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Abstract: Magnetic fields influence the deposition process and its current efficiency. They have a
remarkable influence on thin films’ surface characteristics and catalytic properties. Here, we study the
correlation between the magnetic flux density and the current efficiency of the deposition process in
the presence of a magnetic field with different intensities in different directions: the directions parallel
and perpendicular to the electrode surface. We also show how the magnetic field direction impacts
the surface roughness. Furthermore, we also analyze the impact of these synthesized films on the
hydrogen evolution reaction (HER) when using them as electrocatalysts and how the application of a
magnetic field in two dissimilar orientations influences the surface roughness and wettability. The
synthesized Ni films are characterized using a scanning electron microscope (SEM), X-ray diffraction
(XRD), and atomic force microscopy (AFM).
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1. Introduction

Nickel electroplating has garnered significant attention because of its industrial appli-
cations for both decorative and protective purposes. Electroplating stands out as a favored
method due to its simplicity, cost-effectiveness, and applicability at low temperatures at
the commercial scale [1,2]. The electrodeposition of Ni films from aqueous electrolytes has
been extensively studied, utilizing different types of electrolytes including sulphamate,
acetate, chloride, sulfate, lactate, and others. For instance, the Watts bath is considered
predominant in the literature and commercial applications. This bath, containing nickel
salts and boric acid along with additives, serves to regulate grain growth, which minimizes
internal stresses and defines the coating properties [3,4]. An alternative approach involves
using polycarboxylic acid salts, particularly citrates, in galvanic baths for nickel coating
manufacture. These compounds, commonly employed in the electrodeposition of Ni-based
alloys, offer a simpler chemical composition without surfactants [5-7]. Surprisingly, the
fabrication of Ni coatings from citrate baths has received little attention.

Citrates act as complexing and buffering agents, facilitating the decomposition of
heteropolymolybdate species and stabilizing the electrolyte pH. This contributes to the
formation of homogeneous coatings with enhanced hardness, wear, and corrosion resis-
tance. The initial findings suggest that nickel coatings obtained from citrate baths exhibit
significantly higher hardness compared to those from Watts solutions. Sodium citrate,
in particular, enhances the buffering capacity of an electrolyte solution, maintaining a
high cathodic current efficiency and potentially influencing the grain size [8,9]. Despite
these promising results, there remains a gap in well-ordered experimental research con-
cerning the theoretical features of electrodeposition mechanisms. Further exploration is
needed, particularly regarding the influence of the plating bath composition under neutral
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to weakly alkaline pH conditions. Electrolysis parameters allow for the development of
distinct microstructures and coating characteristics. The current efficiency is considered
to be one of the most important parameters that can affect the deposition process. The
properties of deposits have been studied in different articles [10-15].

When a magnetic field is introduced to an electrolyte, charged ions in the electrolytic
cell undergo the Lorentz force, oriented perpendicularly to both the current density and
the magnetic field. This force triggers convective motions in the electrolyte, leading to a
reduction in the diffusion layer thickness. This phenomenon is known as the magnetohy-
drodynamic (MHD) effect [12].

Accordingly, this effect results in a rise in the limiting current density, which is denoted
as jr. The literature reports a linear correlation between j; and B!/3 (with B representing
the magnetic flux density) for macroscopic electrodes [16,17], while microelectrodes exhibit
a consistent correlation between j; and B [18]. In addition to the Lorentz force, other forces
may arise from variations in the magnetic field. These variations can be induced by the
exterior magnetic field or by gradients in the concentration of paramagnetic ions (such
as Cu?*, Fe?*, Co?*, Ni%*, etc.) [19,20]. The strength of the forces is contingent upon the
dimensions of the magnetic field.

Coey et al. argue that the magnetic powers in an electrochemical reaction are six
orders weaker than other forces such as diffusion and migration [21]. They conclude that
the impact of magnetic forces becomes noteworthy only when merged with convective
motions in an electrolyte. The process of nickel electrodeposition from water solutions
typically involves the concurrent occurrence of the hydrogen evolution reaction (HER). As
a result, the actual mass deposited over time is expected to be less than what is predicted
by the Faraday law (Equation (1)) due to this accompanying reaction.

