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Recent development in two-dimensional material-based 
membranes for redox flow battery 
Jiashu Yuan1,2,3, Yonggao Xia5, Xiaoping Chen1,  
Yicheng Zhao2,3 and Yongdan Li2,3,4   

Redox flow battery (RFB) has been widely considered to be one 
of the most promising grid-scale energy-storage technology. 
The membrane, namely separator, serves as preventing the 
crossover of the positive and negative active species, while 
facilitating the transport of the supporting electrolyte ions, is 
crucial to achieve a high performance and a long-term stability 
for an RFB. Advances in RFBs require high-performance and 
low-cost membranes with high ion-selective transport for the 
application of large-scale energy storage. Two-dimensional (2D) 
materials have emerged as promising functional materials 
owing to their atomic-scale thickness and unique physical/ 
chemical properties, which have great potential in the 
application of RFB membrane. Focusing on the recent state-of- 
the-art of 2D materials, in this mini review, various 2D materials 
applied in the membrane for RFB are briefly introduced. A 
perspective on the near-future developments of 2D materials in 
RFB membranes is presented. 
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Introduction  
With the ever-growing global population and world 
economy, the demand for energy is further increased. In 
2020, more than 256-GW renewable energy capacity was 
newly installed on global, grew to around 2839 GW in 
total [1]. Solar photovoltaics accounted for 55% of the 
renewable-capacity additions, followed by wind power 
(36%) [1]. However, both the solar and wind energies are 
intermittent in nature, the power generated from both 
the sources cannot be incorporated directly by the ex-
isting grid, otherwise, it brings grid instability and 
shutdowns [2]. Such development requires a large-scale 
installation of solar and wind power stations as well as 
breakthroughs in energy storage. Redox flow battery 
(RFB) has been widely considered to be one of the most 
promising grid-scale energy-storage technologies. The 
main difference between RFB and other battery systems 
is its independency of energy and power, which makes it 
possible to optimize the power and energy outputs from 
the scale of W to GW to meet different needs [3]. 

Aqueous, that is, with water as the solvent, RFBs and 
nonaqueous RFBs (NARFBs) are both under intensive 
development in every continent. Early RFBs are based 
on aqueous electrolytes and commercial demonstration 
has been done with the all-vanadium and zinc–bromine 
systems [4]. However, aqueous electrolytes are limited 
for output potential, namely water electrolysis happens 
at 1.23 V in standard condition, which limits the energy 
density [5]. NARFBs have much wider electrochemical 
window, and thus possible much higher energy density 
than the aqueous systems [6]. 

The membrane in the RFBs, serves as preventing the 
crossover of the positive and negative active species, 
while facilitating the transport of the supporting elec-
trolyte ions, is crucial to achieve a high-performance and 
a long-term stability for an RFB [7,8]. Two kinds of 
membranes, that is, porous and ion-exchange mem-
branes, have been applied in RFBs. Ion-exchange 
membranes selectively allow only one kind of ion to 
transfer, with setting in negatively or positively ionic 
functional groups in the transfer path selectively 
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allowing the passage of one kind of ions while rejecting 
the opposite ones. Porous membranes achieve ion 
sieving by the size effect without ionic selectivity. Most 
of the ion-exchange membranes exhibit high swelling, 
low chemical stability, and ionic conductivity [9]. The 
commercial porous membranes exhibit low ionic se-
lectivity [10]. Therefore, several schemes to improve the 
performance of dense and porous membranes in RFBs 
have been proposed [11••]. For membranes, high ionic 
selectivity ensures high Coulombic efficiency (CE), but 
leads to low current density (flux for ions) [12•]. The 
trade-off between ionic selectivity and conductivity of 
the membrane should always be balanced and opti-
mized. 

