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ABSTRACT

Redox flow batteries (RFBs) have emerged as promising and highly scalable technologies for durable energy
storage systems. The porous electrode, as a vital component facilitating redox reactions, plays a crucial role in
maintaining high battery performance. The microstructure of commonly employed porous electrodes is char-
acterized by complexity and stochasticity, which make the process of ion and electron transport inside the
electrode difficult to understand. This comprehensive review aims to present a thorough examination of the
influences of various microstructures, including specific surface area, porosity, pore size, fiber diameter, pore
morphology, and functional groups on the performance of RFBs. The contradiction between permeability and
specific surface area is mainly considered and discussed. Moreover, recent advancements in optimizing micro-
structure for porous electrodes are critically assessed. The review also encompasses an in-depth discussion on
advanced characterization methods and manufacturing techniques for higher performance electrode preparation.
This review seeks to provide a reference for researchers to optimize the performance of porous electrodes ac-
cording to the microstructure in RFBs.

Nomenclature

RFB redox flow battery

S specific surface area of pores channel
T tortuosity
u velocity

ECSA electrochemically active specific surface area

EDLC electric double-layer capacitor

1. Introduction

ECF electrospinning carbon fiber

AECF aligned electrospinning carbon fiber Energy is the backbone of the modern society. With the global energy
MIP mercury intrusion porosimetry demand rising each year, the proportion of renewable energy is also
BET Brunauer-Emmet-Teller methods increasing. However, the intermittency and volatility of renewable en-
DPCE  dual-scale porous electrode ergy generation have led to a mismatch between energy supply and
SF shape factor demand. To address this challenge, energy storage has become an in-
CT/XCT X-ray transmission computed tomography tegral part of energy utilization. Redox flow batteries (RFBs) have
LBM Lattice-Boltzmann Method emerged as one of the most promising energy storage technologies due
K local permeability to their high safety, stable operation, independent power operation,
ds fiber diameter battery capacity, high energy efficiency, and long battery life [1,2].
dy pore diameter They can be used for peak shaving and filling valleys in conventional
€ porosity power grids to improve the grid’s stability and security [3,4].

Kex Carman-Kozeny constant Despite their promising attributes, RFBs face a notable challenge in
a specific surface area their relatively low power density [2]. This limitation results in the need
1 volume of pores for larger-sized systems and a higher number of stacks to achieve large-
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scale energy storage, consequently increasing the overall footprint of the
energy storage installations [5]. Therefore, enhancing the power density
of RFBs becomes imperative to mitigate investment costs and minimize
the required footprint for these energy storage systems. In RFBs, elec-
trochemical reactions take place within the porous electrodes, which are
in direct contact with the electrolyte. The porous electrode serves as
both the site for the electrochemical reaction and the pathway for the
transportation of reactants, products, and electrons [6,7]. The porous
electrode greatly affects the power density and other performance of the
battery. Carbon felts, carbon cloth, carbon paper, and other carbon-
based materials are the commonly used porous electrodes in flow bat-
teries [8]. Currently, carbon felt is the predominant electrode material
utilized in flow batteries, recognized for its extensive voltage range,
remarkable stability, and economic efficiency. Researchers have focused
on modifying carbon felt to augment its electrochemical activity, which
is a pivotal area of study within the field [9,10]. The progression of flow
battery technology has seen the exploration of diverse carbon materials
aimed at enhancing electrode performance. Carbon cloth, characterized
by its multi-scaled pores and robust woven structure, presents superior
mechanical attributes and has been shown to potentially outperform
both carbon felt and carbon paper under laboratory conditions [11]. The
unique zero-gap structure of batteries using carbon paper has demon-
strated exceptionally high power densities, a benefit derived from the
low ohmic resistance of the thin carbon paper [8]. Nonetheless, the
suboptimal mechanical strength and hydraulic permeability associated
with carbon paper have impeded its widespread adoption. As a result,
despite the unique advantages presented by various carbon materials,
carbon felt, particularly that synthesized from polyacrylonitrile, has
emerged as the leading choice for electrode materials in the commercial
sector of flow battery applications. The microstructure of porous
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electrodes spans multiple scales, which has an important and complex
influence on the mass transfer process of active ions and electrons inside
[12]. This complexity has led numerous researchers to investigate the
structure of flow battery electrodes to discern how microstructural
features impact performance. These studies are instrumental in the
ongoing efforts to optimize electrode microstructures and, by extension,
elevate battery performance [13-16]. With the progress of
manufacturing technology, some novel electrode structures have been
realized by advanced manufacturing technology [17,19,20]. However,
most of the previous reviews focused on battery performance and bat-
tery scale structural characteristics, the current research about micro-
structure is relatively scattered and lacks systematic sorting and
summary. Advanced manufacturing technology needs an in-depth un-
derstanding of electrode microstructure to guide the manufacturing of
new structures. To guide the design of electrode microstructures,
necessary characterization and testing must also be conducted. Current
conventional characterization methods include the assessment of both
the physical and electrochemical properties of the electrodes. The
physical characterization encompasses the measurement of geometric
properties such as specific surface area, porosity, and other morpho-
logical attributes. Electrochemical characterization, on the other hand,
involves the assessment of parameters like charge transfer impedance,
diffusion impedance, and electrochemically active surface area (ECSA).
However, these characterization techniques are predominantly applied
at the battery scale and lack measurements at the local electrode level,
which limits their ability to provide guidance for the design of electrode
structures.

Herein, this review aims to summarize the key parameters of porous
electrode microstructure and their mechanism on the performance of
RFBs. By summarizing these contents, it provides guidance for the

SGL paper Toray paper Freudenberg paper Cloth Felt ( ) )
Pore s I SN ; Manufacturing Technology
Structural | ‘\' A XEIN AT
Parameters e ERNES EEaS
Pore size/ Fiber diameter/ Pore morphology------
Optimization
1 Porosity Specific surface area R
Electrode
Performance
L Uniformity Permeability Kinetics y
4 Concentration Polarization Activation Polarization )
Battery T
Performance > ikt
E 1.2
& ., Ohmic Loss
: B Electrospinning
\_ o Current Density Y, \ )

Fig. 1. Effect of porous electrode pore structure on battery performance. Adapted with permission from Ref. [11, 18, 21, 22, 23, 25, 26].
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structural optimization of porous electrodes. Additionally, it will outline
the latest research progress on optimizing the porous electrode struc-
ture, as well as the advanced manufacturing and testing methods for
pore-scale optimization (Fig. 1). It is hoped that this review will provide
researchers with a valuable reference for subsequent studies.

