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12  Abstract

13  Polybenzimidazole (PBI), with a well-known excellent thermal stability, has been

14 recognized as an alternative for anion exchange membrane fuel cells (AEMFC),

15 primarily because it can serve as an ionic conductor after doping with inorganic

16  hydroxides (typically KOH/NaOH) and thus allows fuel cells to be operated at high

17  temperatures (currently as high as 120°C). In addition, alkali-doped PBI membranes

18 also offer many other favored physiochemical properties, such as high ionic

19  conductivity. The objective of this article is to provide a review of recent research on
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the alkali-doped PBI membranes and their application in fuel cells, including

mechanisms of ion conduction through the alkali-doped PBI membranes, stability of

the PBI membranes doped with alkali, strategies aiming at improving the ionic

conductivity of the PBI membranes doped with alkali, as well as the performance of

alkali-doped PBI membrane based fuel cells. Additionally, future perspectives relating

to the development of alkali-doped PBI membranes and their applications in fuel cells

are also highlighted.
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1. Introduction

Anion exchange membrane fuel cells (AEMFC) are generally regarded as an

emerging energy conversion technology that has the potential to overcome many

obstacles of proton exchange membrane fuel cells (PEMFC) in cost, stability, and

durability of materials [1-10]. The typical structure design of AEMFC systems is

analogous to that of PEMFCs, where the ion transport pathways are established

between the cathode and anode. It is attributed to the dispersed ionomers with a

network inside the electrodes, which are interfaced with the membrane [11-16].

Nevertheless, the performance of such a fuel cell system where transporting the

hydroxide ions through the membrane purely relies on an AEM and ionomers in the

electrodes is not satisfactory, primarily due to the low conductivity of state-of-the-art

AEMs and corresponding ionomers [17-21]. In addition, another obstacle limiting the

cell power output of AEMFCs is that current AEMs fabricated into fuel cells are not

capable to be operated at high temperatures (< 60°C) [22-24]. It has been recently

demonstrated that polybenizimidazole (PBI) can withstand the high-temperature

operation, and after doping with inorganic acid, the membranes can conduct protons

and thus be used in fuel cells [25-37]. Among them, Wainright et al. [31] firstly

introduced PBI membranes doped with acid for high-temperature PEMFCs. Similarly,

Xing et al. [37] examined alkali-doped PBI membranes for AEMFCs. The highest
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conductivity of KOH-doped PBI (9x102 S cm™ at 25°C) was higher than those of
H,SO4-doped PBI membrane (5x102 S cm™ at 25°C) and H3POs-doped PBI
membrane (2x102 S cm? at 25°C). More impressively, they showed that the
hydrogen/oxygen fuel cells with an alkali-doped PBI membrane and a Nafion 117
membrane exhibited the same performance [37].

Since the pioneering work done by Xing et al. [37], extensive attentions haven been
paid to the alkali-doped PBI membranes, which become an alternative to the
conventional QA-based AEMs in AEMFCs over the past decade [37-43]. As a
consequence, great progress has been made in facilitating the large-scale utilization of
this membrane in practical applications, but several critical issues are still remaining
to be resolved, such as alkali leakage, high fuel permeability, and poor mechanical
stability. This review focuses on recent advances and development of alkali-doped
PBI membranes for fuel cell applications. In this article, we start with the mechanisms
of ion conduction through the alkali-doped PBI membranes and the chemical structure
change after doping, followed by the detailed discussion about the stability of the
alkali-doped PBI membranes, including thermal stability, mechanical stability, and
liquid uptake. Moreover, the strategies to promote the ionic conductivity of the PBI
membranes doped with alkali are also summarized and compared. Meanwhile, the

effects of the doping time, alkali type and concentration, carbonate presence,
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temperature, and soaking time on the ionic conductivity are described and discussed,
respectively. Finally, we summarize and discuss the single-cell performance achieved
by using the alkali-doped PBI membranes in fuel cells running on various fuels,

including hydrogen, methanol, ethanol, and other alcohols.

Fig. 1 Chemical structure of the pristine polybenzimidazole membrane [59].
Reproduced with permission from Elsevier.
2. Mechanisms of ion conduction through the alkali-doped polybenzimidazole
membrane

The ion exchange membranes used in fuel cells are expected to meet the following
requirements: high performance, high durability, but low cost. The function of the ion
exchange membranes installed in fuel cells is to separate two electrodes (electron
insulator), conduct ions (ion conductor), and be impermeable to fuels (fuel insulator).
In AEMFCs, a barrier that limits their performance is that current AEMs fabricated
into fuel cells are not capable to be operated at high temperatures (typically < 60°C).
It has been recently demonstrated that alkali-doped PBI membranes can offer the
good thermal property and high ionic conductivity. For this reason, much attention

has been extensively paid to this type of membrane. In fact, the pristine PBI
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membrane is primarily an electron and ion insulator (ionic conductivity: 1 x 101? S
cm [44]) and its chemical structure is shown in Fig. 1. Like doping with inorganic
acid, adding the pyrrole-type nitrogen (-NH-) and the pyridine-type nitrogen (-N=) in
the benzimidazole rings is in favor of absorbing and interacting with the free
inorganic base, which is capable of conducting ions [45]. Generally, the pristine PBI
membrane is pre-treated to form the ion-conductive membrane by immersing it in an
alkaline electrolyte solution (typically NaOH/KOH [37, 38, 45]) or in an alkaline
fuel-electrolyte-mixed solution (typically ethanol/methanol + NaOH/KOH [39, 46]),
for a certain period of time. Zeng et al. [45] investigated the morphology change of
the PBI membrane doped with alkali comparing to the PBI membrane via SEM-EDS.
It was shown that the membrane possessed a uniform, dense and smooth structure
after doping. In addition, it was also shown that after doping, the potassium and
oxygen that were derived from the doped alkali were distributed through the whole
membrane uniformly. They further investigated the morphology change during
doping via AFM. It was found that the original PBI membrane was hydrophobic as a
result of showing a bright field; while, the hydrophilic domains appeared after doping.
Also, Hou et al. [39] studied the PBI membranes doped with alkali through the
cross-sectional SEM images and its corresponding EDX mappings for elements of K,

O, and N. Similarly, it was demonstrated that the elements of K, O, and N were
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distributed homogeneously. They explained that the presence of potassium was
attributed to the reaction between KOH and -NH- in addition to the free KOH in the
matrix, both of which were beneficial to the ion conduction.

In addition, the doping process also changes the chemical structure of the
membrane. Zeng et al. [45] investigated the chemical structure change of the
membrane doped with alkali comparing to the PBI membrane via FTIR. The results
showed that the -NH- stretching vibration (1284 cm™) was replaced by -NK-
deformation (1510 cm™) and bending vibration (1120 cm), indicating that the
reaction between cations (K*) and benzimidazole segments in the PBI skeleton caused
partial fracture of the hydrogen bonds. They further confirmed the chemical structure
change of the membrane doped with alkali comparing to the PBI membrane via XPS,
and found that after doping, the emergence of the potassium peaks indicated the
successful formation of the PBI membrane doped with alkali.

Based on the above-mentioned characterizations before and after doping, there are
a few mechanisms proposed for formation of the alkali-doped PBI membrane [39, 45,
47]. For example, Hou et al. [39] proposed a doping mechanism for alkali-doped PBI
membranes, as shown in Fig. 2a. Firstly, the interaction between K* and -NH- in
imidazole ring occurred due to neutralization. Secondly, the existence of hydrogen

bonding was detected between -N- and OH™ in imidazole ring; meanwhile, K* was
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brought into the polymer to balance OH™. They also confirmed this result via DFT

calculations [47]. Based on the DFT results, they proposed a detailed mechanism, as

illustrated in Fig. 2b. (i) -NH- can dissociate into H* and -N-; (ii) the dissociated H*

can combine with OH™ to form H2O; and (iii) K" has to combine with -N- to form

-NK-. Recently, Zeng et al. [45] also proposed a similar doping mechanism for the

PBI membrane immersed in alkaline solutions, as illustrated in Fig. 2c. Firstly, the the

pyrrole-type nitrogen (-NH-) in pristine PBI membrane dissociated protons and then

the dissociated protons reacted with the hydroxide ions (OH"). Hence, the first step

can be presented by a neutralization reaction. Secondly, the potassium cations (K¥)

are functioned in bridging nitrogen atoms that are negatively charged. In addition, the

hydrophilic ionic clusters will established to conduct the hydroxide ions by

combination between the KOH solution and the PBI matrix, as illustrated in Fig. 2d.

