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Abstract: The mechanism of nitric oxide electroreduction on
Pt(111) is investigated using a combination of first principles
calculations and electrokinetic rate theories. Barriers for
chemical cleavage of N¢O bonds on Pt(111) are found to be
inaccessibly high at room temperature, implying that explicit
electrochemical steps, along with the aqueous environment,
play important roles in the experimentally observed formation
of ammonia. Use of explicit water models, and associated
determination of potential-dependent barriers based on
Bulter–Volmer kinetics, demonstrate that ammonia is pro-
duced through a series of water-assisted protonation and bond
dissociation steps at modest voltages (< 0.3 V). In addition, the
analysis sheds light on the poorly understood formation
mechanism of nitrous oxide (N2O) at higher potentials, which
suggests that N2O is not produced through a Langmuir–
Hinshelwood mechanism; rather, its formation is facilitated
through an Eley–Rideal-type process.

Electroreduction of nitrates, nitrites, and nitric oxide (NO)
on platinum electrodes has attracted considerable interest in
recent years due to the environmental,[1,2a] biological,[1,2b] and
industrial implications of these chemistries.[1] In particular,
investigations of the electrochemical reduction of NO and
nitrates on Pt-based electrodes have been an important focus
of fundamental experimental studies.[3–9] The main products
of NO electroreduction on single-crystal platinum electrode
surfaces are ammonia (NH3/NH4

+), dinitrogen (N2), and
nitrous oxide (N2O) (Figure 1).[1] For reductive stripping at
modest coverages (< 0.45 ML; ML = monolayer) and rela-
tively low potentials (< 0.4 VSHE), it has been well-established
that ammonia is produced:

NOðgÞ þ 5 e¢ þ 6 Hþ ! NH4
þ þH2OðlÞ ð1Þ

Under continuous reduction conditions, however, N2O
can also be produced at potentials higher than 0.4 VSHE

through the overall reaction[5, 9]

2 NOðgÞ þ 2 e¢ þ 2 Hþ ! N2OðgÞ þH2OðlÞ ð2Þ

In spite of these efforts, however, and although NO is
considered to be a crucial intermediate in the reduction of
both nitrites and nitrates,[10] the exact mechanism of its
conversion to the various products remains unclear. For
example, concerning ammonia formation, Koper and Bel-
tramo suggested that ammonia is formed through the HNO
and H2NO intermediates, NO!HNO!H2NO!NH4

+ +

H2O (concerted proton/electron transfer is implied). In
contrast, Cuesta and Escudero suggested that NO!NOH-
(HNO)!HNOH!NH4

+ + H2O is the favored pathway.[4,5]

Figure 1. Selected reaction pathways for NO electroreduction on
Pt(111) electrodes producing nitrous oxide (N2O), hydroxylamine
(NH3OH+), and ammonia (NH4

+). Arrows with Ö mark the unfavorable
pathways for N2O and NH4

+ products, respectively, at low to medium
coverages. Dashed arrows indicate products that are released from the
surface.
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Interestingly, although the mechanistic pathways differ, both
of these mechanisms suggest an (electro)chemical step for
N¢O bond activation, a hypothesis that will be further
evaluated below. Concerning N2O formation, early studies on
platinum suggested that in order to form N2O, N¢N bonds
could form by a Langmuir–Hinshelwood (L-H) mechanism,
yielding dimers such as ON¢NO, NOH¢NO, and HON¢
NOH, and eventually leading to formation of N2O.[7] Koper
and co-workers, in contrast, proposed an Eley–Rideal-like (E-
R) mechanism, whereby a solvated NO could form (NO)2 and
eventually produce N2O.[3]

Here we present mechanisms that elucidate and reconcile
experimental observations concerning both NH3 and N2O
formation on the Pt(111) surface. We employ periodic density
functional theory (DFT) calculations and determine poten-
tial-dependent free energies using the computational hydro-
gen electrode model, which has provided excellent descrip-
tions of electroreduction of small molecules, such as oxygen
and carbon monoxide (CO), on transition metal surfaces.[11–13]

The effect of water on the reaction thermodynamics is
determined through ab initio molecular dynamics simula-
tions, while the corresponding effect on kinetics is estimated
with sub-bilayer water models. To further investigate the
kinetics of the elementary steps, we use a method within the
Butler–Volmer formalism to estimate potential-dependent
activation free energy barriers.[13] Additional details on the
computational methods are provided in the Supporting
Information (SI).

