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In-plane gradient design of flow fields enables
enhanced convections for redox flow batteries

Lyuming Pan, †a Jianyu Xie,†a Jincong Guo,†a Dongbo Wei,a Honghao Qi,a

Haoyao Rao, a Puiki Leung,*b Lin Zeng, *a Tianshou Zhao*a and Lei Wei *a

In the realm of redox flow batteries, the flow field plays a vital role in influencing the overall

performances of the redox flow batteries. Inspired by human behavior, an in-plane gradient flow field

design featuring a gradient decrease in channel width from the inlet to the outlet is proposed in this work.

A three-dimensional multi-physical simulation model was utilized to investigate the transport behaviors and

overall battery performance associated with novel flow field configurations. It was indicated that the novel

in-plane gradient design can enhance the under-rib convections of the electrolyte in the downstream

regions near the outlet, leading to improved uniformity of the active species’ distribution over porous

electrodes. Consequently, this enhancement substantially reduces concentration polarization losses of

redox flow batteries. The maximum power density and rated current density of the proposed design are

553.2 mW cm�2 and 270.1 mA cm�2, which are 74.5 mW cm�2 and 8.3 mA cm�2 higher than conventional

design. These results substantiate the benefits of employing the proposed flow field for achieving high-

performance battery designs. Meanwhile, due to its straightforward, efficient, and easily scalable design

mechanism, this novel flow field shows great promise for engineering applications of redox flow batteries.

1. Introduction

Future sustainability and carbon neutrality hinge on the advance-
ment of renewable energy technologies.1,2 Solar and wind power
are among the most popular choices. Yet, their intermittent and
unpredictable nature necessitates the urgent development of large-
scale energy storage systems to assimilate renewable energy
sources.3,4 Electrochemical energy storage systems, such as vana-
dium redox flow batteries (VRFBs), are among the most promising
technologies to address this issue due to their inherent safety,
recoverable crossover, and scalability. The VRFB consists of the
power unit and electrolyte reservoirs,5,6 with the former dictating
system power and the latter determining capacity. Consequently,
the power and capacity of the system are decoupled, and like the
pumped storage and compressed air systems, making it well-
suited for long-term energy storage in the era of carbon neutrality.

The power unit of VRFBs comprises essential components,
namely the flow fields, electrodes and a membrane. The
electrolytes are recirculated from external reservoirs and into
the power unit by a circulation pump. The active species

dissolved in the aqueous electrolytes are delivered to the porous
electrodes through the flow fields, initiating electrochemical
redox reactions. Conventionally, VRFBs adopt a flow-through
structure, wherein the electrolyte is directly pumped through
the electrodes, leading to significant pressure drop and pump-
ing losses.7,8 Typically, more than 3 mm thick electrodes were
used to minimize pumping losses, but this also causes higher
internal ohmic resistance, thereby leading to suboptimal over-
all performances (lower than 150 mA cm�2 at an energy
efficiency of 80%).

Since then, researchers have devised flow-by designs in
which flow fields are incorporated alongside the porous electro-
des. Conventional designs include parallel flow fields (PFFs),9

serpentine flow fields (SFFs)10,11 and interdigitated flow fields
(IFFs).12 In these flow-by setups, the electrolyte flows through the
channels and is transported into the electrodes. Adopting thinner
electrodes in channel-based cells reduces internal resistance and
enhances cell functionality.13 Different mass transfer properties
are associated with various flow pattern designs. PFF is the
design with the lowest pressure drop of inlet and outlet since
the electrolyte flows parallel between various flow channels,14 but
it also results in poor mass transfer. Therefore, SFFs and IFFs
have gained greater attention in recent research. While the inlet
and outlet of the IFF are not connected, the electrolyte must be
pumped through the porous electrodes. IFFs, however, experi-
ence high-pressure drops when used with densely compressed
electrodes. Conversely, SFFs have interconnected flow channels
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from the inlet to outlet, enabling the electrolyte to flow through
both the channel and porous electrode, which minimizes the
pressure drop but may lead to uneven distribution. Researchers
have focused on modifying porous electrodes for balancing mass
transfer and active sites.15–18 Li et al.19 proposed a gradient-pore-
oriented graphite felt electrode that improves electrochemical
activity and enhances mass transport from the nano- to the
micro-scale. This gradient-pore-oriented electrode exhibits an
energy efficiency as high as 79.74% at 200 mA cm�2 on VRFBs,
suggesting great potential applications in high-performance flow
batteries. Although improved VRFB performance by electrode
surface modification and microstructures is intuitive, mass
transfer still also relies mainly on flow field optimization.

