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Beyond Conventional Batteries: A Review on Semi-Solid and
Redox Targeting Flow Batteries-LiFePO, as a Case Study

Nabil El Halya?, Marwa Tayoury?, Mohamed Aqil?, Abedelhay Aboulaich?, Rachid Amine®, Fouad
Ghamouss?®, Mohammed Makha?, Jones Alami?, and Mouad Dahbi®*

Abstract

Clean and sustainable energy is becoming increasingly crucial to tackle the current energy crisis. However, the
intermittent nature of renewable energy sources presents a challenge for their effective implementation. Redox flow
batteries (RFBs) have emerged as a promising solution to this problem, as they can help enhance the stability of grid
networks and promote the use of renewable energy sources. RFBs are highly modular and scalable systems that can be
customized to meet the power and energy requirements of different renewable energy plants. Moreover, they offer several
advantages over conventional battery technologies, including cost and safety concerns. However, conventional RFBs have
limited energy densities due to the low solubility of their active species in electrolyte. To overcome this limitation, semi-
solid (SSRFBs) and Redox targeting (RTFBs) flow batteries have been proposed. These systems feature high concentrations
of active species and impressive energy densities, making them highly attractive for renewable energy applications. LiFePO4
(LFP) is a highly promising active material for Semi-Solid and Targeting Flow Batteries. One of the key advantages of LFP is
its low raw materials cost, as it is composed of earth-abundant elements such as iron and phosphorus. This makes it an
attractive option for large-scale battery production. The recent developments in SSRFBs and RTFBs using LiFePOs as
catholyte hold great promise for the future of sustainable energy storage. The combination of LFP's excellent cost, safety,
durability, and high energy density with the modularity and scalability of flow battery systems make for a compelling solution
to the challenges of intermittent renewable energy sources. Ongoing research and development in this area will likely yield
even further improvements in the performance and efficiency of LFP-based flow batteries, opening exciting new possibilities

for sustainable energy storage.

1. Introduction

Clean and sustainable energy presents a viable solution to the energy
crisis we face today. However, relying solely on solar farms and wind turbines
may not suffice to yield substantial benefits to society and the environment.
The progress in this field is subject to the uncertain and intermittent
characteristics of renewable energy sources. To promote the utilization of
renewable and sustainable energy and also enhance the stability of grid
networks, energy storage systems are needed to store excess electricity. *°
For this reason, flow batteries have been developed. This flexible and
modular process can be scaled very precisely according to the power and
energy requirements of a renewable energy plant. Moreover, redox flow
batteries have great advantages comparing with other types of batteries such
as low cost, high safety and quick response. 72° The principle of redox flow
batteries (RFBs) is based on oxidation/reduction reactions at each of the
electrodes. The specificity of this technology comes from the fact that the
reagents are in solution in a different electrolyte for the anode and cathode,
they are therefore stored in two separate tanks and circulate in two half-cells.
The two reagents are separated by a semi-permeable membrane which
allows the passage of ions to ensure the electroneutrality of the cell. Pumps
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ensure the circulation of the electrolytes in order to renew each reagent on
the surface of the corresponding electrode. 1*-13

Vanadium Redox Flow batteries are considered the most reliable
systems. In fact, they don’t suffer from the mixing of the electrolytes (cross-
contamination) since they have the same vanadium in the catholyte and
anolyte. As a result, this system possesses a long cycling life. So, this
technology has a great potential for large scale stationary storage.
Unfortunately, this battery still suffers from the low energy density
comparing to conventional lithium-ion batteries. The reason behind this
problem is the low stability of vanadium ions in a certain temperature as well
as the low concentration of vanadium that can be dissolved in the supporting
electrolyte (less than 2M). This concentration corresponds to an energy
density of 25 Wh kg or 33 Wh L2, 1414-16

The low solubility of active species of vanadium in electrolyte limits its
energy density. To overcome this problem, the semi-solid flow batteries with
impressive energy densities and high concentration of active species were
proposed by a research team from MIT University.*”*8 In fact, this technology
consists of active material particles with conductive additives suspended in
liquid electrolyte for both positive (catholyte) and negative (anolyte)
electrode. The active suspensions are stored in two energy storage reservoirs
and pumped into the electrochemical cell during charge/discharge processes.
This hybrid design offers the advantage of flexibility of flow batteries and the
high energy density of lithium-ion batteries. However, the poor fluidity and
high viscosity of the suspension creates a significant barrier for practical
operation. For this, another approach which consists in pumping only the
liquid phase, leaving the solid active materials in the energy storage tanks has
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been proposed. This technology named redox targeting flow battery consists
of organic or organo-metallic molecules dissolved in the electrolyte as
mediators between the electrodes in the electrochemical cell and the solid
materials in the tanks. Soluble mediators with redox potentials targeting
those of the solid active materials are necessarily needed for the oxidation
and reduction reactions. By keeping solid materials in the tanks, only the
liquid electrolyte containing the redox mediators is being pumped.®-22

The first semi-solid system was proposed by chiang and coworks using
LiCoO; as catholyte and LisTisO12 as anolyte in carbonate electrolyte.’” This
concept combines the advantage of high energy density of lithium-ion
batteries and the decoupled power and energy of Redox Flow Batteries. The
energy density of the battery was estimated to be 300-500 Wh L* (130-250
Wh kg). Chiang and his group were also optimized the ratio of the different
particles in the slurry.?® Other works done by Craig Carter et al. were studied
the fluidity of the suspension using simulation methods ?* as well as Franco
and coworkers were used a model to understand the charge-discharge
behavior of the semi-solid flow batteries.”> Moreover, other works were
conducted to evaluate the effect of the diffusion and dynamics of the material
suspension on the performance of the battery.?® Recently, Edgar Ventosa et
al. used NaxNio.22C00.11Mnoes02 and NaTiz(POs)s as catholyte and anolyte,
respectively, for a non-aqueous system.?” The Semi-Solid Flow Batteries were
applied also in aqueous electrolyte. In fact, Chiang et al. evaluated the LiFePO4
catholyte and LiTiz(PO4)s in LiNOs aqueous electrolyte.?® In the case of
Targeting Redox Flow Batteries, several works were done using different
electroactive materials with a variety of mediators. In 2013, Huang et al.
proposed a targeting system using LiFePOa (3.45 V vs. Li*/Li) as cathode with
ferrocene (3.25 vs. Li*/Li) ) and dibromoferrocene (3.65 V vs. Li*/Li) as shuttle
molecules As well as TiO; (1.80 V vs. Li*/Li) as anode and cobaltocene (1.95 V
vs. Li*/Li) and bis(pentamethylcyclopentadienyl)cobalt (1.36 V vs. Li*/Li) as
mediators.?® Moreover, Huang et al suggested a lithium-iodide redox flow
lithium battery, which consists of a lithium anode and an iodide catholyte with
LiFePO4 as the energy storage material.* In another study, LiFePO4 with a bi-
functional redox mediator 2,3,5,6 tetramethyl-p-phenylenediamine (TMPD)
was proposed by Guang Zhu et al.3*

One of the key challenges of semi-solid and redox targeting flow batteries
is improving their energy density and power density. This can be achieved by
optimizing the design of the RFB, developing new electrolytes, and improving
the performance of the electrodes. Another challenge is to increase the
efficiency of the battery. This can be achieved by reducing the resistance of
the electrolyte and improving the charge and discharge rates. In addition, the
use of advanced materials, such as nanomaterials, may also help to improve
the efficiency of the battery. In this context, LiFePOa is among the promising
cathodes, which are extensively studied in Lithium-ion batteries due to its low
cost, low toxicity, high chemical/thermal stability and high specific capacity
(170 mAhg1).323* However, the sluggish diffusion kinetics of lithium ions and
the poor electronic conductivity, resulting in a significant capacity loss at high
C-rate, are the main obstacles that limit the performances of this material.
Several strategies have been developed to overcome the aforementioned
issues such as particle size reduction,?>7 surface coating,?®! preparation of
composite electrodes,*?** addition of conductive binders,**” and doping.*®-
51 All these strategies have shown encouraging results in lithium-ion batteries,
but less attention has been given to the application of these advanced LiFePOa4
based materials for redox flow batteries. The development of LFP with
advanced morphological and electronic properties could be a good direction
to improve the performance of LFP based RFBs. In the case of SSRFBs, the use
of LiFePO4 with optimized morphological properties, such as a high surface
area and uniform particle size, can further irove the performance of the
battery by increasing the electrode/electrolyte interface area and reducing
mass transfer limitations. Moreover, in the case of RTFBs, the use of LiFePOa
with optimized electronic properties, such as high conductivity and low
resistance, can improve the efficiency and power output of RTFBs. In this
review, we will summarize the different studies interested in the application
of LiFePOs as catholyte for Redox Flow Batteries.

2| J. Name., 2012, 00, 1-3

2. Basics on the Redox flow batteries

The main differences between redox flow and conventional batteries are
the dynamic nature of the electrolytes, the decoupled energy and power. In
this section, a detailed description of the working principle, configuration and
key components of redox flow technology will be presented.

2.1. Redox flow batteries Vs Other batteries

In conventional batteries, the energy is stored in the active materials of
the electrodes. However, in Redox Flow Batteries, the energy and active
materials are stored in liquid electrolytes which can circulate between the
electrolyte reservoirs and the electrochemical cell using peristaltic pumps.
Consequently, Redox Flow Batteries have some unique characteristics. 5254

. In the case of conventional batteries, power and energy are not
fully decoupled. In fact, the energy density can be increased by
increasing the thickness of the electrodes, but it is limited by the
power. However, in the case of Redox Flow Batteries, the energy
can be increased simply by increasing the number of electrolyte
tanks and the concentration of active species in the electrolyte.
Furthermore, the power can be increased by varying the
configuration of the electrochemical cell.

. Redox Flow Batteries possess high Coulombic efficiencies due to
the high electrochemical reversibility of the dissolved active
species in the electrolytes.

. Compared to other batteries, Redox Flow Batteries have much
longer lifetime which can be estimated at over 10000 cycles for
10-20 years. This high lifetime can be explained by the stability of
electrodes which do not contribute to the redox reactions, as well
as by the internal structural stability of the soluble active species.
Redox Flow Batteries have other features such as the good deep-
discharge capability, mild operational temperatures, and safety
etc.

2.2. Working principle

In redox flow battery technology, the energy storage materials are liquid
(anolyte and catholyte) stored in two external reservoirs. During the battery
operation, the electrolytes circulate via a pumping system through a cell
compartments containing cathodic and anodic current collectors separated
by an ion-selective membrane (Figure. 1). The redox reactions of the active
materials take place on the surface of the current collectors, and the charge
balance of the cell is ensured by the transport of the anion and/or cation of
the supporting electrolyte through the ionic selective membrane. The
positive active species undergo an oxidation reaction and lose electrons
during the charge, whereas the negative active species undergo a reduction
reaction receiving electrons from the external circuit. The opposite reactions
occur during the discharge process.

