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ABSTRACT: The nitrogen reduction reaction (NRR) is a promising
pathway toward the decarbonization of ammonia (NH3) production.
However, unless practical challenges related to the detection of NH3
are removed, confidence in published data and experimental
throughput will remain low for experiments in aqueous electrolyte.
In this perspective, we analyze these challenges from a system and
instrumentation perspective. Through our analysis we show that
detection challenges can be strongly reduced by switching from an H-
cell to a gas diffusion electrode (GDE) cell design as a catalyst testing
platform. Specifically, a GDE cell design is anticipated to allow for a
reduction in the cost of crucial 15N2 control experiments from €100−
2000 to less than €10. A major driver is the possibility to reduce the
15N2 flow rate to less than 1 mL/min, which is prohibited by an inevitable drop in mass-transport at low flow rates in H-cells. Higher
active surface areas and improved mass transport can further circumvent losses of NRR selectivity to competing reactions.
Additionally, obstacles often encountered when trying to transfer activity and selectivity data recorded at low current density in H-
cells to commercial device level can be avoided by testing catalysts under conditions close to those in commercial devices from the
start.
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■ INTRODUCTION

Novel electrochemical reactions provide hope for a scalable
means of storing intermittent electricity within chemical bonds,
simultaneously aiding in the buffering of renewable energy
while providing a route for offsetting carbon-based fuels.
Nitrogen reduction electrochemistry in particular has the
potential to directly offset 1−1.4% of global CO2 emissions
currently emitted during ammonia (NH3) production, with
additional potential for using ammonia as an energy carrier in
further applications (e.g., shipping, aviation).1−3 Such promise
has led to a large number of researchers entering the nitrogen
electrochemistry field in recent years, with substantial effort
placed on developing selective catalysts capable of driving
nitrogen reduction to ammonia over the more favorable
hydrogen evolution reaction (HER).4 If parallel electro-
chemical reactions with low solubility gaseous reagents are
taken as precedent (e.g., electrochemical reduction of CO2 and
O2), once high selectivity catalysts have been identified, there
are established approaches for increasing reaction rates,
reducing overpotential, increasing stability, and eventually
incorporating promising catalysts supported on a high surface
area support such as a gas-diffusion electrode (GDE) in
commercial devices.5,6 However, currently the academic field
appears to be at a standstill because, due to the inefficiency of

the reaction in aqueous electrolyte, no selective N2 reduction
catalyst has been conclusively presented, yet.7,8

The difficulty of achieving dominant faradaic efficiencies
(FE) for the nitrogen reduction reaction (NRR) is commonly
attributed to the slow kinetics of breaking the nitrogen triple
bond in a 6-electron transfer process compared to only 2-
electron transfers for HER. Any catalyst then needs to balance
the simultaneous challenge of improving the kinetics for N2

reduction while suppressing HER.4 A large body of knowledge
is available on altering the selectivity of electrocatalytic
reactions including strategies like alloying, doping, or
introducing defects.9 For example, the selectivity of the CO2

reduction reaction (CO2RR) can be tuned toward ethanol
(from 30 to 41% FE) or ethylene (from 66 to 80% FE) by
alloying Cu with Ag or Al, respectively.10,11 Extensive
exploration of such strategies might yield a selective catalyst
for NRR, too.
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Despite the wealth of electrochemical expertise entering this
novel research field, substantial detection challenges have
persisted. Typical experiments in aqueous electrolyte produce
μM levels of NH3 and NH4

+, which are on par with common
NH3 contamination levels.7,8,12 Adventitious NH3/NOx often
found in membranes, catalyst precursors, electrolytes, and N2

feedstocks commonly occur at concentrations between 2 and
20 μM in the electrolyte (see Table S2).13−17 To highlight this
issue, we calculate the accumulated ammonia in the electrolyte
for an NRR partial current of 100 μA, which is among the
highest reported rates in literature. Even at this high rate, the
accumulated ammonia in the electrolyte after 30 min of

Figure 1. Limitations of H-cell cell design for NRR studies. (a) Schematic of an H-cell and gas purification. (b) Schematic of the electrode surface
with 50 μm boundary layer and resulting mass-transport limiting current for NRR jlim,NRR. (c) Dependence of the accumulated NH3 and the cost of
an isotope labeling experiment on the electrolysis time and the electrolyte volume. Ammonia production from NRR: 30 μA, flow rate during 15N2
experiments: 10 mL/min. The green color gradient represents the risk of NH3 contamination (summarized from Table S2). (d) Dependence of N2
mass transport to the cathode on the N2 flow rate and resulting minimal cost of isotope labeling. Adapted from ref 26. Copyright 2018 American
Chemical Society.
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electrolysis without catalyst deactivation (electrolyte volume:
30 mL) is only 20.7 μM, which is too close to common
contamination levels for unambiguous quantification.
These measurement challenges have led to false positive

measurements of NRR activity and in some cases to retractions
and refutations of publications that were initially believed to be
groundbreaking.7,8,13−19 To overcome the measurement
challenges associated with NRR, extensive experimental
protocols were introduced which, if executed correctly, are
able to avoid false positives. In accordance with these
protocols, it is particularly important to show that the NH3
yield from experiments with 14N2 quantitatively agrees with
15N2 experiments and that the 15N2 used in those experiments
is free of 14/15NH3 and

