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Hydrazine-coupled electrolysis (OHzS) offers an energy-efficient route for hydrogen production by replacing
the sluggish oxygen evolution reaction (OER) with the faster hydrazine oxidation reaction (HzOR, E° =
—0.33 V vs. Reversible Hdrogen Electrode (RHE)). This approach significantly lowers cell voltage and yields
environmentally benign byproducts (N, and H,O), making it promising for green energy applications.
However, the multistep proton-coupled electron transfer process in HzOR necessitates the development of
highly active, stable, and cost-effective electrocatalysts. Nickel-based materials stand out due to their earth
abundance, tunable Ni**/Ni** redox chemistry, excellent conductivity, and strong hydrazine affinity. This
review summarises recent advances in Ni-based catalysts, including alloys, oxides, hydroxides, phosphides,
nitrides, chalcogenides, and MOFs, emphasising synthesis strategies, hierarchical architectures, and key
activity enhancement mechanisms such as synergistic effects, electronic structure modulation, defect
engineering, and interfacial coupling. Insights from experiments and Density Functional Theory (DFT)
calculations are discussed to elucidate reaction pathways and guide bifunctional catalyst design for
concurrent HzOR and HER. Additionally, the integration of machine learning (ML) is highlighted as
a promising approach to accelerate catalyst discovery and optimisation. We conclude with future directions

Received 29th March 2026
Accepted 6th May 2026

Open Access Article. Published on 12 May 2026. Downloaded on 6/5/2026 6:21:18 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

DOI: 10.1039/d6se00363j

rsc.li/sustainable-energy

1 Introduction

The transition from fossil fuels to renewable energy is critical
for sustainable development, and hydrogen-based energy has
emerged as a leading candidate due to its high energy density
and zero-emission potential.”> While hydrogen can be
produced through various methods, water electrolysis has
distinct advantages because of water's abundance and ease of
storage.®* Conventional water splitting involves two key reac-
tions: the hydrogen evolution reaction (HER) at the cathode and
oxygen evolution reaction (OER) at the anode.*® However, OER's
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toward scalable, high-performance,

and low-voltage hydrogen generation by uniting mechanistic

understanding, materials design, and predictive modelling.

sluggish kinetics result in high overpotentials (1.8-2.0 V),
significantly exceeding the thermodynamic minimum of 1.23 V
vs. RHE. This inefficiency increases energy consumption and
operational costs, driving the search for alternative strategies.”®

To overcome the limitations of OER, researchers have
explored substituting it with thermodynamically favourable
oxidation reactions, such as those involving ammonia, urea, or
hydrazine.®> Among these, hydrazine oxidation reaction
(HzOR) offers exceptional advantages due to its remarkably high
energy density (5.4 kWh L™, 1 atm), and is fully miscible in
water."* Moreover, hydrazine has a very low theoretical oxida-
tion potential (—0.33 V vs. RHE), drastically reducing energy
input compared to OER.™ It is important to note that although
the overall cell reaction may be formally written to resemble
hydrazine splitting, the hydrogen detected as H, is produced at
the cathode via the conventional HER from water. Hydrazine is
oxidised exclusively at the anode, where it serves as an electron
donor and replaces the oxygen evolution reaction, thereby
lowering the anodic overpotential and overall energy
consumption. Additionally, HzOR produces only nitrogen and
water as byproducts, eliminating the risk of hazardous gas
mixtures and simplifying hydrogen purification.'® From a prac-
tical perspective, hydrazine is already produced on a large
industrial scale via established processes such as the Raschig
and peroxide routes and is widely used in pharmaceuticals,
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agrochemicals, polymers, and aerospace applications.”® In
addition, hydrazine frequently appears as a hazardous
contaminant in industrial wastewater streams. Integrating
hydrazine oxidation into electrolysis systems, therefore, offers
a dual benefit of energy-efficient hydrogen production and
simultaneous remediation of hydrazine-containing effluents.

Despite its advantages, HzOR suffers from sluggish reaction
kinetics due to its complex four-electron transfer mechanism,
necessitating highly active catalysts."”” Noble metals like Pt, Rh
and Ru exhibit excellent catalytic performance for HzOR, but
their high cost and scarcity limit their practical application.'®*®
To this end, transition metal-based catalysts, particularly nickel
(Ni), have emerged as promising alternatives due to their low
cost and abundant nature.”® They exhibit excellent stability in
alkaline conditions and efficient redox cycling due to their
multiple oxidation states (Ni**/Ni**).?%?? Their strong hydrazine
adsorption and tunable electronic structure further enhance
performance.* Several Ni-based materials, including foams,**
alloys,**?® oxides/hydroxides,* phosphides,*** sulfides,* sele-
nides,*® layer double hydroxides®* and metal-organic frame-
works,* have shown superior electrocatalytic activity in both
monofunctional and bifunctional systems. These materials
combine high mechanical strength, thermal stability, electro-
chemical activity and conductivity, making them ideal for
energy-related applications.*

Recent breakthroughs in hydrazine-assisted hydrogen
production highlight the potential of Ni-based catalysts. For
example, Zhu et al. developed Ni-C hybrid nanosheets, which
demonstrated record-low operational voltages (—0.037 V for
HER and —0.020 V for HzOR at 10 mA cm™’), enabling
hydrazine-assisted electrolysis at just 0.14 V for 50 mA cm 2.3
The Ni(Cu) CNP catalyst achieved low overpotentials of 41 mV
for HER and —18 mV for HzOR at 10 mA cm™ 2, enabled by its
hierarchical nanoporous structure and optimised electronic
configuration.®® More recently, superhydrophilic Ni-based
nanorod-nanoflake arrays (Ni-NCNA) were shown to require
only —26 mV for HzOR and 47 mV for HER at 10 mA cm 2.
When integrated into a hydrazine-assisted seawater electrolyser
powered by a waste AAA battery (1.5 V), this system achieved
a hydrogen production rate of 1.074 mmol h™" at an ultralow
cell voltage of 0.485 V.>*

The advances in Ni-based HzOR catalysts have stimulated
substantial research into understanding their development, as
highlighted in several key review articles: Liu et al. examined
transition metal catalysts for hydrazine-assisted water split-
ting,*® while Khalafallah et al. (2020) focused on Ni-based
electrocatalysts for direct hydrazine fuel cells.** More recently,
Tong et al. (2024) and Li et al (2025) provided updated
perspectives on electrocatalyst development and hydrogen
production via hydrazine-assisted electrolysis, respectively.***”
Similarly, Yu et al. (2025) further expanded on performance
enhancement strategies and application potential.*®

Despite these several recent reviews mentioned above on
hydrazine-assisted hydrogen production, a unified perspective
that integrates reaction mechanisms, catalyst classification,
activity enhancement strategies, and data-driven design prin-
ciples remains lacking. In this review, we focus first on
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fundamental mechanisms of hydrazine coupled electrolysis
across different pH environments, followed by an analysis of
fabrication methods and activity enhancement strategies for Ni-
based catalysts. The article subsequently explores advances in
various Ni-based electrocatalysts, including oxides/hydroxides,
sulfides/phosphides, selenides/nitrides, alloys, and metal-
organic frameworks. Special attention is given to catalytic
enhancement mechanisms, including interface engineering,
electronic structure modulation, and defect engineering. The
review also introduces the emerging paradigm of machine
learning in electrocatalysis, drawing lessons from HER and OER
to propose a framework for data-driven catalyst discovery in
HzOR. The concluding sections present design principles
derived from literature and future perspectives, with particular
focus on breakthroughs from the past five years. By consoli-
dating these multidisciplinary developments, we aim to assist
innovation in Ni-based catalyst design for energy-efficient
hydrogen production through both traditional materials
science and cutting-edge computational approaches.

2 Hydrazine-assisted electrochemical
reaction, safety and mechanisms

Hydrazine-coupled electrolysis (OHzS) presents a highly effi-
cient approach for hydrogen generation by integrating the HER
at the cathode and HzOR at the anode, which we discuss later in
this section after describing in more detail the anodic and
cathodic processes.

2.1 Safety considerations

Although hydrazine-coupled electrolysis offers a compelling
route to low-voltage hydrogen production, its wider deployment
must be assessed in light of the intrinsic hazards associated
with hydrazine itself.>® Furthermore, it is a highly reactive and
toxic reductant; authoritative safety agencies identify it as
hazardous by inhalation, skin contact, and ingestion, and note
its flammability, corrosivity, and ready skin absorption.*

2.1.1 Minimized hazardous inventory via high catalyst
activity. The most direct way to reduce hydrazine risk is to
minimize the amount present in the system at any time, ach-
ieved through catalysts with high activity at low hydrazine
concentrations. State-of-the-art Ni-based catalysts perform
exceptionally well at concentrations as low as 0.1-0.3 M. For
example, Ni-C HNSA achieves 50 mA cm ? with only 0.1 M
N,H,,*® while Ni/NCNFs-Rh delivers 10 mA cm™~> using 0.5 M
N,H,.** This high low-concentration activity enables operation
with dilute feed streams (e.g., directly from industrial waste-
water), reducing the hazardous hydrazine inventory by orders of
magnitude compared to systems requiring concentrated
storage. Key catalyst design strategies enhancing
concentration activity include defect engineering (oxygen
vacancies in Nilr-BDC MOF),* single-atom catalysts (Ni SACs on
MXene),* and heterostructure interfaces (Niz;N-Co;N).**

2.1.2 Intensified flow configurations via engineered
wettability. Intensified flow configurations—such as micro-
channel reactors and flow-through electrodes—reduce

low-
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residence time and hydrazine inventory but require catalysts
with optimised surface wettability. Several Ni-based catalysts
exhibit superhydrophilic and superaerophobic properties that
enable such configurations. Ni NCNA shows a contact angle of
approximately 0° and bubble-repelling behaviour, enabling
rapid gas release in flow-through operation.** Similarly, Ni/
Ni;S4/1T-MoS;3/CC achieves superhydrophilic/superaerophobic
surfaces for seawater electrolysis at only 17 mV over-
potential,*® and Ni-Zn-Cu/Ni foam achieves near-zero contact
angle versus 123° for bare Ni foam.*® These properties enable
rapid electrolyte penetration, fast bubble detachment, and
reduced residence time. The combination of super-
hydrophilicity and superaerophobicity, achieved through hier-
archical nanostructuring, simultaneously ensures electrolyte
access while promoting gas release.

2.1.3 Inherently safer design via selective catalysis. Inher-
ently safer design eliminates hazards rather than controlling
them, requiring catalysts that completely convert hydrazine to
harmless N, and H,O with no residual toxicity. Several Ni-based
catalysts demonstrate near-complete degradation: Mo-Ni,-
Pv@MNF achieves <5 ppb residual,® Fe-CoNiP@NC shows
>99% removal efficiency,” Pt@NiFe-MOF degrades 718 ppb to
6 ppb in 120 minutes,”® and NiCo@C/MXene/CF achieves
<3 ppb residual.* This complete conversion relies on high
selectivity for the 4-electron pathway (N,H, — N,) over side
reactions like NH; formation. Ni-based catalysts achieve this
through electronic structure modulation (d-band tuning in W-
Ni3N),*® heterointerface design (NizN-Co;N),** and surface
reconstruction (Ni/B-Ni(OH),).** The output stream contains
only H,, N, and H,O, eliminating downstream hydrazine
removal, particularly valuable for on-site fuel cell feed.

2.1.4 Toward integrated safety-by-design. The three
concepts above reinforce each other. High activity at low
concentrations (minimised inventory) and high selectivity
(inherently safer design) enable intensified flow configurations
with smaller reactors and shorter residence times. Conversely,
superhydrophilic surfaces improve mass transport, further
enhancing low-concentration activity. The most promising Ni-
based catalysts such as Ni-C HNSA, Ni NCNA, and Mo/Ni,-
Pv@MNF—already embody multiple aspects of this integrated
framework. Future catalyst development should explicitly target
this triple optimization: high dilute-concentration activity,
superhydrophilic/superaerophobic surfaces, and complete 4-
electron pathway selectivity.

From the perspective of catalyst and device design, these
safety constraints should be seen not merely as external limi-
tations, but as design parameters. In this regard, Ni-based
electrocatalysts remain attractive because their high HzOR
activity and tunable redox chemistry may enable operation at
lower hydrazine concentrations, lower overpotentials, and
shorter residence times, thereby potentially reducing the
hazardous inventory needed in a working system.** However,
even highly active catalysts do not eliminate the underlying
toxicological and handling concerns. The real challenge for the
field is therefore to couple advances in catalyst discovery,
including DFT-guided design and emerging ML-assisted opti-
misation, with safety-by-design concepts such as minimised

This journal is © The Royal Society of Chemistry 2026
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hydrazine inventory, intensified flow configurations, on-
demand feed strategies, and integrated destruction or capture
of residual hydrazine in the product stream.

2.2 Anodic HzOR

Several reviews have discussed the mechanism of hydrazine
oxidation in alkaline media (pH 14).*****® However, there is
a lack of comprehensive studies on reaction mechanisms in
acidic and neutral media, limiting the understanding of
hydrazine's behaviour across different pH conditions.

In alkaline media (e.g. 1 M KOH), hydrazine oxidation is
highly efficient due to the presence of OH™ ions, which act as
proton acceptors.*> N,H, adsorbs onto the catalyst surface and
undergoes a stepwise four-electron, four-proton dehydrogena-
tion. Each step is facilitated by OH™, enabling gradual N-H
bond cleavage and formation of intermediates like NyHj, N,H,
and N,H* (Fig. 1a). The removal of each hydrogen involves
simultaneous electron transfer and water formation. Favour-
able kinetics in alkaline media therefore, result from rapid
proton abstraction by OH™ and stabilised intermediates.*® For
example, the Ni,Fe,N/NF catalyst achieved a high current
density of 1017 mA ecm™? at just 0.3 V vs. RHE with excellent
stability and near-perfect 4e” selectivity.®® Similarly, the
Ni@NiP; (/C catalyst delivered a remarkable mass activity of
2675.1 A gni ' at 0.25 V vs. RHE, outperforming Ni/C and Pt/C
catalysts in both activity and stability.*

Neutral electrolytes (e.g., 1 M phosphate buffer saline (PBS),
~pH 7) offer safer, more environmentally friendly conditions
and better compatibility with biological and practical devices.>*
In neutral conditions, hydrazine oxidation follows the same
four-electron pathway, but H,O acts as a proton acceptor
instead of OH . Since water is a weak base, proton abstraction is
sluggish, leading to slower kinetics and high energy barriers.>
Effective catalysis in neutral media requires materials with
strong adsorption ability and efficient charge transfer. For
example, in a phosphate buffer, the catalyst Pty ,Nipg/C
exhibited efficient electrocatalytic activity for hydrazine oxida-
tion, delivering a current density of ~44 mA cm 2 and mass
activity of 132 MA Mgeea * at 0.5 Vvs. RHE. In alkaline media,
the same catalyst achieved a TOF of 673 h and H, production
rate of 188 L h™" g ' at 50 °C with 100% H,, selectivity.®® In
1.0 M PBS-buffered seawater, Fe-Ni,P/CeQO, exhibited excellent
HzOR performance with a low overpotential of 161 mV at 10 mA
em?, sustaining 200 mA cm 2 for 10 hours without degrada-
tion.”” A high entropy alloy (AgAuCuPtPd) achieved 74 mA cm >
at 1.13 V vs. RHE with gas analysis confirming 75% HzOR and
25% OER contribution.” Metal hexacyanoferrates (In, Co, Cu,
Mn hcf) showed promising neutral HzOR performance, with Cu
hef active at 400-500 mV and In hcf at ~700 mVv.*

In acidic media (e.g., 0.5 M H,SO,), hydrazine oxidation
proceeds via a stepwise proton-coupled electron transfer (PCET)
mechanism, with each hydrogen removal yielding a proton (H")
and electron, forming intermediates, including N, Hj, N, H; and
N,H* (Fig. 1b). Unlike alkaline or neutral media, proton transfer
in acidic HzOR proceeds via direct solvation by water molecules,
forming hydronium species rather than requiring an external
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Fig. 1 Electrochemical reaction mechanism of hydrazine oxidation (a) alkaline media, (b) acidic media.

proton acceptor. Although thermodynamically favourable,
HzOR in acidic media is often hindered by severe competition
from cathodic HER and by poor catalyst stability under strongly
acidic conditions.®® At platinum (Pt) electrodes, hydrazine
oxidation occurs directly (—0.1 to —0.2 V) or via PtO mediated
pathways (~0.5 V), but side reactions (3N,H, + H* — N, +
4NH,") and N, bubble formation reduce efficiency.®* At gold
(Au) electrodes, irreproducible behaviour arises from difficul-
ties in oxidising the N,Hs', while alkaline media provide
consistent, efficient oxidation via a 4e” pathway.®> Nonetheless,
Rh/RhO, nanosheets in 0.5 M H,SO, delivered efficient HZOR
with 0.348 V at 10 mA ¢cm™>, outperforming Pt/C. Rh-O-Rh
interfaces enhanced N-H bond weakening and reduced energy
barriers. Yet, the same catalyst in alkaline conditions achieved
0.068 V at 10 mA cm 2, demonstrating faster kinetics and fewer
side reactions.® Nickel-based catalysts typically degrade into
acidic media due to corrosion and HER competition, which
limit their use for HZOR. However, strategies such as alloying
with acid-stable metals,** metal oxide doping,®* core-shell
structures,®”*® or carbon encapsulation® improve their perfor-
mance and stability, enabling acidic
environments.

evaluation in

2.3 Cathodic HER

HER occurs at the cathode through a two-electron electro-
chemical reduction. While the fundamental mechanism
mirrors that of conventional water splitting, the pH of the
electrolyte environment significantly affects reaction kinetics
and catalyst choice. HER generally proceeds through either the
Volmer-Tafel or Volmer-Heyrovsky pathways.” The process
begins with the Volmer step (eqn (1)), where a proton (or water
molecule in alkaline media) accepts an electron and adsorbs
onto the active site M, forming the adsorbed hydrogen inter-
mediate M-H*:
H'/HO +e + M — M-H* (1)
The subsequent hydrogen evolution can occur via either the
Heyrovsky step (eqn (2)), which involves an electrochemical
desorption process:

Sustainable Energy Fuels
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or the Tafel step (eqn (3)), which proceeds through a recom-
bination of two adsorbed hydrogen intermediates to release
molecular hydrogen:

2M-H* — 2M + H, (3)

In acidic electrolytes, HER proceeds through proton reduc-
tion (2M-H* — 2M + H,). High proton concentration results in
fast kinetics, especially on noble metals. However, few
hydrazine-assisted systems operate in acids due to hydrazine's
lower stability.*® Still, Rh/RhO, nanosheets demonstrated
bifunctional activity in all media, achieving 10 mA cm > at cell
voltages of 0.068 V (alkaline), 0.268 V (neutral), and 0.348 V
(acidic), with HER stability maintained for 65 h in neutral
conditions.*®

In alkaline electrolytes, HER follows water reduction (2H,O +
2e” — H, + 20H"). The Volmer step (water dissociation) is
typically rate-limiting. Catalysts must promote water activation
and H* adsorption.”™ Alkaline media are preferred for HZOR due
to better kinetics and stability. For example, W-O-CoP/NF
achieved an HER overpotential of 185.60 mV at 1000 mA cm >
and HzOR overpotential of 78.99 mV at the same current
density. The full hydrazine-assisted cell operated at just 1.634 V
at 100 mA cm 2, much lower than conventional electrolysis.” In
another example, a PtCo alloy nanosheet enabled HER at 0.28 V
(10 mA cm™>) with 3000 h durability, and in a PEM cell,
hydrogen yield of 1.87 mmol h™" em™ at 100 mA em™> with
60 h stability and 100% hydrazine removal.”

