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In this work, it found that lead oxide (PbO) can be dissolved well in 1-methylimidazolium 

trifluoromethylsulfonate (MIMTfO) ionic liquid. The electrodeposition of lead from PbO in MIMTfO 

ionic liquid was studied. Cyclic voltammetry studies showed that the reduction of Pb(II) is a 

irreversible and one-step reaction process. Chronoamperometry results presented that the nucleation 

mechanism of lead is fit instantaneous nucleation under diffusion control. The diffusion coefficient of 

Pb(II) at 373 K is approximately 3.6×10
–8

 cm
2 

s
–1

. The electrodeposition experiments were conducted 

at 383 K and 393 K using potentiostatic electrolysis. A compact electrodeposit was obtained at 383 K 

in MIMTfO ionic liquid, which was confirmed to be metallic lead. 
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1. INTRODUCTION 

Lead is a very important metal because of its unique properties and has been widely used in 

various fields, such as lead-acid batteries, electrochromic devices, and semiconductors [1–4]. Lead is 

also the suitable material for exploring oil and gas, protecting radiological medical, shielding industrial 

X-ray, and so on [5,6]. The electrodeposition of lead at low temperature are mainly studied in aqueous 

solutions [7–15]. However, the electrodeposition process often involves hydrogen evolution and 

harmful chemicals (such as corrosive acids and cyanides). To overcome the shortcomings, researchers 

have transferred their attention to ionic liquids, which are considered as excellent media for 

electrodeposition of metals since they usually exhibit very low vapor pressure, excellent conductivity 

and thermal stability, and large electrochemical windows [16,17]. 

The electrodeposition of lead has been reported in several ionic liquids. Hussey et al. [18] 
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reported the electroredcution of Pb(II) in the AlCl3-1-methy-3-ethylimidazolium chloride (66.7-33.3 

mol%) using a glassy carbon electrode at 313 K. It found that the electrodissolution of lead was a 

quasi-reversible reaction, while the reduction of Pb(II) on the glassy carbon electrode exhibited 

progressive nucleation process. The diffusion coefficient of Pb(II) was 9.0×10
−7 

cm
2
 s

−1
. Katayama et 

al. [19] showed the electroreduction of Pb(II) in 1-butyl-1-methylpyrrolidinium 

bis(trifluoromethylsulfonyl)amide (BMPTFSA) ionic liquid with Pb(TFSA)2 as the Pb(II) source. 

Cyclic voltammetry result indicated that the onset electroreduction potential of lead was –0.68 V (vs. 

Ag/Ag
+
). Chronoamperometry result revealed that the diffusion coefficient of Pb(II) at 298 K was 

8.0×10
−8 

cm
2
 s

−1
. The calculated diffusion coefficient was in good agreement with those of divalent 

metal species in BMPTFSA ionic liquid. Additionally, it found that the nucleation mechanism and the 

surface morphology of electrodeposits strongly depended on the deposition potential. Sun et al. [20] 

studied the voltammetric curve of Pb(II) in 1-ethyl-3-methylimidazolium tetrafluoroborate ionic liquid. 

The electrodeposition of lead was performed on a nickel electrode using constant applied potential. 

The nucleation mechanism of lead was much more likely to fit instantaneous nucleation under 

diffusion control. MacFarlane et al. [21] researched the electrochemical behavior and electrodeposition 

morphology of Pb(II) in 1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)amide ionic liquid. 

Cyclic voltammetry experiments presented that the electrochemical behavior of Pb(II) depended on the 

applied working electrode material. The platinum and lead electrodes exhibited the highest current and 

lowest overpotential for the electrodeposition process. Chronoamperometric analysis suggested that the 

electrodeposition of lead at all the applied substrate followed a three-dimensional progressive 

nucleation process. However, the surface morphology of the lead coatings was mainly affected by the 

electrodeposition substrate. Chen et al. [22] found that PbO and PbO2 can be dissolved in protonated 

betaine bis(trifluoromethylsulfonyl)amide ([Hbet][TFSA]) ionic liquid. The uniform lead coatings 

were successfully electrodeposited using potentiostatic and galvanostatic techniques. It also found that 

the morphologies of lead electrodeposits obtained from [Hbet][TFSA] ionic liquid and deep eutectic 

solvents were dissimilar, which may be due to the formation of different lead species in the electrolytes. 