2. Effects of microstructure on electrode performance

In recent years, the manufacturing processes for the commonly used
carbon electrodes have been relatively mature. The traditional processes
for preparing carbon-based porous electrodes include dip coating [27],
doctor blade coating [28], screen printing [29], masking [30], spraying
[31], and roll-to-roll printing [32], etc. With the further improvement of
technology, some new manufacturing processes have also been applied
to prepare electrode materials, such as 3D printing and electrospinning
[17,18,20,21,33,34,36].

Generally, the carbon fiber selected for carbon paper can be
polyacrylonitrile-based, pitch-based, or cellulose-based carbon fibers.
After being immersed in the dispersant solution, the carbon fibers are
processed into carbon paper precursor. The carbon fibers of the pre-
cursor have large gaps and weak mechanical strength. It is necessary to
add resin to increase its mechanical strength. Then carbon paper can be
obtained after being cured, molded, carbonized, and graphitized. The
carbon paper obtained by this method is composed of random short fi-
bers and is isotropic. However, it is too rigid to bend. It is easy to be
damaged during the process of being made into electrodes [37,38].

In the preparation of woven electrodes, long carbon fibers are woven
into cloth. Alternatively, the precursor of carbon fibers is woven into a
fabric and then carbonized to form carbon cloth. There is no connection
between the carbon fibers, so the carbon fibers are not firmly bonded to
each other. Some researchers apply phenolic resin on the surface of the
carbon cloth and perform a high-temperature carbonization process. By
applying a phenolic coating, the carbon fibers can be tightly bonded
together to enhance the mechanical strength and stability of the carbon
cloth, making carbon cloth more durable and able to withstand large
tensile and compressive forces [39,40].

The geometry and morphology of porous electrodes can be charac-
terized by microstructure, such as fiber diameter, pore size, and fiber
morphology, and comprehensive parameters affected by microstructural
parameters, including porosity, specific surface area, etc. (Fig. 2).
Herein, we briefly review the effects of the microstructure on the per-
formance of porous electrodes to gain a better understanding of the
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mechanisms of the electrode’s parameters on RFB’s performance and to
provide some guiding opinions on the desirable microstructure of novel
porous electrodes (Table 1).

2.1. Porosity

Porosity is one of the most commonly used characteristic parameters
of porous electrodes. It represents the proportion of the pore phase in the
porous electrode. This is mutually dependent on the surface area of the
non-porous phase. Generally, an increment in the porosity leads to a
reduced specific surface area while an enhancement in the permeability
for a smooth surface carbon fiber electrode. In the field of porous media,
many models have been proposed to investigate the relationship be-
tween permeability and porosity. However, the results of different
models vary greatly. There may be an order of magnitude difference in
permeability at a given porosity. Ke et al. believed that this gap might be
caused by the fact that some models were based on Archie’s law which
was calculated by the resistivity of porous media to obtain permeability,
while other models were based on Darcy’s Law [41]. Even models that
are also based on Darcy’s Law differ somewhat. This may be because
different models are based on different assumptions about microstruc-
ture. For example, the Carman-Kozney equation mainly assumes
spherical particles and does not consider the contact area between
particles. Some other models, such as Tamayol-Bahrami model and
Doormaal-Pharoah model, assume that porous media are fibers in con-
tact with each other. In the field of porous electrodes, the most
commonly used model is Carmen-Kozeny equation.

dze?
K=—"T ¢))
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Table 1
Main microstructure parameters of porous electrode.
Parameter Definition
Porosity Proportion of pore phase volume to total volume

Specific surface Internal surface area per unit mass of a porous solid substance

area

Pore size Diameter of internal pores of a porous material
Fiber diameter Diameter of fiber cross-section
Tortuosity Ratio of actual path length to the shortest path from the starting

point to the endpoint of flow
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Fig. 2. Schematic of effects of microstructure parameters on electrode performance.
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where « is the local permeability, ds is the fiber diameter, ¢ is the
porosity, and K¢ is the Carman-Kozeny constant. The reliability and
adaptability of this equation have also been considered by many re-
searchers. Gostick et al. measured the in-plane and through-plane
permeability of carbon fiber materials with different porosity. They
compared the relationship between permeability and porosity with
common models. The experimental results match well with Tomadakis
and Sotirchos’ model, which was developed from Carman-Kozney
equation [42]. So far, the Carman-Kozney equation has been modified
to improve the accuracy of the calculation. K¢k is an empirical constant,
and there are usually two ways to estimate it. Some researchers
substituted K¢x into the equation as a constant. According to different
types of porous media, researchers used experimental or simulation
methods to deduce the value of K¢ for different microstructures. Li et al.
experimentally determined that the K¢k value in porous fiber was 12.81
[43]. Another group of researchers treated K¢k as a function of pore
structural parameters. Pacella et al. experimentally measured the
permeability of hollow fiber bundles at a certain porosity. The linear
relationship between K¢k value and porosity was established in this
study [44]. Liu et al. used finite element analysis to conduct numerical
simulations of fiber structure. They explored material permeability
under different fiber arrangements and established the relationship be-
tween K¢k and fiber volume fraction [45]. Using the modified Carman-
Kozney equation, the researchers made more accurate predictions of the
permeability of the porous electrode.

2.2. Specific surface area

The surface of carbon fibers is the place where a redox reaction oc-
curs. The larger the specific surface area is, the more active sites for the
reaction to occur. Usually, the specific surface area is characterized by
using the BET and the MIP methods. Both methods work by applying
pressure that causes gas or mercury to penetrate the porous material.
However, BET cannot measure the distribution of large pores (>50 nm)
and MIP cannot measure the distribution of micro pores (<5 nm) due to
the limitation of the applied pressure intensity. Alternatively, the spe-
cific surface area can be predicted through mathematic models. For
example, Carta et al. developed a model that correlated the specific
surface area with the porosity and fiber diameters [46].

