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Abstract

:

Based on amino polybenzimidazoles with flexible hydrophilic side chains (AmPBI-MOE) and polymeric ionic liquid (PIL), a series of composite membranes (AmPBI-MOE-PIL-X) were fabricated for vanadium redox flow battery applications. Here, 1-Bromo-2-(2-methoxyethoxy)ethane was grafted onto amino polybenzimidazole (AmPBI) by the method of halogenated hydrocarbons, and PIL was synthesized from ionic liquids by in situ radical polymerization to build a hydrogen-bonded cross-linked network within the film. The hydrophilic side chain improves the proton conductivity. With the increase in ionic liquids, the vanadium transmittance and the proton conductivity increase. The AmPBI-MOE-PIL-5 membrane not only exhibits a vanadium ions permeability of 0.88 × 10−9 cm2 min−1, which is much lower than Nafion117 (6.07 × 10−8 cm2 min−1), but also shows a very excellent blocking ability for vanadium ion. The AmPBI-MOE-PIL-5 membrane shows excellent performances at 60 mA cm−2, with VE of 87.93% and EE of 82.87%, both higher than that of Nafion117 membrane in VRFB.
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1. Introduction


With environmental pollution and the increasing reduction in energy, the development of sustainable energy, green energy and renewable energy has become the research focus of the world. Vanadium redox flow batteries (VRFBs), one of the large-scale energy storage systems, utilize changes in the valence state of vanadium ions to realize a mutual conversion of electrical energy and chemical energy [1,2,3]. It has attracted widespread attention owing to its advantages, for example, flexible design, high efficiency, safety, low impact on the environment and the ability to integrate intermittent power generation into the grid [4,5,6]. It is believed that it will achieve large-scale promotion and application in the future, and is regarded as one of the most promising new energy-supporting energy storage technologies. One of the characteristics of VRFB is an oxidation-reduction battery with vanadium as the only active material in a circulating liquid state. The vanadium ion has four different valence states in sulfuric acid solution. This helps to rebalance and reuse the battery [7,8]. Since cross contamination of electrolytes is usually the biggest problem causing capacity loss, based on the application of VRFB the initial capacity can be restored by mixing and refilling anode electrolyte and cathode electrolyte [9,10,11]. In addition, the reuse of electrolytes can reduce the cost of system operation. For VRFB, electrodes, electrolytes, and membranes have a significant impact on battery performance. Researchers have never stopped optimizing VRFB technology, such as nano-fluid electrolyte technology, electrolyte rebalancing methods, electrode oxidation activation method and modified membrane, etc. [12,13,14,15]. For batteries, the ion exchange film is a significant constituent, and it provided the ion transport channel, realizes the construction of a complete circuit in battery structure by selectively penetrating ions, and prevents vanadium ion infiltration and mixing in the positive and negative electrodes [16,17,18]. The properties of the film, in significant measure, determine the performance of the battery. The ideal membrane needs to have the following characteristics: low vanadium ion permeability, reducing the pollution caused by vanadium ion transmembrane transport; excellent chemical stability and high mechanical strength making the membrane have a long service life under acidic conditions, thus increasing the battery life; and high ionic conductivity and good ionic selectivity make the battery efficient. The low processing and production cost is conducive to the wide application of diaphragm [5,6,16,17,18,19].



The proton exchange membrane, represented by the Nafion membrane produced by DuPont, is widely used in the commercial field. Its sulfonic acid group is used as the exchange group as the standard membrane of the vanadium redox flow battery. The Nafion membranes have excellent battery performance, high stability in the electrolyte, high mechanical strength, and high conductivity. However, due to the defects of high vanadium ion permeability and high price, this also limits the further development of the flow battery to a certain extent [16,19,20]. There are many ways to reduce vanadium permeability, such as polymer blending, surface modification, nanoparticle addition, monomer grafting, etc. [7,8,19,21]. These methods effectively reduce vanadium permeability, but the high cost hinders their application in VRFBs. Finding alternatives to Nafion membranes has become a research hotspot.