Introducing inorganic nanoparticles has been proved 
effective to modify the porous membranes. The che-
mically stable inorganic nanoparticles introduced into 
the membrane can effectively reduce the pore size and 
thus alleviate the diffusion of active species. Compared 
with the zero-dimensional nanoparticles, two-dimen-
sional (2D) nanosheets are expected to allow the transfer 
of supporting electrolyte ions through the interlayer 
spaces formed by the nanosheet assembling [13]. 
Otherwise, 2D nanosheets can readily stack to form 
flexible, freestanding films with lamellar microstructure  
[14]. Since the discovery of graphene, more and more 2D 
materials have been discovered. Such as graphene, si-
lene, hexagonal boron nitride, silicon carbide (SiC), 
transition-metal sulfides, and 2D MOF have been dis-
covered [15]. 

According to the atomic structure, porous or nonporous, 
2D material-based membranes can be divided into three 
categories, that is, nanosheet and laminar membranes 
(Figure 1). Nanosheet membranes consist of a mono-
layer or a few layers of 2D material with intrinsically 
uniformly sized pores for selective permeation, such as 
zeolite, organic framework materials (MOFs), 

and laminar membranes are formed by assembling 2D 
material nanosheets into laminates with interlayer gal-
leries used to provide molecular passages, such as gra-
phene oxide (GO). Among them, 2D materials mainly 
based on graphene are widely used in the modification of 
the RFB membranes. In this article, the development of 
the 2D material membranes used in RFBs is summar-
ized. A perspective on the future development of 2D 
materials applied in the membranes for RFB technolo-
gies is also proposed. 

Two-dimensional materials applied in redox 
flow battery membranes 
In 2004, Novoselov and Geim exfoliate monolayer gra-
phene samples from graphite for the first time by me-
chanical exfoliation and won the 2010 Nobel Prize in 
Physics [16]. The development of the exfoliation tech-
nologies, such as micromechanical dissociation, ion in-
tercalation, and surfactant-assisted sonication, 
contributes to the exfoliation of 2D-layered materials  
[17]. The graphene has been widely used in catalysis, 
electrochemistry, and membrane separation [18]. 2D 
materials have also been applied to improve the perfor-
mance of RFB membranes. Two preparation methods, 
that is, surface modification and making mixed-matrix 
membrane, have been adopted in 2D membranes 
for RFBs. 

Surface modification 
Surface-coating method has been applied to modify the 
surface of a substrate by spin-coating or vacuum filtra-
tion, with incorporation of 2D nanosheets. The na-
nosheets stacked layer-by-layer on the porous substrate. 
The guest species are able to permeate through the 2D- 
layered material membranes and realize the molecular 
sieving via interlayer passages among nanosheets, which 
improve the CE and cycling life of RFB. 

Graphene was used to improve the performance of RFB 
membrane by directly transferring several layers of gra-
phene onto the surface of traditional polyethersulfone 
(PES) ultrafiltration membrane, which improved the CE 
of the RFB without expense of VE [19]. Park et al. [20] 
reported a surface-modified membrane with surface- 
modification of PES ultrafiltration membrane using 5- 
nm-thick GO nanofilms as an overlayer with a spin- 
coating method. The size of GO nanochannels 
(d = 0.84 nm) is larger than that of H+ (d = 0.40 nm), 
which can effectively prevent the diffusion of large-sized 
vanadium ions (d = 0.76 nm), while allowing small-sized 
H+ to pass through rapidly. The vanadium-ion diffusion 
rate of the modified membrane (1.80 × 10−11 cm2 s−1) was 
much lower than that of the commercial Nafion-212 
membrane (4.04 × 10−9 cm2 s−1). Furthermore, the bat-
tery assembled with GO/PES composite membrane 
achieves 90.2% CE and 84.7% EE, which is 15% higher 

Figure 1  
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than the commercial Nafion-212 membrane. Meanwhile, 
the GO/PES composite membrane showed good oxida-
tion resistance during 300 cycles. The size of GO na-
nochannels is still too large for vanadium ions, which 
cannot completely prevent the diffusion of vanadium 
ions. Thus, preparation of GO with tunable interlayer 
spacing by cross-linking different monomers was pro-
posed [7,21,22]. Liu et al. [23] fabricated wafer-scale 
uniform h-BN monolayer films on Cu rolls through a 
space-confined chemical vapor deposition approach, and 
then developed a Nafion functional-layer-assisted 
transfer method that effectively transfers the ion as- 
grown h-BN monolayer films from the Cu roll to sulfo-
nated poly(ether ether ketone) (SPEEK) membrane. 

