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HIGHLIGHTS

e A comprehensive discussion of the recent advances in zinc—bromine rechargeable batteries with flow or non-flow electrolytes is

presented.

e The fundamental electrochemical aspects including the key challenges and promising solutions in both zinc and bromine half-cells

are reviewed.

® The key performance metrics of ZBRBs and assessment methods using various ex situ and in situ/operando techniques are also dis-

cussed.

ABSTRACT Zinc-bromine rechargeable batteries (ZBRBs) are one of the most power-

Electro-
chemistry

ful candidates for next-generation energy storage due to their potentially lower material
cost, deep discharge capability, non-flammable electrolytes, relatively long lifetime and
good reversibility. However, many opportunities remain to improve the efficiency and
stability of these batteries for long-life operation. Here, we discuss the device configu-
rations, working mechanisms and performance evaluation of ZBRBs. Both non-flow
(static) and flow-type cells are highlighted in detail in this review. The fundamental elec-
trochemical aspects, including the key challenges and promising solutions, are discussed,
with particular attention paid to zinc and bromine half-cells, as their performance plays
a critical role in determining the electrochemical performance of the battery system.

The following sections examine the key performance metrics of ZBRBs and assessment Performance

methods using various ex situ and in situ/operando techniques. The review concludes Metrics

with insights into future developments and prospects for high-performance ZBRBs.
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1 Introduction

Increasing environmental and energy crises around the globe
have prompted the growing demand for clean and renewable
energy [1-6]. Close to 40% of the world’s electricity will be
produced from renewable sources by 2030 [7]. Solar photo-
voltaics and wind power generators have become more pop-
ular over the past decade, but their inherently intermittent,
fluctuating nature makes it challenging to integrate them
into existing electrical grid systems [1, 8]. Energy storage
systems (ESSs) that are safe, cost-efficient and reliable have
been developed to satisfy the surge in demand for green elec-
tricity. Several characteristics make electrochemical energy
storage devices excellent candidates, including their ability
to combine power and energy, and their geographic flexibil-
ity, compact design and scalable construction and installa-
tion [9]. These systems also provide input stabilisation, high-
power charging, load shifting and an uninterruptible power
supply and are found to be useful in many other applications
[1, 10]. While lithium-ion rechargeable batteries dominate
the current market for grid-scale electrochemical energy
storage devices, they have different limitations, including
relatively low power density, high cost for replacement and
maintenance and flammable organic electrolytes. Therefore,
a reliable, energy-efficient, eco-friendly and affordable ESS
should be developed to accelerate the transition from fos-
sil fuels to renewable energy with clean technologies on a
global scale.

Zinc-bromine rechargeable batteries (ZBRBs) are
regarded as one of the most promising devices for use in
emergency uninterruptible power supplies and load level-
ling for grid-scale stationary power applications due to their
long lifecycle, high safety, sustainability, high theoretical
energy density, low cost and the wide availability of active
materials [11]. In brief, ZBRBs are rechargeable batteries in
which the electroactive species, composed of zinc—bromide,
are dissolved in an aqueous electrolyte solution known as
redox (for reduction and oxidation), which can potentially
convert chemical energy into electricity when needed under
controlled conditions. The water-based electrolytes in ZBRB
systems make them less prone to overheating and causing
fires than batteries with highly flammable electrolytes (e.g.
lithium-ion batteries). In the early stage of zinc—bromine bat-
teries, electrodes were immersed in a non-flowing solution
of zinc—bromide that was developed as a flowing electrolyte
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over time. Both the zinc—bromine static (non-flow) system
and the flow system share the same electrochemistry, albeit
with different features and limitations. All details provided
herein will pertain to both static and flow ZBRBs unless
otherwise specified.

The balance between the cost of active materials and the
cost of balance-of-plant components is a significant chal-
lenge with all ESSs. While the cost of the active materials
can be reduced through using inexpensive materials, the
cost of other components in the system (e.g. tanks, pumps,
control system) can offset these savings and lead to a higher
cost for the system as a whole. Therefore, it is important to
consider not only the cost of the active materials but also the
system’s total cost to ensure the successful implementation
of ESSs. In addition to the cost, the system’s lifecycle and
performance are critical factors that must be considered [11].
Zinc-bromine flow batteries have shown promise in their
long cycle life with minimal capacity fade, but no single
battery type has met all the requirements for successful ESS
implementation. Achieving a balance between the cost, life-
time and performance of ESSs can make them economically
viable for different applications.

ZBRBs are categorised as hybrid batteries which means
that some of the energy is stored at the negative electrode
(anode) via metallic zinc plated during the charging phase,
while the remaining energy is stored in a liquid phase at the
catholyte. It is important to note that the size and density of
the plated Zn and the catholyte storage tank determine the
storage capacity of ZBRB systems, resulting in power rating
and capacity that correspond to each other. Typically, the
practical implementations of ZnBr, systems are challenged
by: (1) zinc dendrite growth resulting from repeated electro-
plating and stripping of zinc that can pierce the membrane
and eventually forms a conductive bridge between the elec-
trodes (shorting), (2) hydrogen gas generation as the elec-
trochemical potential of charge/discharge process of the sys-
tem which is higher than that required for water hydrolysis
which competes with the reduction reaction of Zn** ions and
decreases the overall efficiency of the ZBRBs, (3) corrosive
elemental bromine liquid, Br,(1), production at the positive
electrode during charge, which can be diffused through the
membrane to the zinc half-cell reacting with the Zn plated
at the negative electrode (crossover), causing self-discharge
and/or degradation, and (4) the low miscibility (~2.8 vol%)
and stratification behaviour of Br,, in aqueous solutions that
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can lead to non-uniform concentration distributions [12].
Overcoming these challenges can be achieved by improving
the suitable configurations of ZBRBs, understanding the cell
chemistry and attributes and selecting appropriate assess-
ment methods. All these aspects will be highlighted in more
detail in the following sections.

2 Cell Configurations of Zinc—Bromine
Rechargeable Batteries

2.1 Static (Non-flow) Configurations

Static non-flow zinc-bromine batteries are recharge-
able batteries that do not require flowing electrolytes and
therefore do not need a complex flow system as shown in
Fig. 1a. Compared to current alternatives, this makes them
more straightforward and more cost-effective, with lower
maintenance requirements. The initial configuration type
of zinc—bromine static batteries, which was proposed by
Barnartt and Forejt [13], consisted of two carbon electrodes
immersed in a static ZnBr, electrolyte and separated by a
porous diaphragm. In this design, an activated charcoal layer
was pasted on the positive electrode that was vertically ori-
ented in the cells to control the bromine diffusion rate, thus
improving charge retention. The static ZBRB is character-
ised by low weight compared to the flow-type ZBRBs, as it
eliminates the need for auxiliary parts (e.g. pumps, tubes,
tanks), resulting in higher cost and complicated manufac-
turing processes. However, its high self-discharge rate and
low energy density have hindered development and com-
mercialisation in the past decades [14]. Gao et al. [11]
recently demonstrated that the low energy efficiency and
high self-discharge rate of zinc—bromine static batteries can
be overcome while retaining the electrochemical advantages
of zinc—bromine redox couples by using a glass fibre sepa-
rator. The authors also claimed that using the complexing
agent, tetrapropylammonium bromide, could reversibly con-
vert Br,/Br;~ species to solid phases, thus suppressing self-
discharge. In addition to providing good interfacial contact,
porous carbons also provide physical confinement to prevent
cross-diffusion and self-discharge.

Zinc-bromine batteries with gel electrolytes are another
type of rechargeable static battery that uses a gel electro-
lyte to transport ions between the electrodes, eliminating
the need for a pump system. The gel electrolyte contains the
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active materials (zinc and bromine) in a semi-solid texture
that provides easy handling and reduces leakage risks. The
gel electrolyte provides a three-dimensional aspect to the
electrolyte matrix, maintains homogenous conditions and
uniform distribution of the active species over the electrode
surfaces, resulting in better battery performance [16]. They
are also comparatively cheap and are greener with a long
cycle life, meaning they can be charged and discharged many
times without significant degradation in performance. This
indicates that zinc—bromine batteries can gain several advan-
tages with gel electrolytes compared to other types of bat-
teries [16]. The Gelion Endure™ company has developed
a zinc—bromine gel electrolyte system that is viable com-
mercially. However, much like all battery types, zinc—bro-
mine batteries with gel electrolytes also have disadvantages.
They might be sensitive to temperatures over 50 °C, which
requires careful monitoring and management to ensure they
operate within their optimal temperature range, while they
also require regular maintenance, including monitoring the
state of charge and replacing the gel electrolyte periodically.

Researchers have recently proposed innovative strat-
egies to make ESSs more cost-effective and viable by
avoiding membranes and flow pumping systems [17-19].
A membraneless, flowless zinc—bromine battery exhibits
an extremely low levelised cost of energy stored (LCOES)
of $0.29 per kWh per cycle for 1000 cycles in comparison
with lithium-ion batteries of about $0.5 per kWh per cycle
with a life of ~ 1500 cycles and an average LCOES of
$0.75 per kWh per cycle for advanced lead-acid batteries
with a limited cycle life [17]. Interestingly, membrane-
less, flowless ZBBs could achieve an average LCOES of
less than $0.01 per KWh per cycle if the cell lasted for
10,000+, competing with ZBFBs with an average LCOES
of less than $0.1 per KWh per cycle with more than 10,000
cycles. However, these outcomes are still proposed and
under investigation. Based on this, no traditional battery
can meet the technical cost requirements of ESSs apart
from membraneless and flowless zinc—bromine batteries
[12]. This design offers several advantages over conven-
tional flow batteries, including reduced weight, lower
cost, and simplified maintenance requirements. Biswas
et al. [12] described a low-cost, membraneless, single-
chamber, minimal architecture zinc—bromine secondary
battery (MA-ZBB) (Fig. 1b—d), which did not require
forced convection and utilised liquid bromine and porous
carbon foam electrodes as well as allowing zinc dendrites
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to form freely with enhanced efficiencies. Using a car-
bon foam electrode, the authors demonstrated the local
containment of Br, and explored how colour tracking and
feedback monitoring could be used to actively control the
transport of reactive species. The cost of each cell was
reported to be roughly $94 per kWh including passives,
with coulombic and energy efficiencies of 95% and 75%,
respectively, over 1000 cycles. The authors stated this
non-forced-flowing battery could be attractive due to its
cost, lifetime and performance characteristics for grid-
scale energy storage applications. While this configuration
eliminates the need for a membrane, which can reduce cost
and simplify the construction of the battery, it requires
more research for careful control of the electrolyte flow
and the reaction kinetics necessary for future applications.

