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To bridge the gap between the current fossil fuel-based energy system and a future
green system based on sustainable energy sources, the number of research activities in
electrochemical energy storage technologies is increasing exponentially. The hydrogenbromine flow battery (HBFB) is one of the most promising flow batteries for low cost, large
scale energy storage that offers a high degree of flexibility. In a time of surplus electricity,
the HBFB stores electricity by oxidizing HBr into Br2 and H2 while, in time of need, the reverse
reactions occur to discharge the electricity from the HBFB system. The membrane-electrode
assembly (MEA) plays an important role to conduct the reversible electrochemical reactions
and determines the HBFB performance and lifetime. It consists of a cation exchange
membrane, a catalyst layer, and porous carbon electrodes. The membrane physically
separates the liquid electrolyte of the cathode from the gaseous hydrogen of the anode while
allowing proton transport from anode to cathode and vice versa. The catalyst layer consists
of noble metal catalyst particles that promote the hydrogen oxidation and evolution reactions
(HOR/HER) in the anode. Without the catalyst layer, the required activation energy and
associated losses would be high. Finally, the porous carbon materials carry the catalyst layers
and have a function to distribute the reactants to the membrane-catalyst interface. A lower
MEA resistance improves the HBFB performance while a higher MEA durability and a better
separation performance improve the HBFB lifetime. The MEA forms the heart of the HBFB.
Therefore, the goal of this thesis work is to study and improve the design and performance
of the MEA for low cost hydrogen-bromine flow battery storage systems.
Performance mapping of commercially available membranes is conducted to understand
the transport mechanism of protons and bromine species through the membrane. The results
indicate that, while the presence of ionic channels in the membrane is needed to conduct
protons, wide ionic channels result in a high bromine species crossover, poisoning and
degrading the catalyst particles and thus reducing the HBFB lifetime. Based on that study,
reinforced perfluorosulfonic acid (PFSA) type membranes are the most promising membranes
for HBFBs, due to their well-defined ionic pathways and the microphase organization of
hydrophobic and hydrophilic domains. In addition, the reinforcement mechanically limits the
PFSA water uptake thus leading to narrower ionic channels and a lower bromine species
crossover (at the expense of an insignificant drop in proton conductivity).
An inherent aspect of the HBFB is the existence of bromine vapor. For inherent safe
operation, the amount and concentration of this component should be as low as possible. To
suppress the presence of active bromine species in the electrolyte, a BCA bromine complexing
agent was used. Simultaneously this also results in lower bromine species crossover.
However, BCA also decreases the PFSA conductivity because the positively charge BCA
interacts strongly with the negatively charged functional groups of the PFSA membrane,
thereby, deactivating these.
As a next step, novel PFSA/polyvinylidene fluoride (PVDF) electrospun composite
membranes have been developed. With wire based electrospinning uniform, well interviii

connected SSC PFSA/PVDF membranes can be prepared. Subsequent hotpressing of the
obtained polymer mats results in dense proton conducting membranes. These membranes
combine the benefits in the performance of short-side chain PFSA ionomers with PVDF
reinforcement. The short-side chain (SSC) PFSA ionomers provide a high fixed charge density
providing proton conductivity. Low cost PVDF reinforcement reduces the swelling of PFSA.
Especially, the 50/50 wt.% PFSA/PVDF electrospun composite membranes show highly
promising performance results, both for the short and long-term, comparable with
commercial PFSA membranes.
Next, the performance and lifetime of the HBFB were assessed using a high-frequency
cycling load accelerated lifetime test (ALT). The main failure mechanism of the HBFB is a
gradual degradation-dissolution of the noble metal catalyst over time resulting, finally, in an
insufficient catalyst loading to promote the HER/HOR. Interestingly, the flow cell lifetime (cell
total ampere-hours) is related linearly to the membrane bromine species crossover rate.
Finally, a techno-economic analysis is performed for a large scale HBFB model system.
The analysis results clearly show that the MEA performance plays an important role. To
decrease the capital investment, market barriers, and bankability, the MEA resistance needs
to be decreased to increase the energy utilization/available capacity of the HBFB, and
additionally reducing the tanks size and electrolyte volume. However, to reduce the ultimate
storage costs (levelized cost of storage), especially an increase in MEA durability/lifetime is
most essential.

Cleantech park IPKW, Arnhem (photos courtesy of Elestor)
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Solar photovoltaic park (photos courtesy of Elestor)

There is a high demand for low-cost electricity storage systems due to the global interest
in the green energy transition and green electrification in the industry, the built environment,
traffic, transport, and agricultural sectors. These ideas have been catalyzed by climate change
and world energy dependency issues. Although renewables can be produced at a low cost
via solar photovoltaic (PV) and wind turbines, the energy transition has not been realized yet
because of their intermittent nature. To have the availability of green energy all times, a lowcost way to store this electrical energy is required and the current best option to store
electricity, pump hydro energy storage, is not a globally feasible solution. It is a site-specific
technology with high capital costs. Therefore, there is a need to develop low-cost modular
storage systems and HBFB technology is one of the few technologies that has the potential
to achieve the cost target.
Membrane technology plays an important role in HBFB technology development,
especially to achieve the cost target and to enable the green energy transition. The
membranes are the heart of the technology and determine proton conductivity-system
performance and selectivity towards the bromine species-system lifetime. Membrane
development is essential to bring HBFB technology into the market. This chapter discusses
the market demand for low-cost electricity storage, available electricity storage technology
in the market, and its Levelized Cost of Storage. Next, HBFB technology, electrochemical
techniques to characterize it, and its main challenges (membrane selectivity and catalyst
durability) are discussed. In the end, the scope and outline of this thesis are presented.
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CHAPTER 1. INTRODUCTION

1.1. Motivation
The global energy system is at the beginning of a green transition towards a sustainable
future; from a fossil-fuel-based economy to a renewable resource-based economy. The
catalysts of this transition are the greenhouse effect (global warming, Doha obligations), the
desire to be energy independent from Middle East countries, and employment demands
(regional development). The greenhouse effect is especially worrying because it threatens
global economic growth and human existence [1]. Global development needs to be within
ecological limits to sustain the earth for the next generation. Therefore, there is a huge global
interest in renewable energy sources.
The huge global interest in renewable energy sources is followed by significant growth
in the research topic of renewable energy sources, started in the early 21st century (figure
1.1). In the case of solar photovoltaic (PV), there is an explosive growth also at around the
same time because of the rapid decrease of the crystalline-silicon PV price, Chinese rapid
innovation in PV, and energy policy subsidies/ incentives [2,3]. Wind energy is one of the
most prominent renewable energy sources because the installation is not site-specific and
the Levelized Costs of Electricity (LCoE) of wind energy are low.
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Figure 1.1: Number of publications over years with the topics of renewable energy sources and
electrochemical energy storage, database from Web of Science.

Although the levelized cost of electricity from solar PV and wind turbines are competitive
at the present, the growth of solar PV and wind turbine installations are inhibited by their
intermittent nature. In the case of the European market (figure 1.2), the annual PV system
installations decrease from a peak in 2011 to 2017, despite the incentives from and
government involvement [4,5]. The European installed wind power capacity only increased
incrementally during the last 10 years and shows a drop in 2018. Furthermore, the
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renewables market is dominated by subsidized grid-connected centralized installations in the
last six years rather than distributed ones [3].
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Figure 1.2: Solar PV and wind turbine power installations over the years.

Currently, grid operators realize that, although the solar PV and wind can be converted
into low cost electricity, the challenge of transforming intermittent renewables into a firm,
on-demand electricity is large. Due to their intermittent nature, solar PV and wind cannot
match the electricity demand in time. Figure 1.3 shows the mismatch between solar PV and
wind supply with the electricity demand in Germany, in December 2012. The mismatch results
in the need for coal and gas-fired power plants to supply the residual load and the need for
strategic curtailment to destroy the surplus electricity. In 2015, these measures resulted in
16 TWh loss and 412 million euros cost for the Germany grid operator, Schleeswijk Holstein
Netz AG [6].
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Figure 1.3: Historical data of Germany solar PV – wind supply and its electricity demand in December
2012. Reproduced from Decourt and Debarre [7].

Due to the current situation, there is a need for solutions in the electricity storage market
to handle the high integration of renewables [8,9]. Cost-effective and long-term
electrochemical energy storage is one of the solutions to this challenge. It offers a flexible
option to store the surplus of solar PV and wind in the form of chemicals. When the energy
is needed at a later time, these chemicals react to produce electricity. It also enables
electricity trading that is generated from renewables on the electricity market, both on spot
and imbalance markets. Therefore, it improves the business case of green energy generation.
In this case, a high share of renewables globally (>70%) is possible [10], allowing shutting
down of fossil-based power plants permanently.
This is the reason for the significant increase in research on electrochemical energy
storage (figure 1.1), even surpassing the research topic of renewable energy sources in
recent years.
This chapter discussed the current status of electricity storage technologies and their
potential to bridge the gap between the current energy system and a future green energy
system. Next, one of the most promising solutions is explained more thoroughly in terms of
technology and its main challenges.

1.2. Storage technologies
In the last decades, a number of energy storage systems have been developed. There
are two general classifications for long term electricity storage technologies (table 1.1). These
technologies might fulfill different niches (application and business-wise) because all of these
require certain conditions or have particular advantages and drawbacks. Here, the focus is

5
on the cost of storage in general as the goal is to enable green energy transition and to
integrate a high share of renewables.

1

Table 1.1: Available electricity storage technologies.
Classification
Mechanical energy storage
Electrochemical energy storage

Power to gas energy storage
Secondary battery

Redox Flow Battery

Electricity storage technologies
Pumped hydroelectric storage (PHS)
Compressed air energy storage (CAES)
Liquid Air Energy Storage (LAES)
Hydrogen electrochemical conversion
Methane electrochemical conversion
Lead-acid battery (Pb)
Sodium–sulfur battery (Na-S)
Nickel–metal hydride battery (Ni-MH)
Lithium-ion battery (Li-ion)
All-Vanadium (VFB)
Iron–Chromium (Fe-Cr)
Zinc–Bromine (ZBFB)
Hydrogen–Bromine (HBFB)

When comparing different electricity storage technologies, the most important parameter
is the ‘Levelized Cost of Storage’ or LCoS. The LCoS quantifies the real cost to store 1 kWh
of energy and it enables objective comparison of different storage technologies. The LCoS of
a technology ($/kWh) can be calculated with the following formula:
LCoS =
=

Total costs during the lifetime
Total energy during the lifetime

Capital costs + Capital recovery costs + Operation costs
Number of cycle x stored energy

+

1-ƞ
ƞ

ή Electricity cost

[1.1]

Where ƞ is the system efficiency (%) and with all costs in $, the stored energy in kWh, and
the electricity cost in $/kWh.
The LCoS of storage technology is a decisive parameter for market adoption because it
determines the business case profitability. For a wind-solar plus storage (WWS) project to be
integrated globally, the LCoE of the installation should be approx. the same as the LCoE of
fossil-based coal-fired power plants. The relation between the WSS LCoE and LCoS is shown
in the following formula:
LCoE = renewable electricity price +

levelized cost of storage (LCoS)
3

[1.2]

If the LCoS is < ~$0.06 per kWh, the storage technology provides a solid business case
(LCoE of WSS is ≤ LCoE of the coal-fired power plant). However, if LCoS is > ~$ 0.6 per
kWh, storage technology is a cost factor. The different available storage technologies are
explored in the sections below.
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Mechanical energy storage

In the present, the Pumped Hydroelectric Storage (PHS) is the most common electricity
storage technology by capacity installed with a 99% share storage capacity. It contributes
3% to the world’s total installed electricity production capacity [11]. The peak shaving
mechanism of PHS is based on pumping water in time of high supply from a lower reservoir
to an upper reservoir with surplus electricity. In a time of high demand, electricity is
generated again by letting the water flow down from the upper to the lower reservoir moving
a turbine that is located between the high and low reservoirs. PHS technology is a site-specific
storage technology. It requires a vast terrain with a significant height difference between the
lower and higher reservoirs. Therefore, its installation causes environmental-social challenges
and cannot be built in most of the locations. From an economic point of view, its LCoS is
around $0.09 per kWh [12].
The diabatic Compressed Air Energy Storage (CAES) technology is the second most
common storage technology. In a time of surplus electricity, an air compressor runs to pump
an air-natural gas mixture into a storage tank or, more commonly, in underground caverns.
Then, in time of high demand, the compressed air-natural gas mixture is released to
pressurize a gas turbine (known as gas-fired expansion process) to generate electricity. By
working at adiabatic conditions, the needs for natural gas and a gas-fired expansion process
are being eliminated and the overall efficiency increases but the capital investment is higher
[13]. Similar to PHS, it is also a site-specific system: It requires vast underground caverns as
a storage tank to be economically feasible. The LCoS of diabatic CAES and advanced adiabatic
CAES are $0.11 and $0.12 per kWh, respectively [12].
In the case of Liquid Air Energy Storage (LAES), the surplus electricity is stored in the
form of liquefied air instead of pressurized air. The air can be turned into a liquid when it is
refrigerated to -196 °C and stored in standard insulated, but unpressurized vessels. The LCoS
of LAES is reported to be $0.27 per kWh [14], higher than PHS but with more location
flexibility.

1.2.2.

Power to gas energy storage

Hydrogen electrochemical conversion utilizes water electrolysis using proton exchange
membranes (PEM) to convert electrical energy into hydrogen gas by splitting water molecules
into hydrogen and oxygen gasses. Upon discharging, the hydrogen is fed to a PEM fuel cell
where it reacts with oxygen to create water and electricity.
Although hydrogen storage technology and hydrogen economy receive more and more
attention, the integration is proven to be difficult. Besides the storing challenge, technology
is limited by thermodynamics that determines the efficiency potential of this technology [11].
Therefore, it results in a relatively high LCoS of $0.22 per kWh at best [12].
There is a relatively easy and elegant solution to store hydrogen gas. Through a
methanation process, hydrogen and carbon dioxide can be converted into methane.
However, this additional process adds 18-25% losses during the methanation process [15].
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Therefore the LCoS is higher than hydrogen electrochemical conversion, which is $0.31 per
kWh at best [12].

1.2.3.

Secondary battery

The secondary battery is a type of electrochemical battery that can be charged and
discharged (reversible electrochemical reactions can take place) as opposed to a primary
battery. The lead-acid battery is one of the most common electrochemical batteries in the
world because of abundant reactive materials, facile electrochemical reaction kinetics, low
manufacturing costs, and system simplicity [16]. The battery consists of a cathode (lead
dioxide) and an anode (sponge lead) that are separated by porous separators and immersed
in a sulfuric acid solution. In a time of electricity shortage (discharge mode), cathode and
anode are converted into lead sulfate and lead sulfate converts back into the initial states of
cathode and anode in charge mode. However, since the reversible redox reactions deteriorate
the electrodes, the lifetime and number of cycles of a lead-acid battery are limited [13]. The
technology is mature and has an LCoS of $0.20 per kWh. Through the development of the
gel state lead-acid battery, the LCoS of this technology might go down to $0.14 per kWh in
the future [12].
The sodium-sulfur battery is one of the few battery chemistries that demonstrate robust
performance because the cathode and anode are not deteriorated during cycling [11]. The
technology utilizes sodium and sulfur in a molten state as reactants separated by a beta
alumina electrolyte. During the discharge mode, the sodium is oxidized releasing Na + ions
while the sulfur is reduced releasing S2- ions. Then, the Na+ ions are transported by the
electrolyte to the cathode, where they react with S2- ions, and produce sodium polysulphide,
NaSx. During the charge mode, the vice versa reaction happens. The disadvantages are that
the battery needs to be operated continuously to compensate for the high-temperature
requirement and over-engineering of sodium-sulfur batteries is required to fulfill safety
requirements [17]. The LCoS is $0.18 per kWh [11].
The nickel-metal hydride battery is the successor of the nickel-cadmium battery. The
nickel-cadmium battery is replaced by the nickel-metal hydride battery in many small
applications due to its superior performance and environmental friendliness [13]. The nickelmetal hydride battery consists of a nickel oxyhydroxide as the cathode and a hydrogenabsorbing alloy (lanthanum and rare earth alloys) as the anode. Potassium hydroxide is used
as an electrolyte. In the discharge mode, the intermetallic alloy reacts with water and
produces a hydrogen-absorbing alloy and OH- ions. The OH- ions are transferred, react with
nickel hydroxide, and produce nickel (III) oxide. The reverse reaction occurs in the charge
mode. Unfortunately, the LCoS is relatively high, i.e. $0.41 per kWh and the battery is more
suitable for mobile applications [11].
Currently, the most popular electrochemical energy storage technology for portable
electronics is the lithium-ion battery. The most common Li-ion battery consists of lithium
cobalt and graphite as electrodes and non-aqueous organic liquid as electrolyte. During the
time of shortage, Li+ ions are released, transported, and intercalated into a graphite sheet

1
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via an electrolyte, while the reverse process happens during times of surplus electricity. The
high energy density is the most pronounced advantage of lithium-ion batteries. Therefore it
is extensively applied as an electric vehicle battery. The current LCoS of lithium-ion batteries
is $0.27 per kWh [18]. Through innovation and large scale production its LCoS is predicted
to decrease as low as $0.17 per kWh [12]. However, this is might not be always the case
since the demand for electric vehicles might increase significantly as well in the near future.

1.2.4.

Redox Flow Battery

The main difference between redox flow battery technology and secondary battery
technology is that the reactive materials of redox flow batteries are flowing media: aqueous
solutions, non-aqueous solutions, and/ or gases instead of solid media. Consequently, its
electrodes are inert materials that act as a reaction site only, instead of reacting as in a
secondary battery. A schematic illustration of a redox flow battery is shown in figure 1.4. The
two reactants are separated by an ion-exchange membrane. This feature results in many
benefits that are important for scalability. The first advantage is that the battery power (kW)
and capacity (kWh) of the redox flow battery are decoupled. The power is determined by the
stack efficiency and the active area of the membrane-electrodes while the capacity is
determined by the volume and concentration of the available reactants. The second
advantage is that, since the electrodes are inert, they do not suffer from degradation
processes during cycling as is common in secondary batteries. Theoretically, the battery thus
has an unlimited lifecycle, no negative effects caused by over-charging or deep discharging,
and only the materials lifetime are the bottleneck. The third advantage is that the reactants
can be discharged from the battery to avoid self-discharge during a long period of standby
or storing. Simultaneous charging and discharging are also possible. The last advantage is
that recycling of the different battery components is possible at the end of the battery life.
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Figure 1.4: General schematic illustration of a redox flow battery.

There are also disadvantages. Because the reactants are present as flowing media, in
general, the energy density of the redox flow battery is low. The design is also more
complicated due to the need for ancillary parts such as storage tanks, pumps, housing, and
the overcharge protection circuitry. A redox flow battery is not a battery, it is a machine.
Therefore, the redox flow battery is more suitable for stationary-large scale electricity
storage. Currently, there are a few commercial redox flow battery systems available on the
market: the all-vanadium flow battery, the iron-chromium flow battery, the zinc-bromine flow
battery, and the hydrogen-bromine flow battery.

1.2.4.1.

All-vanadium flow battery

The all-vanadium flow battery (VFB) utilizes four different oxidation states of vanadium
ions to form two redox couples: the V(IV)/V(V) redox couple in the cathode and the
V(II)/V(III) redox couple in the anode. The vanadium ions dissolve in a sulfuric acid solution
and the two half cells are separated by an ion-exchange membrane. The ion exchange
membrane facilitates ion transport during discharge and charge to achieve electroneutrality.
The overall charge and discharge reactions are as follows [19]:
2+

3+

ೌೝ

+

ሳልልልልልልሰ
VO2 + V
VO + V + H2 O ሯልልልልልልልሴ

2+

+ 2H

+

E0,cell = 1.26 V

ೞೌೝ

The VFB is the most mature redox flow battery. However, the costs for the vanadium
electrolyte are high and the demand is huge, especially by the steel industry. Therefore, the
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current LCoS is $0.39 per kWh [12,18] but is expected to decrease due to innovation and
vanadium rental schemes, to $0.13 per kWh [12]. However, due to the current volatility in
cost, widespread system deployment might be challenging.

1.2.4.2.

Iron-chromium flow battery

The iron-chromium flow battery is based on the chromic/chromous redox couple at the
anode side and the ferric/ferrous redox couple at the cathode side, Both are dissolved in a
hydrochloric acid electrolyte. In the charge mode, the chromous is reduced to chromic at the
anode side while the ferric is oxidized to ferrous at the cathode side. This is vice versa in the
discharge mode. The general charge and discharge reactions are as follows [19]:

2+

charge

3+ ሳልልልልልልሰ
ሯልልልልልሴ

Fe + Cr

3+

2+

Fe +Cr

E0,cell = 1.18 V

discharge

In general, the iron-chromium flow battery has an advantage in active reactants'
availability and cost. However, the membrane crossover is a challenge and the energy density
of iron-chromium electrolyte is low, (approx. 10 Wh/kg) [19]. But still, the LCoS of the ironchromium flow battery is predicted to be $0.19 per kWh [12].

1.2.4.3.

Zinc-bromine flow battery

The zinc-bromine flow battery is a hybrid redox flow battery since only the cathode
contains a flowing medium. Although recycling of battery parts is possible at the end of the
battery life, the zinc-bromine flow battery does not have the full benefit or flexibility of redox
flow batteries in general, such as decoupled power and capacity, theoretically unlimited
lifetime, and impacts of overcharge or deep discharge. In the charge mode, zinc ions are
deposited on the zinc plate while bromide ions are reduced to bromine. The reverse reaction
happens during the discharge mode. The general charge and discharge reactions are given
below [19]:
-

2Br + Zn

charge

2+ ሳልልልልልልሰ
ሯልልልልልሴ
discharge

Br2 (aq) + Zn(s)

E0,cell = 1.85 V

The low cost and abundant materials of zinc-bromine flow batteries are the main
advantages along with its high reaction kinetics. However, since zinc is in the solid-state, it
constantly suffers from dendrite formations which reduces the system's lifetime. Moreover,
the system requires three pumps for aqueous zinc, bromide, and bromine electrolyte
circulation [20]. These reasons result in high LCoS of zinc-bromine flow batteries: $0.27 per
kWh [18].
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Although an electrochemical storage system is preferred due to its geographical flexibility
and fast response time, especially for medium scale electricity storage, up to this point, there
is no electrochemical system that economically viable yet in terms of LCoS (table 1.2).
Table 1.2: Summary of LCoS for available storage technologies.
Technology
Pumped hydroelectric storage [12]
Diabatic compressed air energy storage [12]
Adiabatic compressed air energy storage [12]
Liquid air energy storage [14]
H2 conversion [12]
CH4 conversion [12]
Lead-acid battery [12]
Sodium-sulphur battery [11]
Nickel-metal hydride battery [11]
Lithium ion battery [12,18]
Vanadium flow battery [12,18]
Iron-chromium battery [12]
Zinc-bromide battery [18]
Cost target

LCoS / future one
($/kWh)
0.09
0.11
0.12
0.27
0.22
0.31
0.20 / 0.14
0.18
0.41
0.27 / 0.17
0.39 / 0.13
0.19
0.27
0.06

1.3. Hydrogen-bromine flow battery
1.3.1.

Introduction

In addition to the batteries described above, hydrogen-bromine flow batteries (HBFBs)
are an emerging electrochemical storage technology due to its high kinetics and low cost
reactants. It shows high performances of 1.4 W/cm 2 peak power, 90% peak energy
efficiency, and 93% energy utilization at 0.9 A/cm2 in a single HBFB cell [21]. Moreover, the
active materials of this system are abundant, leading to low costs (< $20/kWh) [22]. The
focus of this work is therefore the HBFB.
The HBFBs employ an H2/H+ redox couple at the anode and a Br2/Br- redox couple at the
cathode to store electricity and to achieve electrical balance. In this electrochemical cell, the
difference in chemical potential between hydrogen and bromine is the driving force for the
electrochemical reactions. Hydrogen gas and electrolyte solution are separated by a
membrane. During discharging, protons move through the membrane to the cathode and
during charging to the anode to achieve electroneutrality. The standard open-circuit voltage
per cell at 25 °C is 1.098 V and the redox reactions are [23]:

Cathode: 2Br-

charge

ሳልልልልልልሰ
ሯልልልልልሴ
discharge

Br2(aq) + 2e-

E0- = -1.098 V vs. SHE

1
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2H+ + 2e-

charge

ሳልልልልልልሰ
ሯልልልልልሴ

H2

E0+ = 0 V vs. SHE

H2 + Br2(aq)

E0,cell = 1.098 V

discharge

Overall: 2HBr(aq)

charge

ሳልልልልልልሰ
ሯልልልልልሴ
discharge

In reality, the standard open-circuit voltage will not be achieved. The reason is that when
bromine and bromide are together in an aqueous solution, tribromide is formed according to
the following reaction [24]:
-

-

Br2 (aq) +Br ֖ Br3

KBr3- = 17

In the HBFB system with the electrolyte cycle from 4 M HBr to 1 M Br 2/2 M HBr and back,
the ideal equilibrium is shown in figure 1.5. Following the figure in principle, there should not
be any elemental bromine present in the electrolyte solution. However, it does not consider
the formation of more exotic molecules such as pentabromide (Br5-).

Figure 1.5: Distribution model over the different ions in the electrolyte solution.

Material science plays an important role in HBFB developments. Developments regarding
every component are required to reach the set cost target. In general, the HBFB cell
construction consists of (figure 1.6):
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Figure 1.6: Schematic illustration of the HBFB cell with its component macrostructure.

x

End plates
The end plates need to be stiff and mechanically strong to support and to give
compression to the HBFB cell or stack. In addition, they need to be relatively resistant
to corrosion/ bromine vapor.

x

Current collectors
The current collector is the medium that transfers electrons to the load or from the
source. The current collectors have to be chemically stable towards corrosive bromine
and acidic hydrobromic acid. In general, graphite plates are used for the current
collectors. The flow field can be embedded in the graphite plates to enhance flow
distribution and mass transfer.

x

Liquid diffusion layer (LDL)
The LDL needs to have the right balance between its ability to distribute the liquid
electrolyte equally throughout the matrix, the ability to promote reactions and to
conduct electrons, and its mechanical strength to counter the pressure from the gas
side. The ability to distribute liquids is quantified in terms of pressure drop, parasitic
losses, and mass transport losses (concentration polarization). The abilities to promote
reactions and to conduct electrons are quantified in terms of surface area and bulk
resistance. Common LDL materials are carbon paper, carbon cloth and carbon felt. The
combination of carbon materials with flow-fields might also improve the trade-off
between pressure drop and a compressive modulus.

x

Cation exchange membrane
The membrane acts as a separator between the hydrogen gas and electrolyte solution
while allowing proton transport from anode to cathode and vice versa. High proton
conductivity is necessary to keep up with the high kinetics of the bromide redox couple
and the hydrogen oxidation/evolution reactions (HOR/HER). At the same time, the
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membrane needs to have high selectivity towards protons. Hydrogen that crosses
through the membrane to the electrolyte side results in capacity loss. However, bromide
species that cross to the hydrogen side not only result in a capacity loss but also corrode
the noble metal catalyst that is essential for the HOR/HER (lowering the lifetime) [25].
This is the challenge for ion exchange membrane development: the trade-off between
conductivity and selectivity. Optimization of the membrane conductivity-selectivity is
important, but for HBFB applications, the selectivity cannot be compromised since the
cost of storage is highly sensitive towards the system lifetime [22].

x

Catalyst layer
The catalyst layer is in contact with the membrane and promotes the HOR/HER.
Currently, platinum on carbon black is the most common HOR/HER catalyst. However,
the platinum catalyst is known to be susceptible to bromide species (elemental bromine
or tribromide species). Cho et al. [21] reported that the platinum dissolution rate due
to the presence of bromide species is 10-40 times higher in the air than in the presence
of hydrogen. The goal is to develop a good performance HOR/HER catalyst with high
resistance towards bromide species.

x

Gas diffusion layer (GDL)
The requirements of the GDL are hydrophobicity property and gradual porosity. These
properties are needed to facilitate hydrogen mass transfer to the catalyst layer and to
push out crossover liquid from the hydrogen side. This can be achieved with
hydrophobized porous carbon materials with a microporous layer. Another important
feature of the GDL is an excellent electrical conductivity.

The different HBFB components need to be engineered and optimized with respect to
their different, sometimes opposing characteristics to reach the performance targets for costeffective operation. The membrane selectivity and catalyst durability need to result in at least
10 years of operation. The membrane conductivity and catalyst kinetics should result in HBFB
stack resistance of 0.3 Ω·cm2, at least, and 0.2 Ω·cm2, preferably.

1.3.2.

Hydrogen bromine history – a literature study

The HBFB was first reported as a proof of concept in the 1960s by Glass and Boyle
[26,27] and further developed by NASA for space applications around the 1980s [28]. After
the cold war period, this technology seemed kind of forgotten until, in 2016, Peled’s group
at Tel-Aviv University reported a power density of more than 1.5 W/cm 2, which was the
highest power density ever recorded in a single electrochemical HBFB cell [29]. This finding
resulted in reviving interest in the technology and the founding of a university spin-off,
Enstorage.
The HBFB cell of Peled et al. utilized a Pt-coated cathode. As a consequence, the platinum
was dissolved rapidly in the corrosive bromine environment. Also, the nanoporous membrane
did not effectively separate the bulk bromine species, nor did it protect the Pt-coated
electrode on the hydrogen side from the bromine electrolyte crossover. In 2012, the

15
Lawrence Berkeley National Laboratory developed HBFB cells with a more reliable
configuration by replacing the Pt-coated electrode on the bromine side with an inert carbon
paper and the nanoporous membrane with a dense proton-conducting Nafion® N212
membrane [30]. Their results are currently the highest performance-efficiency data at roomtemperature operation reported for HBFB cells [21,25,30,31]. Cycling performance analyses
conducted to evaluate the reliability and durability showed negligible performance
degradation over 600 cycles [25].
Despite these promising results, the platinum catalyst durability on the hydrogen
electrode in the presence of bromide species is the main concern. The tribromide corrodes
the platinum catalyst via electrostatic poisoning effects [32]. Darling et al. measured bromide
species crossover during HBFB cell operations. The crossover rate is influenced by diffusion,
migration, and electro-osmotic mechanisms, which depend on the current density and
intrinsic membrane properties [28,33].
The key to the commercialization of HBFB technology is both performance and lifetime
improvement, where a 0.3 Ω·cm2 overall resistance and 20 years operational lifetime are
required. The challenge is the distinct tradeoff between area resistance and ion selectivity of
the cation exchange membrane in the HBFB: higher selectivity in membranes generally
implies higher area resistance and vice versa [34]. Proton transport across ion-exchange
membranes occurs via hydrophilic ionic pathways. However, through the same pathways,
undesirable ions like bromide ions also cross the membrane, flooding the hydrogen electrode
and dissolving the platinum catalyst. The impact of bromide species crossover on HBFB cell
lifetime was measured by Barna et al. via a long cycling test [35]. The results proved that
membrane properties strongly affect the intrinsic crossover rates and the HBFB cell lifetime.
To develop a high-performance system with a long lifetime, it is essential to understand and
control the transport through the cation exchange membrane.
The ionic transport through the membrane during the charge and discharge mode is
illustrated in figure 1.7. The challenge is that there is a significant amount of bromide species
crossover during the charge mode. During the discharge mode, proton transport and bromide
species crossover take place coming from opposing sides: the hydrogen side and electrolyte
side, respectively. In this case, proton transport minimizes bromide species crossover.
However, during the charge mode, proton transport and bromide crossover both take place
at the electrolyte side, and proton transport promotes bromide crossover, which is known as
the proton drag or water electro-osmotic drag effect.

1
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Figure 1.7: Illustration of ionic transport through a membrane in the HBFB system during the a)
discharge and b) charge modes.

