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ABSTRACT

The vanadium redox flow battery (VRFB) is a highly regarded technology for large-scale energy
storage due to its outstanding features, such as scalability, efficiency, long lifespan, and site
independence. This paper provides a comprehensive analysis of its performance in carbon-based
electrodes, along with a comprehensive review of the system's principles and mechanisms. It
discusses potential applications, recent industrial involvement, and economic factors associated
with VRFB technology. The study also covers the latest advancements in VRFB electrodes,
including electrode surface modification and electrocatalyst materials, and highlights their effects
on the VRFB system's performance. Additionally, the potential of two-dimensional material
MXene to enhance electrode performance is evaluated, and the author concludes that MXenes
offer significant advantages for use in high-power VRFB at a low cost. Finally, the paper reviews

the challenges and future development of VRFB technology.
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1.0 INTRODUCTION

The growing adoption of green energy technology has resulted in intermittent and fluctuating
power generation, combined with current load fluctuations, which raises concerns about the
security and sustainability of future electricity networks. To address this challenge, energy storage
solutions offer a broad range of technology alternatives to manage power supply and build a more
reliable and cost-effective electricity grid. In this section, we present a detailed study of flow
batteries, which are currently one of the most effective choices for large-scale energy storage
systems being utilized globally. In the 1930s, Pissoort first explored the potential of vanadium
redox flow battery (VRFB)[I, Later, Maria Skyllas-Kazacos and her team at the University of New
South Wales (UNSW) pioneered the development of VRFB technology, which satisfies the

performance criteria for large-scale energy storage applications, featuring a lengthy lifespan and



outstanding energy efficiency (EE), coulombic efficiency (CE), and voltage efficiency (VE) of
around 80% in large installations!?l. In the 1980s, Maria Skyllas-Kazacos reported the first
practical proof of dissolved vanadium in a sulphuric acid solution], and since then, numerous
research groups have contributed to the development of revolutionary membrane, electrode, and
electrolyte materials for VRFB technology.

The VRFB is a rechargeable flow battery that stores and supplies energy by conducting
redox reactions involving various oxidation states of vanadium ions. The VRFB system comprises
several major components, including electrolytes, pumps, and power cells, while the VRFB power
cells consist of electrodes, a membrane, bipolar plates, and current collectors!. In this paper, the
authors present a detailed overview of recent enhancements, challenges and future developments
in the electrode component, as it is the key component that determines the performance of the
VRFB system. As the energy output of VRFB technology is scalable by manipulating parameters
such as the number and size of cell stacks and electrolyte volume, without loss of power or
degradation of the energy storage system's health, it has become more established in recent years.
Additionally, VRFB technology offers a longer lifespan, low maintenance requirements in the long
run, and is free from fire hazards!> 51. These advantages make VRFB technology suitable for
applications in utilities-related industries, uninterruptible power supply (UPS), grid industry,
photovoltaic industry, and wind power industry®l.

This review provides an in-depth examination of the VRFB technology, focusing
specifically on the electrode materials, electrocatalysts, synthesis methods, electrochemical
performances, oxidization, and characterization methods. The article emphasizes the current
difficulties related to the electrodes in VRFB and highlights the wide range of potential

applications offered by the technology in growing economic markets. The authors discuss the



potential of emerging nanomaterials, such as MXenes, to enhance the existing electrode materials
in the VRFB system. This article aims to enable researchers to track recent development progress
and identify improvement steps or routes associated with electrode materials, with the goal of
optimizing the efficiency of VRFB by designing or manipulating the electrode materials. The
authors explore the high electrochemical activity, redox ability, high surface areas, and functional
transition metal surfaces of different types of electrocatalysts in various carbon-based electrodes,
as well as the influence of MXene on the performance of VRFBs by providing active sites for
redox couples and electrocatalytic activity for the electrodes. Furthermore, the article provides
important future indications for improving electrode physico-chemical performance using
different electrocatalysts and MXene-derived composites in VRFBs, with different types of
modification and uniformity morphologies. Given that electrodes are the critical factor influencing
the overall reliability of VRFB, this review underscores the need to address the barriers or

limitations caused by the electrode materials.

20 VANADIUM REDOX FLOW BATTERY (VRFB)

The VRFB is a rechargeable flow battery that accumulates chemical energy using vanadium ions
in various oxidation statest®. One key advantage of the VRFB is that it uses only a single electro-
active substance, vanadium, which can exist in solution in four distinct oxidation states,
eliminating the need for two different electro-active substances [l. The vanadium is typically
dissolved in a solution of sulphuric acid (H2SOa4), hydrochloric acid (HCI), and a few types of
additive materials that are added to each half of the VRFB [, The VRFB consist of multiple critical
elements, such as the electrolyte, electrodes, membrane, bipolar plates, current collectors, cells,

and flow framestl. The vanadium anolyte and catholyte are held in distinct tanks, and the half-



cells are separated by an ion exchange membrane. Pumps are used to circulate the electrolytes

between the half-cells, as illustrates in Figure 1.
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Figure 1: A diagrammatic representation of the VRFB.

Electrical energy is generated in the half-cells by converting chemical energy through the
oxidation and reduction of the electrolytes®l. As the vanadium electrolytes flow through the cell
stack, they are transformed from electrical energy to chemical energy™. The battery state of
charge (SOC) is increased when the electrolytes flow from the cells to the tanks. At the molecular
level, V3*/V** enter the electrochemical cell, as shown in Figure 2. The oxidation of V#* to V°* in
the catholyte half-cell is depicted in Figure 2. In this process, the conductive electrode material
removes an electron, and an H* ion diffuses over the membrane to the other side of the cell™%-11,
Electrons from the external circuit decrease from V3* in the anode half-cell to VV#*, with the H* ion
passing through the membrane to balance the total charge of the half-cell™?. The two charged
electrolytes, VZ* and V°*, remain in the half-cells. When the VRFB runs out of energy, it switches
to discharge mode, and the two electrolytes in the cell stack, V> and VV2*, convey the chemical
energy to it, which is then turned into electrical energy that feeds the external load!*?: 11 132 130]

The charging process occurs in reverse at the molecular level, where an H* ion crossing the ion-



conductive membrane releases an electron to balance the charge of the H* ion 241, When the cell
is discharged, the electrolytes V3" and V** exit the cell, and the VRFB supplies electrical power
until the electrolytes in the two tanks are completely discharged. Equations (1) - (3) present the

chemical reactions that occur during the operation of the cell.

Positive Side: VO?* + 2H+ + e «<>VO," + H,0 E°=1.00V (1)
Negative Side: V3" + e >V E°=-025V (2)
Overall reaction: V3" + H,0 + VO** V2" + 2H" + VO,* E°=1.25V (3)

The concentration of V2* to V°* ions in VRFB electrolytes typically ranges from 1 - 2 M,
while H2S04 and HCI concentrations are usually between 3 - 6 M and 4 - 8 M, respectively® 5],
The solubility of vanadium ions is significantly influencedby the electrolyte's HSO4 concentration
and temperature. Increasing H.SO4 concentration decreases the solubility of V2*, V3*, and VO?*
but increases the solubility of VO_*. Conversely, decreasing the temperature of the electrolyte can
increase the solubility of other vanadium ions[*¢l. Vanadyl sulfate (VOSQ4), vanadium trichloride
(VClz), and vanadium pentoxide (V20s) are among the vanadium compounds that have been
considered for use in various supporting solutions, such as hydrochloric acid (HCI), sulfuric acid
(H2S0s), and sodium hydroxide (NaOH)!™. However, the use of HCI and VCls can generate
chlorine gas, while the use of V.Os leads to poor solubility. The concentrations and
electrochemical activities of vanadium ions significantly impact the densities and efficiencies of
VRFBs. Impurities in the vanadium electrolyte can affect the reaction kinetics, energy density, and
stability, as well as the efficiency of the VRFB. Thus, further research is needed to gain a more

comprehensive understanding on the nature and effects of impurities in vanadium electrolytes.
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Figure 2: Schematic diagram of VRFB (a) charging and (b) discharging process. Reprinted
from publication*®!, Copyright (2022), with permission from Elsevier.

An optimal electrode material for VRFBs should possess excellent electrical conductivity,
good mechanical properties, great chemical resistance, a reasonable cost, and a prolonged lifespan
even under highly oxidizing conditions. Carbon-based composites or inert metallic materials are
often used for VRFB electrodes. However, during discharge and corrosion, metal ions can dissolve
into the electrolyte from metallic electrodes, resulting in unstable redox potentials and disrupting
the VRFB's chemistry. Therefore, metallic electrodes are often made of noble metals with high
electrochemical stability or catalytic properties. Early experiments aimed to introduce diverse
oxygen functional groups onto electrode surfaces. Nevertheless, subsequent investigations

indicated that OH- functional groups were better in providing active sites for vanadium redox pair



processes, thereby increasing electrode reactivity and wettability. While graphite and carbon felt
will remain to be the primary electrode materials for VRFBs, future research will focus on "zero-
gap" cell architecture to improve reaction Kinetics, increase densities, and ultimately improve
VRFB stack efficiencies.

