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Efficient and stable electrocatalysts for urea electrooxidation are essential for sustainable energy generation

and wastewater treatment. In this study, a hybrid nanocomposite of nickel cobaltite (NiCo,O4, NCO) and

zeolitic imidazolate framework-8 (ZIF-8), denoted NCO-ZIF-8B, was synthesized using ZIF-8 prepared

by a conventional hydrothermal method, followed by low-temperature annealing. Structural and

morphological analyses using XRD, SEM, EDX, IR, UV-vis, and TGA confirmed the formation of a porous

NCO-ZIF-8B architecture with uniform nanoparticle distribution. Electrochemical measurements in

1.0 M NaOH containing 1.0 M urea demonstrated superior performance of NCO-ZIF-8B compared to

) pristine NCO. Additionally, NCO-ZIF-8B achieved a peak current density of 38.3 mA cm™2 at 0.558 V vs.
iig:gt: %tt:%it&%zrrzz%zzss Ag/AgCl, a lower onset potential of 0.35 V, and a Tafel slope of 47 mV dec™?, outperforming pristine
NCO (Ip = 21.8 mA cm™2, onset potential = 0.41 V, Tafel slope = 69 mV dec™?). The enhanced activity is

DOI: 10.1039/d5ra07606d attributed to increased surface area, improved conductivity, and a higher density of active redox sites.
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1 Introduction

Energy drives all natural and human-made processes, powering
everything from biological functions to advanced technolo-
gies."” It exists in various forms, such as kinetic, potential,
thermal, and electrical, and can be transformed from one type
to another. Sustainable energy production is essential for
meeting global demands while preserving environmental
balance.*® Sustainable energy sources including solar, wind,
hydrogen, geothermal, and biomass rely on naturally replen-
ished resources. These technologies significantly reduce
greenhouse gas emissions and promote a cleaner, more resil-
ient energy future.®'® Renewable energy comes from naturally
replenished sources such as solar, wind, hydro, geothermal,
and biomass. Solar panels capture sunlight, wind turbines
harness moving air, and hydroelectric plants use flowing
water."' ™ Fuel cells are electrochemical devices that convert the
chemical energy of a fuel, typically hydrogen, directly into
electricity, heat, and water.**'* Unlike combustion engines, they
operate without burning fuel, resulting in higher efficiency and
lower emissions.*®"”

Urea fuel cells generate electricity by electrooxidizing urea-
rich solutions, producing electrons, protons, nitrogen, and
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The results highlight NCO-ZIF-8B as a promising electrocatalyst for efficient urea electrooxidation.

carbon dioxide.'" They combine clean energy generation with
wastewater treatment, offering a low-cost, sustainable option
for decentralized power and waste-to-energy applications.>***

Zeolitic imidazolate frameworks (ZIFs) are a subclass of
MOFs composed of transition metal ions (e.g., Zn**, Co*")
linked by imidazolate ligands.*?*** Combining the versatility of
MOFs with the stability of zeolites, ZIFs feature high porosity,
large surface areas, and excellent thermal and chemical
stability. ZIF-8 is one of the most studied ZIFs owing to its
stability and well-defined polyhedral morphology.>*?* Due to
excellent chemical and thermal stability make it suitable for
diverse applications,?”*® including gas storage and separation
(e.g., CO, capture and H, storage),*' adsorption of heavy
metals and dyes from wastewater,*** heterogeneous catalysis
(such as CO oxidation and organic transformations),*** and
electrochemical energy storage or conversion.*** ZIF-8 is also
widely employed as a template or host matrix for hybrid nano-
composites, where its porosity and structural robustness
enhance performance in energy and environmental
technologies.*

Sreekanth et al. synthesized a Co;0, electrocatalyst via
annealing ZIF-67 and investigated its performance for the urea
oxidation reaction (UOR). Electrochemical studies showed that
the ZIF-67-derived Co;0, exhibited a lower Tafel slope (134 mV
dec™), higher electrochemically active surface area, and greater
current density compared to pristine ZIF-67. Chronoampero-
metric analysis further revealed excellent stability during pro-
longed operation, highlighting the potential of ZIF-derived

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Co;0, as a low-cost and efficient electrocatalyst for UOR and
related energy applications.*

Spinel oxides (AB,0O,) are versatile materials with divalent (A)
and trivalent (B) metal ions distributed among tetrahedral and
octahedral sites within a cubic oxygen lattice.*"** Their flexible
structure enables extensive cation substitution, giving rise to
tunable physicochemical properties such as high stability,
multiple redox states, and enhanced electrical conductivity.
These features make spinel oxides attractive for electrocatalysis,
energy storage, and sensing. In particular, bimetallic spinels
like NiCo,0,4, ZnCo,0,, and MnCo,0, show superior electro-
chemical activity over monometallic oxides attributed to
synergistic interactions that enhance electron transfer and
active site availability.***

The combination of spinel oxides with ZIF-8 creates a syner-
gistic catalyst, where spinel oxides provide abundant redox-
active sites and ZIF-8 enhances surface area, porosity, and
charge transfer. This integration improves active site accessi-
bility, reduces overpotential, and enhances stability, leading to
superior catalytic performance.**°

In this work, spinel oxide (NiCo,0,) and ZIF-8 were prepared
and mixed together to enhance the activity toward efficient
electrooxidation of urea in alkaline medium. The prepared
materials were first characterized using several analytical tech-
niques to confirm the structure of the prepared materials. Then
the activity of materials was characterized by electrochemical
techniques like cyclic voltammetry, chronoamperometry, and
electrochemical impedance spectroscopy.

