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ABSTRACT: The direct conversion of dinitrogen to nitrate is a dream
reaction to combine the Haber−Bosch and Ostwald processes as well as
steam reforming using electrochemistry in a single process. Regrettably,
the corresponding nitrogen oxidation (NOR) reaction is hampered by a
selectivity problem, since the oxygen evolution reaction (OER) is both
thermodynamically and kinetically favored in the same potential range.
This opens the search for the identification of active and selective NOR
catalysts to enable nitrate production under anodic reaction conditions.
While theoretical considerations using the computational hydrogen
electrode approach have helped in identifying potential material motifs
for electrocatalytic reactions over the last decades, the inherent
complexity of the NOR, which consists of ten proton-coupled electron
transfer steps and thus at least nine intermediate states, poses a challenge
for electronic structure theory calculations in the realm of materials screening. To this end, we present a different strategy to capture
the competing NOR and OER at the atomic scale. Using a data-driven method, we provide a framework to derive generalized design
criteria for materials with selectivity toward NOR. This leads to a significant reduction of the computational costs, since only two
free-energy changes need to be evaluated to draw a first conclusion on NOR selectivity.
KEYWORDS: nitrogen oxidation reaction, oxygen evolution reaction, descriptor approach, scaling relation, selectivity

1. INTRODUCTION
Dinitrogen (N2) is the largest single component of the Earth’s
atmosphere (around 78% by volume). While N2 is inert under
mild conditions due to its strong N�N triple bond, fixation of
N2 is essential for life on earth, and the cleavage of the N�N
triple bond to form valuable nitrogen-based compounds is an
ongoing challenge.1,2

The most important nitrogen commodity is ammonia
(NH3), with an annual production of more than 150 million
metric tons.3 Direct reduction of dinitrogen to ammonia is
traditionally carried out by the Haber-Bosch process, using
metal-based catalysts of group VIII (Fe, Ni, Ru, Pt, among
others) at elevated temperatures and pressures to allow for
ammonia formation at reasonable rates.4 Although the Haber−
Bosch process is one of the most influential inventions of the
20th century and has led to a global population of more than
8.1 billion people today, it is energy intensive and has a
significant carbon footprint since the required gaseous
hydrogen is mainly produced by steam reforming methane.5

While it appears to be a formidable task, it is yet highly
desirable to replace the Haber-Bosch process by environ-
mentally friendly routes to mitigate the emission of greenhouse
gases.6 A promising starting point refers to electrochemical
nitrogen reduction (NRR) for ammonia formation.7−9 Yet, this
process is still in its infancy due to the low solubility of N2 in

water, the competition with the hydrogen evolution reaction
(HER) under cathodic reaction conditions, and the slow
reaction kinetics due to the transfer of six proton−electron
pairs to form NH3.

10 Faradaic efficiencies for the formation of
ammonia are commonly far below 50% in aqueous media, and
the reported values even need to be treated with caution
because only the usage of 15N isotope labeling experiments
allows rendering reliable conclusions on ammonia selectivity.11

The majority of ammonia from the Haber-Bosch process
enters the Ostwald process to produce nitric acid (HNO3),
which is the second most important nitrogen commodity with
an annual production of about 50 million metric tons.3

Consequently, nearly all HNO3 is manufactured by a three-
stage approach by combining steam reforming methane with
the Haber-Bosch and Ostwald processes.12 This is an
energetically unfavorable scenario, which could be readily
improved by making use of electrochemistry,13,14 such as by
directly converting dinitrogen from the air into HNO3 or
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nitrate (NO3
−). The direct conversion of dinitrogen to nitrate

by the nitrogen oxidation reaction (NOR; cf. eq 1) is also
preferred over the coupling of the electrochemical analogues of
the Haber−Bosch and Ostwald processes, i.e., the NRR and
ammonia oxidation reactions (AOR), which require cathodic
or anodic reaction conditions, respectively (cf. Figure 1).

+ + +

=

=

+

U

N 6H O 2NO 12H 10e ,

1.25 V vs. RHE (reversible hydrogen electrode)

@pH 0

2 2 3

NOR
0

(1)

We note that the equilibrium potential of the NOR is pH
dependent on the RHE scale due to the different number of
protons and electrons in the above reaction equation:15 at pH
= 14, UNOR

0 is reduced to 1.08 V vs RHE. It should also be
considered that, besides nitrate, other oxidized nitrogen species
such as NO, N2O, or NO2

− can be formed under anodic
reaction conditions. However, their equilibrium potentials
exceed UNOR

0 by several hundred millivolts, and this is the
reason why we focus our analysis on the thermodynamically
favored product−nitrate.

