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Abstract

The increasing concentration of urea in wastewater poses both an environmental challenge and an
opportunity for sustainable hydrogen production through urea electrolysis, which depends on
efficient electrocatalysts. This review focused on nickel-based catalysts due to their high catalytic
activity and stability in alkaline media. Using the PRISMA method, twenty studies published between
2020 and 2025 were analyzed based on current density, cell potential, Tafel slope, and stability.
Through thematic analysis, catalysts were categorized according to their structure, composition,
design strateqy, and performance at 10, 50, 100, and 500 mA cm™2 The review also highlights the
importance of testing catalysts in real wastewater rather than in idealized electrolytes. An effective
catalyst should exhibit a porous or layered nanostructure, multimetallic composition, and surface
doping, while avoiding noble metals and overly complex architectures that hinder charge transfer
and scalability.

Keywords: Catalytic Activity, Nickel-based Catalysts, PRISMA Method, Thematic Analysis, Urea
Electrolysis

Introduction

Urea is a nitrogen-rich compound
commonly found in both industrial and
domestic waste streams (Urbanczyk et al,
2016; Weerakoon et al,, 2023). In industrial
contexts, it is produced in large quantities
and can enter aquatic environments through
wastewater discharge from fertilizer and
chemical manufacturing plants. In domestic
settings, urea is the primary nitrogenous
waste product in mammalian urine,
originating from protein metabolism
218

(Weerakoon et al,, 2023). If untreated, urea
can be hydrolyzed by urease enzymes into
ammonia, which accelerates eutrophication
by depleting dissolved oxygen levels and
causes ecological imbalances and toxic
effects in aquatic ecosystems (Shaban et al,
2024). The resulting nitrogen pollution has
significant implications for environmental
and public health (Masjedi et al., 2024).
Sustainable hydrogen production
through urea electrolysis is an emerging
strategy that offers dual benefits:
environmental remediation and energy
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generation. By replacing the energy-
intensive oxygen evolution reaction (OER) at
the anode in conventional water electrolysis
with the more thermodynamically favorable
urea oxidation reaction (UOR), the overall
cell potential required is drastically reduced.
The theoretical potential for urea
electrolysis is only 0.37 V under standard
conditions (Anuratha et al,, 2022; Ge et al,,
2023; J. Li et al,, 2022). The corresponding
reactions are as follows:
Urea Oxidation Reaction (UOR):

CO(NHz)2(aq) + 60H™ — N, + 5H,0(1) +
CO,(g) + 6e7; E°=-0.46 V vs. SHE (eq.- 1)

Hydrogen Evolution Reaction (HER) in
alkaline media (pH = 14):

6H,0(1) + 6e” = 3H,(g) + 60H™; E° = -0.83 V
vs. SHE (eq.2)

Overall Reaction (UOR/HER):

CO(NHz)2(aq) + H20 — Ny(g) + 3Hz(g) +
COz(g); E°=0.37V (eq. 3)

Compared with the theoretical
potential of 1.23 V for conventional water
electrolysis, which consumes more energy,
urea electrolysis is substantially more
energy-efficient (X. Li et al, 2020). The
corresponding reactions in water
electrolysis are:

Oxygen Evolution Reaction (OER):

2H,0() - Oy(g) + 4H" + 4e™;
E°=+1.23V (eq-4)
Hydrogen Evolution Reaction (HER):

4H" + 4e~ - 2H,(g);
E°=0.00V (eq.5)
Overall Reaction (OER/HER):

2H,0 (1) = 2H2(g) + 02(9);

E°=0.37V (eq. 6)
Furthermore, urea electrolysis provides a
valuable pathway for  decentralized
hydrogen production while simultaneously
reducing harmful nitrogen-based pollutants
in wastewater streams.

Nickel-based catalysts are among the
most extensively studied materials for urea
electrolysis due to their favorable electronic
configuration, redox flexibility, affordability,

and strong affinity for urea and hydroxide
intermediates (Vij et al, 2017). These
catalysts exhibit high electrocatalytic activity
and durability under alkaline conditions,
making them ideal candidates for practical
UOR-HER systems (Anuratha et al.,, 2022; Ge
et al, 2023; ]J. Li et al, 2022). Various
modification strategies, such as
incorporating secondary or tertiary metals,
phosphidation, or supporting on high-
surface-area substrates, have been explored
to further enhance their catalytic properties
(Anuratha et al,, 2022; Ge et al,, 2023; ]. Li et
al.,, 2022).

Despite these advances, there
remains a lack of systematic comparative
analysis linking synthesis methods, catalyst
architecture, and electrochemical
performance under standardized testing
conditions. Existing reviews often emphasize
mechanistic insights or material
characterization without comprehensively
benchmarking performance metrics. For
instance, (Tumiwa & Mizik, 2025)
primarily discusses cost-efficiency processes
for urea electrolysis but provides a limited
comparison of catalyst performance. (Ge et
al., 2023) focuses on mechanistic aspects and
characterization techniques but excludes
studies beyond 2023. Similarly, (Anuratha et
al, 2022) considers catalyst design and
performance but lacks a current-density-
based benchmarking approach and only
covers studies published up to 2021. (J. Li et
al, 2022) prioritizes structural and
morphological analyses without integrating
recent literature or correlating these
features to cell performance, covering
studies only up to 2022.

In contrast, this review presents a
performance-driven evaluation of nickel-
based catalysts for urea electrolysis by
integrating structural and electrochemical
parameters. Studies published between
2020 and 2025 were selected through the
PRISMA (Preferred Reporting Items for
Systematic Reviews and Meta-Analyses)
framework and evaluated based on reported
current densities, cell potentials, Tafel
slopes, turnover frequencies, and stability
under alkaline urea conditions. Through
thematic analysis, the review systematically
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classifies and compares nickel-based
catalysts according to their structural
features, design strategies, compositions,
and performance at key current density
benchmarks (10, 50, 100, and 500 mA cm™2).
This approach provides practical insights
and identifies emerging trends in high-
performance urea catalysts. The analysis
also considers real-world electrolyte
limitations, particularly the discrepancy
between idealized test solutions and actual
urea-containing wastewater, to propose a
more realistic framework for future catalyst
development.

Experimental section

Identification

ACS Publications: 195 articles
PubMed Central : 860 articles
Wiley : 2,488 articles
ScienceDirect  : 477 articles

A 4

Screening
Records screened (n = 200)

v
Eligibility

Full-text articles assessed (n = 54)

Y

Included
Studied discussed in this article
review (n = 20)

only studies reporting key electrochemical
performance indicators, namely current density, cell
potential, and catalyst stability were retained.

Figure 1. Flow diagram summary of literature review
using PRISMA Method

This review employed a systematic
literature search guided by the PRISMA
approach. Figure 1 illustrates the key stages
of this review following the PRISMA
framework. The initial identification phase
involved keyword-based filtering using the
term “Nickel-Based Catalyst for Urea

220

Electrolysis,” limited to publications from
2020 to 2025 and restricted to the “research
article” type. The databases searched
included ACS Publications, PubMed Central,
Wiley Online Library, and ScienceDirect.

Due to access limitations, only open-
access articles were included; subscription-
based content from ScienceDirect was
excluded at this stage. The initial number of
articles identified from each database was as
follows: ACS (195 articles), PubMed Central
(860 articles), Wiley (2,488 articles), and
ScienceDirect (477 articles), yielding a total
of 4,020 articles.

In the screening phase, the top 50
results from each database were selected
based on relevance, as articles beyond this
threshold were generally outside the scope
of this review. This step produced a pool of
200 articles. Abstracts were subsequently
reviewed to ensure alignment with the
review’s focus on UOR and HER, specifically
involving nickel as the primary catalytic
component. This screening process
narrowed the selection to 54 articles.