(dm1/d8)cqtc = MjA/nF (1)

Here, M represents the molar mass of the deposited substance, j represents for current
density, n denotes the number of electrons, F is the Faraday constant, and A is the surface
area. Then, the current efficiency can be calculated using the ratio between the practical
yield of the molar mass and the one calculated using the Faraday law. Chiba et al. [22]
found that the current efficiency increased by 5 to 10% at 50 £ 2 °C when a magnetic field
up to 0.15 T was present (aligned with the electric field).

Conversely, Devos et al. [23] noted a reduction of a few percentage points when
applying a magnetic field of 1 T in the perpendicular direction of the electric field [24].
A numerical analysis was conducted by Shannon et al. on the relationship between the
roughness of the fabricated surface and the direction of the magnetic field. It was noticed
that applying the magnetic field in a parallel orientation to the electric field raised the
roughness value compared to the value obtained for the perpendicular direction.

Danilyuk asserted that for copper, specific magnetic field values (ranging from 60 to
160 mT) expedite the electrodeposition behavior, while others (from 160 to 173 mT) hinder
it. For nickel and tin, these regions alternate.

Consequently, alterations in structure and morphology may occur [25]. Considering
the diverse effects of a magnetic field on an electrochemical reaction, there is potential
to customize magnetic intensities to enhance mass transport or the characteristics of the
fabricated layer.

Nevertheless, a more thorough comprehension of the fundamental interactivity be-
tween magnetic fields and electrochemical reactions is essential before effective customiza-
tion occurs. Regarding the energy crisis, the world must find a renewable and green energy
source. The hydrogen evolution reaction (HER) has recently gained attention because of
the potential use of y as a green fuel. Many studies have been carried out to understand
the mechanism of this reaction [26,27]. The properties of the catalyst are determined by the
metal /metal oxide interface where the adsorption of hydrogen intermediates occurs.

The metal oxide exhibits hydrophilic properties that facilitate the sorption of hydroxyl
ions [28]. The electrodeposition of metals allows for the fabrication of cathodes suitable for
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use in water-splitting reactions as alternatives to noble metals [29,30]. To date, Pt and Ru
electrocatalysts have been used for hydrogen evolution reactions. However, the scarcity of
their use refers to their rarity and high price. As a result, scientists are trying to design an
efficient electrocatalyst with great abundance and economical price.

Ni is one of the most promising electrocatalysts for water-splitting reactions [15,31-36]. Ni
cones, which are produced through a single electrodeposition method, can serve as catalysts
for the hydrogen evolution reaction (HER) due to the heightened active surface area [37].
Additionally, these cones are recognized for their superhydrophobic characteristics [38].
Furthermore, the catalytic performance of Ni cones can be enhanced by modifying them
with noble metals [37].

Most catalysts employed in water splitting are typically in powder form and necessitate
a binder or gluey agent, for instance, Nafion, for attachment to the electrode surface.
However, using these binders can obstruct the catalyst’s active sites over time, reducing the
stability and the catalytic activity. Fuzhan et al. developed a unique Ni3N/Ni electrocatalyst
through interface engineering, exhibiting excellent hydrogen evolution and oxidation
activities in aqueous electrolytes.

The electrocatalyst demonstrated nearly zero overpotential in an alkaline solution and
required only 12 mV to attain a current density of 10 mA cm~2 in a neutral solution [39].
Huimin Wang synthesized a CeOx-NiB@NF electrode, producing a 19 mV overpotential to
achieve a current density value of 10 mA cm~2 for the HER [40]. Tharanga N produced
Nip—xRhxP nanoparticles requiring 200 mV overpotential to achieve a current density of
10 mA cm ™2 in 0.5 M H,SOy4 [41].