Reduction of NO on the Pt(111) electrode involves
a multitude of possible intermediates and products, and the
thermodynamically most stable configurations of all such
species have been analyzed in this work. At low coverages
(about 0.1 ML), we find the minimum energy configurations
to be generally in agreement with existing experimental and
theoretical literature (see the SI for geometries and ener-
getics).[14,15] The most energetically favorable intermediates
associated with the hydrogenation steps, based on calculated
free energies, are the NOH and HNOH species, as compared
to HNO and H2NO. At a potential of 0.00 VSHE, all free
energies of these elementary steps are approximately down-
hill (Figure 2), suggesting that the onset potential for the
reaction will be close to this value, in agreement with
numerous experimental observations.

In addition to electrochemical hydrogenation, N¢O bond
activation is likely to be a central process in the overall NO
electroreduction network. Activation barriers for chemical
N¢O bond dissociation for all considered intermediates are
reported in the SI. It is well known that the dissociation
barrier for NO itself on Pt(111) is quite high, on the order of
2.3 eV, which is impossible to overcome under electrochem-
ical conditions.[14,15] The activation barrier to break the N¢O
bond for NOH* is considerably lower (0.9 eV), and upon
further hydrogenation, the barrier for HNOH* dissociation is
further reduced to approximately 0.7 eV. However, at room
temperature, such barriers are still not trivial to overcome,
suggesting that other mechanisms explicitly involving the
effect of the aqueous solvent and electrochemical charge
transfer may be responsible for the observed production of
ammonium ions from NO reduction. To further evaluate this

possibility, we examine closely the role of water on the
activation barriers for the various elementary steps.

Activation barriers for coupled proton/electron transfer,
together with N¢O bond activation in the associated inter-
mediates, are investigated by examining hydrogen shuttling
from the surface to the intermediate through a water
molecule, as well as direct hydrogen transfer to the inter-
mediates from the surface, as previously described by Janik
and co-workers[13] (see the SI). It is interesting to note that,
similar to the case of CO2 reduction, we find that for all O¢H
forming reactions (including water formation), the activation
barrier is lower in the case of hydrogen shuttling, which can be
attributed to the polar nature of the O¢H bond.[13] These
barriers can be associated with a potential scale (SI), and for
elementary steps where water can form directly as a result of
the coupled proton/electron transfer, N¢O bond activation is,
in general, relatively facile. Indeed, the barriers of these
quasi-concerted processes are often much lower than the
corresponding barriers for chemical dissociation of N-O-type
bonds (SI, Figure S5), demonstrating that the aqueous
environment and associated electrochemical steps play
a key role in N¢O activation and ammonia formation. We
note that the energetic pathways depicted in Figure 2 provide
robust understanding of reaction mechanisms but do not
necessarily yield quantitative predictions of absolute reaction
rates; this point is extensively discussed in the SI.

Based on these considerations, the process for NO
electroreduction at low coverage, leading to ammonia for-
mation, can be described as follows. After NO is adsorbed on
the surface, protonation leads to the formation of NOH*,
which is in turn followed by two simultaneous steps: O¢H
bond-formation and N¢O dissociation, yielding N* and
H2O(l). The remaining surface-bound nitrogen atom then
reacts with additional proton/electron pairs to form ammonia.
The reaction steps for the process are