Polybenzimidazole (PBI) was first introduced as a proton exchange membrane for VRFBs applications in 2015 [22]. PBI is an aromatic heterocyclic polymer containing imidazole groups [23,24,25,26,27]. The dense structure of PBI can reduce the permeability of VO2+ ions, and PBI with excellent chemical durability, high mechanical properties, and little cost has brought about widespread attention in the practical application of VRFBs [28,29,30,31,32,33]. Nevertheless, the area resistance of the original PBI is large. For the purpose of shortening the area resistance of PBI, a lot of efforts have been made by many researchers, such as adding ionic groups [34,35]. Ding et al. introduced sulfonic acid groups into PBI, and the area resistance of SPBI-30 reduced from 0.45 to 0.3 Ω cm2, but the vanadium transmittance rose [34]. In addition, adding ionic liquid is also an effective way [36,37]. Song and his co-workers added the [BMIm]BF4 ionic liquid to the polymer, and with [BMIm]BF4 added it is a gradual decrease in area resistance of the composite membrane, indicating that the ILs could enhance the proton transport capability of OPBI/BF4-X membranes [36]. Therefore, it is important to reduce the vanadium permeability while reducing the area resistance. Adding inorganic filler or introducing porous structures can effectively improve this situation [9,38,39,40]. Liang et al. prepared SPBI and mixed the UiO-66 with the polymer, forming the denser network structure that acts as a barrier to prevent VO2+ ions from penetrating, while reducing the area resistance [39]. In addition, introducing side-chain structures into the PBI matrix is also a good method [10,11,23,41]. Ren et al. synthesized a range of quaternary ammonium groups grafted PBI membranes, which improved the free volume and hydrophilicity of films and resulted in lower area resistance. Meanwhile, when the DG% increased from 0% to 9%, the vanadium transmittance of PBI-x%EPTMA reduced from 2.0 × 10−7 to 1.0 × 10−7 cm2 min−1 [23]. However, for grafting side chains on the membrane, if the side chains contain ionic groups, ionic groups will reduce the chemical durability, while non-ionic side chains can effectively avoid the above situation. The non-ionic oxygen-containing hydrophilic side chains have flexibility and high hydrophilic properties, which can increase the free volume and hydrophilic properties of the polymer [11,17]. Until now, the optimization of the area resistance, and VO2+ permeability has been the top-drawer critical factor in the development of proton exchange membranes for VRFB applications.



In this work, grafting 1-Bromo-2-(2-methoxyethoxy) ethane synthesized AmPBI-MOE. By choosing the appropriate degree of grafting, vanadium ion permeation can be effectively avoided. The membrane with the grafting degree of 20% has the best vanadium resistance, and the vanadium permeability is only 8.8 × 10−10 cm2 min−1. The AmPBI synthesized by our group has a quantitatively controllable 5-aminoisophthalic acid content, and can reduce the -NH- site on imidazole occupied by grafting as well. The optimal ratio of amino groups on the main chain of AmPBI was determined by proton conductivity value. Meanwhile, the polymeric ionic liquid was introduced into the system to build a hydrogen bond cross-linked network, which further improved the proton conductivity and enabled the AmPBI-MOE-PIL membrane to obtain excellent performance.




2. Experimental


2.1. Materials


Isophthalic acid (IPA), polyphosphoric acid (PPA), phosphorus pentoxide (P2O5), 5-aminoisophthalic acid (AIPA), 1-Bromo-2-(2-methoxyethoxy) ethane, 3, 3′ 4, 4′-diaminobenzidine (DAB), 4-Dimethylaminopyridine (DMAP) and Vanadium(IV) sulfate oxide hydrate were purchased from Macklin. Dimethyl sulfoxide (DMSO), 2, 2′-Azobis(2-methylpropionitrile) (AIBN), triethylamine, and acetone were procured from Aladdin.




