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n of nickel in air- and water-stable
1-butyl-3-methylimidazolium dibutylphosphate
ionic liquid

Yu Zheng,ab Xiaorong Zhou,*b Yunbai Luo a and Ping Yu *a

Nickel coating was obtained by potentiostatic electrodeposition in 1-butyl-3-methylimidazolium

diethylphosphate ionic liquid without any additive. Further, cyclic voltammetry (CV) tests were used to

investigate the electrochemical behaviour of Ni2+ in the ionic liquid, revealing that the electrodeposition

of nickel in this ionic liquid is an irreversible process. It was revealed that the diffusion of Ni2+ is a rate-

determining step in the electrodeposition process. Further, the influence of dissolved water and applied

voltage on electrodeposition were also studied using scanning electron microscopy (SEM).
Introduction

Last century, ionic liquids (ILs) were developed when
researchers were looking for electrolytes for batteries.1 ILs are,
generally, composed of cations and anions, with amelting point
below 373 K, thus, they are also known as room temperature
molten salts.2 Because of their unique structures, ILs have many
attractive properties, such as high conductivity, large electro-
chemical potential windows, good thermal stability, non-
volatility and non-toxicity. Thus, ILs are used for electro-
chemical devices, electroplating of metals and organic
synthesis. Traditionally, electrochemical processes take place in
aqueous electrolytes, while the relatively narrow electro-
chemical potential window of water is a major limitation,
especially for electrodeposition of some metals with relatively
negative redox potential.3 The large electrochemical potential
window of ILs means much wider redox potential, which makes
it possible to electrodeposit reactive metals. For example,
Winnick et al. electrodeposited sodium in a 1-ethyl-3-
methylimidazolium chloride/aluminum chloride-based
system.4 In recent years, signicant attention is paid to elec-
trodeposition of various metals in ILs since anions and cations
can be designed to modify coating properties including Fe,5–7

Ni,8–13 Co,10,14 Cu,15–17 Ag,18,19 Au,19 Al19–24 and Ce16 coatings.
Electrodeposition of nickel is widely used to obtain metallic

nickel coatings for corrosion protection and decoration.25–27

Currently, the dominant commercial nickel electroplating
processes are based on Watts nickel bath developed by Oliver P.
Watts in 1916 which is used to produce bright, dark, hard nickel
ces, Wuhan University, Wuhan 430072,

uping@whu.edu.cn

Materials, The University of Manchester,
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coating and so on for different applications.28 Further, the
morphology and properties of the coatings obtained fromWatts
bath can be controlled by organic and inorganic additives in the
bath.29 However, despite its wide use, alternative method is
sought by electroplating industry since Watts bath also brings
about many issues, including, rstly, hydrogen evolution
during the electroplating process, which has twomajor negative
impacts, reducing current efficiency and compromising the
quality of resultant coatings; secondly, pollution associated
with Watts bath.25

In recent years, electrodeposition of nickel in air- and water-
stable ionic liquids is a focus of research. Ming-Jay Deng investi-
gated the electrodeposition of nickel on copper in 1-ethyl-3-
methylimidazolium-dicyanamide by potentiostatic process and
found that the morphology of nickel coating depends on depo-
sition potential.30 Yan-Li Zhu studied the electrochemical
behavior of Ni2+ during electrodeposition of nickel in butyl-1-
methylpyrrolidinium bis(triuoromethylsulfonyl)amide
(BMPTFSA).31 More recently, researchers successfully achieved
electrodeposition of nickel in eutectic-based ionic liquid. Andrew
P. Abbott compared the difference of nickel coatings deposited in
aqueous solution and eutectic-based ionic liquid and found that
the nickel coating obtained from eutectic-based ionic liquid has
harder and atter surface; furthermore, with molecule additives
he obtained bright nickel coating from eutectic-based ionic
liquid.25,26 B. Meenatchi investigated electrodeposited of nickel
from protic ionic liquids with imidazolium cation without addi-
tives, while morphology of nickel coatings are sponge and gravel-
like.32 Despite extensive research on electrodeposition of nickel
and other metals from ILs, there are still many issues limiting
their wide application. Firstly, many ILs are sensitive to water and
air, whichmeans that electrodeposition process in these ILs needs
to be conducted in glove boxes, therefore, are not suitable for large
scale application. Secondly, both quality and variety of electro-
deposited nickel coating from ILs can't fully meet the
This journal is © The Royal Society of Chemistry 2020
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Fig. 2 Cyclic voltammograms of Cu electrodes in 0.1 M NiCl2/[BMIM]
[DBP] at various scan rate.
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requirements of application. Thus, further research is still needed
in electrodeposition of nickel in ILs, especially on developing air-
and water-stable ILs which are suitable for producing high quality
nickel coatings.

