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a b s t r a c t

Extensive cycling of the soluble lead flow battery has revealed unexpected problems with the reduction
of lead dioxide at the positive electrode during discharge. This has led to a more detailed study of the
PbO2/Pb2+ couple in methanesulfonic acid. The variation of the phase composition (XRD) and deposit
structure (SEM) have been defined as a function of current density, Pb2+ and H+ concentrations, deposition
charge and temperature as well as the consequences of charge cycling. Pure �-PbO2, pure �-PbO2 and their
mixtures can be deposited from methanesulfonic acid media. The �-phase deposits as a more compact,
smoother layer, which is well suited to charge cycling. While the anodic deposition of thick layers of PbO2

is straightforward, their reduction is not; the complexities are explained by an increase in pH within the
pores of the deposit. The results suggest that operating the battery at lead(II) concentrations <0.3 M and
elevated temperatures should be avoided.

© 2009 Published by Elsevier Ltd.

1. Introduction21

Earlier papers [1–6] have described results from a programme22

to develop a soluble lead flow battery for the large-scale storage of23

energy, for example to act as a buffer between a renewable energy24

facility and the consumer. The electrolyte is methanesulfonic acid in25

which lead methanesulfonate has a high solubility (≈2.5 M). Hence26

the electrode reactions are:27

negative electrode28

Pb2+ + 2e− � Pb (1)29

positive electrode30

Pb2+ + 2H2O � PbO2 + 4H+ + 2e− (2)31

and the overall cell reaction32

2Pb2+ + 2H2O
charge
�

discharge
Pb + PbO2 + 4H+ (3)33

It should be noted that the electrode chemistries are different34

from the traditional lead acid batteries in that the electrode reac-35

tions do not involve insoluble Pb(II), i.e., lead sulphate within a36

paste. Moreover, the batteries have quite different characteristics,37

∗ Corresponding author. Tel.: +44 2380 594905.
E-mail address: Xh.Li@soton.ac.uk (X. Li).

e.g., the soluble lead acid flow battery can be deep discharged, and 38

the applications envisaged are different. In comparison with other 39

flow batteries, the soluble lead battery has the key advantage that it 40

employs only a single electrolyte and operates without a membrane 41

separator. 42

We have now carried out extensive charge cycling experiments 43

[7,8]. These have highlighted two problems that limit the battery 44

performance (i) even in the initial cycles, the charge efficiency falls 45

significantly below 100% (typical values are 80–85%) and this leads 46

to build-up of material on both electrodes and (ii) after a number of 47

cycles (typically 20–30, depending on conditions) a black powder 48

appears in the electrolyte and this is lead dioxide detached from the 49

positive electrode surface. This paper sets out to understand these 50

observations. 51

There is an extensive literature on the electrodeposition of PbO2 52

from aqueous solutions [9–15] because of the potential applications 53

of such coatings in electrochemical technology. It is well known 54

that PbO2 is polymorphic and that the two modifications of �-PbO2 55

and �-PbO2 are well defined. �-PbO2 has the orthorhombic struc- 56

ture of columbite and �-PbO2 has the tetragonal, rutile structure. 57

It is also recognised that lead dioxide layers with diverse struc- 58

tures and morphologies can be produced. The literature concerning 59

the preferred conditions for the deposition of a particular struc- 60

ture, morphology or a single polymorph and its purity is, however, 61

confusing and contradictory. In the case of the phase deposited, 62

it is often said that the �-PbO2 phase is preferably formed in 63

acidic media whereas �-PbO2 is preferably deposited from alka- 64

line solutions. Even so, quite different results have been reported 65

0013-4686/$ – see front matter © 2009 Published by Elsevier Ltd.
doi:10.1016/j.electacta.2009.03.075
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for deposition from the commonly used acidic nitrate solutions66

