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Bromine-based flow batteries (Br-FBs) have been one of the most promising energy storage technologies with attracting
advantages of low price, wide potential window, and long cycle life, such as zinc-bromine flow battery, hydrogen-bromine flow
battery, and sodium polysulfide-bromine flow battery. The research and development of aqueous Br-FBs are very fast and
many achievements have been realized. However, Br-FBs suffer from the sluggish kinetics of Br2/Br

- redox couple and serious
self-discharge caused by the diffusion of bromine, which hinder the further commercialization and industrialization of the
aqueous Br-FBs. A series of mitigation strategies have been developed to figure out these challenges, especially the
modifications on electrode materials. Electrode, one of the critical components in a Br-FB, provides the reactions sites for
redox couples, upon which its properties exert a significant effect on the performance of Br-FBs. Up to now, extensive research
has been carried out on electrode modifications to solve the aforementioned notorious issues of Br-FBs, including surface
treatment and surface modification. In this review, various electrode materials and relevant modification approaches used for
Br-FBs are overviewed and summarized. Moreover, the relevant mechanisms are illustrated deeply, providing comprehensive
and available instruction to pursue and develop high-performance cathodes for Br-FBs with high power density and long lifespan.

1. Introduction

The increasingly severe energy crisis and environmental
problems lead to the rapid development of renewable ener-
gies and their raised proportion in the energy supply struc-
ture [1]. However, the unstable, discontinuous, and
uncontrollable characteristics of renewable energies make
the large-scale energy storage technologies imperative to
realize grid safety and high reliability when using renewable
energies to generate electricity. That is because large-scale
energy storage technologies can enhance the frequency and
peak regulation capacity of the power grid, enabling the
smooth integration of renewable energies into the grid.
Therefore, the research and development of large-scale
energy storage technologies are the keys to realize the wide
utilization of renewable energies. Electrochemical energy
storage (EES) technologies are not limited by geographical
conditions and are easy to be scaled up, which are thus
widely applied in energy storage. In particular, flow battery

(FB) technology has attracted much attention owing to its
fantastic advantages of the independent regulation of energy
and power, high safety, long cycle life, and outstanding envi-
ronmental benignity [2, 3]. Up to now, FB technologies have
been extensively utilized in large-scale energy storage and
distributed generation.

Bromine redox couple (Br2/Br
-) is often used as the pos-

itive active species of FBs because Br2/Br
- couple has high

electrode potential, high solubility, and rich source [4, 5].
When matching a suitable negative electrode, a bromine-
based flow battery (Br-FB) is constructed (Figure 1), which
has the advantages of wide voltage window, high energy
density, low cost, and reliability when compared with other
FBs, which are as follow:

(i) Wide voltage window: Br2/Br
- couple has a high

electrode potential of 1.08V

(ii) High solubility: The solubility of Br2 in water is
0.43mol/L at 20°C, but when there are halogen ions
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such as Br- in the solution, Br2 will complex with
halogen ions to form complex ions such as Br3

-

and Br5
-, thus significantly improving its solubility

(iii) High energy density, which is mainly caused by the
high potential of Br2/Br

- couple and the high solu-
bility of Br2

(iv) Low cost: Bromine resources are abundant enough
for bromine-based FBs, since bromine, a “marine
element,” can be extracted directly from seawater

(v) High reliability: The potential safety hazard of Br-
FBs mainly comes from volatile bromine molecules,
which will be quickly complexed by complexing
agent to form oily bromine complexes. Combined
with the optimization of battery system, almost no
bromine can be released into the environment,
guaranteeing the safety and reliability of Br-FBs

The negative redox couples can be metallic, such as
Zn2+/Zn (Figure 1(a)), or nonmetallic (or organic mole-
cules), such as sodium polysulfide (Figure 1(b)). Notably,
when constructed with metallic redox couples, the reactions
at negative side are based on the dissolution/deposition
mechanisms, as shown in Figure 1(a). The traditional Br-
FBs include zinc-bromine flow battery (ZBFB), hydrogen-
bromine flow battery (HBFB), sodium polysulfide-bromine
flow battery (PBFB), and vanadium-bromine flow battery
(VBFB). In recent years, many novel Br-FB systems have
also been proposed, such as quinone-bromine flow battery
(QBFB), lithium-bromine flow battery (LBFB), tin-bromine
flow battery (TBFB), and titanium-bromine flow battery
(TiBFB) [6, 7].

The features of different Br-FBs are shown in Table 1.
At present, ZBFB technology together with HBFB tech-

nology has been at the demonstration stage. Especially, in
the past few years, the ZBFB technology has achieved rapid
development in China, the United States, Japan, Australia,
etc. In 2017, the first 5 kW/5 kWh zinc-bromine single flow

battery energy storage demonstration system was developed
in China [8]. Nevertheless, the further commercialization
and industrialization of Br-FBs still suffer from many thorny
problems as follows:

(i) Bromine is highly corrosive and oxidizing, which
brings about higher requests for the chemical stabil-
ity of various components of Br-FBs, including the
electrode and the membrane materials [9–12]

(ii) The high diffusivity of bromine will reduce the
safety and lifespan of batteries. In general, bromine
will easily migrate to the negative side, which may
react with the negative active materials to result in
the self-discharge, thus decreasing the efficiency,
causing the capacity decay, and shortening the life-
span of batteries [12].

(iii) The sluggish kinetics of Br2/Br
- reactions is believed

to be one of the major factors that result in higher
electrochemical polarization and lower battery
power density of Br-FBs [13]

(iv) Bromine has high volatility, which will easily volatil-
ize to pollute the environment and lead to safety
issues. Meanwhile, it also gives rise to the reduced
content of active species in the battery, reducing the
efficiency, capacity, and cycle life of the battery [14]

(v) The key to overcome these challenges is to modify
and optimize the key materials of Br-FBs, which
mainly include the electrolyte, the membrane, and
the electrode. Up to now, a series of strategies to
overcome these challenges have been researched
and developed, mainly including:

(i) To modify membrane materials to inhibit the diffu-
sion of bromine by sieving effect but commonly
increase the membrane impedance [14–16]. In fact,
there are limited membrane materials suited for Br-
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Figure 1: Schematic diagrams of Br-FBs with different negative redox couples: (a) metallic redox couple and (b) nonmetallic redox couple or
organic molecular redox couple.
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FBs, due to the particular operating conditions of
Br-FB systems

(ii) Adding complexing agent into the electrolyte is an
effective way to reduce the concentration of Br2 in
the water phase and further reduce its diffusion rate
[17–20]. The complexing agent will complex with
bromine to form larger polybromide ion complexes,
facilitating the exclusion of the membrane to bro-
mine and consequently reduce the self-discharge
of batteries [9–12]. However, the introduction of
additives will affect the conductivity of the electro-
lyte or reduce the reaction kinetics [20]. The battery
polarization is therefore improved

(iii) To develop electrode materials with high activity,
which can effectively increase the reaction activity
of Br2/Br

-couple [21, 22]

Electrode, the place where the electrochemical reactions
happen, plays a role in transporting electrons, providing the
reaction sites, transporting the electrolyte, and so forth. The
physical and chemical properties of electrodes are directly
related to the performance of batteries. Therefore, it is impor-
tant for cathode materials of Br-FBs to have high conductivity
to accelerate the electron transport, high electrocatalytic activ-
ity to boost Br2/Br

- reactions, great hydrophilicity to reduce
the electrode-electrolyte interface resistance, and high chemi-
cal and electrochemical stability to resist the bromine corro-
sion [23]. At present, the commonly used bromine cathode
materials include metals and metal oxides, carbon materials,
and their corresponding composite materials.