The membrane plays a crucial role in the VRFB system, acting as a separator that prevents
physical mixing of vanadium ions and self-discharge reactions!**l. Cross-permeation of charged
vanadium ions between solutions during oxidation and reduction processes results in significant
cell performance degradation. The formation of VO* on the positive side and V3* on the negative
side through undesirable vanadium ion cross-flow[*®! prolongs charging and speeds discharging,
reducing VRFB efficiency. To be effective, ion exchange and anion exchange membranes must
exhibit strong ion conductivity, superior chemical and mechanical durability and low vanadium
ion permeability. Although Nafion is well-known for its chemical stability and proton
conductivity, its high vanadium ion permeability hinders widespread adoption by intensifying the
self-discharge process and resulting in significant capacity and CE loss during long-term
operationt®l, Various hydrocarbon-based proton exchange membranes, including poly(ether ether
ketone) (PEEK)™ poly(fluorenyl ether ketone sulfone)!?!l, poly(arylene ether ketone) (PAEK)[2],
porous polytetrafluoroethylene(PTFE)!?3] and poly(arylene ether ketone) with imidazole
(PAPN18 have been investigated as Nafion alternatives. However, the ion transport process across
VRFB membranes is challenging®*! because protons migrate with sulphate anions through free
volume or acid molecules absorbed in membranes[?l. Furthermore, compared to proton exchange
membranes, hydrocarbon-based membranes have weaker redox stability, particularly on the
positive half-cell sidel?®l. Therefore, membrane fabrication research focuses on improving ionic

conductivity, mechanical characteristics, chemical stability, and vanadium ion permeability.



The term "current collector” in the literature is used interchangeably, with some studies
referring to copper plates at each end of the stack?’l, while others relating it to bipolar plates
(BP)I28l, The BP is a versatile and necessary component of the VRFB system, serving several
functions such as electrically connecting and chemically separating each cell, providing stack
support, and allowing electrolyte distribution in the porous electrode through the flow field, similar
to the fuel cell system!*5¢2°1, The BP should possess excellent electrical conductivity to facilitate
efficient charge transfer, good mechanical properties to provide structural support, good corrosion
resistance to maintain electrochemical stability, no electrolyte leakage to avoid mixing, and be
composed of materials that are widely available at reasonable costst®l. Materials used for BP
fabrication are susceptible to corrosion, swelling, electrolyte leakage, and interfacial contact

resistance, posing challenges for their application.

3.0 POTENTIAL APPLICATION AND MARKETS OF VRFB TECHNOLOGY
3.1  Potential Application of VRFB

VRFB technology offers numerous advantages, making it a promising large-scale energy storage
system. A significant benefit of the VRFB technology is its scalability, where the power output
can be adjusted by altering the size and number of cell stacks®!, and the energy capacity can be
determined by the amount of the stored electrolyte®?l. Additionally, VRFB eliminates power or
capacity loss due to side reactions in the electrolyte solution, ensuring a longer lifespan than
conventional batteries even after deep discharge3l. Unlike other flow batteries, VRFB utilizes
vanadium in both electrolytes, preventing battery degradation through cross-contamination3l, In
laboratory settings, VRFB has demonstrated a lifespan of up to 20,000 cycles with 70% to 90%

efficiencies, far exceeding the typical 4,000-5,000 cycles of solid-state batteriest® 4. The



technology also boasts a rapid response time, can operate at 0% charge, and has low maintenance
requirementst? °* 54, \VRFB provides additional benefits such as frequency regulation, peak and
base load shifting, and reliable operation™ 1. Furthermore, it offers a sustainable and safe package
due to its ability to reuse and recycle electrolytes and its stable aqueous electrolyte chemistry,
which eliminates the risk of fire hazards[®¢l,

All of these advantages make the VRFB adaptable for use in various utilities-related
industries, which involve the generation, supply, or utilization of electricity, such as electrical
apparatus, renewable integration, utility services, and others. According to data from Data
Intelot®, the largest percentage of VRFB end-users is in the UPS application, accounting for
62.5%, followed by the wind power industry (18.7%), utility facilities (11.4%), photovoltaic
industry (3.1%), and others (4.2%). The UPS application serves as an emergency power supply
during power outages, where the VRFB system acts as a battery bank that stores electrical energy
and supplies it during an emergency®. Therefore, rapid response time is a critical property
required for this application. In the renewable integration industry, the VRFB technology is mainly
used as an energy storage system that is connected with renewable generators, such as wind and
solar power generation farms. Energy storage plays a significant role in ensuring the stability of
the power grid in the quest for 100% renewable energy™”l. This energy storage method maximizes
the use of energy generated from renewable sources and delivers it continuously8l. The VRFB
energy storage system is also a promising solution for the grid industry, specifically in smart-grid
or micro-grid electricity network applications. The grid that is connected to the VRFB energy
storage system can provide multi-ancillary services, effectively regulating frequency and
performing peak-shaving services due to its fast response time advantages!’l. Additionally, this

system guarantees economic feasibility and capital cost reduction in grid infrastructurel®l,



The widespread adoption of VRFB technology in various applications is a testament to its
effectiveness and practicality. The technology has been in use for several decades, with notable
installations including a 12kWh VRFB system in a solar-powered home in Thailand and a grid-
connected VRFB load levelling system at the Kashima-Kita Electric Power station in Japan!®,
Industry players such as Sumitomo Electrics Industries (SEI) have also deployed VRFB systems
for emergency power supply, peak shaving, solar and wind integration, UPS, micro-grid and other
applications®®l. Moreover, SEI and Hokkaido Electric Power Inc. (HEPCO) installed one of the
world's largest VRFB systems at the Minamihayakita Transformer Station in Abira-chou,
Hokkaido, Japani. Dalian Rongke Power has delivered 20 VRFB projects across China,
Germany and the United States, while Pu Neng has completed more than 20 VRFB projects in
Asia, Africa, Europe and the United States®l. Furthermore, many other global industry players
such as Schmid Group, Voltstorage, Volterion from Germany, RedT Energy from the United
Kingdom, UniEnergy Technologies from the United States, and others are also developing VRFB
technology.

3.2  VRFB Markets

The growth of the industrial sector and the increase in global population have led to a significant
rise in energy consumption, resulting in the growth of the utilities-related industry worldwide. The
adaptability of VRFB technology in various applications within this industry is a key factor driving
the expansion of the global VRFB market. As stated in the market report on VRFB by Reports and
Datal*!, the market size was large in 2019 and it is projected to expand significantly in the next 10
years. The Asia Pacific region (China, Australia, India, South Korea, Japan, etc.) is the largest
global VRFB market due to large-scale application in utility facilities, clean energy integration,

and UPS systems. Figure 3 presents the prospect and cost breakdown for the VRFB system. The



prospects for VRFB technology from 2018 to 2030 involve three main commercialization
indicators: performance, durability, and cost. The performance of VRFB technology is expected
to improve in the upcoming years, while the durability and cost of the VRFB system are anticipated
to decrease by 50% from 2018 to 203012l. These prospects can be realized through progressive
research, particularly in developing new material components, optimizing battery performance,

and enhancing VRFB efficiency.
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Figure 3: (a) Prospect for the VRFB technology from 2018 to 2030, (b) Cost breakdown for the
VRFB system.

The cost of VRFB systems can be broken down into three categories: investment,
operating, and energy costs, with investment costs accounting for the largest portion at almost 87%
of the total cost!*3l. The VRFB stack system is one of the components contributing to the
investment cost, and the cost ratios of each component in the VRFB stack system are shown in
Figure 3 (b). The electrolyte component makes up the largest portion of the VRFB system cost at
43%, followed by the membrane and power conditioning system (PCS) at 27% and 11%,

respectively®. The electrolyte component is costly primarilyis due to the expensive vanadium



market price. However, the urgent global need for large-scale VRFB technology to achieve carbon
neutrality and the global carbon peak has made industrialization development a priority, and this
is expected to reduce the price of raw materials in the next 5 — 10 years*4l. Despite the relatively
high cost of VRFB technology, its long service life of up to 15 — 20 years makes it a cost-effective

and profitable technology option for investorst” 431,

4.0 ELECTRODE MATERIAL IN VRFB

The electrodes play a critical role in VRFBs and are typically made of carbon-based materials such
as GF, CF, and CP, due to their low cost, strong conductivity, and high stability in acidic
environments“’l. Each material has their own roles or benefits for VRFBs. For example, GF have
high specific surface area; enhance the adhesion between the deposited metal oxide catalysts
electrode stabilization preventing capacity loss and stable catalytic effect!®l. The electrochemical
reversibility and activity of V2*/V® and VO?'/VO," redox couples on GF can be enhanced
significantly by the anodic potentiostatic polarization approach due to the introduction of C=0 and
COOH groups but it is costly than CP and CF. When compared to other metals that would
potentially be suited for large-scale applications, CF is the most prominent electrode material due
to its low cost and high corrosion resistancel*’l. It exhibits a high overpotential towards the
hydrogen evolution reaction (HER), which is a potential parasitic reaction in the negative half-
cell. CP have a large surface area, high conductivity, excellent stability, and an increasing number
of functional groups to enhance their electrochemical activity toward vanadium redox couples,
electrode/electrolyte interaction, and mass transport resistancet8l. Vanadium ions diffuse from the
bulk electrolytes to the region of the electrodes and are absorbed on the electrode surfaces. Through

the interchange of functional group hydrogen ions, the absorbed vanadium ions are coupled to the