[16–18]. Mindt [19] also reported that a considerable amount of67

�-PbO2 appeared in electrodeposits obtained even from concen-68

trated perchloric acid (pH < 0). Similar observations in other acid69

media have been reported by Duisman and Giauque [20], Thanos70

and Wabner [21], Munichandraiah [22], and Velichenko et al. [23].71

These uncertainties are not surprising since the structure, morphol-72

ogy and phase of PbO2 deposited depend on several parameters73

including lead(II) concentration, pH, rate of deposition, the thick-74

ness of the deposit, substrate electrode and temperature and these75

parameters appear to be interactive.76

It has also been reported that �-PbO2 and �-PbO2 have different77

properties. For example �-PbO2 has a more compact crystal mor-78

phology. It promotes longer cycle life in the traditional lead acid79

battery [24], has a higher overpotential for oxygen evolution and80

presents longer operation time when used as inert anode for ozone81

generation [25].82

We are aware of only a single study of the electrodeposition83

of PbO2 from methanesulfonic acid [26]. Under their experimen-84

tal conditions, Velichenko et al. report the electrodeposition of a85

mixture of �-PbO2 and �-PbO2 with �-PbO2 being more prevalent86

and discuss the reaction mechanism in the presence of methane-87

sulfonate ions. There are no detailed reports on the influence of88

reduction/redeposition cycling on lead dioxide layers.89

2. Experimental details90

Lead methanesulfonate (Pb(CH3SO3)2, Aldrich, 50 wt.%),91

methanesulfonic acid (CH3SO3H, Aldrich, 70 wt.%), lead nitrate92

(Pb(NO3)2, BDH, 99%), nitric acid (HNO3, Fisher, 70%), hexade-93

cyltrimethylammonium hydroxide (C16H33(CH3)3N(OH), Fluka,94

10 wt.%) were all used as received. All aqueous solutions were95

freshly prepared with ultra pure water (18 M� cm resistivity) from96

an Elga water purification system.97

Cyclic voltammetry was carried out using an Autolab potentio-98

stat/galvanostat PGSTAT30 in a small undivided beaker cell (volume99

80 cm3) equipped with a water jacket connected to a Camlab W14100

water thermostat. A carbon/polyvinyl-ester composite electrode101

(Integris, area 0.2 cm2), a large area platinum gauze and saturated102

calomel electrode (SCE) were used as working, counter and ref-103

erence electrodes, respectively. A fresh sample of carbon/polymer104

composite was used for each experiment and the back and105

sides were covered with an insulating tape (polyester tape, Cole-106

Parmer).107

Electrochemical deposition was carried out by the galvanos-108

tatic method in the same undivided beaker cell. The cell was fitted109

with two Integris carbon electrodes, each having a working area of110

1 cm × 1 cm (masked with insulating tape), and an inter-electrode111

gap of 2.0 cm. The cell was stirred with a PTFE coated magnetic112

stirrer bar (200 rpm). The deposition experiment was also con-113

trolled using the Autolab potentiostat/galvanostat PGSTAT30. Some114

charge/discharge experiments were carried out in the same small115

undivided beaker cell with two Integris carbon electrodes using116

an in-house developed, computer controlled charge–discharge and117

automated logging system. Constant currents were applied and118

drawn using a dc power supply and load (Thurlby Thandar Instru-119

ments, UK). The cell voltage was measured directly using a National120

Instruments data acquisition system.121

The flow cell was custom built in collaboration with C-Tech122

Innovation Ltd. and has been described elsewhere [7,8]. It was123

undivided with electrodes having geometric areas of 100 cm2
124

(10 cm × 10 cm). The inter-electrode gap was 1.2 cm. For the data125

reported here, the positive and negative electrodes were Integris126

carbon and nickel plate, respectively. The electrolyte comprised127

0.5 M Pb(CH3SO3)2 + 0.5 M CH3SO3H + 5 mM C16H33(CH3)3N(OH).128

The additive, C16H33(CH3)3N+, is present in the battery electrolyte 129

