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Abstract: Nitrogen-based fertilizers are necessary to increase the agricultural output since
nitrogen is the most frequent rate-limiting product. The main ingredients in almost all
nitrogen-based fertilizers are ammonia and nitric acid; demand for these substances is
significantly driven by global population and food production. Over the next few decades, the
size and value of the ammonia and nitric acid markets will continue to be largely influenced
by global population, which will have a significant impact on energy utility. Ammonia is
synthesized via the high energy demanding Haber-Bosch process, and in the Ostwald process,
ammonia is catalytically oxidized to prepare industrial grade nitric acid. As industrial
synthesis of nitric acid requires astronomical units of energy and emits greenhouse gases into
the atmosphere at an alarming rate. Hence, there is an immediate need to find an eco—
friendlier alternative route to produce nitric acid. In the approaching century, the most
advantageous method that has the potential to significantly alter the human lifestyle is the
electrochemical production of nitrate/nitric acid by nitrogen oxidation. In this review article,
we have discussed designs of catalysts, mechanistic insights and strategy adapted for in the
electrochemical nitrogen oxidation reaction (N2.OR). Emphasis has been made on the various

challenges that exist during N2OR and the possible solution to overcome the hurdles.
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1. Introduction: The modernization of agriculture and the use of fossil fuels in the last

century have caused a substantial imbalance and redistribution of nitrogen-containing
materials. This has prompted interest in developing more resilient and sustainable methods
for producing goods that contain nitrogen. Activating an inert chemical bonds and converting
them directly into high—value—added products is a good initiative for our society. Dinitrogen,
or N2, which makes up 78 % of the atmosphere, is easily accessible in nature. But, reactive
nitrogen, which is essential for living organisms, is present only in very minute
concentrations.[1] The global nitrogen cycle, one of the most significant chemical and
biogeochemical cycles on Earth, is built on the conversion of fixed nitrogen into and out of
other forms (Table 1). Earth has produced fixed nitrogen (150-200 Tg per years) through
natural processes for about 2 billion years.[2] About 90% of this can be attributed to the
biological fixation of nitrogenase enzymes. A small fraction of Earth's fixed nitrogen comes
from air ionization.[3] There have been successes in enacting common chemical bonds, for
example, C-H and C-C bonds, [4-5] however initiation of dinitrogen (N2) with covalent
triple bonds is yet lacking for nitrogen fixation. [6-8] Since fixed nitrogen is the most
frequent for plant growth, making nitrogen—based compost (nitrate, ammonia, and urea) has
been generally challenging worldwide because of its production. For the next thirty years, the
use of nitrogen—based fertilizers will only continue to increase global aspirations. [9-10] This
will create significant improvement in energy and environment sector because almost all
nitrogen—based fertilizers are made using two feedstocks that has high energy and carbon
footprint (nitric acid and ammonia). [11] More than half of the world's total fixed nitrogen
now comes from anthropogenic sources, including ammonia (100 Tg), leguminous crops (30

Tg), and fossil fuel burning (25 Tg), and these sources are growing. [12—-13] Although the



global market for nitric acid (HNO3) is lower than that of ammonia, it is expanding rapidly
because of the development of synthetic fertilizers. The global market value is US $ 24
billion (market size ~ 70 million tons) with a chemical market value of ~3%. Ammonium
nitrate makes up the largest share (80%) in the worldwide nitrate market. [14-16] Ammonia,
on the other hand, is largely made industrially using the century—old Haber—Bosch process;
one of the greatest discoveries of the early 20" century was that it increased crop productivity
by 400%. The Haber-Bosch process has many benefits in feeding the world's growing
population, but it has also had some important unintended consequences as it requires ~2%
of global energy and emits ~1.5% of greenhouse gases globally. [17-18] Numerous fertilizers
and oxidizing reagents contain nitrates or nitric acid. Multi-step methods involving high-
temperature, high-pressure conditions are used to produce commercial nitric acid from
nitrogen. An alternative method of nitric acid synthesis in an ambient environment is crucial.
Commercial HNO3 was prepared by catalytic oxidation of ammonia (NH3) using the Ostwald
process, followed by multi-step chemical reactions under proper reaction conditions of
pressure and temperature are 15-25 MPa and 673-873 K, respectively. [19] These cycles
both consume energy—intensive, high global energy and release ozone—depleting substances
in worldwide. Due to the effectiveness of non-thermal activation induced by applied
potential, electrochemical techniques have been widely utilized in the synthesis of value-
added products from nitrogen. The direct nitrogen oxidation reaction, which produces HNO3
(2N2 (g) + 502 (g) + 2H20 (I) = 4HNO3 (I) or N2 (g) + 6H20 (1) — 2NOs™ (aq) + 12H" (aq) +
10e7) by oxidizing nitrogen with oxygen and water, potentially requires significantly less
energy than the multistep process. The nitrogen oxidation process requires a Gibbs free
energy 87.7 kJ mol. [20] The interaction between nitrogen and oxygen is symmetry barred
by the molecular orbital mechanism and the N=N triple bonds in nitrogen molecules are

extraordinarily strong (941 kJ moll), which makes this process difficult to occur from a



kinetic perspective. [19] Therefore, it is still difficult to identify a suitable catalyst to activate
nitrogen molecules and effectively drive the nitrogen oxidation reaction. Electrochemical
dinitrogen oxidation process (N2OR) using various heterogeneous catalysts, such as Ru/TiO»,
Pd-MXene, ZnFexCo2xO4, Fe-SnOz, Nb2Osx, Pd-s PNSs, etc.,[21-30] under ambient
circumstances, are an optimize promising alternative to generate sustainable nitrate products.
Processes for electrocatalytic N2 oxidation proceed in two steps. First, N> combines with *O
to create an intermediate called NO*, which then undergoes reactions with H.O and O* to
form nitrates, detailed discussion is given in the mechanism portion.

This review is based on outlining the advancements in nitric acid/nitrate synthesis by
nitrogen oxidation through an electrochemical route. The history of the nitric acid synthesis
process is also concisely presented. A summary of the potential reaction processes is
discussed. We compare a set of quantification techniques for measuring the final products
after the electrochemical nitrogen oxidation reaction. The role of catalysts and the advantages
of different types of electrochemical cells for nitrogen oxidation are also discussed. Finally,

the current difficulties and their possible solution for nitrogen oxidation are also covered.

