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ABSTRACT: Electrochemical N2 reduction (NRR) to ammonia is
seriously limited by the competing hydrogen evolution reaction
(HER), but atomic-scale factors controlling HER/NRR competi-
tion are unknown. Herein we unveil the mechanism, thermody-
namics, and kinetics determining the HER/NRR efficiency on the
state-of-the-art NRR electrocatalyst, Ru-N4, using grand canonical
ensemble density functional theory (GCE-DFT). We show that
NRR/HER intermediates coadsorb on the catalyst where NRR
intermediates suppress HER and selectivity is determined by the
initial step forming *NNH or *H. Our results provide crucial
insight into the complex NRR/HER competition, show the
necessity of using GCE-DFT calculations, and suggest ways to
improve NRR selectivity.

KEYWORDS: hydrogen evolution reaction, electrochemical N2 reduction, grand canonical ensemble density functional theory

Ammonia is one of the most important chemicals in
modern industries and agriculture. The Haber−Bosch

process was developed to industrially reduce N2 to NH3 in the
early 1900s.1−4 This process, however, has a large carbon
footprint, causing 1−2% of the world’s annual energy
consumption and CO2 emissions.5−7 The high environmental
cost is in large part due to the production of pure hydrogen
through methane steam-reforming at high reaction temper-
atures and pressures. Electrochemical N2 reduction reaction
(NRR) in aqueous electrolytes emerges as an attractive
environmentally friendly alternative for sustainable ammonia
production.6,7 Nevertheless, the NRR is seriously limited by
the strong NN bond, low solubility of N2 in water, slow
reaction kinetics, and the competing hydrogen evolution
reaction (HER).6−9

Presently, various strategies such as catalyst design, electro-
lyte modulation, and reactor optimization6−17 are being
investigated as means to improve NRR activity and to limit
the HER in aqueous electrolytes. Although the most significant
improvements in NRR performance have been achieved
through the electrocatalyst design approach,8 it is hindered
by simultaneously requiring strong N2 adsorption and limited
HER activity.18−22 Often, catalyst design is based on
thermodynamic principles but scaling relations between HER
and NRR intermediates indicate that HER cannot be
satisfactorily suppressed through thermodynamic control
alone.21−26 Alternative design principles aim to optimize
NRR through controlling reaction kinetics but this is also
difficult since free-energy scaling relations indicate that the
NRR is kinetically slower than the HER.26−29

In addition to improving the electrocatalytic materials,
modulation of the reaction environment through electrolyte
design and limiting hydrogen transport to the active site has
also been recognized as an efficient strategy to selectively
facilitate NRR.9,22 A recent experimental study on the role of
different electrolyte counterions (Li+, Na+, and K+) showed
that the interaction between Li+ and N2 molecules can
markedly enhance N2 concentration at the electrode surface.10

It has also been shown that regulation of proton and nitrogen
diffusion combined with cation-dependent stabilization of
NRR intermediates can be leveraged to reach higher activity
and selectivity for NRR.23 Recently, this strategy of combining
electrolyte design with controlled hydrogen transport through
“molecular crowding” was identified as an efficient approach to
suppress HER and enhance NRR.16

Despite significant advances in improving electrocatalytic
materials, electrolyte composition, and transport properties,
the competing HER still limits overall NRR perform-
ance,8,10,25−29 and low selectivity, current density, and energy
efficiency of present electrocatalytic systems make NRR
unviable at the industrial scale.30 Current state-of-the-art
catalysts are still far away from the performance of ideal
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catalysts or that of naturally occurring nitrogenaze enzymes,
which catalyze the N2 to NH3 reaction with high activity and
selectivity under mild reaction conditions.30 The near-ideal
performance of nitrogenases30 can be attributed to the
combination of an active NRR catalytic site and the limited
number of protons near this site.25,31,32 This implies that in
addition to the NRR catalytically active site, the reaction
environment has a central role in NRR (electro)catalysis.
Transferring this inspiration to catalyst design requires a better
understanding of the factors controlling HER/NRR competi-
tion at the atomic level.30

It is well-known that the competing NRR and HER reaction
steps may take place on a single common active site or on two
separate sites,33,34 where the former offers a more well-defined
reaction environment. In contrast, extended surfaces are
nonuniform and have multiple active sites for competing
reactions which often limits the achievable selectivity unless
some very advanced catalyst architechures are employed.15 In
general, single-35 or biatom nanocatalysts36 (SACs and BACs,
respectively) provide a more restricted reaction environment
as the presence of a single or few metal active centers confine
NRR and HER to the same or nearby sites. Therefore, SACs
and BACs are among the best catalysts to address the
competition between NRR and HER.35−38 In particular,
various SACs, such as transition metals/g-C3N4, Mo-BN,
single-boron, Mo(Cr)/N3-G, and Ru-N4-G,

17,18,39−43 have
proven to be efficient for NRR. Among the different SACs,
the Ru single-atom anchored on nitrogen-doped graphene
(Ru-N4) exhibits the highest experimentally verified NRR
performance to date with 30% selectivity toward NRR at −0.2
VRHE.

