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The electrochemistry of Ni(ll) was studied with voltammetry and chronoamperometry at glass carbon
(GC), mild steel (MS) and Pt electrodes in 1-ethyl-3-methylimidazolium (EMIC) ionic liquid with
ethylene glycol. Cyclic voltammetry results shows that Ni(Il) could be reduced to nickel metal via a
single-step electron transfer process. However, the anodic dissolution of the nickel deposits was
sluggish. In addition, the initial reduction potential of Ni(Il) shifted positively as the temperature or
concentration of Ni(II) increased. The diffusion coefficient of Ni(Il) was estimated to be 4.6x10"cm?
s'. The average activation energy for diffusion coefficient is about 21.75 kJ/mol. The
electrodeposition of nickel proceeds via three-dimensional instantaneous nucleation with diffusion-
controlled growth on both glassy carbon and Pt substrates. Smooth and dense Ni deposits can be
obtained from EMIC ionic liquid with glycol.
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1. INTRODUCTION

The electrodeposition of nickel and its alloys has attracted much interest for their variety of
commercial applications, such as decoration, corrosion and heat resistance, magnetic recording
devices, etc[1-3]. Technological developments in recent years like micro-electromechanical systems
require a better control of the morphology of the Ni and its alloy deposits[4-6]. Nickel and its alloys
are generally electrodeposited from aqueous solutions. However, it is difficult to prevent hydrogen
evolution, which leads to the low current efficiency and worse quality of deposits due to the hydrogen
embrittlement[7-9]. Currently, the aspects of using ionic liquid electrodeposited metal has made great
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progress[10]. The ionic liquids are expected to be the ideal alternative electrolyte for electrodeposition
of various metals, since they posses unique chemical and physical properties such as wide
electrochemical window, negligible vapor pressure, good conductivity, low melting point, wide
temperature range for the liquid phase, and free from hydrogen evolution.

The electrodeposition of Ni has been mainly studied in acidic chloroaluminate or chlorozincate
ionic liquids[11-20] except the TFSA™ -based (TFSA™: bis(trifluoro- methylsulfony) amid) and DCA" -
based (DAC": dicyanamide). In case of chloroaluminate or chlorozincate ionic liquids, the fact that
aluminum is able to be electrodeposited on metals such as nickel, cobalt, and gold through
underpotential deposition (UPD) makes it difficult to obtain pure Ni. Thus, the ionic liquids containing
no metal species are promising for electrodeposition Ni and its alloy. Among the ionic liquid without
metal species, 1-ethyl-3-methylimidazolium chloride (EMIC) ionic liquid is expected to be preferable
for electrodeposition of various pure metal including Ni because this ionic liquid shows good ability to
dissolve many metal compounds. Moreover, the addition of ethylene glycol (abbreviated EG) and
glycerin (abbreviated G) in the electrolyte could improve the smoothness and color of the deposits and
also increase the current efficiency[21]. However, the electrochemistry and electrodeposition of Ni has
not been reported in this ionic liquid with EG. The understanding of the electrochemical behavior of
Ni(l1) is important for the control of the morphology and quality of Ni and its alloys. In this article, the
electrochemical behavior of Ni(ll) was investigated in a mixture of EMIC and EG (expressed as
EMIC-EG solution) at various temperature.

2. EXPERIMENTAL

EMIC (Aldrich, 99.9%) was dried under vacuum at 353 K for 48 hours. Ethylene glycol
(Sinopharm Chemical Reagent Co., Ltd. >99.0%) was dehydrated by molecular sieve. Anhydrous
NiCl; (Sinopharm Chemical Reagent Co., Ltd. >99.0%) was heated up to 393 K and further dehydrated
under vacuum for more than 10 hours. EMIC-EG solution was prepared by mixing EMIC ionic liquid
and EG with molar ratio of 1:2 at 353 K. The bright green electrolyte was obtained by dissolving a
certain amount of anhydrous NiCl; into the EMIC-EG solution.

