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The electrochemical nitrogen reduction reaction (NRR) is a promising alternative to the current greenhouse gas emission intensive
process to produce ammonia (NH3) from nitrogen (N,). However, finding an electrocatalyst that promotes NRR over the competing
hydrogen evolution reaction (HER) has proven to be difficult. This difficulty could potentially be addressed by accelerating the
electrocatalyst development for NRR by orders of magnitude using high-throughput (HTP) workflows. In this work, we developed
a HTP gas diffusion electrode (GDE) cell to screen up to 16 electrocatalysts in parallel. The key innovation of the cell is the use of
expanded Polytetrafluoroethylene (ePTFE) gas diffusion layers (GDL) which simplifies the handling of catalyst arrays compared to
carbon fabrics and enables sufficient N, mass transport. We demonstrate the robustness of the HTP workflow by screening 528
bimetallic catalysts of composition AB (A,B = Ag, Al, Au, Co, Cu, Fe, Mn, Mo, Ni, Pd, Re, Ru, W) for NRR activity. None of the
materials produced ammonia significantly over background level which emphasizes the difficulty of finding active electrocatalysts
for NRR and narrows down the search space for future studies.
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The unequal distribution of renewable energy generation poten-
tial across the globe has created an awareness that a scalable means
of storing and transporting electricity is needed to decarbonize the
global economy. Green ammonia (NH3), i.e., ammonia produced
from renewable electricity has the potential to fill this gap, with
additional potential to decarbonize ammonia production (1%-1.4%
of global CO, emissions). One of the potentially cheapest routes to
produce green NHj is the conversion of nitrogen (N,) to NHj3 via the
electrochemical nitrogen reduction reaction (NRR).!® However, it
has proven to be very challenging to find a selective catalyst that
sufficiently suppresses the more favorable hydrogen evolution
reaction (HER) in aqueous electrolyte such that high NH; production
rates can be achieved. *

The difficulty of finding a selective catalyst for NRR is
commonly attributed to the slow kinetics of the activation of the
N, triple bond and the subsequent reduction in a 6-electron process
compared to only 2-electron transfers for HER.* It is generally
believed that the binding energies of key intermediates of the NRR
mechanism are correlated (so-called scaling relations) which leads to
a minimum overpotential requirement of 0.5 V for NRR according to
density functional theory (DFT) calculations.” To overcome these
difficulties, strategies are needed to promote NRR while simulta-
neously suppressing HER.

Alloying two or more metals can effectively tune the selectivity
of electrochemical reactions. For example, Cu has been alloyed with
Ag and Al to tune the selectivity of the CO, reduction reaction
(CO2RR) towards ethanol or ethylene, respectively.®’ The improved
electrocatalytic performance of alloys is often ascribed to strain,
ligand and ensemble effects that create active sites with more
optimal binding energies for key intermediates.>™'® Possibly, an
intermetallic catalyst exists that has a sufficient concentration of
optimal active sites for NRR to promote the reaction and reach
sufficient rates to prevail over HER.

Many recent studies claim that intermetallic materials such as
Pd;Cu;, PdRu and AuCu are active catalysts for NRR.'-14
However, several critical assessments of the NRR literature have
concluded that the methodology that has been used thus far to assess

“E-mail: m.kolen@tudelft.nl; f.m.mulder @tudelft.nl

the NRR activity of materials is unable to guarantee reliable results,
because the performed control experiments were insufficient to
exclude the possibility of a false Positives from NH; and/or nitrogen
oxides (NO,) contamination.'>~!” This conclusion has led to a lack
of confidence in published NRR results among NRR researchers
which further intensified in view of the recent retractions and
refutations of papers which were believed to be groundbreaking.'®'?

To improve the reliability of NRR research, many control
experiments to eliminate contamination sources and reduce the
risk of false positives have been proposed.'>™"” In addition, we
have recently argued that the choice of cell design has a large
influence on the reliability of NRR experiments. By using gas
diffusion electrode (GDE) cells instead of commonly used H-cells,
the reliability of NRR experiments can be improved because
experiments can be run at lower gas flow rates without limiting the
N, mass transport to the catalyst surface, which in turn reduces the
cost of crucial control experiments with N, (=~ €500/L).%° The
widespread adoption of reliable experimental protocols should
restore the trust in published NRR results. Nevertheless, even with
reliable protocols in place, two issues still slow down the progress of
the research field. First, testing materials for NRR activity produces
a lot of negative results which are much less likely to be published
due to the bias of published literature to report preferably positive
results.>' Therefore new research cannot benefit from the knowledge
of previous failed attempts. Second, the experimental workflow to
test materials for NRR activity is too slow. With a median
electrolysis time of 2h per NRR experiment (cleaning steps and
control experiments not included) catalyst testing is not fast enough
for a thorough exploration of more complex material classes such as
intermetallic catalysts.*

A promising strategy to accelerate the NRR experimental work-
flow is the implementation of parallelization and automation
techniques. So-called high throughput (HTP) workflows are a
powerful tool in heterogeneous catalysis.”> For example the triply
promoted iron catalyst that is currently used in the industrial
production of ammonia was discovered by means of a HTP
screening.”> A HTP workflow for NRR catalyst development would
not only drastically increase the likelihood of finding a promising
catalyst but also produce large datasets to improve potentially
invaluable computational models.” Such datasets would also include
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a large number of negative results which could inform future
research. In short, HTP workflows have the potential to enable
more rapid advancements in the NRR research field.

