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An issue with conventional vanadium redox flow batteries (VRFB) with Nafion membranes is the
crossover of vanadium ions, resulting in low coulombic efficiency and rapid decay in capacity. In this
work, a VRFB with a polybenzimidazole (PBI) membrane is tested and compared with the Nafion system.
Results show that the PBI-based VRFB exhibits a substantially higher coulombic efficiency of up to 99% at
current densities ranging from 20 mA cm~2 to 80 mA cm 2. More importantly, it is demonstrated that the
PBI-based VRFB has a capacity decay rate of as low as 0.3% per cycle, which is four times lower than that of
the Nafion system (1.3% per cycle). The improved coulombic efficiency and cycling performance are
attributed to the low crossover of vanadium ions through the PBI membrane.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Pressing concerns on the environmental impacts of burning
fossil fuels and their limited reserves have led to a growing global
usage of renewable energy, such as wind and solar energy. The
wide deployment of renewables is, however, hindered by a viable
energy storage technology. Among a wide range of energy storage
technologies, flow batteries offer several unique advantages,
including the system scalability, long cycle life, and high energy
efficiency [1-4]. In particular, the all-vanadium redox flow battery
(VRFB) has been regarded as one of the most promising
technologies, primarily because it uses the same element in both
half-cells, which avoids the problem of cross-contamination
between the two half-cell electrolytes [5,6].

A typical VRFB consists of two porous electrodes and two
circulating electrolyte solutions separated by a membrane, as
shown in Fig. 1. The membrane acts as a key component, not only
separating the positive electrolytes and negative electrolytes, but
also providing an ionic conduction pathway between the two
electrolytes during the charge and discharge process. To date, the
most widely used membranes in VRFBs system are perfluorosul-
fonic cation exchange membranes (typically Nafion) due to their
high ionic conductivity and decent chemical stability. However,
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Nafion membranes suffer from a high crossover rate of vanadium
ions, which results in a decrease in the coulombic efficiency and
capacity fading after prolonged cycling. Previous studies reported
two main reasons for the high vanadium crossover with Nafion
membranes. First, the chemical structure of currently employed
Nafion consists of hydrophilic sulfonic acid groups and a
hydrophobic Teflon backbone. Once hydrated, the microphase
separation between hydrophilic sulfonic acid groups and the
hydrophobic Teflon backbone forms water channels, which create
unwanted ion transport pathways. These water channels are
typically 4.0 nm in diameter [ 7], which is much larger than the size
of hydrated vanadium ions (typically 0.6 nm [8]), allowing free
movement of vanadium ions through Nafion membranes. Second,
the negatively charged functional groups from Nafion membranes
facilitate the adsorption and diffusion of positively charged
vanadium ions in the membrane due to electrostatic attraction.
In order to improve VRFB's performance, efforts have been made to
reduce vanadium crossover [9-16]. For example, inorganic
particles like SiO,, TiO, and zirconium phosphate have been
introduced into Nafion membranes in an attempt to reduce the size
of water channels, thereby decreasing vanadium permeability [9-
11]. Some alternative CEMs such as SPEEK membranes, which
possess more rigid structures and narrower water channels, have
proven to exhibit a lower vanadium permeability, but have not
completely eliminated the problem [12-15]. Further reduction in
the vanadium permeability of CEMs is limited by the negatively
charged functional groups.
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Fig. 1. Schematic of vanadium redox flow batteries.

Xu et al. [17] recently demonstrated a zeolite membrane for
flow batteries, suggesting that effective separation of protons from
vanadium ions can be achieved by using porous membranes with
small pore sizes due to the size exclusion effect. Considering the
fact that the Stokes radius of hydrated vanadium ions is much
larger than that of H50", it is possible to separate protons from
vanadium ions by using a porous separator [ 18]. A porous separator
may be a likely solution to eliminating vanadium crossover, since it
contains no functional groups, but the brittleness of zeolite
membranes is a serious limiting factor in practical applications.
Therefore, a porous polymer membrane with small pore sizes that
offers better mechanical properties is highly desired.

