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ABSTRACT
We demonstrate for the first time that Pd metal can convert NO2

− to N2O, N2, NH2OH, and NH3 in a near-neutral electrolyte, with
high selectivity to each product attained by adjusting the applied electrode potential. Notably, N2 and NH2OH, which are typically
difficult to access, emerge as dominant products. Mechanistic investigation combining computational and experimental studies
shows that NO2

− electroreduction on Pd is controlled by the applied potential and surface coverage of adsorbed H atoms. The
interplay of these two factors gives rise to four distinct reaction microenvironments that are consistent with the experimentally
observed product distributions. At positive potentials, the pristine Pd surface favors *NO-*NO coupling and N2O production,
whereas at less positive potentials, the same surface with more reducing power favors N2. At mildly negative potentials, partial H
coverage promotes *NO reduction over coupling and leads to NH2OH production, while at strongly negative potentials, abundant
adsorbed H drives complete reduction to NH3. Together, these studies provide insight into the rich reductive chemistry at Pd active
sites under electrochemical control and enable the rational design of Pd catalysts for environmental remediation and sustainable
chemical synthesis.
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Introduction

he contamination of groundwater and surface water with
itrogen pollutants, including nitrate (NO3

−) and nitrite (NO2
−),

oses a serious threat to the environment and public health [1–7].
hile NO3

− is typically present at higher concentrations in water
han NO2

−, microorganisms can readily convert NO3
− into NO2

−,
hich is considerably more toxic [3, 4]. The electrochemical

eduction of NO2
− is a promising strategy to address NO2

−

ollution by using renewable electricity to convert NO2
− into

alue-added chemicals or harmless nitrogen gas (N2) under mild
eaction conditions [8, 9]. Examples of value-added products
enerated by NO2

− electroreduction include ammonia (NH3),
ia J. Harmon and Jana Jelušić contributed equally to this work.
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a chemical feedstock for fertilizer production and a potential
carbon-free energy carrier; hydroxylamine (NH2OH), a feedstock
for synthetic polymers, pharmaceuticals, and agrochemicals; and
nitrous oxide (N2O), a medical anesthetic [10–14].

The past decade has witnessed the development of many electro-
catalysts capable of reducing oxidized nitrogen species (NOx

y−)
[8, 9, 15, 16]. The majority of these catalysts generate NH3, the
most reduced form of N among all possible products. The second
most common product is N2O, which can easily accumulate due
to its tendency to desorb from most metal surfaces [17]. However,
achieving high selectivity toward NH2OH and N2 is challenging.
NH2OH is a reactive intermediate that readily undergoes further
lligence technologies or similar technologies.
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FIGURE 1 Potential-dependent NO2
− electroreduction

performance of Pd in 0.50 M PB + 0.10 M KNO2 (pH = 6.8). The
error bars represent the standard deviations of at least three independent
measurements. Note that some error bars are not visible because they are
shorter than the size of the symbol.
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eduction to NH3, and N2 formation must compete with reaction
athways leading to NH3 or N2O [8, 9, 15, 16]. There are limited
eports on heterogeneous electrocatalysts capable of selective
H2OH or N2 production [18–25]. For example, Sheng et al.
eveloped boron-doped amorphous bismuth metallene arrays for
lectrocatalytic NO3

− reduction in acidic electrolyte, achieving a
aradaic efficiency (FE) of ∼85% for NH2OH at−0.40 V versus the
eversible hydrogen electrode (RHE; all potentials in this paper
efer to the RHE scale unless otherwise stated) [18]. In another
tudy, Zhou et al. demonstrated the selective electroreduction
f nitric oxide (NO) to NH2OH in a neutral electrolyte using
o single-atom catalysts, with a FE of ∼81% at −0.40 V [19].
y comparison, catalysts selective for N2 are mostly Pd-based.
xamples include PdCu and PdAu, which achieve ∼90% N2
electivity (based on total N mass balance) during NO3