4
a:d—f(lfe) 2)

where a is the specific surface area, dy is the fiber diameter, and ¢ is the
porosity. However, there is often a difference between the specific sur-
face area predicted by the mathematical model and the actual specific
surface area. Weber et al. believed the reason for this difference was that
fibers were in contact and overlapped each other [47]. Besides, the
shape of fibers also significantly affects the resulting specific surface
area, which was not incorporated in the mathematical model. Emmel
et al. used X-ray tomography to photograph carbon felts. The authors
found that indentation with a depth of approximately 50 nm on the fiber
surface significantly increases the specific surface area [14]. Likewise,
the presence of a large amount of binders in carbon paper (manufactured
by SGL Carbon Inc.) also significantly impacts the prediction of the
specific surface area. To be specific, the surface of fibers is not
completely smooth, and the bumps or depressions of fibers can signifi-
cantly change the specific surface area of the resulting porous media.
For the flow battery, the electrolyte interacts with the active site on
the electrode surface. Due to the hydrophilicity difference and “dead
zones” (no electrolyte flowing through) of the electrode, the electrolyte
does not fully reach the entire specific surface area of the porous elec-
trode. In addition to the traditional geometric specific surface area, the
electrochemically active specific surface area (ECSA) is more critical for
porous electrodes, that is, the area where the active site and the elec-
trolyte are in contact. Since the traditional physical method is
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challenging to measure ECSA, it is usually determined according to the
electric double layer capacitor (EDLC), which is calculated based on the
measured capacitance and the area-specific capacitance. ECSA is
generally smaller than that measured by the BET method. The difference
between the two can be one or two orders of magnitude, which is due to
that the BET method can detect micropores that the electrolyte cannot
reach under ambient pressure.

It can be seen that for porous electrodes, higher porosity, and larger
specific surface area are often contradictory. To a large extent, the
optimal design of electrode microstructure is to achieve a better balance
between the two. Researchers often employ various strategies to opti-
mize this relationship, such as using hybrid materials, creating hierar-
chical pore structures, or modifying the pore size distribution to enhance
both SSA and the transport properties of the electrode. For example,
according to the type of polarization loss in different regions in the
electrode, Chen et al. designed electrodes with variable porosity to
balance the concentration polarization and activation polarization to
minimize the polarization loss of a whole. The simulation results show
that the variable porosity electrode can enhance the uniformity of
electrolyte flow, enhance the mass transfer ability, and reduce the
concentration polarization compared with the traditional electrode with
a fixed porosity [48]. However, this optimization method still cannot
realize the full utilization of porous electrodes, so it is still necessary to
understand the mechanism of electrode parameters at the pore scale and
optimize them.

2.3. Pore morphology

Under the same porosity and pore size, the differences in the pore
morphology resulting from the different arrangements of carbon fibers
also significantly affect the electrochemical performance of the flow
battery. First, with respective to the cross-sectional shape of the flow
channel formed by the fibers, it is found that the pore shape at the cross-
section has an impact on the mass transfer of the electrolyte. Niu et al.
studied the effects of the pore morphology on the performance of the
solid oxide fuel cells. The authors found that the cross-sectional shape of
the pores affects the Knudsen diffusivity. The increase in the length-
diameter ratio of the cross-sectional shape would lead to a decrease in
diffusivity and, thus, an increase in concentration polarization [15].
Additionally, under the same porosity, the porous material with irreg-
ular pores has a larger geometrical specific surface area compared to
that with regular pores. Ma et al. introduced a dimensionless parameter,
i.e., shape factor (SF), to characterize the shape of pore’s cross-section,
which was defined as the ratio of the perimeter of the equal-area circle of
pore’s cross-section to the actual perimeter of the cross section.

dp
()
5/4

where d, is the pore diameter, V is the volume of the pore, and S is the
specific surface area of the pore channel. Based on the 2-D simulative
results, the authors found that the smaller the SF, the more irregular the
shape of the carbon fiber was [49]. In other words, the larger the SF, the
larger the specific surface area of the carbon fiber under the same
porosity, which would help improve the reaction kinetic performance of
the electrode. Although the above discussion on the effects of the pore
morphology provides guidance for preparing the microstructure of
porous electrodes, there are significant gaps between the investigated
idealized cross-sectional shapes of the pores and those formed by carbon
fibers. Moreover, carbon fiber electrodes are usually woven from carbon
fibers, the flow paths are typically not straight but tortuous. The tortu-
osity, which is usually characterized through the MIP method, repre-
sents the ratio of the actual path length to the shortest path from the
starting point to the endpoint of the flow [50]. Duta et al. derived the
following expression of tortuosity directly based on the fluid velocity.

SF = 3)
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where 7 is the tortuosity, u is velocity, and x, y, z denotes the direction
under consideration [51]. Generally, a high tortuosity reduces the
permeability, thereby the mass transfer performance, and increases the
pump losses through the elongated flow path of the electrolyte within
the porous electrode. Wang et al. compared three different shapes of
pore-scale flow paths, i.e., cylindrical, slit, and spherical channels.
Through simulations, the authors found that cylindrical pores yielded
the minimum tortuosity and highest distribution uniformity of the
electrolyte velocity, partly owing to the reduced dead zones in less
tortuous pores [52]. Furthermore, a reduction in the tortuosity of pores
usually yields a narrowed distribution of pore sizes, thereby enhancing
the uniformity of electrolyte flow distribution within the whole elec-
trode. Song et al. investigated the effect of tortuosity on electrochemi-
cally active sites in porous carbon materials. Two mesoporous carbon
materials (ordered mesoporous carbon and disordered mesoporous
carbon) with similar pore structure parameters were compared. The
carbon nanotubes inside the ordered mesoporous carbon were arranged
regularly, and the mesoporous pores were highly ordered and had good
interconnection. Therefore, the ordered mesoporous carbon could
enhance the mass transfer ability. Another carbon material with
tortuous pore shapes did the opposite [53]. The tortuosity is also
affected by the degree of the electrode compression. Jervis et al. found
that when the compression ratio exceeded 50 %, every 5 % increase
would increase the tortuosity by 6.2 % to 7.6 % [54]. At present, there
are few pore-scale works to optimize the pore morphology.

4

2.4. Pore size

As defined by the International Union of Pure and Applied Chemis-
try, pores in solid materials can be divided into three categories ac-
cording to their sizes: micropores (<2 nm), mesopores (2-50 nm), and
macropores (>50 nm) [55]. With respect to macropores, the diameter of
the pores formed by crossing of carbon fibers typically spans the range
from a few hundreds of nanometers to hundreds of micrometers.
Generally, it has been largely agreed that larger pores favor the
permeability of the porous electrode at the expense of the reduced
specific surface area, while smaller pores favor the mass transfer process
by reducing the diffusion path of the reactants from the bulk electrolyte
to the surface of the fibers. These contradictions can be partly relieved
by the bimodal pore structure that combines macropores at two or more
distinct sizes. To this end, micropores are typically added to the surface
of carbon fibers to enlarge the specific surface area. Mesopores are
therefore proposed to be added to bridge micropores and macropores to
enhance mass transfer of the reactants when they are transferred from
bulk solution to the surface of the fibers. Considering that the pores with
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the same pore size will have different effects at different locations, we
divide them into two categories according to the location of the pores.
For example, the pores of tens to hundreds of nanometers in the fiber gap
will limit the permeability of the electrolyte, but when on the fiber
surface they will enhance the mass transfer effect of ions. The previous
studies on the manufacturing methods for obtaining multi-scale pores as
well as the effects of the prepared pores are summarized in the following
subsections (Fig. 3).

