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ARTICLE INFO ABSTRACT

Keywords: Electrochemical nitrate reduction reaction (NOsRR) is a promising route for the valorization of nitrate pollutants

Nitrate reduction into ammonia; however, while extensive efforts have focused on catalyst development, the influence of elec-

iledmcfltalym trolyte properties on NO3RR performance has been largely overlooked and remains poorly understood. Here, we
mimonia

show that the electrolyte alone contributes significantly and systematically to the reaction, independent of
catalyst identity. To identify the electrocatalytic trends driven by the electrolyte, key parameters —including pH,
nitrate concentration, and co-existing cations— were investigated through rationally designed electrochemical
experiments performed across multiple metals (Cu, Ag, Pd, Au, Bi, Mo, and Ti), enabling differentiation of
catalyst-specific behavior from electrolyte-driven effects. We find that pH and co-existing cations are critical, as
they modulate interfacial proton availability, nitrate adsorption, intermediate stabilization, and controlled
protonation toward ammonia formation. The effect of nitrate concentration depends on these two parameters as
well as the applied potential. Importantly, our study highlights a commonly neglected aspect: alkali metal cations
are not simple spectators but act as critical electrostatic field mediators in NOsRR. This work provides guidance
for engineering electrolytes for nitrate-to-ammonia electrocatalytic systems and calls for redefining alkali metal
cations as a key tuning parameter.

Electrolyte effect
Cation effect

1. Introduction In addition to agriculture, industrial activities such as pharmaceu-
tical production, chemical synthesis, explosive manufacturing, and
metal finishing significantly contribute to nitrate pollution [7-9]. Their

effluents can contain several thousand mg L~} of nitrates; for example,

Nitrate pollutants in water pose critical risks to both the environment
and human health [1-4]. The primary source of nitrate pollution is the

intensive use of nitrogen-based fertilizers in agriculture [5], where
nearly half of the globally applied nitrogen (~150 million tons per year)
is lost and contaminates natural water systems as nitrate [1,4]. This
leads to problems such as eutrophication and contamination of drinking
water. Elevated nitrate levels in drinking water are associated with
serious health issues, including methemoglobinemia, gastric cancer, and
birth defects [2]. Although the World Health Organization (WHO) rec-
ommends a maximum nitrate concentration of 50 mg L' in drinking
water [4,6], concentrations in regions with intensive crop production
can exceed this threshold by up to 700% [1].
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metal-finishing effluents reach ~3100 mg L7!, while explosive
manufacturing can be up to 10-fold higher [7,8]. Industrial effluents
must be treated before discharge to prevent environmental
contamination.

Electrochemical nitrate reduction towards ammonia offers a prom-
ising solution to simultaneously mitigate nitrate pollution and produce
valuable ammonia [10-13], a high-demand chemical with a global
production of ~175 million tons and a market value of US$67 billion
[14]. Although unlikely to meet the entire global ammonia demand,
NO3RR holds significant potential to mitigate nitrate pollution, reduce
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the need for virgin N-fertilizer production, and advance a sustainable,
circular nitrogen economy.

Due to low nitrate concentrations (particularly in groundwater), low
ionic conductivity, and complex and variable background matrices,
electrochemical nitrate reduction requires a pre-separation step.
Advanced technologies such as reverse osmosis or electrocapacitive
removal can be employed for this initial separation in a stepwise process
[15-17]. Alternatively, integrated separation-reaction systems have
also been proposed [18]. Although these approaches differ in configu-
ration, both aim to produce nitrate-enriched streams that are subse-
quently converted into ammonia. Under such conditions, the overall
performance of NOsRR depends critically on the interplay between
catalyst activity, electrolyte properties, and the applied reaction
conditions.

NOg3RR research has largely focused on developing electrocatalysts
(e.g., metals, alloys, oxides, sulfides, oxysulfides, and phosphides
[19-25]) that achieve high current densities at low overpotentials and
high ammonia selectivity, despite the similar thermodynamic potentials
of the possible products [13,26]. In contrast, the role of electrolyte
properties —such as pH, nitrate concentration, and the identity of
co-existing ions— has received comparatively limited and unsystematic
attention. This limited understanding of electrolyte effects is nontrivial,
as the electrolyte defines the boundary conditions governing all pro-
cesses at the electrode-electrolyte interface, thereby directly influencing
catalyst activity and ultimately the performance of NO3RR systems.

Although pH has been shown to influence NO3RR, significant in-
consistencies remain regarding which pH conditions favor ammonia
formation and the underlying mechanisms this effect. For example,
Jaramillo et al. observed higher ammonia selectivity at pH 0.77 than at
pH 13 over a potential range of —0.75 to —1.25 V vs RHE and concluded
that high proton concentration promotes ammonia selectivity in NOsRR
[17]. Conversely, Gou and coworkers [27] reported a different
pH-dependent trend in their study using Cu foil as a model electrode,
finding that ammonia formation is favored at pH 13. They attributed this
behavior to more efficient NH3 desorption in alkaline electrolytes
compared with acidic ones. Luo et al. observed higher NHj3 yield rates
and faradic efficiencies on CupO nanocubes in acid electrolytes, within a
potential window of —0.4 to —0.8 V vs RHE, compared to neutral and
alkaline electrolytes [28].

