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Abstract. The performance and cost of the membranes have always been crucial for the
utilization of electrochemical energy devices. This article presents the properties and the
performance of two commercially available and low-cost perfluorinated sulfonic acid
membranes of GN115 and GN212C for vanadium redox flow battery (VRFB) application in
comparison with Nafion117 (N117) membrane. The vanadium (IV) permeability of GN115
membrane was found to be close to N117, unlike GN212C membrane which showed 4 times
higher vanadium (V) permeability than N117 under similar conditions. Both GN115 and
GN212C membranes showed isotropic conductivity and higher values than N117. The battery
test results indicated that the high coulombic efficiency (CE) and high voltage efficiency (VE)
followed the vanadium (IV) permeability and proton conductivity trends. Both membranes
revealed outstanding stability in long-term charge-discharge testing under various current
densities. The energy efficiency was found to be higher than N117 with values of 76.6% and
76.8% for GN115 and GN212C, respectively. The overall results suggest that both lower-cost
membranes have a strong potential for VRFB application as the single-cell performance results
were close to N117. The high value of proton conductivity of GN212C membrane compensates
its vanadium (1V) permeability leaving reasonable battery performance.

1. Introduction
Vanadium redox flow battery (VRFB) has attracted excessive attention for renewable energy storage
due to its unique set of advantages including long life cycle, absence of electrolytes contamination, deep
charge and discharge capacity, fast response time, low maintenance cost and relatively large energy and
power ratings [1-4]. Compared to traditional rechargeable batteries such as zinc-bromide flow battery
and iron-chromium flow battery, VRFB allows the battery’s power and capacity to be sized
independently. However, widespread commercialization of the battery being postponed due to the high
capital cost. Such high cost is mainly attributed to the cost of components’ materials including
membranes [5]. Therefore, developing low-cost membranes is one of the major challenges to prompt
the development of high-performance energy storage systems.

In VRFB, the membrane acts as a barrier to prohibit the undesired permeability of negative and
positive electrolytes and transfer protons during the passage of current [1, 6]. Therefore, to achieve a
high-performance battery, the membrane needs to possess low vanadium permeability without
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scarifying the desired proton conductivity and excellent mechanical and chemical stability in harsh
acidic electrolytes in addition to having an affordable cost. Currently, perfluorinated sulfonic acid
(PFSA) membranes representing by Nafion® are the most widely used material in VRFB, displaying
outstanding mechanical and chemical stability and high conductivity [8-11]. However, despite its
desired advantages, Nafion based membranes are challenged by high vanadium ion crossover in addition
to high cost [7, 8]. Undesired crossover leads to a reduction in coulombic efficiency due to the self-
discharge phenomenon [9]. This situation further emphasizes the need for the development of new
alternative cost-effective membranes to prompt the mass deployment of VRFB technology in the market
place.

The majority of newly researched membranes for VRFB are hydrocarbon-based materials [10-15].
Typically, sulfonated aromatic polymers based on poly(ether ether ketone) [16-18], poly(fluorenyl ether
ketone)s [13, 14], polysulfones [12, 19], poly(arylene ether sulfone)s [12, 20, 21] and
poly(phthalazinone ether ketone ketone)s [22, 23] were developed and tested in the battery. Although
some improvements have been achieved, most of these new membranes did not meet all requirements
for commercial applications. Particularly, the polar groups of the membranes are not stable enough in
the highly oxidative environment of the battery [24-26]. Moreover, most of these membranes are
prepared in a lengthy multistep procedure that adversely affects the cost-effectiveness [5, 14]. Therefore,
it seems that the technically and industrially viable alternative to improve the battery performance is the
use of commercially available and low-cost ion exchange materials with established technology.