Among them, carbon felts (CFs) or graphite felts (GFs)
with three-dimensional (3D) porous structures have been
widely used as the cathodes in Br-FBs on account of their
superior advantages of large specific surface area, good elec-
tronic conductivity, excellent stability, good chemical stabil-
ity, and so on [24, 25]. However, in consideration of their
relatively poor hydrophilicity and low electrochemical activ-
ity, CFs and GFs need to be modified purposefully to enhance
their overall properties. So far, many modification methods
have been carried out on cathodes of Br-FBs, such as surface
treatment and surfacemodification (Figure 2). Herein, we will
overview the commonly used cathode materials in Br-FBs.
The advantages, disadvantages, and corresponding modifica-
tion methods on them will be summarized, including the sur-
face treatment, metallic element modification, nonmetallic
element modification, and structure decoration (Figure 2).
Furthermore, prospective directions for the future explora-
tion of Br-FBs cathode materials will be proposed. Therefore,
this review will be helpful to instruct the construction of high-
performance and long lifespan Br-FBs.

2. Overview of Br-FBs

In a typical Br-FB, the positive and negative electrolytes are
stored in two external storage tanks, which are driven by
pumps into the battery body to complete the circulation of
electrolytes in Br-FBs (Figure 1). At the same time, the pos-
itive and negative electrolytes are separated by a membrane
to avoid the cross-contamination of the active materials in
the positive and negative electrolytes, respectively. During
the charge process, Br- is oxidized to Br2, which will further

Table 1: Summary of various Br-FBs systems.

Br-FBs Advantages Disadvantages

ZBFB
High energy density

Low cost

Zinc dendrite
Large polarization

Lower working current density
Limited area capacity
Short cycling life

HBFB
High energy density
High power density

Catalyst deterioration

PBFB Low cost
Cross-contamination of active substances

Sluggish kinetic of anodes
Polysulfide shuttle

VBFB
High energy density

Wide operating temperature range
Low cost

Self-discharge
Corrosivity of Br2

QBFB
Various quinones and quinone-based derivatives
Flexible functionalized modification of quinones

Poor temperature adaptability
Poor chemical/electrochemical stability

LBFB
High theoretical voltage
High energy density

Low cost

Capacity attenuation
Poor cycling stability
Lithium dendrite

TBFB
High solubility

Low cost
Cross-contamination
Low power density

TiBFB Outstanding cycle stability Low theoretical voltage
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complex with bromide ion to form polybromides and be
captured by the bromine complexing agent to form bromine
complexes and then enriched in the oil complexes (Figure 1)
[26, 27]. When the negative active materials are metal ions,
they are reduced to metals and deposited on the surface of
negative electrodes simultaneously (Figure 1(a)). If the neg-
ative active materials are nonmetal ions, they are reduced
to their corresponding reduction products (Figure 1(b)).
During the discharge process, the reverse electrode reactions
occur. The current Br-FB systems include ZBFB, HBFB,
PBFB, VBFB, QBFB, LBFB, TBFB, and TiBFB, upon which
their redox reactions during the charge-discharge process
are as shown in Table 2 [7, 28–33]:

In a typical Br-FB, the electrode is a place where the electro-
chemical reactions of redox couples occur (Figures 1 and 3).
Notably, the electrode only provides reaction sites but does
not participate in redox reactions. Generally, during the
charge-discharge process, positive redox reactions of Br-FBs
are exhibited in Figure 3. The formation of bromine in the
adsorbed state is considered as the rate-determining step
[34]. As a result, the ideal cathode materials of Br-FBs should
meet the following requirements:

(i) Excellent chemical and electrochemical stability.
The strong corrosivity of Br2 means that cathode
materials must have high chemical and electro-
chemical stability, which is the vital assurance of
the long-term and stable battery operation

(ii) High electrochemical activity. Cathode materials
should be highly electrochemically reactive to Br2/
Br- couple, thus reducing the electrochemical polar-
ization and increasing the power density of batteries

(iii) Good electronic conductivity, which is beneficial to
transport electrons rapidly and reduce the ohmic
polarization of batteries

(iv) Outstanding hydrophilic property. Br-FBs normally
use aqueous electrolytes. The high hydrophilicity of
cathode materials is favorable to the reduction of

the interfacial resistance, because the electrochemi-
cal reactions exactly occur at the interface between
the electrode and the electrolyte (Figure 3)

3. The Cathode Materials of Br-FBs

Based on the requirements as mentioned above, the com-
monly used cathode materials for Br-FBs are classified as
metal-based compounds (such as Pt) together with carbon-
based materials (such as graphite, CF, and GF) [24, 35–39].
In this review, we will first overview the properties, advan-
tages, and disadvantages of different types of cathode mate-
rials for Br-FBs.

3.1. Metal-Based Materials. Metal-based materials have been
studied as electrodes for Br2/Br

- redox couple due to their
high electrochemical activity, good electronic conductivity,
and excellent mechanical properties. However, except for
some precious metals and oxides, most metals and metal
oxides are unstable in the presence of highly corrosive
bromine. So far, metal-based cathode materials currently
available for Br-FBs are Pt, TiN, ZrOx, TiOx, WOx, AlOx,
etc., which show high activity on Br2/Br

- redox reactions
and improve the reversibility of Br2/Br

- redox reactions
[38, 40, 41].

Among them, Pt exhibits good adsorption characteristics
towards Br2, Br

- ions, and Br3
- ions, which significantly

affects the electrochemical reactions of Br2/Br
- couple on

Pt cathode [42, 43]. In 1963, Breiter [44] found that Br-

could adsorb on Pt electrode, which strongly inhibited the
adsorption of oxygen-containing substances on the surface
of Pt electrode in the double-layer potential region. On the
contrary, Johnson and Bruckens [45] reported that the
adsorption of Br- would not occur when oxides covered
the surface of Pt electrode. Thus, the surface natures of the
electrodes are essential for the adsorption of Br- ions. Lane
and Hubbard [46] further showed that the adsorption of
Br- on Pt was irreversible and the electrochemical oxidation
activity of the adsorbed Br- was much lower than that of Br-

in the bulk solution. In addition, Cooper and Parsons [47]
showed that Pt was highly active and reversible on Br2/Br

-

redox couple. Moreover, the study of reaction kinetics of
Br2/Br

- indicated that the determining step was the

Electrode
modification

Figure 2: An overview on the modification methods of cathode
materials for Br-FBs.

Table 2: Current Br-FB systems and their corresponding redox
reactions.

