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mmetric polybenzimidazole
membranes with readily tunable morphologies for
high-performance vanadium flow batteries
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Lei Sua and Gaohong He*ab

A series of thin skinned asymmetric polybenzimidazole (PBI) membranes with readily tunable morphologies

are fabricated by leaching out the porogen dibutyl phthalate (DBP), for vanadium flow batteries (VFBs). The

ultrathin defect-free skin layer fully guarantees high ion selectivity of the membrane. Meanwhile, the area

resistance (AR) of the asymmetric PBI membrane is dramatically reduced compared to that of the dense

one because of interconnected macro-pores in the sublayer. The membrane morphologies and

properties are readily adjusted by varying the porogen content (0–300 wt%), thus managing well the

trade-off between AR and ion selectivity. The membrane prepared by adding 200 wt% porogen has

a high porosity of 74.9 vol% and an appropriately dense skin thickness of 4.9 mm, and yields the best

balance between AR and ion selectivity, assembled with which the flow battery achieves excellent cell

performances (coulombic efficiency, CE: 99.0%; energy efficiency, EE: 82.3%) as well as a moderate

capacity decay rate (CDR, 0.4% per cycle) at 80 mA cm�2 over cycling. The thin skinned asymmetric PBI

membranes prepared here surpass the commercial Nafion 211 membrane (CE: 84.6%; EE: 68.1%; CDR:

1.3% per cycle) in terms of cell performances and cost, becoming a promising candidate for VFBs.
1. Introduction

For the imperative needs in electric network management (peak
load shiing) of renewable energy sources, scalable energy
storage is necessary to smooth electricity generated by renew-
able electricity sources such as solar and wind energy.1–4 Redox
ow batteries (RFBs) store electricity energy in the form of
chemical energy in electrolyte solutions. Their power and
energy are independent of each other, so it is easily scaled up.
Along with the advantages of high safety, high efficiency and
long cycle life, RFBs show great promise for large-scale energy
storage.5–9 Among them, the vanadium ow battery (VFB),
originally proposed by Skyllas-Kazacos et al.,10,11 is the most
extensively developed system because of its easily-handled cross
contamination and good electrochemical reversibility.12–15

Membrane or separator is one of the most important
components in VFB. It prevents the passage of active species to
reduce self-discharge and transfers inactive ions to complete
the circuit.16,17 Thus, an ideal membrane should have high ion
selectivity and excellent ionic conductivity. Moreover, it should
R&D Center of Membrane Science and
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eering, Dalian University of Technology,
possess high chemical stability to endure the highly oxide and
acidic environment in VFB.7,18 The membranes traditionally
used in VFB are peruorosulfonic acid polymers such as
Dupont's Naon, which have satisfactory proton conductivity
and excellent chemical stability.1,19 However, their severe vana-
dium cross contamination and high price have jeopardized the
market penetration of VFB.7,18,20 Great efforts have been made to
seek an alternative to peruorosulfonic acid membranes. Up to
now, aromatic polymers attached by ion-conductive groups
(cation or/and anion) have been extensively exploited in VFB
applications. These membranes are low-cost and show high
vanadium prevention attributed to the rigid main chain which
leads to a poor microphase separation and narrow and tortuous
ionic channels.7,21–25 Nevertheless, the application of these
membranes in VFB is hampered by their poor chemical
stability, which is considered to be induced by the introduction
of ion exchange groups.26–30 In order to address this issue,
Zhang et al. started to focus on porous membranes for VFBs,31

which separates large vanadium ions from small protons by
screening mechanism.31–37 Therefore, nonionic materials could
be used, overcoming the traditional shortcomings brought by
ion exchange groups. An ideal nonionic porous membrane in
VFBs is expected to satisfy the following criteria: pore size
should be proper to separate vanadium ions from protons to
guarantee high ion selectivity; pores should be interconnected
and porosity should be high enough to promote proton trans-
port.35 However, the sizes of the ions are so tiny (diameters of
This journal is © The Royal Society of Chemistry 2017
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hydrated vanadium ions and protons are around 0.6 nm and
0.3 nm, respectively)38–40 that it is difficult to precisely control
the pore size and the membrane morphology (e.g., porosity and
pore connectivity) to meet the requirements.31,33,34,36,41,42

