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ABSTRACT: Energy-efficient electrochemical reduction of nitrogen to ammonia
could help in mitigating climate change. Today, only Li- and recently Ca-
mediated systems can perform the reaction. These materials have a large intrinsic
energy loss due to the need to electroplate the metal. In this work, we present a
series of calculated energetics, formation energies, and binding energies as
fundamental features to calculate the energetic distance between Li and Ca and
potential new electrochemical nitrogen reduction systems. The featured energetic
distance increases with the standard potential. However, dimensionality
reduction using principal component analysis provides an encouraging picture;
Li and Ca are not exceptional in this feature space, and other materials should be
able to carry out the reaction. However, it becomes more challenging the more

positive the plating potential is.

he reduction of N, to NHj is a critical process for the

growth of plants in nature and food in crops, for the

chemical industry, and as an energy carrier. Although
dinitrogen (Nj,) is highly abundant in the atmosphere, it does
not react easily and is extremely difficult to activate.

At high temperatures and pressures activating N, is possible
via the industrial Haber—Bosch process’ with high energy
efficiency thanks to a highly integrated process and economy of
scale. However, it consumes H, typically delivered from steam
methane reforming (SMR), resulting in immense energy
consumption and CO, emissions. This limitation has driven
researchers toward the discovery of alternatives.

At ambient conditions, different routes prevail including
enzymatic, homogeneous, and electrocatalytic activation.” The
enzymatic activation of N, happens in nature by the
nitrogenase enzyme. The active site in the enzyme appears
to be iron as an essential transition metal, and it typically
contains molybdenum (FeMo-nitrogenase is the most
common form),”* with a middle carbon atom.” The operation
of nitrogenase at ambient conditions to allow nitrogen
reduction to ammonia has been long debated,® and new
findings for nitrogenase are still relevant today.”® Homoge-
neous activation is inspired by the observation of the
nitrogenase enzyme and is driven by well-defined molecular
coordination complexes.” In the first instance, the complexes
only fixated nitrogen.'’ Later they facilitated protonation of
nitrogen,'' and finally conversion to ammonia was
achieved."*™"*

Electrocatalytic activation and direct electrochemical N,
reduction to NH; could provide a sustainable alternative for
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small-scale production. The only electrode upon which
multiple groups have provided unequivocal evidence that
electrochemical nitrogen reduction can take place is in situ
deposited Li in an organic electrolyte.'”~"? The discovery of a
working Ca system was recently provided by Fu et al,,” while a
two-step electrochemical ammonia synthesis has been shown
on Mg,”" proving Mg to form a metal-nitride and subsequently
dissolve it to yield ammonia. However, no continuous
production with Mg has been shown to date. Other systems
such as metal electrodes in aqueous solution produce such low
yields of ammonia that it is impossible to distinguish it from
background contamination.”” In optimizing the Li-based
system, researchers have been successful in achieving close to
100% selectivity for nitrogen reduction to ammonia.'®
Although the Li (and Ca) based route shows a viable pathway
to ammonia, both systems suffer from a low energy efliciency
of ~28% due to the —3 V plating potential. A recent analysis
compares the energy efficiency of these electrochemical
systems with the Haber—Bosch process,”® suggesting a
maximum cell potential of 0.38 V to reach energy parity
with Haber—Bosch and ruling out alkali metals such as Li and
Ca on that single metric. Thus, these systems can only
compete when ammonia price is not the key metric and rather
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soft parameters dominate, such as handling and production on-
site, and for small/limited/specialized usage.

There is a pressing need to establish the features that enable
electrochemical nitrogen reduction under ambient condi-
tions.”* Using density functional theory (DFT), we previously
searched for the rules of nitrogen fixation.”> Several metals,
including Mg, Ca, Cr, and Mo, showed a similar reactivity to Li
toward N,, both in terms of adsorption energy and the
propensity to form a bulk nitride. In a separate study,”’ Fu et
al. discovered that Ca can also electrochemically convert N, to
NH;, giving credence to our predictions (notably, our
experiments were unsuccessful). It would seem that the
electrochemical route is dependent on a unique combination
of properties that may not only be catalytic. Properties that
have been suggested are dinitrogen binding,7 nitrogen
binding,26 nitrogen dissociation,”” and the transport of
reactants and products through the solid—electrolyte inter-
phase layer (SEI).”® In particular, the functionality of the SEI
layer is difficult to probe in experiments and computations. In
the battery literature, one can find insights into the SEI in Al
Mg29,30’ and Ca’'™* batteries. However, the SEI for a battery
needs to be ion conductive but otherwise passive, while the
SEI for a nitrogen reduction system has the requirement that
reactants and proton sources can reach the material and
products can leave the material through the SEL** Thus,
insights can be found in battery literature but are not
necessarily translatable to electrochemical nitrogen reduction.

