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1. Introduction

Extensive research in synthesis of nanocrystalline met-
als has been reported. Additives, for instance, saccharine 
(C7H4NO3S) were employed. It revealed unexpected ele-
ments in the deposit such as Sulfur in the deposit. In me-
chanical uses, a hard coating is needed to improve the wear 
resistance. The effect of Sulfur in the deposit has not been 
discussed extensively. High purity nanocrystalline Nickel 
was needed. 

The research on synthesis of nanocrystalline nickel 
should be conducted in an electrodeposition bath without 
any additional additives. Scrutinizing grain size was the 
most important step to ensure the expected result. On 
one hand, by using TEM, grain size characterization can 
be done accurately, in the other hand it needs great effort 
for sample preparation. Hence, for comparison purposes, 
the determining of average grain size was also conducted 
by employing the Scherrer equation which is based on the 
FWHM extracted from its X-ray diffraction. чTherefore, 
research on synthesis of nanocrystalline nickel in an ad-
ditive free deposition bath and its characterization were 
relevant.

2. Literature review and problem statement

Extensive research has been conducted over the past 
two decades regarding the synthesis of nanostructured coat-
ings in anticipation of their high demand in the industrial 
sector [1, 2]. Among these materials, nickel stands out due 
to its excellent properties in terms of wear and corrosion 
resistance. The scientific reports published the findings 
increasing the microhardness of nanocrystalline nickel [3]. 
A review of the purpose of nickel was confirmed as an ex-
traordinary element for increasing the ability to increase 
corrosion resistance. It was also suggested as an important 
element for improving mechanical behaviour [4]. The wear 
problems experienced in tools were suggested to be able 
their lifetime by nickel as one of the important alloying  
elements [5]. In addition, a significant finding concluded the 
improvement of wear resistance obtained from the coating 
of Ni-CeO2 nanoparticles onto the surface of anodic tita-
nium oxide (ATO) surface with nanoporous structure [6]. 
The paper [7] presents the result of the effectiveness of 
electrodeposition of nanocrystalline Ni-WO3. The two ma-
jor sources of Ni and WO3 including Ni(SO3NH2)2∙4H2O 
and Na2WO4∙2H2O respectively were applied. Formation of 
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An experimental investigation on synthesis of nano-
crystalline nickels by pulsed current electrodeposition 
has been carried out in an additive-free Watts bath 
employing nickel-sulphate solution with similar nickel 
ion concentrations. Aluminum was used as a substrate. 
It demonstrated the advantage of easier removal process 
of electrodeposited nanocrystalline nickel from its sub-
strate. Whereas the use of high-purity nickel anode was 
intended to replace nickel ions, which decreased during 
electrodeposition. Different peak current densities of 
450, 750 and 1000 mA/cm2 were applied. A pulsed cur-
rent was set at a similar pulse pattern of on-time and off-
time of 1 ms and 9 ms respectively. The shorter on-time 
demonstrated the ability to limit ion deposition, which 
was related to the formation of finer grains. The off-time 
arrangement was targeted to ensure that the ion mobility 
had completely stopped. Higher current density demon-
strated a dominant impact on deposits, generating a 
higher nucleation rate that is related to depositing nano-
crystalline nickel. A peak current density of 1000 mA/cm2 
produced grain sizes in the nanoscale regime.

Without any additional additive, nanocrystalline 
nickel was successfully yielded. Investigation of grain 
size obtained from the 1000 mA/cm2 has been conducted 
by extracting full width at half maximum peak intensi-
ty (FWHM) revealed from X-ray diffraction (XRD) and 
Transmission Electron Microscopy (TEM) exhibited con-
sistent results of 22 nm and 25.4±3.4 nm, respectively. It 
is also evidence of the significant role of pulsed current 
density. In inclusion, nanocrystalline nickel can be syn-
thesized in an electrodeposition bath without any addition 
of additives
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Ni-WO3 involved inverse hydrolysis. However, the potential 
decrease of both ion concentrations in the electrolyte had 
not been reported.