First membrane transport studies in HBFBs were initiated by Yeo and McBreen, who
characterized the effect of electrolyte acidity and operating temperature on the transport
properties of a Nafion®120 membranes [36]. These two parameters affect the membrane
water content. The water molecules inside the membrane form ionic pathways that act as
proton conductive pathways in Nafion® type membranes. High acidity and temperature cause
membrane dehydration due to the high osmotic pressure and the evaporation of water,
respectively, thus leading to high membrane resistance and bromide species crossover. A
high membrane resistance leads to low performance and low system (voltage) efficiency in
a working cell. Aside from the acidity and operating temperature, the membrane equivalent
weight, which is associated with the water content, plays an important role in terms of
membrane transport [37]. As the equivalent weight decreases, the diameter and number of
ionic pathways in the membrane increases, thus increasing the water uptake and the bromide
species crossover, while also lowering the resistance. The membrane thickness, on the other
hand, impacts the fundamental tradeoff between membrane resistance and selectivity, being
the thickness more important than the membrane equivalent weight [38]. Performance
studies on HBFB cells with 3Mion (EW825) membranes have also been performed [39]. These
membranes have a similar chemical structure as Nafion® and also consist of perfluorosulfonic
acid (PFSA) polymers. The work confirms the transport of bromide species across dense PFSA
type membranes.
Besides improving the membrane conductivity – selectivity trade-off, development on a
more durable HOR/HER catalyst can be pursued. The initial screening of the HOR-HER
catalyst for the HBFB system began with the characterization of mixed transition metal
catalysts and the metal sulfide and rhodium sulfide catalysts appeared as a promising
catalyst, being a substitute for the platinum catalyst [40]. Several different compositions of
rhodium sulfide phases (Rh2S3, Rh17S15, RhS2, and metallic Rh) were prepared and
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characterized [41]. It seems there is a trade-off between catalyst cost, activity, stability, and
improvement-optimization efforts are still required.
So far, these studies focused on the hydrobromic acid electrolysis mode (charge mode)
and HER activity only. Later, it was figured out that rhodium-based catalysts exhibited much
slower HOR activity than platinum-based catalysts thus lowering the HBFB system
performance [32]. Therefore, platinum-iridium alloy and platinum-iridium nitrides catalysts
were investigated. They exhibited comparable activity and a high degree of stability as
platinum catalysts [31,32], providing an interesting option as HBFB HOR-HER catalyst.

1.3.3.

HBFB characterization techniques

Electrochemical characterization techniques are important to assess the performance of
HBFB materials individually and the HBFB as a whole. The generated data are required to
assess the techno-economic performance of HBFBs and assess its market acceptance and
potential. The major characterizations are the investigation of the polarization behavior and
electro impedance spectroscopy (EIS) for short-term assessment and cyclic testing and
accelerated lifetime testing for long-term durability assessment.
In the polarization test, the HBFB potential cycles between two potentials of battery
operation (e.g. 0.7 V per cell and 1.2 V per cell) with a step of 0.05 V. During the
measurement, the resulting current is recorded. Cycling continues until the polarization
behavior is constant. The potential/current density (V-I) and power density/current density
(W-I) plots are called the polarization curve. From these curves, among others, the system
area resistance (Ω·cm2) can be extracted.
EIS enables non-invasive quantitative characterization of resistive losses in HBFBs. By
utilizing a sinusoidal AC excitation signal with controlled maximum amplitude and frequency,
the resistance and capacitance properties of HBFBs can be quantified. These can be
calculated based on the measurement data of the in-phase and out-of-phase current
responses. The system impedance is normally presented in a Nyquist plot (imaginary part of
|Z| against the real part) (figure 1.8).
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Figure 1.8: Shape of an idealized Nyquist plot and the electric equivalent circuit model for HBFB
(reproduced from [42]).

The overall battery performance is quantified with a cyclic test technique where the HBFB
battery is cycled within a safe potential range (e.g. 0.7 V per cell and 1.15 V per cell) or
chosen state-of-charge (SoC, 0% SoC, and 100% SoC) at a constant nominal current. Based
on the voltage profile from the cyclic test, the voltaic efficiency, coulombic efficiency, energy
efficiency, and energy utilization (based on Faraday’s law of electrolysis [43]) can be
calculated with the following formulas:

Voltaic efficiency, ηV =

Average Vdischarge

[1.2]

Average Vcharge

Coulombic efficiency, ηC =

tdischarge · Idischarge

[1.3]

tcharge ·Icharge
t

Energy efficiency, ηE =

Idischarge · t n Vdischarge ∙dt

Energy utilization, EU =

Icharge ·
൬

0
t
t n Vcharge
0

[1.4]

∙dt

Idischarge ∙ 3600 ∙ tdischarge
n∙F∙V

൰

Available bromine concentration

[1.5]

Where n is (mol) the moles of electrons used, F (C/mol) is the Faraday constant (96,485
C/mol), and V (L) is the electrolyte volume.
Not only the initial battery performance is important but also its long term stability and
performance. Accelerated lifetime testing (ALT) is developed to substitute long and
impractical life cycle tests under normal operating conditions. ALT testing is performed under
high temperature (high bromine vapor) and high frequency current step-sweeping mode,
challenging the durability of the electro-catalyst and membrane [44].
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1.4. Thesis outline
The aim of this thesis is to study and improve the membrane-electrode assembly
design for a low cost hydrogen-bromine flow battery storage system. The scope of
the thesis is summarized in figure 1.9. Since membrane technology plays an important role
to separate the reactants while allowing proton transport, the initial work starts with
characterizing commercially available membranes to identify the essential membrane
properties for high performance HBFB operation (Chapter 2). It presents the performance
mapping of commercially available membranes in the HBFB system. To reduce the system
challenges and to increase the energy density, bromine complexing agents are proposed as
an additive in the electrolyte tank. However, this impacts the membrane performance and in
Chapter 3 a non-complexed electrolyte system and a complexed electrolyte system are
compared. It focuses on the membrane properties in the presence of an ionic liquid as
bromine complexing agent (BCA) to mitigate the negative effects of bromine vapor and to
increase the energy density of bromine electrolyte. Based on these chapters that point to the
desired membrane characteristics, a new type of membrane is developed (Chapter 4). It
describes the fabrication of a new type of short side chain (SC) PFSA and polyvinylidene
fluoride (PVDF) composite membranes using electrospinning. Next, the long-term membrane
performance and catalyst durability is investigated in Chapter 5. It looks closer at the HBFB
failure mechanism and the impact of membrane selectivity on the HBFB durability. Finally,
based on the obtained results, a techno-economic evaluation of large scale HBFB technology
is performed (Chapter 6). Also, the main risks of HBFB technology are identified and
research and development trajectories for the future are suggested. Chapter 7 finally
summarizes the main conclusions and provides an outlook for further research.

Figure 1.9: Graphic illustration of the thesis outline.
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Hydrogen-bromine flow cell (photos courtesy of Elestor)

Electricity storage is essential for the transition to sustainable energy sources. Hydrogenbromine flow battery (HBFB) is one of the promising cost-effective energy storage systems.
In HBFBs, proton exchange membranes are required to separate the two reactive materials,
enabling proton transport for charge balancing. In this paper, we present a comprehensive
overview of the key properties and an experimental performance map of cation exchange
membranes for HBFBs. Our study shows that membrane water uptake is an important
property due to its strong correlation with membrane resistance and bromide species
crossover. Long side-chain perfluorosulfonic acid (LSC PFSA) membranes are shown to have
a better power density–crossover tradeoff and higher stability than other types of
functionalized membranes. The good power density-crossover tradeoff of LSC PFSA
membranes is the result of the high level of separation of hydrophobic and hydrophilic
domains in the membrane, leading to well-connected ionic pathways for proton transport.
Reinforcement of long-chain LSC PFSA membranes further improves their tradeoff because
it mechanically constrains the swelling (lower water uptake), resulting in a lower crossover
but a similar peak power density. Consequently, reinforced r-LSC PFSA membranes are the
most promising option for HBFBs.

Based on: Y.A. Hugo, W. Kout, F. Sikkema, Z. Borneman, K. Nijmeijer, Performance mapping of
cation exchange membranes for hydrogen-bromine flow batteries for energy storage, J. Membr. Sci.
566 (2018) 406–414.
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2.1. Introduction
To prevent further global warming, large investments in clean and sustainable energy
systems are required. However, the traditional electrical grid system is unable to cope with
a high share of renewables (> 70% by generation) cost-effectively and securely due to the
inherent intermittency and non-dispatch ability of solar and wind power [1]. Cost-effective
electricity storage is essential to enable a high share of renewables by peak shaving electricity
production or consumption.
Flow batteries are among the most promising electrochemical energy storage
technologies. In contrast to conventional batteries, the electrodes in flow batteries are inert
materials and are used as reaction sites only. The reactive redox materials are present in two
separate flowing media. As a result of this architecture, flow batteries do not suffer from
dendrite formation [2] and have decoupled energy and power. The energy capacity depends
on the volume and concentration of the flowing media while the amount of power generated
depends on the active surface (electrode) area.
Among these storage technologies, the hydrogen-bromine flow battery (HBFB)
technology is a promising option as high power (1.4 W/cm2 peak), 90% peak energy
efficiency, and 93% energy utilization at 0.9 A/cm2 in a single HBFB cell have been reported
[3]. Hydrogen and hydrogen bromide acid are abundantly available, leading to low reactive
materials cost (< $20/kWh) [4]. Compared with the most widespread flow battery
technology, the all-vanadium flow battery (VFB), the performance-cost potential of HBFB is
significantly higher, due to the high capital costs of vanadium electrolyte (> $300/kWh) and
less reactive materials [5].
The HBFB (figure 2.1) utilizes bromine redox reactions and hydrogen evolution-oxidation
reactions (HER/HOR) to store electricity. The bromine redox reactions happen at the cathode,
which consists of the porous carbon-based material. The HER/HOR is catalyzed by a platinum
catalyst on carbon support (anode). The cation exchange membrane separates hydrogen gas
and electrolyte solution while enabling proton transport to the cathode during discharging
and to the anode during charging.
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Figure 2.1: Schematic representation of the HBFB cell.

The charge and discharge reactions are as follows [6]:

2HBr(aq)

charge

ሳልልልልልልሰ
ሯልልልልልሴ

H2 + Br2(aq)

E0,cell = 1.098 V

discharge

Then, bromine is associated with bromide ion and forms polybromide ions in hydrogen
bromide acid solution [7]:
-

-

n Br2 (aq) +Br(aq) ֖ Br(2n+1) (aq)

KBr3- = 17

In 2006, Peled’s group at Tel-Aviv University proposed to use this technology as a large
scale energy storage system and reported a power density of more than 1.5 W/cm2 [8]. The
core of their system was a nonselective nanoporous membrane [9–11]. Afterward, HBFB
systems based on selective dense cation exchange membranes, such as long side-chain
perfluorosulfonic acid (LSC PFSA) membranes have been reported [3,6,10]. Cycling
performance analyses showed negligible performance degradation over 600 cycles [9].
The key to the commercialization of HBFB technology is both high power density and
long lifetime: 1 W/cm2 peak power density and 20 years operational lifetime [4]. The
optimization of membrane performance in terms of area resistance and selectivity (for power
density) and materials (for stability), is thus a crucial aspect. The membrane area resistance

28

CHAPTER 2. PERFORMANCE MAPPING

is one of the major contributors to the overall system resistance, next to reaction kinetics
and mass transfer limitation. The membrane selectivity is reflecting the bromine species
crossover and the concomitant degradation rate of the HER/HOR catalyst. The distinct tradeoff between area resistance and selectivity is well-known and the challenge in membrane
development: higher selectivity generally implies higher area resistance and vice versa [12].
Systematic studies identifying key structure-properties relationships are not available,
though essential for optimization and commercialization of the HBFB technology.
Simultaneously, the amount of commercially available membranes for HBFB applications is
limited in chemistry in addition, the available membranes are very diverse in terms of e.g.
thickness, ion exchange capacity, water uptake, and reinforcement. Thereby, lab synthesis
of such membranes is not trivial due to their chemistry, limitations in ways of processing of
materials, labor intensity, and the requirement of severe safety measures. Moreover, from
an application point of view, end users are not interested in performance metrics of idealized
membranes while such membranes can never be prepared at real scale.
In this work, we present a systematic study, using an extensive series of available
membranes that show high chemical stability in a corrosive bromine environment. We studied
five membrane types: long side-chain sulfonated polytetrafluoroethylene (LSC PFSA or
Nafion®), reinforced r-LSC PFSA, sulfonated polyvinylidene fluoride (SPVDF), sulfonated
polyethylene (SPE), and polyvinyl chloride (PVC) reinforced sulfonated poly(styrene-codivinylbenzene) (r-PS/DVB) (see Table 2.1 for details). The LSC PFSA membranes and the
reinforced ones are supplied by DuPont, US, and Fumatech, DE. The SPVDF and SPE
membranes are supplied by a third party that cannot be mentioned due to confidentiality
reasons, but similar type of grafted membranes is available from Gaia membranes (CH). The
reinforced r-PS/DVB membranes are supplied by Asahi Glass, JP, and Astom, JP.
The goal of this work is to set clear directions for further research and to help HBFB
developers to accelerate the time to market. We intend to map the sensitivity of the process
towards different membrane characteristics and to identify the essential membrane
properties that determine HBFB performance. Systematic measurements of membrane
properties (i.e. the polymer chemistry, ion exchange capacity (IEC), water uptake, thickness,
area resistance (R)) and performance (open-circuit voltage (OCV), cell peak power density,
and bromide species crossover) of extensive series of membranes (nineteen samples) are
carried out under HBFB conditions.
The strength of our work is that we, despite the existing limitations and diversity in
membrane types and characteristics, systematically investigate the performance of an
extensive series of available membranes for redox flow battery applications. Moreover, the
work points out the directions for follow up research for each specific parameter (e.g. low
bromine crossover, high power, etc.).
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2.2. Experimental
2.2.1.
2.2.1.1.

Materials
Membranes

The investigated membranes are listed in Table 2.1 and are coded according to (r)XXYYY-Z.ZZ. Where (r) indicates a mechanically reinforced membrane. XX indicates the
membrane material, where PF is LSC PFSA, PV is SPVDF, SP is SPEEK, PE is SPE and PS is
PS/DVB. Y.YY indicates the membrane IEC value in meq/g and ZZZ indicates its thickness in
μm.
In LSC PFSA membranes, the presence of well-connected hydrated ionic pathways
stemming from the organization of their functional groups induces high proton transport (and
thus low resistance) [13]. Reinforced r-LSC PFSA membranes were developed to increase
mechanical strength and reduce swelling degree without negatively affecting the resistance
[12]. The main disadvantage of LSC PFSA membranes is their high cost, associated with
difficult production processes of the perfluorinated polymer [18].
The SPVDF membranes are lower-cost, partially fluorinated alternatives to LC PFSA,
membranes that demonstrate comparable membrane resistances [15]. SPVDF membranes
are prepared using an electron beam grafting process, during which sulfonated monomers
are grafted onto the PVDF backbone. For further cost and carbon footprint reduction,
hydrocarbon-based SPE (electron beamed and sulfonated ultra-high-molecular-weight
polyethylene) and PS/DVB membranes (film cast PS/DVB followed by sulfonation) are
explored [14,15,18].

2.2.1.2.

Chemicals

Sulfuric acid (H2SO4, 96%), sodium chloride (NaCl), phenolphthalein (indicator grade,
98.5%), 1M sodium hydroxide (NaOH), 30 wt% hydrogen peroxide (H2O2), ferrous sulfate
(FeSO4) powder, and deionized ultrapure water (Milli-Q, 18.2 MΩ·cm) were purchased from
Boom Lab, NL. Deionized water (0.00 μS/cm conductivity) was prepared by using ionexchange resin beds (Wave Cyber, CN). Elemental bromine (Br2, 99.8%) and hydrogen
bromide acid (HBr, 48%) were purchased from Acros Organics, BE. All chemicals were used
without further purification.
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Table 2.1: Membrane codes and chemical structure of the investigated membranes.
Membrane group
Group I [13]
1
PF-0.47-052
2
PF-0.49-110
3
PF-0.82-026
4
PF-0.93-048
5
PF-1.00-103
6
PF-0.95-133

Group II

7

8

rPF-0.70-036

rPF-075-0.81

Membrane base
LSC PFSA
Backbone:
polytetrafluoroethylene;
Functional groups:
sulfonic acid;
With different
thicknesses and IECs
Reinforced
r-LSC PFSA
Backbone:
polytetrafluoroethylene;
Functional groups:
sulfonic acid
Perfluoroalkoxy alkane
reinforcement

Estimated chemical structure

Reinf.:

Polyether ether ketone
reinforcement
Reinf.:

9

rPF-139-0.75

Group III [14]
10
11
12

PV-0.41-054
PV-0.73-055
PV-0.86-056

Group IV [15]
13
14
15
16

PE-0.85-058
PE-0.87-103
PE-1.04-038
PE-1.58-046

Group V [16,17]

17

rPS-2.10-106

18

rPS-2.25-080

19

rPS-2.71-179

Polytetrafluoro ethylene
reinforcement
Sulfonated PVDF
Backbone:
Grafted polyvinylidene
fluoride;
Functional groups:
sulfonic acids;
With different IECs
Sulfonated PE
Backbone:
Grafted polyethylene;
Functional groups:
sulfonic acids;
With different
thicknesses and IECs
Special gradereinforced
r-PS/DVB
Backbone:
poly(styrene-codivinylbenzene);
Poly(vinyl chloride)
reinforcement;
Functional groups:
sulfonic acids
With different
thicknesses and IECs

Reinf.:

Reinf.:

-(CH2-ClCH)-
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2.2.2.

Membrane characterization
Ion exchange capacity, water uptake, and thickness

2.2.2.1.

The IEC indirectly tells the number of functional ion exchange groups in the membrane.
To determine the IEC value, an acid-base titration method is applied using phenolphthalein
as an indicator [19].
The water uptake (%) is represented by the percent change of the membrane weight
after immersion in a water bath. To determine the membrane water uptake and thickness, a
2.5 cm diameter membrane sample in H+ form was immersed in 100 ml of deionized water
for at least 48 h at room temperature. Then, the membrane was wiped with a tissue to
remove excess water. The weight of the membrane was measured immediately after wiping
(in the wet condition). Subsequently, the membrane was dried in an oven at 60 °C for 24 h
and weighed again. The water uptake of the membrane was calculated with the following
equation:

Water uptake ሺwt%ሻ = 

wwet -wdry
wdry

൨ x100%

[2.1]

Where wwet is the weight of the wet membrane (g) and wdry is the weight of the dry
membrane (g). The wet thickness of the water-swollen membrane is determined using a
screw micrometer. The water uptake can be normalized based on the wet membrane
thickness (normalized water uptake, cm−1) to exclude the effect of membrane thickness as
follow:
water uptake

Normalized uptake = ቂ

2.2.2.2.

ଵΨtwet

ቃ

[2.2]

Oxidative stability

The chemical stability (δ) represents the membrane stability in a strong oxidative
environment and was tested with Fenton’s reagent and bromine electrolyte. 2.5 cm diameter
dry membrane sample was weighted first and then immersed in 100 ml Fenton’s reagent (a
mixture of 30% H2O2 and 20 ppm FeSO4) or 100 ml electrolyte solution (1M Br2/ 2M HBr) at
room temperature for 72 h or 720 h, respectively. After that, the membrane was washed
three times with 50 ml deionized water to remove excess reagent and dried in an oven at 50
°C overnight. The membrane oxidative stability (%) was quantified as the change in dry
weight relative to the original dry weight:
δ=

wdry
wfresh

· 100%

[2.3]
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Where wdry is the weight of the dry membrane after treatment (g) and wfresh is the weight of
the dry native membrane (g).

2.2.2.3.

Membrane area resistance and specific resistance

The membrane area resistance (R) was determined by AC impedance spectroscopy
(IviumStat, Ivium Technologies, The Netherlands). The through-plane measurements were
done with a 0.79 cm2 active area test cell. A 2.5 cm diameter membrane sample in H + form
was clamped between two brass electrodes and the impedance was measured from 1 Hz to
100 kHz and the impedance spectrum was measured at 0.01 V. The resistance value was
obtained from the high-frequency intercept of the impedance with the real axis, while the
area resistance (Ω·cm2) was obtained by multiplying the resistance with the active membrane
area.
The specific resistance (Rspec, Ω·cm) was subsequently calculated by normalizing the area
resistance for the membrane thickness, according to:
Rspec =

A·R
twet

[2.4]



Where twet is the thickness of the wet membrane (cm), A is the active area of the membrane
(cm2) and R is the resistance of the membrane (Ω).

2.2.3.

Hydrogen-bromine flow battery performance

To assess the hydrogen-bromine flow battery performance, a 3.14 cm2 active area HBFB
cell made of titanium alloy grade two with a 1 mm thick chamber at each side was used. The
cell cathode consisted of four layers 0.4 mm Spectracarb™ (Engineered Fibers Technology,
US) as liquid diffusion layers. The cell anode consisted of a 0.2 mm Spectracarb™ layer, a 1
mm porous titanium (Bekaert, NL), and 0.2 mm platinum (0.3 mg/cm2 loading) coated
Spectracarb™ layer, (Fuel Cells Etc, US) as gas diffusion layers. The cathode and anode were
separated by the cation exchange membrane under study. Hydrogen gas at a constant
pressure of 2 bar was fed into the anode and 1 M Br2/2 M HBr solution was circulated over
the cathode at a flow rate of 300 mL/min by a diaphragm pump (KNF, NL). The circulating
electrolyte was kept at 25°C with a thermostatic water bath.

2.2.3.1.

Open circuit voltage and permselectivity

With the setup described above, the open-circuit voltage (OCV), i.e. the difference
between the electrochemical potentials of the reactive materials in the absence of current,
was measured five times during one week (once each day). Average values are reported in
table 2.
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2.2.3.2.

Experimental power density

Polarization measurements in the HBFB cells were conducted with a BK8540 power load
for the discharging mode and a BK9111 power source for the charging mode (BK Precision,
US). Discharging and charging were done with a current step change of 200 mA until the
cut-off voltage was reached; 0.5 V for discharging and 1.4 V for charging. To eliminate the
mass transfer losses, each measurement was done for ±5 seconds five times a day until the
stable performance was observed.

2.2.3.3.

2

Bromine species crossover

The diffusive bromine species crossover (mg/cm2·h) was determined ex-situ with a twocompartment titanium cell with a volume of 100 ml for each compartment. The membrane
understudy with an effective area of 37.4 cm2 separated the two compartments. Before each
experiment, the membrane was equilibrated in deionized water for at least 5 h. 100 ml of 1
M Br2/2 M HBr solution was circulated over one of the compartments, and deionized water
circulated over the other. All measurements were performed at room temperature. The
increased concentration of acidic HBr-Br3- in the initially deionized water reservoir was
measured online with a pH meter (SPARK SLS PS-2008A and pH electrode PS-2102, Pasco,
US) every 10 minutes for 5 h. After 5 h of measurement, the elemental bromine concentration
in the deionized water was measured with UV-Vis (VWR® UV-1600PC spectrophotometer
(VWR CATALYST, US)) at a wavelength of 382 nm. The volume change due to osmotic water
transport was monitored and used to correct the bromide ion concentrations. The bromide
species crossover (mg/cm2h) is calculated with the following formula:
j =

-

[HBr-Br3 ] · V · M
A·t

[2.5]

Where [HBr-Br3-] is the bromide species concentration (mol/L), V is the remaining deionized
water volume (L), M is the bromide species molecular weight (mg/mol), A is the active area
of the membrane (cm2), and t is the measurement time (h).

2.3. Results and discussion
2.3.1.

Characterization of various membranes

Table 2.2 shows the result of the ex-situ characterizations of all samples. In general, a
distinct tradeoff relation between area resistance, dry thickness, water uptake, and IEC
exists, where the area resistance decreases with decreasing thickness and increasing IEC and
water uptake. The effect of dry thickness, water uptake, and IEC on OCV is less pronounced

34

CHAPTER 2. PERFORMANCE MAPPING

because the OCV is also determined by the electrolyte content in the membrane, the
hydrogen pressure, and the operating temperature.
Table 2.2: Properties of various membranes (Membrane code: (r)XX-Y.YY-ZZZ: (r) indicates
reinforcement, XX indicates the membrane type, Y.YY indicates the IEC value in meq/g and ZZZ indicates
the dry membrane thickness in μm).
No.

Membrane

twet
(μm)

Group I: LSC PFSA
1
PF-0.47-052
53
2
PF-0.49-110
112
3
PF-0.82-026
27
4
PF-0.93-048
51
5
PF-1.00-103
113
6
PF-0.95-133
139
Group II: reinforced r-LSC PFSA
7
rPF-0.70-036
38
8
rPF-0.81-075
84
9
rPF-0.75-139
151
Group III: SPVDF
10
PV-0.41-054
58
11
PV-0.73-055
57
12
PV-0.86-056
61
Group IV: SPE
13
PE-0.85-058
63
14
PE-0.87-103
116
15
PE-1.04-038
44
16
PE-1.58-046
60
Group V: reinforced r-PS/DVB
17
rPS-2.10-106
117
18
rPS-2.25-080
88
19
rPS-2.71-179
203

Water
uptake
(%)

R
(Ω·cm2)

Rspec
(Ω·cm)

OCV
(V)

H2O2*

Br2/HBr

3.1
8.2
3.9
9.1
18.3
14.4

0.42
0.52
0.16
0.19
0.22
0.23

80.2
46.2
60.4
36.5
19.9
16.5

1.012
1.016
1.011
1.012
1.014
1.014

100
100
100
99
100
100

99
99
99
99
99
99

4.7
9.6
10.6

0.16
0.19
0.28

43.4
23.1
18.4

1.012
1.014
1.014

100
95
100

98
98
99

4.5
8.8
12.2

0.89
0.24
0.23

153.4
42.1
37.7

1.014
1.013
1.013

98
88
85

100
99
98

20.0
15.7
25.3
49.7

0.37
0.82
1.05
0.69

58.2
70.5
239.5
115.0

1.011
1.011
1.014
1.012

80
82
76
67

98
98
96
99

32.1
30.7
40.9

0.33
0.26
0.43

28.6
29.3
21.1

1.016
1.018
1.018

87
84
79

86
90
90

δ (%)

The chemical stability is an essential parameter for the HBFB membrane selection. As
expected, Fenton's reagent degrades the hydrocarbon membranes more substantially than
the Br2/HBr solution [14,15]. The SPE and PS/DVB backbone may degrade over time via chain
scission mechanisms, yielding water-soluble fragments. Possibly, the bromination of phenyl
groups could also occur.
The IEC and water uptake of fluorinated membranes (LSC PFSA and SPVDF) are in
general lower than those of non-fluorinated membranes (SPE and PS/DVB) but also show a
lower resistance. LSC PFSA membranes are synthesized into hydrophobic and hydrophilic
blocks, which are microphase separated, resulting in organized ionic pathways formed by the
hydrophilic channels in a hydrophobic matrix. Moreover, these pathways possess high interconnectivity, fewer branches, and only a small distance between the functional groups [13].
The result also suggests a separation between the hydrophobic backbone and hydrophilic
functional groups in SPVDF membranes although to a lower degree compared with LSC PFSA
membranes. This separation leads to a lower resistance at a relatively low IEC value, while
the water uptake is directly related to the IEC value. In general, in hydrocarbon-based
membranes (SPE and PS/DVB), this microphase structure and molecular organization are not
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present, leading to the need for high IEC value to obtain similar resistance values. High IEC
promotes water uptake as well, which leads to lower membrane selectivity. This effect is
observed for the non-organized SPE and PS/DVB membranes: at similar IEC values as the
LSC PFSA membranes, these membranes have higher specific resistances in general.

2.3.1.1.

Characterization of various membranes

Figure 2.2 shows the membrane water uptake as a function of the IEC. As sulfonic acid
functional groups have a strong affinity with water, a higher IEC results in higher water
uptake. For each membrane type, the water uptake increases rather straightforward with
increasing IEC.

60
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Figure 2.2: Membrane water uptake in deionized water as a function of the IEC for a) LSC PFSA, b)
SPVDF, c) SPE and d) PS/DVB membranes.

Due to the higher level of molecular organization, the fluorinated membranes (LSC PFSA
and SPVDF) clearly have lower IEC values (≤ 1.0 meq/g) and water uptake (< 20%) to reach
a reasonable area resistance value than the hydrocarbon (SPE and PS/DVB) membranes (IEC
values of 1.0–3.0 meq/g and water uptake of 15–50%). A certain membrane sulfonation
degree (IEC) is required to induced membrane swelling and well-connected conductive
pathways [13]. Based on the available membranes that are present, the lower limits of IEC
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are 0.5, 1.0, and 2.0 meq/g for LC PFSAs, SPEs, and PS/DVBs, respectively. PS/DVB
membranes demonstrate a lower water uptake at the same IEC value compared with other
membranes. Crosslinking and reinforcement in PS/DVB membranes reduce the membranefree volume and water uptake ability in return for a higher mechanical strength [18].

2.3.1.2.

Correlation between normalized uptake and area resistance
1.2
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0.9

Area resistance (Ω·cm2)

Area resistance (Ω·cm2)
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Figure 2.3: Membrane area resistance as a function of the wet thickness normalized uptake for a) LSC
PFSA, b) SPVDF, c) SPE and d) PS/DVB membranes.

Figure 2.3 shows the membrane area resistance as a function of the normalized uptake.
Since the area resistance is a function of wet thickness, the wet thickness is included in the
water uptake to compare these two properties equally. For all membrane types, the area
resistance decreases with increasing normalized uptake. The same type of graph can be
made for the normalized IEC instead of the normalized uptake on the x-axis, but the
correlation between normalized uptake and area resistance (R2 = 0.85) is somewhat stronger
than that between normalized IEC and area resistance (R 2 = 0.62), because the normalized
uptake also includes the chemical nature of the membrane polymer and its molecular
organization in e.g. hydrophilic and hydrophobic domains, while the IEC does not.
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Figure 2.3 shows that LSC PFSA membranes have the best normalized uptake-area
resistance tradeoff compared to the other types. This is mostly due to the high level of a
molecular organization [13], as discussed above. SPVDF membranes are the preferred second
class of membranes regarding this tradeoff. The PV-054-0.41 membrane has significantly
higher area resistance than the other SPVDF membranes due to its lower IEC value, which is
not sufficient to create a percolating ionic path and good interconnectivity thus resulting in a
high membrane area resistance.
SPE membranes can be classified into two types: type I SPE membranes have a
significantly lower area resistance than type II SPE membranes although all membranes have
the same polymer backbone and functional groups. There are two probable reasons for the
difference in area resistance-normalized uptake tradeoff; i.e. a different polymer base
supplier or different grafting monomer [15,16]. At the same area resistance, type II has a
higher normalized uptake, so obviously, the base materials used in type I reduces uptake
and decreases the area resistance, which may suggest a better microstructure of the base
polymer or an enhanced molecular organization due to better grafting monomers for type I
membranes. Unfortunately, this reasoning cannot be verified due to non-disclosed detailed
information about membrane chemistry.
Compared with the LSC PFSA membranes, PS/DVB membranes (figure 3 d) have a higher
normalized uptake at the same area resistance. At the same time, these membranes show
the least effect of the area resistance to the normalized uptake. These properties imply a lack
of segregation between hydrophobic and hydrophilic domains [13].

2.3.1.3.

Correlation between normalized uptake and open-circuit voltage

The membrane permselectivity is the ability of the membrane to discriminate between
cations and anions. The ideal OCV, which is based on the Nernst equation, is 1.087 V. The
observed OCV is lower because the ideal OCV does not take the higher valance Br- ions (such
as Br3- and Br5-) equilibrium into consideration. Figure 2.4 shows the OCV as a function of
the normalized uptake.
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Figure 2.4: OCV as a function of the wet thickness normalized uptake for a) LSC PFSA, b) SPVDF, c)
SPE and d) PS/DVB membranes.

Figure 2.4 shows that the effect of normalized uptake on OCV, and thus permselectivity,
is limited, although a slight decrease with increasing normalized uptake for fluorinated
membranes is observed. The reason for this is that the OCV is predominantly determined by
the electrolyte composition, the hydrogen pressure, the operating temperature, and
especially the long-term bromide species crossover, while the membrane permselectivity
difference in this work is not apparent.

2.3.1.4.

Correlation between normalized uptake and bromide species
crossover

Figure 2.5 shows the OCV as a function of the bromide species crossover. In this graph,
the data of membrane PS-0823 are excluded as this membrane shows an extremely high
crossover (20.71 mg/cm2·h). The data suggests that the PS-0823 membrane has nanoporous ionic pathways of the larger cross-section due to the high sulfonation degree and
surfactant coating treatment [19] thus inducing an extremely high bromide species crossover.
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Figure 2.5: OCV as a function of bromide species crossover.