In a previous study by the authors, it was found that ionic
liquid—1-butyl-3-methylimidazolium diethylphosphate ([BMIM]
[DBP]) (the chemical structural is shown in Fig. 1) is an air- and
water-stable ionic liquid with attractive properties, such as low
cost, designable pH value and low toxicity.33 In the present work
electrodeposition of nickel in [BMIM][DBP] without additive is
investigated with focus on the electrochemical behavior of Ni2+ in
[BMIM][DBP], the electrodeposition mechanism, the inuence of
water content and applied voltage on the morphology of the
resultant nickel coating.

Experimental section
Chemicals

Ionic liquid [BMIM][DBP] (chemical structure is shown in Fig. 1)
was synthesized in laboratory. N-Methylimidazole (82.1 g, 1 mol)
was added dropwise to a 500 mL ask containing 266.3 g (1 mol)
tributylphosphate at 423 K, and the liquid was stirred at this
temperature for 5 h. Then, themixture was transferred to a 500mL
beaker that was, then, kept in a vacuum oven maintained at 420 K
under 5 mmHg for 7 days to remove residual reactant. Finally, the
[BMIM][DBP] product was collected in a container and stored in
clean and dry environment. NiCl2 ionic liquid solution was
prepared by stirring the mixture of NiCl2$6H2O and the [BMIM]
[DBP] until a homogeneous green liquid was formed.

Electrochemical experiments

All electrochemical experiments, including cyclic voltammetry
and electrodeposition, were performed in a three-electrode cell,
where a silver wire was used as the quasi-reference electrode;
platinum was used as the counter electrode and copper sheet was
used as working electrode. Copper substrate was, rstly, grinded
with silicon carbide papers and washed with distilled water,
ethanol and acetone in sequence. Aer grinding, copper substrate
was polishedwith 1 mmand 0.4 mmpolishing paste sequentially to
obtain a mirror nish. Finally, the copper electrode was sealed by
polyimide tapes leaving a working area of 10 mm � 10 mm.
Electrochemical experiments were carried out using a CHI660E
electrochemical workstation (CH Instruments, Inc).

Characterization of resultant coatings

Aer electrodeposition, the specimens were cleaned in acetone,
and dried in air. The resultant coatings were characterized
using scanning electron microscopy (Zesis Ultra 55) and X-ray
Fig. 1 The chemical structure of [BMIM][DBP].

This journal is © The Royal Society of Chemistry 2020
diffraction (XRD, Shimadzu XRD-6100). A Keyence X200K 3D
laser microscope was used to characterize surface morphology
of the coatings.
Result and discussion
Cyclic voltammetry