With a higher KOH concentration, the hydrophilic ionic clusters will become larger,

which is the reason that the conductivity of the PBI membranes doped with alkali

increases with higher KOH concentration [45].
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Fig. 2 (a) The scheme of combination between KOH and -NH- [39]. (b) The possible

combination mechanism in details [47]. (c) The possible reaction during the doping

process: neutralization reaction and the hydrogen bonds before and after the doping

process [45]. (d) Schematic of the pristine PBlI membrane and alkali-doped PBI

membrane [45]. Reproduced with permission from Elsevier.

In a fuel cell system, positively or negatively charged ions act as charge carriers to
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form the ionic current by transporting through ion exchange membranes. In

alkali-doped PBI membranes, there are free K* and OH" in the PBI matrix, as well as

bonded K* and OH" in the PBI skeleton, creating an anion-cation co-existing system

in the PBI membrane after doping. To determine the charge carrier for the ion

exchange membrane, An et al. [57] designed an experimental setup and determined

the charge carrier of the three different types of commercial membrane, i.e., AEM

(A201), CEM (Nafion 211), and NaOH-doped PBI membrane, as shown in Figs. 3a

and 3b. It was found that the Na* flux through the AEM was almost zero at the whole

current density region; while, Na* fluxes through the CEM and NaOH-doped PBI

membrane were, respectively, 32% and 28% of the theoretical Na* flux, meaning that

OH-" fluxes through the CEM and NaOH-doped PBI membrane are 68% and 72% of

the total ionic current, respectively. Hence, it was indicated that both Na* ions and

OH-" ions contributed to the ionic current, but the main charge carrier was the OH" ion.

11
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The physiochemical properties of ion exchange membranes can significantly affect

the fuel cell performance and thus much attention has been paid to the physiochemical

characterizations of alkali-doped PBI membranes. This section will summarize and

discuss the past research on the thermal and mechanical properties, as well as liquid

uptake.

3.1. Thermal stability

The thermal stability of an ion exchange membrane during fuel cell operation is an

important property, which significantly affects the stability and durability of the fuel

cell system. Radically different from the conventional functional groups based AEMs,

the striking feature of the utilization of the PBI membranes fabricated in fuel cells is

that they are capable to be operated at a high temperature due to the good thermal

stability [35, 36]. After doping with an alkali, however, many physiochemical

properties will be changed, such as the ionic conductivity. For this reason, much

attention has paid to the thermal stability of alkali-doped PBI membranes via

thermogravimetric analysis [38, 48-52]. For example, An et al. [52] conducted the

thermogravimetric analysis of three types of commercial membrane, i.e., AEM

(Tokuyama A201), cation exchange membrane (CEM: Nafion 211), and NaOH-doped

PBI membrane. It was found that among the three membranes, the NaOH-doped PBI

membrane showed the comparable thermal stability, both of which were superior than

13
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that of AEM. The NaOH-doped PBI membrane did not exhibit significant degradation

when the temperature was over 570°C, and only 30% of the total weight of the

membrane was lost at 800°C. Lou et al. [48] investigated the thermal stability of

NaOH-doped PBI membranes via the thermogravimetric analysis and found that the

retention properties and the water content were slightly increased after doping. It was

also found that at temperatures higher than 500°C, a severe weight loss occurred due

to the generation of carbon dioxide. Hou et al. [38] evaluated the thermal stability of

KOH-doped PBI membrane via TGA and DTA from room temperature to 800°C.

They found that the KOH-doped PBI membranes offered reliable thermal stability up

to 800°C, which was better than Nafion membranes and quaternary ammonium (QA)

based AEMs. In summary, the use of alkali-doped PBI membranes has successfully

removed the barrier that limits AEMFCs to be operated at temperatures higher than

60°C.

3.2. Mechanical stability

Excellent mechanical property is crucial for ion exchange membranes to go through

harsh processes during fuel cell assembly and operation. Previous publications

indicated that even the pristine PBI membrane did not receive any pre-treatment, it

still offered a substantial tensile strength [53]. As mentioned earlier, the doping

process changes the chemical structure of the membrane, thus definitely changing the
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mechanical property. In view of this reason, the mechanical strength of PBI

membranes doped with alkali has been widely investigated via testing stress-strain

curves [38, 45, 49, 50, 52]. For example, An et al. [52] carried stress-strain tests for

three kinds of commercial membrane, i.e., AEM (Tokuyama A201), CEM (Nafion

211), and NaOH-doped PBI membrane. It was found that both the CEM and AEM

showed much larger tensile strength than the NaOH-doped PBI membrane, suggesting

that the NaOH-doped PBI membrane had the worst mechanical property. It was

explained that the mechanical strength of pristine PBI membrane was dominated by

the hydrogen bond between —N= and —-NH- groups; however, doping the PBI

membrane with an alkali was beneficial for the formation of the hydrogen bonds

between —N= and alkali, leading to the decrease of molecular cohesion in the

NaOH-doped PBI membrane. In addition, introducing the alkali into the substrate of

the membrane would reduce the molecular interaction force due to the increasing

separation distance. For these reasons, the tensile strength of the NaOH-doped PBI

membrane is inferior comparing to the pristine PBI membrane. Zeng et al. [45] also

investigated the mechanical property of the PBI membrane doped with alkali

comparing to the PBI membrane via measuring the tensile-strain curves. It was found

that when the tensile strength reached 92.98 MPa, the pristine PBI membrane broke

with an elongation of 5.6%, suggesting that the mechanical strength of pristine PBI

15
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membrane is superior. After doping with an alkali, the tensile strength of breaking was

significantly decreased with increasing the KOH concentration. They explained that

the original hydrogen bonds were partially cleaved, which decreased molecular

cohesion and deteriorated the mechanical strength of the membrane. However, the

tensile strength of KOH-doped PBI membranes was still higher than functional groups

based AEMs. Hou et al. [38] evaluated the mechanical stability of KOH-doped PBI

membranes and determined that the elongation at break and tensile strength and were

20.07% and 7.7 MPa, respectively. They found that those results were lower than the

pristine PBl membrane, but comparable with H3PO4-doped PBI membranes and some

QA-based AEMs. In summary, although the mechanical property of the PBI

membrane is lowered to some extent after doping, the alkali-doped PBI membranes

have still better mechanical property than Nafion membranes and AEMs do.

3.3. Liquid uptake

The liquid uptake of alkali-doped PBI membranes is an important parameter that

directly links with the ionic conductivity. Generally, a higher liquid uptake of the ion

exchange membrane will result in a higher ionic conductivity. Nevertheless, the

mechanical stability degraded seriously resulting from dimensional changes derived

from too high liquid uptake [55]. To determine the liquid uptake, the alkaline doping

process of the PBI membrane samples generally lasted for around ten days in order to
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make sure that the process was accomplished [45]. So far, the liquid uptake of

alkali-doped PBI membranes have been extensively investigated [45, 48, 50, 51, 52,

54]. The liquid uptake of alkali-doped PBI membrane is generally determined by

m,, — md
md

Q= x100% (1)
where my denotes the mass of the hydrated membrane (in alkaline solution) and mg
denotes the mass of the dry membrane. An et al. [52] determined the liquid uptakes of
three kinds of commercial membrane, i.e., AEM (Tokuyama A201), CEM (Nafion
211), and NaOH-doped PBI membrane. It was found that the liquid uptakes of the
NaOH-doped PBI membrane and the AEM were much higher than that of the CEM.
In fact, it is the main reason that the NaOH-doped PBI membrane had the worst
mechanical property. In addition to the liquid uptake, there are two other uptakes, i.e.,
water uptake and alkali uptake. Zeng et al. [45] studied the water uptake and alkali
uptake of KOH-doped PBI membranes immersed in various KOH concentrations at
room temperature. It was found that the alkali uptake and water uptake were low as
the PBI membranes were doped with low-concentration KOH solutions; while, the
alkali uptake and water uptake were likely to increase linearly as the KOH
concentration was higher than 1.0 M. It was also found that when the KOH

concentration was further increased to 8.0 M, the PBI membranes were crushed or

dissolved in the alkaline solution. It should be noted that there are some differences in
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the uptakes of alkali-doped PBI membranes, which is probably attributed to the
different molecular weight/structure, membrane thickness of the samples, as well as
different alkalis [45].
4. Strategies to improve the ionic conductivity of alkali-doped polybenzimidazole
membranes