14/15NOx contamination.7,12,20 Critical
reviews agree that very few published reports meet these
criteria.7,8,12 As such, only a small reliable data set is available
for potentially invaluable computational studies.11 In short, if
the challenges of detecting electrochemically produced NH3
were removed, there would be an undeniable propulsion
forward of the research field due to increased reproducibility
and a larger reliable data set.
When analyzing the typical electrochemical NH3 synthesis

system, however, it becomes clear that researchers face the
dilemma of choosing either reliable data or affordable, fast
experiments. As we will discuss in more detail below, carrying
out reliable protocols is time-consuming and expensive due to
the long electrolysis steps involved and the use of expensive
15N2. We found, that this dilemma is linked to the H-cell-type
cell design used in most studies. On the other hand, if the same
experiments were performed in a gas diffusion electrode cell,
then testing restrictions due to detection challenges have the
potential to be overcome. We will show that the compact
design of gas diffusion electrode cells and their high N2 mass
transport, which is decoupled from the gaseous flow rate,
makes them advantageous to use for NRR studies.
In this perspective, we provide a technological motivation

for leapfrogging catalyst development within H-cells and
promoting gas-diffusion electrodes as a substrate for the
development of NRR catalysts. We first analyze what limits the
progress of the field with H-cells. Then the benefits for NH3/
NH4

+ detection of supplying N2 from a near N2 gas-phase are
discussed from a system and instrumentation perspective and
contrasted to the current approach of supplying N2 from the
bulk electrolyte. We then argue what other implications the use
of higher surface area electrodes and a reduced liquid diffusion
pathway have for NRR catalyst screenings. Lastly, we examine
the potential and limitations of gas diffusion electrodes as a
platform to benchmark NRR catalysts.
Limits of Product Detection by Configuration and

Operating Conditions. The most commonly used electro-
chemical cells for NRR are H-cells which are comprised of a
working, reference, and counter electrode submerged in two
electrolyte-filled compartments separated by a membrane (see
Figure 1a). The N2 is supplied by bubbling into the electrolyte
while stirring. NH3 production is typically quantified from
liquid samples of the electrolyte.
Using H-cells for NRR studies leads to several limitations

which are illustrated in Figure 1b−d. Electrodes in H-cells have
low electrochemical surface area (ECSA) for NRR (Figure 1b)
which makes them prone to deactivation for example due to
deposition of impurities from the electrolyte on the electrode
surface.21,22 In addition, the only marginally water-soluble
nitrogen gas has to be supplied from the bulk electrolyte which

leads to a relatively large boundary layer thickness and
therefore low mass transport.23 These two limitations will be
discussed in greater detail later in this perspective.
In Figure 1c, we compare the NH3 production from NRR

with commonly observed NH3/NOx contamination levels. To
quantify NH3/NOx contamination levels, we summarized the
available literature on the magnitude of different contami-
nation sources in Table S2. Most contamination sources are in
the range of 2−20 μM, but up to 150 μM of NH3 is possible.
Reports of NH3 contamination with very sensitive and selective
detection methods have shown that an NH3 background of
0.5−2 μM cannot be removed, even with extensive
cleaning.7,16,24 Therefore, we propose that the risk of NH3
contamination is highest if the NH3 production from NRR
does not exceed 2 μM and gradually decreases with increasing
NH3 production. This is illustrated using a color gradient in
Figure 1c. NH3 production from NRR should at least exceed
20 μM to avoid the region with the most contamination
sources (2−20 μM). The reported NH3 production rates in
literature vary from 3 to 300 μA/cm2 NRR partial current
density.25 In the comparison in Figure 1c, we chose a
production rate of 30 μA NRR partial current density which we
refer to as an intermediate NH3 production rate throughout
this perspective (unless otherwise noted we will assume an
electrode area of 1 cm2 in all calculations). With this
intermediate production rate and the median electrolyte
volume of 30 mL used in H-cell studies (see Table S3), the
electrolysis time required to reach 20 μM NH3 is 1.6 h (see
Figure 1c). Therefore, to reach an NH3 concentration that is
large enough to at least exceed the most common NH3
contaminations, NH3 from electrolysis must be accumulated
for almost 2 h. Our calculation agrees well with the electrolysis
time that is used in practice in NRR studies (median from
Table S3: 2h). While such long experiments are necessary for
durability tests once an active catalyst has been identified,
initial experiments to measure the NRR activity of promising
materials should be much shorter to enable fast advancement
in NRR research. In addition, shorter experiments reduce the
risk of contamination entering the cell, for instance from a not
properly purified N2 feed gas.
While most NH3 contaminations in Table S2 are below 20

μM, this threshold is somewhat arbitrary and accurate
quantification is also possible below 20 μM, which comes at
the cost of a higher risk of false positives that must be reduced
with more frequent control experiments and more extensive
cleaning steps the lower the NH3 concentration gets. Due to
the unavoidable NH3 background of 0.5−2 μM in the
electrolyte, reports of catalysts that do not exceed this
threshold are highly questionable.7,15,16 Besides NH3 con-
tamination, another factor that can limit the experimental
throughput is the detection limit of some NH3 analytical
methods.
The detection limit of the most commonly used NH3

detection method in literature, the indophenol method, is
sufficiently low, but the method requires time-consuming
sample preparation with unstable reagents, which leads to long
bench time. Therefore, the indophenol method is undesirable
for NRR research from a practical perspective.24,27−29 It is
widely accepted that control experiments with 15N2 which
quantitatively agree with 14N2 experiments are essential to
prove that NH3 production originated from NRR and not from
contamination of either 14N and/or 15N species.7,16,24 The
detection of the isotopologue 15NH3 requires an isotopically
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selective detection method, which in most cases is liquid state
1H NMR that can detect the triplet and doublet 1H spectra of
14NH3 and 15NH3, respectively.