− or NO2
−

eduction [21–23]. This unique reactivity makes Pd an attractive
atalyst for further study. Notably, almost all catalysts for NOx

y−

lectroreduction target a single product. Thus far, no catalyst has
een reported that can generate NH3, N2O, NH2OH, and N2 with
igh selectivity.

n this study, we carefully examine Pd for NO2
− electroreduction

o determine whether it can selectively generate products other
han N2. Interestingly, we find that the product distribution on
d in 0.50 M phosphate buffer (PB, pH = 6.8) with 0.10 M
NO2 can be tuned to favor four products: N2O, N2, NH2OH,
r NH3, by simply adjusting the applied electrode potential.
pecifically, N2O is the major product at positive potentials (>
.00 V), with FEs of ∼80%–100%. At 0.00 V, N2 becomes the
ajor product, with a FE of 55%. NH2OH is formed at slightly

egative potentials (< 0.00 V), achieving a maximum FE of 90%
t−0.10 V. NH3 is also produced under more reducing conditions,
ecoming the major product at −0.40 V with a peak FE of 53%.
echanistic investigation suggests that the product distribution

s controlled by two key factors: the applied electrode potential
high or low) and the catalyst surface (metallic Pd or Pd hydride,
dHx), with these four possible combinations giving rise to four
ifferent products. Density functional theory (DFT) calculations
rovide a thermodynamic framework that is consistent with the
xperimentally observed potential-dependent product distribu-
ions by modulating the surface coverage of adsorbed H (*H,
here * denotes an adsorbed species). A pristine Pd surface

i.e., with no *H) at high positive potentials thermodynami-
ally favors intermediates leading to N2O formation, whereas
t lower positive potentials the free-energy landscape shifts to
hermodynamically favor intermediates along the pathway to N2.

PdHx surface with partial *H coverage at moderate negative
otentials thermodynamically stabilizes intermediates leading
o NH2OH, whereas increased *H coverage at high negative
otentials stabilizes progressively hydrogenated intermediates
ssociated with NH3 formation.

Results and Discussion

d metal was selected for this study because of its unique elec-
rocatalytic properties for small-molecule conversion reactions.
or example, Pd can catalyze the electroreduction of carbon
ioxide (CO2) to formate at very low overpotentials [26, 27].
t is also one of the few electrocatalysts capable of reducing
Ox

y− to N2 with high activity and selectivity [28, 29]. The Pd
of 9
catalyst in this work was prepared by sputter deposition on carbon
fiber paper substrates. Scanning electron microscopy reveals an
extended material surface with a primary particle size of ∼50 nm
(Figure S1). X-ray photoelectron spectroscopy analysis confirms
the metallic nature of Pd, with Pd 3d3/2 and 3d5/2 peaks centered
at ∼341.4 and ∼336.2 eV, respectively (Figure S2) [30]. The Pd 3p
spectrum further confirms the presence of metallic Pd, showing
3p1/2 and 3p3/2 peaks at ∼560.8 and ∼533.0 eV, respectively.

To determine the onset potential for NO2
− reduction on Pd,

linear sweep voltammograms (LSVs) were recorded in 0.50 M
PB (pH = 6.8), prepared with and without 0.10 M KNO2 (Figure
S3). The onset potential is approximately 0.20 V (Table S1).
One-hour controlled-potential electrolysis experiments were then
conducted over an applied potential range of 0.30 to −0.50 V.
This potential window was selected to drive sufficient, but not
excessive, reduction currents for reliable product analysis. The
gas-phase products were quantified using gas chromatography,
while liquid-phase products were analyzed post-electrolysis using
colorimetric methods (Figure S4). Within the applied potential
range, the Pd catalyst exhibits clear potential-dependent product
selectivity (Figure 1). At low overpotentials, Pd forms products
containing two N atoms (N2-containing products), N2O and N2.
At high overpotentials, Pd forms products containing one N
atom (N1 products), NH2OH and NH3. As the applied electrode
potential is decreased from 0.30 to 0.00 V, the N2O FE decreases
substantially from ∼100% to 36%, whereas the N2 FE increases
from 0% to 55%. The highest activity and selectivity for N2O are
achieved at 0.20 V, with a total current density of 2.2 mA cm−2

