batteries

Article

Ion-Selective Membranes Fabricated Using Finely Controlled
Swelling of Non-Ionic Fluoropolymer for Redox Flow Batteries

Fengjing Jiang '* and Rui Xue 2

check for
updates

Citation: Jiang, F.; Xue, R. Ion-
Selective Membranes Fabricated
Using Finely Controlled Swelling of
Non-Ionic Fluoropolymer for Redox
Flow Batteries. Batteries 2023, 9, 545.
https://doi.org/10.3390/
batteries9110545

Academic Editors: Zhiming Liang
and Yichao Yan

Received: 2 October 2023
Revised: 3 November 2023
Accepted: 4 November 2023
Published: 6 November 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Centre for Cooperative Research on Alternative Energies (CIC EnergiGUNE), Basque Research and
Technology Alliance (BRTA), Alava Technology Park, Albert Einstein 48, 01510 Vitoria-Gasteiz, Spain
ParisTech Elite Institute of Technology, Shanghai Jiao Tong University, 800 Dongchuan Rd.,

Shanghai 200240, China

*  Correspondence: fjiang@cicenergigune.com

Abstract: Ion-selective membranes based on non-ionic polymers are promising for redox flow
batteries due to their superior chemical stability and low cost. In this work, a poly(vinylidene
fluoride) (PVDF) ion-selective membrane is successfully prepared using a solvent-controlled swelling
method, where Nafion is used as a channel-forming promoter. The influences of Nafion on the
channel formation of the membranes are studied. The results indicate that the addition of Nafion
resin can greatly promote the formation of ion-conducting channels in the PVDF matrix. The obtained
membranes show well-controlled proton conductivity and proton/vanadium selectivity. A battery
test on a vanadium redox flow single cell is successfully performed. The energy efficiency of the
cell equipped with the PVDF-based ion-selective membrane reaches 81.7% at a current density of
60 mA cm 2 and possesses excellent cycling stability and suppressed self-discharge after modification
with Nafion.

Keywords: redox flow battery; proton conductivity; ion-selective membrane; poly(vinylidene fluoride);
energy storage

1. Introduction

The advancement toward adopting renewable energy sources in the energy transition
is presently impeded by the sporadic availability of primary natural energy sources, specifi-
cally wind and solar power. The integration of a substantial proportion of these intermittent
renewable resources into the electrical grid can result in grid instability, stemming from an
incongruity between power generation and consumption [1,2]. Consequently, the transition
to a sustainable energy system necessitates the expeditious development of dependable,
high-efficiency, and economically viable energy storage technologies.

Electrochemical energy storage is one of the most important technologies for grid-scale
energy storage due to its high energy efficiency and flexibility [3]. However, grid-scale
energy storage has some specific requirements such as high safety, high energy efficiency,
low cost, good material availability, a long charging—discharging cycling number, and a
calendric life as long as 20 to 25 years. However, lithium-ion batteries have turned out to
be less secure due to the risk of fire or even explosion. Furthermore, considering the huge
demand of the energy storage market, the limited lithium reservation may lead to a notable
increase in material cost and eventually will increase its levelized cost of storage (LCOS) [4].
Lead acid batteries have the advantages of low cost and high safety. Nevertheless, the
cycling number of a lead acid battery is small and far from the requirement for large-scale
energy storage. Therefore, new electrochemical technologies need to be developed to meet
the requirements of large-scale energy storage.