All electrochemical experiments were conducted in a nitrogen gas-filled glove box (O, and
H.O < 5 ppm). The electrochemical experiments were accomplished using a Gamry PC14/300
electrochemical work station. A three-electrode electrochemical cell was used for all electrochemical
experiments. The mild steel (MS) working electrode (geometric area 0.1256 cm?) was made by
inserting a piece of mild steel rod into a Teflon tube. The glassy carbon and platinum working
electrode (geometric area 0.1256 cm?) was purchased from Electroanalytical Systems. The MS
electrode was polished successively with increasingly finer grades of emery paper followed by silicon
carbide grit, and finally to a mirror finish with aqueous slurry of 0.05um alumina, rinsed with distilled
water, and dried under vacuum. The glassy carbon and platinum working electrode were polished with
0.05 um alumina, rinsed with distilled water and finally dried under vacuum. Bulk electrodeposits
were prepared on mild steel foils (1.0 x 0.5 cm, Aldrich). The counter electrode was a platinum spiral
(Kunming Institute of Precious Metals, 99.99%) immersed in EMIC-EG solution. The reference
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electrode was a Ag wire (Aldrich, 99.99%) placed in a separate fritted glass tube containing pure
EMIC-EG solution of the same composition as the bulk solution. The electrolyte was heated to
different experimental temperature between 333 and 363 K and allowed to stabilize at that temperature
for 10-15 min. The deposition experiments were carried out by galvanostatic method.

The morphological characterization and elemental analysis of the Ni deposits were carried out
using Philips XL30 scanning electron microscope (SEM). The phase analysis of the alloys
electrodeposited was examined by a Rigaku D/max 2200 X-ray diffractometer (XRD) which uses
monochromatic CuKa. radiation (A= 1.5406 A).

3. RESULTS AND DISCUSSION

3.1 The cyclic voltammograms studies
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Figure 1. Cyclic voltammograms of 0.1 mol/L NiCl, in EMIC-EG solutions at different electrodes.
The scan rate was 100 mV/s and temperature was 353 K.

Ni(Il) was introduced into the EMIC-EG solution by dissolution of NiCl, at 353 K to give
bright green solutions. The typical cyclic voltammograms (CVs) for the Ni(ll) in the EMIC-EG
solution at glassy carbon, steel mild, and platinum electrodes are shown in Fig. 1. Because the
oxidation of iron occurs at a potential near that of nickel, the anodic scan was stopped before the
stripping wave would occur. These voltammograms exhibits a single reduction wave with a peak
potential around -0.7 V during the cathodic scan, and an oxidation wave with a peak potential around 0
V during the anodic scan. The reduction peak shown in Fig.1 is very broad and the integrated electric
charges under the reduction peaks is larger than that integrated from the oxidation peak, suggesting the
electrodeposited Ni during the cathodic scan could not be stripped completely during the anodic scan,
probably because the concentration of Ni(ll) near the electrode increased up to its saturated
concentration quickly resulting in the hindrance of the anodic dissolution. The similar behavior has
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been observed for the cyclic voltammetry of Ni in 1-butyl-3-methylpyrrolidinium
bis(trifluoromethylsulfonyl) amide and 1-ethyl-3-methylpyrrolidinium dicyanamide. However, the
electrodeposition of Ni at the mild steel electrode occurs at a potential more negative than that at the
glassy carbon or Pt electrode. Furthermore, the current loop that is typical of deposition processes
requiring nucleation overpotential is apparent in the voltammogram recorded at glassy carbon
electrodes. No notable nucleation overpotential feature is observed in the voltammogram recorded at
the mild steel and Pt electrode. These results indicate that the electrodeposition of Ni may more facile
at mild steel electrode than at the glassy carbon and Pt electrodes.

The cathodic peak potential shifted negatively and the peak current increased as the scan rate
was increased (see supporting information). The typical data resulting from a series of cyclic
voltammetric experiments at different scan rates, v, are collected in Table 1. The values for | Epc - Epclzl
, Where E, is peak potential and Ep; is half-peak potential, are larger than the theoretical value of
0.012 V expected for a reversible two-electron electrode process at 353 K. Overall, these results
suggest that the Ni(ll) reduction is quasi-reversible at glassy carbon, mild steel and platinum
substrates. Similar quasi-reversible behavior was previously found for Cd(ll) in a acidic ZnCl,-EMIC
melt[22] and for Sn(I1) and Zn(l1) in acidic AICI;-EMIC melts.