Figure 2.5 shows a slight trend of higher bromide species crossover with lower OCV,
which is in line with theory [20], however, the correlation is weak. On the other hand,
bromide species crossover is highly dependent on normalized membrane uptake (Figure 2.6).
It is clear that in all cases, a higher normalized uptake results in a higher bromide species
crossover. A higher bromide species crossover naturally means a lower permselectivity.
Higher normalized uptake can originate from a higher number of ionic pathways but can also
be the consequence of a stronger uptake of a lower number of ionic pathways. It is likely,
that the water uptake of the investigated membranes especially occurs in existing ionic
channels that become wider upon more water uptake, leading to high bromide species
crossover. This appears to be the case for all investigated membranes.
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Figure 2.6: Bromide species crossover as a function of normalized uptake for a) LSC PFSA, b) SPVDF,
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2.3.1.5.

Correlation between membrane area resistance and cell peak
power density

The resistance of an HBFB cell consists of an ohmic and a non-ohmic resistance part.
The ohmic resistance is composed of the membrane resistance, the resistance of the current
collectors, and that of the electrodes. As the current collectors and the electrodes are made
of conductive materials, the contribution of the membrane resistance to the total ohmic
resistance is dominant [12]. The non-ohmic resistances are due to activation, kinetic, and
mass transfer losses induced by the chemical reactions at the electrodes. Since the cell
architecture is identical for each investigated membrane, the difference in cell performance
is governed by membrane area resistance. Figure 2.7a shows the cell peak power density as
a function of the membrane area resistance for all membranes investigated. Lower area
resistances clearly result in higher cell peak power densities.

Peak power density (mW/cm 2)
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Figure 2.7: Cell peak power density as a function of the membrane area resistance for a) all samples,
b) fluorinated membranes, and c) hydrocarbon membranes (dotted line is a linear fit of the data and
added to guide the eye).

The correlation between membrane area resistance and cell peak power density is more
pronounced when only fluorinated membranes (figure 2.7b) or only hydrocarbon membranes
(figure 2.7c) are considered. In general, the fluorinated membranes give higher peak power
densities than the hydrocarbon ones.
The type of binder used to prepare the membrane electrode assemblies (MEAs) for HBFB
operation may influence the total resistance. In all cases, the binder used is an LSC PFSA
ionomer. LSC PFSA membranes may thus have an advantage over other membranes.
Chemical similarity between binder and membrane polymer enhances the interaction and
compatibility of the membrane, the platinum catalyst, and the electrodes, which increases
the contact and improves performance [21]. Probably, also the SPVDF membranes benefit
from this effect, whereas the hydrocarbon-based membranes are negatively affected.
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2.3.2.

Performance mapping of various membranes for HBFBs

Cell resistance, resulting in power densities, and bromide species crossover are the result
of membrane properties and they have a strong impact on the HBFB performance. Figure 2.8
presents the performance map for the membranes investigated in this study.
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Figure 2.8: Cell peak power density as a function of the bromide species crossover for the different
membranes investigated. The blue area represents the most promising membranes for HBFB
operation.

For HBFB technology, a high peak power density combined with a low bromide species
crossover is essential. Most promising are those membranes that are located at the upper
left corner of the graph (blue area). It is clear that three LSC PFSA membranes (number 4,
5, and 6), Reinforced r-LSC PFSA membranes (number 7, 8, and 9), and one SPVDF
membrane (number 11) are promising candidates. Hydrocarbon based type membranes are
less favorable as cell peak power densities are significantly lower or bromide species
crossovers are excessively high.
The weight of the reinforcement in reinforced r-LSC PFSAs is included in the experimental
determination of the IEC. This implies that the actual IEC is somewhat higher than the values
given in figure 2.9 and comparable to the IEC of the non-reinforced counterparts, which is
confirmed by the supplier. A systematic visualization of the effect of reinforcement of LSC
PFSA membranes in terms of bromide species crossover and membrane area resistance is
shown in figure 2.9.
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For a thin LSC PFSA membranes (thickness around 30 μm), the reinforcement reduces
the crossover significantly while the area resistance remains comparable. At higher
membrane thicknesses, the positive contribution of the reinforcement decreases; bromide
species crossover reduction decreases, and area resistance increases. Obviously, the thin
rPF-036-0.70 benefits most from the reinforcement. We submit that the use of reinforcement
in LSC PFSA based membranes serve to reduce the swelling and water uptake in LSC PFSA
under HBFB conditions, thus increasing the selectivity. The 75 μm thick reinforced r-LSC PFSA
membranes are excellent candidates for the HBFB.

2.4. Conclusions
Various membrane properties and membrane performance in HBFB applications for
nineteen available cation exchange membranes were systematically investigated. Especially,
the membrane water uptake plays an important role in the HBFB performance and influences
both the resistance and the bromide species crossover. For all membranes, the water uptake
correlates with the number of functional groups and the chemical nature of the membranes.
LSC PFSA membranes clearly perform better in HBFBs than other membrane types. LSC
PFSA membranes have significantly lower bromide species crossover combined with high
peak power densities caused by the microphase separation of hydrophobic and hydrophilic
domains in the membrane leading to well-defined ionic pathways and low resistances for
proton transport. SPVDF membranes have also nano-phase separation morphology due to its
hydrophobic backbone, at a lower degree compared with the LSC PFSAs. In contrast,
hydrocarbon (SPE and PS/DVB) membranes do not have those microphase structures and
molecular organization. LC PFSA membranes with an IEC around 0.8 meq/ g and thickness
of 75 μm or less are preferred for HBFB applications.
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Compared to the other investigated membranes, reinforced r-LSC PFSA membranes have
the best performance tradeoff. The positive impact of reinforcement is more pronounced for
thinner membranes. Since the reinforcement constrains the membrane mechanically, it also
constrains the swelling and uptake thus resulting in narrower ionic pathways accompanied
by a lower bromide species crossover. Reinforced r-LSC PFSA membranes are thus attractive
and preferred membranes to be applied in HBFB applications.
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The addition of bromine complexing agent (BCA) to bromine electrolyte is an accepted
method to reduce bromine vapor pressure making bromine-based flow batteries inherently
safer. It is well-known that the amine functional group of the BCAs interacts with Nafion®
membranes. The novelty of the current work is that it investigates how this interaction of
BCA with the four different membrane chemistries impacts the membrane characteristics and
performance of hydrogen bromine flow batteries (HBFBs).
The impact of BCA 13 on the system performance is determined by the membrane
chemistry. Exposure of Nafion® membranes to BCA leads to 60% higher cell resistance, and
55% lower cell power density at 0.5 V at 50% state-of-charge (SOC). This decrease is caused
by the strong interaction between the negatively charged sulfonic acid groups in the
membrane and the positively charged BCA. Lower SOC, lower bromine concentration, and a
higher free BCA concentration is detrimental in the cell operation. The use of Nafion ®
membranes in the presence of BCA ions should be avoided. while BCA in combination with
grafted sulfonated polyvinylidene fluoride (SPVDF) or grafted sulfonated polyethylene (SPE)
membranes promising HBFB results are obtained.

Based on: Y.A. Hugo, N. Mazur, W. Kout, F. Sikkema, Z. Borneman, K. Nijmeijer, Effect of Bromine
Complexing Agents on Membrane Performance in Hydrogen Bromine Flow Batteries, J. Electrochem. Soc.
166 (2019) A3004–A3010.
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3.1. Introduction
Higher flexibility in the power grid is required to accommodate the increasing renewable
energy share from intermittent sources. Electricity storage acts as a mediator between
variable sources and variable loads. Currently, electricity storage technologies are not
economically attractive [1].
Flow batteries decouple its power rating from its energy capacity and they promise costeffective electricity storage solutions. In a flow battery, the reactive materials are present in
flowing media while the electrodes are inert. Consequently, the energy storage capacity is
determined by the volume and concentration of the reactive materials, while the power
output is determined by the active area of the electrodes.
The hydrogen bromine flow battery (HBFB, figure 3.1) is one of the most promising flow
battery technologies due to a high power density, good energy density, and low reactive
material costs [2]. During the charge mode, hydrobromic acid is oxidized at the liquid side to
form bromine and two protons. The protons migrate through the membrane to the gas side
and are reduced to hydrogen gas. During the discharge mode, the reverse reactions occur.

Figure 3.1: Schematic diagram of an HBFB cell with its component.

The general charge and discharge reactions are as follows:
charge

2HBr(aq) ሳልልልልልልሰ
H2 + Br2(aq),
ሯልልልልልሴ

E0,cell = 1.098 V

discharge

In fact, the HBr/ Br- (207 nm), Br3- (266 nm), and Br2 (390 nm) are present in the
electrolyte. The bromine dissolves well in HBr solutions through the formation of Br 3- that
based on the following equilibrium [3]:
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-

[Br3 ]
=16
ሾBr2 ሿ∙[Br- ]

The highest ever reported peak power density of an HBFB cell is 1.5 W/cm2 at 80 °C [4].
The reasons for its high power density are the high reactivity of bromine, as well as the rapid
hydrogen evolution/oxidation reactions in the presence of a platinum catalyst. It shows an
energy density of 70 Wh/L at a 2 M bromine concentration [2]. Hydrogen and hydrobromic
acid are commodity products at less than €20/kWh [2]. Accordingly, the development of highpower density and durability HBFBs with > 1 W/cm2 peak power density and 20 years of an
operational lifetime is a promising route in the energy transition towards a more sustainable
world. In this aspect, membrane area resistance and selectivity (crossover rate) play an
important role in the HBFB peak power density and durability, respectively.
In general, the bromine electrolyte must be safely stored because of its high bromine
vapor pressure and the toxic nature [5]. Moreover, in case of an accident, where the
electrolyte is released from the HBFB system, a bromine cloud is formed that is difficult to
contain and handle. For these reasons, bromine concentrations and operating temperatures
are kept at a moderate level, although higher concentrations and operating temperatures are
preferred from a kinetic and energy density point of view.
The utilization of bromine complexing agent (BCA), e.g. 1-butyl 3-methylpyridinum
bromide (BCA 13), N-ethyl N-methylmorpholinium bromide (MEM) or N-ethyl-N-methyl
pyrrolidinium bromide (MEP) is an industrially accepted and well-known method to reduce
bromine vapor pressure to make bromine-based flow batteries inherently safer [6]. Moreover,
BCA in the electrolyte improves electrolyte energy density, by allowing high bromine
concentrations. BCA is used to sequestrate bromine in different stoichiometries, BCA-Br3,
BCA-Br5, or BCA-Br7 [7]. The formation of BCA-Br drastically decreases the bromine vapor
pressure above the electrolyte solution [6, 8]. A two-phase immiscible (viscous) and an
aqueous system are formed in BCA containing electrolyte solutions. The BCA-Br is present as
a high-density immiscible phase while the aqueous phase consists of a relatively low
concentration of Br3-, Br5- or Br7- and HBr.
The sequencing reaction can be described as:

-

-

1/2/3 Br3 + BCA + Br

charge

ሳልልልልሰ

discharge

ሯልልልልልሴ

-

BCA(Br(3-5-7) ) + 1/2/3 Br

During the charge mode, the produced bromine/tribromide reacts with free BCA ions and
forms an immiscible solution. During the discharge mode, the bromine/tribromide is
consumed and the BCA starts to release free tribromide ions to the aqueous solution until all
sequestered bromine is dissociated. Thus, the reversibility of the reaction is crucial.
Despite its advantages, sequestering of bromine has serious drawbacks in bromine-based
batteries that make use of long-chain perfluorosulfonic acid (LC PFSA) membranes, as the
amine-entity of the BCA interacts with the PFSA polymer [9, 10]. Poon et al. [8] measured,
in vanadium-bromine flow cells, lower overall efficiencies when using BCA complexing agents
compared to flow cells without the use of sequestered electrolyte. They concluded that the
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efficiency drop is due to membrane fouling that is caused by the electrostatic interaction of
the positively charged BCA ions with the negatively charged membrane functional groups.
Winardi et al. [6] also concluded that internal charge compensation resulting in increased
membrane resistance and decreased cell voltage was the main reason for the efficiency drop.
The nature of this decrease in performance was not further investigated though.
Although the interaction between PFSA and the amine functional group of BCA is thus
well known, detailed studies on the relationship between these interactions and the
membrane material in relation to the HBFB performance are lacking. In this study, we,
therefore, investigate the impact and especially the elucidation of this interaction on the
membrane properties in relation to the membrane chemistry and finally its impact on HBFB
performance. More specifically, the novelty of our work is that we investigate how this
interaction of BCA with the membrane impacts the membrane characteristics (e.g. ion
exchange capacity, ohmic resistance) and how that impacts the performance parameters
(e.g. proton conductivity, power). We extend this to four different membrane chemistries to
increase the fundamental insight of these interactions in relation to membrane chemistry and
find that the membrane chemistry is a strong tool that can be used to mitigate the negative
effect of BCA interactions. Although these fundamental aspects were not addressed in
previous work, they are essential to elucidate to improve the performance in the actual
energy storage application.

3.2. Experimental
3.2.1.
3.2.1.1.

Materials
Membranes

Based on our previous research [12], we selected four membrane types with different
chemistries: long side-chain perfluorosulfonic acid (LSC PFSA), reinforced r-LSC PFSA,
sulfonated polyvinylidene fluoride (SPVDF), and sulfonated polyethylene (SPE) membranes.
The investigated membranes are coded as follows: (r)XX-Y.YY-ZZZ, where (r) indicates
reinforcement. XX is the membrane material, Y.YY is the IEC in meq/g and ZZZ is the dry
membrane thickness in μm. Table 3.1 shows the chemical structure of the four investigated
membrane materials including the code abbreviation.
The LSC PFSA (Nafion®) membrane from DuPont (US) is well-known for its low resistance
and excellent chemical stability [13]. Its low resistance results from the distinct nano-phase
separation of hydrophobic domains and hydrophilic interconnected hydrated ionic pathways.
Nafion® serves as the benchmark as it is the most commonly used membrane for HBFBs. Its
reinforced counterpart (reinforced r-LSC PFSA; Fumasep®) from Fumatech (DE) has a
polyether ether ketone (PEEK) reinforcement to reduce membrane swelling and improve
mechanical strength. It is a relatively thick membrane with low crossover rates. It shows
promising results in terms of tribromide/bromine selectivity and mechanical strength [12,
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13]. In our previous study [12], we also identified SPVDF and SPE membranes as promising
candidates for HBFB applications and there are thus selected to extend the study to other
materials chemistries and membrane characteristics for HBFB systems. The SPVDF
membrane is an electron beam grafted PVDF polymer film that contains grafted sulfonated
monomers [14]. In SPVDF the mechanical strength is provided by the PVDF polymer
backbone, while sulfonated grafted monomers enable proton conductivity. This membrane
emerges as a potentially lower-cost alternative for Nafion® because the membrane resistance
is comparable to those of Nafion® membranes. The SPE membrane is based on ultra-highmolecular-weight polyethylene and is prepared in a similar way as SPVDF [15]. The SPE
membrane has the highest potential in terms of production cost and environmental
friendliness because the production process of hydrocarbon membranes is easier and less
hazardous than that of the fluoropolymer membranes. Both the SPVDF and SPE membranes
are non-commercial products. These are supplied by a third party that cannot be mentioned
due to confidentiality reasons, but similar grafted membranes are available from Gaia
membranes, CH.
Table 3.1: Investigated membrane codes and chemical structure.
Membrane

PF-0.93-048
[11]

Membrane base
Long side chain (LSC)
PFSA
Backbone:
polytetrafluoroethylene;
Functional groups:
sulfonic acid

rPF-0.77-075

Reinforced
r-LSC PFSA
Backbone:
polytetrafluoroethylene;
Functional groups:
sulfonic acid;
Reinforcement:
polyether ether ketone

PV-0.71-055
[12]

Sulfonated PVDF
Backbone:
Grafted
polyvinylidene
fluoride;
Functional groups:
sulfonic acids

PE-0.85-058
[13]

Sulfonated PE
Backbone:
Grafted polyethylene;
Functional groups:
sulfonic acids

Dominant general chemical structure

Reinforcement:
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3.2.1.2.

Chemicals

Elemental bromine (Br2, 99.8%) and hydrobromic acid (HBr, 48%) were purchased from
Acros Organics, BE. As for the BCA, 1-Butyl 3-methylpyridinum bromide (BCA 13, 86 wt.%;
figure 3.2) was supplied by ICL-IP, NL, and was selected.

Figure 3.2: Molecular structure of 1-Butyl 3-methylpyridinum bromide (BCA 13) [9].

As a reference solution, an electrolyte solution consisting of 0.90 M Br 2/1.80 M HBr was
used. The selected membranes were subjected to various state-of-charge (SOC) as depicted
in table 3.2 and figure 3.3.
Before use, all membranes were converted to the protonated form by immersing them
in a 100 mL 1 M H2SO4 solution for 24 h. Sodium chloride, phenolphthalein (indicator grade,
98.5%), and 1 M sodium hydroxide all purchased from Boom Lab, NL were used as received
to determine the IEC. Ultrapure water (Milli-Q, 18.2 MΩ·cm) was purchased from Boom Lab
and used to prepare the solutions. All sample washing procedures were carried out using
deionized water (0.00 μS/cm conductivity) prepared with ion-exchange resin beds (Andela
Watertechniek, NL).
Table 3.2: The electrolyte solutions including the composition and SOC.
Electrolyte
Normal

Sequestered

Br2 [M]
0.9
0.90
0.72
0.54
0.36
0.18
0.00

Composition
HBr [M]
BCA [M]
1.80
0
1.80
0.50
2.16
0.50
2.52
0.50
2.88
0.50
3.24
0.50
3.60
0.50

SOC (%)
50
50
40
30
20
10
0
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Figure 3.3: Visual appearance of the sequestered electrolyte solution at 10%, 20%, 30%, 40%, and
50% SOC.

3.2.1.3.

Hydrogen-bromine flow cell

For the HBFB cell construction, four layers 0.4 mm Spectracarb™ (Engineered Fibers
Technology, US) carbon paper were used as the liquid diffusion layer (cathode). 0.2 mm
Spectracarb™ carbon paper, 1 mm porous titanium (Bekaert, NL), and 0.2 mm gas diffusion
electrode with 0.3 mg/cm2 platinum on carbon catalyst loading (Fuelcells etc, US) were used
as the gas diffusion layer (anode). The investigated membrane separates the cell cathode
from its anode.

3.2.2.
3.2.2.1.

Membrane characterization
BCA treatment

The purpose of the BCA treatment is to quantify the effect of free BCA 13 ions on the
membrane properties. For this, membrane samples (2.5 cm diameter) were immersed into
100 mL 0% SOC sequestered electrolyte for 48 h to grasp the full impact of free BCA ions
and then rinsed with deionized water (three times 50 mL) to remove the BCA 13 excess.
Subsequently, the samples were wiped dry to remove excess water. Hereafter the
membranes were characterized in terms of ion exchange capacity (IEC) and area resistance.
The obtained results were compared with the properties of the pristine membranes.
To measure the reversibility of BCA 13 interactions, the membranes are exposed to 0%
SOC electrolyte BCA 13 overnight and afterward rinsed with 2 M HBr (three times 50 mL) to
destroy SO3-BCA complexes.
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Ion exchange capacity

Ion exchange capacity (IEC) measurements of pristine and BCA treated membranes were
performed to quantify the number of sulfonic acid groups in the membrane. Measurements
were carried out with an acid-base titration using phenolphthalein as an indicator [18].

3.2.2.3.

Membrane area resistance

Electrochemical impedance spectroscopy (EIS) (IviumStat potentiostat, Ivium
Technologies, NL) was used to determine the membrane area resistance (R, Ω·cm 2) of
pristine and the BCA 13 treated membranes. The through-plane resistance was measured in
a test cell with an active area of 0.79 cm2 using two brass electrodes. The impedance
spectrum was measured from 1 Hz to 100 kHz at 0.01 V with a 0.01 V amplitude and a 100
mA current range. The resistance was obtained from the high-frequency intercept of the
impedance with the real axis. The area resistance was calculated by multiplying the resistance
by the active membrane area.

3.2.2.4.

Analysis of membrane chemistry

Pristine and BCA 13 treated membranes were analyzed using Fourier transform infrared
spectroscopy (AVATAR 370 FTIR, Thermo Nicolet Corporation, US) at room temperature. The
spectrum was recorded in a range of 4000–400 cm-1 with a 2 cm-1 wave resolution.

3.2.3.
3.2.3.1.

Electrochemical cell characterization
Polarization behavior

An HBFB cell was used to conduct in-situ polarization measurements to investigate the
dynamic membrane-BCA interaction behavior. The HBFB cell (3.14 cm2 active area) was
made of titanium alloy (grade 2) with a 1 mm thick chamber at each side. The cell consisted
of a cathode, an anode, and the membrane. Hydrogen was supplied at 2 bars to the anode
compartment. 250 mL bromine electrolyte was circulated over the cathode at a flow rate of
300 mL/min using a diaphragm pump (KNF, NL). The temperature was kept constant at 25°C
using a thermostatic water bath. Five sequestered electrolyte solutions at different SOCs, as
listed in table 3.2, were investigated. Only the aqueous phase of the sequestered electrolyte
was circulated over the cathode, whereas the immiscible phase remained in the electrolyte
bottle. The cell was conditioned with hydrogen and electrolyte for at least 5 h prior to the
first measurement.
An IviumStat potentiostat in the mixed-mode method was used to monitor the cell
polarization behavior in the range from 0.5 V to 1.35 V with a step size of 0.05 V. The current
was measured for 5 seconds with an interval of 0.2 seconds. The average values were
calculated and are presented in this work.
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3.2.3.2.

Bromine species crossover

To measure the bromine species crossover by diffusion, a two-compartment cell made
of titanium (grade 2) was used. Each compartment was connected to flasks with a volume
of 200 mL. The two compartments were separated by the cation exchange membrane under
study. The membrane had an active area of 37.4 cm2. Prior to the measurement, the
membrane was equilibrated in 2 M HBr for 5 h. The system temperature was kept constant
at room temperature.
In both cases, one compartment of the cell was circulated with 200 mL of 2 M HBr. To
visualize the bromine species crossover as a function of the degree of sequestered the other
compartment was filled with a 200 mL 50% SOC sequestered electrolyte solution. In the
subsequent measurement, it was filled with 200 mL 50% SOC normal electrolyte solution.
The HBr solution (which therefore did not contain any bromine at the onset of the
experiment) went through a 0.2 mm flow cell (Starna, DE) and UV-VIS absorption at 266 nm
(UV-Vis spectrophotometer EU-2600, Shanghai Onlab Instrument, CN) was monitored every
15 minutes for 6 h. The bromine species crossover is detected as tribromide (Br3-) in the HBr
solution. Based on the calibration curve, an increase in absorption value was translated into
a Br3- concentration increase. The bromine crossover (mg/cm2·h) is calculated with the
following formula:
j=

ሾBr-3 ሿ∙V∙Mw

[3.1]

A∙t

Where [Br3-] is the Br3- concentration (mM), V is the volume of the HBr solution (L), Mw is
the Br3- molecular weight (g/mol), A is the active membrane area (cm2), and t is the
measurement time (h).

3.2.3.3.

Cell resistance in discharge mode

The resistance in the HBFB cell (in contrast to the resistance of the single membrane)
was determined immediately after every polarization measurement. In situ EIS
measurements were done at 0.8 V (discharge mode) with a current of 1 A from 0.1 to 100,000
Hz with an amplitude of 0.01 V. The ohmic resistance was calculated from the high-frequency
intercept of the impedance with the real axis. While the charge transfer resistance was
determined by the diameter of the kinetic loop. In this case, the ohmic resistance represents
the sum of bulk build-up material resistances (electrodes and current collectors), contact
resistances, and membrane resistance, while the charge transfer resistance represents the
activation losses of the bromine and hydrogen redox reactions (kinetic reactions
losses/resistances) [19]. As all other parameters are kept constant, in this study, the change
in ohmic resistance corresponds to the change in membrane resistance and the change in
charge transfer resistance corresponds to the change in kinetic reaction rates.
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3.3. Results and discussion
3.3.1.

Interaction between various membranes and BCA

Table 3.3 shows the IEC and area resistance of the different membranes before and after
exposure to BCA (3.60 M HBr/0.50 M BCA 13 (0% SOC) electrolyte solution for 48 h). All
membranes showed lower IEC values and higher area resistances, which suggests ion
exchange of protons with positively charged BCA 13 ions that are subsequently more difficult
to remove or exchange again, as is discussed below. The obtained results are in line with the
previous work for vanadium-bromine flow batteries [13].
Table 3.3: IEC and area resistance of selected membranes before and after exposure to BCA 13.
Membrane
Initial IEC [meq/g]
Final IEC [meq/g]
% IEC change
Initial area resistance
[Ω·cm2]
Final area resistance
[Ω·cm2]
% Area resistance change

PF-0.93-048

PV-0.71-055

PE-0.85-058

0.93 ± 5%
0.03 ± 40%
-97

rPF-0.77-075
0.77 ± 3%
0.17 ± 8%
-78

0.71 ± 3%
0.35 ± 5%
-51

0.85 ± 8%
0.36 ± 8%
-58

0.11 ± 5%

0.17 ± 6%

0.17 ± 5%

0.25 ± 3%

2.39 ± 4%

2.54 ± 5%

0.35 ± 1%

0.46 ± 4%

2004

1420

108

83

The effect of BCA 13 exposure is the highest for the PF-0.93-048 membrane. The IEC
measurements proved that nearly all protons are substituted with BCA ions that block the
fixed charges in the LSC PFSA membrane (as discussed below). Although mechanical
reinforcement in proton exchange membranes is originally introduced to increase the
membrane mechanical strength, the reinforcement (rPF-0.77-075) also results in a slightly
lower deteriorating effect by BCA 13 exposure. Most probably, this is mainly due to the size
exclusion mechanism. The constrained swelling, due to the reinforcement, in the rPF-0.77075 results in narrower ionic pathways, negating the proton substitution with BCA ions to a
certain extent [14].
The PV-0.71-055 and PE-0.85-058 membranes are significantly less affected upon
exposure in terms of an increase in membrane area resistance. Since these membranes have
the same functional group (sulfonic acid) as the PFSA membranes to conduct protons, it
suggests that not only the functional group but also the chemistry of the membrane polymer
backbone plays an important role in the interaction between the charged membrane groups
and the BCA ions. This membrane chemistry results in low membrane affinity towards BCA
ions or the proton substitutions with BCA ions only happened on the surface of SPVDF and
SPE membranes.
As stated before, the LC PFSA membranes (PF-0.93-048 and rPF-0.77-075) display nanophase separation of hydrophobic and hydrophilic domains, creating well-defined ionic
pathways with a high level of a molecular organization [15]. This effect is observed to a
smaller extent in the SPVDF (PV-0.71-055) membrane [20]. The SPE (PE-0.85-058)
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membrane is a fully hydrocarbon-based membrane and the level of molecular organization
is low. Kreuer [15] characterizes the ionic pathways of LC PFSA as wide channels with a low
degree of branching and good connectivity while the ionic pathways of hydrocarbon-based
membranes are narrow channels, highly branched with many dead-end channels.
The fluoroalkyl sulfonic acid group in PFSA has a strong electron-withdrawing effect,
therefore, the LC PFSA functional groups are extremely acidic or superacid groups [21]. In
contrast, the functional ion exchange groups of SPVDF and SPE membranes are attached to
the grafted monomers as the polymer backbone cannot be sulfonated directly. These
functional groups are aryl or alkyl sulfonic acid groups and they are less acidic.
Based on those characteristics, the strong interaction between LC PFSA membranes and
the positively charged BCA 13 is likely caused by the combination of the distinct separation
of hydrophilic and hydrophobic domains (ionic pathways) and functional group acidity of
these membranes. These well-established ionic pathways are sizeable enough to readily
accommodate the BCA 13 molecules, whereas the more random distribution of sulfonic acid
groups in the other types of membranes may not provide this space. The super acidity of LC
PFSA functional groups also may lead to a stronger interaction with the BCA 13 molecules,
thus, both size parameters and acidity of functional groups may play a role.

3.3.2.

Impact of sequestered BCA electrolyte on cell performance and bromide
crossover

One of the main failure mechanisms in HBFBs is the crossover of bromine resulting in a
decrease in cell performance due to the dissolution of the Pt catalyst [22, 23]. Simultaneously,
the use of BCA allows higher bromine concentrations as it reduces the amount of bromine
vapor, but these lower concentrations give rise to slightly lower cell performances as well.
Consequently, the presence of BCA lowers crossover, which is beneficial but simultaneously
slightly decreases performance due to the somewhat lower concentration. Therefore, figure
3.4 shows the effect of the presence of BCA 13 on the relationship between HBFB cell power
density and tribromide crossover. First, the system with a 50% SOC electrolyte without BCA
was measured. Then the electrolyte was replaced with 50% SOC electrolyte with BCA 13 and
the same set of measurements was conducted.
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Power density at 0.5 V (mW/cm 2)

500

PF-0.93-048
400
rPF-0.77-075

300

PV-0.71-055

200

PE-0.85-058

100
0
0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

Tribromide crossover (mg/cm 2·h)
Figure 3.4: Bromine species crossover during HBFB operation versus power density in the absence
(open symbols) or presence (solid symbols) of BCA 13 for the various membranes investigated. Arrows
are added to guide the eye.

In all cases, the systems with BCA 13 clearly show lower bromine crossover rates, which
is beneficial since elemental bromine will dissolve the platinum catalyst [22]. However, for
the LSC PFSA membranes, power densities are significantly lower as well. It has been
validated that the lower crossover is due to a lower effective free bromine concentration,
approximately 0.16 M Br2, in the circulated aqueous phase of the sequestered electrolyte for
all investigated membranes. As the amount of BCA ions interacting with the membrane is
relatively small compared to the total number of moles available, the bulk Br 2 concentration
hardly changes due to these interactions.
Due to this lower bromine concentration in the presence of BCA 13, somewhat lower
power densities are expected. Despite this, it is apparent that the effect of BCA 13 on cell
power density is most pronounced for the LSC PFSA membranes (PF-0.93-048 and rPF-0.77075) and less for the grafted membranes (PV-0.71-055 and PE-0.85-058). These findings
confirm the dominant effect of the presence of BCA 13 on the cell power density compared
to the effect of the slightly lower bromine concentration. The effect of the interaction of BCA
13 with the membrane fixed functional groups is not only visible in a change in membrane
properties, as shown earlier, but also as a decrease in power density for the LSC PFSA
membranes. This implies that only part of the BCA 13 reacts with the bromine species and
that there are still free positively charged BCA 13 ions present in the aqueous phase of the
50% SOC sequestered electrolyte solution that can interact with the membrane functional
groups. These free BCA 13 ions undergo ion exchange with the LSC PFSA membranes,
resulting in an increased membrane resistance (table 3.3) and consequently decreased cell
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power density. The BCA 13 impact on the rPF-0.77-075 membrane is slightly less pronounced
than on the PF-0.93-048 membrane. This is in line with the earlier findings (table 3.3), where
the reinforcement increases the size exclusion of BCA 13 leading to a less pronounced
increase in proton transport resistance.

3.3.3.