because of the need to control the structure of the lead deposited at 130

the negative electrode and it is present in this study only because of 131

the desire to use an undivided cell for the battery; its influence on 132

the positive electrode reactions is relatively minor. The electrolyte 133

had a volume of 1500 cm3, which was circulated through the system 134

by a pump with a mean linear flow velocity of 2.3 cm s−1 past the 135

electrode surfaces. The charge/discharge cycling experiment was 136

carried out using the same in-house developed system as described 137

above. 138

The surface morphology of the PbO2 samples was obtained using 139

a Philips XL30 or LEO 1455VP scanning electron microscope (SEM) 140

with an accelerating voltage of 15 kV. X-ray diffraction (XRD) data 141

were collected using a Siemens D5000 X-ray diffractometer with 142

Ni-filtered Cu K� radiation (� = 1.5406 Å). 143

3. Results 144

3.1. Charge/discharge cycling in flow cell 145

A substantial number of battery cycling experiments has been 146

carried out in an undivided flow cell with 10 cm × 10 cm pla- 147

nar electrodes and using a Pb(CH3SO3)2 + CH3SO3H electrolyte 148

also containing the additive, 5 mM C16H33(CH3)3N+ added as the 149

hydroxide. Details will be reported elsewhere but a number of 150

observations were pertinent to this study. 151

(i) The charge efficiency during a series of 2 h charge/discharge 152

cycles at 20 mA cm−2 was typically 80–85% if the discharge 153

was terminated after the battery voltage had dropped from 154

approximately 1.5–1.0 V. 155

(ii) Initially, it was thought that the reason was O2 evolution at the 156

positive electrode during cell charge. It soon became appar- 157

ent, however, that a large contributing factor was incomplete 158

reduction of the PbO2 during discharge. Even after a single 159

charge/discharge cycle, solid material remained on the sur- 160

face of the electrode. XRD of the deposit showed only lines 161

attributable to PbO2. The layer appeared still to be compact 162

and adherent as well as no barrier to further deposition dur- 163

ing the next charge. Hence, the reduction does not appear to 164

terminate because of loss of electrical contact with the positive 165

electrode. 166

(iii) After 10–20 cycles, a thick layer of PbO2 builds up on the pos- 167

itive electrode. This may be stripped off the electrode, dried 168

and weighed and consideration of the mass balance confirms 169

that PbO2 accumulating on the electrode accounts for a large 170

fraction of the shortfall from 100% charge efficiency. 171

(iv) The deviation of the charge efficiency from 100% also leads to 172

accumulation of lead on the negative electrode. The accumu- 173

lation of lead and lead dioxide on the two electrodes leads to 174

a continuous, and eventually significant, fall in the Pb(II) con- 175

centration in the electrolyte. Analysis of the Pb(II) in solution 176

together with the weights of Pb on the negative electrode and 177

PbO2 on the positive electrode accounts for all the Pb(II) in the 178

initial electrolyte. 179

(v) After a number of charge/discharge cycles, the PbO2 layer 180

becomes less compact and black particulate material appears 181

in the electrolyte. This may take >30 cycles and does not nec- 182

essarily lead to immediate failure of the battery; the battery 183

may continue to cycle but it is clearly not a desirable process. 184

(vi) The first appearance of the black powder occurs during dis- 185

charge and the powder content of the electrolyte builds up on 186

subsequent cycles. 187

(vii) The cycle life of the battery can be extended significantly by 188

periodic addition of Pb(CH3SO3)2 to replace the Pb(II) lost 189
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Fig. 1. Cyclic voltammograms recorded at a carbon/polyvinyl-ester composite elec-
trode (area 0.2 cm2) in an electrolyte solution containing 0.5 M Pb(CH3SO3)2 + 0.5 M
CH3SO3H. The first and fifth scans are shown. Potential sweep rate: 20 mV s−1. Tem-
perature: 298 K.

