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Abstract: Commercial Nafion membranes have been widely used for vanadium redox flow batteries
(VRFB) but with relatively low ion selectivity. A chemical method is commonly employed to modify
the organic membranes, whereas physical approaches are rarely reported in view of less compatibility
with the organic species. In this study, an ultrathin polytetrafluoroethylene (PTFE) film of less than
30 nm is deposited onto the Nafion substrates by radio frequency magnetron sputtering to form
PTFE@Nafion composite membranes. The PTFE layer of hydrophobic and inert feature enhances the
dimensional stability and the ion selectivity of the Nafion membranes. The VREB single cell with an
optimized composite membrane exhibits a better self-discharge property than that of the Nafion 212
(i-e.,, 201.2 vs. 18.6 h), due to a higher ion selectivity (i.e., 21.191 x 10* vs. 11.054 x 10* S min cm™).
The composite membranes also show better discharge capacity retention than the Nafion 212 over
the entire 100 cycles. The results indicate that the magnetron sputtering is an alternative and feasible
route to tailor the organic membranes via surface modification and functionalization.

Keywords: ion exchange membrane; PTFE; Nafion; magnetron sputtering; vanadium redox flow
battery

1. Introduction

The utilization of renewable energies (e.g., wind, solar, and tidal energy) has been
the global focus towards sustainable development [1-5]. The intermittent features of
renewable energy make it difficult to achieve a reliable energy storage. Vanadium redox
flow battery (VRFB) is regarded as one of the most promising systems for large-scale
energy storage, considering its long lifetime, fast response, high reliability, low cost, and
decoupling of power and capacity [6-8]. An ion exchange membrane is a core component
in a flow battery to separate the catholyte and anolyte and to conduct protons. The
commercial Nafion membranes have been widely employed due to their good conductivity
and high chemical and mechanical stability [9-11]. However, Nafion membranes generally
exhibit large permeability for vanadium ions and thus hinder VRFB development and
deployment [12-15].

To reduce ion permeability and enhance ion selectivity, chemical strategies have
been the prevailing approach to modify and improve the Nafion-based membranes, such
as sol-gel modification, interfacial polymerization, oxidation polymerization, surfactant
treatment, solution casting, and electrodeposition. Sol-gel modification is an effective
way to incorporate different additives into the membranes. Xi et al. [16] employed SiO,
nanoparticles to modify Nafion membranes by sol-gel reaction with tetraethyl-orthosilicate.
The pores of Nafion membrane were filled with the SiO, nanoparticles, thus resulting
in reduced permeability of vanadium ions. Polymerization is another useful method to
introduce organic species. Luo and co-workers [17] synthesized a cationic charged layer on
the surface of the Nafion membrane by interfacial polymerization, and Dai et al. [18,19]
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designed a composite membrane with zwitterionic groups by grafting the sulfobetaine
methacrylate onto Nafion membrane via polymerization. The charge repulsion effect and
covalent bonds between the additives and matrix suppressed the vanadium ion penetration
and enhanced ion selectivity. Solution casting is also feasible to modify the membranes
with either organic or inorganic additives. Ye and co-workers [20] used the lignin to blend
with Nafion by solution casting, and also [21] incorporated TiO, nanotubes into the Nafion
membranes to achieve high-performance VRFBs. In addition, electrodeposition is also an
alternative to tailor the membranes. Zeng et al. [22] modified the Nafion membranes with
pyrrole by electrodeposition and revealed an improved property of membrane resistance
and vanadium permeability. It is noteworthy that the chemical methods usually require
harsh environments and multiple reactions with delicate conditions. To this end, a phys-
ical deposition approach is an alternative which is, however, rarely reported due to less
compatibility with the organic species.

A physical deposition is a facile and cost-effective way for large-scale surface modi-
fication with high-quality thin films, which are generally used for metallic and inorganic
species. In this study, a composite membrane of PTFE@Nafion is prepared by radio fre-
quency magnetron sputtering. An ultrathin PTFE layer is deposited onto the Nafion surface
and performs as a blocking layer to reduce the permeation of vanadium ions and enhance
the dimensional stability of the Nafion membranes for VRFB application.