40 Despite the experimentally proven performance, the
factors making Ru-N4 such a promising catalyst remain
unknown, which limits the systematic development of SACs
or other electrocatalysts for NRR.
Herein, we unveil the HER/NRR competition in the Ru-N4

using state-of-the-art constant potential, grand canonical
ensemble density functional theory (GCE-DFT) simula-
tions44−46 using a hybrid explicit/implicit solvation treatment
as detailed in the Supporting Information section S1. This
advanced computational approach allows us to consider both
thermodynamic and kinetic factors for competing NRR and
HER pathways as a function of the electrode potential while

properly accounting for solvent interactions. We observed that
a GCE-DFT treatment is crucial for correctly capturing the
reaction and transition state energies activity and that
canonical constant-charge DFT calculations cannot even
qualitatively explain the selectivity of Ru-N4 toward NRR.
Our results show that the interaction between coadsorbed
hydrogen and NRR intermediates determines the NRR/HER
selectivity on the Ru-N4 catalyst. Specifically, we found the first
proton-coupled electron transfer (PCET) step in NRR to
control the selectivity indicating that research efforts should
therefore focus on facilitating this step.
We modeled the Ru-Nx SAC as a Ru atom coordinated to

four nitrogens in a porphyrin-like geometry, Ru-N4. This
model for the active site was chosen on the basis of EXAFS
measurements showing that the coordination number of ∼3.4
for Ru−N bonds40 and a simulation study47 showing that Ru-
N4 is expected to show superior performance as compared with
Ru-N3. As the first reaction step we considered the interaction
between H2 and the active site. The adsorbed H2 molecule was
found to be unstable on the Ru-N4 site, decomposing
spontaneously into two H atoms as shown in Figure S2.
This indicates that the Heyrovsky step (2H* → H2) is difficult
and the catalyst’s NRR selectivity is promising. To understand
HER on the catalyst studied, we examined the electrochemical
Volmer reaction (H3O

++e− → *H+H2O). This reaction is a
fundamental step in HER and generally used to determine
HER activity.48,49 Because the Ru-N4 exhibits high NRR
performance under acidic conditions,40 we studied the acidic
Volmer step from a H3O

+ ion solvated in a water layer near the
catalyst surface. Figure 1a and Table S3 show that, according
to the constant potential GCE-DFT calculations, the Volmer
reaction has a high activation energy of 1.32 eV at 0 VSHE but is
thermodynamically feasible as seen from the exergonic reaction
free energies (ΔEr). The reaction becomes both thermody-
namically and kinetically more accessible as the electrode
potential decreases. The comparison of canonical fixed-charge
or constant-potential GCE-DFT calculations clearly shows that
the activation and reaction energies are potential-dependent
and that the two methods yield similar results only at U = −0.2
VSHE for the Volmer reaction. Interestingly, the activation
barriers are more sensitive than reaction thermodynamics to
changes in the electrode potential. This behavior is analyzed in

Figure 1. (a) The Volmer reaction (H3O
++e− → *H+H2O) and (b) the N2 adsorption on bare Ru-N4 site. In (a), IS, TS, and FS represent initial,

transition, and final states of the Volmer reaction, respectively. In (b), IS corresponds to N2(g) and FS to *N2.
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detail in the Supporting Information Section S6 and can be
attributed to the electrode’s low density of states and the water
reorganization during the reaction.
The first NRR step, N2 adsorption on the active site, is