1H NMR allows for quick
sample preparation, but unless expensive spectrometers are
available, the sensitivity is limited which leads to either a long
electrolysis time to accumulate enough ammonia to reach the
detection limit or a long analysis time per sample to acquire
and average enough scans to increase the detection limit
sufficiently. Adding Gd3+ to the NMR solution as a
paramagnetic relaxation agent increases the sensitivity, but
even then, 17 μM NH3 must be reached for quantitative
analysis (400 MHz NMR, no cryoprobe, 15 min analysis time
per sample).29 In accordance with Figure 1c, reaching 17 μM
NH3 with a catholyte volume of 30 mL takes 1.4 h. The long
electrolysis time in NRR studies is therefore not only caused by
NH3 contamination but also by the limited sensitivity of 1H
NMR. We note that the extent to which both of these factors
limit the electrolysis time depends strongly on a cell parameter,
the electrolyte volume.
Several reasons make NH3 contaminations so difficult to

avoid that some authors believe that no catalyst has been
unambiguously proven to be active for NRR in an aqueous
electrolyte.7,8 NH3 contamination can originate from many,
often unexpected sources (see Table S2). These can easily look
like genuine NRR because the NH3 increase can be time
dependent (e.g., NH3 that slowly leaches from a Nafion
membrane) and potential dependent (e.g., NOx that gets
reduced electrochemically to NH3).

8,30 Some contamination

sources can contaminate a whole batch of experiments (e.g.,
contaminated catalyst precursor) or only a single experiment
(e.g., touched electrolyte with a nitrile glove).7,16 The
identification and elimination of NH3 contamination sources
should precede any NRR measurement. As early as 2018,
Greenlee et al. reported that there is a high risk of false
positives in NRR experiments and that there is a gap between
what experimental protocols should be like for unambiguous
measurements and what is done in practice. They proposed a
protocol for unambiguous measurement of NRR activity which
is still valid today.12 In the following years, several authors
reassessed the reliability of NRR research and found that the
gap still exists, although it is slightly smaller since more papers
include background measurements and at least qualitative 15N2
experiments.7,8,14 Because the paper by Greenlee et al. was
published over three years ago, we think that a lack of
knowledge about reliable protocols can no longer explain why
the gap still exists. Instead, we think there must be practical
barriers that prevent the implementation of reliable protocols.
To examine if there are any practical barriers to

implementing reliable detection protocols, we examine the
most important step of such protocols: the isotope labeling
step. All proposed NRR protocols agree that properly executed
isotope labeling experiments that quantitatively agree with 14N2
data are essential for an unambiguous proof of NRR
activity.7,12,14 We calculate that one experiment with 15N2 in
an H-cell with typical operating conditions (experiment time:
2h, flow rate: 40 mL/min, see Table S3) would cost about

Figure 2. Schematic illustrating how cell parameters of the gas diffusion electrode cell design are influencing reliability and speed of NRR research.
(a) Schematic of a gas diffusion electrode cell and NH3 detection. (b) Schematic of the surface of a gas diffusion electrode. (c) Checklist for fast,
reliable, reproducible NRR research.
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€2400 due to the high cost of 15N2 (≈ €500/L). At this cost,
isotope labeling experiments are obviously prohibitively
expensive. Some authors try to circumvent this problem by
using drastically reduced flow rates,31 operating in fed batch
mode,32 using a static gas atmosphere33 or recirculating the
gas34 during 15N2 experiments. While reducing or interrupting
gas flow reduces cost, Clark et al. showed that a minimum flow
rate of 10 mL/min into an 1.6 mL H-cell is necessary to
prevent a sharp decrease of the mass transport of the dissolved
gas to the electrode surface (quantified by measuring the
boundary layer thickness with ferrocyanide reduction).26 The
reason for the reduced mass transport is that the gas that is
bubbled into the cell is a source of convection which helps
transport the dissolved gas to the electrode. As the flow rate is
reduced, less convection from the gas bubbles leads to lower
mass transport of dissolved gas to the electrode surface and an
increase in boundary layer thickness as shown in Figure 1d.26

