Elementary kinetics of nitrogen electroreduction on Fe surfaces
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Electrochemical ammonia synthesis could provide a sustainable and efficient alternative to the energy
intensive Haber-Bosch process. Development of an active and selective N, electroreduction catalyst
requires mechanism determination to aid in connecting catalyst composition and structure to
performance. Density functional theory calculations are used to examine the elementary step energetics
of associative N, reduction mechanisms on two low index Fe surfaces. Interfacial water molecules in the
Heyrovsky-like mechanism help lower some of the elementary activation barriers. Electrode potential
dependent barriers show that cathodic potentials below -1.5 V-RHE are necessary to give a significant rate
of N, electroreduction. DFT barriers suggest a larger overpotential than expected based on elementary
reaction free energies. Linear Brgnsted-Evans-Polanyi relation (BEP) relationships do not hold across N-H
formation steps on these surfaces, further confirming that explicit barriers should be considered in DFT

studies of the nitrogen reduction reaction.

1. Introduction
Nitrogen is the most abundant element in the earth’s atmosphere, and its conversion to ammonia is

one of the highest volume industrial reactions. NHs is primarily used in fertilizers, and also acts as a
precursor to several other important chemicals such as nitric acid. NHs is also being considered as a carbon
free future fuel alternative *. Industrially, NHs is produced through the Haber Bosch (HB) process in which
gaseous nitrogen and hydrogen react over an iron/ruthenium-based catalyst. The HB process is one of the
most energy intensive chemical processes, consuming approximately 1 — 1.5% of the world energy

produced 2. In contrast, natural nitrogen fixation by diazotrophs, principally an electrochemical NH;
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synthesis reaction, is much more energy efficient 3. In a future with plentiful renewable electricity, an

artificial electrochemical system to produce ammonia from nitrogen could be highly beneficial.

Possible heterogeneous catalysts for electrochemical nitrogen reduction (NRR) are currently marred by 1)
the poor rate due to difficulty in activating the strong N-N triple bond and 2) the poor selectivity because
of the competing hydrogen evolution reaction (HER)*>. To develop a more selective and active catalyst,
better understanding of the mechanism and elementary step kinetics of nitrogen electroreduction is
required. It is currently accepted that N, reduction in the HB process occurs through a dissociative
mechanism &, wherein the N-N bond is severed first and adsorbed atomic N is then reduced. However,
identification of several intermediates in nitrogenase 78 has suggested that the mechanism in diazotrophs,
or electrochemical systems in general, might follow an associative mechanism wherein molecular N,
reduction is followed by eventual N-N bond splitting. These two mechanisms are illustrated in Figure 1.
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Figure 1. Elementary mechanisms of N, reduction to NHs include a) the dissociative mechanism followed in the
Haber-Bosch process, and b) associative mechanisms, alternating and distal, which are possible mechanisms for N,
electroreduction.

Theoretical studies have used the scaling and presumed BEP relationships for dissociative and associative
mechanisms to propose a volcano relationship and predict the optimum N; electroreduction catalyst % °,
For late transition metal catalysts, the binding energy of NHy (x = 0, 1, 2) species to transition metal
surfaces correlate with each other . Linear correlations of activation barriers with reaction energies,
Brgnsted-Evans-Polanyi (BEP) relationships, also hold for elementary N-N dissociation and N-H bond
formation steps '* 3. This allows the N ad-atom binding energy to a surface to serve as the single
descriptor to ascertain the catalyst activity. For close-packed surfaces, metal surfaces with weak N ad-
atom binding are limited by slow activation of molecular N; either through N, dissociation or the first
protonation to form N,H*. Metal surfaces with strong N ad-atom binding energy are limited by slow
reductive formation of N-H bonds. The optimal N, reduction activity occurs at an intermediate N-surface
binding strength. The “thermodynamic” volcano analysis, using elementary step reaction energies rather
than activation barriers to determine the difficulty of completing each step, puts Fe and Ru as the most

active catalysts for both associative and dissociative mechanisms. Furthermore, all late transition metals,



again based on elementary step thermodynamics, are predicted to have higher overpotentials for N,

reduction relative to the HER, explaining the selectivity challenge °.