Ping Qin et al. [42] have synthesized a honeycomb NizN-CosN on carbon cloth to
investigate the direct oxygen evolution reaction mechanism. It produced overpotential
values of 320 and 495 mV to achieve a current density of 10 and 100 mA cm 2, respectively.
Katarzyna Skibiriska et al. synthesized Ni-Cu alloy using a electrodeposition method with
one simple step using the magnetic field for hydrogen production [43]. El-hallag et al.
fabricated Ni nanoparticles at a pencil graphite electrode (PGE) from deep eutectic solvent
and studied the influence of the deposition parameters for hydrogen production [32].

Zining and colleagues fabricated 3D nanosheet arrays of NiMoOj, on nickel foam with
Iron-doped carbon quantum dots (Fe-CQDs/NiMoO,/NF), resulting in an overpotential of
117 mV to achieve a current density of 10 mA cm 2 in alkaline conditions [44]. To address
this issue, the electrodeposition technique emerges as a crucial and cost-effective method
for preparing nanomaterials, facilitating the creation of highly active catalysts.

This article aims to prepare fabricated Ni films from citrate solution under the impact
of the magnetic field in different directions and with different magnetic flux densities. The
second aim was to study the relationship between the magnetic field intensity and the
current efficiency. Additionally, we studied the effect of these different intensities on the
surface morphologies of the deposits and surface wettability, and hence how this impacts
their catalytic performance in the HER.

2. Experiments
2.1. Materials and Methods

The electrolyte solution was composed of citric acid with a concentration of 0.2 M and
sodium citrate with a concentration of 0.2 M. Both nickel chloride and nickel sulfate were
put into the electrolyte and the pH was modified to 1.47. In our previous studies [31,45],
we prepared Ni films from three solutions and studied the optimization process. We have
chosen the optimum conditions for the best electrolyte and the best pH to work with
this article.

2.2. Synthesis of Ni Films

The electrochemical deposition was conducted using a three-electrode configuration
cell. A working electrode (WE) made of Cu with a surface area of 2.82 cm? and a counter
electrode (CE) made of platinum mesh were utilized, with a saturated calomel electrode as
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the reference (RE). In order to prevent interference from the back and side faces, the working
electrode was mounted on a Teflon holder. Before each deposition cycle, the working
electrode underwent chemical treatment in a solution with concentrated HNOj3, H;POy,
and CH3COOH (in a 1:1:1 volume ratio) at 85 °C for 15 s. The deposition process utilized a
chronoamperometric technique employing a Bio-Logic SAS Model SP-200 potentiostat. An
electromagnet (Lake Shore Model 642, Lake Shore Cryotronics, Inc., Westerville, OH, USA)
was employed to create a uniform external magnetic field. This magnetic field is oriented
perpendicularly (B, , along the x-direction) and parallel (B, along the -y-direction) to the
electrodes, with strengths ranging from 0.1 T to 0.5 T. The electrodeposition process has
been performed by using the chronoamperometry technique at a specific potential value
of —1.2 V for 10 min. Because the fabricated Ni material displayed ferromagnetism, it
became magnetized by the external field, leading to localized magnetic field effects near
the electrode surface. Alongside the Lorentz force resulting from potential surface changes,
the magnetic gradient force could induce electrolyte flows nearby, affecting mass transfer.

2.3. Electrochemical Investigations of Hydrogen Evolution Reaction (HER)

The fabricated Ni coatings were evaluated in a traditional three-electrode system.
The freshly prepared electrocatalysts were employed as the working electrode, while
a saturated calomel electrode (SCE) and a Pt wire acted as the reference and counter
electrodes, respectively. Linear sweep voltammetry (LSV) analyses have been performed
relative to the saturated calomel electrode, using a scan rate of 5 mV s~ ! in a solution
comprising 1 M NaOH.

