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The rapid development and implementation of large-scale energy storage systems represents a critical
response to the increasing integration of intermittent renewable energy sources, such as solar and wind,
into the global energy grid. Redox flow batteries (RFBs) have emerged as a promising solution for large-
scale energy storage due to their inherent advantages, including modularity, scalability, and the
decoupling of energy capacity from power output. These attributes make RFBs particularly well-suited
for addressing the challenges of fluctuating renewable energy sources. Several redox couples have been
investigated for use in RFBs, some of which have already achieved commercialization. However,
advancement in RFBs technology faces significant hurdles spanning scientific, engineering, and
economic domains. Key challenges include limited energy density, high overall costs, electrolyte
instability, and issues related to solvent migration across cation exchange membranes, leading to cross-
contamination between anolyte and catholyte. Additionally, anion exchange membranes introduce
reverse flow complications, and graphite felt used in the catholyte compartment is susceptible to
corrosion. These issues necessitate ongoing research to develop viable solutions. This comprehensive
review provides an in-depth analysis of recent progress in electrolyte technologies, highlighting
improvements in electrochemical performance, stability, and durability, as well as strategies to enhance
the energy and power densities of RFBs. Moreover, it classifies various three-dimensional (3D) electrode

materials, including foam, biomass, and electrospun fibers, and examines how their structural and
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Accepted 14th March 2025 compositional modifications can facilitate improved mass transport and increase active sites for redox
reactions in vanadium redox flow batteries (VRFBs). By exploring innovative electrode designs and
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rsc.li/rsc-advances 3D electrodes to optimize RFB performance for large-scale energy storage solutions.
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1. Introduction

Human civilization has always considered energy as the
cornerstone of progress and evolution. It dominates all sectors
of modern economies.! By efficiently harnessing and regener-
ating renewable resources in the natural environment, people
can significantly mitigate the global energy crisis and climate
change.>® A wide range of advanced energy storage systems are
needed to maximize the efficiency and scale of intermittent
renewable energy generation.* A large portion of electric power
storage on the grid comes from pumped hydroelectric energy
storage (PHES), which currently accounts for more than 90% of
grid storage. It has a long service life and is efficient, but due to
its geographic limitations, PHES may have adverse environ-
mental and ecological impacts.® As electricity generation
capacity increases, energy storage technologies using
rechargeable batteries are becoming increasingly popular to
improve the regulation and distribution of electricity.*” The
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difference between PHES and rechargeable batteries is that they
can convert electricity directly into chemical energy, whereas
PHES is in the form of gravitational potential energy. Energy
difference will be calculated between organic and inorganic
redox species by comparing the cohesive or bond energy of the
two species, which corresponds to the charging process. Ales-
sandro Volta, who built a stack of brine-soaked paper
membranes sandwiched between copper and zinc plates, made
the first electrochemical batteries in the 1800s. Over the past
decade, various electroactive materials and electrolytes have
been used in rechargeable batteries, including Ni-Cd, lead-
acid, NiMH, and Li-ion.® There are several types of batteries, but
lithium-ion batteries are the most popular among them due to
their appealing features: high energy density, low self-
discharge, negligible memory effect, and diverse battery
chemistry. Furthermore, research aimed at extending the life of
Li-ion batteries and reducing their cost is still underway for
broader applications in the practical market.® It is important to
realize, however, that Li-ion batteries are limited in their energy
and power, and a battery pack with cells stacked in series or
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parallel is typically required to achieve the desired voltage,
current, and capacity.

There are several technical advantages that RFBs have over
conventional solid rechargeable batteries, in which redox
species are dissolved in liquids and conserved in external
tanks.' Flow batteries (RFBs) store electricity in two separate
electrolyte tanks that contain redox couples. A battery system
that uses a lithium-ion or lead-acid battery uses chemical
reactions involving the electrodes' intercalation, alloying, or
conversion. Recent decades have seen the development of
several RFB chemistries, but the all-vanadium redox flow
battery (VRFB) stands out as one of the most advanced RFBs due
to its low capital cost, high-energy efficiency (EE), and ability to
prevent electrolyte cross-contamination.' The thermodynamic
shows that an open circuit voltage (Voc) of VRFB is 1.25 V.** As
shown in Fig. 1, the catholyte and anolyte of this system are V**/
Vv®* and V**/V*" dissolved in sulphuric acid, respectively, sepa-
rated by ion exchange membranes and electrodes with carbon
fabric materials."

In order to reach global net zero targets, a substantial
amount of research has been dedicated to VRFB due to its low
overall cost, high energy density electrodes, and highly stable
electrolytes, making it an ideal storage technology in conjunc-
tion with intermittent renewable energy sources such as wind
and solar. The current VRFB technology, however, is not yet
suitable for widespread commercial application due to its lower
energy density (<25 W h kg™"), which is primarily attributed to
the limited solubility of vanadium salts in the electrolyte
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solutions.™ The performance of VRFBs is influenced by various
elements, including the batteries’ operational temperature, the
concentration of vanadium electrolytes and sulfuric acid, the
state of charge (SOC), and the electrochemical reactivity of
electrodes. Among these factors, the impact of operational
temperature stands out as particularly crucial.’*** Typically, V**,
Vv¥*, and V** tend to form precipitates at lower temperatures,
whereas V> exhibits instability at elevated temperatures and
higher concentrations. Researchers have conducted numerous
investigations into the dissolution properties of vanadyl sulfate
in highly acidic sulfuric solutions.'” These studies have focused
on developing methods to inhibit or decelerate the precipita-
tion process in VRFB electrolytes. Research indicates that a high
sulfuric acid concentration can significantly improve the
stability of V>* solutions. However, this comes at the cost of
reduced solubility for V**, V**, and V** ions.® Certain organic or
inorganic substances can be employed as stabilizing agents for
vanadium ions to address this issue. In response to these
limitations in VRFBs, researchers have explored alternative flow
batteries that utilize various inorganic and organic redox
pairs.*®?°

AVRFB, an excellent green large-scale energy storage tech-
nology, has excellent application prospects in wind and solar
energy storage grids, power grid peaking, military storage,
transportation, municipal infrastructure, communication base
stations, UPS power generation, and other fields.*** Kashiwa-
zaki Ideal & Realistic Energy, Inc. has implemented Sumitomo
Electric's VRFB technology as a Long Duration Energy Storage

Fig. 1 Schematic representation of a vanadium redox flow battery. Reproduced from ref. 11 with permission from John Wiley & Sons Ltd,

Copyright 2024.
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Table1 VRFB energy price system with for different storage duration?®

Storage duration (h) 1 2 4 6 8 10
Price ($ per kw) 1063 638 425 354 319 298

System (LDES). This VRFB system supports a sustainable energy
ecosystem through peak shaving, PV output optimization, and
supply-demand balancing. The technology showcases the
economic and environmental advantages of advanced energy
storage solutions, featuring an extended operational lifespan,
non-combustible and reusable electrolyte, and adaptable
capacity.* An initial 1 kW VRFB stack was assembled in 1991 by
Skyllas-Kazacos and colleagues at the University of New South
Wales (UNSW). In summary, as VRFB develops, its prospects
and technological direction depend on the system'’s cost. Due to
commercial vanadium oxide being used mainly for electrolyte
preparation, the price of the electrolyte is high, limiting VRFB
development; thus, a lower-cost method of electrolyte prepara-
tion must be developed.” Currently, commercial VRFB is not
fully cost-analyzed; therefore, most of the global demand is
filled with vanadium electrolyte produced (80%) by Dalian
Borong New Materials Co., Ltd.*>*® VRFB energy storage systems
have also become significantly cheaper due to technological
advances. Table 1 shows the energy storage prices of VRFB
electrolytes in China in the third quarter of 2021, with various
energy storage durations. In this case, when V,05 is 14 §$ per t,
and vanadium electrolyte is available for 212.6 $ per kW per h,
the total cost of the energy storage system is 1063 $ per kW
per h.

1.1. General definition of an RFB

RFB are an energy storage system that utilizes redox reactions to
store and release energy. An energy storage device that follows
these types can be considered a flow battery for a general
comparison.*”

(a) A minimum of one reversible oxidation-reduction reac-
tion must occur. Therefore, the irreversible redox reaction
creates an accumulation caused by van der Waals interactions,
which impedes the movement of active ions, consequently
impacting the electrode material's discharge capacity.

(b) As a result, hydrogen fuel cells are not considered RFBs
since converting hydrogen and oxygen into water is irrevers-
ible.”®** Nevertheless, significant distinctions are present. A
storage system based on fuel cells typically employs two sepa-
rate converters: the fuel cell itself for electricity production and
an electrolyzer for ES. The latter operates by utilizing electricity
to split water into hydrogen and oxygen.*”

(c) The system must incorporate one or more fluid transport
mechanisms that connect to an external storage unit, sepa-
rating energy storage from energy conversion.

(d) The liquid carrier must contain at least one redox-active
species (RAS) in either a dissolved or a dispersed state.

Fundamentally, the RFB can accumulate electrical energy
through chemical processes involving dissolved electroactive
compounds, known as redox pairs, in liquid electrolytes.
Specifically, an anolyte and a catholyte, each containing distinct
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redox pairs, are circulated through porous electrodes in a cell
stack. These electrolytes are kept separate by an ion-exchange
membrane to prevent mixing, while the electrochemical redox
reactions take place on the electrode surfaces.*

2. Types of RFBs

RFBs can be categorized into three groups based on the phases of
the electroactive species present in the system: (a) all liquid pha-
ses, where chemical energy is stored in the electrolyte, (b) all solid
phases, where chemical energy is stored in an active material on
the electrode plates, and (c) hybrid RFBs.** Each type of RFB
technology has distinct advantages and limitations.* Conven-
tional RFBs with aqueous electrolytes are the most extensively
studied; however, the water's electrochemical window restricts the
potential these batteries can achieve, resulting in low energy
densities. The theoretical limit of 1.229 V constrains water elec-
trolysis due to its electrochemical window. Water evaporation
restricts the operating temperature to below 100 °C. Recent
developments in electrolyte design have shown promise in over-
coming the primary thermodynamic constraints of aqueous elec-
trolytes. Significant progress in aqueous electrolyte chemistry has
been achieved by surpassing the thermodynamic limit of water's
electrochemical stability window, expanding the operating
temperature range beyond water's freezing point and redox-active
material crystallization, and exceeding the thermodynamic solu-
bility limit of aqueous solutions.* In the liquid phase group, both
redox couples have reactants/products dissolved in the liquid
electrolytes, while in the second group, both redox couples involve
solid species during the charging process. Hybrid RFBs, in
contrast, have redox couples, which involve solid or gaseous
species at one half-cell during the charge process. Recent evalua-
tions have explored the potential of utilizing organic non-aqueous
electrolytes in RFB. These electrolytes were initially thought to
offer advantages over their aqueous counterparts, including
a broader potential window, extended temperature range, and
increased power density.** A disadvantage of zinc-bromine flow
batteries is that they have high energy density at the expense of
reduced system efficiency because they require auxiliary compo-
nents to operate.*** An example of (a) vanadium electrode reac-
tion is illustrated in Fig. 2, as well as (b) lead-lead dioxide electrode
reaction, and (c) hybrid zinc/cerium electrode reaction.**”

In addition to having a high energy density, slurry RFBs are
not restricted by the low solubility of active species, but they
increase electrolyte viscosity and do not perform well at high
currents.*® RFBs present several benefits for energy storage
systems ranging from 10 kW to 10 MW. These advantages
include improved affordability, portability, adaptability,
discharge capacity, quick responsiveness, and enhanced safety
features when contrasted with lithium-ion and sodium-sulfur
battery technologies.*® As early as 1974, Thaller invented the
first flow battery based on Cr'/Cr'™ and Fe/Fe™ redox
couples.* There are several different types of RFBs, but the most
common is all-liquid RFB, which dissolves both the charged
and discharged electroactive materials into the water to form
anolytes (negolytes) and catholyte (posiolytes).'® Hybrid RFBs
are those whose half-cell reactions involve the deposition of

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Types of redox flow battery, according to the nature of energy storage. Energy is stored (a) in the electrolytes, (b) in the active material
within the electrodes, and (c) hybrid (in both electrode and electrolyte phases). Reproduced from ref. 32 with permission from Royal Society of

Chemistry, copyright 2012.

solid species (usually charged forms) on electrodes or which
contain gaseous materials (e.g., hydrogen) (Fig. 3a and b). In
solid electrolytes, metals (e.g., Zn, Fe) are deposited on anodes
and metal oxides (e.g, PbO,) are deposited on cathodes.
Although electrode designs should be adjusted according to the
deposition process, such RFBs perform similarly to all-liquid
RFBs. Metal deposition electrodes encounter limitations in
capacity and power density due to the formation of metal
dendrites when subjected to high current densities. Conse-
quently, unlike fully liquid RFBs, these systems do not
completely decouple power and energy.* Researchers have
introduced a semiflow design to reclaim this critical advantage
of RFBs and enhance energy density. In this configuration, an
electroactive material is either deposited on conductive parti-
cles or formulated as a slurry. This material can subsequently be
circulated through an electrochemical cell and stored externally
outside the stack (Fig. 3c).

Alternative emerging RFBs also garner substantial attention
due to their distinctive design and associated advantages.
Examples of these technologies include membrane-less RFBs
and metal-air RFBs, which may represent promising energy
storage devices owing to their potential for higher energy
densities and lower costs than first-generation RFBs.?” Metal-air
RFBs have a much higher theoretical energy density (in the

(a)

(b)

range of 1100-1300 W h kg ') compared to conventional
lithium-ion batteries, which typically have a theoretical energy
density of around 450 W h kg *. This makes metal-air batteries
a promising alternative for energy storage applications, partic-
ularly in sectors where high energy density is critical, such as
electric vehicles and portable electronics.*” Metal-air batteries
use pure metals such as calcium (Ca), magnesium (Mg), iron
(Fe), aluminum (Al), lithium (Li), and zinc (Zn) as the anode
material. The cathode consists of oxygen from the air, which is
accessed through the battery's open-cell structure. The open
design allows the battery to continuously interact with atmo-
spheric oxygen, making the cathode reaction essentially “inex-
haustible,” as oxygen is abundant in the atmosphere.*® This
makes them attractive for applications where weight and energy
capacity are crucial, like in electric vehicles or other portable
energy sources. During the discharge cycle, atmospheric oxygen
is reduced at the cathode, and this leads to the formation of
metal oxides or peroxides. This reaction is what enables the
battery to store and release energy during charge and discharge
cycles.* While the membrane-free cell design offers cost bene-
fits, it still faces challenges related to PbO, plating, Pb
dendrites, and side reactions. Removing the membrane in flow
batteries or fuel cells creates a fluid-fluid interface where
selective ion exchange must occur with minimal reactant

LL]

Fig. 3 Schematics of a hybrid RF cell with a solid anode (a
from the American Chemical Society, copyright 2015.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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, a gas cathode (b

), and a semiflow cell (c). Reproduced from ref. 10 with permission
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crossover. Various membraneless designs have been studied
independently, necessitating the consideration of each cell
design's results in the context of others. The performance
decrease observed in ion-exchange membrane (IEM) free
designs and the expense of alternative separators should not
lead to compromises that undermine the initial purpose of
considering a membraneless option. Consequently, there is
a critical need for well-defined performance metrics to compare
different designs effectively.