Microsized zinc—bromine batteries are another con-
figuration of ZBRBs that operate using the same basic
electrochemistry as larger zinc—bromine batteries, but the
electrodes and electrolyte are designed to be smaller and
more compact. This can be achieved using microfabrica-
tion techniques, such as photolithography, which allows
for precise control over the size and shape of the battery
components. The active zinc and bromine are typically
stored in small microscale structures, such as microchan-
nels or microfluidic devices, to minimise the volume
and weight of the battery. One potential application for
microsized zinc—bromine batteries is in portable electronic
devices, such as smartphones and laptops [15]. However,
these candidates typically suffer from complicated fab-
rication procedure and low energy density. Besides, all
cathodes of current microbatteries (MBs) are solid state,
and the trade-off between areal capacity and reaction
kinetics restricts their wide applications [3]. Recent study
[15] proposed a dual-plating strategy to facilely prepare
zinc—bromine MBs with a liquid cathode for high areal
energy density and fast manufacturing procedure. Through
using laser carving method, carbon nanotube (CNT) sheet
(~ 10 pum thick) was initially adhered to insulating tape and
then patterned into interdigitated electrodes (~0.18 cm?).
This microelectrode, that was flexible and easily integrated
(Fig. le—g), was covered by a redox-active gel electrolyte
containing Zn>* and Br~ ions over the interdigitated elec-
trodes, where the prepared Zn-Br, MBs were at the dis-
charging state. The authors claimed that using 1-methyl-
3-propylimidazolium bromide (MPIBr) complexing
agent in these batteries achieved fast redox kinetics of the
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complex and high Columbic efficiency compared to that
with ZnBr, and tetrabutylammonium bromide (TBABT)
electrolytes (Fig. 1h-m). Although this research presents
new insights for Zn-Br, MBs, further research is needed
to promote the reliability and applicability of these con-
figurations for viable commercial applications.

2.2 Flow Configurations

Currently, no technology is available that can satisfy all the
exemplary characteristics of an optimal energy storage sys-
tem for large-scale applications [7]. The redox flow battery
(RFB) is among the emerging storage techniques that can
hopefully meet these requirements. One of the key advan-
tages of RFBs is their independence from power generation
and energy capacity [20-22]. In addition to the amount of
electrolyte stored in the battery system, the concentration
of active species, the voltage of each cell and the number of
stacks in the battery determine the battery’s capacity [23,
24]. The power generated, however, depends on the behav-
iour of the active materials and the electrode size, meaning
highly scalable and flexible [23]. Once set up and in a run-
ning mode, these systems need low maintenance and little
attention because they have few moving parts and require
minimal operations [25]. Modular construction is also pos-
sible due to its simple design [9]. In theory, RFBs have no
limited life cycle because of their simplicity and reversible
redox reactions (eliminating solid-state reactions) [26]. It
is possible for these batteries to be fully charged and dis-
charged without significant damage to their components
[27]. Because of their rapid response times, measured in
milliseconds [28], these systems are well suited for levelling
intermittent renewable power output. For all these reasons,
the flow battery is a promising future energy storage source.
Combined with its relatively low operating and capital costs,
it becomes a viable alternative to other emerging energy
storage systems [27, 29].

RFBs are secondary batteries that perform redox reac-
tions in an electrolyte solution using electrochemically
active species [30]. They can be charged by various power
sources and then discharged to power external loads. Based
on the redox reactions, most RFBs can be classified as all-
liquid RFBs and/or solid-hybrid RFBs. RFBs with all-liquid
components (e.g. all-vanadium RFBs) are soluble in their
electrolytes, whereas solid-hybrid RFBs (e.g. zinc—bromine

@ Springer



209 Page 6 of 36

Nano-Micro Lett. (2023) 15:209

RFBs) involve a solid plating/stripping process in at least
one electrode reaction [31]. All-liquid RFBs allow full
decoupling of energy and power but suffer from low energy
density [20, 32]. The solid-hybrid RFBs, on the other hand,
can achieve high energy density at the cost of design scal-
ability and flexibility [31]. Several RFB systems have been
proposed and reviewed [33—40], including the all-vanadium
redox flow battery (VRFB) [24, 41, 42], organic RFBs
[43-48], iron-chromium flow battery (ICFB) [49-51] and a
wide range of zinc-based hybrid RFBS, such as zinc—iron,
zinc—cerium, zinc—polymer, zinc—iodine and zinc—bromine
[52-58]. Although some of these technologies have been
well-developed and commercialised (e.g. VRFB), they suffer
from various drawbacks, such as less abundance and high
costs [59, 60]. The overall system cost has hampered the
market’s adoption of these technologies and increased the
need for low-cost redox-active materials, which are natu-
rally abundant to meet the requirements of RFB chemistries.
For stationary storage, flow batteries should be compared to
more mature technologies as standards before implementa-
tion. For instance, typical lead-acid batteries operate within
the KW to MW range with intermediate cycle life, cost, and
discharge duration [61]. Li-ion batteries are another mature
technology that has similar power range, higher cost, and
longer cycle life [62]. On the other hand, flow batteries have
power ranges from KW to hundreds of MW with high dis-
charge durations, a very long cycle life and competitive costs
when it comes to row materials.

The ZBFB has substantial advantages over other flow bat-
teries, such as high energy density, high cell voltage and
the low cost of the materials used [63—-66]. In general, the
positive species in ZBFBs cost far less than those in the
zinc—cerium system, and their energy density is three times
higher [67]. The carbon electrodes and active electrolytes
in a ZBFB cost around $8/kWh [26]. When integrated into
a complete system, the cost is approximately $200/kWh,
which is still competitive in comparison to the cost of an
all-vanadium flow battery ($200-750/kWh) [67]. Another
important advantage of the ZBFB as a low-cost EES can-
didate is its potential cost-effective electrolyte. ZBFBs are
expected to incur lower overall production costs due to lower
raw material costs than others (e.g. all-vanadium flow bat-
teries). The industrial scale production of bromine and zinc
is already well established, where Br, has a spot price of
about US$1620 per tonne (from 2006 prices) and zinc is
about US$2050 per tonne after inflation adjustment [68].
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Thus, ZBFBs are appealing and suitable for storing renew-
able energy (e.g. solar and wind) driven by their attractive
features. In addition, the modular design of ZBFBs makes
them one of the most practical types of RFBs for multi-kW
and MW scales [63]. Meidensha Electric Co., for example,
developed and operated ZBFBs at the MW scale in Japan
as one of the advanced battery systems for its Moonlight
Project between the 1980s and early 1990s [2], with more
than 1300 cycles completed with a 66% energy efficiency in
this system [2]. In addition, several companies have operated
or developed various field installations of ZBFBs, including
Redflow Ltd. [69] and Primus Power [70].

The typical ZBFB (Fig. 2a) has two electrodes, a negative
electrode (zinc) and a positive electrode (bromine), which
are all separated by a membrane to prevent cross-contamina-
tion. Two tanks of aqueous electrolyte solutions (anolyte and
catholyte) contain electrochemically active species, includ-
ing zinc (Zn**) and bromide (Br~) ions, respectively, where
elemental bromine exists in equilibrium with bromide ions
forming polybromide ions, Br,”, where n=3, 5 and 7. These
tanks are connected to two pumps to circulate the electro-
lyte solutions over both electrode surfaces, and the electro-
chemical energy is stored or released during the charge and
discharge process of the battery. Despite the fact that pumps
increase the complexity of the system, they are necessary
for controlling generated heat, feeding and homogenising
reactants, removing bromine complexes from the stack and
ensuring uniform zinc deposits [71]. However, the flow sys-
tem (e.g. pump) can affect the battery’s efficiency and para-
sitic reactions, consuming some of the energy produced by
the battery. The flowing electrolytes can also cause corrosion
and degradation of the battery components, reducing the
battery’s performance and lifetime.

In contrast to the traditional zinc—bromine redox flow
batteries, constructed with two heavy electrolyte tanks and
pumps that sacrifices some of the energy density, a new
system has been proposed with only one tank and pump
installed in half of the battery system (Fig. 2b). This configu-
ration can achieve lower weight and cost and thus improve
the energy density of the system. The use of a catholyte tank
and its pump was avoided by modifying the structure of the
bromine electrode. This simple design, with a lower weight
and cost, appears more suitable for single-flow batteries,
since one part of the electrochemical reactions in hybrid-
flow batteries is based on plating and stripping. Lai et al.
[72] designed a novel single-flow ZBRB without catholyte
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tank to simplify the system design, prevent bromine diffu-
sion and improve the energy density of the battery system. In
this study, different membranes (Nafion 115, Daramic) and
complexation agents [N-methyl-ethyl-pyrrolidinium (MEP)
and N-methyl-ethyl-morpholinium (MEM)] were used to
achieve the optimal assembly materials for this configura-
tion. Although the charge/discharge behaviour (Fig. 2c) of
the batteries assembled with the microporous membranes
presented better performance and lower ohmic resistance,
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Coulombic efficiency (CE) reduced from 98 to 83% with
microporous membrane cells, compared to that with Nafion.
This was attributed to the high bromine diffusion through the
membrane micropores which could be improved by adding
suitable complex agents to the bromine-side slurry made
over a piece of carbon felt as a positive electrode of the
system. Considering the membrane cost and adding appro-
priate complexing agents, Daramic microporous membrane
was selected as a separator and MEM as a complexation
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reagent. Consequently, the performance of the fabricated
battery could reach 92% CE and 82% energy efficiency (EE)
at a constant current density of 20 mA cm~2, comparable to
the traditional zinc—bromine flow battery. While the new
battery design exhibited a lower weight, improved energy
density and inhibited bromine diffusion compared to con-
ventional ZBFBs, investigating different properties of vari-
ous membranes, complexing agents and other modification
approaches should be considered to make such configuration
reliable for future commercialisation.

Overall, the choice of ESS configuration will depend on
the application’s specific requirements, including reliability,
performance and scalability. When selecting an ESS, it is
important to consider all of these factors and evaluate the
options to determine the best fit for the intended application.

3 Electrochemistry and Materials for Zinc-
Bromine Rechargeable Batteries

3.1 Zinc Half-Cell

In ZBRBs, zinc electrodes undergo reversible plating (dep-
osition) and stripping electrochemical reactions. During
charge, ionic Zn>* accepts electrons from the external cir-
cuit, and metallic zinc is plated (reduced) as a thick layer
on the electrode surface [14, 68, 73]. When the battery is
discharged, the plated zinc oxidises (strips) and dissolves
in the electrolytes. These reactions are described by the fol-
lowing equations:

Zn** + 2¢~ — Zn° (Charging) (1)

Zn® — Zn** + 2¢” (Discharging) (E* = —0.763 vs SHE at 25 °C)
@
The ZBRB efficiencies can be influenced by the number
of plating and stripping processes. Lex and Matthews [71]
emphasised the necessity to strip the zinc in ZBRBs for
extended periods to ensure a smooth electrode surface for
next zinc deposition. The authors stated that the residual zinc
left on the anode after discharge results in the loss of 3-5%
of the amp-hour capacity. However, the remaining zinc could
potentially be used as a useful energy source if additional

zinc is plated over it in the subsequent cycles.

