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ABSTRACT: The electrochemical nitrogen reduction reaction
(NRR) is a promising route to enable carbon-free ammonia
production. However, this reaction is limited by the poor activity
and selectivity of current catalysts. The rational design of superior
NRR electrocatalysts requires a detailed mechanistic understanding
of current material limitations to inform how these might be
overcome. The current understanding of how scaling limits NRR
on metal catalysts is predicated on a simplified reaction pathway
that considers only proton-coupled electron transfer (PCET) steps.
Here, we apply grand-canonical density functional theory to
investigate a more comprehensive NRR mechanism that includes
both electrochemical and chemical steps on 30 metal surfaces in
solvent under an applied potential. We applied @, ., a grand-
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canonical adaptation of the G,,,, thermodynamic descriptor, to evaluate trends in catalyst activity. This approach produces a @,
“volcano” diagram for NRR activity scaling on metals that qualitatively differs from the scaling relations identified when only PCET
steps are considered. NH;* desorption was found to limit the NRR activity for materials at the top of the volcano and truncate the
volcano’s peak at increasingly reducing potentials. These revised scaling relations may inform the rational design of superior NRR
electrocatalysts. This approach is transferable to study other materials and reaction chemistries where both electrochemical and

chemical steps are modeled under an applied potential.
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Bl INTRODUCTION

The synthesis of ammonia as a precursor to fertilizer is
estimated to support the nutritional needs of more than 40% of
the world’s population."”” Furthermore, ammonia is a
promising carbon-free fuel and hydrogen carrier for applica-
tions in sustainable transportation and energy storage.
Ammonia is most commonly synthesized by the Haber—
Bosch process, using hydrogen produced from methane
reforming and energy generated from hydrocarbon combus-
tion, and accounts for nearly 2% of global carbon emissions.'
There are two primary approaches to decarbonize ammonia
synthesis: the “Green” Haber—Bosch process using hydrogen
produced via water electrolysis® or solar thermochemical water
splitting,* and the electrochemical nitrogen reduction reaction
(NRR).” NRR provides the advantages of distributed, load-
matching production to generate ammonia near its point of use
and can provide lower capital and operating expenses than the
“Green” Haber—Bosch process.s’6 However, current electro-
catalysts for NRR are limited by poor selectivities and/or low
activities that make commercialization infeasible. Efforts to
improve the performance of NRR electrocatalysts are therefore
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essential for the development of a sustainable ammonia
synthesis process.

Over the past two decades, research efforts aimed at
identifying superior NRR electrocatalysts have increased
significantly.” Computational mechanistic studies have also
been conducted to gain a better understanding of the nitrogen
reduction mechanism at the catalyst surface with the aim of
guiding the discovery of new NRR electrocatalysts.””"
Computational investigations of NRR catalyzed by metals
predicted that NRR on metal surfaces obeys scaling relations
between key reaction intermediates, resulting in a classic
“volcano plot” for NRR activity, following the Sabatier
principle.*” In particular, the scaling of the adsorption energy
of the N,H* state with the adsorption energy of the NH,*
state (where * indicates an adsorbed species) was predicted to
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limit the minimum overpotential for NRR on metals, resulting
in poor NRR activity at lower reducing potentials and intense
competition with the hydrogen evolution reaction (HER) at
higher reducing potentials.

The studies that identified the scaling relations that limit
NRR activity have impacted the NRR field profoundly and
continue to guide screening studies."””™"® However, these
studies did not consider the effects of solvation and
approximated the fixed electrochemical potential of the
electrocatalyst interface using the posthoc computational
hydrogen electrode (CHE) method. Moreover, these studies
only considered the proton-coupled electron transfer (PCET)
steps of the NRR mechanism (Figure 1A) because the CHE
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Figure 1. Pathways for NRR on an electrocatalyst surface. The
pathways used to model NRR include: (A) PCET, (B) associative
distal, associative alternating, and (C) dissociative. M represents the
active site on the electrocatalyst surface. Chemical (i.e., non-PCET)
steps are represented by solid reaction arrows, and electrochemical
(i.e, PCET) steps are represented by dashed arrows. The double
arrows in (C) indicate that two PCET steps take place for both
dissociated intermediates.

