Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 05 2025. Downloaded on 07.11.2025 14:22:10.

(cc)

EES Batteries

MINIREVIEW

’ M) Check for updates ‘

Cite this: EES Batteries, 2025, 1, 1102

Received 30th May 2025,
Accepted 17th July 2025

DOI: 10.1039/d5eb00107b

rsc.li/EESBatteries

Broader context

7® ROYAL SOCIETY
P OF CHEMISTRY

View Article Online
View Journal | View Issue

Advancements for aqueous polysulfide-based flow
batteries: development and challenge

Xinru Yang, Qingshun Nian, Yigiao Wang, Hu Hong, Zhiquan Wei, Yue Hou and
Chunyi Zhi = *

Polysulfide-based redox flow batteries (PSRFBs) have emerged as an innovative solution for large-scale
energy storage technology owing to their high energy density and low cost. These advantages position
PSRFBs as particularly suitable for grid-scale integration of renewable energy. However, challenges such
as sluggish redox kinetics and crossover of polysulfide have impeded their widespread adoption and com-
mercialization. This review aims to provide a comprehensive overview of the working principles, develop-
ment, and challenges of PSRFBs, focusing on strategies to mitigate crossover and enhance reaction kine-
tics of polysulfides. Recent advancements in catalytic materials, membrane design, and electrolyte engin-
eering are summarized, highlighting their important roles in improving the electrochemical performance
of PSRFBs. Future research directions for PSRFBs are finally suggested to focus on designing ion-
exchange membranes with moderate ionic conductivity and ionic selectivity, developing redox mediators
or soluble catalysts, tailoring the solvation structure of polysulfides in the anolyte and employing
advanced in-situ characterization techniques.

The transition to renewable energy is essential for achieving global carbon neutrality and reducing reliance on fossil fuels. However, the intermittent nature

of solar and wind power necessitates the development of efficient energy storage systems to ensure grid stability. Among various electrochemical storage

technologies, polysulfide-based redox

flow batteries (PSRFBs) have emerged as an up-and-coming candidate due to their high energy density and low cost,

offering a sustainable solution for grid-scale energy storage. Despite these advantages, broader implementation of PSRFBs faces persistent challenges, includ-

ing sluggish redox kinetics and polysulfide crossover. Recent advancements in catalytic materials and membrane engineering have significantly improved the
electrochemical performance of PSRFBs. Innovations such as heterojunction catalysts, soluble redox mediators, and ion-selective membranes have enhanced
reaction kinetics and mitigated crossover effects, paving the way for more efficient and durable systems. The continued optimization of membrane design,
the exploration of advanced catalytic materials, and the application of in situ characterization techniques will be critical to overcoming remaining challenges.
By addressing these key issues, PSRFBs can achieve the performance and reliability required for large-scale renewable energy integration. The ongoing
advancement of PSRFB technology supports their practical deployment and aligns with global efforts to build sustainable, low-carbon energy infrastructure.

1. Introduction

tating the development of reliable energy storage systems that can
balance supply and demand.*® Among available energy storage

In recent years, energy issues have become a global focus driven
by the rising requirements for advanced energy storage solutions
and sustainable power conversion systems."” The transition from
conventional hydrocarbon-based fossil fuels to renewable and
clean energy sources, such as solar and wind power, is critical for
addressing the climate issue and achieving sustainable energy
security. However, the inherent intermittency of these renewables
presents a major barrier to their large-scale deployment, necessi-
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technologies, electrochemical energy storage stands out for its
stability, scalability, and portability, making it vital for enabling
large-scale renewable energy deployment.®” Lithium-ion batteries
were first introduced to the market in the early 1990s and have
since become widely adopted for powering consumer electronics
and electric vehicles, undoubtedly achieving great success.®™°
Nevertheless, due to the limitation of lithium resources and safety
concerns, the development of safe and sustainable energy storage
systems remains urgent and essential.""?

Aqueous redox flow batteries (RFBs) have emerged as highly
promising electrochemical energy storage systems, offering
inherent safety, exceptional scalability, and the unique capability
for independent optimization of energy density and power

© 2025 The Author(s). Published by the Royal Society of Chemistry
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density."*'® In the 1970s, the first aqueous RFBs using Cr**/Cr**
and Fe**/Fe’* redox couples were launched by NASA."” RFBs
using Zn/Br coupled with a phase-transition concept were also
invented in the 1970s.'® In the 1980s, all-vanadium RFBs, which
have since become the most extensively developed RFB techno-
logy to date, were reported by Sum and Skyllas-Kazacos.'**° Up
to now, tremendous achievements have been made to develop
high-performance RFBs. Polysulfide-based redox species have
garnered considerable attention due to their exceptional solubi-
lity (up to 8.8 mol L™ in water) and low chemical cost (~US
$0.15 kWh™), and the natural abundance of sulfur, the 14th
most prevalent element in the Earth’s crust.'>*'* These advan-
tages position polysulfide-based redox flow batteries (PSRFBs) as
a highly attractive option for grid-scale energy storage, particu-
larly in supporting renewable energy integration.>*?

