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Ni Layer Fabrication In Various Temperature Of Watts Solution
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An electrode that produces oxy-hydrogen gas (HHO) through electrolysis, commonly uses stainless steel (SS).
Nickel (Ni) electrodeposition over copper (Cu) alloy promises to replace SS in the electrolyte solution for HHO
production. Therefore, it needs a deep exploration of electrodeposition Ni over Cu alloy. In the present work, Ni
film electrodeposition was conducted at various electrolyte solution temperatures. Watts solution was chosen
due to its better performance than other plating bath compositions. The scanning electron microscopy-energy
dispersive spectroscopy (SEM-EDS), X-ray diffractometer (XRD), Potentiostat, and hardness apparatus were
employed to identify the characteristics of the Ni films over the Cu alloy. An increase in the solution temperature
led to an increase in deposition rate, roughness, crystallite size, and transformation of nodules into pyramidal
colonies. The high hardness of Ni-15 (Ni films synthesized over the Cu alloy at 15 ◦C electrolyte solution)
is attributed to its smaller crystallite size. The Ni-15 sample has 38 nm of crystallite size and 232.26 HV of
hardness. A lower corrosion rate was also found in the Ni-15 sample, about 1.84×10−3 mmpy. Therefore, it is
recommended that the Ni-15 be selected as an electrode for HHO production because of its higher hardness and
lower corrosion rate.
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1. Introduction

The increase in daily demand for energy and alternative
energy sources happens due to the depletion and growth
in the price of fossil fuels [1, 2]. Moreover, the rise in

global temperature is gradually influenced by cumulative
gas emissions of green houses [3]. Recently, hydrogen has
become a clean, sustainable, and renewable power source
alternative [4]. Hydrogen fuel cell electric generators do
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not emit emissions or cause noise such in traditional auto-
motive vehicles [5].

Electrolysis, thermolysis, and bio-photolysis techniques
have the potential to produce oxy-hydrogen gas (HHO)
[6]. In comparison to other HHO production methods, the
eco-friendly water electrolysis technique is capable of pro-
ducing high-density hydrogen [7]. Several studies have
employed NaCl, NaOH, and KOH as catalysts in the wa-
ter electrolysis technique [8–10]. Water electrolysis would
produce higher HHO production using KOH due to its
conductivity than other catalysts [11]. An increase in the
KOH concentration would increase HHO production, re-
sulting in a maximum KOH concentration of 0.5 M [12].
Unfortunately, the increase in KOH concentration led to an
increase in corrosion rate [13].

SS 304L, 316L, and 430L are common stainless steel (SS)
used as electrodes in HHO production through electrolysis
[14]. Production cost in 2017 in Argentina for nickel (Ni)
electrodes and electrodeposited Ni on SS316L is about $
1324 and $ 489 per square meter, representing a saving
cost at around 63 %. Electrodeposited Ni on the SS 316L
considerably decreased the material cost [15]. Therefore,
electrodeposited Ni promises to replace SS in the electrolyte
solution for HHO production [16].

Hamidah et al. investigated the use of SS 304, SS 316,
and copper (Cu) alloy as electrodes in the water electrolysis
apparatus and found that Cu alloy has a higher corrosion
rate [17]. Ni electrodeposited onto Cu could be promising
to enhance corrosion resistance. Yang et al. performed Ni
electrodeposition on bare Cu and reported that the formed
Ni film successfully protected bare Cu by showing a de-
creased corrosion rate in the 3.5 % NaCl solution [18].

The Ni film electrodeposition usually uses a Watts solu-
tion due to the better performance than other plating bath
compositions [19, 20]. Moreover, electrodeposition is com-
monly conducted at various electrolyte temperatures to
achieve better physical and mechanical properties. Jinlong
et. al. have conducted Ni electrodeposition onto SS 304 at
different temperatures of Watts solution (20, 50 , and 80◦C)