In neutral electrolytes, HER proceeds more slowly due to
lower ionic conductivity and poor proton availability.”
However, the Ru-doped «-MnO, PEM electrolyzer enabled
energy-efficient hydrogen production in near-neutral media,
achieving ultralow cell voltages of 0.254 V (10 mA cm ™ ?) and
0.935 V (100 mA cm %) in weak alkaline conditions (pH 8.3), and
0.491V (10 mA cm ™ ?) and 1.145 V (100 mA cm ™ ?) in weak acidic
conditions (pH 5.9). This hydrazine-assisted approach signifi-
cantly outperforms conventional water electrolysis while
maintaining excellent stability.”

This journal is © The Royal Society of Chemistry 2026
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2.4 Integrated hydrazine and HER as cathode and anode

The integration of HzOR at the anode with the HER at the
cathode offers a highly efficient and energy-saving strategy for
hydrogen production. Unlike conventional water electrolysis,
which, as noted, is limited by the sluggish OER and requires high
cell voltages (>1.6 V), the substitution of OER with the more
thermodynamically favourable HzOR (E° = —0.33 V vs. RHE)
substantially reduces the energy input required,”®”” resulting in
markedly improved overall system efficiency. In these integrated
systems, hydrazine undergoes a four-electron oxidation process at
the anode (N,H, — N, + 4H" + 4e"), while HER proceeds at the
cathode through either the Volmer-Heyrovsky or Volmer-Tafel
mechanisms, depending on the nature of the electrocatalyst. The
synergy between the fast kinetics of HzOR and efficient proton
reduction allows hydrogen production at remarkably low cell
voltages, often in the range of 0.2-0.3 V.”® For example, in alkaline
media, the Rh nanoparticles doped Ni/N-doped carbon nano-
fibers (Ni/NCNFs-Rh) demonstrated exceptional outstanding
bifunctional performance with HER overpotential as low as
17 mV at 10 mA cm ™2 and HzOR onset potential of —0.014 V at 10
mA cm 2, enabling hydrazine-assisted water splitting at an
ultralow cell voltage of 0.016 V at 10 mA cm ™ >.*' In another report,
Ni species-incorporated CoP@N-doped carbon nanosheet arrays
(Ni-CoP@NC) achieved —143 mV for HER and 51 mV for HZOR to
drive a current density of 1 A cm™>, and enabled energy-efficient
seawater electrolysis at 0.49 V.” The success of such systems
depends critically on the rational design and pairing of electro-
catalysts that can effectively catalyse both half reactions. Ideal
catalysts for HER should possess hydrogen adsorption free energy
(AGu+ = 0 eV), ensuring a balance between hydrogen adsorption
and desorption.** Meanwhile, efficient HzOR catalysts must
exhibit low activation energy for N-H bond cleavage, facilitating
rapid dehydrogenation of hydrazine molecules.” Beyond these
intrinsic properties, high electrical conductivity is essential to
minimise internal resistance and promote fast electron transfer
between active sites.*" Furthermore, a high density of active sites,
particularly on nanostructured or defect-rich surfaces, enhances
catalytic current output. Corrosion and oxidation resistance,
especially in acidic or neutral media, ensures long-term stability
and durability.*> Hydrophilicity or optimized surface wettability
also improves the interaction between the catalyst and electrolyte,
aiding reactant accessibility.** Finally, the synergistic interaction
between catalytic components (e.g., in heterostructures or alloy
systems) can modulate the local electronic structure, leading to
enhanced bifunctional performance.

These complementary physicochemical and electronic
properties collectively accelerate charge transfer and reaction
kinetics at both electrodes, enabling energy-efficient hydrogen
production in hydrazine-assisted electrolysers (Table 1).

3 Catalyst activity enhancement
mechanisms

Nickel-based catalysts have demonstrated considerable poten-
tial for HzOR due to their tunable electronic structure, abun-
dant active sites, and high catalytic stability. A variety of
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strategies have been developed to enhance further their activity,
selectivity, and durability.

3.1 Synergistic and interface engineering

The synergy between different catalyst components often orig-
inates from engineered interfaces, where unique electronic
interactions and charge redistributions, which enhance cata-
Iytic activity by optimising adsorbate binding, accelerating
charge transfer, and lowering energy barriers.”® For example,
Mo substitution into Ni;N nanosheets interfaced with metallic
Ni induced an upshift in the Ni d-band centre, optimising
hydrazine intermediate binding energies (Fig. 2a). DFT calcu-
lations confirmed improved dehydrogenation kinetics,
enabling more efficient HzOR.** In NiRh-BDC MOF, partial
substitution of Ni by Rh created a heteroatomic lattice where Rh
sites catalyse HER and Ni sites catalyse HzOR. The strong Rh-Ni
electronic coupling at their interface enhanced adsorption of
H* and H,0%*, while contraction of Ni-O bonds stabilised the
structure. This cooperative interface effect yielded an ultralow
operational voltage of 0.06 V at 10 mA cm > with excellent
durability.** In  NiFe-hydroxide/sulfide  heterostructure
(NFS@NF), the Fe-Ni interface facilitates charge transfer from
Fe to Ni, confirmed by X-ray Photoelectron spectroscopy (XPS)
binding energy shifts (Fe 2p positive, Ni 2p negative). This
charge redistribution enriched Ni active sites, lowering hydra-
zine dehydrogenation energy and achieving an overpotential of
0.256 V at 100 mA cm ™ >.%

In CoP nanoparticles integrated with NiCoP nanowires, the
heterojunction formed at the CoP/NiCoP interface promotes
electron transfer and reduces the energy barrier for a proposed
N-N single-bond cleavage pathway in hydrazine oxidation to
a remarkably low 0.10 eV, according to DFT calculations per-
formed using the Vienna Ab Initio Simulation Package (VASP),
employing the generalised gradient approximation with the
Perdew-Burke-Ernzerhof (PBE)*® exchange-correlation func-
tional and the projector Augmented-Wave (PAW) method. This
catalyst demonstrated a Tafel slope of 22.9 mV dec™* and low
charge transfer resistance, enhancing bifunctional HZOR/HER
activity.®® In CoFe,O,@nickel nanowires (NNWs) hetero-
junction, the close contact between CoFe,0, and NNWs finely
tunes electron density, improving hydrogen adsorption and
hydrazine dehydrogenation kinetics. The resulting catalyst
showed a Tafel slope of 35.9 mV dec ™" and reduced R of 3.55 Q,
validated by DFT calculations, which revealed a lower energy
barrier of 0.38 eV for the rate-limiting step.”® In NizN-CozN
heterointerfaces, hierarchical porous nanosheet arrays with
abundant heterointerfaces modulate catalytic sites via elec-
tronic coupling. This led to a low Tafel slope of 21.6 mV dec™*
and high specific activity, with DFT modelling indicating
exothermic adsorption (—0.77 eV) of hydrazine on electron-
deficient Co sites (Fig. 2b).** These studies confirm that
designing interfaces between different phases or elements
creates synergistic effects through charge redistribution and
electronic coupling, significantly improving catalytic kinetics,
lowers energy barriers for intermediate steps, and enhances
both activity and durability for hydrazine oxidation.
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(a) Comparative density of states (DOS) curves for Mo—NizN/Ni, NizN/Ni, and NizN, Reproduced from ref. 91, with permission from Wiley,

Advanced Functional Materials, 2021, 31, 2103673, Copyright 2021. (b) Lowest energy adsorption geometries of all key intermediates and the
corresponding free-energy diagrams for HzOR on NisN, CosN, and NisN-CosN heterostructure surfaces, Reproduced from ref. 44, with
permission from Wiley, Angewandte Chemie, 2021, 133, 6049-6058, Copyright 2021. (c) Atom-projected d-band density of states (PDOS) for Ni,
together with total DOS, in TizC,T,, TizC,T,, and Ni SACs/TizC,T,, Reproduced from ref. 43, with permission from Wiley, Advanced Materials,
2022, 34, 2204388, Copyright 2022. (d) HRTEM image of twofold nanotwins of Ni—-Cu—Zn alloy, Reproduced from ref. 46, with permission from
Elsevier, Journal of Alloys and Compounds, 2024, 997, 174898, Copyright 2024.

3.2 Electronic structure modulation and defect engineering

Deliberate tuning of the electronic structure through composi-
tional doping, strain induction, and defect engineering is a key
strategy to optimise the catalytic properties of nickel-based
catalysts for HzOR. These modifications shift the d-band
centre, alter charge density distribution, and stabilise reaction
intermediates, thereby lowering activation energy barriers and
enhancing reaction kinetics.”* Qin et al. introduced compressive
strain in W-doped Ni3N that shifted the Ni d-band centre
upward, optimising intermediate binding. The catalyst demon-
strated low overpotential and stable operation for over 450
hours.*® Cu-doped Ni-Co LDH nanosheets achieved improved
hydrazine oxidation due to the presence of Ni** species formed
via edge amorphisation and 4.5% Cu doping. This combination

This journal is © The Royal Society of Chemistry 2026

enhanced active site density, reduced charge transfer resistance,
and enabled a current density of 185.1 mA cm ™2 at 1.0 V with
a Tafel slope of 73.3 mV dec "> V-doped Ni;N nanosheets
showed lattice distortion and electron redistribution that shifted
the Ni d-band centre closer to the Fermi level, enhancing inter-
mediate adsorption and lowering activation barriers for both
HzOR and HER.” Suryawanshi et al reported Mn-dopant-
induced hollow Ni,P nanocrystals, in which Mn incorporation
generated hollow Ni; 4JMnyeP structures and modulated the
electronic structure of Ni,P, thereby improving hydrazine dehy-
drogenation kinetics. The optimized catalyst delivered a low
HZzOR potential of 55 mV at 10 mA cm~ > and enabled hydrazine-
assisted hydrogen production at only 59 mV in a two-electrode
electrolyser.”®
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The density of states (DOS) of Ni;N, Niz;N/Ni, and Mo-NizN/
Ni were calculated and are shown in Fig. 2a, as obtained from
DFT calculations using the Perdew-Burke-Ernzerhof (PBE)
functional based on the optimised structures.’” Upon formation
of the hybrid structure, the DOS of Mo-Ni;N/Ni at the Fermi
level is markedly increased. Ni single-atom catalysts (SAC) on
Ti3C,T, MXene (Ni SACs) utilised abundant Ti vacancies to
induce electronic strain, shifting the d-band centre from 1.74 eV
to 1.52 eV (Fig. 2¢), which lowered the HzOR energy barrier from
0.583 eV (Ni nanoparticles) to 0.450 eV. This optimised electron
transfer and intermediate stabilisation.** Oxygen vacancy (V,)-
rich benzene dicarboxylic acid-based MOF (Nilr, o3-BDC)
demonstrated enhanced OH ™~ adsorption and in situ formation
of Ni(OH), species during reaction. V,, sites created electron-rich
regions that improved hydrazine adsorption, dehydrogenation,
charge transfer, hydrophilicity, and mass transport.*> N-doped
activated wood-based carbon-supported Ni catalysts (AWC-Ni-
N) showed enhanced surface area and electrical conductivity
due to nitrogen heteroatom defects, which also acted as
anchoring sites for Ni/NiO. This defect engineering improved
hydrazine adsorption and activation, yielding superior electro-
catalytic performance.*®

In Rh-doped NiFe layered double hydroxide (Rh/NiFe LDH),
atomically dispersed Rh introduced lattice distortions and
defects, shifting d-band centres and optimising hydrazine
adsorption, which resulted in an 80 mV lower overpotential
compared to undoped NiFe LDH.” Fe doping in Ni,P-Co,P-
Zn;P, heterostructure (Fe-NiCoZnP/NF) shifted the d-band
centre toward the Fermi level, enhancing hydrogen and hydra-
zine reaction kinetics. The catalyst reached 1000 mA cm™> at
just 13 mV vs. RHE, with a low Tafel slope of 11.9 mV dec™* and
excellent stability.® Zn-doped, oxygen-deficient NiCoO, nano-
arrays (Zn-NiCoO,_,/SSM) exhibited improved conductivity,
increased active sites, and optimised electronic structure due to
synergistic Zn doping and oxygen vacancies. This catalyst out-
performed OER benchmarks, delivering HzOR at —0.116 V vs.
RHE at 50 mA cm 2. In summary, the combined effects of
dopants, vacancies, and strain lead to significant modulation of
the electronic properties of nickel-based catalysts. By fine-
tuning d-band centres and charge distributions, these strate-
gies facilitate intermediate adsorption, accelerate charge
transfer, and improve overall catalytic efficiency and durability
for hydrazine oxidation.

3.3 Surface reconfiguration and structural engineering

Surface reconfiguration through vacancy formation, hetero-
atom incorporation, and amorphous-crystalline phase manip-
ulation has emerged as a vital strategy to enhance HzOR activity.
These modifications increase active site density, optimise
charge/mass transfer, and stabilise reactive intermediates.**>**
Mohammadi et al. demonstrated that incorporating reduced
graphene oxide (rGO) into Ru-Ni/NF significantly improved
catalytic activity. The Ru;;-Niz/rGO/NF catalyst showed an
electrochemically active surface area (EASA) of 677.5 cm?, 1.7
times greater than its rGO-free counterpart. The porous rGO
matrix provided abundant defect sites and enhanced electrolyte
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diffusion, while EIS confirmed a substantial reduction in charge
transfer resistance (from 1.4 Q cm” to 0.1 Q cm?), leading to
higher current density (34 mA cm ™~ vs. 28 mA cm™>).** Liu et al.
developed a partially amorphous a-Ni,P/Ni/NF catalyst that
exhibited ultralow onset potential (0.04 V vs. RHE), high elec-
trochemically active surface area (88.5 cm?®), and a Tafel slope of
69 mV dec . The crystalline regions ensured high conductivity
(sheet resistance =2.5 Q sq™ '), while the amorphous domains
stabilised intermediates and promoted faster reaction kinetics.
This synergy enhanced HzOR activity, selectivity, and long-term
durability.”” These examples affirm that rational surface engi-
neering promotes catalytic efficiency by tuning structural and
electronic properties.

3.4 Morphology and phase engineering

Phase and morphology significantly impact HzOR performance
by influencing surface area, conductivity, and intermediate
interaction. Nanostructuring and crystallographic control
enhance accessibility and electron transfer.** Vorms et al
studied the morphology-dependent activity of metallic nickel,
showing that finely divided nanoparticles outperformed bulk
nickel. The nanostructured form exhibited a lower Tafel slope
(60 mV dec ! vs. 80 mV dec™ " for bulk Ni), indicating faster
kinetics. X-ray diffraction (XRD) revealed dominant Ni(111) and
Ni(100) crystal planes, which are known to support more effi-
cient electron transfer and intermediate adsorption, thereby
enhancing catalytic activity.'® Wei et al. synthesised a Ni-Zn-Cu
alloy catalyst supported on Ni foam, exhibiting superior
performance for HzOR. XPS and EDS showed negative shifts in
Ni, Cu, and Zn binding energies, indicating strong electronic
interactions that promoted electron delocalisation. The
combination of Zn and Cu reduced stacking fault energy,
facilitating nanotwin formation during annealing (Fig. 2d).
Moreover, post-synthesis etching introduced vacancies and
dislocations, accelerating electron transport. This catalyst ach-
ieved a high current density (170.2 mA cm™> at 0.3 V) and the
highest Cq value (20.0 mF cm *) among tested samples,
demonstrating high active site density and favourable reaction
kinetics.*

Yu et al. developed a Ni-doped Co/CoP heterostructure
(NiCoP), where nickel incorporation altered the electronic
structure by modulating the density of states near the Fermi
level. This facilitated favourable adsorption of hydrazine inter-
mediates, enhancing catalytic performance. Electrochemical
testing showed that NiCoP achieved nearly 50% higher current
density than pristine CoP, along with an excellent faradaic
efficiency of 96.4%. The low Tafel slope of 37 mV dec ™" reflected
improved reaction kinetics and reduced overpotentials, con-
firming enhanced HzOR activity.'*® These findings show that
tailoring nanoscale morphology and phase composition offers
robust strategies to enhance catalytic performance.