method and conventional fixed-charge density functional
theory (DFT) do not model the bias dependence of non-
PCET steps. Thus, these studies neglect the possibility that
non-PCET steps could be rate-limiting under specific electro-
chemical conditions. Recent studies of NRR on unconven-
tional materials have included non-PCET reaction steps in
their analysis and find that ignoring non-PCET steps (i.e.,
chemical steps) yields qualitatively different activity
trends.'”'*'” However, NRR scaling relations on metals have
not yet been reexamined using a more complete mechanism
that includes both electrochemical and chemical steps under
applied bias. Consequently, there is a significant need to
reevaluate NRR scaling on metals using a more comprehensive
mechanism and methods that more accurately describe the
effects of solvation and the applied potential to determine
whether chemical steps play a significant role in directing NRR
activity.

Multiple NRR reaction pathways have been proposed,
including the PCET pathway (Figure 1A) that was used to
predict the prevailing NRR scaling relations for metals.
However, because the PCET pathway excludes the chemical
steps of N, adsorption and NH;* desorption, it does not
consider the possibility that these steps could be rate-limiting.
In this work, we reevaluate NRR scaling on metals using a

more comprehensive mechanism that we call the “composite
mechanism”, which includes a range of proposed pathways,
with both electrochemical and chemical steps. The composite
mechanism includes: (1) the associative distal pathway (Figure
1B), (2) the associative alternating pathway (Figure 1B), and
(3) the dissociative pathway (Figure 1C). The associative
distal pathway is composed of similar intermediates as the
PCET pathway but also includes N, adsorption and NH;*
desorption. The alternating pathway differs from the distal
pathway in that the proximal nitrogen is protonated in an
alternating sequence with protonation of the distal N. The
dissociative pathway is initiated via dissociation of the N,
molecule, which is generally considered kinetically inaccessible
due to the large barrier to break the N, triple bond. However,
recent work indicates that later dissociation of the nitrogen
atoms may be kinetically accessible after associative adsorption
and protonation to the NHNH* state, in which the N atoms
are not bound through a triple bond."'

In this work, @, was calculated from grand-canonical
density functional theory (GC-DFT) computed free energy
diagrams for 30 metal surfaces and found to scale linearly with
the N* adatom binding energy, resulting in @, volcano plots.
Our results predict that the chemical step of NH;* desorption
is a component of the energetic span for every surface
considered here, and consequently that NH;* desorption
limits the thermodynamics and likely the kinetics of NRR on
metal surfaces. Because NH;* desorption is a chemical step, it
is less sensitive to the applied potential than are PCET steps.
Consequently, at more reducing potentials, it becomes more
limiting and truncates the @, volcano plot. Furthermore, we
demonstrate that @, shifts nonlinearly with bias on surfaces
where the energetic span changes with bias. These results
indicate the need to include both electrochemical and chemical
steps when modeling the NRR on electrocatalyst surfaces. This
requires an approach, such as GC-DFT, that captures the
potential dependence of chemical steps. The modeling and
analysis approach developed here that combines GC-DFT and
@, can be readily applied to other electrochemical reactions
and material classes. Furthermore, because this approach is
computationally efficient relative to a full kinetic evaluation,
that is, computing transition states for each step under an
applied bias, it can be applied to high-throughput studies to
enable the generation of an electrocatalyst database. The
database could be used for the broad investigation of materials
and reactions to accelerate the understanding of electro-
chemical mechanisms and the discovery of advanced materials
for a range of important electrochemical conversions including
NRR to synthesize ammonia.

B METHODS

GC-DFT Modeling. To model the composite NRR
mechanism with applied potential and solvation, we used
GC-DFT to study 30 d-block metal surfaces at 0.0, —0.25, and
—0.5 V vs the standard hydrogen electrode (SHE). GC-DFT
self-consistently solves the Kohn—Sham DFT equations for a
system under a fixed applied potential (i.e., voltage or Fermi
level) and allows the number of electrons to equilibrate self-
consistently with the external potential.'® Surface charge is
balanced by varyin§ the ion number in an implicit electrolyte
solvation model.'” Thus, GC-DFT treats the system as
thermodynamically open with respect to the exchange of
electrons and electrolyte ions with the external electron and
ion reservoirs and computes grand free energies, represented in
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Figure 2. Graphical representation of @, modeling approach. (A) Representation of a Ru(111) surface with an adsorbed N,* molecule modeled
under solvation and applied bias. (B) Catalytic cycle for the associative distal pathway of the composite mechanism. (C) Grand free energy diagram
of this catalytic cycle on Ru(111) at 0 V vs SHE. Magenta lines correspond to the associative alternating pathway, and blue lines correspond to the
associative distal pathway. The orange curve in (B) indicates the energetic span steps, and the corresponding ®@,,,,, value is shown in (C). The

lighter lines in (C) are the free energy diagrams at —0.25 V.