Di et al. [24•] prepared a double-layer composite 
membrane with ultrathin selective layer, which 
was constructed by casting a mixture of molybdenum 
sulfide (MoS2) nanosheets and long-side-chain sulfo-
nated polybenzimidazole (PBI-PS) solution and sub-
sequent solvent evaporation for vanadium RFB (Figure 
2a–c). The MoS2 nanosheets in the composite mem-
brane performed as protecting layer, providing the 
membrane with lower VO2+ permeability and excellent 
chemical stability. The relevant battery achieves high 
EE of about 80% under nearly 800 cycles at 200 mA 
cm−2. The battery also shows a self-discharge rate of as 
low as 0.0021 V h−1. 

Figure 2  

Current Opinion in Chemical Engineering

(a) The formation mechanism of composite membrane. (b) The capacity retention of the Nafon 212, PBI-PS, and PBI-PS/MoS2 membranes. (c) The 
cycle performance of the cell with PBI-PS/MoS2 1% (120 mA cm−2). (d) Cross-section scanning electron micrographs of the 2D Ni-MOF composite 
membrane. (e) Average Coulombic, voltage, and energy efficiencies of cells with different membranes at 4 mA cm−2 [12•,24•].   
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MOF, assembled with inorganic central metallic atoms 
and organic ligands, possesses regular micropores and 
high porosity [25], and has been applied for many se-
paration purposes. Li’s group reported a 2D MOF na-
nosheet-modified Celgard membrane via a simple 
infiltration method, that is, the ultrathin Ni-MOF na-
nosheets, synthesized with sonication exfoliation, were 
filtrated on the surface of a Celgard 2325 membrane  
[12•]. Most active molecules are blocked by the MOF 
layer, a small portion can go through the stacked layer 
via the zigzag paths between the MOF nanosheets. The 
supporting electrolyte ions can not only pass through the 
MOF interlayer spaces formed by the nanosheet assem-
bling, but also the intracrystalline MOF pores, that is, via 
the shorter transport channels. The NARFB based on 
iron acetylacetonate anolyte and N-(ferrocenylmethyl)- 
N,N-dimethyl-N-ethylammonium bis (trifluor-
omethane-sulfonyl) imide catholyte with the composite 
membrane exhibited much higher CE (91.0% versus 
82.9%) without much compromise on VE (93.7% versus 
94.2%), at a larger average discharge capacity (1.30 
versus 0.86 Ah L−1) than the pristine Celgard membrane 
did at a current density of 4 mA cm−2 (Figure 2d and e). 
Meanwhile, they also synthesized 2D vermiculite na-
nosheet-modified porous membrane with a similar 
method and achieved 85.8% EE at a current density of 
2 mA cm−2 [26•]. The surface-governed transport beha-
vior of the 2D vermiculite nanosheets is conducive to 
the exchange of supporting electrolyte. 

Otherwise, Li group designed a zeolite composite 
membrane that was prepared by a thin layer of ZSM-35 
flakes with pore size between hydrated protons and va-
nadium ions fixed on the poly(ether-sulfone)/SPEEK 
porous substrate via in situ interfacial polymerization. An 
all-vanadium RFB assembled with the optimized 
membrane exhibited a > 99% CE and > 91% EE at a 
current density of 80 mA cm−2 [27]. They synthesized a 
layered double-hydroxide (LDH)-based composite 
membrane by evenly spraying dispersion porous support 
and the alkaline zinc-based flow battery that assembled 
the membrane achieved EE of 82.36% for 400 cycles at 
200 mA cm−2 [28••]. Meanwhile, they also prepared 
LDH-based membrane via in situ vertical growth, and 
the designed membrane endows an alkaline zinc–iron 
flow battery with excellent rate performance and cycling 
stability, maintaining an EE of 80% at 260 mA cm−2 for 
800 cycles [29]. 