nominally a chemical reaction and expected to be independent
of the electrode potential. Figure 1b along with Tables S2−S3,
however, show that N2 adsorbs strongly at the Ru-N4 site, and
the adsorption energy depends on the electrode potential. The
constant potential treatment predicts stronger adsorption than
the constant charge calculation by approximately 0.5 eV. The
large difference in adsorption energies between the two
methods is due to the ΦeΔNe term in the definition of grand
free energies as discussed in the Supporting Information
Section S1 (Φe is the absolute electrode potential and ΔNe the
change in the number of electrons in the system). The
potential-dependency of N2 adsorption can be understood by
analyzing the Bader charges given in Figure 2. The Bader
charge analysis reveals that an electron transfer from Ru to *N2
forming a π backbond17,18,50 occurs during adsorption. This
leads to stronger N2 adsorption and activation. Figure 2a shows
that the Ru-N4 site can promote N2 activation through electron

donation at reducing potentials and, in particular, the charge
transfer between Ru and N2 depends on the electrode
potential. The explicit potential dependency of the adsorption
energy and charge transfer also demonstrates that using GCE-
DFT is warranted even for nominally chemical steps.
The results in Figure 1 and Tables S2−S3 show that the

adsorption energy of N2 is more exothermic than the Volmer
reaction energy at all considered potentials. HER is also
kinetically limited as the Volmer reaction has a sizable barrier
compared to, e.g., platinum51 where the Volmer reaction has
low barriers and the HER is limited by the Heyrovsky step. On
Ru-N4, the N2 adsorption is favored over H adsorption, at least
when transport limitations are omitted, and given the high
Volmer barrier it is unlikely that the Ru-N4 is active toward
HER under the considered reaction conditions. Instead, NRR
and HER may proceed simultaneously having coadsorbed *H
and *NxHy intermediates present and interacting with each
other.52 Therefore, we addressed HER along the NRR
pathway, with different possible coadsorption configurations
shown in Figures 3 and 4.

Figure 2. (a) The charge variation (Δρ = ρN2(adsorption) − ρN2(gas)) of the adsorbed *N2 on Ru-N4 site and the corresponding Δρ (Δρ =
ρRu(Ru@N2) − ρRu(bare)) of the Ru site occupied by *N2 intermediate species (Ru@N2) with fixed-charge and constant-potential(U). (b) The
Δρ (Δρ = ρRu(Ru@NxHy) − ρRu(bare)) of the Ru site occupied by NRR intermediate species (Ru@NxHy) at different electrode potentials.
Positive values correspond to accumulation of charge.

Figure 3. (a) The possible pathways for the first PCET in NRR. (b−d) Corresponding energy diagrams.
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Initially, we considered three distinct elementary steps from
an adsorbed *N2 configuration toward a NNH intermediate,
shown in Figure 3a. These steps are the NNH step, the Volmer
step, and the Volmer-NNH step. Both NNH and Volmer steps
are electrochemical PCET reactions depending strongly on the
electrode potential (see Figure 3), whereas the Volmer-NNH
step is a chemical reaction step. Figure 3b shows that the NNH
step is highly unfavored with Ea > 1.75 eV and ΔEr = 0.5 eV
even at −0.5 VSHE. The high barrier and endothermicity are in
line with the general understanding that the first PCET step
producing *NNH hinders NRR kinetically.8

The Volmer step leading to coadsorbed *N2 and *H is
thermoneutral at −0.5 VSHE (see Figure 3c) due to the
presence of *N2 and the decreased charge on the Ru center.
According to the commonly applied Volcano analysis,53−55

nearly thermoneutral hydrogen adsorption indicates that *N2-
Ru-N4 is close to an ideal HER catalyst. Interestingly, the
presence of *N2 significantly increases the reaction barrier for
the Volmer step compared with the barrier on the empty Ru-
N4 site as can be seen by comparing the grand free energy
profiles in Figures 1a and 3c. For instance, at −0.2 VRHE, *N2
increases the Volmer barrier from 0.85 to 1.85 eV and makes
the reaction thermodynamically unfavorable by changing the
reaction energy from −1.0 to 0.4 eV. This comparison clearly
demonstrates that NRR/HER competition cannot be
explained by reaction thermodynamics alone or a simple
description for the active site. The Volmer reaction barriers
also exemplify the importance of GCE-DFT as the constant
charge barriers with and without *N2 differ by 0.25 eV,
whereas constant potential barriers show a ∼0.75 eV energy
span.
Comparison of the grand free energy profiles in Figure 3b,c

shows that the coadsorption of *N2+*H is both kinetically and
thermodynamically more favorable than direct formation of
*NNH. The alternative mechanism leading to *NNH through
coadsorbed *H and *N2, the Volmer-NNH step, is highly
unfavorable, and the activation barrier is higher than 2 eV. The
first PCET step is therefore the Volmer step despite a sizable
barrier. The coadsorbed (*N2+*H) structure is expected to
exist on the Ru-N4 site without proceeding to *NNH through
the Volmer-NNH step. Similar coadsorption structures have
been previously identified for other SAC-catalyzed reactions,
and they are known to greatly impact activity and selectivity of
the CO2 reduction reaction.56,57

We examined alternative PCET pathways to form *NNH
and other NRR intermediates as shown in Figure 4a. The

Figure 4. (a) Competing NRR (blue) and HER (green) pathways
and (b) the associated grand free energies.