To build a HTP workflow for NRR catalyst development, it is
necessary to accelerate every step of the workflow. If one step is
much slower than the others it will create a bottleneck and the
overall acceleration will be small. Since HTP is a widely used
method in other research fields, mature HTP methods for the
production and physical characterization of catalyst libraries, and
data analysis are available.”* The key challenge seems to be the
development of an electrochemical cell that is capable of rapidly
screening materials for the target reaction. Common HTP cell
designs to screen electrocatalysts are: single compartment cells
with a composition spread as working electrode (WE) or WE
array,>>*" scanning capillary/probe/droplet cells,”*>° arrays of
single compartment cells’’ and membrane electrode assemblies
(MEA).*** Thus far, papers utilizing HTP workflows make up a
negligible fraction of the published electrocatalysis literature which
indicates that the available electrochemical cells have not yet
reached sufficient technological maturity to replace one-by-one
catalyst testing. Common problems with HTP cell designs include
insufficient data quality compared to one-by-one catalyst testing,>*
short lifetime of cell components like current collectors® and
catalysts adhesion issues.”® Clearly, choosing an appropriate cell
design is key for a meaningful HTP screening of NRR catalysts.

In all of the previously mentioned HTP cell designs (except
MEA) the reactant gas is transported to the catalyst surface from the
bulk electrolyte. Due to the low water solubility of N, (705.8 uM at
1 bar, 20 °C), the maximum rate of N, that can be transported to the
catalyst surface in such cells corresponds to an NRR current density
of only a few hundred yA cm™22%" Screening catalysts under such
N, limited conditions would lead to NRR selectivity losses which
makes such cell designs unsuitable for an NRR catalyst screening.*®
MEA cell designs have sufficient N, mass transport but they use
carbon fabric gas diffusion layers (GDL) as catalyst supports. Our
attempts to work with carbon fabrics in a HTP cell failed due to
practical issues. The main problem was that each catalyst required a
separate carbon fabric to prevent short circuits between them during
electrochemical tests. Each of these fabrics had to be cut out,
transported, installed and electrically connected which proved to be
a very time-consuming and error-prone process. In addition, carbon
fabrics are very fragile with caused them to break frequently during
handling. Therefore, we decided to explore other cell designs which
have not been used in combination with HTP thus far to find a more
convenient way of screening electrocatalysts.

Gas diffusion electrode cells have recently gained popularity as a
platform to screen electrocatalysts in both the oxygen reduction
reaction (ORR) and the CO2RR research field, because they allow
testing of electrocatalysts under more realistic reaction conditions
than conventional cell designs.>’ ™ In GDE cells, the catalyst is
positioned on a hydrophobic GDL at the junction between gas phase
and liquid electrolyte. This close proximity of the catalyst surface to
the gas phase enables high mass transport limiting currents for
reactions which have gaseous reagents with low water solubility like
N,.*”#® The simplicity of GDE cells in combination with their high
N, transport and the previously discussed advantages for ammonia
detection make GDE cells a preferable cell design for a HTP
screening of NRR catalysts.”**® However, in most GDE cell
experiments carbon fabric are used as the GDL which would cause
the same limitations that were described above.*”*® To enable the
use of a GDE cell design for HTP screenings, these limitations must
be overcome.

Recently, Dinh et al. showed that similar CO2RR performance to
carbon fabrics can be obtained using a different type of GDL—
expanded Polytetrafluoroethylene (ePTFE).*® Interestingly, ePTFE
is not electrically conductive which means that current can only flow
through the catalyst layer deposited onto the ePTFE but not through
the ePTFE itself. Thus, one piece of ePTFE can support a whole
array of electrically insulated catalysts whereas one piece of carbon

fabric can only support one catalyst. This not only drastically
reduces the complexity of handling catalyst arrays but it also
simplifies the electrical connection of catalysts in the electroche-
mical cell, because each catalyst is located at a well-defined position
with respect to its neighbors. Additionally, ePTFE is less fragile than
carbon fabrics and it becomes leak-tight under compression which
reduces the complexity of a HTP cell even further. These advanta-
geous properties of ePTFE may enable the development of a new
generation of HTP cells with much simpler cell design and sufficient
N, mass transport for NRR. Such cells have the potential to enable a
drastic acceleration of the experimental throughput of NRR research
compared to one-by-one catalyst testing.

In this work, we propose a HTP workflow to screen electro-
catalysts for NRR and apply it to a screening of bimetallic catalysts.
We first introduce a HTP method to produce bimetallic catalysts
with well-defined compositions. We then describe the GDE cell
design which utilizes ePTFE as GDL and characterize important
characteristics of the cell such as reproducibility and N, mass
transport. Next, we demonstrate that catalyst arrays can be physi-
cally characterized with methods that are compatible with a HTP
workflow. Then, we use the workflow to screen 528 bimetallic
catalysts for NRR activity in the temperature range 21 °C-55 °C.
The catalyst screening was optimized for maximum throughput at
the expense of resolution to maximize the chance of finding a
promising catalyst for NRR.** Lastly, we evaluate the speed and
robustness of the presented workflow by contrasting it with one-by-
one catalyst testing.

