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Abstract
The influence is reported of electrolyte composition on the electrochemistry of PbII and electrodeposition morphology of Pb in aqueous methanesulfonic acid (MSA) and two methanesulfonate-based ionic liquids: 1-butyl-3-methylimidazolium methanesulfonate and N,N-dimethylbutylammonium methanesulfonate. Cyclic voltammetry and chronoamperometry indicated that the reduction of PbII ions to Pb was a diffusion-controlled process proceeding via a two-electron transfer process at -0.67 V vs. Ag (1 M MSA) and involved 3-D progressive nucleation. Scanning electron microscopy showed a strong influence of deposition potential and electrolyte composition on the morphology of Pb deposits. Experimental data was used to model predictions of the specific electrical energy consumption for cathodic PbII electrodeposition coupled with either anodic oxygen evolution or PbO2 electrodeposition. 
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Introduction
Continual growth in the production of vehicles and electric bicycles, all of which still employ lead-acid batteries (LABs), is linked directly to the increasing global lead demand of ca. 11.6 Mt a-1. This will unavoidably increase the production of spent LABs, which are highly recyclable, contributing > 85 % of secondary lead sources [1,2]. The most common route to secondary lead production from spent LABs is by direct smelting reduction, in which various lead oxides are reduced to metallic lead by carbon (coke and natural gas). Here, the high temperatures (1600 C) required for smelting results in high energy consumptions and expensive gaseous and liquid pollution abatement technologies. Hence, low temperature hydro-metallurgical technologies based on lead electrowinning have been at the forefront of LAB recycling technology development, offering efficient and sustainable alternative processes [1,2].
Electrochemical processes for lead recovery from PbII can be carried out either in aqueous  alkaline electrolytes such as sodium hydroxide [3–5], or aqueous acid electrolytes such as fluoroboric [6–10], nitric [11,12], acetic [13], chloride [14–19], etc. Nitric acid is unstable towards cathodic reductions and produce noxious atmospheres, while acetic acid has a strong odour and has a conductivity too low to allow economically viable operation of commercial electrochemical processes. Fluoroboric and hexafluorosilicic acids are used presently in commercial electrochemical processes for lead refining by the Betts process [20–22]. Both acids allow high PbII solubility (70 ­ 200 g dm-3) and high ionic conductivities. However, major problems associated with the use of fluorinated electrolytes include emissions of HF, fluoride­accelerated corrosion and difficulties in wastewater treatment. 
Lead paste from LABs is a mixture of ‘PbSO4’ (50-60 wt%), PbO (5-10 wt%), PbO2 (15-35 wt%) and metallic Pb (2-5 wt%) [2,23] where ‘PbSO4’ refers to a range of phases such as PbO.PbSO4, PbSO4·PbO, PbSO4·2PbO, PbSO4·3PbO, PbSO4·4PbO and Pb(HSO4)2 all of which are used in the manufacturing of lead paste for LAB. Paste desulfurisation (1) is a vital step in the lead extraction process as ‘lead sulfate’ is essentially insoluble in acidic media. Hence, it is typically treated with Na2CO3 to convert it to PbCO3, while minimising dissolution as Pb(OH)3- ions at pH > 11 [24] prior to acid leaching (2).
Lead paste desulfurisation:
		(1)
Acidic leaching:
		(2)
In acidic aqueous solutions, the standard equilibrium potential for the PbII/Pb couple is -0.126 V vs. SHE, but as lead has a high hydrogen overpotential, it can be electrodeposited with approaching unity charge yield.
The desired half-cell reactions are:
Cathode:		(3)
Anode:		(4)
While possible side reactions in an acidic electrowinning process are:
Cathode:		(5)
Anode:		(6)
In particular, compared to other acidic media, PbII in methanesulfonic acid (MSA) has a solubility of ca. 400 g dm-3 [25,26], enabling high electrodeposition current densities [27,28]. Furthermore, MSA is regarded as a ‘green’ solvent with mild corrosivity and is less toxic compared to fluoroboric and hexafluorosilicic acids, while also being non-volatile and having high ionic conductivity [29,30]. MSA has also been used as the electrolyte for the electrodeposition of various metals and alloys, such as copper [31], zinc [32], tin [33,34] and its alloys [31,35,36]. 
