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A novel flow battery—A lead acid battery based on an electrolyte
with soluble lead(II)

III. The influence of conditions on battery performance
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Abstract

The performance of an undivided flow battery based on the Pb(II)/Pb and PbO2/Pb(II) couples in aqueous methanesulfonic acid as a function
of state of charge, current density, electrolyte flow rate and temperature is reported. In addition, it is demonstrated that the cell chemistry can
be rebalanced after multiple charge/discharge by allowing the excess lead metal deposited at the negative electrode to react with oxygen on
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. Introduction

In two recent papers[1,2], we reported preliminary studies
f a flow battery based on the electrode reactions of lead(II)

n methanesulfonic acid:

negative electrode

Pb2+ + 2e− charge
�

discharge
Pb (1)

positive electrode

Pb2+ + 2H2O − 2e− charge
�

discharge
PbO2 + 4H+ (2)

overall battery reaction

2Pb2+ + 2H2O
charge
�

discharge
Pb+ PbO2 + 4H+ (3)

DOI of original article:10.1016/j.jpowsour.2005.01.049.
∗ Corresponding author. Tel.: +44 2380 593519; fax: +44 2380 593781.

The system differs from the traditional lead acid battery[3,4]
since lead(II) is highly soluble in methanesulfonic acid[5].
It also differs in concept and potential markets from
small box and button cell, secondary batteries based o
uble lead(II) that have been described in the patent li
ture [6–9] and a book chapter[10]. Moreover, these sma
batteries employed perchloric acid, fluorosilicic acid an
tetrafluoroboric acid and methanesulfonic acid is both
hazardous and more materials friendly than these acid[5].
The proposed flow battery based on soluble lead(II) ha
tential advantages over all previously reported flow ba
ies, including Fe/Cr[11–13], V [14–18], Zn/Br2 [19,20],
polysulfide/Br2 [21,22], since (a) it requires only a sing
electrolyte and can therefore employ simpler and cheape
configurations and also eliminates all costs and problem
sociated with a membrane and (b) the solution chemis
straightforward.

In this paper, we discuss the influence of state
charge, current density, electrolyte flow rate and tem
ature on the flow battery characteristics. The electro
in the fully discharged battery was selected to be 1
E-mail address:dp1@soton.ac.uk (D. Pletcher). lead methanesulfonate and 0.9 M methanesulfonic acid. A
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high acid concentration is desirable for a low battery resis-
tance while a high lead(II) concentration is essential both
for a high storage density and a high rate of charge. It
should be noted, however, that during charging, while the
lead(II) concentration decreases, the acid concentration in-
creases at twice the rate, see Eq.(3). The acid concentra-
tion in the initial electrolyte was chosen to be lower than
might otherwise be considered optimum because of the
wish for the lead(II) to be fully dissolved at all states of
charge.

Another issue to be addressed is the chemical balance
in the cell. It is critical to long term cycling that, on
completion of a full charge/discharge cycle, the electrolyte
composition and the electrodes return to their original state.
In the proposed flow battery, the electrodes will only fulfil
this requirement if the current efficiencies for lead depo-
sition/dissolution and lead dioxide deposition/dissolution
are exactly the same (and to minimise gas evolution, the
current efficiencies should both be as close as possible to
100%). Even a small disparity in current efficiency between
the positive and negative electrode chemistries will lead
to build up of a solid on one of the electrodes during
extensive cycling; a strategy to resolve this problem is
essential.
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Fig. 1. Photographs showing (A) flow cell components and (B) assembled
flow cell system. (1) Cell clamp; (2) flow compartment plates; (3) gasket
and interelectrode spacer; (4 and 5) electrodes; (6) assembled flow cell;
(7) peristaltic pump and pump head; (8) pump controller; (9) potentio-
stat/galvanostat; (10) electrolyte reservoir; (11) thermostated water bath.

3. Results and discussion

3.1. State of charge

The influence of state of charge was investigated by car-
rying out experiments with five electrolyte compositions that
assumed that the electrolyte in the fully uncharged state was
1.5 M lead methanesulfonate and 0.9 M methanesulfonic acid
and that the charge reaction follows the stoichiometry de-
scribed by Eq.(3).

