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Abstract: The Haber-Bosch process conventionally reduce N»
to ammonia at 200 bar and 500 degree Celsius. At ambient
conditions, i.e. room temperature and ambient pressures, the
N2 can be converted into ammonia by the nitrogenase molecule
and lithium-containing solid electrodes in non-aqueous media.
In this work, we explore the catalyst space for Ny reduction
reaction at ambient conditions. We describe N2 reduction on
the basis of the *N; binding energy versus the *H binding en-
ergy; we find that under standard conditions, no catalyst can
bind and reduce *No without producing Ha. We show why
a selective catalyst for N2 reduction will also likely be selec-
tive for CO2 reduction, but N2 reduction is intrinsically more
challenging than CO2 reduction. Only by modulating the re-
action pathway, like nitrogenase, or tuning chemical potentials,
like the Haber-Bosch and the Li-mediated process, can N2 be
reduced.
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The reduction of N2 to NHjs is a critical process for the
growth of plants in nature and for the chemical industry.
Ammonia is the key feedstock for the nitrate fertilizers;
moreover, there is growing interest in the use of ammonia
as a sustainable carbon-free fuel.' The nitrogen molecule is
highly abundant in the atmosphere; however, the nitrogen
molecule is extremely difficult to activate. Today, all Ny is
fixated primarily via two routes: i) the industrial Haber-
Bosch process, which takes place at high-temperatures and
pressures® and ii) the biological nitrogenase enzyme, which
takes places at ambient temperatures and pressures.® Am-
monia synthesis via the Haber Bosch process is an efficient
process, but it consumes H, which is typically delivered
from Steam Methane Reforming (SMR). In total ammonia
synthesis from Haber Bosch with SMR consumes more en-
ergy and produces more COz than other chemicals. The lim-
itations of Haber Bosch has driven researchers towards the
discovery of a more sustainable but scalable alternative. 7

The electrochemical reduction of N2 at ambient tempera-
tures and pressures on solid electrodes is particularly attrac-
tive. Metal electrodes in aqueous solution produce such low
yields of ammonia that is impossible to distinguish the de-
sired product from background contamination.® Thus far,
only studies on Li containing electrodes in organic elec-
trolytes (Ethanol and THF-containing) provide unequivocal
proof that Ny reduction is possible on a solid electrode. ™2

Density functional theory studies of Ny electroreduction
have focused on transition metals, ' !5 lithium based sur-
faces, ' metal doped carbons*® or nitrogenase, ' all in isola-
tion, but—to the best of our knowledge—not in comparison

to each other. Such studies have emphasized the role of tai-
lored electron and proton transport to the active site,!® and
scaling relations between the binding energies of *H (where
* denotes an adsorbed species) and more protonated inter-
mediates, such as *N2H, leading to volcano plots to describe
trends in activity. Strategies are needed to break these linear
scaling relationships, ' one example could be metal-ionic lig-
uid interfaces for electrochemical Nitrogen reduction, ° how-
ever, we note doubts have been cast on the veracity of the
experimental proof that these interfaces are able to reduce
N2 to NHs, both by the original authors (see Supplementary
Information of ref®) and Kibsgaard et al.?'

N3 reduction is somewhat analogous to CO2 reduction:
both reactions require a high overpotential, and both com-
pete directly with Hy evolution. ?? Curiously, nature suggests
that there could be a fundamental link between CO2 and N»
reduction: nitrogenase is the only enzyme that can reduce
CO2 via CO into energy rich multielectron products: ethy-
lene, ethane, propylene, propane, a-butylene, n-butane, and
methane. 23725

Our working hypothesis is that the binding energies of rel-
evant intermediates will determine trends in catalytic prop-
erties of each catalyst investigated, without knowing the ex-
act reaction pathway. This is under the assumptions that
(a) the catalysts are affected similarly by the electrochemi-
cal environment, (b) that the trends in low coverage regime
capture the most important features of the catalyst perfor-
mance , (c) while we only investigate a limited number of
active sites for each material, that the trends we observe will
also roughly correlate to those on other facets, including de-
fects and (d) we acknowledged that selectivity can be matter
of very small energy differences which can be challenging for
DFT methods, however the eV scale analyssis made here
give robustness in our conclusions.

