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ABSTRACT: The nitrogen reduction reaction (NRR) is a renewable alternative to the energy and CO, intensive Haber-Bosch NHj3
synthesis process but is severely limited by the low activity and selectivity of studied electrocatalysts. The Chevrel phase Fe;MogSg
has a surface Fe-S-Mo coordination environment that mimics the nitrogenase FeMo-cofactor and was recently shown to provide
state-of-the-art activity and selectivity for NRR. Here, we unravel the previously-unknown NRR mechanism on Fe;MosSs via
grand-canonical density functional theory (GC-DFT) that realistically models solvated and biased surfaces. Furthermore, we devel-
oped a new GC-DFT-based approach for calculating transition states (TS) as a function of bias (GC-NEB) and applied GC-NEB to
develop a microkinetic model for NRR at Fe;MosSs. Our results demonstrate that NRR occurs rapidly and selectively at Fe sites
due to low TS barriers for both key reaction steps, which breaks conventional scaling relations. Fe sites selectively stabilize the key
*N, protonation step via dissociation of a subsurface Fe-S bond that results in narrow bands of free-atom-like d-states that selec-
tively hybridize with p-states of *NNH. Our results provide new design principles for effective NRR electrocatalysts and may be
broadly applied to the rational discovery of stable, multinary electrocatalysts for other reactions where narrow bands of surface d-
states can be tuned to selectively stabilize key reaction intermediates and guide selectivity towards a target product. Furthermore,
our results highlight the importance of using GC-DFT and GC-NEB to accurately model electrocatalytic reactions.

INTRODUCTION A
The synthesis of ammonia from nitrogen is a foundation of

modern society due to the critical role it plays in producing .

ammonia for fertilizers that support feeding nearly half of the 3

global population."? Over 90% of the world’s 235 Mt/year

production of NHj is generated via the Haber-Bosch process,

which is highly energy intensive and generates ~1.8% of glob-

al CO, emissions annually.> Synthesis of NH; via the elec- p. ‘

trocatalytic nitrogen reduction reaction (NRR) is a promising «“ ] ]
alternative process because it can be powered by renewable Figure 1: Structural Similarities of Fe-S-Mo Bonding.
electricity, uses N> and H»O as sustainable inputs and enables Ground-state structures of the nitrogenase FeMo-cofactor (A) and
distributed production.*”3!1%!'" Ammonia produced by NRR is (110) Fe;MogSg Chevrel phase surface (B). The similar Fe-S-Mo
also a promising fuel for renewable energy storage and a re- coordination of the structures is highlighted.

newable precursor to other industrial chemicals such as nitric
acid.*"? Yet, the development of NRR has been limited by the
absence of an active and selective electrocatalyst, with the

binding are limited by high barriers for *NH; desorption (*
denotes adsorbed species).”!

majority of currently studied materials yielding Faradaic effi- In nature, NH; is synthesized from N> by nitrogenase en-
ciencies (FE) of <10% due to competition with proton reduc- zymes in conjunction with a catalytic FeMo-cofactor.”** The
tion via the hydrogen evolution reaction (HER).**7132° Fyr- impressive activity of the cofactor is enabled by its structure,
thermore, NRR activity and selectivity on transition-metal which is comprised of Fe active sites coordinated with Mo
surfaces is severely limited by linear scaling relations between through sulfur atoms (Figure 1a). An analogous inorganic
NRR intermediates, where metals with weaker nitrogen bind- structure is the metallic Chevrel phase Fe;MoeSs, where Fe
ing are limited by poor N adsorption and high barriers for *N, atoms coordinate to an Mog octahedra through sulfur atoms
protonation to *NNH, whereas metals with strong nitrogen (Figure 1b). The Fe-S-Mo coordination environment of the

1



(110) surface of Fe:MogSs closely resembles that of the Fe
active site of the FeMo-cofactor and may therefore provide
favorable energetics for ambient conversion of N, to NHs.
Furthermore, during the preparation of this report, an experi-
mental investigation of Fe;MosSs catalyzed NRR found that it
yielded a state-of-the-art FE of 12.5% and a high rate of 70 ug
NH; h'! mge,! at a low bias of -0.20 V vs. RHE, which was
stable over 50 h.2 However, the mechanism for NRR on this
impressive material has not yet been determined, limiting the
understanding necessary to rationally design superior electro-
catalysts in this material space.

