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mposite nano-grass as an
excellent electrode for urea oxidation†

Norah Alwadai,a Manar Alshatwia and Enas Taha Sayed *ab

Urea-contaminatedwastewater requires extensive energy for proper treatment before safe discharge to the

surroundings. Direct urea fuel cells (DUFCs) could be utilized efficiently to treat urea-polluted water and

generate electricity. The precious/expensive catalyst utilized at the electrodes is one of the main

significant challenges to DUFC commercialization. In this study, a non-precious standalone electrode

cobalt–nickel composites directly formed using a facile hydrothermal method on a highly porous

conductive nickel foam (NF) surface. The developed electrode has an excellent nano-grass morphology

and demonstrates outstanding activity towards urea electro-oxidation. Using a 0.33 M urea, the current

density @ 0.5 V (vs. Ag/AgCl) in the case of the cobalt–nickel composite with the nano-grass electrode

(Co/NF) is significantly higher than that obtained using the bare NF electrode. At the same conditions,

the Co/NF electrode is successfully operated for a long term (24 h) with a slight degradation in the

performance, with no effect on the surface morphology. The steady-state current generated after 24

hours of cell operation is twenty times that obtained using the bare NF. The perfect performance of the

modified electrode is related to the synergetic effect between Ni and Co, excellent nano-grass

morphology, and ease of charge transfer. The prepared materials on the surface of the NF have a high

electrochemically active surface area of 44 cm2 that is significantly higher than that of bare NF.
1. Introduction

The convergence of environmental and energy issues creates
a complex dilemma that is critical to our planet's sustain-
ability.1 The environmental impact of energy is a multifaceted
issue, involving not only the direct consequences of energy
production and consumption but also the broader effects on
ecosystems and human health.2 For instance, the extraction and
burning of fossil fuels result in emissions that contribute to air
pollution and climate change, while posing risks to water
quality and biodiversity. The current global energy crisis exac-
erbates these concerns, emphasizing the critical need for a shi
to cleaner and more sustainable energy sources. One of the best
ways to achieve net-zero emissions is the usage of safe, inex-
pensive, and low-carbon large-scale energy options in place of
fossil fuels.3 The energy crisis has also highlighted the oppor-
tunity to accelerate the implementation of renewable energy
sources like wind, biomass, solar, and geothermal, energies.4

These energy resources, which were formerly considered
futuristic, are now widely regarded as realistic solutions to our
energy demands. Biomass is among the different renewable
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energy sources that is globally abundant and is produced on
a daily basis in the form of municipal wastes and wastewater.

Urea is typically found in agricultural runoff and urban
wastewater since it is naturally produced by humanmetabolism
and is used as an inexpensive nitrogen fertilizer.5,6 Improper
management of urea-polluted wastewater can result in serious
environmental issues such as eutrophication, water pollution
and damage to aquatic ecosystems.7 Urea treatment and
management strategies are crucial to minimizing the environ-
mental impact of urea and ensuring the sustainability of our
water resources.8

Fuel cells (FCs) are interesting new devices that could be
implemented for direct electricity generation from various fuels
with high efficiency at minimal or no environmental impact.
FCs are available in different capacities and can be operated at
various conditions, from room to very high operating temper-
atures.9,10 An innovative and sustainable energy generation
technology is urea fuel cell.11 Urea, which is widely found in
human and animal waste, as well as in industrial effluents, can
be effectively transformed into electricity via fuel cells.12 Urea
fuel cells are an innovative branch of green technology that uses
the chemical energy of urea to generate electricity.12 The
mechanism of urea fuel cells involves electrochemical reactions
in which urea is degraded into nitrogen, water, and carbon
dioxide while simultaneously producing electricity.