Systems Reactions

ZBFB Zn2+ + 2Br−⇌Zn + Br2
HBFB 2H+ aqð Þ + 2Br− aqð Þ⇌H2 gð Þ + Br2 aqð Þ
PBFB 2NaBr + x − 1ð ÞNa2Sx⇌xNa2Sx−1 + Br2, x = 2 ~ 4

VBFB 2V3+ + 3Br−⇌2V2+ + Br3−

QBFB AQDS + 2H+ + 2Br−⇌AQDSH2 + Br2
LBFB 2Li+ + 2Br−⇌2Li + Br2
TBFB Sn2+ + 2Br−⇌Sn + Br2
TiBFB 2TiO2+ + 4H+ + 2Br−⇌2Ti3+ + 2H2O + Br2
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formation of the adsorbed Br atoms or the combination of
the two adsorbed bromine atoms to form a Br2 molecule.
Williams et al. [38] found that amorphous metal oxides with
good conductivity were more likely to adsorb bromine com-
plex, thus improving the rate capacity of batteries. They
proved that ZrOx was superior in preventing side reactions
with the complexing agent through deep charge cycle tests
(Figure 4(a)). The ZrOx prevented the overcharge and was
conducive to a three-phase interaction to adsorb more bro-
mine from the complex phase through a thin layer of aque-
ous phase directly on the electrode surface.

However, minimal percentages of Pt have been used as a
catalyst in Br-FBs because the expensive nature of Pt limits
its large-scale accessibility. Thereby, metals or metal oxides
are not well suited for Br-FBs, which are scarcely used as
cathode materials for Br-FBs. In most instances, metal and
metal-based electrodes are often used to investigate the
kinetics of Br2/Br

- reactions. Nevertheless, it is worth noting
that the research on the adsorption process and reaction
mechanism of Br2/Br

- redox couples on metal-based elec-
trodes will exhibit great guiding significance for the study
of electrochemical reaction characteristics of Br2/Br

- on
other types of cathode materials [46, 48–50].

3.2. Carbon Materials. Carbon materials have been widely
used for the cathode materials of Br-FBs because of their
low price, good electronic conductivity, and outstanding
corrosion resistance as well as controllable structure and sur-
face properties [24, 51, 52]. Up to now, the commonly uti-
lized carbon-based cathode materials for Br-FBs include
intrinsically porous carbon materials and porous (2D or
3D) carbon fiber-based materials [21, 35, 53].

3.2.1. Intrinsically Porous Carbon Materials. Intrinsically
porous carbon materials are carbon materials with intrinsic
pore structures, which are commonly powdery. The intrinsi-
cally porous carbon materials used in Br-FBs can have
micropores (<2 nm), mesopores (2-50 nm), or macropores
(>50nm). The intrinsically porous carbon materials com-

monly have high specific surface area, good electronic con-
ductivity, and easy structure control, thereby are widely
used in Br-FBs. Their utilization in Br-FBs can improve
the adsorption ability of bromine to a certain extent and thus
accelerate the rate-determining step of Br2/Br

- redox reac-
tions, such as carbon nanotubes (CNTs), activated carbon
(AC), and biomass-derived porous carbon. Among them,
CNTs are concentric circular tubes composed of several
layers of carbon atoms arranged in a hexagonal pattern, with
the radial and axial dimensions in the micrometer range.
The distance between the sheets is fixed at about 0.34 nm.
The carbon atoms adopt sp2 hybridization, which has a
larger s orbital component than that of sp3 hybridization,
endowing CNTs’ good mechanical properties [54]. CNTs
can be viewed as sheets of graphene coiled in layers, which
provides plentiful freely moving electrons to result in good
electronic conductivity. Benefiting from the advantages of
CNTs, they have been used as cathode materials for Br-FBs
[55–59]. Engelhard and co-workers first compared the dif-
ference of the Br-/BrCl2

- redox reactions between CNTs
and graphite electrodes (Figure 4(b)) [3, 58]. They found
that CNTs showed higher activity than that of graphite
because of high electronic conductivity and high surface area
(Figure 4(c)) [58]. Moreover, the functional groups and
structure defects (pentagon, heptagon, dangling structures,
etc.) on CNTs are usually considered as the electrocatalytic
sites [60, 61]. According to the number of layers, CNTs
can be classified as single-walled CNTs (SWCNTs) and mul-
tiwalled CNTs (MWCNTs) (Figure 4(d)) [57]. The walls of
MWCNTs are usually rich in defects because trap centers
are easy to form between the layers, which can then trap
all kinds of defects [62]. In contrast, SWCNTs have a smaller
distribution of diameter sizes, a higher degree of uniformity,
and a larger specific surface area, accordingly exposing more
active sites. Worth noting is that SWCNT electrodes have
better electrochemical activity, which results from the pres-
ence of abundant basal surfaces. However, the reversibility
of Br2/Br

- reactions on MWCNT electrodes was better
because of numerous edge planar active sites in MWCNTs.
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Figure 3: The mechanism of Br2/Br
- reactions on the cathode.
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Munaiah et al. [56] investigated the catalytic activity of
SWCNTs with different purity for Br2/Br

- redox reactions.
For SWCNTs, higher purity meant more active sites, which
were beneficial to the charge transfer and showed higher cat-
alytic activity on Br2/Br

- redox reactions. They also applied
MWCNT electrodes in ZBFBs, and they exhibited remark-
able electrochemical behaviors due to plenty of basal planes
and edge planes (Figure 4(e)) [58]. Nonetheless, CNTs are
expensive, which are not suited for large-scale applications.

Moreover, Ayme-Perrot et al. [63] adopted megalopor-
ous carbon cryogels as the cathodes for ZBFBs, which could
act as a good bromine storage tank by the capillary trapping
effect. Thus, the corrosion of bromine to the zinc anode
could be avoided effectively by preventing bromine diffu-
sion. Meanwhile, the high specific surface area of megalo-
porous carbon cryogels led to excellent charge transfer
properties and provided abundant active sites for Br2/Br

-

reactions. Therefore, the assembled ZBFB was capable of
reversibly storing substantial amounts of bromine and main-
tained a constant energy yield after running multiple cycles
(Figure 4(f)). Furthermore, many carbon-based materials

with intrinsical pores, such as AC, have rich micropores,
large specific surface area (2314m2 g-1), and strong adsorp-
tion capacity, which is expected to exhibit sufficiently high
electrochemical activity in Br-FBs. However, such powdery
carbon materials exhibited significant concentration polari-
zation and cannot be prepared as self-supported electrodes,
which are usually loaded on porous carbon fiber-based
materials. That will be discussed in detail in the following
parts.