this work as ®. This enables a more realistic description of the
electrified interface between the electrocatalyst surface and the
electrolyte at electrochemical potentials set by the external
potential (Figure 2A). Moreover, GC-DFT enables the non-
PCET steps of the composite mechanism to be modeled as a
function of the applied potential in contrast to neglecting them
or assuming that their energetics have no potential depend-
ence. Consequently, chemical (i.e, non-PCET) steps may still
be associated with the transfer of electron density, resulting in
bias dependence of these steps. Similarly, electrochemical (i.e.,
PCET) steps may be accompanied by noninteger electron
transfers, resulting in a bias dependence of these steps that
deviates from that estimated by CHE, which assumes one
electron is transferred per PCET step. Furthermore, GC-DFT
has predicted changes in the binding geometries of adsorbed
species with changes in applied potential that would not be
captured using conventional constant charge DFT.'®*’

®,..x Approach. To assess the activity of each metal
surface, the energetic span approach was used, which calculates
the free energy difference between the energetic trough and
peak of a catalytic cycle (Figure 2B).”"** The energetic span
calculates the free energy difference between the highest-lying
transition state and the lowest-lying intermediate. We further
simplified the energetic span following the work of Exner,
which approximates the energetic peak of the catalytic cycle as
the highest energy intermediate, avoiding the computational
expense of optimizing transition state structures.””** Exner
referred to this approximation as G,,,, (i.e, maximum Gibbs
free energy difference) ;2% however, in this study, we define
the grand free energy analogue, ®_,, because the G,
approach has not previously been used alongside GC-DFT
energetics. @, is formulated as

max min
-

if k>

M-I - A

ran it k S] ( 1)
where I and I™" are grand free energies of states k and j on a
reaction pathway on which they are the highest- and lowest-
lying states, respectively, and so maximize @ .. A A® can be
calculated between any two states along the reaction pathway
(i.e, any energetic span); however, only states k and j will
maximize A® to yield @ ... AD,,, is the free energy of the
reaction. If the highest-lying intermediate, I"™™, comes after the
lowest-lying intermediate, I™™ (i.e., k > j), then @, is simply
the difference in the free energy of the intermediates. However,
if the order of the intermediates is reversed, and I™ comes
before I™ (ie, k < j), the reaction free energy must be
subtracted from the difference in intermediate energies due to
the cyclic nature of the catalytic cycle (see SI Section 1.2 for
more details). Consequently, @, will be the same regardless
of which states are selected for the beginning and end of the
catalytic cycle. Figure 2C shows an energetic span in which the
highest state comes before the lowest state and shows that the
calculated energetic span must extend across the start of the
cycle (indicated by the green circle), which is achieved by
subtracting the reaction energy from the difference in energy of
the highest and lowest states. The free energy change of the
energetic span is conceptualized as an approximation to the
activation energy of a catalytic cycle, and under the quasi-
equilibrium approximation, can be related to catalyst
activity.z‘s’27

@, serves as a general catalytic activity screening
descriptor that applies to both PCET and non-PCET steps
and can be calculated at any applied potential. Figure 2B shows
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Figure 3. @, scaling analysis for metal surfaces. —®,,,, plotted as a function of N* binding energy (®y-) at (A) 0V, (B) —0.25 V, and (C) —0.5
V vs SHE. The colors of the lines correspond to the energetic span from which @, is calculated, as shown in the legends. Triangles indicate
materials where @, ., is limited by an energetic span from the associative alternating pathway, whereas circles indicate energetic spans from the
associative distal pathway or energetic spans shared between these two pathways. In (C), the magenta line appears because a new energetic span
emerges at —0.5 V that did not appear for less reducing biases. The volcano diagrams become progressively more truncated by *NH; desorption as

the bias is made more reducing.