To understand if reduced mass transport can be tolerated for
NRR, we estimate the mass transport limiting current of NRR
in an H-cell from the limiting current of CO2RR to CO in an
H-cell (10 mA/cm2) by taking into account the different
solubility and diffusion coefficient of CO2 and N2 and the
different number of electrons involved in each reaction (see eq
(1) in the Supporting Information).26,35−38 The resulting mass
transport limiting current for NRR is ≈0.6 mA/cm2, which
means that at the upper end of the range of reported NH3
production rates (3−300 μA/cm2), NRR is most likely already
influenced by mass transport limitations.25 This is undesirable
because mass transport limitations will reduce the ammonia
production and make results difficult to reproduce because the
transition from activation controlled to mass transfer
controlled kinetics is not well-defined in an H-cell.22 A further
reduction of the mass transport limiting current due to a
reduction of the gas flow rate below 10 mL/min can therefore
not be tolerated. The sharply decreasing mass transport below
10 mL/min explains why reports with reduced flow rate are
unable to achieve quantitative agreement between 14N2 and
15N2 data because mass transport limitations will lower the
NH3 production rate with 15N2 if too low flow rates are
used.31,32 Another issue that increases the cost of isotope-
labeling in H-cells is that the electrolyte must be presaturated
with 15N2 prior to electrolysis (typically for 30 min) which
adds to the cost.39 Nielander et al. showed that the cost per
experiment can be reduced by recirculating 15N2, but the
remaining cost is still high (€100 per experiment) because the
whole volume of the home-build gas recirculation setup must
be flushed with 15N2.

7,34 Thus, the necessity for flow rates >10
mL/min in H-cells is a fundamental barrier to reliable data
collection in an H-cell. None of the available solutions reduces
the cost sufficiently to make quantitative 15N2 control
experiments as accessible as they have to be.
The above analysis has shown that while it is possible to

reduce the electrolyte volume in H-cells to decrease the
electrolysis time, the N2 flow rate cannot be reduced below 10
mL/min, which creates an unavoidable cost barrier toward
implementation of reliable protocols for NRR research. Unless
this limitation is removed, the uncertainties about the
reliability of results in the NRR field are unlikely to go away,
or the field is set to become exclusive to those who can afford
regular isotope labeling. To avoid this, 15N2 experiments have
to become affordable (e.g., around €10 per experiment) and
short (15−20 min). In the following section, we explore if

these requirements can be implemented with a gas diffusion
electrode (GDE) cell design.
A typical gas diffusion electrode cell (see Figure 2a) consists

of three compartments. For the NRR, the main difference to
H-cells is that in a GDE cell, N2 is not bubbled directly into the
catholyte but flows past a hydrophobic gas diffusion electrode
which separates the catholyte and gas compartment. The
catalyst is positioned on the GDE at the interface of the
catholyte and gas phase (Figure 2b). The hydrophobicity of
the GDE prevents the electrolyte from entering the gas phase.
Due to the small distance that the reactant gas has to travel
from the gas phase to reach the catalyst (≈50 nm compared to
50 μm in an H-cell) mass transport is much higher than in H-
cells.23 Therefore, higher mass transport limited current
densities for NRR can be reached in GDE cells.40,41 Both
the anolyte and catholyte are recycled between the cell and a
reservoir. During electrolysis insoluble reaction products will
enter the gas compartment and leave the cell with the feed gas.
Soluble products such as NH3 will mostly remain in the
electrolyte.23

To reach the 1H NMR detection threshold of 17 μM NH3 in
the catholyte within 15 min electrolysis time with an
intermediate NH3 production rate, the volume of the catholyte
should be less than 5 mL (see Figure 1c).29 The volume of the
catholyte is comprised of 4 parts, the internal volumes of half-
cell, reservoir, tubing connections, and peristaltic tubing for the
pump. For a standard GDE cell, these volumes can be as low as
0.8, 0.4, 2, and 1.6 mL, respectively, assuming an 8 mm thick
catholyte compartment, 20 cm 1/8″ inner diameter (i.d.)
peristaltic pump tubing and 1 m 1/16″ i.d. tubing
connections.23 To reduce this further, the tubing size can be
reduced to smaller, commercially available sizes (1/16″ i.d.
peristaltic tubing and 1/32″ i.d. tubing for the remaining
connections). This leads to volumes of 0.8, 0.4, 0.5, and 0.4
mL, respectively, and a total volume of 2.1 mL which is
sufficient to reduce the electrolysis time to less than 15 min.
To reduce the cost of isotope labeling to €10 per

experiment, the 15N2 consumption must be less than 20 mL
per experiment. For a 15 min experiment, this means that the
flow rate should be less than 1 mL/min (plus 5 mL to flush the
system). As discussed above, the flow rate in H-cells must be
higher than 10 mL/min for sufficient mass transport of
dissolved N2 from the bulk electrolyte to the catalyst surface.26