2 Experimental section

2.1. Preparation of ZIF-8

ZIF-8 was also synthesized via a conventional hydrothermal
method. In this approach, 2.97 g of zinc nitrate hexahydrate
(Zn(NO3),-6H,0) and 6.48 g of 2-methylimidazole (MIP) were
dissolved separately in 50 mL of methanol each, maintaining
a molar ratio of MIP to Zn>" of 8 : 1. The zinc solution was slowly
added to the ligand solution under stirring to ensure homoge-
neous mixing, and the resulting mixture was transferred into
a Teflon-lined autoclave and heated at 120 °C for 12 h. After
cooling to room temperature, the formed ZIF-8 crystals were
collected by centrifugation, and washed several times with
methanol to remove unreacted precursors, then dried under
vacuum at 70 °C for 12 h, yielding highly crystalline and
uniform ZIF-8 suitable for the next step.

2.2. Preparation of NiCo,0, spinel oxide

NiCo,0, was synthesized via a co-precipitation method fol-
lowed by calcination. Briefly, 2.908 g of Ni(NOj3),-6H,0 (0.01
mol) and 5.821 g of Co(NO3), - 6H,0 (0.02 mol) were dissolved in
100 mL of deionized water under magnetic stirring to obtain
a homogeneous solution. Ammonium hydroxide (28% NH,OH)
was then added dropwise until the pH reached ~9.0, forming
a greenish-brown precipitate. The suspension was stirred for an
additional 60 min at room temperature, and the resulting solid
was collected by centrifugation, and washed several times with
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deionized water and ethanol, then dried at 80 °C overnight.
Finally, the dried precursor was calcined in air at 700 °C for 3 h
(heating rate: 5 °C min™") to obtain crystalline NiCo,0, spinel
oxide.

2.3. Electrode preparation

The electrodes were prepared by mixing NiCo,0, (NCO) with
different amounts of ZIF-8 to obtain composites containing 10,
20, 30, and 40 wt% ZIF-8, designated as NCO-ZIF-8A, NCO-ZIF-
8B, NCO-ZIF-8C, and NCO-ZIF-8D, respectively. For each
composition, a catalyst ink with a concentration of 20 mg mL "
was prepared in a water/isopropanol solution (1:1, v/v) con-
taining 5 uL of 5 wt% Nafion as a binder, followed by ultra-
sonication for 30 min to form a uniform suspension. A volume
of 20 pL of the resulting ink was drop-cast onto a polished glassy
carbon electrode (0.0707 cm®), giving a catalyst loading of about
0.4 mg. The modified electrodes were dried under ambient
conditions and subsequently activated electrochemically in
alkaline  electrolyte = before  further electrochemical
measurements.

2.4. Electrochemical measurement

The electrochemical measurements were performed in
a conventional three-electrode cell using a Pt wire as the counter
electrode and an Ag/AgCl/KCl (saturated) electrode as the
reference, while the modified GC/NCO-ZIF-8, and GC/Pristine
NCO electrodes served as the working electrode. Cyclic vol-
tammetry (CV), Linear sweep voltammetry (LSV), Constant
potential chronoamperometry (CA), and electrochemical
impedance spectroscopy (EIS) were conducted on an Autolab
PGSTAT128N potentiostat/galvanostat. The EIS data were ob-
tained by applying a sinusoidal AC perturbation of 10 mV over
a frequency range of 1 x 10" to 0.1 Hz, and the spectra were
fitted using the Nova software package (Version 2.1, Metrohm
Autolab, Utrecht, Netherlands). All potentials reported in this
study are referenced to the Ag/AgCl/KCl (saturated) electrode.

3 Results and discussion

3.1. Characterization

The chemical structure of the prepared materials was confirmed
using powder X-ray diffraction (XRD).

The XRD patterns of pristine nickel cobalt oxide (NCO), ZIF-
8, and the NCO-ZIF-8 composite are shown in Fig. 1a. For pure
NCO, the diffraction peaks located at 26 = 30.6° (220), 36.4°
(311), 44.3° (400), 58.6° (511), and 65.7° (440) can be indexed to
the cubic spinel NiCo,0, phase (JCPDS card no. 20-0781),
confirming the successful formation of crystalline NCO.>**> The
relatively sharp and intense reflections further indicate the high
crystallinity of the oxide phase.

