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Abstract: Energy storage systems have aroused public interest because of the blooming development
of intermittent renewable energy sources. Vanadium redox flow batteries (VRFBs) are the typical
candidates owing to their flexible operation and good cycle durability. However, due to the usage
of perfluorinated separator membranes, VRFBs suffer from both high cost and serious vanadium
ions cross penetration. Herein, we fabricate a series of low-budget and high-performance blend
membranes from polyvinylpyrrolidone (PVP) and cardo-poly(etherketone) (PEKC) for VFRB. A PEKC
network gives the membrane excellent mechanical rigidity, while PVP endows the blend membranes
with superior sulfonic acid uptake owing to the present N-heterocycle and carbonyl group in PVP,
resulting in low area resistance. Meanwhile, blend membranes also display low vanadium ion
permeability resulting from the electrostatic repulsion effect of protonated PVP polymer chains
towards vanadium ions. Consequently, the 50%PVP-PEKC membrane has a high ionic selectivity of
1.03 x 10° S min cm~3, while that of Nafion 115 is nearly 17 times lower (6.03 x 10* S min cm~3). The
VREB equipped with 50%PVP-PEKC membrane has high coulombic efficiencies (99.3-99.7%), voltage
efficiencies (84.6-67.0%) and energy efficiencies (83.9-66.8%) at current densities of 80-180 mA cm™2,
and possesses excellent cycle constancy, indicating that low-cost x%PVP-PEKC blend membranes
have a great application potentiality for VRFBs.

Keywords: blend membrane; poly(vinylpyrrolidone); cardo-poly(etherketone); vanadium redox flow
battery; low cost

1. Introduction

Energy shortage and environmental pollution have always been important issues of
concern to modern society. Severe environmental problems and increasing consumption of
fossil fuels have forced people to seek environmentally friendly renewable energies, such
as wind and solar energy. However, an important problem faced by the application of
these new energy sources in real life is the instable output [1]. It is urgent to combine these
renewable energy sources with energy storage to achieve stable output. The vanadium
redox flow battery (VRFB) is considered as the potential massive-scale energy storage
device, which receives extensive attentions because of its flexible operation, high efficiency,
long life and low manufacturing cost [2-5]. As an integral part of VRFB, the separator
membrane is in charge of ionic conduction and preventing cross-mingling of redox-active
substances. Thus, the membranes in VRFB need to possess good ion conductivity, low
vanadium ion penetration, excellent chemical resistance, good mechanical integrity, and
low commercial cost [6-8].

Thus far, the Nafion series membranes from DuPont are the most typically commercial
membranes resulting from its high proton conductivity and mechanical properties [5,9-11].
However, their severe cross-penetration of vanadium ions and high manufacturing cost
restrict the extensive application in VRFBs [2,6,10]. In recent years, researchers sought
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materials that can replace Nafion for VRFBs, such as low-priced non-fluoroaromatic sul-
fonated poly (ether ether ketone) (SPEEK) [4,12]. However, SPEEK-based membranes still
faced with significant crossover of vanadium ions, because that SPEEK has an inherent
affinity for cations species, which promotes the migration of vanadium ions along with
protons [13,14]. Moreover, the SPEEK membrane still confronts the challenge of its chemical
stability, since the protonated aryl ether bonds are easy to cleave because of the attack of
vanadium oxygen species, particularly the existence of the strong electron-withdrawing
sulfonic acid groups [12,15,16].

Since the electrolytes used in VRFBs are based on a sulfuric acid (SA) solution,
non-ionic membranes that do not conduct ions themselves can be selected as the sep-
arator for VRFBs. The polybenzimidazole (PBI) membrane is a representative, which
can be doped with acid to achieve ion conduction [17,18]. Simultaneously, the SA-doped
PBI membrane exhibits quite low vanadium ion permeability resulting from the elec-
trostatic repulsion between vanadium species and the positively charged protonated
polymer chain [19,20]. Zhao et al. firstly used sulfuric acid-absorbing PBI membrane
for VRFBs, but its energy efficiency was extremely low because of the higher area re-
sistance [18]. From the perspective of ions conducting mechanism, the acid absorbing
content of sulfuric acid doped PBI membranes has a significant effect on the ionic conduc-
tivity. Therefore, many modifications have been done to upgrade the sulfuric acid uptake
and reduce the area resistance of PBI membranes, including grafting bulky side-chain
groups [21,22] and preparation of porous PBI membranes [23,24]. Nevertheless, the PBI
polymer usually suffers from poor solubility in normal organic solvents and the use of
carcinogenic 3,3’ 4 4'-tetraaminobiphenyl monomer during the polymer synthesis progress,
which would limit its large-scale application [25].

