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Abstract: Electroplating nickel-63, a radioactive isotope used in betavoltaic batteries and random
number generators, requires precise control due to its limited availability and the generation of
radioactive waste. To minimize waste and ensure effective plating, small plating baths are employed,
optimizing the process within constrained conditions. X-ray diffraction (XRD), scanning electron
microscopy (SEM) and energy-dispersive X-ray spectroscopy (EDS) were utilized to determine the
optimal plating conditions and limiting conditions for nickel electroplating in a small plating bath.
This study focuses on the use of low-concentration nickel solutions and small plating equipment, in
contrast to the common industrial practice of using high concentrations of nickel. Here, it is important
to optimize the plating parameters, especially the nickel concentration, current density, and bath
temperature. An average thickness of 1.8 µm was found when plating with a nickel concentration of
0.06 M, a current density of 5 mA/cm2, and a solution temperature of 40 ◦C, while ideal conditions
were found to achieve the theoretical maximum energy and 90% release rate when plating with
nickel-63 instead of Ni.

Keywords: nickel electroplating; betavoltaic battery; radioisotope

1. Introduction

Electroplating refers to a method of electrochemically reducing metal ions and plating
a required metal onto the surface of a substrate. This method is mainly used to improve the
chemical resistance, corrosion resistance, and gloss of a material [1–5]. During the process,
a watt solution (NiSO4·6H2O 0.91~1.41 M, NiCl2·6H2O 0.013~0.379 M) is mainly used, but
various solutions have been studied according to the purpose of use [6,7].

Isotopic nickel-63 electroplating sources are used in electron capture detectors [8,9],
beta cells [10–12], and random number generators [13]. In beta batteries, because one single
cell generates a small amount of power, individual cells must be used in parallel to increase
the output. For all cells to have the same output, the same amount of nickel-63 must be
plated onto each cell. Therefore, high purity, precise control, and high reproducibility
during the plating process are important.

Given that the nickel source of the betavoltaic battery requires high specific activity,
it is necessary to use an insoluble anode that does not contain non-radioactive nickel [14].
Due to the high cost of nickel-63 and the considerable radioactive waste after electroplating,
it is difficult to electroplate with this material in large quantities. To reduce waste, nickel-63
should be plated in a small bath. When the same amount of nickel-63 is available, a small
plating tank used in volumes of tens of mL can create a solvent with a higher concentration
compared to a large plating tank used in volumes of several liters.

To achieve efficient plating with limited amounts of nickel, it is important to ensure
that each cell is plated with a consistent thickness. Depending on the thickness of the cell,
the surface emission rate of beta rays from nickel-63 varies, meaning that, in each case,
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the optimal coating thickness should be found. To find the optimal coating thickness, the
Monte Carlo N-Particle (MCNP) program can be used [15,16].

Unlike large-scale electroplating equipment, in small electroplating baths, the con-
centration and pH of the plating solution change rapidly every time electroplating is
performed, causing problems such as burning of the plating layer and the generation of
impurities [17–19]. In addition, during the electroplating process, pitting phenomena can
also arise, in which parts are not electroplated due to air bubbles [20]. Using a previ-
ously fabricated electroplating device, electroplating was performed by applying a current
density of 15 mA/cm2 in a 0.05 M nickel solution, and plating was performed by laying
the substrate at the bottom of the bath. Therefore, the impurities were also electroplated
together, and pitting occurred as well [11].

In this study, a new small plating bath was manufactured to solve issues such as
impurities and pitting, which are problems associated with the previously fabricated device.
In addition, by using the proposed small-scale plating bath, conditions were derived to
control the thickness without burning the surface while also maintaining uniform, high-
quality plating thickness.