During the inclusion phase, only
studies reporting key electrochemical
performance indicators, namely current
density, cell potential, and catalyst stability,
were retained. This final selection resulted in
20 articles deemed suitable for detailed
comparative analysis. The distribution of
these included articles by database source
was: ACS (2 articles), PubMed Central (4
articles), Wiley (13 articles), and
ScienceDirect (1 article) (Alex et al., 2024;
Dharmaraj et al., 2024; Fan et al., 2024; Gao
et al, 2023; Goémez-Sacedon et al., 2024;
Huang et al., 2024; Jin et al,, 2024; X. Li et al,,
2024; Ma et al, 2024; Miao et al, 2024;
Parvin et al,, 2024; Qian et al.,, 2023, 2024;
Shaarawy et al,, 2024; H. Wang et al.,, 2021; Y.
Wangetal, 2023; Yangetal., 2024; Yun et al,,
2021;Y.Zhao et al., 2024; Zhong et al., 2022).

The selected articles were further
categorized based on their catalyst synthesis
methods, material compositions, and
performance specifications to identify
respective advantages and limitations. A
comparative analysis was then conducted,
focusing on key parameters such as current
density, cell potential, Tafel slope, turnover
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frequency (TOF), and operational stability.
Catalysts were grouped and discussed
according to trends in architecture,
compositional synergy, and electrolyte
conditions, supported by  relevant
references. The best-performing systems at
benchmark current densities (10, 50, 100,
and 500 mA cm %) were systematically
identified. This methodological framework is
reflected in the Results and Discussion.

Results and Discussion

To provide a structured and
comparative overview of the selected nickel-

based catalysts, Table 1 summarizes the 20
most relevant systems reported between
2020 and 2025. These catalysts were chosen
based on the clear reporting of key
performance metrics, including cell
potential, current density, and stability.
Additionally, supporting parameters such as
the Tafel slope and TOF, when available,
were included to enable a comprehensive
comparison of kinetic behavior and catalytic
efficiency. This tabulation serves as the
foundation for the detailed analyses
discussed in Sections 3.1 to 3.9, where
performance trends and structure-function
relationships are critically evaluated.

Table 1. Electrochemical Performance of Selected Catalysts

Current Cell
Anode/Cat Density Potential Tafel Slope

Catalyst Description -hode (mA-cm™?) (\)] (mV-dec™) TOF Stability (h) Ref.
Moz P@NiCoP Molybdenum- Catalyst 10 1.285 134.01 - 12 (X.Liet
/NF doped nickel- itself al.,, 2024)

cobalt phosphide
nanostructures on
nickel foam

S-doped Sulfur-doped Catalyst 10 1.35 27 - 32 (Fanet

Ni(OH),/Cu Ni(OH); on Cu itself al,, 2024)
composite

P-NiFe@CF Phosphorized Catalyst 10 1.37 107.2 - 8 (Yunet
nickel-iron alloy itself al,, 2021)
on acid-treated
carbon felt

MoNi,/NiO MoNi, alloy and Catalyst 10 1.41 48 0.44 54 (Y. Zhao

heterostructu nickel oxide itself etal,

re heterojunction on 2024)
nickel foam

Tailored Sandwich-like Ni(OH),/Cu 10 1.42 96 - 50 (Parvin

Ni(OH),/CuC Ni(OH),/CuCo Co/Ni(OH), etal,

0o/Ni(OH), composite (anode) 2024)

Composite interfaced with and NiMo
NiMo (cathode)

Ni-BDC-t/NF Nickel-based Ni-BDC 50 1.53 19 - 11 (Huang et
metal-organic 10/NF al.,, 2024)
framework (Ni- (anode)

BDC) nanosheets and
on nickel foam Pt/C/NF
(cathode)

NiCu-NF / a- Porous nickel- NiCu-NF 50 1.6 - - 120 (Dharmar

NiMo-NF copper and (anode) ajetal,
amorphous and a- 2024)
nickel- NiMo-NF
molybdenum (cathode)
coatings on nickel
felt

Co-Ni(OH), Cobalt-doped Pt/C 100 1357 24.7 - 100 (Y. Wang
nickel hydroxide etal.,
on Pt/C substrate 2023)

(Ni(OH)»- Nickel hydroxide- Nickel 100 1.36 30 0.5 60 (Alex et

Ni@CNT) coated Ni oxyhydroxi al, 2024)
nanoparticles de-

modified Ni
(anode, 20
221
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Current Cell
Anode/Cat Density Potential  Tafel Slope
Catalyst Description -hode (mA:cm™2) (\))] (mV-dec™) TOF Stability (h) Ref.
embedded in cm?) and Pt
carbon nanotubes foil
(cathode,
25 cm?)
NiS Nickel sulfide NiS 100 1.39 23.62 0.17 10 (Zhong et
Nanotubes nanotubes Nanotubes al., 2022)
(anode)
and Pt/C
(cathode)
Pt-NiFeP/NF Pt nanoparticles Catalyst 100 1.41 47.7 - 40 (Miao et
decorated on itself al., 2024)
NiFeP/NF
NiFeO/NiFe NiFe oxide bilayer NiFeO 100 1.43 104 - 5 (from 300 (Goémez-
on a metallic NiFe (anode) / min Sacedon
layer NiFe conversion) etal,
(cathode) 2024)
Ru-NiO/p-Ni Ruthenium-doped  Catalyst 100 1.58 45.28 - 100 (Jinetal,
nickel oxide itself 2024)
nanosheets on
porous nickel
NiFeMo-base Layered NiFeMo Ru-NiFeMo 100 1.58 16.77 - 60 (Maetal,
d catalyst alloy nanosheets (cathode) 2024)
on nickel foam and NiFeMo
811
(anode)
Ni,P@Ni- Nickel phosphide Catalyst 100 1.65 43.8 - 20 (H. Wang
MOF/NF nanolayer on Ni- itself etal,
MOF grown on 2021)
nickel foam
NI-P Ultrathin circular Catalyst 109.75 1.52 22.56 - 70 (Yang et
Nanosheets Ni-P nanosheets itself al.,, 2024)
Ni-SOy Sulfur-modified Catalyst 323.4 1.65 - - 80 (Gao et
nickel surface film itself al,, 2023)
CoNi coupled CoNi alloy coupled  Catalyst 500 1.58 30 - 120 (Qian et
with with CoNiMoO itself al., 2023)
CoNiMoO nanoparticles on
nickel foam
N-Ni- Nitrogen-doped Catalyst 500 1.753 38.69 - 100 (Qian et
MoO,/NF Ni-MoO, itself al, 2024)
nanosheets on
nickel foam
Ni-Co-nano- Nickel-cobalt- Ni-Co- 700 1.75 - - 50 (Shaaraw
graphene thin  nanographene nano- yetal,
film composite coating  graphene 2024)
on carbon steel (cathode)
between
two pure Ni
anodes

Catalyst Architecture and Morphology
Catalyst architecture and surface
morphology are critical parameters in
enhancing electrochemical performance
during urea electrolysis. The overall design
determines the number of accessible active
sites and mass-transport characteristics,
local reaction environments, and long-term
stability. Among the 20 studied systems, a

222

clear trend emerged across four Kkey
structural categories.

Nanostructured Arrays and Porous
Architectures

Several high-performing catalysts
employed porous architectures to maximize
surface accessibility, often by using nickel
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foam as a conductive and structurally stable
base, as illustrated in Figure 2 and Figure 3.
For instance, the MoNi,/NiO heterostructure
(MoNis/NiO on Ni foam) exhibited excellent
performance with a low cell potential of 1.41
V at 10 mA cm™2 and a Tafel slope of 48 mV
dec™ (Y. Zhao et al,, 2024). This nanosheet-
array design provides abundant exposed
edges for urea oxidation and enables fast
charge transfer across the heterointerface (L.
Chen et al.,, 2024; Ji et al., 2020). The intimate
contact between MoNi, and NiO likely
promotes synergistic effects and local
electric-field modulation at the interface,
facilitating the adsorption and
deprotonation steps in the urea oxidation
reaction (Bao et al., 2023; Y. Zhao et al,
2024).