Notwithstanding the possible advantages, there are obsta-
cles to be addressed, such as the synthesis of effective catalysts
© 2025 The Author(s). Published by the Royal Society of Chemistry
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that can boost the urea oxidation process without using
precious metals like platinum.13 Developments in this eld may
result in more accessible and sustainable energy options,
promoting the development of greener technology. Developing
efficient and cost-effective catalysts for the urea oxidation
reaction (UOR) will make urea fuel cells more practical and
efficient, making them a promising alternative sustainable
energy source.14 Nickel demonstrated a considerable activity
towards the urea oxidation.15–17 Nickel's activity is boosted by
increasing its surface area using high surface area supports
such as graphene,18,19 carbon nanobers,20,21 and carbon nano-
tubes.22 Alloying nickel with other transition metals also
improved the electrochemical activity of nickel towards urea
electro-oxidation.23 Alloying nickel with a co-catalyst such as
manganese,24 MnO2,25 copper,26 and cobalt27 resulted in
improving the activity of nickel towards urea oxidation. Nickel
ferrocyanide prepared on the surface of nickel foam demon-
strated high activity toward urea oxidation.28

Cobalt is one of the transition metals that is commonly used
to enhance the activity of nickel towards the oxidation of urea
and other simple alcohols (methanol and ethanol). Doping
nickel with cobalt improves its catalytic activity up to a certain
limit, which can be attributed to several factors: cobalt acts as
a co-catalyst by providing OH groups, thereby reducing CO
poisoning;29,30 it facilitates fuel molecule adsorption via its
partially vacant d-orbitals and serves as a CO anti-poisoning
agent;31 it modies structural and electronic properties;32 and it
enhances the oxidation state of Ni, thereby improving electron
transfer.33 Additionally, alloying nickel with cobalt has been re-
ported to lower the onset potential for fuel oxidation, potentially
due to the formation of CoOOH, which has a lower redox
potential than NiOOH.34 An increase in Co content in NiCo alloys
generally lowers the onset potential,35 attributed to the formation
of CoOOH at a lower potential than Ni. Notably, the lowest re-
ported onset potential for methanol oxidation in alkaline media
using Ni0.5Co0.5/CNF is 0.11 V (vs. Ag/AgCl),36 while for ethanol
oxidation, Ni0.1Co0.9/CNF achieved −50 mV (vs. Ag/AgCl).37 The
doping of Co(OH)2 with nickel nanoparticles signicantly
increased UOR activity with a low onset potential of 1.15 V vs.
RHE compared to nickel nanoparticles or Co(OH)2. The authors
conrmed that nickel nanoparticles serve as the active sites for
UOR, while Co(OH)2 acts as a support, providing a high surface
area and a conductive pathway for electrons. They also observed
that increasing the nickel content led to a higher onset poten-
tial.38 Liu et al.39 prepared NixCo3−x-O with a nanowire
morphology on the surface of carbon cloth (NixCo3−x-O/CC).
Among the different nickel-to-cobalt ratios, Ni1.5Co1.5-O/CC
exhibited the best UOR activity using 0.33 M urea in 1 M KOH.
NiCo BMHs “nickel–cobalt bimetallic hydroxides” with enriched
nano-holes having a high surface area demonstrated a high UOR
activity that related to the high surface area, synergetic effect
between the Ni2+ and Co2+/Co3+, and high surface defects.40

Ismail et al.41 prepared Co3O4 with different morphologies, i.e.,
nanoparticles, nanowires, and nanocubes on the surface of
nickel foam. The Co3O4 with nanocubes morphology demon-
strated the best UOR activity that related to its higher surface
area and lower agglomeration. The Co3O4 nanocubes
© 2025 The Author(s). Published by the Royal Society of Chemistry
demonstrated high stability with low onset potential of 197 mV
vs. Hg/HgO and CoOOH is considered the active site for UOR.

Although extensive work relies on the alloying of the nickel
with co-catalyst and/or using high surface area support,
commercial non-precious catalysts are still unavailable. More-
over, these catalysts are usually prepared in a nanoparticle form
that should be deposited on a highly conductive porous substrate
(such as NF or carbon cloth) to form the anode electrode. During
the deposition of these nano-catalysts, a part of the catalyst is lost
through the pores of the support while blocking part of the
substrate's pores (negatively inuencing the mass transfer char-
acteristics of the electrodes). Furthermore, a Naon or Teon
binder (with no electrical conductivity) is usually used to bind the
catalyst with each other and with the substrate, which eventually
decreases the conductivity (electrical) of the prepared electrode.