2.4. Characterization of Ni Films

JEOL-JCM-6000 PLUS Scanning Electron Microscope (SEM) from Tokyo, Japan, has
been employed to analyze the surface morphology of the deposited thin films. X-ray
diffraction (XRD) was also conducted using a Rigaku MiniFlex II instrument from Tokyo,
Japan, to show the crystalline structure of the deposits. Atomic force microscopy (AFM)
NTegra Aura NT MDT (Moscow, Russia) in a semicontact mode using an NSGO03 tip was
used to perform the 3-D topography images of the deposits. Wettability measurements
were carried out using a Fast Camera Model: 9501 with HiBestViewer 1.0.5.1 Software from
San Diego, CA, USA, Photron company. Distilled water has been used for measuring the
contact angle by putting a 10 uL droplet on the fabricated surface. The contact angle was
calculated using Image] Software version 2 (GPLv2).

3. Results and Discussion
3.1. The Impact of the Magnetic Field Intensity on Nickel Coating Morphologies

Figure 1a—i show the SEM images of the deposited Ni thin films in the presence and
absence of the magnetic field with different intensities. Figure 1a represents the SEM images
of thin films prepared without the application of B and (b-e) in the existence of B, in the
presence of different Bayy densities (0-1, 0.2, 0.3, and 0.5 T, respectively). Figure 1f-i show
the SEM images for the fabricated films in the presence of different By densities (0-1, 0.2,
0.3, and 0.5 T, respectively). It is evident that in the absence of B, the surface has a lot of
voids and holes which are indicated by the marked red circles in the case of the Bfyx density
ranging from 0.1 T to 0.3 T, while at the highest Bgux density value of 0.5 T, the number of
voids and holes is decreased and the formation of spherical particles is observed. In the case
of applying B in two different directions, B, and BH , with various intensities from 0.1 T to
0.3 T, the surface did not have many differences in both directions but the number of voids
and the number of holes started to decrease compared to without using the magnetic field
and the surface became smoother. The number of holes decreased more when using a high
magnetic field density of 0.5 T in both directions and the surface became even smoother
with small spherical particles.
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Figure 1. SEM images of Ni deposits without B (a), existence of B, (b—e), (f-i) presence of By with
different intensities ranging from (0.1-0.5 T), respectively. The red circles represent the holes appear

in the surface.

3.2. XRD Analysis

Figure 2 represents the XRD pattern of the Ni coatings deposited from the citrate
solution at a potential value of —1.2 V and pH 1.47 in the presence of B in the directions
parallel and perpendicular to the electrode surface. Two diffraction peaks appear for the Cu
substrate at 2 8 values of 43.4° and 50.68°, which relate to the diffraction planes (111) and
(200), respectively, according to JCDPS card no. 00-001-1242. Furthermore, no diffraction
peaks appear for the deposited Ni in both directions. This refers to the thickness of the
fabricated Ni film being too small while the high-intensity peak for the Cu substrate blocks
the Ni peaks from being visible. The calculated thickness for the fabricated Ni in the
presence of B and B, is 0.33 pm and 0.17 um and 0.98 um for the Ni prepared in the
absence of the B.

Cu Substrate
—B,
_B1
Cu(111) ) —— Without B
¢ Ni(111)
-~ ;
3 |
g
2
® ey
Q :
I~ P i
g n |
S LA
A Cu (200)3
40 50 60

2 0/degrees

Figure 2. XRD spectrum of fabricated Ni (JCDPS card no. 00-001-1242) in the presence of B and B .
Figure 2 is reproduced according to our data, which are published in ref. [39].
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3.3. The Influence of the Magnetic Field Intensity on the Current Efficiency of the
Electrodeposition Process