2.3. Key components

2.3.1. Active materials

In RFBs, the active materials are the crucial components that determine
the electrochemical performance of the battery. In fact, these active
materials should have some features such as high electrolyte solubility to
deliver high capacity, high electrochemical reversibility to ensure high
columbic efficiency, and appropriate redox potential to achieve high energy
density. The electrolyte is composed of active material, solvent and
supporting electrolyte to increase the ion conductivity.

This journal is © The Royal Society of Chemistry 20xx
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Table 1 The main characteristics, advantages and disadvantages of storage technologies.>®

Power density

Advantages Disadvantages

Lead Acid Battery 30-50 Wh/kg

Low cost; high effeciency; Low energy density; Short

High recycled content lifetime

Sodium-Sulfur Battery 150-250 Wh/kg

High energy density; High High initial cost; Safety

effeciency; Long lifetime issues

Lithium-lon Battery 200 Wh/kg High energy density; High Short lifetime and elevated
effeciency; Long lifetime; cost in large scale such as grid
Environmentally friendly. applications
Vanadium Redox Flow 16-33 Wh/kg High effeciency; Long Low energy density; Risk of

Battery lifetime; Environmentally cross contamination of
friendly. electrolyte
2.3.2. Membrane cerium,®8 etc have been developed. Some of these systems are used today

The primary role of the membrane is the separation of the catholyte and
anolyte and ensuring the charge balance of the cell via its ionic selectivity,
which allows specific ions to pass to the other side and block the others. When
choosing a membrane for RFB application, chemical and mechanical stability,
jonic conductivity and selectivity as well as cost must be taken into
consideration. For these reasons, ion exchange and porous membrane can be
used.5&64

2.3.3. Electrodes

In Redox Flow Batteries, the electrodes do not have any participation in
the electrochemical reactions, but they have an important role in the catalysis
of these reactions via their high active surface area. In general, carbon paper,
carbon felt, and graphite are the most used materials due to their high
porosity and specific surface area.%72

Membrane

Cathodic
Reservoir

Electrode

Pump

Pump

Figure. 1 Scheme of a redox flow battery.

3. Types of Redox Flow Battery technology

In the past decades, different types of RFBs were developed. On the basis
of the nature of the redox materials and cell design. RFBs can be divided into
metal based RFBs, Organic based RFBs, Polymer based RFBs, Hybrid RFBs,
Solar rechargeable RFBs, Semi-Solid Redox Flow Batteries and redox-targeting
flow batteries. In this section, we discuss the advantages and challenges of
each type of RFBs.

3.1. Metal based RFBs

After the invention of the first RFB (iron-chromium RFB) by Thallet at
NASA in 1974, different RFBs were developed based on metallic active species
as catholyte and anolyte. Among existing metal based RFBs, iron-titanium,”?
all vanadium,’#%° jron-vanadium,®®8-83 vanadium-bromine,®32> vanadium-

This journal is © The Royal Society of Chemistry 20xx

on an industrial scale such as all vanadium RFB developed by Skyllas—Kazacos

in 1980s, considered as the most commercially successful RFB system
nowadays.

3.2. Organic based RFBs

Despite the wide commercial adoption of metal based RFBs, they still
suffer from several drawbacks such as the limited energy density, low
solubility and the high cost of active species. In this context, the development
of inexpensive and sustainable organic active species can solve the
aforementioned problems. The redox active molecules can be easily
extracted from nature. However, they must present certain characteristics
such as high stability and the good reversibility. Several aqueous and non-
aqueous organic RFBs have been developed since 2011, nevertheless, further
studies must be conducted to enhance energy density as well as the cycling
stability.%0-103

3.3. Polymer based RFBs

The need for an expensive Nafion ion exchange membrane for common
RFBs has prompted scientists to research for other active materials that allow
the use of cost-effective exclusion / dialysis membranes and microporous
separators. For this reason, polymers with high molecular weight have been
proposed as catholyte and anolyte for RFBs. The first polymers reported as
charge storage materials were polyaniline (PANI), poly
(vinylbenzylethylviologene) and 2,2,6,6-tetramethylpiperidin-1-oxyl
(TEMPO), this opened the door to further develop new high-performance
polymers for RFBs application.18104-113

3.4. Hybrid RFBs

Replacing liquid electrolytes with metals appears to be a good approach
to increase the energy density of RFBs due to the higher energy density and
the simple redox chemistry of metals. A Hybrid RFB, with half-cell reaction, is
based on the deposition of solid species. Various Hybrid RFBs exist in the
literature which including Zinc and lithium-based hybrid flow batteries. For
the Zinc based hybrid flow batteries, the most known system is the zinc—
bromine battery with an experimental specific energy of 65-75 Whkg.114
However, for the Lithium-based hybrid flow batteries, the most developed
systems are the Lithium-iodide battery with an energy density of 550 WhL*
(300 Whkg?), and the Lithium-polysulfide battery with an energy density
which could be up to 108 WhL* (97 Whkg™?), with 5.0 M polysulfide
electrolyte. 14120

J. Name., 2013, 00, 1-3 | 3
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3.5. Solar rechargeable RFBs

In recent years, an interesting development of RFBs is their integration
with photoelectrochemical cells, to store solar energy as chemical energy. In
fact, in a solar flow battery, the redox active species can be directly charged
by solar radiation using semi-conductor photoelectrodes, before being
discharged to generate electricity. Despite the huge interest in this
technology, it still suffers from low power conversion efficiencies, which is an
obstacle for large scale applications.!?1-130

3.6. Semi-Solid Redox Flow Batteries (SSRFBs)

To overcome the problem of limited energy density of conventional RFBs
due to the low solubility of active species, Semi-solid flow battery (SSFB) was
proposed by Chiang et al. in 2011.7 In this technology, the catholyte and
anolyte contain a suspension of Li insertion materials, conductive additives
(Ketjen black) and aqueous or non-aqueous electrolyte. During operation of
the battery, the suspensions circulate via a pumping system between the
tanks and the cell stack containing the electrodes for the electrochemical
reactions, and the polymer membrane to prevent the crossover of negative
and positive active materials. Several lithium insertion materials have been
tested in this technology and encouraging energy densities have been
achieved. For example, the LiCoO2—LisTi1sO12 couple with a cell voltage of 2.35
V showed an energy density of 397 WhL*, and LiCoO-graphite couple with a
cell voltage of 3.8 V reached an energy density of 615 WhL, 17:131-140

3.7. Redox Targeting Flow Batteries (RTFBs)

Using semi-solid technology, high concentration of active species and
enhanced energy density can be achieved. However, the high viscosity of the
suspension and the need of expensive conductive additives present big
obstacle for practical operation. To overcome the problems of SSRFBs, the
redox targeting technology has been proposed by Wang et al. in 2006. In fact,

Cathodic active material

"

Membrane

Cathodic mediators

ergy & Fuelsi

Journal Name

in this system, the solid active materials used in conventional Li-ion batteries
remain statically in external tanks containing redox electrolytes with suitable
redox molecules. During the battery operation, the redox molecules circulate
by pumping between the tanks and the cell stack containing the electrodes.
The chemical reaction between the redox molecules and the solid active
material takes place in the external tank, while the electrochemical reaction
between the redox molecules and the electrode takes place in cell stack. The
capacity of the battery is determined by the capacity of the active materials,
but not by the dissolved redox molecules.!*'4? Several lithium insertion
materials have been tested as catholyte and anolyte for targeting RFB such as
LFP, NaV2(POa)s, TiO, etc.143-152

Among all the technologies available, Semi-Solid (SSFBs) and Redox
Targeting Flow Batteries (RTFBs) are interesting approaches to enhance the
energy density of Redox Flow Batteries. These technologies overcome the
solubility limit of redox species by using lithium-ion battery materials in the
form of flowable slurry (Fig. 1a, b) or static in the reservoirs (Fig. 1c, d). As
shown in Fig. 2a, the most developed vanadium technology has an energy
density that does not exceed 30 Wh/Kg. However, SSRFBs and RTFBs have the
potential to deliver an energy density of up to 300 Wh/kg (Fig. 2a). Despite
their attractive energy densities, these technologies have received less
attention, as shown in Fig. 2b, where the publication number for these two
technologies in 2023 does not exceed 2% of the total number of publications
in the field of Redox Flow Batteries. This review aims to shed lighter on these
promising technologies. Moreover, because of the huge interest given to
LiFePO4 (LFP) as an energy storage material thanks to its several advantages
such as the low raw materials cost (earth-abundant elements (Fe and P)),
safety, durability, and good energy density, we will focus on the various works
in which LFP is used as catholyte for SSRFBs and RTRFBs.

Membrane

@ Conductive additive . Anodic active material

Membrane

® Anodic mediators

Fig. 1 Configuration of (a) Full cell Semi Solid Redox flow battery, (b) hybrid Semi Solid Redox flow battery, (c) Full cell Redox targeting flow battery, (d) hybrid

Redox targeting flow battery.
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4. LiFePO; Based Semi-Solid Redox Flow
Lithium-ion Batteries

4.1. LFP slurry-based flow battery with Zn anode

To improve the energy density (Wh L) of Redox flow batteries (RFB) it is
necessary to increase the cell voltage or the volumetric capacity. The first
solution is limited by the electrochemical stability window of the aqueous
solvent which does not exceed 1.5 V. Consequently, enhancing the volumetric
capacity is the efficient route to solve this problem of aqueous systems. For
this reason, various strategies have been proposed such as the use of a high-
energy metal electrode, the development of active species with high solubility
or the use of high energy intercalation materials as semi-solid electrodes. In
this context, Edgar Ventosa et al proposed a novel concept of high-energy
redox flow batteries based on coupling semi-solid electrodes with high-
energy Zn metal electrodes, in a mixed cation aqueous electrolyte.*3 In this
type of concepts, the “rocking-chair” principle is not respected because the
concentration of cations varies with the state of charge.'>*>> Consequently,
the concentration of Zn?* ions decrease, and that of Li* ions increase during
the charge/discharge process. This concept can be feasible in flow batteries.
However, the high viscosity of slurries with high content of active material is
the limiting factor due to the low flowability. As a result, the energy density
of semi-solid flow batteries dependent on the content of the positive
electrode in the catholyte and its operating potential. In this work, the Edgar
Ventosa’s group has tested commercially C-coated LiFePO4 material as solid
electrode with Zn metal as counter electrode in 1 M ZnS04/0.2 M Li>SO4
aqueous solution (Fig.3a).’> LiFePOs was revealed satisfying reversibility in
the prepared electrolyte with an operating potential of 1.2 V vs Zn/Zn%, and

This journal is © The Royal Society of Chemistry 20xx

a specific capacity of 90-100 mAh g at 1C confirming the previous
reports.**®1%7 Fig, 3b present the galvanostatic measurements of the slurry
containing 12 wt % LiFePO4 and 1.5 wt % Ketjenblack. The results showed
excellent electrochemical reversibility and a specific capacity of 140 mAh g,
Besides, the Coulombic efficiency was >99% confirming the good selectivity,
and the capability of the separator to minimize the crossing of the active
material (the pore size of Celgard 3501 is 0.064 um, while the particle size of
the commercial LiFPO4 is between 0.210 and 18 um). As in most Zn-based
batteries, the Cyclability of this system needs to be improved (Fig. 3c).*>® Fig.
3d prove the full utilization of LiFePO4 (140 mAh g!) under continuous flow,
and the energy density was increased from 25 to 50 WhL™! when the content
of LiFePO4 was increased from 12 wt % to 22 wt %. These results confirmed
the proportionally relationship between the energy density and the content
of active material. This proof of concept proved its capability to operate at 16
mA cm~2 under continuous flow (Fig. 3e) but could not operate efficiently at
higher current densities.