To probe the NRR reaction mechanism on Fe;MosSs under
realistic reaction conditions (e.g., in solvent with applied bias),
we used grand-canonical density functional theory (GC-
DFT)?2% and implemented a new GC-DFT approach to calcu-
late reaction barriers as a function of the applied bias (GC-
NEB, see Methods). We find that Fe surface sites on
FexMosSs facilitate rapid NRR rates (>10 pg h'' cm™) due to
selective stabilization of the key *NNH intermediate relative
to *N,. Consequently, GC-NEB computes low barriers for
both *N, protonation to *NNH and *NH; desorption, which
are the rate determining steps (RDS) for metals with weaker
and stronger nitrogen binding, respectively.**' N, adsorption
at Fe sites results in a concomitant dissociation of the subsur-
face Fe-S bond (1 in Figure 1), similar to the N, reduction
mechanism on the nitrogenase FeMo- and FeV-cofactors
where two Fe-S bonds dissociate (2 and 3 in Figure 1) to re-
veal the Fe active sites.!"?>* On Fe;MosSs, this yields a trigo-
nal pyramidal Fe active site with narrow bands of free-atom-
like d-states that overlap significantly with the nitrogen p-
states of *NNH, but not *N, or *NHj3, which selectively stabi-
lizes *NNH and breaks conventional NRR scaling relations.
The elucidation of the NRR mechanism on Fe;MogSg provides
important insights into the rational design of superior electro-
catalysts with high NH; activity and selectivity.

RESULTS AND DISCUSSION

NRR Mechanism on Fe;M0sSg
NRR involves the transfer of six protons and six electrons to

N; to yield two NH; molecules. In electrocatalytic NRR, the
protons and electrons are derived from water oxidation at the
anode and are transferred to the *N.H, species from the
solvent and NRR electrocatalyst, respectively. Three reaction
mechanisms have been proposed for NRR: 1) the associative
alternating pathway, where the nitrogen atoms of *N, are
protonated in parallel to form *NH,NH, and then *NHj;
(Figure 2, opaque), 2) the associative distal pathway, where
the nitrogen atoms are protonated in series to form *NNHj
then *NH; (Figure 2, transparent), and 3) the dissociative
pathway, where N, dissociatively adsorbs into two *N atoms
at separate sites, which are subsequently protonated.*!”"'® The
dissociative pathway is not considered further due to the large
change in grand-free energy (A®) for dissociative N,
adsorption, which ranges from 2.81 to 2.44 eV at 0.0 V and -
0.5 V, respectively (see Figure S1). For the associative
pathways, NRR catalyzed by conventional metal surfaces is
limited by the linear scaling of NRR intermediates, where
metals with weaker N, binding are limited by *N, protonation
to *NNH, and metals with stronger N, binding are limited by
*NH; desorption.!”!

Chevrel phase Fe;MogSg is a multi-site catalyst with Mo, Fe
and S surface sites that bind nitrogen and hydrogen. Figures
2a and b show the GC-DFT computed energies for the
associative NRR pathways on Mo and Fe surface sites,
respectively, from 0.0 to -0.5 V, which spans the range of
commonly studied reducing biases.®'*** Nitrogen and
hydrogen binding is not favorable at S sites (Figure S2), while
at Mo sites, NRR proceeds via either the associative
alternating or associative distal pathways (Figure 2a).
However, the final reaction step of both pathways is *NHj
desorption, which requires a large desorption grand-free
energy A®, of 1.16-1.32 eV at the considered biases.
Consequently, the rate of NH; production (rnus) from Mo sites
between 0.0 and -0.5 V is negligibly low, with ryus < 4.4x10°
pg NH; h! em? (i.e., 4.2x107 mA cm™) and a *NH; coverage
>99.999% if no additional activation barriers exist that would
further lower NRR activity (i.e., TS; 2 A®d,). Consequently,
our calculations predict that Mo sites are poisoned by over-
binding of *NHj, which results in negligible NRR and HER
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Figure 2: NRR Mechanism on Fe;MosSs. The associative alternating (opaque) and associative distal (transparent) NRR pathways at
Mo (A) and Fe (B) surface sites, at applied biases of 0.0, -0.25 and -0.5 V vs. RHE (red, green, blue, respectively) in H,O solvent at pH
7. The Volmer-Heyrovsky HER pathway on Fe sites is shown in the inset. Transition states are included for *N, protonation (TS;),
*NH; desorption (TS;), H" adsorption (TS3) and *H protonation (TSs) on Fe sites. NHs(aq) is set as the grand-free energy (®) refer-

ence, which results in the bias dependence of the initial state.