Without any ado, the NOR offers attractive advantages over
the conventional three-stage approach in that the formation of
nitric acid can be carried out at room temperature rather than
at elevated temperatures, and the required electricity can be
taken from renewable energy sources, making the process
sustainable.16,17 Similar to the NRR in aqueous media, the
development of active, stable, and selective NOR catalysts is
still in its infancy.18−21 Unfortunately, the oxygen evolution
reaction (OER) represents a detrimental side reaction in the
same potential window (cf. eq 2), limiting the Faraday
efficiency of forming valuable nitrogen compounds:

+ + =+ U2H O O 4H 4e , 1.23 V vs. RHE2 2 OER
0

(2)

The selectivity challenge between the NOR and OER is even
more pronounced than in other anodic processes (e.g.,
competition between the chlorine evolution and oxygen
evolution reactions in a chloride-containing electrolyte)22 as
the OER is both thermodynamically (lower equilibrium
potential) and kinetically (less electrons transferred) preferred
over the NOR. This makes the development of selective NOR
catalysts challenging and rewarding at the same time. So far,
there are only a few experimental reports on Pd-based
materials that allow for the formation of nitrogen compounds

with moderate Faraday efficiencies under the harsh anodic
reaction conditions.23,24

Since the birth of the computational hydrogen electrode
(CHE) approach at the beginning of the 21st century,25

electronic structure calculations in the density functional
theory (DFT) approximation have been thought to enable the
identification of active and selective material motifs for
electrocatalytic processes. While the evaluation of adsorption
free energies analyzed by means of heuristic descriptor has
proven successful for the two-electron hydrogen evolution
reaction or the OER,26 −28 determining the full NOR free-
energy landscape is challenging due to the increasing number
of intermediate states in the catalytic cycle.29 To this end,
previous theoretical works using DFT relied on a different
strategy as the entire NOR pathway leading to nitrate
formation (cf. eq 1) was not modeled, but rather the partial
oxidation of dinitrogen to N2O or NO was investigated.12,30
−33 Given that the equilibrium potentials for the electro-
chemical transformation of N2 into N2O, NO, NO2

−, or NO3
−

are all different, it cannot be concluded that a catalyst with
selectivity toward N2O, NO, or NO2

− formation is equally
selective for the electrochemical synthesis of NO3

−.34

The present manuscript fills this gap by investigating the
competition between nitrate and oxygen formation at the
atomic level (cf. eqs 1 and 2). Instead of applying DFT
calculations35,36 for a selected material, we are interested in
general trends and design criteria for selective NOR
culminating in the formation of NO3

−. Therefore, we make
use of a data-driven strategy by analyzing adsorption free
energies using the descriptor Gmax(U),37,38 which has been
proven successful in previous studies on the OER, NRR, or
oxygen reduction reaction.39−41 In contrast to these previous
studies, we additionally focus on the competition of these
competing reaction channels at different pH values, studying
both acidic (pH = 0) and alkaline (pH = 14) conditions. Our
methodology enables the derivation of benchmarks for active
and selective electrocatalysis, which can be used in future
DFT-based work via high-throughput screening of NOR
catalysts to accelerate the identification of promising material
motifs for the formation of NO3

− under applied bias.

2. METHODS
We use an in-house approach in which we define the reaction
channels under consideration (OER and NOR) by a “basis set” of
adsorption free energies. A detailed discussion of this methodology
can be found in the literature where our methodology was recently
reviewed.42

2.1. Oxygen Evolution Reaction (OER)
OER is considered to proceed through four proton-coupled electron
transfer steps, with subsequent formation of the *OH, *O, and
*OOH adsorbates on the catalytically active center43 (*):

+* * + ++ GH O OH H e2 1 (3)

* * + ++ GOH O H e 2 (4)

* + * + ++ GO H O OOH H e2 3 (5)

* +* + ++ GOOH O H e2 4 (6)

While our recent works highlighted that the mechanistic diversity
in the OER has been largely overlooked in previous DFT-based
studies,44 we restrict the analysis of the OER to the mononuclear
mechanism (cf. eqs 3−6) because we are essentially interested in