The PBI membrane has been widely investigated for nano-
filtration [19,20] and high-temperature proton exchange mem-
brane fuel cells [21-26]. The chemical structure is illustrated in
Fig. 2. PBI has a highly chemically stable polymer backbone,
making it especially suitable for VRFBs, which has a strong acidic
and oxidizing environment. Previous studies show that the pore
size of PBI membranes should range from 0.5 nm to 2.0 nm [19,20]
(much smaller in comparison to that of Nafion membranes and
other alternative ion exchange membranes at typically 2-4 nm in
diameter), which helps to reduce vanadium ion crossover
significantly. The objective of this work is to employ the PBI
membrane as a porous separator for a VRFB system and conduct a
comparison study with the Nafion-based system through investi-
gating conductivity, vanadium ion permeability and cell perfor-
mance. It is demonstrated that the vanadium permeability of a PBI
membrane is two orders of magnitude lower than that of the

Nafion system, indicating that effective separation of protons from
vanadium ions is achieved. A PBI-based VRFB demonstrates a
coulombic efficiency of up to 99% at current densities ranging from
20mA cm 2 to 80 mA cm 2, as opposed to a coulombic efficiency of
82% to 94% seen in a Nafion-based VRFB.

2. Experimental
2.1. Membrane preparation

A PBI membrane, 30 wm in thickness, was provided by Yick-Vic.
It should be noted that the ionic conductivity of a pure PBI
membrane is extremely low, i.e. 107'2Scm~! [27] and have nearly
no pores. Thus, the PBI membrane was pretreated by immersion in
4M H,SO4 for 7 days to form the porous membrane. The PBI
membrane was then thoroughly washed in DI water to remove
excess sulfuric acid. Nafion ® 211 (thickness: 25um) was
examined as a benchmark under the same conditions.

(O

Fig. 2. Chemical structure of PBI.
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2.2. Membrane characterization

2.2.1. Area resistance and proton conductivity

The area resistance (ASR) of the membranes was detected with
a method described in the literature [16]. Two half cells containing
1M VOSO4+4M H,SO, were separated by the membrane. The
effective area of the cell was designed at 3.14 cm?. Ry and Ry, which
represent the electric resistances of the cell with and without a
membrane respectively, were determined by electrochemical
impedance spectroscopy (EIS) over a frequency range from
1kHz to 1 MHz. The area resistance R was calculated by

R=(R; —Ry) xS (1)

Where S is the effective area of the cell.
Both membranes were immersed in 1M VOSO4 and 4 M H,SO4
solution for 24 hours before measurements were taken.

2.2.2. Permeability of VO**

The permeability of vanadium (IV) through the membrane was
tested using an in-house dialysis cell, which is similar to the
conductivity cell mentioned in Section 2.2.1. The cell was separated
into two compartments by a membrane with an effective area of
3.14cm?. One compartment was filled with 80 ml of 1.0 M VOSO,
(ZhongTian Chemical Ltd. China) in 4.0 M H,SO4, while the other
compartment was filled with 80 ml of 1.0 M MgSO, (Fluka, USA) in
4.0 M H,S0,4. The purpose of MgSO, is to reduce the osmosis effect
of anions by incorporating sulfate anions (S042~) in the deficiency
side. In this experiment, we assumed that the change in vanadium
ion concentration in the vanadium enrichment compartment is
negligible and a pseudo-steady state condition is used in the
membrane. At a regular time interval (8 hours), samples in the
magnesium sulfate compartment were taken and analyzed for
vanadium ion concentration using inductively coupled plasma
mass spectrometry (ICP-MS).