3.5 Hydrophilicity and wettability enhancement

Improving catalyst hydrophilicity enhances mass transport, gas
removal, and catalyst-electrolyte interaction during HzOR. For
example, Hao et al demonstrated that a Ni/Ni3S,/1T-MoS,/

This journal is © The Royal Society of Chemistry 2026
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carbon cloth catalyst exhibited superior HzOR activity due to its
engineered hydrophilic properties. Ni doping into 1T-MoS,
accelerated charge transfer, while the superhydrophilic 1T-
MoS, substrate enabled full electrolyte penetration and
maximum exposure of active sites. This optimal wetting
reduced mass transport barriers, enhanced gas product
removal, and contributed to long-term electrochemical
stability.* Similarly, Feng et al. synthesised nanoporous (Ni,
Co)o.g55¢ anchored on reduced graphene oxide (rGO), where
oxygen-containing functional groups on rGO significantly
enhanced hydrophilicity. This improved wettability allowed
better electrolyte access to active sites, facilitated OH™ and N,H,
diffusion, and prevented catalyst agglomeration. As a result, the
catalyst delivered high current densities (211 mA cm™> at 0.2 V
vs. RHE) and retained 92.3% performance after 24 hours at 50
mA cm %, confirming the synergy between wettability and
structural design.'”” Wei et al. showed that Ni-Zn-Cu/Ni foam
achieved a near-zero contact angle (~0°) with the electrolyte
compared to bare Ni foam (~123°), confirming significantly
enhanced surface wettability. This improved interaction facili-
tated more efficient charge and mass transfer, leading to
enhanced catalytic performance for HzOR.*® Collectively, these
studies underscore that optimising hydrophilicity is a critical
design strategy. These studies confirm that wettability optimi-
sation is a powerful design approach for boosting efficiency and
long-term stability of Ni-based catalysts in HZOR systems.

3.6 DFT insights and limitations

DFT calculations are widely used to rationalise activity enhance-
ment mechanisms of nickel-based catalysts for hydrazine oxida-
tion, particularly for analysing electronic structure modulation,
adsorption energetics of hydrazine-derived intermediates, charge
redistribution at heterointerfaces, and reaction energy barriers.
Most studies discussed in this section employ periodic slab
models with plane-wave basis sets and projector augmented-wave
(PAW) pseudopotentials,'® using the generalised gradient
approximation (GGA), typically the PBE functional.””

Within this GGA-PBE framework, DFT effectively captures
qualitative trends such as d-band centre shifts induced by
doping or interface formation, relative adsorption strengths of
N,H, and dehydrogenated intermediates, and comparative
activation barriers across different catalyst compositions. These
insights have been instrumental in explaining experimentally
observed enhancements in HzOR kinetics for heterostructured,
defect-rich, and electronically tuned Ni-based catalysts.

For example, DFT calculations on Mo-Ni;N/Ni showed that Mo
incorporation and Ni;N/Ni interfacial coupling shift the Ni d-band
centre and optimise adsorption energetics of hydrazine-derived
intermediates, lowering the dehydrogenation barrier and ration-
alising the experimentally observed ultralow HzOR overpotential.®*
Similarly, Ni;N-Co;N heterointerfaces were shown to stabilise key
N,H,-derived intermediates through interfacial charge redistri-
bution and electron-deficient Co sites, promoting favourable
dehydrogenation pathways.* In Ni single-atom catalysts sup-
ported on Ti;C,T, MXene, DFT revealed that Ti-vacancy-induced
electronic perturbation reduces the reaction barrier relative to Ni

This journal is © The Royal Society of Chemistry 2026
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nanoparticles.” Studies on W-doped Ni;N50 and Mn-doped Ni,P*
further showed that strain and dopant-induced d-band shifts can
tune adsorption strengths and lower activation barriers, while
calculations on Ni-C hybrid nanosheets** and Ni-Zn nanotwinned
alloys'® linked surface electronic structure to enhanced hydrazine
adsorption and catalytic activity. Together, these studies show that
DFT has provided mechanistic insight into descriptor-activity
relationships in Ni-based HzOR catalysts.

However, standard GGA-based DFT has well-known limita-
tions for complex electrochemical reactions. It often underes-
timates reaction barriers, struggles with localised transition-
metal d-states, and typically neglects explicit solvent effects,
electric double-layer structure, applied electrode potential, and
dynamic surface reconstruction. Consequently, calculated
adsorption energies and activation barriers should be inter-
preted primarily in terms of relative trends rather than absolute
values. Corrections such as DFT + U,"° implicit solvation
models (e.g., VASPsol'""), and constant-potential approaches*>
offer improved realism but remain computationally demanding
and are not yet routinely applied in HzOR studies.

However, these studies also highlight persistent limitations.
Most calculations employ idealised static slab models and
neglect explicit solvent structure, electrolyte effects and
constant-potential conditions. For example, studies on Mo-
NizN/Ni,” Ni;N-CosN,* and Ni SAC/Ti;C,T, (ref. 43) focus
primarily on adsorption energetics and free-energy diagrams,
while transition-state treatment of N-H or N-N bond cleavage
remains comparatively limited. Likewise, dynamic surface
reconstruction into hydroxylated Ni phases, often implicated
experimentally during operation, is rarely treated explicitly.
Future progress will require more realistic approaches
combining constant-potential DFT, explicit solvation, ab initio
molecular dynamics and Pourbaix stability analysis.

3.7 Summary of activity enhancement strategies

In summary, six complementary strategies have been developed
to enhance the HzOR activity of Ni-based electrocatalysts.
Synergistic and interface engineering creates charge-
redistributed heterointerfaces that lower reaction barriers
(e.g., NizN-CozN, CoP/NiCoP). Electronic structure modulation
and defect engineering tune the d-band center of Ni through
doping (Mo, W, V, Mn) or vacancy introduction (P, O), opti-
mizing intermediate adsorption energies. Surface reconfigura-
tion and structural engineering increase active site density via
amorphization, heteroatom incorporation, or porous architec-
ture design. Morphology and phase engineering exploits
nanostructuring (nanosheets, nanorods, nanoflowers) and
crystallographic control to maximize surface area and electron
transport. Hydrophilicity and wettability enhancement ensures
rapid electrolyte penetration and gas bubble release through
superhydrophilic/superaerophobic  surfaces. Finally, DFT
calculations provide mechanistic insights into these enhance-
ment mechanisms, though they face limitations in capturing
explicit solvent effects and applied potential. Critically, the
most active Ni-based HzOR catalysts reported to date do not rely
on a single strategy but rather integrate multiple approaches—
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for example, combining heterointerface engineering with defect
doping and hierarchical nanostructuring. This multi-strategy
synergy appears essential for achieving the record-low over-
potentials (<20 mV) and cell voltages (<0.1 V) that make
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leveraging synergistic interaction between Ni and other active
species.” These catalysts consistently demonstrate low over-
potentials, high bifunctional activity and exceptional stability,
attributes arising from modulated electronic configurations,

hydrazine-assisted electrolysis commercially attractive. engineered heterointerfaces, and rationally designed
architectures.

The Ni/NCNFs-Rh catalyst, fabricated via electrospinning,
carbonization, and in situ reduction, exhibited excellent
bifunctional performance with ultralow overpotentials of 17 mV
(HER) and —14 mV (HzOR) at 10 mA cm ™2, enabling hydrazine
splitting at an ultralow cell voltage of 0.016 V** (Fig. 3a). The
strong Ni-Rh electronic coupling shifted the d-band center of
Rh, optimizing H adsorption (AGy+ = —0.84 €V), as supported

4 Classification and advances in
nickel-based catalysts
4.1 Metallic nickel and its alloys

Various nickel-based alloy catalysts have been strategically
developed to advance hydrazine-coupled electrolysis by
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of Colloid and Interface Science, 2023, 652, 1848-1856, Copyright 2023. (g) Comparison of LSV curves for HzOR and OER by using Ru-doped
MoNi/MoO, Reproduced from ref. 117, with permission from Elsevier, Journal of Colloid and Interface Science, 2024, 667, 73-81, Copyright
2024 and (h) the schematic diagram of the synthesis of N—Ni;CozMng 4O/NF, Reproduced from ref. 118, with permission from Elsevier, Inter-
national Journal of Hydrogen energy, 2022, 47, 5766-5778, Copyright 2022.
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by DFT-derived energy barriers of 1.39 eV (HER) and 0.92 eV
(HzOR). The N-doped carbon matrix promoted charge mobility
and active site exposure. Similarly, Ni-C hybrid nanosheet
arrays (Ni-C HNSA), derived from pyrolysed Ni-MOFs, presented
dual-active sites (Ni cores and carbon encapsulation), enabling
overpotential of —37 mV (HER) and —20 V mV (HzOR) at 10 mA
cm 2. The catalyst achieved hydrazine splitting at 0.14 V (50 mA
cm %), benefiting from optimal AGy- (0.1 €V), a low HzOR
barrier (0.38 eV, (Fig. 3b)), and fast kinetics (Tafel slopes: 31.9/
16.2 mV dec ™). 100% faradaic efficiency and 50 h stability at
200 mA ecm > were observed.*?

In another approach, copper-doped nickel cubic nanoporous
(Ni(Cu) CNP), prepared via pulsed electrodeposition and
electrochemical dealloying, showed HER and HzOR over-
potentials of 41 mV and —18 mV at 10 mA cm 2, respectively.® A
25-fold electrochemical surface area (ECSA) enhancement,
combined with Cu doping and NiO/Ni heterojunction, boosted
HzOR kinetics (Tafel: 50.2 mV dec™ "), enabling a cell voltage of
0.07 V (10 mA cm™?) and stable 24 h operation at 100 mA cm ™.
Moreover, Ni-Co(OH)F@NiCo,S, core-shell nanorods, syn-
thesised via hydrothermal sulfidation, incorporated metallic
Ni’/Ni*" species and conductive interfaces. Overpotentials of
97 mV (HER) and —49 mV (HzOR) at 10 mA cm 2, enabled
hydrazine splitting at 250 mV, with improved charge transfer
and H adsorption.” Similarly, Ni-CoP@NC nanosheets, ob-
tained by electrodeposition and phosphorization, integrated Ni-
doped CoP cores with N-doped carbon shells, delivering over-
potentials of —143 mV (HER) and 51 mV (HzOR) at 1 A cm ™ 2.7°
Enhanced hydrogen adsorption (—0.08 eV) and low HzOR
barriers (0.45 eV) resulted from Ni® and N-carbon synergy,
enabling seawater electrolysis at 0.49 V.

A further example is the hierarchical Ni NCNA (nanorod-
confined nanoflake arrays), constructed via hydrothermal-
annealing routes, achieved —26 mV (HzOR) and 47 mV (HER)
at 10 mA cm ™. Integrated into a seawater electrolyser, the
system achieved 1.074 mmol h™" H, generation at just 0.485 V
(892 mA cm’z), assisted by Ni/NiCo interfaces, MoO;_,
conductivity enhancement and superhydrophilic 3D bubble
repelling architecture* (Fig. 3c). In addition, a Ni(Cu)@NiFeP
catalyst, synthesised via two-step electrodeposition, exhibited
33 mV (HER) 6 mV (HzOR) at 10 mA cm™ 2.4 A triple-hierarchy
porous framework enhanced active site exposure, while elec-
tronic coupling and dynamic surface hydroxide layers promoted
charge transport, enabling 0.491 V at 10 10 mA cm™ > hydrazine
splitting with 1000 cycles stability. Furthermore, Zn-doped
oxygen-deficient NiCoO,_, nanoarrays on stainless steel mesh,
hydrothermally synthesised and reduced (Fig. 3d), delivered
—0.116 V (HzOR, 50 mA cm™ ) with a low Tafel slope of 25 mV
dec™'. Zn incorporation and oxygen vacancies enhanced
conductivity and durability, lowering overall electrolysis voltage
to 0.700 V. The catalyst maintained 82.45% activity after 100
hours.'* NiCo/MoNi, heterostructure on Ni foam, derived from
hydrothermal synthesis and thermal reduction, showed
—30 mV for HzOR and 68 mV for HER at 10 mA cm >.'*®
Moreover, the catalyst delivered 250 mA cm ™2 at 0.63 V (Fig. 3e).

Likewise, Co-reduced RuNi nanoalloys (~4.1 nm) showed
strong Ru-Ni interactions that facilitated water dissociation (E,

This journal is © The Royal Society of Chemistry 2026
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= 0.38 eV) and HzOR (barrier = 0.29 eV)"* (Fig. 3f). Over-
potentials of 24 mV (HER) and —65 mV (HzOR) were achieved at
10 mA cm %, with a mesoporous carbon matrix supporting
rapid kinetics and long-term stability. Another highly efficient
system, a Ru-doped MoONi/MoO, catalyst, with a porous,
superhydrophilic 1D structure, exhibited excellent HER and
HzOR performance, requiring low overpotentials of 13 mV and
—34 mV at 10 mA cm ™, respectively. Ru doping modulated the
electronic structure, while Ni-Mo synergy and oxygen vacancies
enhanced charge transfer and reaction kinetics. For overall
hydrazine splitting, it required only 0.57 V at 50 mA cm 2,
demonstrating high efficiency and outstanding stability*"”
(Fig. 3g). Furthermore, N-Ni;Cos;Mn,,O/NF catalyst,
comprising  interconnected nanosheets, demonstrated
—~177 mV (HER), —70 mV (HzOR) and 0.272 V (overall) at 100 mA
cm 2. Activity enhancements stemmed from multimetallic
synergy, CoO heterostructures, and Mn/N-induced electronic
modulation"*® (Fig. 3h). In another example, Ni-Zn interme-
tallic nanosheets, produced by mild etching and ethylene glycol
(EG) reduction, featured meso-porosity and strong interfacial
interaction, attaining 214.3 mA em™> at 0.1 V. The system
retained 87.8% performance after 24 h and enabled hydrazine
splitting at 0.8 V (100 mA cm ™ 2).1*°

Surface hydroxylation formed Ni/Co(OH),, enhancing
adsorption while preserving intrinsic active phases. CoFe,-
0,@NNWs, formed by growing CoFe,0, on nickel nanowires,
exhibited excellent bifunctional activity towards HER/HzOR, as
summarised in Table 2.%* The corresponding hydrazine-assisted
electrolyser delivered an ultralow operating voltage and
demonstrated remarkable durability, retaining >95% current
after 3000 cyclic voltametry (CV) cycles and 50 h continuous
operation. Furthermore, DFT calculations revealed that
nitrogen-doped nanowires (NNWs), defect-rich nanosheets, and
interfacial electron redistribution synergistically enhance
charge transfer and lower kinetic barriers. In a significant
advance, 1.48 nm NiCoMoPtRu high-entropy alloy nanoclusters
were synthesised as a solid solution phase.’” They delivered
HER (9.5 mV at 10 mA cm ™) and HzOR (3.26 A mg™ ') activities,
enabling overall hydrazine splitting at an unprecedently low cell
voltage with 150 hours stability (Fig. 4a). High-Angle Annular
Dark-Field Scanning Transmission Electron Microscopy
(HAADF-STEM), X-ray Absorption Fine Structure (XAFS), and X-
ray Absorption Near Edge Structure (XANES) revealed interme-
tallic electron redistribution that fine-tuned hydrogen adsorp-
tion, while the ultrasmall size, and conductive support fully
activated the surface and set a new benchmark for efficient
hydrogen production.

A hierarchical Co/MoNi heterostructure was hydrothermally
grown on oxygen vacancy-rich CoNiMoO, nanorods and
calcined in H,/Ar.*** It delivered ultralow —82 mV (HER) and
—23 mV (HzOR) overpotentials at 100 mA cm™>. DFT calcula-
tions showed the interface accelerates water dissociation, H*
adsorption, and N,H, dehydrogenation. In a hybrid electrolyser,
the cell required only 0.059 V, cutting energy use by 90%, while
enabling hydrazine detoxification and 40 h stability. MoNi,/
MoO, hollow nanorods were grown on Ni foam via
hydrothermal-anneal-reduction; the Kirkendall effect generated
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41% hollow cavities."** The architecture delivered 56 mV HER at
100 mA cm™? and 470 mV HzOR at 1 A cm 2. In a hybrid
seawater cell, it required only 0.54 Vat 1 A cm™ 2, saving 2.94 Wh
L' H, vs. conventional systems while maintaining >100 h
stability and =100% faradaic efficiency. The performance is
attributed to MoNi,/MoO, synergy that optimised H* adsorp-
tion, oxygen spillover and interfacial charge redistribution.
Similarly, Ni;Mo/NiyW (~20-50 nm) nanoparticles anchored on
Mo0O,/WO; cuboids were hydrothermally grown on Ni foam.**
The catalyst demonstrated excellent bifunctional activity
towards HzOR and HER, as summarised in Table 2, enabling
efficient hydrazine-assisted seawater electrolysis with a mark-
edly reduced cell voltage compared to conventional systems.
DFT calculations attributed to Ni-Mo/W coupling that lowered
water-dissociation and *N,H; dehydrogenation barriers, while
a chloride-resistant MoO,/WO; support maintained >20 h
stability at 400 mA cm 2. NiCo@C/MXene/CF was fabricated by
MXene wrapping copper foam, NiCo-MOF growth, and NH;
anneal. The 3D scaffold (400-800 nm nanosheets, 54 m*> g™ )
with 10-20 nm NiCo alloy in carbon delivered 43 mV HzOR and
49 mvV HER at 500 mA cm 2* MXene conductivity and
superaerophobic/hydrophilic surfaces enabled a 0.7 V seawater
electrolyser at 500 mA cm ™2, 2.75 kWh m ™ H,, chlorine-free
operation, and <3 ppb hydrazine removal.