Fig. 2 reports current density versus cell voltage char-
acteristics for a charged cell with the five electrolyte com-
positions. These were obtained by charging the cell for 1 h
at 20 mA cm−2 in 1.5 M lead methanesulfonate and 0.9 M
methanesulfonic acid before the cell was drained and filled
with the electrolyte composition to be studied. The cell charge
characteristic was then obtained by ramping the current den-
sity from 0 to 100 mA cm−2 at 0.5 mA cm−2 s−1 while mon-
itoring the cell voltage. The cell discharge characteristic was
recorded in the same way with the direction of current flow
reversed. InFig. 2, it can be seen that the open circuit poten-
tial for the cell shifts significantly higher as the experiment
is commenced with a low lead(II), high proton concentration
electrolyte equivalent to a more charged battery. This is to
be expected based on the Nernst equation for a cell with the
chemistry of Eq.(3) (the lead(II) concentration decreases and
. Experimental

The experiments were carried out in a small undivi
ow cell with two electrodes with geometric areas of 2 c2

nd an interelectrode gap of 4 mm. Photographs of the
nd flow circuit are presented inFig. 1. The cell along with th
olution preparation and experimental procedures have
escribed in more detail in the earlier papers[1,2]. The elec

rodes consisted of a carbon powder/high density polye
ene composite back plate, thickness 3.2 mm, with an a
ayer on the surface produced by heat bonding under
ure. Three types of electrodes with different active la
ere used:

(i) type 1 electrodes were fabricated by pressin
piece of 40 ppi nickel foam, initial thickness 1.8 m
into the plate with a pressure of 6 kg cm−2 at
433 K;

(ii) type 2 electrodes were fabricated by pressing a p
of 70 ppi reticulated vitreous carbon, initial thickn
1.5 mm into the plate in the same conditions;

iii) type 3 electrodes were prepared from type 2 by sc
ing away the reticulated carbon layer with a knife. T
leaves a rough surface with many vitreous carbon p
cles.

EM photographs of these structures have previously
eported[2]. Unless otherwise stated, experiments in this
er employed type 1 as the negative electrodes and typ

he positive electrode.
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Fig. 2. Current density vs. cell voltage characteristics as a function of elec-
trolyte composition (i.e. state of charge). Cell with reticulated vitreous car-
bon positive electrode and Ni foam negative electrode charged for 1 h at
20 mA cm−2 in 1.5 M lead methanesulfonate and 0.9 M methanesulfonic
acid before the electrolyte was changed to that shown. Curves recorded by
ramping current at 0.5 mA cm−2 s−1 from the open circuit potential. Tem-
perature 298 K; electrolyte flow rate 9.9 cm s−1.

the proton concentration increases as the battery is charged)

Eopen circuit= E◦
PbO2/Pb2+ − E◦

Pb2+/Pb
− 2.3RT

F
logcPb2+

+ 4.6RT

F
logcH+ (4)

whereE◦
PbO2/Pb2+ andE◦

Pb2+/Pb
are the formal potentials for

the two couples and it is assumed that the solid phases and
water are in their standard states. Some change in cell voltage
with state of charge is an inevitable characteristic of the pro-
posed battery. On the other hand, this change in open circuit
potential does not influence the energy storage efficiency for
the cell. It is the overpotentials associated with the two elec-
trode reactions and the IR drop through the cell (along with
the current efficiencies) that determine the energy efficiency.
The IR drop through the electrolyte is readily calculated us-
ing the conductivities reported previously[1] and it reaches
∼100 mV when the current density is 100 mA cm−2; the IR
drop in the electrodes is negligible in comparison. Hence, a
substantial fraction of the deviations from the open circuit
potentials shown in the responses ofFig. 2 result from the
overpotentials associated with the electrode reactions, partic-
ularly the deposition and dissolution of the lead dioxide[1].
The overpotentials increase steadily with cell current density
during both charge and discharge. On discharge, there are
o tials
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Fig. 3. Open circuit cell voltage as a function of time after the battery was
charged for 1 h at 20 mA cm−2 with three electrolyte compositions repre-
senting different states of charge.

cell voltage with current density to a high value; it is probable
that oxygen and hydrogen evolution occur due to an insuf-
ficient flux of lead ions to the two electrodes. Certainly, gas
bubbles are observed in the reservoir. With solution (d) con-
taining 50 mM Pb2+ a similar tendency is evident but only at
the highest current densities. Otherwise for solutions (a)–(c)
the characteristics are similar and no gas bubbles are seen.
At least on the timescale of these experiments, i.e. 200 s, it
would appear that the cell can be charged at least until the
lead(II) concentration has dropped to below 0.1 M.