Polyvinylpyrrolidone (PVP) is a commercial and low-cost industrial polymer, which
has been widely used in various research fields, such as the lithium battery [26], water
electrolysis [27], antibacterial materials [28], gene carriers [29], food additives [30], surfac-
tants [31] and coatings [32]. Owing to the presence of N-heterocyclic rings and carbonyl
groups, PVP has an excellent acid absorption capability via acid-base interaction and hy-
drogen bonding [33,34]. However, pure PVP membrane is highly hydrophilic and even
dissolves in water at room temperature, resulting to poor mechanical stability. Therefore,
blending PVP with other enhanced materials are normally adopted in order to prepare
mechanically tough membranes. For example, Lu et al. used this concept to prepare
polyvinylidene fluoride blended PVP membranes, which exhibited superior phospho-
ric acid absorption capability and were employed as high temperature proton exchange
membranes for fuel cells [35]. In our previous work, we fabricated five different PVP
blended membranes using five kinds of engineering thermoplastics [34]. Results indicate
that blending aromatic polymers can largely enhance the mechanical integrity of PVP
blend membranes comparing with blending aliphatic polymers. Recently, several rein-
forced PVP blend membranes have been successively employed as separator membranes
for VRFBs [33,36-38]. For example, Lu and co-workers fabricated highly ion-selective
membranes by blending PVP and poly (ether sulfone), which displayed high coulombic
efficiency (98%) and excellent stability within 2000 h long-term cycling tests [33]. How-
ever, it is worth noting that a higher content of PVP brings lower area resistance (AR)
accompanied by more severe vanadium ion penetration. Therefore, the balance between
proton migration and vanadium ion penetration of non-ionic membranes in VRFB is still
a challenge.

In this paper, we extend our previous work [34,38] to employ PVP and cardo-poly(etherketone)
(PEKC) blend membranes to be used as the separator in VRFBs. Due to the existence of
amide groups in the backbone, PVP is highly polar and has a good solubility in most
strongly polar solvents [39]. PEKC was chosen as the enhanced material due to follow-
ing advantages including low cost, excellent mechanical and chemical toughness [40,41].
Meanwhile the existence of cardo group is contributed to the dissolution of PEKC in
organic solvents [42]. Our previous works found that PEKC exhibited good compatibil-
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ity with poly(ethylene imine) [40], 1-(3-aminopropyl) imidazole functionalized polyvinyl
chloride [41] and Troger’s base polymer [43]. In addition, the Flory-Huggins interaction
parameter can also be used to explain the thermodynamic compatibility of polymers [39,44].
Herein, adopting a straightforward solution casting procedure, various PVP-PEKC blend
membranes have been fabricated for VRFBs. The obtained blend membranes brought in
the benefit of the two components, such as the superior SA uptake, improved dimensional
stability, reduced vanadium ion penetration, decreased area resistance and high mechanical
integrity. Performance and cycling life of the single VRFB were determined to evaluate the
technical feasibility of the x%PVP-PEKC blend membranes for VRFB applications.

2. Experimental Section
2.1. Materials

Polyvinylpyrrolidone (PVP, average M.W. 1,300,000) and cardo-poly(etherketone)
(PEKC) (inherent viscosity: 0.78 dL g’l) were provided by J&K Scientific (Beijing, China)
and Jida High Performance Materials Co., Ltd. (Changchun, China), respectively. Vanadyl
sulfate hydrate (VOSO,-3H,0) was purchased from Haizhongtian Chemical Company
(Shenyang, China). Magnesium sulfate (anhydrous, MgSO,), N, N-Dimethylacetamide
(DMACc) and other chemicals were purchased from Sinopharm Chemical Reagent Co., Ltd.
(Shanghai, China). All the chemical reagents and polymers used in this work have not
undergone any pre-treatment.

