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Electrochemical water splitting, with its oxygen evolution reaction (OER) and hydrogen evolution reaction
(HER), is undoubtedly the most eco-friendly and sustainable method to produce hydrogen. However,
water splitting still requires improvement due to the high energy consumption caused by the slow kinetics
and large thermodynamic potential requirements of OER. Urea—water electrolysis has become increas-
ingly appealing compared to water-splitting because of the remarkable decline in the cell potential in the
hydrogen production process and less energy consumption; it also offers a favorable opportunity to
efficiently treat wastewater containing a significant amount of urea. In this work, Ni-Mn-S/Ni—-Cu nano-
micro array electrocatalysts were synthesized by a two-step and binder-free electrochemical deposition
technique and investigated as an effective electrode for the HER and urea oxidation reaction (UOR).
According to the electrochemical results, the optimized electrode (Ni-Mn-S/Ni—-Cu/10) showed excel-
lent electrocatalytic activity for the HER (64 mV overpotential to achieve the current density of 10 mA
cm™2 and Tafel slope of 81 mV dec™) in alkaline solution. When Ni—Mn—-S/Ni-Cu/10 is employed as a
UOR anode in an alkaline solution containing urea, it achieves a current density of 10 mA cm™ at 1.247 V
vs. RHE. In addition, when the optimized sample was utilized as a bi-functional electrode for overall urea—
water electrolysis (HER-UOR), the cell voltage reached 1.302 V at 10 mA cm™2 (which is 141 mV less than
that for HER-OER). The electrocatalytic stability results unequivocally revealed small changes in voltage
during a 24 h test and showed good durability. This non-noble metal electrocatalyst, prepared by the
electrodeposition synthesis method, is a promising solution to implement low-cost hydrogen production
and wastewater treatment.

1. Introduction
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mately 120 MJ kg™"), abundance, and eco-friendliness, hydro-
gen (H,) is considered to be the greenest and most promising
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hydrogen energy.>”> Generally, water electrolysis comprises two
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multi-proton-coupled electron transfer, which exhibits slow
kinetics and remains a crucial aspect in the overall water elec-
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realize efficient electrochemical hydrogen generation, it has
been suggested to substitute water molecules with other
readily oxidized ingredients. So far, hydrazine, urea, and

1 Electronic supplementary information (ESI) available. See DOI: https://doi.org/ methanol have been explored as replacements for water mole-
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energy-efficient.* *° The electro-oxidation of urea is generally
employed in the treatment of urea-rich wastewater while simul-
taneously acquiring high-purity hydrogen.”'"'* By using UOR
instead of OER, there will be a 36% cost savings from a hydro-
gen production efficiency perspective.” In comparison to the
thermodynamics cell voltage of 1.23 V required for water elec-
trolysis, the overall cell voltage for urea electrolysis is 0.37 V
under standard conditions. Urea has the advantages of being
non-toxic, low-cost, and easy to transport in comparison with
hydrazine and methanol. Furthermore, it is one of the most
widely used nitrogen fertilizers and an important chemical
intermediate;'® besides, urea-rich wastewater is produced daily
in large quantities."*'> Human urine contains a concentration
of 0.1 to 0.5 M urea, which is its major organic component.*®
As a result, urea can be considered as a major source for
hydrogen production. Though the electrochemical method is
favorable for urea elimination, the initial reaction kinetics of
urea oxidation is relatively slow due to a six-electron transfer
procedure on the anode."”'® As a result, high-efficiency elec-
trocatalysts need to be developed to perform urea oxidation
reaction.