Nanostructured Arrays and Porous
Architectures

B, NiCHCO0), o Nound] e
> 0 r—~~ r—4
R \.’\M,.’ Air p s "S HJ/Ar 4
- +<g K P» P 3 - i »
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Figure 2. Synthesis of MoNi,/NiO heterostructure (Y.
Zhao etal, 2024)
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Figure 3. Synthesis of N-Ni-MoO,/NF (Qian et al,,
2024)

Similarly, nitrogen-induced Ni-MoO,
micro/nanoarrays on nickel foam (N-Ni-
Mo0O,/NF) demonstrated how engineered
array morphologies could sustain high
current densities up to 500 mA cm™? while
maintaining a moderate cell voltage of 1.753
V and a competitive Tafel slope of 38.69 mV
dec™® (Qian et al, 2024). The hierarchical
array promotes bubble release and
minimizes diffusion limitations at elevated

operational rates (K. Chen et al, 2024).
Moreover, nitrogen doping via NH;
treatment (see Figure 3) introduces
compressive strain and modulates the
electronic structure, contributing to stable
performance over 100 hours (Qian et al,
2024).

Another representative example is
MoszP@NiCoP/NF (X. Li et al,, 2024), which
combined phosphide functionality with a
porous bimetallic surface. This architecture
enabled hydrogen evolution and urea
oxidation to proceed at a notably low onset
potential (1.285 V at 10 mA cm™?), although
the relatively high Tafel slope indicates
limited interfacial charge-transfer efficiency.
In this regard, the large electrochemically
active surface area (ECSA) of the porous Ni
foam primarily affected cell voltage, while
the kinetics remained governed by the local
electron density at the active metal sites.

The Ru-NiO/p-Ni catalyst (Jin et al,,
2024) also benefitted significantly from a
nanostructured porous framework,
achieving long-term operational stability
exceeding 100 hours. While Ru doping
improved conductivity and bifunctionality,
the porous nickel substrate maintained ion
flow and structural robustness at higher
currents. Both stability and cell potential
were thus enhanced by the porous backbone.
Chemically, such nanostructures influence
electric double-layer formation and preserve
local OH™ and urea concentrations near
active sites, while porosity increases the
number of accessible reaction sites.

Hollow and Tubular Structures

Hollow and tubular morphologies
have been explored to further enhance
catalytic activity by improving bubble
release and exposing inner and outer active
surfaces. These  structures mitigate
concentration polarization and facilitate
efficient mass transport.

As illustrated in Figure 4, the NiS
catalyst synthesized via electrospinning
adopted a nanotubular structure. Such
hollow architectures provide a high internal
surface area that allows deep electrolyte
penetration and mechanical resilience. NiS
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nanotubes, used as anodes in conjunction
with Pt/C cathodes, exhibited a Tafel slope of
23.62 mV dec™* and a TOF of 0.17 s™* (Zhong
et al,, 2022), indicating a highly active and
accessible catalytic surface.

ecC
\ el o
X 3 ’ ot
H e 5o,
[ \ Q o

Urea oxidation reaction

|
|
) -
3/"\\\\ Calcinaton = sovotemal W, Suturation
\ ) / SpE ¥ NaS
—
PVA/siica nanofibers SiO, nanofibers NiSilicate nanofibers NiS nanotubes

Figure 4. Synthesis of N-Ni-MoO,/NF (Zhong et al,,
2022)

In another example, (Ni(OH),)-
Ni@CNT (Alex et al, 2024) embedded
hydroxide-coated nickel nanoparticles
within carbon nanotubes. This hybrid
structure combined hollow internal channels
(from CNTs) with a chemically active
hydroxide shell. The configuration allowed
rapid charge transport along the CNTs while
exposing Ni(OH), surfaces to urea molecules
through external and internal access points.
It supported sustained operation at 100 mA
cm™? and exhibited excellent stability over
60 hours, underscoring the advantage of
chemically compatible tubular frameworks.
The hollow-tubular form enhanced ion
diffusion and accommodated gas evolution
more effectively than dense particles.
Furthermore, NiS offers intrinsic urea-
oxidation activity owing to its distinctive d-
band structure, which facilitates stronger
interactions with urea-derived
intermediates (Aladeemy et al., 2025; Wu et
al.,, 2020; Q. Zhao et al., 2021).

Layered Nanosheets and Two-
Dimensional (2D) Morphologies

Two-dimensional nanosheet
structures, particularly those vertically
aligned on conductive scaffolds, emerged as
a recurring design. For instance, Ni-BDC-
t/NF, a morphology-controlled nickel-
organic framework converted into thin
nanosheets on nickel foam, exhibited a
moderate Tafel slope of 19 mV dec™ and a
cell potential of 1.53 V (Huang et al,, 2024).
224

The flat yet porous morphology maximized
the exposure of metal-organic coordination
sites (Ghosh et al, 2023), while the
underlying nickel foam ensured efficient
charge transport (Huang et al,, 2024; Hu et
al.,, 2019).

The selected area electron diffraction
(SAED) pattern of Ni@CNT, shown in Figure
5, revealed diffraction spots corresponding
to the (002) plane of graphitic CNTs,
indicative of a layered carbon structure, and
the (111) plane of metallic Ni, characteristic
of its face-centered cubic (fcc) lattice. In
contrast, the Ni(OH),-Ni@CNT sample
additionally exhibited diffraction from the
(100) and (110) planes of [-Ni(OH),,
confirming the successful formation of
crystalline nickel hydroxide on the Ni
surface.

A particularly notable configuration
was the Ni(OH),-Ni@CNT system, which
integrated chemically activated carbon
nanotubes with nickel hydroxide layers
(Alex et al, 2024). This hybrid anode-
cathode system achieved a competitive TOF
of 0.5 s™* and a Tafel slope of 30 mV dec™™.
The CNT network likely served as a
conductive scaffold that mitigated Ni
nanoparticle agglomeration and enhanced
electron transport across the electrode (Alex
et al,, 2024; Islam Rubel et al., 2019; Tutar et
al,, 2024). Meanwhile, the in situ generation
of Ni(OH), continuously replenished active
sites during operation, ensuring sustained
catalytic performance over 60 hours.

Another representative system was
the NiFeMo-based catalyst (Ma et al,, 2024),
consisting of alloyed nanosheets deposited
on nickel foam. Its superior activity arose
from its two-dimensional morphology and
trimetallic composition. The sheet-like
structure promoted intimate contact with
the electrolyte, while the incorporation of Mo
into the NiFe matrix enhanced conductivity
and optimized energy-band alignment. Fe
facilitated @ OH~  adsorption, a key
intermediate step in urea oxidation, while Ni
served as the primary active site responsible
for urea molecule cleavage (Alex et al., 2024;
Islam Rubel et al., 2019; Ma et al., 2024; Tutar
et al, 2024).
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This design significantly improved
reaction kinetics, reflected in a remarkably
low Tafel slope of 16.77 mV dec™* at 100 mA
cm™?, one of the best performances among
the reviewed catalysts (Ma et al,, 2024). The
reduced slope indicates accelerated charge-
transfer kinetics and wunderscores the
importance of structural exposure in
promoting catalytic reactions. Moreover, the
robust nanosheet framework maintained
mechanical stability over extended testing
periods, even under industrial-level current
densities.

In summary, layered nanosheet
morphologies primarily contribute to
reducing the Tafel slope and enhancing long-
term durability, owing to their high density
of exposed active sites and synergistic
interactions within the alloyed lattice.

