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Overcoming fundamental challenges of the
electrochemical nitrogen oxidation reaction
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Nitric acid and nitrates play a crucial role in modern agriculture and medicine; however, their
commercial production through the Haber—Bosch and Ostwald processes is energy-intensive and
generates significant greenhouse gas emissions. Additionally, the rapidly growing global population is
expected to significantly increase food demand in the coming decades. Therefore, there is a pressing
need to explore sustainable alternatives for synthetic fertilizer production to meet increasing global crop
demands while reducing the carbon footprint. The electrochemical nitrogen oxidation reaction (NOR)
presents a viable alternative which produces nitrates using renewable electricity. However, NOR s still a
nascent reaction that has not been studied extensively, and several key challenges must be addressed as
the field develops. In this feature article review, we highlight the set of effective approaches that we
have employed for studying this complex reaction and overcoming these challenges, as well as discuss
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future directions for advancing NOR technology.

Sustainable nitrate production via
nitrogen oxidation

Nitrates (NO; ), the salts of nitric acid, are vital components in
many areas of life, including modern agriculture, industry, and
medicine." The increased demand for nitric acid over the last
decade is primarily dictated by the fertilizer industry,” as most
synthetic fertilizers are nitrogen-based compounds. As of 2022,
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global nitrogen fertilizer consumption reached approximately
110 million metric tons per year.®> In the U.S. alone, fertilizer
usage increased by 5.4% between 2022 and 2023, due to the
expanding cultivation of cereals and grains. The U.S. nitrogen-
ous fertilizer market was valued at USD 8.82 billion in 2023 and
is projected to grow to $15.72 billion USD by 2032, emphasizing
the need for more nitrate-based fertilizers in the present and
future.*

The production of commercial nitric acid today involves a
complex, two-step industrial process. First, nitrogen gas (N,) is
separated from air, combined with hydrogen gas (H,), then
reacted over an iron-based catalyst under high temperatures
(400-500 °C) and pressures (100-200 atm) to produce ammonia
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(NH;3) through the Haber-Bosch process. Consequently, NH; is
then oxidized into nitric oxide (NO) over a platinum-rhodium
catalyst at 900 °C, then reacted with oxygen and water to form
nitric acid. Overall, these two processes are primarily used to
produce nitrogen-based fertilizers, which consume ~ 3% of the
world’s energy demand,> as well as contributes to ~1.5% of
global greenhouse gas emissions, generating about 2.6 tons of
carbon dioxide equivalent for every ton of fertilizer produced.®

Motivated to develop alternative, sustainable routes of
nitrate production, several approaches have been explored.
The current state of the art is indirect in that one must first
fully reduce N, to NHj3;, then fully oxidize NH; to form NO; ™.
Direct oxidation of N, to nitrates could provide a more energy-
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efficient path for fertilizer production. Yet, this reaction is
incredibly slow at atmospheric pressures due to high stability
of N, in our atmosphere. Various strategies, including
biological,” plasma® and lightning-based® approaches, have
all been explored. However, most of these attempts are plagued
by sluggish kinetics at ambient conditions and often require
extreme operating conditions to achieve practical nitrate
production rates.

The electrochemical nitrogen oxidation reaction (NOR) for
producing nitric acid or nitrates demonstrates significant
potential as an environmentally friendly method for fertilizer
production under ambient conditions. This approach utilizes
nitrogen directly from air, eliminating the need for pre-
synthesized ammonia as a chemical feedstock. The modular
nature of NOR enables localized, small-scale nitrate produc-
tion, reducing reliance on centralized industrial infrastructure
and long-distance transport. Moreover, this technology aims to
bypass multiple unit operations needed for ammonia synthesis
and subsequent oxidation to nitric acid.

While the NOR holds promise for sustainable fertilizer
production, limited research has been conducted on studying
this reaction. Several groups of catalysts have been investigated,
including metal oxides,'"®™"* thin films,">'® mixed metal
materials,’”2° and functionalized metals.'®**?> However, most
reports demonstrate extremely low concentrations of nitrate
(<0.1 mM) and molar production rates (<1 pmol NO; /h).'®??
As a result, there is a lack of clarity on the viability of this
reaction, let alone how to perform NOR experiments or simula-
tions in an accurate and reproducible manner. This stems from
several major challenges that make the NOR uniquely difficult
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Fig. 1 Schematic showing the four fundamental challenges that must be
overcome to unlock NOR: N=N bond stability, selectivity of NOR over
OER, mass transport of N, to the catalyst surface, and detection, quanti-
fication and validation of NOR products.

to investigate and that must be overcome if one is to success-
fully synthesize nitrate from N,.

We have identified four fundamental challenges that have
severely limited the ability to perform NOR reliably (Fig. 1). The
first challenge of NOR lies in the activation of N,. The N=N
triple bond is one of the strongest, and innovative approaches
are needed to develop catalysts and reaction conditions that
can effectively weaken and break this robust bond at mild
conditions. The second fundamental challenge for NOR is the
complex pathway of reactions that lead to a decrease in
selectivity to nitrate, as well as lower overall selectivity of the
NOR compared to water splitting. The equilibrium potential for
the NOR is within 0.1 V of the equilibrium potential for the
oxygen evolution reaction (OER), which presents a challenge to
selectively drive the NOR without simultaneously promoting
the OER and resulting in reduced efficiency and increased
energy consumption. The third challenge for NOR is the
hindered mass transport of the reactant gas to the catalyst
surface. This is primarily due to the low solubility of N, in water
at standard pressure and temperature that restricts the amount
of N, available to the catalyst surface in aqueous media. The
fourth challenge for NOR is NOR product detection, quantifica-
tion and validation. Electrochemical nitrogen chemistries are
susceptible to false positives due to contaminants.>* Since NOR
can result in both gas and liquid products, it is of chief
importance to establish rigorous experimental protocols that
account for these impurities and also capture the full spectrum
of reaction products.