2. Experimental

The Nafion 212 membranes (DuPont, Wilmington, NC, USA) and PTFE targets (Teflon,
purity 99.99%, Shanghai, China) were commercially obtained. The PTFE@Nafion compos-
ite membranes were prepared by radio frequency (RF) magnetron sputtering (JPGF-480,
Beijing, China) under an argon atmosphere (purity 99.999%). The Nafion membranes
were immediately put into the chamber after removing the surface protective layer. The
chamber was then pumped down to a vacuum level of less than 3 x 10~ Pa. The distance
between the membrane and the target was set as 10 cm. The following major parameters
were optimized to adjust the film thickness and surface roughness, i.e., the sputtering
power (90, 100, 110, 120, and 130 W), the chamber pressure (0.6, 0.8, 1.0, 1.2, and 1.4 Pa),
the substrate temperature (80, 90, 100, 110, and 120 °C), and the deposition time (30, 60,
90, and 120 s). The PTFE films were also sputtered onto the glass substrates (CITOGAS,
REF10127105P-G) to determine the film thickness and roughness (R,) by surface profiler
(Dektak 150, Veeco Instruments, Tucson, AZ, USA). Although the film roughness on glasses
might exhibit some deviations from that on Nafion membranes, it could be used to optimize
the sputtering conditions.

The morphologies of composite membranes were examined by field emission scan-
ning electron microscopy (FESEM, FEI Nova 400, Hillsboro, OR, USA). The contact angle
measurement was performed with an optical tensiometer (Attension Theta, KSVMRI instru-
ments Ltd., Helsinki, Finland) to evaluate the wetting property of the composite membranes.
The static contact angle was measured with water droplet (about 5 pL) on the as-deposited
composite membranes or the pristine Nafion after removing the protective layer on the
surface. The water uptake (WU) was determined by the weight difference between the wet
and dry membranes, as follows:

Wiget — W,
WU =— 4% 100% )

where Wyet and W,y are the weight of the wet and dry membranes, respectively. Before
the water absorption test, the membranes were cut into a size of 2 x 2 cm? and dried
for more than 24 h, and then the weight of dry membrane was measured. Thereafter,
the membranes were soaked in deionized water for 12 h, taken out and quickly wiped
with absorbent paper to remove the water on the surface, and then the weight of the wet
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membrane was measured. The swelling ratio (SR) was obtained by calculating the length
difference between the wet and dry membranes. The swelling ratio was calculated by:

Lyet — L
R =" Y 100% @)
Ldry

where Lyet and Lq,y are the length of the wet (soaked in deionized water for 12 h) and dry
(the as-deposited composite membrane or the pristine Nafion membrane after removing
the protective layer on surface) membranes, respectively. The permeability measurement
was carried out using a home-made cell, as detailed in our previous report [23]. In brief, the
two isolated compartments were filled with 70 mL of 1.5 M VOSO; in 3.0 M H,SOy4 solution
and 70 mL of 1.5 M MgSOy in 3.0 M H,SOy4 solution, respectively, which were separated
by a composite membrane. The concentration of VO?** in the MgSO4 compartment was
examined with a UV-vis spectrometer (UV-2450PC, Shimadzu, Tokyo, Japan) every 12 h.
The permeability (P) can be calculated by [12,17,18]:

VL dC

P=adc—cy “ @

®)
where V is the solution volume in the MgSO4 compartment, L and A are the thickness and
active area (2.01 cm?) of the membrane, respectively, Cy and C; are the initial concentration
of VO** (1.5 M) and the concentration of VO** in the MgSO, compartment as a function of
time (#).

