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DOI: 20.1039/x0xx00000% The synthesis and characterization of novel sulfonated polyimide (SPI)/polyvinyl alcohol

(PVA) blend membranes for the use in vanadium redox flow battery (VRB) are presented in
this paper. The SPI with angled structure were synthesized using 4,4-oxydiphthalic anhydride
(ODPA), sodium 2-aminosulphanilate(SAS) and 4,4’-diamino-3,3’-dimethyldiphenylmethane
(DMMDA). The degree of sulfonation (DS) was regulated through variation of the molar ratio
of SAS to the DMMDA. The PVA/SPI blend membranes were prepared and applied in VRB.
Many basic properties of the membranes were characterized especially the water and oxidative
stability. As a result, the blend membranes exhibit excellent water and oxidative stability. The
proton conductivity, vanadium ion permeability and the proton selectivity increase with DS
due to the highly-dispersed phase-separated microstructure. In VRB single cell tests, the VRBs
with blend membranes show lower charge capacity loss, higher coulombic efficiency (CE) and
energy efficiency (EE) than Nafion 117 membrane. Furthermore, the blend membranes present
stable performance up to 100 cycles without significant decline in EE. All experimental results
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indicate that the blend membranes show promising prospects for VRB.

The vanadium redox flow battery (VRB) was pioneered by
Skyllas-kazacos in 1985'2 and has attracted considerable
attention as a large-scale energy storage system due to its high
energy efficiency, long cycle life, fast response time and
flexible design. Now the global demand for VRB is urgent, but
its commercialization process is still heavily hindered by the
relatively high cost of the key materials, especially the ion
conducting membrane (ICM)*. In a VRB system, the ICM is
one of the key materials, which effectively separates the anode
and cathode electrolytes while allowing the transport of protons
to complete the circuit. The ideal membranes used for VRB
should exhibit high proton conductivity, low vanadium ions
permeability, and possess high mechanical and chemical
stability’.

At present, the most widely used ICMs are Nafion series
membranes (DuPont)® ’. Even though the Nafion membranes
show high chemical stability and proton conductivity, the high
cost and vanadium ion permeability have limited the further
commercialization of VRB®°. In addition, modification Nafion
and modification polyvinylidene fluoride were also investigated
and used in VRB'"'2 These membranes exhibited lower
vanadium ion permeability and good mechanical stability.
However, the costs of these membranes are still higher as a
result of the complex modification process'®. In order to reduce
the cost, massive efforts are engaged in developing substitute
with low cost as well as excellent performance. In the past few
decades, the most studied VRB membranes were non-
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fluorinated ion exchange membranes like sulfonated or
quaternary ammoniated polyaromatic membranes, such as
sulfonated poly(ether ether keton) (SPEEK), sulfonated
polyimide (SPI), and sulfonated polysulfone (SPSF) due to
their lower costs, outstanding mechanical and chemical
stabilities'*>".

Among them, SPI has been studied as ICM materials for
its good mechanical property, low vanadium ions crossover,
and thermal stability'* 22, Despite the above-mentioned
salient properties, the hydrolytic stability is the primary
obstacle in the application of VRB?. Various approaches have
been put forward to develop membranes with higher hydrolytic
stability. One method is to modify their structures based on the
synthesis of polyimides with six-membered ring and use of
novel sulfonated diamines with high basicity, linear
configuration, and flexible linkages. However, polyimides with
six-membered ring and novel sulfonated diamines are difficult
to synthesize. Another strategy involves some crosslinking
methods such as covalent crosslinking®*>? and ionic
crosslinking by introduction of polymeric bases® **,

Detailed studies on cation exchange membranes proposed
an essentially two-phase model 35-37 comprising a hydrophobic
polymer backbone and hydrophilic ion exchange groups. Most
water molecules are strongly localized near the hydrophilic
zone. Hence, highly-dispersed phase-separated microstructure
may be a viable option to improve the water stability of
membranes while retaining the proton conductivity.
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To fulfill this demand, polyvinyl alcohol (PVA) was
introduced to blend with SPI. PVA have been widely studied as
proton exchange membrane materials in the literature due to its
good mechanical and chemical stability®®*. It can be
industrially produced rather cheaply and can easily form large
surface-area membranes. However, PVA does not have any
negatively charged ions, rendering it a poor proton conductor.
Therefore, an angled comonomer was introduced into the SPI**
4. The angled comonomer forces the chains to separate and
creates free volume between the polymer backbones which
contribute to increasing proton conductivity.