All three flow patterns and the modified ones are directly
derived from fuel cell technology and introduced onto VRFBs. For
example, Xu et al.20 first proposed a convection-enhanced ser-
pentine flow field, which brings about larger pressure differences
between adjacent flow channels and thereby enhances in-plane
forced flow through the electrode porous layer. Their pioneering
design concept has been utilized in VRFBs and presents signifi-
cantly excellent effects.21–23 Typically, optimization of the flow-
field parameters, such as channel width, depth, and opening
ratio, has not adequately considered the distinct structure of
VRFBs and the properties of the active species. Unlike fuel cells,
the component adjacent to the flow field is the gas diffusion layer
responsible for transporting reactants and products. In VRFBs,
on the other hand, the porous electrodes adjacent to the flow
field not only facilitate the transport of active species but also
serve as active sites for the redox reaction. More importantly, the
reactants in fuel cells, such as hydrogen and oxygen, have high
diffusion rates, an order of magnitude higher than the reactive
ions in flow batteries using liquid electrolytes. While electro-
chemical reactions in fuel cells mainly occur in the catalytic
layer adjacent to the membrane, VRFB reactions primarily take
place in the porous electrode beneath the flow channels’ ribs of
flow channels. Additionally, the reaction in fuel cells involves a
gas–liquid phase transition, whereas the VRFBs only involve a
single liquid-phase reaction.

In light of these differences in working mode and system
characteristics between fuel cells and flow batteries, direct
utilization of fuel-cell flow-field designs in flow batteries may
give rise to various issues. Hence, it is necessary to optimize the
flow field according to the working modes of the flow battery and
the requirements of active species.24–28 For instance, Xu et al.29

explored the design of blocked serpentine flow channels for
VRFBs to achieve a more homogeneous distribution of electrolyte
flow and enhance active mass transport within the electrodes,
thus improving the overall battery performance. Considering the
effects of different block heights on reactant distribution and
battery voltage, they suggested that the optimized height of
0.14 mm led to the highest net discharge power at 16.73 W.
Zheng et al.30 proposed a separate serpentine flow field with two
flow channels—one located on the porous electrode next to the
membrane and the other on a carbon plate. This design features
a combined advantage of serpentine and interdigital patterns,
guiding the electrolyte along a U-shaped path within a single

channel, passing through porous electrodes rather than channels
between them. This design improves the uniformity of the active
species’ distribution, even with relatively thick electrodes at
5 mm. While these designs demonstrate promising perfor-
mances, their sophisticated performance improvement mechan-
isms pose challenges for promotion and scaling-up.

Herein, inspired by the towel-twisting phenomenon, an
in-plane gradient flow field (IGFF) is proposed for redox flow
batteries. The channel width is designed to decrease gradually
from the upstream region at the inlet to the downstream zone at
the outlet, deviating from the conventional approaches. This
unique gradient change in channel width corresponds to the
decrease in reactant concentration. Therefore, the adoption of
IGFF enhances the under-rib convection in the near-outlet region,
thereby promoting the mass transfer capability of active species
throughout the entire porous electrode. Utilizing a 3D multi-
physical simulated model, the introduction of IGFF can improve
the average reactant concentration, distribution uniformity and
current density on the porous electrodes. The maximum power
density and rated current density of the proposed design are
553.2 mW cm�2 and 270.1 mA cm�2, which are 74.5 mW cm�2

and 8.3 mA cm�2 higher than the conventional design. These
results clearly demonstrate the advantages of the proposed IGFF
in constructing high-performance VRFB. Meanwhile, the straight-
forward, efficient, and easily scalable design mechanism, opens
up possibilities for its application in engineering applications of
VRFB stacks.

2. Results and discussions
2.1. The in-plane gradient design mechanism

Convection and mass transport phenomena are common in
nature and human life and play crucial roles in various pro-
cesses. An example is the water retention phenomenon of a
rolled towel of uniform diameter. The presence of numerous
pores between the fibers of the towel enables the water to
remain in a stable state. This stability is achieved when a towel
is rolled into a uniform-diameter tube. It is worth noting that
altering objects’ parameters (diameter, width, etc.) is a practical
and effective means of modifying hydraulic pressure and fluid
velocity. When it is necessary to extract the held water, humans
tend to tighten one end of the towel tube to reduce its diameter,
thereby squeezing out water (Fig. 1a). This is a simple example
of human behavior to effectively utilize diameter changes for
enhancing convections. It can also be observed in other natural
objects, such as changes in river width, changes in pipeline
diameter, and so on. The human behavior is considered applic-
able to flow field optimization to enhance the mass transport of
active species for VRFB.