In nitrate concentration studies, most reports show an increase in
nitrate reduction activity with increasing nitrate concentration in the
electrolyte [17,29]. This behavior is commonly attributed to the greater
availability of nitrates at the electrode interface, which enhances their
probability of reduction. However, several experimental and theoretical
studies have shown that NO3 binds only weakly to metal surfaces and
gradually desorbs as more negative potentials are applied due to their
negative charge [30-33]. Based on these findings, it is evident that the
conventional explanation of the concentration effect does not fully ac-
count for its impact on NO3RR activity. More importantly, this indicates
that the phenomena governing concentration-dependent behavior in
NO3RR remain poorly understood and call for further investigation.

Co-existing alkali cations (Li*, Na®, K", and Cs") are widely recog-
nized to influence the activity of electrocatalytic reactions such as
hydrogen evolution and CO reduction [34-38]. In contrast, their effect
in NO3RR has been largely overlooked, and they are often treated as
inert spectators. However, emerging studies suggest that these cations
can influence NO3RR performance [39], indicating that their impact
may be more complex than generally assumed. This raises the question
of whether co-existing cations are truly passive species or actively
participate in the NO3RR, and, if so, how, and under which reaction
conditions their effects become significant.

All the above observations highlight that electrolyte properties in-
fluence NO3RR performance through interrelated phenomena that
remain incompletely understood. Therefore, systematic studies of elec-
trolyte effects across different metal surfaces are required to gain in-
sights into the contributions of individual electrolyte properties and
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their interplay in the key steps of nitrate reduction. This understanding
is key to advancing NOsRR performance.

Here, we systematically investigate how and to what extent elec-
trolyte properties and applied potential influence NOsRR to NHs. To this
end, we design electrochemical evaluations that isolate the effects of pH,
nitrate concentration, and coexisting cations on the selectivity and ac-
tivity towards NHs. We apply this framework to Cu, Ag, Pd, Au, Bi, Mo,
and Ti electrodes, enabling us to disentangle intrinsic, catalyst-specific
behavior from effects arising solely from the electrolyte. Furthermore,
we assess whether the impact of such electrolyte properties depends on
the applied potential. In addition to NHj3, we quantify nitrogen-
containing by-products as well as competing H formation to elucidate
the mechanistic changes induced by electrolyte composition and po-
tential. We show that alkaline electrolytes (pH 13) benefit ammonia
formation rates for all the metals, independent of intrinsic relative ac-
tivity. Our findings reveal that the electrolyte pH steers the reaction
pathway in a consistent fashion, independently of the metal. While such
pH-electrolyte effects remain largely invariant with applied potentials,
ammonia selectivity is sensitive to them. We further demonstrate that
cations, often overlooked in NOsRR studies, play a critical role in
mediating the interfacial electrostatic field, enabling NO3 ions to
overcome their natural repulsion from the polarized electrode and reach
the surface for conversion.

2. Methods

Materials and Reagents were obtained from commercial suppliers
and used without further purification. Electrochemical-grade Ag, Pd,
and Ti foils were purchased from Redox.Me. Bi (99.999%), Mo (99.9%),
Au, and Cu foils were obtained from GoodFellow. Oxalic acid
(99.999%), cesium nitrate (99.99%), cesium hydroxide monohydrate
(>99.5%), boric acid (>99.5%), potassium nitrate (>99.0%), Bis-(2-
hydroxyethyl)iminotris(hydroxymethyl)methane (BIS-TRIS, >99.0%),
p-hydroxybenzoic acid (99.0%), potassium nitrite (>97.0%), and po-
tassium hydroxide (>85.0%) were purchased from Sigma-Aldrich. Nitric
acid (65%) and ammonium chloride (analytical grade) were obtained
from Merck. Hexacyanoferrate (III) (>99.0%) was purchased from ACS.
10-crown-6 (99%) was obtained from Thermo Scientific. Argon and
helium (BIP 6.0, 99.9999%), as well as hydrogen, nitrous oxide, and
nitrogen gases, were supplied by Air Products. Ultrapure deionized
water with a resistivity > 18 MQ cm, measured at room temperature.

2.1. Electrochemical experiments

Electrochemical measurements were conducted in a gas-tight elec-
trochemical cell (2-CMEC, Redox) with two compartments separated by
a porous ceramic frit. The cell was operated in a three-electrode
configuration, consisting of a metal foil electrode, a platinum wire
counter electrode, and a commercial Ag/AgCl (3 M KCl, Redox) refer-
ence electrode. Polycrystalline metal foils (Ag, Au, Bi, Pd, Mo, Ti, and
Cu) with an exposed area of 4 x 4 mm? were used as working elec-
trodes. Prior to each experiment, the foils were mechanically polished
with sandpaper and thoroughly rinsed with ultrapure deionized water to
ensure a clean surface.

All measurements were performed using a Bio-Logic SP-300 poten-
tiostat, with applied potentials referenced to the reversible hydrogen
electrode (RHE), calculated using Eq. 1 and the manufacturer-specified
standard potential of the Ag/AgCl reference electrode (0.207 V vs SHE).
IR-drop compensation of 80% was applied during all electrochemical
measurements. The compensation was based on the measured electro-
lyte resistance, which ranged from 8 and 24 Q depending on the salt
concentration, determined by high-frequency impedance testing. The
electrochemical cells were filled with 30 mL of the selected electrolyte,
which was saturated with argon by bubbling at a flow rate of
100 mL min ! for 10 min. The cell was then sealed and magnetically
stirred at 300 rpm using a cylindrical PTFE stirring bar (30 mm length)
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to ensure efficient mass transport to and from the cathode, as verified by
pre-hydrodynamic tests (SI-1). Before initiating electrochemical mea-
surements, the open-circuit potential was recorded for 5 min to ensure
system stability. Subsequently, a potential was applied according to the
specific experiment for 1 h. All experiments were carried out at room
temperature under ambient conditions. Detailed conditions for each
experimental set are described below.