Additives are key to controlling the quality and morphology of electrodeposits. Typically, in additive-free electrolyte, lead deposits are highly dendritic. Inhibitors are required to increase the cathode deposition overpotential to produce smooth and dense deposits. Lignosulfonate salts have been investigated as additives in the Pb-MSA flow battery [37], leading to uniform deposition of lead with minimal dendrite formation [38]. However, the presence of lignosulfonate salts alone does not give adequate levelling benefits for the lead cathode, so other additives such as animal glue, aloin and chestnut extract are required to maintain acceptable deposit morphologies [39]. The effect of organic additives on the morphology of electrodeposited Pb [40,41] and Pb-based alloys [42,43] from methanesulfonate electrolytes have also been reported.
Despite extensive research since the 1980s that led to numerous piloted technologies in lead recovery from spent LABs, it is difficult to avoid dendritic growth of lead on cathodes. In recent years, room temperature ionic liquids (RTILs) have been investigated as alternative electrolytes for lead electrodeposition, utilising their unique electrochemical properties such as wide solvent potential windows, high thermal stabilities and high ionic conductivities. Furthermore, ionic liquids have been shown to alter surface layer structures of electrode│electrolyte interfaces, suppressing dendrite formation in zinc [44,45] and lithium [46,47] deposition for battery applications, possibly obviating the need for additives and levellers in electrolyte design.
With the objectives of understanding the effect of IL composition on the electrochemistry and electrodeposition morphology of lead, we investigated the electrodeposition of PbII from an imidazolium-based IL, 1-butyl-3-methylimidazolium methanesulfonate, [BMIM][MS]. Imidazolium-based ILs are known typically for their non-volatility, relatively high conductivity, low viscosity and hydrophilicity. These characteristics could be particularly beneficial in prospective lead recovery processes, in which water is present necessarily and could be added intentionally to decrease viscosities and increase ionic conductivities of electrolyte solutions. Moreover, an imidazolium-based IL containing methanesulfonate anions would be less toxic compared to the fluorine-based anions typically employed. 
Thermo-physical properties for a range of imidazolium based IL-water binary systems have been reported [48–50]. Paul et al measured the solution behaviour of [BMIM][MS] in water over a wide range of concentrations and reported a linear dependence of molar conductance on solution viscosity in a Walden plot [50]. Conductivities (3 S m-1 at 1.0 M) and viscosities (2 mPa s at 1.0 M) suitable for the applications discussed herein were also reported [50]. Solvent potential windows were also reported for the IL-water binary mixture, showing a potential limit due to solvent reduction suitable for lead electrodeposition [50]. 
Cost is a central issue impeding the development of industrial processes that utilise ILs [51,52]. Herein, we also investigate the electrochemical recovery of Pb from a low-cost protic IL based on a simple amine: N,N-dimethylbutylammonium methanesulfonate, [DMBA][MS]; toxicity of this IL-water mixture is expected to be similar to that of the parent amine and acid. Amine toxicity is dependent on the chain length, with longer alkyl chains increasing toxicity, so shorter alkylamines are to be preferred[51]. To the best of our knowledge, this is the first report of [DMBA][MS], so its thermo-physical properties have not been available hitherto and will be explored further in future studies. 
The electrochemistry and electrodeposition of PbII from both IL-water binary mixtures are compared to that of MSA electrolyte as a model system, the behaviour of which has been reported extensively [25,38]. In this study, we explore the use of ILs to control/obviate dendritic lead grown which is a general problem encountered with electrochemical lead recovery. 