In order to exclude the inuence of water, anhydrous NiCl2 was
used for preparing 0.1 M anhydrous NiCl2/[BMIM][DBP] for
cyclic voltammetry (CVs) at 333 K. CV was conducted by scan-
ning from open circuit potential (OCP) negatively to �0.7 V (vs.
Ag), followed by a reversed scan back to OCP with various scan
rates as presented in Fig. 2. It is evident that at initial stage
current densities slightly increase (the minus sign in front of
current densities means cathodic current). At potential around
�0.35 V (vs. Ag) current densities dramatically increase until
reach maximum current then decrease, exhibiting a current
peak on each curve with different scan rate. At initial stage, the
potential is more positive than the reduction potential of Ni2+,
thus, only nonfaradaic currents (mainly double-layer charging
current) were recorded.34 When the electrode potential reaches
�0.35 V (vs. Ag) reduction of Ni2+ begins. As indicated by the
Butler–Volmer equation current density increases with over-
potential, thus, at this stage reduction current rises dramati-
cally with overpotential.33 As Ni2+ ions are reduced at the
electrode surface, Ni2+ concentration drops progressively,
creating a concentration gradient between the electrode surface
and the bulk solution, which leads to diffusion of Ni2+ from
RSC Adv., 2020, 10, 16576–16583 | 16577
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bulk solution towards the electrode surface. When Ni2+ ions
reduction rate is equal to that of diffusion. The reduction
reaction rate reaches maximum as the control step is switch
from activation polarization to diffusion polarization. With
further increase of overpotential, the current decrease due to
the depletion effect, thus a peaked current–potential curve is
observed.34

Comparing the current peaks at various scan rates, it is
evident that with the rise of scan rate the peak current potential
(Ep) shis negatively and the value of peak current (Ip) increases,
indicating that the reduction of nickel in this ionic liquid is an
irreversible electrochemical process.34 For irreversible electrode
reaction, the relationship between the Ep and scan rates (v1/2)
can be described by eqn (1).35–37

Ep ¼ E.0 � RT

aF

"
0:780þ ln

 
D

1
2

k0

!
þ ln

�
aF

RT

�1
2

#
� RT

aF
ln v1=2

(1)

where E.0 is formal potential of an electrode, V; R is the gas
constant, 8.314 J K�1 mol�1; T is temperature, K; F is the
Faraday constant, 96 485 C mol�1; D is diffusion coefficient, m2

s�1; a is the transfer coefficient; v is scan rate, V s�1. Thus, the
plot of Ep vs. ln v1/2 determined at different scan rates should
have linear dependence with a slope of �RT/aF, from which the
value of transfer coefficient a can be determined. Fig. 3 shows
the Ep vs. ln v1/2 extracted from Fig. 2, it is evident that Ep
decreases with the increase of ln v1/2 exhibiting linear depen-
dence. Using linear tting, a straight line (the red line in Fig. 3)
with the correlation coefficient reaching 0.99 is obtained, with
a slop of �0.063, which then is substituted into eqn (1),
obtaining value of transfer coefficient a ¼ 0.45.

Similarly, for irreversible electrode reaction the following
equation is used to determine the relationship between Ip and
square root of the scan rates v1/2:37,38
Fig. 3 Plot of peak potential against natural logarithm of the square
root of scan rate.

16578 | RSC Adv., 2020, 10, 16576–16583
Ip ¼ �0:4958nFD1
2AC*

�
aF

RT

�1
2

v1=2 (2)

where n is stoichiometric number of electrons in the electrode
reaction; A is the electrode area, m2; C* is the concentration of
Ni2+, mol cm�3. Eqn (2) illustrates that Ip is proportional to the
square root of the scan rates and the slop should be

�0:4958nFD1
2AC*

�
aF
RT

�1
2
. As the value of transfer coefficient a is

already determined, the value of diffusion coefficient D can be
calculated by liner tting the curve Ip vs. v

1/2. Fig. 4 presents the
plot of current peak Ip versus scan rate v1/2 and the tted curve.
Substituting the value of a into eqn (2), the value of the diffu-
sion coefficient D 5.27 � 10�10 m2 s�1 is obtained, which is
slightly lower than the reported values. Thus, in the ionic liquid
used for present study, the diffusion of Ni2+ is the limitation
process for electrodeposition.
The development of Ni grains during electrodeposition