2024)

Composite Layered Interfaces and Core-
Shell Designs
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Figure 6. Preparation of Ni(OH),/CuCo/Ni(OH),
composite (Parvin et al,, 2024)

Advanced composite architectures,
such as the tailored Ni(OH),/CuCo/Ni(OH),

system shown in Figure 6, illustrate how
layering different transition-metal
hydroxides could modulate local electron
density and reaction pathways (Parvin et al,
2024). This composite configuration
achieved a Tafel slope of 96 mV dec™ and a
low cell potential of 1.42 V at 10 mA cm™.
The electrode operated stably for 50 hours,
highlighting the value of composite layering
and Cu-Co interfacial synergy. However, the
relatively high Tafel slope (96 mV dec™)
suggests sluggish charge transfer, likely due
to the dense hydroxide layers limiting ionic
diffusion (L. Li et al.,, 2024; Nagappan et al,,
2023; Parvin et al., 2024).

Although not the most Kkinetically
active catalyst,  this configuration
demonstrates how interfacial charge
redistribution and modified adsorption
properties could arise from the CuCo
intermediate layer (Parvin et al, 2024).
Similarly, the Ni,P@Ni-MOF/NF system
represents a core-shell configuration in
which  phosphide nanoparticles are
encapsulated within a metal-organic
framework (MOF) shell (H. Wang et al,
2021).  This structure exhibited solid
performance, with a Tafel slope of 43.8 mV
dec™® at a cell potential of 1.65 V (100 mA
cm™2), likely attributable to the synergistic
interaction between the conductive Ni,P
core and the porous MOF shell. The latter
maintained electrolyte accessibility while
preventing particle aggregation and metal
leaching (Patel et al., 2023; H. Wang et al,,
2021).

Bimetallic and Trimetallic Systems

The rational design of bimetallic and
trimetallic catalysts has emerged as a
compelling strategy to optimize UOR and
HER. Their superior performance derives
from the ability of multiple metal centers to
modulate electronic structures, increase
active-site density, and tailor reaction
pathways. Among the reported systems,
layered NiFeMo alloy nanosheets grown on
nickel foam exemplified a high-performing
trimetallic platform (Ma et al., 2024).

In this system, Ni served as the
primary conductive backbone, while Fe and
Mo tuned the surface chemistry and reaction
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energetics. The catalyst achieved a cell
voltage of 1.58 V at 100 mA ¢cm™ with an
exceptionally low Tafel slope of 16.77 mV
dec™, reflecting highly favorable reaction
kinetics. The nanosheet morphology
contributed to efficient charge transport,
while Mo likely modified the d-band center,
facilitating intermediate desorption (Ma et
al,, 2024; G. Wang et al,, 2025). The use of
nickel foam as a substrate further enhanced
electrical conductivity and provided a
porous scaffold that maximized -catalyst
utilization (Ma et al,, 2024).

Similarly, the CoNi/CoNiMoO hybrid
system exhibited impressive performance,
sustaining 500 mA cm™2 at 1.58 V with a low
Tafel slope of 30 mV dec’ and high
durability (120 h) (Qian et al., 2023). The
CoNi base alloy provided synergistic
catalytic activity for UOR, while Mo
incorporation enhanced HER facilitation and
overall bifunctionality. The architecture
supports high current density and suggests
that the ternary composition not only
optimizes active-site energetics but also
suppresses catalyst deactivation during
prolonged operation (Qian et al,, 2023).

The NiCu-NF and amorphous NiMo-
NF coupled system also illustrates the
strength of  multimetallic synergy
(Dharmaraj et al., 2024). Although structural
details were limited, the pairing of a NiCu-
based anode with an amorphous NiMo
cathode achieved a cell potential of 1.60 V at
50 mA cm™? and demonstrated excellent
stability over 120 hours. The amorphous
NiMo phase likely provided a high density of
surface defects and active edge sites
beneficial for HER, while the NiCu alloy
anode promoted UOR activity and corrosion
resistance (Dharmaraj et al., 2024; Santos et
al, 2020). This finding emphasizes that
amorphization, combined with
compositional pairing, could yield enhanced
electrocatalytic behavior without requiring
crystallinity.

In a simpler binary configuration, the
Pt-NiFeP/NF catalyst demonstrates the
integration of a noble metal with a
transition-metal phosphide matrix (Miao et
al, 2024). Despite incorporating Pt, the
system achieved a moderate cell potential of
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1.41 V at 100 mA cm™? with a Tafel slope of
47.7 mV dec™™. This performance suggests a
bifunctional role, where Pt accelerated HER
while the NiFeP phase supported UOR.
However, the average performance
underscores that noble-metal inclusion
alone does not guarantee superior activity,
especially in the absence of strong structural
or interfacial synergy.

Finally, the Co-Ni(OH), catalyst on
Pt/C exhibited strong binary performance,
operating at 1.357 V for 100 mA cm™? with a
Tafel slope of 24.7 mV dec™ and maintaining
stability over 100 hours (Y. Wang et al,
2023). The system benefited from the high
conductivity of Pt/C and the redox flexibility
of Co-Ni hydroxides. The low Tafel slope
indicates favorable reaction kinetics, likely
due to efficient charge redistribution
between Co and Ni centers (Gaur et al., 2023;
Y. Wang et al, 2023). Nevertheless, the
reliance on Pt limits scalability and cost
efficiency, reinforcing the need for more
earth-abundant alternatives.

In general, bimetallic and trimetallic
catalysts exerted the most pronounced
influence on Tafel slope and cell potential
through synergistic effects on surface
energetics and reaction kinetics. Across
these multimetallic systems, a consistent
advantage emerged from compositional
synergy combined with rational structural
design. However, performance did not
always correlate with compositional
complexity: Pt-containing systems did not
automatically outperform non-noble
counterparts, and structural optimization
often proved as critical as elemental
selection. Future research should therefore
prioritize elucidating the mechanistic roles
of individual metals within the catalytic cycle
rather than relying solely on compositional
diversity.

Phosphidation and Other Post-
Treatments

Post-synthetic surface modifications,
particularly phosphidation, have emerged as
pivotal strategies for converting
conventional transition-metal precursors
into highly active electrocatalysts for urea
electrolysis. These treatments alter the
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surface electronic structure and introduce
catalytically favorable phases, such as metal
phosphides, which are known for their
enhanced conductivity, stability, and
bifunctionality in UOR and HER.

The  MozP@NiCoP/NF
exemplifies an engineered phosphide
composite that integrates molybdenum
phosphide nanoparticles within a NiCoP
matrix on nickel foam (X. Li et al,, 2024).

Operating at a relatively low cell potential of

1.285 V at 10 mA cm™2 and a high Tafel slope
of 134.01 mV dec™?, this system
demonstrated moderate reaction kinetics
despite its low onset potential.

As illustrated in Figure 7,
phosphidation significantly enhanced the
performance of nickel-based catalysts
compared with their untreated counterparts.
This improvement likely facilitated charge
transfer and accelerated water dissociation
during HER (W. Li et al, 2022; X. Li et al,
2024; Putri et al., 2023), while the NiCoP
dual-metal base promoted efficient UOR
activity. The use of nickel foam as a substrate
further contributed to electrochemical
stability by providing a mechanically robust,
conductive, and porous framework
(Poimenidis et al., 2023; Ratsoma et al,
2023).

750 ——NF
s DN
= Ni-MOF/NF
600 | ~ NiC/NF
== Ni,P@NiC/NF
& = Ni, i-MOF,
,g a0t Ni,P@Ni-MOF/NF
-
= 300F
150
0
1.1 1.2 1.3 14 1.5

Potential (V vs RHE)

Figure 7. Voltage vs. RHE comparison between
phosphidated and non-phosphidated nickel catalysts
(H. Wang etal,, 2021)

The P-NiFe@CF catalyst (Yun et al,
2021) employed a similar phosphidation
approach on a NiFe alloy supported by acid-
treated carbon felt. Although it achieved

catalyst

moderate performance, its operational
stability was limited to approximately 20
hours at 50 mA cm™ likely due to
incomplete phase conversion or weak
interfacial adhesion of the phosphide layer.