2.2. Fabrication of PVP-PEKC Membranes

PVP and PEKC were separately dissolved in DMACc to receive PVP/DMAc and
PEKC/DMACc solutions with the same concentration of 5 wt%. Then, two solutions were
mixed in the light of a certain mass ratio of PVP to PEKC. After stirring at room temperature
(RT) for 24 h, the uniform and transparent solution was subsequently poured onto the Petri
dish and dried at 80 °C for 12 h. The Petri dish taken out of the oven was immersed in water
to strip membrane, which was washed using deionized water to remove DMAC, finally
dried at 100 °C for 8 h. The consequent blend membranes were recorded as x%PVP-PEKC,
and x% (i.e., x = 25, 35, 50, 60 and 75) represented the adding mass ratio of PVP to PEKC.
The fabrication procedure of blend membranes is illustrated in Figure 1.
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Figure 1. The schematic of fabricating x%PVP-PEKC blend membranes.

2.3. Characterization

The characterizations in terms of Fourier transform infrared (FT-IR) spectrum, scan-
ning electron microscope (SEM), water uptake (WU%), acid doping content (ADC%), acid
doping level (ADL), dimensional swellings, mechanical properties, area resistance (AR),
permeability of vanadium ion and the chemical stability of membranes were determined,
the methods of which were presented in the supporting information. The ADC% is defined
as the SA mass percent per gram of the membrane, while ADL of one membrane is defined
as the number of SA molecules per PVP repeat unit.
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2.4. VRFB Test

The VRFB was assembled and tested based on our previous work [24]. The effective
area of electrodes was 9 cm? (3 x 3 cm), while both positive and negative electrodes
employed 25 mL of 1.65 M V3*/VO?* in 3.0 M H,SOy as the cell electrolyte. The details are
described in the supporting information. According to Equations (1)-(3), the coulombic
efficiency (CE), energy efficiency (EE) and voltage efficiency (VE) are calculated.

Idt
CE(%) = f,l" = X 100% )
C
Vylydt
EE(%) = m x 100% @)
ctc
VE(%) = % x 100% ©

where ] and V mean the current and voltage; ¢ is the time; and 4 and ¢ present the discharge
and charge processes.

3. Results and Discussion
3.1. Fabrication of Membranes

PVP is a significantly hydrophilic polymer, while PEKC is a chemically inert engi-
neering thermoplastic with high mechanical strength and excellent solubility in organic
solvents. During the solution-casting progress, different PVP and PEKC macromolecular
chains move and become entangled with each other, forming a homogeneous phase in
DMAc. Through the straightforward solution-casting method, the x%PVP-PEKC blend
membranes were prepared. The optical and SEM images of 25%PVP-PEKC, 50%PVP-PEKC
and 75%PVP-PEKC membranes are depicted in Figures 2A and S1. As seen in Figure 2A,
all the prepared blend membranes are uniform, transparent and flexible. Moreover, mem-
branes become more and more wrinkled as the content of PVP in membranes increased,
probably due to the high hydrophilicity of PVP. Figure S1 shows that the three blend
membranes are non-porous and dense, indicating no phase separation between PVP and
PEKC [15,38].

Figure 2. Digital images (A) of 25%PVP-PEKC (1), 50%PVP-PEKC (2) and 75%PVP-PEKC (3).

3.2. FT-IR

FT-IR is used to determine the chemical structure of blend membranes as depicted in
Figure 3. As to PEKC, the lactone group (O-C=0) and aryl ether band (C-O-C) display
absorption bands at 1771 cm ™! and 1235 cm !, respectively [45]. For PVP, the characteristic
peaks at 2957~2866 cm ™!, 1657 cm~!, and 1284 cm~! can be appointed as the stretching
vibration of -CH,—, carbonyl group and C-N bond, respectively [34,35]. Meanwhile, these
characteristic peaks also appear in FT-IR spectra of x%PVP-PEKC membranes, while the
strength of abovementioned peaks increase as increasing the PVP content of x%PVP-PEKC
membranes. FT-IR spectra confirm that the PVP has been successfully blended in PEKC.
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Figure 3. FT-IR spectra of PEKC, PVP and various blended x%PVP-PEKC membranes.