This feature article describes our approach to each of the
aforementioned technical challenges in detail. We begin by

This journal is © The Royal Society of Chemistry 2025
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examining the intrinsic limitations in nitrogen activation, then
delve into the foundational reaction pathways and determine
the appropriate key figures of merit when evaluating NOR
experiments. We then discuss strategies to enhance conversion
and selectivity efficiency through reactor engineering and
mechanistic determination of catalyst behavior. Advances in
mass transport engineering are explored as a potential solution
to nitrogen solubility and diffusion constraints. Finally, proto-
cols on product quantification and validation are highlighted,
emphasizing the importance of high-sensitivity analytical tools
and contamination control. Altogether, this article outlines a
holistic framework for studying NOR effectively while addres-
sing these four fundamental challenges, integrating experi-
mental and theoretical approaches and identifying strategies
and opportunities for overcoming technical gaps and chal-
lenges in the field of electrochemical NOR.

Challenge 1: activation of the N=N
triple bond

It is no surprise that performing NOR has been difficult given
the incredible stability of the reactant N, molecule. The N=N
triple bond of the nitrogen molecule (N,) is one of the strongest
covalent bonds in nature, with a bond dissociation energy of
941 kJ mol '. The exceptional strength of the N=N bond
presents a significant kinetic barrier to activation, rendering
nitrogen chemically unreactive under standard conditions.
Atomistic scale modeling using density functional theory
(DFT) calculations can give us insight into how to approach
activating N,, as well as elucidate the reaction mechanism for
the NOR.

Accurately modeling the initial adsorption and activation of
N, is crucial yet challenging. It requires highly precise electro-
nic structure methods. Anand et al.>* explored the uncatalyzed
conversion of N, to HNO; using the VASP and Gaussian09
computational packages. Their study included benchmarking
commonly used functionals such as B3LYP, M06, M06-2X, and
WB97XD in Gaussian, as well as PBE and RPBE in VASP. The
latter is known to provide the best treatment of adsorption
properties on solid surfaces. They also examined the effects of
Grimme’s D3 dispersion correction and implicit solvation on
the computational results. However, the oxidation of nitrogen
is a complex electrochemical process that takes place at the
electrode-electrolyte interface, where the interplay between
dynamic molecular interactions, local electric fields, and solva-
tion effects critically governs the reaction pathways and
kinetics. To accurately capture these phenomena, computa-
tional modeling of the electrochemical interface needs a highly
detailed and nuanced approach. Conventional models often
fall short in representing the inherent complexity of the inter-
face, particularly the influence of the electric double layer and
the role of explicit solvation.

The whole reaction pathway is thermodynamically uphill
and requires a remarkably high limiting potential of 3.23 V vs.
RHE to become plausible, highlighting the critical need for the

This journal is © The Royal Society of Chemistry 2025
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development of highly efficient catalysts to drive and facilitate
this reaction.”” The initial step involves the adsorption of N,
onto the catalyst surface, a process strongly influenced by the
intrinsic properties of the catalyst, including its chemical
composition, crystallographic orientation (Fig. 2A), surface
coverage (Fig. 2B), and the applied potential (Fig. 2C). Following
adsorption, N, undergoes oxidation on the catalyst surface to
form N,O. For the reaction to proceed efficiently, the binding
strength of both intermediates to the catalyst surface must
be carefully balanced. Specifically, the intermediates must be
bound strongly enough to prevent desorption as N,(g) or N,O(g)
into the solution but not so strongly as to inhibit subsequent
oxidation steps leading to the formation of N,O, species. Fig. 2C
highlights the importance of identifying the structures that are
representative of experimental conditions, serving as a basis for
detailed and comprehensive analysis. This approach is essential
for minimizing the frequently observed discrepancies between
simulations and experimental results.

It is important to note that while thermodynamic free energy
profiles provide valuable insights into the energetics of the
initial and final states, greater emphasis should be placed on
the high-energy transition states and the reaction kinetics. The
accurate modeling of these processes is further complicated
by the necessity of incorporating potential dependence into
simulations. Among current quantum chemical approaches,
grand-canonical nudged elastic band (NEB) simulations and
ab initio molecular dynamics (AIMD) show significant promise
for predictive accuracy. However, these methods are computa-
tionally demanding. Addressing these aspects is crucial for
understanding and overcoming the kinetic bottlenecks that
govern the overall reaction pathway.

To achieve a more realistic representation, it is essential
to incorporate explicit solvent molecules and ionic species
into simulations. These components not only shape the local
electric field distribution but also dynamically modulate the
stability and reactivity of intermediate species through solvation
effects and ion-pairing interactions. However, the inclusion of
explicit solvation significantly increases the computational cost
and complexity of the models, as it requires accounting for large-
scale atomistic configurations, long-range electrostatic inter-
actions, and time-dependent changes under applied potential.
Advanced methodologies, such as constant-potential AIMD in
conjunction with enhanced sampling techniques, are therefore
required to probe the intricate dynamics of the interface and
accurately predict the energetics and mechanisms of nitrogen
oxidation reactions.