On the other hand, in GDE cells, N2 has to travel first through
a gas-filled gas diffusion layer and then through an electrolyte-
filled catalyst layer to reach the surface where the reaction
takes place (see Figure 2b). In this configuration, the flow rate
of N2 can only influence the N2 mass transport through the gas
phase. However, N2 diffuses much faster through gas than
through liquid. Therefore, the N2 mass transport through the
gas phase is not limiting the N2 mass transport to the catalyst
surface unless very high N2 consumption rates are reached. To
estimate if the N2 flow rate influences N2 mass transport at
typical N2 consumption rates in NRR experiments (<300 μA/
cm2 NRR partial current density), we draw on experience from
the CO2RR again.25 Tan et al. showed that a GDE cell for CO2
reduction (electrode area: 2 cm2) can be operated at 200 mA/
cm2 at flow rates as low as 5 mL/min without observing
differences in potential or H2 FE compared to higher flow
rates.42 Since NRR current densities are at least 3 orders of
magnitude lower than that, the N2 mass transport in GDE cells
is independent of the N2 flow rate in the relevant current
density range for NRR experiments. Therefore, flow rates <1
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mL/min are possible in GDE cells. To stay below 20 mL total
15N2 consumption, the total headspace of the system should be
minimal (<1 mL) so that 5 mL 15N2 are sufficient to flush the
system before starting a 15N2 experiment. The total headspace
is comprised of the volumes of the gas compartment of the cell
and the headspace of the purifier to remove contaminations
from the feed gas and tubing connections. State of the art flow
fields have a flow channel thickness of around 1 mm and 20 cm
1/32″ i.d. tubing should be sufficient for the connections
which adds only 100 μL to the headspace, respectively.43 For
proper isotope labeling experiments, it is crucial that NOx is
effectively removed from the incoming gas stream because
especially 15N2 is likely to be contaminated with NH3/NOx
(see Table S2). NH3/NOx impurities can be removed with
little additional headspace using impurity traps filled with Cu−
Zn−Al oxide catalysts as described by Andersen et al. or with a
miniaturized version of the oxidizing trap proposed by Choi et
al. using an alkaline KMnO4 solution (see Figure S1).7,8 Both
purifier types only add a few 100 μL to the headspace so that
the total headspace is sufficiently small for €10 isotope labeling
experiments. In summary, all requirements for fast, reliable,
reproducible NRR research shown in Figure 2c can be fulfilled
with GDE cells.
We want to briefly highlight the opportunity of combining

the low isotope labeling cost in a GDE cell with very sensitive
1H NMR spectrometers or the recently developed, highly
sensitive detection methods for aqueous and gaseous ammonia
detection using ultrahigh performance liquid chromatography-

mass spectrometry (UPLC-MS) and gas chromatography-mass
spectrometry (GC-MS), respectively (see Figure 2a).24,44,45

Unlike 14NH3,
15NH3 is not affected by contaminations, other

than the ones coming from the 15N2 itself which can be
removed with a proper gas purification step. Therefore, 15NH3
from NRR can be quantified accurately as soon as the
detection limit of the detection method is reached which is 1
ppm for GC-MS and less than 1 μM for very sensitive 1H
NMR spectrometers and UPLC-MS, respectively.

24,44,45 By
using these very sensitive detection methods, 15N2 experiments
can become even shorter and cheaper so that catalysts could
potentially be tested only with 15N2 instead of 14N2 requiring
only a few milliliters of 15N2 per catalyst and consequentially
enabling rapid, unambiguous NH3 quantification. With GC-
MS, gaseous 14NH3/

15NH3 can be detected in operando with
no external sample manipulations and at very low NH3
production rates (on the order of 10−13 mol/s at 1 mL/min)
which makes the detection more reliable and more sensitive
than the commonly used NH3 accumulation in an acid trap.44

Electrochemical Benefits of a High Surface Area NRR
Catalyst. The choice of cell design has several other
implications for NRR research besides the ones discussed in
the previous section. An important implication to consider
when switching from the H-cell to the GDE cell is that the
electrode changes from a low electrochemical active surface
area (ECSA) 2D electrode to a high ECSA 3D electrode. In
the following, we want to discuss the implications of this
transition for NRR research.

Figure 3. Comparative activity of different surface area systems assuming the same specific activity and faradaic efficiency. (a) Specific activity
(ECSA-normalized, black) and resulting current density normalized by geometric surface area (blue) for low-ECSA and high-ECSA electrode.
(b,d) Assumed faradaic efficiency if NRR is favorable over HER at low/high specific activity, respectively. (c,e) NRR partial current density
assuming the specific activity in (a) and the faradaic efficiency in (b,d), respectively. We assumed that the high-ECSA electrode has a 30-fold higher
mass-transport limiting current than the low-ECSA electrode. Specific activity and faradaic efficiency were modeled by using the Butler−Volmer
equation and quadratic functions, respectively.
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Three dimensional (3D) nanostructured electrodes such as
GDEs have a 10- to 1000-fold higher roughness factor (defined
as ECSA available for nitrogen reduction normalized by
geometric surface area) than two-dimensional (2D) electrodes
which are commonly used in H-cells.5,22 It is noteworthy that
even if an electrode with a 3D morphology is used in an H-cell,
the active surface area for NRR will be approximately 2D
because the active sites in the bulk of the electrode are
insufficiently supplied with nitrogen at very low current
densities. Not only is most of the catalyst layer then not
active for NRR but there are much larger ECSA’s available for
HER than NRR.23 To understand how the roughness factor of
an electrode can influence selectivity and product detection, we
compare the NH3 production of two electrode configurations,
one 2D electrode in an H-cell and one 3D electrode in a GDE
cell. We assume a 10-fold higher roughness factor for the 3D
electrode in the GDE cell and that both electrode
configurations have the same specific activity (i.e., ECSA
normalized current density). As shown in Figure 3a, due to its
higher surface area, the current density normalized by the
geometric surface area is higher for the 3D GDE than for the
2D H-cell electrode. We include ammonia production into the
model by assuming that the kinetically possible NRR faradaic
efficiency (i.e., no mass transport limitation) can be described
with a parabolic function. We distinguish two cases in the
model of the faradaic efficiency. In the first case, we assume
that a potential window where NRR is selective exists at low
specific activity (Figure 3b). In the second case, we assume
that the selective potential window exists at high specific
activity (Figure 3d).
For the first case, we show in Figure 3c what happens to the