2.2. Preparation of the AmPBI and Ionic Liquids


As shown in Scheme 1, the AmPBI was prepared by the conventional method [42]. Firstly, PPA was placed into a four-necked flask and stirred at 130 °C for 1.5 h, and then DAB, IPA, P2O5, and AIPA were soaked in the four-necked flask and stirred at 130 °C for 5 h. Following this, the reaction was slowly heated to 210 °C for 5–6 h. The fully reactive solution was placed into water, then the product was neutralized with an ammonia solution. After drying by drying in an oven, AmPBI was obtained. The optimal molar ratio of IPA and AIPA determined by the proton conductivity test is 0.8:0.2, as shown in Figure S1. Tested by the Ubbelohde viscometer, the inherent viscosity of AmPBI is 0.64. The molecular weight of AmPBI was 27150.



The preparation of ionic liquids (IL) was accomplished by a typical reaction [43]. The mixture of triethylamine and 5-Bromo-1-pentene was heated by condensation at 75 °C for 48 h under mechanical rabbling. The mixture was washed with acetone several times and removed by vacuum distillation to obtain the target product, the white solid powder. The synthesis process of PIL is shown in Scheme 2.




2.3. Synthesis of the AmPBI-MOE


AmPBI was dispersed in Dimethyl sulfoxide with magnetic stirring. After the solution is fully dispersed, DMAP and 1-Bromo-2-(2-methoxyethoxy) ethane were mixed in this reaction mixture and reacted with magnetic stirring at 90 °C for one day. After washing with acetone, the brown precipitate was obtained. The AmPBI-MOE was obtained (the degree of graft (DG) = 5%, 10%, 20%, 30%). The synthesis process is as in Scheme 1. By comparing the vanadium transmittance, the optimal DG is 20%, as shown in Figure S2.




2.4. Preparation of AmPBI-MOE-PIL-X Composite Membranes


AmPBI-MOE-PIL-X were prepared by solution casting method. AmPBI-MOE and IL were dispersed in DMSO together. At the same time, 1 wt.% of AIBN was added to the mixture as the initiator. The mixture was filtered onto a glass plate (10 × 10 cm2), set at a vacuum oven temperature to 55 °C for 3 h, and then 90 °C for 18 h; the AmPBI-MOE-PIL-X composite membranes were then prepared.




2.5. Characterization and Measurements


2.5.1. Structural Characterizations


The Fourier transform infrared (FT-IR) spectra of the films and IL were obtained using a Vector-22 spectrometer (Bruker, Germany) in a range of 4000 cm−1 to 400 cm−1. The IL, AmPBI, and AmPBI-MOE were characterized by 1H-NMR spectra with Bruker AVANCE III 400 MHz spectrometer.




2.5.2. Scanning Electron Microscopy


The microscopic morphology of the cross-section of the film was characterized by scanning electron microscope with JSM-7610FPlus. This cross-section of the film was obtained by embrittlement of membranes in liquid nitrogen.




2.5.3. Water Uptake, Swelling Ratio, and Ion Exchange Capacity


The anions in AmPBI-MOE-PIL-X membranes were converted to OH− by soaking in KOH solution for 20 h. The resulting films were immersed in the 3 M H2SO4. The IEC was measured by the inverse titration method. Firstly, the film was soaked in the 3 M H2SO4 and placed in 1 M NaCl aqueous solutions for 48 h. After dropping a drop of phenolphthalein, the solution was inversely titrated with a 0.01 M NaOH solution. The WU, SR, and IEC of membranes are computed with Equations (1)–(3):


  WU  ( % )  =    m  w e t   −  m  d r y      m  d r y     × 100  %   



(1)






  SR  ( % )  =    V  w e t   −  V  d r y      V  d r y     × 100 %  



(2)






  IEC =    C  N a O H    V  N a O H      m  d r y     × 100 %      



(3)




where, mwet, Vwet are the weight and volume of the water-saturated film, mdry and Vdry are the weight and volume of the dried film.




