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Abstract: Ni–Cu alloys are suitable candidates as catalysts in hydrogen evolution reaction. Because
of the different magnetic properties of Ni and Cu, the influence of an applied external magnetic field
on the synthesis Ni–Cu alloys was studied. The coatings were prepared with visible changes in their
appearance. The differences between the observed regions were studied in terms of morphology and
chemical composition. In addition, the overall chemical and phase compositions were determined
using X-ray fluorescence and X-ray diffraction methods, respectively. The catalytic activity was
measured in 1 M NaOH using linear sweep voltammetry. The contact angle was determined using
contour analysis. All samples were hydrophilic. Hydrogen evolution started at different times
depending on the area on the surface. It started earliest on the coating obtained in parallel to the
electrode magnetic field at 250 mT. We found that when the Lorenz force is maximal, Cu deposition
is preferred because of the enhancement of mass transport.

Keywords: Ni–Cu alloys; magnetic field; Lorentz force; hydrogen evolution

1. Introduction

The deposition of Ni–Cu alloys has been well studied in the literature [1–3]. They
exhibit high microhardness and good corrosion resistance [4]. When the current density
increases, the Ni content is higher [5,6]. The morphology of the coating is related to the
kinetic control and efficiency of the electroplating process [7]. The alloys crystallize in a
face-centered cubic structure [8], and at a higher pH, the larger crystallites of the alloy are
grown [9]. In addition, as the pH increases, the Cu content also increases [9]. The lamellar
Ni/Cu multilayers can be electrochemically synthesized [10].

Magnetoelectrodeposition involves the application of magnetic fields during the elec-
trodeposition process, which can influence the microstructure, morphology, and properties
of the deposited layers. The research in this area explores various aspects of how magnetic
fields affect the deposition process and the resulting films. The most important factors that
need to be taken into consideration are the hydrodynamics of the electrolyte influenced
by the magnetic field. This additional force affects the transport of ions to the electrode
surface. Magnetohydrodynamic (MHD) convection can enhance mass transfer, leading to
more uniform deposition but may also introduce vortices that affect the deposition pattern.
Moreover, the intensity and direction of the applied magnetic field are crucial. They directly
influence the magnetohydrodynamic (MHD) effects that alter the mass transfer and the
deposition kinetics at the electrode surface. The magnetic field can enhance or disturb the
deposition process, affecting the morphology, grain size, and orientation of the deposited
film. Last but not least is the magnetic susceptibility of ions present in the electrolyte.

Ni and Cu are two elements that are characterized by different magnetic properties,
so we expect the magnetohydrodynamic (MHD) effect to have a strong influence during
electrodeposition. The presence of the magnetic field improved the corrosion resistance
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and microhardness of Ni coatings [11]. The synthesized layers are also fine-grained [12].
The magnetic field can also be used for electroless deposition of Ni and its alloys [13,14].

The influence of a low-intensity magnetic field (0.5 to 0.7 mT) on the deposition of
Cu was also observed [15]. Changes in, inter alia, the texture and morphology of the
Cu surface appeared. The creation of the MHD effect, especially with the application of
medium-intensity magnetic fields (0.6 T), can be used to tailor the chemical composition of
nanostructures based on anodic alumina membranes, in terms of Co, Co–Fe, and Co–Ru
systems [16,17]. The impact of the MHD phenomenon is usually considered in numerical
simulations using OpenFOAM [18] or Comsol V 5.6 software [19,20]. The outcome is
compared with the experimental results. The MHD effect is usually applied in microfluidic
systems [21]. Moreover, a lot of attention is paid to magneto-electrochemistry as a field of
study focused on, inter alia, enhancing the electrocatalytic performance with the magnetic
field [22,23]. When the magnetic field is applied, the value of the Tafel slope is lower [24].
The water and hydroxide ions are characterized by different diamagnetic properties; there-
fore, the concentration gradient of hydroxide ions near the electrode surface is affected by
the external magnetic field [25]. Additionally, the MHD phenomenon can be used to create
localized micro-MHD vortices and can therefore enhance the kinetics of the reaction [26].