Figure 5. (a) The competing PCET steps in NRR and HER, and (b) the corresponding reaction energies. The black dashed line depicts optimal
HER (ΔΩ = 0). The dark cyan solid and dashed lines are ΔΩ value of Volmer reaction on pure Ru-N4 site at 0 VSHE and −0.5 VSHE, respectively.
(c) The thermodynamic selectivity between NRR and HER. The selectivity refers to the reaction energy difference (ΔΔΩ) between NRR and
Volmer steps. The numbering in (b) and (c) corresponds to the steps in (a). The atom configurations are displayed in Figure S4.
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second PCET step leads to *NNH via the N2 hydrogenation
step (*N2+*H+H3O

++e− → *NNH+*H+H2O) or H2 via the
Heyrovsky step (*N2+*H+H3O

++e− → *N2+H2(g)+H2O). In
the presence of *H, the reduction of *N2 to *NNH is slightly
thermodynamically and kinetically favored over the reduction
without adsorbed *H as can be seen by comparing the energy
profiles in Figures 3b and 4b. The Heyrovsky step, however, is
both kinetically and thermodynamically more feasible than the
N2 hydrogenation step, as shown in Figure 4b, and thus, H2 is
readily formed (see Figure S3 for atomic structures).
At 0 VSHE, the Heyrovsky step is already highly exergonic but

there is a large activation energy of 1.4 eV. Decreasing the
potential to −0.5 VSHE makes the step even more exergonic
and lowers the activation energy below 0.75 eV. These results
demonstrate that the adsorbed *N2 facilitates the Heyrovsky
step compared with the empty Ru-N4 site where it is unfeasible
because of spontaneous H2 dissociation. The effect of *N2 can
again be understood by considering the Bader charges given in
Figure 2b. The charge analysis shows that the Ru atom
becomes more positively charged upon *N2 adsorption, which
in turn hinders H2 dissociation. More specifically, the π back-
donation from Ru to N2 leads to vacant d-states thereby
decreasing the electron transfer to the σ* orbital of H2 and
consequently stabilizing the formation of the H−H
bond.20,58,59

The results in Figures 2−3 and Tables S2−S3 show that
HER proceeds more easily than NRR both in the presence and
absence of *N2 on the Ru-N4 site. The Volmer reaction has a
much higher barrier than the Heyrovsky step indicating that
NRR/HER selectivity depends on whether *H or *NxHy is
formed. We therefore compared further PCET steps leading to
either *H or various nitrogen-containing intermediates on the
Ru-N4 site along the pathways displayed in Figure 4a.
The result in Figure 4b and Table S2 show that forming

*NNH is more demanding than *H and H2. However, once
*NNH is formed, then NRR is at least thermodynamically
more favorable than HER as shown in Figure 4b. Figures 4b
and 5 show that the formation of any NRR reaction
intermediate after *NNH is highly exergonic and has a lower
barrier than the corresponding Volmer step. While we have not
computed Volmer barriers in the presence of all *NxHy
intermediates, Figure S9 shows a strong correlation between
the Volmer reaction energies and barriers. This allows us to
estimate the Volmer reaction barrier which is ∼1.75 eV when
the step thermoneutral. At 0 VSHE, the Volmer barriers are
higher than or equal to the NRR barriers (apart from *NNH
formation), whereas at −0.5 VSHE, NRR has lower barriers for
all steps after *NNH. Combining the thermodynamic and
kinetic data in Figures 4b, 5, and S9 shows that all PCET steps
after *NNH favor the formation of NRR intermediates such as
*NHNH, *NHNH2, *NH2NH2, *NH2, and *NH3 rather than
*H. This demonstrates that the Volmer step limits HER
activity of the Ru-N4 hosting any *NxHy intermediate. The
weakened hydrogen adsorption in the presence of *NxHy
species is caused by the accumulation of positive charge on
the Ru atom as shown in Figures 2b and S3.
The NRR/HER selectivity for the PCET steps in Figure 5a

