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All-vanadium redox flow battery (VRFB) is a promising energy storage technique. Flow
fields play a crucial role in distributing the electrolyte into the electrode uniformly, but their
performance characteristics under different electrode parameters are still unclear. In this
work, taking the total pressure drop and total overpotential as performance
characterizations, the influence of electrode parameters and operating conditions on
the performance of serpentine flow field (SFF) and interdigitated flow field (IFF) are
experimentally investigated. It is found that the battery with IFF exhibits lower pressure
drop than that with SFF because of the shunt effect of IFF on electrolyte. In terms of
promoting the uniform distribution of the electrolyte into the electrode, the SFF
outperforms IFF when the electrode porosity is higher than 0.810, but the performance
of SFF and IFF could be reversed as the electrode porosity decreases to 0.714, indicating
that there may be a performance reversal between SFF and IFF when the electrode
porosity decreases from 0.810 to 0.714. Moreover, the increase of current density, the
decrease of electrolyte input, and the decrease of electrode thickness strengthen
the performance reversal at low electrode porosity. The results well explain the debate
on the superiority of IFF and SFF and the discussion on the preference between flow fields
and electrode thickness in literatures and provide guidance for the selection of optimal flow
field in VRFBs.

Keywords: all-vanadium redox flow battery, flow field, electrode parameter, performance reversal, experiment

1 INTRODUCTION

Renewable energy such as solar energy, wind energy, and tidal energy has become an important
part in power supply. However, since the output of renewable energy is fluctuant, the direct
integration of renewable energy with the grid may cause the instability of the grid (Yang et al.,
2011). The all-vanadium redox flow battery (VRFB) is a novel electrochemical energy storage
technique, and it has the merits of environmental friendliness, high efficiency, deep discharge,
and long service life. In addition, the output power and storage capacity of the VRFB are
independent with each other, which allows the VREB to achieve the flexible design of electrical
energy storage from kilowatts to megawatts. Therefore, the VRFB provides an effective way to
bridge the renewable energy and the grid smoothly and maintain the safe operation of the grid
(Amirante et al., 2017).
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The VRFB suffers from activation polarization loss, ohmic
polarization loss, and concentration polarization loss during
operation, which results in the reduction in output power and
system efficiency (Duan et al, 2021). To promote the
performance of the VRFB, great efforts have been taken from
the perspective of the material characteristics and geometric
structures. The activation polarization loss depends on the
catalyst (Arenas et al., 2017). The commonly used methods to
enhance the catalytic activity of electrode include the surface
hybridization and surface deposition, like the doping of non-
metallic atoms such as nitrogen (Wu et al.,, 2016) and oxygen
(Kim et al., 2014) and the deposition of metal compounds such as
NiCoO, (Xiang and Daoud, 2019) and Nd,O; (Fetyan et al,
2018). The ohmic polarization loss could be restrained by
increasing the concentration of supporting electrolyte (Li et al.,
2011), enhancing the permeability of membrane (Minke and
Turek, 2015) and the appropriate compression of electrode
(Ghimire et al, 2018; Wang et al, 2018). The electrolyte
permeation in a porous electrode prefers the pathway with the
least permeation resistance, which may deteriorate the uniformity
of electrolyte distribution and increase the concentration
polarization loss (Tariq et al., 2018). In view of this, the flow
fields are introduced to guide the homogeneous distribution of
electrolyte, which is generally engraved on the surface of a bipolar
plate adjacent to the electrode.

The common flow fields in the VRFB are the interdigitated
flow field (IFF) and serpentine flow field (SFF). The IFF consists
of an inlet manifold, an outlet manifold, and multiple death-
ended channels that are connected with the inlet manifold or
outlet manifold in turn. When the electrolyte enters the battery
with the IFF, the electrolyte from the inlet manifold is first
shunted by inlet channels. Then, the electrolyte gradually
penetrates the porous electrode as the electrolyte flows along
the inlet channels. Finally, the electrolyte that has completed the
electrochemical reaction in porous electrode is collected by outlet
channels and flows out through the outlet manifold. The shunt
process of electrolyte flow induced by the IFF, known as the
“shunt effect,” can promote the uniform distribution of
electrolyte at an acceptable pressure drop. Meanwhile, the
death-ended design forces the entire electrolyte to permeate
into electrodes, which contributes to improving the utilization
of electrode and electrolyte (Reed et al., 2016). The SFF has a
continuous and meandering channel connecting the inlet and
outlet. The high-electrolyte flux in the channel and the severe
disturbance along the channel produce a huge pressure drop
between adjacent channels, which drives the electrolyte to
penetrate the electrode (Ke et al, 2018). Obviously, the SFF
and IFF have significant divergence in structure and working
principle.

To determine the applicability of SFF and IFF, the comparison
between IFF and SFF has been conducted. Kumar and Jayanti
(2016) investigated the discharging potential of the battery with
IFF and the battery with SFF under various current densities and
electrolyte inputs. The results showed that the battery with SFF
always had higher discharging potential than the battery with IFF,
and the peak power density of the battery with SFF was 30%
higher than that with IFF. The authors attributed this
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phenomenon to the excessive parallel channels in IFF, which
made the electrolyte flow rate in each channel very low and
thereby resulted in a poor electrolyte penetration in through-
plane direction. In addition, Maurya et al. (2018) and Messaggi
et al. (2018) also investigated the discharging performance of the
batteries with SFF and IFF through experiments and simulations.
The experimental results confirmed that the battery with SFF
provided higher discharging potential than that with IFF. By
simulating the electrolyte flow in two batteries, the authors found
that the electrolyte flow rate in the battery with SFF was higher
than that in the battery with IFF, and the authors believed that
this was the reason for the better discharging performance of the
battery with SFF. However, the experiments conducted by
Tsushima et al. (2013) obtained opposite conclusions. The
experimental results showed that the discharging potential of
the battery with IFF was always higher than that with SFF, which
indicated that the IFF performed better than the SFF. In addition,
Jyothi Latha and Jayanti (2014) also found that the battery with
IFF owned higher discharging potential and power density than
that with SFF. Meanwhile, the numerical analysis indicated that
the residence time of electrolyte in the battery with IFF was
shorter than that with SFF, which means that the electrolyte
transport in the battery with IFF was faster. Furthermore, Houser
etal. (2016); Houser et al. (2017) even observed the performance
reversal between the batteries with IFF and SFF. At electrolyte
input of 90 ml min~' and current density of 250 mA cm >, the
discharging potential of the battery with IFF was lower than that
of the battery with SFF, while maintaining the electrolyte input
unchanged but increasing the current density to 500 mA cm 2,
the discharging potential of the battery with IFF exceeded that of
the battery with SFF.