The influence of state of charge on battery performance
was further investigated by carrying out charge/discharge cy-
cling in electrolytes with appropriate compositions; these ex-
periments were commenced with uncharged electrodes. The
results are reported inTable 1. Again, the open circuit po-
tentials were observed to shift positive with increasing acid
and decreasing lead(II) concentrations. In this table, the open
circuit potentials are significantly less positive than those
that would be read fromFig. 2 and this is because the cell
was allowed to reach a steady state before the potential was
recorded. After the end of the charge period, the cell was
allowed to sit on open circuit while the cell voltage was mon-
itored, seeFig. 3. The cell voltage was found to decrease
markedly and only reached a steady value after an extended
period. A likely explanation is that the acid and lead(II) con-
centrations within the pores of the lead dioxide deposit during
c lec-
t res
d ex-
p e
i l-
i es of
t see
l is a
c s and
s
W ss in
c t for
1 e
nly relatively small differences between the overpoten
nd this is to be expected since there are no mass tra

imitations associated with the electrode reactions. Du
ischarge, the overpotentials are higher in the “high” l
low” proton concentration electrolyte, solution (a), and
ay result from a consequent larger swing in the proton

entration within the pores of the lead dioxide solid as
educed (again, see Eq.(4)). On charge, the response for
ution (e), the 10 mM Pb2+ solution shows a rapid increase
t

harge are markedly different from those in the bulk e
rolyte, see Eq.(3), and relaxation to the bulk value requi
iffusion and this is a slow process. Consistent with this
lanation, it can be seen inFig. 3that the drift in cell voltag

s greatest for the most dilute Pb2+ solution. Another possibi
ty is that some self discharge occurs at the outer surfac
he lead dioxide leading to an insoluble lead(II) product,
ater; self discharge of traditional lead dioxide batteries
ommon phenomenon and when used for reserve supplie
imilar applications they are always trickle charged[4,19,23].
ith the soluble lead battery, however, there was no lo

harge efficiency if the battery was stood on open circui
h between charge and discharge.Table 1also reports th
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Table 1
Battery performance data with three initial electrolyte compositions (lead methanesulfonate + methanesulfonic acid)

Initial electrolyte composition (M) Open circuit battery voltage after charge (V) Charge efficiency (%) Energy efficiency (%)

Pb2+ H+

1.5 0.9 1.71 93 76
0.5 2.9 1.78 86 72
0.1 3.7 1.83 63 54

The flow cell was charged at 20 mA cm−2 for 900 s and then discharged at the same rate until the cell voltage dropped to 1.2 V. Temperature 298 K; electrolyte
flow rate 9.9 cm s−1.

charge and energy efficiencies for the sixth charge/discharge
cycle for the cell with each electrolyte when the data have
reached a steady state. Clearly, the cell performs well over a
wide range of lead(II) concentrations but there is a decline in
performance when the electrolyte contains <0.1 M lead(II).

3.2. Rate of charge/discharge

Fig. 2is one representation of the influence of current den-
sity on both charge and discharge. With sufficient lead(II) in
the electrolyte, it is to be expected that the charge and dis-
charge are both efficient reactions but an increase in current
density is at a cost of increased overpotentials and a loss in
energy efficiency.

This was confirmed by a series of charge/discharge cycle
experiments at current densities of 20, 40 and 60 mA cm−2

with the electrolyte, 1.5 M lead methanesulfonate and 0.9 M
methanesulfonic acid. The cell voltage versus time charac-
teristics are shown inFig. 4 (see also Fig. 7 in[2]). The
responses are very similar in form and the charge efficiency
is always∼90%. The overpotentials on both charge and dis-
charge, however, increase with current density and hence the
energy efficiency decays with increased current density.