In this paper, a series of novel SPI (Scheme 1) were
synthesized with 4,4-oxydiphthalic anhydride (ODPA), 4,4’-
diamino-3,3’-dimethyldiphenylmethane (DMMDA) and
sodium 2-aminosulphanilate (SAS). PVA/SPI blend membranes
were prepared in order to find new materials that have
maximum proton selectivity and good water stability for VRB
application. The microstructure and mechanical properties of
the membranes were observed. Water uptake (WU), ion
exchange capacity (IEC), proton conductivity and vanadium ion
permeability were investigated. Oxidative stability and
hydrolytic stability were studied in details. In the VRB single
cell performance, 100 charge-discharge cycles were discussed
and the corresponding coulombic, energy and voltage
efficiencies were also obtained.

Scheme 1 Synthesis of sulfonated polyimide.

Experimental

Materials

ODPA was purchased from Shanghai Research Institute of
synthetic resins and purified by vacuo sublimation prior to use.
SAS and DMMDA were obtained from Chengdu Mixcy
Reagent co. Ltd. DMMDA and SAS were dried in vacuum at
60 °C for 24 hours before used.

Nafion 117 membrane was purchased from DuPont Co.
PVA (M= 74 800, degree of hydrolysis of 99%) was provided
from Shanxi Sanwei Group co. Ltd. and used as received.
Carbon felt and graphite felt were purchased from Beijing
Jixing sheng’an Industry&Trade Co. Ltd., 99.999%;
Dimethylformamide (DMF), triethylamine (Et;N), acetic
anhydride, dimethyl sulfoxide (DMSO), NaCl, NaOH, MgSO,
and H,SO,4 were obtained from Beijing chemical reagent co.
Ltd. DMF and Et;N were purified by distillation under reduced
pressure and dehydrated with 4 A molecular sieves prior to use.
Other reagents were used as received without further
purification. All water was deionized.

Synthetic procedures

SPI was prepared by the conventional two-step polymerization
method involving ring-opening polyaddition forming poly(amic
acid) and subsequent chemical imidization.

Typical procedure for the polyaddition of SPI is described
as follows. DMMDA (1.130 g, Smmol), SAS (1.051 g, 5mmol)
were dissolved in DMF (35 ml) with stirring under nitrogen
flow at ice-bath. After diamines were completely dissolved,
ODPA (3.1021 g, 10mmol) was added to the solution in one
portion. Thus, the solid content of the solution was
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approximately 14 wt.%. The solution was stirred at ice-bath for
16 h to yield a viscous polyamic acid solution. The precursor
polyamic acid was subsequently chemically cyclized in solution
to give the polyimide. A mixture of acetic anhydride (3 g) and
Et;N (3 g) were added into the preceding polyamic acid
solution and the reaction mixture was stirred at room
temperature for 20 h. Finally, the solution mixture was poured
into acetone. The fiber-like precipitate was washed with
acetone several times and dried under vacuum at 80 °C for 24 h.
In this study, the SPI obtained from ODPA, DMMDA and SAS
will be referred to OMS. The degree of sulfonation (DS) was
controlled by adjusting the molar ratio of SAS and DMMDA.
The polyimides prepared with four different molar ratios and
are named in numbers reflect the ratio of SAS/DMMDA: 40/60
(OMS-4), 50/50 (OMS-5), 60/40 (OMS-6), and 70/30 (OMS-7).