Recently, polybenzimidazoles (PBI) as membrane materials
have attracted much attention in VFB applications.43–48 A pris-
tine PBI membrane is an ionic non-conductor. When doped
with strong acid solutions, it could transfer protons owing to
the existence of –N] groups in the imidazole rings of
PBI.43,46,49,50 Considering the highly acidic environment of VFB,
PBI seems to suit the system well and could be free from the
issue of acid loss. Zhao et al. rst reported the use of PBI
membrane in VFB,43 demonstrating that the membrane has
extremely low vanadium cross-contamination and the PBI-
based VFB shows a substantially high coulombic efficiency
(CE, 99%) and a low capacity decay rate (0.3% per cycle). Li
et al.46 and Wessling et al.44 reported porous PBI membranes
prepared by a water vapor induced phase inversion method for
VFB, successively. These membranes possessed a highly
symmetrical cross-sectional morphology, consisting of
uniformly distributed and disconnected pores. The acid doped
in the PBI pores enhanced the ionic conductivity of the
membrane while the abundant ultra-thin pore-walls ensured
the high selectivity of the membranes. These membranes are
proved to have high ion selectivity and chemical stability for
VFBs. Moon et al.47 reported PBI membrane with nanoporous
structures for VFB and rst exploited the amphoteric properties
of nanoporous PBI membranes in VFB. In order to reduce the
area resistance (AR) of dense PBI membranes for VFB, our
previous work45 proposed a concentrated acid preswelling
strategy to improve the acid-doping level (ADL) of dense PBI
membranes and demonstrated the importance of ADL in the
performance of acid-doped PBI systems. Very recently, Hong
et al.48 developed dense PBI membranes containing benzimid-
azole side groups for VFB. The introduction of additional
benzimidazole side groups changed the PBI membrane from
a semi-crystalline structure to a completely amorphous struc-
ture, improving its acid absorption capability and proton
conductivity. The investigations above demonstrated that PBI
membrane is a promising candidate for VFB applications and
the key is how to decrease the AR of the membrane and main-
tain its high ion selectivity at the same time.

In this paper, we endeavor to develop a porous membrane
that satises the criteria of an ideal porous membrane
mentioned previously for VFB, that is, possessing high ion
selectivity, interconnected pores as well as high porosity. Taking
advantage of high vanadium ion prevention and proton trans-
port ability of PBI materials, we propose and fabricate a series of
porous PBI membranes with ultrathin defect-free skin layers by
leaching out the porogen dibutyl phthalate (DBP) for VFB
applications. Although this is a common method to introduce
pores to PBI membranes, related literatures mostly focused on
the improvement of ADL and proton conductivity, and rarely
gave the ion selectivity or described the same membrane
morphology as the one exhibited here.51–55 In this work, we
will demonstrate that an integrally thin skinned asymmetric
PBI membrane with a defect-free skin layer can be fabricated
This journal is © The Royal Society of Chemistry 2017
by this common method and possible membrane formation
mechanism is also proposed. The presence of the defect-free
skin layer fully guarantees high ion selectivity of the
membrane, circumventing the difficult control of pore sizes.
Meanwhile, the membrane morphology could be readily
adjusted by varying the porogen content, including skin thick-
ness, pore connectivity and porosity, which provides a facile
method to facilitate proton transport. As a result, the conduc-
tivity–selectivity dilemma in porous membranes is disen-
tangled. The effects of porogen content on membrane
morphology, cell performance, capacity retention ability during
cycling test, etc. are carefully studied and themembrane with an
optimal porogen content is also obtained, assembled with
which VFB demonstrates excellent overall electrochemical
performances.
2. Experimental
2.1 Materials

Poly(4,40-diphenylether-5,50-bibenzimidazole) (indicated as PBI)
was provided by Shanghai Shengjun Plastics Technology Co.,
Ltd. Its density is 1.25 g cm�3, which was determined from
Archimedes' principle56 using a density measurement kit
(Mettler-Toledo GmbH, P706039, Switzerland) and a Mettler-
Toledo Balance (XS204, Mettler-Toledo, Switzerland). The
buoyant liquid used for the measurement was cyclohexanone.
DBP and N,N-dimethylacetamide (DMAc) were used as porogen
and solvent, and purchased from Tianjin Bodi Chemical Co.,
Ltd. and Tianjin Fuyu Fine Chemical Co., Ltd., respectively. The
benchmark Naon membrane was purchased from DuPont
Company (USA).
2.2 Membrane preparation

The thin skinned asymmetric PBI membranes were fabricated
by casting the mixture of PBI and DBP. Firstly, dried PBI poly-
mer was dissolved in DMAc under mechanical stirring at 50 �C
overnight to form 2 wt% solutions, and then DBP was added.
The weight ratios of DBP to PBI were designed to be 0 wt%, 100
wt%, 200 wt%, 250 wt% and 300 wt%. The solutions were stir-
red for further hours to form homogeneous solutions, degassed
by vacuum and poured onto clean glass plates in sequence.
Aer drying at 80 �C for 12 h, the membranes were formed,
detached from the glass and immersed in methanol at room
temperature overnight to leach DBP out as well as to remove the
residual solvent. Aer drying, asymmetric PBI membranes
consisting of ultrathin defect-free skin layers and macro-porous
sublayers were obtained. The membrane mass per unit area was
kept the same for all the membranes with different porogen
contents. All of the prepared membranes were doped with
H2SO4 by dipping them in 3.0 M H2SO4 solutions at 30 �C for
24 h before use.
2.3 Membrane characterization

Experimental value of porogen content and porosity. The
experimental values of porogen contents (denoted as PCexp)
RSC Adv., 2017, 7, 1852–1862 | 1853
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were obtained by the weight method. They were calculated by
the following equation:

PCexp ¼ WPBIþDBP �WPBI

WPBI

(1)

where WPBI+DBP and WPBI are the weights of dried membranes
before and aer leaching out the porogen, respectively.

