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• A novel complex membrane is designed
and fabricated to improve the vanadium ﬂow battery performance;
• The complex membrane employs PES
ultraﬁltration membrane as support
and graphene as proton-selection layer;
• The proton selectivity of membrane is
signiﬁcantly enhanced and the overall
battery efﬁciencies are improved by 510%.

a r t i c l e

i n f o

Article history:
Received 28 July 2016
Received in revised form 7 October 2016
Accepted 8 October 2016
Available online 11 October 2016
Keywords:
Graphene
Proton selectivity
Composite membranes
Vanadium ﬂow batteries

a b s t r a c t
The vanadium ﬂow battery (VFB) is one of the most promising technologies for large-scale energy storage, which
has an enormous advantage in the stabilization and smooth output of renewable energy. As an essential separator in VFB, nanoporous membrane plays a key role in the ﬁnal electrochemical performance, which requires both
high H+ conductivity and low vanadium permeability. In this work, a novel graphene enabled porous membrane
material has been successfully designed and fabricated by directly transferring several layers of graphene onto
the surface of traditional polyethersulfone ultraﬁltration membrane. The experimental results show that the
graphene layers will impact the composite membranes performance in batteries. After three graphene single
layers attached, the proton selectivity of membrane is signiﬁcantly enhanced, and the overall battery efﬁciencies
are improved by 10% at 20 mA cm−2. Therefore, attaching graphene layers is a feasible and promising strategy to
improve the performance of nanoporous membrane in VFB applications.
© 2016 Elsevier Ltd. All rights reserved.

1. Introduction
The vanadium ﬂow battery (VFB) is one of the most promising technologies for large-scale energy storage, which is necessary to integrate
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intermittent renewable energy seamlessly with the current electricity
grid [1,2]. VFB operates on the electrochemical reactions of vanadium
2+
and V3+/V2+) in acidic aqueous solution [2]. A
ions only (VO+
2 /VO
membrane separator is essential in VFB to separate positive and negative electrolytes and meanwhile capable of transferring ions (typically
H+) from one end to the other. An ideal membrane for VFB should exhibit a high H+ conductivity to minimize the internal energy losses, a
low permeability of vanadium ions to minimize self-discharge, and a
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good chemical stability for long cycle life [3–5]. Currently in commercial
systems and most research setups, the sulfonated ﬂuorocarbon polymer
Naﬁon (DuPont) is widely used as the best available membrane because
of the excellent H+ conductivity and chemical stability [5,6]. However,
the extremely high cost and low ion selectivity (high vanadium crossover) hinder its large-scale applications [4,5,7]. Tremendous efforts
have been made to search for alternative membrane materials, and
most work is focused on cost-effective non-ﬂuorinated polymer ion exchange membranes [8–10]. However, their oxidation stability needs to
be further improved [4]. Recently, nanoﬁltration (NF) membranes are
successfully used in VFB [11], which utilizes tiny pores to sieve H+
and vanadium ions in nanoporous membranes instead of ion exchange
groups in dense membranes. The radius of hydrated vanadium ion is
much bigger, and the charge density of vanadium ion is higher than
that of H3O+, so it is feasible to selectively transfer protons in the
nanoporous membrane [11]. Unfortunately, the pore size distributions
of conventional polymer based membranes are usually too wide and
further surface modiﬁcations are needed to increase the H+ selectivity.
Some interesting modiﬁcations have been done on polyacrylonitrile
(PAN) [11,12], polyethersulfone (PES) [13,14] and polyvinylidene ﬂuoride (PVDF) [15] based membranes, and the overall battery performances are improved consequently.
In recent years, graphene has been increasingly explored as an excellent platform to develop size-selective molecular separation membrane
[16–19]. Graphene-based membranes are ideal for selective molecular
separation because of their atomic thickness (potential to maximize
permeate ﬂux) and excellent stability (mechanical robustness and
chemical inertness) [18]. In addition, well-deﬁned pores with extremely
narrow size-distribution can be introduced into graphene by natural defects [20,21] or subsequent chemical modiﬁcation [19,22,23] to further
guarantee the high molecular selectivity. Solid works have conﬁrmed
that graphene-based membranes are much more selective and permeable than state-of-art polymeric membranes in water desalination
[19], gas separation [16] and ion sieving [17,23]. A perfect graphene
sheet is generally considered impermeable to all atoms and molecules
[24]. However, a very recent work indicates that pristine graphene is actually highly permeable to protons, and the details of the transport process is intriguing [25]. Therefore, in combination with their mechanical
robustness and chemical inertness, graphene-based membranes are
promising candidates in many hydrogen-based technologies, including
VFBs.
Pure graphene sheets are electron conductors and not able to prevent electric contact of the electrodes [3]. One effective solution is to
combine graphene with a membrane which can provide electric insulation and mechanic supporting. PES membrane is widely used for ultraﬁltration in water treatment and the porosity and morphology can be
tuned easily [26]. Furthermore, its chemical stability in VFB system has
been well validated [13,14,27]. All these features make PES membrane
a natural choice of matrix when composited with graphene “skin
layers”. In the current work, a novel graphene/PES membrane is successfully designed and prepared, which employs PES ultraﬁltration
membrane as base matrix and graphene ﬂakes as proton-selection
layer. The preliminary tests indicate that the addition of graphene layers
does enhance the membrane proton selectivity, as well as the overall
battery performances. The results are very valuable for the graphene application in VFBs.

