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Abstract: The inevitable diffusion of vanadium ions across the membrane can cause considerable
capacity loss and temperature increase in vanadium redox flow batteries (VRFBs) over long term
operation. Reliable experimental data of the permeability rates of vanadium ions are needed for
membrane selection and for use in mathematical models to predict long-term behavior. In this paper a
number of ion exchange membranes were selected for detailed evaluation using a modified approach
to obtain more accurate permeation rates of V2+, V3+, VO2+ and VO2

+ ions. Three commercial ion
exchange membranes—FAP450, VB2 and F930—are investigated. The obtained diffusion coefficients
are then employed in dynamic models to predict the thermal behavior under specific operating
conditions. The simulation results prove that smaller and more balanced permeability rates of V2+

and VO2
+ ions are more important to avoid large temperature increases in the cell stack during

stand-by periods at high states-of-charge with pumps off.

Keywords: permeability rates; diffusion; crossover; ion exchange membrane; vanadium redox flow
batteries (VRFBs); capacity; side reactions

1. Introduction

The ideal ion exchange membrane for redox flow batteries (RFBs) only transfers H+ or other
non-reacting ions (such as Na+, HSO4

−, etc.) to complete the internal circuit while separating the
catholyte and anolyte to avoid capacity loss and self-discharge. However, over long term operation,
the ions in the catholyte and anolyte tend to diffuse across the membrane until reaching equal
concentrations in both half-cells. The inevitable crossover issue makes vanadium redox flow batteries
(VRFBs) stand out, because the deployment of vanadium as a single active element in both half-cells
eliminates cross-contamination of the electrolytes and also makes it possible to restore capacity by
periodically remixing the two half-cell electrolytes. In contrast, other RFB systems that employ different
elements on each side, have to suffer irreversible contamination and capacity loss that is more difficult
to manage.

Apart from the differential diffusion of vanadium ions across the membrane, other side reactions
can also lead to capacity loss. Gassing reactions including oxygen evolution on the positive electrode
and hydrogen evolution on the negative electrode during charging are likely to happen especially
at high state of charge (SOC) under high current densities. Any non-synchronous gassing reactions
will contribute to an imbalance between the SOC of the catholyte and anolyte, thus reducing cell
capacity. Air oxidation of V2+ ions in the negative half-cell solution will also lead to an imbalance in
the SOC of the two half-cell solutions, causing loss of capacity that can only be restored by chemical
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or electrochemical rebalancing. Measures of charging the cell within a reasonable SOC range, or by
employing constant current followed by constant voltage charging can minimize problems associated
with gassing side reactions while the impact of air oxidation can be minimized by reducing the exposed
area of anolyte to the air and/or deaerating the negative reservoir.

Nevertheless, the diffusion of vanadium ions across the membrane still remains an important
factor in determining cell performance. Self-discharge occurs when the VO2+ and VO2

+ from the
positive electrolyte react with the V3+ and V2+ ions from the negative electrolyte as given by the
following reactions:

In the positive cell:
V2+ + 2VO2

+ + 2H+ → 3VO2+ + H2O (1)

V2+ + VO2+ + 2H+ → 2V3+ + H2O (2)

V3+ + VO2
+ → 2VO2+ (3)

In the negative cell:
VO2

+ + 2V2+ + 4H+ → 3V3+ + 2H2O (4)

VO2
+ + V3+ → 2VO2+ (5)

VO2+ + V2+ + 2H+ → 2V3+ + H2O (6)

Unequal diffusion rates of vanadium ions across the membrane can cause a disparity between
the SOC of the anolyte and catholyte, thereby leading to capacity fade. Moreover, the exothermic
self-discharge reactions can lead to elevated temperature within the cell, especially when the pumps
are turned off during stand-by periods [1,2]. Although equipped with a built-in cooling system—“the
circulating electrolyte solutions”, the possibility of thermal precipitation of concentrated VO2

+ in the
positive half-cell during static or low flow rate situations needs to be avoided.