electrode. Only the electron transfer process occurs in the VO*/VO.* redox pair, whereas only the
oxygen transfer reaction occurs in the V2*/V3* redox couple. At the positive electrode, an oxygen
atom of the C-O functional group travels to the VO?*, and an electron of the VO?* is transferred to
the electrode via the C-O-V bond, increasing the vanadium ion's oxidation number from +4 to +5.
At the negative electrode, one electron is transferred from the electrode to the V3" via the C-O-V
bond, reducing the vanadium ion's oxidation number from +3 to +2. The ion exchange process
takes place between the V ion connected to the electrode surface and the H* ion in the electrolyte,
and the thus produced reactants (VO." and V?*) diffuse back into the originally formed
electrolytes*®. Electrodes need to provide active sites for electrochemical reactions to occur
through ion exchange and electron transfer mechanisms. However, the limited diffusion of
vanadium ions to active sites and insufficient electrochemical activity of electrodes for desired
reactions are significant challenges to achieving optimal VRFB performance!®®. In particular, the
anode (V?*/V®*) has a slower redox chemistry than the cathode (VO?*/VO:") on electrodes” 5%,
which is a rate-limiting factor in high-performance VRFB operation. As electrolyte ion redox
reactions occur on the electrode's surface, the electrode material is a crucial factor in the battery's
overall performance. In the following section, we will discuss some of the most critical
requirements for an electrode to achieve optimal VRFB performance. Although the electrode does
not participate in the redox processes, it must serve as a source of active sites for the redox pair.
Furthermore, the electrode must be chemically and electrochemically stable to perform well in an
acidic medium and within the battery's working potential window. Additionally, the electrode must
have high electrical conductivity to facilitate rapid charge transfer. The electrode is a critical factor
in flow battery output and power density as it provides an electroactive surface area and conducts

electronst®l,



Carbon-based materials like GF, CF, and CP are commonly used as electrode materials in
VRFBs because they fulfil most of the requirements®2. However, most research has used the same
material for both the anode and cathode, and there have been few studies with different electrode
materials for each half-cell®®l. For instance, Maleki et al.>*! used commercial felt on the positive
side and carbonized electrospun material with commercial CF on the negative electrode. GF is the
most frequently used electrode material due to its high electrical conductivity, good chemical
stability, large specific surface area, and a wide potential activity window. Despite its advantages,
insufficient electrochemical activity and poor hydrophilicity lead to a low number of active sites
for redox couples and low electrolyte accessibility, which impedes the development of VRFB
technology. Researchers have explored various electrode modifications using metals or metal
oxides such as Pt, Pd, Bi, Fe, Cu, PbO;, WO3, Mn30s, ZrOz, NiO, CuPts, and Nb2Os, as well as
carbon-based, carbon metal-based, and carbon-metal composite-based catalystst®?® %4, The

advantages and drawbacks of some of these materials are shown in Figure 4.
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Table 1: Recent development of modified or activated electrodes for VRFBs system.

Electrode Catalyst Synthesis Method | Findings Ref.
material
GF fiber N-doped carbon Chemical treatment Excellent EE, capacity retention, and wettability in an electrolyte. (58]
nanospheres Provide long cycles at 150 mAcm™ current density, and adaptability
in wide range of working temperatures.
CF Benzoyl peroxide Chemical treatment | Improved EE of 75% at 100 mAcm™ current density. (5]
Enhancement of the electrocatalytic properties of oxygen-
functionalized surfaces.
GF P-doping Hydrothermal Excellent electrochemical activity, reversibility, electrolyte (571
wettability, and durability (over 1000 cycles).
Adaptability in broad range of working temperatures (-20°C — 60°C).
GF KHCOs-activated Hydrothermal Excellent electrocatalytic activity, and enhance EE and discharge (58]
carbon microspheres capacity at high current density.
GF Polymer of tubular Heat treatment Electrochemical activity reversibility was increased and enhanced 59
polypyrrole the discharge capacity.
Improved performance with the EE (82.20%) at 80 mAcm™,
GF Rayon-based & Thermal treatment Rayon-based felt have a consistent performance during the entire [60]
PAN-based testing period, while PAN-based showed exhibited persistent and
severe deactivation.
CpP rGO & Graphene Passive deposition on | The rGO deposition has excellent kinetic performance compared [61]

the
electrode

with graphene.
The enhancement of electrochemical kinetics was observed, while
the negative impact on mass transfer properties was not significant.

Melamine foam

3D N, P co-doped/

One-step foaming

rGO can enhance conductivity and specific surface area.

[62]

electrode rGO coated method N and P atoms provide extra sites for redox reactions.
carbonized melamine Excellent EE (74.14%), long-term cycling stability and charge-
discharge cycles at 200 mAcm™ without significant degradation.
ECNF Graphite nanopowders | Physical procedures | Significant increment on electrochemical activity. (3]
to reach the Increasing the content of nanoparticles led to an increase in the
composite reversibility of vanadium species.
CP KOH activation Improvement in active sites and electrolyte flowrate leads toward (641
the high performance of VRFB.
CP Pseudo-channel Enhanced the overall active surface area of the electrodes. [65]

effect




The EE of the laser-punched holey CP electrode was 85.11%, which
is a 10.41% increase compared to pristine CP.

CF SnO; nanoparticles Hydrothermal Improved performance stability, EE (77.3%) in high current density, | ¢
enhanced discharge capacity (23.7%) and retention capacity.

GF Acidic treatment Lower peak potential separations, less charge transfer resistances, 1671
and higher peak current densities, charge/discharge capacities and
EE compared to typical thermal treatment.

CF MWCNT Solution deposition | Significantly enhanced electrolyte reversibility and electrochemical | ¥

method activity, while increasing the CE and EE.
GF PAN-based Utilizing the electrocatalytic properties of antimony in stabilizing (69

the electrode.
Facilitating redox reactions improving battery CE, VE and EE.

PAN-based GF

Nitrogen carbon

N-doping procedure

Increased electron and ion transfer, improved surface defect, and

[70]

nanofiber (NCNF) enhanced hydrophilicity and conductivity.
Excellent battery performance and discharge capacity.
CF Graphene Solution coating High peak current, low polarization and potential difference, and (7]

method

enhanced VE and EE.

Graphite fiber
mat

Thermal activation

Reduced the polarization resistance (23%) of VRFB.
The EE is 80% at 100 mAcm™.

[72]

GF Carbon nanoparticles | Four-step procedure | High surface area, increased electrocatalytic activity and decreased (73]
ohmic loss, which enhanced EE up to 84.8%.
GF Copper nanoparticles | Solution coating Significant enhancement in electrochemical activity, EE (17%) and (7]
method electrolyte utilization (53%).
CF Mesoporous tungsten The oxynitride catalyst has high VE, specific capacity, and surface (73]
oxide and oxynitride area, and exhibits low current transfer rate and capacity loss.
CF Boron-doped Hydrothermal The surface-active sites for redox activity were enhanced, leading to | [®
mesoporous graphene a notable improvement in the kinetics and reversibility of ion.
EE increased 17.3% at 150 mAcm™.
GF Titanium nitride Hydrothermal Enhanced EE (43.3%) and electrolyte utilization (15.4%). (77l

nanowire

Significantly improved in active sites and electrochemical activity.

Carbon cloth

KOH activation

Increased surface area, EE (80%) and electrolyte utilization (74.6%).

[78]

GF

Water activation

The VRFB demonstrated a CE of 95.06%, a VE of 87.42%, and an
EE of 83.10%.

[79]

CF

Bi nanoparticle

KOH-etched
treatment

Increasing the concentration of oxygen functional groups (16.49%),
resulted in a decrease in charge transfer resistance and an
improvement in EE by 36.2%.

[80]




ECNF PAN/DMF based Hydrothermal The mass transfer kinetics, electrochemical reaction area, and (81]
electrocatalytic activity were enhanced.
Efficiencies and power density of VRFBs are highly improved.
CF Nd»O3 nanoparticles Chemical treatment | Greatly enhanced EE and charge capacity. [62]
GF Mnz;O./ MWCNT Solvothermal method | Higher discharge capacity, lower electrochemical polarization, and (83]
enhanced EE by 3.73%.
CNF PAN and PVA-based | Four-probe Enhanced transport properties and increased the specific surface [84]
procedure area.
Achieved high peak power density (~1.9Wcm™) and EE (79.3%) at
400 mAcm™,
ECNF Ce0; nanoparticles Electrospinning and | Enhanced electrochemical surface area by four times. [85]
carbonization method | Improved electrocatalytic activity of the negative side, discharge
capacity and EE.
CNF ZrO, nanoparticle Electrospinning Excellent capacity retention (95%), enhanced EE (8.3%) and (86
method discharge capacity (8.7%).
GF Cr0; Impregnation method | Significantly improved VE, EE and discharge capacity up to 75.9%, | [
67.6% and 83.6%, respectively.
CNF TiO nanoparticles Electrospinning Enhanced EE by 8.7% and increased discharge capacity by more (87]
method than 50%.
CP MWCNT Flowing deposition 70% increment on power output. [88]
CF Mesoporous carbon Acidic treatment Excellent EE compared to the bare CF. [89]
Nanoporous Mesoporous carbon Heat-treated Increased the mass transfer rate, and the utilization of electrode | %

carbon scaffold

surface area, low overpotential.

Polyacrylonitrile | PAN based Electrospinning 81.03% EE at 200 mAcm 2, long-term cycling stability. (o1
and poly methyl

methacrylate

Glassy carbon SnO2/rGO Sol—gel EE increased 69.8%, boosted charge transfer, and electron transport | %

[processes.

GF metal-organic Carbonization Improved EE 75%, increases the capacity. (%3]
framework techniques

N-doping on Polyethyleneimine Pyrolysis method Higher electrochemical activity towards vanadium species, improved | 4

carbon cloth VE, CE, EE.

skeleton

Aligned carbon
fibers

PAN-and PVA-based

Electrospinning

EE 79.3% at 400 mAcm 2, high peak power density.

