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Abstract

This research focuses on developing bimetallic nickel-cobalt (NiCo) electrocatalysts
for water-splitting applications via a tailored electrodeposition approach using
saccharin as a structure-directing additive. The introduction of saccharin refined
the material’s crystal size, promoted nickel enrichment in the alloy, and produced
a smoother, more porous surface morphology, which collectively enhance the
electrochemical active area. The modified catalyst exhibited improved catalytic
activity for both hydrogen and oxygen evolution, displaying favorable onset
potentials (-0.1593 V for HER and 1.6427 V for OER) and accelerated reaction
kinetics, as reflected by Tafel slopes of 134.2 mV/dec and 24.96 mV/dec,
respectively. While charge-transfer resistance was not lowered, long-term stability
and corrosion resistance were markedly enhanced in the presence of saccharin.
These results demonstrate that microstructural engineering through
additive-assisted electrodeposition can effectively boost the durability of NiCo
electrocatalysts, underscoring the importance of morphology control for sustained
performance in energy-conversion systems.
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1. Introduction

The increasing global demand for energy, coupled with

splitting has emerged as a promising and effective solution
[3]. Electrochemical water splitting involves two
fundamental half-reactions: the oxygen evolution reaction

high dependence on CO,-emitting fossil fuels, has had a
detrimental impact on Earth's natural ecosystems. In
response, the global development of renewable energy
sources has become crucial, particularly to ensure
sustainable progress in developing countries [1]. The
continued reliance on conventional fuels raises significant
problems related to resource scarcity and the
environmental impacts of greenhouse gas emissions,
which drive global warming. Therefore, alternative
solutions that provide environmentally friendly and
sustainable energy sources are urgently needed.

Hydrogen is widely considered an ideal energy carrier
due to its high energy density and clean combustion,
producing only water (H,0) as a byproduct [2]. To
overcome the intermittent nature of renewables,
hydrogen (H,) production via electrocatalytic water

(OER) and the hydrogen evolution reaction (HER) [4].
However, operation in acidic media imposes limitations on
electrocatalysts for HER and OER, typically requiring noble
metals and metal oxides, which significantly increase the
cost of proton exchange membrane (PEM) systems [5]. In
contrast, alkaline media allow for a broader selection of
electrocatalyst materials and are particularly
advantageous for developing OER catalysts [6,7]. In
alkaline conditions, OER occurs at the anode:

40H™ - 0, + 2H,0 + 4e™ (2)
and HER occurs at the cathode:
4H,0 +4e~ —» 2H, + 40H™ (2)

Developing efficient electrocatalysts for HER and OER
remains a significant challenge, primarily due to their slow
reaction kinetics [6]. Pt-based materials are known for
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excellent HER performance, while Ru/Ir-based materials
excel in OER. Despite their high catalytic activity, the
scarcity and high cost of these noble metals hinder their
widespread adoption [8]. Therefore, alternative
electrocatalysts that are cost-effective, highly active, and
scalable are essential. Among various transition metals,
iron (Fe), cobalt (Co), nickel (Ni), and molybdenum (Mo)
are particularly promising due to their good stability and
electrocatalytic activity [9].

Nickel-based materials are widely recognized as
effective non-precious electrocatalysts for HER in alkaline
media, owing to their favorable activity and low cost.
Nickel also exhibits excellent alloying ability with other
noble and transition metals in various ratios, enabling the
development of bimetallic catalyst systems with enhanced
activity and stability compared to pure Ni [10]. To further
improve catalytic performance, nickel is often combined
with cobalt. Cobalt (Co) has gained considerable attention
as a promising non-precious metal due to its well-known
catalytic performance in water splitting [11]. Studies have
shown that combining different metals can create a
synergistic effect, significantly boosting catalytic
performance in water splitting systems [12]. Thus, NiCo
alloys represent a promising alternative for use as
electrocatalysts, as they leverage the complementary
properties of nickel and cobalt to achieve higher activity
and durability than their single-metal counterparts.

