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In this study, a highly ion-conductive and durable porous polymer electrolyte membrane

based on ion solvating polybenzimidazole (PBI) was developed for anion exchange mem-

brane fuel cells (AEMFCs). The introduction of porosity can increase the attraction of

electrolytic solutions (e.g., potassium hydroxide (KOH)) and ion solvation, which results in

the enhancement of PBI's ionic conductivity. The morphology, thermo-physico-chemical

properties, ionic conductivity, alkaline stability, and the AEMFC performance of KOH-

doped PBI membranes with different porosities were characterized. The ionic conductiv-

ity and AEMFC performance of 70 wt.% porous PBI was about 2 times higher than that of

the commercially available Fumapem® FAA. All KOH-doped porous PBI membranes

maintained their ionic conductivity after accelerated alkaline stability testing over a period

of 14 days, while the commercial FAA degraded just after 3 h. The excellent performance

and good durability of KOH-doped porous PBI membrane makes it a promising candidate

for AEMFCs.

Copyright © 2014, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights

reserved.
Introduction

Using alkalinemedium instead of acidic in hydrogen fuel cells

is preferred because the occurrence of corrosion is mitigated

and cheaper construction materials can be used [1]. In anion

exchange membrane fuel cells (AEMFCs), because of the

alkaline environment, the reduction and oxidation kinetics of

the oxidants and fuels (e.g., air and hydrogen) are inherently

much faster for the cathode and anode electrodes, respec-

tively, enabling higher power densities and energy conversion
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efficiency. Thereby, employing non-precious metal electro-

catalysts such as nickel and silver are feasible in such sys-

tems, making them a potentially low-cost technology. More-

over, due to the less corrosive nature of an alkaline medium,

longer lifetime is expected for AEMFCs [2e7]. However, the

major barrier to commercialize AEMFCs is the anion exchange

membrane (AEM) which suffers from low performance and

physic-chemical stability. Thus, it is vitally required to

develop a cost effective AEM, possessing excellent ionic con-

ductivity and high thermo-physico-chemical stability

[6,8e11].
4979.
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Generally, AEMs are categorized according to various types

of polymeric backbones and ion-exchange groups [12e14].

Depending on ion-exchange groups, AEMs can be classified

into (i) ion-doped membranes, in which the polymers are

doped with electrolytic solutions (e.g., KOH, LiOH etc.); (ii)

composite membranes, where the incorporated inorganic

materials are in charge of ion transfer; and (iii) blended

membranes, in which another polymer acts as the ion-

exchange group. The most studied polymers, so far, are pol-

ybenzimidazole [7,15e20], polyphenylene oxide [21,22], poly-

etherketone [23], cardo polyetherketone [24], polyethersulfone

[25,26], poly(vinyl alcohol) [27], poly(ethylene-co- tetrafluoro-

ethylene) [28e31] and poly(arylene ether sulfone) [32]. How-

ever, at the current state of AEM technology, there are still

major challenges that must be resolved, including low ion

conductivities, chemical instabilities in concentrated alkaline

environments, and fast thermal degradation.

In this study, the developed AEM is based on ion-doped

membranes. Among the examined polymeric structures in

literature, poly[2,20-(m-phenylene)-5,50-bibenzimidazole] (PBI)

