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Nitric acid is manufactured by oxidizing ammonia where the ammonia comes from an energy demanding
and non-eco-friendly, Haber—Bosch process. Electrochemical oxidation of N, to nitric acid using
renewable electricity could be a promising alternative to bypass the ammonia route. In this work, we
discuss the plausible reaction mechanisms of electrochemical N, oxidation (N,OR) at the molecular level

and its competition with the parasitic oxygen evolution reaction (OER). We suggest the design strategies
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Introduction

Nitric acid is an industrially important compound. It is largely used
to make nitrate-based fertilizers that are essential for food
production from plants.** Without the use of fertilizers it would be
impossible to feed the 8 billion human population on earth. Nitric
acid used as a basis for nitrate fertilizers is manufactured by
oxidizing ammonia using the Ostwald process (Fig. 1), and the
ammonia used here comes primarily from the Haber-Bosch (HB)
process (N, + 3H, — 2NHj;).>* Unfortunately this process requires
harsh reaction conditions (P ~ 150 atm and T ~ 700 K) and it is
highly energy intensive, using ~1% of the total global energy
consumption. The process has a high carbon-footprint since one of
the reactants, H,, comes primarily from the steam reforming
process where fossil resources react with water to form H, and CO,
(Fig. 1). Approximately 1.9 metric tons of CO, is formed per metric
ton of NH; produced which contributes significantly to the climate
change.>® Hence, it is highly desirable to bypass the ammonia
route and develop a direct and sustainable method for N, fixation
such as alternative routes to nitric acid formation.”

Direct oxidation of molecular nitrogen provides a moderately
endothermic approach to produce nitrogen oxides and, ulti-
mately, nitric acid (Fig. 1).>'° The reaction is however extremely
slow at ambient conditions' - a good thing in general, since it
helps maintain low concentration of NO, and nitric acid in our
ecosystem. Only very high temperatures or plasmas enable
reasonable reaction rates.'>™*°
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Electrochemical oxidative fixation of molecular nitrogen
(Fig. 1) appears to be a very attractive approach to drive the
endothermic reaction at ambient conditions, where the elec-
tricity needed can come from the renewable energy sources
making the process sustainable. The reaction has an equilib-
rium potential of 1.32 eV and previous reports suggest that at
pHs above 1.3, the formation of nitrate ions is thermodynami-
cally favoured over the parasitic oxygen evolution reaction for
a wide range of potentials.®

There is a general lack of natural or artificial electro-catalysts
for dinitrogen oxidation.* Recently, a few experimental reports
emerged suggesting Pd-decorated MXenes and several oxides as
potential electrocatalysts for nitrogen oxidative fixation.*>*
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Fig.1 Equations showing how nitric acid is manufactured on industrial
scale by combining steam reforming, Haber—Bosch and Ostwald
processes. Direct and electrochemical oxidative N, fixation are alter-
native routes to nitric acid formation. The square brackets contain the
free energy of each reaction (in eV) at standard conditions.®

© 2021 The Author(s). Published by the Royal Society of Chemistry


http://crossmark.crossref.org/dialog/?doi=10.1039/d1sc00752a&domain=pdf&date_stamp=2021-05-08
http://orcid.org/0000-0003-2707-3587
http://orcid.org/0000-0001-9991-0976
http://orcid.org/0000-0002-4427-7728
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1sc00752a
https://pubs.rsc.org/en/journals/journal/SC
https://pubs.rsc.org/en/journals/journal/SC?issueid=SC012018

Open Access Article. Published on 09 April 2021. Downloaded on 1/16/2026 6:08:45 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

View Article Online

Edge Article Chemical Science
(a) (H* +e™) 2H* +e™) 3H* +e™) 4H* +e™) 6(H* +e™) 8H*+e™) 10H* +e™)
15 A . A A . z c L
— U=0V = U=115V = U=323V
10 ,_I_J_
-
fr—— e —_—
— 0 ——
-
)
3 7] | S

-10

—20 (WS “ ' Jz’ ‘1\

I o

N, N,OH N,0 HONNO 2NO 2HNO, 2NO, 2HNO;
Reaction Coordinate
(b) (H* +e™) 2H* +e™) 3(HY* +e™) AH* +e™) 6(H* +e™) 8H*+e™) 10H* +e7)
" X . . . . . .
—
. e
10 1 r 1_ 3 !
8 1—
[F 5]

AE(eV)

—_—

4 &’ i

Uncatalyzed reaction energy profile
= (G09(gas): B3LYP-D3/def2tzvp
VASP(gas): RPBE, ecut=500 eV

N, N,OH N>O

HONNO

2NO 2HNO, 2NO, 2HNO;

Reaction Coordinate

Fig. 2

(a) Free energy plot at SMD(H,O)/B3LYP-D3/def2tzvp level of theory for N, to HNOz conversion. All the relative free energies (AG) are

evaluated with respect to N»(g), Hx(g) and H,O(l). 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 GO9 energies of the N,OR reaction intermediates in vacuum.