Redox flow batteries represent a promising and innovative energy storage technology
with a unique set of characteristics that make them well-suited for various applications,
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including grid energy storage, renewable energy integration, and load leveling. Unlike tra-
ditional solid-state batteries, RFBs store energy in liquid electrolytes contained in separate
tanks, offering scalability, flexibility, and the potential for long-duration energy storage [5-7].
Vanadium redox flow batteries (VRFBs) are the most advanced RFBs and have been consid-
ered one of the best options for grid-scale electricity storage with charge/discharge cycles
over 15,000 times, short response time to load/input changes, and high round-trip energy
efficiency (RTE) [6-8]. The electrolytes of all-vanadium redox flow batteries use vanadium
ions in different oxidation states as active materials. Specifically, tetravalent/pentavalent
vanadium serves as the cathode material, while divalent/trivalent vanadium functions as
the anode material. Sulfuric acid is used as the supporting electrolyte to enhance the solu-
bility of vanadium salts and improve proton conductivity in the electrolyte. The utilization
of single vanadium as an electroactive component of the catholyte and anolyte allows for a
cost-effective and straightforward means of rebalancing the electrolyte when electrolyte
migration contamination occurs. This capability extends the lifespan of the vanadium elec-
trolyte indefinitely, greatly enhancing the economic viability of all-vanadium redox flow
batteries and reducing their environmental impact. Furthermore, these batteries exhibit
excellent cycling stability and performance, typically achieving a stack energy efficiency of
up to 85% or even higher. These factors have made all-vanadium redox flow batteries the
most mature liquid flow battery technology currently available, and it has already entered
the large-scale demonstration phase. The basic reactions that occur on the cathode and
anode are shown as follows [9]:

Cathode: VO,* + 2H" < VO?** + H,0 — e, Ey = 1.0 V vs. SHE (1)

Anode: V3% + e~ < V**, Ej = —0.26 V vs. SHE 2)

As a key component, the ion-selective membranes that serve as a barrier to avoid the
cross-mixing of positive and negative electrolytes are one of the most expensive components
of VRFBs [10,11]. The ability of the membrane to prevent the crossover of redox materials
and to rapidly conduct ions directly affects the overall energy efficiency of the battery. There
is a trade-off between the permeability and the proton conductivity of the membranes and
optimizing both properties remains a great challenge in membrane technology. Currently,
the most successfully applied proton exchange membranes (PEMs) are perfluorinated
sulphonic acid polymer membranes such as Nafion® and Flemion® membranes, which
can meet the requirements of high performance and low cost [12-14]. Due to their low
ion-selectivity, Nafion and other cation-exchange membranes always have high vanadium
ion permeation. Thus, much research work has been performed on the reduction in non-
specific cation permeation [15-20]. Moreover, it was estimated that the price of Nafion
membranes accounts for approximately 40% of the total cost of a VRFB cell stack [15].
Reducing the cost of ion-selective membranes is of vital importance for the development of
VREBs [21-23]. Although great efforts have been made to develop low-cost non-fluorinated
polymers such as sulfonated poly (ethyl sulfone) (SPES), sulfonated polyether ether ketone
(SPEEK), and polybenzimidazole (PBI), their chemical stability remains a challenge for
industrial applications.

In general, nonionized polymers show advanced chemical and electrochemical sta-
bility as compared with ionic polymers having the same polymer backbone chain. The
challenge with nonionic materials is that they are typically hydrophobic without ade-
quate ion-conductive channels in the membranes and, therefore, are unfeasible for ion-
conducting membranes.

Subsequently, membrane technologies for creating ion-conducting and selective chan-
nels in a nonionic membrane turn out to be challenging but meaningful. Owing to the
thermal stability and chemical resistance [24], poly(vinylidene fluoride) (PVDF) has been
widely studied not only in the field of fuel cells and ultrafiltration [25-27] but also for flow
batteries. The PVDF/Nafion composite membrane is one of the research directions for the
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application of VRFBs [28-31]. Mai et al. prepared a Nafion/PVDF blend membrane for all
vanadium flow batteries, which showed an energy efficiency of 85% at a current density
of 80 mA cm~2 with 80 wt.% of Nafion [32]. Nevertheless, a high mass ratio of Nafion
was normally required in PVDF/PFSA composite membranes to maintain the high proton
conductivity, which does not help much to reduce the cost.