Figure 1. Electrochemical nitrogen cycle consisting of dinitrogen
(N2), ammonia (NH3), and nitrate (NO3

−). While electrochemical
analogues to the Haber−Bosch and Ostwald processes for the
formation of NH3 and NO3

− refer to the nitrogen reduction (NRR)
and ammonia oxidation (AOR) reactions, respectively, the direct
electrochemical oxidation of N2 to NO3

− is a dream reaction for
which selective electrocatalysts have yet to be found.
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qualitative trends between the NOR and OER and not in the
identification of highly active OER catalysts. For this purpose,
considering a single mechanistic pathway for the OER is
sufficient.45,46

It is important to note that the binding energies of the *OH, *O,
and *OOH intermediates are intrinsically coupled due to the
presence of scaling relations between these adsorbate species.45 The
correlation between the *OH and *OOH intermediates is strong
regardless of the material class, and the corresponding scaling
relationship reads (cf. eq 7):

+ = ±G G (3.20 0.20) eV2 3 (7)

Note that in our analysis, we have also considered values of 3.00
and 2.80 eV in addition to a scaling-relation intercept of 3.20 eV.47,48

Further information is provided in Section S1.
A different situation is encountered with the scaling relation

between the *OH and *O intermediates.49 This correlation is less
pronounced, which may be related to the different bond orders of the
*O intermediate at dissimilar active sites (single bonds vs. double
bond50). While various scaling relationships for the *OH vs. *O
scaling relation, considering or neglecting a scaling-relation intercept,
can be found in the literature,51−55we use the description in eq 8 in
accordance with previous works:40,44

= ·G G22 1 (8)

Application of this scaling relation allows gaining insight into
general trends of the OER in dependence of the free-energy change
ΔG1, which is related to the formation of the *OH intermediate (cf.
eq 3). Note that ΔG1 is the only free variable for the mechanistic
description of eqs 3−6, as the free-energy change ΔG4 is governed by
the equilibrium potential of the OER using the concept of gas-phase
error corrections56,57 (cf. eqs 9 and 10):

+ + + = · · =G G G G e U4 4.92 eV1 2 3 4 OER
0 (9)

= + + =G G G G G4.92 eV ( ) 1.72 eV4 1 2 3 1

(10)
To this end, we use a basis set for the free variable ΔG1, which

reads:

= [ ]G 0.5, 2.2; 0.3 eV1 (11)

In eq 11, the first two values in the rectangular brackets indicate the
start and stop values, whereas the value following “;” denotes the step
size between any two consecutive values. The choice of this data set
for ΔG1 ultimately refers to the data collection of Divanis et al. on
metallic and semiconducting oxides from a decade of atomic scale
simulations.51 Note that the large step size of 0.3 eV compared to
previous works on the OER is related to a reduction of the overall
amount of data due to the considerable data size for the description of
the NOR (vide inf ra). In Section S1, we have benchmarked the
application of the reduced data set for describing the OER by a
volcano plot (cf. Figure S4).

Knowledge of the free-energy changes ΔGn (n = 1, 2, 3, 4) makes it
possible to express the free energies of the intermediate states in the
catalytic cycle of eqs 3−6 as a function of ΔG1:

44

* =G( ) 0 eV (12)

* = · ·G G e U( OH) 11 (13)

* = + · · = · · ·G G G e U G e U( O) 2 3 21 2 1 (14)

* = + + · ·

= + · ·

G G G G e U

G e U

( OOH) 3

3.20 eV 3
1 2 3

1 (15)

* + = + + + · ·

= · ·

G G G G G e U

e U

( O ) 4

4.92 eV 4
2 1 2 3 4

(16)

Note that the CHE approach25 is used to describe the potential
dependence in eqs 12−16.

The free energies of the reaction intermediates are analyzed by the
descriptor Gmax(U), which is a potential-dependent activity measure
based on the concept of the free-energy span model.37,38 While the
conventionally applied activity descriptor − the thermodynamic
overpotential58 − approximates the electrocatalytic activity based on a
single free-energy change at the equilibrium potential of the OER,
Gmax(U) analyzes all possible free-energy spans between the
intermediate states in a potential-dependent fashion. The largest
free-energy span is a measure for the electrocatalytic activity because
it has been demonstrated in previous work that Gmax(U) directly
scales with the electrocatalytic activity due to a potential-dependent
Brønsted−Evans−Polanyi (BEP) relation.37 Equation 17 illustrates
the procedure to determine the descriptor Gmax(U) for the OER:

= { * * * * *
* * * *
* * + * *
* * + * * +
* }

G U G G G G G

G G G G

G G G G

G G G G

G

( ) max ( OH) ( ); ( O) ( ); ( OOH)

( ); ( O) ( OH); ( OOH)

( OH); ( O ) ( OH); ( OOH)

( O); ( O ) ( O); ( O )

( OOH)

max
OER

2

2 2

(17)

Note that in contrast to the thermodynamic overpotential, the
limiting free-energy span can change when the applied electrode
potential is varied. Such an alteration in the limiting free-energy span
can be related to a change in the rate-determining step, which is
experimentally visible by a switch in the Tafel slope.59 To this end, the
descriptor Gmax(U) captures overpotential and kinetic effects in the
assessment of the electrocatalytic activity while relying on the analysis
of adsorption free energies. For further information on the descriptor
Gmax(U), we refer to the current literature.38

We choose three different applied electrode potentials to evaluate
the electrocatalytic activity in the OER using the descriptor G U( )max

OER ,
namely U = [1.40, 1.50, 1.60] V vs RHE. At all three potentials, we
construct a volcano plot by plotting G U( )max

OER as a function of ΔG1,
which is shown in Figures S1−S3 (cf. Section S1). This procedure is
necessary to assess the selectivity for nitrate formation at a later stage
by comparing the descriptors G U( )max

OER and G U( )max
NOR .

2.2. Nitrogen Oxidation Reaction (NOR)
NOR is a complex process in which 10 electrons are transferred when
a single molecule of dinitrogen is converted into two molecules of
nitric acid or nitrate. Since the electron transfer occurs sequentially, at
least nine intermediate states are conceivable during the catalytic
cycle. In addition, the recent work by Nørskov and coworkers on the
NOR indicated that surface *OH is necessary to activate the
dinitrogen molecule.12 Therefore, we suggest the following pathway
for the conversion of N2 into nitric acid:

+* * + ++ GH O OH H e2 1 (18)

* + * GOH N N OH a2 2 (19)

* * + ++ GN OH N O H e b2 2 (20)

* + * + ++ GN O H O N O H H e c2 2 2 2 (21)

* * + ++ GN O H N O H e d2 2 2 2 (22)

* + * + * + ++ GN O H O NO H NO H e e2 2 2 2 (23)

* + * + * + * + ++

G

NO H NO H O NO H NO H H e

f

2 2 2 2

(24)

* + * * + * + ++ GNO H NO H NO NO H H e g2 2 2 2

(25)
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* + * * + * + ++ GNO NO H NO NO H e h2 2 2 2 (26)

* + * + * + * + ++ GNO NO H O NO H NO H e i2 2 2 3 2

(27)

* + * + * + * + ++

G

NO H NO H O NO H NO H H e

j

3 2 2 3 3

(28)

* + * * + GNO H NO H 2 2NO H k3 3 3 (29)

Similar to the OER, we set up a “basis set” for the elementary
reaction steps of the NOR. However, the situation is fundamentally
different here, as only a few DFT-based studies on the NOR are
available in the literature.12,30−33 Regrettably, these works do not
report scaling relations for the nitrogen intermediates of eqs 18−29
and consequently, we define a basis set for the free-energy changes as
follows:

= [ ]G 0.5, 2.2; 0.3 eV1 (30)

= [ ] = { }G n a b c j3.0, 3.0; 1. 0 eV for , , , ...,n (31)

Note that eq 31 is a generalized expression for the data range of
free-energy changes with respect to the nitrogen intermediates. We
emphasize that the presented approach is agnostic to the exact
chemical nature of the proposed mechanism (cf. eqs 18−29), and the
only relevant information extracted from it is the number of chemical
or electrochemical steps. This information is already sufficient to
describe the selectivity of the NOR and OER, as explained in more
detail below.