Most research groups evaluating or developing novel membranes for the VRB have tended to
limit their permeation measurements only to the VO2+ species in the discharged positive half-cell
solution [3–11] and very few studies have included the diffusion coefficients of the other three
vanadium ions [12–15]. A knowledge of accurate and validated permeability rates of all four vanadium
ions is however vital when selecting membranes for VRFBs and predicting the electrochemical and
thermal behavior of VRFBs under various operating and climatic circumstances by mathematical
modelling. To date, complete diffusion coefficient data has only been published for Asahi Selemion
CMV [12,13], Tokuyama Soda CMS and CMX [13], Nafion 115 [14], and silica nanocomposite AEM [15]
membranes. None of these membranes is currently being used in commercial VRB systems, so their
practical value is limited. The aim of this study is thus to evaluate some of the new membranes that
are being commercialized for VRB applications so that their performance can be predicted under a
wide range of operating conditions.

A second objective of this study is to improve the currently used methodology for measuring
membrane diffusion coefficients of vanadium ions in the VRB in order to obtain more reliable data.
Experimental techniques used to monitor and interpret the movement of vanadium ions across the
membrane in an operating cell as a function of time are subject to a number of interferences that
lead to large errors. The process of ion cross over can involve simultaneous diffusion, migration
under external electrical field and osmotic convection associated with the different ionic strengths of
the solutions in each half-cell [16]. Several theories have been applied to simulate the ion transport
in and across the membrane. Fick’s law [17] is the governing law for diffusion processes driven
by a concentration gradient. This process is dependent on temperature and obeys the Arrhenius
equation [18]. Grossmith et al. [12] firstly applied Fick’s first law to experimentally measure the
diffusion of vanadium ions across a number of membranes using the assumption of one dimensional
steady state diffusion. This theory was subsequently used to measure the permeability rate of
vanadium ions especially the VO2+ ion by many research groups [3–11,14,15,19–21]. Heintz et al. [22]
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attempted to employ the Maxwell-Stefan theory to include the electrical field as well as the influence
of frictional force between ions based on the ion exchange equilibria data. Later they calculated
the ion exchange rate of vanadium ions with H3O+ ions in the membrane with the combination of
Donnan equilibrium and diffusion experiment but neglected the frictional effects [13]. Compared to
Fick’s law, such a method is more comprehensive but also complicated for even binary systems and is
limited to only low concentrations of vanadium ions. Chen et al. [23] subsequently incorporated the
Nernst-Planck equation to determine the permeation of VO2+ and VO2

+ ion across cation exchange
membranes. The membrane was regarded as charged and the diffusion of vanadium ions was
attributed to the concentration gradient as well as the potential difference across the membrane. In fact,
the obtained Nernst-Plank equation is in the same form of Fick’s diffusion equation and the Donnan
potential in their experiment (where vanadium ions exchanged only with H3O+) can be undermined
when exchanging with ions of the same charge, which is closer to reality in an operating VRFB.

To apply these theories, the importance of experimental conditions should not be ignored.
Typically, a dialysis cell separated by a membrane is used for the diffusion tests. Vanadium and
blank solutions are filled in each side of the membrane as the depletion and enrichment components.
The permeability rates are then calculated based on the variation in concentration of vanadium ion
in the enrichment solution as a function of time. First of all, the measurement should be carried
out with fresh membranes and/or samples treated according to the manufacturers’ instructions.
The operating history may give rise to swelling, fouling and even degradation of the membrane at
different levels that vary with time [13,22–26]. For example, the water content inside the membrane
will affect the interaction between the vanadium cations and sulfonic acid group in cation exchange
membrane such as Nafion, thus leading to adsorption and fouling to various degrees [23,25,26]; the
strong acidic electrolyte and the strong oxidative VO2

+ ions might react with the polymers, altering
the chemical structure of the original membranes [27]. Secondly, the hydrating shell of vanadium
ions and proton are prone to carrying water molecules across the membrane due to the concentration
gradient, while differences in ionic strength between the depletion and enrichment solution can give
rise to significant water transfer that could interfere with the active ion diffusion processes across the
membrane. The blank solutions should thus be carefully selected for each of the different vanadium
ions to balance the ionic strength and osmotic pressure. The electrochemical potential difference at the
membrane/solution interface can also be minimized by exchanging with ions of the same valence.