Experimental
Preparation of solutions
Solutions of 1.0 M methanesulfonic acid (MSA) (99.0 %, Merck) and 1.0 M 1-butyl-3-methylimidazolium methanesulfonate, [BMIM][MS], (99.0 %, IoLiTec) + 1.0 M MSA were prepared using water, purified with a Millipore Milli-Q purification system (resistivity ca. 18.2 MΩ cm at 25 C). A protic ionic liquid, N,N-dimethylbutylammonium methanesulfonate, [DMBA][MS], was synthesised by combining N,N-dimethlybutylamine (99.0 %, Merck) with MSA in a stoichiometric (base to acid mole ratio) of 1:2, denoted as [DMBA][MS] 1:2 herein.  The reaction is shown in Scheme S1 in the Supporting Information (SI). This was achieved by dropwise addition of MSA (5.0 M) to DMBA in a round-bottom flask placed in an ice bath. As the reaction was exothermic, the mixture was stirred for several hours until it cooled to room temperature [51]. The formation of the ionic liquid was confirmed by nuclear magnetic resonance (NMR) spectroscopy recorded on a Bruker Avance-400 (1H NMR (400 MHz)) NMR spectrometer. Spectra and chemical shifts are reported in the SI, Figure S1. Water was then added to obtain a solution of 50 wt% water confirmed by Karl Fischer (Volumetric, Mettler Toledo). PbII solutions were prepared by dissolution of lead (II) carbonate, PbCO3, as the lead source, in the respective electrolyte mixtures.
Electrochemistry and electrodeposition experiments
Electrochemical measurements were made using a potentiostat (Autolab PGSTAT30) and NOVA software. A glassy carbon (GC) disc electrode (3.0 mm diameter) served as the working electrode in all cyclic voltammetry and chronoamperometry experiments. Prior to use, the working electrode was polished with a slurry of 0.05 μm alumina particles on a soft microfibre polishing pad (MicroCloth, Buehler Ltd.) and then on a clean wet microfibre pad. A platinum gauze acted as the counter electrode. A quasi-reference electrode (QRE) was used and comprised a Ag wire inserted into a glass tube fritted with CoralPorTM (7.8 nm pore size). The glass tube was filled with 1.0 M MSA solution and had a stable potential of 0.510 V vs SHE. All electrochemical experiments were carried out at ambient temperature (293 ± 2 K). 
The key performance indicators of the electrodeposition process were the charge yield, , and the specific electrical energy consumption, , calculated from:
		(7)
[bookmark: _Hlk25674517]		(8)
where  and  represent the anodic and cathodic charge passed during the positive-going and negative-going potential sweeps, respectively, F represents the Faraday constant, MPb the molar mass of lead and U the cell potential difference. 
Electrodeposition experiments were conducted with a copper foil (Goodfellow, 99.9%) substrate and a lead wire (Goodfellow, 99.99%, As (0.3 ppm), Bi (2.1 ppm), Cu (0.3 ppm) and Ag (0.9 ppm)) acting as the working electrode and counter electrode, respectively. After electrodeposition, the samples were washed with distilled water to remove residual electrolyte from the sample surface and were subsequently dried in air before characterisation. The surface morphology of the lead deposits on copper foil were imaged with scanning electron microscopy (JOEL 6010A) coupled with energy dispersive X-ray spectroscopy to provide elemental composition of the samples.


Results and Discussion
Voltammetry
Figure 1 shows 5 repetitive cyclic voltammograms (0.05 V s-1) of a GC electrode in 2510-3 M PbII in (a) MSA, (b) [BMIM] [MS] + MSA and (c) [DMBA][MS] 1:2, 50 wt% H2O. The current response to the initial negative-going potential scan from the start potential of -0.30 V vs. Ag (1 M MSA), was a reduction wave and peak followed by typical diffusion controlled current decay. In Figure 1(a), these were detected on the first potential scan at ­0.725 V vs. Ag and corresponded to electrodeposition of Pb via an overall two-electron transfer reaction (3). On the subsequent positive-going potential scan from the negative potential limit, the cathodic current density decreased progressively, became anodic at potentials > ­0.676 V vs. Ag, and an oxidative stripping peak occurred at ­0.585 V vs. Ag corresponding to dissolution of the Pb electrodeposited from the previous negative-going potential scan. Current densities approached zero at potentials less negative than that corresponding to the peak potential, indicating complete/close to complete oxidative dissolution of metallic Pb. The potential, EI=0, at which current, I = 0, on the positive-going potential scan was ­0.676 V vs. Ag and is the estimated formal potential for the PbII/Pb couple in 2510-3 M PbII + 1.0 M MSA. These voltammograms are consistent with previous reports [25,38] of the electrochemical behaviour of PbII in aqueous MSA media. 