3.3. Water Uptake, Acid Doping Content and Acid Doping Level

Previous studies of the ionic transport of acid absorbed membranes have confirmed
the importance of their water content and acid uptake [22,46]. Thus, all the x%PVP-PEKC
membranes were submersed in 3 M H,S0, solution to achieve the ionic conduction of
blend membranes. Owing to the strong interactions of N-heterocycle and carbonyl groups
in PVP with SA molecules, the x%PVP-PEKC blend membranes possessed excellent SA
absorption capability, and were also equipped with good dimensional and mechanical
properties [34]. Figure 4A shows both the WU% and ADC% of x%PVP-PEKC blend
membranes upgraded as the increase in the PVP content of membranes. Consequently, the
75%PVP-PEKC membrane achieved the highest WU% and ADC% of 45.2% and 33.3% after
submersing in 3 M H,SOy at RT. The results show that the introduction of PVP enhanced the
hydrophilicity of the blend membranes and improved the water/SA absorption capacity,
which would increase the ion conductivity of the blend membranes.
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Figure 4. Water uptake, acid doping content (A), and acid doping level (B) of various blend mem-
branes after submersing in 3 M H,SO; solution at RT.
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In order to detect the interaction of SA molecules with blend membranes, the ADLs
of blend membranes have been calculated. Figure 4B shows ADL results of x%PVP-
PEKC blend membranes. Obviously, the ADL of the blend membranes enhanced with
the increased PVP content in agreement with the ADC% trend. Nonetheless, the ADLs of
all blend membranes were below 1, indicating that the SA molecules protonated the PVP
through the acid-base interaction, which were in the form of “bound acid” in the blend
membranes rather than “free acid” [19,22]. This would have a big influence on the ion
transport, which will be discussed in the Section 3.5.

3.4. Swelling and Mechanical Properties

The high ADC% of the membrane would be beneficial to reduce the AR, but would
bring about dreadful swelling. Figure 5 shows that the volume swelling upgraded greatly
with the increase of the PVP content, which is positively associated with the ADC% results.
As an example, the volume swellings of 60%PVP-PEKC and 75%PVP-PEKC membranes
were as high as 118% and 192%. This indicates that the volume swelling of the blend
membrane is closely related and proportional to its acid absorption content, which has been
commonly reported for phosphoric acid-doped membranes [19,34]. Thus, it is crucial that a
suitable PVP content for blend membranes should be chosen for preparing the membrane
with high SA absorption content and low swelling concurrently.
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Figure 5. Dimensional swellings of various x%PVP-PEKC blend membranes at RT.

For long-term operation of VRFBs, the mechanical properties of the membrane are
particularly important [22]. Figure 6 presents the tensile stress—strain curves of x%PVP-
PEKC blend membranes after doping in 3M H,SO, at RT. The mechanical strength of
membranes is opposite to the content of PVP in x%PVP-PEKC blend membranes, which is
consistent with our previous work on PVP and PBI blend membranes [38]. For instance,
when the mass ratio of PVP to PEKC raised from 25% to 75%, the ADC% increased from
1.7% to 33.3% and the mechanical strength of blend membranes declined from 72 MPa to
16 MPa. This is mainly because the more PVP content, the more SA molecules doped into the
blend membranes. The ADC% values of 25%PVP-PEKC and 75%PVP-PEKC membranes
were 1.7% and 33.3%, respectively. Thus, the absorbed SA molecules brought in a serious
plasticization effect, resulting in decreased mechanical strength. This phenomenon has also
been widely reported for phosphoric acid doped membranes [19,42,47]. Meanwhile, all
the membranes expect 75%PVP-PEKC displayed similar elongation values of around 10%.
However, the 75%PVP-PEKC membrane exhibited a significantly high elongation of 68%,
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mainly due to its high acid uptake. The above results indicate that blending PEKC would
largely enhance the tensile strength of membranes.

80
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Figure 6. Tensile properties of various x%PVP-PEKC blend membranes at RT.