a representative associative distal catalytic cycle for NRR on
Ru(111), where a clean active site (green circle in Figure 2B)
cyclically proceeds through N, adsorption, six protonation
steps, and finally, NH;* desorption to regenerate the clean
active site. The reaction free energy diagram in Figure 2C
shows that ®_,, displayed in orange, is the largest endergonic
change in free energy for the reaction free energy diagram. The
states that define @,,,, (NH;* and N,H* in Figure 2C) also
define the energetic span, which is displayed in the same color
to span the same reaction intermediates in the cycle shown in
Figure 2B. @, was calculated for the associative distal,
associative alternating, and dissociative pathways, but only the
most exergonic @, was used to analyze the reaction network.
More reaction flux will flow through the pathway with the
lower effective kinetic barrier,”**’ and thus the most exergonic
@, in the reaction network was used to predict the activity of
a material.

GC-DFT Calculation Details. Thirty d-block metal
surfaces were modeled with GC-DFT using JDFTx.'® Similar
constant-potential DFT implementations have also previously
been applied to model electrochemical reaction pathways.**~**
The CANDLE implicit solvent model'® was used to account
for the effects of the aqueous electrolyte at the electrochemical
interface. All bulk crystal structures were taken from the
Materials Project.”> All bulk lattice constants were first
optimized in JDFTx, from which surface facets were obtained
using Pymatgen.’* Following the approach of Montoya,” the
(110) surface facets were cut from body-centered cubic bulk
structures and the (111) and (211) surfaces were cut from
face-centered cubic structures. We note that the minimum
energy crystal structure for Ru and Co is hexagonal close-
packed, but cubic structures were used here to reproduce the
approach of Montoya,® and deconvolute the effects of bulk
crystal phase. Ru(0001) cut from the hexagonal close-packed
crystal structure was also modeled to determine the effect of
the bulk crystal structure on activity prediction. The top and
bottom faces of each slab are separated by 20 A of space to
provide a sufficient distance for charge screening by the
solvation model. The flat (110), (0001), and (111) surfaces
have 3 X 3 X 3 atoms per unit cell. The stepped (211) surfaces
have 3 X 3 X 4 atoms per unit cell. The bottom layer of surface
atoms was frozen to a bulk geometry. Surfaces (with and
without adsorbates) are converged to 0.1 meV (0.0001 eV) by
relaxing the ionic positions. All of the converged structures in

this work can be found at https://github.com/cote3804/
NRR _data, which also includes the standardized calculation
parameter files. All surfaces and their corresponding reaction
energy diagrams are provided in Supporting Information.

JDFTx optimization was implemented in the Atomic
Simulation Environment (ASE).*> All structure optimization
scripts used here are available at https://github.com/Nick-
Singstock/ GCNEB.'® The GGA PBE functional®® with D3
dispersion corrections®’ were used for all calculations together
with an energy cutoff of 20 hartree (544 eV) and a charge
density cutoft of 100 hartree. All calculations were converged
with spin polarization and initialized with a magnetic moment
of zero, with the exception of Co and Fe, which were initialized
in a high-spin state to obtain consistent magnetic ordering.
The Coulomb interaction was truncated in the z-direction for
surface calculations to prevent self-interaction. Aqueous
electrolyte was modeled using H,O as the solvent with ion
concentrations of 0.5 M for F~ and Na* ions. The absolute
potential of 4.66 eV for the standard hydrogen electrode was
previously calibrated for the CANDLE solvent model by fitting
experimental work functions to calculated chemical poten-
tials.*®

To model the composite mechanism on each surface, 11
NRR intermediates were studied: N,*, N,H*, NNH,*,
NNH,* N* NH* NHNH* NHNH,* NH,NH,* NH,*,
and NH;*. Three additional adsorbates were also studied for
three of the surfaces (see SI Section 2.6): *NNH,;, *NHNHj,,
*NH,NH;. Adsorbates were bound to each surface in three
different binding configurations: atop, bridge, and 3 atom
hollow sites. The lowest energy binding configuration for each
intermediate was taken as the ground state and used in the
@, analysis. A hydrogen adatom was also bound at the atop
sites for each surface to model HER. Each clean surface and set
of adsorbed structures were modeled at three biases: 0, —0.25,
and —0.5 V vs SHE. In total, more than 3500 surface and
adsorbate optimizations were performed.