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[bookmark: _Ref517447486][bookmark: _Ref536457122]Figure 1. Cyclic voltammograms at 0.05 V s-1 from repetitive potential cycling of a GC disc electrode in    2510-3 M PbCO3 in (a) 1 M MSA, (b) 1 M [BMIM][MS] + 1 M MSA and (c) [DMBA][MS]. The potential scan ranged from -0.3 to -1.1 V vs. Ag (1 M MSA).
As expected, a large overpotential was evident and associated with the nucleation of Pb on GC. On repetitive potential cycling (Figure 1(a)), the reductive peak potential of Pb deposition shifted monotonically toward less negative (driving) potentials, while the oxidative stripping peak remained relatively unchanged (values reported in SI, Table S1). The ratio of charges for dissolution and deposition, was 0.93 on the first voltammetric scan, but increased to ca. 0.96 after 5 scan cycles. This suggested the longevity of Pb nuclei on the GC electrode that were not removed totally during Pb dissolution on the subsequent positive-going potential sweep [53], which facilitated fast Pb on Pb deposition kinetics. 
For comparison, Figure 1(b) and (c) show the electrochemical behaviour of 2510-3 M PbII in [BMIM][MS] and [DMBA][MS], respectively. The general electrochemical behaviour of PbII in both IL media are similar to that of PbII in MSA. However, reduction peak potentials for Pb deposition were determined as ­0.754 V and ­0.743 V in [BMIM][MS] and [DMBA][MS], respectively, compared to ­0.725 V for MSA, suggesting kinetic limitations in the nucleation of Pb on GC in both IL-H2O mixtures studied. As found in MSA media, repetitive potential cycling caused the reductive peak potential to shift to less negative values, ­0.741 V and ­0.709 V for [BMIM][MS] and [DMBA][MS], respectively, revealing slow formation of Pb nucleation sites on the GC electrode surface on the initial negative-going potential scan, followed by fast Pb on Pb deposition on subsequent potential scans (shown in Figure 1 insets). The values of 160 mV and 134 mV for the potential separations,  of cathodic-anodic current peaks for [BMIM][MS] and [DMBA][MS], respectively, suggested Pb deposition was faster in [DMBA][MS]. 
Figure 2(a), (b) and (c) show cyclic voltammograms at 0.05 V s-1 for the reduction of PbII at a GC electrode in MSA, [BMIM][MS] and [DMBA][MS], respectively, for PbII concentrations of (5, 10, 15, 20 and 25) 10-3 M. As the concentration of PbII was increased, the PbII/Pb formal potential shifted positively and changed linearly with the logarithm of PbII concentration by ca. 28 mV per 10-fold concentration change, as expected for the 2-electron transfer reaction (3). 
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[bookmark: _Ref21349820]Figure 2. Cyclic voltammograms at 0.05 V s-1 of a GC disc electrode in (c = 5, 10, 15, 20 and 25) 10-3 M PbCO3 in (a) 1.0 M MSA, (b) 1.0 M [BMIM][MS] + 1.0 M MSA and (c) [DMBA][MS] 1:2, 50 wt% H2O. The potential scan ranges from -0.3 to -1.1 V vs. Ag (1.0 M MSA). Data shown were taken from first scan voltammograms of freshly polished GC electrodes. 

Chronoamperometry
Chronoamperometry was used to elucidate the nucleation and growth mechanism of Pb electrodeposition from PbII in the various electrolyte solutions onto GC electrodes, by stepping the electrode potential. Figure 3(i) shows the resulting current transients obtained for Pb deposition from 2510-3 M PbII in (a) MSA, (b) [BMIM][MS] + MSA and (c) [DMBA][MS] 1:2, 50 wt% H2O for a range of step potentials. 