is an inexpensive amorphous homo-polymer, having

outstanding physico-chemical and thermal stability [4,33e39],

promising candidate for the backbone of ion-doped mem-

branes [40e44]. An unmodified PBI is an ionic and electronic

non-conductor [39,45e48]. However, due to the existence of

amine (eNHe) and imide (eN) groups in the imidazole rings of

PBI, it turns into an excellent ionic conductor by doping with

strong alkaline (e.g., KOH) [39e41,49] or acidic (e.g., phos-

phoric acid) [50e52] solutions, yet maintains its electronic

non-conducting properties after doping. Xing et al. [39] have

shown ionic conductivities between 5 � 10�5 S cm�1 and

1 � 10�1 S cm�1 for PBI using KOH with a concentration of 6 M

at 70e90 �C. However, the reported high ionic conductivity for

PBI wasmeasuredwhen themembranewas in the electrolytic

solution at elevated temperatures. In this work, a unique

approach has been taken to introduce porosity into the

morphology of PBI and then dope it with KOH, which makes it

to function without the requirement of being submerged in

the electrolytic solution. The existence of pores can increase

the uptake of KOH, leading to the increase of ionic conduc-

tivity [53,54]. To the best of our knowledge, although there are

a few examples of proton-conducting porous PBI membranes

for proton exchange membrane fuel cells (PEMFCs)

[16,19,20,55e60], there are no reports on the development of

KOH-doped porous PBI membranes for AEMFCs. In order to

make the membrane porous, the synthesized PBI was mixed

with an appropriate amount of a low molecular weight pore-

forming agent (dibutyl phthalate, DBP), which could be

removed after synthesis by immersion in methanol solution.

DBP was selected among various phthalate-based porogens

due to its aliphatic chains. It has been shown that aliphatic

structure of phthalates exhibit more interconnected and
Fig. 1 e The synthesis and c
larger pore size than fully aromatic ones such as diphenyl

phthalate [16]. Accordingly, the authors chose dibutyl phtha-

late (DBP) as a candidate for porogen in their study. Then, the

obtained porous membrane was doped with a highly

concentrated KOH solution. The morphology, chemical anal-

ysis, mechanical properties, thermal stability, electrolyte ab-

sorption, hydroxide conductivity, alkaline stability, and

AEMFC performance of the KOH-doped PBI membranes with

different porosities were characterized and compared to

commercially available AEM (Fumapem® FAA from FuMA-

Tech GmbH) using different spectroscopic and microscopic

analysis methods, including proton nuclear magnetic reso-

nance (1H NMR), scanning electron microscopy (SEM), energy-

dispersive X-ray (EDX) mapping, Fourier transform infrared

(FT-IR), thermogravimetric analysis (TGA) and differential

thermal analysis (DTA), tension testing, contact angle mea-

surement, and electrochemical impedance spectroscopy (EIS).
Experimental section

Synthesis of polybenzimidazole (PBI)

The synthesis of PBI is well described in the literature [61]. In

this study, according to Fig. 1, 4.7 mmol of 3,30-dia-
minobenzidine (DAB, Aldrich) with an equivalent molar

amount of isophthalic acid (IPA, Aldrich) were dissolved into

polyphosphoric acid (PPA, Alfa Aesar) in a round-bottom flask

with amagnetic stirrer under a slow flow of nitrogen gas. After

stirring for 7 h at 200 �C, the reaction mixture turned dark

reddish brown and became viscous. The reaction was

quenched by pouring the hot solution into a large amount of

cold water. The formed PBI fibers were stirred and washed for

48 h in distilled deionized (DDI) water and subsequently for 7 h

in 2 M KOH solution followed by drying in an oven at 100 �C
overnight.

Preparation of KOH-doped porous PBI membranes

A schematic of fabricating KOH-doped porous PBI is displayed

in Fig. 2. As shown, 1 wt.% dried PBI polymer with different

amounts of DBP (Aldrich) were dissolved in dimethyl sulfoxide

(DMSO, Aldrich) under stirring and heating until an orange

homogeneous solutionwas obtained. Then, it was spread onto

a glass plate and placed in an oven. The temperature ramp

was from 60 to 190 �C over 12 h in order to slowly evaporate

the solvent. After the heatingwas finished, the glass plate was

immersed in DDI water in order to detach themembrane from

the plate. Then, DBP was extracted by immersing the mem-

branes in methanol for 1 h. The porous PBI was dried at 80 �C
until a constant weight was achieved. Then, all membranes

were dopedwith KOHby keeping them in 6MKOH solution for
hemical structure of PBI.
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Fig. 2 e The fabrication of KOH-doped porous PBI membranes.

i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 3 9 ( 2 0 1 4 ) 1 8 4 0 5e1 8 4 1 5 18407
2 days and finally stored in DDI water for future character-

ization tests. In this paper PBI and x-pPBI represent the bare

PBI and porous PBI membrane with the porosity of x (¼25, 50,

70), respectively.