and a FE of ∼100%. A potential of 0.00 V is optimal for N2
formation, with a FE of 55%, corresponding to a selectivity of
50% based on total N mass balance, and a total current density
of 4.8 mA cm−2. In comparison to other reports (Table S2), this
system achieves moderate N2 selectivity under mild reaction
conditions, avoiding highly reducing potentials and strongly
acidic or alkaline electrolytes. 0.00 V also marks a turning point
in the product distribution, indicating a shift from N2-containing
to N1 products, with the first detection of NH2OH (FE ≈ 6%)
and NH3 (FE ≈ 3%). As the electrode potential is decreased from
0.00 to −0.50 V, the FE of NH2OH increases to a maximum of
Angewandte Chemie International Edition, 2026
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0% at −0.10 V, with a total current density of 7.9 mA cm−2,
efore steadily decreasing. This system exhibits one of the highest
eported NH2OH selectivities while operating at one of the lowest
egative potentials and under near-neutral pH conditions (Table
3). Over this potential range, the FE of NH3 increases to its
ighest value of 53% at −0.40 V, with a total current density of
4.5 mA cm−2, before competition from hydrogen (H2) evolution
ecomes more significant.

he observation of these four different products, all with rea-
onably high selectivity, is unprecedented and demonstrates that
he applied electrode potential enables a high level of control
ver reaction pathways on Pd surfaces. This behavior highlights a
ey advantage of this catalyst system over other NO2

− reduction
ystems: product selectivity can be tuned simply by changing the
lectrode potential, without requiring any external modifications
o the catalyst, changes to the electrolyte, or adjustments to the
eactor configuration. This tunability provides practical versa-
ility, enabling the catalyst to be directed toward N2 formation
or environmental remediation or toward the electrosynthesis of
aluable chemical products, such as N2O, NH2OH, and NH3. For
xample, we leveraged the high activity and selectivity of Pd for
H2OH production to enable electrosynthesis of oximes from
O2

− reduction in the presence of carbonyl compounds [31].

he broad product distribution observed on Pd suggests that
ultiple competing reaction pathways are accessible under

lectrochemical control. We hypothesize that the interplay of
wo factors may be responsible for this distinct behavior: 1) a
otential-induced transformation of the Pd surface from metallic
d to PdHx, and 2) potential-dependent competition between
esorption and further reduction of intermediates or products.
d is known to undergo a transition to PdHx at approximately
.00 V [26, 27, 32–34]. This restructuring is easily seen in the
yclic voltammogram measured in H2SO4 electrolyte (Figure S5),
here PdHx formation is well documented [32, 33]. More broadly,
ydrogen adsorption and PdHx formation have been observed
cross a wide range of electrolyte compositions and pH values
27, 35–41]. For example, in electrochemical CO2 reduction, which
s commonly performed in near-neutral electrolytes, metallic Pd
t low overpotentials produces formate, whereas PdHx at higher
verpotentials produces CO and H2 [26, 27, 34]. The transition
rom Pd to PdHx is likely responsible for the shift in NO2

−

eduction products from N2-containing to N1 products (Figure 1).
fter NO2

− is reduced to NO, a critical branching point in
he reaction pathway emerges [8, 9]. At low overpotentials, the

etallic Pd surface is able to accommodate a high coverage of
NO, under which one *NO can couple with another *NO to form
N2O. In the presence of a sufficiently reducing potential, *N2O
an be further reduced to N2; otherwise, it may desorb from the
lectrode surface, resulting in high selectivity toward N2O [17]. At
igh overpotentials, increased *H coverage on the PdHx surface
ay decrease *NO coverage and promote *NO hydrogenation to