The most important function of the ion exchange membrane is to transport ions
(charge carrier) through the membrane from one electrode to the other. Hence, the
ionic conductivity is an important parameter and has been extensively examined [37,
38, 39, 41, 45, 47, 48, 49, 50, 52]. The ionic conductivity was generally determined
by Ohm’s law:
o=t @
where o is the ionic conductivity (S cm™), d is the thickness of the membrane
(cm), R is the membrane resistance (), and S is the effective area of the
membrane (cm?). In addition, the operating parameters can also affect the ionic

conductivity of alkali-doped PBI membranes, such as doping time, alkali type, alkali

concentration, carbonate concentration, and operating temperature.
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305 Fig. 4 (a) Effect of the doping time on the doping level [48]. (b) The ionic

306  conductivity as a function of the time. [47]. (c) Effect of the NaOH concentration on

307  the ionic conductivity [52]. (d) Variation of the ionic conductivity with the doping

308 electrolyte cocnentration at vairous K,COs concentrations [37]. Reproduced with

309  permission from Elsevier.
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4.1. Effect of the doping time

Luo et al. [48] studied the effect of doping time on the doping level of alkali-doped
PBI membranes and the results were presented in Fig. 4a. They defined the alkali
doping level as the ratio between the weight of doped alkali and the weight of dried
membrane. It was found that the alkali doping level first proceeded rapidly within 50
h and then underwent a slow increment rate. Also, the ion conductivity of the PBI
membrane doping with 1.0 M NaOH for 200 h (the doping level is 0.37) is 2.3x102 S
cmt at room temperature. Xing et al. [37] studied the effect of doping time on the
optimal alkali concentration and found that the optimal alkali concentration that
results in the highest conductivity was increased with the doping time. For example,
the optimal concentrations of sodium hydroxide are 8.0 M and 12.0 M for 0.1-day
doping and 12-day doping, respectively. It was also found that if the doping time was
longer than ten days, the ionic conductivity of the membrane became stable. They
explained that the membrane was saturated with the alkali, therefore the ionic
conductivity was stable. Hou et al. [39] prepared the alkali-doped PBI membranes by
immersing the pristine PBlI membrane in 6.0 M KOH at room temperature.
Afterwards, the results showed that the doping equilibrium was reached after about
7-day doping. In addition, they conducted the durability test of the KOH-doped PBI

membrane by measuring its ionic conductivity at room temperature for 100 h [47]. As
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shown in Fig. 4b, the initial ionic conductivity of the KOH-doped PBI membrane was
2.3x102 S cm™L. After that, the ionic conductivity of the KOH-doped PBI membrane
was gradually degraded with the doping time. After 100-h doping, the ionic
conductivity was decreased from 2.3x102 S cm™ to 1.0x102 S cm?, and the
degradation rate was 1.3x10* S cm™? ht,
4.2. Effect of the alkali type

The alkaline strength has a remarkable influence on the conductivity of the PBI
membranes doped with alkali. Xing et al. [37] studied the influence of alkali type on
the ionic conductivity and found that it was increased with the strength of the alkaline
agent (LiIOH < NaOH < KOH). Specifically, the highest conductivity was achieved
when doped with KOH and the poorest conductivity was obtained when doped with
LiOH. It was also found that the change in the ionic conductivity with the electrolyte
concentration also depends on the alkali type. Hence, it is the main reason that KOH
is widely used to dope with the PBI membrane.
4.3. Effect of the alkali concentration

An et al. [52] investigated the effect of the NaOH concentration that varied from 0
M to 10.0 M on the ionic conductivity of the NaOH-doped PBI membranes, as shown
in Fig. 4c. It was found that as the NaOH concentration enhanced, the ionic

conductivity was increased first and then decreased, leading to a peak ionic
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conductivity. It was explained that once an ion exchange membrane was soaked in an
alkaline solution, the generation of alkali-doped free volumes could transport ions
under an electric field. Under this circumstance, transporting ions through the
alkali-doped free volumes was much easier than through the functional groups.
Therefore, the ionic conductivity of PBI membrane in 1.0 M NaOH (3.6 mS cm™®) was
better than that of PBI membrane in DI water (0.006 mS cm™), indicating that the
alkali-doped free volumes made subtotal contribution to the ionic conductivity.
Nevertheless, the ionic conductivity became lower when the NaOH concentration was
higher than 7.0 M, which was ascribed to the increasing viscosity of the alkaline
solution and the reducing ionic mobility. Hence, 7.0 M was the optimum alkali
concentration, resulting in the maximum conductivity. In summary, a trade-off need to
be made between the positive effect of the higher alkali concentration doping and the
negative effect of the viscosity increasing in the alkali-doped free volumes of the
membrane. Similarly, Xing et al. [37] found that the highest conductivities of PBI
membranes doped with alkali were obtained when doping with 8.0-M KOH, 6.0-M
NaOH, and 4.0-M LiOH, respectively. Zeng et al. [45] found that the conductivity of
the PBI membrane was ultra-low when doping with 0.5 M KOH; while, a promotion
in the KOH concentration significantly upgraded the ionic conductivity of PBI

membranes doped with alkali.
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4.4. Effect of the carbonate presence

Xing et al. [37] conducted the doping process in the mixed solution (KOH and
K2CO3) and investigated its effect on the ionic conductivity, as shown in Fig. 4d. It
was found that like doping in the alkaline solution, the ionic conductivity after 10-min
doping was lower than that after 20-day doping. It was also found that the ionic
conductivity after doping in the mixed solution (KOH and K>CO3) was decreased
from 0.095 S cm™ to 0.016 S cm™ as the K».COs3 concentration was increased from 0
M to 3.0 M. Although the involvement of K,COs much decreased the ionic
conductivity of the membrane, even at a high K2CO3 concentration (3.0 M), the
membrane still had an ionic conductivity of 0.016 S cm™, which was better than that
of the Nafion 117 membrane (0.012 S cm™™).
4.5. Effect of the temperature

The most striking feature of the utilization of the alkali-doped PBI membranes in
fuel cells is to allow fuel cells to be operated at higher temperatures (> 60°C
generally). The effects of operating temperature lie not only on the electrochemical
Kinetics, but also on the mass/charge transport, including the ion transport through the
membrane, i.e., ionic conductivity. Hence, the effect of the operating temperature on
the conductivity of alkali-doped PBI membranes has been extensively investigated

[37, 45, 48, 52]. In principle, the ionic conductivity of alkali-doped PBI membranes
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increases with the increasing temperature, which is attributed to the higher ion
mobility. An et al. [52] studied the influence of temperature on the conductivities of
the three kinds of commercial membrane in the 5.0 M NaOH solution, i.e., AEM
(A201), CEM (Nafion 112), and NaOH-doped PBI membrane, as shown in Fig. 5a. It
was found that promoting the operating temperature resulted in almost linearly
increasing the ionic conductivities of the three membranes. Specifically, as the
operating temperature increased from 23°C to 60°C, the ionic conductivities of the
AEM, CEM and NaOH-doped PBI membrane was increased from 30.1 mS cm’™, 5.6
mS cm? and 15.7 mS cm? to 54.9 mS cm?, 11.4 mS cm? and 33.7 mS cm?,
respectively. It was explained that on one hand, a higher temperature accelerated the
molecular motions, promoting the ionic transport of the functional groups. On the
other hand, elevating the temperature increased the ionic mobility in alkali-doped free
volumes, contributing to the increased ionic conductivity. In addition, it was apparent
that the activation energy of the three membranes was comparable, suggesting that the
three membranes had the analogous ionic conducting mechanism. Lou et al. [48]
explored the effect of the operating temperature on the ionic conductivity of PBI
membranes doped with alkali. It was found that the ion conductivity of the PBI
membrane doped with alkali was significantly enhanced with the operating