2.1. General parameters of flow batteries

A number of factors affect the electrical performance of the
battery, and the following benchmarks can be used to measure
that performance. Electrolytes have a volumetric capacity,
which indicates how much charge can be stored within them
[eqn (1)]. It is possible to dissolve redox-active materials, but
particles, gases, or ionic liquids may also be used. In this
respect, the volumetric capacity is a function of the amount of
redox-active material and the electrons involved in the redox
process, and the most typical unit to measure volumetric
capacity is A h L™". The energy density is calculated by Wh L™,
including the voltage between the redox couples [eqn (2)].

mxn xf
=TV @
E=CxU (2)

whereas is C = volumetric capacity, m = mass, n = number of
electrons, F = Faraday's constant, M = molar mass, V = volume,
E = energy density, and U = voltage.

A battery's charging and discharging duration is directly
influenced by the current density, which is associated with the
electrochemical cell's membrane surface area. A commonly
employed unit of measurement is mA cm™>. This unit can be
converted to power density when voltage is considered,
expressed as mW cm 2. Two key indicators of an FBs electrical
performance are coulombic efficiency (CE) and voltage effi-
ciency (VE). The CE, known as faradaic or current efficiency,
measures the relationship between the charge applied during
the charging process and the charge retained during the dis-
charging process within the same charge/discharge cycle [eqn
(3)]- CE below 99% suggests either the migration of redox-active
substances through the membrane to the opposite half-cell or
the occurrence of irreversible side reactions involving the redox-
active material or the electrolyte itself, such as the generation of
hydrogen (eqn (4) and (5)).

CE—nc= 22 6)
Tp
| "o (0
0
VE=ny= 12— — Ep/Ec (@)
L Fe(n)y,
Tc
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EE = nge = nenv (5)

whereas i = efficiency, subscripts: C = charging, D = dis-
charging, Q = charge, T = time, and E = potential.

A hybrid capacitor achieving 100% CE does not necessarily
demonstrate reversible electrochemical reactions. Specifically,
when CE falls below 99%, it may suggest the occurrence of
irreversible parasitic side reactions, such as the breakdown of
electrolytes or electrodes, or the reaction of contaminants
outside the proper operating voltage range. These issues can
lead to diminished electrochemical performance, including
reduced device lifespan or increased self-discharge.*” Further-
more, energy dissipation losses are inevitable in the system due
to factors like electrolyte concentrations, operating tempera-
tures, or redox reactions involving electrolyte components.
Consequently, attaining 100% EE is challenging.”® The VE is
calculated by dividing the average voltage during discharge by
the average voltage during charge under constant current
conditions, as shown in eqn (4). There is a variety of over
potentials contributing to the difference between these
discharge and charge voltage values. It is crucial to consider
diffusion, polarization, and ohmic over potential when it comes
to FBs.'* It is notable that the current density increases when the
voltage efficiency decreases. When CE and VE are multiplied,
the energy efficiency is obtained, which measures how much
energy is applied and retained [eqn (5)]. A typical RFB's EE value
ranges from 50 to 90 percent, depending upon the applied
current density and material quality.***” This finding indicates
that the VRFB is capable of maintaining stable performance
over a wide temperature range (10-40 °C), with electrolyte
conditions optimized for charge/discharge behavior. Specifi-
cally, with a vanadium concentration of 2.0 M and sulfate
concentration of 5.5 M, the battery can operate efficiently across
a significant state-of-charge (SOC) range (0-90%). Moreover, the
EEs remains steady at 75-80%, which suggests that the VRFB
can maintain its energy efficiency even in fluctuating tempera-
ture conditions. This is important for improving both energy
density and operational stability over a broader range of
temperatures. The key takeaway is that by controlling the SOC,
the VRFB can optimize its performance, making it a versatile
option for large-scale energy storage systems, especially in
environments with varying temperatures.*®

3. Types and overview of energy
storage system

A storage solution that is economically convenient and tech-
nologically competitive must ensure the ability to respond
quickly and store enough energy to meet both the requirements
of the generation and grid, as well as to last a long time and
endure multiple charge/discharge cycles. In the modern era,
technology is characterized by varying levels of sophistication
and can handle varying storage and localization requirements.**
Energy can be stored in many ways: mechanically, electro-
chemically, chemically, electromagnetically, thermally, and so
on.*>*® However, energy storage technologies can be classified

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Performance and typical figures of energy storage technology. Reproduced from ref. 30 with permission from Elsevier B.V., copyright

2014

Top power Top energy Energy density Discharge Response Round-trip Capital cost Capital cost
Technology [MW] [MW h] [Whkg "] time time efficiency  Cycle life 10> [k$ per kW] [$ per kW per h]
PHES 3000 10* 0.3 10 h min 70-85% 20 0.4-5.6 10-350
CAES 300 10° 10-30 10-10'h  min 60-75% 30 1.7 150-350
TES 20 10' 70 h min — 10 — 5000
FES 20 5 11-30 min ms 85% 10'-10° 2.3 2400
SMES 100 10'-10° — min ms 90-95% 10 2 10 000
EDLC 100 1072 10-30 S ms 95% 500 — 4600
ECES 10-40 10-10" 25-50 10h ms 75-85% 3 4.6 130
Sodium-sulfur 34 10* 150-120 10h S 85-90% 4.3-6 3.5 550
Sodium-nickel 1 6 90-120 10 h S 855 3-4 3.5 650
chlorine
Lithium-ion 16 20 100-200 10h ms 95% 4-8 3-4 600
Electrolyzer/fuel 1 10 800-1300 10 h ms 35-45% 50 17 10 000
cells
RFB 2-100 6-120 10-50 10-10*h ms 85% 13 3.2 900

as those that store energy for a short period ones that respond
quickly. In addition, those that perform well for electric energy
applications, the best storage systems for electric energy
applications, can be found in Table 2 and described below,
while design and operating characteristics are listed in Table 3.

3.1. Pumped hydro energy storage (PHES)

Since variable solar and wind energy are being deployed in large
quantities, storage is becoming crucial in electricity systems. A
total of 99% of the volume and 96% of the capacity of global
storage energy comes from pumped hydro energy storage. Most
electricity storage market shares are occupied by batteries,
including batteries for utility vehicles, home appliances, and
electric vehicles. PHES systems have power capacities ranging
from 1 to 3000 MW, with efficiency levels between 76-85%.
These systems boast an exceptionally long lifespan, typically 50
years or more, and can undergo virtually unlimited charge-
discharge cycles.”* Despite being a well-established technology,

PHES faces several challenges, including site-specific social
constraints, substantial initial investment, extended construc-
tion timeframes, concerns about wildlife habitat preservation,
and a response time of 10 to 15 minutes compared to the other
ESS.*” Additionally, the size of PHES facilities presents a signif-
icant limitation, as they cannot be scaled down to smaller
dimensions like some newer energy storage technologies. There
is a rapid decline in the price of batteries, making them more
competitive with pumped hydro for short-term storage (minutes
to hours). Despite its high cost, pumped hydro continues to be
much cheaper for storing large quantities of energy (over several
hours to weeks).>*>** Table 3 illustrates that the PHES has the
highest power and energy rating, extended lifetime, and the
lowest discharge losses of any power supply. In wind power
integration, the PHES primarily provides energy management
based on time-shifting and frequency control. In addition to its
slow response, the PHES impacts the natural environment due
to its lack of suitability for suppressing wind fluctuations.* As

Table 3 Strategy and effective features of energy storage technology. Reproduced from ref. 30 with permission from Elsevier B.V., copyright

2014

Flexibility Independency Environmental
Technology Scalability (F) (W-W h) impact (GIS)
PHES Low Low Yes High
CAES Low Low Yes High
TES Low Low Yes Mild
FES High Good Yes Low
SMES Good Low No Low
EDLC Low Low No Low
ECES Good Low No Low
Sodium-sulfur Good Good No Low
Sodium-nickel chlorine Good Good No Low
Lithium-ion High Good No Low
Electrolyzer/fuel cells High High Yes Low
RFB High High Yes Low

¢ GIS: geographic information systems.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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an example, PHES has the most significant environmental
impact due to its requirement for extensive infrastructure (200
meter scale), specific geographical features, and the potential
for partial replacement by battery storage in areas where large-
scale PHES is not feasible due to location limitations.>
However, it can also address the shortcomings of battery
storage, such as high self-discharge rates, frequent replacement
needs, elevated maintenance expenses, and memory effect
(diminished discharge capacity).>® The future expansion of PHS
is constrained by limited geological suitability and adverse
environmental consequences.> In Fig. 6, China has the most
hydropower capacity, followed by the European Union, Brazil,
and the United States.® Among renewable energy sources, solar
and wind stand out as the most plentiful, advanced, cost-
effective, and widely accepted options. There has been
a steady increase in the installed capacity of solar and wind
systems, with or without pumped hydroelectric energy storage
(PHES), as evidenced by comprehensive experimental and/or
simulation results.*” The continuous growth in the deploy-
ment of solar, wind, and PHES technologies since 2010
demonstrates their technical and economic feasibility.
However, the unpredictable nature of solar and wind power
poses challenges to system reliability.®® To enhance grid
stability and mitigate the negative effects of fluctuating renew-
able energy output, energy storage has emerged as a viable
solution, particularly for off-grid and remote power supply
applications.*

3.2. Compressed air energy storage (CAES)

In the 19th century, the CAES was developed and used for
various industrial applications. It is possible to compress air
using electrical compressors and store it underground (salt
caverns, abandoned mines, rock structures) or above ground
(vessels, pipes). A modified gas turbine burns and expands
compressed air mixed with natural gas when needed.* Tradi-
tional CAES systems face challenges related to fossil fuel use
and carbon emissions. To address this, researchers have
developed advanced adiabatic CAES systems that incorporate
thermal storage, eliminating the need for combustion in elec-
tricity generation.®® However, CAES technology is constrained
by the requirement for specific geographical locations to house
air storage tanks or underground caverns. Recent innovations
propose using high-pressure, above-ground carbon fiber tanks
for air storage in small and medium-scale advanced adiabatic
CAES systems, helping to overcome this limitation.*>** Another
potential solution involves implementing decentralized small-
scale CAES systems. These systems consist of multiple instal-
lations functioning as a virtual large power plant, managed by
a central distribution unit.®* This approach offers a potentially
more cost-effective alternative to conventional CAES tech-
nology. This approach will remove the need for specific
geological conditions and allow air compression at higher
pressures. These advanced CAES systems offer energy
management capabilities similar to PHES.?® Each ESS is capable
of meeting a diverse range of applications, based on the key
technical parameters. For example, energy management
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requires very high capacities in power and energy ratings, and
these can be met by PHES, CAES, FC, VRFB, and TES (Table
2).%4% Compared to lead-acid batteries, CAES is the cheapest
energy storage system, costing approximately half as much as
other systems.®® The varying impact profiles of assessed tech-
nologies like CAES suggest that a diverse mix of technologies
may yield superior overall performance when evaluated collec-
tively. The key challenge lies in striking a balance and opti-
mizing the impacts associated with infrastructure against those
related to the combustion of fossil fuels.” Conducting an
analysis that extends beyond greenhouse gas emissions and
climate change mitigation would offer valuable insights into the
potential development of an electricity generation system with
minimal environmental consequences.®**

3.3. Thermal energy storage (TES)

The TES system is essential for creating an effective solar energy
apparatus. Concentrating solar power (CSP), plants are recog-
nized for their potential to extend electricity generation periods
through the use of thermal energy storage systems. There is
significant interest in enhancing TES capabilities within CSP
facilities.” While photovoltaic (PV) systems typically store
electrical energy as chemical energy in batteries,” CSP tech-
nology employs TES to preserve solar energy in the form of
thermal energy. Numerous studies have been conducted to
evaluate various energy storage technologies.” In solar thermal
applications, there is often a discrepancy between energy supply
and demand due to solar radiation's inconsistent and unpre-
dictable nature. An adequately designed TES system can miti-
gate this drawback by ensuring a steady energy supply to the
consumer.” In solar power tower systems, thermal storage is
utilized for grid applications to achieve time shifting, which
involves postponing energy delivery to a turbo-alternator and its
subsequent conversion into electrical energy.” These systems
are well-suited for energy management services due to their
characteristics of high power output, substantial energy
capacity, and gradual response times.>* TES technologies are
classified into two categories based on the operating tempera-
ture of the energy storage material: low temperature TES and
high temperature TES.”” Low temperature TES is more appro-
priate for applications requiring high power density, such as
load shaving, industrial cooling, and future grid power
management. In high temperature TES systems, sensible heat
and latent heat storage methods are the most significant.
Sensible heat storage systems store thermal energy by changing
the temperature of the storage medium without any phase
change occurring in the material. The storage capacity of
sensible heat systems is determined by the specific heat and
mass of the storage medium, which can be in various forms,
including liquids (water, molten salt, or thermal oil) or solids
(concrete, stone, metal, or ground).” A major drawback of
sensible heat storage systems is their substantial space
requirements.®® The ecological effects of three TES systems
currently employed in high-temperature CSP plant applications.
The systems under investigation include: one that utilizes high-
temperature concrete for sensible heat storage,” another that

© 2025 The Author(s). Published by the Royal Society of Chemistry
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stores sensible heat in molten salts,”® and a third that also uses
molten salts but for latent heat storage.”” To facilitate compar-
ison, these systems are standardized despite their initial
differences in storage capacity. The environmental impact is
evaluated by determining the embodied energy in each TES
system's components. Among the three, the concrete-based
sensible heat storage system demonstrates the lowest environ-
mental impact. In contrast, the molten salt and Phase Change
Material (PCM) systems exhibit higher embodied energy values,
primarily due to the nitrate mixture used as the storage
medium.” Fig. 4 shows the comparison between steel rotor
FESSs and composite rotor FESSs in terms of life cycle emis-
sions of GHGs.