Figure 3 exhibits the relationship between the current efficiency and the magnetic flux
density (B). The current efficiency was calculated for the Ni deposits of B, and B at differ-
ent intensities. It was found that with increasing intensity up to 0.2 T, the current efficiency
rises, and by increasing the intensity value up to 0.5 T, the current efficiency decreases.
However, the current efficiency for the electrodeposition in the B | direction was found to
be higher than the current efficiency obtained for the deposition process in the B)| direction.
The overall current density comprises the reduction in the Ni ion current and the evolved
hydrogen gas (HER). The evolved hydrogen gas during the deposition of metals from
aqueous solutions holds particular significance in electrochemical reactions [43,44]. This
interest stems partly from concerns about hydrogen embrittlement, which can adversely
affect the mechanical properties of metals. In a magnetic field, magnetohydrodynamic stir-
ring generates an elevation in both limiting current densities. The extent of this increase is
contingent upon various factors, including the magnetic flux density and concentration [44].
Given the significantly higher concentration of nickel ions compared to protons, it can be
inferred that B has a more pronounced effect on nickel deposition. Therefore, hydrogen
evolution proceeds easily in the absence of B and then it consumes current for the HER,
and not for the deposition, so the current efficiency decreases.

- N N w
3] o (3, o
1 1 1 1

Current efficiency %
=

(3]
1

0.0 0.2 0.4 0.6

B flux density

Figure 3. Current efficiency and magnetic flux density are related in both parallel and perpendicular
directions.

3.4. The Effect of the Magnetic Flux Density on the Surface Wettability

Figure 4 exhibit the impact of the By dgensity On the surface wettability. We have
studied the impact of B in the vertical and horizontal directions, respectively, during the
deposition process with different intensities ranging from 0.1 to 0.5 T. It has been elucidated
that the prepared nickel deposits from both directions at different magnetic flux densities
have hydrophilic properties and contact angles less than 90 degrees. However, there is a
remarkable relationship: as the magnetic flux density increases, the contact angles value
increases. Furthermore, increasing the contact angles of the surface increases the catalytic
performance of the HER, which has been proven in the linear sweep voltammetry (LSV)
experiment for testing the performance of the HER. This refers to the tendency of the
surface to be less hydrophilic as the catalytic effect on the HER increases as the residual
time for the hydrogen and oxygen bubbles on the surface decreases, and hence, this will
provide more active sites for the reaction.
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Figure 4. Contact angle-magnetic field flux density correlation.

3.5. The Influence of Magnetic Field Direction on the Roughness of the Deposits

Figure 5a—c exhibit the AFM 3D image measurements of the nickel coatings from
citrate at pH 1.47 at a deposition potential of —1.2 V in the absence and existence of the
magnetic field in both the horizontal and vertical directions at 0.5 T, respectively. It is
noticeable that AFM images exhibit some holes and grains. Additionally, the presence of a
significant alteration in the roughness value of the deposited nickel coatings from citrate
with and without B in two different directions is remarkable. Moreover, the area of the
nickel coatings from citrate in the presence of B, shows the smoothest and flattest surface,
as indicated in Figure 5c.

The roughness values were measured for all the deposited nickel samples. The
roughness of the fabricated Ni in the presence of B has a value of 29 nm, which is the
lowest roughness value obtained compared to the fabricated Ni in the presence of B and
in the absence of B, which has a value of 101 nm and 141 nm, respectively. In general,
the formation of surface roughness results from uneven nucleation and crystal growth,
contributing to the overall texture [42]. The results show that the magnetic field influences
the roughness of the surface and reduces the roughness value. Moreover, the direction
has a significant impact on this roughness value as it has been found that applying a
magnetic field in the perpendicular orientation decreases the roughness and makes the
surface smoother compared to the magnetic field applied in the horizontal direction. Table 1
contains the different values of the roughness measurements for the Ni deposits in both the
B and B directions to the electrode surface.

Table 1. Roughness values for fabricated Ni in presence of B and B .

Ni Films Roughness (nm)
Absence of B 141
B, 29

By

101




Coatings 2024, 14, 1459

8 of 13

i

w = B 8 35

: | /\ T
/ 8l KP\ & /\

H M (©) é J/ \J (f)

Pl um. L

(d)

Figure 5. AFM 3D images for (a) fabricated Ni thin films in absence of B, (b) in presence of BH’ (c)and
in presence of B . (d—f) are their line scans, respectively.