Besides the above mentioned ionic liquids, the electrodeposition of lead from lead oxide has been 

mainly studied in deep eutectic solvents [23–29]. Although the electrodeposition of lead has been 

studied in several kinds of electrolytes, the investigation of electroreduction and nucleation 

mechanisms of lead from PbO in MIMTfO ionic liquid has not been found. 

In this work, the electrochemical behavior and electrodeposition of lead from PbO in MIMTfO 

ionic liquid was reported. SEM-EDS and XRD methods were used to detect the obtained 

electrodeposits. 

 

 

 

2. EXPERIMENTAL 

The MIMTfO ionic liquid (Shanghai Cheng Jie Chemical Co., Ltd, China, 98%) and PbO 

(Aladdin, 99.9%) were used as received. The MIMTfO ionic liquid was melted at 373 K under a argon 

atmosphere, and then PbO was added to the ionic liquid followed by stirring for few minutes until a 

clear and colorless solution was obtained. 
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Cyclic voltammetry and chronoamperometry were achieved under a argon atmosphere using a 

CHI 660E Electrochemical System (Shanghai Chenhua, China). The san rate of the cyclic voltammetry 

studies was 50 mV s
−1

 without mentioned. A tungsten wire (Alfa Aesar, ≥99.95%, 0.157 cm
2
), a 

platinum wire (Alfa Aesar, ≥99.99%), and a silver wire (Alfa Aesar, 99.9%) were used as the working 

electrode, the counter electrode, and the quasi-reference electrode. All the electrodes were polished 

successively with increasingly finer grades of emery paper, cleaned with anhydrous ethanol, rinsed 

with distilled water, and finally air dried before measurements. The electrodeposition experiments 

were performed on a copper plate (Alfa Aesar, 99.9%, 0.25 cm
2
) under a argon atmosphere using 

potentiostatic electrolysis. The lead electrodeposits were cleaned with anhydrous ethanol to remove 

residual ionic liquids. A high-resolution scanning electron microscope (SEM, Shimadzu SSX-550, 

Japan) attached with energy dispersive spectroscope (EDS) working at 15 kV was utilized to study the 

surface morphologies and compositions of the lead electrodeposits. A X-ray diffraction (XRD, 

PANalytical MPDDY 2094, Netherlands) using Cu Kα line working at 40 kV and 40 mA was used to 

determine the phases and structures of the samples. 

 

 

3. RESULTS AND DISCUSSION 

3.1. Cyclic voltammetry 

The electrochemical window of MIMTfO ionic liquid was firstly studied at 373 K using cyclic 

voltammetry (CV) (Fig. 1). Cyclic voltammogram shows that the cathodic and anodic limits for 

MIMTfO ionic liquid are −1.0 V and 3.5 V (νs. Ag), respectively. Therefore, the electrochemical 

window of MIMTfO ionic liquid at 373 K is found to be approximately 4.5 V. In addition, no obvious 

current is observed within the electrochemical window range, indicating that the MIMTfO ionic liquid 

is in a high purity. 
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Figure 1. Cyclic voltammograms of MIMTfO ionic liquid without (dotted) and with (solid) 0.15 mol 

L
−1

 PbO recorded on a tungsten electrode at 373 K. The scan rate was 50 mV s
−1

. 
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Then CV was performed in MIMTfO ionic liquid containing 0.15 mol L
−1

 PbO to investigate 

the electrochemical behavior of Pb(II). As shown in Fig. 1, a reduction wave with peak potential at 

approximately −0.55 V (νs. Ag) and a oxidation wave with peak potential at approximately −0.27 V 

(νs. Ag) are observed in MIMTfO ionic liquid with the addition of Pb(II). It should be noted that the 

reduction and oxidation waves only appeared in the presence of Pb(II) ions. Meantime, the 

electrodeposit obtained in the reduction current peak potential region was further confirmed as metallic 

lead. Thus, the reduction and oxidation peaks corresponding to the electrodeposition and stripping of 

lead. The identical cathodic reaction (Pb(II)+2e
−→Pb) has been reported in literature regardless of the 

Pb(II) sources are oxide or not [18–22,24–29]. In addition, a classic crossover current loop is found, 

which suggests that a nucleation process exists in the electroreduction of Pb(II). The similar nucleation 

phenomenon for electrodeposition of lead has also been found by many researchers [18–21,27,29]. 
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Figure 2. Cyclic voltammograms of MIMTfO ionic liquid containing 0.15 mol L
−1

 PbO recorded on a 

tungsten electrode at 373 K under different scan rates.  