2.2.3. VRFB single cell performance characterization

A VRFB single cell was charge-discharge cycled using a
computer controlled battery test system (CT3008 W, Neware Inc.
China). The in-house designed flow battery is similar to our
previous work [16]. The single cell consisted of two acrylic flow
channels (6 mm thickness), four silicone gaskets (1.5 mm thick-
ness) and the negative and positive electrodes separated by a
membrane. Both negative and positive electrodes were made of
two pieces of carbon felt (6 mm thickness pre-compressed,
Sigratherm® GFA-05, SGL Carbon, Germany), which were
compressed to the membrane by clamping the graphite substrates
(20mm x 25 mm x 9 mm) on both sides. Electrolytes of 20 ml were
fed into the compartments using the acrylic flow channels and
were circulated to and from the reservoirs at 3 mls~! (mean linear
flow velocity) using a 2-channel peristaltic pump (WT-600-2],
Longerpump, China). Measurements were conducted with 20 ml
1MV (IV)+4M H,SO4 solution as the positive electrolyte and
20ml 1MV (IlI)+4M H,SO4 solution as the negative electrolyte.
The cell was initially charged to 1.7V and discharged to 1.0V at
40mAcm~2 and then cycled at this current density for 20 cycles
before finally being charged-discharged at 80, 60, 40 and 20 mA
cm 2. The coulombic efficiency (CE), voltage efficiency (VE) and
energy efficiency (EE) for the charging-discharging process were
calculated from:

CE:E—dx 100% )

C

VE = Vd 100% (3)
Ve
EE = CE x VE (4)

where tq is the discharge time, t. is the charge time, V4 is the
average discharge voltage, V. is the average charge voltage.

2.2.4. Chemical stability

The chemical stability of membranes was investigated accord-
ing to the method reported elsewhere [28]. A PBI membrane
sample and a Nafion 211 membrane were immersed in 50 mL
electrolyte solution (1MV (V) in 5M total sulfate) at room
temperature for three months. The weight and ASR of each sample
were recorded before and after being soaked in V (V) solution to
observe the weight and conductivity changes. The membrane
oxidative stability was determined by weight change (%) and
conductivity change (%) which can be calculated by the following:

Wo =Wy
0

Weightchange(%) = x 100% (5)

Conductivity change(%) = % x 100% (6)
0

where Wy and W, are the respective weights of the membranes

before and after immersion in V (V) solution, pg and p; are the

respective conductivities of the membranes before and after

immersed in V (V) solution.

3. Results and discussion
3.1. Ion Conductivity and vanadium permeability of PBI

The physical properties of PBI and Nafion samples are
summarized in Table 1. The conductivity of N211 and the PBI
after equilibration in 1M VOSO4+4M H,SO, solution were
evaluated. The measured conductivity of N211 in VRFBs electrolyte
environment is 50.7mScm~!, which is comparable to the 50 mS
cm ! reported by Tang et al. [29]. The measured conductivity of
Nafion in VRFB solution is lower than that of Nafion in pure water.
The lower conductivity is ascribed to the high concentration of
sulfuric acid [30] and some of the ion transport channels being
occupied by vanadium cations [29]. PBI membranes, widely used
in high-temperature PEM fuel cells, have much lower proton
conductivities at room temperature. However, the measured
conductivity of PBI in this work is 15.8 mScm™!, which reached
nearly one third of the ion conductivity of N211. This can be
explained by the acidic solution, which improves the conductivity
of PBI membranes. Once the PBI membrane is soaked in a sulfuric
acid solution, the membrane state is changed, sulfuric-doped free
volumes are formed, which can conduct ions under an electric field
in a fashion similar to an aqueous solution. Thus, transporting ions
through the PBI is enhanced by the sulfuric-doped free volume in
the porous matrix. As a result, the sulfuric acid solution
environment help improve the conductivity of PBI membranes.

Table 1
Physical properties of PBI and Nafion samples.

V02" permeability (cm?min~!) Conductivity (mScm™!)

PBI Undetectable 15.8
Nafion 1.8 x 107 50.7

Membrane
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Fig. 3. Schematic of the PBI membrane in VRFB.

For Nafion, the vanadium deficient solution concentration
changed from 0 to 81x10°2M in 48hours and the VO?**
permeability of Nafion 211 is calculated to be 1.8 x 107¢ cm? min ™,
similar to previously reported values [16]. For the PBI membrane,
there is no detectable VO?* ion in deficient solution by ICP
measurement (the detection limit is 10~%M) within 48 hours,
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Fig. 4. The charging-discharging curve of VRFB at 20 mA cm 2.

ndicating that the vanadium ion permeability of the PBl membrane
is two orders of magnitude lower than that of Nafion membrane. In
addition, for Nafion 211, the permeation of vanadium ions could be
observed by the change of the vanadium deficient solution from
clear to blue within 1 h and becoming darker over the period of two
weeks. However, nearly no color change in the solution for PBI
membranes for the entirety of the two week period. There is still no
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Fig. 5. Coulombic efficiency, voltage efficiency of VRFB at various current densities.