Experimental

Preparation of bimetallic catalyst libraries.—16 bimetallic
catalysts of varying composition were co-sputtered onto ePTFE
(200 nm pore size, Pieper Filter GmbH) using a magnetron
sputtering system (AJA International Inc.) equipped with 4 sputter
guns (Figs. 1a, 1b). The sputter targets (purity: 99.9%-99.99%) were
purchased from MaTecK. The base pressure of the sputtering
chamber was 2e-7 mbar. Before a deposition, samples were
sputter-cleaned under argon plasma for 2 min. Then, the sputter
guns were turned on with closed shutter for 30s. After that, the
shutters were opened until the deposition was completed.
Depositions were carried out under argon flow (flow rate: 20
sccm, purity: 99.9999%) at a pressure of 3 pbar. To control the
composition of the co-sputtered composition gradients, the position-
dependent deposition rate was measured for each metal by sputtering
a thickness gradient on a microscope slide at a sputter gun power of
100 W (Fig. 1c). The thickness gradients were measured using a
Dektak profilometer (Veeco). The catalyst arrays for the electro-
chemical tests were co-sputtered so that the catalyst layer thickness
and composition in the center of the catalyst array were 300 nm and
50:50, respectively. The deposition time and the power of both
sputtering guns to achieve this composition and thickness in the
center of the catalyst array were calculated based on the deposition
rates that were measured for each single metal using a Matlab script.
For the calculations, it was assumed that the deposition rate of each
metal is proportional to the deposition time and power setting of the
sputter gun.*' During the deposition of the catalyst arrays for the
electrochemical tests, the sputter guns were positioned either at an
angle of 90° or 180° with respect to each other (Fig. 1b). Henceforth,
catalyst arrays that were sputtered at 90°/180° angle will be referred
to as “90°-samples” and “180°-samples,” respectively. An example
of a 90°-sample and a 180°-sample is shown in Fig. 1d. The
predicted composition on the ePTFE sample ranged from 20% +
10% metal A on one side to 80% + 10% metal A on the other side
(Fig. 1e). The part of the ePTFE surface that was not supposed to be
coated with metal was covered with a stainless steel mask (0.2 mm
thickness). While we focussed on bimetallic catalysts in this work,
many more classes of materials with potentially interesting proper-
ties for electrocatalysis can be produced by sputterin% for example
high-entropy alloys, metal oxides and metal nitrides.***?
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Figure 1. Sputtering setup used to deposit the catalyst arrays. (a) side view. (b) top view. (c) Deposition rate of each metal used in this work as a function of
position. Position “0” corresponds to the center of the sample. (d) Example of a sample sputtered at 90°/180°. (e) Predicted composition map of the samples in

(d).

To minimize the number of times the sputtering chamber had to
be opened, all 4 metals in the chamber were co-sputtered with each
other resulting in 6 unique bimetallic catalyst arrays (henceforth
referred to as a set). The catalyst arrays that were screened for NRR
activity in this work are listed in Table I. In total, 33 unique
bimetallic catalyst arrays comprising 528 catalysts were screened.
The choice of metals to be combined with each other was influenced
by several factors. Practical constraints like the price and availability

Table I. Catalyst arrays that were screened for NRR activity in this
work.

Set Catalysts Arrays

1 CuAu, CuPd, CuRu, AuPd, AuRu, PdRu
2 FeCu, FeNi, FeW, CuNi, CuW, Niw

3 PdCo, PdMo, PdNi, CoMo, CoNi, MoNi
4 CoAl, CoRu, CoFe, AlRu, AlFe, RuFe

5 NiCu, NiAg, NiMn, CuAg, CuMn, AgMn
6 ReCu, ReFe, RePd, CuFe, CuPd, FePd

of sputtering targets, the compatibility of elements with the
sputtering process and the need to minimize the number of sputter
target changes were considered. The metals in set 1 were chosen
based on literature reports clalmmg that Pd;Cu;, PdRu and AuCu are
active catalysts for NRR.'""'>!* For sets 2, 3 and 5, we predomi-
nantly choose metals that are active for heterogeneous ammonia
synthe31s (Fe, Ru, Co, Ni, Mn, Mo) to test if they are active for NRR,
t00.>> To choose the metals in set 4, 7629 adsorption energies of
mtrogen on bimetallic surfaces were downloaded from the Catalysis-
Hub—a public database that contains the results of DFT
calculations.** According to Skiilason et al., the most promising
materials for NRR have a nitrogen adsorption energy in the range
—0.5-0 eV.*® Therefore, the materials with the most entries in this
range were chosen for set 4. For set 6, we decided to combine the
only element on the left side of the NRR volcano plot—Rhenium—
with metals on the right side of the volcano because the resulting
bimetallic catalysts might be closer to the peak of the volcano.*®

