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The soluble lead battery is one of the redox flow batteries that are suggested for MWh energy
storage to assist with the integration of sustainable energy sources as well as to bring electricity
to areas with no grid connection. The soluble lead battery has several advantages including the
fact that it uses the same electrolyte both sides, which should reduce the need for expensive
membrane separators and reduce the number of tanks and circulating pump sets to one each,
reducing complexity. However, research has shown that the positive electrode redox couple has
limited reversibility and as such, results in build-up of material on the positive electrode, which
consequently affects stripping at the negative electrode, and results in short circuits and short
cycle life. This thesis enhances the advantages of the soluble lead battery by introducing a novel
method to produce electrolyte for the soluble lead battery directly out of spent lead acid
batteries. By so doing the thesis introduces an inexpensive method to make electrolyte for the
battery, improving the battery’s competitiveness. The thesis also proves that the reagent grade
electrolyte that is traditionally used in prior studies has nickel impurities in it and is as such
harmful to the operation of the battery. Furthermore, the recovered electrolyte made out of
spent lead acid batteries is cycled extensively in both static and flow cells to compare
performance, and the recovered electrolyte is found to perform better than the reagent grade
electrolyte in both cells. Hence based on the results, it is recommended that the soluble lead
battery should use recovered electrolyte to avoid the detrimental effects of nickel in reagent
grade electrolyte, as well as to take advantage of the relatively easy method of making recovered
electrolyte, which takes advantage of the refined lead in lead acid batteries as well as the
additives traditionally added to enhance operation in traditional lead acid batteries. To further
improve the performance of the soluble lead battery, cycling regimes are carried out using
recovered electrolyte, where it is found that current density, the inter-electrode gap, as well as
the end-of-discharge voltage, have a significant effect on the performance of the soluble lead cell,
and need to be controlled to optimise cycle life as well as charge, energy and voltage efficiency.
Finally, further work is recommended to address questions that arose and that could not be
addressed within the scope of this work.
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Climate change is ‘unequivocally’ one of the biggest challenges of the 21 century [1],
exacerbated by the use of fossil fuels that have contributed significantly to the increase in carbon
dioxide emissions in the atmosphere and the subsequent global warming [2]. Recently, the IPCC
confirmed that recent extreme weather conditions experienced in different parts of the world are
more than likely the effects of 1.0°C global warming above pre-industrial levels and that “global
warming is more than likely to reach 1.5° C between 2030 and 2052 if it continues to increase at
the current rate”, which would cause catastrophic climate change [3]. This confirms the urgency
to expedite mitigation efforts, and renewable energy sources are recommended as one of the

ways to mitigate and reduce the use of fossil fuels [4].

In Europe and other western countries, several governments have introduced and/or
strengthened policies that increase the share of renewable energy in their national energy mix,
gradually reducing the use of fossil fuels [5, 6]. The EU has set targets to produce as much as 20%
energy from renewable sources by 2020, and some of the countries have increased their targets
as the set targets were accomplished or became attainable. For example, Scotland reached its
target to produce 50% electricity from renewable energy by 2015, and subsequently updated the
target to 100% of Scotland’s electricity demand from renewables by 2020 [7]. Germany set their
target at 30% electricity from renewables by 2020, and managed to surpass it in 2018 and has

since upgraded the national target to 100% electricity supply from renewables by 2050 [8].

Renewable energy has also been suggested for developing countries, not only as a sustainable
energy source for ever increasing energy demands, but also as an option better suited to areas
with no grid connection [9-11]. In India, recommendations were implemented through the
Electricity Act of 2003, Section 14, [12] targeting rural electrification, which stipulated that small-
scale producers did not need to obtain licenses but needed to conform to safety and supply
regulations, and that benefits borne from government subsidy would be passed to the consumer
[13]. The Global Network on Energy for Sustainable Development reported that 10,000
households in West Bengal and 35,000 in 1,400 small villages received stable electricity from
micro-grids implemented by government agencies under the said policy [13]. In 2017, 147 million
households in India used off-grid solar electricity [14]. In the same year Costa Rica provided over

98% of the national electricity demand from renewable sources [14].

Across the developing world, micro-grids provide access to low power electricity (1 — 20 Wp). For
example, between 2016 and 2017, 9 million people each in Kenya, Tanzania, and Uganda, and 17

million in Ethiopia, gained access to electricity through off-grid solar systems [14]. A 100,000 Solar



Home Systems were installed in Bangladesh in 2006 [15]. In fact, 6% of new access to electricity
across the world was due to off-grid solar systems [14]. It is clear that for the developing world, as
well as rural electrification in developed countries, micro-grids and off-grid electricity generation
are the most practical and accessible ways in which to improve electricity access. Therefore
renewable energy will remain a critical source, especially if the seventh sustainable development

goal [16] of ensuring access to affordable and clean energy is to be met by 2050.

1.1 The Need for Energy Storage

Energy storage presents an opportunity for effective utilisation of renewable energy, by storing

excess energy when it is available and discharging it when it is required [17, 18].
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Figure 1-1: Functions that different energy storage technologies can supply to the

grid?

! Adapted from: 17. San Martin, J.1., |. Zamora, J.J. San Martin, V. Aperribay, and P. Eguia. Energy storage
technologies for electric applications. in International Conference on Renewable Energies and Power Quality.
2011, 19. lbrahim, H., A. llinca, and J. Perron, Energy storage systems—Characteristics and comparisons.
Renewable and Sustainable Energy Reviews, 2008. 12(5): p. 1221-1250.DOl:
http://dx.doi.org/10.1016/j.rser.2007.01.023, 20. Dunn, B., H. Kamath, and J.-M. Tarascon, Electrical
Energy Storage for the Grid: A Battery of Choices. Science, 2011. 334(6058): p. 928-935.DOlI:
10.1126/science.1212741., 21. Yang, Z., J. Zhang, M.C.W. Kintner-Meyer, X. Lu, D. Choi, J.P. Lemmon,
and J. Liu, Electrochemical Energy Storage for Green Grid. Chemical Reviews, 2011. 111(5): p. 3577-
3613.DOI: 10.1021/cr100290v.
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However, the utility of energy storage goes beyond resource firming and load shifting; voltage and
power quality regulation, energy management, price arbitration, and peak shaving, are just some
of the many services that energy storage offers [22]. An overview of the range of applications
provided by energy storage technologies is illustrated in Figure 1-1, and redox flow batteries are
among the energy storage technologies providing these services. Demonstration projects around
the world have proved that redox flow batteries are a viable option for both stationary and grid-
connected energy storage applications [23, 24]. Table 1-1 gives examples of redox flow batteries

providing a range of these services.



Table 1-1: Examples of functions served by redox flow batteries in renewable energy integration and micro-grids [17, 25-27].

Function

Description [27]

Response Time /
Sustained Energy

Supply Period

Technology / Project Examples [26]

Resource firming

Energy from renewable sources is intermittent and may
not be available when required. Storage acts as the
bridge between supply and demand, storing the energy
when it is available and discharging it as electricity when
it is in demand. The electricity is then supplied

consistently, despite irregular generation.

Energy storage can also prevent sudden shut down of
renewable generating equipment, such as wind turbines,
if generation exceeds demand, by storing the surplus

electricity.

Milliseconds-
seconds/1-9

Hours

15 kW/120 kWh Vanadium redox flow battery at Risg
Syslab, at Lyngby-Taarbaek, Denmark (response 20 kW/s)
[28].

15 MW/60 MWh Vanadium redox flow battery at Minami
Hayakika Substation, Hokkaido, Japan [29].
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Function Description Response Time / Technology / Project Examples [24, 26]

Sustained Energy

Supply Period
Resource Similar to resource firming, energy storage provides a Seconds to minutes | 100 kW/500 kWh Zinc bromine Redox flow batteries was
integration buffering role between intermittent supply from / hours used to store electricity from both solar and wind energy,

renewable generators and the micro-grid, and hence
enables the grid to receive electricity from different types

of renewable sources.

at New South wales, Australia.

25 kW/ 50 kWh ZnBr, redox flow battery in Scottish
community in Strathclyde [30]

15 MW / 60 MWh Vanadium Redox Flow battery at
Hokkaido, Japan, used to store electricity from adjacent

solar and wind farms [29].

Load matching —

load levelling

Electricity produced during low demand is stored
immediately, and then dispatched when demand is high.
This way the need to produce peak electricity is shifted to
times of low demand, when generation might be
cheaper. For independent producers, this could decrease
the need to buy electricity at high prices, or enable selling
of cheaply produced electricity at higher prices, in what is

known as price arbitration.

Minutes to hours /

hours

80 kW/160 kWh Zinc Iron Redox flow battery by Flathead
ViZn at Montana. [31]




Function

Description

Response Time /
Sustained Energy

Supply Period

Technology / Project Examples [24, 26]

Load matching —

Peak shaving

Where it is possible to predict occasional excessive peak
demand, energy storage can provide peak shaving by
supplying the excess demand, on top of the usual
generated capacity. In this case, energy stored during low
demand can be used instead of running spinning reserve

equipment, such as diesel generators.

Milliseconds to
seconds / Minutes

to hours

Two 500 kW zinc bromine flow battery packs for peak
shaving, one for a 605 kW solar array in Everett, MA, and

another for a 600 MW wind farm in Worcester, MA. [32]

Uninterruptible

supply (UPS) /
“Ride Through”

capability

For some small networks, quick-responding energy
storage can be used to supply the required full capacity
almost instantaneously, instead of using emergency
generating plant, ensuring there is no interruption of

supply for customers.

Milliseconds to
seconds / Minutes

to hours

105 625 kW Imergy® vanadium redox flow batteries for
uninterruptible supply for telecoms applications in South

Africa and India [33].
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Function Description Response Time / Technology / Project Examples [24, 26]
Sustained Energy
Supply Period
Frequency Electricity supplied to consumers needs to be within 50 Seconds 1 MW Avista UET Vanadium Redox Flow Battery at
regulation. to 60 Hz in order to comply to supply regulations and to Pullman, Washington, US, provides black start, energy
prevent damaging equipment and/or disrupting time shift, frequency regulation, resource firming, load
production for commercial and industrial customers. following, spinning reserve, and ramping energy services
However different renewable sources generate at [34].
different frequencies. To ensure the electricity fed into
the micro-grid is at the right frequency, energy storage
can be used as a buffer where power electronics regulate
the electricity before storage and between storage and
the grid, independent of the generator’s fluctuations.
Power quality and Energy storage also enables micro-grids to provide a Milliseconds to 250 kW/1000 kWh Castle Valley Vanadium Redox
voltage regulation | consistent flow of electricity despite the fluctuations seconds / 8 hours Battery, US, also provided power quality and voltage
inherent in renewable energy sources. regulation [24].




It is clear from Table 1-1 that redox flow batteries can provide many services to the grid, for
example, a 15 MW / 60MWh vanadium redox flow battery installed at the HEPCO substation in
Minami-Hayakita was used to store and discharge energy from a wind and solar farm onsite. The
battery was able to supply the required energy for four hours, successfully indicating
dispatchability. It also responded to sudden increases in demand within 60 milliseconds, therefore
proving capability for peak shaving, ride through and voltage regulation [29]. This indicates that
redox flow batteries are capable of providing the services required to enable use of renewable
energy sources, including: capacity firming or time-shifting, load management, frequency
regulation, voltage quality management, price arbitration, black start, among many others [25], as
seen in several of the examples quoted above. It was also possible to discharge the battery to 98%

SoD with no negative effect to capacity, signalling tolerance to deep discharge.

In their ‘Energy for All’ model scenario, the International Energy Agency predicts that the
cheapest way to provide 485 million people with electricity by 2030 will be through decentralised
systems [14]. Since 88% of the world population without electricity live in Sub-Africa, and 78% are
in rural areas which have no grid connection, it is reasonable to assume that off-grid and mini-grid
systems will continue to be essential for this task. The capacity of redox flow batteries to pair with
a range of off-grid systems is essential. As shown in Table 1-1, redox flow batteries can store kWh
— MWh energy e.g. the 15 MW/60 MWh Vanadium redox flow battery at Minami Hayakika
Substation, Hokkaido, Japan [29] and the 100 kW/ 600 kWh vanadium redox flow battery
provided for load shifting at Gyengnam, South Korea [26]. When coupled with micro-grids, redox

flow batteries can provide stable and quality electricity for isolated communities.

1.2 Motivation: Energy Storage for Rural Communities and the Urban

Poor

The drive to provide energy for the developing world and for rural electrification historically relied
on renewable sources and on decentralised systems. In the period spanning the 1960s to early
2000s, several solar PV systems were piloted throughout Africa [35-38], and in India [39, 40], in
rural electrification projects. The systems were sized between several tens of watts to kilowatts,
delivering electricity for community projects such as health clinics, schools, community centres,
and government office buildings [41]. Historically lead acid batteries were the most common

storage technology for the projects.

However, most of the projects in both Africa [42] and India [40] failed, due to a myriad of reasons
including: high initial investment costs, a lack of technical support for maintenance, inaccessibility

of spares, inability to pay for the electricity despite willingness to buy [43], prohibitive
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replacement costs for the battery pack, a lack of ownership by the users resulting in neglect,
competing policies that made PV electricity the more expensive option compared to fossil fuel
electricity, poor quality installations, which undermined confidence in technology, etc. [44, 45].
Even when projects had received financial aid from donor agencies and only required users to pay
for the electricity used and for maintenance, inability to pay rendered PV electricity inaccessible
and projects became obsolete sooner than the predicted end-of-life, when parts could not be
sourced, or the batteries could not be replaced. Batteries, mostly lead acid at the time, were one

of the most quoted reasons for failure.

The emergence of solar home systems that are much smaller and therefore cheaper changed the
trajectory of electricity access for Africa. Solar Home Systems (SHSs), 0.1 — 25 W, are small
systems that include a PV panel, a charge regulator, and a lead acid battery that are sold as a unit
[46]. The surge in rural electrification that saw over 20 million people gain access to lighting
electricity every year in Africa in the past ten years was largely driven by solar home systems [14].
The systems enjoyed better success, benefitting from the lessons learned from previous
installations, as well as lower prices for PV panels as the technology had matured, lower capital
cost that came with smaller PV panels, and an emergence of flexible payment options supported
by mobile-phones [46, 47]. The systems have been deployed in many rural areas and have
contributed to an increase in access to electricity in Africa, from 34% of the population in 2000 to

43% in 2017 [9].

Similar success has been quoted elsewhere in the world; in Central and South America, electricity
access rose from 87% in 2000 to 97% in 2017, and in Asia access rose from 67% in 2000 to 89% in
2017 [48]. In India, apart from the solar home systems, subsidies were introduced to encourage
installation of domestic PV systems (0.1 — 10 kW), through the regulatory framework introduced
in 2003 [12]. Close to half a billion people gained access to electricity in India this way.

Affordability and technical support were important in promoting access to electricity.

Unlike in India, the majority of the systems used in Africa are pico-sized (0.1 — 10 Wp) [48], and
while they have improved access to lighting electricity, they are still too small to provide the
energy required to power other basic household needs such as refrigerators, kettles etc, and
contribute meaningfully to improving quality of life [41]. The International Energy Agency explains
that people who use pico-sized solar systems are considered to be below the minimum threshold
for electricity access [49]. Their use, therefore, does not preclude the need for other fuels for

cooking and heating.

Solar cookers were introduced in India and China as an alternative to using scarce biomass and

improving indoor air quality [50, 51]. However, uptake was low because of the prohibitive initial



cost, and in some cases the stoves fell into disuse, in some cases because of the cultural shift that
was required to use the stoves. For example a meal that would normally take 20 minutes on
firewood would take up to three hours on the solar cooker, sometimes men’s involvement was
needed to carry the solar cooker to a sunlit area, e.g. on the roof [52]. This forced users to spend
too much time cooking, and to adjust their meal times, which interfered with their daily activities.
Because of this reason, better methods are still required for providing energy for domestic
activities without introducing too much disruption to daily life. Currently, fossil fuels remain the
most widely used for cooking in developing countries [14, 37], and the number of people who lack
access to clean cooking has not changed from 2000’s 2.8 billion [48]. Hence the call for clean,
affordable and sustainable energy needs to also include reliability and convenience. Since
electricity remains one of the most convenient forms of energy in today’s world, rural
electrification is still imperative, but it needs to move past provision of electricity for lighting and

small electronics.

The International Energy Agency projects an increase in energy demand of 119 TWh by 2030, 88%
of which is in rural areas, and two thirds of which is demand for renewable energy sources [48].
This means energy storage will remain vital in order to use the renewable energy. The World
Energy Outlook report estimates an additional $52 billion annual investment is required in order
to ensure energy for all by 2030, 95% of which is required for Sub-Saharan Africa [48]. Energy
storage constitutes 80% of an off-grid installation [53], therefore, a large portion of the
investment will go to energy storage, even with the price of most battery types (lead acid, lithium
ion, advanced lead, redox flow) projected to fall by 50 — 60% by 2030 [54]. Except for redox flow
batteries, the cost of battery storage rises sharply with increase in size, as such, solid batteries are

often too expensive for household applications [55, 56].

Of the 991 installations using electrochemical energy storage listed on the DOE energy storage
database, 100 use redox flow batteries (as many as those that use lithium type batteries),
confirming that redox flow batteries have firmly entered the energy storage market, and their
applications ranges in size from 5 kW to 15 MW, with a 20 MW project under construction [26]. It
is reasonable to conclude that they will continue to be significant, especially since they offer other

advantages in comparison to solid batteries (section 2.2.6).

Redox flow batteries are not only capable of storing large quantities of energy (MW), they have
milliseconds response times to changes in demand and supply, as shown in the examples in Table
1-1 [29]. Redox flow batteries are designed to operate with 100% discharge and are tolerant to
storage at full or partial charge [23], unlike lead acid batteries which require float charging to

counter self-discharge and prevent partial charge storage, [57] and lithium ion batteries, whose

10
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life is extended by limiting discharge to 80% depth of discharge and storing at 40% depth of
discharge [58]. Unlike lithium ion batteries, redox flow batteries can safely tolerate temperatures
up to 40°C, which are common during tropical summers experienced in most African, South Asian,
South and Central American countries. For example, a vanadium redox flow cell showed
improvement in voltage efficiency from 87.6% to 90.5% when operated at 25° Cand 55° C,
respectively. The same cell displayed a negligible decrease in charge efficiency from 95.6% at 25°
Ct093.7%, at 55°C [59]. Zinc bromine redox flow batteries also display a similar tolerance for
temperature [60]. They have also been shown to perform steadily at current rates of 15 A, 30 A
and 60 A [61]. The charge efficiency remained constant between 70% - 74% at 60 A. Operation
temperature around 40°C for lead acid batteries would result in premature battery failure [62].
Another critical advantage redox flow batteries have significantly higher life cycles than the lead
acid battery, for example, the vanadium redox battery with 10,000 — 200, 000 cycles [54] while a
valve regulated lead acid battery will last at best 5,000 cycles if used within the constraints of

standard operating conditions [63].

Due to the clear advantages that redox flow batteries present, a lot of research is focused on their
development and improvement [64]. The soluble lead flow battery (SLFB) is one such redox flow
battery which, during charge, deposits lead and lead dioxide on the positive and negative
electrode respectively, from the same electrolyte [65]. This feature of the battery means that the
battery does not require strict control of electrolyte cross-over, and hence does not require
expensive membranes [66, 67]. The vanadium redox and the zinc bromine flow batteries both
require control against cross over [65] and both these batteries have been demonstrated and are
now commercial [26]. Since the SLFB doesn’t require expensive membrane separators and allows
use of the same electrolyte tank for both redox couples, and potentially reduces complexity of the
system design, it could compete well with the two commercial chemistries, and it is worth
pursuing as an option of energy storage for rural electrification and off-grid stationary

applications.

The soluble lead flow battery uses an electrolyte of lead (ll) ions dissolved in methanesulfonic acid
and electrodes on which lead and dioxide are deposited during charging. Conventionally,
researchers have used reagent grade lead (RGE) methanesulfonate and methanesulfonic acid to
make the electrolyte, and graphite electrodes. Graphite is an earth abundant material compared
to other common electrodes materials, such as platinum, gold, and titanium compounds.
Therefore an opportunity to use other material sources for the lead (ll) ions other than reagent
grade chemicals for the electrolyte was sought. A way to extract expended lead acid battery
electrode material to use as lead (ll) ion source for the SLFB electrolyte was investigated for this

reason.
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Lead acid batteries, which were widely used with the PV projects piloted between 1960 and late
2000s are now less popular for stationary applications, and made 100 of the 991 listed
electrochemical energy storage projects on the DOE global energy database [26]. Despite this they
still remain widely used for starting lighting and ignition (SLI) and remain competitive with newer
technologies [68]. As a well understood technology that has existed for over a century [69], with

a well stablished manufacturing and recycling infrastructure [70] lead acid batteries are expected

to continue to stay competitive in supporting the growing demand for vehicles.

Lead acid batteries represent the most recycled product in the world, with a recycle rate of over
95% in Europe [71, 72]. Nonetheless recycle rates vary country by country and are even more
varied between developed and developing countries. While in Europe and the US recycle rates are
as high as 99% [73], South Africa had lower rates at 90% in 2014 [74], and China had 38% official
recycle rate [75]. A recent study estimates a 30-40% informal sector recycle rate [76]. In the latter
case processes used were so inefficient that only about 60% of the lead was recovered, the rest
lost during processing. Similar practices have been reported in sub-Saharan Africa, where
infrastructure and policy enforcement aren’t as robust, and informal recycling is rife. This results
in toxic lead being released into the soil, the atmosphere, and waterways, endangering human

health and contaminating the environment [77].

Growth in populations and in the consequent number of vehicles in developing countries [78] and
motor bikes in Asia [75] continue to add to the use of lead acid batteries and the demand for
recycling. This presents an opportunity to introduce an alternative and safer lead acid battery
recycling route for developing nations, as well as another stream of use for the expended lead

acid batteries that are likely to come into the recycle market.

1.3 Aims and Objectives

The vision for this project was to advance the use of renewable energy sources by providing
and/or improving energy storage, to improve energy access for grid-isolated communities. The
aim of the project was to create an electrolyte for the soluble lead redox flow battery using

sustainable means, which also provided an additional avenue of safely recycling lead acid battery.

To achieve the above aim, the following objectives were defined.

l. Find sustainable options for the active material used in the soluble battery
a. Reclaim/reprocess lead to use as electrolyte for the battery
II.  Test viability of the solution produced as an electrolyte option and
M. Compare produced electrolyte to conventional SLFB electrolyte
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V. Investigate cycle control as a method to improve cycle life

1.4 Structure of Thesis

This thesis is divided into six chapters, the first two being the thesis introduction and the subject
literature review, while the next three present results from the work carried out. The final chapter

presents conclusions and further work recommendations.

The first chapter introduces the motivation for the research, where the need for energy storage to
enable use of renewable energy sources, in response to climate change is presented. The chapter
introduces the research work and places it in the context of world challenges of climate change
and the need for sustainable solutions to energy requirements, that do not add the current
problems of environmental pollution. The chapter also looks at the advancement of redox flow
batteries in stationery energy storage, especially renewable energy storage and recognises their

suitability for domestic energy storage.

The second chapter provides a literature review of the state of redox flow batteries, which are a
practical option for enabling use of renewable energy sources in the abatement of and mitigation
against climate change. The chapter also takes a brief look at lead acid batteries, which were
historically used with pilot photovoltaic systems in developing countries. Since the batteries are
still being used as storage for low power renewable energy storage in developing countries, the
chapter looks at how the batteries are being recycled in the said areas. It identifies rampant

unsafe recycling practices as a problem requiring a solution.

Chapter three presents a novel method for extracting lead from expended lead acid batteries to
make electrolyte directly for the soluble lead battery. The method offers an opportunity to extend
recycling of lead acid batteries in areas where existing recycling practices are not sufficient to
prevent environmental contamination and human poisoning. The method also presents a low-
cost way to source electrolyte for the soluble lead redox battery, enhancing its advantages as a
potentially low-cost redox flow system for storage of electricity from renewable energy sources.
The chapter concludes with results that show that lead (l1) ions were successfully extracted from

the spent lead acid batteries.

Chapter four compares the electrolyte made in chapter three to conventional electrolyte made
from reagent grade chemicals when cycled in both static and flow cells. The chapter evidences the
superior performance of the novel electrolyte in static cells and equivalent performance in flow

cells, indicating that the novel electrolyte is suitable as an electrolyte for the soluble lead battery.
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In the same chapter the reason for this is established through elemental analysis, where the
additives and impurities in the electrolyte result in the performance of the recovered electrolyte.
The chapter further explores the electrochemical activity of the novel electrolyte through cyclic

voltammetry, confirming its suitability as an electrolyte for the soluble lead battery.

Chapter five presents cycling methods trialled to improve the cycle life of the soluble lead battery
when the novel electrolyte is used, and demonstrates that relaxation times during cycling are a
viable method for enhancing lead (I1) ion speciation and therefore increasing cell cycle life. Finally,
chapter six presents the thesis conclusions and evidence of novel findings, makes
recommendations from the work done and the discoveries made, as well as recommendations for

future work.

1.5 Author’s Contribution to Novelty

The author claims novel contribution in the following areas, relevant to the area of study:
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Table 1-2: Author’s claim of novel contribution of new knowledge in soluble lead flow batteries

research and supporting publications and chapters.

regimes for the soluble lead cell
and optimised open circuit
relaxation time between charge
and discharge to maximise cycle
life and charge efficiency.

Discussed in chapter 5.

Cruden, A., Impact of open circuit
relaxation period on soluble lead
redox cell cycle life and efficiency.
In preparation for submission to:

Journal of Energy Storage, 2019.

Ref. | Claim of novelty and supporting Supporting publications Status of
section in thesis publication
1. | have created an innovative Orapeleng, K., Wills, R., and Published
method using methanesulfonic Cruden, A., Developing Electrolyte
acid (MSA) and hydrogen peroxide | for a Soluble Lead Redox Flow
to recover lead from spent lead Battery by Reprocessing Spent
acid batteries for making Lead Acid Battery Electrodes.
electrolyte for a soluble lead Batteries, 2017. 3(2): p. 15. DOI:
redox flow battery, discussed in https://doi.org/10.3390/batteries3
chapter 3. 020015
2. | have compared the recovered Orapeleng, K., Wills, R.G.A., and Published
electrolyte to reagent grade Cruden, A., Performance of
electrolyte, and found the recovered and reagent grade
recovered electrolyte’s electrolyte in a soluble lead redox
performance to be better than cell. Journal of Energy Storage,
that of reagent grade electrolyte, | 2018. 20: p. 49-56.DOI:
both in static cells and flow cells. | https://doi.org/10.1016/j.est.2018
Discussed in chapter 4. | have also | .08.017
carried never before done
elemental analysis of the reagent
grade electrolyte and discovered
that it contains nickel, which is
detrimental to battery
performance. Also discussed in
chapter 4.
3. | have studied different cycling Orapeleng, K., Wills, R.G.A,, and Draft intended

for Journal of

Energy Storage

15



https://doi.org/10.3390/batteries3020015
https://doi.org/10.3390/batteries3020015
https://doi.org/10.1016/j.est.2018.08.017
https://doi.org/10.1016/j.est.2018.08.017

Chapter 1: Introduction and Research Objectives

16



Chapter 2: Literature Review

Chapter 2 Literature Review

2.1 Electrochemical Energy Storage

There are two types of electrochemical energy storage cells; galvanic cells spontaneously convert
chemical energy stored in their active material into electrical energy through oxidation/reduction
reactions, when their electrodes are connected to a load. Primary batteries are galvanic cells. The
second type, electrolytic cells, require external energy applied to the electrodes to force redox
reactions to occur. Secondary batteries are electrolytic during charging and galvanic during
discharge. During discharge, oxidation occurs at the negative electrode, called the anode, when
electrons are released and they flow via an electric circuit to the positive electrode, called the
cathode, which is reduced by accepting the electrons. The ions formed at the negative electrodes
are released into the electrolyte, the solution that acts as a conductor for the ions to move from
one electrode to another within the cell [79]. Overall electrical neutrality is maintained by
movement of ions in the electrolyte. Figure 2-1 is an example of a galvanic cell that has electrolyte

in separate containers, with a salt bridge that is the conduit for the charged ions.

|
"~ Load
) - S

Negative Salt bridge

Positive
electrode

electrode

Electrolyte

Figure 2-1: A galvanic cell spontaneously discharging to a load connected to the electrodes. The

salt bridge allows ion exchange and maintains overall system neutrality.

Electrolytic cells convert electrical energy to chemical energy when an external electricity source
is applied to the electrodes of the cell, forcing electrons to flow in the opposite direction and

create non-spontaneous redox reactions at the electrodes. Rechargeable batteries, also known as
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secondary batteries, are examples both galvanic and electrolytic cells. The process is irreversible

for primary batteries, which are galvanic cells but not electrolytic.

