
Minireview
How to cite: Angew. Chem. Int. Ed. 2025, 64, e202516909

doi.org/10.1002/anie.202516909Nitrogen Activation

Reductive Nitrogen Species Activation via Pulsed Electrolysis: Recent
Advances and Future Prospects

Kiarash Torabi, Rongji Liu, David Leander Troglauer, Christean Nickel, Guillermo Corea,
Tiansheng Bai, Deping Li,* Lijie Ci, Bahareh Feizi Mohazzab,* and Dandan Gao*

Angew. Chem. Int. Ed. 2025, 64, e202516909 (1 of 18) © 2025 The Author(s). Angewandte Chemie International Edition published by Wiley-VCH GmbH

https://orcid.org/0009-0000-3357-2273
https://orcid.org/0009-0008-4601-7576
https://orcid.org/0000-0002-5846-1905
https://orcid.org/0000-0002-2116-5184
https://orcid.org/0000-0002-0232-1073
https://orcid.org/0000-0002-2035-8769
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fanie.202516909&domain=pdf&date_stamp=2025-10-24


Minireview

Abstract: The electrochemical reduction of nitrogen
species offers a sustainable route to mitigate environmen-
tal nitrogen pollution while enabling the production of
value-added chemicals such as ammonia, hydroxylamine,
and C─N coupled organonitrogen compounds. However,
the practical implementation of conventional potentio-
static methods is hindered by poor product selectivity
and competing hydrogen evolution. Pulsed electrolysis
has emerged as a transformative strategy to address these
challenges by synchronizing catalyst surface dynamics
with local microenvironmental changes and reaction
kinetics. This mini-review highlights recent advances in
pulsed electrolysis for nitrogen species reduction, with
a particular focus on how dynamic potentials influence
electrocatalyst behavior and the surrounding reaction
environment. Key mechanistic insights and cutting-edge
research findings are discussed, followed by an outlook on
established systems and future directions toward scalable
and energy-efficient nitrogen activation.

1. Introduction

The nitrogen cycle is a cornerstone of global ecosystems
and human industries, yet its mismanagement poses escalat-
ing environmental and societal challenges.[1–3] In particular,
excessive nitrate (NO3

−) and nitrite (NO2
−) runoff from

agriculture and industrial wastewater has led to eutrophi-
cation and toxic algal blooms.[4,5] In addition, the emission
of nitrous oxide (N2O), a byproduct of industrial nitrogen
fixation, also burdens significantly to climate change, with
a global warming potential approximately 300 times that
of CO2.[6,7] Meanwhile, nitrogen-rich compounds, such as
hydroxylamine (NH2OH),[8,9] ammonia (NH3),[10,11] and urea
(CO(NH2)2)[12,13] are indispensable for fertilizers, energy
storage, and industrial chemicals.

In this context, electrochemical nitrogen species reduction
has emerged as a promising strategy for restoring the dis-
rupted nitrogen cycle by “turning waste into treasure” under
ambient conditions,[14] particularly when driven by renewably
“green” electricity sources. This approach offers a sustainable
pathway for converting nitrogen-based pollutants into value-
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added products. When integrated with the reduction of
suitable carbon sources (e.g., CO2, CO, ketones, or keto
acids), it further enables C─N bond formation, thereby
broadening the spectrum of valuable chemicals produced,
such as amides, amines, amino acids, and oximes.[5,15–18]

Despite notable progress in recent years, conventional
nitrogen species reduction is typically conducted under
potentiostatic (constant potential) conditions, which present
critical challenges related to catalyst stability and product
selectivity.[4] For instance, prolonged cathodic operation in
either alkaline or acidic electrolytes can lead to electrode
degradation, component agglomeration, and elemental disso-
lution, ultimately shortening catalyst lifespan.[19,20] Moreover,
the complex proton-coupled multielectron transfer pathways
often result in the formation of multiple N-containing
intermediates and a mixture of products, thereby limiting
selectivity (SE).[21] These challenges are further compounded
by the hydrogen evolution reaction (HER), which competes
with nitrogen species reduction in aqueous media, particularly
at more negative potentials, leading to decreased Faradaic
efficiency (FE) and reduced yield rate (YR).[22] Collectively,
these limitations arise from static electrochemical conditions
that cannot dynamically modulate catalyst evolution or steer
reaction pathways, underscoring the urgent need for advanced
engineering strategies.

To this end, pulsed electrolysis, a technique that peri-
odically alternates voltage or current, offers a transfor-
mative synergy between catalyst design and electrochem-
ical engineering.[23] By cyclically modulating the applied
potential, pulsed operation can prolong catalyst lifespan
by dynamically restructuring catalyst surfaces, suppressing
competing reactions such as HER, and enhancing the
kinetics of intermediate adsorption/desorption.[24] Moreover,
pulsed electrolysis aligns with circular economy principles
by facilitating energy-efficient integration with renewable
power sources.[25] However, a comprehensive summary of
the electrocatalytic mechanisms underpinning pulsed bias in
the emerging field of reductive nitrogen species activation is
currently absent.

This minireview explores how pulsed electrolysis func-
tions as a critical interface between fundamental catalyst
modulation, reaction microenvironment, and electrochemi-
cal engineering, thereby enabling scalable and sustainable
approaches to managing the nitrogen cycle. First, we provide
a concise overview of the fundamental principles of pulsed
electrolysis in the nitrogen species reduction. Second, we
discuss pioneering studies that elucidate mechanistic insights,
followed by strategies for C─N bond formation. Finally, we
highlight emerging research directions that, in the authors’
view, hold substantial potential to advance both fundamental
understanding and application-oriented development in this
rapidly evolving field.

2. Fundamentals of Pulsed Electrolysis in Advancing
Nitrogen Species Reduction

Pulsed electrolysis strategy has the potential to regulate
electrochemical performance, requiring optimization and
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Minireview

fine-tuning of pulsed parameters (Figure 1a), which are clas-
sified by two main categories: time- and potential-dependent
parameters.[23,25] Concretely, time-dependent factors include
the pulse period, frequency, and duty cycle, which deter-
mine the residence time in each state, mass transport and
intermediate lifetimes, and the balance between conversion
and relaxation.[26–28] Potential-dependent factors comprise
amplitude, pulse shape (e.g., square/rectangular, triangular,
saw-toothed, sinusoidal, Figure 1a), and direction.[29,30] The
amplitude, i.e., the potential difference between anodic and
cathodic phases, sets the driving force for electron transfer,
while pulse shape and direction dictate how potential changes
modulate adsorbate behavior and interfacial dynamics.