Electrodeposited CoFeNiCrMnP/NF formed 50 nm porous
nanosheets (ECSA = 73 mF cm™>)."** High entropy synergy, P-
doping and super-aerophobic morphology delivered 51 mV
HER, 268 mV HzOR at 100 mA cm 2, enabling full-cell hydra-
zine electrolysis with 98% H,/N, faradaic efficiency over 20 h
(Fig. 4b and c). In another strategy, electrodeposited CoSe-
Nig.95Se/MXene on Ni foam exhibited 0.269/0.318 nm hetero-
interfaces and Mxene-driven charge redistribution.”” The
catalyst exhibited excellent bifunctional activity toward HER
and HzOR, as summarised in Table 2, along with high faradaic
efficiency and long-term operational stability. DFT modelling
ascribed the performance to MXene-enhanced electron transfer
that lowered AGy+ to —0.08 eV and HzOR barrier to 0.16 eV. A
hollow N/O-Ti;C, was templated with melamine formaldehyde,
then decorated at 350 °C in H,/Ar with 2.1 nm Rug.¢;Nig 9
clusters.®® The architecture and Ni — Ru charge transfer shifted
the d-band centre, enabling 29 mV HER and —30 mV HzOR at
10 mA cm ™%, Hydrazine splitting required 0.02 V at 10 mA cm >
and 0.92 Vat 1 A cm ™2 (Fig. 4d), cutting energy to 0.35 kWh m >
H,, 93% lower than OWS at 150 mA cm 2.

Using pulsed laser irradiation, NiCoO, + K,PtCl, in ethanol
yielded surfactant-free NiCoPt microparticles (14.6 wt% Pt) that
catalysed HER at 90 mV and HzOR at 68 mV (10 mA cm ™ ?).1¢ A
symmetric NiCoPt-10||NiCoPt-10 cell split hydrazine at 0.295 V
(1.4 V lower than water splitting). DFT modelling revealed that
Pt lowered AGy+ to —0.12 eV and dehydrogenation barriers,
while in situ Raman confirmed favourable *OH/*N,H, adsorp-
tion. Coupled to a Zn-hydrazine battery, the system reached
97% energy efficiency for self-powered H, production and waste
remediation. Electrodeposited Ni(Cu) on Ni foam was de-
alloyed to create 3D hollow Ni nanotubes (200 nm diameter,
250 nm wall, BET 28.7 m> g~ ', 18x ECSA boost).?* A 2 nm NiO
shell on a Ni-rich core, with 3 at% Cu, shifted the Ni 3d band
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Fig. 4

(a) Long-term electrochemical stability of HEANC/C evaluated under constant potential for 150 h, Reproduced from ref. 120, with

permission from Wiley, Advanced Materials, 2024, 36, 2309715, Copyright 2024. (b and c) Faradaic efficiencies and gas evolution profiles for HER

and HzOR using CoFeNiCrMnP/NF catalyst, Reproduced from ref. 124,

with permission from Wiley, Li et al., Small, 2023, 19, 2302130, Copyright

2023. (d) Electricity cost comparison between OWS and OHZzS at different current densities using Rug.91Nig.09—N/O-TisC,, Reproduced from ref.
86, with permission from Wiley, Small, 2025, 21, 2502553, Copyright 2025. (e) Calculated hydrazine adsorption energies and d-band centers for
twin Ni(111) surfaces, Reproduced from ref. 109, with permission from ACS, ACS Applied Energy Materials, 2024, 7, 5202-5208, Copyright 2024.

down by 0.18 eV, weakening *OH adsorption and lowering the
HzOR barrier to 0.41 eV. Curvature focused on the local field
(1.8x) and speed bubble release (contact angle 147°), lowering
R, to 1.2 Q. The electrode delivered 50 mA cm™> HzOR at 38 mV
and 100 mA cm > HER at 203 mV, sustaining 100 mA cm™ > at
0.41 V with <15 mV drifting over 10 h.

Likewise, in co-deposited Ni-Zn hydroxide nanosheets on Ni
foam mesopores were created by alkaline etch, then H, reduced/
annealed to yield NT-Ni-Zn, porous nanosheets threaded with
~7 nm spaced nanotwins stabilised by Zn.'* Twin-boundary
strain (+£10%) upshifted the Ni d-band centre (—1.61 eV),
Fig. 4e, boosting N,H, adsorption (—1.65 eV) and dehydroge-
nation kinetics. The catalyst delivered 212 mA em™> HzOR at
0.04 V vs. RHE (Tafel 55 mV dec™ ') and powered an OHzS cell at
70 mV for 10 mA cm 2, saving ~90% energy versus water
splitting with 94% activity retained after 15 h. In another
example, via H,-bubble-template electrodeposition (800 mA
em™?, 343 K, 90 s) from Ni/Zn/pyrophosphate baths, porous Ni-
Zn nanosheets (0.174 nm (200), 0.124 nm (220) planes) were
grown on NF." The resulting material exhibited a hierarchical
three-dimensional porous network with well-defined crystalline
planes and a super-aerophobic surface, leading to a large elec-
trochemically accessible surface area and facilitated gas release
during operation. As summarised in Table 2, these structural
advantages enabled efficient bifunctional activity toward HER
and HzOR with substantially reduced cell voltage compared to

Sustainable Energy Fuels

conventional water splitting, while maintaining high opera-
tional stability over prolonged electrolysis.

To summarise, the NiCoMoPtRu high-entropy alloy (HEA)
nanoclusters (1.48 nm), synthesised as a solid-solution phase,
exhibited outstanding hydrazine-coupled electrolysis perfor-
mance. With ultralow HER overpotential (9.5 mV) and high
HZzOR activity (3.26 A mg '), they enabled full-cell operation at
unprecedentedly low voltages for 150 h. Intermetallic electron
redistribution, ultrasmall size, and a conductive matrix syner-
gistically optimised hydrogen adsorption and surface activa-
tion, setting a new benchmark in catalytic efficiency.

4.2 Nickel oxides and hydroxides

Nickel-based oxides and hydroxides have emerged as highly
effective materials for hydrazine-assisted hydrogen production
due to their tunable electronic structures, abundant active sites,
and strong compatibility with transition metal dopants. These
materials can be engineered to optimise adsorption energies,
accelerate charge transfer, and improve gas release, which
together boost HER/HzOR activity and overall water-splitting
efficiency.

NiFe-OH nanosheets were hydrothermally grown on Ni foam
and subsequently coated with cobalt phosphoborate (CoPB) via
electrodeposition at controlled P/B ratios.”® The resulting
CoPB@NiFe-OH/NF exhibited 32 mV for HER and —135 mV for
HZzOR at 10 mA cm . Hydrazine-assisted electrolysis proceeded

This journal is © The Royal Society of Chemistry 2026
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Fig. 5 (a) Schematic representation of the synthesis route for M—O/Ru heterostructured electrocatalyst, Reproduced from ref. 130, with
permission from Wiley, Advanced Functional Materials, 2025, 35, 2415058, Copyright 2025. (b) PDOS and corresponding d-band center values
for three constructed hybrid electrocatalysts: a-Ru/NiMoOy,, c-RuMo/NiMoO4, a-RuMo/NiMoQ,, (c) Gibbs free energy diagram for HER
pathway for the above catalysts, Reproduced from ref. 131, with permission from Wiley, Angewandte Chemie International Edition, 2025, 64,
€202414234, Copyright 2025. (d) LSV curves of the CuO,@Ni;_,Co,O/CF electrode at a scan rate of 5 mV s~! comparing performance in pure
water electrolysis and hydrazine-assisted systems, Reproduced from ref. 134, with permission from ACS, ACS Applied Energy Materials, 2024, 7,
6248-6257, Copyright 2024. (e) HAADF-STEM image and corresponding elemental distribution maps of the Cu;Ni,—N/CFC catalyst, Repro-
duced from ref. 135, with permission from Wiley, Advanced Energy Materials, 2019, 9, 1900390, Copyright 2019. (f) Hydrogen generation rate and
faradaic efficiency for hydrazine-assisted seawater electrolysis using Ni-SN@C, Reproduced from ref. 136, with permission from Wiley, Advanced
Energy Materials, 2021, 33, 2007508, Copyright 2021. (g) Atomic-scale ¢4 values for NizN, and W-doped (W;, W>-, and Wz—NizN) with the N 2p
band center set as reference (0 eV), Reproduced from ref. 50, with permission from Wiley, Advanced Materials, 2025, 37, 2417593, Copyright
2025. (h) Chronoamperometric (/-t) stability profile of V=NizN NS//V-NisN NS measured over 10 h in 1 M KOH and 0.1 M KOH electrolytes,
Reproduced from ref. 95 with permission from ACS, ACS Applied Materials & Interfaces, 2021, 13, 3881-3890, Copyright 2021.

at 0 V (25 mA cm ™2, 0.48 kWh m™® H,) with 60 h durability.
Electron transfer from CoPB to NiFe-OH shifts the d-band

assisted electrolysis required only 0.021 V. Ru incorporation
induced a p—n transition and enhanced interfacial conductivity.

centre, optimising adsorption behaviour. Hydrophilic and gas-
repellent surface properties improved bubble release and
interface stability.

Similarly, Fe/P-doped NiMoO, hollow nanorods (8.97 m* g™ )
required 0.13 V and 0.45 V to reach 10 and 100 mA cm 2,
respectively, for seawater-compatible HzOR." Co-doping
adjusted the electronic structure and decreased the work
function (6.585 eV), facilitating intermediate adsorption.
Membrane-electrode assembly (MEA) integration resulted in 2.3
kWh m™® energy input and full chlorine suppression. In
another work, NiO/Ru nanoneedles, synthesised by hydro-
thermal growth, annealing, and Ru electrodeposition, delivered
29.3 mV (HER) and —79 mV (HzOR) (Fig. 5a)."** Hydrazine-

This journal is © The Royal Society of Chemistry 2026

Lattice strain and oxygen vacancies promoted charge transport.
DFT modelling revealed low energy barriers for both reactions.

Likewise, amorphous RuMo/NiMoO, heterostructures
prepared by heteroatom implantation showed excellent
bifunctional activity toward HER and HzOR, as summarised in
Table 2,"' together with outstanding long-term operational
stability and near-unity faradaic efficiency. Electronic structure
analysis revealed a downshifted d-band centre (—2.22 eV), AGy+
(—0.06 eV), and a reduced reaction energy barrier (0.47 eV)
supported fast kinetics and balanced intermediate binding
(Fig. 5b and c). Another effective design, NIOOH@CoCu CH,
was fabricated by sequential hydrothermal growth of CoCu CH
nanorods and electrodeposition of NIOOH nanosheets.*** The
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aligned nanorods, wrapped with NiOOH, yielded 1.49 V for
OER, —171 mV for HER, and —31 mV for HzOR at 10 mA cm 2.
In a hydrazine-fed electrolyser, the cell required only 0.087 V to
reach 10 mA cm >, 1.47 V lower than standard water splitting
and operated steadily for 12 h. The performance was enabled by
strong interface coupling, effective charge/gas diffusion, and
abundant active sites.

In another study, Ni/B-Ni(OH), nanosheet arrays (NSAs) were
developed via hydrothermal synthesis and H, plasma reduc-
tion, integrating metallic Ni nanoparticles to enhance alkaline
HER and HzOR performance.> DFT calculations revealed that
B-Ni(OH), had a favourable hydrogen adsorption energy (0.09
eV). The catalyst achieved a low overpotential of 58 mV for HER
and 0.16 V for hydrazine coupled electrolysis, exhibiting supe-
rior activity, charge transfer, and long-term stability compared
to Ni/a-Ni(OH), and Pt/C. Moreover, molten-salt-derived
FeNi(OH), nanosheets on Ni foam incorporated monodentate
nitrate at Ni sites."® The catalyst oxidised hydrazine at 1.01 V in
seawater (100 mA cm™>), 340 mV below the OER. It sustained
100 mA cm™ 2 at 1.20 V for 60 h. Ni** stabilisation by nitrate and
Fe-facilitated electron transfer contributed to high activity. Tafel
slope (40 mV/dec), low R (0.90 Q), and high Cg (5.33 mF cm™?)
supported fast kinetics and dense active site utilisation (~7.55
x 10" em™2).

In another example, NiFe hydroxide/sulfide nanosheets
(NFS-2@NF), synthesised via a one-pot chemical bath, showed
150 mV for HER and 0.19 V for HzOR at 10 mA cm ™ 2.2 Full-cell
operation required 0.37 V, while Mg/seawater batteries deliv-
ered 4.02 mW cm~ > with 70 h stability. Ni-Fe coupling, sulfur-
induced band modulation, and the porous scaffold ensured
efficient transport and hydrazine decomposition.

Leng et al. designed a hierarchical CuO,@Ni,_,Co,O/CF
catalyst via in situ etching, solvothermal deposition, and
thermal treatment.”** The structure consisted of hollow CuOx
nanotubes coated with Ni;_,Co,O nanosheets. The electrode
delivered 46.9 mV (HER) and 4.7 mV (HzOR) at 10 mA cm ™. In
a symmetric electrolyser, it required 95 mV to operate, out-
performing standard OER/HER systems (Fig. 5d). The Cu/Ni/Co
combination tailored electronic structure, and binder-free
configuration supported efficient charge transfer and 12 h
durability.

4.3 Nickel nitrides

Nickel-based nitrides have emerged as highly efficient electro-
catalysts for hydrazine-assisted hydrogen production due to
their intrinsic metallic conductivity, tunable electronic struc-
tures, and robust chemical stability under alkaline conditions.
Nitrogen incorporation and transition metal doping enable
optimised hydrogen adsorption energetics and enhanced
charge transfer, resulting in superior bifunctional activity. Liu
et al. reported a Mo-doped NizN/Ni heterostructure (Mo-NizN/
Ni/NF) synthesised via hydrothermal treatment followed by
nitridation, which formed porous nanosheets with abundant
interfaces.”* This catalyst exhibited outstanding bifunctional
activity, requiring only —0.3 mV for HzOR and 45 mV for HER at
10 mA cm 2, achieving overall hydrazine splitting at 55 mV,
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outperforming conventional electrolysis. Mo doping optimised
H* adsorption (0.06 eV), while NizN/Ni interfaces enhanced
charge transfer. The porous, superhydrophilic architecture
supported mass transport and durability.

Similarly, Cu;Ni,-N nanosheets synthesised through sol-
vothermal growth of Cu;Ni,-LDH and subsequent 125 showed
strong interfacial coupling between Cu,N and NizN (Fig. 5e),
porous structure (61.83 m* g~ ') and high conductivity (8.1 x 10°
S m™ "), enabling ultralow potential of 0.5 mV for HzOR and
stable bifunctional activity over 75 h."™** Ni-SN@C catalyst
featuring unsaturated surface Ni-N bonds and synthesised by
calcining Ni-EDTA complex under NHj;, exhibited remarkable
HER and HzOR activity in alkaline seawater with low over-
potentials of 23 and 16.8 mV, respectively.’*® Pt-like hydronium
generation enabled 100% faradaic efficiency and a high
hydrogen production rate of 0.21 mL em™ > min~" (Fig. 5f). In
a flow cell, the catalyst achieved 1 A cm ™2 at 0.7 V, attributed to
the synergistic effects of surface Ni-N sites, corrosion-resistant
carbon, and charge redistribution.

W-doped NizN nanoribbons with uniform W incorporation
and compressed lattice were synthesised via controlled
doping.*® The compressive strain (especially at grain bound-
aries) downshifted the d-band centre, weakening H* and N-H
adsorption to optimise hydrogen binding and lower the
hydrazine dehydrogenation barrier (Fig. 5g). The catalyst
required 46 mV (HER) and 81 mV (HzOR) at 10 and 100 mA
cm %, respectively. In hydrazine electrolysis, it ran stably at
0.185 V for 450 h, cutting energy use by a factor of 4.2 compared
with water splitting.

Hierarchical porous NizN-Coz;N nanosheet arrays were
grown on Ni foam, creating abundant Ni;N/Coz;N hetero-
interfaces that redistributed electrons, lowered hydrogen and
hydrazine adsorption energies, and accelerated charge trans-
fer.** The porous nanosheet architecture facilitates electrolyte
penetration and efficient gas release, while the conductive Ni
foam substrate ensures rapid electron transport. As summar-
ised in Table 2, these synergistic structural and electronic
features enable highly efficient bifunctional HER and HzOR
activity with excellent durability under hydrazine-assisted
water-splitting conditions. Ce-doped Ni;N nanosheets on Ni
foam created a porous 3D architecture.”” Ce lowered the d-band
centre, optimising H* binding and boosting HER/HzOR
kinetics. The electrode needed 92 mV (HER) and 0.256 V
(HzOR) at 10 mA cm ™2, and only 0.156 V in hydrazine splitting.
It remained stable for 100 h at 400 mA cm™>.