Table 1: Different products produced from nitrogen [20, 29-31]

Reaction AG (V)| ne | AV (V) | Aen
N, (g) +H,0 (1)+ goz (g) — 2HNO, (g) 093 | 10 | 0093 | +5
N, (g) + %oz (9) - N,0 (g) 107 2 | 053 | +1
N,(g) +20,(g) — 2NO,(g) 1.08 8 0.135 +4
N, (g) +H,0 (1) + goz(g) — 2HNO, (g) 1.55 6 0.258 +3
N, (9) +0,(g) — 2NO (g) 181 4 | 0453 | +2




N,(g) +30,(g) — 2NO,(9) 2.46 12 0.205 +6

6 6 4 3.90 4 0.975 +2, -3
N, (g) + gHZO () - gNO (9) + gNH?,(g)

4.97 2 2.49 -1
N,(g) +H,0 (I) - N,H,(g) + =0,(9)
3 7.03 6 1.17 -3
N, (g) +3H,0 (I) — 2NH,(g) + Eo2 (9)
7.31 2 3.655 -1

N,(g) +3H,0 (I) — 2NH,OH (g) + %oz (9)

The number of electrons transferred (ne), voltage per electron (AV), and change in nitrogen

redox state (Aen) are given for free energy change (AG, eV) in different reaction.

2. Roadmap of nitric acid synthesis process

The Birkeland-Eyde method (Figure 1a) was one of the most competitive industrial
processes for making nitrogen-based fertilizers in the early days. This process requires an
electrical arc to react with atmospheric nitrogen and oxygen, eventually adding water to form
nitric acid (HNOs). [32] Birkeland utilized a hydroelectric plant for electricity because the
process required about 15 megawatts hour (MWh) per ton of HNO3.[33] The reaction step

for the formation of nitric acid is given below:
N2 + O2 — 2NO e (1)

To complete the reaction step 1, it requires high temperature (electric arc/plasma process).

Further, hot NO cooled down to normal temperature and combined with O to produced NO..
2NO + O2 — 2NO2 i, (2)

Reaction step 2 is dependent of the concentration of NO; if the concentration of NO is high

then it requires low time for the conversion of nitrogen dioxide. [34]




In step 3, water is used to dissolve NO2 to form the target product nitric acid.

3NOz + H20 — 2HNOz +NO  ...cccoevvnnn. 3)

Overall Birkeland-Eyde process requires high power and energy. The next process in the
ninth century came as the Ostwald process (Figure 1c) for the formation of nitric acid. In the
Ostwald process, oxygen in the air reacts with ammonia (the raw material of the Haber-Bosch

process) to form nitric acid in the presence of water. The possible reaction steps are given

below: [35]

ANH; +50; — 4NO +6H20 (AH=-905.2kJ/mol) ................. (4)

2NO +0; — 2NOz (AH=-114KI/MOL) ..ovvveeeeeeeiieiiiieeeeei, 5)

3NO; +H20 — 2HNO3; +NO (AH=-117kI/mol) .........cccvvn.... (6)

Overall reaction: 2NHsz + 402 — 2H>0 + 2HNOz (AH =-740.6 kJ/mol)........... (7)

In the Ostwald process, NHz is oxidized at high temperatures (400-600 °C) and high pressure
(15-25 MPa) in presence of catalyst to produce nitric acid. This process is highly energy

intensive and produces excessive amounts of greenhouse gases (CO>) in the atmosphere. [36]

Haber—Bosch process (Figure 1b) also requires high temperature and pressure (first
generation) to form ammonia.[37, 38] Then comes the second generation where the hydrogen
evaluation reaction (HER) predominates and the hydrogen produced reacts with nitrogen to
form ammonia.[39, 40] But third generation ammonia production where air nitrogen is
directly converted to ammonia is using a satiable electrocatalyst catalyst under ambient
conditions without applying any temperature and pressure this process is call electrochemical

nitrogen reduction reaction (ENRR). [41, 42]

Thus, from an economically sustainable point of view an alternative process would be
required which could replace the Birkeland-Eyde process as well as the Ostwald process for
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the formation of nitric acid. Recently, researcher fraternity have been working on the direct
electrochemical nitrogen oxidation (N2OR) process that produces nitric acid without applying
any temperature or pressure, which will be our future game changer. [18-30, 21, 43] The

possible reaction step for N2OR is given below:

Ny + 6H20 —2HNOs + 10H* +10€ ..oooovoveeereeenn., (8)
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Figure 1: Different types of nitric acid synthesis process, (a) Birkeland & Eyde process (b)
Ammonia (raw materials for nitric acid synthesis) synthesis process, (c) Ostwald process



3. Role of electrocatalyst for nitrogen oxidation

3.1 Transition metal based electrocatalyst

Molecular nitrogen (N2) consists of two nitrogen atoms that covalently bonded with a triple
bond N=N. This molecular nitrogen is thermodynamically stable and chemically inert as it
requires ~941 kJ/mol energy to break the N=N to form nitrogen derivatives.[44] Since the
initial steps of N2OR are to break existing N=N bonds and create new N-O bonds, the
nitrogen atom does not react easily with oxygen because its N=N bonds are too strong to
break. Figure 2a, MO of N2 shows unpaired three electrons (same spin and perpendicular to
each other) present in the p-orbital where one px is joined (head-to-head) with another px to
form a sigma (o) bond in N2 molecule and other two (py & p) joins (side by side) other two
to form two pi () bonds.[45, 46] To break the N=N bond, electrons must jump from Highest
Occupied Molecular Orbital (HOMO, ¢ bonding) to Lowest Unoccupied Molecular Orbital
(LUMO, anti-bonding ©*). The energy gap between HOMO to LUMO is very high (10.82
eV) so it is very difficult to break the N=N bond.[44, 47] A variety of transition metals have
been used as an electrocatalyst or a cocatalyst to reduce the excess potential required for
nitrogen fixation to limit the recombination of charge carriers, and to increase electrocatalytic
absorption. Although these advances have resulted in very few systematic studies of the basic
processes, they all help to promote higher N2OR yields. Using a transition metal-based
catalyst (present vacant d orbital) can easily break the N=N bond with applied ambient
conditions by the synergic effect. During this synergic effect, nitrogen atom shares the
bonding ¢ electrons to vacant d-orbital of the transition metal and accepts the electrons to its
n* anti-bonding orbital by back electron donation from the transition metal (Figure 2b).[45,
52] Effectively, this back donation indirectly helps to transfer electrons from HOMO to