Setup for HTP catalyst screening.—A schematic of the setup
that was used to screen the electrocatalyst arrays for NRR activity is
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shown in Fig. 2a. The cell was constructed like a 3-compartment
GDE cell but instead of one, an array of 16 WEs was positioned at
the interface between the gas compartment and catholyte. The
electrolyte reaches the catalyst layer but cannot penetrate the
ePTFE due to the hydrophobicity of the material (Fig. 2b). The
abrupt interface between electrolyte and gas ensures high N, mass
transport to the catalyst surface.™ All catalysts are in contact with
the same catholyte which means that the ammonia production can
only be measured for a whole catalyst array at a time, not for
individual catalysts. We chose this configuration because inactive
catalysts can be filtered out with minimal NH; detection effort. A
Celgard 3401 membrane was used as a separator between the
catholyte and anolyte. A Mini Hydroflex reversible hydrogen
electrode (Gaskatel GmbH) and a nickel foil (thickness:
0.0125 mm, purity: 99.9%, supplier: GoodFellow) were used as
reference electrode (RE) and counter electrode (CE), respectively.
All electrochemical tests were done using an RT-2000 multichannel
potentiostat with 24 independent floating channels (Arbin
Instruments) and a Parstat MC potentiostat (Ametek). To electrically
connect each of the 16 catalysts to the multichannel potentiostat, a

a)

N,
—p

MFC

printed circuit board (PCB) was custom-designed and manufactured
by JLCPCB. The PCB was sandwiched between the gas compart-
ment and the catholyte compartment of the HTP cell to create an
electrical contact between the catalysts and the current collectors on
the PCB (Fig. 2b). The current collectors on the PCB are electrically
connected to pin header connectors which enables quick connection
of the multichannel potentiostat to all 16 catalysts (Fig. 2c). Each
hole in the PCB has a diameter of 6 mm which exposes a catalyst
surface area of 0.28 cm? to the electrolyte. To prevent contamination
of the electrolyte with substances from the PCB, a silicone coating
(RS-components) was applied to the PCB. The catholyte and anolyte
were recirculated between cell and reservoirs using a Masterflex L/S
peristaltic pump. A Bronkhorst mass flow controller (MFC) and
mass flow meter (MFM) were installed to control the flow of N, into
the cell and measure the flow of N, leaving the cell, respectively.
The temperature of the system was controlled using a home-built
oven. Downstream of the gas compartment, a gas chromatography-
mass spectrometry (GC-MS) measured the concentration of NH3, O,
and H, in the gas phase. The details of the GC-MS method have
been presented elsewhere.*” A home-built liquid trap was installed
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Figure 2. (a) Schematic of the experimental setup to screen 16 bimetallic electrocatalysts in parallel in a gas diffusion electrode cell. (b) Zoomed-in schematic of
one catalyst to illustrate how each catalyst was supplied with electrons, N, and electrolyte. (c) Photograph of the printed circuit board (PCB) that was used to

electrically connect the catalyst array to the potentiostat.
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as a precautionary measure to prevent flooding of the GC-MS with
electrolyte. However, the liquid trap might be redundant, because
electrolyte did not enter the gas compartment a single time during
our experiments. N, and Ar were supplied by Linde and had a purity
of 99.999%. N, and Ar were not purified because the concentration
of NHj; in both was below the detection limit of our GC (150 ppb)
and the NO concentration in both was less than 10 ppb as measured
with an NO analyzer (Teledyne 200E). Since we used low flow rates
(1-10 sccm) and short electrolysis durations (<75 min), contamina-
tions at this level are too low to cause false positives.'® Additionally,
we measured both the NH; and NO, background in the electrolyte
for every experiment with NMR and Ion Chromatography (IC),
respectively and found no correlation between the background level
and the amount of gas that was in contact with the electrolyte.

Electrochemical tests.—In a typical experiment, a catalyst array
was first positioned over the electrical contacts of the PCB. After
assembly of the cell, the catalyst array was checked for short-circuits
using an ohmmeter. To minimize NH3 and NO, backgrounds, 0.1 M
KOH (prepared fresh daily) was recirculated between cell and
reservoirs 2-3 times for 5 min each. The flow rate of the catholyte
and anolyte was set to 15 ml min~' during all cleaning steps and
electrochemical tests. For the electrochemical test, the reservoirs of
catholyte and anolyte were filled with 14 ml and 12 ml 0.1 M KOH,
respectively. The O, in the electrolyte was removed by bubbling N,
or Ar into the catholyte and anolyte for at least 15 min while
recirculating the electrolyte. The flow rate of N, and Ar into the
reservoirs was set to approximately 10 sccm using a needle valve.
The gas compartment of the cell was flushed with N; at a flow rate of
10 sccm. To equilibrate any processes that might take place on the
catalyst surface once a current is applied (reconstruction, dissolu-
tion), a preelectrolysis step was carried out before the electroche-
mical characterization. During the preelectrolysis step, the same
current that would later be applied during the catalyst screening was
applied to each catalyst for 5 min. The electrochemical characteriza-
tion of the attainable currents and voltages was carried out by
applying a chronopotentiometry (CP) staircase in the current density
range 1.4-4.3 mA cm ™2 consisting of 5 steps of 30 s each. Only one
catalyst at a time was characterized this way. Since the electro-
chemical characterization of all 16 catalysts of every catalyst array
would have been too time-consuming, only the catalysts at positions
1,6,11,16 and 14,15,16,17 were characterized for a 90°/180°-sample,
respectively (catalyst position according to Fig. le). Prior to the
electrolysis step to measure the NRR activity of the catalysts, the
flow rate of the gas bubbling into the electrolyte reservoirs was
reduced to approximately 3 sccm to minimize potential NH3/NOy
contaminations from the feed gas. The N, flow rate into the gas
compartment was set to 1 sccm unless high oxygen levels made it
necessary to increase the flow rate to prevent ORR on the catalyst