Obviously, the researches on the superiority of the IFF and SFF
have not reached a unified conclusion; the fundamental reason
might be the electrode parameters. The SFF and IFF have distinct
divergence in the working principle, which may result in the
different responses of IFF and SFF to the changes in electrode
parameters. For example, the porous electrode in the VRFB is
compressed during the assembly process, which leads to a
decrease in electrode porosity and permeability. For the
battery with IFF, the death-ended design of IFF ensures that
the entire electrolyte must permeate into the electrode, and
thereby the electrode compression has no influence on the
permeation flux in the battery with IFF. However, for the
battery with SFF, the decrease in electrode porosity and
permeability causes a decline in the permeation flux in the
battery with SFF. The electrode parameters (including the
porosity and thickness) in previous works are inconsistent,
which is very likely to cause the different results. At present,
only a few works involve the effect of electrode parameters.
Messaggi et al. (2020) and Houser et al. (2016) investigated
the performance of the batteries with electrodes of different
thicknesses, and a rule that the IFF and SFF were preferable
for the thinner and thicker electrode, respectively, was
summarized. Nevertheless, the applicability of this rule lacks
the support of quantitative investigations. Moreover, the
hydrodynamic properties of electrode greatly depend on its
porosity (permeability), which was seldom considered in
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FIGURE 1 | Schematic of the VRFB.

previous studies. Thus, it is necessary to quantitatively analyze the
influence of electrode parameters on the performance of flow
fields.

In this work, the influence of electrode parameters on the
performance of flow fields is experimentally investigated. By
comparing the total pressure drop and total overpotential of
the VRFB with IFF and the VRFB with SFF under various
operating conditions and electrode parameters, the effects of
electrode parameters on the performance of the IFF and SFF
are quantitatively studied. Based on the obtained results, the effect
of electrode parameters and operating conditions on the
performance of IFF and SFF is summarized. The obtained
conclusions can provide guidance for the selection of flow
fields in VREFBs.

2 EXPERIMENTS
2.1 Schematic of VRFB

Figure 1 presents the schematic of the VRFB, which has a
symmetrical structure with the membrane in middle. On both
sides of the membrane, there are electrodes, bipolar plates,
current collectors, and end plates. The commonly used
membrane is the proton exchange membrane, which separates
the positive and negative half-cells and allows only the proton to
pass through. The electrode made of carbon fiber provides
reaction sites for electrochemical reactions. The carbon-based
bipolar plate and metal-based current collector jointly connect
the electrode with external circuit. In addition, the flow fields such
as SFF and IFF are grooved on the bipolar plates to strengthen the
uniform distribution of electrolyte. The end plate bears the
assembly force and provides mechanical support for the
battery, which is usually prepared by metal with high
mechanical strength. The anolyte and catholyte are prepared
by dissolving VO,"/VO®" and V**/V*' into supporting
electrolyte (sulfuric acid solution), respectively. The electrolyte
tanks are employed to store the electrolyte. As the battery
operates, the electrolyte is transported into the electrode using
a pump to realize the conversion between the electricity and
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chemical energy. During charging, the VO** is oxidized to VO,"
at the positive half-cell, meanwhile, the V>* is reduced to V>* at
the negative half-cell. During discharging, the reaction processes
reverse (Skyllas-Kazacos et al, 2011). The electrochemical
reactions are as follows:

charging
Positive : VO* +H,0 2 VO;+2H" +e (1)
discharging
5 charging )
Negative : V*'+e 2 VvV 2)
discharging

2.2 Experimental Setup

The purpose of this work is to investigate the performance of SFF
and IFF in VRFB with electrodes of different porosities and
thicknesses. The experiment is conducted based on a self-built
experimental test system. Figure 2 provides the schematic of the
experimental test system. The system mainly consists of the test
batteries (the two VRFBs with IFF or SFF), the electrolyte tanks,
the electrochemical workstation, the electronic data acquisition
instrument, electrolyte circulating pumps, the pressure sensors,
and the computer. The two VRFBs are connected to the
electrolyte tanks in parallel to ensure that the state of
electrolyte entering two batteries is the same. Meanwhile, the
two VREBs are connected to the electrochemical workstation in
series to ensure that the current applied on the two batteries is
equal. The terminal potential of the two batteries is measured by
the electronic data acquisition instrument. The electrolyte supply
is realized by circulating pumps, and the pressure sensors are
connected to the inlet and outlet of each battery, respectively, to
measure the pressure drop of each battery. In addition,
considering that the catholyte could be oxidized by air,
nitrogen is injected into the catholyte tank to isolate the air
(Pezeshki et al., 2017).

Figure 3 shows the test platform of the VRFB. The connection
of the electrolyte pipelines and wires in the test platform is the
same as that in Figure 2. The electrochemical workstation
(PARSTAT 4000, AMETEK, United States of America) can
provide current in the range of -10 A-+10 A with a resolution
of £0.2%, and the terminal potential of the two batteries are
recorded by a multi-channel electronic data acquisition
instrument (34970A, Keysight Technologies, United States of
America), with an accuracy of 0.0004 V. The electrochemical
workstation and the electronic data acquisition instrument are
controlled by the computer. The electrolyte circulating pumps are
two peristaltic pumps (BT600N, Baoding Shenchen Precision
Pump Co., Ltd, China), which have a flux range of
0.027-162 mlmin~". The pressure sensor (CYYZI1, Beijing
XingSense Sensor Technology Co., Ltd., China)) has a range of
0-20 kPa, with an accuracy of 0.1 kPa. The flow rate of nitrogen is
100 mlmin~'. The experiments are performed at room
temperature (about 25°C), and all tests are conducted three
times to eliminate the accidental errors.

