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ABSTRACT: Developing alternative routes for ammonia (NH3) synthesis from
nitrogen-containing species under mild conditions is a central challenge in
sustainable catalysis. Single-walled carbon nanotubes (SWCNTs) containing
intrinsic monovacancy defects provide a distinct class of active sites for
electrochemical ammonia (NH3) production. Here, we investigate the reactivity
of SWCNT monovacancies in the electrochemical reduction of nitrate (NO3

−),
nitrite (NO2

−), and hydroxylamine (NH2OH) to NH3. We find that NO3
− and

NO2
− reduction proceeds through a single proton-coupled electron transfer

(PCET) pathway that requires regeneration of the vacancy site. In contrast,
NH2OH reduction can occur through both vacancy-dependent and vacancy-independent mechanisms. At more negative potentials,
NH2OH reacts at the regenerated vacancy to form either a ketone and NH3 or an oxime intermediate, which subsequently yields
NH3 through additional PCET steps. These results establish SWCNT monovacancies as well-defined model systems for probing
reaction mechanisms and guiding the design of efficient electrocatalysts for nitrate-to-ammonia conversion.

Ammonia (NH3) is an attractive renewable fuel due to its
ability to be stored and transported as a liquid, and its

high energy density of 391 kJ/mol.1 This energy density
enables efficient energy release through thermal decomposition
or electrochemical conversion to nitrogen gas (N2). For most
of Earth’s history, NH3 production was governed by biological
nitrogen fixation.2 Over the past century, industrial nitrogen
fixation has become the dominant source, driven primarily by
the demand for nitrogen-based fertilizers.3 As both an essential
fertilizer and a potential carbon-free energy carrier, ammonia
plays a central role in advancing sustainable energy and food
production.
However, extensive fertilizer use has resulted in significant

accumulation of nitrogen-containing compounds and ammonia
in the environment. Ammonia is processed by soil micro-
organisms through nitrification and denitrification into nitrate
(NO3

−),4 which readily leaches into groundwater and surface
water. Elevated nitrate concentrations pose serious human
health risks, including blood disorders and increased cancer
incidence,5 and promote eutrophication by stimulating algal
blooms, leading to widespread ecological damage.6

Conventional strategies for nitrate remediation�such as ion
exchange, biological denitrification, and reverse osmosis�are
effective but often energy-intensive and generate secondary
waste streams.7 In contrast, electrochemical nitrate reduction
powered by renewable electricity offers a sustainable pathway
to recycle nitrate into value-added products, including
ammonia, hydroxylamine (NH2OH), or dinitrogen.
Most efficient electrocatalysts for nitrate reduction rely on

precious metals, motivating the search for metal-free

alternatives. Carbon-based electrocatalysts are appealing due
to their chemical stability and resistance to metal leaching.
Carbon nanotubes (CNTs), in particular, exhibit exceptional
thermal and hydrothermal stability, low porosity, and high
surface area.8 Recent work by Wang and co-workers9

demonstrated that pristine CNTs can catalyze the electro-
chemical NO3

− reduction reaction (NO3RR) directly on native
carbon surfaces. This finding challenges the widely held
assumption that heteroatom doping is necessary to activate
carbon-based catalysts.10−12 Notably, oxygen- and nitrogen-
containing functional groups were shown to suppress NO3RR
activity, suggesting that a distinct catalytic mechanism operates
on pristine carbon. Despite these advances, the elementary
reaction pathways responsible for nitrate reduction on carbon
surfaces remain poorly defined. Recent studies further
emphasize the importance of well-defined active-site architec-
tures and structure−reactivity relationships in nitrogen-cycle
electrosynthesis, including defect-engineered and tandem
catalytic systems.13,14

To address this knowledge gap, we combine electrochemical
measurements with density functional theory (DFT) calcu-
lations to elucidate the role of single-atom vacancies in single-
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walled carbon nanotubes (SWCNTs) during the electro-
chemical reduction of nitrate, nitrite, and hydroxylamine.
Building on our previous work,15 which demonstrated that
single-atom vacancies in SWCNTs behave as carbene-like
reactive centers capable of electrochemical regeneration, we
now show that these monovacancies can catalyze the
electrochemical reduction of NO3