V-doped NizN nanosheets were synthesised through
hydrothermal-nitridation, forming a porous structure with
abundant active sites.”® V incorporation modulated the elec-
tronic structure by lowering the d-band centre and optimising
hydrogen adsorption energy, which enhanced HER (70 mV) and
HZzOR (2 mV) at 10 mA cm ™ in alkaline media. In a hydrazine
splitting system, the catalyst achieved a low cell voltage of
0.094 V and sustained performance for over 10 hours (Fig. 5h).
The hierarchical nanosheet morphology facilitated mass and
charge transport, while the nickel foam substrate ensured
mechanical stability. To summarise, the Mo-doped Ni;zN/Ni
heterostructure (Mo-Niz;N/Ni/NF) stands out as the best nickel

This journal is © The Royal Society of Chemistry 2026
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nitride catalyst for hydrazine-assisted hydrogen production. It
achieved ultralow overpotentials of —0.3 mV (HzOR) and 45 mV
(HER) at 10 mA cm ™2, with a remarkably low full-cell voltage of
55 mV. Mo doping optimised H* adsorption (0.06 eV), while
Ni;N/Ni interfaces enhanced charge transfer. Its porous,
superhydrophilic structure enabled excellent mass transport,
bifunctional activity, and long-term stability, outperforming
conventional water electrolysis.

View Article Online
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with dopants delivered high conductivity, abundant active sites,
and optimal adsorption energies for both HER and HzOR.
Through heterostructuring, vacancy engineering, and doping,
they surpassed noble-metal benchmarks, offering low over-
potentials, long-term stability, and scalable synthesis.

A Ni-P/rGO/NF electrode was fabricated by pulse-reverse elec-
trodeposition of rGO on Ni foam, followed by cyclic voltammetric
deposition of amorphous Ni-P."*® The nano-micro porous archi-

tecture provided abundant active sites, strong adhesion, and high
conductivity. The electrode required —117 mV (HER) and 7.34 mV
(HzOR) at 10 mA cm %, and —82 mV (HER) and 127 mV (HzOR) at
100 mA cm 2. It retained 94.3% (HER) and 96.7% (HzOR) activity
after 50 h of operation and delivered 241 mV at 100 mA cm ™2 in

4.4 Nickel phosphides

Nickel phosphides have emerged as outstanding bifunctional
electrocatalysts for hydrazine-assisted hydrogen production.
Their tunable electronic structure, diverse phases, and synergy
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Fig. 6 (a) FESEM images of Ni—Cu—P@Ni-Cu catalyst synthesized after 10 electrodeposition cycles, Reproduced from ref. 139, with permission
from Elsevier, Electrochimica Acta, 2021, 382, 138335, Copyright 2021. (b) Cell voltage comparison for overall water splitting (HER + OER) and
hydrazine assisted water splitting (HER + HzOR) using LSV curves of NiSeP@NiCo/Cu at a scan rate of 1 mV s, (c) chronopotentiometric stability
test at 100 mA cm™2 over 150 h for NiSeP@NiCo/Cu electrode in HER/HzOR configuration, Reproduced from ref. 141, with permission from
Elsevier, Journal of Colloid and Interface Science, 2025, 678, 828-841, Copyright 2025. (d) Gibbs free energy diagram (AGy+), and (g) corre-
sponding P—H* bond lengths for the CoP, N-NisP,4, and N—NisP4/CoP systems, Reproduced from ref. 142, with permission from Elsevier, Applied
Catalysis B: Environmental, 2023, 324, 122207, Copyright 2023. (e and f) Total DOS for Ni-Co-Fe—-P, Ni—-Fe—-P, and Ni-Co-P alloys and
a magnified view for detailed comparison, Reproduced from ref. 143, with permission from Elsevier, International Journal of Hydrogen Energy,
2023, 48, 4253-4263, Copyright 2023. (g) Schematic illustration of the synthesis process of Ni(OH),/Ni,P on NF, Reproduced from ref. 144, with
permission from Elsevier, Chemical Engineering Journal, 2023, 475, 146134, Copyright 2023. (h) Hydrogen generation rate of a self-powered
system operating in 1.0 M KOH + seawater and 1.0 M KOH + seawater + 0.5 M N,H,4 using RuFe—Ni,P@NF as the catalyst, Reproduced from ref.
89, with permission from Elsevier, Nano Energy, 2023, 105, 108008, Copyright 2023.
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a two-electrode hydrazine-splitting cell, demonstrating efficient,
durable hydrogen production. Similarly, a two-step electro-
deposited Ni-Cu-P@Ni-Cu nano-micro dendrite catalyst (Fig. 6a)
with a crystalline core-amorphous shell structure delivered
—70 mV HER and 3.88 mV HzOR overpotentials at 10 mA cm >
and drove overall hydrazine splitting at only 125 mV."® Synergistic
Ni-Cu-P chemistry, superhydrophilic/aerophobic dendrites, and
a binder-free self-support conferred 50 h durability, offering
a noble-metal-free, highly efficient hydrogen production route.

A one-step pyrolysis of a 1-hydroxyethylidene-1,1-
diphosphonic acid-based precursor (CoNi-HEDP) yielded
(Cog.6Nig.4),P nanoparticles embedded in P-doped carbon
((Cogp.6Nip.4),P@PC)."** The material delivered 67.9 mV over-
potential for HER and —83 mV for HzOR at 10 mA cm ™~ in
alkaline media, leveraging Co/Ni synergy, P-doped carbon
conductivity, and in situ surface hydroxides. In a hydrazine-
assisted water-splitting device, it needed only 0.048 V to reach
10 mA cm ™2, far below the 1.60 V required for conventional
electrolysis. =~ Moreover, a two-step  electrodeposited
NiSeP@NiCo/Cu catalyst with 3D nano-microcones and super-
hydrophilic nanosheets delivered —40 mV for HER and 0.041 V
for HZOR at 10 mA cm ™, enabled by Ni-Co-Se-P synergy, 544
cm? ECSA, and fast bubble release.'** A HER/HzOR cell needed
only 0.071 V at 10 mA cm ™ > versus 1.886 V for conventional HER/
OER, while retaining >96% activity after 150 h and operating
under solar power, underscoring its industrial hydrogen-
production potential (Fig. 6b and c).

In another example, a colloidal heat-up method with the
Kirkendall effect produced hollow Mn-doped Ni,P nanocrystals
(Ni; 4Mn, P). The catalyst delivered 55 mV for HzOR at 10 mA
cm~? and 192 mV for HER at 50 mA cm ™ in alkaline media.*®
DFT modelling showed Mn doping lowered AGy+ and the
hydrazine dehydrogenation barrier, accelerating kinetics. In
a two-electrode cell, it required only 59 mV at 10 mA cm >, and
coupled with a Si PV, it reached 14.6% solar-to-hydrogen effi-
ciency. The hollow structure and Mn-induced electronic tuning
enhanced site exposure and charge transfer, offering a low-cost
noble-metal alternative for sustainable H, production.
Hydrothermal-phosphorisation yielded N-NisP,@CoP/carbon
fibre paper (CFP) nanowire arrays whose CoP/N-NisP, hetero-
interface, tuned by N-doping, delivered HER overpotentials of
55-59 mV across pH and —32 mV for HzOR at 10 mA cm ™ 2.'*
Nitrogen doping tuned the NisP, electronic structure and
boosted interfacial charge transfer. DFT calculations showed
that P sites in N-NisP; (AGy+ = —0.114 eV) promoted HER
(Fig. 6d), while Co sites accelerated hydrazine dehydrogenation
via an N-strengthened interfacial field. An overall hydrazine-
splitting electrolyser ran at 0.037 V (10 mA cm ?), and solar-
cell and lemon-battery tests validated
hydrogen production.

A two-step electrodeposition produced self-supported Ni-
Co-Fe-P nanosheets. The 3D hierarchical structure, amorphous
Ni-Co-Fe-P on vertical Ni nanosheets, offered abundant active
sites and high conductivity.*** The catalyst required 64 mV for
HER and 25 mV for HzOR at 10 mA cm ™2 in alkaline media. In
a hydrazine-assisted water-splitting cell, only 94 mV was needed
at 10 mA cm 2, far below conventional OER systems. DFT

its energy-saving
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modelling indicated that Ni-Co-Fe-P synergy shifted the d-
band centre to —1.43 eV and improved Fermi-level charge
transfer, tuning intermediate adsorption (Fig. 6e and f). The
binder-free electrode retained performance over 100 h. A low-
energy cyclic voltammetry method delivered a Ni-doped Co/
CoP amorphous/crystalline hetero-phase. Ni incorporation
strained the lattice and tuned the electronic structure.’®® As
summarised in Table 2, the catalyst exhibited excellent
bifunctional activity toward HER and HzOR. DFT calculations
attributed the enhanced performance to a dual-site catalytic
mechanism, wherein electron-deficient Co centres facilitate
hydrazine activation via N-N bond cleavage, while adjacent
electron-rich P sites stabilise hydrogen intermediates, thereby
enabling highly efficient hydrazine-coupled electrolysis with
substantially reduced energy consumption compared to
conventional electrolysis.

Likewise, Ni,P/CoP heterostructures embedded in N-doped
carbon nanosheets (Fe-CoNiP@NC).*” The hierarchical nano-
sheets delivered 1000 mA cm ™2 at 0.49 V for HzOR and —0.28 V
for HER in alkaline seawater, and a two-electrode OHzS cell
required only 0.56 V while remaining stable for 100 h. DFT
modelling showed that Fe doping and the carbon shell lowered
the d-band centre and accelerated charge transfer, saving 4.03
kWh m ™~ of H, compared with conventional seawater electrol-
ysis while simultaneously degrading hydrazine wastewater.

Moreover, a three-step electrodeposition-phosphorisation-
electrodeposition sequence on nickel foam produced hierar-
chical Ni(OH),/Ni,P microspheres coated with ultrathin amor-
phous Ni(OH), nanosheets (Fig. 6g)."** The catalyst delivered
72 mV for HER and —14 mV for HzOR at 10 mA cm ™~ in alkaline
media. In a two-electrode cell, it required only 0.357 V at 100 mA
cm 2 and 0.513 V at 200 mA cm > for hydrazine-coupled elec-
trolysis, surpassing conventional electrolysis. XPS and kinetic
studies traced enhanced performance to interfacial electron
transfer that lowered charge-transfer resistance and reduced
the HER activation energy to 30.7 k] mol .

A hydrothermal-phosphorisation route produced Al-doped
Ni,P nanoflowers (Al-Ni,P/NF) with ultrathin nanosheets and
phosphorus vacancies.**® The catalyst delivered —205 mV for
HER and 300 mV for HzOR at 500 mA cm > in alkaline media. In
a two-electrode cell, it required only 0.717 V to reach 500 mA
cm 2, cutting the energy cost to $0.68 kg ' H,. Al doping
redistributed electrons, generating electrophilic Ni (HzOR) and
nucleophilic P (HER) sites, while P vacancies lowered the acti-
vation energy to 34.1 k] mol '. In another example, cobalt-
doped nickel phosphide ((NigsC00.4),P) synthesised by
hydrothermal-phosphidation delivered an HzOR onset poten-
tial of —45 mV and reached 50 mA cm™> at 113 mV, surpassing
pure Ni,P and Co,P.*® The Ni/Co synergy created dual active
sites: Ni promoted N,H, adsorption and initial dehydrogena-
tion, while Co accelerated later steps and eased nitrogen
release. DFT calculations confirmed that Co doping lowered the
free energy of the rate-determining step and improved charge
redistribution, accelerating kinetics. The catalyst exhibited
excellent stability, achieved 263.0 mW cm ™2 in direct hydrazine
fuel cells, and enabled efficient hydrogen generation via
hydrazine-coupled electrolysis.

This journal is © The Royal Society of Chemistry 2026
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Likewise, Ru, Fe-doped Ni,P nanosheets were grown on Ni
foam via hydrothermal-phosphidation. The catalyst required
54 mV (10 mA cm ™) and 262 mV (1000 mA cm ) for seawater
HER, and 0.26 V for HzOR at 1000 mA cm ™ 2.#° A two-electrode cell
operated at 0.69 V, saving 4.70 Wh L™" H,. A self-powered device
produced 10.8 mmol H, h™" (Fig. 6h), outperforming 6.0 mmol
h™' for alkaline seawater electrolysis. Ru tuned H adsorption
(—0.13 eV), and Fe lowered the *N,H; — *N,H, barrier. The
catalyst also reduced hydrazine wastewater to 8 ppb.

Hydrothermal growth and phosphidation produced Mo-
doped Ni,P nanosheets with phosphorus vacancies (Mo-Ni,-
P,@MNF). The catalyst required 259 mV for seawater HER at
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3000 mA cm * and 126 mV for HzOR at 1000 mA ¢cm ™ >.* In
a two-electrode cell, overall hydrazine splitting operated at
571 mV (1000 mA cm %) and remained stable for 1000 h at 100
mA cm > (Fig. 7a). Mo doping delivered near-thermoneutral
hydrogen adsorption (—0.171 eV) for HER, while P vacancies
cut the HzOR *N,H, — *NHNH, barrier from 1.11 eV to 0.40 eV.
A self-powered module delivered 37.06 mW cm™ > and reduced
hydrazine wastewater to <5 ppb. Ru-cluster-decorated NiCoP
(RuC-NiCoP) surpassed its single-atom analogue (RuSA-NiCoP)
for both HER and HzOR.* A direct hydrazine fuel cell with the
RuC-NiCoP anode recorded a peak power density of 226 mW
cm 2 (Fig. 7b). The catalyst required only 10 mV for HER and
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Fig. 7 (a) Chronoamperometric /-t curve for Mo—Ni,P,@MNF electrode pair measured in 1.0 M KOH + seawater + 0.5 M N,H4 over 1000 h,

Reproduced from ref. 39, with permission from Wiley, Advanced Functional Materials, 2023, 33, 2300625, Copyright 2023. (b) Discharge
polarization curves and corresponding power density plots for direct hydrazine-oxygen fuel cell (DHzFCs) using Ruc—NiCoP catalyst, Repro-
duced from ref. 85, with permission from Wiley, Advanced Functional Materials, 2025, 35, 2422634, Copyright 2025. (c) Comparison of the cell
voltages at 50, 100, 150 and 200 mA cm~2 for OWS and OHzS using symmetric Ru;—NiCoP electrodes, Reproduced from ref. 148, with
permission from Wiley, Angewandte Chemie International Edition, 2023, 62, e202308800, Copyright 2023. (d) Chronoamperometric stability of
(P—Co/NisP)as/NF-based electrolyzer, Reproduced from ref. 150, with permission from ACS, ACS Sustainable Chemistry & Engineering, 2023, 11,
14186-14196, Copyright 2023. (e) overlapping potential region between HER and HzOR polarization curves observed for NiCoP/NF, Reproduced
from ref. 151, with permission from ACS, ACS Nano, 2023, 17, 10965-10975, Copyright 2023. (f) LSV curves of hydrazine electrolysis (1.0 M KOH
with 100 mM hydrazine), the HER, and water oxidation (1.0 M KOH), (g) chronopotentiometric curve to obtain a current density of 10 mA cmgeo’2
in 1.0 M KOH with 0.5 M hydrazine (blue line) and without hydrazine using the Ni,P-cys||Ni>P-cys (green line) electrode, Reproduced from ref.
152, with permission from ACS, Inorganic Chemistry, 2022, 61, 4394-4403, Copyright 2022. and (h) AGy= diagram for Ni,P/NF, Cu;Co,—Ni,P/
NF, Co—Ni,P/NF, and Cu-NiP/NF with 0%, —3.62%, +2.26%, and +2.71% strains, respectively, Reproduced from ref. 154, with permission from
Wiley, Advanced Materials, 2023, 35, 2305598, Copyright 2023.

This journal is © The Royal Society of Chemistry 2026 Sustainable Energy Fuels


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6se00363j

Open Access Article. Published on 12 May 2026. Downloaded on 6/5/2026 6:21:18 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Sustainable Energy & Fuels

—89 mV for HzOR at 10 and 100 mA cm 2, respectively, and cut
the cell voltage for hydrazine coupled electrolysis by 1.77 V
versus conventional electrolysis. DFT modelling revealed that
Ru clusters strengthened charge redistribution and lowered
energy barriers for key intermediates. A self-powered system
subsequently achieved an H, production rate of 4.9 mmol cm >
h™.

A hierarchical NiMo/Ni,P heterojunction with an ohmic
interface was fabricated via hydrothermal-phosphatidic elec-
trodeposition.'” As summarised in Table 2, the -catalyst
exhibited excellent bifunctional activity toward HER and HzOR.
The presence of ohmic-contact-driven charge transfer and
strain-induced electron redistribution optimised hydrogen
adsorption thermodynamics and lowered the energy barrier for
hydrazine dehydrogenation, thereby accelerating reaction
kinetics and enabling highly efficient hydrazine coupled
electrolysis.