3.5. Area Resistance, Vanadium lon Permeability and Ion Selectivity

Generally speaking, VRFBs obtaining high energy efficiency must equip with mem-
branes of extremely low AR [2,10]. It is widely shared that the AR of one SA doped
membrane is closely related to its acid uptake [17,19] and thickness [10,48]. The thickness
of all x%PVP-PEKC blend membranes after doped with sulfuric acid is about 40 um in the
present work. Figure 7A shows that the AR of x%PVP-PEKC membranes decreased as the
increased PVP content of membranes, evidently owing to the increased SA uptake. As a
result, the ARs of 50%PVP-PEKC, 60%PVP-PEKC and 75%PVP-PEKC membranes were less
than 0.31 Q cm?, which were comparable to Nafion212 (0.26 Q) cm?) and lower than that
of Nafion115 (0.62 Q cm?), while those of 25%PVP-PEKC and 35%PVP-PEKC membranes
were as high as 439.91 Q cm? and 12.28 Q) cm?, respectively. The analysis of AR results
proves that the existence of PVP is important to enhance the acid absorption and reduce
the AR. It should be noted that the precise ion transport mechanism in x%PVP-PEKC
membranes is unclear. As discussed in Section 3.3, since all the SA molecules interacted
with PVP via acid-base interaction, the sulfate ions attached to protonated PVP should
be in charge of the internal circuit current. However, membranes are saturated with the
liquid SA electrolyte, and the proton mobility (36.3 x 1078 m? V~! s71) is rather higher
than that of sulfate ions (8.3 x 1078 m? V~! s71) [49]. Thus, we presume that protons also
contributed to the conductivity of membranes, as depicted in Figure 1. Additionally, the
ionic conductivity of each membrane can be calculated by dividing the thickness of the
membrane by AR [50]. As a result, the ionic conductivities of 25%PVP-PEKC and 35%PVP-
PEKC were much lower than 1 mS cm !, while those of 50%PVP-PEKC, 60%PVP-PEKC
and 75%PVP-PEKC membranes were as high as 11.3, 18.6 and 42.0 mS cm ™!, respectively.
Ionic conductivity results further confirmed that the existence of PVP is beneficial to the
ion conduction.



Batteries 2022, 8, 230 8 of 14

500 400
400 (A) 140 - 1 (B) __
[ ] @Area resistance [ 153004
300 - 120 g 1
"= 500 I 1A Thickness L “5200
(o]
a L1000 g 0
> 100 L 3 100
2 - oz 2 L . — j
£ L £ ;E = =
g 08 60 2 B
8 06 I - 5
< 40 Fos-
0.4 I g ]
0.2 20 04
0.0 0 ] I
v 2 < @) [ @] @) 0.0
F&FFFFE SN & &
& T FFTIE § & &
R T MR AP MR & &R
RN R KR I R
Vv ™ ) Q A ,{;} ».;) ) N ¢\‘7

Membrane Membrane

Figure 7. (A) Area resistance and thickness and (B) vanadium ion permeability of various membranes
after immersing in 3 M HpSO4 at RT.

Another vital parameter of one membrane is the vanadium ion permeability [2,6],
which leads to self-discharge (capacity decay) and a decline in CE of the battery [51].
Figure 7B shows the vanadium ion permeability of various x%PVP-PEKC membranes.
Apparently, the vanadium ion permeability elevated as the increased content of PVP in
blend membranes. The vanadium ion permeability of 25%PVP-PEKC, 35%PVP-PEKC
and 50%PVP-PEKC membranes (i.e., 1.9 x 102 cm? min—1, 9.8 x 102 cm? min—! and
1.38 x 1078 cm® min !, respectively) was much lower than that of Nafion212 (8.61 x 10~7 cm?
min~!) and Nafion115 (3.48 x 10~7 cm? min~1). The excellent resistance to vanadium ions
of those membranes could be attributed to their low volume swellings. Meanwhile, the
electrostatic repulsion between the protonated PVP macromolecular chains and VO?* ions
was another clue to the low vanadium ion permeability [6,33,52]. It is worth noting that
the vanadium ion permeability of 60%PVP-PEKC and 75%PVP-PEKC membranes was
comparable to or nearly 10 times higher than that of Nafion115. The above results disclose
that the abundant PVP contributed to significant SA uptake and deformation, resulting in
largely increased vanadium ion permeability.

In order to comprehensively consider the impact of AR and vanadium (IV) ion perme-
ability, the ion selectivity is evaluated by dividing the ionic conductivity by the vanadium
ion permeability [21,24,53]. A superior selectivity value is indicative that the membrane is
more likely to promote the transfer of charged carrying ions rather than the VO?* jons. As
shown from Figure 8, the 50%PVP-PEKC membrane exhibited the highest ion selectivity of
103 x 10* S min cm~3, which is nearly 38 and 17 times higher than that of Nafion212 (i.e.,
2.70 x 10* S min cm~3) and Nafion115 (i.e., 6.03 x 10* S min cm~3). Thus, the 50%PVP-
PEKC membrane was more advantageous in the application of VRFBs owing to its higher
ion selectivity.