For pure ZIF-8, the XRD pattern exhibits characteristic
diffraction peaks at 7.3° (011), 10.3° (002), 12.9° (112), 14.7°
(022), 16.6° (013), and 18.2° (222), which are consistent with the
sodalite-type crystalline framework of ZIF-8 (JCPDS #62-
1030).>*** These sharp reflections confirm the successful
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Fig. 1

synthesis of highly crystalline ZIF-8 and are in good agreement
with previously reported data.

The NCO-ZIF-8 composite exhibits both sets of characteristic
peaks, confirming the coexistence of the NiCo,0, spinel struc-
ture and the ZIF-8 framework without any additional impurity
phases. A slight reduction in the intensity of the ZIF-8 peaks is
observed in the composite, which can be attributed to the
uniform distribution of NCO nanoparticles on the ZIF-8 surface
and partial coverage of its crystal facets. In addition, the NCO
reflections in the composite appear slightly broadened
compared to those of pristine NCO, particularly (311) and (400)
planes, indicating a decrease in crystallite size and possible
lattice distortion induced by the strong interfacial interaction
between NCO and the ZIF-8 framework. These results confirm
the successful integration of NCO with ZIF-8, where ZIF-8 serves
as a porous support that disperses NCO nanoparticles and
suppresses their agglomeration.

The UV-vis spectra of MIP and ZIF-8 are presented in Fig. 1b.
The spectrum of pure 2-methylimidazole shows a strong
absorption band at ~220 nm, which can be assigned to the T —
m* electronic transition of the imidazole aromatic ring. A
weaker shoulder near 270-280 nm can be attributed ton — 7*

39618 | RSC Adv, 2025, 15, 39616-39629

(a) XRD for 2-methyl ZIF-8, NCO, NCO-ZIF-8, (b) UV-vis, (c) TGA, (d) FT-IR for MIP and ZIF-8.

transitions associated with the lone pair electrons of the
nitrogen atoms in the imidazole moiety.

Upon the formation of ZIF-8, the absorption features shift
due to the coordination of Zn>" ions with the nitrogen atoms of
2-methylimidazole. The ZIF-8 spectrum exhibits a broad
absorption edge in the range of 240-260 nm, which is signifi-
cantly different from that of the free ligand, confirming
successful framework formation. The disappearance (or
suppression) of the n — 7* band around 270 nm also supports
the consumption of free imidazole groups upon coordination
with Zn?* 355

The observed shift in the absorption edge reflects the
modification of the electronic structure and charge transfer
properties after Zn-N coordination. This improved electronic
coupling facilitates faster electron transport within the frame-
work. Therefore, the DRS results indicate that ZIF-8 possesses
favorable optical and electronic characteristics that contribute
to its enhanced electrochemical activity.

Fig. 1c shows the TGA and DTG curves of MIP and ZIF-8. The
TGA profile of 2-methylimidazole reveals a single, sharp weight
loss step of nearly 100% between 112 and 180 °C, which is
attributed to the complete volatilization/decomposition of the
organic ligand, as confirmed by the corresponding DTG peak. In

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra07606d

Open Access Article. Published on 21 October 2025. Downloaded on 1/16/2026 10:54:08 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

contrast, ZIF-8 exhibits markedly higher thermal stability, with
only a slight weight loss below 150 °C due to the removal of
adsorbed water or residual solvents, followed by a major
decomposition step in the range of 390-583 °C, during which
approximately 76% of the framework weight is lost. This step
corresponds to the breakdown of the imidazolate linkers and
the collapse of the framework, leaving about 24% residual
mass, likely related to zinc oxide. The DTG curves further
emphasize the sharp degradation of 2-methylimidazole
compared to the broader, high-temperature decomposition of
ZIF-8, demonstrating the stabilizing effect of Zn-N coordination
in the framework.

The superior thermal stability of ZIF-8 ensures structural
integrity during electrochemical measurements, preventing
framework collapse under operational conditions. The strong
Zn-N coordination enhances durability and maintains the
accessibility of active sites. Hence, the TGA results confirm that
ZIF-8 possesses the robustness required for stable and repro-
ducible electrochemical performance.

The functional groups of both MIP and ZIF-8 were charac-
terized by FT-IR spectroscopy. As represented in Fig. 1d, the
FTIR spectrum of 2-methylimidazole shows a peak at 3144 cm ™
corresponding to the N-H stretching vibration,” while the
methyl group at the 2-position is confirmed by the C-H
stretching at 2943 cm ™" and the CH; bending at 1465 cm™'.%®
Ring vibrations are observed at 1617 cm ™" for C=N stretching
with C-N stretching at 1296 cm ™", confirming the intact imid-
azole structure.** In the FTIR spectrum of ZIF-8, coordination
of Zn** with the imidazolate linker is evidenced by the C=N
stretching at 1591 cm ™', C-N stretching at 1161 cm ™", and out-
of-plane C-H bending at 998 cm™’, while Zn-N stretching
appears around 417 cm ™ *.%2%° Comparison of the spectra shows
that the imidazole linker is preserved in ZIF-8, with character-
istic shifts due to coordination with zinc ions, confirming the
successful formation of the ZIF-8 framework from 2-
methylimidazole.