To increase the operating current density as well as the voltage
efficiency, the use of 3D current collector for the negative electrode and more
slurry optimization are needed. Moreover, the optimization and
comprehension of semi-solid electrodes in aqueous media are predicted to
increase the battery performances, such as voltage efficiency and energy
density. More importantly, to compete with current and developed battery
technologies, the cyclability of Zn electrodes in neutral environments needs
to be improved. In general, the Zn-semi-solid hybrid-flow batteries are more
suitable for stationary energy storage applications with constrained area.
Higher energy densities might be obtained by replacing Zn by other metals
such as Al which could open the door for a wider range of applications.

J. Name., 2013, 00, 1-3 | 5
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4.2. LFP slurry-based flow battery with 3D current collector

To reduce the viscosity and improve the energy density of the active
slurry, Hongning Chen et al. have demonstrated a single component concept
slurry-based lithium-ion flow battery with a 3D current collector (Fig. a, b).*>°
The advantages of the proposed flow lithium-ion battery are as follows:

* Low viscosity

* Improved volumetric capacity and energy density due to the high-volume
ratio of active materials.

e High interaction between the electrochemically active slurry and the 3D
current collector with large surface area.

Fig. 4c present the cyclic voltammetry tests of 10 vol% LiFePO4 with different
current collectors. The result shows reversible redox reaction of LFP at ~3.45
V vs. Li/Li* for Carbon Cloth (CC), Carbon Felt (CF) and Carbon Paper (CP)
current collectors. Moreover, the CF provide larger peak current (1.62 mA) in
comparison with CC (1.35 mA) and CP (1.14 mA). This result is proved by EIS
results, which show lower charge transfer resistance for CF (Fig. 4d). The
reason behind this result could be attributed to the porous structure and large
pore size of CF, which plays a role in improving the contact between the LFP
suspension and the surface of the current collector. In addition, Fig. 4e shows
a linear relationship between oxidation/reduction peak currents and square
root of the scanning rates, which signifies that the redox reactions of LFP
slurry are under the control of lithium ion diffusion. The first charge/discharge
cycles of 10 vol% LiFePOs slurry with different 3D current collectors are

Please do not adjust margins
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presented in Fig. 4f. The highest specific capacity is achieved with CF current
collector (134 mAh/g) compared with CC and CP (120 and 97 mAh/g
respectively). This result also confirms the beneficial effect of CF 3D current
collector over CC and CP. Fig. 4g shows the first cycles of the galvanostatic
charge/ discharge tests of 10 vol% LiFePOs slurry at different C-rates (0.2-1C)
using CF current collector. The first specific capacity at 0.2C was 134 mAh g?,
and that at 1C was 101 mAh g, which is comparable to the results obtained
from LFP solid electrode in lithium-ion batteries. Besides, the cycling
performance (Fig. 4h) shows the higher capacity retention of the cell with CF
current collector (82% after 100 cycles), compared of those of CC (59%) and
CP (53%). A volumetric capacity of 68 Ah L%, with a concentration of active
material in the slurry of 40% was achieved in this work using LiFePOs (LFP)
with a 3D carbon felt stream. The energy density was 230 Wh L* with a
coulombic efficiency of 95% over 100 cycles in a coin cell, and improved
stability in flow-cell tests.

This study demonstrated the success of a single-component slurry flow

battery with 3D current collectors with improved energy density. This concept
may provide a new opportunity and possibilities for future optimization on
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3D porous current collectors, as well as the practical fraction of active
materials to maximize the volumetric capacity and minimize viscosity.
Moreover, the current and power density can still be much improved. One
strategy is to give LFP particles a more homogeneous carbon coating to
increase their electrical conductivity. Better rate performance would also
result from changing the flow cell design's geometrical structure (such as
decreasing the electrode's thickness) and creating new porous current
collectors with strong electrical conductivity and the proper pore structure.
With these advancements, it is anticipated that the proposed single-
component slurry-based lithium-ion flow battery's power density will be
significantly increased, and its energy density will exceed that of conventional
all-vanadium and iron-chromium flow batteries.
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2021.

4.3. LFP slurry-based flow battery with Carbon Nanotubes (CNTs)

Recently, Yansong luo et al. proposed a solution to address the high
viscosity of the suspensions for SSFBs, which is primarily caused by the
percolating conductor network, results in significant pump dissipations.* The
study suggests synthesizing LFP active material together with carbon
nanotubes (CNTs) to accelerate the electrons and ions transfer and reduce
the impact of the percolating network on suspensions' viscosities. The
LFP/CNT composites were synthesized through sol-gel method using various

This journal is © The Royal Society of Chemistry 20xx

CNT contents. Three suspensions known as Suspension LFP/5CNTs, LFP/
10CNTs, and LFP/15CNTs were studied.

According to Fig. 5 (a-c), the electrochemical impedance of the
suspensions is largely dominated by the measured charge transfer
resistances. The electrochemical impedances of all the suspensions decrease
as conductive additive amounts rise. The CNTs-based suspensions have the
lowest electrochemical impedance, and the charge transfer resistance of the
Suspension LFP/5CNTs and the Suspension LFP/15CNTs is nearly identical to
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that of the KB-based suspensions. Overall, the LFP/15CNTs-based slurry demonstrates best performances comparing to the commercial LFP-based
exhibits a comparatively low viscosity and a low electrochemical impedance.  suspension in terms of charge transport capability, and charge/discharge
Using the modified Swagelok cell, the charge and discharge tests (Fig. 5d)  properties (Fig.5e and f).

were carried out using several LFP/CNT-based suspensions. The obtained
initial charge specific capacities LFP/5CNTs, LFP/10CNTs, and LFP/15CNTs are
66 mAh g, 89 mAh g, and 116 mAh g?, respectively. Therefore, the
estimated energy densities for the cell with Suspended LFP/5CNTs,
LFP/10CNTs, and LFP/15CNTs, respectively, are 22 Whkg™, 30 Whkg™, and 36
Whkg™. The obtained results show that the LFP/15CNTs-based suspension is
the optimal formulation due to its high charge specific capacity and high
charge transport properties. Moreover, the LFP/15CNTs-based suspensions

Although the LFP/CNTs composites-based suspensions present low
viscosity and high charge transport properties, more optimizations must be
done especially the parameters of the synthesis process such as the
temperature, the time of the reaction and calcination conditions to further
improve the electrochemical performances. Additionally, LFP/CNT
composites-based suspensions must be studied in flow mode to evaluate the
cycle performance of the suspensions.
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Fig. 5 (a, b, c ) electrochemical impedance spectra, expressed by Nyquist plots for commonly-used suspensions and LFP/CNTs-based suspensions for Li-ion
SSFBs with different volume of conductive additives. (d) Charge and discharge profiles of LFP/ CNTs-based suspensions within the potential region from 2.6 to
4.2 V. (e, f) electrochemical impedance and initial discharge capacity of the Suspension LFP/15CNTs and the Suspension Commercial LFP. Reproduced from
ref. 42 with permission from Elsevier, Copyright 2023.

4.4. Fire hazard of the electrolyte and slurries used for LFP based The bursting of the bubbles produced inside the slurry at the slurry-air

SSRFBs interface may be the cause of the slurry splashing. The vaporization of the
low-boiling component (DMC) of the combined solvents inside the slurry
following overheating and the high-temperature gas-generating reaction
between the electrolyte and the electrode material are the two potential
causes of bubble formation. Yet, splashing is not always present when
bubbles occur. Many variables, including the gas flux as well as the slurry's
characteristics like viscosity, surface tension, thermal conductivity, etc., may
affect splashing's occurrence and intensity. Moreover, the inclusion of various

To study the fire hazard of the electrolyte and slurries used for SSRFBs,
Qiangling Duan et al. performed a series of combustion experiments on
electrolytes and slurries using cone calorimeter.'® The first part of the study
compares the combustion properties of the electrolytes containing different
lithium source (LiPFs and LiTFSI). A series of TG-DTG tests were carried out to
better understand the combustion behavior of various electrolytes. The Heat
Release Rate (HRR) of a mixture of electrolytes and solvents had the following X N . !
orders: EC/DMC EC/DMC > LiPFs > EC/DMC LiTFSI. While the pHRR of the electrode materials alters these slurry properties to varying degrees, which
LiTFSl-based electrolyte was much lower than that of the solvent eventually results in variations in the splashing intensity of various slurries.

combination, it was marginally higher for the LiPFes-based electrolyte. LiTFSI- Ultimately, further research must be done on the intricate mechanism of

based electrolytes have a pHRR that is 30.3% lower than LiPFe-based splashing.
electrolytes. The second section of the study focuses on the fire risk of the 4.5. LFP slurry-based flow battery with Nafion/PVDF/LLZTO ion
slurry. Several electrode materials (LiaTisO12, LiNio.8C00.1Mno.102, LiFePOs, and exchange membrane

Graphite) were studied to identify the combustion properties of electrode
slurries. The order of the pHRR of the various slurries is as follows: S-LTO > S-
LFP > S-NCM > S-Graphite. S-LTO and S-LFP exhibit larger pHRRs than S-NCM
and S-Graphite due to the intense splashing during combustion. Moreover,
the CO release rate curves of all slurries (with the exception of S-LTO) are
comparable to that of the electrolytes. The rate of CO emission was modest
in the early stages of combustion but dramatically rose in the final stages. In
contrast to the electrolyte, the CO generation rate curve of S-LTO had two
equivalent peaks caused by the ferocious splash which may promote the
propagation of fire.

