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A novel kind of effective vanadium ion-suppressed polysulfone—
polyvinylpyrrolidone (PSF—PVP) membrane with high ion selectivity,
superior stability and low cost is designed and constructed for vana-
dium redox flow batteries (VRFBs). The VRFB with the PSF—PVP-50
membrane exhibits impressive coulombic efficiency (98%) as well as
energy efficiency (89%), and outstanding stability during the 2000 h
continuous charge—discharge cycling test.

Reliable energy storage technology utilized for grid-scale
applications is necessary to mitigate environmental and energy
issues that have received wide attention."™ Vanadium redox
flow batteries (VRFBs), invented by Skyllas-Kazacos in 1985,> are
leading the way to address this issue due to their pollution-free
operation, life-term stability, high energy efficiency, and flexible
power supply design.®® As a key component of the VRFB, ion
exchange membranes (IEMs) are used to separate the cathode
and anode electrolyte, while still permitting the transfer of
protons. Therefore, IEMs with high proton conductivity, low
vanadium ion permeability, and high chemical stability are
critical to improving battery performance. The commercial
membrane, Nafion®, is commonly chosen for VRFBs due to its
high conductivity and excellent chemical stability. However, the
commercialization of VRFB is hindered by the serious vana-
dium ion permeability and high cost of Nafion®.'**® Surface or
bulk modification of Nafion® has been proposed to suppress
the vanadium ion permeability yet it usually causes a decrease
in proton conductivity. Another method is to develop an alter-
native membrane such as cation exchange membranes,**>*
nanofiltration membranes® and anion  exchange
membranes.**** However, it is still a critical challenge to
balance the proton conductivity and vanadium ion permeability
in order to obtain high ion selectivity.
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Polyvinylpyrrolidone (PVP) (Fig. S1 in the ESI{) is a typical
hydrophilic polymer that has been widely used to prepare phase
membranes” and nanofiltration membranes.?®
Recently, we reported that PVP was used to fabricate composite
proton exchange membranes with high conductivity since the
nitrogen heterocycle of PVP is capable of accepting protons
from inorganic acids, such as phosphoric acid*** or phospho-
tungstic acid.**

Herein, a novel polysulfone-polyvinylpyrrolidone homoge-
nous membrane with superior proton-to-vanadium ion selec-
tivity and chemical stability for VRFB applications is
successfully constructed through a simple polymer blending
method. The performance of as-prepared membranes (denoted
as PSF-PVP-x, where x stands for the weight percentage of PVP
in the membrane) could be modulated by the content of PVP.
When the PVP content is 50 wt% and the membrane thickness
is 35 pm, a superior proton-to-vanadium ion selectivity of 288
times higher than that of Nafion 212 is achieved. The excellent
ion selectivity benefits from the electrostatic repulsion of
protonated PVP molecules and the smaller ion transfer chan-
nels than Nafion. Furthermore, PSF-PVP-x membranes possess
superior anti-oxidation stability during 400 days of testing of
the membrane exposed to the VO,'/H,SO, electrolyte. More
importantly, the VRFB based on PSF-PVP-50 with 35 pum
thickness exhibits an impressive coulombic efficiency of 98% as
well as an energy efficiency of 89% with high stability during the
2000 h charge-discharge cycling test. The electrochemical
performance of the PSF-PVP membranes combined with
a facile fabrication process and cost-effective raw materials
promote its commercial application in the vanadium redox flow
battery industry.

The PSF-PVP-x membrane was prepared through a simple
polymer solution casting method (see the detailed process in
the Experimental section of the ESIf). Fig. 1a and b show
a typical photograph and cross-sectional scanning electron
microscopy (SEM) image of the as-prepared the PSF-PVP-x. The
photograph (Fig. 1a) shows that the PSF-PVP-x membrane is
homogeneous, transparent and flexible. As shown in Fig. 1b and
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Fig.1 (a) Photograph and (b) SEM cross-sectional image of the PSF-PVP homogenous membrane. The PSF-PVP-x membrane is transparent,
homogenous, flexible and dense without porosity on a microscale. (c) The diffusion rate of vanadium ions in the PSF—PVP-50 membrane
compared with that of Nafion 212. (d) The plots of open circuit voltage over time for VRFB with PSF-PVP-50 and Nafion 212 respectively. (e)
Vanadium permeability and ion selectivity of the PSF-PVP-50 membrane compared with that of Nafion 212. The PSF-PVP-50 membrane
exhibits a lower diffusion rate of vanadium ions and higher selectivity than that of Nafion 212. (f) Charge—discharge curves of VRFBs. The one with
PSF-PVP-50 shows improved performance compared that with Nafion 212.