Challenge 2: complex mechanistic
pathways and competing oxygen
evolution reaction (OER)

The next challenge is a direct consequence of nitrogen’s poor
solubility. In aqueous electrochemical systems, water molecules

dominate the environment. Consequently, the oxygen evolu-
tion reaction (OER) naturally competes with NOR for the active

Chem. Commun., 2025, 61,19796-19809 | 19799


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5cc03295d

Open Access Article. Published on 18 November 2025. Downloaded on 2/28/2026 12:53:17 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

ChemComm Feature Article
A
04 T T T T T Q Q
100 (004)°- Y
(\ ) pci 21| 8288 »C/Od’r (101) ./ - x;;:?}‘, ﬁ\’“ﬁ*’
T | 5085 | 03t GUVSENIN S o B
o4 Bd B e s »Oe 9 P s W P I
(010) <, % 2 02l s .= (110) 3 %
» » . 7(001) tue SR 20wy | PRV
\ff) L5 | o5 | 2 e Resesesay|JRoSHSasre
o | e e, | 01 (011)m RoveNon o }@ﬁ o
o, e, o, e, e, < P ‘JVU~/:¢D{- e
(011, 3 7 (101) g |3
o 3em 8 || o gongs | 007 f oot || omonda
NENEN NSNS (100). ®(010) RISl Rieisiein
.g..}_,g..} .g*}_j;..) 01l w2, . \ \ , '%:ﬂ.gig,&’ ﬁ*#ﬁzﬁ}
— — 208 -07 -0.6 -05 -04 -03 -02—" LREE L
AGy (eV
5 ACUN
* 0.5
,-Q X
o3¢ B¢ Bl 4 <
o 0.3} P . E
A PR B ® s =
S| 30 . - :
OHCpECy | 2 » wOH 5
o3¢ Bd Be g 0.1F P E &)
7 =
*0 0.0} s . o
< SRR A L =
O | -0a] 87 -
-0.8 -0.6 -0.4 -0.2 1.0 1.5 2.0 2.5
AGy, (eV) Potential (V vs RHE)
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sites on the catalyst. The preferential occurrence of OER over
NOR is driven by the higher availability of water molecules
compared to dissolved nitrogen. This parasitic OER signifi-
cantly hinders the observation and efficiency of nitrogen con-
version at the catalyst surface, making it difficult to achieve

selective NOR.

Fig. 3 illustrates the intricate reaction network associated
with NOR, encompassing both chemical and electrochemical
steps, as well as the potential products arising from nitrogen
oxidation. This reaction network for NOR in aqueous solution
shows the number of transferred electrons for various nitrogen
species as they are progressively increased from the lowest
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Fig. 3 Overview of electrochemical (solid arrows) and chemical (dashed arrows) nitrogen oxidation reactions based on oxidation state. Reproduced with
permission from ref. 27.
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Table 1 List of equilibrium potentials and number of electrons per
product for all possible half-cell electrochemical anodic reactions asso-
ciated with NOR in aqueous electrolyte. Reproduced with permission from
ref. 27

Anode electrochemical reaction E° (vs. RHE) (V) # e/product

N, + H,O0 - N,O + 2e” +2H" +1.77 2
N, + 2H,0 — 2NO + 4e~ + 4H" +1.68 2
N, + 4H,0 — 2HNO, + 6e~ + 6H" +1.48 3
N, + 3H,0 - N,O; + 6e~ + 6H" +1.48 6
N, + 4H,0 — 2NO, + 8¢~ + 8H" +1.36 4
N, + 4H,0 — N,O, + 8¢~ + 8H" +1.36 8
N, + 6H,0 — 2NO,  +10e + 12H"  +1.31 5
N, + 5H,0 — N,Os + 10e” + 10H" +1.35 10
2H,0 — O, + 4e~ + 4H" +1.23 4
2H,0 — H,0, +2e +2H" +1.76 2

oxidation state 0 in molecular nitrogen, N,, to the highest
oxidation state +5 in nitric acid, HNO;. As dashed arrows
indicate, most reaction intermediates can be formed via
proton-coupled electron transfer (PCET) steps and then undergo
chemical transformations to targeted HNO;. Furthermore,
Table 1 provides a comprehensive list of possible anodic electro-
chemical reactions, detailing the corresponding free energy
changes and the number of electrons transferred per reaction.
Understanding the key factors that govern the formation of
desired products is therefore crucial for optimizing NOR selec-
tivity and advancing nitrogen electrochemistry.

In the recent years, researchers have focused on noble
metals and their oxides, as well as transition metal materials,
as potential NOR catalysts. Recent theoretical studies have
sought to elucidate the mechanisms and intermediates
involved in NOR, while also examining their competition with
the OER. These investigations are primarily focused on identi-
fying catalysts that can selectively enhance NOR. For instance,
TiO,, PdO, and SnO,, known for weaker *O adsorption, was
suggested as potential candidates for NOR.>*** The NOR
mechanisms, activity, and selectivity of various phases, includ-
ing rutile (110) and anatase (100) and (101), were investigated
on metal oxides.”® The findings highlighted the anatase
PtO,(100) facet, covered by a monolayer of *OH, as a promising
catalyst with an estimated nitrate faradaic efficiency of 62.8%.
In our computational analysis, the PtO,(100) facet was identi-
fied as exhibiting the strongest adsorption for both *N, and
*N,O species. We also highlight that the reaction intermediates
may involve lattice oxygen as a result of N-N bond cleavage, and
the role of defects on the reaction energetics needs further
investigation.””

Defect engineering was investigated as a promising way
to activate nitrogen.">?® The enhanced NOR performance was
demonstrated on oxygen vacancy-enriched niobium oxide
nanobelts (Au-Nb,Os_,),> promoting N, adsorption on oxygen
vacancy sites. Faradaic efficiency (FE) of 6.70% at 1.36 V and a
maximum yield of 767.92 pg h™' mgecat ' at 1.44 V were
obtained on cation vacancy-rich RuO, in sulfuric acid
electrolyte,”® and DFT calculations suggested the cooperative
behavior of OER intermediates in the rate-determining step of
*NN(OH) formation. Doping 2.79 wt% Ru into TiO, structure