Nickel and its alloys are esteemed for their superior electrocatalytic abilities, notably
in promoting the hydrogen evolution reaction (HER), rendering them essential for a wide
range of electrochemical operations. Specifically, nickel and its diverse alloys are the pre-
ferred choice for electrode materials in alkaline water electrolysis due to their remarkable
performance. The efficiency of nickel in the HER can be greatly improved through the for-
mation of alloys with specific elements, which induces a synergistic effect well documented
in scientific research [27,28]. While the development of nickel alloys with noble metals such
as palladium [29–31], platinum [32–34], ruthenium [35–38], and rhodium [39–43] presents
a promising avenue for new material innovations, the high costs associated with these
noble metals and the necessary precursors for their electrodeposition processes have shifted
focus towards more economically viable nickel-based alloys with transition metals like
cobalt [44–46], tungsten/molybdenum [47–50], and copper. These alloys are generally
fabricated via electrodeposition, where incorporating transition metals changes the reaction
mechanism of the electrodes, thus affecting the activation energy required for the HER. The
choice of alloying metals and electrodeposition conditions critically influences the physical
and chemical properties of the resulting nickel-based alloy electrodes, impacting their
electrocatalytic effectiveness for the HER. Among these, the Ni–Cu alloy stands out as an
especially promising candidate for cathodes in alkaline HER on the basis of its outstanding
electrocatalytic activity, excellent corrosion resistance, high abundance, and affordability.

Tri-component alloys like Ni–Co–Cu and Ni–Mo–Cu, electrodeposited under various
conditions by D. Goranova et al. [51], have shown significant electrocatalytic activity
for HER in alkaline media. The incorporation of copper improves the catalytic activity,
with Ni43Co37Cu20 and Ni57Mo27Cu16 alloys displaying the best performance due to
a combination of surface area development and Ni–Co synergism. Negem et al. [52]
electrodeposited Ni–Cu nanocrystalline alloys based on glycine-type electrolytes, and
they reported that these alloys were more active than pure nickel for hydrogen evolution
reactions in alkaline solutions. The optimization of Ni–Cu compositions based on different
nickel–copper ratios and the creation of nanocrystalline structures were key to enhancing
HER activity. Chemical and phase composition can be useful for tailoring the catalytic
activity due to the synergetic effect between elements, but the morphology and surface
development also play a crucial role in modifying the overpotential in the hydrogen
evolution reaction. This effect was reported by Cui et al. [53], who showed that porous
Ni–Cu alloy films composed of nanosheets, created via potentiostatic electrodeposition,
exhibited enhanced electrocatalytic activity for HER in alkaline media. This enhancement
was attributed to the formation of nanoporous structures with a large number of active
sites. These studies collectively highlight the potential of Ni–Cu alloys, obtained through
electrodeposition, as effective catalysts for hydrogen evolution in alkaline environments.
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The specific composition and structural characteristics of these alloys play crucial roles in
their catalytic performance.

Based on previously mentioned works, there are no doubts that Ni–Cu alloys can be
successfully obtained using the electrodeposition method. However, no studies have been
conducted to investigate the influence of the applied magnetic field on the co-deposition of
these metals. This is of interest because of the different magnetic properties of Ni and Cu.
In this work, the magnetic field was applied in two different directions at two intensities
(250 and 500 mT). The obtained coatings were carefully analyzed via many methods. The
influence of the MHD effect is also discussed.

2. Materials and Methods

Ni–Cu coatings were deposited from the electrolyte containing 0.2 M C6H5
Na3O7·2H2O, 0.1 M CuSO4·5H2O, and 0.8 M NiSO4·6H2O at 10 mA/cm2 for 10 min.
The pH was adjusted to 9 with 25% NH3 solution. The substrate Cu foil with the deposited
layer of metallic Co (Cu/Co) was used to avoid the signals overlapping from the substrate
and the deposited layer during the chemical analysis. The conventional three-electrode
cell was used with Cu/Co as the working electrode, Pt mesh as the counter electrode, and
saturated calomel electrode (SCE) (Eurosensor, Giwice, Poland) as the reference electrode.
The electrodeposition was performed with a SP200 BioLogic potentiostat (Bio-Logic Science
Instruments SAS, Seyssinet-Pariset, France).

