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A B S T R A C T   

Protonated imidazole-hydroxyl-quaternary ammonium co-functionalized polybenzimidazole (PBI) anion ex-
change membranes are designed for vanadium redox flow battery (VFB). The structure is achieved by grafting 
glycidyl trimethyl ammonium chloride onto the PBI on basic of open-ring reaction. The synergistic effect of the 
protonated imidazole-hydroxyl-quaternary ammonium is supposed to create proton transport channels with 
hydrogen bonding and Donnan exclusion effect, leading to high proton conductivity and low vanadium 
permeability of the membrane. The single cell employing this membrane reveals a high performance with a 
coulombic efficiency of 99.3% and an energy efficiency of more than 80% at 200 mA cm� 2. A long-term life of 
over 500 cycles at 120 mA cm� 2 could be attributed to the good chemical stability of the membrane. These 
results indicate the membrane proposed here is a promising choice for VFB application.   

1. Introduction 

The energy storage devices are needed for stable output of turbulent 
alternative solar and wind energies [1]. Redox flow battery (RFB) at-
tracts attention for the long life, high efficiency and safety [2–5]. 
Compared to other metal ion pairs, vanadium ions of different valence 
states are used as electrolytes, avoiding cross-contamination between 
electrolytes in anode and cathode for vanadium flow battery (VFB) [2, 
6–10]. The membrane is a core component of the battery. It not only 
separates vanadium ion of the bipolar electrolytes, but also allows 
proton to shuttle back and forth between anode and cathode [11,12]. 
The ideal ion exchange membrane should possess low vanadium 
permeability, low cost, high proton conductivity, excellent mechanical 
property and chemical stability [13–18]. Perfluorosulfonic acid mem-
branes represented by Nafion from DuPont have been widely used in 
VFB as a result of outstanding chemical stability and high proton 

conductivity [19–21]. However, severe vanadium permeation leads to 
imbalance of electrolytes and battery capacity fading as well as low 
columbic efficiency. Besides, the high price of perfluorosulfonic acid 
membrane also hinders the applications in VFB [21–23]. There have 
been a variety of the strategies that have been explored to prepare 
alternative membrane materials, such as polyvinylidene fluoride (PVDF) 
[24–26], polytetrafluoroethylene (PTFE) [27], polysufone (PSF) [28] 
and poly (ether ether ketone) (PEEK) [29]. The proton-selective and 
cost-effective membrane is urgently needed for large-scale application of 
VFB [30,31]. 

To solve the issues of vanadium permeation and cost, positively 
charged functional groups (such as quaternary ammonium) are intro-
duced into nonperfluorinated polymers backbone [32–34]. It can repel 
the vanadium ion under the effect of Donnan exclusion to improve the 
columbic efficiency (CE) of VFB [30,35,36]. Zhang et al. prepared an 
aromatic polymer-based quaternized anion exchange membranes, 
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which displayed a voltage efficiency (VE) up to 81.9% and a CE up to 
98.3% at 140 mA cm� 2 [37]. Li et al. fabricated AEMs having PTA 
groups in the side chain (PSf-c-PTA) and the prepared AEMs showed a 
considerable batteries efficiency with a CE of >98% and VE of 85.6% at 
120 mA cm� 2 [38]. Lee et al. successfully prepared an ether-free poly 
(p-phenylene)-based anion exchange membrane, which achieved a CE 
even near to 100% and a VE up to 87% at 80 mA cm� 2 [39]. The pro-
tonated amine groups with positively charge could also repulse vana-
dium ions. Zhao et al. used protonated polybenzimidazole (PBI) 
membranes in VFB, obtaining a CE reached 99% and a VE up to 79% at 
40 mA cm� 2 [40]. However, for high current density operation in VFB 
application, there is still a need to further improve VE of membranes 
[41]. 

Very recently, hydroxyl groups have been confirmed to form 
hydrogen bond networks in the hydrophilic channels to promote proton 
transport [26]. Inspired by the Donnan effect of positively charged 
groups and hydrogen bond donor ability of hydroxyl groups, a novel 
membrane with protonated imidazole-hydroxyl-quaternary ammonium 
side chain was herein designed and prepared by grafting glycidyl tri-
methyl ammonium chloride (GTA) onto the backbone of PBI based on 
ring-opening reactions. The protonated imidazole-hydroxyl-quaternary 
ammonium side chain in membrane has a synergistic effect on 
creating hydrogen bond based proton transport channels as well as 
Donnan exclusion based vanadium ion barriers (Scheme 1). The nano-
structure and morphology of the prepared membrane were investigated 
in detail. Furthermore, the flow battery performances were assessed by a 
series of tests. This membrane has a great potential as high-performance 
material for application of VFB. 