Regarding the cell setup, the static dialysis cell [20] tends to form a diffusive layer on either
side of the membrane. Consequently, the vanadium concentration near the surface of the membrane
will be much lower than that of the bulk solution, giving rise to concentration polarization and
adding unnecessary experimental error to the measurement. Mixing the solution with a magnetic
bar [4–6,13,19,21] or circulating the solution by pumps [3,12,14,23] can minimize concentration
polarization effects and better represent the real scenario. In the latter circumstance, heating of
the solutions by the running pumps can cause temperature variations that should be monitored and
controlled to ensure accuracy of the experimental data.

Experimental errors can also be introduced by the analytical method used to measure concentration
changes as a function of time. Various methods including potentiometric titration [6,14,23], Ultraviolet
(UV) -visible spectroscopy [3,5,6,12–14], inductive couple plasma-atomic emission spectroscopy/mass
spectroscopy (ICP-AES/MS) [4,15,19,20] and atomic absorption spectroscopy (AAS) [13] can be used
to determine the concentration of vanadium ions in the enrichment solution. The former two methods
are highly dependent on the oxidation state of vanadium ions while the latter two can be used to
analyze the atomic constituents. Since V2+ and diluted V3+ solutions can be easily oxidized by air,
ICP-AES/MS and AAS are better choices for ex-situ concentration determination.

In this paper, the permeability rates of the four vanadium ions across the three kinds of commercial
ion exchange membranes were determined by a modified diffusion test based on Fick’s first law.
The dimensional stability and performance of each of the membranes was also determined and the
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experimental diffusion data obtained was incorporated in the dynamic models based on the work of
Tang et al. [1,2] to simulate their effects on thermal behavior under specific operating conditions.

2. Results and Discussion

2.1. Stability of Membranes in VO2
+ Solution

Three ion exchange membranes, Fumasep® FAP-450 (FAP450) and Fumasep® F930-rfd (F930)
(Fumatech, Bietigheim-Bissingen, Germany) and VB2 (V-Fuel Pty Ltd., Syndey, Australia) were
selected for this study. As mentioned before, membranes for the VRFB should be able to endure
the strongly acidic solutions and the strong oxidative influence of the VO2

+ ions in the charged positive
half-cell electrolyte. The three membranes were therefore immersed in 1.6 mol·L−1 VO2

+/4.2 mol·L−1

total sulphate solutions to investigate their long-term stability. Fumasep® FAP-450 is an anion
exchange membrane which has been used in commercial VRFBs (Cellcube) produced by Gildemeister
(Würzburg, Germany) [28]. Fumasep® F930-rfd is a reinforced sulfonated tetrafluoroethylene based
fluoropolymer-copolymer cation exchange membrane, while VB2 is a cast perfluorosulfonic acid
(PFSA)-based cation exchange membrane.

The dimensional variations including length, width and thickness as well as weight were
measured over a period of more than 800 days and the results are presented in Figure 1a–d, respectively.
All the membranes here showed greater variation in both dimensional size and weight in the first
stages of the experiment but then remained relatively stable in the later stages. The length and width
of the anion exchange membrane FAP450 increased by around 5%–7% while the thickness remained
relatively constant. By comparison, the width of the cation exchange membrane F930 shrank by around
6% while the length increased slightly. Moreover, the thickness was nearly double the initial size at the
end of experiment. Such disparity in the dimensional sizes might be associated with the anisotropy of
the membrane or the reinforcement.
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VB2 exhibits the best stability among three membranes and all dimensions varied within the
range of 3%. In terms of the weight variation, none of the membranes showed any weight loss during
the 800 day immersion period, showing excellent long-term stability in the VRB electrolyte. Both
FAP450 and F930 showed around 40% increase in weight while VB2 only increased by 11% by the end
of the study, which indicates that all the membranes had soaked up electrolyte to different extents.