[84]




The modification of electrodes using different types of electrocatalysts and their
application in VRFBs is summarized in Table 1. The table reveals that many studies have been
conducted to enhance the efficiency of VRFBs by increasing the electrode's surface area and
electrochemical active sites for redox reactions. These methods are recognized for their ability to
introduce functional groups and/or other metallic electrocatalytic elements, particularly during
charge-discharge cycles, which provide active sites for vanadium ion reactions. The synthesis of
the catalyst involved several processes, such as thermal, hydrothermal, acid, and Fenton's reagent.
Oxygen functional groups such as C-O and C==0, and other functional groups such as -NHs or -
SOsH, were added to the carbon-based electrode. Carbonaceous materials, including graphene,
multi-walled carbon nanotube (MWCNT), and nitrogen doping (N-doping) or phosphorus doping
(P-doping) materials, were used to increase the number of functional groups and the electrode's
surface area as a catalyst to promote the redox reaction.

Two key approaches have been utilized to enhance VRFBs: electrode activation and
surface modification techniques. The activation technique requires the introduction of functional
groups to increase the number of electrode sites. Surface modification techniques have been
implemented through three mechanisms: (1) increasing the surface area and active site
concentration for redox reactions, (2) enhancing the electrode’'s porosity to increase hydraulic
permeability and facilitate electrolyte transport, and (3) reducing ion concentration loss and
pumping capacity. Researchers have utilized various carbon-based, metal-based, and carbon-metal
composite materials for VRFB electrodes, as summarized in Figure 5, and have presented

significant improvements in their work through the use of different types of electrocatalysts.
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Figure 5: Timeline for research on different types of electrode materials for the VRFB.



4.1  Graphite Felt

Table 2: Recent advances in GF electrodes with different types of catalysts in VRFB.

Catalyst Deposition Current Electrolytes VE CE EE | Cycling| Ref.
Method Density (%) | (%) | (%) | Stability
(mAcm?) (Cycles)
AC - 100 2MVOSOs+ | 77 | 94 | 72 50 198]
(sugarcane) 5M H,S04
Phosphoryl- | Dip Coating 120 1.5M VOSO, + | 83.8 - 79.4 35 (6]
ethylamine 2M H>SO04
Hydroxyl Dropping 80 1M V-ion+ 83 9% | 79.7 50 7]
MWCNT 4.2M H,SO4
Carbon foam | Spraying 40 1M VOSSO, + | 88 90 79 10 (58]
1M H,SO,
N-CNT (Fe) | Pyrolysis 100 0.1M VOSO,+ | 83 96 81 30 (5]
3M H,SO4
MnO, Hydrothermal 150 0.75MVOSO, | 79 95 75 120 [100]
+ 3M H,SO,
0-TiO, Dipping 100 0.8M V-ion+ 74 98 | 725 50 (101]
3M H3SO04
Ta, 05 Hydrothermal 80 1.6M VOSO,+ | 78.1 | 94.8 | 73.7 100 (102]
2.5M H,S04
PbO, Pulse electro- 70 0.5M VOSO, + | 82.4 | 99.5 | 82 30 [103]
deposition 3M H,S04
CeO, Precipitation 200 2M VOSSO, + | 85 92 78 100 (104]
2M H3SO4
Nb,O¢ Hydrothermal 150 2V VOSO, + 90 74 73 16 (205]
5M HCI
WO, Hydrothermal 70 IMVOSO,+ | 88.6 | 99.1 | 87.8 20 (106]
3M H,SO4
Zr0, Immersion- 200 1.5M V-ion 719 | 93.7 | 67.4 200 (207
precipitation +3M H,S04
WO05-NWs/ | Dropping 80 1.6M VOSO,+ | 83.6 | 949 | 79.4 50 (108]
GS foam 2.5M H,S04
TiNb,0,- | Ink-dispersion 120 | L6MVOSOs+ | 827 | 96.3 | 79.7 | 200 | [
rGO 2.5M H,S04
PDA-Mn;0, | Polymerization 150 0.7M V-ion+ | 61.5 | 99.3 | 61.1 50 (110]
2.5M H,S0,
TiC Hydrothermal 100 1.6M V-ion+ | 75 - 75 20 (53]
4AM H,SO4
Nb-doped Heat-treated 40 0.15M V-ion + | 96 98 95 100 (111]
TiO; 3M H,SO4
NTIC Mechano- 30 2M V-ion + 58.9 | 98.9 | 57.9 50 (112]
chemical 3M H,SO4
Antimony | - 60 12MVOSO,+ | 95 | 88 | 75 10 [6°]
1.5M H,SO4
NiO Calcination 60 1.6M V-ion+ | 89 98 87 50 (113]

3.5M H,SOq4




Although GF is currently the most popular electrode material for VRFB systems due to its high
surface area, chemical stability, and electrical conductivity, it alone cannot guarantee high cell
performance. Thus, further research is needed to optimize its use in this system. To address this,
numerous advancements have been made for GF-based electrodes, which are summarized in Table
2. One way to enhance electrodes is by introducing functional groups to their surface through
doping and activation techniques. One such method involves controlled doping and removal of
oxygen species through thermal oxidation and reduction of GF electrodes to improve their
vanadium redox kinetics!**4l. To achieve this, temperature-programmed oxidation and reduction
techniques were utilized to regulate the reductive deoxygenation and thermal oxygen doping of
GF electrodes. Research on the electrocatalytic properties of GF electrodes suggests that the
surface defects of carbon electrodes, rather than oxygen functionalities, are the most important
active centers for intrinsic vanadium redox kinetics in both the positive (VO?*/VO2*") and negative
(VZ*/V®) reactions in flow batteries**°,

Significant efforts and research have focused on introducing abundant oxygen functional
groups onto GF electrodes through various ways such as acid treatments, thermal doping,
electrochemical oxidation, and plasma irradiation™'®!. However, excessive oxygen functional
groups can increase resistance, negatively affecting electrode responsiveness. To improve GF
performance, Wang et al.[**! used a combination of HF etching and H20, hydrothermal treatment.
The etching grew more severe after reacting with H>O5, resulting in a large number of particles
distributed across the GF surface. He et al.**") modified GFs to have uniform surface nano-cracks,
providing improved pathways for electrolyte flow and reaction Kinetics, leading to a higher EE of
87.0% at 30 mAcm™, 4.2% larger than that for pristine GF. Additionally, Chang et al.[*'®l used

COq-activated GFs in the electrodes, achieving higher CE, VE, and EE values of 94.52%, 88.97%,



and 84.15%, respectively, compared to untreated GF and N»-activated GF VRFBs. N-doping is
also an important recent advancement in GF, as the VRFB system with activated GF yielded an
EE of 89.6%, and N-doped alkaline GF yielded 87.4% at a current density of 50 mAcm, which
is a significant improvement over untreated GF, as reported by Gautam et al.[**®l, Finally, Hassan
et al.[*? ysed GF in a K,Cr,07 solution with a highly functionalized surface and improved active
surface area, enhancing the electro-affinity of GF against vanadium due to C-O groups and the
reversibility of vanadium (V) reduction. Liu et al.'*! used Nb-doped TiO, (NTO) to a heat-treated
graphite felt and found EE of 82.03%, which is 6.2% higher than that of pristine GF. Mohan et
al.''?1 Mechano-chemical technique, nano-titanium carbide (NTiC) found CE 98.89% and EE
57.9% after 50 cycles at 30 mAcm. Applying calcination heat treatment in GF electrode, Uan et
al.l'*% found VE 89%, CE 98%, EE 87% after 50 cycles.

Researchers have found the deposition of electrocatalytic materials on GF electrodes to be
highly effective in maximizing cell performance, with materials including carbon-based, metal-
based, and carbon-metal composites being widely explored. Dai et al.[*?! treated CNTs with KOH
and discovered their strong catalytic effect on VO?*/VO,*. Gonzélez et al.'?? synthesized
graphene-modified GF and achieved a high EE of 95.8% for the VRFB cell at 25 mAcm?,
improving the wettability of the electrode and its active area toward vanadium redox reactions.
Additionally, the water activation method has been utilized to increase the electrochemical activity
of GFI™,

rGO is a carbonaceous material that possesses high electronic mobility as well as thermal
and electrochemical stability, making it an attractive candidate for catalytic reactions during VRFB
operation and for ensuring extended cycle life of the catalyst. Moreover, N-doped reduced

graphene oxide (N-rGO) has been found to have greater catalytic activity™?®!, with the amount of



N-doping having a significant impact on its performance, as suggested by Jin et al.[*?4], Using urea
as the nitrogen source, Shi et al.'?51 synthesized N-doped graphene, pyrolyzed at 900 °C. The result
exhibits good electrochemical performance and enhanced the electrochemical reversibility and
catalytic activity for the VO?*/VO," reaction. Catalysts for the VO?**/VO," redox reaction include
microcrystalline cellulose-derived N- and P-co-doped carbon and diammonium hydrogen
phosphate ((NH4)2HPO4). The doping enhances the catalyst's wettability, leading to an increase in
the proportion of interfacial area that is accessible for the reaction. Using N- and P- co-doped
catalyst-coated GFs increased EE and discharge capacity, particularly at higher current densities,
as compared to un-doped GF*?61. Additionally, Gursu et al.*?” reported the formation of P-doped
graphene on pencil graphite electrodes, which increased peak currents of the positive electrode
reaction, electrochemically active surface area, and peak separation.