surfaces. Two CP steps were carried out to measure the NRR activity
of the catalyst arrays. During both CP steps a constant current was
applied to all catalysts in parallel. The first CP step was carried out at
room temperature (henceforth referred to as “RT-experiment”) and
had a duration of 70 min. The current density that was applied to
each catalyst ranged from 1-10 mA cm™? and depended on its
position in the cell and the orientation of the sputter guns during co-
sputtering of the sample (90° or 180°). A map that shows which
current density was applied to each catalyst position for a 90°/180°-
sample is shown in Fig. S1. In general, we tried to minimize
redundancy and test as many different current densities and catalyst
layer thicknesses for each composition as possible. During the
second CP step (henceforth referred to as “55 °C-experiment), the
same current densities as during the RT-experiment were applied for
60 min while the electrolyte was slowly heated to 55 °C using a
custom build oven. The heating profile of the oven (Fig. S2) allowed
a GC-MS injection every 5 °C—10 °C. Water condensation in the gas
line had to be prevented to avoid damage to the GC-MS. Therefore,
the gas stream exiting the cell was diluted with N,. The dilution was
gradually increased with increasing temperature of the electrolyte
from 1:2.5 in the beginning to 1:10 after 30 min. After an
experiment, the cell was disassembled and the catalyst array was
removed from the PCB. Residues of the previous catalyst were
removed from the PCB with grade 1200 abrasive sheets (RS-
components). Before reusing, the PCB was washed with soap and
rinsed with Milli-Q water. To quantify NH3/NO, backgrounds a 2 ml
sample was taken from the catholyte after the O, removal step. The
ammonia production during the RT-experiment and the 55 °C-
experiment was determined by taking a 1 ml sample from the
catholyte after each step.

iR-compensation.—The uncompensated ohmic resistance be-
tween the RE and a catalyst was found to depend on the position
of the catalyst in the cell. Figures 3a and 3b show a map of the ohmic
resistance between the 16 WEs and the RE as a function of their
respective position in the cell for two catalyst arrays consisting of 16
Ag catalysts with identical Ag layer thickness (300 nm), measured
by electrochemical impedance spectroscopy (EIS). The maximum
resistance deviation was 16 2 which would only cause a 9.6 mV
shift in potential at the current of electrochemical characterizations
(600 pA). This potential inaccuracy is negligible for the scope of our
screening which is focused on finding selective catalysts. Therefore,
we used the resistance map in Fig. 3a to compensate iR-drops during
all electrochemical characterizations (100% post-correction). No iR-
compensation was possible for experiments with multiple catalysts
running in parallel because during those experiments the electric
field of up to 16 WEs overlapped each other which would have made
iR-compensation very complex.

Results and Discussion

Physical characterisation.—To demonstrate that HTP character-
ization with XRD can be integrated into the workflow, we measured
the XRD patterns of a 180°-PdRu-sample (Fig. 4) and a 90°-PdAu-
sample (Fig. S3). The diffraction peaks at 20 = 38.3°, 42.2°, 44°,
58.3°,69.4° and 78.4° of the 180°-PdRu-sample could be assigned to
the characteristic (100), (002), (101), (102), (110), (103) crystal
planes of the Ru reference pattern, respectively and the diffraction
peaks at 20 = 40.1°, 46.7°, 68.1° could be assigned to the
characteristic (111), (200), (220) crystal planes of the Pd reference
pattern, respectively. Since the catalysts were sputtered at 180°,
catalysts in the same column have a similar composition (Fig. le)
which leads to similar XRD patterns (Fig. 4a). A shift from a Pd-rich
(catalysts 1 to 4) to a Ru-rich composition (catalysts 13 to 16) can be
observed which agrees well with the expected shift in composition
for a 180°-PdRu-sample. The diffraction peaks of the 90°-PdAu-
sample are shifted with respect to the reference patterns of Pd and
Au which shows that alloys were formed. To examine the
morphology of ePTFE with and without catalysts deposited onto
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Acceleration voltage for SEM images: 5 kV.

it, we recorded SEM images of a PdCu sample (Figs. 4b—4e).
Figure 4b shows the morphology of the ePTFE before deposition.
The material is comprised of macroscopically-small Teflon filaments
which form a fibrous network. After deposition of 300 nm PdCu, the
surface was almost completely covered with PdCu (Fig. 4c). After
the electrochemical experiments to measure the NRR activity the
morphology seems similar at high magnification but at lower
magnification cracks in the surface are visible (Figs. 4d, 4e).

