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Abstract: This paper reports the electrodeposition of Rbgfion Pt using ionic liquids based on choline dhkx ethylene
glycol eutectic mixture (ChCI-EG, 1:2 moles) in t48-65°C temperature range. Lead ion (as Bp@las dissolved in
ChCI:EG ionic liquid at concentrations in the rargfel-5 mM. The mechanism &b electrodeposition was investigated
by cyclic voltammetry and electrochemical impedaspectroscopy. Cyclic voltammograms show a singtadic peak
of Pb deposition, with an amplitude increased wiitf* concentration, scan rate or temperature. Nyquist Bode
impedance spectra show differences in Pt behaveralits polarization at various cathodic potdstia
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1. Introduction processes in aqueous solutions. lonic liquids show
reasonable ionic conductivity (similar to most remueous
Besides the common use in lead - acid batteriesrandelectrolytes), have a large potential window antteswely
plating of electronic components, metallic lead da low vapor pressure.
attractive element, due to its superconductivitysome Reports of the electrodeposition of lead from ionic
conditions [1]. Electrodeposition from aqueous tioluis a  liquid media are relatively fewer, in spite of itsany
current technique for obtaining lead films with sgriate advantages, including cost-effectiveness, largéesca
properties. Duboigt al. [2] reported that lead nanowiresProduction and precise control of composition and
grown via electrodeposition in the nanopores of trackthickness of materials [7]. In recent years an irtgnd
etched polymer membranes possess the characteristic Progress has been obtained on the extraction grattateon
superconductivity. Using such procedure, Pb naresvir Of nonferrous metal in ionic liquids by metal oxide
were prepared by pulse electrodeposition [3]. Lisadlso Processing. ~ Thus, the  protonated betaine  bis
involved in PbTe and PbSe electrodeposition usingfifluoromethyl sulfonyl)imide ([Hbet]Tf2N) was esl as
aqueous media, both semiconductors being useful i@nic liquid for solubilization of lead oxide (Pb(@8,9].
thermoelectronic, optoelectronic, spintronic desicnd It has also recently been shown that a new iogiddi
photovoltaic converters [4]. can be formed as eutectic mixture of choline cher{2
However, lead is one of the most toxic elementscivhi hydroxy-ethyl-trimethyl-ammonium, ChCI)  with a
have strong negative effect on plants as well aswman hydrogen bond donor species such as a glycol, awovide
and animal health. Although the hazards posed &y e carboxylic acid [10]. In this deep eutectic solvethe
recognized for decadeS, on|y in recent years tgs|w|on SOlUblIlty of metal salts or oxides is increasedaat that
stimulates the restriction of its use. In the Eeamp has importance in the recovery of correspondingatset
Community there is a clear tendency to phase eutigle of [11]. For instance, using such ionic liquids conitag
dangerous lead technok)gies_ Therefore, thereisidled to ChCl, Abbottet al. [12] have succeeded to recover metallic
develop alternative electrolytes which can be tiseulace lead together with other non-ferrous metal (ziraraium
of lead containing ageuous electrolytes. The pregos€tc.) by processing of electric arc furnace dust.
solutions should be ionic liquids. In the present work the electrodeposition of Pindil
lonic liquids are electrolytes forming liquids thatusing the eutectic of choline chloride and ethylgheol
consist only in cations and anions. They have vecei (1:2 moles) as supporting electrolyte is report@the
great interest recently because of their unususpenties; Procedure  of  electrodeposition  applied is  an
are miscible with certain organic solvents and/ates, €nvironmentally friendly method compared with the
good solubility of inorganic and organic materiatgn- conventional methods of electrodeposition usingeags
inflammable and thermally stable. Room-temperatomic ~ baths, because of replacement of many hazardoumzicd
liquids are the promising electrolytes for thematerials currently used in galvanic industry.
e|ectr0depositi0n of various metals, a||oy5 or In spite of the lack of data of SO|Ubi|ity of Ieadlts, it
semiconductor compounds [5,6]. The advantages exfeth is expected for Pb precursor (PBQb dissolve in a large
novel baths include: electroplating of very elentrgative amount in ChCl based ionic liquids. Cyclic voltanirye
metals,e.g. Mg, Al, Ta, Nb, Mo, W; significantly reduced and electrochemical impedance spectroscopy (EISE we
hydrogen evolution as compared with the acidic agse chosen as electrochemical techniques in order iberge
baths; lower electrical energy consumption comyaviith electrochemical couples of deposition/ dissolutibb.
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2. Experimental reversible process. A new increase of current atemo
negative potentials than -0.8 V was attributed he t
The supporting electrolyte was prepared by mixin@athodic process of ionic liquid (of choline cadion

choline chloride (ChCI, Aldrich 99%, used as pussth In the corresponding positive going scan, two oe¢h
without recrystallization or drying) with ethylenglycol —anodic peaks were successively noticed it behavior
(EG, Aldrich 99%). By gently heating the two compats IS more complex. Thus, in Fig. 1 the first oxidatjpeak (at
in a 1:2 mole ratio (at 8C), a homogeneous colorless=0.22 V for slowest scan rate) is followed by acset
ionic liquid is formed. PbGl(Merck) reagent as precursoranodic peak of smaller amplitude (at -0.1 V formus™)
of PI¥* ions was also used as received, being dissolved@hd a third broader peak (rather a plateau) attipesi
the prepared supporting electroly@CI-EG. In order to potentials. Increasing the scan rate, the currieteased
calculate the solution molarities we used a dengitipe but the second peak becomes a shoulder. This lweheas
for ChCI-EG of 1.09 gcify determined in our laboratory in similar for all faster scans.
the temperature range of 45%65