temperature. Particularly, the ion conductivity of alkali-doped PBI membrane was
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increased from 2.3x102 S cm™ to 7.3x102 S cm™ when the temperature boosted from
room temperature to 100°C. Zeng et al. [45] also found that the ionic conductivity
increased with the temperature. The highest ionic conductivity, 96.1 mS cm™ at 90°C,
was achieved when the PBI membrane doping with 6.0 M KOH. They explained that
on one hand, the intermolecular interaction was weakened with the increased
temperature, leading to an incompact structure and enlarged free volumes; On the
other hand, the water uptake of the membrane was enhanced with the temperature,
further boosting the ionic conductivity. It was found that the activation energy was
23.22 kJ mol?, 16.92 kJ mol?, 16.00 kJ mol?, 15.87 kJ mol! when the PBI
membrane was doped in 0.5 M KOH, 2.0 M KOH, 4.0 M KOH and 6.0 M KOH,
respectively. It was also indicated that the activation energy values were similar to the
PBI membrane doped with acid, implying that the transport mechanism was similar,
i.e., the Grotthuss mechanism. Xing et al. [37] studied the effect of the doping
temperature on the ionic conductivity of the membrane in the mixed solution (KOH +
K2CO3), as shown in Fig. 5b. It was found that increasing the doping temperature was
beneficial for enhancing the ionic conductivity of the membrane doped in the KOH
solution. For example, the ionic conductivity increased from 0.02 S cm™ to 0.095 S
cm™ when increasing temperature from 25°C to 70°C. However, it was found that in

the case of the membrane doped in the mixed solution (KOH + K>CO3), the ionic
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424 conductivity was almost independent of temperature ranging from 30°C to 70°C. It
425 was explained that the different phenomena were caused by the different

426  ion-conduction mechanisms of two membranes.
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Fig. 5 (a) Effect of the temperature on the ionic conductivity [52]. (b) Variation of the

conductivity of the KOH-doped PBI memrbane with the temperature [37]. (c) Effect

of the soaking time on the ionic conductivity [52]. (d) lon conductivities of the

alkali-doped PBI membrane in 1.0 M NaOH [48]. Reproduced with permission from

Elsevier.
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4.6. Effect of the soaking time

It was claimed that exposing a functional groups based AEM in a concentrated

alkaline solution for a long time is potential to cause severe decomposition of the

functional groups, thus degrading the ionic conductivity. For this reason, the effect of

the soaking time on the ionic conductivity of alkali-doped PBI membranes has been

investigated [48, 52]. An et al. [52] examined the conductivity of NaOH-doped PBI

membranes soaked in 5.0 M NaOH, as shown in Fig. 5c. It was shown that after being

immersed in 5.0 M NaOH for a long period of 70 days, the ionic conductivity of the

membrane remained almost the same. It was indicated that the soaking time did not

obviously influence the ionic conductivity of alkali-doped PBI membranes. Lou et al.

[48] examined the ionic conductivity of PBI membranes doped with alkali, as shown

in Fig. 5d, and found that the ionic conductivity was almost unchanged in 1.0 M

NaOH at room temperature and 100°C for 1000 h. It was indicated that the PBI

membrane doped with alkali was stable in alkaline media at temperatures up to 100°C.

In summary, the utilization of alkali-doped PBI membranes in AEMFCs will broaden

the operating temperature range and thus improve the cell performance.

5. Application of alkali-doped polybenzimidazole membranes in fuel cells

5.1. Fuel permeability

Fuel permeability of the ion exchange membranes is an important parameter that
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significantly affects the fuel cell performance, resulting from the fact that fuel
transporting through the membrane (fuel crossover) may cause two technical
problems. Firstly, fuel may be oxidized with the help of the cathode electrocatalysts to
form the parasitic current, leading to a mixed potential on the cathode. Secondly, the
fuel crossover definitely leads to a waste of fuel, lowering the fuel utilization
efficiency. Hence, the membrane candidate for fuel cells should have low fuel
permeability. Therefore, the fuel permeability of PBI membranes doped with alkali
have been extensively examined [38, 39, 45, 51, 52, 56], such as methanol and
ethanol. For example, Hou et al. [38, 39] also measured methanol and ethanol
permeability of KOH-doped PBI membranes at room temperature. It was shown that
methanol and ethanol permeability were 2.6x107 cm? st and 6.5x107 cm? s7,
respectively. Zeng et al. [45] investigated methanol and ethanol permeability of the
pristine and KOH-doped PBI membranes, respectively. The results showed that the
pristine PBI membrane exhibited a limited methanol and ethanol permeability due to
the fact that it has a low liquid uptake. After doping in 6.0 M KOH, the methanol and
ethanol permeability was significantly increased due to the reduced intermolecular
interaction rendered by the established ionic channels. It was also found that the
methanol permeability was higher than ethanol due to the fact that the hydrated

molecular size of methanol is smaller, resulting in a high transport rate through the
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KOH-doped PBI membrane. Leykin et al. [56] developed a new method to determine
the ethanol permeability of polymeric membranes in alkaline media. By using this
method, the ethanol permeability (8.6x10® cm? s) was obtained in 3.0 M KOH,
which was further decreased with the alkali concentration. In addition, they concluded
that this method could be expanded to measuring alcohol permeability of polymeric
membranes in acidic conditions and various aqueous solutions. Recently, An et al. [52]
determined the ethanol and NaOH permeability of three types of commercial
membrane at room temperature, i.e., AEM (Tokuyama A201), CEM (Nafion 211), and
NaOH-doped PBI membrane by using a home-made diffusion cell. It was found that
the ethanol permeability through the three membranes was similar (1x107 cm? s);
while, the NaOH permeability through the NaOH-doped PBI membrane was as high
as 19.83x108 cm? s, but the NaOH permeability through the CEM and AEM was
relatively lower, i.e.: 2.541x10® cm? st and 3.778x108 cm? s, respectively. It was
explained that the both AEM and CEM had functional groups, which could impede
the ion transport due to the charge repulsion.

5.2. Single-cell performance

As mentioned earlier, alkali-doped PBI membranes offer the good thermal stability
and high ionic conductivity. As such, this type of membrane has been extensively used

in fuel cells running on various fuels, such as hydrogen [37, 50, 54, 58], methanol [38,
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51], ethanol [39, 46, 47], ethylene glycol [40], glycerol [41], formate [42], and
borohydrides [43]. This section will summarize past efforts in the performance
characterization of fuel cells that use alkali-doped PBI membranes.
5.2.1. Hydrogen

As summarized in Table 1, it can be seen that although this type of fuel cell is still
an emerging power-supply technology, the maximum power density has been
substantially promoted in recent years. Specifically, Xing et al. [37] fabricated and
tested a hydrogen/oxygen fuel cell by employing a KOH-doped PBI membrane with a
thickness of 40 um. It was found that the fuel cell exhibited a current density of 620
mA cm at a voltage of 0.6 V, which was similar to that achieved by a PEMFC using
a Nafion 117 membrane. Zarrin et al. [50] developed a durable and highly
ion-conductive KOH-doped porous PBI membrane for AEMFCs, as shown in Fig. 6a,
in which the porosity was introduced, enhancing the attraction of the KOH solution
and thus increasing the ionic conductivity. It was found that the ionic conductivity and
cell performance yielded by using the KOH-doped porous PBI membrane with a
porosity of 0.7 were around two times higher than those achieved by using the
commercial Fumapem® FAA membrane. In addition, the KOH-doped porous PBI
membrane could maintain the ionic conductivity after a 14-day stability testing; while,

the commercial one started to degrade just after 3 hours. It was indicated that the peak
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power density achieved by using a KOH-doped porous PBI membrane with a porosity
of 0.7 was about 72 mW cm™, which was 1.8 and 1.5 times higher than those
achieved by using a KOH-doped dense PBI membrane (41 mW cm?) and the
commercial FAA membrane (45 mW cm), respectively, as shown in Fig. 6b. They
demonstrated that the substantial enhancement in performance was ascribed to the fact
that the porous structure offered a higher ion transport rate through the membrane.
However, a challenging issue associated with the alkali-doped porous/dense PBI
membrane is the gradual release of the doped alkali during the fuel cell operation. To
address this issue, Zeng et al. [54] proposed and fabricated a KOH-doped
sandwiched-porous PBI membrane via a pore-forming method, which renders
numerous sponge-like walls and interconnected macropores, enhancing the attraction
between the PBI skeleton and the doped alkali, as illustrated in Fig. 6c. It was
indicated that both ionic conductivity and alkali retention of the membrane could be
substantially enhanced via this approach. It was also demonstrated that the use of this
KOH-doped sandwiched-porous PBI membrane in an AEMFC led to an open-circuit
voltage (OCV) of 1.0 V and a maximum power density of 544 mW cm at 90°C, as
shown in Fig. 6d, which was better than that obtained by using the conventional
membrane structure. In addition, they also examined the stability of the fuel cell at a