Impact of free BCA ions exposure on cell performance and resistance

To address the reversibility of the membrane-BCA interaction, the complexed
membranes are exposed to the HBr solution. These membranes are subsequently
incorporated in a cell and tested with HBr/Br2 50% SOC electrolyte without BCA. Figure 3.5
shows the cell power density at 0.5 V after membrane exposure to positively charged BCA
13 ions, compared with the native ones, for the four investigated membranes.
Figure 3.5 a and b show that LSC PFSA membranes exhibit a significant decrease in cell
power density when exposed to BCA 13, while the grafted membranes do not display that
behavior. Although power densities of LSC PFSA membranes without BCA 13 are significantly
higher than those obtained for the other two membranes, all values become comparable
upon exposure to BCA.
To obtain insight into the cause of this, the data are analyzed in terms of ohmic and
charge transfer resistance of the full HBFB cell (table 3.4). Exposure to BCA 13 increases the
ohmic and charge transfer resistance for LSC PFSA membranes. Consequently, regeneration
with HBr after BCA exposure is unable to remove the BCA 13. Table 3.4 also reveals that, for
LSC PFSA membranes, the decrease in cell power density upon the addition of BCA is
attributed to an increase in both ohmic and charge transfer resistances. The reason for the
increase in ohmic resistance is the inability of the rinsing procedures to remove all positively
charged BCA ions out of the LSC PFSA membranes. These findings suggest that there is a
strong interaction between fluoroalkyl sulfonic acid groups of LSC PFSA membranes and BCA
13 ions. The increase in charge transfer resistance is due to transport limitations in the
membrane. Because of that, the proton transport is lowered thus providing less reactant per
unit time and the consecutive steps (i.e. charge transfer) as well. Contrary to the LSC PFSA
membranes, the grafted membranes do not show a significant change in resistance upon
BCA exposure. Upon exposure, the IEC decreases to a much smaller extent, and with that
also the resistance and thus the proton transport show only a small decrease. Consequently,
the transport of protons is only slightly reduced leading to a smaller increase in both ohmic
and charge transfer resistances only.
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Figure 3.5: Effect of BCA exposure on HBFB power density for a) PF-0.93-048, b) rPF-0.77-075, c)
PV-0.71-055, and d) PE-0.85-0.58 membranes. Data labels reported are the experimental cell power
density values determined at 0.5 V.
Table 3.4: Ohmic and non-ohmic resistances of the HBFB cell with 50% SOC normal electrolyte 1)
before BCA exposure (native) and 2) after exposure to 0% SOC sequestered electrolyte (with BCA 13).
Membrane
PF-0.93-048
rPF-0.77-075
PV-0.71-055
PE-0.85-058

3.3.4.

Ohmic resistance (Ω·cm2)
BCA
%
Native
exposed
increase
0.47
0.63
34
0.50
0.82
64
0.56
0.60
7
0.59
0.58
0

Charge transfer resistance (Ω·cm2)
BCA
%
Native
exposed
increase
0.10
0.15
50
0.13
0.20
54
0.14
0.16
14
0.13
0.12
0

Impact of sequestered electrolyte SOC on cell performance and
resistance

With decreasing SOC of sequestered electrolyte, the concentration of the positively
charged BCA 13 increases in the aqueous phase, while at the same time, the bromine
concentration decreases, and the hydrobromic acid concentration increases. Table 3.5 shows
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the effect of different SOCs of sequestered electrolyte on the cell power density in HBFB
operations for the four investigated membrane types in the presence of BCA 13.
Table 3.5: Experimental cell power densities determined at 0.5V for the four different membrane types
investigated at different SOC values. Detailed Current-power curves are available in the Supporting
Information.
Experimental cell power density at 0.5V (mW/cm2)

SOC
(%)

PF-0.93-048

rPF-0.77-075

PV-0.71-0.55

PE-0.85-058

50
40
30
20
10

166
106
36
18
12

174
112
47
14
9

236
168
125
76
62

209
171
131
85
63

Table 3.5 clearly shows a strong decrease in experimental power density at the lower
SOC values for especially the LSC PFSA membranes, while the effect is less strong for the
two grafted membrane types. In the normal electrolyte system, a lower SOC results in a
gradual decrease in the cell power densities [24]. This is due to the lower reaction kinetics
at lower bromine concentrations and the higher membrane resistance due to dehydration in
the more acidic environment [25]. However, LC PFSA membranes suffer from significant cell
power density decrease at a SOC below 40%, confirming the earlier results of BCA 13
interaction with the strong acidic groups in the LSC PFSA membranes.
EIS was used to investigate in more detail the change in cell resistance with decreasing
SOC of the sequestered electrolyte. Table 3.6 shows the effect of SOC on cell ohmic
resistance (intrinsic component resistances) and charge transfer resistance (kinetic
resistances).
In line with the significantly lower power density at low SOC for LSC PFSA membranes,
both ohmic and charge transfer resistances increase significantly. On the other hand, for the
SPVDF and especially for the SPE membrane, the ohmic resistance barely changes and the
charge transfer resistance increases slightly only. The strong increase in ohmic resistance for
the LSC PFSA membranes compared to the other membranes confirms our earlier findings
that the BCA 13 exhibits a strong interaction with the charged groups in the LSC PFSA
membranes, while only weakly affects the other membranes. Moreover, the membrane
dehydration at high HBr concentration contributes to the increase in ohmic resistance,
however, this effect is minor compared to the decrease due to BCA 13 interaction as
confirmed by the low increase in ohmic resistance of the SPE and SPVDF membranes.
Another aberrant finding is the significantly higher charge transfer resistance of the
reinforced r-LSC PFSA at low SOC (< 30%). It is believed that the high charge transfer
resistance is caused by lower bromine kinetics and/or bromide depletion in the presence of
a high free BCA 13 concentration.
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Table 3.6: Effect of the percentage of SOC sequestered electrolytes on cell ohmic resistance and charge
transfer resistance for the four different membranes investigated.
Membrane
Ohmic
resistance
(Ω·cm2)
Charge
transfer
resistance
(Ω·cm2)

50
40
30
20
10
50
40
30
20
10

%
%
%
%
%
%
%
%
%
%

SOC
SOC
SOC
SOC
SOC
SOC
SOC
SOC
SOC
SOC

PF-0.93-048
0.63
0.80
1.46
2.57
3.67
0.28
0.49
0.81
1.56
2.53

rPF-0.77-075
0.61
0.75
1.34
2.10
2.75
0.26
0.56
0.99
2.88
7.21

PV-0.71-055
0.55
0.57
0.61
0.71
0.85
0.21
0.30
0.43
0.72
0.99

PE-0.85-058
0.55
0.55
0.55
0.56
0.62
0.25
0.35
0.52
0.91
1.70

3.4. Conclusions
For the utilization of BCA 13 in HBFBs, the type of membrane is essential. The differences
in membrane chemistry determine the effect of BCA 13 on the membrane and HBFB
performance. BCA increases the resistance of LC PFSA membranes. This increase in
resistance is due to a virtually persistent ion exchange reaction between the membrane
negatively charged sulfonic acid functionalities and the positively charged BCA 13 ions. The
conclusion is that the different degree of interaction of LC PFSA membranes and grafted
membranes with BCA 13 is a consequence of the ionic pathway distribution and width and
the sulfonic acid strength. In line with this, the introduction of sequestered electrolyte to an
HBFB system reduces the cell power density and increases cell resistances, both ohmic and
charge transfer, significantly when LSC PFSA membranes are used. The effect is significantly
less pronounced for the grafted membranes. Attempted regeneration of LSC PFSA
sequestered with BCA 13 using repeated 2 M HBr rinsing was ineffective but was shown to
regenerate grafted membranes. The study on the effect of various SOCs on cell power density
and cell resistance re-confirmed our finding that the grafted membranes have a weak
interaction with BCA 13. Despite their high power densities in the absence of BCA, utilization
of LSC PFSA membranes in the presence of BCA 13 should be avoided. Grafted SPVDF and
SPE membranes are promising alternatives for BCA 13 sequestered electrolyte HBFB systems.
For that, the long-term cycling performance of these grafted SPVDF or SPE membranes needs
to be studied in more detail.
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Supporting Information
SI 6.6.

Fourier-transform infrared spectroscopy

FTIR identification of the following chemical bonds was performed to confirm the previous
hypothesis: aromatic N=C (1640-1680 cm-1), aromatic C=C (1500-1600 cm-1), aromatic C–H
(3000 cm-1), and aliphatic C–H (2900 cm-1) bonds. All four peaks are found in BCA treated
LSC PFSA membranes, while only the peak at 1650 cm-1 is found in PV-0.71-055 and no
peaks are found in PE-0.85-058. Thus, qualitatively, much higher amounts of BCA 13 are
present in LSC PFSA membranes than in the others.
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Figure SI 3.1: FTIR spectra of a) PF-048-0.93, b) rPF-075-0.77, c) PV-055-0.71, and d) PE-058-0.85
membranes, before and after the two weeks BCA immersion treatment.
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Electro impedance spectroscopy
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SEM image of Nanofiber

The main component of a hydrogen-bromine flow battery (HBFB) is the ion exchange
membrane. Available membranes have a trade-off between the major requirements: high
proton conductivity, low bromine species crossover, and high mechanical and chemical
stability. To overcome this, electrospinning of a high proton conductive polymer (short side
chain perfluorosulfonic acid (SSC PFSA)) and a hydrophobic inert polymer (polyvinylidene
fluoride (PVDF)) was used to electrospin composite polymer fiber mats. Piles of multiple mats
were hot-pressed resulting in dense ion exchange membranes. Membranes with three
different SSC PFSA/PVDF ratios were prepared, characterized, and subjected to short and
long term (1500 hour) HBFB testing. The electrospun membranes have performances very
comparable to those of commercial membranes. A higher SSC PFSA loading gives a higher
membrane proton conductivity but at the expense of higher bromine species crossover. The
SSC PFSA/PVDF (50/50 wt.%) membrane shows a coulombic efficiency of 98%, a voltaic
efficiency of 80%, and an initial available capacity of 105 Ah/L at a current density of 150
mA/cm2, which equals that of the current benchmark long side-chain PFSA membrane. This
performance is constant over 200 cycles during 2 months of continuous HBFB operation.

Based on: Y.A. Hugo, W. Kout, A. Forner-Cuenca, Z. Borneman, K. Nijmeijer, Wire based electrospun
composite short side chain perfluorosulfonic acid/polyvinylidene fluoride membranes for hydrogenbromine flow batteries, Submit. J. Power Sources.
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4.1. Introduction
Integrating renewables into the electricity grid is becoming an agenda of the world
economy. The share of renewables in global electricity consumption is approaching 20% at
present and is predicted to increase further in the future [1]. However, due to their
intermittent nature, this results in a negligible or even negative emission reduction in some
cases [2]. Storage of energy thus is an inherent part of a sustainable energy system.
High power and low-cost hydrogen-bromine flow batteries (HBFBs) are a promising
solution to provide grid system flexibility. The high power stems from the high kinetics of the
bromine redox couple resulting in a peak power density of 1.4 W/cm2, a peak energy
efficiency of 90%, and energy utilization of 93% at 0.45 A/cm2 in a single HBFB cell [3]. The
abundant availability of the reactive material (HBr) makes the HBFB a relatively low cost
system. Singh and McFarland reported that, theoretically, the cost of HBr is only $5.65 per
kWh installed [4].
The HBFB (figure 4.1) is a reversible electrochemical system. In the charge mode, Br- in
an HBr solution at the cathode is oxidized to Br2 due to an applied positive overpotential. The
H+ produced diffuses through the ion exchange membrane (separator) and is reduced at the
anode forming the H2. The Br2 reacts further with Br- to form Br3- until the equilibrium
condition is reached [5]. During discharge, the reverse reactions occur when a load is
connected to the system.
The ion exchange membrane plays an important role: It physically separates the
electrolyte liquid compartment (Br2/ Br3-/HBr solution) from the H2 gas compartment while
allowing H+ to permeate between anode and cathode and vice versa to maintain
electroneutrality.

Figure 4.1: Schematic diagram of an HBFB cell.
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Highly selective membranes are required to reduce the bromine species and hydrogen
crossover, to increase coulombic efficiency, to retain the energy capacity, and to protect the
noble metal catalyst against poisoning. At the same time, highly proton conductive
membranes are important to reduce the ohmic area resistance, to increase power output,
and to increase voltaic efficiency. HBFB membranes require many interconnected ionic
pathways without dead ends and narrow enough to facilitate proton transport while
preventing crossover of larger molecules. Practically, high microphase separation of
hydrophobic and hydrophilic domains is very effective in this respect [6]. This microphase
separation is the main reason why long side-chain perfluorosulfonic acid (LSC PFSA, i.e.
Nafion®) ion exchange membranes perform so well. Figure 4.2a is a cartoon of the LSC
PFSA’s microstructure. Nonetheless, the costs of LSC PFSA are relatively high and contribute
by 38% to the total HBFB stack costs [3,7].

4

Figure 4.2: Cartoon of a) LSC PFSA membrane microstructure, b) SSC PFSA membrane
microstructure, and c) electrospun SSC PFSA/PVDF membrane microstructure. For clarity, Br, in this
case, represents Br-, Br2, Br3-, etc.

Short side chain (SCC) PFSA membranes (figure 4.2b) are increasingly gaining interest
as they show better performance in PEM fuel cell applications. Although the level of
microphase separation of hydrophobic and hydrophilic domains is similar between SSC and
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LSC PFSAs, the lower equivalent weight of the hydrophobic backbone in SSC PFSA enables a
higher number of hydrophilic functional groups in the given polymer matrix and thus results
in a higher charge density [8]. This higher charge density leads to a stronger Donnan
exclusion or selectivity. The higher charge density benefits the repulsion of Br- species
(reduce the crossover rate) [8] while having superior proton conductivity. Moreover, SSC
PFSA membranes are known to be more chemically stable than LSC PFSA membranes due to
the absence of a sub-side chain [9]. However, this SSC PFSA membrane is 19% more
expensive than its long side-chain counterpart LSC PFSA (Fumatech, DE).
The main drawback of SSC PFSA membranes is their high water uptake that results in
wide ionic channels and low selectivity for bromine species (figure 4.2 b). This is highly
unfavorable as bromine degrades the platinum catalyst and decreases the system durability
[6].
To overcome this, high selectivity and low-cost composite LSC PFSA membranes are
being developed. The simplest approach is to blend the LSC PFSA solution with a nonconductive, low cost, and chemically stable polymer solution, such as polyvinylidene fluoride
(PVDF), and subsequently prepare the membrane via solution casting. However, the
performance of these blend-solution cast LSC PFSA/PVDF membranes is poor because of low
proton conductivities [10]. These originate from non-homogeneous mixing of the LSC PFSA
and the PVDF resulting in macroscopic domains of one or the other polymer and a little
interconnected network of ionic pathways and the presence of dead spots [11]. Moreover,
our previous work [9] concludes that reinforced LSC PFSA membranes have superior
properties. The reinforcement limits membrane swelling and is beneficial for the LSC PFSA
membrane selectivity, especially for thin membranes. Compared to blend-solution cast
composite membranes, the reinforced membranes have a higher degree of molecular
organization and better interconnectivity of ionic pathways, which leads to relatively high
proton conductivity. However, the LSC PFSA loading in reinforced membranes is relatively
high and the cost of commercial reinforced membranes is similar to that of native PFSA
membranes [12].
In pursuit of developing high performance–low cost separators for flow batteries,
electrospun membranes are gaining attention. The work to develop nanofiber-based ion
exchange membranes with nozzle-needle based electrospinning was started in 2008 by Choi
et al. [13,14] who developed LSC PFSA based nanofiber electrospun membranes. Due to
insufficient chain entanglements due to the lower molecular weight of PFSA, nanofiber
composite PFSA membranes needed to be prepared with the addition of the carrier polymer
poly(ethylene oxide) Later, Park et al. developed nanofiber composite membranes based on
a Nafion®/PVDF solution that have higher selectivities for protons but lower costs, specifically
for HBFBs [7,10,11]. Compared with blend-solution cast Nafion®/PVDF membranes, single
fiber blend-electrospun Nafion®/PVDF membranes have a better-connected network of ionic
pathways that promote higher proton conductivity but at the same time show high rejection
towards the bromide species. Ballengee and Pintauro showed that the electrospun composite
membranes have distinct bicontinuous Nafion® morphologies (good proton conductivity)
while the tortuosity for bromine species crossover increases (lower bromine species
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crossover) [15]. The next challenge is to decrease the PFSA loading below 80% while
maintaining the high proton conductivity to reduce the membrane cost.
In the present study, SSC PFSA blend electrospun mats are prepared using a wire
electrospinning apparatus followed by hot-pressing of an assembly of such electrospun mats
to obtain dense proton conducting membranes. PVDF (polyvinylidene fluoride) is used as an
inert polymer. Unlike the nozzle based electrospinning apparatus that produces one single
nanofiber at a time, a wire-based electrospinning apparatus was used that produces
hundreds of nanofibers simultaneously [16]. This results in better bicontinuous PFSA
morphologies due to thinner and dissimilar nanofiber distribution, much higher production
capacities, and easier upscaling to a commercial level. Opposite earlier work, we chose SSC
PFSA as the proton conductive polymer. In this case, we hypothesize that highly conductive
electrospun composite membranes can be prepared with a relatively low loading of
conductive polymer (≤ 60%). Figure 4.2 c illustrates the envisaged microstructure of this inhouse electrospun SSC PFSA/PVDF membrane.
The characteristics and performance of these in-house electrospun SSC PFSA/PVDF
membranes are compared with those of commercially available LSC PFSA and reinforced SSC
PFSA membranes. The membranes were evaluated in terms of water uptake, proton
conductivity, bromine species crossover rate, HBFB cell area resistance, and HBFB cell
efficiency.

4

4.2. Experimental
4.2.1.

Electrospun single-fiber blended membrane of SSC PFSA and PVDF

The blended solution consisted of 15 wt.% SSC PFSA in DMF solution (prepared from
fumion® FSLA-725, SSC PFSA dispersion with equivalent weight 700 from fumatech, DE) and
15 wt.% PVDF in DMF solution (prepared from Kynar® 761 powder from Arkema, FR). Three
SSC PFSA/PVDF solutions were prepared with a weight ratio of 40/60, 50/50, and 60/40 via
thorough mixing with magnetic stirring at 80 °C. Table 4.1 summarizes the composition of
the three solutions.
Table 4.1: Solution compositions for electrospinning experiments.
SSC PFSA/PVDF
(wt.%/wt.%)
60/40
50/50
40/60

Mass percentage (%wt.)
SSC PFSA
PVDF
DMF

5.0%
6.0%
6.9%

7.5%
6.0%
4.6%

87.5%
88.0%
88.5%

Electrospun SSC PFSA/PVDF mats were prepared with wire electrospinning apparatus,
NanospiderTM (Elmarco, CZ). The NanospiderTM was coupled with the DDS dehumidification
system (ML270PLUS, Munsters, NL) allowing electrospinning at controlled relative humidity
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and temperature. The mixed solutions were electrospun with an applied voltage of 70 kV and
a distance of 190 mm between two (working and counter) wire electrodes at a relative
humidity of 25±1% and a temperature of 22±0.5 °C. The solution cartridge moved along the
working wire electrode at a speed of 60 mm/s to replenish the mixed solution on the wire.
The working wire electrode-to-collector distance was 150 mm.
Electrospun porous mats (30 x 30 mm2 dimension) were converted into dense and
defect-free membranes by stacking 15 - 20 thin mats and hot-pressing these at approximately
200 bar and 177 °C for 180 s. The hot pressed-dense membranes were cooled down with
water as a coolant for 180 s at approx. 200 bars. For cleaning and protonating purposes, the
samples were then soaked in 1.0 M H2SO4 for 2 h and washed with DI water thoroughly.

4.2.2.

Investigated membranes

Table 4.2 summarizes the polymer composition of the three investigated membrane
materials. At too high SSC PFSA concentrations, the viscosity of the solution is too high for
electrospinning, limiting the percentage of SSC PFSA to 60%. On the other hand, insufficient
SSC PFSA in the blend might lead to poorly interconnected ionic pathways across the
membrane thickness, thus resulting in high resistance. Consequently, the total polymer
concentration was adjusted such that the solutions have a sufficiently high total polymer
concentration but are still electrospinnable.
Table 4.2: Polymer compositions of electrospun SSC PFSA/PVDF membranes.
SSC PFSA/PVDF
(wt.%/wt.%)
60/40
50/50
40/60

Polymer concentration (%wt.)
Total polymer
SSC PFSA
PVDF
11.5%
6.9%
4.6%
12.0%
6.0%
6.0%
12.5%
5.0%
7.5%

Along with the electrospun SSC PFSA/PVDF membranes, two commercially available
membranes with different chemistries (table 4.3) were selected for comparison, namely LSC
PFSA and reinforced r-SSC PFSA. In this case, the LSC PFSA (Nafion®) serves as a benchmark
membrane that is commonly used in HBFBs [3,6,17].
The LSC PFSA membrane (Fumasep® F) from Fumatech uses the Nafion® chemistry. LSC
PFSA membranes have a proven high ionic conductivity and robust mechanical and chemical
stability, making LSC PFSA membranes the state of the art benchmark membrane for
electrochemical applications [19].
Because of its intrinsically higher crystallinity than LSC PFSA, the SSC PFSA membrane
can have higher ionic conductivity, higher charge density, better water retention, and higher
chemical stability [8]. It has a higher IEC value (approx. 1.39±0.04 meq/g) but weaker
mechanical properties requiring reinforcement. Therefore, only reinforced highly sulfonated
SSC PFSA is available in the market, which gives a better proton transport-bromine crossover
tradeoff [6,17].
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Table 4.3: Investigated membranes and corresponding chemical structures.
Membrane

Membrane base

SSC PFSA/
PVDF

Electrospun
singlefiber blended short
side chain PFSA/PVDF
Backbone:
polytetrafluoroethylene;
Functional groups:
sulfonic acid;

EW= 700
g/mol SO3H;
Reinforcement:
polyvinylidene
fluoride;
Thickness:
90 μm

LSC PFSA
[18]

Long side-chain PFSA
Backbone:
polytetrafluoroethylene;
Functional groups:
sulfonic acid;

EW= 1,000
g/mol SO3H;
Thickness:
100 μm

r-SSC PFSA

Reinforced short side
chain PFSA
Backbone:
polytetrafluoroethylene;
Functional groups:
sulfonic acid;

EW= 930 g/mol
SO3H;
Reinforcement:
polyether ether
ketone;
Thickness:
90 μm

4.2.3.

Properties

Estimated chemical structure

Reinforcement:

Reinforcement:

Chemicals

Elemental bromine (Br2, 99.8%) and hydrobromic acid (HBr, 48%) purchased from Acros
Organics (BE) were used to prepare the electrolyte solutions. For membrane conditioning
and ion exchange capacity measurements, sulfuric acid (H 2SO4, 96%), sodium chloride
(NaCl), phenolphthalein (indicator grade, 98.5%), and 1 M sodium hydroxide (NaOH) were
purchased from Boom Lab (NL). All chemicals were used without further purification.
Demineralized water was used for washing and ultrapure water (Milli-Q, 18.2 MΩ·cm) was
used for solution preparation.

4.2.4.
4.2.4.1.

Ex-situ membrane characterization
Scanning electron microscopy

To investigate the microstructure of the electrospun composite mats and the dense
electrospun composite membranes, scanning electron microscopy (SEM) (JSM-IT100
InTouchScope™, Jeol, JP) was used and operated at 15 kV. Cross-sectional samples of the
dense electrospun composite membranes were prepared by the cryogenic breaking of the
wet samples in liquid nitrogen. Before SEM analyses, the samples were Pt sputtered at 80
mA for 80 s with a sputter coater (JFC-2300HR, Jeol, JP).
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4.2.4.2.

Ion exchange capacity (IEC), water uptake and fixed charge density

The membrane ion exchange capacity (IEC) represents the number of functional groups
in a membrane per unit weight of the dry membrane. The IEC was determined by an acidbase titration using phenolphthalein as an indicator [10]. The IEC was calculated with the
following formula:
IEC =

NήV

[4.1]

mdry

Where IEC (meq/g) is the ion exchange capacity, N (mol/L) is the normality of the NaOH
titrating solution, V (ml) is the volume of the NaOH titrating solution, and mdry (g) is the dry
mass of the sample. In the case of reinforced membranes, the measured IEC values are the
gross values since the reinforcement does not contribute to the amount of ion exchange
groups but only adds to the weight.
To determine the membrane swelling degree, the samples were equilibrated in a 2.0 M
HBr solution for at least 24 h. Then the samples were removed from the solution, washed
with DI water, quickly wiped dry with a tissue (KIMTECH, Kimberly-Clark ProfessionalTM,
NL), and their weight was measured with an analytical balance. To achieve the dry values,
the samples were soaked multiple times in DI water to remove the HBr. This was followed
by overnight drying in a convection oven at 60 °C. Then the weight of the samples was
measured again. The swelling degree was calculated using the formula [4.2]:
Xwet - Xdry

Water uptake = 

Xdry

൨ x100%

[4.2]

Where Xwet is the weight (g) of the swollen membrane sample and Xdry is the weight (g) of
the dry membrane sample.
The relationship between IEC and water uptake is described by the fixed charge density
and gives the number of functional groups per volume of water in the membrane. The fixed
charge density (in meq/gwater) can be calculated from the following equation:
Fix charge density =

4.2.4.3.

IEC
water uptake

ή 100%

[4.3]

Membrane proton conductivity

The membrane proton conductivity was determined by AC impedance spectroscopy (SP150 potentiostat, Bio-Logic, FR). The membrane proton conductivity was measured throughplane at room temperature using a non-commercial gold-stainless steel electrode cell with an
active area of 0.0314 cm2 (LEPMI- Grenoble INP, FR). The samples were equilibrated in a 2.0
M HBr solution for at least 24 h. Preceding each measurement, a sample was removed from
the solution and quickly washed with DI water. Next, the membrane wet thickness (cm) was
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measured with a screw micrometer. Then the membrane sample was clamped between two
polished electrodes and the measurement was performed. During the measurement, the
membrane sample was kept wet with DI water.
The AC impedance spectroscopy analysis was performed in a constant voltage mode.
The starting point measurement was 0 V. An alternating current was supplied with a sinus
amplitude of 10 mV and a changing frequency from 10,000 Hz to 0.2 Hz. The measurement
point was 15 points/decade with six measurements per point. Membrane proton conductivity
was calculated with the following formula:
σ=

L
(Rtotal- Rblank ) ή A

[4.4]

Where σ (S/cm) is the membrane proton conductivity, L (cm) is the wet membrane thickness,
Rtotal (Ω) is the total measured cell resistance, Rblank (Ω) is the non-membrane resistance, and
A (cm2) is the active area of cell electrodes. The measured resistance was obtained from the
high-frequency intercept of the impedance with the real axis.

4.2.4.4.

Membrane bromine species and hydrogen crossover

The membrane bromine species crossover was determined with a permeation diffusion
setup as described in detail in a previous article [20]. The test cell setup consists of two
titanium compartments separated by the membrane sample (3.14 cm2). The membrane
sample was preconditioned in 4 M HBr overnight before the experiment.
For the bromine species diffusivity/crossover, 200 ml of 1 M Br 2/4 M HBr was circulated
through one compartment, as the bromine species source, while 200 ml of 4 M HBr was
circulated through the second compartment, as the bromine species carrier. The bromine
species crossover from the source solution (first compartment) was monitored with a UV-VIS
detector (UV-Vis spectrophotometer EU-2600, Shanghai Onlab Instrument (CN); the
wavelength of 266 nm) in terms of Br3- concentration into the carrier solution (second
compartment), during a 6 h experiment. The carrier solution exiting the compartment flowed
through a 0.2 mm flow cell (Starna, DE) and the absorption was measured. The absorption
value was converted into the Br3- concentration with a calibration curve and the Br crossover
(mg·m/m2·h) is calculated with the following formula:
j=

ሾBr-3 ሿ ή V ή Mw ή l
Aήt

[4.5]

Where [Br3-] is the Br3- concentration (mM), V is the volume of the HBr solution (L), Mw is
the Br3- molecular weight (g/mol), l is the membrane thickness (m), A is the active membrane
area (m2) and t is the measurement time (h).
After the washing procedure, the same test cell was used for hydrogen
diffusivity/crossover measurements. Hydrogen gas was supplied at a constant pressure of 8
bar to the feed compartment. To ensure constant hydration conditions of the membrane, 4
M HBr was injected to the permeate side. Then, the permeate side was connected to a bubble
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flow meter to measure the hydrogen crossover through the membrane sample. To convert
the hydrogen crossover (J) from SI units to Barrer, the following conversion is used:
J=

Vήl
22.4 ή A ή t ή P

-13

ή 3.35 x 10

[4.6]

Where V is the volume of the hydrogen gas (L), l is the membrane thickness (m), A is the
active membrane area (m2), t is the measurement time (s), and P is the inlet hydrogen
pressure (bar).

4.2.5.

Hydrogen-bromine flow cell

An HBFB research cell (Elestor, NL) was used to measure the electrochemical membrane
performance. The HBFB cell was made out of titanium grade-2 alloy and had a 3.14 cm2
active area and a 1.0 mm depth chamber for both cathode and anode. The liquid diffusion
electrode (LDE, cathode) consisted of four layers: three layers 0.4 mm AvCarb ® MGL400
carbon paper and one layer 0.4 mm AvCarb® HCBA 1081 carbon cloth (both AvCarb Material
Solutions, US). The gas diffusion electrode (GDE, anode) consisted of two layers: one layer
1.0 porous titanium (Bekaert, NL) and one layer 0.2 mm Pt-Ir/C (0.3 mg/cm2 loading) coated
gas diffusion electrode (IRD Fuel Cells, DK). The membrane to be examined separated the
LDE from GDE and a Viton® O-ring (Eriks, NL) was used to seal the hydrogen compartment.
The catalyst coated diffusion electrode was laminated onto the membrane via hot-pressing
at 135 °C and 4 bar pressure for 480 s. A 1.3 M Br 2/ 4 M HBr solution was circulated over
the cathode using a diaphragm pump (KNF, the Netherlands) at a flow rate of 200 mL/min.
The temperature of the solution was room temperature. Hydrogen gas was fed to the anode
at a constant pressure of 2.5 bar and a flow rate of 1.1 mL/min.

4.2.6.
4.2.6.1.

Performance characterization
Polarization behavior

The cell polarization behavior was measured three times at the beginning of the cyclic
performance measurements and every 50 cycles with an SP-150 potentiostat with FlexP 0060
booster (Bio-Logic, FR). The polarization characterization was based on voltage step scans
with a step potential of 0.05 V and a step time of 30 s for each step at a range from 0.70 V
to 1.20 V. The data were collected every second, but only those of the last recorded value of
each step is reported. Based on three polarization curves, the average (overall) cell area
resistance (AR) was calculated. This (overall) cell AR is the sum of the ohmic AR, the charge
transfer AR, and the mass transport AR.
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4.2.6.2.

Electro impedance spectroscopy

Electrochemical impedance spectroscopy (EIS) analysis was performed immediately after
each polarization measurement using the same potentiostat and booster. Using the signal
sine mode, EIS was performed at the starting point of the OCV. Alternating current was
applied with a sinus amplitude of 10 mV and a changing frequency from 10,000 Hz to 0.2
Hz. Each measurement consisted of 15 points/decade with six measurements per point. From
the semi-circular Nyquist plot, the ohmic AR was obtained from the high-frequency intercept
of the impedance with the real axis. The charge transfer AR was determined from the
diameter of the kinetic loop as the difference between the high-frequency intercept and the
low-frequency intercept. In our system, the ohmic AR is the sum of all material resistances
(cell compartment and electrodes), contact resistances, and the membrane resistance. The
charge transfer resistance represents the activation losses of the bromine redox reactions
and hydrogen oxidation/evolution reactions.

4.2.6.3.

Cyclic behavior

The cyclic behavior provides information about cell performance during dynamic
operation. The cycling test started with a preconditioning charge mode at 1.15 V and a
current density of 0.15 A/cm2, followed by discharge. Next, cycling was started with
consecutive discharge and charge modes with the discharge cut-off voltage of 0.70 V and
the charge cut-off voltage of 1.15 V at a constant current density of 0.15 A/cm2. This relatively
narrow voltage range is chosen to protect the cell and to avoid unwanted side reactions e.g.
corrosion of titanium and carbon. Based on the cycling data, energy, voltaic, and Coulombic
efficiency are calculated:

Energy efficiency (%) =
Voltaic efficiency (%) =

Idischarge ή  Vdischarge dt
Icharge ή  Vcharge dt
 Vdischarge dt
 Vcharge dt

Coulombic efficiency (%) =

ή 100%

Idischarge ήt
Icharge ή t

ή 100%

ή 100%

[4.7]
[4.8]
[4.9]

4.3. Results and discussion
4.3.1.

Morphology of electrospun composite mat/membrane

The SEM images of the prepared electrospun composite mats and membranes are shown
in figure 4.3. Good nanofibers are obtained for all three different SSC PFSA/PVDF
compositions. Some beads are visible though, and these are more pronounced in the 50/50
SSC PFSA/PVDF mixture. Bead formation originates from low polymer concentrations and an
insufficient number of polymer chain entanglements [11]. It may suggest some in-
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homogeneous polymer distribution throughout the fibers, however, the amount is relatively
small. A solution would be to increase the polymer concentration, however, due to the high
viscosity of the SSC PFSA solution higher polymer concentrations result in too viscous
solutions that are not suitable for electrospinning. On the other hand, a higher SSC PFSA
loading not only eradicates bead formation it also results in thicker fibers. Alternatively, the
spinning conditions can be optimized. However, as electrospinning is followed by hot-pressing
to transform the porous fibrous structure into a dense proton conductive morphology, the
presence of a few scattered beads will not influence the performance.