activity at these sites at biases between 0.0 to -0.5 V (Figure
S3).

NRR at Fe sites may also proceed through either associative
pathway (Figure 2b), which both involve the same key
reaction steps: *N, protonation to *NNH and *NHj;
desorption. Relative to binding at Mo sites, N, and NHj
binding energies are shifted by +0.53 and +0.66 eV at 0 V,
respectively. This suggests that Fe sites bind NRR
intermediates more weakly than Mo sites. However, the
reaction intermediate *NNH has a similar binding energy on
both Fe and Mo sites (-0.03 and +0.06 eV at 0 V,
respectively), indicating that Fe sites selectively stabilize the
key *NNH intermediate relative to *N,, which lowers the
grand-free energy of *N, protonation, A®;. Consequently Ad,
and A®, are both lower on Fe sites than on Mo sites.
Furthermore, the A® for these steps is not affected by *NHj
adsorption at neighboring Mo sites (Figure S4). This selective
stabilization of *NNH indicates that the Fe surface sites of
Fe;MogSg break linear scaling relations for NRR.

Grand Canonical Microkinetic Modeling

To compute the kinetics of Fe;MosSs catalyzed NRR, we
developed and applied a grand canonical implementation of
the nudged elastic band method (GC-NEB, see Methods) to
calculate the activation energies (®,) for four key transition
states (TSs) on Fe sites: 1) *N, protonation by H;O" to form
*NNH and H>O (TS:), 2) *NH3 desorption (TS,), 3) proton
adsorption from H;O" to form H* and H,O (HER, Volmer
step, TS3), and 4) H* protonation by H;O" to form H, and H,O
(HER, Heyrovsky step, TS4). The TS grand-free energies are
shown in Figure 2b as a function of bias. TS, has a low &, at
all three biases, decreasing from 0.55 to 0.36 eV as the bias
decreases from 0.0 to -0.5 V, resulting in a large rate constant
(k) of >1.9x10* M! s'. *NH; desorbs reductively, requiring
~0.40 electrons to be transferred to the desorbing NH;. Conse-
quently, TS, is bias-dependent, with an @, that decreases from
0.75 eV at 0.0 V to 0.54 eV at -0.5 V. This results in an in-
crease in k from 8.1 to 2.9x10* s'. Thus, NRR at the Fe sites
of Fe;MogSg proceeds via low @, ’s for both TS; and TS, due
to the selective stabilization of *NNH and the intermediate
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binding energy of *NHj;. The RDS between 0.0 and -0.5 V is
TS,. Non-GC approaches such as the computational hydrogen
electrode (CHE) would fail to capture the bias-dependence of
the RDS because it is not a proton-coupled electron transfer.
GC-NEB was also used to compute the ®,’s of the Volmer-
Heyrovsky mechanism for HER at Fe sites to determine the
activity of this reaction and the resultant selectivity towards
NRR. At 0.0 V, both the Volmer (H* — H*) and Heyrovsky
(H* + H* > H,) steps have low ®,’s of 0.34 and 0.09 eV,
respectively, with the Volmer step being rate limiting. At more
reducing biases, the Volmer barrier decreases and the Heyrov-
sky barrier slightly increases, shifting to 0.23 and 0.11 eV,
respectively, at -0.5 V.