2.5.4. Vanadium Permeability


The less vanadium exudation, the better the effect on the performance of vanadium redox flow batteries. The Permeability of VO2+ was measured by an H-shaped diffusion battery. The left and right diffusion cells were filled with 1.5 M MgSO4/3 M H2SO4 and 1.5 M VOSO4/3 M H2SO4, separately. Take out 4 mL of solution from the diffusion cell on the right side at the specified time to measure the vanadium ions concentration in the MgSO4 solution. The concentration of vanadium ions was monitored on a UV–Vis spectrometer, and the permeability of VO2+ was determined with the Equation below:


  P =   L ⋅  V b    A ⋅  C a     (    d  (   C b   ( t )   )    d t    )     



(4)




where A represents the effective area and L is the thickness of the film. Vb represents the volume of MgSO4 solution, Ca and Cb(t) are the vanadium ions concentration in VOSO4 solution and vanadium ions concentration in MgSO4 solution, separately. P represents vanadium ions permeability.




2.5.5. Area Resistance


Under electrochemical impedance method spectroscopy (EIS), the area resistance (AR) of membranes was measured. The electrochemical workstation operates at a frequency of 100 kHz to 100 Hz. The AR was computed shown as Equation (5):


  AR = S  (   R 1  −  R 2   )     



(5)




where R1 and R2 are the resistance of the battery with and without a film in the clamp, separative. S represents the effective area (9 cm2).




2.5.6. Chemical Stability


Put to use the 0.1 mol/L VO2+ + 3.0 mol/L H2SO4 acid VO2+ solution to study the oxidation stability of the film. The films were completely immersed in an acid VO2+ solution. After 28 days the morphology of the membrane was observed and FTIR data were obtained.




2.5.7. VRFB Cell Performance


The battery performance was estimated by the electrochemical workstation (LANHE CT3001A) at room temperature at the permanent current density of 40 mA cm−2 to 120 mA cm−2. The battery was constructed by sandwiching a film between graphite felts. The effective area was 9 cm2. In addition, this cut-off voltage was set as 0.9 and 1.55 V. 1.5 M V3+/3 M H2SO4 and 1.5 M VO2+/3 M H2SO4 solution were used as cathode and anode electrolytes. Before battery performance testing, soak the membrane in 3 M H2SO4 solution at 40 °C for 24 h. Calculate the efficiency of the charge–discharge cycle by the Equations (6)–(8):


  CE  ( % )  =    ∫     I d  d t    ∫     I c  d t   × 100 %  



(6)






  VE  ( % )  =   EE   CE   × 100 %  



(7)






  EE  ( % )  =    ∫     V d   I d  d t    ∫     V c   I c  d t   × 100 %    



(8)




where I is current, V and t are voltage and time in sequence, d and c are discharge and charge process, separately.




2.5.8. Proton Conductivity


The proton conductivity of membranes was determined by the four-electrode method on Metrohm Autolab PGSTA T302N. Prior to testing, the membrane was sequentially immersed in 3 M sulfuric acid for 24 h and deionized water for 24 h at 40 °C. The proton conductivity (σ) is computed shown as Equation (9):


  σ =  L  A × R    



(9)




where A is cross-sectional area of the membranes, and L is distance between two electrodes.




2.5.9. Ion selectivity


Ion selectivity is also an important basis for judging the excellent performance of membrane materials for batteries. The following equation could be used to calculate the ion selectivity.






3. Results and Discussion


3.1. Synthesis and Characterization


The preparation of ionic liquids (IL) was accomplished by the typical reaction. Figure 1a shows the 1H-NMR spectra of [TPAm]Br and all the film. The peaks on IL(a’ b’ c’) correspond to 4.88, 3.22, 1.25 ppm, respectively, which were consistent with literature reports [42,43,44]. The double-bonded groups in IL form a cross-linked network by radical polymerization [43]. The absorption peak of imidazole-NH at 13.2 ppm proved the synthesis of AmPBI [42,45]. In addition, the primary amine group in the range of 5.4–6 ppm for AmPBI can be seen. However, the primary amine group disappeared after grafting and the secondary ammonia group appeared near 7 ppm. As a result, AmPBI and AmPBI-MOE-PIL-X were successfully synthesized.