Control of thin-film composition.—To validate that the compo-
sition of material libraries produced for this study can be accurately
controlled using co-sputtering, we sputtered a CoMo composition
gradient onto a microscope slide and measured its bulk composition
using EDX (Fig. 5a). The measured composition gradient agrees
well with the predicted compositions from the deposition rates of Co
and Mo. This confirms that the bulk compositions of catalyst arrays
can be accurately controlled by co-sputtering. To measure if the
surface composition of CoMo also agrees well with predicted values,
the surface compositions of a 180°-sample of CoMo was measured
with XPS and compared against the predicted compositions
(Figs. 5b, 5c). The surface compositions of CoMo agree well with
the predicted compositions for the top two catalyst rows whereas a
shift towards higher than predicted Co mole fractions can be

observed for the bottom two rows. After the electrochemical tests
to measure NRR activity, the surface of most catalysts is strongly
enriched in Co which indicates that Mo either dissolved into the
electrolyte or was replaced by Co on the surface (Fig. 5d).
Interestingly, in the rows with the lowest initial Co concentration
(bottom two) the Co composition increases from left to right after
electrolysis which indicates that the applied current density during
electrolysis might influence how much Mo remains on the surface.
The applied current density during the electrochemical tests was 10
mA cm 2 on the left side and decreases stepwise to 1 mA cm ™2 on
the right side which indicates that high applied current densities
might stabilize Mo on the surface if the initial Co concentration is
less than 50 mol%. A detailed investigation of the phenomena
underlying these composition changes goes beyond the scope of
this work. What is important to know for this study is that initial
bulk compositions of catalysts can be accurately controlled but
surface compositions, especially after contact with the electrolyte,
might differ strongly from the initial bulk composition. While being
able to control initial bulk compositions is sufficient for a pre-
liminary catalyst screening (which is the goal of this study), studies
that aim to measure activity-composition relationships must use
in situ/operando tools to measure the surface composition during
electrolysis.
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Characterization of the N, mass transport—An important
prerequisite for any HTP catalyst screening is that false negatives
(i.e. non-discovery of active materials although they were part of
the screened library) must be prevented.?” In the following, we
will discuss some of the control experiments that were carried out
to confirm that some common causes of false negatives can be
excluded in this study. For the sake of brevity, we will only
discuss the N, mass transport and the reproducibility of electro-
chemical characterizations in the main manuscript. Further con-
trol experiments to confirm that no side reactions occurred and
that the ammonia detection worked properly for every sample can
be found in the SI.

To confirm that NRR selectivity losses due to N, mass transport
limitations can be avoided with the HTP GDE cell, we wanted to
measure the mass transport limiting current for NRR. However, the
mass transport limiting current for NRR cannot be measured directly
because there is no selective catalyst for this reaction, yet. Instead,
we used ORR to characterize the mass transport which should give
comparable results because O, and N, have similar water
solubility.>>*® Figure 6a shows the polarization curve of a 300 nm
Ag catalyst measured in N, and in a gas mixture of 5.2% O, in N,.
In 5.2% O,, the onset of ORR begins around 0.8 V vs reversible
hydrogen electrode (RHE) and reaches a plateau around 0.1 V vs
RHE. In N,, HER starts at around —0.4V vs RHE which is
sufficiently far away from the start of the ORR plateau in 5.2%
O, to ensure that HER did not contribute significantly to the ORR
limiting current measured in 5.2% O,. To measure the ORR mass
transport limited current density in 5.2% O, for each catalyst
position in the cell, we subsequently applied a potential of O V vs
RHE to all 16 Ag catalysts for 150 s (Fig. 6b). As Fig. 6¢ shows, the
stable current after 150s is 10-22 mA cm™> for three fresh Ag
samples. As Fig. 6d shows, the O, mass transport depends linearly
on the O, concentration which means that the current density
measured in 5.2% O, can be extrapolated to 100% O,. The resulting
mass transport limited current density in 100% O, is 192-423 mA

cm 2. For comparison, other HTP cells such as single compartment
cells or scanning droplet cells reach ORR mass transport limitations
at two orders of magnitude lower current densities (around 0.6-1.6
mA cm™2).2>303% Therefore, NRR selectivity losses due to mass
transport limitations can be prevented with the HTP GDE cell.

Reproducibility of the electrochemical characterization.—We
investigated the reproducibility of electrochemical characterizations
with the HTP cell by measuring linear scan voltammetry (LSV)
scans for a catalyst array consisting of 300 nm Ag catalysts. As
demonstrated in Fig. 7, the reproducibility across the different
catalysts of the array is very good (only around 50 mV maximum
potential difference). The potential difference may be caused by
morphological inhomogeneities across the ePTFE. GDEs with small
geometric surface area are especially prone to these deviations
because manufacturing inhomogeneities across the GDE cannot be
averaged out as for larger samples.*® To test the reproducibility of
the electrochemical characterization across different samples we
repeated the test with a Ag catalyst array produced under identical
conditions and found that the LSV’s from the second sample closely
matches those from the first sample. One LSV from a catalyst of the
second sample slightly deviates from the other LSVs at higher
current density. The potential difference increases linearly with the
current density which indicates that this catalyst has a higher ohmic
resistance than the other catalysts. Presumably, the increase in
resistance was caused by a reduced electrical contact between the
PCB and the catalyst. The potential difference between the catalyst
with higher resistance and the rest was around 50 mV at the current
which was used for electrochemical characterizations (600 A) in
the following. Therefore, the electrochemical characterization is
very reproducible across different catalysts of an array and different
samples but in rare cases increases in resistance can lead to potential
shifts up to SO0 mV.

