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CATALYTIC PROPERTIES OF ELECTROLESS NICKEL-BASED COATINGS MODIFIED
BY THE MAGNETIC FIELD

In this work the nickel-based coatings were obtained by electroless catalytic deposition on light-hardened resins dedicated
for 3D printing by SLA method. The effect of external magnetic field application on the properties of nickel-based coatings was
determined. During metallization, the magnetic field was applied to the sample’s surface with different orientations. Due to the
magnetic properties of metallic ions, the influence of the magnetic field on coatings properties is expected. The coatings were
analyzed by Energy-dispersive X-ray spectroscopy (EDS) the X-Ray diffraction (XRD) methods, and surface morphology was
observed by scanning electron microscopy (SEM). The catalytic properties in a hydrogen evolution reaction (HER) were measured
by electrochemical method in 1 M NaOH solution. The best catalytic activity has been observed in the case of the ternary Ni-Fe-P
alloy deposited under a parallel magnetic field. The primary outcome of the presented research is to produce elements based on 3D
printing from resins, which can then be metallized and used for highly-active materials deposited on complex 3D models. Further-
more, these elements can be used as low-cost, highly-developed sensors and catalysts for various chemical processes.
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1. Introduction

Additive manufacturing is a technique that is increasingly
used in new technologies. For example, the development of the
digital revolution and 3D printing methods are changing the way
of functional object production [1-4]. The use of 3D printing
techniques allows for a quick transition from a digital model
to a physical object. This ensures great flexibility in adapting
a given geometry, as opposed to classical production methods
like machining or casting for metallic parts or injection moulding
for plastics. The advantage of this technique is the possibility
of producing elements from materials such as plastic, metal or
materials based on composites [5-8]. In addition, modification
of pieces made by the 3D printing method is used, for example,
by modifying the surface by covering it with metallic coatings.

Electroless metallization on non-conductive substrates
is a well-known process [9-13]. This technique makes it pos-
sible to obtain a combination of metal and plastic properties
such as low density or flexibility, conductivity, magnetism or
corrosion resistance [14]. One of the state-of-the-art examples
of electroless plating is Ni-P deposition. In this process, the

substrate is first cleaned and activated by immersing it in an
acidic solution to remove contaminants and promote adhesion.
Further, the activated substrate is immersed in a bath containing
a solution of nickel ions and a reducing agent, such as sodium
hypophosphite [15-17].

The reducing agent reacts with the nickel, which is depos-
ited on the surface of the substrate as a form of the amorphous
Ni-P layer according to the multi-stage process. The composition
of the Ni-P alloy layer can be controlled by adjusting the concen-
tration of the nickel, phosphorus ions and pH of the electrolyte
[18,19] or other process parameters [20,21].

One of the advantages of electroless deposition of Ni-P al-
loys is that it can deposit a uniform layer on complex geometries,
such as internal surfaces of pipes or holes, which is difficult to
achieve using traditional electroplating techniques. This method
is cheaper than PVD or CVD because no expensive equipment
is needed, but well-quality coatings can be obtained. The result-
ing Ni-P alloy layer also has excellent corrosion resistance, wear
resistance, and hardness, making it useful for various industrial
applications such as automotive, aerospace, and electronics.
Also, electroless metallization processes can easily modify
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the concentration of elements in coatings by manipulating the
composition of electrolytes by adding other elements, such as
iron. In the case of Ni-based layers, there is also a possibility to
use an external magnetic field due to the ferromagnetic character
of ionic species in electrolytes [22].

The magnetic field can be used for electrochemical deposi-
tion of thin metallic and alloy coatings based on Ni, Co and Fe
[23-27]. An applied magnetic field perpendicular to the surface
of the electrode induces the additional Lorentz force, which
can modify the transport of ions to the interface [28,29]. This
effect was observed in binary and ternary Co-based alloys with
molybdenum [30], carbon [31], phosphorous [32]. Orientation
of the magnetic field has strongly modified the morphology of
deposited layers, which was experimentally proven in the case
of Co-Fe layers [33,34]. Moreover, the formation of the local-
ized gradient of the concentration close to the electrode interface
has been experimentally and numerically demonstrated [35-37].
Magnetically-induced concentration change has a much more
impact on the synthesis of nanostructural materials like Co-Fe
nanocones [38,39] or nanowires deposited with the template,
where chemical composition can be varied significantly [40].
In this work, we experimentally proved the effect of the mag-
netic field orientation on the elemental and phase composition
of the binary Ni-P and ternary Ni-Fe-P alloys. Differences in
the chemical content of elements and morphology of obtained
layers significantly affected the catalytic activity of alloys in
hydrogen evolution in alkaline solutions. These results show
that the magnetic field can be a valuable tool for the design of
highly-advanced materials.