3.4. Flywheel energy storage (FES)

Kinetic energy storage, also called flywheel energy storage, is
a mechanical method of storing energy that effectively ensures
smooth machine operation and delivers high power and energy
density. The process involves transferring kinetic energy into
and out of the flywheel using an electric machine, which func-
tions as either a motor or generator, depending on whether it's
in charge or discharge mode. Due to their superior efficiency,
high power density, and minimal rotor losses, permanent
magnet machines are typically employed in flywheel
systems.””* The energy stored in a flywheel depends on the
rotor's moment of inertia, rotational speed, tensile strength,
and stress limitations. These characteristics categorize
flywheels into two types: low-speed steel FES systems, which
operate at up to 10k rotations/60 s, and high-speed FES systems,
capable of reaching 100k rotations/60 s. The latter are con-
structed using advanced composite materials like carbon
fiber.*>** Despite their impressive power density of about
2000 W kg™, low-speed FES systems have a modest energy
density of approximately 5 W h kg™ '. They experience signifi-
cant self-discharge due to idling losses during standby mode.
Consequently, these systems are primarily utilized in power
quality applications requiring brief periods of high power and
frequent charge-discharge cycles. In contrast, high-speed FES
systems boast both elevated power density and superior energy
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density, reaching up to 200 W h kg '. However, their wide-
spread adoption is hindered by the high costs associated with
advanced composite materials, limiting their use to specific
long-term storage applications.* FES systems face challenges
with significant standby losses, experiencing approximately
20% capacity reduction every hour due to self-discharge. These
systems are vulnerable to unexpected dynamic loads or external
shocks, which can result in system failure.*® FES technology is
not yet considered fully mature and requires additional
research and development across various aspects of its rotating
components.** Furthermore, FES systems are expensive and
have not achieved widespread commercial success.” Assessing
the life cycle environmental performance of FES for utility-scale
applications is crucial for identifying areas of improvement,
making sustainability-focused decisions, comparing with
alternative EST, and shaping environmental policies in the
energy sector.®® The FES with composite rotors demonstrates
superior environmental performance and lower greenhouse gas
(GHG) emissions compared to those with steel rotors. When
charged using solar energy, the life cycle GHG emissions for
steel rotor FESS and composite rotor FESS are 121.4 kg-CO, eq.
MW ' h™' and 95.0 kg-CO, eq. MW ' h™', respectively. In
contrast, when charged using wind energy, the emissions are
75.2 kg-CO, eq. MW ' h™" for steel rotor FES and 48.9 kg-CO,
eq. MW" h™" for composite rotor FESS. This variation is
attributed to the difference in upstream GHG emissions
between solar and wind-based electricity, with solar producing
48 kg-CO, eq. MW ' h™! and wind generating 11 kg-CO, eq.
MW ' h™'.% Fig. 4 shows the comparison between steel rotor
FES and composite rotor FES in terms of life cycle emissions of
Green House Gases (GHGS).

3.5. Superconducting magnetic energy storage (SMES)

Energy storage in the SMES system occurs through a magnetic
field generated by a direct current (DC). This system utilizes an
inductor, which is kept under specific conditions to achieve
superconductivity, allowing for the creation of a powerful
magnetic field as current passes through it.** A typical SMES
consists of three main parts: a superconducting coil unit, power
conditioning, and cryogenic subsystem.*® To exchange power
between the AC system and the superconducting coil, the PCS is
crucial. The selection of coil configuration should be based on
the intended SMES rating. Solenoid and toroid are the two most
common superconducting coil arrangements.*® For micro and
medium-scale applications, solenoid coil configurations are
typically preferred due to their low mechanical stress and high
stray magnetic field. However, large-scale SMES systems
generate strong magnetic fields, making toroid arrangements
more suitable for their lower stray magnetic field compared to
solenoids. Additionally, toroid configurations require less space
and use shorter wire lengths, making them more cost-effective.
Fig. 5 illustrates both pancake-type solenoid coil and segmented
toroid-type coil arrangements.”” When designing an SMES
system, factors such as intended use, cost, space constraints,
and manufacturing feasibility should be considered to deter-
mine the appropriate structure. The solenoidal design offers
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Fig. 5 Superconducting coil arrangements (a) solenoid (b) toroid. Reproduced from ref. 87 with permission from Elsevier B.V., copyright 2019.

advantages in terms of ease of construction and improved
management of mechanical stresses, primarily due to its
reduced wire requirements.®® They are being developed for
power quality assurance and sag compensation, with top power
around 10 to 1000 MW, and they should be ready by 2030-
2040.*° The primary purpose of these SMES systems is to
enhance power stability. The initial Low-Temperature Super-
conducting (LTS) SMES was created by Los Alamos National
Laboratory (LANL) to mitigate power fluctuations.* In Japan,
several medium and small-scale LTS-SMES units were devel-
oped specifically for addressing voltage sag and short-term
voltage stability issues.”® Additionally, Japan produced a 2GJ-2
G High-Temperature Superconducting (HTS) SMES to stabilize
frequency and compensate for load variations.”* China also
contributed by designing small and medium-scale SMES
systems to improve voltage stability®®> and counteract power
oscillations.” Meanwhile, Korea focused on developing SMES
technology for enhancing power quality®* and overall power
system stability.>

costs. The superconducting coil's stability is compromised by
its sensitivity to temperature fluctuations and critical magnetic
field changes. While LTS SMES technology has reached
commercial viability, HTS SMES remains underdeveloped and
not fully established as a mature technology.”® Firms engage in
environmental practices to mitigate the ecological impact of
their operations, products, and services. These initiatives
encompass various activities such as reducing waste,
conserving resources, implementing recycling programs, and
offering eco-friendly or organically produced goods.®”*® The
concept of environmental practices is intricately linked to other
related ideas, including sustainable development, sustain-
ability, and environmentally conscious entrepreneurship®
Using these criteria, an appropriate Energy Storage System (ESS)
can be chosen for the desired power system application.'® The
selection process considers various system preferences and
design parameters, including ESS maturity, capacity (both
energy and power density), storage duration, standby time,
response time, lifecycle count, storage economics, energy los-

The SMES system faces significant challenges due to its ses, conversion efficiency, thermal specifications, safety
intricate cooling mechanism and substantial initial investment
Table 4 Technical features of ESS. Reproduced from ref. 53 with permission from the IOP science, copyright 2021
Rating Density
Power rating Discharge time Power density Energy density Response Efficiency Self-discharge
System (MW) typical wih Whi time (%) per day (%)
PHES 100-5000 1-24 h+ 0.1-0.2 0.2-2 min 70-80 Very small
CAES 5-300 1-24 h+ 0.2-0.6 2-6 min 41-75 Small
FES 0-0.25 s-h 5000 20-80 <s 80-90 100
LA 0-20 s-h 90-700 50-80 <s 75-90 0.1-0.3
NiCd 0-40 s-h 75-700 15-80 <s 60-80 0.2-0.6
Li-on 0-0.1 min-h 1300-10000 200-400 <s 65-75 0.1-0.3
NaS 0.05-8 s-h 120-160 15-300 <s 70-85 —-20
VRB 0.03-3 s-10 h 0.5-2 20-70 <s 60-75 Small
ZnBr 0.05-2 s-10 h 1-25 65 s 65-75 Small
FC 0-50 s-24 h+ 0.2-20 600 (200 bar) s 34-44 0
SC 0-0.3 ms-1 h 40 000-120 000 10-20 s-min 85-98 20-40
SMES 0.1-10 ms-8 s 2600 6 <s 75-80 10-15
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Table 5 Structures of various electrochemical storage technologies. Reproduced from ref. 109 with permission from IEEE, copyright 2016

ESS type Energy density (W h kg ™) Discharge time (h) Response time Round trip efficiency Life cycles
Lead-acid 25-50 1-2 ms 75% 800

Na-S 120-150 2-6 ms 89% 4500
Na-Ni-Cl 95-120 0.5-2 ms 90% 4500
Li-ion 200-300 1 ms 87% 4000

FCs 800-1300 >10 ms 24% 300

VRFB 25-30 >10 ms 75% 20000
considerations, intended use, automation compatibility, vehicles. The SC boasts exceptional cycle stability and remark-

mobility, and environmental impact.*****>

It's rare for a single ESS to excel in all these characteristics
simultaneously. Therefore, the optimal ESS technology is typi-
cally determined based on capacity requirements and
maximum discharge duration. Tables 2-4 provide a compara-
tive analysis of various ESS technologies, evaluating their
technical and economic attributes. RFBs are more electro-
chemically stable and have a larger potential window in organic
aprotic solvents than protic solvents like water. Battery capacity
can be increased when redox couples are used with elevated
voltages. It is important to note, however, that the ion
conductivities in organic solvents are much lower, which limits
the amount of current that can be used. By increasing the
voltage (power density), this effect is partially mitigated
(Table 5).1*1%°

3.6. Supercapacitors

It is mostly electric double layer capacitors, such as super-
capacitors (SC), which assist other power supplies in handling
surge power requirements, particularly in electric and hybrid

ably high power density. Its ability to charge and discharge
rapidly stems from its unusually low internal resistance. Addi-
tional benefits include robustness, high dependability, zero
maintenance requirements, extended lifespan, and the capacity
to function across a broad range of temperatures and in various
settings. These eco-friendly devices can be easily recycled or
neutralized without harmful effects.** Like FES, the round-trip
efficiency of EDLCs is high for short discharge periods but
decreases over longer durations due to internal losses that
gradually deplete the capacitors. As a result, EDLCs are
primarily utilized in grid applications for rapid services such as
sag compensation. Although both SMESs and EDLCs are costly,
EDLCs require virtually no maintenance, while SMESs need
minimal servicing. Nevertheless, the expenses associated with
EDLCs are continuously declining as new manufacturers enter
the market.'

3.7. Electrochemical energy storage (ECES)

The aforementioned storage technologies possess distinct
characteristics, each with advantages and disadvantages.

400
350
300
250
200
=150
o
100

50

Hydro : Gigawatts

Fig. 6 Hydropower capacity (Gigawatts) for selected countries and regions in 2021. Reproduced from ref. 53 with permission from the IOP

science, copyright 2021.
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Currently, only PHES, CAES, and TES are suitable for long-
duration (hours) grid energy storage. In contrast, FES, SMES,
and EDLC operate at low to medium power levels and exhibit
rapid response times, but are effective only on the second-to-
minute timescale and are presently cost-prohibitive. The final
technology presented for energy storage is ECES, to which the
subsequent portion of this state-of-the-art review will be dedi-
cated. The ECES represents one of the most prevalent solutions
widely employed across various industries, and the develop-
ment of related technologies is highly dynamic. Diverse classi-
fications of electrochemical energy storage can be found in the
literature.’® It is most commonly stated that electrochemical
energy storage encompasses accumulators (batteries), capaci-
tors, SC, and fuel cells.'® A distinctive characteristic of ECESs is
that in the majority of cases, deep discharges significantly
impact battery longevity. Consequently, manufacturers specify
a depth of discharge (DOD) less than 100%, to which the
nominal cell lifespan is referenced. It is defined as the number
of cycles during which the cell capacity (i.e., the deliverable
charge) does not decrease below a specified percentage (e.g.,
60%) of the nominal capacity (expressed in A h). In practical
applications, only a portion of the ES in most ECES devices is
utilizable, and this portion is subject to decrease over time.
Another characteristic of most ECES, which is also shared with
SMES and EDLC, is that the same device provides both power
conversion and energy storage. This feature allows for highly
compact systems but simultaneously links power to energy
sizing.** With these features, renewable energy sources can
generate electricity to a wide range of operating power and
discharge time (Fig. 7). Fig. 6 illustrates those technologies with
power limitations are positioned in the upper left section, while
those constrained by energy are located in the lower right. For
each storage technology, a box is used to represent the range of
total capital costs per unit of capacity, as determined by the
available data (Fig. 8).'*°

10116 | RSC Adv, 2025, 15, 10106-10143

3.8. Comparison of energy storage technologies

Unlike other electrochemical energy storage systems, RFBs and
Fuel Cells (FCs) separate power conversion from energy storage,
enabling independent sizing of power and energy components.
This characteristic allows for almost limitless capacity by simply
increasing the size of storage tanks. In practical terms, the
energy capacity of current designs ranges from 10> to 10” W h,
surpassing most Electrochemical Energy Storage Systems
(ECES) by at least one order of magnitude. When storage
durations exceeding 4-6 hours are necessary, RFBs and FCs
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Fig. 8 Long- and short-duration energy storage technology capital
costs by capacities. Reproduced from ref. 106 with permission from
Joule, copyright 2020.
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offer more benefits compared to alternative electrochemical
devices.* Lithium ion batteries (LiBs) have become the domi-
nant technology in the market due to their exceptional perfor-
mance and substantial cost reductions. However, a FB, now
offered by multiple manufacturers at the required scale, present
a different approach. This technology boasts lower variable
costs ($ per kW per h) and utilizes a broader SOC range.
Nevertheless, it comes with drawbacks, including lower effi-
ciency compared to LiBs and relatively high fixed costs ($ per
kw).'” From an engineering standpoint, VRFB systems offer
numerous benefits. One key advantage is their exceptional
safety profile, which is crucial for ES and thermal regulation.
The circulation of electrolytes effectively dissipates heat gener-
ated within the cell stack. Moreover, the distinctive configura-
tion of these systems streamlines the manufacturing process.
By modularizing components such as stacks, electrolyte
containers, plumbing, and electrical systems, VRFB technology
reduces complex and costly production steps. Additionally, the
rebalancing procedure in VRFB systems is straightforward.'*®

FB offer several additional benefits, including: the ability to
handle high overloads for brief periods, millisecond response
times, minimal self-discharge when stored in sealed tanks,
operation at room temperature, extended charge and discharge
cycles, and high round-trip efficiency.**

3.9. Redox flow batteries (RFB)

RFBs are one of the newest and most promising technologies in
electrochemical systems for stationary energy storage. These
devices function as electrochemical energy conversion systems,
utilizing redox processes of liquid-state species stored in
external tanks and introduced into the RFB as needed. In this
sense, an RFB shares similarities with a polymer electrolyte
membrane fuel cell (PEMFC) and can be classified as a type of
fuel cell. The key advantages of this technology include adapt-
ability and scalability, separate sizing of power and energy
components, high round-trip efficiency, significant depth of
discharge, high DOD, extended lifespan, quick response times,
and minimal environmental impact.** Consequently, it is
essential to assess the environmental impact from the extrac-
tion of resources to the point before consumer transportation,
known as cradle-to-gate analysis. The preferred method for this
evaluation is life cycle assessment (LCA). To assess the
commercial viability of the current technology, we have incor-
porated both LCA studies and levelized cost of storage (LCOS)
analyses." As a result of these features are ideal for assisting
renewable energy generation into the grid, providing a wide
range of operating powers and discharge times (Fig. 9).