The strong Zn-N coordination and preserved imidazolate
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pathways during electrochemical processes. These well-defined
functional groups facilitate efficient charge transfer between
the active sites and electrolyte. Consequently, the FTIR results
support the enhanced electrochemical stability and activity of
the synthesized ZIF-8-based materials.

The N, adsorption-desorption isotherms (see Fig. 2a and b)
were employed to investigate the surface area and porosity
characteristics of the synthesized NCO and NCO-ZIF-8 mate-
rials. The Brunauer-Emmett-Teller (BET) analysis clearly
reveals that the incorporation of the ZIF-8 framework signifi-
cantly modifies the porosity characteristics of the base material.
The NCO sample, represented in Fig. 2a, exhibits a relatively low
specific surface area of 42.18 m®> g ' and is predominantly
microporous. Such a pore structure is typical of high-selectivity
adsorbents, where physisorption primarily occurs through
strong pore-filling interactions. In contrast, the NCO-ZIF-8
composite (Fig. 2b) displays a surface area nearly twice that of
NCO, reaching 94.8 m> g~'. This pronounced transformation
suggests that the ZIF-8 component was incorporated in
a manner that produced large, loosely packed aggregates or
meso/macro-scale voids between composite particles, thereby
markedly increasing the total pore volume (0.158 cm?® g~ * for
NCO-ZIF-8 vs. 0.127 cm?® g~ ! for NCO). Additionally, the NCO-
ZIF-8 composite would be advantageous for electrochemical
oxidation processes, where enhanced porosity facilitates effi-
cient mass transport, electrolyte penetration, and the rapid
diffusion of reactants and products within the electrode
structure.

The morphological features of the prepared materials were
examined using SEM, as shown in Fig. 3. Pristine ZIF-8 (Fig. 3a)
displays a uniform nanocube-like structure with smooth
surfaces and well-defined edges. The nanocubes are relatively
homogeneous in size and exhibit good dispersion, confirming
the successful formation of ZIF-8 crystals. The well-ordered
morphology and intrinsic microporosity of ZIF-8 provide
a large surface area, abundant adsorption sites, and excellent
structural stability. After the incorporation of NCO, the

framework ensure structural robustness and stable electronic composite (NCO-ZIF-8, Fig. 3b) retains the polyhedral
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Fig. 2 BET for (a)NCO, (b)NCO-ZIF-8.
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Fig. 3 SEM of (a) ZIF-8, and (b) NCO-ZIF-8B. (c) EDX. (d) Elemental mapping.

morphology of ZIF-8; however, numerous NCO nanoparticles
are clearly observed to be anchored on the ZIF-8 surface. The
decoration of ZIF-8 nanocubes with NCO nanoparticles not only
increases the surface roughness but also enhances the interfa-
cial contact, thereby combining the high porosity of ZIF-8 with
the superior conductivity and redox activity of NCO, which is
expected to improve the overall electrochemical/adsorptive
performance of the hybrid material. The elemental composi-
tion of the NCO-ZIF-8 composite was further investigated by
energy-dispersive X-ray spectroscopy (EDX), as shown in Fig. 3c.
The spectrum reveals the presence of C, N, and Zn elements

39620 | RSC Adv, 2025, 15, 39616-39629

originating from the ZIF-8 framework, together with Ni, Co, and
O signals corresponding to the NCO nanoparticles. The coex-
istence of these elements confirms the successful decoration of
ZIF-8 nanocubes with NCO (please see inset Table in Fig. 3c).
The elemental mapping of the NCO-ZIF-8 composite (see
Fig. 3d) further confirms the homogeneous distribution of the
constituent elements. The components C, N, and Zn are
uniformly dispersed, verifying the well-preserved ZIF-8 frame-
work, while Ni, Co, and O are evenly distributed over the ZIF-8
nanocubes, demonstrating the successful anchoring of NCO
nanoparticles. This uniform dispersion of active components is

© 2025 The Author(s). Published by the Royal Society of Chemistry
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advantageous as it maximizes the accessible active sites,
improves interfacial contact, and ensures efficient synergistic
interactions between ZIF-8 and NCO within the hybrid
structure.

The intimate interfacial contact between NCO and ZIF-8
facilitates rapid charge transfer and ion diffusion during
electrochemical reactions. The well-dispersed NCO nano-
particles ensure the exposure of abundant redox-active sites,
which enhances the overall electrocatalytic activity. Therefore,
the observed morphological characteristics directly support the
improved electrochemical behavior discussed in the following
sections.