 

Fig. 2 presents the cyclic voltammograms of MIMTfO ionic liquid with PbO as Pb(II) source 

recorded at 373 K under different scan rates. It can be seen that the reduction current peak potentials 

shift toward more negative potential with the increasing of the scan rate and the difference of potential 

(more than 850 mV) between the reduction and oxidation peaks is much more larger than the 

theoretical value expected for a reversible reaction, indicating that the electrode reaction of Pb(II) to Pb 

is irreversible. The similar behavior was also observed for the CV of Pb [20,24,29], La [30], Ni [31–

33], and Co [34,35] in ionic liquids. Based on the analysis of Figs. 1 and 2, it can conclude that the 

electrodeposition of lead in MIMTfO ionic liquid is a irreversible, single-step, and two-electrons 

reaction process. 
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3.2. Chronoamperometry 
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Figure 3. Current density-time transients of chronoamperometric experiments for MIMTfO ionic 

liquid containing 0.15 mol L
−1

 PbO recorded on a tungsten electrode at 373 K. 

 

As mentioned in Fig. 1, a nucleation process exists in the electroreduction of Pb(II). 

Chronoamperometry was performed at 373 K to further determine the nucleation mechanism of lead in 

MIMTfO ionic liquid. It was performed by starting the potential of the working electrode from a value 

at which no Pb(II) electroreduction occurred to a value where sufficiently negative to initiate the 

nucleation and growth process. Fig. 3 presents the obtained current-time transient curves. It can be 

seen that all these transient curves display the typical behavior of a nucleation process [18–

21,24,29,31,33,35,38,39]: after the decay of a sharp electrode double-layer charging current, an 

increase in the faradaic current was observed due to the nucleation and growth of Pb nuclei. The 

cathodic current reaches a peak current maximum, im, as the discrete diffusion zones of individual 

growing crystallites begin to overlap at time tm. All the current transients decay slowly after tm because 

of the increase in the diffusion layer thickness. im increases and tm decreases with increasing the 

applied cathodic potential. The currents decay linearly with t
–1/2

, which is consistent with the Cottrell 

equation [36]: 

 I = nFAD
1/2

C(πt)
 –1/2

 (1) 

where I is the current passing through electrolyte in A, n is the number of transferred electrons, 

F is the Faraday constant, 96485 C mol
–1

, A is the electrode area in cm
2
, D is the diffusion coefficient 

of electro-active species in cm
2
 s

–1
, C

 
is the bulk concentration in mol cm

–3
, and t is the time in s. The 

plots of current density (j) vs. time (t
–1/2

) for four potentials almost give a straight line (Fig. 4) similar 

to the result reported in references [24,33]. Using Eq. (1) and the obtained slopes, the diffusion 

coefficient of Pb(II) in MIMTfO ionic liquid for different potentials can be obtained, as presented in 

Table 1. Therefore, the average value of the diffusion coefficient for Pb(II) at 373 K was calculated to 

be 3.6×10
–8

 cm
2 

s
–1

. 
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Figure 4. Variation of current density (j) with time (t
−1/2

) for the decreasing portions of the current 

density-time transients in Figure 3 during the electrodeposition of lead on a tungsten electrode 

at 373 K. 

 

Table 1. The diffusion coefficient of Pb(II) calculated from the Cottrell equation at different potentials. 

 

Potential (V) D (cm
2
 s

−1
) 

−0.46 1.8×10
−8

 

−0.48 2.0×10
−8

 

−0.50 4.4×10
−8

 

−0.52 

Average 

6.2×10
−8

 

3.6×10
−8

 

 

Table 2. Comparison of the diffusion coefficient of Pb(II) in various ionic liquids. 