chemically stable, and can operate in the pH range of 0–14 below 95 °C
in aqueous solutions.
In a typical fabrication process, copper foil (Cu, 99.99%) in size of
7 × 20 cm2 was loaded in a tube furnace at 10 Pa and then heated to
1000 °C within 2 h with 8 sccm H2 gas. After annealing Cu foil at
1000 °C for additional 30 min, 24 sccm CH4 was introduced into the
tube furnace for CVD growth of graphene ﬁlm for the following
30 min. The graphene on Cu foil could be collected after cooling the
furnace to room temperature. The graphene ﬁlm was then transferred to UH004 membrane with the help of thermal release tape
as in previous report [28]. Basically, it includes three steps. First,
the graphene on Cu foil was attached to one piece of thermal release
tape by a roll-to-roll machine. Subsequently, it was immersed in
0.1 M ammonium peroxydisulfate solution for etching Cu foil. Finally, the graphene ﬁlm could be transferred to the UH004 membranes
after a roll-to-roll thermal releasing process at 120 °C. In this work,
different layers (1, 2 and 3 layers) of graphene were transferred separately onto the smooth surface (the skin layer side) of UH004 membranes, and then the composite graphene membranes with 1, 2 and 3
graphene layers were produced successfully.

2. Materials and methods

where Em is the potential difference between the two electrodes, and E0
is 16.08 mV. The operating temperatures were maintained precisely at
25 °C, and all membranes were immersed in 0.15 M HCl or KCl for at
least 12 h for equilibrium before all tests.

2.1. Fabrication of graphene/PES membranes
The nanoporous membrane used in this study is UH004 tight ultraﬁltration (UF) membrane (from MICRODYN-NADIR GmbH,
Germany). The molecular weight cut-off (MWCO) is 4000 Da. The membrane consists of porous non-woven fabrics support and PES layer with
permanently hydrophilic treatment. This hydrophilic membrane is

2.2. Membrane characterizations
2.2.1. Membrane morphology
The cross-section morphology of UH004 base membrane was characterized by scanning electron microscope (SEM, JEOL SM-6700F,
Japan). The surface morphologies of composite graphene membranes
were recorded by optical camera as well as SEM (FEI Nova NanoSEM
200, America).
2.2.2. Membrane resistance
The area resistances of composite membranes were measured in a
home-made electrochemical cell (Fig. 4a) according to the literature
[12]. The cell was separated into two compartments and ﬁlled with
0.50 M H2SO4. The effective area of membrane (S) is 0.50 cm2 in all
tests. The area resistance of a membrane (r) is determined by the following equation:
r ¼ ðr m −r 0 Þ  S

ð1Þ

where r0 and rm. represent the electric resistance of the cell without and
with a membrane respectively. All cell resistances were obtained by
electrochemical impedance spectroscopy (EIS, CHI 760E potentiostat,
China) at a frequency range from 100 kHz to 100 Hz. The temperatures
of H2SO4 solutions were maintained at 25 °C in all tests.
2.2.3. Transport numbers
The static state transport numbers of the composite graphene membranes were measured in a home-made cell (Fig. 5a) according to membrane potential [29,30]. The membrane was sandwiched in a cell ﬁlled
with 0.20 M and 0.10 M HCl (or KCl) respectively, and the potential difference between the two Ag/AgCl electrodes was recorded. The cation
transport number (t+) is calculated by the following equation [30]:
tþ ¼