Note that scaling relations between the intermediate states are
expected since it was demonstrated in previous works that there is a
correlation between the adsorption free energies of nitrogen
intermediates in the NRR. We infer that knowledge of the unknown
scaling relations between the NOR intermediates would reduce the
data range of eq 31 to a subset. Therefore, our approach can be
interpreted as an “upper bound analysis” by analyzing a larger
parameter space for the free-energy changes of ΔGn as available in a
class of materials. However, this train of thought already allows us to
derive general trends in NOR selectivity. In addition, our data-driven
model of eqs 18−31 could be refined at a later stage once scaling
relationships for the intermediate states have been calculated by DFT
in a homologous series of materials (vide inf ra). Last but not least,
since we assume a generalized basis set to capture trends in the NOR,
our data-driven study is not strictly dependent on the chosen
mechanistic description (cf. eqs 18−29). Similar expressions can also
be derived for other pathways leading to nitrate formation, thus
making our model universal to capture essential features of selective
NOR at the atomic level.

In Section S2, we provide a detailed derivation of the free energies
of the intermediate states and the descriptor G U( )max

NOR in the NOR
(cf. eqs S28−S42). As with the OER, we assess the energetics at three
different applied electrode potentials, namely U = [1.40, 1.50, 1.60] V
vs RHE. This allows us to render potential-dependent conclusions on
the NOR activity and selectivity by integrating the data pairs (ΔG1;
G U( )max

NOR ) into the OER volcano plot. Note that the difference
between G U( )max

OER and G U( )max
NOR is a measure for NOR selectivity:

=G U G U G U( ) ( ) ( )sel max
OER

max
NOR (32)

Based on Gsel(U), we can express the NOR selectivity in percent:60

= [ + ]
U

G U k T G U k T

NOR selectivity ( )

exp( ( )/ )/ exp( ( )/ ) 1sel B sel B (33)

In eq 33, kB and T indicate Boltzmann’s constant and absolute
temperature in Kelvin, respectively.

We emphasize that the low solubility of N2 in aqueous electrolytes
can be a limiting factor for the NOR.23,61 In Section S5, we discuss
our model assumption on how the N2 concentration in the Helmholtz

layer can affect the predicted NOR selectivity (cf. eq 33). In addition,
we provide a pH-dependent analysis of NOR selectivity in Section S6.

The above-introduced data-driven framework is executed for the
basis set defined used to describe the OER and NOR (cf. eqs 9−11
and 30 and 31). This results in a total of 28,343,520 data points for
the three different applied electrode potentials or 9,447,840 data
points per U-value. We can relate this to the fact that we have
considered 9,447,840 different catalysts in our data-driven study, as
each data points corresponds to a different material. The only
downside to analyzing this huge amount of data is that at this point,
we do not know which data point belongs to which material. In
addition, we do not know if all these materials can be synthesized, as
some of them may not satisfy the currently unknown scaling
relationships between the NOR intermediates. Nevertheless, our data-
driven investigation provides unprecedented insights into controlling
selectivity toward nitrate formation and deriving design criteria for
selective NOR by considering the complete conversion of dinitrogen
to nitrate, which is further discussed in the following section.

3. RESULTS AND DISCUSSION
Using our in-house Python code (cf. Section S4) to evaluate
the selectivity challenge between nitrate and oxygen formation,
we analyze the NOR selectivity (cf. eq 33) at pH = 0 for all
28,343,520 data points. Tables 1 provides a statistical overview.

Table 1 reveals that only discrete values for the NOR
selectivity are observed. Note that there are two reasons for
this finding: on the one hand, we have used a discrete rather
than continuous representation of the OER and NOR basis
sets (cf. eqs 9−11 and 30 and 31). On the other hand, the
evaluation of the NOR selectivity based on eq 33 leads to
discrete values due to the presence of exponential terms in the
numerator and denominator. To this end, we do not aim to
interpret the selectivity values quantitatively, but rather strive
for a qualitative assessment. Without any ado, our main
interest refers to data points with high NOR selectivity, and
thus we further analyze the distribution for NOR selectivity
≥0.98. Altogether, 11,030,87 data points meet this criterion,
which is only about 3.90% of our entire data set. On the
contrary, about 95.86% of all data points (27,169,699 out of
28,343,520) show distinct selectivity toward the OER (NOR
selectivity ≤0.02). This outcome could have been expected
based on the thermodynamic and kinetic comparison of the
NOR and OER (cf. eqs 1 and 2), indicating that the
identification of highly selective NOR catalysts is challenging.
To further scrutinize the factors that govern selective nitrate
formation, we analyze the impact of the applied electrode
potential on the NOR selectivity. Figure 2 provides a potential-
dependent evaluation of the NOR selectivity for data points

Table 1. Statistical Analysis of the Nitrogen Oxidation and
Oxygen Evolution Reactions for the Considered Dataset of
28,343,520 Data Points at pH = 0a