In this work, two newly developed low-cost commercial PFSA membranes named as GN115 and
GN212C were investigated for application in VRFB. Unlike Nafion1l17, these membranes were
manufactured through the casting method instead of extrusion. The structures and properties of the
membranes were initially investigated using Scanning Electron Microscopy (SEM), X-Ray Diffraction
(XRD), Fourier Transform Infrared (FTIR) spectroscopy and Thermal Analysis (TGA). The efficiency
of the membranes was evaluated through vanadium ion permeability and proton conductivity analysis.
The preliminary behavior of the membranes in VRFB was also studied using a single cell test in
comparison to Nafion 117.

2. Experimental section

2.1. Materials

The GN115 and GN212C membranes with thickness of 115 and 33 um were provided in-kind by
General Energy, Co., Ltd. GN212C is a composite membrane with special graphene formula. N117 (177
um) was selected for comparison in this study due to the well-balanced properties of vanadium
permeability and conductivity among other Nafion series. Vanadium (IV) oxide sulfate hydrate,
VOS04.nH,0 of 97% purity was purchased from Sigma Aldrich. The other chemicals used in this work
were purchased from Mallinckrodt Baker. The as-received GN115 and GN212C membranes were
pretreated according to the standard protocol used for N117 membrane. This involved immersion of the
membranes in 3 wt. % H>0- solution for 1 h at 100 °C followed by immersion in distilled water for 1 h
at 100 °C and immersion in 2.0 M H»SO; solution for 1 hour at 100 °C. Finally, the membranes were
immersed in distilled water for 1 h at 100 °Cand kept in the distilled water prior to use.

2.2 Membrane Characterization

The infrared spectra were recorded on Perkin Elmer FTIR spectrophotometer (Spectrum 100) at wave
number range 6004000 cm™'. XRD of the membranes were performed on PANatytic XPert Pro (1 =
0.15406 nm) at 45 kV and 20 mA and diffraction angle range of 2 6 = 10-80° with 2° min ~'. Thermal
degradation of the membranes was recorded on a TGA Q50 (TA Instruments). Prior to the analysis, the
membranes were vacuum-dried at 60 °Covernight and analysed with a 10 °Cmin™! heating rate under N,
atmosphere. Scanning Electron Microscope of GEMINIS00 was used to evaluate the surface
morphology of the membranes. Prior to imaging, the membranes were coated with Platinum by using
Auto-fine coater (JEC-3000FC, JEOL, Japan) for 30 s at 20 mA.
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The in-plane (o) )and through-plane (g ) proton conductivity values of the membranes were
recorded by BekkTech conductivity (BT-112, four-point probe) and home-made cells, respectively as
shown in Figure 1. The home-made cell used stainless steel electrodes freshly polished with a diamond
polishing machine. The membranes were tested by clamping in the cells and subsequently immersing in
a beaker of 1.0 M H,SO4 at room temperature. A DC conductivity testing (Keithley Kickstart SMU
2400) was set to provide the voltage between the central probes and to measure the resulting current in
the membrane. The resistance (R) obtained from the slope of voltage versus current plot and the proton
conductivity ( o ) were calculated by using equation 1:

L (cm) (1)
S =
o(S/em) = ¢ DxA(mD)

where A is the area of the membranes and L is the distance between the two inner probes. The
denominator of the equation is the area times resistance (AR). Anisotropic proton conductivity ratio was
calculated from the values of conductivity obtained by in-plane and through-plane methods according
to equation 2.

_9 (2)
O'll/J_ = o,

Figure 1. Conductivity cells for (a) trough-plane and (b) in-plane measurements

The permeability of vanadium (IV) across the membranes was measured with the method described
elsewhere [11]. The membrane with an effective area of 1.72 cm? was clamped in a side-bi-side cell
(Perme Gear, Inc.). The left side of the cell was filled with 1.0 M VOSQOy4 in 2.5 M H>SO4 solution while
the right side was filled with 1.0 Na;SO4 in 2.5 M H,SOys solution. The solution in the right side was
termed as blank solution. The solutions in both half-cells were continuously stirred at 220 RPM to avoid
concentration polarization. UV-Vis spectrophotometer (UV-1800 Shimadzu) was used to monitor the
concentration of permeated vanadium ion. The permeability of the vanadium ion (P) was obtained from
the slope of the plot of the vanadium (IV) concentration (Cyay)) versus diffusion time (#) using
equation 3.