Typical nucleation and growth current transients were characterised by an initial increase in current to a maximum, Imax, at time, tmax, followed by transient decay due to the increasing diffusion layer thickness and overlap of nucleation sites, so decreasing rates of atom incorporation into growing crystal lattices. For all PbII solutions studied, a decrease in tmax and an increase of Imax occurred with increasing applied deposition overpotential, attributed to increased nucleation rates and densities, values for which are listed in Table S4 of the SI.
At longer times, currents converged and followed the behaviour predicted by the Cottrell equation (9), enabling diffusion coefficients of the dissolved PbII species in all 3 solvent systems to be determined:
		(9)
where represents the current density transient and  time.  
The diffusion coefficients of PbII were found to be 5.7 ± 0.6 × 10-10, 4.1 ± 0.6 × 10-10 and 2.9 ± 0.1 × 10-10 m2 s-1 in MSA, [BMIM][MS] and [DMBA][MS], respectively. These values are in good agreement with values calculated from cyclic voltammetric data (Section 3.1).
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[bookmark: _Ref516836815]Figure 3. (i) Effects of time, t, and electrode potential on current, I, for GC disc electrode in 2510-3 M PbCO3 in (a) 1 M MSA, (b) 1 M [BMIM][MS] + 1 M MSA and (c) [DMBA][MS] 1:2, 50 wt% water. (ii) Comparison of dimensionless experimental I-t data and theoretically predicted data for 3-D instantaneous (black) and progressive (red) nucleation under diffusion-controlled growth.
The nucleation growth mechanism of metals onto a different substrate typically follow 3-D nucleation that can be described by a dimensionless time-dependent current model [54,55] which describes two limiting mechanisms of nucleation: instantaneous and progressive. Instantaneous nucleation describes the formation of nuclei at the early stages after application of the driving potential step when the number of nuclei remain fixed, with further deposition occurring via growth of existing nuclei. In the case of progressive nucleation, new nuclei can form at any time during the potential step concurrently with nuclei growth. Hence, with each nucleus defining its own diffusion zone, a system with constantly forming nuclei will produce a different current (diffusion) profile to a system with a fixed number of nuclei. The dimensionless time-dependent current profiles for two limiting cases, instantaneous and progressive nucleation processes are given by (10) and (11), respectively [54].
[bookmark: Instantaneous]Instantaneous nucleation:  		(10)
[bookmark: Progressive]Progressive nucleation:		(11)
[bookmark: _Hlk40262116]Figure 3(ii) shows a comparison between experimental and theoretical I-t transients for the deposition of Pb on a GC electrode in (a) MSA, (b) [BMIM][MS] and (c) [DMBA][MS]. For MSA and [BMIM][MS] electrolyte, it is evident that a progressive nucleation mechanism occurred for all deposition potentials investigated. However, in [DMBA][MS], clear progressive nucleation was evident only at deposition potentials < -0.74 V. At less negative deposition potentials, an intermediate behaviour was operative,  that may have been due to mixed kinetic-diffusion control, leading to a sub-linear time-dependent progressive nucleation mechanism [56,57]. 

Deposition morphology
Figure 4 shows SEM images of Pb electrodeposits on Cu foil substrates from 2510-3 M PbII in 1 M MSA at overpotentials of (a) -30 mV, (b) -100 mV and (c) -220 mV for 1 h. At -30 mV overpotential, the deposition reaction was kinetically-limited, and the crystal growth rate was slow, producing a smooth granular morphology with grain sizes 5-10 μm. At -100 mV overpotential, the Pb crystal growth rate was mass transport limited and dendritic flakes were evident uniformly distributed across the electrode surface. At -220 mV, a porous dendritic flake structure was evident, due to the hydrogen evolution reaction (5) causing adhering bubbles on the electrode surface [58].
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[bookmark: _Ref20853700]Figure 4. SEM images of Pb deposits obtained at room temperature on Cu foil substrates from 25 × 10-3 M PbCO3 in 1 M MSA after 1 h at deposition overpotentials of (a) -30 mV, (b) -100 mV and (c) -220 mV. 