The electrochemical performance of the zinc half-cell can
be affected by the morphology of zinc electrodeposits pro-
duced during the charging phase. The zinc plating structure
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in the subsequent discharge phase also determines efficien-
cies, charge densities and peak current values [68]. The qual-
ity of zinc plating morphology is influenced by several fac-
tors, including electrolyte composition, direct current (DC)
flow, exchange current density and operating temperature
[74]. A previous study demonstrated that the behaviour and
kinetics of zinc cations are strongly affected by other sup-
porting electrolytes in aqueous solutions containing bromide
[75]. Significantly, the hydration structure of zinc cations in
aqueous solutions plays a critical role when using electrode
materials with different properties (e.g. high-porosity mate-
rials) on the zinc side. Furthermore, the effect of operating
temperature on zinc deposits was investigated by scientists,
who stated that the zinc deposits, which were grey in appear-
ance, turned black at temperatures higher than 40 °C, while
the authors also reported that smooth and bright zinc depos-
its were obtained when increasing the electrolyte’s zinc con-
centration [74].

The activity of zinc electrode reactions primarily entails
the formation of dendrites and the shape change of the elec-
trode surface. In the initial stage, zinc deposition begins with
nucleation and continues with growth, meaning the forma-
tion of dendrites is a cumulative result of battery cycling, not
a single cycle. It is more likely that zinc ions will deposit on
a zinc nucleus rather than nucleating at a new site since zinc
nucleation has a higher overpotential than zinc growth [76].
This can lead to a non-uniform distribution of the active spe-
cies forming dendrites [77]. When the deposits are uneven,
certain regions on the surface are not fully utilised, resulting
in low current density, as shown in Fig. 3a. Furthermore, the
formation of zinc dendrites over repeated charging process
can damage the membrane, causing short circuits and bat-
tery self-discharge [67]. Consequently, obtaining suitable
zinc plating morphology and inhibiting dendrite growth
are important for long cycle life and a high-performance
zinc-bromine battery.

A three-category approach to zinc dendrites can be
drawn from a variety of proposed zinc dendrite issues,
including (1) strategies to prevent the formation and fur-
ther growth of zinc dendrites as far as possible, (2) strate-
gies to mitigate the adverse effects generated by zinc den-
drites and (3) strategies to suppress zinc dendrites and
ultimately produce processes without dendrites [81]. Jiang
et al. [78] employed a bottom-up approach to investigate
specific methods for uniformly distributing zinc in nega-
tive electrodes and to promote commercial applications

https://doi.org/10.1007/s40820-023-01174-7



Nano-Micro Lett. (2023) 15:209 Page 9 of 36 209

Zn?* (aq)

\/\_

Zn-side electrode

Zn (s)

e

Cycling

Zn Plating
>>>>»

>

S
cc
5um

Dendrite Zn/CC 5pum

Cycling

Zn Plating
>>>>»

3 >p

Dendrite-free Zn/CNT Spm 5 pm

g =
§8 © S e g
d cre - S
Excellent anodes --> high cyclability
SDS o | N A
3
<
& 8 —=—CTAB
% I gS —e—SDS
c PEG A A A g_ E —a— PEG
k] o s —v— Thiourea
= Se —+— Commercial
5 £E
Thiourea 1 " §§
" ]
Nodditive [ 8]
NoAddiive 3 | N . So=—
Commercial 1 N a : \ 200 00 o0 o0 100
T T T T T T T T T Cycle #

10 20 30 40 50 60 70 80 90

2THETA

Fig. 3 a Graphical illustration of how a lower degree of zinc plating uniformity potentially results in lower zinc-side electrode current densities.
Reproduced with permission from Ref. [68]. Copyright 2016, Springer. b Digital photographs of (i, ii) GF and (iii, iv) thermally treated GF neg-
ative electrodes after the charging process; (i) and (iii) are taken from the membrane side, while (ii) and (iv) are taken from the current collector
side. SEM images of (v—vii) GF and (viii—x) thermally treated GF negative electrodes following the charge process. The top, medium and bot-
tom parts are taken from the parts on the membrane side, underneath the zinc layer, and on the current collector side, respectively. Reproduced
with permission from Ref. [78]. Copyright 2018, Elsevier. ¢ Illustration of zinc deposition on carbon cloth (CC) and carbon nanotube (CNT).
Reproduced with permission from Ref. [79]. Copyright 2020, Wiley—VCH Verlag GmbH & Co. KGaA, Weinheim. d XRD results of the zinc
anode electroplated with and without organic additives and commercialised zinc. e SEM images of synthesised anode with and without organic
additives and commercialised zinc (magnification 5 k). CTAB, SDS, PEG, thiourea: Electroplated Zn using CTAB, SDS, PEG or thiourea con-
taining electrolyte, respectively. Commercial: Commercial zinc foil material. No additive: Electroplated zinc without using any additive in the
electroplating bath. f Cyclability of the batteries with zinc anode with organic additives and commercialised zinc foil. Estimated errors: +2.5%.
Panels d—f reproduced with permission from Ref. [80]. Copyright 2017, American Chemical Society

@ Springer

SHANGHAI JIAO TONG UNIVERSITY PRESS




209 Page 10 of 36

Nano-Micro Lett. (2023) 15:209

Table 1 Proposed solutions to addressing zinc dendrite issues in Zn-based rechargeable batteries

Strategies Materials Principle

Function Limitation

Additives into electrolytes ~ Polymer (PEL PEG,
PVA)
Organic molecules

(Alcohols, DMSO)

Metal ions (Bi**, Pb>*)  Substrate effect

Additives into electrodes Polymer (PTFE, PE) Binder

Metal oxides or metal ~ Substrate effect
hydroxides (PbO,
In(OH);) electrodes
Modification of the elec-

trode structure

(3D) structure design

ibility

Adsorption on the zinc-
based electrode surface

Alloying of Zn-based

Improvement of zinc activ-
ity, stability and revers-

Block the formation sites of
zinc dendrites

Slow down the depositing
rate of zinc

Increase the polarisation of
zinc-based electrodes

Influence the electrochem-
istry of flow batteries

Optimise the current distri-
bution of electrodes

Reduce the generation sites NA
of dendrites
Decrease the solubility of
zinc-based compounds
Influence the FB electro-

chemistry
HER issue of Zn alloy

Optimise the current distri-
bution of electrodes

Regulate the deposition of
Zn2+

Increasing the surface area  NA
of the electrodes to make a
uniform deposition of zinc

of ZBFBs. In this work, thermal treatment was used to
increase the defects of the original graphite felt (GF)
electrodes with a few defects. The authors observed that
zinc tended to plate on the membrane sides (Fig. 3bi and
iii) than on the current collectors (Fig. 3bii and iv), for
both original and thermally treated GF, due to lower ionic
conductivity. However, a thin layer of zinc plating was
detected on the thermally treated electrode than on the
original one. At the microscale observation, zinc distribu-
tion was highly uniform with a thicker and smoother zinc
layer on the thermally treated electrode (Fig. 3bviii—x)
indicating that ion transport was highly enhanced by more
carbon defects within the porous electrode. This approach
was recommended to improve properties of the anode
materials and thus the ZBRB performance. However,
investigation of the electrochemical performance (e.g.
charge—discharge profile) was neglected in this study sug-
gesting more research and electrochemical examinations
of such method.

Based on the above-mentioned categories, Table 1 pre-
sents various solutions that have been proposed in literature
to inhibit zinc dendrite and mitigate its adverse effects in
different zinc-based rechargeable batteries which can be con-
sidered when developing zinc electrode in ZBRBs [82-92].

The interfacial mechanism of zinc deposition plays a key
role in designing dendrite-free zinc electrodes. Dendrite
growth is accelerated by electrons and ions accumulating at
the tips of zinc seeds as the intensity of the electric field and

© The authors

ion concentration increases. A flat electrode surface with
uniform nucleation was proposed to minimise the inho-
mogeneity of zinc growth [93]. In general, there are two
interfaces within zinc deposition stages (i.e. nucleation and
growth) proposed in zinc-based batteries, the zinc—electro-
lyte interface and a host-zinc interface, which involve the
plating/stripping of zinc on the bare surface during opera-
tion and zinc plated on host materials that is used to modify
the bare electrode surface, respectively [93]. Understanding
the impact of interfacial zinc deposition behaviour is criti-
cal to achieving a better performance of zinc electrodes in
aqueous systems. Based on the solid electrolyte interphase
(SEI) theory, electrons and ions are two key factors affect-
ing zinc deposition and reaction interphases. Due to water
decomposition, high zinc deposition reactivity and insta-
bility are critical issues in aqueous electrolytes. Therefore,
different design strategies should be considered to optimise
the SEI and regulate the interfacial electric field for stable
zinc deposition and suppressed dendrites. Optimising the
aqueous electrolyte formulation is one strategy for reduc-
ing surface reactions. Another proposed strategy involves
creating an artificial interfacial layer between the zinc and
the electrolyte that performs the same function as an SEI
[93, 94]. The construction of interfacial layers is primar-
ily accomplished through in situ chemical pre-treatment or
ex situ coating. A previous study demonstrated a protec-
tion layer made by the atomic layer deposition of TiO, and
coating on the zinc electrodes [95]. In this research, zinc

https://doi.org/10.1007/s40820-023-01174-7
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corrosion was significantly suppressed, resulting in less gas
evolution and Zn(OH), by-product formation. Zinc plated
with reduced gas generation could maintain the effective
contact area between electrolyte and anode, improving the
CE. A further approach to inhibiting zinc dendrite growth
is polymer addition, which can poison active interface sites
at the zinc half-cell. Ganne et al. [96] studied an electrolyte
containing a long-chain polymer commercial additive and
a concentrated chloride electrolyte used to investigate the
kinetics of zinc deposition. In this study, the simulations
of electrode kinetics revealed that polymer additives alter
deposit morphology by changing a number of specific rate
steps: slowing down charge transfer reactions, poisoning
active interface sites and strengthening hydrogen adsorption.
This led to more active sites and intermediate ions on a sur-
face covered with zinc deposition, which could be adapted
for ZBRB studies. It is important to note that the most chal-
lenging part of SEI formation is the chemical dynamics at
the interface during the initial charging and discharging pro-
cess. Specifically, during the initial charging, the negatively
charged anode in the liquid electrolyte could be approached
by solvated cations, while the applied negative potential
repels anions [97]. The rearrangement of the solvated ani-
ons and cations and their enrichment or depletion would
form an electric double layer at the SEI, which would occur
before the reductive degradation of electrolyte components.
Based on its structure and composition, this double layer
is expected to significantly influence the subsequent inter-
phase, showing how the electrolyte contributes to the SEI
and its durability [97]. However, the experimental proof of
such a double layer is still absent in terms of ZBRBs, and its
link to interphase chemistry remains merely a theory.
Carbon-based electrodes are commonly used as alterna-
tive materials since they have a large specific surface area,
good chemical stability and good electrochemical stabil-
ity [78, 98—100]. Modifying the carbon electrode materi-
als is one of the most common strategies used to achieve
uniform zinc morphology and activate the zinc electrode
electrochemical reactions, thus improving cell operation
efficiency. This can be achieved by increasing the reaction
rate via catalysis, increasing the surface area for the reac-
tion to occur and/or altering the nature of the active mate-
rial in contact with the electrolyte solution. Another method
involves improving electrode surface selectivity, which
controls species that reach and react with the electrode.
Whatever approach is chosen, the goal is to improve zinc