2.4.1. Pores formed by crossing of carbon fibers

In traditional carbon-fiber-based electrodes, the micron-scale pores
formed by the intersection of carbon fibers are conducive to electrolyte’s
penetration [56]. The pore size distribution varies greatly. The results
showed that the pore size of carbon felt is concentrated in the range of
40 pm to 100 pm. The peak pore size distribution of carbon paper varies
from 20 pm to 60 pm depending on the production process. In various
carbon paper, the pore size distribution of SGL carbon paper is mostly
similar to that of carbon felt and has the largest pore size. The carbon
cloth shows obvious bimodal characteristics: Specifically, large pores of
tens of microns are formed between the fiber bundles, and pores of only
a few microns were formed between the fibers [11]. Ma et al. simulated
the electrochemical performance of electrodes under different pore sizes
and obtained the optimal pore size distribution under different porosity
by a two-dimensional model [49]. Carbon paper electrodes are widely
used to reduce ohmic polarization. Since carbon paper is mainly pre-
pared by short fiber bonding, the internal pore size distribution is small,
which is not conducive to electrolyte flow. And due to the introduction
of the flow field, the mass transfer in the electrode mainly relies on
diffusion and convection under the ribs, and the mass transfer ability of
the carbon paper is further weakened. Mayrhuber created micron-scale
pores in carbon paper using laser perforation. Although a part of the
specific surface area of the carbon paper was lost in this way, by
increasing the electrolyte convection channel, the permeability was
improved, and the accessible specific surface area of the electrode was
increased instead [58]. To resolve the contradiction between the
increased pore size and reduced specific surface area, the crossing of the
carbon fibers can be alerted through the design of fiber structure or the
use of additives. For example, the ECSA of SGL carbon paper is more
than five times larger than that of carbon felt with the similar pore size
distribution. This enhancement can be attributed to the binders in car-
bon paper. By controlling the concentration of the precursors during the
electrospinning process, Sun et al. assembled multiple carbon fibers into
fiber bundles which formed large pores while hollow channels were
constructed in the fibers to maintain relatively large specific surface
area. Compared to the electrodes prepared through the traditional
electrospinning method, the energy efficiency of the electrodes with the
new structure was increased by 15.2 % [59].

Carbon fiber electrodes prepared by conventional electrospinning

High Permeability

High SSA and Shortened Diffusion Path

More Reaction Sites

Fig. 3. Classification of pores inside porous electrodes.
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have similar problems. This kind of electrode has low porosity and poor
permeability, which causes great resistance to mass transfer. Xu et al.
designed and fabricated a carbon nanofiber web with super-large pores
by means of horizontal counter-blending electrospinning. The electro-
chemical impedance spectroscopy (EIS) results showed that the con-
centration polarization of the battery was effectively reduced due to the
large pore size, and the electrolyte utilization rate was twice that of the
conventional electrospun electrode [60].

2.4.2. Pores on surface of carbon fiber

While a number of researchers optimized the pore-scale structure of
the carbon fiber electrode, some researchers also tried to etch the carbon
fiber surface to derive new pores [61,62].

The mesopores on the carbon fiber surface can increase the specific
surface area of the electrode [52,63,64]. It can also shorten the ion
diffusion distance to enhance the diffusion capacity. Wang reconstructed
the electrode pore-scale structure by X-ray tomography. The simulation
results showed that the addition of mesopores could interfere with the
flow of the electrolyte, thereby increasing the degree of turbulence and
the local flow velocity of the electrolyte fluid. In addition to this, the
number of mesopores also affects the permeability of the porous elec-
trode. The simulation results showed that under the same flow rate, both
the infiltration amount and the current density of the porous electrode
increase with the increase of the number of mesopores. This may be due
to changes in the contact characteristics of the electrode surface and
water. Although the morphology of the mesopores also affects the
electrochemical performance to a certain extent, its effect is far less than
that caused by the number of mesopores [52].

In addition to increasing the specific surface area of electrodes,
mesopores and micropores also effectively provide reaction sites for
electrochemical reaction. The carbon atoms at the edge of the graphite
microcrystalline layer on the carbon fiber have unpaired electrons due
to the asymmetric force, yielding enhanced surface activity of carbon
fibers. One of the most widely used etching approaches for enhancing
surface activity is chemical treatment. Rajeev et al. etched nanoscale
pores on the surface of carbon felt and increased the energy efficiency of
the battery to 89 % by increasing the specific surface area and oxygen-
containing functional groups [65]. The addition of nanocracks on the
graphite felt surface provided an improved path for electrolyte flow and
significantly improved electrolyte utilization [66]. Zhang et al.
improved the electrochemical activity of graphite felt by etching on the
graphite surface felt with KOH [67]. Zhou et al. used the CuO precipi-
tation method to etch a nanoporous catalytic layer with a size of
approximately 200 nm on graphite felt’s surface [68]. Liu et al.
compared pristine carbon felt, thermally-treated carbon felt, and su-
perficially porous treated graphite felt. The results show that the su-
perficially porous graphite felt has higher energy efficiency and
discharge capacity due to the additional active sites [69]. Xu et al.
designed an electrode with integrated micro-and nanostructures. A
catalytic layer of oxygen-enriched gradient nanopores was formed on
the electrode surface, which could effectively enhance the electro-
chemical reaction without affecting the mass transfer [70]. Previous
studies focused primarily on the impacts of the distribution density of
micro-and mesopores. However, there is still a lack of sufficient un-
derstanding on the mechanisms of pore structure parameters on reaction
kinetics.