The flow channels of conventional SFF designs in VRFB
maintain the same width throughout the entire region. It contains
multiple long flow channels and U-shaped interconnections to
form a connection from the inlet to the outlet, as shown in Fig. 1b.
The SFF’s repeating structure results in an average hydraulic
pressure distribution. Therefore, the concentration of active
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species decreases sequentially from inlet to outlet, accompanied by
electrochemical reactions. This non-uniformity may become
more significant as the flow rate decreases and the current
density increases.31,32 To address this issue, it is necessary to
increase the hydraulic pressure drop and under-rib convection
in the downstream region near the outlet. The human behavior
mentioned above inspires us to enhance the electrolyte convec-
tion into the porous electrode by adjusting the channel width.
As shown in Fig. 1c, the channel width gradually decreases in
IGFF, while the flow channels’ number, direction, and arrange-
ment remain unchanged compared to SFF. In such cases, the
decrease in reactant concentration in the electrolyte can be kept

consistent. The difference between IGFF and SFF can be ana-
lyzed and elucidated by comparing hydraulic pressure, fluid
velocity, and the electrochemical performance of VRFB.

2.2. The distributions of pressure, velocity and concentration

In this work, a 3D multi-physical simulation model is established
to evaluate the battery performance with different flow fields,
which involves the coupling mechanisms of fluid mechanics,
electricity and mass transfer. Under the premise of achieving grid
independence and model validation, as shown in Fig. 2, the 3D
model, which may be used to compare SFF with IGFF, is
considered reasonably accurate for VRFBs. Specifically, the

Fig. 1 The (a) in-plane gradient design principles and geometric patterns of (b) SFF and (c) IGFF.

Fig. 2 The (a) grid independence and (b) validation of the 3D multi-physical simulated models.

Energy Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

3 
pa

dz
ie

rn
ik

a 
20

23
. D

ow
nl

oa
de

d 
on

 0
2.

02
.2

02
6 

14
:4

3:
14

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ya00365e


© 2023 The Author(s). Published by the Royal Society of Chemistry Energy Adv., 2023, 2, 2006–2017 |  2009

computed inaccuracy of cell voltages (Ecell) is less than 0.8% when
the grid number of the 3D models is set to at least 1 � 104

(Fig. 2a). Additionally, the average discrepancies between the
actual Ecell and the simulated ones for a VRFB applied under a
current density of 50 mA cm�2 and a specific flow rate of
5 mL min�1 cm�2 are less than 0.9% and 1.4%, respectively
(Fig. 2b). The average validated error for discharging is greater
than that for charging, mainly due to significant polarization at a
low state of charge regions (SOC o 0.3). This might be due to
inaccurate estimation of physical parameters, such as diffusion
coefficients or reaction rate coefficients, as reported.33 Otherwise,
the conducted 3D models compare well with experiments for
most operating conditions (medium SOC), which are reliable for
comparing SFF and IGFF.

Utilizing the aforementioned 3D model as a foundational
framework, the intricate interplay of multiple physical domains
within VRFB is comprehensively addressed. The fluid dynamics
of the electrolyte, spanning both the flow field and porous
medium, is rigorously formulated and resolved by invoking the
venerable Navier–Stokes equation and Darcy’s law, respectively
(Fig. 3).34 The innovative in-plane gradient configuration pro-
foundly influences the hydraulic pressure distribution within
the flow channel, thereby amplifying the pressure gradient
near-outlet region. Specifically, in the case of SFF, the hydraulic
pressure differential between adjacent flow channels is main-
tained at a uniform 55 Pa level (Fig. 3a1). Contrasting this, the
IGFF exhibits a remarkable alteration, with the pressure differ-
ential escalating to 140 Pa between the final adjacent channels
while maintaining the 55 Pa disparity between the initial
adjacent channels (Fig 3a2). The hydraulic pressure distribu-
tion across the flow field inherently governs the fluid velocity
profile within the porous electrode (Fig. 3b). The fluid velocity

profile demonstrates periodicity and uniformity beneath the
ribs of SFF (Fig. 3b1), mirroring the hydraulic pressure dis-
tribution. In the context of IGFF, however, a noteworthy evolu-
tion becomes evident, as the intensity of under-rib convections
gradually increases from the proximal inlet to the adjacent
outlet regions (Fig. 3b2). Cross-sectional views (Fig. 3c) offer a
lucid visualization of the discernible correlation between
hydraulic pressure gradients within the flow channels and the
resultant under-rib convection patterns within the porous
electrode. The innovative in-plane gradient design, inspired
by principles like those observed in natural systems, manifests
a tangible enhancement in convective processes, thereby
achieving the coveted goal of convective augmentation.