3.2.2. Porous Carbon Fiber-Based Materials. Different from
the intrinsically porous structures of carbon materials, the
porous (2D or 3D) carbon fiber-based materials, such as
CF, GF, carbon paper (CP), and carbon cloth (CC), are con-
structed by interweaving carbon fibers with a diameter of
tens of micrometers and length of several centimeters
(Figure 5(a)) [40]. First, the self-supported 3D porous struc-
tures with high porosity facilitate the electrolyte flow, mean-
ing smaller concentration and diffusion polarization [37,
64]. Second, the excellent mechanical properties, high corro-
sion resistance, and good conductivity of 3D carbon fiber-
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based materials make them especially suited as cathode
materials for Br-FBs [37]. Zhou et al. [24] have compared
the performance of AC and CF as cathodes in PBFB. Com-
pared with CFs, AC had low porosity, poor mass transfer
behavior, and low utilization rate of surface area, which led
to the poor discharge performance of the battery. In con-
trast, the high porosity and large pores of CF formed by
interlacing fibers allowed the electrolyte to flow through
the felts fluently. Thus, the forced convection was the pri-
mary flow mode, most favorable for mass transport. How-
ever, the hydrophobic nature of CFs and GFs caused by
hydrophobic C-C bond and lack of hydrophilic functional
groups will lead to relatively poor aqueous wettability. More-
over, the smooth surface of carbon fibers lacks sufficient cat-
alytic sites, resulting in high resistance and poor
electrocatalytic activity [65, 66]. To this end, Wu et al. [23]
used a thin CP to replace the conventional thick GF elec-
trode in ZBFBs. Thick GFs led to a large internal resistance
when the assembled battery operated at a high current den-
sity. While CP was very thin, therefore, the electrical resis-
tance was lower and the electrolyte transport through CP
could be facilitated (Figure 5(b)). The enhanced electrocata-
lytic activity of CP on Br2/Br

- reactions and the reduced
internal resistance of the thinner electrode significantly
decreased the battery polarization as well as improved the
energy efficiency (EE) of ZBFBs, which was up to 83.5% at
40mA cm-2 (GF: 73.0%, Figure 5(c)).

The summary of different cathode materials for Br-FBs
is shown in Table 3. Of note, although the activity of carbon
materials is commonly lower than that of Pt, their electro-
chemical activity can be enhanced by regulating the internal
structure and surface properties. At present, porous (2D or
3D) carbon fiber-based materials, especially CFs and GFs,
are the most widely used cathode materials in Br-FBs.

4. Modification of Electrodes

As shown in Table 3, the currently used electrode materials
still suffer from many challenges, which cannot fully meet
the demand of commercializing and industrializing Br-FBs.
Therefore, it is necessary to modify the existing electrode
materials to improve their performance, especially the elec-
trochemical activity and hydrophilicity, thereby increasing
the power density and lifespan of the batteries. Considering
that CFs and GFs are the most widely used cathode materials
in Br-FBs at present, this part will largely focus on the mod-
ification methods of CFs and GFs, which will be referential
to instruct the modifications on other kinds of cathode
materials of Br-FBs. The usually used modification methods
mainly include surface treatment and surface modification.

4.1. Surface Treatment. The surface treatment is to construct
intrinsically porous structures on the electrode surface by
oxidizing etching, which can increase the specific surface
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area and introduce oxygen-containing functional groups
(Figure 5(d)) [2]. In general, according to the operating con-
ditions, surface treatment can be categorized into heat treat-
ment, acid treatment, and electrochemical oxidation
treatment [67]. The heat treatment method involves the oxi-
dation etching of the felt surfaces by heating them in an air
or water vapor atmosphere at high temperatures. The acid
treatment uses strongly oxidizing acids to oxidize the felt
surfaces. Differently, the electrochemical oxidation method
needs to be carried out in the presence of electric fields
[68]. First, the surface of the electrodes becomes rough and
porous after oxidation, thereby leading to the increased spe-
cific surface area and the formation of vacancies. More reac-
tive sites are provided, thus improving the electrochemical
activity of the modified electrodes. Second, the oxygen-
containing and nitrogen-containing groups and defects on
the surface increase the electrode hydrophilicity, which is
beneficial to accelerate the mass transference and decrease
the concentration polarization in Br-FBs [66]. Moreover,
oxygen-containing and nitrogen-containing groups can cat-
alyze Br2/Br

- reactions. Notably, these three methods differ
in the degree of etching, bringing about differences in
enhancing the catalytic activity and hydrophilicity of elec-
trodes. For instance, when using the heat treatment method,
after being heated to 500°C, more pores and oxygen-
containing functional groups will be created on the surface
of CFs [69]. Moreover, the CFs used in the novel TBFBs
were pretreated in the air at 500°C for 5 h to achieve higher
electrophilicity [33]. Suresh et al. [70] employed H2SO4-
treated CPs (SM-CP) at the positive side of the ZBFBs. The
introduction of oxygen-containing functional groups
improved the hydrophilicity of CPs and provided more elec-
trochemical active sites to catalyze Br2/Br

- redox reaction
(Figure 5(e)). Similarly, the surface area of GFs increased
after being electrochemically oxidized. Furthermore, the
content of carboxyl functional groups was also increased
simultaneously, beneficial to higher electrochemical activity
[71]. Zhang et al. [36] also found that both acid oxidation
and thermal oxidation methods could increase the number
of oxygen-containing functional groups on GFs. However,
it should be noted that excessive oxygen-containing func-
tional groups may increase the ohmic impedance and charge
transfer impedance of GFs [72].

In summary, surface treatment methods are designed to
increase the specific surface area of electrodes and introduce
oxygen-containing functional groups to improve their
hydrophilicity and electrochemical activity. However, sur-
face treatment is an uncontrolled process, leading to differ-
ent sizes of the pores and uneven distribution. Moreover,
the breakage of C-C bonds leads to the reduced electronic
conductivity and deteriorated mechanical properties of the
electrodes. The improvement in battery performance is thus
limited. Furthermore, the effects that surface treatment
exerts on increasing the specific surface area and introducing
the suited amount of favorable functional groups are not
enough. Upon most occasions, surface treatment is used as
a pretreatment method due to their insignificant effect and
damage to the electrodes.

4.2. Surface Modification. Different from surface treatment,
surface modification is to increase the electrochemical activ-
ity and hydrophilicity of the electrodes by introducing active
materials. Based on the properties of introduced active mate-
rials, surface modifications can be classified into metallic ele-
ment modification, nonmetallic element modification, and
structure decoration. Metallic element modification means
introducing metal-based electrocatalysts on the electrode,
while nonmetallic modification introduces active nonmetal-
lic elements through element doping or compounding
carbon-based electrocatalysts. Structure decoration is to
design materials with unique structures to modify the elec-
trodes, thus achieving higher electrochemical activity or bet-
ter ability to inhibit the diffusion of bromine. The effects or
mechanisms, advantages, and disadvantages of different
modification methods will be described in detail in this part.

4.2.1. Metallic Element Modification. Metallic element mod-
ifications aim at improving the electrocatalytic activity
through introducing active metal-based compounds, includ-
ing metals, metal oxides, and metal nitrides, such as Pt,
RuO2, ZrOx, TiOx, WOx, AlOx, and TiN [73–75]. The loaded
metals or metallic compounds act as catalysts, which can
improve the catalytic activity of electrodes on Br2/Br

- redox
reactions and increase the specific surface area of the elec-
trodes (Figure 6(a)). Analogously, Pt particles with high activ-
ity were deposited on GF as an electrocatalyst to improve the

Table 3: The summary of different cathode materials for Br-FBs.