Ni-P Nanosheets (Yang et al., 2024)
offer another example of phosphidized
structures. Their circular morphology
maximizes active-site exposure; however,
without strong compositional synergy, the
resulting kinetic performance remains
modest.

In contrast, S-doped Ni(OH),/Cu
(Fan et al., 2024), though not phosphidized,
demonstrates how  alternative  post-
treatment strategies, such as sulfur doping,
could achieve comparable benefits. Sulfur
incorporation increased electrical
conductivity and modulated the local
electronic environment around nickel active
centers. This catalyst performed effectively
at 10 mA cm™2, requiring only 1.35 V, and
remained stable for 32 hours, underscoring
that non-phosphide dopants could also yield
substantial catalytic enhancement.

Similarly, Ni,P@Ni-MOF/NF
synthesized via phosphidation of a nickel-
based metal-organic framework,
exemplified the transformation of an
ordered, porous structure into a catalytically
active composite (H. Wang et al, 2021).
Operating at 1.65 V (100 mA cm™?) with a
Tafel slope of 43.8 mV dec™, this catalyst
benefited from dual advantages: (1) the
formation of conductive Ni,P active species,
and (2) the preservation of the MOF’s
hierarchical porosity, which supported
efficient mass transport and abundant
active-site exposure (W. Li et al,, 2022; X. Li
et al, 2024; Putri et al, 2023) This
combination of structural integrity and
enhanced electronic activity represents a
hallmark of successful post-synthetic
treatments.

Phosphorus  incorporation also
played a key role in the P-NiFe@CF system,
which achieved a low cell potential (1.37 V at
10 mA cm™) and a high Tafel slope (107.2
mV dec™?) but exhibited limited stability (8
h) (Yun et al, 2021). The NiFe bimetallic
composition benefited from electronic
coupling between redox-active centers,
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while phosphorus doping introduced new
surface states that enhanced conductivity
and optimized the binding energies of
reaction intermediates (Putri et al, 2023).
Nevertheless, the elevated Tafel slope
suggests sluggish UOR kinetics, possibly due
to incomplete phosphidation or the
persistence of residual oxide layers that
hinder electron transfer.

Even catalysts not explicitly
categorized as phosphides, such as Pt-
NiFeP/NF (Miao et al, 2024) and
MozP@NiCoP/NF (X. Li et al, 2024),
exemplified the versatility introduced by
phosphidation. The incorporation of
phosphorus reduced the activation energy
for HER by improving hydrogen adsorption
(H«¥) and fine-tuning the electronic
environment of transition-metal centers (W.
Li et al, 2022; Putri et al, 2023).
Furthermore, metal phosphides typically
exhibited superior corrosion resistance in
alkaline media, contributing to extended
operational longevity.

Another intriguing system, Ni-SOy,
demonstrates how sulfur-containing species
could restructure nickel active sites and
selectively suppress water oxidation (Gao et
al, 2023). Although synthesis details
remained limited, its ability to sustain high
current densities (323.4 mA cm™ at 1.65 V)
suggests that the modified surface
morphology supported rapid catalytic
turnover (X. Ao etal., 2022; Qiao et al., 2024).

Overall, phosphidation and related
post-treatment methods have proven to be
transformative not only chemically but also
functionally. Phosphorus incorporation
enhanced electronic conductivity due to its
high electronegativity and strong metal-P
covalency. However, these modifications
must be precisely controlled: over-
phosphidation could produce insulating or
passivating surface layers, while under-
phosphidation led to incomplete phase
transformation and reduced catalytic
efficiency (W. Li et al, 2022; Putri et al,
2023). The most effective systems integrated
phosphidation with strategic substrate
selection, such as nickel foam or carbon felt.
Ultimately, the synergy between the active
phase, conductive support, and hierarchical
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morphology determined the overall catalytic
performance.

Use of Noble Metals

Noble metals such as ruthenium (Ru)
and platinum (Pt) have been incorporated
into urea electrocatalysis systems to
enhance charge-transfer kinetics and
improve intrinsic activity at the electrode
interface. Their high conductivity and strong
affinity for reaction intermediates enable
dual functionality in facilitating UOR and
HER. The rationale for their inclusion is well
established; Pt and Ru exhibit exceptional
electrical conductivity, catalytic activity for
HER, and strong synergistic interactions
when coupled with transition metals (Liu et
al,, 2024). However, their high cost, scarcity,
and limited sustainability pose serious
challenges to long-term scalability (Yu et al,,
2020).

The Ru-NiO/p-Ni catalyst (Jin et al,,
2024) exemplified this approach, leveraging
the synergistic interaction between Ru
nanoparticles and NiO nanosheets supported
on porous nickel. Ruthenium enhanced the
adsorption and activation of OH™ species, a
key step in initiating urea oxidation. This
catalyst demonstrated stable operation
exceeding 100 hours and performed
efficiently at 100 mA cm™2, although its Tafel
slope remained moderate relative to non-
noble alternatives. The primary advantage
was not in lowering the cell voltage but in
maintaining  catalytic  integrity and
bifunctionality over extended operating
periods.

Another representative system, Pt-
NiFeP/NF (Miao et al., 2024), employs Pt
nanoparticles supported on a phosphidized
NiFe matrix. In this regard, Pt contributes a
HER-active interface, making the material
suitable for electrodes in a two-electrode
urea electrolysis configuration. While its
bifunctional activity is notable, the high cost
and scarcity of platinum significantly restrict
practical deployment. Furthermore,
prolonged electrolysis under alkaline
conditions can lead to Pt surface poisoning
through adsorption of carbonaceous
intermediates or leached urea fragments.
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In many systems, Pt has been utilized
primarily as a cathode material to facilitate
HER, while more cost-effective transition-
metal-based materials serve as anodes. For
example, in the Ni(OH),-Ni@CNT system, a
Pt foil cathode (25 cm?) paired with a Ni-
based anode achieved an overall cell voltage
of 1.36 V at 100 mA cm™2 (Alex et al., 2024).
Although this value was impressive, the
performance largely reflected Pt's inherent
HER advantage, which might obscure the
true anodic efficiency of the paired Ni-based
catalyst (Isik et al., 2024; Seo et al., 2025).
Similarly, the Ni-BDC-t/NF framework,
when coupled with a Pt/C/NF cathode,
attained 1.53 V at 50 mA cm™?, suggesting
that the anodic contribution alone might be
insufficient to sustain high-efficiency
electrolysis without noble-metal assistance
(Huang et al,, 2024).

A more integrated approach involves
embedding noble metals directly within the
catalyst architecture to achieve noble-non-
noble synergy. In Pt-NiFeP/NF, Pt
nanoparticles were incorporated into or
supported on the NiFeP framework,
enhancing electron transfer and bifunctional
performance (Miao et al., 2024). This system
reported a cell potential of 1.41 V at 100 mA
cm™? and a Tafel slope of 47.7 mV dec™?,
indicative of accelerated reaction kinetics.
Nevertheless, the long-term durability of
noble-metal components remains a concern:
even trace amounts of Pt are prone to
selective poisoning, dissolution, or
agglomeration under prolonged
electrochemical operation in complex
electrolytes (Chidunchi et al, 2024
Wallnofer-Ogris et al., 2024).

