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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Multifunctional Ni films with controlled 
grain size and roughness are 
electroplated. 

• PEOX serves as a multipurpose additive 
in Watts bath without incorporating into 
Ni. 

• Nanocrystalline Ni shows preferred 
crystalline orientation towards (220) 
plane. 

• PEOX concentration controls hardness 
and tunes magnetic properties of Ni 
layers. 

• The nickel films exhibit high affinity in 
forming passive oxide layer.  
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A B S T R A C T   

The room temperature electrodeposition of high purity, nanocrystalline Ni films prepared in the presence of poly- 
(2-ethyl-2-oxazoline) (PEOX) as a new multipurpose polymeric additive in Watts bath is presented. The grain 
size, morphology, hardness and magnetic property of the nickel films were simply tuned by adjusting the con
centration of PEOX. Increasing PEOX concentration contributed to grain refinement down to 12.5 nm grain size 
and crystalline orientation towards (220) planes. The control over the crystalline grain size and the orientation 
by PEOX concentration allows the preparation of tailor made nickel layers with adjustable physical and chemical 
properties. The effect of PEOX on the structure is attributed to the high affinity of tertiary amide groups in PEOX 
for metal surfaces, whereas the incorporation of the macromolecular additive into the nickel layers was pre
vented. These findings are especially important in emerging applications where smooth, high purity nano
crystalline layers are required. PEOX as a multifunctional additive eliminates the need to use multiple electrolyte 
additives to obtain a set of desirable properties.   

1. Introduction 

Electrodeposited nickel layers are extensively used for many appli
cations ranging from decorative coatings to microelectromechanical 

systems, supercapacitors, micro/nanorobots and magnetic recording 
media [1–5]. Nickel and nickel alloys are among the leading nano
structured components used for water splitting with the effort to 
enhance the oxygen evolution reaction activity [6]. Further 
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enhancement of the quality of the electroplated Ni layers by controlling 
the properties such as crystalline grain size, adhesion, texture among 
others is important for multi-functionality of the coatings in these ap
plications [7,8]. Ni as a coating has excellent adhesion to most of the 
underlying substrates, high durability and wear resistance, and shows 
low affinity towards corrosion due to the protective oxide layer on its 
surface. Ni layers can be electrodeposited from different type of baths, 
the most common ones containing sulfate, chloride or sulfamate salts. 
The properties of the nickel layers such as structure, mechanical, optical 
and magnetic properties can be influenced by the current density 
applied for electrodeposition as well as with the pH, temperature and 
composition of the deposition bath [9,10]. The variation of these pa
rameters such as the effect of the substrate on the growth mechanism, 
morphology, microstructure and magnetic properties of electro
deposited Ni was extensively investigated [11–18]. 

Watts solution is one of the most widely used bath for the electro
deposition of Ni [19,20] because of its long term stability and ability to 
operate in the presence of various additives. The most commonly used 
additives are diols [21], quaternary ammonium salts [20,22], aliphatic 
alcohols [23], and poly alcohols [24]. These additives contribute to the 
refinement of grain structure, impart leveling, improve the tensile 
strength, ductility and act as brighteners [25]. Organic compounds 
having imine, carbonyl, thioamide and aromatic sulfonate groups are 
the most frequently used brightening and leveling agents for Ni elec
trodeposition. They contain lone pair electrons which result in their high 
affinity to adsorb on metallic surfaces [26]. 

Fig. 1 shows the chemical structure of two commonly used additive 
with grain refining effect a) coumarin and b) saccharin, in addition to 
the chemical structure of c) poly-(2-ethyl-2-oxazoline) (PEOX) used in 
this work. 

The effect of brighteners on the coating morphology was well 
investigated [22,24,27,28] and shown to shift nickel electrodeposition 
to a more negative electrode potential. As a result, molecules like 
saccharin reduced the grain size of the coatings which improved the 
hardness and decreased the stress in the Ni layers [29–32]. This 
improvement was attributed to the incorporation of Sulphur atoms at 
the grain boundaries of the Ni deposits from saccharin [29]. But, at high 
temperature this caused embrittlement of the deposits and reduced the 
corrosion resistance [33,34]. Saccharin was concluded to be not enough 
effective to produce bright coatings; therefore, auxiliary additives were 
required to improve the brightness of the coatings [22,29]. 

PEOX is a water soluble, biodegradable, non-toxic, environmentally 
friendly polymer. The polymeric structure contains carbonyl and amide 
groups which allow the polymer chains to be adsorbed on the metal 
surface and influence the structure of the coatings. The grain size of a 
crystalline metal is strongly dependent on the adatom mobility [26]. 
Therefore, it is anticipated that a molecule like PEOX (Fig. 1c) con
taining nitrogen and oxygen atoms with high adsorption affinity should 
have a strong grain refinement effect similar to that of polyacrylamide 
[35], together with the advantage of PEOX having low affinity towards 
hydrolysis and decomposition compared to polyacrylamide. 