Figure 4.3: SEM images of surface electrospun SSC PFSA/PVDF mats of a) 40%, b) 50%, and c) 60%.
Left: Magnification 2,000x; Right: Magnification 10,000x at 15 kV.

After electrospinning, the produced fibrous mats are assembled together and hotpressed into dense ion exchange membranes. A surface and cross-sectional SEM image of a
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50/50 PFSA/PVDF membrane are shown in figure 4.4 as a representative example for all
membrane types irrespective of their composition.

Figure 4.4: SEM images of hot pressed electrospun 50/50 SSC PFSA/PVDF membranes: a) surface area
(left) and b) cross-section (right) with 10,000x magnification at 15 kV.

The SEM image shows that the hot-pressed electrospun composite membranes are
defect-free and macroscopic phase separation between SSC PFSA and PVDF is not observed
despite differences in hydrophobicity of the two polymers. EDX analysis of all SEM images
presented shows the homogeneous distribution of carbon, sulfur (PFSA), and fluor (PVDF) in
the electrospun mats and membranes (see Supporting Information).

4.3.2.

4

Investigated membrane properties and characteristics

Table 4.4 summarizes the properties of the investigated membranes. In general, the IEC
and water uptake of electrospun composite membranes are lower than that of the
commercially available membranes. The lower IEC in combination with the lower water
uptake indicates that the overall percentage of hydrophilic regions accessible is lower in these
membranes. Table 4.4 further shows that r-SSC PFSA has a comparable IEC value as LSC
PFSA although the non-charged PEEK reinforcement is significantly present throughout the
membrane matrix. This indicates that the SSC PFSA matrix has an intrinsically higher number
of functional group density and lower equivalent weight. Obviously when the loading of SSC
PFSA in the electrospun composite membrane is decreased, the IEC value and water uptake
decrease as well, due to the lower density of (negatively) charged groups and hydrophilic
regions in the membrane.
Table 4.4: Properties of investigated membranes.
No.
1
2
3
4
5

Membrane

Ratio

SSC PFSA/PVDF
SSC PFSA/PVDF
SSC PFSA/PVDF
LSC PFSA
r-SSC PFSA

60/40
50/50
40/60

IEC
(meq/g)

Water
uptake (%)

Fix charge density
(meq/gH2O)

Thickness,
wet (μm)

0.79
0.66
0.56
0.94
1.02

12.1
11.5
10
19
22.3

6.53
5.74
5.60
4.95
4.57

120
100
83
128
107
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Native SSC PFSA has an ion exchange capacity of 1.39 ± 0.04 meq/g (Fumatech, DE),
which is higher than that of LSC PFSA due to its shorter side chains [8]. The lower ion
exchange capacity of r-SSC PFSA reported in the table is due to the addition of the noncharged PEEK reinforcement. According to the supplier, the IEC of this membrane is approx.
1.11 meq/g, suggesting that the mass percentage of PEEK reinforcement is approx. 8 wt.%.
Unfortunately, native SSC PFSA membranes cannot be prepared due to their excessively high
swelling and the reinforcement is essential to create a coherent film. Despite this
reinforcement, r-SSC PFSA has a significantly higher water uptake at a lower fixed charge
density than any of the reported SSC PFSA/PVDF membranes. Apparently, the
macroscopically distributed PEEK reinforcement in r-SSC PFSA provides less mechanical
constraint to swelling in comparison to the electrospun composite membranes. In both cases
the chemistry of the active polymer is equal but the more uniform and homogeneous
distribution at the polymer chain level provides better stability and reduces the swelling while
not compromising the ion exchange capacity and fixed charge density. Especially the higher
fixed charge density is beneficial as it provides the pathways for proton transport in the
membrane.
Table 4.5 reports the proton conductivity and the bromine species and hydrogen
crossover of the different membranes. Proton conductivity ( σ) clearly follows the SSC
PFSA/PVDF ratio similar to the fixed charge density. This confirms the strong correlation
between proton conductivity and fixed charge density. Also compared to previously reported
data of electrospun membranes [10,11,21], SSC PFSA/PVDF membranes prepared show
promising results. The r-SSC PFSA membranes are less conductive than the LSC PFSA
membranes. This is due to the reinforcement introducing a lower fixed charge density in
combination with a higher tortuosity and longer ionic pathways.
Table 4.5: Characteristics of investigated membranes.
No.
1
2
3
4
5

Membrane

Ratio

SSC PFSA/PVDF
SSC PFSA/PVDF
SSC PFSA/PVDF
LSC PFSA
r-SSC PFSA

60/40
50/50
40/60

Proton conductivity, σ
(mS/cm)
43.4
37.7
25.2
62.4
57.7

Br crossover, j
(mg·m/m2·h)
5.11
1.14
1.09
0.26
2.05

H2 crossover
(Barrer)
13.30
7.76
6.94
19.77
6.22

1 Barrer = 1·10-10 cm3·cm/cm2·cmHg·s
As is the case with proton conductivity, also the bromine species crossover (j) increases
as a function of the SSC PFSA ratio for the electrospun composite membranes. This implies
that the protons and bromide species follow the same pathways. Unfortunately, the low water
uptake and lower swelling of the electrospun membranes do not bring a low bromine species
crossover relative to the LSC PFSA membrane. This suggests that the microphase separation
of hydrophobic and hydrophilic domains does not result in sufficiently narrow pathways that
can prevent the transport of bulkier bromine species while allowing the smaller protons to
pass. Also, the r-SSC PFSA membrane shows, compared to the LSC PFSA membrane, a higher
bromine species crossover. This is due to the higher fixed charge density of this membrane.
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For the same reasons also the hydrogen crossover follows similar trends and increases
with increasing SSC PFSA ratio. Interestingly, the LSC PFSA membrane has the highest
hydrogen crossover but the lowest bromine species crossover. Although the transport
pathways of hydrogen and bromine species are considered to be the same [6, 23], the
constraining effect and increase in tortuosity due to the addition of inert PVDF or PEEK or the
distinct separation of hydrophilic and hydrophobic domains more significantly impacts the
transport of the larger bromine species.

4.3.3.

Polarization and EIS analyzes

The polarization curves (figure 4.5) show that also the in-situ electrochemical
performance of the different membranes follow the ex-situ proton conductivity data with a
higher proton conductivity giving a lower overvoltage (voltage change during operation
relative to the open-circuit voltage, OCV (i.e. the voltage at zero current) and a lower overall
area resistance (Ohm’s law). There is a significant jump in the performance of the SSC
PFSA/PVDF 60/40 compared to the 50/50 and 40/60 membranes, well in line with the proton
conductivity. This implies that at that point the hydrophilic, the proton conductive regions are
well interconnected forming percolating pathways for transport.
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0.8
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Figure 4.5: Polarization curve for a) the electrospun SSC PFSA/PVDF membranes and b) the
commercially available membranes.

The composite membranes (electrospun PFSA/PVDF and r-SSC PFSA membranes) have
a higher OCV compared to the LSC PFSA membrane which enhances the electrochemical
performance in the discharge mode due to a larger operating voltage range). This implies
that the permselectivity of the composite membranes is higher than that of the LSC PFSA
membrane [6] giving the electrospun composite membrane better segregation of bromine
and hydrogen, which is essential to create the electrochemical overvoltage.
Table 4.6 shows the different area resistance (AR) data for all membranes in charge and
discharge mode. This total AR (as calculated from the polarization behavior) is composed of
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the ohmic AR, the charge transfer AR and the mass transfer AR. The ohmic AR is inversely
proportional to the proton conductivity and mostly represents the membrane AR. The charge
transfer resistance depends on the operating conditions and is in principle constant when
these conditions do not change, although a too low proton conductivity can increase the
charge transfer resistance because then proton supply is limited. The mass transfer AR finally
originates from concentration polarization effects and depletion in reactants at the membrane
boundary layer.
Table 4.6: Area resistances for the investigated membranes.
No.
1
2
3
4
5

Membrane

Ratio

SSC PFSA/ PVDF
SSC PFSA/ PVDF
SSC PFSA/ PVDF
LSC PFSA
r-SSC PFSA

60/40
50/50
40/60

Discharged
overall AR
(Ω·cm2)
0.52±0.05
0.70±0.12
0.83±0.11
0.56±0.05
0.58±0.06

Charged
overall AR
(Ω·cm2)
0.40±0.03
0.49±0.02
0.68±0.04
0.45±0.02
0.47±0.01

Ohmic AR
(Ω·cm2)
0.30
0.40
0.49
0.37
0.39

Charge
transfer AR
(Ω·cm2)
0.07
0.07
0.13
0.08
0.09

In table 4.5 it is clearly visible that the total AR in charge mode is lower than that in
discharge mode and that for all membranes the overall AR in charge mode equals the sum
of ohmic AR and charge transfer AR. Where the overall AR in charge mode is relatively stable
(low standard deviation) over the full current density range, the overall AR in discharge mode
increases exponentially with an increasing current density thus resulting in a higher average
value of the overall AR and a higher standard deviation. Our previous work showed that the
ohmic and charge transfer ARs are constant over the full current density range and that only
the mass transfer AR changes with current density [24]. This shows that during discharge
especially the mass transfer AR is dominant, especially at high current densities. This is that
the short term polarization experiment is performed with a lower bromine bulk compared to
the hydrobromic acid bulk concentration (1.3 M Br2/ 4 M HBr electrolyte solution) thus
resulting in faster bromine depletion and more severe concentration polarization.
In line with the higher SSC PFSA content and proton conductivity, the ohmic AR and
overall ARs of electrospun SSC PFSA/PVDF membranes decrease with increasing fixed charge
density. For the 40/60 SSC PFSA/PVDF membrane, the Ohmic AR is high inducing charge
transfer limitations as well thus giving a higher charge transfer AR. Compared with the
benchmark LSC PFSA membrane, the performance of the electrospun SSC PFSA/PVDF
membranes is better when normalized for the PFSA content. Performances of the r-SSC PFSA
membrane are lower than expected and this is most probably due to the negative effect of
the high crossover.

4.3.4.

Short-term cyclic performance of investigated membranes

Figure 4.6 shows the cyclic performance of the in-house electrospun SSC PFSA/PVDF and
commercially available membranes (for a detailed discussion on the analysis of cyclic
performance plots, the reader is referred to the Supporting Information).
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Figure 4.6: Cycling results for: a) SSC PFSA/PVDF 60/40, b) SSC PFSA/PVDF 50/50, c) SSC
PFSA/PVDF 40/60, d) LSC PFSA, and e) r-SSC PFSA membranes for the first ten cycles.

The coulombic efficiency (calculated using Equation (4.9)) indicates how well the system
retains the stored energy (in Ah) and a value of 100% means that there is no self-discharge
and all stored energy can be discharged and used to power electrically driven processes. The
voltaic efficiency (calculated by Equation 4.8) originates from the overall AR during a cycle
and the proton conductivity and associated ohmic AR. The available capacity directly shows
the amount of useful energy that can be drawn from the system for each cycle to power
electric energy driven processes.
All membranes investigated show high coulombic efficiencies of close to 100%. In some
cases (figure 4.6 a and e), the measured coulombic efficiency is slightly above 100%. Most
probably this is due to an excess of stored energy originating from the period that cannot be
discharged initially and this energy becomes available later resulting in slightly higher
discharge capacity than charge capacity.
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For electrospun composite membranes, the coulombic and voltaic efficiencies are stable
over 10 cycles but the available capacity decreases over 10 cycles due to bromine species
cross over which is apparently not sufficiently retained by the electrospun membrane despite
the low swelling and microscale entanglement of the conductive and non-conductive polymer.
There is no significant impact of SSC PFSA loading on the cell coulombic efficiency although
cycling takes a significant amount of time (approx. 40 hours, data not shown). As the SSC
PFSA loading in the electrospun composite membrane increases, the voltaic efficiency
increases as well and there is a jump in voltaic efficiency above SSC PFSA loading of 50 wt.%,
following proton conductivity and area resistance values. Moreover, the available capacity
increases with the increasing SSC PFSA loading and this is in-line with the decreasing
membrane AR. The SSC PFSA/PVDF 60/40 electrospun membrane shows a sudden drop in
cell voltage due to sudden bromine species crossover and subsequent flooding of the
hydrogen electrode causing a lower voltaic efficiency (83%) and coulombic efficiency (96%)
than the calculated average. As part of this crossover, the liquid is being removed during the
operation, the system recovers, and cycle 10 shows good performance again.
Also, the commercially available LSC PFSA membrane shows stable performance over 10
cycles. The r-SSC PFSA membrane though shows constant coulombic and voltaic efficiencies
but the available capacity decreases over time. This is explained by the higher bromine
species crossover rate of the r-SSC PFSA membrane.
Having in mind the early stage of development of the in-house electrospun membranes,
their 10-cycle performance already well competes with that of commercially available
membranes. The cyclic performance of the PFSA/PVDF 50/50 is very comparable to that of
the LSC PFSA membrane.

4.3.5.

Long-term performance of electrospun SSC PFSA/PVDF membrane

As the most promising candidate, the PFSA/PVDF 50/50 membrane is subjected to a
long-term 200 cycles test (approx. 1500 hours – 62 days; figure 4.7). Every 40 cycles, the
electrolyte is refreshed to identify whether a change in performance is due to a change in
cell behavior or due to a change in electrolyte composition due to crossover, evaporation,
and/or leakage.
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Figure 4.7: Long term cycling results for SSC PFSA/PVDF 50/50: a) coulombic efficiency and available
capacity, and b) voltaic efficiency and cell area resistances (The dotted vertical lines indicate electrolyte
refreshment). Total experiment duration: Approx. 1500 hours – 62 days of continuous operation.

Clearly, the coulombic and voltaic efficiencies are both very stable during the full
measurement time of 200 cycles (2% standard deviation) with an average value of 98% and
80%, respectively. The available capacity decreases during an electrolyte cycle but
immediately recovers when the electrolyte is refreshed.
The stable voltaic efficiency originates from the constant and relatively low ohmic and
charge transfer ARs during the long-term testing period (figure 7b). The stable ohmic
resistance clearly shows that the membrane conductivity is constant and that there is no
chemical degradation of the membrane or the polymer functional groups. The constant
charge transfer resistance proves that the membrane selectivity is sufficiently high to protect
the Pt-Ir/C catalyst against corrosive bromine species crossover, guaranteeing good
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HOR/HER over a long operational time. The decrease in available capacity during an
electrolyte cycle in combination with a constant Coulombic efficiency indicates that the cell
performance is stable but that amount of bromine available to store energy decreases during
an electrolyte cycle. Although a small amount of bromine is lost due to bromine crossover,
this decrease can predominantly be attributed to bromine evaporation to the ambient air over
time due to the high suction capacity inside the fume hood. An aspect that is not related to
cell performance but the practical execution of the experiment.
To further validate the cell performance and stability, the polarization behavior after
every electrolyte refreshment and at the end of the cycle test is also measured (figure 10).
After 50 cycles, a change in polarization behavior and area resistance only at high current
density in the discharge mode is observed. This points to catalyst degradation at high current
density operation. After 50 cycles this effect stabilizes. Moreover, it does not affect the cyclic
performance at 150 mA/cm2.
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Figure 4.8: Polarization curve and area resistances before and after long-term cycle testing.

4.4. Conclusions
SSC PFSA/PVDF (40-60 wt.%) ion exchange membranes were prepared using wire-based
electrospinning. The high IEC value of SSC PFSA results in high proton conductivities while
the inert, hydrophobic PVDF provides stability and prevents excessive swelling and bromine
species crossover. Electrospinning guarantees polymer entanglement and homogenous PVDF
reinforcement throughout the membrane matrix thereby improving the fixed charge density.
The lower hydrogen crossover of the electrospun membranes improves the separation
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between hydrogen and bromine species resulting in a higher OCV value compared to
commercially available PFSA membranes. The cyclic behavior of the electrospun composite
membranes is stable The PFSA/PVDF (60/40 wt.%) membrane shows the best short-term
cyclic performance with a coulombic efficiency of ~100%, a voltaic efficiency of 88%, and
an initial available capacity of 103 Ah/L at a current density of 150 mA/cm2. However, it
deteriorates at longer operational times due to high bromine species crossover. For this
reason, the PFSA/PVDF (50/50 wt.%) membrane was subjected to a long-term cycle test
(200 cycles, approx. 1500 hours of continuous operation). The membrane showed a very
stable cyclic performance during the full duration of the test with coulombic efficiency of
98%, a voltaic efficiency of 80%, and an initial available capacity of 105 Ah/L at a current
density of 150 mA/cm2. Given the early developmental stage of electrospun membranes, this
work clearly shows that electrospinning of composite membranes is a very promising
approach to prepare long-term high performance HBFB membranes.
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Supporting Information
SI 4.1.

Energy Dispersive X-Ray Spectroscopy

Energy Dispersive X-Ray Spectroscopy (EDX) was performed with JSM-IT100
InTouchScope™, Jeol, JP to confirm the presence and distribution of the following elements:
Carbon (C), Fluor (F), and Sulphur (S). All four elements are found in both electrospun mats
and membranes.

4

Figure SI 4.1: Qualitative EDX analysis of a 50/50 SSC PFSA/PVDF membrane. a) Electrospun mat; b)
membrane surface area; c) membrane cross-section at 10,000x magnification, 15 kV.
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Table SI 4.1: Qualitative EDX analysis and distribution of the elements C, F, and S of a 50/50 SSC
PFSA/PVDF membrane. a) Electrospun mat; b) membrane surface area; c) membrane cross-section at
a magnification of 10,000x at 15 kV.
% mass

Sample of 50/50
SSC PFSA/PVDF

F:C

S:C

0.69

1.38

0.02

57.49

2.52

1.44

0.06

61.05

3.13

1.71

0.09

C

F

S

Nano fiber mats

41.75

57.55

Membrane surface area

39.99

Membrane cross-section

35.77

SI 4.2.

Electro Impedance spectroscopy (EIS)

EIS analysis was performed to quantify the Ohmic and charge transfer area resistance of the
cell. Figure SI 4.2 shows a representative EIS curve of this study.
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Figure SI 4.2: Nyquist plot of 60/40 SSC PFSA/PVDF a) measured data, and b) Z-fitted data.

Graph data in figure SI 4.2 b can be interpreted as in figure SI 4.3.
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Figure SI 4.3: Interpretation of a Nyquist plot with an electrical equivalent circuit model.

SI 4.3.

Analysis of cyclic testing data

To identify the effect of the membrane properties on the crossovers rate, cycling tests
were carried out at a current density of 150 mA/cm2 with a cut-off voltage of 0.70 V in the
discharge mode and 1.15 V in the charge mode (operational voltage range: 0.70 – 1.15 V).
This voltage range is chosen to protect the cell housing and catalyst from severe corrosion
during discharge and to prevent water splitting and too high bromine concentrations during
charging.
The cyclic profile of the PFSA/PVDF 60/40 cell is shown in figure SI 4.4.

Figure SI 4.4: Cycling profile of electrospun SSC PFSA/PVDF 60/40 composite membrane at 150
mA/cm2.
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The cycle starts at the stand-by period (region 1) at OCV conditions after charging. The
OCV value reflects the membrane permselectivity. This is followed by a discharge operation
(region 2). The cell voltage immediately drops. The change in voltage/overpotential is
inversely proportional to the overall AR following Ohm’s law. The immediate voltage drop is
caused mainly by an increase in the ohmic AR (for proton and electron transport) and the
charge transfer AR (for redox reaction activation). After the ohmic and charge transfer ARs
have been overcome, there is a relatively linear voltage drop over time (region 3). In this
region, the overall AR is relatively constant. As in this region, the ohmic, charge transfer, and
mass transfer (sufficient supply of reactants) AR is constant, the linear voltage decrease is
due to the decreasing bromine concentration in the bulk electrolyte. Lower bromine and
higher hydrobromic acid concentrations in the HBFB system result in a lower potential
difference between the cathode and anode as is clear from the Nernst equation. Next, region
4 with a steep decrease in voltage and an increase in overall AR. This is caused by the
increasing mass transfer AR due to the depletion of bromine (the bromine availability is too
low to support the electrochemical reactions). This indicates that the system has utilized most
of the energy available in the electrolyte. After the cell voltage reaches the discharge cut-off
voltage (0.70 V), it enters a short rest period of 30 s (region 5) in which the OCV after
discharge can be determined. In region 6 charging starts and the cell voltage immediately
increases. The behavior is comparable but opposite to that in region 2, where the voltage
decreases due to an increase in ohmic and charge transfer ARs. Immediately after the voltage
increase, region 7 is reached where the voltage increases linearly due to the higher bromine
and lower hydrobromic acid concentrations. This is comparable to region 3. The overall AR
is relatively constant and the voltage change can be predicted by the Nernst equation. In
region 8 finally, an increase in mass transfer AR occurs and the cell voltage increases nonlinearly. However, this non-linearly increase is less pronounced than that in region 4, as
region 8 hydrobromic acid is abundantly available.
When using a membrane with a higher proton conductivity (lower ohmic AR), the voltage
changes in region 2 and 6 will be shallower and the time per cycle will be longer, resulting in
higher voltaic efficiencies as the average cell voltage and the available capacity are higher
due to the longer cyclic time. Lower bromine species and hydrogen crossover will also benefit
the HBFB system. Crossover of active species results in HBFB self-discharge because less
active species are available for the electrochemical reactions. Lower crossover thus results in
less self-discharge and more equal times for discharge and charge resulting in a higher
coulombic efficiency.

Hydrogen-bromine flow stack (photos courtesy of Elestor)

Because of the impracticality of long lifetime testing of hydrogen bromine flow batteries
(HBFBs) under real, cyclic operating conditions, we utilized a high-frequency cycling load
accelerated lifetime test (ALT) to evaluate the membrane electrode assembly performance in
HBFBs. Four different membrane chemistries were tested to assess the relative long-term
performance and durability of the corresponding HBFBs and to understand the main longterm failure mechanism in HBFB technology.
The high-frequency cycling load ALT is a very valuable method to assess long-term HBFB
(components) stability and to understand the degradation/ failure mechanism. The results
showed that the utilization of long side-chain perfluorosulfonic acid (LSC PFSA, i.e. Nafion®)
membranes result in stable HBFB operation until a sudden cell failure at the end of the cycle
life. The use of a more selective (lower bromine species crossover) reinforced r-LSC PFSA
membrane results in approx. five times longer lifetimes. In contrast, the use of a grafted
polyvinylidene fluoride (SPVDF) membrane results in a slow incremental performance
decrease (or area resistance increase) during the ALT and, again, a sudden cell failure at the
end of the cycle life.
After the ALT, the LSC PFSA membrane still shows high chemical stability. On the other
hand, the grafted SPVDF and SPE membranes show clear membrane degradation visible as
a strong decrease in IEC and an increase in ohmic AR.
Gradual Pt catalyst degradation-dissolution, which results in insufficient Pt catalyst
loading and subsequently low hydrogen reaction kinetics, is the main failure mechanism of
the HBFBs. The membrane bromine species crossover rate is directly related to the rate of
Pt catalyst degradation-dissolution and scales almost linearly with the cell total ampere-hours.
As long as the catalyst loading is sufficient and does not reach a minimum value, this
observed Pt degradation-dissolution rate does not significantly impact the cell performance.

Based on: Y.A. Hugo, W. Kout, F. Sikkema, Z. Borneman, K. Nijmeijer, In situ long-term membrane
performance evaluation of hydrogen-bromine flow batteries, J. Energy Storage. 27 (2020) 101068.
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5.1. Introduction
For a prosperous and sustainable global economy, reliable and affordable green energy
supply is required. However, integrating a high share of renewables (more than 70% by
generation) to the grid and/or having a green, grid-independent, micro-grid in a cost-effective
way is challenging due to the intermittent nature of renewables [1]. Therefore, electricity
storage is essential to peak shave electricity production or consumption, guarantee
continuous power supply, and reducing instability. Unfortunately, only site-specific energy
storage technologies, such as pump hydroelectric storage and compressed air energy storage
currently reach the cost-performance target of the United States Department of Energy (US
DOE) [2]. A cost-effective, high power electricity storage system within reach in the near
future is the hydrogen-bromine flow battery (HBFB) [3].
The HBFB utilizes bromine redox reactions and hydrogen evolution-oxidation reactions
(HER/HOR) to store and deliver electricity. Figure 5.1 shows the schematic representation of
the HBFB cell components and the HBFB charge-discharge reaction. The HBFB technology is
highly attractive due to 1) the abundance of hydrogen and hydrobromic acid supplies; 2) the
decoupling of power and energy; 3) the fast kinetics of bromine redox couples, and 4) the
knowledge already available from the proton exchange membrane (PEM) fuel cell technology
[4]. Currently, the largest concern in HBFB development is the long-term system lifetime.

Figure 5.1: Schematic representation of the HBFB cell components and the HBFB charge-discharge
reactions.

Proton exchange membranes separate the two reactive materials and enable proton
transport for charge balancing. However, due to non-ideal membranes, the membranes are
not 100% selective towards protons. It is well-known that bromine species cross through the
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membrane from the electrolyte side to the hydrogen side and that especially bromine species
degrades the platinum (Pt) catalyst essential for the HER/HOR reactions [5,6].
At present, there are only a few cyclic performance analyses [5–7]. These studies
concluded significant degradation did not occur, although a slight increase in charge transfer
resistance (related to the catalytic activity) was observed. However, these tests were done
at mild operating conditions and with a continuous supply of fresh hydrogen. Moreover, these
studies are limited in terms of membrane type. All HBFB cycling tests reported so far use
Nafion®-type long side-chain perfluorosulfonic acid (LSC PFSA) membranes [6–8]. In situ,
realistic long-term failure studies of HBFBs are, to the best of our knowledge, not reported
yet, though insight in their degradation and failure mechanisms after long term operation is
essential for large scale implementation.
In the fuel cells world, accelerated lifetime tests (ALTs) gain popularity to assess the long
term fuel cell durability while requiring only a short period of testing time [9,10]. For example,
testing a 275 kW fuel cell system for buses, which have a lifetime target of 20,000 h, would
need 2.5 years of uninterrupted testing and approx. The US $2 million for the hydrogen
supply only [11]. These amounts can be significantly reduced using ALTs. Many different
types of ALTs have been explored to increase data throughput and decrease experimental
times. In general, cyclic ALTs give significantly shorter testing times and higher degradation
rates than steady-state testing. The degradation rate highly depends on the operating
conditions or the cycling load mode. For example, ALT using a step-sweep load cycle protocol
with a stepwise increase of 0.05 V in each step from 0.6 to 1 V during 4.25 minutes per cycle
increases the voltage decrease rate by a factor of 11 compared to an ALT of 5 minutes, 0.6
V on-off cycle protocol [12]. Compared with other ALT protocols, the high-frequency cycling
load protocol results in the highest degradation rate, especially concerning the electrocatalyst activity [9,12].
In the present study, we expand ALT to HBFB applications and design a representative
high-frequency cyclic loading ALT testing protocol. It is the first time that such an approach
is reported, although realistic lifetime testing is essential for large scale energy storage
systems. Based on our previous benchmark research [13] we selected the four most
promising available membranes. The selected membrane types have comparable ion
exchange capacity (IEC) and polymer loading, and good chemical stability in a corrosive
bromine environment. The goals of this work are to evaluate the relative long-term
membrane performance of these four promising membrane types and investigate the
failure/degradation mechanism of HBFBs. To quantify the degradation rate, the voltage
profiles of the cells are measured throughout the high-frequency cycling load ALT. Also, to
monitor the polarization behavior, AC impedance measurements are conducted. Post-mortem
analyses are conducted to gain insight into failure/degradation mechanisms.
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5.2. Experimental
5.2.1.
5.2.1.1.

Materials
Membranes

Based on our previous research on membrane benchmarking, we selected the four most
promising membranes with different chemistries but comparable IECs for this investigation
(Table 5.1): LSC PFSA, reinforced r-LSC PFSA, sulfonated polyvinylidene fluoride (SPVDF),
and sulfonated polyethylene (SPE) membranes.
Table 5.1: Investigated membranes and corresponding chemical structures.
Membrane

LSC PFSA
[14]

Membrane base
Long side chain (LSC)
PFSA
Backbone:
polytetrafluoroethylene;
Functional groups:
sulfonic acid

r-LSC PFSA

Reinforced
r-LSC
PFSA
Backbone:
polytetrafluoroethylene;
Functional groups:
sulfonic acid;
Reinforcement:
polyether ether ketone

SPVDF [15]

Sulfonated PVDF
Backbone:
Grafted
polyvinylidene
fluoride;
Functional groups:
sulfonic acids

SPE [16]

Sulfonated PE
Backbone:
Grafted polyethylene;
Functional groups:
sulfonic acids

Estimated chemical structure

Reinforcement:

The LSC PFSA membrane (Fumasep® F) and its reinforced counterpart from Fumatech,
DE, have the well-known Nafion® chemistry that is commonly used for high performance
electrochemical proton exchange membrane cells due to its molecular organization and wellconnected ionic pathways, stemming from the distinct separation of hydrophobic and
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hydrophilic domains [14]. The reinforced counterpart has a polyether ether ketone (PEEK)
reinforcement to reduce membrane swelling and improve mechanical strength. Due to the
lower swelling degree, it shows a better proton transport-bromine species crossover tradeoff
[7,13]. Unfortunately, the LSC PFSA is incompatible with some commercial bromine
complexing agents (BCAs) [17]. In our previous study [18], clearly, sulfonated grafted
membranes (SPVDF and SPE) were identified as decent alternatives for LSC PFSA in HBFBs
in the presence of BCA ions. Additionally, these membranes have potentially lower costs than
their LSC PFSA counterparts and a lower fluorinated carbon footprint. The SPVDF and SPE
membranes are electron-beam grafted membranes from PVDF and ultra-high-molecularweight PE polymer films, respectively. They are non-commercial yet, but similar membrane
types are available from Gaia membranes, CH.

5.2.1.2.

Chemicals

Elemental bromine (Br2, 99.8%) and hydrobromic acid (HBr, 48%) were purchased from
Acros Organics, BE. For the acid-base titration procedure, sulfuric acid (H2SO4, 96%), sodium
chloride (NaCl), phenolphthalein (indicator grade, 98.5%), and 1 M sodium hydroxide (NaOH)
were purchased from Boom Lab, NL. All chemicals were used without further purification.
Demineralized and ultrapure water (Milli-Q, 18.2 MΩ·cm) were used for sample washing and
solution preparation, respectively.

5.2.1.3.

Hydrogen-bromine flow cell

A 31.3 cm2 active area HBFB cell was constructed with two titanium alloy plates as the
current collector and endplate. The cathode consisted of a 0.66 mm thick monopolar graphite
plate (SGL Carbon, DE) and liquid diffusion layers (LDL) of three layers 0.4 mm Spectracarb™
carbon paper (Engineered Fibers Technology, US) and two layers 0.4 mm AvCarb® carbon
cloth (AvCarb®, US) with 1.5 mm thick Viton® FKM gasket (Rubbermagazijn, The
Netherlands) surrounding the LDLs. The anode consisted of 0.4 mm MGL 370 carbon paper
with 30 wt.% PTFE loading (Fuel cells Earth, US) and a 0.2 mm Pt (0.3 mg/cm 2 loading)
coated Spectracarb™ gas diffusion electrode (Fuel Cells Etc, US) as gas diffusion layer (GDL)
with a 0.5 mm thick polypropylene gasket surrounding the GDL. The investigated membrane
separated the LDL and GDL. The catalyst coated electrode was laminated to the membrane
via a hot-pressing step at 135 °C and 4 bar pressure for 480 s. A 1 M Br 2/ 2 M HBr solution
at 45 °C was circulated over the cathode using a diaphragm pump (KNF, the Netherlands) at
a flow rate of 300 mL/min. The temperature of the solution was controlled by a thermostatic
water bath at 45 °C. Hydrogen gas at a constant pressure of 2.5 bar was fed to the anode
and flushed at a flow rate of 1.1 mL/min to remove the liquid crossover, which then was
collected in a gas washing bottle.
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5.2.2.