Two single VREBs with IFF or SFF are assembled in this work.
The only difference between the two VREBs is the structure of the
flow field. Figure 4 shows the geometric structures of IFF and
SFF. The rib width, the channel width, and the channel depth (not
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FIGURE 3 | Test platform of the VRFB.

presented in Figure 4) are all set to 2 mm. The proton exchange
membrane (Nafion 212, DuPont, United States of America) is
employed as the separator. The electrolyte used for the test
contains 1.5 M V™" and 3 M H,SO,. The electrolyte volume in
both anodic and cathodic tanks is 250 ml. The PAN-based
graphite felt (Shanghai Carbon Plant, China) with a size of
70 mm X 70 mm X 1.3 mm is used as the electrode. Electrodes
with different initial thicknesses are prepared by stacking the
graphite felt. Figure 5 shows the schematic of electrodes with
initial thicknesses of 5.2, 3.9, and 2.6 mm, which consist of four,
three, and two layers of graphite felt, respectively. In addition, to
obtain the electrodes with different porosities, electrodes with
initial thicknesses of 5.2, 3.9, and 2.6 mm need to be properly
compressed. Table 1 provides the relationship between electrode

thickness and electrode porosity before and after compression.
The thickness of the compressed electrode is controlled to ensure
that the compressed electrode has the same porosity. The
electrode porosity after compression is calculated according to
Eq. 3 (Chi et al, 2010; Bromberger et al., 2014). For the
convenience of description and reference, the assembled
electrodes are named in the format of the number of graphite
felt in the electrode—the porosity of the electrode after
compression.

(1-&) x E 3)

e =1-
(o hc

where hy and h. denote the electrode thickness before and after
compression, respectively. g, and ¢, denote the electrode porosity
before and after compression, respectively.

2.3 Experimental Test Methods

The total pressure drop of a half-cell in each battery is measured
to evaluate their flow behaviors. Considering that the electrolyte
used in VRFBs is highly acidic and corrosive, which may damage
the pressure sensors, the electrolyte is substituted by water. The
total water input is set in the range of 27.0-67.5 ml min~". Based
on the measured fluid pressure at the inlet p;, and outlet p,,;, the
total pressure drop Ap could be obtained according to Eq. 4.
Table 2 lists all the total pressure drop test items.

AP = Pin — Pout- (4)

The effects of IFF and SFF on the electrochemical performance
of VREBs are investigated by comparing the total overpotential of
VREBs with IFF or SFF. The detailed test processes are as follows:
under the open-circuit condition, the open-circuit potential of the
two VRFBs, E, is first measured; then the two VRFBs are
discharged at a constant current density of i for At seconds,
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and the discharging potential at the end of the discharging
process, Egisen is recorded; finally, the two VRFBs are charged
with the same current density of i, and the duration of the
charging process and the discharging process are equal to
ensure that the electrolyte can return to the initial state after
the discharging-charging process. The total overpotential 7, , is

defined as the difference between the open-circuit potential E,
and the discharging potential Eg;sc, and the total overpotential
Hyor 18 calculated according to Eq. 5 (Aaron et al., 2011).

17[»0[ = EO - Edisch- (5)

In the discharge test, there are no specified values for the SOC
of electrolyte and discharge time, which can be determined
according to the experimental requirements (Becker et al,
2016; Zeng et al, 2016). Considering that the effect of
concentration polarization maybe insignificant when the SOC
of electrolyte is very high, and the state of electrolyte may change
obviously during the discharging process when the SOC of
electrolyte is very low. Therefore, a moderate SOC of
electrolyte is selected in this study, that is, the SOC of
electrolyte is maintained at about 0.4. On the other hand,
since the electrolyte is circulating during the test, the SOC of
electrolyte decreases with the progress of the discharging test. In
order to prevent the significant change in SOC of electrolyte
during the test, the discharging time At should not be too long.
The discharging time At is set to 24 s here. The current density i is
in the range of 75-175 mA cm 2, and the total electrolyte input
V' ranges from 27.0-67.5mlmin~". Table 3 lists all the total
overpotential test items.

3 RESULTS AND DISCUSSION

In this section, the working principles of IFF and SFF are first
analyzed. In addition, taking the total pressure drop and total
overpotential as performance characterizations, the effect of
electrode parameters such as porosity and thickness and
operating conditions such as electrolyte input and current
density on the performance of IFF and SFF are studied. The
default current density and electrolyte input are 150 mA cm™>
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TABLE 1 | Geometric parameters of electrodes.
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Number of Initial thickness Thickness after Initial porosity Porosity after Name
graphite felt (mm) compression (mm) compression
4 5.20 4.00 0.890 0.857 L4-0.857
5.20 3.00 0.890 0.810 L4-0.810
5.20 2.00 0.890 0.714 L4-0.714
3 3.90 3.00 0.890 0.857 L.3-0.857
3.90 2.25 0.890 0.810 13-0.810
3.90 1.50 0.890 0.714 L3-0.714
2 2.60 2.00 0.890 0.857 L2-0.857
2.60 1.50 0.890 0.810 L2-0.810
2.60 1.00 0.890 0.714 L2-0.714
TABLE 2 | Total pressure drop test items.
Electrode
L4-0.857 L4-0.810 L4-0.714 L3-0.857 L3-0.810 L3-0.714 L2-0.857 L2-0.810 L2-0.714
Water input (ml min™) 405 405 405 405 27.0-67.5 405 405 405 405
TABLE 3 | Total overpotential test items. is a periodic process. Based on this, the battery with SFF is divided
Electrode Test conditions into n blocks along the centerline of channels (the black-dotted
lines in Figure 6A) to better understand the working principle of
inp'ilteztr:) :::::_1) densifyu{::tcm_z) SEF. Figure 6B presents the hydrodynamic network model of the
battery with SFF under ideal conditions. The electrolyte transport
L4-0.857 40.5 150 in each block includes the free-flow in channels and the
L4-0.810 405 150 permeation flow in the electrode. R; denotes the flow
L4-0.714 405 150 . .
L5-0857 105 150 resistance of the coupled electrolyte flow process in channels
1L3-0.810 57.0-67.5 756.175 and the electrode, and the pressure drop of the coupled flow
L3-0.714 27.0-67.5 75-175 process is Ap;. The electrolyte flows through each block in
12-0.857 405 150 sequence. Therefore, the electrolyte flux in each block is equal
L2-0.810 405 150 to the total electrolyte input, and the flow resistances of different
L2-0.714 40.5 150

and 40.5 ml min~’, respectively, unless otherwise stated, these
parameters are maintained constant. Furthermore, based on the
obtained results, the effect of electrode parameters and operating
conditions on the performance of IFF and SFF is summarized,
and reasonable explanations are given for the debate on the
superiority of IFF and SFF in previous works.