2.2. Determination of Permeability Rate of Vanadium Ions

Because of the swelling issues observed in last section, a new piece of dry membrane was
employed in each ion permeability rate measurement in order to minimize errors associated with
changes in the membrane pore dimensions between experiments. To minimize any errors associated
with concentration polarization, the diffusion test cell employed pumps to circulate the solutions
continuously. The vanadium ion concentrations at the beginning of the measurement were set as 0 and
1 mol·L−1 in the enrichment and the depletion side respectively to create considerable concentration
difference across the membrane.

In order to minimize osmotic pressure effects, the compositions of the permeating and enrichment
solutions for each of the vanadium ions were as follows:

V2+ ion: 1 M VSO4 + 1.6 M H2SO4 ‖ 1 M MgSO4 + 1.6 M H2SO4;
V3+ ion: 0.5 M V2(SO4)3 + 1.1 M H2SO4 ‖ 0.5 M Fe2(SO4)3 + 1.1M H2SO4;
VO2+ ion: 1 M VOSO4 + 1.6 M H2SO4 ‖ 1 M MgSO4 + 1.6 M H2SO4;
VO2

+ ion: 0.5 M (VO2)2SO4 + 2.1 M H2SO4 ‖ 0.5 M K2SO4 + 2.1 M H2SO4.

Further experimental details are presented in Section 3.4. The concentration of vanadium ions in
the enrichment reservoir and its variation with time was recorded and is presented in Figure 2.
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+ in the enrichment

cell with (�) FAP450, ( ) F930 and (N) VB2 membranes.

For all systems, the concentrations of transported vanadium ions increase as the diffusion time
increases. When the ion permeation commences, vanadium ions migrate across the membrane.
The ionic strength balancing ions in the enriching solution simultaneously move in the opposite
direction such as (e.g., Mg2+ in V2+ or VO2+ systems, Fe3+ in V3+ system and K+ in VO2

+ system).
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Unlike other reported measurements which only employed H+ and/or Mg2+ ions as the cations in
the blank solutions [3–6,12–15,19,21,23,29,30], here no extra H+ ions is needed in the opposite flux to
compensate the charge to reach electro-neutrality, which can significantly reduce the coupled water
transfer with H+ ions (in the hydrous form of H3O+) and weaken the Donnan potential effect. In fact,
no volume change was observed except the volume of taken samples.

However, due to the heat generated by the working pumps and the convection with the varying
ambient atmosphere, the temperature of electrolyte fluctuated in the first 3 h, but then remained at
30 ± 2 ◦C afterwards. Therefore, only the concentration values obtained after 180 min were used for
the calculation of permeability rates.

According to the Fick’s first law under the assumption of one-dimensional steady state:

J = −k
(CB − CA)

L
(7)

where J is the diffusion flux of the amount of vanadium ions per unit area per unit time, mol·dm−2·s−1,
k is the diffusion coefficient for vanadium ions in the units of dm2·s−1, CB and CA are the concentration
of vanadium ions contained in vanadium electrolyte and blank solution in the unit of mol·L−1

respectively, L is the thickness of the membrane in the unit of dm, k/L is defined as the permeability
in dm·s−1.

The amount of vanadium ions diffused across the membrane per unit time should be equal to the
accumulation rate of vanadium ions in the blank solution side:

J · A = VA
dCA
dt

(8)

where A is the exposed area of the membrane in the unit of dm2, VA is the volume of the blank solution
in the unit of dm3.

VA(CA − CA0) = VB(CB0 − CB) (9)

where CA0 and CB0 are the initial concentration of vanadium ions in the blank solution and vanadium
electrolyte respectively.

Hence, the above equations can be combined to give:

dCA
dt

=
Ak

VAL
[CB0 +

VA
VB

CA0 − (1 +
VA
VB

)CA] (10)

Since VA = VB = V, CA0 = 0, the equation can be simplified to:

dCA
dt

=
Ak
VL

(CB0 + CA0 − 2CA) (11)

Integrating gives:

ln(CB0 − 2CA)− ln(CB0) = −
2Ak
VL

t (12)

According to Equation (12), a plot of ln(CB0 − 2CA) vs. t should give a straight line with slope
equal to −2Ak/(VL). The experimental data were thus plotted in Figure 3 and the diffusion coefficient
k and permeability rate k/L were calculated from the slope of the line of best fit.