2. Experimental

The experimental work used chemicals with analytical
purity (ChemLand company). The used substrate was made
of FormLabs Form 2 (Clear — GPCLO02) resin dedicated to the
stereolithography (SLA) method [41].

A liquid resin with a volume of 1 ml was dropped on
a glass substrate and then cured using a UV lamp (power 48 W)
for 1 minute. The fixed resin samples were washed twice in
isopropanol for 20 minutes, according to the manufacturer’s
instructions. Then, they were washed with demineralized wa-
ter and dried. The samples were prepared for metallization in
amulti-stage process. After each step, the pieces were thoroughly
cleaned with demineralized water. First, they were etched in 5%
wt. NaOH solution at 70°C for 10 minutes to remove residual
resin and other impurities from the surface. Then the samples
were placed in a chromic acid solution (30 g/l Cr,03) with the
addition of sulfuric acid (80%) for 1 minute at 70°C. Next,
the Cr*" ions were removed from the surface in 5% wt. HCl and
5% wt. K,S,05 solution for 3 minutes at 25°C, then the samples
were washed in demineralized water. The surface of resin was
activated by Pd*" ions, the samples were placed in 1 g/l PdCl,
solution for 30 minutes, during this time the ions were adsorbed
on resin surface. After this step the sampled were placed in fresh

prepared 20 g/l NaBrH, solution to reduce the palladium ions.
In this way, the samples were covered with Pd nanoparticles,
which is a catalyst in the electroless metallization reactions. The
samples prepared in following way were placed in the metal-
lization solutions with the compositions presented in TABLE 1.

TABLE 1
Composition of solution for electroless metallization
Coating type
Solution compound Ni-P | Ni-Fe-P
concentration [g/l]

NiSO47H,O 8 4
FeSO, 7H,0O — 4
NaH,PO,-H,0 6 6
Na;C¢H504 10 10
(NH,4),SO, 4 4
pH 9 9

The pH value was controlled by ammonia solution. The
temperature of used solutions was equal to 60°C in every case.
The metallization time was equal to 30 minutes.

During the metallization process, the external magnetic
field was applied. An electromagnet (LakeShore — Model 642)
was used, and a homogeneous magnetic field with an intensity
of 0.5 T was generated. The samples surface was oriented per-
pendicularly or parallely to the magnetic field lines.

Obtained coatings were analyzed using scanning electron
microscopy SEM JEOL — 6000 Plus and XRD Rigaku MiniFlex
II. The chemical composition and distribution of elements were
determined by EDS analysis.

The catalytic and corrosion properties were analyzed by
electrochemical methods. There was used 3-electrode experimen-
tal set. The working electrode was coating electroless deposited
on resin, the anode was platinum sheet. The reference electrode
was the saturated calomel electrode (SCE). Electrochemical
measurements were performed in a | M NaOH solution at room
temperature. The measurements were made as follows: corro-
sion properties tests by determining Tafel curves, stabilization in
open circuit potential (OCP) for 10 minutes, hydrogen evolution
curves and determination of galvanostatic curves in the follow-
ing current densities: —1, —10, —20, =50 mA/cm?, every step for
10 minutes. BioLogic SP-200 galvanostat potentiostat was used
for electrochemical measurements. To determine the quality of
the coatings, SEM pictures of the samples were taken directly
as prepared and after the electrochemical tests series.

3. Results and discussion

In the first part of the research work, the time of synthesis of
nickel-based alloy coatings was analyzed for elemental composi-
tion, corrosion and catalytic properties, and morphology before
and after electrochemical tests. First, Ni-P and Ni-Fe-P alloy
coatings were deposited on a flat substrate. Then, the composition
of the layers was analyzed using the EDS technique.



TABLE 2

Composition of obtained coatings depending on the applied
magnetic field

0T 105T 05T
[% mas.] P Fe P Fe P Fe
Ni-P 4.7 — 4.4 — 5.2 —
Ni-Fe-P 5.66 7.93 5.99 7.29 6.39 7.29

The elemental composition of the obtained coatings is
shown in TABLE 2. In the case of electroless deposition of the
layers, the external magnetic field has no significant effect on the
composition of the coatings. In all cases, the phosphorus content
ranges from more than 3 to more than 6% by mass.
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Fig. 1. XRD curves of obtained coatings

Fig. 1 presents the XRD curves of Ni-P and Fe-Ni-P alloy
coatings slightly depending on the magnetic field applied during
metallization. At the 20 angle of 45°, peaks from Ni(101) and
P(001) were identified. In the case of deposition in a magnetic
field, the appearance of a peak at an angle of 50°, assigned to
the P(100), was recorded. Based on the many works connected
with the Ni-P electroless deposition, obtained XRD diffraction
is typical for amorphous-like structure, where the long-distance
crystalline structure can be obtained only after proper heat treat-
ment [42,43]. Addition of Iron into ternary Ni-Fe-P coatings are
characterized by smaller crystallite sizes, as evidenced by lower
and broader peaks. At an angle of 26 of approx. 31°, a peak was
recorded, probably from the holder used for analysis. Obtained
layers were also inverstigated by SEM analysis to detailed study
of their morphology and presented in Fig. 2.