One of the key challenges in the development of SSRFBs is maintaining
the cycling stability of the battery over many charge-discharge cycles. The low
cycling stability is caused by the high permeability of the active components
through the porous separator. This can lead to cross-contamination of the
electrodes, which can reduce the efficiency of the battery and shorten its
lifetime. Another challenge is the low conductivity of lithium ions in non-
porous membranes, which limits the overall performance of the battery. To
address these challenges, Ruji Wang et al. proposed a novel ion exchange
membrane (IEM) made from a blend of Nafion, PVDF, and LLZTO
(Lao.3Lio.2Zros33Tao.0s703), which has high ion conductivity and mechanical
properties.’6! The resulting Nafion/PVDF/LLZTO IEM showed a high ionic
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conductivity (3 wt% LLZTO demonstrates a maximum ionic conductivity up to
0.29 mS cm~1). It also had good mechanical properties, including high tensile
strength and flexibility, which make it suitable for use in a flow battery. The
cross-sectional SEM image of sandwich-like membrane is depicted in Fig. 6a.
It is apparent from the image that the upper and lower layers are upheld by
Celgard PE, which acts as a protector for effective safeguarding. The
functional ingredient, NPL3 coating interlayer, with a thickness of 30 um, is
attached to PE membrane without any delamination.

The cycling tests showed that the battery with the new IEM presents
better stability and efficiency at 0.1C after 80 cycles when using LFP as
cathode and lithium metal as anode (Fig. 6b). Moreover, excellent stability
and rate capability were obtained when using this membrane in a full cell
configuration (LFP as cathode and LTO as anode) compared to a battery with

ARTICLE

a traditional Nafion membrane (Fig. 6¢). To evaluate the performance of the
prepared composite membrane in slurry cell, a slurry pouch cells was
assembled, and the result is depicted in Fig. 6d. LFP//LTO semi-solid system
employing PE/NPL3/PE membrane delivers excellent initial capacity of
0.7mAh-cm2 at 0.3 C with high-capacity retention of 71.4% after 120 cycles.
Besides, PE/NPL3/PE membrane was used in a slurry flow reactor composed
from LFP slurry in one side and lithium metal in the other side (Fig.7e). Fig. 7f
shows the cycling performance under static mode at 0.25 mA cm -2. The
system exhibits a capacity of 210 pAh with stable coulombic efficiency of 89%
after 14 cycles. Fig. 6g presents the charge/discharge voltage plateaus which
corresponds to the redox activity of LFP. Despite the few cycles, these initial
results show the promising performance of the PE/NPL3/PE sandwich-like
structure membrane.
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Fig. 6 (a) Cross-sectional SEM image of PE/NPL3/PE membrane. (b) Cycling of LiFePO4//PE/NPL3/PE//Li cells at 0.1 C. (c) Cycle performance of LFP//LTO cells
with different membranes at 0.3 C. (d) Cycle performance with Coulombic efficiency at 0.22 mA cm~2 of PE/NPL3/PE in semi-solid LFP//LTO pouch cell. (e)
Digital photograph of the assembled slurry flow cell in test state. (f) Cycle performance of the flow cell under and (g) the corresponding voltage profiles.

Reproduced from ref. 157 with permission from Elsevier, Copyright 2023.

4.6. Injectable LFP battery for more efficient and cost-effective
recycling

To make the battery recycling easier, Daniel Perez-Antolin et al.
suggested an innovative battery concept based on semi-solid electrodes.®?
Traditional batteries contain binders and active materials that are fixed onto
the current collectors. This makes it difficult to recover the active materials
for recycling. However, in this innovative battery concept, semi-solid
electrodes are used instead. These semi-solid electrodes do not contain any
binders and the active materials are not fixed onto the current collectors. This
allows for direct recovery of the active materials by dejecting the flowable
electrodes from the battery cell. The reuse of the battery cells is also possible

This journal is © The Royal Society of Chemistry 20xx

in this concept, including all inactive elements such as current collectors,
separators, and casing. This simplifies the recycling process by eliminating
several steps, leading to significant reductions in the battery cost. Overall, this
concept is designed to make battery recycling more efficient and cost-
effective (Fig.7a). A mixture of LiFePQOs, carbon additive, stabilizer, and
electrolyte (78.3 w%, 21.1 w%, and 0.6 w%, respectively) is used to make the
semi-solid electrodes shown in Fig. 7b. During the initial cycle, the battery
delivred an aerial capacity of 2.5 mAh cm and a specific capacity of 130 mAh
g of LiFePOq at 1C, as shown in Fig. 7c. Unfortunately, the capacity quickly
dropped to 0.2 mAh cm? after only 50 cycles. Using the overpotentials
displayed in Fig. 7c, the internal resistance was estimated, and it was found
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to remain relatively constant across the different injections (Fig. 7d). The
minor differences in the areal capacity (2.5 * 0.25 mA h cm™2) observed
between regenerations were attributed to the reproducibility of the
homemade regeneration process, as there was no discernible trend over the
course of the five injections. This suggests that the idea of battery
regeneration/recycling through the straightforward replacement of the semi-
solid electrode is possible.

The use of super-concentrated electrolytes (21 m LiTFSI and 1 m ZnTFSI)
in this injectable battery resulted in a significant increase in cycle stability
compared to the standard electrolyte. After 300 cycles, the capacity retention
values for the super-concentrated electrolytes were 70%. These findings
suggest that the use of super-concentrated electrolytes is a promising
approach for reducing side reactions in semi-solid electrodes. Moreover, the
concept of an injectable battery was implemented for an aqueous Li-ion
battery chemistry, specifically using LiFePO4 — LiTi2(POa)s (LFP — LTP). In this
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implementation, both LTP and LFP were used as semi-solid electrodes,
delivering a typical nominal voltage of 0.9 V and a specific capacity of 45 mA
h g™ LTP. Compared to the Zn — LFP injectable battery, the capacity fading
was improved (Fig. 7e and f). The super-concentrated LTP — LFP systems had
a coulombic efficiency of over 99% and energy efficiency of over 75%.

Despite the encouraging results of the new concept of injectable battery,
the increased porosity of semi-solid electrodes will lead to a penalty for
specific and energy density. As a result, it would be beneficial to investigate
the injectable battery concept for low-cost battery chemistries that are
designed for stationary energy storage purposes.
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Fig. 7 (a) lllustration of the injectable battery concept. (b) Photograph of a semi-solid electrode. (c) Voltage profile of an injected Zn — LiFePOs battery in the
1st and 50th cycle for the initial battery and after 4 subsequent regenerations (R1, R2, R3 and R4) at 1C (2.5 mA cm~2). (d) Variation of the internal resistance
of the injectable battery with respect to initial value when semi-solid electrodes are substituted. (e, f) Voltage profile and evolution of the areal capacity with
cycles for the LiTi2(PO4)s — LiFePO4 injectable battery. Reproduced from ref. 158 with permission from Elsevier, Copyright 2020.

4.7. 3D multi-physics coupled simulation model of LFP based SSRFBs

A comprehensive 3D multi-physics coupled simulation model of SSRFBs
is a mathematical tool that allows researchers and engineers to simulate the
behavior of SSRFBs under different operating conditions. The model considers
various physical phenomena that occur in the battery, including
electrochemistry, fluid dynamics, and heat transfer. In this context, Kun Yang
et al. proposes a 3D multi-physics coupled simulation model that can
accurately describe the dynamic state of charge (SOC) in SSRFBs considering
flow convection. The model integrates the transport equations for mass,
momentum, and energy in the slurry flow domain with the electrochemical
reactions that occur at the electrode surface. Fig. 8a displays the
computational meshes and precise dimensions of the flow field.!63

10 | J. Name., 2012, 00, 1-3

To determine the accuracy of the proposed model, Kun Yang et al. compared
the simulation results with experimental data. Fig. 8b illustrates the
comparison between the modeled and measured battery potentials during
the initial four charge-discharge cycles. Both charge and discharge cycles
were conducted using a current density of 0.5 mA cm~2, with charge-discharge
cutoff voltages set at 3.8 V and 2.5V, respectively. The results indicate that
the model accurately predicts the battery potential during charge-discharge
cycling. The discrepancy between the simulated and measured voltage
platform could be attributed to differences in conductivity description. In
practical designs of the SSRFB, the slurry typically flows through fixed
channels rather than directly through the electrode surface. The design of
these flow channels can have an impact on the performance of the SSRFB,
and two common flow field designs were evaluated in this study. The velocity

This journal is © The Royal Society of Chemistry 20xx
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distribution of the slurry within these two channels is shown in Fig. 8c. The
uniformity of velocity distributions in the parallel flow field can result in an
increase in charge capacity and Coulombic efficiency. Furthermore, due to the
larger flow area in the parallel flow field compared to the serpentine flow
field, the pressure drop between the inlet and outlet is reduced. This
reduction in pressure drop can significantly decrease pumping losses.
Moreover, Fig. 8d reveals that the relationship between pressure drops and
flow rate is non-linear, with the pressure drops increasing gradually as the
flow rate increases. Additionally, the parallel structure of the flow channel
creates a small area with very low flow velocity, known as a "dead zone,"
which impedes slurry flow. As a result, the flow channel's structural design
significantly impacts the behavior of slurry flow and, consequently, influences
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the performance of SSRFB. Fig. 8e shows the velocity results on the middle
cut line of the two flow fields. The slurry displays plug-like flow behavior, with
the primary velocity change taking place at the channel's edge. In contrast,
the velocity in the channel's middle section remains relatively constant in the
crosswind direction, creating a plug-like area.

Overall, a comprehensive 3D multi-physics coupled simulation model of
SSRFBs is a powerful tool for understanding the behavior of these complex
systems and optimizing their performance. As the demand for renewable
energy sources continues to grow, the development of SSRFBs is likely to
become increasingly important, and simulation models will play a crucial role
in their design and optimization.
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Fig. 8 (a) Detailed dimension of the flow field and computational meshes. (b) Comparison of the battery voltage between the model and experiment result.
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from ref. 159 with permission from Elsevier, Copyright 2022.