2. Experimental 

2.1. Materials 

Polybenzimidazole (PBI) has a molecular weight of 14000 g mol� 1, 
which is supplied by Shanghai Shengjun Plastics Technology Co., Ltd. 
Glycidyl trimethyl ammonium chloride (GTA) is purchased from Saen 
Chemical Technology (Shanghai) Co., Ltd. Dimethylsulfoxide (DMSO) is 
bought from Tianjin Fuyu Fine Chemical Co., Ltd. Acetone is provided 
by Tianjin Komi Chemical Reagent Co., Ltd. 

2.2. Preparation of PBI-GTA-x membranes 

GTA was grafted onto the PBI by the following procedure (Scheme 
2). 50 mL DMSO was poured into a 100 ml single-necked flask and then 
1 g PBI was added into form a 2% solution at 80 �C. After completely 
dissolved, 0.625 g GTA was added into the flask and continually stirred 
for 24 h. After the reaction, the resulted solution was precipitated in 
acetone. The precipitated PBI-GTA-x (where x was the degree of sub-
stitution) was washed with deionized water before dried in an oven at 
60 �C. A series of PBI-GTA-x were obtained by controlling the amount of 
GTA (Table 1). Then, 0.11 g PBI-GTA-x polymer was dissolved in 5 mL 
DMSO and casted in a glass plate. The final obtained membrane was 
dried in an oven at 60 �C for 48 h before removed from the glass plate. 
The obtained dry membranes had an average thickness of 30 μm. 

2.3. Microstructure and morphology characterization 

The 1H NMR spectrum of the polymer dissolved in DMSO‑d6 was 
tested using a spectrometer (Bruker AVANCE III HD 500). The micro-
structure of the PBI-GTA-x membranes was tested by JEOL JEM-2000EX 
microscope. The membranes were immersed in 1 M KI, and dried after 
washed with deionized water. 

2.4. Property measurements 

The ion exchange capacity (IEC) of membranes was measured by the 
titration method. Water uptake (WU) and swelling ratio (SR) were tested 
in 3 M H2SO4 conditions. The area resistance (AR) of membranes with an 
effective area of 1.766 cm2 were detected in 3 M H2SO4 and calculated 
as follow: AR ¼ (R1 � R2) � S. where R1 and R2 is resistances with and 
without a membrane, respectively. The vanadium permeability of the 
membrane was evaluated based on our previous work [42]. 

2.5. Battery test 

The battery consisted of 3 � 3 cm2 membrane, graphite felts and 
graphite felt electrodes was detected with LANHE CT2001A system. 
DuPont’s Nafion 212 was pretreated as same as the literature [20,43, 
44]. Positive and negative electrolytes used 50 mL of 1.5 M VO2

þ/VO2þ

in 3 M H2SO4 solution and equivalent amount of 1.5 M V3þ/V2þ in 3 M 
H2SO4 solution, respectively. The current density range is 40–200 mA 
cm� 2 and the cut-off voltage is 1.00–1.55 V for flow battery. The cycle is 
tested at 120 mA cm� 2. The self-discharge test was measured at 50% 

Scheme 1. Diagram of bi-functionalized membrane containing abundant hy-
droxyl and quaternary ammonium groups. 

Scheme 2. Synthesis of PBI-GTA-x.  

Table 1 
Reaction conditions and DS of PBI-GTA-x.  

Membranes Mole ratio of the GTA: PBI 
repeat unit 

DS based on1 H 
NMR (%) 

Reaction time 
(h) 

PBI-GTA- 
112% 

1.5 : 1 112 24 

PBI-GTA- 
93% 

1 : 1 93 24 

PBI-GTA- 
67% 

1 : 2 67 24 

PBI – 0 0  
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state of charge (SOC) until dropping to 0.8 V. 