High-frequency cycling load ALT

A high-frequency cycling load ALT was designed based on a controlled current stepsweeping mode with a step current of 96 mA/cm2 and a step change of polarity from charge
to discharge mode before the next step current (in charge mode again). For each step, the
step time is 10 s and thus the total step current time is 20 s (10 s for charge and 10 s for
discharge). The current step keeps increasing until the cell voltage reaches a cut-off voltage
of 1.2 V in the charge mode and a cut-off voltage of 0.8 V in the discharge mode. When one
of the cut-off voltages is reached, the next cycle starts at 0 mA/cm 2. Depending on the cell
area resistance (AR), the maximum current and cycle duration were varied. To keep the
electrolyte concentration constant, every measurement day the electrolyte was recharged
back to its initial concentration (based on OCV) and replaced by a fresh electrolyte solution
every month. We selected the specific ALT protocol based on the work of Yeon et al. [9], as
this specific cycling load ALT protocol puts a large burden on the electrocatalyst activity at
the hydrogen side, which is the critical aspect of HBFBs. Figure 5.2 shows the ALT protocol
used in this study.
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Figure 5.2: Representation of a) the cyclic ALT current density profile applied to the investigated
membranes and b) a typical example of the corresponding voltage response of the membrane system
under investigation with a cut-off voltage of 0.8 V in discharging and 1.2 V in charging mode.
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5.2.3.
5.2.3.1.

Performance characterization
Polarization behavior

The polarization behavior of the system under study was characterized once every day
with an IviumStat potentiostat with IviumBooster 40 A (Ivium Technologies, The
Netherlands) in the mixed-mode with a step potential of 0.05 V and a step time of 30 s for
each step at a range from 0.5 V to 1.35 V. The data were collected every second, but only
those of the last 30 seconds of each step are reported. From the polarization behavior, the
(total) cell area resistance (AR) was extracted. This cell AR is the sum of the ohmic AR and
the charge transfer AR (including the mass transport limitation AR).

5.2.3.2.

Bromine species crossover

The membrane bromine species crossover was determined ex-situ with a twocompartment titanium cell. The two compartments were separated by the 37.4 cm 2 cation
exchange membrane under study. The membrane was conditioned with 2 M HBr overnight
before the actual experiment. 200 ml of 2 M HBr was circulated in one compartment as the
bromine species carrier and in the other compartment 200 ml of 1 M Br2/ 2 M HBr was
circulated as the bromine species source. An HBr solution was used as the carrier to
counterbalance the osmotic pressure from the source to avoid water transport from the
carrier side to the source side. For analysis, the carrier solution exiting the first compartment
subsequently flows through a 0.2 mm flow cell (Starna, DE) with a UV-VIS detector (UV-Vis
spectrophotometer EU-2600, Shanghai Onlab Instrument, CN, the wavelength of 266 nm) to
determine the Br3- concentration during the experiment and from that the Br3- crossover
through the membrane was calculated. During a total run time of 6 hours, the UV-VIS
spectrum of this exiting solution was measured every 15 minutes.
A small quantity of the bromine species crossover was detected as tribromide (Br3-) [19].
This bromine species crossover (mg/cm2·h) was calculated from:
j=

ሾBr-3 ሿ∙V∙Mw

[5.1]

A∙t

Where [Br3-] is the Br3- concentration (mM) from the UV-VIS measurements, V is the
volume of the HBr solution (L), Mw is the Br3- molecular weight (g/mol), A is the active
membrane area (cm2) and t is the measurement time (h).

5.2.3.3.

AC impedance analysis

Right after the characterization of the polarization behavior, AC impedance analysis was
performed using the same IviumStat potentiostat in the impedance – constant voltage mode.
In-situ AC impedance measurements were done at the OCV for an operating current up to
10 A from 0.2 to 10,000 Hz with 5 mV amplitude and 20 points/decade. The ohmic AR was
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obtained from the high-frequency intercept of the impedance with the real axis. The charge
transfer AR was determined by the diameter of the kinetic loop. Here, the ohmic resistance
is the sum of bulk build-up material resistances (electrodes and current collectors), contact
resistances, and membrane resistance. The charge transfer resistance represents the
activation losses of the bromine and hydrogen kinetic reactions. The change in ohmic
resistance over the high-frequency cycling load ALT is attributed to the change in membrane
resistance while the change in charge transfer resistance is most probably due to the change
of electro-catalyst activity in the anode.

5.2.4.

Characteristics of native membranes and post-mortem analyses

The ion exchange capacity (IEC) of the native and used membranes was determined by
an acid-base titration using phenolphthalein as the indicator [20]. The IEC represents the
number of functional groups in a membrane per unit weight of the dry membrane. The
change in IEC values represents the loss of membrane functional groups. Membrane
thicknesses before and after the ALT were determined using a screw micrometer.
Scanning electron microscope (SEM) analyses were conducted to determine the
morphological changes of the membranes after ALT experiments. Before the analyses,
samples of each membrane were sputtered with Pt at 80 mA for 80 s with a sputter coater
(JFC-2300HR, Jeol, Japan). The SEM instrument (JSM-IT100 InTouchScope™, Jeol, JP)
operated at 15 kV.
Elemental analysis of the membranes was conducted with energy-dispersive X-ray
spectroscopy (EDS) on the SEM (JSM-IT100 InTouchScope™, Jeol, JP). The EDS
measurement allows elemental mapping and quantification of Pt atoms (hydrogen
electrocatalyst) on the gas diffusion electrode surface before and after the ALT.
The bromine species concentrations in the effluent water from the anode were
determined using UV-VIS (the absorption was measured at a wavelength of 266 nm).
Hydrobromic acid that crossed through the membrane was determined by an acid-base
titration using phenolphthalein as the indicator and 0.1 M sodium chloride as the base
solution.

5.3. Results and discussion
5.3.1.

Membrane performance in an HBFB cell

Table 5.2 summarizes the characteristics of the four investigated membranes in their
native state.
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Table 5.2: Native membrane characteristics in HBFB applications.
Membrane

IEC
(meq/g)

Thickness
dry (μm)

LSC PFSA
r-LSC PFSA
SPVDF
SPE

0.81
0.76
0.83
0.80

51
75
56
58

Bromine species
crossover
(mg/cm2·h)
1.88
0.53
1.13
2.85

Ohmic
AR
(Ω·cm2)
0.11
0.13
0.36
0.42

Charge
Trf. AR
(Ω·cm2)
0.02
0.02
0.01
0.02

Cell AR
(Ω·cm2)
0.23
0.26
0.58
0.80

All the investigated membranes have approx. the same IEC value (the number of
functional groups per gram of polymer).
The Pt catalyst has two important functions in the HBFB system: it enhances the
HER/HOR kinetics while it simultaneously mitigates the damage from bromine species
crossover by converting it into HBr in a reduction reaction with hydrogen [5]. However, if this
reduction reaction is not fast enough, free Br is available in the cell and deteriorates the Pt
catalyst as it reacts with Pt and most probably forms soluble bromoplatinic acid (H 2PtBr6),
thus decreasing the amount of metallic Pt available for the HER/HOR [5,6]. Pt in a form of
bromoplatinic acid cannot catalyze the HER/HOR reactions. Excessive bromine species
crossover thus washes away the Pt catalyst (catalyst dissolution). Table 5.2 shows the
bromine species crossover rate based on diffusion. In an operational HBFB also bromine
species crossover via migration and electro-osmosis plays a role and increases with increasing
current density, making it the major crossover mechanisms at high power densities [21]).
However, crossover due to migration and electro-osmosis is much more complex to measure
as it requires measurement of concentrations under HBFB operation while simultaneously
conversion reactions of the targeted species take place. Although the values presented in
Table 5.2 are thus only based on the crossover by diffusion mechanism, in this work, they
serve as a first indicator in terms of durability. Especially the reinforced r-LSC PFSA and the
grafted PVDF membrane have low bromine species crossover, while especially the grafted PE
membrane has a very high crossover rate.
In terms of ohmic area resistance (AR), the LSC PFSAs exhibit significantly lower values
than the grafted membranes, despite the comparable IECs. It is well-known that the
molecular organization in distinct hydrophobic and hydrophilic regions in LSC PFSAs results
in a superior proton conductivity [14]. The high cell AR values of the grafted membranes
result in mass transport limitations of those membranes. Moreover, the values significantly
increase at high current densities (data not shown). As the charge transfer AR of the grafted
membranes is very much comparable to that of the LSC PFSA membranes, this strong
increase in cell AR is due to a comparable increase in ohmic AR of these membranes. The
lower membrane AR of the LSC PFSA based membrane ensures higher proton availability for
the electrochemical reactions due to enhanced proton transport, giving rise to low mass
transport losses in these particular cases.
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5.3.2.

Membrane performances under accelerated lifetime test

Figure 5.3 subsequently shows the cell voltage profiles and the limiting current density
of the membranes in HBFB operation under a high-frequency cycling load ALT.
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Figure 5.3: Voltage profile as a function of cycle number during ALT at 45 °C for a) LSC PFSA, b)
reinforced r-LCS PFSA, c) SPVDF, and d) SPE membranes.

The cell AR determines the cell limiting current density of each membrane in the cell.
The LSC PFSA has the lowest cell AR thus resulting in the highest limiting current density and
consequently the highest number of current steps (9), followed by r-LSC PFSA (8 current
steps), SPVDF (5 current steps), and SPE (3 current steps). Higher limiting currents and thus
higher numbers of current steps result in a higher bromine species crossover via migration
and electro-osmosis, therefore, result in a higher catalyst degradation-dissolution rate and
lower system durability [21]. Although the higher degradation rate could potentially also stem
from a too positive operating potential as that diminishes the cathodic protection for the
reaction of Pt with Br2, this is not the case in our work. An operational voltage range of ±
0.2 V vs. OCV, as we use here, is a safe operational range with sufficient cathodic protection
for HBFB. Also in case, cathodic protection is no longer available, e.g. in case of depleted H2
supply, the degradation rate is swift (in minutes to hours only). This is not observed here.
The difference in the durability of the four different membranes can thus only stem from
differences in the crossover rate.
In the case of the LSC PFSA membranes (figure 5.3 a and b (reinforced)), the voltage
profiles are relatively constant over the full length of the ALT until a sudden voltage drop.
The slight shift in LSC PFSA voltage profile at about 80 cycles stems from a change in
electrolyte concentration as the differential voltage between charge and discharge mode is
still constant. The abrupt drop in cell voltage at the end of the measurement clearly indicates
a component failure in the HBFB cell. The sudden voltage drop is also followed by a visual
change in crossover liquid color: from translucent into yellowish. There can be two possible
reasons for sudden cell failure and the associated color change of the crossover liquid: sudden
massive bromine species crossover due to membrane rupture and/or insufficient Pt
availability at the membrane-electrode interface to reduce the bromine species crossover into
HBr. AC impedance measurement and post-mortem analyses (as discussed later) are crucial
to discriminate between these two failure mechanisms.
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The performance difference between the standard LSC PFSA membrane (figure 5.3a)
and its reinforced counterpart (figure 5.3b) is the duration of the operational cycle, which is
significantly shorter for the standard, non-reinforced membrane. This result is in line with the
characteristics observed in the previous section, i.e. the low cell AR and high bromine species
crossover result in less durable cell performances.
In the case of the grafted SPVDF membrane (figure 5.3c), the voltage profile is not
constant over the full length of the ALT. After approx. 600 cycles, the differential voltage
between charge and discharge mode increases during the cycle and is finally followed by a
sudden voltage drop at the end. An interesting finding is that the crossover liquid is and
remains translucent. Apparently, the operating current density and crossover rate of the
SPVDF membrane are low and hardly any bromine species crossover is collected in the gas
washing bottle at the end of the cell lifetime. In the case of grafted PE, the sudden failure
happens significantly faster than for the SPVDF membrane. During the short operation time
of this system, a dark yellowish color of crossover liquid is observed, indicating a continuously
high crossover rate.
During the high-frequency cycling load ALT, also the polarization behavior and AC
impedance spectrum of the cells were monitored (figure 5.4).
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Figure 5.4: Polarization and AC impedance analyses as a function of cycle number during ALT at 45
°C for a) LSC PFSA, b) reinforced r-LSC PFSA, c) SPVDF, and d) SPE membranes.
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AC impedance analyses show that for all membranes, the ohmic AR is stable until the
end of the cell lifetime, while the charge transfer AR shows a very sudden increase at the
end of the lifetime, naturally accompanied by an increase in the overall cell AR as well. Clearly,
upon failure, the membrane characteristics hardly change as the ohmic AR remains constant.
The strong increase in charge transfer AR stems from anode degradation (HER/HOR) due to
insufficient Pt catalyst loading (as is clear from the SEM-EDS measurements presented below)
as a consequence of Pt catalyst dissolution (formation of bromoplatinic acid (H 2PtBr6)) [22].
As the carbon-based materials in the cathode are stable, cathode degradation does not occur.
Opposite the LSC PFSA membranes, the SPVDF membrane shows a continuous increase
in ohmic AR of the full duration of the ALT (figure 5.4c). As we will show later (post-mortem
analyses), this is due to a decrease in the amount of membrane functional groups (IEC). In
a highly oxidative bromine environment, electron beam grafted hydrocarbon polymers are
susceptible to degradation via a chain scission mechanism, yielding water-soluble fragments.
The stability of grafted hydrocarbons is well-known to be the main challenge of grafted
membranes [15,16]. Unfortunately, we cannot confirm the degradation behavior of the SPE
HBFB cell because the cell fails too quickly.
Interestingly, the Pt catalyst degradation-dissolution does not impact the voltage profile
(figure 5.3) nor the cell area resistance (figure 5.4) until the Pt electrochemical active surface
area reaches a critical value making it insufficient to promote the HER/HOR and mitigate the
bromine species crossover. Consequently, historical data on cell performance and resistances
cannot be used to predict cell lifetime in this study.
The durability and associated operating time of the cells are not only dependent on the
membrane bromine species crossover but also on the operating current density. It is very
valuable to see that there is an excellent correlation between the membrane bromine species
crossover and the total ampere-hours (Ah) in and out of the cell (figure 5.5). Clearly, in our
study, bromine species crossover values are a perfect indicator to predict the cell durability
under high-frequency cycling load ALT.
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Figure 5.5: Total ampere-hours as a function of membrane bromine species crossover rate.
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Post-mortem analyses

Table 5.3 shows the impact of high-frequency cycling load ALT on the membrane
properties and shows the different membrane characteristics before and after ALT.
Table 5.3: Native and used membrane characteristics in HBFB applications.
Membrane
LSC PFSA
r-LSC PFSA
SPVDF
SPE

Initial IEC
(meq/g)
0.81
0.76
0.83
0.80

Final IEC
(meq/g)
0.73
0.73
0.34
0.36

Initial ohmic
AR (Ω·cm2)
0.11
0.13
0.24
0.42

Final ohmic
AR (Ω·cm2)
0.12
0.15
0.37
0.42

For the LSC PFSA membranes, the changes in IEC value and ohmic AR after ALT are
relatively small, showing the superiority of LSC PFSA chemistry in terms of chemical stability.
On the other hand, the chemical stability of grafted membranes during long-term operation
is questionable. The much lower IEC of these membranes and higher final ohmic AR of the
SPVDF membrane after ALT confirms functional group degradation after long term exposure
to bromine species. The unchanged ohmic AR of the SPE membrane may suggest that this
membrane is very stable, however, in the very short measurement time, no degradation of
this membrane could take place, thus giving the same ohmic AR before and after ALT,
although this is not correct. As shown in table 5.3, the IEC value of the SPE membrane
decreases significantly, showing the occurrence of membrane degradation even in very short
measurement times. The final ohmic AR of the grafted membrane is however still relatively
low while the IEC value has decreased significantly. The presence of acidic electrolyte during
HBFB operation enhances the grafted membranes’ conductivity, although the during HBFB
degradation of the functional group has occurred due to the presence of bromine. The acidic
nature of the electrolyte provides ionic conductivity in one hand and, on the other hand, it
simultaneously slows down functional group removal from the membrane. Consequently, the
net effect during HBFB operation is a constant ohmic AR. After HBFB testing, the membranes
are removed from the cell, repetitively and thoroughly washed with DI water to remove
remaining acid and non-covalently bound components. Subsequently, the IEC value is
measured and compared to the values obtained before HBFB testing. The decrease in
functional group density due to chain scission and degradation during HBFB testing is then
visible as a decrease in IEC after HBFB testing.
Visually (SEM analysis), any physical membrane degradation is not observed and
membrane thicknesses did not change significantly after ALT (figure 5.6).
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Figure 5.6: SEM images of the cross-section of the different membranes and corresponding
membrane thicknesses: a) LSC PFSA, b) reinforced r-LSC PFSA, c) SPVDF, and d) SPE membranes.

To monitor Pt catalyst degradation-dissolution phenomena, SEM-EDS elemental analyses
were performed before and after ALT. Elemental compositions before and after ALT are
summarized in table 5.4.

5

Table 5.4: EDS analysis of the active catalyst-membrane surface.
Pt : C
F:C
O:C
S:C

Initial membrane* Final LSC PFSA Final r-LSC PFSA
0.94
0.03
0.05
0.48
0.58
0.42
0.19
0.15
0.10
0.03
0.02
0.01

Final SPVDF
0.00
0.50
0.21
0.01

Final SPE
0.08
0.47
0.11
0.01

* Only one column for the native membrane is reported as SEM-EDS has a limited penetration depth and is only able
to measure the first micrometers of the catalyst layer and does not reach the actual membrane surface, making the
membrane type irrelevant for the initial measurement. That changes significantly upon cell failure as then, the catalyst
layer almost disappeared and the membrane chemistry is (partly) included in the analyses, as the data show.

In all cases, cell failure can be clearly attributed to a major loss of active Pt catalyst, as
shown in table 5.4. Pt is dissolved as bromoplatinic acid in the aqueous crossover liquid and
washed away from the electrode surface, resulting in much lower amounts of Pt on the
catalyst particles of the anode (i.e. lower Pt:C ratio in table 5.4). One of the strengths of this
work is that the degradation/failure mechanism proposed in [5,6] is validated. Efforts need
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to focus on decreasing the bromine species crossover, while maintaining or increasing the
proton transport rate, increasing the intrinsic catalyst durability, and developing catalyst
coatings [23,24].

5.4. Conclusions
High-frequency cycling load ALT is a very valuable method for HBFBs to assess longterm stability and performance in relatively short measurement times. Especially HBFBs with
r-LC-PFSA and SPVDF membranes show relatively stable performance over longer time scales
until very sudden system failure. Systems with LSC PFSA membranes are clearly less durable,
while the HBFB with an SPE membrane failed almost instantaneously. The LSC PFSA
membrane shows high chemical stability. On the other hand, the grafted SPVDF (and SPE)
membrane shows clear membrane degradation visible as a strong decrease in IEC and an
increase in ohmic AR.
The main failure mechanism of the HBFBs is a gradual Pt catalyst degradation-dissolution
that results in insufficient Pt catalyst loading and subsequently, low HER/HOR kinetics and
the ability to mitigate bromine species crossover. The rate of Pt catalyst degradationdissolution is related to the membrane bromine species crossover rate that almost linearly
scales with the cell total ampere-hours. However, as long as the catalyst loading is sufficient
and does not reach a minimum value, the Pt degradation-dissolution rate is not significantly
related to cell performance.
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Product development for the market (photos courtesy of Elestor)

Transitioning to a renewable energy economy necessitates the widespread integration
of solar and wind power, which are intermittent and unpredictable, into the electricity grid.
To this goal, it is paramount to develop cost-competitive, reliable, location-independence,
and large-scale energy storage technologies. The hydrogen bromine flow battery (HBFB) is
a promising technology given the material availability and its high power density. Here, we
perform a techno-economic analysis of a 500 kW nominal power / 5 MWh HBFB storage
system and analyze both the current base and a future scenario (2030). We find that, for the
base case, HBFB capital investments are competitive to Li-ion battery technology, highlighting
the potential of large-scale HBFB market introduction. Improving the stack performance and
reducing the stack and system costs are expected to result in ~62% reduction potential in
capital investments. The base-case levelized cost of storage, $0.074/kWh, is sufficiently low
for a wind-solar storage system to compete with a fossil-based power plant, with potential
for reduction to $0.034/kWh in the future scenario. Sensitivity analysis indicates that the
levelized cost of storage is most sensitive towards the stack lifetime, which motivates
research efforts into advanced electrocatalysts and ion-exchange membranes with improved
durability.

Based on: Y.A. Hugo, W. Kout, A. Forner-Cuenca, Z. Borneman, K. Nijmeijer Techno-economic analysis
of the current state and future outlook of a kilo-Watt scale hydrogen-bromine flow battery system,
Submit. Processes.
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6.1. Introduction
Almost one-third of the Netherlands is below sea level, making the country prone to
catastrophic floods due to increasing seawater levels and climate change. To anticipate this,
the Dutch government, together with public and private organizations, has set up the National
Climate Agreement [1], aligned with the United Nations Climate Agreement [2]. It defines
the measures and actions to reduce CO2 emissions and meet international climate goals. The
agreement aims for a 49% reduction of greenhouse gas emissions by 2030, compared to
1990 levels and a 95% reduction by 2050 [1]. A major aspect of the agreement is the strong
focus on sustainable energy generation from e.g. wind and solar energy sources combined
with a focus on sustainable electrification of the industrial, mobility, and electricity sectors,
the built environment, and agriculture. Over the last 10 years, wind and solar electricity
generation processes have experienced tremendous cost reductions. The levelized cost of
wind and solar can be as low as $0.03/kWh, which is lower than the most efficient coal-fired
power plants [3]. The critical remaining issue is the cost of flexibility that is associated with
the intermittent nature of solar and wind energy. At present, grids can only cope with ~24%
of the influx of energy from renewables [4]. Electricity storage systems that store surplus
electricity and release it when there is high demand are essential to overcome the problem
of intermittency.
To enable the transition from a fossil fuel-based to a sustainable energy economy, the
wind-solar-storage (WSS) system needs to be cost-competitive with the current energy
system. Traditional power plants produce reliable electricity at $0.05/kWh at the expense of
large greenhouse gas emissions [5]. According to the literature [6], one-third of the produced
renewables have to be stored for a reliable and sustainable energy system. This implies that
the levelized costs of storage (LCoS) should remain < $0.06/kWh.
Currently, there is a strong market pull for low cost electricity storage systems. In 2017,
there were 176 gigawatts (GW) installed storage power and about 4.67 terawatt-hours (TWh)
total storage capacity globally, where 96% of the capacity is dominated by pumped
hydropower technology [7]. Pumped hydropower, although reliable and cost-effective, is
geographically-limited for many countries and requires large capital costs [8].
Due to its versatile nature, electrochemical energy storage is a promising and rapidly
growing market. Potentially very attractive and promising in this respect are flow batteries.
As opposed to sealed battery technologies, flow batteries have the advantage that power
and capacity are decoupled. The power is determined by the area resistance and the active
area of the membrane-electrode assembly (MEAs) of the reactor, while the storage capacity
depends on the concentration of redox molecules in the electrolyte and the tank volume.
Moreover, they feature superior durability (i.e. there is no intercalation reaction) and depth
of discharge limit and flow batteries have a limited self-discharge rate since the reactants can
be replaced from the electrochemical stacks during long-term storage [9].
Among the different flow battery options, the hydrogen-bromine flow battery (HBFB) is
one of the most promising ones, with a demonstrated high peak power density (1.4 W/cm 2),
energy efficiency (90%), and energy utilization (93% at 0.9 A/cm2) [10], which is driven by
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the facile kinetics of the redox reactions. Moreover, hydrogen and hydrobromic acid are
widely available. Over the last years, several groups have investigated the HBFB technology
from a technological perspective [10–13] and also some work on techno-economic
perspectives is reported [14].
The goal of the present study is to perform a techno-economic analysis of the HBFB
technology from an industrial point of view and provide the true costs of storage of an HBFB
system, based on extensive collaboration with an industrial HBFB developer and industrial
suppliers based on today’s industrial practice. To have access to industrial drivers and the
costs of the technology, the work has been carried out in collaboration with industrial
suppliers and especially Elestor BV, one of the leading companies in HBFB technology
development and production.
Here, we first describe the principles of the HBFB technology and the model methodology
and assumptions, with a distinction between the costs of power (i.e. stack) and energy (i.e.
electrolyte and peripheral system). Then, the results of the model are discussed in the light
of two scenarios: the base scenario where the system would be built today and a future
scenario for 2030 assuming that large scale production is feasible. Finally, we perform a
sensitivity analysis to identify key areas with a larger potential for cost reduction and provide
recommendations for researchers and flow battery technology practitioners.

6.2. Principle of HBFB technology
The HBFB (figure 6.1) stores electricity by interconverting electrical to chemical energy
in the oxidation of Br- (present as HBr solution) into Br2 at the cathode. Br2 subsequently
reacts further with Br- to form Br3- until equilibrium conditions are reached [12]. The released
protons diffuse through the ion-exchange membrane that electrically-separates the cathode
from the anode. At the anode, this H+ is reduced to form H2 gas. The opposite reactions
occur when electricity is discharged from the system. The difference in chemical potential
between hydrogen and bromine species is the driving force for these electrochemical
reactions to take place. The theoretical standard open-circuit voltage per cell at 25 °C is
1.098 V [15]. The corresponding redox reactions are:

2Br-

Cathode:

charge

ሳልልልልልልሰ
ሯልልልልልሴ

Br2(aq) + 2e-

E0- = -1.098 V vs. SHE

H2

E0+ = 0 V vs. SHE

H2 + Br2(aq)

E0,cell = 1.098 V

discharge
charge

Anode:

2H+ + 2e-

ሳልልልልልልሰ
ሯልልልልልሴ

Overall:

2HBr(aq)

ሳልልልልልልሰ
ሯልልልልልሴ

discharge
charge

discharge

The equilibrium reaction of Br2 is:
-

-

Br2 (aq) +Br ֖ Br3

KBr3-/Br2/Br- = 17
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The HBFB cell and its different components are presented in figure 6.1 and further discussed
in detail in section 6.3.4.

Figure 6.1: Schematic diagram of an HBFB cell.

6.3. Methodology and assumptions
6.3.1.
6.3.1.1.

HBFB performance parameters and system model
Size

Due to the relatively low costs of the electrolyte, there is an advantage to go to long
term storage (i.e. low capital investment per kWh) in contrast to other existing technologies.
However, the longer storage duration results in a fewer number of cycles over the lifetime of
the system, therefore, a lower return on investment. Ultimately, the final size is determined
by the market demand and there are indications, based on Elestor’s market research, that a
500 kW storage system with 10 hours storage time is preferred, which will be assumed to be
the target system in this work.
To accommodate this, a modular, 40 ft standard container (40’ L x 8’ W x 8’ 6“ H) is
considered that can host a modular 500 kW nominal power / 5 MWh energy capacity HFBF
storage system that can be scaled up by parallelization. In the container, stacks with a
cumulative nominal power of 500 kW can be hosted together with the electrolyte system,
power conversion electronics, and control system. The 5 MWh capacity is equivalent to 10
hours of storage time.
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6.3.1.2.

System efficiency model

The purpose of a storage system is to balance the electricity supply and demand of a
(micro) grid by storing electricity in times of electricity surplus and delivering it in times of
electricity shortage. To perform this role, the storage system should have relatively high
energy efficiency (e.g. ≥ 70%). The remaining (e.g. ≤ 30%) originates from the stack and
auxiliary losses. The auxiliary losses mainly stem from the bi-directional inverter conversion
losses, cooling losses, and pumping losses.
The storage system efficiency (%) can be calculated by the following equation:
System eff. = (Energy eff. – (pumping+cooling losses)) x inverter eff

(6.1)

The state-of-the-art bi-directional inverter has a 96% round-trip efficiency under optimal
conditions [16]. To achieve the targeted round trip AC-DC system efficiency of 70%, the
direct current (DC) system of the HBFB (Energy efficiency – (pumping + cooling losses))
must have a minimum efficiency of 73%. Cooling energy is required to dissipate the heat
produced by the stack. The cooling loss is calculated to be 3% of the stack energy output
(see Supplementary Information (SI) 6.1.1). Pumping losses stem from the pressure drop
over the electrode and flow fields in the stack. For low pumping losses, an effective flow field
design and electrode design with high permeability are required. The flow field is embedded
on the graphite plates to distributes the electrolyte throughout the entire electrode area and
to force the convective flow of electrolyte in the in-plane direction. Thus, optimizing the flow
field design is essential to ensure efficient electrolyte distribution and minimize parasitic
pumping losses. Calculations on the stack design indicate that pumping losses will consume
~2% of the stack energy output (see SI 6.1.2). The detailed specifications of the cooling
system and the electrolyte pump can be found in section 6.3.2.1. By means of equation 6.1,
the targeted system efficiency is calculated, as well as the pump, cooling system, and inverter
efficiencies, which results in a minimum stack energy efficiency of 78% (see SI 6.1.3).

6.3.1.3.

HBFB model system

Besides the HBFB stacks, the HBFB system consists of the electrolyte system, the
hydrogen system, power electronics, and housing. Figure 6.2 shows the general process flow
diagram of the HBFB stack, electrolyte system, and hydrogen system. The same design was
used in Elestor’s field test system. The HBFB cell/stack is discussed in detail in section 6.3.3.
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Figure 6.2: Process flow diagram of the HBFB storage system.

The liquid electrolyte is circulated from the electrolyte tank to the stack using a
centrifugal pump. Since HBr plays an important role as a solvent for Br2, the Br2/HBr
concentration ratio needs to be lower than 1:1, else elemental bromine will partially separate
from the electrolyte solution. For these reasons, the initial electrolyte is 6.6 M HBr (36 wt.%
HBr) and the electrolyte system is operated at 0.3 M Br2/ 6 M HBr at 0% SOC and 2.3 M Br2/
2 M HBr at 100% state-of-charge (SOC). The electrolyte is supplied to the stack with a
centrifugal pump with a PVDF and polypropylene liner. The electrolyte flow rate is adjusted
such that the minimum electrolyte stoichiometry is 3 to facilitate convective mass transport.
In this case, the overall electrolyte flowrate for 500 kW is 116 m3/h, based on Faraday’s law
of electrolysis (see SI 6.3.1) [17]. With a 70% overall system efficiency, 71.4 m3 of HBr
electrolyte is needed to store 5 MWh useful energy (see SI 6.3.1). To account for some spare
energy capacity, 75 m3 of HBr electrolyte is chosen as the electrolyte tank volume.
The efficiency losses result in heat generation thus requiring a cooling system to control
the temperature of the electrolyte. Through engineering design, half of the produced heat
can be dissipated to the ambient air and housing. The rest of the heat is absorbed by a chiller
with an average coefficient of performance (COP) of 4. This high-performance chiller is
required to limit energy cooling losses. The nominal operating temperature is 60 °C balancing
between the bromine vapor pressure and the required cooling energy.
The hydrogen system is certified as a pressurized system since its operating pressure is
in the range of 1-8 bar gauge. The choice for this pressure range is to limit the hydrogen
tank volume and to avoid the use of a hydrogen compressor. During the charge mode,
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produced H2 leaves the stack also removing liquid bromine species crossover. In the
discharge mode, Venturi ejectors create the hydrogen recirculation, also removing the
crossover liquid. All crossover liquid is captured and stored in the liquid separator and when
the liquid level reaches a certain limit, the crossover liquid is pumped back to the electrolyte
tank. A hydrogen gas washer treats all H2 before entering the stack to remove impurities.
The power electronics have two important roles: Converting AC-DC power and controlling
the system. Since the (micro) grid commonly transports alternating current (AC) electricity,
a bi-directional inverter is required to convert AC electricity from the (micro) grid to DC
electricity in the charge mode and vice versa in the discharge mode. A summary of the
operational parameters is presented in Table 6.1.
Table 6.1: Operating conditions for the HBFB storage system.

Operating condition
Temperature
CHBr dis.
CHBr ch.
CBr2 dis.
CBr2 ch.
Br2 stoichiometry ratio
H2 dis.
H2 ch.

6.3.2.
6.3.2.1.