NOR Selectivity Number of Cases Percentage of Cases

0 27,102,376 95.62
0.02 67,323 0.24
0.04 15,965 0.06
0.5 22,308 0.08
0.69 32,461 0.11
0.98 81,304 0.29
0.99 10,619 0.04
1 10,111,64 3.57

aNOR selectivity is determined according to eq 33.
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that satisfy the precondition of NOR selectivity ≥0.98. We
observe no clear potential dependence of the NOR selectivity
in the considered potential range of 1.40−1.60 V vs RHE. This
finding is in qualitative agreement with experimental studies on
Pd-based materials in the same potential range.24

To comprehend general trends in the NOR selectivity, we
adopt the OER volcano plot (cf. Figure S1) and add the data
points that fulfill the requirement of NOR selectivity ≥0.98.

This enables discussing NOR selectivity by using the
adsorption free energy of the *OH intermediate − ΔG1 (cf.
eqs 3 and 18) − as a descriptor, as illustrated in Figure 3.

The potential-dependent evaluation of the volcano plot
shows a consistent picture for selective NOR: all data points
fulfilling NOR selectivity ≥0.98 are located at the left − ΔG1 <
0.50 eV − or right − ΔG1 > 1.20 eV − legs (low OER activity)
rather than at the apex (high OER activity) of the volcano plot.

Figure 2. Potential-dependent evaluation of the NOR selectivity at U = [1.40, 1.50, 1.60] V vs RHE and pH = 0 for all data points where at least
98% selectivity for nitrate is observed.

Figure 3. Volcano plot for the oxygen evolution reaction (OER in yellow) and data points for the nitrogen oxidation reaction (NOR in maroon)
with NOR selectivity ≥0.98 at pH = 0 for (a) U = 1.40 V vs RHE, (b) U = 1.50 V vs RHE, and (c) U = 1.60 V vs RHE.

ACS Physical Chemistry Au pubs.acs.org/physchemau Article

https://doi.org/10.1021/acsphyschemau.4c00058
ACS Phys. Chem Au 2025, 5, 38−46

42

https://pubs.acs.org/doi/suppl/10.1021/acsphyschemau.4c00058/suppl_file/pg4c00058_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsphyschemau.4c00058?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphyschemau.4c00058?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphyschemau.4c00058?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphyschemau.4c00058?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphyschemau.4c00058?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphyschemau.4c00058?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphyschemau.4c00058?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphyschemau.4c00058?fig=fig3&ref=pdf
pubs.acs.org/physchemau?ref=pdf
https://doi.org/10.1021/acsphyschemau.4c00058?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


This finding underpins that state-of-the-art OER electro-
catalysts, such as transition-metal oxides in the form of IrO2 or
NiFeOOH,62,63 are not potential candidate materials for
selective NOR. Consequently, this outcome allows us to
reduce the search of promising material motifs for the NOR to
inactive OER catalysts. It is noteworthy that already the
calculation of a single adsorption free energy, namely ΔG1,
enables assessing the suitability of a particular catalytic site for
the OER based on the location in the volcano plot (cf. Figure
3). Therefore, we have successfully identified a first criterion
for the high-throughput screening of material motifs for the
NOR based on the evaluation of ΔG1.

Although selectivity is a more pressing issue than the activity
of NOR catalysts, we further consider the evaluation of the
electrocatalytic NOR activity based on the descriptor
G U( )max

NOR . Figure 4 shows the respective data points that
fulfill the requirement of NOR selectivity ≥0.98 in dependence
of ΔG1 in the potential range of 1.40−1.60 V vs RHE. While
Figure 4 relies on the adoption of a scaling-relation intercept of
3.20 eV for the *OH and *OOH intermediates (cf. eq 7), we
provide the same analysis for the corresponding values of 3.00
and 2.80 eV in Section S3 (cf. Figures S5−S7).