In general, pulsed electrolysis enhances reaction
rate and selectivity while beneficially reducing energy
consumption.[23,31,32] Particularly, this section lays focus on
fundamentals of pulsed electrolysis in promoting nitrogen
species reduction, specifically emphasizing electrocatalyst
modulation (Figure 1b) and reaction microenvironment
regulation via spatial distribution and temporal separation
(Figure 1c,d). Throughout this review, the terms for anodic
and cathodic potentials refer exclusively to the more positive
and more negative voltages used in the pulsed electrolysis
profile, respectively, without necessarily indicating a specific
oxidation or reduction process.

Electrocatalyst modulation (Figure 1b): Pulsed potentials
enable dynamic surface restructuring, which can expose fresh
active sites or stabilize oxidation states that are transient
under steady-state conditions. For example, in cathodic
duration, the intermediates are adsorbed on the surface,
while anodic pulses can i) form new phases/active sites,

ii) regenerate active sites, and iii) remove surface-bound
poisons (e.g., undesired intermediates accumulation) for de-
passivation, favoring adsorption of nitrogen species reactant
in the next cathodic process.[33,34]

Spatial distribution (Figure 1c): i) Modulation of the
electric double layer (EDL) plays a crucial role in determining
the local concentration of nitrogen species and protons for
hydrogenation near the electrode surface. Applying off/rest
time can discharge EDL,[23,35] whereas applying an anodic
potential allows residual charge in the EDL to continue driv-
ing the partial reduction of adsorbed N-containing interme-
diates while simultaneously promoting ion redistribution that
prepares the interface for the next cathodic cycle.[29,36] This
dynamic control over the interfacial environment enhances
the efficiency of multielectron transfer steps required for
complete nitrogen reduction. ii) pH interface alteration is
of utmost importance since the local pH near the electrode
surface significantly influences the reduction pathway of
nitrogen species.[37] As a prime example, nitrate reduction to
ammonia is favored under mildly acidic to neutral conditions,
while excessive alkalinity can hinder proton availability.[38]

It offers another powerful lever to steer the system toward
desired products with improved efficiency and selectivity
compared to conventional steady-state electrolysis.

Temporal separation (Figure 1d): i) Rebalancing mass
transport is key for nitrogen species reduction to avoid local
depletion of reactants near the electrode surface, especially at
high current densities. In this context, pulsed electrolysis can
significantly mitigate the adverse concentration gradient that
limits reaction rates by allowing the anodic period to refresh
the diffusion layer and by restoring the supply of nitrogen
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Minireview

Figure 1. A schematic representation of a) various pulse shapes, b) electrocatalyst modulation, c) spatial distribution, and d) temporal separation.

species to the catalyst surface.[25] This effect is valuable for
removing entrapped bubbles (e.g., H2 or N2) near the catalyst
surface, which impedes species diffusion. ii) Separation of
tandem reaction steps enables dynamic manipulation of
surface adsorption due to precise control of potential and
timing under pulsed electrolysis. In this regard, reactive
intermediates are formed during cathodic time, which will
be reorganized, stabilized, or desorbed during anodic time,
preventing over-reduction or undesired side reactions.[29,39]

3. Reductive Nitrogen Species Activation:
Mechanisms and Systems

3.1. Electrocatalyst Modulation

Electrocatalyst modulation during pulsed electrolysis plays a
pivotal role in enhancing catalytic performance by dynami-
cally altering the catalyst surface and its local chemical envi-
ronment. The application of alternating anodic and cathodic
potentials induces various modifications to the electrocatalyst,
which can be broadly classified into three categories: new
active phase formation, electrocatalyst regeneration, and
electrocatalyst de-passivation.

3.1.1. New Active Phase Formation

The in situ formation of a new active phase is often observed
during pulsed electrolysis, possessing superior electronic

structures and binding properties, thereby promoting more
efficient intermediate adsorption and selective conversion. In
this context, Cu-based catalysts, especially oxide-derived Cu
catalysts[40–44] and Cu oxide-based composite catalysts,[45–50]

have been widely explored.
In one study, the in situ formation of CuO/Cu2O interface

is observed on the Cu foil cathode employed for enhanced
NO3

−RR under pulsed electrolysis.[51] Concretely, CuO
enriches NO3

− adsorption and initiates the reduction of
NO3

− to NO2
−, while Cu2O contributes to the hydrogenation

of NO2
− to NH3 (Figure 2a). Pulsed electrolysis notably

enhanced NO3
− removal from ∼5% to 95% within 3 h

and improved NH4
+ SE from 72% to 95%. In a related

work, the formation of an active Cu/Cu2O heterojunction
structure (Figure 2b) is also observed on the Cu nanocrystal
deposited on Cu foil under pulsed potential.[52] Specifically,
when Cu50Ni50 alloy cathode is employed, the optimized
pulse condition leads to in situ formation of Cu/Cu2O and
Ni/Ni(OH)2 sites, which accelerate the rate-determining step
of NO3

−-to-NO2
− and active hydrogen species adsorption

(Figure 2c), respectively. As a result, an impressive NH3 YR
of 583.6 µmol cm−2 h−1 and an FE of 88.0% were obtained,
while under constant potential, the maximum NH3 YR was
only 104.8 µmol cm−2 h−1, with an unsatisfied FE of 54.5%.

In another work, Zhou et al. used pulsed electrolysis
to modulate the chemical state of a Cu/Cu2O cube catalyst
by periodically applying oxidative potential pulses.[53] Static
condition yielded a NH3 FE of 93.9%. In contrast, pulsed
electrolysis decreased the FE of NH3 to 70% and increased
SE of NO2

− to 3.9%. Of note, the Cu2O of as-prepared

Angew. Chem. Int. Ed. 2025, 64, e202516909 (4 of 18) © 2025 The Author(s). Angewandte Chemie International Edition published by Wiley-VCH GmbH
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Figure 2. An illustration of a) pulsed and static electrolysis of NO3
− to NH4

+ on Cu foil (reproduced with permission from Ref. [51] Copyright ©
2025 Elsevier), b) in situ electrochemical peroxidation and self-repair of Cu under pulsed NO3

−RR at pH 14, c) tandem reaction scheme for Cu50Ni50
under pulsed NO3

−RR at pH 12 (reproduced with permission from Ref. [52] Copyright © 2023 Wiley-VCH), d) potential-driven electrochemical
restructuring of Cu2O cubes (reproduced with permission from Ref. [53] Copyright © 2024 American Chemical Society (ACS)), and e) the pulsed
NO3

−RR mechanism on Co-based catalysts (adopted with permission from Ref. [61] Copyright © 2024 ACS).