as Pb and PbO2 onto the negative and positive electrodes,190

respectively.191

3.2. Voltammetric studies192

Fig. 1 shows cyclic voltammograms (potential scan rate193

20 mV s−1) recorded at a fresh piece of carbon/polyvinyl-ester194

composite electrode (area 0.2 cm2) in a solution containing 0.5 M195

Pb(CH3SO3)2 + 0.5 M CH3SO3H at 298 K. Also shown is the 5th cycle196

with no cleaning of the electrode between cycles. The scan to pos-197

itive potentials during the first cycle shows no current negative to198

approximately +1.65 V vs. SCE followed by a steep rise in anodic199

current positive to this critical potential. This current leads to the200

deposition of lead dioxide and this continues until ca. +1.4 V vs. SCE201

on the reverse scan; that is, the voltammogram exhibits a nucle-202

ation loop. Reduction of the lead dioxide is seen as a symmetrical203

cathodic peak centred around +0.90 V and reduction is completed204

by 0.6 V vs. SCE. On subsequent cycles an anodic current is seen205

at all potentials positive to ca. +1.40 V vs. SCE and more PbO2 is206

deposited. In consequence, the charge associated with the reduc-207

tion of the lead dioxide increases. Many similar voltammograms208

have been reported in the literature. Here, we would like to focus209

on one feature of the response; as the charge associated with the210

cathodic reduction of the lead dioxide increases, the cathodic peak211

broadens significantly and on the fifth cycle, the reduction process212

is not completed until around. 0.4 V vs. SCE. A possible explanation213

for the peak broadening is that, with a thicker film, the reduction214

of the PbO2 leads to a decrease in proton concentration, see reac-215

tion (2), within the structure of the layer. This would then lead to216

a negative shift in the formal potential for the cathodic reduction,217

given by:218

Ee = Eo
e + 2.3RT

2F
log

[H+]4

[Pb2+]
(4)219

In fact, the predicted shift is −120 mV for an increase in pH of220

1 unit at 298 K.221

To test this suggestion, a further set of experiments was carried222

out with the same composition solution. In these experiments, a223

layer of PbO2 was deposited using a constant current density of224

20 mA cm−2 for various times and the reduction of the layer was225

then carried out using a slow potential scan (potential scan rate,226

1 mV s−1). The aim was to investigate the influence of the deposit227

Fig. 2. Linear sweep voltammograms recorded at a carbon/polyvinyl-ester
composite electrode (area 1 cm2) in an electrolyte solution containing 0.5 M
Pb(CH3SO3)2 + 0.5 M CH3SO3H. Before each sweep a thin layer of PbO2 was deposited
at a constant current density of 20 mA cm−2 at electrode for 10, 40, 400, and 1600 s,
respectively. Potential sweep rate: 1 mV s−1. Temperature: 298 K.

thickness on the reduction of the PbO2 while minimising non- 228

steady state effects. Fig. 2 shows the responses for the reduction 229

of PbO2 layers with four deposit thicknesses while Table 1 reports 230

data from these voltammograms. It can be seen that in the initial 231

stages of reduction, the response is almost independent of the layer 232

thickness but with increase in the thickness of the PbO2 layer, the 233

reduction of much of the layer only occurs at much more negative 234

potentials. The peaks become much broader and the current effi- 235

ciency for the reduction of PbO2 decreases from >99% to 91.5%. With 236

the thickest deposit, some black material could still be seen on the 237

surface after the experiment. This data is only compatible with a 238

transport limitation within the film. This limitation is most likely 239

the supply of protons and it should also be noted that a substan- 240

tial rise in pH could even lead to the deposition of hydroxides and 241

oxides of lead such as PbO. 242

3.3. Phase composition as a function of deposition conditions 243

A series of depositions was carried out using 1 cm2 Integris car- 244

bon electrodes in the small undivided beaker cell and the phase 245

composition was determined by X-ray diffraction (XRD). The iden- 246

tification of �-PbO2 and �-PbO2 was performed by comparison 247

with the ICDD database (�-PbO2 card no. 72-2440, �-PbO2 card 248

no. 76-0564) [27]. According to the standard XRD pattern of the 249

two phases, strong diffraction peaks of both phases are present in 250

the range 20–40◦ (2�) and the peaks are clearly distinguishable. It 251

should be noted that a quantitative determination of the amount of 252

the two phases is not possible from the X-ray diffractogram, partic- 253

ularly for the thinner film samples which have preferred orientation 254

effects. Fig. 3 illustrates the results, showing typical diffractograms 255

for deposits identified as �-PbO2, �-PbO2 and a mixture. The mean 256

Table 1
Data taken from the reduction of PbO2 layers of different thicknesses. Deposi-
tion at 20 mA cm−2; reduction during a potential scan at 1 mV s−1. All potentials
vs. SCE. Electrolyte: 0.5 M Pb(CH3SO3)2 + 0.5 M CH3SO3H, pH 0.45. Electrode:
carbon/polyvinyl-ester composite. Temperature: 298 K.

Deposition
time (s)

Deposition
charge
(C cm−2)

Peak
potential
(mV)

Potential at which
reduction is complete
(mV)

% charge
efficiency

10 0.2 1153 1130 99.6
40 0.8 1107 1005 98.1

400 8.0 912 710 96.4
1600 32.0 712 <0 91.5

dx.doi.org/10.1016/j.electacta.2009.03.075
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Fig. 3. X-ray diffractograms of PbO2 films deposited from 0.5 M Pb(CH3SO3)2 + 0.5 M
CH3SO3H at current density of 20 mA cm−2 at various temperatures: (a) 298 K, (b)
313 K, and (c) 333 K. The standard XRD patterns of the �-PbO2 and �-PbO2 phases
are shown in (d).

Table 2
Influence of the current density on the phase composition of PbO2. Electrolyte:
0.5 M Pb(CH3SO3)2 + 0.5 M CH3SO3H, pH 0.45. Temperature: 298 K. Electrode:
carbon/polyvinyl-ester composite. Deposition time: 2 h (except 120 mA cm−2, where
the deposition time was 1 h).