At the glassy carbon, mild steel and Pt electrodes, the peak current (Ip) increases linearly with
the increasing of the square root of the potential scan rate (v*2), which suggests Ni deposition process
iIs mainly controlled by diffusion[11]. The diffusion coefficient of the Ni(ll) can be estimated to be
4.6x10"cm?/s according to the Egs. (1) and (2)[23].

1.857RT
E -E |—200 1
BB )

1 1
i =0.496NFCAD? (%)2 ()

where @ n, i, ¢, A and D mean transfer constant, electron transfer number, reduction peak
current, concentration of Ni(ll), electrode area and diffusion coefficient, respectively.

Table 1. Summary of voltammetric data for the reduction of 0.1 mol L™ Ni (I1) at different stationary
electrode at 353 K

electrode V(mVis) | E (V) | En(V) IEo-Epal(V) | ig(A-cm™) | i “(A s7° V™)
GC 10 -0.675 -0.610 | 0.065 6.05x10* | 0.00605
25 -0.702 -0.625 | 0.077 9.60x10* | 0.00607
50 -0.731 -0.648 | 0.083 1.35x10° | 0.00603
75 -0.751 -0.663 | 0.098 1.65x10° | 0.00602
100 -0.768 -0.681 | 0.087 1.94x10° | 0.00614
Pt 10 -0.771 -0.705 | 0.066 1.04x10° | 0.10347
25 -0.822 -0.747 | 0.075 1.57x102 | 0.09936
50 -0.870 -0.780 | 0.090 2.06x102 | 0.09196
75 -0.901 -0.798 | 0.103 2.41x10° | 0.08796
100 -0.923 -0.815 | 0.108 2.77x10° | 0.08766
MS 10 -0.754 -0.683 | 0.071 6.04x10* | 0.00604
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25 -0.784 -0.694 | 0.090 9.14x10™* | 0.00578
50 -0.813 -0.710 |0.103 1.29x10° | 0.00576
75 -0.824 -0.709 | 0.115 1.55x10° | 0.00566
100 -0.832 -0.712 | 0.120 1.76x10° | 0.00557
15 4
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Figure 2. Cyclic voltammograms of GC electrode in EMIC-EG solution containing 0.1 mol/L NiCl, at
different temperature. The scan rate was 200 mV s™. The insert shows the dependence of the
logarithm of the diffusion coefficient on the reciprocal of temperature

Fig. 2 shows the cyclic voltammograms of a glassy carbon electrode in the EMIC-EG solution
containing NiCl, (0.1 mol/L) at various temperatures. The reduction peak current (ip) increased, the
potential of reduction peak shifted positively and the separation between the reduction and oxidation
peaks became smaller with elevating temperature, indicating that reaction rate increased and
overpotential for electrodeposition of Ni in EMIC-EG solution decreased at higher temperature. This is
not surprising because at higher temperature the charge transfer and mobility of the electroactive
species will increase while the nucleation overpotential will be decrease. According to the method
mentioned above, the diffusion coefficients at different temperatures were estimated and shown in
Table 2. The diffusion coefficient increased with elevating temperature, obeying the Arrhenius’ law as

follow:

IgD = —i+ C 3)

2.303RT

Where D is diffusion coefficient, T is the absolute temperature, Ep is diffuction activation
energy, R is gas constant and C is constant term. From the dependence of the logarithm of the
diffusion coefficient on the reciprocal of temperature shown in Fig.2 (inserted), the diffusion activation
energy of Ni(ll) in EMIC-EG containing NiCl; (0.1 mol/L) is caculated to be 21.75 kJ/mol, which is
close to that in BMPTFSA ionic liquid containing 0.1 mol/L NiCl, (26 kJ/mol)[24]. It is well known

that the electrode reaction is controlled by diffusion when activation energy is less than 40 kJ/mol[25].
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This result again illustrated that Ni deposition process was mainly controlled by diffusion in EMIC-EG
solution containing NiCl, (0.1 mol/L).