[21]. They reported that the corrosion rate at the sample de-
posited at 20◦C was less due to the resulting (111) plane of
crystal structure. In contrast, Mirzamohammadi et. al. con-
ducted Ni electrodeposition on CK45 steel in Watts solution
(53 ± 2◦C), resulting prefer orientation in the (111) plane
of crystal structure [22]. Previous research reported, when
electrodeposited Ni on Cu alloy in sulfate solution (10, 25 ,
and 40◦C), found the (111) plane of crystal structure dom-
inant in all samples [23]. In a different investigation, the
dominant crystal (111) plane was formed by electrodeposit-
ing Ni on a Cu-based alloy in a sulfate-borate solution at

temperatures of 20 and 50◦C [24].
Based on above mentioned statement, the dominant and

preferred orientation of the (111) plane of crystal structure
depends on temperature, substrate, and solutions. The
film’s corrosion resistance is related to the surface energy
scale [25]. Face center cubic (FCC) metal surface energy
is (111) < (001) < (110) plane of crystal structure [26].
The specimen with the (111) plane of crystal structure of-
fers better corrosion resistance properties regardless of its
crystallite size [27]. Thus, this study aims to produce Ni
films that are electrodeposited onto the Cu alloy with the
dominant orientation (111) plane of crystal structure for the
HHO electrodes. The mass increase after electrodeposition
was measured using the mass balance to find the deposi-
tion rate. Scanning electron microscopy-energy dispersive
spectroscopy (SEM-EDS), X-ray diffractometer (XRD), and
hardness tests were used to investigate Ni film properties.
The electrochemical behavior of Ni films in the KOH solu-
tion was studied using the potentiostat.

2. Material and experimental methods

2.1. Material and electroplating procedure

In this experiment, we employed pure Ni rod as
the anode and Cu alloy (Al2.97wt.%, Ni 2.01wt.%,
and Cu balance) as the substrate. Watts solu-
tions (300 g/1NiSO4.6H2O, 45 g/l NiCl2.6H2O and
45 g/1H3BO3 ) were prepared as electrolytes solutions
using an analytical grade from Merck manufacturer. The
Ni film was electrodeposited for 60 minutes at a current
density of 10 mA/cm2 using a DC power supply (MDB
PS-305DM). Electrodeposition of Ni film was conducted
in various temperatures (15, 30 , and 45◦C) and was titled
as Ni − 15, Ni-30, and Ni-45, respectively. The schematic
electrodeposition of Ni is presented in Fig. 1.

2.2. Samples characterizations

The deposition rate of various samples could be calculated
using the following equation [28].

v =
1000 × ∆m
ρ × S × t

(1)

Where v is the deposition rate (µm/h), ∆m is a mass incre-
ment of Ni film over Cu alloy after electrodeposition (g), t
is the electrodeposition duration (h), ρ is the Ni density (
8.9 g/cm3 ), and S is the Cu alloy substrates area.

The Ni film’s surface morphology and elemental dis-
tribution were observed using an SEM-EDS from Oxford
Instruments. A PANalytical XRD (Cu kα λ = 1.5406 Å)

scanned from 20 to 100◦ was used to evaluate the Ni film’s
structure. The MATLAB software analyzed the roughness
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Fig. 1. Schematic electrodeposition of Ni onto Cu alloy.

of the specimens [29]. The following equation calculated
the coefficient of mass variation percentage [30].

cv(%) =
Standard deviation

Average
× 100 (2)

The potentiostat (Gamry Reference 600) investigated
electrochemical behavior at room temperature in a 1MKOH
solution (Merck). The open circuit potential (OCP) mea-
surement was scanned until the 800 s prior to the potentio-
dynamic polarization (PP) scan. The measurement of PP
was done using a scan rate of 0.001 V/s. Ni film is used as
the working electrode (WE), saturated calomel electrode
(SCE) is used as the reference electrode (RE), and platinum
wire is used as a counter electrode (CE). The value of cor-
rosion current ( icorr ) and corrosion potential ( Ecorr ) was
found by the Tafel extrapolation method [31]. Corrosion
rate (CR) was found by inserting icorr into the following
equation [32].

CR(mmpy) = C
M × icorr

n × ρ
(3)

Where C is the corrosion rate constant ( 3.27mmpy ),
n is the number of electrons involved, ρ is the density(
g/cm3) , M is the atomic weight (g/mol), and icorr is

the corrosion current density
(
A/cm2). Electrochemi-

cal impedance spectroscopy (EIS) measurement was per-
formed from 0.05 − 45000 Hz. EIS measurement outputs
can be visualized in Nyquist and Bode plot curves. By
fitting the Bode plot curve using the electrical equivalent
circuit (EEC), the impedance parameter (Rct and Rs) is
obtained.