is further analyzed by comparing the reaction free energies
(ΔΩ) between NRR and Volmer steps in the presence of
different NxHy intermediates. We hypothesize that there exists
a window of reaction energies where HER is thermodynami-
cally preferred. If the reaction energy difference, ΔΔΩ,
between NRR and Volmer steps is >0, HER is preferred as

the Volmer reaction is thermodynamically more favorable than
the hydrogenation of a nitrogen species. Conversely, when
ΔΔΩ < 0, NRR is preferred. Figure 5c shows that ΔΔΩ > 0
only for the first PCET step at potentials relevant for NRR.
This indicates that the first PCET step before *NNH
formation determines thermodynamic selectivity toward NRR
or HER. This conclusion is also supported by the computed
and estimated activation energies Tables S2−S3 and Figure S9,
which show the HER is the kinetically preferred step only
before *NNH formation.
The first PCET forming *NNH is clearly the rate-limiting

step, and the Volmer step is more facile. Our results, however,
indicate that the Volmer barrier increases when the catalyst is
less negatively charged because of *N2 withdrawing electrons
from the active site. A recent DFT study suggests that “non-
innocent” spectators adsorbed on single-atom catalysts can
profoundly affect their catalytic performance.60 To see if these
spectators modify NRR efficiency, we tested the influence of
*N2 on the “unreactive side” of Ru-N4. The results given in
Figure S6 show that adding another *N2 is thermodynamically
favorable. The additional *N2 increases the activation barriers
for both Volmer and *NNH formation steps making them less
thermodynamically favored as shown in Figure S8 and Table
S2. We note that the constant charge and constant potential
barriers and reaction energies for a given step can differ by up
to ∼1 eV, making the use of GCE-DFT a necessity. Most
importantly, the reaction barrier difference (ΔΔΩ‡ = ΔΩNNH

‡

− ΔΩVolmer
‡ ) at −0.2 VRHE decreases from 0.27 to 0.16 eV

when a “non-innocent” *N2 ligand is present. These results
indicate that the second *N2 will decrease the overall activity
but increase selectivity toward NRR since *NNH formation
kinetics becomes more competitive with HER.
We found that HER/NRR competition on the Ru-N4

catalyst is complex and sensitive to the presence of NRR
intermediates at the active site. N2 adsorbs strongly and more
favorably than H at the active Ru-N4 site. The unusually strong
N2 adsorption on Ru-N4 distinguishes this catalyst from the
widely studied Fe-N4 catalyst where weak N2 and stronger H
adsorption under reducing conditions lead to poor NRR
selectivity.60 All our computed thermodynamic and kinetic
data for Ru-N4 support that, among different NRR steps, the
first PCET step leading to *NNH is clearly the rate and
selectivity limiting step. The reacting *N2 also has a profound
effect on the HER kinetics as its presence increases the Volmer
barrier from ∼0.75 eV to ∼1.9 eV at −0.2 VRHE. In fact, the
presence of any *NxHy species at the active site suppresses *H
formation by making the Volmer step kinetically and
thermodynamically more difficult than without coadsorbates.
The Heyrovsky step, on the other hand, is facilitated by the
presence of NRR intermediates and additional *N2 underneath
the active site makes NRR kinetics competitive with HER.
Thus, it is crucial to consider the impact of *NxHy
intermediates on HER energetics when assessing the
competition between HER and NRR. The charge analysis in
Figure 2 also shows that the charge transfer from Ru plays an
important, potential-dependent role on thermodynamics and
kinetics warranting the use of GCE-DFT.
If we assume that the experimentally observed40 30%

selectivity at −0.2 VRHE on Ru-N4 can be attributed to
competition between *NNH and *H formation rates (kNNH
and kVolmer), the Faradaic efficiency (FE) can be approximated
as
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where ne,NRR = 6 and ne,HER = 2 are the number of electrons
transferred in the total NRR and HER processes, respectively.
The *NNH and *H formation rates can be computed using
the GCE transition station theory61 as
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where ΔΩ‡ (U) is the potential-dependent grand free energy
barrier. After inserting eq 2 into eq 1, we can evaluate which
barrier difference, ΔΔΩ‡ = ΔΩNNH

