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Nickel plating was carried out in stable 
Nickel ion based deep eutectic solvent 
(DES). The DES electrolyte stability and 
possible structure were explained by 
using Fourier Transform Infrared spec-
troscopy (FTIR) and Temperature Mod-
ulated Differential Scanning Calorim-
etry (TMDSC) techniques. The conduc-
tivity and electrochemical studies for 
choline based eutectic solvents were 
analyzed by conductivity cell and electrochemical impedance spectroscopy respectively. Higher cur-
rent efficiency, thickness and hardness of Nickel were obtained by Pulse current electrodeposition 
when compared with Direct current electrodeposition. Crystallographic orientation and structural 
morphology were studied by X-ray diffraction (XRD) and Atomic Force Microscopy (AFM) respec-
tively. Coated Nickel plate’s corrosion resistance and porosity properties were checked using poten-
tiodynamic polarization and electrochemical impedance spectroscopy.
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1. Introduction

Electrodeposition is a well-known field for corro-
sion resistance coatings, surface treatment tech-
nology and decorative type coatings. Improved 
surface finish, corrosion resistance and wear 
properties were achieved by electrodeposition of 
Nickel or Chromium [1-3]. Moreover Pulse elec-
trodeposition has advantage than usual direct 
current electrodeposition. Pulse electrodeposi-
tion improved the mechanical and electrical prop-
erties of deposits [4]. In pulse plating three vari-
ables are important (on time, off time and current 
density). During Pulse on – time, high intense 
current densities and high negative overpotential 
was applied on the cathode surface. Due to the 

high overpotential the nucleation rate will get 
enhanced. At Pulse off – time, the equilibrium of 
cathodic concentration gradients will be formed 
by diffusion of metal ion from bulk concentration 
to cathode metal surface. Pulse plating leads to 
less porous surface, fine grained, increase in 
the wear resistance and reduction in the metal 
hydride formation [4-7]. Conventional aqueous 
solutions cannot be always used as electrolytes 
for dense coating because of limited potential 
window, hydrogen embrittlement and low ther-
mal stability [8]. Similarly Deep eutectic solvent 
has an advantage over the aqueous solution like 
non-volatility, inflammability, low toxicity, good 
solubility, high thermal stability, wide electro-
chemical windows and high polarity [9-18]. The 
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deep eutectic solvent was the lowest complete 
melting point of mixture of components. In all 
other proportions, the mixture will not have a 
uniform melted system; some of the mixture will 
remain solid and some as liquid. In this paper, we 
deposited Nickel from choline chloride and eth-
ylene glycol based deep eutectic solvent by using 
pulse current and direct current. The deposited 
Nickel film’s corrosion properties and conductiv-
ity were studied. DES surface morphology and 
stability were also investigated in this paper. 

2. Experimental section

The deep eutectic mixture was prepared as 
reported by Abbott et.al. [13]. In this electro-
lyte 8.4 g choline chloride (HOC2H4N(CH3)3

+Cl-) 
(Acros > 99%), 28 ml ethylene glycol (Aldrich > 99%) 
10 – 35 g NiCl2 (Merck > 99%)  and 0.5 g potassium 
chloride (Merck > 99%) were added and this mix-
ture is stirred and heated to 70°C until a homoge-
neous, green color liquid is formed. For the Nickel 
deposition we used two electrode system. Insol-
uble high-density graphite was used as an anode. 
Mechanical buffing, degreasing, alkali electro-
cleaning and neutralization with acid pretreated 
copper sheets and mild steels were used as cath-
ode, in both direct current and pulse current elec-
trodeposition. Electrodeposition was carried out 
at ~45°C. For the electrochemical studies we used 
three electrode system. The Nickel deposited 
mild steel substrates were used for porosity cal-
culation and impedance studies. Electrochemical 
Impedance Spectroscopy (EIS) was carried out in 
PARSTAT 2273 Princeton Applied Research with 
the power suite software. Impedance spectra 
were measured between the frequency ranges of 
10 mHz to 100 kHz with 10 mV rms amplitude. 
One cm2 substrate’s surface area was used as 
working electrode, Ag / AgCl in saturated KCl was 
used as reference electrode and platinum foil was 
used as counter electrode.