In this work, PEOX is introduced as a new multipurpose additive for 
nickel electrodeposition to control the physical and chemical properties 

of the nickel layers through grain refinement and crystal orientation. 
The room temperature electrodeposition of Ni layers was systematically 
studied as a function of PEOX additive concentration to investigate the 
effect of PEOX concentration on the structure and morphology of the 
layers. It is demonstrated that the control over the grain size and crys
talline orientation of the layers are the key parameters to tune the 
hardness, reflectance, magnetic property and electrochemical activity 
which gives flexibility in the design and realization of Ni layers for 
various applications. 

2. Experimental 

Nickel coatings were electrodeposited on a copper substrate by 
applying direct current electrodeposition method using Pt–Ir alloy as an 
anode. The electrolyte bath was a typical Watts bath with the compo
sition of NiSO4⋅6H2O (150 g L-1), NiCl2⋅6H2O (65 g L-1), H3BO3 (37.5 g L- 

1) and PEOX (0–1 g L-1) as an additive. All the electrodeposition process 
was carried out at 23.5 ◦C and at pH 3 with the stirring rate of 500 rpm. 
The current density was altered as 10, 30, 50, 70 and 100 mAcm− 2. 
PEOX (Mw. 50,000 g mol-1) and analytical grade nickel sulfate, nickel 
chloride, boric acid were purchased from Sigma Aldrich. The copper 
substrates (99.44 wt% purity) were purchased from Cakir Kimya 
(Turkey). Before the electrodeposition of Ni coatings, the Cu substrates 
were first washed with deionized water and then with ethanol. The 
substrates were dried with nitrogen gas flow. After electrochemical 
deposition of Ni coatings, the samples were rinsed with deionized water 
and dried in nitrogen gas flow. The thickness of the deposited films was 
~20 μm. 

The morphology of the electrodeposited Ni coatings was character
ized by field emission scanning electron microscope (SEM, Zeiss Ultra 
Plus). The roughness of the electrodeposited samples was determined by 
atomic force microscope (AFM, Bruker Dimension) in tapping mode 
using silicon cantilevers. The average route mean squared surface 
roughness values were obtained by scanning three different 40 × 40 μm2 

areas on each sample. For magnetic domain structure determination, 
MFM imaging was done in lift mode using Co–Cr coated cantilevers. 
MFM images were taken at the same scan height of 40 nm at room 
temperature. 

The reflectance of the Ni coatings was investigated by UV–Vis 
spectroscopy. The nanoindentation hardness of electrodeposited Ni 
coatings was measured by mechanical properties microprobe (Agilent 
G200). A Berkovich diamond tip indenter was used to make 100 mN 
indentations on ten selected locations of each sample. The reported 
hardness value is the average of 10 indentation measurements for each 
sample. 

The crystalline structure of the electrodeposited Ni films was inves
tigated by powder X-ray diffraction measurements (XRD, Bruker D8 
Advance). Thermo Scientific K-Alpha spectrometer was used to record 
the XPS spectra. The X-ray source was monochromatized Al-Kα radiation 
and the charge compensation during the measurements was controlled 
by flood gun at a vacuum chamber pressure ~2.0 × 10− 7 mbar. The 
spectra were referenced to C1s neutral carbon peak binding energy at 
284.6 eV. The relative atomic concentration was obtained from the 

Fig. 1. Chemical structure of a) coumarin, b) saccharin and c) poly-(2-ethyl-2-oxazoline) (PEOX).  
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deconvoluted core-level spectra. 
The electrochemical measurements were performed in a NaCl (0.5 

M) solution by using EG&G 272 potentiostat in standard three-electrode 
cell configurations. The Ni coated Cu substrates was used as a working 
electrode, Pt–Ir electrode was the counter electrode, and Ag/AgCl in 
saturated KCl solution served as the reference electrode. Prior to each 
polarization experiments, open circuit potential (OCP) was monitored. 
The cyclic polarization curves were obtained by moving to the electrode 
potential of +100 mV or +130 mV (vs Ag/AgCl in saturated KCl solu
tion) with the scan rate of 5 mVs− 1. The corrosion current density and 
the corrosion potential were obtained from Tafel curves by extrapolating 
the linear parts. The Tafel plots were registered between − 250 mV and 
+250 mV from the open circuit potential with a scan rate of 0.2 mVs− 1. 

The magnetic measurements were carried out with the help of a 
Quantum Design MPMS-5S superconducting interference device 
(SQUID) in the magnetic field range of 0 ≤ H ≤ 50 kOe at T = 5 K. The 
samples together with the substrate were cut into pieces with a geometry 
of ca. 6.2 × 6.2 mm2 which were pressed between the walls of a drinking 
straw. The magnetization was calculated from the cross section and 
thickness (20 μm) of the Ni coatings. The magnetization measured at the 
highest magnetic field (H = 50 kOe) was taken as the saturation 
magnetization. 