ammonia production when using a low/high ECSA electrode,
respectively. As we showed in the previous section, there is a
minimum amount of NH3 which has to be produced by the
catalyst for the NRR activity to be detectable and distinguish-
able from contamination. In Figure 3c, we assume that the
ammonia production of the 2D electrode in an H-cell is too
low to reach this detection limit and hence the NRR activity
will not be discoverable. On the other hand, with a 3D GDE,
larger current densities (and therefore larger ammonia
production rates) can be reached at lower overpotentials due
to its higher ECSA. In consequence, the NRR activity which
was previously undiscoverable in an H-cell becomes discov-
erable in a GDE cell. Therefore, using 3D GDE’s instead of 2D
electrodes in an H-cell makes it possible to measure the
selectivity of materials at lower overpotentials. Testing
materials in this low overpotential region might yield catalysts
with improved selectivity. For example, in the CO2RR
scientific field, a shift toward more desirable product
distributions was discovered by testing materials in a GDE
cell which is believed to be caused by the fact that higher
current densities can be reached at lower overpotentials.5

Figure 3e shows the ammonia production in the case that a
selective potential window exists at high specific activity. In this
case, the corresponding NH3 production is high enough for
mass transport limitations to play a role. We assume a mass
transport limiting current that is 30-fold higher for the 3D
electrode than for the 2D electrode corresponding to the
approximate difference in mass transport between the H-cell
and the GDE cell.26,46 Both electrodes do not reach their
kinetically possible maximum faradaic efficiency due to mass
transport limitations. However, the faradaic efficiency is higher
for the 3D GDE because the mass transport limitation occurs

at higher currents. Therefore, using 3D GDEs can increase the
selectivity compared to 2D electrodes in an H-cell in cases
where the latter is operated in the mass transport limited
current region. The potential of GDE’s to achieve high NH3
production rates by circumventing N2 mass transport
limitations has been demonstrated by Lazouski et al. who
showed that NH3 partial current densities up to 8.8 mA/cm2

can be obtained using a lithium-mediated approach with
stainless steel gas diffusion electrodes.47

Stable catalysts are essential when using detection methods
that rely on the accumulation of NH3 because if a catalyst
deactivates before the threshold NH3 concentration is reached,
it will not be detectable. The stability of a catalyst can be
compromised by impurity deposition onto its surface, surface
reconstruction, and morphology changes.22 In NRR experi-
ments, the risk of impurity deposition on the electrode surface
is particularly high because over long electrolysis times, high
negative overpotentials and alkaline electrolytes are used which
increase the risk of impurity deposition.39 This risk can be
reduced by using high ECSA GDE’s because their higher
ECSA reduces the fraction of the surface that can be affected
by impurity deposition for a fixed amount of impurities.
Furthermore, impurities will deposit preferably on the side of
the electrode that is facing the electrolyte, not on the N2 side
of the GDE where NRR can be expected to take place
preferably.21,22,39 Surface reconstruction and morphology
changes might also affect high ECSA electrodes less, because
the overpotential to reach a certain current density will be
lower which might reduce the magnitude of such effects.46

Parallel Examples of GDEs as a Benchmarking Cell
Design. A benchmark consists of a clearly defined electro-
chemical setup and a set of protocols describing how to carry
out a measurement with a well-defined catalyst to reproduce a
known catalyst performance. Benchmarks are useful when
developing electrocatalysts because they ensure the reliability
and reproducibility that is necessary to evaluate and compare
new catalysts unambiguously.48 Currently, the NRR academic
community has no benchmarking materials or protocols
because there is no generally accepted catalyst for this reaction
yet. However, eventually a benchmark will have to be
developed for NRR because it can expedite catalyst develop-
ment. To understand what a suitable benchmark for NRR
might look like we will briefly look at how benchmarks are
performed in comparable electrochemical fields with low
solubility gaseous reagents.
In the case of the oxygen reduction reaction (ORR), specific

values for mass-transport limiting current and mass activity
must be reached with a Pt/C catalyst in a rotating disk
electrode (RDE) setup to confirm that the setup is comparable
to literature.39,48 However, as recent results have shown, it is
not always possible to transfer the activity of promising
catalysts measured at low current density in RDE setups to
high current density commercial devices.49 For example,
nanostructured Pt-based ORR catalysts such as Pt−Ni
nanoframes have much lower mass activity under real fuel
cell conditions than predicted by low current density RDE
measurements.49 Similarly, for a long time, CO2RR catalysts
were compared at low current density in H-cells, but when
those catalysts were tested at higher current density in GDE
cells, they had completely different product distributions.46,50

The lack of transferability of results can arise from a variety of
changes that occur when catalysts are tested in commercial
devices instead of low current density catalyst testing devices,
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for example, changes in local mass transport, pH, or catalyst
layer quality.23,51 A possible solution to this problem would be
to benchmark catalysts in membrane electrode assemblies
(MEA) where they can be tested at high current density.
However, the production of MEAs is time-consuming, and it is
challenging to control temperature, pressure, water distribu-
tion, and prevent gas crossover.52,53 Therefore, in both fields,
CO2RR and ORR, GDE cells have emerged as an alternative
platform to test catalysts at current densities closer to
commercial conditions but without the problems associated
with using a MEA cell design. For example, Inaba et al. has
shown that similar ORR mass activities can be observed in
GDE and MEA cell design for a given Pt/C catalyst.46,54