3.6. The Impact of Magnetic Flux Density on the Electrocatalytic Activity of Nickel Coatings
Synthesized by the Effect of the Magnetic Field in Perpendicular Direction on the HER and Its
Correlation with the Contact Angle

Figure 6a,b represent the cathodic polarization curves for 1 M NaOH at a scan rate
value of 5 mV s~ ! for the Ni deposits from citrate in the presence of B, with different
Bflux densities Tanging from 0.1 T to 0.5 T and their Tafel slopes, respectively. It has been
found that the overpotential values (1) obtained for the Ni thin films under flux densities
from 0.1 T to 0.3 T have no significant change and have a nearly identical value of —297 mV,
achieving a current density value of 10 mA cm 2. However, by increasing the magnetic
flux density to a higher value of 0.5 T, the overpotential for the HER is found to be —240 mV,
attaining a current density value of 10 mA cm~2, which has the smallest result compared
to that of the others. Therefore, with the enlargement of the magnetic field intensity, this
produces a more consistent and smooth surface with the highest catalytic activity in the
HER. Further, the Tafel slopes were found to have the smallest value referring to the Ni
thin film prepared at high magnetic field flux density, while the highest value related to the
Ni thin film was synthesized at a low magnetic flux density. This shows that the Ni film
fabricated at a high magnetic flux density possesses the highest catalytic performance in
the HER.

Moreover, we have measured the contact angles of the fabricated deposits. It has been
found that with the rising magnetic field intensity, the contact angle increases, which means
that the highest contact angle refers to the fabricated Ni with a magnetic flux density of
0.5 T and the smallest value belongs to the fabricated Ni at the lowest magnetic flux density
of 0.1 T. The increase in the catalytic performance for the hydrogen evolution reaction
(HER) is associated with a decrease in surface hydrophilicity. This is due to the increased
availability of free space on the surface, resulting in a shorter residual time for hydrogen
and a higher number of active sites on the electrode surface. The nickel deposits produced
from citrate at a high magnetic flux density (0.5 T) exhibited a significantly higher exchange
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current density (jo) of 20 x 10~! A cm~2 compared to that of the nickel layers fabricated at
lower magnetic flux densities (1 x 107 Aecm 2,49 %x102Aem 2,46 x 1071 A em 2 for
each fabricated film with magnetic field flux densities of 0.1 T, 0.2 T, and 0.3 T, respectively).
Table 2 provides information on the overpotential, Tafel slopes, contact angles, and kinetics
studies for each Ni film synthesized at different magnetic flux densities. The kinetics
variables (jo and «) were determined using Tafel Equations (3)—(5) [31].

n=a+blogj 2)
23RT, .
a = = logj0 ©)
—2.3RT
b= anF @)
20
(@ 0201 (b)

“r P "::J-U'H. P &
T -- 01T | A2 b,

< even02T »=0.28 - ae ‘i“&

< . 2

£
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Figure 6. (a) LSV for 1 M NaOH at nickel layers deposited from citrate electrolyte under the influence
of B, with different magnetic flux densities and (b) their Tafel plots.

Table 2. Values of overpotential, Tafel slopes, and contact angles values for HER of synthesized Ni
electrodes at different magnetic flux densities.

Ni Thin Film at
Different Magnetic N10 (mV) Tafel Slope (mV dec—1) Contact Angle jo (A cm~—2)
Flux Densities
01T —295 274 61 1x107!
02T —296 199 68 49 x 1071
03T —297 204 68.4 4.6 x 1071
05T —240 102 72 20 x 1071 0.2