Current density (mA cm−2) Phase composition Mean grain size (nm)

4 �-PbO2 19
20 �-PbO2 18
50 �-PbO2 17
70 �-PbO2 18

120 �-PbO2 23

grain size was estimated from the width of the strongest diffraction 257

peak using the Debye–Sherrer equation [28]. 258

Table 2 shows the influence of current density for a solution of 259

0.5 M Pb(CH3SO3)2 + 0.5 M CH3SO3H at 298 K. Current density has 260

little influence of the deposit formed. Although these experiments 261

led to thick deposits (up to 1 mm in thickness), at all current den- 262

sities the deposits appear compact and uniform by eye; at lower 263

current density, the deposits are shiny and can be highly reflecting 264

[29]. Also, it is always pure �-PbO2 that is deposited and the grain 265

size is constant. In contrast, temperature has a substantial effect, 266

see Table 3. While pure �-PbO2 is formed at 298 K, pure �-PbO2 267

results from deposition at 348 K and mixtures are formed at inter- 268

mediate temperatures. There is also a gradation in the mean grain 269

size, rising from 19 to 57 nm with the increase in temperature. Since 270

the acidic nitrate media have been much more extensively studied, 271

two experiments were performed in a nitrate medium. In acidic 272

nitrate electrolytes, the deposition at 298 K led to a mixture of �- 273

PbO2 and �-PbO2 and pure �-PbO2 at 348 K and again an increase 274

in grain size was observed. This trend is in agreement with the 275

literature [21,23]. It is observed in both the nitrate and methanesul- 276

fonate media that �-PbO2 phase exhibits preferential orientation 277

along (1 1 0) plane and the diffraction peaks become well defined at 278

higher temperature. This is also in complete agreement with pre- 279

vious literature [21,23]. It has been suggested that this preferred 280

orientation results from epitaxial growth on the substrate but this 281

seems unlikely when the phenomenon is seen at carbon, plat- 282

inum and titanium substrates. Alternatively, Thanos and Wabner 283

[21] have proposed that the effect of increased temperature can be 284

attributed to a decrease of the potential for the onset of electrodepo- 285

sition. At relatively low potentials, the formation of polycrystalline 286

assemblies is less probable and, therefore, disorder effects are less 287

common. Taking into account that the growth rate along different 288

crystallographic directions may depend only slightly on temper- 289

ature, preferred crystallographic orientations could become more 290

pronounced at higher temperatures mainly due to the fact that the 291

number of the polycrystalline assemblies on the electrode surface 292

is smaller. This explanation is supported by our results and others 293

[23], where the deposition potential is indeed lower at higher tem- 294

perature and preferred crystallographic orientations are observed 295

at relatively high temperatures. 296

Table 3
Influence of the temperature on the phase composition of PbO2. Electrolyte: 0.5 M
Pb(CH3SO3)2 + 0.5 M CH3SO3H, pH 0.45. Current density: 20 mA cm−2. Electrode:
carbon/polyvinyl-ester composite. Temperature: 298 K. Deposition time: 2 h. For
comparison, two results with the electrolyte, 0.5 M Pb(NO3)2 + 0.5 M HNO3, are
reported.

Anion Temperature (K) Phase composition Mean grain size (nm)

CH3SO3
− 298 � 18

CH3SO3
− 313 � + � 27

CH3SO3
− 323 � + � 27

CH3SO3
− 333 � 38

CH3SO3
− 348 � 57

NO3
− 298 � + � 32

NO3
− 348 � 70

dx.doi.org/10.1016/j.electacta.2009.03.075
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Fig. 4. SEM images of PbO2 films deposited from an electrolyte containing 0.5 M Pb(CH3SO3)2 + 0.5 M CH3SO3H at various current densities and temperatures: at 298 K at
various current density: (a) 20 mA cm−2, (b) 50 mA cm−2, and (c) 120 mA cm−2; at a current density 20 mA cm−2 at various temperature: (d) 313 K, (e) 333 K, and (f) 348 K.