Types Materials Advantages Disadvantages

Metals and metal oxides Pt, ZrOx, TiOx, WOx, AlOx, etc. High electrochemical activity
Expensive
Instability

Intrinsically porous carbon
materials

CNTs, megaloporous carbon cryogels,
etc.

Good conductivity
Large specific surface area
High adsorption capacity

Low electrochemical activity
Large concentration

polarization

Porous carbon fiber-based
materials

CF, GF, CP, etc.

Excellent mechanical
properties

Good conductivity
High corrosion resistance

Low cost

Poor hydrophilicity
Low specific surface area
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kinetics of Br2/Br
- redox reactions (Figure 6(b)) [76]. When

the Pt-coated GF was used as the cathode material of a ZBFB,
its average coulombic efficiency (CE) and EE were up to
99.96% and 88% at 50mA cm-2, respectively (original GF:
CE = 89:79% and EE = 67:93%). The low load of Pt mini-
mized the electrochemical polarization and improved the
kinetics of Br2/Br

- redox reactions to a certain extent
(Figure 6(b)). Therefore, the low Pt-loaded GF is considered
as potential candidate electrodes for Br2/Br

- redox couple.
Sivasubramanian et al. [77] loaded RuO2 on the CC electrode
to improve its electrochemical activity, but the high load and
low utilization rate of RuO2 in the catalytic layer increased
the cost. In addition to depositing metal-based electrocatalysts
on felts, carbon fibers can also be coated with metal oxide pro-
tective layers by spinning technology [38]. Different from the
deposition of metal-based particles, adding metal-based pre-
cursors during the preparation of CF can not only coat a layer
of metal-based substance on the carbon fibers uniformly but
control the thickness of the coatings. Moreover, Williams
et al. [38] coated metal oxides on the carbon electrodes to pre-
vent their degradation, which was evidenced by the formation
of C-Br bond [78, 79].

Noble metal-decorated electrodes can also accelerate the
kinetics of Br2/Br

- redox reactions, but the increased cost
and decreased stability will impede their commercialization
and industrialization. Nonnoble metal materials used as
electrocatalysts to boost the battery performance of Br-FBs
still need further investigation. The electrode modified by
the deposition of metal-based catalysts suffers from weak
structure stability because the binding force between the cat-
alyst particles and the electrode is weak [80]. The process of
coating metal-based materials on the electrode by spinning

is complicated. Moreover, there is no report on improving
the catalytic activity of electrodes with metal-based coatings.
Hence, metal-based catalysts with relatively low price, excel-
lent catalytic activity, and high cyclic stability for Br-FBs
need to be further developed.

4.2.2. Nonmetallic Element Modification. The methods to
modify the electrode with nonmetallic elements include het-
eroatom doping and introduction of carbon-based electroca-
talysts [66].

(1) Heteroatom Doping. Heteroatom doping can break the
conjugated system between C atoms by heteroatoms differ-
ent in size and electronegativity [65]. By doping or codoping
O-, N-, S-, B-, and P-containing functional groups with cat-
alytic activity, heteroatoms are covalently bound to adjacent
C atoms in carbon lattices [66]. Some carbon atoms are
replaced by heteroatoms, creating defects and vacancies on
the surface of the electrode as well as introducing hydro-
philic polar bonds. As a result, heteroatom doping is an
effective strategy to introduce defect sites and changes the
distribution of electron clouds around the adjacent C atoms.
Therefore, heteroatom doping can expand the catalytic
interface and expose more electrocatalytic active sites, which
is favorable to the fast mass transfer and better electrocata-
lytic activity (Figure 7(a)) [81, 82].

Nitrogen is one of the most commonly used dopants
because of its strong electronegativity and superior hydro-
philicity [83, 84]. Coating with nitrogenous substances on
the carbon-based electrodes and then pyrolysis is a common
and facile method to introduce N element into electrodes
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Figure 6: (a) Schematic representation of metallic element modification of electrodes. (b) Schematic representation of the Pt-coated GF
preparation using pulsed laser deposition (PLD) process.
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[85]. For example, N-doped carbon-based cathodes with a
large specific surface area and abundant heteroatomic func-
tional groups were synthesized for ZBFBs, which were con-
ducive to the formation and exposure of active sites of Br2/
Br- redox reactions [86]. At 80mA cm-2, the voltage effi-
ciency (VE) and EE of ZBFBs with the N-doped cathode
were 83.0% and 82.5%, respectively, higher than that of
using the undoped cathode. The introduction of N element
can also be achieved by coating polymers with better elec-
tronic conductivity such as polyaniline (PANI) and polypyr-
role (PPy). Recently, GFs were successfully doped with N
element and O element by decorating carbonized tubular
PP (CTPPy) with abundant nitrogen- and oxygen-
containing functional groups (Figures 7(b) and 7(c)) [87].
The functional groups showed good electrocatalytic activity
on Br2/Br

- redox reactions, and the more electronegative
nature facilitated the adsorption of bromine. In the mean-
time, the graphitic-N, which referred to the nitrogen atoms

that replace the carbon atoms in the graphene hexagonal
ring, was the major nitrogen doping type. The existence of
graphitic-N was beneficial to the higher electronic conduc-
tivity and stability of the framework. Therefore, the perfor-
mance of ZBFBs was promoted when utilizing such
modified GFs. Actually, the introduction of N elements plays
a prominent role in catalyzing electrochemical redox reac-
tions of Br2/Br

- redox couples. Lee et al. [27] modified GFs
with protonated nitrogen pyridine-doped microporous car-
bon (NGF-T, T represents carbonization temperature) and
utilized the adsorption effects to prevent bromine crossover
(Figure 7(d)). In an acidic environment of ZBFBs, pyridinic
N is converted to hydrogenated form (hPL), which is more
effective to adsorb bromide and polybromides than other
N-doped structures. Considering the dipole-dipole interac-
tion, the radius of the atomic adsorption site should be suf-
ficiently smaller than that of the adsorbent [88]. They
carried out theoretical calculations to prove that protons
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bound to pyridine N with a radius of 120 pm were smaller
than that of carbon (170pm), providing a stronger adsorp-
tion site for bromine (185 pm) (Figure 7(e)). Lu et al. [21]
fabricated CFs with N-rich defects (NTCF) for high power
density and long cycle life ZBFBs by nonmetallic element
modification method. The N-rich defects increased the
hydrophilicity and specific surface area of the modified
CFs, meaning more active reaction sites and enhanced
adsorption capacity of bromine (Figures 7(f) and 7(g)).
The NTCF thereby demonstrated excellent electrochemical
activity on Br2/Br

- reactions, enabling ZBFBs to realize
higher power density and longer lifespan. Moreover,
N-doping was also carried out by a simple pyrolytic urea
method [22] or a nanocasting method [89], both of which
improved the electrocatalytic activity of electrodes. Apart
from doping N element into electrodes, B-doping is also
adopted to enhance Br2/Br

- redox reactions by inducing
defect sites and destruction in the carbon lattice [90].