Making mixed-matrix membrane 
Several preparation techniques of mixed-matrix mem-
brane have been practiced in academic labs. Most of 
them employed a solution-casting method with adding 
2D materials into the polymer solution to obtain a vis-
cous solution, and then casting on a glass plate. The 2D 
nanosheets added to the inside of the membrane in-
crease the tortuosity of the pores, which can act as a 

barrier to prevent the diffusion of active species. 
Meanwhile, the surface of 2D nanosheets may have 
some functional groups, such as carbonyl, carboxyl, and 
hydroxyl groups, and so on, which form hydrogen bond 
with the polymer backbone, and thus make the polymer 
framework more compact and resistant to swelling and 
breaking [30]. Furthermore, the ion-exchange functional 
groups on the surface of the 2D nanosheets contribute to 
improve the ion conductivity of the membrane [31]. 2D 
materials such as GO [32], MoS2 [33], SiC [34], and 
carbon nitride (C3N4) [35] were used to make mixed- 
matrix membrane to enhance the performance of 
the RFBs. 

Dai et al. [32] prepared novel composite membranes, 
based on sulfonated SPEEK with various GO loadings 
by solution casting. The mechanical and thermal per-
formances of the composite membranes were improved 
with increasing GO content. Meanwhile, GO nanosheets 
in the membranes serve as effective barriers to block the 
transport of vanadium ion, resulting in a significant de-
crease of vanadium-ion permeability. Wu et al. [36] 
adopted a similar strategy to prepare poly-
vinylpyrrolidone membrane with GO loading to enhance 
the ion selectivity of the membrane. 

Considering the requirement of the high ion con-
ductivity, inserting acidic functional groups such as sul-
fonic acid groups (–SO3H) on GO nanosheets with 
covalent modification was proposed [37]. A new copo-
lymer, sulfonated poly(ether ketone sulfone) (SPEKS) 
decorated with sulfonated GO, was prepared [37]. The 
SPEKS/sulfonated GO composite membrane exhibited 
significantly lower vanadium-ion permeability, which 
resulted in an excellent ion selectivity (10.2 × 105 S 
min cm−3) in comparison with the pristine SPEKS 
(7.9 × 105 S min cm−3) and Nafion-212 (1.8 × 105 S min 
cm−3) membranes. The excellent battery performance 
with a CE of 99.4% and EE of 82.5% was obtained at the 
current density of 40 mA cm−2. Shanmugam’s group also 
incorporated H3[PW12O40]29H2O-coupled GO into the 
SPEK block copolymer to minimize the crossover of 
vanadium ion and improved the chemical stability of the 
membrane [38]. 

Ion-exchange membranes such as Nafion are expected 
to reduce vanadium-ion permeability due to Donnan 
exclusion. Shukla et al. [39] report long alkyl chain- 
grafted quaternized GO-bonded poly(ether sulfone) by 
1,4-diazabicyclo[2,2,2]octane coupling, which provides 
plenty of –NH groups. This helps to improve the ionic 
conductivity. Zhang et al. [40] also prepared a membrane 
composed of SPEEK and polyaniline-functionalized GO 
(PANi-GO), which perform high ion-exchange capacity, 
proton conductivity, and vanadium-ion permeability 
(Figure 3). The formed acid–base pairs, originated from 
–SO3H group of SPEEK and –NH group of PANi-GO, 

4 Redox Flow Batteries  

www.sciencedirect.com Current Opinion in Chemical Engineering 38( 2022) 100856 



decrease the swelling ratio and vanadium-ion perme-
ability. The all-V RFB assembled with the membrane 
exhibits a higher CE (98.5%) and EE (81.7%) compared 
with Nafion 117 (88.9% CE and 72.5% EE) and SPEEK 
membranes (89.8% CE and 69% EE) at the current 
density of 30 mA cm−2. The VRB performance can be 
improved by controlling the molecular chain structure or 
introducing the more –NH groups onto GO nanosheets. 