The earliest known electrochemical energy storage device was invented by Alessandro Volta in
1793, and was the simplest cell that converted electrical energy to stored chemical energy and
discharged by converting stored chemical energy to electrical energy [80]. A battery is a collection
of such units that can be arranged in series to increase voltage produced or in parallel to increase
current drawn [81]. Currently there are many types of batteries available on the market, both
primary and secondary type. Because they are unsuitable for renewable energy storage, this

report will not discuss primary batteries.

Rechargeable batteries are used in many applications including electronic devices, where lithium
ion type batteries are preferred for their high power density, sodium sulphur batteries, used in
energy storage applications where operating temperatures are in the range 160 — 500 °C. For low
cost, low energy requirements where charge and discharge can be controlled, and a float charge
is easy to provide such as in starting, lighting and ignition in the automotive industry, and in
uninterruptible power supply, lead acid batteries are commonly used [82]. Redox flow batteries
are suitable for integration with renewable energy sources and for grid applications because of

their quick response and economies of scale.

Rechargeable batteries commonly used for stationery applications are lead acid batteries, lithium
ion battery types, redox flow batteries, and the sodium sulphur battery. Of the 1, 557 energy
storage project listed on the US Department of Energy global energy storage database, 61% are
electrochemical [26]. 100 are redox flow, 100 lithium ion, 86 sodium sulphur, 30 sodium-nickel-
chloride (ZEBRA), 26 advanced lead and 43 are a combination of lead acid battery and

electrochemical capacitor. The remaining projects are unspecified.

Redox flow batteries are in different stages of development and the next section gives a brief
overview of the various chemistries. Each has their own unique advantages, apart from the
generic advantages that redox flow batteries share, as well as challenges that make them the

subject of current research.

2.2 Redox Flow Batteries

Redox flow batteries (RFB), shown in Figure 2-2 are a type of electrochemical energy storage
technology which convert energy to chemical energy to store it and covert it back to electricity
during discharge. In a divided redox flow cell such as the one shown, the electrolyte for each half-

cell is stored in a separate tank and dedicated circulating pumps cycle the electrolyte between the
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half-cell and the dedicated tank. Half-cell redox reactions occur at each electrode, one side
releasing electrons and ions that are used on the other side to complete the redox reactions. The
electrons flow via an external circuit while the ions move through an ion exchange membrane
which separates the two half cells. Since unlike conventional batteries, the electrolyte is stored
outside the cell in reservoirs, power, which is determined by the electrolyte concentration and
the electrode area, is decoupled from the capacity, which is determined by the size of the tanks.
The power capacity can be increased by increasing the electrode area or stacking the cells while

energy capacity is increased by increasing electrolyte volume [83].

Electrolyte Electrolyte
reservoir reservoir
Electrolyte lon-sElEctive ——
membrang [Na A
- - +
Flow battery
Electrolyte “half-eell” Electrolyte
A B
Pump Power source/load Fump

Figure 2-2: Membrane-divided redox flow battery showing electrolyte, electrolyte reservoir,
electrodes, membrane separators, electrochemical half-cells, pumps and pipes and

the load/power source.

Physically, redox flow batteries consist of the electrochemical cell, which includes the electrolyte
reservoir, electrodes, membrane separators, current collectors and the cell chamber; the
hydraulic system which includes the pumps, pipes and controls needed to move the electrolyte
between the electrochemical cell and the tanks, Figure 2-2. The third component that completes a
redox flow battery is the power electronics used to control charge and discharge, monitor States
of Charge and State of Health, and interface with the power source and the load. Despite the

different components, the scale up of redox flow batteries is simple and does not require extra
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electronics for voltage stabilisation as is required in other batteries [84]. Even though the
different components contribute to a large footprint and bulkiness, causing a low specific energy
density, redox flow battery benefit from economies of scale; energy storage gets cheaper per Wh
as storage capacity increases. In the past, RFBs tended to be too expensive at small scale, making
them preferable for large-scale projects, where economies of scale increase profitability. Recently
the price of the vanadium redox flow battery (discussed later) reduced and became comparable

to that of lithium ion batteries [54].

Redox flow batteries offer several advantages over conventional solid batteries:

1. They can be discharged to 0% state of discharge with no damage to capacity, they have higher
cycle-life, ranging between 10s of thousands to 100s of thousands, they display round-trip

efficiencies up to 85% and become cheaper with increasing storage capacity [29, 85].

2. Itis possible to keep the redox flow batteries for long term at low states of charge without
affecting capacity or state of health, since the electrolyte is kept separate from the electrodes,

which prevents self-discharge [83].

3. Redox flow batteries are tolerant to high temperatures, and even perform better between
303 K-313 K, temperature ranges at which the lead acid battery loses capacity rapidly and

the lithium ion battery runs the risk of thermal run-away and explosion.

4. Temperature and state of charge (SoC) monitoring can be achieved while the battery is online

by circulating electrolyte through a monitoring cell [84].

5. This provides information required to respond quickly to energy fluctuations, and rapid
charge, accomplished through replenishing the electrolyte [86] and their ability to discharge
to 90% depth of discharge within millisecond with no adverse effect on capacity [29], allow

this.

6. Power and energy are decoupled in most redox flow batteries, with the power determined by
the size of the electrodes, while energy capacity is determined by the size of the tanks [87].
Therefore, unlike solid batteries, an increase in energy does not result in a direct reduction in
power due to losses introduced by stacking more cells. Conversely, increasing power by
stacking the cells in redox flow batteries does not necessarily result in bulkier batteries as it

does in solid batteries [88].

7. Because of point 7 above, scale up does not result in an increase in complexity for redox flow
batteries, while it does for solid batteries, which require additional control electronics to

balance charge in stacked systems [84].
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All these make redox flow batteries more suitable for isolated stationary applications and
renewable energy storage and where rates of charge, depths of discharge and temperature
fluctuations may be difficult to control while deep discharge may be necessary to meet energy
demand. Because of their economies of scale, redox flow batteries are suited for community
energy storage where a collection of households are connected to a mini-grid and can share the
cost of the electricity. Redox flow batteries cab be supplied as plug and play modular units that
have capacity for remote monitoring, which may be advantageous for communities without local

technical support.

2.2.1 Standard Redox Flow Battery Properties

Similar to other electrochemical systems, RFB developers and researchers look for cell chemistries
that offer the widest standard electrode potential that give the highest cell potential possible,
stable reagents that are soluble in common electrolytes, low cost and non-toxic reactant
materials, minimum complexity, short transverse distance between electrodes, increased
electrode area and moisture control depending on the system. Several types of redox flow

batteries exist, each addresses the issues in a different manner.

Like any other electrochemical storage device, redox flow battery development seeks to optimise
the different qualities that are desirable in a battery. Often it is not possible to get all the qualities
in one battery, therefore a trade-off is made based on the application [83]. These properties

include:

Reversible redox couples so that the cell can be rechargeable. The reactive species should be
stable and soluble in acid, and the redox couples’ potentials as wide as possible to offer a high cell

voltage. The cell voltage contributes to the battery power.

The cost of the electrolyte, electrodes, membrane separators, and materials used to make the
battery should be affordable and reasonably easy to obtain. Maintenance requirements should be
as low as possible, and where there are any replacement parts they should be low cost and easy

to obtain.

System complexity: Ideally the battery should not require any more operations that add to the
complexity. For instance, temperature or pressure control should not be a critical feature of the
system as to render the battery unsafe to use without them. Instead a lessening of inherent

complexity should be sought after.

Toxicity and recyclability: Ideally the electrolyte should not be toxic, and as many of the

component parts as possible should be recyclable. The chemicals in use should be noncorrosive,
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to keep the cost of the component materials as low as possible. The electrolyte should be as easy

to handle as possible.

Developments in redox flow batteries have highlighted several design considerations which may
add to the cost and complexity of a redox flow system:

l. Loss of moisture from one half cell to another, which may occur as ions carry water
molecules across, or by osmosis due to concentration gradient across the membrane. In
some cases compensation for water loss and water gain in the two half cells may be
necessary.

II.  Species migration, which can result in contamination across half cells and needs to be
controlled. In such situations, a suitable membrane needs to be in place that can stop
movement of species in one direction but not in another. Or that can selectively allow
some species and not others.

M. IR losses due to resistance or low conductivity of the electrolyte contribute significantly to
loss in energy efficiency. Ideally the inter-electrode distance should be as short as
possible to shorten the distance that ions travel within the cell. Another route for IR
losses in a redox flow battery could be due resistance across an ion exchange membrane,
or at the current collection system. While the ideal design allows all the current to travel
from the electrode directly to the current collector and out via the manifold, it is never
possible to obtain a perfect system that can adequately insulate parts of the system that
are not intended for conduction. This means that some of the current is lost, lowering the
total power output from the stack [85]. The cell discharge voltage is then lower than the

theoretical cell voltage .

Careful design of the flow distribution in the cell can improve efficiency, ensuring that electrolyte
flow is laminar and constant across the face of the electrode, therefore optimally utilising the

available active area.

Ponce de Leon [83] also highlights several features common to batteries that may be used to

compare performance of different chemistries:

Voltage efficiency, ny, = % 2-1
Charge efficiency, n, = Q(QD(?;—C};;S;) 2-2
Energy efficiency, n, = % 2-3
Power efficiency, np = % 2-4

These compare charge and discharge to give an indication of how much of the input is extracted

as output.
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Redox flow batteries can be divided into several types depending on the phases of reactant and
products of charge/discharge processes. The four types are:

I Classical, membrane divided redox flow batteries where the redox couples remain
solvated during both charge and discharge. For example, the all-vanadium [87].

. Half flow battery and half metal battery with a membrane, such as the zinc/cerium
battery, where a phase change occurs at one of the electrodes [89]. The capacity of the
flow battery is stored in both the electrolyte and the electrodes.

II. Half unitized fuel cell; the positive electrode is air breathing and similar to a PEM fuel cell,
where a catalyst system is required for oxygen evolution and reduction during charge and
discharge respectively, for example, the zinc-air battery [90].

V. Metal, metal oxide redox flow battery where both electrode reactions involve depositing
solid phases during charge, for example, the soluble lead flow battery [66].

2.2.2 The Common Redox-Active Species Redox Flow Battery

The classical membrane divided redox flow battery as represented in Figure 2-2 uses a
common active species on both half-cells. The reactants and products stay solvated during
all states of charge and discharge. Each half-cell has a separate electrolyte with dedicated
pumps and reservoir. A membrane separator prevents the two electrolytes from mixing.
The all vanadium redox flow battery, invented by NASA in the 1930s and developed by
Maria Skyllas-Kazacos and colleagues in New South Wales, Australia during the
1990s/2000s, is an example [87, 91]. It uses Vanadium (1) (V?*) and Vanadium (Ill) (V')
couple at the negative electrode and Vanadium (IV) (V**) and Vanadium (V) (V>*) couple on
the positive electrode. A mixture of vanadium and sulphuric acid electrolyte is used, at a
recommended concentration of 3-4 mol-dm™3 [87], held in separate reservoirs and
circulated by separate pumps for each side. Commonly used electrodes are graphite.
Current flows when V* reacts with water, VO?* is oxidised to VO,*, liberating two protons
(2-6). The water dissociates to a hydrogen proton, which travels across the cation-
permeable membrane to maintain electrical neutrality of the system. The electron flows to
the negative electrode via an external electrical circuit where it participates in the

reduction of V3* to V?* [92];
Negative electrode: V3t +e” o V2t 2-5

E°=-0.26 V (vs SHE)
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Positive electrode: VO?** + H,0 & VO," +2H + e~ 2-6

E°= 1.0 V (vs SHE)

Overall reaction: VO?** + H,0 + V3t o V2t + V0o," + 2HY 21

Ece|| = 1.26

The battery uses solvated active species therefore power and energy capacity are independent of
each other; the power is determined by the electrode and stack size, while the energy is
determined by the concentration of the active species and the size of the tanks. Because both
sides contain vanadium, albeit in different oxidation states, crossover of ions does not result in
contamination, and the solution has an infinite shelf life, eliminating need for disposal. The
battery offers other advantages generic to RFB, such as decoupled energy and power capacity,
rapid recharge by replenishing electrolyte, rapid (millisecond) response, safer due to separation of

reactive materials, longer life span, and relative low cost [83, 85, 93].

However due to crossover of the protons, the concentration of one side gets progressively lower
than the other side which reduces overall efficiency and necessitates periodic balancing of the
electrolyte. Vanadium also precipitates when kept in solution over time; Wen, Xu [94]
recommend a concentration range of 1.5 to 1.6 mol-dm™ for vanadium and that of 4 -5
mol-dm™3 for sulphuric acid to increase electrolyte stability. Vanadium is a toxic substance and as
such not very desirable for sustainable applications. Hydrogen evolution also poses a problem

[93].

Despite these limitations, the vanadium redox flow battery is already in commercial use. Of the
100 listed redox flow batteries on the DOE global energy storage database, 71 are vanadium
based [26]. A 4 MW, 6 MWh demonstration project in Hokkaido, Japan was reported to give over
200,000 cycles in 2016 [23, 29].

The redox reactions are highly reversible, and therefore, theoretically, the battery has an
unlimited cycle life. Reversibility of the battery means the electrolyte, which is fully enclosed,
theoretically has an infinite shelf life, eliminating need for disposal. The battery has been
demonstrated to have up to 200,000 cycles before failure. Other advantages include; rapid
recharge by replenishing electrolyte, rapid (millisecond) response, safer due to separation of

reactive materials, longer life span, and easy temperature control through changing the
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2.23 Half Flow Battery-Half Metal Battery Redox Flow Battery

The Zinc/Cerium is an example of a hybrid between a flow battery and a metal battery, where a
phase change occurs at one of the electrodes. The electrolyte and one of the electrodes store the
battery capacity. The Zinc/Cerium hybrid redox flow battery was developed by Plurion Inc. UK in
the 2000s [95]. It has a high theoretical cell voltage of >2.4 V, resulting from the wide difference
between zinc and cerium redox couples standard cell potentials [96, 97]. The cell employs the
positive Ce3*/Ce* couple and a very negative Zn?**/Zn couple [89]. Redox reactions at the

electrodes are as shown below [96].
Negative electrode: In*t +2e" o In+ 2-7
E°=-0.76 V (vs SHE)

Positive electrode: Ce3t & Ce*t + e~ 2-8

E°= 1.44 V (vs SHE)
Overall reaction: 2Ce3t + In?t o Zn + 2Ce** 2-9
Ece|| = 2.2 V

Methanesulfonic acid (MSA) is used as both the negative electrolyte, where it contains zinc ions,
and as the positive electrolyte where it carries cerium ions. The solubilities of Ce3*, Ce** and Zn?*
in MSA are 2.4 mol-dm™3, 1.0 mol-dm™, and 2.1 mol-dm™3, respectively. This is convenient as MSA
can be used either side as an electrolyte and the high solubilities could support good reaction

kinetics.

A divided zinc cerium flow cell using methanesulfonic acid either side was constructed and tested
under different conditions [96]. Cyclic voltammograms of the two half-cells showed that the zinc
half-cell peak current increased tenfold when the electrolyte temperature was increased from
22°C to 60°C, while that of the cerium half-cell doubled. Charge/discharge cycles also yielded a
maximum energy efficiency of 71.4% when the electrolyte was 50°C, suggesting that the zinc-
cerium flow cell operated better at higher temperatures. However, the cerium half-cell
voltammograms also indicated a tendency for oxygen evolution at higher temperatures. Two-
dimensional and three-dimensional positive electrodes were tested to increase cell performance
without exacerbating hydrogen and oxygen evolution. Carbon felt three-dimensional electrodes
gave coulombic and voltage efficiencies of 92% and 68%, respectively. But the electrode cycle life
was too short due to poor carbon adhesion and low conductivity. A platinised titanium mesh

electrode performed better than all the electrodes tested. An optimum electrolyte flow velocity
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of 7.8 cm-s™ was identified and the optimum electrolyte composition for the cerium half-cell was
0.8 mol-dm™ Ce®** and 4.0 mol-dm™ MSA. Higher concentration of Ce3* required for higher energy
density were not possible because cerium precipitated at > 4.0 mol-dm™ MSA. On the other hand,

Ce* required the high MSA concentrations for solubility [96].

An undivided cell was also investigated, which had the advantage of eliminating the need for
separate electrolyte tanks and the associated pipes, as well as the requirement of a separating
membrane, which could be expensive, while also increasing resistance within the cell,
contributing to cell overpotentials [89]. The undivided cell operated at room temperature, unlike
the previous zinc-cerium flow cell, and had an electrolyte concentration of 0.2 mol-dm™3 cerium,
1.5 mol-dm™2 zinc, and 0.5 mol-dm™ MSA. The acid concentration (and consequently, the cerium
concentration) was kept low to prevent hydrogen evolution at the zinc electrode. The cell had a
cell voltage of 2.1 V, which was lower than theoretical but higher than other redox flow cells like
the vanadium redox flow cell. The cell yielded up to 76% and 90% energy and coulombic
efficiencies, respectively. On the other hand, the low cerium concentration limited energy density
to 11 Wh-dm™3. The cell also lost capacity after 7 hours when the zinc deposited at the negative
electrode at 20 mA-cm™ for 30 minutes dissolved into the electrolyte, confirming zinc self-
discharge in a common electrolyte [89]. The low MSA concentration of 0.5 mol-dm™ accelerated

zinc corrosion [Leung, 2014]. Dendrite growth on the zinc electrode also inhibits

Recent advances include the use of an alkaline electrolyte (0.5 mol-dm™ Na(OH)) on the negative
side (zinc side), an acidic electrolyte (0.1 mol-dm™ Ce(S04); + 3.0 mol-dm™ MSA + 0.1 H,SO4
mol-dm™ + 0.25 mol-dm~3 Na,S04), on the positive side (cerium side) and a solid sodium ion
exchange membrane (NasZr,SiPO12) [98] . The alkaline electrolyte circumvented zinc corrosion
and improved the cell voltage by widening the difference in the standard electrode potential
between the two half-cells. The electrolyte on the cerium side contained 0.1 mol-dm~3 sulfuric
acid to provide the higher proton concentration required to dissolve Ce*, without limiting the
solubility of Ce®*. The same cell used a solid sodium ion exchange membrane which allowed
sodium ions to shuttle between the two sides while preventing crossover of the aqueous

electrolytes as well as inhibiting zinc dendrite penetration to the cerium half-cell [98].

2.2.4 Half Unitized Fuel Cell Redox Flow Batteries

The half-unitized fuel cell redox flow battery has an air breathing positive electrode similar to a
PEM fuel cell, where a catalyst system is required for oxygen evolution and reduction during
charge and discharge respectively, and the metal is converted between solid and aqueous ions,

respectively [90]. The zinc-air battery is an example. Like other metal-air batteries, it has high
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energy density because the cathode uses air, which makes the electrode lighter than in other
redox batteries, and contributes to an overall light cell and high energy density [90]. The battery
also uses oxygen, which is free, as well as benign earth abundant metals. This makes the battery
potentially cheaper and safer than others [99, 100]. Metal-air batteries also have a long shelf-life,
due to the slow kinetics of the redox reactions [100]. The alkaline zinc-air battery is made of a zinc
metal anode held in a gel form, and a cathode made of porous carbon and saturated in an alkaline
electrolyte. The cathode is porous to allow air to filter through it and it is thin, which leaves most
of the space for the anode. An air separator separates the anode from the cathode. The air-
breathing cathode has a catalyst to help with the reduction of oxygen to hydroxyl ions. At the
anode zinc metal reacts with the hydroxyl to form a zinc hydroxide. The hydroxide then decays to

zinc oxide. [101]

Positive electrode: %02 +H,0 + 2e¢~ & 20H™ 2-10

E°= 0.401 V (vs SHE)

Negative electrode: In o In®t +2e” 2-11
Zn?* + 20H- & Zn(0H), 2-12

E°=-1.25 V (vs SHE)

Overall reaction: Zn+ %02 < Zn0 2-13

Eocell =1.65V

The design of the cathode is essential for the operation of metal air batteries and the zinc air
battery has a layered cathode design. The cathode has a current collector made of foam or porous
material, which is saturated in electrolyte. A catalyst layer is next, which is permeable to hydroxyl
ions. The reduction of oxygen to hydroxyl ions occurs on this layer, with the help of catalyst. The
catalyst layer in zinc air batteries is made of carbon particles loaded with either Pt, Pd, Ag or
MnO; catalyst. The gas diffusion layer is next, and it is made of carbon felt, it has medium porosity
and is waterproof to prevent leaking. Air diffuses through this layer into the cell. The cover of the
cell on the cathode side is porous to allow air to enter the cell. For the zinc-air battery, the anode

is made of zinc held in a gel-like suspension

Challenges faced by metal-air batteries include slow kinetics on both the reduction and evolution
of oxygen, which results in high over-potentials for both reactions [90]. Zinc also has high kinetics,
which causes fast dissolution and corrosion of the zinc electrode. The fast dissolution of zinc

results in dendrite growth and subsequent shorting in the cell, as well as degradation of the
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electrode, which causes gradual capacity loss. Even though the zinc-air battery has a nominal cell
voltage of 1.65V, in operation discharge voltage only goes to 1.0 V. The anode and the cathode
also degrade with cycling, resulting in short life cycles [90]. Other challenges faced by metal-air
batteries include a tendency for the metal anode to self-discharge when it reacts with hydroxyl
ions to form a metal hydroxide and hydrogen. At high currents, the battery polarisation reverses,
making the battery unsuitable for high power applications. Carbon dioxide adsorbs to the carbon
cathode and forms carbonate crystals, which blocks the air passage for oxygen and damages the
surface of the cathode. Water transpiration can also occur on the cathode, which can cause

flooding or drying of the cathode. [101]

2.25 Metal, Metal Oxide Hybrid Redox Flow Battery

In this type of battery both electrode reactions involve depositing solid phases during charge, for
example, the soluble lead flow battery. A metal and metal oxide are deposited on the electrodes
during charge and dissolved back into the electrolyte during discharge. The battery uses the same
electrolyte for both redox couples and hence precludes the need for two electrolyte tanks and
two sets of circulating tanks. Lead, an earth abundant and highly recycled metal is the active
material, while MSA is the electrolyte used in which lead ions are dissolved. The system is
relatively cheap compared to other systems that use rare metals and expensive corrosion

resistant materials. The materials used are also non-volatile, which makes the system safe.

The soluble lead battery uses MSA electrolyte to deposits lead and lead dioxide solids on to the
negative and positive electrodes, respectively. The system is based on the two redox couples
Pb/Pb?* and Pb?*/Pb0; [102]. The reactions, shown below, indicate discharge towards the right
and charge to the left [66, 103].

Positive electrode: Pb0O, + 4H* + 2e~ & Pb%* + 2H,0 2-14
E°=1.46 V (vs SHE)
Negative electrode: Pb < Pb?* 2e~ 2-15

E°=-0.126V (vs SHE)

Overall reaction: Pb + Pb0O, + 4H* & 2Pb* + 2H,0 2-16

Ece|| = 1.586 V
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During charge lead metal is deposited on the negative electrode while lead dioxide is deposited
on the positive electrode. During discharge the deposit from both electrodes is stripped back into

the electrolyte as Pb?* ions [104]. The soluble lead flow battery is further explored in section 2.3.

2.2.6 Comparison of Redox Flow Batteries

A summary of the redox flow batteries covered in the previous subsection is presented in Table
2-1 and in Error! Reference source not found.. The tables highlight the differences in kinetic and
thermodynamic properties, the performance of existing batteries from literature, as well as each

battery’s unique design considerations. The state of development for each is indicated.
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Table 2-1: Comparison of redox flow batteries to the lead acid battery

Energy Cell RT Energy | Cycle Life: | Cost Optimum | Self- Response | Material References
Technology density Voltage Efficiency | @DoD Operation | Discharge | Time Recycle
/% Temp. /% left Rate
IV J€-(kWh)™ /°C after 12 /%
hrs
Lead Acid 24-45 2 75-85 200-2000 | 50-150 20-25 (3-4% self- | Sec-min 99 [81, 82,
Battery © Wh-kg~ 70% - 30% discharge 105]
per
month)
All Vanadium 15-25 1.26 80-85 12,000 140-450 5-40 100% millisec ~90 [91] [106]
Wh/g at :100% [93] [107] [93,
50 108]
mA-cm™2
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Energy Cell RT Energy | Cycle Life: | Cost Optimum | Self- Response | Material References
Technology density Voltage Efficiency | @DoD Operation | Discharge | Time Recycle
/% Temp. /% left Rate
N Je-(kwh)™ | /°C after 12 /%
hrs
Zinc-Air (180-200 | ->2 52% @ 50 | 200 (C/15) | 360 - 400 25-50 92% sec >80% [100, 106]
Wh-kg™) mA-cm™2
Zinc-Cerium ? 11-20 21-2.4 75 Est. 100 0% [65, 89,
Wh-m™3 96]
Soluble 50 1.8 65% 2,000 @ 175-250 25-50 [ref] | 100% Sec >90 [102, 104,
Lead RFB® Wh-m™3 C/10, sc 110, 111]
[109]
:100%

2 —an undivided cell

b — 64 cm? bi-polar electrode cell, cycled at 120 — 140 mA-cm”
c—at 20°Cand C/20

RT — Round Trip

2
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Cycle life has a bearing on reliability of the technology and in operational cost of the system. As
shown in Table 2-1, flow batteries offer higher cycles than lead acid batteries. In addition to this,
the soluble lead redox flow battery offers the following sought-after advantages:

Use of highly recyclable (lead) abundant earth materials

2. Use of non-corrosive materials
3. Reversible redox couples in MSA
4. Use of the same electrolyte both sides, which results in

a. Use of one electrolyte tank
b. No cross-contamination
c. No need for expensive ion separators

Also from Table 2-1:

e Lead acid batteries are the cheapest (€50-150/kWh) and also have the lowest self-
discharge (3-4%/month). They also display the lowest cycle life at higher depths of
discharge. The cycle life only becomes comparable with other batteries when the
discharge is kept shallow at 30% DoD. The lead acid battery, along with the lithium ion
battery, and all vanadium redox flow battery, have the highest round trip efficiency.

e The lithium ion battery is the most energy and power dense battery in the market. This
has contributed to its success in mobile devises, which, though small, require high power
supplies. The lithium ion also has the highest cell voltage at 3.8 V.

e The largest operational project among the compared chemistries is the lithium ion battery
at 40 MW.

e Redox flow batteries have the highest cycle life with little effect on capacity, which is
desirable quality for repetitive operation. They also operate at 100% DoD, which
maximises energy efficiency. Though the nickel iron battery has a nominal cycle life of
about 2,000 cycles, it has the highest service life at over 85 years of known batteries in
operation.

e Except for the nickel iron and the lithium ion batteries, all the chemistries are known to
be toxic. Lead acid batteries have the highest recycle rate of all at 99% recycle rate [110].

Table 2-1 indicates that different batteries have different strengths and weaknesses. Of particular
interest is the soluble lead redox flow battery. As indicated the lead acid battery is the cheapest
type of battery. This is due to the well-established infrastructure for its manufacture as well as its
recycling. The very high recycle rate has contributed to a lowering in lead costs, and very little
virgin material is used in making lead acid batteries. The soluble lead redox flow battery could
benefit from this property of lead. Apart from that, the battery would use MSA, which is a benign
acid that supports lead solubility as upto 2.4 mol-dm™2 methanesulfonate. The lack of a
membrane and use of one electrolyte, which was demonstrated with a zinc/cerium cell [89] and a
soluble lead redox flow cell [66], offer the benefit less bulkiness compared to other flow cells
because of fewer tanks, and consequently, a lighter system. If a membrane were to be used,

species migration and cross-contamination would still not be a concern, hence low cost
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membranes can be used. The soluble lead redox flow battery has all these advantages and is

therefore worth exploring as an energy intensive and low-cost option to energy storage.
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2.3 Soluble Lead Redox Flow Battery

The soluble lead flow battery was introduced as a membrane-less cell which uses MSA as the
electrolyte [102]. The battery attracted attention because not only does it use earth abundant
lead, which has a 99% recycle rate in Europe and the US [73], it uses the same electrolyte on both
electrodes, theoretically eliminating the need for a separating membrane, reducing the number of
electrolyte tanks and circulating pump sets. It also uses carbon electrodes, which are the cheapest

material for electrodes available for redox flow batteries.

External
Supply/load

v

+ -

External Electrolyte Charge
Reservoir p h A 3
b?* dissolved . 5
Pb** dissolved in s g
aqueous i Pb05 2 a0) Pb) |a
methanesulfonic t t
acid : l
v v
\ ) e Discharge &

A

Figure 2-3: Non-divided soluble lead redox flow battery principle of operation [112].

23.1 Redox Couples and Operation

The system, shown in Figure 2-3, is based on the two redox couples Pb/Pb?* and Pb?*/Pb0, [102].
It employs controlled deposition (charge) and dissolution (discharge) of solid lead and lead dioxide
on the negative and positive electrodes respectively. The reactions, shown below, indicate charge

towards the right and discharge to the left [66, 103].