NiS nanotube catalysts, though
paired with Pt/C cathodes, achieved
competitive performance (1.39 V at 100 mA
cm™2, Tafel slope 23.62 mV dec™, TOF 0.17
s™') (Zhong et al,, 2022). The nanotubular
architecture enhanced diffusion and active-
site exposure (Agrawal et al., 2024; Ke et al,,
2021; Zhong et al,, 2022), indicating that the
NiS anode contributed significantly to the
overall catalytic activity, while Pt primarily
facilitated HER at the cathode. This
underscores a persistent challenge in the
field: Pt is often retained as a benchmarking

material, which complicates the evaluation
of true bifunctional performance in non-
noble catalysts.

From a design standpoint, noble
metals also enable atomic-scale engineering,
such as single-atom catalysts or alloying
strategies, which can induce lattice strain,
tune d-band centers, and promote charge
redistribution (Da et al, 2023). In summary,
noble metals remain a powerful yet
problematic component in urea electrolysis.
They deliver superior HER kinetics and
interfacial charge-transfer efficiency (Niu et
al,, 2023), but their use can overshadow the
intrinsic capabilities of the primary catalyst
and undermine the scalability of the system.
Future efforts should focus on either
eliminating noble metals or incorporating
them at trace, atomically dispersed levels
that resist leaching and maximize atomic
utilization.

Support Materials and Substrates

\g’ ~3

Figure 8. SEM image of cleaned nickel foam (NF)
(Dharmaraj et al., 2024)

The choice of support material and
substrate plays a critical role in determining
the overall performance of urea electrolysis
catalysts, serving not only as a mechanical
platform but also as a component that
governs morphology, electronic
conductivity, wettability, active-site
accessibility, and electrochemical stability
(Moriau et al, 2021). Among the studies
reviewed, nickel foam (NF) has been the
most frequently employed support, followed
by nickel felt, carbon-based materials, and, to
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a lesser extent, copper and alloyed
substrates.

As shown in Figure 8, cleaned nickel
foam exhibits a well-defined three-
dimensional porous morphology, offering an
open framework that facilitates uniform
catalyst  deposition. This  structural
regularity enables intimate interfacial
contact between the -catalyst and the
substrate while promoting efficient charge
transfer and ion diffusion. Owing to its high
porosity, superior electrical conductivity,
and strong chemical stability in alkaline
environments, nickel foam serves as a robust
and reliable substrate for electrocatalyst
development (G.-H. Ao et al, 2021;
Poimenidis et al., 2023; Ratsoma et al., 2023).
In some cases, NF also actively participates in
catalysis, especially when transition-metal
compounds are deposited or grown in situ on
its surface. For instance, the
MosP@NiCoP/NF catalyst benefited
significantly from the conductive NF scaffold
(X. Li et al, 2024), achieving a low cell
potential of 1.285 V at 10 mA cm™?, despite a
high Tafel slope of 134 mV dec™*. This
indicates that while the phosphide layer
exhibited kinetic limitations, possibly due to
surface reconstruction or sluggish charge
transfer (Su et al,, 2019), the NF substrate
compensated by enhancing overall electron
transport and gas diffusion (Poimenidis et
al,, 2023; Ratsoma et al., 2023).

Other systems, such as N-Ni-
MoO,/NF and Pt-NiFeP/NF, also
demonstrate how NF supports improve
performance through superior adhesion and
structural integration (Miao et al., 2024; Qian
etal., 2024). For example, the N-doped MoO,
catalyst achieved a remarkably high current
density of 500 mA cm™? at 1.753 V,
underscoring how the open-pore
architecture of NF facilitated bubble release
and mass transport under high reaction flux,
even though the voltage remained relatively
high (Qian et al,, 2024).

In contrast, nickel felt, as used in the
NiCu-NF / a-NiMo-NF system (Dharmaraj et
al, 2024), offers a denser microstructure
than NF while maintaining adequate
porosity for gas and ion movement.
Operating at 50 mA cm™2 for over 120 hours,
230

the felt substrate provided excellent
mechanical stability, making it suitable for
long-term electrolysis applications.

On the other hand, carbon-based
substrates offer advantages such as chemical
inertness, high surface area, and lightweight
structure, and are often used in the form of
CNTs, graphene sheets, or carbon cloth. In
the Ni(OH),-Ni@CNT catalyst, CNTs not only
served as a conductive matrix but also
helped to disperse Ni active species
uniformly, lowering the Tafel slope to 30 mV
dec™* and achieving a respectable TOF of 0.5
s™' (Alex et al, 2024). This hybrid system
demonstrates how nanocarbon supports can
reduce overpotentials by enhancing
electronic conductivity and facilitating
charge separation (Agrawal et al., 2024; Ke et
al., 2021). Carbon felt was also used in P-
NiFe@CF (Yun et al., 2021), enabling lighter
and low-cost electrodes. While it increases
surface area and provides chemical stability,
its conductivity is generally lower than that
of nickel-based substrates unless modified.
This limitation often restricts the current
response under industrial current densities.

A Pt/C substrate was utilized in Co-
Ni(OH), (Y. Wang et al, 2023). While the
Pt/C base enhanced HER kinetics and charge
transfer, it was susceptible to carbon
degradation at higher voltages and could not
withstand prolonged alkaline exposure. For
this reason, its application remains mostly
academic. Similarly, CoNi-CoNiMoO
catalysts likely benefit from an internal
conductive network, though the exact
substrate is not specified (Qian et al., 2023).
Given the high performance (1.58 V at 500
mA cm™?), the underlying support might play
a significant role in heat dissipation and
mechanical durability, especially under
intense current conditions.

There are also examples of non-
traditional supports, such as CuCo/Ni(OH),
sandwich composites on copper mesh,
where the metallic copper likely aids in
uniform current distribution and provides
synergistic interfacial effects between Cu
and Ni species (Parvin et al, 2024). The
resulting catalyst achieved 1.42 V at 10 mA
cm™2, and the high Tafel slope of 96 mV dec™*
indicates that the support might contribute
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more to structural stability than to intrinsic
reaction kinetics.

It is also worth noting that while
support materials enhance performance,
they can become unstable during long-term
cycling, particularly if their surfaces
passivate, delaminate, or corrode in harsh
alkaline or urea-rich environments.
Therefore, the chemical compatibility and
interfacial bonding between the catalyst and
support are as important as their electrical
properties.

Catalyst Classification: Bifunctional vs.
Monofunctional

A crucial perspective in evaluating
urea electrolysis systems lies in
distinguishing bifunctional catalysts, which
catalyze both UOR and HER, from
monofunctional systems, which are active
predominantly toward one half-reaction.
This classification is not merely semantic; it
has profound implications for electrolyzer
architecture, catalyst durability, and overall
system efficiency.

Several of the reviewed -catalysts
exhibited bifunctionality. For instance,
NiFeMo-based nanosheets supported on
nickel foam showed compelling activity at
the anode and cathode, achieving 1.58 V at
100 mA cm™2 with a remarkably low Tafel
slope of 16.77 mV dec™, indicating rapid
kinetics likely arising from synergistic
electronic effects among Ni, Fe, and Mo (Ma
etal,, 2024; Qu et al., 2024). The fact that the
same catalyst class can be used on both
electrodes suggests balanced reaction rates
and stability across both half-reactions,
simplifying reactor design and enhancing
cost-effectiveness.

Similarly, in the case of NiCu-a-
NiMo/NF electrodes, the authors
strategically paired a NiCu-based anode with
an amorphous NiMo cathode, leveraging the
redox flexibility of both systems (Dharmaraj
et al,, 2024). This design illustrates a semi-
bifunctional approach, where metallic
synergy and matched overpotentials
improve full-cell integration. Achieving 1.6 V
at 50 mA cm™?, this system exemplifies how
bifunctionality can be realized either within

a single material or through
complementarily designed electrode pairs.