Similar to HER and OER, UOR uses precious metal-based
electrocatalysts (Pt, Ru, and Pd)."? Still, the shortage and high
cost of these materials have hindered their widespread appli-
cation on an industrial scale and the commercialization of
technologies based on urea.>*>' Ni-based catalysts are among
the most reported metallic catalysts due to their promising
performances in the urea oxidation reaction.””** The pro-
duction cost, difficult experimental conditions, and low con-
ductivity of nickel metal are typical problems associated with
nickel-based electrocatalysts. These factors can hinder elec-
tronic transmission between interfaces and boost energy
consumption,?*® thus failing with respect to the long-term
stability.”” > Alloying nickel with other active metal elements
is one of the methods that can improve the -catalytic
activity.>** Copper is a highly conductive element that can be
alloyed with nickel to obtain superior performance in HER
and OER. This is due to the favorable adsorption energy of H*
and OOH, which enables the alloy to exhibit excellent
performance.’** A previous study showed that NiCu electro-
catalysts, by possessing a unique pine-needle-like dendrite
nanotube morphology, can offer a relatively high electro-
chemical surface area (ECSA), which is essential for an active
electrocatalyst;*® nevertheless, the NiCu electrocatalyst dis-
played relatively high overpotentials to attain current densities
of 10 (203 mV) and 100 mA em™> (310 mV) for HER.*®
Consequently, NiCu needs to improve its catalytic properties
further. Various transition metal sulfide (TMS) electrocatalysts
(e.g., Mo0S,, Co;S,, and FeS,) have been considerably investi-
gated and their potential as OER, UOR, and HER catalysts has
been demonstrated. In the past few years, some TMS have
exhibited activities that are closer to those of platinum group
electrocatalysts due to modifications, such as surface engineer-
ing, phase control, and composition regulation.’” However,
there are still many challenges for TMSs, including poor struc-
tural stability and poor electrical conductivity, especially in oxi-
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dation reactions (i.e., under oxidation potentials).*®* To over-
come the shortcomings mentioned above, the fabrication of
bimetallic TMSs, such as NiCoS,*° CoMoS,*® MnCo,S,,**
NiFeS,”” and NiMnS,** have been proven to be a practical
approach. Bimetallic TMSs have been found to exhibit
enhanced catalytic activity compared to their monometallic
counterparts, which can be attributed to their improved elec-
trical conductivity, lower band-gap energy, high active sites,
and more adjustable oxidation states.*® Nevertheless, bi-
metallic TMSs still suffer from slow reaction kinetics.**
Therefore, it is necessary to overcome the challenge by further
improving the activity of these catalytic compounds. The use
of heterostructures has many advantages for catalytic appli-
cations. Some of their numerous benefits are that they can
optimize the electronic structure, consequently increasing the
electrical conductivity and kinetic reactions by creating a
synergistic effect between other existing structures, which is
essential for an electrocatalyst.”> Additionally, fabricating het-
erostructured electrocatalysts is an impressive method to
increase the number of active sites. Most electrocatalysts with
heterostructures have refined nanostructures with substan-
tially exposed edges, which offer abundant adsorption sites for
reaction intermediates.*>*” Also, the manufacturing process
of a high-efficiency catalyst is of great importance for the com-
mercialization of a high-efficiency catalyst. This method
should be fast, easy, and efficient. Methods based on electro-
chemical deposition procedures are of this category that can
provide suitable morphologies with high electrochemical
surface area in addition to suitable intrinsic -catalytic
properties.

In this work, a three-dimensional Ni-Mn-S/Ni—Cu hetero-
structure was grown on nickel foam (NF) using a two-step
electrochemical deposition procedure. The optimized sample
(Ni-Mn-S/Ni-Cu/10) exhibits HER activity, with a low overpo-
tential of 64 mV at 10 mA cm > and a Tafel slope of 81 mV
dec™ in 1.0 M KOH solution. The Ni-Mn-S/Ni-Cu/10 catalyst
has a very low potential of 1.247 V vs. RHE for 10 mA cm™>
toward UOR in an electrolyte containing 1.0 M KOH + 0.33 M
urea. Furthermore, the sample demonstrated remarkable stabi-
lity, with sustained potential at a current density of 100 mA
em™? for both HER and UOR over 24 h. Ni-Mn-S/Ni-Cu/10
demonstrated unexpected overall urea-water electrolysis
activity, requiring 1.302 V to drive 10 mA cm ™ with long-term
performance (24 h at 100 mA cm™?). Developing a Ni-Mn-S/
Ni-Cu nanostructure as a bi-functional electrocatalyst for
HER-UOR presents a promising opportunity to achieve an
affordable and energy-efficient hydrogen production process
in the future.

2. Experimental details
2.1. Fabrication of electrocatalysts

At first, in this study, Ni-Cu nano microdendrites were created
on the nickel foam (NF) surface. The NF electrodes were first
cut into the desired dimensions (1 x 1 cm?). In the first step,
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the NF samples were degreased with acetone in an ultrasonic
bath for 15 minutes and then placed in 1.0 M HCI solution for
1 minute to remove the surface oxides and then washed with
distilled water. For the process of electrochemical deposition
at this stage, a two-electrode cell was used, and a graphite rod
was used as the anode. The composition of the coating solu-
tion is given in Table S1.f The deposition current density was
equal to 2 A cm™2, and the deposition time was equal to 100
seconds. In the second step, Ni-Mn-S nanowires were created
by the CV electrodeposition method in different numbers of
cycles on the surface of Ni-Cu nano-micro dendrites. The
composition of the solution for electrochemical deposition is
given in Table S2.7 A three-electrode cell was used for depo-
sition in this step, in which the Ni-Cu electrode was used as
the working electrode, Ag/AgCl electrode as a reference, and
graphite rod as a counter electrode. The potential range was
—0.2 to —1.3 V vs. Ag/AgCl, and the scan rate was 20 mV s .
The number of coating cycles was considered as variable and
equal to 3, 5, 10, and 20 cycles. After coating, the samples were
washed several times with distilled water and prepared for
tests.

2.2. Characterization

From the morphological and chemical composition point of
view of the samples, they were examined by a field emission-
scanning electron microscope (FESEM, MIRA 3 TESCAN),
which was equipped with an energy dispersive spectroscopy
(EDS) analyzer. The surface chemistry of the samples was also
analyzed by X-ray photoelectron spectroscopy (XPS) (Thermo-
Scientific ESCALAB 250Xi). More detailed analyses regarding
the structure and morphology were also done by transmission
electron microscopy and high-resolution transmission electron
microscopy (TEM and HRTEM, JEOL JEM-2100).