3.2. Elctrochemical urea oxidation

The electrochemical activity of the modified NCO-ZIF-8 elec-
trodes was evaluated by cyclic voltammetry (CV) in 1.0 M urea
and 1.0 M NaOH solution. Since the activation of nickel-based
electrodes is a crucial step in urea electrooxidation, an activa-
tion procedure was employed to enhance their performance.
This treatment leads to the formation of a highly active nickel
oxyhydroxide (NiOOH) phase, which serves as the main
electrocatalytically active species. The activation was carried out
by repeated CV (50 cycles) at a scan rate of 200 mV s ' in 1.0 M
NaOH. During successive potential sweeps, the continuous
formation of NiOOH results in a progressive increase in current
response. As the number of cycles increases, the NiOOH layer
grows thicker, driven by the presence of OH™ ions that promote
the reversible transformation between Ni(OH), and NiOOH.
Fig. 4a shows CVs of the NCO-ZIF-8B electrode in 1.0 M
NaOH at scan rates ranging from 5 to 100 mV s~ * to evaluate its
redox behavior and charge storage characteristics. The cyclic-
voltammograms exhibit well-defined anodic and cathodic peaks
corresponding to the reversible transformation between
Ni(OH), and NiOOH. The redox peak currents increase pro-
portionally with increasing scan rate, indicating a surface-
controlled electrochemical process. Additionally, a slight posi-
tive shift in the anodic peak potential and a corresponding
negative shift in the cathodic peak potential are observed at
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higher scan rates, which can be attributed to the increased
polarization and internal resistance of the electrode.

The surface coverage (I') of electroactive species on the Ni-
based electrode can be estimated from cyclic voltammetry
data using the linear relationship between peak current density
(9) and scan rate (v) for a surface-confined redox process. For
such systems, the peak current is expressed by the equation:

(nzeATV)

I =
P 4RT

(1)
where I, is the peak current (A), n is the number of electrons
transferred, F is the Faraday constant, 4 is the electrode area, I
is the surface coverage, v is the scan rate, R is the gas constant,
and T is the absolute temperature. The surface coverage can be
provided by plotting current density versus the scan rate.
Whereas, the higher value of surface coverage indicates more
active sites available for redox transitions.

However, the estimated surface coverage for NCO-ZIF-8B was
calculated by averaging the anodic and cathodic surface
coverage values. The provided surface coverage for NCO-ZIF-8B
was 1.9 x 10® mol cm ™2,

In the oxidation mechanism of urea on Ni-based catalysts,
NiOOH acts as the catalytically active species. The oxidation of
urea proceeds after Ni(OH), is electrochemically transformed
into NiOOH, which then oxidizes the urea molecules and reg-
enerated in the redox cycle. As a result, the oxidation of urea on
a nickel-based catalyst is proposed to proceed via the following
mechanism:

(electrochemical activation of nickel-based catalyst)

Ni(OH), + OH™ < NiOOH + H,O + ¢~ (2)
(chemical oxidation of urea by NiOOH)

NiOOH + (NHz)zCO +H,0 — NI(OH)2 + N, + CO,
+6H" + 6¢ 3)

As shown in Fig. 5a, the CV profiles of urea electrooxidation
were recorded on different electrode surfaces, namely pristine
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Fig. 4 (a) CVs of NCO-ZIF-8B at various scan rate ranges (5-100 mV s™3), (b) linear relation between scan rate and current density.
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(a) CV of different surfaces in 1.0 M NaOH and 1.0 M urea, (b) Tafel slope for different surfaces, (c) CV for oxidation of various urea

concentration upon NCO-ZIF-8B. (d) Linear relations between urea concentrations and anodic current.

NCO, NCO-ZIF-8A, NCO-ZIF-8B, NCO-ZIF-8C, and NCO-ZIF-8D.
Two distinct oxidation peaks appeared around 0.55 V, the first
one corresponds to the urea oxidation in the forward scan and
the second to the oxidation of CO and other carbonaceous
intermediates to carbon dioxide during the reverse scan.'®
Owing to the smaller particle size and larger surface area, the
NCO-ZIF-8 composites demonstrated superior catalytic activity
toward urea electrooxidation compared with pristine NCO. A
detailed comparison, particularly highlighting the performance
of NCO-ZIF-8B relative to the other samples, is summarized in
Table 1.

A distinct flipping and crossing of the oxidation and reduc-
tion branches is observed in the potential range of 0.55-0.65 V

(Fig. 4a). This behavior is characteristic of bimetallic hydroxide
and oxide systems and reflects the complex redox interplay
between the active sites involved in urea electrooxidation

During the forward scan, the anodic current arises mainly
from the oxidation of Ni*" to Ni** and Co”>* to Co**, generating
surface NiOOH/CoOOH species that serve as the true active
centers for urea oxidation. However, in the reverse scan, partial
reduction of these species does not occur at exactly the same
potential due to surface reconstruction, adsorbed intermedi-
ates, and kinetic asymmetry between oxidation and reduction
processes.