3.1 Analysis of Working Principles of IFF

and SFF

The working principles of IFF and SFF are different due to their
divergence in the geometric structure. Figure 6 shows the
working principle of SFF and its hydrodynamic network
model under ideal conditions. Figure 6A shows the electrolyte
transport in the battery with SFF. The electrolyte flowing along
the tortuous channels causes a high pressure drop between
adjacent channels, which is the driving force for the electrolyte
permeation into the electrode underneath ribs. The electrolyte
transport between adjacent channels occurs sequentially,
indicating that the electrolyte transport in the battery with SFF

blocks are connected in series. The total pressure drop of the
battery with SFF Apgpr is the sum of the pressure drop of every
block:

Apspr = ZAPi- (6)
i=1

Similarly, Figure 7 presents the working principle of IFF and
its hydrodynamic network model under ideal conditions.
Figure 7A shows the electrolyte transport in the battery with
IFE. The electrolyte from the inlet manifold is first shunted by
inlet channels, and after the permeation in the electrode, the
electrolyte is collected by outlet channels and flows out through
the outlet manifold. Based on this process, the battery with IFF
can be divided into three sections along the pink dot-dash lines in
Figure 7A: the inlet manifold section, the parallel channel section
(including the inlet channels, the electrode, and the outlet
channels), and the outlet manifold section. Figure 7B provides
the hydrodynamic network model of the battery with IFF under
ideal conditions. The electrolyte flows through the inlet manifold
section, the parallel channel section, and the outlet manifold
section in sequence. Hence, the flow resistance of the inlet
manifold section R, ;,, the equivalent flow resistance of
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parallel channel section Ry, and the flow resistance of the outlet
manifold section Ry, o, are connected in series. The pressure drop
across the Ry, in» Rpc, and Ry o, are denoted by Apyin, Apye, and
AP out> respectively. The total pressure drop of the battery with
IFF Aprpr is the sum of Appin, Appe, and Apy, ous.

7)

In addition, due to the shunt effect of the parallel channels, the
electrolyte flow in the parallel channel section can be
approximated as a symmetric process. Based on this, the
parallel channel section is further segmented into n blocks
along the black-dotted lines in Figure 7A. The electrolyte flow
in each block includes the free-flow in the inlet channel, the
permeation flow in the electrode, and the free-flow in the outlet
channel, and the three processes occur sequentially. Taking the
block i as an example, the flow resistance of electrolyte in
channels and the electrode is represented by R;, and the
pressure drop of the flow process is represented by Ap;. The
electrolyte flows into each block in parallel; hence, the flow
resistances in different blocks are connected in parallel, and
the pressure drop of each block is equal to Apy..

The divergence in the working principle determines that the
variation of electrode parameters has different effects on the
performance of SFF and IFF. For example, the electrode
compression causes a decrease in electrode porosity and an
increase in permeation flow resistance of the electrode. For the
battery with SFF, the free-flow flux in channels and the
permeation flow flux in the electrode depend on the free-flow
resistance of channels and the permeation flow resistance of the
electrode. When the permeation flow resistance increases, the
balance between the permeation flow in the electrode and the
free-flow in the channel is disrupted, resulting in a decrease in the
permeation flow flux and an increase in the free-flow flux. The
electrolyte flow becomes stable again when the pressure drop of
free-flow equals to the pressure drop of the permeation flow. As a
result, the electrolyte flux permeating into the electrode decreases.
For the battery with IFF, the death-ended design of IFF ensures all
electrolytes to permeate into the electrode. Therefore, the
permeation flow flux is always equal to the total electrolyte
input, regardless of the permeation flow resistance. Obviously,

APIFF = Apm,in + Appc + Apm,aut~
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the divergence in the working principle leads to the different
responses of IFF and SFF to the changes of electrode parameters,
which may cause the differences in output performance of
VREFBs.

3.2 Effect of Electrode Porosity on Flow

Field Performance

Using L3-0.857, L3-0.810, and L3-0.714 as electrodes,
respectively, the total pressure drop and total overpotential of
batteries with IFF and SFF are compared to study the effect of
electrode porosity on the performance of IFF and SFF.

Figure 8 shows the total pressure drop of the two batteries
under various electrode porosities. With the increment of
porosity, the total pressure drop of both batteries decreases.
The permeability of the electrode increases with the increase
of porosity. Meanwhile, since the porosity is adjusted by
compression, the electrode thickness also increases with the
increment of porosity, which expands the permeation flow
space of electrolyte. Under the combined effect of the two, the
flow resistance decreases with the increase of porosity. Therefore,
the total pressure drop of both batteries decreases as the porosity
increases. Furthermore, the total pressure drop of the battery with
IFF is 1.567, 0.700, and 0.467 kPa lower than that of the battery
with SFF at electrode porosity of 0.714, 0.810, and 0.857,
respectively. Obviously, the divergence in pressure drop
between the two batteries decreases with the increment of
porosity, which is attributed to the different working
principles of SFF and IFF.