S2 in the ESI,} the cross-sectional and surface morphologies
indicate that the membrane is dense and without any porous
structures. Furthermore, all of the PSF-PVP-x membranes
possess satisfactory mechanical strength (up to 50 MPa) as well
as excellent dimensional stability in vanadium ion electrolyte
solution (Table S1 in the ESIt), which permits the fabrication of
a thin membrane for practical applications.

The vanadium ion permeability of PSF-PVP-x membranes
was determined by a diffusion cell method. The linear rela-
tionship between the concentration and diffusion time of VO**
ions for both Nafion 212 and PSF-PVP-50 membranes is shown
in Fig. 1c. The diffusion rate of vanadium ions with the PSF-
PVP-50 membrane is 1/314 of that in Nafion 212 according to
the slope, even the thickness of PSF-PVP-50 (~35 um) is 70% of
Nafion 212 (~51 pm). As a result, the VRFB with the PSF-PVP-50
membrane will exhibits a much lower self-discharge rate. The
single battery with the PSF-PVP-50 membrane maintains an
open circuit voltage (OCV) above 1.3 V for more than 290 h

This journal is © The Royal Society of Chemistry 2016

(Fig. 1d), which is above 6 times higher than that with Nafion
212 (45 h) under the same conditions. Even though the proton
conductivity of PSF-PVP-50 is 36 mS cm ™" which is slightly
lower than that of Nafion 212 (56 mS cm "), the vanadium ion
permeability is much lower; as a result, the proton-over-vana-
dium ion selectivity is 282 times higher than that of Nafion 212
(Fig. 1e). Therefore, VRFBs with the PSF-PVP-50 membrane
demonstrate a larger discharge capacity (under the same
normalized charge capacity) and similar voltage platforms in
comparison to that with Nafion 212 (Fig. 1f), indicating a higher
coulombic efficiency (discharge-over-charge capacity).

In the PSF-PVP membranes, PSF acts as a skeleton to
improve the formation and mechanical strength of the
membrane, and PVP as the typical hydrophilic polymer with
a nitrogen heterocyclic structure plays a very important role in
the membrane properties (such as the vanadium ion suppres-
sion and proton conductivity) due to its hydrophilicity and
protonation ability. With the increase of PVP content, PSF-PVP
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membranes exhibit substantially enhanced hydrophilicity
(Fig. S2 in the ESIT), water uptake and swelling degree (Table S1,
ESIT). More importantly, with the decrease of PVP content from
70% to 40% in the membrane, the proton conductivity gradu-
ally reduces from 38.2 to 22.7 mS cm ™" with a decrease of 40.6%
(Fig. 2a), meanwhile the VO** ion permeability sharply reduces
from 0.05 x 10”7 t0 0.003 x 10”7 em”® min~* with a decrease of
93% (Fig. 2b). As a result, the ion selectivity of PSF-PVP-x
significantly is enhanced from 0.81 x 10’ to 6.7 x 10’ S min
em™* with the decrease of PVP content from 70 wt% to 40 wt%.
In particular, the PSF-PVP-40 and PSF-PVP-50 membranes
have an extremely high ion selectivity of 6.7 x 10’ and 4.8 x 10’
S min cm respectively, which is 394 and 282 times higher than
that of Nafion 212 (0.017 x 107 S min cm ™) (Table S1, ESIY).
Considering the area resistance and vanadium permeability,
PSF-PVP-50 is the most appropriate membrane for VRFB
applications.