NOH or *NHO, and subsequently to *NH2OH [42]. Competition
etween desorption and further hydrogenation determines the
elative selectivity between NH2OH and NH3.

o test the hypothesis that selectivity is influenced by the
ompetition between coupling, desorption, and further reduction
f surface intermediates, we carried out experiments with varied
eactant concentrations and electrode potentials. At 0.00 V, as
ngewandte Chemie International Edition, 2026
the KNO2 concentration in the electrolyte is increased from 0.10
to 0.25 M and 0.50 M (see Figures S6–S9 for the corresponding
LSVs and calibration curves for product quantification), the
combined FE of N1 products decreases from 9% to 5% and then
to 1%, and the N2 FE decreases from 55% to 31% and then to
23% (Figure 2a). Conversely, the N2O FE increases from 36%
to 64% and then to 76%. Despite the substantial changes in N-
containing product selectivity, the total current density increases
slightly, from 4.8 mA cm−2 to 6.1 mA cm−2 and then to 6.4 mA
cm−2. Notably, the FE ratio of N2-containing to N1 products
increases sevenfold with increasing KNO2 concentration from
0.10 to 0.50 M (Figure 2b), which suggests that higher KNO2
concentrations favor N-N coupling. This correlation supports our
hypothesis that coupling between *NO species leads to the forma-
tion of N2-containing products. At higher NO2

− concentrations,
more *NO accumulates on the Pd surface due to faster reduction
of NO2

−. The resulting increased *NO coverage should promote
N-N coupling. Meanwhile, *H coverage is likely reduced under
these conditions, which could slow down further reduction of
*NO, thereby favoring N2-containing products and suppressing N1
products [17, 21, 22].

We also varied the applied electrode potential while fixing the
KNO2 concentration at 0.50 M. As the potential is decreased from
0.00 to −0.10 V and then to −0.20 V, the N2O FE decreases from
76% to 42% and then to 11% (Figure 2c). The NH2OH FE increases
from less than 1% to 17% and then to 61%, while the NH3 FE
increases from less than 1% to 5% and then to 23%. The N2 FE,
however, follows a volcano-shaped trend, rising from a value of
23% at 0.00 V to a maximum of 37% at −0.10 V before falling to 4%
at −0.20 V. The total current density decreases marginally from
6.4 mA cm−2 to 6.3 mA cm−2 and then to 5.3 mA cm−2 over the
potential range. The potential-dependent FE ratios of N2O to N2
and NH2OH to NH3 are plotted in Figure 2d (data are excluded
when a product’s FE is below 5% due to reliability concerns). The
FE ratio of N2O to N2 decreases with increasing overpotential,
from 3.4 at 0.00 V to 1.2 at−0.10 V, while the FE ratio of NH2OH to
NH3 decreases from 3.4 at −0.20 V to 2.6 at −0.10 V. These trends
suggest that the electrode potential controls the distribution
between relatively oxidized and reduced products in both the
N2-containing and N1 reaction pathways. Taken together, these
concentration- and potential-dependent experiments support the
mechanistic hypothesis that the competition between coupling,
hydrogenation, and desorption of intermediates on the reaction
pathway controls the product distribution.

To study the effect of electrolyte pH on Pd-catalyzed NO2
− reduc-

tion, particularly product selectivity, we prepared electrolyte
solutions with pH values ranging from 4.0 to 13.7, all containing
0.10 M KNO2. The corresponding LSVs and calibration curves for
product quantification are shown in Figures S10–S17. At pH 4.0,
the onset potential for NO2