In order to understand the nucleation and growth of nickel
crystal grains, the grain size and population density on coatings
at different stages of electrodeposition were characterized.
Fig. 5(a–c) present the SEM images of Ni coatings deposited on
copper substrate under potentiostatic deposition at �0.6 V (vs.
Ag) in IL with water concentration of 15 wt% at 363 K. It is
evident that spherical grains with different grain size nucleated
and progressively developed on the surface of copper substrate.
As reported by Benjamin Scharier formation of spherical
grains is the result of diffusion limited growth.39,40 The histo-
gram of grain size (measured by ImageJ soware) and pop-
ulation density is shown in Fig. 5(d). Apparently, the
distributions of the grain size are closed to the Gaussian
distribution, which are characterized by the mean sizes of
10 nm, 54 nm and 57 nm for coatings formed with a total
deposition capacity of 0.04 mA h cm�2, 0.08 mA h cm�2 and
Fig. 4 Cathodic peak current of cyclic voltammograms at 333 K under
different scan rates.

This journal is © The Royal Society of Chemistry 2020
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Fig. 5 (a–c) SEM images of Ni coatings formed on copper substrate under potentiostatic deposition at �0.6 V (vs. Ag) and 363 K for a total
capacity of 0.04 mA h cm�2, 0.08 mA h cm�2 and 0.12 mA h cm�2 respectively. (d) Histogram of grain size obtained from (a–c).
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0.12 mA h cm�2 respectively (equivalent to 50 nm, 100 nm and
150 nm of nickel coating). The grain population density for the
three conditions are 2119, 278 and 236 per square micron
respectively. The lognormal distribution of grain size is
commonly observed in various crystallization processes espe-
cially in Kolmogorov–Avrami–Mehl–Johnson (KAMJ) random
nucleation and growth (RNG) processes.40 KAMJ mode assumes
that nuclei are randomly distributed with independently growth
rate, and the growth cease where two particles impinge. Thus,
the nucleation process of nickel in [BMIM][DBP] can be
descripted as follows. At initial stage, nuclei form on the surface
of the electrode with high population density. Each grain grows
independently until impinges on other growing grains at which
point the grains stop growing laterally. Then, electrodeposition
progress steadily with a constant growth rate, and the grain size
and population density of grains remain unchanged, which is
consistent with the model describe in previous work.40,41
The inuence of electrodeposition voltage

Fig. 6 shows the SEM images of the nickel coatings obtained at
363 K by potentiostatic electrodeposition with various voltages
for 1 h. The coating obtained at �0.4 V (vs. Ag) is uniform and
compact, as displayed in Fig. 6(a). For the coating formed at
�0.5 V (vs. Ag), the surface is less uniform, exhibiting cracks and
protuberances. When a voltage of�0.6 V (vs. Ag) was applied, as
shown in Fig. 6(c), many small spherical particles are present on
the surface. Fig. 6(d) presents the coating obtained at a poten-
tial voltage of �0.7 V (vs. Ag), exhibiting rough surface with
many larger spherical particles compared with Fig. 6(c).

At low overpotential, deposition rate is determined by the
reduction reaction rate; the growth of Ni crystal is relatively slow
resulting in relatively ne grains and uniform coatings. When
This journal is © The Royal Society of Chemistry 2020
relatively larger overpotential is applied, deposition rate is
relatively high and is determined by diffusion process, resulting
in relatively large grains and development of protuberances
crystal on coating surface.30,42,43 Therefore, overpotential has
signicant inuence on the morphology of resultant coatings.