These theoretical studies use elementary step thermodynamics alone instead of explicit activation
barriers to predict the catalytic activity. Using reaction energies to predict activity assumes a single BEP
relationship for all N;Hy-H and NHy-H formation steps, and that this single BEP relationship will yield a
surmountable activation barrier at the overpotential for which each elementary reduction step has a
reaction free energy of zero. However, BEP relationship for these elementary electrochemical steps are

yet to be established.

Herein, we use DFT to examine the elementary step electrokinetics of nitrogen reduction on Fe (110) and
Fe (100) surfaces. We choose Fe for detailed elementary mechanism interrogation as it is an optimal pure
metal catalyst for the HB process. We consider the (110) and (100) facets because these are the two most
stable surfaces of iron *. A previously reported method > % is used to evaluate the potential dependent
activation barriers for all the steps of the alternating and distal associative mechanisms. Reduction steps
are considered using both Tafel-like (direct surface hydrogenation) and Heyrovsky-like (water assisted
proton shuttling) mechanisms. By using the explicit values of the activation barrier for all the steps, we
evaluate the validity of the BEP relationships for N-H formation steps of the associative mechanism on Fe
(110) and Fe (100) surfaces. We further determine the “kinetic limiting potential” which we have defined
as the potential required to make all elementary step activation barriers less than or equal to 0.4 eV. This
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“kinetic limiting potential” is then compared to the “thermodynamic limiting potential” on these surfaces

2. Methods
2.1 Electronic Structure Calculations

Electronic structure calculations were performed using Vienna Ab initio Simulation Package (VASP) 1"

18 a plane wave basis set pseudo-potential code. We used the projector augmented wave (PAW) °



method for core-valence treatment. The exchange and correlation energies were calculated using the
Perdew, Burke, and Ernzerhof (PBE) % functional described within the generalized gradient approximation
(GGA) 2%, A plane-wave basis set cutoff energy of 450 eV was used. All calculations allowed for spin
polarization. The ionic convergence limit was set to 0.05 eV A while the electronic convergence limit was
set to 10 eV. The Fermi level was smeared with the Methfessel-Paxton *2 scheme using a smearing width
(o) of 0.2 eV for surfaces and 0.003 eV for isolated molecules. Transition states were located using the
Climbing Image Nudged Elastic Band method ?*2* with 4 to 8 images or the Dimer method ?°. Vibrational
frequency calculations were performed to confirm the first order saddle point.

2.2 Model Construction

A 3x3 surface slab model was used to construct periodic surfaces of Fe (110) and Fe (100), using an
experimental bulk lattice constant of 2.87 A. The slab models were comprised of 4 layers of metal atoms.
A vacuum region of ~10 A was inserted in the models to exclude periodic interaction between the slabs.
Dipole corrections were also added in the direction normal to the surface. Selective dynamics was
implemented, and the top two layers of the slab were allowed to relax until convergence was achieved,
while the bottom layers were fixed to imitate their bulk arrangement. The sampling of the Brillouin zone
for all 3 x 3 surface cells was conducted with a k-point mesh of 5 x 5 x 1 generated automatically using
the Monkhorst Pack method 2% %7 , which sufficiently converged the energy of the test structure to less
than 0.03 eV for both Fe (110) and Fe (100) surfaces.

2.3 Estimation of potential dependent free energies

The free energy G of a surface bound species X* (where X* can represent the adsorbed reactant (A*),
reference (A* + H*), product (AH*) or explicitly solvated (A* + n H,0) species) is calculated using Eq.1 and

includes vibrational correction terms that correct the free energy from 0 K to 300 K.

Gy = EfT + EFFVE — TSP 1)
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where EPT refers to the 0 K DFT energy, is the zero-point vibrational energy, and U"? and TS"?

represent the internal energy and vibrational entropic corrections at room temperature (300 K).

The reaction free energy as a function of electrode potential (U) is calculated on a reversible hydrogen

electrode (V-RHE) scale using the computational hydrogen electrode approach 2. The equivalence in
chemical potentials of a proton-electron pair u+ + e~ and a hydrogen molecule (% uy,) at 0 V-RHE allows

equating their free energies and applying a linear shift in potential by -eUrxe.