LUMO which make the N=N bond weaker and easily break to form nitrate.
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Figure 2: (a) MO of molecular nitrogen; (b) TM role to break the nitrogen bond
[Reproduced from ref. 52]

Bin Zhang et al. [48] used a transition metal; Rhodium (Rh) based nanoparticles (NPs) for
electrochemical nitrogen oxidation. Transmission electron microscopy (TEM) image reveals
that the average Rh NPs diameter is nearly 5-10 nm shown in Figure 3a. Due to the nano
structure, it has a more effective surface area for nitrogen absorption which further helps to
increase the nitric acid/nitrate production and FE. Initially Rh NPs are inert but in presence of
sulfate it shows a good catalytic activity. It is well known that sulfate (SO4?") adsorption on
the catalyst surface can shift the d-band center of the catalyst to the Fermi level. Rh NPs
shows the nitrate production rate nearly 168.0 pmol gear* h™* (~ 10.42 g mgear * h™t) and 0
umol gt ht in 0.1 M KOH electrolyte solution with and without 0.5 M SO.%,
respectively. An atomically dispersed Fe-based catalyst on N-doped carbon nanosheets (AD-
Fe NS) (Figure 3b) developed by Chunyi Zhi et al.[30] which outperforms as N2OR catalysts
with a record-high nitrate production of 6.12 pmol mg™* h™* (‘or 2.45 u mol cm2 h™*) and
Faradaic efficiency (FE) of 35.63%. To activate N> and initiate the following N2OR test,
active Fe sites interact with N2 by hybridizing 3d orbital and N 2p orbital. Haimin Zhang et
al. [49] developed an oxygen-coordinated molybdenum (Mo) single atom catalyst bound to

carbon (Mo—O-C) using bacterial cellulose (BC) as the carbon source and impregnation
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regulator resulting enhancement of N>OR activities. Bacterial cellulose (BC) is converted to
graphitic carbon which resembles a porous structure as shown in TEM observation (Figure
3c¢) and binds with oxygen-coordinated molybdenum (Mo) to form the final structure of
Mo—O—C. The Mo—-O-C catalyst produces NOs™ yield rates of 217.1 + 13.5 pg h™! mgca.*

with a FE of 7.8 £ 0.5% at +2.35 V vs. RHE.

0.332 nm

Ru,Ti O, Snm RuTiO, 110

10 nm

R —

Figure 3. (a) TEM image of Rh NPs. [48] (b) STEM images of AD-Fe NS where single Fe
atoms and small Fe clusters are signed by yellow and green dotted cycles, respectively. [30]
(c) TEM image of Mo—-O-C. [49] (d) HRTEM image of as-prepared Pd-MXene. [27] (e)
STEM image and (f) HRTEM image of Ru/TiO: catalyst. [28] (g) HR-TEM image of Fe-SnO>
[23] (h) HAADF-STEM images of Pd-s PNSs [25] (i) SEM image of MnPc HNs [50]

It is widely recognized that nitrogen fixation depends critically on the breaking of strong

nitrogen triple bonds. As proof-of-concept electrocatalysts for NoOR, noble metals (such as
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Pd) are used due to the challenge of activating both N> and water at relatively low
overpotential by taking advantage of their empty d orbital. A common method to maximize
the use of noble metals is to use nanometer-sized particles uniformly dispersed on a fixed
inert substrate. This creates significant metal active sites that promote enhanced catalytic
activity. Qingyu Yan et al.[27] made an electrocatalyst for N2OR which is evenly dispersed
Pd nanoparticles on MXene nanosheet that can produce nitrate in aqueous Na,SO4 medium.
Figure 3d shows a HRTEM image of Pd-MXene where the metallic Pd's (111) plane can be
indexed to the lattice spacing of 0.23 nm. At an applied voltage of 2.03V vs. RHE with the
Pd-MXene/carbon paper working electrode achieved a NOs™ yield rate of 2.80 pug h™ mgear*
(equal to 45.16 pmol h™? gear * HNO3) with Faradaic efficiency of 11.34%. Qingyu Yan et
al.[28] also proposed Ru-doped TiO2/RuO2 (also known as Ru/TiO2) electrocatalyst for
N20OR. Surprisingly, adding Ru to the TiO> lattice can cause an upshift in the d-band centre of
the Ru site, which increases the Ru site's ability to speed up the electrochemical process that
turns inert N2 into active NO*. Experimentally, a significant nitrate production rate of 161.9
umol h™ge * and the highest Faradaic efficiency of 26.1% are observed for Ru/TiO2 catalyst
in 0.1 M NazSOs electrolyte medium. Figure 3e, STEM supports the growth of RuO:
nanoparticles on the surface of doped TiO> particles, which are about 50 nm in diameter. The
reported lattice spacing of 0.332 and 0.316 nm can be assigned to the (110) plane of RuxTiyO>
and RuOg, respectively which are slightly larger than the pure TiO2 (0.322 nm) (HRTEM,
Figure 3f). In order to obtain highly effective N>OR catalysts, a new type of Fe-SnO. was
rationally constructed by Lixue Zhang et al. [23] as a Janus nano electrocatalyst (Figure 3g).
The yield of NO3 ! was 42.9 pug h™ mgea * and an FE of 0.84 %, this catalyst can also serve
as an outstanding N2OR electrocatalyst. The N2 adsorption ability is enhanced by oxygen
vacancy anchored single—-atom Fe, which can efficiently adsorb and activate chemically

inactive N2> molecules and lower the energy barrier for the critical breakdown of nitrogen
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triple bond. Tensile strained Pd porous nanosheets (Pd-s PNSs) were fabricated by Bin Zhang
et al. [25], and they performed it for electrochemical N2OR and get the nitrate yield rate of
18.56 pg h™* mgeart and Faradaic efficiency of 2.5%. According to theoretical calculations,
the 3d electron binding energy of Pd can be reduced by adding tensile strain. To verify the
authenticity of the claim, scanning transmission electron microscopy was utilized. According
to high angle annular dark field scanning transmission electron microscopy (HAADF-STEM)
images (Figure 3h), Pd-s PNS have a tensile strain increase of ~3.2% {(2.27-2.20)/2.20 =
3.18%} whereas Pd NS have interplanar spacing of 2.20 A and 2.27 A, respectively. Ghorai et
al. [50] designed a hierarchical nano-structure (HNs) (Figure 3i) of manganese
phthalocyanine (MnPc) by solvothermal technique. The presence of HNs absorbed sufficient
nitrogen gas which further helped to produce nitric acid after N2OR under ambient
conditions. MnPc-HNs generate nitric acid yield rate of 720 umol h't gtcsr at 1.9 V vs. RHE

and FE of 17.32 % at 1.7 V vs. RHE.