According to the analysis of Figures 6, 7, the total pressure
drop of the battery with SFF is the sum of the pressure drop of
each block, while the total pressure drop of the battery with IFF
consists of the pressure drop of the inlet manifold section, the
parallel channel section, and the outlet manifold section.
Meanwhile, the shunt effect of IFF determines that the

pressure drop of the parallel channel section is equal to the
pressure drop of a single block in the parallel channel section.
Therefore, the pressure drop of the parallel channel section and
the total pressure drop of the battery with IFF is limited, which
makes the total pressure drop of the battery with IFF lower than
that of the battery with SFF. In addition, the shunt effect of IFF
leads to a low electrolyte flux in each block of the parallel channel
section. Therefore, the pressure drop of the parallel channel
section and the total pressure drop of the battery with IFF
decreases insignificant as the flow resistance declines.
However, the total pressure drop of the battery with SFF
significantly decreases with the decrease of the flow resistance.
As a result, the divergence in total pressure drop between the two
batteries shrinks.

The changes in electrode porosity also affect the
electrochemical performance of the batteries with IFF or SFF.
Figure 9 shows the total overpotential of the two batteries under
various porosities. The total overpotential of both batteries
increases with the increment of porosity. The total
overpotential consists of activation overpotential, ohmic
overpotential, and concentration overpotential. The activation
overpotential is considered to remain almost unchanged since the
electrode material is unchanged but only deformed. The increase
of porosity means the decrease in compression degree of the
electrode, which leads to the increase of the bulk resistance of the
electrode and the contact resistance between the electrode and
bipolar plate. In addition, the increase of porosity also influences
the electrolyte distribution, which causes the fluctuation of
concentration overpotential (the variation of concentration
overpotential is affected by the porosity and thickness of
electrode, which is analyzed in section 3.3). The total
overpotential has the same variation trend as the ohmic
overpotential, which may be attributed to the fact that the
increment of ohmic overpotential is larger than the
variation of the concentration overpotential, and thereby the
variation of total overpotential is dominated by ohmic
overpotential.
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In addition, at porosity of 0.714, the total overpotential of the
battery with IFF is 0.003 V lower than that of the battery with SFF.
However, when the porosity increases to 0.810 and 0.857, the total
overpotential of the battery with IFF is 0.031 and 0.012 V higher
than that of the battery with SFF, respectively. Since the electrodes
in the two batteries are the same, it can be considered that the
activation overpotential and ohmic overpotential of the two
batteries are equal. Hence, the divergence in total overpotential
between the two batteries is attributed to their different
concentration overpotentials. The analysis of Figures 6, 7
shows that in the battery with IFF, the changes in the
electrode permeation resistance do not affect the electrolyte
permeation flux into electrode. In addition, though the shunt
effect of IFF ensures the uniform distribution of electrolyte in in-
plane direction, the shunt effect also leads to a low electrolyte flux
in each parallel channel, which results in a weak electrolyte
penetration in through-plane direction. For the battery with
SFF, the electrolyte flow rate in SFF is much higher than that
in IFF, which helps to enhance the electrolyte permeation in both
in-plane direction and through-plane direction at a high electrode
porosity. However, the electrolyte permeation flux into the
electrode in the battery with SFF decreases when the electrode
porosity declines. At porosity of 0.714, the excessive low porosity
means a high permeation flow resistance, which reduces the
permeation flow flux in the battery with SFF but has no
influence on the permeation flow flux in the battery with IFF.
Therefore, the phenomenon of insufficient electrolyte supply is
more likely to occur in the battery with SFF, which leads to a
higher concentration overpotential and total overpotential of the
battery with SFF than that of the battery with IFF. When the
electrode porosity increases to 0.810 and 0.857, the decrease of
permeation flow resistance leads to a significant increase of
permeation flow flux in the battery with SFF, which helps to
suppress the concentration overpotential. Meanwhile, the
increase of porosity is accompanied by the increment of

electrode thickness, which further magnifies the weakness of
IFF on promoting the electrolyte penetration in through-plane
direction. As a result, the battery with IFF exhibits higher
concentration overpotential and total overpotential than the
battery with SFF due to the poorer electrolyte uniformity in
through-plane direction. The analysis of Figure 9 indicates that
the variation of porosity can cause a reversal of total overpotential
between the batteries with IFF and SFF, implying that the change
in porosity leads to a performance reversal between IFF and SFF.

3.3 Performance Comparison of Batteries
With SFF or IFF Under Various Electrode

Thicknesses

The total pressure drop and total overpotential of the batteries
with IFF or SFF under various electrode thicknesses are also
compared to study the effect of electrode thickness on the
performance of flow fields. Figures 10A,B present the total
pressure drop of the two batteries with L4 electrodes and
L2 electrodes, respectively. The results show that the variation
of total pressure drop of the two batteries with L4 electrodes or
L2 electrodes is the same as that of the two batteries with
L3 electrodes (see Figure 8). That is, the total pressure drop of
both batteries decreases with the increase of porosity. Meanwhile,
the total pressure drop of the battery with IFF is lower than that of
the battery with SFF, and the divergence in total pressure drop
between the two batteries decreases with the increase of porosity.
In addition, the total pressure drop of the batteries with
L4 electrodes is lower than that of the batteries with
L2 electrodes. Meanwhile, when using the L4 electrodes, the
total pressure drop of the battery with SFF is 1.500, 0.767, and
0.433 kPa higher than that of the battery with IFF at electrode
porosity of 0.714, 0.810, and 0.857, respectively. When using the
L2 electrodes, the difference in the total pressure drop between
the two batteries is 2.100, 1.367, and 0.767 kPa at electrode
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porosity of 0.714, 0.810, and 0.857, respectively. Obviously, the
divergence in total pressure drop between the two batteries with
L4 electrodes is smaller than that of the two batteries with
L2 electrodes.