A* + H*(aq) + e~ o AH*

1
AG(Ugpg) = Gapr — Gy — EGHZ(g) + eUgpr 2)

where G+, Gaand Gay+are the ZPVE and TS corrected free energies of the clean electrode surface, reactant
and product states respectively, Gy, (g4 is the free energy of gas-phase H, at 300 K, e is the elementary
positive charge and Ugue is the electrode potential on a reversible hydrogen electrode scale. The free
energy of formation of all the intermediates is referenced to the gas phase N; and H; using the

computational hydrogen electrode model % and Eq. 3.
xN;(g) +y (H" +e™) +* - N, H,”

AG = G(N.Hy,") —xG(No(9)) — G(x) — G(H* + e7) (3)

2.4 Estimation of potential dependent activation energies AG*“" (U)

To estimate the potential dependent activation barriers for surface mediated elementary
electrochemical reduction reactions, we use a previously developed approach !> ' 2. A non-
electrochemical step (A + H)" < AH" is used to locate the transition state and assigned to the
equivalent electrochemical step at the equilibrium potential for H* adsorption. In this method, the
reduction reaction is assumed to be an inner sphere reaction with the transition state being local to the

surface species (A*) and electron motion is assumed to be rapid once the nuclei attain the transition state.



The main approximation in this approach is that the transition state located for the non-electrochemical
step is equivalent to that of the electrochemical step at the H* equilibrium adsorption potential U°, where

UCis given as:

1
Gasny — Gor — G — 71']2(8)
e

U =

4

The value of U° does not necessarily correspond to the equilibrium potential of the reaction(4 + H)* <
AH*. At U = U°, the chemical potentials of the analogous non-electrochemical initial state (u (a++)+) and the
electrochemical initial state (ua*+ n++ ) are equal, allowing the barrier to be referenced to the chemical
potential of the ion in the bulk electrolyte under the computational hydrogen electrode model 2. The
corresponding activation barrier at U° of the non-electrochemical surface reaction is determined simply
as the free energy difference of the transition state relative to the initial state. This barrier is denoted

AGACT (UO)

The activation free energy for the electrochemical reduction step is then approximated as a linear function

of the electrode potential U using Bulter-Volmer theory ¥
AGACT(U) = AGAT(U®) + BF(U — U®) (5)

where F is the Faraday’s constant, F(U - U°) is the elementary reaction free energy change due to the
altered electrode potential and £ denotes a reaction symmetry factor. The reaction symmetry factor is a
measure of the similarity of the curvature of the free energy parabolas for reactant and product. It
typically varies between 0.3 and 0.7. We assume this symmetry factor to be 0.5 for all the steps, and we
report extrapolated activation barriers at 0 V-RHE using Eq. 5.

2.5 Reaction paths

Associative mechanisms could follow several paths differing in the sequence of adding H atoms to

either of the N atoms and at what point N-N bond dissociation occurs. We limit the sampling to the



alternating and distal reaction paths with the intermediates as shown in Scheme 1. These paths assume
N-N dissociation occurs directly preceding the first NHs; formation along the path. Both paths begin with
adsorption of molecular N; on the surface and end with the second NHs desorption. We did not consider
the activation barriers for these two steps. The reaction step to form the first NHs in either path,

alternating or distal, is highly exergonic and is assumed to be barrier-less.
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Scheme 1. Distal and alternating elementary mechanisms for N, reduction on a surface site (*).

Alternating and distal paths are examined with both Tafel-like (direct surface hydrogenation) and
Heyrovsky-like (water assisted proton shuttling) hydrogenation steps. It is possible for the elementary
steps in the associative path to undergo a combination of both Tafel and Heyrovsky-like mechanisms,
which is also discussed in our analysis. For Heyrovsky-like steps, two explicit water molecules shuttle the
proton to the adsorbate. Two water molecules enable an (HsO,)* like transition state to provide a
reasonable solvent effect, while maintaining a tractable computational model. Previous studies on CO,

reduction on Cu (111) have suggested that two explicit water molecules can reasonably capture the



solvent effects 3. In addition, adding more explicit water molecules did not alter the AEprr of the transition

state of the test elementary step of N,H* formation, as shown in Table S2 in supplementary information.