5. LiFePOs Based Redox Targeting Flow
Lithium-ion Batteries

Although semi-solid technology is interesting, this approach presents
apparent difficulties. For example, semi-solid slurries have low electronic
conductivity and therefore an important quantity of conductive additives
must be used to reduce the internal IR drop. In 2006, redox targeting of
lithium-ion battery materials was proposed by Qizhao Huang and his
colleagues to eliminate the need of expensive conductive additives, which
offers a new concept for high-energy batteries. The lithiation/delithiation of
the active material can be reversibly done by the diffusion of redox shuttle
molecules in the electrolyte, assuring the transport of electrons between this
active material in the tanks and the current collector in the electrochemical
cell. In fact, this targeting process consists of two steps: the chemical
delithiation/lithiation between the redox shuttle molecules and the active
material, then the regeneration of the oxidized/reduced redox molecules at
the electrode for another delithiation/lithiation. This concept can be applied
for both cathodes and anodes and would lead to a novel energy storage
device named redox targeting flow lithium-ion battery.64

5.1. 1,10-Dibromoferrocene (FcBrz) and ferrocene (Fc) as LFP redox
mediators
To demonstrate the concept of RFLB, Huang et al LiFePOs were
successfully demonstrate a redox flow lithium-ion battery using LiFePOs as

This journal is © The Royal Society of Chemistry 20xx

the active Li*-storage material, and 1,10-Dibromoferrocene (FcBrz) and
ferrocene (Fc) as the redox mediators.'> The redox targeting molecules used
in this work were 1,10-Dibromoferrocene (FcBrz) and ferrocene (Fc)
presenting half-wave potentials (E1/2) of 3.55 and 3.25 V (vs. Li*/Li),
respectively, which make the reversible chemical delithiation/lithiation of
LiFePOa4 (3.45 V) possible. During the charge, FcBr2 oxidize at the electrode
and FcBr?* species flow to the surface of LiFePO4 and get reduced releasing
lithium ion:
Reaction 1: FcBr?* + LiFePOs= FcBr2 + FePO, + Li*

To complete the charge half cycle, FcBra molecule move to the electrode and
get oxidized. For the discharge half cycle, the injection of an electron into the
FePQs is assured by using ferrocene molecule:

Reaction 2: Fc + FePOa + Li*= Fc* + LiFePO4

FTIR and ex situ XRD analysis were carried out to investigate the chemical
delithiation/lithiation processes and scrutinize the structural changes of
LiFePO4/FePO4 caused by the redox mediators. The results have confirmed
the reversible delithiation/lithiation of LiFePOs/FePOs by FcBr?* and Fc. To
investigate the feasibility of the concept, a RFLB half-cell was demonstrated.
A reservoir containing 6.30 mg LiFePO4 and 20 mM Fc and FcBr» dissolved in
1ml electrolyte solution was connected to the cathodic compartment. During
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the first charging, the LiFePO4 stored in the external reservoir was converted
to FePOa. Because of its higher E1/2, FcBr; could not reduce FePQs, and this
can be justified from the 2nd cycle in which only the capacity of FcBr2 could
be observed. Furthermore, much extended capacity was obtained by the
addition of both redox mediators with LiFePOa. The oxidation of Fc to Fc* and
FcBr, to FcBr?* take place at the electrode with a slope from 3.40 to 3.50 V
and 3.70 to 3.90 V, respectively, and the delithiation of LiFePO4 by FcBr?*
occurs in the reservoir (reaction 1), regenerating FcBr, with an extended
plateau from 3.70 to 3.90 V. During the discharge, step ¢ and d confirm the
reduction of FcBr?* to FcBr; at 3.40 to 3.30 V, and then the reduction of Fc+
to Fc and the lithiation of FePO4 by Fc shuttle molecule in the external
reservoir (reaction 2). Moreover, the results prove that the lack of electric
contact between the active material in the external reservoir and the
electrode was related to the absence of both pairs of redox shuttle molecules,
which explains the very low capacity of the cell.

The Li*-conducting membrane is a further obstacle. The membrane must
be both highly compact and have good Li* conductivity to avoid the crossover
of redox shuttle molecules between the two electrode compartments. The
current glass ceramic membrane exhibits high resistivity, poor chemical and
mechanical stability, and short cycle life. These characteristics lead to
significant overpotential loss. Recent developments in Li+-conducting
polymeric membrane and lithium superionic conductors provide considerable
promise for solving the problem.

5.2. I/I* and I3/l as LFP redox mediators

Huang et al suggested a lithium-iodide redox flow lithium battery, which
consists of a lithium anode and an iodide catholyte with LiFePOas as the energy
storage material. This system can present high cycling stability and energy
density due to the ability of LiFePOs to reach 22.8 M of Li* storage.>® The
iodide exhibits two redox reactions (I7/1* and 13-/12) in various solvents and
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show excellent chemical reversibility. In fact, as shown in the cyclic
voltammetry (Fig. 9a), the I/I* reaction occurs at 3.15 V (vs. Li/Li*) and the I>
/12 reaction at 3.70 V (vs. Li/Li*). Therefore, the redox potential of LiFePOs is
at 3.45 V vs. Li/Li* (between the potentials of I/ and I3/l,). These results
prove that FePO; can be chemically reduced by I, and LiFePOs can be
chemically oxidized by I,. Ex-situ X-ray diffraction (XRD) was carried out to
study the structural changes of LiFePOs/FePOs during the chemical
delithiation/lithiation process (Fig. 9b). The delithiation and the lithiation of
LiFePO4 and FePOs occurs in the presence of 20 mM of I and 20 mM of Lil,
respectively. The delithiation of LiFePOas needs 20 minutes to be completed,
while the lithiation of FePO4 needs 2 hours as confirmed by the XRD patterns,
which prove the reversible completion of the lithiation/ delithiation by I, and
I, respectively. Fig. 9c shows that LiFePOa4 can be reversibly charged and
discharged by I> and I in the catholyte. Moreover, low capacity was achieved
in the absence of LiFePO4. However, the addition of LiFePOainto the cathodic
tank made the charging and discharging plateaus considerably longer. The
RFLB cell also shows 90% capacity retention and 99% coulombic efficiency
after 40 cycles (Fig. 9d).The gravimetric and volumetric energy densities of
this system can reach ~370 Wh kg* and ~670 Wh L, considering a LiFePO4
porosity of 50% and a Li* storage concentration of 22.8 M. The performances
are comparable to commercially available lithium-ion batteries'** and
vanadium redox flow batteries. ¢ The studied system can achieve >10 times
improvement in volumetric energy density by considering only the active
material, this value can be higher if one considers the capacity brought by the
redox species in the electrolyte.

The Li-I RFLB will become a significant high-density energy storage option
for large-scale applications with further development of the flow design and
Li*-conductivity across the membrane.
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Fig. 9 (a) Cyclic Voltammograms of LiFePO4 and the redox shuttle molecule Lil.

(b) XRD patterns of LiFePO4/FeP04 during the chemical (a) delithiation and (b)

lithiation. FePQO4 peaks are represented by * and LiFePOs peaks by . (c) Charge/discharge tests of the RFLB cell. (d) Capacity retention and Coulombic efficiency
of the RFLB cell cycled at 0.075 mA cm™2. Reproduced from ref. 28 with permission from Royal Society of Chemistry, Copyright 2016.
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5.3. Dibromoferrocene (FcBr;) and ferrocene (Fc) as LFP redox
mediators

Jia et al have demonstrated a full cell redox flow battery by combining
LiFePOs and TiO: as catholyte and anolyte respectively.? The problem
encountered by the full cells is the need to use a mechanically and chemically
stable membrane with low permeability of redox mediators and high
conductivity of lithium ions. A polymeric Nafion/polyvinylidenedifluoride
(PVDF) composite membrane was proposed in this work. Dibromoferrocene
(FcBra), ferrocene (Fc), cobaltocene [Co(Cp)2] and
bis(pentamethylcyclopentadienyl)cobalt [Co(Cp*).] were used in the
catholyte and anolyte respectively as mediators for the redox targeting
reactions, with LiFePO4 and TiO2 which are kept statically in two external
reservoirs. The theoretical volumetric capacity of LiFePO4 and TiO2 can reach
613 and 603 Ah liter! due to their high Li* storage concentration of 22.8 and
22.5M (for LiosTiO2), respectively.?® A full cell RFLB can reach an energy
density higher than ~500 Wh |7, if considering a porosity of the materials in
the reservoirs of 50%. This value is 10 times higher than the most developed
vanadium RFBs. According to the Cyclic Voltammetry measurements, the
potential of LiFePOs is 3.45 V (versus Li/Li*), which is between the potentials
of FcBr2 (3.78 V) and Fc (3.40 V). Besides, on the anodic side, the potential of
TiO, is 1.80 V and is between the potentials of Co(Cp)2 (2.10 V) and Co(Cp*)2
(1.67 V). These results prove that LiFePO4 and TiO2 can be chemically reduced
and oxidized by the studied redox mediators. Moreover, the cycling
performances show the excellent stability of the capacity upon cycling. The
obtained results have demonstrated the feasibility of full cell RFB using
Nafion/PVDF composite membrane. In fact, an energy density five times
higher than that of VRB was achieved. In addition, the cell showed a good
cycling due to the low crossover of the redox molecules. However, the
conductivity of the Li*-conducting Nafion/PVDF membrane needs to be
further improved for use in real applications. Additionally, the redox
molecules employed here are far from perfect, and as a result, their reactions
with LiFePO4 and TiO2 result in intolerably high overpotential losses. It is
envisaged that the full development of RFLB would offer a game-changing
approach to obtaining high-energy density large-scale electrochemical
storage with a good Li+-conducting membrane and adequate redox
mediators.
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5.4. 2,3,5,6 tetramethyl-p-phenylenediamine bi-

functional LFP redox mediator

(TMPD) as

A bi-functional redox mediator 2,3,5,6 tetramethyl-p-phenylenediamine
(TMPD) with improved cycling life and voltage efficiency was proposed by
Guang Zhu et al.3! The cyclic voltammogram of this mediator show two pairs
of peaks at 3.20 and 3.60 V vs. Li/Li* as presented in Fig. 10a (the reaction of
TMPD/TMPD** and TMPD**/ TMPD*%, respectively).

e During the charging process, the reactions taking place are:
TMPD** e = TMPD*?* (on electrode)
TMPD*% + LiFePOs= TMPD** + Li* + FePOs (in tank)
e During the discharging process the reactions taking place are:
TMPD** + e = TMPD (on electrode)
TMPD + Li* + FePOs= TMPD** + LiFePOs (in tank)

Fig. 10b show the existence of two voltage plateaus corresponding to the two
oxidation potentials of TMPD. The coexistence of TMPD and LiFePOs in the
catholyte extend the discharge time ~7 times than that containing only TMPD.
Additionally, as shown in Fig. 10c, the XRD patterns show that the LiFePO4
granules were converted to FePO. during the charging, which are then
reversed back to LiFePO4 during the discharge. Due to its ability to identify the
valance states, coordination environment and geometric distortions of
elements in battery materials, 16716 the XANES Operand technique has been
employed to reveal the evolution of LiFePOa in the reservoir during charging
and discharging. Fig. 10d, e show the absence of absorption at the first
charging plateau, which signifies that the process involves only the oxidation
of TMPD to TMPD** without any oxidation of LiFePOs4. However, the
absorption edge of Fe shifted towards higher energy at the second plateau,
indicating that the oxidation of LiFePOa to FePOa by the redox mediator occurs
at the second charging plateau.