An electrochemical workstation ZIVE SP1 was used for all
electrochemical tests. To check the electrochemical activity of
all the samples for the HER process, the linear sweep voltam-
metry (LSV) test was used with a scan rate of 5 mV s™" in a
three-electrode cell in a 1.0 M KOH solution, in which the elec-
trodes synthesized were used as the working electrode, Ag/
AgCl electrode worked as the reference electrode and graphite
rod as the counter electrode. Also, the solution used to investi-
gate the electrochemical activity in the UOR process was 1.0 M
KOH + 0.33 M urea. The electrochemical impedance spec-
troscopy (EIS) test was conducted in the frequency range from
100 kHz to 100 mHz at different potentials to investigate the
mechanism and kinetics of electrochemical processes. The
cyclic voltammetry (CV) test was used in the non-faradaic
current range to obtain the Cg4 value. Electrocatalytic stability
was also assessed through the chronopotentiometry test.

3. Results and discussion
3.1. Characterization of electrocatalysts

The synthesis of three-dimensional Ni-Mn-S/Ni-Cu nano-
structure electrocatalysts was achieved on the NF substrate
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using a two-step electrodeposition method. This method was
used due to its simplicity, cost-effectiveness, and low synthesis
time. Initially, an Ni—Cu substrate was produced using the gal-
vanostatic method at a consistent current density of 2 A cm™>
for 100 s on the NF substrate (Ni-Cu/NF). Next, the Ni-Mn-S
coating was deposited on the Ni-Cu/NF (Ni-Mn-S/Ni-Cu)
using the CV technique, and the impact of varying the number
of cycle parameters (3, 5, 10, and 20) on the catalyst mor-
phology was investigated. The TEM image after the first step of
the electrochemical deposition process (Ni-Cu/NF) is shown in
Fig. 1a. Based on the TEM image, the dark region exhibits a
micro—nano dendrite structure, which can be attributed to the
single phase of Ni-Cu. Furthermore, the edge of the micro-
nano dendrites appears rough. The three-dimensional micro-
nano dendrite structure of the Ni-Cu/NF substrate was created
using the dynamic hydrogen bubble template (DHBT) method,
which is a cost-effective, efficient, and easily controllable tech-
nique, also forming porous films with high surface areas.*®™"
In the DHBT, two processes take place on the cathode surface.
These processes include the deposition of nickel and copper
as well as the hydrogen evolution reaction. In the process of
DHBT, the generation of hydrogen bubbles plays a crucial role
in the development of the Ni-Cu layer. When electrodeposition
occurs at a high overpotential, an oversaturation of hydrogen
near the NF electrode causes the formation of small and irre-
gular bubbles on the electrode surface. These bubbles block
the active sites of the NF surface, driving metallic ions to find
alternative deposition sites around them and forming a
porous structure. As these small bubbles combine and grow,
they form larger bubbles in the layers of the Ni-Cu coating.
When these larger bubbles reach a critical size, they detach
from the electrode surface, making holes in the deposited
layer. Then, the Ni-Cu layer deposition occurs around these
bubbles, which effectively acts as a dynamic template. It must
be noted that the kinetics of the hydrogen evolution reaction
on the substrate have a direct impact on the rate of bubble for-
mation and detachment. Consequently, this interaction signifi-
cantly affects the size, morphology, and porosity of the de-
posited layer.”®*>! The micro-nano dendrite structure is
formed when the electrochemical deposition process is under
diffusion control and high current density is applied.

At first, multiple nuclei form on the NF surface. The
process then advances as new nickel and copper atoms are
adsorbed onto the surface of the initial nuclei (the primary
clusters). As time progresses, the newly deposited particles are
more likely to adhere to the tip of the clusters and other parts
of the clusters, leading to external growth and the formation of
secondary clusters. Furthermore, as the deposition continues,
tertiary clusters grow on the surface of the secondary clusters,
eventually resulting in the formation of the final dendritic
structure.” Fig. S11 and Fig. 1(b and c) display the FESEM
images of Ni-Mn-S/Ni-Cu electrocatalysts with different
cycles, including 3, 5, 20, and 10 cycles (optimized sample).
The FESEM images confirm that the morphology of Ni-Mn-S
nanowires changes significantly with the deposition cycles.
Based on the images presented in Fig. Sla and b,{ the mor-
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Fig. 1 (a) TEM image of Ni—Cu micro—nano dendrite, (b) and (c) low and high magnification FESEM images of Ni-Mn—S/Ni—Cu/10 nanowire, (d)
and (e) TEM images of Ni-Mn-S/Ni—Cu/10 nanowire, (f) EDX analysis, (g) HRTEM image, and (h) TEM-elemental mapping of Ni-Mn-S/Ni—-Cu/10

nanowire.

phology of the samples obtained during cycles 3 and 5
remains fairly consistent and dendritic. The observed phenom-
enon can be attributed to the presence of an Ni-Cu layer on
the NF substrate and the low concentration of Ni-Mn-S nano-
wires. Additionally, the limited number of nanowires can be
attributed to fewer cycles, resulting in low opportunities for
their formation. In the optimized sample, as shown in Fig. 1b
and c, the electrode is presented through low and high-magni-