Ru single atoms anchored on NiCoP nanowire arrays (Ru;-
NiCoP) were produced by hydrothermal growth, phosphoriza-
tion, and Ru immobilisation, yielding twisted nanowires with
0.9 wt% isolated Ru.**® These Ru atoms formed Ni(Co)-Ru-P
sites (Ru-P4Ni/Co,). The catalyst required —60 mV for HzOR
and 32 mV for HER at 10 mA cm?; in a two-electrode cell, it
delivered 522 mA cm™ > at 0.3 V and only 90 mV at 50 mA cm >
(Fig. 7c). DFT calculations showed that Ru shifted the d-band
centre, strengthened N,H, adsorption, balanced H adsorp-
tion, and lowered barriers. Coupled to a direct hydrazine fuel
cell, the system produced 24.0 mol H, h™* m 2. Hydrothermal-
phosphidation produced vertically aligned NiFeP nanosheets
on Ni foam."® The catalyst delivered 148 mV for HER and 0.1 V
for overall hydrazine splitting at 10 mA cm™?, operating stably
for 40 h. Synergistic Ni-Fe sites, high conductivity, and porous
nanosheets accelerated charge/mass transfer. Seawater tests
showed chlorine-free operation, confirming practical viability.

Fe-doped NiCoZnP nanoneedle-assembled nanospheres on
Ni foam were prepared via hydrothermal growth, Fe doping and
phosphidation.'” As summarised in Table 2, the catalyst
exhibited excellent bifunctional activity toward HER and HzOR
together with outstanding long-term stability. Fe doping shifted
the d-band center, optimized intermediate adsorption and
lowered barriers, while the Ni,P-Co,P-Zn;P, heterostructure
and nanoneedle morphology provided abundant active sites
and rapid charge transfer. In a two-electrode cell, overall
hydrazine splitting operated at 0.33 V for 100 mA cm 2,
substantially outperforming conventional water splitting. A
hydrothermal-phosphorization sequence delivered Fe-doped
Ni,P nanosheets decorated with CeO, (Fe-Ni,P/CeO,).”” The
ultrathin nanosheet architecture provides abundant exposed
active sites and facilitates rapid charge transport. As summar-
ised in Table 2, the catalyst exhibits efficient bifunctional
activity toward HER and HzOR and stable operation in
hydrazine-assisted electrolysis. Synergistic Fe doping and CeO,
decoration tuned the electronic structure, optimised interme-
diate adsorption, and lowered water-dissociation barriers while
suppressing chlorine evolution, enabling energy-efficient
seawater hydrogen production.
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Alternating electrodeposition produced (P-Co/Niz;P)A;/NF,
a hierarchical heterostructure that required 10 mV for HER and
—79 mV for HzOR at 10 mA cm > and remained stable for 20 h
(Fig. 7d).** Synergistic P-Co/NizP phases furnished abundant
active sites, tuned electronic structure, and accelerated charge
transfer. The electrolyser operated at 50 mV for 300 mA cm ™2,
cutting 1.77 V off conventional water splitting. The method
offered scalable, low-cost fabrication of self-supporting elec-
trodes. Electrodeposition plus phosphidation produced a 3D
Ni,P/Co,P microsphere array on Ni foam. XPS and DFT
calculations showed interfacial electron redistribution that set
AGy+ to 0.07 eV for HER and lowered HzOR barriers. The
catalyst required 70 mV for HER and 230 mV for HzOR at 10 mA
cm™?, with Tafel slopes of 69 and 14 mV dec™". A 0.1 V potential
coincidence region (Fig. 7e) enabled self-activated electrolysis
without external power. Practical uses included seawater
hydrazine splitting (107 mV@100 mA cm 2, 96 h stable),
wastewater treatment, and Zn-Hz batteries achieving 95% effi-
ciency. A ligand-controlled hydrothermal route selectively
produced Ni,P and Ni;,Ps phases.’® Thiol ligands stabilised
Ni,P, whereas carboxylate ligands drove conversion to Ni;,Ps
within 5 h. The ligand-capped Ni,P exhibited a mesoporous
architecture and a high electrochemically accessible surface
area (100 uF cm ), resulting in superior bifunctional activity
toward HER and HzOR, as summarised in Table 2. The
performance arose from favourable H,O adsorption, rapid
charge transfer, cysteine-mediated electron donation, and
a stable nanoparticle network that endured 12 h of operation
(Fig. 7f and g). A hydrothermal-phosphating route produced
CoP/Ni,P nanowires on Ni foam.'* Vertically aligned hetero-
structures delivered —75.1 mV for HzOR and 216.1 mV for HER
at 10 and 300 mA cm >, respectively, and required only 0.108 V
for hydrazine-assisted splitting versus 1.695 V for conventional
electrolysis. Synergistic CoP-Ni,P interfaces accelerated charge
transfer, tuned intermediate adsorption, and exposed abundant
active sites, while nanowires promoted mass transport.

Hydrothermal growth followed by phosphidation produced
Ni-Co-P/NF, a 3D nanoarray of CoP nanoparticles on NiCoP
nanowires.** It required 37 mV for HER and —61 mV for HzOR at
10 mA cm 2, and remained stable for 100 h. The hetero-
structure tuned the electronic configuration, lowered energy
barriers, and introduced a new N-N cleavage pathway above
0.2 V. Transiently oxidised MPO, was self-repaired by hydrazine
to active MP, ensuring durability. An electrolyser reached 500
mA cm ? at 0.498 V, and a hydrazine-fuel-cell-coupled system
delivered 19.6 mol h™* m 2 of H,. A dual-cation Cu/Co co-
doping strategy introduced —3.62% compressive strain into
Ni,P, yielding the Cu;Co,-Ni,P/NF catalyst.” This strain-
optimised material delivered 10 and 100 mA cm > at only
0.16 V and 0.39 V, respectively, for hydrazine-coupled electrol-
ysis. The strain tightened intermediate adsorption, lowered
energy barriers, and shifted the d-band centre toward the Fermi
level (Fig. 7h). DFT confirmed that the compression reduced the
potential-determining step barrier for HZOR and accelerated
water dissociation for HER, leading to markedly enhanced
bifunctional performance.

This journal is © The Royal Society of Chemistry 2026
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Among the catalysts studied, Ru-cluster-decorated NiCoP
(RuC-NiCoP) stands out for its exceptional bifunctional activity.
It required only 10 mV (HER) and —89 mV (HzOR) at 10 and 100
mA cm 2, cutting 1.77 V off traditional electrolysis. Ru clusters
enhanced charge redistribution and lowered energy barriers.
Coupled with a direct hydrazine fuel cell, it produced 4.9 mmol
H, cm™? h™', offering superior efficiency, low energy
consumption, and remarkable stability, ideal for industrial
hydrogen production.

4.5 Nickel chalcogenides

Nickel chalcogenides, especially sulfides and selenides, have

View Article Online
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their metallic conductivity, tunable electronic structure, and
intrinsic catalytic activity. The integration of heteroatoms,
interface engineering, and vacancy modulation within these
systems has yielded significant progress in HzOR and HER,
often surpassing traditional OER-based electrolysers.

4.5.1 Sulfides. Ni-based sulfides have demonstrated excel-
lent activity in HzOR and HER due to their intrinsic metallic
conductivity, defect tolerance, and favourable surface
chemistry.

The Ni/Ni;S,/1T-MoS,/CC catalyst, synthesised via a one-step
hydrothermal approach, featured a hierarchical architecture
with expanded interlayer spacing (1.17 nm) and a metallic 1T-

5 o .
emerged as promising bifunctional electrocatalysts owing to MoS, phase.® Its superhydrophilic and superaerophobic
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Fig. 8 (a) EDS elemental mapping images of NiCoMoS@Ni(CN),, Reproduced from ref. 156, with permission from Elsevier, International Journal
of Hydrogen Energy, 2024, 86, 554-563., Copyright 2024. (b) Long-term durability test of hydrazine electrolysis at a current density of 100 mA
cm™2 without iR compensation using symmetric NiIMoPSO NCAs/NF electrodes, Reproduced from ref. 158, with permission from ACS, ACS
Catalysis, 2022, 12, 14387-14397, Copyright 2022. (c) Schematic illustration of the synthesis strategy for ZIF67@CoNiSe hybrid nanostructure.
Reproduced from ref. 160, with permission from Elsevier, Journal of Colloid and Interface Science, 2023, 630, 888-899, Copyright 2023. (d)
Nyquist plots measured at 0.2 V vs. RHE along with H, generation performance comparison using a two electrode MoSe,@NiSe NW/NF (2 : 1)
electrolyser, Reproduced from ref. 161, with permission from Elsevier, International Journal of Hydrogen Energy, 2024, 78, 1048-1059,
Copyright 2024. (e) Comparison of HER-OER coupling in freshwater and HER-HzOR coupling in seawater using Ru—(Ni/Fe)C,O4 catalyst at 25 °
C, Reproduced from ref. 166, with permission from Elsevier, Applied Catalysis B: Environmental, 2023, 325, 122354, Copyright 2023. (f) Schematic
diagram of PLIL-assisted synthesis method for Pd/PdO nanoparticle decorated Niz(POy,),-8H,O microflower structure, Reproduced from ref.
168, with permission from Elsevier, International Journal of Hydrogen Energy, 2024, 57, 176186, Copyright 2024. (g) UV-vis absorption spectra
and optical image showing the colourimetric detection of NoH, in electrolyte after electrolysis at 500 mA cm™2 using Pt@NiFc-MOF, evaluated at
different time intervals, Reproduced from ref. 48, with permission from Wiley, Advanced Functional Materials, 2025, 35, 2401011, Copyright 2025.
(h) TEM image of Ru./NiFe-LDH electrocatalyst, Reproduced from ref. 169, with permission from Wiley, Advanced Materials, 2024, 36, 2401694,
Copyright 2024.
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surface enhanced electrolyte access and gas evolution, enabling
excellent bifunctional activity with a 24 mV HER overpotential
and near-zero HzOR onset. DFT studies revealed a remarkably
low energy barrier (0.06 eV) for HzOR. Notably, seawater elec-
trolysis required only 17 mV at 10 mA cm ™ > and remained stable
for 100 h under solar power, highlighting the synergy of phase
engineering and Ni doping.

A Co incorporated hybrid, Co-FeNiSOH/NFF, fabricated via
a two-step oxidation process, comprised CoS-decorated nano-
sheets with uniformly distributed Co**, Fe**, and Ni** species.**
As summarised in Table 2, the resulting multiphase interphase
exhibits excellent bifunctional activity toward HER and HzOR
together with high faradaic efficiency and long-term operational
stability. The superior performance is attributed to synergistic
charge redistribution and adsorption-energy modulation at the
multiphase interface, as well as a large electrochemically
accessible surface area and accelerated charge-transfer kinetics.
In another design, NiCoMoS@Ni(CN), core-shell catalyst was
synthesised via thiolate-induced defect engineering. The
metallic NiCoMoS core offered high conductivity, while the
Ni(CN), shell ensured structural integrity Fig. 8a."** Abundant
sulfur vacancies and interfacial modulation promoted efficient
kinetics, enabling HzOR and HER at overpotentials of 25 mV
and 175 mV, respectively, at 100 mA cm >, The catalyst deliv-
ered 0.36 V at 200 mA cm > with 100% faradaic efficiency,
highlighting its practical potential.

A mixed-phase Ru-VO,/Ni;S, heterostructure, developed
through hydrothermal synthesis and Ru doping, integrated
a crystalline Ni;S, core with an amorphous Ru-VO, shell.**” As
summarised in Table 2, the amorphous/crystalline interphase
together with Ru-induced electronic modulation substantially
increases the density of accessible active sites and promotes
rapid charge transport. These synergistic effects endow the
catalyst with outstanding multifunctional electrocatalytic
capability and long-term operational stability in hydrazine-
assisted water-splitting systems. Gao et al. introduced a high-
entropy NiMoPSO electrode with a hierarchical nanocolumn
structure and multiphase composition.**® DFT calculations and
scanning electrochemical microscopy (SECM) analyses
confirmed superior electronic conductivity and reaction
kinetics. The catalyst achieved ultralow overpotentials of 41 mV
(HER) and —59 mV (HzOR) and long-term stability (Fig. 8b).
When powered by waste solar cells, the system delivered 1600
mA cm 2 at 0.551 V, reducing energy costs by ~73%.

In another report, Praveen et al. developed a P-NiCo,S,
electrocatalyst via one-step hydrothermal synthesis using red
phosphorus, which enabled direct phase formation and
enhanced electronic properties.”® The catalyst exhibited
outstanding bifunctional activity, requiring only 0.19 V for
HzOR and 0.24 V for overall hydrazine splitting, significantly
lower than traditional water electrolysis. DFT analysis revealed
improved charge distribution and lattice stability. The catalyst
also demonstrated long-term durability without relying on
costly metal substrates. Among Ni-based sulfides, the mixed-
phase Ru-VO,/Ni;S, heterostructure excels due to its crystal-
line core and amorphous Ru-VO, shell, which synergistically
enhances active site density and charge transport. It delivered
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ultralow overpotentials of 7 mV (HER), —66 mV (HzOR), and
215 mV (OER) at 10 mA cm™?, with a record-low hydrazine
splitting cell voltage of 15 mV and stable for 100 hours opera-
tion, marking it as a highly efficient, durable catalyst for
hydrogen production.

4.5.2 Selenides. Nickel selenides exhibit superior electro-
catalytic performance due to their enhanced conductivity,
tunable Ni-Se interactions, and superior corrosion resistance.

The ZIF67@CoNiSe-3 catalyst, featuring a core-shell nano-
flower structure with porous ultrathin nanosheets.'* Fabricated
via ultrasound-assisted self-assembly and electrodeposition
(Fig. 8c), the catalyst offered a high surface area (476.9 m*> g™ )
and abundant active sites. It exhibited excellent HER (49 mV at
10 mA cm~?) and HzOR (400 mA cm ™ at 0.13 V) performance.
DFT calculations revealed that synergistic effects and favour-
able energetics enhanced its catalytic activity and stability.

A hierarchical MoSe,@NiSe core-shell heterostructure
nanoarray grown on nickel foam as an efficient bifunctional
electrocatalyst for water splitting and hydrazine-assisted
hydrogen production.'®* Synthesised via in situ selenylation of
Ni(OH), nanorods with MoSe, deposition, the catalyst featured
a unique 1D/2D architecture. It achieved low overpotentials for
HER (105 mV) and OER (220 mV) and required only 0.50 V for
hydrazine-assisted splitting. EIS confirmed excellent charge
transfer kinetics, revealing a low charge transfer resistance of
just 0.5 Q cm™? for HzOR (Fig. 8d). DFT analysis showed that
enhanced activity was due to interfacial electron transfer and
optimised intermediate adsorption. The NiSe-2 catalyst, syn-
thesised via one-step electrodeposition, exhibits a nanoporous
morphology, with an optimised Ni/Se ratio (1:1).>® This struc-
ture promoted a highly active surface area and facilitated elec-
tron transport. NiSe-2 achieved a low OER overpotential
(252 mV at 10 mA cm™ %) and high HzOR current density (318
mA cm > at 0.4 V vs. RHE). Its superaerophobic nature and
mixed conductive Ni;Se,/NiSe, phases facilitated mass trans-
port and stability.

In a hybrid electrolysis setup, it delivered a low cell voltage of
0.356 V, underscoring its practical viability. The study devel-
oped a defect-rich Ni-Cu-Se electrocatalyst with hierarchical
porous nanosheets and NiSe,/CuSe heterojunctions via hydro-
thermal synthesis and defect engineering.'®> As summarised in
Table 2, the catalyst exhibits excellent bifunctional activity and
stability in hydrazine-assisted hybrid electrolysis systems. The
enhanced performance is attributed to defect-induced charge
redistribution at the heterointerface and superaerophobic
surface characteristics, which collectively facilitate efficient gas
release, rapid charge transfer, and durable operation, offering
a cost-effective strategy for sustainable hydrogen production.

Li et al. developed a bifunctional NiSe/NF electrocatalyst
composed of ultrathin NiSe nanosheets (3-5 nm) grown on
nickel foam via hydrothermal synthesis and selenization.**® The
catalyst exhibited excellent HER (95 mV at 10 mA em™*) and
HZzOR (100 mA ecm ™~ at 0.35 V) performance. In a two-electrode
system, it achieved an ultralow cell voltage of 310 mV and stable
operation for 30 hours. Its high activity stemmed from the
nanosheet structure, electronic optimisation, and strong
substrate adhesion.

This journal is © The Royal Society of Chemistry 2026
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Wang et al. developed a bifunctional P/Fe co-doped NiSe,
electrocatalyst with ultrathin nanosheets (3-5 nm) grown on
modified nickel foam for efficient hydrazine coupled electrol-
ysis.’®* Synthesised via electrodeposition, selenisation, and
phosphorus doping, the catalyst achieved low overpotentials of
74 mV for HER and 200 mV for HzOR. In a two-electrode system,
it delivered a cell voltage of just 310 mV at 10 mA cm > and
maintained excellent stability over 100 hours, attributed to P/Fe-
induced electronic tuning and a favourable “2 + 2” reaction
mechanism. Ru-doped NiSe (Ru-NiSe) nanoparticles syn-
thesised via hydrothermal synthesis for efficient freshwater and
seawater electrocatalysis.'®® Ru®>" incorporation into the NiSe
lattice enhanced charge mobility and active site density. The
catalyst achieved excellent HzOR (0.70 V) and OER (1.57 V)
performance, with even better efficiency in seawater. The
substitution of OER with HzOR reduced the cell voltage by
0.78 V and boosted hydrogen production by 1.8x, demon-
strating strong promise for seawater splitting applications.