We developed a microkinetic model for NRR and HER on
Fe;MogSg using the computed thermodynamics and ®,’s of
each reaction step (see Methods and Section S2). Mo sites
have a negligible contribution to the current densities of NRR
and HER (Figure S3). The low ®,’s for both *N, protonation
and *NH; desorption at Fe sites result in high selectivity to-
wards NRR, with a FE of 74-99% at pH 7 (Figure 3a). How-
ever, at pH 7 the activity of NRR is low due to the low [H'],
with a current density of only 2.1x10% mA cm? at -0.5 V.
Decreasing the solvent pH increases NRR activity, however it
also increases HER activity at a greater rate, resulting in a
decrease of FE as the pH decreases below 7. This effect is
evident in Figure 3b, where the NH; yield is maximized at
lower pH and more reducing biases, but the FE is maximized
at higher pH and less reducing biases. Figure 3b further
demonstrates the challenge of identifying superior NRR elec-
trocatalysts with desirable metrics for both activity and selec-
tivity, which are maximized under different conditions. De-
spite this limitation, the pH range of 5-6 combined with a bias
of -0.5 V balances a high FE (9-26%) and a high NH; yield
(39-392 pg h' mge,! and 0.02-0.2 mA cm™), which is superi-
or to most NRR electrocatalysts studied to-date.*'"!* These
results are in good agreement with recent experimental metrics
of 12.5% FE and 70 pg NH; h"' mg.," at pH 4.5 and -0.2 V,*
despite the exponential sensitivity of NRR activity and selec-
tivity on reactor conditions. Our model predicts 6.0% FE and
1.7 pg NH; h'! mge, ! at pH 4.5 and -0.2 V.
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Figure 3: NRR Microkinetic Model. Current densities for NRR and HER, and NRR Faradaic efficiency (A) calculated at biases of
0.0, -0.25 and -0.5 V at pH 7 using an NRR microkinetic model based on reaction barriers computed by GC-NEB. (B) Heatmap of NH3
yield (color) and NRR FE (black & white shading) as pH and applied bias are varied in the NRR microkinetic model for Fe;MosSs.

Both Fe and Mo sites are considered in the microkinetic model.
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We also developed a simplified microkinetic model based
on energies calculated with the CHE approximation®” (Figure
SS), which deviates considerably from experiment (e.g., 0.5%
FE and 0.008 ug NH; h! mgc.' at pH 5 and -0.25 V) and un-
derscores the need for GC-DFT and GC-NEB to accurately
model electrochemical NRR.

How Fe Sites Break Linear Scaling

The impressive activity and selectivity of the Fe surface
sites of Fe:MoeSs is a consequence of their selective stabiliza-
tion of *NNH relative to *N, and *NHj3. During N, adsorption
on Fe, a concurrent dissociation of the subsurface Fe-S bond
occurs to stabilize the Fe-N bond (see Figures 4a and b), ena-
bling an Sy2 reaction for this step to activate the N, triple-
bond. This is similar to the N, reduction mechanism of the
nitrogenase FeMo- and FeV-cofactors where two Fe-S bonds
(2 and 3 in Figure 1) dissociate to produce the trigonal pyram-
idal Fe active site.'”?*? Fe-S subsurface bond dissociation on
Fe;MogSg also yields a trigonal pyramidal active site (tetrahe-
dral with *NHy). This mechanism supports the biomimetic
properties of Fe;MoeSs. The Fe-S subsurface bond remains
broken until *NH; desorbs (Figure 4d). In contrast, the Fe-S
bond remains intact upon proton adsorption at Fe sites.

An intriguing consequence of the subsurface Fe-S bond dis-
sociation and the rearrangement of the Fe site geometry is the
narrowing of the d,2 band of the surface Fe atom into free-
atom-like states at -6.5 and -3.8 eV below the Fermi level.
Narrow d-state bands in single-atom catalysts have been
shown to influence selectivity via hybridization with molecu-
lar orbitals of a similar energy, which selectively stabilizes the
corresponding adsorbates.*® The bonding d, state at -6.5 eV
exhibits significant overlap with the p,, state of the bound N of
*NNH (Figure 4c¢), however minimal overlap exists between
these states in *N, and *NH; (Figures 4b and d). The large

and selective overlap between the Fe d,2 and *NNH p,, states
indicates a selective stabilization of *NNH relative to *N, or
*NH3, matching the calculated binding energies of these ad-
sorbates. Additionally, we fixed the Fe surface atom in our
model to its position in the clean surface, and then adsorbed
*N,, *NNH and *NH; to the fixed Fe atom to determine the
importance of the Fe-S bond dissociation on the binding ener-
gies of these adsorbates. This prevents the Fe-S bond from
dissociating and the band of surface d-states from narrowing
(Figure 4e). Consequently, no selective stabilization of *NNH
is calculated when the Fe surface atom is fixed, and the Ad for
*N, protonation to *NNH is 1.19 eV at -0.5 V, vs. 0.36 eV
when the surface Fe atom is free to dissociate from the subsur-
face S atom.