The expression  represents the applied overpotential for the hydrogen evolution
reaction (HER), with a denoting the intercept, b as the Tafel slope, j representing the
cathodic current density, R as the gas constant, T as the absolute temperature, n as the
number of exchanging electrons, F as Faraday’s constant, « as the charge transfer coefficient,
and jo as the exchange current density. Plotting the overpotential (1) on the y-axis and
log j on the x-axis produces a straight line characterized by slope (b) and intercept (a),
which are utilized to determine the kinetics parameters of jy and « for the HER at the
Ni electrodes formed through electrodeposition. According to the details in Table 2, the
nickel coatings produced using citrate solution and the highest magnetic flux density
exhibit the highest j, value, indicating superior catalytic activity compared to that of
the other electrodes. Moreover, it demonstrates an elevated « value of 0.20, signifying
improved catalytic productiveness in the HER. Additionally, it features the smallest Tafel
slope, recorded at 102 mV dec ™!, suggesting a predominant Volmer-Heyrovsky reaction
mechanism for the reaction [32].
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3.7. Durability and Stability Studies

Figure 7 provides the cathodic polarization curves for 1 M NaOH at a scan rate of
5mV s~ ! for the nickel coatings synthesized from the citrate electrolyte in the presence of
B, at the highest magnetic flux density of 0.5 T. It has been noticed that the overpotential
has slightly changed from a value of 274 mV after 1 cycle to be 286 mV after 1000 cycles to
reach a current density of 10 mA cm 2. This shows that the Ni film has a high durability
for the HER. Moreover, Figure 7b shows that the stability measurement for the deposited
nickel coatings have been accomplished utilizing the chronoamperometry technique at
—1.3 V vs. SCE for 24 h. It is remarkable that the synthesized Ni electrode produces a high
current density, proving it contains more active sites. Moreover, the current density after
1584 s is —2.31 mA cm 2. Additionally, after 10,801 s, the current retention became 68%.
This shows that the Ni coatings prepared from citrate at a high magnetic flux density have
a higher current density, proving their high mechanical stability for the HER.

0
— - -1 Cycle = Fabricated Ni in presence of B,at 0.5 T
01— -1000 Cycles _ oo = oo o
-
/'/
" , 4 ) /\,_J\\
=204 . ‘
b V7 g =24
g A E
/
e :
11 =
~ L
] / 4
-04  -03 -02  -0.1 0,0 IR SR TR )
E/V (vs. RHE) Time /h

Figure 7. (a) Cathodic polarization curves for 1 M NaOH at 5 mV s~ ! after 1 and 1000 cycles.
(b) Chronoamperometric stability curve over 24 h.

Furthermore, SEM images were captured of the prepared nickel coatings after the
stability test to assess the potential changes in the morphology. In Figure 8a,b, the SEM
images depict the Ni film deposited from citrate under the magnetic field’s effect at 0.5 T
perpendicular to the electrode surface, both before and after the stability test. The images
reveal that the surface morphology slightly changes but shows no significant alterations,
indicating excellent stability as a electrocatalyst.

Figure 8. SEM images of Ni film fabricated from citrate under the influence of B at 0.5 T (a) before
the stability measurement and (b) after the stability measurement.

4. Conclusions

The magnetic flux density significantly influences the morphology of deposits from
citrate electrolytes, altering their surface properties. As the magnetic field intensity increases
in both the parallel and perpendicular directions, there are notable changes in the current
efficiency of the deposition reaction.

Additionally, the magnetic flux density affects the wettability of the fabricated nickel
(Ni) surface. As the magnetic field density increases, the contact angle of the Ni surface
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also increases. This wettability change impacts the Ni deposits’ catalytic effectiveness for
hydrogen evolution reactions (HERs). The magnetic field direction affects the morphology
and hence the properties of the prepared film in the HER. The Ni film prepared under a
magnetic field in the perpendicular direction shows higher catalytic activity compared to
that of the film prepared in the parallel direction. Moreover, the direction of the magnetic
field affects the roughness value for each prepared film, and produces a smaller value for
the film obtained in the perpendicular direction.

Among the various magnetic field intensities studied, the highest intensity of 0.5 Tesla
(T) produces a Ni thin film with the lowest overpotential value for the HER, making it more
efficient compared to Ni films fabricated at lower magnetic field flux densities.
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