¥ SHANGHAI JIAO TONG UNIVERSITY PRESS

deposition and stripping during the charging and discharging
processes by significantly increasing the rate of the Zn**/Zn
charge transfer reaction and reversibility. Zeng et al. [79]
achieved dendrite-free plating behaviour using a 3D car-
bon nanotube framework on a flexible carbon cloth. Scale
model simulations following nucleation indicate that these
excellent properties can be attributed to small zinc nuclei
and homogeneous electric fields, as shown in Fig. 3c. While
the zinc dendrite issue on the negative side leads to low
power density and poor cycle life in ZBRBs, thus restricting
further commercialisation of this system, there have been
very few reports discussing how this problem can be solved
based on the modifications of carbon-based materials (e.g.
carbon felt or graphite felt), and most studies have focused
on such a strategy to accelerate the reaction kinetics of the
Br,/Br™ couple.

Zinc anode has demonstrated highly promising character-
istics, such as abundance of natural resources, nontoxicity,
a high theoretical capacity (820 mAh g!, 5855 mAh cm?),
a high overpotential for hydrogen (H,) evolution, low redox
potential (—0.76 V vs. the standard hydrogen electrode/SHE)
and long cycle life [101, 102]. While metallic electrodes
also offer low charge transfer resistance, they are costly and
subject to severe degradation in aqueous electrolytes from
processes such as uncontrolled dendrite formation, corrosion
and dissolution, which negatively affects the long-term per-
formance and operation of ZBRBs [103—106]. Sun et al. [80]
examined the suppression of dendrite growth and corrosion
that took place on Zn anodes in rechargeable aqueous batter-
ies with different additives of organic molecules, including
cetyltrimethylammonium bromide (CTAB), sodium dodecyl
sulphate (SDS), polyethylene-glycol (PEG-8000) and thio-
urea (TU). The authors evaluated the battery performance
based on the surface properties of its Zn electrode and found
that the surface texture and other properties of the Zn anode
displayed higher resistance with dendrite formation, with a
reduction in corrosion-current density of up to eightfold as
analysed by a Tafel test. Based on the XRD, the effects of
organic additives on the crystallographic orientation and the
surface morphology indicated different orientation of zinc
crystal growth, and the zinc electrode with the SDS additive
had the highest corrosion-free and dendrite-free properties
among other additives as demonstrated in Fig. 3d. In addi-
tion, the organic additives had a significant impact on the
zinc plating morphology as shown in SEM images (Fig. 3e).
The morphology of Zn-CTAB was porous needle-like

@ Springer
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crystals with uniform size distributed evenly, which affected
the electron transfer kinetics and increased the competition
between nucleation and crystal growth of the surface. In
contrast, the morphologies of the Zn-SDS and Zn-PEG were
smooth and uniformly distributed, with grown perpendicular
to the substrate and in various directions. The active site and
nucleation rate were reduced as additives absorbed onto a
substrate surface as claimed by the authors. Similarly, to
Zn-SDS and Zn-PEG, Zn-TU deposits were uniform and
regular but not compact. This was attributed to the presence
of hydrogen gas bubbles blocked some of the spots on the
electrode surface. The SEM image of Zn—No showed an
irregular layer structure with some features growing perpen-
dicularly to the surface, which may affect the separator of the
battery. The surface of the commercialised zinc was flat and
smooth with some defects/holes that might be existed due
to manufacturing issues. Moreover, the electrodes prepared
with electrolytes in contact with the above-mentioned addi-
tives showed up to a 30-fold more corrosion-free surface
compared to electrodes without any additives. Also, higher
capacity retention rates of 79%, 76% and 80% were obtained
with Zn-SDS, Zn-PEG and Zn-TU anodes, respectively, after
along cycle life (1000 charge—discharge cycles) at a 4C rate,
where (1C=120 mA g_l) as shown in Fig. 3f. Neverthe-
less, commercial zinc foil (without additives) displayed a
capacity retention of only 67%, while the capacity suddenly
dropped when Zn-CTAB batteries were run 350 times due to
dendrites formation, as claimed by the authors. When CTAB
surfactant was strongly adsorbed onto the anode surface,
the active area might be strongly blocked leading to lower
kinetics of the electron transfer and negatively affecting
the surface properties of the Zn anode. Other features were
exhibited with the Zn anodes that incorporated additive-
containing electrolytes, such as lower open-circuit potential
and smaller float-charge current. However, these additives
were examined with two types of batteries including coin
cells and two-electrode SwagelokTH, while the Zn-based
redox flow batteries (e.g. zinc—bromine flow batteries) were
neglected. Thus, different types of flow batteries should be
taken into consideration to further examine the effects of
these organic additives and their mechanisms when using
metallic zinc anodes.

Furthermore, Hao et al. [83] investigated the surface
chemistry of zinc in slightly acidic electrolytes (ZnSO,) and
the effect of dendrite growth on the electrochemical perfor-
mance of Zn-based batteries. They revealed a poor Zn metal

© The authors

performance of the bare electrode in the mild electrolyte
due to porous by-product (Zn,SO,(OH)4-xH,0) formation
and dendrite growth. The initial understanding of the den-
dritic problem and side reactions guided them to effective
suppression solution achieved via an artificial solid/electro-
lyte interphase (SEI) layer produced by a polymer film of
poly(vinyl butyral) (PVB) that was applied to the Zn anode
using a simple spin-coating process. This insulating polymer
layer displayed excellent hydrophilicity and ionic conductiv-
ity due to the abundant polar groups in PVB chains, inhibit-
ing the side reactions and Zn dendrite growth as revealed
in Fig. 4a—c. In the symmetrical Zn cell, the side-reaction-
free, dendrite-free PVB @Zn anode permitted repeated plat-
ing/stripping process over 2200 h (Fig. 4d), a much greater
period than for bare Zn cells. When coupled with PVB@
Zn anodes, MnO, battery systems exhibited higher CE and
longer lifespans compared to batteries using bare Zn anodes.
However, more studies are required to investigate the effect
and stability of PVB@Zn anodes if this strategy is adopted
in zinc-bromine flow batteries. In addition, creating future
zinc—bromine flow battery should be focused on employing
multifunctional components that will maximise the system’s
utility while reducing manufacturing and maintenance costs.

In another study, Wu et al. [107] developed anodes for
zinc-ion batteries that were made from zinc electrodepos-
ited on carbon paper (Zn@CP). The authors observed
that the morphology and electrochemical performance of
Zn@CP were strongly influenced by the deposition time
and electrodeposition current density during preparation
(Fig. 5a—e), and this might be due to nucleation activation
energy before electrodeposition. The electrode prepared
with Zn@CP under 50 mA ¢cm~2 and 10-min deposition
time exhibited superior electrochemical performance,
with a cycle life of 280 h and a small hysteresis of 22 mV
as shown in Fig. 5f, compared to the Zn@CP electrodes
(Fig. 5a—g), indicating the crucial impact of the prepara-
tion current density on the electrochemical performance.
Therefore, Zn@CP-50 electrode was selected for further
study, and the Zn plate was used as a control sample. Less
polarisation was observed with Zn@ CP-50 electrode com-
pared to the Zn plate in symmetric cells that were cycled at
different times (30, 60 and 120 min) in each cycle, under
a constant current density of 1 mA cm™2 (Fig. 5h—j).
The results of this study can contribute to the design of
Zn-based composite anode materials for zinc—bromine
flow batteries to achieve long-term operation with high

https://doi.org/10.1007/s40820-023-01174-7
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performance. In addition, electrochemical properties of the
Zn electrode can be enhanced by the design of the zinc/
carbon (Zn/C) composite electrodes [108]. A fast-electron
transport channel was achieved by covering the Zn elec-
trode with carbon nanotubes (CNT), which allowed a uni-
form zinc deposition. However, all the above-mentioned
solutions have not been thoroughly examined and there is a
big opportunity to use and further assess these applications
in the context of zinc—bromine flow batteries.

As ZBRB uses an aqueous solution of different primary
and supporting salts and a bromine complexing agent
(BCA). During the charge/discharge process, the electro-
chemical potential of this system (1.8 V) is higher than the
hydrolysis potential of water (1.23 V), which leads to the
hydrogen evolution reaction (HER) and the formation of dif-
ferent oxidised states that can alter/degrade the electrodes
and decompose organic components such as the BCAs. HER
is a serious challenge produced by ZBRBs during charging
due to the reaction between zinc and water, which reduces

Tl
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CE, consumes water and facilitates zinc dendrite growth
[14]. In general, there are six water molecules surround-
ing Zn** cations in an aqueous solution, resulting in a bond
length of 208-210 pm between the Zn>* and H,0 molecules
and an overall diameter of 416—420 pm between them. The
strong coulombic interactions between solvated Zn>* ions
and their surrounding H,O shell accelerate parasitic water
reduction during charging, where zinc is deposited on the
anode surface [109]. Zn2+—insulating passivates (such as zinc
hydroxides) are formed on the zinc surface when the pH of
the local environment increases due to H, evolution [109].
This decreases zinc activity and cycle life and allows zinc
dendrites to grow. Different additives can be used to suppress
water reduction and protect zinc electrodes. Cao et al. [109]
studied the addition of DMSO into the ZnCl,-H,0 electro-
lyte in aqueous zinc batteries to weaken the bonding strength
between the Zn”>* ions and solvated H,O (Fig. 6a). In this
study, a symmetrical ZnllZn cell with a ZnCl,—H,O electro-
lyte demonstrated stable cycling behaviour for only 390 h

@ Springer
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with a ~20.0 mV overpotential. Thereafter, the polarisation
voltage rose suddenly and irreversibly, and the cell failed due
to zinc dendrite growth. A stable polarisation overpotential

© The authors

of ~20.5 mV and extended cycling life of 1000 h was
obtained with the ZnllZn cell in ZnCl,—H,0-DMSO, which
represents a 2.5-fold improvement in cycle life (Fig. 6b—d).

https://doi.org/10.1007/s40820-023-01174-7



Nano-Micro Lett.