Herein, using a hydrothermal approach, a standalone anode
is prepared by the direct growth of cobalt–nickel composite
nano-grass on the surface of NF (Co/NF). The surface
morphology, elemental analysis, and crystalline structure of the
electrodes are investigated and compared with the bare NF. The
catalytic activity of the prepared electrode towards urea oxida-
tion is tested and compared with that of the bare NF. The ob-
tained results are discussed based on the surface morphology,
charge and mass transfer, and the electrochemical active sites
of the modied and the bare electrodes.

2. Experimental work
2.1 Materials and methods

Cobalt nitrate (Co(NO3)2$6H2O), KOH, urea, hydrouoric acid
(HF), ethanol, acetone, and other chemicals are all obtained
from Sigma Aldrich (Merck). Ultra-pure deionized water (DI) of
20 MU was used for all the experiments. A 2× 5 cm2 nickel foam
(NF) of 2 mm thickness is cleaned in 0.1 M HCl for 15 min
(ultrasound path), in DI water for 15 min (ultrasound path), in
acetone for 15 min (ultrasound path), and nally in DI water
again for 15 min (ultrasound path). The cleaned foams are then
dried in an oven overnight at 60 °C.

2.2 Preparing of the cobalt–nickel composite nano-grass
over the nickel foam

The cleaned Ni foam was inserted into an autoclave (Teon
lined stainless steel) containing a solution. The solution is
composed of cobalt nitrate and urea (1 g each) in a 50 ml DI
water containing a 0.2 ml of HF (48%). The autoclave aer
tightly closed is inserted in an oven that held at 120 °C for
6 h.42,43 Aer leaving the oven to decrease to the room temper-
ature gradually, the autoclave is removed from the oven. The
sample is removed and carefully cleaned with water to remove
the surface agglomerates, and then, it is inserted into a beaker
containing water (24 h). Then the sample is removed and dried
under vacuum at 60 °C for 12 h.

2.3 Characterization of Co(OH)2 nano-grass

The electrodes were investigated using SEM “scanning electron
microscope” to see the surface morphology. The elemental
RSC Adv., 2025, 15, 7728–7737 | 7729
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analysis was also detected using an EDS analyzer attached to the
SEM device. The crystalline structure was investigated by XRD
“TESCAN VEGA3, Bruker D8”, while the surface analysis is
determined via XPS “Thermo Scientic, UK”. TEM “Trans-
mission electron microscopy”, and HRTEM “High Resolution
Transmission electron microscopy” images were taken using
JEOL, JEM-2100Plus.
2.4 Electrochemical characterization

The electrochemical activity of NF and the NF aer growing the
cobalt–nickel composite on its surface (Co/NF) is investigated
in 1 M KOH solution with and without different concentrations
of urea (0 M to 0.5 M) in a three-electrode cell structure
(counter electrode (Pt sheet of 1 cm2), reference electrode
(Ag/AgCl), and working electrode (NF or Co/NF xed in a Pt
holder)). Both the NF and the Co/NF have an area of 1 cm2