The change in the grand free energy, A®, is the appropriate
free energy term for the grand-canonical ensemble, which is
open to the exchange of electrons with a reservoir at a fixed
chemical potential.

A® = AE — yAN — TAS 2)

where AE is the change in computed electronic energy, u is the
electron chemical potential set by the applied bias, AN is the

https://doi.org/10.1021/acscatal.3c01978
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Figure 4. Comparison of the @, screening descriptor or the PCET pathway and composite mechanism. (A) —®,,,. vs N* binding energy (®y:)
at each bias using the PCET pathway. NRR scaling is represented by solid lines, and HER scaling by dashed lines. The steps that comprise the
energetic spans are displayed next to the scaling lines. (B) —®,., vs @y« at each applied bias for the composite mechanism. Orange arrows show
the nonlinear change in @, for materials that switch from the NHNH,* — NH; line to the NH;* — NHj line at more reducing applied

potentials.

change in the number of electrons, T is the temperature (298
K here), and AS is the change in entropy. Note that AN can be
a noninteger. All degrees of freedom for adsorbed molecules
were considered to be vibrational, similar to previous studies.”
The change in entropy for adsorption/desorption processes
was calculated using gas phase molecular references from
NIST.” The change in vibrational entropy upon adsorption/
desorption was 0.10 eV on Ru(111), which is below the
significance threshold for G, recommended by Exner.”*
Because of the small change in vibrational entropy, the change
in entropy is modeled in this work as the complete loss of
translational and rotational entropy for adsorption/desorption
processes only, which is on the order of 0.5 eV and cannot be
considered insignificant.

Some surfaces dissociated intermediate states favorably
during optimization. To ensure that dissociated state
energetics were not being influenced by self-interaction, a
Cr(110) supercell was modeled with the dissociative
adsorbates (see Figure S2) and the binding energy of NH*
+ NH,* and NH,* + NH,* was confirmed to differ by less
than 0.07 eV from the smaller supercell model.

B RESULTS AND DISCUSSION

Our calculations predict linear scaling between the free energy
of NRR intermediates, which is consistent with previous
studies that identified linear scaling between intermediates and
the binding energy of an N* adatom (®y.).*~"" Linear scaling
of intermediates with @y results in linear scaling of the
sequence of steps that comprise the energetic span with ®yg.
Consequently, @, scales linearly with @ for each energetic
span. Figure 3 shows scatter plots of —®_,, values vs @ for
each surface. Note that —®,  is plotted to reproduce the
conventional upright volcano plot orientation, where high-
activity materials lie near the volcano peak. Linear scaling lines
between —®_,, and @y« for each unique energetic span are
also shown. These lines show how the energetic spans scale
linearly as a function of @y« on all metal surfaces, and how
different energetic spans limit @, in different regions of the
volcano plot. Note that all 30 metal surfaces were used to fit
each scaling line by using the A® associated with each
energetic span, enabling scaling lines to be fit to the full data

set even for energetic spans that are only associated with @,
for a single surface (e.g., Au(111) in Figure 3A). Fitting the
scaling lines to all surface facets reduces the R* value relative to
fitting the scaling lines to a single facet. However, the scaling
trends remain the same when fit to individual facets (see SI
Section 2.5), and the multifacet scaling lines shown in Figures
3 and 4 are expected to better generalize to other surface
facets.

Figure 3 shows volcano-like scaling diagrams for ®,,,, with
@y« at each bias. As @y« changes, the binding energies of the
reaction intermediates also change. This change in inter-
mediate binding energies results in either a conserved energetic
span, where the steps that make up the energetic span stay the
same but @, changes, seen as moving along a scaling line, or
the steps that make up the energetic span change along with
@, seen as shifting to a different scaling line. Thus, as @y
changes, materials can move along the scaling lines or switch to
new ones, but they cannot move significantly above the lowest
scaling line at any @y The lines that comprise the volcano
therefore define a minimum @, (i.e, maximum —®,__) at
each @y, and thus a boundary that limits @, beyond which
no studied surfaces exist due to the inherent scaling relations
between NRR intermediates. Because intermediates scale
imperfectly with each other, some points deviate slightly
above or below the boundary defined by the volcano (see SI
Section 2.4).