3. Results and Discussion

3.1. Conductivity measurements

Conductivity was measured with Testronix 15 
conductivity meter as a function of temperature 
(temperature was maintained with Julabo ther-
mostat). Conductivities were studied by variation 
of Ni2+ ion concentration with 1:2 molar ratios of 
choline chloride and ethylene glycol (ethaline). 
Figure 1a shows the variation of conductivity for 
various Nickel concentrations as a function of 
temperature and TMDSC curve for the ethaline 
solution. Among the conductivity values 1:1 and 
1:2 molar ratio of choline chloride, nickel (II) 
chloride mixture is having higher value. This is 
because of NiCl3- formation act as driving force 
for hole formation to permit movement [8, 16]. 
Generally, the heavier anions leads to faster lat-
tice defects and  form a liquid easily. The mobility 
of Ni (II) ion in liquid form is high when compared 
to solid form. From Figure 1a, 1:1 ratio of Ethaline 
and NiCl2 was deviating from linearity. It shows 
the instability of the ethaline solution [17]. In 
other molar ratio of Nickel ion variation, the con-
centration gradient of nickel content was higher 
and it reduces the conductivity of the electrolyte.

Choline chloride thermo properties were studied 
using METTLER TOLEDO TMDSC in the nitrogen 

Fig. 1a: Comparison of conductivity of Ni(II) chloride dissolved 
in Ethaline complex
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gas medium. Temperature Modulated Differen-
tial Scanning Calorimetry (TMDSC) calibrated 
with standard indium metal gave sharp endo-
thermic melting point at 156°C. In Figure 1b we 
observed one sharp endothermic peak at 67°C 
and no peaks were seen at 0°C. At 67°C a sharp 
endothermic peak indicated phase transition of 
choline chloride with an integral area of peak as 
–1321 mJ and heat capacity (Cp) value of –130 mJ 
K-1 g-1 as seen from Figure 1b. If any water mol-
ecule absorbs on choline chloride, it will appear 
as a peak on the water freezing point. Here the 
absence of water freezing point at 0°C indicated 
the absence of water moisture. Based on these 
experiments we concluded that no water content 
is persent in Choline chloride. Decomposition of 
choline chloride was obtained when the tempera-
ture is raised above the endothermic peak [18].

3.2. FTIR studies

In deep eutectic solvent, chloride ion from cho-
line chloride is drawn towards NiCl2 for the for-

Fig. 1b: TMDSC spectrum of Choline chloride in nitrogen gas environment

mation NiCl3- along with NiCl2.[8, 16, 18] Chloride 
ion was replacing one of the coordination sites 
in NiCl2 from ethaline solution. The Figure 2 FTIR 
spectrum, (Fourier Transform Infrared spectros-
copy) gave stretching and bending frequency of 
the quaternary ammonium ion. The quaternary 
ammonium chloride ion-bending peak is obtained 
at 957 cm-1. The intensity of 957 cm-1 peak dimin-
ished in both ethylene glycol and Ni(II) ion based 
deep eutectic mixture and this indicates chloride 
ion concentration is transferred to the solvent and 
form NiCl3- ion. At 2360 cm-1 quaternary ammo-
nium ion’s stretching peak is also not observed 
in deep eutectic solvent (DES). This is due to the 
formation of the complex known as ethaline and 
NiCl3- ion. [20, 21] 2000 cm-1 is stretching peak 
for ethylene glycol and chloride ion complex 
structure. The possible mechanism of ethaline 

and nickel complex formations were shown in 
Figure 3. Choline chloride complex with ethylene 
glycol to form ethaline. Then ethaline interact 
with metal salt to form an easily melt compound.
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3.3. Electrochemical impedance studies

Observed impedance data were fitted and ana-
lyzed by ZSimpWin 3.22 software. The Bode plot 
diagrams (Fig. 4) were parabola shape but at 
low frequency region curve distracted slightly. It 
shows that mass transport also plays an import-
ant role. [22, 23] Reason behind is that diffusion 
process is also present in the equivalent circuit. 
At this point the element Q is defined as constant 

Fig. 2: Comparison of FTIR peaks of Choline and then Nickel complex

Fig. 3: Mechanism of NiCl3- ion formation in ethaline based deep eutectic solvent

phase element (CPE) and given by the following 
equation. 