3.9.1. Constructional RFB. A detailed view of the RFB
system is presented in Fig. 10, which includes of two half-cell
electrolytes pumped through the stack, respectively, and two
electrodes separated by an ion exchange membrane."'® Rubber
gasket seals and steel tie-bolts are essential for compressing the
cell stack in fuel cells. The rubber gaskets ensure a tight seal,
preventing electrolyte leaks, while the steel tie-bolts provide the
necessary structural support and compression to maintain the
integrity of the stack under operational conditions. This
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Fig. 9 Principle of advanced RFBs including redox species, electrode,
and membrane. Reproduced from ref. 6 with permission from Cell
Press, copyright 2019.

combination helps optimize performance and durability,
ensuring efficient fuel cell system operation. Metallic end-
plates, like aluminum and copper, are effective current
conductors, enhancing electrical conductivity in RFB. Using
turbulence promoters in the compartments boosts mass
transport and improves the exchange of electroactive species,
optimizing performance and efficiency.’” Insulating nets, ribs,
mesh, foam, or fibrous bed electrodes typically serve as turbu-
lence promoters.’* Research by Frias-Ferrer A. et al."'>"** has
assessed the mass transport characteristics of four distinct
polyvinylchloride (PVC) turbulence promoters within filter-
press reactors' rectangular channels. The impact of these
promoters was found to be more significant in larger systems,
as evidenced by a considerable increase in the overall mass
transport coefficient. However, in smaller systems, opposite
effects were noted, possibly due to underdeveloped electrolyte
flow resulting from entrance and exit manifold influences. In
RFBs, the highly oxidizing nature of electroactive species
necessitates the use of chemically resistant polymers to avoid
reactions with metallic components. Common materials
include polytetrafluoroethylene (PTFE), ethylene-
polypropylene-diene (EPPD), polyvinyl chloride (PVC), poly-
vinylidene fluoride (PVDF), and acrylics. These polymers ensure
the durability and reliability of the battery components while
maintaining optimal performance.

3.9.2. Key components of an RFB. Here's a brief overview of
the components involved:*

1. Tanks: separate tanks store the anolyte and catholyte
solutions. The size of these tanks can influence the system's
capacity and energy storage.

2. Pumps: pumps are used to circulate the electrolytes
through the system. They ensure a steady flow of the anolyte
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Fig. 10 Schematic diagram of the RFB. Reproduced from ref. 31 with permission from Royal Society of Chemistry, copyright 2015.

and catholyte to and from the cell stack, facilitating the redox between the redox-active species in the two half-cells while

reactions."* facilitating the movement of charge-balancing ions. The
3. Cell Stack: the heart of the RFB, where the electrochemical —performance of RFBs can be influenced by various design
reactions occur. It consists of: elements. The electrolyte solutions for each half-cell are con-

O Electrodes: typically made from materials like carbon or tained in separate reservoirs and circulated past a semiperme-
other conductive materials, these facilitate the transfer of able membrane. This membrane is designed to ideally allow the

electrons during the redox reactions. transfer of solvent and charge-balancing ions while preventing
O Membrane: a selective barrier that separates the anolyte the mixing of redox-active species (Fig. 11).*"

from the catholyte, preventing mixing while allowing the The wide range of active species in RFBs necessitates careful

passage of ions. Common materials for membranes include consideration of multiple factors when designing membranes.

Nafion and other ion-exchange membranes.'* For example, while PFSA membranes demonstrate excellent
3.9.2.1. Redox reactions. e In the anolyte, oxidation occurs, conductivity in the acidic environments of VRFBs, they show

releasing electrons. reduced conductivity in other RFB types that require alkaline
e In the catholyte, reduction takes place, consuming conditions."*® The variety of RFB designs presents both chal-

electrons. lenges and opportunities for membrane development, and the

This separation and the movement of ions through the diverse user requirements (such as low initial costs or high
membrane allow the battery to function efficiently while power density) make it challenging to draw broad conclusions
maintaining the integrity of the electrolyte solutions. The across all RFB types. As an illustration, PFSA membranes typi-
overall design supports scalability, flexibility in energy capacity, cally exhibit ionic conductivities in the range of tens of mS cm ™"
and the potential for long cycle life."* when vanadium crossover is a significant issue,"**** whereas

3.9.3. RFB based on membranes. In RFBs, membranes play swollen PFSA membranes can achieve conductivities up to
a crucial role. Their primary function is to maintain separation

Redox Flow Membrane Improvements to Battery
Batteries Function Membranes Performance
ppil g Conductivity  Selectivity
i Species G I¥ g B s LAetime
( Dla ) 0 » - R o
y O 2 Voltage Efficiency
’ . .’ S :,‘:: ‘ Coulombic Efficiency
Reservor Reservor o = : Capacity Retention
Cycling Stabitry
| 5 Charge- ) $ ’ AMordability
/ I L Cectrode Balancing
-~ | . Species Cost &
Membrane Stability Sustainability

Fig.11 A RFB membrane allows ions to pass through, but isolates redox-active species. Batteries will perform better with improved membranes.
Reproduced from ref. 117 with permission from the American Chemical Society, copyright 2020.
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thousands of mS cm™" in situations where increased anion
passage is beneficial."**

The performance and durability of RFBs can be significantly
influenced by membrane characteristics. The migration of
active species across the membrane results in self-discharge'**
and diminished coulombic efficiency (CE), which is calculated
as the ratio of discharge to charge capacity within a single
cycle.”® Additionally, optimal cell performance requires maxi-
mizing the conductivity of charge-balancing ions. The voltage
efficiency (VE), defined as the ratio of discharge to charge
voltage, is linked to the membrane's ionic conductivity. Higher
ionic conductivity in membranes is preferred as it enables
greater power densities."”* Beyond impacting cell efficiencies,
membrane issues can also trigger cell failures.'” Separators
must possess sufficient mechanical strength to endure opera-
tional pressures and flow rates, as well as withstand the harsh
chemical environments within RFBs, including highly oxidizing
conditions and often extreme pH levels, which can cause
chemical degradation of the membrane."*

Nafion ion exchange membranes are often considered the
gold standard for numerous RFBs due to their high ionic
conductivity and exceptional chemical durability."””” Nafion is
a phase-separated perfluorosulfonic acid polymer (PFSA) whose
acidic side chains and interconnected hydrophilic regions
contribute to its high conductivity, while its hydrophobic per-
fluorinated backbone provides significant chemical resis-
tance.’”® Recent research has focused on more efficient
membrane designs and alternative chemical compositions,
exploring materials and morphology optimization strategies
that could potentially reduce overall RFB costs by up to 40%."*
To effectively improve such membrane designs, it is crucial to
comprehend the fundamental factors that contribute to the
desired properties.

3.9.4. Historical development. The initial mention of the
vanadium (V) redox pair appeared in a French patent by P. A.
Pissoort in 1933 (Patent 754065—1933). Subsequently, Walter
Kango registered a patent for a titanium chloride FB in Ger-
many in 1954.'>* In the 1970s, NASA's space programs initiated
the first systematic investigations led by Thaller. These studies
began with Fe-Ti electrolytes and expanded to examine other
redox pairs, including Fe-Cr. The NASA research initiative
concluded in 1984." A. Pelligri and P. M. Spaziante reviewed the
concept of vanadium-based RFB in 1978, but it did not gain
traction initially. Significant advancements came later at the
University of New South Wales, where Skyllas-Kazacos
successfully demonstrated and commercialized the VRB in
1986, securing a patent for this innovative technology.**®

4. Inorganic electrolytes

4.1. All-vanadium based electrolyte

Vanadium-based electrolytes are indeed a cornerstone of RFB
technology, particularly in VRFBs. The introduction of these
electrolytes by Skyllas-Kazacos and Rychcik in 1988 marked
a significant advancement in the field."** In VRFBs, the active
redox species is vanadium, which exists in multiple oxidation
states. This allows the same vanadium-based redox active

© 2025 The Author(s). Published by the Royal Society of Chemistry
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components to be used in both the catholyte and anolyte, which
helps mitigate issues related to capacity fading arising from
electrolyte cross-contamination—an essential advantage over
other flow battery chemistries.™

The electrolyte consists of two primary components:

1. Active redox material (solute): in the case of VRFBs, these
are typically vanadium ions in different oxidation states (V>*,
V3+, V4+, V5+).

2. Supporting material (solvent): a water-based solution is
usually employed, often with sulfuric acid to enhance ion
conductivity and solubility.

The design of VRFBs allows for scalability and long cycle life,
making them particularly suitable for large-scale energy storage
applications, such as integrating renewable energy sources.
Their ability to maintain performance over time, thanks to the
unique chemistry of vanadium, has made them a focus of
ongoing research and development in energy storage technol-
ogies.”" Various vanadium compounds such as VClz, VOSOy,,
and V,0s have been explored to optimize RFB performance.®
Supporting solutions like H,SO,, HCI, and NaOH play a crucial
role in influencing these electrolytes’ solubility, conductivity,
and stability. Each combination can affect the electrochemical
behavior and overall efficiency of the battery; therefore,
researchers continue to delve into these variations to find the
ultimate formulations for improved performance. Absolutely,
the choice of vanadium compounds and supporting solutions
in RFBs has significant implications for performance and cost.

4.1.1. Merits and demerits. 1. V,05:

O Merits: lower cost than other vanadium compounds,
making it an attractive option for large-scale applications.

O Demerits: its lower solubility can limit the achievable
energy density, necessitating larger volumes of electrolyte.

2. VOSOy,:

O Merits: offers better solubility, which allows for higher
concentrations of vanadium ions. This can enhance the energy
density of the battery and improve overall efficiency.

O Demerits: may be more expensive or less stable under
certain conditions compared to V,0s.

3. VClj:

O Merits: provides an alternative redox chemistry that could
be beneficial in specific applications.

O Demerits: poor solubility and the production of Cl, gas
when using HCI as a supporting solution pose significant
challenges, including safety concerns and potential efficiency
losses.*

4.1.2. Impact on energy density. The solubility of these
vanadium electrolytes directly affects the energy density of the
FB. Higher solubility allows for a more concentrated electrolyte
solution, which can lead to:

e Increased energy density: higher concentrations can store
more energy in a smaller volume, making the system more
efficient.

e Reduced costs: lower concentrations require larger tanks
and more electrolyte, increasing the system's volume and cost.

Optimizing the combination of vanadium compounds and
supporting solutions is critical for enhancing the performance
and economic viability of VRFBs. Ongoing research explores
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these interactions to identify the best configurations for various
applications. In a RFB, the circulation of the anolyte and cath-
olyte between the storage tanks and the cell stack is indeed
a crucial part of the design.

In vanadium oxidation states, VO, signifies v**, while vO,*
indicates V°*. Within RFBs, the positive electrode hosts redox
reactions involving V** and V°* as participate, whereas the
negative electrode facilitates reactions with V** and V**. It's
important to note that any vanadium that crosses over to the
positive electrolyte will be oxidized to VO>*. Conversely, excess

vanadium in the negative electrolyte tends to be reduced to
V3+.132

4.2. Electrochemical reaction mechanisms of VRFB

To enhance the EF of the VRFB, it is crucial to minimize voltage
losses stemming from various polarization types, including
activation, ohmic, and concentration polarization. The EF of the
VRFB is heavily influenced by its electrochemical characteris-
tics, as the efficiency loss related to activation polarization
primarily occurs at the electrode level. Consequently, reducing
these voltage losses to the greatest extent possible is essential
for improving overall VRFB performance.****** To advance the
development of electrodes for high-power density VRB stacks, it
is crucial to gain a clear understanding of the mechanisms
underlying the redox reactions at the electrodes. The current
state of knowledge presents various mechanisms for the redox
reactions of VO,"/VO** (in the catholyte) and V**/V*" (in the
anolyte) at the electrode, drawing upon valuable research efforts
conducted to date. The electrochemical reaction mechanisms of
V¥ /v®* and V**/V** redox couples can be described as follows. ¢

Catholyte: VO** + 2H" & VO** + H,0 — ¢~
Ey=1.0V vs. SHE (6)
7)

Initial investigations into the V**/V*" and VO,"/VO** redox
reactions were conducted by Sun and Skyllas-Kazacos.'*
Subsequently, these researchers delved deeper into the reaction

Anolyte: V3" + e~ < V" E,=—-0.26 V vs. SHE
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mechanisms, focusing on the impact of oxygen-containing
functional groups on the carbon electrode surface. Their find-
ings revealed that C-OH functional groups serve as active sites
for VO** oxidation on the electrode surface.’® The process
involves an ionic exchange between VO, ions from the cath-
olyte and H" ions from the carbon surface's phenolic groups, as
illustrated in Fig. 12a, step 1. Subsequently, an oxygen atom
from the carbonyl group is transferred to the VO** ions, forming
VO," on the electrode surface, while an electron moves from
VO to the electrode via the C-O-V bond (Fig. 12a, step 2). The
oxidation reaction concludes with another ion exchange, this
time between the surface-formed VO*> and H' ions in the
electrolyte (Fig. 12a, step 3). During reduction, these reactions
proceed in reverse order. A comparable mechanism was
proposed for V** reduction on the electrode surface, depicted in
Fig. 12b. Extensive X-ray photoelectron spectroscopy (XPS)
analysis revealed that enhanced cell performance correlated
with an increase in oxygen-containing functional groups on the
carbon electrode surface, particularly phenolic groups. These
groups serve as active sites, catalyzing both the VO,*/VO*" and
V>*/V** redox reactions. Due to the fact that the active species in
both tanks are vanadium-based, degradation problems related
to cross-contamination of electrolytes are prevented, resulting
in a very long life span of 10000-20000 chargings and
dischargings.*>'%”