Preparation of PVA/OMS blend membranes

The PVA/OMS blend membranes were prepared using solution
casting method. 1 g PVA and 1 g OMS were dissolved in 12 g
DMSO at 80 °C. After cooled to room temperature, the mixture
solution was placed onto a flat glass, evaporated under infrared
lamp, and then dried at 80 °C under vacuum for 12 h. The
fabricated PVA/OMS blend membrane was peeled off from the
glass, soaked in 3.6 wt.% formaldehyde in 25 wt.% H,SO,
solution for 3 h to carry out the crosslinking reaction. The
resulting membrane was in the triethylamine salt form and was
converted to the proton form by treating it with 1 mol L'
hydrochloric acid solution for 48 h and kept in deionized water
before using. The thickness of the blend membrane is about 58-
68 um.

Characterization of OMS

"H NMR spectra were recorded on a Bruker DRX 300 MHz
instrument using DMSO-dg as solvent. The thermal behaviours
of the copolymers were measured on a TA instruments TGA
2050. The samples were evaluation from 30 °C to 900 °C in
nitrogen at a heating rate of 10 K/min.

Characterization of PVA/OMS blend membranes

FT-IR spectra of the membranes were measured by Bruker
TENSOR-27 in the range of 4000-600 cm™. The samples were
dried at 80 °C for 12 h before measurements. The morphology
of the blend membranes were examined with SEM (Hitachi
S4800). All the samples for cross-sectional view were fracture
in liquid nitrogen. The crystal structures of blend membranes
were examined using XRD (D/Max-2500, Rigaku Co., Japan)
for 26 angles between 5° and 50°. The mechanical properties of
the blend membranes were measured by a tensile machine
(Instron 5567, TA Instruments Co.) at elongation rate of 5.0
mm min™'. All membranes were tested five times to obtain an
average value.

The membranes were weighed after being dried under
vacuum at 80 °C for 24 h. Subsequently, the membranes were
immersed in deionized water for 24 h at room temperature.
After quickly wiping off the water adhered to the surface, the
weights of wet membranes were measured. The WU could be
determined according to the following equations:

Wwar B Wd 3
water uptake=—""—">x100%

()
Where W,,, and W, are the weights of membranes in wet
and dry state, respectively.
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The IEC was obtained by titration method. The dry
membranes were immersed in the Imol L™ NaCl solution for
24 h. This solution was titrated by 0.01 mol L' NaOH with
phenolphthalein as the indicator. The IEC of the samples was
calculated by following equation:

I EC — VNa()H CN(:OH
W )

Where Viy,on is the volume of consumed NaOH solution,
Cyaon 18 the concentration of NaOH solution and W, is the
weight of the dry membrane. All membranes were tested five
times to obtain an average value.

The theoretical IEC can be calculated according to the DS
by following equation:

DS

2(500.5-38.1DS) 3)

The area resistance of the membrane was measured by the
method as described in literature'”. The measurement was
performed with a bi-compartmental device which consists of
two cells separated by the membrane. Both compartments were
filled with 1 mol L' H,SO,. The effective area of the
membrane was 0.785 cm”. The electric resistance was measured
by electrochemical impedance spectroscopy (EIS) (Zahner
Zennium) over a frequency range from 100 kHz to 100 MHz.
The resistance value associated with the membrane
conductance was determined from a high-frequency intercept of
the impedance with the real axis. The area resistance can be
calculated by the following expressions and all membranes
were tested three times to obtain an average value
R=(r-nr)S 4)

Where r; and r;, represent the resistances of the cell with
and without the membrane respectively.

The proton conductivity ( §) was calculated using the
equation:
0=L/R (5)

Where L and R were the thickness and area resistance of
the membrane, respectively.

To measure the vanadium ions permeability, the
membranes were exposed into a solution of 1.5 mol L™ VOSO,
and 3 mol L™ H,SO, (120 mL the left reservoir) and a solution
of 1.5 mol L MgSO, and 3 mol L' H,SO, (120 mL the right
reservoir). MgSO, was used to equalize the ionic strengths and
to reduce the osmotic pressure effect. The effective area of the
membrane was 0.785 cm?® Samples from the right reservoir
were taken at a regular time interval and analyzed for vanadium
ions concentration by using an UV-vis spectrometer (UV-2550,
SHIMADZU). The vanadium ions permeability was calculated
by the following equation:

deg(t) P
V, ——2 :A—[CL -Cp (t)]
dt / (6)
Where P was the vanadium ion permeability, C; was the

vanadium ion concentration in the left reservoir, and Cy (t) was
the vanadium ion concentration in the right reservoir as a
function of time. A4 and / were the area and thickness of the
membrane, respectively. Fj was the volume of right reservoir.
It is supposed the change of vanadium ion concentration in the
left reservoir can always be negligible.