−, NO2
−, and NH2OH to

NH3.
The SWCNT catalyst material was prepared following prior

work9 and drop-cast onto carbon fiber paper (CFP) to
produce cathodes (Figure S1). High-resolution transmission
electron microscopy (TEM) was used to characterize the
nanotube samples (Figure S2). The images reveal bundled
SWCNTs, with individual tubes clearly resolved and exhibiting
diameters of approximately 1 nm. Consistent with previous
reports, residual Fe species remain even after purification and
are visible in TEM images. Although residual Fe is visible in
TEM, prior work using the same SWCNT material and
purification protocol showed no detectable surface Fe by Fe 2p
XPS and concluded that remaining Fe is encapsulated rather
than exposed. In that work, control experiments further
showed that Fe deposited on CFP loses most nitrate reduction
activity after the same HCl and H2O2 treatment, and
postelectrolysis XPS confirmed that Fe does not migrate to
the SWCNT surface under operating conditions.9

We first compared the catalytic performance of SWCNTs
toward the electrochemical reduction of NO3

−, NO2
−

(NO2RR), and NH2OH (NH2OHRR). Electrochemical
measurements were conducted in a two-compartment H-cell
using Ar-saturated 0.1 M phosphate buffer (PB), with or
without KNO3, KNO2, or NH2OH. Nitrite and hydroxylamine
were selected because they are proposed intermediates in the
reaction pathway from nitrate to ammonia.
To determine the onset potential for each reaction, we

recorded linear sweep voltammograms (LSVs) (Figure 1a),
and the extracted values are summarized in Table S1. Among
the three nitrogen species, SWCNTs were most active for
NH2OHRR, which exhibited an onset potential of −0.15 V
versus the reversible hydrogen electrode (RHE). Unless
otherwise noted, all potentials reported herein are referenced
to the RHE scale. In contrast, the onset potentials for NO3RR
and NO2RR were substantially more negative (−0.44 V and
−0.49 V, respectively), indicating higher energy barriers for
these reactions on the SWCNT surface. LSVs for each
nitrogen-containing electrolyte and the corresponding phos-
phate-buffer controls are provided in Figures S3−S5.
We then performed 1-h controlled potential electrolysis

(CPE) in PB electrolyte containing either NO2
− (Figure 1b) or

NH2OH (Figure 1c). Gas chromatography detected hydrogen
(H2), as the only gaseous product; nitric oxide (NO), nitrous
oxide (N2O), and N2 were not observed under any tested
conditions. Liquid-phase products (NH2OH and NH3) were
quantified after electrolysis by colorimetric assays (Figure S6).
In 0.1 M PB + 0.4 M NH2OH, however, NH3 could not be

Figure 1. Electrocatalytic performance of SWCNTs. (a) LSV diagrams of SWCNTs recorded at a scan rate of 5 mV s−1 in an Ar-saturated
electrolyte (pH 7.2). (b) Potential-dependent NO2RR performance of SWCNTs in Ar-saturated 0.1 M PB containing 0.4 M KNO2 (pH 7.2). (c)
Potential-dependent NH2OHRR performance of SWCNTs in Ar-saturated 0.1 M PB containing 0.4 M NH2OH (pH 7.2). Error bars denote
standard deviations from at least three independent measurements; some error bars do not appear because they are smaller than the size of the
symbol.
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quantified reliably by the indophenol blue method. We,
therefore, quantified H2 by gas chromatography, which remains
sensitive at low current densities (Figure S7) and assigned the
faradaic efficiency (FE) to NH3, given that H2 and NH3 are the
only expected products.
As a benchmark, the original NO3RR study in 0.1 M PB +

0.4 M KNO3 (pH 7.2) reported high NH3 selectivity from
−0.55 V to −0.85 V, with <10% FE attributed to NO2

− and
H2. At −0.85 V, the maximum NH3 FE reached ∼90% with a
total current density of 63 mA cm−2. Under the present
conditions (0.1 M PB + 0.4 M KNO2, pH 7.2), we observed a
similar selectivity window: SWCNTs favored NH3 from −0.45
V to −0.75 V, achieving a maximum NH3 FE of ∼96% and a
total current density of 113 mA cm−2 at −0.75 V. Notably,
NH2OH was detected during NO2