There are numerous reports of oxide photo-catalysts for the N,
oxidation reaction, prominent among these is TiO,, but there is
also a great deal of controversy in that field, see ref. 10 for
a recent thorough review.

In the present paper, we aim at contributing to the theoret-
ical framework for understanding the electrochemical dini-
trogen oxidation reaction (N,OR). The goal is to provide design
strategies for N,OR electro-catalysts both in terms of reaction
rates and selectivity towards N, oxidation relative to water
oxidation (the oxygen evolution reaction, OER). Building on the
work of Medford et al.,***® we first discuss the role of a catalyst
in terms of stabilization of key intermediates on the basis of
a set of density functional theory (DFT) computations. We
contrast two catalysts, a good OER catalyst, IrO,, and a poor
OER catalyst, TiO,. We then identify several possible rate- and
selectivity-determining elementary steps and evaluate the cor-
responding activation energies.

As a starting point, consider in Fig. 2a the free energy
diagram for a set of intermediates defining the simplest
possible pathway for N, oxidation in solution. At the SMD(H,O)/

© 2021 The Author(s). Published by the Royal Society of Chemistry

B3LYP-D3/def2tzvp level of theory used here (see ESIT/Compu-
tational methods section for details), the free energy for this 10-
electron electrochemical reaction is 11.5 eV in reasonable
agreement with experiment (12.7 eV) when Ny(g), Hy(g) and
H,0(g) are used as the references at standard conditions.® The
energetics and the characteristics of the intermediates all agree
well with other DFT functionals and experiment as discussed in
the ESLt Fig. 2a illustrates well the difficulty of oxidizing N,,
and the ease of the opposite reaction, reduction of nitrate to
form N,.””*® Applying a positive potential can reduce the ther-
modynamic barriers for N,OR, but a very high limiting potential
of 3.23 V (vs. RHE) is needed in order for all reaction steps to
become exergonic.

We now turn to discuss the ways in which a catalyst can
facilitate the reaction. We will discuss solid catalysts deposited
on an electrode. To this end we need a calculational scheme
that can treat semi-infinite solid surfaces. We use VASP**** with
the RPBE exchange-correlation functional,*® which is known to
provide the best treatment of adsorption properties on solid
surfaces® (see ESIf/Computational methods section for

Chem. Sci., 2021, 12, 6442-6448 | 6443


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1sc00752a

Open Access Article. Published on 09 April 2021. Downloaded on 1/16/2026 6:08:45 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

View Article Online

Chemical Science Edge Article
(a) (H*+e”) 2H*+e”) 3(H*+e”) 4H*+e") (b) (H*+e”) 2H*+e”) 3(H*+e”) 4H*+e")
8 4 ' + + + + 8 + + + + + +

—— IrO(N;OR: path 1, U = 0 V) soNNo 2210 s
61 == IrO2(N,OR: path 2, U =0 V) 6 >NO
*HONNO _#N,0+ *O N, +*O
41 3 41 N3O+
*N,OH  *N,0 | 2(*NO) NOH 1 “OH
—_— N,Q + *OH - N,O
s’ l o S 2
T T N, + *OH
G} [ *N2 #+ *O G
< o — ] < o4
' 5 N, *N, + *OH ¥ *+ N
-2 -2
il —4] = TiO2(N,OR: path 1, U= 0V)
——— TiO»(N,OR: path 2, U= 0V)
= - - -6 - 7
Reaction Coordinate Reaction Coordinate
(c) (H* +e") 2(H* +e7) 3H* +e7) 4H* +e") (d) (H* +e") 2(H* +e”) 3H* +e7) 4H* +e7)
6{ == IrO2(OER: U = 0 V) 6
*OQOH
—— Ir05(OER: U =1.21 V) 0 0 0,
4 *OOH 4
*OH |
2 *Q | 2
o 4 = OH
E . H,0 OH *OOH 0, E ol H,O . 4 -
Q *OH *Q et Q
S| |
=2 =)
gl 4]
Ue = (AG!S* - DGIG;) /e U= (AGTE* — AGIg:) /e — TiO,(OER: U=0V)
61 64 e TiO2(OER: Uy =2.13 V)
Reaction Coordinate Reaction Coordinate
(e) (H*+e~) 2(H*+e~) 3(H*+e~) 4H*+e") ) (H*+e~”) 2H*+e”) 3(H*+e~) 4H*+e")
N.O+*0____
B IrO2(NOR: path2, U=0V) p I L 2
= IrO,(NOR: path 2, U; =121 V) 2NO
a WP 1 e} a LR FN>O + *OH
] *N, + :' 2 o et
N, O oM | 1 |
N, + *OH
7 Ny + *O I 2 - Hz0
E . *N; + *OH | *N,O E . N, + *O
o] e *N,0+ *0 | Q ¥t Ny e
< *N T *NZ0 + L < N> + *OH l N,O+ *O
Sl *Nz + ¥OH _*N, + *O 2(*NO) -2
*on N20° N0 + *oH ——=—=
; 2NO
-4 -4
U = (MG — AG!S3) /e Ue=(AGIY? = AGIEi) /e —— TiO,(NOR: path 2, U = 0 V)
-6 1 -6 —— TiO2(NOR: path 2, Uy =2.13 V)

