
Chemical
Science

EDGE ARTICLE

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

3 
Ja

nu
ar

y 
20

26
. D

ow
nl

oa
de

d 
on

 4
/1

7/
20

26
 1

1:
21

:5
7 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Electrostatic dec
aDepartment of Chemistry, Indian Institute

Dr Homi Bhabha Road, Pune, 411008, India
bDepartment of Chemistry and Biochemistry

76019, USA

Cite this: Chem. Sci., 2026, 17, 6068

All publication charges for this article
have been paid for by the Royal Society
of Chemistry

Received 24th October 2025
Accepted 22nd January 2026

DOI: 10.1039/d5sc08236f

rsc.li/chemical-science

6068 | Chem. Sci., 2026, 17, 6068–6
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Rahul Mahadeo Mendhea and Musthafa Ottakam Thotiyl *a

We demonstrate electrostatic decatalysis, where long-range coulombic interactions selectively screen

parasitic chemistry, leading to distinct catalytic selectivity outcomes. By reconfiguring interfacial

electrostatic landscapes, this approach achieves site- and flux-selective modulation of competing

reactions while promoting ammonia electrosynthesis. Molecular dynamics simulations reveal a nearly

sevenfold enhancement in substrate enrichment factors, arising from optimized electrostatic screening

and strategic charge distribution. Experimentally, we observe more than a twofold increase in ammonia's

faradaic efficiency at practically relevant current densities, suggesting electrostatics contribute to

reaction selectivity with energy savings exceeding 50% relative to conventional benchmarks. Importantly,

this approach based on activation of coulombic forces exhibits pH-insensitive universality, enabling

broad applicability for electrochemical process modulations.
Introduction

Electrocatalysis is at the heart of transformative technologies
spanning energy storage, green synthesis, and environmental
remediation.1–7 Yet, achieving high activity and selectivity for
challenging reactions, such as nitrogen reduction,8,9 carbon
dioxide reduction,10,11 and nitrate remediation,12–16 remains
hindered by the persistent challenge of parasitic side reactions,
notably the HER. Conventional strategies, like structural tuning,
facet engineering, interfacial modications, etc.,17–19 have made
signicant progress, but are oen limited by pH dependency,
complex fabrication, and reliance on expensive materials.20,21

While the effect of electrostatic forces on molecular ordering
and self-organization is well known,22,23 we demonstrate here
the electrostatic engineering of surface charges as an adaptive,
intelligent gate to regulate reaction uxes. By imparting static,
long-range surface charges to carbon-based electrodes via
simple, scalable synthesis, we harness electrostatic attraction or
repulsion to selectively suppress parasitic pathways, such as the
hydrogen evolution reaction (HER), while simultaneously
promoting reaction selectivity. This universal, pH-independent
strategy transcends traditional material modications,
enabling precise, energy-efficient control over electrochemical
selectivity.

To demonstrate this concept, we activate long-range
coulombic forces on the electrode surface and demonstrate
of Science Education and Research, Pune,

. E-mail: musthafa@iiserpune.ac.in

, University of Texas at Arlington, Texas

078
a substantial suppression of the parasitic HER (Scheme 1),
reducing its faradaic contribution by over 35%, while boosting
ammonia electrosynthesis by two-fold. Integrating this electro-
static control into an energy-efficient electrochemical reactor
reduces the overall energy input by over 50%, establishing that
electrostatic decatalysis is a powerful, broadly applicable prin-
ciple for sustainable electrochemical transformations. This
work not only offers a new paradigm for universal, pH-
independent catalytic control but also opens avenues to tackle
some of the most pressing energy and environmental chal-
lenges with fundamental, physics-based strategies rooted in
electrostatic modulation.