In order to illustrate the extremely low vanadium ion
permeability of PSF-PVP membranes, the zeta potential of pure
PVP dissolved in H,O or H,SO, solution was measured. As
shown in Fig. 2c, the zeta potential of the PVP molecule in H,O
is —1.1 mV and changes to 236 mV in 0.005 M H,SO, solution,
which demonstrates that PVP molecules could be protonated in
acidic solution due to the N-heterocyclic groups in the side
chains. This result suggests that the PSF-PVP membrane could
produce natural barriers and strongly prevent the crossover of

vanadium ions due to the electrostatic repulsion.***
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Furthermore, the transmission electron microscopy (TEM)
characterization was carried out to have an insight into the ion
transfer channels inside the membrane. The ion transfer
channels could be represented and labeled by iodine nano-
particles (I, NPs) formed by iodine molecules reacting with PVP
in the PSF-PVP membrane.*® As shown in Fig. 2d, the dark
zones (I, NPs) in the TEM image indicate that the channels are
uniformly distributed in the membrane with size of around 2
nm, which is much smaller than that of Nafion® (~4 nm).? In
addition, with an increase of PVP content in the membrane, the
number of ion channels correspondingly increases and the size
of channels is almost constant (Fig. S4 in the ESIf). Due to the
limited size of hydrophilic channels and the exclusive effect by
the protonated PVP, the hydro protons are much easier to
transfer across the charged membrane than hydrated vanadium
ions.” However, the vanadium ion permeability still increases as
the PVP content increases because the N-heterocyclic groups in
unit volume decreases due to the large swelling ratio (as shown
in Fig. S5 in the ESIt). The possible ion transfer pathway inside
the membrane is shown in Fig. 2e.

VRFBs with PSF-PVP membranes of varied PVP contents
show different voltage platforms and charge-discharge capac-
ities under current densities of 30-60 mA cm ™2 (Fig. 3a and S6
in the ESIf). The VRFB with PSF-PVP-40 exhibits the highest
charge platform and lowest discharge platform due to the
largest resistance, even with the lowest vanadium ion perme-
ability. Meanwhile, the VRFB with PSF-PVP-60 holds the lowest
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Fig.2 (a) Proton conductivity and (b) VO?* ion permeability of the PSF—PVP—x membranes, in comparison with Nafion 212. (c) Zeta potential of
pure PVP dissolved in 0.005 M H,SO, solution and H,O respectively. (d) Transmission electron microscopy (TEM) image of the PSF-PVP-50
membrane after being stained with iodine vapour. The dark zones (I, nanoparticles) indicate the size of hydrophilic channels of around 2 nm. (e)
The schematic of the proposed mechanism for proton transfer and vanadium ion suppression of the PSF—PVP—x membrane.
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Fig. 3 (a) Charge—discharge curves of VRFBs with PSF-PVP-x membranes. (b) Coulombic efficiency (CE) and energy efficiency (EE) of the PSF-
PVP-x battery compared with Nafion 212 and (c) cyclic stability of the PSF-PVP-50 battery. (d) Chemical stability of PSF-PVP-x membranes
compared with Nafion 212. (e) After 60 days of the anti-oxidant test, the color of the VO,* solution has almost no change and (f) cross-sectional
SEM image of the membrane before and after immersion in VO, solution for 400 days. According to the charge—-discharge curves, PSF-PVP-
50 membranes exhibit optimal performance relative to others and Nafion 212, the VRFB with PSF-PVP-50 exhibits superior stability and higher

coulombic efficiency and energy efficiency.

charge platform due to the lowest resistance, however the high
vanadium ion permeability results in a lower discharge plat-
form and the lowest discharge capacity. Therefore, the energy
efficiency (EE) is a more reasonable parameter to evaluate the
VRFB performance. As shown in Table S2 in the ESI, the VRFB
with PSF-PVP-50 membrane shows a high coulombic efficiency
(CE) of 97% and voltage efficiency (VE) of 88%, and achieved the
best EE of 85% under a charge-discharge current density of 60
mA cm 2. Furthermore, the membrane thickness is another
critical parameter for the EE of VRFB. As shown in Table S3 and