This journal is © The Royal Society of Chemistry 2025
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showed the accelerated *N, conversion to *NO due to the
upshift of d band center in Ru sites.'” Further, over-doping of
Ru ions resulted in formation of RuO, on the TiO, surface,
forming active sites for dominant OER, thus suppressing NOR.
Similarly, the positive impact on nitrogen electrooxidation was
found in Ru-doped Pd nanoparticles (PdgyoRu,),"® compared
to pristine Pd and Ru metal catalysts. Tensile strain was
suggested as a strategy to facilitate NOR activity in PdO,."*
The synergetic effect was demonstrated for Ru-nanoclusters-
coupled Mn;0,"* led to approximately 2 eV reduction in the
kinetic barrier for the rate-determining step of *NN(OH) for-
mation, compared to Mn;0O,. This resulted in FE of 28.87% and
NO;~ yield of 35.34 ug h™" mgcat™" at 1.6 and 2.0 V, respec-
tively. A series of ZnFe,Co,_,O, spinel oxides'” were studied for
NOR performance, and the optimal ZnFe, ,Co, (O, composition
demonstrated the production of approximately 130 ug h™* g~ of
nitrates at 1.6 V vs. RHE, with average current densities around
0.04 mA cm > in an open beaker three-electrode setup. DFT
calculations performed on the identified catalyst, along with
ZnFe,0, and ZnCo,0y,, reveal lower free energy barriers, indicat-
ing a synergistic interaction between Fe and Co atoms. Specifi-
cally, Fe plays a crucial role in facilitating the formation of the first
N-O bond on the *N site, while Co contributes to stabilizing the
adsorbed OH™ species, thereby enabling the subsequent for-
mation of the second and third N-O bonds. Similarly, atomically
dispersed Fe atoms on N-doped carbon nanosheet achieved
35.63% nitrate production at a rate of 2.45 umol cm > h™' at
2.1 V vs. RHE, with an average current density of 0.2 mA cm™” in
an H-cell.*® In addition to these surface-mediated electrochemical
mechanisms, alternative pathways have recently been explored
in which reactive oxygen species act as intermediates for N,
activation. Dong et al.*' demonstrated an indirect NOR route
where *OH radicals generated in situ oxidize N,. This decou-
ples N, activation from the conventional OER competition.
Such radical-mediated mechanisms introduce a different
approach to NOR where the local environment variable such
as radical lifetime becomes just as important as the catalyst
surface itself. Along similar lines, electro-Fenton-like processes
as a means of generating *OH radicals have also been reported
to drive NOR.**7** While these studies remain at a formative
stage as well, they certainly broaden the mechanistic landscape
and further highlight the diversity of pathways through which
NOR might be achieved. In the framework of addressing the
complexity of this reaction network, our work used DFT and
AIMD in combination with enhanced sampling techniques to
show that under anodic bias the OH-terminated PtO,(100)
surface binds N, and N,O most strongly, with calculated
free-energy barriers favoring chemical *N,O formation over
direct electrochemical water attack. Guided by these predic-
tions and our isotope labeling experiments using "°N,, we
confirmed a clear signal for NO visa mass spectrometry and
N,O via FTIR, unambiguously confirming N-N bond cleavage
via a *N,O intermediate. This approach probes into deconvo-
luting the competing electrochemical and chemical pathways-
and yet, it represents only an initial foray into the complex
mechanistic landscape of NOR.

Chem. Commun., 2025, 61,19796-19809 | 19801
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Challenge 3: mass transport of
nitrogen to the catalyst surface
in aqueous solutions

The third major challenge is the slow mass transport of nitro-
gen gas due to its poor solubility in water. N, is a stable,
nonpolar molecule with a high vapor pressure, which leads to
its low solubility in water (20 mg L™ ") at standard temperature
and pressure (STP). Additionally, the traditional H-cell or flow
cell configurations used in aqueous electrochemistry — where
N, gas is dissolved into the electrolyte and is expected to diffuse
to the catalyst layer - results in large (~100 pm) diffusion
boundary layers,*>*® which only exacerbates this challenge.
We can calculate the limiting current density, which represents
the maximum current that can be passed due to mass transport
limitations, using the following equation:

. nFDN, Cy,
iINOy = NT-ANZ )

where i no, is the maximum current density for NO;~ produc-
tion via NOR in mA cm ™2, n is the number of electrons needed
for producing one molecule of NO;™, F is Faraday’s constant
(96485 C mol™'), Dy, is the diffusivity of N, in water (2 x
107° ecm® s7'), Cp, is the bulk concentration of N, in water
(<1 mM), and ¢ is the hydrodynamic diffusion boundary layer
defined by the electrochemical reactor geometry. If we assume
that each molecule of NO;™ requires 5 electrons (Table 1) and
the boundary layer in a traditional H-cell is 100 um, we arrive at
a limiting current density of 0.689 mA cm™ 2. This limitation
poses a significant barrier to achieving the desired reaction
rates and efficiencies in aqueous environments. Furthermore,
as the vast majority of the NOR field to date has been con-
ducted in these types of electrochemical cells, it is unsurprising
that only very small amounts of nitrate have been detected and
the NOR has been difficult to validate.

Gas diffusion electrodes (GDEs) play a pivotal role in addres-
sing the transport limitations of conventional electrochemical
systems, particularly in reactions like NOR, where low gas
solubility and diffusivity significantly constrain reaction
rates.>” GDEs enable direct gas-phase delivery of reactants such
as N, to the catalyst interface, bypassing the slow diffusion and
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large boundary layers of H-cell and flow cell designs. This
approach ensures a higher local concentration of nitrogen at
the active sites, facilitating improved reaction kinetics and
enhanced selectivity.*®

In addition to improving mass transport, GDEs provide an
optimal environment for tuning the three-phase boundary,
where gas, liquid, and solid interfaces intersect. GDEs can help
maximize the utilization of active sites and minimizing unde-
sired side reactions, such as OER. The integration of GDEs into
vapor-fed reactor architectures has demonstrated remarkable
advancements in achieving high current densities for NOR.
We utilized the first such use of a GDE-based reactor in our
previous work?” in order to overcome the abovementioned
limitations (Fig. 4). This reactor design exhibits higher catalytic
activity compared to the conventional planar or non-
hydrophobic porous catalysts that rely on the availability of
dissolved N, in the electrolyte. This design not only mitigates
the issues of low gas solubility but also enables better control of
operating conditions, such as reactant flow rates and pressure.
As NOR research advances, the continued development and
optimization of GDEs will be instrumental in bridging the gap
between laboratory-scale discoveries and industrial-scale appli-
cations, paving the way for a sustainable nitrogen economy.