The diffusion coefficient values are thus converted into permeability rates of vanadium ions
here by dividing by the thickness of the membrane and the results are presented in Table 1.
The corresponding published data for Nafion 115 [14] is also included for comparison. It needs to be
pointed out however, that this comparison may not be meaningful since the Nafion 115 measurements
were obtained under different conditions. In their experiment [14], only H2SO4 solution was employed
as the blank solution for all measurements of four vanadium ions, which can cause water transfer
deriving from the imbalanced ionic strength and osmotic pressure.
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Table 1. Thickness L (µm), diffusion coefficients k (dm2·s−1) and permeability rate k/L (dm·s−1) for
different vanadium ions across membranes.

Membrane L k(V2+) k(V3+) k(VO2+) k(VO2
+)

FAP450 1 50 1.61 × 10−10 1.08 × 10−10 1.98 × 10−10 1.92 × 10−10

F930 1 30 3.24 × 10−12 1.86 × 10−10 3.83 × 10−10 5.11 × 10−11

VB2 1 100 2.76 × 10−11 1.84 × 10−10 3.05 × 10−10 4.03 × 10−11

Nafion 115 2 127 8.76 × 10−10 3.22 × 10−10 6.82 × 10−10 5.89 × 10−10

Membrane k/L(V2+) k/L(V3+) k/L(VO2+) k/L(VO2
+)

FAP450 1 3.23 × 10−7 2.16 × 10−7 3.96 × 10−7 3.83 × 10−7

F930 1 1.08 × 10−8 6.20 × 10−7 1.28 × 10−6 1.70 × 10−7

VB2 1 2.76 × 10−8 1.84 × 10−7 3.05 × 10−7 4.03 × 10−8

Nafion 115 2 6.9 × 10−7 2.54 × 10−7 5.37 × 10−7 4.64 × 10−7

1 The values were obtained under 30 ± 2 ◦C in this work; 2 The values of Nafion 115 are from [14].

It can be found that the results agree quite with the reported data of Nafion 115 [14] in terms of
magnitude. Specifically, the permeability rate of different vanadium ions across the anion exchange
membrane FAP450 are in the order of VO2+ > VO2

+ > V2+ > V3+. Based on Donnan equilibrium
theory [31], the positive functional groups of anion exchange membrane have stronger repulsive force
against the positive charged vanadium ions with higher valance such as V3+ ion and allow easier
passage of lower charged VO2

+ ion. However, in the meantime, VO2+ can form [VO(H2O)5]2+ in
the moderately acidic media of the vanadium solutions. The hydration shell can lead to accelerated
movement of VO2+ ion across the membrane [23,25,32]. Another explanation is the known ion pairing
between vanadyl and sulphate ions that gives rise to the neutral VO–SO4 ion pair [33] that is not
repelled by the charged fixed groups in the pores of the ion exchange membranes. It is believed that
the synergetic effect of Donnan exclusion, hydration and ion pairing causes the different diffusion
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behaviors of four vanadium ions. By comparison, the two cation exchange membranes F930 and
VB2 both have much lower diffusivities of V2+ and VO2

+, while relatively higher values for V3+ and
VO2+. According to Yamamoto [34], the higher-valent positively charged ions have larger affinity for
negative functional groups in the cation exchange membrane. Therefore, the high diffusion coefficients
of trivalent and divalent vanadium ions are reasonable. Moreover, the hydration and ion pairing of
VO2+ ion as discussed above can contribute to higher diffusion coefficient than V3+ ion. That explained
why the permeability rates of vanadium ions are in the order of VO2+ > V3+ > VO2

+ > V2+ across both
F930 and VB2 cation exchange membranes.