Positive electrode: Pb(CH3503), + 2H,0 < Pb0, + 4H* + 2e~ 2-17
E°=1.46 V (vs SHE)

Negative electrode: 2Pb(CH3503), + 2e~ < Pb 2-18
E°=-0.126V (vs SHE)

34



Chapter 2: Literature Review

Overall reaction: 2Pb(CH3503), + 2H,0 < Pb + Pb0O, + 4CH3;SO3;H  2-19

Ecen=1.586 V

During charge lead metal is deposited on the negative electrode while lead (1V) oxide is deposited
on the positive electrode. During discharge the deposits from both electrodes are

electrochemically converted to Pb?* ions solvated back into the electrolyte [104].

Good reversibility for the Pb**/Pb couple has been demonstrated; 0.92 ratio of charge/discharge
with minimal over-potentials and hydrogen evolution [66]. The PbO,/Pb?" couple was found to
have moderate kinetics and was a source of cell efficiency. While the charge/discharge behaviour
was not as simple as for the other couple, the ratio was found to be 0.90; reasonable for
renewable energy applications. Good electrodeposition of lead and lead oxide was also
demonstrated. Low concentrations of lead (0.3 mol-dm™) in high concentrations of MSA (3.0 M)
were found to result in a high conductivity of electrolyte; 0.338 (Q.cm)?, potentially reducing cell
resistance. On the other hand lead solubility in MSA was found to peak at 2.5 mol-dm™ of the acid
[66]. A cell made of 10 mm x 20 mm electrodes and 1.5 mol-dm™ lead methanesulfonate and 0.9
mol-dm™3 MSA yielded 1.78 V open circuit voltage and maximum coulombic and energy

efficiencies of 85% and 65%, respectively [102].

2.3.2 Electrolyte and Lead Solubility

Electrolyte for the soluble lead redox flow battery was developed by Hazza et al. [66]. The
electrolyte is made from lead methanesulfonate and methanesulfonic acid. Pb?* ions have a

solubility limit of 2.6 mol-dm™

in methanesulfonate at room temperature [113], which makes this
electrolyte attractive for maintaining lead in solution when required during cell operation.
Methanesulfonic acid replaced flouroboric acid and other toxic and volatile acids which have been
suggested for soluble lead cells, because methanesulfonic is benign and non-corrosive at low

concentrations. It also provides the conductivity required to conduct ions in a storage cell.

233 Thermodynamics and Cell Capacity

The work done by any electrochemical cell is electrical, and can be deduced from the cell’s change
in Gibbs Free Energy, AG°. At standard conditions, the cell’s Gibbs Free Energy is also equal to its

formal potential, E°.s. where, during discharge;
E°cett = Ecathode — Eanode = AG° 2-20

AG® = E°en=1.460V —(0.126V) = 1.586 V
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For a cell with an initial [Pb?*] = 0.7 mol-dm™2 and [MSA] = 1.0 mol-dm™3, the cell equilibrium

potential at room temperature (25°C) can be estimated using the Nernst equation as follows:

_ 1o RT , [Pb2*]
E=F cell + Eln [H+]4' 2-21
o 2.3RT [Pb2t]
E=E cell + FlOg [H+]4'
E=1.586+0.0296l0g(0.7) = 1.58 V
The energy capacity of a redox flow battery is given by:
Capacity = < (Ahr - dm™) 2-22

3600

At standard conditions, based on equation 2-19, the Nernst equation for the soluble lead cell is:

2.3RT [HY]*

Ecenn = E°cen + oF log [PDZF] 2-23

This equation allows us to determine the cell voltage, it also indicates that the cell voltage
decreases with subsequent discharges. On the first charge, the proton concentration increases
four fold, while [Pb?*] decreases by half. If all the lead dioxide is reduced to Pb?* on the discharge
cycle, then the next charge cycle would result in the same cell voltage. However, if the stripping
efficiency of lead dioxide is lower, then [Pb?'] in the electrolyte reduces and therefore the next

charge cycle has a higher cell voltage.

234 Challenges Faced by the Soluble Lead Flow Battery

The soluble lead battery faces challenges such as current inefficiencies that cause material build-

up in the positive half-cells, limit its cycle life. This curtails the advantages stated before.

Tests on a 64 cm? and a 100 cm? cell revealed that cycle life was limited to less than a hundred
cycles [114]. Dendrite growth on the negative electrode, lead dioxide creep (deposit growth of

positive electrode material); and debris build up resulted in shorting and eventual failure of the
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scale up cells [114] and a 10 cm by 10 cm flow cell [115]. In time the build-up of solids depletes
Pb?* ions out of the electrolyte, and causes eventual gas evolution. Hydrogen peroxide has been
proposed to recover the Pb?* ions lost as solid-build up [116]. But use of hydrogen peroxide
dilutes the electrolyte and results in O build-up in the cell, necessitating Pb®* and acid

replenishment as well as offline operation.

Voltammetry studies on the PbO,/Pb?* couple and those made on test cells revealed that the
PbO,/Pb?* redox couple had limited current efficiency that resulted in insufficient stripping of
deposit off the positive electrode, which subsequently resulted in deposit growth on both
electrodes [117]. The conductivity of PbO, deposit was also found to be an order of a magnitude
smaller than that of lead. Oury, Kirchev [111] later confirmed that at higher concentrations of acid
(>1.0 M) passivation of the positive electrode occurred. The phase structure of lead oxide was
also found to affect energy efficiency, where deposition of a-PbO, on the positive electrode

resulted in better performance than B-Pb0O, [117].

On the negative side, at current densities of 10mA-cm? and 20 mA-cm?, the deposit grain was
uniform and compact, but at higher current densities (50 mA-cm? and 375mA-cm?) the deposit
grew as dendrites and as the distance between the electrodes reduced, current density would
surge at the sites with the shortest distances between the electrodes, causing more rapid
dendrite growth [118]. Overtime the dendrites caused short-circuiting between the cells and
resulted in cell failure. Studies also revealed that smoother deposit resulted in better adhesion
and less dendrite growth [119]. Additives were introduced to prevent dendrite growth on the
negative electrode and improve deposit conductivity and morphology on the positive electrode. A
membrane was introduced to prevent the additives intended for one side from affecting the other

side of the cell.

2.3.5 Electrodes

Carbon-based electrodes have been used historically in lead electroplating because carbon is
inexpensive, highly conductive and electrically stable. Different electrode materials and
configurations have been tested for cells that use lead methanesulfonate and methanesulfonic
acid as electrolyte [114]. Electrodes materials tested for both the Pb/Pb?* and the PbO,/Pb?*
redox couples cell include reticulated vitreous carbon (RVC), carbon felt, and nickel foam (ibid).
Different combinations and configurations included making composites of the two or more of the
materials as well as using them as coatings on a PTFE substrate. Ibid found that different

electrode materials had little to no effect on the cell voltage and performance [114].
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Pletcher and Wills [102] tested a 2D custom-made electrode by bonding nickel foam and
reticulated carbon onto a carbon and high density polyethylene (C-HDPE) composite substrate.
The nickel foam layer was scrapped off to increase electrode surface area, and the electrode was
used for lead dioxide deposit. Even though the electrode was found to be stable in highly oxidising
potentials, lead dioxide adhesion was poor, and the deposit layer would get dislodged from the
electrode during cycling [120]. The nickel foam also dissolved into the electrolyte, poisoning the

electrolyte and causing a fall in charge efficiency [120].

2D Sigracell graphite electrodes, manufactured by the SGL Group, are stable in acidic and
corrosive media, and are good conductors of electricity. The electrodes are made of a graphite
flouro-polymer. The polymers have a low electrical resistivity at 270 Q-mm. The surface of the
electrode is smooth and can be made smoother or rougher by polishing with Buehler micro-cloths

of different smoothness.

2.3.6 Membrane Separators

Even though it was introduced as an undivided cell [66], it was found that the soluble lead flow
battery performance was limited by low kinetics at the positive electrode and deposit roughness
at the negative electrode [119]. Subsequently additives were introduced to each side to improve
performance, which necessitated separation of the two half-cells and dedicated electrolytes [119]
[67]. The membrane also kept the two sides physically separate, ensuring that even if deposit and
debris grew in the cell, short-circuiting was prevented [67]. Because prevention of crossover was
not essential for the SLFB operation, selectivity of the membrane was not critical. The ability of
the membrane to maintain ionic balance and to have low resistance so as not to introduce

significant ohmic losses into the cell was essential and therefore prioritised [67].

Four membrane separators were compared for the SLFB; AmerSil FF60 microporous separator,
Fumatech FAP-450 anion exchange membrane, Fumatech VPX-20 anion exchange membrane,
Fumatech F-930 Cation exchange membrane, and the DuPont Nafion 115 Proton exchange
membrane [67]. The anion exchange membranes revealed the least sensitivity to changes in
electrolyte Pb?* content, from 0% to 100% Pb?* utilisation. The membrane resistance remained
low at different Pb?* and MSA concentrations. The Fumatech VPX-20 anion exchange membrane

had the lowest ohmic losses at all concentrations, and was therefore the best performing.
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2.3.7 Electrolyte Additives

To prevent and/or reduce the growth of deposit in the soluble lead cell, both organic and
inorganic additives were tested to improve deposit morphology and size. Inorganic additives
including Ni?*, Fe3*, and Bi**, were introduced to the PbO,/Pb?**side to improve deposit
morphology as well as improve deposit conductivity. Sodium ligninsulfonate and HDTMA, among

others, were tested [119] to counter dendrite growth on the negative electrode.

23.7.1 Sodium Ligninsulfonate Additive

Sodium ligninsulfonate was used to improve the smoothness of lead deposit on a nickel rotating
disk electrode [119]. The levelling effect was noticeable even at current densities as high as 375
mA-cm™2, In a cyclic voltammetry cell, the additive caused an increase in lead nucleation over-
potential from 35 mV vs SCE (Saturated Calomel Electrode) to 60 mV vs SCE. However an increase
in additive concentration did not result on further increase on the over-potential. The limiting
current remained unchanged and the charge efficiency remained close to 100%. The beneficial

2, where the deposit was more

effect was most apparent at both 50 mA-cm™2 and 375 mA-cm”
compact and uniform compared to deposit without the additive. The additive was deemed

successful in improving compactness and uniformity of the lead deposit [119].

The same research found that on the positive electrode, at concentration above 1.0 g-dm™3,

increase in additive content resulted in a lowering of both current density and charge efficiency,
while the nucleation overpotential increased from 120 mV to 157 mV at 5 mA-cm™2. Above 1.0
g-dm~ the sodium ligninsulfonate had a detrimental effect on the positive redox couple reactions.
However, below 1.0 g-dm™3 the effects were insignificant. The lead dioxide deposit layer on a
vitreous carbon electrode was unaffected by addition of the additive, remaining compact and

uniform with or without the additive [119].

In a flow cell, increasing the concentration of the additive resulted in compact deposit grains on a
2D negative electrode. The spaces between the grains reduced for a cell containing 0.2 g-dm™
sodium ligninsulfonate compared to one without, and were completely eliminated for a cell with
5 g-dm~32 sodium ligninsulfonate. On a 2D positive electrode, the deposit was smooth and
compact without the additive, and became more so when 1.0 g-dm™ was added to the
electrolyte. At 5.0 g-dm™3 additive, gas evolution was observed on the electrode surface. On a 3D
negative electrode, lead was deposited on the surface of the electrode but did not reach the
electrode pores, both with and without additives. On a 3D positive electrode, the deposit of PbO,

penetrated the foam and was well connected, ensuring good conduction throughout the

electrode. Hence for the 3D positive electrode, the additive achieved the intended purpose of
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improving conduction. The results for both the positive and negative electrodes were similar at

higher cycle rates [119].

While the additive sodium lignosulfonate inhibited the formation of dendrites on the negative
electrode and created an unbroken deposit layer of lead dioxide on a 3D electrode, thereby

ensuring continuous conduction, the additive decomposes over extended battery use.

2.3.7.2 Bismuth Additive

A bismuth additive was used on a divided static cell, and resulted in a 20 fold improvement in cell
cycle life [121]. The study added 10 mmol-dm™3 Bi3* to electrolyte at the positive electrode and
observed an improvement on the stripping peak of lead dioxide, which tended to flatten and
broaden with cycling beforehand. They also observed a shift in the equilibrium potential for the
PbO,/Pb?" couple from 1.440 V vs SCE at 0% content to 1.651 V vs SCE at 20 mmol-dm™3 Bi®**. Since
the stripping peak of PbO;tends towards more negative values with cycling, adding Bi** improved
the coulombic efficiency of the couple. Bismuth is also credited with improving contact and
therefore conductivity between PbO, particles in a lead acid battery positive electrode material

(PAM) [121].

23.7.3 Hexadecyltrimethylammonium Additive

From literature, the Hexadecyltrimethylammonium (HDTMA) additive caused a shift of lead
deposition towards negative potentials by 110 mV on a Pb/Pb?* cyclic voltammogram, implying
the additive adsorbed to the electrode surface and prevented lead deposition [104]. The same
study showed that at current densities of 10-30 mA-dm~3, the lead deposit layer was compact and
uniform with or without the HDTMA additives, but at higher current densities; 40-50 mA-dm ™2,
without the additive large randomly orientated angular crystals formed on top of the layer of the
2

deposit. Presence of the additive resulted in a uniform compact layer even at 40-50 mA-dm~

Pletcher, Zhou [104].

At 1.5 mol-dm™ Pb?* concentration the formation of dendrites was pronounced, even at 25
mA-dm~2. However addition of 5 mmol-dm™3 of HDTMA resulted in smoother deposit. At 2.4
mol-dm™3 MSA the deposit was rough, the grains had what appeared to be smaller crystals
forming on top of the large boulder like crystals. The effect of the additive was diminished
compared to cells with 1.0 mol-dm™3 MSA, which had well adhered and compact deposit at all

current densities, 25, 50 & 70 mA-dm~2. At 0 mol-dm™ MSA the deposit remained uniform and

40



Chapter 2: Literature Review

compact, growing smaller at low current densities (25 mA-dm™2). For all cases without acid,

secondary crystals formed on top of the larger deposit grains [104].

This additive resulted in compact and uniform lead deposit on the negative electrode. The
additive improved the uniformity and smoothness and prevented dendrite growth and had
negligible effect on the cell voltage, at a concentration of approximately 5 mmol-dm™,. It also had
no adverse effect on the positive electrode. The effect was maintained over a large range of
concentrations for MSA and Pb?*; but was more prominent at low concentrations of both the acid
and Pb?*.The effect of high acid concentrations was most significant on the size and shape of the
lead deposit and the authors cautioned against using MSA concentration above 2.0 mol-dm™. An
initial concertation of 1.2 mol-dm™ Pb2* and 0 mol-dm~2 MSA was recommended, with a current

density of 100 mA-dm™2,

2.3.8 The Future of the Soluble Lead Flow Battery

The soluble lead flow battery has the potential to offer a cheaper option to kWh — MWh-sized
energy storage, thereby enabling more penetration of sustainable energy sources into the grid as
well as providing energy storage for grid-isolated areas. With an undivided configuration, it
requires fewer components in terms of pumps and tanks. It also operates well with carbon
electrodes, which are low priced compared to electrodes used by some redox flow batteries. Even
though the battery still faces many challenges that prevent it from progressing to demonstration
stage, the advantages it presents are still significant, and as such researchers continue to invest
time and effort in its improvement. This research contributes to this effort in advancement of the

battery as another option for renewable energy storage.

2.4 The Conventional Lead Acid Battery

The most commonly used secondary battery is the lead acid battery, which has been in use since
1860, after invention by Plante in 1859 [69, 122]. Its long life of development has made it a well-
understood technology, and a well-established infrastructure for supply, distribution, collection of
expended batteries and recycling infrastructure, are in place world-wide [123]. Because of this,
the battery has remained popular, especially for SLI applications. Even with the entrance of newer
battery technologies into the market, between 1990 and 2016 the lead acid battery had
maintained a yearly lead in battery markets, and in 2016 it and was at 90% GWh market-share
[68]. It is predicted that the lead acid battery will remain relevant for Starting Lighting and Ignition
(SLI) applications for the next 10 to 20 years even as the developed world slowly transitions to

electric vehicles [110]. In Africa, where the number of cars grew by an average 5.1% annually
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between 2007 and 2013, lead acid batteries are expected to grow in proportion or more steeply

because of other uses apart from SLI [78].

24.1 Operation of Lead Acid Batteries

Lead acid batteries are made of a lead negative electrode and a lead oxide positive electrode, a
porous membrane and a 33.3% (at full charge) dilute sulphuric acid as the electrolyte [123]. The
electrodes are made of a lead oxide (PbO) paste, called leady oxide because it contains lead,
dilute sulphuric acid, lead alloy grids covered with the paste and electricity connections made of
lead. During discharge the lead electrode releases two electrons and combines with sulphate ions
from the electrolyte to form Pb?* sulfate, while the lead (IV) electrode accepts the two electrons
and combines with sulfate ions to form solid lead sulfate. During charge the opposite happens,
the lead sulfate on the positive electrode loses two electrons and is converted back to lead (1V)
oxide, while that on the negative electrode gains two electrons and is converted back to solid lead
[124]. As the electrolyte loses and regains sulfate ions between charge and discharge
concentration of the electrolyte changes between charge and discharge. At high States of Charge
the concentration of the electrolyte is highest and at low States of Charge the concentration of
the acid is lowest. The specific gravity of the electrolyte is used to estimate the battery state of

charge. The forward reactions in equations 1, 2 and 3 below indicate discharging [123]:
Negative electrode: Pb +50,%" < PbSO, + 2e~ 2-24
E°=-0.36 V (vs SHE)

Positive electrode: PbO, + 4H* + S0,°~ + 2e~ & PbS0O, + 2H,0 2-25

E°=1.69 V (vs SHE)

Overall reaction: Pb+ PbO, + 2H,S0, < 2PbS0, + 2H,0 2-26

Ece|| = 2.05 V

This redox reaction results in a spongy lead at each discharge, which increases the

electrochemical surface area [125].

The lead acid battery is employed in a wide variety of applications, the most common being
starting, lighting and ignition (SLI) in vehicles. In this role the lead acid battery provides short
bursts of high current and should ideally be discharged to a maximum of 20% depth of discharge
and operate at ~20°C, to ensure a good cycle life, about 1500 cycles or three to five years of
operation [126]. Another role is in providing power for forklifts and similar cartage vehicles in

which the cell has thicker electrodes, and therefore has more energy but provides low power
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levels. In this configuration the battery is more rugged. Application in renewable energy storage
has been rising for the past 40-50 years, in which the battery needs to store more energy over a
longer period and hence, like in the forklift batteries, the electrodes are larger and the battery is

more rugged [125].

Lead acid batteries are widely used and easy to assemble, making them readily available in many
localities. Their widespread use has resulted in comparatively low prices [124] and an
infrastructure so widespread that they are available in almost all countries. Recycling
infrastructure and practices are also well established. The United States boast a recycle rate of
99% [127] while the International Lead Association estimates a global recycle rate of 80% for all
lead products. Progress in their manufacture has ensured that they are available in many different
sizes and shapes. Their availability, low cost at $1.50 - $2.00 per watt [128], reputation as a tried
and trusted technology and well established recycle infrastructure make them a dominant battery

technology worldwide.

Lead acid batteries have a relatively low cycle life of circa 500 cycles, low energy density (50
Wh/kg), suffer from stratification and sulfation borne of intolerance to storage at partial charge,
are intolerant to over-discharge beyond 10.5V for a 12 V battery, and to operating temperatures
above 25°C [56, 126, 129]. For this reason, lead acid batteries are unsuitable for uncontrolled
applications, such as isolated renewable energy storage, where it may be impossible to provide a
continuous trickle charge. Where they have been applied, their early failure due to abuse resulted

in escalating costs for the energy supply systems [39, 130].

2.4.2 Failure Modes of Lead Acid Batteries:

For lead acid batteries, charge regulators have been employed to control charge and discharge, to
maintain float charge, prevent heat runaway and cell drying, and to equalise charge in stacked
cells [62, 126, 131, 132]. These controls improve cycle life and ensure safe operation of lead acid
batteries. The softening and loss of Positive Electrode Material (PAM) in a lead acid battery is a
natural failure mode that progresses with battery use [126]. With continued cycling coherence
between the materials of the positive electrode lessens and eventually the material disintegrates
and no longer participates in electrochemical activity [133]. Use and abuse of the battery can
accelerate this failure mode, when the battery is over-charged [126]. Charge regulators impose an
End of Charge Voltage (EoCV) to prevent overcharge and premature PAM loss. Float charge at
high current also improves cycle life by increasing the cell internal temperature, which promotes
coherence in PAM and promotes PbSO, dissolution to PbO; [126]. However cell temperatures

need to stay under 60°C to prevent sulfation, therefore temperature monitoring and control is
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also necessary in battery management. Sulfation also occurs when VRLA are subjected to high
rates of charge (~ 18C) and discharge under partial charge conditions. High rates of discharge lead
to rapid formation of lead sulfate on the surface of the negative electrode plate, which does not
penetrate the plate, but instead accumulates on the surface. This reduces the effective area for
electrochemical activity and blocks diffusion of H* into the electrode plate. This reduces the
capacity of the battery. Partial charge results incomplete conversion of lead sulfate to lead,
therefore the lead sulfate becomes a site for hydrogen evolution, which is exacerbated at high
charge currents [132]. Charge regulators ensure that the charge and discharge rates for lead acid

batteries is kept low enough to enhance battery life and protect battery capacity.

Using charge controllers to force a full charge for VRLA used in conjunction with PV energy
restored the batteries’ full capacity, which was otherwise lost when the batteries were operated

under constant partial charge [134].

The lead acid battery requires charge control to prevent battery state-of-charge falling below a
set value due to self-discharge, which if allowed could result in sulfation. Sulfation occurs when
the sulfate ions of a discharged battery form large crystals which are difficult to convert back to
lead and lead dioxide during charge. Discharging at high current rates cause sulfation, as does
operation at temperatures above 60°C, for VRLAs. By supplying a float charge, charge controllers

prevent self-discharge of stored batteries and prevent permanent damage to battery capacity.

2.5 Recycling of Lead Acid Batteries

Lead acid batteries are the most recycled product in the world and have the widest and best-
established infrastructure for recycling. The International Lead Association [72] reported lead acid
battery recycle rates higher than 95% for Europe and the US while the Battery Council
International (BCl) reported over 99% recycle rates in the US [73]. Nonetheless recycle rates vary
country by country and are even more varied between developed and developing countries. A BCI
study for the US gives a lead acid battery national recycle rate of 99.3% in 2017, up from 99% in
2014 [71]; in Australia, 98% of the material used to make lead acid batteries is recycled [135];
South Africa’s biggest battery manufacturer, First National Battery, reported a national recycle
rate of 90% in 2014, [74]; and in 2013, 60% of China’s lead acid battery recycle plants were
privately owned and used informal recycle methods [75]. In the latter case processes used were

so inefficient that only about 60% of the lead was recovered, the rest lost during processing.
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From the 1920s, when lead acid batteries were introduced as feed into smelting plants, the
informal sector was the dominant battery recycling market in the US [136]. The US informal sector
consisted of hundreds of small operators who collected and sold expended lead acid batteries in a
network of many different operations; the batteries were sold to service stations, garages, scrap
dealers, battery breakers, private smelters and finally to industrial-size secondary and primary
lead smelters [136]. The informal sector operators and the smelting plants were located in cities,
close to the source of the expended lead acid batteries, and just like the informal sector of today,
resulted in environmental pollution and human (and animal) poisoning [137]. In Europe, the EU
Commission introduced the Batteries and Accumulators Directive in 1991, making it the
responsibility of battery producers to finance the collection, treatment and recycling of batteries
placed in the EU market [138]. At the time the UK had a recycle rate estimated above 90%
because of an existing lucrative scrap battery collection system, however collection was
fragmented and remained led by the informal sector up to 2001 [139]. Today the informal lead
acid battery recycling sector resembles that of the US before the 1950s, but this time it thrives in

cities and highly populated areas of non-industrialised countries [140].

The informal sector found in many developing countries includes foraging for scrap batteries in
dumping sites, reconditioning batteries for reselling, manually breaking batteries, retrieving lead
pastes and grids, storing, sometimes at home, and smelting in open furnaces, often out in the
open in highly populated residential areas [77, 140]. No pollution controls are in place [141].
Exposure to toxins can occur during scavenging of battery material, during repurposing, where
usable parts are salvaged from other spent batteries to repair another for selling; during breaking,
when lead particles and lead oxide dust are released into the atmosphere on impact, during the
handling of the lead battery electrodes and grids, and as fumes from the smelting. The
contamination can be extensive since sulphuric acid would be spilled into the ground, polluting
the soil and underground water, the dust and particulate lead can carry in the air and in ground
water, and the fumes from the smelting are also carried in the air [77, 140, 141]. While the
operator and sometimes their family, who may be in close proximity because operations may be
located within the family home, are at high risk for contamination, the community within which
the businesses operate are also at risk [141]. The risks cannot be overestimated as severe health
consequences and even deaths have resulted from informal lead acid battery recycling [77, 142,
143]. Safer alternatives to spent lead acid battery handling could provide some relief for the

operators and their communities.

In industrialised countries, the dominance of the informal sector in secondary lead processing
ended in the 1950s, when expended lead acid batteries became the main source of lead for

industrial lead smelters [136]. The industrial-size lead processing plants, which are licensed by
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host countries, as well as the expended battery collection network, make up the formal lead
recycling sector. Three methods are commonly used in formal lead battery recycling; pyro-
metallurgy, electrolysis, and hydro-metallurgy . Pyrometallurgy uses high temperatures to melt
the lead into a liquid before it is refined and alloyed, then formed into bullions that are then sold
to manufactures [139]. Electrolysis uses electrochemistry to deposit high purity lead on an anode,
while impurities remain in the electrolyte [144]. Hydrometallurgy involves the use of chemicals to
extract lead and lead compounds out of lead-rich slags and pastes [145]. The last two methods
leave mineral rich solutions which require further processing while the former leaves lead-rich

slag and emits noxious gases that need to be captured to prevent environmental contamination.

2.5.1 Pyrometallurgical Recycling Method

The pyrometallurgical recycling process was developed a century ago and has not changed by
much, except to improve flue gas scrubbing as well as refinery of the lead to a higher purity using
less energy. Commercially, pyrometallurgy is the most widely used lead recycling method [139].
The method evolved from primary lead mining and as such has benefitted from the mining
industry’s historical knowledge [139]. Furnace designs in use today are adapted for secondary
lead feed stock, and include sorting, crushing and separation of materials to cater for the battery
feedstock [146]. The plants are fitted with modern equipment to capture sulfur oxides, nitrogen
oxides, and metal hazardous air pollutants, before they are released into the atmosphere. The
technology has developed into a $52 billion industry worldwide [110], where over 90% of the
feedstock is expended lead acid batteries while the rest is scrap lead from other lead applications

[72].

The method is supported by robust collection infrastructure that differs slightly from region to
region. Across the world, even in developing areas where recycling rates are lower, the formal
recycling industry follows a similar established route; collection and/or drop off points where
motorists and auto dealers can drop off expended lead acid batteries; the batteries are then
packaged for transportation and transferred to the relevant recycle centres; there the batteries
are sorted into types to prevent mixing of dissimilar chemistries and ensure safe handling;
crushing and separation follows, where the acid, battery cover, and the grids/electrode pastes are
separated; melting and smelting follows at high temperature in a furnace, the lead is then refined
to remove impurities, finally the lead is alloyed to suit clients’ requirements, often for battery
manufacture [72, 147, 148]. A visit to the H.J. Enthoven & Sons Ltd. Recycling plant in Darley Dale,
UK, resulted in the schematic in Figure 2-4 showing the process flow for the formal lead acid
battery recycling. The process is similar to others across the world, including South Africa’s First

National Batteries’ process in Benoni, Johannesburg [147, 149].
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Espinosa, 2004, gives examples of different technologies/processes for recycling different battery

chemistries.

DRAIN ACID RECOVERY |

RECYCLED
ACID

( SPENT BATTERIES
‘\\COLLECTION

=

. .
| SULFRIC ACIJ—’{
N

FLUX, COKE
1200°c HEAT

ORTREATMENT | ‘

- 4

PACKAGING & Ve } \
/" SEPARATE ‘
TRANSPOTATON BREAKING &
{ POLYPROPYLENE }—»{ R ANING
J' \ BY FLOATATIOy \
SORTING | CRUSHING |
g
S / \
> x ( SO, )
< O
T i
H w
=
BATTERY PASTES [ SMELTING IN
& GRIDS |ROTARY SMELTE/R

GYPSUM

A%

DISPOSAL

PELLETS FOR
MAKING BATTRY
COVERS

REFINERY —
REMOVE
IMPURITIES

ﬂFINERY
—ADD \/
| ADDITIVES, ALIE

\\ etc

\SLAG/

Figure 2-4: Example of pyrometallurgical lead acid battery recycling process flow fashioned after

the H. J. Enthoven & Sons Ltd. Recycling plant in South Darley, United Kingdom.