* þNOðgÞ ! NO* ð3Þ

NO* þHþ þ e¢ ! NOH* ð4Þ

Figure 2. Free energy diagram for NO reduction at 0.11 ML of NO
coverage (0.0 VSHE). Large dashes represent the preferred pathway. The
inset illustrates the side views of the initial, transition, and final state
for the water shuttling protonation of NOH* to form an additional
water molecule and N*. Dark gray circles denote Pt, light gray denotes
O, black denotes N, and white denotes H.
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NOH* þHþ þ e¢ ! N* þH2OðlÞ ð5Þ

N* þ 4 Hþ þ 3 e¢ ! NH4
þðlÞ þ * ð6Þ

As mentioned briefly above, experiments have observed
that the primary product for electrochemical reduction of NO
is NH3/NH4

+ at coverages up to 0.5 ML and potentials less
than 0.4 V. Additionally, it has been suggested that, in the case
of reductive stripping, the observed voltammetric features are
a result of NO* occupying different sites on the Pt(111)
surface, with the higher voltage peaks corresponding to
stripping from top sites and the lowest voltage peaks being
associated with NO at threefold sites.[5–7] Recent DFT
calculations by Mavrikakis and co-workers[15] have indirectly
supported this argument, demonstrating that, with increasing
coverage, NO will occupy both three-fold and top sites, with
high coverage NO showing higher barriers to chemical N¢O
bond activation. The mechanism discussed above is generally
consistent with these observations and corresponds directly to
the lower voltage peaks observed in the stripping experi-
ments. Additional calculations performed at 0.5 ML cover-
ages, with NO occupying both top and fcc sites, do indeed
suggest that HNO* formation now occurs at top sites with
more favorable thermodynamics and kinetics (see also SI),
but formation of NOH* at threefold sites also continues to be
a favorable pathway.

Additional effects of higher NO coverages can be
observed under continuous reduction conditions, which are
of practical importance for electrochemical wastewater treat-
ment strategies.[2a] In these conditions, which are character-
ized by NO-saturated solutions, formation of an additional
product, N2O, has been observed at high potentials. The NO
surface coverage, in turn, is relatively high. Given these
considerations, we investigated N2O formation at NO cover-
ages up to 0.45 ML (for comparison, results at lower cover-
ages are reported in the SI). We first probed the possibility of
N2O formation through Langmuir–Hinshelwood reactions to
form cis-type N¢N species between NO* and either hydro-
genated NO intermediates or atomic nitrogen, including NO¢
NOH*, NOH¢NOH*, NO¢NH*, NO¢HNO, and N¢NO*.
Barriers to form these species are all on the order of 1.0 eV
(geometry optimization of other potentially interesting
dimeric species, such as NO¢NO*, on the flat surface shows
no bond formation between the two N atoms). As observed
by Mavrikakis and co-workers, such reactions would be
plausible under heterogeneous catalytic conditions at higher
NO coverages and elevated temperatures,[15] but under
electrochemical conditions, they are prohibitive (see the SI
for additional details). Furthermore, for such a pathway to be
plausible, some form of hydrogenated NO would need to be
present on the surface, and our results on the reduction
mechanism, described above, strongly suggest that such
species are only found at much lower potentials than N2O is
formed. These considerations, in turn, suggest that a tradi-
tional Langmuir-Hinshelwood picture is not adequate to
explain the observed product distributions, and solution-
mediated reactions may, again, play a key role.

To simulate the reaction of solution-phase NO with
surface NO, we analysed the kinetics and thermodynamics

of the formation of both trans- and cis-(NO)2 dimers on the
Pt(111) surface through the reaction

NOsoln þNO* ! NO¢NO* ð7Þ

We note, in passing, that reaction of two solution-phase, or
otherwise solvated, NO molecules would essentially corre-
spond to an uncatalyzed reaction, and such a process is
unlikely to occur under low temperature electrochemical
conditions. Formation of the trans-(NO)2 dimer, in contrast, is
relatively favorable, with an N¢N bond formation free energy
barrier of 0.7 eV (Figure 3). The formation occurs when