As clarified above, the hydrophilicity, electronic conduc-
tivity, and adsorption properties of electrodes can be
improved by heteroatom doping. The porous structure and
stable heteroatom functional groups are formed simulta-
neously due to the structural characteristics of the dopant
itself. Therefore, under the premise of ensuring sufficient
specific surface area, the nonmetallic element doping effec-
tively promotes the electrochemical activity on Br2/Br

- redox
reactions. However, this modification method is designed to

improve the catalytic activity of the electrodes without con-
sidering the problem of bromine diffusion. The effective uti-
lization of different dopants and the effects of the content of
doped elements on the catalytic activity of electrodes still
need to be further investigated. More than that, the reported
dopants used for cathodes of Br-FBs are also used in other
catalytic systems and the selection principles of dopants
are not definite, leading to that the reaction mechanisms
are unclear and remain further in-depth understanding.

(2) Introduction of Carbon-Based Electrocatalysts. As men-
tioned above, carbon materials with large specific surface
area, good conductivity, and good electrochemical stability
are applicable enough for electrode materials. In like man-
ner, they can also be used as electrode-modifying materials,
such as graphene, graphene oxide (GO), reduced graphene
oxide (rGO), CNTs, carbon nanofibers, carbon nanosheets,
and AC (Figure 8(a)) [51, 91, 92].

Wang et al. [53] firstly introduced acetylene black (AB),
expanded graphite (EG), CNTs, and BP 2000 as electrocata-
lysts for ZBFBs (Figure 8(b)). They concluded that the car-
bon materials with high specific surface, large pore size,
and high electronic conductivity showed higher electro-
chemical activity (Figure 8(c)). Additionally, among carbo-
naceous materials, graphene, a two-dimensional carbon
nanomaterial composed of C atoms hybridized by sp2, has

Introducing
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a large specific surface area, excellent electronic conductivity,
and good chemical stability. GO, prepared by proper oxida-
tion of graphene, is rich in oxygen-containing functional
groups and exhibits higher electrocatalytic properties. As a
result, graphene-based carbon materials are considered as
one of the most promising electrocatalysts in Br-FBs. For
example, GO and rGO were loaded on CFs as cathodes for
ZBFBs [93]. The highly enhanced kinetics and improved
reversibility of Br2/Br

- redox reactions were achieved,
favoring higher CE and VE (Figure 8(d)). The outstanding
performance was due to the enhanced electronic conduc-
tivity and overwhelmed electrochemical active sites. Wu
et al. [22] synthesized N-doped graphene nanoplatelets
(N-GnP) and applied them as electrocatalysts in ZBFBs.
They exhibited remarkable catalytic activity on Br2/Br

-

redox reactions. The electronic properties of the nearby
C atoms were modulated because of the strong electroneg-
ativity of the incorporated nitrogen. Accordingly, the
adsorption of polybrominated ions and the charge transfer
between the adsorbed ions and the electrode were pro-
moted, boosting the kinetics of Br2/Br

- redox reactions.
Thus, ZBFBs were able to reach an EE of 84.2% at
80mA cm-2 (original CF: 71.8%). Boron-doped graphene
(BDG) with high surface area and high electrocatalytic
activity was used as the electrocatalyst in ZBFBs as well

[90]. The introduction of B element in the graphene
matrix greatly increased the peak current and reduced
the double-layer charge storage due to defect sites and
destruction in the carbon lattice (Figure 8(e)). The ZBFBs
assembled with the modified CF demonstrated better
cycling performance at 20mA cm-2. Furthermore, the
functionalized graphene can improve the kinetics of Br2/
Br- redox reactions as well. Br2 and Br- could be selectively
adsorbed on the surface of the functionalized graphene,
which was dependent on the degree of functionalization.
The degree of edge stripping was increased and more
effective active sites were created during the fluorination
process. Consequently, the fluorinated graphene-modified
CFs showed higher reversibility and better electrocatalytic
activity on Br2/Br

- redox reactions (Figure 8(f)) [94].
When CFs modified with CNTs were used as cathodes,

the assembled ZBFBs also showed better electrochemical
performance in terms of efficiency and durability [95]. In
order to further improve the performance of CNT-
modified electrodes, some modification methods are needed.
For instance, Rui et al. [96] modified the SWCNTs with
oxygen-containing functional groups (FSWCNTs) to reduce
the charge transfer resistance and improve the catalytic
activity on Br2/Br

- redox reactions (Figures 9(a) and 9(b)).
Of note, metal impurities like iron, cobalt, and nickel may
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exist in some of the CNTs. As a consequence, pretreatment
is required for purification. Moreover, the catalytic mecha-
nisms of CNTs remain to be further studied. Even so, CNTs
are still promising electrode electrocatalysts for Br-FBs. Fur-
thermore, Jin et al. [89] introduced low-dimensional
nitrogen-doped carbon (NOMC) as electrocatalysts for the
Br2/Br

- redox couple. The heteroatom-activated carbon
could act as active sites, and its structure promoted the
exposure of active sites and accelerated the mass transfer of
reactive species. Thus, the electrochemical activity was sig-
nificantly improved (Figure 9(c)). As mentioned above, AC
is suitable for Br-FBs because of its large specific surface area
and good adsorption capacity. L. Zhang et al. [97] used AC
as cathode electrocatalysts in ZBFBs, which promoted the
formation of Brads, thus exhibiting comparatively high activ-
ity to Br2/Br

- redox reactions (Figures 3 and 9(d)). A highly
electrochemically active layer on the electrode was con-
structed, significantly reducing the resistance of the battery.
Wu et al. [98] used mesoporous carbon materials (PPC/
NiPPC) with high specific surface area as the cathode elec-
trocatalyst in ZBFBs. The resultant mesoporous carbon
materials showed an extraordinary activity on Br2/Br

- redox
reactions, which was ascribed to sufficient active sites, fast
mass transport, and facile electron transfer. Thus, the assem-
bled ZBFBs could operate at 80mA cm-2 with an EE up to
84.2% (original GF: 78.4%). Naresh et al. [99] reported AC
derived from Phyllanthus emblica leave’s biomass as an elec-
trocatalyst to Br2/Br

- redox reactions. The high specific sur-
face area and defects provided more active sites and ensured
strong adsorption capacity of AC, accelerating the formation
of Brads (Figure 3). Accordingly, the AC-anchored GFs (AC-
GFs) showed significant improvement in electrochemical
activity on Br2/Br

- redox reactions and reinforced the overall
performance of ZBFBs (Figure 9(e)). As a matter of fact, bio-

mass materials possess great potential in the applications of
Br-FBs due to their porous structure with abundant active
functional groups, rich sources, and low cost.

In summary, carbon-based materials with large specific
surface area, good conductivity, electrochemical stability,
and low cost are proper as advanced electrocatalysts for
Br-FBs. The morphology and pore structures of carbon
materials can be controllably designed, and the surface prop-
erties can be easily regulated. However, the powdery carbon
materials will bring about a certain concentration polariza-
tion. Although they have good stability in the bromine-
containing system, they are easy to fall off from the electrode
under the flow of electrolytes. Furthermore, the introduced
carbon-based electrocatalysts unevenly distribute in the felts,
leading to increased local polarization and poor battery per-
formance. The summary of different carbon-based electroca-
talysts in Br-FBs is exhibited in Table 4.