Thermal, physical, and chemical characterization tests

The presence of PBI was shown by 1H NMR (500 MHz Bruker

Analytik GmbH) and FTeIR (Avatar 320). The average mo-

lecular weight was measured by static light scattering (Mal-

vern Instruments Ltd., Zetasizer Ver. 6.20). The overall

morphology and EDX mapping of all samples was examined

by using SEM (LEO FESEM 1530). TGA and DTA were per-

formed under nitrogenwith a TGA Q500 V20.10 instrument in

the temperature range from 25 to 900 �C at the heating rate of

10 �C min�1. The mechanical properties of all membranes

were determined by a tension testingmachine (ADMET 7603-

5 kN) in ambient atmosphere at a tension speed of

5 mm min�1. The size of the species was 6 mm wide, 40 mm

long, and 35 mm thick.

Porosity, KOH uptake, water uptake, and swelling ratio

Twomethods were applied to estimate the real porosity of the

membranes. The first methods was adapted from the work of

Wang et al. [20] by measuring the weight of the porous

membranes before and after filling the pores with DDI water

for 48 h. Accordingly, the porosity ( 3) can be calculated by the

following equation:

31 ¼ Ww �Wd

rH2O � Vd
(1)
whereWw is the weight of the wet porous PBI membranes,Wd

is the weight of dried membranes in a vacuum oven at 80 �C

for 48 h after extracting the DBP, rH2O is the density of DDI

water, and Vd is the volume of dried porous membranes. The

secondmethodwas taken fromMecerreyes et al. [16] research

based on weight difference before and after leaching out the

porogen from the membrane. According to this method, the

percentage of weight loss after removing the porogen (i.e.,

DBP) was estimated as below:

32 ¼ WPBIþDBP �Wx�pPBI

WPBIþDBP
(2)

whereWPBIþDBP andWx-pPBI are the weight of driedmembranes

before and after removal of the DBP porogen, respectively.

Tomeasure the KOHuptake (KOH-U), KOH-doped PBIswere

removed from the concentrated KOH solution and wiped

using a tissue paper to remove surface liquid. The weight of

the KOH impregnated membrane (WKOH) was measured and

Eq. (3) was used to calculate the KOH uptake:

KOH� U ð% Þ ¼ WKOH �Wd

Wd
� 100 (3)

To calculate the water uptake and swelling ratio, the dried

KOH-dopedmembranes were immersed in deionized water at

room temperature for 48 h. After hydration, the surface water

was wiped with tissue paper before weighing. Then, the

membranes were fully dried in a vacuum oven at 80 �C for 48 h

and weighed. The weight and dimensions of samples were

measured several times until constant numbers were ach-

ieved. Then, the water uptake (WeU), lengthwise swelling

ratio (L-SWR), and crosswise swelling ratio (C-SWR) were

calculated by following equations:

http://dx.doi.org/10.1016/j.ijhydene.2014.08.134
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WU ð% Þ ¼ Ww�KOH �Wd�KOH

Wd�KOH
� 100 (4)

L� SWR ð% Þ ¼ Lw�KOH � Ld�KOH

Ld�KOH
� 100 (5)