− reduction is approximately 0.14 V
(Table S1). In this acidic electrolyte, N2O is the dominant product,
maintaining a FE of ∼100% from 0.10 to −0.10 V and observed
at potentials as low as −0.40 V (Figure 3a). At −0.20 V, NH2OH
and NH3 emerge for the first time. NH2OH reaches a maximum
FE of 41% at −0.30 V, while NH3 reaches a peak FE of 8% at
−0.40 V. N2 formation is significantly suppressed, with N2 first
appearing at −0.30 V, where it achieves its highest FE of 8%. As
the electrode potential becomes more negative than −0.10 V, H2
evolution becomes increasingly competitive. At pH 8.5, the onset
3 of 9
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FIGURE 2 The effect of KNO2 concentration on the electrochemical NO2
− reduction performance of Pd. (a) Catalytic performance of Pd at 0.00 V

in 0.50 M PB (pH = 6.8) with different concentrations of KNO2. (b) Effect of KNO2 concentration on the FE ratio of N2-containing to N1 products in
0.50 M PB at 0.00 V. (c) Potential-dependent catalytic performance of Pd in 0.50 M PB + 0.50 M KNO2 (pH = 6.8). (d) Effect of the applied potential on
the FE ratio of N2O to N2 and the FE ratio of NH2OH to NH3 in 0.50 M PB + 0.50 M KNO2. Note that ratios involving NO2

− reduction products with
FEs below 5% were not included in this plot. The error bars represent the standard deviations of at least three independent measurements; some error
bars are not visible because they are shorter than the size of the symbol.
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otential for NO2
− reduction is −0.72 V (Table S1). Within the

otential range of −0.73 to −0.88 V, the main NO2
− reduction

roduct is NH2OH, reaching a peak FE of 36% at −0.78 V, whereas
H3 remains consistently low, with FEs of ∼2% (Figure 3b). H2 is
severe side product in this potential range, with FEs higher than
0%. Interestingly, no N2-containing products are detected. When
he electrolyte pH is adjusted to 10.0 and 13.7, the onset potential
or NO2

− reduction shifts to−0.28 and−0.24 V, respectively (Table
1). At both pH values, NH3 is the predominant N-containing
roduct, while H2 dominates at high overpotentials (Figure 3c,d).
H2OH is formed only at pH 10.0, with FEs lower than 5%.
gain, no N2-containing products are observed. These results
emonstrate that the product selectivity of electrochemical NO2

−

eduction catalyzed by Pd is highly dependent on the electrolyte
H. N2O and N2 can only be formed under acidic or neutral
onditions. The dominant N1 product switches from NH2OH to
H3 at pH values between 8.5 and 10.0. In addition, H2 evolution

s a considerable side reaction at all potentials when the pH
s 8.5 or higher. While a detailed mechanistic explanation is
eyond the scope of the present study, the relatively low over-
otentials under acidic and near-neutral conditions may favor
he formation of N2-containing products, whereas the higher
verpotentials required under alkaline conditions may promote
he further reduction of NH2OH, a known intermediate in the
eduction pathway to NH3, rather than its accumulation in the
lectrolyte [43, 44].
of 9
To gain more insight into the potential-regulated product selec-
tivity of NO2

− reduction among N2O, N2, NH2OH, and NH3
on Pd surfaces under near-neutral conditions, DFT calculations
were employed. Overall, the calculations reveal that the applied
electrode potential influences the adsorption of H atoms and
modulates the thermodynamic stability of surface intermediates
(Figure S18). The intermediates involved, along with the energet-
ics of the reaction pathways, are shown in Figures 4 and 5. The free
energies of reactants, intermediates, and products are provided in
Table S4.