2.5. Functional groups

Etching pores on carbon fibers also introduces functional groups on
the surface of carbon fibers. For carbon fibers, it mainly refers to oxygen-
containing functional groups and nitrogen-containing functional groups.
It has been largely explored in previous studies that the introduction of
oxygen-containing and nitrogen-containing functional groups through
pretreatments on the fibers such as acid-base and thermal treatments
effectively enhances the reaction kinetics of the electrode. Li et al. found

Journal of Energy Storage 97 (2024) 112859

that the functional group C—=O promoted the adsorption of positively
charged ions [26,71,72], thereby catalyzing the conversion of the redox
couples and reducing the activation polarization [73-75]. For example,
in the flow battery with VO?* and VO3 as the redox couple, the oxygen-
containing functional groups promote the transfer of the oxygen atoms
in the solution to approach VO?* [76]. Another explanation is that the
introduction of oxygen-containing functional groups increases the active
site on the surface of the carbon fiber. Shao et al. believed that carbon
atoms adjacent to oxygen and nitrogen had higher positive charge
density to balance the negative charge of nitrogen and oxygen elements.
These positively charged carbon atoms can serve as active sites. Hu et al.
introduced a large number of oxygen-containing functional groups on
the surface of carbon felt by chemical vapor deposition, which greatly
improved the conductivity of the material of the material of the mate-
rial, and the energy efficiency of the battery was increased by 7.1 %
[77]. This technology has the potential to further promote the large-
scale application of carbon-based electrodes, addressing their short-
comings in poor activity and enhancing their electrochemical perfor-
mance for redox reactions. In a large battery with dimensions of 20 cm
by 20 cm, it can maintain an energy efficiency of 86.4 % [78]. The main
function of the nitrogen-containing functional group is to enhance the
electronegativity of the material, thereby increasing the electronic
conductivity. After the introduction of nitrogen atoms, the pentavalent
electrons of nitrogen would bring additional charges so that the transfer
of electrons from the electrode to the reactant became easier [79].

Another effect of oxygen-containing functional groups is to enhance
the hydrophilicity of carbon fibers. Polyacrylonitrile-based carbon fiber
electrodes typically have poor hydrophilicity [76], resulting in a low
wetted area on the porous electrode surface and thus low reaction rate
and electrolyte utilization. Most of the oxygen-containing functional
groups are polar groups. The lone pair of electrons around the oxygen
atom can form hydrogen bonds with water. Therefore, oxygen-
containing functional groups are mostly hydrophilic groups, and the
introduction of oxygen-containing functional groups can enhance the
surface’s wettability. Wang et al. confirmed the effect of oxygen-
containing functional groups on the wettability of carbon fibers
through the contact angle test. Nitrogen-containing groups also have
similar properties of enhancing the hydrophilicity of carbon fibers [66].
The higher the content of oxygen-containing functional groups, the
stronger the wettability of the electrode and the smaller the contact
angle [62]. Except for electrospun fiber felts, most carbon-based elec-
trodes (carbon cloth, graphite felt, and carbon paper) are hydrophobic to
the electrolyte, probably due to the lack of functional groups and the
high degree of graphitization that leads to the lack of polar sites on their
surface and the inability to attract water molecules [81]. Therefore,
compared with other tested electrodes, the electrospun fiber mat is more
favorable for the penetration of the electrolyte. This facilitates the effi-
cient utilization of active sites on the fiber surface.

Although many studies have shown that oxygen-containing func-
tional groups may improve the electrochemical activity of electrodes,
some studies have suggested that this may have a negative effect on the
redox process [82-85]. First, the electron transfer resistance will in-
crease with the increase in the oxygen content, thereby increasing the
ohmic overpotential [86]. Melke et al. found that the increase in oxygen-
containing functional groups would reduce the SP%-C content on the
surface of carbon materials, affecting the charge transfer process
[87,88]. He believed that the reason for the improved electrochemical
performance was more likely to be the introduction of surface defect
sites. Blasi et al. investigated the optimal oxygen content for electro-
chemical performance enhancement. The results show that the electro-
catalytic activity is greatly improved when the oxygen content is
between 4 % and 5 %. When the oxygen content exceeds 5 %, the per-
formance declines [89]. The surface characteristics such as specific
surface area and micropores and oxygen-containing functional groups
are usually changed at the same time during the surface treatment of
electrode materials. Different researchers disagree on which of the two
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has the more significant impact on reaction kinetics [90-94]. It has also
become a vital issue to quantitatively distinguish the effects of these two
factors and adjust their ratios to optimize electrode performance
[82-85,95].

To summarize, the electrode surface is where the electrochemical
reaction takes place. The active material gains and loses electrons at the
reaction site on the electrode surface, and a redox reaction occurs. The
larger the surface area of the electrode, the more sites are available for
reactions. On the one hand, the pore structural properties of porous
electrodes, such as porosity, fiber diameter, pore morphology, and pore
size, will actively or passively affect the specific surface area of the
electrode, thereby affecting the kinetics. On the other hand, the change
in these parameters will also affect the flow paths within the porous
electrode, resulting in the change in the permeability and mass transfer
performance. In addition, when the porous electrode is installed in the
battery, the pore-scale structure change caused by the compression will
make it more difficult to predict and grasp the rules of the pore-scale
structure design. At present, there are still few studies on this aspect.
The difficulty in the structure optimization is that in the existing elec-
trode structure, the specific surface area and permeability are in conflict
with each other. Changing the pore-scale structure to improve the per-
formance of one is bound to cost the other. The two need to be weighed
in different systems to select the most appropriate structural parameters
(Table 2).

3. Pore-scale structure design of electrode

In general, the main problem of carbon electrodes is the contradic-
tion between specific surface area and permeability. Without changing
the existing structure, adjusting the pore-scale parameters can easily
lead to opposite effects on the surface area and permeability. At present,
there are two main optimization ideas to breach the contradiction. One
way is to construct a novel composite electrode composed of different
pore structures. Another approach is to etch the fiber surface or add the
additional catalytic layer to enhance the electrode reaction kinetics

Table 2
Part of the key research on electrode microstructure parameters.
Authors Year Method or Key findings
Technology
Chen et al. 2019  Simulation The variable porosity electrode can

[48] enhance the uniformity of
electrolyte flow and reduce the
concentration polarization.

Niu et al. [15] 2017  Simulation The increase in the length-diameter
ratio of the cross-sectional shape
would lead to a decrease in
diffusivity.

Jervis et al. 2018  XCT When the compression ratio

[54] exceeded 50 %, every 5 % increase

would increase the tortuosity by
6.2 % to 7.6 %.

Micron-scale pores can improve the
permeability and accessible specific
surface area.

Mayrhuber 2014
et al. [58]

Laser perforation

Sun et al. [59] 2018  Electrospinning Fiber bundles which formed large
pores while hollow channels
increased energy efficiency by 15.2
%.

Xu et al. [60] 2017  Electrospinning Carbon nanofiber web with super-
large pores doubled the electrolyte
utilization rate.