3. Results and discussions 

3.1. Effect of the additive concentration on the morphology and onset 
potential of the electrodeposited Ni layers 

The effect of the additive concentration on the surface morphology is 
presented in Fig. 2a–d (and in Supporting Information Fig. S1). All the 
samples were obtained from Watts bath at room temperature. For the 
additive-free case, the SEM images depicted Ni coatings with micro
meter size pyramidal crystals (800 nm–1500 nm) surrounded by smaller 
size grains (200–400 nm). Introducing PEOX to the electrolyte bath had 
a strong grain refinement effect on the surface morphology as shown in 
Fig. 2b–d for 10 mAcm− 2 cathodic current density. A closer observation 
of the 10 mAcm− 2 samples demonstrated that the pyramid-like nickel 

crystals with relatively large surface roughness changed to a smooth 
morphology with few ~20 nm diameter valleys, due to the addition of 
0.2 g L-1 PEOX (Fig. 2b). 

Further increase in the concentration of PEOX to 0.5 and 1.0 g L-1 

resulted in a smoother and more compact surface morphology with a 
negligible number of pores. The cathodic current density in the presence 
of PEOX was altered between 10 and 100 mAcm− 2. The grain refining 
effect of PEOX on the surface morphology of the electrodeposited Ni 
coatings was observed at all investigated current densities, similar to 
that shown in Fig. 2 at 10 mAcm− 2. Some cracks were also observed on 
the samples deposited from additive containing solution indicating the 
presence of internal stress in the coatings. All additive-free samples 
showed similar micron-sized pyramidal morphology regardless of the 
current density, in line with the literature results [36]. Linear sweep 
voltammogram recorded in Watts bath at room temperature is shown in 
Fig. 2e. The onset potential for Ni electrodeposition shifted gradually 
towards the more negative values as PEOX concentration was increased 
in the electrodeposition bath (Fig. 2f). The steep decrease in the current 
density with decreasing potential was associated with the deposition of 
Ni and possibly accompanied by hydrogen evolution reaction. 

In PEOX free bath the steep decrease in current density started at 
− 700 mV, shifted to − 840 mV at 0.2 g L-1 PEOX concentration and to 
− 933 mV at 0.5 g L-1 PEOX concentration. The most negative value of 
− 950 mV was observed at 1.0 g L-1 PEOX concentration in the electro
lyte bath. The gradual shift in the onset potential with increasing ad
ditive concentration, as presented in Fig. 2, suggests an inhibited Ni 
electrodeposition. The monomer of ethyl-2-oxazoline is known to have a 
high tendency to interact with the metallic surface through the amide 
dipole of the molecule [37–39]. The adsorption tendency for PEOX 
chain is even stronger due to connectivity of monomers [40]. The 
presence of carbonyl and amide groups in PEOX structures enhances the 
availability of π-electrons for the coordination between the metallic 
cathode and PEOX molecules [39,41,42]. Therefore, the shift in the 
onset potential towards a more negative value can be attributed to the 
adsorption of PEOX molecules on the cathode surface indicating a 
competition between the PEOX chains and the adatom nickel species 
reaching the cathode surface. Similarly, this “blocking” effect of the 

Fig. 2. a-d) SEM images of electrodeposited Ni coatings obtained from Watts bath produced at 10 mA/cm2 with a) 0 g L-1, b) 0.2 g L-1, c) 0.5 g L-1 and d) 1 g L-1 PEOX 
concentration in the bath. The scale bar shown for a) is 1 μm and valid for all of the SEM images, e) The cathodic polarization curves recorded in the electrolyte bath 
at different additive concentrations and f) onset potential of Ni deposition. The dashed line is to guide the eye. 
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organic compound was observed in the literature for electrolyte baths 
using typical organic additives [9,19,29,36]. 

3.2. Effect of additive concentration on the grain size and texture of the 
nickel coatings 

The structure and the grain size of the nickel layers were investigated 
by powder XRD measurements to understand the effect of PEOX addi
tion in Watts bath on the nickel film formation. Fig. 3 shows the XRD 
patterns of Ni coatings deposited at 10 mAcm− 2 from the solution con
taining varying concentrations of PEOX. The samples showed diffraction 
peaks at (111), (200) and (220) planes. These results confirm that all 
nickel deposits are polycrystalline and crystallized in face-centered 
cubic shape. In the case of additive-free solution, the diffraction peaks 
of (111) and (200) plane showed higher intensity relative to the (220) 
plane, typical for electrodeposited nickel layers without preferred 
orientation. However, after the addition of PEOX in the deposition so
lution, the diffraction peak of (220) planes became the most dominant in 
the spectra, indicating a preferred (220) crystal orientation of Ni. 
Table 1 summarizes the relative texture coefficients calculated from the 
XRD results of the samples. The calculations were performed according 
to equation (1) in line with the work of Harris [43]. 