Characterization of the electrochemical HER activity.—Since
HER is the main competing reaction of NRR, a comprehensive
dataset of the HER activity of bimetallic catalysts may be useful for
the selection of promising catalysts for NRR. However, no such
dataset is publicly available, yet. Therefore, we show in Fig. 8 the
electrode potential of 4 compositions from each bimetallic catalyst
array at a current density of 2.14 mA cm 2 (i.e. 600 1A current). We
chose a current density of only 2.14 mA cm™2 to minimize errors
from uncompensated ohmic resistance between the RE and the
catalyst array.

Each bimetallic catalyst appears twice in Fig. 8, both as AB and
BA which makes it easier to compare all bimetallic catalysts
containing a certain metal. The HER activity was highest (E >
—200 mV) for most Ni- and Pd-catalysts and lowest (E < —400 mV)
for transition metal oxides (W-, Mn-catalysts). This activity trend
agrees well with the expected activity of these metals from literature
data.**=! Similarly, the activity trend of different Ni-catalysts agrees
well with literature.’>> A more detailed comparison of HER
activity trends with literature is available in the SI. Due to the
difficulty of producing NH; concentrations above background level
from NRR (see the following section), we were unable to predict
promising materials for NRR from the HER activity data. However,
the data might benefit future efforts in this direction.

NRR activity of bimetallic electrocatalysts.—To quantify the
NRR activity of each catalyst array, we measured the difference
between the NHj; concentration in the electrolyte before and after
every experiment (henceforth referred to as “NHj production”) and
calculated the corresponding NRR current. Since all 16 catalysts of
an array were placed in the same electrolyte, it was only possible to
measure the combined NRR current of a catalyst array and not the
individual NRR current density of each catalyst. The NRR current of
all catalyst arrays is shown in Fig. 9 and Fig. 10 for the RT-
experiment and the 55 °C-experiment, respectively. Besides the
color gradient to visualize the NRR current we also reported the NH;
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production underlying the calculation of the NRR current and the
NH3/NO, background for all catalyst arrays. Negative NRR currents
(blue) in Fig. 9 and Fig. 10 were most likely caused by larger NH;
backgrounds in the liquid sample taken before the electrochemical
experiment was started. No data from the gaseous NHj detection is
shown because the detection limit of the GC-MS (1 ppm NHj3 in the
gas phase) was not reached by any catalyst array.

The largest NRR current that we measured was around 9 pA
(CoMo during the 55 °C-experiment). Even if all of the 9 uA NRR
current were produced by only one of the 16 catalysts of a catalyst

(electrode area: 0.28 cm?) which is only around 10% faradaic
efficiency (FE) at the lowest current density used during the
screening. Therefore, the most important result of this work is that
the 528 bimetallic catalysts that were screened in this work are not
promising catalysts for NRR under the tested conditions. If any of
the screened catalysts were active for NRR at all their faradaic
efficiency was less than 10%.

It is apparent from Fig. 9 and Fig. 10 that NH3/NOy backgrounds
between 0—4 uM were present for every tested catalyst array. At
such low concentrations, there are many different potential contam-
ination sources. Some of those contamination sources such as the
atmosphere, human breath or surfaces that are in contact with the
electrolyte are difficult to remove which leads to unavoidable
backgrounds. Other research groups have reported unavoidable
backgrounds on the order of 0.5-2 uM durin% their NRR experi-
ments which agrees well with our observations.!’>* It is very easy
to misinterpret NH3/NO, backgrounds as NRR activity because
some contamination sources can cause a linear increase of the NH3
concentration over time (e.g. NOy electroreduction to NHj3 or a slow
leaching process from a membrane), which looks like NRR
activity.?® To avoid being misled by false positives, we only carried
out further experiments with a catalyst array if its NH3 production
was significantly higher than the common NHj; background. The
threshold for further investigation was 3-fold the common NH3/NO,
background of 4 uM (i.e. 12 uM). Unfortunately, the NH; produc-
tion of all catalyst arrays in Fig. 9 and Fig. 10 was below this
threshold which means that the NH3 production from NRR (if
present if all) of all tested catalyst arrays was indistinguishable from
NH; contamination.

As a side note, it is noteworthy that both the NH; and NO,
background had considerable variance over time which suggests that
it is insufficient to measure either one of these backgrounds only
during one experiment and assume they remain constant for all
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following experiments as it is frequently done in the NRR research
field to prove that no contaminations were present during
experiments.'® Instead, NH3/NO, backgrounds must be measured
and reported for every NRR experiment, especially if NRR activity
is deduced from NHj; productions on the order of a few puM. In
addition, we believe that the NRR research field would benefit from
more transparently reported backgrounds because, as we have shown
above, the magnitude of backgrounds relative to alleged NHj
production from NRR is a great indicator for the reliability of
measurements.