4.3. Influence of temperature based conductivity, viscosity
and stability

VFRB is typically utilized in outdoor environments and occa-
sionally under severe weather conditions. Consequently, envi-
ronmental factors can significantly influence the reaction
kinetics, ultimately affecting the overall performance of RFB.
Environmental temperature is generally accepted to substan-
tially impact the vanadium salts, solubility, conductivity, and
viscosity."*® The physicochemical and electrochemical proper-
ties of five types of vanadium electrolytes, namely v**, v3*, v3>*
(V¥*:vO*" = 1:1), v (VvO*"), and V** (VO**), which are the
most prevalent electrolytes present in VRFB systems, were
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Fig. 12 The redox reaction mechanism proposed by Skyllas-Kazacos for (a) VO,*/VO?* redox couple in catholyte, (b) the V2*/V3* redox couple
in VRFB. Reproduced from ref. 31 with permission from Royal Society of Chemistry, copyright 2015.
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investigated comprehensively by Shuibo Xiao et al.'*® Across
a wide temperature range (—35-50 °C). The effect of tempera-
ture on vanadium electrolyte conductivity was also examined.
Fig. 13a illustrates the ionic conductivity (¢) of all mentioned
vanadium electrolytes concerning temperature. The ¢ of all
electrolytes increases as temperature rises. The conductivity
hierarchy, from highest to lowest, is as follows: V(v) electrolyte,
V(u) electrolyte and V(wv) electrolyte (which exhibit nearly iden-
tical conductivity across all tested temperatures), V>** electro-
lyte, and V(m) electrolyte. Notably, this trend aligns with the
proton concentration of the electrolyte, as depicted in the inset
of Fig. 9a. Higher conductivity and elevated temperature facil-
itate charge transfer and enhance electrochemical activity.**
A key characteristic of VRFB is the cyclic pumping of elec-
trolytes through the battery (stack) during operation. Conse-
quently, electrolyte viscosity plays a crucial role in determining
electrolyte's even distribution within the battery and the pump's
energy consumption. Research conducted by F. Rahman and M.
Skyllas-Kazacos specifically examined the viscosity of the posi-
tive electrolyte, revealing that it increases in proportion to the
concentration of vanadium(v) and sulfate."*' The viscosity of
vanadium electrolytes is influenced by both temperature and
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concentration. Fig. 13b illustrates the relationship between
solution viscosity (n) and varying temperatures for different
electrolyte types. As the temperature rises, the viscosity of each
electrolyte decreases. Notably, the viscosity at lower tempera-
tures is significantly higher than at higher temperatures."*® That
is a critical observation regarding the stability of vanadium ions
in different temperature ranges. Previous research highlights
that while high acid concentrations can enhance the stability of
V(v) ions at elevated temperatures,'** they negatively affect the
stability of V(u), V(u1), and V(iv) ions at lower temperatures. This
restricts the operational temperature window for VRFBs to 10-
40 °C. To address this limitation and expand the operating
temperature range to extreme conditions (—35 °C to 50 °C), the
choice of a 1.5 M vanadium concentration is a strategic
approach. This concentration can help maintain the stability of
the electrolyte across a broader temperature range while
potentially improving overall performance. Testing under these
conditions can provide valuable insights into the feasibility and
efficiency of VRFBs in varied environments. The findings
regarding electrolyte stability at low temperatures offer crucial
insights into the operational limits of VRFBs (Fig. 13b and d). At
temperatures of —20 °C and —25 °C, all tested electrolytes

(b) 10 5tabis 370 days O/ > > 2T
-0-v*"
_— 1 =0=v*
2 8 oo
, -0-v*
a 4
= g{ O
o
s ] ,
= v 3
3 ‘
2 =]
o 21
0 00—
Blob size represents concentration from 2 to 1.5M
40 20 0 20 40 60
Temperature (°C)
(d) 2 2
w pr— Catholytes
% Phave Mn2+i4+
14 T TOm~ ~ . 2BriBr -1
g Fezonse ‘Olutig™ frpase.
> 2""2 == =
— Fe2+3+
S 0 Po® 2 Lo
g 23+ . __V'Glur@_'
et B
+ S
I B
14 H-1
0/2+
Anolytes &

T T T T T

0 2 4 6 8 10 12 14
pH

(a) Impact of temperature on the conductivity; (c) impact of temperature on the viscosity'*® and (b) solubility of different vanadium

electrolytes; (d) Roubaix diagram showing the relationship of pH and voltage of the RFB for different redox pair. Reproduced from ref. 11 with

permission from John Wiley & Sons Ltd, copyright 2024.
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demonstrate stability over 48 hours, indicating they can func-
tion effectively without issues like precipitation or freezing.

However, the situation changes at lower temperatures: the
V(ur) solution starts to precipitate within 24 hours at —30 °C,
while the V(i) and V() solutions face immediate challenges at
—35 °C, precipitating or freezing in under one hour. The V**
mixed solution also shows instability, with precipitation
occurring in less than 10 hours. The experiment demonstrates
that the precipitation of V(i), V(ur), and V**" ions is reversible
concerning temperature. When the solution is cooled, these
vanadium species precipitate, but upon warming to 25 °C, they
dissolve completely after 30 minutes, returning to their initial
state. This behavior indicates that the precipitation process
depends on temperature, highlighting the potential for revers-
ibility in the system. Such thermally induced dissolution
emphasizes the importance of temperature in controlling the
solubility and phase behavior of vanadium compounds.****** As
the SOC rises, conductivity increases and viscosity decreases,
though these changes are not linear. The positive electrolyte
exhibits its lowest electrochemical activity and reversibility at
50% SOC. Analysis of UV-vis and Raman spectra, along with
excess spectra, reveals the formation of a mixed valence
compound [V,0;3(H,0),]*" in the V(iv) and V(v) electrolyte
mixture, enhancing stability but reducing electrochemical
performance. Within a 0-90% SOC range, a battery utilizing an
electrolyte with 2.0 M vanadium concentration and 5.5 M
sulfate concentration can function stably between —10 and 40 °©
C, maintaining an EE of 75-80%.*'** In summary, extensive
research is currently underway to enhance the solubility and
thermal stability of vanadium-based electrolyte solutions.
Studies have shown that 6 m of H,SO, can dissolve 2 m of V** to
Vv** and 3.5 m of V**. While these concentrations exceed typical
reported levels of vanadium salts, precipitation of electrolytes
begins outside the 10-40 °C range, leading to a decrease in
concentration. Increasing H,SO, concentrations results in
higher electrolyte viscosity, potentially causing reduced power
densities in VRFB, increased polarization, and greater pumping
energy demands.'*® Regarding the effect of temperature on the
electrochemical reaction dynamics and durability of vanadium-
based electrolytes in RFBs, the substantial presence of biomass
carbohydrates facilitates the formation of hydrocarbons under
elevated temperature conditions. These hydrocarbons display
various heteroatom functional groups, rendering them appro-
priate for use as electrode materials. In a study by Wan et al.,
chitin extracted from shrimp shells was modified through an
efficient and practical high-temperature catalytic reaction
process.**1*

4.4. Decomposition of electrolytes

Several factors can cause electrolytes in VRFBs to degrade.
These include precipitation, ion crossovers, impurities, or an
imbalance in the concentration of electrolytes. VRFB uses
vanadium electrolytes collected from recycled or mined sources,
and its sustainability is huge if vanadium electrolytes are recy-
cled.™* Various impurities can be found in electrodes and
batteries, including waste, byproducts of electrochemical
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reactions, and fine particles that result from wear on electrodes
and batteries, as well as elements such as Na, K, Ca, Cr, Zn, Mo,
Cu, Ni, and Si. VRFBs have a negative impact on the electro-
chemical reaction kinetics, stability, and solubility of electro-
Iytes because of these impurities.">

In RFBs using vanadium, cation exchange membranes can
allow for the crossover of vanadium ions between the anolyte
and catholyte compartments. This crossover can lead to
unwanted self-discharge reactions, influencing the efficiency
and stability of the battery.***

4.4.1. Crossover and self-discharge reactions. 1. Crossover
of V** and V** ions to the anolyte:

O When V** (vanadyl ion) or V** (vanadyl ion with an
additional oxidation state) crosses over to the anolyte side, they
can react with V** or V** ions.

O For example:

VO™ + V' + 2H" — 2V** + H,0 (8)
VO, +2V* + 4H' — 3V** + 2H,0 (9)

VO, + V¥ — 2vo?* (10)

O This reaction decreases the amount of V*' in the cath-
olyte, which decreases the overall capacity.

2. Crossover of V2" and V** ions to the catholyte

e Similarly, if V** or V** ions cross over to the catholyte side,
they can participate in undesired reactions with V** or V>*.

e For example:

V2" +2V0,* + 2H' — 3VO** + H,0 (11)
V3 +v0," - 2vo?*t (12)
V' + VO** + 2H' — 2V** + H,0 (13)

e This further exacerbates the self-discharge problem,
reducing the voltage and efficiency of the battery.

The presence of these crossover reactions can significantly
diminish VRFB's energy efficiency and cycling stability. Efforts
to mitigate this issue often focus on improving the selectivity of
the cation exchange membranes and exploring alternative
materials or designs to minimize crossover. Sun et al. high-
lighted that osmotic pressure differences across the cation
exchange membrane lead to unwanted ion crossover in
VRFBs."*> Switching to an anionic exchange membrane, such as
the Selemion AMV, can effectively reduce this crossover by
decreasing the diffusion coefficients of vanadium ions.*** This
change ultimately enhances the stability and efficiency of the
battery by minimizing self-discharge and improving overall
performance.

4.5. Additive of electrolyte

Various additives can enhance the performance of VRFBs by
improving their kinetics, thermal stability, and solubility,
resulting in increased efficiency and durability. Certain organic
and inorganic additives contain diverse functional groups that
allow vanadium ions to bond with them, enabling vanadium

© 2025 The Author(s). Published by the Royal Society of Chemistry
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solutions to exist in concentrated ionic forms. These additives
contribute to the overall improvement of VRFB systems. Studies
on TiO, and TiOSO, additives have shown that they can help
stabilize vanadium species, particularly maintaining a higher
concentration of V°* at elevated temperatures, such as 60 °C.'**
Investigations into a and y-Al,O; as stabilizing agents for V"
have revealed that y-Al,O; performs better at elevated temper-
atures, specifically at 45 and 60 °C.*** Nguyen et al. explored
various ammonium phosphates and sulfates, finding that while
ammonium ions alone do not significantly enhance perfor-
mance, the combination of ammonium and phosphate ions
exhibits a synergistic effect.’*® In the study of sulfates, Fe,(SO,4)3
was examined as an additive, demonstrating its ability to extend
the precipitation time of 2 M V> in 2 M H,SO; at 50 °C. Notably,
no precipitates were observed even after one week, indicating
effective stabilization of the vanadium species. Furthermore,
the presence of Fe,(SO,4); did not adversely affect the electro-
chemical properties of the system, even at higher concentra-
tions." 1-Cystine was used as an additive to prevent the
crystallization of vanadium in the negative electrolyte of VRFBs.
This additive significantly benefited by enhancing thermal
stability, reducing viscosity, and increasing EE."*® In Table 4,
different additives have different effects on the stability of
electrolytes. It is crucial to note that researchers are examining
the characteristics of electrolytes with varying concentration
compositions and SOC to enhance the energy density and
operational temperature range of VRFB. Furthermore, stability
tests reveal that an electrolyte containing 2.0 mol L™ (M)
vanadium concentration, 5.5 M sulfate concentration, and an
SOC range of 0-90% remains stable between —10 and 40 °
C.1%>1% Notably, reducing the SOC significantly enhances the
thermal stability of the positive electrolyte. However, this
improvement is not solely attributed to the decrease in V(v) ion
concentration,®. To enhance the energy density of electrolytes,
researchers have explored various inorganic and organic addi-
tives. These include alkali metal salts and organic compounds
containing functional groups such as -thiol, -amine, -bisulfite,
-hydroxy, -carboxalate, and carbonyl. The aim has been to
increase the stability of both positive and negative
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electrolytes.’®'® However, the resulting improvements in
energy density and operational temperature range have been
modest. This limited success can be attributed to two factors:
the small quantities of additives used and the tendency of these
additives to stabilize vanadium ions in only one valence
state.*®1%4

4.6. Additive of electrode

In VRFB, the electrochemical reaction rates of vanadium species
influence the voltage efficiency (VE), current density, and power
output. A common strategy to enhance these reaction rates is
through electrode modification. Carbon, metals, metal oxides,
or functional groups are typically used to construct electrodes,
and these materials can be applied to electrode surfaces to
boost the speed of electrochemical reactions (Table 6)."* Skyllas-
Kazacos reported that the use of electrocatalysts could signifi-
cantly enhance vanadium reaction kinetics and suppress
hydrogen evolution in RFBs.** Modifications to the electrodes
with materials such as Mn, Fe, Ag, Sb, Ru, Re, Pt, and Rh were
achieved by adding precursor salts to the electrolyte or deco-
rating carbon electrodes.’® The addition of 10 mM In’*" ions
resulted in a remarkable 42% increase in the catholyte reaction
rate, while the inclusion of Sn** led to a 32% improvement in
the energy density of the anolyte.'****” These enhancements are
substantial, surpassing the experimental error margin, and
underscore the significant benefits that additives can bring to
the performance and efficiency of VRFB. In the extended cycling
of VRFBs, the chemical composition of additives can change
due to the strongly oxidizing or reducing environments,
potentially leading to the formation of impurities. Park et al.
conducted a comprehensive study identifying various ions that
adversely affect the performance of VRFBs."*®

5. Zinc-based electrolytes
5.1. Zinc-iron of RFBs

Among the Earth's crust elements, zinc and iron are the most
prevalent and  possess  exceptional electrochemical

Table 6 Additives and their effects on vanadium at different oxidation states. Reproduced from ref. 11 with permission from John Wiley & Sons

Ltd, copyright 2024

Type of Observations
additive Anolyte Catholyte Temp. Additive Additive conc.  of precipitate Ref.
Inorganic V** -2 M [SO,* -5 M 5°C Ammonium sulfate 1% (wt/wt) No for 34 h 169
Inorganic V**-2M [SO,> -5 M 5°C  Ammonium phosphate 1% (wt/wt) No for 46 h 169
Inorganic  V** -2 M [SO,* -5 M 5°C Sodium pentpolyphosphate 1% (wt/wt) No for 46 h 169
Inorganic V> -2M[SO,> -5 M 5°C  Ammonium sulfate and 2% :1% (wt/wt) No for 34 h 169
phosphoric acid
Inorganic V**-2M [SO,> -5 M 5°C Phosphoric acid 1% (wt/wt) After 20 days 6% 170
is obtained
Inorganic 1M VOSO, in 3 M H,SO, 1MVOS,in R.T. Tungsten chloride (WCl) 3 mM W 80 mA cm 2 171
3 M H,SO, current density
Inorganic 1.8 M VOSO, Sodium formate 0.25 wt% 20.7%, higher 172
discharge
Inorganic 1M V*"in 3 M H,SO, 1M V*"in NacCl 0.04 M NaCl EE of 82.5% current 173
3 M H,SO, density of 200 mA ecm ™

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(a) Schematics diagram of a neutral zinc—iron RFB; (b) cycling performance of neutral Zn/Fe RFB with ZnBr, additive into the anolyte at

30 mA cm™2. Reproduced from ref. 175 with permission from Elsevier B.V., copyright 2022. (c) Schematic of a Zn—Fe FB, (d) cell potential vs. time
response for the 15th charge—discharge cycle at 25 mA cm™2 (e) efficiency of Zn—Fe RFB in acidic electrolytes with 1 M ZnCl, under the current
density of 25 mA cm™2. Reproduced from ref. 178 with permission from Elsevier B.V., copyright 2022 (f) schematics diagram, (g) charge—
discharge cycling, (h) electrochemical cycling and efficiency of Zn—Fe RFB in basic electrolytes. Reproduced from ref. 180 with permission from

Elsevier B.V., copyright 2021.