Cu/Cu2O underwent a structural transformation into oxide-
derived Cu0 (0D-Cu) during applied potential cycling. These
findings indicate that both product selectivity and active phase
are potentially dependent: at lower potentials, the Cu/Cu2O
interface preferentially facilitates the reduction of NO3

− to
NO2

−, while at higher potentials, 0D-Cu serves as the active
phase for deep hydrogenation of NO2

− for NH3 generation
(Figure 2d).

In another representative study, a Co-based electrocatalyst
was observed undergoing reversible surface reconstruction
via pulsed electrolysis, facilitating the in situ formation of
active Co(III) species and Co3O4/CoOOH phases on working
and counter electrodes, respectively.[54] In this regard, the
dynamic modulation enhanced NO3

−RR activity while sup-
pressing competing reactions. Compared to static electrolysis,
the pulsed mode on Co-based electrocatalyst in a one-
component cell achieved a significantly improved peak YR of
1500.9 µmol cm−2 h−1 with a comparable FE of 92.6%.

3.1.2. Electrocatalyst Regeneration

In a prolonged electrochemical reaction, the electrocatalyst
performance often declines due to the accumulation of
poisoning intermediates or side products.[55,56] Periodic mod-
ulation of the applied potential can regenerate the catalyst
surface by oxidizing and removing surface-bound species,
contributing to restoring active sites that may otherwise
deactivate under steady-state conditions.[57,58] A compelling
example is the NiPr-TPA-COF catalyst, synthesized from
2D covalent organic frameworks (2D COF) and nickel
porphyrin.[59] Under static electrolysis, the accumulation of
side products on the catalyst surface led to active site blockage
and a subsequent decline in current density. To mitigate this, a
pulsed potential strategy was employed, alternating between a
reductive step at −1.38 V for 1000 s (enabling NO3

−RR) and a
brief oxidative step at +0.4 V for 1 s (oxidizing and removing
accumulated side products). This approach enabled periodic

Angew. Chem. Int. Ed. 2025, 64, e202516909 (5 of 18) © 2025 The Author(s). Angewandte Chemie International Edition published by Wiley-VCH GmbH
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surface regeneration without compromising current density or
NH3 selectivity, as the current density consistently returned
to its initial value following each anodic pulse. Consequently,
an outstanding SE (90%), YR (2.5 mg h−1 cm−2), turnover
frequency (up to 3.5 s−1), and stability (20 000 s) were
collectively achieved.

3.1.3. Electrocatalyst De-Passivation

During electrochemical reactions, surface passivation of elec-
trocatalysts can occur due to oxide formation and metal disso-
lution, leading to decreased activity. Pulsed electrolysis offers
an effective strategy to mitigate passivation by periodically
removing surface contaminants and soluble intermediates,
thereby freeing up active sites of the catalyst surface.[60] As
a prime example, the role of the Co(II)/Co(III) redox cycle
is investigated in NO3

−RR under pulsed electrolysis.[61] The
alternating potential suppressed the redeposition of cobalt
species (Coδ+) on the counter electrode, which otherwise
leads to passivation and side reactions such as HER and
NH3OR. The results show a high NH3 YR of 1.4 mmol cm−2

h−1 and FE of 91.7%. The results demonstrate the crucial role
of the pulse-driven Co(II)/Co(III) redox cycle for improved
NO3

−RR electrolysis and the dissolution and redeposition of
cobalt species (Coδ+) for blocking anodic NH3OR (Figure 2e).

3.2. Reaction Microenvironment Optimization

3.2.1. Regulation of Key Intermediates and Suppression of Side
Reactions

The electrochemical interface constitutes a dynamic land-
scape, where the spatial and temporal distribution of ions,
reaction intermediates, and local pH critically governs reac-
tion pathways and product selectivity.[62,63] Pulsed electrolysis
offers a powerful strategy to dynamically tune the interfacial
environment, enhancing the availability and reactivity of key
intermediates while suppressing undesired side reactions.[64,65]

Li et al. designed a Cu single-atom gel (Cu SAG)
electrocatalyst, leveraging the NO2

− selectivity of isolated
Cu sites and the aerogel’s hierarchical porosity to enhance
NO3

−RR performance.[66] Under potentiostatic electrolysis
(Figure 3a,b), the reaction proceeds through two sequential
steps: NO3

− to NO2
− (with the rate constant k1) and NO2

−

to NH4
+ (with the rate constant k2), with low overpotentials

(EL) favoring k1 and high overpotentials (EH) enhancing k2.
However, high EH also promotes HER due to the excessive
production of active H species via water dissociation. Pulsed
electrolysis alternating between EL and EH facilitates NO2

−

accumulation and conversion within the Cu SAG channels,
while the locally enriched NO2

− suppresses HER by favoring
its own reduction (Figure 3c,d). Optimized pulsed protocol
yielded the highest FE of ∼97%, nearly doubling that of
potentiostatic electrolysis, by effectively cascading NO2

−

conversion while minimizing HER side reaction. In a related
study based on Co@Cu nanowire catalyst,[67] pulsed electrol-
ysis was used as a strategy to temporally decouple NO3

−RR

steps across Cu and Co phases, optimizing selectivity and
performance (Figure 3e,f). At low potential, the Cu phase
accumulates NO2

−, which is subsequently converted to NH3

at high potential by the Co phase, enabling time-separated
tandem catalysis. Remarkably, the peak NH3 YR and FE can
be tuned via modulating high-potential duration.

In another study, Dou et al. reported Cu2O@Pd as a
tandem electrocatalyst for NO3

−RR,[39] achieving an FE of
81.2%, YR of 1.08 mg h−1 cm−2, and SE of 81.5% under
optimized pulsed conditions. The enhanced performance
arises from the synergistic roles of Cu in NO3

− activation
and Pd in hydrogen adsorption (Figure 3g,h). Note that the in
situ Fourier transform infrared spectroscopy (FTIR) studies
under pulsed operation revealed increased intensities of N-
containing intermediates, indicating improved stabilization
and stepwise conversion compared to potentiostatic electrol-
ysis. The data support a tandem mechanism that involves
deoxygenation steps facilitated by Cu (100) facet on the in situ
generated Cu/Cu2O, and deep hydrogenation steps facilitated
by Pd for active hydrogen generation via water dissociation.
In a separate work, Yang et al. engineered a (Co0.83Ni0.16)2Fe
layered double oxide (LDO) electrocatalyst by Ni2+ substi-
tution in Co/Fe LDOs, achieving a high NH3 YR of 50.4 mg
h−1 cm−2 and FE of 97.8% under pulsed electrolysis.[68] In situ
Raman spectroscopy and computational analyses showed that
Ni incorporation modulates the electronic structure of Co,
enhancing *H adsorption and accelerating water dissociation,
thereby promoting NO2

− hydrogenation. Pulsed electrolysis
further improved NO3

− distribution near the catalyst surface
and synchronized the kinetics of NO3

−-to-NO2
− and NO2

−-
to-NH3 steps, contributing to the superior performance.