As illustrated in the literature'™ *¢, the oxidative stability
of the membrane was evaluated according to the ex-situ
method. A sample of each membrane (25 mmx25 mm) was
soaked in 25 mL of 0.15 mol L' V(V) in 3.0 mol L' H,SO,
obtained by diluting the fully charged positive half-cell
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electrolyte. V(IV) ions concentration was recorded as an
indicator to measure the degree of oxidation of the membrane.
Samples were taken at a regular time interval and analysed for
vanadium ions concentration by an UV-vis spectrometer (UV-
2550, SHIMADZU). All membranes were tested three times
to obtain an average value.

The hydrolytic stability test was performed by immersing
the membranes into deionized water at 60 °C (PVA could
dissolve in water at 80 °C). The criterion for the judgment of
the loss of mechanical properties is that the membrane is
broken when lightly bent*’. All membranes were tested three
times to obtain an average value.

VRB single cell performance

A VRB single cell was manufactured by sandwiching the
membrane between two pieces of graphite felt electrodes with
effective reaction area of 30x30 mm?® The current collector
material was graphite plate. The solutions of 1.5 mol L' V** in
3.0 mol L' H,SO, and 1.5 mol L' VO** in 3.0 mol L™ H,S0,
were served as initial negative and positive electrolyte,
respectively. The volume of electrolyte on each side of the cell
was 90 mL. Both the positive electrolyte and negative
electrolyte were cyclically pumped into the corresponding half-
cell at 5 L min™'. Charge-discharge cycling test was conducted
by LAND CT2001A with a constant current density of 30 mA
cm™ at 25 °C. To avoid the corrosion of graphite felt, the cut-
off voltage for charge and discharge was set as 1.65 V and 0.8
V respectively to avoid the corrosion of graphite felts and
graphite plates.

The coulombic efficiency (CE), voltage efficiency (VE),
and energy efficiency (EE) of the cell are calculated as
following equations

1,t, t,
CE =2 5 100%= Lt 1009 = L= 100%

@)
ch c‘htch ch
v,
VE =-45x100% (8)
ch
EE=CEXVE 9)

Results and discussion

Characterization of sulfonated polyimide

Fig. 1. "H-NMR spectrum of OMS-4 in DMSO-d,.

The chemical structure of the obtained product was
characterized by '"H NMR spectra. '"H NMR spectrum of OMS-
4 is shown in Fig. 1. DS is calculated from integral ratio of H1
to H4. The molar ratio of SAS/DMMDA and the DS are shown
in Table 1.

Fig. 2. TGA curves for OMS with different DS.

The thermal stability of OMS was measured by TGA in
nitrogen and the related curves are shown in Fig. 2. The OMS
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has three-step degradation pattern. The first step is observed
around 100 °C, which is attributed to the loss of absorbed
moisture by the highly hydrophilic sulfonic acid groups. The
second step is observed within 220-400 °C which is attributed
to the decomposition of sulfonic acid groups. Obviously, the
amount of weight lost in this step varied directly with the DS.
The third step about 500 °C corresponds to the decomposition
of the polymer main chains. The TGA curves clearly indicate
that this type of SPI has fairly good thermal stability.

Characterization of PVA/OMS blend membranes

Fig. 3. FT-IR spectra of PVA/OMS blend membranes

FT-IR spectra of PVA/OMS blend membranes are shown in Fig.

3. As for the membranes, the characteristic absorption bands at
1780 cm' (C=0, asymmetric stretching), 1720 cm (C=O0,
symmetric stretching), 1380 cm™ (C-N-C, stretching vibration)
and 748 cm™ (C=0, bending vibrations) suggest the formation
of imide structure. The characteristic absorption bands at 1068
cm™ and 1017 cm™ (S=O stretching) indicate the presence of
sulfonic acid groups and increase with the relative amount of
SAS. This is confirmed that the sulfonic acid groups are
successfully introduced to the resulting polymer.