In the current study, we will apply the classification
scheme we previously used for CO2 reduction reaction
(CO2RR) to understand trends in Ni reduction reaction
(N2RR) selectivity. In particular, we focus on the key chal-
lenge in N> reduction: to reduce N> without making Ha
(Hydrogen Evolution Reaction, HER).?® We show that our
pared down and unified approach can describe a wide range
of catalysts, including (i) nitrogenase, shown in Figure la
(ii) metal and nitrogen-doped carbon MN4-C, where M is
a transition metal, shown in Figure 1b (iii) pure transition
metals, shown in Figure 1c and (iv) Li-containing surfaces,
shown in Figure 1d.

We consider the three reactions of interest on the catalyst



b) Metal and nitrogen
doped carbon (MN,-C)

a) Nitrogenase

c) Transition metals

Figure 1.

d) Lithium-based structures

Atomistic structure illustration of a) the nitrogenase cluster with N placed at the sulphur-belt position, b) metal and

nitrogen-doped carbon (MN4-C) structure, c) the metallic face centred cubic (111) facet and d) Li structures used for simulation with
the ontop vertical adsorption of both CO and Ng, whereas Li is so activate that in some cases both CO and Ny adsorps stronger in
a horizontal position (C atoms are gray, N blue, H light gray, S yellow, O red, Li purple, Fe orange, unspecified transition metals are

turquouise).

according to the following generalized form:
CO2RR: (H' +e7)+CO2 — *CO - C,H,0. (1)
N2RR: (H' +e7) + N2 — "Ny — N H, (2)
HER: (H" +e7) - 'H— 1H 3)

Here we consider binding *CO, *N5 and *H as a prerequisite
for the reduction reaction to proceed and the direct com-
parison of the binding energies allow us to create reduction
reaction criteria. Figure 2a shows our classification scheme
to describe trends in selectivity for CO2 electroreduction on
metals®? and nitrogen-doped carbon.?® The prerequisite for
reducing CO;z to hydrocarbons and oxygenates is that the
catalyst must enable CO reduction, otherwise the reaction
stops with CO.

CORR criterion: Selective CO reduction requires a
catalyst that adsorbs *CO and does not adsorb *H.

This criterion is rather intuitive; if the surface is covered
with hydrogen, there is a high probability for Hs evolution
than CO; reduction, as is the case for Pt or Fe; if CO desorbs
from the surface, its further reduction to hydrocarbons and
oxygenates is unlikely, as is the case for Ag or In. All pure
metals and MNy4-C structures follow this criterion.

Herein we establish an analogous criterion for Ny reduc-
tion:

N2RR criterion: Selective N2 reduction requires a
catalyst that adsorbs *Na but does not adsorb *H.

For the electrochemical reduction of N2, we consider the
formation of *N3 to be more critical in controlling selectiv-
ity than other potential intermediates, such as (i) the first
protonated intermediate, *NoH,?? or (ii) *N, from dissoci-
ating N2 at high temperatures, (e.g. in the Haber-Bosch
process).? Analogously, for CO2 reduction, the formation of
*CO is more critical in controlling selectivity than the for-
mation of (i) more protonated intermediates such as *CHO
and *COH states or (ii) *C and *O, formed by dissociat-
ing CO2 or CO at high temperatures (e.g. during Fischer

Tropsch3®). One should note the difference in the two cri-
teria when comparing CO2 and N3 reduction. The criteria
for COx is related to CO reduction to high value products,
although it does allow to distinguish the Ha, CO, formic
acid and high value products.® While for No reduction, the
reduction does not allow other products ("easy" products),
and there is currently less experimental evidence to support
the criteria as Ny reduction in aqueous electrolytes is highly
challenging and produces primarily competitive Ho.