C� SWR ð% Þ ¼ tw�KOH � td�KOH

td�KOH
� 100 (6)

where Ww-KOH, Lw-KOH, and tw-KOH are the weight, length, and

thickness of hydrated KOH-dopedmembranes andWd-KOH, Ld-

KOH, and td-KOH are the weight, length, and thickness of dried

KOH-doped films.
Water contact angle

CA 2500 XE equipment and associated software (AST Prod-

ucts, Billerica, MA) were used to inspect how the hydrophi-

licity changes with the porosity by measuring the water

contact angle on the surface of membranes. For this pur-

pose, a droplet of water (about 7 mL) was laid onto the surface

of all PBI samples and the images were captured using a CCD

camera. Contact angles below 90� indicate the hydrophilic

character of a sample describing the water-uptake

capability.
Fig. 3 e 1H NMR spectrum of synthesized PBI.
Hydroxide conductivity measurement

The ion conductivity of all PBIs was characterized in both in-

plane and through-plane directions of the membranes, using

AC impedance spectroscopy in Princeton Versastat MC

potentiostat. For in-plane, the membrane samples were

sandwiched in a simple home-made four-point cell, made

from four platinum strips and Teflon plates. For the through-

plane conductivity, the membranes were sandwiched be-

tween two electrodes with 1.1304 cm2 surface area. For both

directions. The impedance was measured in the frequency

range between 1 MHz and 0.1 kHz with perturbation voltage

amplitude of 10 mV. The cells were placed in a thermo-

controlled chamber in DDI water for measurement. All sam-

ples were equilibrated in water for at least 24 h prior to the

conductivity measurement. At a given temperature, the

samples were equilibrated for at least 30 min before any

measurements. Repeatedmeasurements (at least three times)

were then taken at the given temperature with 10 min in-

tervals until no more changes in conductivity were observed.

The in-plane and through-plane ionic conductivities of all

samples were then determined using Eq. (7):

s ¼ L
RA

(7)

where s denotes either the in-plane (sIP) or through-plane (sTP)

ionic conductivity, L is either the distance between the refer-

ence electrodes in the four-point cell or the thickness of

membrane samples in case of through-plane setup, R the

resistance of the membrane, and A the cross-sectional area in

case of the in-plane setup and the area of the electrodes in

case of the through-plane cell.
Alkaline stability test

To measure the alkaline stability, all bare and porous KOH-

doped PBI membranes were kept in a boiling solution of 6 M

KOH. Then, after different specified times, each sample was

rinsed and stored in DDI water before re-testing their ionic

conductivity.

Membrane electrode assembly and fuel cell testing

The performance of KOH-doped porous PBI, bare PBI, and FAA

commercial in a fuel cell setup was determined using a single

cell membrane electrode assembly (MEA) setup. The electro-

catalyst used in the anode and cathode layers was Pt/C

(28.2 wt.% Pt, TKK Corp.). Catalyst-containing inks were pre-

pared by mixing and ultrasonicating the catalyst with iso-

propanol for 1 h. The inks were sprayed on gas diffusion layer

(GDL, SIGRACET®GDL 10 BB) and dried in oven at 80 �C for 24 h.

This process was repeated until the desired catalyst loading

(0.5 mg cm�2) was achieved for both anode and cathode. The

MEA with an active electrode area of 5 cm2 was obtained by

hot-pressing the cathode and anode onto each side of the

membranes at 110 �C and 2000 psi for 10 min. For FAA com-

mercial, the MEA was fabricated by pressing the catalyst-

coated GDLs onto the membrane at room temperature and

2000 psi for 10 min, due to its low thermal stability. For each

sample, the MEA was assembled into the fuel cell hardware

(850e Multi-Range Fuel Cell Test System, Scribner Associates)

with gas flow rate of 0.2 L min�1 for both hydrogen and

oxygen.
Results and discussion

The average molecular weight of 104,167 ± 1.898 g mol�1 was

calculated for PBI by the inverse of the intercept of the linear

interpolation in the Zimm plot from static light scattering.