The experiments were then extended to the composition of297

the electrolyte; both Pb2+ and H+ concentrations were consid-298

ered, partly because Velichenko et al. [26] reported deposition of299

�-PbO2 as the prevalent phase from an acidic methanesulfonate300

solution. Our results are reported in Table 4. When the deposition301

was repeated in the same conditions as Velichenko et al., i.e., lower302

Pb2+ concentration, we also found the �-PbO2 to be the dominant303

Table 4
Influence of the Pb2+ and H+ concentrations in methanesulfonate solutions on the
phase composition of PbO2. Electrode: carbon/polyvinyl-ester composite. Tempera-
ture: 298 K. Deposition time: 2 h.

Concentration
(M)

Current density
(mA cm−2)

Phase
composition

Mean grain
size (nm)

Visual
appearance

Pb2+ H+

0.1 0.1 4 � + trace � 24 Compact
0.1 0.1 20 � 32 Powdery
0.1 0.5 20 � 22 Powdery
0.2 0.5 20 � + � 27 Powdery
0.3 0.5 20 � 23 Compact
0.5 0.5 20 � 18 Compact

phase. It was also clear that the appearance of the films and their 304

adherence to the substrate electrode depended on the concentra- 305

tion of Pb2+ and current density. The trend is to powdery deposits 306

and poor adherence if mass transfer control is approached during 307

deposition. The change from �-PbO2 to �-PbO2 with increasing 308

Pb2+ concentration is much more surprising but may be associated 309

with a trend to mass transport control at lower Pb2+ resulting in the 310

deposition of �-PbO2. 311

3.4. SEM characterisation of deposits 312

Fig. 4 shows SEM images of deposits from 0.5 M 313

Pb(CH3SO3)2 + 0.5 M CH3SO3H at various current densities and 314

temperatures. Again, it can be seen that temperature has a much 315

stronger influence and there appears to be a correlation between 316

the surface morphology and the phase composition. At room 317

temperature, and at all current densities, where �-PbO2 is formed, 318

the deposit appears to be rather flat and made up of features 319

(polygonal in shape) with dimensions several hundred microns 320

in size. At much higher magnification, these features can be seen 321
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Fig. 5. High magnification SEM image of a PbO2 film deposited from an electrolyte
containing 0.5 M Pb(CH3SO3)2 + 0.5 M CH3SO3H at current density of 20 mA cm−2 at
298 K.

to be constructed from smaller grains, see Fig. 5. As soon as the322

temperature is increased so that some �-PbO2 is deposited, this323

structure is totally disrupted. At 348 K, where �-PbO2 is formed324

as a pure phase, the structure is angular and composed of grains325

with dimensions <10 �m in size. Both types of SEM image have326

previously been reported in the literature [21,22,26].327

3.5. Charge/discharge cycling in a beaker cell328

A series of charge/discharge cycling experiments was car-329

ried out in the beaker cell. The electrolyte was again 0.5 M330

Pb(CH3SO3)2 + 0.5 M CH3SO3H at pH 0.45. During each cycle, lead331

dioxide was deposited with a current density of 10 or 20 mA cm−2
332

for 1 h (when the open-circuit potential was +1.76 V) and then333

discharged with the same current density until the cell voltage334

dropped to 1.1 V. As in the larger cell, the charge efficiency for the335

cycles was 80–85%. At the end of the discharge cycle, the open-336

circuit potential was +1.63 V, another clear indication that PbO2337

remained on the surface of the electrode.338

Fig. 6 reports the cell voltage vs. time response during the first339

five cycles of a charge cycling experiment carried out in the beaker340

cell with a current density of 20 mA cm−2. During the first charge341

the cell voltage is almost constant at around +2.05 V following an342

initial rise and then decline that can be associated with nucleation343

of PbO2. Discharge occurs close to +1.40 V (note the inter-electrode344

gap is 2 cm, higher than in the flow cell). On subsequent cycles, the345

behaviour is more complex during charge; charge commences at346

+1.85 V and later increases back to around +2.0 V. This behaviour347

has been seen in all our previous works and has been discussed348

[1,2]. Monitoring the individual electrode potentials shows that this349

feature is associated with the positive electrode. It clearly indicates350

that the conversion of Pb2+ in solution to PbO2 requires the cell volt-351

age to be >2.0 V and that the positive electrode chemistry early in352

the charge process must be a more facile reaction leading to PbO2.353

This can only be the oxidation of a species on the positive elec-354

trode surface and formed during the discharge process. We have355

not been able to identify this species and it does have unique peaks356

in the XRD over the 2� range recorded. As this charge cycling was357

continued some black powder began to form in solution after >30358

cycles.359

Fig. 7 shows SEM images of the deposit on the positive elec-360

trode after completion of 20 cycles and the electrode is discharged.361

Fig. 6. Cell voltage vs. time response for five charge/discharge cycles at
current density of 20 mA cm−2. The experiment was carried out with two
carbon/polyvinyl-ester composite electrodes in an electrolyte solution containing
0.5 M Pb(CH3SO3)2 + 0.5 M CH3SO3H with stirring. Inter-electrode gap: 2 cm. Tem-
perature: 298 K.