3. Results

Associative mechanisms for electrochemical N> reduction over Fe (110) and Fe (100) are examined
using density functional theory (DFT). Section 3.1 presents the electrode potential dependent elementary
step kinetics and thermodynamics of alternating and distal associative paths following both Tafel and
Heyrovsky-like elementary steps. In section 3.2, we use the DFT calculated barriers to determine the
"kinetic limiting potential” needed to produce a reasonable current for N, reduction on these surfaces,
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and compare it to the “thermodynamic limiting potential” determined based solely on elementary
reaction energies. Explicit activation barriers evaluated are used to examine the reliability of BEP

relationships across the various steps in associative mechanisms in Section 3.3. The validity of the

assumptions made to evaluate potential dependent activation barriers are discussed in Section 3.4.

The binding configurations of all the intermediates and transition states are illustrated in the
supplementary information (Figure A3 - A10). For both Fe (110) and Fe (100) surfaces, the most stable
configurations for N;H, like intermediates have the N-N bond parallel to the surface, with both N atoms
coordinated to metal atoms. Intermediates N* and NH* prefer high-coordination hollow sites whereas
NH,* prefers the bridge site coordinating with 2 metal atoms.

3.1.1 Distal associative mechanism following Tafel-like steps
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Figure 2. Reaction free energy diagram for the distal mechanism following Tafel-like steps on: a) Fe (110) b) Fe (100)
at 0 V-RHE.

Figure 2 shows the reaction energetics at 0 V-RHE for the distal path on Fe (110) and Fe (100)
following Tafel-like elementary steps. The rate limiting step on Fe (110) is the formation of NNH,* with an
activation barrier of, AG,t = 1.32 eV while on Fe (100) the rate limiting step is formation of NH,* (AG,¢t =
1.32 eV). As both these steps follow an endergonic step at 0 V-RHE, the apparent activation barriers at
this potential would be even greater than these individual step barriers. The activation barriers for the
first hydrogenation step (N,* -> N,H*) and the step of NH* reduction to NH,* are similar on both the
surfaces examined. These two steps are the limiting legs in the volcano analysis for closed-pack metal
surfaces 1°. As Fe sits atop the volcano analysis, similar activation barriers for N, activation and NHy
reduction are expected, and which process limits the overall reaction varies among surface facets and

elementary mechanisms.

The two different facets of Fe show some differences in adsorbate stability, with NH* and NNH,* showing
the largest difference. NNH,* binds with the unsaturated N in a stable 3 fold site on Fe (110) as shown in

Figure 3. It binds ~ 0.53 eV stronger than on Fe (100). NH* binds ~ 0.25 eV stronger to Fe (100) as compared

to Fe (110).
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Figure 3. Difference in binding of NNH,* intermediate on: a) Fe (110) and b) Fe (100) surfaces. On Fe (100), the
bond length of N and sub-surface Fe atom is greater than N and surface Fe atom, whereas N-Fe bonds on Fe (110)
are all relatively same as N is able to interact with surface atoms.

3.1.2 Alternating associative mechanism following Tafel-like steps
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Figure 4. Reaction energy diagram for the alternating mechanism following Tafel-like steps on: a) Fe (110) b) Fe
(100) at 0 V-RHE.

Figure 4 shows the reaction free energy diagrams at 0 V-RHE for all elementary steps of the
alternating path following Tafel-like steps on Fe (110) and Fe (100). The largest barrier for the alternating
mechanism on the Fe (110) surface is the formation of NHNH,* with an activation barrier of 1.27 eV at 0

V-RHE. On Fe (100), the first hydrogenation of N>* to form N,H* has the highest activation barrier of 1.21
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eV at 0 V-RHE. On both surfaces, all reaction steps leading to the formation of NH,NH,* are endergonic at
0 V-RHE. Thus, the apparent barrier at this potential would be larger than these highest single step

barriers.

On any one surface, elementary steps of either distal or alternating paths undergoing Tafel-like
mechanism have similar activation barriers. This suggests that both alternating and distal paths may be
operable, were the reaction to proceed. The computed energetics, however, show that N-H bond
formation is equally difficult towards the beginning and end of associative paths such that current at 0 V-
RHE would be exceedingly negligible. As the N-N bond gets weaker with each reduction step, it is possible
that the activation barrier for N-N bond dissociation becomes smaller than the activation barrier for the
reduction step prior to where we considered N-N dissociation. Earlier N-N dissociation would not alter
any qualitative conclusions reached, however, as all N,Hs-H bond formation steps have similarly high
barriers.