This journal is © The Royal Society of Chemistry 2025

fication FESEM images. These images illustrate the uniform
growth of the three-dimensional morphology of Ni-Mn-S
nanowires, with an average size of approximately 1 pm, cover-
ing the Ni-Cu micro-nano dendrite uniformly. With an
increase in the number of cycles, the loading of Ni-Mn-S
increased, which adversely affected the catalyst’s morphology.
Specifically, in the sample created with 20 cycles (as depicted
in Fig. Slct), the nanowire density is higher, resulting in a
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thicker and more uniform outer layer. However, this denser
morphology also decreases the porous nature of the material,
leading to a lower active surface area and decrease in the
electrocatalytic performance. It must be mentioned that the
TEM images of the Ni-Mn-S/Ni-Cu/10 sample (Fig. 1d and e)
are composed of Ni-Mn-S nanowires on the Ni-Cu micro-
nano dendrites; this structure increases the surface area and
provides more active sites, which is compatible with the find-
ings from the FESEM images. Based on the results of the
energy-dispersive X-ray spectroscopy (EDX) analysis, the Ni-
Mn-S/Ni-Cu electrocatalysts exhibit a uniform composition of
nickel, manganese, sulfur, and copper, as evidenced by the
images depicted in Fig. S1T and Fig. 1f. Specifically, the opti-
mized sample contains 21.07% nickel, 2.32% manganese,
1.62% sulfur, and 75% copper. Fig. 1g displays an HRTEM
image in which a yellow dashed line marks the Ni-Mn-S
phase. Through the HRTEM image, it can be confirmed that
the Ni-Mn-S nanowires have a crystalline nature and uniform
distribution. The lattice fringe spacing of 0.341 nm was
measured for the Ni-Mn-S phase, which corresponds to the
mixture of sulfides, including the (200) planes of a-MnS and
the (220) planes of Ni;S,.>*** TEM elemental mapping of the
Ni-Mn-S/Ni-Cu/10 sample displays the distribution of Cu,
Mn, S, and Ni elements (Fig. 1h). The results indicate that
these elements are homogeneously distributed throughout the
sample, and the EDX analysis supports this.
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X-ray photoelectron spectroscopy (XPS) analysis was con-
ducted to evaluate the surface chemical compositions and
elemental valence states of the optimized sample. The
obtained spectrum confirms the presence of nickel, copper,
manganese, and sulfur elements in the Ni-Mn-S/Ni-Cu/10
sample, which is consistent with the EDX and TEM-elemental
mapping results. In Fig. 2a, a detailed Ni 2p spectrum with
four distinct peaks is visible. Specifically, these peaks rep-
resent Ni 2p3/, with a binding energy of 855 eV, Ni 2p,,, with a
binding energy of 873 eV, and satellite peaks at 862 and 879 eV
(identified as “sat”). Notably, the peaks located at 855 and 873
eV suggest the presence of Ni** species on the substrate’s
surface.”>>° As depicted in Fig. 2b, the XPS spectrum of Cu 2p
clearly shows two main peaks, namely, Cu 2p3/, and Cu 2p;,.
The peaks observed at 932 and 952 eV are linked to Cu 2p;,
and Cu 2py;, of CuO, while the peaks at 934 and 955 eV
suggest the presence of Cu 2p/, and Cu 2p;,, for Cu®". A weak
satellite peak was also detected at a binding energy of 942 eV.
The intensity of Cu®>" peaks is noticeably lower than that of
CuO, indicating the slight oxidation of copper in the Ni-Cu
layer.®®®! The Mn 2p spectrum displays just one peak, which
can be attributed to the Mn 2pj3), state (as depicted in Fig. 2c).
Based on peak deconvolution analysis, the peaks positioned at
640 and 650 eV are related to Mn>" and the one at 643 eV is
assigned to Mn>".°>"®® As revealed in Fig. 2d, the S 2p spec-
trum exhibited two peaks, one at a lower binding energy and

(b)

Cu2p

Cu 2p;,

Cu2p,,

Intensity (a.u)

958 953 948 943 938 933 928
Binding energy (eV)

S2p

S2p,),

Intensity (a.u)

173 168 163 158
Binding energy (eV)

Fig. 2 High-resolution XPS spectra of Ni-Mn—S/Ni—Cu/10 nanowire: (a) Ni 2p, (b) Cu 2p, (c) Mn 2p, and (d) S 2p.
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another at a higher binding energy. The sample contains
metal-sulfur bonding with a peak at 162 eV ascribed to the S
2ps), of S~ and the peak at 168 eV ascribed to the oxidized