Despite the encouraging results, future research must concentrate on
improving the stability of TMPD-based electrolyte in order to create a reliable
RFLB system.
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Fig. 10 (a) Cyclic Voltammograms of 10 mM TMPD** (red curve) and LiFePOs (black curve) in 0.5 M LiTFSI/DEGDME electrolyte at a scan rate of 50 mV/s. The
inset present the molecular structure of TMPD. (b) Charge/discharge profiles of the RFLB cell. (c) XRD patterns of LiFePO4 at different stages of charge/discharge
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(refer to e). (d) Evolution of the near edge energy of Fe in LiFePO4/FePOs at different time of charge/discharge. (e) Voltage profile of the RFLB subjected for
XANES measurement. The inset illustrates the redox targeting reactions. Reproduced from ref. 29 with permission from American Chemical Society, Copyright

2017.
5.5. [Fe(CN)s]*/[Fe(CN)s]* as LFP redox mediator

In another study, [Fe(CN)s]*/[Fe(CN)e]* and S%/S,* were used as redox
mediators for LiFePO4 and LiTiz(POs) in catholyte and anolyte, respectively
(Fig. 11a). This aqueous system reported by Yu et al could deliver a volumetric
capacity of 603 and 308 Ah L* for a lithium concentration in LiFePOs and
LiTi2(POa)s of 22.5 and 11.5 M respectively, higher than all VRFBs reported in
the literature.®> In 0.1 M LiOH electrolyte, the redox potential of LiFePOs is
0.21 V (vs.Hg/HgO0), and that of LiTi»(POa); is -0.69 V (vs. Hg/HgO). Besides,
the widely studied [Fe(CN)s]*/[Fe(CN)s)*> has a redox potential of 100 mV,
more positive than that of LiFePOs, and has excellent reversibility and
solubility in water.'*® Moreover, the polysulfides, already used as anolyte for
various redox flow batteries'®*-'7* have a redox potential comparable to that
of LiTi2(POa); (0.69 V (vs. Hg/HgO0)). These cyclic voltammetry results prove
that the studied redox mediators can reversibly oxidize and reduce the active
materials (Fig. 11b, c).

* The electrochemical reactions at the electrodes are:
[Fe(CN)s]* = [Fe(CN)¢]* + e
S2* +2e = 25*
* The chemical reactions in the reservoirs are:
[Fe(CN)e]* + LiFePO4 = [Fe(CN)s]* + FePO, + Li*
2S% + LiTi(POa)s + 2Li* = Sz + LisTi2(POa)s

X-ray photoelectron spectroscopy (XPS) (Fig. 11d) was carried out to
investigate the reaction between LiTi>(POa4)s and S$¥/S;%. After immersing in
1 M LizS solution for 12 hours, the valence state of Ti in LiTi2(POa4)s changed
from Ti* to Ti**, suggesting that LiTi2(PO4)s has been reduced by S to form
LisTi2(POa)3, which then oxidized by S»* after immersing in Li>Sz solution). As
shown in Fig. 11e, the system presented a discharge voltage of 0.7 V at a
current density of 5 mA cm. The cathodic compartment delivered a charge
capacity of 152 mAh with an utilization ratio of 43.7 % using 0.90g of LiFePOa.
This charging capacity increased to 420 mAh when using 2.69 g of LiFePOs
with higher porosity (utilization of 73.3%). The studied cell exhibited also
high-capacity retention of 99.1% after 55 cycles, and good cycling stability at
a current density of 5 mA cm, as shown in Fig. 11f. Besides, the power
density was 8 mW cm at 100% SOC, with a current density of 20 mA cm2.

In conclusion, the proposed system reveals enhanced electrochemical
performances, it delivered improved energy density and a volumetric
capacity for the cathodic and anodic reservoirs of 76 and 141 Ah L%,
respectively. These results can be further enhanced to 305 and 207 Ah L by
a simple optimization of the loading and the utilization ratio of the static
active materials in the reservoirs. Moreover, the power density can be
improved by using a better anodic electrocatalyst for polysulfide.
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Fig. 11 (c) Cyclic voltammograms of LiFePO, and LiTi»(POa)s as well as the redox mediators. (d) XPS spectra of Ti2p in LiTi»(POa)s after lithiation by S* and
delithiation by S,*. (e) Charge/ discharge profiles of a full cell. (f) Cycling performance of a full cell with 0.90 g LiFePO4 and 1.0 g LiTi>(PO4)3 granules in 7 mL
(0.3 M) KaFe(CN)s catholyte and 4 mL (1 M) Li>S; anolyte. Reproduced from ref. 141 with permission from American Chemical Society, Copyright 2018.

5.6. Ferri/Ferrocyanide complexes as redox mediator for Porous
LiFePOs pellets

Vivo-Vilches et al. have suggested an optimized new catholyte using
porous LiFePOs pellets as lithium storage material, ferri/ferrocyanide
complexes as redox mediator and DMSO/water mixture as electrolyte.'’?> The
prepared LiFePOs particles coated with 1.8 % carbon were then mixed with
NaCl using two different LFP/NaCl volume ratios (70/30 and 60/40), and the
LFP pellets will be named as LFP30 and LFP40, respectively. Fig. 12a shows the
evolution of Cyclic Voltammetry signal of [Fe(CN)e]* solutions in a mixture of
DMSO and water. It is clearly observed that when the vol % of DMSO
increases, the Cyclic Voltammetry curve shifts towards lower voltage.
Moreover, the redox potential of FePO4/LiFePOs in the working conditions is
E =0.37 V vs. SHE, indicating that a mixture of solvent composed of 20 vol%
of DMSO and 80 vol% of H,O is the most appropriate solvent to have a good
match between the potential of LiFePO4 and that of the mediator. X-ray
diffraction (XRD) was performed to study the structural changes of
LiFePO4/FePOs during the chemical delithiation/lithiation by the redox
mediators (Fig. 12b). The XRD patterns are unchanged when a solution with

low content of [Fe(CN)e]* is used (0, 25 or 50 %). However, the FePOs
diffraction peaks appear clearely when using 100% of [Fe(CN)e]*, indicating
the oxidation of LiFePO4 into FePOa. For the reduction process, FePOs reverts
to LiFePOs when using 100% [Fe(CN)s]* solution. The galvanostatic test of the
electrolyte alone (0.2 M Fe(CN)s* in DMSO/H.0 (20/80 vol/vol) + LiCl 0.5 M)
(Fig. 12d, black curve) reveals its full reversibility and good capacity. After
adding 1.85 g of LFP30 pellets, the capacity was increased by 170 mAh for the
charge (Fig. 12d, green curve), signifying a utilization ratio of 54% of LFP. This
result is the same obtained by Yu et al'** for LiFePO4 with another solvent
mixture. In other words, the addition of 1% vol. of LFP increases the total
capacity by 30 % at a current density of 1 mA cm, and up to 50 % at a current
density of 0.25 mA cm2.

As a conclusion, a system with high columbic efficiency and huge capacity
was developed. This work may serve as a proof-of-concept for the effect of
material processing and cell design on the performance of RT-RFBs, but the
scope may be expanded to include larger scale optimizations and a wider
range of mediator/insertion material pairs.
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Fig. 12 (a) Cyclic voltammograms of KsFe(CN)s solutions in different DMSO/H>0 mixtures with LiCl 0.5 M as supporting electrolyte. (b) XRD patterns of LiFePOa
in solutions with increasing concentrations of [Fe(CN)s]*, and (c) in solutions with increasing concentrations of [Fe(CN)e]* . (d) Charge/discharge tests for RFB
containing 60 mL of 0.2 M KsFe(CN)s as catholyte and 180 mL of 0.2 M KsFe(CN)s as anolyte. (e) Battery containing 60 mL of 0.2 M KaFe(CN)s as catholyte and
180 mL of 0.2 M KsFe(CN)s as anolyte. Reproduced from ref. 168 with permission from Elsevier, Copyright 2021.

5.7. FclL ionic liquid as LFP redox mediator

The Nernstian-potential-driven redox-targeting reaction refers to a
specific approach that can improve the performance of LiFePOs-based redox
flow batteries. In this context, Mingyue Zhou et al. proposed a single-
molecule redox-targeting (SMRT) concept using ionic liquid grafted with

This journal is © The Royal Society of Chemistry 20xx

ferrocene, that has a standard potential that matches that of LiFePO4.}” Fig.
13 depicts a schematic illustration of the RFLB half-cell used in this study, with
an energy storage tank containing granules of LiFePOs (Fig. 13b). The chosen
redox mediator, FcIL (Fig. 13c), is an ionic liquid with a ferrocene group
attached to a methylimidazolium ion. This compound has been carefully
selected due to its suitability for the intended purpose. Cyclic voltammetry
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analysis reveals that its half-wave potential is approximately 3.43 V (relative
to Li/Li*). This value closely matches that of LiFePOs in an electrolyte
consisting of 1 M lithium bis(trifluoromethanesulfonyl)amide (LiTFSI)
dissolved in propylene carbonate (PC) (Fig. 13d). Therefore, FclL is an ideal
candidate to be used in this system.

Both static and flow cells were utilized to investigate the SMRT reactions
in battery applications. Results from Fig. 13e indicate that upon introducing
0.44 M equivalent LiFePO4 granules into the cathodic compartment, the static
cell demonstrated a prolonged voltage plateau beyond the capacity of 0.50
M FclL present in the catholyte. This utilization of SMRT reactions accounted
for over 50% of the material's usage, whereas the LiFePOs powder itself
showed minimal capacity in the absence of FcIL. The cell showed only one
voltage plateau, effectively reducing voltage loss and significantly improving
voltage efficiency to approximately 95%. After five cycles, the cell retained
about 90% capacity, indicating satisfactory stability of the system. It was
observed that some electrolyte was trapped at the gasket gap after testing,
which could be responsible for the capacity drop observed during testing.

To provide further evidence for the viability of using the SMRT reaction,
a flow cell was utilized. The results displayed in Fig. 13f reveals that upon
adding 0.37 M (13.1 mAh) equivalent LiFePO4 granules to the tank, the voltage
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plateau of 0.20 M FclL was significantly prolonged. This prolonged voltage
plateau exceeded the discharge capacity of the molecule by 2.1 times. When
utilizing flow through mode, the chemical reactions between the redox
molecules and solid material were notably enhanced due to the forced mass
transport. As a result, the utilization of LiFePO4 was improved up to 95%.

In summary, the SMRT reaction offers an elegant way to enhance voltage
efficiency while preserving the key features of redox-targeting-based RFBs.
This approach simplifies the electrolyte composition of the cell. During
charge-discharge cycles, small potential differences originating from activity
changes of redox-active species enable reversible delithiation and lithiation
of LiFePOas. A single molecule can achieve near-unity utilization yield and 95%
voltage efficiency, leading to a significant increase in volumetric tank energy
density to 330 Wh L, which can be optimized up to 942 Wh L. To achieve
balanced power generation and energy storage for practical applications,
researchers will extensively explore robust redox mediators with superior
kinetics and solid material granules with optimized quantity and packing
density.
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Fig. 13 (a) Schematic of an RFLB half-cell with LiFePOs granules filled in the energy storage tank. (b) The LiFePO4 granules. (c) Molecular structure of FclL. (d)
Cyclic voltammograms of 50 mM FclL on a double-layer electrode in the absence (orange) and presence (green) of FePOa/LiFePOs (1:1). For comparison, the
gray curve shows the CV of a FePOa/LiFePOs-coated double-layer electrode in the absence of FclL in the electrolyte. The electrolyte was 1 M LiTFSI/PC. The
scan rate was 2 mV/s. (e) galvanostatic voltage profile, exploded view of the static cell, and voltage profiles of the static cell for five consecutive cycles. (f)
Voltage profiles of flow cells with 0.20 M FclL in the catholyte and 0.37 M equivalent LiFePOsgranules in the tank. Reproduced from ref. 169 with permission

from Elsevier, Copyright 2017.