496 X.L. Zhou et al. /Electrochimica Acta 153 (2015) 492-498

90 v T i T T T i T

85 oS

80

754

Efficiency(%)

659  —m—EE of Nafion
—e—EE of PBI

60 T ' T X T y T
20 40 60 80

Current density (mA/cm?)

Fig. 6. Energy efficiency of VRFB at various current densities.

detectable VO?* ion in deficient solution by ICP measurement (the
detection limit is 10~*M). The high vanadium permeability of
Nafion membranes is caused by the sulfonic acid functional groups.
In addition, the large diameter of the water channels (typically
4 nm) facilitates the permeation of vanadium ions through Nafion.
In contrast, previous studies showed that the pore size of PBI
membranes should range from 0.5nm to 2nm [19,20], which is
much smaller than that of Nafion. The PBI membrane is also
nonionic and contains no functional groups. PBI membranes allow
the transport of protons and limit the transport of vanadium ions
due to size-exclusion effects, as displayed in Fig. 3.

3.2. VRFB performance at different current densities

The charge-discharge curves of VRFB assembled with the PBI
membrane and Nafion 211 at 20mAcm~2 are shown in Fig. 4.
Nafion 211 has a lower charge voltage than the PBI membrane and
a higher discharge voltage due to Nafion 211’s lower resistance.
Nafion 211 is expected to possess a higher voltage efficiency than
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Fig. 7. Energy efficiency and coulombic efficiency of VRFB in the cycling test.

PBI, due to this lower resistance. However, it suffers from large
vanadium permeation, resulting in a lower coulombic efficiency.
The coulombic efficiency of the Nafion 211 at 20 mAcm~2 is 82%,
which is similar to results found in the literature. Coulombic
efficiency observed in PBI-based VRFB is larger than 99%,
suggesting that there is little to no vanadium ion crossover during
cell operation.

Figs. 5 and 6 illustrate the coulombic efficiency, voltage
efficiency and the energy efficiency of the VRFBs at different
operating current densities. It is shown that the PBI -based VRFB
exhibits 99% coulombic efficiency for all the tested current
densities. The coulombic efficiency of the VRFB assembled with
Nafion 211 increased with the increase in current density because
the time for vanadium ion permeation is decreased. As a
consequence of the higher ohmic loss and activation loss at
higher current densities, the VE of both VRFBs decreases with
current density. Compared to PBI membranes, Nafion membranes
possess an advantage in VE with increased current density,
suggesting that membrane resistances play an important role on
VE at higher current density, as expected. The EE of PBI membrane
decreases monotonically with increasing current density from
20 mA cm 2 to 80 mA cm 2 due to the dramatic decrease of VE. The
EE of Nafion 211 increased initially due to the increase CE and then
decreased due to the decrease of VE. From the results, PBI has
relatively lower VE at high current densities due to the lower ionic
conductivity compared to that of Nafion 211. Though the VE of PBI-
based VRFB is relatively low, the PBI-based VRFB has acceptable
energy efficiency of 79% at 40mAcm 2. More importantly, it
should be noted that the PBI-based VRFB has higher energy
efficiencies than Nafion membranes at low current density (less
than 40 mAcm 2), making it highly promising for low current
density operating applications.

3.3. VRFB cycling performance

The capacity fade, CE and VE change versus cycle number were
investigated are shown in Figs. 7 and 8. The results show that the
present VRFB has a capacity decay rate of 0.3% per cycle, which is
four times lower than that of the Nafion-based VRFB (1.3% per
cycle), indicating that PBI has large advantage over Nafion 211 at
maintaining capacity. The improvement in cycling performance is
attributed to its extremely low vanadium ion permeability.
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Fig. 8. Normalized capacity changes of VRFB in the cycling test.
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Table 2
Chemical stability test results.