ZQ = (YQ ( jω ) α)-1 [1]

Where ω is the angular frequency (ω = 2лf), Y is 
admittance and the exponent α  is non-linearity of 
the capacitor in  electrode surfaces. If α = 1, the 
ZQ reduces to a capacitor C if α = 0, it is consid-
ered as a simple resistor. The values at very high 
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frequencies give the solution resistance (Rs). The 
low frequency region gave the features of diffu-
sion-control parameters. This fact allows us to cal-
culate the diffusion control reaction of Ni(II) ionic 
species using the following equations.

Rs = Rct + σ / ω1/2  [2]

σ  = (RT / √32F2A) [(1 / DO1/2CO
*) +  (1 / DR

1/2CR
*)]  [3]

Here R, T, F, A, CO and CR are gas constant, tem-
perature, Faraday constant and surface area of 
working electrode bulk concentration of the oxi-
dized and reduced species respectively. σ, DO and 
DR is specific conductance, diffusion coefficient 
of the oxidized and reduced species respectively. 
In Figure 5 Zreal vs ω-1/2 gave a straight line for 
all five cases, (1:1, 1:2, 1:3, 2:1 and 3:1 ethaline 
and Ni (II) concentration respectively) and thus 
provide evidence for diffusion-controlled pro-
cess [24]. Solution resistance varied by changing 
the concentration of the medium. The values of 
equivalent circuit elements were obtained by 
using the ZSimpWin 3.22 software. We measured 
solution resistance (Rs), double layer capacitance 
(Cdl), charge transfer resistance (Rct), Diffusion 
parameters, Bare electrode surface capacitance 
(Cc) and resistance (Rc). These values are listed 
in Table 1. From the simulation value, solu-
tion resistance was lower for 1:1 (2.15 Ω) and 
1:2 (4.92 Ω) Ethaline and Nickel solution. Con-
ductivity is reciprocal of resistance. Similarly the 
double layer capacitance is low in 1:1 and 1:2 
ratio of ethaline and Nickel ion solution. Diffusion 
based parameter, constant phase elements were 
same for all the cases. In electrodeposition, eth-
ylene glycol contributes to smooth Nickel elec-
trodeposition, it acts as a grain refiner [25, 26]. 
Nickel ion diffusion from ethaline based eutectic 
solvent is mainly contribute to constant phase 
element and similar behavior is reported by F. 
Golgovici et.al., work [27].

Fig. 4: Electrochemical impedance spectroscopy studies of 
Ni(II) chloride dissolved in ethaline eutectic solvent  
and schematic diagram of equivalent circuit

3.4. DCD and PED methods for Nickel 
deposition

The cyclic voltammograms (Fig. 6) show the elec-
trodeposition and dissolution of Ni on Pt wire 

Fig. 5: Comparison of Zreal vs ω-1/2 for diffusion of Ni(II) ion 
from ethaline solution



Journal for Electrochemistry and Plating Technology 7

June 2013  Eugen G. Leuze Verlag  |  www.jept.de

at ~45°C. Cyclic Voltammetry was carried out in 
PARSTAT 2273 Princeton Applied Research with 
the power suite software. The potential window is 
cycled between ± 1 V with respect to open circuit 
potential (OCP). Nickel deposition started nearly 
at - 600 mV vs Ag / Ag+ reference cell but adsorp-
tion of nickel on Pt wire is initiated at - 200 mV. 
The inner figure shows the Choline chloride’s 
electrochemical active potential window.

Bright nickel is deposited by both direct current 
(DCD) and pulse current electrodeposition (PED) 
in Ni based deep eutectic solvent as an electro-
lyte. Deposition time was 3 mins. In direct cur-
rent electrodeposition maximum thickness of 
~5 microns and 89.17% current efficiency were 
obtained at 0.2 mA cm-2. The same current den-
sity 0.2 mA cm-2 was taken as average current 

Tab. 1: Comparison of the best fitting values of equivalent circuit elements from simulated impedance data in Choline based 
deep eutectic solvent

Fig. 6: Cyclic voltammograms on Pt (0.1 cm2) for Ni(II) from 
ethaline based deep eutectic solvent

density in PED method.  We got ~7 microns within 
3 mins with 93.34% current efficiency in pulse 
electrodeposition. Hardness of coated nickel 
was measured in Everone hardness tester, DCD is 
having hardness 250–300 HV and in PED hardness 
is increased to 280–375 HV at 25 g load. Very thin 
pulsating diffusion thickness enhances the nucle-
ation rate. Fine grained structure and less porous 
deposits were obtained in PED than that of DCD 

and this is because of pulse peak current density 
is higher than direct current density and Desorp-
tion of adsorbed hydrogen take place at the cath-
ode surface during each off-time (TOff) [28].