The exploration of PSRFBs began in 1984 when R. J. Remick
et al introduced the first polysulfide-bromine RFB,*° after
which various configurations of PSRFBs were proposed and
investigated. Fig. 1 summarizes the representative types of
PSRFBs and their developmental timeline, highlighting the pro-
gression from early prototypes to advanced systems. Given the
rapid advancements in polysulfide chemistry, a comprehensive
review of PSRFBs is both timely and necessary. In this review, we
will start by outlining the fundamental working principles and
major types of PSRFBs. Subsequently, we critically review the key
challenges hindering their widespread adoption, with a particu-
lar focus on strategies to minimize crossover and enhance reac-
tion kinetics. Finally, an outlook on future research directions
will be discussed, emphasizing the potential of PSRFBs to meet
the growing demands of renewable energy storage.

2. Overview of polysulfide-based
redox flow batteries

PSRFBs represent a promising class of electrochemical energy
storage systems that leverage the unique chemistry of polysulfide
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species. This section will first examine the fundamental aqueous
chemistry of polysulfides, focusing on their chain-length-depen-
dent solubility, pH-dependent redox behavior, and dynamic dis-
proportionation equilibrium. Building on these chemical prin-
ciples, the development of various PSRFB configurations, includ-
ing all-liquid and hybrid designs, will be overviewed.

2.1 Aqueous polysulfide chemistry

The electrochemical performance of PSRFBs is fundamentally
governed by the behavior of polysulfides in aqueous electro-
lytes. The concentration of polysulfides in aqueous electrolytes
plays a significant role in determining the volumetric capacity
and energy density of PSRFBs.>””® While short-chain polysul-
fide species (S,>”, where 1 < n < 4) demonstrate excellent
aqueous solubility, their long-chain counterparts and elemen-
tal sulfur display either limited solubility or complete insolubi-
lity in aqueous solutons.?>*° This solubility difference signifi-
cantly impacts the electrochemical performance of PSRFBs, as
it affects reaction kinetics, and the energy efficiency (EE) of the
battery. Beyond solubility, the pH of the electrolyte further
influences the electrochemical behavior of polysulfides. The
reported Pourbaix diagram reveals that the equilibrium poten-
tial of polysulfide is pH-dependent at pH values below 11.5,
but it remains stable at —0.51 V (vs. standard hydrogen elec-
trode (SHE)) for pH values above 11.5.>*"*> The stability of
polysulfides under alkaline conditions ensures consistent
redox potentials and minimizes side reactions that could
degrade battery performance.*’** In addition, polysulfides
could be stabilized by the formation of HS™ through an electro-
Iyte hydrolysis in an alkaline medium instead of generating
H,S in neutral or acidic environments.>* This stabilization
mechanism enhances the reversibility of the redox reactions in
PSRFBs.*>?® For instance, the reaction of polysulfide in water
is represented as follows:

$,2” +2H,0 +2e~ < 2HS™ +20H";
E’ = —0.51V (vs. SHE)
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Fig. 1 A timeline of the development of representative types of PSRFBs.
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The long-chain polysulfide is reduced to form short-chain
polysulfide or sulfide ions accompanied by the cleavage of di-
sulfide bonds (S-S) during the charging process. During dis-
charge, these species reversibly convert back to their original
states through the reformation of disulfide bonds.***"