Table 2. The diffusion coefficient at different temperature

T/K 335 345 355 365
D/x10cm?®/s | 2.55 3.03 3.96 4.78
10
—— 0.02mol/L
R 0.05mol/L
81 ‘ 0.075mol/L
B~ N SR 0.10mol/L
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Figure 3. Cyclic voltammograms recorded at glassy carbon electrode in EMIC-EG solution containing
various concentration of Ni(Il). The scan rate was 25 mV s™ and temperature is 353 K. The
inset shows the linear relationship between reduction peak current (l,c) and Ni(ll) concentration

Fig. 3 shows the cyclic voltammograms recorded at glassy carbon electrode for solution
containing different concentration of Ni(ll) from 0.02 to 0.10 mol L™ As shown in Fig. 3, the
reduction potential shifted positively and the reduction peak current increased with increasing of the
Ni(Il) concentration. When the cathodic peak current, ip, was plotted against the Ni(ll) concentration, a
linear relationship between i, and Ni(ll) concentration is observed as shown in the inset of Fig. 3.
These results indicate that the deposition of Ni becomes more facile with increasing of Ni(ll)
concentration.

3.2 Nucleation and growth of nickel electrodeposition

To further study the nucleation/growth process for the electrodeposition of Ni(ll),
chronoamperometry experiments were performed at glassy carbon and Pt, and mild steel electrodes.
These experiments were carried out by stepping the potential of the working electrode from a value
where no reduction of Ni(ll) would occur to potentials sufficient negative to initiate nucleation/growth
process after a short induction time. It was found that in the 25-75 mol % EMIC-EG solution, the Ni
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nucleation occurred with an extremely short induction time and the experimental current-time
transients were not very reproducible at all the three electrodes. Similar behavior was also observed at
the Ni electrode in the 50.0-50.0 mol % ZnCl,-EMIC melt. Thus, only the results obtained at glassy
carbon and Pt electrodes in the 25-75 mol % EMIC-EG solution are discussed.
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Figure 4. Current-time transients of the chronoamperometric experiments recorded at (a) glassy
carbon and (b) Pt electrodes for 0.1 mol L™ Ni(ll) species in the EMIC-EG solution. The
temperature is 353 K

Fig. 4 displays the typical current-time transients from the chronoamperometry experiments for
nickel deposition in the EMIC-EG solution at glassy carbon and Pt electrodes. These transients all
exhibit the classic shape for a three-dimensional nucleation process: after the decay of a sharp
electrode double-layer charging current, the faradaic current increases due to the nucleation and growth
of Ni nuclei. This rising current eventually reaches a current maximum, in, as the discrete diffusion
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zones for each of the growing crystallites begin to overlap at time t,,. After time ty, the current starts to
decay due to the increase of the diffusion layer thickness.
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Figure 5. The current varies linearly with the reciprocal of square root of the time
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(b) Pt electrode

Examining the current-time transients in Fig. 4 reveals that the nucleation/growth process of Ni
at glassy carbon electrode reaches t,, faster than at Pt electrode, and the values of the i, observed at
glassy carbon are in general higher than those observed at Pt. These observations suggest that the
nucleation/growth of Ni occurs at glassy carbon substrate more readily than at Pt substrate. It can also
be seen in Fig. 4 that after current maxima (ty), all the current transients decayed slowly and, for a
longer time, almost merged into a common curve, which was caused by diffusion control and can be
described by the Cottrell equation as follows[26]:
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where i is the current density, n is the number of electrons involved, F is the Faraday constant,
D is the diffusion coefficient, C is the concentration of species in the bulk, and t is time. On the basis
of the Cottrell equation, the diffusion coefficients of Ni(ll) in EMIC-EG media were also estimated by
analyzing the part after the maximum of current transients. The current varies linearly with the
reciprocal of square root of the time as shown in the Fig. 5. Accordingly, The diffusion coefficient for
Ni(11) in EMIC-EG solution was caculated to be 5.36x10"cm? s, which was in good with that from
cyclic voltammograms. The value of diffusion coefficient for Ni(ll) is approximate to or smaller than
that obtained in the AICIs-EMIC (2.1x107 cm? s?[27]and 2.8x10° cm? s™[28]) and [Emim]DCA
(2.1x10°® cm? s*[29]) ionic liquid.
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Figure 6. Comparison of the dimensionless experimental current-time transients derived from the
chronoamperometric experiments for 0.1mol L™ Ni(Il) species in the EMIC-EG solution at (a)
glassy carbon and (b) Pt electrodes. The temperature is 353 K.
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The experimental current-time transients can be expressed in normalized dimensionless forms
to generate plots of (i/im)® vs. (t/tn). These experimental plots are compared to the theoretical
dimensionless current transients derived for the case of three dimensional instantaneous (Eq.(4)) and
progressive (Eq.(5)) nucleation, respectively[30]:

(i/i, ) =1.9542f1—exp[-1.2564(t /1, )| (t /1, )* (4)

(i/i, ) =1.22580-exp|-2.3367(t/1, P [ (t/t,)* (5)

The experimental and theoretical plots are shown in Fig. 6. It is apparent from this figure that
the electrodeposition of Ni at both glassy carbon and Pt substrates follows the three-dimensional
instantaneous nucleation/growth process. This behavior is different from that observed for the
electrodeposition of Ni in the [EMIm]DCA and Lewis acidic AICI3-EMIC ionic liquid , in which the
reduction of Ni proceeded via three-dimensional progressive nucleation/growth[29,31].

3.3 Electrodeposition of Ni

Figure 7. SEM micrographs of the deposit

The electrodeposition of Ni on a mild steel substrate in EMIC-EG containing 0.1 mol L™ Ni(lI)
was performed by galvanostatic electrolysis with the current density of 1mA cm™? In the
electrodepositing experiments, a Ni sheet was immersed in the electrolytic solution as the counter
electrode in order to compensate for the consumption of Ni specious. A smooth and adhesive
electrodeposit with slight brightness was obtained. Fig. 7 shows the SEM image of the deposit. The
deposits are dense and the particle sizes were under 100 nm. The particle size of deposit was
significantly smaller than that obtained in BMPTFSA ionic liquid by galvanostatic electrolysis[32] and
in [BMIm]DCA by potentiostatic electrolysis[29]. The X-ray diffraction pattern for the deposits is
shown in Fig.8. All XRD peaks are indexed to Ni and Fe substrate, which indicates that the deposits
are mainly composed of Ni. The X-ray reflection of Ni broadening was observed, suggesting the grain
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size of the Ni deposit is very small. This result is consistent with the SEM analysis (Fig. 7). Moreover,
XRF analysis showed that the deposit was mainly composed of Ni.
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Figure 8. The XRD pattern of Ni deposits

4. CONCLUSIONS

The electrochemistry of Ni(ll) was investigated in the EMIC ionic liquids with EG (EMIC-EG
solution). Ni(Il) could be reduced to nickel metal via a single-step electron-transfer process. In contrast
to the three-dimensional progressive nucleation/growth that was observed for the electrodeposition of
Ni in the [EMImM]DCA and Lewis acidic AICI;-EMIC ionic liquid, the electrodeposition of Ni in
EMIC-EG solution at both Pt and glassy carbon substrates involves three-dimensional instantaneous
nucleation/growth. The growth of Ni nuclei at Pt and glassy carbon is diffusion limited. The diffusion
coefficient of Ni(ll) in EMIC-EG solution is (4.6+1.1)x10"cm? s™* from cyclic voltammograms and
chronoamperometric are approximate to or smaller than that obtained in the AICI;-EMIC and
[EMIM]DCA ionic liquid. The average activation energy for diffusion coefficient is about 21.75
kJ/mol. The obtained deposits on steel mild substrate are dense and smooth. This results revealed in
this study indicate that EMIC-EG solution can be a promising electrolyte for the electrodeposition of
various Ni alloys.
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Figure 1S. Cyclic voltammograms of glassy carbon electrode in EMIC-EG solution containing 0.1
mol/L NiCl, at different scan rate. The temperature was 353 K.



Int. J. Electrochem. Sci., Vol. 10, 2015

i/(mA/cm?)

1991

30
25 — 10mV/s
1 | 25mV/s
20 50mV/s
1 | 75mV/s
154 | 100mV/s
10
5
Y ..~
54
-10 -
T T T T T T T T T T T T T T
0.2 0.0 0.2 0.4 -0.6 0.8 -1.0 -1.2 -1.4

Potential(vs. Ag/AgCI)/V

Figure 2S. Cyclic voltammograms of Pt electrode in EMIC-EG solution containing 0.1 mol/L NiCl, at
different scan rate. The temperature was 353 K.
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Figure 3S. Cyclic voltammograms of mild steel electrode in EMIC-EG solution containing 0.1 mol/L
NiCl, at different scan rate. The temperature was 353 K.
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