Additionally, a recent study demonstrated that pulsed
electrolysis markedly enhances overall nitrogen fixation,
enabling the co-production of HNO3 and NH3.[33] Atomically
dispersed Fe on TiO2 (Fe-TiO2) showed superior perfor-
mance under pulsed conditions, achieving a HNO3 yield of
7055.81 µmol h−1 g−1

cat and a 44.94-fold increase in FE
compared to static electrolysis. Similarly, NH3 production
reached 12 868.33 µmol h−1 g−1

cat, accompanied by a 7.8-fold
improvement in FE. These enhancements are attributed to
the suppression of competing HER and OER, improved N2

accessibility, and the activation of a nonelectrocatalytic path-
way during low-voltage pulses, wherein *OOH intermediates
react with *N2 without electron transfer (Figure 3i).

3.2.2 Enhanced Mass Transfer

Pulsed electrolysis improves mass transfer for NO3
−RR

via periodic current interruption, mitigating concentration
polarization by facilitating diffusion layer replenishment.[69]

Alternating off-phases (enhancing NO3
− ion diffusion) and

on-phases (enabling high current densities without polar-
ization) optimize reactant availability at active sites, ele-
vating reaction efficiency and selectivity.[39] This approach
suppresses parasitic reactions, such as HER, while perfor-
mance hinges on tailored pulse parameters (frequency, duty
cycle) to harmonize diffusion kinetics and electron transfer,
necessitating system-specific optimization.[38]

Angew. Chem. Int. Ed. 2025, 64, e202516909 (6 of 18) © 2025 The Author(s). Angewandte Chemie International Edition published by Wiley-VCH GmbH
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Figure 3. A schematic of a) and c) reaction pathways and b) and d) reaction mechanism under static and pulsed electrolysis (reproduced with
permission from Ref. [66] Copyright © 2023 ACS), e) pulsed test schematic, f) proposed mechanism of NO3

−RR on Co@Cu NW and Cu NW
(reproduced with permission from Ref. [67] Copyright © 2024 ACS), g) pulsed potential influence on electrocatalyst environment, h) proposed
tandem reaction on Cu2O@Pd at pH 13 (reproduced with permission from Ref. [39] Copyright © 2024 Elsevier), and i) diagram of nitrogen fixation
process in NH3 and HNO3 production (reproduced with permission from Ref. [33] Copyright © 2023 Wiley-VCH).

In one work, planar polycrystalline Ti foil is used in flow
cell reactors with varied volumetric flow rates (5–115 mL
min−1) to study the influence of mass transport and interfa-
cial environment.[70] Electrochemical evaluation, continuum
modeling, and in situ FT-IR spectroscopy revealed that
enhanced mass transport improves NO3

−RR activity, while
interfacial pH governs product selectivity. Pulsed electrolysis
was found to lower interfacial pH by modulating hydrox-
ide accumulation during cathodic steps, thereby increasing
proton availability and favoring NH3 formation. Compared
to potentiostatic electrolysis, pulsed operation shifted the
dominant product from NO3

− to NH3, achieving a 3.4-fold
increase in SE. Additionally, CuxRuy alloy catalysts supported
on carbon black were evaluated for NO3

−RR in both H-cell
and membrane electrode-assembly configurations employing
an anion exchange membrane (MEA-AEM) configuration
(Figure 4a).[71] Pulsed electrolysis significantly enhanced
NO3

−RR performance in both H-cell (FE of 92.9% and
YR of 0.15 mmol h−1 cm−2) and MEA-AEM setup (FE of

94.94% and YR of 0.141 mmol h−1 cm−2) in comparison
with the potentiostatic electrolysis conditions. Notably, the
MEA-AEM cells generally exhibit lower cell voltages than H-
cells, which is attributed to the enhanced NO3

− ion transport
at the catalyst/electrolyte interface. The enhanced NO3

−-to-
NH3 conversion arises from pulsed electrolysis promoting
tandem catalysis via accelerated NO2

−-to-NH3 conversion,
dynamic phase transitions of Ru-to-RuOx during the anodic
step, microenvironment modulation, and optimized reaction
intermediates adsorption.

In another study, carbon-supported RuIn3 intermetallic
compounds (RuIn3/C)[34] demonstrated excellent NO3

−RR
performance under optimized pulsed electrolysis, achieving
an FE of 97.6% and a YR of 2.7 mmol h−1 mgRu

−1, double that
of potentiostatic conditions (Figure 4b). The incorporation
of In modulates the electronic structure of Ru, while pulsed
potential enhances interfacial ion diffusion and reaction
kinetics (Figure 4c). Specifically, pulsed electrolysis improves
mass transport by replenishing NO3

− in the diffusion layer

Angew. Chem. Int. Ed. 2025, 64, e202516909 (7 of 18) © 2025 The Author(s). Angewandte Chemie International Edition published by Wiley-VCH GmbH
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Figure 4. a) A schematic illustration of set-up of MEA-flow cell and comparison of static and pulsed nitrate electrolysis (reproduced with permission
from Ref. [71] Copyright © 2024 ACS), b) static and pulsed set-up, c) the linearized pseudo-first-order kinetic profiles under static and pulsed
conditions, d) an illustration of pulsed electrolysis influence on the mass transport (reproduced from Ref. [34] published in 2023, under the terms of
the Creative Commons Attribution license (CC BY 4.0)), e) a schematic of the ionic distribution along with the steps (reproduced with permission
from Ref. [72] published in 2025, under the terms of the CC BY 4.0), and f) An illustration of ammonia electrosynthesis under pulsed potential
(reproduced with permission from Ref. [73] Copyright © 2025 Wiley-VCH).

and facilitating NH3 product desorption, while also increasing
local NO3

− concentration and optimizing *NO intermediate
adsorption (Figure 4d). Overall, pulsed operation significantly
enhances kinetics, mass transfer, intermediate stabilization,
and product selectivity, while effectively suppressing side
reactions (e.g., HER).