Fluid velocity exerts a profound influence on the spatial
distribution of active species, particularly the under-rib convec-
tions (Fig. 4). The operational dynamics of vanadium electrolytes
within the battery are characterized by a cyclic inflow and out-
flow, dynamically responding to alterations in the SOC. These
dynamic responses manifest as observable fluctuations in the
concentrations of reactants at the inlet and outlet of the flow field
(Fig. 4a). As an illustrative example, consider the concentrations
of VO2

+ (cVO2
+, as the reactants at the positive side for the

discharge process) at the inlet and outlet are 0.85 M and 0.72
M, respectively. Remarkably, whether adopting SFF (Fig. 4a1) or
IGFF (Fig. 4a2), these inflow and outflow concentrations are
equivalent. However, the spatial distribution of cVO2

+ within
the porous electrode presents a striking contrast (Fig. 4b). In
SFF-based batteries, cVO2

+ exhibits a progressive decline from the
inlet to the outlet (Fig. 4b1). This decline corresponds to the
gradual consumption of active species driven by electrochemical
reactions. In a noteworthy departure, IGFF-based batteries main-
tain the cVO2

+ concentration near-outlet region at the same level

Fig. 3 The (a) hydraulic pressure within flow channels, (b) fluid velocities within porous electrodes and (c) in the cross-view for SFF and IGFF-based
batteries.
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as near-inlet (Fig. 4b2). This intriguing phenomenon, substan-
tiated by cross-sectional perspectives (Fig. 4c), underscores the
pivotal role played by the innovative in-plane gradient design,
inspired by human behavior, in fostering enhanced under-rib
convections. The ramifications of these findings on the electro-
chemical performance of batteries are profound. The achievement
of more uniform and elevated concentrations of active ingredients
has the potential to significantly enhance battery performance.
Notably, the concentration elevation near the outlet region can be
attributed to the augmented under-rib convection patterns stem-
ming from the innovative in-plane gradient design—a concept
informed by the principles observed in human life.

The active species’ concentration within the porous electrode
exhibits intricate interplay with cross-surface distance, current
density, and electrolyte flow rate (Fig. 5a–c). During the discharge
process, V2+ (Fig. 5a1) and VO2

+ (Fig 5a2) function as active
species for the negative and positive electrodes, respectively. In
the context of the through-plane direction, it becomes evident
that the average concentration within the porous electrode
diminishes as the relative distance from the membrane
increases. This behavior can be attributed to the underlying
convection patterns beneath the ribs, where fluid velocity tends
to be comparatively subdued. In addition, applying higher cur-
rent densities accelerates the consumption of reactants, resulting
in a commensurate reduction in the concentrations of V2+ (cV2+,
as the reactants are at the negative side for the discharge
process), as demonstrated in Fig. 5b. Augmenting the flow rate
of the electrolyte offers a direct avenue to bolster the supply of
reactants, consequently elevating cV2+ levels within the porous
electrode (Fig. 5c). A comprehensive assessment necessitates the
concurrent consideration of both current density and electrolyte
flow rate (Fig. 5d and e). For instance, focusing on the negative
electrode during discharge, two key metrics, namely the average

concentration of V2+ (cV2+
average) and the uniformity factor of cV2+

distribution (UFcV2+), serve as quantitative benchmarks for dis-
cerning between SFF and IGFF. With increasing current density,
both cV2+

average and UFcV2+ exhibit a diminishing trend, but the
performance differential between SFF and IGFF steadily ampli-
fies. Notably, the cV2+

average consistently registers at lower levels
for SFF compared to IGFF; however, this discrepancy dwindles as
the electrolyte flow rate is heightened (Fig. 5d). Analogously,
UFcV2+ follows a parallel trajectory of variation (Fig. 5e). These
findings collectively signify that at elevated current densities and
reduced flow rates, IGFF exerts a more pronounced positive
influence on performance when compared to SFF, underscoring
the intricate dynamics of these multi-factorial interactions.

2.3. The performance comparison between SFF and IGFF

The in-plane gradient design, in addition to fostering under-rib
convections and uniform distributions, bestows a remarkable
enhancement in the electrochemical performance of VRFB. Evi-
dent within the polarization curves presented in Fig. 6, these
curves faithfully depict the correlation between Ecell and the
current densities, effectively encapsulating the polarization char-
acteristics intrinsic to the battery. In VRFB, subjecting the system
to current densities equal to or surpassing 150 mA cm�2 precipi-
tates a discernible upswing in concentration overpotential, thereby
inducing a steep decline in Ecell. To illustrate, when scrutinizing a
scenario wherein the electrolyte flow rate stands at 1 mL min�1

cm�2 and the current density is maintained at 300 mA cm�2

(Fig. 6a), the Ecell for SFF-based VRFB hovers at approximately
1.00 V. This outcome concurs with the previously expounded
disparities in mass transfer associated with SFF. By stark contrast,
under analogous conditions, the Ecell of IGFF-based VRFB escalates
to 1.13 V (Fig. 6b), constituting a noteworthy increment of approxi-
mately 13% relative to SFF-based VRFB. This higher discharge

Fig. 4 The reactant concentrations (a) within flow channels, (b) within porous electrodes and (c) in the cross-view for SFF and IGFF-based batteries.
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Fig. 5 The distributions of (a1) cV2+ for the negative side and (a2) cVO2
+ for the positive side at different distances to the membrane, with (b) increased

current densities and (c) flow rates. The (d) cV2+
average and (e) corresponding UFcV2+ for SFF and IGFF with different operating conditions.