Apart from the factors discussed above, different membrane manufacturing methods are also
possible to give rise to various diffusion behaviors of vanadium ions. For instance, the extruded PFSA
membrane must convert the SO2F to the form of SO3K with KOH and dimethyl sulfoxide ((CH3)2SO)
solution firstly and need a subsequent acid exchange with HNO3 to achieve the final SO3H form.
Membrane by extrusion is normally thicker than 125 µm [35–37]. The solution casting membrane
is prepared by disperse the polymer to the base film as well as a drying process without any extra
chemical conversion process. The control of thickness and uniformity is better in solution-casting
method compared to the extrusion method [37]. However, to the authors’ knowledge, there is no
report about detail comparison between the diffusion of vanadium ions across casted and extruded
PFSA membranes. More studies on the effect of membrane manufacturing methods on vanadium ions
are required.

2.3. Cycling Test

Four charge-discharge cycles were carried out in a lab-scale VRFB with electrode area of 25 cm2

and three different membranes within the voltage range of 1.0–1.65 V at constant current of 40 mA·cm−2.
The voltage-time profiles with cycle numbers as well as the cell efficiencies are shown in Figure 4
and Table 2. It can be found that both anion and cation exchange membranes have good and
stable performance.
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Table 2. Experimental data from cycling test. CE: coulombic efficiency; VE: voltage efficiency; and EE:
energy efficiency.

Membrane
C V A L CE 1 VE 1 EE 1

mol·L−1 mL cm2 µm % % %

FAP450 1.6 100 25 50 96.2 82.9 79.8
VB2 1.6 90 25 100 97.0 85.0 82.5
F930 1.6 80 25 30 97.7 81.7 79.8

1 The values were obtained from the average efficiencies based on Equations (13)–(15) of four cycles.
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2.4. Thermal Simulation

To study the effect of permeation on the thermal behaviour of the VRFB, a 40 kWh system was
simulated in an residential power arbitrage scenario as described in [1]. Firstly, the cell starts charging
during the off-peak period immediately after the discharging during times of peak demand. Once it
reaches the upper limited SOC, the VRFB goes into standby mode with pumps off until the battery
commences discharging again in the peak period. The permeability rates of three membranes FAP450,
VB2 and F930 were employed in the thermal model as well as the published data for Nafion 115 [14]
for comparison. All the other parameters are presented in Table 3.

Table 3. Parameters in the thermal simulation. SOC: state of charge.

Parameter Value Unit

Number of cells per stack 40 -
Vanadium concentration 2.0 mol·L−1

Capacity 40 kWh
Cell resistivity for charge resistance 2.0 Ω·cm2

Cell resistivity for discharge resistance 2.1 Ω·cm2

Minimum air temperature 10 ◦C
Maximum air temperature 30 ◦C

Discharging period in 24 h format From 14:00 to 20:00 hour
Charge current 50 A

Discharge current 75 A
Lower SOC 20 %
Upper SOC 80 %

Flow factor for charging 6 -
Flow factor for dischrging 6 -

Tank shape Cylindrical -
Tank material Polypropylene -
Tank height 1 m

Tank wall thickness 1 cm
Thickness of half-cell cavity 0.3 cm

Length of half-cell cavity (parallel to the flow) 30 cm
Width of half-cell cavity (vertical to the flow) 50 cm

Flow frame edge width (cm) 5.0 cm
End plate material Steel + Polypropylene -
End plate thickness 1 + 1 cm

The concentration and temperature variation of stack and tank of FAP450, VB2, F930 and Nafion
115 in the first day of operation are presented in Figure 5a–d. Taking FAP450 membrane (Figure 5a) as
example, the concentration of V2+ and VO2

+ ions increase during charging while the V3+ and VO2+

ions decrease as expected. When the battery enters the standby mode and the pumps are switched
off, the high SOC electrolyte inside the stack undergoes self-discharge reactions (1) and (4) so that
the concentrations of V2+ and VO2

+ within the stack drops while V3+ and VO2+ ions increase. Due
to the disparity of permeability rates of V2+ and VO2

+ ions across the FAP450 membrane, charged
V2+ ions deplete faster than the VO2

+ ions. Since no self-discharge reactions occur in the tanks, the
tank concentrations during the standby period remain constant until discharging starts. During the
idle period, the self-discharge reactions in the stack are the only heat source, which can increase the
temperature in the stack above 40 ◦C. The consequence of such a temperature increase cannot be
understated as VO2