3)

where, to and Cy are the initial time and vanadium (IV) concentration in the right side of the cell, V'
is the total volume of solutions. 7 and 4 are the thickness and membrane effective area, respectively.
The selectivity of ion transport in the membrane is defined as the ratio of proton conductivity and
vanadium permeability.

2.3 VRFB single cell performance

The VRFB single cell was assembled by clamping the membrane with two carbon felts
(5 cmx 5 cm), two PVC plates and two rubber sheets to provide the necessary pressure. The electrolyte
of 1.5 m¥3" (myo®"™= my*") in 3.0 m H,SO4 solution was used for positive and negative sides [27]. The
volume of the electrolytes on each side was 22 mL and both electrolytes were cyclically pumped from
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the storage tank into respective half-cells with a flow rate of 10 mL min!. The temperature of the
electrolytes and the cell was kept at 30 °C. The charge-discharged tests were performed under the same
operating conditions and controlled by a battery testing system (MTI-BSTS) with a cut-off voltage of
1.72 V and 0.8 V. Voltage efficiency (VE), coulombic efficiency (CE) and energy efficiency (EE) for a
single charge-discharge cycle were calculated as follows [21, 23]:

| tqi
CE = constantdischarge x100% (4)
Iconstanttcharge
Vi;
VE = —2scharge 1009 (5)
Vcharge
EE = CEx VE (6)

3. Results and discussion

3.1 Characterization of membranes

The IR spectra for GN115 and GN212C membranes is shown in the Figure 2. The peaks between 1000
and 1360 cm™! are attributed to the C-F absorption related bonds. Peaks at 1060 and 976 cm™ represent
the S—O and C-O-C groups of the PFSAs, respectively. The peak at 1637 cm™! is assigned to the bending
vibration of O-H due to absorbed water. It can be seen that the spectra of GN115 and GN212C
membranes are identical to N117 representing perfluorinated sulfonic acid membranes and the band
positions are in a good agreement with the literature values [28-30].
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Figure 2. FT-IR spectra of GN115, GN212C and N117 membranes

The XRD curves of GN115, GN212C membranes are displayed in Figure 3 is compared with N117.
The peak at 2 0 of 16-18° and the halo at 37-40°, shown in all membranes, are attributed to the
PTFE-like backbone and amorphous structure of the PFSA type membranes, respectively [31].
Comparing the curves of N117, GN115 and GN212C reveals that the GN212C has slightly higher peak
intensity at 22°. Such minor difference could be ascribed to the presence of graphene in the GN212C
composite membrane [32, 33].

The TGA curves of GN115, GN212C and N117 membranes are shown in Figure 3a. The TGA curves
of the GN115 seem to be similar to that of N117 and overlapping. Unlikely, the GN212C membrane
shows a slightly different curve with the thermal degradation started at lower temperature compared to
N117. This slightly lower thermal stability of GN212C composite membrane could be due to the
introduction of graphene filler [34].
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Figure 3. XRD (a) and TGA (b) curves of GN115 and GN212C membranes in comparing with N117
The surface morphology of the membranes was evaluated using SEM as shown in the Figure 4.

Comparison of the SEM images of N117 with GN115 and GN212C membranes indicates that the casted
membranes of GN212C and GN115 membranes have a rougher surface in compared to the N117.