In contrast, monofunctional catalysts
focus on excelling at a specific half-reaction.
For example, Ni-BDC-t/NF (Jin et al,, 2024;
Tumiwa & Mizik, 2025), used as the anode
with Pt/C as the cathode, was tailored for
efficient UOR, achieving a moderate cell
voltage of 1.53 V at 50 mA cm™2 and a Tafel
slope of 19 mV dec™ . The use of Pt on the
cathode side reflects a monofunctional
strategy (Huang et al., 2024), where separate
optimization pathways are pursued for UOR
and HER. This approach offers advantages in
fine-tuning surface interactions and catalyst
specificity, though it increases system
complexity and material costs due to the
inclusion of noble metals.

Another monofunctional system
involved a NiS nanotube-based anode paired
with a Pt/C cathode, delivering 1.39 V at 100
mA cm™? with a relatively low Tafel slope of
23.62 mV dec™* and a measurable TOF of
0.17 s™* (Zhong et al., 2022). The design was
clearly optimized for UOR, while the cathodic
side relied on the well-established HER
performance of Pt-based materials (Zhong et
al,, 2022). Although effective, this approach
may face scalability concerns due to its
reliance on precious metals.

It is also worth noting that true
bifunctional activity requires stable
operation under oxidative and reductive
potentials, which places considerable strain
on structural stability and interfacial
bonding. Materials such as Ni,P@Ni-
MOF/NF demonstrate potential in this
regard, achieving 1.65 V at 100 mA cm™2 with
a Tafel slope of 43.8 mV dec™?, though their
long-term durability under full-cell cycling
remains underexplored (H. Wang et al,
2021).

In conclusion, bifunctional catalysts
offer compact system design and cost
advantages but often struggle to
simultaneously optimize UOR and HER
kinetics. In contrast, monofunctional
systems allow for greater material
specialization and potentially enhanced
individual reaction performance, albeit with
higher complexity and resource demands. A
promising direction moving forward lies in
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the rational design of bifunctional
heterostructures or hybrid systems that
combine the strengths of monofunctional
specialization within a single integrated
platform.

Performance Benchmarking Across Fixed
Current Densities

A meaningful comparison of
electrocatalysts for urea electrolysis
requires not only performance at a single
metric but also an integrated assessment
across multiple current densities. This
section compares the most promising
catalysts operating at 10, 50, 100, and 500
mA cm™?, prioritizing those with the lowest
cell potential, followed by Tafel slope and
operational stability. Table 2 summarizes
high-performing catalysts across a range of
current densities (10-500 mA cm™?), and the
subsequent analysis explores correlations
between synthesis methods, catalyst
morphology, and electrochemical
performance.

Table 2. Top-Performing Catalysts Across 10-500 mA

cm™2

Best Best
Current Catalyst Catalyst Best
Density (Cell (Tafel Catalyst
(mAcm™?) Potential) Slope) (Stability)
10 MozP@NiC  S-doped MoNi,/NiO
oP/NF (X. Ni(OH),/C  heterostru
Lietal, u (Fanet cture (Y.
2024) al.,, 2024) Zhao et al,,
2024)
50 Ni-BDC- Ni-BDC- NiCu-
t/NF t/NF NF/a-

(Huang et (Huang et NiMo-NF
al, 2024) al.,, 2024) (Dharmara

jetal,
2024)
100 Co- NiFeMo- Co-
Ni(OH), (Y. based (Ma  Ni(OH); &
Wang et etal, Ru-NiO/p-
al, 2023) 2024) Ni (Jin et
al., 2024; Y.
Wang et
al, 2023)
500 CoNi- - CoNi-
CoNiMoO CoNiMoO
(Qian etal, (Qian etal,
2023) 2023)
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Catalysts at 10 mA cm™?2

Lowest Cell Potential:
MosP@NiCoP/NF  exhibited the best
performance at 10 mA c¢cm™2, achieving a
remarkably low cell potential of 1.285 V (X.
Li et al, 2024). This phosphide-based
heterostructure  likely  benefits from
synergistic bimetallic interfaces between
Mo, Ni, and Co. The high efficiency can be
attributed to Mo doping, which enhances
electrical conductivity and alters the surface
charge distribution of the NiCoP matrix,
allowing urea molecules to adsorb and
oxidize more readily. However, the catalyst
showed a relatively high Tafel slope (134 mV
dec™), suggesting that the reaction kinetics
remained sluggish and were likely limited by
OH™ adsorption or intermediate desorption
(X. Li et al., 2024; Poimenidis et al., 2023;
Ratsoma et al., 2023).

Lowest Tafel Slope: S-doped
Ni(OH),/Cu (Fan et al., 2024) demonstrated
the lowest Tafel slope within this group,
measured at 27 mV dec™ . The incorporation
of sulfur introduced defect sites, modifying
the local electronic structure of Ni(OH),,
making the surface more favorable for urea
adsorption and charge transfer. This doping
also reduced the energy barrier for the rate-
determining dehydrogenation of adsorbed
urea intermediates. However, the catalyst
exhibited a slightly higher onset potential
than MosP@NiCoP/NF and only moderated
operational stability.

Highest Stability: MoNiy/NiO (Y.
Zhao et al, 2024) offered the greatest
stability at 10 mA cm™? maintaining
continuous operation for 54 hours. This
catalyst formed a stable heterojunction
between a molybdenum-nickel alloy and
nickel oxide, enabling efficient charge
separation and enhancing the durability of
active sites during extended electrolysis.
Although it did not excel in voltage or
kinetics, its layered interface mitigated rapid
catalyst degradation and preserved surface
reactivity under prolonged alkaline
exposure.
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Catalysts at 50 mA cm™2

Lowest Cell Potential: Ni-BDC-t/NF
achieved a modest cell potential of 1.53 V,
which was notable given the use of an
organic linker (BDC) with a conjugated
aromatic backbone capable of facilitating m-
d orbital interactions with Ni, thereby
enhancing conductivity (Huang et al., 2024).
However, its limited stability (11 h) suggests
structural or chemical degradation during
prolonged operation.

Lowest Tafel Slope: Ni-BDC-t/NF
exhibited the most favorable kinetics with a
Tafel slope of only 19 mV dec™, likely due to
improved charge delocalization afforded by
the biphenyl-dicarboxylic acid ligand (Huang
etal, 2024).

Highest Stability: NiCu-NF/a-NiMo-
NF demonstrated superior durability,
maintaining stable performance for 120
hours. This robustness was attributed to the
alloying of Ni with Mo and Cu, which
inhibited surface passivation (Dharmaraj et al,,
2024). Nonetheless, its cell potential (1.6 V)
was not among the lowest, indicating
possible Kkinetic limitations or elevated
overpotentials resulting from its bulkier
structure.

Catalysts at 100 mA cm™?

Lowest Cell Potential: Both Co-
Ni(OH), and Ru-NiO/p-Ni achieved the
lowest potentials of 1.36 V and 1.58 V,
respectively (Jin et al.,, 2024), (Y. Wang et al,,
2023), with Co-Ni(OH), being more
favorable in terms of energy efficiency. The
layered hydroxide phase benefits from
abundant OH™ adsorption and the presence
of active Ni/Co sites, which synergistically
enhance both OER and UOR (L. Li et al,
2024).

Lowest Tafel Slope: The NiFeMo-
based catalyst outperformed others with a
slope of only 16.77 mV dec™?, indicating
excellent charge-transfer properties. This
finding can be attributed to its well-ordered
alloy nanosheets, which minimize resistance
and improve surface accessibility (Ma et al,
2024).

Highest Stability: Co-Ni(OH); led in
this category with 100 hours of stable

operation, suggesting that its dual-metal
hydroxide phase could provide structural
resilience under continuous UOR conditions.
Ru-NiO/p-Ni also maintained stability for
100 hours, reflecting the robustness of the
NiO matrix and Ru’s oxidation tolerance (Jin
etal., 2024).