In contrast to Fe;MosSs, the measured FE and activity of
NRR catalyzed by the Cu;MosSg Chevrel phase are an order of
magnitude lower than that of Fe;MosSs,” despite its similar
structure, composition and bulk electronic properties.*'** The
Cu surface sites of Cu:MosSg bind more weakly to *N, and
*NH; (see Figure 4f), and do not selectively stabilize *NNH.
This significantly increases the A® of *N, protonation to 1.06-
1.36 eV between 0.0 and -0.5 V vs. 0.36-0.55 eV on
Fe:MogSs, which dramatically decreases the calculated NRR
activity of Cu sites to <1.0x10® pg h'' cm? at all conditions
(Figure S6). Analogous to Fe;Mo¢Ss, *NNH binding at Cu
surface sites of CuxMoeSs causes a dissociation of the subsur-
face Cu-S bond. However, the Cu atom only shifts 0.54 A in
the z-direction vs. a 0.76 A shift of Fe in Fe;MosSs. Conse-
quently, the band of d,2 states of the surface Cu atom does not
narrow, and this broad band of d-states overlap minimally with
the N p,, states of *NNH (Figures 4g and h). Thus, the negli-
gible overlap of surface d,2 states with the *NNH p,, states at
Cu sites produces conventional scaling limitations of NRR
intermediates on CuMogSg, and ultimately low NRR activity
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Figure 4: Selective *NNH Stabilization. Structure and projected density of states (pDOS) for the clean Fe;MogSs surface (A), and the
Fe,MoeSs surface with *N, (B), *NNH (C), *NH; (D), and *NNH with the Fe surface atom fixed at its position on the clean surface
(E). The abbreviated NRR mechanism on Cu;MogSs (F) is included for comparison alongside the pDOS of the clean (G) and *NNH
covered (H) CuxMogSs surfaces. The pDOS for these structures is shown for the surface Fe/Cu atom and adsorbed *N atom, at 0.0 V.



and selectivity (Figure S6).

Our results show that superior NRR activity and selectivity
may be achieved by materials that selectively stabilize *NNH
relative to *N,, while binding *NH; more weakly than
Fe;MogSs. New materials can be rapidly screened by their free
energies to protonate *N, to *NNH and desorb *NHj3 to identi-
fy promising candidates that minimize the @, barriers of both
of these key reaction steps. We thus recommend high-
throughput screening of multinary materials with Fe-C-TM
(C=chalcogenide; TM=redox-active transition metal) coordi-
nation environments to identify superior NRR electrocatalysts
with low A® and @, of *N, protonation and *NHj3 desorption.
The multinary Chevrel phases may provide an ideal platform
for designing electrocatalysts that meet these criteria due to
the similarity of their active sites to the nitrogenase co-factors
and their tunable compositions that allow a range of chalco-
genide stoichiometries and transition-metal intercalants.?-3
Expanding the set of NRR electrocatalysts that break scaling
relations via GC-DFT studies may elucidate the importance of
narrow bands of surface d-states near -6.5 eV below the Fermi
level, concurrent N> adsorption and Fe-S bond dissociation,
and the trigonal pyramidal Fe active site geometry (tetrahedral
with *NHy).