Leapfrogging low current density catalyst development and
directly adopting a GDE cell design for a NRR catalyst search
might prevent years and resources spent recording data at low
current density which might not be transferrable to commercial
devices.
However, the use of GDE cells to benchmark catalysts

instead of H-cells or RDE cells has several disadvantages.
Using a GDE cell instead of an H-cell can cause practical
problems, for example with the electrical contact or the sealing
of the GDE. A description of how to deal with such problems
goes beyond the scope of this perspective but interested
readers are referred to the relevant literature.55 Additionally, a
GDE is an ill-defined 3D nanostructure which can have an
inhomogeneous distribution of pH and N2 concentration due
to highly overlapping diffusion gradients. Inside the 3D
structure of a GDE many different morphological factors
such as grain, porosity, oxidation state, etc. might be
superimposed which makes it difficult to extract structure−
functionality relationships between morphological factors and
intrinsic activity. Due to these implications, GDE’s might not
be suitable for fundamental studies where the goal is to
measure intrinsic values for activity and selectivity. For such
studies H-cells with a well-defined catalyst surface might be a
better platform.5,22

■ CONCLUSIONS
The poor reliability and experimental throughput of NRR
research is linked to the H-cell-type cell design, with its
commonly high electrolyte volume and N2 flow rates. These
limitations can be overcome by using GDE cells, because mass
transport and gaseous flow rate are decoupled resulting in
short (<15 min) and cheap (less than €10 per experiment)
isotope labeling experiments. The higher ECSA of 3D
nanostructured GDEs enables higher NH3 production at
lower overpotentials and reduces the risk of catalyst
deactivation. However, it is less suitable for fundamental or
mechanistic studies aiming to measure intrinsic activity/
selectivity values because the surface of the catalyst is ill-
defined. Leapfrogging to GDE cell design for NRR catalyst
development will reduce the uncertainty associated with
transferring low current density H-cell data to high current
density commercial devices. Because the primary objective of
NRR research at the moment is to reliably identify a selective
catalyst, the advantages of catalyst development in a GDE cell
design clearly outweigh its limitations.
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Ingason, Á. S.; Skuĺason, E.; Flosadóttir, H. D. Investigation into the
Mechanism of Electrochemical Nitrogen Reduction Reaction to
Ammonia Using Niobium Oxynitride Thin-Film Catalysts. Electro-
chim. Acta 2022, 403, 139551.
(31) Kim, M.-C.; Nam, H.; Choi, J.; Kim, H. S.; Lee, H. W.; Kim,
D.; Kong, J.; Han, S. S.; Lee, S. Y.; Park, H. S. Hydrogen Bonding-
Mediated Enhancement of Bioinspired Electrochemical Nitrogen
Reduction on Cu 2−x S Catalysts. ACS Catal. 2020, 10 (18), 10577−
10584.
(32) Xue, Z.-H.; Zhang, S.-N.; Lin, Y.-X.; Su, H.; Zhai, G.-Y.; Han,
J.-T.; Yu, Q.-Y.; Li, X.-H.; Antonietti, M.; Chen, J.-S. Electrochemical
Reduction of N 2 into NH 3 by Donor−Acceptor Couples of Ni and
Au Nanoparticles with a 67.8% Faradaic Efficiency. J. Am. Chem. Soc.
2019, 141 (38), 14976−14980.
(33) Suryanto, B. H. R.; Wang, D.; Azofra, L. M.; Harb, M.; Cavallo,
L.; Jalili, R.; Mitchell, D. R. G.; Chatti, M.; MacFarlane, D. R. MoS2
Polymorphic Engineering Enhances Selectivity in the Electrochemical
Reduction of Nitrogen to Ammonia. ACS Energy Lett. 2019, 4 (2),
430−435.
(34) Nielander, A. C.; Blair, S. J.; McEnaney, J. M.; Schwalbe, J. A.;
Adams, T.; Taheri, S.; Wang, L.; Yang, S.; Cargnello, M.; Jaramillo, T.
F. Readily Constructed Glass Piston Pump for Gas Recirculation. ACS
Omega 2020, 5 (27), 16455−16459.
(35) Battino, R.; Rettich, T. R.; Tominaga, T. The Solubility of
Nitrogen and Air in Liquids. J. Phys. Chem. Ref. Data 1984, 13 (2),
563−600.
(36) Ferrell, R. T.; Himmelblau, D. M. Diffusion Coeffkients of
Nitrogen and Oxygen in Water. J. Chem. Eng. Data 1967, 12 (1),
111−115.