Inuence of the interfacial charge and electrochemical
double-layer structure on reaction kinetics is a mature and
foundational concept, originating from Frumkin theory24 and
continuing through extensive modern literature25–27 majorly
attributed to microenvironmental wettability and double-layer
modulations. We show that irrespective of the surface area,
double-layer, and wettability factors electrostatic decatalysis of
parasitic reaction leads to distinct catalytic outcomes of reac-
tion selectivity.
Results and discussion
Surface activation of coulombic forces

Carbon nanotubes (CNTs) are widely used in electrochemical
devices due to their high electrical conductivity, large surface
area, and excellent mechanical and chemical stability. Their
nanoscale morphology enables efficient electron transport and
abundant active sites, making them an effective support for
enhancing catalytic performance. To impart a positive surface
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Illustration of electrostatic decatalysis of parasitic chemistry while selectively favouring the desired reaction flux.
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charge on CNTs, we employed poly(diallyldimethylammonium
chloride) (PDDA) as a cationic ionomer due to its quaternary
ammonium groups. In a typical synthesis, 100 mg CNTs were
dispersed in 100mL of a 5 wt% PDDA solution under sonication
for 2 h, followed by stirring for∼20 h to achieve a homogeneous
black suspension. The mixture was then ltered, thoroughly
washed to remove excess PDDA, and dried under vacuum for
24 h to obtain the positively charged CNT (p-CNT).28,29 For
negative surface charge engineering, we utilized Naon ion-
omer, utilizing its sulphonic acid groups, following the same
synthesis protocol, and obtained the n-CNT (Fig. 1a).

Theoretical modeling approaches and molecular dynamics
(MD) simulations enable the exploration of atomistic-level
details of such modied surfaces, their stability and subse-
quent spatial effects. Herein, we employed the CHARMM-GUI
web tool to model systems involving these complex surface
interactions30 and constructed two surface models using the
nanomaterial modeler module31 of the CHARMM-GUI web
platform: one with a positively charged surface (p-CNT model)
and one with a negatively charged surface (n-CNT model). Each
model represented the CNT surface as a planar graphene patch
measuring 54.3 Å × 51.3 Å in the X–Y plane. This planar
representation effectively approximates a local region of a CNT,
which typically has outer diameters exceeding 6 nm. At this
scale, the curvature is negligible, enabling the planar patch to
capture the essential atomic-level features of surface–polymer
interactions. Positive and negative surface charge modications
were introduced using the pentameric forms of PDDA and
Naon, respectively (Fig. S1, SI). For each functionalized
surface, two independent solvated systems were generated.
Each system contained over 26 000 atoms, making a complete
quantum mechanical theory treatment computationally
prohibitive. Accordingly, we employed a reliable and inexpen-
sive parameterized classical force eld level of theory for energy
calculations and MD simulations. All simulations were per-
formed using the CHARMM program (c50a1 development
© 2026 The Author(s). Published by the Royal Society of Chemistry
version),32 coupled with the OpenMM engine (version 8.1)33 for
GPU acceleration. Full details of the computational modeling,
force eld parameterization, and simulation protocols are
provided in the SI. To assess the stability of polymer adsorption
on CNT surfaces, we then calculated the interaction energies
between the graphene patch and the pentamer ionomers from
the modeled systems. Averaged over the MD simulation trajec-
tories, the interaction energy was−53.8± 0.7 kcal mol−1 for the
p-CNT model and −47.2 ± 1.1 kcal mol−1 for the n-CNT model,
indicating thermodynamically favorable adsorption in both
cases (Fig. 1b).

Surface engineering was comprehensively characterized
using multiple spectroscopic techniques. Attenuated Total
Reectance Infrared (ATR-IR) spectroscopy conrmed the
successful surface modication of CNTs through distinct
vibrational signatures, as shown in Fig. 1c. The PDDA-
functionalized CNTs exhibited characteristic absorption bands
at 3356 cm−1 (NR3

+ symmetric stretching), 3000–2800 cm−1

(aliphatic C–H stretching), 1645 cm−1 (N–C deformation),
1460 cm−1 (CH2 bending), and 1129 cm−1 (C–N stretching
vibration).34,35 Similarly, Naon-modied CNTs displayed
signature peaks at 1140 cm−1 (CF2 symmetric stretching),
1050 cm−1 (SO3