Figure 2 shows the binding energies of *N,, *CO and
*H for the Nitrogenase (green triangles), metal-nitrogen-
carbon/MNy4-C (black dots), Li-mediated structures (ma-
genta square) and metal catalysts (blue crosses).

Figure 2a shows the base plot for identifying product dis-
tributions from CO3 reduction reaction catalyst by using the
*CO and *H binding energies as descriptors. The vertical
line depicts AGn+=0 for $Hy «» H* or the same as HY +e~
<> *H at 0 Vgug. This allows to distinguish catalysts for
which *H adsorption is exogenous at 0 V versus a reversible
hydrogen electrode. In electrochemical terms, this means
that they exhibit underpotential deposition (UPD) of *H.
The catalyst that have *Hypp primarily produce Hy under
COg reduction conditions. The horizontal line divides cat-
alysts that can bind *CO under standard conditions versus
those that cannot. Unique amongst metals, Cu can bind
*CO without *H under standard conditions, hence giving
rise to a series of high energy multi-electron products includ-
ing CH4, C2Hy4 and CoH50H. 333* Notably, FeN4-C, MnN,-
C and CoN4-C are in the same quadrant as Cu; those ma-
terials also yield small amounts of more reduced products,
such as CHy, from CO; reduction. 35-3¢

On Figure 2a, we have plotted the pristine, (unactivated)
nitrogenase as the filled triangles; The iron molybdenum
(FeMo), iron vanadium (FeV) and iron (FeFe) nitrogenase
binds *H similarly around the vertical line. FeMo and FeV,
does not bind *CO. FeFe binds *CO slightly, bordering on
the fourth quadrant, i.e. it should, in principle, yield energy-
rich products during CO or CO2 reduction. However, ex-
periments show that *CO binds by replacing a belt-sulphur
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a) Classification scheme for CO2 reduction, with the *CO binding energy AE,co plotted as a function of *H binding energy,

AE.q (Metal and MN4-C data from27:28). b) show the *N5 vs *H binding energies for No reduction reaction in aqueous solution at
ambient conditions. The vertical line depicts AGy==0 for %Hz + H*, while the horizontal lines show CO(g) vs. *CO and Na(g) vs
*Ng, respectively, under standard conditions. Nitrogenase binding energies for Iron Molybdenum (FeMo), Iron Vanadium (FeV) and Iron
(FeFe) is shown as initial state (filled green triangle marker) and as an activated state (empty green triangle marker). The activated
state of the cluster is with the sulphur removed from the active site by SHz.3? Lig,, is added as there is no barrier from a vertical *Ny to
a flat lying *Ny at Li(empty magenta square marker). Note that LiH is a semiconductor and that *H binding for LiH is from removing
*H from a stoichiometric surface, rather than adding *H, as this requires 1 €V more.

atom;>” we have plotted the binding energies of these acti-
vated nitrogenase cofactors as the hollow triangles (with a
sulphur removed as SH»); according to Figure 2a, these ac-
tivated structures bind both *CO and *H strongly. In other
words, based on this plot, which takes into account the most
thermodynamically favoured binding site, we would expect
the activated nitrogenase to favour Hy over more reduced
CO reduction products.

Interestingly, LisN, LiN3 and Li also occupy the lower
left quadrant in Figure 2a, meaning they should favour Hs
evolution. Substoichometric LiH occupies the upper right
quadrant, meaning that it is quite inactive. However, LiH
in stoichiometric form is a semiconductor in our simulation,
which would mean it would be unable to deliver electrons
and function as an electrocatalyst; hence we do not consider
it likely to be the experimentally active phase. Removing
*H allows LiH to be conducting; however, since the Fermi
Level changes upon adsorption, the binding energy that we
calculate may be an artefact, as we recently found to be the
case for Oz evolution.®®