We observed spikes in the NH; production for NiCu (16.6 uM) at
room temperature and for FeCu (17 uM) and PdCu (71 uM) during
the 55 °C-experiment. However, subsequent attempts to reproduce
these results failed which means that the original results were caused
by NH; contamination. Random spikes of the NH;3 concentration in
the electrolyte are common in NRR research. For example gloves,
sample storage containers or cell surfaces can randomly introduce
large amounts of NH; which can lead to false conclusions.'”> In the
case of PdCu, the NH; contamination might have originated from
the reduction of NO,, because an unusually high NO, background
(35.9 uM) was measured before the electrolysis was started. This is
plausible because Cu is known to be an efficient catalyst for NOy
reduction to NH3.>® To avoid misleading the reader, we don’t report
these false positives in Fig. 9 and Fig. 10.

The NHj; production of some catalyst arrays was slightly higher
than the common NHj background of 4 uM. In some cases (e.g.
CuW, RuPd at room temperature), this coincided with the presence
of an elevated NH3/NO, background indicating the experiment
might have been more contaminated than the rest. In other cases
(e.g. CuMn, CuPd, FePd at room temperature), we did not measure
an elevated NH3/NO, background which would explain the slightly
elevated NH; production. While these cases could simply be spikes
in NH; contamination introduced after the background sample was
taken, the NH; might also have originated from N-impurities in the
catalyst layer. Yu et al. showed that pM-levels of NH; in the
electrolyte might originate from nitrogen impurities which were
incorporated into sputtered CoMo thin films during the sputtering
process.”” Since CoMo had the highest NH; production of all
catalysts during the 55 °C-experiment we suspect that nitrogen

impurities incorporated during the sputtering process might have
contributed to the slightly elevated NH; productions of some catalyst
arrays. However, a systematic investigation of NH; contaminations
from the sputtering process goes beyond the scope of this work.
Since none of the tested bimetallic catalysts produced NHj
significantly above background level, it is questionable if bimetallic
catalysts are promising for future NRR catalyst development efforts.
This view is supported by theoretical considerations based on DFT
calculations by Montoya et al. who argued that alloying is not a
promising strategy for NRR catalyst development because alloying
is unlikely to break the scaling relations between key adsorbates of
the NRR mechanism.’ However, we have only screened a small
fraction of the bimetallic composition space. It is therefore possible
that active bimetallic catalysts were missed in this work. In addition,
the selectivity of electrocatalytic reactions can be influenced by
many factors (e.g. electrolyte, pressure, catalyst morphology etc.)
which were not varied in this study. Therefore, bimetallic catalysts
which were inactive for NRR in our study might be active under
different conditions.’® Our large dataset of negative results is
counteracting the overrepresentation of positive results in
literature.>' Until published positive results of NRR activity meet
the requirements of unambiguous NHj; detection, large datasets of
negative results might be more useful to steer future research
towards the most promising catalyst development strategies.' "’

Screening speed and robustness with the HTP GDE cell.—The
primary goal of developing a HTP catalyst screening workflow is to
increase the speed of a catalyst screening. Therefore, we want to
briefly analyze how much quicker catalysts can be screened with the
workflow presented in this work and which steps must be accelerated
for further improvements. With the HTP workflow presented in this
work it took approximately 40 h to screen one set (i.e. 96 catalysts)
which is approximately an order of magnitude faster than traditional
approaches. Assuming no downtime in a highly automated system,
approximately 5000 catalysts could be screened per year at this
speed. It took between 6-16h to sputter the catalyst arrays. The
duration of the sputtering step depended strongly on how many
sputter rates had to be measured before the sputtering of the catalyst
arrays. The characterization steps using XRD and XPS took only
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Figure 9. NRR activity of the bimetallic catalysts during the RT-experiment. The color represents the NRR current that corresponds to the NH; production
assuming that all NH3 was produced from NRR. The NH; production, NH3 background and NO, background are reported for each catalyst array.

around 2 h of bench time per catalyst set because the machines were
mostly automated and could run overnight. However, the data
processing and analysis of the physical characterization data proved
to be a bottleneck which is why we only did this for selected catalyst
arrays. The electrochemical experiments to screen one set took
around 24 h (including all preparation steps) and the product analysis
step took an additional 2-3 h (including data analysis and visualiza-
tion). Therefore, the most time-consuming steps are the electro-
chemical experiments and the catalyst deposition which should be
the focus of future acceleration efforts. An electrical contact between
catalyst and multichannel potentiostat was successfully established
for 97% of the screened catalysts which confirms that the robustness
of the cell is comparable to cells used for one-by-one catalyst testing
(see SI for more information).

Conclusions

We presented a high-throughput workflow to screen bimetallic
electrocatalysts for NRR activity which is approximately an order of
magnitude faster than a one-by-one catalyst screening and can be

adapted to other reactions of interest and other classes of materials.
The close proximity of a gas phase to the catalyst surface in the GDE
cell design used for the catalyst screening enables two orders of
magnitude higher mass transport limiting currents for reactions with
gaseous reactants such as N, or O, which circumvents selectivity
losses due to mass transport limitations. A screening of 528
bimetallic catalysts for NRR activity did not yield an active catalyst
for the reaction. In the absence of unambiguous positive results,
large datasets of negative results for NRR, as the one we presented in
this work, might be the best available option to steer future research
in the direction of the most promising catalyst development
strategies.
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