Em
2E0

ð2Þ

2.2.4. Vanadium/proton permeability
The permselectivity between proton and vanadium ion was tested in
a diffusion cell (Fig. 6a) similar to previous work [11,12]. Initially the left
cell was ﬁlled with 50 mL of 1.0 M VOSO4 and 2.0 M H2SO4, and the right
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cell was ﬁlled with 50 mL of deionized water. Solutions in both cells
were circulated by a peristaltic pump at a ﬂow rate of 30 mL min−1.
Samples from the right cell were collected at a time interval of 20 min.
The concentrations of H+ were determined by automatic potentiometric titration (sample volume 1.0 mL or 0.50 mL, by INESAZDJ-4B automatic titrator). The concentrations of VO2+ were analyzed by a UV–vis
spectrophotometer (Shimadzu UV-2450), and all samples were
returned to the right cell immediately after the measurement. The H/V
selectivity is deﬁned by the following equation [12]:

H=V selectivity ¼

Hþ permeation rate
VO2þ permeation rate

ð3Þ

2.3. Membrane evaluation in VFB battery
2.3.1. VFB battery performance
All of the VFB battery experimental tests were performed on a
homebuilt setup containing 4–8 cells, as Fig. 1 shows. The VFB single
cell was constructed by sandwiching a membrane with two carbon
felt electrodes (effective area of 12 cm2, original thickness of 6 mm before and 3.8 mm after clamping), and then clamped by two graphite
plates as current collectors. The adhesion of graphene ﬁlm is not an
issue here, because the graphene “skin layer” was tightly clamped by
the UF base membrane and carbon felt. Particularly, the composite
membrane was mounted in a manner that the graphene “skin layer” is
adjacent to the negative chamber (similar to that in Fig. 5a). The
graphene ﬁlm is completely protected against oxidation by VO+
2 ,
which guarantees the integrity of graphene ﬁlms during the charge-discharge tests. The negative and positive electrolytes were 13.0 mL 1.5 M
V2+/V3+ in 3.0 M H2SO4 and 13.0 mL 1.5 M VO2+/VO+
2 in 3.0 M H2SO4
solutions respectively. Both electrolytes were continuously purged with
argon during all tests. The electrolytes were circulated through the corresponding electrodes at a ﬂow rate of 10 mL min−1 (ﬂow velocity was
0.37 cm s− 1 according to the cell geometry). Charge–discharge tests
were conducted by a battery test system (LAND CT2001A, China) with
current densities of 10–80 mA cm−2. The cut-off cell voltages were set
as 1.70 V and 0.80 V.

2.3.2. Self-discharge characterization
The self-discharge of VFB will result in decrease of open circuit voltage (OCV), so the curves of OCV decay are usually utilized to indicate the
degree of battery self-discharging. The VFB single cell and electrolytes
used here were identical with that in test of VFB battery performances
above. Self-discharge tests began at the capacity of 300 mAh, namely
the state of charge (SOC) of about 60%. OCV was recorded with battery
test system (LAND CT2001A) until it dropped to 0.80 V.
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3. Results and discussion
3.1. Morphologies of composite membranes
Fig. 2 presents optical photographs of the resulted graphene/UH004
composite membranes with one (Fig. 2a), two (Fig. 2b) and three (Fig.
2c) layers of graphene. The graphene layers are nearly transparent
(transmittance N90%) [31], but they are still visible especially on smooth
and white substrates. The detailed surface morphologies of the composite membranes are further characterized by SEM (Fig. 3). Fig. 3a shows
the bare skin surface of UH004 membrane, which is quite smooth and
clean in appearance. The cross-sectional SEM images of UH004 membrane are presented in Fig. S1 in Supplementary Materials. This membrane has a typical asymmetric structure, which consists of a nonwoven fabrics support layer, a very porous sponge layer with plenty of
ﬁnger-like macropores, and a relative dense and smooth skin layer.
The selectivity of the composite membrane is all contributed by the
PES skin layer, which has a thickness of 10 μm (Fig. S1b). Meanwhile
the smoothness of this skin layer provides enough adhesion strength
to graphene layers, which enables a perfect transfer of graphene ﬁlm
from Cu foil to the base membrane. After introducing graphene onto
the UH004 membrane, as shown in Fig. 3b–d, clear wrinkles can be observed on all the samples, which are originated from the graphene
layers on top because of the differences of thermal expansion coefﬁcients between graphene and copper [31]. These characteristic wrinkles
are clearly visible in all SEM images, which deﬁnitely validate the perfect transfer of graphene layers onto the base membranes. Furthermore,
a close-up view of the composite membrane with two layers of
graphene is shown in Fig. 3e, in which the boundary of the top graphene
layer as well as wrinkles of both layers are sharp and clear. The morphology characterizations by optical camera and SEM prove in concert
that well-deﬁned composite graphene membranes are obtained in this
work.