The changes of electrode thickness have different effects on the
total pressure drop of the batteries with IFF and SFF. Figure 11 is a
schematic diagram of electrolyte permeation in batteries with SFF
or IFF, which is used to qualitatively illustrate that the variation of
electrode thickness has different effects on the total pressure drop
of the battery with SFF and the battery with IFF. The red-dashed
lines in Figure 11 represent the area in the electrode through which
the electrolyte flows. When the number of graphite felts in the
electrode is reduced from four (all four layers of graphite felt in
Figure 11) to two (two layers of graphite felt above the yellow line
in Figure 11), the permeation flow space of the electrolyte
decreases, resulting in an increase in the permeation flow
resistance. Therefore, under the condition of constant electrolyte
input, the total pressure drop of the two batteries with L4 electrodes

must be smaller than that of the batteries with L2 electrodes. In
addition, according to the analysis of Figures 6, 7, the shunt effect
of IFF leads to a low electrolyte flux in each parallel channel and a
low electrolyte permeation flux between adjacent parallel channels.
Therefore, the electrolyte penetration in through-plane direction in
the battery with IFF is weaker than that in the battery with SFF,
especially in the case of higher electrode porosity, which is also
observed by Gundlapalli and Jayanti (2020) and Messaggi et al.
(2018). Obviously, the decrease in permeation flow space has a
greater influence on the total pressure drop of the battery with SFF
than that of the battery with IFF. As a result, the total pressure drop
of the battery with SFF increases faster than that of the battery with
IFF when the number of graphite felts in the electrode is reduced
from four to two, which causes the divergence in total pressure
drop between the two batteries increases with the decrease of
electrode thickness. Figures 10, 11 indicate that the reduction in
electrode thickness enlarges the divergence in total pressure drop
between the batteries with SFF and IFF.
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Furthermore, the total overpotential of the two batteries with
electrodes of different thicknesses are also investigated.
Figure 12A shows the total overpotential of the two batteries
with L4 electrodes. With the increase of porosity, the total
overpotential of both batteries increases, which is also caused
by the increment of ohmic overpotential. In addition, under
certain porosity, the total overpotential of the battery with SFF
is always lower than that of the battery with IFF. The variation of
porosity does not cause the reversal of the total overpotential
between the two batteries, which is inconsistent with the results of
the batteries with L3 electrodes (see Figure 9). The different
results in total overpotential between the batteries with
L4 electrodes and the batteries with L3 electrodes may be
attributed to two reasons. First, the L4 electrodes provide
more reaction sites than the L3 electrodes, and thereby the
reaction rate per unit volume of electrode reduces, which is
beneficial to alleviate the disadvantage of small permeation
flow flux of the battery with SFF at a porosity of 0.714.
Second, the ability of IFF to promote the electrolyte
penetration along through-plane direction is weaker than that
of SFF, and the larger thickness of L4 electrodes further amplifies
this deficiency of IFF. Under the combined effect of the two, the
total overpotential of the battery with SFF is always lower than
that of the battery with IFF.

Figure 12B shows the total overpotential of two batteries with
L2 electrodes. As electrode porosity increases, the total
overpotential of the battery with IFF increases monotonously
while the total overpotential of the battery with SFF first decreases
and then increases. Since the activation overpotential remains
constant in two batteries and the ohmic overpotential increases
monotonically as porosity increases, the different variation in
total overpotential of both batteries is attributed to their
concentration overpotential. For the battery with IFF, the
variation of porosity does not change the permeation flow flux
into the electrode, and thereby the influence of porosity on
concentration overpotential is weaker than that on ohmic
overpotential. The monotonous increase of ohmic
overpotential with porosity still dominates the total
overpotential. For the battery with SFF, the permeation flow
flux increases with the increment of porosity, which contributes
to restraining the concentration overpotential. The total
overpotential of the battery with SFF first decreases, which
means that the decrease in concentration overpotential is
greater than the increase in ohmic overpotential when the
porosity increases from 0.714 to 0.810; therefore, the variation
in total overpotential is dominated by concentration
overpotential. With the further increase of porosity, the total
overpotential of the battery with SFF increases reversely, which
may be because the ohmic overpotential becomes dominant
again.

In addition, the total overpotential of the battery with IFF is
0.028 V lower than that of the battery with SFF at porosity of
0.714, and when the porosities are 0.810 and 0.857, the total
overpotential of the battery with IFF is 0.030 and 0.017 V higher
than that of the battery with SFF, respectively. Obviously, the
variation in porosity also causes the performance reversal
between SFF and IFF, which is consistent with the
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FIGURE 13 | Total pressure drop of two batteries under different
electrolyte inputs.

phenomenon of the batteries with L3 electrodes (see
Figure 9). Moreover, the divergence in total overpotential
between the two batteries using L2 electrodes is larger than
that of the two batteries using L3 electrodes (see the analysis
of Figure 9). The reduction of graphite felt in electrode leads to a
surge in the reaction rate per unit volume of the electrode, and
thereby the contradiction between electrolyte supply and
consumption in batteries with L2 electrodes is intensified. The
higher reaction rate per unit volume of the electrode in batteries
with L2 electrodes amplifies the shortcoming of insufficient
electrolyte supply of the battery with SFF at porosity of 0.714.
Meanwhile, the smaller thickness of L2 electrodes shortens the
permeation pathway of electrolyte in through-plane direction,
which alleviates the weakness of poor ability of IFF on promoting
the electrolyte permeation in through-plane direction. Under the
combined effect of the two, the total overpotential of the battery
with SFF significantly exceeds that of the battery with IFF at
porosity of 0.714. When porosities are 0.810 and 0.857, the
increased electrode porosity and thickness are more favorable
for SFF; as a result, the total overpotential of battery with SFF
becomes lower than that with IFF.

The comparisons in total overpotential among the batteries
with L2 electrodes (Figure 12B), L3 electrodes (Figure 9), and
L4 electrodes (Figure 12A) indicate that the performance reversal
between IFF and SFF is pronounced as the electrode thickness
decreases, implying that the reduction in electrode thickness
helps to promote the performance reversal between IFF and SFF.

3.4 The Effect of Operating Conditions on

the Performance of Flow Fields

The total pressure drop and total overpotential of the batteries
with IFF and SFF under different electrolyte inputs and current
densities are also analyzed to study the effect of operating
conditions on the performance of flow fields. According to the
results of Sections 3.2, 3.3, the SFF outperforms IFF when the
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electrode porosity is higher than 0.810, and a high electrode
porosity is more favorable for SFF. Thus, it can be predicted that
the performance of SFF is also better than that of IFF at a higher
electrode porosity of 0.857. To avoid repetition, only the
performances of the batteries wusing 13-0.810 and
L3-0.714 are investigated here.