FTIR spectroscopy further characterized the chemical structures of IL and all the membranes, as shown in Figure 1b. After grafting, the absorption peak at 1210 cm−1 was –C–O–C– bond stretching vibration, indicating that the grafting was successful [11]. In the meantime, 1640 cm−1 was the stretching vibration of the C=C bond [43,44]. Characteristic peaks of the double bonds group in IL disappeared in the membranes, which proves that the cross-linked networks were formed by the polymerization of free radical in the process of membranes preparation.




3.2. Microscopic Morphology


The internal microstructures of all the films can be studied from the cross-section SEM photographs in Figure 2. There are some squamous structures on the membrane cross-section surface due to plastic deformation during brittle fracture [42,44,45]. The microstructure of the membranes did not change obviously after grafting side chains. It can be clearly observed that the plastic deformation of the AmPBI-MOE-PIL-20 and 30 membranes are continuously reduced, and the toughness of the membranes is enhanced due to the incorporation of PIL. Moreover, all the membranes are compact, which means that the incorporation of PIL into the polymer matrix will not cause defects within the polymer.




3.3. Physicochemical Properties of Membranes


The Water uptake(WU), Swelling ratio(SR), and Ion exchange capacity(IEC) are shown in Table 1. Water uptake after grafting is increased due to the hydrophilic side chain and larger free volume. PIL added to the polymer produces a crosslinking structure, and the free volume within the polymer is filled by the cross-linking network architecture of the PIL, thus inhibiting the water uptake and ion exchange capacity as PIL increases from 5% to 30% [36,44]. The main factor affecting the SR of the films is the framework structure of the polymer. The modified film showed a similar SR tendency as the AmPBI membrane, verifying that the incorporation of PIL did not change the internal structure of the membrane [36,37]. With the addition of PIL from 5% to 30%, the conductivity increased from 7.9 to 9.5 mS cm−1. The introduction of PIL increases the free volume and the PIL itself acts as a transport carrier, both of which improve the proton conductivity simultaneously [44]. The VO2+ permeability reduced from 3.25 × 10−9 to 0.85 × 10−9 cm2 min−1 after grafting, which greatly improves the ability to block the VO2+ transport. All thickness was measured more than three times with a micrometer to reduce errors.




3.4. Vanadium Permeability, Ion Selectivity, and Area Resistance


VRFB self-discharge can be induced by the transmembrane movement of vanadium ions [20]. Therefore, the excellent ability to block vanadium ion transport is the key to the membrane. Compared with Nafion117, a series of AmPBI membranes exhibited lower vanadium permeability, on account of the dense structure of AmPBI and other composite membranes in Figure 3a [28,29,30]. By grafting side chains, a significant reduction in vanadium permeability can be seen. This is a result of the addition of flexible side chains, which efficiently reduce the transmission of larger vanadium ions [10,11,23,41]. By comparing the vanadium transmittance, DG = 20% is the best, as shown in Figure S2. With the increase in ionic liquid there is a negative effect on vanadium blocking effect. It is found that the VO2+ permeability of the AmPBI-MOE-PIL-5 was 0.88 × 10−9 cm2 min−1, which was much lower than that of Nafion117 (60.67 × 10−9 cm2 min−1). Then the ion selectivity of AmPBI-MOE-PIL-5 is much higher than that of Nafion117.



The area resistance (AR) is another key parameter for judging the membrane performance [45,46,47,48]. Figure 4 shows the AR of the AmPBI and AmPBI-MOE-PIL-X membranes. Due to the larger thickness of Nafion117 film, the AR of Nafion117 was higher than that of other membranes [39,49]. After grafting and adding appropriate PIL, the ARs of the composite membranes decrease. It is found that the AR for AmPBI-MOE-PIL-5 is 0.7 Ω cm2, which is the lowest. The results proved that grafting hydrophilic side chains and adding an appropriate amount of ionic liquid can effectively curb the area resistance and promote proton conductivity.