− symmetric vibration), and 975 cm−1 (C–O–C
ether linkage), conrming the presence of the anionic poly-
mer.36 These well-resolved vibrational features demonstrate the
effective incorporation of cationic (PDDA) and anionic (Naon)
modiers onto the CNT surfaces. In Fig. 1d, Raman spectros-
copy reveals signicant changes due to surface charge modi-
cation through the ID/IG (disordered carbon/graphitic peak,
1290/1600 cm−1) ratio analysis, where the increased ratio for
both p-CNT (2.39) and n-CNT (2.52) compared to bare-CNT
(1.61) indicates higher defect density due to polymer function-
alization.37 Thermal Gravimetric Analysis (TGA) results
provided in Fig. 1e give further conrmation through distinct
weight loss proles that correlate with the decomposition
temperatures of pure PDDA (∼30–150 °C: water loss; ∼200–350
Chem. Sci., 2026, 17, 6068–6078 | 6069
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Fig. 1 (a) Illustrative representation of surface charge engineering of CNTs with PDDA as the positive ionomer (p-CNT) and Nafion as the
negative ionomer (n-CNT). (b) Theoretical interaction energy of CNTs with ionomers (p-CNTmodel and n-CNTmodel). (c) ATR-FTIR spectra, (d)
Raman spectra, and (e) TGA curves of modified and unmodified CNTs. (f) Electrostatic surface potential of ionomers. (g) Zeta potential analysis
and (h) TEM images of bare-CNT, p-CNT, and n-CNT.
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°C: decomposition of quaternary ammonium group; >350 °C:
backbone degradation)38 and Naon (∼30–150 °C: water loss;
∼250–400 °C: decomposition of sulfonic acid side chains; >400
°C: backbone degradation),39 respectively.

We then characterized the electrostatic inuence of such
charged ionomers that could affect the spatial environment.
Poisson–Boltzmann (PB) calculations40 were performed on the
modeled monomeric forms of PDDA and Naon using the
PBEQ module in the CHARMM program. These calculations
were conducted using a solute dielectric constant of 1.0,
a solvent dielectric constant of 80.0, and an ionic strength of
0.1 M on a special grid of 0.5 Å surrounding the ionomers,
matching the aqueous solvent conditions used in the MD
simulations (SI). The resulting electrostatic potentials were
projected onto the solvent-accessible surface area (SASA) of each
molecule to generate spatially interpretable electrostatic maps.
6070 | Chem. Sci., 2026, 17, 6068–6078
As shown in Fig. 1f, the PDDAmonomer produced a net positive
potential (blue), while the Naon monomer exhibited a net
negative potential (red). These maps qualitatively indicate that
the charged ionomers can attract or repel ions (say NO3

−)
through long-range electrostatic interactions. Consistent with
these predictions, the zeta potential measurement in Fig. 1g
shows values close to +45 mV for p-CNT and −29 mV for n-CNT.
As shown in Fig. 1h, morphological examination via trans-
mission electron microscopy (TEM) clearly visualized the poly-
mer coatings on CNT surfaces, while high-resolution TEM and
X-ray diffraction conrmed that the functionalization process
preserved the fundamental structure of the CNTs, as indicated
by the maintained (002) plane spacing of 0.33 nm and almost
unchanged diffraction patterns (Fig. S2, SI).41,42 This approach,
combining surface-sensitive vibrational spectroscopy, defect
analysis, thermal decomposition proling, surface charge
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Linear sweep voltammograms (LSVs) of the HER (without nitrate) and eNO3RR (with nitrate) on (a) p-CNT and (b) n-CNT electrodes in
10 mMHClO4 solution and 10 mM KNO3 + 10mMHClO4 solution at a scan rate of 20 mV s−1. (c) Comparison of LSVs for the eNO3RR for p-CNT
and n-CNT. (d) Comparison of LSVs for the HER (without nitrate) for pCNT and n-CNT electrodes. (e) Zeta potentials for p-CNT and n-CNTs in
acidic, neutral and basic media. (f) Difference between the potentials to achieve a current density of 1 mA cm−2 in all the media with nitrate
(eNO3RR) and without nitrate (HER) [extracted from Fig. S3, SI].
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measurement, and nanoscale imaging, provided unambiguous
evidence for the successful surface charge engineering of CNTs
with both cationic and anionic surface functionalities while
maintaining their structural integrity.
Electrochemical nitrate reduction