2.6. Chemical stability 

Chemical stability was tested by immersing the membranes in 1.5 M 
VO2
þ/3 M H2SO4 solutions. After 32 days, the membrane was washed 

with deionized water and then dried at 60 �C. The weight of membranes 
(W0 and W before and after immersion) was recorded, and weight 
change was calculated as follow: 

Weight change¼
W � W0

W0
� 100%  

3. Results and discussion 

3.1. Structural confirmation 

Fig. 1 shows the 1H NMR spectra of PBI and PBI-GTA-x. The 

characteristic signal attributed to N–H proton on the PBI backbone was 
at 13.23 ppm (Fig. 1a) and significantly weakened after the grafting 
reaction (Fig. 1b–d). New characteristic peaks at 6.24 ppm (Hd), 4.63 
ppm (Hc), 4.36 ppm (Ha), 3.6 ppm (Hb) and 3.18 ppm (He) correspond to 
methyl protons, methylene protons and hydroxyl groups of the side 
chain. These confirmed the successful ring-opening reactions of GTA 
onto the backbone of PBI. It is worth noting that the characteristic peaks 
from 7.58 ppm to 8.33 ppm (H1–H4) in Fig. 1b–d shows a significant 
change compared with Fig. 1a, which was caused by the interaction 
between the main chain and the side chains. However, the characteristic 
peak at 7.3 ppm (H5) remained unchanged after grafting indicates that 
H5 is rarely affected by side chain. The degree of substitution (DS) was 
calculated to be 112%, 93%, and 67% as: DS ¼ 2S(Ha)/S(H5), where S 
(Ha) and S(H5) represent the integral areas of Ha and H5 peaks, 
respectively. 

Fig. 1. 1H NMR spectra of a) PBI, b) PBI-GTA-67%, c) PBI-GTA-93% and d) PBI-GTA-112% membranes.  
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3.2. Morphology of PBI-GTA-x membrane 

The membranes morphologies were analyzed by TEM (Fig. 2). The 
hydrophilic domains of the anion and hydroxyl groups contribute to 
dark regions, while the hydrophobic backbone is attributed to bright 
regions. It could be observed that the ion clusters disperse within the 
hydrophobic domains, forming a nanophase separation structure. The 
size of the hydrophilicity phase of membrane was roughly measured to 
be ~2 nm for PBI-GTA-112% and ~0.6 nm for PBI-GTA-67%. As 
described in our previous work [42], pristine PBI membrane had no 
obvious nanophase separation structure, suggesting that the introduc-
tion GTA side chain improved the nanophase separation structure. As 
the degree of substitution increased, the ion cluster became larger and 
more continuous, which constructed a better nanophase separation 
structure to facilitate proton transport. 

3.3. Membrane properties 

The basic performance of the membranes is listed in Table 2. The IEC 
mainly depends on the number of cationic groups in membrane and has 
a large extent effect on the ion conductivity and WU of membrane. 
Water is required in the membrane to form an ion transport channel. The 
IEC increases with increasing the DS of membranes. The increased WU 
was conducive to the construction of ion channels in the membrane to 
promote ion transport. As the increasing of DS, the WU of membrane 
increased from 18% of PBI to 30% of PBI-GTA-112%. However, an 
excessive WU might cause a high SR, reducing the mechanical properties 
of the membrane. The SR of membrane increased from 7.4% for PBI to 
19% for PBI-GTA-112%. This should be associated with the introduction 
of the side chains which have abundant hydroxyl groups and quaternary 
ammonium groups. The imidazole-hydroxyl-quaternary ammonium 
could form strong hydrogen bond with water molecules, resulting high 
SR and WU. Originating for the enhanced WU, the conductivity of PBI- 
GTA-112% membrane is more than three times higher than that of the 
PBI-based membrane. It suggested that the good ion transport channels 
and hydrogen bond promoting effect of hydroxyl groups obviously 

enhanced the proton conductivity in the membrane. For the long-term 
stability in VFB operations, the mechanical properties of membranes 
were presented in Fig. 3 and Table 3. The tensile strength of pure PBI we 
measured was a little low, but still within the normal range [45–47]. The 
tensile strength and elastic modulus of all the PBI-GTA membranes were 
high enough for maintaining the reasonable toughness for VFB appli-
cation, although they partially decreased. The elongation at break 
increased significantly from 29% to 58%, improving the impact resis-
tance of the membranes. 