Fig. 3 represents 1H NMR spectra of PBI using deuterated

dimethyl sulfoxide (DMSO-d6) solutions, which confirm the

successful synthesis of the polymer. The proton chemical

http://dx.doi.org/10.1016/j.ijhydene.2014.08.134
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shifts (dH) are 9.14 (H1), 8.28 (H2), 7.85 (H5), 7.8 (H3), 7.67 (H4),

7.53 (H6) [62], which are assigned to the protons on the aro-

matic groups in PBI.

Digital images of the bare and porous PBI membranes are

provided in Fig. 4a. As seen from left to right, the transparency

of the PBI membrane reduces with an increase in porosity,

where the 70-pPBI appeared as an opaque film. Fig. 4b shows

the FT-IR spectra of the developed PBI membrane, which was

consistent to a previous report by Musto et al. [36,63]. In this

figure, the typical absorption peaks ascribed to the PBI mem-

brane were observed at 705 cm�1 (heterocyclic-ring vibration),

802 cm�1 (heterocyclic-ring vibration or CeH out-of-plane

bending), 1284 cm�1 (imidazole ring breathing), 1444 cm�1

(in-plane ring vibration of phenyl benzimidazole), 1592 cm�1

(ring vibration of conjugation between benzene and imidazole

rings), 1629 cm�1 (C]C/C]N stretching), and 3193 cm�1 (self-

associated NeH stretching). Fig. 4cee compares the FT-IR

spectra of all porous PBI membranes to the bare PBI and

those containing the porogen, i.e., DBP. All of the porous PBI
Fig. 4 e a) Digital images of all bare and porous PBI membranes

50 wt.%, and e) 70 wt.% porous PBIs, compared to the spectra o
membranes exhibited the characteristic absorption peaks of

bare PBI in Fig. 4b, implying that the introduction of pores into

the PBI membrane has not affected its compositional struc-

ture. The characteristic absorption peaks at around 1125 cm�1

and 1716 cm�1 appeared from the carboxylic stretching vi-

bration of OeCeO and C]O bonds in DBP, respectively. The

two peaks around 2873 cm�1 and 2959 cm�1 are assigned to

stretching vibrations of CH3, CH2, and CH groups in the dibutyl

chains of DBP. The disappearance of these four peaks in all

KOH-doped porous PBI membranes indicated that DBP was

completely extracted from the membranes and a porous

structure was formed into the PBI membranes successfully.

The cross-sectional images from SEM and EDX mapping of

oxygen for the bare and porous PBI membranes with various

porosities are shown in Fig. 5. In Fig. 5a, c, e, and g the effect of

the porogen amount on the morphology of the membranes

was studied. The bare PBI possesses no pores; whereas the

open pores could be observed in all of the porous membranes.

The average pore size was measured using various cross-
. The FT-IR spectra of KOH-doped b) bare PBI, c) 25 wt.%, d)

f bare and PBI/DBP membranes.

http://dx.doi.org/10.1016/j.ijhydene.2014.08.134
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Fig. 5 e The cross-sectional images from SEM of a) bare PBI c) 25 wt.%, e) 50 wt.%, and g) 70 wt.% porous PBI membranes. The

EDX mapping of oxygen element from KOH in b) bare PBI d) 25 wt.%, f) 50 wt.%, and h) 70 wt.% porous PBIs.
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sectional, top-side, and bottom-side SEM images from

different surfaces of the porous membranes. It is seen that

higher amount of DBP led to larger pore size after its removal

from the membrane such that at the porosity level of 25 wt.%,

50 wt.%, and 70 wt.% the pore size on average was about

253 nm, 300 nm, and 467 nm, respectively. Fig. 5b, d, f, and h

illustrate the EDX mappings of oxygen. For all samples the

EDX mapping was done with 10 frames and the exposed time

for each framewas 30 s. Thus, all PBImembranes have had the

same exposed time. It is clearly seen that the density of oxy-

gen from KOH increases with increasing the porosity from

0 wt.% to 70 wt.% in the PBI membranes.