Figure 2b is a similar base plot shown for NoRR by plot-
ting the *No and *H energy binding energies as descriptors.
The vertical line again depicts AGn-=0 for 1Hy > H* and
the horizontal line shows the thermodynamic N2(g) versus
*Ny adsorbed. It should be noted that the y-scale of Fig-
ure 2a and 2b are not equal. The thermodynamics of *CO
and *Nj adsorbed is similar, however, the binding energies
of *Ny are much weaker than *CQO, by around 1 eV. Those
catalysts that are able to bind N2 at ambient condition in-
clude Fe metal, Co metal, MoN4-C and RuN4-C. However,
those catalysts also bind *H too strongly, meaning that they
should, in principle, favour Hy evolution over Na reduction.

Figure 2b suggest that even the strongest binding transi-

tion metals, such as Fe and Ru (which are also the industrial
Haber Bosch catalysts?) exhibit weak, close to thermoneu-
tral binding to N2 under ambient conditions. However, Fig-
ure 2b shows that MoN4-C and RuN4-C bind *Ns stronger
than transition metals under standard conditions, suggest-
ing they may show greater promise for Ny electroreduction;
nonetheless, the delivery of protons to *Na could be a chal-
lenge on these isolated single site catalysts, as we recently
showed to be the case for *CO protonation on FeN4-C dur-
ing CO2 reduction. 39

Curiously, the Li-mediated structures does not have *Nj
adsorption in the vertical end-on position typical of low in-
dex planer metal surfaces. However, undergoing *N disso-
ciation, we observe that for Li there is no barrier to lie down
flat. In this position the *N> adsorption is favoured and this
point is marked as Liga¢. The Li system is instead challenged
by HER, as *H binds strongly and hence the structures are
in the HER region. This goes hand in hand with the obser-
vation that in aqueous electrolytes the Li-mediated system
produces primarily HER. '° If the chemical potential of pro-
tons is significantly lowered, through the use of non-aqueous
solvent, the vertical line moves to the left in Figure 2a,b. In
this case, the *H binding towards HER, will gets suppressed
and NHj formation is observed; presumably the ethanol acts
as a sacrificial proton donor.

The modelled nitrogenase cofactor, in Figure 2b, with iron
(FeFe), iron-molybdenum (FeMo) & iron-vanadium (FeV) is
in the upper right square, with close to thermoneutral *H
binding line, consistent with the superior properties of ni-
trogenase as a catalyst for Hy evolution.*?> However, it also
illustrates that the cofactor in the pristine state does not
bind *N,. Conversely, activated nitrogenase cofactors the
Molybdenum (FeMoact) and Vanadium (FeVact) bind *Na,



but also bind *H strongly. However, the fact that nitro-
genase can reduce No and CO2 without producing copious
amounts of Hy suggests nature has found a trick to circum-
vent the scaling relation shown in Figures 2a and 2b. This
can be due to i) putatively by providing sequential access to
protons and electrons from the environment around nitroge-
nase and ii) the reversible adsorption and desorption of the
SH; group during each catalytic cycle. '*** We consider that
the SHy desorption and N adsorption must be a concerted
reaction, and the SHy desorption can not happen concert-
edly with a proton. A perspective of the nitrogenase trick
"adsorption and desorption of the SH2 cycle" is to used the
nitrogenase as an electrocatalyst, however this has shown
stability issues when tested.

Importantly, Figure 2 shows that in terms of binding en-
ergies of *CO, *H and *N3, there are negligible differences
between metal doped carbon, transition metals, nitrogenase
and lithium structures: they all fall on the same line.

The increased pressure provided by Haber-Bosch condi-
tions move the thermodynamic Ns line upwards, allowing
metal Ru and Fe, to bind No. Further, when the Ny reac-
tion is not limited by *N3 adsorption (due to high pressure),
the high temperatures of the Haber Bosch allows the N
molecule to be in direct equilibrium with *N at the surface.
As the Lig,t structure is not limited by *N2 adsorption, the
coverage of *N3 could be higher for the lithium-based sys-
tem before it turns into a bulk nitride, which may challenge
the low-coverage assumption made for the simulations and
perturb the binding energies presented for Li. However, for
the goal of comparing the lithium-mediated system to other
materials in this work, we find the low coverage simulations
sufficient. When comparing materials for N2 reduction lead
us to investigate if Li mimics Haber-Bosch Ru and Fe - al-
lowing the Li phase to be directly in equilibrium with *N at
the surface even at low temperature.