4.3. Structure Decoration. Engineering the physical structure
of the electrode with advanced materials having unique and
regular structures is a critical approach to enlarge the spe-
cific surface area and build appropriate pathways for mass
and charge transport (Figure 10(a)). Profiting from the syn-
ergistic effect of the nanostructure and active surface, metal-
based nanomaterials can provide more active sites for elec-
trochemical reactions. For example, Wang et al. [41] con-
structed a CF-supported TiN nanorod array (CTN) 3D
hierarchical composite electrode (Figures 10(b) and 10(c)).
The CF provided a 3D electron conductive framework to
guarantee the high electronic conductivity. At the same
time, TiN nanowires exhibited excellent catalytic activity on
Br2/Br

- redox reactions (Figure 10(d)). In addition, such a
unique 3D hierarchical nanorod array alignment structure
and improved hydrophilicity facilitated the ion transfer

Table 4: Summary of carbon-based electrocatalysts in Br-FBs.

Catalysts Features Advantages Disadvantages

Graphene, GO, rGO
2D carbon nanomaterial composed of C

atoms hybridized by sp2

Large specific surface area
Excellent electronic

conductivity
Good chemical stability
Abundant O-containing

groups
High catalytic activity

High cost

CNTs Sheets of graphene coiled in layers

Large specific surface area
Excellent electronic

conductivity
Good chemical stability
High catalytic activity

High cost

AC
Carbon consists of graphite microcrystalline,

single planar reticulated carbon and amorphous
carbon

Abundant micropores
Large specific surface area
Strong adsorption capacity

Low porosity low specific surface
area

Biomass-derived
carbon

Rough and porous structure

Abundant active functional
groups

Rich sources
Low cost

Complex preparation process
Uneven pore distribution
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and contributed to a high electrolyte penetration, resulting
in reduced diffusion polarization (Figure 10(b)). As a
result, the overall performance of the assembled ZBFB
was significantly improved, showing a VE of 68% and an
EE of 66% at an ultrahigh current density of 160mA
cm-2 (Figure 10(e)).

The good electronic conductivity and adjustable struc-
ture of carbon materials make it practical to regulate the
structures of the electrode by the structure decoration
methods. For instance, Wang et al. [100] prepared a
sandwich-like multiscale pore-rich hydroxylated carbon
(SPHC), which consisted of a highly activated porous meso-
spheric layer assembled between a pair of protuberances-
rich compact outer layers (Figure 11(a)). First, the porous
interlayer structure provided abundant active sites, while
the outer layer had a dense surface to protect the internal
pores in the middle layer for electrolyte transport
(Figure 11(b)). Second, the high content of hydroxyl func-
tional groups improved the electrochemical activity of the
electrodes by improving their hydrophilicity and electronic
properties. As a result, the obtained carbon material-
modified GF delivered remarkable electrochemical proper-
ties towards Br2/Br

- redox reactions. Moreover, Wang et al.
[101] prepared porous nanosheet carbon (PNSC) materials
with abundant nitrogen and oxygen functional groups

(Figure 11(c)). The porous and loose structure together with
in-plane nanopores provided 3D transport channels,
enhancing the mass diffusion. Additionally, the large specific
surface area (2085m2 g-1) of PNSC could provide more reac-
tive sites, showing excellent activity to Br2/Br

- redox reac-
tions (Figure 11(d)). A possible mechanism was also
proposed: Br- and Br3

- ions could be absorbed on the carbon
at edge and ions exchanged with the O- or N-containing
functional groups to form adsorbed bromine species, which
was because of the higher electronegativity of the O element
and N element (Figure 11(e)). Moreover, Wang et al.
designed bimodal highly ordered mesoporous carbon
materials (BOMC) with pore sizes of 2 nm and 5nm
(Figure 11(f)) [102]. The smaller pores provided more
active sites for Br2/Br

- reactions and promoted bromine
adsorption, thus speeding up the rate-determining step of
Br2/Br

- redox reactions. Meanwhile, the pores with a size
of 5 nm played a role in shortening the mass transfer path,
reducing the diffusion resistance, and improving the mass
transfer rate (Figure 11(g)). As a result, the materials dem-
onstrated ultrahigh electrochemical activity. The ZBFBs
with the prepared cathode achieved a VE of 82.9% and
an EE of 80.1% at 80mA cm-2, much better than those
of batteries without the bimodal highly ordered mesopo-
rous carbon materials (Figure 11(h)).
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Of note, the better adsorption capacity of cathode mate-
rials to bromine can possibly prevent bromine diffusion.
However, almost no research about electrodes concentrates
on preventing bromine diffusion. As a matter of fact, the
self-discharge caused by the bromine diffusion seriously
affects the performance and lifespan of Br-FBs. However,
Wang et al. [103] achieved the inhibition to bromine migra-
tion by the surface decoration method (Figure 12(a)). They
controlled the primary pore size of the cage porous carbon
material (1.1 nm) precisely between the size of Br- ions
(4.83Å), MEP+ (9.25Å), and bromine complex (MEPBr3:
12.4Å) (Figure 12(b)). When Br- ions were oxidized to Br2,
Br2 complexed with the complexing agent to form a large-
sized bromine complex immediately, which was entrapped
in the cage via the pore size exclusion effect. Moreover, the
prepared cathode materials exerted excellent bromine
entrapping ability due to their hollow structure and specific
pore size. These features were efficient in alleviating bromine
diffusion and slow down the self-discharge of Br-FBs. As a

result, the assembled ZBFB could still maintain a high CE
(98%) and a high EE (81%) at 80mA cm−2 after running
for 300 cycles (Figure 12(c)). This work provided a new idea
for the structural design of cathode materials for Br-FBs.
Moreover, Lee et al. [27] utilized the geometric trapping
effect and adsorption effect of microporous carbon to pre-
vent the diffusion of bromine. They modified GF with the
N-doped microporous carbon to create micropores
(<2nm) for effectively absorbing and confining bromine
and polybromide ions (NGF-T). According to theoretical
calculations, the characteristic dimensions of Br2, Br3

-, Br5
-,

Br7
-, and Br2 complexes are 2.354, 5.270, 9.212, 14.205,

and 17.856Å, respectively (Figure 12(d)). It was verified that
the bromide ions were transformed into polybromide anions
smaller than 2nm. The strong adsorption site within the
micropores facilitated the conversion of bromine and the
capture of polybromide ions (Figure 7(e)). The Br species
can be further confined within the entangled micropores
on the electrode surface, leading to significant suppression
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of the bromine crossover. As a result, the battery using NGF-
700 could keep stable performance for over 1000 cycles with
a high CE (Figure 12(e)).