− electroreduction, provid-
ing experimental support for NH2OH as an intermediate in
route to NH3. Although NH2OH was not observed in the prior
NO3RR study,9 we hypothesize that it was formed on the

SWCNT surface but rapidly reduced to NH3, making the
detection difficult.
We then examined NH2OH electroreduction in 0.1 M PB +

0.4 M NH2OH (pH 7.2). Across −0.25 V to −0.55 V, no H2
was detected, indicating ∼100% FE toward NH3 over this
range, consistent with prior observations.9 Competition from
the hydrogen evolution reaction (HER) emerged only at the
most negative potential tested (−0.65 V), where H2 accounted
for ∼4% FE.
Consistent with these results, the LSVs (Figure 1a) show

enhanced cathodic currents upon addition of each nitrogen
species relative to the background electrolyte, confirming
electrochemical reduction. The similar onset potentials for
NO3RR (−0.44 V) and NO2RR (−0.49 V) suggest that both
processes share a potential-dependent activation threshold,
whereas NH2OHRR initiates at a much milder bias (≈ −0.15
V).
To rationalize these experimental observations and uncover

the structural and electronic factors underlying the observed

Figure 2. Key SWCNT vacancy structures involved in the catalytic cycle. Schematic representation of the evolution of a SWCNT monovacancy
from hydrolyzed to deoxygenated forms. Structure 1 denotes the pristine monovacancy and defines the carbon atom numbering scheme. Structure
2 corresponds to the hydrolyzed vacancy, featuring a keto group at C-1 and C−H bonds at C-2 and C-3. Structure 3 is the one-electron/one-
proton reduced hydroxylated vacancy. Structure 4 is the fully deoxygenated vacancy, with C−H bonds at C-2 and C-3.

Figure 3. NH2OH reduction pathway under mild potentials. Schematic illustration of the NH2OH reduction mechanism operative at low
overpotentials, in which the SWCNT vacancy remains hydrolyzed and facilitates stepwise PCET-driven conversion to NH3. Energy diagram created
with EveRplot.18
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onset potentials, we next performed DFT calculations on
representative SWCNT vacancy structures (Figure 2). We
mapped potential-dependent transformations of hydrolyzed,
hydroxylated, and deoxygenated vacancies and evaluated how
these sites mediate reductions of NO3

−, NO2
−, and NH2OH to

NH3. The calculations indicate that SWCNT vacancies are the
key active sites for nitrate-to-ammonia conversion, with NO3

−/
NO2

− reduction proceeding through a unified pathway
involving vacancy regeneration. For NH2OH reduction, the
DFT modeling reveals two potential-dependent routes leading
to the formation of NH3. While the precise microscopic
mechanism cannot yet be assigned, this interpretation provides
a consistent framework that links the onset ordering with the
computed redox energetics of the vacancy ladder. Electro-
chemical free energies were evaluated within a continuum
solvation framework (polarizable continuum model,
PCM).16,17 Explicit solvent structure and interfacial double-
layer electric field effects were not modeled; accordingly, the
reported potentials correspond to thermodynamic equilibrium
thresholds rather than field-dependent kinetic barriers. Addi-
tional computational details, including the electronic- and free-
energy formalism used to compute redox potentials, are
provided in the Supporting Information.
When the applied potential is insufficient to drive the two

proton-coupled electron transfer (PCET) steps required to
convert Structure 2 into the fully deoxygenated Structure 4
(Figure 2), complete vacancy deoxygenation is suppressed.
Under these conditions, NH2OH can nevertheless be reduced
to NH3 via an alternative pathway (Figure 3). In this
mechanism, the monovacancy first undergoes hydrolysis to
form a ketone at C-1 with C−H bonds at C-2 and C-3
(Structure 2, Figure 2). NH2OH then participates in a PCET

step, during which an NH2 group binds at C-3 with
concomitant water release. From either the hydrolyzed
(Structure 2) or hydroxylated (Structure 3) vacancy, the
adsorbed NH2 species undergoes a final PCET-driven
hydrogenation to release NH3, consistent with the step
occurring at ERHE ≈ 0.19 V (eq 1 and Figure 3).
The pathway proceeding via the hydroxyl intermediate