current density of 700 mA cm and found that the conventional fuel cell exhibited a
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dramatic voltage drop just after 5 hours, even to almost zero, which was caused by a

progressive release of the doped alkali from the membrane, thereby gradually losing

the capability of conducting ions through the membrane. Unlike the conventional one,

the sandwiched membrane much improved the stability: the cell voltage was gradually

reduced from 0.55 V to 0.1 V, and remained at 0.1 V for another 25 hours. They

explained that the performance improvement was attributed to the improved attraction

of the doped alkali on the sponge-shaped wall, retarding the release of the doped

alkali, and the high ionic conductivity of the sandwiched membrane. It should be

noted that the sponge-shaped structure was not capable to completely prevent the

release of the doped alkali due to the fact that the cell voltage was gradually decreased

over time as a result of a gradual depletion of the doped alkali. They pointed out,

however, that this sandwiched membrane could be reused once doped in the KOH

solution again. In addition to functioning as an ion exchange membrane, PBI after

doping can be used as an ionomer, which not only serves as a binder but also as the

ion-conductive pathway.
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Fig. 6 (a) The fabrication process of KOH-doped porous PBI membranes [50]. (b) The

polarization and power density curves using three membranes [50]. (c) Schematic

illustration of a PBI-based membrane electrode assembly and the fuel cell [54]. (d)

The polarization and power density curves with the conventional MEA (round

symbols) and the novel MEA (square symbols), and the constant current discharging

behaviors using the conventional MEA and the novel MEA at a current density of 700

mA cm? [54]. Reproduced with permission from Elsevier and The Royal Society of

Chemistry.
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Matsumoto et al. [58] developed a well-structured electrocatalyst for AEMFCs,
consisting of carbon nanotubes (CNTs) as supporter, KOH-doped PBI ionomer as
binder and platinum nanoparticles, in which the CNTs were wrapped by the
KOH-doped PBI ionomer at a nanometer thickness and Pt nanoparticles were loaded
on the wrapping layer, as shown in Fig. 7a. In principle, the CNTs and the
KOH-doped PBI ionomer layer function as electron and hydroxide conductive
pathways, respectively, and the large exposed surface of the Pt nanoparticles allows an
effective access of hydrogen. Such a triple phase boundary structure with small
electrolyte content resulted in a high effective diffusivity and enhanced the
electrochemical activity. It was also demonstrated that the use of this electrocatalyst
resulted in a peak power density of 256 mW cm at 50°C, as shown in Fig. 7b.

5.2.2. Methanol

In addition to hydrogen, the alkali-doped PBI membrane can be used to construct a
fuel cell running on various liquid fuels, such as methanol and ethanol [38, 39, 46, 47,
51]. For fuel cells running on methanol, Hou et al. [38] fabricated an alkaline direct
methanol fuel cell by using a KOH-doped PBI membrane and found that when the
cell was fueled with a mixed solution containing 2.0 M methanol and 2.0 M KOH, the
OCV was about 1.0 V and the maximum power density was about 31 mW cm at

90°C, as shown in Fig. 7c. Wu et al. [51] prepared the KOH-doped PBI/CNT
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nanocomposites as the hydroxide conducting membrane for alkaline direct methanol
fuel cells. It was shown that the CNT promoted the ionic conductivity and thus
improved the fuel cell performance. It was found that when the fuel cell was operated
with 2.0 M methanol + 6.0 M KOH and humidified oxygen, the maximum power
densities of 67 mW cm™? and 104 mW cm? were achieved at 60°C and 90°C,
respectively. Li et al. [60] treated the pristine PBI membrane, which was synthesized
via a solution casting method, in 2.0 M phosphoric acid and 6.0 M potassium
hydroxide solution, respectively, to prepare a PEM and an AEM for direct methanol
fuel cells. They also studied the effects of the structure design and operating
parameters on the cell power-output, including the methanol concentration, the
anolyte flow rate, operating temperature, as well as the hydrophobicity of the
micro-porous layer (MPL). It was found that the KOH-doped PBI membrane offered a
higher conductivity (21.6 mS cm™) than the H3PO4-doped PBI membrane (7.9 mS
cm?) did at 90°C; while, the two membranes showed the similar methanol
permeability on the order of 107 cm? s, It was also found that the direct methanol
fuel cell with a KOH-doped PBI membrane exhibited a maximum power density of
117.9 mW cm? at 90°C, which was two times higher than that (46.5 mW cm)
achieved by using a H3PO4-doped PBI. In addition, they found that when the fuel

flow rate was tripled, the fuel cell with a MPL-free electrodes structure resulted in a
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604  peak power density of 158.9 mW cm at 90°C, as shown in Fig. 7d.
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Fig. 7 (a) Schematic illustration of an anion exchange membrane fuel cell [58]. (b)

The polarization and power density curves of the fuel cell (red line: PyPBI cell; black

line: AS-4 cell) [58]. (c) The polarization curves of an alkaline direct ethanol fuel cell

with alkali-doped PBI membrane at 75°C and 90°C [38]. (d) The performance of

direct methanol fuel cells using a KOH-doped PBI membrane and HzPO4-doped PBI

membrane at 60°C (upper) and 90°C (lower), respectively [60]. (e) The performance

of an air-breathing alkaline direct ethanol fuel cell at 60°C [47]. Reproduced with

permission from Wiley and Elsevier.

5.2.3. Ethanol

As for fuel cells running on ethanol, Hou et al. [39] developed and fabricated an

alkaline direct ethanol fuel cell with a KOH-doped PBI membrane. It was found that
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when the cell was operated with 2.0 M ethanol + 2.0 M KOH, the OCVs were 0.92 V
at 75°C and 0.97 V at 90°C, respectively, and the maximum power densities were 49.2
mW cm? at 75°C and 60.9 mW cm™ at 90°C, respectively. Modestov et al. [46]
fabricated a membrane electrode assembly (MEA) for alkaline direct ethanol fuel cells,
which were prepared by employing non-platinum electrocatalysts and a KOH-doped
PBI membrane. It was demonstrated that a peak power density of 100 mW cm was
obtained at a voltage of 0.4 V at 80°C when using the air as the oxidant and a mixed
solution containing 3.0 M KOH + 2.0 M ethanol as fuel. In addition, they also found
that the fuel cell operated with pure oxygen resulted in about 10% increment in the
current density. Recently, Hou et al. [47] examined the stability of the KOH-doped
PBI membrane by assembling an alkaline direct ethanol fuel cell with an air-breathing
mode at 60°C, which employed PtRu/C and MnO./C as anode and cathode
electrocatalysts, respectively. It was shown that a 256-h discharging curve with large
voltage fluctuations (> 100 mV) during the whole discharging process. In addition,
during the durability test, the polarization and power density curves were collected at
0 h, 210 h, 220 h and 240 h, respectively. It was shown from Fig. 7e that the peak
power densities at four operation points were about 30 mW cm?, 15 mW cm?, 14
mW cm? and 9 mW cm?, respectively, leading to a degradation rate of 0.08 mW cm™

hl. In addition, they also explained that the voltage fluctuation was attributed to the
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use of PtRu/C electrocatalyst on the anode, as the large voltage fluctuation
phenomenon disappeared when the PtRu/C catalyst was replaced by the Pd/C
electrocatalyst.
5.2.4. Other alcohols