Fig. 4. SEM images of PVA/OMS blend membranes: (a-d)
cross-section morphology; (e-h) surface morphology. Scale bar
is 1 pm.

The microstructure could influence the properties of
membranes. SEM was performed to investigate the structure of
the PVA/OMS blend membranes. The images of cross-section
and surface morphology of membranes are shown in Fig. 4. Just
as expected, the blend membranes exhibit phase-separated
microstructure distinctly. The cross-section images(a-d) display
the microphase separated microstructure become clear with the
increase of DS and the surface images(e-h) reveal the formation
of irregularly circular domains (>2 pm) of PVA/OMS-4 and
changed to regularly circular domains (~0.35 upm) of
PVA/OMS-7.

This finding reveals that inferior miscibility of different
main chains facilitates highly-dispersed microphase separation
structure in blend membranes. The improved proton selectivity
and water stability could benefit from this specific structure.

Fig. 5. XRD patterns of PVA/OMS membranes

In order to further investigate the structure of the blend
membranes. XRD analyses of membranes were conducted and
the patterns of blend membranes are presented in Fig. 5. It can
be seen that PVA/OMS-4 membrane exhibits the peak at about
20=20° corresponding to the (101) plane of the crystalline PVA
backbone and the peak intensity gradually decreased with the
increase of sulfonic acid groups. This results show that even
immersed in formaldehyde to carry out the cross-linking
reaction, there still remains some crystalline structure in
PVA/OMS-4. However, the crystallinity of PVA remarkably
reduces with the increase of DS. In PVA/OMS-4 membrane,
the phase-separated structures are more bulky than in other
membranes which results in the formation of crystalline
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structure. It implies that highly-dispersed phase-separated
structure intensified as the DS increased.

Fig. 6 The mechanical properties of different PVA/OMS blend
membranes

The mechanical strength of the blend membrane is
significant for VRB application to assure its stability as the
electrolyte passes across the membrane. The blend membranes
had been immersed in water for 21 days before measurement.

As shown in Fig. 6, the mechanical properties of blend
membranes could improve with the increase of DS. Such
enhancement in tensile strength and the elongation at break is
mainly due to the fine dispersion of OMS in the blend
membranes which leads less tress convergence during the
elongation process. The above results indicate that the
membranes are strong and tough enough to be used in VRB.

Table 1 Basic properties of PVA/OMS blend membranes and
Nafion 117 membrane.

Fig. 7. WU and IEC of PVA/OMS blend membranes and
Nafion 117 membrane.

Many significant properties, such as proton conductivity
and WU are related to IEC. IEC directly depends on the content
of free sulfonic acid groups in the membrane. From Fig. 7, it
can be seen that IEC of the blend membranes generally
increases with the DS and a little lower than Nafion 117. In
addition, compared with theoretical IEC, the experimental IEC
values of the blend membranes are much lower which probably
due to the incomplete ionic exchange in the process of IEC
measurement. Such a phenomenon has been observed with
many other ionomer membranes® *,

WU is another important parameter for ICM. It has an
influence on the proton conductivity and water stability. The
WUs of PVA/OMS membranes are also plotted in Fig. 7. With
increase of IEC, the WUs increase in a linear fashion. It is
because the area of hydrophilic domains increased with the DS.

Fig. 8. Concentration of vanadium ion with PVA/OMS blend
membranes and Nafionl17 membrane.

The concentration of vanadium ion as a function of time is
depicted in Fig. 8, and the calculated vanadium permeability
coefficients are illustrated in Table 1. All the blend membranes
have lower permeability than that of Nafion 117 membrane.
Even the WU of PVA/OMS-7 membrane is much higher than
Nafion 117, the permeability of the PVA/OMS-7 membrane is
only 13.52x10° ecm® s compared to 30.98x107 cm?® s of
Nafion 117. Generally speaking, high WU can improve the
proton conductivity while leads to high vanadium permeability.
However, in PVA/OMS blend membranes, the existence of
highly-dispersed domains which restrain vanadium ions
Crossover.