An FV-300e Vickers hardness tester (1 kg) was used
to measure the hardness of the specimen. Five-spot mea-
surements were collected from each specimen to find the
average hardness of the film.

3. Result and discussions

3.1. Deposition rate

Fig. 2 shows the deposition rate of various samples. The
deposition rates were calculated using equation (1). The
deposition rate increases with the electrolyte temperature
from 12.22 to 13.15µm/h. This phenomenon means that
the deposition rate is dependent on the electrolyte temper-
ature. Chung et. al. conducted an electrodeposition of Ni
using an electrolyte solution temperature between -0.15
and 19.85◦C. Due to the lower reductive current at low
plating bath temperature, the deposition rate decreases as
the bath temperature drops. Poor mass transfer conditions
at low plating bath temperatures have limited the depo-
sition rate [33]. The poor mass transfer led to a decrease
in the deposition rate due to the slow movement of Ni2+

from the anode to the cathode [23].

Fig. 2. Deposition rate of Ni films.

3.2. SEM-EDS

Fig. 3 represents the SEM-EDS results of various samples.
All Ni films are compact and crack-free, as seen in Fig. 3.
Electrodeposition was conducted at 15◦C, resulting in a
spherical structure morphology. Badarulzaman et. al. re-
ported that nodules were formed during the electrodeposi-
tion process using Watts solution at 21 − 22◦C [34]. More-
over, increasing temperature leads to a change in spherical
structure to the polygonal texture morphology (Fig. 3 (b)
and (c)). This change could probably be due to the fact
that nucleation and growth rates increase with a rise in
temperature. Tan et. al. found bath temperature slightly
affects the nucleation mechanism of electrodeposition [35].
The increased temperature could promote the ion’s activity,
and their diffusion could be accelerated in the plating bath.
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Fig. 3. SEM-EDS investigation a) Ni-15, b) Ni-30 and c) Ni-45.

There are two forms of nucleation of the electrodepo-
sition: (a) Atoms reduced onto the surface of the cathode
gather to form a crystal nucleus and then grow to form
crystals, and (b) After reaching a specific position and en-
tering the crystal lattice, the reduced atoms diffuse onto the
electrode’s surface. They continue to grow on the original
metal crystal lattice for the case of dislocation into matrix
material [35–37].

Compared with the previous research, the deposition
rate is 3µm/h, resulting in island-like structure morphol-
ogy, while the deposition rate is around 6.2 and 7.2µm/h,

resulting in nodule form morphology [23]. In the present
work, the deposition rate is around 12.2µm/h, resulting
in nodule form morphology, while the deposition rate is
around 12.8 and 13.15µm/h, resulting in polygonal texture
morphology. It can be concluded that the deposition rate
≤ 3µm/h resulted in island-like structure morphology, the
deposition rate between 6.2 - 12.2µm/h resulted in nodule
form morphology, and the deposition rate ≥ 12.8 µm/h
resulted in polygonal texture morphology.

Fig. 3 also shows the EDS result of the Ni films. Ni was
perfectly deposited onto Cu alloy, presenting a low oxygen
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content. Ni-15, Ni-30 and Ni-45 have 0.2, 0.5, and 0.4 wt.%
oxygen content, respectively. It is still debated whether
oxygen is present on the surface of the Ni film. Previous
research has shown that increased electrolyte temperatures
reduce the oxygen content when Ni is deposited on a Cu
alloy with a sulfate solution [23]. Susetyo et. al. reported
carbon and oxygen due to specimen transport and storage
before the EDS investigation in another previous study [24].
Xing et. al. also found Ni oxide was easily formed on the
Ni surface in the atmosphere at room temperature [38].

The MATLAB software evaluated surface film proper-
ties based on SEM results. Fig. 4 illustrates the surface
roughness and histogram of the Ni films.

Table 1. Ni film roughness properties.