Polysulfides exhibit a tendency to be disproportionate in
solution due to the similar Gibbs free energies of different
polysulfide species, leading to dynamic equilibria between
various chain lengths.>”*® Despite this inherent instability, the
key polysulfide species, such as S,>7, $,°7, and S>7, have been
confirmed to undergo highly reversible electrochemical reac-
tions. This reversibility is supported by operando UV-vis spec-
troscopy and electrochemical studies, which provide direct evi-
dence of the feasibility of PSRFBs for long-term energy storage
(Fig. 2a). During polysulfide oxidation, the UV-vis absorption
bands of $>~ (260 nm), S,>~ (300 nm), and S;>7/S,*~ (370 nm)
decrease, indicating the conversion of short-chain polysulfides
(S.>~, n < 4) to long-chain species (4 < n < 8).>° Notably, long-
chain polysulfides (n > 4) are insoluble and undetectable by
UV-vis. Before further reduction, the absorption bands slightly
increase without a reduction current, likely due to dispropor-
tionation of long-chain polysulfides into shorter chains. Upon
reduction, short-chain polysulfide bands (S,””, 7 < 3) intensify,
suggesting the reduction of higher-order polysulfides (S,>~, 3 <
n < 8) to 8>7, S,°7, and S;°". At the end of reduction, the S,>~
band declines, reflecting further reduction to sulfides.*’
Operando electrochemical Raman spectroscopy further con-
firms the reversibility of polysulfide redox reactions during
charging and discharging processes. The characteristic Raman
peaks at 450 cm ™" (S,%7), 535 em ™" (S;°7) and 475, 490 cm ™"
(S4°7) are gradually reduced during the charging process. It
should be noted that S~ is Raman inactive, thus, it is not
related to the Raman shift of S*>~. During the following dis-
charge process, these spectral features exhibit complete rever-
sibility (Fig. 2b).*' The observed spectral reversibility directly
demonstrates the robust cycling stability of this polysulfide
redox couple. Among the reported PSRFBs, S,> /S*~ and S,>7/
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S,>~ redox couples are the most commonly utilized due to
their favorable reaction kinetics and compatibility with
aqueous electrolytes.

2.2 Development of various PSRFBs

Building on these fundamental insights, researchers have
advanced the development of various PSRFB system configur-
ations, primarily categorized into all-liquid and hybrid systems
(Fig. 3). All-liquid PSRFB was invented by Remick et al., coup-
ling Na,S, with NaBr. This pioneering work laid the foun-
dation for subsequent studies exploring alternative catholytes
of halogen-based solutions, such as chlorine/chloride and
iodine/iodide solutions.***%**

Among these halogen species, polysulfide-bromide RFBs
demonstrate attractive characteristics with a high theoretical
voltage of 1.35 V. However, their practical application faces sig-
nificant challenges due to the hazardous nature of bromine
species and the limited solubility of Br7/Br, (0.21 M) in
aqueous solution.*® These limitations have driven researchers
to investigate alternative iodine-based batteries, which benefit
from the notably higher solubility of I"/I;” in aqueous solu-
tions.** The polysulfide-polyiodide flow battery (SIFB) showed
a decent voltage of 1 V, maintaining stable cycling over 200
cycles (approximately 530 h, Fig. 4a).>* SIFB represents a sig-
nificant improvement in terms of safety and scalability com-
pared to bromine-based PSRFBs. Further innovations in
PSRFB design should be focused on reducing corrosivity to the
equipment and improving environmental compatibility.
Additionally, polysulfide species require a highly alkaline
environment (typically pH > 13) to maintain stability and
prevent undesirable disproportionation reactions. However,
this strongly basic condition often conflicts with the optimal
pH range for halogen redox couples (Br~/Br, or I"/I37), which
tend to exhibit better electrochemical activity in neutral or
mildly acidic media. In bromine-based systems, alkaline con-
ditions can lead to the formation of less reactive hypobromite
(BrO™), reducing battery performance.*>*® Similarly, in polyio-
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(a) Operando UV-vis spectra of polysulfide redox couple during the oxidation scan (1-2) and reduction scan (3—4) of 5 mM K;S, in 0.5 M KCl

at 5 mV s~ in the voltage range of —0.9 Vscg to 0.05 Vsce. Reproduced with permission.*® Copyright 2016, Elsevier Ltd. (b) The time-resolved water-
fall plot and selected Raman spectrum with the corresponding charging and discharging curves for an aqueous polysulfide electrolyte. Reproduced

with permission.** Copyright 2023, American Chemical Society.
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Fig. 3 Schematic illustration of architectural configurations of various PSRFBs. (a) All-liquid PSRFBs. (b) Solid—-liquid PSRFBs featuring a metal elec-
trode as the anode. (c) Liquid—gas PSRFBs employing ORR/OER reactions at the cathode current collector.

dide systems, high pH may cause iodine hydrolysis, diminish-
ing capacity.”” This pH mismatch necessitates careful electro-
lyte engineering or membrane modifications to balance the
stability of polysulfides with the reactivity of halogen species,
adding complexity to system design. Future research also
should explore pH-buffering strategies, or alternative halogen
mediators compatible with alkaline environments to address
this fundamental limitation. Wei et al. developed novel ferri/
ferrocyanide-polysulfide RFBs, exhibiting excellent electro-
chemical performance with a high coulombic efficiency (CE)
of 99% and an EE value of 74%. Nevertheless, the energy
density of this system requires further improvement due to the
limited solubility (<1.0 M) of the [Fe(CN)q]*~"*~ redox couple
in a neutral environment.*® Enhancing the solubility of ferri/
ferrocyanide species or optimizing the electrolyte composition
could further improve the energy density and overall perform-
ance of ferri/ferrocyanide-polysulfide RFBs.***° Taking advan-
tage of the counter-ion effect and the Prussian blue/Prussian
white as the redox mediator (single-molecule redox-targeting
reactions, SMRT), the theoretical maximum concentration of
[Fe(CN)e]>*™*~ in the catholyte could theoretically reach up to
10.0 M at room temperature (Fig. 4b). This corresponds to an