Fig. 6a compares the TGA and DTA of the dry KOH-doped

porous PBIs to that of the bare one. Generally, the increase

of porosity has a slight effect on the thermal stability of the

membrane. According to TGA-DTA curves, the initial weight

loss below 200 �C can be attributed to the loss of unvaporized-
boundwater in PBImembranes, which changed from 2% to 5%

by increasing the porosity from 0 wt.% to 70 wt.%. This indi-

cated that because of the higher water affinity of porous PBI,

more unvaporized-bound water existed in the membranes

with higher porosity. From 200 �C to 500 �C the trend of weight

change was almost close to a flat phase. The degradation

temperature was started after 500 �C for all PBI membranes.

Based on TGA-DTA curves, the increase of porosity from

0 wt.% to 70 wt.% caused the final weight loss to increase from

12% to 20% at 800 �C. In general, all porous PBI membranes

exhibited excellent thermal stability.

The stressestrain curves and the mechanical properties of

all bare and porous KOH-doped PBI membranes are displayed

in Fig. 6b and Table 1, respectively. The stressestrain curve of

PBI membrane obeys the linear proportionality, whereas

porous PBI films follow nonlinear trends, intensified by

increasing the porosity, which could be attributed to the larger

http://dx.doi.org/10.1016/j.ijhydene.2014.08.134
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Fig. 6 e a) The TGA and DTA and b) The stressestrain curves of bare and porous PBIs.

Table 2 e Properties of KOH-doped porous PBI
membranes.

Initial
DBPa

(wt.%)

31
b

(%)
32
c

(%)
KOH-Ud

(%)
W-Ue

(%)
L-SWRf

(%)
C-SWRg

(%)

0 0 0 23.38 28.8 5.56 5.89
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plasticity in the membrane. The plasticizing effect by

increasing the porosity was further approved when the in-

crease of porosity from 0 to 70 wt. % reduced the tensile

strength and Young's modulus of the PBI membranes ca. 68%

and 45%, respectively. The elongation at break didn't follow

any regular ascending or descending trend with the intro-

duction of porous structures. For instance, it was observed

that the bare PBI exhibited the lowest elongation of 3.9%,

while the 50-pPBI had the highest elongation of 5.96%.

Generally, KOH-doped porous PBI membranes showed satis-

factory mechanical properties to be used in alkaline electro-

chemical energy devices.

Table 2 represents the real porosity from two different

methods, KOH uptake, water uptake, and swelling ratio of all

PBI samples doped with KOH. According to both two different

methods of calculations of real porosity, it can be concluded

that the DBP porogen has been completely extracted from the

PBI membrane. The results show that by increasing the

porosity from 0 to 70 wt.%, the KOH uptake and water uptake

were increased about 60% and 53%, respectively. However, the

enhancement of KOH and water affinity with the introduction

of a porous structure has caused larger lengthwise and

crosswise swelling ratios.

To determine the changes in hydrophilicity, the water

contact angle on the surface of all PBI membranes was

measured, illustrated in Fig. 7aee. Digital images of water

drops show that the increase of porosity has decreased the

water contact angle, implying the increase of hydrophilicity of

porous membranes. According to Fig. 7e both left and right

contact angles for all specimens were equal, decreasing from

62.7� to 54.2� by increasing the porosity from 0 to 70 wt.% of

PBI.

Fig. 8a and b illustrates the ionic conductivity of all the

membranes under hydrous conditions at different tempera-

tures and levels of porosity within the plane of sample (in-

plane direction, IP) or through the thickness of them (through-
Table 1 e The mechanical properties of PBI membranes.