+ tends to precipitate at temperature above 40 ◦C if the concentration is high,
thereby increasing the risk of blockage in the cell stacks. However, in this case, the temperature
increase is accompanied by a decrease in VO2

+ ion concentration in the stack, so no precipitation
would be expected in the present situation. Furthermore, a drop in stack temperature can be achieved
by turning on the pumps to allow the electrolyte to be circulated so as to dissipate the heat to the
environment or into the tanks, as observed in the temperature profile in Figure 5a. Among all the
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membranes simulated here, Nafion 115 and F930 exhibit the largest heat generation and can even
reach 50 ◦C while VB2 shows the best performance with the temperature only rising to around 28 ◦C.
The peak temperature for the four membranes during the first cycle is in the order VB2 < FAP450 <
F930 < Nafion 115.
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As the charged negative and positive electrolytes have the higher content of V2+ and VO2
+ ions

respectively, the self-discharge reactions are mainly driven by the diffusion of these two ions. Therefore,
Nafion 115, which has the higher values of V2+ and VO2

+ ion permeation rates, can contribute to
more exothermic self-discharge reactions. Similar explanation can also be applicable in the VRFB with
FAP450 membrane. Although F930 has relatively lower V2+ and VO2

+ diffusion coefficients, the smaller
thickness of this membrane compared with the other materials gives rise to higher permeability rates
and greater heat generation during the standby period. The VB2 membrane, being the thickest of the
three commerical membranes inverstigated in this work, shows the lower degree of heat generation
as expected.
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The trends of concentration and temperature in the stack and tank for the seven day period
were also simulated and are illustrated in Figure 6. The growing imbalance between the SOC of two
half-cells is attributed to the discrepancy among the permeability rates of the four vanadium ions.
The decreasing capacity can be thus predicted by the model and regular rebalancing procedures can
thus be taken. The stack temperature increases during the standby stage due to the considerable
self-discharge reactions, but drops again once the pumps are turned on and fresh solution enters
from the tanks. The tank temperature is seen to fluctate around 30 ◦C. VB2 still appears to be the
one that produces the least heat during the stand-by period because of the smaller permeability
values. Furthermore, the smaller variation in the diffusion coefficients of the four vanadium ions,
also gives rise to the lowest imbalance between the ion concentrations in each half-cell. It can thus be
infered that in order to avoid dramatic heat accumulation in the stack when the pumps are turned off
during standby, the ideal membrane should possess low and balanced diffusion coefficients for all
four vanadium ions or at least for the charged V2+ and VO2

+ ions.
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It should be pointed out however, that while small errors in the values of the calculated
permeability rates will have only a minor effect on the predicted heat generation, the impact on
the simulated concentration changes in each half-cell over time will be quite significant. The suggested
capacity trends given in these simulations utilising the experimental permeability rates should therefore
be treated with caution.

3. Materials and Methods

3.1. Single Cell Setup

The components of the single VRFB were fabricated in-house. Graphite felt of 6 mm thickness and
a geometric area of 25 cm2 were employed on each side of the cell as anodes and cathodes. Three kinds
of ion exchange membranes Fumasep® FAP-450, Fumasep® F930-rfd, (Fumatech, Bietigheim-Bissingen,
Germany) and VB2 (V-Fuel, Sydney, Australia) were employed as the separators. Gaskets were used to
adjust the compression of the electrodes to around 66.7% of the original thickness. Vanadium electrolyte
(1.6 M vanadium in 4.2 M sulphate solution) in each side of the reservoir was circulated through each
half-cell by two MD-10-230GS01 Iwaki Magnet Pumps (Iwaki Pumps Australia, Sydney, Australia).

3.2. Electrolyte Preparation

V2O3 and V2O5 powders (EVRAZ Stratcor, Hot Springs, AR, USA) were dissolved in H2SO4

(Sigma-Aldrich, Sydney, Australia) to prepare the VOXSO4 solution. V2+ (violet) and VO2
+ (yellow)

solutions were obtained by electrolysis and then mixed in a 1:2 and 2:1 volume ratio to prepare the V3+

and VO2+ electrolytes respectively. Milli-Q water (Merk Millipore, Melbourne, Australia) was used to
dilute the electrolyte to the required concentrations. ICP-AES (Optima 7300 ICP-OES Spectrometers,
PerkinElmer, Waltham, MA, USA) was utilized to determine the concentration of V in the solutions.