The performance of modified GF electrodes using different metal-based electrocatalysts
has been investigated by various researchers. Xiang et al.[*! employed chromium oxide as an
electrocatalyst and observed improved performance with VE of 75.9% and EE of 67.6% at 150
mAcm2, and an 83.6% increase in the cell's discharge capacity, compared to pristine GF. Wu et
al.['%%1 uysed pulse-electrodeposition to deposit lead oxide (PbO2) on GF, resulting in CE, VE, and
EE of 99.5%, 82.40%, and 82.00%, respectively, at a current density of 70 mAcm2, with a 11%
loss in initial capacity after 30 cycles. Zhou et al.['*%l investigated the use of cerium dioxide (CeOy)
(0.1 — 0.5 wt.%) on GFs and found an increased EE of 64.7% at 200 mAcm2, compared to the
pristine GF's EE of 53.9%. Shen et al.['% synthesized tungsten trioxide-modified GF electrodes
(WOsz-modified GF) and achieved excellent values of CE 99.1%, VE 86.66%, and EE 87.86% at
70 mAcm. Kabtamu et al.[*?] synthesized Nb-doped hexagonal tungsten trioxide nanowires (Nb-

doped h-WQO3 NWs), which resulted in an EE of 78.10% at 80 mAcm2. In another study, Kabtamu



et al.l'?®! enhanced GF electrodes with TiNb,O- nanoparticles, which exhibited high catalytic
activity, stability, and increased oxygen-containing functional groups, resulting in an EE of
79.06% at 100 mAcm2, which was 4.43% and 15.73% higher than typical GF and pristine GF
electrodes, respectively (see Figure 6).

Gonzalez et al.l*3% ytilized nano-dispersed bismuth to modify GF electrodes and reported
good electrochemical performance and long-term stability. Wei et al.["*l employed a copper (Cu)
catalyst on GF and observed great stability and capacity retention. The Cu metal on the GF surface
catalyzed the V3*/V?* redox process, as evidenced by the presence of Cu ions on the positive side
of the surface. Ghimire et al. 5% utilized carbon-metal composite materials as electrocatalysts on
GF. They dispersed titanium carbide (TiC) on GF without a binder and found that it improved the
catalytic reaction between the negative redox pair V2*/V®*. The negative half-cell displayed a 13%
gain in EE at 100 mAcm, with good stability and high-capacity retention over repetitive cycles.
Jiang et al.[*31 used bifunctional B4C as a material for both VRFB electrodes and achieved an EE
of 88.9% at 80 mAcm?2. Bayeh et al.!%l introduced another carbon-metal-based material
combination using TiNb2O7-rGO on GF electrodes and achieved 83.1% and 70.7% of EE at current

densities of 80 mAcm2 and 120 mAcm?, respectively.
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Figure 6: Different electrode’s (a) VE, and (b) EE at current densities of 50 to 160 mAcm™.

Reprinted from publicationt?, Copyright (2022), with permission from Elsevier.

4.2  Carbon Felt

CF electrodes have been modified with various electrocatalysts™*?! and subjected to multiple
treatments to improve their electrochemical propertiest*3l, Despite the material's good electrical
conductivity, high surface area, and relative inertness™**, its limited hydrophilicity hinders its
reactivity to VO?*/VO," redox processes in an aqueous solutionf*®!, The conventional approach of
surface modification, such as chemical, thermal, acidic treatments etc., has been used for more
than a century to integrate oxygen functional groups onto carbon materials. Table 3 shows the
previous studies on the effectiveness of CF electrodes in VRFB with different types of catalysts.
One such advancement is electrode surface treatment, which involves attacking the C=C or C-H
bonds in CF using BPO to generate free radicals, as demonstrated by Kwon et al.®l. The resulting
BPO-treated CF electrode showed a remarkable EE of 75% at a current density of 100 mAcm?,

outperforming the pure CF electrode in the VO?*/VO.* redox process.

Table 3: Recent advances in CF as electrode material with different types of catalyst in VRFB.

Catalyst Deposition Current Electrolytes VE CE EE Cycling | Ref.
Method Density (%) | (%) | (%) | Stability
(mAcm™) (Cycles)
N-CB Coating 50 2M VOSO;, + - - 82.5 100 [136]
3M H2SOq4
Carboxyl | Dropping 20 1.5M V,SO, + | 91.2 | 97.5 | 88.9 - (1371
MWCNTSs 2M H2SO,4
ErGO Potentiostatic 20 0.IMVOSO4 + | 82 - 85 50 [138]
2M H3SOq4
Br-GNP Ink-coating 50 2MVOSO,+ | 895 | 97 | 86.8 50 [139]
3M H,SOq4




Graphene | CVD 25 2.5M VOSO4+ - 96 90 20 (501
nanowall 2.5M H,S04
CNF/CNT | Thermal 40 2M V,SOs+ | 875 | 96.8 | 85 30 1401
decomposition 3M H,S04
GO-rGO CVvD 50 1.5M VOSO, + - - 87 50 [138]
2M H,S04
Mn;0, Hydrothermal 40 2M VOSO,+ | 91.6 | 85.7 | 76.5 20 [141]
2.5M H,S0,
Nd, 04 Precipitation 100 1.6M V-ion + - 71 95 50 (2]
2M H,S04
Pt-C Spray 40 IMVOSO,+ | 89.7 | 80.6 | 72.3 10 [142]
1M H,SO4
TiO,(a)- | Spray 20 3MVOSO,+ | 824 | 90 | 74.2 - [143]
CB 2M H,SO4
MWCNT- | Electrospun 100 0.IM VOSO, + | 83 98 82 60 [144]
ECNF/Bi- 2M H,SO4
ECNF
BPO Chemical 100 02MVOSOs+ | 90 | 95 75 60 (561
treatment 2M H3SO4
Boron- Facile thermal 100 - 85 97 | 80.5 20 [145]
doped treatment
carbon
Bio-CF Rational surface 100 0.IMVOSO,+ | 85 - 83.1 150 [146]
modification 2M H,S04
N-doped | Electro- 100 1M V-ion + 94 9% | 79.2 100 [147]
carbon deposition 3M H,S04

N-doping in carbon-based materials can enhance VRFB performance by forming ion

adsorption sites. Shao et al.[**8] synthesized N-doped mesoporous carbon by processing carbon

materials in an NH3z environment, which improved the reversibility of VO*/VO,". In the past,

nitrogen sources such as ammonia gas or ammonia water were used, but Lee et al.[**%1 employed

ethylenediamine in the hydrothermal method to manufacture N-doped material, resulting in a

smaller peak potential separation (0.22 V) and excellent electrocatalytic activity. The high

concentration of pyroprotein containing N and O functional groups was used by Lee et al.[**% to

coat the surface of CF (P-CF), and compared to O-doped and N-doped samples, the synergistic

effect of nitrogen and oxygen significantly enhanced the efficiency of the P-CF electrode,

especially when pyridyl was present.




Han et al.[*5! coated boron-doped carbon onto CF, prepared by the chemical reduction of
CO2 with NaBHg4, resulting in a significant decrease in peak separation in the CVs, and improved
EE and charge transfer resistance of the positive electrode is reduced. Furthermore, Opar et al.[’6]
demonstrated that boron-doped mesoporous structures (BMG) exhibit high electrical conductivity,
achieving EE of 81.5% (100 mAcm2) and 74.4% (150 mAcm?), which are 9.4% (3.0%) and
17.3% (4.3%) higher than activated-CF and mesoporous graphene-CF electrodes. The BMG also
achieve excellent cycle stability, over 100 cycles at 100 mAcm2.Another study presented B-CF
exhibits higher energy efficiency (80.56%) at 100 mAcm 2 and enhanced redox reactions!**31. The
chemical treatment method capable to achieve outstanding energy efficiency of 75% at a current
density of 100 mAcm 21 While Lv et al.7 found excellent discharge capacity of 350 mAh at
250 mAcm™ and EE 79.2% by using carbon nanonetwork wrapped graphite felt electrodes in
VRFBs.

According to Gonzalez et al.*>2, the redox activity of graphene oxide (GO) is influenced
by various reduction mechanisms that lead to the formation of different functional groups and
defects. Thermally reduced GO (TRGO) has an improved graphene structure, low overpotential,
and high electron-transfer rates towards the VO?*/VO,* redox couple. TRGO also exhibits high
hydroxyl functional groups and electrical conductivity. Li et al.[*3 synthesized electrochemically
reduced graphene oxide (ErGO), which showed an 82% increase in VE. Oxygen-based functional
groups on the edges and basal plane of graphene were shown to operate as extremely effective
redox sites by Park et al.['>%l. Graphene nanowalls, which are vertically arranged on a substrate
and interconnected with other graphene structures, are another example of graphene-based

materials that show promise for VRFB applications.



In the initial stages of VRFBs development, the Skyllas-Kazacos group conducted research
on several noble metals including Pt, Pd, Ir, Au, and Mn deposited on CF¥, Among them, Ir-
coated electrodes exhibited the best electrochemical performance, while Pd, Pt, and Au-decorated
electrodes showed prominent hydrogen evolution[*3? 141 Wang et al.*3? suggested that HIrClg
could be converted into metal Ir through heat decomposition, which then binds to the surface of
CF. The result show that most of the Ir was still on the CF surface after 50 cycles of charge-
discharge trials, proving its great stability in VRFB. Ir-modified CF also improves performance
efficiency, lowers the overpotential of the VO*/VO," reaction, and lowers battery resistance.