Reaction Coordinate

Fig. 3

Reaction Coordinate

(@ and b) Free energy diagram for N, to NO formation through path 1 and path 2 on IrO,(110) and TiO,(110). (c and d) Free energy diagram

for oxygen evolution reaction (OER) on high *O covered IrO,(110) and high *OH covered TiO,(110) surfaces at two different potentials, U and Uy
volts, where U is defined in the plot (see ESIF for coverage details). (e and f) Free energy diagram for N, to NO formation via path 2 on IrO5(110)
and TiO,(110) at U and U, volts. The label 2(*NO) refers to 2 times the NO-1rO,(110) system. All the relative free energies (AG) are evaluated with

respect to N»(g), Ha(g) and H,O(l).

details). Fig. 2b compares the gas phase energies of reaction
intermediates of the uncatalyzed reaction obtained using the
RPBE functional in VASP and the B3LYP-D3 functional in
Gaussian 09. For the present purposes, the two functionals
provide very similar descriptions of the N,OR process. In the

following sections, we base our treatment of the

6444 | Chem. Sci, 2021, 12, 6442-6448

electrochemical steps on the RPBE functional. We include
entropic terms in the harmonic approximation, (see ESIf for
details) in the calculation of the free energies but ignore
solvation effects at the surface. We have tested this by studying
the electrochemical interface between stoichiometric, defect-
free (110) rutile TiO, and explicitly adsorbed water in order to

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4

(a) Reaction pathway and barrier for *O + N, — N,O formation on TiO,(110). (b) Influence of applied field on the energies of initial (N, +

O-TiO,) and transition state (N,---O---TiO,) with respect to the pristine slab (TiO,(110)). The orange and green lines correspond to the initial
structure (N, + O-TiO,) with N, and *O removed from the surface, respectively. See ESI} for details of field computations.

investigate how the presence of water influences the adsorption
of the N,OR intermediates. We find almost no change in the
N,OR adsorbate binding energy with the inclusion of explicit
water molecules (see ESIf/Solvation section for more details).

We then consider the reaction over two transition metal
oxide surfaces, IrO, and TiO,, both in the rutile structure and in
both cases, we consider the (110) facets. Both materials are
stable under highly oxidizing conditions, for IrO, at least up to
potentials of interest for the oxygen evolution reaction.®?***
Here we focus on the path to producing NO, since the steps
following that are relatively facile even at the equilibrium
potential, as shown in Fig. 2a. Fig. 3a and b show the free energy
diagram for two pathways for the two surfaces. Path 1 is the one
we studied in solution (Fig. 2a), while the new path 2, starts with
water oxidation to form adsorbed OH as first discussed by
Medford and co-workers.”® The formation of adsorbed OH is
less endergonic than the first oxidation step of N, to form
adsorbed N,OH for both surfaces. We therefore concentrate on
path 2 in the following sections.

Adsorbed OH (or *OH) can react with N, involving a proton
and electron transfer to form N,O (*OH + N, — N,O+H" +¢").
Alternatively, *OH can be oxidized further to form adsorbed O,
which can react in two ways. It can form O, by direct recombi-
nation or react with water in an electrochemical process to form
adsorbed OOH and, after another electron and proton transfer,
0,, Fig. 3c and d. This is the usual oxygen evolution reaction.
Alternatively, the adsorbed O can react with N, in a non-
electrochemical process *O + N, — *N,O, and further, *O +
N,O — 2*NO (=*N,0,) (Fig. 3e and f). It can be seen that, as
expected, OER is much more facile than N,OR for IrO,. Indeed,
for IrO,, *N,O is considerably less stable than *O + *N, making
the N,OR reaction very slow, while OER becomes facile ther-
mochemically at potentials above 1.5 V. On TiO,, on the other
hand, the adsorbed O is so unstable, that N,O formation is
highly exergonic. We therefore discuss TiO, in more detail
below.