In terms of corrosion resistance, as concluded in the 
paper [8], nanocrystalline Ni has been reported to be able 
to improve the corrosion resistance of a magnesium alloy. 
Although it could be deposited by electroless plating, direct 
current electroplating was demonstrated to be able to en-
hance the results. This was strongly attributed to the effec-
tiveness of the deposition that yielded a pore free deposit. On 
the other hand, the electroless deposition successfully de-
posited Ni-P alloy onto a nanoporous substrate of anodic ti-
tanium oxide (ATO). Enhancement interface bounding was 
merely improved by the existence of nanoporous substrate 
which was prepared by direct current anodization [9]. Other 
methods such as hot dip can be applied for metal coating. 
The microstructure of deposited metal was accomplished by 
solidification of molten metal coated onto a metal surface. 
So far, the coarse gain sizes have been observed [10]. In 
addition, there have been no discoveries that report the exis-
tence of additives to stop grain growth during solidification 
period. An outstanding coating process conducted by laser 
cladding exhibited the appearance of porosity of deposit [11]. 
Additionally, the success of the thermal sprayed method was 
reported excellent SEM images which exhibit the presence 
of microstructures. Further, the cost effectiveness still has 
to be considered [12]. 

In synthesis of Ni-Al2O3 nanocomposite coatings using 
electrodeposition, the physical properties such as grain size, 
hardness, and microstructure are affected by the chemistry 
of bath, acidity, and temperature [13]. Also, DC and pulsed 
current can be used to control the properties of electrode-
posited nickel.

Investigation of the effect of several parameters on the 
formation of nanocrystalline nickel has been conducted 
with deep attention on the elemental mapping. Deep scru-
tinization of the role of additive was repotted, in which 
sulfur was found as an impurity that resides in between 
Ni structures. The sulfur was believed to come from a 
saccharine additive, which assisted in limiting nickel de-
posit growth [14]. Unfortunately, C and O were unrevealed 
clearly. In related study, nanocrystalline of medium en-
tropy alloy of FeCoNi were produced by electrodeposition 
processes in aqueous solution containing boric acid, hy-
droxylammonium chloride, saccharine sodium dihydrate, 
sodium dodecyl sulfate, nickel(II) sulfamate tetrahydrate, 
cobalt(II)sulfate hyptahydrate and iron(II) sulfate hypta-
hydrate. Nanocrystalline FeCoNi with grain size of 10 nm 
were obtained. Enhanced mechanical properties of tensile 
strength, hardness were reported [15]. 

Studies examined the additive free electrodeposition in 
different deposition baths containing nickel sulfate (NS) 
and nickel sulfamate (NSA). Nanocrystalline Ni-B were 
reported to have grain size ranging from 10 to 25 nm were 
measured by utilizing Scharrer formula [16]. In addition, an 
average grain size of 30 nm or less was observed at current 
densities of 50 mA/cm2 or higher [17]. A similar experiment 
utilizing rotating cylindrical electrodes and the same ad-
ditives, nanocrystalline nickel was deposited at a rotation 
speed of 500 rpm and a current density of 2A/dm2 [18]. The 
range of grain sizes varied from 8 to 25 nm, with an average 
grain size of 13.5 nm. Moreover, a decrease in microhardness 
from approximately 600 to 400 HV was also observed over a 
current density range of 2.5 to 22.5 A/dm2.

In terms of the structure and hardness of nanocom-
posite coating, deep focus was examined to determine the 
effects of the duty cycle on its properties. Results revealed 
that an increase in the duty cycle from 6 % to 17 % led 
to higher hardness, while nanometer-sized particles were 
observed when the duty cycle was increased from 6 % 
to 9 %. In a related study, the impact of the duty cycle 
during pulse electrodeposition on the properties of Ni-SiC 
was investigated [19]. The duty cycle between 20 %, 40 %, 
and 80 %, with the frequency of 10, 25, and 50 Hz, as well 
as the current density of 40 mA/cm2 were varied. The study 
demonstrated that finer grains were obtained at a frequen-
cy of 25 Hz. The highest microhardness and lowest wear 
weight loss were found at a duty cycle of 20 % and pulse 
frequency of 50 Hz, which produced the highest impedance 
of the nanocomposite, indicating the highest level of corro-
sion resistance.

Despite previous studies on electrodeposition of nano-
crystalline nickel, only a few have discussed the effect of 
nickel ion concentration on grain size distribution. To ad-
dress this gap, this study aimed to investigate the effects of 
current density on the formation of nanocrystalline nickel 
by using electrodeposition in additive-free baths. Various 
analyses, including SEM, TEM, and XRD were employed in 
order to examine the results of experiments conducted with 
different peak current densities, duty cycles, and nickel ion 
concentrations.

3. The aim and objectives of the study

The aim of the study is to ensure that nanocrystalline 
nickel can be synthesized in a deposition bath in absence of 
additives. 