Erpg = Epgjagar +0.207 +0.059 pH (€D

Effect of Electrolyte pH on NOsRR. To identify pH-dependent trends,
electrochemical measurements were conducted on all seven electrodes
in 0.3 M NO; electrolyte solutions at pH 1 and 13, adjusted using HNO3
and KOH, respectively. Detailed electrolyte preparation is provided in
the Supplementary Information (SI-2). A constant potential of —0.75 V
vs RHE was applied.

Interplay between Applied Potential and Electrolyte pH. To evaluate how
comparable driving forces influence the identified pH-dependent trends,
electrochemical measurements were performed at applied potentials of
—0.25, —0.50, —0.75, and —1.00 V vs RHE. Experiments were con-
ducted on Pd, Ti, and Cu electrodes in 0.3 M NO; electrolytes at pH 1
and 13.

Heatmaps of Initial Nitrate Concentration vs Applied Potential. In these
experiments, electrolytes with nitrate concentrations of 0.1, 0.3, and
0.5 M were used at pH 1 and pH 13. The applied potentials were —0.25,
—0.50, —0.75, and —1.00 V vs RHE. Pd, Ti, and Cu were used as
electrodes.

Influence of Co-existing Cations. The activity toward ammonia for-
mation with two different cations was evaluated at nitrate concentra-
tions of 0.1, 0.3, and 0.5M, at pH 1 and pH 13. To prepare the
electrolytes, cesium and potassium salts were used, as described in the
Supplementary Information (SI-2). A constant potential of —0.75 V vs
RHE was applied.

Each electrochemical measurement was performed at least three
times to assess reproducibility. Arithmetic means of replicate measure-
ments are reported, with standard deviations shown as error bars. For
Faradaic efficiencies, data are presented as stacked bars to visualize the
mean product distribution. Because product Faradaic efficiencies are
compositional quantities with correlated uncertainties, the standard
deviation is reported only for the total Faradaic efficiency. The statistical
analysis methodology is described in detail in Supplementary
Information (SI-3).

2.2. Product quantification

Liquid and gas samples were collected from the electrochemical cell
after each experiment to identify and quantify the generated products.
Ammonia exists in different forms depending on the reaction pH: at pH 1
as NH; and at pH 13 as NH3. Ammonia was quantified by ion chro-
matography (IC, Shimadzu) in the form of NHj after adjusting the
sample pH to approximately 3 to shift the equilibrium towards NH; in
all systems (see details in SI-4). Under alkaline conditions, no NH3 was
lost from the electrolyte, as the NH3 concentrations produced in our
experiments where low (< 300 ppm), as shown in SI-5. Therefore, NH;
quantified after pH adjustment corresponds to the NHj initially formed.
The IC analysis was performed using a Shim-pack IC-C4 column (7 pm;
150 x4.6) with a conductivity detector.

The concentration of NO, was determined by non-suppressor anion
chromatography (Shimadzu) equipped with a Shim-pack IC-A3 column
(5 pm, 150 x4.6) and a conductivity detector. Gas products (i.e., N2O,
Nj, and H2) were quantified using gas chromatography (GC-2030N,
Shimadzu).

Gas separation was achieved using Molsieve 5 A (0.32 mm ID, 30 pm
df, 50 m) and Paraplot Q (0.32 mm ID, 10 um df, 50 m) columns.
Detection was performed with a dielectric-barrier discharge ionization
detector (BID-2030). A detailed description of the gas and liquid sample
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handling procedures is provided in SI-4.
2.3. Electrode characterization

X-ray diffraction (XRD) patterns were recorded ex situ using a Pan-
alytical Empyrean diffractometer with Molybdenum Ko radiation and
filter on the diffracted beam side. The generator was operated at 50 kV
and 40 mA. The angular range 5 < 20 < 55° was scanned stepwise/
continuously with step time of 59.69 s. Measurements were performed
in transmission mode, with the samples sandwiched between two Kap-
ton foils.

For XRD measurements, the electrodes were removed after electro-
chemical measurements, thoroughly rinsed with deionized water to
remove residual electrolyte, dried under an Ar flow (10 mL min~ 1) at
room temperature, and subsequently analyzed by XRD.

Crystalline phase identification was done by comparing the obtained
patterns with those reported in the Inorganic Crystal Structure Database
(ICSD) [40] and Crystallography Open Database (COD) [41].

3. Results and discussion
3.1. Effect of electrolyte pH on NO3RR

To assess the influence of electrolyte pH on NO3RR, we evaluated the
catalytic performance of seven metal electrodes at a fixed potential of
-0.75V vs RHE in 0.3 M NOj electrolyte at pH 1 and 13. These pH
values were chosen to represent extreme acidic and alkaline regimes,
maximizing the contrast in proton availability and enabling clear iden-
tification of pH-dependent effects. Additionally, these extreme pH con-
ditions ensure well-defined and stable reaction environments that
cannot be achieved at intermediate pH values (e.g., 3, 5, 9, and 11), as
detailed in SI-2. The metals were selected to span a broad range of
intrinsic chemical properties and surface chemistries, enabling identi-
fication of pH-dependent trends in NO3RR activity and selectivity across
chemically diverse electrocatalysts and isolating behaviors that persist
despite differences in intrinsic catalyst properties and that can therefore
be attributed to pH effects. The applied potential of —-0.75 V vs RHE was
chosen based on CV measurements (Figure S1), which confirmed that all
metals were catalytically active at this potential and excluded mass-
transport limitations under the applied conditions. Total and partial
current densities (jiora and j;), proportional to formation rates, were used
as descriptors of catalytic activity, whereas Faradaic efficiencies (FE;)
were used to quantify selectivity.