The porosity (denoted as P) of the asymmetric PBI
membrane was measured by immersing the membrane in n-
butanol for 24 h.57 Then the membrane was wiped with a tissue
to get rid of the extra n-butanol on the membrane surface. The
porosity was calculated by the following equation:

P ¼ Wn-butanol=rn-butanol
Wn-butanol=rn-butanol þWPBI=rPBI

(2)

whereWn-butanol is the weight difference of the membrane before
and aer immersion, i.e., the mass of n-butanol lling in the
membrane,WPBI is the mass of the dried membrane, rn-butanol is
the density of n-butanol (rn-butanol ¼ 0.81 g cm�3), and rPBI is the
density of the polymer studied in this work (rPBI ¼ 1.25 g cm�3).

Acid doping level (ADL). ADL is dened as the molar ratio of
acid molecules to PBI repeat unit in hybrid membranes. To
determine it, membrane samples were immersed in 3.0MH2SO4

at 30 �C for 24 h. Then the excess acid on the membrane surface
was wiped off with a tissue. Aerwards, the membranes were
dried at 80 �C in vacuum and weighed for several times until the
value become unchanged. Water evaporated during the drying
process and the ADL was calculated by the following equation:

ADL ¼ Wacid �Wdry

Wdry

� MPBI

Macid

(3)

where Wdry and Wacid are the mass of the dried PBI membranes
before and aer doping with acid, respectively. Macid and MPBI

are the molecular weights of sulfuric acid (98 g mol�1) and
repeat unit of PBI (400 g mol�1), respectively.

Field emission scanning electronic microscopy (FE-SEM).
The micromorphology of surface and cross-section of the
prepared PBI membranes were investigated in detail with the
help of FE-SEM (Nova NanoSEM 450). Cross-sections were
exposed by breaking sample membranes in liquid nitrogen and
all the samples were sprayed with gold before measurement.

CO2/N2 separation factor. To further conrm whether the
skin layer is defect-free or not, CO2/N2 separation factor (a(CO2/
N2)) of the asymmetric PBI membrane was measured using the
time-lag method58 at room temperature. We shall consider
permeance Ji of CO2 and N2 and their ideal separation factor
which is dened as J(CO2)/J(N2). Ji ¼ Qi/ADP, where Qi is the gas
ux, A is the membrane area and DP is the pressure differential.

Vanadium permeability. The vanadium permeability of the
prepared PBI membrane and Naon 211 was measured using
amembrane separated diffusion cell similar to the one reported in
literature.59,60 An aqueous solution of 1.5 M VOSO4 in 3.0 M H2SO4

was separated by themembrane from an aqueous solution of 1.5M
MgSO4 in 3.0 M H2SO4 with the same volume. Both solutions were
vigorously stirred to mitigate concentration polarization. 2 mL of
the sample was taken out from the MgSO4 side at time intervals of
12 h and the absorbance of the sample at the wavelength of 762 nm
1854 | RSC Adv., 2017, 7, 1852–1862
was measured by UV-vis spectrometer (PERSEE, China). Aer the
test, the samples were poured back to the diffusion cell. The cor-
responding vanadium concentrations were obtained according to
the standard absorbance/concentration line measured in advance.
The vanadium permeability calculated based on the Fick's diffu-
sion law is shown as eqn (4):

VB

dðCBðtÞÞ
dt

¼ A
P

L
ðCA � CBðtÞÞ (4)

where VB is the volume of MgSO4 solution which is 60 mL in this
work, t is time, CB(t) is the permeated VO2+ concentration in the
MgSO4 reservoir over time, A is the effective area of the tested
membranes, L denotes the membrane thickness, P is the
permeability of VO2+, and CA is the VO2+ concentration in the
VOSO4 compartment.

Area resistance (AR). The ARs of the prepared PBI
membranes and Naon 211 were measured in a conductive cell
at room temperature by electrochemical impedance spectros-
copy (Ivium Technologies, the Netherlands). The cell was
separated by the tested membrane into two compartments
which are lled with aqueous solutions of 3.0 M H2SO4. The AR
is calculated according to the following equation:

AR ¼ (r1 � r2)S (5)

where S is the effective membrane area, r1 is the electric resis-
tance of the cell assembled with a sample membrane, and r2 is
the value without membranes.

Mechanical properties. The mechanical properties of the
developed PBI membranes and Naon 211 were measured
using a tensile machine (CMT8502, Shenzhen SANS Testing
Machine Co. Ltd, China) at room temperature. The tensile
speed applied is 10 mm min�1. All the samples were immersed
in solutions of 3.0 M H2SO4 for 24 h before the test.