2. Materials and Methods

To solve the above problems, a new compact plating bath was manufactured, as shown
in Figure 1. Figure 1a presents a small plating bath in which electroplating is performed.
At the bottom of the plating bath, a piezo driver is installed to remove hydrogen bubbles
generated by side reactions at the cathode and prevent the polarization of nickel ions in the
plating solution. A ceramic heater plate is installed at the bottom to regulate the solution
temperature. Platinum-coated titanium was used as the insoluble anode, and a copper
plate was used as the cathode. Normally, the plating metal serves as the anode during the
plating process, but because there is no anode made of nickel-63, Ni was supplied only by
preparing the plating solution. Figure 1b shows the main part and the control box. In the
main part, the bottle on the upper left of the main body contains KOH solvent to collect
the chloride gas generated during the electroplating process. The plating and washing
solutions are in the upper right corner. After electroplating is complete, each solution is
stored in the waste container in the lower left corner. To remove impurities, a circulator
operates continuously during the electroplating process, and whenever the cathode forms
air bubbles, a piezoelectric driver is activated to remove air bubbles. The controls described
above can all be managed from the control box by manipulating pumps, valves, piezo
drivers, the temperature, and the amount of current.
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Given that the end goal is electroplating with radioactive isotopes, the main part
where the electroplating takes place is located inside a hot cell to protect the operator from
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radiation exposure. A separate control box located outside the hot cell will be used to
control the plating environment in the hot cell beyond the lead glass.

The plating thickness can be obtained using the following equation:

T =
12.294 × I × t

A
, (1)

where T is the average coating thickness (µm), A is the coating area (dm2), I is the current
(mA), and t is the time (in hours) during which the current flows [21].

In nickel-63, there is limited thickness of the nickel-63 beta source for maximum surface
emissivity due to self-shielding. As shown in Figure 2, the amount of beta particles emitted
from the nickel-63 surface is 85% compared to a total energy value of around 2 µm, which
is a typical coating thickness in beta cells.
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The plating solution was prepared using NiCl2·6H2O (SAMCHUN, Seoul, Republic of
Korea; 97%) and H3BO3 (SAMCHUN, Seoul, Republic of Korea; 99.5%), with the concen-
trations of Ni adjusted to 0.06 M, 0.04 M, 0.02 M, and 0.01 M. Plating was performed by
adjusting the pH to pH 4 ± 0.2 using KOH (SAMCHUN, Seoul, Republic of Korea; 85%)
and HCl (Merk, Rahway, NJ, USA; 37%). Platinum-coated titanium (8.1 × 2.5 × 0.05 cm3,
CS engineering, Daejeon, Republic of Korea) was used as the insoluble anode, and a copper
plate (2.4 × 2.4 × 0.02 cm3, CS engineering, Daejeon, Republic of Korea) was used as the
cathode. Before electroplating, the anode and cathode were cleaned with distilled water
after the removal of oil and impurities from the surfaces with soapy water. Thereafter,
they were immersed in 10% HCl for 30 s and washed with distilled water. After the pre-
treatment was completed, plating tape (3 M electroplating tape 470) was applied to the
copper plate and cut to a size of 2 × 2 cm2, which was the size of the substrate to be electro-
plated. In order to remove impurities, the circulator was continuously operated during the
electroplating process, and whenever the cathode formed air bubbles, a piezoelectric driver
was activated to remove air bubbles, as noted above.

The quality of electroplating can be primarily judged by checking for burning, cracking,
and pitting with the naked eye, by checking the gloss, and by observing the surface with an
optical microscope or electron microscope to see in detail whether the surface is uniformly
electroplated, unlike the substrate. To qualitatively assess the results of electroplating with
a small plating bath, the plated samples were photographed in the same environment, and
the RGB values of the plated surfaces were utilized [22–24]. The RGB values of each of the
four corners and the center of the plated area were measured and summed to determine
the plating quality. The RGB value of the burnt black area is (0, 0, 0), i.e., 0. The white
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color has values of (255, 255, 255) and, therefore, has a value of 765. The sum of the five
RGB values ranges from 0 to 3825, with higher numbers indicating a more uniform plating
quality. Accordingly, these values were optimized.

Electroplated samples were mounted and polished for the ensuing analysis. Using a
mounting press (Metpress-A; R&B, Republic of Korea), the sample and acrylic powders
(R&B, Daejeon, Republic of Korea) were inserted, and the temperature was increased to
150 ◦C at 3000 psi. The mounted samples were polished with various levels of sandpapers.
The polishing conditions of each type of sandpaper are shown in Table 1.

Table 1. Operational conditions of each sandpaper type used for polishing.