(1 cm × 1 cm). Cyclic voltammetry was carried out at 0.05 V s−1

for 100 cycles in urea-free KOH solution @ room temperature
to activate the electrodes (−0.2 V to 0.8 V vs. Ag/AgCl). Then, the
electrochemical oxidation activity of the samples (NF and
Co/NF) are tested at 0.02 V s−1 between 0 and 0.6 V in KOH
(1 M) containing different urea (0, 0.1, 0.33, and 0.5 M). EIS
“electrochemical impedance spectroscopy” is carried out for
the two electrodes in 0.33 M urea @ 0.5 V (vs. Ag/AgCl) between
100 kHz and 100 mHz. The stability of the bare and the
prepared electrodes is tested through chronoamperometry
measurements @ 0.5 V (vs. Ag/AgCl) for long-term operation
using 0.33 M urea.44,45 All voltages mentioned in the current
work are vs. Ag/AgCl. The ECSA “electrochemical active surface
area” for the NF and Co/NF electrodes is determined by per-
forming cyclic voltammetry in a non-Faradic region in urea-free
1 M KOH.46,47
Fig. 1 (A) low-resolution image of NF, (B) high-resolution image of NF,
elemental analysis, while the blue line in (D) shows the length of the nano-
NF, (G) HRTEM of the Co/NF, and (H) SAED of Co/NF.

7730 | RSC Adv., 2025, 15, 7728–7737
3. Results and discussions
3.1 Characterization of NF and Co/NF

The surface morphology of the bare NF is displayed in Fig. 1A
and B at low and high magnications, respectively. As clear
from Fig. 1A, the NF has an interconnected network of highly
porous structure, and the surface of the metal parts is smooth
as can be seen at high resolution (Fig. 1B). The Co/NF has an
excellent nano-grass morphology as seen in Fig. 1C. These
nano-grass structures are a few micrometres in length, as
indicated by the blue line in Fig. 1D. The nano-grass
morphology is also evident in the TEM images (Fig. 1F),
where the structures exhibit a needle-like shape, with a wide
base diameter of around 100 nm that tapers to less than a few
nanometers at the tip. EDS analysis conrms the presence of
cobalt, nickel, oxygen, and gold (due to gold plating), as shown
in the inset of Fig. 1C. The XRD of the bare NF andmodied Co/
NF is shown in Fig. 1E. The NF demonstrated three sharp peaks
that are related to Ni (111), (200), and (220).48,49 The XRD pattern
of Co/NF-1 exhibited the sharp peaks of the base Ni foam, with
no clear peaks corresponding to Co(OH)2. This may be attrib-
uted to the high intensity of the crystallographic planes of Ni
foam. To gain further insight, the grown dendrites on the
surface of the NF was carefully detached from the Ni foam via
ultra-sonication and analyzed by XRD, Co/NF-2. The XRD
analysis of the Co/NF-2 revealed distinct peaks corresponding to
the crystallographic planes (001), (100), (102), and (110) of
Co(OH)2 (ICDD: 00-030-0443).50–52 Furthermore, the presence of
Co(OH)2 was supported by Raman spectroscopy and XPS anal-
ysis, providing additional structural conrmation. The HRTEM
image (Fig. 1G) revealed a lattice fringe with a spacing of
0.28 nm, which corresponds to the interplanar distance of the
(100) crystallographic planes of Co(OH)2. The diffraction dots
(C and D) high-resolution image of the Co/NF (inset in (C) shows the
grass), (E) XRD of NF, Co/NF-1, and Co/NF-2, (F) TEM images of the Co/

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (A) XPS survey of the Co/NF, (B) deconvolution of the Co 2p XPS spectra, (C) deconvolution of the Ni 2p XPS spectra, and (D) decon-
volution of the O 1s XPS spectra.

Fig. 3 Raman spectra of Co/NF sample.
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looked in the SAED of the preparedmaterial established its high
crystallinity. The crystallographic plane (102) of Co(OH)2 is
indexed in the SAED pattern as provided in Fig. 1H.