In contrast to previous studies where scaling between the
adsorption energies of the N,H* intermediate and the NH,*
intermediate limits the minimum overpotential,g’g’40 several
unique energetic span steps comprise this volcano and limit
@, within certain N* adatom binding ranges. More reactive
surfaces on the left side of the volcano are limited by the
formation of solvated NH; from NH* (associative distal, dark
blue scaling line) or NH,NH,* (associative alternating, light
blue scaling line) intermediates. This results from the
overbinding of intermediate adsorbates associated with a
more favorable N* adatom binding energy. The metals on the
right side of the volcano are less reactive and thus tend to
underbind the N,* and N,H* intermediates and are
consequently limited by the NH;* — N,H* energetic span
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(orange scaling line) that proceeds through the bare surface
state (see Figure 2B).

At 0V (Figure 3A), the shape of the @, volcano is similar
to previously predicted NRR activity volcanos (ie., over-
potential vs N*) for NRR on metals.*” However, a key
difference is that at 0 V a third region of the volcano emerges
near the peak for materials with optimal N* binding and
minimal ®_,,. This region is limited by the chemical step of
NH,* desorption from the catalyst surface (green scaling line).
This step involves no proton-coupled electron transfers and is
thus minimally dependent on the applied potential in contrast
to other @ limiting energetic spans that are composed of
PCET steps. Consequently, as the applied potential becomes
more reducing (Figure 3B,C), the y-intercept of the green
scaling line associated with NH;* desorption increases at a rate
lower than that of the other scaling lines that involve a PCET
step. From 0.0 to —0.5 'V, the y-intercept shifts from —0.65 to
—0.32 eV for the chemical NH;* desorption step scaling line
(A = 033 eV, 0 PCET steps), whereas the NH* to NH,
scaling line shifts from 0.49 to 1.62 eV (A = 1.13 eV, 2 PCET
steps) and the NH;* to N,H* scaling line shifts from —1.19 to
—0.58 eV (A = 0.61 eV, 1 PCET step). Thus, as the PCET
steps become more favorable at more reducing biases, a greater
number of materials become limited by the non-PCET step of
NH;* desorption. At —0.5 V, the most reducing potential
considered here, a broader range of N* adatom binding
energies exists where NH;* desorption limits @ .. This results
in a truncation of the volcano’s peak and the inability of any of
the surfaces studied herein to reach @, < 0 eV where all
reaction steps are favorable. This agrees with experimental
investigations of low-index transition metals, which are
reported to have NH; activities <10 yg/h™'-g-catalyst."'

The PCET pathway (Figure 1A) does not consider chemical
steps in the catalytic cycle, specifically the adsorption of N, or
the desorption of NH;*. To compare the composite
mechanism to the PCET mechanism, —®,_, for both
mechanisms is plotted in Figure 4A,B for each studied bias.
In the PCET mechanism, the limiting energetic span steps for
all materials and facets at 0 V are the reductive desorption
(NH,* —» NH; + *) and reductive adsorption (N, + * —
N,H*) steps (Figure 4A), where the desorption and
adsorption steps are each coupled with a PCET. These are
the same scaling relations identified by previous studies to limit
NRR.*’ However, using the composite mechanism that
includes the chemical NRR steps, different energetic spans
are identified to limit @,,,, and thus the NRR activity (Figure
4B).

The activity predicted by the PCET mechanism increases
linearly with more reducing biases, as shown in Figure 4A.
Because every step of the PCET mechanism includes an
electron transfer that becomes more favorable at more
reducing biases, there is no limit to NRR activity predicted
by the PCET mechanism. Consequently, the peak of the
PCET volcano reaches @, < 0 eV at a sufliciently reducing
bias, indicating that all intermediate reaction steps are
downhill. Furthermore, the PCET mechanism predicts a
region of materials (shaded regions of Figure 4A) where the
@, for NRR is lower than the @, ., for HER (see SI Section
2.5 for HER pathways and energies). These results for the
PCET pathway suggest that optimal electrocatalyst materials
that obey the identified scaling relations can provide high
activity and selectivity toward NRR. However, this is not
observed experimentally.41 Instead, experimental observations

have not identified any monometallic materials that provide
high activity and selectivity toward NRR.”*'