© 2025 The Author(s). Published by the Royal Society of Chemistry

impressive theoretical volumetric capacity of 268.0 Ah L™ and
an energy density of 260.0 Wh L™ for the [Fe(CN)s]>* -con-
taining catholyte. Additionally, the developed Fe/S flow battery
exhibits exceptional cycling stability, demonstrating an ultra-
long operational lifespan exceeding 7000 cycles (4500 hours).>
Leveraging the Earth-abundant and multivalent nature of
manganese ions, the Mn*>*/MnO, redox couple was reported to
pair with polysulfides. Benefiting from the low cost of both
polysulfides and manganese compounds, the polysulfide-
manganese RFB achieved an exceptionally low electrolyte cost
of $11.00 kWh™'. Furthermore, due to the introduction of an
iodide mediator to enhance MnO, dissolution and acetate-
based electrolytes to stabilize Mn>*, the battery could operate
at a record-high areal capacity of 100 mAh cm™, marking a
substantial advancement for Mn>*/MnO,-based energy storage
technologies.>” Unlike the Mn>*/MnO, deposition-dissolution
reaction, Ding et al investigated an alternative manganese
redox chemistry by employing a highly soluble MnO,~/MnQ,>~
redox couple.”® The proposed battery showed a decent theore-
tical voltage of 1.068 V according to the potentials of MnO, "/
MnO,>~ (0.558 V vs. Hg/HgO) and S,>7/S,>~ (—0.510 V vs. Hg/
HgO) redox pairs (Fig. 4c). The energy density of this cell is
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Fig. 4 (a) A schematic illustration of the proposed SIFB. (b) Calculation

of the theoretical concentration of [Fe(CN)g]*~ with different strategies

when the catholyte is the capacity-limiting side. (c) Cyclic voltammetry (CV) curves of 50 mM NaMnQO, in 5.0 M NaOH solution and 50 mM Na,S; in
5.0 M NaOH solution, respectively. Reproduced with permission.>® Copyright 2023, American Chemical Society. (d) Comparisons of solubility limits

of NaMnO4 and KMnOy, in different alkaline-supporting electrolytes unde
American Chemical Society. (e) Comparisons of the energy density bet
systems.>>~61

constrained by the catholyte concentration, primarily due to
the significantly lower solubility of KMnO, (0.2 M) compared
to NaMnO, (3.92 M) in alkaline media (Fig. 4d). This innova-
tive design enabled a polysulfide/permanganate RFB to
achieve a remarkable energy density of 67.8 Wh L™ with low
chemical costs ($17.31 kWh™'), making it particularly attrac-
tive for cost-effective grid-scale storage (Fig. 4e). However, the
practical deployment of the RFB faces challenges stemming
from the strong oxidative and corrosive nature of the MnO, /
MnO,*>” redox couple, which could degrade battery com-
ponents (e.g., membranes, electrodes) and compromise long-
term stability.>* A comprehensive performance comparison of
these PSRFB technologies can be found in Table 1.

The development of lithium/sodium-polysulfide RFBs has
emerged as an attractive approach for large-scale energy
storage, leveraging the high theoretical energy density of alkali

Table 1 Summary of PSRFBs based on all-liquid configuration

r ambient temperature. Reproduced with permission.>* Copyright 2023,
ween the proposed S/Mn RFB and some representative reported RFB

metal anodes combined with the flowable aqueous polysulfide
catholyte.®”®> However, a major challenge arises from the
intrinsic incompatibility between aqueous electrolytes and
lithium metal, as the highly reactive lithium anode can readily
react with water, leading to safety concerns and battery failure.
Researchers have implemented solid electrolyte separators
such as lithium superionic conductor (LISICON) separators to
overcome this critical limitation, which effectively isolates the
metallic lithium anode from the aqueous catholyte.®® Based
on the Li,S,/Li,S redox couple with high solubility (over 5.0 M
in H,0), aqueous lithium-polysulfide batteries achieve a high
density of 387 Wh L™'.”>%” This makes them highly competi-
tive for energy storage applications requiring high capacity and
efficiency. Unfortunately, the dendrite formation of lithium
metal usually results in battery failure during long-term cycles,
which still remains a challenge.®®

