrogen. However, the
needed energy increase of these methods is not equal.

Conclusion

An oxygen-depolarized cathode was studied for the reduction
of oxygen and enrichment of nitrogen for the electrochemical
ammonia synthesis. Through optimization of the cell and
process parameters, the oxygen content in an air gas stream
can be reduced to less than 1% oxygen in the gas stream. These
parameters are the air flow rates, hot pressing, active cell area,
membrane thickness, potentials, and temperature. A lower air
flow rate, hot pressing and a larger active cell area lead to
higher degrees of oxygen reduction. A low flow rate extends the
residence time in the cell and therefore the reaction time. Hot
pressing results in decreasing the ohmic resistance, which
leads to higher current densities and due to the larger active
cell area, the catalyst surface area is larger. This shows that a
better MEA enables a better oxygen reduction and reduces the
energy consumption. Higher potentials also lead to better
oxygen reduction. However, depending on the air flow rate a
maximum reduction is reached above a certain voltage. A
maximum reduction is reached for an air flow rate of 10 NmL
min~" at 1.2 V. A further increase of voltage lead to higher
losses and a less efficient system. A higher temperature leads
to cell degradation and less oxygen reduction depending on the
air flow rate. After the temperature increase, the oxygen content
in the cathode outlet gas stream increased from 1% to 10% at
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an air flow rate of 50 NmL min™' and 1.2 V at room
temperature. Thus, operation at room temperature achieved
much better oxygen depletion. No influence of membrane
thickness could be detected in the experiments. The small
single cell with an active area of 17.64 cm” reduces the oxygen
content below 1% in an air gas stream of 50 NmL min~". The
Faraday efficiency remains high and close to 100%, and stable
across a wide potential range. With respect to the extent of
remaining oxygen, air flow rate and energy consumption
conditions can be chosen, which are suitable for their specific
applications. The energy consumption calculation shows that
the required energy needed to provide 1 kg of N, by
electrochemical oxygen depletion (1.18 kW h) is a little bit
larger than cryogenic distillation (0.89 kW h kg;lzl) and pressure
swing adsorption (0.39 kW h kgy'). We expect by reducing the
over potentials the electrochemical oxygen depletion can be
more efficient than the current technologies. Using renewable
energy, the electrochemical oxygen reduction offers a very good
possibility to extract green nitrogen from air and the
production of pure oxygen at the anode. In addition, due to the
easy cell setup, an up scaling is feasible to utilize higher air
flow rates and distributed nitrogen production all over the
world is possible.
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