5.8. [Fe(CN)e]* as LFP redox mediator with Packed bed flow reactor

To study the kinetics of the electrochemical reactions in the electroactive
material and the effects of different parameters, such as temperature,
pressure, and electrolyte composition, on the electrochemical behavior of the
RTFBs. Devanshi Gupta et al. developed a packed bed flow reactor (PBR) that
allows the precise control of the flow rate and concentration of the
electrolyte solution.?’® The studied redox targeting system comprises
interlinked electrochemical and chemical reactors, as depicted in Fig. 14a. The
system involves a power stack in which redox shuttles are subjected to

16 | J. Name., 2012, 00, 1-3

electrochemical oxidation or reduction, and storage tanks that contain solid
electroactive materials, which undergo chemical redox reactions with the
redox shuttles. Fig. 14b shows a three-dimensional reconstruction of the
packed bed of LiFePOs (as used in the experimental setup) from X-ray
computed tomography which can provides valuable insights into the
microstructure and performance of the packed bed.

The effect of the Bed-height was carefully studied. In fact, the height of
the PBR was altered at 0.5, 1.0, and 1.5 cm while keeping the mass of LFP
powder per bed volume and flow-rate constant. For all experiments
conditions, the concentration of [Fe(CN)s]* was 0.2 mol L?, and the flow rate
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was of 30 mL hr?! at room temperature. The time during which the feed
solution passed through the PBR was selected to ensure that the volume of
electrolyte flowing through each bed height contained twice the number of
moles of the redox shuttle compared to the moles of LFP present in the
packed bed reactor. The conversion of LFP solid material in the reactor as a
function of effluent volume/reaction time (Fig. 14c, d) showed much more
variation for the two shorter bed heights (0.5 and 1.0 cm). This can be
explained by the creation of areas within the bed where the fluid bypasses
some of the particles, causing those regions or particles to not react
completely. This could lead to a higher degree of variation in LFP conversion
for columns with smaller total thickness or volume, as any bypassed zones
would have a larger impact on the overall measured conversion of LFP in the
column. When two moles of [Fe(CN)e]** per mole of LFP were flowed through
packed beds of varying heights, the molar conversion of LFP to FP ranged from
81% to 88%, with slightly higher conversion observed at a bed height of 1.5
cm. However, when equivalent molar stoichiometries of [Fe(CN)s]> were
flowed through beds of different heights, the molar conversion of LFP was
similar, indicating that proportional total moles of [Fe(CN)s]* solution played
a key role in the conversion of LFP. When the same amount of [Fe(CN)s]*
solution (30 mL, 6 mol) was flowed through different bed heights, a significant
difference in the molar conversion of LFP was observed. Thus, for the same
moles of redox shuttle flowed through, the molar conversion of LFP was
dependent on bed height, as shown in Fig. 14e. However, for the same molar
ratio of LFP to redox shuttle, there was no significant difference in conversion.

The effect of Flow rate variation, Redox shuttle concentration, and
temperature were also examined. The molar conversion of the LFP packed
bed was found to be unaffected by changing the flow rate of the [Fe(CN)e]*
solution within the range of 30 to 66 mL hr. Therefore, the variation in flow
rate did not result in any significant effect on the molar conversion of the LFP
packed bed. Besides, Devanshi Gupta et al. evaluated three different
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concentrations of [Fe(CN)¢]* solution (0.1, 0.2, and 0.3 mol L?) at room
temperature, using a constant flow rate of 54 mL h'%, with a bed height of 1.0
cm and 1.0 g LFP. As illustrated in Fig. 14f, the concentration of the redox
shuttle had an impact on the molar conversion of LFP in the packed bed
reactor. The LFP was converted to FP more rapidly as the concentration of
[Fe(CN)e]* increased. When 60 mL of 0.3 mol L [Fe(CN)e]* solution passed
through the reactor, the LFP was fully delithiated. However, when the same
volume of 0.1 mol L [Fe(CN)e)* solution was used, only 56% conversion of
LFP to FP was achieved. Finally, to study the effect of temperature variation,
a water bath was used to keep the PBR at constant temperature. The
conversion of LFP in the PBR was 53.5% and 75% after 60 mL of feed solution
had exited the reactor at 4.0 and 13.0 °C, respectively. At higher temperatures
of 22.4 and 40.0 °C, both conversions were similar at 80%. The four
temperature variations resulted in significant differences in conversion, with
the conversion at 4 °C being much lower than at higher temperatures. The
PBR may have limiting processes at the primary particle level (such as electron
transfer kinetics and Li* diffusion) at temperatures below 20 °C, which could
explain the lower conversion at 4 °C. In addition, the transport of [Fe(CN)e]*
in the liquid phase would be slowed at lower temperatures due to the
dependence of its diffusion coefficient.

In summary, the study presents a model for examining the behavior of Li-
ion electroactive materials in packed beds as they undergo chemical redox.
This is significant for redox targeting flow battery applications and has
potential implications for processes such as the recovery and extraction of Li*
from used Li-ion battery materials. However, more understanding of the
fundamental principles of the reaction and the factors that influence its
performance are required to optimize the system design and potentially
develop new and improved materials for use in these applications.
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Fig. 14 (a) Schematic illustration of a full cell redox targeting flow battery. (b) Three-dimensional reconstruction of a packed bed of LiFePOs as used in the
experimental setup. (c) The conversion of LFP solid material in the reactor as a function of the effluent volume of redox shuttle solution fed, at bed heights of
0.5 cm (black), 1.0 cm (red), and 1.5 cm (green). d) The outlet concentration of [Fe(CN)e]* as a function of time. e) The total moles of LFP converted (FP
generated) as a function of bed height, with a constant 30 mL volume of 0.2 mol L [Fe(CN)e]* flowed through the column. (f) Conversion of LFP to FP with a
concentration of redox shuttle of 0.1 mol L* (red), 0.2 mol L* (green), and 0.3 mol L* (blue) as a function of the volume of feed solution. Reproduced from ref.

170 with permission from Elsevier, Copyright 2022.

5.9. Tetrathiafulvalene (TTF) as LFP redox mediator

To be practical for commercial and industrial applications, RFBs must
have certain performance characteristics, including high energy density, long
cycle life, and low cost. One promising approach is to use organic bifunctional

This journal is © The Royal Society of Chemistry 20xx

redox mediators (BRMs) to enhance the electrochemical performance of the
battery.'”> BRMs can shuttle electrons between the positive and negative
electrolytes, increasing the effective concentration of the redox-active
species and improving the cell voltage. In this context, a research group from
the University of Science and Technology of China recently developed a high
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energy density 3V-class redox flow battery using LiFePO4 and graphite with
organic BRMs. The battery consists of solid active materials LiFePO4 and
graphite in the cathodic and anodic tank, respectively, and the bifunctional
mediators were circulated between the tanks and the electrochemical cell to
ensure the oxidation/reduction reaction of the static active materials. The
researchers used two different BRMs: tetrathiafulvalene (TTF) with LiFePO4
for the positive side, and graphite with biphenyl for the negative side. The
Cyclic Voltammetry of TTF mediator showed two reversible redox reactions
at 3.31 V and 3.58 V vs. (Li/Li*) which correspond to the reactions described
in following equations:

() TTF>TTF* + e
(2) TTF+ > TTF* + e”

3.31V vs. (Li/Li*)
3.58V vs. (Li/Li*)

The redox potential of LiFePOs (3.5V) is situated between the first and second
redox potentials described in Eq. (1) and Eq. (2) respectively. This indicates
that the redox potentials of TTF can be utilized to charge and discharge the
battery. A half-cell charge-discharge test was conducted using
electrochemically charged/discharged TTF to confirm the charge/discharge of
LiFePOa. The test results for the positive-side half-cell are illustrated in Fig.
15a. The addition of LiFePOs to the positive electrode side increased the
charge capacity by 19.8 pAh, which is equivalent to 28.4% of the added
LiFePO4 compared to the case without active material. This indicates that the
system with active material has an increased charge and discharge capacity
when compared to the system without active material. The results suggest
that TTF oxidizes and reduces LiFePOs. Furthermore, the reversibility of
biphenyl's redox reaction was studied using Cyclic Voltammetry
measurements. The result shows the existence of a single reversible redox
pair, which exhibited an oxidation potential of 0.42 V and a reduction
potential of -0.02 V vs. (Li/Li*). LiCs has a redox potential of 0.01 V vs. (Li/Li*),
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Journal Name

which exceeds the reduction potential of biphenyl. This indicates that charged
biphenyl has the capability to reduce the graphite. Moreover, to verify the
discharge process of LiCs by biphenyl as a mediator, a discharge verification
test was performed. The discharge voltage profile, as depicted in Fig. 15b,
illustrates an increase in the discharge capacity upon the inclusion of LiCs in
the cell. This enhanced capacity is believed to be a result of the involvement
of LiCe.

Finally, the researcher conducted a proof-of-concept test on the flow-
type cell by combining the positive and negative electrode systems described
earlier. Fig. 15c displays the charge-discharge voltage profile using a full cell.
Without the active material, the positive electrolyte would have a designed
capacity of 0.7 mAh since 3 mL positive electrolyte comprises 5 mM TTF.
However, the charge-discharge voltage curve indicates that the capacity
exceeded the theoretical capacity in the absence of the active material. This
implies that the additional capacity was extracted from the added active
materials. The mediator molecules are oxidized/reduced at the electrode,
and subsequently, the mediators chemically oxidize/reduce the active
material.