The steps in conventional lead acid battery recycling are shown in Figure 2-4 and are outlined

below:

1. Collection: The commercial lead acid battery recycling process has established battery

collection networks throughout the world. Used batteries may be collected at motor vehicles

dealerships during battery replacement or at designated collection points. [139, 147] In South

Africa, First National Battery established an expended battery collection network similar to

that in developed countries, with 120 drop-off points for used lead acid batteries. Nationally,

a battery collection scheme is in place where a levy is imposed on anyone who buys a

replacement lead acid battery without handing over the spent one. Sellers of replacement

batteries are charged with imposing the levy on consumers [150].

2. Packaging and transportation: The batteries are packaged and labelled according to specific

standards: UN 2794 in the UK and EU, and Code of Federal Regulations, 49 CFR Section
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173.159 in the US [151], depending on whether the batteries will be sent overseas or will

travel by road, before being sent to the recycle centre.

3. Sorting then crushing: Once the batteries get to the recycle facility, they are further sorted to
ensure there are no unwanted and/or dangerous chemistries such as lithium ion, among the
batch. The sorted batteries are then introduced into the recycle plant, where mechanical
crushers break the batteries into small pieces. This process results in production of dust

within the plant and workers in the area are required to wear personal protective clothing.

4. Sulfuric acid is collected and either neutralised before disposal, or used to make other
chemicals such as gypsum, which is used to make products like formaldehyde for fertiliser,
detergent powder, construction wallboard etc. At the H. J. Enthoven Ltd Darley site, sulfuric
acid is used, along with the sulfur dioxide produced during lead smelter, to make gypsum for
the fertiliser industry and/or construction plaster and wallboards. A similar process is used at

the First national battery recycling facility in Johannesburg, South Africa [147].

5. Solids separation: The solids are tipped into a flotation conveyor belt, where the light
polypropylene floats to the top and is collected, cleaned and processed into pellets in a
different crusher. The polypropylene produced is of such high purity that it is used to make
new battery covers without further refining. The pellets may also be sold to other industries

that make products from polypropylene.

The heavier lead, lead sulfate and lead oxide settle at the bottom, and are sent via conveyor belt

to become feedstock to the smelting process.

6. Reduction of pastes to obtain lead: The process involves smelting the lead and lead pastes in a
furnace, reducing it using coke to obtain antimony rich lead, then secondary refining in
specific kettles to customise the soft lead produced, either by further removing impurities, or
adding specific impurities to make alloys. The lead compounds are smelted with metallurgical
coke or other reducing agents to make crude lead with high antimony content. Bullion
produced contains all the alloying materials found in the lead acid battery including antimony,
calcium, tin, copper and barium. The smelting process produces gaseous emissions containing
carbon dioxide, nitrogen oxides, and sulphur oxides. Metal-rich slag collects at the bottom of
the furnace and is collected, neutralised, and discarded or sold to electrolytic or

hydrometallurgy recyclers [139].

In rotary furnaces, the smelting can be modified to a two-step process that produce a soft
lead with lower antimony content [139]. Other impurities such as tin and copper can also be

removed in a similar way. The H.J. Enthoven & Sons smelter uses a reverberatory rotary
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furnace. In the Isasmelt, pre-treatment of the feed involves removal of sulfates, and the
furnace accepts feed in any form, including slurry, powder and wet or dry agglomerates [146].
Oxygen supply and agitation facilitate rapid reaction in the furnace. The slag produced is then

reduced to yield antimonial lead [139].

7. Refining is further achieved by smelting in smaller refineries where zinc is removed by
vaporisation, copper and tin are removed by smelting at higher temperatures and removing
by floatation. In some cases, some additives are added in controlled quantities to satisfy

clients’ requirements for alloying.

Modern plants are equipped to filter pollutant gases to within the recommended minimum, of 5
mg-cm3 Pb in EU [139] and 0.15 mg-m~3 in South Africa [152]. The furnaces are made to conform
to the EU’s Best Available Technique (BAT) recommendations for low emissions [153, 154].Even
then some plants still do not meet the minimum requirements, and have contributed to
contamination of nearby populations [155]. The pyrometallurgical method is also energy
intensive, since it uses smelting temperatures of 1200°C or more, and it produces slag that may
contain up to 5% lead and not suitable for further processing, and which ends up in landfill [156].
Apart from this, across the developing world, this type of recycling is only a portion of the whole
recycling industry. The informal sector is a significant part [157], and it contributes to

environmental pollution and is a hazard to human health and life [143].

2.5.2 Electrolytic Lead Recycling Method

The electrolytic method is often suggested as a less polluting method in comparison to
pyrometallurgy. It is another method used in lead recovery from lead acid batteries, which is
applied to lead-rich residue from secondary lead processing [158]. Use of electrolysis for primary
lead recovery began as early as 1904 using the Betts electrolytic lead refining process [159]. It
was also suggested for processing lead sulfate to make lead, using either anglesite (PbSQO4)

deposits or lead sulfate from primary lead mining or sulphuric acid production, as feedstock [144].

Electrolysis was first successfully used for the recovery of lead from lead acid battery sludge in
1983 when the Betts process was modified to prevent deposit of solid lead dioxide on the cathode
during electrolysis in flourisilic acid [160]. In the Betts electrolysis process, a large anode
electrode is made out of bullion lead which does not contain copper, a cathode is made of thin
high purity lead and a sulfamate electrolyte is used to set up an electrolytic cell [160]. During
electrolysis lead dissolves from the bullion and is deposited on the cathode. The impurities go into

the electrolyte solution. The process results in high levels of lead purity and electrolyte solutions
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rich in metals, no gaseous fumes are emitted, and material handling during processing is easier

[161].

Nevertheless, electrolysis is energy intensive at 2—12 kW-h-kg™ [153]. The investment in energy is
justified only by the demand for high purity lead and where there is significant copper to recover,
the revenue from the copper sales. The method also produces toxic flourisilic acid rich in lead,
which requires extensive treatment before safe disposal [153]. The method is applied to slag
from pyrometallurgical processing of lead acid batteries, and rarely to the unprocessed lead acid

batteries. Because of cost and intensive use of energy, it had not grown as well commercially.

253 Hydrometallurgical methods of lead recycling from spent lead acid batteries

Hydrometallurgical methods are often suggested as more environmentally friendly and less
energy intensive methods compared to pyrometallurgical and electrolytic methods [158, 162,
163]. Habashi suggested hydrometallurgy as a more affordable and attainable mining method for
mineral-rich developing countries to process their minerals, rather than selling the minerals as
concentrates or trying to set up large pyrometallurgical mining plants that may be too expensive
[161]. A similar argument can be used for the recycling of spent lead acid batteries, especially
where existing methods are unsafe and a hazard to human life. A method that recovers lead for

the SLFB electrolyte was developed to meet this demand, and it is described in chapter 3.

Most hydrometallurgical methods involve first leaching the minerals of interest (lead) out of
sludge using chemical treatment, then desulphurisation of PbSO,, and finally the solutions thus
obtained are treated further with chemicals to precipitate the lead [161]. Some examples of
methods that have been suggested in literature are given below. In all cases, the two steps of
leaching then precipitation are evident, with some examples including desulphurisation or some

more steps to arrive at the purified lead result.

One of the earliest examples of hydrometallurgy for lead pastes was a patent assigned to
Gaumann [164] in 1978. The method proposed to recover lead from spent lead acid battery
pastes by dissolving the lead oxide and lead sulphate out of the spent lead acid batteries in an
alkaline solution and electrolysing the dissolved product to retrieve pure lead powder. The
suggested alkaline solutions were metal hydroxide, ammonia, alkali metal carbonate, or
ammonium carbonate solution with a concentration of at least 3 mol-dm™3. A recommended
concentration of the alkaline solution was 5 > n > 12. To improve solubility of the lead compounds

in the alkaline solutions, organic compounds such as molasses, sugar, mannitol, glycerol, glycol,
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neopentyl-glycol, tartaric acid, citric acid, alkali tartrates, and triethanol amine were
recommended, with a preference for organic compounds with 5 to 8 hydroxyl groups. These were
recommended for achieving optimum solubility of lead compounds in alkaline solutions and to

achieve optimum conditions for the precipitation of lead powder during electrolysis.

Ferracin, Chacon-Sanhueza [158] tested tetrafluoroboric acid; glycerol and sodium hydroxide; and
sodium potassium tartrate and sodium hydroxide for leaching and electrolysis of lead from lead
battery sludge. Tetrafluoroboric acid gave the best yield of leachate and sodium hydroxide was
used for desulphirisation. Compact adherent and high purity lead was obtained in electrolysis.
However the process efficacy was low and most of the lead obtained was from lead dioxide only,
therefore leaching lead out of the other constituent materials in the lead acid batteries was not

successful.

Smaniotto, Antunes [127] used the chelating effect of EDTA on slag (6% Pb & 60% Fe content) to
extract Pb by complexing it with EDTA. To prevent EDTA complexing with Fe, which has a higher
complexing constant with EDTA than Pb, they used fluoride ions to block Fe complexation. To
identify the Pb ions in the EDTA-Pb complex obtained, iodide solution was used to knock the lead
off the EDTA complex into Pbl,. The yellow colour of the Pbl, confirmed the presence of Pb ions in

the solution.

Sonmez, 2009, [165] introduced leaching of lead acid battery pastes using citric acid, and
crystallisation of the precursor obtained using sodium citrate solution. Reagent grade chemicals
were used to model the PbO and PbO; in lead acid battery pastes. A citric acid solution was used
to leach PbO and PbO; into crystalline lead citrate. For the PbO, an analyte to acid concentration
ratio of 0.25 gave 98.75% Pb?*, the highest yield and increasing the ratio to 1 yielded 50% Pb?*,
and 2 gave ~0% vyield, indicating that increasing the analyte to acid ration reduced the yield.
Increase in leaching time (10 — 60 minutes) and temperature (from 20°C to 40°C) improved the

leaching yield to 99.5% and 82%, respectively.

For the PbO,, hydrogen peroxide was used along with citric acid to leach lead. A mole ratio of 4
mols H20; to 1 mols PbO, yielded 100% results. A solids to liquids ratio of 1/5 was sufficient to
give 98.5% yield. Increasing temperature to 40°C reduced yield to 95.2%, from 96% at 30°C and
97% at 20°C. A minimum of 60 minutes was required to convert 1 mol of PbO, to 4 mol Pb?*,

when analyte : acid = 1/5, [H,0,] : [PbO,] = 2, and temperature = 20°C, and yield was 99%.

For PbSQ,4, Sonmez [166], achieved desulphurisation and crystallisation in one step by using
sodium citrate. An analyte : acid ratio of 0.5 resulted in a maximum of 98% vyield. Increasing

temperature reduced yield. The paper successfully demonstrated the application of the
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crystallisation method to leaching lead out of a combination of PbO, PbO; and PbSQO,,

theoretically indicating that the method could be applied to lead acid battery pastes.

Reducing the number of steps required to get to the product is desirable, however, Sonmez [165,
166] used citric acid, which is expensive. To get around the cost, Zhu, He [167] presented another
method that eliminated desulphurisation and they used acetic acid instead of citric acid to leach
Pb out of PbO,, Pb. They also used hydrogen peroxide to aid the reduction of PbO, to PbO. The
method included crystallisation of the leachate by reacting it with sodium citrate
(Na3(CeHs07)2:3H,0) to form pure lead acetate (Pbs(CsHsO7)2-:3H20). PbSO4 was also directly
crystallised with the addition of sodium citrate without the leaching step nor a separate
desulphurisation step. For the dissolution of PbO acetic acid was added to leach lead into
Pb(CHsCOO); first, and a ratio of 1:2 for the analyte to acid was required to complete the
dissolution of PbO. Increasing the ratio of PbO:acid to 2:4 aids dissolution rate without violating
the solubility limit of lead acetate. Lead was then crystallised and precipitated out of acetic acid

by adding crystalline sodium citrate.

A similar method was developed by Sun, Yang [168] where they used acetate trihydrate precursor
to make ultrafine lead dioxide from spent lead acid battery pastes. In this approach lead pastes
from lead acid batteries were desulphirised using ammonium carbonate and then converted to
lead acetate by leaching with an acetic acid solution and hydrogen peroxide. The lead acetate
trihydrate precursor was crystallised and glacial acetic acid was used to remove the excess acetic
acid solution. Calcination of the precursor in N, or air at 320°C — 400°C yielded ultrafine lead
dioxide. The lead dioxide exhibited reversibility and good stability to 20 cyclic voltammetry cycles
and batteries using cathodes made from the lead dioxide exhibited good cycle stability for 80

charge/discharge cycles at 100% depth of discharge.

Other methods proposed production of leady oxide from lead acid batteries using
hydrometallurgy. Sun, Yang [168] proposed a four-step method where, first, lead pastes from a
recycling plant were desulphirised using ammonium carbonate (NH4),COs, then acetic acid was
used to leach lead into lead acetate (PbCHsCOO),, next, the lead acetate precursor was
crystallised by adding glacial acetic acid, which produced lead acetate trihydrate
(PbCHsCO0O0),-3H,0. Finally, that precursor was calcinated in N, or air at 320 — 400 °C. The result
was an ultrafine (200-400 nm particle size) lead oxide of the phases, a-PbO and B-PbO, as well as

metallic lead.

Research in hydrometallurgical methods is ongoing and many approaches are suggested. The
interest is motivated by the fact that hydrometallurgical methods result in high levels of lead

purity, no gaseous fumes are emitted, use of energy is lower and material handling during
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processing is easier. However hydrometallurgy still leaves undissolved lead compounds that
require further processing or may require safe disposal. Approaches that use hydrometallurgy on
its own are also rare and therefor the method is used in conjunction with other methods, which

are even more polluting and energy intensive.

2.6 Summary

Redox flow batteries of different chemistries are being developed for energy storage, and are
expected to aid in renewable energy uptake. The soluble lead flow battery could be one of the
batteries that serve this purpose and, as a chemistry that uses highly recycled lead and has fewer
structural components, could become competitive. The method developed in the next chapter
presents an opportunity to improve the battery’s competitive advantage by producing an
electrolyte for the battery from discarded lead acid batteries, eliminating the need for reagent
grade lead ions, and potentially advancing the chances of the soluble lead redox batteries to

become competitive in storage of electricity from renewable energy sources.

Before the novel method is introduced, conventional recycle methods were reviewed. The
pyrometallurgical recycle method described in section 2.5.1 is the most widely used recycle
method across the world and has resulted in a 95% recycle rate of lead acid batteries across the
world. However the method is energy intensive, requiring high temperatures (1,200°C) for
smelting and refining of the lead and lead products. It also produces toxic flue gases as well as
greenhouse gases from the thermal processes. A robust infrastructure is required not only for the
smelting and refining, but also for collection and sorting of the batteries to ensure the right
battery chemistry goes into the smelters. The South African recycle industry is comparable to that
of industrialised countries, with established collection networks and smelting plants that use Best

Available Technology [150].

However in other parts of Africa, infrastructure and policy enforcement are not as robust, and
informal recycling is rife, which results in toxic lead being released into the soil and waterways,
endangering human health and the environment. Reports of lead poisoning in children in Kenya
and Nigeria persist, and more is needed to recycle lead safely [169]. Similar reports have been
made for China [75], where bad disposal and recycle practices resulted in a reported 24% of
surveyed children having blood lead content levels above 100 pg/dL, well above the reported
average 4% of children worldwide [140] and much higher than the 5 ug/dL limit recommended by

the Center for Disease Control and Prevention [170].

The hydrometallurgical methods which are suggested as green alternatives also produce toxic

sludge which requires significant processing before disposal. Electrolysis is required to extract the
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lead and other precious metals remaining in the solution. Because of the high current required for
electrolysis, most of the suggested electrolysis processes are also not financially viable, and hence

have not become commercial yet.

This thesis presents a novel method for extracting lead from expended lead acid batteries to
directly make electrolyte for the soluble lead battery. The method, covered in chapter 3, presents
an opportunity to extend recycling of lead acid batteries in areas where pyrometallurgical

recycling practices may not be sufficient.

In the next chapter | outline a novel method for making electrolyte for the soluble lead battery
directly from expended lead acid batteries. Unlike some of the methods outlined above, this
method makes electrolyte directly out of the battery electrodes without need for
desulphurisation nor crystallisation of the analyte. Unlike pyrometallurgy or electrolysis, the
method does not require intensive energy use. The method achieves leaching of lead from PbO,
PbO, and PbSO, without a separate step for desulphurisation and there is no need for
crystallisation to extract lead since the lead is used in ionic form. In this way, the method has

fewer steps and retains simplicity.
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Chapter 3 Recovery of Lead from Expended Lead Acid
Batteries

3.1 Introduction

The soluble lead redox flow system uses electrolyte made from reagent grade chemicals; Pb?* ions
and methanesulfonic acid [66, 102]. The electrolyte supports redox couples at both the negative
and the positive electrodes, and therefore is used in both half-cells [102]. However because of
inefficiencies in the cell caused by insufficient stripping of the lead dioxide during discharge,
additives had to be introduced that improve conditions at either half-cell, necessitating the
division of the cell so that dedicated additives can be added to the relevant side [118, 119].
Because of this, the soluble lead battery could no longer be considered undivided nor membrane-
less [67] and addition of different additives to the two sides makes the reagent grade electrolyte

(RGE) somewhat different either side.

The lead acid battery, which is made out of mostly recycled batteries, contains lead in the form
PbO,, PbO and PbSO4. Ways to retrieve the lead from the battery pastes have been explored [165-
168], apart from the traditional pyrometallurgical methods in use today [76, 171]. The traditional
recycle of lead involves making bullions that are alloyed per clients’ requirements, and these
predominantly include lead acid battery makers. The trace elements added to the battery during
manufacture are meant to enhance the properties of the lead acid battery during operation [172,

173].

Even though it appears that the lead acid battery life cycle is a closed loop, inefficiencies exist
around the world in the recycle loop, causing toxic lead contaminants to spread into the
environments with dire consequences for human health and life [174]. In this chapter, a method
that safely recycles lead acid battery pastes while also producing electrolyte for the soluble lead

flow battery out of the expended battery pastes is presented.

3.2 Methods of Retrieving Lead From Spent Lead Acid Batteries

This section presents procedures used to retrieve lead out of expended lead acid batteries. A
combination of electrochemical, chemical and mechanical methods were used, where low energy
and low complexity were preferred. The following subsections explain the choice of treatment

methods further.
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3.21 Discharging the Lead Acid Battery

A used lead acid battery contains compounds of lead in the form of lead oxides, lead sulfate and
metallic lead as battery pastes and grids. The battery also contains sulphuric acid. Since the
soluble lead redox couples release solvated Pb?* ions into solution during discharge, equation 3-1,
the lead acid battery could potentially be discharged in methanesulfonic acid to yield Pb?* ions
from the Pb and PbO, electrodes. Investigations to check feasibility of this were undertaken. In
the proposed method, sulfuric acid was drained out of the battery, before the battery was rinsed
with de-ionised water. 2.5 mol-dm~3 methanesulfonic acid was added to the battery, and the

battery was connected to an electronic load to force discharge at C/10 (0.7 A over 10 hours).

With PbO,, PbSO,, PbO and Pb as the battery’s main constituents, the discharge redox couples for

each would be:

For PbO,: Pb0O, + 4H* + 2e~ - Pb?* + 2H,0 (3-2)
For Pb: Pb — Pb?* + 2e~ (3-3)
For PbO: PbO + H,0 + 2e* - Pb+ 20H™ (3-4)
For PbSO.: PbSO, + 2e™ = Pb + S0,%~ (3-5)

The PbO and PbSO, are reduced to Pb metal and PbO, to Pb?* ions, while Pb is oxidised to Pb?*
ions. Based on these reactions it was expected that all lead compounds will be converted to Pb?*

ions, which could be directly used as electrolyte.

With an initial acid concentration of 2.5 mol-dm™3, and according to the second law of

thermodynamics, the Gibbs free energy required for each reaction to occur is:

AG = —nFE,,, (3-6)
where,

Ecen = E°+2210gQ (3-7)
E°cen =Ec— Eq (3-8)
and Q = Zo0eeel (3-9)

The Gibbs Free Energies are:

AG2_18 = 29,975 J'm0|_1, AGg_l = _14‘3,055 J'm0|_1, AG2_17 = 283, 4‘25 J'm0|_1,
AG3_2 = _63,577J'm0|_1
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The Gibbs free energies imply that the conversion of PbO and PbSO,4 to Pb?* will occur
spontaneously, while conversion of PbO, and Pb will require an overpotential. However this does
not indicate how fast the reactions will be. The concentration of the electrolyte was measured

before and after discharge at 0.7 A over 10 hours.

3.2.2 Chemically Dissolving Lead in Acid

A good electrolyte should be able to dissolve the redox couple at both charged and discharged
states [175]. The RGE is made of dilute lead methanesulfonate in methanesulfonic acid. Lead
methanesulfonate has a solubility of 2.6 mol-dm™3, and a conductivity of (275 S.cm™2-mol™* [113].
Therefore, methanesulfonic acid was used as the solvent for the lead and lead compounds found

in the electrode material.

Compared to acids normally used as electrolytes, Table 3-1, lead is more soluble in
methanesulfonic acid [113], and it is non-volatile, non-corrosive, and less toxic in solution than
other electrolytes previously used for lead dissolution, such as perchloric or fluoroboric acid [176,
177]. Where nitric acid reacts with metals to evolve hydrogen, MSA does not. MSA does not
attack organic compounds nor does it require pre-disposal treatment like H,SO,4 [113]. MSA is also
relatively cheaper than other common acids. A comparison of lead solubility in common acids is

shown in Table 3-1.

Table 3-1: Comparison of acid on lead solvation, corrosiveness and cost.

; Cost

[Pb*]/ lonic R Stable at
Acid Conductivity in (Chemicals | At purity

mol-dm™ 1N Acid T/°C

/S.cmz.mo|_1 UK, 2020)

MSA 2.600 299 95 17 -167 (£34.40/L)% | (70%)
Sulfuric acid* | 0.0001 444.88 10-300 £10.30/L (98%)
Hydrochloric

0.034 346.11 -30-61 £8.42/L (36%)
acid* '
Nitric acid*° 1.803 370.00 [178] -42 - 83 £25.10/L (69%)
Flouroboric (48%wt of

0.301 (0.61Q7"cm™) (£60.5/L)?
acid 500g)

*Highly corrosive °Explosive with oxides  2Sigma Aldrich prices at Jan 2020
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Methanesulfonic acid reacts chemically with lead oxide, lead sulfate, and lead metal in the

following ways to produce lead methanesulfonate:

PbO, + 2CH3SOsH + 2H* - Pb(CH3S05), + 2H,0 (3-10)
PbO + 2CH3SO3H — Pb(CH3S03), + H,0 (3-11
Pb + 2CH3S03H — Pb(CH3S03), + 2H* (3-12)
PbSO, + 2CH3SO3H — Pb(CHS03), + H,SO0, (3-13)

Stoichiometrically, the solubility limit of lead methanesulfonate in MSA is indicated at 1.25
mol-dm™ Pb?* in 2.5 mol-dm™ MSA at 25 °C [103, 113], and the solubility of Pb?" is inversely
proportional to the concentration of methanesulfonic acid [103]. The conductivity of electrolyte
made from Pb?* ions in methanesulfonic acid increases with increasing acid concentrations and
reducing lead concentration [66, 179]. Conversely, more lead is required to yield more energy
from the cell. The electrolyte acidity also reduces during discharge, as the concentration of Pb?*
ions in the electrolyte increases [equation 3-14]. It is therefore important to balance the
concentrations to avoid precipitation of lead methanesulfonate into the cell when it is fully
discharged. It has been recommended that the concentration of acid in the electrolyte should be
limited to 2.4 mol-dm™ MSA to prevent formation of flaky deposits [120]. Therefore, the initial

3

concentration of MSA required to make electrolyte was limited to 2.5 mol-dm™, in order to yield

a minimum of 1.0 mol-dm™3 Pb*2 ions.

The procedures for obtaining a targeted concentration of the electrolyte, as well as diluting
concentrated recovered electrolyte to make the required concentrations are outlined in section

3.3.

3.23 Heating

PbO; reacts with warm acids to form more stable Pb?* ions and release oxygen [180]. Heat was
used to speed up the reaction between MSA and PbO.. As a preliminary measure, the heating

temperature was limited to 50° C to minimise energy use.
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3.24 Use of Hydrogen Peroxide

Hydrogen peroxide (H,0,) is capable of reducing Pb* to Pb?" ions as well as oxidising Pb metal to
Pb?* ions [181-183]. This unique quality of hydrogen peroxide can be used to form PbO shown in
equations 3-7 and 3-8 below. When reacted with MSA, Pb?" ions are formed as lead

methanesulfonate, shown in equation 3-8.

PbO, + H,0, — PbO + H,0 + 0, (3-15)
Pb + H,0, — PbO + H,0 (3-16)
PbSO, + H,0, — Pb + H,S0, + 0, (3-17)
PbO + 2CH3S03H — Pb(CH3S03), + H,0 (3-18)

The combination of acid, heat and hydrogen peroxide results in reactions below, which occur

within minutes to seconds because of heat and depending on H,0; quantity.
PbO, + 2CH3SO3;H + H,0, — Pb(CH3503), + H,0 + 0, (3-19)
Pb + 2CH3;S0O;H + H,0, — Pb(CH3503), + 2H,0 (3-20)

PbSO, + 2CH3SO03H + H,0, — Pb(CH3S03), + S0,>” + 2H,0  (3-21)

Desulphurisation of lead pastes has been suggested for hydrometallurgical recycling of lead acid
batteries, where the PbSO4 paste is converted to lead citrate in the presence of ascetic acid [167]

and citric acid [166]. A similar mechanism is assumed in equation 3-17.

To arrive at the Pb?" ions, the procedure as outlined in section 3.3 was followed.

3.3 Experimental
3.3.1 Equipment

An LD300 DC Electronic Load was used to fully discharge the 12 V 7Ah VRLA battery and a
multimeter was used to check the battery open circuit voltage. A hacksaw was then used to

remove the cover of the sealed VRLA.
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For heating purposes a water bath and Yellow Line MST basic C stirrer with a coated chemical-
resistant heating base was used and a TC 3 electronic contact thermometer was used to monitor

mixture temperature. A Sigma 2-6E centrifuge machine was used to settle solids.

3.3.2 Samples and Materials

A 7 Ah 12V Valve Regulated Lead Acid (VRLA) battery, Yuasa NP7-12L was disassembled to extract
lead from a spent lead acid battery [184]. The battery had 6 cells of 2 V each. Each cell had five
negative electrodes and four positive electrodes in an overlap arrangement, and an Absorbed
Glass Mat (AGM) separator between the electrodes. The separators were soaked in sulphuric acid
electrolyte with 33.3% concentration (6 mol-dm™ at 100% SoC). The electrodes were made of
lead calcium alloy grids for extra strength and a leady oxide paste. Apart from the covered vents
at each cell the battery was completely sealed. Physical dimensions of the battery were 151 mm x

65 mm x 94 mm and a mass of 2.8 kg. [184]

Methanesulfonic acid, MSA (CHsSOsH, Sigma Aldrich, #471356, 99.5%), lead methanesulfonate
(Pb(CH3S03),, Sigma Aldrich, #462667, 50% w/w), Hydrogen peroxide (H,0,, Sigma-Aldrich,
#H1009, 30% w/w) were used as received. MSA was diluted to 2.5 mol-dm™. All chemicals were
used as received. All aqueous solutions were prepared with de-ionised water from the Purite

water purifier in the lab.

333 Lead Extraction From Spent Lead Acid Battery

To check State of Health (SoH) of the 12 V VRLA battery before lead recovery, the battery was
connected to the Solartron equipment 1470E CellTest, and the following test were performed: (As

recommended by IEEE:SA)

i Open circuit voltage was measured. Batteries with an open circuit voltage above 11.8 V

were not used as they could potentially be recharged and reused.

ii. Charging at 0.7 A constant current over 10 hours to an end of charge voltage of 12.6 V.

12.6 V would represent 100% SoC for a new battery.

iii.  The 12 V VRLA battery was also cycled between 12.6 V (100%) end of charge voltage and
9.5V (0% SoC) end of discharge voltage at 0.7 A, over 10 cycles, using the same
equipment. Galvanostatic cycling at 0.7 A constant current over 3 hours per cycle to end

of charge and end of discharge voltages of 12.6 (100% SoC) and 9.5 V (0% SoC)
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respectively. This test was done to check the battery’s capacity to hold charge and supply

energy.

The sealed 12 V VRLA battery was then disassembled by:

1. Discharging the lead acid battery completely at 0.7 A for 12 hours on the LD300 DC
Electronic Load at room temperature. The open circuit voltage of the battery was
subsequently measured using a multimeter.

2. Emptying electrolyte via the exhaust nozzles.

3. Flushing with distilled water and emptying the water to remove excess electrolyte.
Rinsing was repeated three times. The battery was flushed with distilled water and left to
stand for a week, then emptied and rinsed with distilled water again.

4. Removing the top cover, and separating electrodes from the membrane, as shown in

Figure 3-1a.

: (a) (b) :
Figure 3-1: (a) 12 V VRLA battery with sawn-off lid. (b) Retrieving contents of cell 1.