Moreover, a recently proposed three-step pulsed strategy
markedly enhances the electrochemical reduction of NO3

−

to NH3 (Figure 4e).[72] The process proceeds through 1)
application of a positive potential (0.3 V versus RHE) to
enrich negatively charged NO3

− ions at the interface; 2)
a mild negative bias (0.0 V versus RHE) that selectively
reduces the accumulated NO3

− to NO2
−; and 3) strong

negative pulses (−0.6 to −0.7 V versus RHE) that drive
the rapid hydrogenation of NO2

− intermediates to NH3. The
localized accumulation-depletion behavior of reactants and
intermediates is corroborated by theoretical simulations and
operando characterizations. In another example, Li et al.
demonstrated that pulsed electrolysis can promote a spillover
mechanism on a Janus Cu@Co/NC dual-site electrocatalyst
(Figure 4f).[73] During low-potential phases, pulsed operation
enhances NO3

− distribution, thereby improving mass transfer
and facilitating *NO2 accumulation on Cu sites. Subsequent
potential switching, coupled with the Janus interface, enables
*NO2 spillover from Cu to Co sites, optimizes *H supply, and
accelerates intermediate hydrogenation, ultimately maximiz-
ing NH3 production. Specifically, a summary of NO3−to-NH3

via pulsed electrolysis for this section is provided in Table 1.

4. Coupling Reductive Nitrogen Species Activation
with Carbon Species Reduction for C─N Bond
Formation

Pulsed electrolysis for C─N coupling by reductive nitrogen
species activation with carbon species reduction remains
a nascent area of research, with only a limited number
of studies reported to date. By modulating the applied
potential, this technique enables dynamic control over the
reaction environment, primarily through the regulation of
intermediate species.[29] Given its early stage of development
in this context, potential advantages over electrocatalyst
modulation have yet to be thoroughly investigated. These
unexplored aspects represent promising avenues for future
research as the field continues to expand. This section
provides a seminal overview of how pulsed electrolysis affects
C─N bond formation by dynamically modulating the reaction
environment (Table 2).

4.1. Electrosynthesis of Amide (with a Focus on Urea)

In a representative study, Fe-tetraphenylporphyrin (Fe-TPP)
was utilized as a molecular catalyst for urea electrosynthesis
via C─N coupling from NO3

−RR and CO2 reduction reaction
(CO2RR).[74] Pulsed potential application enhanced the SE
toward key intermediates (*CO from CO2RR and *NH2

Angew. Chem. Int. Ed. 2025, 64, e202516909 (8 of 18) © 2025 The Author(s). Angewandte Chemie International Edition published by Wiley-VCH GmbH
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Table 1: Summary of NO3
−-to-NH3 via pulsed electrolysis. FE and SE are reported in % and YR is given in µmol cm−2 h−1.

Pulse profile

Electrocatalyst

Eca (V vs.
RHE) /
tca (s)

Ean (V vs.
RHE) /
tan (s)

Static
potential (V
vs. RHE)

Performance
under pulsed
electrolysis

Performance
under static
potential

NO3
− concentration

(M)/supporting
electrolyte References

Electrocatalyst modulation

New active
phase
formation

CuO formed from
CuO/Cu2O

−1.2 to 1.6/2 1.0/2 Unspecified SE = 95
FE = 100

SE = 72 0.0015–
0.0085/0.05 M
Na2SO4

[51]

Cu/Cu2O and
Ni/Ni(OH)2
formed from Cu
and Cu-Ni alloys

−1/5 1.4/5 −0.5 FE = 88.0
YR = 583.6

FE = 54.5
YR = 104.8

0.1/0.01 M
KOH + 0.5 M
Na2SO4

[52]

0D-Cu formed from
Cu/Cu2O cubes

−0.8/180 0.7/180 −0.9 FE = 80 FE = 93.9
YR = 219.8

0.1/0.1 M PBS [53]

Co3O4/CoOOH
from Co-Ni

−0.9/5 1.2/5 −0.9 FE = 92.6
YR = 1500.9

FE = 94
YR = 679.0

0.1/1 M KOH [54]

Electrocatalyst
regeneration

NiPr-TPA-COF −1.38/1000 0.4/1 −1.46 FE ∼ 73% YR = 147
SE = 90

0.1/0.5 M K2SO4 [59]

Electrocatalyst
de-passivation

Co-based catalysts −0.5/5 0.4–1.4/5 −0.5 FE = 91.7
YR = 1400

FE = 52.5
YR = 179.3

0.1/1 M KOH [61]

Reaction microenvironment optimization

Regulation of
key
intermediates
and
suppression of
side reactions

Cu SAG −0.5/1.0 −0.8/1.0
–5.0

−0.8 FE = 97
YR = 30.84

FE = 78
YR = 25.84

0.02/0.1 M PBS [66]

Co@ Cu nanowire −0.2/1 −0.7/1–5 −0.4 FE = 88.6
YR = 302.37

FE = 90 0.1/0.5 M Na2SO4 [67]

Cu2O@Pd 0.12/5 −0.48/8 −0.53 FE = 81.2
YR = 63.42
SE = 81.5

FE = 37.4
YR = 36.40
SE = 48.7

0.01/0.1 M NaOH [39]

(Co0.83Ni0.16)2Fe
LDOs

−0.42/20 1.24/0.2 −0.42 FE = 97.8
YR = 2959.31

FE = 90
YR = 2436.73

0.1/1 M KOH [68]

Fe─TiO2 0 V vs.
SHE/0.25

3.5 V vs.
SHE/0.25

3.5 FE NH3 = 8.85
YR
NH3 = 12 868.33
µmol h−1 g−1

FE NH3 = 1.13
YR
NH3 = 7185.00
µmol h−1 g−1

N2-saturated/3
M H2SO4

[33]

FE NO3− =
8.09%
YR NO3− =
7055.81 µmol
h−1 g−1

FE NO3− =
0.18%
YR NO3− =
673.33 µmol
h−1 g−1

Enhanced
mass transfer

Ti foil −1.0/10 0.6/10 −1.0 SENH3/SENO2−
= 1.7

SENH3/SENO2−
= 0.5

0.01/0.01 M NaClO4 [70]

CuxRuy −0.2/9.5 0.6/1 −0.4 FE = 94.94
YR = 141

YR = 40 0.01–0.5/0.1 M KOH [71]

RuIn3/C −0.1/4 0.6/0.5 0 FE = 97.6
YR = 2.7 mmol
h−1 mgRu−1

FE = 65.8
YR = 1.1 mmol
h−1 mgRu−1

0.01/0.1 M KOH [34]

CuNW/Cu foam 0.3/1 −0.6 to
−0.7/20

−0.7 FE = 90 FE = 25.09 10 mM/1.0 M KOH [72]

Janus Cu@Co/NC
(J-Cu@Co/NC

0.1/2 −0.3/0.5–3 −0.4 FE = 98.32
YR = 748.39

FE = 73.62
YR = 500.88

0.01/0.1 M KOH [73]

from NO3
−RR, Figure 5a,b), while suppressing side reactions

(e.g., HER). It also lowered the activation energy for C─N
bond formation, improving kinetics and urea yield. Under
optimized conditions, a maximum FE of 27.70% and a urea
YR of 53.86 µg mg−1 C−1 were achieved. In contrast, constant
potential at −0.8 V versus RHE yielded a lower FE of 19.15%.
The attenuated total reflectance surface-enhanced infrared
absorption spectroscopy (ATR-SEIRAS) analysis across 0 to
−1.2 V versus RHE (Figure 5c) showed a peak at 1455 cm−1

(C─N bond) peaking at −0.8 V, consistent with peak FE,

while the *NH2-associated peak at 1538 cm−1 decreased at
more negative potentials, indicating its consumption during
C─N coupling.