The layer has been fractured such that the cross-section is exposed. 362

Fig. 7(a) shows that it is thick, >200 �m and is made up of a number 363

of well-defined layers. Fig. 7(b) is an image of one of the ‘cliffs’ on a 364

higher magnification and reveals the compact nature of the layers 365

that are failing to reduce during discharge. XRD shows that a mix- 366

ture of �-PbO2 and �-PbO2 is the major component of this layer. We 367

cannot rule out the presence of, for example, PbO since the diffrac- 368

tion peaks coincide with those of �-PbO2. Indeed, the cell voltage 369

vs. time response during charge cycling can only be explained on 370

the basis of a Pb(II) species in the deposit at discharge. From the 371

SEM images of the surface after cycling, it is clear that the surface 372

is becoming rougher with time; this is illustrated in Fig. 8, images 373

obtained after 2 and 10 cycles. 374

The phase composition was also monitored during charge 375

cycling and the data are reported in Table 5. At all current densities, 376

it is clear that there is a trend from pure �-PbO2 in the early charges 377

to a mixture of �-PbO2 and �-PbO2 with cycling with the �-PbO2 378

becoming apparent after approximately 10 cycles. This �-PbO2 can 379

be seen both when the electrode is examined in the charged state 380

and when it is examined in the discharged state. It has previously 381

been noted that in sulphuric acid there is also a change in phase 382

Table 5
Influence of charge cycling on the phase composition of PbO2. Electrolyte: 0.5 M
Pb(CH3SO3)2 + 0.5 M CH3SO3H, pH 0.45. Electrode: carbon/polyvinyl-ester compos-
ite. Temperature: 298 K. Deposition time: 1 h. The same current density was used
for charge and discharge. A cycle number of ‘.5’ indicates the charged state or half
cycle.

Current density (mA cm−2) Cycle number Phase composition

10 0.5 �
10 4.5 �
10 5.0 �
10 9.5 � + �
10 10.0 � + �
20 0.5 �
20 2.5 �
20 9.5 � + �
20 19.5 � + �
20 39.5 � + �
20 40.0 � + �
50 0.5 �
50 1.0 �
50 9.5 � + �
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Fig. 7. Cross-sectional SEM images of PbO2 layers after 20 cycles of charge/discharge
at (a) lower magnification and (b) higher magnification. The cell was charged
at 20 mA cm−2 for 1 h and discharged at the same current density until
the voltage dropped to 1.0 V. The experiment was carried out with two
carbon/polyvinyl-ester composite electrodes in an electrolyte solution containing
0.5 M Pb(CH3SO3)2 + 0.5 M CH3SO3H with stirring. Inter-electrode gap: 2 cm. Tem-
perature: 298 K.

composition of the PbO2 within the positive electrode paste with383

cycling [16,17,30–32].384

4. Discussion385

It is clear that high quality, thick lead dioxide layers can be386

deposited onto carbon substrates from methanesulfonic acid solu-387

tions provided that the lead(II) concentration is sufficiently high.388

Using an electrolyte containing 0.5 M Pb(CH3SO3)2 at room tem-389

perature (298 K), it was possible to deposit layers >0.5 mm thick390

that were compact, smooth and adherent to the surface, even at391

current densities up to 120 mA cm−2. These deposits are also pure392

�-PbO2.393

With increasing temperature or a decrease in lead(II) concen-394

tration, the picture becomes more complicated. There is a trend to395

both powdery deposits and the formation of �-PbO2 with decrease396

in lead concentration and to the formation of �-PbO2 with increase397

in temperature. Mass transport limitations are clearly one influence398

in the formation of powdery deposits. The different phases could399

arise from quite different deposition mechanisms. Lead(IV) has a400

finite solubility in methanesulfonic acid and this will increase with401

Fig. 8. SEM images of PbO2 surface after (a) 2 cycles of charge/discharge and (b)
10 cycles of charge/discharge. The cell was charged at 20 mA cm−2 for 1 h and
discharged at the same current density until the voltage dropped to 1.0 V. The exper-
iment was carried out with two carbon/polyvinyl-ester composite electrodes in an
electrolyte solution containing 0.5 M Pb(CH3SO3)2 + 0.5 M CH3SO3H with stirring.
Inter-electrode gap: 2 cm. Temperature: 298 K.