Metal oxides are among the cost-effective metal-based catalysts used for enhancing the
performance of CF electrodes in VRFB. Various metal oxides such as Nb2Os?, Mn;O4**!, and
W03l have been explored as promising catalysts. Nb.Os exhibited high catalytic activity
towards both VRFB couplings, while WOz had minimal effect on the electrochemical behavior,
and Mn3z0O4 was shown to be soluble in an acidic solution. In comparison to unmodified CF, Kim
et al.l'* found that MnsOs-modified CF exhibited excellent mechanical stability and
electrocatalytic activity, which improved the redox reaction of vanadium ions and reduced
overpotential during charging and discharging. Similarly, Fetyan et al. 2 chemically bonded
Nd2>Os nanoparticles to CF via a precipitation process, resulting in better performance and a higher
discharge capacity and EE. The Nd>Oz-CF electrode exhibited only a 3% reduction in EE after 50
charge/discharge cycles, while thermally activated CF suffered an irreparable loss of 13%. When
spherical TiO2 nanoparticles for VRFB were investigated by Tseng et al.'*l, it was discovered
that the hydrophilic TiO2-modified electrode displayed high specific capacitance and energy
storage efficiency, low internal resistance, and a sizable electrochemical active area, with EE, VE,

and CE of 65.3%, 73%, and 90% at a high current density of 200 mAcm2, respectively.
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Figure 7: Catalytic reaction mechanism of Nd>O3 nanoparticles modified CF. Reprinted from

Publication®?, Copyright (2022), with permission from Elsevier..

Performance and electrochemical characteristics of the VRFB have been demonstrated to
be significantly influenced by the combination of carbon- and metal-based catalysts. Jeong et
al.[**?] synthesized polyol platinum on carbon (Pt/C) catalyst using the polyol method and reported
high catalytic activity, reaction reversibility, peak current ratio, electron transfer rate constant, and
excellent efficiencies for Pt-included catalysts. This result significantly improves the operational
effectiveness of VRFB. Tsai et al.[*>¢1 used a synchronous technique to create Ir-modified graphene
(Ir-G), which has a high affinity for oxygen species, effectively adsorbs VO?*/VO,***"1 and
exhibits modest peak potential difference and low oxidation potential, thereby promoting
electrochemical activity and reversibility of the process, as well as the battery's energy storage
efficiency™®l. In another investigation, Bi was combined with CNT to increase VZ*/V*reaction
kinetics and inhibit hydrogen evolution on the negative sidel**®. Blasi et al.l*%% reported Ni-
decorated CNF (Ni/CNF) as a catalyst for both VO*/VO," and V?*/V** redox processes. The
carbothermal reduction of Ni species at high temperatures led to a more mesoporous structure and

larger surface area than pure CNF. Additionally, Ni's graphitization catalysis on CNF increased



the conductivity of Ni/CNF!61, Moreover, Ni/CNF has a larger concentration of C=0 and C-O

than CNF, which encourages vanadium adsorption and increases the material's electrocatalytic

activity.

4.3  Carbon Paper

Table 4: Recent advances in CP as electrode material with different types of catalyst in VRFB.

Catalyst Deposition Electrolytes Current | VE CE EE Cycling | Ref.
Method density | (%) | (%) | (%) | Stability
(mAcm?) (Cycles)
Activated carbon | Coating 1.7M V,0s + 10 - 90 85 100 [162]
(coconut shell) 4M H,S04
Turbostratic Coating 0.1M VOSO, + 10 96 87 84 200 [163]
carbon 2M H,S04
Black pearl - 1.5M VOSO, + 35 77 92 96 800 [164]
carbon 2M H,S04
TiC Dip-coating | 0.05M V-ion + 100 85 80.7 30 [165]
3M H3SOq4
TiN-NPs Drop-cast 1M VOSO, + 30 89.1 | 91.7 | 81.7 50 [166]
3M H3SOq4
MnO; Redox 0.8M V-ion + 50 822 | 97 | 75.6 50 [167]
deposition 3M H,S04
method
Cobalt oxide Etching 1.5M V-ion + 50 - - 89 50 [168]
method 3M H,SO,
N-Carbon Chemical 1.5M VOSO, + 400 80 92 72 50 [169]
nanostructures vapour 2M H3SO4
deposition
Bismuth- Thermally- | 1.6M VOSO,+ 80 - - 68 200 (1701
polyaniline treated 3M H,S04
Carbon Prototypal - 600 - - 70.8 - (171]
allotropes deposition

Electrodes made of carbon paper (CP) are often employed in many electrochemical applications,

such as flow batteries and fuel cells. Nevertheless, it has been shown that the kinetics of redox

processes, such VO?*/VO," in VRFBs, are comparatively sluggish, leading to considerable

activation losses during operation. This may be solved by effectively treating CP formed of carbon

fibres with a solution of mixed acids. At longer treatment times, there are more -OH groups on the

CP. However, highly hydroxylated CP may show the highest activity towards the redox reactions

of VZ*/\V¥ and V#/V°* due to the serious damage to the surface. Table 4 summarizes previous




research studies that have used CP as an electrode material with various types of catalysts for

VRFBs.
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Figure 8: Discharge energy densities (a), EE (b) at 50 mAcm 2 for P-CP, TT-CP or 1NP-CP.

Reprinted from publicationt*®], Copyright (2022), with permission from Elsevier.

Abbas et al.l*%81 modified the CP electrode and found that the thin, nanoporous, and
functionalized carbon paste demonstrated a synergistic effect resulting in increased electrolyte
utilization (110%), discharge energy density (46 WhL™), and EE (29%) at a current density of 50
mAcm2, as shown in Figure 8. Other studies focused on modifying CP electrodes with additional
materials, such as coconut shell-acquired high surface area mesoporous carbon by Ulaganathan et
al.['*2 They believed that this modification could improve the VRFB's cell performance and lead
to a considerable increase in energy density; V3*/V** redox couple provides the additional
electrons for the electrochemical reaction without influencing the conventional V#*/V°* couple.
The presence of such a gain of electrons is mainly because of the utilization of high surface area
mesoporous carbon and its superior electro-catalytic activity. Using processed industrial waste tyre

carbon, Kumar et al.[*®®! created turbostratic carbon (TC), which has a surface area of 875 m?g™,



low charge transfer resistance, quick electron transfer process, high peak current, and low peak
potential difference. The cell's performance remained stable for up to 200 cycles.

Bellani et al.['’?! investigated the electrochemical performance of two graphitic carbon
powders, MWCNTs and GNP, along with two mesoporous acetylene carbon blacks and Vulcan.
The black pearl demonstrated low activation energy and peak separation values for both electrode
reactions, which were lower than those reported for N-doped carbon black for anode and cathode
reactions, and smaller than those reported by Han et al.l'’®! for V#*/V®* and V**/V®* on GO
nanoplatelets. Among the tested materials, black pearl exhibited the fastest kinetics for small
potential peak separations on both electrodes, except for rGO reported by Li et al.[**8. However,
the high cost of rGO due to the high energy required to synthesize it makes it uneconomical for
large-scale use. In order to grow nitrogen-containing carbon nanostructures (N-CP) on commercial
CP, Sodiq et al.*%41 ytilized CVD. This led to improved kinetics and durability of the electrode for
V3 /V?*redox reactions as well as significant suppression of the peak potential separation (AE~80
mV), indicating faster Kinetics than conventional CP (AE~160 mV).

In the metal-based category, Jiang et al.[**" utilized the redox deposition method to
fabricate MnO2 nanosheet array-decorated carbon paste without a binder as a negative electrode.
The resulting electrode exhibited outstanding electrocatalytic performance and hydrophilicity,
along with higher discharge capacity and better capacity retention (50 cycles at 50 mAcm)
compared to the pristine felt. The resulting energy efficiency (EE) was around 75.6% at 100
mAcm2, compared with 70.2% for the pristine cell. Meanwhile, Yang et al.[*®%] investigated TiN-
coated CP, and their findings indicate that a single VRFB cell's CE, VE, and EE were 91.74%,
89.11%, and 81.74%, respectively, at a charge-discharge current density of 30 mAcm. When

tested with 50 charge-discharge cycles, the VRFB with TiN nanoparticles maintained CE values



consistently above 90%. Pahlevaninezhad et al'*” introduced carbonized bismuth-polyaniline on
a thermally-treated CP and found EE 68% at 80 mAcm 2.Fiorini et al*™ proposed prototypal
deposition method of high-throughput carbon allotropes on CP and achieved EE 70.8% at 600
mAcm 2,

The team of Wei et al.'% developed a composite electrode by incorporating TiC
nanoparticles onto CP to serve as the negative electrode in a single-cell VRFB. The TiC
nanoparticles exhibit high catalytic activity, and as a result, the redox reaction of V3*/V?* in acid
solution is significantly catalyzed. When compared to the potential of pure carbon nanoparticles
and pristine CP, the oxidation peak potential is adversely displaced by 100 and 183 mV,
respectively. The flow battery performance exhibited an EE of 80.7% at 100 mAcm, which is

12.3% higher than the pristine electrode.