Membrane Weight change Conductivity change
PBI 2.9% 4.4%
Nafion 2.1% 5.6%

3.4. The chemical stability test

The chemical stability of the PBI membrane is examined by an
ex-situ chemical stability method. The shape and color of both the
Nafion and PBI membranes kept good after soaking testing in 1M
V5" at room temperature for 120 days. The test results are
summarized in Table 2. The weight change of the two membranes
are 2.1% and 2.9%, respectively. The change in conductivity of the
two membranes are 4.4% and 5.6%, respectively. These results show
that PBI membranes are decently durable in the highly corrosive
and oxidative environment of the V°* solution in this soaking
testing. As previously mentioned, the highly stable polymer
backbone ensures the chemical stability of PBI membranes. It
should be noted that the durability of PBI membranes need to be
further tested with long term cycle tests for application.

4. Conclusions

In this work, the PBI membrane is employed as a porous
membrane for VRFB and compared with Nafion membrane by
investigating the conductivity, the vanadium ion permeability,
chemical stability and the cell performance. Our investigations
show that the PBI-based VRFB results in a coulombic efficiency of
99% at current densities ranging from 20 mA cm~2 to 80 mAcm™2,
as opposed to a coulombic efficiency of 82% to 94% exhibited in a
Nafion-based VRFB. In addition, the cycling performance tests
demonstrate that the PBI-based VRFB system has a capacity decay
rate of 0.3% per cycle, which is four times lower than that of the
Nafion-based VRFB (1.3% per cycle). The improvements in the
coulombic efficiency and cycling performance are attributed to the
low vanadium ion permeability. Furthermore, the PBI membrane is
observed to possess moderate conductivity in the VRFB system
even at room temperature, with an acceptable voltage efficiency of
79% at 40mAcm 2. We suggest that this is due to sulfuric acid
solution mitigating the low ionic conductivity of the PBI
membrane. Moreover, the PBI-based VRFB has higher energy
efficiencies than the Nafion-based VRFB at low current density
(less than 40mAcm 2), making it highly promising for its
application at low current density operation. Durability tests
show that the PBI membrane maintains chemically stable,
suggesting that it is feasible to incorporate the use of PBI
membrane in a VRFB system. Based on the results, the PBI
membrane is found to be a promising candidate for VRFB due to its
high coulombic efficiency, low cost and good chemical stability. We
believe that the ionic conductivity of the PBI membrane can be
improved by changing the chemical structure or adjusting its pore
structure to further improve its performance at high current
density in future works.

Acknowledgements

The work described in this paper was fully supported by a grant
from the Research Grants Council of the Hong Kong Special
Administrative Region, China (Project No. 623313).

the online

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
version, at http://dx.doi.org/10.1016/j.electacta.
2014.11.185.

References

[1] G.L.Soloveichik, Battery technologies for large-scale stationary energy storage,
Annual review of chemical and biomolecular engineering 2 (2011) 503-527.

[2] E.Sum, M. Rychcik, M. Skyllas-Kazacos, Investigation of the V (V)/V (IV) system
for use in the positive half-cell of a redox battery, Journal of Power sources 16
(1985) 85-95.

[3] Z.G. Yang, ].L. Zhang, M.C. Kintner, et al., Electrochemical energy storage for
green grid, Chemical Reviews 111 (2011) 3577-3613.

[4] C.P.de Leon, AF. Ferrer, J.G. Garcia, D.A. Szanto, F.C. Walsh, Redox flow cells for
energy conversion, Journal of Power Sources 160 (2006) 716-732.

[5] K.L. Huang, X.G. Li, S.Q. Liu, N. Tan, L.Q. Chen, Research progress of vanadium
redox flow battery for energy storage in China, Renew Energy 33 (2008)
186-192.

[6] M. Skyllas-Kazacos, M. Rychcik, R. Robins, A.G. Fane, M.A. Green, New
allvanadium redox flow cell, Journal of the Electrochemical Society 133 (1986)
1057.

[7] W.Y. Hsu, T.D. Gierke, Ion transport and clustering in Nafion perfluorinated
membranes, Journal of Membrane Science 13 (1983) 307-326.

[8] J.E. Huheey, E.A. Keiter, R.L. Keiter, Inorganic chemistry: principles of structure
and reactivity, HarperCollins College Publishers, New York, 1993.