At more positive potentials, such as 0.30 V, the Pd surface is free
of *H and remains pristine (Figure 4a). Under these conditions,
the first step of the mechanism involves the dissociation of nitrous
acid (HNO2) to form a proton (H+) and NO2

−, with NO2
− binding

to the Pd surface through the N atom. The N─O bond in NO2
−

then cleaves, forming *NO. The dissociated O and H+ combine
to form hydroxide (OH), which is co-adsorbed on the surface.
Through subsequent proton-coupled electron transfer (PCET),
*OH is hydrogenated to form H2O, after which H2O desorbs from
the catalyst surface. The calculations indicate that the remaining
*NO species is highly stable due to the coordination of the N
atom to three Pd atoms and is therefore unlikely to desorb (Figure
S19). Because the applied potential is not sufficiently reducing,
*NO remains thermodynamically favored relative to *NOH and
instead binds to all available valleys on the surface, which results
Angewandte Chemie International Edition, 2026
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FIGURE 3 The effect of pH on the electrochemical NO2
− reduction performance of Pd. Potential dependence study in (a) 0.50 M PB + 0.10 M

KNO2 (adjusted to pH 4.0 using H3PO4), (b) 0.50 M KHCO3 + 0.10 M KNO2 (pH = 8.5), (c) 0.50 M KOH + 0.10 M KNO2 (adjusted to pH 10.0 using
H2SO4), and (d) 0.50 M KOH + 0.10 M KNO2 (pH = 13.7). The error bars represent the standard deviations of at least three independent measurements.
Note that some error bars are not visible because they are shorter than the size of the symbol.
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n surface poisoning. Complete coverage of the Pd surface by *NO
rings neighboring *NO species into close enough proximity for
NO-*NO coupling to form N2O. The N2O then desorbs, leaving
ehind an O atom and a free site on the surface. This reaction is
avorable because it relieves surface stress associated with high
NO coverage and generates new free active sites. Reduction
f the remaining *O to form H2O is highly favorable, even at
ositive potentials, resulting in two free sites that enable HNO2
issociation and complete the catalytic cycle.

t a less positive potential (0.00 V), the Pd surface is modeled
ithout any *H (Figure 4b). Same as the N2O reaction pathway,
NO2 is reduced via several steps to give *NO on the surface.
hen a PCET step reduces *NO at the O atom to form *NOH.
ue to the low surface coverage of *H and the limited driving

orce of the applied potential, *NOH decomposes into *N and
OH before further reduction can take place. Next, PCET converts
OH to H2O, which desorbs from the surface, leaving *N behind.
epeating this sequence of steps leads to the accumulation of *N
n the surface. The *N species can then couple to form N2, which
eadily desorbs. This reaction pathway is one of the two dominant

echanisms for N2 formation at this potential, and has been
ighly debated in the literature [17, 45–47]. Some studies support

he coupling between *N species, while others suggest that N2O
ngewandte Chemie International Edition, 2026
is an intermediate that is reduced to N2. In this alternative N2O-
mediated pathway, *N can react with HNO2 to produce N2O. N2O
is then favorably reduced to *N2 and *O, as shown in the following
equation:

∗N + HNO2

+H
+ + e

−

− H2O

−−−−−−−→ ∗N2O Δ𝐺 = −1.63 eV

∗N2O → ∗N2 + ∗O Δ𝐺 = −1.30 eV

To investigate the N2O-mediated pathway experimentally, we
performed electrochemical reduction of N2O in 0.5 M PB (pH =
6.8) catalyzed by Pd (Figure S20). Our results show that at−0.10 V,
N2 is selectively produced, which provides evidence to support the
N2O-mediated pathway. However, despite no direct experimental
evidence, the *N-*N coupling pathway cannot be entirely ruled
out.

Under moderately negative potentials, such as −0.10 to −0.40 V,
calculations indicate that H atom adsorption is energetically
favorable (Figure S21). To represent low H coverage, the Pd
surface is modeled with a single *H (Figure 5a). As in the
previously discussed mechanisms, the reaction begins with HNO2
5 of 9
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FIGURE 4 Calculated reaction pathways for electrochemical NO2
− reduction to N2-containing products catalyzed by Pd. Free energy profiles are

shown for (a) N2O formation at a positive potential, such as 0.30 V, and (b) N2 formation at 0.00 V. For both pathways, DFT-optimized structures and
reaction equations for each elementary step of NO2