a solution-phase NO molecule becomes weakly physisorbed
on a Pt top site adjacent to a chemisorbed NO* molecule,
while simultaneously forming an N¢N bond with this NO*,
which is bound to the surface through its N atom. This process
cannot occur through a surface-mediated mechanism, as the
kinetic barrier to form the trans-(NO)2 dimer from two NO*
species is 1.40 eV (at low coverage it is even higher, at
2.01 eV). Once the trans-(NO)2 dimer is formed, protonation
leads to the formation of the NO¢NOH* species. This
reaction is then followed by a low-barrier, concerted bond
formation–dissociation step (Figure 3), resulting in formation
of N2O(g) and an additional H2O molecule at ca. 0.5 VSHE.
The barrier for this step, approximately 0.5 eV, is well below
0.7 eV, which is traditionally considered to be an accessible
barrier at room temperature.[16] We note that the NO¢NOH*
formation barrier is of approximately the same magnitude as
the corresponding barrier for the trans-dimer to decompose
back to separated NO species. Therefore, the forward
reaction involving N2O formation is a competitive pathway,
and after the trans-dimer formation from Equation (7), the
reaction steps are as follows:

NO¢NO* þHþ þ e¢ ! NO¢NOH* ð8Þ

NO¢NOH* þHþ þ e¢ ! N2OðgÞ þH2OðlÞ þ * ð9Þ

Figure 3. Free energy diagram for NO electroreduction leading to
nitrous oxide (N2O) at 0.5 VSHE (qNO = 0.45 ML). Images represent
angled views of intermediates along the reaction pathway with addi-
tional coadsorbed NO molecules removed for clarity. Dark gray circles
denote Pt, light gray denotes O, black denotes N, and white denotes
H.
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These results suggest that the formation of N2O occurs at
approximately 0.5 VSHE through reaction of solution-phase
NO with NO* to form a trans-NO dimer, followed by
protonation and proton-assisted water removal. These mech-
anistic implications are fully consistent with experimental
reports showing N2O formation at an onset potential of 0.4–
0.7 VRHE under continuous reduction conditions and with
measurements by Koper and co-workers[3a] demonstrating
formation of N2O when NO is found both in solution and on
the platinum surface. The present analysis demonstrates that
such a reaction can only occur through formation of a trans-
dimer, wherein one of the reacting NO molecules approaches
the surface with its oxygen end down, limiting its binding with
the platinum and facilitating reaction with a neighboring,
chemisorbed NO molecule (see the SI). NO approaching the
surface with the nitrogen atom down, however, is likely to
chemisorb before reacting with neighboring NO molecules
due to the very strong N–surface interaction. This chem-
isorption, in turn, leads to higher barriers associated with
formation of cis-dimers, as described above, making such
a mechanism unlikely. Finally, we observe that, although this
process is possible at low NO surface coverages (SI), it has the
most favorable kinetics at high NO coverages, where weakly
bound top site NO is populated and can readily react with
solution-phase species.

In conclusion, DFT calculations of the thermodynamic
and kinetic barriers of elementary steps have elucidated the
reduction mechanism of NO on Pt(111) under electrochem-
ical conditions. The primary path leading to NH3/NH4

+

proceeds through the reduction of NO to NOH at lower
coverages, which will lead to ammonia through water-assisted
hydrogenation of surface bound species. Likewise, N2O
formation does not occur through the formation of NO-
dimers through a surface mediated process, but through an
Eley–Rideal-type mechanism wherein solvated NO species
interact with surface-bound NO molecules to form trans-
(NO)2, followed by formation of an NO¢NOH species and
then N2O. Our proposed pathways underline the importance
of the aqueous electrochemical environment in the reduction
of NO on electrode surfaces and hint that similar effects could
be present in the reduction of other nitrogen species such as
nitrates and nitrites,[1, 10,17] as well as in the oxidation of
ammonia.[18] Extension of these mechanistic insights to
related nitrogen-cycle chemistries and alternative catalyst
structures may, ultimately, facilitate improved design of
nitrogen-cycle catalysts for targeted environmental and syn-
thesis applications.

Keywords: ammonia · density functional theory ·
electrocatalysis · nitrous oxide · NO reduction
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