In summary, engineering the physical structure of the
electrode by designing unique structured materials can
improve their performance from different aspects:

(i) The porous structure can be designed to increase
the specific surface area of the electrode and further
to provide more active sites

(ii) To construct electrolyte transport channels to pro-
mote the mass transfer

(iii) To design the structure of the material to inhibit the
migration of bromine, thus depressing the battery
self-discharge

(iv) To promote the reaction kinetics of Br2/Br
- redox

reactions by introducing catalytic groups, creating
active sites, and improving electronic conductivity

Based on aforementioned merits, structure decoration
has been a commonly used method to enhance the perfor-
mance of cathode materials in Br-FBs.

The comparison of different electrode modification
methods is shown in Table 5.

5. Summary and Prospect

With the advantages of high energy density and low cost, Br-
FBs have made a series of outstanding achievements. In
addition to the ZBFB system which have been at the demon-
stration stage, several new Br-FB systems with broad
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application prospects have emerged in recent years, such as
QBFB, LBFB, and TBFB. Nevertheless, there is still a long
way to go for the industrialization of Br-FBs, due to the exis-
tence of many technical bottlenecks. The main technical bot-
tlenecks include low power density and serious self-
discharge of batteries. In order to solve these challenges, to
promote the reaction kinetics of Br2/Br

-, to reduce the bat-
tery polarization, and to suppress the diffusion of bromine
through different ways are very important. Thus, the
research and development of cathode materials with high
activity, stability, and bromine fixing/retention ability are
significant to promote the performance of Br-FBs effec-
tively. The main modification methods are surface treat-
ment, metallic element modification, nonmetallic element
modification, and structure decoration. Surface treatment
can create defects on the electrode surface, which increases
the electrode-specific surface area and introduces oxygen-
containing functional groups. However, uneven distribu-
tion of these pores and deteriorated mechanical properties
are inevitable. Metallic element modification costs much
and the modifier is not stable enough in Br-FBs. Although
element doping contributes to improved activity and good
wettability, nonmetallic element modification suffers from
poor mechanical stability and nonuniform element distri-
bution. As for structure-decorating electrodes, the active
sites are indeed increased with the enlarged specific surface
area and the mass transfer is expedited with designed spe-
cific pores or channels. However, the stability of the struc-
ture and simplicity of the preparation process need to be
further improved. Of note, the strategies to modify elec-
trodes reported in the literature could mostly be found
to catalyze other reactions as well. The reasons for choos-
ing these materials for Br-FBs cathodes are not explicit.
Considering that the rate-determining step of Br2/Br

- reac-
tions is the formation of Brads, the selection principles of
cathode materials for Br-FBs mainly include (i) strong
adsorption capacity for bromine to accelerate the forma-
tion of Brads; (ii) good conductivity to promote electron
transfer; and (iii) excellent stability to resist bromine cor-
rosion. Above all, electrodes prepared by the aforemen-

tioned modification methods still confront with the
challenges of poor bromine retention ability and unclear
mechanisms of Br2/Br

- redox reactions. Thus, there still
exists a huge potential for the development of advanced
cathode materials of Br-FBs and further research on the
mechanisms of Br2/Br

- reactions. The further development
directions are as follows:

(i) To continually develop advanced electrodes of Br-
FBs with high activity and bromine retention capac-
ity by enhancing their chemical surfaces and
improving their physical structures. As described
above, porous carbon fiber-based materials, such
as CF or GF, play an irreplaceable role in construct-
ing effective electrodes, which benefits from their
porous structures, excellent electronic conductivity,
great chemical stability, and superior corrosion
resistance. To introduce active substances or elec-
tronegative heteroatoms on the surface of their car-
bon fibers is considered to be an effective method to
improve the electrochemical activity. Moreover,
engineering novel surface morphology on the
porous carbon fiber-based electrodes to expose reac-
tion sites, accelerate the mass transport, and prevent
bromine diffusion is especially worthy of further
exploration and investigation

(ii) The reaction mechanisms on the electrode are not
clear and need in-depth investigations. The electro-
chemical activity of the electrode was significantly
enhanced after modification with various active
substances like metal-based electrocatalysts and
carbon-based electrocatalysts. However, catalytic
mechanism and synergistic effect have not been
studied qualitatively and quantitatively, and there
are no clear explanations. In particular, the kinetics
of Br2/Br

- reactions are not so clear. Hence, more
efforts need to be made to fundamentally under-
stand the specific reaction mechanism of electrodes
to the kinetics of Br2/Br

- reactions both theoretically

Table 5: Comparison of electrode modification methods.

Methods Advantages Disadvantages

Surface treatment
Simplicity
Low cost

Uncontrollability
Decreased mechanical properties

High temperature

Metallic element modification High catalytic activity
Weak stability
High cost

Nonmetallic element modification

Low price
Abundant source

Controllable surface properties
High catalytic activity

Weak bonding force
Uneven distribution

Concentration polarization

Structure decoration
Inhibited Br2 diffusion
High catalytic activity

Flexible structure design

High complexity
Weak bonding force
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and experimentally, which is beneficial to guide the
design of high activity electrodes of Br-FBs. In the
practical application of Br-FBs, the chemical and
structure stability of electrodes is very important
for the long-term charge-discharge cycles. However,
it is also a tricky problem that the active substances
easily fall off caused by the electrolyte circulating
flowing. The interface between the electrode and
the modifying materials should be chemically and
physically stable to ensure the long-term stable
operation of batteries. The stable interface may also
favor the lower interfacial resistance. As a result, to
enhance the bonding force between the electrodes
and the electrocatalysts while maintaining a low
contact resistance, further efforts on improving the
interfacial stability of electrodes need to be made

(iii) To improve the bromine fixing/retention capacity of
electrodes by structural design, namely, to inhibit
the diffusion and migration of bromine species to
the negative side. In general, the commonly used
methods to inhibit bromine diffusion/migration
mainly include the electrolyte optimization and the
membrane modification. To add bromine complex-
ing agent in the electrolyte to form bromine com-
plexes with larger size can effectively prevent the
bromine migration across the membrane based on
the pore size effect of the porous membrane. How-
ever, Br-FBs still suffer from serious self-discharge
issue caused by bromine migration. Notably, as for
the membrane modification, the strongly oxidizing
bromine conditions lead to that the proper mem-
brane matrixes and modifying materials for Br-FBs
are actually very rare. According to the previous
report, the structural design on electrodes for Br-
FBs can make electrodes exhibit bromine fixing/
retention capacity as mentioned above. Thus, the
bromine diffusion from the electrode surface to the
bulk electrolyte and the bromine migration through
the membrane to the negative side are effectively
avoided. Thus, the electrode modification is very
promising in overcoming the bromine diffusion/
migration issue of Br-FBs. By introducing modify-
ing substances which can adsorb or complex with
bromine, or carrying out intrinsic modifications on
the electrode structures, bromine can be fixed/
entrapped in the electrode by the adsorption effect,
complexing effect, pore size effects, or their syner-
gies. Then, the bromine diffusion to the bulk
electrolyte and the bromine migration to the other
side can be depressed, thus inhibiting the battery
self-discharge. Therefore, the further structure
design of electrodes and investigations on the corre-
sponding mechanisms about inhibiting bromine
diffusion/migration are imperative
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