Sample Average Standard
deviation cv (%)

Ni-15 152.29 37.43 24.58
Ni-30 154.77 41.49 26.81
Ni-45 132.60 49.33 37.20

The cv is calculated by Eq. (2) and summarized in Ta-
ble 1. The surface becomes rougher when the cv is higher.
Table 1 shows that the Ni-45 sample has a higher cv, which
indicates that the Ni-45 sample has a rough surface. Ac-
cording to Fig. 2, an increase in the temperature of the
electrolytes leads to a higher deposition rate. A higher de-
position rate increases the nucleation sites and will obtain
the rough structure of the sample surface.

Chung et. al. found the morphology of Ni at low-
temperature smoother than at high temperatures. Ni film
forms at 5,10 , and 15◦C, resulting in average roughness
of 30.43 , 66.17 , and 78.62 nm, respectively. Ni films were
deposited at 5◦C has compact clusters. Rough morpholo-
gies with more extensive cluster arrangements are seen
in 10 and 15◦C samples [39]. Jabbar et. al. electrode-
posited Ni with a modified Watts bath (adding 0.4 g/1 sur-
factant and 0.2 g/l graphene), resulting in average rough-
ness 34.2, 91.1, 128, and 151 nm at deposition temperatures
15, 30, 45, and 60◦C, respectively [40].

It seems that enhancement of the solution temperature
affects the nucleation rate of the Ni electrodeposition. The
nucleation rate increases due to the rise of the electrode-
position solution temperature. A higher nucleation rate
promotes increased grain growth, which affects higher sur-
face roughness.

3.3. XRD

Fig. 5 shows the diffraction patterns for Ni samples de-
posited on Cu substrates at 15◦C (Ni-15), 30◦C(Ni − 30),
and 45◦C(Ni − 45). The occurrence of phase peaks with

indexes plane (111), (200), (220), (311), and (222) at 15◦C
heating revealed the presence of Ni crystal growth. The
Ni phase peaks align with the results of several previous
investigations [41–43]. It is obvious that there is an orienta-
tion in the plane (200) in the sample heated at 30◦C. The
insert in Fig. 5 clearly shows the orientation of the plane
(200). When the sample is deposited at 45◦C, the crystal
orientation is also displayed.

The diffraction pattern has an increased intensity value
for the diffraction peaks in addition to the plane orientation
(200). The Rietveld method was used to refine the diffrac-
tion model in order to determine the impact of heating on
the crystal growth of Ni [44]. The lattice constant of Ni
phase is determined at 0.352 nm based on the refinement
results of the diffraction patterns as described in Table 2.
These results indicate that the heating method did not cause
the lattice distortion of the Ni crystals.

The estimated crystallite size is then determined us-
ing the diffraction pattern that results from the refinement.
The estimated crystallite size is then determined using the
diffraction pattern that results from the refining. The crys-
tallite size for all samples was assessed using the modified
Scherrer technique [45–47]. As seen in Fig. 6, the basic
idea of the modified Scherrer technique is to construct the
ln(1/ cos θ) versus ln FWHM (full width at half maximum)
curve. The FWHM is expressed in radians. Table 2 lists
the FWHM values for each crystal plane in the three sam-
ples. For each of the samples Ni-15, Ni-30, and Ni-45, the
linear equation results in the curve plot (1/ cos θ) versus
ln FWHM giving an intercept value of −5.6146,−6.3318,
and -6.6711 , respectively. The crystallite size values for
each sample are obtained from this intercept value, as
shown in Table 2. As deposition temperatures increase,
crystals grow faster. According to Sen et al., theoretically,
the relation between bath temperature rises and crystal
growth is linear [41].

Table 2. Crystallographic data for samples Ni-15, Ni-30,
and Ni-45.