(2023) 15:209

Page 150f 36 209

a

Smooth SEI

.0
@ O
H,O0 pmso
@ 0 ¢

Zn%*

®

Voltage (V)

-0.06
—— ZnCl2-H20 ——— ZnCl2-H20-DMSO
T l T I T I T I T
0 200 400 600 800 1000
Time (h)
;\; *  ZnCl-H0 0.00{ 1st [2nd | 100th |200th 400th |
= y s ZnCl-H,0-DMSO S YY1 75mv |63 mv 50 mv |49 mv 48 mv
g 90 1002 i : e
s f : r 9 0.24
b= TP G (| S
o 3 _go T o1 9.9 —
L d 99.91% ?1’? [ o615 \2.;", F:"’»" b ‘ml S
€ 80- vy wn b WS [P
£ ’ - 0.0
g 99.6 ; . W——-
o ( 300 350 400
70 L} L} L L} ] L} L] 1]
0 100 200 300 400 0.0 0.1 0.2 0.3 0.4 0.5

Cycle number

Capacity (mAh cm'z)

Fig. 6 a Schema of Zn** solvation structure and zinc surface passivation in H,O (left) and H,O-DMSO (right) solvents Galvanostatic. b Zn
plating/stripping in ZnllZn symmetrical cells at a current density of 0.5 mA cm~2 and a capacity of 0.5 mAh cm™2, ¢ Zn plating/stripping CE
in different electrolytes at 1 mA cm™2 and 0.5 mAh cm™2, and d voltage profiles of Zn plating/stripping processes at selected cycles in ZnCl,—
H,0—dimethyl sulphoxide (DMSO) electrolytes. Panels a—d reproduced with permission from Ref. [109]. Copyright 2020, American Chemical

Society

SHANGHAI JIAO TONG UNIVERSITY PRESS

@ Springer



209 Page 16 of 36

Nano-Micro Lett. (2023) 15:209

The authors of this study argued that a uniform SEI con-
taining Zn-ion conductive materials should be constructed,
allowing for Zn** transport while preventing H,O from per-
meating the surface of the zinc anode. Zhang et al. [110]
investigated the feasibility of the LiCl-ZnCl, (water-in-salt)-
mixture-concentrated electrolyte on the hydrogen bonding
interruption of water molecules and found that Zn>* ions
can coordinate with CI™ rather than H,O, leading to strong
O-H covalent bonds while decreasing the solvation activity
of H,O in the electrolyte. These approaches are worth adapt-
ing to ZBFBs to mitigate Zn/H,O reactivity and suppress the
decomposition of solvated H,O.

To this end, it is essential to determine suitable solu-
tions for better activities of zinc electrodes, assess their
suitability for the system and compare them to alternatives
using different approaches that could improve the perfor-
mance of ZBRB systems.

3.2 Bromine Half-Cell

Bromide ions (Br™) release electrons and oxidise to bro-
mine (Br,) at the positive electrode of ZBRBs during
charge, while the reversible reactions occur in the follow-
ing discharge process. The electrochemical reactions of
bromide oxidation/reduction on the positive electrode are
determined by Eqgs. 3 and 4:

2Br~ — Br, + 2¢~ (Charging) ?3)

Br, +2¢~ — 2Br~ (Discharging)
(E° = 1.087 vs. SHE at 25°C) )

Great attention has been given to Br,/Br™ redox couple
reactions to investigate the mechanisms and kinetics of bro-
mine in ZBRBs. From the 1960s onwards, bromine oxida-
tion and reduction reactions have been studied on a platinum
electrode [111-113]. Three mechanisms have been proposed
for bromine—electrode reactions: (1) Volmer—Heyrovsky
(V-H), (2) Volmer—Tafel (V-T) and (3) Heyrovsky—Tafel
(H-T) mechanisms [114].

The anodic process produces molecular bromine by oxidis-
ing Br™ ions, while the reverse reaction occurs in the cathodic
process, and several steps are involved in the reaction. A Vol-
mer reaction is conducted in the anodic process to create
adsorbed bromine atoms by discharging Br™ ions [115].

© The authors

Br™ + Br,y, < Br, + ¢~ (Volmer reaction) ®)

The formation of molecular bromine can then be achieved
using one of the two following processes: the discharge of
Br™ ions on adsorbed bromine atoms or a combination of
bromine atoms adsorbed on the surface as expressed by
Egs. 6 and 7:

Br™ + Br(,q) < Br, + ¢ (Heyrovsky reaction) (6)

2Br(ad) < Br, (Tafel reaction) %

In general, it has been demonstrated that either the V-H
mechanism or the V=T mechanism, with the Volmer reac-
tion controlling, is an acceptable mechanism for the Br,/
Br™ reaction according to the qualitative comparison of the
outcomes of the models, which is useful in predicting cur-
rent density—overpotential curves [114, 115].

The bromine reaction mechanism on carbon materials has
also been identified. Janssen and Hoogland [116] investi-
gated the electrochemical mechanism of bromine at a graph-
ite electrode surface. They found that bromine is produced
based on the V-H mechanism, where the Heyrovsky step
determines the reaction rate. Another study elucidated the
Br,/Br™ redox reaction with two different vitreous carbon
electrode materials, including reticulated vitreous carbon
and smooth vitreous carbon, using the rotating disc electrode
technique [117]. Both electrodes undergo two consecutive
electrochemical steps: the Volmer and Heyrovsky reactions.
In the cathodic process, the Volmer reaction was the rate-
controlling step of the adsorbed Br™ ion at the electrode sur-
face, while the Heyrovsky reaction was the rate-determining
step in the anodic process where Br™ ion is combined with
the Br atom [117]. When Br, is produced, Br;™ is formed in
arapid equilibrium, and then a reduction of Br, occurs based
on V-H mechanisms. Elemental bromine mainly reacts with
bromide ions in the aqueous electrolyte producing different
polybromide ions [118]. According to Eq. 8, tribromide ions
(Br;7) initially form and occur close to the electrode surface.
This followed by the formation of pentabromide (Brs~) and
finally heptabromide (Br;") that take place in the solution
[115].

nBr, + Br~ Br2_n+l n=1,2,3) 8)

The aqueous ZBRB is the best representative example of
the halogen-based rechargeable batteries as the heavy metal
Br, redox couple possesses higher theoretical specific
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capacities (335 mAh g~!) compared to that of I, redox cou-
ple (211 mAh g=') [119]. In addition, the redox kinetics
of bromine are fast and reversible, making it a particularly
good electroactive species. However, it has a potential of
about 1.07 V that is close to the oxygen evolution poten-
tial in neutral electrolytes. This prevents 100% full oxida-
tion of Br™ ions during the charging process as the oxygen
evolution consumes some of the electrons provided to the
bromine cathode, limiting its performance. While the high
solubility of bromine and its derivatives (e.g. Br;™) enhances
their redox kinetics in the system, bromine can easily dif-
fuse through the membrane to the zinc side causing severe
self-discharge. Further, bromine is thermodynamically cor-
rosive to zinc and other parts in the battery system (e.g.
pipes), which may eventually lead to cell failure over long
cycle times. Besides, the nature of Br, is volatile and hazard-
ous to health and may escape into the external environment
as a gas. Hence, it should be stabilised with complexing
agents that reduce its reactivity and vapour pressure without
affecting its electrochemical properties [120]. Incorporating
quaternary ammonium salts into the electrolyte minimises
the magnitude of this problem [113, 120]. Different types
of quaternary complexes (also known as bromine sequester-
ing agents) are typically added to the static and flow ZBRB
electrolytes to sequester bromine into an oily phase with
low vapour pressure, producing a non-aqueous polybromide
complex that sinks to the bottom of the catholyte tank via
gravitational action [121, 122]. In addition to the complex-
ing agents, anti-corrosive materials can be used for the cell
components (e.g. pipes) to reduce maintenance and extend
the battery’s life. However, the complex state of Br, limits
the kinetics of the Br,/Br™ redox reaction and affects the
battery’s performance.

The most common organic BCAs used to capture bromine
in ZBFBs are methyl-ethyl-morpholinium bromide and/or
methyl-ethyl-pyrrolidinium bromide [123]. Many studies
have investigated the effect of BCAs on bromine kinetics
reactions. Jeon et al. [124] revealed the impact of BCAs on
the charge transfer reaction of a bromine electrode in ZBFB
using in situ electrochemical characterisation and impedance
analysis under various states-of-charge (SoCs), as shown in
Fig. 7a, b. The authors found that the charge transfer resist-
ance for Br,/Br~ oxidation significantly decreased with
an increase in the SoC, where the adsorption of bromide
ions was positively affected by accumulated polybromide
complex on the Br-side electrode surface. They also argued
that polybromide with an amphiphilic property can permit
interconnection between hydrophobic electrode surfaces and
hydrophilic bromide ions.
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Bromine formation, sequestration and their reverse pro-
cesses are expected to occur at a lower rate than the zinc-
side reactions [126]. In more details, the bromine-side elec-
trochemical kinetics have slower rate in comparison to the
zinc-side electrochemical kinetics, and thus affect battery
performance significantly. This is because that interactions
with the BSA cause additional mechanistic steps (namely
binding or dissociation, depending on the charging or dis-
charging of the ZBB, respectively), which in turn cause mass
transport limitations in the system [68]. Therefore, a higher
active surface area is required for the bromine-side electrode
to prevent a reduction in the exchange current density owing
to the slow reaction rate. A specific catalytic centre, such as
O functional groups or N centres on the electrode surface,
may also enhance redox reaction kinetics [123]. In addition,
the highly corrosive nature of bromine requires corrosion-
resistant and durable electrode materials, and positive elec-
trodes require good electrochemical activity and reversibility
of Br,/Br™ redox reactions [115]. Consequently, as ZBFB
became industrially viable, carbon-based electrodes became
more prevalent. Furthermore, electrochemical studies have
been carried out using graphite, vitreous carbon, carbon felt
and carbon—plastic composite electrodes due to their higher
charge transfer capability [26, 67, 117, 127]. Carbon materi-
als are excellent choices for bromine electrodes in ZBRBs
since they are cheaper and have excellent electrical conduc-
tivity and chemical resistance, a wide operating range and
modifiable surface properties [115]. In addition, the high
surface area and pore size distribution of carbon materials
are the key features affecting the Br,/Br™ electrochemical
redox activity in ZBFBs. The high surface area of a carbon
layer (> 1500 cm? g') is necessary for the positive elec-
trode to promote the slow kinetics for Br,/Br~ caused by
the complicated chemistry of bromide ions in aqueous solu-
tions, including (1) generation of ZnBrnz_” complexes, (2)
charge transfer reaction, (3) polybromide anion complexa-
tion and (4) Br, sequestration by BCAs [63]. Wang et al.
[128] investigated the performance of different structures
of four commercialised carbons, including acetylene black
(AB), expanded graphite (EG), carbon nanotube (CNT)
and BP2000 (BP), as well as their effect on the activity of
Br,/Br~ couples in ZBFB. The authors stated that the BP
showed the highest activity among the carbon materials due
to its high specific surface area, which provides more active
sites for the electrochemical reaction of Br,/Br~. However,