The results show that metal activity was strongly influenced by
electrolyte pH, with higher total current densities (ji;) Observed at pH
13 than at pH 1 (Fig. 1a). All the metals exhibited an increase in their
partial current density to ammonia (jxu,) when the reactions were car-
ried out at pH 13 (Fig. 1b), suggesting that NH3 formation proceeds
more efficiently in electrolytes with limited proton availability. These
results highlight that although protons are required for the reduction of
nitrate to ammonia, an excess proton concentration (as in pH 1) does not
necessarily enhance NHj3 rate formation and may even be detrimental.

To elucidate the origin of this pH dependence, we analyzed the by-
product formation rates alongside the competing hydrogen evolution
reaction (HER). We first focus on HER. As shown in Fig. 1¢, all inves-
tigated metals exhibited higher partial current densities for HER at pH 1
than at pH 13, with increases ranging from ~20-235% depending on the
metal. This trend is consistent with faster HER kinetics in acidic media,
where protons are directly available, compared with alkaline media,
where proton supply relies on water [42]. However, for Bi, Ag, Au, and
Pd, the relative increase in Hy generation between pH 1 and 13 is modest
(< 38%), indicating that proton availability alone does not fully deter-
mine HER activity in NO3RR systems. Instead, the presence of KNOs,
absent in conventional HER studies, may influence hydrogen evolution
during NO3RR. This is evident from the comparison between Pd and Mo,
whose HER activities deviated from expectations based on hydrogen
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Fig. 1. Effect of electrolyte pH on NO3RR kinetics evaluated on polycrystalline metals (Bi, Mo, Au, Ti, Pd, Ag, and Cu) electrodes at —0.75 V vs RHE in a 0.3 M NO; .
Panel (a) shows total current density (jiora1), While panels (b—f) show partial current densities (j;) for NHsz, Hy, NO;, N2O, and N5 under acidic (pH 1) and alkaline (pH
13) conditions. Higher total currents and enhanced NHj formation are observed under alkaline conditions, highlighting the effect of proton availability on

NOsRR Kkinetics.

adsorption free energies (AGy) [43-45]. Pd (AGy ~ 0) is typically
considered an optimal HER catalyst, whereas Mo binds hydrogen too
strongly (AGy < 0), which limits HER activity [43-45]. Contrary to this
expectation, Mo exhibited a ~78% higher H; formation rate than Pd at
pH 1 (-44.13 and —24.75 mA cm ™ 2). A similar trend was observed at pH
13, where Mo still showed slightly higher activity than Pd (-20.3 vs
—18.4 mA cm ™2, ~ 10% difference). It is noteworthy that Pd formed a
Pd hydride (PdHy) phase under pH 1 conditions (Fig. 2), consistent with
previous reports [46,47], whereas no such phase was observed at pH 13.
For Mo and the other metals, no bulk structural changes were observed
at either pH (Figure S2). While the formation of hydride or other species
(e.g., oxide or hydroxide) at the surface cannot be excluded, the pres-
ence of oxide or hydroxide is less probable, as metallic phases are
favored under cathodic potentials [48,49]. Although reports in the HER
literature suggest that PdH can enhance H; activity [50], its formation
did not result in higher jy, in our NO3RR systems. These results indicate
that the presence of KNO3 and nitrate reduction itself can alter hydrogen
evolution behavior on Pd and Mo (likely on other metals as well, though
to a lesser extent) under the applied potential. To further confirm this,
control HER experiments for Pd and Mo were performed at pH 1 and in
the absence of KNOs. Under these conditions, Pd exhibited approxi-
mately two-fold higher H; activity (-85.75 mA cm™?) than Mo
(-43.27 mA cm’z; Figure S3), consistent with trends expected from their
respective AGy values.

Together, these findings indicate that HER suppression or promotion
in NO3RR systems is strongly influenced by electrolyte pH and the
presence of KNOs, thereby modifying the energetics of HER at the
electrodes.

We next consider the formation of NO3RR by-products. The elec-
trolyte pH strongly influences their formation rate, underscoring the
mechanistic sensitivity of NOsRR to proton availability. As shown in
Fig. 1d, jno, were observed exclusively under alkaline conditions,
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Fig. 2. XRD patterns of Pd electrodes recorded ex situ before (on grey) and
after reaction at pH 1 (green) and at pH 13 (blue) at —0.75 V vs RHE. Reference
patterns (PDF cards) are included for phase identification. Phase identification
suggests PdHx formation at pH 1.
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indicating weak stabilization of NO,,, on the catalyst surface under
such conditions. This weak stabilization increases the probability that
NO3,4,> formed in the first step of NO3RR, desorbs before undergoing
further reduction, in agreement with our measured jno, - In contrast, the
absence of NO; in acidic electrolytes suggests that the subsequent
reduction of NO,, 4 to NH;3 or other by-products proceeds sufficiently
fast to suppress NO,,4 from desorption. This enhanced apparent
reduction kinetics at pH 1 can be associated with the high concentration
of hydronium ions (H30"), which provide protons more readily than
water, the proton donor in alkaline media, thereby facilitating further
reduction of NO, .