To achieve this aim, the following objectives are accom-
plished:

– to synthesis nanocrystalline nickel in an additive free 
deposition bath;

– to conduct and make comparison of nanoscale charac-
terization through recommended methods.

4. Materials and methods of research

4. 1. Synthesis of nanocrystalline
An experimental study was conducted to synthesize 

nanocrystalline nickel through pulsed current electrodepo-
sition in nickel-sulfate solution using Watts bath. The elec-
trodes were set parallel with the distance of 5 cm.  Similar 
to [20], this study was set at deposition baths containing of 
NiSO4⋅6H2O, NiCl2⋅6H2O, H3BO3, and sodium lauryl sul-
fate (SLS), while the temperature was maintained at 60 °C 
and 65 °C. The electrolyte composition, peak current densi-
ties, as well as pulse cycle are shown in Table 1. In addition, 
the sodium lauryl sulfate was added to increase the ionic 
mobilities toward the cathode [21]. 

As shown in Fig. 1, experimental apparatus was com-
posed of a nickel sheet with 99.95 % purity was used as the 
anode to compensate for the consumed nickel ions. As for the 
substrate, polished aluminum foil was utilized as the cath-
ode. The reason for using the aluminum foil as the cathode 
is because the deposited nanocrystalline nickel can be easily 
separated from the foil by immersing it in a 50 g/l sodium 
hydroxide (NaOH) solution.
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Table	1

Electrodeposition	parameters

Sample # Ni 01 Ni 02 Ni 03

NiSO4⋅6H2O; g/l 350 350 350

NiCl2⋅6H2O; g/l 45 45 45

H3BO3; g/l 37 37 37

Sodium lauryl sulphate (SLS); g/l 0.1 0.1 0.1

ton (ms) 1 1 1

toff (ms) 9 9 9

Peak current density (mAcm-2) 450 750 1000

As shown in Fig. 1, a, deposition process was carried out 
on one substrate surface. While the other surface was lami-
nated by a non-conductive material. A Pulsed generator was 
used to generate and control the on and off-time. Although it 
can generate an extra narrow pulse current, the apparatus was 
only able to generate on – off time in the range of milliseconds. 
Pulsed current monitoring was performed by an electroscope. 

4. 2. Investigation of nanostructure 
The two important methods performed for characteriza-

tion of nanostructured electrodeposited nickel was investi-
gated using XRD, TEM, and SEM to compare the following 
measurements. For TEM investigations, the grain size was 
derived from the linear intercept of grain, and XRD was 
used to determine grain sizes. Meanwhile, SEM was em-
ployed to study surface topologies.

During the XRD characterization, diffraction was carried 
out using CuKα radiation with a wavelength of 0.1546 nm, 
which typically comprises Kα1 and a small portion of Kα2. In 
order to improve XRD analysis, Kα2 radiation needs to be 
extracted before any grain size calculation. Samples with a 
thickness of 70 to 100 μm were used in this experiment.

To determine the average grain size of electrodeposited 
nanocrystalline, the Scherrer equation can be used:

( ) 1
� cos .cB k d

−
= λ θ    (1)

In the above equation, k is a constant with a normal 
value of 0.9, λ represents the wavelength of the X-ray, and d 
denotes the grain size. Additionally, the parameter Bc refers 
to the full width at half peak maximum intensity (FWHM), 
which measures the width of an optical signal at half its 
maximum intensity. The last parameter was calculated by 
subtracting the observed experimental broadening (Bo) from 
the instrumental broadening (Bi) and strain broadening (Bs).

The crystalline broadening can be determined by:

2 2 2,r o iB B B= −     (2)

tan ,sB = η θ     (3)

,c r sB B B= −     (4)

1cos � � sin .rB k d −θ = λ +η θ   (5)

In equation (2), Br represents the FWHM after subtract-
ing the instrumental broadening (Bi). The value of ƞ can be 
obtained by plotting Brcosq vs sinq, where q represents the 
diffraction angle. The interception of the line in the Br cosθ 
axis gives the grain size, a method also employed by [16] as 
well as [22]. In addition to X-Ray Diffraction analysis, grain 
size measurements were also conducted using TEM by gaug-
ing the cross-section of grains in TEM images.

5. Result of the research on synthesis of nanocrystalline 
nickel and its nanoscale characterization

5. 1. Synthesis of electrodeposited nanocrystalline nickel
The initial experiment was conducted by investigating 

the ability of narrow pulse current of 0.05 ms on-time as 
well as 0.05 ms off-time. Current density of 100 mA/cm2 was 
applied. A coarse structure was obtained as shown in Fig. 2.