@ Springer



209 Page 18 of 36 Nano-Micro Lett. (2023) 15:209

2 x| b 22 Equivalentcreult  ——w— S0&" 12
3 quivalent circu SOC_133%
”E Br>Bryg, +e ¢ ——-0--~ SOC.267%
S 20 SOC_40.0%
10 - SOC_533%
E SOC_66.7%
S s s o
‘é‘ 04 -s /‘
7] —— SOC 0.0% -~ A
—— SOC 13.3% H
3 — SOC 26.% N 1.0 I
€ .10 SOC 40.0% ’
5] —— SOC 53.3%
= y —— SOC 66.7% 05
O - —— SOC 80.0%
-20 4 Increasing SOC
; ; . ; - 0.0
02 04 06 08 10 12 14 0 4 5

Applied potential vs (Ag/AgCl) /V

m
120

204 i l T TI[ ] - 9330935900950009000,904°03 203009
-y ’I l'l \ ’l m \\ @ 80 W’“@WW
5] <
o =
ke 2 60+
e ()]

L10- ks BGE

© 404 —a—EE

w o VE

0.5-
20 4
0.0 T T ¥ T ¥ T N T r T N 0 T T T T T ¥ T ¥ T T T
0 1000 2000 3000 4000 5000 6000 0 10 20 30 40 50
Time (min) Cycle number

Fig. 7 Electrochemical characteristics of the catholyte at various SoCs for the first cycle of charge—discharge test: a Cyclic voltammetry (the
potential scan started at 0.85 V forward and then backward with a scan rate of 500 mV s™!) and b electrochemical impedance spectroscopy anal-
ysis (measured under the frequency range of 10 kHz—10 mHz with potential perturbations of amplitude 10 mV). Panels a and b reproduced with
permission from Ref. [124]. Copyright 2014, Elsevier Ltd. SEM images of ¢ pristine GF, d GF-2 h and e GF-4 h, and cycling performance of a
ZBFB with GF-2 h electrode. f Voltage versus time plot and g Columbic, voltage and energy efficiencies during the 50 charge—discharge cycles.
Panels c—g reproduced with permission from Ref [125]. Copyright 2017, Elsevier B.V

© The authors https://doi.org/10.1007/s40820-023-01174-7



Nano-Micro Lett. (2023) 15:209

Page 19 of 36 209

corrosion is more likely to occur with BP under a bromine
redox reaction in ZBFBs. Wang et al. [36] reported a cage-
like porous carbon material with exceptionally high activity
on Br,/Br™ and the entrapping capability of Br, complex,
which could effectively promote electrode activity and sup-
press Br, crossover in a bromine-based flow battery. Wu
et al. [125] thermally treated GF electrodes at 500 °C for
different durations to improve the electrocatalytic activities
of GF and thus enhance the electrochemical activity of the
Br,/Br™ redox reaction in ZBFB. The authors argued that the
surface of pristine GF fibres was smooth with some ravines
before thermal treatment (Fig. 7c). A number of pores were
formed on the fibre’s surface after being treated thermally at
500 °C for 2 h (Fig. 7d). Meanwhile, a large number of pores
were generated and collapsed together to form larger pores,
and the treatment duration was increased to 4 h (Fig. 7e).
The efficiency also increased, reaching up to 81.8% at a
current density of 40 mA cm™2, with good stability during
cycling tests and a relatively stable charge voltage in addi-
tion to a slight increase in the discharge voltage, leading to
an overall improvement in voltage efficiency, as shown in
Fig. 7f, g. While some progress has been made, additional
work is needed to further improve the bromine electrode
performance in ZBRBs.

3.3 Other Fundamental Aspects in Zinc-Bromine
Rechargeable Batteries

An aqueous solution of ZnBr, is used as the electrolyte in
ZBRBs. It consists of zinc—bromide as a primary electro-
Iyte (1-4 M), which participates in charge transfer reactions
with the electrodes to facilitate the storage of energy within
the system [68]. However, in practice, supporting second-
ary salts (e.g. ZnCl, and KCl) are normally used to promote
ionic conductivity and lower internal resistance due to the
low conductivity of zinc—bromide solution, thereby increas-
ing the battery’s energy efficiency [109]. Wu et al. [129]
employed methane sulphonic acid (MSA) as a supporting
electrolyte to improve the conductivity and mitigate zinc
dendrite in ZBFB. The authors revealed an improvement in
the kinetics and reversibility of the redox couples of both
battery sides (Fig. 8a, b) after modifying the electrolyte with
1 M MSA. Moreover, the internal resistance was clearly
reduced from 4.9 to 2.0 Q cm?, leading to better charge
voltage plateau (Fig. 8c) and higher energy efficiency from
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64 to 75% at a current density of 40 mA cm~2. While MSA
could be a promising supporting electrolyte for ZBFBs, it
is necessary to conduct various experiments under different
conditions to ensure its reliability.

In addition to the supporting salts, other fundamental
aspects play a crucial role in battery performance based on
electrolyte composition. Specifically, the pH and reactant
concentrations of the electrolyte have a critical impact on
battery performance during charge. A pH that is too high
will produce zinc hydroxide precipitation with a moss-like
appearance of zinc deposits in weakly acidic and basic elec-
trolytes, while a pH that is too low will cause excessive cor-
rosion of zinc [131]. In addition, the significant variation
in the reactant concentrations reflects the charge/discharge
cycle stage [68]. The concentration decreases as the battery
charges and Zn>" is plated out and Br~ is oxidised to Br,
before climbing back up as the battery discharges and recov-
ers its original ZnBr, concentration [68]. Both the reactant
concentration alteration and the ion migration between cir-
cuits could affect the electrolyte pH and electrode overpoten-
tial. As such, electrolyte composition should be considered
and improved for higher performance and longer operational
life of the battery system.

The membrane is another integral component of ZBFBs
that prevents cross-contamination, especially elemental
bromine and bromide ions, and reduces the possibility of
electrical contact between electrodes. The selection of an
appropriate membrane can improve the performance of both
zinc anode and bromine cathode simultaneously. Important
characteristics that a suitable membrane should possess
include high ionic exchange capacity, low internal resist-
ance and low cost [67, 132, 133]. In addition, it is necessary
to have high selectivity to distinguish between bromide ani-
ons and zinc cations that should be allowed to pass through
the membrane. Hua et al. [130] designed a highly selective
porous composite membrane with a highly selective separa-
tion layer for bromine-based flow batteries as presented in
Fig. 8d, e, respectively. This study proposed that diffused
bromine and complexing agents in the non-porous selective
layer of the membrane could be complexed. Therefore, bro-
mine diffusion could be captured by the separation layer of
the porous composite membrane, thus preventing the battery
from self-discharge. For electrochemical reasons, whenever
it is possible, it is critical to minimise the diffusion of Br, to
the electroplated zinc, which can be consequently oxidised
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during charging, causing self-discharge and lower CE for
the system [68].

A high structural resistance membrane is also crucial to
prevent possible short-circuit due to piercing by large zinc
dendrites, ensuring long-term battery safety and reliability
[134]. In terms of morphology, membranes can be gener-
ally classified into porous and ion-exchange membranes
(e.g. Nafion®), which are both appropriate and capable of
separating the anode and cathode electrolytes in ZBFBs.
Porous membranes are defined as macroporous (> 50 nm),
mesoporous (2—50 nm) or microporous (0.2-2 nm) depend-
ing on their average pore diameter, while non-porous mem-
branes transport ions via solution—diffusion mechanisms
[134].

Various membrane types have been explored, including
cation or anion-exchange membranes, composite membranes
and woven nanofiber membranes [134], each of which has
different advantages and disadvantages, with these fac-
tors altering the performance of ZBFBs. Furthermore,
hydrophilic-treated porous polyethylene membranes, such
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as SF-600 (Asahi Kasei) and Daramic®, have been inves-
tigated in relation to the balance between ionic conduction
and Br, crossover. While these membranes are relatively
thick and therefore have increased resistance, they have been
shown to effectively prevent Br, crossover through the pores
[135]. In contrast, non-porous Nafion membranes can also
be used for ZBFBs as they can effectively block bromine
migration. A void-free Nafion/polypropylene (Nafion/PP)
membrane in ZBFBs has been successfully fabricated in
a previous study [135]. In this work, smaller area-specific
and far lower Br, diffusivity was achieved via the designed
ultrathin Nafion-filled porous membranes compared to
SF-600 porous membranes due to their dense morphol-
ogy, albeit that they were 37.5 times thinner. It was clearly
observed that the charge—discharge voltage profiles (Fig. 9a,
b) were reduced and highly stable at two selected cycles
(Ist and 19th cycle) indicating less polarisation for the cells
with Nafion/PP relative to that with SF-600 membranes. The
rate capability of ZBRB cells investigated with Nafion/PP
at different current densities (Fig. 9c—e) outperformed cells

https://doi.org/10.1007/s40820-023-01174-7



Nano-Micro Lett.