Various synthesis techniques exist, including chemical
vapor deposition, hydrothermal synthesis, corrosion
methods, and electrodeposition [13]. Among these,
electrodeposition offers several key advantages: it enables
precise morphological control, is cost-effective and
scalable, environmentally benign, and typically yields
stable catalysts [14,15]. This method also allows for the
adjustment of surface area, electronic properties, and
surface reactivity, critical factors influencing catalytic
activity. Co and Ni electrodeposition often exhibits co-
deposition anomalies, where metal distribution deviates
from expected electrochemical behavior [16,17].
Optimizing NiCo electrodeposition therefore relies heavily
on the careful adjustment of processing variables, which
directly affect composition and material characteristics.
Saccharin is widely used as an additive in the
electrodeposition of various metals and alloys due to its
effectiveness [18,19]. With the molecular formula
C7HsNOsS, saccharin contains sulfur (S), oxygen (0), and
carbonyl functional groups, all of which possess lone pairs
and mtelectrons. It has long been employed in nickel plating
solutions to refine surface morphology and reduce grain
size [20,21]. As such, saccharin has the potential to
enhance the efficiency of NiCo electrocatalysts produced
via electrodeposition [22].

Based on this background, this study aims to synthesize
NiCo material with fine crystallite size and evaluate its
effect on electrocatalytic activity. Electrochemical tests
were conducted to assess the relationship between
crystallite size and charge transfer efficiency, reaction
kinetics, and catalyst stability. The addition of saccharin
served as a strategy to control crystal growth and achieve
a smoother, more uniform morphology.

2. Materials and Methods
2.1 Synthesis of NiCo thin films

NiCo thin films were synthesized by electrodeposition.
An aqueous electrolyte solution was prepared containing
0.08 M nickel(ll) sulfate (NiSO,4), 0.02 M cobalt(ll) sulfate
(CoS04), 0.3 M boric acid (HsBOs), and 2 g/L saccharin
additive. The films were deposited onto a 1 x 2.5 cm copper
(Cu) substrate. Electrodeposition was performed at room
temperature for 30 minutes at a constant potential of -1.4
V vs. Ag/AgCl, using a Cu working electrode, a Pt wire
counter electrode, and an Ag/AgCl reference electrode. A
NiCo catalyst was also synthesized without the saccharin
additive under identical conditions for comparison.

2.2 Characterization

The crystal structure and lattice parameters of the NiCo
nanoparticles were analyzed using X-ray diffraction (XRD).
The surface morphology of the NiCo films was examined,
and the chemical composition was determined by X-ray
fluorescence (XRF) spectroscopy.

2.3 Linear sweep voltammetry (LSV)

Hydrogen evolution reaction (HER) measurements
were performed on the NiCo films in a 0.5 M KOH
electrolyte over a potential range of -0.5 V to -1.5 V vs.
Ag/AgCl. Oxygen evolution reaction (OER) measurements
were conducted in the same electrolyte over a potential
range of 0.3V to 0.8 V vs. Ag/AgCl.

2.4 Chronoamperometry (CA)

Chronoamperometry (CA) measurements were carried
out on the NiCo films in a 0.5 M KOH electrolyte for 2
hours. Measurements were performed at fixed potentials
of 0.8 V and -0.5 V vs. Ag/AgCl, corresponding to the
overpotentials for OER and HER, respectively, as
determined from the LSV results.

2.5 Electrochemical impedance spectoscopy (EIS) and
potentiodynamic polarization (PDP)

Electrochemical impedance spectroscopy (EIS) was
performed in a 0.5 M KOH electrolyte across a frequency
range of 100 kHz to 0.1 Hz. Potentiodynamic polarization
(PDP) measurements were conducted in a 3.5 wt% NaCl
solution, scanning from -750 mV to 750 mV vs. Ag/AgCl at
arate of 1 mV/s.
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3. Result and Discussion

The XRD characterization results are shown in Fig 1,
which shows five peaks located at 26 angles of 50.7°, 52°,
59.2°, 60.9°, and 89°. These correspond to the Miller
indices (111), (020), and (022). Based on the graph, the
NiCo nanoparticles (NPs) have a cubic crystal structure,
where the Ni and Co diffraction peaks overlap at the
second position. The characterization results indicate the
formation of NiCo NPs, consistent with the NiCo reference
[23] and the database pattern listed in Fig 1. The NiCo
sample synthesized with the addition of saccharin (red
line) displays noticeably sharper and more intense
diffraction peaks than the sample without saccharin (black
line). This reflects an improvement in crystallinity,
suggesting that saccharin promotes a more ordered crystal
structure [24].