3.2. Membrane resistance and ion selective permeability
The area resistance of membrane is critical in VFB applications,
which determines the ohmic drop across the membrane and inﬂuences
the overall battery performance. It was measured in a home-made electrochemical cell (Fig. 4a), and typical measured impedance spectra are
shown in Fig. S2. Electric resistances of the cell without (r0) and with
a membrane (rm) were determined according to other literature [14],
and the area resistance (r) is calculated by Eq. (1). The corresponding
results are shown in Fig. 4b, in which the error bars come from three independent tests (different membranes). The area resistance of UH004
base membrane is 0.81 Ω cm2. The attachment of one single graphene
layer signiﬁcantly increases the area resistance of the membrane to
1.65 Ω cm2. This phenomenon is straightforward because the attached

Fig. 1. (a) Experimental setup for VFB battery performance evaluation. (b) A close look of the VFB single cell.
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Fig. 2. Photographs of the graphene/UH004 membranes with one (a), two (b) and three
(c) graphene layers.

graphene ﬁlm brings about an extra obstacle in ion migrations. It is
worth noting that the area resistance of single graphene layer can be estimated from this increment, namely 0.84 Ω cm2. Hu and co-workers in
Geim's laboratory have already investigated the proton transport
through one-atom-thick crystals such as graphene [25]. Their results indicate that the area resistance of graphene monolayer is about 500 Ω
cm2 at 25 °C (i.e. area conductance of 2 mS cm− 2, much higher than
our results), and reduces to 1.0 Ω cm2 when the temperature increases
to 110 °C [25]. The exact reason causing this inconsistency remains to be
understood, while the following factors may be considered. First, the H+
concentration is much different between the two tests. Hu et al. used a
device placed inside a chamber ﬁlled with pure water (to provide

Fig. 4. (a) The illustration of home-made cell for measuring membrane resistance. (b) The
area resistance of prepared composite membranes.

humidity) and forming gas (10% H2 in Ar) [25]. Such parameters are designed for mimicking hydrogen fuel cell. Differently, 0.50 M H2SO4 was
used in our electrochemical cell, which means that the H+ concentration is much higher in the current work. It is well known that the area
resistance of membrane increases inversely with ion concentration in
supporting solution [32]. For example, the area resistances of commercial Selemion CMV membrane are 3 Ω cm2 and 205 Ω cm2 in 0.50 M and
0.020 M NaCl solutions, respectively [32]. Therefore, the greatly

Fig. 3. Surface morphology images of the composite membranes obtained by SEM. (a) Bare surface of UH004 support membrane, and graphene/UH004 membrane with (b) one, (c) two
and (d) three layers of graphene, respectively. (e) A close-up view of the composite membranes with two graphene layers, in which the wrinkles and boundaries of graphene layers are
distinguishable.
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different H+ concentration could be the ﬁrst reason. Second, there are
more structure defects in our graphene ﬁlm. Although high-quality single-layer graphene ﬁlms can be deposited on Cu foils, structural defects
and grain boundaries are unavoidable during the CVD process [20,31].
For example, pseudoperiodic corrugations and vacancies are found
when graphene is grown on Cu (111) surface [20]. On the contrary,
Hu and co-workers used perfect graphene without defects which was
obtained by micromechanical cleavage [25]. Third, macroscopical cracks
or tears are present in the current research. Cracks and wrinkles are
readily observable on CVD graphene [31], and the integrity of graphene
ﬁlm may be further injured during the transfer process (Fig. 3e). So perhaps it is not surprising to observe a much lower area resistance for
graphene single layer in our work. Fortunately it is advantageous for
the composite membrane because high area resistance is not favored
in VFB applications. It's noteworthy that the area resistances increase
further after more graphene layers transferred, which are 2.45 Ω cm2
and 2.80 Ω cm2 for composite membranes with two and three graphene
layers respectively.
Ion selective permeability is another key parameter for membrane
separator in VFB applications. Ideal membranes for VFB should exhibit
high permeability of proton (to minimize the internal energy loss)
and low permeability of other ions (such as vanadium ions to minimize
self-discharge) [3–5]. In other words, high proton selectivity is another
desired feature besides low area resistance. The transport number is
usually used to measure the permselectivity of counter-ions (charge
carriers) through traditional ion exchange membrane [29,30], and this
concept can be borrowed to evaluate the permselectivity of protons
(or other cations) for our composite membranes. The cation transport
numbers are measured in a home-made electrochemical cell (Fig. 5a)
and the corresponding results are presented in Fig. 5b. It is found that
the cation transport numbers in KCl solutions are highly low (0.531–
0.570), and the anion transport numbers (1-t+) are very close. These results indicate that the graphene/UH004 composite membranes have little permselectivity to K+ or Cl− in KCl solutions (only slightly K+
selective). However, the cation transport numbers in HCl solutions are
reasonably high. The bare UH004 base membrane has a transport number of 0.917 in HCl solution (H+ selective). This outstanding proton