Fig. 6 The polarization curves of (a) SFF-based VRFBs and (b) IGFF-based VRFBs.
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voltage coupled with diminished polarization collectively trans-
lates into an augmented power density. The maximum power
densities (Wmax) of IGFF-based batteries are 341.0, 429.8 and
553.2 mW cm�2, respectively, across a spectrum of electrolyte flow
rates comprising 1, 3 and 6 mL min�1 cm�2. Notably, these values
substantially outstrip their SFF-based counterparts, which record
power densities of 300.7, 374.4 and 478.7 mW cm�2, conclusively
underscoring the discernible advantages conferred by IGFF in
terms of electrochemical performance and power output across
various operational conditions.

The observed enhancements in Wmax exhibit a discernible
correlation with distinct operational conditions. Notably, under
relatively low flow rates, IGFF exhibits a significantly more
substantial performance improvement compared to SFF
(Fig. 7a). This trend also manifests in the relationship between
alterations in voltage efficiency (VE) and flow rate (Fig. 7b), an
aspect we have previously elucidated in our previous report.21

Herein, the concept of the critical flow rate assumes paramount
importance. This critical flow rate is rigorously defined as the
specific operational condition at which the incremental gain in
VE fails to exceed 1% per mL min�1 cm�2. It is imperative to
recognize that VE exhibits a noteworthy improvement below the
critical flow rate, marking these domains as ‘‘sensitive regions’’.
In stark contrast, higher flow rate regimes are designated as
‘‘insensitive regions’’, where the amelioration in VE becomes
constrained. Astonishingly, the critical flow rate for IGFF-based
VRFBs registers at 3.0 mL min�1 cm�2, a value notably lower
than the corresponding 3.5 mL min�1 cm�2 observed for SFF. It
is essential to highlight that the applied electrolyte flow rate

must exceed this critical threshold to unlock a high VE. None-
theless, it is imperative to acknowledge that the electrolyte flow
rate is not boundless, its upper limits tethered to the pressure
drop between the flow field’s inlet and outlet (DP). This intricate
relationship is vividly illustrated in Fig. 7c, wherein DP demon-
strates an almost linear ascent in tandem with escalating electro-
lyte flow rates. Significantly, IGFF exhibits a more pronounced
amplitude in DP compared to SFF. Furthermore, it is imperative
to note that in large-size cells exceeding 100 cm2,27,35–38 the range
of DP typically spans from 90–380 Pa cm�2 (equating to 1.15–
4.92 kPa in this work). This range is primarily delimited by
considerations encompassing pipeline design, sealing methodol-
ogies, and the intricate art of system integration. Therefore, the
prospect of a lower critical flow rate is undeniably gratifying, as it
imparts a heightened degree of operational flexibility, ensuring
that VRFBs can be judiciously maintained within reasonable and
manageable parameters.

The holistic evaluation of pump-based voltage efficiency
(VEpump), thoughtfully amalgamating VE and DP into a singular
metric, furnishes a lucid basis for direct comparisons (Fig. 7d–
f). Given the intricate interplay between VEpump and current
density, we introduce two pivotal parameters that merit in-
depth discussion: the ‘‘reversal point’’ and the ‘‘rated current
density’’. The concept of the ‘‘reversal point’’ serves to delineate
a threshold of current density. Conventional designs hold sway
below this inflection point, while novel designs predominate
above it. Concomitantly, the ‘‘rated current density’’ denotes
the maximum permissible current density at which VEpump

steadfastly maintains a lofty threshold of 80% or greater. For

Fig. 7 The relationships of (a) Wmax, (b) VE and (c) DP with flow rates for SFF and IGFF-based VRFBs. The relationships of VEpump with current densities for
SFF and IGFF-based VRFBs under flow rates at (d) 1, (e) 3 and (f) 6 mL min�1 cm�2.
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illustrative purposes, it is considered the scenario of a modest
flow rate of 1 mL min�1 cm�2. Here, the ‘‘reversal point’’ stands
at 25 mA cm�2, signifying that IGFF-based VRFBs exhibit super-
ior VEpump values relative to their SFF counterparts when sub-
jected to current densities surpassing this threshold (Fig. 7d).
Notably, the rated current densities for SFF-based and IGFF-
based VRFBs stand at 141.6 mA cm�2 and 159.2 mA cm�2,
respectively. As the transition to a moderate electrolyte flow rate
of 3 mL min�1 cm�2 (Fig. 7e), both the reversal point and rated
current density exhibit upward mobility. Specifically, the VEpump