(2023) 15:209

Page 21 of 36 209

a b
( )2.2 ( )2.2
2.0 2.0 1
E 1.8 4 S 1.8 4
) )
8 1.6 4 : 3 1.6 4
S 14] * 2 14
1.2 1—— SF600 1.2 {—— SF600
—— Nafion/PP Nafion/PP
1.0 r v y 1.0 T r r
0.0 0.5 1.0 1.5 2.0 0.0 0.5 1.0 1.5 2.0
Time (hr) Time (hr)
(c) (d) (e)
100 100 100
/-‘-“_,..“—’/‘ 2= =" 10 mAcm? | 20 mAcm2| 30 mAcm2| 40 mAcm™2
90 __ﬂ‘ 90 { S 90
g 10 mAcm | 20 mAcm™2| 30 mAcm2| 40 mAcm™2 - b\ - 10 mAcm™ | 20 mAcm™2 | 30 mAcm2| 40 mAcm™2
X 80 S 80 \ \_._._._ S 80 :ﬂW\
L w \ L [
O 70 > 70 | w70 L
o —-— SF600 kil —— SF600 o —— SFE600
50 —— Nefion/P_’ 50 —— Nafion/PP| 50 —— Nafion/PP|
0 5 10 15 20 0 5 10 15 20 0 5 10 15 20
Cycle Number Cycle Number Cycle Number
( y (@) 4 (h) y
100 100 100
e e
90 90 90
L 80 $ 807 X L 80
L L L Lo e i
O 70 > 70 w 70
60 —— SF600 60 —— SF600 o0 —— SF600
50 ' — Na!fion/PI_f’ 50 i — N?fion/P!’ 50 i == Na'fion/P!:>
0 5 10 15 20 0 5 10 15 20 0 5 10 15 20

Cycle Number

Cycle Number Cycle Number

Fig. 9 The charge—discharge curves of the Nafion/PP and SF-600-based ZBB single cells at a the first cycle and b the 19th cycle. ¢ Coulombic,
d voltage, and e energy efficiencies of the Nafion/PP and SF-600-based ZBB single cells with various current densities from 10 to 40 mA cm™2,
f Coulombic, g voltage, and h energy efficiencies of the Nafion/PP and SF-600-based ZBB single cells with cycling at 20 mA cm™2. Panels a-h
reproduced with permission from Ref. [135]. Copyright 2017, Elsevier Ltd

with SF-600 membrane. While CE of the Nafion/PP and
SF-600-based ZBRBs was clearly equivalent, the voltage
and energy efficiencies of cells with Nafion/PP were higher
(Fig. 9f-h), demonstrating efficient approach for better
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battery performance. As this study indicated that the modi-
fication of Nafion membrane could achieve better outcomes
such as high quality with low cost, more research is essential
to investigate various membrane qualities for better ZBRB

performance.
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4 Assessment Methods and Performance
Metrics

The research community has employed many diagnostic
techniques to examine virtually every aspect of zinc—bro-
mine batteries. Electrochemical, physical and chemical phe-
nomena are studied to determine material properties, opera-
tional losses, and transport and integrated system properties,
which, in turn, influence efficiency, durability, power and
capacity. Testing methods and performance metrics vary,
making it difficult to compare the reported zinc-based batter-
ies and evaluate their potential for practical application. This
section discusses various assessment methods and metrics
that relate directly to the working principles and degrada-
tion mechanisms of ZBRB (static and flow) chemistries to
facilitate their practical development and future benchmarks.

There have been extraordinary advances in battery char-
acterisation techniques with the development of sophisti-
cated diagnostic tools (e.g. nuclear magnetic resonance,
X-ray diffraction, optical microscopy, transmission electron
microscopy), which can ideally be used in situ as a battery is
cycled. Despite this, more work is needed to push the bound-
aries of existing methods and to design operating analytical
techniques (for use under real conditions) for monitoring
battery health and extending battery life, as well as for the
design of new materials and the optimisation of existing and
new electrochemistry technologies. In the literature, oper-
ando and in situ are almost interchangeable terms referring
to measurements on a system under real working conditions
[136]. Typically, an operando measurement is a measure-
ment taken while a battery is operating (cycling). An in situ
measurement (meaning on site) consists of measuring a
variable against a parameter relevant to the system, such as
time, temperature, pressure or other variables, to minimise
its degradation [136].

In situ electrochemical liquid phase transmission electron
microscopy (EC-LPTEM) can be a useful tool for under-
standing the characteristics of dendritic growth. Li et al.
[137] examined the effect of electrolyte supply flow rate and
applied current on the initial stage of dendrites in a zinc half-
cell system using in situ EC-LPTEM, as shown in Fig. 10a,
b. The authors found that a higher applied current led to
longer incubation times for zinc dendrites, suggesting a need
to improve the design of electrodes and parameter selec-
tion to mitigate the dendrite formation in ZBRBs. While
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some representative information can be obtained using such
instruments, the need for special probing systems with modi-
fied battery structures may introduce significant deviations
from normal operating conditions for commercial batteries.
Alternatively, another study used in situ transmission X-ray
microscopy (TXM) as an efficient tool for detecting dendrite
formation in minimal architecture zinc—bromine batteries
[138]. Numerous details (structure, size, pores, chemical
information, etc.) of a 3D morphological dendrite growth
were visualised on a carbon cloth electrode immersed in a
ZnBr, electrolyte with different organic additives. With these
findings, other operando measurements could be developed
to detect dendrites and obtain more representative informa-
tion for optimising the cycling performance in ZBRBs.

In situ reflection absorption Fourier transform infrared
(FTIR) spectroscopy is a powerful technique for probing the
surface chemistry of carbon surfaces, that provides informa-
tion on surface oxide species and their potential depend-
ence. This technique can be incorporated with small spot
X-ray photoelectron spectroscopy (XPS) as complemen-
tary technique to gain detailed information on the chemical
composition and electronic structure of the surface. Kautek
et al. [139] investigated the electrochemical double layer at
the interface with a glassy carbon (GC) electrode and the
anodic storage reactions of the polybromide oily phase with
two BCAs (i.e. MEP and MEM) in ZBRBs. The authors
detected different oxidised surface species including C=0,
COO™ and C-OH which could be restored at different poten-
tials at the GC electrode. This study also suggested a fast
chemical reaction between MEP™ cations and Br~ anions
resulting in MEP-polybromide, while a slow conversion pro-
cess of the adsorbed MEM-Br ion pairs to the polybromide
was determined with a stronger chemical affinity to the GC
electrode. A strong interaction was claimed between MEM™*
morpholinium bridge oxygen and the oxidised species on
the surface through hydrogen bridges and/or adsorbed water
layers in the absence of ZnBr, in the electrolyte. Based on
the study’s outcomes, it was claimed that the efficiency of
ZBRBs can be improved when increasing the MEP* concen-
tration in ZnBr, electrolytes. Another study also indicated
that the electrochemical performance of zinc plating/strip-
ping during the charge/discharge process was affected by
BCAs [122]. In this research, high concentration of MEP«Br
species in the electrolyte improved the zinc plating behav-
iour and redox reaction reversibility owing to the electro-
static shield effect produced by MEP™ cations as shown in
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Fig. 10c—e. Howeyver, real-time observations of ZBRBs that
combined with other operando characteristic techniques
should be conducted at different operation conditions and
electrode materials to deeply understand the interface reac-
tions and the bromine storage complex within the system.
Various measurements and techniques have been also pro-
posed for ex situ and in situ characterisations of RFB elec-
trolytes. For instance, the concentrations of the redox-active
species in a ZBFB electrolyte solution can be measured
using potentiometric titration as a reliable and accurate ex
situ method [140]. However, this method is time-consuming
and inappropriate for in situ monitoring when determining
the SoC of the RFB electrolyte [140]. Additionally, the esti-
mation of the SoC of the electrolyte should be accurately
measured due to its importance to preventing overcharg-
ing, discharging and side reactions. Several approaches
(e.g. open-circuit voltage method, electrolyte conductivity
measurement) have been adopted to analyse the electrolyte’s
SoC in real time for ZBRBs [121]. Another method that
measures electrolyte species concentrations both in situ and
ex situ is ultraviolet (UV)/visible (vis) spectroscopy, which
is also common for SoC measurements in vanadium-based
and organic electrolyte flow batteries [141, 142]. However,
it is difficult to obtain accurate SoC estimation in ZBFBs
as the active materials exist in a two-phase hybrid system
and several equilibrium reactions take place simultaneously,
including charge transfer, polybromide formation and com-
plexation [143]. Consequently, more studies are needed to
investigate suitable alternatives to improve the SoC analysis
in ZBFBs. Lee et al. [121] performed in situ Raman spec-
troscopy on the negative electrolyte of a single ZBRB cell
to estimate the SoC in real time. The authors reported that
the total concentration and the SoC of the zinc—bromide
electrolyte were strongly correlated with the Raman band
intensity observed at about 198 cm™!. While this approach
can be effective for real-time SoC estimation on the nega-
tive electrolyte in ZBRB, it is not quantitatively suitable for
the positive electrolyte with the oily polybromide complex
phase that disperses non-homogeneously, since it results
in significant error, as determined by this study. Therefore,
reliable and accurate approaches for determining stability
and the SoC of the electrolyte in each half-cell of ZBRBs
are highly recommended for better investigations of ZBRBs.
Cycling stability is another major characteristic of ZBRBs
that can be measured by capacity fade rate over time (%
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day) or by cycle number (% cycle). The relative importance
of these metrics depends on the most critical degradation
mechanism of ZBRBs [39]. For each cycle, CE provides a
useful measurement of charge reversibility [144]. A capac-
ity-related process can contribute to CE loss and a non-
capacity-related process. Hence, there is no direct correla-
tion between CE and capacity retention (or fade). Reporting
and analysing both CE and capacity fade rates are essential,
and it is critical to achieve hundreds or thousands of stable
cycles in realistic high-energy batteries [144, 145].

In an ideal cell, the CE equals 100%. However, electro-
lyte—electrode side reactions (chemical or electrochemical)
are prevalent in realistic cells. Depending on the reaction
pathways, electrons generated by parasitic reactions may
or may not be collected by current collectors in the former
case [144]. In the latter case, electrons are still lost and
accepted by current collectors but are irreversible [144].
Decomposition of electrolytes (e.g. water-splitting reac-
tions including HER and oxygen evolution reaction [OER])
causes electrolyte polymerisation that could lead to low
CE, capacity imbalance and irreversible by-products that
are not electrochemically active [20, 146]. Current collec-
tors can collect and release electrons in irreversible elec-
trochemical reactions and count them in CE calculations,
which complicates the interpretation of the results. Since
HER and OER decomposition processes are voltage depend-
ent, choosing a cycling voltage cut-off that minimises HER
and OER is essential for revealing RFB intrinsic stability
[20]. The capacity fade rate can be calculated using time-
dependent and cycle-denominated metrics if the cut-off volt-
ages overlap or exceed HER and/or OER potentials during
cycling [20]. To calculate battery efficiencies, amp hours
(coulombic) and watt hours (energy) from the battery are
measured until reaching the cut-off voltage (e.g. 1.0 V/cell)
[71]. After this point, any residual capacity remaining in
the battery (unevenly deposited zinc and bromine retained
in the cathode activation layer) is considered a residual loss
[71]. Transport losses, such as bromine diffusion across the
separator and shunt current, can also occur during battery
cycling. Energy efficiency is greatly affected by IR losses,
as is the case with other battery systems [71]. Other critical
performance parameters can be evaluated in ZBRBs, such
as voltaic and energy efficiencies.