The crystal structure of the Ni coating obtained at �0.6 V (vs.
Ag) in 1.0 M NiCl2$6H2O/[BMIM][DBP] at 363 K for 2 hours was
characterized by XRD (Fig. 7). It is evident that there are three
characteristic diffraction peaks at 2q of 43.29�, 50.43� and
74.09�, which are related to (111), (200) and (220) planes of
nickel crystal (JCPDS no. 01-070-1849) respectively. In most re-
ported works the strongest diffraction peak of electrodeposited
Ni coating comes from Ni (111), indicating randomly distrib-
uted grains (JCPDS no. 01-070-1849).25,30,31,38 However, it is
evident that in Fig. 6 that the strongest diffraction peak of the
coating formed in [BMIM][DBP] comes from Ni (220), and that
the peak intensity ratio of I(220)/I(111) reaches 11.27 whereas this
value is around 0.21 in most reported works.25,30,31,38 Thus, XRD
indicates that nickel crystal formed in [BMIM][DBP] has pref-
erential growth orientations.
Inuence of water content in IL

In water- and air- stable ILs, dissolving of water is inevitable. In
previous work, some researchers noticed that the dissolution of
molecule solvent in ILs has signicant inuence on the physical
properties of ILs.44

In order to investigate the inuence of dissolved water in the
IL on the microstructure of the resultant coatings, electrode-
position was conducted in the IL at 363 K with water concen-
trations of 5 wt%, 10 wt%, 20 wt% and 30 wt% under
potentiostatic deposition at �0.6 V (vs. Ag) with total capacity of
0.08 mA h cm�2. At very low water concentration (Fig. 8(a)),
RSC Adv., 2020, 10, 16576–16583 | 16579
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Fig. 6 SEM images of nickel coatings formed on copper substrate at 363 K under potentiostatic electrodeposition at various potential (vs. Ag) (a)
�0.40, (b) �0.50, (c) �0.60, (d) �0.70.
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edges and steps are formed on the surface indicating two-
dimensional growth. Increasing water concentration to
10 wt%, edges and steps are still present on coating surface,
with some spherical particles also being spotted. However, at
higher water concentration the surface morphology is signi-
cantly different, as shown in Fig. 8(c), exhibiting ne grains on
coating surface. When water concentration reaches 30 wt%,
cracks can be seen on coating surface, as revealed in Fig. 8(d).

Fig. 8 shows clearly that water content in the IL affects the
electrodeposition process. At very low water concentration, nickel
mainly grows layer by layer, following two-dimensional growth.
With increasing water concentration, the deposition process
gradually changes to three-dimensional growth. Moreover, elec-
trodeposition in IL with high water concentration results in ne
grains, while high water concentration also brings about cracks. It
is shown in previous study that water content in the IL [BMIM]
[DBP] reduces the viscosity of the solution, and also results in
a drop of pH value.33 Lower viscosity is benecial to ionic migra-
tion, therefore, ne grains are formed in the IL with higher water
16580 | RSC Adv., 2020, 10, 16576–16583
concentration. However, low pH value means high concentration
of H+, which leads to hydrogen evolution and, consequently,
cracks in the coatings.

The surface topography of the nickel coatings obtained in IL
with various water concentration were also characterized using
Keyence X200K 3D laser microscope equipped with VK-H1XMC
multi-le analysis soware. The 3D images are shown in Fig. 9.
The surface roughness obtained from the VK-H1XMC multi-le
analysis soware is presented in Table 1. Fig. 9(a) and (b) show
that at low water concentration the surfaces of the resultant
coatings are relatively rough with many particles. The Ra are 0.36
� 0.02 mm and 0.23 � 0.01 mm for coatings formed in IL with
5 wt% and 10 wt% water concentration respectively. Fig. 9(c) and
(d) show the 3D surface images of the coatings obtained in the IL
with water concentration of 20 wt% and 30 wt%. It is evident that
the surfaces are very smooth with Ra value of 0.034� 0.01 mm and
0.04 � 0.01 mm respectively. Thus, water content in the IL
promotes the formation of smooth and uniform coatings.
This journal is © The Royal Society of Chemistry 2020
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Fig. 7 XRD pattern of the nickel coating obtained by potentiostatic
electrodeposition.