The coarse grain size was believed due to inadequately off-
time, so that deposition could not stop completely. Based on 
this finding, it was believed that longer off-time was needed. 
Further study found 9 ms off-time showed ideal off-time as 
shown in Fig. 1, b.

Further, three samples were produced using different peak 
current densities of 450, 750, and 1000 mA/cm2 and identified 
as Ni 01, Ni 02, and Ni 03, respectively. Deposition processes 
were conducted in equal ion concentrations as well as the 
pulsed time. The thickness of deposited nickels was between 
70 to 100 μm. Surface morphology investigated by Scanning 
Electron Microscopy of nickel deposits is shown in Fig. 3.

Typical pyramidal surfaces with different sizes are shown 
in all three deposits. The lower current density promoted a 
lower nucleation rate and a larger structure formed. As can 
be seen in Fig. 3, a, b, distance between pyramidal peaks 
were more than 2 μm. On the other hand, higher peak cur-

Fig.	1.	Experimental	apparatus	for	synthesis	of	
electrodeposited	nanocrystalline	Nickel	using	single	anode:	

a – circuit	diagram;	b – pulsed	current	of	1	ms	on-time	and	
9	ms	off-time	with	a	peak	current	density	of	1000	mA/cm2

a

b
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rent density promoted a higher nucleation rate. It appears a 
closer distance between pyramidal peaks which reflects finer 
structure. Another important data to note was the absence 
of porosities. 

5. 2. Nanoscale characterization
Nanoscale characterization was accomplished by XRD 

and TEM. Investigation using XRD showed the two import-
ant crystal orientations of (111) and (200) planes as shown 
in Fig. 4.

At high current density, it was observed a sifting of 
dominant crystal orientation from the (200) to the (111) 
plane. This alteration was attributed to the fact that massive 
atomic movements were only able to be accommodated at 
the densest crystal plane (111). Therefore, the atomic nuclei 
and growth in electrodeposited Ni 03 were following crystal 
planes of (111), (200), and (220). Lower current densities 
formed pyramidal structure as shown in Fig. 3 and con-
firmed with the model proposed by [21] that a lower peak 
current density leads to a lower nucleation rate. In addition, 
the absence of FWHM in the X-ray diffractogram in Fig. 4 
also evidenced the existence of large grain sizes.

Fig.	2.	Electrodeposited	nickel	synthesized	using	current	
density	of	100	mA/cm2	and	0.05	ms	on-time	and	0.05	off-time

Fig.	3.	Surface	morphology	of	pulsed	electrodeposition	nickel:	a –	Ni	01;	b –	Ni	02;	c –	Ni	03

a b

c

Fig.	4.	The	full	width	at	half	maximum	peak	intensity	(FWHM)	of	Electrodeposited	nickel	N01,	N02,	and	N03.	As	a	comparison,	
X-ray	Diffraction	of	annealed	nickel	with	an	average	grain	size	of	93	mm
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Structural investigation using TEM on sample Ni 02 also 
evidenced the presence of large grains that were not in the 
nanoscale range. It also confirmed by Selected Area Diffrac-
tion as shown in Fig. 5.

Based on the TEM image in Fig. 5, it was observed 
that the grain sizes are greater than 100 nm. It was also 
confirmed by Selected Area Diffraction. The next investi-
gation was carried out on nanocrystalline nickel Ni 03 as 
shown in Fig. 6.

Some grains have grain size more the 100 nm. The with 
the size of 21 nm represented the A careful scrutinizing on 
electrodeposited nanocrystalline Ni 03 showed an extraor-
dinary data of its grain size. Small amount grain size of 3 nm 
was observed. This 3 nm nanocrystalline nickel was the 
smallest observed grain size. Whereas only largest quantity 
that can be measured. Meanwhile the average grain size of 
25.4±3.4 nm was concluded.

6. Discussion of experimental on synthesis and 
its nanoscale characterization of electrodeposited 

nanocrystalline nickel

In the early stages of this experiment, electrodeposition 
was performed in an additive-free Watts bath. However, at 
the first run which was conducted with an extremely narrow 
pulse current of 0.05 on-time and off-time of 0.05 ms was 
unable to yield the nanoscale grain sizes as shown in Fig. 2. 
This limitation was believed due to an extremely short 
off-time that unable to stop the applied current perfectly. 
Consequently, a longer off times was employed. Based on 
that condition, systematic examination was performed to 
scrutiny the effective off time. It was concluded 9 ms off time 
gave an adequate duration to arrest the current completely 
as presented in Fig. 1, b. Therefore, a duty cycle with deposi-
tion times was decided to be set at 1ms and 9 ms of on-time 
and off-time respectively was applied.