© 2021 The Author(s). Published by the Royal Society of Chemistry

Most of the reaction steps in Fig. 3e and f involve proton
transfers from oxygen to water (in acidic conditions). Such
barriers have been found to be very small, of the order 0.2 eV, in
studies of water oxidation.** We expect the highest barriers to be
associated with the activation of N,. For the N,OR path 2, there
are two possible rate determining steps to form N,O, the elec-
trochemical pathway, *OH + N, — N,O + H' + e~ or the purely
chemical pathway, *O + N, — N,O. In the following, we explore
the chemical pathway, including the next chemical step, *O +
N,O — N,0, — 2*NO.

Fig. 4a shows the calculated activation energy for the reac-
tion *O + N, — N,O over a TiO,(110) surface. A value of 0.84 eV
is found at this level of theory. Outside an electrode surface we
need to include electric field effects. It can be seen in Fig. 3f that
we need to apply a potential of U; = (AGo — AGoy)/e in order for
adsorbed O to become thermodynamically stable at the surface.
For TiO,, this value is U, = 2.13 V. If we assume a width of 3 A for
the Helmbholtz layer outside the electrode,*’ this corresponds to
a field strength of the order of E ~ Ug/d ~ 0.7 VA™?, depending
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Fig. 5 Scaling relationship between AGo and the barrier (AE,) for the
N,O formation. The dotted line includes the 0.5 eV lowering of the
barrier due to the local electric field that exists in the electric double-
layer at the electrode—electrolyte interface in electrochemical
reactions.
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on the value of the potential of zero charge of the system. In
Fig. 4b we show the energy of adsorbed O and the transition
state of N,O formation as a function of field strength outside
a TiO,(110) surface. Clearly *O is strongly destabilized while the
transition state is stabilized at positive fields. For TiO,, the net
effect is a reduction of the activation energy of the order 0.5 eV.
Finally, in order to evaluate the activation free energy, we need
to include the loss of gas phase entropy of N, during the reac-
tion. This would add an energy of the order of 0.6 eV to the free
energy barrier for the reaction (see ESIT for more details). The
net free energy barrier is thus of the order 1 eV according to this
very rough estimate.

An activation free energy of the order 1 eV should give
a measurable N,OR rate unless the selectivity is low. Based on
the model developed in ref. 39 to estimate the activation energy
for OER over TiO,, the activation energy for oxygen evolution is
considerably low. Even given the crudeness of the estimate of
the free energy barrier for N,OR, this result strongly suggests
that N,OR through the direct chemical reaction of N, and N,O
with adsorbed O is difficult over TiO,. We cannot rule out that
the alternative electrochemical process, *OH + N, — N,O+H' +
e, will work. That is beyond the present work. We find similar
activation barrier of 0.77 eV for the N,0, formation (*O + N,O
— N,O,).

In order to understand the trends in the chemical N,O
formation barrier we show in Fig. 5 the variation in the activa-
tion energy to form N,O with the O adsorption energy including
additional oxide surface models. There is a strong linear scaling
such that a weaker O adsorption bond gives a lower activation
energy. A more facile N,OR process would therefore require
a catalyst binding O even weaker than TiO,. The problem is that
such a material would still have low activation energy for OER
according to the model in ref. 39.

A more promising strategy towards a high selectivity may be
to impede the electrochemical oxygen evolution (OER) step
relative to the chemical N,OR steps. This can be accomplished
by limiting the access to either proton acceptors or electron
acceptors (holes). Limited access to proton acceptors can be
accomplished by using a non-aqueous solvent with few proton
acceptors. A similar strategy has already been used successfully
to increase the selectivity of electrochemical N, reduction
(where the parasitic reaction is hydrogen evolution).***** Limited
access to holes can for instance be achieved by limiting
conductivity to the surface. For TiO, this could be achieved by
controlling the thickness of a non-conducting TiO, film on the
electrode surface.* Limited access to holes could be what is
achieved in photochemical N,OR. We note that any lowering of
the electrochemical rates will of course lower the overall rate
since the first N,OR steps are electrochemical.

Conclusions

In conclusion, we provide a molecular level understanding of
the challenges associated with the electrochemical nitrogen
oxidation reaction. We analyse the possibility of N,OR on an
excellent OER catalyst, IrO,(110) and a poor OER -catalyst
TiO,(110). Obviously OER supersedes N,OR on IrO, and TiO,

6446 | Chem. Sci, 2021, 12, 6442-6448
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turns out be a borderline N,OR catalyst. We suggest ways to
suppress OER in order to promote N,OR on oxide surfaces.
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