4.5 Summary

In conclusion, carbon-based, metal-based, and carbon-metal composite-based electrocatalysts
have been frequently employed to modify GF, CF, and CP electrodes. However, because of their
small active surface area and high concentration polarization, CP electrodes have not been widely
employed. These electrodes have been doped with carbon- and metal-based electrocatalysts to
enhance their electrochemical properties. It’s have also undergone various processing and
manufacturing steps to increase the number of functional groups, surface area, reversibility, and
reaction kinetics. The use of both carbon-based and metal-based electrocatalysts through doping
has resulted in increased EE, VE, CE, discharge capacity, and energy density. Noble metals have
the potential to improve electrocatalytic activity and reduce the overall potential of GF electrodes,
but these methods are not practical for large-scale applications due to their high cost, poor

mechanical stability, sensitivity to unwanted oxygen and substantial hydrogen evolution side



reactions, and other factors. It was also found that while improvements in charge-discharge
capacity and maximum current densities have been achieved, the electrocatalyst breakdown and

agglomeration can limit their long-term performance.

5.0 POTENTIAL OF MXENES AS ELECTRODE ACTIVE MATERIAL IN VRFBs

5.1 Introduction

A novel family of 2D transition metal compounds called MXenes is created by chemically etching
carbides, nitrides, or carbonitrides. These nanomaterials were first reported in 2011274, with the
first MXene (TisCz2) (Figure 9 (b)) produced by selectively removing the Al layers from the
TisAlC2 MAX phase precursor (Figure 9 (a)) using etchants. MXenes are part of a large family of
2D materials with the general formula Mn+1XnTx (n=1-4), where M is a transition metal (Ti, V,
Mn, Nb, Zr, Mo, Hf, Ta, Cr, Sc, W), X is a combination of C and/or N atoms, and Tx represents
the surface terminations (-F, -O, -OH, -Cl, and -Br) of the outermost transition metal layers as

depicted on Figure 9.
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Figure 9: A variety of different configurations based on 12 transition metals (red), 12 groups of
A elements (blue), and 2X elements (black) that result in M2AX, M3AXz, or M4AX3 structures of
MAX phase. Nearly 30 MXenes have been experimentally produced through selective etching of

the A layer from MAX phases (marked in green) and the others are theoretically predicted
(marked in black). MXenes are defined in chemical formulas of M2X, M3zX>, or M4Xs. Reprinted
with permission from[t"®], Copyright (2022), with permission from John Wiley and Sons. The

FESEM images of the (a) MAX phase (TisAlC>), (b) MXenes (Ti3C>), and (c) TisCz single layer

are presented. Reprinted with permission from™¢], Copyright (2022), American Chemical

Society.



MXenes are typically produced using a top-down approach, involving chemical etching of
the A-layer atoms (such as Al, Si, Ga) from MAX phases, which are ternary carbides, nitrides or
carbonitrides of transition metals with layered hexagonal structures. The resulting loosely-stacked
MXene layers can be further separated into single-layer (Figure 9(c)) or few-layer flakes via
delamination (Figure 10). The advantages of MXenes and their potential applications as electrode

materials for VRFBs will be discussed in the following section.
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Figure 10: MAX phases are converted into MXenes via selective etching of layers consisting of

A atoms of an element which originated from any of the groups I11A to VIA.

5.2 Connecting MXenes’ Properties and Features to Electrode Materials

Based on Figure 9, a wide range of transition metals in the M site can be utilized to form MXenes.
The ability of MXenes to produce solid solutions and carbonitrides involving the M and X sites
enables the creation of an almost limitless variety of 2D materials with varying structures. A solid

solution consists of two different transition metals occupying the M sites in the MXene structure



randomly. Through selective etching of the A layer from MAX phases, nearly 30 distinct
stoichiometric MXenes (marked in green in Figure 9) have been physically synthesized, and many
more compositions have been theoretically explored through density functional theory (DFT)
calculations!*”™, During selective etching, newly exposed transition metal atoms (M) are instantly
coordinated by anions (=0, -OH, or -F) from the etchant to form surface terminations Tx, which
can be tailored for specific redox chemistries®l. With various choices of transition metal atoms,
solid solution formation, and diverse surface chemistry due to surface termination, MXenes offer
vast opportunities to tailor and create MXenes with desirable and distinct properties in the realm
of 2D nanomaterials.

MXenes stand out among other available 2D materials such as graphene, graphite, CNTSs,
silicone, germanium compounds, etc., due to their remarkable physical and chemical features,
including a large variety of compositions, 2D structures, and surface and interlayer chemistries.
Unlike other 2D materials, such as semiconductors, semimetals, and dielectrics, MXenes possess
exceptional metallic electrical conductivity, with values reported up to 20,000 Scm™ for TisC,*"],
allowing them to be applied as current collectors, interconnects, and conductive fillers. Most
MXenes behave similarly to metals in terms of electron transport, with resistivity decreasing
linearly with temperature. The resistivity-temperature relation can be reversed and result in
semiconductor-like behavior by changing the type of transition metal and the way the M site is
built in MXenes. The surface termination can alter the density of states (DOS), and thus the Fermi
levels are shifted and tuned, making MXenes electronically tunable*”®!. However, the complexity
of surface termination, including non-uniform termination, type and position of termination, or
completely non-terminated MXenes, remains a challenge in the synthesis of these 2D materials,

but it also offers a great opportunity to form desired MXenes since their electronic properties are



largely influenced by these aspects. Additionally, the electrical, mechanical, optical, thermal, and
magnetic characteristics of MXenes can be significantly impacted by the surface terminations!*e,

In VRFBs, the supply and storage of energy are regulated by the redox reaction of redox
couples/pairs (V#*/V3and VO?*/VO.") dissolved in the electrolytes. Both electrodes (anode and
cathode) do not participate in the reaction, but they influence the performance of VRFBs by
providing active sites for redox reactions. Their electrochemical activity affects the charge-
discharge voltages and, as a result, the VE during the battery cycle operation. The electrode must
exhibit electrochemical stability within the operating potential window of VRFB. To maximize
the charge transfer rate linked with ohmic losses, cell voltage, and EE, the electrode must also have
excellent electrical conductivity. The important requirements for electrode materials in VRFBSs,
which are high electrochemical activity, excellent electrical conductivity and large surface area,
are fundamentally fulfilled by the MXenes. Since their invention, MXenes have been intensively
explored for electrochemical energy storage in lithium-ion (Li*) batteries and supercapacitors due
to their electrical conductivity, high surface area, and redox capability™"#* 171 However, there is
a limited study of applying MXenes as electrode active material in VRFBs. In this case, the
transition metal core layers of MXenes enable rapid electron transport via the electrode, enabling
an ultrahigh charging rate, and surface termination of transition metal oxide provides a redox-
active surface for pseudocapacitive charge storage, making MXenes unquestionably qualified(*’"],
MXenes are promising electrode materials because of the two aforementioned characteristics™*.
In addition, due to the ability to tune their chemical, structural, and surface chemistry, MXenes
offer a wide range of working potentials, making them viable candidates for either anodes or

cathodes(182],



The MXenes can be processed in an aqueous solution without any use of surfactants or
binders as they are hydrophilic due to their nature of surface chemistry. They are sometimes called
“electrically conductive clay” as their rheological characteristics are comparable to those of
clay*®l. The hydrophilicity renders them having agueous solution processability, which can be
produced in scalable amounts (kg batches)*”® for a wide range of applications, which are
essentially required by VRFBs. In addition, MXenes are potentially be used as electrodes thanks
to redox-active transition metal atoms with surfaces terminated with -O or -OH.

Intercalation in MXenes is convenient mainly because of their layered structure®. The
composition of the MAX phase and the etchant being used could influence and manipulate the
interlayer distance between individual flakes in MXene stacks. These two parameters influence
the interlayer distance by influencing the number of surface functional groups and the potency of
hydrogen bonds formed between MXene layers. Furthermore, MXenes offer further control of
interlayer distance via intercalation capability, which can be achieved by using monomers,
surfactants, cationic solvents, argon, N-doping, applied voltage, etc.*®®. Polar organic
molecules!*®! and metal ions (Li*, Na*, K*, NHs"and Mg?")*8% are capable of intercalating
MXenes and occupying active sites on the MXene surfaces. With that, ion accessibility into the
2D structure is enhanced to improve electrochemical performancel*84 1871,

In VRFBs, electrode materials must be chemically stable in a strongly acidic aqueous
solution, based on the fact that the battery system utilises a strongly acidic aqueous solution as
electrolytes for the redox couples. The stability of MXenes is strongly influenced by their inherent
chemical composition and microstructure, which are closely related to their surface termination
types and M layers. MXene nanosheets or films were shown to have poor chemical durability in

water and ambient conditions in the most of previous studies. The reason for this is the



modification of the structure, which occurs as a result of the combined effects of air, moisture, and
light, leading to the undesirable oxidation and degradation of the properties*®l. These types of
deterioration may drastically degrade the structure's integrity, shortening its lifespan, thus making
it unsuitable for future applications. Nonetheless, a homogenous surface encapsulation strategy
can provide an additional barrier to ambient environments, hence increasing the MXenes'
environmental stability™]. Since oxidation mostly initiates at the edges of MXenes, it is possible
to mitigate oxidation by passivating the edges with inert oxides or impermeable materials.
Alternatively, optimising the size of MXene nanosheets with a bigger lateral size rather than a
smaller one boosts not only their oxidation stability but also their activity for various
applications*&,

While many MXenes have been synthesized, the majority of reported MXenes are carbides,
and only a few types of MXenes, such as TisC2Tx and Nb2CTx, have been studied for their
oxidation performance. It is not yet well understood which MXenes are most stable under different
conditions. Therefore, there is a need to explore other promising MXenes, such as Nb4C3Tx, and
Zr3CoTyx, for use in severe conditions, such as high temperatures or acidic environments.
Understanding the oxidation Kinetics of MXenes is crucial to prevent or minimize oxidative
degradation and encourage the utilization of MXenes as electrodes in VRFBs!*88],