Recently, a microporous proton-conducting membrane has attracted much atten-
tion [33-36], which utilizes the size difference between protons and other ions (particularly
vanadium ions in VRFBs) to ensure the passage of H* while blocking others. W. Wei et al.
prepared PVDF porous membranes using the phase inversion method [37]. ]J. Cao et al.
investigated the improvement in a PVDF porous membrane’s performance using dual
coagulation [38]. These studies confirmed the promising chemical stability and feasible
application of PVDF in VRFBs. However, for porous membranes possessing asymmetric
structure (an ultrathin skin layer and a macro-porous supporting layer), the problem was
found that the functional ultrathin skin layer serving for ion selectivity was too thin to
maintain the durability of the membrane. Most of the PVDF membranes prepared using
the phase inversion method possess this asymmetric structure. The thin dense layer is
responsible for the ion selectivity function. Although a dense layer usually has low ion
conductivity, the resistance contributed is also small due to the extremely small thickness
in the range of decades of nanometers to a few micrometers.

Some research has been carried out to prepare ion-selective membranes based on
nonionic polymers. However, it was found that porous membranes based on non-ionic
polymers showed low ion selectivity [39].

In order to develop low-cost and durable ion-selective membranes for redox follow
batteries possessing merits of low cost, chemically stable, and high performance, a novel
and facile method, namely, the solvent-controlled swelling method, was invited for prepar-
ing PVDF-based ion-selective membranes, where a small amount of Nafion resin (less
than 20 wt.%) was added as channel-forming promoter. Physical and electrochemical
characterizations including single-cell assessments have been conducted for the evaluation
of this new type of membrane.

2. Materials and Methods
2.1. Materials and Chemicals

Poly(vinylidene fluoride) (PVDF, HSV900) was produced by Arkema Co., Colombes,
France. Nafion® (Dupont, D2020) was supplied by Shanghai Hesen electric Co., Ltd.,
Shanghai, China. Sulfuric acid (98%) and N, N-Dimethylformamide (DMF) was supplied
by Lingfeng Co., Guangzhou, China. All the chemicals were used as received.

2.2. Membrane Preparation Method

Nafion was chosen as the perfluorosulfonic acid to be used as the channel-forming
promoter in this work because of its excellent chemical stability, which is widely applied
in vanadium redox flow batteries. A Nafion solution was prepared by replacing the low-
boiling point solvent of Nafion® (Dupont, D2020) with N, N-dimethylacetamide (DMF) to
obtain a 10 wt.% Nafion solution in DMF. Briefly, 18 g DMF was added to 10 g D2020 Nafion
solution, followed by evaporating the low-boiling point solvent in a vacuum oven at 80 °C
for 4 h, and then, additional DMF was added to the solution to obtain a 10 wt.% Nafion
solution in DMF. PVDF powder was dissolved in DMF at 80 °C and stirred until the solution
became homogeneous and transparent. The polymer concentration was 10-20 wt.%. The
Nafion solution was added to the PVDF solution, and the mass ratio of Nafion to PVDF
(pure polymer) was set as 0, 5 wt.%, 10 wt.%, and 20 wt.%, respectively. Afterward,
PVDF-based ion-selective membranes were prepared using the solvent-controlled swelling
method. The preparation steps are described as follows: Firstly, the casting solution
containing PVDF and a small amount of Nafion resin was poured onto an even and clean
glass plate to form a liquid film using a blade to control the thickness. The glass plate with
the liquid film was then heated in an oven at 80 °C for 12 h to obtain a PVDF-based dense
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membrane without pores or channels in the membrane. The dried membrane was then
peeled off the glass plate and soaked in a swelling agent (a mixture of DMF and H,O with
a mass ratio varying from 4.7:1 to 5.3:1) for 3 h at 80 °C to construct a porous structure
using controlled swelling. The porous structure, serving as the ion-conducting channels
in the membrane, can be tailored by changing the swelling conditions such as the ratio
of solvent to nonsolvent, the swelling temperature, and the swelling time. Finally, the
obtained membranes were solidified and stabilized by immersing the swollen membrane
in deionized water for 2 h at room temperature around 25 °C. When the membrane was
transferred from the solvent/nonsolvent mixture into water (nonsolvent), the swelling
force was quickly reduced, leading to a fast shrinking of the membrane during which the
friction force between the polymer chains suddenly increased to achieve a new equilibrium.
In this process, the polymer chains were immobilized, and the porous structure remained.