N2O and Ny were also formed as by-products across all metals
(Figs. 1e and 1f), regardless of the extreme pH conditions (pH 1 and 13).
N,O formation was slow, with jy,o not exceeding 3.5 mA cm~2; the
highest jn,o values were consistently observed in pH 1 reaction systems,
as shown in Fig. 1e. Previous mechanistic studies in acidic media have
shown that N2O can form via dimerization of NO,q4s. Despite the low j,o
observed here, the detection of N3O indicates that NO,q4s dimerization to
N,0,4s is not exclusive to acidic environments but can also occur, albeit
less favorably, in alkaline media.

All the metals, except Bi, exhibited similar reaction kinetics towards
Ny, as reflected by comparable jy, values of ~20 mA cm ™2 under acidic
conditions (Fig. 1f). This observation suggests that a key intermediate in
the N, formation pathway interacts weakly across these metals,
rendering its reduction largely insensitive to metal identity and resulting
in comparable reaction rates. Considering that NyO gas was detected in
our experiments, it is plausible to consider that NyO,gs is this interme-
diate. Therefore, N3 production under these conditions is consistent with
the Vooys-Koper-Chumanov mechanism [51,52].

Conversely, under alkaline conditions, jy, values differed modestly
between metals (Fig. 1f), indicating a more pronounced metal depen-
dence. This suggests that in alkaline media, Ny formation is consistent
with pathways that do not involve N»O,q, such as the Duca-Feliu-Koper
mechanism, in which NHj,gs is the prior intermediate to Ny [53].
Nevertheless, while the Duca-Feliu-Koper pathway appears to dominate
under alkaline conditions, the Vooys-Koper—-Chumanov mechanism
cannot be completely excluded, as NO,4;s, an omnipresent intermediate
in NO3RR, may still undergo dimerization to form N3O,4s, as discussed
above.

Taken together, these rate analyses suggest that proton availability in
the electrolyte plays a key role in determining NO3RR reaction pathways
by modulating nitrate deoxygenation kinetics, intermediate stability,
and protonation (illustrated in Scheme 1, right side). At pH 1, high
proton availability appears to facilitate the deoxygenation stages,

pH-dependent
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particularly the reduction of NO,,,, an intermediate prone to desorp-
tion if reduced slowly, thereby ensuring that subsequent reduction steps
can proceed. However, while abundant protons provide kinetic advan-
tages in these steps, they can be counterproductive for efficient NH;
formation, as they drive reduction relatively fast along multiple
competing pathways with no clear preference. As a result, strongly
acidic electrolytes yield NHs formation rates comparable to or lower
than those of Ny (predominant by-product). Moreover, the excess of
available protons promotes their reduction to Hy, consuming electrons
that could otherwise drive NOg, 4 reduction. Conversely, under alkaline
conditions, the deoxygenation steps generally proceed more slowly, as
evidenced by a pronounced desorption of NO,,,. The limited proton
availability also slows the proton-coupled electron transfer (PCET) in
the subsequent reduction steps; however, this moderation is not detri-
mental. Instead, it may favor the NH3 formation pathway by promoting
stepwise hydrogenation of intermediates, leading to higher NHj3 for-
mation rates relative to N.

The observation that alkaline conditions yield significantly higher
Jjiotal and jnu, values than acidic media, despite slower kinetics and
poorer NO,, stability, suggests that the influence of electrolyte pH
extends beyond reaction pathway selection to include enhanced NO3
adsorption, as illustrated in Scheme 1 and detail discussed in Section
3.3. Accordingly, under alkaline conditions, a higher coverage of
NO;3,4, compensates for the loss of NO5, 4, due to desorption and allows
the remaining NO;, 4, to be protonated at a moderate rate, thereby
enabling efficient overall NH3 formation.

Product distribution analysis provided further insight into the effect
of electrolyte pH on NOsRR. First, it confirms that NO3RR favors NHg
formation under alkaline conditions relative to acidic ones, as illustrated
in Figs. 3a and 3b. Mo and Au exhibit the most pronounced changes,
with Faradaic efficiencies for NHg increasing by up to a factor of 5 in
alkaline electrolytes. Second, it reveals that high proton concentrations
may also promote chemical (non-electrochemical) reactions, resulting in
total Faradaic efficiencies below 100% as those observed in Fig. 3a. We
attribute the missing FE primarily to NO2 chemical formation, which is
favored in acidic media [13] and which is not detected by GC under the
present experimental conditions.

Overall, our results demonstrate that electrolyte pH alone exerts a
significant and systematic influence on the activity, selectivity, and re-
action pathways of NOsRR. Highly acidic electrolytes promote fast
reduction kinetics across the different NO3RR stages due to high proton
availability; however, this comes at the expense of NHj selectivity, as it
favors the formation of Ny, Hy, and NO,. In contrast, high alkaline
electrolytes reduce the formation of such undesirable products as a

pH- and
Cation-identity-dependent Eroton-donating atillty Fast Fast
pH1 H;0* High Slow NZO Slow ,
pH 13 H,O Moderate 3
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Slow Fast NO M:;:r'ate
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Scheme 1. Simplified representation of the overall NOsRR process illustrating that
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electrolyte pH is a key parameter on preferential reaction pathways and nitrate
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reaction kinetics; with the drawback of NO,
NO;

desorption but moderate NH3 formation. Thus, alkaline media favor higher partial current densities for NH; and
. Electrolyte pH is also critical for nitrate adsorption along with cation identity. Electrons and protons involved in the elementary steps are omitted for clarity.
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Fig. 3. Effect of electrolyte pH on NO3sRR product selectivity assessed on polycrystalline metals (Bi, Mo, Au, Ti, Pd, Ag, and Cu) electrodes at —0.75 V vs RHE in a
0.3 M NO;. Product selectivity, expressed as Faradaic efficiency (FE, %), is shown for (a) acidic conditions (pH 1) and (b) alkaline conditions (pH 13). Error bars
represent the SD of the FEy, from three independent electrolysis experiments. ** indicates that it was chemcially formed.