Carbon
Sheet Thickness Lubricant Abrasive Platen Speed Head Speed Pressure Minutes

400 grit

Water SiC sandpaper

60 150

33 7
600 grit

800 grit

35 101200 grit

1500 grit

6 µm Polycrystalline
Diamond suspension

Polishing cloth
38

5
1 µm 40

3. Results and Discussion
3.1. Optimal Plating Conditions and Limiting Concentrations

It is known that the texture, roughness, grain size, etc., of a surface after electroplating
depends on pH, temperature, current density, etc. [25,26]. This experiment shows the
results of varying the temperature, current density, and concentration of the plating solution.
Figure 3 shows the plating results for each variable. Burning occurred in the 0.06 M solution
at room temperature and with a current density exceeding 20 mA/cm2. At a higher current
density, electrons react with the nickel ions at a faster rate than the nickel ions can be
reduced. Therefore, nickel ions near the electrode do not readily gain many electrons
from the electrode, causing the ions to precipitate as black blobs instead of forming a
proper crystalline structure [18]. To solve this problem, the temperature of the plating
solution was set to 40 ◦C or higher. As the temperature increased, the diffusion of nickel
ions to the electrode accelerated, thereby enabling stable electroplating [27]. Second, a
lower current density was applied. Although electroplating was stably conducted with the
current density set to 15 mA/cm2 in the 0.06 M solution, the burning phenomenon occurred
in the 0.04 M solution. This indicates that plating at high currents may be difficult because
the concentration of the solution is too low for electroplating [17]. At 0.02 M, a clean surface
was obtained when electroplating took place at 5 mA/cm2 and at temperatures above 40 ◦C.
On the other hand, at 0.01 M, burning occurred under all conditions. This result suggests
that the lowest concentration limit for optimal plating conditions is 0.02 M.

When plating, the higher the temperature of the solution, the less likely it is that burnt
plating will occur and the shinier the result. However, electroplating at 0.04 M, 40, and
50 ◦C resulted in severely burnt plating, and it was expected that burnt plating would occur
even at room temperature (R.T.). Accordingly, R.T. temperature was not tested. For the
same reason, we did not conduct experiments at current densities higher than 15 mA/cm2

in the 0.02 M and 0.01 M solutions.



Coatings 2024, 14, 613 5 of 9Coatings 2024, 14, x FOR PEER REVIEW 5 of 9 
 

 

 
Figure 3. Plated surface results for each concentration according to the temperature and current. 

3.2. Evaluate Electroplating Quality 
The sum of the RGB values of the samples shown in Figure 3 is shown in Figure 4. 

The best plating results were obtained at 5 mA/cm2 at 0.06 M and 40 °C, followed by plat-
ing at 10 mA/cm2. Comparing the results at 15 mA/cm2 to the results at 0.06 M at 50 °C, it 
can be seen that the quality of the plating improved as the solution temperature increased. 
At 15 mA/cm2, the higher temperature of the plating solution gave good results, while at 
5 to 10 mA/cm2, the quality of the results at 40 °C was better than those at 50 °C. 

 
Figure 4. Comparison of the sum of five points of RGB values from samples plated under different 
conditions. 

3.3. SEM and EDS 
To analyze the surface morphology of the nickel, the polished samples were exam-

ined via scanning electron microscopy (SEM, SU-5000; Hitachi, Tokyo, Japan) and energy-

Figure 3. Plated surface results for each concentration according to the temperature and current.

3.2. Evaluate Electroplating Quality

The sum of the RGB values of the samples shown in Figure 3 is shown in Figure 4. The
best plating results were obtained at 5 mA/cm2 at 0.06 M and 40 ◦C, followed by plating at
10 mA/cm2. Comparing the results at 15 mA/cm2 to the results at 0.06 M at 50 ◦C, it can
be seen that the quality of the plating improved as the solution temperature increased. At
15 mA/cm2, the higher temperature of the plating solution gave good results, while at 5 to
10 mA/cm2, the quality of the results at 40 ◦C was better than those at 50 ◦C.
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conditions.

3.3. SEM and EDS

To analyze the surface morphology of the nickel, the polished samples were examined
via scanning electron microscopy (SEM, SU-5000; Hitachi, Tokyo, Japan) and energy-
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dispersive spectroscopy (EDS, X-MAX; Oxford, Oxford, UK). The samples shown in Figure 5
are SEM images of nickel-plated surfaces depending on the concentrations at a solvent
temperature of 40 ◦C and a current density of 5 mA/cm2. The concentrations of (a) 0.06 M,
(b) 0.04 M, and (c) 0.02 M led to uniform plating, while (d) 0.01 M showed cracks. This
occurred because the size and shape of the particles were irregular during electroplating.
As electroplating proceeds at a lower concentration, the current distribution on the cathode
surface is irregular and the nickel crystal growth increases on the surface of the substrate
when a higher current density is applied. Thus, dendrite crystals are formed [28].
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(c) 0.02 M, and (d) 0.01 M.