2.3. Characterization Methods
2.3.1. Apparent Porosity Determination of the PVDF-Based Porous Membranes

In the prepared PVDF membranes, ions can be transported via ion-conducting chan-
nels, which are formed after swelling and stabilization of the membrane. The total volume
of the channels (the membrane’s apparent porosity) can be evaluated by calculating the
volume of absorbed water. Since the pores only exist in the swollen state, methodologies
such as nitrogen adsorption isotherms and the scan electron microscope are not applicable
for this purpose. For testing the water uptake, in this work, membranes were soaked in
deionized water for 2 h to ensure that the membranes were fully hydrated. The mass of the
fully hydrated membrane Mj was measured. After that, the membrane was completely
dried, and the mass was recorded as M. The apparent porosity of the membrane was
calculated using Equation (3):

M, — My

Porosity =
orosity oV

®)

where p is the density of water at 25 °C and V is the volume of the hydrated membrane.

2.3.2. Vanadium Ion Permeability

The diffusion coefficient of VO?** was measured to evaluate the vanadium ion perme-
ability of the membranes using the method frequently reported in the literature [16,40]. For
the measurement, the testing membrane was sandwiched between two containers. One
side of the testing cell was filled with a mixture of 1.5 M VOSO4 and 3 M HSOy4, and
the other side was filled with a mixture of 3 M H,SO,4 and 1.5 M MgSO;. The diffusion
coefficient D of VO?* was calculated according to Equation (4) [41]:

dCp(t)
dt

A
Vs = D7 (Ca = Cp(t)) 4)
where Vp and Cp represent the volume and VO?%* concentration in the vanadium-deficiency
side, respectively, Cy4 is the concentration of VO?* in the vanadium-enrichment side, A is the
effective area of the testing membrane, which is 1.77 cm?, and L is the membrane thickness.

2.3.3. Ion Conductivity and Ion Selectivity

Resistance was obtained from the Electrochemical Impedance Spectroscopy (EIS) [42]
of the membranes. The testing membrane was soaked in 1.5 M H,SOj4 for 5 h before the
measurement. Ion conductivity was calculated with Equation (5):

L
7= AR —Ro) ©)
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where R and Rj (QQ) are the measured resistances with and without the membrane and
L and A represent the thickness and the area of the testing membrane, respectively. The
membrane thickness was measured in the hydrated state.

Ion selectivity (S) was defined as:

S=5 (6)
where D and ¢ are the diffusion coefficient of VO?* and the proton conductivity of the
membranes, respectively.

2.3.4. Single Cell Test

The single cell performance test was performed on a homemade flow battery cell,
using a common structure. The active area (electrode area) of the VRFB single cell was
25 cm? (5 cm x 5 cm). Both electrodes were pretreated graphite felts specified for VRFB
purchased from Liaoning Jingu Carbon Material Co., Ltd., Liaoyang, China. The original
thickness of the graphite felt was around 6.0 mm, and the compressed felt was 4.0 mm
thick, after being assembled. The positive electrolyte was 1.5 M V2*/V3*, and the negative
electrolyte tank was filled with 1.5 M VO,*/VO?* in total amount of vanadium on each
side. Both electrolytes utilized 3 M H,SO;, as the supporting electrolyte. In total, 80 mL
of each electrolyte was circulated through the half cells during the cell test. To obtain the
catholyte and anolyte for the cell performance test, a V4* electrolyte (VOSO,) was first
circulated on both sides and charged the cell to have the V>* electrolyte on the positive side
and the V3* electrolyte on the negative side. Then, the V>* electrolyte was replaced with the
V#* electrolyte. Therefore, the V4* catholyte and V3* anolyte were obtained as the starting
electrolytes. The cut-off voltages were 1.65 V and 0.8 V for charging and discharging,
respectively [43]. The cells were tested at various current densities ranging from 40 to
200 mA cm~2. During the cycling test, the current density was maintained at 100 mA cm™2.
All cell tests were carried out at room temperature.