temperature and also be more important at low current densities; 402

hence �-PbO2 could arise from a dissolution/precipitation mecha- 403

nism while �-PbO2 is formed by a more direct deposition process 404

(comparable to the deposition of a metal). Our experiments also 405

show a strong correlation between a very smooth deposit and the 406

formation of pure �-PbO2 (the structure of Fig. 4(a) is always found 407

with �-PbO2) and a much rougher and angular surface with �-PbO2. 408

Although the structure shown by �-PbO2 is not always associated 409

with loss of compactness and formation of powder, it may well be 410

a precursor in appropriate conditions. It may also be that a mixture 411

�-PbO2 and �-PbO2 leads to a less ordered structure in thick layers, 412

with a greater chance of powder deposition. 413

In contrast to its deposition, the reduction of thick layers of PbO2 414

is never straightforward. It is evident that the reduction of thick 415

layers becomes more difficult and shifts to more negative poten- 416

tials as the deposit is removed. Moreover, in conditions where the 417

reduction is a discharge process in a battery, some of the PbO2 is not 418

reduced and deposit remains on the surface of the carbon. Although 419

it cannot be proven conclusively, there is good reason to believe 420

that the negative shift in the reduction potential arises because of 421

proton starvation within the PbO2 as reaction (1) takes place. In 422

our normal charge/discharge regime, where the discharge is termi- 423

nated at a cell voltage of +1.0 V (a positive electrode potential of 424
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∼0.6 V vs. SCE), the voltammetry would indicate that a significant425

amount of the deposit would not be reduced and this is confirmed426

by visual observation or weighing. The potential vs. time response427

during charge/discharge cycling confirms an earlier observation [2]428

that the cell voltage vs. time response during charge is complex, the429

cell voltage (and positive electrode potential) increases with time.430

This would seem to implicate an unidentified lower oxidation state431

lead species within the deposit after discharge.432

The small battery in the beaker cell can be charge/discharge433

cycled effectively for a number of cycles. A charge efficiency of 90%434

and a voltage efficiency of 75% can be achieved for more than 20435

cycles. After such number of cycles, there is substantial deposit on436

the positive electrode and the lead dioxide builds up layer by layer437

and also changes from pure �-PbO2, to a mixture �-PbO2 and �-438

PbO2 as well as becoming less smooth and compact; eventually439

powdery deposits are formed. During such experiments, however,440

there is a substantial build-up of both lead on the negative elec-441

trode and lead dioxide on the positive electrode and this leads to442

a decrease in the Pb2+ concentration in solution. The decrease in443

lead(II) concentration contributes markedly to these changes.444

5. Conclusions445

It is possible to deposit thick layers of pure �-PbO2, pure �-PbO2446

and their mixtures from methanesulfonic acid solutions and con-447

firmed that the phase formed depends on a number of experimental448

parameters. The deposits of both �-PbO2 and �-PbO2 can be com-449

pact and adherent if the conditions are selected correctly. It has also450

demonstrated that the deposition of PbO2 is a straightforward pro-451

cess compared to its reduction process. The reduction requires an452

increasingly negative potential during the reduction of thick layers453

and, in general, not all the PbO2 layer is reduced. Indeed, it is the454

difficulties associated with the reduction of PbO2 that leads to the455

problems during battery cycling; it is the major cause of the charge456

imbalance during charge/discharge cycles and eventually leads to457

shedding of the lead dioxide into solution.458

Because of the trend to form rough and/or powdery deposits at459

lower lead(II) concentrations and higher temperatures, the soluble460

lead acid flow battery should be operated close to room tempera-461

ture and the lead concentration should be maintained above 0.3 M.462

Indeed, it appears that the battery performs best in conditions463

where only �-PbO2 is formed. There appears to be no way to avoid464

the overpotentials associated with both the charge and discharge465

reactions at the positive electrode and also the build-up of lead and466

lead dioxide on the electrodes appears inevitable. We will, however,467

later report regimes where the battery can be cycled extensively [8].468

Avoidance of PbO2 shedding from the surface requires tight control 469

of the battery electrolyte and flow conditions during cycling. 470
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