Fig. 9. The proton conductivity and proton selectivity of the
PVA/OMS blend membranes and Nafion117 membrane.

This journal is © The Royal Society of Chemistry 2012
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Besides, proton conductivity is the most important
performance of membranes and affected by many factors such
as IEC, WU and microstructure. The proton conductivity of the
blend membrane is presented in Fig. 9. As IEC and WU shown
above, the proton conductivities exhibit a similar trend. And the
proton conductivity of PVA/OMS-7 membrane (0.069 S cm ™)
is very close to that of Nafion 117 (0.079 S cm "), which can
meet requirements of VRB.

To obtain better VRB single cell performance, the
membranes should possess Dbalance Dbetween proton
conductivity and vanadium ion permeability. Therefore, proton
selectivity defined as the ratio of proton conductivity to VO**
permeability coefficient is discussed in Fig. 9. The proton
selectivity is effectively improved with the increase of DS. The
PVA/OMS-6 and PVA/OMS-7 membrane show similar proton
selectivity which is over two times of that of Nafion 117. Two
reasons might cause such results. One is the increase of WU,
IEC and the content of angled structure promotes the proton
conductivity. The other is ascribed to the enhanced highly-
dispersed hydrophilic domains restrain vanadium ions
permeability.

Membranes stability toward water and oxidation

Sulfonated polyimides are vulnerable to hydrolytic degradation.
It is a severe problem in commercialization of these membranes
despite many advantages. To evaluate the water stability,
PVA/OMS blend membranes were immersed into water at 60
°C %7, All tested membranes maintained mechanical strength
and no apparently change in appearance, flexibility, and
toughness after being soaked in hot water for more than 500 h.
The blend membranes exhibit better water stability than normal
SPI with five-numbered ring. High WU will promote the
hydrolytic degradation*. However, compared to OMS chains,
the PVA chains are more hydrophilic. Most of water molecules
are strongly localized near the PVA chains and only a few are
attracted by the sulfonic groups due to the strong hydrogen
bonding. Hence, as the aggregation of OMS chains, the
hydrophilic PVA chains and the aggregation of OMS chains
prevent imide rings from water molecules to decrease the
hydrolytic degradation.

Fig. 10. Oxidative stability of PVA/OMS-7 membrane and
Nafion 117.

The electrolytes used in the VRB contain strong oxidative
pentavalent vanadium ion (VO,"). Therefore, the blend
membranes should have excellent oxidative stability. In order
to investigate the chemical stability, the membranes were
immersed in 0.15 mol L' V(V) solutions. The data are
presented in Fig. 10. The concentration of VO>* slightly
increased with time during experiment. Generally, compared to
perfluorinated materials like Nafion, membranes made from
hydrocarbon materials are less stable. Although the VO
concentration in PVA/OMS-7 is little higher than Nafion 117, it
is still at a very low level. The result shows the blend
membranes have good oxidative stability and can meet the
requirements for VRB application.

VRB single cell performance

This journal is © The Royal Society of Chemistry 2012
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Table 2 VRB single cell performance of Nafionll17 and
PVA/OMS blend membranes.

The VRB single cell performance with Nafion 117 and
PVA/OMS blend membranes are summarized in Table 2. The
charge-discharge tests were performed under the same current
density of 30 mA cm™. The CE of single cell with all blend
membranes is much higher than Nafion 117. In addition, the CE
for blend membranes reduces slightly from 99.5% to 97.3%
with the increase of DS. It is because the CE is determined by
the vanadium ion permeability. All the blend membranes have
much lower permeability than Nafion 117. Moreover, with the
increase of DS, the proton conductivity increased much higher
than vanadium ion permeability. So the highest proton
selectivity was achieved with PVA/OMS-7 in VRB system.
The cell employing PVA/OMS-7 shows a CE of 97.3% and a
VE of 83.8%, which are slightly higher than the corresponding
values of 92.3% and 83.2% for the cell employing Nafion 117.
Hence, the energy efficiency of PVA/OMS-7 (81.51%) is found
to be much higher than Nafion 117 (76.87%).

Fig. 11. Charge-discharge curves for VRB with Nafion 117 and
PVA/OMS blend membranes.