Among nickel selenides, the Ru-doped NiSe (Ru-NiSe)
nanoparticles stand out for their enhanced charge mobility and
increased active site density due to Ru®*" incorporation. They
deliver excellent HZOR (0.70 V) and OER (1.57 V) performance,
reducing cell voltage by 0.78 V when replacing OER with HzOR,
thereby boosting hydrogen production by 1.8 x, demonstrating
superior efficiency and strong potential for sustainable fresh-
water and seawater hydrogen electrocatalysis.

4.6 Nickel oxalate and phosphate

Nickel oxalate and phosphate materials were explored as
versatile platforms for HzOR and hydrazine-coupled electrolysis
due to their structural flexibility and tunable electronic
properties.

A notable example was a Ru-implanted Ni/Fe-oxalate solid-
solution electrocatalyst (Ru-(Ni/Fe)C,0,), synthesised through
an impregnation and solvothermal method. The catalyst
featured a hierarchical microstructure with abundant high-
index facets and exhibited outstanding trifunctional activity,
achieving ultralow overpotentials for HER (42 mV), HzOR (0.062
V), and OER (1.486 V).'** In a HER-HzOR seawater electrolyser, it
delivered a current density of 10 mA cm™> at only 0.01 V, rep-
resenting a 1.4 V reduction compared to conventional HER-OER
systems (Fig. 8e). This exceptional performance was attributed
to the Ru-Ni/Fe synergistic interaction, efficient charge trans-
port, and long-term stability at 500 mA cm ™ and 80 °C without
chlorine evolution. Another study reported the development of
an SNiC,0,-Nb,Os/NF hybrid catalyst with a unique prism-
sphere morphology, synthesised via a low-temperature two-
step method.'® Electron transfer from Ni to Nb optimised the
electronic structure, enhancing both HER and OER perfor-
mance. Additionally, Nb,O5 promoted water dissociation and
reduced the energy barrier for the Volmer step. The catalyst
exhibited low overpotentials for HER (155 mV) and OER (293
mV) and enabled a 1.41 V reduction in overall voltage by
replacing the sluggish OER with HzOR, owing to synergistic
interactions and improved charge transfer dynamics.

This journal is © The Royal Society of Chemistry 2026
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In a separate study, a Pd/PdO-NiPh hybrid catalyst was
fabricated via a one-step pulsed laser irradiation method,
forming a microflower-like morphology with Pd/PdO nano-
particles uniformly distributed on NiPh'®® (Fig. 8f). Structural
and XPS analysis confirmed monoclinic Niz(PO,),-8H,0
formation and revealed electron transfer from Ni to Pd/PdO,
which modulated the electronic environment and enhanced
catalytic performance. The catalyst achieved overpotentials for
HER (298 mV) and HzOR (506 mV) and enabled hydrazine
coupled electrolysis at just 0.538 V. Synergistic effects and
phosphate-induced electron donation boosted performance,
offering a scalable, energy-efficient hydrogen production
strategy.

4.7 Nickel-based metal-organic frameworks (MOFs)

Nickel-based MOFs have shown great promise for HZOR and
HER due to their tunable porosity, high surface area, and ability
to host multi-metal active sites. Interface engineering, doping,
and heterostructure formation further enhance their catalytic
efficiency.

For example, a Pt@NiFe-MOF Mott-Schottky heterojunction
catalyst was synthesised via a two-step hydrothermal and in situ
etching method,* exhibiting excellent performance for hydra-
zine oxidation (1500 mA cm > at 357 mV) and hydrogen
evolution (100 mA cm™? at 71 mV). The built-in electric field at
the Pt/NiFe-MOF interface enhanced electron transfer and
intermediate adsorption, while the nanosheet morphology and
oxygen vacancies improved mass transport and conductivity.
Beyond electrocatalysis, it degraded hydrazine in wastewater
(718 ppb to 6 ppb in 120 min, (Fig. 8g)) and achieved 415.2 mW
cm 2 in a hydrazine-H,0, fuel cell.

A hierarchical Ir-doped Ni/Fe-MOF (MIL-(IrNiFe)@NF) cata-
lyst synthesised via a one-step hydrothermal method."”® It ach-
ieved 100 mA cm™? at 69 mV for HER and 500 mA cm > at
220 mV for HzOR in seawater. In a two-electrode setup, it
enabled overall seawater splitting at 1000 mA cm™ > with only
0.69 V, significantly reducing energy input. The superior
performance was attributed to Ir-induced electronic modula-
tion, abundant active sites from the microsphere morphology,
and stable NiFe oxyhydroxide formation during operation.

In another study, FeCo-Ni,P@MIL-FeCoNi heterostructure
arrays were fabricated on nickel foam via hydrothermal
synthesis and phosphorization.'”* The catalyst showed excellent
bifunctional activity with ultralow overpotentials (42 mV for
HzOR, 310 mV for HER at 1000 mA c¢cm™?) and long-term
stability. Dual doping and heterojunction engineering opti-
mised electronic structure and reaction kinetics, which enabled
efficient hydrazine-assisted seawater splitting, requiring only
400 mV and saving 3.03 kWh Nm™2 H,, offering a promising
route for sustainable hydrogen production. The study syn-
thesised NiRh-terephthalic acid (BDC) nanosheets on nickel
foam via a solvothermal method, with Rh atoms partially
substituting Ni in the framework.>® The catalyst exhibited
vertically aligned nanosheets with atomic Rh dispersion,
achieving ultralow overpotentials of 49 mV for HER and 17 mV
for HzOR at 10 mA cm ™ in alkaline seawater. Dual active sites
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and electronic modulation enhanced activity, enabling overall
hydrazine-assisted seawater splitting at just 0.06 V with excel-
lent 60 hours stability.

Among nickel-based MOFs, the NiRh-BDC nanosheets show
ultralow overpotentials of 49 mV (HER) and 17 mV (HzOR) at 10
mA cm 2 in alkaline seawater. Their vertically aligned nano-
sheets with atomic Rh dispersion create dual active sites and
optimised electronic structure, enabling efficient hydrazine-
assisted seawater splitting at only 0.06 V with excellent 60
hours stability, making them highly promising for sustainable
hydrogen production.

4.8 Nickel-based layer double hydroxides

Nickel-based LDHs have emerged as promising electrocatalysts
for HzOR and HER due to their layered architecture, high
surface area, and tunable composition. Recent advances have
shown that incorporating noble metals such as Ru into Ni-
based LDHs can significantly enhance their electrocatalytic
activity through electronic structure modulation and improved
active site exposure. A Ru/NiCo LDH heterostructured catalyst,
synthesised via hydrothermal and impregnation methods,
showed excellent bifunctional activity with overpotentials of
19 mV (HER) and —118 mV (HzOR) at 10 mA cm ™ >.*”2 Ru doping
optimised the electronic structure, lowered the d-band centre
and AGy-~ (0.23 eV), and enhanced reaction kinetics. The cata-
lyst offered low charge transfer resistance, abundant active
sites, and achieved 100 mA cm ™2 at just 0.223 V in hydrazine-
coupled electrolysis.

Another Ru cluster-anchored NiFe-LDH heterostructure
(Ru,/NiFe-LDH) was synthesised via a one-step hydrothermal
method, with TEM confirming uniform Ru dispersion on
nanosheets'® (Fig. 8h). The catalyst achieved ultralow over-
potentials of 26 mV (HER) and —75 mV (HzOR) at 10 mA cm >
and maintained stability for 100 hours. It delivered industrial-
scale current (1 A cm > at 0.43 V), offering 79.3% energy
savings. Ru-O-Ni/Fe bridges modulated the d-band and opti-
mised AGy~ (—0.21 eV), as validated by DFT.

4.9 Discussion

The classification of nickel-based catalysts into metallic/alloy,
oxide/hydroxide, nitride, phosphide, and chalcogenide fami-
lies provides a clear framework for analysing their distinct
structural and electronic features toward HzOR and hydrazine-
assisted HER. Considerable progress has been achieved across
all these material classes, with many systems demonstrating
remarkably low overpotentials and favourable reaction kinetics.
At the same time, continued efforts are needed to further clarify
intrinsic activity, stability, and the identity of the true catalyti-
cally active phases under operating conditions.

In many reports, catalytic performance is primarily evaluated
using geometric current densities, which allows rapid compar-
ison but may not fully capture intrinsic activity. Metrics such as
turnover frequency (TOF), electrochemically active surface area
(ECSA)-normalised activity, and detailed kinetic parameters
remain less frequently reported.'”**”* For example, Ni/NCNFs—
Rh reported by Wang et al.** and Ni-C hybrid nanosheets by Liu
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et al.** achieved outstanding bifunctional performance at cell
voltages below 0.2 V. These impressive results clearly highlight
the effectiveness of hierarchical architectures and conductive
supports in enhancing apparent activity. Complementary
intrinsic metrics would further enable meaningful bench-
marking across different catalyst families and help distinguish
active-site enhancement from surface-area or mass-transport
effects.

For metallic nickel and its alloys, synergistic electronic
effects between Ni and other transition metals have been widely
explored to optimise the d-band centre and enhance the
adsorption/desorption behaviour of key intermediates. Ni-Cu
CNPs* and NiCo/MoNi, heterostructures™® are typical exam-
ples, demonstrating improved conductivity and faster electron
transfer. However, the underlying electronic interactions are
often only qualitatively discussed based on XPS or DFT-derived
charge distribution, without quantitative correlation to experi-
mentally measured reaction kinetics. In addition, most alloy
catalysts exhibit surface segregation or partial leaching of
secondary metals during long-term electrolysis, leading to
unstable surface compositions.**'”* Extended durability studies
at industrially relevant current densities (>0.5 A cm™?) are rarely
reported.®*** Therefore, although Ni alloys exhibit excellent
initial bifunctional activity, their mechanical robustness and
compositional stability under continuous hydrazine operation
remain key bottlenecks.

In the case of nickel oxides and hydroxides, redox flexibility
(Ni**/Ni**) and rich defect chemistry contribute to high intrinsic
activity. Catalysts such as CoPB@NiFe-OH/NF,"*® NiO/Ru,"
and NiOOH®@CoCu-CH"? have displayed remarkable HzOR
performance due to facile charge transfer and oxygen vacancy-
mediated adsorption sites. However, these materials are
known to undergo dynamic surface reconstruction under reac-
tion conditions, forming amorphous NiOOH or mixed-metal
oxyhydroxide layers. The actual catalytically active species are
therefore difficult to identify conclusively. Few studies have
conducted operando or in situ analyses to monitor this phase
transformation in real time. Moreover, the poor electrical
conductivity of oxide and hydroxide catalysts often necessitates
the use of conductive supports such as Ni foam or reduced
graphene oxide, which complicates attribution of the observed
activity to the intrinsic Ni-based phase.’>'**'"® Additionally,
stability under neutral or saline electrolytes remains insuffi-
ciently examined, limiting the practical deployment of these
systems for large-scale hydrazine-assisted water electrolysis.

Nickel nitrides and phosphides exhibit metallic conductivity
and strong hydrazine adsorption, offering promising bifunc-
tional performance at low cell voltages. However, while nitri-
dation or phosphorisation enhances activity via electron
delocalisation and optimised hydrogen binding, these mate-
rials often undergo surface oxidation or in situ conversion to
hydroxide/phosphate species under alkaline operation.®>*** The
majority of nickel nitrides and phosphides report remarkable
overpotential values (as low as 7-55 mV) but do not critically
address whether the true catalytically active phase is the pristine
nitride/phosphide or a reconstructed derivative. The lack of
operando XPS/XAFS and isotope labelling studies leaves
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mechanistic ambiguities unresolved.'** In addition, the scal-
ability of synthesis routes (such as ammonolysis or phosphi-
dation under reducing atmospheres) poses environmental and
economic challenges rarely discussed in the literature.**>'¢

Across all catalyst categories, integrating kinetic modelling
more closely with experimental observations represents a key
opportunity for future progress. Although DFT modelling is
frequently invoked and has provided valuable insight, future
studies should aim to include solvent effects, double-layer
interactions, and applied potential influence,**** which will
assist predictive catalyst design. Another important dimension
is mass transport and wettability. Several studies have reported
superhydrophilic or superaerophobic architectures that facili-
tate bubble release and enhance electrolyte infiltration, such as
3D Ni NCNA and Zn-NiCoO,_, electrodes.*** Future work
should aim to include a quantitative analysis of bubble
dynamics or hydrazine diffusion under operating current
densities.*® Since gas evolution and mass transfer strongly
influence apparent activity, integrating high-speed imaging, in
situ gas analysis, and modelling of bubble detachment could
offer a more rigorous understanding of structure-function
relationships.*””'7®

Finally, although nickel-based catalysts show outstanding
laboratory performance, long-term stability, safety, and scal-
ability remain major challenges. Hydrazine is a highly toxic and
volatile compound; therefore, strategies to minimise crossover,
leakage, or decomposition must accompany catalytic studies to
ensure safe operation.®”?”® Only a few reports, such as Mo-
Ni,P,@MNF bifunctional electrodes®*® and W-Niz;N nano-
sheets,* have demonstrated extended operation (>450 h), yet
even these are under controlled laboratory conditions.
Expanding such durability evaluations to industrially relevant
electrolytes and current densities, combined with operando
diagnostic tools such as ICP-MS and XAFS, will be crucial for
advancing nickel-based catalysts toward real-world deployment.

5 Machine learning (ML): insights and
prospects for hydrazine oxidation

The integration of ML and deep learning (DL) into electro-
catalysis research has revolutionised the discovery and optimi-
sation of active materials by enabling data-driven predictions
and mechanistic understanding that go beyond conventional
experimental and computational paradigms.’**** Unlike
conventional trial-and-error or even high-throughput DFT
screening approaches, ML accelerates the identification of high-
performance catalysts through the extraction of quantitative
structure-property activity relationships and predictive model-
ling." By learning from both experimental and computational
data, ML enables the rapid exploration of vast chemical spaces
with minimal human bias.'® Particularly in the context of the
HER and OER, ML has already demonstrated remarkable
success in identifying interpretable descriptors, conducting
high-throughput screening, and guiding rational catalyst
synthesis.'®>'#'%” Extending these strategies to the HzOR offers
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a transformative pathway toward designing energy-efficient and
sustainable electrocatalysts for hydrazine-coupled electrolysis.

5.1 ML in HER catalyst design

The HER, proceeding via the Volmer-Tafel or Volmer-Heyr-
ovsky pathway, is highly sensitive to surface electronic structure
and hydrogen adsorption free energy (AGy«).”****'% ML has
been extensively employed to identify key descriptors governing
HER activity, including the d-band centre, Bader charge, work
function, and local coordination environment, providing
insights beyond the traditional Sabatier principle.*****

Early ML-DFT frameworks demonstrated the ability to
rapidly screen non-noble metal catalysts with near-optimal
AGy+ values, significantly expanding the catalyst design space
beyond Pt."> Neural-network-based approaches, including
convolutional neural networks trained on surface structures or
electronic density-of-states representations, have further
enabled large-scale prediction of adsorption energies with near-
DFT accuracy.'***** In parallel, interpretable symbolic regres-
sion methods such as SISSO have successfully derived low-
dimensional descriptors linking electronic structure to HER
activity, particularly for transition-metal-based and single-atom
catalysts.'>%

Beyond computational screening, ML has also been applied
to experimental optimisation of HER catalysts, guiding
precursor ratios, dopant selection, and synthesis conditions
using relatively small datasets."”'*® Representative examples of
descriptor discovery and feature-importance analysis in ML-
assisted HER catalyst design are summarised in Fig. 9. Over-
all, these studies establish ML as a powerful and transferable
framework for accelerating HER catalyst discovery.