3.5. X-ray diffraction

The deposited Nickel was characterized by 
X-ray diffraction PANalytical X’perPRO model, 
copper Kα (1.54Å) as a source for 2 rang-
ing from 10-90. The X-ray diffraction spec-
tra of nickel films were shown in Figure 7. 
The crystallite size of electrodeposited nickel 
was determined from FWHM of (111), 
(200) and (220) reflections according to the 
Debye-Scherrer equation [29]. The preferred 
crystalline orientation of the nickel films was 
evaluated by the relative texture coefficients 
RTChkl using equation 2.

RTChkl(%) = (Ihkl/Ihkl x100) / (Ihkl/Ihkl) [4]

Ethaline : 
Nickel

Rs

(ohm)

C

(farad)

R

(ohm)

Q 

(S-secn)

n

(0<n<1)

R

(ohm)

C

(farad)

R

(ohm)
1:1 0.0215 29.91 nF 410.9 68.84 F 0.7357 15.6 K 319.3 F 45.9 K

1:2 0.0492 49.06 nF 212.1 45.92 F 0.7432 13.47 K 435.5 F 16.01 K

1:3 201 6.67 F 284.4 40.04 F 0.7789 85.23 K 690.9 F 760.6 K

2:1 6.993 1.99 nF 119.8 52.5 F 0.7513 69.76 K 114.7 F 1.263 K

3:1 255.9 1.66 F 0.01 30.02 F 0.7411 417.9 K 93.92 F 145.8 K
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Where Ihkl are the relative intensities of the 
(hkl) lines measured in the diffractogram of 
the nickel films and Ihkl are the correspond-
ing intensities of a randomly oriented nickel 
film sample (JCPDS no.87-0712). The summa-
tion Ihkl was taken from the three lines visi-
ble in the diffraction spectra, i.e. (111), (200) 
and (220). The X-ray diffraction patterns of Ni 
films exhibit the pure FCC Ni in both DCD and 
PED conditions. The Bragg reflections corre-
sponding to crystalline Ni were observed at 
2 = 44.63, 52.02, 76.62 for DCE and at 44.8, 
52.01, 76.82 for PED method. In DCD texture 
coefficients are 51% for 111 plane, 24% for 
200 and 220 plane. In PED, texture coefficients 
are 63% for 111 plane, 12% for 200 plane and 
24% for 220 plane. Calculated PED Ni is having 
a very small crystalline size of 23 nm, which is 
smaller than the Ni obtained by DCD (37 nm) 
techniques. In pulse plating small crystalline 
size and dense coating was observed. But in the 
direct current method the continuous diffusion 
and migration of nickel ion was not fully under-
standable in DES. Crystal phase orientation was 
changed in the direct current method.

Fig. 7: XRD curves of the electrodeposited Nickel in direct cur-
rent method (DC current 0.2 mA/cm2 and Time 180 seconds) 
and pulse method (average current 0.2 mA, Duty cycle 10, 
peak current 2 mA, duration time 180 seconds)

3.6. Atomic Force Microscopy studies

Structural morphology (AFM image) of electro-
deposited Nickel under DCD and PED conditions 

was characterized using Picoscan 2000 in contact 
mode. Figure 8 shows an AFM image of deposit 
nickel in direct current density of 0.2mA cm-2, 

Fig. 8: Atomic Force Microscopy image of deposited Nickel in 
direct current method (DC current 0.2 mA/cm2 and Time 180 
seconds) and pulse method (average current 0.2 mA, Duty 
cycle 20, peak current 2 mA, duration time 180 seconds)
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time 180 seconds, its approximate average grain 
size is 200-300nm and AFM image of deposited 
nickel in pulse method is having approximate 
average grain size of 100-250nm when average 
current density of 0.2mA cm-2 is used. The duty 
cycle is 20 and time of deposition is 180 seconds. 
Both DCD and PED method have fine nano crystal-
line sized nickel deposits with less mean deviation 
of roughness. (Ra) Needles type surface morphol-
ogy was observed in direct current method but 

Fig. 9a: Comparison of Tafel curves of deposited nickel on steel in 3.5 M NaCl solution

some regular type of surface morphology was 
observed in pulse plating.