Figure 5 shows SEM images comparing Pb deposits on Cu foil substrates from: (a) MSA, (b) [BMIM][MS] + MSA and (c) [DMBA][MS] 1:2, 50 wt% H2O, at a deposition overpotential of -100 mV for 2 h. A strong influence of electrolyte composition on deposition morphology was evident. The Pb deposits from MSA and [BMIM][MS] both exhibited dendritic structures with a flake-like and tubular morphology, respectively, while from [DMBA][MS] 1:2, 50 wt% H2O, a smooth leaf-like deposition morphology was observed. EDX analysis (Figure 5(d)) of the electrodeposits produced at -100 mV overpotentials in MSA electrolyte showed peaks corresponding only to Pb and the Cu substrate as expected. 
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[bookmark: _Ref20860944]Figure 5. SEM images of Pb deposits obtained on Cu foil substrates from 25 × 10-3 M PbCO3 in (a) 1 M MSA, (b) 1 M [BMIM][MS] + 1 M MSA and (c) [DMBA][MS] 1:2, 50 wt% H2O, at a deposition overpotential of -100 mV for 2 h. (d) EDX spectra of Pb electrodeposits from 2510-3 M PbCO3 in 1 M MSA. 
Microkinetic modelling
As shown in Figure 6, the potential dependencies of current densities and charge yields for Pb electrodeposition at GC electrodes in MSA, [BMIM][MS] and [DMBA][MS] were determined from experimental data. As expected, there was little to no effect of Pb deposition potential on the transport limited current density in the potential range of -0.72 to -1.0 V in the [BMIM][MS] and [DMBA][MS] IL electrolyte mixtures. This results in consistently high charge yield of ca. 0.96 and 0.92 for [BMIM][MS] and [DMBA][MS], respectively. At potentials <-0.7 V, the Pb deposition reaction is kinetically limiting and reduced charge yields are observed. In MSA electrolyte, the current density increases at Pb deposition potentials more negative than -0.95 V due to contributions from hydrogen evolution (5). At Pb deposition potentials between -0.7 and -0.95 V, consistently high charge yields of ca. 0.97 are observed while at -1.0 V, the charge yield falls slightly to 0.91. 
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[bookmark: _Ref36198936][bookmark: _Ref26967234]Figure 6. Effect of electrode potential on current densities and charge yields for Pb deposition from 2510-3 M PbII in 1 M MSA ([image: ]), 1 M [BMIM][MS] + 1 M MSA ([image: ]) and [DMBA][MS] 1:2, 50 wt% water ([image: ]).
Case 1: Modelled system with oxygen evolution as the anodic reaction
Together with experimental data presented above for the PbII cathodic reduction reaction (3), the oxygen evolution reaction (4) on iridium oxide (IrOx) in acidic media was modelled as the anodic reaction of interest to predict the specific electrical energy consumption (SEEC), . An exchange current density, = 1.6 × 10-9 A m-2, [59] at pH = 2 (Na2SO4 and H2SO4 solution), was taken from literature as a suitable approximation for all 3 electrolyte solutions considered. We note that convective effects from bubble evolution were not considered. It was also assumed that excess supporting electrolyte minimised migrational contributions to overall transport rates and a charge yield of unity applied to the oxygen evolution reaction. Furthermore, it was envisaged that anodically generated oxygen would result in current efficiency losses at the cathode due to the reduction of dissolved oxygen, so a cation-permeable membrane (Nafion, conductivity,  = 4.5 S m-1) [60] notionally was required to separate anolyte and catholyte. The use of a membrane also enabled the anolyte to be PbII-free, mitigating the possibility of PbO2 deposition at the anode by reaction (6).
The cell potential difference, , was calculated from:
		(12)
where  is the current. ,  and  are the cross-sectional area, current path length and conductivities of , respectively. represents the catholyte, anolyte or membrane.  is given by experimentally applied cathodic potentials while  is calculated from the following, assuming kinetic control only:
		(13)
where  is the Tafel slope corresponding to 0.029 V dec-1 [59].