[9] X. Teng, Y. Zhao, ]. Xi, et al., Nafion/organic silica modified TiO, composite
membrane for vanadium redox flow battery via in situ sol-gel reactions,
Journal of Membrane Science 341 (2009) 149-154.

[10] J. Xi, Z. Wu, X. Qiu, et al., Nafion/SiO, hybrid membrane for vanadium redox
flow battery, Journal of Power Sources 166 (2007) 531-536.

[11] S. Sang, Q. Wu, K. Huang, Preparation of zirconium phosphate (ZrP)/
Nafion1135 composite membrane and H*/VO2" transfer property
investigation, Journal of Membrane Science 305 (2007) 118-124.

[12] D. Chen, S. Wang, M. Xiao, et al., Synthesis and properties of novel sulfonated
poly (arylene ether sulfone) ionomers for vanadium redox flow battery, Energy
Conversion and Management 51 (2010) 2816-2824.

[13] D. Chen, S. Wang, M. Xiao, et al., Synthesis and characterization of novel
sulfonated poly (arylene thioether) ionomers for vanadium redox flow battery
applications, Energy & Environmental Science 3 (2010) 622-628.

[14] Z. Mai, H. Zhang, X. Li, et al., Sulfonated poly (tetramethydiphenyl ether ether
ketone) membranes for vanadium redox flow battery application, Journal of
Power Sources 196 (2011) 482-487.

[15] G.J. Hwang, H. Ohya, Preparation of cation exchange membrane as a separator
for the all-vanadium redox flow battery, Journal of Membrane Science 120
(1996) 55-67.

[16] PK. Leung, Q. Xu, T.S. Zhao, et al., Preparation of silica nanocomposite anion-
exchange membranes with low vanadium-ion crossover for vanadium redox
flow batteries, Electrochim Acta 105 (2013) 584-592.

[17] Z. Xu, L. Michos, X. Wang, et al., A zeolite ion exchange membrane for redox
flow batteries, Chemical Communications 50 (2014) 2416-2419.

[18] H. Zhang, H. Zhang, X. Li, et al., Nanofiltration (NF) membranes: the next
generation separators for all vanadium redox flow batteries (VRBs)? Energy &
Environmental Science 4 (2011) 1676-1679.

[19] K.Y. Wang, T.S. Chung, Fabrication of polybenzimidazole (PBI) nanofiltration
hollow fiber membranes for removal of chromate, Journal of Membrane
Science 281 (2006) 307-315.

[20] KYY. Wang, Y. Xiao, T.S. Chung, Chemically modified polybenzimidazole
nanofiltration membrane for the separation of electrolytes and cephalexin,
Chemical Engineering Science 61 (2006) 5807-5817.

[21] B. Xing, O. Savadogo, Hydrogen/oxygen polymer electrolyte membrane fuel
cells (PEMFCs) based on alkaline-doped polybenzimidazole (PBI),
Electrochemistry communications 2 (2000) 697-702.

[22] L. An, L. Zeng, T.S. Zhao, An alkaline direct ethylene glycol fuel cell with an
alkali-doped polybenzimidazole membrane, International Journal of
Hydrogen Energy 38 (2013) 10602-10606.

[23] X.Glipa, B. Bonnet, B. Mula, et al., Investigation of the conduction properties of
phosphoric and sulfuric acid doped polybenzimidazole, Journal of Materials
Chemistry 9 (1999) 3045-3049.

[24] L.An,T.S.Zhao, Q.X. Wu, L. Zeng, Comparison of different types of membrane in
alkaline direct ethanol fuel cells, International Journal of Hydrogen Energy 37
(2012) 14536-14542.

[25] H. Hou, G. Sun, R. He, et al., Alkali doped polybenzimidazole membrane for
alkaline direct methanol fuel cell, International Journal of Hydrogen Energy 33
(2008) 7172-7176.

[26] L. An, T.S. Zhao, Y. Li, Q.X. Wu, Charge carriers in alkaline direct oxidation fuel
cells, Energy & Environmental Science 5 (2012) 7536-7538.