The responses also show that the behaviour during the first
charge is different from that in subsequent cycles. The cell
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Fig. 4. Cell voltage vs. time responses for six charge/discharge cycles at
current densities of (a) 20 mA cm−2; (b) 40 mA cm−2; (c) 60 mA cm−2.
Electrolyte: 1.5 M lead methanesulfonate and 0.9 M methanesulfonic acid.
Temperature 298 K; electrolyte flow rate 9.9 cm s−1.
oltage during the first charge is constant at a rather
alue. In subsequent cycles, the cell voltage starts at a
ificantly lower value but rises over a period to the va
uring the first charge. Such behaviour has been noted p
usly [1,2] and demonstrated to be associated with the

tive electrode. This phenomenon was investigated fur
sing a vitreous carbon RDE in a solution consisting of 1.

ead methanesulfonate and 0.9 M methanesulfonic acid
ioxide was deposited at 10 mA cm−2 for 600 s and then dis
harged at 100 mA cm−2 before the disc was washed and
mined. By eye, the charged electrode is clearly covere
thick layer of black oxide and after discharge it had lar

eturned to the appearance of vitreous carbon although
ere small patches of deposit appearing to be a much
er film.Fig. 5(b) reports a scanning electron micrograp
ne such patch and inFig. 5(a) the lead dioxide before r
uction is also shown. Before discharge, there is a uni

ayer of lead dioxide on the vitreous carbon. After the
harge step, most of the deposit has dissolved (as confi
y SEM at lower magnification) but some poorly conduc
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Fig. 5. Scanning electron micrographs of (a) the PbO2 layer deposited on a
vitreous carbon RDE at 10 mA cm−2 for 600 s and (b) the deposit remain-
ing after dissolution of this layer at 100 mA cm−2. Electrolyte: 1.5 M lead
methanesulfonate + 0.9 M methanesulfonic acid. Temperature 298 K.

solid clearly remains in patches on the carbon surface. It is,
however, only a small fraction of the PbO2 deposited and the
rapid discharge was selected to maximise the insoluble ma-
terial formed. Moreover, it clearly has a different structure
to the PbO2 while EDAX analysis of the deposit shows that
the ratio of oxygen:lead is close to half that found for the
PbO2 suggesting that the deposit is PbO. This lead(II) oxide
could arise during the dissolution of the PbO2 if the concen-
tration of Pb2+ in the boundary layer close to the electrode
becomes high enough to exceed the solubility product of a
lead(II) species. The proton concentration in this boundary
layer could also become depleted, aiding deposition of the
lead species. Effectively, there are two reduction routes lead-
ing to soluble and insoluble lead(II) and the ratio of the two
products will depend on the dissolution conditions, e.g. cur-
rent density, temperature. It is probable that this deposit is
reoxidised back to PbO2 more readily than the Pb2+ in solu-
tion and this is the cause of the low cell voltage during the
early stages of charge in second and subsequent cycles. We
would, however, emphasise that we have seen no evidence to
suggest that this deposit degrades the cell performance and

Table 2
Battery performance as a function of discharge current density

Discharge current
density (mA cm−2)

Discharge
voltage (V)

Charge
efficiency (%)

Energy
efficiency (%)

20 1.56 85 66
40 1.48 78 59
60 1.43 77 58
80 1.33 65 42
100 1.26 62 44

The battery was charged at 20 mA cm−2 for 1 h and then discharged at var-
ious current densities. Electrolyte: 1.5 M lead methanesulfonate and 0.9 M
methanesulfonic acid. Temperature 298 K; electrolyte flow rate 9.9 cm s−1.

it can be regarded as a bonus since it leads to a better energy
efficiency.