To conduct the self-discharge test, the single cells were first charged to 1.65 V at a
current density of 100 mA cm~2 followed by being discharged to 50% of the charged
capacities. Then, the open circuit voltage (OCV) was recorded as a function of time.

2.3.5. Tensile Strength

The stress—strain curves of the membranes were measured on Dynamic Thermome-
chanical Analysis (DMA) equipment (Q800, New Castle, DE, USA) at 25 °C with a tensile
speed of 10% per minute.

2.3.6. Polarizing Micrograph

The crystalline structure of the membranes was observed with a Polarizing Microscope
(DMLP, Leica, Wetzlar, Germany). This advanced microscopy system enabled us to gain
profound insights into the arrangement and orientation of the crystalline components
within the membranes, facilitating a comprehensive understanding of their structural
properties and paving the way for further in-depth analysis and research in this field.

3. Results and Discussion
3.1. Solvent-Controlled Swelling of PVDF Ion-Selective Membranes

Swelling is a common feature of polymers, which might be one of the best methods
to construct ion-conducting channels with the size of molecular level. Serious swelling
of ion-exchange membranes should be avoided because excessive swelling of the mem-
brane would make oversize ion-conducting channels and lead to insufficient ion selectivity.
However, swelling itself is a facile and powerful methodology to construct ion-conducting
channels in polymer membranes. Theoretically, with controlled swelling, proper proton
conductivity and ion selectivity could be obtained because the diameter of the channels
can be continuously adjusted at the molecular level. Herein, a solvent-controlled swelling
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method is reported. The procedures of the method are schematically illustrated in Figure 1.
For better control of swelling, a hydrophilic and miscible polymer with PVDF was pre-
ferred to be introduced as a channel-forming promoter. Considering the necessity of good
chemical stability for real application in VRFBs, perfluorosulfonic acid, such as Nafion®
membranes, turned out to be an ideal polymer. Therefore, a PVDF/Nafion-dense mem-
brane with a small amount of Nafion was first prepared using the solution-casting method.
Afterward, the dense membranes were soaked in swelling agents, which were mixtures of
DMEF and H;O. By simply changing the solvent mass ratio of DMF and H,O, the channel
size of the polymer could be continuously adjusted, and thus, the ion conductivity and
ion selectivity. Finally, the swollen membranes were stabilized in deionized water, during
which the configuration of the polymer chains and channels was fixed. A homogeneous
and transparent ion-selective PVDF-based swollen membrane is shown in Figure 2.

Solvent-controlled swelling

AN
PVDF/Nafion dense membrane

Tuning of ion-conductive
channels

Solidification

Ton-selective membrane for VRFB

/ : PVDF .7/: Nafion D : Crystalline zone of PVDF

Figure 1. Schematic diagram of the gel-solidification method.

Figure 2. Photo of the prepared PVDF-based ion-selective membrane.
3.2. Effect of Perfluorosulfonic Acid (Nafion) Content on Membrane Properties