The advent of advanced manufacturing (AM) has introduced
a paradigm shift in the landscape of reactor design across the
domain of electrocatalysis.>® Specifically, incorporating AM in
the design and fabrication of reactors can potentially help
bridge the gaps highlighted in this article. AM offers significant
advantages in optimizing reactor design to enhance mass
transport of reactant species, either by fine-tuning the reactor
geometry or by introducing efficient flow pathways in stagnant-
electrolyte cells. Moreover, the capability for rapid prototyping
through AM can address challenges related to reactor variability
across different research groups by accelerating the design
and standardization of NOR electrochemical reactors (Fig. 5).
A notable example of AM’s potential is demonstrated by Corral
et al.,"® who used custom printing to create an electrochemical
reactor capable of efficiently converting CO, to ethylene at
high current densities. AM devices have accelerated reaction
engineering across multiple domains: in water oxidation,
AM-enabled microfluidic reactors tailor local flow fields and

© ®
P -

Air (N, +0,)

Nitrate (NO5’)

®
o

Water (H,0)

Hydrogen (H,)

Fig. 4 Our experimental design of a NOR system includes several features to improve NOz™ production, including (1) gas flow compartment for N, or
air to enter the reactor, (2) GDE design for the anode to improve diffusion of N, to the catalyst surface, (3) small volume of electrolyte to increase surface
area to volume ratio, leading to increased NOz~ detection, (4) membrane-less design to avoid nitrate impurities, and (5) hydrogen-producing
GDE cathode with a separate gas flow channel to quantify cathode products and ensure no nitrate is being consumed. Reproduced with permission

from ref. 27.
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Fig. 5 Rapid and informed iteration of electrochemical reactors via AM offer significant advantages in reactor design, including sub-millimeter control
over reactor features, manufacturing times on the scale of hours, not weeks, straightforward ability to introduce complex parts and features into the
reactor design, and two orders of magnitude cheaper manufacture compared to conventional approaches. Reproduced with permission from ref. 35.

improve oxygen bubble removal, significantly boosting reaction
efficiency.””**> These systems allow precise control over local
hydrodynamics, which is critical for mitigating concentration
gradients and enhancing reaction rates. In biomass electro-
oxidation, AM-fabricated reactors have been used to optimize
the electrode-electrolyte interface integrating compact design
with lower electrolyte volume to rapidly assess the intrinsic
kinetics of lignocellulosic intermediates;** for methane-to-
methanol synthesis, biocatalytic polymers within a silicon
lattice were created using AM exhibited enhanced gas transport
pathways that significantly improve product yields.**

Such efforts underscore the importance of AM in enhancing
and understanding reactor kinetics, thus contributing to the
development of new electrochemical technologies. These
advancements are essential for building a fundamental under-
standing of electrocatalytic processes and for driving innovation

This journal is © The Royal Society of Chemistry 2025

in reactor design, ultimately leading to more efficient and scalable
electrochemical systems.

Advancements in catalyst design, reaction engineering, and
system optimization are essential for translating laboratory-
scale findings into scalable and sustainable NOR processes,
ultimately contributing to a greener chemical industry. While
notable progress has been made in developing NOR catalysts,
overcoming the limitations of current experimental setups is
crucial for accurate evaluation of performance. Addressing
these challenges requires innovative approaches to activate
the N-N triple bond under mild conditions, enhance nitrogen
solubility and transport in aqueous systems, and suppress
competing reactions like OER. Future research should focus
on improving nitrogen solubility and transport in electroche-
mical systems and developing more controlled reactor environ-
ments to ensure accurate measurement of catalytic activities.
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Just as efficient transport of N, to the catalyst interface is
essential for enabling NOR, the downstream management of
the products also presents a challenge. In most aqueous
systems, the NOR systems might generate a mixture of nitrates,
nitrites, and possible short-lived NO, species, rather than just
pure nitric acid. Direct collection of HNO; has not yet been
realized under ambient electrochemical conditions and achiev-
ing this will likely require coupling downstream separation
processes such as ion-exchange, capacitive deionization, or
membrane-based nitrate concentration. Each of these pro-
cesses introduce additional energy and cost penalties that call
for an integrated reactor-separator design. While the future
research initially would focus on improving the transport of N,
in these electrochemical systems, consequently, addressing
separation and purification is also essential for NOR to become
a practical alternative to the Ostwald process.

Challenge 4: NOR product detection,
quantification and validation

NOR is a complex reaction that follows multiple pathways,
therefore understanding the conditions that lead to specific
products can significantly improve the efficiency and selectivity
of the reaction. Fig. 3 illustrates the possible products of both
the chemical and electrochemical anodic reactions. Notably,
the thermodynamic equilibrium potentials for these reactions
range between two critical 4e~ and 2e~ water oxidation reactions:
oxygen (O,) at +1.23 V vs. RHE and hydrogen peroxide (H,0,) at
+1.77 V vs. RHE at 25 °C and 1 atm, respectively. Thus, accurately
detecting and quantifying the products is crucial for a compre-
hensive understanding of N, oxidation.