3.6. Chemical Stability

The chemical stability of various x%PVP-PEKC membranes were determined by
immersing membrane samples in the 1.5 M VO,* and 3 M H,SO; solution at RT for 350 h.
As shown in Figure 9, after immersing for 350 h, all the membranes maintained their intact
shape, while the weight retention ratio was higher than 97%. In addition, the 25%PVP-
PEKC membrane with the lowest PVP percentage almost retained its transparency, while
the color of other membranes with higher PVP contents became brown or dark green. As
previously reported, the color of membranes became darker after chemical stability test,
which might be attributed to the absorption of vanadium ions [54]. As seen from Figure 4A,
the different PVP-PEKC blend membranes displayed different hydrophilicity, and both
water uptake and acid doping content increased as the increase of the PVP content. As
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a result, the vanadium ions might tend to be absorbed in the blend membrane with a
high PVP percentage, so the color of the membranes with higher PVP contents darkened.
Nevertheless, more investigations should be done to understand this phenomenon clearly.
The chemical stability test results indicate that x%PVP-PEKC membranes exhibited the
superior chemical stability in the harsh acid and oxidizing condition.

100
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25%PNP-PEKC

Figure 8. Ion selectivity of various membranes after immersing in 3 M H,SO4 at RT.
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Figure 9. Weight retention ratio of x%PVP-PEKC membranes during the chemical stability test in
1.5M VO,* solution.

3.7. VREB Performance

Comprehensively considering the AR and vanadium ion permeability results, 50%PVP-
PEKC and Nafion115 membranes were chosen to assemble VRFBs and investigate their
battery performance. Figure 10A shows the characteristic charge-discharge curves of
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Voltage / V

batteries based on 50%PVP-PEKC and Nafion115 at 80 mA cm 2. The cell with 50%PVP-
PEKC membrane showed a lower charge voltage and higher discharge voltage than the
cell based on Nafionl15, due to the lower AR of the 50%PVP-PEKC membrane [9,18].
Moreover, the charge and discharge time of the battery with 50%PVP-PEKC membrane
was larger than that of Nafion115, which is due to the lower vanadium ion penetration of
the 50%PVP-PEKC membrane [22,55]. Operating a battery at increased current densities
is rewarding for higher output power density, reduced galvanic pile size and decreased
system manufacture cost [2,4].
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Figure 10. (A) Charge—discharge curves of batteries with 50%PVP-PEKC and Nafion115 membranes
at 80 mA cm~Z; (B) battery performance of CE, VE and EE at different current densities.

Figure 10B depicts the CE, VE and EE of — VRFBs equipped with 50%PVP-PEKC and
Nafion115 at 80-180 mA cm 2. The CEs (~99%) of 50%PVP-PEKC membrane were higher
than that of Nafion115 (~97%) due to its low vanadium ion permeability. It is not arduous to
see that VEs of both cells were declined as increasing the current density, mainly due to the
enhanced ohmic polarization of the battery at high current densities, which likewise leaded
to declined EE [10]. Nevertheless, the VEs of VRFB with the 50%PVP-PEKC membrane were
higher than those of Nafion115-based cells under all the current densities, distinctly owing
to the low AR of the 50%PVP-PEKC membrane. Accordingly, the battery equipped with
the 50%PVP-PEKC membrane manifested higher EE than Nafion115 at identical current
density. As an example, the EE of 50%PVP-PEKC based cell was 83.8% at 80 mA cm 2,
while the value of Nafion115 was 77.4%. In addition, Table S1 summarized the comparisons
of the battery efficiencies at 80 mA cm~2 based on different membranes in this work and
literature. It can be seen that the 50%PVP-PEKC membrane had comparable or even better
cell performances comparing with both PVP blend and other type membranes. For example,
the SPEEK /PVP-30%-based cell exhibited an EE% of 84.5% at 80 mA cm™~2 [37], while the
cell with the poly [2,2'-(2-benzimidazole-p-phenylene)-5,5"-bibenzimidazole] membrane
displayed an EE% of 82% [19]. Moreover, the improved battery performance could be
expected by further optimizing the electrode component and operation condition [3—45].
According to these results, it implies that the 50%PVP-PEKC membrane with superior ion
selectivity brought about a superior VRFB performance.