The SEEC for Pb recovery was predicted from (8) and the results are shown in Figure 7a(i) and (ii) for a range of cell potential differences and current densities, respectively. For cell potential differences of 1.75 to 2.05 V, there was little change in the SEEC values which have an average of 488, 494 and 512 kW h tPb-1 for MSA, [BMIM][MS] and [DMBA][MS], respectively. For a specific energy cost of $0.05 (kW h)-1, this translates to specific electrical energy costs of $24.40, $24.70 and $25.60 tPb-1 respectively, for MSA, [BMIM][MS] and [DMBA][MS], compared to LME prices (accessed 25 March 2020) of ca. $1,589 tPb-1. Note that the experimental PbII concentration is low for an industrial process. An estimation of the SEECs for molar concentrations of PbII in MSA, [BMIM][MS] and [DMBA][MS] gives average values of 694, 687 and 730 kW h tPb-1, respectively, due to increased ohmic effects. 
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[bookmark: _Ref31038062]Figure 7. Effects of (i) cell potential differences and (ii) current density on the SEECs for (a) Pb deposition coupled with oxygen evolution on IrOx  and (b) simultaneous Pb and PbO2 deposition from 2510-3 M PbCO3 in 1 M MSA ([image: ]), 1 M [BMIM][MS] + 1 M MSA ([image: ]) and [DMBA][MS] 1:2, 50 wt% water ([image: ]).


Case 2: Modelled system with lead dioxide deposition as the anodic reaction
The model was extended to consider the simultaneous deposition of Pb at the cathode and PbO2 at the anode in a membrane-less reactor. Chronopotentiometry experiments were carried out at a GC electrode in solutions of 25 10-3 M PbCO3 in 1 M MSA, 1 M [BMIM][MS] + 1 M MSA and [DMBA][MS] 1:2, 50 wt% water at anodic current densities corresponding to current values observed for Pb deposition. The resulting deposition potentials and charge yield for PbO2 deposition are calculated and used within the model. The data is tabulated in the SI, Table S5. The SEEC formula for Pb recovery is amended to account for additional Pb removed in the form of PbO2 and is given by:
	 	(14)
Figure 7(b) summaries the SEEC for the simultaneous deposition of Pb and PbO2. Typical values of SEEC for Pb recovery from MSA is found to be ca. 172 . This value is lower than that for [BMIM][MS] and [DMBA][MS] at ca. 198 and ca. 180 , respectively. 
Deployment of oxygen evolution reaction at the anode has been a typical strategy for piloted Pb electrowinning technologies such as FLOBUR [9,10] and PLACID [15,16] processes. However, as shown herein, lower SEEC values are predicted for simultaneous Pb and PbO2 deposition, even though larger cell potentials are required due to the additional PbO2 product stream. We note the electrochemical stability of [BMIM][MS] and [DMBA][MS] at such anode potentials are not known [50,61], but will be reported in the future. 
Conclusions
Pb was electrodeposited easily from PbII containing methanesulfonic acid media and 2 associated ILs, 1-butyl-3-methylimidazolium methanesulfonate and N,N-dimethylbutylammonium methanesulfonate, via an overall two-electron process. Higher overpotentials were needed for both IL electrolyte systems compared to the acid solution. The diffusion coefficients for PbII were found to decrease in the order: MSA > [BMIM][MS] > [DMBA][MS]. For all three electrolyte solutions, 3D-progressive nucleation occurred with diffusion-controlled growth. SEM images of Pb deposits on Cu foil substrates exhibited highly dendritic Pb morphology from MSA and [BMIM][MS], while a smoother deposit was evident from [DMBA][MS]. Potential-dependent deposit morphologies were produced from (aqueous) MSA solutions and will be investigated further for both IL electrolyte solutions. 
Methanesulfonate-based ILs offer a promising commercial electrolyte for electrochemical recovery of Pb from spent lead acid batteries. As reported herein, charge yields > 0.96 were achieved with moderate SEEC within the range of 170-510 kW h tPb-1 when comparing modelled data for two possible anode reactions: oxygen evolution and lead dioxide deposition. Furthermore, as the use of different IL cations led to highly contrasting Pb deposition morphologies at the same deposition conditions, systematic variation of the IL cation would be expected to have dramatic effects on the Pb deposition morphologies from the IL-methanesulfonate electrolyte. The role of ILs in obviating the use of organic additives and levellers in electrolyte design would be welcomed in the development of LAB recycling technologies. 
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