Sample Tensile
strength
(MPa)

Young's
modulus
(GPa)

Elongation at
break (%)

PBI 84.29 1.88 3.90

25-pPBI 62.96 1.60 6.56

50-pPBI 54.44 1.16 5.96

70-pPBI 26.79 1.04 5.53
plane, TP). The results are compared to the commercial FAA

membrane. Fumapem® FAA from FuMA-Tech GmbH

(35e40 mm thickness, resistivity of 0.59 U cm2 at 20 �C, IEC of

1.2 mmol g�1) is an AEM made of aminated polyarylene (pol-

ysulfone) chloride, hydroxide and carbonate salts. The “FAA”

is just the name of themembrane, coined by the producer (i.e.,

FuMA-Tech GmbH). In comparison to commercial FAA mem-

brane, all bare and porous KOH-doped PBIs have exhibited

higher ionic conductivity at all temperatures. At room tem-

perature, the in-plane ionic conductivity has increased from

1.5 � 10�2 S cm�1, obtained for the bare PBI, to

4.9 � 10�2 S cm�1, measured for the KOH-doped 70 wt.%

porous PBI. The maximum in-plane ionic conductivity was

1 � 10�1 S cm�1 at 65 �C for 70 wt.% porous PBI, which was 2.9

times higher than that of commercial FAA. Generally, for both

through-plane and in-plane directions it was observed that

the highest ionic conductivity was at 65 �C for all types of PBI

membranes, indicating high ion mobility at elevated temper-

ature. It is clear that the increase of porosity introduction into

the PBI has led to the larger absorption of concentrated KOH

solution, resulting in higher water uptake and thus, superior

ionic conductivity. The degree of anisotropy, expressed as the

ratio of the in-plane to the through-plane conductivity (sIP/

sTP), is presented in Table 3. All samples demonstrate a small

degree of anisotropy in the through-plane direction. This

behavior can be attributed to the anisotropic distribution of

pore voids. However, on average it was observed that the
25 22.03 20.54 43.89 46.11 20 9.68

50 48.19 49.07 54.18 56.03 23.08 10.53

70 69.03 68.62 57.90 60.82 24.15 13.33

a Based on WDBP/(WDBP þ WPBI), where WDBP and WPBI are the

weights of DBP and PBI, respectively.
b Eq. (1).
c Eq. (2).
d Eq. (3).
e Eq. (4).
f Eq. (5).
g Eq. (6).
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Fig. 7 e Digital images of water contact angle on the surface

of a) bare, b) 25 wt.%, c) 50 wt.%, and d) 70 wt.% porous PBI

membranes. e) The contact angle changes versus porosity.

Table 3 e The degree of anisotropy of non-porous and
porous PBI membranes.

Temperature
(�C)

PBI 25-pPBI 50-pPBI 70-pPBI

25 1.56 2.19 1.32 1.44

45 1.63 2.05 1.40 1.26

65 1.82 1.65 1.36 1.27
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degree of anisotropy was decreased by increasing the porosity

in PBImembranes. This is consistent with cross-sectional SEM

images in Fig. 5, where the increase of porosity favored the

formation of more uniform and interconnected pores, and

thus less anisotropic distribution of voids were occurred.

Moreover, to examine the possibility of KOH leakage during

ion-conductivity tests, the pH of water before and after
Fig. 8 e The ionic-conductivity of bare and porous PBIs, compa

temperatures at a) in-plane and b) through-plane directions.
immersion was measured. No change in pH of the water

before and after immersion was observed, indicating that the

leakage of KOH did not occur. This behavior could be

explained by the fact that possibly KOHmolecules are trapped

in the pores because of possible anchor of KOH within the

backbone of PBI by weak chemical bonds. According to Hou

et al. [42] two possible chemical bondings can be presumed

between PBI and KOH: one is the interaction between Kþ and

eNHe in PBI chains due to neutralization between H in eNHe

and OHein the medium; the other is the hydrogen bond be-

tween OH� and eN ¼ in the backbone of PBI, with Kþ as

counter ion which might prevents the leakage of KOH from

the matrix of porous PBI membranes.