Conversely, the volcano plot for the composite mechanism
is truncated by the chemical NH;* desorption step. As the
applied potential becomes more reduced, the NH;* desorption
line widens and truncates a larger width of the volcano. This
leads to a nonlinear dependence of @, on applied bias for
materials that switch energetic spans at more reducing biases to
the NH;* — NH; chemical step (i.e., orange arrows in Figure
4B). The composite mechanism shows that materials at more
reducing potentials are limited by the NH;* desorption step,
which is less sensitive to the applied potential than PCET
steps. However, by using GC-DFT to study the NH;*
chemical desorption step at each bias, we predict that the
grand free energy for NH;* desorption is sensitive to the
applied bias, resulting in a slight upward shift of the volcano’s
peak with more reducing potentials. This result would not be
captured using a post hoc bias correction aggroach that does
not include dipole and charging corrections.

For all studied materials, HER is calculated to have a lower
D, (greater —®@,_,) than NRR using the composite
mechanism (Figure 4B). Consequently, the results based on
the composite mechanism suggest that all materials that obey
the identified scaling relations for metals will have lower
activity toward NRR than HER, based on their @ . The
direct calculation of NRR and HER activity was not performed
here due to the significant additional computational expense
required to perform transition state searches and microkinetic
modeling for the three NRR pathways considered on the 30
studied surfaces.'® The qualitative differences observed
between the composite and PCET mechanisms highlight the
importance of considering chemical, non-PCET steps in
electrochemical reaction mechanisms and that these steps
should be modeled at discrete biases using grand-canonical
modeling approaches such as GC-DFT. Other chemisorbed
NH,* states (NNH;*, NHNH,*, and NH,NH;*) were also
modeled to examine their impact on surface activity. These
states are typically less stable than a coupled PCET and
desorption of the first NH; molecule, and including these
states does not impact @, for the studied surfaces (see SI
Section 2.6).

The predicted peak positions of the volcano plots are similar
for both the PCET pathway and the composite mechanism at
0 V (@ys pear = —0.61 and —0.73 eV, respectively), resulting in
similar predictions of which materials lie near the peak of the
volcano as well as a similar predicted ordering of materials
based on NRR activity. The activity ordering of materials at 0
V therefore generally agrees with that of previous work.”” For
example, both the PCET pathway and composite mechanism
predict that Ru(111) is near the top of the NRR volcano due
to its favorable scaling between intermediates, which agrees
with previous modeling results on metals using PCET and
CHE approaches.”” However, the consideration of multiple
reaction pathways and the chemical NRR steps in the
composite mechanism results in nonlinear changes in @,
on several surfaces as a function of applied bias. Consequently,
the potential dependence of @, observed for the composite
mechanism deviates substantially from the simpler PCET
mechanism and previous studies for some materials. This
nonlinearity results in a large deviation of the peak positions
between the PCET mechanism and composite mechanism at
—0.5 V (@ pegc = —0.94 and —0.35 eV, respectively), and a
greater potential dependence of @, for some materials. This
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Figure 5. Bias dependence of @ .. A subset of the surfaces is shown to highlight the variation in how @, changes with bias for the composite

mechanism. Surfaces are sorted by the ®,

max

value at —0.25 V. Materials of particular interest are shown in color.

results in different ordering of surfaces based on the NRR
activity at different biases, as shown in Figure S, which plots
@, at each studied potential for a subset of surfaces using the
composite mechanism.