3.1.3 Distal associative mechanism following Heyrovsky-like steps

In this section, we consider whether the involvement of water molecules in assisting N-H bond
formation lowers elementary reduction barriers. Section 3.1.2 considered N-H bond formation to proceed
as a surface-mediated process following H* adsorption and resulted in barriers greater than 1 eV for all
N-H formation steps at 0 V-RHE. For Heyrovsky-like steps, two explicit water molecules are used to shuttle
the proton to the adsorbed NyHx species through Grotthuss-like mechanism. Involvement of interfacial
water molecules has previously been reported to lower barriers for O-H formation steps during CO;
reduction on Cu (111) 3!, The water molecules, besides shuttling the proton, can also interact with
adsorbed species through hydrogen-bonding. This interaction differs among intermediates, transition
states and surface facets, and complicates analysis of the effects of interfacial water. As only two explicit

water molecules are included, it is questionable whether comparable solvation interactions are included
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among all species, as we look mainly for whether the inclusion of explicit water makes significant

differences in the elementary reduction energetics.
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Figure 5. Reaction energy diagram for the distal mechanism following Heyrovsky-like steps on: a) Fe (110) b) Fe
(100) at 0 V-RHE.

Figure 5 shows the reaction energy diagram along with activation barriers at 0 V-RHE for all elementary
steps of the distal path following Heyrovsky-like steps. The highest barrier on Fe (110) is for the reaction
step of (NH* -> NH,*) with a barrier of 1.02 eV, though as the subsequent step to form NHs* is endergonic,
it has the highest apparent barrier at 0 V-RHE. The rate limiting step on Fe (100) is formation of NNH,*

having an activation barrier of 1.27 eV.
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3.1.4 Alternating associative mechanism following Heyrovsky-like steps
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Figure 6. Reaction energy diagram for the alternating mechanism following Heyrovsky-like steps on: a) Fe (110) b)
Fe (100) at 0 V-RHE.

Figure 6 shows the reaction energetics of elementary steps of the alternating path at 0 V-RHE,
following Heyrovsky-like steps with two explicit water molecules. On Fe (110), the highest barrier is for
the formation of NH,NH>* with activation barrier of 1.46 eV, while on Fe (100) the step NoH>* -> NHNH,*

has the highest barrier of 1.28 eV.

The inclusion of water molecules to assist in proton transfer lowers some N-H formation barriers
(especially on Fe (110)), however, does not universally lower all barriers such that the overall apparent
barriers are not much affected by the inclusion of explicit water. Water assisted proton shuttling facilitates
the first step, i.e. (N>* -> N,H*), of the associative path by lowering the activation barrier. On comparing
with the Tafel-like mechanism, the presence of water molecules stabilizes the transition state for the first
step through hydrogen bonding, and thus lowers the activation barrier. This is illustrated in Figure 7a,
which shows a relatively short N-H distance in the transition state for N,-H formation on the Fe (110)
surface. The presence of water molecules, however, does not significantly lower the overall apparent
barriers on either surface or mechanism. Some of the steps in the associative path have lower Tafel-like
barriers. The activation barriers for formation of NHy intermediates do not change significantly with water
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included. N* and NH* bind very strongly in the hollow site of the surface and the transition state shows a
significantly longer N-H distance suggesting non-optimal hydrogen bonding between N* and water (Figure

7b).

Figure 7. Transition state structures for the formation of: a) N,H and b) NH on the Fe (110) surface.

In the Heyrovsky-like mechanism, the orientation of the water molecules was optimized to facilitate the
Grotthuss-like mechanism. However, many configurations of water molecules with respect to adsorbates
and the starting position of the H* are possible, which could lead to many different paths along the
potential energy surface. Our sampling of paths is limited, and though we confirmed the transition state
we found is a saddle-point, we cannot be assured we have found the lowest energy path. However, as
barriers without water included were all greater than 1 eV at 0 V-RHE, and the inclusion of water did not
universally lower N-H formation barriers (as it does for O-H formation barriers in systems we have
previously investigated 1 2°), we can be confident in the conclusion that barriers are unsurmountable at
0 V-RHE and room temperature, and will require significant overpotentials to facilitate observable rates.