Authors System Temperature (K) D (cm
2
 s

-1
) 

Hussey et al. [18] PbCl2 in AlCl3-EMIC 313 9.0×10
-7

 

Katayama et al. [19] Co(TFSA)2 in BMPTFSA 298 8.0×10
-8

 

MacFarlane et al. [21] Pb(TFSA)2 in EMIMTFSA 293 1.3×10
-7

 

Reddy et al. [24] PbO in urea-choline chloride 363 2.4×10
-7

 

Sun et al. [29] PbO in urea-choline chloride 363 2.2×10
-7

 

Sun et al. [29] PbO2 in urea-choline chloride 363 9.1×10
-8
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Sun et al. [29] PbSO4 in urea-choline chloride 363 8.6×10
-8

 

Bhatt et al. [37] Pb(NO3)2 in DIMCARB 298 1.4×10
-7 

This work PbO in MIMTfO 373 3.6×10
-8

 

 

A summary of chronoamperometry studies on diffusion coefficient of Pb(II) ions in various 

ionic liquids is given in Table 2. It shows that the diffusion coefficient values for Pb(II) ions are 

generally in the range of 10
-7 

to 10
-8

 with different applied temperatures, Pb(II) sources, and ionic 

liquids, which may be mainly due to different physicochemical properties of used ionic liquids and 

different electro-active species formed in ionic liquids. 

According to the Scharifker-Hills nucleation model, the nucleation mechanism can be 

classified as either instantaneous (Eq. (2)) or progressive (Eq. (3)). The instantaneous model refers to 

that all nucleation sites are activated at the same time after the potential step, while the progressive 

model refers to that the nucleation sites are gradually activated when the potential is applied [38,39]. 

The two nucleation mechanism can be distinguished by comparing the experimental data to the 

theoretical dimensionless (i/im)
2 
vs (t/tm) curves. 

  (2) 

  (3) 

Based on the above mentioned treatment, the normalized experimental and theoretical plots 

were depicted. As shown in Fig. 5, it can be seen that the reduction of Pb(II) on the tungsten electrode 

is much more likely to fit instantaneous nucleation with diffusion control. A similar instantaneous 

nucleation mechanism for lead electrodeposition has also been reported in BMPTFSA [19] and 

EMIMBF4 [20] ionic liquid, and deep eutectic solvents [24,29].  
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Figure 5. Comparison between theoretical and experimental (i/im)
2
 vs. (t/tm) plot for lead 

electrodeposition on a tungsten electrode at different potentials. 
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However, the electrodeposition of lead involved the progressive nucleation mechanism was 

observed in AlCl3-EMIC [18], EMIMTFSA [21], and DIMCARB (a mixture of adducts of 

dimethylamine and carbon dioxide) [37] ionic liquids, indicating that the type of ionic liquids may 

have an effect on the nucleation mechanism. 

Once the nucleation process was determined to be instantaneous, the diffusion coefficient of 

Pb(II) can also be determined using the following equation [38,39]: 

 m

2

mtj  = 0.1629(nFC)
2
D (4) 

where jm is the maximum current density in A cm
–2

. Using Eq. (4) and the values of jm and tm 

obtained from the current density-time transients, the diffusion coefficient of Pb(II) in MIMTfO ionic 

liquid for different potentials can be obtained (Table 3), and the average value of the diffusion 

coefficient for Pb(II) was calculated to be 2.8×10
–8

 cm
2 
s

–1
, which is close to the value (3.6×10

–8
 cm

2 
s

–

1
) calculated from the Cottrell equation. 

 

Table 3. The diffusion coefficient of Pb(II) calculated from the maximum of current density-time 

transients at different potentials. 

 

Potential (V) D (cm
2
 s

−1
) 

−0.46 1.4×10
−8

 

−0.48 2.2×10
−8

 

−0.50 3.3×10
−8

 

−0.52 

Average 

4.4×10
−8

 

2.8×10
−8

 

 

In addition, the number density of nucleation (N) can be determined using the following Eqs. 