An AUTOLAB PGSTAT 12 Ecochemie potentiostat 0.3+
provided with a frequency response analyzer wad e 021
cyclic voltammetry and impedance spectroscopy
measurements. A platinum sheet (0.5%cmvas used as E 0.14
working electrode, whereas the auxiliary electrodes a S 0o
platinum mesh. A silver wire immersed in the workin 2 = 10 mvs®
electrolyte (constituted from ionic liquid contaigi lead 3 -0.14 — 20 mvs?
ions) was used as a quasireference electrode. The P 021 50 mys®
working electrode was polished with alumina pastesed, 100 mvs®

and dried before every measurement. Cyclic -0.3
voltammograms were recorded at scan rates from §'mV

to 100 mVs. EIS characterization was carried out in 100

kHz = f = 0.1 Hz frequency range with aac voltage Figure 1. Cyclic voltammograms for 10 mM Pp@issolved in ChCI-EG
amplitude of +10 mV; the impedances of the Pt cd¢ho (1:2 moles) eutectic at different scan rates; teatpee 45C
polarized gradually in the range of 0.2 V to -0.{Wrsus

T T T T T T T
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Potential, E (V vs. Ag quasireference)

Ag quasireference electrode), were representedygsiist i;
and Bode spectra. '
= 07 45°C
<
. , E 0387 55°C
3. Results and Discussion = o061 65°C
E 0.4
Previously, a typical cyclic voltammograms of ChCl- 3 0.2
ethylene glycol (1:2 moles) ionic liquid supporting 0.0
electrolyte recorded on Pt electrode for a largegeaof -0.2 1
potentials was reported [13]. It was noticed thegda O T e a4 o2 oo o2 o

domain of potentials (from -0.9 V to +1.25 V) repeating
the potential window for selected ionic liquid, whiis
about two times wider in comparison with similarFigure 2. Cyclic voltammograms showing the influenf temperature for
parameter of aqueous solutions (1.23V). 10 mM PbC]} dissolved in ChCI-EG (1:2 r_ncles) ionic liquid
Cyclic voltammetry measurements were carried out, at constant scan rate of Smvs

within 45 - 65C temperature range, in order to investigate
the electrochemical reversibility of electrode mee and
the appropriate potential range for electrodepmsit/
dissolution of single metal films. Typical cyclic
voltammograms recorded on Pt electrode in ChCliettey
glycol eutectic in the absence of solution stirriage
presented in Figs. 1-3. As Fig. 1 illustrates, ¥omM PE*
concentration the metallic Pb started to deposi0a37 V,
and displayed an increasing current during the thega
going scan, with a cathodic peak within -0.42 48V
potential range followed by a limiting current up .75

V. Thg electrode.process may be described by thelei cathodic limiting currents together with two evided
reduction of lead ions: anodic peaks

Pb** +2e” — Pb 1) The interpretation of the anodic branch of
Both peak current and limiting current increasehwit voltammograms is difficult. According to the ordef
scan rate, suggesting the diffusion control of thiste occurrence during the potential scan towards p@siti

Potential, E (V vs. Ag quaisreference)

Fig. 2 presents comparatively the voltammograms at
constant scan rate of 5 miVsor the same P ion
concentration and three temperatures. The shapes of
cathodic branches are very similar, with increab@eak
currents with temperature. In the anodic scan,ethae
more clear potential differences between first peaki
third peak during oxidation sequence. DecreasiegRt*
concentration in the electrolyte led to a more prorced
cathodic plateau instead of a peak, with significan
decrease of currents. For instance, working anV6PI#*
concentration, Fig. 3 shows a dependence on starofa
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potentials, we may assigned the first anodic peakhée
oxidation of deposited lead, to Phions; this is not a
reversible process, its peak potential being shiftevards
positive with scan rate. The third anodic peak #hou
correspond to the subsequent oxidation &f RbPH* onto
Pt surface and this process diminishes for fasi@n sates.
The shoulder (or peak) appeared between these gzexe
may be due to an oxidation (also atf metallic Pb
first deposited cathodically as monolayersoycalled UPD
(underpotential deposition), a phenomenon which
expected during formation of Pb nuclei onto Ptatef
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Figure 3. Cyclic voltammograms for 2.5 mM Pp@issolved in ChCI-
EG (1:2 moles) eutectic at different scan rateaperature 8tC