RTC(hkl) =

Ihkl
/

Io
hkl

1
n

∑n
i=1

Ihkl
Io
hkl

× 100% (1) 

In equation (1), the corresponding variables are: Ihkl = intensity of 
diffraction planes in the electrodeposited sample; Io

hkl = intensity of 
diffraction planes in bulk Ni powder sample; n = number of planes in the 
XRD pattern; RTC = relative texture coefficient; hkl = miller indices of 
planes; Ihkl = intensity of diffraction planes in the electrodeposited 
sample; Iohkl = intensity of diffraction planes in bulk Ni powder sample. 
The results in Table 1 clearly demonstrated the effect of PEOX on the 
crystalline growth directionality of electrodeposited Ni samples. An in
crease in the current density from 10 mAcm− 2 to 100 mAcm− 2 did not 
influence the preferred orientation of the nickel layers, such orientation 
was only observed in the presence of PEOX polymer in the electrolyte 
bath. Above 0.2 g L-1 additive concentration a plane characteristic for 
hkl (220) crystalline direction became dominant for each sample. Such a 
high orientation is possibly induced by the adsorbed PEOX chains on the 

cathode surface as a result of their slower desorption from the active 
sites corresponding to hkl (111) and (200) planes compared to hkl (220). 
In the face-centered cubic lattice the lowest surface energy corresponds 
to the (220) plane, while (111) plane with the highest surface density of 
atoms corresponds to the highest surface energy. Easier desorption of 
the PEOX chains from the lowest energy (220) plane (compared to the 
other planes) allowed the faster growth of nickel resulting in orientation 
of the deposited film along [220] direction. 

The grain size of nickel films electrodeposited from PEOX containing 
solution was determined using the Hall-Williamson method [44]. The 
results for 10 mAcm− 2 cathodic current density are summarized in 
Table 1. For the additive-free nickel layers, the size was estimated from 
the SEM images to be in the micrometer range (800–1500 μm). As a 
result of PEOX addition, a clear decrease to nanometer grain sizes down 
to ~12–19 nm range was observed in line with the SEM investigations. 
The grain refinement is related to the control over the adatom mobility 
due to PEOX adsorption. This was reflected in the higher negative 
overpotentials recorded with linear sweep voltammetry for PEOX con
taining solutions compared to the additive-free case (shown in Fig. 2e). 
This high negative overpotential usually corresponds to enhanced 
nucleation and the high number of crystal seeds which results in grain 
refinement compared to the additive-free case [19]. 

The surface roughness of the electrodeposited Ni coatings was 
determined by AFM. The 2-dimensional height images of Ni coatings 
deposited at 10 mAcm− 2 containing various concentrations of PEOX are 
shown in Fig. 4. The color intensity of the images shows the surface 
profile of electrodeposited Ni coatings. 

The surface roughness of the Ni coatings has decreased dramatically 
in the presence of 0.2 g L-1 PEOX (sample Ni02) and continued to 

Fig. 3. XRD patterns of Ni electrodeposited at 10 mAcm− 2 from Watts bath 
containing different concentrations of PEOX. All the films were prepared at 
room temperature. 

Table 1 
Relative texture coefficient and the grain size determined from powder XRD 
measurements for Ni samples electrodeposited from Watts bath with and 
without PEOX additive at 10 mAcm− 2.  

Sample 
code 

cPEOX/ 
gL− 1 

hkl 
(111) 

hkl 
(200) 

hkl 
(220) 

Grain 
size/nm 

Lattice strain 
(Δd/d) 

Ni01 0 39.8 220.8 40.0 ~1000a n.a. 
Ni02 0.2 4.0 8.5 299.2 18.5 3.78⋅10− 4 

Ni03 0.5 5.1 8.6 286.1 14.2 3.13⋅10− 4 

Ni04 1 4.0 8.4 287.2 12.5 2.36⋅10− 4  

a The grain size was estimated from SEM images. 

Fig. 4. Surface roughness of electrodeposited Ni coatings obtained from Watts 
bath containing different concentrations of PEOX at 10 mAcm− 2 current den
sity. The inserts show AFM height images of the layers. The scale bar is 8 μm. 
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decrease further with increasing PEOX concentration. A linear decrease 
in the surface roughness was observed with increasing PEOX concen
tration which indicates that the surface roughness of nickel layers can 
simply be controlled by adjusting the PEOX concentration. Similar 
morphological changes were observed for all the samples coated from 
electrolyte bath containing PEOX in the investigated deposition current 
density range, however higher number of cracks were observed when 
the current density was increased. The relatively high negative onset 
potential for electrodeposition compared to additive free cases is 
accompanied with higher hydrogen evolution rate. When the current 
density increases, the deposition potential also shifts towards more 
negative potential which causes further increase in hydrogen evolution 
and results in stress formation. In addition, a clear change in the 
orientation towards the (220) planes was observed. The combination of 
these two factors probably contributed to the formation of cracks in the 
films as shown in Supporting Information Fig. S2. The decrease in sur
face roughness is due to the grain refinement of Ni coatings by the 
addition of PEOX into the deposition bath in good agreement with the 
SEM, XRD, and cathodic linear sweep investigations. 