Overall, these results demonstrate the potential of organic BRMs for
enhancing the electrochemical performance of RFBs and suggest that
LiFePO4/graphite RFBs with organic BRMs could be a promising technology.
However, the coulombic efficiency of the system is currently at 83.2%, which
is low since only 31% of the theoretical capacity of LiFePOs is being utilized.
This implies that there is a significant amount of uncharged LiFePO4 remaining
in the tank, which reacts chemically with charged TTF, resulting in a decreased
discharge capacity. To improve the coulombic efficiency and utilization of
active materials, increasing the concentration of the redox mediator in the
solution is an effective way to accelerate the chemical reaction between the
mediator and the active material.
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Y RR
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Fig. 15 (a) Electrochemical performance of the negative-electrode side half-cell. (b) Electrochemical performance of the positive-electrode side half-cell. (c)
Electrochemical performance of the redox-flow type full-cell. Reproduced from ref. 171 with permission from Elsevier, Copyright 2022.
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Table 2 Summary of the different works using LiFePOa as active material for Semi-Solid and Targeting redox flow batteries.
Cathode material wt% conductive additive wt% material Anode Electrolyte LFP particle size Volumetric
material Energy
LiFePOa4 Without conductive additive 40 vol% LiFePO4 Lithium metal M LiPFs in EC/DEC 0.210 and 18 ~230 Wh L
um
(commercial)
LiFePO4 1.5 wt % Ketjenblack 22 wt % LiFePOs Zinc metal 1M ZnS04/0.2 M 0.210 and 18 ~50 WhL
LizSO4 pm
(commercial)
LiFePO4 23 wt% Ketjen Black 77 wt% LiFePO4 LiTi2(POa)3 21 m LiTFSland 1 m 0.210 and 18 74 Wh L™?
ZnTFSI um
(commercial)
LiFePO4/ 0.1 wt % Ketjenblack 0.9 wt% Lithium metal 1 M LiPFs dissolved in 0.5-1 um ~50 Wh L?
15 CNTs LiFeP0O4/15CNTs EC:EMC:DMC = 1:1:1
Cathode material Mediators [Mediators] Anode Electrolyte LFP loading Volumetric
material mass Energy
LiFePO4 FcBrz and Fc 20 mM LiaTisO12 1 M LiPFsin DMC 6.30 mg ~200 WhL
LiFePO4 I/l and Is7/12 20 mM of I and 20 mM Lithium metal 1 M LiTFSI/TEGDME 6.4 mg ~670 Wh L!
of Lil
LiFePO4 FcBra, Fc, [Co(Cp)2] 5 mM Co(Cp)2/Co(Cp*). TiO2 1 M LiPFs in DMC 6.4 mg ~500 Wh Lt
[Co(Cp*)2] and 5 mM FcBry/Fc
LiFePO4 TMPD 25 mM Lithium 1 M LiTFSI/TEGDME 158 mg 1023 WhL-!
LiFePO4 [Fe(CN)s]*/[Fe(CN)s]* and S* 0.3 M KaFe(CN)s LiTi2(POa)3 1MLiNOs,and 0.1 M 2.69g ~76 and 141 Ah
/S2* LiOH + 30 vol % Lt
TEGDME
LiFePOs ferri/ferrocyanide 0.1 M [Fe(CN)e]*> 0.2M 0.5 M LiCl in 2g 600 Ah L
KsFe(CN)s DMSO/water
LiFePOa Tetrathiafulvalene (TTF) and 5mMTTF Graphite Cathode: 1M LiBF4 in 0.416 -
biphenyl 0.1 M Biphenyl PC Anode: LiBFg in 2- g
MeTHF
LiFePO4 Ferrocene-grafted ionic 0.2 M FclL Lithium 1 M LiTFSI/PC 185¢g 330 Wh L

liquid (FclL)

This journal is © The Royal Society of Chemistry 20xx
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Table 3 Comparison between the different Varieties of RFBs

Negative Positive ocv Volumetric Ref
electrolyte electrolyte (V) enegy
(Wh/L)
Inorganic All- Vanadium V(I)/v(i) V(IV)/V(V) 1.26 25-42 176
Solutes
Vanadium-Bromine v(In/v(m) Br /Br 1.3 35-70 7
2
Vanadium-Chromium Cr(ll)/cr(in v(n/van) 1.59 37.79 178
polysulfide/iodide 2 T ¥ 1.05 43.1 70
All- S /S2 1/l
liquid Iron-Chromium Cr(l)/Cr(1n) Fe(Il)/Fe(lN) 1.18 15.8 176
RFBs Organic Quinone-Bromide Quinone/ Br /Br 0.92 - 179
Solutes HydroQuinone 2
Anthraquinone-Benzoquinone AQS/HZAQS BQDS/HZBQDS 1.0 - 180
Symmetric [(bpy-(CHz)aNMea)]l2 [(bpy- [(bpy-(CHz)aNMea)]I2 1.38 32.5 181
(CHZ)SNMeS)]I2
Zinc-Cerium Zn Ce(lll)/Ce(IV) 2.5 20-37 182
Zinc/4,4',4"-trihydroxytriphenylamine Zn 4,4' 4"- 1.4 16 183
trihydroxytriphenylamine
Anthraquinone Li metal Anthraquinone 2.6 25 184
Hybrid RFBs Li| | Tri-TEMPO Li metal Tri-TEMPO 3.45 33 2
The 4,4'(5')-bis(2-(2- Li metal TTF-BMEEC 3.88 178 18
methoxyethoxy)ethyl)carboxylate —
tetrathiafulvalene (TTF-BMEEC)
9,10-anthraquinone-2,7-disulfonic acid AQDS BQDS 0.55 1.15 185
(AQDS)/1,2-benzoquinone-3,5-
disulfonic acid (BQDS)
bis((3-trimethylammonio)propyl) BTMAP-Vi BTMAP-Fc 1.1 1.52 186
Solar rechargeable (BTMAP) functionalized viologen (Vi)
RFBs and ferrocene (Fc)
lodide/Polysulfide e T Wi 0.65 2.1 187
54 /S2 1/l
6. Outlook nanomaterials, may also help to improve the efficiency of the battery. In this

Both semi-solid and redox targeting flow batteries have the potential to
transform the energy storage landscape, offering improved performance,
efficiency, and safety. As research and development efforts continue, we can
expect to see these technologies being used in a range of applications,
including renewable energy storage, electric vehicles, and grid stabilization.
However, it is important to note that these technologies are still in the early
stages of development and further research is needed to optimize their
performance and reduce costs before they can be widely adopted. One of
the key challenges is improving the energy density and power density of the
battery. This can be achieved by optimizing the design of the RFB, developing
new electrolytes, and improving the performance of the electrodes. Another
challenge is to increase the efficiency of the battery. This can be achieved by
reducing the resistance of the electrolyte and improving the charge and
discharge rates. In addition, the use of advanced materials, such as

context, the development of LFP with advanced morphological and electronic
properties could be a good direction to improve the performance of LFP
based RFBs. In the case of SSRFBs, the use of LFP with optimized
morphological properties, such as a high surface area and uniform particle
size, can further improve the performance of the battery by increasing the
electrode/electrolyte interface area and reducing mass transfer limitations.
Moreover, in the case of RTFBs, the use of LFP with optimized electronic
properties, such as high conductivity and low resistance, can improve the
efficiency and power output of RTFBs.

Several strategies such as particle morphology and size control, surface
modification, element doping and the use of prelithiation additives have been
reported to enhance the properties of LFP material.'88-1% By reducing the
particles to the nanoscale, the LFP cathode can provide improved power
density due to the shortened pathways for Li-ion diffusion. In fact, the
synthesis of nanometric LFP particles can be carried out using low
temperature techniques such as solvothermal, hydrothermal, and co-
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precipitation methods. However, the reduction in particles size negatively
affects the volumetric energy density, since a high surface area results in poor
cycling life, which could be explained by the undesirable reactions and the
higher quantity of binders needed. Consequently, the fabrication of micro-
nanostructure LFP materials is currently a promising approach to enhance the
performances of LFP, as high-rate performance is offered by the nano-sized
structure, and the high volumetric energy density and cycling performance
are offered by the micro-sized structures. Innovative methods producing
nano and micro-sized structures must therefore be explored to improve both
rate capability and volumetric energy density of LFP cathode.

Enhancing the morphology of LFP is a crucial aspect in the development
of high-performance SSFBs. However, the efficient design of SSFBs also
demands a precise electrochemical model that effectively characterizes the
kinetic and transport processes within these batteries. While extensive
literature is available for modeling classical porous electrode batteries and
redox flow batteries, the information specifically addressing SSFBs is limited.
Notably, Zheng et al. 2% delved into the impact of rheological effects on the
energy efficiency of aqueous SSFBs. Therefore, it becomes imperative to
develop a comprehensive mathematical model that incorporates
hydrodynamic and electrochemical effects in three dimensions to accurately
represent the operation of flow cells.

In the context of RTFBs, establishing a theoretical computational protocol
is essential for swiftly and reliably predicting the redox potentials of redox
targeting molecules. This prediction aids in the screening of suitable redox
mediators for RTFBs, offering an advantageous alternative to the time-
consuming and expensive process of laboratory synthesis. 1¥7-1%° Density
Functional Theory (DFT) emerges as a favored method for these
computational studies, enabling the rapid and dependable prediction of
properties like redox potential and solubility. DFT has demonstrated its
efficacy in high-throughput screening of organic molecules for RFBs, achieving
accuracies around 70 mV for calculated redox potentials. 15%200-203
Furthermore, the evolving landscape incorporates Machine Learning (ML)
tools, which are gaining traction for similar applications. It's noteworthy that
the diverse range of organic compounds results in various electronic
structures, affinities, chemical bonding types, and molecular energy levels. In
certain scenarios, a single theoretical approach may fall short, emphasizing
the need for a comprehensive and versatile methodology. 2°#2% In summary,
the combination of DFT and ML is becoming instrumental in advancing the
understanding and optimization of RFBs, marking a promising avenue for
future research and development.

In summary, the use of LiFePO4 material with optimized morphological
and electronic properties in next-generation RFBs offers significant
advantages in terms of energy density, stability, and safety. As technology
advances, we can expect to see an increasing adoption of this technology in
various applications, including renewable energy storage and grid
stabilization.

7. Conclusion

In this work, recent developments of LiFePOs-based flow batteries are
reviewed. On the one hand, Semi-Solid Redox Flow Lithium-ion Batteries
show increased potential and high energy density compared to all Vanadium
RFBs (low solubility of vanadium species,) due to the high concentration of
active species in a solid material than in an electrolytic solution. However, the
poor fluidity and high viscosity of the active material’s suspension presents a
critical barrier for practical operation, therefore, more studies and
formulations must be developed to overcome these drawbacks and
limitations. On the other hand, the targeting-based concept has also shown
improved potential and energy densities. However, several problems
hindering the development of this technology such as low voltage efficiency,
low power density and poor cycle stability must be addressed. The power
density of redox targeting-based flow batteries depends strongly on the type
and the nature of the membrane. In fact, a good selectivity of the membrane
improves the capacity retention of the battery. Moreover, find soluble
mediators with redox potentials targeting those of the solid active materials
or a single mediator with a redox potential sufficiently close to that of this
solid material kept statically in the reservoir. Finally, the use of LiFePO4 with
optimized morphological and electronic properties for semi-solid and redox

This journal is © The Royal Society of Chemistry 20xx
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targeting flow batteries results in a great improvement in performance,
especially excellent volumetric energy density. However, gigantic efforts must
be made in this field to overcome the problems and open the door for next
generation redox flow batteries.
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