Parameter
≤ 60 °C
6M
2M
0.3 M
2.3 M
≥3
1 bar
8 bar

HBFB performance parameters and stack model
Stack efficiencies model

The energy efficiency of the electrochemical cell and stack can be calculated based on
the voltaic and coulombic efficiencies, according to:
Energy efficiency = Voltaic efficiency x Coulombic efficiency

(6.2)

The coulombic efficiency depends on the coulombic losses mainly through the shunt
current (current leak) and, if applicable, from reactant crossover and bromine evaporation.
In this work, the coulombic efficiency of the stack is assumed to be 97%, based on a shunt
current model developed by Trovo et al. [18].
With an energy efficiency of 78% (as discussed earlier) and a coulombic efficiency of
97%, the stack voltaic efficiency is 80% (equation 6.2). The voltaic efficiency depends on
the different contributions to the overpotential, namely ohmic, mass transfer, and kinetic
overpotentials. At the laboratory scale, low overall area resistances (ARs) have been
obtained. Livshits et al., Cho et al., and Lin et al. reported cell total area resistances of ~0.1
Ω·cm2, ~0.22 Ω·cm2, and ~0.2 Ω·cm2, respectively, with the membrane as the main
difference: a 50 μm nano-porous membrane, a 50 μm Nafion® membrane or a 30 μm
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electrospun PFSA/PVDF membrane (TRL, technology readiness level, 3), respectively
[10,11,19]. Total resistances for full stacks, however, are significantly higher. At present, a
total overall AR for a full stack at TRL 6 of 0.3 Ω·cm2 has been obtained. Based on the voltaic
efficiency target (80%) and these overall area resistance data, the nominal current density
is calculated to be 0.33 A/cm2 (details of the calculation can be found in the SI 6.2.1).

6.3.2.2.

Stack polarization and cycling behavior model

A stack with 50 cells is considered for this study. The number of cells is chosen such that
it is large enough for the bi-directional inverter to operate efficiently but sufficiently low for
the stack to have a low shunt current, to be assembled easily, and to have a stable
performance. The approach was also followed in previous work [10]. To realistically resemble
the polarization and cyclic behavior of the stack, experimental data of cell tests are
extrapolated (cell voltage is multiplied by 50). Experimental results of cell polarization and
cycling can be found in Figures S6.2.1. and S6.2.2.
At the designed nominal current density, according to the stack model in the SI 6.2.2.,
the stack power density is 0.27 W/cm2. For a 500 kW nominal power at this power density
level, 188 m2 active area is required. The membrane area needs to cover the entire gasket
area which is larger than the active area. Additionally, material losses in the electrode and
catalyst ink preparation during the coating process should be taken into account. For this
purpose, we assume a 10% material loss.
The above voltaic efficiency of 80% holds for the current, base case scenario, where the
main losses are the ohmic losses due to the use of relatively thick and dense membranes.
For the future scenario (2030), stack performance is estimated to be improved significantly.
Thin and nanoporous membranes are being developed (see section 6.3.4.3) as well as
advanced liquid diffusion electrodes, resulting in lower stack area resistance, which affects
the power density (required active area), voltage efficiency, and energy utilization (lowering
the tank and electrolyte volume). Through advanced engineering of the graphite current
collector to minimize shunt currents, the Coulombic efficiency is estimated to be 99% in the
future scenario. Table 6.2 summarizes the values of the different parameters discussed
above.
Table 6.2: Summary of the HBFB storage system.

Parameter
Nominal (dis.) power
Stack resistance
Current density
Power density
Voltaic efficiency
Coulombic efficiency
Energy efficiency
Pump loss
Cooling loss

Base case
500
0.30
0.33
0.266
80
97
78
2
3

Future case
500
0.22
0.33
0.274
85
99
84
2
3

Unit
kW
Ω·cm2
A/cm2
W/cm2
%
%
%
%
%
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Bi-directional inverter efficiency
System efficiency
Req. active area
Req. electrolyte tank volume

6.3.3.

96
70
~210
75

96
77
~200
65

%
%
m2
m3

System component parameters

In this section, the individual HBFB system components (see figure 6.2) and associated
costs are discussed.

6.3.3.1.

Electrolyte system

The electrolyte system consists of the electrolyte storage tank, HBr electrolyte,
electrolyte pump, a chiller, tubing, and couplings. The storage tank is a high-density
polyethylene (HDPE) tank with a thin polyvinylidene fluoride (PVDF) liner and glass-epoxy
reinforcement. A similar concept was proposed in previous work [14]. The tank is filled with
6.6 M HBr electrolyte, that is prepared by mixing 48% HBr with ultrapure water (see SI
6.3.1). The pump for the electrolyte loop is a centrifugal pump with polypropylene contact
material. A chiller using polypropylene glycol is used to remove heat from the circulating
liquid, which is common practice. The system is placed outside and the low freezing point (<
-20 °C) of the polypropylene glycol/water mixture will prevent freezing during winter. Tubing
and couplings are made of PVDF because of its high chemical resistance.
For the base case, an electrolyte solution with a useful energy density of 70 Wh/L is
required. The cost for a small volume of electrolyte (below 500 kg) is $3/kg (ICL IP,
Albemarle). This translates to $50/kWh for the electrolyte (the calculation can be found in
the SI 6.3.1). To store the electrolyte, an electrolyte storage tank of 75 m 3 is needed. The
electrolyte is stored in an HDPE tank ($ 0.5/L). Assuming a 2.5 safety factor and a 3.0
production factor for PVDF lining and licensing, the costs for the HBr storage tank is estimated
to be $56/kWh (Weber Kunststoftechniek, NL). Based on suppliers' information, the
cumulative costs for the rated pump and chiller, including tubing and couplings, are estimated
to be $25/kWh and $18/kWh, respectively. Therefore, the overall electrolyte system is
estimated to account for $149/kWh.
In the future scenario, a polytetrafluoroethylene (PTFE) or PVDF bags (65 m3) can be
considered as the electrolyte tank material. This tank is estimated to cost $18,000 (Buitink
Technology, NL) translating to $4/kWh electrolyte tank cost. For large scale purchases, the
electrolyte costs can be reduced and it is assumed that these can be as low as $8/kWh [14].
The costs of the other parts (EMMTEC services, NL) associated with the electrolyte are
assumed to decrease as a consequence of economy-of-scale, where a 15% rebate is
expected, which brings the overall electrolyte system costs for the future case to $48/kWh.
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Hydrogen system

The hydrogen system includes the hydrogen storage tank, Venturi ejectors, a liquid
separator, a gas washer, safety and vent valves, tubing, and couplings. The hydrogen tank
is a steel tank with a chemical resistant coating of e.g. an epoxy Novolac coating or PVDF
lining. The coating is required as small amounts of bromine species can eventually permeate
through the membrane and end up in the hydrogen tank. The Venturi ejectors, liquid
separator, and gas washer are manufactured using a combination of PVDF and HDPE. Safety
valves are present to avoid pressure build-up above 10 bar. The vent valve is used to purge
the hydrogen to the air to remove excess liquid crossover mainly. Similar to the electrolyte
system, the tubing and couplings are made of PVDF for high chemical resistance.
The main costs of the hydrogen system are determined by the hydrogen storage tank,
which is relatively expensive as bromine species (acidic) can potentially be present in the
tank. At an H2 pressure of 8 bar, the energy density is 25 kWh/m3 and thus a 200 m3 H2 tank
is required. The costs of a 50 m3 commercially available H2 tank with a chemically resistant
coating are approx. $55,000 (MAHYTEC, FR). For a capacity of 5 MWh, four tanks are thus
required, costing $44/kWh in total (4x $55,000/5,000 kWh). Required Venturi ejectors,
liquid separator, gas washer, and connections are estimated to cost $30/kWh (EMMTEC
services, NL). This brings the capital costs of the overall hydrogen system to $74/kWh.
For the future scenario, two dominant criteria determine which hydrogen tank will be
selected. The maximum working stress that the tank material can tolerate (σ, in MPa), and
its costs ($/kg). Polymer-based tanks (i.e. HDPE or polyvinyl chloride (PVC)) offer strong
advantages in terms of cost and chemical resistance. A polymer-based hydrogen tank with a
safety factor of 2.5 and a production factor of 3.0 is estimated to cost $11.00/kWh (Weber
Kunststoftechniek, NL). Assuming a 15% rebate on the subsystem costs, the hydrogen
system is anticipated to cost $37/kWh in the future scenario.

6.3.3.3.

Bi-directional inverters and system controls

Bi-directional AC/DC inverters used to convert the power, are one of the most mature
technologies in the HBFB storage system. The costs of a bi-directional AC/DC inverter are
strongly related to the power output. At present, the costs of the required bi-directional
AC/DC inverter are $180/kW (TRUMPF Hüttinger, DE). With the increasing share of wind
and solar power, costs are expected to decrease. Large-scale unidirectional inverters
currently cost approximately $80/kW and bi-directional AC/DC converters are expected to
drop to the same level [6]. Combined with a 15% rebate on all electronics, the future costs
of the power electronics are $38,250/system unit.
The system controls consist of sensors, printed circuit boards (PCBs), and programming.
The sensors measure voltages, currents, state-of-charge, electrolyte flow rate, electrolyte
pressure drop, temperature, fluids levels, H2 pressure, H2 flow rate, H2 level, and detect Br2
and H2. The control system uses all these sensor inputs to control the HBFB storage system
and to operate it safely. All power electronics (e.g. sensors and electrical components) are
existing and mature technology. With a lean approach, the current costs of the power
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electronics are estimated to be $45,000/system unit. Due to the high level of maturity of the
technology, this is not expected to decrease significantly in the future.

6.3.3.4.

Housing

The HBFB storage system is a containerized system to simplify building and
transportation. A standard 40 ft container is used as the main housing for the stack, the
electrolyte system, power conversion electronics, and the control system, while the hydrogen
tank is positioned outside the container. For hydrogen safety, an ATEX zone is applied for
the electrical components to avoid hydrogen explosions inside the container. To assure
electrolyte safety, a neutralizing agent (e.g. calcium carbonate) is present to neutralize the
electrolyte in case of major electrolyte tank rupture. The costs for a 40 ft container and
neutralizing agent are $33,000/system unit (NieuweWeme, NL). For the future case scenario,
these costs are expected to drop by a 15% rebate to $28,050/system unit.

6.3.4.

Stack component parameters

In this section, all the HBFB stack and cell components presented in figure 6.1 will be
discussed in terms of materials and associated costs.

6.3.4.1.

Liquid diffusion electrode

The liquid diffusion electrode (LDE) is a porous carbonaceous substrate that is
responsible for multiple key functions, namely electrolyte distribution, provide surfaces for
bromine redox reactions to take place, and conduct electrons and heat. Desirable properties
are high electrical conductivity, high surface area, and a well-defined microstructure [20].
Their microstructure (porosity, tortuosity, and surface area) and the thickness of the LDE
play an important role in the reaction kinetics (charge transfer losses), the electrolyte
distribution (mass transfer losses), and the pressure drop (pumping losses) [21]. The
thickness of the carbon paper LDE is in the range of 0.2-0.4 mm. Off-the-shelve, this material
can be purchased today at a cost of $135/m2 from SGL carbon (DE), Freudenberg (DE), or
AvCarb (US).
For the future scenario, there is a large potential for cost reduction. Carbon papers are
prepared by graphitizing/carbonizing polyacrylonitrile (PAN) at high temperature [22]. The
raw material costs of PAN are $4/kg [23] which translates to a $0.47/m2 area for the raw
material costs of carbon paper (see SI 6.4.1 for the calculation). The majority of the high
actual costs come from the high energy consumption for the carbonization step and because
carbonization is still a batch process. The development of less energy-intensive, continuous
carbonization processes, and associated economy of the scale, will reduce the costs
significantly to an expected value of $20/m2 [24].
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Gas diffusion electrode

At the gas diffusion electrode (GDE) hydrogen gas flows through the cell and the
hydrogen oxidation and evolution reactions (HOR/HER) take place. Generally, the GDE
consists of a hydrophobic (polytetrafluoroethylene (PTFE), 30% PTFE treated) carbon paper
layer, a microporous layer, and a catalyst layer. The hydrophobic coatings in the carbon paper
and microporous layer are required to prevent liquid crossover through the carbonaceous
porous media. The design of the catalyst layer is essential to facilitate the HOR/HER reactions.
Desirable parameters are a high surface area of noble metal catalyst particles (e.g. platinum,
iridium, and/or ruthenium) and efficient mass transfer in the three-phase boundaries.
The stack lifetime is estimated based on the component with the lowest lifetime. For the
HBFB, this is the catalyst layer on the GDE. Since the membrane is not 100% selective,
bromide species will eventually permeate through the membrane reaching the anode catalytic
layer. These bromide species are known to react with the electrocatalyst in the absence of
hydrogen gas to produce non-active catalyst salts [13,19,25,26]. The presence of hydrogen
gas protects the catalyst layer against bromide species to a certain degree. The catalyst
loading is designed in such a way that the catalyst coated gas diffusion layer will last for
80,000 operational hours, assuming a 10 h discharge (20 h per cycle), would result in 4000
cycles. Based on these assumptions, the membrane and laminated gas diffusion electrode
can operate for approximately 10 years and need to be replaced only once during the project
lifetime of 20 years.
Mitigating the detrimental effect of bromide species crossover thus requires high loading
of the noble metal catalyst. Considering a large safety margin, 1.0 mg of black noble metal
(i.e. platinum black or iridium black) per cm2 area is assumed for the base case. These
catalyst particles can be purchased at $60/g (at present) from e.g. PV3 Technologies (UK)
or Ames Goldsmith Ceimig (UK). The catalyst particles need further processing and
application on the GDE. Based on the raw materials costs and labor costs, the GDE is
estimated to cost $650/m2 ultimately ($50/m2 is allocated for the ink and carbon paper). Due
to technological developments, a lower loading (0.5 mg/cm2) of metal on carbon catalyst
particles is reasonable to assume for the base case though. This will decrease the price of
the catalyst to $40/g assuming high volume and long-term purchase contracts. Including the
membrane and assuming laminated GDE replacement after 10 years of operation, this results
in estimated costs of $250/m2 for the GDE in the base case scenario.
For the future case, a significantly lower noble metal catalyst loading is possible through
micro- and nano-scale engineering [27]. The developments in fuel cell technology pave a
promising pathway towards ultra-low catalysts loading (e.g. 0.06 mg/cm2 of metal on
carbon) for the GDE. With this much lower loading and assuming the economy of scale, the
GDE costs for the future case are estimated to be $100/m2.

6.3.4.3.

Membrane

The ion-exchange membrane is responsible for physically separating the two reactants,
hydrogen, and bromine, to facilitate an electrochemical driving force. The membrane is
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electrically isolating but enables the transport of protons to maintain electroneutrality in the
cell. Spurred by the developments in the polymer electrolyte fuel cell industry,
perfluorosulfonic acid (PFSA) based membranes are currently the most mature technology
[25,28]. They feature high permselectivity and chemical stability due to the presence of a
molecular organization and the distinct separation between hydrophobic and hydrophilic
regions in the polymer membrane [29]. The GDE is laminated onto the membrane by means
of hot-pressing. Consequently, upon replacement of the GDE, also the membrane needs to
be replaced, while the other components can be reused. At present, a 50 μm thick reinforced
PFSA membranes can be purchased at $285/m2 (Chemours, US or Fumatech, DE).
Recently, also composite PFSA membranes are being developed [30–32]. Promising in
this respect are composite membranes prepared via electrospinning using blends of PFSA
and e.g. PVDF. With this approach, a bi-continuous PFSA network with a good proton
conductivity at relatively low PFSA loading can be created. Based on raw materials costs
($80/m2 for PFSA, PVDF, and DMF as solvent), the investment costs of the electrospinning
equipment ($20/m2), and the operational costs ($20/m2 for labor, electricity, and
maintenance), the costs of a 50 μm thick composite membrane are estimated to be $120/m2.
The costs of PFSA ionomer, PVDF powder, and DMF solvent are based on Fumatech (DE) or
Solvay (DE), Arkema (FR), and Boom Lab (NL) price figures. While the investment cost of
the electrospinning apparatus is based on the Elmarco apparatus (CZ). For the future
scenario, the use of nano-porous PVDF membranes is considered: Since the hydrogen and
the bromine electrolyte are both in a different physical state (i.e. gas and liquid), in theory,
also porous membranes could be used instead of the currently used expensive dense PFSA
membranes. Livshits et al. estimates that a 30 μm thick nanoporous membrane consisting of
30% PVDF, 10% nano-particle silica and 60% free volume costs $35/m2 [11,14].

6.3.4.4.

Graphite plate and gasket

Graphite plates on both sides of the cell end control the flow distribution of electrolyte
and hydrogen in the three spatial directions. These plates need to be designed such that
flow-by and flow-through mechanisms are balanced and that mass transport and parasitic
(pressure drop) losses are minimized [33]. Graphite plates are used in HBFB technology
because of their high chemical stability and high electrical conductivity. As graphite plates,
often 5 mm injection-molded plates made out of graphite and PVDF binder are considered.
The raw materials costs are estimated to be only $6.71/kg or $66/m2 (see SI 6.4.4) [34].
However, due to current small-scale production, the purchase costs of a 5 mm thick graphite
plate are relatively high, at present at $550/m2 (Eisenhuth, DE, or HYCCO, FR). For highvolume manufacturing, these costs can go down to $125/m2 for future case [34].
Gaskets seal the cell and assure that the reactants stay at the electrolyte and hydrogen
gas side, respectively. For the base case scenario, the gaskets are based on an FKM rubber
(Viton®) layer that is cut into gasket pieces. This process results in major cutting losses (>
80%), giving high gasket costs for the base case ($50/m 2). For the future scenario, the use
of vulcanized FKM O-rings produced by injection molding will significantly cost reduction to
an estimated value of $25/m2 (Chemours, US). Furthermore, recent advances in adjacent
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hydrogen technologies (e.g. fuel cells, electrolyzers) are expected to accelerate cost
reductions.

6.3.4.5.

End plate

The end plates provide mechanical support to the cell and collect the current from the
stack. Since there is no direct contact with the electrolyte, the end plates do not need to have
high resistance against bromine and are typically machined from stainless steel. The entire
stack is built together, fastened, and compressed with fastening nuts and bolts. All these
components are also stainless steel-based. Per stack, only one set of end plates and ancillary
components is required.
Stainless steel plate machining is common practice in the industry and raw materials and
labor mainly determine the final costs. For low volume production (base case) the costs are
approx. $132/kW (Arutech, NL). For the future scenario, with a simple design and high
volume production, these costs can go down to $100/kW.

6.3.5.

Financial assumptions

The following major economic assumptions are used in economic analysis:
1.
2.
3.

4.

5.

6.
7.

8.

Prices are reported in 2020 US dollars accounting for a 3.0% inflation rate (discount
rate for capital, with no taxes assumed).
The costs of electricity from wind and solar parks are assumed to be constant at
$0.03/kWh [2].
The stack assembly costs are $180/m2 for low volume production (base case) according
to [14]. For the future case, this is likely to reduce to $100/m2 through automation and
large volume production.
The manufacturing costs of the HBFB storage system are $150/kW for low volume
production (base case) according to [14]. For the future case, this can go down to
$100/kW assuming economy of scale [35].
Once a year, there is minor maintenance that requires two field technicians working
one full day. Maintenance consists of inspection and electrolyte balancing. Associated
costs are $1,600 per year.
After ten years of operation, major maintenance is performed to replace the stack
membranes and laminated GDEs.
No dedicated operator is required to manage the HBFB system because the targeted
scale of 500 kW is relatively small. The system is monitored off-site by a service team
that monitors multiple systems simultaneously.
One-third of the renewable energy generated will be stored in an HBFB storage system.
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6.3.6.

Summary of component costs

All component costs of the HBFB storage system (as described above) are summarized
in table 6.3.
Table 6.3: Component costs for the HBFB storage system.

Component
HBFB system
Electrolyte tank
HBr electrolyte
Electrolyte pump
Electrolyte chiller
H2 tank
H2 sub-system
Bi-directional inverter
Power electronics
Housing
System labor
HBFB stack
Liquid diffusion electrode (LDE)
Gas diffusion electrode (GDL)
Replacement LDE
Membrane
Replacement membrane
Graphite plate
Gasket
End plate
Stack labor

6.3.7.

Base case

Future case

Cost unit

56
50
25
18
44
30
180
45,000
33,000
150

4
8
21
15
11
26
80
38,250
28,050
100

$/kWh
$/kWh
$/kWh
$/kWh
$/kWh
$/kWh
$/kW
$/unit
$/unit
$/kW

135
650
250
285
120
550
50
132
180

20
100

$/m2
$/m2

35

$/m2

125
25
100
100

$/m2
$/m2
$/kW
$/m2

Economic model & calculation

The capital investment costs are calculated as the summation of all component costs for
a system with a 500 kW power output and a 5 MWh energy capacity, including labor costs
to build the stack and the system.
These capital investment costs can be divided into two parts: the costs of power and the
costs of energy. The costs of power include stack component costs, inverters, power
electronics, and housing. On the other hand, the costs of energy include the electrolyte
system and the hydrogen system. Separation of these two cost positions makes it possible
to calculate the effect of storage duration (or storage capacity) on the capital investment
costs by varying the storage duration/capacity (the cost of energy) while keeping the costs
of power constant.
The cost of power and cost of energy ($/kWh) are calculated separately to understand
the cost contribution towards power (kW) and energy (kWh) and then standardize in kWh.
The cost of power and cost of energy can be calculated according to:
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Cost of power =
Cost of energy =

power capital costs

(6.3)

power output x storage time
energy capital costs

(6.4)

power output x storage time

The levelized costs of energy (LCoE, $/kWh) of the WSS system are calculated and
analyzed to assess the economic potential of the HBFB storage system in combination with
wind and solar power as sustainable sources. Since only one-third of wind-solar powers that
go to the HBFB storage system, only one-third of LCoS is added into the LCoE calculation.
These levelized costs can be calculated according to:
LCoE = renewable electricity price +

levelized cost of storage (LCoS)
3

(6.5)

With all costs in $/kWh. Based on the capital investment costs and the above financial
assumptions, the levelized costs of storage (LCoS, $/kWh) of the HBFB can be calculated as:
LCoS =

capital costs + capital recovery costs + maintenance costs
number of cycles x stored energy

+

1-ƞ
ƞ

x Electricity cost

(6.6)

Where ƞ is the system efficiency (%) and with all costs in $, the stored energy in kWh,
and the electricity cost in $/kWh.
The capital recovery costs ($) are a factor to determine the present value of a series of
equal cash payments in the future. It is used to translate the future capital investment costs
to the present value. The capital recovery costs are dependent on the inflation rate. It can
be calculated with the formula below:

CRF years =

1-(1+i)

CRF ሺ$ሻ = (1 -

-n

i
CRF years
n

(6.7)
) x capital cost

(6.8)

With i is the interest rate (3%), n is the number of project years (20), and capital cost in $.
Break down of the cumulative storage costs in periods of five years over the 20 years
lifetime of the project, enables the calculation of the cash flow and the LCoS for five, ten,
and fifteen years. Assuming the uptime is 95%, the cumulative stored energy over five years
(5 years x 365 days/year x 12 charging hours/day x 0.5 MW nominal power x 95% uptime)
is 10,000 MWh. The cumulative storage costs ($) can be broken down into capital investment
(table 6.2 and figure 6.4), CRF/ capital recovery costs (equation 6.5 and 6.6), maintenance
costs, and electricity costs).
Cumulative electricity costs =

electricity costs x cumulative stored energy
System efficiency

(6.9)

With the electricity cost in $/kWh, the cumulative storage energy in kWh, and the system
efficiency in %.
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Based on these equations, the economic potential of the HBFB for the current case and
the future scenario is calculated. Also, a sensitivity analysis is performed by changing one of
the studied parameters over a sensitivity interval from -20% to +20%. The impact on the
capital costs or the LCoS presented.

6.4. Results and discussion
6.4.1.

HBFB stack component costs

Component cost ($/kWh)

A potential cost reduction roadmap is shown in Figure 6.3, based on the discussion in
Section 6.3.4. It starts with the base case and subsequently the effects of a reduction in
specific component costs are introduced. The last column represents the projected costs for
the future case scenario, assuming multiple research innovations and advanced materials are
available. Based on these model predictions, we foresee a significant stack cost reduction
(~73%) in the future scenario. Especially the costs of catalyst and the graphite plate and
gasket have a strong impact on the overall costs. More innovative stack designs will drive
down the costs of endplates and stack housing, while lower catalysts loadings will reduce
catalyst costs significantly, being the main cost driver for the future case.

100
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$83/kWh

80
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60
50
40
30
20
10
0

End plate

$79/kWh

Graphite plate & gasket
Membrane

$56/kWh

GDE

$45/kWh

LDE
$26/kWh

Base case

$23/kWh

Future
scenario
$22/kWh

High volume Low catalyst Nano porous Injection High volume
Higher
LDE
loading on membrane
molded
end-plate performance
GDE
bi-polar plate
& gasket

Figure 6.3: Total stack cost reduction roadmap for the HBFB: From base case to future scenario.

In Figure 6.4, a detailed cost breakdown of the individual components to the total stack
costs are presented for the current and future scenarios. The most expensive component of
the HBFB stack for the base case is the GDE due to the excessive loading of the noble metal
catalyst. This excessive loading is currently used to guarantee catalyst durability and to
prevent catalyst degradation in the bromine species-environment [25]. The research
challenge is to develop a selective electrocatalyst that is durable, low-cost, and affords low
kinetic overpotentials for the HOR/HER reactions, as then the catalyst loading can be reduced.
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For example, some efforts to engineer molecular sieve barriers that are only selective towards
hydrogen are being pursued [13,36]. It is expected that with such approaches, the
electrocatalyst loading can be as low as in PEM fuel cell applications (i.e. 0.05 mg Pt/cm2).
Because of the high and volatile noble metal price, this development becomes even more
important when the required volumes increase. The second major cost component is the
graphite plates. As the raw material costs are low and the injection molding process to
prepare the plates is common practice, a significant cost reduction upon upscaling is
expected.

120

Relative contribution of
component (%)

$83/kWh

$22/kWh

100
End-plate
80

End-plate
Bi-polar plate

60
40
20

Membrane
Membrane

Bi-polar plate

LDE

GDE

GDE

0
Base case

Future case

Figure 6.4: Total HBFB stack component costs and their relative contribution to the total costs for the
base case and the future scenario.

Finally, in the base case, there is a relatively small contribution from the membrane to
the total stack costs. Also here, still some cost reduction is expected. Compared to PEM fuel
cells and electrolyzers, the required membrane specifications are less stringent, because
bromine electrolyte is less oxidative than the oxygen radicals applied in those other systems.
Moreover, bromine electrolyte is highly ion-conductive facilitating the transport of protons
through the membrane. Less expensive nanoporous membranes were used on a 50 kW pilotscale system, Flowbox system in France [37].

6.4.2.

HBFB total system costs

Figure 6.5 shows the cost reduction roadmap for the total system costs based on the
discussion in Section 6.3.3 while figure 6.6 shows the relative contribution of each system
component of the HBFB storage system. The HBFB capital investments for the base scenario
are $340/kWh and this number is highly competitive compared with a stationary lithium-ion
storage system [38]. Based on our predictions, there is a large potential to reduce the system
costs and a reduction of ~62% (from $340/kWh to $128/kWh) is expected by 2030.
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Component cost ($/kWh)
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Figure 6.5: Total system cost reduction roadmap for the HBFB: From base case to future scenario.
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Figure 6.6: Total system component costs and the relative contribution of the different system
components to these total costs for the base case and the future scenario.

Although the stack determines the system performance and lifetime, its contribution to
the total system costs is only approx. 20% for both the base and the future case, making
dedicated system engineering crucial to decrease the costs of storage.
For the base case, the hydrogen and electrolyte systems contribute by 22% and 44%
respectively to the total capital investment costs of the total system, which is significant. The
main challenge is to decrease the costs of storage tanks [14]. The high costs of the hydrogen
tank are due to the high requirements in terms of pressure and corrosion resistance, for
which a large-scale solution is not available yet. The high costs of the electrolyte tank are
mainly due to the highly corrosive nature of the electrolyte. For both innovation in terms of
materials and large-scale production is essential and will significantly reduce the absolute
costs, though it is expected that both systems will remain the major contributor to the total
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system costs, also in the future scenario. We anticipate that ongoing developments by fuel
cell automobile manufacturers will facilitate the development of low-cost hydrogen tanks.
Besides a decrease in costs of the stack and tanks, significant cost reductions in other
areas are not expected. The electrolyte costs will stay at the same level, as the electrolyte is
a commodity chemical already, produced in large volumes. The control system and system
housing are also proven solutions. There might be some developments in the bi-directional
AC/DC inverter technology that potentially can result in an approx. 50% cost reduction,
however, because the contribution of the inverter to the total system costs is relatively small,
the impact of this reduction on the total costs will also be minor.

6.4.3.

Cost of power ($/kW) and cost of energy ($/kWh)

The capital costs of a storage system can be subdivided into the costs of power and the
costs of energy. Redox flow battery technologies have fundamentally different characteristics
than sealed battery technology, e.g. Li-ion batteries. In the former, the cost of power is
relatively high, while the costs of energy are lower. The costs of power are mainly based on
the costs of the stack components (i.e. the sum of the costs of GDEs, graphite plates, gaskets,
membranes, endplates, and LDEs). A sensitivity analysis is performed to identify the major
cost-determining component to stimulate research in key areas. Based on the sensitivity
analysis (figure 6.7), the focus should be reducing the cost of gas diffusion electrode (by
decreasing the loading of catalyst powder) and the cost of graphite plate and gasket (by
lowering the manufacturing cost via injection-molded technique).

% change in cost of power

110

105

100

95

90
Stack area
resistance

LDE

GDE

Membrane Graphite plate
& gasket

End plate

-20% to +20% change from the base
Figure 6.7: Sensitivity analysis for HBFB component costs of power/stack.

In this study case, the stack area resistance does not affect the power cost significantly
except there is a technological breakthrough (membraneless HBFBs [39]). The reason is that
the stack is operated at a low current density region thus the change in power density is not
pronounce. For specific applications (e.g. data centers), it might be required to operate the

141
system at high current density, thus, the stack area resistance must be minimized to ensure
that a high voltaic efficiency is maintained. Most importantly, more electrocatalyst
engineering effort and durability studies (including accelerated lifetime test) are required to
improve the electrocatalyst durability and reduce the required catalyst loading for the
targeted lifetime.
For the cost of energy, there is a huge opportunity to decrease the cost via advanced
engineering design. Based on figure 6.8, the cost contribution of the H2 tank is comparable
to that of the HBr tank and both contribute 25% to the cost of energy. However, the main
concern is the stack performance. The higher stack performance results in higher energy
utilization. Energy utilization is the relative ratio of the energy that can be discharged from
the system (Wh) compared to the energy that is stored in the system (Wh). The sensitivity
analysis shows that the stack performance/energy utilization is more important as it affects
the size of H2 and HBr tanks and required HBr volume simultaneously. Therefore, the
development effort should focus on improving the stack performance for the cost of energy.
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Figure 6.8: Sensitivity analysis of HBFB component costs of energy.

The cost of energy ($/kWh) does not change regardless of the storage time or capacity
and only the costs of power ($/kWh) depend on the storage time/capacity. In this case, the
capital costs per kWh go down with the increase of storage time/capacity. However, there is
a plateau region where the storage time/capacity hardly influences the capital costs because
the cost of energy dominates the capital costs per kWh. This plateau region is presented in
Figure 6.9 where the capital costs are plotted as a function of storage time. Figure 6.9 clearly
demonstrates that when the storage time is less than 6 hours the capital power costs are
dominated by the power costs. Contrary to longer storage times the energy costs are dictating
the overall capital costs. Consequently, below 6 hours, the capital cost of power is
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determinative while for storage times longer than 6 hours, the focus should be on decreasing
the costs of energy since these contribute more to the capital costs.
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Figure 6.9: Effect of storage time on costs of power, costs of energy, and total HBFB capital costs.

6.4.4.

Cash flow and levelized cost of storage

While the capital investment costs are important for market entry and bankability of the
storage system, ultimately, the levelized cost of storage (LCoS) is the most important metric
that needs to be minimized to achieve a competitive levelized cost of energy (LCoE) of the
WSS system. Here a simplified system is assumed in which the HBFB storage system operates
at nominal power (500 kW discharge) and full capacity (full charge followed by full discharge,
5 MWh) at an assumed GDE lifetime of 4000 cycles. The system works for 20 years at a 3%
interest rate and a constant electricity price ($0.03/kWh). The corresponding cash flows for
the HBFB system per five years for a total period of 20 years are presented in table 6.4 for
the base case and in table 6.5 for the future scenario.
Table 6.4: Cash flow for the base case HBFB storage system.