3.3. Stability Test

The stability tests were carried out by immersing the fresh membranes in 300 mL 1.6 mol·L−1

(VO2)2SO4 in 2.6 mol·L−1 H2SO4 solution at room temperature for more than 800 days. Periodically,
the membranes were taken out and the electrolyte on the membrane surface was wiped with a tissue to
remove surplus solution. Subsequently, the length, width and thickness were measured as indicators of
the dimensional stability. The weight variation was also determined to evaluate the membrane stability
in the highly oxidizing VO2

+ solution and to estimate electrolyte adsorption of the membranes.

3.4. Diffusion Test

The setup for the measurement of the permeability rate was designed as a cell with circulating
vanadium electrolyte and blank solution of the same volume on each side of the membrane, as shown
in Figure 7a. 70 mL vanadium solution and corresponding blank solution were filled in depletion and
enrichment side respectively as described in Section 2.2 to equalize the ionic strength of the solutions
and minimize osmotic pressure effects and solvent transfer. The chemicals used to prepare the
blank solutions including K2SO4, MgSO4 and Fe2(SO4)3 were purchased from Sigma-Aldrich, Sydney,
Australia. Inert gas protection was provided during the permeability measurements for V2+ ions. The
reservoirs were shielded from the light when using Fe3+ in the test cell to avoid photodecomposition
of Fe2(SO4)3. The solutions on both sides were pumped through the diffusion cell in order to avoid
concentration polarization at the membrane surface, as shown in Figure 7b,c, respectively. At regular
intervals, 1 mL samples were withdrawn from the blank solution and measured by ICP-AES to
determine the concentration of the vanadium ions within an accuracy of 99%. The temperature of the
solution in the enrichment reservoir was monitored during the entire diffusion test. For each diffusion
test, a new and dry membrane was used as received.
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3.5. Cycling Test

Charge and discharge curves were performed by a RePower Battery Test System (RePower,
Shenzhen, China) within the voltage range of 1.0 V and 1.65 V at a constant current density of
40 mA·cm−2. The voltage range is set to minimize the influence of gassing side reactions. However,
H2 evolution was observed in the negative half-cell at the end of the charging cycle. Parafilm®M
(Sigma-Aldrich, Sydney, Australia) was also placed on top of the reservoir to minimize water
evaporation and air oxidation of the anolyte. Coulombic efficiency (CE), voltage efficiency (VE)
and energy efficiency (EE) values were calculated based on the following equations:

CE (%) = (Discharge capacity)/(Charge capacity) × 100% (13)

EE (%) = (Discharge energy)/(Charge energy) × 100% (14)

VE (%) = EE/CE × 100% (15)

3.6. Model Development

The thermal model according to energy balance to simulate the electrolyte temperature in the
stack and tank can be found in [1]. Any parameters different from the references are specified in the
previous sections.

4. Conclusions

A modified methodology was developed in this study for the determination of vanadium ion
diffusion coefficients for three different membranes currently being used or considered for VRB
applications. The anion exchange membrane FAP450, showed a similar order of magnitude of
permeability rates for all four vanadium ions, while in the case of the cation exchange membranes
F930 and VB2 the permeability of V2+ and VO2

+ ions was almost an order of magnitude lower than
that of V3+ and VO2+. Of the two cation exchange membranes, the thicker VRB exhibited the lowest
permeability values as would be expected. The experimental data was applied in simulation studies
to investigate the effect of ion crossover on thermal behavior associated with self-discharge reactions
caused by ion diffusion across the membrane. In order to reduce the stack temperature rise when
pumps are switched off during standby periods at high SOCs, lower order of magnitudes of the
permeability rates of V2+ and VO2

+ ions are essential. This requirement was satisfied by the thicker
VB2 membrane in the present study.
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