Figure 13 shows the total pressure drop of the two batteries
with L3-0.810 electrode. As the electrolyte input increases, both
the permeation flow flux in the electrode and the free-flow flux in
channels increase, which causes a monotonical increment in total
pressure drop. In addition, the total pressure drop of the battery
with SFF is the sum of the pressure drop of each block, and the
total pressure drop of the battery with IFF only consists of the
pressure drop of the inlet manifold section, the pressure drop of a
single block in the parallel channel section, and the pressure drop
of the outlet manifold section; hence, the total pressure drop of
the battery with SFF is always higher than that of the battery with
IFF. Moreover, the shunt effect of IFF determines that the free-
flow flux in each parallel channel and the permeation flow flux
between adjacent channels is very low; therefore, the increment of
electrolyte input has an insignificant effect on the total pressure
drop of the battery with IFF. However, the electrolyte flux in SFF
is very high, and the increase of electrolyte input causes a great
increase in total pressure drop. As a result, when the electrolyte
input increases from 27.0 ml min~' to 67.5 mlmin~', the total
pressure drop of the battery with SFF increases from 3.233 to
9.667 kPa, while the total pressure drop of the battery with IFF
increases from 2.667 to 8.500 kPa. Obviously, the divergence in
total pressure drop between the two batteries enlarges with the
increase of electrolyte input. Figure 13 indicates that the
increment of electrolyte input enlarges the divergence in
pressure drop between the two batteries.

Figure 14 shows the effect of electrolyte input on the total
overpotential under different electrode porosities. Figure 14A
provides the total overpotential of the two batteries with
L3-0.810 electrode. The electrolyte supply is enhanced as the

electrolyte input increases, which helps to suppress the
concentration overpotential. Hence, the total overpotential of
both batteries decreases with the increment of electrolyte input.
In addition, for the L3-0.810 electrode, its smaller permeation
flow resistance and larger thickness make SFF perform better
than IFF on promoting the uniform distribution of the electrolyte
(see the analysis of Figure 9); therefore, the total overpotential of
the battery with SFF is lower than that of the battery with IFF. In
addition, when the electrolyte input increases from 27.0 to
67.5mlmin~", the total overpotential of the battery with SFF
and the battery with IFF decreases by 0.014 and 0.008 V,
respectively, indicating that the increment of electrolyte input
has a more obvious inhibitory effect on the total overpotential of
the battery with SFF, which is attributed that the increase of
electrolyte input has different effect on the permeation flow flux
in the two batteries. For the battery with IFF, the permeation flow
flux is always equal to the electrolyte input; thereby, the growth
rate of the permeation flow flux in the battery with IFF is equal to
that of the electrolyte input. However, for the battery with SFF,
part of electrolyte flows along the channels. When the electrolyte
input increases, the growth rate of the pressure drop caused by the
free-flow in channels is greater than that of the pressure drop
caused by the permeation flow in the electrode, which drives
more electrolyte to permeate into the electrode to maintain the
balance between the pressure drop caused by free-flow in
channels and the pressure drop caused by the permeation flow
in the electrode. Hence, the growth rate of permeation flow flux is
greater than that of the electrolyte input in the battery with SFF.
In other words, the growth rate of permeation flow flux in the
battery with SFF is greater than that in the battery with IFF, which
leads to a more obvious decline of the total overpotential in the
battery with SFF. As a result, the divergence in total overpotential
between the two batteries enlarges with the increment of
electrolyte input.

Figure 14B shows the total overpotential of the two batteries
with L3—-0.714 electrode. Similarly, since the increased electrolyte
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input helps to restrain the concentration overpotential, the total
overpotential of both batteries decreases as the electrolyte input
increases. In addition, the large permeation flow resistance of
L3-0.714 electrode inhibits the electrolyte permeation into the
electrode in the battery with SFF, resulting in a higher total
overpotential of the battery with SFF than that of the battery with
IFF at low electrolyte input of 27.0 and 40.5 ml min~'. With the
increase of the electrolyte input, since the growth rate of the
permeation flow flux in the battery with SFF is higher than that in
the battery with IFF, the total overpotential of the battery with
SFF declines more obviously. When the electrolyte input exceeds
54.0 ml min~’, the total overpotential of the battery with SFF has
become lower than that of the battery with IFF. Figure 14
indicates that the performance reversal between IFF and SFF
occurs only at porosity of 0.714, which means that the porosity
instead of electrolyte input is the decisive factor for the
performance reversal between IFF and SFF. Moreover, the
increase of electrolyte input helps to inhibit the performance
reversal phenomenon.

Figure 15 investigates the effect of current density on the total
overpotential under various electrode porosities. Figure 15A
shows the total overpotential of the two batteries with
L3-0.810 electrode. As the current density increases, both the
ohmic overpotential and activation overpotential increase.
Meanwhile, the electrolyte consumption rate increases with the
increment of current density. Under the condition of a constant
electrolyte input, the contradiction between electrolyte supply
and consumption deteriorates, resulting in an increase in the
concentration overpotential. Therefore, the total overpotential of
both batteries increases with the increment of current density. In
addition, the high porosity and the large thickness of
L3-0.810 electrode make the SFF show better ability than IFF
to promote the permeation and uniform distribution of
electrolyte into electrode (see the analysis of Figure 9);
therefore, the total overpotential of the battery with SFF is
lower than that of the battery with IFF. In addition, the
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deteriorated contradiction between the electrolyte supply and
consumption caused by the increment of current density further
amplifies the advantages of the SFF over IFF; as a result, the
difference in total overpotential between the two batteries
increases from 0.012 to 0.046 V when the current density
increases from 75 mA cm > to175 mA cm >, indicating that the
divergence in total overpotential between the two batteries
enlarges with the increment of current density.

Figure 15B shows the total overpotential of the two batteries with
L3-0.714 electrode. Similarly, the total overpotential of both batteries
increases with the increment of current density. In addition, for
L3-0.714 electrode, its low porosity makes the battery with SFF more
prone to the problem of insufficient electrolyte supply than the
battery with IFF (see the analysis of Figure 9), and the increase in
the consumption rate of electrolyte amplifies this disadvantage of the
SFE. As a result, the total overpotential of the battery with SFF grows
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faster than that of the battery with IFF, and the total overpotential of
the battery with SFF gradually exceeds than that of the battery with
IFF as the current density increases. Figure 15 confirms that the
current density is also not the decisive factor for the performance
reversal between IFF and SFF. However, the increment of current
density promotes the performance reversal phenomenon at low
electrode porosity.