J
Electrolyte composition Ecen (V) (mA cm™) Membrane Cycle life
3.3 M K,S,-1 M KOH || 6 M KI 1.05 5-25 N117 50 cycles (ref. 40)
1.3 M Na,S,~1 M NaOH || 4 M NaBr 1.35 40 N117 50 cycles (ref. 43)
1M Na,$, || 1 M K;Fe(CN)s 0.91 20-50 N117 100 cycles (ref. 48)
2.0 M K,5-1.0 M KCl || 0.65 M K,[Fe(CN)g]- 0.86 20-120 N212 200 cycles per 480 h (ref. 51)
0.65 M Na,[Fe(CN)]-0.5 M KCI-10.4 mM PB granules
2 M K,S,-1 M KOH || 1.5 M Mn(Ac),-2 M KAc- 1.20 10 N117 with a Ketjen black 75 cycles per 500 h (ref. 52)
1.5 M KC1-0.2 M KI carbon layer
2 M Na,S,-5 M NaOH || 1 M NaMnO,-5 M NaOH 1.20 20 N212 100 cycles per 220 h (ref. 53)
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Inspired by the oxygen reduction reaction (ORR) and the
oxygen evolution reaction (OER), researchers have developed
an innovative air-breathing PSRFB. This hybrid architecture
couples a polysulfide anolyte with an oxygenated or aerated
catholyte, employing a solid-state LiSICON-type electrolyte
separator to prevent cross-contamination between redox-active
solutions.*" Through this approach, the hybrid PSRFBs could
achieve an energy density ranging from 30 to 145 Wh L™ by
controlling the concentration of polysulfides in the catholyte.
Exploiting sulfur’s intrinsic advantages, the chemical cost of
the active materials in the full battery was estimated to be as
low as approximately $1 per kWh of stored energy, making it
an economically attractive option for large-scale energy
storage.®® Despite these advantages, the air-breathing PSRFB
faces several challenges that limit its performance. Specifically,
the limited ionic conductivity of the solid-state electrolyte
restricts ion transport, while the sluggish redox kinetics of
both the polysulfide anolyte and the oxygen-based catholyte
reduce the overall power density of the system.”%”
Additionally, the reliance on noble-metal catalysts, such as
platinum or iridium, to facilitate the ORR and OER in the
liquid-gas hybrid system significantly increases the overall
cost of the battery.”>

3. The common challenges of
PSRFBs

PSRFBs have shown up-and-coming prospects for energy
storage applications. However, some critical challenges still
exist, including poor kinetics of polysulfides, especially during
the electrochemical reduction process, and the severe cross-
over of polysulfides, leading to capacity decay and voltage
efficiency loss. In the following, we will introduce these issues
and the corresponding strategies for the development of
PSRFB applications. Overcoming these limitations is the key to
advancing PSRFBs toward commercialization.

3.1 Poor kinetics of polysulfide for the electrochemical redox
process

One of the most pressing challenges in aqueous PSRFBs is the
sluggish reaction kinetics, especially during the polysulfide
reduction process. This kinetic limitation manifests as severe
polarization, with overpotentials exceeding 500 mV even at a
low current density of 10 mA cm 2, leading to a low EE and
power density.”>’* Therefore, it is necessary to catalyze and
facilitate the charge transfer process of polysulfide and
improve the overall performance of PSRFBs. Ge et al. first used
a Ni/C catalyst to improve the performance of polysulfide.”> A
cell potential efficiency of up to 88.2% was obtained at 0.1 A
cm 2. Building on this, Zhao et al. employed nickel foam as
the electrocatalytic negative electrode to catalyze the kinetic
performance of S,>~ in PSRFBs.”® Due to the formation of Ni/
NiS,, which are suitable catalytic materials on the surface of
the electrode, the overall EE of the PSRFB could average up to
77.2% at 40 mA cm™2, and the power density is about 56 mW