consequence of more restricted proton availability, which moderates
NO3RR kinetics in a manner that promotes higher NH3 formation rates
and enhanced selectivity. Furthermore, our results suggest that NO3

adsorption is also sensitive to electrolyte pH as discussed in Section 3.3.

3.2. Interplay between applied potential and electrolyte pH

Potentiostatic electrolysis was performed between —0.25 and
—1.00 V vs RHE to determine whether the observed pH-dependent
trends described above are influenced by applied potential. For this
purpose, Cu, Ti, and Pd were selected as representative electrodes
because they exhibited distinct activities toward ammonia formation
and the competing HER at a fixed potential of —0.75 V vs RHE (Section
3.1). Cu was the most active for NH3 formation, whereas Ti and Pd
showed moderate NO3RR activity but contrasting HER behavior (limited
on Ti and strong on Pd) as shown in Fig. 1. This diversity in activity is
essential for distinguishing intrinsic catalyst-driven behavior from ef-
fects arising from the interplay between applied potential and electro-
lyte pH.

The lower potential limit (-0.25 V vs RHE) was chosen to be more
cathodic than the operational onset potential of the electrochemical
systems, defined here as the potential required to reach —1 mA cm 2,
thereby ensuring operation within an electrochemically active regime.
Interestingly, the NOsRR onset of measurable cathodic current occurs at
more negative potentials in acidic media than in alkaline electrolytes
(Figure S4), even when referenced to RHE. For example, the operational
NO3RR onset potential shifts by ~112-340 mV to more negative values
in acidic media compared to alkaline conditions (Table S1). This
behavior suggests that proton availability alone may not be sufficient to
lower the kinetic barrier for NO3RR initiation and may instead delay its
apparent onset due to stronger competition from HER and poor NO3
adsorption, as is further discussed in Section 3.3.

As shown in Fig. 4a, the j, increases with more negative potential
for all three metals, reflecting the enhanced electron-transfer rate driven
by a higher overpotential. Importantly, the relative effect of electrolyte
PH on jioa remains essentially unchanged across the investigated po-
tential window, with significantly higher current densities observed
under alkaline conditions. These results indicate that while the applied
potential governs the driving force for interfacial electron transfer, the
efficiency of electron utilization in NOsRR is strongly modulated by
electrolyte pH, with alkaline conditions promoting higher overall jiota
and increased NH3 formation rates.

The impact of electrolyte pH on electron utilization is further re-
flected in the partial current densities toward individual products,

providing insight into reaction pathway preferences. Across the entire
potential range, alkaline conditions consistently promote higher jyu,,
and jno, than acidic conditions (Figs. 4b and 4c). In contrast, acidic
electrolytes favor higher ju,, jn,, and jn,o0 (Fig. 4d-f). These observations
indicate that electrolyte pH establishes preferential NOsRR pathways by
controlling stability of key intermediates and proton availability for
effective protonation, and that these pathways are largely preserved
across the examined potential window, particularly under alkaline
conditions.

While electrolyte pH largely governs the dominant reaction path-
ways, the applied potential significantly modulates how these pathways
are expressed, i.e., the relative product selectivity arising from each
pathway. For Cu (Fig. 5) and similarly for Ti and Pd (Figure S5), two
distinct trends in NH3 Faradaic efficiency (FEny,) emerge depending on
the electrolyte pH. Under acid conditions, FEny, reaches a maximum at
—0.5 V vs RHE and decreases at more cathodic potentials (—0.75 and
—1.00 V vs RHE) as shown in Fig. 5a. Such a decline correlates with an
increase in FEy, and FEyo, at —0.75 and —1.00 V vs RHE, respectively.
This behavior indicates that while moderate cathodic potentials favor
NH; formation, increasingly negative potentials promote competing
reduction pathways in acidic media. Conversely, under alkaline condi-
tions, FEnu, increases monotonically with cathodic potential, accom-
panied by a decrease in FEno; (Fig. 5b), suggesting that a larger fraction
of NOg,4 intermediates undergo reduction rather than desorption.

Taken together, these results demonstrate that electrolyte pH pri-
marily governs the dominant NO3RR pathways by controlling interme-
diate stability and modulating protonation rate effectively, whereas the
applied potential modulates the extent to which these pathways are
expressed, ultimately shaping product selectivity. This distinction
highlights the complementary roles of pH and applied potential: pH sets
the mechanistic landscape of NO3RR, while potential establishes the
driving force for interfacial electron transfer and tunes relative expres-
sion of competing pathways.

3.3. Effect of KNO3 concentration

To further elucidate the effect of the electrolyte on NOsRR, we
investigated how KNOj3 concentration influences ammonia formation
across applied potentials at pH 1 and 13. The combined effects of these
variables on the ammonia partial current density (jxu,) are presented as
heat maps in Fig. 6. Green and blue color scales correspond to pH 1 and
pH 13, respectively, with darker shades indicating higher current den-
sities. The study was conducted on Pd, Ti, and Cu electrodes, following
their established use in the preceding experiments and enabling direct
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comparison of trends across different metal surfaces.