(Structure 3) yields the overall stoichiometry summarized in
eq 1:

At higher overpotentials, once the deoxygenated vacancy
(Structure 4) begins to form, NH2OH can engage in two
competing pathways: one leading to formation of a ketone
intermediate and NH3, and another proceeding through an
oxime species (Figure 4). The need to generate the
deoxygenated vacancy is consistent with the more negative
onset potentials observed for NO3RR and NO2RR relative to
NH2OHRR, even though these reactions likely initiate while
the surface is still largely oxygenated.
In the oxime pathway, NH2OH attacks the vacancy at C-1,

forming an oxime intermediate with consequent water release.

Figure 4. Alternative NH2OH reduction pathways at regenerated vacancies. Comparison of NH2OH reduction pathways that become accessible
once the SWCNT vacancy is regenerated under more negative potentials. In the first pathway (black), NH2OH forms a keto group at C-1 and
forms an NH3-bound intermediate at C-3. In the second pathway (red), NH2OH reacts at C-1 to form an oxime intermediate. Energy diagram
created with EveRplot.18
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The first PCET step, corresponding to initial N−H hydro-
genation, occurs at a relatively mild potential (ERHE = −0.18
V), whereas the subsequent PCET step requires a more
negative potential (ERHE = −0.94 V). Release of NH3 from the
oxime-derived intermediate is energetically uphill by 9.8 kcal/
mol. However, NH3 can be displaced by an incoming
hydroxylamine molecule, thereby completing the catalytic
cycle.
As shown in Figure 4, the DFT-computed PCET landscape

for hydroxylamine reduction spans −0.18 to −0.94 V vs RHE,
covering oxime hydrogenation and NH2 formation on the
deoxygenated vacancy. This range defines the thermodynamic
window in which NH2OH-derived intermediates become
catalytically accessible and partially overlaps with the potentials
where NO3

− and NO2
− reduction currents appear exper-

imentally. The overlap indicates that catalytic turnover can
begin once a fraction of vacancies undergoes partial reduction,
even though full deoxygenation (Structure 4) is thermody-
namically favored only at substantially higher bias, consistent
with the calculated −1.08 V threshold.
In the absence of NH2OH, reduction of NO2

− and NO3
−

requires prior formation of the deoxygenated vacancy
(Structure 4). NO3

− initially binds at the C-1 site of Structure
4, yielding Structure 2 along with NO2

− release; NO2
− can

then adsorb analogously on Structure 4 (Figure 5). The
pathway shown in red corresponds to the energetically
accessible sequence in which nitrogen is protonated first,
leading to ketone formation at C-1 and migration of the NHO
group to C-3. Subsequent PCET steps are exothermic,
producing NH3 at C-3 and regenerating Structure 2. In
contrast, the mechanism shown in blue represents a series of
PCET steps prior to NH2OH protonation, ultimately forming
the same intermediate, an NH2 group bound at C-3, along with
water.
The observation that NO3

− and NO2
− reduction onsets

occur at potentials substantially more positive than that
required for full vacancy deoxygenation (≈ −1.08 V; Structure
4), as well as more positive than the −0.740 V threshold
associated with conversion of the oxygenated vacancy to the

hydrolyzed intermediate, indicates that the early currents are
unlikely to originate from catalysis at pre-existing deoxygenated
vacancies. Instead, they likely arise from outer-sphere or
partially coupled electron-transfer processes involving NO3

−/
NO2

− in the interfacial region adjacent to the oxygenated
SWCNT surface.19,20 In an outer-sphere process, the reactant
does not form a direct chemical bond with the electrode;
rather, the electron tunnels across the solvent-electrode
interface to a species that remains solvated and weakly coupled
to the surface.19−21 Such reactions are typically electron-
transfer-limited, meaning that the rate is governed by the speed
of charge tunneling rather than by adsorption or mass
transport.19,20 Consequently, the observed onset potential
primarily reflects the intrinsic electronic coupling between the
SWCNT surface and the solution-phase reactant as well as the
applied overpotential required to achieve a measurable current
density (1 mA cm−2, Table S1).
Importantly, the potentials later derived from DFT represent