The addition of saccharin reduced the NiCo crystallite
size from 16.6 nm to 15.6 nm, which is essential for
expanding the electrochemically active surface area and
shortening the transport distance for charge carriers
[25,26]. This refinement, coupled with the improved
crystallinity and structural ordering induced by saccharin,
further enhances the catalyst's porosity and contributes
significantly to its overall water-splitting efficiency [27,28].
These beneficial effects arise from the ability of saccharin’s
functional groups, containing lone pairs and rt electrons, to
interact  with the electrode surface  during
electrodeposition, resulting in superior film morphology
and smoother surfaces [29].

Cu JCPDS card no.: 96-901-2955
Ni JCPDS card no.: 96-210-0647
Co JCPDS card no.: 96-900-8467
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Figure 1. XRD patterns of NiCo thin films synthesized with and
without saccharin.

SEM analysis was carried out to observe the
morphological differences between NiCo samples

Figure 2. SEM micrographs of (a) NiCo (b) NiCo with saccharin.
prepared with and without saccharin additives. Based on
the images, there are significant morphological
differences. The morphology of NiCo without saccharin
(Fig 2a) has a dense and rough surface, resulting from
excessive or uncontrolled synthesis. This can be seen from
the darker surface, which indicates a thick NiCo layer. In
contrast, the surface morphology of NiCo with saccharin
(Fig 2b) shows significant changes, forming more uniform
crystals. The brighter surface indicates a thinner and
smoother layer with pores that can increase the catalyst's
surface area [30]. This positive change is associated with
the role of saccharin in encouraging nucleation, thereby
controlling crystal formation and producing thinner and
more porous grains [31].

Table 1. Composition of NiCo thin films synthesized with and
without saccharin.

Composition (%)

Samples -
Co Ni
NiCo with saccharin 40911 59.089
NiCo without 45,177 54.823
saccharin

XRF testing was performed to determine the elemental
composition of the metals in the synthesized material, thus
determining the ratio of nickel (Ni) to cobalt (Co) in the
NiCo alloy. Based on Table 1, the synthesis of NiCo with the
addition of saccharin shows a Ni:Co composition close to a
3:2 ratio. The addition of saccharin resulted in a decrease
in the cobalt content in the alloy. This phenomenon is
explained by increased adsorption of saccharin on the
electrode surface, which can increase cathodic polarization
and inhibit the overall metal deposition process [32].
Saccharin has been identified as a crucial additive in
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suppressing the anomalous co-deposition behavior
characteristic of NiCo systems. Saccharin can modulate the
electrodeposition  kinetics, thereby promoting Ni
incorporation over Co yielding Ni-enriched deposits with
enhanced compositional control and improved structural
uniformity [33]. Furthermore, other studies have reported
that in acetate solutions, saccharin tends to accelerate
nickel deposition while simultaneously inhibiting cobalt
deposition [34].
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Figure 3. (a). LSV curves of HER (b) Tafel plots of HER for NiCo thin
films synthesized with and without saccharin in 0.5 M KOH.

HER on the NiCo nanoparticle catalyst with saccharin
additive was evaluated under basic conditions in 0.5 M
KOH, with a potential range from -1.5 V to -0.5 V. The
electrocatalytic activity shows an onset potential of -
0.1593 V, as seen in Fig 3, indicating that hydrogen
evolution occurs earlier in NiCo NPs with the saccharin
additive [35]. The Tafel slope value of 134.2 mV/dec for
NiCo NPs with saccharin indicates that the additive
effectively increases the catalytic activity. This catalytic
activity is also better than that of a previously reported
NiCo-LDH catalyst, which had a Tafel slope of 254 mV/dec
[36]. However, the overpotential value obtained with
saccharin addition was -0.3693 V. NiCo electrodes with
finer crystallites showed slightly higher HER overpotential
values. This is thought to be related to additive residues
from the synthesis process, which can limit ion access to
the active electrode surface. Previous research also
reported that saccharin can cause an increase in cathodic
overpotential because it inhibits the ion reduction process
on the electrode surface [37].
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Figure 4. (a) LSV curves of OER (b) Tafel plots of OER for NiCo thin
films synthesized with and without saccharin in 0.5 M KOH.

OER under the same conditions showed uniform
catalyst activity. NiCo NPs with saccharin additives had a
Tafel slope value of 24.96 mV/dec, an overpotential at 10
mA-cm™2 of 0.4627 V, and an onset potential of 1.6427 V.
This indicates good reaction kinetics, as seen from the NiCo
catalyst under conditions without saccharin additives in Fig
4, when used as a bifunctional electrode for water splitting
[38]. These test results explain that catalytic activity can be
controlled by size, shape, composition, and interface and
surface engineering.
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Figure 5. Nyquist plot of NiCo thin films synthesized with and
without saccharin in 0.5 M KOH.