3.2 Non-transition metal based electrocatalyst

The development of an efficient electrocatalyst for the N2 oxidation reaction (N2OR) is
crucial for achieving green and sustainable N fixation under ambient conditions.[18, 51]
Most of the recent studies show that transition metal-based electrocatalysts are the best
choice for nitrogen oxidation as previously discussed. There are very few studies based on
non-transition metal-based electrocatalysts that can also produce nitrogen derivatives after
nitrogen oxidation. A non-transition metal, boron (B) is considered to be a promising catalyst
for nitrogen fixation because of its electron deficiency and abundant valence electrons.[52—
53] But Boron's data as an electrocatalyst still show limitation for nitrogen fixation due to
poor conductivity, weak absorption, and poor activation for nitrogen.[54] It has been found
that the inclusion of a second component is an efficient design that can improve the

electrocatalytic activity of boron.[54-55] The inclusion of the heteroatom in the core
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electrocatalyst can not only modify the band gap of the catalyst but also result in higher
charge density and conductivity also helps to reduce the on-set overpotential of the reactants
in the electrolysis process by lowering the binding energy.[56-57] It is not technically
possible to synthesize a metal-free electrocatalyst using a traditional method because it is
very difficult to simultaneously maintain the structure and composition of the material.[58—
59] Yongwen Tan and coworkers [29] recently reported a nanoporous boron carbide (np-
B13Cz) which can be made by a combination of metallurgical alloy design and chemical
etching (Figure 4a). The np—B13C> shows high catalytic activity and long stability for
nitrogen oxidation, which is comparable to the most reported electrocatalysts (comparison in
Table 2). It can be assumed that the bonds between B and C in np—B13C, are mainly sp?
hybridization, which leads to higher carrier density and lower resistance, and this indicates
that the np—B13C> system has a higher electron transfer rate.[60] The positive charge of the
boron atom (which comes from charge transfer by carbon) shows a good catalytic center for
the making of the B-N bonds and later for the formation of nitrate ions. [61] The np—B13C:
system has several active sites for nitrogen fixation (Figure 4b). The main active sites are the
C atom, the By atom (the boron atom attached to the carbon atom), and the B> atom (the
boron atom away from the carbon atom). The adsorption energy steps of N2 on the catalysts
(AEnN2) were calculated (Figure 4c) to check the feasibility of nitrogen fixation. The
adsorption energies (AEn2) of N2 on the C atom, By atom, and B> atom are —2.001 eV, —2.348
eV, and —3.256 eV, respectively, which shows that B> has the most affinity for N». It has a

strong absorption capacity.
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Figure 4: (a) Schematic for fabrication of 3D np—B13C: (b) N2 adsorption sites on np-B13C>
with By, B2, C sites (B1, boron atom adjacent to the carbon atom; Bz, boron atom far from the

carbon atom). (c) N2 adsorption energy (En2) on By, B, C sites.[29]

4. Mechanistic insights for the formation of nitric acid

Electrochemical molecular nitrogen fixation seems to be a very interesting method for
conducting endothermic reactions in ambient conditions, where the required electricity can be
provided by the renewable energy sources, thereby making the process sustainable. The
equilibrium of the reaction is likely to be 1.32 eV and former reports reveals that the
formation of nitrate ions at pH above 1.3 is thermodynamically optimal for the parasitic
oxygen evolution reaction (OER).[36] There is a lack of electro-catalysts for the dinitrogen
oxidation reaction.[18] At present, several experimental reports have suggested that Pd-
decorated MXenes and several oxides have been used as effective electrocatalysts for

nitrogen oxidation reactions.[24—28] Presently, Professor Nerskov and his team [62] designed
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a theoretical framework for understanding an electrochemical nitrogen oxidation reaction
(N2OR) to nitric acid. They point out several possible rates and selectivity determining
primary steps and evaluating the corresponding activation energies.

Considering in Figure 5a, a free energy diagram for the bunch of intermediates that feature
the easiest path to N2 oxidation to nitric acid. The free energy for a ten-electron (N2 (g) +
6H.O (lig) — 2HNOs3 (aq) + 10H* (aq) + 10e") electrochemical oxidation reaction is in
logical protocol with an 11.5 eV experiment when N2 (g), H2 (g), and H20 (g) are utilized as
references in standard situations using an SMD (H-0) / B3LYP-D3 / def2tzvp level of the
theory [63]. During oxidation, applying a positive potential may decrease the thermodynamic
boundary of N2OR, but requires an exceptionally high limiting potential of 3.23 V (vs. RHE)
for all reactions toward being exogenous. The Vienna Ab initio Simulation Package
(VASP)[64-67] with Revised Perdew-Burke-Ernzerhof (RPBE)[68] exchange-interaction
functionality is used to provide the best adsorption treatment properties on a solid
surface.[69] Figure 5b analyzes the gas phase energy of the intermediate response obtained
by RPBE utility in VASP and B3LYP-D3 in Gaussian 09. For the current situation, the two
functionalities are basically the same as the diagram of the N2OR cycle. In the section, all
electrochemical steps are done on RPBE function. The term entropy has been included in the
harmonic approximation for free energy calculations. In the first step (Figure a), it shows that
N2 is adsorbed with OH (coming from water) to form N2OH which further transform to N>O
(*OH + N2 — N20 + H" + e7). Also, OH (or *OH) can further oxidize to form O and two O
can produce O which is help in oxygen evolution reaction (OER) that reduce the N2OR
process. So choosing a catalyst is important. If a catalyst is good for OER that means it’s not
so good for NoOR. When the catalyst is strongly adapted to the N>OR process, the
intermediate N2O will be converted to HNO3s by several proton exchange process (N2O —