In addition to methanol and ethanol, alkali-doped PBI membranes have been
employed in fuel cells running other alcohols. For example, An et al. [40] fabricated
an alkaline direct ethylene glycol fuel cell by using a KOH-doped PBI membrane with
a thickness of 30 um, allowing the fuel cell system to be operated at temperatures
higher than 60°C. The fuel cell was fabricated with PdNi/C as the anode
electrocatalyst (1.0 mg cm™?) and non-platinum HYPERMEC™ as the cathode
electrocatalyst (1.0 mg cm™). It was shown that a maximum power density of 112
mW cm was obtained when operated at 90°C with a mixed aqueous solution of 1.0
M ethylene glycol and 7.0 M KOH fed into anode at a flow rate of 2.0 mL min* and
dry pure oxygen supplied into cathode at a flow rate of 100 sccm. The replacement of
the pure oxygen by the air declined the maximum power density to 92 mW cm?2,
Nascimento et al. [41] developed an alkaline direct glycerol fuel cell with a
KOH-doped PBI membrane. It was shown that the developed fuel cell could be
operating at temperatures as high as 75°C. In addition, they also investigated the

effects of the various operating conditions on the cell performance and determined the
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optimal values for the given MEA, including glycerol concentration (1.0 M), KOH
concentration (4.0 M), the anolyte flow rate (2.0 mL min™t). Moreover, they compared
the three anode electrocatalysts, i.e., Pt/C, PtRu/C, and Pt3Sn/C and found the PtRu/C
and Pt3Sn/C electrocatalysts showed higher activity to the glycerol oxidation.
Furthermore, they systematically investigated the alkali-doped PBI membranes for
direct glycerol fuel cells and found that the fuel cell fed with 1.0 M glycerol and 4.0
M KOH led to a maximum power density of 34.2 mW cm at 75°C [51].
5.2.5. Solid fuels

The alkali-doped PBI membranes have also been used in fuel cells running on
formate [42] and borohydrides [43]. Jiang et al. [42] developed a direct formate fuel
cell employing Pd/C (4.0 mg cm™?) and Ag/C (8.0 mg cm™) as anode and cathode
electrocatalysts, respectively, together with a 40-um KOH-doped PBI membrane. The
fuel cell was tested with a mixed solution containing HCOOK + 2.0 M KOH fed into
anode at a flow rate of 6.0 mL min™ and pure oxygen as oxidant supplied into cathode
at a flow rate of 200 sccm varying from 80°C to 120°C. It was shown that the fuel cell
operated with 6.0 M HCOOK resulted in a peak power density of about 160 mW cm
at 120°C, as shown in Figs. 8a and 8b. Chen et al. [43] synthesized a NaOH-doped
porous PBI membrane for direct borohydride fuel cells via water vapor phase

inversion process, as shown in Fig. 8c. It was shown that as compared to the Nafion
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115 membrane, the membrane showed a higher ionic conductivity. It was also found
that the membrane exhibited good chemical stability, which was evidenced by that no
weight loss was observed after immersing the membranes in the 3.0 M NaOH solution
for 30 days. The fuel cell was tested at 40°C with the fuel solution containing 1.0 M
NaBH4 + 3.0 M NaOH supplied at a flow rate of 0.5 mL min and pure oxygen as
oxidant provided with a pressure of 0.1 MPa. It was shown that the a peak power
density of 262 mW cm™ was achieved in a direct borohydride fuel cell in a direct
borohydride fuel cell by using the membrane with a porosity of 0.6, as shown in Fig.
8d, which was much higher than that achieved by using the Nafion 115 membrane. In
addition, the direct borohydride fuel cell could discharge at a current density of 200

mA cm for about 250 hours without any voltage decay.
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Fig. 8 (a) Temperatuere dependence of polarization curves for a direct formate fuel

cell with a fuel of 20 M KOH + 2.0 M HCOOK [42]. (b) HCOOK cocnentration

dependence of polarization and power density curves for a direct formate fuel cell at

120°C [42]. (c) Schematic of the designed membrane [43]. (d) The polarization and

power density curves of direct borohydride fuel cells with the prepared membranes

[43]. Reproduced with permission from Elsevier.

6. Summary and outlook

As a result of the well-known excellent thermal stability and high ionic

conductivity after doping with an inorganic alkali, polybenzimidazole has been

recognized as an alternative for anion exchange membranes and has made

considerable progress in recent years. The fact that the use of alkali-doped PBI

membrane allows anion exchange membrane fuel cells to operate at high temperatures
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provides various advantages including fast electrochemical kinetics, low cost, high

CO tolerance, facilitating the progress in practical applications. This article provides a

review of up-to-date research on the alkali-doped PBI membranes and their

applications in fuel cells. Particular attention has been paid to their physiochemical

properties and fuel cell performance. It should be mentioned that the stability of the

alkali-doped PBI membranes including thermal stability, mechanical stability, and

liquid uptake are compared and discussed in details. The past investigations have laid

a solid foundation for the basic understanding of how the operating parameters affect

the physiochemical properties of alkali-doped PBI membranes and the corresponding

fuel cell performance with various fuels. In the race of replacing the anion exchange

membranes by the alkali-doped PBI membranes, several critical issues that need to be

addressed in the future include: 1) reducing the fuel permeability; 2) enhancing the

alkali retention (or reducing the alkali leakage); 3) understanding the mechanisms of

mass/ion transport through the membrane; 4) optimizing the sandwiched membrane

structure that enables high conductivity, high alkali retention, but low permeability.
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Table caption:

Table 1 The selected fuel cell performance achieved by using alkali-doped

polybenzimidazole membranes.

Figure captions:

Fig. 1 Chemical structure of the pristine polybenzimidazole membrane [59].

Reproduced with permission from Elsevier.

Fig. 2 (a) The scheme of combination between KOH and -NH- [39]. (b) The possible

combination mechanism in details [47]. (c) The possible reaction during the doping

process: neutralization reaction and the hydrogen bonds before and after the doping

process [45]. (d) Schematic of the pristine PBI membrane and alkali-doped PBI

membrane [45]. Reproduced with permission from Elsevier.

Fig. 3 (a) Experimental setup and flow chart [57]. (b) Variations in the Na" flux

through each of three membranes with current density [57]. Reproduced with

permission from The Royal Society of Chemistry.

Fig. 4 (a) Effect of the doping time on the doping level [48]. (b) The ionic

conductivity as a function of the time. [47]. (c) Effect of the NaOH concentration on

the ionic conductivity [52]. (d) Variation of the ionic conductivity with the doping

electrolyte cocnentration at vairous K>COs concentrations [37]. Reproduced with
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permission from Elsevier.

Fig. 5 (a) Effect of the temperature on the ionic conductivity [52]. (b) Variation of the
conductivity of the KOH-doped PBI memrbane with the temperature [37]. (c) Effect
of the soaking time on the ionic conductivity [52]. (d) lon conductivities of the
alkali-doped PBI membrane in 1.0 M NaOH [48]. Reproduced with permission from
Elsevier.

Fig. 6 (a) The fabrication process of KOH-doped porous PBI membranes [50]. (b) The
polarization and power density curves using three membranes [50]. (c) Schematic
illustration of a PBI-based membrane electrode assembly and the fuel cell [54]. (d)
The polarization and power density curves with the conventional MEA (round
symbols) and the novel MEA (square symbols), and the constant current discharging
behaviors using the conventional MEA and the novel MEA at a current density of 700
mA cm? [54]. Reproduced with permission from Elsevier and The Royal Society of
Chemistry.

Fig. 7 (a) Schematic illustration of an anion exchange membrane fuel cell [58]. (b)
The polarization and power density curves of the fuel cell (red line: PyPBI cell; black
line: AS-4 cell) [58]. (c) The polarization curves of an alkaline direct ethanol fuel cell
with alkali-doped PBI membrane at 75°C and 90°C [38]. (d) The performance of

direct methanol fuel cells using a KOH-doped PBI membrane and HzPO4-doped PBI
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membrane at 60°C (upper) and 90°C (lower), respectively [60]. (e) The performance

of an air-breathing alkaline direct ethanol fuel cell at 60°C [47]. Reproduced with

permission from Wiley and Elsevier.

Fig. 8 (a) Temperatuere dependence of polarization curves for a direct formate fuel

cell with a fuel of 20 M KOH + 2.0 M HCOOK [42]. (b) HCOOK cocnentration

dependence of polarization and power density curves for a direct formate fuel cell at

120°C [42]. (c) Schematic of the designed membrane [43]. (d) The polarization and

power density curves of direct borohydride fuel cells with the prepared membranes

[43]. Reproduced with permission from Elsevier.