MXenes can be hybridized with other nanomaterials to create unique characteristics that
cannot be provided by a single material. Catalytic and redox-active particles, organic molecules,
2D oxides, graphene, phosphorene, nanotubes, and conducting polymers have all been merged
with MXenes*®. For Li* batteries, porous MXene flakes were hybridized with CNTs to optimize
the electrode structure, resulting in enhanced battery performance with a Li* capacity of over 750

mAhg 174 MXene-based hybrid materials have better electrochemical performance, allowing



for improved ion accessibility in both aqueous and organic electrolytes, as well as improved ion
movement within the electrodes!*®®], Therefore, the creation of heterostructures that consist of
MXenes and other 2D materials or hybrid architectures may be utilized to generate battery

electrodes that have improved capacity, high rate capabilities, and long cycle lifelt74a 177, 18%]

5.3  Limited Research on MXenes for VRFBs

To date, CF, GF, and CP have been frequently utilized as electrode materials in VRFBs. These
materials have high electrical conductivity, high porosity, and excellent chemical stability under
harsh oxidizing conditions, which make them ideal candidates for VRFBs. However, they suffer
from drawbacks such as low reaction kinetics, poor kinetic reversibility, inadequate wetting, and
a small electrochemically active surface area**3d, To enhance the electrochemical performance of
VRFBs, internal modifications can be made, such as incorporating a nanostructured electrocatalyst
with a large surface area and abundant surface groupst’’l.

Currently, carbon-based electrocatalyst has been a popular topic when discussing a suitable
nanostructured catalyst and one of the more competent nanoparticle materials is the emerging 2D
MXenes (TizCz2Tx). The previous section noted that electrocatalysts made from MXenes possess
desirable characteristics for use in VRFBs, such as high conductivity, hydrophilicity, surface area,
and stability under anodic potentials*®l, Wei et al. demonstrated that MXene-modified graphite
felt anodes with hollow titanium carbide nanoparticles as electrocatalysts achieved high energy
efficiencies of 81.3% at 200 mAcm2 and 75.0% at 300 mAcm2, and showed good durability
during cycling®®. The improved performance was attributed to the increased surface area and
enhanced Kinetics resulting from nanoparticle modification.

The work on TisC2Tx modified electrodes on anodic performance in VRFBs was done by

Ali ValaMizrak et al. in 20211 Adding MXene to CP electrodes can improve the



electrochemical performance of VRFBs. By lowering the activation overpotential, MXene-coated
carbon paper electrodes made VZ*/V® redox reactions much more electrocatalytic. The
hydrophobic CP's wetting was improved and active sites were generated, resulting in an increase
in the electrochemically active surface area. Additionally, studies on charge-discharge cycles
showed that TisC.Tx batteries performed the best at all current densities tested. While MXene
significantly catalyzed the anodic V?*/V®'redox pair, further investigation of the mass transport
capacities of the electrodes in these electrochemical systems is necessary since high coating

densities of porous electrodes make them prone to clogging.

5.4 Summary

MXenes have several unique properties that make them desirable for use as electrode materials in
VRFBs. These include strong electrical conductivity, large surface areas, redox capabilities,
adjustable surface chemistries, and solution processability due to their hydrophilicity. They are
also available in a variety of compositions, interlayer spacing configurations, intercalation, and
hybridization, making them even more attractive for use in VRFBs, in addition to their previous
applications in energy storage and ultracapacitors. However, to avoid or minimize oxidation
degradation, strategies must be employed to enhance their oxidation stability. Previous research
has explored the use of MXenes as electrode materials in VRFBs, with observed improvements in
electrochemical performance resulting from modifications in morphology and structure of

MXenes.

6.0 CHALLENGES AND FUTURE DEVELOPMENTS



In electrochemical energy storage applications, interface compatibility and stability are crucial
factors in designing effective electrodes. Customized interfaces are necessary to enable rapid and
stable flux of ions and electrons, especially under high current and power densities, due to the
various chemical and electrochemical potentials involved. The formation of a passivation layer at
the boundary step between the charge carriers from the electrode is essential for stable battery
activity over a large voltage window. To enhance the stability of electrode materials in harsh
environments, it is beneficial to add a thin layer of coating, which can increase the structural
strength of the materials, and a conformal passivating layer, which can reduce the interfacial
impedance. Thin layers of passivation can reduce charge recombination at surface states,
accelerate oxidation reaction kinetics, and protect the anode surface from chemical corrosion. It
works as a functional layer. Passivation layers must have strong adhesion, even during straining,
depending on the environment. They are usually chemically inert, corrosion-resistant dielectrics
that operate as diffusion barriers to water diffusion and have a wide bandgap. Passivation layers
are typically 100 nm thick, but more frequently 1 — 2 nm is employed to allow charges to transfer
via tunneling. The cathode interfacial reactions can result in surface passivation, when the resulting
conformal layers reach a critical thickness beyond which ordinarily maintained interfacial
reactions stop. A direct cathode-gas chemical reaction, the passivation behavior is regulated by
ionic water interaction driven ion de-intercalation. Furthermore, by reducing chemical delithiation,
a thin disordered rocksalt layer generated on the cathode surface can effectively alleviate surface
degradation™®*. The established passivation paradigm enables novel possibilities for the
development of cathodes with high energy and stability. It enables easy ion migration,
plating/stripping, and, despite the presence of a thicker layer, which indicates an initial greater

electrolytes breakdown, a stable layer is finally produced, preventing future electrolytes reduction



of batteries. Van Genuchten et al.l'% increased the passivation overpotential and energy
consumption in electrocoagulation, resulting in the formation of an anodic surface layer. Extreme
passivation might generate electrochemical side reactions that reduce coagulant formation during
galvanostatic operation or completely stop current flow during potentiostatic (constant voltage)
operation™®3l, However, investigating the ion and electron pathways and the electrochemical
reactions in dynamic structures with flowing electrodes can be challenging, and more research is
needed to fully understand how the interfacial structure and composition change over time and
affect the overall electrochemical efficiency. However, there are still challenges in achieving
optimal electrode performance in VRFBs, such as a limited operational potential range, stability
issues, lower conductivity, low corrosion resistance, poor electrochemical activity, low specific
area, high cost, and limited eco-friendliness, which require continued investigation.

To address the challenges faced by VRFB electrodes, several steps can be taken, such as
introducing oxygen-containing functional groups through different electrode modification
techniques to enhance reactivity and wettability during vanadium redox reactions. Additionally,
developing an electrocatalyst on the electrode surface can improve specific surface area, stability,
electrocatalytic properties, and electrical conductivity, reducing charge transfer resistance for
better performance. Surface etching methods can also create high porous media, improving ion
movement on the electrode surface. While carbon-based and metal-based electrocatalysts have
shown good VRFB performance, composite carbon-metal electrocatalysts have demonstrated the
best electrochemical and VRFB properties. To further optimize the electrocatalyst and synthesis
route, studies on the morphology, modifying the crystal structure, and constructing heterojunction
nanostructures are required. MXenes, with their unique 2D properties, high conductivity, large

surface area, and redox capabilities, offer potential as electrode materials in VRFBs, but further



research is needed to improve their electrochemical activity and achieve superior physico-chemical
performance.

The development of the VRFB electrode alone is not enough to ensure optimal
performance; other components of the cell also require attention. In particular, improvements to
cell stack design and electrolyte flow distribution are necessary to make VRFB systems more cost-
effective. To achieve this, computational fluid dynamics simulations can be used to determine flow
distribution and pressure drop in the VRFB system. These simulations can lead to better interaction
between the electrolyte and electrode, as well as a more uniform distribution of electrolytes, which
eliminates "dead zones" on the electrodes that may cause gas side reactions during charging.
Another important factor affecting VRFB performance is the temperature of the electrolyte
solution that affects the performance of VRFBs because it plays a significant role in the electrode
reaction of vanadium ions. Optimum temperature can weaken the polarization concentration on
the electrode surface and lead to more reversible reaction processes. It is necessary to reduce the
polarization losses resulting from ohmic, concentration, and activation losses in order to enhance

the performance of VRFBs.

7.0 CONCLUSIONS

VRFB is regarded as a highly prospective electrochemical setup for storing energy on a large scale.
The VRFB electrode is a crucial component that significantly impacts the electrochemical activity
and overall performance of VRFBs, including EE and power density. Currently, carbon-based
electrodes such as GF, CF, and CP are commonly used. To enhance the performance of the
electrode, two approaches are suggested: surface modification and the use of an electrocatalyst.

Surface modification involves introducing oxygen-containing functional groups that can



potentially improve VRFB performance. Meanwhile, the development of ideal electrocatalyst
materials requires specific properties such as a large active surface area, good electrical
conductivity and chemical stability, and excellent electrochemical properties towards VO?*/VO_*
and V2*/V** redox reactions. Additionally, 2D materials such as MXene are promising candidates
for VRFB electrode materials, particularly for negative V2*/V3* redox reactions, due to their
unique structure and surface chemistry, excellent mechanical stability, metallic conductivity, and
low cost. However, challenges remain, including insufficient surface-active sites, poor kinetic
reversibility, and low electrochemical activity. Therefore, further development is needed to

improve overall VRFB performance.
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