These modied electrodes demonstrate the electrostatic deca-
talysis of the parasitic parallel HER during the electrochemical
nitrate reduction reaction (eNO3RR). The electrocatalytic
activity of p-CNT (Fig. 2a) and n-CNT (Fig. 2b) toward the
eNO3RR was evaluated at room temperature using a three-
electrode, single-compartment system via linear sweep voltam-
metry (LSV) in Ar-purged 10 mM HClO4, both with and without
© 2026 The Author(s). Published by the Royal Society of Chemistry
10 mM NO3
−. Each electrocatalyst was drop-cast onto a glassy

carbon (GC) electrode and pre-conditioned by cyclic voltam-
metry (CV) until a steady-state response was achieved. In Fig. 2c,
LSV results show that p-CNT exhibits enhanced eNO3RR
activity, reaching a current density of 1 mA cm−2 at a lower
potential (−0.57 V) compared to n-CNT (−0.91 V), attributed to
electrostatic attraction between the positively charged surface
(from PDDA functionalization) and the negatively charged NO3

−

ions. In contrast, n-CNT shows suppressed eNO3RR activity,
consistent with electrostatic repulsion between the negatively
charged sulfonate surface and NO3

− ions.
Interestingly, in the absence of NO3

−, LSV (only for the HER)
reveals that n-CNT outperforms p-CNT, requiring the lowest
Chem. Sci., 2026, 17, 6068–6078 | 6071
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Fig. 3 (a) Hydrophilicity measurement, (b) BET surface area analysis, and (c) I–V plots. (d) NO3
− ion concentration profile along the Z-axis,

perpendicular to the modeled surface, showing deviations from the bulk concentration (0.1 M) to highlight near-surface accumulation or
depletion. The inset panel reports the NO3

− enrichment factor, obtained by integrating the first interfacial peak relative to a flat bulk profile
[Fig. S7, SI]. (e and f) Solvation maps of NO3

− ions near the (e) p-CNT model and (f) n-CNT model surfaces, derived from the corresponding MD
simulation trajectories as detailed in the SI.

Chemical Science Edge Article

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

3 
Ja

nu
ar

y 
20

26
. D

ow
nl

oa
de

d 
on

 4
/1

7/
20

26
 1

1:
21

:5
7 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
overpotential to reach 1 mA cm−2, as shown in Fig. 2d. This
trend is reversed from that seen in the eNO3RR (Fig. 2c) and is
explained by favorable electrostatic attraction between H+ and
the negatively charged n-CNT surface. Conversely, p-CNT repels
protons, requiring a higher potential for the HER, conrming
the key role of surface charge in modulating electrocatalytic
selectivity. This demonstrates that surface charge-induced
electrostatic elds can deactivate or activate parasitic HER
pathways depending on their polarity, effectively functioning as
a regulator of parasitic reaction ux.

These surface charges are pH independent, and to demon-
strate this, zeta potential measurements (Fig. 2e) were con-
ducted at various pH. The results show that p-CNT exhibits
a consistent positive zeta potential due to PDDA's pH-
6072 | Chem. Sci., 2026, 17, 6068–6078
independent quaternary ammonium groups, while n-CNT,
functionalized with Naon (which carries a sulfonate group),
shows a consistently negative zeta potential. These trends were
preserved across acidic, neutral, and basic media, validating the
stability of the engineered surface charges. Subsequent eNO3RR
and HER evaluations under neutral and basic conditions
(Fig. S3, SI) underline the acidic media trends; p-CNT consis-
tently exhibits superior eNO3RR performance due to electro-
static attraction between p-CNT and NO3

−, and consequently
the dominance of NO3

−, while unfavorable for the parasitic
HER performance due to electrostatic repulsion between p-CNT
and H+/H3O

+. The potential difference to achieve 1 mA cm−2

current density with nitrate and without nitrate (DE = EeNO3RR –

EHER) was extracted as a metric for selectivity (Fig. 2f). A larger
© 2026 The Author(s). Published by the Royal Society of Chemistry
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DE indicates enhanced eNO3RR selectivity with minimized HER
interference, and p-CNT consistently showed the highest DE
across all pH conditions.