Fig. 8 SEM images showing the surface morphology of the coatings obta
10 wt%, (c) 20 wt%, (d) 30 wt%. Electrodeposition obtained deposited w
a total capacity of 0.08 mA h cm�2.

This journal is © The Royal Society of Chemistry 2020
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The mechanism of Ni2+ reduction in ionic liquid

In order to determine the state of nickel in the IL, electrospray
ionization mass spectrometry (ESI-MS) was employed to anal-
yses both pure IL and IL containing NiCl2. In the positive-ion
mode, the peak of m/z ¼ 486.9 is the strongest peak, followed
by peaks of m/z ¼ 1182.6, 1530.5, 1740.4 and 1392. The peak of
m/z ¼ 486.9 comes from {[BMIM]2[DBP]1}

+ and {[BMIM]4[-
DBP]2}

2+; m/z ¼ 1182.6, 1530.5, 1740.4 and 1392 correspond to
{[BMIM]4[DBP]3}

+ {[BMIM]5[DBP]4}
+ and {[BMIM]5[DBP]5}

+

respectively.44 The peak for parent cation [BMIM]+ can be found
at m/z ¼ 139.1 with relatively low intensity. Similarly, for the
negative-ion model, the intensity of the parent anion [DBP]� is
also very low, and the strongest peaks of m/z correspond to
{[BMIM]2[DBP]3}

�, {[BMIM]4[DBP]6}
2�, {[BMIM]4[DBP]6}

2�,
{[BMIM]3[DBP]4}

� and {[BMIM]4[DBP]5}
�. Thus, it is evident

that several parent cations and anions aggregate with each
other in the IL.45 The ESI-MS of the IL containing NiCl2 shows
similar result as the pure IL except for three new positive ion
peaks at m/z ¼ 963, 1137 and 1311, corresponding to {Ni
ined deposited in the IL with various water concentration: (a) 5 wt%, (b)
ere conducted under potentiostatic deposition at �0.6 V (vs. Ag) for

RSC Adv., 2020, 10, 16576–16583 | 16581
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Fig. 9 Surface topography of the nickel coating electrodeposited in IL with different water concentration at 363 K: (a) 5 wt%, (b) 10 wt%, (c)
20 wt%, (d) 30 wt%.

Table 1 Surface roughness of the coatings obtained in IL with various
water concentrations

Water
concentration

5 wt% 10 wt% 20 wt% 30 wt%

Ra (mm) 0.36 � 0.02 0.23 � 0.01 0.03 � 0.01 0.04 � 0.01
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[BMIM]3[DBP]2Cl2}
+, {Ni[BMIM]3[DBP]3Cl}

+ and {Ni[BMIM]4[-
DBP]3Cl2}

+ respectively. Thus, nickel ions form complexes with
the cluster parent cations and anions in this IL.45–47

Therefore, the reduction of Ni2+ can be described as follows:
rstly, the complexes containing nickel ions ({Ni
[BMIM]x[DBP]yClz}

(2+x�y�z)+) in the solution was absorbed on
the surface of the substrate; then, under applied overpotential,
nickel ion obtained two electrons to form a nickel atom.

Conclusions

In this study, nickel coatings were obtained by electrodeposi-
tion in a water- and air- stable 1-butyl-3-methylimidazolium
dibutylphosphate ([BMIM][DBP]) ionic liquid. The electrode-
position of nickel in [BMIM][DBP] is an irreversible electro-
chemical process. The diffusion of Ni2+ is a rate-determining
step. The diffusion coefficient of Ni2+, determined by cyclic
voltammetry, is 5.27 � 10�10 m2 s�1. Water content in the IL
and applied overpotential have signicant inuence on the
morphology of the resultant coatings. Water in the IL promoted
the formation of uniform coating and enhance hydrogen
evolution. Low overpotential resulted in relative smooth coating
surface while high overpotential increased coating surface
roughness.
16582 | RSC Adv., 2020, 10, 16576–16583
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