The typical charge-discharge curves of VRB single cell
with blend membranes and Nafion 117 are presented in Fig. 11.
There is a capacity difference in the different systems. The cell
capacity is controlled by area resistance, cycle time and
vanadium ion permeability. The high area resistance leads to
short cycle time. The capacity of VRB with blend membranes
is lower than Nafion 117 except PVA/OMS-7. The discharge
time of PVA/OMS-7 is slightly longer than Nafion 117 implied
the higher EE.

Fig. 12. The self-discharge of the VRB with Nafion 117 and
PVA/OMS-7 blend membrane.

Open circuit voltage (OCV) measurements are often used
as an indirect method to investigate the self-discharge degree of
VRB and reveal the transferring of the vanadium ions across
the membranes. Fig. 12 displays the OCV of the VRB with
Nafion 117 and PVA/OMS-7 blend membrane. It can be seen
that the time of OCV beyond 0.8 V with PVA/OMS-7 blend
membrane can last for more than 68 h, which is nearly 1.7
times longer than Nafion 117 under the same condition. The
result demonstrates that the blend membranes have much lower
vanadium ion permeability than Nafion 117.

Fig. 13. Cycling performance of VRB with PVA/OMS-7 blend
membrane and Nafion 117.

To investigate the stability of PVA/OMS-7 membrane, the
cyclic performance of single cells with PVA/OMS-7 membrane
and Nafion 117 were carried at current density of 30 mA cm 2.
Fig. 13 shows that the single cell assembled with PVA/OMS-7
showed stable performance. The CE gradually increase to
above 97% and the VE maintain beyond 80% after running for
100 cycles. It can be seen that the PVA/OMS-7 showed higher
efficiencies than Nafion 117 indicating lower vanadium
permeation rate, stable conductive channels and chemically
stability in the VRB.

J. Name., 2012, 00, 1-3 | 5
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Conclusions

A series of PVA/OMS blend membranes were prepared for
VRB applications. The structures of the membranes were
characterized by FT-IR, SEM and XRD. The results showed
that the blend membranes exhibited micro-phase separation
distinctly. The membrane properties such as mechanical
properties, IEC, WU, water and oxidative stability, proton
conductivity, and vanadium ion permeability were investigated.
The blend membranes exhibited better water stability than
normal SPI with five-membered ring due to the aggregation of
hydrophilic PVA chains and hydrophobic OMS main chains.
Compared to Nafion 117, the blend membranes obtained lower
vanadium ion permeability and higher proton selectivity. In
VRB single cell tests, the cells with blend membranes showed
higher CE than Nafion 117 and the EE with PVA/OMS-7
membrane can reach 81.51%. The self-discharge rate of VRB
with PVA/OMS-7 membrane was lower than Nafion 117. After
100 cycles, the PVA/OMS-7 membrane showed stably battery
efficiency. Considering these results, PVA/OMS blend
membranes are expected to be ideal membranes for VRB
application.
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Table 1 Properties of PVA/OMS blend membranes and Nafion 117 membrane

IEC (mmol g) Area Proton vO*
SAS/DM wu
Membranes MDA DS (%) %) . . resistance conductivity permeability
Theoretical Experimental Q emd) (mS em™)  (10%cm’s™)
PVA/OMS-4  40/60 462 14.02 0.478 0.376 1.758 3.697 4.10
PVA/OMS-5 50/50 57.1  20.12 0.596 0.480 0.259 30.88 7.91
PVA/OMS-6  60/40 64.3 2477 0.675 0.500 0.141 56.77 10.88
PVA/OMS-7  70/30 75.1  27.50 0.796 0.695 0.130 69.14 13.52
Nafion 117 N/A N/A  19.30 0.909 0.912 0.232 78.89 30.98
Table 2 VRB single cell performance of Nafion 117 and PVA/OMS blend membranes.
Membranes CE(%) VE(%) EE(%)
PVA/OMS-4 99.5 70.7 70.36
PVA/OMS-5 98.9 723 71.53
PVA/OMS-6 97.6 76.8 74.97
PVA/OMS-7 97.3 83.8 81.51
Nafion 117 92.3 83.2 76.87
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