The magnetic field (250 and 500 mT) was applied using an electromagnet LakeShore
EM4-HVA (Lake Shore Cryotronics, Inc., Westerville, OH, USA) equipped with power
supplier LakeShore Model 642 (Lake Shore Cryotronics, Inc., Westerville, OH, USA). The
top view of the schematics of the setup is shown in Figure 1.
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Figure 1. Schemes of the experimental setups (top views).

The parallel direction of the magnetic field corresponds to the relation between lines
of magnetic and electric fields, as shown in Figure 1. The sample was placed in the center
where the lines of the magnetic field were parallel to each other. Additionally, the sample’s
diameter was about 5 times smaller than the diameter of the magnets’ cylindrical pole caps.
By applying these procedures, the homogeneity of the magnetic field was ensured.

A detailed analysis of the coatings was carried out using a JEOL-6000 Plus scanning
electron microscope (SEM) (JEOL, Tokyo, Japan) equipped with an energy dispersive X-ray
spectrometer (EDS). The chemical composition was also determined using X-ray fluores-
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cence (XRF) with a Rigaku Primini (Tokyo, Japan). X-ray diffraction (XRD) measurements
were performed with a Rigaku MiniFlex II apparatus (Tokyo, Japan) equipped with a
Cu lamp.

The values of the contact angles were determined through contour analysis utilizing
Image J V 1.8.0 software. A 10 µL droplet of deionized water was applied to the surface of
each sample three times. The measurements were performed using a high-speed camera
Model:9501 with HiBestViewer 1.0.5.1 software.

The catalytic properties were determined in 1 M NaOH using the SP200 BioLogic
potentiostat. The geometric surface area (2.8 cm2) was assumed to be the active surface
area. Ni–Cu alloys were used as the working electrode, Pt mesh as the counter electrode,
and SCE as the reference electrode. Linear sweep voltammetry (LSV) was performed at a
scan rate of 20 mV/s from the open-circuit potential (OCP) value to −1.6 V vs. SCE. The
ohmic drop determination technique was used prior to each LSV measurement, and the
Tafel slopes were determined using the LSV curves.

3. Results

The coatings were deposited as described above. A detailed characterization of their
composition and morphology as well as their properties was performed.

3.1. Morphology and Composition

The influence of the applied external magnetic field on the obtained coatings was
visible in the appearance of the samples (Figure 2). At both intensities in the parallel
magnetic field, the color associated with the presence of Cu could be distinguished. The
same phenomenon appeared on the surface of the sample deposited at 500 mT in the
perpendicular magnetic field. The central area was chosen to analyze the sample obtained
without the applied magnetic field. In the case of the coatings deposited in the present
magnetic field, the characteristic areas of analysis were selected. They are shown in Figure 3.
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Figure 3. Photos with the marked places of SEM/EDS analysis: (a,b) parallel and (c,d) perpendicular
magnetic fields at (a,c) 250 and (b,d) 500 mT.

The main areas were chosen on the basis of the color (orange/silver) or the degree of
shine (metallic or shineless). The SEM photos are shown in Figure 4, and the magnification
is ×2000.

The areas on the same sample that were deposited in the applied magnetic field are
characterized by different morphologies. For all samples, light grey, slightly shiny surfaces
show similar microstructures (Figure 4(a,b-2,b-3,c-2,d-1,e-1). However, the morphology in
the copperish color varies between the samples (Figure 4(b-1,c-1,e-2)). These changes may
relate to the local chemical compositions. To confirm this, EDS analyses were performed,
and the results are listed in Table 1.

Table 1. Chemical composition analyzed using the EDS method.

Sample Point
Chemical Composition, [% at.]