CONCLUSION

Fe:MosSs provides state-of-the-art activity and selectivity
for NRR via the selective stabilization of *NNH relative to
*N, that results in low @, s for the key NRR reaction steps of
*N2 protonation and *NH3 desorption. This selective stabili-
zation results from the narrow band of free-atom-like d-states
that arise via a biomimetic Fe-S bond dissociation during
NRR. New materials can be screened by their A®’s of *N:
protonation and *NHs desorption to identify promising
NRR electrocatalysts that break scaling relations, analo-
gous to FeaMosSs. Our results also highlight the need for a
grand-canonical approach for modeling electrocatalytic sys-
tems, which is necessary to illuminate the bias-dependence of
the RDS at Fe surface sites and to accurately predict NRR
activity and selectivity. We anticipate that grand-canonical
modeling, including GC-NEB, will be critical for developing
realistic and accurate mechanisms and microkinetic models for
other electrochemical reactions. Furthermore, the mechanism
discovered here provides new insights for designing stable,
multinary electrocatalysts for other reactions, where the ener-
gy levels of narrow bands of surface d-states may be tuned to
selectively hybridize with key reaction intermediates, resulting
in improved activity and/or selectivity towards a target prod-
uct. A rational electrocatalyst design platform may be devel-
oped by compositionally tuning the Chevrel phases.

EXPERIMENTAL SECTION

GC-DFT

GC-DFT calculations were performed using the JDFTx
software.***” All calculations were performed using the PBE
functional,*® with the D2 van der Waals correction.* General
calculation parameters included a 20 Hartree electronic energy
cutoff, spin polarization, no symmetry constraints, a I'-
centered k-point grid with a density of 1000/Naoms, and an
energy convergence threshold of 1 meV. Calculations of sur-

faces and adsorbate systems were performed using the
CANDLE linear PCM solvation model for H,O, with 0.5 M
Na' and F~ ions.”** A more complete description of the meth-
ods used to calculate and generate reaction pathways (Figure
2) is provided in Section S1.

All reaction pathways were shifted so that the final state --
2NH; or H -- was defined as having a grand-free energy of 0
eV. This shifts the initial state -- N, and 6 protons for NRR, 2
protons for HER -- as the bias becomes more reducing due to
the relative destabilization (stabilization) of protons (electrons)
in the solvent (bulk electrode). This represents the system
more accurately than setting the initial state of the reaction
pathway as the reference, which implies that the neutral prod-
uct molecules NH3 and H, are stabilized by a more reducing
bias. Additional discussion of reference states is available in
Section S1.

Orbital-projected density of states (pDOS) were calculated
for specific surface and adsorbate systems using JDFTx. Cal-
culated pDOS were plotted with a Gaussian smearing of 0.1
eV using Pymatgen,*' and were centered to the Fermi level.

Grand-Canonical Nudged Elastic Band Approach

We implemented the GC-NEB approach to calculate TS
pathways as a function of bias, while allowing the fractional
transfer of electrons between the surface and adsorbate
throughout the TS pathway. GC-NEB is only the second im-
plementation of a fully grand-canonical approach for relaxing
TS pathways in equilibrium with an applied bias.** We im-
proved the base JDFTx calculator in the pythonic atomic
simulation environment (ASE),* to enable its use with the
ASE implementation of the NEB method.** This allowed
each NEB image to be calculated with JDFTx at the corre-
sponding bias with an independent charge density and solvent
response. GC-NEB calculation parameters are readily
switched between a variety of different solvent models, biases,
NEB optimizers, TS images, DFT functionals, etc., and this
code can be readily applied to any surface calculations. The
GC-NEB code is available at https:/github.com/Nick-
Singstock/GCNEB and contains a detailed description and
tutorials to setup and run GC-DFT and GC-NEB calculations.

In this work we used five NEB images (not including the in-
itial and final states) to calculate the TS pathways and E,. E, is
calculated as the difference between the maximum energy
along the converged TS path and the energy of the initial state.
For protonation reactions, an H3O" molecule was placed above
the atom being protonated, with a hydrogen atom pointing in
the -z direction toward the surface, separated from the atom
being protonated by 1.8 A. The final state included both the
protonated adsorbate and the remaining H,O molecule above
the surface.

Microkinetic Model

A microkinetic model was developed that includes NRR and
HER steps to calculate the coverage of different adsorbates,
the reaction rates of the elementary steps, the current density
for NRR and HER, the mass yield of NH3 and H,, and the FE
of NRR. Detailed descriptions of the calculations of elemen-
tary step rate constants, steady-state adsorbate coverages, and
microkinetic model outputs are included in Section S2.
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