Graphical Abstract:

This article provides a review of past research on the alkali-doped polybenzimidazole

membranes and their application in fuel cells, as well as the fuel cell performance.

60



959

960

961

962

963

964

965
966

&

Fuel —> z <€——Air/Oxygen
B
3
@
o
=
< 0
2l0g]|¢
o B =
o 3 g_
@© g 2
o
@
3
o
3
— B I
Product €«—— 5 —> Exhaustgas
Highlights

e This article reviews the past research on alkali-doped PBI membranes.

e Particular attention is paid to their physicochemical properties.

e Selected single-cell performance is summarized and discussed.

Power
) T | density
Fuel/Oxidant Anode Cathode Membrane Ref.
“C) | (mw
cm?)
Pt/C
Pt/C ~700 @
1200 sccm Hy / (0.35mg KOH-doped PBI
(0.35 mg cm™?) 50 20A | [37]
800 sccm O3 cm?) membrane
cm2
Pt/C
Pt/C (KOH + ~700 @
1200 sccm Hy / (0.35mg
(0.35mgcm™?) | K,COg3)-doped PBI | 50 20A | [37]
800 sccm O3 cm?)
membrane cm2
Pt/C
1000 sccm H> Pt/C
(0.45mg
(RH = 95%) / (0.45mgcm™) | Tokuyama A2012
’ cm?) 50 256 [58]
2000 sccm air (MWNT/KOH membrane
(MWNT/KO
(RH = 95%) -PyPBI)
H-PyPBI)

61




Pt/C

1000 sccm H2 Pt/C
(0.45mg
(RH = 95%) / (0.45mgcm™) | Tokuyama A2012
. cm?) 50 174 | [58]
2000 sccm air (Tokuyama membrane
(Tokuyama
(RH = 95%) AS-4)
AS-4)
200 sccm H2 (RH
Pt/C
=100%) / 200 Pt/C KOH-doped porous
(0.5 mg 60 72.17 [50]
sccm Oz (RH = 2 (0.5 mgcm™) PBI membrane
cm™
100%)
200 sccm H, (RH
Pt/C
=100%) / 200 Pt/C Fumapem® FAA
(0.5 mg 60 45.36 [50]
sccm O, (RH = 2 (0.5 mgcm?) membrane
cm-
100%)
200 sccm H, (RH
Pt/C
=100%) / 200 Pt/C KOH-doped PBI
(0.5 mg 60 41.26 [50]
scem Oz (RH = 2 (0.5 mgcm?) membrane
cm-
100%)
300 sccm H, (RH
KOH-doped
=100%) / 300 Pd NWs Pd NWs ]
sandwiched-porous | 90 544.4 [54]
sccm Oz (RH = /PBI/rGO /PBI/rGO
PBI membrane
100%)
300 sccm H, (RH
=100%) / 300 Pd NWs Pd NWs KOH-doped
90 396.8 [54]
sccem Oz (RH = /PBI/rGO /PBI/rGO PBI membrane
100%)
5mL mint 1M KOH-doped
methanol + 6 M PtRu/C Pt/IC PBI/0.05% CNT
) 60 499 [51]
KOH /100 sccm | (5mgcm™?) (5 mg cm?) composite
0O, (RH = 100%) membrane
5mL mint2 M KOH-doped
methanol + 6 M PtRu/C pPt/C PBI/0.05% CNT
) 60 67.1 [51]
KOH /100 sccm | (5mgcm™?) (5mg cm?) composite
0O; (RH = 100%) membrane
5mLmint1M
methanol + 6 M PtRu Pt KOH-doped PBI
60 66.5 [60]
KOH /100 sccm | (5 mgcm™?) (5mg cm) membrane
humidified O
5mL mint2 M PtRu Pt KOH-doped PBI 60 81.5 [60]
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methanol + 6 M (5mg cm) (5 mg cm) membrane
KOH /100 sccm
humidified O
15mL mint1M
methanol + 6 M PtRu Pt KOH-doped PBI
60 | 120 | [60]
KOH /100 sccm | (5 mgcm™?) (5mg cm) membrane
humidified O
1 mLmint2 M PtRu/C
Pt/C KOH-doped PBI
methanol + 2 M (2.0 mg 90 31 [38]
(1.0 mg cm™?) membrane
KOH/ O, cm?)
5mL mint 1M
methanol + 6 M PtRu/C Pt/C KOH-doped PBI
9 | 245 | [51]
KOH /100 sccm | (5mgcm™?) (5mg cm?) membrane
0, (RH = 100%)
5mL mint1M KOH-doped
methanol + 6 M PtRu/C Pt/C PBI/0.05% CNT
_ 9 | 509 | [51]
KOH /100 sccm | (5mgcm™?) (5 mg cm?) composite
0O, (RH = 100%) membrane
5mL mint2 M KOH-doped
methanol + 6 M PtRu/C Pt/C PBI/0.05% CNT
_ 90 | 1047 | [51]
KOH /100 sccm | (5mgcm™?) (5mg cm?) composite
0O; (RH = 100%) membrane
5mL mint2 M KOH-doped
methanol + 6 M PtRu/C Pt/C PBI/0.10% CNT
_ 9 | ~100 | [51]
KOH /100 sccm | (5mgcm™?) (5 mg cm?) composite
0O, (RH = 100%) membrane
5mL mint2 M KOH-doped
methanol + 6 M PtRu/C Pt/C PBI/0.15% CNT
_ 9 | ~40 | [51]
KOH /100 sccm | (5mgcm™?) (5mg cm?) composite
0O; (RH = 100%) membrane
5mLmint2M
KOH-doped PBI/1%
methanol + 6 M PtRu/C Pt/C )
CNT composite 90 ~60 [51]
KOH /100 sccm | (5 mgcm™?) (5mg cm)
membrane
02 (RH = 100%)
5mLmint1M
methanol + 6 M PtRu Pt KOH-doped PBI
90 | 109.3 | [60]
KOH /100 sccm | (5 mgcm™?) (5 mg cm) membrane
humidified O
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5mLmint2 M

methanol + 6 M PtRu Pt KOH-doped PBI
90 117.9 [60]
KOH /100 sccm | (5 mgcm™?) (5 mg cm) membrane
humidified O,
15mLmint1M
methanol + 6 M PtRu Pt KOH-doped PBI
90 158.9 [60]
KOH /100 sccm | (5 mgcm™?) (5mg cm) membrane
humidified O,
1 mLmint2 M
PtRu/C MnO,/C KOH-doped PBI 30
ethanol + 2 M @ 2 « 2 b 60 oh) [47]
mg cm~ mg cm~ membrane
KOH / air J g
1 mLmint2 M
PtRu/C MnO,/C KOH-doped PBI 15
ethanol + 2 M @ 2 « 2 b 60 210h) [47]
mg cm~ mg cm~ membrane
KOH / air J J
1 mLmint2 M
PtRu/C MnO,/C KOH-doped PBI 14
ethanol + 2 M @ 2 « 2 b 60 (220 ) [47]
mg cm™ mg cm~ membrane
KOH / air g J
1 mLmint2 M
PtRu/C MnO,/C KOH-doped PBI 9
ethanol + 2 M @ 2 « 2 b 60 (240 ) [47]
mg cm- mg cm~ membrane
KOH / air J J
1 mLmint2 M
PtRu/C pPt/C KOH-doped PBI
ethanol + 2 M 75 49.20 [39]
2mgcm?) | (1mgcm? membrane
KOH /0,
5mL mint2 M
Ruv/C
ethanol + 3 M Pt/C KOH-doped PBI
(2.1mg 80 90 [46]
KOH /200 sccm (1.24 mg cm™?) membrane
_ cm?)
air
5mLmint2 M
Ruv/C
ethanol + 3 M Pt/C KOH-doped PBI
(2.1mg 80 110 [46]
KOH /200 sccm 2 (1.24 mg cm™?) membrane
cm™
OF)
5mLmint2 M
Ruv/C
ethanol + 3 M TMPhP/C KOH-doped PBI
(4.5mg 80 ~105 [46]
KOH /200 sccm (9.2 mgcm?) membrane
. cm?)
air
5mLmint2 M Ruv/C
TMPhP/C KOH-doped PBI
ethanol + 3 M (4.5mg 80 ~120 [46]
(9.2 mgcm?) membrane
KOH /200 sccm cm?)
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O