Figure 4 illustrates that there is a stark difference in the
electrocatalytic activity for the NOR at the left (ΔG1 < 0.50
eV) and right (ΔG1 > 1.20 eV) volcano legs. While the activity
is small at the left leg as G U( )max

NOR exceeds 2.00 eV, a different
situation arises for ΔG1 > 1.20 eV, where high activity is
observed due to a significantly reduced value of G U( )max

NOR . We
relate this difference in the electrocatalytic activity in
dependence of the binding energy of *OH (ΔG1) to different
adsorbate coverages under reaction conditions. For strong

oxygen binding (ΔG1 < 0.50 eV), a high *OH/*O coverage is
expected under the anodic reaction conditions, which impedes
the adsorption of the reactant N2 for the NOR. In contrast, for
weak oxygen binding (ΔG1 > 1.20 eV), a smaller *OH/*O
coverage provides sufficient vacancies for the adsorption of N2,
which facilitates the interaction of N2 and *OH to activate
dinitrogen for conversion to nitrate. To this end, it is expedient
to restrict the search of potential candidate materials for the
NOR to the right volcano leg (ΔG1 > 1.20 eV), since only
weak oxygen binding provides access to material motifs with
reasonable activity in the NOR. Given that also the adsorption
of N2 (cf. eq 19) must not be thermodynamically unfavorable
for dinitrogen conversion (i.e., ΔGa < 0.50 eV64), we propose
the conjoint assessment of ΔG1 and ΔGa to accelerate the
identification of promising materials motifs for the NOR based
on high-throughput screening using DFT calculations
combined with artificial intelligence and machine learning
techniques.65,66 This suggestion also applies to the assessment
of the NOR under alkaline conditions, as further discussed in
Section S6.

While the present manuscript does not aim to propose novel
catalytic materials for the NOR, but rather to accelerate the
discovery of these electrocatalysts by deriving simple
descriptors, we emphasize that our data-driven model can be
further used after performing comprehensive DFT calculations
through a feedback loop. As soon as information on the scaling
between the nitrogen intermediates in the NOR following the
generalized scheme of eqs 18−29 is available, it allows to refine
the basis set of eq 31 for the description of the NOR pathways
and to reduce our current “upper bound analysis” to the
available material space. Figure 5 summarizes the discussion on
this line of thought.

Figure 4. Activity plot for the nitrogen oxidation reaction (NOR) with NOR selectivity ≥0.98 at pH = 0 for (a) U = 1.40 V vs RHE, (b) U = 1.50
V vs RHE, and (c) U = 1.60 V vs RHE.
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Finally, we point out that the selectivity problem between
the competing NOR and OER is even more complex, since the
gaseous O2 formed in the OER can serve as an oxidant for N2
at the solid/liquid interface. Therefore, the harmful OER could
also have a positive effect by opening new reaction channels for
the activation of the inert dinitrogen molecule. In the present
manuscript, however, we rely on the discussion of decoupled
pathways in the context of the NOR and OER (cf. eqs 3−29).
It is recommended that future studies using DFT should
inspect the impact of N2 activation as a function of both the
electrochemical environment and p(O2) as a result of the
ongoing OER as a side reaction.

4. CONCLUSIONS
Direct conversion of dinitrogen from the air into nitric acid is a
dream reaction that can be achieved using electrochemistry (cf.
Figure 1) if selective catalysts for the nitrogen oxidation
reaction (NOR) are developed. While theoretical studies to
predict candidate materials that are later tested experimentally
have gained unprecedented popularity in recent decades, a
thorough investigation of the elementary steps in the NOR is
challenging due to the significant number of proton-coupled
electron transfers in the reaction mechanism (cf. eqs 18−29).
To overcome this challenge, we have developed a pH-
dependent data-driven assessment based on the construction
of volcano plots to identify design criteria for active and
selective NOR catalysts in acid and base, considering that the
oxygen evolution reaction (OER) is a detrimental side reaction
in the same potential window that is thermodynamically and
kinetically favored over the NOR.

Our pH-dependent evaluation shows that the chances of
identifying selective materials for the NOR are modest overall
(cf. Table 1), and the NOR selectivity is not largely potential
dependent (cf. Figure 2). Using the concept of volcano-based
selectivity and activity plots (cf. Figures 3 and 4), we propose
the conjoint assessment of ΔG1 > 1.20 eV and ΔGa < 0.50 eV
(cf. eqs 18 and 19) in theoretical studies using electronic
structure theory to enable high-throughput screening of
potential candidate materials. We strongly recommend that
future studies derive scaling relationships of NOR intermedi-

ates using electronic structure theory, as this knowledge for a
class of materials can be integrated into our generalized data-
driven model through a feedback loop (cf. Figure 5). This
strategy may pave the way for the derivation of descriptors
beyond the proposed assessment of ΔG1 and ΔGa as well as for
the identification of material motifs for selective NOR.
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