3.3. Composition of the nickel layers 

The effect of PEOX on the composition of the nickel layers was 
investigated by X-ray Photoelectron Spectroscopy measurements. 

Fig. 5 shows the XPS survey spectra of a Ni sample deposited at 10 
mAcm− 2 from 1.0 g L-1 PEOX concentration. All the measurements were 
taken after 60 s Ar bombardment of the sample to avoid the signal from 
the cavity adsorbed PEOX as a residue from the deposition bath and to 
penetrate under the native oxide layer of Ni developed at atmospheric 
condition. The surface analysis of electrodeposited films clearly 
demonstrated a high purity Ni sample (99.9 at% purity). The absence of 
Nitrogen peak in XPS survey confirmed that PEOX was not incorporated 
into electrodeposited Ni films. Similarly, all the investigated samples 
were nitrogen-free indicating that PEOX does not incorporate into the 
coatings at different PEOX concentrations. 

3.4. Effect of the additive concentration on the brightness and hardness of 
the nickel coatings 

The presence of PEOX in deposition solution enhanced the brightness 
of electrodeposited Ni coatings, as well. The difference in the brightness 

of the Ni coatings electrodeposited from deposition bath with/without 
PEOX was clearly apparent. Coatings obtained without any additive at 
room temperature had a “silky” appearance while the addition of PEOX 
to the solution resulted in bright coatings at each investigated case. 
However, the formation of some cracks was also observed. The effect of 
PEOX on the brightness and reflectance of electrodeposited Ni coatings 
was determined by UV–Vis spectroscopy. The reflectance of Ni coatings 
in the visible wavelength range of 400–700 nm is shown in Fig. 6. The 
addition of PEOX into the Ni deposition bath led to an enhanced degree 
of reflection. The degree of reflection for the Ni02 sample was 9–14% 
greater than measured for Ni01 coatings and was further enhanced to 
14–16% by increasing the concentration of PEOX to 1 g L-1 (Ni04 sam
ple). This improvement in the reflection is attributed to the decrease in 
the roughness of electrodeposited coatings [45–47]. 

The coatings exhibited excellent adhesion to the Cu substrate for 
each deposited sample both for the additive free and PEOX containing 
solutions. Neither the extensive and repeated bending of the substrate, 
nor the mechanical scratching allowed the removal of the films. 

The nanometer-size grains as well as high (220) crystalline texture 
induced by the addition of PEOX in Ni deposition bath was reflected in 
the hardness of the electrodeposited Ni coatings. 

Fig. 7 shows the hardness value of Ni samples as a function of the 
grain sizes. Our experimental results (shown in Fig. 7 as solid circles) 
showed a clear increase in the hardness with decreasing grain size (d) of 
the electrodeposited coatings produced from Watts bath with 10 mA/ 
cm2 cathodic current density at room temperature. The hardness of Ni 
coatings increased from 3.00 GPa (d ~100 nm; no PEOX; sample Ni01 in 
Table 1) to 4.53 GPa (d = 18.5 nm; 0.2 g/mL PEOX; sample Ni02 in 
Table 1) and continued to increase to 6.64 GPa as the PEOX concen
tration reached to 1 g/mL concentration (d = 12.5 nm; Sample Ni04 in 
Table 1). Generally, the increase in the hardness of polycrystalline 
metals with decreasing grain size is explained by the Hall-Petch rela
tionship which states that the strength of a metal depends on the inverse 
square-root of the grain size, d [48]. Under mechanical deformation, 
decreasing the grain size increases the contribution of grain boundaries 
which act as barriers for the movement of dislocations. 

However, it was also reported that under a critical grain size, which 
is estimated to be between 10 and 15 nm for nanocrystalline nickel [49, 
50], the hardness tends to decrease, because grain boundary sliding 
might become more dominant in the deformation mechanism. For 
electrodeposited Ni films in Watts bath using DC deposition from 

Fig. 5. XPS survey of Ni film electrodeposited at 10 mAcm− 2 current density 
from Watts bath at room temperature in the presence of 1.0 g L-1 PEOX. The 
samples were etched with Ar bombardment for 60 s before the measurements 
were taken. 

Fig. 6. Effect of PEOX additive on the visible light reflectance of Ni coatings 
electrodeposited from Watts solution with the cathodic current density of 10 
mAcm-2 at room temperature. 
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Saccharin containing solution, the decrease in the hardness value for the 
smallest grain size sample at d = 12 nm was attributed to the breakdown 
of the Hall-Petch hardening [49]. The data of Ref. [49] is shown as 
triangles in Fig. 7 where the decrease in the hardness value for the 
smallest grain size sample at d = 12 nm was indicated by vertical dotted 
line. Hardness in the range of 3.8–6.4 GPa was reported for electro
deposited nickel samples from Saccharin containing solutions [51,52]. 
In comparison in this work, a monotonic increase in hardness as high as 
6.64 GPa was achieved with decreasing grain size down to 12.5 nm 
(Fig. 7). 