The XPS survey spectrum, Fig. 2A, clearly shows Co, Ni, and
O for the Co/NF electrode. The presence of C appeared from the
adventitious carbon from the XPS instrument. The high-
resolution XPS spectrum of Co, Fig. 2B, can be de-convoluted
into four peaks (because of the spin-orbital coupling). The
peaks at ∼779.8 and ∼795.7 eV attribute to Co 2p3/2 and Co 2p1/
2, respectively, and the peaks at ∼784.7 and ∼801.3 eV of Co are
the satellite peaks. The Co 2p spectra were tted by a sufficient
number of Voight-type functions which optimized without
constraints, considering two spin–orbit coupling and two
satellite peaks. As revealed in this gure, the binding energies at
around ∼779.8 and ∼795.7 eV indicate the existence of Co2+.
Also, the weak satellite peaks are characteristics of Co2+ state.
The deconvoluted Ni 2p XPS spectrum, Fig. 2C, revealed two
major peaks at 854.7 and 872.4 eV, corresponding to 2p3/2 and
© 2025 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2025, 15, 7728–7737 | 7731
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2p1/2 of Ni2+ present in the material. In addition to these, two
satellite peaks are also observed at 860.4 and 878.5 eV. The
appearance of these peaks conrms the presence of Ni2+ arising
from the surface oxidized NiO.53,54 The deconvoluted O 1s XPS
spectrum, Fig. 2D, displayed two major peaks at 529.7 and
530.9 eV which are associated with the oxygen in the metal–
oxygen (M-O) bond and hydroxide (OH−), respectively, in the
material.

Raman was carried out to detect the surface analysis of the
modied sample (Co/NF) as can be seen in Fig. 3. As seen in the
gure, the presence of Co(OH)2 is conrmed by the existence of
a RAMAN peak at 520 cm−1, which is due to the Co–O (Ag)
symmetric stretching mode present in Co(OH)2 in addition to
the other peak observed at 469 cm−1 due to O–Co–O bending
mode of Co(OH)2.55 The existence of Ni(OH)2 in the Co/NF
sample is also conrmed by the appearance of the strong
characteristic peak at 490 cm−1 for Ni–O vibration.56
Fig. 4 CV of the bare NF (A) and Co/NF (B) using different urea
concentrations @ 20 mV s−1. Voltages are vs. Ag/AgCl, and the elec-
trolyte used is 1 M KOH.

7732 | RSC Adv., 2025, 15, 7728–7737
3.2 Electrochemical measurements

The electrochemical activities of NF and Co/NF electrodes were
tested in alkaline media (1 M KOH) with and without urea. A
redox peak in a urea-free solution (0 M urea) is clearly observed
in both electrodes—bare NF and Co/NF—around 0.35 V vs. Ag/
AgCl. However, the Co/NF electrode exhibited stronger redox
peaks in urea-free KOH than bare NF. Adding urea (0.1 M and
0.33 M) to the 1 M KOH solution increased the current in the
forward scan compared to the urea-free solution for both elec-
trodes. This increase in current began (onset potential for UOR)
around 0.35 V vs. Ag/AgCl, conrming that the active site for
urea oxidation originates from Ni (NiOOH/Ni(OH)2).57 In the
case of NF, NiOOH forms on the surface and acts as the active
site. For the Co/NF electrode, NiOOH originates from the nickel
in the base NF, and the nickel presents in the cobalt–nickel
composite nano-grass, as conrmed by XRD (Fig. 1E), XPS (Fig.
2), and Raman spectroscopy (Fig. 3). Therefore, NiOOH/Ni(OH)2
serves as the active site for UOR, while cobalt acts as a co-
catalyst, enhancing the catalytic activity as described above.
Fig. 5 (A) Chronoamperometry measurement @ 0.5 V using NF and
Co/NF, and (B) EIS of bare NF and Co/NF using 0.33 M and 0.5 V.
Voltages are vs. Ag/AgCl, and the electrolyte used is 1 M KOH.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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As shown in Fig. 4, during the forward scan, the current
increases as the urea concentration rises to 0.33 M, then
stabilizes in both cases—bare NF (Fig. 4A) and Co/NF (Fig. 4B).
Additionally, Co/NF exhibited a higher current density than
bare NF at different urea concentrations. For instance, at 0.5 V
(vs. Ag/AgCl) with 0.33 M urea, the Co/NF electrode generated 60
mA cm−2, twice the NF's current density (30 mA cm−2).