Each of the electrodes set was placed in a separate container to be treated individually. In the first
container 500 mL 2.5 mol-dm™ MSA was added and heated to 30° C with continuous stirring. A

sample of known volume was collected from the container every hour for analysis.

Electrodes in the second container were treated similarly except the acid was heated to ~40° C.
Samples were collected from this container as well, and the same measurements made to
monitor change in density over time as well as to confirm the concentration of lead in the

supernatant solution.

For the third and fourth experiments, 450 mL MSA was used and 50 mL of 0.09 mol-dm™
hydrogen peroxide was added to the electrodes and the container contents were heated to 30° C

and 40° C respectively. In the fifth and sixth experiments the concentration of hydrogen peroxide
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was increased to 0.9 mol-dm™ and the mixture was heated to 30° C and 40°C respectively. The

results are shown in section 0.

For simplicity each of the electrode pairs were named cells and numbered sequentially, as shown

in Figure 3-2.

_ i p .
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Figure 3-2 Lead recovery plan for electrolyte preparation. The electrodes retrieved from a spent
VRLA battery with open circuit voltage less than 11.8 V were each placed in a beaker.
2.5 mol dm™ MSA was added to the electrodes. The contents were heated at either
30°C or 40°C. In the first two cases no H,0, was added, in the next two cases 0.09

mol dm™ H,0; was added to the beaker while the last two had 0.90 mol dm™ H,0..

334 Quantifying Recovered Lead (ll) lons

The quantity of Pb?* ions recovered was monitored by monitoring the change in solution density,

as well as by titration.
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3.34.1 Density Measurements

For density measurements, a sample was collected from each mixture every hour and centrifuged
at 3,600 rpm for 20 minutes to separate the liquid from the solids. A 10 mL sample of the
supernatant liquid was collected and its mass was measured and recorded. This was used to
monitor the change in density of the solution[185]. Assuming that the increase in mass of the
clear solution was due to Pb and PbO2 solids being converted to Pb?* ions, the concentration of

Pb?* ions was estimated from the change in mass, using the equation 48 below.

[Ph2H] = 22 (3-23)
VsMMpy,
where [Pb?*] is the concentration of Pb?* ions, in mol-dm™3

Am is change in mass of recovered solution over specific period, in grams
Vs is the volume of the sample weighed, in dm?

MMpy, is the molar mass of lead, in g-mol™

3.3.4.2 Titration

Titration was also used to monitor the concentration of the recovered Pb?* ions. This method, also
described by Orapeleng, Wills [185], involved the complexometric titration of samples with EDTA
acid and Eriochrome Black T dye, as described by Fitch [186].

The formation constant for the Pb2*-EDTA complex is high, at 1.1x1018 [187]. In a basic buffer
solution with pH10, the formation constant remains high at 3.3 x 10%, therefore the complex

formation is expected to proceed to completion, according to reaction 49.

H,Y?™ + Pb?** > PbY?~ + 2H* 24

where H,Y?™ is the EDTA acid and PbY 2™ is the Pb**-EDTA complex.
The titration of Pb?* with EDTA followed these steps:

1. An aliquot of the Pb?* solution collected after centrifuging was diluted a 100 times. The
solution was made to 25 cm3.

2. To make the solution basic, 5 mL of pH 10 ammonium hydroxide was added to the
solution. This resulted in formation of solid Pb(OH)..

Pb%* + 2(0H)~ - Pb(OH), 25
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3. To keep the Pb?* ions in solution, a spatula tip of powder tartaric acid was added. Tartaric
acid complexes weakly with Pb?* ions, keeping the Pb?* ions aqueous.

Pb** + C,H,04% — Pb(C4H,04) 26

4. Before titration a colour indicator was added to the solution. The indicator was prepared
by grinding 100 mg of Erio Black T with 5 g of KCI. The indicator attaches to Pb?* ions to
form a reddish violet coloured complex, as indicated by equation 13:

Pb%** 4+ In - PbIn 27

where In is the indicator.

5. A standard solution of 0.01 mol dm™3 EDTA was titrated out of a burette into the solution
under investigation.

6. The EDTA replaced the indicator from the PbIn complex to form the strongly bonding
PbY?~ until the indicator existed as a free protonated dye with a blue colour.
Replacement of the indicator by EDTA is shown in equation 53.

H,Y?™ + PbIn - PbY?™ + H,In 28

At the end-point the colour of the solution changed from violet to blue.

7. The concentration of lead in the solution was related to the concentration of EDTA by the
equation:

Cepra VepTa = [Pb2+]VPb2+ 29

The concentration obtained from the titration experiments was recorded and compared to the
concentration estimates made from density measurements. The comparison is presented in Table
3-2 compares sample values of Pb?* ions concentration calculated using the change in mass of the

solution as well as using titration.

Table 3-2. Comparison of the concentration of Pb?* ions obtained by mass measurements and by

titration. The variance between the two values is lower than 10% in all cases.

The concentration of Pb?* ions calculated from the change in mass of the solution differs from
that obtained by titration measurements by less than 10%. The mass measurements could

therefore be considered a reliable method. The close agreement of the results also confirms that
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the assumption that the change in mass of the solution was due to Pb and PbO; solids being

converted to Pb?* ions was reasonable.

It is worth noting that the difference between the values from the two methods lessened the
longer the sample was allowed to settle. In those cases, it was not necessary to centrifuge the

sample before aliquots were collected.

There were concerns about interference from calcium (1) ions complexing with EDTA, since
calcium (Il) ions complex with EDTA at the same pH as do lead (ll) ions. However because of the
much higher formation constant of Pb-EDTA (1.1x1018) as compared to Ca-EDTA (5.0x10%), the
Pb-EDTA complex is expected to reach equivalence before the Ca-EDTA complex is formed, hence

the titration results are considered reliable.

3.4 Results and Discussion
34.1 State of Health of Lead Acid Battery

The VRLA battery manual states that at 25°C, a battery voltage of 12.6 V corresponds to 100% SoC
while an open circuit voltage under 11.8 V indicates 0% state of charge [188]. Upon testing the
maximum battery open circuit voltage measured was 11.6 V, well below the 0% SoC mark.

Therefore these batteries were considered to have reached the end of their lives.
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Figure 3-3: Voltage profile of charging Yausa NP7-12L, 12 V VRLA battery to 12.6 V, at 0.7A

constant current

The battery was subjected to galvanostatic cycles, cycling it ten times at 0.7 A constant current for
3 hours on charge and discharge. End-of-charge voltage of 12.6 V and end-of-discharge voltage of
9.5 V were maintained. The lead acid battery appeared to get charged, albeit to a voltage lower
than 100% SoC, but no energy could be extracted out of the battery. The battery also reached its
end of charge and end of discharge voltages much sooner than the set three hours. This indicated
the battery’s lack of capacity to hold charge and supply energy. Clause 8 of the recommended
practices for maintenance, testing and replacement of VRLA recommends that a battery should
be replaced if its capacity falls below 80% of rated capacity as it is deemed to be at the end of its
life [189]. The battery’s behaviour is shown in Figure 3-4, which is a plot of the ten cycles of the

battery.
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Figure 3-4: Charge/discharge of Yuasa lead acid battery at 0.7 A constant current for 3 hours each,

10 cycles. End-of-charge voltage 12.6 V and end-of-discharge voltage 9.5 V

The Ah charge capacity of the batteries was less than 1% of the nominal capacity. This was
another indicator that the batteries had reached the end-of-life, as indicated in the battery

manual. Using these indicators, the batteries were chosen for lead recovery.

3.4.2 Lead Recovered

34.2.1 Yield From Lead Recovery Methods

The methods described in section 3.3.3 and by Figure 3-2 yielded different concentrations of lead
Pb?* ions. Table 3-3 shows the results for each method.
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Table 3-3. Amount of Pb?* ions in the solution made by dissolving solid VRLA battery electrodes.

The temperatures shown are averaged over six hours.

wevod | fectode e oy
(g) (°C) (mol-dm™)  (mol-dm™)

1 250 30 0 0.16

2 250 40 0 0.07

3 250 30 0.10 0.51

4 250 40 0.10 0.75

5 250 30 0.98 1.00

6 250 40 0.98 0.91

The density of the collected samples tended to stabilise after six hours and it was found that
without hydrogen peroxide, the amount of lead (l1) ions recovered was lower than 0.2 mol-dm™3.
Addition of 0.10 mol dm~2 H,0, yielded 0.5 mol-dm~3, which was half the required amount of Pb?*.
Solutions with the higher concentration of H,0; of 1.0 mol-dm™3 yielded the highest concentration

of Pb?* ions, and the required 1.0 mol dm™ was obtained.

The quantity of hydrogen peroxide was kept at 10% of the total volume to control reaction
volatility. The concentration of recovered electrolyte was limited at 1.0 mol dm™2 of Pb?* ions by
the initial concentration of acid.

3.4.2.2 Effect of Hydrogen Peroxide and Temperature

An example of the effect of adding hydrogen peroxide to the electrode material and

methanesulfonic acid mixture is illustrated in Figure 3-5.
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Figure 3-5: [Pb?'] yield from the lead recovery when 250 g electrode solids were dissolved in 2.5
mol-dm™ MSA and different quantities of hydrogen peroxide were added, and the

temperature of the solutions were varied, as indicated.

The results indicate that, without hydrogen peroxide, the Pb?* ions yield remained below 0.2
mol-dm™3, which is less than 20% of the expected yield. Once hydrogen peroxide is added, the
amount of rises quickly to 0.65-0.75 mol-dm~3. This confirms the reducing effect of H,0, on PbO,,
and indeed this effect has been exploited in the recycling of spent lead acid battery pastes to
make crystalline lead citrate Pb(CsHsO7)-H20 [165] and Pbs(CsHeO7)2-3H,0 [167]. At 0.9 mol-dm™3
H,0,, the concentration of Pb?* ions yielded rose to at least 1.0 mol-dm™ each time. In all the
cases where hydrogen peroxide was added, even at 0.09 mol-dm~3 H,0,, the concentration of
Pb?* rises to the maximum within the first hour, and stabilises for the rest of the six hours under
consideration. Similar results were obtained elsewhere [165, 167]. The concentration of the

yielded Pb?* ions was limited by the solubility of Pb?*in methanesulfonic acid.

3.4.23 Comparison of methods used to quantity lead (Il) ions recovered

The quantity of Pb?* ions recovered was monitored by checking solution density, as well as by
titration. Table 3-4 compares sample values of Pb?* ions concentration calculated using the
change in mass of the solution as well as titration. Calculations of [Pb?*] concentrations using
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mass of the solution recovered and using titration were performed using equations 48 for the
mass measurements and equation 54 for titration.

Table 3-4: Chemicals detected in an aliquot from solution made by dissolving VRLA battery

electrodes in 2.5 mol-dm™3 MSA and 9.79 mol dm™ H,0, at 40°C, over six hours.

[Pb?*] in mol-dm™2 by
% Variance
Mass measurements | Titration

0.65 0.656 0.9
0.68 0.67 1.5
0.73 0.72 1.9
0.87 0.86 1.2
0.95 0.89 6.3
0.96 0.90 6.3
1.06 0.93 9.7

The concentration of Pb?* ions calculated from the change in mass of the solution differs from
that obtained by titration measurements by less than 10%. The mass measurements could
therefore be considered a reliable method. The close agreement of the results also confirms that
the assumption that the change in mass of the solution was due to Pb, PbSO4 and PbO, solids
being converted to Pb?* ions was reasonable.

It is worth noting that the difference between the values from the two methods lessened the
longer the sample was allowed to settle. In those cases, it was not necessary to centrifuge the
sample before aliquots were collected.

There were concerns about interference from calcium (Il) ions complexing with EDTA, since
calcium (1) ions complex with EDTA at the same pH as do lead (ll) ions. However, because of the
much higher formation constant of Pb-EDTA (1.1x10%) as compared to Ca-EDTA (5.0x10%), the
Pb-EDTA complex was expected to reach equivalence before the Ca-EDTA complex was formed,
hence the titration results were considered reliable. The next chapter includes elemental analysis
of the recovered electrolyte to determine the electrolyte composition.

3.5 Chapter Conclusions

A novel method for making electrolyte for a soluble lead redox flow battery has been developed

by the author using methanesulfonic acid and hydrogen peroxide [185]. The method involved
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dissolving spent lead acid electrodes in warm MSA and using hydrogen peroxide to catalyse

chemical oxidation PbO, and reduction of solid and Pb and PbSO,.

The method successfully yielded the amount of lead (l1) ions (0.1 to 1.1 mol.dm™3) sought, over a
period of at least six hours. The methods used to recover lead yielded varying amounts of lead (ll)
ions, indicating that some were more favourable than others. The addition of hydrogen peroxide
catalysed the retrieval of lead ions from PbO,. As shown by the cyclic voltammetry results, the
recovered electrolyte displays similar electrochemical activity as does the conventional electrolyte
used in soluble lead redox flow batteries developed by others. A lead (IlI) concentration of 1.5
mol-dm™ would give an equivalent storage capacity of 40 Ahr-dm™ of electrolyte or 60

Whr-dm™2 (at a discharge voltage of 1.5 V).

The novel method outlined requires minimal pre-treatment compared to other conventional
methods for lead recovery, it is easy, uses low amounts of energy compared to pyrometallurgy or
electrolysis and it yields results quicker. This makes the method simpler and quicker to carry out.
Compared to informal recycling practices introduced in chapter 2, the method is safer and more
environmentally friendly. The ability to reprocess waste conventional lead acid batteries at the
end of their useful life and directly make electrolyte for the soluble lead battery offers a simple
and low cost route to obtaining an electrolyte for the soluble lead flow battery in the most direct

route possible.
The results of this chapter are supported by the published paper below:

Orapeleng, K., Wills, R., and Cruden, A., Developing Electrolyte for a Soluble Lead Redox Flow
Battery by Reprocessing Spent Lead Acid Battery Electrodes. Batteries, 2017. 3(2): p. 15. DOI:
https://doi.org/10.3390/batteries3020015

A comparison of recovered and standard (made from laboratory reagent-grade chemicals)
electrolytes in operational cells will be presented in the next chapter. Further, detailed

characterisation for the recovered electrolyte in a flow cell environment is presented.
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Chapter 4: Comparison of RE to RGE and its Characterisation

Chapter 4 Comparison of Recovered Electrolyte to
Reagent Grade Electrolyte and its
Characterisation

4.1 Introduction

The recovered electrolyte (RE), made from the published method [185] described in chapter 3, is
compared to the SLFB conventional electrolyte, which is made from reagent-grade lead
methanesulfonate and methanesulfonic acid, thus called reagent grade electrolyte (RGE). In this
chapter the two electrolytes are cycled in static and flow cells and their performance compared.
Results from this chapter demonstrated that the RE performed better in terms of cycle life and
charge, energy and voltage efficiencies in both static cells and flow cells [190]. Elemental analysis
of both RE and RGE was performed to determine the elemental makeup of the two electrolytes,
and determine the reason for the RE competitive advantage. Apart from cycling in galvanic cells,
the density, viscosity and conductivity of the electrolyte were determined. Cyclic voltammetry for

both the PbO,/Pb?" and Pb/Pb?* redox couples was done for the RE.

Cycling electrolyte in small cells, where failure behaviour is exaggerated gives conservative results
which overstate the failure behaviour of the electrolyte. This is the reason the cells in Figure 4-1
and Figure 4-2, described in 4.2.1 and 4.2.2 were used. Cycling the electrolytes in the galvanic
cells gave a conservative indication of the cells’ cycle life, as well as the charge, energy, and
voltage efficiencies of the cells. The charge efficiency is the cell’s coulombic efficiency, which
indicates the amount of charge retrieved after charging. It is an indication of the cells’ ability to

return the energy deposited during charge.

The RE is made from electrode material from lead acid batteries, which contains alloys and
additives normally added to enhance performance of the lead acid battery [173]. Lead alloys used
to make lead acid battery grids contain antimony, calcium, tin, silver, and other trace elements
introduced to manipulate the properties of the lead [191]. Calcium and tin are normally added to
improve the mechanical properties of the battery grids. The latter also prevents passivation and
increases rechargeability, reduces corrosion, and increases the conductivity at the grid/active-
material interface [191]. Adding silver to lead-calcium-tin alloys improves corrosion resistance and
reduces creep [ibid]. Apart from the alloying metals in the grid, lead acid battery electrode pastes
contain trace elements which are added during production of refined lead, either as additives or
as impurities, including arsenic, bismuth, cadmium, copper, nickel, and beryllium [173, 174, 191,

192].
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It was therefore expected that the RE, made from expended battery electrodes, would contain
some of these trace elements. Hence, elemental analysis was carried out to determine the
qualitative and quantitative composition of the RE. The analysis of the electrolyte was performed

using Inductively Coupled Plasma Mass Spectroscopy.

ICP-Mass Spectral analysis of lead was first carried out by Nier and others [193]. Lead was initially
converted to tetramethyl lead and injected as a gas into a spectral analyser. Fitch 2010, p. 330.
The gas was ionised into atoms in a 27 MHz RF field at a temperature range of 6,000 — 8, 000 °C,
where argon was used to provide the ionising temperature. The ionised atoms were pulled into an
electric field and underwent a 9 magnitude pressure drop. The low pressure ensured that no gas
phase passed through, only allowing the ionised atoms through, it also allowed detection of

individual ions, providing detection levels as low as parts per trillion.

The density, kinematic viscosity, and conductivity of the RE was measured and compared to that
of the RGE. The latter’s density has been found to be linearly proportional to the concentration of
the Pb?* ions [179]. The same research also revealed that in MSA, the viscosity of RGE increases
linearly with both Pb?* and MSA concentrations, while the ionic conductivity follows a multipart
relationship; at 0.1 mol-dm™2 MSA and below, conductivity decreases with Pb?* concentration, and
at 0.25 mol-dm™ MSA and above, conductivity increases with Pb?* concentration. The research
identified an optimum electrolyte concentration of 0.75 mol-dm™3 Pb?* and 1.0 mol-dm™3 MSA at
which charge efficiency was 84% and cycle life 48, the highest combination recorded for the study
[179]. A difference in these properties for the RE and RGE could explain differences in the

performance of the electrolytes.

Cyclic voltammetry was carried out on RE electrolyte to determine its electrochemical properties.
Cyclic voltammetry is used to study the oxidation and reduction processes of electrochemical
species at an electrode surface. It is a useful tool for measuring the rate of the reactions that
occur at the electrode surface when a potential sweep is applied, by directly mearing the current
due to the reactions. Cyclic voltammetry occurs in an electrolyte, which supplies and accepts the
ions that undergo reduction and oxidation at the working electrode. In a three-electrode system,
the potential is measured between the working electrode and the reference electrode, and
current is measured between the working electrode and a counter electrode, ensuring there is no
current to the reference electrode. A sinter or lug is used to isolate the cell from any products of
electrolysis that may occur at the counter electrode [194]. Cyclic voltammetry can also be used to

determine the formal potential of the PbO,/Pb?" and Pb/Pb?* redox couples.

In cyclic voltammetry, a potential is applied to a working electrode at a constant rate, called the

sweep rate, until oxidation or reduction occurs at the electrode surface. Once the range of
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reactions have occurred, the sweep is reversed so that reduction or oxidation of the products and
intermediates formed during the forward sweep can occur [195]. The voltammetry is performed
in a supporting electrolyte, which maintains charge neutrality and prevents migration of charged
ions [196, 197]. In the three-electrode electrochemical cell, redox reactions occur at the working
electrode, current is monitored at the reference electrode and the counter electrode balances the

potential of the cell [197].

4.2 Methodology

4.2.1 Static Cell

A static cell was made of two 5 cm x 5 cm x 2 mm Sigracell graphite electrodes. The electrodes were
separated by a silicone insulator, which created a 5 cm x 5 cm x 8 mm cell chamber in which
electrolyte was held. The silicone gaskets also provided a seal against electrolyte leaks. A 5cm x 5
c¢m x 0.1 mm thick nickel foil was placed flush against the back of each electrode to act as a current
collector. Silicone gaskets were used to insulate the cell’s conductive parts from the clamps that
held the cell together. The current collectors were connected to the battery analyser leads. The cell
had an active area of 25 cm? on each electrode. The variable cell-gap was maintained at 8 mm,

unless otherwise specified. The cell is shown in Figure 4-1.
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5cm x 5em x 2mm thick
SIGRACELL® graphite electrodes 0.1 mm thick nickel current collector

Silicone rubber insulator

Electrolyte

Clamps

[

- 8mm gap (variable)

Figure 4-1: Cross section of static soluble lead cell. The static cell has a 5cm x 5cm x 8mm wide cell
chamber with two 5cm x 5¢cm x 0.2cm graphite electrodes on either side. 0.1 mm
thick nickel foils are placed against each electrode to collect current from the
electrodes. The whole cell is held together by clamps and insulated with silicone

rubber to minimise leakage.

The electrodes of the cell were prepared by cleaning first with soap and warm water, then rising
with dilute methanesulfonic acid, then polishing with a 150 (92 um) carbide sandpaper under

running deionised water.

4.2.2 Flow Cell

The soluble lead flow cell, shown in Figure 4-2, was made of a polyvinyl chloride (PVC) backing board
which gives the cell structural support. Silicone rubber sheets provide insulation of electrodes from
the metal backing boards, while also preventing leakage of the electrolyte. The cell had 5.0 cm x 4.0
cm x 2.0 mm thick Sigracell graphite electrodes. A 5.0 cm x 4.0 cm x 0.1 mm thick nickel foil was
used to collect current from each electrode. Two acrylic cell chambers provided a 4.0 cm x 2.5 cm
by 2 cm half-cell chamber either side of a VPX-20 anion exchange membrane. Each of the acrylic
chambers had an inlet and an outlet through which electrolyte entered and left the cell. The
electrolyte was circulated between the reservoir and the cell using Watson Marlow 505S peristaltic
pumps and Masterflex Norprene® 06402-25 tubes. An Erlenmeyer flask was used as a single
electrolyte reservoir. Since the electrolyte from either side of the cell went into the same tank, the

cell was classified as semi-divided [67]. The setup is shown in Figure 4-3.
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Figure 4-2: A soluble lead flow cell made of a structural PVC backing board, silicone spacers to

isolate the functional parts of the cell, and 5.0 cm x 4.0 cm x 2.0 mm thick Sigracell

carbon electrodes. 0.1 mm thick nickel foils were used as current collectors. 2No.

acrylic cell chambers provided a 4 cm x 2.5 cm by 2.0 cm half-cell chamber either side

of a VPX-20 anion exchange membrane. Each acrylic chamber had an inlet and outlet

through which electrolyte entered and left the cell.

The electrodes were cleaned the same way as the static cell electrodes. The volume for each

experiment was 150 mL of RE placed in a tank (Erlenmeyer flask). A Watson Marlow 505S peristaltic

pump was used to circulate the electrolyte between the tank and the cell at 4.58 cm3-s™" (2.29

cm-s™"). The setup is shown in Figure 4-3.
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battery analyser

Figure 4-3: Setup of the redox flow cell, showing the redox flow cell in a vertical orientation, the
Erlenmeyer flask as the electrolyte tank and peristaltic pumps. The cables connect

the current collectors to the battery analyser.

4.2.3 Battery Analyser

An eight-channel battery analyser MTI 8-channel BT8-3A battery analyser (MAX 5V, 3 A) by MTI
Corporation, was used to control the cycles and record the galvanostatic cycling data. A laptop
that had BTS Control battery management software, connected to the analyser, was used to
control the experiments and record the experimental data. During flow cycling, a Watson Marlow
505S peristaltic pump and Masterflex Norprene tubes were used to circulate electrolyte for the

soluble lead flow cell.

424 Galvanic Cycling

RE and RGE were cycled in static cells as well as flow cells to compare charge performance. The

cells are described in sections 4.2.1 and 4.2.2, respectively.

The static soluble lead cell shown in Figure 4-1 was assembled and connected to the MTI 8-
channel BT8-3A battery analyser (MAX 5V, 3 A). The cell was charged at 4 mA-cm™ for 20 minutes
to an End of Charge Voltage (EoCV) of 2.6 V, allowed a two minutes open circuit period between
charging and discharging, discharged at 4 mA-cm~2 to End of Discharge Voltage (EoDV) of 0.5 V for
another 20 minutes, and allowed another open circuit two minutes. The EoCV was based on the
SLFB cell voltage [66], while also allowing for over-potential. The EoDV was set low to ensure as
complete a discharge cycle as possible. Each cell was cycled until the charge efficiency fell below

60%, at which point the cell was deemed to have failed.
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The flow cell was charged at 10 mA-cm~2 to an EoCV of 2.6 V for one hour, allowed a two minutes
open circuit period between charging and discharging, discharged at the same current density to
EoDV of 0.5 V for an hour, allowed another two minutes of open circuit, and the cycles were

repeated until the cell charge efficiency fell below 60%, which was used to describe cell failure.

RGE with the same MSA and Pb?" ion concentrations as the RE was cycled in the same fashion.
The concentration of acid and Pb?* ions was varied to compare, as was the current density. An
Erlenmeyer flask was used as a single electrolyte reservoir. The electrolyte was cycled at 4.58

cm3:s71(2.29 cm-s™"). The results are outlined in Table 4-3 in section 4.3.1.

4.2.5 Electrolyte Conductivity and Viscosity

The conductivity of electrolyte is an important factor that determines how well an
electrochemical cell performs. The conductivity of electrolyte for SLFB has been measured and it
was confirmed that increasing the concentration of acid increases conductivity of electrolyte [114,
179]. However [179] also found that for electrolytes with 1.0 mol-dm~2 MSA, conductivity
reduced with increasing Pb?* concentration, resulting in a low conductivity of 225 mS-cm™’

recorded for an electrolyte with 1.5 mol-dm™3 Pb?*.

To compare the RE made through this research with that of RGE, the conductivity of RE with
concentration 0.7 mol-dm™ Pb?* and 1.0 mol-dm~3 MSA was measured at room temperature (294

K). The results are shown in section 4.3.1

An Ostwald viscometer with a calibration constant, C = 0.009236C was used to measure the
kinematic viscosity of the electrolyte. Density was measured by measuring the mass of 10 mL of
the RE on a digital scale with £0.001 g precision. The density and kinematic viscosity were used to
calculate dynamic viscosity. Conductivity was measured using an Analytical Technology ATI Orion
162 (Pt electrode) conductivity meter, which also recorded the temperature of the electrolyte. All

measurements were repeated thrice, and the average used.

4.2.6 Elemental Analysis of Recovered Electrolyte

The elemental composition of the RE was analysed using Inductively Coupled Plasma Mass
Spectroscopy. A Thermo Scientific iCAP RQ ICP MS analyser, which employed Argon plasma, was
used. Standards were prepared based on the list of elements in a refined lead ingot that conforms
to BS EN 12659:1999 [192]. The samples were prepared in triplicate and quantified against the

available standards.
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The ICP-Mass Spectroscopy to identify and quantify the trace elements in the RE was performed
by an independent lab at the H.J. Enthoven & Sons lead recycle facility in Darley Dale, UK, where
they used the Thermo Scientific iCAP RQ ICP MS analyser. An argon plasma was used in standard
operating mode, which means the plasma temperature was 6,000 °C, except for detection of

Arsenic and Selenium, where the Kinetic Energy D was used, using helium instead of argon.

4.2.7 Voltammetry

To assess the electrochemical performance of the electrolyte, cyclic voltammetry of the
electrolyte was carried out in a three-electrode cell, pictured in Figure 4-4, where both the

Pb/Pb?*" and the PbO,/Pb?" redox pairs were investigated.

The three-electrode cell had a vitreous carbon rotating disc working electrode with surface area
0.126 cm?, where solid Pb or PbO, was deposited, depending on the redox pair, and a 1.2 cm?
platinum-mesh counter electrode completed the electrical circuit between the working electrode
and the electrolyte. A saturated calomel reference electrode (SCE) was used to measure the

voltage at the working electrode.

0.1257 cm?
. Saturated
vitreous carbon Cal |
Working alome
" Reference
electrode

electrode (SCE)

1.2 cm? Pt.
wire-mesh Salt-
Counter bridge

electrode |

C

Figure 4-4: Sketch of a 3-electrode cell for cyclic voltammetry with 1.2 cm? Pt wire mesh counter
electrode, 0.1257cm? vitreous carbon rotating disc working electrode and a saturated

calomel reference electrode.

An Autolab potentiostat, using NOVA software to control and record data, was used to perform

all cyclic voltammetry experiments.
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An aliquot of the RE was placed in 1.0 mol-dm™ methanesulfonic acid electrolyte. A potential
sweep of 25 mV-s™" was applied. The working electrode was polished on a Buehler 736-3 8”
microcloth with 0.3 um alumina suspended in water between each experiment, unless stated
otherwise. For the Pb/Pb?* redox couple, a potential sweep was made between -0.7 V and -0.2 V,
while the potential range was 0.2 V to 1.9 V for the PbO,/Pb?* redox couple. Where cycles were
repeated, the electrode was not cleaned between cycles to prevent disturbing the setup. The

results are presented in voltammograms in section 4.3.5.