Figure 11A presents the cycling performance of the VRFB equipped with 50%PVP-
PEKC at 100 mA cm~2. Obviously, the 50%PVP-PEKC was stable and maintained almost
unchanged CE, VE and EE during the entire cycles. For instance, the EE of the 50%PVP-
PEKC based VRFB reduced from 78.1% to 77.6% after 225 cycles, while the EE of the
cell with Nafion115 declined from 74.0% to 69.1% after 225 cycles. Above phenomenon
is probably due to the incomplete reaction of the active species since none electrolyte
rebalance was adopted in the present work [4]. Figure 11B depicts the discharge capacity
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retention ratios of the two cells. Owing to the active species imbalance in the electrolyte
and the oxygen and hydrogen evolution side reactions at positive and negative electrodes,
the capacity of the battery will decline during the long-time test [56,57]. It can be seen from
Figure 11B that the capacity decreased trend of the cells equipped with 50%PVP-PEKC
and Nafon115 membranes was similar in the first 25 cycles, which may be due to the
fact that the Nafion115 membrane has nearly twice of the thickness of the 50%PVP-PEKC
membrane, which can prevent ion crossover [58]. In the subsequent cycles, the discharge
capacity retention ratio of Nafion115 was about 19%, while the cell equipped with the
50%PVP-PEKC membrane exhibited a much higher discharge capacity retention ratio of
around 43% after 225 cycles. This result also proves that the 50%PVP-PEKC membrane
occupied lower vanadium ion penetration [19]. In addition, if only considering the cost of
raw materials from Sigma, the fabricating cost of the 50%PVP-PEKC blend membrane is as
low as $9-20 m 2, comparing with that of the commercial Nafion115 ($500-700 m~2) [59].
Therefore, the x%PVP-PEKC membrane with excellent battery performance would be used

as an extremely promising material for VRFBs and other electrochemical energy storage
devices [60,61].

100 100
HIII\|III\IIMITIll\lﬂI\IIIIﬂl'ILWIIIIHTLﬁ\LIII\IIJImIIII\IIllﬂIIll\flfll\lIMLIII\lfIlLI|II\IIllI\lIIlMlLlfllﬂ|'|L|WIIIII\II|l"ILII|\I[||I\III'IMIWII[I\flll'lfllﬁ\lIIII\II'{_LIIWL'ITI\IIII\HIIILTE c\o 100 mA Cm—z
u =)
%0 'g 80 i
5 Mg
< @, iy
15 G M
= Gz /"Emmn,—
Q
<
&
[}
& 404
—
=
601 © CENafionl15 ® CE50% PVP-PEKC 2 o Nafionll5
O EENafionl15 ® EE 50% PVP-PEKC 8 204 © 50% PVP-PEKC
A VENafionll5 4 VE50%PVP-PEKC (A) (B)
50 T T T T T T T T T T T T T T T T T
0 50 100 150 200 250 0 50 100 150 200 250
Cycle number Cycle number

Figure 11. (A) Cycling performance of efficiencies of batteries with 50%PVP-PEKC and Nafion115
membranes at 100 mA cm 2 and (B) discharge capacity retention at 100 mA cm ™2,

4. Conclusions

Herein, using hydrophilic PVP and rigid PEKC as basic materials, a series of high-
performance and low-cost blend membranes for VRFBs were prepared. FT-IR spectra
confirmed the successful preparation of the x%PVP-PEKC blend membranes, while SEM
results showed a smooth, non-porous and dense structure. Due to the interaction of
pyrrolidone and sulfonic acid, x%PVP-PEKC blend membranes exhibited superior SA
absorption content and low area resistance. The ADL results indicated that SA molecules
were protonated the PVP and in form of “bound acid” in the blend membranes. The
protonated PVP polymer chain and hydrophobic PEKC macromolecular network effectively
blocked the penetration of vanadium ions. Comprehensively, the ion selectivity of 50%PVP-
PEKC membrane was 103 x 10* S min cm 3, and was closely 17 and 38 times of Nafion115
and Nafion212. The VFRB fixed with 50%PVP-PEKC membrane occupied higher CE
(99.3%), VE (84.6%) and EE (83.9%) than Nafion115 (CE: 97.6%, VE: 79.3%, EE: 77.4%)
at 80 mA cm 2. Simultaneously, the cell with 50%PVP-PEKC exhibited superior cycle
stability during charge-discharge cycles at 100 mA cm~2. Therefore, x%PVP-PEKC blend
membranes possess broad application prospects in the field of VRFBs because of the
ascendancy of high efficiencies, knockdown price and simple preparation method.
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Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/batteries8110230/s1, Figure S1. Surface SEM images of 25%PVP-PEKC,
50%PVP-PEKC and 75%PVP-PEKC. Table S1: Comparison of the battery performance of various
membranes in this work and literature at the current density of 80 mA cm2. Refs. [62-68] are cited in
the supplementary materials.
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