3.5. Mechanical Properties


During the operation of the battery the membrane needs to withstand the impact of the electrolyte and the extrusion of the graphite felt fiber, so the film must have good mechanical properties. As shown in Figure 5, it is the mechanical properties of all the films. It can be seen that the grafting of oxygen-containing side chains reduces the mechanical strength of the modified membranes [23,41]. This is because the intermolecular interaction forces of the polymeric backbone are reduced after the grafting of side chains [45]. Due to the plasticizing effect of PIL, adding a certain amount of PIL increases the elongation at break [36]. When the mass ratio of PIL was 20% the elongation at the break of the membrane showed a maximum value (18.2%). The elongation at break reduces with enhancement the enhancement of PIL, which is due to the uneven dispersion of excess PIL in the membrane. Hence, the mechanical properties of the films fully meet the requirements of VRFBs.




3.6. VRFB Performance


The VRFB performance comparison data of membranes with different PIL addition content and Nafion117 are shown in Figure 6. As shown in Figure 6a, the coulombic efficiencies of a series of films modified with AmPBI as the substrate is all above 90% at current densities ranging from 120 to 40 mA cm−2, which is higher than that of Nafion117. This is due to the dense structure of the PBI itself, where its excellent vanadium-blocking ability reduces the self-discharge behavior during the process of charging and discharging [29,30]. In addition, the grafting of hydrophilic flexible side chains further reduces the cross-mixing of vanadium ions as well as improved the proton transport performance. With the addition of grafting and PIL, the area resistance can affect the voltage efficiency, the area resistance further decreases, and the voltage efficiency also shows the same law [22]. Due to overpotential and ohmic polarization, the voltage efficiency of all membranes reduces with augmented current density. Energy efficiencies represent the energy utilization rate of the energy storage system in the charging and discharging process, and are also an important indicator for VRFB [16]. All membranes in Figure 6c have higher energy efficiencies than that of Nafion117. It is shown that the modified membrane has better VRFB performance. The AmPBI-MOE-PIL-5 shows much higher energy efficiencies. Figure 6d represents the charge–discharge curve of the AmPBI-MOE-PIL-5 membrane at 60 mA cm−2. The AmPBI-MOE-PIL-5 shows good battery charge–discharge performance. The discharge capacity of the AmPBI-MOE-PIL-5 tested under the same conditions can reach 530 mAh, while that of Nafion117 is 400 mAh. The oxidative stability of the AmPBI-MOE-PIL-5 membranes was evaluated in Figure S3. The oxidative stability of polymer membrane materials will be more concern in future work. As shown in Table 2, the AmPBI-MOE-PIL-5 shows excellent long-term performance at 60 mA cm−2.



To further investigate the long-term stability of the composite films, they were subjected to 200 charge–discharge cycles at 60 mA cm−2. AmPBI-MOE-PIL-5 still maintained excellent battery performance after 200 cycles of performance test, including CE (93.41%), VE (84.96%), and EE (79.37%) in Figure 7a. The capacitance retention rate is a good indicator of the long-term performance of the cell.