This is in agreement with the low Faradaic efficiencies observed for NRR on Fe electrocatalysts 323°,

Using the explicit values of the activation barrier for each elementary step, the dominant path(s) and more
active surface facet can be determined. The Tafel-like mechanism shows slightly more favorable

energetics on the Fe (100) whereas Fe (110) is more active through the Heyrovsky-like mechanism.
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Following Tafel-like steps, the alternating associative mechanism is preferable. However, when the
elementary steps follow the Heyrovsky-like mechanism, activation barriers for the latter steps of the
alternating path significantly increase and the more preferable path changes to the distal associative
mechanism. As the Tafel or Heyrovsky scheme is preferred for different steps, the overall preferred
mechanism would include a mixture of elementary reaction types, though such optimal mixing does not
significantly lower the overall apparent barriers.

3.2 Kinetic vs. thermodynamic limiting potentials

Most DFT studies of electrocatalysis consider only elementary reaction energies without explicitly
considering activation barriers (with a growing number of exceptions). Without having barriers, DFT
calculations of reaction energies alone are often used to predict the needed overpotential to allow a multi-
step electrocatalytic reaction to proceed 26, We define the “thermodynamic limiting potential” (Ur,) as the
least negative potential at which all elementary reaction steps have a negative free energy change® %%

3% From the reaction energy diagrams in Section 3.1, the most unfavorable steps and corresponding

thermodynamic limiting potentials are in Table I.

Table I. Most uphill steps and corresponding thermodynamic limiting potentials for the associative paths under Tafel
and Heyrovsky-like mechanism on Fe (110) and Fe (100).

Surface = Mechanism Path Most Uphill Step Un (V)
Tafel Distal NH* -> NHy* -0.56

Tafel Alternating | NHNHy* - > NH,NH,* -0.65

Fe (110) Heyrovsky Distal NH* -> NH,* -0.60
Heyrovsky | Alternating | NHNH,* - > NH,NH,* -0.52

Mixed Distal NH* -> NH,* -0.56

Mixed Alternating | NHNHy* - > NH,NH,* -0.52

Tafel Distal NoH* - > NNH,* -0.59

Tafel Alternating NHNH*-> NHNH,* -0.49

Fe (100) = Heyrovsky Distal NaH* - > NNH,* -0.69
Heyrovsky | Alternating | NHNH;*-> NH,NH,* -0.52

Mixed Distal NoH* - > NNH,* -0.59
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Mixed Alternating | NHNH>*-> NH,NH,* -0.44

The thermodynamic limiting potentials in Table | can be compared to “kinetic limiting potentials”
determined directly from the DFT-calculated elementary activation barriers. We define the “kinetic
limiting potential” (Ux) as the least negative electrode potential at which all the elementary step
activation barriers are < 0.4 eV. The value of 0.4 eV is chosen to give a reasonable reaction rate at room

temperature 3738

. Though Figures 2, 4-6 show that the apparent activation barrier at 0 V-RHE may be
higher than a single elementary step barrier, Ux.values are all more negative than Ur_values, such that all

steps are downbhill at Uy, making the apparent barrier simply equal to the highest elementary step barrier.

-2.5
® U, - Tafel m U, - Tafel m Uy - Heyrovsky
-2 B Uy, - Heyrovsky Uy, - Mixed Uy, - Mixed
-1.5 7]
S i
-}
-1
-0.5 . i} i
0 Distal Alternating Distal Alternating
Fe (100) Fe (110)

Figure 8. Thermodynamic and kinetic limiting potentials on Fe surfaces.

Figure 8 compares thermodynamic and kinetic limiting potentials by path, reaction type, and surface. All
corresponding kinetic overpotentials are significantly greater than thermodynamic overpotentials. As Uy,
values are less than -1.5 V-RHE, NH3 formation rates on the low index Fe surfaces will be very low and

selectivity against the HER would be very poor.
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Were the NRR rate to be observed in absence of competing HER, we can use the calculated energetics to
examine the dominant mechanism and active service at potentials near Ux.. On the Fe (100) surface, both
alternating and distal paths under Tafel and Heyrovsky-like mechanisms have similar limiting potentials
and we cannot conclude one path or mechanism that would be dominant. However, on the Fe (110)

surface, the distal path following a Heyrovsky-like mechanism has significantly lower Ux;.