The influence of the Nafion ratio on membrane performance was investigated. In this
work, PVDF-based membranes with 0 wt.%, 5 wt.%, 10 wt.%, and 20 wt.% of Nafion were
marked as PVDE, PVDF-Nafion-5, PVDF-Nafion-10, and PVDF-Nafion-20, respectively.
The porosity, conductivity, and vanadium permeability of the PVDF membranes with
various Nafion contents are presented in Figure 3. The membranes were swollen in
the swelling agent, where the mass ratio of DMF to H,O was 5.2:1. It can be noticed
from Figure 3a that when increasing the Nafion content from 0 to 20 wt.%, there was
an augment in porosity. As a result, as seen in Figure 3b and c, the proton conductivity
and vanadium permeation of the membranes increased accordingly. It is worth noting
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that the proton conductivity of the porous PVDF membranes is still lower than the Nafion
membrane (75.3 mS cm '), and the vanadium permeability is higher than that of the Nafion
membrane (2.3 x 107% cm? min~!). The calculated ion-selectivity of the PVDF-Nafion-10
membranes was 1.21 x 10* S min cm 3, while that of the Nafion membrane was around
3.20 x 10* S min cm~3. Further efforts to improve the membrane conductivity and ion
selectivity need to be made to perform comparable to Nafion membranes.

55
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Figure 3. Influence of Nafion content on (a) apparent porosity, (b) conductivity, and (c) vanadium ion
permeability of PVDF-based ion-selective membranes.
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Polarizing micrographs are presented in Figure 4 to explain the property change in
the membranes with the verifying Nafion content. All the samples were dense membranes
without swelling. It can be observed that, in the PVDF, PVDF-Nafion-5, and PVDF-Nafion-
10 membranes, the spherulite content of PVDF decreases with the increase in Nafion
because with the small amount of Nafion mixed well with PVDF, the crystallization of
PVDF was inhibited. Both the Nafion polymer and the amorphous zone of PVDF were
easier to swell than the crystalline phase of PVDF [44], leading to higher channel volume
(apparent porosity), proton conductivity, and ion permeability of the membranes. Note that
in the PVDF-Nafion-20 membrane, the crystallinity of PVDF returned, probably because of
the phase separation of Nafion and PVDF at a high Nafion ratio. In this case, the swelling
of Nafion turned out to be the major reason for the further increase in porosity, proton
conductivity, and ion permeability of the PVDF-Nafion-20 membrane.

Figure 4. Polarizing micrographs of (a) PVDF, (b) PVDF-Nafion-5, (¢) PVDF-Nafion-10, and (d) PVDEF-
Nafion-20.

3.3. Membrane Performance Tailored by the Solvent Ratio of the Swelling Agent

According to swelling theory, the swelling degree of the polymer depends largely
on the solubility of the swelling agent. In order to form ion-selective channels in a PVDF
membrane, the solubility of the swelling agent should be carefully adjusted. DMF is a
good solvent, and H,O is a nonsolvent for PVDE. The solubility of the mixture of DMF
and H;O could be continuously adjusted while keeping the swelling time and temperature
identical. PVDF-Nafion-10 was selected as the sample membrane to study the influence of
solvent ratio. The proton conductivity and permeability of the membranes treated with
a solvent ratio in the range of 4.7 to 5.3 (the mass ratio of DMF to H,O) were measured,
and the results are shown in Table S1. It was found that with a solvent ratio of 4.7, the
conductivity was only 13.3 mS m~!, which was insufficient. On the other hand, when
the solvent ratio was increased to 5.3, the proton conductivity was increased to around
55.8 mS cm 1. However, the vanadium permeability could be considerably higher than that
of the membrane prepared with a solvent ratio of 5.2 (3.1 x 107® cm? min~!), which was
not favorable for redox flow batteries. Therefore, membranes swollen with a solvent ratio
of 4.8 to 5.2 were chosen for comparison in Figure 5, where the dependence of apparent
porosity (a), proton conductivity (b), and vanadium ion permeability (c) on the solvent
ratio of DMF to H,O is revealed. It can be observed that when the solvent ratio increased
from 4.8 to 5.2, the porosity of PVDF-Nafion-10 increased almost linearly from 36.8% to
40.6%, resulting in an increase in vanadium ion permeability from 1.2 x 107% cm? min—!
to 3.1 x 107® cm? min~! and an enhancement in proton conductivity from 18.5 mS cm !
to 37.8 mS cm 1.
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Figure 5. Dependance of (a) apparent porosity, (b) conductivity, and (c) vanadium ion permeability
of the PVDF-based membranes on the solvent ratio of the swelling agent.