This study highlights the ability of p-CNT to mitigate the
parasitic HER, a major challenge in the eNO3RR, through
electrostatic surface charge control. From the observed perfor-
mance (Fig. 2), it could be argued that it originates from several
surface-modied properties rather than electrostatic effects
alone, including wettability changes, accessible surface area
variations, or altered electrical properties. To systematically
study these possibilities, we conducted various characterization
experiments: contact angle measurements (Fig. 3a) revealed
a wettability trend (p-CNT: ∼100.2°; n-CNT: ∼94.6°), which is
comparable, suggesting wettability is not the dominant factor.
In Fig. 3b, BET surface area analysis showed p-CNT with an area
of 44.1 m2 g−1 and n-CNT with an area of 49.7 m2 g−1,
demonstrating that the enhanced electrochemical activities
occur despite the reduced surface area in p-CNT. Fig. 3c shows
electrical transport measurements via a current–potential (I–V)
plot (p-CNT: 3.74 × 102 S m−1; n-CNT: 3.41 × 102 S m−1), and
the electronic conductivities fall in a similar range. Yet, the p-
CNT showed superior eNO3RR. Electrochemical active surface
area (ECSA) assessment through double-layer capacitance
measurements (Fig. S4–S6, SI) further conrmed that activity
trends (n-CNT > p-CNT) oppose surface area variations. This
comprehensive exclusion of wettability (contact angles), elec-
trical conductivity (I–V curves), and surface area (BET and ECSA)
effects provide substantial evidence that the eNO3RR and HER
performance in Fig. 2 originates primarily from electrostatic
interactions within the reaction zone.

MD simulations of solvated surface models revealed how the
coulombic force modulates long-range electrostatic effects on
NO3

− local concentration near the electrode surface. The relative
concentration proles show a pronounced accumulation of NO3

−

near the p-CNT surface, whereas the n-CNT surface exhibits
a marked depletion (Fig. 3d; details of the analysis are provided in
section S2, SI). Analysis of the relative concentration proles
revealed that the NO3

− concentration was enriched by ∼sevenfold
near the p-CNT surface, whereas it was reduced to about half near
the n-CNT surface, as quantied by the NO3

− enrichment factor,
which measures the integrated intensity of the rst interfacial
peak relative to the bulk (Fig. 3d inset and S7, SI). These trends
were corroborated by solvation maps, which showed enhanced
NO3

− density near the positively charged surface and depletion
near the negatively charged surface (Fig. 3e and f). These results
demonstrate that coulombic force can be strategically harnessed
to tune the local concentration at the interface, thereby enabling
control over local ion distributions and, in turn, inuencing
interfacial reaction kinetics and electrochemical selectivity.
Moreover, this approach aims to tackle a key challenge in nitrate
reduction: under reducing potentials, the electrode surface
acquires a negative charge, which tends to repel the negatively
charged nitrate ions and consequently lowers their local concen-
tration near the interface. A nearly sevenfold increase in the NO3

−

enrichment factor (inset of Fig. 3d) suggests that this limitation
can be overcome even under negative reduction potentials, by
activating coulombic forces at the interface.
© 2026 The Author(s). Published by the Royal Society of Chemistry
Device performance