VFB single cell performance. The ow cell performance of all
the membranes were evaluated using a home-made vanadium
ow battery system, which consists of a single cell, two
magnetic pumps, two glass-made reservoirs and a number of
PTFE tubes. The single cell includes a membrane or a separator,
two pieces of carbon felt used as electrodes, two graphite polar
plates and two epoxy ber glass end plates. The carbon felt were
thermally treated in air at 400 �C for 6 h before use to improve
their electrochemical activity and hydrophilicity, and
a compression rate of about 20% was expected when the carbon
felt electrodes were assembled in the cell. The effective area of
the membrane was 9 cm2. Solutions of 1.5 M V2+/V3+ in 3.0 M
H2SO4 and 1.5 M VO2+/VO2

+ in 3.0 M H2SO4 were used as the
negative and positive electrolytes, respectively, and reserved in
two reservoirs. The electrolyte in each side was 40 mL in volume
and cycled through the corresponding electrodes in pipe lines
by pump. The single cell tests were carried out by a LANHE
battery tester (CT2001A, 5V/1A) and were operated under the
current range of 20–100 mA cm�2 to investigate the effect of
different current densities on the cell performance. The
batteries were charged to 1.65 V and then discharged to 0.8 V in
one cycle, to avoid the corrosion of carbon felts and graphite
polar plates. The electrolyte reservoirs were blanketed with N2
This journal is © The Royal Society of Chemistry 2017
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and sealed by valves before test to avoid the oxidization of V2+ by
the oxygen in air. Cycling test was carried out at 80 mA cm�2 to
study the capacity decay and the tolerance of the membranes.
The temperature was controlled at around 25 �C during the
process. The total concentration of vanadium ions was
measured by inductively coupled plasma (ICP, Optima2000DV,
Perkinelmer) before and aer the cycling test.

Coulombic efficiency (CE), energy efficiency (EE) and voltage
efficiency (VE) are three important indexes to evaluate cell
performance. They are calculated according to eqn (6), (7) and
(8), respectively.

CE ¼

ð
Iddtð
Icdt

� 100% (6)

EE ¼

ð
VdIddtð
VcIcdt

� 100% (7)

VE ¼ EE

CE
� 100% (8)

where Id is the discharging current, Ic is the charging current, Vd
is the discharging voltage and Vc is the charging voltage.

Chemical stability test. The chemical stability of the devel-
oped PBI membrane was studied by immersing sample
membranes in VO2

+ solutions,30 which contains 1.5 M VO2
+ in

3 M H2SO4, at room temperature for 40 days. Aer the test, the
samples were rinsed in deionized water for two days and dried at
80 �C in vacuum until the weight become unchanged. The
weights of the samples were recorded before (w0) and aer (w) the
test, so were the optical photographs. The weight variations of the
samples were calculated according to the following equation:

Weight variation ¼ w� w0

w0

� 100% (9)

Naon 211 membrane was treated likewise for comparison.

3. Results and discussion
3.1 Morphologies of thin skinned asymmetric PBI
membranes

In this work, the morphology of the thin skinned asymmetric
PBI membrane is adjusted by varying the porogen content. The
Table 1 Compositions of casting solutions and properties of resulting m

Mark
Porogen content
(wt%)

PCexp

(wt%)
Porosity
(vol%)

PBI-0 0 — —
PBI-100 100 96.4 � 0.9 42.1 � 0.6

PBI-200 200 185.1 � 2.0 74.9 � 0.4
PBI-250 250 216.9 � 1.4 76.1 � 3.4
PBI-300 300 277.8 � 3.4 77.6 � 1.6

This journal is © The Royal Society of Chemistry 2017
compositions of the casting solutions and the properties of the
resulting membranes are listed in Table 1. The experimental
value of porogen content (PCexp) reects the amount of porogen
leaching out during the methanol extraction. As presented in
Table 1, PCexp is close to the initial porogen content for PBI-100
and PBI-200, indicating the highly efficient extraction of DBP
with methanol. However, the difference of these two values
becomes more obvious for PBI-250 and PBI-300. That's because
when the porogen content was as high as 250 wt%, part of
porogen leaked out from the bottom of the membranes during
the drying process. The porosity of the membranes depends on
the porogen content and increases from 42.1 vol% for PBI-100
to 77.6 vol% for PBI-300. It can be noticed that there are
signicant porosity and thickness changes from PBI-100 to PBI-
200 while both thickness and porosity change little from PBI-
200 to PBI-300. That is also due to the porogen leakage in PBI-
250 and PBI-300 during the formation of the membranes. In
addition, some defects form on the skin layer when the porogen
content is up to 300 wt% (not shown here). This would also
make the test value of porosity of PBI-300 smaller than the
actual value, because the defect pores are too large to trap n-
butanol in the membrane during the experiment.