Surface investigation on the first deposit which pro-
duced under current density of 450 mA/cm2 exhibited 
large pyramidal structure. In addition, during examina-
tion using X-ray diffraction there was no peak broad-
ening was observed. Further, no porosity was observed. 
Increasing the peak current densities to 750 mA/cm2 and  
1000 mA/cm2 has led to a reduction of the deposited grain 
size and the absence of large pyramidal structures as shown 
in Fig. 3. This highlights the strong correlation between 
the deposited pyramidal size and peak current density. It 
also an evident a strong relation between peak current den-
sity and its nucleation rate. In a high current density, the 
distance between nuclei were closer compared to the lower 
one. Further, a horizontal growth (parallel to the substrate 
surface) of the structures were blocked when the grain met 
each other. A remarkable grain refinement was obtained by 
increasing the current density to 1000 mA/cm2 as shown in 
Fig. 6. This finding agrees with [16]. Slight deferent was in 
measurement using Scherrer equation, in which, extraction 
of FWHF from electrodeposited nanocrystalline Ni-B 
which were deposited on to iron base substrate, whereas 
the present study used free standing pure nanocrystalline 
nickel. Important finding of elemental mapping conducted 
by [14] was existing of S in between nanocrystalline Ni, 
which is interpreted as element that arrest the nickel  
grain growth.   

Regarding the measurement of grain size, two methods 
were employed for pulsed current electrodeposited nickel, 
namely XRD and TEM. The measurement based on TEM 
data was derived from a linear intercept of 498 grains 
bright field TEM conclude the grain size of 25.4±3.4 nm. 
Grain size distribution is shown in Fig. 5. In addition, 
Selected Area Diffraction (SAD) indicate the presence 
nanostructured nickel. The measured grains size was close 
to the size obtained from XRD data using the Scherrer 

Fig.	5.	Transmission	electron	microscopy	investigation	of	
deposited	nickel	Ni	02	and	its	selected	area	diffraction

Fig.	6.	Grain	size	determination	of	electrodeposited	
nanocrystalline	nickel:	a – Bright-field	Transmission	

Electron	Microscopy	and	its	corresponding	Selected	Area	
Diffraction;	b – grain	size	distribution	of	electrodeposited	

nanocrystalline	nickel

a

b
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equation, namely 22 nm. The comparison of FWHM can 
be seen in Fig. 3, with significant broadening appearing in 
sample Ni 03, which was synthesized at the highest peak 
current density. 

In term of crystallographic orientation, the electro-
deposited nickel showed a different orientation. A strong 
intensity of (200) which is parallel to (100) was observed 
on the deposits that were synthesized with lower current 
density. A shifting of orientation from (200) to (111) was 
happen when deposit was produced using 1000mA/cm2. 
This situation was believed to be related to different atomic 
density at different plane, in which higher adatoms were 
deposited in {111} plane.

7. Conclusions

1. Experiments have been conducted to investigate the 
formation of nanocrystalline nickel, with a focus on the ef-
fects of peak current density and nickel ion concentration on 
the grain size. The analysis involved the use of SEM, TEM, 
and XRD. The experimental parameters included peak cur-
rent density of 450, 750, and 1000mA/cm2, with on-time and 
off-time of 1ms and 9 ms, respectively, as well as equal Watts 
Bath. Notably, the peak current density played a significant 
role in the experiments. The highest value of 1000 mA/cm2 
was identified as the ideal current density for producing 
nanocrystalline nickel. Evidence was obtained to suggest 
that nanocrystalline metals can also be deposited in a Watts 
bath without any additive. Additionally, pulsed current was 
found to play a significant role in controlling deposition time 
and ensuring ionic movement. It was observed that higher 
current densities were required during electrodeposition in 

an additive-free Watts bath. The study also revealed a sifting 
in the dominant crystal orientation at low and high current 
densities from the (200) to (111) plane. 

2. Measurement of grain size was accomplished using 
TEM, which showed a size of 25.4±3.4 nm, while the use of 
the Scherrer equation on XRD data concluded a grain size 
of 22 nm. Finally, it was recommended that the Scherrer 
equation needs to be employed for quick and accurate mea-
suring of the grain size of nanocrystalline metals.
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