Figure 4. The surface SEM images of N117(a), GN115 (b) and GN212C (c) membranes.
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3.2 Proton Conductivity, vanadium ion permeability and selectivity

To investigate the overall efficiency of the membranes in VRFB, proton conductivity, vanadium ion
permeability and the single cell tests were evaluated and compared with N117. As shown in the
Table 1, both of these low-cost PFSAs showing higher conductivity values and lower area resistance
than N117. The composite GN212C is showing considerably higher conductivity values of as high as
108 mS cm™! at room temperature. This remarkable high conductivity value is possibly due to the lower
thickness and introducing of graphene-based filler. Area resistance is an imperative parameter that
determine the voltage efficiency of the VRFB [1]. Therefore, the results give a good indication that the
membranes could perform better than N117 in VRFB. Comparing the through-plane and in-plane
conductivity values of these new PFSAs were performed to clarify the isotropic or anisotropic
behaviour. The conductivity values for N117 showed anisotropic behaviour with comparable levels with
the reported values of through-plane and in-plane [35, 36]. In contrast, both GN212C and GN115 show
almost isotropic conductivity as only slightly differences in the through-plane and in-plane conductivity
values were observed. As reported in the literature, the anisotropic proton conductivity of PFSAs is
mainly depends on the membrane preparation and pre-treatment such as casting, stretching, extrusion
and hot-pressing [37-40]. It could be concluded that the collection of isotropic grains is randomly
oriented in the GN212C and GN115 membranes upon solution casting assisted film preparation.
Whereas, the conducting domains are mainly in the plane or perpendicular to the plane of the film in
Nafionl17 [41].

Different vanadium ions of V**, V**, VO**, and VO," are present in a VRFB electrolyte. Permeability
of VO?" was evaluated to observe the trends in the new low-cost PFSAs in comparison to N117. The
permeability was measured using side-bi-side cell at room temperature. Prior to the measurement, a
standard curve of VO*" was established using UV- Vis spectrophotometry technique and the peak of
VO?" was recorded at 765 nm. Figure 5 shows the plot for the variation of VO?*" concentration in the
blank solution after crossing different membranes as a function of time. Among all membranes, GN212C
showed the highest VO** permeability of 95.5 x10-7 cm?.min™" which is almost 4 times higher than the
values for GN115 and N117. On the other hand, the permeability of GN115 was close to N117. In fact,
the composition, fabrication procedure and thickness of the membranes are controlling the vanadium
permeability. In general, membranes prepared by extrusion are showing high degree of amorphous
structure which results in larger fractional free volume and higher vanadium permeability than casted
membranes. The extent of fabrication procedure on the permeability could be reduced due the pre-
treatments of soaking in acid and water as well as exposure to electrolyte. The permeability increase
trend of GN212C > GN115 > N117 that the differences in the membrane thickness and possibly
microstructures are dominating the electrolyte permeability. Therefore, it is reasonable to state that the
increase in the thickness cause a gradual decrease in the VO?*' permeability. This is due to the longer
and more complicated transfer channels in thicker membranes.

The ion selectivity of the membranes, which is the ratio of proton conductivity over vanadium ion
permeability, was investigated to allow an efficient determination of membrane appropriateness for
VRFB that goes beyond the routine determination of the conductivity and electrolyte permeability. A
higher value for ion selectivity implies enhanced performance of the membrane in VRFB. Table 1
summarizes the data for ion selectivity together with the proton conductivity, area resistance and
vanadium permeability of the new PFSA membranes compared to N117. The area resistance of the
membrane was calculated based on the through-plane value. The highest ion selectivity of
3.84 x10* S min cm™ was calculated for GN115 membrane which is substantially higher than the values
of N117 and GN212C membranes. This confirms that the GN115 membrane has a good balance between
the vanadium (VO?*") permeability and the proton conductivity.
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Figure 5. Time-dependent variation of VO*" concentration in blank solution across the investigated
membranes.

Table 1. Proton conductivity, area resistance, VO?" permeability and ionic selectivity of the membranes.