Rajeev et al. 2020  Electrode The addition of nanocracks on the

[66] activation graphite felt surface provided an
improved path for electrolyte flow
and significantly improved
electrolyte utilization.

Zhang et al. 2016  KOH etching KOH etched electrodes can achieve

[67] an energy efficiency of 64 % at 250

mA/i cm?.
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without affecting the main flow path.
3.1. Combination optimization of interfiber pores

In the common carbon fiber electrodes, the woven electrodes can
realize multi-scale pores. The results showed that the carbon cloth
performed better than other forms of carbon electrode, such as felt and
paper, thanks to the double-scale pores brought about by its woven
structure [11]. With reference to this structure of carbon cloth, many
researchers have designed electrode structures with different aperture
combinations to improve battery performance [100-103]. One of the
simplest ways to do this is to stack electrodes of different apertures on
top of each other. Zhou et al. designed a double-layer thin film electrode,
combining two carbon-based electrodes with different pore size [104].
These electrodes have higher energy efficiency than carbon electrodes
with a single pore size.

In addition to preparing electrodes with different pore sizes, an
alternative method is to connect electrodes with larger pores to a thin
film catalytic layer. Although the thin film electrode has a high specific
surface area and low resistance, its small pore size makes the perme-
ability of this electrode low. Yao et al. also achieved high battery per-
formance by spraying electrocatalyst tungsten trioxide/super activated
carbon to the side of the electrode near the membrane (Fig. 4a,b) [105].
Inspired by this, Zhou et al. transferred the microporous catalytic layer
to the surface of carbon fiber. Compared with traditional catalyst layers,
the thickness was reduced from tens of microns to hundreds of nano-
meters (Fig. 4c—e). In this way, the length of the diffusion path of re-
action ions could be greatly shortened, leading to the accelerated
transport rate of reactants [68]. In addition to the combination of
different pore sizes, the connection modes of pores with different sizes
also need to be further explored.

3.2. Gradient pores

Coupling pores of different sizes together is an optimal approach to
make full use of the advantages of pores at different scales [56]. In
addition to the combination of interfiber pores with different pore sizes
as mentioned above, there is an alternative approach to combine the
large interfiber pores with the mesopores on the fiber surface. The KOH
activation treatment is a simple but effective way for treating carbon
paper [106] and carbon cloth [107] to produce gradient pores. Zhou
et al. drew on the dual-dispersed porous structure of heat pipe evapo-
rator to activate carbon paper electrode with KOH (Fig. 5). The 5 nm
diameter mesopores were formed on the surface of carbon fiber. These
mesopores could be used as active sites for electrochemical reactions.
Meanwhile, the specific surface area of the electrode was increased by
16 times. It interacted with the existing large pores (~10 pm) between
the carbon fibers to improve the energy efficiency under a high current
density. The pores were randomly connected from mesoporous pores at
the nanometer scale to large pores at the scale of tens of microns [106].
The gradient-distributed NiCo204 nanorod-composed graphite felt
electrode prepared by Wang et al. achieves high electrical density, high
energy efficiency, and long cycle life (Fig. 5b) [108].

The difference in the scale makes the ion transport in pores relatively
slow [109,110]. Reasonable design of pore structure requires optimi-
zation on multiple spatial scales. It is a new coupling method that re-
searchers were trying to generate smaller pores in large and orderly
mesopores. Wang et al. used chemical solution etching to generate three
different scale gradient pore structures inside the graphite felt electrode
(Fig. 5c-e). The carbon fibers crossed to form micron pores, which
provide a flow path for electrolyte flow. Pores with diameters of 500 nm
and 20 nm were distributed on the surface of the carbon fiber. The key to
such gradient pore structure rested in the pores with diameters close to
500 nm they provide sufficient area to accommodate pores with di-
ameters of 20 nm and shorten the diffusion distance of active substances
for reaching the active site on the electrode surface for redox reaction.
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The electrode showed high energy efficiency, high current density, and
large discharge capacity in the battery cycle test [62].

3.3. Arrangement of carbon fibers

Conventional carbon-fiber electrodes are arranged in a disordered,
random manner. The electrolyte flows through the pores between the
carbon fibers. Such a flow path has a high tortuosity and high flow
resistance. Limited by current manufacturing technology, most of the
optimization of fiber arrangement is achieved by electrospinning. Flox
et al. prepared carbon nanofibers with different order degrees by elec-
trospinning (Fig. 6a). They concluded that the nanofibers with higher

order had higher electrical conductivity and were more conducive to
electron transfer [111]. Zhao’s team made carbon fiber electrodes
aligned directionally also by electrospinning (Fig. 6¢c—e). The parallel
arrangement of the carbon fibers made the electrodes loose in the plane.
The electrolyte penetrated more easily in the plane. The limiting current
density was 75 % higher than that of conventional electrospinning felt
batteries [18].

The electrolyte penetrates into the electrode along the parallel and
perpendicular direction of the electrode. The existing literature mainly
focuses on the permeability perpendicular to the electrode direction.
There is a lack of research and optimization on the permeability in the
in-plane direction. For the electrode structure with flow field, the
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Fig. 6. (a) SEM images of prepared electrodes. Adapted with permission from Ref. [111]. (b) SEM images of aligned carbon nanofiber electrodes. Adapted with
permission from Ref. [17]. (c) Digital photo of the aligned electrospun mat and SEM images of the aligned ECFs under different magnifications. Adapted with
permission from Ref. [18]. (d) (e): 3D view of the serpentine channels with different orientations of aligned fiber electrodes. Adapted with permission from Ref. [18].
(f) (g): SEM images of the CNF-AECF electrodes. Adapted with permission from Ref. [112]. (h) Schematic illustration, SEM images at low magnification and high-

resolution SEM images. Adapted with permission from Ref. [113].

distribution of under-the rib active species should be paid particular
attention. Zhao et al. arranged electrospun carbon fiber electrodes in
different directions in a flow cell. The results showed that the electrode
direction was perpendicular to the direction of the flow channel yielding
the best mass transfer ability [18].

Zhao’s team did the same with electrospun carbon nanofibers
(Fig. 6b). Carbon nanofibers have a smaller diameter and a higher spe-
cific surface area than conventional electrospun carbon fibers. However,
the traditional electrospinning carbon nanofibers have the disadvan-
tages of low porosity and poor hydrophilicity. The distribution and
penetration of electrolyte could be improved by the directional
arrangement of carbon nanofibers, and the concentration polarization
can thus be greatly reduced. The aligned carbon nanofiber electrodes
yielded higher limiting current density and higher charge-discharge
capacity [17].