Aer successfully verifying the electrostatic interaction in
eNO3RR studies, we have integrated this approach into a prac-
tical two-electrode ammonia synthesizer. To enable this in an
energy-efficient way, rstly, systematic voltammetric screening
(Fig. 4a and Table S1) was attempted to replace the sluggish
counter electrode oxygen evolution reaction (OER) by a potential
oxidation reaction. To achieve this, various species, including
iron complexes, ruthenium complexes, ferrocene derivatives,
TEMPO radicals, viologens, and quinone derivatives, were
screened. From the analyses, ferrocyanide emerged as the
superior choice due to its cost efficiency ($0.14 per gram; Sigma-
Aldrich), which is remarkably low compared to the rest of the
species, as shown in Fig. 4b. Cyclic voltammetric studies using
platinum, gold, and glassy carbon electrodes (Fig. 4c) conrmed
the reaction's electrode-independent nature, allowing the use of
low-cost carbon electrodes to drive the reaction instead of
precious metals. At sufficiently positive potentials, the redox
behaviour of ferrocyanide (FOR) is mass transport-limited, with
a near 0.5 slope in log (i) vs. log (v) plots (Fig. S8a–c, SI) and
a diffusion coefficient (D) of ∼3.7 × 10−6 cm2 s−1 (calculation
S1, SI).43 Rotating disk electrode (RDE) studies further conrm
a single-electron transfer process (n z 1 from Levich analysis;
Fig. S8d and e, calculation S2, SI) and a concentration-
dependent current response (Fig. S8f, SI), supporting FOR's
electrochemical suitability. Notably, the FOR requires ∼1.2 V
lower potential than the conventional oxygen evolution reaction
(OER), as shown in three-electrode measurements (Fig. S9, SI).

Aer analysing this behaviour, we fabricated the ammonia
electrosynthesizer by coupling the eNO3RR (on p-CNT and n-
CNT driving electrodes) with the FOR system (on a bare
carbon electrode). Compared to the conventional eNO3RR‖OER
setup, the eNO3RR‖FOR conguration with n-CNT showed
a ∼1.3 V less potential to reach 50 mA cm−2 (Fig. 4d). The input
potential is further reduced for p-CNT due to the incorporation
of the electrostatic effect. The sustained low-voltage operation
was conrmed further via chronopotentiometry (Fig. 4e). When
p-CNT was employed as the eNO3RR electrocatalyst, the oper-
ating potential decreased further, resulting in an overall
reduction of approximately 1.7 V compared to the conventional
eNO3RR‖OER conguration. Collectively, employing the FOR as
the anodic reaction and p-CNT as the driving electrode in
device-level ammonia synthesis offers signicant energy savings
and cost advantages.

To conrm ammonia formation in the cathodic compart-
ment of the eNO3RR‖FOR systems, a preliminary qualitative
test was performed using Nessler's reagent.44 The appearance of
a yellow-brown coloration (Fig. 5a) in the catholyte aer elec-
trolysis (absent prior to the reaction) indicates the presence of
NH3 via the formation of the iodide complex of Millon's base
[HgO$Hg(NH2)I]. To further validate the origin of ammonia
from nitrate and eliminate contributions from external nitrogen
sources (e.g., N2), isotope-labeling experiments were conducted
using a K15NO3 electrolyte. The post-electrolysis 1H NMR
spectra (Fig. 5b) exhibited distinct doublet peaks for 15NH4

+ (J=
73 Hz) and a triplet for 15NH4

+ (J= 52 Hz), while no such signals
Chem. Sci., 2026, 17, 6068–6078 | 6073
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Fig. 4 (a) Cyclic voltammetry of candidate anolytes (including iron complexes, ruthenium complexes, ferrocene derivatives, TEMPO radicals,
viologens and quinone derivatives) measured at 20 mV s−1 and 10 mM active species concentration. (b) Cost comparisons of the redox species
(data sourced from Sigma-Aldrich, India). (c) Electrochemical behavior of ferrocyanide on Pt, Au, and GC electrodes. (d) Polarization curves for
the electrochemical nitrate reduction reaction (eNO3RR) when the counter-reaction is the ferrocyanide oxidation reaction (FOR) instead of the
OER. The eNO3RR was carried out on p-CNT and n-CNT driving electrodes to compare their device level performance. (e) Corresponding
chronopotentiometry profiles at 50 mA cm−2 when the OER was replaced by the FOR.
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were present in the pre-electrolysis solution.45 These results
conrm that NO3