Fig. 1 shows the SEM images of the membrane cross-
sections. At the same PBI concentration, the membrane
morphology varies obviously with the porogen content: the
membranes changing from dense to integrally skinned asym-
metric morphologies are obtained. The asymmetric PBI
membranes typically have a uniform sponge-like pore sublayer,
where the pore size is enlarged by the porogen content and the
pores changed from a relatively closed structure to an inter-
connected one with the porogen content. Simultaneously, the
membranes vary from a sandwiched double-skinned
morphology for PBI-100 to a single-skinned asymmetric struc-
ture for PBI-200, PBI-250 and PBI-300. It is clearly observed that
the skin thicknesses decrease as the porogen contents increase
from 200 to 300 wt% (Table 1). Furthermore, the overall thick-
ness as well as porosity (Table 1) of the membrane increase
evidently with the increase in porogen content.

SEM images of the top and the bottom surfaces of the
asymmetric PBI membranes are displayed in Fig. 2. From the
SEM images, apparently, the bottom surfaces have numerous
pores for all the membrane samples. In addition, the pores are
enlarged and intensied by the porogen content. Even some
interconnections between the pores on the bottom surface
and the inner pores can be identied for PBI-250 and PBI-300
embranes

Overall thickness
(mm)

Skin thickness
(mm) Appearance

26 � 1 — Transparent
44 � 1 4.2 � 0.6 (top);

1.9 � 0.4 (bottom)
Opaque

100 � 2 4.9 � 0.9 (top) Opaque
103 � 3 3.2 � 0.5 (top) Opaque
111 � 6 2.3 � 0.2 (top) Opaque with defects

RSC Adv., 2017, 7, 1852–1862 | 1855
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Fig. 1 SEM images of the cross-sections of the dense and the
asymmetric PBI membranes.

Fig. 2 SEM images of the top and the bottom surfaces of the asym-
metric PBI membranes (top row: the top surfaces; bottom row: the
bottom surfaces).

Scheme 1 Proposed membrane formation mechanism.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

2 
Ja

nu
ar

y 
20

17
. D

ow
nl

oa
de

d 
on

 1
2/

6/
20

25
 3

:0
1:

26
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
(Fig. 1). In contrast, dense morphology is observed on the top
surface for all the asymmetric PBI membranes. A defect-free
skin layer is formed on the top of the porous sublayer for PBI-
100, PBI-200 and PBI-250, which is further veried by low per-
meance of N2 (0.0038 GPU, 1 GPU ¼ 10�6 cm3 (STP) cm�2 s�1

cmHg�1) and high CO2/N2 separation factor of 31.8 for PBI-250.
The defect-free skin layer plays an important role in ion selec-
tivity in VFB applications.

The formation of the asymmetric architecture by this
porogen-leaching-out method is reasonable and understand-
able. The boiling point of the DBP (340 �C) is far higher than
that of DMAc (166 �C). As a result, when the solvent evaporates
from the casting solution at 80 �C, the porogen remains in the
solution and its concentration increases, thus inducing phase
1856 | RSC Adv., 2017, 7, 1852–1862
inversion of the polymer solution into a polymer-rich (porogen-
poor) and a porogen-rich (polymer-poor) phase. Further evap-
oration of the solvent will lead to solidication of the polymer
membranes.61 Aer extracting DBP with methanol, pores are
le in the membrane matrix. When the weight ratio of DBP to
PBI increases, the pores formed can be more and larger, thus
increasing the porosity of the resulting membranes. What's
more, the density of DBP (1.05 g cm�3) is similar to that of the
PBI (1.25 g cm�3) studied in this work. That could be the reason
why the distribution of the pores is relatively uniform
throughout the membrane thickness. The different structures
between the top and the bottom surfaces might be explained by
the changes in polymer concentration during the membrane
formation (Scheme 1). The concentration of PBI at the top
surface increases quickly upon drying, meanwhile DBP in the
casting solution tends to diffuse downward because of its high
affinity with DMAc, thus when the solvent on the top side
evaporates completely, dense surface comes into being.
However, the polymer concentration of the bottom surface
increases tardily, which contributes to the phase separation and
the formation of pores. The membrane formation mechanism
and themembrane structure in this work are distinctly different
from the work by Jheng et al.,57 where the density of the ion
liquid porogen is much higher than that of the polymer, so the
pores formed toward the bottom side of the membrane due to
gravity, leading to a double-layer membrane structure
comprising a thick dense layer and a porous layer. The obser-
vations in this work also demonstrate that it is possible to form
an asymmetric PBI membrane with a dense skin layer even
though the density of porogen is lower than that of the polymer.
3.2 Sulfuric acid doping level and mechanical properties