3.7. Corrosion resistance studies with 
potentiodynamic polarization

Figure 9a shows potentiodynamic polarization 
curves for electrodeposited nickel in 3.5% NaCl 
solution. All the studies were done between 
± 0.25V vs OCP. From this figure we observe that 

Fig. 9b: Electrochemical Impedance Spectroscopy of deposited Nickel on MS
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the activation polarization resistance potential is 
shifted towards the noble potential region from 
cathodic region. The corrosion current density 
(Icorr) and corrosion potential (Ecorr) were calcu-
lated from the intercept of the Tafel slopes. The 
corrosion rate in mills per year was estimated 
from the polarization curves, and the values are 
given in Table 2. Among all the samples Ni-PED 
/ MS exhibits lower values of Ecorr and corrosion 
rate than that of samples Ni-DCD / MS and mild 
steel (MS). From these Ni-PED / MS exhibits the 
best corrosion resistance, and this is due to the 
dense nanostructure coating. Ni (220) surface 
was high in DCD method deposited nickel when 
compared with the standard PED method. The 
result of Ni (220) plane intensity reduced the 
hydrogen evolution by means of low Icorr of DCD 
method electrodeposition [30].

3.8. Corrosion resistance studies with 
electrochemical impedance spectra tests

We measured impedance spectra for the electro-
deposited Nickel substrate in 3.5% NaCl aqueous 
solution and the results are given in Figure 9b. 
Impedance spectra were measured between the 
frequency ranges of 100 mHz to 100 kHz with 10 
mV rms scan rate. The corrosion resistance (Rct) 
of PED Nickel is greater than mild steel and DCE 
Nickel samples. The increased Rct values and 
decreased Cdl values for Ni deposits clearly con-
firm the better corrosion resistance of these PED 
and DC deposit compared with bare mild-steel 
substrates, because of the better properties of 

Tab. 2: Comparison of corrosion parameters of deposited nickel on mild steel in 3.5M NaCl corrosion medium 

Sample OCP (mV) Ecorr (mV) Icorr (A) Corrosion 
rate (mpy)

Rct Ω 
cm2

Cdl F 
cm2

Porosity 
%

Mild steel -486 -623 20.61 10.44 40 1115 ---

DCD (0.2mA) -381 -481 183 8.84 330 822 0.0790

PED (0.2mA) -351 -418 20.84 7.78 2881 613 0.0090

deposit, less roughness and the Nickel dissolution 
is less. Stimulated fitting circuit is similar to that 
used in our previous work [31].

3.9. Porosity of Ni-DCD and Ni-PED systems

It is possible to determine the porosity of a 
coating using an electrochemical measurement 
technique that determines the ratio of the cur-
rent density through the pores and the coating 
[32]. Elsener et.al., estimated the porosity of TiN 
coated mild steel from the shift of the corrosion 
potential caused by the presence of the coating 
(ΔEcorr) and from the individual polarization resis-
tance of the coatings (Rp) and the substrate mate-
rials (Rp,s) as given in equation 3 [31, 33].

P = (Rp,s / Rp) * 10 - |ΔEcorr| / ba [5]

Where ba is the Tafel slope of the active disso-
lution of mild steel. Using this equation, and 
the values of Rp,s = 26  cm2 and ba = 0.171 V 
decade-1 determined from separate measure-
ment on an uncoated mild steel (MS) substrate 
in 3.5% NaCl solution, we estimated the porosity 
of the Ni-(PED) has 0.24% and Ni-(DCD) is 1.48%. 
From this value the PED nickel coating system is 
having ten times lower porosity than the DCD 
nickel system.

4. Conclusion

Stable choline chloride based deep eutectic sol-
vent for electrodeposition of Nickel was pre-
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pared. Conductivity of different concentration 
of ethaline with Nickel ion were measured and 
among the conductivity values the 1:2 molar 
ratio holds good for deposition of Nickel. Struc-
ture and stability of Nickel ion in deep eutectic 
solvent were analyzed by using TMDSC and FTIR 
spectroscopy. 1:2 ratio of Ethaline and Nickel ion 
had lower charge transfer resistance and higher 
double layer capacitance. Ethylene glycol from 
the deep eutectic mixture contributed to forma-
tion of smooth nano Nickel electrodeposition and 
double layer capacitance. Deposited nickel by PED 
method having less roughness, 9 times higher Rct 
and lower corrosion rate values than that of DCD 
Nickel.
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