sulfur.®¢7°

3.2. Electrocatalytic performance

3.2.1 HER performance. To investigate the effect of
different cycles of electrodeposition on the catalytic activity of
Ni-Mn-S/Ni-Cu and compared with the Ni-Cu substrate and
Pt (the fabrication method is based on our previous study”"),
the electrocatalytic performance of the as-prepared samples
was evaluated toward HER using a typical three-electrode
system in 1.0 M KOH (Fig. 3). The obtained raw results were iR
corrected to reflect the intrinsic activities of all the samples.
Fig. 3a illustrates the linear sweep voltammetry (LSV) curves of
Ni-Mn-S/Ni-Cu for 3, 5, 10, and 20 cycles along with Ni-Cu
and Pt electrocatalyst in 1.0 M KOH with a scan rate of 5.0 mV
s~! for HER. As can be seen, the Ni-Mn-S/Ni-Cu electrode pre-
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Fig. 3 (a) and (b) LSV and corresponding Tafel curves of Ni-Mn-S/Ni-
Cu nanowires fabricated at different cycles for HER in 1.0 M KOH solu-
tion, (c) CV curves at different scan rates in the non-faradaic current
region of the Ni-Mn-S/Ni—Cu/10 sample, (d) current density as a func-
tion of scan rate, and (e) Nyquist plots of different samples (inset: the
electrical equivalent circuit utilized for fitting the EIS data). (f) CP curve
for the evaluation of the electrocatalytic stability at an applied current
density of 100 mA cm~2 for Ni-Mn-S/Ni-Cu/10.
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pared in 10 cycles (Ni-Mn-S/Ni-Cu/10) with overpotentials of
64 mV and 160 mV to reach current densities of 10 and
100 mA cm™2, respectively, has the best performance among
the samples synthesized in 3 cycles (107 and 250 mV at 10 and
100 mA cm™?, respectively), 5 (104 and 228 mV at 10 and
100 mA cm?, respectively), and 20 (71 and 190 mV at 10 and
100 mA cm?, respectively). Ni-Mn-S/Ni-Cu/10 had a similar
catalytic performance to the Pt electrode and a much better
catalytic activity than its Ni-Cu substrate, which needs much
higher overpotentials of 186 and 345 mV to reach 10 and
100 mA cm™?, respectively.

Evidently, the number of electrodeposition cycles signifi-
cantly influenced the electrode’s microstructure and mor-
phology. Consequently, by changing the number of electrode-
position cycles, the electrocatalytic activity and HER perform-
ance will be altered. LSV curves demonstrate that changing the
cycles of electrodeposition from 3 cycles to 10 cycles causes a
drop in 7,0 from 107 mV to 64 mV, implying an enhancement
in the HER activity. In addition, increasing the electrodeposi-
tion cycles from 10 to 20 cycles results in an increase in the 74,
to 71 mV, demonstrating an undesirable effect on the catalytic
activity. As a result, it can be concluded that the Ni-Mn-S/Ni-
Cu/10 electrode has the highest electrocatalytic performance
among other as-prepared electrodes. An efficient electrocatalyst
should possess a high activity in both high and low current
densities. The LSV results for Ni-Mn-S/Ni-Cu/10 indicate that
this electrode needs only a low potential of 160 mV to reach a
high current density of 100 mA ecm™>, which is much better
than that of the other as-prepared electrodes reported in
Table S3.1 In addition, the catalytic activity of Ni-S and Mn-S
along with Ni-Mn-S under the optimized conditions is illus-
trated in Fig. S2.T As can be seen, the catalytic activity of Ni-
Mn-S is better than that of Ni-S (750 = 127) and Mn-S (50 =
149). Thus, the synergetic effect of different sulfide-based
phases contributes to the improvement of the catalytic activity.
Thus, the introduction of Mn can regulate the electronic struc-
ture and change the electrochemical properties of the fabri-
cated catalyst by adjusting the adsorption free energy of the
intermediates of the reactions. Moreover, it is reported that
Mn doping can accelerate the electron transfer.”” Moreover, to
evaluate the HER mechanism and kinetics, the Tafel slope
curves obtained from their LSV plots (Fig. 3a) are illustrated in
Fig. 3b. The Tafel slopes were analyzed to clarify how hydrogen
is produced by the electrodes and examine the kinetics
involved. The Tafel analysis indicates that three distinct stages
can occur for the hydrogen evolution reaction in an alkaline
environment: Volmer (the electrochemical adsorption of
hydrogen atoms), Heyrovsky (the electrochemical desorption
of hydrogen molecules), and Tafel (the chemical desorption of
hydrogen molecules). When the Tafel slope measures approxi-
mately 120, 40, and 30 mV dec™", the Volmer, Heyrovsky, and
Tafel reactions serve as the rate-determining steps (RDS) of the
HER, respectively. A reduced Tafel slope indicates that a
smaller overpotential is required to raise the -current
density.”*’® In Fig. 3b, the Tafel slopes for the synthesized
electrodes are as follows: Ni-Mn-S/Ni-Cu/3 shows a slope of
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118 mV dec ™', Ni-Mn-S/Ni-Cu/5 exhibits a slope of 106 mV
dec™, Ni-Mn-S/Ni-Cu/10 presents a slope of 81 mV dec?,
and Ni-Mn-S/Ni-Cu/20 has a slope of 101 mV dec™. These
values suggest that all electrodes follow the Volmer-Heyrovsky
mechanism. Furthermore, the Tafel slope value for Ni-Mn-S/
Ni-Cu/10 is significantly lower than that of its Ni-Cu substrate,
which is 135 mV dec™. This reduced Tafel slope for Ni-Mn-S/
Ni-Cu/10 signifies enhanced kinetic performance compared to
the other electrocatalysts produced, which likely results from a
synergistic interaction between the Ni-Mn-S and Ni-Cu layers.
This synergistic effect can improve and optimize the electronic
structure within the electrode and increase the electrical con-
ductivity. Another noticeable factor that could play a key role
in enhancing the reaction kinetics is the nanoneedle-like mor-
phology of the Ni-Mn-S/Ni-Cu/10 electrode.