− is the exclusive nitrogen source for NH3

production in this system. In Fig. 5c, hydrogen evolution in the
cathodic half-cell was veried for all electrodes using in situ
electrochemical mass spectrometry by monitoring the m/z = 2
signal during electrolysis at 50 mA cm−2. Notably, the notice-
ably lower H2 partial pressure with the p-CNT electrode at the
same current density indicates that coulombic interactions
exert deliberate, site- and ux-selective modulation of parasitic
pathways. As protons are positively charged, electrodes with
static positive surface charge (such as p-CNT) electrostatically
repel them, effectively suppressing the parasitic HER.
6074 | Chem. Sci., 2026, 17, 6068–6078
Given the complexity of the multi-electron NO3
− to NH4

+

reduction, side-product formation was investigated using in situ
electrochemical mass spectrometry and UV-vis spectroscopy.
Negligible formation of typical byproducts, such as nitrogen
(N2), nitric oxide (NO), nitroxyl (HNO), nitrous oxide (N2O), and
nitrogen dioxide gas (NO2), hydrazine (NH2–NH2), and hydrox-
ylamine (NH2OH) were observed (Fig. S10–S12, SI). However, we
observed nitrite (NO2

−) as a major by-product during the elec-
trolysis (FE for p-CNT∼19% and for n-CNT∼33%) (Fig. S13 and
S14, SI). Its quantication was carried out by UV-vis spectro-
scopic analysis with the help of calibration plots (Fig. S13,
calculation S3, SI) constructed using standard known
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a) Nessler's reagent test for ammonia detection, before and after electrolysis. The characteristic yellow-brown colouration of ammonia
after electrolysis suggests the conversion of nitrate to ammonia. (b) 1H NMR spectra of the electrolyte before and after the eNO3RR using 15NO3

−

and 14NO3
− as the nitrogen sources. (c) In-situ electrochemical mass spectra of the cathodic outlet of the eNO3RR‖FOR at a constant current

density of 50mA cm−2. (d) Faradaic efficiency (FE) of ammonia (NH4
+) using p-CNT and n-CNT as the driving electrodes. (e) Faradaic efficiency of

H2 with p-CNT and n-CNT electrodes. (f) Total energy savings of the eNO3RR‖FOR (with p-CNT) compared to the conventional electrolyzer
system (eNO3RR‖OER).
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concentrations (as detailed in the Experimental section, SI). The
ratio of ammonia formed vs. nitrite produced is fairly constant
over time for both p-CNT and n-CNT electrodes (Fig. S15, SI).
Whether nitrite is a kinetically trapped intermediate or an end
product is a matter of future investigation. Ammonia formation
was quantied by 1HNMR analysis of the electrolyte aer 1 hour
of electrolysis at 50 mA cm−2 (Fig. 4e), using calibration curves
constructed from standard ammonia solutions (Fig. S16, SI).
The faradaic efficiency (FE) of ammonia was nearly ∼65% on p-
CNT and∼30% on n-CNT electrodes (Fig. 5d, calculation S4, SI).
Notably, p-CNT exhibited more than twofold enhancement in
the FE over n-CNT (Fig. 5d, calculation S5, SI), attributed to
favorable electrostatic interactions. These results validate the
viability of our approach in a two-compartment device system.
Since no major side products could be detected other than
nitrite, the FE of H2 evolution was calculated from FEs of
ammonia and nitrite, as shown in Fig. 5e (calculation S6, SI).

These results demonstrate that p-CNT, as a cathodic
electrocatalyst, selectively enhances NO3

− reduction (Fig. 5d) to
ammonia while suppressing the parasitic HER (Fig. 5e). The
inverse trends observed in the FE of NH4

+ and H2 are attributed
to its static electrostatic effect, which favors NO3

− attraction
toward the positively charged p-CNT while simultaneously
© 2026 The Author(s). Published by the Royal Society of Chemistry
repelling H+ ions. Energy analysis (Fig. 5f, calculation S7, SI)
reveals that combining the eNO3RR with the FOR (eNO3-
RR‖FOR) with electrostatic charge modulation (p-CNT as the
electrocatalyst) achieves 125.209 kJ mol−1 (∼50%) energy
reduction compared to the conventional system (eNO3-
RR‖OER), highlighting the dual advantages of electrostatic
decatalysis in this system.