− reduction on a pristine Pd surface are shown. The grey, white, red, and blue spheres represent Pd,
H, O, and N atoms, respectively. Upper graphics show side views, and lower graphics show top views.
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issociation and N─O bond cleavage, producing *NO and *OH,
ollowed by PCET-driven hydrogenation of *OH to H2O. After

2O desorbs from the catalyst surface, the applied potential drives
CET to convert *NO to *NOH. The applied potential and the
resence of *H thermodynamically favor formation of *NHOH
ver *NOH dissociation. This reduction step also changes the N
inding configuration: in *NOH, N is coordinated to three Pd
toms in a valley configuration, whereas in *NHOH, N binds to
wo Pd atoms in a bridge configuration. Following this, another
CET step reduces the N atom in *NHOH to *NH2OH, with N
ow coordinated to a single Pd atom at a top site. The favorable
esorption of NH2OH allows for additional HNO2 adsorption.

inally, at more negative potentials, such as −0.40 to −0.50 V, the
d surface exhibits high *H coverage. We model this regime by
lacing H atoms in nearly all valleys of the upper surface, leaving
wo vacant active sites necessary for HNO2 dissociation and N─O
ond cleavage to *NO and *OH (Figure 5b). Calculations show
of 9
that NO adsorption at edge sites is energetically less favorable
compared to valley sites (Figure S19). Once *NOH forms, two
successive reduction steps generate *NH2OH. Due to the high
applied potential, further reduction at the O atom becomes
thermodynamically more favorable than NH2OH desorption,
leading to H2O release and leaving *NH2. Subsequent reduction
of *NH2 produces *NH3, which desorbs from the surface with the
help of an incoming HNO2, completing the catalytic cycle.

These calculations reveal how the applied electrode potential,
together with potential-dependent *H coverage on the Pd sur-
face, controls product selectivity in NO2

− reduction. At positive
potentials, where there is no *H on the catalyst surface, *NO
coverage is high, and *NO-*NO coupling is favored, forming N2O.
At less positive potentials, *H coverage is essentially zero, and
while *N-*N coupling is one pathway to N2 production, there is
also sufficient driving force for the reduction of *N2O to N2. At
slightly negative potentials, *NO is reduced to *NOH. Moderate
Angewandte Chemie International Edition, 2026
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FIGURE 5 Calculated reaction pathways for electrochemical NO2
− reduction to N1 products catalyzed by Pd. Free energy profiles are shown for

(a) NH2OH formation at a low negative potential, such as −0.10 V, and (b) NH3 formation at a high negative potential, such as −0.50 V. DFT-optimized
structures and reaction equations for each elementary step of NO2

− reduction on a Pd surface with (a) a single *H and (b) high *H coverage are shown.
The grey, white, red, and blue spheres represent Pd, H, O, and N atoms, respectively. Upper graphics show side views, and lower graphics show top views.
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H coverage enables *NOH to undergo successive reductions to
orm NH2OH, whereas, at more negative potentials, abundant
H thermodynamically favors further hydrogenation of *NOH
o NH3. Overall, our DFT calculations agree with experimental
bservations across the full potential range.

Conclusion

etallic Pd exhibits tunable selectivity for NO2
− electroreduc-

ion to N2O, N2, NH2OH, and NH3 in a near-neutral aqueous
lectrolyte. This unique potential-dependent product selectivity,
chieved without changing the catalyst material or reaction
onditions, is governed by the interplay between the reduction
otential and the catalyst surface. Positive potentials favor *NO
ccumulation and N2O production on a pristine Pd surface,
ngewandte Chemie International Edition, 2026
whereas less positive potentials favor N2 formation on the same
surface, possibly via N2O reduction. Slightly negative potentials
introduce moderate *H coverage on the Pd surface that pro-
motes NH2OH production, while highly negative potentials drive
further reduction of NH2OH to NH3. These findings highlight
the promise of our Pd catalyst system for water treatment and
waste valorization via selective NO2

− conversion to benign or
value-added products.
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