equilibrium thermodynamic thresholds for sequential PCET-
driven vacancy reduction, whereas the experimental onsets
correspond to the kinetic bias at which measurable current first
appears. The several hundred millivolt difference between the
calculated deoxygenation potential and the experimental onsets
does not indicate a discrepancy; rather, it suggests that charge
transfer can occur before full thermodynamic vacancy
reduction is achieved. Although detailed kinetic parameters
are not yet available, this interpretation is consistent with well-
established outer-sphere electron-transfer behavior on carbon
electrodes, where tunneling through the interfacial electric field
controls the reaction rate.19−22 As the applied potential
becomes more negative and approaches the −0.740 V
threshold, progressive surface reduction increases the pop-
ulation of partially reduced vacancy states, and at still higher
bias (≈ −1.08 V), adsorption-mediated pathways involving the
fully deoxygenated vacancy become dominant. Such kinetic-
thermodynamic offsets are common in proton-coupled electro-
catalytic systems and naturally explain why measurable
currents emerge at milder potentials than those predicted by
equilibrium thermodynamic potentials.

Figure 5. Analogous NO3
− and NO2

− reduction pathways at regenerated vacancies. Schematic representation of NO3
− and NO2

− reduction
mechanisms that require formation of the regenerated (deoxygenated) vacancy. In the red pathway, NO3

− binds at C-1 to form a ketone, releasing
NO2

−, which is subsequently reduced through sequential steps to NH3. In the blue pathway, successive PCET steps generate a ketone at C-1 and
an NH2OH intermediate at C-3, which is further hydrogenated to yield NH3. Energy diagram created with EveRplot.18
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This quantitative correspondence between experiment and
theory strengthens the proposed mechanistic interpretation. In
particular, the experimentally observed, nearly identical onset
potentials for NO3RR and NO2RR (Table S1) support a
common underlying process. Both reactions proceed most
efficiently once vacancy regeneration becomes thermodynami-
cally accessible; however, partial reduction of the surface likely
enables an initial current at milder potentials, where transiently
reduced oxygenated vacancies remain catalytically competent.
This framework reconciles the apparent potential mismatch
between experiment and computation without invoking a
distinct low-energy active site and reinforces vacancy
regeneration as the potential-limiting step in the overall
nitrate-to-ammonia reduction pathway.
While the DFT analysis identifies the fully deoxygenated

vacancy (Structure 4) as the thermodynamically favored active
state at sufficiently negative bias, direct spectroscopic
confirmation of vacancy deoxygenation under operating
electrochemical conditions has not yet been obtained. The
present mechanistic interpretation is therefore based on the
consistency between computed regeneration thresholds,
experimentally observed onset ordering, and product selectivity
trends. Operando spectroscopic characterization of vacancy
states during electrolysis would provide valuable future
validation of the proposed mechanism.
In this study, we demonstrated that monovacancy defects in

SWCNTs mediate the electrochemical reduction of NO3
−,

NO2
−, and NH2OH to NH3 through distinct yet intercon-

nected reaction pathways. Reduction of NO3
− and NO2

−

requires vacancy regeneration, whereas NH2OH reduction
can proceed through either vacancy-dependent or vacancy-
independent routes, depending on the applied potential. The
nearly identical onset potentials observed for NO3RR and
NO2RR, together with the computed energetics of vacancy-
regeneration, indicate that both reactions are governed by a
common potential-dependent activation framework. In this
picture, initial activity arises from partially reduced, oxygenated
vacancies, while sustained turnover at higher overpotentials is
enabled by fully regenerated deoxygenated sites. In contrast,
NH2OHRR proceeds via a vacancy-independent mechanism at
significantly milder potentials.
Together, these findings establish SWCNT vacancies as the

key active sites governing activity and selectivity in nitrogen-
species electroreduction and provide a unified mechanistic
framework for understanding nitrate-to-ammonia conversion
on defect-engineered carbon materials. By directly linking
catalytic performance to the thermodynamics of vacancy
regeneration, this framework offers general principles for
tuning defect density and redox accessibility in carbon
nanomaterials and can be extended to other carbon-based or
hybrid metal−carbon architectures to guide the development
of selective, energy-efficient, and sustainable nitrogen-con-
version catalysts.
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