A pristine PBI membrane is an ionic non-conductor. However, it
has the ability of doping acids due to strong protonation of
nitrogen in the PBI ring, therefore it could be used as a proton-
conducting membrane. In the present work, the prepared PBI
membranes were doped with sulfuric acid by immersion in
3.0 M H2SO4 solution at 30 �C for 24 h. Fig. 3 presents the acid
doping levels of PBI membranes fabricated from casting solu-
tions with various porogen contents. It is obvious that the
This journal is © The Royal Society of Chemistry 2017
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Fig. 3 Acid doping level of the prepared PBI membranes with porogen
content.
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doping level increases dramatically with porogen content due to
the increase in porosity. The highest doping level is 5.4 mol of
H2SO4 per PBI repeat unit (i.e., ADL¼ 5.4mol per PRU) achieved
by PBI-250, which is much higher than that of the dense PBI
membrane (around 1.9mol per PRU). That's because the porous
structure provides additional space to absorb more acid, which
is of great signicance for reducing AR of PBI membrane.
However, the doping level drops to 3.9 mol per PRU when the
porogen content is up to 300 wt%. It could be ascribed to the
defects on the surface of PBI-300, where the pores are too large
to trap the acid in the membrane.

The mechanical properties of the fully hydrated acid-doped
PBI membranes were evaluated by tensile testing and the
results are displayed in Fig. 4. For the asymmetric PBI
membranes, the tensile stress decreases with porogen content
attributed to the increasing porosity of the membranes. Elon-
gation at break follows an ascending trend initially, because of
the plasticizing effect of doped acid and water, and a descend-
ing trend aerwards with the porosity. It implies that the
introduction of porous structure into PBI membranes would
deteriorate not only the tensile strength but also the elongation
ratio when the level of porosity is too high. Nevertheless, the
developed PBI membranes generally possess suitable tensile
Fig. 4 Mechanical properties of the prepared PBI membranes with
porogen content.

This journal is © The Royal Society of Chemistry 2017
strength, which are close to the value of Naon 211, for VFB
applications, with the exception of PBI-300 which is excluded in
the following study.
3.3 Area resistance and vanadium permeability

Fig. 5a illustrates the AR of various membranes in 3.0 M H2SO4

solutions at room temperature. As expected, the introduction of
porous structure into PBI membranes dramatically reduces the
AR. For example, the AR of the dense PBI membrane is 1.00 U

cm2 while that of PBI-250 decreases to 0.22 U cm2. To elucidate
the observations, three main factors would be considered. The
rst is the enhanced absorption of sulfuric acid with the
porosity, which is crucial to improving proton conductivity of
acid-doped PBI membranes. The second is the decreased skin
thickness of the PBI membranes with the porogen content. The
last is the more interconnected pore structure with the increase
in porosity.

The vanadium permeability was also measured for the
developed PBI membranes and Naon 211. The VO2+ concen-
tration varying with time is given in Fig. 5b. Apparently, Naon
211 suffers the most serious VO2+ diffusion originating from
large and interconnected ionic channels (diameters of around
4–5 nm) forming in the membrane.62,63 Its permeability, as
calculated by eqn (4), is 2.58 � 10�7 cm2 min�1. The vanadium
permeability of PBI-0 is 8.12 � 10�10 cm2 min�1 and those of
the asymmetric PBI membranes are over the range of 1.61–3.58
� 10�9 cm2 min�1. Although the VO2+ diffusion rates of the
Fig. 5 (a) AR and (b) vanadium diffusion of the prepared PBI
membranes and Nafion 211.
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asymmetric PBI membranes are slightly higher than that of PBI-
0, the impact is limited and the corresponding permeabilities
are still two orders of magnitude lower than that of Naon 211.
This could be ascribed to the fairly dense microstructure of PBI
skin layer stemming from the structural rigidity of PBI molec-
ular and strong hydrogen bond among PBI molecules,64,65 which
lead to narrow and tortuous ion transport channels in 3.0 M
H2SO4 thus suppressing the pass of vanadium ions. The
observations above further validate the formation of the defect-
free skin layer, which is responsible for preventing vanadium
cross contamination. It is similar to a dense skin layer of
a composite membrane for VFB, which was rst described by M.
Skyllas-Kazacos et al.66–69
3.4 Single cell performance

Single cell tests were conducted to explore performances of ow
cells assembled with the thin skinned asymmetric PBI
membranes. For all the tests, the defect-free skin layer of the
asymmetric PBI membrane faced positive compartment to
reduce the exposure of the membrane to oxidative VO2

+ elec-
trolyte solution. Fig. 6 exhibits efficiencies of VFBs assembled
with the dense and the asymmetric PBI membranes under
different current densities. Naon 211 membrane having
similar thickness with PBI-0 is chosen as the benchmark. As
shown in Fig. 6a, the ow cell with Naon 211 possesses the
lowest CE under the entire tested current densities due to its
Fig. 6 Efficiencies of the VFBs assembled with the prepared PBI
membranes and Nafion 211 under different current densities.

1858 | RSC Adv., 2017, 7, 1852–1862
poor ion selectivity. The CEs of ow cells with PBI membranes
have no obvious change with increasing porosity due to their
extremely low vanadium permeabilities thanks to the presence
of the defect-free skin layer. The CEs obtained for all the PBI-
based VFBs are higher than 96% under the entire tested
current densities, and even close to 100% at high current
densities, much higher than those of Naon 211 membrane.