© 2025 The Author(s). Published by the Royal Society of Chemistry
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cm . These findings demonstrated the potential of nickel-
based catalysts in improving the kinetic performance of
PSRFBs. After that, various metal sulfides, including CuS, CoS
and WS,, and metal sulfide-carbon nanotube composites have
been applied as catalysts to enhance the kinetic properties of
polysulfide. CuS was proved to demonstrate stable catalytic
performance for polysulfide-air batteries.”® Gao et al. further
coated CuS on graphite felt (GF) by a successive ionic layer
adsorption and reaction (SILAR) technique. The strong anchor-
ing effect between CusS and polysulfides enabled a higher local
polysulfide concentration on the GF surface, thereby enhan-
cing reaction kinetics. When paired with the [Fe(CN)]*™*~
catholyte, the resulting RFB delivered a high peak power
density of 116 mW cm™2 at 220 mA cm > and maintained an
EE of 77.7% at 50 mA cm 2"’ Cobalt sulfide has multiple
chemical formulas and can form heterojunctions with itself.
Such a built-in field of heterojunction can accelerate the trans-
port of charge carriers.”®”® Hence, a C0S,/CoS n-n heterojunc-
tion-modified GF was employed to electrochemically catalyze
the redox reaction of polysulfide (Fig. 5a and b). The PSRFB
exhibited a peak power of 86.2 mW cm™2, while maintaining
96% EE retention throughout 1000 hours of continuous
cycling, which is attributed to the uneven charge distribution
of the CoS,/CoS heterojunction and thereby the improved
absorptivity of charged ions (Fig. 5¢).%° To further improve the
intrinsic activity of MoS,, the Co single atom anchoring onto
the MoS, (Cosa-Vs/Mo0S,) surface has been explored to intro-
duce highly active catalytic sites, and optimize the comprehen-
sive performance of PSRFBs (Fig. 5d). The incorporation of Co
single atoms induced sulfur vacancies and a phase transition
from semiconducting 2H to metallic 1T-MoS,, significantly
improving charge transfer and redox kinetics. The derived
PSRFB delivered a peak power density of 95.7 mW cm™2
among the highest reported for PSRFBs (Fig. 5e). Moreover,
the battery maintained a high EE value of 76.5% at 30 mA
em™? over 50 cycles, demonstrating the stability of Coga-Vs/
MoS,.5! Fan et al. systematically compared MoS,, WS,, and Cu-
doped MoS, as film electrodes for polysulfide reactions. The
authors found that the catalytic activity of these film electrodes
was initially high, while the Cu-doped MoS, catalyst exhibited
robust stability over the cycling process.®” Sulfide-based cata-
lysts like CuS, CoS, and MoS, exhibit excellent catalytic activity
for polysulfide redox reactions due to their strong sulfur
affinity. This intrinsic property enables effective chemisorption
of polysulfide intermediates through metal-sulfur bonding,
which facilitates electron transfer and stabilizes reaction inter-
mediates. The sulfur-rich surfaces provide abundant active
sites that lower the energy barrier for polysulfide conversion
reactions, significantly improving the reaction kinetics. Chen
et al. also applied a CoZn-N-C membrane electrode to facili-
tate the redox kinetics of polysulfide. DFT calculations revealed
that the stronger adsorption interactions and a larger amount
of electron transfer between S,>~ and Co-N, could effectively
weaken the S-S bond and thus reduce the decomposition bar-
riers of S,>~ (Fig. 5f). Cyclic voltammetry analysis revealed sig-
nificantly improved redox kinetics for polysulfides when using
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Fig. 5 (a) Schematic of the SIFB configuration. (b) High-angle annular dark-field scanning transmission electron microscopic image of CoS,/CoS

with an arrow indicating the direction of the electron energy loss spectral line scan. (c) The EE of the SIFBs at 20 mA cm™2. Reproduced with per-
mission.®° Copyright 2019, The Authors, Springer Nature. (d) Schematic of the Cosa-Vs/MoS, synthetic process. (e) Discharge curves and the corres-
ponding power densities of SIFBs with 50% state of charge. Reproduced with permission.8? Copyright 2025, The Authors, Springer Nature. (f)
Calculated stable geometric configurations of Na,S, and Zn—N, (left panel), Na,S, and Co—N, (right panel). Color codes: purple (Na), yellow (S),
blue (N), gray (C), pink (Zn), and green (Co). (g) CV curves of 0.1 M Na,S,. Reproduced with permission.®> Copyright 2023, Wiley-VCH GmbH. (h)
Proposed reaction pathway of molecular-catalyst sodium riboflavin phosphates (FMN-Na) to accelerate polysulfide and the traditional reduction
pathway of polysulfide. (i) Cycling performance of the S—Fe RFBs with (dark blue) or without (light blue) FMN-Na at 40 mA cm™2. The inset shows
the voltage profiles of S—Fe RFBs from the 20th to 1000th cycle. Reproduced with permission.®* Copyright 2023, Springer Nature.

the CoZn-N-C electrocatalyst, demonstrating a remarkably low
overpotential of only 164 mV. In contrast, the pristine GF sub-
strate showed negligible electrochemical activity under the
same scan conditions, with no discernible oxidation or
reduction peaks observed (Fig. 5g). The PSRFB achieved a high
EE of 88.4% at 10 mA cm > and a remarkably low capacity
fade rate of 0.0025% per cycle during 200 cycles at 60 mA
cm 2% The nanoconfined self-assembled ordered hierarchical
porous Co and N codoped carbon (OHP-Co/NC) was applied as
an electrocatalytic catalyst to promote polysulfide mass trans-
fer. When implemented in a membrane-electrode assembly
configuration, the OHP-Co/NC-850 catalyst enabled the PSRFB
to achieve an exceptional power density of 110 mW cm™2.*!
Different from the reported solid catalysts, Lei et al. devel-
oped a homogeneous catalytic system employing riboflavin
sodium phosphate (FMN-Na) as a redox mediator for polysul-
fide conversion. This innovative approach effectively trans-
formed the inherently sluggish polysulfide redox reactions into
rapid FMN-Na-mediated electron transfer processes (Fig. 5h).