In Figure 6, the cross-section of the 0.06 M, 5 mA/cm2, 40 ◦C sample with the best
plating result is compared via SEM with that of the 0.04 M, 10 mA/cm2, 40 ◦C sample,
which is the last condition without burnt plating or pitting. At 0.06 M, the most abundant
concentration of Ni ions, the plating thickness was about 1.8 µm. In contrast, at 0.04 M,
there was a slight decrease in the thickness, resulting in a plating thickness of 1.74 µm. The
targeted thickness of 2 µm was not reached due to the lower concentration, resulting in
lower cathodic current efficiency.
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Figure 6. A cross-section of Ni plating at (a) 0.06 M, 40 ◦C, 5 mA/cm2 and (b) 0.04 M, 40 ◦C,
10 mA/cm2 was examined using SEM to determine the plated thickness.

The cross-section of the sample plated under optimal conditions was measured using
XRD and is shown in Figure 7. The results indicated only pure Ni was plated onto Cu, and
it was also reconfirmed that the thickness of Ni was approximately 1.6 µm.
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Figure 7. EDS was used to map the distributions of Ni and Cu.

3.4. XRD

X-ray diffraction (XRD, Miniflex 600; Rigaku, Tokyo, Japan) was used to confirm the
configuration and crystal structure of plating materials. Copper 2θ peaks (111), (200), and
(220) were present in all samples, attributable to the copper substrate peaks. In addition,
nickel 2θ peaks (111), (200), and (220) were found under all concentration conditions,
thereby confirming that only nickel was electroplated. Furthermore, as shown in Figure 8,
the higher the concentration, the lower the copper peak and the higher the nickel peak.
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The X-ray diffraction (XRD) results can be utilized to measure the size of the crystals.
By substituting the values from Table 2 into the Scherrer Equation (2), it is possible to
calculate the lattice sizes for different concentrations [29,30]. The measurement range was
set to range from 40 to 80 degrees, and all measured samples were fabricated at a current
density of 5 mA/cm2 and temperature of 40 ◦C.

Size D =
0.9 × λ

β × cos θ
, (2)

Table 2. XRD data for electroplated samples fabricated at different concentrations.

Concentration 2θ θ FWHM (deg) FWHM (rad) Size (Å)

0.02 M 50.761 25.3804 0.144 0.002519 550.6

0.04 M 50.576 25.2878 0.167 0.002920 474.6

0.06 M 50.713 25.3565 0.229 0.003995 347.1
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Size D represents the lattice size of the crystallite. λ is the filter value of K-beta used
in XRD (1.39225 Å). β is the radian value of the full width at half maximum (FWHM)
measured in degrees, and θ is 1/2 the value measured in 2θ. Table 2 presents the XRD
data values for electroplated samples prepared at different concentrations. Based on the
values from Table 2, the calculated lattice sizes are 55.06 nm for a concentration of 0.02 M,
47.46 nm for 0.04 M, and finally, 34.71 nm for 0.06 M. These findings show that the lattice
size decreases as concentration increases.

4. Conclusions

In this study, optimal plating conditions and limit conditions were derived using a
small plating bath designed for plating radioactive materials. An evaluation of the quality
after electroplating showed that plating in the 0.06 M solution at a temperature of 40 ◦C with
a current density of 5 mA/cm2 produced the most optimal quality. The limit condition for
usable samples was a 0.04 M solution at 40 ◦C with a current density of 10 mA/cm2. When
electroplating was performed under the optimal and marginal conditions, the thickness
confirmed using SEM and EDS was approximately 1.8 to 1.60 µm. This experiment was
performed using an insoluble anode, meaning that Ni ions were limited. The goal was to
achieve a plating thickness of 2 µm, and approximately 80%–90% of the target thickness
was achieved. This is because as plating progresses, the Ni ion concentration in the solution
decreases, which results in a decrease in cathode current efficiency. When calculated using
the density of nickel, the mass increase in the plating was 6.3 mg on average, and the
thickness of the plating was 1.7 µm on average. The use of XRD confirmed that the higher
the concentration, the more regularly the Ni ions were plated and the smaller the size of
the crystals. It is expected that the appropriate plating thickness can be obtained based on
the results above when conducting electroplating using nickel-63 in the future, and it is
expected that this strategy can be applied to beta cells, random number generators, and
other devices.
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