Fig. 5. (a) The illustration of home-made cell for measuring cation transport numbers
(static state) in HCl or KCl solutions. (b) The H+ and K+ transport numbers of prepared
composite membranes.
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permselectivity is not surprising, since the ion mobility of H+ is much
higher than that of other ions (such as Cl−) in the aqueous solutions,
and the hydrated radii of protons are much smaller than other ions,
which means it's much easier to permeate through nanopores in skin
layer of UH004 membrane. Interestingly, the proton transport numbers
of composite membranes increase proportionally after graphene layers
being attached, which are 0.932, 0.950 and 0.966 for one, two and three
graphene ﬁlms respectively. The anion transport numbers (namely 1t+), which represent the fraction of the total current undertaken by
Cl− in HCl solution, decrease greatly from 0.083 (without graphene)
to 0.034 (with three graphene layers).
H/V selectivity is also an important index for measuring the H+ permeability over other cations (vanadium ions) in VFB [11,12]. The diffusion cell (Fig. 6a) used for H/V selectivity measurement is similar to that
in literature [12], and typical plots of VO2+ and H+ concentrations in the
water side are shown in Fig. S3. All membranes exhibit a much higher
permeation rate for H+ than that of VO2+, which is given by the slope
of corresponding plot. The resulted H/V selectivity is calculated by Eq.
(3) and shown in Fig. 6b, in which the error bars come from three independent tests of different membrane samples. It is clearly shown that
the H/V selectivity of composite membrane increase proportionally
along with the graphene layers' number (from 24.8 without graphene,
to 48.0 with 3 graphene layers). The result here well accords with the
proton transport number evaluations in HCl solution above, which
strongly indicates that attaching graphene layers onto the surfaces of
nanoporous base membranes can enhance their proton permselectivity.
As a result, the high proton permselectivity could lead to better battery
performance in VFB applications.
3.3. VFB battery performance
Fig. 7 shows the charge–discharge curves of VFB single cells assembled with different composite graphene membranes at a current density
of 80 mA cm−2. The charge–discharge overpotential for all membranes
are similar, which indicates that the voltage efﬁciencies (VE, deﬁned as
the ratio of discharge voltage divided by charge voltage) are highly close
for cells with different composite membranes. The charge/discharge capacities are also available from these plots, and the Coulombic efﬁciency
(CE, deﬁned as the ratio of discharge capacity divided by charge capacity) can be readily calculated.
Self-discharge tests of VFB single cells are also carried on to further
investigate the vanadium ions cross-over across the corresponding
composite membranes. As shown in Fig. 8a, the OCV of VFB cell with
bare UH004 membrane lasted about 8.0 h before it decreases rapidly

Fig. 6. (a) The diffusion cell used for measuring H/V selectivity. (b) The H/V selectivity of
prepared composite membranes.
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Fig. 7. Charge–discharge curves of VFB single cells with (a) bare UH004 base membrane, and attaching (b) one, (c) two and (d) three graphene layers at a current density of 80 mA cm−2
(960 mA for the cell).