HON20 — 2NO — 2HNO2 — 2NO2 — 2HNO3).[62]
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Figure 5 (a) Free energy plot of theory for N> to HNOz conversion. All the relative free
energies (DG) are evaluated with respect to N2 (g), H2 (g) and H20 (I). The blue, black and
green lines refer to the 0, equilibrium (1.15 V) and the limiting (3.23 V) potentials
respectively. (b) Comparison of VASP and G09 energies of the N2OR reaction intermediates
in vacuum.[62] (c) Schematic illustration of N.OR pathway using AD-Fe NS catalyst
[Reproduced from ref. 30] (d) Free energy diagram for N. electrooxidation over platinum

foil. [Reproduced from ref. 18]
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Chunyi Zhi and his coworker [30] have designed a possible N2OR pathway based on nitrogen
oxidation with six primary steps including *N2, *N2OH, *N2(OH)(OH), *NOH, *NO, and
*NOOH (Figure 5c), in the possibility of oxidation potential. The oxidation reaction of NO2™
+ 02 — NOgs™ is a spontaneous reaction and a usual phenomenon in nature, which gives two
suggestions: (i) the intermediate *NOOH (namely, NO2") produced in step 6 easily reacts
with Oz or *OH intermediate and oxidized into NOs™; (ii) when the *NOOH intermediate is
released from the catalyst active site and it produces NOz" in the electrolyte solution where it
reacts further with the O (or the O containing oxidative intermediates) and is converted into
NOsz . Therefore, the main attention for the electrochemical reaction pathways of the NO2~
production except about non-electrochemical NO2™ to NOz™ reaction step conversion that
produces the final product is HNO> in aqueous medium.

* + Ny — *N,

*N2 + OH™ — *N2OH + e~

*N20H + OH™ — *N2(OH)(OH) + e~

*N(OH)(OH) + * — 2*NOH

*NOH + OH™ — *NO + H20 + e~

*NO + OH™ — *NOOH + e~

Bin Zhang and his team [18] have synthesis the nitric acid electrochemically by electro-
oxidation of nitrogen gas on anode using platinum plate. They also calculated the free energy
profile for N2 electrooxidation to nitric acid on platinum foil using DFT computation. During
electrooxidation with continuous nitrogen gas purging into the electrolyte solution, the first,
nitrogen molecule was absorbed chemically on the platinum foil surface to form *N; with a
free energy change of —0.097 eV that indicates the reaction is spontaneous (Figure 5d).
Then, the active *N reacts with OH™ (source water) to form *N.OH (free energy 2.682 eV).

Further, *N2OH either reacts with another OH™ to form *N.O2H> with a free energy of 5.164
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eV or it can be dehydrogenated to *N2O (3.302 eV). Both *N>O and *N202H can produce
*NO with an intermediate of *N2O,H and *NOH. It is possible *NO could be desorbed from
the electrocatalyst surface and react with oxygen in presence of water to form HNOs and
HNO:..

2NO (g) + H20 (lig) + O2 (g) — HNOs (aq) + HNO2 (aq)

*NO also could react with OH™ to form an intermediate *NO2H (6.747 eV) which further
dehydrogenated to produce an intermediate *NO2 (6.954 eV). Finally, *NO: is desorbed from
the electrocatalyst surface to form nitric acid in presence of air and an aqueous medium.

2NO2 (g) + H20 (lig) + 1/202 (g) — 2HNOs (aq)

5. Detection protocol of nitric acid/nitrate

There are several methods for detecting nitrate ions (equivalent to nitric acid). One of them is
the spectroscopy method (Figure 6a). For this procedure, a chemical precursor solution is
required before the UV-vis spectrophotometer test. First, 5 ml of electrolyte solution from the
oxidation chamber (anodic cell) should be taken in a container and 0.1 ml 1 M HCI should be
mixed with the previous solution. The mixture is shaken well for a few minutes and kept for
10 minutes. During the test, a range of wavelengths from 200 nm to 300 nm should be taken.
The final spectroscopy absorption value should be taken based on the given equation: A =
Az20nm — 2A275nm. From these absorbance values, the production of nitrate ions is calculated
using the prior prepared standard nitrate ions series (MNOs; M is H*, NH4* or metal ions)
calibration using the above same method. Figure 6b-c shows a series calibration of NaNO3

with very accurate R? value.[30]

Another detection method, mass spectroscopy can used to verify the nitrate ions generate by
the N2OR experiment using m/z value where m is the mass of ion and z is the charge of ion.

If there is produced nitrate ion in the electrolyte solution using **N, gas then the m/z (**NO3":
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m=14x1+ 16 x 3 = 62; z = 1) value will be ~62 and for N, gas the value will be 63
(**NOs :m=15x1+ 16 x 3 = 63; z = 1). Figure 6d shows the MS spectra peak at 61.9899
for 1*NOs~ when N is purged and 62.9884 for ®NOs;~ when °N is purged. These results

show that detected nitrate ions come entirely from electrochemical nitrogen oxidation. [23]

lon chromatography is a technique where different types of ions (anions or cations) can be
detected in solution at ppm or ppb level. IC detector can detect the conductivity (uS cm™) of
the ions that present in the solution in Y-axis and in X-axis there has a retention time
parameter which is not constant for nitrate ions it may vary by instrument to instrument and
eluent flow rate. A standard ions calibration is required to confirm and calculate the
concentration of ions present in the solution. A straight line can be drawn from the standard
calibration by plotting different concentration (ppm or ppb) of ions vs peak area {(uS cm™1) x

min}. Figure 6e-f is used to detect the nitrate ions after nitrogen oxidation by IC technique.

[27, 48]
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Figure. 6 (a) Schematic of different methods for nitrate ions detection; (b) & (c) UV-Vis
curves and calibration curve of standard solution with given NO3z™ concentrations;[30] (d)MS
spectra of both *NOs~ and *®NOs~ produced from the N2OR tests using N2 or ®Nz as N
source; [23](e) The quantification of nitrate by IC; (f) IC spectra of the standard nitrate
electrolyte with different concentrations (the mass of nitrate in ppm); [48] (g) ®N-NMR
spectra (400 MHz) for standard samples of ®NOs~, blank and the test electrolyte produced
from N2OR using °N, feeding gas. (h) *®N-NMR calibration for standard Na®NOs.[27]
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A piece of natural evidence that the produced nitrate ions are obtained from N2 feeding is
needed to confirm by a '°N; isotope labeling experiment. The typical ®NOs~ signal in the
>’N-NMR spectrum may detected from the electrolyte solution after N2OR experiments if
nitrogen gases are selectively oxidize to nitrate ions. The N isotope (98 atoms% °N) gases
need to previously purify by passing through a 5% H>SO4 solution and a silica gel sorbent
tube to remove potential sources of N contamination and then bubbled in the electrolyte
solution for half an hour for NoOR experiments. Figures 6g shows an isotopic experiment of
N20OR where the chemical shift value comes at ~371.8 ppm range for the sample as well as
standard sample. Standard calibration (Figures 6h) is made to calculate the concentration of

nitrate ions present in the electrolyte solution. [27]