A signicant improvement in VE is observed for the asym-
metric PBI membranes compared to the dense one. For example,
the VE of the cell with PBI-0 is merely 61.4% at 100 mA cm�2

while that of PBI-250 reaches 80.2% at the same operating
condition, because the porous structure has contributed to
higher ionic conductivity through the membrane, leading to the
reduction of overpotential compared to the dense PBImembrane.
Furthermore, the VEs of the VFBs based on the asymmetric PBI
membranes increase with the porosity at every current density,
well consistent with the trend in AR (Fig. 5a). It is worth noting
that although the AR of Naon 211 is the lowest among the tested
membranes (Fig. 5a), the corresponding VE is somewhat lower
than that of PBI-250. That's because the VE loss is related to not
only the overpotential but also the electrolyte crossover, which
counteracts the positive effect of low resistance of Naon 211.

EE is regarded as the most important factor since it indicates
the energy utilization ratio during the charge–discharge
process. In parallel to the increase in VE, EEs of the ow battery
assembled with the PBI membrane increase monotonously with
the membrane porosity. Since CEs of the PBI-based ow cells
are extremely high and close to 100%, VEs become decisive for
EEs. When the porogen content is up to 200 wt% and 250 wt%,
the EEs reach 78.4–92.6% and 80.2–92.4%, respectively, over
a current density range of 20–100 mA cm�2. The results are
much superior to that of PBI-0 (EE: 61.0–85.7%) and Naon 211
(EE: 56.0–73.4%), attributed to the controllable and benecial
membrane structure.
3.5 Charge/discharge cycling test

The charging/discharging cycling test was operated at
a constant current density of 80 mA cm�2. The temperature was
controlled at around 25 �C and the voltage cutoff window was
Fig. 7 Efficiencies of VFBs with the prepared PBI membranes and
Nafion 211 at constant current density of 80 mA cm�2.

This journal is © The Royal Society of Chemistry 2017
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Table 2 Total vanadium ion concentrations of original electrolytes
and the electrolytes after 20 cycles

Sample Original PBI-250 Naon 211

Positive/mol L�1 1.57 1.56 1.64
Negative/mol L�1 1.56 1.52 1.36
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set from 0.8 to 1.65 V. From the cycling data in Fig. 7, it can be
seen that the VFBs assembled with various membranes show
stable performances during the test. The CEs of the PBI
membranes remain above 98%, demonstrating a super ion
selectivity of the membranes. Moreover, the reduction of the AR
promotes a signicant enhancement in VE. Therefore the EEs of
the VFBs with PBI-200 and PBI-250 keep at around 82.3% and
85.5%, respectively, which are much higher than those of PBI-0,
PBI-100 and Naon 211.

The discharge capacity decay of various membranes over
cycles is shown in Fig. 8a. The initial discharge capacities of the
PBI-based VFBs vary due to the different ARs, which induce
different ohmic polarization at the same current density. It also
reects different utilizations of the active species. In parallel to
the increase in AR, the initial discharge capacities decrease in the
order of PBI-250 > PBI-200 > PBI-100 > PBI-0. The value of Naon
211 does not follow the rule and turns out to be lower than that of
PBI-250, which is ascribed to the severe vanadium crossover of
Naon 211. The normalized discharge capacity retention versus
cycle number is displayed in Fig. 8b. Aer 20 cycles, the discharge
capacity retentions of the VFBs with PBI-0, PBI-100, PBI-200 and
PBI-250 are 98.7%, 98.5%, 92.0% and 87.7%, respectively. All the
values are much higher than that of the Naon-based VFB
(73.2%). The total vanadium ion concentrations of original elec-
trolytes and the electrolytes aer 20 cycles of Naon-based cell
and PBI-250-based cell are listed in Table 2. It is clear that the
total vanadium ion concentrations of the positive and negative
Fig. 8 (a) Discharge capacity and (b) discharge capacity retention of
VFBs with the prepared PBI membranes and Nafion 211 at constant
current density of 80 mA cm�2.

This journal is © The Royal Society of Chemistry 2017
compartments vary signicantly for VFB assembled with Naon
211 while those for VFB with PBI-250 vary slightly. Combining the
observation that water transfer from negative to positive is severe
for Naon 211 whereas that for PBI-250 is slight, it can be inferred
that the lower capacity decay rate of the asymmetric PBI
membranes is owing to the lower vanadium ion cross contami-
nation because of the presence of the defect-free skin layer.