The high current density in the Co/NF sample could be
attributed to: (1) the role of cobalt as a co-catalyst, which
enhances UOR activity, and (2) the high surface area of the
nano-grass grown on the nickel foam, as observed in the elec-
tron microscope images (Fig. 1C and D). These factors increase
both the number and the quality of active sites available for urea
oxidation, leading to higher current densities compared to bare
NF under the same applied voltage and urea concentrations.

The cyclic voltammograms (Fig. 4) describe the instantaneous
current generated using the different electrodes at different
voltages, which do not show stable current generation. The steady
current generation is determined by operating the electrodes, i.e.,
the bare NF and the Co/NF, at 0.5 V (vs. Ag/AgCl) for 24 hours, as
shown in Fig. 5A. Co/NF produces an initial current density
around 55 mA cm−2 that is almost twice that obtained using the
bare NF. The current density in both cases slightly decreases with
Fig. 6 (A) CVs of the NF and (B) CVs of the Co/NF using different scan rat
(D) the current density @ −0.05 V vs. scan rate in case of the Co/NF, vo

© 2025 The Author(s). Published by the Royal Society of Chemistry
time, and it reaches 36 mA cm−2 in the case of the Co/NF, which
is almost twenty times that generated using the NF (aer 24 h).
These results showed the high stability of the Co/NF electrode
with a degradation rate of 0.79 mA cm−2 h−1, compared with 1.4
mA cm−2 h−1 in the case of the bare NF. It is worth mentioning
that bubble formation on the electrode surface is one of the main
reasons for current degradation, as it blocks urea access to the
active sites. This effect is more pronounced at high current
densities, where increased bubble formation is observed, partic-
ularly in the case of the Co/NF electrode. As described above, the
high activity of the Co/NF electrode would be related to the role of
the cobalt as a co-catalyst and the high surface area of the nano-
grass with plenty of active sites compared with the bare NF. To
better show the stability of the Co/NF electrode, the SEM images
of the electrode at the end of the experiment were tested, as can
be seen in the inset of Fig. 5A. It is clear that the electrode still
kept perfect nano-grass morphology even aer 24 h of current
generation. The electrochemical behaviour of the bare and
modied electrode is also investigated by performing EIS “Elec-
trochemical Impedance Spectroscopy”measurements at 0.5 V (vs.
Ag/Ag/Cl) using 0.33 M urea, Fig. 5B. It is clear from the gure the
improved charge and mass transfer characteristics of the modi-
ed electrode (Co/NF) as can be seen in the intersect with the X-
es, (C) the current density @ −0.05 V vs. scan rate in case of the NF, and
ltages are vs. Ag/AgCl, and the electrolyte used is 1 M KOH.
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Table 1 Example of some catalysts prepared and tested against urea electro-oxidation versus those obtained in this study

Working electrode
Counter
electrode

Urea conc.
(M)

Scan rate
(mV s−1)

Onset potential
(V vs. RHE)

Current density
@ 1.5 V (mA cm−2) Ref.

Ni(OH)2 NS/GC Pt 0.33 50 1.4 35 65
Ni-MOF/GC — 0.33 10 1.4 ∼60 66
Ni(OH)2 — 0.33 10 1.5 ∼20 66
Ni-MOF Pt foil 1 20 1.4 ∼25 67
Ni0.8Co0.2(OH)2 Pt wire 0.2 20 1.3 120 68
Ni(OH)2 Pt wire 0.2 20 1.4 60 68
Ni1.5Co1.5-O/CC Graphite rod 0.33 5 1.4 ∼95 39
Ni–Fe LDH/EG-GC Pt foil 0.33 — 1.3 ∼175 72
CoFe LDH/NF Pt 0.33 1 1.4 ∼75 69
CoFeCr LDH nanosheets/NF Pt 0.33 1 1.3 ∼190 69
Ni12P5/NF Graphite rod 0.5 5 1.2 ∼145 70
NiSe2/TiN@Ni12P5/NF Graphite rod 0.5 5 1.2 ∼150 70
NiMoO4 NS/NF Graphite rod 0.5 — 1.3 ∼150 73
Co/NF Pt foil 0.33 20 1.4 83 This study
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axis and the smaller semi-circuit diameter.58–60 The high uctua-
tions at the low frequency in the case of the Co/NF could be
connected to the rapid reaction rate that resulted in excessive
evolution of the bubbles that are clear in this region and inter-
rupting the mass transfer.