6. Cell design for nitrogen oxidation

It is necessary to strategically design an electrochemical cell as the design can enhance the
process by facilitating the mass and charge transfer. Various types of electrochemical cells
are reported ranging from single-cell chamber [70] (Figure 7a) to dual-cell chamber (H-
type cell) [30] (Figure 7b) with a three-electrode set-up. In the three-electrode set-up
comprise of working electrode, reference electrode, and counter electrode, where we can
measure/apply a potential in between the working electrode and reference electrode, and we
can get/measure a current in between the working electrode and counter electrode. However,
most of the research articles reported about the H-type cell for nitrogen oxidation. In an H-
type cell, two cell chambers are separated from each other by a cell membrane (primarily
Nafion membrane, proton exchange membrane) where the reference electrode and working
electrode are present in the anode chamber (oxidation chamber) and the counter electrode
present in the cathode chamber. But there is no such separation in a single-cell chamber.

The advantages of H-type cells over single-cell chambers are that nitrate / nitric acid is

produced while electrochemical nitrogen oxidation cannot get transferred from the anode
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chamber to the cathode chamber for H-type cells because the two cell chambers are
separated by Nafion membrane, only proton (H™) can go from one chamber to another. Also,
it is possible for single-cell to reduce nitrate / nitric acid (in cathode), but not possible for H-

type cell.

(a) N, or Ar
™
Pt wire l Ag/AgCl
(CE) i o (RE)
Working
electrode
(WE) Yy electrolyte

(c)

\\

Figure 7: (a) Schematic illustrating of single electrochemical cell for nitrogen fixation,[70]
(b) H-type cell setup, [30] (c) Photograph of the electrochemical experimental setup for
NRR and N2OR [49]

Before using the Nafion membrane, it requires a pre-treatment process. The Nafion
membrane is pre-treated first in H.O2 (5 wt %) aqueous solution for 1 h at 80 °C and then at
80 °C for the next 1 h in ultra-pure water. Prior to the oxidation test, all gases are pre-
purified by removing any sources of N contaminant with an basic trap with 0.1 M NaOH, an
acidic trap with 0.05 M H.SOg, and a neutral trap with 0.05 M K2S04.[30] Haimin Zhang et

al. designed a purification set-up for nitrogen fixation using a bi-functional catalyst Mo-(O-
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C2)4.[48] To ensure quality, a feeding gas purification system was used and all experiments
were performed by the protocol. A Cu-Fe-Al catalytic system was used to remove any NOx
contaminants from the N. purged gas (Figure 7c). The Cu-Fe-Al catalyst-packed stainless-
steel column is located in a stainless-steel container filled with a mixture of ethanol
(CH3CH20H) and liquid nitrogen (N2). To remove any NO contaminants in Nz, a CrOs
column was included in the gas purification set-up to change NO by passing through the Cu-
Fe-Al catalytic system to water to form NO2, which can be eliminated further by H.SO4 and

distilled water unit before going to the electrochemical cell.

7. Calculation and formulas

After nitrogen oxidation to nitrate or nitric acid production, various results can be calculated

by the following equations:

(Cx V)

Yieldrate = ———M
(M X txM,)

[unit: pmol h™*mgca ]

Yield rate = M [unit: pg h™ mgcar ]
(mcatx t )

C.xV
Yield rate = (Cex V) [unit: pg h~cm=2]

(Sxt)
Where, C, is the concentration of product produced during electrochemical nitrogen

oxidation, V is the volume of electrolyte solution taken for electrolysis, t is the total time

duration for oxidation for each potential, m is the mass of catalyst, Mp is the molecular mass
of the product, and S is the effective catalyst surface area.

Conversion and selectivity can also calculate by the below equations:

Conversion = ACCP x 100%
0
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Selectivity = . x 100%
AC

P

Where, C, is the concentration of product, Co initial concentration, AC, is the concentration

difference before and after electrolysis.

Based on different types of electrons transfer mechanism Faradaic efficiency can be

calculated by the equation:

FE (%) =

(nxFxC,xV)

(Me xQ)

X 100%

Where, n (= 2, 5, etc.) is the number of electron which come after the balance of the

electrochemical reaction, C, is the concentration of product produced during oxidation

process, V is the volume of electrolyte solution taken for electrolysis, F is the Faradaic

constant (96,485 C mol 1), Mp is the molecular weight of the product, and Q is the net charge

passed through the electrode.

Table 2: List of different types of electrocatalyst for nitrogen oxidation reaction

Sl Catalyst | Electrolyte | Potential Yield FE (%) Reference
No. (RHE)

1 Pd— 0.01 M 2.03Vv Nitrate yield rate of 11.34 Chem. Commun., 2020, 56,
decorated Na;SO4 2.80 pug h™ mgear? 5779-5782
TisCoTy, (equivalent to 45.16

_ pumol h™t mgear?
(T=Fand HNO3)
0)

2 Pd-sPNSs | 0.1 M KOH 1.75V NOR vyield 18.56 2.5 Angew. Chem. Int. Ed. 2021,

g ht mgear? 60(9), 4474-4478
3 ZnFeo4 1 M KOH 1.6V 130+£12 pmol h* | 5.95+0.77 | Angew. Chem. Int. Ed. 2020,

C01604 gwo* (1.6V) & 59(24), 9418-9422

10.1+0.9
(1.5V)
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4 C0304 0.3 M 2.19v 0.06 pmol h™* cm™2 1.23 National Science Review,
K2S0Oq 2019, 6(4), 730-738

5 Fe-SnO; 0.05 M 1.96V NOR vyield 42.9 0.84 Angew. Chem. Int. Ed. 2020,
H,SO4 ug ht mgea t 59(27), 10888-10893

6 |Mo—(0-Cys| 01M 235V | 217.1+13.5pugh® | 7.8+05 | J.Phys. Chem. C 2022, 126,
Na»SO4 MQcat * 2, 965-973