We attribute the monotonic increase in hardness and the slightly 
larger hardness value measured for Ni samples to the fact that PEOX 
does not incorporate into the coatings. Some Sulphur might be incor
porated into the electrodeposited Ni layers from Saccharin containing 
solution. This might have enhanced grain boundary sliding at grain size 
of 12 nm resulting in a decrease in the hardness value similar to the work 
discussed in the literature on non-metallic impurities [53]. In compar
ison, no indication of grain boundary sliding was observed in this work 
at grain size of 12.5 nm. Besides, the high relative texture coefficient for 
(220) orientation for Ni samples in this work can also contribute to the 
hardness value. 

Hardening of high purity Ni particles cured under high-pressure was 
recently reported with decreasing grain size [50]. The increase in 
hardness was observed down to a grain size of 3 nm. The data of Ref. 50 
covering a grain size range between 8 and 70 nm are shown as squares in 
Fig. 7. The hardness values were calculated from the reported yield 
strength values. A monotonous increase of the hardness to 8.7 GPa at 12 
nm grain size and 11.1 GPa at 8 nm grain size is seen [50]. The 
strengthening of the Ni samples having the smallest grain size of 3 nm 
was attributed to the combined effect of both partial and full dislocation 
hardening together with suppression of grain boundary plasticity [50]. 
A monotonous increase in hardness and a hardness value of 6.64 GPa at 
grain size of 12.5 nm was measured in this work for Ni produced with a 
simple electrodeposition process at room temperature. In line with 
Ref. 50, we suggest that the higher purity nickel samples electro
deposited with PEOX additive and having nanocrystalline grain size 
could extend the breakdown of hardness to smaller grain sizes. The 

crystal defects in electrodeposited nanograin-sized samples might also 
contribute to the hardness. 

One of the main and fast-developing fields of Ni application arises 
from its ferromagnetic property as thin-film [54,55]. Main factors such 
as the film thickness, preparation route, purity, crystal structure, and 
smoothness influence the magnetic behavior of nickel as well as electron 
transport properties. Samples electrodeposited with and without addi
tive were compared to investigate the effect of additive present in the 
deposition bath on the magnetic property of the Ni layers. The thickness 
of the samples was 20 μm for each investigated case. 

3.5. Magnetic properties of the coatings 

Fig. 8a shows the magnetic hysteresis as a function of the applied 
field. A clear difference was observed in the hysteresis and saturation 
magnetization value (shown in Fig. 8b) of the nickel samples deposited 
from additive-free and PEOX containing solution. The sample deposited 
from additive-free solution, shown as an inset in Fig. 8a, had a typical 
hysteresis characteristic for polycrystalline, micron-sized Ni crystal 
grain without significant lattice strain. Compared to this sample, the 
magnetic hysteresis of the films prepared from additive containing bath 
showed significantly lower (40-16 emucm− 3) remanence and was less 
steeply approaching the saturation magnetization with significantly 
lower magnetization values. This less steep approach towards magnetic 
saturation can indicate some crystal defects in the samples as an 
outcome of nanometer-sized grains and high texture produced in the 
presence of PEOX additive in the deposition solution. For the sample 
Ni01, the literature value of the saturation magnetization of bulk Ni (Ms 
= 512 emucm− 3) is obtained, in line with its grain size of ~1 μm 
deduced from the SEM measurements. The saturation magnetization 
values shown in Fig. 8b was decreased by 56% for the sample Ni02 
(Table 1) and decreased further by a total of 68% with the maximum 
amount of additive used in the deposition solution. Both the grain size 
reduced to the nanometer range as well as the tensile lattice strain and 
the high crystal orientation greatly influences the electronic state of the 
electrodeposited nickel layer and consequently the strength of the 
ferromagnetic interaction. Therefore the decrease in the saturation 
magnetization was attributed to the nano-crystallinity of the samples (d 
= 12.5–18.5 nm) [56], as well as to the presence of lattice strain 
modifying the steepness of the approach to magnetic saturation [57,58]. 

The surface spins of a very small grain become frustrated, resulting in 
a core-shell structure where only the core will contribute to the 
magnetization of the grains. Thus, the saturation magnetization of the 
sample will be reduced. The ability to tune the magnetic property of the 
pure nickel layers by the additive concentration is much easier 
compared to the alloying used previously to adjust the saturation 
magnetization [59]. 

Fig. 9a shows the change in the saturation magnetization of the 
samples as a function of the PEOX concentration together with the 
change in the factors (grain size, lattice strain, texture coefficients) 
influencing it. A monotonous decrease in the saturation magnetization 
with PEOX concentration is in line as discussed above with the monot
onous decrease in the grain size, lattice strain and with increasing (220) 
texture in the films. The decrease in the saturation magnetization was 
large from Ni01 (no additive) to Ni02 which then decreased slowly with 
increasing PEOX concentration. This trend correlates well with the 
change in the grain size. These results indicated a possibly more prev
alent effect of the crystal structure and morphology on the saturation 
magnetization for these highly textured layers. 