(5) and (6) [38,39]: 

 jm = 0.6382nFCD(kN)
1/2

 (5) 

 k = (8πCM/ρ)
1/2

 (6) 

where N is the number density of nucleation in cm
–2

, k is a numerical constant determined by 

the experimental conditions, M and ρ are the molecular weight (207.2 g mol
–1

) and density (11.3 g cm
–

3
) of the deposited material, lead, respectively. Using Eq. (5) and the values of jm and k, the number 

density of nucleation for Pb(II) can be obtained, as presented in Table 4.  

 

Table 4. The number density of nucleation for Pb(II) at different potentials. 

 

Potential (V) N (cm
−2

) 

−0.46 1.2×10
8
 

−0.48 2.9×10
8
 

−0.50 9.9×10
8
 

−0.52 1.4×10
9
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It can be seen that the number density of nucleation for Pb(II) lies between 1.2×10
8
 cm

–2
 and 

1.4×10
9
 cm

–2 
at 373 K and it increases with the increasing of the applied cathodic potential. 

 

3.3. Electrodeposition and characterization of lead 

Fig. 6 presents the SEM micrographs of the lead coatings electrodeposited at −0.50 V in 

MIMTfO ionic liquid containing 0.15 mol L
−1

 PbO at 383 K and 393 K. It shows that a uniform and 

compact electrodeposit is observed at 383 K (Fig. 6a), while a dendritic electrodeposit is observed as 

the temperature increased to 393 K (Fig. 6b), which may be mainly due to the different deposition rate 

at different temperature. The chemical composition of the obtained coating was also analyzed using 

EDS spectrum.  

 

 
 

Figure 6. SEM micrographs of lead electrodeposits obtained from MIMTfO ionic liquid containing 

0.15 mol L
−1

 PbO at −0.50 V on a copper substrate at different temperatures: (a) 383 K, and (b) 

393 K. 
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Figure 7. EDS spectrum of the lead electrodeposit obtained from MIMTfO ionic liquid containing 

0.15 mol L
−1

 PbO on a copper substrate at −0.50 V and at 383 K. 
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Figure 8. XRD pattern of the lead electrodeposit obtained from MIMTfO ionic liquid containing 0.15 

mol L
−1

 PbO on a copper substrate at −0.50 V and at 383 K. 

 

As shown in Fig. 7, it only exhibits the strong peaks of lead, indicating that the main chemical 

composition of the obtained electrodeposit is lead. Moreover, it is not found any obvious impurity 

peaks, which indicates that the obtained electrodeposit is free of residual ionic liquid.  

The crystalline structure of the obtained electrodeposit was investigated using XRD (Fig. 8). It 

can be seen that all the marked peaks in the pattern can be assigned to metallic lead except the peaks of 

the copper substrate. Meantime, the obtained lead electrodeposit exhibits eight diffraction peaks (111), 

(200), (220), (311), (222), (400), (331), (420), and the diffraction peak of (111) is the strongest, 

indicating that a favorable orientation was formed. The identical favorable orientation was also 

observed for lead electrodeposition obtained in EMIMBF4 [20], EMIMTFSA [21], and DIMCARB [37] 

ionic liquids. 

 

4. CONCLUSIONS 

The MIMTfO ionic liquid can dissolve PbO very well and was used as the electrolyte to study 
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the electrodeposition of lead at 373 K in this work. Cyclic voltammetry studies showed that the 

reduction and oxidation peaks corresponding to the electrodeposition and stripping of lead are 

observed. Chronoamperometry results revealed that the electroreduction of Pb(II) on the working 

electrode is much more likely to fit instantaneous nucleation. Calculated from the Cottrell equation, the 

diffusion coefficient of Pb(II) was found to be approximately 3.6×10
–8

 cm
2 

s
–1

 at 373 K, which is close 

to the value (2.8×10
–8

 cm
2 

s
–1

) obtained from the maximum of current density-time curves. 

Additionally, the number density of nucleation for Pb(II) was obtained and it increases with the 

increasing of the applied cathodic potential. A compact lead electrodeposit was achieved at lower 

temperature, which was confirmed to be metallic lead by EDS and XRD. 
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