In this work, we investigate the energetic distances of
materials from Li and Ca as electrodes capable of electro-
chemical conversion of N, to NH;. We focus on calculating a
series of material properties across the periodic table from first
principles: phase formation energies (AH,,,.), reaction
energies between phases (AE, ), and binding energies on
surfaces (AE.y), where the subscripts name, M,, and *N refer
to the name of formation energies, name of phase reaction (M
being the element in the periodic table), and binding energy,
respectively. These calculated phase energies and binding
energies provide a solid data set to capture trends across the
periodic table and allow us to estimate energetic distances to Li
and Ca. We then hypothesize that the most likely materials to
work for electrochemical nitrogen reduction are materials with
the shortest distances to Li and Ca. All data is provided in
Tables S1—S3, and examples of calculated DFT structures of Li
are given in Figure S1.

Examples of reactions for formation energies (AHyiide)
reaction energies between phases (AE,; ), and binding energies

on surfaces (AE.y) are

1
xM + zyN2 — MxNy

(1)
MN, + 221, Py 4 gna
L) x (2)
lN2 +*—*N
2 ()
From the reactions, we calculate these properties as
1
AHyiyige = EMxNy — xEy — EYENZ 4)
_Pp 34
AEMK = ;EMX - EMqu + qENH3 - 7EH2 (5)
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1

2 2 (6)

Here the asterisks, *, refers to a reaction intermediate on the
electrode surface, E is the obtained DFT energy, and the rest of
the equations are given in the Supporting Information. In total
this allows us to investigate 16 different materials features; 8
different phase formation energies (AHyiyige AHyygriger
AHoyigo AHy 0, AHyc0, AHyp, AHxy, AHy y), and 4
phase reaction energies (AEy o1, AEy o, AEyy, AEy ), and
4 binding energies (AE:y, AE«y, AE«yy, AE*NH3)'

For some elements of the periodic table, certain features
(such as AHMXCyOZ) would not have a corresponding defined

structure or would cause difficulties in converging DFT
simulations. In such cases, we carried out linear regressions
to predict missing values, as shown in Figure S5, and values are
colored red in Tables S1—S3.

The crystalline phases are selected as the most stable
structure from the Materials Project database.’ If the most
stable nitride phase has isolated nitrogen atoms we denoted it
the “cleaved phase”, and if it does not have isolated nitrogen
atoms we denote it the “coupling phase”, similar to our
previous work.”> To assess the formation of the correct SEI
layer we have calculated the stability of bulk ionic salt phases,
specifically AHMxOsz,36’37 AH]\,[XCVOZ,‘Q’S"%9 and AHMxpylg’40

phases. We chose these compounds as descriptors toward
the formation of organic or inorganic SEI species as our earlier
study suggested that electrochemical nitrogen reduction is
facilitated by the presence of an inorganic SEL.*® For binding
energies, we use only nitrogen reduction reaction intermedi-
ates, but several additional features could, in principle, be
included in an extended analysis.

For the above-discussed materials properties, we use
statistical analysis to

e Display the Z-score for Li and Ca for each material
property. The score is given as, Z = (x — u)/0, where x
is the value of Li or Ca, u is the mean, and o is the
standard deviation obtained from the material property.
Values of Z above 3 (or ~2) indicate that the material is
an outlier or exceptional material with respect to the
entire data set.

Calculate the energetic distance to Li and Ca. This will
show which material across the periodic table has overall
similar thermodynamic characteristics to Li and Ca.

Use principal component analysis (PCA) of scaled
features to project the feature space down to two
dimensions and assess which materials are closest to Li
and Ca.

The binding energies of nitrogen (AE«y) and the calculated
energetic distance to Li versus the standard reduction potential
are shown for the materials across the periodic table in Figure
1. The atomic nitrogen binding energy of Li and Ca is neither
weak nor strong, which could correspond to a Sabatier
principle (Figure 1a). However, multiple other elements have
close to similar binding (Sr, Ba, Nb, Fe, W, Mo, etc.) which
suggests that on the basis of the atomic nitrogen alone these
could electrochemically reduce N, to NH;, as we previously
suggested.z“ The notion that other materials should function is
also supported by the statistical standard scores provided in the
plot for Li and Ca, which do not show any statistical
significance as the score is well below 2. The standard score Z;
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Figure 1. (a) Calculated binding energies of nitrogen (AE:y)
versus standard reduction potential. Horizontal lines indicate Li
and Ca (working electrodes). A histogram and a probability
density distribution are plotted together with the Z-score values.
Neither Li nor Ca is exceptional in that regard, as a Z-score >2
gives a data point outside of 95% of the data assuming a normal
distribution. (b) Calculated distance to Li, with m being the metals
and f the features, such as the formation energies and binding
energies, plotted as a function of the standard reduction potential.
Ca is the material closest to Li, and with increasing standard
potential the further away the materials energetics are. “Cleaved
phase” means that the material forms a nitride phase with isolated
nitrogen atoms.