To evaluate the stability of the p-CNT electrode, the device
was operated in a wide current density range (10 to 100 mA
cm−2 and back to 10 mA cm−2). As shown in Fig. 6a, the system
maintained consistent electrochemical activity. Durability was
further validated through long term chronopotentiometry at
a xed current density of 10 mA cm−2 for ∼30 hours (Fig. S17,
SI) and rate capability tests (Fig. 6b), with ammonia quantied
at each step. The faradaic efficiency remained nearly constant
across all current densities (Fig. 6c, S18 and SI), conrming the
stability of p-CNT under practically relevant conditions. To
probe the suppression of the competing hydrogen evolution
reaction (HER), H2 partial pressures were monitored during
electrolysis at low and high current densities. p-CNT consis-
tently exhibited suppressed HER in the full current range
(Fig. 6d and e, S19, SI), attributed to the dominance of NO3

−

near the positively charged surface, in contrast to n-CNT.
Chem. Sci., 2026, 17, 6068–6078 | 6075
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Fig. 6 (a) Stair-case stability test at various current densities (10 mA cm−2 to 100 mA cm−2) for the eNO3RR‖FOR cell with p-CNT as the driving
electrode for the eNO3RR. (b) Rate capability study of the eNO3RR‖FOR cell with the p-CNT electrode. (c) 1H NMR spectra of the electrolyte after
electrolysis at various current densities. (d) Electrochemical mass spectra at a high current density of 100 mA cm−2 (e) H2 production on p-CNT
vs. n-CNT at various current densities. (f) Ratios of H2 produced on p-CNT vs. n-CNT at different current densities. (g) Ratios of charge, H2

produced, and ammonia synthesized on p-CNT vs. n-CNT at 50 mA cm−2.
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Although the HER is typically increasingly favored at higher
current densities, it displays diametrically opposite trends on p-
CNT vs. n-CNT electrodes (Fig. 6e).

Electrochemical mass spectrometry reveals that the H2

partial pressure increases only modestly on p-CNT, whereas it
rises sharply on n-CNT (Fig. 6e). Consequently, the ratio of H2

produced on p-CNT relative to n-CNT decreases markedly with
increasing current density, indicating that a substantially larger
fraction of the applied charge is directed toward nitrate-to-
ammonia conversion on p-CNT electrodes (Fig. 6f). At 50 mA
cm−2, this selectivity manifests as a pronounced divergence
between H2 production (∼0.2) and ammonia synthesis (∼1.9)
on p-CNT relative to n-CNT for the same charge input (Fig. 6g).
6076 | Chem. Sci., 2026, 17, 6068–6078
As variations in wettability, electronic conductivity and
surface area have been ruled out, these results conrm that
electrostatic effects not only modulate reaction kinetics through
additional electrostatic currents but also decatalyze parasitic
pathways, thereby actively governing catalytic outcomes and
selectivity under technologically relevant conditions. Post-
experimental characterization techniques (zeta potential
measurement, SEM, TEM, ATR-IR, and XRD) conrm the
structural integrity of the p-CNT electrode. In Fig. S20 (ESI), zeta
potential shows a minimal change aer the eNO3RR. In Fig. S21
and S22 (ESI), SEM and TEM images revealed a stable PDDA
layer anchored to the functionalized CNTs, while ATR-IR and
XRD conrmed its chemical stability (Fig. S23 and S24, SI).
© 2026 The Author(s). Published by the Royal Society of Chemistry
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These results affirm that PDDA remains robustly attached to the
p-CNT surface, contributing to sustained performance.

Conclusions

We enhance electrochemical performance by enabling electro-
static decatalysis of competing reaction pathways, thereby
redening catalytic selectivity. In contrast to conventional
catalyst design strategies that are oen constrained by pH and
surface chemistry, electrostatic decatalysis provides a scalable,
adaptive, and pH-independent route for reaction control.
Through deliberate engineering of interfacial charge distribu-
tions, the parasitic hydrogen evolution reaction is effectively
suppressed, while nitrate-to-ammonia conversion is selectively
promoted by nearly twofold, resulting in over ∼50% energy
savings at the device level. These results establish electrostatic
decatalysis as a viable strategy for steering selectivity in
sustainable electrochemical transformations.
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