Figure § illustrates the highly variable bias dependence of
®,... for specific metal surfaces. For example, Mo(110) is an
inactive catalyst at 0 V because of its large endergonic span
(@ = 1.16 €V) to protonate NH* twice to yield one NH,
molecule. However, because two electron transfers are required
to transform NH* into one NH; molecule, the energetic span
on Mo(110) is highly sensitive to potential. This leads to a
substantial decrease in @, from 1.16 at 0 V to 0.67 eV at
—0.25 V, making Mo(110) the third most active metal for
catalyzing NRR at —0.25 V as predicted by @_,,. However, by
—0.5 V, Mo(110) becomes limited by the chemical step of
NH,* desorption and the energetic span of Mo(110) becomes
minimally sensitive to bias (@, = 0.57 eV at —0.5 V).
Consequently, the @, for Mo(110) is predicted to shift
nonlinearly with bias. In contrast, Ru(211) is minimally
sensitive to changes in bias (®,,,, = 0.96 and 0.84 eV at 0.0 and
—0.5 V, respectively) because its energetic span is always
limited by the chemical step of NH;* desorption. Con-
sequently, Ru(211) is calculated to have the third lowest @,
of the studied surfaces at 0.0 V, but only the 16th lowest @,
at —0.5 V. The ®,,. of Ru(211) at —0.5 V deviates from
previous studies that place it toward the top of the activity
volcano,” and suggests that Ru(111) is the more active facet of
Ru at —0.5 V. The differences between Ru(111) and Ru(211)
primarily arise from the different number of electron transfers
associated with different energetic spans. However, the bias
dependence of @, on Ru(211) is a direct consequence of
studying the chemical NRR steps with GC-DFT for each
applied bias. We note that the Ru(0001) facet of HCP Ru and
the Ru(111) facet of FCC Ru, which have an identical surface
coordination environment, have comparable ®y. and thus
similar @, (1.27 and 1.04 eV, respectively, at 0 V; see SI
Section 2.2).

The materials that obey the identified scaling relations
predicted in this study using @, computed by GC-DFT are

12900

limited by poor NRR activity and selectivity due to
competition with HER. Thus, a commercially viable NRR
process demands next-generation materials that break these
scaling relations. In particular, superior NRR activity and
selectivity may be achieved by materials with strong
intermediate (ie, N*) binding but disproportionately weak
NH,;* binding, which lie in the upper left quadrant of Figure
4B. Weak NH;* binding is necessary as this step may become
@, limiting at more reducing potentials. Selective stabiliza-
tion of early NRR intermediates or selective destabilization of
NH;* may enable this scaling-relation-breaking behavior.'®
The GC-DFT computed A® values for adsorption of NH;*
and N* can provide initial screening criteria for a high-
throughput approach to identify whether candidate materials
deviate from the NH;* desorption scaling line in Figure 3,
which limits the highest activity metals. However, promising
materials will need to be evaluated using additional
intermediates (e.g., N,H*, NH*) to identify their ®,,,, and
ultimately, using barriers calculated from transition states
computed under electrochemical conditions to predict NRR
kinetics." ***

B CONCLUSIONS

This work demonstrates that the inclusion of both chemical
and electrochemical steps, modeled here under explicit applied
bias using GC-DFT, is necessary to capture the thermody-
namic limitations for NRR on metals. Volcano plots derived
from NRR scaling relations are truncated by the chemical
NH;* desorption step, which limits the energetic span, and
@, on the highest activity surfaces and should be included in
future studies to identify superior NRR electrocatalysts. @, is
observed to scale nonlinearly with bias on surfaces where the
energetic span switches with the applied potential. The results
presented herein are based on ®_,, which provides a
thermodynamic approximation of catalyst activity but neglects
the explicit calculation of kinetic barriers. Thermodynamic
screening descriptors are computationally inexpensive tools for
sorting inactivate materials out of a large material space as well
as understanding general activity trends within the space.
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However, to quantitatively predict activity and selectivity for
materials that lie near the top of the thermodynamic volcano,
explicit transition state calculations coupled with microkinetic
models are necessary.'®**** Therefore, the validation of these
results and the quantitative prediction of NRR activity and
selectivity require follow-up investigations of NRR and HER
kinetics that include transition-state calculations and micro-
kinetic modeling.

While the current results are specific to the NRR on metals,
these findings may have broader implications for studying
other electrochemical reactions that include both chemical and
electrochemical steps, such as CO, reduction. The method-
ology applied in this work is broadly transferable and thus
enables potential-dependent modeling of other electrochemical
reactions and surfaces of more complex classes of materials
(e.g, oxides, pnictides, chalcogenides, etc.). Thus, this
approach is suitable for a high-throughput investigation to
identify superior electrocatalysts for NRR that break the
identified scaling relations. We are currently leveraging this
approach to conduct a broader high-throughput investigation
to study electrocatalysts for NRR and other key electro-
chemical reactions. The results from this subsequent effort,
including energetics, structures, and calculated properties, will
be published online in a planned database, which will provide a
standardized platform to easily and efficiently analyze and
compare electrocatalyst materials.
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