characteristics. These two elements have captured the interest
of scientists, inspiring them to create various battery configu-
rations. The development of zinc-iron batteries is feasible in
neutral, acidic, or alkaline environments.'”* As shown in
Fig. 14a, redox-active species K3Fe(CN)s are combined with
highly soluble FeCl,/ZnBr, to form the neutral zinc-iron RFB.
As illustrated in Fig. 14b, the RFB configuration achieved
a coulombic efficiency (CE) exceeding 99% and maintained 80%
of its capacity retention after 2000 cycles."”” The advantages of
Zn-Fe RFB systems include their reduced corrosiveness, which
allows for the use of low-cost, selective porous membranes. This
cost-effectiveness contributes to a target price of approximately

10124 | RSC Adv, 2025, 15, 10106-10143

$50 per kW per h, making these systems attractive for large-
scale energy storage. Additionally, an energy density of 56 W h
L' provides a reasonable balance between performance and
practicality, making them suitable for various applications in
renewable energy integration and grid storage.'”® Using glycine
by Xie et al.'”” as a complexing agent effectively mitigates elec-
trolyte crossover in zinc-iron RFBs, particularly for Fe**/Fe**
ions. This approach not only enhances the stability of the
system but also improves performance metrics. The reported
energy efficiency (EE) of 86% over 100 cycles at 40 mA cm ™~ with
a polybenzimidazole porous membrane displays the potential
for optimizing battery longevity and efficiency. For hybrid Zn-Fe

© 2025 The Author(s). Published by the Royal Society of Chemistry
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RFBs, several acidic systems with various supporting electro-
lytes have been investigated. As illustrated in Fig. 14c, a zinc-
iron RFB was developed utilizing Zn/Zn>" and Fe**/Fe*" redox
couplings as the catholyte and anolyte, respectively. As
demonstrated in Fig. 14d and e, after 30 cycles, this battery
exhibited an improved discharge voltage of =1.34 V at 25 mA

Fig. 15

density, (g) efficiency at 50 cm

copyright 2023.
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cm 2, with VE of 85%, CE of 92%, and EE of 78%."® A study
described"® an electrolyte system comprising 1.0 m ZnSOy, 1.5
m NaAc, and 1.5 m HAc as the negative electrolyte, with 1.0 m
FeCl, solution containing 1.5 m H,SO, serves as the positive
electrolyte. The HAc buffer played a crucial role in battery
performance by facilitating the transfer of additional H' from
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(a) Schematics diagram Zn—I RFB, (b) and (c) CV, (d) charge—discharge cycling, (e) voltage at different current levels, (f) voltage and power
, and (h) efficiency at different current densities. Reproduced from ref. 183 with permission from Elsevier B.V.,
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the catholyte to the anolyte through the ion exchange
membrane while keeping the negative electrolyte's pH between
2.0 and 6.0. Within this pH range, H' reduction in the anolyte
occurred notably slowly, and the chemical interaction between
Zn and H' was insignificant. The introduction of the buffer
solution resulted in an EE of approximately 71.1% and an
increase in the battery's coulombic efficiency (CE) from 20% to
91% at a current density of 30 mA cm 2. Indeed, zinc's tendency
to facilitate hydrogen evolution in acidic environments can
hinder the performance of zinc-iron RFBs. Investigating suit-
able electrolyte conditions is crucial to minimize H, evolution
and enhance overall stability.** Chen et al. investigated a Zn-Fe
alkaline RFB utilizing a non-ionic polyethane sulfone (PES) as
a membrane, and the performance is depicted in Fig. 14g.**°
The battery exhibited a CE of 98.53% and EE of 83.15% after 150
cycles, as illustrated in Fig. 14h. ViZn Inc. commercialized the
early “zinc-ferricyanide” battery for grid-scale applications."

5.2. Aqueous zinc-iodine based RFBs

The Zn-I battery, introduced in 1948 by Martin et al. with KI
solution and zinc as the active materials, represents an early
attempt at joining redox reactions for energy storage. The
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schematic diagram likely illustrates the interaction between the
zinc and iodine components is shown in the Fig. 15a. The
formation of I, in the presence of I" significantly enhances the
solubility of I,, which is crucial for the efficiency of Zn-I
batteries. The combination of Zn(OH),> /Zn with I"/I;~ results
in a substantial potential difference of 1.8 V, indicating a strong
electrochemical performance as shown in Fig. 15b."®* The cyclic
voltammetry (CV) data for the 0.05 M KI and 1 M NH,Cl solution
reveals key insights into the I" to I, redox reaction. The anodic
peaks at 1.01 V and 1.39 V indicate the conversion of I to I,
with the formation of I,Cl™ as an intermediate as explained in
Fig. 15c. The battery exhibited a gradual voltage decrease as the
current density was increased from 20 to 100 mA cm 2, as
illustrated in Fig. 15d and e, attributable to enhanced polari-
zation at higher current densities. The Zn-I, RFB demonstrated
superior rate performance and efficiency across various current
densities, as depicted in Fig. 15f-h. Even at 100 mA cm >
current density, the Zn-I, RFB achieved an efficiency of 97%."
Wang et al.'s 2015 study on a high-energy density aqueous zinc-
polyiodide FB investigated the effective use of the iodide/
triiodide redox couple, achieving a discharge energy density of
167 W h L' with a near-neutral 5.0 M Znl, electrolyte. The
observed decrease in energy efficiency (EE) from 90.9% to 67.8%
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Fig. 16 (a) Schematic Zn—Mn RFB performance in a 0.5 M electrolyte. (b) The charge—discharge at the current density of 40 mA cm™2. (c)

Capacity retention and the corresponding coulombic efficiency of 7 mA h cm™2. (d) The rate capability range from 20 mA cm™2 to 80 mA cm™

2

(10 mA h cm~2). Reproduced from ref. 188 with permission from Royal Society of Chemistry, copyright 2020.
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with increasing Znl, concentration from 0.5 to 5.0 m, suggests
that rising electrolyte resistance plays a significant role in
performance degradation.’® Using bromide ions (Br ) as
a complexing agent in the positive electrolyte is a promising
strategy to enhance the capacity of I". By forming the complex
I,Br~, this approach can stabilize I, while facilitating the release
of I" ions.” To enhance the performance of Zn-I, RFB,
researchers developed an amino electrolyte. This innovation
addressed issues such as low efficiencies, conductivity, chem-
ical stability, and iodine precipitation. The addition of NH,Cl or
NH,Br significantly boosted the electrolyte's ionic conductivity
from 120 to 180 mS cm™ '.**® These compounds also prevented
Zn dendrite formation in the anolyte and accelerated the reac-
tion kinetics of I°"/I" and Zn*'/Zn. The NH," ion played
a crucial role in improving ionic conductivity and reducing
capacity loss by limiting Zn** crossover. Furthermore, NH,Cl or
NH,Br interacted with I during charging to create stable I,Cl™
and I,Br~ complexes. As a result, the battery's performance
metrics improved substantially: cycle life reached 2500 cycles,
battery capacity increased to 128 A h L™, EE rose to 85%, and
power density achieved 310 mW cm 2.'® Several challenges
persist in the development of Zn-I, RFBs, including the insta-
bility of the catholyte and the capacity decay. There is still work
to develop electrolytes that are highly stable in I,.

5.3. Hybrid zinc-manganese based RFBs

Manganese (Mn)-based batteries have indeed garnered signifi-
cant interest because of their low cost, abundance in nature,
and environmental friendliness. However, the challenges
related to the stability of the positive electrode—primarily due
to phase transformations and structural collapse—pose signif-
icant barriers to their use in rechargeable applications.'®® There
are numerous manganese-based electrodes available on the
market, but MnO, is the most widely used because of its solid-
solid reaction characteristics (MnO,/MnOOH).** Congxin and
colleagues™® introduced a highly reversible and stable two-
electron transfer solid-liquid reaction utilizing MnO, and
soluble Mn(CH;COO), in neutral conditions. They successfully
demonstrated this concept by combining it with the Zn/Zn**
redox pair to create a Zn-Mn flow battery (Fig. 16) and a static
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battery with a formal potential of about 1.55 V. Unlike other
manganese salts (MnSO, or MnCl,), the coordination effect of
Ac allows Mn>" to directly deposit on the electrode as MnO,. By
applying carbon black to 3D porous graphite felt as an elec-
trode, they observed an highly uniform and crystalline MnO,
layer. The study reported an unprecedented areal capacity of 20
mA h cm?® for the deposited MnO,. The neutral electrolyte
effectively reduced Zn dendrite formation. As a result, the Zn-
Mn flow battery exhibited a CE of 99% and an EE of 78% at 40
mA cm?® over more than 400 cycles, as shown in Fig. 16b-d.

Research was conducted on polyaniline (PANI)*° in various
manganese solutions for potential use in Zn-Mn neutral
batteries. Findings showed that MnCl, improved PANI's elec-
trochemical performance. The study employed porous carbon
felt for electrochemical deposition, with Zn>" added to the
electrolyte solution, significantly enhancing deposition effi-
ciency. Experiments with different Zn>* concentrations revealed
that at 0.5 m, Mn deposition efficiency reached 93%. The
resulting Mn-doped PANI particle suspension served as the
positive electrode, while a Zn-Mn alloy functioned as the
negative electrode. This battery configuration achieved
a discharge capacity of 15 mA cm™ > and a gravimetric energy
density of 153 mA h g~', maintaining an average discharge
voltage exceeding 1.2 V. In addition to being highly stable, Zn-
Mn RFBs are low in material costs and have improved electro-
chemical reversibility. As a result of its multivalent state, Mn
electrochemical reactions are complex due to its dispropor-
tionation reaction.®

The use of acid electrolytes, particularly methane sulfonic
acid (MSA) by Zejie et al., has shown promise in stabilizing Mn>*
during electrochemical reactions involving manganese-based
RFB.*! Investigations into the Mn**/Mn** redox couple reveal
that this reaction behaves as a quasi-reversible single-electron
transfer process on graphite surfaces. Increasing the concen-
tration of MSA from 2.0 to 5.0 M enhances the stability of Mn**
against disproportionation, which is beneficial for maintaining
a consistent performance of the battery. However, this increase
in MSA concentration also leads to a noticeable decrease in the
reduction kinetics, which can hinder the overall charge and
discharge rates. While raising the temperature can improve the
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ref. 196 with permission from Elsevier B.V., copyright 2022.
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(a) Schematic illustration of the ZBBs (b) charge—discharge at different current levels, (c) efficiency of Zn—Br batteries. Reproduced from
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reaction kinetics, it introduces a trade-off: higher temperatures
can destabilize Mn®", potentially leading to unfavorable reac-
tions. Thus, optimizing both MSA concentration and operating
temperature is crucial for achieving a balance between stability
and reaction kinetics in manganese-based batteries. MnSO,
solution is used as the catholyte, and metallic Zn foil is used as
the anode in the membrane-free aqueous Zn/MnO, RFB devel-
oped by Guodong et al.**> In the cathode compartment, Mn>*
ions convert to y-MnO, during charging and revert to Mn>" ions
during discharging. At the anode, Zn undergoes reversible
transformation to Zn>" ions on the Zn foil surface. Additionally,
at low discharge rates, Zn>* ions compete with protons in
reacting with MnO,. Notably, this aqueous FB demonstrates
a high discharge voltage of approximately 1.78 V, strong rate
capability (10C), and exceptional capacity retention, maintain-
ing over 1000 cycles for 0.5 mA h em ™, and about 95% over 500

cycles for 2 mA h ecm 2.,

5.4. Zinc-bromine of RFBs

The Zn-Br battery, first patented in 1885, has a long history of
development. Exxon Mobil and NASA notably advanced it in the
1970s as a hybrid RFB. This technology combines the benefits of
zinc and bromine, offering high energy density (400 W h kg™ ),
high operating voltage of 1.8 V, and the ability to be scaled for
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various applications. Schematic as An example of Zn-Br RFB
and typical performance are shown in Fig. 17a—-c. Electrolytes
are supported with sodium salts of NaBr, Na,SO4, NaH,PO,,
NaNOj, KCl, and NH,CI in order to improve electrode reaction
kinetics, solubility of active materials, and ionic conductivity.***
It was found that electrolytes with NaCl as an additive per-
formed better than electrolytes with NaBr, Na,SO,, and
NaH,PO, salts. Since nitrate-based electrolytes limit diffusion
in electrolytes, they perform poorly. Additionally, studies were
conducted on chloride-based salts (KCl and NH,Cl). While
these salts were found to enhance solution conductivity, leading
to improved efficiency, they had a detrimental effect on Zn
deposition. This negative impact made them less suitable for
real-world applications.™ Suyeon et al.**®, is investigating the
effect of the Cr3'-functionalized additive in the Zn-Br FB to
overcome zinc dendrites and hydrogen decay, which result in
system instability and an increase in electrolyte pH. Further-
more, the addition of Cr’" enhances the zinc plate yield from
91.2% to 95.3%, resulting in a more compact zinc deposit.
Consequently, the battery's CE improved from 89.8% to 91.3%,
with reduced residual loss following the introduction of the Cr**
additive. Zn-Br RFBs have demonstrated success in commercial
applications and show promise for extensive use in large-scale
ESS. However, to facilitate the widespread practical

Dual Membrane 4

Fig. 18
American Chemical Society, copyright 2022.

(a) Schematics diagram of Zn—-Ce RFB and, (b) dual membrane of Zn—-Ce RFBs. Reproduced from ref. 198 with permission from the
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(a) Schematics diagram of ZNBs. (b) Charge—discharge voltage curves under various temperatures. (c) CE, VE, and EE under various

temperatures. Reproduced from ref. 200 and 201 with permission from Elsevier B.V., copyright 2019, and 2014.
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implementation of Zn-Br RFBs, further studies are necessary to
enhance their energy density and efficiency.