In general, the magnetic field greatly influences the diffu-
sion rate of ions during the electroless deposition process and,
hence the morphology of the deposit layer. The superimposed
magnetic field can strongly increase the movement of the mass
transport through the chemical reaction and the deposited
layer’s properties [28,44,45]. This magnetic field induce the
additional Lorentz force which can modifiy the ion’s move-
ment. The acceleration rate is significantly connected with
orientation of applied magnetic field. In the case of the applied
magnetic field perpendicular to the electrical field lines, the
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Fig. 2. SEM pictures of alloy coatings before catalytic tests, magnifica-
tion x2000

Lorentz force is increasing the diffusion rate, and in the case of
the parallel magnetic field their effect in the diffusion rate can
be ommited. In term of the ferromagnetic ions like nickel or
iron, this effect will be much more intensive, due to the higher
magnetic susceptibility. Moreover, after deposition of metals
on the electrode, the intensity of formed magnetic gradient will
be disrupted, due to the fact that there are a ferromagnetic solid
phase in the area of magnetic flux, so the lines of magnetic field
will be bended [46]. Presence of highly-gradiented magnetic
field has been experimentally and numerically confirmed, and
can be related to different morphological effect on the deposited
alloys surface.

When a substrate is placed into the plating solution, pal-
ladium clusters present on its surface act as catalysts for reduc-
ing nickel ions at specific nucleation sites. Nickel atoms then
form and accumulate around these nucleation sites, gradually
developing into hemispherical shapes to reduce surface energy.
As the deposition process continues, these hemispherical deposits
expand until they come into contact with neighboring deposits,
ultimately merging to create a continuous film. the nucleation
sites are densely and uniformly distributed, they grow to simi-
lar small sizes before merging, resulting in a smooth surface
coating [47]. The application of a magnetic field with different
orientations significantly influences the ion transport to the
electrode surface, allowing for customization of the nucleation
and growth stage of deposit. In the case of the application of
magnetic field, a slightly more developed surface can be seen
for parallel magnetic field. Especially, this effect is most visible
in the case of the Ni-Fe-P coating, where the formed magnetic



20

field gradient increase the diffusion rate and allow to form many
bigger clusters. This type of structure can exhibit locally higher P
conentration, where the overpotential value for hydrogen evolu-
tion is the lowest, what was also confirmed in other works [48].
Presence of different morphology with application of the per-
pendicular and parallel magnetic field can significantly modify
the electrochemical performance, like corrosion resistance or
electrocatalytic activity [49]..

The Tafel curves determined for Ni-P alloys in the potential
range from—1.5 Vto—0.6 V were presented in Fig. 3. There is no
significant magnetic field dependence on the corrosion potential
for Ni-P coatings. Coatings are characterized by a similar value
of corrosion potential, equal to —0.65 V vs SCE, and similar
corrosion current density. Similar investigations were performed
for Ni-P, and Ni-Fe-P alloys, presented in Fig. 4.

Comparative analysis for the Ni-P and Ni-Fe-P alloys was
performed by measuring the potential onset value and estimating
the Tafel slope for the hydrogen evolution reaction. The slope was
calculated as the difference between potential values registered
for -1 mAcm ™ and 10 mAcm™. It can be seen that the lowest
value of the onset potential was recorded for ternary Ni-Fe-P
alloy deposited under a parallel magnetic field (-1.270 V).
The influence of a magnetic field is insignificant in this ternary
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Fig. 4. LSV curves determined for synthesized coatings
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Fig. 3. The Tafel curves determined for Ni-P electroless deposited
coatings