3.5 A Unified Interpretation to the

Inconsistent Conclusions in Previous Works
Based on the aforementioned analysis, Figure 16 summarizes the
effect of electrode parameters and operating conditions on the
performance of IFF and SFF, that is, the electrode porosity is the
key factor to determine the performance of flow fields. When the
electrode porosity is greater than 0.810, SFF can promote the
penetration and uniform distribution of electrolyte into the
electrode better than IFF; therefore, the discharging
performance of the battery with SFF could be better than that
of the battery with IFF. As the electrode porosity drops below
0.810, the ability of IFF to promote the penetration and uniform
distribution of the electrolyte may be stronger than that of SFF,
resulting in a better discharging performance of the battery with
IFE. Moreover, the reduction of electrode thickness, the increase
of current density, and the reduction of electrolyte input can
promote the performance reversal between IFF and SFF.

The aforementioned summary also provides a reasonable
explanation for the debate on the superiority of IFF and SFF in
previous works. When using the graphite felt as an electrode, Kumar
and Jayanti (2016) found that the voltage efficiency of the battery with
SFF was higher than that of the battery with IFF, and Maurya et al.
(2018) also obtained the results that the power density of the battery
with SFF was higher than that of the battery with IFF. Both results
indicated that the performance of SFF was better than that of IFF.
However, when using the carbon paper as electrode, Houser et al.
(2016), Houser et al. (2017), and Tsushima et al. (2013) found that the
discharging performance of the battery with IFF was better than that
of the battery with SFF, which meant that the performance of IFF was
better than SFF. Both the graphite felt and carbon paper are
commonly used electrode materials in flow batteries. In addition
to the difference in thickness, there are also obvious differences in
porosity: the porosity of carbon paper is much lower than that of
graphite felt. Taking the commonly used carbon paper electrodes
(10AA, 25AA, and 39AA, SGL, Germany) and graphite felt electrodes
(GFA series, SGL, Germany) as examples, the initial porosity of
carbon paper and graphite felt is about 0.88 and 0.95, respectively.
When the two electrodes are properly compressed (the compression
ratio is about 40%), the porosity of carbon paper and graphite felt
drops to 0.80 and 0.91, respectively. According to the summary of this
work, the battery with SFF could provide better discharging
performance when using the high porosity graphite felt as an
electrode, which is consistent with the results obtained by Kumar
and Jayanti (2016) and Maurya et al. (2018). However, when the
carbon paper with low porosity is used as an electrode, the
discharging performance of the battery with IFF may be better
than that of the battery with SFF, which is consistent with the
results found by Houser et al. (2016), Houser et al. (2017), and
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Tsushima et al. (2013). Obviously, the results of this work can well
explain the debate on the superiority of IFF and SFF in literatures.

In addition, the summary on the effects of electrode thickness,
electrolyte input, and current density on the performance of flow
fields are also consistent with the results in literatures. Houser et al.
(2016), Houser et al. (2017) found that when the electrolyte input was
90 ml min ", the battery with IFF and the battery with SFF showed
higher discharging potential than each other at current densities of
500 and 250 mA cm 2, respectively. As the electrolyte input decreased
to 20 ml min ™", the discharging potential of the battery with IFF was
always higher than that of the battery with SFF, and the divergence in
discharging potential between the two batteries enlarged as the
current density increased from 250 to 500 mA cm 2. These results
indicate that IFF performs better than SFF when the current density
increases and the electrolyte input decreases, which is consistent with
the summary of this work. Furthermore, Houser et al. (2016) also
compared the discharging performance of the battery with IFF and
the battery with SFF under different electrode thicknesses. The results
found that when the electrode was composed of five layers of carbon
paper, the discharging potential of the battery with IFF was even
lower than that of the battery with SFF. However, the discharging
potential of the battery with IFF was always higher than that of the
battery with SFF when the electrode was composed of three or one
layer of carbon paper, and the divergence in discharging potential
between the two batteries widened with the decrease of carbon paper
in the electrode. Obviously, this variation trend is consistent with the
summary of this work that the reduction of electrode thickness
enhances the performance reversal between IFF and SFF at low
electrode porosity, which is also consistent with the opinion of
Macdonald and Darling (2019) that “SFF preferred thick
electrodes and high flow rates in comparison with IFF.” The
aforementioned analyses confirm that the conclusions of this work
achieve the unification of the results in literatures.

4 CONCLUSION

The performance of flow fields is closely related to the electrode
parameters. In this work, under various electrolyte inputs and current
densities, the effect of electrode parameters including the porosity and
thickness on the performance of SFF and IFF are experimentally
investigated. The results indicate that the shunt effect of IFF makes
the total pressure drop of the battery with IFF smaller than that with
SEE. The divergence in total pressure drop between the two batteries
enlarges with the decrease of electrode porosity, the increase of
electrolyte input, and decrease of electrode thickness. The
influence of flow fields on the electrochemical behavior of VRFBs
depends on the electrode porosity. When electrode porosity is greater
than 0.810, the SFF exhibits a better performance than IFF on
enhancing the uniform distribution of electrolyte. However, as
electrode porosity decreases to 0.714, the performance of IFF may
outperform SFF, resulting in a lower total overpotential in the battery
with IFF. In addition, the changes in electrode thickness and
operating conditions also influence the performance reversal
between IFF and SFF at low electrode porosity. The increase in
current density, the decrease in electrolyte input, and the decrease in
electrode thickness can enhance the advantages of IFF over SFF in
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enhancing the uniform distribution of electrolyte at low electrode
porosity. The results obtained in this work well explain the debate on
the superiority of IFF and SFF as well as the discussion on the
preference between flow fields and electrode thickness in literatures;
meanwhile, the results also provide guidance for the selection of the
types of flow fields in VRFBs.
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