In another related study, a polycrystalline gold electrode
was employed as an electrocatalyst for urea electrosynthesis
via tandem electrolysis of NO3

−RR and CO2RR.[75] The
results showed that pulsed electrolysis disrupts the electro-
chemical double layer, thereby enhancing mass transport of
reactants (e.g., CO2 and NO3

−) to the catalyst surface. In
particular, NO3

− ions were found to migrate more efficiently

Angew. Chem. Int. Ed. 2025, 64, e202516909 (9 of 18) © 2025 The Author(s). Angewandte Chemie International Edition published by Wiley-VCH GmbH
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Table 2: Summary of C─N coupling via pulsed electrolysis. FE and SE are reported in %. In Ref. [36], YR is reported in %.

Pulse profile

Electrocatalyst

Eca (V vs.
RHE) / tca
(s)

an (V vs.
RHE) / tan
(s)

Static
potential (V
vs. RHE) Product

Performance under
pulsed electrolysis

Performance under
static potential Electrolyte References

Electrosynthesis of amide

FeTPP/CNTs −0.8/2 −0.2/2 −0.8 Urea YR = 53.86 µg mg−1

C−1

FE = 27.70

FE = 19.16 0.2 M KHCO3 + 0.1 M
KNO3 saturated with CO2

[74]

Polycrystalline gold
electrode

−0.4/1 0. 2/0.2 −0.3 Urea FE = 60.4 FE = 30.8 0.1 M KNO3 + 0.1 M
KHCO3 saturated CO2

[75]

CuSiOx 0/20 OCP/10 −0.6 Urea FE = 80
SE = 79.01%
YR = 1606.1 µg h−1

mgcat.−1

FE = 57
YR = 656.4 µg h−1

mgcat.−1

0.1 M KNO3 + KHCO3
saturated with CO2

[76]

Electrosynthesis of amine

Low-coordinated
Cu nanocoral
(LC-Cu NC)

−0.7 V vs.
Hg/HgO/1

0.6 V vs.
Hg/HgO/2

−1.1 V vs.
Hg/HgO

Aniline YR = 72% YR = 50% 0.25 M PBS + MeOH (2:1
v/v)
2.0 mmol NaNO2
0.1 mmol phenylboronic
acid

[36]

Figure 5. a) A schematic of influence pulsed set-up on reaction environment, b) schematic representation of the C─N coupling over Fe-TPP/CNTs
under the pulsed electrolysis, c) operando ATR-SEIRAS spectroscopy measurements for the C─N coupling (reproduced with permission from Ref.
[74] Copyright © 2024 Springer Nature), d) a comparison of C─N coupling under static and pulsed conditions, e) in situ SEIRAS at different potential
(reproduced with permission from Ref. [75] Copyright © 2023 ACS), a schematic of C─N co-reduction under f) static and g) pulsed potential, and h)
in situ SEIRAS on CuSiOx at different voltages (reproduced with permission from Ref. [76] Copyright © 2024 Wiley-VCH).

Angew. Chem. Int. Ed. 2025, 64, e202516909 (10 of 18) © 2025 The Author(s). Angewandte Chemie International Edition published by Wiley-VCH GmbH
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Figure 6. a) Pulsed potential profile, b) NO2
− reduction prior to pulsing, c) Cu(II) formation and Chan–Lam coupling at anodic potential (Ean)

(reproduced from Ref. [36] published in 2023, under the terms of the CC BY 4.0).

toward the electrode, modifying the local reaction environ-
ment (Figure 5d). Under pulsed conditions, a high FE of
60.4% was achieved; while a maximum urea FE of 30.8% was
achieved with potassium (K+)-based electrolytes at −0.3 V
versus RHE. In addition, time-resolved SEIRAS confirmed
that pulsed potentials improve NO3

− transport due to electro-
static attraction and repulsion effects between the polarized
electrode and electrolyte species (Figure 5e). Furthermore,
DFT calculations indicated that potential modulation facili-
tates the desorption of adsorbed species, particularly NO3

−

and NO2
− anions, through increased electrostatic repulsion,

thereby exposing active sites for C─N coupling on the
electrode surface.

Furthermore, Qiu et al. developed a CuSiOx nanotube
catalyst featuring abundant atomic Cu0

─O─Si interfacial
sites for the electrosynthesis of urea from NO3

−RR and
CO2RR under pulsed electrolysis conditions.[76] Electrostatic
interactions typically hinder anion reduction at the cath-
ode (Figure 5f); however, this challenge can be effectively
addressed by periodically alternating the applied potential
(Figure 5g). The study reported a urea YR of approximately
1606.1 µg h−1 mgcat

−1, a SE of 79.01%, and an FE retention of
80% over 80 h of operation. Under potentiostatic conditions,
an FE of 57% was achieved at −0.2 V versus RHE, while
the highest urea YR of 656.4 µg h−1 mgcat

−1 was obtained
at −0.6 V versus RHE. Theoretical calculations and in situ
ATR-SEIRAS analyses revealed that the rate-determining
step in urea formation involves C─N coupling between
hydrogenated *NO2 intermediate from NO3

−RR and *CO
intermediate from CO2RR on the CuSiOx surface (Figure 5h).
Pulsed electrolysis was shown to alleviate mass transport

limitations by increasing the local concentration of *NO2
−

near the electrode. The superior performance is attributed to
the dynamic modulation of the electrochemical environment
under pulsed conditions, which enhances NO3

− ion migration
and facilitates the key C─N coupling step.

4.2. Electrosynthesis of Amine

He et al. proposed the use of a low-coordinated copper
nanocoral (LC-Cu NC) cathode for the electrochemical
NO2

−-to-NH3, followed by C─N coupling by arylboronic
acids to synthesize arylamines.[36] A maximum arylamine
YR of approximately 72% was achieved at the optimized
pulsed condition (Figure 6a), where Cu is oxidized in situ
to Cu(II), a well-known active species in the Chan–Lam
coupling reaction.[77,78] In situ electrochemical ATR-FTIR
spectroscopy identified *NO2, *NO, and *NH2 as key
intermediates involved in the electrosynthesis of arylamines.
Moreover, electron paramagnetic resonance (EPR) spec-
troscopy confirmed the formation of a catalytic Cu(II)─NH3

complex, which is critical for facilitating the Chan–Lam
coupling mechanism. These findings underscore the multi-
functional role of pulsed electrolysis (Figure 6b,c), which
includes: 1) in situ generation of the Cu(II) catalyst, (2) sup-
pression of phenol byproduct formation, and (3) modulation
of substrate and intermediate concentrations within the EDL
through rapid polarity switching. Additionally, the reversible
transition between Cu(II) release during the anodic pulse and
redeposition during the cathodic pulse further highlights the
dynamic nature of this approach.