4. Conclusions


A hydrophilic side-chain AmPBI membrane with low area resistance and low vanadium transmittance was synthesized for VRFB. The AmPBI-MOE-PIL-5 membrane shows a VO2+ permeability of 0.88 × 10−9 cm2 min−1, which is much lower than that of Nafion117 (60.67 × 10−9 cm2 min−1); it also shows a low AR of 0.70 Ω cm2, which is much lower than Nafion117 membrane (1.19 Ω cm2). The AmPBI-MOE-PIL-5 showed excellent VRFB performances at 60 mA cm−2, with VE of 87.93%, CE of 94.25%, and EE of 82.87%, which are higher than those of Nafion117. Under the same conditions, the discharge capacity of the AmPBI-MOE-PIL-5 can reach 530 mAh, while the Nafion117 is 400 mAh. This work provides a high-performance AmPBI membrane grafted with hydrophilic side chains for VRFB—a promising candidate for VRFB applications.
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Scheme 1. Synthesis process of AmPBI-MOE. 
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Scheme 2. Synthesis process of PIL. 
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Figure 1. 1H NMR spectra (a) of [TPAm]Br, AmPBI, and AmPBI-MOE; FTIR spectra (b) of [TPAm]Br and all the membranes. 
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Figure 2. The cross-section SEM of AmPBI and AmPBI-MOE-PIL-X (X = 0%, 5%, 10%, 20%, 30%) membranes (a–f). 
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Figure 3. Vanadium concentration curve (a) and ion selectivity (b) of AmPBI, AmPBI-MOE-PIL-X membranes, and Nafion117. 
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Figure 4. The area resistance of AmPBI, AmPBI-MOE-PIL-X membranes, and Nafion117. 
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Figure 5. Mechanical properties of AmPBI, AmPBI-MOE-PIL-X membranes. 
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Figure 6. Cell performances (a) CE, (b) VE, (c) EE of AmPBI-MOE-PIL-X and Nafion117 membranes, charge–discharge curve (d) at 60 mA·cm−2. 
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Figure 7. Cycling performances of the efficiencies (a), discharge capacity reduction (b) of AmPBI-MOE-PIL-5 at 60 mA cm−2. 
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Table 1. Water uptake, proton conductivity, ion exchange capacity, swelling ratio and VO2+ permeability of AmPBI, AmPBI-MOE-PIL-X membranes, and Nafion117.
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	Samples
	Thickness

(µm)
	Water Uptake (%)
	Swelling Ratio (%)
	IEC

(mmol g−1)
	Proton Conductivity (mS cm−1)
	VO2+ Permeability (10−9 cm2 min−1)





	AmPBI
	35
	24.3 ± 0.5
	13.2 ± 1.0
	0.42
	7.9
	3.25



	AmPBI-MOE
	37
	26.5 ± 0.3
	14.9 ± 0.7
	0.41
	8.1
	0.85



	AmPBI-MOE-PIL-5
	36
	27.7 ± 0.6
	14.0 ± 0.4
	0.47
	8.5
	0.88



	AmPBI-MOE-PIL-10
	30
	24.1 ± 0.4
	14.1 ± 0.3
	0.48
	8.8
	0.93



	AmPBI-MOE-PIL-20
	34
	15.4 ± 0.5
	13.8 ± 0.7
	0.39
	9.4
	0.98



	AmPBI-MOE-PIL-30
	27
	12.9 ± 0.5
	14.4 ± 0.8
	0.37
	9.5
	0.99



	Nafion117
	180
	22.7 ± 0.5
	43.8 ± 1.2
	1.10
	49.2
	60.67
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Table 2. Performances of several batteries with various functionalized PBI membranes.
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	Membrane
	Thickness (µm)
	AR (Ω cm2)
	Current Density (mA·cm−2)
	CE (%)
	VE (%)
	EE (%)





	AmPBI-MOE-PIL-5
	36
	0.70
	60
	94.3
	87.9
	82.9



	PBI-100 [46]
	
	0.70
	60
	~100
	~82
	~82



	50-SPBI [15]
	39
	~2.7
	60
	
	
	~77



	PBI [22]
	-
	-
	60
	99
	74
	74



	ScABPBI [47]
	65
	0.34
	60
	97
	85
	~82



	72P–24S PBI [30]
	76
	0.43
	60
	97
	85
	~84



	mPBI [29]
	35
	2.03
	80
	~98
	~69
	~68



	PBI-40-SiO2 [48]
	-
	~0.28
	80
	99.5
	77
	76.8
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