108 | EES Batteries, 2025, 1, 1102-113

The resulting ferri/ferrocyanide-polysulfide redox flow battery
exhibited exceptional cycling stability, maintaining perform-
ance over 2000 cycles at 40 mA cm > with an ultralow capacity
decay rate of merely 0.00004% per cycle (equivalent to
0.0017% per day) (Fig. 5i).%* These advancements highlight the
potential of catalytic strategies to address the kinetic limit-
ations of PSRFBs. Future design should develop more efficient,
cost-effective and sustainable catalysts, ultimately advancing
the scale-up performance of PSRFBs.

3.2 Crossover of polysulfide active species

Server crossover of polysulfide poses a significant challenge,
hindering further scale-up and practical application of
PSRFBs. The crossover of polysulfide not only accelerates water
migration but also increases the redox overpotential, as poly-
sulfide will be oxidized by the catholyte and generate insulat-
ing precipitates on the electrode. Furthermore, these insulat-
ing sulfur precipitates may also deposit within the membrane
pores, which significantly increases ionic resistance and accel-

© 2025 The Author(s). Published by the Royal Society of Chemistry
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erates membrane degradation through physical blockage and
localized stress.®® To address this challenge, researchers have
explored various membrane-based solutions. Li et al. used two
layers of membranes, N117 and N115, to inhibit the crossover
of polysulfide. The PSRFB showed high-capacity retention
(>98%) with high CE (>97%) over 50 cycles under the state of
charge (SOC) of 80%. While this strategy improved the CE of
the battery, it simultaneously compromised the voltage
efficiency (VE), further limiting the poor kinetics of the poly-
sulfide.*® Similarly, Xia et al. also employed a modular dual-
membrane architecture by combining an anion-exchange
membrane (AEM, FAA-3-PK-130) and a cation-exchange mem-
brane (CEM, N117). The dual membranes could effectively
mitigate the crossover of polysulfide and offer moderate con-
ductivity of OH™ (Fig. 6a). The polysulfide-air RFB showed an
average round-trip EE value of 40% at 1 mA cm™> over 80
cycles.®® In addition to membrane-based solutions, solid-state
electrolytes (SSEs) have been investigated as an alternative to
traditional Nafion separators. Gross et al. implemented solid-
state electrolytes, including NASICON (Na3Zr,Si,PO,,) and
LATP (LiyyiyALTi,  P3;_,Si,0,,) as ionic conductors to effec-
tively mitigate polysulfide crossover. The polysulfide-polybro-
mide battery operated over 1600 h at 0.5 mA cm™> under 50%
SOC. However, the low ionic conductivity for LATP (~1.0 x 10~*
S em ™) and for NASICON (~1.0 x 107> S cm™") hindered the
EE and power density of batteries with low operating
current densities. Additionally, the instability of NASICON cer-
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amics in highly corrosive polyhalide catholytes would result in
capacity decay, highlighting the need for more robust
materials.®” Limited by the low ionic selectivity and high cost
of Nafion membrane, Sreenath et al. developed a cost-effective
membrane based on poly(vinylidene fluoride-co-hexafluoro-
propylene) (PVDF-co-HFP). The membrane effectively sup-
pressed polysulfide crossover through thermal densification
treatment while maintaining excellent ionic conductivity via
controlled sulfonation (Fig. 6b). The PSRFB exhibited a high
CE of 99.4% and a moderate EE of 63.0% over 250 cycles at
40 mA cm 2.5 Li et al. designed a charge-reinforced ion-selec-
tive (CRIS) membrane by coating carbon onto a Nafion mem-
brane to effectively adsorb polysulfide anions on the negative
current collector (Fig. 6¢). The CRIS membrane exhibited sig-
nificantly reduced polychalcogenide permeability while main-
taining ionic resistance comparable to that of double N117/
N115 membranes. Furthermore, the incorporation of PVDF
enhanced the membrane’s hydrophobicity, effectively suppres-
sing OH™ migration. When applied in the SIFB with 4.0 M KI
as the catholyte and 2.0 M K,S, as the anolyte, the membrane
enabled a stable cycling performance over 500 cycles, equi-
valent to 3.1 months of continuous operation (Fig. 6d).*
Mitigating the crossover of polysulfide is critical for advancing
PSRFBs toward large-scale energy storage applications. It is
important to maintain the power density of PSRFBs when
designing membranes to improve the cycling stability of
polysulfide.
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Fig. 6 (a) Polysulfide—air RFB employing a dual-membrane design combining an AEM and a CEM. Reproduced with permission.8® Copyright 2022,
The Authors, Springer Nature. (b) Reaction scheme for the synthesis of phenol-docked PVDF-co-HFP polymer and subsequent thermal annealing to
produce a CEM. Reproduced with permission.®® Copyright 2024, Royal Society of Chemistry. (c) Schematic of the CRIS membrane, of which the
negatively charged carbon layer mitigates the crossover of the negatively charged active species (5,2~ and I,7), and the hydrophobic PVDF alleviates
water migration at the same time. (d) Voltage profiles of SIFB at 10 mA cm~2 with an energy-to-power ratio (E/P) of 2.25 h. The insets show the
representative voltage profiles from the 2nd to 500th cycle, CE and capacity retention over 500 cycles (catholyte: 10.0 ml 4.0 M KI, anolyte: 10.0 ml
2.0 M K,5,—1.0 M KOH, 16 cm? membrane area). Reproduced with permission.2® Copyright 2021, Springer Nature.
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4. Summary and outlook