The effect of pH on NOsRR toward NHgj is consistent across the
experimental parameter space shown in Fig. 6. For the three metals, the
heat maps reveal systematically higher jyy, at pH 13 than at pH 1,
confirming that ammonia formation is favored under alkaline
conditions.

Beyond this clear pH effect, a more detailed analysis of the heat maps
provides additional insights into NOsRR behavior. Examining the heat
maps at a fixed potential along the vertical axis, jymu, shows little
dependence on nitrate concentration at pH 1, a behavior most clearly
seen for Pd and Ti (Fig. 6a and b). In contrast, at pH 13, jxu, increases
monotonically with nitrate concentration across all electrodes (Fig. 6d-
f). These trends indicate that nitrate concentration strongly influences
NOsRR activity toward NH3 under alkaline conditions, whereas its

influence is substantially weaker in acidic media.

The observed behavior can be rationalized as follows. Under
cathodic polarization, the negatively charged electrode repels anions
(hydroxide at pH 13 and nitrate at both pH 1 and 13), leading to their
local depletion, while simultaneously attracting cations (protons at pH 1
and potassium at both pH 1 and 13), resulting in their accumulation near
the electrode, as is illustrated in Scheme 2a. However, the distribution of
cations near the electrode differs markedly between acidic and alkaline
conditions, as is shown in Scheme 2b and c. At pH 1, proton adsorption
is favored over K* not only due to their higher availability but also
because of the stability of the adsorbed protons. Unlike K*, which retains
a partial positive charge upon adsorption (see Eq. 2) [54-56], and thus

K9 that limit surface

experiences repulsive interactions between K,
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coverage, protons undergo full electron transfer to form neutral H atoms
(H,gs, see Eq. 3) [54], enabling stable adsorption. Consequently, while
H,gs covers the metal surface, K* ions are primarily electrostatically
adsorbed (i.e., without direct contact with the surface electrode) in the
Outer Helmholtz Plane (OHP) [54]. The localized K*, at the OHP, gen-
erates a strong electric field that draws NO;  ions from the bulk solu-
tion to the OHP, thereby helping overcome the natural repulsion
between NO; and the cathode and allowing nitrate access to the
reactive region. However, the extent to which nitrate reaches the surface
depends on the availability of active sites, which at pH 1 are largely
occupied by H,gs. Thus, an increase in NO;  concentration at the OHP
does not affect the reaction when surface availability is the limiting
factor. This explains why ammonia formation was poorly sensitive to
electrolyte concentration at pH 1.

K+

ot r+ de SKRY )

H&q>+ * + Se-  SHy 3

At pH 13, the specific adsorption (i.e., chemically bonded to the
surface and partially discharged [35,56,57]) of K'is promoted by weak
competition with H' due to the low proton concentration. Although
more K ions are adsorbed under these conditions, full surface coverage
is not attained because their residual positive charge induces repulsion
between neighboring K',-*. This residual charge, however, attracts
NO,; from the OHP toward the electrode, which in this case presents
more available surface sites for NO; adsorption. K' ions attracted to
the negatively charged electrode but not specifically adsorbed accu-
mulate in the OHP, which in turn facilitates NO;  enrichment in this
region. As the electrolyte concentration increases, more K' ions can be
electrostatically stabilized at the OHP, enabling a higher flux of NO;
to reach the reaction region and favoring its electrochemical reduction.
Consistent with this explanation, the heat maps of the three metals at pH
13 (Fig. 6d-f) clearly show that ammonia formation increases with
electrolyte concentration, revealing that cations are not passive spec-
tators but actively influence NO;  reduction.

When the heat maps are examined along the potential axis, the in-
fluence of the applied potential on ammonia formation becomes
apparent. As shown in Fig. 6, independent of electrolyte pH, the
ammonia partial current density increases with increasingly cathodic
potentials, reaching maximum values at —1.0 V and minimum values at
—0.25V vs RHE across nearly all nitrate concentrations. Notably, the
magnitude of the increase in jyy, with increasingly cathodic potential is
substantially larger under alkaline conditions (Fig. 6d-f). This behavior

can be explained not only by the higher thermodynamic driving force for
electron transfer at more negative potentials, but also by changes in the
interfacial electric field. Stronger cathodic polarization enhances the
electric field at the interface, which attracts more K* ions to the OHP.
The increased local K concentration promotes NO;  enrichment near
the electrode surface, thereby increasing its availability for reduction.
The effect is more pronounced under alkaline conditions, where low
proton concentration minimizes competition for surface sites and allows
the formation of a K'-rich interfacial structure. As a result, more nitrate
reaches the surface, further enhancing ammonia formation.

The higher interfacial NO; availability also facilitates its rapid
adsorption and accelerates the formation of the first reduced interme-
diate (NO; ). This promotes earlier initiation of reaction, consistent
with the shift toward less negative NOsRR onset potential observed in
alkaline media (Figure S4).

Overall, the heat map analysis shows that KNO3 concentration
strongly affects NH3 formation under alkaline conditions but has little
impact in acidic media. This behavior may be related to changes in
interfacial K* structure: higher KNO3 concentrations promote K accu-
mulation at the interface, increasing NO;  availability in the reaction
region. In acidic conditions, high proton concentration diminishes this
effect and blocks surface sites. More negative potentials further enhance
interfacial K* accumulation, favoring NO;  conversion in alkaline
electrolytes. Importantly, the analysis suggests that alkali metal cations
play a significant role as electric-field mediators in the NO3RR, and the
observed increase in activity with KNO3 concentration —more pro-
nounced at pH 13— may not be only to nitrate levels, but also to K"
levels, which help to nitrates to reach the electrode surface.