While the form of the lead and lead dioxide deposits and
the current efficiency for their formation would be expected
to be a strong function of the current density during charge
(and loose deposits were always observed at current den-
sities of 40 mA cm−2 and above), it is to be expected that
the current density during discharge would have less influ-
ence on cell performance. To test this hypothesis, a series
of experiments were carried out where the cell was charged
in 1.5 M lead methanesulfonate and 0.9 M methanesulfonic
acid at 20 mA cm−2 for 1 h and then discharged at differ-
ent rates. The results are reported inTable 2. Indeed, up to
60 mA cm−2, the charge efficiency only decreases slightly
but there is a drop in the cell voltage and this leads to some
degradation in the energy efficiency. At 100 mA cm−2, even
the charge efficiency is severely diminished.

3.3. Electrolyte flow rate and electrode structure

Charge/discharge cycling experiments with the cell con-
taining 1.5 M lead methanesulfonate and 0.9 M methanesul-
fonic acid, and using a current density of 20 mA cm−2 showed
no dependence of the behaviour on flow rate over the range
1–10 cm s−1. However, mass transport is not likely to be a
f im-
p s the
l des
e ities,
i the
e from
d . For
t y,
i

j

w -
f f
e -
s

d
b ution
actor in these conditions. Rather mass transport will be
ortant at high charge rates and will grow in importance a

ead(II) in solution is consumed. In reality, with the electro
mployed, using measurements of limiting current dens

t is not possible to simply distinguish the influence of
lectrode structures on the mass transport coefficient
ifferences in the real surface areas of the materials

hree-dimensional electrodes, the limiting current densitjL,
s given by

L = nFkmAeVec (5)

herekm is the mass transfer coefficient,Ae the specific sur
ace area,Ve the volume of the electrode,n the number o
lectrons transferred/molecule of reactant,F the Faraday con
tant andc is the concentration of reactant.

Fig. 6shows plots of logjL versus logv for the uncovere
ack plate and both types 2 and 3 electrodes in a sol
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Fig. 6. Limiting current density as a function of the mean linear flow
rate of the electrolyte vs. cell with (a) a flat plate carbon electrode; (b)
a scraped reticulated vitreous carbon electrode; (c) a reticulated vitreous
carbon electrode. Data for the oxidation of ferrocyanide. Solution: 10−3 M
K4Fe(CN)6 + 10−2 M K3Fe(CN)6. Temperature 298 K.

containing 1 mM ferrocyanide and 10 mM ferricyanide; the
limiting current densities are based on the geometric area of
the back plate (2 cm2) andv is the mean linear flow rate of
the electrolyte. Using the smooth back plate as the electrode
the current densities are of the order of 0.1 mA cm−2 (equiv-
alent to a mass transfer coefficient of 10−3 cm s−1) and there
is a small increase with increase in the flow rate over the
range 1–15× 10−3 cm s−1. With the very rough surface of
type 3 electrodes, the current densities increase by a factor
up to three and the dependence on flow rate increases; these
result from the turbulence introduced by the vitreous carbon
fragments. With the type 2 electrodes, the current densities
are >10 higher then at the flat plate and this arises from en-
hancements in both mass transfer coefficient and electrode
surface area. The values ofkmAe range between 0.08 and
0.3 s−1 with the flow rate range investigated. This is similar
to values reported earlier[24,25]and shows one clear advan-
tage for the three-dimensional electrode. The limiting current
density at the reticulated vitreous carbon (type 2) and a flow
rate of 10 cm s−1 for a 0.1 M lead(II) solution may be esti-
mated as >200 mA cm−2 confirming the advantage of these
conditions if the battery were to be charged to low lead con-
centrations. It may be noted that depletion of the electrolyte
initially containing 1. 5 M Pb2+ to a lead concentration of
0.1 M would give an energy storage capability of∼60 Wh/l of
the electrolyte. Another advantage of the three-dimensional
e es
w be
e and
b

3

ut at
fi elec-
t esul-
f
f nsity

Table 3
Battery performance as a function of temperature

T (K) Battery voltage (V) Charge
efficiency (%)

Energy
efficiency (%)

Charge Discharge

273 2.04 1.54 91 72
298 2.01 1.54 93 76
313 1.95 1.56 90 74
323 1.89 1.57 77 67
333 1.84 1.57 67 59

Data from sixth charge/discharge cycle. Current density for charge and dis-
charge: 20 mA cm−2. 900 s charge. Electrolyte: 1.5 M lead methanesulfonate
and 0.9 M methanesulfonic acid. Electrolyte flow rate 9.9 cm s−1.

until the cell voltage dropped to 1.2 V. Data taken from the
sixth cycle are reported inTable 3. With increasing tempera-
ture, there is a substantial decrease in the overpotential dur-
ing charge and a small decrease in the overpotential during
discharge. Over the range 273–313 K, there is little change
in charge efficiency. At higher temperatures, the charge effi-
ciency decreases and this may result from the formation of
some soluble lead(IV) species at the higher temperature.