As an energy storage technology that fulfills the critical
requirements of safety and cost-effectiveness for large-scale
applications, PSRFBs have attracted significant attention due
to their high energy density, low cost, and scalability. Despite
their great potential, PSRFBs still face challenges such as slug-
gish redox kinetics, crossover of polysulfide, and the need for
stable and cost-effective components (including catalysts and
ion-exchange membranes). Significant progress has been
made in recent years to address these issues. Although some
existing methods have successfully achieved high-performance
PSRFBs, it should be recognized that there is still a long way to
go before the widespread commercialization of PSRFBs. For
the future development of PSRFBs, we believe the following
aspects should be prioritized (Fig. 7).

(1) Designing ion-exchange membranes to balance ionic
conductivity and ionic selectivity. An ideal membrane of
PSRFBs should simultaneously combine high ionic conduc-
tivity for charge carrier transport with effective suppression of
the cross-over of polysulfide, thereby maintaining the high
power density and long lifespan of PSRFBs. Moreover, mem-
brane design must also consider cost-effectiveness to facilitate
large-scale deployment.

(2) Developing redox mediators or soluble catalysts.
Compared to solid catalysts attached to GF, the incorporation
of liquid catalysts offers a more straightforward approach
while leveraging the inherent advantages of the flow nature.
These soluble species can significantly enhance the reaction
kinetics of multi-electron transfer processes in PSRFBs.

View Article Online
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Furthermore, redox mediators enable higher energy density
through optimized cell configurations. Notably, a key chal-
lenge lies in mitigating the self-discharge effect of organic
redox mediators, which can lead to capacity loss and must be
carefully addressed in material selection and battery design.

(3) Tailoring the solvation structure of polysulfides in the
anolyte. Although the crossover is influenced by the osmotic
pressure of the active species, regulating the interaction
between polysulfides and the electrolyte can help reduce the
formation of insulating precipitates, mitigate crossover, and
enhance overall battery performance, which is rarely reported
for PSRFBs.

(4) Employing advanced characterization techniques. The
adoption of more characterization methods, particularly in situ
techniques, is crucial for gaining deeper insights into the reac-
tion mechanisms and degradation processes in PSRFBs.
Currently, in situ UV-vis and Raman spectroscopy techniques
have been utilized to investigate the bulk phase transform-
ations of polysulfide electrolytes. In the future, it may be better
to design in situ characterization tools specifically for probing
electrode surfaces, enabling real-time monitoring of charge
transfer processes during electrochemical redox reactions.

In conclusion, PSRFBs represent a highly promising techno-
logy for large-scale energy storage, offering an optimal
combination of high energy density, cost-effectiveness, and
sustainability. By addressing these challenges in developing
advanced membranes and catalysts, PSRFBs will play an
increasingly pivotal role in renewable energy integration,
industrial-scale energy management, and broader commercial
applications.

Designing membranes with high ionic conductivity and selectivity

) Charge-balancing ions

Active species

Employing in-situ characterization

Optimizing electrolyte to mitigate crossover

Developing mediators/soluble catalysts

Chemical shift

Fig. 7 A summary of key solutions to boost high-performance PSRFBs.
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