4.2.8 Scanning Electron Microscopy with EDX

The Scanning Electron Microscope (SEM) allows viewing of particles at resolutions of mm to nm
scales, and when combined with an Energy Dispersive X-Ray Analyser, allows identification and
guantification of elements at 0.1% minimum concentrations. Lead acid batteries contain trace
elements used for alloying, as additives to enhance performance of the lead acid battery as well
as impurities picked from lead processing. Therefore, SEM imaging was conducted to identify the

trace elements present in lead acid batteries as well as in RE and RGE.

A Philips XL30 ESEM SEM was used to analyse powder samples of positive and negative electrodes
of an expended YUASA NP Series: NP7-12 valve regulated lead acid battery. Similar analysis was
carried out for dried electrolyte samples of both RE and RGE under a Scanning Electron
Microscope with EDX to determine the sample composition. The results are presented in section

4.3.6.

4.3 Results and Discussion
43.1 Comparison of Electrolytes in Static Cells

RE and RGE at 0.9 mol-dm™ Pb?* and 0.8 mol-dm~2 MSA were each cycled in the static cell shown
in Figure 4-1. The cells were charged and discharged at 4 mA-cm™2 for twenty minutes, allowed to
rest on open circuit voltage for three minutes, and discharged at the same current density for
another twenty minutes. The end of charge voltage was set at 2.6 V and the end of discharge voltage

was 0.5 V. The cycles were repeated until charge efficiency fell below 60%.

Figure 4-5 shows a comparison of the first two cycles of static cells running with RE and RGE
electrolytes. It illustrates the difference in over-potential and in length of discharge period for the
two cells. On charge, the voltage of the cell with RE is 69.2 mV lower than that with RGE, while at

the same time the RE discharge cycle is 6 minutes shorter than for the RGE cell. In cycle 2, the two
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cells run for the same length of time while the difference in voltage is maintained. The lower charge

voltage for RE indicates a lower overpotential for charging the static cell with RE. Also clear is the

two-stage charge profile on the second cycle, especially for the RGE cells, discussed in the next page.
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Figure 4-5: First 2 cycles of both recovered electrolyte (RE) and reagent grade electrolyte (RGE),

([Pb?*1=0.9 mol-dm™3) in static cell (active electrode area of 25 cm?) charged at 4
mA-cm~2 for 20 minutes to 2.6 V, left on open circuit voltage for 2 minutes,
discharged at 4 mA-cm™2 for 20 minutes to 0.5 V, another 2 minutes on OCV and

cycled until charge efficiency fell below 60% (failure).

In the first cycle the charge efficiency for the RGE cell was 78%, 13% higher than that for the RE,

indicated by the 6 minutes longer discharge period (Figure 4-5). In the second cycle both had risen

to 90%, and the two cells displayed comparable discharge periods. But over the next cycles,

shown in Figure 4-7, the charge efficiency for the RE stayed consistently above 90%, while that for

the RGE cells dropped to 78% and continued on a steady decline until it fell below 60% after nine

cycles, shown in Figure 4-6. The voltage efficiency for the RGE and RE cells averaged 85% and

86%, respectively, before cell failure.
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Figure 4-6: The charge efficiency of static cells (active electrode area of 25 cm?) using RE and RGE
at 0.9 mol-dm™ Pb?* and 0.8 mol-dm~3 MSA, charged and discharged at 4 mA-cm™2
for 20 minutes, with 3 min O/C rest between charge and discharge. End of charge

and end of discharge voltages set at 2.6 V and 0.5 V, respectively.

Figure 4-7 includes subsequent cycles for cell with the two electrolytes. From the fourth cycle, the
RE cells had consistently longer discharge cycles, by at least six minutes longer than those of the
RGE cells, visible in cycles 5 and 6. This allowed for more capacity recovery during discharge and

resulted in better charge efficiency, an average 90% for RE compared to 78% for RGE.
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Figure 4-7: First 7 cycles of recovered electrolyte (RE) and reagent grade electrolyte (RGE)
[Pb?*1=0.9 mol-dm™3 in static cells (active electrode area of 25 cm?) charged at 4
mA-cm~2 for 20 minutes to 2.6 V, 3 minutes on open circuit voltage (OCV), discharged
at 4 mA-cm~2 for 20 minutes to 0.5 V, another 2 minutes on OCV. Cycled until charge

efficiency fell below 60%.

Both Figure 4-5 and Figure 4-7 show that the charge/discharge curves start with over-potentials of
0.12 V for the RE cells and 0.14 V for the RGE cells. Both curves then adopt a flat charge profile in
the first cycle, at 1.9V and 1.96 V for the RE cells and RGE cells, respectively. These voltages, though
slightly different are normal for converting Pb?* to solid PbO,. Subsequent cycles show two voltage
levels, 1.8 V and 1.9 V for RE cells and 1.85 V and 1.96 V for RGE cells. This phenomenon has been
observed and studied by others [66, 102, 115, 198, 199] and it has been demonstrated that the
shape of the curve is affected by activity at the positive electrode. The two-tiered charge voltages
occur when an insoluble PbOy (12x>2) species is preferentially converted to PbO, at 1.8 V, before
the conductive solid is depleted and Pb?* is converted to solid PbO, at a voltage closer to 2.0 V [198].
Insoluble PbOy species form during discharge, when the boundary layer between the electrode and
the electrolyte becomes saturated with Pb?' ions beyond the solubility limit and the acid
concentration at the electrode falls below the limit required to convert PbO, to Pb2* [198].
Therefore, PbO, is converted to PbOy instead [198]. Overtime, with more cycling, the undissolved
lead dioxide becomes visible in the electrolyte, with both types of electrolytes, and on inspection
after cycling, both types contain lead deposit on the negative electrode and lead dioxide on the

positive electrode. This was the most prominent method of failure for the soluble lead battery. In
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undivided static cells, the growth of solids on both electrodes result in shorting of the circuit and

failure of the cells much sooner than in divided cells [118].

In Figure 4-7, the positive electrode of a static cell was photographed after failure. Adhered lead
dioxide deposit is visible on the electrode, as well as lead dioxide sludge, some of which flowed out
when the cell was dismantled. During cycling the sludge collects at the bottom of the cell and
creates a conduction bridge that connects the two electrodes, causing the cell to short circuit.
Shorting occurred sooner with RGE than it did with RE electrolyte, indicating that solids

accumulation was slower with RE than it was with RGE.

Further cycling of static cells was carried out at different Pb?* concentrations, and the average

results are presented in Table 4-1.

Table 4-1: Average performance of static cells using recovered (RE) and reagent grade (RGE)
electrolytes. The static cell had an active electrode area of 25 cm? and was cycled at 4
2

A-cm~2 for 20 minutes to EoCV of 2.6 V, allowed to rest and discharged at 4 A-cm”~

for 20 minutes to EoDV of 0.5V.

2 Charge Energy Voltage
[Pb?*] . . . Cycles before
Electrolyte Efficiency Efficiency Efficiency i
/mol-dm™3 Failure*
/% /% /%
1RE 1.0 89 86 96 23
2 RGE 1.0 63 49 78 7
3RE 0.9 89 77 87 17
4 RGE 0.9 74 63 85 8

* Failure is defined when the charge efficiency fell below 60%.

In all cases the cells with RE cycled more times before the charge efficiency fell below 60%. The
charge and energy efficiencies for the cells with RE were also consistently higher than that using
RGE. The charge efficiency of the cells with RE was consistently higher than 80%, while that of the
lab reagent electrolyte cells peaked at 74%. Table 4-1 indicates that in the static cell, the RE overall
produced an improved cell performance and cycle life than the cells using the RGE. The conclusion

for static cells is that the RE performs better in terms of charge efficiency and cycle life than RGE.
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There appears to be a delay in solids accumulation in the recovered electrolyte, which delays cell

failure compared to RGE cells.

Since both cells with electrolytes eventually failed when cycling was continued, some tests were
performed in static divided cells. The cell in Figure 4-1 was divided by adding more silicone
dividers and placing a permeable membrane to keep the two sides separate. The modified cell is

shown in Figure 4-8.

5cm x 5¢cm x 2mm thick
SIGRACELL® graphite electrodes 0.1 mm thick nickel current collector

Silicone rubber insulator

o / Electrolyte
B : —Aermeable Membrane
' // separator
/Clamps

.

Figure 4-8: Modified static cell with a permeable membrane separator, and an inter-electrode gap

4 mm +4 mm gaps

of 4 mm either side of the separator.

The divided static cells were cycled at different current densities and also with different end-of-
discharge voltages to compare the effect on the performance. The end of charge voltage was
increased to 3.0 V to allow a wide voltage range for cell operation. The table below gives a

summary of the effect of the different conditions on cycle life and efficiency.
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Table 4-2: Comparison of divided and undivided static cells with different end-of-charge voltages

and current densities. O/C rest period was 2 min. Electrolyte: 0.8 mol-dm™3 Pb?*, 0.9

mol-dm™ MSA.

Current Config- Inter- EoDV - Cycles Average Average Average
density/ |ration Electrode |EocVv before Charge Energy Voltage
mA-cm™2 gap/mm IV failure efficiency |efficiency |efficiency
5 Divided 4+4 0.1-3.0 |83 87 65 74

5 Divided 4+4 0.5-3.0 |145 90 71 64

20 Divided 4+4 0.1-3.0 |4 63 66 42

5 Undivided |8 0.1-3.0 |22 77 62 78

5 Undivided |8 0.5-3.0 (28 84 67 80

In Table 4-2 above, cells with the same recovered electrolyte and the same cycling regime are
compared when some are divided and some are not. It is clear that divided cells cycle last longer
than those without a separating membrane. A divided cell with 0.1 V end-of-discharge voltage
lasted 145 cycles compared to an undivided one’s 22 cycles with the same end-of-discharge
voltage. Another divided cell lasted 83 cycles when its end-of-discharge voltage was raised to 0.5
V. Compounding the effect of a high current density (20 mA-cm™2) and a high end-of-discharge
voltage (0.5 V) severely limited cycle life to 4. In this instance the division of the cell did not help.

The cell in question also had the lowest charge, energy and voltage efficiencies.

It can be concluded that dividing the cell can lead to increased cycle life. This is because when
solids start accumulating in the cell, and even when sludge collects at the bottom of the cell,
shorting does not occur immediately, therefore the cell continues to cycle despite the presence of
solids. Lowering the end-of-discharge voltage also increased cycle life. Cells that had the same
electrolyte, the same inter-electrode gap as well as the same current density tended to have
shorter cycle lives when compared to those with a lower end-of-discharge voltage. This is because
the former would reach the end of discharge voltage before the allocated period of discharge,
before they had fully discharged the stored capacity. Reaching the end-of-discharge voltage too
soon also limited stripping of solids from the electrodes, hence leaving more material on the

electrode, which caused quicker accumulation of solids in the cell and subsequent failure.

For the subsequent tests, the cells were divided and the end of discharge voltage was lowered to

0.1Vv.
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4.3.2 Comparison of Electrolytes in Flow Cells

Like with static cells, the flow cells initially had an end-of-discharge voltage of 0.5 V and an end-of-
charge voltage of 2.6 V. The flow cell, shown in Figure 4-2, was charged at 20 mA-cm™2 for one hour
to an EoCV of 2.6 V, allowed to rest on open circuit for two minutes, discharged at 20 mA-cm™ to
an EoDV of 0.5 V, and allowed another 2 minutes O/C rest. Cycles were repeated until charge
efficiency fell below 60%, at which time they were deemed to have failed. The electrolyte flow was
4.58 cm3-s7' (2.29 cm-s71). The flow cell, described in section 4.2.2, had VPX-20 anion membrane
separator, which served to keep the two sides of the cells mechanically separated. The separator
was chosen for its low electrical resistance at all Pb?* concentrations [67]. Because the separator
served mostly as a mechanical divider, the tank of the flow cells was kept the same, so that the
same electrolyte was circulated to both sides of the cell, and the separator simply served to keep

the two sides mechanical apart. This configuration is called semi-divided [67].

A comparison of charge discharge profiles when both electrolytes were cycled at 18 mA-cm™

are
shown in Figure 4-9. Over-potential starts high for both flow cells, indicating initially high losses.
The difference between the charge and discharge voltages gradually lessens, improving voltage
efficiency and the charge efficiency, which tends towards 90% for both electrolytes. Another
noticeable feature of the curve in Figure 4-9 is that the over-potential for the RE is less than that of

the RGE, even as they both decrease with cycling. This means less energy is required to charge the

cell with RE than is required for that with RGE.

Figure 4-9 also indicates that the first cycle of the RE cell immediately displays almost equal charge
and discharge times, while also being fairly flat, compared to the RGE flow cell. This signals the high
charge efficiency at the onset of cycling, which was recorded as 90% in the first cycle, while the RGE
cell charge efficiencies start at 70% and gradually increase. At failure, defined when charge

efficiency fell below 60%, both cells had an average charge efficiency of 84%.
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Figure 4-9: Comparison of recovered (RE) and reagent grade electrolytes (RGE) cycled in a RFC at
18 mA-cm™2. The cell was charged for an hour, left on open circuit for 2 minutes,
discharged for an hour, and allowed another 2 minutes. EoCV: 2.6 V & EoDV: 0.5 V.
The curves show a gradual decrease in over-potentials, which occurs earlier for the

recovered electrolyte.

As with static cell cycles, the graph indicates that subsequent charge occurs at two different
voltages. In the second cycle, charge is initially at 2.1 V then at 2.3 V, similar to the static cell

performance in section 4.3.1.

Performance of cells using RE and RGE at different concentrations and current densities is

compared in Table 4-3.
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Table 4-3: Average performance of recovered (RE) and reagent (RGE) grade electrolyte in a

soluble lead redox flow cell charged at 10 mA-cm™2 for an hour to EoCV of 2.6V, 2

minutes OC and discharged at 10 mA-cm™2 to EoDV 0.5 V. Cell failure defined when

charge efficiency fell below 60%.

[Pb?] Current Charge Energy Voltage Cycles

Electrolyte Jmol-dm-? Density Efficiency Efficiency Efficiency before

/mA-cm~2 /% /% /% failure*
1RE 0.9 10 88 68 77 47
2 RGE 0.9 10 88 65 74 56
3RE 0.9 20 80 55 69 98
4 RGE 0.9 20 87 63 72 102
5RE 0.7 10 90 65 72 205
6 RGE 0.7 10 78 63 81 101

* Failure is defined when the charge efficiency fell below 60%.

The charge efficiency displayed by the cell using RE is similar to that of the cell using RGE. The
similarity can be seen in both the static cell (Table 4-1), and the flow cell (Table 4-3). It is also evident
at different current densities. The voltage efficiency of cells with either electrolyte is also
comparable. The number of cycles supported by the RE in a redox flow cell is significantly higher
(86 cycles more) at a Pb?* ion of 0.7 mol-dm™3 and 1.0 mol-dm™3 MSA, which was recommended for

optimum electrochemical performance of a soluble lead cell [179].
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Ocm

Ocm 1

Figure 4-10: Solid build-up in positive (left) and negative (right) half cells of a soluble lead redox
flow cell after 7 days of cycling at 10 mA-cm~2 on 1 hour charge and discharge cycles
with 2 minutes of open circuit pauses between cycles. The top images depict deposit
for a flow cell with RGE and the bottom images show deposit build-up for a cell using
RE. On the left are images of accumulated slag in the positive half-cell, against the
VPX-20 anion exchange membrane, on the right are images of the deposit on the

negative electrode.

When left to continue to cycle, formation of solid deposit occurred in cells with either electrolyte,
as shown in Figure 4-10. A spongy lead was deposited on the negative electrode while a sludgy and
grainy deposit was formed in the positive half-cell. After seven days, not only had the deposit grown
to fill the cell chamber, the surface of the deposit was no longer smooth. Inefficient reduction of
lead dioxide, which started with deposition of the PbOy during discharge, resulted on the
accumulation of lead dioxide on the positive electrode. In turn lead started to accumulate on the
negative electrode. In a divided cell, as long as there was no contact between the growing solids,
the cell continued to operate at charge efficiencies above 80%, even as the black lead dioxide could
be seen in the electrolyte tank. Similar results have been reported before [117]. However, with

increased cycling the deposits grew until the negative side of the cell filled with soft spongy lead
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(Figure 4-10) while the lead dioxide continued to travel with electrolyte to the tank. Eventually the
Pb?* concentration in the electrolyte fell as more lead was deposited and not stripped back into the
electrolyte. In some instances, such as in Figure 4-10, the accumulated lead pushed against the
dividing membrane, causing the membrane to shift and crinkle as shown. The lead dioxide deposit

also clogged the electrolyte inlet, constricting the flow as seen in Figure 4-11.

Lead dioxide deposit in flow
cell clogging electrolyte
outlet and staining
membrane separator

VPX-20 membrane
separator

Acrylic cell chamber

Figure 4-11: Built-up lead dioxide (right) deposit in a flow cell using RE at 0.7 mol-dm™ Pb?* and
1.0 mol-dm™ MSA, cycled at 10 mA-cm~2 for 1 hour, left on O/C for 2 minutes, then
discharged at the same current density. The lead dioxide is clogging the electrolyte

outlet and has stained the membrane separator. The membrane is crinkled

Figure 4-11 is a picture of a flow cell after cycling, showing the clear acrylic chamber, the VPX-20
membrane separator stained on one side by lead dioxide deposit and the lead dioxide deposit,
which has filled the electrolyte outlet, completely blacking it. Similar results were observed for both

electrolytes, confirming the challenges that the soluble lead flow battery face.

In another cell that cycled over 200 time, the amount of deposit in the negative side of the cell was
decidedly smaller. When dismantled after stopping the test, the lead dioxide deposit was strongly
adhered to the positive electrode, while the lead in the negative side was not adhered, but had
clumped into an agglomerate of lead metal. Figure 4-12 is a picture of the positive and negative

electrode, showing the adhered lead dioxide and the lead agglomerate.

91



Chapter 4: Comparison of RE to RGE and its Characterisation
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Figure 4-12: Flow cell chambers and the positive (left) and negative (right) electrodes, showing
adhered lead dioxide on the positive electrode, and lead solids on the negative side.
The flow cell cycled 205 times, and had 0.7 mol-dm™ Pb?* and 1.0 mol-dm™ MSA RE,
cycled at 10 mA-cm~2 for an hour with 2 min O/C rest, and 2.5V EoCV and 0.1 V
EoCV.

The deposit in the cell in Figure 4-12 was different from other deposit cells in that it was strongly
adhered and only a small amount drifted to the electrolyte tank, and the lead deposit accumulated
in the negative side was smaller in quantity than with other cells. Because of the smaller amount of
deposit build-up, the electrolyte did not lose as much of the Pb?* ions as other cells, and the cell
continued to cycle beyond 200 cycles. The cell inlet and outlet also remained unblocked, which
allowed for continued free flow of electrolyte between the cell and the tank. Below is a plot of cell

voltage vs time for the first 10 cycles of charge/discharge.
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Figure 4-13: The first 10 cycles of a flow cell that cycled 0.7 mol-dm™3 Pb?* and 1.0 mol-dm™ MSA
RE 205 times at 10 mA-cm™2 charge/discharge for an hour with 2 min O/C rest, and
had 2.5 V EoCV and 0.1 V EoCV.

Initially the voltage started high at 2.3 V and reduced to 2.1 V for the duration of the rest of first
charge cycle. In the next cycle, the typical two step charge was noticeable, where the voltage
spiked to 1.9 V, then dropped immediately to 1. 8V while PbOx was being converted to PbO,, and
then the voltage rose back to 2.1 V while Pb?* was being converted to PbO,. In this cell, the
second peak voltage faded after the ninth cycle, and a gradual voltage increase profile from 1.8 V
to 2.1 V was maintained for each charge cycle until the 139% cycle, when the peak charge voltage
finally dropped to 2.0 V. At the 171°t the maximum charge voltage fell to 1.9 V cycle and at that

stage the charge efficiency rose back to 100%.

A possible explanation for this behaviour is that after the tenth cycle, where the 2-step charge
voltage starts to fade, the cell was experiencing oxygen evolution, which was favoured over the
formation of PbO,. At a charge voltage of 2.0V, this is a reasonable deduction. The results seem
to suggest lowering of the formation of PbO, from the smoothing of the voltage peak at the tenth
cycle, shown in Figure 4-13, which was maintained for the rest of the 195 cycles. Since the
formation of PbOy was reduced compared to other cells, the deposited solids on the electrode
was mostly adhered lead dioxide, which built-up at a lower rate than when there is unabated

formation of PbOx.

The amount of lead deposit in the negative half-cell also suggests that there was enough lead ion
being dissolved back into the electrolyte that less lead accumulated than with other cells. Because
of this, the accumulation of solids which would result in a constricted negative half-cell, clogged
electrolyte outlets, reduced Pb?* concentration in the electrolyte, and a sludgy accumulation in
the positive half-cell did not occur, and the cell cycled over 200 times without failing. As a
comparison RGE has been cycled a maximum of 164 at 10 mA-cm™2 [115]. Charging the soluble
lead cell at 2.0 V or higher was recommended to increase the proportion of a-PbO, deposited and
control the deposit size to nanoscale, which increased lead dioxide kinematics and improved cycle
life [109]. This could explain the different morphology of deposited lead which tended to adhere

more strongly than that seen with RE before.
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433 Elemental Composition of Electrolyte

To investigate the superior results obtained in static cells, elemental analysis of both electrolytes
was performed. Analysis on the RE and RGE revealed the presence of trace elements in both. The
trace elements found in both electrolytes using ICP — Mass Spectroscopy were silver, arsenic,
bismuth, cadmium, copper, nickel, tin, antimony, beryllium, chromium, cobalt, magnesium,
manganese, molybdenum, selenium, strontium, and tellurium. The first eight elements listed, along
with zinc, are common elements found in refined lead ingots that conform to BS EN 12659:1999

[192].

Figure 4-14 gives average quantities of three iterations of each sample for each element in the two

electrolytes.

60

-©-Recovered Electrolyte
50 | Sk-Reagent Grade Electrolyte

Concentration of impurity, /umol-dm™

30 -

10

= o

Be Mg Cr Mn Ni Co Cu As Se Sr Mo Cd Sn Sb Te Bi Ag
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Figure 4-14: Trace elements found in samples of electrolyte made from lead acid battery

electrodes. Samples were diluted and ionised using Argon plasma flame.

Figure 4-14 also shows that the highest concentrated impurity, nickel (43.5 umol-dm™), is found in

RGE, and is 48% higher in concentration than the highest concentrated impurity. Since the RGE is
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made from as-is chemicals obtained from manufacturers, it would appear the presence of nickel is
a result of the production process of lead methanesulfonate. On the other hand the RE is made
from refined lead materials and the grids are deliberately alloyed to enhance the performance of

the battery. Therefore the presence of nickel as an impurity in RE is understandably negligible.

The presence of nickel ions in a soluble lead cell is detrimental to performance of the cell. When
using nickel foam as an electrode for the soluble lead cell, Hazza et al. [119] found that nickel
leached into the electrolyte and caused a reduction in charge efficiency. Further investigation
revealed a reduction of 12% at 0.1 g-dm™3 Ni?* content. Cycling RE in static cells yielded an average
of 30% better charge efficiency than using RGE, suggesting that nickel was hindering the

performance of the cells using RGE.

Bismuth content for the RE was 22.7 umol-dm™ while the reagent grade contained 0.40 umol-dm™3.

A study found that the presence of bismuth aided in improvement of the stripping peak of lead
dioxide, which tended to flatten and broaden with RGE [121]. The presence of Bi** improved the
coulombic efficiency of the couple, by pushing the stripping peak of PbO, towards more positive
values with continued cycling. These results were observed when 10 mmol-dm™ Bi3* in RGE
resulted in a 20 fold improvement in cell cycle life, while 20 mmol-dm™ Bi3*resulted in a shift in the
equilibrium potential for the PbO,/Pb** couple from 1.440 V vs SCE at 0% content to 1.651 V vs SCE
[121]. Bismuth is also used to improve contact and therefore conductivity between PbO; particles

in the lead acid battery [173].

Other notable trace elements in both electrolytes were slightly elevated quantities of arsenic (12.0
umol-dm™3) and magnesium (1.6 umol-dm™3) in the RE and the highest concentration of magnesium,
at 4.2 umol-dm~3, found in the RGE. The effect of these trace elements does not seem to have
adversely affected the RE nor the RGE. However further work is required to investigate the effect

they have on the soluble lead.

4.3.4 Electrolyte Conductivity and Viscosity

The RE had a similar conductivity to that recorded for RGE at room temperature.
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Table 4-4: Viscosity and conductivity of recovered electrolyte (0.7 mol-dm™ Pb?* and 1.0 mol-dm™
MSA) measured at room temperature (294.15 K) using an Ostwald viscometer with C
= 0.009236 C for the kinematic viscosity and Analytical Technology ATI Orion 162 (Pt

electrode) for conductivity and electrolyte temperature.

Temperature Conductivity, Dynamic viscosity,

T/K C/mS-cm™ W/ uPa-s
293.95 331 33.362
294.25 404 33.291
294.45 358 33.348
294.85 423 35.114
295.55 449 27.508
296.25 370 30.244

The average values for the 0.7 mol-dm ™3 Pb?* and 1.0 mol-dm™3 MSA RE are: Dynamic Viscosity:
0.319 mPa-s and conductivity: 401 C/mS-cm™, at room temperature. A RGE with the same
concentration at 298 K was found to have 1.64 mPa-s dynamic viscosity and 275 C/mS-cm™?

conductivity, suggesting that the RE is less viscous than the RGE, while being more conductive, at

a lower temperature.

A higher conductivity can potentially result in better migration, ensuring better kinetics for the
electrolyte. A lower dynamic viscosity would result in lower friction, resulting in better fluid flow

(topic for further research).

4.3.5 Voltammetry

Cyclic voltammetry was performed on RE for the Pb/Pb?* and PbO,/Pb?* redox couples, using the
three electrode cell shown in Figure 4-4, which had a 0.1257 cm? vitreous carbon working
electrode, a Standard Calomel reference electrode and a 1.2 cm? Pt wire counter electrode. The
scan rate was 25 mV-S™", and the working electrode rotational speed was 800 rpm, unless

otherwise stated. All voltages are reported vs the SCE.
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43.5.1 Lead/Lead (Il) redox couple

For the Pb/Pb?* couple, using an electrolyte containing 10 mmol-dm~3 Pb?* RE in 1 mol-dm™ MSA

the potential sweep was applied between -0.7 V and -0.3 V. The first cycle for the couple is shown

in Figure 4-15.
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Figure 4-15: Voltammogram for the couple Pb/Pb?* from CV carried out in a 3-electrode cell with a
0.1257 cm? vitreous carbon working electrode rotated at 800 rpm, a 1.2 cm? Pt-wire
mesh counter electrode and a saturated calomel electrode. A potential sweep of 25
mV-s~" was applied between -0.2 V and -0.7 V vs SCE. Concentration was 10

mmol-dm~2 Pb?* RE in 1 mol-dm™3 MSA.

The potential was swept from -0.2 V towards negative potentials, as indicated by the red arrow at
point I, until the applied voltage reached -0.55 V. A reduction peak was observed at -0.55 V (point
Il) corresponding to nucleation of lead on the electrode. A limiting current was observed at -0.7 V,
indicating that reduction was limited by mass transport. Reduction continued on the return scan
towards positive potentials, until -0.53 V (point Ill), when an oxidation wave commenced. A sharp
anodic peak occurred at -0.41 V (point IV) and stripping continued rapidly until all the active
species was depleted at -0.4 V. The reduction of Pb?* and oxidation of Pb were rapid,

characteristic of the deposition and stripping of a metal on a substrate, where the M?*/M couple

97



Chapter 4: Comparison of RE to RGE and its Characterisation

kinetics are rapid and overpotentials are low [66]. The half-peak potential for RE Pb/Pb?*in 1
mol-dm™ MSA was -0.48 V. Similar findings have been observed where the nucleation and

stripping of Pb/Pb** were repeatable for 200 scans with no loss of efficiency [121].

Further scanning of RE was carried out on 10 mmol-dm™ of RE in 1 mol-dm™2 MSA. Similarly, the
potential was swept towards negative potentials, between -0.2 V and -0.7 V, and the scan rate
was 25 mV-s™!, and the working electrode was rotated at 800 rpm. The typical anodic deposition
and stripping of metal described above was observed for the Pb/Pb?* redox couple. The scans
were repeated 25 times without cleaning the working electrode and some of the scans are shown

in Figure 4-16.
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Figure 4-16: Scan 1, 5, 10 and 25 of 10 mol-dm™ RE in 1 mol-dm™ MSA in a 3-electrode cell with
0.1257 cm? vitreous carbon RDWE, SCE and Pt wire CE. Potential swept at 25 mV-s™
between -0.7 V vs SCE and -0.2 V vs SCE. RDWE speed: 800 rpm.

The first scan has the lowest anodic and cathodic peaks, and a nucleation over-potential of 0.025
V higher than that of the 25" scan. The difference can be attributed to initial ionic resistance
before stabilisation of electrolyte flow to the electrode surface. The rest of the cycles follow an

almost identical path, with barely perceptible differences. For all scans nucleation and stripping
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occur with low overpotentials and immediately after the equilibrium potential is exceeded,

indicating a low overpotential above equilibrium, and high reversibility for all scans.