3.4. Influence of co-existing cations

To verify that the KNO3 concentration-dependent activity observed
is driven mainly by cation participation rather than by the sole increase
of nitrate concentration, we replaced K" with Cs™ at the three electrolyte
concentrations in both alkaline and acidic conditions. Kt and Cs* have
different ionic radii and hydration structures [58,59]. These differences
are expected to alter the cation’s ability to mediate the interfacial
electric field between the electrode and nitrate ions under applied po-
tential, thereby influencing the rate of ammonia formation. To ensure
consistency with previous results, the experiments were conducted on
Ti, Cu, and Pd. Because the effect of concentration was more pronounced
under alkaline conditions (as shown in Fig. 6 of the previous section), all
three metals were evaluated at pH 13, while acidic conditions were
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investigated using Ti as the representative system. A potential of
—0.75 V vs RHE was applied.

Fig. 7 shows that jyu, increases at all concentrations when K" is
replaced with Cs*. As expected, this effect is more pronounced in
alkaline than in acidic media, as illustrated for Ti electrodes. On
average, substituting K™ with Cs™ enhances jxu, by ~36% in acidic
conditions and ~59% in alkaline conditions (Fig. 7 a and b). A similar
trend is observed for Cu and Pd, which exhibited increases of ~32% and
~140% in ammonia formation rates in alkaline media, respectively

(Fig. 7 c and d). These results are consistent with the findings of Fajardo
et al., who reported enhanced NO;  removal in the presence of Cs*
during NO3RR on Sn electrodes in alkaline media [60]. Therefore, our
results demonstrate not only that cations actively participate in NO3RR,
but also that the magnitude of their influence depends on cation iden-
tity. Our mechanistic interpretation, based on the overall trends
observed in this work, is that alkali cations in NO3RR influence the
interfacial electric field, facilitating the approach of NO; to the
negatively polarized surface. The enhanced jyu, observed with Cs*
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low due to its remaining charge.

suggests that Cs* is a more effective mediator than K™, particularly in
alkaline media, where the absence of protons reduces competition for
adsorption sites.

Alkali metal cations also influence the competing HER, although in a
more complex manner than NO3RR. For HER, the cation effect varies
with the electrode material. In the case of Ti, the presence of Cs™ leads to
a decrease in jg, of ~61% under acidic conditions and ~21% under
alkaline conditions relative to with K* (Fig. 7 a and b). For Cu and Pd
(Figs. 7c and 7d), Cs™ enhanced j, by a ~24% and ~56% with respect
to K, respectively. This variation in the effect of alkali cations on the
metal is consistent with previous HER studies [38,61]. For example,
Bender et. al. reported that HER rates increase with cation size
(Lit<Na"<K'< Cs™) over Cu, Ag, and Au, whereas the opposite is
observed on Ir and Pt [61]. The origin of this variation lies beyond the
scope of this work. However, it is important to note that, regardless of
whether the HER activity increases or decreases with alkali cations on
different metals, the rate remains significantly lower than the NHj for-
mation rate.

Thus, these experiments confirm that alkali cations participate in
NO3RR, acting as electric-field mediators that help overcome the
intrinsic electrostatic repulsion between the negatively polarized elec-
trode and NO; .The extent of this effect depends on both cation
identity and electrolyte pH for NO3RR.

4. Conclusion

We investigated how and to what extent the electrolyte properties
(concentration, pH, and co-existing ions), together with the applied
potential, influence NO3RR towards NH3. Systematic studies on multiple
metal electrodes allowed us to disentangle intrinsic catalyst behavior

10

from electrolyte-induced effects. We found that electrolyte pH strongly
influences NO3RR activity, with alkaline conditions favoring higher jiyia
and jnu, under comparable driving forces. Our pH studies showed that
the availability of protons in the bulk electrolytes also directs NOsRR
along preferential reaction pathways. At pH 13, the pathways towards
NH3 and NO, formation are favored over those leading to N,, N2O and
H,, whereas acidic conditions promote N2, N,O and H, formation. These
pH-dependent trends persist across the studied potential range
(-0.25-1.00 V vs RHE). While electrolyte pH defines the dominant re-
action pathways, the applied potential modulates their relative contri-
butions, determining product selectivity.

Furthermore, we show that the initial NO; concentration influences
the NHj3 formation rate only under alkaline conditions, whereas its
impact is negligible under acidic conditions. Our results indicate that
NO; concentration is closely associated with the presence of co-existent
alkali metal cations. The results suggest that these cations act as elec-
trostatic field mediators, mitigating the intrinsic repulsion between the
negatively polarized electrode and NOj, thereby -electrostatically
attracting them to the electrode surface for effective conversion to
ammonia. The effectiveness of a given cation as a mediator is a function
of the pH, applied potential, concentration, and identity of the cation.

Overall, our results demonstrate that the electrolyte alone exerts a
systematic and decisive influence on NOsRR activity and reaction
pathways, providing an integrated understanding of how specific elec-
trolyte properties contribute and interact during nitrate-to-ammonia
conversion. These findings offer a framework for engineering electro-
lytes for NOsRR and call for redefining alkali metal cations from spec-
tator species to active mediators.
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stirring at 300 rpm.
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