[27] O.E. Kongstein, T. Berning, B. Berresen, et al., Polymer electrolyte fuel cells
based on phosphoric acid doped polybenzimidazole (PBI) membranes, Energy
32 (2007) 418-422.


http://dx.doi.org/10.1016/j.electacta.2014.11.185
http://dx.doi.org/10.1016/j.electacta.2014.11.185
http://refhub.elsevier.com/S0013-4686(14)02415-3/sbref0005
http://refhub.elsevier.com/S0013-4686(14)02415-3/sbref0005
http://refhub.elsevier.com/S0013-4686(14)02415-3/sbref0010
http://refhub.elsevier.com/S0013-4686(14)02415-3/sbref0010
http://refhub.elsevier.com/S0013-4686(14)02415-3/sbref0010
http://refhub.elsevier.com/S0013-4686(14)02415-3/sbref0015
http://refhub.elsevier.com/S0013-4686(14)02415-3/sbref0015
http://refhub.elsevier.com/S0013-4686(14)02415-3/sbref0020
http://refhub.elsevier.com/S0013-4686(14)02415-3/sbref0020
http://refhub.elsevier.com/S0013-4686(14)02415-3/sbref0025
http://refhub.elsevier.com/S0013-4686(14)02415-3/sbref0025
http://refhub.elsevier.com/S0013-4686(14)02415-3/sbref0025
http://refhub.elsevier.com/S0013-4686(14)02415-3/sbref0030
http://refhub.elsevier.com/S0013-4686(14)02415-3/sbref0030
http://refhub.elsevier.com/S0013-4686(14)02415-3/sbref0030
http://refhub.elsevier.com/S0013-4686(14)02415-3/sbref0035
http://refhub.elsevier.com/S0013-4686(14)02415-3/sbref0035
http://refhub.elsevier.com/S0013-4686(14)02415-3/sbref0040
http://refhub.elsevier.com/S0013-4686(14)02415-3/sbref0040
http://refhub.elsevier.com/S0013-4686(14)02415-3/sbref0045
http://refhub.elsevier.com/S0013-4686(14)02415-3/sbref0045
http://refhub.elsevier.com/S0013-4686(14)02415-3/sbref0045
http://refhub.elsevier.com/S0013-4686(14)02415-3/sbref0050
http://refhub.elsevier.com/S0013-4686(14)02415-3/sbref0050
http://refhub.elsevier.com/S0013-4686(14)02415-3/sbref0055
http://refhub.elsevier.com/S0013-4686(14)02415-3/sbref0055
http://refhub.elsevier.com/S0013-4686(14)02415-3/sbref0055
http://refhub.elsevier.com/S0013-4686(14)02415-3/sbref0060
http://refhub.elsevier.com/S0013-4686(14)02415-3/sbref0060
http://refhub.elsevier.com/S0013-4686(14)02415-3/sbref0060
http://refhub.elsevier.com/S0013-4686(14)02415-3/sbref0065
http://refhub.elsevier.com/S0013-4686(14)02415-3/sbref0065
http://refhub.elsevier.com/S0013-4686(14)02415-3/sbref0065
http://refhub.elsevier.com/S0013-4686(14)02415-3/sbref0070
http://refhub.elsevier.com/S0013-4686(14)02415-3/sbref0070
http://refhub.elsevier.com/S0013-4686(14)02415-3/sbref0070
http://refhub.elsevier.com/S0013-4686(14)02415-3/sbref0075
http://refhub.elsevier.com/S0013-4686(14)02415-3/sbref0075
http://refhub.elsevier.com/S0013-4686(14)02415-3/sbref0075
http://refhub.elsevier.com/S0013-4686(14)02415-3/sbref0080
http://refhub.elsevier.com/S0013-4686(14)02415-3/sbref0080
http://refhub.elsevier.com/S0013-4686(14)02415-3/sbref0080
http://refhub.elsevier.com/S0013-4686(14)02415-3/sbref0085
http://refhub.elsevier.com/S0013-4686(14)02415-3/sbref0085
http://refhub.elsevier.com/S0013-4686(14)02415-3/sbref0090
http://refhub.elsevier.com/S0013-4686(14)02415-3/sbref0090
http://refhub.elsevier.com/S0013-4686(14)02415-3/sbref0090
http://refhub.elsevier.com/S0013-4686(14)02415-3/sbref0095
http://refhub.elsevier.com/S0013-4686(14)02415-3/sbref0095
http://refhub.elsevier.com/S0013-4686(14)02415-3/sbref0095
http://refhub.elsevier.com/S0013-4686(14)02415-3/sbref0100
http://refhub.elsevier.com/S0013-4686(14)02415-3/sbref0100
http://refhub.elsevier.com/S0013-4686(14)02415-3/sbref0100
http://refhub.elsevier.com/S0013-4686(14)02415-3/sbref0105
http://refhub.elsevier.com/S0013-4686(14)02415-3/sbref0105
http://refhub.elsevier.com/S0013-4686(14)02415-3/sbref0105
http://refhub.elsevier.com/S0013-4686(14)02415-3/sbref0110
http://refhub.elsevier.com/S0013-4686(14)02415-3/sbref0110
http://refhub.elsevier.com/S0013-4686(14)02415-3/sbref0110
http://refhub.elsevier.com/S0013-4686(14)02415-3/sbref0115
http://refhub.elsevier.com/S0013-4686(14)02415-3/sbref0115
http://refhub.elsevier.com/S0013-4686(14)02415-3/sbref0115
http://refhub.elsevier.com/S0013-4686(14)02415-3/sbref0120
http://refhub.elsevier.com/S0013-4686(14)02415-3/sbref0120
http://refhub.elsevier.com/S0013-4686(14)02415-3/sbref0120
http://refhub.elsevier.com/S0013-4686(14)02415-3/sbref0125
http://refhub.elsevier.com/S0013-4686(14)02415-3/sbref0125
http://refhub.elsevier.com/S0013-4686(14)02415-3/sbref0125
http://refhub.elsevier.com/S0013-4686(14)02415-3/sbref0130
http://refhub.elsevier.com/S0013-4686(14)02415-3/sbref0130
http://refhub.elsevier.com/S0013-4686(14)02415-3/sbref0135
http://refhub.elsevier.com/S0013-4686(14)02415-3/sbref0135
http://refhub.elsevier.com/S0013-4686(14)02415-3/sbref0135