Establishing robust experimental protocols

Current literature on experimental NOR predominantly
employs open beaker or H-cell electrochemical reactors. These
conventional reactors have been instrumental in studying
fundamental electrocatalysis but can be vulnerable to atmo-
spheric and reactor component nitrate contamination, poten-
tially leading to overestimation of catalytic activities. This issue
is reminiscent of challenges faced in the electrochemical
nitrogen reduction (NRR) field and therefore calls for a need
to develop robust experimental protocols to avoid similar
pitfalls as we learned from the NRR research community.

In a recent study by Dong et al,*’ they showcase robust
experimental methodologies, including systematic catalyst
synthesis, detailed structural characterization, and advanced
operando techniques such as in situ electrochemical Raman
spectroscopy and differential electrochemical mass spectrome-
try (DEMS). These methods ensure precise monitoring of reac-
tion intermediates and products, minimizing ambiguities
associated with side reactions or environmental contaminants.
For instance, the careful calibration of nitrogen species via
N-labeled experiments and comprehensive ion chromato-
graphy validates the reported catalytic performance with high
confidence.

19804 | Chem. Commun., 2025, 61,19796-19809
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Such rigorous practices are critical in electrochemical
research to avoid over-interpretation or misinterpretation of
results. By eliminating confounding variables and accurately
quantifying reaction outcomes, researchers can reliably corre-
late observed performance metrics with underlying catalytic
phenomena. This not only bolsters scientific credibility but also
lays a robust foundation for scaling laboratory findings to
practical applications. Future advancements in electrochemical
nitrogen oxidation will greatly benefit from the adoption of
similarly stringent experimental protocols.”**>*¢ Given the
wide range of potential NOR products, it is crucial to establish
robust experimental protocols to confidently support mecha-
nistic hypotheses. While we acknowledge that having access to
a variety of characterization and quantification equipment can
be expensive and time-consuming, the lack of certain facilities
should not hinder researchers from sharing their ideas.
However, in such cases, it is recommended that researchers
carefully bound their conclusions based on the available
resources to best accelerate scientific discoveries in this nas-
cent field of NOR.

One of the fundamental requirements for aqueous NOR is
the quantification of the parasitic oxygen evolution reaction
(OER) using a gas chromatography (GC) instrument. This is
considered the bare minimum for product analysis, as it
provides quantitative insight into the OER faradaic efficiency
(FE). If researchers find that the FE does not total 100% and if
neither the catalyst nor the electrolyte are degrading, they can
attribute the remaining FE to NOR. This approach (as seen in
Fig. 6) offers a quick and preliminary way to screen electro-
chemical systems for NOR activity, facilitating the identifi-
cation of promising candidates for further investigation.

To truly probe into the mechanistic insights of NOR, further
analytical techniques should be employed. Ion chromatography
can determine the concentration of nitrates produced, while
NMR with N-15 isotope labeling, and mass spectrometry com-
bined with FTIR can detect short-lived intermediates. These
advanced techniques will deepen our understanding of the
NOR process, driving innovation and efficiency in electroche-
mical nitrogen oxidation.

Importance of N-15 isotope labeling

N-15 isotope labeling is crucial for understanding the role of
potential contaminants in electrochemical nitrogen oxidation
(NOR). This technique involves using N-15 enriched N, gas
instead of the common N-14. The electrochemical reaction
products can then be analyzed with standard techniques, and
NMR can be employed to detect N-15 based stable NOR
products.

Nitrogenous impurities are easily misinterpreted in experi-
ments, leading to erroneous conclusions about the source of
nitrogen in the reaction products. Isotopically labeled nitrogen
is an excellent method to eliminate such misinterpretations. Since
the only source of N-15 in the system is the supplied N-15 N, gas,
any N-15 based NOR products detected can be confidently attrib-
uted to the supplied gas. If the reaction products originate from
other nitrogen-based impurities present in the reactor, N-15 based

This journal is © The Royal Society of Chemistry 2025
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Fig. 6 Detailed schematic of the experimental setup for electrochemical NOR. Reproduced with permission from ref. 27.

NOR products should not be detected. This method provides a
robust check to confirm that the NOR activity is predominantly
derived from the gaseous N, supplied and not from contami-
nants. By using N-15 isotope labeling, researchers can ensure the
accuracy of their results, leading to a more reliable understanding
of the NOR process and its potential for practical applications.

Mass spectrometry

Mass spectrometry is a vital tool in the arsenal of advanced
analytical techniques used for electrochemical NOR. Its quick
response time provides valuable information about the inter-
mediates formed during NOR, whether they are stable or short-
lived, up to a certain temporal resolution. This capability is crucial
for gaining deeper insights into reaction pathways by identifying
the intermediates. By elucidating the formation and consumption
of intermediates, mass spectrometry helps researchers under-
stand the mechanistic details of NOR, ultimately contributing to
the optimization and efficiency of the process.

Importance of FTIR

In our study, Fourier-transform infrared (FTIR) spectroscopy
played a crucial role in identifying and quantifying nitrogen-
containing products formed during the electrochemical nitro-
gen oxidation reaction (NOR). By capturing high-resolution
spectra of gas-phase nitrogen oxides, FTIR enabled precise
differentiation among species such as NO, NO,, N,O, and
nitrate intermediates. This level of detail provided direct
insights into reaction pathways, aiding in the validation of
catalytic activity and selectivity.

FTIR is an indispensable tool in electrochemical NOR due to
its ability to offer non-invasive, real-time monitoring of gaseous
and aqueous products. Unlike traditional techniques, FTIR
allows for the simultaneous analysis of multiple reaction products,
making it highly effective for studying complex reaction networks.

This journal is © The Royal Society of Chemistry 2025

Furthermore, when paired with isotopic labeling (e.g:, °N), FTIR
enhances mechanistic understanding by enabling tracking of
nitrogen atoms through the reaction sequence.