This journal is © The Royal Society of Chemistry 2016

Fig. S7 in the ESI,7 the VRFB exhibits optimal EE when the
membrane thickness is 35 pym. Meanwhile, the optimal VRFB
displays a higher CE and EE than that with Nafion 212 over the
duration of a 50-cycle test at different current densities (Fig. 3b
and S8 in the ESIt). In comparison with previous studies (listed
in Table 1), VRFBs with the PSF-PVP-50 membrane exhibits
a higher CE and EE than those with sulfonated polyether ether
ketone (SPEEK),"> chloromethylated polysulfone (CPSF)* or
polyvinylidenefluoride (PVDF)** membranes, etc. Additionally,
the VRFB with the PSF-PVP-50 membrane shows adequate

J. Mater. Chem. A, 2016, 4, 1174-1179 | 1177
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Table 1 The performances of VRFBs with PSF—PVP-50 in comparison with previous work

Thickness (um) CE (%) EE (%) VE (%) I (mA cm?) ocCV (h) Ref.
CPSF-Py 250 96 87 91 80 NA 2
Nafion/PEI 208 97 81 83 50 265 10
Porous PVDF 155 96 80 83 60 70 23
SPEEK 90 96 87 90 60 160 12
Nafion 212 51 92 79 86 80 40 18
PSF-PVP-50 35+2 98 90 91 80 289 This study

performance even under a large charge-discharge current
density of 80-120 mA cm > (Fig. S9 in the ESIf) with a CE
around 95% and EE of around 80%, which ensures that the
PSF-PVP-50 membranes and the PVP-50 membrane could be
applied within a large current density range and meet the need
of unstable energy storage.*® More importantly, this merit would
be great help for the small size device design as well as for
reducing the device cost.

In order to evaluate the life-time stability of the PSF-PVP-50
membrane in VRFBs, over 400 charge-discharge cycles tests
were carried out under a current density of 80 mA cm™?, as
shown in Fig. 3c. During continuous running for nearly 2000
hours, the battery exhibits the CE of ~98% and EE of ~89%
without obvious decay (the fluctuation of EE is caused by the
replacement of the electrolyte). The excellent anti-oxidant
stability of the PSF-PVP-x membranes may provide an impor-
tant contribution to the outstanding life-term stability of the
battery. Most polymeric membranes decompose or oxidize in
VRFBs due to the strong oxidization of VO," and acidity of
H,S0,.%* Thus, the chemical stability of PSF-PVP-x
membranes is evaluated by the anti-oxidant tests in VO," solu-
tion for a duration of 60 days in comparison with that of Nafion
212. UV-vis analysis was employed to evaluate the generation
rate of VO*" ions as reduced from VO,". As shown in Fig. 3d, the
generation rate of VO*" ions for PSF-PVP membranes is less
than 5 x 10"° mmol L™* h™*, which is lower than that of Nafion
212 (7.6 x 10~® mmol L™" h™"). After 60 days, the color of the
VO," solution shows almost no change (Fig. 3e). Furthermore,
the SEM cross-sectional image of PSF-PVP soaked in 1 M VO, "/3
M H,S0, solutions for about 400 days is still dense without any
obvious porosity changes (Fig. 3f). Additionally, the results of
the gel permeation chromatography test indicate that the
molecular weight of PVP and PSF in the membrane does not
show obvious change after the PSF-PVP membrane was soaked
in VO,'/H,S0, solutions for 400 days (Fig. S10 in the ESI}). All
results clearly reveal that PSF-PVP membranes have superior
chemical stability under the operating conditions of VRFBs.

Conclusions

In summary, novel PSF-PVP homogenous membranes with
superior proton-over-vanadium ion selectivity, satisfactory
mechanical strength and excellent chemistry stability are
designed with cheap raw materials and a simple fabrication
process for VRFB applications. The superior ion selectivity of

1178 | J. Mater. Chem. A, 2016, 4, 1174-1179

PSF-PVP membranes was attributed to the electrostatic repul-
sion effect and the limited ion transfer channels. Impressive
coulombic efficiency (98%) and energy efficiency (89%) are
achieved in a single VRFB with the PSF-PVP-50 membrane,
even in a large current density range. More specifically, it is
accompanied by superior life-term stability for retaining the
high efficiencies over the duration of the 2000 h charge-
discharge test. The PSF-PVP membranes with outstanding
performance and low cost can be considered as the promising
materials for commercial VRFB applications.
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