ACS Catalysis pubs.acs.org/acscatalysis Perspective

https://doi.org/10.1021/acscatal.2c00888
ACS Catal. 2022, 12, 5726−5735

5734

https://doi.org/10.1021/acs.chemrev.8b00705?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.8b00705?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C6TA08580F
https://doi.org/10.1039/C6TA08580F
https://doi.org/10.1039/C6TA08580F
https://doi.org/10.1039/C6TA08580F
https://doi.org/10.1038/s41586-019-1260-x
https://doi.org/10.1038/s41586-019-1260-x
https://doi.org/10.1038/s41586-019-1260-x
https://doi.org/10.1038/s41467-020-19130-z
https://doi.org/10.1038/s41467-020-19130-z
https://doi.org/10.1126/science.aad4998
https://doi.org/10.1126/science.aad4998
https://doi.org/10.1021/jacs.9b02945?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.9b02945?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41586-020-2242-8
https://doi.org/10.1038/s41586-020-2242-8
https://doi.org/10.1021/acscatal.8b02120?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.8b02120?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.8b02120?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.jechem.2020.01.029
https://doi.org/10.1016/j.jechem.2020.01.029
https://doi.org/10.1016/j.jechem.2020.01.029
https://doi.org/10.1002/cssc.201901623
https://doi.org/10.1002/cssc.201901623
https://doi.org/10.1039/D0SE00674B
https://doi.org/10.1039/D0SE00674B
https://doi.org/10.1039/D0SE00674B
https://doi.org/10.1002/celc.202100251
https://doi.org/10.1002/celc.202100251
https://doi.org/10.1002/celc.202100251
https://doi.org/10.1038/s41929-020-00527-4
https://doi.org/10.1038/s41929-020-00527-4
https://doi.org/10.1038/s41929-020-00527-4
https://doi.org/10.1021/acsenergylett.0c00924?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsenergylett.0c00924?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsenergylett.0c00924?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1126/science.abe0412
https://doi.org/10.1371/journal.pone.0110335
https://doi.org/10.1371/journal.pone.0110335
https://doi.org/10.1371/journal.pone.0110335
https://doi.org/10.1021/jp3075783?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp3075783?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C9SC05375A
https://doi.org/10.1039/C9SC05375A
https://doi.org/10.1039/C8EE03134G
https://doi.org/10.1039/C8EE03134G
https://doi.org/10.1039/C8EE03134G
https://doi.org/10.1021/acsenergylett.0c00496?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsenergylett.0c00496?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsenergylett.0c00496?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsenergylett.0c00496?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C9TA13044F
https://doi.org/10.1039/C9TA13044F
https://doi.org/10.1039/C9TA13044F
https://doi.org/10.1021/acscatal.8b01340?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.8b01340?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.8b01340?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/an9800500305
https://doi.org/10.1039/an9800500305
https://doi.org/10.1039/an9800500305
https://doi.org/10.1021/acsenergylett.0c02219?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsenergylett.0c02219?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsenergylett.0c02219?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsomega.0c06130?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsomega.0c06130?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.electacta.2021.139551
https://doi.org/10.1016/j.electacta.2021.139551
https://doi.org/10.1016/j.electacta.2021.139551
https://doi.org/10.1021/acscatal.0c01730?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.0c01730?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.0c01730?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.9b07963?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.9b07963?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.9b07963?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsenergylett.8b02257?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsenergylett.8b02257?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsenergylett.8b02257?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsomega.0c00742?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/1.555713
https://doi.org/10.1063/1.555713
https://doi.org/10.1021/je60032a036?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/je60032a036?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/acscatalysis?ref=pdf
https://doi.org/10.1021/acscatal.2c00888?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(37) Carroll, J. J.; Slupsky, J. D.; Mather, A. E. The Solubility of
Carbon Dioxide in Water at Low Pressure. J. Phys. Chem. Ref. Data
1991, 20 (6), 1201−1209.
(38) Jähne, B.; Heinz, G.; Dietrich, W. Measurement of the
Diffusion Coefficients of Sparingly Soluble Gases in Water. Journal of
Geophysical Research 1987, 92 (C10), 10767.
(39) Wei, C.; Rao, R. R.; Peng, J.; Huang, B.; Stephens, I. E. L.;
Risch, M.; Xu, Z. J.; Shao-Horn, Y. Recommended Practices and
Benchmark Activity for Hydrogen and Oxygen Electrocatalysis in
Water Splitting and Fuel Cells. Adv. Mater. 2019, 31 (31), 1806296.
(40) Hu, L.; Xing, Z.; Feng, X. Understanding the Electrocatalytic
Interface for Ambient Ammonia Synthesis. ACS Energy Lett. 2020, 5
(2), 430−436.
(41) Shahid, U. B.; Chen, Y.; Gu, S.; Li, W.; Shao, M.
Electrochemical Nitrogen Reduction: An Intriguing but Challenging
Quest. Trends in Chemistry 2022, 4 (2), 142−156.
(42) Tan, Y. C.; Lee, K. B.; Song, H.; Oh, J. Modulating Local CO2
Concentration as a General Strategy for Enhancing C−C Coupling in
CO2 Electroreduction. Joule 2020, 4 (5), 1104−1120.
(43) Peng, L.; Lai, X.; Liu, D.; Hu, P.; Ni, J. Flow Channel Shape
Optimum Design for Hydroformed Metal Bipolar Plate in PEM Fuel
Cell. J. Power Sources 2008, 178 (1), 223−230.
(44) Ripepi, D.; Zaffaroni, R.; Kolen, M.; Middelkoop, J.; Mulder, F.
M. Operando Isotope Selective Ammonia Quantification in Nitrogen
Reduction Studies via Gas Chromatography-Mass Spectrometry.
Sustainable Energy Fuels 2022, 6 (8), 1945−1949.
(45) Nielander, A. C.; McEnaney, J. M.; Schwalbe, J. A.; Baker, J. G.;
Blair, S. J.; Wang, L.; Pelton, J. G.; Andersen, S. Z.; Enemark-
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