5.5. Hybrid zinc-cerium based RFBs

The 2 kW Zn-Ce battery stack developed by Plurion showcases
promising advancements in energy storage technology.*”
Successfully installed and tested at 60 °C, this battery system
demonstrates effective performance under elevated tempera-
tures, which is crucial for applications in demanding environ-
ments. Fig. 18a illustrates a representative Zn-Ce FB
performance. In a standard Zn-Ce battery configuration, the
anolyte and catholyte consist of ZnCl, and cerium meth-
anesulfonate, respectively, with methane sulfonic acid serving
as the supporting electrolyte. The charge/discharge behavior of
a Zn-Ce battery utilizing a dual membrane approach is depicted
in Fig. 18b."® The engineered system provides the cell with an
elevated discharge voltage plateau of 2.3 V at 20 mA cm 2,
a superior EE of 71.3% at 60 mA cm ™2, and an unprecedented
average CE of 94% during cycling. These characteristics make
the Zn-Ce battery exceptionally efficient and stable, surpassing
previous performance benchmarks. Zn-Ce RFB face significant
obstacles, primarily the deterioration of zinc in aqueous
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various acid concentrations (0.5-5 mol dm?), dissolved zinc
levels (0.5-2 mol dm™?), and electrolyte temperatures (22-50 ©
C). Cationic organic adsorption inhibitors, such as cetyl-
trimethyl ammonium bromide and butyltriphenyl phospho-
nium chloride, demonstrated potent adsorption and blocking
effects, resulting in a considerable reduction in zinc corrosion
during a 10 hour immersion period. Furthermore, the intro-
duction of indium and lead ion inhibitors diminished the
reactivity of the zinc surface.*”

5.6. Hybrid zinc-nickel based RFBs

Aqueous zinc-nickel flow battery (FB) chemistry presents
several advantages over non-aqueous battery systems, such as
lithium-based batteries. Zn-Ni single FBs are an interesting
class of ESS. They utilize nickel oxide or nickel hydroxide as the
cathode material and zinc as the anode. Both the anolyte and
catholyte contain similar compositions, where zinc oxide
dissolves in alkaline solutions to form zincate ions.”* The
schematic diagram of Zn-Ni FB and performance are shown in
Fig. 19a-c. Research by Yuanhui and colleagues suggests that
Zn-Ni single FB with high power density show significant
promise for large-scale ES applications.”* Their findings indi-

methanesulfonic acid. This issue has been examined across cate that Zn-Ni FBs can function effectively within
16
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(a) Schematics diagram, (b) discharge curves, (c) discharge voltage and current density and, (d) comparison of AE values of Zn—air RFBs.

Reproduced from ref. 205 with permission from Elsevier B.V., copyright 2023.
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a temperature range of 0 °C to 40 °C, maintaining an acceptable
EE between 53% and 79.1% at a current density of 80 mA cm™>.
The study also revealed that in the 0-20 °C range, the temper-
ature sensitivity of CE and EE is 0.65% °C™" and 0.98% °C*,
respectively. The energy density limitations of Zn-Ni RFBs were
addressed in 2019 when Yuanhui introduced a novel approach.
This method involved incorporating an additional O,/OH™
redox couple alongside NiOOH/Ni(OH), as the cathode mate-
rial, aiming to enhance the overall energy density of the
system.?** This approach allows for the complete utilization of
electrodeposited Zn during battery discharge, effectively elimi-
nating Zn buildup on the negative electrode during charging.
The battery demonstrated sustained performance without
degradation for 1100 h, and the positive electrode achieved
a specific capacity 2.5 times greater than that of traditional Zn-
Ni RFBs. A cost-effective design for a membrane-free alkaline
zinc-anode flow-assisted battery underwent testing at two
scales. The grid-scale test utilized a 25 kW h system comprising
thirty 833 W h cells connected in series, while the bench-scale
evaluation employed individual 28 W h cells.”**

5.7. Zinc-air RFBs

The zinc-air battery concept from the 1930s, based on the
Leclanché wet battery, is fascinating. It operates using alkaline
electrolytes, delivering a voltage range of 1.0 to 1.4 V, which is
lower than its theoretical standard potential of 1.62 V. This
discrepancy occurs mainly due to internal resistances and
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kinetic limitations at high current densities, such as 100 mA
cm 2. In rechargeable Zn-air batteries, issues like non-uniform
zinc electro-deposition and the absence of durable dual-
functional catalysts can indeed lead to short cycle life. To
address these challenges, a flowable electrolyte system has been
employed. This approach helps improve the morphology of zinc
deposition, promoting a more uniform layer that minimizes the
risk of dendrite growth, which can short-circuit the battery and
degrade performance.***

Fig. 20a displays a schematic representation of a Zn-air RFB.
Jinling and colleagues examined the distinctive properties of
three different metal organic frameworks (MOFs).>** They
developed two types of composite materials with exceptional
characteristics, including high specific surface area, superior
conductivity, a rich hierarchical porous structure, and multiple
catalytically active components. These materials were specifi-
cally designed for use in zinc-air FB. In the Fe/12Zn/Co-NCNT
air cathode configuration, the Zn-air FB reaches a Voc of
1.518 V, peak power density of 166 mW cm >, and specific
capacity of 809.1 mA h g *. In Fig. 20b-d, Fe/12/Co-NCNTs-
based catalysts are shown as a typical catalyst for Zn-air RFB
batteries.

5.8. Soluble lead based RFB

Lead-acid batteries, first demonstrated by Gaston Planté in
1860, remain widely used, particularly in automotive applica-
tions. Despite their longevity, a significant disadvantage is their
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no sign of dendrites

(di::: W*M“WM

Efficiency (%)
$

—EE
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—VE

T T T T T T T T
150 200 250 300 350 400 450 500
Cycle no.
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(a) Schematics diagram of SLRFB, (b) image of electrodes after 500th cycles, (c) charge, and discharge profile at different cycles and, (d)

efficiency plots of Pb-RFBs. Reproduced from ref. 209 with permission from Elsevier B.V., copyright 2022.
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Fig. 22 Comparison of area-specific capacity, current density, and
cycle life of SLRFB with the reported data. Reproduced from ref. 209
with permission from Elsevier B.V., copyright 2022.

limited energy density utilization, typically only 30-40% of the
theoretical capacity.”*® Lead-acid batteries, although possessing
a seemingly low energy density—ranging from 30 to 40% of the
theoretical maximum compared to lithium-ion batteries' 90%—
offer several advantages. They are constructed using widely

available, cost-effective materials and employ a non-
combustible  aqueous electrolyte. = Furthermore, the
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-
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manufacturing processes for these batteries boast an impres-
sive 99% recycling rate, significantly reducing their environ-
mental footprint.>*® Like any technological advancement, the
potential risks associated with this technology can be mitigated
through proper material handling, adherence to good
manufacturing practices, and dedicated waste management
strategies.””?*® The environmental impact of lead is signifi-
cantly reduced due to the impressive 99% recycling rate of lead-
acid batteries and the implementation of strict regulations
governing lead emissions into the environment (National
Recycling Rate Study 2019). For the lead acid battery, an alter-
native flow battery approach was demonstrated that utilizes the
different oxidation states of Pb (0, +2, +4). Comparatively to
other FB, Pb-RFB has wundivided cells, not requiring
a membrane between the catholyte and anolyte As shown in
Fig. 21a and b, the device was able to maintain 500 cycles at 20
mA cm 2 on a square area with an EE of 79%. It was demon-
strated that using trimethyloctadecylammonium chloride
alongside NaF/LiF as electrolyte additives synergistically
improved SLRFB's electrochemical behavior and lifespan.
Without additives, the SLRFB's durability is restricted to 45
charge/discharge cycles due to electrode shorting. The CE
declined from 93% to 74% by the 46th cycle at a 20 mA cm >
charging current density. In contrast, with additives, the cell
endured over 500 cycles, maintaining average efficiencies of
94% (CE), 78% (VE), and 74% (EE) (Fig. 22).>*° Furthermore,
conventional SLRFB electrolytes can provide ES of up to
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2024, 14: 2302521
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Adv. Scl.
2023, 10: 2300640

v

Adv. Mater.
2024, 36: 2305415
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Fig. 23 Timeline of outstanding works in VRFB research. Reproduced from ref. 218 with permission from the American Chemical Society,

copyright 2024.
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40 W h kg, with performance at the 100 cm® electrode level
achieving 90% charge and 80% VE over 100 cycles. Additionally,
the SLRFB has been evaluated at a larger scale, utilizing a four-
cell stack with 1000 cm® electrodes.?*®

6. Electrode based RFB

Over the past few years, numerous studies have focused on 3D
electrode materials for VRFB. A chronological overview of
significant advancements in VRFB can be found in Fig. 23. The
extensive research on 3D electrode materials is attributed to
their adaptable structural design and high specific surface area.
Utilizing raw materials with 3D continuous network properties
allows for versatility in electrode structure manipulation.
Furthermore, these materials allow electrons to be transported
in three dimensions while reducing ion diffusion pathways.”**
Furthermore, the flow field (FF) is crucial in flow battery oper-
ation. It serves multiple purposes: ensuring uniform electrolyte
distribution across the surface of 3D electrode materials, facil-
itating current application and collection, and providing
structural support for the electrode material.>***** The existing
state-of-the-art on 3D electrode materials in VRFB lack
comprehensiveness and systematic analysis. There is insuffi-
cient examination of how various electrode types affect
morphology, electrochemical activity, and mass transfer. The
objective is to present a comprehensive and up-to-date overview
of 3D electrodes, enhancing the understanding of advanced
design strategies and identifying future challenges in applying
3D electrode materials.”****

This state-of-the-art study examines the recent advance-
ments in 3D electrode materials for VRFB, as illustrated in
Fig. 24. The introduction of 3D electrodes has broadened the
range of conventional electrode types, now encompassing
foams, biomass-derived materials, and electrospun fibers. The

giomass-basey
Paseq-uoqied

Fig. 24 Detailed summary diagram of 3D electrodes. Reproduced
from ref. 218 with permission from the American Chemical Society,
copyright 2024.
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characteristics of these 3D electrodes in VRFB applications are
analyzed. The adaptable design of 3D electrodes substantially
enhances electrochemical performance and mitigates concen-
tration polarization. The review concludes by discussing the
future potential and obstacles facing 3D electrodes in VRFB
technology, aiming to offer insights for the considerable growth
opportunities in this field.

6.1. 3D electrodes

Commercial electrodes face limitations due to their rigid
structure, absence of active sites, and restricted specific surface
area, which hinder ion diffusion pathways. To overcome these
challenges, researchers have recently developed 3D electrodes
with customizable structures and compositions. These innova-
tive electrodes are derived from various sources, including
foam, biomass, and electrospun nanofibers, offering improved
performance and versatility.****”

By designing flexible electrodes and functionalizing them
compositionally, it is possible to achieve high-speed mass
transfer channels and large amounts of active sites for vana-
dium redox reaction. The electrode modification approach can
be classified into three main categories: inherent processing,
catalyst incorporation, and electrode derivative development.
Enhancing catalytic efficiency is achieved through intrinsic
electrode treatment, which includes methods such as etching,
functional group modification, and doping with heteroatoms.
To mitigate concentration polarization, various catalysts,
including metals, metal oxides, and metal-based compounds,
have been integrated into the electrode structure.**® Addition-
ally, by conductive matrix additions, functional doping, and
group modifications, these electrodes provide a fast ion diffu-
sion path and increase the active site of vanadium redox reac-
tions. 3D electrodes with customizable structures and
compositions have been developed, derived from sources such
as foam, biomass, and electrospun nanofibers. These materials’
inherent porous characteristics are fully exploited to enhance
the interaction between the electrolyte and electrode surface,
thus creating efficient pathways for mass transport. The unique
structure of melamine foam-based porous carbon enhances
conductivity and performance in applications like super-
capacitors and batteries. In addition to having a distinctive 3D
interconnected network, an abundance of defects, excellent
chemical stability, and a high specific surface area, melamine
foam-based porous carbon materials are promising as 3D
electrode materials. The use of N, P codoping in reduced gra-
phene oxide (rGO) can significantly enhance the electro-
chemical properties of the electrodes as reported by Zhang
team.”™ The combination with carbonized melamine foam
likely contributes to improved conductivity and specific surface
area, making it suitable for high-performance energy storage
devices as shown in Fig. 25a. Atomic doping and intricate
network structure are illustrated in Fig. 25b. The melamine
foam electrode benefits from smooth pathways provided by
carbonized and loaded rGO, as depicted in Fig. 25c. The elec-
trode's active sites are enhanced through the incorporation of
nitrogen and phosphorus atoms. By incorporating nitrogen and

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(@) NP-CMF-G-1000 electrode (b) Scaffold microscopic catalytic schematic mechanism (c) a schematic diagram of conductivity

improvement. Reproduced from ref. 219 with permission from Elsevier B.V., copyright 2022 (d) a schematic diagram of the hydrothermal
preparation process of W/Zr-UlO-66. (e) W and Zr promote the catalytic structure diagram. Reproduced from ref. 220 with permission from

Elsevier B.V., copyright 2023.

phosphorus doping into the carbonized melamine foam and
graphene oxide, it likely enhances the electrochemical perfor-
mance, including increased capacitance and better cycling
stability. Such modifications can improve charge transfer
kinetics and overall energy storage capacity, making it highly
effective for batteries.**® The construction of a W/Zr bimetallic
oxide@carbon melamine foam electrode represents a signifi-
cant advancement in electrode design. By incorporating tung-
sten (W) sites into the Zr-UiO-66 framework as shown in
Fig. 25d. The presence of both WO; and ZrO, can facilitate
electron transfer during redox reactions, improving the overall
electrochemical performance (Fig. 25¢). Compared to the orig-
inal foam, the W/ZrBO@C-1000 electrode demonstrates
a 14.74% enhancement in energy EE and exhibits favorable
long-term durability across 500 successive charge-discharge
cycles.”* The exceptional stability performance can be attrib-
uted to the highly organized distribution of the catalyst on the
foam's surface and its superior adhesion capabilities. While the
melamine foam composite electrode outperforms commercially
available electrodes in conductivity, surface area, and catalytic

© 2025 The Author(s). Published by the Royal Society of Chemistry

efficiency, it is important to note that this innovative design
necessitates additional processing steps.