= —0.34 and Z, = —0.91 for AE:y means that both materials
have a AE.y value within 0.34 and 0.91 standard deviation of
the mean for this material property, respectively. Analysis of all
additional features versus the standard reduction potential is
shown in Figure S2. We do not, in any case, find significant

values for both Li and Ca, showing that none of these materials
are exceptional or outliers with respect to singular material
features used in this work. The most significant values are Z =
—2.13 for Li with the formation energy of Li;N phase, while Z
= —2.17 for Ca with the binding energy of *N,. It should also
be noted that in particular, the binding energy of nitrogen
(AE.y) varies quite a lot for s-block elements depending on
the lattice constant of the unit cell (see convergence checks in
Figure S3 and S$4).

To compare all features in one dimension versus standard
reduction potential, we define an effective energetic distance
from the formation energies and binding energies as

Z (Ef - Ef')’
(7)

with m being the metals and f the features. Interestingly, this
analysis shown in Figure 1b depicts that the closest
energetically material to Li is Ca. The performance of Ca
has only recently been demonstrated.”” This highlights the fact
that the energetic distance calculations could provide
opportunities for close-lying materials. However, it also
displays that materials which have close to similar nitrogen
binding (AE.y) to Li, such as W, Mo, etc. as shown in Figure
la, can have a distance very far from Li when including
multiple material features. Unfortunately, it can even be
observed that the material’s distance to Li as a function of
plating potential is almost linear, depicting that material similar
to Li will have similar energy efficiency. This also implies that
an energy-efficient electrochemical system will use a different
chemistry, hence ruling out battery chemistries in the future.
To display the importance of having less plating potential, a
recent energy efficiency analysis has been provided.”**'
While the scalar distance to Li provides an effective
visualization, it may be hiding more complex patterns, and
some features with high variation could carry the weight of the
distance. It can be helpful to scale all features to obtain similar
weights and carry out dimensionality reduction. We choose
PCA to reduce the dimensions while preserving as much of the
variance in the data as possible, and previously PCA has been
successful in obtaining insights into the CO, reduction
reaction, which also depends on a complex multifeature
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Figure 2. Principal component analysis of the nitrogen reduction feature space: formation energies (AH), binding energies (AE), and the
standard reduction potential (Vgyg) for (a) DFT energies and (b) including data with linear regression predicted values noted by star points.
“Cleave phase” means that the material forms a nitride phase with isolated nitrogen atoms. Data are shown in Tables S1 and S2.
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space.”” In the PCA the data is linearly transformed into a new
coordinate system such that the directions (principal
components) capture the largest variation in the data. This
means that principal component 1 captures the most of the
variation, principal component 2 the second most, etc., until
the number of principal components hits the original data set
dimensions and the explained variance reaches 100%. We have
exemplified this in Figure S7.

A two-dimensional PCA was applied for (a) DFT calculated
energies only and (b) the inclusion of predicted values where
DFT values were missing (see red data in Tables S1—S3, and
analysis in Figure S5), and the results are provided in Figure 2.
For both plots, around ~67% and ~14% of the variation in the
data set is captured by the first and second principal
components, respectively. This gives a total of ~81% explained
variations by only these two dimensions (see also Figure S7).
We have colored Li and Ca with a larger blue point to show
these working materials at the perimeter in the plots but with
several nearby materials showing again that neither Li nor Ca
are unique. We have also co-plotted the original feature
dimensions with the green length as weight in the plot to
display their direction projected into the first and second
principal components, as this can help to interpret the meaning
of the principal component. Note that some features point in a
similar direction, which means that these features are more
correlated than others (e.g., AE:«yy, and AHyyq.) in Figure 2a.

Among materials that have a nitride phase with isolated
nitrogen atoms (denoted “cleaved phase”), Mg and Al are close
to Li (Figure 2a). We have recently tested these materials with
selected salt and electrolyte components.”> Using the predicted
values in Figure 2b shows that also Ti, Be, Zr, or Hf look
interesting. However, it is not given that any of these materials
form an SEI layer suitable for sustained electrocatalysis, and
ideally an electrolyte interphase should be formed in the
aqueous electrolyte as investigated for aqueous batteries.*

Since reduction potential is a property we would like to
constrain to positive values, we performed a similar PCA
(Figure S8), excluding this parameter from our variables. This
clearly shows that there is a negligible change in PCAs. One
can also see in Figure 2a,b that the materials of interest lie
almost on a line orthogonal to the co-plotted original Vgyy
component, which challenges energy-efficient improvements.

In conclusion, our analysis depicts that Mg or Al is most
likely to work, given that they are battery materials (can form a
stable SEI), have a close distance to both Li and Ca, and form
a dissociative nitride phase. If a dissociative nitride phase is not
needed, one should also experiment with Sr, Ba, and Sc.
Unfortunately, all of these single-component materials would
imply a marginal improvement in the energy efficiency of the
system. To bring substantial improvement one could search for
complex multicomponent electrodes or a completely different
setup such as intermediate temperature electrocatalysis
(improving kinetics), high nitrogen pressure (improving
nitrogen coverage), or a controllable artificial transport layer
(moderate access to protons and metal cations but facilitate
access to N,).
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