Source Ni-15 Ni-30 Ni-45
FWHM (111) (◦) 0.2630 0.1611 0.1353
FWHM (200) (◦) 0.3360 0.1804 0.1510
FWHM (220) (◦) 0.5480 0.3630 0.2710
FWHM (311) (◦) 0.8190 0.5170 0.3940
FWHM (222) (◦) 0.8600 0.5300 0.4600

Ni, Lattice
constants a (nm)

0.3519 0.3517 0.3517

Intercept -5.6146 -6.3318 -6.6711
D (nm) 38 80 109

Previous research found the crystallite size of Ni films
between 27.85 − 41.38 nm; the Ni films were fabricated us-
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Fig. 4. Roughness analysis result for Ni films a) Ni-15, b) Ni-30, and c) Ni-45 and Histogram analysis result for Ni films d)
Ni-15, e) Ni-30, and f) Ni-45.

ing electrodeposition in sulfate electrolyte solution at vari-
ous solution temperatures (10, 25 and 40◦C) [23]. Another
report found the crystallite size of Ni films was between
23.4-25.2 nm; the Ni films were fabricated using electrode-
position at a solution temperature range between -0.15 to
19.85◦C using a bath containing Ni sulphamate, Ni chloride
and boric acid [33]. A larger crystallite size is seen in the
present research, probably due to a higher deposition rate (

12.22 to 13.15µm/h ), while other research has a deposition
rate of less than 7.2µm/h.

3.4. OCP

Fig. 7 shows the OCP measurement results in 1 M KOH
at room temperature. The initial EOCP of the sample is
linearly in line with temperature. All specimens show an
increase to a more positive value for reaching a steady state.
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Fig. 5. XRD pattern of sample Ni-15, Ni-30, and Ni-45.

Fig. 6. Plot of ln(1/ cos θ) versus ln FWHM.

The OCP values for Ni-15, Ni-30, and Ni-45 at 800 s are -
0.300, -0.317, and -0.302 V, respectively. Continuous shifting
to a more positive value indicates additional protective and
passive film occurring throughout the OCP measurement
[24].

3.5. PP

Fig. 8 shows the PP measurement result for all samples. The
Ni-30 sample has a prominent active loop, which cannot
be seen on other specimens. Krawczyk et al. investigated

Fig. 7. OCP measurement result.

316L austenitic SS with a chemical composition of (wt.%)
16.7Cr, 10.1Ni, 2.04 Mo, 0.019C, and 0, 049 N in various con-
centrations of HCl. They found an active loop prominent
in samples tested in 1.5 and 0.7MHCl [48]. This behavior
indicates oxide forms on the surface (uniform corrosion).
Compared to the EDS measurement, the Ni-30 has more
oxide in the Ni film, probably causing the formation of a
loop.

Fig. 8. PP measurement result.

Corrosion is formed due to the interaction of the mate-
rial with the environment [49]. Based on Table 3, Ni-15 has
a lower corrosion rate. The corrosion rate is proportional to
the corrosion current, while corrosion potential represents
corrosion tendency rather than corrosion resistance [50].

The corrosion rate of the films is closely related to
the surface energy scale. Lower surface energy tends to
dissolve lower, reducing the corrosion rate [25]. Babich
and Pogosov found FCC metal surface energy is (111) <
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Table 3. Tafel extrapolation and corrosion rate.

Sample icorr (A) Ecorr (V) vs SCE CR (mmpy)
Ni − 15 1.6593 × 10−7 -0.3099 1.84 × 10−3

Ni − 30 2.6796 × 10−7 -0.3348 2.98 × 10−3

Ni − 45 1.8086 × 10−7 -0.3081 2.01 × 10−3

(001) < (110) plane of crystal structure [26]. Ni-15 has
a dominant (111) plane and, for that reason, has a lower
corrosion rate.

Compared to the previous result, which investigated
SS 316 L in 50 g/LKOH (room temperature), it shows a
higher corrosion rate

(
5.613 × 10−3mmpy

)
[13]. Davalos

et al. found that SS316 L in aerated 50%NaOH at 25◦C has
a corrosion rate of 0.368mmpy [51]. Hamidah et al. inves-
tigated SS 316, SS 304, and Cu alloy in 30,000 ppm KOH (
≈ 29.96 g/l) at 25◦C(1008 h exposed time) were found less
corrosion rate on SS 304 is 0.042mpy ( ≈ 1.1 × 10−3mmpy

)
[17]. Therefore, Cu alloy deposited Ni film would be
promising as an electrode for an HHO generator.