7 Nb,Os.x 0.1M 2.4V 2.29 ughtem=2?(at 2.06 J. Mater. Chem. A, 2021,9,
Na,SO, 2.4V) (2.4V) & 17442-17450

9.8at2.2Vv

8 np-B13C, 01M 24V | 165.8 pg h™ mgear* 8.4 Small 2021, 17, 2102814.
Na,SO4

9 Ru—-Doped 0.1 M 2.2V 161.9 pmol h'? 26.1 at Adv. Mater. 2020, 32,

TiO,/RuO, Na,SO4 mgcafl 1.8V 2002189

10 AD-Fe NS 0.05 M 2.3V 6.12 pmol mg’1 ht 35.63 at ACS Nano 2022, 16,
K2S0Oq 2.1V 3432-3432

11 Pdo.o Ruo 0.1M KOH 1.7V 0.078 umol h? 0.61 ACS Catal. 2021, 11, 14032

mgcaf1

8. Challenges and future prospects

The major key issues and their solutions for future prospects are discussed below.

1. The selection of an electrocatalyst for nitrogen oxidation is very important because the
catalyst needs sufficient stability or selectivity to absorb nitrogen and break the triple bond to
form nitric acid/nitrate. Recent studies show that few research works have been done based
on electrochemical nitrogen oxidation reaction and most of them were taken on transition
metal-based electrocatalysts due to their synergistic effect and some boron-based
electrocatalysts due to their electron deficiency and abundant valence electrons. Thus, studies
investigating an electrocatalyst rather than a transition metal-based electrocatalyst are still
lacking. If we think about diagonal relationships (showing similar properties) (Figure 8) in a
periodic table (https://sciencenotes.org/periodic-table-black-white-wallpaper) then silicon-
based electrocatalyst would be another good choice for the nitrogen oxidation reaction

because boron-base electrocatalyst can do N2OR. There are some studies on bismuth-based
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electrocatalysts that can selectively absorb nitrogen for nitrogen reduction reactions. [71, 72]

Thus, it can also be used as a bismuth-based electrocatalyst for nitrogen oxidation.

1 18
1A VIIA
1A 8A

1 2

2 13 14 15 16 17 He
Hydrogen 1A TAtomic A IVA VA VIA VIA | Hotm

s ) 2A Number 3A 4A 5A BA 7A 4003

3 2 4 5 6 7 8 9 10
Li || Be Embol BIICI|N]|O F || Ne
el | vl Name el | v | Mol | ke | el | P

L 3 Vsl e e e————

1 12 13 14 15 16 17 18
Na Mg ms v VB viB vis ¢ v 2 :; I1I§ AI S P s CI Ar
e s eVt B B | e ol e sl ootk

.’T -3 3B 48 58 6B 78 1B 2B Can 20 wﬂ" 5

19 20 21 qr 23 24 25 26 27 28 29 30 31 32 33 34 35 36

K || Ca |l Sc il V||Cr|Mn||Fe| Cof Ni||Cul|lZn | Ga|lGe|l As|f Se |l Br || Kr
i [ ioia 4 Sl ool Pasdds) B [Secds whet ||| Rl | P e ] Sl sl s
= | = Ees I oo Ry e R oo [ comme

37 38 39 40 41 42 43 44 45 46 47 48 49 50 51 52 53 54
Rbff Sr| Y || Zr || Nb||Mo| Tc| Ruf[Rh| Pd|fAg| Cd|l In || Sn| Sb e| | e

...... e [l e e e el e e R Al o [ S | 2 o | e 2
s o [ i | bt ;

55 56 57-711 72 73 74 75 76 77 78 79 80 81 2 83 . 84 85 86
Cs || Ba Hf [ Ta|| W | Re|[Os| Ir || Pt | AuffHg| TI || Pb| Bi || Po|f At | Rn
poidl] [y AL ol s ) s N e | A ol = L] ol [Ead
- I SR ] = 7| e = .

87 88 89-103 104 105 106 107 108 109 110 m 112 113 114 115 116 17 118
Fr || Ra Rf || Db || Sg || Bh || Hs || Mt s g| Cn Fl c| Lv s || Og
S Rl | all] ot | e ol B Bl el SR A | ALY | s Mo l v [l 222,
2 2.1 J251L J252 J256 J264 J250 J258 78] J2%0 J25s) J286) J280 J289 20 I J254

57 58 59 60 61 62 63 64 65 66 67 68 69 70 n
tanthanide | La || Ce || Pr|| Nd ||Pm|Sm| Eu||Gd| Tb || Dy || Ho || Er || Tm| Yb |l Lu
e I o ryvem | Berevsll Beerersd | el | Brvrdl | el el el | s i) e k-l B
e —_— e
89 90 91 92 93 94 95 96 97 98 99 100 101 102 103
ranice | Ac || Th || Pa Np [ Pu||Am||Cm| Bk || Cf || Es | Fm|{ Md| No |l Lr
....... ALY R Radl| g0 A RS facll] Ball] Podo fedl B BRUY Ruund Rooy B0
) Bl e Bl bl Bl Beerd B Bl s ol Bl e Bl B

Figure 8: Periodic table for better representation of selection of catalyst
2. Another important issue is the selection of the working electrode. All research works uses
carbon paper, Ti foam, and Pt plate/foil as working electrodes for the nitrogen oxidation
reactions. As nitrogen oxidation reaction, conversion of nitrogen to nitric acid/nitrate requires
a specific potential that is quite high. Among the three substrate (carbon paper, Ti foam, and
Pt plate/foil), carbon paper has the lowest equilibrium oxidation-reduction potential, so the
carbon paper may oxidize and produce CO/CO,. After long time (more than 10 tol5 h)
oxidation process on carbon paper, carbon paper will transfer brittle to flexible (Figure 9).
Also, some papers show that Pt or Ti-based electrocatalysts help to oxidize nitrogen. [18, 28]
Therefore, it is very difficult to select a working electrode that remains passive and has good
electron transfer capacity during the nitrogen oxidation reaction at applied oxidation

potentials. Among these three, carbon paper is less expensive than Ti-foam and Pt plate/foil
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but carbon paper will have a chance of oxidation and results may vary after several

experiments. Still, the most popular choice for NoOR is Ti-foam as a good working electrode.