In a quantitative analysis of cyclic voltammograrits,
has be seen that both cathodic and anodic peakntsrr
increase with scan rate and temperature. As Fehots,
linear dependences of cathodic current with squaoe of
scan rate are obtained for threé'Ripncentrations at 66
constant temperature; also, the slopes of thegstrdines
obtained in all three cases increase with Bbncentration,
proving a diffusion-controlled deposition procedslaad.
This fact should allow us to calculate the diffusio
coefficients of PB ionic species using the well-known
Randles-Sevcik equation for a metal depositionr(eess
where the thermodynamic activity of solid deposéynie
considered unity) [14]:

| .= 0.6401nF Ac LI @)
RT

0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40
w12 (y1/24-112)

Figure 4. — V2 linear plots for cathodic deposition of Pb filars Pt
(0.5 cnf) using ChCI-EG (1:2 moles) eutectic; temperatiiic6
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Figure 5. The semilogarithmic Arrhenius plot ofdnvs. 1/T for cathodic
deposition of Pb films on Pt (0.5 éwsing ChCI-EG (1:2 moles) eutectic
as electrolyte; 10 mM Bbion concentration

In Eq. (2), n is the number of electrons changed in
electrode process (n=2); F, R and T are the Faraday
number, ideal gas constant and absolute temperature
respectively; A — the surface area of electrode0(8=nf);

v —the scan rate; D — the diffusion coefficient iohic
species.

Using the above equation and the slopes,of IV
linear dependences, the obtained D values fof Rin
were of the order of 1010° cnfs® in the temperature
domain of 45-6%C. It is to mention that the order of
magnitude for diffusion coefficient of Pbion in ionic
liquids is generally lower than in aqueous solwgigwhere
D is about 10 cnts® for P ion); this is expected for
diffusion of PB" ion in our ChCl-ethylene glycol ionic
liquid that has higher values of viscosity and dtgnas
aqueous media.

In Fig. 5 the Arrhenius semi-logarithmic plot is
presented. From the slope of this linear dependanadue
of 137 kJmolé of the activation energy of diffusion of
PE* ion in the selected ionic liquid was estimated.

More information about the cathodic process is
obtained by applying the electrochemical impedance
spectrocopy technique for b/ ChCI-EG ionic liquid
system.

In the followings we present both Nyquist and Bode
diagrams obtained experimentally by shifting gralguide
electrode potential toward more negative valuescHace
the potential range we have wused the cyclic
voltammograms. Figure 6 shows clearly that the
polarization from -0.2V to -0.4V results in decrieas of
diameters of capacitive semicircles up to 4@ent,
suggesting an increased rate of deposition of trefb.
Correspondingly, the maximum of Bode angle decrease
from -72 to -58, a value rather attributed to a diffusion-
controlled deposition process. By continuing the
polarization at more negative potentials the insecaf
semicircle diameter demonstrates that the cathpdik
potential (around -0.4 V) was exceeded, proving the
diminution of faradaic process in more negativeeptal
range.

In a separate series of experiments we performed
electrolysis at 6% by keeping the electrode potential at
constant value of -0.4 V (vs. Ag quasireferenceyl an
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recording Nyquist and Bode diagrams after differimie
intervals. The obtained results for 10 mM ?Pb
concentration are presented in Fig. 7. As the imsEtg. 7-
a shows the smallest semicircle diameter was akdaat
the initial time and
capacitive loop is followed by a straight line witin
aproximately 48 slope. This is typically for a film
deposition process with a diffusion-control dughe mass
transport of ionic species reacting to cathode.

The following impedance records show only Nyquist

semicircles, which is characteristic for a changasfer
control.

Electrolyses at prolonged time
increased diameters of semicircles proving a dsered
charge transfer rate during thickening of metatleposit.
Correspondigly,
increase of impedance modulus together with ancase
from -30 (the most conductive film, thin Pb film) to %5
(pseudo-capacitive, the thickest Pb film) of maxmu
phase angle.
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Figure 6. Nyquist (a) and Bode (b) diagrams reabatadifferent
polarizations of the Pt electrode (0.53n ChCI-EG (1:2 moles) eutectic
containing 2.5 mM PbGltemperature 6€.
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Figure 7. Nyquist (a) and Bode (b) diagrams reabiate-0.4 V constant
polarization of the Pt electrode (0.5%rim ChCI-EG (1:2 moles) eutectic
containing 10 mM PbG] temperature 6€; electrolysis times

up to 90 minlnset high frequency data on an enlarged scale.

4. Conclusions

Cyclic voltammetry and electrochemical impedance
spectroscopy were successfully used for investigatf
lead deposition from a room temperature ionic biqui
(choline chloride: ethylene glycol eutectic). Both
techniques gave information about the electrodergiats
of deposition and dissolution of Pb, as well asutlthe
mechanism of electroreduction and electrooxidation.

The novelty of this work consists in using the dhel
chloride ethylene glycol (1:2 moles) eutectic as
supporting electrolyte instead of an aqueous soiuti

By working in the 45-6%C temperature range we
demonstrated that electrodeposition of Pb is aockth
process controlled by diffusion, a fact that allowto
estimate the diffusion coefficients of Pion in the choline
chloride : ethylene glycol (1:2 moles) ionic liquics well
as the activation energy of diffusion.
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