Cost breakdown
Cumulative stored
energy (MWh)
Capital costs
CRF cost
Maintenance
Electricity
Cumulative costs
LCOS (/kWh)

0

5

Year
10

15

20

0

10,000

20,000

30,000

40,000

$152,238
$8,000
$130,974
$2,102,302
$0.210

$115,039
$113,956
$8,000
$130,974
$2,470,270
$0.124

$113,188
$8,000
$130,974
$2,722,432
$0.091

$101,394
$8,000
$130,974
$2,962,800
$0.074

$1,811,090

$1,811,090
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Table 6.5: Cash flow for the future scenario HBFB storage system.

Cost breakdown
Cumulative stored
energy (MWh)
Capital costs
CRF cost
Maintenance
Electricity
Cumulative costs
LCOS (/kWh)

5

Year
10

15

20

10,000

20,000

30,000

40,000

$47,703
$44,848
$8,000
$90,437
$1,062,100
$0.053

$44,750
$8,000
$90,437
$1,205,287
$0.040

$40,057
$8,000
$90,437
$1,343,781
$0.034

0

$712,761

$712,761

$59,914
$8,000
$90,437
$871,112
$0.087

The LCoS is $0.074/kWh for the base case and $0.034/kWh for the future scenario.
Assuming that one-third of green electricity produced will be stored for a reliable power
supply [6], the LCoE (equation 6.5) for both cases is $0.055/kWh and $0.038/kWh for the
base case and the future scenario respectively. Since the most efficient coal-fired power
plant produces electricity at $0.05/kWh [5], both the base case and the future scenario, are
competitive to the conventional power supply system, especially when also considering the
zero-emission benefit.
The other interesting finding when comparing the base case and the future scenario is
that the LCoS of the future scenario only decreases by 25% although the capital investment
of the future scenario decreases by 62% in comparison to the base case. The main reasons
are the complexity of the system, a significant contribution of electricity price on LCoS, and
the long project lifetime (20 years).
To assess the effect of the different parameters on the levelized cost of storage, a
sensitivity analysis is performed on all factors impacting the LCoS of the system. These data
showed that especially the stack lifetime, the capital investments, and the stack area
resistance are the most dominant parameters and have the strongest impact on the LCoS
(figure 6.10).
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Figure 6.10: Sensitivity analysis of the LCoS for a) the base case and b) future scenario HBFB storage
system.

For both the base case and future scenario, the trends are similar. It is preferred to
reduce capital investments. This does not only play a significant role in the LCoS (figure 6.10)
but also has a strong impact on market introduction and bankability. As the stack
performance (or overall area resistance) affects the capital investment costs directly (size
and amount of active area material needed) and indirectly (size of storage tank volume), this
is also an important factor with a significant impact on the LCoS.
Figure 6.10 shows, however, that especially the stack lifetime (i.e. duration of stack
operation) is the most important parameter determining the LCoS. Since a prolonged stack
lifetime means a higher cumulative stored energy for the same capital investment, the LCoS
goes down. Therefore, stack lifetime, or more specifically electrocatalyst durability and
lifetime, is an important parameter that highly impacts the economic viability of the WSS
systems.

6.5. Conclusions
Techno-economic analysis of a 500 kW / 5 MWh HBFB storage system has been
performed to analyze the financial viability of both the current case and the 2030 future
scenario for the introduction of large-scale HBFB systems in the market and its bankability.
We find that the gas diffusion electrodes and the graphite plates and gaskets dominate the
total stack costs, which motivates research into advanced catalytic layers with ultra-low
loadings. In terms of total system costs the stack performance should be improved because
it reduces the electrolyte tank size and the required HBr solution volume, which are the major
system cost contributors. The sensitivity analyses show that the LCoS is most sensitive
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towards the stack lifetime, so efforts in electrocatalyst development to improve catalyst
durability, selective membranes, and long duration testing are needed.
The base case is already competitive with other storage technologies as for the base
case, the LCoS of the HBFB storage system is $0.074/kWh. For the future scenario $0.03/kWh
is foreseen. For a combined wind-solar-storage system, assuming that one-third of the green
energy generated will be stored, the LCoS of the system is $0.055/kWh for the base case
and $0.038/kWh for the future scenario, making sustainable zero CO 2 emission WSS
technology highly competitive with fossil fuel-based power generation. Based on these
findings, we hope to stimulate scientists from multiple disciplines to develop advanced
electrocatalysts with low overpotentials, novel membrane materials, and implement testing
protocols for durability tests.
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HBFB storage system
Cooling losses

The cooling losses are calculated using the following equations:
•

Required cooling energy (Qcooling, kW):

The produced heat stems from the voltaic efficiency loss (20%). Assuming that half of the
produced energy (Prate, kW) is dissipated into the air and housing through smart engineering:
Qcooling =
•

Prate
2

x

20%
80%

=

500
2

x

Cooling losses (Qchiller, kW):

20%
80%

= 62.5 kW
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Current chiller technology has a coefficient of performance (COP) of 4 [1]. The required
cooling energy is:

Qchiller =

Qcooling
COP

= 15.6 kW

% cooling losses =

SI 6.1.2.

15.6
500

x 100% = 3%

Pumping losses

The pumping losses are calculated using the following equations:
x

Faraday's law of electrolysis:

nሶ =

Iሶ
F∙ z

where nሶ (mol/cm2·s) is the mass flow rate, Iሶ (A/cm2) is the current flowing to the stack, F
(C/mol) is the Faraday constant (= 96,485 C/mol), and z is the valence of the ion (= 2).
-6
nሶ =1.55 x 10 mol/cm2 ∙s

x

Minimum electrolyte flow rate (vሶ )

The minimum bromine concentration is 0.3 mol/L or 0.0003 mol/mL.
Stoichiometric flow rate =

nሶ
[Br2 ]

= 0.00518 mL/cm2·s

In fuel cells application, the minimum reactant supplies are three times the stoichiometric
supply [2]. Therefore, in this study, the minimum electrolyte flow rate is assumed to be three
times the stoichiometric flow rate.
vሶ = 3 x stoichiometric flow rate = 0.0155 mL/cm2·s or 1.55 x 10-8 m3/cm2·s
x

6

Pumping losses

The allocated pumping loss is 2%.
Pumping losses = 2% · nominal power density = 0.00518 W/cm2
Pumping losses =

Pdrop ∙ vሶ
Pump efficiency
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where Pdrop (Pa) is the electrolyte pressure drop, vሶ (m3/cm2·s) is the minimum electrolyte
flow rate, and the pump efficiency (%) is approx. 30% according to the pump data sheet
(https://www.bedu.nl/file.php/1460/t_mag_pm_brochure_en.pdf)
Pdrop = 100,000 Pa = 1.0 bar

SI 6.1.3.

System efficiency

The system efficiency is calculated using the following equation:
System efficiency = (Energy efficiency - pumping & cooling loss) x inverter efficiency
System efficiency = 70%

SI 6.2.
HBFB performance parameters and model
stack
SI 6.2.1.

HBFB stack efficiency (round trip)

The stack efficiencies are calculated using the following equations:
•

Voltaic efficiency:

Voltaic efficiency (%) =

 Vdischarge ∙ dt
x 100%
 Vcharge ∙ dt

This equation is simplified in this work to:
Voltaic efficiency =

OCV - i ή R
OCV + i ή R

x 100% = 80%

where OCV (V) is the open-circuit voltage (0.89 V), i (A/cm2) is the current density (0.33
A/cm2), and R (Ω·cm2) is the stack area resistance.
•

Stack energy efficiency:
Energy efficiency = Voltaic efficiency x coulombic efficiency

151
Based on the simulation model [3], the predicted coulombic efficiency is 97%. Therefore the
stack energy efficiency is:
Energy efficiency = 78%

SI 6.2.2.
SI 6.2.2.1.
•

HBFB stack model
Experimental

HBFB flow cell

A 64 cm2 active area HBFB cell was constructed with two aluminum plates as the current
collector and endplate. The cathode consisted of a 3 mm thick monopolar graphite plate with
an interdigitated flow field (Eisenhuth, DE) and stacked liquid diffusion layers (LDL) which
consist of two layers 0.4 mm thick carbon paper (SGL carbon, DE) and a microporous layer,
with the carbon loading of 0.4 mg/cm2, that is applied with spray coating technique in-house.
The anode consisted of 0.2 mm thick Pt/Ir (0.3 mg/cm2 loading) coated Spectracarb™ gas
diffusion electrode (IRD Fuel cells, DE) as the gas diffusion layer (GDL). The cathode and
anode are sealed with a 1.5 mm thick Viton® FKM gasket (Rubbermagazijn, NL). A 100 μm
thick membrane made of long side-chain perfluorosulfonic acid (LSC PFSA, Nafion®) from
Fumatech, DE, separated the cathode from the anode. The GDL was laminated to the
membrane via a hot-pressing step at 135 °C and 4 bar pressure for 480 s. Initially, a 6.6 M
HBr solution at 45 °C was circulated over the cathode using a diaphragm pump (KNF, NL) at
a flow rate of 125 mL/min. The temperature of the solution was controlled by a thermostatic
water bath at 45 °C. Hydrogen gas at a constant pressure of 1 bar was fed to the anode and
the overpressure valve was placed in the hydrogen line to purge the hydrogen gas at 2 bar
pressure.
•

Polarization behavior

For the conditioning period, the cell was charged at 0.33 A/cm2 until the cell voltage
reaches the cut-off voltage of 1.1 V. Then, the cell polarization behavior was measured three
times with an SP-150 potentiostat with FlexP 0060 booster (Bio-Logic, FR). The polarization
characterization was based on a voltage step scan with a step potential of 0.05 V and a step
time of 30 s for each step at a range from 0.80 V to 1.25 V. The data were collected every
second, but only those of the last 30 seconds of each step are reported. Based on three
polarization behaviors, the overall AR was calculated.
The overall AR is the sum of the ohmic AR, the charge transfer AR, and the mass
transport AR [21]. The ohmic and charge transfer ARs were measured with the electro
impedance spectroscopy (EIS) analysis. The EIS was performed right after each polarization
behavior measurement with the same set of equipment. Using the signal sine mode, the EIS
was performed at the OCV with a sinus amplitude of 10 mV. AC was supplied at the fluctuating
frequency from 10,000 Hz to 0.2 Hz. The measurement point is 15 points/decade with six
measurements per point. From the measurement, the semi-circular Nyquist plot is generated.
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The ohmic AR was obtained from the high-frequency intercept of the impedance with the
real axis in the Nyquist plot. While the charge transfer AR was determined by the diameter
of the kinetic loop, the difference between the high-frequency intercept and low-frequency
intercept. The ohmic AR is the sum of bulk build-up material resistances, contact resistances,
and membrane resistance. The charge transfer AR is the activation losses of the bromine
redox reactions and hydrogen oxidation/evolution reactions.
•

Cycling test

After the polarization test, the cycling test began with a preconditioning charge mode to
1.15 V at 0.33 A/cm2. Next, the cycling test was started discharge and charge mode at a
constant current density of 0.33 A/cm2 with the cut-off voltage of 0.70 V and 1.15 V. The
chosen voltage range is to protect the electrochemical cell/stack and to avoid unwanted side
reaction, e.g. graphite and carbon corrosions. Based on the cycling data, the voltaic and
coulombic efficiencies (%) are calculated to validate whether the model stack performance
is in-line with the performance targets:

Voltaic efficiency =

 Vdischarge ∙ dt
x 100%
 Vcharge ∙ dt

Coulombic efficiency =

SI 6.2.2.2.
•

Idischarge ݐݔ
x 100%
Icharge ݐݔ

Results

Stack polarization behavior model

The polarization behavior of the model stack described above and the different losses
and power density are shown in figure SI 6.1. During the cell measurements, the electrolyte
pressure drop was monitored and relatively stable at around 0.3 bar. Based on figure SI 6.1,
the majority of overall AR is coming from Ohmic AR where the membrane AR contributes
significantly to the overall AR [4]. For the future case, the ohmic AR can be reduced by using
thinner and/or more conductive membranes. From the I-V profile, figure SI 6.3 b, the model
stack power density can be calculated with the following formula:
P = (OCV-I∙R) x I
where P (W/cm2) is the power density, OCV (V) is the open-circuit voltage (approx. 0.9 V), I
(A/cm2) is the current density, and R (Ω·cm2) is the stack area resistance. The calculation is
also included in the supplement document. The calculation results in 0.27 W/cm 2 power
density.
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Figure SI 6.1: Stack polarization behavior model: a) I-V curve and contribution of losses and b) I-V/P
curve.

•

Stack cyclic behavior model

Figure SI 6.2 shows the cyclic behavior of the HBFB model stack. The voltaic and
coulombic efficiencies are 80% and 97%, respectively. In one cycle, the HBFB flow cell takes
100 Wh/L energy in the charge mode and discharges 78 Wh/L energy in the discharge mode.
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Figure SI 6.2: Stack cyclic performance behavior model.
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HBFB system components
Electrolyte system
Electrolyte energy density

The stoichiometry ratio is 3. The calculation is based on the lowest SoC that is 0.3 M bromine.
The nominal current is 0.33 A/cm2. Therefore:

MEA active area =

Nominal power
= 188 m2
Power density

Required bromine (Faraday's law of electrolysis) =

I∙t∙M
Z∙F

= 1,852 kg/h

Where I is the applied constant current, t is the total time the constant current was applied,
Mr is the molar mass of bromine, z is the valency number of ions of the substance (in this
case, z is 2), and F is the Faraday constant (96,485 C/mol).
Required bromine
ൌ 38.6 m3 /h
[Br2 ] x Mr
Required flow rate = Stoichiometry flow rate x Stoichiometry ratio =116 m3 /h


Stoichiometry flow rate =
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Electrolyte flow rate

The energy density of 2 M bromine electrolyte can be calculated by Faraday’s law of
electrolysis as below:

Energy density =

z∙F∙M
=107 Ah/L
3,600

Where z is the valency number of ions of the substance (in this case, z is 2), F is the Faraday
constant (96,485 C/mol), and M is the molar mass of the available bromine.
•

Electrolyte tank (atmospheric):
Electrolyte tank volume =

Storage capacity
Useful energy capacity

=71,429 L

With the electrolyte tank volume in L, storage capacity in kWh, and useful energy capacity in
kWh/L. The Electrolyte volume is rounded up for spare energy capacity to 75 m 3 for this
techno-economic analysis.
Electrolyte tank cost =

Raw material cost x tank volume x production factor x safety factor
Storage capacity

With the electrolyte tank cost in $/kWh, the raw material cost in $/L, electrolyte tank volume
in L, and storage capacity in kWh.
Electrolyte tank cost ൌ$56/kWh

•

HBr electrolyte:

75 m3 of 6.6 M HBr is required. The most commercially available HBr solution is azeotropic
48 wt.% HBr.
Molar concentration of 48 wt.% HBr = 48 % x
Required azeotropic 48 wt.% HBr volume =

ఘ
ெ

= 8.84 M

M1 x V1
M2

= 56.0 m3

where M1 is the molar concentration of final electrolyte (6.6 M HBr), V1 is the final electrolyte
volume (75,000 L or 75 m3), and M2 is the initial HBr concentration (8.84 M for 48 wt.% HBr).
HBr electrolyte cost =

HBr volume (m3 )
HBr density (kg/m3 )

x

HBr cost ($/kg)
Storage capacity (kWh)

= $50/kWh
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With the HBr electrolyte cost in $/kWh, HBr volume in m3, HBr density in kg/m3, HBr cost in
$/kg, and storage capacity in kWh.

SI 6.3.2.

Hydrogen system

The energy density of hydrogen is 33 kWh/kg based on https://hypertextbook.com/
facts/2005/MichelleFung.shtml
(https://
The
hydrogen
density
at
0
bars
(gauge)
is
0.0813
kg/m3
www.engineeringtoolbox.com/hydrogen-H2-density-specific-weight-temperature-pressured_2044.html). The hydrogen energy density (kWh/m3) at 8 bars (gauge):
H2 energy density = H2 energy x ρSP x Pabs = ~25 kWh/m3
With H2 energy in kWh/kg, ρSP in kg/m3, Pabs in bar absolute.
H2 tank volume =

Storage capacity (kWh)
Energy density (kWh/m3 )

=~200 L

The hydrogen tank cost is calculated using the following equation:

H2 tank cost =

Number of tank x tank cost ($)
Storage capacity (kWh)

= $44/kWh

where the number of tanks equals to total H2 tank volume divided by the one H2 tank volume
that is 50 m3. With storage capacity in kWh, the H2 energy density in kWh/m3, and tank cost
in $.

SI 6.4.
SI 6.4.1.

HBFB system components
Liquid diffusion electrode

The
liquid
diffusion
electrode
has
porosity
around
80%
typically
(https://www.fuelcellstore.com/sigracet-28-aa). During the carbonization process, the PAN
shrinks about 20%. The PAN density is 1.184 g/cm3.
Raw material costs of PAN =

t ή ρ ή fiber volume
1-%shrinkage

x PAN price = $0.47/m2
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where t is electrode thickness (0.4 mm), and ρ is the PAN density.
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Gas diffusion electrode

For reference, the costs of the catalyst powder are taken from Ames Goldsmith, UK, the costs
of the ink are obtained from Boom Lab, NL, and the costs of the carbon paper comes from
Freudenberg, DE.
Gas diffusion electrode = Catalyst loading x Catalyst price + Ink & carbon paper price
Gas diffusion electrode = $650/m2 

SI 6.4.3.

Composite PFSA membrane

Composite PFSA membrane is 50 μm thick with 50 wt.% PFSA and 50 wt.% PVDF polymers.
The PFSA density is 1,950 kg/m3, the PVDF density is 1,780 kg/m3, while the DMF density is
944 kg/m3. The initial polymer solution consists of 20 wt.% polymer and 80% DMF solvent.
The cost of PFSA materials is $1,1375/kg (Solvay, DE) and the cost of PVDF materials is
$25/kg (Arkema, FR). While the cost of DMF is $25/kg (Boom Lab, NL).
௧

Raw material cost =

Ψ௬

x (10% x ρPFSA x PFSA cost

+ 10% x ρPVDF x PVDF cost + 80% x ρDMF x DMF cost)
Raw materials cost = $80/m2
where t is membrane thickness (50 μm), and ρ is the material density.
Composite PFSA membrane is prepared with wire-based electrospun apparatus from Elmarco,
CZ. The total investment cost is assumed at approx. $200,000 (Elmarco, CZ) and the lifetime
is 20 years. The electrospun cost per year is estimated by Straight-Line Depreciation
calculation. The electrospun apparatus productivity is 500 m2 per year.

Electrospining cost =

Total investment
= $20/m2
Lifetime x productivity

The labor/operational cost is assumed to be $20/m2. Therefore, the composite PFSA
membrane cost is calculated below:
embrane cost = Raw materials cost + electrospining cost + Operational cost
= $120/m2
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Graphite plate

The graphite plate has a thickness of 5 mm to allow flow fields on both sides. The bulk density
is 1,900 kg/m3 and the raw material cost is $6.71/kg [5].
Raw material costs per m2 = t x ρ x graphite raw materials price =$66/m3 

SI 6.5.

Levelized cost

The levelized cost of storage is calculated using the following equation.

SI 6.5.1.

Levelized cost of storage

The levelized cost of storage is calculated using the following equation:
•

Capital recovery factor (CRF) and capital recovery costs

CRF ሺyearsሻ =

1-(1+i)

-n

i

Capital recovery costs ሺ$ሻ = (1 -

CRF ሺyearsሻ
n

) ∙ Capital investment

Capital recovery costs for the initial capital investment:
CRF ሺyearsሻ = 14.88 years
Capital recovery costsሺ$ሻ = $463,868
Capital recovery costs for the MEA replacement:
CRF ሺyearsሻ = 8.53 years
Capital recovery costs ሺ$ሻ = $16,908
•

Maintenance

Based on current predictions and field data of Elestor, the yearly maintenance costs amount
to $1,600/year, which results in a total sum of $32,000 for 20 years.
$1,600 per year Æ $32,000 for 20 years
Therefore,

159

LCoS =

Capital costs + Capital recovery costs + Maintenance costs
Number of cycles x Stored energy

+

1-ƞ
ƞ

x Electricity cost

With LCoS in $/kWh, all the cost in $, except the electricity cost in $/kWh, and stored energy
in kWh.
LCoS = $0.074/kWh

SI 6.5.2.

Levelized cost of electricity from the wind-solar-storage system (LCOE)

The levelized cost of electricity is calculated using the following equation:

LCoE = renewable electricity price

levelized cost of storage (LCS)
3

LCoE = $0.055/kWh
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7.1. Conclusions
The main goal of this thesis was to study and improve the membrane-electrode assembly
(MEA) for a low cost hydrogen-bromine flow battery (HBFB) storage system. The transition
to a sustainable society requires low cost electrical energy storage and HBFB is one of the
most promising storage technologies. However, the technology is at the research/pilot stage
yet and at the start of the economy-of-scale curve. Within the scope of the thesis, both
commercially available and novel MEAs have been characterized for short-term and longterm operational periods for two different electrolyte systems (complexed and noncomplexed hydrogen bromine). Also, the economic potential of the HBFB technology at the
kW-scale was assessed, both from a technological and an economic perspective.
To map the performance of commercially available membranes in the HBFB, the effect
of various membrane properties of nineteen different available cation exchange membranes
on the HBFB performance was systematically investigated in Chapter 2. The membrane
water uptake plays an important role in the HBFB performance and influences both the
resistance and the bromide species crossover. For all membranes, the water uptake
correlates with the number of functional groups and the chemical nature of the membranes.
Long-side chain perfluorosulfonic acid (LSC PFSA) membranes perform better in HBFBs than
other membrane types. LSC PFSA membranes have significantly lower bromide species
crossover combined with high peak power densities caused by the microphase separation of
hydrophobic and hydrophilic domains in the membrane, leading to well-defined ionic
pathways and low resistances for proton transport. Compared to the other investigated
membranes, especially reinforced LSC PFSA membranes show the best performance and are
preferred for HBFB applications. The positive impact of the reinforcement is more pronounced
for thinner membranes. Since the reinforcement constrains the membrane mechanically, it
also constrains the swelling and water uptake thus resulting in narrower ionic pathways
accompanied by a lower bromide species crossover.
SPVDF (sulfonated polyvinylidene fluoride) membranes also have this nano-phase
separation due to their hydrophobic polymer backbone, but at a lower degree compared to
the LSC PFSA membranes, giving lower performance. In contrast, hydrocarbon (SPE
(sulfonated polyethylene) and PS/DVB (polystyrene-divinyl benzene) membranes lack these
microphase structures and molecular organization and clearly underperform. LSC PFSA
membranes with an IEC around 0.8 meq/g and a thickness of 75 μm or less are preferred for
HBFB applications.
To reduce the amount of toxic bromine vapor, often a bromine complexing agent (BCA)
is applied. Chapter 3 studies the effect of BCA 13 (1-Butyl 3-methylpyridinum bromide) on
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membrane performance. The type of membrane is essential for the utilization of BCA in
HBFBs. The differences in membrane chemistry determine the effect of BCA 13 on the
membrane and HBFB performance. BCA is positively charged and interacts with the
negatively charged fixed groups of the membrane thus increasing the resistance of LSC PFSA
membranes. In line with this, the introduction of sequestered electrolyte to an HBFB system
reduces the cell power density and increases the cell resistances, both the ohmic and the
charge transfer resistance, significantly when LC PFSA membranes are used. The effect is
significantly less pronounced for the grafted membranes. Attempted regeneration of LSC
PFSA sequestered with BCA 13 using repeated 2 M HBr rinsing was ineffective but was shown
to regenerate grafted membranes. The study on the effect of various SOCs on cell power
density and cell resistance re-confirmed the finding that the grafted membranes have a weak
interaction with BCA 13 only. Despite their high power densities in the absence of BCA,
utilization of LSC PFSA membranes in the presence of BCA 13 should be avoided. Grafted
SPVDF and SPE membranes are promising alternatives for BCA 13 sequestered electrolyte
HBFB systems, although long-term cycling performance needs to be studied in more detail.
Based on the previous study, it is essential to control the membrane swelling degree, to
increase the charge density, and to reduce the costs. Therefore, electrospinning was used to
develop a novel type of membranes (Chapter 4). Electrospun composite membranes with
SSC PFSA as the ionomer and PVDF as reinforcing polymer were prepared successfully
without any defects, voids, or pinholes. The high IEC value of SSC PFSA helps to bring the
proton conductivity to the desired level at a relatively low SSC PFSA loading (40 – 60 wt.%).
Wire based electrospinning provides a reasonably homogenous distribution of the PVDF
reinforcement in the membrane matrix, thus improving the fixed charge density and proton
conductivity. The PVDF reinforcement also increases the tortuosity of the ionic pathways,
which helps to reduce the hydrogen crossover. However, the width of the ionic pathways
cannot be controlled yet thus resulting in relatively high bromine species crossover rates still.
Clear correlations between membrane proton conductivity and polarization behavior and
ohmic resistance are visible in this work.
The cyclic performance behavior of the electrospun membranes is comparable with that
of commercially available membranes. The PFSA/PVDF 60/40 membrane shows the best
cyclic performance: a coulombic efficiency of ~100%, a voltaic efficiency of 88%, and an
initially available capacity of 103 Ah/L at 150 mA/cm2. However, due to long term stability
concerns because of the high bromine species crossover of this membrane, the PFSA/PVDF
50/50 membrane is subjected to a long term cycling test. The results show a stable cyclic
performance during 200 cycles with an average voltaic efficiency of 80%, a coulombic
efficiency of 98%, and an initially available capacity of 105 Ah/L at 150 mA/cm2. No significant
degradation was observed yet.
Next, also the long-term reinforced LSC PFSA membrane performance and catalyst
durability were investigated in Chapter 5 to elucidate the HBFB failure mechanism and the
impact of membrane selectivity on the HBFB durability. The study showed that the highfrequency cycling load accelerated lifetime testing (ALT) is a very valuable method to assess
the long-term stability and performance of HBFBs in relatively short measurement time.
Especially HBFBs with reinforced LSC PFSA or SPVDF membranes show relatively stable
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performance over longer time scales until a very sudden system failure. Where the LSC PFSA
membrane shows high chemical stability, the grafted SPVDF membrane shows clear
membrane degradation visible as a strong decrease in IEC and an increase in ohmic AR. The
HBFB with the SPE membrane failed almost instantaneously.
The main failure mechanism of the HBFBs is a gradual degradation-dissolution of the Pt
catalyst that results in insufficient Pt catalyst loading and, subsequently, low HER/HOR
kinetics and ability to mitigate bromine species crossover. The rate of Pt catalyst degradationdissolution is related to the membrane bromine species crossover rate that almost linearly
scales with the cell total ampere-hours. However, as long as the catalyst loading is sufficient
and does not reach a minimum value, the Pt degradation-dissolution rate is not significantly
impacting the cell performance.
The work is concluded with a techno-economic evaluation of the HBFB technology, using
currently available data and knowledge as a starting point (Chapter 6). Two cases are
explored: the base-case based on the current state and a future scenario including foreseen
improvements in terms of performance and materials and production costs. To fasten the
large scale market introduction, the costs of power and energy of HBFBs need to be reduced.
For the cost of power, the challenges are to reduce the electrocatalyst loading and to reduce
the manufacturing costs of the bi-polar plates. The cost of energy is significantly influenced
by the stack performance as that affects the size of the electrolyte tank and the required HBr
volume. For 10 hours of storage duration base case system, the costs of energy are more
dominant than the costs of power. Analysis of a potential future case shows that the capital
investment of the current state HBFB storage system is not driven by the raw material costs
but mainly by batch and labor-intensive production processes. Therefore, an expected 73%
and 58% cost reduction of the HBFB stack and the HBFB storage system respectively is
foreseen in the future. Interestingly, the levelized cost of storage is less sensitive to the stack
performance and capital investments than towards the stack lifetime.
The levelized cost of storage for the HBFB storage system is $0.074/kWh for the current
base cases or $0.034/kWh for the future scenario. Coupled to the wind and solar power, the
complete system is competitive with a coal-fired power plant at the current state
($0.055/kWh vs. $0.05/kWh) and most probably more proficient in the long run.

7.2. Perspective
With the emphasis on sustainability and the ongoing transition from a fossil fuel-based
society to a green energy-based society, there is a huge opportunity for green and
sustainable energy technology in the years to come. In terms of energy storage, it is expected
that the global storage capacity needs to raise to 500 TWh storage, bridging three days
without electricity generation [1,2].
HBFB storage systems are highly promising for global storage solutions since there is an
abundant, low cost supply of reactants (only 0.002% of the global bromine reserves is
required to reach this target [3]) and the technology is not site-specific. Moreover, the
reactive nature of bromine results in high power densities [4].
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HBFB technology and MEA research as described in this thesis are still at the beginning.
The characteristics of the HBFB (e.g. gas and liquid flows, highly acidic and corrosive
chemicals, pressurized system, and many interdependent operating parameters) result in a
highly complex system. The challenges of scaling up HBFB technology to a kiloWatt or
MegaWatt scale can be classified into two categories in general: Market acceptance and
technological developments.
As the HBFB technology is currently not commercially available on the market yet, a
kiloWatt or MegaWatt scale HBFB project is an inherently risky project. Coming with a low
technology readiness level (TRL) product that is not in-line with customer expectations is
harmful to the credibility. In this respect, it is important to have a joint development
agreement with a potential customer(s), such that the customer is involved already at the
early stages of product development, such that the credibility builds on the development
process and not on the outcome only. A too expensive product is also unacceptable for the
market and harmful for credibility in the long run as well. As such systems engineering and
costs play important roles in this economical challenge. Last, but not the least, system
compliance and certification are important for credibility as well.
The second challenge is a technological one. The research activities should focus on
validating the durability of the HBFB stack (stack lifetime) under normal operating conditions.
One area that is mentioned several times in this thesis but not covered is the role of the
electrocatalyst. With the importance of system lifetime and the fact that 100% bromine
selective membranes do not exist [5], the catalyst layer needs to be engineered to last for at
least 10 years of operation in the presence of bromine species. Not the only durability is
important, but the catalyst layer also needs to be cost-competitive and scalable in the future.
Another challenge is bromine intercalation that results in bromine uptake by the graphite
bipolar plates [6]. This phenomenon leads to undesirable expansion until the plate is cracked
at a certain point. This will lead to electrolyte-hydrogen leakage and stack failure. So far, it
is observed that the uptake is more pronounced at a high state of charge, however, the
mechanisms are not clear yet. Therefore, fundamental research to understand the
responsible mechanisms is important to develop practical solutions.
After the challenges of scaling up HBFB technology have been overcome and the initial
upscaling step has been achieved, the next step is to lower down the storage costs to enable
WSS (wind-solar-storage) energy systems on a large scale with a system lifetime of 10 years.
To achieve this goal, the WSS energy system needs to achieve cost parity with coal-fired
powerplants without subsidies or a carbon tax. Chapter 6 in this thesis gives an outlook but
the practical work to reach that target needs to be done though. One of the developments
related to this thesis is the upscaling of the production of electrospun membranes
(PFSA/PVDF composite membranes or nano-porous membranes). It is known that membrane
production on a large scale is not trivial. Production volume, yield, handling of dangerous
solvents, reuse of by-product, and optimization of spin parameters on large-scale production
are important aspects to consider and determine the future success of up-scaling. There
might be a good chance that these membranes can be used for other applications as well
(e.g. fuel cells, water electrolyzer, Chlor-alkali electrolyzer, the vanadium flow battery, etc.),
which results in additional increases in production volume a decrease in membrane price
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($/m2). Another important development line, mentioned in Chapter 6 as well, is the lowering
of the required catalyst loading, engineering of low cost storage tanks, and improving the
stack performances.
It is unlikely that the cost reduction of WSS energy systems will suddenly come to a halt
once fossil-based energy generation has disappeared. Instead, there will be a continued
‘race-to-the-bottom’ with ever lower costs/kWh and an ever-increasing storage deployment
scale. The developer that can bring the storage cost to the lowest level will, for sure,
dominate the 500 TWh storage market.
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