Figure 9: (a) Carbon paper before oxidation (b) & (c) Carbon paper after oxidation

3. Nafion membrane is used in H-type cells for separation between anode and cathode
chambers. A polytetrafluoroethylene (PTFE) side chain backbone with ether groups and a
sulfonic acid unit at the end make up most Nafion membranes. Before using the
electrochemical cell, it should undergo a proper treatment process otherwise the results may
vary. Also, since Nafion membrane only passes protons for N>OR it is really necessary to
select the right grade of Nafion membrane. Also be careful of leakage at Nafion junction

points.

4. The choice of electrolyte with optimized pH condition is important where the chemical
reaction is spontaneous or not. An E—pH diagram sometimes referred to as a Pourbaix
diagram, shows the pH and potential values at which a species is thermodynamically stable.
Marcel Pourbaix first introduced diagrams in 1938 as a simple way to talk about the
chemical properties of species in natural medium (water). Environmental and corrosion

science finds diagrams to be particularly helpful. Pourbaix diagrams can be used to predict
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the spontaneous direction of electrochemical reactions, identify corrosion products, and
predict the changes in environmental potential and pH that lead to higher or lower corrosion
attack.[73] A Pourbaix diagram illustrates the potential and pH range over which different
species are stable in aqueous medium. The sloping line separates species related by both
electron and proton transfer, whereas a horizontal line separates species related by electron
transfer only. A vertical line separates species related only by proton transfer. The
thermodynamic feasibility of oxidative fixing N2 (N2OR) into its oxides is higher than that
of a reductive process, particularly under neutral/alkaline conditions (Figure 10 a), where
the N2OR is more advantageous than the rival four-electron OER. This suggests that
electrochemical N2 oxidation (N2OR) into nitrate (NO3") is feasible [30, 36]. It is to be noted

that at pH > 1.3, N2OR is more thermodynamically favorable than OER. [36]

potential, V vs SHE

-3 -2 -1 0 +1 +2 +3 +4 +5

Oxidation number, N

Figure 10: (a) Partial Pourbaix diagram for the N2-H20O system [36] (b) The Frost diagram
for nitrogen [74]

The relationship between the Gibbs energy to form different oxidation states of an element
and oxidation number is illustrated in a Frost diagram. The lowest-ranking species of an
element on the Frost diagram corresponds to its most stable oxidation state. A plot of NE for

the pair X(N)/X(0) versus the element's oxidation number, N, forms a Frost diagram
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(sometimes referred to as an oxidation state diagram) for an element X (Figure 8b)
illustrates a Frost diagram in its general form. Frost diagrams show which species X(N) is a
good oxidizing or reducing agent depending on the situation. They serve as a useful
reference for determining whether the oxidation state of an element is inherently stable or
unstable. The standard potential for the couple is higher for the steeper the slope of a line in
the nitrogen Frost diagram. Standard (acid) circumstances (pH = 0) are represented by the
red line, while pH = 14 is represented by the blue line. Because HNOs is a strong acid, it

should be noted that even at pH = 0, its conjugate base, NOs", is still present.[74]

5. Isotopic tests are essential to prove the origin of NO3s/HNO3 formation. This isotopic test
should be performed in appropriate conditions for several reasons. First, we cannot purchase
100% pure isotopic gas, it has about 98 to 99.8% (Sigma-Aldrich) pure gas and therefore it
needs a proper purification setup before use. Second, the isotopic gas will appear in the
cylinder/container under very low pressure, so proper conditions must be maintained before

opening the cylinder/container otherwise it may result in loss of the isotopic gas.

6. For nitrogen oxidation, the primary step is the solubility of nitrogen in an electrolyte
medium which is further adsorbed on the catalyst surface. Solubility of nitrogen (N2) at 20
°C and 1 bar pressure in water is nearly 20 mg/L. But the solubility of nitrogen gas can
increase using an aprotic liquids electrolyte but the mechanism will be complicated. To
make more soluble nitrogen gas, we need to purge more nitrogen gas but for absorption of
nitrogen gas, it depends on the catalyst surface. If a catalyst absorbed a greater number of
nitrogen gas, then it will increase the yield as well as Faradaic efficiency. Choosing a porous
catalyst or the presence of a defect side in a catalyst will be a good option for nitrogen

absorption where nitrogen can easily absorbed on the porous or defect sides of the catalyst.
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7. It is important to pay close attention to the electrochemical N2OR to NO3/HNOs3 process
as it is a developing field. Since there are currently no benchmark catalysts with greater
performance for researchers to compare, a broader objective should be proposed for future
pathways. Consequently, it is calculated that takes into account both the current market
price of HNO3z and the desired catalytic performance of the materials. The developed
materials are currently not competitive with traditional methods like Haber—Bosch process
and Ostwald process. It is noted that the estimated cost of HNOs generation in the Haber—
Bosch and Ostwald process is 890 € t-HNO3™ for 20 € MW h* energy consumption. The
current market price of HNO; is around 250-350 € t-HNOs™. The relatively low cost of
fossil-based feedstock, such as natural gas and coal, is a major reason for the relatively low
market price of HNOaz.[21, 75] It is important to develop effective catalysts with high
efficiency, especially those that operate at low potential. In addition to discussing potential

advances in N2OR, we can focus on an intuitive assessment of catalysts.
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Figure 11: N2OR synthesis protocol

9. Conclusion

An effective electrochemical N2 to N2OR conversion, provides a greener option than
the conventional Ostwald process, enhances the ease of access and chemical storage of
renewable energy, thereby paving the way for renewable energy and a sustainable future.
Several benefits of N2OR are highlighted in order to encourage promoting research on this
field. By offering precise, exclusive and extensive evaluation indices, our research aims to
promote the design and selection of electrocatalysts for N2OR. In conclusion, it is
advantageous to develop durable and environmentally friendly electrocatalysts for
electrocatalytic NoOR in ambient conditions. A roadmap for developing nitrate/nitric acid

synthesis protocols is provided for better understanding. However, the catalysts that are

30




currently being researched and reported do not have a high yield rate and FE, a sufficient
number of active sites, suitable adsorption kinetics, or sufficient stability. Along with logical
design, thorough characterization, theoretical studies, and reliable nitrate/nitric acid
detection, the real challenges of N.OR will be investigated. For a new generation,
electrochemical nitric acid production is a whole new avenue for research. The scientific

community from all backgrounds must collaborate on this.
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