The volumetric capacity is also a critical parameter for
the electrolyte limited by the volumetric capacity of the

https://doi.org/10.1007/s40820-023-01174-7
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solid electrode in a solid-hybrid RFB (e.g. ZBFB), where
the practically achieved solid electrode capacity is lower
than the available liquid electrode capacity. Suppose a solid
plating (e.g. zinc plating) reaction cannot progress due to
certain limitations (e.g. dendrites, electrode passivation). In
that case, it becomes the limiting factor for total cell capac-
ity, even if more capacity is available in the liquid electro-
lyte. Consequently, the area capacity of the solid reaction is
an important factor in evaluating solid-hybrid RFBs (e.g.
ZBFBs) and should be controlled to decrease the likelihood
of biased comparisons [147, 148].

Alternatively, the performance of ZBRBs can be assessed
by mathematical models that provide great understanding of
different design criteria and physical aspects such as the elec-
trochemical processes, cell geometry, operating conditions
and species transport affecting the performance of ZBRBs
[96, 149]. The choice of a model depends on various factors,
such as the thickness of the separator, the initial concentra-
tion of the electrolyte and the flow rate of the electrolyte. In
more details, the mass transport of species incorporates with
migration and diffusion within the electrolyte can be modelled
based on various aspects such as flow rate, concentration and
ionic conductivity [149]. Moreover, the redox reactions (oxida-
tion and reduction) of zinc and bromine ions can be theoreti-
cally formulated to understand the reaction rates occur at the
electrode surface and the SEI as well as to predict the system
performance along with different experimental work [149].
Current, voltage and energy efficiencies can also be calcu-
lated upon different charge and discharge conditions. Different
models were developed according to the recirculation system
and the parallel plate geometry of a single zinc—bromine flow
cell shown in Fig. 11a and b. Based on these cell models, Lee
and Selman (Eqgs. 9 and 10, respectively) speculated differ-
ent characteristics considered by some designers of ZBFBs
[150]. In these predictions, the current density distribution
over the electrode surfaces was modelled besides the overall
battery efficiency. By extending Lee and Selman’s model, Lee
(Eq. 11) has obtained a rough time-dependent current den-
sity distribution. To reduce dendrite growth rates in the flow
system, he linked his macroscopic model with a microscopic
model describing zinc dendrite nucleation and growth and pro-
viding important information for improving current density

distributions.
% _v.N.+R 9
=V Ni+R, ©)

| SHANGHAI JIAO TONG UNIVERSITY PRESS

D.
N; =vc; —D;Vc¢; — R—}F-Vd) (10)
5 Lojret {10,009 exp (T )-110,0)" exp (S5n)} (1)

where % is the accumulation term and set to be equal to
zero, N, is the species flux, R; production rate of species i due
to reaction, v is the electrode potential (V), c; is the concen-
tration of species i (mol cm™), D; is the diffusion coefficient
of species i (cm? s7Y), i is the current density (A m™?), agis
the anodic transfer coefficient for reaction j, i ; is the faradaic
current density due to electrochemical reaction j, 0, is the
dimensionless local surface concentration of species /, n; is
the overpotential for reaction j at electrode surface, i, . is
the exchange current density of electrochemical reaction j
and F Faraday’s constant (96,487 C mol ™).

In addition, Koo et al. [151] reported a simple modelling
approach to demonstrate the electrochemical behaviour of
ZBFB of an 8-cell Zn-Br, stack with an equivalent circuit
model employing the inlet and outlet resistances of the posi-
tive and negative electrolytes as shown in Fig. 11c, d. Based
on simplified polarisation characteristics of the electrodes,
Ohm’s law and charge conservation were used to model
charge and discharge behaviour of a single cell in this study.
The modelling results ware validated when compared with
the experimental measurements as shown in Fig. 11e. Shah
et al. [152] developed a mathematical model to study of
hydrogen evolution during charge in the negative half-cell
of an all-vanadium redox flow battery, which tied together
the dynamic conservation equations for charge, mass, and
momentum, as well as detailed descriptions of the electro-
chemical reactions. Using a modified multiphase-mixture
approach, the model included bubble formation at the nega-
tive electrode, considering the attendant reduction in liquid
volume and momentum transfer between gas and liquid. Sev-
eral vanadium concentrations and electrolyte flow rates were
simulated numerically with good agreement with experi-
mental data. In this study, simulations with negligible hydro-
gen evolution demonstrated that gas evolution impacted the
battery efficiency which was mainly due to partial current
consumption for driving the H, reaction, reducing the nega-
tive electrode’s current density associated with the redox
reactions. It was also predicted that the gas volume fraction
and the bubble velocity could significantly vary according
to the operating conditions.

Although modelling and simulation tools are supportive
and cost-effective methods for reducing the number of test

@ Springer
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cases, existing models of the ZBRBs do not account for all
of the battery’s features. Therefore, developing more theo-
retical research tools with different cell features in the model
besides considering other model tools like computational
models to identify complex systems and simulate real world

© The authors

sectors.

experiment are important to obtain fundamental knowledge
regarding various phenomena in the ZBRB systems. The
model should also have simplifying assumptions for a real-
istic and useful prediction for cell designers in the industry

https://doi.org/10.1007/s40820-023-01174-7
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Requires special cell structure to be used for in situ measurements

Significance and definition

electronic structure of the surface

Providing detailed information on the chemical composition and
Ex situ

Description

X-ray photoelectron spectroscopy (XPS)

Table 2 (continued)

© The authors

? E 4iscn average voltage over discharge, E, average voltage over charge

®is current (mA) and V., is cell voltage at a given current (V)

‘n is the number of electrons per mole, ¢ is concentration (mol L_l), v is volume (mL) and F is the Faraday constant

While the electrodes do not participate in the electro-
chemical reactions, they are susceptible to oxidation deg-
radation during charge/discharge cycles. Their degrada-
tion can reduce surface activity and potentially affect the
mechanical integrity of the electrode core. Understand-
ing the material characteristics and operational conditions
that lead to degradation can inform the selection of supe-
rior component formulations and operating conditions,
thereby extending the operational life of the ZBRBs. In
addition, the selection of appropriate electrode mate-
rial depends on several factors. First, the electrochemi-
cal properties of the electrode materials (e.g. titanium
or platinum) that can withstand high temperatures and
corrosive environments. Moreover, a high conductive
electrode material (e.g. gold and silver) is important as it
affects how well electrical current flows through it. These
materials are often considered in applications where low
resistance is required. The stability and cost of the elec-
trode are further requirements that should be considered
when selecting appropriate materials. However, some
materials may outperform others while still meeting the
preferred requirements for battery performance. There-
fore, more studies and assessment of different electrodes
are highly required when selecting appropriate materials
to achieve improved ZBRB systems.

All assessment methods, tools and performance metrics
summarised in Table 2 can be used to evaluate the perfor-
mance and cost-effectiveness of zinc—bromine batteries
and compare them to other energy storage technologies.
By optimising these metrics through advanced configu-
rations and research, zinc—bromine batteries can become
a more competitive and sustainable solution for energy
storage.

S Conclusion and Perspectives

Zinc-bromine rechargeable batteries are a promising candi-
date for stationary energy storage applications due to their
non-flammable electrolyte, high cycle life, high energy den-
sity and low material cost. Different structures of ZBRBs
have been proposed and developed over time, from static
(non-flow) to flowing electrolytes. Nevertheless, ZBRBs still
need to overcome certain challenges to accelerate their com-
mercialisation. As illustrated in Fig. 12, in this review, we

https://doi.org/10.1007/s40820-023-01174-7
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initially discussed various cell configurations of ZBRBs, as
well as their unique features and components. The electro-
chemistry of ZBRBs was also highlighted with a focus on
chemical processes occurring at the zinc and bromine elec-
trodes, such as zinc deposition and stripping reactions, the
bromine reaction mechanism and the formation of polybro-
mide quaternary ammonium salt. The challenges pertaining
to both electrodes were also reviewed, including dendrite
formation and HER at the negative electrode and the slug-
gish kinetics of the bromine redox couples at the positive
electrode. Achieving uniform and dense zinc deposition
while suppressing hydrogen evolution translates into higher
capacity, higher efficiency and a longer cycle life. The bro-
mine sequestration agent and membrane play an important
role in preventing the crossover of bromine-bearing species.
To facilitate future ZBRB benchmarking and development,
different assessment methods and performance metrics of
this technology were also discussed in this work. While vari-
ous promising strategies have been developed to increase the
knowledge about and improve the electrochemical and phys-
ical processes of zinc—bromine battery systems, the current
strategies have proven insufficient to boost the state of this
technology, and more research must be conducted to further

SHANGHAI JIAO TONG UNIVERSITY PRESS

improve this technology and overcome the challenges such
that it is more reliable for the future market. It is expected
that this review will contribute to a better understanding of
ZBRB systems, assisting and guiding future research and
providing a general framework for future efforts. An analy-
sis of the latest developments shows that, despite the pro-
gress made for the system improvement and stability, much
remains to be done. Therefore, we propose the following
suggestions:

e Significant improvements to zinc—bromine system perfor-
mance can be made by implementing advanced configu-
rations to make them more competitive with other energy
storage technologies. Continued research and develop-
ment efforts in this area are critical to advance the field
of energy storage and meet the increasing demand for
reliable and sustainable energy solutions.

Using alternative functionalised surface materials and
understanding the interfacial mechanism at the zinc elec-
trode will improve smooth zinc plating morphology, sup-
pressing hydrogen evolution during the charging process
and ensuring full zinc stripping out during discharge.
The sluggish kinetics of Br,/Br™ redox can be enhanced
by improving strategies and/or adapting existing meth-
ods, such as using highly conductive carbon materials

@ Springer
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with a high surface area to catalyse the bromine couple.
More studies on understanding the bromine reaction
mechanism and fabrication of advanced structures can
also improve the bromine electrode and thus improve the
zinc-bromine system performance.

e With further testing and understanding from fundamen-
tal studies, different methods and electrochemical tech-
niques, promising investigative pathways could become
clearer, and developing potential solutions would take
less time and effort. Electrochemical techniques can also
assist in identifying alternative physical configurations
and determining the nature and degree of functionality
of future electrode materials. Therefore, the cost would
be reduced while the operational efficiency and practi-
cal specific energy would be improved, thus reducing
adverse side reactions.

In conclusion, a significant understanding of the physical
and electrochemical processes governing ZBRB operation
during charge and discharge processes is required to develop
the next generation of ZBRBs. Using this understanding,
we could formulate and select optimal stack configurations,
specific electrode functionalisation, useful functional addi-
tives to employ in the electrolyte. These developments would
direct further research avenues, possibly leading to modifica-
tion of the ZBRB design itself.
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