Furthermore, the availability of extensive computational
databases (such as Materials Project, Open Quantum Materials
Database (OQMD), Catalysis-Hub and the Open Catalyst
Project) has facilitated data-driven catalyst discovery.>**>*!
These datasets, when combined with feature engineering or
graph-based neural networks like crystal graph convolutional
networks (CGCNN), spectral convolutional network (SchNet),
and materials graph network (MEGNe), have enabled auto-
mated discovery of TM-based HER catalysts with minimal
human intervention.>*

5.2 ML in OER catalyst design

The oxygen evolution reaction (OER) is the kinetic bottleneck in
conventional water electrolysis, involving a complex four-
electron transfer with multiple oxygen-containing intermedi-
ates. Machine learning (ML) has emerged as a powerful
approach for uncovering descriptors that correlate electronic
structure with catalytic performance, enabling data-driven
discovery and optimisation of efficient OER catalysts.>**>*
Using diverse ML models such as artificial neural networks
(ANN), random forest (RF), gradient boosting regression (GBR),
and XGBoost regression (XGBR), multiple studies have estab-
lished predictive frameworks linking catalyst composition,
morphology, and testing conditions to electrochemical
performance.>®?% Interpretable tools such as Shapley Additive
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Fig. 9 (a) Performance of the SISSO model for overall water splitting, Reproduced from ref. 196, with permission from ACS, Chemistry of
Materials, 2025, 37, 3608-3621, Copyright 2025. (b) Relative importance of descriptors calculated from the RRF model, where the dotted lines
represent the definition of descriptors. The authors designate the three Ni atoms as a, B, and y according to their respective distance from the
primary doping site, Reproduced from ref. 198, with permission from ACS, Journal of the American Chemical Society, 2018, 140, 4678-4683,
Copyright 2018. (c) Visualization of feature importance based on scoring values (negative mean squared error) for (a) 12 features in individual ML1
models (ML1pcp, ML1tce, ML cp-fee. and ML15ntop) Using method 1, and (b) 13 features in the ML2 model obtained by merging all the four data sets
using method 2. (d) Metal-wise subscripts ry, r», r3, and r4 correspond to region 1, 2, 3, and 4 with the microstructures, respectively. Reproduced
from ref. 199, with permission from ACS, The Journal of Physical Chemistry Letters, 2022, 13, 7583-7593, Copyright 2022.
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Explanations (SHAP) have revealed that intrinsic properties—
including d-electron count, electronegativity, atomic radius,
magnetic moment, and orbital occupancy (ey/t,;)—play domi-
nant roles in governing OER activity across oxides, LDHs, MOFs,
and multimetallic systems.>*2°¢

Notably, ML analysis of ternary NiFeCo (hydro)oxides iden-
tified the magnetic moment of metal atoms as a critical
descriptor, explaining why ternary active-site environments
outperform mono- and bimetallic counterparts and enabling
ultra-low overpotentials below 200 mV, consistent with experi-
mental observations of amorphous NiFeCo catalysts exhibiting
high activity and long-term stability.>*> Similarly, descriptor-
based ML frameworks have shown that OER performance can
often be predicted from fundamental atomic features without
reliance on exhaustive DFT calculations.?***”” Beyond descriptor
discovery, ML has also been applied directly to experimentally
derived OER datasets, enabling prediction of overpotential,
optimisation of synthesis parameters, and mapping of compo-
sition-activity relationships.?**?* For example, regression
models have been used to optimise Cu/Ni ratios in CuO-NiO
composites and to predict OER activity of (Ni-Fe-Co)O, cata-
lysts with high accuracy, with composition-performance
trends visualised through ML-derived contour maps (Fig. 10a
and b)‘208,209
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It is important to distinguish these data-driven ML
approaches, which aim to extract structure-activity relation-
ships and interpretable descriptors, from machine-learned
interatomic potentials (MLIPs). MLIPs have primarily been
used to accelerate atomistic simulations and explore phase
stability or reaction dynamics, such as in metadynamics studies
of Ni-doped BaTiO; and multicomponent Ru-based alloys.*****
While valuable for understanding structural evolution, MLIPs
do not directly provide catalytic descriptors and are therefore
complementary to, rather than substitutes for, descriptor-based
ML screening. Advanced symbolic regression methods such as
SISSO have further demonstrated strong capability in deriving
low-dimensional analytic descriptors for small datasets typical
of electrocatalysis, including multitask prediction of OER-
related overpotentials and stability windows.******?** In addi-
tion, regularised regression and ensemble models have been
successfully applied to large catalyst datasets, enabling rapid
identification of OER catalysts outperforming benchmark RuO,
and guiding the rational design of bifunctional
electrocatalysts.>'>>*¢

Importantly, the descriptor-discovery and data-driven opti-
misation strategies developed for OER catalysis provide
a transferable methodological framework that can be adapted
to other multi-electron oxidation reactions, including hydrazine
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oxidation, where similar challenges in intermediate adsorption
and reaction kinetics are encountered.

5.3 Lesson for hydrazine oxidation reaction

The HzOR, a key half-reaction in hydrazine-assisted hydrogen
generation, involves sequential N-H bond cleavage and multi-
electron transfer steps, rendering its mechanistic complexity
comparable to that of the OER. Despite extensive experimental
and DFT studies on Ni-based HzOR catalysts, data-driven ML
approaches have not yet been systematically applied to this
reaction. Lessons from ML-guided HER and OER research
indicate that HzOR activity could be effectively modelled using
descriptors related to adsorption energies of hydrazine-derived
intermediates (N,H,, N,H;, N,H,, N,H*), N-H and N-N bond
dissociation energies, charge transfer characteristics, and local
coordination environments.*7>**

To move beyond descriptor concepts borrowed from HER
and OER, we propose a preliminary framework for HzOR-
specific descriptor-guided catalyst design, summarised in
Fig. 11. The framework links reaction energetics descriptors
(e.g., adsorption energetics and N-H activation barriers), elec-
tronic descriptors (e.g., Ni d-band centre and charge transfer),
structural descriptors (e.g., vacancies, strain and coordination
environment), and stability descriptors (e.g., Pourbaix-informed
phase stability) with machine-learning screening and catalyst
design variables, including alloying, defect engineering,
heterointerfaces and morphology control. Through an iterative
feedback loop between DFT, experiment and data-driven opti-
misation, this framework provides a roadmap for accelerating
the discovery of active and stable Ni-based HzOR
electrocatalysts.

Furthermore, integrating experimental electrochemical data
with DFT-derived descriptors, an approach demonstrated for
OER catalysts, could enable holistic modelling of HzOR kinetics
and stability (Table 3).>'*'* Multi-objective ML strategies that

Table 4 Proposed ML and DL models for HzOR catalyst discovery
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simultaneously consider activity and durability, combined with
small-data methods such as SISSO or Gaussian process regres-
sion, offer a practical pathway for accelerating HzOR catalyst
discovery.?'>**>??* The absence of ML studies in HzOR, there-
fore, represents an opportunity to directly transfer mature HER/
OER methodologies to hydrazine-coupled electrolysis.

5.4 Discussion

The section highlights the growing potential of ML and DL
approaches in electrocatalysis, as evidenced by extensive prog-
ress in hydrogen evolution (HER) and oxygen evolution (OER)
research. These studies demonstrate that ML can effectively
extract interpretable structure-activity relationships, identify
key electronic and geometric descriptors, and accelerate catalyst
screening and optimisation. Within this context, hydrazine
oxidation (HzOR) represents an emerging and promising reac-
tion space where these established methodologies can be
naturally extended.

Although HzOR involves sequential N-H bond cleavage
steps, it is thermodynamically favourable toward hydrogen
evolution (E° = —0.33 V vs. RHE) and follows a comparatively
well-defined reaction pathway. In contrast to the OER, which
requires four-electron transfer and multiple oxygen-containing
intermediates, HzOR offers a reaction landscape that is
amenable to systematic modelling. As such, the application of
ML to HzOR is well positioned to benefit from the rich meth-
odological foundation developed for HER and OER, rather than
facing fundamentally greater complexity.

Experience from HER and OER research underscores the
importance of thoughtful feature selection and descriptor
engineering for successful ML implementation. For HzOR,
relevant descriptors can be defined in direct analogy to these
reactions, including adsorption energies of hydrazine-derived
intermediates (N,H,, N,H;, N,H,, N,H*), Bader charge anal-
ysis, local coordination environment, and N-H or N-N bond

Representative Input descriptors
Proposed model alograthim (transferable from HER/OER) Target output
Descriptor-driven SISSO/GPR Adsorption energies of intermediates AE.q4s, AGy,0r, Kinetic
small-data modeling (NZHZ7 NzH; NzHZ, N,H*); N-H/N-N barriers
bond dissociation barriers; Bader charge
redistribution; d-band center; work
function
Hybrid experimental- GBR/RF/SVR Combined DFT and electrochemical Overpotential, current
computational ML data: adsorption energies, charge density, onset potential
transfer, Tafel slope, overpotential,
current density
High-throughput virtual CNN/GNN/CGCNN/ Atomic structure, coordination graph, Predicted AGy,0r, active
screening MEGNet DOS maps, charge density, strain tensor site ranking

Active-learning closed loop

Multitask and
stability-aware ML

Sustainable Energy Fuels

Surrogate ML + DFT +
experimental feedback

Multitask SISSO/Pourbaix
integrated ML

Dynamically updated descriptor
database (adsorption, stability,
conductivity)

Formation energy, dissolution potential,
vacancy formation, electronic descriptors

Multi-objective
optimization: activity +
stability + selectivity
Joint prediction of
overpotential + stability
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dissociation energies. Compared to OER, HzOR does not
require consideration of multiple oxygen intermediates or
detailed e,/t,, orbital occupancy effects, which may simplify
descriptor construction. In addition, the integration of experi-
mental electrochemical data with computational descriptors—
an approach successfully demonstrated in OER studies—offers
a practical route to improving predictive accuracy for HzOR
catalysts.

Moreover, the broad range of ML techniques already estab-
lished in HER and OER research provides a versatile toolkit for
HzOR investigations. Supervised learning methods (e.g., RF,
SVR, GBR), symbolic regression approaches such as SISSO, and
graph-based deep learning models (e.g., GNN, CGCNN) offer
complementary strengths in capturing both linear and non-
linear relationships between structure and activity. These
approaches enable iterative optimisation of catalytic activity
and stability, while interpretable feature-importance analyses
support rational catalyst design. Importantly, the current scar-
city of large HzOR-specific datasets can be viewed as an
opportunity to employ small-data methodologies, such as SISSO
and Gaussian process regression (GPR), which are well-suited to
extracting meaningful insights from limited but high-quality
data (Table 4).

6 Scalability and practical
implementation considerations

Despite substantial advances in nickel-based electrocatalysts for
hydrazine oxidation—-coupled hydrogen production, their prac-
tical deployment remains limited by scalability and system-level
challenges. Beyond catalytic activity, scalable synthesis, safe
and energy-efficient fabrication, stable operation at industrially
relevant current densities, long-term durability, and
electrolyser/system integration must be addressed. From
a manufacturing perspective, the scalability and reproducibility
of electrode fabrication are decisive. Many high-performing
nickel-based catalysts are produced via multistep
hydrothermal/solvothermal synthesis followed by high-
temperature post-treatments, which can be batch-limited and
less attractive for large-scale electrode manufacturing. In
contrast, electrodeposition is widely recognised as an industry-
compatible route because it is scalable, controllable, and
directly applicable to large-area conductive substrates (e.g., Ni
foam, stainless steel), enabling binder-free architectures and
improved electrical/mechanical integrity.”® More broadly,
binder-less/self-supported electrodes are increasingly emphas-
ised for practical electrolysis because they simplify
manufacturing and mitigate binder-induced resistive losses
and delamination risks.**°

A second critical bottleneck is robust operation at industri-
ally relevant current densities. Many hydrazine-assisted systems
are still evaluated at modest current densities, whereas practical
electrolysers commonly operate at high current densities (often
on the order of =1 A cm 2, depending on technology and
conditions), making mass transport, gas management, and
electrode mechanical stability decisive.”®* Accordingly,

This journal is © The Royal Society of Chemistry 2026
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Fig. 12 Schematic roadmap for future directions in Ni-based
electrocatalysts for hydrazine-assisted hydrogen production (OHzS).

electrocatalyst benchmarking is increasingly shifting toward
ultrahigh-current and long-duration protocols, since degrada-
tion processes (surface reconstruction, dissolution/leaching,
interfacial failure) can be strongly accelerated under high-rate
operation.”®> In parallel, stability-focused perspectives high-
light that rigorous durability evaluation must account for
structural/chemical evolution of non-noble catalysts under
operating conditions, rather than assuming the as-synthesised
phase is maintained.>**>*

Finally, hydrazine system-level
constraints. While hydrazine-coupled electrolysis can reduce
the required cell voltage and enable application extensions (e.g.,
wastewater contexts and hybrid configurations), translation
beyond the laboratory requires careful attention to fuel logis-
tics, containment, monitoring, and end-to-end process evalua-
tion.*® In addition, hydrazine's high toxicity necessitates
stringent safety controls during handling and operation, rein-
forcing the importance of system design and risk management
for scale-up.’”**

introduces distinct

7 Conclusions and future
perspectives

Hydrazine coupled electrolysis (OHzS) offers a highly promising
approach for energy-efficient hydrogen production by
leveraging the favourable thermodynamics of the HzOR to
bypass the sluggish OER. Among transition metal-based cata-
lysts, nickel-based materials stand out due to their abundance,
redox versatility (Ni**/Ni*"), and strong hydrazine adsorption
capability. This review has systematically summarised recent
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advances in the synthesis, structural design, and performance
optimisation of Ni-based catalysts, including alloys, oxides/
hydroxides, phosphides, chalcogenides, nitrides, and MOFs,
for efficient HzOR and HER. Key strategies such as synergistic
and interface engineering, electronic structure modulation,
defect and vacancy engineering, surface reconfiguration,
heterostructuring, and wettability control have been shown to
significantly reduce overpotentials, accelerate reaction kinetics,
and improve long-term stability. Furthermore, integrated
bifunctional systems and hybrid electrolysers have achieved
record-low operational voltages, enabling scalable hydrogen
production in freshwater, seawater, and even neutral/acidic
media. DFT calculations and operando characterisation have
deepened mechanistic insights, reinforcing structure—property-
performance relationships. Despite significant progress, several
challenges and opportunities remain for advancing Ni-based
catalysts toward practical hydrazine-assisted electrolysers.
Fig. 12 presents a schematic roadmap summarising the future
directions as follows:

e Atomic-scale interface and electronic structure optimisa-
tion; the catalytic performance of bifunctional Ni-based systems
strongly depends on their local electronic environment. Future
work should focus on precise interface design, hetero-
structuring, and lattice engineering to optimize N-H bond
activation, AGy+, and hydrazine adsorption. Advanced synthetic
approaches such as high-entropy alloying (e.g., NiCoMoPtRu
nanoclusters), atomic layer deposition, and controlled strain
induction (e.g,, via nanotwinning or core-shell lattice
mismatch) may unlock new levels of activity and stability. A
particularly promising direction is the use of single-atom cata-
lysts with isolated Ni sites on MXene or graphene supports,
enabling near-100% atom utilisation and unique coordination
environments that cannot be achieved with nanoparticles.

e Robust ctivity in non-alkaline electrolytes; most high-
performance catalysts are evaluated in alkaline electrolytes
(typically 1 M KOH), while neutral and acidic media remain
severely underexplored. Developing acid-tolerant and
corrosion-resistant Ni-based catalysts is crucial for practical
applications, especially in seawater and wastewater matrices
where pH can vary widely. Surface passivation strategies (e.g.,
carbon coatings, hydrophobic layers), heteroatom doping (e.g.,
with Cr or Mo), and core-shell architectures may help maintain
activity while suppressing competing HER and metal dissolu-
tion. Future studies should systematically evaluate HzOR
performance across pH 1-14 using standardised protocols, and
explore gradient alloying to combine an acid-stable shell with
an active Ni-rich core.

e Operando mechanistic studies: the multistep HzOR mech-
anism requires a deeper understanding under realistic condi-
tions. Future research should integrate operando
characterisation, such as X-ray Absorption Spectroscopy (XAS),
Raman, Fourier Transform Infrared Spectroscopy (FTIR),
Differential Electrochemical Mass Spectrometry (DEMS) and
XPS, with theoretical modelling to identify true active sites,
track dynamic restructuring, and unravel intermediate path-
ways. These insights will guide rational catalyst design beyond
trial-and-error synthesis.

Sustainable Energy Fuels
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e High-current density and long-term stability: for industrial
relevance, catalysts must maintain high performance at current
densities >500-1000 mA cm~> for extended operation (>150 h).
Robust 3D nanoarchitectures, corrosion-resistant supports, and
superaerophobic/hydrophilic surfaces are essential for fast
mass transport, bubble removal, and mechanical durability.
Future reports should include stability data at industrially
relevant current densities rather than only at 10 mA cm™>. Self-
healing catalysts that dynamically repair surface defects or
leached atoms via reversible Ni**/Ni*" redox chemistry, as well
as pulsed electrolysis protocols that periodically reverse poten-
tial to reduce surface poisoning, are emerging concepts that
could dramatically extend catalyst lifetime.

e Sustainable and scalable synthesis: while many high-
performance Ni-based catalysts rely on complex laboratory-
scale syntheses (e.g., multistep hydrothermal or solvothermal
methods, high-temperature ammonolysis), scalable and cost-
effective fabrication methods are needed for practical deploy-
ment. Approaches such as electrodeposition, roll-to-roll pro-
cessing, continuous flow hydrothermal synthesis, and spray
pyrolysis should be optimised for large-area, binder-free elec-
trodes. Flash Joule heating (millisecond-scale thermal pulses)
and plasma-engineered defect creation represent trans-
formative techniques that can directly convert low-cost metal
salts into defect-rich Ni-based catalysts in seconds, without
solvents or lengthy annealing. Life-cycle assessment and
techno-economic analysis will further guide sustainable
implementation.

e Computational and ML approaches; computational and
machine learning approaches. DFT calculations have been
invaluable in revealing adsorption energetics and reaction
barriers. Emerging ML methods, once supported by open
datasets, can complement DFT by accelerating descriptor
discovery, predicting stable catalyst phases, and enabling
virtual high-throughput screening. Future work should focus on
developing HzOR-specific descriptor libraries (d-band center,
N-H bond dissociation energy, hydrazine deformation energy,
N-N bond length change) and applying small data ML methods
(SISSO, Gaussian process regression, random forest) to guide
catalyst discovery. Graph neural networks and uncertainty-
aware active learning can iteratively query the most informa-
tive DFT calculations, maximizing model accuracy with
minimal computational cost. ML should serve as a supportive
tool within broader experimental-theoretical frameworks
rather than the sole driver of discovery. Integration with
Renewable Energy and Environmental Applications; future
studies should focus on coupling OHzS with renewable energy
sources (e.g., solar, wind) for decentralised hydrogen produc-
tion. In parallel, testing catalysts in real wastewater or pollutant-
rich environments can enable dual benefits of hydrogen
generation and pollutant remediation. Designing selective,
fouling-resistant catalysts will b