In addition, they have made other modifications to the oriented
electrospinning fiber. They designed an aligned fiber electrode consist-
ing of curved nanofibers growing on the surface (Fig. 6f,g) [112] and a
composite electrode composed of aligned nanofibers as a skeleton and
high porosity nanofibers as a filler (Fig. 5h) [113].

In conclusion, the optimization of electrode structures in flow bat-
teries plays a crucial role in enhancing their performance and addressing
challenges such as low power density and energy storage capacity. By
designing and engineering the electrode materials, morphology, and
architecture, researchers aim to improve the charge transfer kinetics,
electrolyte accessibility, and overall electrochemical reactions within
the battery system. However, the electrode structure optimization in the
laboratory still has a long way from practical application, and both the
preparation difficulty and the cost need to be further reduced.

4. Manufacturing process of electrode
3D printing was invented in the 1980s. In recent years, 3D printing

technology has been gradually used to prepare porous electrode struc-
tures in labs [19,20,21,33,34,114-121]. Compared with conventional

technologies, the 3D printing technology has unique advantages. One is
that additive manufacturing saves more raw materials than subtractive
manufacturing. The second is that specific internal structures can be
realized in the process of building products through the layer-by-layer
deposition of materials. The third is that small quantities of produc-
tion can be achieved and cost savings [119]. It is expected to realize the
optimized pore-scale structure precisely in the future, to tailor the
electrode’s characteristics to maximize its performance.

Selective laser melting technology and fused deposition
manufacturing of 3D printing technology has been used to make the
electrode material. Fused deposition manufacturing is often used in
polymer processing and manufacturing. The most serious technical
difficulty is the selection and preparation of ink. In order to achieve the
ideal rheological properties of 3D printing, inks with high viscosity and
absolute dilution properties are necessary. Graphene oxide has unique
viscoelasticity in the aqueous solution, without adding polymer to
control the concentration. Lacey et al. synthesized a water-based 3D
printing ink through porous graphene oxide [117]. This ink was used to
prepare an electrode structure with three levels of pores. It consisted of
pores of 4 to 25 pm in the porous graphene itself, pores of several tens of
microns in the printed grid, and large pores of <500 pm formed on the
printed filament. Such a multi-modal electrode could significantly in-
crease the specific surface area and the number of active sites, which was
beneficial to energy storage devices such as redox flow batteries that
utilize interface reactions. However, 3D printing is not perfect. Most 3D
printing techniques can only create one or two parts of a device, but not
an entire portion. In addition, the majority of 3D printing technologies
now available are unable to directly achieve the creation of intricate
constructions with hierarchical porous structures at the micro-or nano-
scale. Despite the tremendous advancements made in recent years,
several obstacles still need to be overcome before 3D printing may be
used directly as a manufacturing technique for the mass production of
electrochemical energy storage devices. One of the major obstacles to
fabricating electrochemical energy storage devices using 3D printing is
the lack of materials that can be tailored to this new technology. For
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mass production, it is necessary to get effective 3D printing to boost
production rates and guarantee product quality and consistency while
maintaining low manufacturing costs [122].

Electrospinning technology applies electrostatic force to the solution
or molten polymer between two electrodes to prepare sub-micron to
nano-scale fibers. Although the pore structure prepared by electro-
spinning is not completely controllable, the pore structure can be
controlled to a certain extent by adjusting the solution parameters,
process parameters, and environmental parameters [123]. Suzuki et al.
also performed a single-parameter optimization of the carbon fiber
diameter. The results showed that the electrode polarization loss was
minimal when the fiber diameter was 4 pm [124]. At present, most
carbon fiber electrodes on the market have a diameter of about 5 to 10
pm, which is large in diameter and limited in choice [56]. The fiber
diameter has different optimal choices for different electrode materials.
The research results show that using a larger fiber diameter for a battery
system with good kinetic performance is beneficial for the active ma-
terial to reach the electrode surface. Electrodes with poor kinetic
properties are suitable for using smaller fiber diameters to ensure the
reaction rate [125,126]. Using electrospinning is a way to obtain carbon
fiber electrodes with a broader range of diameters. The carbon fiber
diameter can be linearly regulated by adjusting the relevant parameters
of the electrospinning process [124].

The researchers have achieved flexible control of pore structure pa-
rameters through electrospinning technology. Such as a double-
diameter carbon fiber electrode [113]. The energy efficiency of the
battery using double-diameter electrodes could reach 79.3 % at a cur-
rent density of 400 mA/cm?. In addition to improving the pore-scale
parameters of porous fiber electrodes, many novel porous fibers with
pore structures such as spider web [127], dendritic [128], porous net-
works [129], core-shell [130], hollow [131], ribbon [132], etc., have
also been prepared. Although these novel structures have not been fully
applied to the field of electrochemistry, they provide guidance for the
design of electrode microstructures.

Electrospun nanofiber-based electrodes exhibit remarkable rate
capability and cycling stability, while the slow yielding rate of electro-
spun nanofibers significantly hinders large-scale production in indus-
trial applications. At present, some novel electrospun devices can offer
higher efficiency, while a further decrease in production cost and
improvement in nanofiber qualities are necessary for practical consid-
erations of them in the future. As for the long term, it is anticipated to
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produce uniform fibers with high reproductivity at a mass-production
level while ensuring the desired size, morphology, structure, and other
properties [133].

5. Measurement for porous electrodes

With the development of electrode preparation technology, elec-
trode preparation has reached the micro-nano scale. However, the
mechanism of electrode’s microstructure has been studied and specu-
lated to some extent. It still needs to be measured and verified through
experiments.

The most widely used method for characterizing battery-scale cur-
rent distribution is to use a segmented battery setup. Hsieh measured the
local current of the two batteries whose collector plate and the graphite
plate were divided, respectively (Fig. 7a) [134]. The researchers divided
the collector plate or graphite plate of the two cells into 25 segments and
measured the current density of each segment. The results showed that
the second scheme, i.e., segmented graphite plates, can eliminate the
influence of in-plane lateral current on the local current density. How-
ever, this method will increase the contact resistance of the battery,
causing the battery performance to drop significantly. In order to reduce
the contact resistance, Clement et al. improved the segmented battery
setup by using a printed circuit board [22]. Nevertheless, the resolution
scale of the segmented battery was large, which cannot meet the demand
for refined measurement.