Cu Ni O

0 mT - 47.7 49.6 2.7

250 mT parallel
1 80.1 16.7 3.2
2 35.5 61.3 3.2
3 62.7 35.1 2.2

500 mT parallel
1 82.2 3.6 14.2
2 34.1 61.3 4.6
3 29.0 65.8 5.2

250 mT
perpendicular

1 50.1 46.8 3.1
2 66.1 31.8 2.1

500 mT
perpendicular

1 36.1 59.9 4.0
2 77.0 8.2 14.8
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Figure 4. SEM photos of coatings obtained (a) without and with (b-1–c-3) parallel and
(d-1–e-2) perpendicular magnetic fields at 250 (b-1–b-3,d-1,d-2) and 500 mT (c-1–c-3,e-1,e-2). Numbers
1–3 correspond to the areas on the sample marked in Figure 3. Letters a-e correspond to Figure 2.
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The sample deposited without the applied magnetic field was composed of both Cu
and Ni in similar amounts. All the areas with the copperish color were characterized by a
high content of Cu (77–82 at. %) and a low content of Ni (3–16 at. %). At 500 mT, for both
directions of the magnetic field, there was about 15 at. % of oxygen. Other similar regions
were Ni–Cu alloys with a Cu content between 30 and 50 at. %. If the Cu content was more
than 50 but less than 77 at. %, the area had a bright silver-copperish color.

The overall chemical composition was investigated using the XRF method. This
technique allows the determination of elemental composition using the interaction of
X-rays with a material. The results are listed in Table 2.

Table 2. Chemical composition determined using the XRF method.

Sample
Chemical Composition [% Mass]

Cu Ni

0 mT 54.15 45.85
250 mT parallel 70.69 29.31
500 mT parallel 77.38 22.62

250 mT perpendicular 54.75 45.25
500 mT perpendicular 76.69 23.31

At both intensities, the application of the parallel magnetic field increased the Cu
content in the coatings. In the case of the perpendicular direction, the amount of copper
did not change at 250 mT, but it was higher at 500 mT.

The possible influence of the magnetic field on the phase composition of the alloys
was investigated using the XRD method. The obtained patterns are shown in Figure 5.
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The impact of the magnetic fields on the phase composition of the electrodeposited
films was notably significant, as evidenced by peaks within a specific range of angles,
particularly from 50 to 53 degrees. These modifications in phase composition are indicative
of the magnetic field’s role in influencing the structural properties of the deposited films.
For instance, in the sample prepared without the application of a magnetic field (0 mT), two
distinct peaks were discernible. These peaks, representative of certain phase compositions,
were consistently observed across various samples. However, an exception was noted for
the sample deposited at a magnetic field strength of 500 mT oriented perpendicularly to
the deposition surface. In this case, the peak corresponding to pure copper (Cu) exhibited a
significantly heightened intensity compared to those associated with nickel (Ni), nickel–
copper (Ni–Cu), and copper–nickel (Cu–Ni) phases.

Furthermore, the intensity of the peak at 76◦, which was attributed to the Ni, Ni–Cu,
or Cu–Ni phases, underwent a noticeable increase under the influence of magnetic fields
applied both parallelly (at strengths of 250 and 500 mT) and perpendicularly (at 250 mT).
This suggests that the application of magnetic fields, regardless of their orientation, can
enhance the presence or crystallinity of these phases. Interestingly, at a magnetic field
strength of 500 mT applied in a perpendicular orientation, the intensity of this particular
peak was found to be lower than that observed in the absence of a magnetic field (0 mT).
Concurrently, the peak denoting the presence of Cu became more pronounced, indicating a
preferential growth or enrichment of the copper phase under these conditions.

The crystallite size was determined using the Scherrer equation. The X-ray wavelength
was 0.15418 nm (Copper K-α), and the chosen peak was ~76◦. For each sample, the full
width at a half maximal peak height was measured on the basis of Figure 5, and the results
are shown in Table 3.

Table 3. Results of crystallite size based on the Scherrer equation.

Sample Crystallite Size [nm]

0 mT 12
250 mT parallel 13
500 mT parallel 13

250 mT perpendicular 12
500 mT perpendicular 15

We assumed that the crystallite size was related to the Ni–Cu alloy. There was no
strong influence of the applied magnetic field. However, a change was visible for the
coating deposited at 500 mT in the perpendicular magnetic field: the crystallites of this
sample were the largest. The influence of the parallel magnetic field can be omitted.