Membrane  Thickness, Proton conductivity, o Area Vanadium lon selectivity
(um) (mS/cm) Resistance permeability (x10* S min cm-3)
Through-  In-plane (@ em’?) (x1077 cm?® min')
plane (o)) (o))
GN115 115 96.1 96.0 0.12 25.0 3.84
GN212C 33 108.3 108.5 0.03 95.5 1.14
Nafion 117 177 88.0 82.6 0.20 24.0 3.52

3.3 VRFEB single cell performance

The cycling performance of the battery assembled with both membranes was investigated using a
charge-discharge test at current densities of 40, 60, 80 and 120 mA cm? for 10 cycles in compared with
commercial N117. As shown in the typical charge-discharge cycles at 40 mA.cm? (Figure 6), both
GN115 and GN212C membranes have good and stable performance in VRFB as of N117. Such cycling
data were used to calculate the cell efficiency parameters of CE, VE and EE. Figure 7 shows typical
efficiency parameters for the membranes at 40 mA cm™. At this current density, GN115 membrane
shows the highest CE of 89.5% and highest VE of 88.2% was achieved for GN212C membrane.
Substantially improvements in the CE and VE of GN115 and GN212C membranes could be attributed
to the is mainly due to lower vanadium crossover in GN115 and area resistance in GN212C, respectively.
In fact, very high vanadium permeability and very low area resistance of GN212C are direct
consequences of membrane thickness. On the other hand, the EE of GN115 and GN212C was found to
be close to N117 at 40 mA cm 2, suggesting a high potential of these low-cost membranes due to the
proper balance between the proton conductivity and the vanadium permeability.
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Figure 6. Comparison of the charge-discharge cycles of N117 (a), GN115 (b) and GN212C
(c) membranes at 40 mA cm™2.
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Figure 7. Efficiencies of the VRB employing low-cost PFSA membranes in compared to N117 at 40
mA cm 2.

In order to evaluate the chemical and electrochemical stability of these two new membranes over
long time and higher current densities, 10 cycles of charge-discharge test were conducted at each current
density of 40, 60, 80 and 120 mA c¢m 2. Stable CE, VE and EE values were obtained and the average
values for the parameters were plotted in Figure 8.
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In general, all membranes show increased in CE when the current density value increased. At lowest
current density, the CE of GN115 is slightly higher than N117, however the CE value of N117 overtake
the CE value of GN115 when the current density increased to 60 mA ¢cm2. The CE of the membranes
is greater at higher current density due to shorter time required to achieve an equal state of charge [42].
In comparison to the reported membranes in the literature, average CE was comparable. Typically, the
CE of GN115 is higher than Nafion 115 [43] and porous polyvinylidene fluoride membranes [44] at 80
mA cm 2 and sulfonated poly(ether ether ketone) (SPEEK) at 40 mA c¢m 2 [45]. Unlike CE, the values
of VE decreased rapidly when the current density is increased. This can be due to a higher ohmic losses
when applying higher current. In addition, the values for EE of N117, GN115 and GN212C decreased
steadily with higher current density due to the decreased in the VE. From the results, it can be concluded
that the major factor for the EE of the membranes, comes from value of VE. However, the EE is still
comparable with diverse cation exchange membranes reported in the literature e.g. N115, N112, N1135
[43], sulfonated polyimide [46] amphoteric ion exchange membrane [47] and SPEEK [45, 48].
Generally, the results show that the both low-cost PFSA membranes have excellent stability and good
performance in the redox flow battery and can be employed in industrial applications.
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Figure 8. Cyclic performance of the VRB single cell assembled N117, GN115 and GN212C.

4. Conclusion
In this work, newly commercialized low-cost perfluorinated sulfonic acid membranes of GN115 and

GN212C were investigated for potential VRFB application in comparison with well-established N117
membrane. The presence of graphene filler in GN212C membrane was led to an obvious enhancement
in its conductivity. The results of SEM revealed that these new solution casted membranes have more
roughed surface compared to the N 117. The GN212C membrane showed the highest proton
conductivity compared to both N117 and GN115 membranes. The GN115 membrane showed a
vanadium permeability of at par with N117 membrane. Although GN212C membrane has the highest
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vanadium permeability, the high proton conductivity and small area resistance can still be considered
for VRFB application. The efficiencies of the GN115 and GN212C at 40 mA.cm™2 were also close to
the N117 suggesting a strong potential for the membrane to be used in VRFB.
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