These nanoneedles of Ni-Mn-S/Ni-Cu/10, by creating
superaerophobic properties, can easily adsorb active species
within the electrolyte due to the immediate detachment of gas
bubbles. Markedly, the figures of the Tafel slope for Ni-Mn-S/
Ni-Cu/10 reveal the fact that the HER rate-determining stage
on Ni-Mn-S/Ni-Cu/10 is the desorption of atomic hydrogen
from the surface (Volmer-Heyrovsky mechanism)." The
double-layer capacitance (Cq;) is another important factor that
can reflect the intrinsic properties of an electrocatalyst by
representing its electrochemical surface area. Fig. 3d demon-
strates the Cq; values of the Ni-Mn-S/Ni-Cu samples prepared
in different cycles. The Cgq value of Ni-Mn-S/Ni-Cu/10
(20.1 mF cm™?), which is obtained from its CV curves in
Fig. 3c, is higher than that of the samples prepared in 3
(11.9 mF e¢cm™?), 5 (12.8 mF cm™?), and 20 (17.5 mF cm?)
cycles. According to the Cgq value for Ni-Mn-S/Ni-Cu/10, a
larger electrochemical surface area and consequently higher
catalytic active sites can be expected. The higher double-layer
capacitance value for the Ni-Mn-S/Ni-Cu/10 electrocatalyst
could be related to the high nanoneedle density in its
morphology.

For the more insightful analysis of the HER kinetics,
electrochemical impedance spectroscopy (EIS) was utilized at
200 mV overpotential vs. RHE for the as-mentioned catalysts in
1.0 M KOH (Fig. 3e). The Nyquist curve plot presents a unique
depressed semicircle shape in all the samples, which clearly
reveals that hydrogen production is controlled by charge trans-
fer. For fitting the data, an electrical equivalent circuit (EC)
with a two-time constant was utilized (Fig. 3e). In this circuit,
R defines the solution resistance; the first (CPE; and R;) and
second time constant (CPE, and R,) at high and low frequen-
cies, respectively, are attributed to the porosity and charge
transfer process of the electrode. The data depicted in Fig. 3e
confirm that the semicircles exhibit no noticeable variation at
high frequencies; therefore, the samples share the same
surface porosity. The charge transfer resistance (R,) can be
accurately determined by measuring the diameter of the semi-
circles present in the Nyquist plot for the Ni-Mn-S/Ni-Cu elec-
trodes at low frequencies. The R, value for Ni-Mn-S/Ni-Cu/10
is 1.9 Q cm?, which is lower than that of other samples and in
agreement with the obtained results from the Tafel slope
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results. The EIS results prove that the Ni-Mn-S/Ni-Cu/10
sample has better catalytic activity and electrical conductivity
than the other samples. In addition, the Nyquist plots at
different overpotentials (100, 200 and 300 mV) are represented
in Fig. S3.} It can be seen that by increasing the overpotentials,
the charge transfer resistance decreases, which means better
HER kinetics at higher overpotentials. The electrocatalytic
stability of the Ni-Mn-S/Ni-Cu/10 electrode for the hydrogen
evolution reaction was assessed using chronopotentiometry
(CP) with a current density of —100 mA cm >, and the result is
depicted in Fig. 3f. Following 24 h of electrolysis, the overpo-
tential displays minimal changes, with the potential level
remaining almost consistent, which suggests that the opti-
mized sample boasts exceptional electrocatalytic stability.

In addition, the catalytic activity is severely affected by the
behaviour of bubble detachment during electrochemical gas-
evolving reactions.”” Here, the EIS data at fixed frequency
(dynamic specific resistance test) were obtained for under-
standing the changes in the IZI resulting from the behaviour
of bubble detachment. The test was done in —50 mA cm™> and
1 Hz frequency for 600 seconds. As can be seen in Fig. S4,t the
fluctuation in IZI is not high, which means the rapid detach-
ment of the formed bubble during electrochemical hydrogen
production and consequently indicates the low bubble
resistance.

3.2.2. UOR performance. The high overpotential required
for the overall water splitting (OWS) process can be attributed
to the sluggish kinetics associated with the four-stage charge
transfer process in OER. In light of this, it is essential to
explore alternative oxidation reactions with lower thermo-
dynamic potentials. One such alternative is the UOR, which
can substitute the OER process and reduce the cell voltage to
lower values. For evaluating the electrocatalytic behavior of Ni-
Mn-S/Ni-Cu samples for the UOR process, LSV curves were
also assessed in 1.0 M KOH + 0.33 M urea solution with a scan
rate of 5 mV s~'. As shown in Fig. 4a, it is evident that the Ni-
Mn-S/Ni-Cu/10 catalyst displays an optimal UOR -catalytic
activity, where only 1.238 and 1.372 V vs. RHE are needed to
drive the current density of 10 and 100 mA cm™>, respectively,
lower than that of other electrodes. Moreover, deriving Tafel
slopes through the fitting of LSV plots facilitated the evalu-
ation of the reaction kinetics of the electrocatalysts. As shown
in Fig. 4b, the Tafel slopes recorded for the samples prepared
in 3, 5, 10, and 20 cycles were 82, 70, 87, and 162 mV dec™,
respectively. These results highlight the rapid and highly favor-
able kinetics of the urea oxidation reaction (UOR) for the Ni-
Mn-S/Ni-Cu electrodes. Importantly, these Tafel slopes are
considerably lower than those reported for other electrodes uti-
lized in UOR, as detailed in Table S4,7 further supporting the
excellent performance of the Ni-Mn-S/Ni-Cu configuration.