Biomass-based electrodes indeed present a promising
avenue for sustainable energy storage solutions. Their envi-
ronmental friendliness and inherent structural advantages
make them attractive candidates for various applications. The
vertical arrangement channels in wood-based electrodes can
facilitate efficient ion transport, enhancing performance in
batteries and supercapacitors. The ability to utilize the natural
structure of biomass without extensive modification not only
reduces costs but also maintains the ecological benefits asso-
ciated with renewable materials. This approach aligns well with
the growing emphasis on sustainability in energy technology.?*
In the carbonized wood-based electrode, the stratified and
minimally tortuous channels serve as efficient pathways for the
rapid movement of ionically conductive electrolytes and
conductive substrates in a FB. Adding drilled holes facilitates
the electrolyte's diffusion between the parallel channels
(Fig. 21a). A flexible carbon sponge is introduced as a potential
alternative electrode for VRFB. This sponge utilizes its inter-
connected pore structure to facilitate electrolyte flow and ion

RSC Adv, 2025, 15, 10106-10143 | 10133
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movement.”” The conductive matrix of the sponge ensures
efficient electron transfer (Fig. 26c). The carbon sponge
demonstrates stability in cycle tests, completing 200 cycles at
a consistent current density without significant efficiency loss.
Additionally, natural cotton, when used as a precursor, offers
advantages over sponges. It provides an interconnected porous
structure and contributes abundant oxygen functional groups.
The cotton-derived (CC) electrode developed by Zhang et al.>*
highlights the benefits of using natural fibers for electrode
materials. The carbonized cotton's porous, entangled structure
retains the original 3D framework and enhances ion transport,
making it effective for energy storage applications. The presence
of oxygen functional groups contributes to improved hydro-
philicity, which is crucial for facilitating the electrolyte's wetting

View Article Online

Review

of the electrode surface. This can significantly reduce concen-
tration polarization during electrochemical reactions, leading
to better overall performance. A monolithic carbon electrode
(NO-MC) with nitrogen-rich defects and oxygen functional
groups was prepared by Wang et al. through the processes of
degumming and carbonization (Fig. 26e).>** Using double
cocoons derived from nitrogen-doped monolithic carbon
materials is a fascinating development in the realm of advanced
electrodes. The high electrochemical activity and reversibility of
the NO-MC electrode make it a strong candidate for energy
storage applications. The reported 20% increase in EE
compared to commercial carbon paper electrodes at a current
density of 100 mA cm™? highlights the potential of these
cocoon-derived materials as shown in Fig. 26f. An oxygen-rich

Holey wood electrode
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Twin Cocoon

Remove Pupa 120°C, 2h 1000 °C, 4h, Argon
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(@) Schematic principles of the holey 3D-wood electrode for VRFB. Reproduced from ref. 221 with permission from Elsevier B.V.,

copyright 2020. (b) Schematic illustration of the flexible carbon sponge electrode Reproduced from ref. 222 with permission from John Wiley &
Sons Ltd, copyright 2022 (c) cross profile of carbonized fibers reproduced from ref. 223 with permission from Elsevier B.V., copyright 2017 (d)
schematic diagram of fabricating NO-MC electrode material (e) schematic diagram of an alternative sustainable energy ecosystem ((d) and (e)
reproduced from ref. 224 with permission from Elsevier B.V., copyright 2019) (f) schematic of the fabrication for SCF reproduced from ref. 225

with permission from Elsevier B.V., copyright 2021.
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surface doped with nitrogen has a significant role in improving
performance. The porous braided structure of silk not only
maintains the porous structure after pyrolysis, as is the case
with cocoons, but also contains more heteroatoms than
cocoons. In Fig. 26g, silk protein-derived carbon fiber fabrics
(SCF) are used as electrodes of VRFB.?** The distinctive fabric
structure of SCFs remains intact even at elevated temperatures
exceeding 1600 °C, resulting in a highly porous macrostructure.
Furthermore, a single-cell VRFB utilizing a pair of symmetrical
SCFs demonstrates an EE of 86.8%. The battery exhibits long-
term cycling stability, as evidenced by a capacity retention rate
of 91% after 100 galvanostatic charge/discharge cycles. Biomass
materials propose diverse chemical compositions and inherent
porous structures, offer excellent versatility for creating 3D
electrodes. The natural porosity allows for effective ion trans-
port and increased surface area, which are crucial for enhancing
electrochemical performance. Additionally, their rich chemical
diversity enables tailored modifications, allowing for the opti-
mization of properties like conductivity and stability. This
flexibility makes biomass a promising candidate for sustainable
and efficient electrode materials in various applications, from
energy storage to sensors.

The cell's performance in terms of efficiency is enhanced,
and its lifespan is extended. To meet practical application
needs, addressing electronic conductivity is crucial to prevent
power density reduction. This issue can be resolved through the
development of suitable synthesis techniques. By enhancing the
electron transfer mechanism, a greater energy storage capacity
can be achieved. Typically, slow electron movement results in
sluggish electrochemical reaction dynamics, leading to poor
cycling stability and rate capabilities. Nevertheless, further
investigation is needed to fully understand the charge transfer
mechanism of 3D electrocatalysts, which influences the elec-
trochemical performance of VRFB.”*®
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7. An analysis of the levelized price of
energy storage

A major obstacle to the deployment of RFB technologies is their
economic viability, including the system's capital costs, which
must be lowered to penetrate the EES market. Variable studies
suggested that combining renewable energy with energy storage
systems costing $100 per kW per h would be the most cost-
effective method for generating electricity.®**>** Multiple
capital cost estimates exist for RFB systems, with figures
expressed in dollars per energy capacity for each discharge cycle
at rated power output, represented as $ per kW per h per cycle.
The Levelized Cost of Energy Storage calculations encompass
various factors throughout the system's entire lifespan. These
factors include the initial investment, operational expenses,
upkeep costs, efficiency decline, and necessary component
replacements. This data is essential for investors, government
officials, and power companies to make well-informed choices
regarding energy storage investments and the incorporation of
sustainable energy sources into the electrical grid.** A
straightforward formula for assessing the LCOS of RFBs in
various multi-hour applications has been proposed by
Robert M. Darling in recent times. The researchers have calcu-
lated the Levelized Cost of Storage (LCOS) for various RFBs and
lithium-ion batteries across different scenarios. These include
use cases 1 (4 hours, 300 cycles per year), 8 (8 hours, 300 cycles
per year), 10 (4 hours, 500 cycles per year), and a hypothetical
long-duration energy storage (LDES) case 13 (100 hours, 36
cycles per year). For all calculations, they assumed an annual
discount rate () of 10%, a lifetime (tL) of 20 years, and a power
capacity cost (pc) of $25 per MWper h. As shown in Fig. 27 , the
results are impressive. VRFB stands out as the most advanced
technology among all RFBs, boasting a high round trip effi-
ciency (RTE) of 81%, even when operating at elevated current

160 +
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LCOS ($ MWh™)

40 -

0 -
Li-ion AQDS/Br
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Fig. 27 For use cases 1, 4, 8, and 13, LCOS values were determined for Li-ion batteries, eight types of aqueous RFBs, and two theoretical non-
aqueous RFBs. Reproduced from ref. 11 with permission from John Wiley & Sons Ltd, copyright 2024.
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Table 7 A comparison of the capital costs of RFBs for different grid storage applications. Reproduced from ref. 11 with permission from John

Wiley & Sons Ltd, copyright 2024

Cell stacks Electrolyte

Balance of plant Battery management Total cost

Application RFB (cost $ per kW per h) (cost $ per kW per h) (cost $ per kW per h) system (cost $ per kW per h)
Solar energy VRFB 156.14 75.22 18.99 1.51 251.86
integration, Zn-Br, 246.50 159.10 27.47 2.64 435.72
(2 MW, Zn-Fe(CN)g 369.75 13.74 26.08 3.96 413.55
6 h E/P=6) Vi-TEMPO 327.91 121.22 65.53 3.16 517.84
DHPS-Fe(CN)s 100.89 46.77 19.75 0.97 168.40
Demand charge VRFB 85.17 75.22 11.55 0.82 172.77
management Zn-Br, 134.45 159.10 15.34 1.44 310.34
(10 MW, Zn-Fe(CN)g 201.68 13.74 17.93 2.16 235.52
11 h E/P=11) DHPS-Fe(CN), 55.03 46.77 12.47 0.53 114.81
Li-TEMPO 430.25 410.07 19.79 4.61 864.73

densities compared to other RFB types. The high RTE is crucial
for minimizing the LCOS of VRFB, particularly because vana-
dium salt comes at a higher cost (124.4 $ per kW per h
system).>* Table 7 presents the cost estimates for various grid
storage applications. The data in Table 7 reveals that aqueous
RFBs have lower capital costs compared to their non-aqueous
counterparts. Additionally, the capital cost decreases as the
energy-to-power (E/P) ratio increases, which corresponds to
smaller power ratings and longer durations. Several RFB tech-
nologies that have been commercialized, including VRFB, zinc-
bromine (Zn-Br,), and zinc—ferricyanide (Zn-Fe(CN)g), exhibit
the lowest capital costs, ranging from $172 to $435 per kilowatt-
hour. However, these figures still significantly exceed the
Department of Energy's (DoE) target of less than $100 per
kilowatt-hour.>**

8. Conclusion and perspective

RFB are crucial for implementing renewable energy systems.
Although vanadium-based electrolytes remain dominant,
developing alternative electrolytes is essential to achieve the
necessary cost and energy targets for a sustainable energy
future. The advancement of VRFB is hindered by challenges
such as rigid structures and inadequate electrochemical
performance of the electrodes. Furthermore, the toxicity and
limited solubility of vanadium-based electrolytes are driving
researchers to explore aqueous zinc, iron, or manganese-based
batteries for stationary ES. As VCl; offers another redox chem-
istry that could prove useful in certain applications, however it
is also poor solubility and produces chlorine gas when used in
conjunction with HCI. As a result, the researchers overcame the
obstacle by mixing acids such as sulfuric and hydrochloric acids
together. In addition, VFRBs can be safely operated at temper-
atures ranging from 10 to 40 °C. A change in temperature can
reverse these precipitations and form soluble vanadium solu-
tions. Zinc-iron RFBs can have electrolyte crossover difficulties,
but by adding glycine to the catholyte, the battery achieved
impressive results. Zinc-iodine RFBs continue to face signifi-
cant obstacles, particularly regarding the stability of the cath-
olyte and the decrease in capacity over time. However, the
addition of ammonium chloride or bromide can interact with

10136 | RSC Adv, 2025, 15, 10106-10143

iodide ions to create stable iodine chloride or bromide
compounds, which enhances the battery's efficiency and
performance. ESS decentralization, emergency power backup
systems, and energy density pose challenges to widespread
practical application of Zn-Br RFBs. SL-RFBs offer cost-
effectiveness, but the PbO, plating, Pb dendrites, and side
reactions present challenges. A FB was able to perform 2000
cycles using lead methane sulfonate and methane sulfonic acid
at 0.7 m and 1 m, respectively. Although zinc is plentiful and
environmentally friendly, the electrochemical reaction
involving plating and stripping in this category of batteries
restricts its lifespan in various practical applications of
aqueous-based systems. The optimal performance of RFB's
heavily relies on effective cell design. Research involving both
modeling and experimental approaches has examined pump
optimization and various flow field patterns, including parallel,
serpentine, and interdigitated configurations. These studies
indicate that the circuitous flow field pattern is the most suit-
able for cost-effective operation of large-scale RFB's.

Several issues limit the further development of VRFB,
including fixed structures and low electrochemical activity.
Three-dimensional electrodes exhibit several advantageous
properties, including excellent conductivity, customizable
design, high specific surface area, porosity, and numerous
active sites. These characteristics make them an effective
approach for enhancing catalytic performance. This analysis
examines various types of 3D electrodes utilized in VRFB. By
manipulating the structure of foam and biomass, the 3D elec-
trode configuration can be modified to improve both charge
transfer and ion diffusion processes. 3D electrocatalysts
featuring conductive networks with multiple active sites are
achieved through the use of composite materials, including
those based on metals and carbon. These materials are
enhanced by modifying them with functional heteroatoms and
leveraging strong synergistic effects. Despite the significant
potential of 3D structured electrodes in VRFB, researchers must
continue to address and overcome various challenges for their
successful commercial implementation (Fig. 28).

The selection and development of 3D electrodes must priori-
tize several key points. To maintain its performance over time,
the electrode must preserve its three-dimensional structure

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 28 Advantages and challenges of 3D electrode. Reproduced from ref. 218 with permission from the American Chemical Society, copyright

2024.

during repeated cycling, withstanding physical deterioration. The
material should possess good electrical conductivity to enable
efficient charge transfer, which can be improved through tech-
niques like doping or adjusting its composition. Maximizing ion
accessibility and enhancing electrochemical reactions require
a high surface area and optimal porosity, resulting in improved
capacity and rate performance. To ensure long-term functionality
and safety, the materials should be able to resist chemical
degradation in the operating environment. The electrode mate-
rial must be compatible with the device's electrolytes and other
components to prevent unwanted reactions. Using biomass or
renewable materials for the electrode aligns with sustainability
objectives, making it more environmentally friendly. By
addressing these requirements, the development of 3D elec-
trodes can lead to significant advancements in performance for
applications like batteries, supercapacitors, and sensors.

9. The RFB in Egypt

According to the Scopus database for the last five years (2020-
2024), Fig. 29 shows articles on “RFBs”. As seen in Fig. 29, China
and the United States both contributed greatly to this field.
Egypt researchers have published twenty-five articles in this
filed. For the first time, El Sawy et al*** demonstrated the
exceptional electrocatalytic performance of fullerene C,¢ for
VO,"/VO*" in all-VRFB. Their study revealed a significant
reduction in charge transfer resistance, with a 99.5% decrease
compared to treated carbon cloth and a 97% decrease
compared to untreated carbon cloth. Furthermore, the research
showed inhibition of chlorine evolution and maintained
stability after 100 cycles. Novel free-standing electrospun
nanofibrous carbon-loaded composites with textile-like prop-
erties have been produced and used as effective electrodes for

© 2025 The Author(s). Published by the Royal Society of Chemistry

VRFBs, as El-Nagar et al.>** demonstrated. Electrospun nano-
fibers made of polyacrylonitrile and loaded with various forms
of carbon black (CB) were produced, resulting in a strong,
independent network. Fibers with a rough surface and a greater
mean diameter were produced by the 14% incorporation of CBs.
Compared to commercial carbon felt (0.6 m* g™'), it offered
increased BET surface area of 83.8 m* g~ * for as-spun fibers and
356.7 m” g ! for carbonized fibers. It was discovered that the
reaction of V(u)/V(m) on carbon cloth electrodes modified with
tungsten oxide nanoflakes, and nanospheres
applied to negative half-cell reactions of the process. As a result
of its improved reaction kinetics, the tungsten oxide nanoflake
(WNFs) structure has the highest charge/discharge capacity and
EE at a relatively high current density of 60 mA cm ™ 2.2%

nanowires,
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Fig. 29 RFB publications during the last 5 years in the Scopus
database.
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Abbreviations

ES Energy storage

EST Energy storage technologies
EB Redox flow battery

ES Flow battery

GHG Greenhouse gas

PHES Pumped hydro energy storage

CAES Compressed air energy storage

TES Thermal energy storage

FES Flywheel Energy Storage

SMES Superconducting Magnetic Energy Storage
EDLC Electric Double Layer Capacitor

ECES Electrochemical Energy Storage

3D Three-dimensional

VRFB Vanadium redox flow battery
Voc Open circuit voltage

CB Carbon black

EE Energy efficiency

SOC State of charge

RAS Redox-active species

CE Coulombic efficiency

VE Voltage efficiency

PCS Power Conditioning System
VSI Voltage Source Inverter

CSI Current Source Inverter
DOD Depth of discharge

SC Supercapacitor

LCA Life cycle assessment

LCOS Levelized cost of storage
PTFE Polytetrafluoroethylene

PCS Power conditioning system
EPPD Ethylene-polypropylene-diene
PVC Polyvinyl chloride

PVDF Polyvinylidene fluoride

SCF Silk carbon fiber

MSA Methane sulfonic acid

Cv Cyclic voltammetry

MOFs Metal organic frameworks
NO-MC Monolithic carbon electrode
WNFs Tungsten oxide nanoflake
DC Direct current
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