Thermodynamic limiting potentials highly underestimate the overpotential required to carry out the
electroreduction of nitrogen to ammonia at a reasonable rate. Therefore, using reaction free energies
alone does not appear sufficient to predict NRR mechanisms and overpotentials. In the following section,
we analyze the correlation between reaction energies and activation barriers to further understand the
source of difference in Uk, and Ur.. A next step in illustrating the kinetic challenges to electrochemical
nitrogen reduction would be to use the reported DFT barriers in a microkinetic model. We leave this for
future work, as doing so without consideration of hydrogen evolution kinetics (and on surfaces that will

show vanishingly low NRR currents under desired operating conditions) would be premature.

3.3 Bronsted-Evans-Polanyi relationships

3.3.1 Associative paths following Tafel-like steps
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Figure 9. BEP plot for Tafel-like steps for associative paths on: a) Fe (110) b) Fe (100). The activation barrier (G,) at
0 V-RHE is plotted against the reaction free energy (G.x,) at the same electrode potential. Linear BEP equation for
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the best fit lines are given by a) Gyt = 0.023G,x, + 1.194 on Fe (110) with COD (R2) = 0.003 and b) Gyt = -0.138G, +
1.191 on Fe (100) with COD (R?) = 0.040.

Bronsted-Evans-Polanyi analysis can be used to correlate activation barriers with reaction
energies for similar reactions, or for the same reaction across different metal surfaces. For late transition
metals, BEP relationships have been shown to hold for N-H bond formation steps of NH, (x =0, 1, 2) across
different late transition metals 3. Here we consider whether BEP relationships hold for electrochemical
steps N-H bond formation steps across the Fe surfaces. Barriers at a constant electrode potential are
examined for correlation with reaction free energies computed at the same electrode potential. For
comparison, we provide standard, non-electrochemical BEP plots in the supplementary information
(Figure A11—A12), in which the barrier is plotted against reaction energy without correction to the same
electrochemical potential or including free energy entropy corrections. Differences between the
electrochemical and non-electrochemical BEP plots are insignificant, as the value of U° is very similar for

all reaction steps such that potential corrections do not differ significantly between reaction steps.

Figure 9 shows the plot of the Tafel-like free energy barriers vs. reaction free energy for all the
intermediates of both associative paths, i.e. for the NHy (x = 1, 2, 3) and N;Hx (x = 1,2,3,4). Slopes for the
linear fits on either surface are close to 0, with coefficients of determination far from 1. The BEP
relationships fail to hold on either Fe surface, suggesting explicit consideration of barriers rather than
reaction energies are needed to compare rates between elementary steps. The reaction free energies
have contributions from the change in N,-Fe, N-N and N-H interaction strengths, making it challenging to
determine the source of non-linearity. A slope near zero for the best fit line suggests that the barrier to
form N-H bonds is relatively constant, with intercepts of 1.19 eV on both metals representing an inherent

high barrier to form N-H bonds on Fe surfaces.
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3.3.2 Associative paths following Heyrovsky-like steps
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Figure 10. BEP plot for associative paths following Heyrovsky-like steps on: a) Fe (110) b) Fe (100). The activation
barrier (G,.:) at 0 V-RHE is plotted against the reaction free energy (G,xn) at the same electrode potential. Linear
BEP equation for the best fit lines is given by a) Guct = 0.816G,x, + 0.796 on Fe (110) with COD (R?) =0.628 and b)
Goct = -0.095G , + 1.122 on Fe (100) with COD (R?) = 0.008.

Figure 10 shows the plot of the Heyrovsky-like free energy barriers vs. reaction free energy for all
the NHy (x = 1, 2, 3) and NaHy (x = 1,2,3,4) formation steps. On Fe (110), the linear relationship between
reaction and activation free energies has a slope of 0.81. However, the coefficient of determination, R? =
0.63 suggests that the linear fit is poor. The BEP relationship on Fe (100) has a slope close to 0 and a poor
fit. We have strived to maintain comparable reaction paths among different elementary steps, for
example, by beginning the H* atom at a similar distance from the N-containing adsorbate in each example.