Pu et al. [33] reported a branched sulfonated polyimide/ 
MoS2 nanosheet (bSPI/MoS2-ns) composite membrane 
with a solution-casting method. The thermal and che-
mical stabilities of the membrane are improved with the 
incorporation of MoS2 nanosheets. Meanwhile, the bSPI/ 
MoS2-ns membrane exhibits high proton conductivity 
(5.04 × 10−2 S cm−1) and extremely low vanadium-ion 
permeability (0.65 × 10−7 cm2 min−1), leading to its high 
proton selectivity (7.75 × 105 S min cm−3). Zhang et al.  
[34] used a similar method to synthesize a bSPI/SiC 
membrane, which also achieved high performance. Niu 
et al. [35] fabricated a composite membrane composed 
of SPEEK and graphitic C3N4 via a solution-casting 
method. The formed acid–base pairs between –NH2 
groups of graphitic C3N4 and SO3H of SPEEK con-
tribute to the comprehensive superior properties of va-
nadium-ion permeability and its selectivity, 
accompanied with an enhanced proton-transport 
channel. The battery assembled with SPEEK/graphitic- 
C3N4 composite membrane exhibits a high CE of 97% 
and EE of 83.6% at 30 mA cm−2. The GO-based mem-
brane cross-linked with bacterial cellulose was proposed  
[22]. The microstructures of GO-based membrane and 
the ion transport inside the membrane can be controlled 
by tailoring the degree of oxidation or using bacterial 
cellulose as the hybrid components. The RFB with the 
GO-based membranes showed a charge–discharge 

profile similar to that of commercial Nafion-212 and 
achieved a stable cycling performance with a high CE 
of 98%. 

Conclusion and perspective 
The key to achieve the high-performance membrane 
goal is the creation of novel composite materials si-
multaneously possessing high ion selectivity and flux 
based on comprehensive understanding of the mem-
brane materials and processes. 2D nanosheets can 
readily stack to form flexible and freestanding films with 
lamellar microstructures, such as MOF nanosheets, 
covalent organic framework (COF) nanosheets, GO, 
vermiculite nanosheets, MoS2 nanosheets, and boron 
nitride nanoflakes. The membrane allows the transfer of 
supporting electrolyte ions through the interlayer spaces 
formed by the nanosheet assembling. Therefore, it is 
possible to make freestanding membrane without a 
substrate if the mechanical strength is enough for ap-
plication. Otherwise, adding functional 2D nanosheets 
to make mixed-matrix membrane can reduce the swel-
ling ratio and improve the chemical stability of the ion- 
exchange membrane significantly, and thus enhance the 
performance of RFB membrane. 2D materials have po-
tential to compromise the trade-offs between ion se-
lectivity and conductivity. 

The limited available techniques restrict the wide ap-
plication of 2D material-based membranes, including 
both top-down and bottom-up methods. Such as the 
exfoliation techniques to obtain high-aspect ratio and 
intact monolayers from bulk crystals and the efficiency 
of interfacial synthesis. Applying these 2D ultrathin 
membranes in practical RFB application remains a 
technical challenge in this emerging field. 

Figure 3  
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(a) Proposed mechanism for proton-transport and vanadium-ion permeability process in hybrid membrane. (b) Cycle performance of VRB with Nafion 
117, SPEEK, and SPEEK/PANi-GO membranes at 30 mA cm−2 [40].   
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2D MOF/COF nanosheets are attracting increasing re-
search attention due to their unique intracrystalline 
pores. The supporting electrolyte ion can not only pass 
through the MOF/COF interlayer spaces formed by the 
nanosheet assembling, but also the intracrystalline 
MOF/COF pores, that is, more short transport channels. 
Moreover, conductive MOF and anionic COF na-
nosheets due to their high ionic conductivity can provide 
new opportunities for their promising application in 
RFB fields. 
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