The magnetic domain structure of the electrodeposited Ni films was 
observed by MFM. A clear difference in the magnetic domain structure 
was observed between the sample electrodeposited without any PEOX 
additive (Ni01) and those electrodeposited in the presence of PEOX 
(Ni02–Ni04). The MFM image of Ni01 is presented in Fig. 9b. Typical 
striped, but disordered domain structure is seen with few magnetic 
vortexes. These vortexes possibly form due to the high roughness (~703 

Fig. 7. The effect of grain size as controlled by PEOX concentration on the 
hardness of nickel samples. Solid circles correspond to the experimental values 
for Ni samples deposited as described in the text; triangles are from experi
mental data of reference [49] and squares are experimental values from 
reference. [50]. 
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nm) and pyramid-like crystals of the sample. In line with nearly constant 
saturation magnetization values for Ni02, Ni03 and Ni04 samples 
(Fig. 9a), the magnetic domain structure of these samples was similar 
without any significant differences. Fig. 9c shows the magnetic domain 
structure of Ni03. A uniformly striped domain structure was observed. 
The stripes exhibited branching. The uniformity of the domain structure 
was due to the significantly lower roughness (~178 nm) of Ni03 
compared to Ni01. The branching of stripes in the domain structure is 
possibly the result of the change in the crystalline orientation as well as 
the effect of the tensile strain in the films, similar to the experimental 
results in the literature [60]. 

3.6. Electrochemical behaviour of the coatings 

The electronic state, crystal orientation, grain size and the texture do 
not only influence the magnetic, but also the electrochemical behaviour 
of the samples. Recently, Ni/NiOx layers found various applications 
from robotics [61] to catalysis [62] in which the electrochemical activity 
and the ability of oxide formation of the nickel layers are critical. The 
electrochemical behavior of the electrodeposited Ni coatings was 
investigated in a NaCl (0.5 M) solution. The open-circuit potential (OCP) 
of electrodeposited Ni coatings was monitored in time. The OCP values 
of all the samples were in the range of − 90 to − 490 mV. The most 

negative open circuit potential was detected for Ni02 sample and 
gradually shifted towards the more positive value with increasing PEOX 
additive concentration in line with the lattice strain values in the 
coatings. 

The Tafel curves shown in Fig. 10a were used to determine the 
corrosion potential (Ecorr) and corrosion current density (jcorr, i.e. reac
tivity) of the nickel samples according to ASTM-G59 standards and the 
results are summarized in Table 2. The shift towards the more negative 
values of the corrosion potential, similar to the open circuit potential 
values, was observed for the samples Ni02, Ni03, and Ni04 and was 
accompanied with higher corrosion current density values compared to 
the sample Ni01. Both the change in the crystalline orientation and the 
small grain size contribute to higher corrosion current density. 
Decreasing grain size increases the amount of grain boundaries where 
the active sites initiate the electrochemical reactions. The variation of 
the corrosion potential can be the result of several factors including the 
change in grain size or the change in the lattice strain of the coatings. 
The shift of the corrosion potential to more positive direction with 
increasing PEOX concentration is due to the combined effect of both 
decreasing grain size and decreasing lattice strain. In the case of Ni film 
without any PEOX additive, the significantly smaller lattice strain is 
expected to dominate and so the most positive corrosion potential was 
measured. 

Fig. 8. Hysteresis (a) and magnetization (b) curves for the electrodeposited nickel samples measured at T = 5 K.  

Fig. 9. a) Saturation magnetization, grain size and lattice strain of nickel layers (the dashed lines are shown to guide the eye) as a function of PEOX concentration in 
the electrolyte bath, b) Magnetic Force Microscopy (MFM) image of nickel sample produced from additive-free bath and c) MFM image of the nickel sample produced 
in 0.5 g L-1 PEOX containing solution. The layers were electrodeposited from Watts bath at room temperature applying 10 mAcm− 2 cathodic current density. 
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The anodic arc of all samples showed similar oxidation mechanism of 
Ni to Ni2+. But, a strong diffusion control was observed for Ni02 sample. 
This diffusion control on the anodic arc gradually decreases for samples 
Ni03 and Ni04, possibly due to the effect of the decreasing grain size of 
the layers. The cyclic voltammograms of the Ni films recorded at a scan 
rate of 5 mVs− 1 are presented in Fig. 10b. The inset of Fig. 10 shows the 
cyclic voltammogram of Ni01. All the investigated Ni layers exhibited 
active-passive behavior in NaCl solution which is typical for Ni samples. 
The current density increased during the forward scan (indicated with 
an arrow on Fig. 10b) until the passivation potential (Ep) was reached. 
The breakdown of the current density then followed indicating the 
passive layer formation on the Ni. After the breakdown, the current 
density remained small when the potential was scanned towards more 
positive values demonstrating that the formed oxide layer is compact 
and depresses the dissolution rate of the base metal. 