The observed variations in peak intensities and phase compositions under different
magnetic field strengths and orientations highlight the magnetic field’s capacity to alter
the microstructural characteristics of the films. This phenomenon can be attributed to
the magnetohydrodynamic effects induced by the magnetic field, which influence the ion
transportation and deposition dynamics during the electrodeposition process. By affecting
the deposition kinetics and the ion flux towards the substrate, magnetic fields can thus
play a pivotal role in dictating the phase composition, crystallinity, and overall catalytic
properties of the deposited films.

3.2. Catalytic Activity

The catalytic activity was analyzed on the basis of wettability and LSV measurements.
The wettability of the coatings was measured through contour analysis. Each mea-

surement was repeated three times. The average value was calculated, and the results are
listed in Table 4.
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Table 4. Results of the wettability measurements.

Sample Contact Angle [◦]

0 mT 71 ± 4
250 mT parallel 73 ± 8
500 mT parallel 71 ± 8

250 mT perpendicular 68 ± 7
500 mT perpendicular 65 ± 7

All coatings were hydrophilic. The samples deposited in the perpendicular magnetic
field showed slightly lower contact angles.

The LSV measurements are shown in Figure 6.
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The application of the magnetic field did not increase the catalytic activity of the
coatings. The best performance, in terms of current density and slope of the curve, was
observed for the sample deposited at 0 mT. Conversely, the coating deposited at 500 mT in
the parallel magnetic field had the worst catalytic properties. Moreover, for both directions,
the stronger the magnetic field, the worse the activity. Using the LSV curves, the potential
EONSET at which the hydrogen evolution started was determined in the following way: two
tangents were plotted on the curve of the potential dependence on the current density, and
the point of their intersection indicated the ONSET potential. Its values are given in Table 5.

Table 5. Values of EONSET.

Sample EONSET [V]

0 mT −1.38
250 mT parallel −1.35
500 mT parallel −1.37

250 mT perpendicular −1.33
500 mT perpendicular −1.38

The evolution of the hydrogen started the earliest on the sample deposited at 250 mT
in the perpendicular magnetic field. For the rest of the samples, the potential varied slightly.
The values of the Tafel slope were determined on the basis of the curves in Figure 6, and
the results are listed in Table 6.
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Table 6. Results of the Tafel slope determination.

Sample Tafel Slope [mV/dec]

0 mT 172
250 mT parallel 143
500 mT parallel 181

250 mT perpendicular 138
500 mT perpendicular 173

The application of the magnetic field with the lower intensity decreased the value of
the Tafel slope compared with the sample deposited without the magnetic field.

Additionally, hydrogen bubbles were observed during their evolution. The photos
are shown in Figure 7. The characteristic points are marked in the photos to show how the
sample is set in the Teflon holder.
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Figure 7. Photos of the hydrogen bubbles at the beginning of the hydrogen evolution on the samples
deposited (a) without and with (b,c) parallel and (d,e) perpendicular magnetic fields at 250 (b,d) and
500 mT (c,e).

The evolution of hydrogen took place over the whole area of the sample deposited at
0 mT (Figure 7a). However, for the other samples, there were differences between the areas
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of the sample. We observed that the process started later for all the copper areas compared
to the silver areas.

The time after which the hydrogen HER started is listed in Table 7. The time cor-
responds to EONSET as the approximate value for each sample. Reading the time from
the videos and photographs is not suitable because the bubbles were the result of the
coalescence of many little bubbles that were invisible at the beginning.

Table 7. Time after which the HER started.

Sample Time [s]

0 mT 192
250 mT parallel 188
500 mT parallel 192

250 mT perpendicular 190
500 mT perpendicular 192

Since the scans started from the OCP value, the time needed to obtain EONSET differed
for each sample. The fastest evolution was initiated for the sample deposited at 250 mT in
the parallel magnetic field. However, the differences between the coatings were slight.