In addition to the segmented battery setup, the researchers also tried
to install probes inside the battery to measure the distribution of the
local current or potential directly. Liu et al. arranged a potential probe in
the center of each layer of carbon paper [136]. The probe was made of
platinum, with a layer of polytetrafluoroethylene attached to the surface
for insulation. The platinum probe tip was exposed to the electrolyte.
This method could measure the vertical distribution of local electric
potential in the multilayer carbon paper electrode. According to the
local overpotential, the position of the active material in the electrode
could be further determined. By the difference in the arrangement of the
probes, the potential distribution in the electrode plane could also be
measured. Becker et al. arranged carbon fiber point probes on the sur-
face of the graphite felt and measured the potential distribution at
different positions on the surface of the carbon felt (Fig. 7c) [137]. The
polarization curve was measured by the potentiostatic method. And the
current density distribution was deduced from the polarization curve.

No porous material
-0.495

e

WE: ITO glass

-0.446

-0.397

Inactive porous

0349 material

-0.300

Electrolyte

- "Porous.material . .- "

WE: ITO glass

Active carbon
paper

Electrolyte

WE: ITO +Carbon paper

Fig. 7. (a) Schematics and photos of the two cell designs. Adapted with permission from Ref. [134]. (b) Experimentally measured current distribution. Adapted with
permission from Ref. [138]. (c) Carbon fiber point probes on the surface of the graphite felt. Adapted with permission from Ref. [137]. (d) Fluorescent particle flow
imaging within a porous carbon electrode. Adapted with permission from Ref. [139]. (e) Description of different ECL reactor operation modes. Adapted with

permission from Ref. [140].
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Chen et al. installed potential probes in half cells. In this way, the po-
larization loss of redox flow battery and the reaction distribution in the
electrode was measured and researched.

In addition to the current and potential, the measurement of the
distribution of active materials in the electrolyte is also an important
research direction. But this field has not been studied too much. Only a
few research teams conducted a qualitative analysis of the concentration
distribution. Houser used a thermally responsive layer to visualize the
electrolyte distribution (Fig. 7b) [138]. The thermosensitive liquid
crystal film was placed between the positive and negative electrodes to
replace the ion exchange membrane. They directly observed the color
change of the thermal liquid crystal film through the processing window
on the end plate. The convective flow and heat transfer of the electrolyte
would cause the color change response of the corresponding area of the
liquid crystal panel. In this way, the electrolyte flow could be directly
visualized. The local current distribution obtained by other methods and
the electrolyte flow could also be connected for qualitative analysis.
Javier et al. used electrochemiluminescence imaging technology to
detect the mass transfer phenomenon of the active material in the
electrode of the redox flow battery (Fig. 8) [140]. The results showed
that the electrolyte distribution in the electrode was not uniform, and
the concentration of the electrolyte varies greatly in different regions.
Wong et al. directly observed and qualitatively analyzed the reaction
and mass transfer processes within porous electrodes using fluorescence
microscopy (Fig. 7d,e) [139,141]. Observation accuracy could be ac-
curate to tens of microns. The results showed that the electrolyte dis-
tribution and reaction were not uniform at this scale. The nonuniformity
had a great influence on the performance of the battery. The flow
characteristics of carbon paper electrodes from the same supplier were
also different at the pore scale. This indicated that in addition to the
microscopic characteristics such as porosity, permeability, and specific
surface area, other structural characteristics in the porous electrode also
greatly influence the transfer and reaction of active materials.

Using the above methods, only the macroscopic distribution of the
electrolyte inside the electrode can be observed. To obtain pore-scale
flow features, higher-precision detection techniques are required.
Pore-scale features of porous electrodes can be acquired using computed
tomography techniques. It can be used to characterize multiphase flow
problems in porous media. Farid et al. used time-resolved 3D X-ray
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tomography to image electrodes and the electrolyte in situ [142]. They
processed and recognized grayscale images. The pore-scale flow and
wetting phenomena were investigated. The permeation rule of electro-
lyte in porous electrode was explored. Kerstin et al. used X-ray computed
tomography(CT) technology to visualize the process of electrolyte
infiltration into carbon felt and studied the filling of electrolyte [143]. It
provided a reference for improving the accessible specific surface area of
electrodes. To further understand the characteristics of electrode con-
centration and current distribution on the pore-scale, an effective
method is to reconstruct the three-dimensional structure of porous
electrodes by CT and simulate the electrode microstructure by LBM.
Zhang et al. used this method to simulate three kinds of carbon-based
electrodes [144]. The results showed that the simulation results of this
method were in good agreement with the experimental results, and the
electrochemical performance of electrodes with different pore size dis-
tributions was significantly different.

6. Conclusions

The microscopic properties of carbon-based electrodes in flow bat-
teries have a large impact on electrode performance and battery per-
formance. Understanding its mechanism plays a vital role in designing
and preparing electrode microstructures. The improvement of electrode
performance is inseparable from the optimization and design of the
electrode microstructure. The current research focusing on the mecha-
nism of electrode microstructure, optimized design, preparation, and
characterization are as follows:

(1) Porosity and the electrode surface area are the most important
basic microscopic properties. The two conflict with each other. A
high-performance electrode should consider these two charac-
teristics and strike a balance between low concentration polari-
zation and high reaction kinetics.

(2) At present, researchers’ main optimization methods include
gradient pore structure, catalytic layer on the electrode surface,
and aligned carbon fiber. Despite the significant enhancements in
electrode performance achieved by these optimized electrodes,
the path forward is not without challenges. One of the main
hurdles is the scalability of these advanced microstructures.
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(3)

While nanostructured materials can provide excellent perfor-
mance at the laboratory scale, translating this to industrial pro-
duction while maintaining cost-effectiveness is a complex task.
Additionally, the durability of these intricate structures under the
rigorous conditions of flow battery operation is a critical concern
that requires further investigation. Another challenge is the bal-
ance between performance and complexity. As we aim to refine
the microstructure, we must also consider the practicality of the
design, ensuring that the manufacturing process does not become
overly complicated or expensive. The development of robust, yet
manufacturable, electrode designs is a key area that demands
attention.

Current electrode materials have been enhanced through novel
manufacturing techniques such as 3D printing and electrostatic
spinning, which offer distinct advantages for micro-scale elec-
trode processing and have been shown to significantly improve
performance. However, research on the direct design and pro-
cessing of microstructures remains scarce. Additionally, current
qualitative analysis methods are limited, with measurement ac-
curacies typically at the millimeter scale, and no advanced
characterization or visualization techniques are available for the
micro-scale.
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