Although the images in Fig. 1 clearly show the signicant
difference in the surface morphology between the NF and the Co/
NF electrodes, it is important to calculate the ECSA “electro-
chemical active surface area” that directly reects the electrodes'
reaction rate. The ECSA can be calculated using the values of the
Cdl “electrochemical double layer capacitance” and Cs “specic
electrochemical double layer capacitance”. Cdl is the ratio between
the discharge current (ic) and the scan rate (y) in the non-Faradic
region within 100 mV.61–64 To calculate the Cdl, the CV of the NF
and Co/NF electrodes are tested in a non-Faradic region −0.1 V to
0 V (vs. Ag/AgCl) using 1 M KOH solution, Fig. 6A and B. Then the
Cdl is calculated as the slope of the current at −0.05 V vs. the scan
rates, Fig. 6C (in the case of the bare NF) and Fig. 6D (in the case of
the Co/NF). The Cdl is calculated as the average of the absolute
slopes, and it is found to be 1.183 mF in the case of the NF, and
1.77mF in the case of the Co/NF. Using theCs of 0.04mF cm−2,61–64

the ECSA in the case of the NF is found to be 29.6 cm2 compared
with 44.25 cm2 in the case of Co/NF. Such higher ECSA describes
the signicantly high activity of the Co/NF electrode (Fig. 4 and 5).

As seen in Table 1, the obtained results in this research are
similar to those reported in the literature. In general, they are
better than a single catalyst, such as the case of the Ni(OH)2 with
different morphologies,65–68 and they are close to the results of
binary catalysts, such as the case of the Ni1.5Co1.5-O/CC,39 and
the case of CoFe LDH/NF.69 However, the current results are
lower than those reported using tertiary catalyst combinations,
such as the case of the CoFeCr LDH nanosheets/NF,69 and the
case of NiSe2/TiN@Ni12P5/NF.70 Moreover, the prepared catalyst
in this study has the merit of direct growth on the NF (high
porous conductive substrate), and the prepared material is used
as a standalone electrode with better mass transfer properties as
well as durability compared with the cases of preparing the
nanoparticle catalyst followed by their deposition on the surface
of the substrate. The latter case involves using a binder that is
7734 | RSC Adv., 2025, 15, 7728–7737
usually polymer-based with low or no electrical conductivity
(such as Naon or Teon solutions) and thus decreases the
electrical conductivity as well as blocking part of the pores of the
porous substrate, thereby decreasing the electrical conductivity
and the mass transfer property of the electrode.71
4. Conclusions

A standalone electrode composed of cobalt–nickel composites
with a perfect nano-grass morphology is successfully prepared
on the surface of a highly porous conductive nickel foam using
a one-step hydrothermal method. The nano-grass electrode
demonstrated a higher urea oxidation activity than that of the
bare NF. The Co/NF exhibited better charge transfer properties
(veried from the CV and the EIS) that could be connected to the
role of the cobalt as a co-catalyst and the nano-grass's highly
porous texture on the nickel foam's surface. The long-term
operation was veried for 24 hours of cell operation. The
steady current aer 24 hours of cell operation is twenty times
that of the bare NF, with a lower degradation rate. The surface
morphology of the Co/NF electrode was not affected by the long-
term operation. The good electrochemical performance of the
prepared electrodes would be related to the role of the cobalt as
co-catalyst and the high surface area of the nano-grass
morphology that resulted in a higher electrochemical active
surface area than that of the bare NF. The prepared electrode
with the perfect mass and charge transfer properties is
a promising, cheap, durable electrode for urea oxidation.
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