By integrating FTIR into the analytical workflow, researchers
can ensure accurate product identification and minimize ambi-
guities in product quantification. This robust methodology is
vital for advancing the development of NOR catalysts and
optimizing reaction conditions, ultimately contributing to the
design of sustainable nitrogen conversion processes.

As depicted in Fig. 7, for our published work,> we
assembled a NOR screening platform integrating DFT and
AIMD insights with a vapor-fed reactor, online FTIR, isotope-
labeling, and GDE-based mass-transport control—to elucidate
and validate the coupled chemical/electrochemical pathways of
nitrogen oxidation. By utilizing computation and experiment in
a single workflow, we established what we think is a rigorous
methodology for NOR benchmarking and mechanistic decon-
volution. Future efforts can build on this foundation to probe
solvent effects, catalyst-electrolyte interactions, and alternative
reaction pathways that remain unexplored.

Advancements in nitrate production

for electrochemical nitrogen oxidation
The field of electrochemical NOR is still in its infancy and faces
several experimental challenges that need to be addressed for
commercial scalability. In this section, we review recent advance-

ments in NOR, focusing on nitrate production rates, and discuss
the implications for future research and development.

Comparative analysis of nitrate
production rates

We compare the nitrate production rate of our electrochemi-
cal system with previous NOR reports. As highlighted in Fig. 8,
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Fig. 7 A comprehensive diagram depicting the essential equipment for screening, evaluating, and benchmarking electrochemical systems for NOR
ensuring the implementation of best practices in this emerging field. Reproduced with permission from ref. 27.
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Fig. 8 Comparison of the performance of our work with previously
reported NOR experiments as a function of applied potential. Reproduced
with permission from ref. 27.

our system®” produces nitrates at an order of magnitude higher
than recent literature, demonstrating a considerable advance-
ment in the field. Despite these promising outcomes, electro-
chemical nitrogen oxidation remains in its early stages and has
yet to be scaled for commercial implementation. For this
technology to be commercially viable in fertilizer production,
the nitrate concentration must meet specific requirements.
Based on the nitrogen content in typical fertilizers, we estimate
that an acceptable range for nitrates in liquid-distributed
fertilizers is between 14-35 mM. Our previous work showcases
the potential of engineering the electrode-electrolyte-reactor

19806 | Chem. Commun., 2025, 61,19796-19809

Table 2 Rate of nitrate production from the recent reported literature as
reflected in Fig. 8

Applied potential Rate of nitrate production

Catalyst (V vs. RHE) (x107® mol h™")
ZnFe,CO 04 1.60 6.41
Rug1Pdg.00, 1.70 7.46
PdO, 1.75 17.67
Ru/TiO, 1.80 3.14
Pd/MXene 2.03 1.96
Fe/SnO, 1.97 27.33
Ru-Mn;0, 2.00 11.23
B15C, 2.20 38.32
Pt plate 2.37 12.00
RuO, 1.44 63.94
Our work 2.47 300

system to achieve these higher concentrations of nitrate,
moving closer to practical application. Fig. 8 and Table 2
provide a comparative analysis of our nitrate production rate
with those reported in the literature. Our system achieves the
highest rate of nitrate production to date, underscoring its
significance. While reporting high FE is crucial in this emer-
ging field, it is not the sole metric for success. Low production
rates can hinder the commercial realization of an electroche-
mical process. Therefore, achieving both high FE and high
production rates is essential for practical applications. While
FE remains a key performance indicator, NOR’s intertwined
chemical and electrochemical pathways may make single-
product FE reports potentially misleading. Because of this,
our work reported the cumulative FE across all nitrogen-oxide
products. Electrochemical NOR FE can be approximated as
100% - OER FE; however, the field is not yet mature enough
to quantitatively decouple electrochemical and purely chemical

This journal is © The Royal Society of Chemistry 2025
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contributions. We therefore encourage the community to
develop and adopt pathway-resolved decoupling methods and
to report electrochemical and chemical efficiencies separately if
possible, fostering more robust and reliable benchmarks that
will accelerate NOR’s practical advancement.

The findings from our work lay the groundwork for further
exploration and optimization in the field of electrochemical
nitrogen oxidation. Translating NOR performance from labora-
tory demonstrations to commercially scalable production
will require overcoming challenges associated with selectivity,
product separation, reactor durability, and standardized bench-
marking. By addressing the current challenges and employing
reactor design, electrode-electrolyte-reactor engineering, and
advanced analytical techniques, future research can achieve
higher efficiencies and production rates, moving closer to
commercial viability. This progress is essential for developing
scalable and sustainable NOR processes, ultimately contribut-
ing to a greener chemical industry.

Perspective and outlook

This feature article highlights recent advancements in NOR
research while identifying gaps that must be bridged to achieve
commercial viability. By focusing on a multidisciplinary
approach that combines experimental innovation, computa-
tional insights, and reactor engineering, the NOR field is poised
to deliver groundbreaking solutions for sustainable fertilizer
production. Ultimately, advancing NOR technology is not just a
scientific challenge but a critical step toward achieving global
sustainability goals and fostering a greener future. We suggest
the following future directions to bridge the existing knowledge
gaps and accelerate the development of scalable NOR systems.