3.6. EIS

Fig. 9 represents the Nyquist plot impedance of Ni films
measured in KOH solution. The highest capacitive arc is on
Ni-15, and the lowest is at the Ni-30 sample. An increase in
the capacitive arc radius indicates an increase in the passive
film stability, and the increase in the capacitive arc is related
to passive film thickening [21]. This condition results in
more protection against corrosion attack in the solution
[52].

Fig. 9. Nyquist plot of Ni films.

Fig. 10 shows the bode plot of the Ni samples. The bode
plot shows the total impedance behavior with respect to
the applied frequency. By fitting the curve (Fig. 10) using
the EEC, the impedance parameter is obtained. Table 4

shows Rct as polarization or charge transfer resistance and
Rs as ohmic solution resistance [53].

Fig. 10. Bode Plot of Ni films.

The Ni-15 has a higher Rct and capacitive arc than other
samples. Zulkafli et. al. have found a decreased capaci-
tive arc, indicating a higher corrosion rate [53]. Zhao et al.
reported Ni films with higher Rct promoted the best corro-
sion resistance [54]. This statement is aligned with Table 3,
where there is less corrosion rate at the Ni-15 sample due
to higher Rct and a higher capacitive arc.

Table 4. EIS measurement result.

Sample Rct(Ω) Rs(Ω)
Ni-15 8.56 × 10−4 10.22
Ni-30 6.53 × 10−4 12.64
Ni-45 7.36 × 10−4 8.78

3.7. Hardness

Fig. 11 shows the hardness between 189.13-232.26 HV,
which is in perfect agreement with other studies [34, 55].
The high electrolyte temperature decreases the hardness
(Fig. 11) due to the increase in crystallite size. Chung et al.
investigated electrodeposition Ni at various temperatures
(−0.15, 4.85, 9.85, 14.85 , and 18.85◦C), resulting in crystal-
lite sizes 23.42, 23.80, 24.80, 24.90, and 25.23 nm, with hard-
ness 6.37, 6.18, 4.15, 4.11 and 4.01GPa, respectively [33].

Besides crystallite size, the increased nuclei at low tem-
peratures promoted a fine-grain layer, which is beneficial
for increasing the hardness [39]. Moreover, Li et al. and
Mohanty et al. stated that Ni films with a dominant plane
of (111) are more condensed than others [56, 57]. This con-
dition led to more hardness than others due to better crystal
arrangement and less porosity. Those two statements are
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Fig. 11. Hardness of Ni films.

corroborated by the Ni-15 samples having more hardness
due to fine-grain and dominant (111) plane.

4. Conclusions

Ni films electrodeposited on Cu alloy were conducted at
various electrolyte temperatures. The research conclusions
are presented as follows:

1. The rise of the electrolyte solution temperature dur-
ing the electrodeposition process led to an increase in
deposition rate due to more movement of Ni2+ from
anode to cathode.

2. The electrodeposition process of Ni at 15◦C solution
temperature resulted in a spherical surface morphol-
ogy. Increasing the solution temperature changes sur-
face morphology into a polygonal texture. This behav-
ior is probably because nucleation and growth rates
increase with a temperature rise.

3. Surface roughness increases due to the rise in elec-
trolyte temperature. An increase in the temperature
of the electrolytes leads to a higher deposition rate. A
higher deposition rate increases the nucleation sites
and will obtain the rough structure of the sample sur-
face.

4. The crystallite size of the Ni film increased (from 37.21
to 108.77 nm ) with an increase in electrolyte tempera-
ture (from 15 to 45◦C ) due to an increase in the depo-
sition rate (from 12.22 to 13.15µm/h ).

5. The sample was made from the lowest electrolyte so-
lution temperature (15◦C), which has higher hardness
and less corrosion rate. Higher hardness is reached

due to the lowest crystallite size. Meanwhile, a lower
corrosion rate was formed due to the dominant (111)
plane with a lower surface energy scale. Moreover, the
EIS result corroborates this statement: the Ni-15 sam-
ple has the highest capacitive arc and charge transfer
resistance characteristic, resulting in a lower corrosion
rate.

6. Based on the findings in the present research, the Ni-
15 sample for the HHO generator electrode is recom-
mended due to its higher hardness and lower corro-
sion rate.
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