Fig. 8. (a) Self-discharge curves of VFB single cells with graphene composite membranes at
an initial SOC of 60%. (b) The discharge capacity decay of VFB single cells with different
composite graphene membranes at a current density of 80 mA cm−2.

from 1.25 V to 0.95 V. After one, two and three graphene layers are attached, the corresponding OCV decay rates are lowered and the OCV
time increases to 10.0 h, 14.6 h and 19.5 h respectively. These results
are in accord with the VO2 + permeation rates in Fig. S3. The low
cross-over rate of vanadium ions should be helpful to retain the capacity
during the charge–discharge cycling. The discharge capacity decay of
VFB cells with different membranes is shown in Fig. 8b. It manifests
that the decay rate is lowered monotonously after graphene layers are
attached. The results of OCV and capacity decay tests further conﬁrm
that the graphene layers hinder the vanadium ion cross-over in VFB
applications.
More charge–discharge tests at different current densities (10–80
mA cm− 2) are carried on for all composite membranes, and the corresponding CE and VE values are plotted in Fig. 9. Furthermore, the
energy efﬁciency (EE) of VFB single cell, which is deﬁned as product
of CE and EE, is also plotted in Fig. 9. For every cell with the same
membrane, the CE increases while the VE decreases as the current
density increases from 10 to 80 mA cm− 2. The maximum EE appears
at about 40–50 mA cm− 2. The tendencies are similar to that of traditional ion exchange membrane (such as Naﬁon) used in VFB. The
same data of efﬁciencies (Fig. S4) are rearranged to compare the battery
performances of different membranes at the same current densities. It is
clearly demonstrated that extra graphene layers increase the CE at all
current densities, and the increment is more obvious for low current
densities (12% at 10 mA cm−2, and 3.6% at 80 mA cm−2). This phenomenon is reasonable because extra graphene layers hinder the permeation of vanadium ions (causing capacity lost) during the charge–
discharge process. However, the VE is very stable at nearly all current
densities, and the mechanism is more complicated. Firstly, the area
resistance increases after graphene layers transferred, which will
decrease the VE. While on the other hand, proton selectivity is
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Fig. 9. VFB single cell performances of composite membranes at different current densities (10–80 mA cm−2). CE, Columbic efﬁciency; VE, voltage efﬁciency; EE, energy efﬁciency.

signiﬁcantly improved because of the graphene layers, and this will
increase the VE. The improved proton selectivity counteracts the increased area resistance, and stabilizes the VE of composite membranes
with more graphene layers. It is worth noting that the area resistance
impacts more at higher current densities, and a slight decrease of VE
is observed at 80 mA cm−2 (right panel in Fig. S4). The stable VE and increased CE cause incremental EE at nearly all current densities, which
are also shown in Fig. S4. It indubitably shows that attaching graphene
layers is a feasible and promising strategy to improve the EE of
nanoporous membrane. For pristine graphene ﬁlms, the area resistance
is still too high (~0.8 Ω cm2 for single-layer graphene), so the improvement is more obvious at low current densities. The EE are improved by
10% and 5.2% at 20 and 60 mA cm−2 respectively.
Additionally, the graphene enabled membranes show reasonable
stability in this work. Each membrane was tested for at least 200 cycles
(the electrolytes were changed for several times) and no obvious performance degradation was observed. Creating well-deﬁned pores with
extremely narrow size distribution on graphene, or simply increasing
the operating temperature of VFB, could be helpful to decrease the
area resistance while keeping the proton selectivity. Maybe further efforts can be made to increase the overall performance of composite
graphene membranes.

4. Conclusions
In the current work, novel graphene/UH004 composite membranes
are fabricated by transferring graphene layers onto UH004 base membranes. The extra graphene as “skin layer” increases the overall area resistance of membrane, which can effectively hinder ions in electrolytes,
especially the vanadium ions, from permeating across the membranes.
With the signiﬁcantly reduced vanadium cross-over, CE succeeds a
large improvement. Furthermore, these graphene layers also greatly increase the proton selectivity, which is proven by the investigations of
proton transport number as well as H/V selectivity. Detailed electrochemical characterization shows that the improved proton selectivity
counteracts the increase of area resistance and stabilizes the VE for all
composite membranes. The stable VE and increased CE bring signiﬁcant
improvement of overall battery performance, and the EE increases by
10% and 5.2% at 20 and 60 mA cm−2, respectively, after three graphene
single layers are attached. In addition, the capacity decay is also relieved.
Adding more graphene layers (N3) will further improve the overall battery efﬁciencies at low current densities but not at high current densities, because a trade-off exists between selectivity and electrical
resistance. In the ﬁnal analysis, the results here show that the introduction of graphene layers onto nanoporous membrane is a feasible and
promising strategy to improve the overall performance in VFB
applications.
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