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ABSTRACT 

Flow batteries have been suggested for applications such as the integration of renewable energy technologies, 
stand-by power, and as a tool for improving power transmission/distribution in electricity networks. A large number 
of chemistries have been identified, some of which are under commercial development, while others have only been 
characterized on a small laboratory scale or are impractical.  The chemical and engineering challenges associated 
with developing a flow battery from proof of concept to a commercial system are discussed. Performance data from 
chemistries currently being developed at the University of Southampton will be used to provide specific examples of 
flow battery operation and development. 

Keywords: flow battery, lead-acid, all-vanadium, zinc-air, zinc-cerium 

 
INTRODUCTION 

Successful development of a flow battery 
involves overcoming both chemical and engineering 
challenges. At the proof of concept stage, chemistry 
dictates progress with reversible, efficient electron 
transfer and compatibility between electrolyte 
components being paramount. Scaling up towards 
commercially viable systems, engineering plays a 
larger role, with stack design optimization and system 
costs defining success. This paper outlines some of 
the critical parameters and challenges involved in this 
process and uses case studies from systems being 
developed at Southampton University to provide 
illustrative data. 

Chemistries 

The selection of active species for the positive 
and negative electrode reactions influences system 
choices such as electrode material, electrolyte 
composition, membrane material, and cell design. 
Various categories of flow battery can be envisaged, 
determined by the electrode reactions. Examples of 
possible systems include: 

All-vanadium – Classical, membrane-divided 
redox flow battery utilizing active species that 
remain solvated during charge and discharge 
cycling. 

𝑉3+ + 𝑉𝑂2+ + 𝐻2𝑂 ⇄ 𝑉2+ + 𝑉𝑂2+ + 2𝐻+ 

Zinc-cerium – Half redox flow battery and half 
metal flow battery. Membrane divided. Cerium 
ions remain solvated during charge/discharge 
cycling, whereas a phase change is required at the 
negative electrode, where metallic zinc is 
deposited during charging. 

𝑍𝑛2+ + 2𝐶𝑒3+ ⇄ 𝑍𝑛 + 2𝐶𝑒4+ 

Soluble lead – Metal, metal oxide flow battery that 
does not require a membrane as a single active 
species, Pb2+, is present in the electrolyte and both 
electrode reactions involve depositing solid phases 
during charging. 

2𝑃𝑏2+ + 2𝐻2𝑂 ⇄ 𝑃𝑏 + 𝑃𝑏𝑂2 + 4𝐻+ 

Zinc-air – Half metal flow battery, half unitized 
fuel cell. The negative electrode reaction involves 
a phase change between solvated Zn2+ ions and 
metallic zinc. The positive electrode is air 
breathing and similar to a polymer electrolyte 
membrane (PEM) fuel cell, where a catalyst 
system is required for oxygen evolution and 
reduction during charge and discharge 
respectively. 

𝑍𝑛2+ + 𝐻2𝑂 ⇄ 𝑍𝑛 + 1
2
𝑂2 + 2𝐻+ 
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Case Study: Soluble Lead 

A flow battery based on the two redox couples 
Pb/Pb2+ and Pb2+/PbO2 and a single electrolyte 
consisting of a high concentration of lead 
methanesulfonate in methanesulfonic acid has been 
developed from fundamental chemistry (voltammetric 
studies at a rotating disc electrode) to a pilot-scale 
flow reactor (bipolar stack with five 1000-cm2 
electrodes) (see Figure 1).  This system has the 
advantage that no membrane is necessary but it does 
require the controlled deposition and dissolution of 
solid phases on both electrodes. The battery has an 
open circuit potential of ~1.8 volts (V) and can have 
an energy efficiency >70% and a cycle life exceeding 
100 deep charge/discharge cycles. The power density 
on discharge peaks at approximately 1.2 V, which 
corresponds to 160 mW cm-2 (see Figure 2). 

 
Fig. 1.  Pilot-scale flow reactor. 

 

 
Fig. 2.  Power density on discharge. 

 
Successful mitigation of battery failure modes 

was required during scale-up from laboratory cell to 
pilot rig. Possible failure processes associated with the 
cell chemistry have been defined; lead (Pb) dendrites, 
lead dioxide (PbO2) creep, and PbO2 sludging. All 

three processes result in electrical shorting between 
the positive and negative electrodes. Dendritic Pb 
growths typically occur during high-current charging. 
PbO2 creep refers to solid, well-adhered PbO2 deposits 
growing over the polymer cell components, eventually 
bridging the inter-electrode gap. PbO2 sludging refers 
to amorphous, gel-like deposits forming from debris 
removed from the positive electrode. These deposits 
build up in areas of low electrolyte flow and through 
sedimentation onto horizontal cell components, such 
as electrode spacers and inlet manifolds. Optimizing 
mass transport through the flow chamber (cell design) 
and the use of selected electrolyte additives minimizes 
these failure modes. 
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