The area resistance (AR) of the PBI-GTA-x and PBI membranes was 
shown in Fig. 4a. As the DS increased, the AR of the PBI-GTA-x mem-
branes obviously decreased from 0.9 Ω cm2 of PBI to 0.31 Ω cm2 of PBI- 
GTA-112%. Such a low area resistance is comparable to that of Nafion 
212 (0.22 Ω cm2). The vanadium ion permeability directly affects the CE 
and self-discharge rates of the VFB. The permeation of vanadium ion was 
measured across membrane and the relationship between the concen-
tration and the function of time were obtained (Fig. 4b). Although the 
vanadium ion permeability of the PBI-GTA-x membranes slightly 
increased with the increment of quaternary ammonium and hydroxyl 
groups, it was still at a very low level. PBI-GTA-112% membrane showed 

Fig. 2. TEM images of (a) PBI-GTA-67% and (b) PBI-GTA-112% membranes.  

Table 2 
IEC, SR, WU and Conductivity of PBI-GTA-x and PBI membranes.  

Membrane IECt
a IECe

b SR WU Conductivityc 

(mmol g� 1) (mmol g� 1) (%) (%) (mS cm � 1) 

PBI-GTA-112% 2.82 2.40 19 30 9.68 
PBI-GTA-93% 2.39 2.10 15 26 7.90 
PBI-GTA-67% 1.90 1.86 13 24 5.46 
PBI – – 7 18 3.00  

a Theoretical IEC (IECt) are calculated from 1H NMR. 
b Experimental IEC (IECe) are measured by back-titration method at room 

temperature. 
c Conductivity is calculated as: σ ¼ L/(R⋅S), where L, R, S are the thickness, 

resistance and cross-sectional area of the membrane, respectively). 

Fig. 3. Stress-strain curves of PBI and PBI-GTA-x membranes.  

Table 3 
Mechanical properties of PBI and PBI-GTA-x membrane.  

Membrane Tensile strength Elongation Elastic modulus 

(M Pa) (%) (M Pa) 

PBI-GTA-112% 34 58 136 
PBI-GTA-93% 38 42 183 
PBI-GTA-67% 51 39 275 
PBI 65 29 685  
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a permeability of 3.93 � 10� 9 cm2 s� 1, which was one order of magni-
tude lower than that of Nafion 212 (7.76 � 10� 8 cm2 s� 1). This is due to 
the blocking effect of the positively charged protonated imidazole- 
hydroxyl-quaternary ammonium side chains on vanadium ions. Conse-
quently, enhanced proton conductivity and decreased permeability 
made the PBI-GTA-x membranes achieve much higher ion selectivity 
than commercial Nafion 212, resulting high performance in VFB 
application. 

3.4. Single cell performances 

The electrochemical performance of the PBI-GTA-x membranes were 
evaluated at the current density range of 40–200 mA cm� 2 and 
compared with that of Nafion 212 (Fig. 5). Compared to Nafion 212, the 
PBI-GTA-x membranes exhibited higher CE values due to the much 
lower diffusion coefficient of vanadium ions (Fig. 5a). Even with a high 
DS, the PBI-GTA-112% membrane displayed higher CE (96.2%–99.3%) 
than that of Nafion 212 (78.0–94.4%) during the all current densities 
range. Since Nafion 212 has lower vanadium permeability than at high 
current density, CE increases significantly at high densities [21,48]. The 

Fig. 4. a) AR and b) VO2þ ion diffusion of Nafion 212 and PBI-GTA-x membranes.  

Fig. 5. a) CE, b) VE and c) EE of single-cell performance with PBI-GTA-x and Nafion212 membranes at different current densities; d) OCV of PBI-GTA-112% and 
Nafion212 membrane. 
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CE at low current density is very low. In contrast, there was a slight 
change of CE for PBI-GTA-x membranes with increasing current density 
due to the hydrogen bond network and Donnan effect of positively 
charged side chains. The VE values of the membranes correspond to the 
IEC values and ionic conductivities of the membranes. As the DS 
increased, the wider and more connected ion transport channels in the 
membranes lead to an increase of VE (Fig. 5b). The VE of PBI-GTA-112% 
membrane decreased from 96.2% to 80.7% at 40–200 mA cm� 2, which 
was caused by larger ohmic polarization at higher current density. The 
EE is an important evaluation parameter of battery performance and 
determined by CE and VE. The battery assembled with PBI-GTA-112% 
membrane exhibited a high EE more than 80% at 200 mA cm� 2, which 
was superior to that of Nafion 212 (Fig. 5c). The self-discharge tests of 
PBI-GTA-112% and Nafion 212 membranes were also investigated 
(Fig. 5d). The self-discharge duration time with PBI-GTA-112% mem-
brane was 88 h, which was 150% longer than that of Nafion 212 (35 h), 
in good agreement with the vanadium ion permeability values. A 
comprehensive comparison of EE between PBI-GTA-112% and ion ex-
change membranes reported in recent years was also made (Fig. 6). The 
cell assembled with PBI-GTA-112% membrane exhibited impressive EE, 
which showed greater advantages at higher current density. Specifically, 
the EE of PBI-GTA-112% membrane was still higher than 80% at 200 
mA cm� 2, while of other membranes had fallen below 80%. The syn-
ergistic effect of protonated imidazole-hydroxyl-quaternary ammonium 
of PBI-GTA-112% membrane leads to high proton conductivity and low 
vanadium permeability, resulting in satisfactory EE. The excellent 