Angew. Chem. Int. Ed. 2025, 64, e202516909 (11 of 18) © 2025 The Author(s). Angewandte Chemie International Edition published by Wiley-VCH GmbH
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5. Outlook and Emerging Directions

5.1. Established Pulsed Electrolysis Systems

Machine learning (ML)-guided catalyst manipulation and
pulse parameter optimization: Pulsed electrolysis imposes
unique structural and performance demands on catalysts,
requiring them to tolerate rapid cycling without degra-
dation or loss of active sites, while maintaining activity
and selectivity.[23,79] Beyond catalyst composition, surface
structure and morphology critically influence intermedi-
ate adsorption and transformation, underscoring the need
for materials with robust stability and adaptable surface
chemistry.[29] Additionally, pulse parameters are intricately
coupled with catalyst properties, necessitating tailored designs
that can accommodate nonequilibrium states and transient
intermediates. Moving beyond conventional trial-and-error
methodologies, ML-guided approaches offer powerful tools
not only for performance optimization but also for enhancing
catalyst stability. For instance, ML models can elucidate cor-
relations between pulse profiles and degradation pathways,
thereby enabling the prediction and design of stress-tolerant
catalyst architectures. Such ML-guided catalyst manipu-
lation significantly reduces experimental time and effort,
with representative examples including NORR-to-NH3 on
CuNi alloy[80] and Ag-based single-atom alloys,[81] NRR on
BaH2,[82] and MXene-based single atom,[83] NO3

−RR on
CuPd nanocubes[84] and CuCo alloy,[85] as well as urea synthe-
sis accelerated by theoretical simulation.[86] Moving forward,
it is essential to conduct systematic investigations into the
compatibility of specific catalyst manipulation with tailored
pulse modulation strategies. In this context, incorporating
design of experiments (DoE) methodologies into the pulse
modulation framework offers particular advantages. When
coupled with ML, DoE can further accelerate and refine the
optimization of both catalyst design and pulse engineering,
enabling comprehensive and efficient exploration of the
multidimensional parameter space.

Role of potential polarity and electrolyte: Recent
advances in pulsed electrolysis have highlighted that the
performance and selectivity are highly sensitive to the
surrounding electrochemical environment and the parameters
involved in waveform design. To this end, switching between
unipolar and bipolar pulse modes (e.g., both positive/positive
or negative/negative potential) enables dynamic control
over the electrochemical interface.[33,51,74] It fine-tunes the
local reaction microenvironment, suppresses competing side
reactions, and improves product selectivity. Simultaneously,
the rational regulation of the electrolyte microenvironment,
in particular, the influence of cations[87] has attracted increas-
ing attention for its ability to enhance the NRR by facilitating
N≡N bond cleavage[88] and the NO3

−RR by electrostat-
ically stabilizing NO3

− adsorption and accelerating water
dissociation for hydrogenation.[89–91] Together, these insights
underscore the importance of rationally engineering both the
potential waveform and electrolyte environment to unlock
new selectivity mechanisms and optimize electrocatalytic
performance under pulsed conditions.

In situ methods for mechanistic decoding: Understanding
the mechanistic intricacies of reductive nitrogen species acti-
vation is essential for the rational design of next-generation
electrocatalytic systems. In this regard, the deployment of
in situ spectroscopic and microscopic electrochemical tech-
niques under pulsed electrolysis conditions offers a powerful
means to capture real-time reaction dynamics. For example,
FTIR[92,93] and Raman spectroscopy[93,94] provide structural
insights into surface-formed species and adsorbates, com-
plemented by differential electrochemical mass spectrometry
(DEMS).[95,96] X-ray photoelectron spectroscopy (XPS)[97]

reveals surface elemental composition and oxidation-state
changes under operating conditions, while X-ray absorption
spectroscopy (XAS)[40,98] elucidates local chemical trans-
formations of the probed element, including electronic
structure, bond lengths, oxidation states, and coordination
environments. Further approaches include scanning electro-
chemical microscopy (SECM),[99] which sheds light on surface
adsorbates, and transmission electron microscopy (TEM),[100]

which tracks dynamic structural and morphological evolution
at the nano-to-atomic scale. Additionally, the use of in situ
isotope-labeling strategies, employing isotopically enriched
species, such as 13CO2, 15NO3

−, 15NO2
−, 15N2O, 15NO, and

15N2, combined with carefully designed control experiments,
will enable detailed tracking of the generation, transforma-
tion, and interaction of reactive intermediates under pulsed
conditions.

5.2. Emerging Themes for Pulsed Electrolysis

Integration with biomass oxidative processes: Replacing
the typically sluggish anodic oxygen evolution reaction
(OER)[101] with thermodynamically favorable biomass
electro-oxidation reactions presents a compelling opportunity
to reduce overall energy consumption while simultaneously
generating value-added products at the anode.[102] Recent
examples have been reported for NRR coupled with
5-hydroxymethylfurfural (HMF) oxidation,[103,104] NO3

−RR-
coupled with oxidation of ethylene glycol,[105] glycerol,[106–109]

formaldehyde,[110,111] methanol,[112] and glucose.[113] In
this context, the application of pulsed electrolysis in such
coupled systems holds great promise for enhancing the
synchronization between the cathodic and anodic half-
reactions, thereby further improving overall performance,
particularly with respect to product selectivity. This
hypothesis is further supported by a recent work on
overall nitrogen fixation, where pulsed electrolysis enabled
efficient coupling of NRR for NH3 with NOR for HNO3

production.[33]

Electrosynthesis of hydroxylamine as a product or key
intermediate: As previously discussed, hydroxylamine is an
important industrial feedstock. However, its electrosynthesis
remains challenging due to the propensity of nitrogen species
to undergo over-reduction to NH3.[8] Most pioneering efforts
have focused on the electrochemical reduction of NO using
single-metal-site catalysts,[114–116] leaving significant potential
for the application of pulsed electrolysis across a broader

Angew. Chem. Int. Ed. 2025, 64, e202516909 (12 of 18) © 2025 The Author(s). Angewandte Chemie International Edition published by Wiley-VCH GmbH
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Table 3: Comparison of static and pulsed electrolysis for nitrogen species reduction.