The outstanding performance of Ni-Mn-S/Ni-Cu/10 for the
UOR process can be attributed to the synergistic interaction
between elements, high electrical conductivity, high active
surface area, and binder-free electrode formation, which
results in low potential and good kinetics. In order to examine
the efficacy of UOR as a promising alternative to OER, a com-
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Fig. 4 (a) and (b) LSV and corresponding Tafel curves of the electrodes
fabricated at different cycles for UOR in 1.0 M KOH + 0.33 M urea solu-
tion, (c) comparison of OER and UOR of the Ni-Mn-S/Ni-Cu/10
sample, (d) CP curve for the evaluation of the electrocatalytic stability of
the optimized sample at 100 mA cm~2 (TEM images after the stability
test). High-resolution XPS spectra of the Ni—-Mn-S/Ni—Cu/10 sample
after the UOR stability test: (e) Ni 2p, (f) Cu 2p, (g) Mn 2p, and (h) S 2p.

parison between the two was conducted for the optimized elec-
trode. The results of this comparison can be observed in
Fig. 4c, which clearly illustrates the differences in the
efficiency and performance of both processes. The UOR
process requires an onset potential significantly lower than
that of the OER process. The voltage essential to achieve a
current density of 100 mA cm™> for the Ni-Mn-S/Ni-Cu/10
sample in the OER process is 1.680 V vs. RHE, which is
notably 308 mV higher than the voltage requirements for the
UOR process. Moreover, the comparison of Ni-Mn-S/Ni-Cu/10
over some reported electrocatalysts also displays superior
electrocatalytic performance for UOR (Table S4+).

For energy-conversion systems, the long-term stability of
catalysts is a critical factor. Long-term chronopotentiometry
technique was performed at a consistent current density of
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100 mA cm~? for over 24 h in 1.0 M KOH + 0.33 M urea solu-
tion. Fig. 4d shows that Ni-Mn-S/Ni-Cu/10 potential change is
negligible during the operation, exhibiting remarkable electro-
catalytic stability during the UOR process. In addition, the
remarkable stability demonstrated by the electrodeposited
layer can be attributed to its inherent morphological and
chemical properties. To evaluate the morphological stability,
the surface of the Ni-Mn-S/Ni-Cu/10 electrode was studied
after the UOR electrocatalytic stability test using the TEM tech-
nique. By comparing the TEM images before (Fig. 1d and e)
and after the stability test (Fig. 4d), after the 24 h stability test,
the morphological structure of Ni-Mn-S/Ni-Cu/10 is excel-
lently maintained. After the stability test, XPS spectra were
used to investigate changes in the chemical composition and
valence of different elements (Fig. 4e-h); the results indicate
that no changes in the chemical composition were observed
after the stability test, confirming its chemical stability and
corrosion resistance in an alkaline environment. Throughout
the stability test, exposure to harsh alkaline conditions and
the detachment of gas bubbles can potentially lead to surface
damage, ultimately weakening the electrocatalytic stability.
Nonetheless, the nanostructure of the Ni-Mn-S/Ni-Cu/10
sample facilitates the swift detachment of gas bubbles from
the surface, which in turn enhances the catalytic stability.

3.2.3. Overall urea-water electrolysis performance. Due to
the superior performance of Ni-Mn-S/Ni-Cu/10 toward HER
and UOR in the alkaline media without and with urea, respect-
ively, a two-electrode electrolyzer constituting two Ni-Mn-S/
Ni-Cu/10 electrodes as both anode and cathode (Ni-Mn-S/Ni-
Cu/10| |Ni-Mn-S/Ni-Cu/10) was constructed to further evaluate
the overall urea-water electrolysis performance (HER-UOR). A
schematic of the HER-UOR process is depicted in Fig. 5a.
Moreover, the two-electrode system for OWS in 1.0 M KOH was
also tested for comparison (HER-OER). Fig. 5b demonstrates
the LSV curves of the Ni-Mn-S/Ni-Cu/10||Ni-Mn-S/Ni-Cu/10
in alkaline water solutions without and with 0.33 M urea. As
observed in Fig. 5b, the bi-functional Ni-Mn-S/Ni-Cu/10 elec-
trocatalyst displayed outstanding electrochemical performance
with a low cell voltage of 1.302 V, which is required to yield
10 mA cm? in the presence of urea.