The passivation potential for sample Ni02, Ni03 and Ni04 was very 
close to each other, and the samples were more readily passivating at a 
lower potential compared to Ni01 sample. This was in the expense of 
higher current density values as it was reflected in the charge values and 
passivation current density (Q and jp, taken from the forward scan) 
(Table 2). A comparison of the passive current density (jp) values of the 
samples showed an increase with decreasing grain size indicating its role 
in the electrochemical activity. Current density on the backward scan 
displayed smaller values compared to the forward scan due to the for
mation of a compact and protective passive layer on Ni. These results 
clearly show that the small grain size significantly contributes to the 
electrochemical reaction rate of the samples. It is important to note that 
the composition and the properties of these films can be adjusted by 
choosing the proper potential under potentiostatic condition, and 
perhaps a less aggressive ion instead of Cl− in the electrolyte, and if 
needed, by applying heat treatment of the samples. 

4. Conclusion 

PEOX was successfully introduced into Watts bath as a new multi
purpose additive for electrodeposition of Ni coatings at room tempera
ture. The presence of PEOX resulted in (220) orientation to dominate 
over (111) and (200) crystal orientations in electrodeposited Ni films. 
SEM and AFM images showed smoother Ni films due the refinement of 
grain size with the addition of PEOX in the deposition bath. Grain size as 
low as 12.5 nm was achieved as confirmed by powder XRD measure
ments. The surface roughness decreased with increasing PEOX additive 
concentration indicating that the smoothness of nickel layers can simply 
be controlled by adjusting the PEOX concentration. All the coatings had 
good adhesion, whereas the brightness was increased with the grain 
refinement and decreasing surface roughness due to PEOX addition. XPS 
results confirmed that high purity coatings can be deposited without any 
incorporation of PEOX into the Ni films. The hardness of the layers 
improved from 3.00 GPa to 6.64 GPa with the addition of PEOX to the 
deposition bath. Moreover, a breakdown of Hall-Petch relation was not 
observed at the smallest grain size of 12.5 nm which we attribute to the 
fact that PEOX does not incorporate into the coatings. This suggests that 
the increase in the hardness of polycrystalline metals with decreasing 
grain size according to Hall-Petch relation can be extended to smaller 
grain sizes for electrodeposited coatings. A significant decrease was 
recorded in the saturation magnetization of the nanocrystalline layers. 
This change was connected to possibly more prevalent effect of the 
crystal size of the layers. The refinement of grains and decrease in the 
internal strain of Ni coatings was reflected in the electrochemical 
property of the layers. The electrochemical investigations demonstrated 
the shift of the corrosion potential and open circuit potential to more 
negative potential value with increasing lattice strain in the films. The 
electrochemical reaction rate increased with the addition of PEOX to the 
deposition solution due to the grain refinement in the coatings. The 
electrochemical reaction rate was found to be more sensitive to the grain 
refinement, whereas corrosion potential and open circuit values were 
shifted with the variation of the lattice strain. For each investigated case 
high affinity to passive layer formation was observed. All these results 
show the effectiveness of PEOX as a multipurpose additive for the 
electrodeposition of multifunctional Ni films having significant poten
tial to be used in various applications. 
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editing. László Ferenc Kiss: Investigation, Writing – review & editing, 

Fig. 10. a) Tafel curves and b) the cyclic voltammograms of electrodeposited Ni coatings in a 0.5 M NaCl solution: sample Ni01 (black), sample Ni02 (red), sample 
Ni03 (green), and sample Ni04 (blue). The inset shows the enlarged cyclic voltammogram of sample Ni01. (For interpretation of the references to color in this figure 
legend, the reader is referred to the Web version of this article.) 

Table 2 
Electrochemical values obtained from Tafel curves and cyclic voltammograms of 
Ni coatings in NaCl (0.5 M) solution. The values shown in the table correspond to 
corrosion potential (Ecorr) and corrosion current density (jcorr) from the Tafel 
curves; peak current (jp), passivation potential (Ep) and charge (Q) under the 
forward scan peak curve from cyclic voltammetry measurements.  

Sample jcorr/μAcm− 2 Ecorr/mV jp/μAcm− 2 Ep/mV Q/μCcm− 2 

Ni01 0.95 − 77.9 52 93.371 3.361 
Ni02 2.01 − 509.3 334 67.373 20.295 
Ni03 4.07 − 479.8 485 70.760 26.392 
Ni04 1.96 − 231.7 708 74.153 58.595  

A. Ijaz et al.                                                                                                                                                                                                                                      



Materials Chemistry and Physics 267 (2021) 124681

9

Validation, Formal analysis. A. Levent Demirel: Writing – review & 
editing, Resources, Validation, Formal analysis. Lajos Károly Varga: 
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