3.4. Mechanical Strength of the PVDF-Based Ion-Selective Membranes

Figure 6 illustrates the stress—strain curves of the PVDF-nafion-10 membrane with
different porosities. The stress—strain curve of the solution-cast Nafion membrane was
measured for comparison. The PVDF-Nafion-10 membrane swollen in the swelling agents
with solvent ratios of 4.8, 5.0, and 5.2 possessed apparent porosity of 36.9%, 37.5%, and
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40.6%, respectively. It can be seen from Figure 6b that as the porosity increased from 36.9%
to 40.6%, the tensile strength of the membranes decreased from 19.7 MPa to 16.5 MPa, but
this was still 60% higher than that of solution-cast Nafion membrane (10.7 MPa).

(a) (b) —A— PVDF-nafion-10
20r 2#r - - - Nafion
©
= s
15}
& < 2 AL
= S
o 10} a
o ® 16} 4
g Porosity 0
5r ——36.85% o
37.53% & 1l
ol ——40.56%
j/——Nafion|| [ """ """ TTTTTTmTTTTTTT

0 50 100 150 200 36 a7 3 3 20 7
Strain (%) Porosity (%)

Figure 6. (a) Stress—strain curves and (b) stress at break of the PVDF-Nafion-10 membrane with
various apparent porosities.

3.5. VRFB Single Cell Performance

Because of the relatively better proton conductivity, low vanadium ion permeability,
and high tensile strength among the specimens, the PVDF-Nafion-10 membrane swollen
with a solvent ratio of 4.8 was selected for the cell test. The proton conductivity, vanadium
ion permeability, and tensile strength of the PVDF-Nafion-10 membrane were 18.5 mS cm ™!,
1.2 x 107 cm? min~1 and 19.7 MPa, respectively. In fact, the proton conductivity of the
PVDF-Nafion-10 membrane was not high when compared with that of Nafion due to the
hydrophobic characteristic of the polymer matrix. However, the proton conductivity could
be further increased by increasing the swelling temperature, prolonging the treatment time,
or adding more solvent to the treatment mixture.

Figure 7 shows the VE, CE, and EE of the unit cell equipped with the PVDEF-based
membranes as a function of current density. It can be seen that the CE of the cell reached
95% and the EE of the cell reached 81.7% at 60 mA cm~2. Although the cell performance
of the PVDF-based swollen membranes was not yet as good as the Nation membrane, the
solvent-controlled swelling method turned out to be an effective and facile approach to
fabricating ion-selective membranes even with the hydrophobic PVDF membrane. For
further study, efforts should be made to develop a methodology for improving the proton
conductivity and ion selectivity of porous non-ionic membranes.

100
80 +
S
< 604
>
o
c
2
hg 40 4 —a&— CE
b —e— VE
—A—EE
20+
0 T T T T T
40 80 120 160 200

Current density (mA cm™2)

Figure 7. CE, VE, and EE of the VRFB single cell at various current densities.
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In order to examine the cycling stability of the PVDF-based membrane, a test of
150 charge-discharge cycles was carried out with the same testing cell at the current density
of 100 mA cm~2 at ambient temperatures. The results of CE, VE, and EE during the cycling
test are presented in Figure 8a. The test lasted around 209 h at a constant current density
of 100 mA cm~2. It can be seen that the cell with the PVDF porous membrane shows
stable CE, VE, and EE over the charging—discharging cycles, resulting from the excellent
chemical stability of the prepared PVDF porous membrane. Furthermore, the charge and
discharge capacities of the single cell were also recorded, as shown in Figure 8b. During
the first 97 cycles, the charge—-discharge capacity increased from 1408 mAh to 1720 mAh,
probably due to the self-rebalance of the electrolyte. After the 97th cycle, the capacity
decreased due to the crossover of the vanadium ions and migration of water, which is a
normal phenomenon in VRFBs. It is worth noting that mainly due to the considerably
lower conductivity of the sample membrane compared with the Nafion membrane, the
capacity utilization of the cell was much lower (around 53%) than the normal capacity
utilization of VRFB using Nafion membranes (75-85%) operated at current densities of
100 mA cm 2 and higher [45-47].