The conductivity of the membrane was examined with an electrochemical worksta-
tion (CHI660E, Chenhua, Shanghai, China) in a frequency range of 1 Hz-100 KHz. The
membrane conductivity (¢) can be calculated by [24-26]:

L
7 TAR, - Ry) @
where R; and R; are the cell resistance with and without membrane, respectively, which
were determined by the intercept at the real axis in a Nyquist plot. The active area was
13.5 cm? for the conductivity measurement.
A VREFB single cell was assembled as per our previous report [20]. The 15 mL of
1.5 M VO?* in 3 M H,SOy and 15 mL of 1.5 M V3* in 3 M H,SO, were employed as the
catholyte and anolyte, respectively. The PTFE side of a composite membrane was faced to
the catholyte to confront the highly corrosive environment. The cell tests were conducted
with a battery testing system (CT2001A, LANHE, Wuhan, China). A voltage window of
0.7-1.75 V was used for the cyclic test. An open circuit voltage (OCV) decay of single cell at
75% state of charge (SOC) was recorded beyond 0.85 V.

3. Results and Discussion
3.1. Characterization of Composite Membranes

In general, the polytetrafluoroethylene bears a hydrophobic and inert nature. Once
formed on the Nafion surface, it behaves as a blocking layer to expel the water molecules
and retard the ion permeation. However, the PTFE is also an insulator which, on the
other hand, enlarges the membrane’s resistance. As such, the film thickness should be
optimized to reach a compromise between the permeability and conductivity. Four impor-
tant parameters for the RF magnetron sputtering are considered herein, i.e., the sputtering
power, chamber pressure, substrate temperature and deposition time. Figure 1 shows that
the film thickness generally exhibits a linear relationship with the key parameters. The
PTFE thickness increases with the power, as shown in Figure 1a). This is attributed to an
enhanced energy of Ar* jons that generate more PTFE particles with a high deposition
rate. Meanwhile, the sputtered particles also bear high energy and tend to form islands
on the membrane surface, thus increasing the roughness. An abrupt enhancement arises
beyond 110 W for the surface roughness. Accordingly, a sputtering power of 110 W is used
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for an optimal film deposition. The PTFE thickness displays a similar varying trend with
the pressure, as shown in Figure 1b. The quantity of Ar" ions is promoted under high
pressure, resulting in a high deposition rate. However, the average energy of each Ar" ion
is reduced under this scenario because of shortened mean free path for collision. The size
of PTFE particles bombarded by Ar* ions is decreased accordingly, which in turn decreases
the film roughness. An optimal pressure of 1.2 Pa is hence selected based on the roughness
step presented in Figure 1b. By contrast, the PTFE thickness decreases with the elevated
temperature in light of an enhanced evaporation rate of the resulting films, as displayed in
Figure 1c. Once reaching the membrane surface, the sputtered PTFE particles can obtain
more energy at a high substrate temperature. This facilitates the translational movement of
the particles, thereby giving rise to a reduced surface roughness over 110 °C. Consequently,
an optimal substrate temperature of 110 °C is chosen herein. With these optimized param-
eters, the PTFE thickness is tailored to be about 5, 10, 20, and 30 nm by controlling the
deposition time of 30, 60, 90, and 120 s, respectively, as shown in Figure 1d. Subsequently,
the composite film is referred to as 30PTFE@Nafion, 60PTFE@Nafion, 90PTFE@Nafion, and
120PTFE@Nafion based on the deposition time. The surface roughness remains almost
unchanged under the optimal conditions.

b
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Figure 1. Optimization of sputtered PTFE films. Effect of sputtering power (a), chamber pressure (b),
substrate temperature (c), and deposition time (d) on film thickness and surface roughness. Each
of the data points is based on at least 5 measurements (see Figures S1-54 in the Supplemental
Information for typical surface profiles). The broken lines are used to assist view only.
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Figure 2a illustrates the microstructure of a PTFE@Nafion composite membrane,
where an ultrathin layer of PTFE film is deposited onto the Nafion surface. The PTFE film
is expected to suppress the permeation of different vanadium ions and to maintain the
transport of protons. Figure 2b displays the photographs of Nafion 212 and PTFE@Nafion
membranes. All of the membranes are transparent and show less differences because
of the ultrathin films. The corresponding FESEM images of the original and composite
membranes reveal that a uniform and porous, thin film is developed on the Nafion substrate,
as compared in Figure 2¢,d. The porous feature provides the diffusion pathway for both ion
permeation and water migration (proton transport) in the operation of VRFB cells, which
can be tailored by varying the film thickness. Some small clusters are observed on the
composite membrane surface, which stem from the aggregation of PTFE particles. Further
examination discloses that the morphologies are almost the same for 60PTFE@Nafion,
90PTFE@Nafion, and 120PTFE@Nafion membranes, while that for 30PTFE@Nafion is not

well developed because of the small thickness, as shown in Figure S5.