Aspect Static electrolysis References Pulsed electrolysis References

Reaction pathway control Limited; governed by steady-state
kinetics

[138] Enhanced; dynamic modulation enables
selective pathways

[66]

Intermediate stabilization Often leads to accumulation or
poisoning

[139] Temporal separation allows better
control of intermediates

[140]

Selectivity Moderate; prone to side reactions [141] Improved; pulse timing can suppress
undesired reactions

[33, 74]

Catalyst
stability/reproducibility

Limited by deactivation during
extended redox cycling

[142, 143] Potentially improved via active site
regeneration and new-phase formation

[53]

Compatibility with
renewable energy

Requires buffering/storage systems [144] Advantageously compatible with
intermittent energy sources

[145]

Mechanistic
understanding

Partly established [146] Progressively evolving by advanced in
situ diagnostics and reactor design

[23]

range of industrially relevant electrocatalysts and alterna-
tive nitrogen-containing pollutants (e.g., NO3

−[117]/NO2
−[118]).

Moreover, by regulating hydroxylamine as a key intermediate
derived from nitrogen-containing species, pulsed electrolysis
is expected to facilitate cascade pathways for electrochem-
ical C─N coupling. For example, this could enable the
selective production of amino acids via co-reduction with
keto acids,[119–123] and oximes via co-reduction with ketones
or aldehydes,[124–128] thus expanding the synthetic utility
of hydroxylamine under controlled electrochemical condi-
tions. Notably, in organonitrogen electrosynthesis from CO2

and nitrogenous sources, the electrocatalytic C─N coupling
reactions strongly rely on the gas–liquid–solid triple-phase
interface and interfacial water structure,[129] suggesting that
microenvironmental control under pulsed conditions can
critically govern activity and selectivity.

Photo-(electro)chemical reductive nitrogen species con-
version: Although numerous achievements with satisfying
YR and FE for NH3 production have been reported,
the electrocatalytic NO3

−RR process still necessitates high
applied voltages in most cases, resulting in high electric energy
consumption, which can be alleviated by the development of
photoelectrodes.[130] Notably, semiconductor photoelectrodes
generate a built-in potential under solar illumination, which
can be leveraged to shift the operating potential to a more
positive value. This principle has been successfully demon-
strated in photoelectrodes for both HER[130] and CO2RR.[131]

Nevertheless, the application of the photoelectrochemical
(PEC) method for converting nitrogen species into NH3 and
related products remains in its nascent stages. In a related
work, Zhang et al.[132] have pioneered the PEC NO3

−-to-NH3

conversion using a Au-decorated ordered silicon nanowire
array photocathode, obtaining 95.6% of NH3 FE at 0.2 V
versus RHE, which represents a more positive potential than
the thermodynamic reduction potential of NO3

− by utilizing
photovoltage. They proposed that the high FE could be
attributed to the fact that both Si and Au surfaces are inactive
for competing HER.

Furthermore, by integrating CO2RR with NO3
−RR,

semiconductor photoelectrodes have been demonstrated to
efficiently enable PEC urea synthesis under solar light
illumination. In a related work, Xu et. al.[133] reported an
efficient PEC method for urea synthesis by co-reduction
of CO2 and NO3

− over a Cu2O photocathode under AM

1.5 G irradiation, delivering urea formation rate of around
30 µmol g−1 h−1 and FE of 13% at a low external potential
of −0.017 V versus RHE. Experimental data combined with
theoretical calculations suggested that the adsorbed CO* and
NO2* species are the key intermediates, and associated C─N
coupling is the rate-determining step.

5.3. Sustainability and Scalability

Translating from lab to industrial scale: Despite encouraging
advances in pulsed electrochemical reduction of nitro-
gen species, translation to large-scale application requires
a deeper mechanistic understanding.[134] Time-resolved in
situ characterization aforementioned, in combination with
machine learning frameworks, will be critical to establish
predictive design principles for pulse protocols. From an
application perspective, current demonstrations achieve per-
formance and operational lifetimes that remain far below
industrial benchmarks (i.e., current densities > 500 mA
cm−2 and operational stability > 1000 h). Bridging this gap
will require systematic evaluation of catalyst stability, repro-
ducibility, and selectivity under practical conditions, alongside
standardized protocols and careful optimization of cell design
and pulse parameters to minimize unintended side reactions
and facilitate broader adoption.[73,111] Furthermore, although
pulsed electrolysis allows temporal separation of adsorption,
activation, and desorption steps, the challenges of maintaining
consistent performance under fluctuating potentials should
be carefully considered. In this regard, a comprehensive
comparison of static versus pulsed electrolysis is provided in
Table 3.

Techno-economic analysis (TEA): Despite advancements
in selectivity and energy efficiency, pulsed systems remain
largely unevaluated in terms of TEA viability. Early-
stage assessments of steady-state NH3 synthesis (NRR-to-
NH3,[135] NO3

−RR-to-NH3,[42,136] NO3
−RR-to-NH3 coupled

with glycerol-to-formic acid[108]) or C─N coupling[137] sug-
gest that high energy demands, catalyst degradation, and
process complexity are major cost drivers. Pulsed operation
introduces further challenges in power delivery and system
control, which may raise capital and operational expenditures
unless addressed by integrated and modular designs. In this
context, standardized metrics and dynamic TEA frameworks
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Figure 7. Illustration of outlook for established and emerging directions in pulsed electrolysis.

that account for variable input and pulse parameters are
urgently needed.

Hybrid solar/wind-driven pulsed reactors: Integrating
pulsed electrolysis with intermittent renewable energy
sources (e.g., solar, wind) offers a promising route toward
sustainable nitrogen conversion. The variable nature of
renewable electricity complements the dynamic operation
of pulsed systems, enabling responsive load balancing and
improved energy utilization. Advances in power electronics
and smart control systems can further optimize pulse profiles
in real time to match energy supply conditions. Moreover,
decentralized, renewable-powered electrolyzers could enable
localized production of nitrogen-based chemicals in off-
grid or agricultural settings.[118–120] However, ensuring system
stability and performance under fluctuating inputs remains a
key research priority.

6. Summary

This review highlights pulsed electrolysis as a promising
strategy to overcome key limitations of conventional poten-
tiostatic methods for nitrogen species activation, leveraging
rational electrocatalyst modulation and microenvironment
engineering. While this research field is still in its infancy,
integrating data-driven optimization of pulsing parameters
with advanced experimental and theoretical approaches holds
significant potential for uncovering fundamental structure–
activity relationships under dynamic conditions. The analysis
of emerging research directions underscores the transforma-
tive potential of pulsed electrolysis in enabling sustainable,
controllable, and scalable nitrogen-based chemical synthesis
(Figure 7).
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