Scans of RGE in the same 3-electrode electrochemical cell were carried out to compare to RE. The
10 mmol-dm™3 of RGE was scanned in the same cell at 25 mV-s™", between -0.2 V and -0.7 V, with
working electrode rotational speed of 800 rpm. The results for the second scan of both RE and

RGE are presented in Figure 4-17.
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Figure 4-17: Scan 2 of 10 mmol-dm™ RE and 10 mmol-dm™3 RGE in 1 mol-dm™ MSA in a 3-
electrode cells with 0.1257 cm? vitreous carbon RDWE, SCE and Pt wire CE. Potential
swept at 25 mV-s™" between -0.7 V vs SCE and -0.2 V vs SCE. RDWE rotational speed:
800 rpm.

Figure 4-17 shows the second scan for 0.25 mL RE in 1.0 mol-dm~3 MSA and another for 0.25 mL
RGE in 1.0 mol-dm™3 MSA. The figure shows a consistent difference of 7 mV between the potential
for the RE scan and that for the RGE, in favour of the RGE, except at the commencement of

nucleation, where RGE has a lower over-potential by 46 mV to that of the RE.

Compared to RGE, nucleation of lead occurs at more positive potentials with RE, and the
reduction occurs at a similar potentials. This suggests that in this scan the RGE is performing

better, with a lower reduction overpotential, while RE lags behind. The following voltammograms
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indicates that this does not stay true with longer cycling. Figure 4-11A is the voltammograms of

both electrolytes overt 25 cycles, and figure 4-11B is the voltammogram for both electrolytes at

scan 25.
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Figure 4-18: Cyclic voltammograms of 0.25 mL RGE and RE electrolytes in 1 mol-dm™2 MSA each,
at 800 rpm, 25 mV-s " between -0.7 V and -0.2 V, in a 3 electrode cell with 0.1257
cm? WE, SCE, and Pt wire CE. On the left is the 25 scans and on the right is the 25th

scan, for both electrolytes.

The voltammogram on left in Figure 4-18 shows that the two electrolytes have fast kinetics for
lead stripping. They both also start at higher overpotential for nucleation, compared to
subsequent scans, even though the RE overpotential is higher, as seen in Figure 4-17. However,
subsequent scans show that the RE continues to have high current efficiency between nucleation
and stripping, while RGE capacity for nucleation declines gradually, until the 25" scan shows a
much smaller deposition mass than the second (and first) scans. This behaviour mirrors the one
observed in galvanic cycling, and suggests that the Pb/Pb?* current efficiencies contribute to

galvanic cell inefficiencies.

In the next Figure 4-19 , deposition and stripping of lead Pb and Pb?* was carried out for RE at a
rotating disc electrode at different rotational speeds. As expected, the anodic peak current
increased with rotational speed, due to an increase in the concentration gradient of Pb?* ions at

the electrode surface [194].
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Figure 4-19: 11mmol-dm~3 Pb?* recovered electrolyte [Pb(CH3S0s),] in 1 mol-dm™ MSA, sweeping
potential at 25 mV-s™ from -0.7 V to -0.1 V, varying WE electrode rotational speeds.

3Electrode cell: 0.1257 cm? vitreous carbon WE, Calomel RE & Pt wire mesh CE.

The increasing anodic peak with increasing scan rate suggests limited reversibility of the Pb/Pb2*
couple. The limiting current also increases with rotational speed, in response to the faster
transport of active species to the electrode surface, as well as the shrinking diffusion layer at the
electrode surface. The strong dependence of the anodic peak on change in the rotational speed
suggests that the reduction of lead is mass transport controlled, and the Levich plot in Figure 4-20

of the limiting current vs square root of the rotational speed confirms this [194, 196]
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Figure 4-20: Limiting current, l¢ vs square root of rotational speed, w'? of voltammograms when
potential is swept from -0.1 to -0.7 V vs SCE, at 25 mV-s™" in a cell made of vitreous
carbon WE, Pt wire CE and SCE, containing RE at 11 mmol-dm~3 Pb?*in 1 mol-dm™3
MSA electrolyte. The rotational speed was changed from 200 rpm to 1400 rpm, in
steps of 200 rpm.

The Levich equation below relates the limiting current to the diffusion coefficient of the

electrolyte [194, 196]. The limiting current, /¢ is given by;
I, = 0.62nFAD?/3w/2y=1/6Cp 24 30

Where n is number of electrons transferred, F is Faraday’s constant, 96,845 C-mol™", A is electrode
area, w is the electrode rotational speed / rad/s, v is the kinematic viscosity of the solution, Cpp>+is

the concentration of Pb?* in bulk electrolyte.

4.3.5.2 Lead oxide/Lead (ll) redox couple

For the PbO,/Pb? redox couples, an electrolyte of 1 mol-dm™2 MSA containing 0.1 mmol-dm™3
Pb?* RE was cycled in the same 3-electrode cell. Potential was swept at 25 mV-s™' between 0.2 V
and 1.9V, from the left to more positive potentials and the working electrode was rotated at 800

rpm.
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Figure 4-21: Voltammogram for the couple PbO,/Pb?* from CV carried out in a 3-electrode cell
with a 0.1257 cm? vitreous carbon working electrode rotated at 800 rpm, a 1.2 cm?
Pt-wire mesh counter electrode and a saturated calomel electrode. A potential
sweep of 25 mV-s™" was applied between 0.2 V and 1.8 V vs SCE. Concentration was 1

mmol-dm~2 Pb?* RE in 1 mol-dm™ MSA

Figure 4-21 shows a single voltammogram of 1 mmol-dm™ Pb?* RE in 1 mol-dm™ MSA. The red
arrow indicates the direction of applied potential sweep. For this voltammogram nucleation of
lead dioxide commenced at 1.77 V vs SCE (point V) and continued until an anodic peak of 5 mA at
1.9 V vs SCE (VI). The return sweep commenced just before oxygen evolution, and on the return
scan, nucleation continued until 1.5 V vs SCE. Reduction of lead dioxide to Pb?* did not occur until
potentials more negative than 1.4 V vs SCE (VII). A wide cathodic peak was observed at 1.05 V
(VIl), characteristic of RGE lead dioxide stripping [ref]. Stripping continued until 0.5 V when the
current tapered off towards a constant current close to zero. The formal potential for the

PbO,/Pb?" couple in 1 mol-dm™ MSA was 1.475 V.

The voltammogram shows large overpotentials for both lead dioxide nucleation and reduction.
This indicated poor reversibility of the reduction of PbO,/Pb?" couple and poor current efficiency,

characteristic of the RGE Pb0O,/Pb?* couple.
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Figure 4-22 shows voltammograms of the same RE electrolyte with further scanning. In the
second scan anodic deposition starts earlier at 1.5 V, which suggests that it is easier to deposit
lead dioxide on the second scan. Similar results have been observed with RGE elsewhere, and a
black powder residue observed on the electrode after dissolution of lead dioxide was identified as
lead monoxide, on which lead dioxide got deposited on subsequent scans [198]. The lower
nucleation overpotential indicates that it is easier to deposit lead dioxide on this layer than on a

clean electrode for RE as it is for RGE.

The second scan also had two anodic peaks, one at the switching potential, 1.9 V, and another on
the backward scan at 1.7 V. The first anodic peak current was 5.4 mA and the second 4.6 mA.
Therefore, the second peak yielded a lower conversion rate of Pb?* to PbO,. Three scans of 0.25
mol-dm™3 Pb?* RE in 1 mol-dm™2 MSA are shown in Figure 4-23 to highlight and discuss the two-
step deposition peak of lead dioxide. This tendency to a two-step anodic current is more
pronounced in the subsequent cycles and can also be observed in voltage vs time plot when

charging a storage cell, shown in 4.3.1.
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Figure 4-22: 1 mmol-dm™3 Pb?* RE in 100 mL 1 mol-dm™3 MSA in a 3-electrode cell with 0.1257 cm?
vitreous carbon rotating disc working electrode, saturated calomel electrode, and Pt
wire counter electrode. Potential swept at 25 mV-s™ between 0.2 V and 1.9 V vs SCE.

RDWE rotational speed = 800 rpm.

The reduction wave of the second and subsequent scans in Figure 4-22 commence around the
same potential (1.4 V) as the first scan, however the reduction peak gradually broadens for cycles
two to five, as the amount of deposit on the electrode accumulates. At the same time the
cathodic peak increases only by small steps, changing from 5.8 mA at the first scan to 5.95 mA at
the fifth. From the tenth scan the amount of deposit on the electrode became dislodged, and the
stripping peak became narrower. The final scan had the lowest cathodic peak, possibly because of
the accumulated insoluble solids on the electrode which limit the amount of lead dioxide
available to strip back to Pb?*. The stripping efficiency gradually improved in the later scans
compared to the initial scans, even as the amount of lead dioxide deposited and dissolved

reduced with increased scanning.

Three scans of 0.25 mol-dm™ Pb?* RE in 1 mol-dm™ MSA are shown in Figure 4-23 to highlight the
two-step deposition peak of lead dioxide. A typical first scan indicates the beginning of oxidation
at 1.7 V, and a rapidly increasing anodic current to a peak of 5.4 mA. A reduction wave starts at
1.4 V and continues until a cathodic peak current of -5.3 mA at 0.9 V. The cathodic current then
rapidly decreases and tapers to zero from 0.87 V vs SCE to 0.6 v vs SCE. The second and third
scans show more clearly the effect of the residual deposit on the working electrode, which is
more readily oxidised back to PbO,, before the oxidation of Pb?* to PbO,. For both the second and
third scans, deposition commences at 1.6 V and an anodic peak is reached at 1.9 V. On the
backward scan, the second anodic peaks occur at 1.73 V and 1.75 V for the second and third
scans, respectively. The second peak is due to the conversion of PbOy to PbO,, which occurs at
lower voltages than conversion of Pb?* to PbO, [198]. Once the insoluble solid on the electrode

surface has been depleted, the conversion of Pb?* to PbO, resumes until it stops at 1.53 V.
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Figure 4-23: Three scans of 0.25 mol-dm~2 Pb?* RE in 1 mol-dm™2 MSA, cycled in a 3-electrode cell
with a 0.1257 cm? vitreous carbon rotating disc WE, Pt wire CE and SCE. Potential
swept at 25 mV-s”'from 0.2 V to 1.9 V. WE speed: 800 rpm.

Beyond 1.53 V, a cathodic wave commences and there is an observed cathodic peak of 5.3 mA at
0.9V, which changes slightly to 4.9 mA on the third scan. The cathodic peaks did not change nor
increase appreciably, and they remained sharp. Therefore the main differences between the first
scan and the two subsequent scans is the lead dioxide deposition, which had two peaks because
of the presence of insoluble solids on the electrode. The presence of insoluble solids on the
positive electrode, and the subsequent two peak deposition of lead dioxide is a feature of the
SLFB which contributes to battery inefficiency and limits cycle life [111, 117, 118]. Both RGE and

RE show the same limitations.

The effect of increasing RE active species concentration was studied for the PbO,/Pb?* couple.
Similar cyclic voltammetry experiments were carried for with 0.1 mol-dm™, 0.25 mol-dm™3, and
0.5 mol-dm™ RE in 1.0 mol-dm™3 MSA. The voltammograms shown in Figure 4-24 indicate a shift
to more positive nucleation potentials as the concentration of active species increased, while the
reduction over-potentials required to strip lead dioxide from the electrode increased in the
negative direction. This resulted in a larger potential difference between the commencement of
the anodic and cathodic waves, reducing the current efficiency. The peak cathodic current also

reduced with increase in active species concentration.
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Figure 4-24: CVs of different concentrations of Pb?" in 1 mol-dm™ MSA using 3 electrode cell;
0.1257 cm? VC WE, Saturated Calomel E & Pt wire mesh CE. 800rpm, 0.2V to 1.9V. 25
mV/s

The cyclic voltammetry results confirm that the PbO,/Pb?* couple for RE has poor reversibility,
similar to reported RGE results [111, 117, 118]. This manifests as undissolved solids at the
electrodes and inside a storage cell, which causes shorting, depletes Pb?" ions in the electrolyte,

and limits cell cycle life.

4.3.6 Scanning Electron Microscopy with EDX

Scanning Electron Microscopy was used to analyse powder samples of both the positive and

negative electrodes of an expended, YUASA NP Series: NP7-12 valve regulated lead acid battery.

Results show presence of lead, sulfur and oxygen in the electrode material scans, consistent with
composition of lead acid battery pastes [173]. The first sample was the ground powder of the
negative electrode of from a YUASA NP Series: NP7-12 lead acid battery. It had small particle sizes

measuring micron to tens of micros. The powder from both electrodes also had similar particle
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sizes. The RE, which was dried and crushed, but not ground to powder showed the crystalline

structure of lead methane sulfonate.

Dried recovered electrolyte Dried lead methanesulfonate

Figure 4-25:

None of the samples revealed the presence of trace elements, as shown by the figures below.
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Figure 4-26: The percentage weight contribution of components of four samples under SEM. The
samples were: powder from the negative electrode of a YUASA NP Series: NP7-12
VRLA; a mixed powder from both the negative and positive electrode of the same
battery; 2 mol-dm™ Pb?'recovered electrolyte made from the same battery

electrode.
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Figure 4-27: The percentage atom contribution of components of four samples under SEM. The
samples were: powder from the negative electrode of a YUASA NP Series: NP7-12
VRLA; a mixed powder from both the negative and positive electrode of the same
battery; 2 mol-dm™ Pb?*recovered electrolyte made from the same battery

electrode.
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Both Figure 4-26 and Figure 4-27 confirm the presence of Pb, S, and O as expected. The atomic
ratios are also as expected. However, the presence of aluminium and silicon are a result of
equipment error and were unfortunately expected with the equipment used. The detection limit
of the method was not enough to reveal the presence of trace elements, which were expected to
be present in the recovered electrolyte because of the refining processes during manufacture of

lead acid batteries.

Similar analysis was carried out for dried electrolyte samples. Samples were dried and analysed

under a Scanning Electron Microscope with EDX to determining sample composition at a different

resolution.

Sample B(i) — RE electrolyte Sample B(ii) — RE electrolyte

Figure 4-28: SEM/EDX images of dried samples of electrolyte made from spent lead acid batteries.
Images on the right are scaled images of those on the left. Sample A is a dried sample
of electrolyte made from the negative electrode of a spent lead acid battery. Sample

B is the dried electrolyte made from both the negative and positive electrodes.

Sample A is solid mass with a rough surface and an undefinable structure at this resolution. The
result showed that the sample contained 80% Pb. Sample B is better identifiable as a crystal,

indicating the presence of lead methanesulfonate. The EDX method detection limit was still not
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sufficient to show trace elements. Nonetheless elemental Analysis using ICP — Mass Spectroscopy

was enough to identify and quantify the trace elements in the electrolyte.

4.4 Chapter Conclusions

In this chapter RE was cycled in static and flow cells and compared to RGE in the same cells. The
electrolyte viscosity, density and conductivity was also measured and compared to literature.
Scanning Electron Microscopy was used to identify the trace elements in the lead acid battery
electrodes as well as in the RE. Finally, cyclic voltammetry was used to characterise the RE’s

electrochemistry.

The RE performs better than the RGE in both the static and flow cells. Section 4.3.1 indicates that,
in the static cell with 1.0 mol-dm™ Pb?*, the RE had 89% charge, 86% energy and 96% voltage
efficiency compared to 63%, 49% and 78% charge, energy and voltage efficiencies, respectively,
for the RGE. Cells with either electrolyte have columbic efficiencies close to or above 80%. For the
RE flow cell, high coulombic efficiencies above 90% are reached at the first cycle. This implies that
the battery can potentially be used to deliver most of its rated capacity instantaneously. This
would be useful for grid applications as well as medium (kWh) to large (MWh) stationery energy

storage applications.

The tendency towards two-stage charge voltage after the first cycle was observed for both
electrolytes in both the static and the flow cells. This behaviour is due to formation of solid PbO or
PbO, at the positive electrodes during charge [66, 102, 111, 115, 198]. During discharge, solid
PbO/PbOy is converted to Pb?" ions at 1.8 V first, before PbO; is at 2.0 V. This creates the two
discharge voltage levels. This phenomenon contributes to the eventual build-up of solids on both
electrodes and affects cells with both electrolytes. It evidences the similarity of the two electrolytes

and confirms that the two can be used interchangeably.

The conductivity of the RE was higher than that of RGE reported in literature, at lower
temperatures. The viscosity was lower comparatively, suggesting lower flow resistance. At the
scale of the cells under investigation, the differences are insignificant, however for scaled

batteries, the lower viscosity could have a cumulative positive effect of reducing pumping needs.

To investigate the presence of trace elements in the electrolyte, which could influence the
performance of the electrolyte, SEM was performed on the electrode material of a YUASA NP 7: 12
V VRLA. The scans did not reveal any trace elements, instead confirming the presence of lead,

oxygen and sulfur, which make up the paste material of a lead acid battery. The SEM detection limit
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was too low to reveal the presence of the trace elements, hence another method was sought to

identify and quantify the trace elements.

To investigate the cause of the superior performance of the RE over RGE, never before-done
elemental analysis was performed on both electrolytes. The results revealed that both electrolytes

contained trace quantities of impurities:

The RE contained 22.7 umol-dm™3 bismuth (l11) ions. Bismuth aids in the stripping efficiency of lead
dioxide, which improved the coulombic efficiency of the PbO,/Pb?* couple, by pushing the stripping
peak of PbO; towards more positive values with continued cycling [121]. The overall effect was an
improvement in cycle life for a cell containing bismuth compared to one that didn't. In this study,
static cells using RE had at least double the cycle life of RGE, while flow cells using 0.7 mol-dm™
Pb** and 1 mol-dm™ MSA RE had 85% more cycles than those using RGE with the same

concentration.

Bismuth also promotes growth of smoother lead dioxide deposit, thereby improving conduction
between particles and to the current collector. It is because of the latter reason that bismuth
additive is used to aid conductivity between PbO; particles in lead acid batteries. The presence of
bismuth clearly benefits soluble lead cells, and it is desirable to have it in the electrolyte. The RE
already contains bismuth from the preparation of lead acid batteries, and therefore the electrolyte

has an inbuilt advantage.

This study revealed the presence of the nickel impurity in RGE, which was not been highlighted
before. It has been reported that nickel affects charge efficiency negatively even at 0.1 g-dm™3. This
study quantified nickel in RGE, and revealed that even at 43.5 umol-dm™2 nickel is detrimental to
the operation of the soluble lead battery. Based on the findings of this project, it is therefore

recommended that the soluble lead battery should not contain nickel ions.

In commercial lead acid batteries, additives are used to enhance the performance of the

batteries. The RE already contains some if not all of the additives added to batteries to enhance
performance. Just as important, lead acid battery electrodes are also made from lead materials
refined during recycling, where the elements detrimental to the performance of the battery are
removed. This means the electrolyte made out of the spent lead acid batteries benefits not only

from the refining, but also the addition of helpful elements that enhance performance.

On the other hand, RGE, which has been revealed to contain nickel, does not benefit from such
treatments. If the same performance of RE is to be obtained, as a minimum, then the reagent
grade lead methanesulfonate has to be pre-processed to remove nickel. The other option would

be to change the production process of lead methanesulfonate to remove nickel during
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processing. Both these options are expensive and could be energy intensive. However, using RE
not only presents an electrolyte that performs better, it also eliminates the extra cost and effort
associated with pre-processing. It is recommended then that, at a minimum, the soluble lead

battery should use RE, which is cheaper and is made sustainably out of spent lead acid batteries.

The electrochemical properties of the RE were investigated using cyclic voltammetry. The results
show that the RE has better reversibility at the anode than does the RGE. Similar results are seen
at the cathode, where reduction of lead dioxide to Pb?" occurs at more positive potentials than

with the RGE.

Just like RGE, the RE shows poor reversibility at the PbO,/Pb?* couple, where undissolved solids
are preferentially converted to PbO, before Pb?* during deposition, and the insoluble solids

accumulate on the electrode, further reducing the efficiency of the couple.

With the Pb/Pb?* couple, RE experiences an initial overpotential 46 mV vs SCE larger than RGE for
the deposition of lead onto the electrode. However, subsequent scans had a similar overpotential
as RGE and the RE electrolyte cycled for longer with no loss in efficiency. This supports the better

cycle life exhibited by both the static and the flow cells.

The results of this chapter are supported by the published paper below:

Orapeleng, K., Wills, R.G.A., and Cruden, A., Performance of recovered and reagent grade
electrolyte in a soluble lead redox cell. Journal of Energy Storage, 2018. 20: p. 49-56.DOI:
https://doi.org/10.1016/j.est.2018.08.017
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Chapter 5 Further Investigations on the Effect of Cycling
on Cell Performance

5.1 Introduction

The challenge to the soluble lead cell remains the tendency for electrode deposit to build up in
the cell, constricting the electrolyte flow, causing short-circuits, and gradually depleting Pb?* ions
in the electrolyte [117, 120, 198], all of which limit the cycle life of the cell. Use of additives in
reagent grade electrolyte (RGE) has been suggested to improve deposit particle smoothness and
compactness in an attempt to reduce deposit build-up on the electrodes and improve cell cycle
life [67, 104, 119, 121]. HDMA in RGE was found to significantly improve the lead deposit
morphology without adversely affecting the positive electrode [104]. A bismuth additive in RGE
added to the positive half-cell in a divided cell improved cell cycle life twenty-fold [121].
Therefore, some additives have been found to improve the performance of a soluble lead cell that

uses RGE.

However, chapter 3 shows that RGE contains nickel, which is detrimental even at trace quantities.
In fact the recommendation from that finding is to use RE as a minimum instead of RGE. Not only
does RE have negligible amounts of nickel due to the refinement process during lead acid battery
recycling, it also already contains additives beneficial to performance of the soluble lead battery
[185]. This chapter investigates the effect of cycling recovered electrolyte in different regimes as

an alternative method to improve charge efficiency and cycle life of the soluble lead battery.

Control of cycling conditions has been employed to enhance battery cycle life and ensure safe
operation of lithium-ion batteries [200]. In the LiCoO; battery charging at >0.2C at —20 °C results
in plating of lithium onto the graphitised carbon negative electrode surface, reducing battery
cycle life. If the battery is then operated at room temperature, the loss of capacity is permanent
and the battery cycle life declines [201]. The study of LixCs in 1.0 mol-dm™3 LiPF¢ /EC + DEC
electrolyte showed commencement of SEI (Solid Electrolyte Interface) decomposition at an
average 61°C, which enabled the electrolyte to penetrate the broken SEl and reach the edge of
lithiated graphite and react with lithium, resulting in formation of another SEI until all the lithium
was depleted or the lithium was converted to Li,COs or LiF that blocked the edge planes and
exacerbated thermal runaway [202]. Prevention of this damage can be achieved by imposing
relevant minimum and maximum operating temperatures using battery management systems to
ensure safe operation of the lithium ion as well as prevent permanent capacity loss and enhance

cycle life [200].
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Over-discharge or low voltage causes cathode lattice collapse in lithium ion batteries, which is
detrimental to battery performance. At 0.521 V vs SHE the copper current collector dissolves, and
then forms dendrites when the battery is recharged, which causes short-circuits [200]. Over-
discharge also causes a reduction in electrolyte and production of combustible gas, and
subsequent thermal runaway. Over-discharge in lithium ion batteries causes the positive
electrode to decompose, resulting in production of heat as well as deposition of metallic lithium
on the negative electrode, and subsequent capacity loss and internal short circuits, all of which
lead to thermal runaway [203]. Therefore, battery management systems have been employed in

commercial lithium ion batteries to prevent both over-charge and over-discharge.

Electronic battery charge controllers have also been employed to integrate batteries and other
energy storage technologies into the grid or to regulate operation in isolated electricity supply
systems. Charge cycle control is employed to facilitate synchronisation of the vanadium redox
flow battery with the PV generation system it is connected to [29]. Similar controls are credited
with reducing generation costs by between 1.35% and 25.3% for isolated grid systems, dependent

on the type of system and renewable energy penetration level [204].
Failure modes of the lead acid battery:

For lead acid batteries, charge regulators have been employed to control charge and discharge, to
maintain float charge, prevent heat runaway and cell drying, and to equalise charge in stacked
cells [62, 126, 131, 132]. These controls improve cycle life and ensure safe operation of lead acid
batteries. The softening and loss of Positive Electrode Material (PAM) in a lead acid battery is a
natural failure mode that progresses with battery use [126]. With continued cycling coherence
between the materials of the positive electrode lessens and eventually the material disintegrates
and no longer participates in electrochemical activity [133]. Use and abuse of the battery can
accelerate this failure mode, when the battery is over-charged [126]. Charge regulators impose an
End of Charge Voltage (EoCV) to prevent overcharge and premature PAM loss. Float charge at
high current also improves cycle life by increasing the cell internal temperature, which promotes
coherence in PAM and promotes PbSO, dissolution to PbO, [126]. However, cell temperatures
need to stay under 60°C to prevent sulfation, therefore temperature monitoring and control is
also necessary in battery management. Sulfation also occurs when VRLA are subjected to high
rates of charge (~ 18C) and discharge under partial charge conditions. High rates of discharge lead
to rapid formation of lead sulfate on the surface of the negative electrode plate, which does not
penetrate the plate, but instead accumulates on the surface. This reduces the effective area for
electrochemical activity and blocks diffusion of H* into the electrode plate. This reduces the

capacity of the battery. Partial charge results incomplete conversion of lead sulfate to lead,
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therefore the lead sulfate becomes a site for hydrogen evolution, which is exacerbated at high
charge currents [132]. Charge regulators ensure that the charge and discharge rates for lead acid

batteries is kept low enough to enhance battery life and protect battery capacity.

Using charge controllers to force a full charge for VRLA used in conjunction with PV energy
restored the batteries’ full capacity, which was otherwise lost when the batteries were operated

under constant partial charge [134].

The lead acid battery requires charge control to prevent battery state-of-charge falling below a
set value due to self-discharge, which if allowed could result in sulfation. Sulfation occurs when
the sulfate ions of a discharged battery form large crystals which are difficult to convert back to
lead and lead dioxide during charge. Discharging at high current rates cause sulfation, as does
operation at temperatures above 60°C, for VRLAs. By supplying a float charge, charge controllers

prevent self-discharge of stored batteries and prevent permanent damage to battery capacity.

When a cell is allowed to rest after charge, mass transport is the only mechanism by which the
cell is allowed to discharge, in this case, carrying the Pb?" ions from both the anode and the
cathode into the electrolyte. Forcing the cell to discharge further by drawing a current from it
forces the cell to relinquish whatever charge is still available on the electrodes, potentially

discharging more energy out of the cell.

The SLFB battery degradation mechanisms are incomplete reduction of PbO,, which results in
build-up of both Pb and PbO, on the electrodes, and subsequent detachment of PbO, from the
positive electrode, and consequent reduction of Pb?* ions and increase in acid concentration in
the electrolyte. An investigation of the mechanism of degradation revealed that at high acid
concentration [> 1M], PbO; reduction tended to occur at progressively more negative potentials,
and eventually stopped while deposition occurred at more positive potentials [111]. At 2.2
mol-dm™3 MSA, PbO, reduction occurred even earlier, after the 2™ cycle. At lower acid
concentration, 0.2M [H*], cycling continued for more than a hundred cycles at high charge
efficiency. Change in [Pb?'] did not have an effect on the reduction potential nor the deposition
potential, but it did lower the charge efficiency from 94% at 1.2 mol-dm™3 Pb?* to 90% at 0.6
mol-dm™ and finally 83% at 0.2 mol-dm™3 Pb?*. A higher impedance was also recorded for low
reduction potentials. It was also observed that less deposit mass was recovered from reduction
that was deposited. And that open circuit relaxation was characterised by gradual mass loss,

indicating that some deposit was being converted to a soluble species.
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Deposition of non-stoichiometric PbOx occurred above [H*] > 1M, and the PbOy passivates the
electrode. The PbOy has poor solubility and a high electric resistance, which explains the SLFB’s

low (2 compared to 15 in above example) cycle life.

At low current density, 2 mA-cm™2, the mass of deposited PbO, almost equals that of dissolved
deposit. With higher current density, the deposited mass reduces even when there is no
undissolved residue. This confirms a competing OER, where the partial current for deposition of
PbO, reduces by the same amount as increase in OER partial current. The higher the current

density the higher the OER. However, increase in OER declines with increasing current density.

5.2 Methodology

Galvanic Cycles

The static cell shown in Figure 4-1 was cycled at constant current under different conditions and

the effect on cycle life and charge, voltage and energy efficiencies noted.

The cell had 5 cm x 5 cm 2D electrodes made of Sigracell carbon polymer material. The current
collectors were made of 0.1 mm nickel foil and the cell chamber was made of silicone rubber
material. Parafilm was used to cover the cell to limit electrolyte evaporation. The cells were
connected to an MTI multi-analyser that controlled the experiments and recorded the data. Each

experiment was repeated three times and an average of the data was used.