b

[Naﬁon Substrate | PTFE Layer
\ jamir i o
'l‘ :0 ! ] ~ ;

QD Vo, Vo
D vepver

\
d \
PTFE@Nafion

Figure 2. Morphologies of sputtered PTFE films. (a) Schematic illustration of a composite membrane
and its influence on ion permeation, (b) photographs of different membranes, and top-view FESEM
images of Nafion 212 (¢) and 60PTFE@Nafion composite membrane (d). The dark contaminants
in (c) and (d) are induced by gold sputtering to facilitate FESEM characterization.

3.2. Property of Composite Membranes

Water contact angle is used to evaluate the surface wettability of the membranes.
Figure 3a shows that the contact angle increases with the PTFE thickness due to the
hydrophobic nature of polytetrafluoroethylene. Such a hydrophobicity is beneficial to the
water repulsion and thus enhances the dimensional stability of membranes. Figure 3b
exhibits that the swelling ratio (SR) and water uptake (WU) decline gradually with the
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increased PTFE thickness, i.e., from 8.4% to 6.2% for SR and from 14.2% to 12.6% for
WU. This indicates that the PTFE films can stabilize the Nafion membrane in view of the
hydrophobicity. A low swelling ratio also facilitates the PTFE@Nafion membranes to reduce
the permeation of vanadium ions and enhance the cyclic stability of flow cells. Nonetheless,
the insulating character of PTFE films promotes the membrane resistance, as displayed
in Figure 3c. The area resistance increases with the PTFE thickness and is determined
to be 0.432, 0.837, 1.026, and 2.012 Q) cm? with an active area of 13.5 cm? for Nafion 212,
30PTFE@Nafion, 60PTFE@Nafion, and 90PTFE@Nafion membranes, respectively. (see
Figure 56 for corresponding Nyquist plots and detailed interpretation).

a Nafion 212 30PTFE@Nafion 60PTFE@Nafion 90PTFE@Nafion
86.0° 91.3° 93.3° 100.9 °

C
10 15 0.6
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Figure 3. Surface wettability and dimensional stability of composite membranes. (a) Water contact
angle, (b) swelling ratio and water uptake, and (c) membrane resistance.

Figure 4a displays the diffusion rate of VO?* ions for different membranes. Upon
coating with the PTFE films, the ion permeation is considerably suppressed with the
composite membranes, and the permeation rate decreases with the increased PTFE thick-
ness. This is due to the blocking effect of PTFE layer. The permeability thus declines
accordingly, as shown in Figure 4b. On the other hand, the conductivity is also reduced
with the increasing film thickness. This suggests that the proton transport is hindered
with the PTFE films. Both can be ascribed to the increased diffusion pathway for ion
permeation and water migration (proton transport) as the thickness of the porous film
increases. In this regard, the ion selectivity (¢ /P) is widely used to reach a compromise
between the ion permeability and proton conductivity. A high ion selectivity is benefi-
cial to the cell performance. The ion selectivity is hence determined to be 11.054 x 10%,
21.109 x 10%,21.191 x 10%, and 15.635 x 10* S min cm™ for Nafion 212, 30PTFE@Nafion,
60PTFE@Nafion, and 90PTFE@Nafion, respectively. Considering the dimensional stability
and ion selectivity of the composite membranes, the 60PTFE@Nafion is employed for
vanadium redox flow battery.
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Figure 4. Ion permeation properties of composite membranes. (a) Time-dependent concentration of
VO?* ions, (b) permeability and conductivity.