Catalysts at 500 mA cm™2

Lowest Cell Potential: CoNi coupled
with CoNiMoO exhibited the lowest cell
potential (1.58 V) among high-current-
density catalysts. The combination of CoNi
and CoNiMoO likely generates a favorable
interface that enhances catalytic synergy
under high-demand conditions (Qian et al,,
2023).

Highest  Stability: =~ The  CoNi-
CoNiMoO system remained stable for 120
hours, demonstrating superior robustness at
high currents, likely resulting from its well-
adhered metal-oxide interface and efficient
gas release facilitated by its hierarchical
structure (Qian et al, 2023; Xiang et al,
2024).

Underperforming Catalysts and Insights

Despite innovative designs, several
catalysts underperformed:

e NiFeO/NiFe exhibited a high Tafel slope
(104 mV dec ") and poor stability (5 h)
(Gémez-Saceddn et al., 2024), likely due
to surface passivation caused by dense
oxide layers and insufficient structural
integration (Nagappan et al., 2023).

e Ni-BDC-t/NF showed good kinetic
performance but degraded after 11 h
(Huang et al, 2024), implying that the
organic linker might hydrolyze or leach
under alkaline electrolysis conditions.

e P-NiFe@CF and Ni,P@Ni-MOF/NF also
displayed limited stabilities (8 h and 20
h, respectively) (H. Wang et al,, 2021;
Yun et al, 2021), despite decent Tafel
slopes. This suggests that phosphidation
on carbon fibers or MOFs may suffer
from interfacial delamination or
oxidative instability during prolonged
UOR operation.

These findings underscore the importance of
not only optimizing electronic configuration
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and surface kinetics but also ensuring
mechanical and chemical stability under
realistic operating conditions.

Rational Design of a Future Catalyst
Prototype

Based on the discussion in previous
sections, an ideal future catalyst should
possess the following features:

e Bimetallic or trimetallic composition,
particularly incorporating elements
such as Co, Ni, and Mo, which have
demonstrated strong synergistic effects
in enhancing urea oxidation kinetics and
catalyst stability.

e Surface doping with non-metallic
elements such as phosphorus (P) or
sulfur (S) to tailor the electronic
structure, increase surface reactivity,
and expose more active sites.

e A highly porous nanosheet or nanofilm
morphology, providing a large
electrochemically active surface area
and facilitating efficient diffusion of urea
and OH" ions.

e Chemically stable and conductive
porous substrates, such as nickel foam
or carbon-based materials, to support
long-term operation under alkaline
conditions and minimize performance
degradation.

e Bifunctionality, enabling the catalyst to
efficiently drive UOR at the anode and
HER at the cathode, thereby simplifying
cell design.

Conversely, the following characteristics

should be avoided:

e Use of noble metals such as Ru and Pt,
which, despite their high activity,
present cost constraints and
environmental concerns, making them
less suitable for large-scale or
sustainable applications.

e Overly complex layered composites
lacking  coherent charge-transport
pathways, such as the BDC linker
structure in Ni-BDC-t/NF, which may
hinder electron mobility and reduce
catalytic efficiency under practical
conditions (i.e., avoid over-engineering
materials).

234

Electrolyte Limitations: Idealized
Electrolytes vs. Real Wastewater

Despite promising performance
metrics, nearly all catalysts discussed in this
review were evaluated in highly controlled
and simplified electrolytes, typically 1 M
KOH with # 0.33-0.5 M urea, approximating
the urea concentration in fresh urine (Akkari
et al, 2025; Gnana kumar et al., 2020; Sanati
et al,, 2023). The use of KOH is primarily due
to its strong alkalinity, which enhances ionic
conductivity compared to NaOH or LiOH
(Scibioh & Viswanathan, 2020). However,
real wastewater contains not only urea but
also a complex matrix of creatinine, uric acid,
ammonium, phosphates, chlorides, sulfates,
and various organic impurities, all of which
may interfere with the electrochemical
process (Akkari et al., 2025).

Furthermore, most studies employed
analytical-grade urea (Alex et al, 2024;
Dharmaraj et al.,, 2024; Fan et al., 2024; Gao
et al, 2023; Gomez-Sacedén et al, 2024;
Huang et al,, 2024; Jin et al.,, 2024; X. Li et al,,
2024; Ma et al, 2024; Miao et al, 2024;
Parvin et al.,, 2024; Qian et al.,, 2023, 2024;
Shaarawy et al.,, 2024; H. Wang et al., 2021; Y.
Wangetal, 2023; Yangetal,, 2024; Yun et al,,
2021; Y. Zhao et al,, 2024; Zhong et al., 2022)
and overlooked the fact that urea is easily
hydrolyzed by microbial urease, especially
during storage or in untreated sewage. This
presents a significant barrier to practical
implementation, as urea rapidly decomposes
into ammonia and CO,, leading to fuel loss
and pH alteration. Therefore, future systems
must consider early-stage separation,
chemical stabilization (e.g., pH conditioning
using KOH), or direct electrolysis near the
source, particularly in decentralized urine-
diverting systems or specific industrial
waste streams.

Wastewater Conditioning for Electrolyte
Compatibility

To maintain urea as the active
electrochemical species, real wastewater
must undergo minimal yet strategic
pretreatment. Effective approaches include
filtration to remove particulates, alkaline
stabilization (pH > 11) to suppress urease
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activity, or the use of chemical inhibitors to
delay urea hydrolysis (Randall et al., 2016;
Svane et al, 2020). More advanced
strategies, such as urea-selective
membranes, could further enrich urea
concentration while removing interfering
species. These mild interventions preserve
urea integrity without introducing excessive
cost or complexity.

What Not to Do: Avoiding Urea-Depleting
Treatments

Several conventional wastewater
treatment processes are incompatible with
urea electrolysis. Biological treatments such
as activated sludge or UASB (upflow
anaerobic sludge blanket) reactors rapidly
degrade urea via enzymatic activity (Rahimi
et al, 2020) and should therefore be avoided
prior to electrolysis. Oxidative treatments
employing strong chemical oxidants, such as
ozone or sodium chlorate, that can break
down urea should likewise be avoided
(Urbanczyk et al., 2016). Similarly, ammonia
stripping, nitrification-denitrification, and
long-term storage without pH control may
convert or remove urea (Urbanczyk et al,
2016; Zhou et al.,, 2023). Other processes,
such as UV-AOPs, coagulation, and
membrane separations, may destroy, bind,
or exclude wurea depending on their
configuration (Urbanczyk et al, 2016).
Consequently, a rethinking of treatment
sequencing is necessary, placing electrolysis
early in the treatment train or designing
hybrid processes that preserve urea while
simultaneously addressing other
contaminants.

Conclusion

This review highlights the critical
need for a systematic and performance-
oriented evaluation of nickel-based
electrocatalysts for urea electrolysis by
bridging the gap between catalyst synthesis,
structural design, and electrochemical
performance. Unlike previous reviews that
have primarily emphasized mechanistic
insights, material characterization, or
economic considerations, this work adopted

a comparative framework grounded in
standardized benchmarking conditions.

Through a thematic analysis of
catalysts evaluated at current densities of 10,
50, 100, and 500 mA cm™?, this study
identified that an ideal catalyst should
exhibit a bimetallic or trimetallic
composition, a porous or hollow
nanostructure, surface doping (e.g,
phosphorus or sulfur), and a stable,
conductive  support material,  while
demonstrating bifunctional activity for both
UOR and HER. Conversely, catalyst designs
should avoid reliance on noble metals and
excessively complex or poorly connected
composite structures that impede charge
transfer.

It is also important to emphasize that
most catalysts discussed in this review were
evaluated under controlled laboratory
conditions  using idealized  alkaline
electrolytes. Therefore, for successful real-
world implementation, wastewater must be
pretreated or conditioned to approximate
the standardized electrolyte environment of
1 M KOH with approximately 0.33 M urea, in
order to ensure compatibility and sustain
catalytic performance.
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