The apparent crossing of the curves indicates that the
surface is not in a steady state and undergoes potential-

Table 1 Comparison between different surfaces for urea oxidation parameters

Surface Ip (mA cm™?) Ep(V) Tafel slope (mV dec™*) Onset potential (V) Charge transfer coefficient («)
Pristine-NCO 21.8 0.547 69 0.41 0.145
NCO-ZIF-8A 29.2 0.597 65 0.36 0.154
NCO-ZIF-8B 38.3 0.558 47 0.35 0.213
NCO-ZIF-8C 359 0.605 59 0.36 0.170
NCO-ZIF-8D 34.3 0.642 63 0.37 0.159
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dependent reorganization. Adsorbed intermediates such as
CO(NH,),-derived species or carbonate ions may transiently
block or modify the active sites, altering the reduction kinetics
of Ni**/Co®" to their lower oxidation states. Similar behavior has
been reported for Ni- and Co-based catalysts during urea and
alcohol electrooxidation, where dynamic redox transitions
cause non-linear CV profiles and curve crossing near the Ni**/
Ni*" redox region. Therefore, the flipping and crossing observed
between 0.55 and 0.65 V confirm the reversible but kinetically
complex nature of the Ni/Co redox system in alkaline media and
highlight the role of surface restructuring in enhancing the urea
electrooxidation pathway.

Tafel plots for urea electrooxidation were obtained for pris-
tine NCO, NCO-ZIF-8A, NCO-ZIF-8B, NCO-ZIF-8C, and NCO-ZIF-
8D electrodes using quasi-steady-state polarization in a 1.0 M
urea + 1.0 M NaOH electrolyte. The relationship between the
overpotential and the logarithm of anodic current is depicted in
Fig. 5b. The kinetics of the electrode reactions were analyzed
according to eqn (4), which is commonly applied in electro-
chemical studies. The Tafel slope, a key parameter that reflects
the electron transfer rate at the electrode-electrolyte interface,
was determined to be 69, 65, 47, 59, and 63 mV dec ™ for pris-
tine NCO, NCO-ZIF-8A, NCO-ZIF-8B, NCO-ZIF-8C, and NCO-ZIF-
8D, respectively. Using the following relation:

2.303RT

Tafel slope = nF

4)
where Fis Faraday's constant, T'is the absolute temperature, R is
the universal gas constant, and 7 is the number of electrons
involved in the electrooxidation process,

The charge transfer coefficient («), obtained from the anodic
Tafel slopes at 30 °C with n = 6, provides important information
about the kinetics of the urea oxidation reaction (UOR) on the
studied electrodes. The pristine NCO catalyst exhibited a Tafel
slope of 69 mV dec ™', corresponding to an « of 0.145, indicating
sluggish charge-transfer kinetics. Incorporation of ZIF-8 notably
improved the electrochemical behavior, with o values
increasing across the modified electrodes. Among them, NCO-
ZIF-8B showed the most favorable performance, with the
lowest Tafel slope of 47 mV dec™" and the highest « (0.213),
signifying a more effective utilization of the applied potential to
overcome the activation barrier of the rate-determining step.
NCO-ZIF-8C and NCO-ZIF-8D exhibited intermediate behavior,
with Tafel slopes of 59 and 63 mV dec " (« = 0.170 and 0.159,
respectively), while NCO-ZIF-8A (65 mV dec™ ', « = 0.154) di-
splayed a modest improvement over pristine NCO. These results
confirm that coupling NCO with ZIF-8 enhances the charge-
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transfer process during UOR, with the NCO-ZIF-8B electrode
delivering the most efficient catalytic kinetics.

Additionally, the urea electrooxidation performance of the
NCO-ZIF-8B electrode was examined over a wide range of urea
concentrations, from 0.2 M to 1.0 M, in alkaline medium. As
presented in Fig. 5c, the anodic peak current consistently
increased with rising urea concentration, without any sign of
surface saturation within the studied range, furthermore
a linear relation is obtained between anodic current density and
the urea concentration (see Fig. 5d). This indicates that the
active sites on the electrode surface remain accessible even at
high urea concentrations, allowing for efficient oxidation
kinetics. The absence of saturation behavior reflects a favorable
mass transport of urea molecules to the catalyst surface. It
suggests that surface coverage effects under these conditions do
not limit the catalytic process. Therefore, these characteristics
make the electrode highly promising for practical applications
where high urea concentrations are encountered, including
wastewater treatment processes and direct urea fuel cells
(DUFCs), whereas maintaining high current output and cata-
Iytic activity is essential for operational efficiency. The
comparison between the obtained results and others reported
in literature was listed in Table .2.

Linear sweep voltammetry (LSV) was conducted to investi-
gate the urea electrooxidation activity of the NCO-ZIF-8B elec-
trode in 1.0 M NaOH containing urea at scan rates ranging from
5 to 600 mV s ' (see Fig. 6a). The LSV curves exhibit
a pronounced increase in anodic current density with
increasing scan rate, indicating the enhancement of electro-
oxidation kinetics at higher sweep speeds. A slight positive shift
in the onset and peak potentials is observed with increasing
scan rate, which can be attributed to polarization effects and
internal resistance. The relationship between peak current (I,,)
and scan rate was calculated using the following Randles-$
evcik equation:

I, =299 x 10° n(1 — ) ng A Co D™ »** 5)

where I, denotes the maximum anodic peak current, 7 is the
total number of electrons transferred in the reaction, n, repre-
sents the number of electrons involved in the rate-determining
step, v is the scan rate, and C, is the urea concentration. The
electrode surface area was 0.0707 cm?, while the diffusion
coefficient (D, in cm* s~ ') was obtained from the slope of the
linear plot of I, versus »'2, as presented in Fig. 6b, according to
the Randles-Sevéik equation. The analysis confirms that all
synthesized electrocatalysts exhibit diffusion-controlled

Table 2 Comparison table between different modified surfaces for UEO

Surface Urea conc. (M) [OH] conc. (M) Scan rate (mV s ™) Current density (mA cm ™ ?) References
NCO-ZIF-8B 1.0 1.0 20 39 This work
NiCo,0,@chitosan 1.0 1.0 20 43 66
Niy ¢55€/rGO 0.5 1.0 50 10 67
Nig.oCUo1 0.3 0.5 20 32 19
NiO-MnO,/polyaniline 0.3 0.5 20 16 68

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6
Linear relation between logarithm of scan rate versus peak potential.

kinetics for urea oxidation. For the NCO-ZIF-8B electrode, the
calculated diffusion coefficient was 1.24 x 10™* cm® s~ .

Since the reaction is irreversible, the kinetic parameters were
further evaluated using Laviron's equation for irreversible

systems:

a 2.302RT10
anF

(6)

RTK 2.302RT
E,=E ( ) — log v

oankF ankF

where Ej, represents the anodic peak potential, E° is the formal
potential, « is the electron transfer coefficient, and k° is the
standard heterogeneous rate constant. The relationship
between E, and log v can be used to extract both « and k°,
thereby providing insight into the charge-transfer kinetics. As
illustrated in Fig. 6c, a linear dependence of E, on log v was
observed for urea oxidation. Based on the slope and assuming
a six-electron transfer process (n = 6), the electron transfer
coefficient (a) was determined to be 0.219, which is consistent
with the value obtained from the Tafel slope analysis. Further-
more, the standard heterogeneous rate constant (k°) was esti-
mated from the intercept of the In v versus E, plot, considering
a formal potential of E° = 0.58 V (vs. Ag/AgCl). The calculated k°
was 1.2 x 10~* s". Overall, the combined evaluation using the
Randles-Sevcik and Laviron equations indicates that urea
electrooxidation on NCO-ZIF-8B follows a mixed mechanism,

1000
()
800 1 o ® 04V
) circuit #2 _ gg:

T 600 R Re oMhoohie, Y 0TV
5 ) A 08V
:"_a_L ('l"ll CPE2
N 400 -

0 200

400

Zreal(Q m’)

600 800 1000

(a) LSV for modified NCO-ZIF-8B for range of scan rates. (b) Relation between square root of the scan rate and urea oxidation current. (c)

characterized by fast electron transfer through the Ni(OH),/
NiOOH redox couple alongside efficient diffusion of urea
molecules from the bulk solution to the electrode surface.

Electrochemical impedance spectroscopy (EIS) was per-
formed on the different electrodes to evaluate how surface
composition influences urea electrooxidation (UEO) and charge
transfer characteristics. As the represented in Fig. 7a, Nyquist
plot of NCO-ZIF-8B in a solution of 1.0 M urea at different
potential ranges from 0.4 to 0.8 V (vs. Ag/AgCl). For a potential
range from 0.6 to 0.8 V, the data was fitted to circuit #1 as
represented in the inset of Fig. 7a. The solution resistance (R) is
connected in series with the charge transfer resistance (R;) and
the constant phase element (CPE), which are arranged in
parallel. Furthermore, R; is linked to an additional branch
consisting of R, and CPE2, also connected in parallel. In
contrast, the Nyquist data at potentials of 0.4 and 0.5 V can be
fitted to an equivalent circuit consisting of the solution resis-
tance (Rs) in series with two parallel RC branches, each
comprising a resistor (R) and a constant phase element (CPE)
(see fitting circuit #2). The fitting data for different potentials
are listed in Table 3.

Furthermore, the effect of urea concentration was investigated
using EIS data. Fig. 7b shows the Nyquist plot for modified GC/
NCO-ZIF-8B in different urea concentrations at a potential of

1000
800 - circuit #1 P—
CPEL ° 05M
Rs 5 3o v 08M
= 600 - s A 1.0M
i .‘;'l.‘;-lvi:.
N 400
200 o888 o000, . 2000 % oo
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Fig. 7 Nyquist plot for NCO-ZIF-8B (a) at different potentials, (b) different urea concentrations.
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Table 3 Fitting parameters for modified NCO-ZIF-8B at different potentials

CPE1 CPE2
Potential (V) Ry Q cm? R, Q cm? Yo n R, Q cm? Yo n
0.4 11.2 318 0.000021 0.571 855 0.00104 0.514
0.5 11.1 243 0.000031 0.612 667 0.00301 0.601
0.6 11.3 134 0.000044 0.619 460 0.00319 0.681
0.7 9.4 95 0.000047 0.622 367 0.00498 0.445
0.8 10.1 68 0.000075 0.751 135 0.00547 0.532
Table 4 Fitting parameters for modified NCO-ZIF-8B in different urea concentrations

CPE1 CPE2

Concentration (M) R, Q cm? R, Q cm? Y, N R, Q cm? Y, N
0.2 14.7 450 0.000034 0.611 870 0.00277 0.591
0.5 12.4 421 0.000037 0.677 732 0.00285 0.628
0.8 11.9 367 0.000041 0.683 510 0.00291 0.641
1.0 11.3 134 0.000044 0.711 460 0.00319 0.681

0.6 V. The Nyquist plot diameter was observed to decrease with
increasing urea concentration due to the increased charge trans-
fer process. The fitting circuit #1 represents the fitted data, as
illustrated in the inset of Fig. 6b. The fitted data for different urea
concentrations are summarized in Table 4.