3.3. Cell Performances

Figure 5a presents the charge—discharge curves of VRFB cells with the Nafion 212 and
60PTFE@Nafion membranes at 80 mA cm™. Although the charge capacity being a little
lower, the single cell with 60PTFE@Nafion membrane exhibits comparable discharge capac-
ity with the Nafion 212. This is attributed to the suppressed permeation of vanadium ions
in the presence of PTFE films. The average charge and discharge voltage of 60PTFE@Nafion
is not as good as that of the Nafion 212, in light of the enlarged resistance with PTFE layer
(see Figure 3c). The OCV decay is used to further investigate the self-discharge property
induced by the permeation of vanadium ions. Figure 5b discloses that the OCV decay
maintains 201.2 h for the 60PTFE@Nafion membrane, being more than ten-times that for the
Nafion 212 counterpart (i.e., 18.6 h). This is in good agreement with the high ion selectivity
(ie., 21.191 x 10* vs. 11.054 x 10* S min cm™3). It demonstrates that the sputtered PTFE
films are effective in retarding the crossover of vanadium ions.

Figure 5c¢ shows a comparison of coulombic, voltage and energy efficiencies between
the single cells with 60PTFE@Nafion and Nafion 212 membranes. The coulombic efficiency
keeps about 98% for 60PTFE@Nafion membrane and is higher than of the Nafion 212 (i.e.,
~94%). This is ascribed to the good ion selectivity with the sputtered PTFE films. The
coulombic efficiency even performs better than most of the Nafion-based bulk membranes
synthesized by chemical methods, as shown in Figure 6. However, the voltage efficiency
of the cell with 60PTFE@Nafion membrane is relatively lower than the Nafion 212 (i.e.,
82% vs. 87%), as a result of increased area resistance. Eventually, a comparable energy
efficiency is achieved for both membranes. Nevertheless, the discharge capacity retention
of the cell with 60PTFE@Nafion membrane performs better than the Nafion 212 over the
entire 100 cycles, as displayed in Figure 5d. This originates from the hydrophobic and
inert nature of PTFE films that give rise to high dimensional stability and ion selectivity.
The major findings herein suggest that the magnetron sputtering approach provides an
alternative to modify the organic membranes for VRFB application.
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Figure 5. Cell performances employing Nafion and 60PTFE@Nafion membranes at 80 mA cm™2.
(a) Charge-discharge curves, (b) self-discharge curves under 75% SOC, (c) coulombic, voltage, and
energy efficiencies, and (d) discharge capacity retention.
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Figure 6. Comparison of coulombic efficiency for different Nafion-based membranes in VRFB at
different current densities [16,20,27-38].

4. Conclusions

A PTFE@Nafion composite membrane is prepared by depositing an ultrathin PTFE
film (less than 30 nm) on a Nafion substrate with radio frequency magnetron sputtering.
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The composite membrane exhibits good dimensional stability and high ion selectivity, due
to the hydrophobic and inert nature of the PTFE layer that suppresses the vanadium ion
permeation. The 60PTFE@Nafion membrane renders a better self-discharge property than
the Nafion 212 counterpart (i.e., 201.2 vs. 18.6 h) in light of higher ion selectivity (i.e.,
21.191 x 10* vs. 11.054 x 10* S min cm™®). The VRFB single cell with 60PTFE@Nafion
membrane shows better discharge capacity retention than the Nafion 212 over the entire
100 cycles and maintains about 80% at 100 cycles. The major findings indicate that it is
feasible and promising to use physical approaches to modify the organic membranes for
VREB application, as compared to the conventional chemical methods.

In addition, there are also some limitations for the method reported herein. (1) The
property of the composite membranes is highly dependent on the quality of the sputtering
targets. (2) The diversity of organic films is limited by the available sputtering targets.
In this regard, more efforts are required to develop sputtering targets of high quality
and diversity.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ coatings12030378/s1, Figure S1: Typical surface profiles of PTFE
films prepared at different sputtering powers; Figure S2: Typical surface profiles of PTFE films
prepared at different chamber pressures; Figure S3: Typical surface profiles of PTFE films prepared
at different substrate temperatures; Figure S4: Typical surface profiles of PTFE films prepared at
different deposition times; Figure S5: Top-view FESEM images ofdifferent composite membranes;
Figure S6: The Nyquist plots for the cells with different membranes.
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