(a)100 (b)2000

= Charge
e Discharge

‘IGOOM

60

40

Efficiency (%)

20

= CE
o VE
~ EE

30 60 90 120 150
Cycle number

Capacity (mAh)

Y
N
o
o
n

ol

o

o
1

N

o

o
L

o

30 60 90 120 150
Cycle number

Figure 8. (a) Efficiency and (b) capacity of the VRFB single cell equipped with the porous PVDF
2

membrane during the cycling test measured at 100 mA cm™~.

The OCV curves of the PVDF-based ion-selective membranes during self-discharge as
a function of time are displayed in Figure 9. All the membranes including the pure PVDF
membrane were prepared using the solvent-controlled swelling method as described above.
For comparison, the pure PVDF swollen membrane was adjusted to have an EE of about
81% at 60 mA cm~2, which is very similar to that of the PVDF-Nafion-10 membrane. To
conduct the self-discharge test, the single cells were first charged to 1.65 V at a current
density of 100 mA cm~2, followed by being discharged to 50% of the charged capacities,
which was 709 mAh for PVDF-Nafion-10 and 607 mAh for pristine PVDE, respectively.
The decline rate of the OCV of the cells was recorded to compare the rate of self-discharge
resulting from vanadium ion penetration through the membrane. It can be observed that
the PVDE-Nafion-10 membrane maintained an OCV above 0.8 V for more than 2900 min,
while the pristine swollen PVDF membrane lasted only 1600 min, indicating significantly
improved ion-selectivity by introducing Nafion into PVDF membranes. This result shows
the influence of adding 10 wt.% of Nafion resin in the PVDF polymer matrix on the
membrane selectivity and subsequently, the self-discharge property.



Batteries 2023, 9, 545

12 of 14

1.6

o PVDF
& PVDF-nafion-10

1.4
2 12
>
o b

1.0 =

0.8l ;

(] 600 1200 1800 2400 3000
Time (min)

Figure 9. Self-discharge curves of PVDF-Nafion-10 and PVDF.

4. Conclusions

PVDF-based ion-selective membranes for VRFBs were successfully prepared using
a solvent-controlled swelling method developed by our group. With a proper swelling
solvent-nonsolvent ratio, treatment time, and temperature, the membrane turned out to
be proton-conductive and efficiently ion-selective. The conductivity and selectivity of
the membrane could be continuously adjusted. In addition, it was revealed that even
a small amount of Nafion (10 wt%) showed a significant effect on the swelling behav-
ior of PVDF, resulting in adjustable ion-conducting channels, proton conductivity, and
vanadium ion permeability of the membranes. Moreover, by simply changing the solvent
ratio of the swelling agent, the proton conductivity of the PVDF-based membrane could
exceed 55 mS cm 2 and the vanadium permeability could be controlled at the level of
107% cm? min~!. For the PVDF membrane containing 10 wt.% Nafion, the VRFB unit cell
demonstrated an EE of 81.7% at 60 mA cm~2 and a much lower self-discharge rate as
compared with that of the pristine swollen PVDF membrane. By inheriting the outstanding
physical and chemical properties of PVDF and Nafion, the PVDF-based ion-selective mem-
brane exhibited robust mechanical strength and excellent chemical stability. The material
cost of the type of membrane could be as low as one-tenth of that of Nafion membranes.
A further improvement in ion selectivity of the membrane would make the PVDF-based
ion-selective membrane extremely promising for VRFBs because of the low material cost,
facile membrane fabrication process, and excellent chemical stability.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/batteries9110545/s1, Table S1: Proton conductivity and vanadium
permeability of the membranes swollen with a solvent ratio in the range of 4.7-5.3 (the mass ratio of
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