The EIS results confirm that increasing potential and urea
concentration significantly lowers charge transfer resistances
and enhances the electrode's pseudocapacitive behavior. The
progressive increase in CPE exponents indicates a transition
toward more ideal capacitive behavior associated with improved
surface utilization and reaction kinetics. These findings
demonstrate that the modified NCO-ZIF-8B electrode exhibits
efficient charge transport and strong pseudocapacitive contri-
butions, crucial for effective urea electrooxidation.

Stability enhancement is a primary goal in catalyst design, as
it determines the long-term applicability of electrocatalysts in
direct urea fuel cells and wastewater treatment. To assess

60
——— Pristine NCO
NCO-ZIF-8A
50 - —— NCO-ZIF-8B
—— NCO-ZIF-8C
——— NCO-ZIF-8D
2 40 -
<
E
= 30 1
20 -
10 T . T r
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Fig. 8 Chronoamperograms of different modified electrodes in the
presence of 1.0 M urea and 1.0 M NaOH.

© 2025 The Author(s). Published by the Royal Society of Chemistry

durability, the long-term stability of the prepared electrodes with
different ratios of nickel cobaltite (NCO) and ZIF-8 electro-
catalysts was evaluated through chronoamperometric measure-
ments at 0.6 Vin 1.0 M NaOH solution containing 1.0 M urea, as
presented in Fig. 8. Chronoamperometry tests were conducted
for 10 hours on pristine NCO, and different samples of NCO-ZIF-
8 electrodes. The percentage loss in electrode activity was deter-
mined to be approximately 14.2%, 10.5%, 9.2%, 12.5%, and
11.8% for pristine NCO, NCO-ZIF-8A, NCO-ZIF-8B, NCO-ZIF-8C,
and NCO-ZIF-8D electrodes, respectively. The relatively lower
decay in current density for the NCO-ZIF-8 modified electrodes
compared to pristine NCO indicates that the incorporation of
ZIF-8 significantly improves electrode stability. Among all the
samples, NCO-ZIF-8B exhibited the best performance with 9.2%
current decay, suggesting that it is the optimized NCO-to-ZIF-8
ratio which provides enhanced durability by reducing active
site blockage and mitigating catalyst deactivation. The improved
stability can be attributed to the synergistic effect between NCO
and ZIF-8, where the porous structure of ZIF-8 not only facilitates
efficient diffusion of reactants and products but also acts as
a protective matrix, preventing agglomeration and structural
collapse of NCO nanoparticles during prolonged electrolysis. The
gradual activity loss observed for all electrodes can be ascribed to
the accumulation of intermediate species such as carbonate on
active sites, a common deactivation pathway in urea electro-
oxidation. Nevertheless, the relatively low decay values highlight
the robustness of the NCO-ZIF-8 system compared to pristine
NCO and confirm its potential for practical applications
requiring extended operation times.

4 Conclusion

A series of nickel cobaltite-ZIF-8 nanocomposites with different
ratios between NCO and ZIF-8 were successfully synthesized
and evaluated as electrocatalysts for urea electrooxidation in

RSC Adv, 2025, 15, 39616-39629 | 39625
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alkaline media. Structural and electrochemical analyses
confirmed that the integration of ZIF-8 with NCO significantly
enhanced catalytic performance compared to pristine NCO. The
optimized nanocomposite, NCO-ZIF-8B, exhibited the highest
electrocatalytic activity, demonstrating superior current
density, lower onset potential, and favorable Tafel slope, which
can be attributed to the synergistic interaction between the
highly conductive NCO and the porous ZIF-8 framework. In
addition, long-term stability measurements revealed that NCO-
ZIF-8B retained most of its activity with only ~9.2% current
decay over 10 hours, outperforming pristine NCO and other
composite ratios. The improved durability is primarily ascribed
to the protective and dispersive role of ZIF-8, which enhances
mass transport, prevents nanoparticle agglomeration, and
mitigates active site poisoning during urea electrooxidation.
Finally, these findings highlight the promise of NCO-ZIF-8
composites as efficient and durable electrocatalysts for direct
urea fuel cells and wastewater treatment applications. Future
work should focus on tailoring the pore structure and electronic
properties of ZIF-based frameworks and exploring multi-
metallic or heteroatom-doped architectures to further
enhance catalytic activity and long-term operational stability.
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