of IGFF-based VRBF eclipses that of SFF-based VRFBs under the
current densities exceeding 85 mA cm�2. Most notably, the rated
current density for IGFF-based VRFBs soars to an impressive
238.6 mA cm�2, constituting an 8.6% augmentation relative to
the SFF configuration’s 219.7 mA cm�2. With the ascent to a
higher electrolyte flow rate of 6 mL min�1 cm�2, the expanse
between the reversal point (215 mA cm�2) and the rated current
density (270.1 mA cm�2) for IGFF diminishes. This conveys that
permissible current densities converge within a narrow window
of approximately 55 mA cm�2 to ensure the sustenance of high
VEpump values, as shown in Fig. 7f. While an increased electrolyte
flow rate intuitively augments mass transfer, it simultaneously
introduces multifaceted challenges encompassing sealing, pres-
sure differentials, and intricate operational considerations. None-
theless, the rate current density is still 8.3 mA cm�2 higher than
that of SFF. These findings cogently underscore both the efficacy
and indispensability of the innovative in-plane gradient design.

2.4. Basic approaches for flow field optimization evaluation

The in-plane gradient flow field design presented herein stands
as a testament to remarkable advancements in enhancing the
electrochemical performance of VRFBs. Moreover, this study
introduces a novel lexicon of concepts, including ‘‘critical flow

rate’’, ‘‘reversal point’’, and ‘‘rated current density’’ which
collectively furnish a comprehensive framework for the multi-
faceted evaluation of various contributing factors. Notably, the
augmentation of under-rib convections, as realized through
IGFF, represents a universal panacea applicable not only to
the present study but also to previous investigations in flow
field optimization.38–40 The intricate mechanism underpinning
performance enhancement via flow field design warrants con-
cise elucidation and synthesis. Consequently, we proffer a
generalized evaluation criterion distilled from the tenets of
enhanced convection-based optimization, thereby encapsulat-
ing the quintessence of flow field refinement (Fig. 8a). This
holistic framework encompasses several sequential steps, pro-
mulgating a structured approach to propel advancements in
flow field optimization:

(1) Flow rate evaluation. Elucidates the intricate interplay
between VE and flow rate, thereby establishing the lower
threshold of the insensitivity region, denoted as the ‘‘critical
flow rate’’. Subsequently, gauge ‘‘extreme flow rate’’, contingent
on the upper limit of pressure drops, a factor crucial for
delineating pipeline design, the integrity of sealing mechan-
isms, and seamless system integration. The imperative lies in
minimizing this ‘‘critical flow rate’’ to ensure a sufficiently
expansive operational range for VRFBs (Fig. 8b).

(2) Current density evaluation. Thoroughly elucidate the
intricate relationship between VEpump and current density,
leading to the identification of critical parameters such as the
‘‘reversal point’’ and the ‘‘rated current density’’ (defined as the
maximum current density where VEpump exceeds 80%) for both
conventional and novel designs. Notably, the reversal point
should invariably fall below the rated current density. These
analyses delineate three distinct regions based on the para-
meters as mentioned above (Fig. 8c). The first region,

Fig. 8 (a) The basic approaches for evaluation. (b) The overall trend of VE and the determination of operating flow rates. (c) The overall trend of VEpump

and the determination of operating current densities.
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characterized by current densities below the reversal point,
represents the realm of conventional designs where power
output remains relatively modest. The intermediate region,
spanning between the reversal point and the rated current
density, is governed by novel design principles, featuring super-
ior VEpump values. It’s crucial to note that higher current
density regions within regions of lower efficiency are inherently
unsuitable for practical applications.

(3) Performance improvement evaluation. The quantitative
assessment of electrochemical performance enhancement
within the defined parameter range is pivotal. This evaluation
hinges on a comprehensive understanding of flow rates and
current densities. Notably, pursuing higher VEpump values and
elevated rated current densities is both a desirable and antici-
pated outcome.

3. Conclusions

In this work, a novel design, the so-called in-plane gradient flow
field, is proposed for VRFBs. The enhanced under-rib convection
in the low-concentration region results in a more uniform
distribution of the active species within the porous electrode.
Compared with the conventional SFF, the adoption of the newly
designed flow field can significantly improve the battery perfor-
mance. Based on a 3D multi-physical simulated model, introdu-
cing an IGFF can improve the average reactant’s concentration
and distribution uniformity, as well as the VEpump of the battery.
The adoption of the proposed IGFF reaches an insensitive area of
VE under a flow rate of over 3 mL min�1 cm�2, and the VEpump

surpasses conventional SFF at a current density of over 85 mA
cm�2. The Wmax and maximum rated current density of IGFF-
based VRFB are 553.2 mW cm�2 and 270.1 mA cm�2, respec-
tively, which are 74.5 mW cm�2 and 8.3 mA cm�2 higher than
SFF-based VRFB. In addition, the basic criteria for evaluating flow
field optimization have been clarified. The performance improve-
ment of the flow field by strengthening the convection under the
ribs is related to the specific flow rate and current density, and it
is necessary to achieve lower critical flow rate and turning points
to broaden the application range of the novel design. The
obtained results provide compelling evidence that the proposed
IGFF is advantageous for the development of high-performance
VRFBs. Furthermore, owing to its straightforward, efficient, and
easily scalable design inspired by human behavior, the IGFF
design holds great potential for application in engineering VRFBs
and large-scale energy storage systems.