All experiments were conducted at approximately 298 K. The following conditions were changed
to monitor the effect on performance and cycle life for the cells:

e Cycling regimes

e Current density

e End-of-discharge voltage

e Open Circuit (OC) periods imposed on the cells (Self-discharge)

e Whether or not cells were divided

e Inter-electrode gap

5.2.1 Cycling Regimes

The static cell shown in Figure 4-1 was cycled using recovered electrolyte made using the method

described in 4.2.1. The cells were all charged and discharge for 20 minutes each, unless otherwise
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stated. Each cell was first charged for 20 minutes at the stated current density before cycling

commenced. The table below differentiates the cycling regimes used on the cells.

Table 5-1: Cycling regimes used to investigate the effect of different conditions on operation of

static cell using recovered electrolyte at approx. 298 K.

Cycling Cycling regime after 1% charge Open Circuit Rest
Regime time, O/C
Ref. Time/h
Rest 2 min, discharge 20 min, rest Open Circuit rest
0.1,0.25,0.5, 1,
A 2 min, charge 20 min, repeat 5 time altered after
2,5,10,24
times. Then Open Circuit rest. every 6 cycles.
Rest 2 min, discharge 20 min, rest Open Circuit rest
0.1,0.25,0.5, 1,
B 2 min, charge 20 min, Open Circuit time altered after
2,5,10,24
rest. Repeat 5 times. every 6 cycles.
Open Circuit rest, discharge 20 Open Circuit rest
0.1,0.25,0.5,
C min, Open Circuit rest, charge 20 time maintained for
0.75,1, 24
min. Repeat until failure*. all cycles.
Open Circuit rest, discharge 20
Open Circuit rest
min, 2 min Open Circuit rest, 0.1, 0.25, 0.5,
D time maintained for
charge 20 min. Repeat until 0.75,1,24
all cycles.
failure*.

*Failure defined when charge efficiency fell below 60%.

53 Results and Discussion

Static cells made of 5 cm x 5 cm by 2.1 mm thick Sigracell electrodes, 0.1 mm nickel foil current
collectors, and covered with parafilm were cycled at constant current under different conditions
to ascertain effect on cycle life, charge, energy and voltage efficiencies. The effects are

documented below.
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5.3.1 Effect of different cycling regimes

Krishna et al. [179] have found that a soluble lead redox flow battery that operates with a Pb?* ion
concentration of 0.7 mol.dm™ and an acid concentration of 1.0 mol.dm™ gives the best cycling
life. Using this electrolyte, | investigated the effect of different cycling regimes on static cells. The
cycle regime involves cycling electrolyte at a constant flow rate and maintaining the same current
density while changing the length of time the cell is allowed to stand at open circuit. The aim was
to determine whether withdrawing the applied voltage from the electrodes, and letting the
electrolyte sit undisturbed would cause a decrease in electrolyte polarisation, and hence result in
a lower discharge voltage than when the electrodes were recently charged, and the electrolyte
still polarised. Therefore the time the cells were left on open circuit was gradually increased and

the effect on cycle efficiency noted.

For the following experiments a recovered electrolyte of 0.7 mol-dm™3 Pb?* and 1.0 mol-dm™3 MSA

was used. The same static cells specified above were used.

5.3.1.1 Cycle Regime A

The static cells were initially charged for 20 mins, left on open circuit for 2 minutes, and then
cycled between discharge and charge at the same rate, 5 more times. Between each six iterations
of cycling, the cells were allowed to rest fully charged for 0.1, 0.25, 0.5, 1, 2, 5, 10, and finally, 24
hours. This type of cycling was called Cycle Regime A.
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Figure 5-1: Typical Cycle Regime A where static cell were cycled at 5 mA-cm™2 between 2.5 V end-

of-charge voltage and 0.1 V end-of-discharge voltage with an 8 mm inter-electrode

gap.

Figure 5-1 above indicates typical cycles for Cycle Regime A, where the open circuit rest time is
progressively increased. The cell shown cycled 42 times in over 70 hours and had an overall
average charge, energy and voltage efficiency of 88%, 74% and 80%. The cell did not fail over all
the 42 cycles, and it had cycled through 10 hours Open Circuit rest period. Before the experiment
was stopped, the cell had rested for five hours, and its open circuit had not decayed, indicating
little to no effect on open circuit. This confirms that the cell is unlikely to self-discharge even

when left to sit on open circuit for long periods.

The table below gives average efficiencies for each six cycles before the open circuit rest time was

changed, for the three iterations.

Table 5-2: Performance of static cells cycled using Regime A. The efficiency shown is averaged

over 6 cycles at each rest period and the cycle I.D. is at the end of each 6 iterations.

Cyclel.D. |O/Crest |Average |Average |Average

period charge energy |voltage
efficiency | efficiency | efficiency

6 2 min 83% 68% 83%

18 30 min 90% 74% 82%

24 1hr 90% 72% 81%

30 2 hr 89% 71% 81%

36 5 hr 82% 66% 80%

42 10 hr 78% 64% 81%

48 24 hr 19% 15% 23%

From Table 5-2 above, the average charge efficiency stayed above 80% for at least 36 cycles for all

cells. Charge efficiency peaked at 90% when the rest period was 0.5 hours and 1 hour long. This
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appears to suggest that rest period of 30 minutes and one hour give optimum performance of the
cells. The data also shows that the cells’ performance remained good even when the cells were
left on open circuit for 10 hours. Considering the size of the cell, 5 cm x 5 cm electrodes and 0.8
cm inter-electrode gap, the volume of the electrolyte was small enough to be indicative of
possible electrolyte polarisation decay, or even loss of solubility of ions which would affect

performance negatively. Therefore, the electrolyte performance was excellent over 10 hours.

Rapid deterioration in performance was observed after the cell had been left on open circuit for
24 hours. The charge, energy and voltage efficiencies fell to 19%, 15% and 23%, respectively. Even
though the cells were covered, but not sealed, precipitation of lead methanesulfonate was
observed at the top edge of the electrodes, indicating that the cells were losing moisture at the
unsealed side. However, it is important to note that the method ignored the accumulated effect
of cycle life on the cell. Therefore this exaggerated the effect on the cells. This means the cells

could potentially perform better even at 24 hours open circuit.

5.3.1.2 Cycle Regime B

To check the effect of open circuit on the cell after a single charge, another set of cells were
cycled, where, after an initial charge was applied, the cells were left on open circuit, and then
discharged afterwards. Each cell was cycled six times before the open circuit period was increased
from 0.1, 0.25, 0.5, 1, 2, 5, 10, and finally to 24 hours. By grouping the different open circuit
periods into six iterations, the effect of each open circuit period could be estimated. This method
was called Cycle Regime B. However, it is important to note that the method also ignored the
accumulated effect of cycle life on the cell, and therefore the effect of cycling with open circuit is

also exaggerated.
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Figure 5-2: Static Cell cycled using Cycle Regime B charged and discharged at 5 mA-cm™2, between
2.5V and 0.1V end-of-charge and end-of-discharge voltages. The cells had an inter-

electrode gap of 8 mm.

Figure 5-2 shows that once again, the open circuit voltage remained approximately 1.7 V, whether
the cell was held at open circuit for 20 minutes, or for 10 hours. That meant that the equilibrium
potential was maintained for the length of time the cell was allowed to rest. In the first 35 hours
average charge, energy, and voltage efficiencies were 87%, 74% and 85%, respectively and the cell
had cycled 36 times. After then charge efficiency fell below 60%. Figure 5-3 compares the charge
efficiency of cells type A and type B when an average of the charge efficiency is recorded for each

six cycles at specific open circuit periods.
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Figure 5-3: Comparison of average charge efficiencies for cells under Cycle Regimes A and B over

the imposed open circuit periods.

In the initial cycles, Cycle Regime cells outperformed Cycle Regime A cells, when the former’s
charge efficiency peaked at 92% at the 30 minutes Open Circuit rest period. However, the charge
efficiency fell to 90% when Open Circuit period was one hour. At the same time, Cycle Regime A
cells also had the same average charge efficiency. Cells Cycle Regime B lost their competitive
advantage in the next 6 cycles at the two hour O/C period. By the 10 hour O/C period, during
cycles 37 - 42, the average charge efficiency of Cycle Regime B cells had deteriorated to 48%. This

rapid fall in performance is consistent with growth of deposit inside the cells.

Cycle Regime A cells outperformed Cycle Regime B cells. Their average charge efficiency stayed
consistently high, dipping to 78% only when the cells had cycled 42 times, at the 10 hour Open
Circuit rest period. This suggests that when cells are cycled at least six times without resting, they

perform better than if they sit at open circuit after every cycle.

Cycle Regime A cells had an average charge efficiency of 90% when O/C period was 30 minutes,
which was maintained when the O/C rest period was increased to one hour. Since both cells had a
peak charge efficiency at 30 minutes Open Circuit period, it appears 30 minutes rest period after
charging is an optimum rest time for charge efficiency. However, t Cycle Regime A cells
maintained a stable charge efficiency through different O/C periods and for a longer period and
over more cycles, suggesting that with this type of cycles, the effect of changing open circuit

period has a less significant effect.

5.3.1.3 Cycle Regime C

In cycle regimes A and B the effect of different open circuits on cell performance was carried out
consecutively on the same cells, therefore, the cell cycle life could not be determined because of
an accumulation of effect over time. To determine cycle life at these different open circuit

periods, experiments were set up where the open circuit was unvaried throughout the life of the

cell.

In this cycle regime, cells were allowed the same amount of O/C relaxation time before and after
charge, and the relaxation time was maintained until the cells failed. Different cells were then
tested at 20 min O/C, 30 min, 1 hr, 2 hr, 5hr, 10 hr, and 24 hr O/C rest time. This also allowed

comparison of the 30 minute O/C rest time with other O/C rest time. It also allowed comparison
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between cells that had open circuit rest time after charge and those that had O/C relaxation
before and after charge/discharge. Similar experiments have been done for the lithium ion and it
was found that the lithium ion cycle life improved when allowed to relax on open circuit after
charge and there was no effect from relaxation time applied after discharge. The improvement in

cycle life was attributed to lessening of effect of charge current on the battery electrodes [205].

This cycle regime also allowed investigation of whether indeed the 30 minute rest period yielded
the best results, where different cells were allowed to rest for a specific rest period and the rest
period was maintained until failure, and the performance of the different cells compared. After an
initial charge, Cycle Regime C cells were cycled through discharge, OC, charge, and O/C rest until
they failed. A typical voltage curve for cells type C with 30 minutes Open Circuit between charge
and discharge, is shown in Figure 5-4. The cell above failed after 56 cycles, having run for 92
hours. Just before failure the average charge efficiency was 90%, and the average energy and

voltage efficiencies were 76% and 84% respectively.

AR R

Time, t/h
Figure 5-4: Voltage vs time curve for cells type C with 0.7 mol-dm™2 Pb?* and 1.0 mol-dm™3 MSA
recovered electrolyte, cycled between 2.5V and 0.1V at 5 mA-cm™2 for 20 minutes

each, and with an O/C period of 45 minutes between charge and discharge.

This cell however was not the best performing in the range of cells tested using Cycle Regime C.
Table 5-3 compares cells cycled using Regime C, indicating the t Open Circuit period, average

number of cycles before failure, and average charge, energy and voltage efficiencies.
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Table 5-3: Average charge, energy and voltage efficiency and number of cycles before failure for
static cells cycled with Regime C, using 0.7 mol-dm™ Pb?* and 1.0 mol-dm™ MSA recovered
electrolyte. The cells were charged and discharged at 5 mA-cm™2 for 20 minutes each, between

2.5V and 0.1V and had different Open Circuit periods after charge. The inter-electrode gap was 8

mm.
O Ctime # cycles |Average |Average |Average
min before Charge |Energy |Voltage

failure efficiency | efficiency | efficiency
6 26 84 70 83
12 17 75 63 84
15 40 84 70 83
20 39 82 67 82
30 42 84 70 84
35 8 81 68 84
40 26 81 67 82
45 40 78 63 80
60 123 83 64 78

Cells with 15, 20, 30, and 45 minutes O/C rest periods had an average number of cycles around
40. Cells with 60 minutes rest period had the highest number of cycles at 123, while the rest had
fewer than 30. Cells with Open circuit periods 6 minutes, 15 minutes, and 30 minutes had the
maximum charge efficiency of 84%, marginally higher than that of the 60 min O/C period cells.
From Table 5-4 we can conclude that cells with 60 minutes O/C rest period performed best and
that the 30 minute rest period is not necessarily the best for cycle life. This cell represents the

highest achieved number of cycles for all three cell Cycling Regimes A, B and C.

The next table compares the best performing cells in Regime C at each open circuit rest time,

averaged over the life of the individual cell before failure.
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Table 5-4: Best performing cells at different O/C rest periods for Regime C, using 0.7 mol-dm™3
Pb?* and 1.0 mol-dm~2 MSA recovered electrolyte. The cells were charged and discharged at 5
mA-cm~2 for 20 minutes each, between 2.5V and 0.1 V and had different Open Circuit periods

after each charge. Inter-electrode gap = 8 mm.

0/C rest # cycles Average Average Average
period before Charge Energy Voltage
/min failure efficiency efficiency efficiency
15 40 84 70 83

20 50 87 73 83

30 56 90 76 84

45 60 85 70 82

60 123 83 64 78

This table indicates more clearly that cells with 30 minutes O/C rest periods have the best charge
efficiency, even if they do not have the longest cycle life. The average charge efficiency for Cycle
Regime C cells remained above 80% at 15, 20, 30, 45 and 60 minutes O/C rest periods. In practical
terms this means cells with a type C operation regime can supply a high surge of energy, if they
are allowed to rest for 60 minutes after charge, and they can be cycled many times before

significant deposit build-up.

A comparison of the best performing cells from the three Cycling Regimes based on their charge,

energy and voltage efficiencies and on length of operation, is shown in the Table 5-5.

126



Chapter 5: Further Investigations on the Effect of Cycling on Cell Performance

Table 5-5: Best performing cells at different O/C rest periods for Regime C, using 0.7 mol-dm™3
Pb?* and 1.0 mol-dm~2 MSA recovered electrolyte. The cells were charged and discharged at 5

mA-cm~2 for 20 minutes each, between 2.5V and 0.1 V and had different Open Circuit periods

after each charge. Inter-electrode gap = 8 mm.

Cycling Number of |Average Average Average Length of

Regime cycles Charge Energy Voltage operation,
efficiency |efficiency |efficiency |/days

A 42 88 74 85 3

B 44 88 72 81 8

C 123* 83 64 78 13

*The cell failed

The operation times indicated are a feature of the cycling regimes, where Cycle Regime A has a
typically shorter operation time because the cell cycled for twenty minutes on charge and
discharge with two minutes O/C times between charge and discharge, and only rested for longer
periods after six cycles. Cycle Regime B resulted in longer operation type because the cells were
allowed progressively longer O/C rest periods after each charge. With continued cycling, the cells
spent more time resting than charging or discharging. The cell on Cycle Regime C, remains the one
with the longest time of operation as well as the highest cycle life. The cell had 60 minutes O/C
rest periods every time after charge and after discharge. This contributed to the long operation
time of 13 days. Nevertheless, the charge efficiency of the cell remained above 80%, indicating
that even after several days of operation, the cell was still able to perform well. The other two
cells had the higher charge, energy and voltage efficiencies, which was expected because of the
lower cycle numbers and associated lower deposit build-up. Other iterations of the same regimes

resulted in failure at 36 cycles.

5.3.1.4 Cycle Regime D

Another set of experiments was performed to investigate if shortening the time between
discharge and charge would have any effect on the cell performance, which gave rise to cell types

D. These cells were cycled through: Charge/OC period/Discharge/2 min OC/Repeat.
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Table 5-6: Cells type D, using 0.7 mol-dm™ Pb?* and 1.0 mol-dm™ MSA recovered electrolyte. The
cells were charged and discharged at 5 mA-cm™ for 20 min each, between 2.5 V and
0.1V and each had a consistent Open Circuit period after charge while the O/C after

discharge was 2 min in all cases. The inter-electrode gap was 8 mm.

# cycles Average Average Average
0/C time

before failure | Charge Energy Voltage
/min

efficiency efficiency efficiency

20/2 25 78 64 83
45/2 41 82 66 81
1440/2 5 98 80 82

Table 5-6 shows that type D cells did not have competitive advantages over other cell types. On
the other hand, the cells that were allowed to sit in Open Circuit for 24 hours had 100% charge
efficiency for the first four cycles, and 88% for the fifth. The energy and voltage efficiencies also
stayed consistently above 80% for the first four cycles. However the cell failed immediately after
the fifth cycle, the charge efficiency falling to 46% on the sixth cycle. Thereafter the cell
performance deteriorated until charge efficiency was 27% at cycle number 17, when the cell was

stopped.

In comparison none of the type A or B cells cycled long enough to reach the 24 hour rest period.

Type C cells were not tested at 24 hours O/C rest period.

5.3.2 Effect of different current densities

The experiments in this section were conducted to further investigate the effect of conditions on
the recovered electrolyte. The effect of increasing current density was investigated on cells cycled
using Regime A, by changing the current density to 10 mA-cm~2 and comparing with cells cycled at
5 mA-cm™2. A comparison of their charge efficiency at the different O/C rest time is shown in

Figure 5-5 below.
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Figure 5-5: Comparison of Cycle Regime A cells cycled at 5 mA-cm~2 and at 10 mA-cm™2. The cells

had 0.7 mol-dm~3 Pb?* and 1.0 mol-dm~3 MSA RE.

The average energy efficiency of Cell A cycled at 10 mA-cm~2 peaked at 79%, when the O/C period
was 30 minutes. This peak occurs at a similar period as for type A and B cells mentioned earlier.
The average charge efficiency of type A cells cycled at 10 mA-cm™2 subsequently dropped to 64%
at O/C periods of one hour. The charge efficiency fell rapidly, and the cells reached failure before

the two-hour O/C period was over.

Figure 5-5 shows that high current density adversely affects the cycle life as well as the charge
efficiency of type A cells by reducing the cycle life and lowering the initial charge efficiency. Not
only that, cell failure occurred more quickly. This is consistent with others findings where higher
current density results in less compact deposits on the negative electrode and less smooth
deposit on the positive electrode [198]. The latter results in poor stripping of the lead dioxide
deposit from the positive electrode and rapid build-up of deposit inside the cell. Since the test
cells for these experiments were undivided, short-circuiting occurred faster and the cells failed

sooner than at lower current density.

Also highlighted by Figure 5-5 is that when cycled at 10 mA-cm™2, type A cells performed worse
than type B cells cycled at the lower current density of 5 mA-cm™2. This is despite the fact that
type A cells initially outperformed type B cells. It is clear that the effect of high current density in
these experiments is the significant reason for failure rather than the cycling regime. This makes
sense since at higher current density the deposit smoothness and compactness is affected at the
positive electrode, and so is lead dioxide stripping efficiency, resulting in deposit build-up on both

electrodes and subsequent shorting.
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Charge efficiency for all three sets of cells peaked when O/C period was 30 minutes. Again this
suggests that a 30 minute rest period after charging is ideal. To further investigate this, another
cycling regime was introduced. This time the O/C period for a specific cell remained unchanged,

and the cells were cycled until they failed.

The effect of current density was investigated further in the static cells below, which had an inter-

electrode gap of 5 mm, and used recovered electrolyte of 0.8 mol-dm™3 Pb?* and 0.9 mol-dm™3
MSA. Cells with 7.5 mA-cm~2 had the highest charge efficiency at 100%, but performance dropped
sharply by the 6™ cycle, resulting in a total average efficiency of 78%. The cells with 10 mA-cm™
performed the worst. Even though the charge efficiency started high at 80%, by the sixth cycle the

cell had failed, charge efficiency falling below 60% and by the eighth it was trailing at 0%.
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Figure 5-6: Static cells with 0.8 mol-dm™ Pb?* and 0.9 mol-dm™2 MSA, cycled at different current

densities.

High current density results in quicker deterioration of cell capacity. Cycles that maintain the
same rest period also indicate this. The sudden deterioration here is not necessarily indicative of
worse performance at longer rest periods. The next table indicates the effect of current density
on cell charge efficiency and cycle life. It also compares static cells that are divided and those that
are not. It also indicates effect current density has on cycle life, as well as the effect of end-of-

discharge voltage.
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5.3.3 Effect of Configuration

Some static cells were assembled in a divided configuration with a permeable membrane
separating the two sides. The static cells were cycled at different current densities and also with
different end-of-discharge voltages to compare the effect on the performance. The table below

gives a summary of the effect of the different conditions on cycle life and efficiency.

Table 5-7: Comparison of divided and undivided static cells with different end-of-charge voltages

and current densities. O/C rest period was 2 min. Electrolyte: 0.8 mol-dm™3 [Pb?*], 0.9

mol-dm™ MSA.
Current | Config- Inter- EoDV - |# Average |Average |Average
density / | ration Electrode | EocV cycles |Charge Energy Voltage
mA-cm™2 gap/mm before | efficiency| efficiency | efficiency
failure

5 Divided |4+4 0.1-3.0(83 83 87 65

5 Divided 4+4 0.5-3.0|145 145 90 71

20 Divided 4+4 0.1-3.0|4 4 63 66

5 Undivided |8 0.1-3.0 (22 22 77 62

5 Undivided |8 0.5-3.0(28 28 84 67

In the table above, cells with the same recovered electrolyte and the same cycling regime are
compared when some are divided and some are not. It is clear that divided cells cycle longer than
those without a separating membrane. A divided cell with 0.1 V end-of-discharge voltage lasted
145 cycles compared to an undivided one’s 22 cycles with the same end-of-discharge voltage.
Another divided cell lasted 83 cycles when its end-of discharge voltage was raised to 0.5 V. This
means its charge efficiency fell below 60% before the one with a lower end-of-charge voltage.
Compounding the effect of a high current density (20 mA-cm™2) and a high end-of-discharge
voltage (0.5 V) severely limited the cycle life to 4. In this instance the division of the cell did not

help. The cell also had the lowest charge, energy and voltage efficiencies

The end-of-discharge voltage also limits the performance of cells. Cells that had the same
electrolyte, the same inter-electrode gap as well as the same current density tended to have
shorter lives when compared to those with a lower end-of-discharge voltage. This is because the

cells would start charging before they had fully discharged the stored capacity, also limiting the
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stripping of solids from the electrodes, hence leaving more material on the electrode, which

caused quicker growth of build-up and hence faster failure.

5.4 Conclusions and Recommendations for Future Work

Static cells with recovered electrolyte were subjected to different cycling regimes to investigate
the effect on cycle life and charge efficiency. The cycling regimes were achieved by changing the
length of time the cells were left on open circuit when fully charged, as well as varying the
sequence in which the charging and the open circuit periods occurred. The effect of other
conditions such as current density and over-charging the cells were also investigated. Based on

the work reported in this chapter, the following findings were made:

1. When left on open circuit fully charged, a soluble lead cell that uses recovered electrolyte
maintains equilibrium voltage for at least 24 hours. The cell voltage stays around 1.7 V,
whether the cell is held at open circuit voltage for 20 minutes, 10 hours, or for 24 hours.

2. Even though the same electrolyte is used in both sides of the static cell, dividing the cell
increases cycle life two-fold.

3. Lowering the end-of-discharge voltage increases the cycle life as well as the charge efficiency
by elongating the length of discharge and hence allowing recovery of deposited capacity.

4. Forcing over-discharge on a soluble cell by increasing the amount of discharge time compared
to charge time can increase cycle life. Since acid concentration reduces during discharge for
the soluble lead battery, losses due to oxygen evolution are not expected to be of significant

value.
Based on these results we can infer that a battery that has excess electrolyte, compared to its
electrode surface area and that operates at a low enough current density will maintain a high
charge and energy efficiency, making ancillary losses the main losses the battery has. Since these
are constant, the battery can be designed to deliver constant energy with each discharge, as long

as the current density is low enough.
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Chapter 6 Conclusions and Recommendations for Future
Work

6.1 Conclusions

Improvements to the soluble lead cell have been achieved through several novel approaches.

1. A method has been developed to make electrolyte for the soluble lead battery directly
from spent lead acid batteries, effectively using discarded material and preventing the use
of laboratory grade and potentially expensive materials for the production of electrolyte.

2. Through cycling in 10 cm? flow cell and 25 cm? electrode area static cells, the electrolyte
has been shown to perform better than reagent grade electrolyte, achieving twice the
cycle life of flow cells using reagent grade and three times that of static cells using reagent
grade electrolyte. The charge efficiency achieved in cells using recovered electrolyte was
higher for all static cells while it was comparable for flow cells, except for those using
electrolyte with a concentration of 0.7 mol-dm™ Pb2* and 1.0 mol-dm™3 MSA, in which
case the recovered electrolyte outperformed the reagent grade electrolyte.

3. By conducting never-before done elemental analysis using Inductively Coupled Plasma
Mass Spectroscopy on reagent grade electrolyte, it has been established that the reagent
grade electrolyte contains nickel than does the recovered electrolyte, and that the nickel,
though at trace quantities, is detrimental to the performance of the soluble lead battery.
based on this finding, it is recommended here that the soluble lead battery should only
use recovered electrolyte, since recovered electrolyte has fewer impurities that are
detrimental to cell operation, and contains additives that are beneficial to operation. This
is because the recovered electrolyte benefits from the refining process used to recycle
lead for lead acid batteries through the removal of harmful impurities and the addition of
useful additives.

4. Through extensive cycling of recovered electrolyte, it has been established that:

a. High current density is detrimental to cycle life and to charge, energy and voltage
efficiency.

b. Using a divider elongates cell life by up to five times the life of undivided cells and
therefore it is recommended that soluble lead cells operate divided rather than
undivided. Even though there is a 25% loss in voltage efficiency due to resistance

introduced by the least conductive membrane available commercially, the losses
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5.

6.2

introduced by the membrane are negligible when compared to the gains in cycle
life.
A soluble lead cell can stand for 24 hours charged with little to no effect on charge
efficiency. If allowed to stand for five days, a flow cell will recover its capacity after one
full charge.
A high end-of-discharge voltage limits the amount of solids that can be dissolved back into
electrolyte during discharge, therefore, the end-of-discharge voltage needs to be as low
as possible. Lowering the end-of-discharge voltage does not adversely affect the soluble
lead cell, which implies that the cell can be deeply discharged with no effect on long term
operation.
Over-discharging by increasing the time it takes to discharge a soluble lead compared to
the time it takes to charge does not damage cell operation nor does it have long term
effects. Instead, it enhances discharge so that deposit that was otherwise not dissolved is
stripped back in to the electrolyte, improving the overall performance of the cell. Again

this confirms that the soluble lead is robust enough to withstand over-discharge.

Confirming Claims to Novelty

The conclusions above are supported by the following publications:

Orapeleng, K., Wills, R., and Cruden, A., Developing Electrolyte for a Soluble Lead Redox
Flow Battery by Reprocessing Spent Lead Acid Battery Electrodes. Batteries, 2017. 3(2): p.
15. DOI: https://doi.org/10.3390/batteries3020015.

Which covers conclusion 1.

Orapeleng, K., Wills, R.G.A., and Cruden, A., Performance of recovered and reagent grade
electrolyte in a soluble lead redox cell. Journal of Energy Storage, 2018. 20: p. 49-56.DOI:
https://doi.org/10.1016/j.est.2018.08.017.

Which covers the conclusions 2 and 3.

“Improvement of performance of the soluble lead redox cells through optimised cycling.”
The paper is intended for the Journal of Energy Storage, and will present data from
chapter 5, which shows that certain operating conditions are favourable for the
performance of the soluble lead cell, while others are detrimental. The paper will

recommend the most favourable for improving performance of the soluble lead cell.
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6.3 Recommendations to Further Work

Several questions arose that were not fully addressed in this work, that are worth pursuing

further:

1. Experiments to establish the amount of residue left when battery electrodes are used to
make recovered electrolyte were inconclusive since the residue contained carbon. It
would be interesting to find out how much of the residue contains lead.

2. Further analysis of the recovered electrolyte is required to establish what organic
additives are in the electrolyte and what their effect is on performance. Studies on the
additives already in the electrolyte need to establish what tandem benefits, if any, there
are due to the presence of different additives, organic and non-organic.

3. Aflow cell using recovered electrolyte at the recommended concentration of 0.7
mol-dm™3 Pb?* and 1.0 mol-dm~2 MSA cycled 205 times without failing. Because of
limitation in the equipment it was not possible to cycle the cell before it failed. It is
therefore not known what the cycle life of such is. More experiments using a similar
electrolyte need to be conducted to establish the cell cycle life. Also of particular interest
with the same cell is why the lead dioxide was strongly adhered to the electrode, rather
than being a loose powder that drifts to the electrolyte tank, as has been observed with
other cells. What conditions, apart from oxygen evolution, caused the deposit to adhere
that strongly and how that affected discharging in the long run.

4. Cycling of the soluble lead cells at longer charge and discharge times is required to
ascertain the effect of depleting the active ions in the electrolyte between charging and

discharge.
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