alloy because the difference between onset potential for no mag-
netic field and parallel is only 0.01 V. In the case of Ni-P alloys,
the onset potentials were higher (and —1.463 V for Ni-P with no
magnetic field). Therefore, applying a magnetic field does not
significantly influence the registered potential value. Considering
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the Tafel slope values, the lowest was registered for Ni-P alloys
and reached 91 mV dec™! for no magnetic field. It can be seen that
the slope value was slightly lower in the case of magnetic field
application, 87 and 84 mV dec™!, respectively, for perpendicular
and parallel orientation of the magnetic field. Obtained results
are in a good correlation with the SEM observations, where any
significant changes on the morphology was seen for magnetic
field presence. Applying a magnetic field for ternary Ni-Fe-P
alloy synthesis increased the tafel slope from 150 mV dec ' to
169 and 173 mV dec™! for perpendicular and parallel magnetic
fields, respectively. The Tafel slope increase in ternary alloys can
be attributed to the electrode’s significantly larger electroactive
surface area than in Ni-P deposits. It is clearly confirmed that
the catalytic activity of Ni-P and Fe-P alloys is gradually grow-
ing with the P concentration [50]. Moreover it case of parallel
magnetic field application, there are higher concentration of
the phosphorous in alloy, which increase the number of Ni-P
nanometrical clusters, which exhibit higher catalytic activity
than pure Ni or Fe. Linnear voltammetry scans show that the
ternary Ni-Fe-P alloys with and without magnetic field are reach-
ing significantly higher cathodic current density for potential
—1.5 V than Ni-P deposits. The most significant difference for
the parallel magnetic field is —12 mAcm 2 and —25 mAcm™2 for
Ni-Fe-P and Ni-P, respectively. The stability test was performed
by applying different cathodic current densities in a range be-
tween —1 to —50 mAcm™2, for 600 s and registered the electrode
potential variation. The test for Ni-P electrodes deposited without
a magnetic field is presented in Fig. 5.

The polarization of the working electrode led to the begin-
ning of the hydrogen evolution reaction. The application of
higher current density increased the registered potential value,
which reached stable course after 300 s. Similar investigations
were also done for Ni-P and Ni-Fe-P alloys obtained without
and with a magnetic field with different orientations, listed in
TABLE 3.

TABLE 3

Potential values determined in chronoamperometry measurements

Ni-P Ni-Fe-P

mA/em? | 0T [L05T[[05T|[ 0T [Lo5T[[o05T
E vs. SCE

—1 [ 1346 | -1.407 | —1.424 | -1.263 | -1.254 | —1.213

~10 [ -1.538 | ~1.558 | ~1.569 | —1.390 | ~1.392 | ~1.342

20 | -1.662 | ~1.650 | —1.648 | —1.488 | —1.498 | —1.431

50 | -1.879 [ -1.857 | ~1.832 | —1.734 | ~1.784 | —1.668

From the TABLE 3 it can be seen that the presence of
magnetic field is profitable for fabrication of materials with in-
creased hydrogen evolution activity. The decrease of registered
potentials were observed only in case of application of high
current densities (—20 and —50 mA/cm?) for perpendicular and
parallel magnetic field. The lowest potential value were registerd
for Ni-Fe-P alloy, deposited with perpendicular magnetic field.
This effect is attributed to highly-developed surface area, where
higher number of active sites are present. Simmilar conclusions
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Fig. 5. Chronoamperometry measurements determined for Ni-P coating
deposited without external magnetic field

connected with Ni-Fe-P alloys dedicated for water splitting
were confirmed for electrochemically-deposited samples in
galvanostatic conditions [51]. Moreover it was registered that,
the spherical structures are profitable in case of fast formation of
small hydrogen bubbles and their detachment from the electrode
surface [52,53].

The morphology of alloys after electrocatalytic tests is
presented in Fig. 6. Degradation of Ni-P coatings is visible.
Ni-Fe-P coatings are characterized by high stability after tests.
Their morphology changes not significantly, what makes this

After HER catalytic tests in 1M NaOH
Ni-P Fe-Ni-P

Fig. 6. SEM pictures of alloy coatings after catalytic tests, magnifica-
tion x2000
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material very promising for application in advanced catalysis
based on 3D-printed materials.

4. Conclusions

The aim of this work was the synthesis of nickel-based
coatings in electroless metallization processes. The influence
of the external magnetic field generated by the electromagnet
and applied during the metallization process on the properties
of the layers was analyzed. The samples were tested in terms of
elemental composition, phase composition, and catalytic prop-
erties in the processes of electrochemical hydrogen evolution
reaction in 1 M NaOH solution. The morphology was analyzed
before and after catalytic tests. During the experimental work,
it was found that the external magnetic field has no significant
effect on the elemental composition. However, the external
magnetic field has a slight impact on the phase composition
of the coatings — in the case of using a parallel magnetic field,
additional peaks from phosphorus appear in the Ni-Fe-P XRD
curves. In addition, slight differences in the electrocatalytic
properties of the HER reaction were demonstrated. During
chnoroamperometric measurements, the coatings were found
to be stable during catalytic tests; in the case of using high cur-
rent densities, a slight change in potential was observed during
the measurement. A continuous structure and no cracks on the
surface characterized all obtained alloy coatings. After catalytic
tests, the Ni-Fe-P coatings surface did not change significantly.
It can be concluded that these alloys are characterized by the
best properties in terms of application in the HER reaction. This
experimental work is the first step in synthesizing composite
catalysts based on polymers and metallic alloys. Thanks to 3D
printing and metallization, it will be possible to obtain catalysts
of any geometry and high catalytic efficiency, with a relatively
low density compared to metallic materials.
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