4. Experimental section
Geometry details

The 3D model consists of two flow fields, two porous electrodes
and a membrane with an actual area of 3.6 � 3.6 cm2. The
geometric structure of the SFF and IGFF is similar. Both are
composed of 1 inlet, 1 outlet, 9 long flow channels and 8 short
flow channels. Besides, the depth of the channel is 2 mm. The
only difference between the SFF and IGFF is that from the

beginning of the first long flow channel near the inlet, the
width of each subsequent long flow channel will be decreased
by 0.1 mm, the width of the first long flow channel is 2 mm,
and the width of the last long channel which is near the outlet
is 1.2 mm. The width of every long flow channel of SFF is 2 mm.
The two flow fields are analyzed and compared by numerical
simulation, described in detail in the methods section.

Physical assumptions

The physical assumptions for the model are as follows:
(1) The electrolyte is regarded as an incompressible fluid,

and its flow is considered as laminar flow.
(2) The electrodes are isotropic and uniform.
(3) The whole model is regarded as an isothermal model.
(4) Ignore all side reactions, including hydrogen evolution

reactions.
(5) The influence of gravity is not taken into account.
(6) The electrolyte shall be regarded as a dilute solution.

Governing equations

The mass conservation of both the flow channels and porous
media is expressed as:

rr�-u = 0 (1)

where r is the density of the electrolyte and -u is the velocity of
the electrolyte.

The momentum conservation of electrolytes in flow chan-
nels and porous media can be expressed by the Navier–Stokes
equation and Brinkman equation, respectively:41

r(-u�r)-u = �rp + r�[mr-u + (r-u)T] +
-

f (2)

r
e
ð u* � rÞ u

e

*

¼ �rpþr � m
e
ru*þ ðru*ÞT

h i

� m
k
þ bF u

*
�� ��� �

u
*þ f

*

ð3Þ

where e is the porosity of the porous media, p is the pressure, m is
the dynamic viscosity of the electrolyte, and k is the permeability
of the porous media. bF is the Forchheimer drag coefficient,
which is ignored in the simulation. Since gravity is also not taken
into account in the model, the volume force acting on the fluid
is zero.

The permeability of the porous media is calculated by the
Carman–Kozeny equation:42

k ¼ df
2e3

16kckð1� eÞ2 (4)

where df is the diameter of the fiber and kck is the Carman–
Kozeny constant, which is a dimensionless number that
depends on the shape and orientation of the fiber material.

The Nernst–Plank equation describes the transfer process of
dilute species in porous media. The equation includes diffusion
item, migration item and convection item:43

NI

*

¼ �Deff
i rci �

ziciD
eff
i F

RT
rji þ u

*
ci (5)
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The conservation of each species can be expressed as:43

r�-NI = Si (6)

where the subscript i represents a certain species, and
-

NI

represents the flux of the species, Si is the source term of the
species, and is used to represent the generation rate due to the
electrochemical reactions. ci and zi represent the concentration
and charge of a species i, respectively. R is the ideal gas
constant, T is the temperature, and F is the Faraday’s constant.
ji is the potential of a species in the liquid phase.

The effective diffusion coefficient Di
eff can be obtained by

Bruggeman’s modification:44

Deff
i ¼ e

3
2Di (7)

The charge conservation on the positive and negative sides
is solved as the following two equations, respectively:

r�
-

is = �r�
-

il = ipos (8)

r�
-

is = �r�
-

il = ineg (9)

where
-

is and
-

il are the current densities of the solid phase and
the liquid phase, respectively, and they can be calculated as:

-

is = �ss
effrjs (10)

il
*

¼ F
X
i

zi Ni

*

(11)

where ss
eff is the effective conductivity of the porous electrodes,

which can be calculated as:

seffs ¼ ð1� eÞ
3
2ss (12)

where ss is the electronic conductivity of the porous electrodes.
The source term Si is related to the generation rate of the
electrochemical reaction, and each source term can be
calculated as:

SV2þ ¼ ineg

F
(13)

SV3þ ¼ �
ineg

F
(14)

SV4þ ¼ ipos

F
(15)