5mLmint2 M
Ruv/C
ethanol + -dope
hanol + 3 M TMPhP/C KOH-doped PBI
(0.72 mg 80 35 [46]
KOH /200 sccm 2 (9 mg cm) membrane
cm
air
1 mLmint2 M
tRu t -dope
PtRu/C Pt/C KOH-doped PBI
ethanol + 2 M 90 60.95 [39]
mg cm™ mg cm™ membrane
KOH /O 2 2 ! 2 b
2
2mL mint0.5 M ) HYPERMEC
i -dope
PdNi/C KOH-doped PBI
EG +1 M KOH / ™/C 60 28 [40]
100 o (I mgcm™?) a 2 membrane
scem O, mg cm-
2mLmint1M ) HYPERMEC
i -dope
PdNi/C KOH-doped PBI
EG +1 M KOH / ™/C 60 32 [40]
100 o (Imgcm™?) a 2 membrane
scem O, mg cm-
2mLmint2M ) HYPERMEC
i -dope
PdNi/C KOH-doped PBI
EG +1 M KOH / ™/C 60 23 [40]
100 o (Imgcm™?) a 2 membrane
scem O, mg cm-
2mLmint1M ) HYPERMEC
i -dope
PdNi/C KOH-doped PBI
EG +3 M KOH / ™/C 60 58 [40]
100 o (Imgcm™) a 2 membrane
scem O, mg cm-
2mLmint1M ) HYPERMEC
i -dope
PdNi/C KOH-doped PBI
EG +5 M KOH / ™/C 60 72 [40]
100 o (Imgcm™?) a 2 membrane
scem O, mg cm-
2mL mint1M ) HYPERMEC
i -dope
PdNi/C KOH-doped PBI
EG +7 M KOH / ™/C 60 80 [40]
100 o (I mgcm™?) a 2 membrane
sccm O, mg cm-
2mL mint1M ) HYPERMEC
i -dope
PdNi/C KOH-doped PBI
EG +9 M KOH / ™/C 60 38 [40]
100 o (I mgcm™?) a 2 membrane
sccm O, mg cm-
2mL mint1M ) HYPERMEC
i -dope
PdNi/C KOH-doped PBI
EG +7 M KOH / ™/C 90 | 112 | [40]
100 o (I mgcm™?) a 2 membrane
sccm O, mg cm-
2mL mint1M ) HYPERMEC
i -dope
PdNi/C KOH-doped PBI
EG +7 M KOH / ™/C 90 92 [40]
100 A (Imgcm™?) a 2 membrane
sccm Air mg cm-
1mLmintlM
-dope
Pt/C Pt/C KOH-doped PBI
glycerol + 4 M 30 ~5 [41]
KOH | 20 (2 mg cm?) (1 mg cm?) membrane
sccm
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O

1mLmint1M
glycerol + 4 M Pt3Sn/C Pt/C KOH-doped PBI
30 ~8 [61]
KOH / 20 sccm (2 mg cm) (1 mg cm) membrane
02
1mLmint1M
glycerol + 4 M Pt/C Pt/C KOH-doped PBI
45 ~8 [41]
KOH / 20 sccm (2 mg cm?) (1 mg cm?) membrane
O))
1mLmint1M
glycerol + 4 M Pt3Sn/C Pt/C KOH-doped PBI
45 | ~17 | [61]
KOH / 20 sccm (2 mg cm?) (1 mg cm?) membrane
O))
1mLmint1M
glycerol + 4 M Pt/C Pt/C KOH-doped PBI
60 | ~12 | [41]
KOH / 20 sccm (2 mg cm?) (1 mg cm?) membrane
O))
1mLmint05M
glycerol + 4 M Pt/C Pt/C KOH-doped PBI
60 | ~16 | [41]
KOH / 20 sccm (2 mg cm?) (1 mg cm?) membrane
O))
1 mLmint2 M
glycerol + 4 M Pt/C Pt/C KOH-doped PBI
60 | ~14 | [41]
KOH / 20 sccm (2 mg cm?) (1 mg cm?) membrane
O))
1 mLmint4 M
glycerol + 4 M Pt/C Pt/C KOH-doped PBI
60 ~7 [41]
KOH / 20 sccm (2 mg cm?) (1 mg cm?) membrane
O))
1mLmint1M
glycerol + 2 M Pt/C Pt/C KOH-doped PBI
60 ~6 [41]
KOH / 20 sccm (2 mg cm) (1 mg cm) membrane
02
1mLmint1M
glycerol + 3 M Pt/C Pt/C KOH-doped PBI
60 ~9 [41]
KOH / 20 sccm (2 mg cm) (1 mg cm) membrane
02
1mLmint1M Pt/C Pt/C KOH-doped PBI 60 ~18 [41]
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glycerol + 6 M (2 mg cm) (1 mg cm) membrane
KOH /20 sccm
02
0.5mLmint1M
glycerol +4 M Pt/C Pt/C KOH-doped PBI
60 | ~11 | [41]
KOH / 20 sccm (2 mg cm) (1 mg cm) membrane
02
2mL mint1M
glycerol + 4 M Pt/C Pt/C KOH-doped PBI
60 | ~14 | [41]
KOH / 20 sccm (2 mg cm?) (1 mg cm?) membrane
O))
4mLmint1M
glycerol + 4 M Pt/C Pt/C KOH-doped PBI
60 | ~14 | [41]
KOH / 20 sccm (2 mg cm?) (1 mg cm?) membrane
O))
1mLmint1M
glycerol + 4 M Pt3Sn/C Pt/C KOH-doped PBI
60 | ~22 | [61]
KOH / 20 sccm (2 mg cm?) (1 mg cm?) membrane
O))
1mLmint1M
glycerol + 4 M Pt/C Pt/C KOH-doped PBI
75 18 [41]
KOH / 20 sccm (2 mg cm?) (1 mg cm?) membrane
O))
1mLmint1M
glycerol + 4 M Pt3Sn/C Pt/C KOH-doped PBI
75 | 342 | [61]
KOH / 20 sccm (2 mg cm?) (1 mg cm?) membrane
O))
1mLmint1M
glycerol + 4 M Pt/C Pt/C KOH-doped PBI
90 15 [41]
KOH / 20 sccm (2 mg cm?) (1 mg cm?) membrane
O))
2mLmint1M
glycerol + 4 M Pt3Sn/C Pt/C KOH-doped PBI
60 | ~17 | [41]
KOH / 20 sccm (2 mg cm) (1 mg cm) membrane
02
2mLmint1M
PtRu/C Pt/C KOH-doped PBI
glycerol + 4 M 60 ~15 [41]
(2 mg cm?) (1 mg cm?) membrane
KOH /20 sccm
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967
968
969

970

O

6 mL mint2 M KOH-doped PBI
HCOOK +2 M Pd/C Ag/C membrane
120 | 170 | [29]
KOH/200sccm | (4mgem™2) | (8 mgcm™?) (FUMA-Tech
Oz GmBH)
6 mL mint 6 M KOH-doped PBI
HCOOK +2 M Pd/C Ag/C membrane
120 | 160 | [29]
KOH/200sccm | (4mgem™?) | (8 mgcm™?) (FUMA-Tech
0, GmBH)
0.5mLmint1M NaOH-doped porous
Pt/C Pt/C
NaBH4 +3 M PBI membrane 40 204 [43]
(Imgcm?) | (0.5mgcm?)
NaOH / O, (0.45)
0.5mLmint1M
Pt/C Pt/C NaOH-doped porous
NaBH, + 3 M 40 | 262 | [43]
(Imgem?) | (0.5mgcm2) | PBI membrane (0.6)
NaOH / O,
0.5mLmint1M
Pt/C Pt/C NaOH-doped porous
NaBH, + 3 M 40 | 151 | [43]
(Imgem?) | (0.5mgcm?) | PBI membrane (0.8)
NaOH / O,

Table 1 The selected fuel cell performance achieved by using

alkali-doped polybenzimidazole membranes.
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