Figure 3, show the N3 dissociation barrier at Fe, Ru and
Li. The barrier for dissociating N2 on Fe and Ru is 0.4 eV 40).

0.5
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— Li(110)
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Figure 3. Ny dissociation barrier on metallic Fe-step, Ru-step
and body centered cubic (110) of Li from reference.*%4! Fe-step
and Ru-step have similar barrier (0.4 €V), but slightly split here
for visual purpose a large barrier, while Li does not have a barrier.
This allows Li to bind and dissociate No at ambient pressure and
temperature.
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Figure 4. Binding energies of "N versus *CO. All points is above
the dashed line given as *Ng = *CO shows that binding *CO is
easier at ambient conditions, hence CORR should be easier than
N>2RR. Note that a series of metal catalyst is on the diagonal line,
due to the fact that they do not bind CO or Na.

Comparing with Li, the barrier to dissociate is negligible.*!
This shows that active Li can dissociate No to *N at low
temperature. However, we do not envisage that low barri-
ers for Ny dissociation are a prerequisite for electrochemical
N2 reduction: experiments on nitrogenase shows that the
scission of the nitrogen-nitrogen bond occurs after substan-
tial hydrogenation of the Ny in its adsorbed state, i.e. via
an associative pathway.*® As such, we conjecture that other
solid electrodes, apart from those based on Li, may reduce
Ny as long as (a) like nitrogenase, they are able to bind N»
in the first place, even if they adsorb in the end-on form
and (b) that the barriers for the downstream hydrogenation
of N-containing intermediates can be easily surmounted and
(c) the chemical potential of protons, electrons and Ny are
suitably controlled.

Finally, a comparison between NoRR and CO2RR is car-
ried out at ambient conditions. Figure 4 shows the *Nj
binding energy versus the *CO binding energy. The verti-
cal and horizon lines note the thermodynamics of binding at
ambient conditions, while the dashed diagonal line compared
*No = *CO. The binding energies for the catalyst systems
investigated here lie above the diagonal line, except those
in the top right hand quadrant, that bind neither CO nor
N2, which lie right on the diagonal in the upper right corner.
The observation that no materials lie below the diagonal line,
shows that binding *CO is much easier than binding *N.
Hence we establish that N is intrinsically more challenging
to catalyse than COg2 reduction; however, a good catalyst for
N2 reduction would likely be an excellent catalyst for CO4
reduction.

Our *N, vs *H view on N3 reduction under ambient condi-
tions, encompassing a broad range of catalysts, shows that
the catalysis of N2 reduction under ambient pressure and
temperature and aqueous electrolyte is challenging, even on
nitrogenase. Driving the catalysis efficiently requires going
beyond judicious choice of the catalyst material by either:

(i) Having the right chemical potentials of Ny and tem-
perature (Haber-Bosch),



(ii) Having the right chemical potentials of protons

(lithium mediated system),

(iii) Having a concerted N2 adsorption with a desorption

reaction, e.g. SHo (nitrogenase),

(iv) Or by delivering the protons sequentially

(nitrogenase).

‘We propose a possible route to sustain efficient Ny reduction
is - by considering electrocatalysis in 3D - to control the
properties of the electrolyte delivering protons at the active

site,

as the hangman motif*® or diporphyrin molecules. *”

Structures with total energies and plotting method is
available on the webpage: https://nano.ku.dk/english/
research/theoretical-electrocatalysis/katladb/
n2rr/.

Supporting Information contains a description of the
computational details and computational structures. This
information is available free of charge on the ACS Publi-
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