As expected, the OWS for the system requires a voltage of
1.443 V to attain 10 mA cm™ >, which is 141 mV higher than
that of the overall urea-water splitting. This reveals that the
Ni-Mn-5/Ni-Cu/10||Ni-Mn-S/Ni-Cu/10 configuration demon-
strated high electrochemical performance for urea-water elec-
trolysis and confirms replacing the sluggish OER with the
thermodynamically favorable UOR to enhance the H, pro-
duction yield. The cell performance of Ni-Mn-S/Ni-Cu/10 is
comparable with that of previously studied electrocatalysts for
overall urea electrolysis (Table S57).

Moreover, the durability of the Ni-Mn-S/Ni-Cu/10||Ni-Mn-
S/Ni-Cu/10 system in 1.0 M KOH + 0.33 M urea was studied by
measuring the cell voltage at 50 mA cm™> for 24 h (Fig. 5c).
Throughout continuous running for 24 h, Ni-Mn-S/Ni-Cu/10
showed a slight change in the cell voltage and highly stable
performance, which confirms the superior electrocatalytic
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Fig. 5 (a) Schematic of overall urea—water splitting, (b) LSV curves of Ni-Mn—S/Ni—Cu/10||Ni-Mn-S/Ni-Cu/10 in 1.0 M KOH + 0.33 M urea and 1.0
M KOH solution for comparison, (c) evaluation of the electrocatalytic stability by CP at 100 mA cm~2 (FESEM and TEM images of Ni-Mn—-S/Ni-Cu/10
after the stability test). High-resolution XPS spectra of the optimized sample after the stability test: (d) Ni 2p, (e) Cu 2p, (f) Mn 2p, and (g) S 2p.

stability of the optimized sample as a bi-functional electrode.
Furthermore, FESEM, TEM, and XPS were also performed to
understand the structural evolution of the electrode surface
after the chronopotentiometry test. The FESEM and TEM
images, after the stability test presented in Fig. 5c, show that
the morphological structure of Ni-Mn-S/Ni-Cu/10 is excel-
lently maintained, indicating its good structural stability
towards urea-water electrolysis. Also, the XPS spectra of Ni 2p

2170 | Nanoscale, 2025, 17, 2162-2173

(Fig. 5d), Cu 2p (Fig. 5e), Mn 2p (Fig. 5f), and S 2p (Fig. 5g) for
Ni-Mn-S/Ni-Cu/10||Ni-Mn-S/Ni-Cu/10 cell after sustained
operation at the current density of 100 mA cm™ for 24 h
demonstrate that there were no modifications to the compo-
sition of the electrode, confirming the chemical stability of the
sample for the HER-UOR process. The exceptional stability
and remarkable efficiency of the Ni-Mn-S/Ni—Cu/10 catalyst in
urea-water electrolysis can be influenced by various factors.

This journal is © The Royal Society of Chemistry 2025
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Firstly, the cooperative effect of the Ni, Mn, S, and Cu elements
in the electrode enhances the adsorption and desorption
pathway of the electroactive species. Secondly, the synergistic
effect between the two nanosheets of Ni-Mn-S/Ni-Cu provides
direct and efficient electron pathways and minimizes the inter-
facial resistance. Thirdly, the three-dimensional morphology
of the nanostructured sample presents numerous active sites,
promoting the transfer of both mass and charge as well as the
diffusion of the generated gases. Finally, the electrode design,
produced without a binder through electrodeposition syn-
thesis, provides superior adhesion capabilities and maintains
the electroconductivity.

4. Conclusion

In conclusion, a micro-nanostructured Ni-Mn-S/Ni-Cu elec-
trocatalyst was effectively synthesized on an NF substrate using
a two-step electrodeposition process comprising galvanostatic
electrodeposition and cyclic voltammetry. The surface investi-
gation results have confirmed the successful production of the
Ni-Mn-S/Ni-Cu samples, which exhibit coatings containing
varying percentages of different elements. The electrochemical
studies have confirmed that the synthesized electrodes are
exceptional in their electrocatalytic activity for both HER and
UOR processes. The optimized sample was created using 10
cycles in the CV test (Ni-Mn-S/Ni-Cu/10), which resulted in
overpotentials of 64 mV at current densities of 10 mA cm™>
and a Tafel slope of 81 mV dec™" for the HER process. Also, a
potential of 1.238 V vs. RHE was needed to generate a current
density of 10 mA cm™2 during the UOR process. When Ni-Mn-
S/Ni-Cu/10 was utilized as both the cathode and anode in the
overall urea-water electrolysis system (Ni-Mn-S/Ni-Cu/10]||Ni-
Mn-S/Ni-Cu/10), the material displayed a low cell voltage of
1.302 V to achieve 10 mA cm™> with remarkable stability (24 h
at 100 mA cm™?). It must be mentioned that the potential
required was about 141 mV lower than that of OWS. The elec-
trodes’ impressive performance can be attributed to several
factors, including low charge transfer resistance, high number
of active sites, and a superaerophobic nature. This study high-
lights the impressive performance of the Ni-Mn-S/Ni-Cu
nanostructure electrocatalyst, which was created through a
straightforward, cost-effective, and binder-free method. This
electrocatalyst exhibits tremendous potential as a substitute
for noble metal catalysts, delivering efficient catalytic perform-
ance for both HER and UOR reactions.
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