‡ − ΔΩVolmer
‡ , leads to a

given FE. Evaluation of ΔΔΩ‡ for FE = 30% measured at T =
298 K, gives ΔΔΩ‡ (U = 0.2 VSHE) ≈ 0.06 eV. By comparing
this effective barrier to our computed reaction barriers for
*NNH formation and the Volmer steps allows inferring the
importance of *N2+*H coadsorption and the *N2 ligand.
Including both coadsorbed *N2+*H and another *N2 ligand
gives ΔΔΩ‡ = 0.16 eV while neglecting these effects gives
ΔΔΩ‡ = 0.75 eV. This comparison shows that accounting for
both coadsorption and the additional *N2 ligand is required to
properly explain the experimental NRR selectivity. We note
that ΔΔΩ‡ = 0.16 eV is already close to the typical GGA-DFT
error of ∼0.15 eV for ammonia synthesis.62 The difference
between the computed ΔΔΩ‡ value and the experimental
effective barrier (ΔΔΩ‡ ≈ 0.06 eV) can also result from a
simplified solvent model used in calculations or omission of
electrolyte ions, which are known to affect NRR selectivity and
activity in experiments as discussed in the introduction. While
high computed NRR barriers are partially in line with
experimentally measured low NRR current densities, extracting
absolute barriers current densities from DFT calculations
usually contains large inaccuracies,51 whereas relative quanti-
ties are more reliable. Despite the limitations in the
computational model, our results unequivocally show that
coadsorbed *NxHy and *N2-ligand suppress HER and that
even modest selectivity toward NRR cannot be achieved
without the presence of N2-derived species at the Ru-N4 active
site.
Our results can also guide the search for a more selective

and active NRR catalyst: higher NRR activity and selectivity
requires suppressing hydrogen adsorption (Volmer step) at the
active site occupied by *N2 while simultaneously enhancing
*N2 protonation. On the catalyst studied, this cannot be
achieved by only restricting the transport of protons because
steps leading to either *N2+*H or H2 are easier than N2
hydrogenation. Instead, NRR enhancement requires control-
ling the PCET kinetics and thermodynamics of the step
leading to either *H or *NNH. Such selective control over the
PCET NRR chemistry could be achieved by depositing
hydrogen bonding moieties or proton donors that are spatially
distant from the Ru-N4 center to either selectively stabilize
*NNH or favor hydrogenation of *N2, respectively. Similar
strategies to selectively facilitate NRR are employed by a
natural nitrogenase entzyme,32 in the promising molecular
crowding approach,16 methanol-mediated NRR,63 and sug-
gested for Li+-mediated NRR in a “solid electrolyte interface”
-like layer near the electrode.64 For other electrocatalytic
reactions, such as O2

65 and CO2
66 reduction, molecular

modifiers bound to the surface have been found to efficiently
control the interfacial microenvironment and the PCET

chemistry.67,68 It should also be noticed that the identified
importance of noninnocent ligands or coadsorbates is not
limited to NRR and RuN4 but may also be crucial for other
SACs43,52 and in CO2RR.

56,57

In summary, we studied computationally the competition
between NRR and HER on the promising Ru-N4 SAC using
constant potential DFT simulations and a hybrid solvent
model. Our results show that the catalyst studied exhibits
stronger affinity toward N2 than H adsorption, suggesting that
NRR could be preferred. The N2 adsorption hinders hydrogen
deposition through the Volmer step compared to the empty
Ru-N4 site. However, the first Volmer step after N2 adsorption
is still more favorable than N2 hydrogenation. Once *N2 and
*H are coadsorbed, H2 is easily generated through the
Heyrovsky step whereas the formation of the first NRR
intermediate, *NNH, is kinetically and thermodynamically
more difficult limiting the overall NRR activity and selectivity.
If one can overcome the bottleneck of *NNH formation, HER
is significantly suppressed until NH3 is released. The presence
of *N2 and NRR species significantly suppresses HER activity,
and we suggest that the experimentally observed 30%
selectivity toward NRR on Ru-N4 results from the hindered
Volmer step in the presence of adsorbed NRR intermediates
and a “non-innocent” *N2 ligand. Overall, our results reveal the
complex competition between NRR and HER, the role of
coadsorption on SACs, the *N2 ligand, and the importance of
potential-dependent thermodynamics, kinetics, and charge
transfer captured with GCE-DFT. On the basis of this detailed
insight, we propose that the NRR selectivity can be increased
by restricting N2 and H coadsorption on SACs through
spatially distant proton-donating or hydrogen-bonding moi-
eties to favor *NNH formation.
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