Among the PBI-based VFBs, although the ow cell assembled
with PBI-250 possesses the highest discharge initial capacity,
the capacity decay rate is the fastest which could be owing to the
highest porosity and the thinnest skin layer weakening its
capability of preventing vanadium crossover. The VFB assem-
bled with PBI-0 exhibits the slowest decay rate in discharge
capacity. However, the capacity it delivers is the lowest, which is
around 9.4 A h L�1 with a theoretical capacity of 20 A h L�1. A
signicant improvement in discharge capacity is observed for
PBI-100, but the efficiencies of the corresponding ow cell are
unsatisfactory. Taking into consideration both efficiency and
capacity retention, PBI-200 turns out to be optimal, which
combines a high battery performance (CE: 99.0%, EE: 82.3%)
with a moderate capacity decay rate (0.4% per cycle) during
cycling test. The stable cycling performance of the PBI-200-
based VFB over 50 cycles is provided in Fig. 9 further demon-
strating the stability of PBI-200 in the operating VFB. The
charge–discharge curves of different membranes at the 1st and
the 20th cycles in the cycling test are illustrated in Fig. 10 to give
further information to understand the cell performance.

3.6 Chemical stability test

Membrane stability is another vital concern for VFBs. Different
membranes were immersed in 1.5 M VO2

+ + 3.0 M H2SO4
Fig. 9 Cycling performance over 50 cycles of VFBs with the prepared
PBI membranes at constant current density of 80 mA cm�2.
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Fig. 10 Charge–discharge curves of Nafion 211 and PBImembranes at
1st and 20th cycles in the cycling test.

Fig. 11 Accelerated chemical stability tests: (a) (a0) PBI-0; (b) (b0) PBI-
100; (c) (c0) PBI-200; (d) (d0) PBI-250; (e) (e0) Nafion 211 (top row:
before test; bottom row: after test).
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electrolyte solutions at ambient temperature for 40 days in the
chemical stability test. All the membranes remain exible and
intact aer the long-term test. The color of PBI-200, PBI-250 and
Naon 211 remain unchanged as shown in Fig. 11. Nonetheless,
the color of PBI-0 and PBI-100 becomes slightly deepened,
which could be ascribed to the absorption of VO2

+ ions by the
membranes. The structure of PBI-0 is dense and that of PBI-100
is relatively closed, therefore VO2

+ ions would be easier to be
trapped in these membranes. The similar conclusion could be
drawn from the membrane weight variations (Table 3) aer the
Table 3 Weight variations after chemical stability test

Membrane PBI-0 PBI-100 PBI-200 PBI-250 Naon 211

Weight variation/% +10.6 +9.4 �2.9 �3.7 �3.2

1860 | RSC Adv., 2017, 7, 1852–1862
test. The weights of PBI-0 and PBI-100 somewhat increase due to
the VO2

+ ions absorption while those of PBI-200, PBI-250 and
Naon 211 decrease slightly. The weight variations of PBI-200
and PBI-250 are similar to that of Naon 211, demonstrating
their decent chemical stability in VFB applications, which could
derive from the intrinsically excellent chemical stability of PBI
materials.

4. Conclusions

In conclusion, a series of thin skinned asymmetric PBI
membranes with tunable morphologies are fabricated and
applied in VFB applications. The membranes are successfully
fabricated by leaching out the porogen DBP, aer solution-
casting the mixture of PBI and DBP, and the possible
membrane formation mechanism is also proposed. In this
benecial membrane structure, high ion selectively is fully
guaranteed by the defect-free property of the skin layer. The
permeabilities of the asymmetric PBI membranes are over the
range of 1.61–3.58 � 10�9 cm2 min�1, two orders of magnitude
lower than that of the Naon membrane. Meanwhile, the AR
of the asymmetric PBI membrane is dramatically reduced
compared to that of the dense one because of ultrathin skin layer
and interconnected macro-pores in the sublayer. The membrane
morphologies and properties are readily adjusted by varying the
porogen content (0–300 wt%). Increased porogen content
reduces the skin thickness and improves the porosity as well as
the connectivity among pores, thus reducing the AR from 1.00 U

cm2 for the dense PBI membrane to 0.22 U cm2 for PBI-250.
Therefore, the trade-off between ionic conductivity and selec-
tivity is well managed, leading to excellent cell performances. In
the cases of PBI-200 and PBI-250, EEs of 78.4–92.6% and 80.2–
92.4% are achieved, respectively, under the current density of 20–
100 mA cm�2, which are much superior to those of PBI-0 (61.0–
85.7%), PBI-100 (69.2–90.1%) and Naon 211 (56.0–73.4%) at the
same operating conditions. PBI-200 achieves the best balance
between AR and ion selectivity, assembled with which the ow
battery yields excellent cell performances (CE: 99.0%; EE: 82.3%)
and demonstrates amoderate capacity decay rate (0.4% per cycle)
at 80 mA cm�2 during cycling. The developed PBI membranes
exhibit decent stability in the chemical stability test, which could
stem from the intrinsically excellent chemical stability of the PBI
materials. This work demonstrates an effective way to fabricate
high-performance asymmetric PBI membranes with readily
tunable morphologies and properties for VFB applications.
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