SV5þ ¼ �ipos
F

(16)

The results can also be obtained using the Butler–Volmer
equations:43

ipos ¼ aFk0;posc
ap;c
V4þc

ap;a
V5þ

cs
V5þ

cV5þ
exp �

acFZpos
RT

� ��

�
cs
V4þ

cV4þ
exp �

aaFZpos
RT

� �� (17)

ineg ¼ aFk0;negc
an;c
V2þc

an;a
V3þ

cs
V3þ

cV3þ
exp �

acFZneg
RT

� ��

�
cs
V2þ

cV2þ
exp �

aaFZneg
RT

� �� (18)

where k0,pos and k0,neg are the reaction rate coefficients on the
positive and the negative sides, respectively. aa and ac is the
charge transfer coefficient on the anode and cathode sides,
respectively.

The concentrations of vanadium ions at the liquid–solid
interfaces can be calculated via bulk concentration and the
corresponding parameters. On the positive side, the surface
concentrations of V4+ and V5+are derived as:45

csV4þ ¼
B2cV5þ þ ð1þ B2ÞcV4þ

1þ A2 þ B2
(19)

csV5þ ¼
A2cV4þ þ ð1þ A2ÞcV5þ

1þ A2 þ B2
(20)

where

A2 ¼
k0;pos

km
cac�1
V4þ caa

V5þ expðaaFZposÞ (21)

B2 ¼
k0;pos

km
cac
V4þc

aa�1
V5þ expð�acFZposÞ (22)

For the negative side, the surface concentrations of V2+ and
V3+are derived as:

csV2þ ¼
B1cV3þ þ ð1þ B1ÞcV2þ

1þ A1 þ B1
(23)

csV3þ ¼
A1cV2þ þ ð1þ A1ÞcV3þ

1þ A1 þ B1
(24)

where

A1 ¼
k0;neg

km
cac�1
V2þ caa

V3þ expðaaFZnegÞ (25)

B1 ¼
k0;neg

km
cac
V2þc

aa�1
V3þ expð�acFZnegÞ (26)

The mass transfer coefficient in the above equation can be
roughly calculated as:46

km = 1.6 � 10�4 -
u0.4 (27)

The overpotential on the positive and negative sides can be
defined as the following two equations, respectively:47

Zpos = jpos,s � jpos,l � Eeq,pos (28)

Zneg = jneg,s � jneg,l � Eeq,neg (29)

The equilibrium potential on the positive and negative sides
can be calculated by the Nernst equation, respectively:45

Eeq;pos ¼ E0
pos þ

RT

F
ln

cV5þcH
2

cV4þ

� �
(30)
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Eeq;neg ¼ E0
neg þ

RT

F
ln

cV3þ

cV2þ

� �
(31)

where E0
pos and E0

neg are the equilibrium potentials under the
standard conditions, then the expressions of the battery’s
discharging voltage and charging voltage can be calculated as
the following two equations, respectively:

Ecell,discharge = Eeq,pos � Eeq,neg � Zneg + Zpos � IRcell

(32)

Ecell,charge = Eeq,pos � Eeq,neg � Zpos + Zneg + IRcell

(33)

where I is the current density and Rcell is the cell electrical
resistance.

Post processes

Average reactant concentrations, uniformity factor, pressure
drop, VE and VEpump are key indexes commonly used to
evaluate the quality of a flow field design.

The VE of the battery can be calculated as follows:48,49

VE ¼ Ecell;discharge

Ecell;charge
(34)

where Ecell,charge and Ecell,discharge are the cell voltages during the
charge and discharge processes, respectively.

In addition, the pressure drop refers to the difference
between the inlet and outlet pressure. The pumping loss per
active area is usually expressed by:

Wpump ¼
2qDP
Z

(35)

where Z represents the pump’s efficiency, which equals 0.6, and
q represents the flow rate per active area.

Considering the influence of pumping loss, the VEpump of
the battery can be calculated as the following:48,49

VEpump ¼
IEcell;discharge �Wpump

IEcell; charge þWpump
(36)

The cell voltages are calculated under an SOC of 50% and
initial vanadium concentration of 1.7 M.

The average reactant concentration is calculated at the
negative electrodes with the concentration of V2+ ions, which
can be defined as:

cVaverage
2þ ¼ 1

V

ððð
cV2þdV (37)

The uniformity factor is used to evaluate the distribution of
current density and reactant concentration under a flow field
design. For example, the uniformity factor of the V2+ ion
concentration is defined as:23,50

UFcV2þ ¼ 1

� 1

cVaverage
2þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

V

ððð
ðcV2þ � cVaverage

2þÞ2dV

s
(38)

where V is the volume of the electrode, cV2+ is the concentration

of the V2+ ions, and cV2+average is the average concentration of
the V2+ ions.
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