performances suggest that PBI-GTA-x membrane with protonated 
imidazole-hydroxyl-quaternary ammonium side chain is promising for 
use in practical VFB system. 

3.5. Cycle performance 

The cycling performance of the PBI-GTA-112% membrane was tested 
at 120 mA cm� 2 (Fig. 7). The cell assembled with PBI-GTA-112% 
membrane displayed a stable CE of >98% over 500 cycles (Fig. 7a). 
Capacity decay is another key indicator for evaluating flow battery 
performance (Fig. 7b). Although a gradual capacity fade was caused by 
the vanadium across the membrane, the capacity retention of the PBI- 
GTA-112% membrane was much higher compared to the Nafion 212 
membrane. The capacity retention assembled with PBI-GTA-112% 
membrane was 78% after 50 cycles, which was nearly 30% higher than 
that of Nafion 212 (50%). 

3.6. Chemical stability 

The PBI-GTA-x membranes were immersed in 1.5 M VO2
þ/3 M H2SO4 

solution for 32 days at room temperature to test their chemical stability 
(Fig. 8). The membranes become darker due to the absorption of va-
nadium ions (Fig. 8a and b). The morphology of the membrane still 
remained robust. The mass change of membranes was measured and the 
corresponding values were all below 10% (Fig. 8c). The FTIR spectra of 
PBI, PBI-GTA-112% and PBI-GTA-112% membranes after 500 cycles 

Fig. 6. The comparison of battery performances with anion exchange membranes reported in recent years [37–39,49–63].  

Fig. 7. a) Cycling performance at 120 mA cm� 2 of the PBI-GTA-112% membrane; b) capacity decay of PBI-GTA-112% and Nafion212 membrane.  
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were detected to further investigate the operational stability of the 
membrane (Fig. 8d). The stretching vibration of the C––N and ether 
linkage reflected the characteristic absorptions at 1630 cm� 1 and 1167 
cm� 1, respectively. The characteristic absorptions at 1460 cm� 1 and 
3300 cm� 1 were attributed to –CH3 and –OH of side chain in PBI-GTA- 
112% membranes, respectively [47]. Due to the sulfuric acid treatment, 
the vibration of S––O––S appeared at 1036 cm� 1 [64]. There was no 
obvious change in the FTIR spectra for the PBI-GTA-112% membrane 
after 500 cycles compared to the pristine PBI-GTA-112% membrane. 
These indicated this membranes exhibits good chemical stability under 
strong acid and strong oxidation conditions. 

4. Conclusion 

A novel anion exchange membrane containing protonated 
imidazole-hydroxyl-quaternary ammonium side chain was designed to 
improve proton conductivity and hinder vanadium ions for VFB. The 
glycidyl trimethyl ammonium chloride was grafted onto the PBI, which 
promoted the formation of hydrophilic/hydrophobic phase-separation 
structure. The protonated imidazole-hydroxyl-quaternary ammonium 
side chain could facilitate proton transport and VO2þ exclusion by 
hydrogen netwok and Donnan effect. Thereby, the membrane prepared 
here obtained low vanadium penetration (3.93 � 10� 9 cm2 s� 1) and area 
resistance (0.31 Ω cm2), which led to excellent efficiency. The cell 
assembled with PBI-GTA-112% membrane exhibited an excellent a EE 
higher than 80% at 200 mA cm� 2 and displayed a stable CE (>98%) over 
500 cycles at 120 mA cm� 2. It indicates that this membrane has a great 
application prospect in flow battery. 
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