To establish a robust feedback loop for catalyst screening in
the NOR process, an iterative framework integrating computa-
tional predictions, experimental validation, and data-driven
optimization is essential. High-throughput screening methods
enable the exploration of expansive chemical and composi-
tional spaces, facilitating the rapid identification of promising
NOR catalysts while deriving fundamental design principles for
further development. Key catalyst properties, such as adsorp-
tion energies, reaction barriers, and thermodynamic stability,
can be systematically predicted using automated DFT calcula-
tions. Additionally, electronic structure descriptors correlating
with catalytic performance must be identified and refined. The
integration of machine learning (ML) approaches provides a
pathway to generate extensive datasets characterizing catalyst
performance with reduced computational demand. Notably,
while research efforts have predominantly focused on catalytic
activity, it is imperative to address the often-overlooked chal-
lenge of catalyst stability under high anodic potentials. Many
catalysts exhibit rapid dissolution in aqueous environments
under such conditions, highlighting the need for a balanced
consideration of both activity and durability in catalyst design.
Integrating experimental data with multiscale modeling tech-
niques can capture the behavior of realistic catalyst phases

This journal is © The Royal Society of Chemistry 2025
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under dynamic conditions, but also iteratively guide experi-
mental design, accelerate material screening, and uncover rate
limiting steps. High-throughput synthesis techniques, such as
automated combinatorial catalyst preparation and robotic ink
formulation, combined with high-throughput electrochemical
testing platforms, provide an efficient pathway for rapidly
evaluating large libraries of NOR catalysts. These approaches
allow simultaneous screening of activity, selectivity, and stabi-
lity across diverse materials under controlled conditions.
By generating expansive datasets, they facilitate the identifi-
cation of performance trends and accelerate the refinement of
catalyst design principles.

Characterizing complex dynamic interfaces requires the
integration of computational and experimental approaches to
capture both structural and mechanistic insights under realis-
tic conditions. AIMD simulations play a pivotal role in this
effort by offering atomistic-level information on the structure
and dynamics of the electric double layer, which is critical for
understanding interfacial phenomena such as charge distri-
bution, ion solvation, and adsorption behavior.

To address the challenges of rare event sampling and
accurately characterize reaction pathways, the application of
enhanced sampling techniques, such as metadynamics,
umbrella sampling, or slow growth methods, is essential. These
methods enable the exploration of free energy surfaces, identifi-
cation of reaction intermediates, and estimation of kinetic
barriers for processes occurring in aqueous environments.

Another promising avenue is the development of ML poten-
tials which combine the accuracy of quantum mechanical
calculations with the computational efficiency needed for
larger-scale or longer-time simulations. These potentials can
be trained on high-fidelity AIMD datasets and used to extend
the simulation timescales or system sizes, providing more
comprehensive insights into the dynamic behavior of inter-
faces. The inclusion of ML-based models allows for scalable
simulations of complex systems, thereby bridging the gap between
atomic-scale understanding and macroscopic observables.

In addition to probing structural and mechanistic proper-
ties, computational tools can be employed to simulate experi-
mental observables. For instance, simulated FTIR spectra
derived from AIMD trajectories can provide information about
molecular vibrations and interfacial interactions. These simu-
lated spectra can be directly compared with experimental FTIR
data, serving as a critical validation step and enabling the
refinement of computational models to ensure they accurately
capture the interfacial behavior.

AM has revolutionized reactor design by enabling precise
customization of geometry and flow dynamics to improve mass
transport and reaction efficiency. Multiphysics modeling can
complement AM by simulating reactor transport dynamics,
including fluid flow, ion migration, and gas diffusion, to optimize
reactor performance. By integrating AM and Multiphysics model-
ing, researchers can design reactors that address key challenges,
such as nitrogen solubility limitations and competing side reac-
tions like OER. These advancements are vital for ensuring con-
sistent and scalable NOR processes across different setups.
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Ensuring the accuracy of experimental results is critical
in NOR research, particularly given the challenges posed by
contamination and side reactions. N-15 isotope labeling pro-
vides a robust method for verifying that reaction products
originate from supplied nitrogen gas rather than contaminants.
By analyzing products using NMR and mass spectrometry,
researchers can confidently attribute observed nitrogenous
products to electrochemical reactions. Mass spectrometry is
instrumental for real-time detection of reaction intermediates,
offering insights into transient species that govern NOR pathways.
Combined with FTIR spectroscopy, this technique can provide a
comprehensive understanding of molecular vibrations and inter-
facial interactions. Simulated FTIR spectra derived from AIMD
trajectories can further validate experimental data, bridging the
gap between theoretical predictions and practical observations.

The ultimate goal of NOR research is to achieve high nitrate
production rates and faradaic efficiencies while maintaining
low energy consumption. Strategies such as defect engineering,
doping, and tuning catalyst surface properties must be explored
further. Optimizing the balance between catalytic activity and
durability remains a critical challenge. Furthermore, establishing
robust experimental protocols and standardizing methodologies
across research groups will ensure reproducibility and compar-
ability of results. Collaborative efforts between academia and
industry can drive innovation, enabling the translation of
laboratory-scale discoveries into commercial-scale solutions.
To provide perspective, we show an energy intensity calculation
with a simple expression:

VccllnF
E=——F- 2
IE (2)

where E (MWh per ton HNO3) is the energy intensity, Veey (V) is
the cell voltage, n is the number of electrons required to convert
N, to 1 mole of NO;~ using the conservative assumption that
the reaction is purely electrochemical, and F (C mol ) is the
Faraday’s constant. If part of the process proceeds through
chemical steps rather than electrochemical charge transfer,
the effective electron requirement would be lower, and the
corresponding energy intensity would decrease, making these
results even more favorable. While this is a clear simplification
of a very nuanced and complex process, it nonetheless illus-
trates the strong leverage of FE and cell voltage on the energy
demand as highlighted in Fig. 9. To approach the energy
intensity of the conventional Ostwald process for nitrate
production,® the NOR technology must aim for cell voltages
below 1.9 V and a FE of above 65%. We present this estimation
not as a definitive benchmark but as an invitation for continued
discussion and refinement of performance targets needed for
electrochemical NOR to become competitive with the industrial
nitric acid synthesis.

Advancing NOR technology requires a synergistic approach
encompassing catalyst development, reactor engineering,
and advanced characterization techniques. By addressing the
outlined challenges and leveraging emerging technologies,
the field can pave the way for scalable and sustainable nitrate
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production, contributing significantly to global efforts in cli-
mate action and food security.
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