However, variations in the reaction trajectories, including in water molecule orientations, likely contribute

to the noise in the BEP correlations.

The poor BEP relationships for the elementary steps of the associative paths highlight the necessity of
explicitly considering kinetic barriers in examining the relative rates of elementary steps in the NRR
mechanism. The calculated barriers show that both the BEP assumption among reaction steps is invalid,
and that barriers generally remain quite high at potentials where the reaction free energy becomes

favorable.
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3.4 Correction in the reaction symmetry factor or S
We have assumed a symmetry coefficient of 0.5 for all potential dependent barriers using Eq. 5. In

previous work, we have proposed corrections from this ideal 0.5 value by either considering electric field-
transition state interactions 3! or more detailed reaction path analysis 2. We might expect the transition
state, especially for Heyrovsky-like steps, to have a larger dipole moment than the initial state as it
involves transfer of a proton and electron to the surface species. We consider whether corrections for
the interaction of the dipole moment at the transition state with an interfacial electric field would

substantially alter reaction barriers.

To apply a field correction to the symmetry coefficient, we need to approximate how the interfacial field
depends on electrode potential. This dependence is not known a priori for any given electrochemical
interface, and therefore is only roughly approximated with the simplistic model we use here. We
approximate the electrode-electrolyte interface with a Helmholtz model with double-layer thickness of 3
A, and assume that the potential of zero charge (i.e., the potential at which the interfacial field is 0) is
equal to U°. As U varies slightly among reaction steps, this is a rough approximation used for convenience
in illustrating that field corrections would be small. With these assumptions, the symmetry coefficient
can be corrected from the assumed value of 0.5 for the difference between initial state and transition

state dipole-field interactions using the equation

R R (©)

where s represents the dipole moment of the transition state in the surface normal direction, s is the
dipole moment of the initial state (the A* state), and d is the assumed 3 A charge separation distance.
The corrected values for reaction symmetry factor are listed in the Table S5 and Table S6 of the
supplementary information. The corrected valued for reaction symmetry factor varies from 0.32 to 0.55.

As U° values are all close to 0 V-RHE, these corrections to the symmetry factors would lead to a maximum
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correction to the 0 V-RHE barriers reported in Figures 2, 4-6, and 8-9 of 0.05 eV. This correction is small,
and well within the errors associated with our barrier estimation method more generally. Corrections to
the symmetry factors will make a larger difference when barriers are extrapolated far from U° as they
were in determining the kinetically limiting potentials in section 3.2. The largest absolute change in Uk
value is 0.78, though this change does not cause any changes to the qualitative conclusions and

discussions above.

4. Summary and conclusions
In summary, we have examined the potential dependent elementary kinetics and thermodynamics of

the electrochemical N, reduction on two low index surfaces of Fe. The distal and alternating associative
paths were considered, following both Tafel and Heyrovsky-like elementary steps. The major conclusion
reached is that all barriers are greater than 1 eV at 0 V-RHE, such that high overpotentials are required for
NRR. These results suggest Fe catalysts will be ineffective for NRR, despite being active Haber-Bosch
catalysts occupying the peak of predicted NRR volcano relationships. The reported energetics provide
guantitative activation barriers that help illustrate the great challenge in developing active NRR
electrocatalysts. Such barriers are not accessible experimentally due to the low activity and selectivity for

NRR causing difficulties in measuring NRR rates.

Were the NRR to proceed with a measurable rate on these surfaces, we find that the alternating path has
a smaller apparent activation barrier following the Tafel-like mechanism. Explicit water molecules
accelerate some steps through Heyrovsky-like reactions, and make the distal path dominant. Interfacial
water molecules in Heyrovsky-like steps are not able to consistently promote all N-H formation steps, such
that the operable mechanism likely combines surface-facilitated N-H formation steps and water-assisted

proton shuttling steps.
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BEP relationships were observed to poorly hold for electrochemical N-H formation steps, suggesting
explicit consideration of activation barriers is needed to evaluate NRR catalysts computationally.
Calculated activation barriers suggest significantly larger overpotentials for NRR than inferred from

consideration of only elementary reaction free energies.

5. Supplementary Information

See supplementary information for the structures and parameters of all computed transition states

and also for the correction in the symmetry factor and corresponding change in kinetic overpotential.
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