498 X.L. Zhou et al. /Electrochimica Acta 153 (2015) 492-498

[28] S.Kim, T.B.Tighe, B. Schwenzer, et al., Chemical and mechanical degradation of [30] S.N. Suarez, J.R.P. Jayakody, S.G. Greenbaum, et al., A fundamental study of the
sulfonated poly (sulfone) membranes in vanadium redox flow batteries, transport properties of aqueous superacid solutions, The Journal of Physical
Journal of Applied Electrochemistry 41 (2011) 1201-1213. Chemistry B 114 (2010) 8941-8947.

[29] Z. Tang, R. Keith, D.S. Aaron, et al., Proton Exchange Membrane Performance
Characterization in VRFB, ECS Transactions 41 (2012) 25-34.


http://refhub.elsevier.com/S0013-4686(14)02415-3/sbref0140
http://refhub.elsevier.com/S0013-4686(14)02415-3/sbref0140
http://refhub.elsevier.com/S0013-4686(14)02415-3/sbref0140
http://refhub.elsevier.com/S0013-4686(14)02415-3/sbref0145
http://refhub.elsevier.com/S0013-4686(14)02415-3/sbref0145
http://refhub.elsevier.com/S0013-4686(14)02415-3/sbref0150
http://refhub.elsevier.com/S0013-4686(14)02415-3/sbref0150
http://refhub.elsevier.com/S0013-4686(14)02415-3/sbref0150

	The use of polybenzimidazole membranes in vanadium redox flow batteries leading to increased coulombic efficiency and cycl...
	1 Introduction
	2 Experimental
	2.1 Membrane preparation
	2.2 Membrane characterization
	2.2.1 Area resistance and proton conductivity
	2.2.2 Permeability of VO2+
	2.2.3 VRFB single cell performance characterization
	2.2.4 Chemical stability


	3 Results and discussion
	3.1 Ion Conductivity and vanadium permeability of PBI
	3.2 VRFB performance at different current densities
	3.3 VRFB cycling performance
	3.4 The chemical stability test

	4 Conclusions
	Acknowledgements
	Appendix A Supplementary data
	Appendix A Supplementary data