4. Discussion

Ni–Cu alloy coatings were successfully deposited under the applied conditions. The
magnetic field with two directions (parallel and perpendicular) was applied during the
synthesis of the samples. Its influence was strongly visible in the appearance of the sample
surface in both directions and at both intensities. When the magnetic field is perpendicular
(parallel to the electrode), the Lorentz force reaches the maximum [54]. On the surface it
was visible as separated regions. In the parallel magnetic field there were eddies, especially
at 500 mT, probably caused by global flow, which also affects the mass transport. The
global flow was observed in a similar setup used for the deposition of Ni cones [55]. These
varieties are related to the differences in the chemical composition. The morphology of
the brighter and darker silverish regions corresponded to Ni–Cu alloys, and our results
are in accordance with the literature [5]. The general chemical composition analyzed with
the XRF method allowed us to conclude that when the Lorentz force is minimal, the Cu
content increases. At the same time, when the magnetic field was parallel-to-electrode,
the amount of copper did not change at 250 mT, but it was higher at 500 mT. However,
this phenomenon is strictly connected with the surface of copperish areas. The larger they
are, the more Cu is detected. Moreover, the applied magnetic field also affected the phase
composition of the coatings. The peaks could not be easily distinguished because of their
similar positions. However, the intensity of Ni, Ni–Cu, or Cu–Ni peaks at 76◦ increased
when the perpendicular-to-electrode (at 250 and 500 mT) and parallel-to-electrode magnetic
fields (at 250 mT) were applied. As there are no studies on the electrodeposition of Ni–Cu
in a magnetic field, it is believed that the strong MHD effect present at 500 mT promotes
the deposition of Cu. Literature reviews show that Cu is reduced under the control of
mass transport [56,57]. Therefore, the enhancement of this phenomenon by the MHD effect
caused the increase in Cu content at 500 mT in the perpendicular (parallel to the electrode)
magnetic field. When the intensity was lower, there was no effect on the overall chemical
composition. However, it appeared and was clearly visible in the appearance of the coating.
The absence of the magnetic field allowed the Ni–Cu alloys to be deposited homogeneously
over the entire substrate. The content of Ni sulfate in the electrolyte was much higher than
the Cu sulfate content. However, because of the preferential reduction of Cu2+ ions over
Ni2+ ions, the amounts of both elements were similar for the coating [58,59].

In the case of the catalytic properties, the perpendicular (parallel to the electrode)
magnetic field slightly decreased the wettability of the coatings. This may be related to
the probable lower roughness of the coatings caused by the MHD effect. All samples
were hydrophilic, which means that the hydrogen bubbles should become smaller and



Metals 2024, 14, 281 12 of 15

leave the surface faster [60]. Ni coatings deposited in the magnetic field had hydrophobic
properties [61]. In the case of the Ni–Cu alloy, the contact angle values were lower. However,
the magnetic field decreased the catalytic activity based on the slopes and values of the
current densities even though the evolution of hydrogen started earliest on the sample
deposited at 250 mT in the perpendicular magnetic field. This sample also had the lowest
Tafel slope value. In the literature, this value is about 140 mV/dec for Ni–Cu alloys [62].
The chemical composition of this coating was similar to that of the coating obtained at 0
mT. However, there were slight differences in the phase composition. Please note that the
catalytic results were approximate for the different surfaces of each sample. In addition,
the hydrogen evolution of these surfaces was observed. The process started later on the
coppery surfaces than on the silvery ones. This is due to the better catalytic activity of
Ni than Cu. For the sample synthesized without the magnetic field, the whole surface
was equally active. This phenomenon concludes the consequences of the differences in
phase composition.

5. Conclusions

Ni–Cu alloys are suitable candidates as catalysts in HER. The influence of the applied
magnetic field in two directions at two intensities was analyzed using many different
methods. We conclude that the present magnetic field strongly affected the appearance of
the obtained alloys. Consequently, it caused alterations in the chemical compositions and
morphologies of the samples’ surfaces. The impacts of the varying areas are evident be-
cause the hydrogen evolution started at different times. However, our results regarding the
wettability and LSV measurements deliver the approximate values for the whole surface.
Therefore, the best catalytic activity was shown with the coating obtained without the ap-
plied magnetic field, even if this evolution was initiated the earliest on the surface produced
in the perpendicular magnetic field at 250 mT. Our results highlight the importance of the
local surface characteristics on the overall properties of the coating. Because of the various
applications of Ni–Cu alloys, e.g., superhydrophobic coatings [63], supercapacitors [64], or
methanol electrooxidation [65], these results could yield some important observations for
other groups.
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