In Fig 5, the Nyquist plot obtained from EIS
measurements shows a low charge transfer resistance
(Ret), indicating efficient electron transfer and improved
electrochemical kinetics. The NiCo catalyst with saccharin
shows a lower charge transfer resistance (1.40 Q)
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compared to the catalyst prepared without saccharin (2.85
Q). The smaller semicircle size reflects better charge
transfer, allowing electrons to move more efficiently
between the electrode surface and electrolyte species,
thus improving overall catalytic performance [23].
Although crystallite size fineness can affect morphology, it
does not always directly correlate with faster kinetics.
Therefore, other factors are suspected to influence
reaction kinetics, such as the balance between crystallite
size and electronic conductivity, which is crucial for
optimizing catalytic performance.

Chronoamperometry stability tests were conducted at
fixed HER (-0.56 V) and OER (0.8 V) potentials for 2 hours.
The saccharin-modified NiCo catalyst retained 80.6% of its
initial OER current and 45.76% of its HER current (Fig 6b),
demonstrating superior long-term stability compared to
the additive-free sample. These results indicate that the
NiCo catalyst with saccharin additive has better stability
compared to NiCo without additives. The improved
stability can be ascribed to the role of saccharin in reducing
residual stress and improving film quality, resulting in a
more homogeneous and compact layer that is resistant to
degradation under long-term electrochemical operation
[19]. Similar observations have been reported in previous
studies, where the addition of saccharin during
electrodeposition resulted in smaller crystallite sizes and
increased structural stability of metal alloy catalysts [39].
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Figure 6. Chronoamperometric test of (a) OER (b) HER for NiCo
thin films synthesized with and without saccharin in 0.5 M KOH.

In the PDP test, the corrosion potential (Ecor) and
corrosion current density (icorr) values were obtained from
polarization measurements [40]. The corrosion potential
Ecorr indicates the thermodynamic tendency of a metal to
corrode under certain environmental conditions. A more
positive Ecorr value indicates a lower tendency for
corrosion, while a more negative Ecorr value indicates a
greater thermodynamic driving force for corrosion [41].
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Figure 7. Potentiodynamic polarization curve of NiCo thin films
synthesized with and without saccharin in 3.5 wt% NaCl.

Table 3. i,y and E.,r potentiodynamic polarization for NiCo thin
films synthesized with and without saccharin.

Sample icorr(mA.Cm-Z) Ecorr (V)
NiCo with saccharin 1.2 -2.97
NiCo W|-thout 1.19 228
saccharin

Additionally, the corrosion current density icor
represents the corrosion rate from a kinetic perspective. A
lower icorr Value indicates a slower metal dissolution rate,
reflecting better corrosion resistance [42]. The Ecorr and icorr
values were better for NiCo with the addition of saccharin,
as shown in Table 3. These results indicate that the NiCo
catalyst with saccharin additives has better corrosion
resistance because the morphological changes on the NiCo
surface become smoother, as shown in Fig 7. These
findings align with previous studies explaining that smaller
nanoparticle sizes influence corrosion resistance [43]. The
measured values of corrosion potential and corrosion
current density help to understand how the material
behaves when exposed to a corrosive environment [44].

4. Conclusion

The addition of saccharin additives in the synthesis of
NiCo successfully produced higher crystallinity with a
crystallite size of 15.6 nm, smaller than NiCo without
saccharin (16.6 nm), and an increase in nickel content in
the alloy. The increase in surface area is also supported by
surface morphology results that the addition of saccharin
additives significantly smoothens the surface, resulting in
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uniform crystal size and pore formation compared to NiCo
without saccharin. This is because saccharin additives
control the growth of NiCo crystals, thereby increasing
electrochemical stability and corrosion resistance, as
indicated by chronoamperometry and potentiodynamic
polarization tests. However, the higher HER overpotential
values and charge transfer resistance in samples with
saccharin indicate that a finer crystallite structure does not
necessarily improve the kinetic efficiency of
electrochemical reactions. Morphology engineering
through crystallite size control can be an effective strategy
to improve the durability and stability of electrocatalysts in
water-splitting applications.
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