Fig. 9a shows the image of commercial FAA and 70 wt.%

porous PBI membranes after being treated in a boiling 6 M

KOH. It is observed that the commercial FAA has degraded

after just 3 h, whereas 70-pPBI membrane is still unaltered. In

Fig. 9bed the electrochemical stability of the pristine and all

porous PBIs was compared to commercial FAAmembrane. For

commercial FAA, the membrane degradation resulted in a

dramatic decrease in in-plane ionic conductivity at all tem-

peratures. It is observed that for all PBI membranes, the in-

plane ionic conductivity was first increased after the treat-

ment in boiling 6 M KOH, indicating that prolonging the

boiling and immersion time has resulted in higher absorption

of KOH into the membrane, caused the improvement of ionic

conductivity. However, after 24 h, the ionic conductivity of all

specimens decreased slightly, but wasmaintained for 14 days.

Fig. 10 displays the polarization and power density plot of

KOH-doped bare and 70-pPBI membranes in fully humidified

H2/O2 MEA single-cell system, operating at 60 �C. In addition,

the MEA performance of PBI membranes were compared to

that with FAA commercial, operated at same conditions. The

peak power density for 70-pPBI was about 72.17 mW cm�2, 1.8
red to the commercial FAA membrane in different

http://dx.doi.org/10.1016/j.ijhydene.2014.08.134
http://dx.doi.org/10.1016/j.ijhydene.2014.08.134


Fig. 9 e a) The images of 70-pPBI and the commercial FAA after being treated in a boiling 6 M KOH solution for 14 days and

3 h, respectively. The changes of ionic conductivity at b) 25 �C, c) 45 �C, and d) 65 �C after testing the alkaline stability of all

PBI membranes and the commercial FAA.
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and 1.5 times higher than that of bare PBI (41.26 mW cm�2)

and FAA commercial (45.36 mW cm�2), respectively. These

results are in direct agreement with the membrane ionic

conductivity analysis, as 70-pPBI displayed a substantial per-

formance increase through MEA testing compared with FAA

commercial under typical AEMFC conditions. Likewise,

through determining the slope of ohmic region, the calculated

ohmic resistance of FAA, PBI, and 70-pPBI was 4.94, 5.13, and

1.77 U$cm2, respectively, indicating the fact that the porous

morphology has favored higher ion transport through the

membrane resulting in the reduction of ohmic losses

comparing to FAA and bare PBI membranes. Clearly, KOH-

doped porous membranes offer significant promise as
Fig. 10 e The single-cell polarization and power density

curves employing FAA commercial, bare PBI, and 70-pPBI.
electrolytic membranes for AEMFC applications, owing to

their beneficial structure and electrochemical properties.
Conclusions

This study reports the fabrication and investigation of unique

KOH-doped porous polymeric membranes for AEMFCs. The

polymeric backbone of the membrane was based on PBI. The

pores were introduced by leaching out a pore-forming agent,

DBP after solution-casting the mixture of PBI and DBP. The

introduction of a porous structure into the polymeric mem-

brane created more open paths as well as higher surface area

for ion transfer and the absorption of an electrolytic solution.

The enhancement of electrolytic solution absorption (e.g.,

KOH) and water uptake significantly helped the increase of

ionic conductivity. It was observed that the in-plane ionic

conductivity of 70-pPBI was 3 times higher than that of com-

mercial FAA, approved by AEMFC performance results such

that the MEA employing the porous PBI exhibited the highest

peak power density and lower ohmic potential compared to

bare PBI and FAA commercial membranes. All KOH-doped

porous PBIs exhibited excellent thermal stability and satis-

factory mechanical properties. The alkaline durability of all

membranes was also tested in boiling KOH solutions up to 14

days and compared to the commercial FAA. All PBI films have

almost maintained their ionic conductivity, while the com-

mercial FAA degraded just after 3 h. The excellent perfor-

mance and durability of KOH-doped porous PBI makes it a

promising membrane material for alkaline electrochemical

energy devices.
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