Overall, 273–313 K seems to be the preferable tempera-
ture range for operation of the battery.

3.5. Balancing the cell chemistry

When cells were fully discharged and dismantled after
extensive cycling, some lead metal could be seen remain-
ing on the negative electrode. This suggests that the cur-
rent efficiencies of the reactions at the negative electrode
are higher than those at the positive electrode and the likely
reason is the evolution of some oxygen in parallel to lead
dioxide deposition. Indeed, in the light of experience of the
charge balances during cyclic voltammetry of lead and lead
dioxide deposition and related experiments, the build up of
lead on the negative electrode is surprisingly slow. Even
so, a strategy for rebalancing the cell chemistry is essential
to prevent continuous build up of the lead on the negative
electrode.
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lectrode is that the Pb and PbO2 deposits on the electrod
ill be formed at a lower local current density and it is to
xpected the deposits will then show greater uniformity
etter adhesion[26].

.4. Temperature

Charge/discharge cycling experiments were carried o
ve temperatures within the range 273–333 K using the
rolyte, 1.5 M lead methanesulfonate and 0.9 M methan
onic acid and a cycle regime of charging at 20 mA cm−2

or 900 s followed by discharge at the same current de
One approach is to periodically dissolve the lead b
nto solution using a non-electrochemical procedure that
ot require the irreversible addition of chemicals into
lectrolyte. Oxygen is a potential oxidant when dissolu
hould occur by the reaction.

Pb + 4H+ + O2 → 2Pb2+ + 2H2O (6)

xcess oxygen should then be readily removed after the
letion of the dissolution.

In order to demonstrate that lead metal corrodes in a f
ay in the battery electrolyte and to estimate the rate of
olution, the following experiment was carried out. The
as charged at a current density of 40 mA cm−2 for 1800 s
sing the electrolyte, 1.5 M lead methanesulfonate and 0
ethanesulfonic acid. After charging, the cell was dra
nd washed before the positive electrode was remove
eplaced by a polymer sheet (in order to ensure that any P
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Fig. 7. Concentration of lead(II) in solution as a function of time when flow-
ing O2 saturated 0.9 M methanesulfonic acid through the cell on open circuit
after the removal of the positive electrode. The lead was deposited with a
current density of 40 mA cm−2 for 1800 s. Temperature 298 K; electrolyte
flow rate 9.9 cm s−1.

subsequently found in solution came from the dissolution of
lead, not lead dioxide). Then, oxygen saturated methanesul-
fonic acid (0.9 M) was flowed through the cell and concen-
tration of lead(II) in the acid was monitored as a function
of time using a vitreous carbon rotating disc electrode (also
reference and counter electrodes) in the reservoir and a cali-
bration plot of limiting current versus lead(II) concentration.
The results are shown inFig. 7 where it can be seen that
the lead(II) in solution increases linearly with time and that
all the lead corrodes into solution over a period of 230 min.
It is not to be expected that the high lead(II) concentration
present in the battery electrolyte will slow down the dissolu-
tion; the lead(II) free initial acid was used in order to aid the
facile analysis of the lead(II) accumulating in the electrolyte
during dissolution. It is, of course, probable that the rate of
dissolution could be enhanced by increasing the temperature
or supply of oxygen.

4. Conclusions

The soluble lead(II), lead–acid flow battery has been
shown to give a good performance over a range of conditions
including state of charge, current density, electrolyte flow rate
and temperature. It has also been shown that although lead
builds up on the negative electrode during extended cycling, it
m con-
t tery.
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