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Abstract. Bipolar membrane fuel cell (BPMFC) was firstly discovered in 2000 that composed
of two-layered ionic conducting membranes. The importance of BPMC development is its
ability to humidify the cell when operating at a high current density that eliminates the use of
the external humidification system. It is able to self-humidify the cell because of water
formation at the intermediate layer from the reaction of hydrogen ion (H-) with hydroxide ion
(OH). Up to now, there is no commercial bipolar membrane (BPM) in water formation
configuration for the fuel cell humidifying purpose. Thus, the researcher had come out with a
composition of proton exchange membrane with anion exchange membrane by the hot-
pressing method that allows them to carry the proton and anion simultaneously in a single cell.
There are a few of polymeric-based PEM and AEM material had been selected for developing
BPM such as Nafion, FumaPEM FAA3, quaternary ammonium polysulfone (QAPSF), and
quaternary ammonium poly(phenylene)oxide (QAPPO). This review aims to determine the
effect of material selection and design for developing BPM toward its performance in fuel cell
based on published works. Besides, the potentialities of polymeric-based material are
discussed, pointing out the main positive and negative effect of this BPM for fuel cell
applications. As a case study, the use of different types of PEM and AEM material for BPM is
particularly stressed, pointing out the main properties for its applications in BPMFC.

1. Introduction

Fuel cell is an environmental friendly electrochemical device that feed with specific fuels (i.e.
hydrogen, methanol, oxygen, carbon monoxide and methane) to convert the chemical energy directly
into electrical energy for stationary, traction and portable applications. The fuel cell was introduced by
Sir William Robert Grove in the 19 century [1]. Generally, the fuel cell can be categorized into several
types such as proton exchange membrane fuel cell, direct methanol fuel cell, solid alkaline fuel cell,
molten carbonate fuel cell and phosphoric acid fuel cell according to the employed
membrane/electrolyte and fed fuel [2-7]. Fuel cell based on hydrogen/oxygen (H./O,) fuel easily to
face water flooding or accumulation of water and dehydration when operate at high current discharge
(0.55 A/cnr) that may damage the fuel cell and shortage it lifetime [8-12]. This problem happens
because of unbalance water transportation in the membrane where electroosmotic-drag transportation
exceeds back-diffusion rate at a high current discharge operation that cause accumulation of water at
the electrode and gas diffusion layer, besides the membrane at anode side become dehydrate [13-14].
The suitable degree of humidification inside membrane is important for achieving high cell
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performance because of water will facilitate the ion mobility across the membrane. The membrane
should absorb sufficient water during operation at high current density to avoid dehydration and too
much water absorption that may degrade the power output, lifetime, stability and durability. Since
water management is a critical issue for fuel cell fed with H/O, fuel, thus several humidification
techniques have been proposed such as designing novel flow field structure [15], improving the gas
diffusion layer pore structure [16], adding microporous layers [17] and etc. Basically, the
humidification technique can be classified into internal humidification and external humidification.
Internal humidification is involved when changing the internal fuel cell structure or composition
without existing of external devices. The modification of membrane design such as combining two
different ionic conducting membranes or known as BPM produces passive self-humidification
behavior.

Commonly, there are two main types of membranes used in fuel cell which are proton conducting
membrane or proton exchange membrane (PEM) and anion conducting membrane or anion exchange
membrane (AEM). The PEM allows the positive ion to pass through the membrane, while AEM is
passing the negative ion. By taking the advantage of those two membranes, the researchers had come
out with BPM which is the combination of PEM and AEM to allow both ions to be transported
simultaneously during operation to reduce the water flooding problem. In the past, BPM technology
has been widely used in the chemical industry for various applications, including salt electrolysis,
separation of mono- and divalent ions, anti-fouling, anti-deposition, water dissociation, waste recovery
and cleaning products [18-19]. Recently, it was found that the BPM can be applied to the fuel cell for
dissociating (electrolysis) and generating water molecules. The advantages of using BPM include the
possibility of each electrode to have an optimum pH, splitting, and water generation at the
cation/anion interfaces. The behavior of the BPM depends on two main factors, the bipolar junction
structure between the anion and cation exchange membranes, and the nature of charge groups attached
to the polymer matrix [18]. Bipolar membrane for fuel cell application (BPMFC) was firstly
discovered by Unlu in 2009 consist of a BPM electrode assembly that comprised of a cathode, an
anode, and BPM as shown in Figure 1 [20].
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Figure 1. Illustration of BPMFC.
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At first development stage, two configurations of BPM were prepared by Unlu and teamwork
which are water formation configuration and water dissociation configuration to investigate its effect
on fuel cell performance and the ability to operate at high current discharge [21]. The BPM dissociates
the water into hydrogen and hydroxide ions at junction layer when the AEM has faced the anode side
and PEM faces the cathode side, as illustrated in Figure 2(a). Meanwhile, to generate water molecule,
the AEM should be facing the cathode side and PEM faces anode side (see Figure 2(b)). Based on
Unlu experimental result, it’s shown that BPM in water formation configuration (0.64 mW cm-=)
produced better power density than BPM in water dissociation configuration (0.03 mW cm-=). The
lower power density of BPM in water dissociation configuration was due to the limited amount of
water transported to the AEM/PEM interface at high current density. Starting from their research
works that the BPM in water formation configuration provides beneficial influence for the membrane
self-humidification, thus had attracted several researchers to further the studies [22-24]. Thus, the aim
of this reviewed paper was to discuss about the development of BPM in fuel cell application in term of
material used, design and its effect toward cell performance and ability to withstand during high
current density operation based on published studies. Besides, the BPM working principle as well as
its self-humidification behavior was discussed based on simulation design and experimental result.
This is the first BPMFC review study that discussed on the benefits and drawbacks of develop BPM
with different design and material selection.
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Figure 2. Schematic of BPM: (a) configuration of water formation and, (b) configuration of water
dissociation.

2. Working Principle of Bipolar Membrane Fuel Cell

In this light, hydrogen fuel is fed to the anode sides while oxygen fuel is fed to the cathode sides. The
BPMFC has the almost similar working principle with the proton exchange membrane fuel cell, which
involves the electrochemical reaction to generate electrical energy, however, the hydroxide ion needs
to diffuse the AEM before it reaches the junction layer. Figure 3 illustrates the working principle of
the BPM in forming water .The hydrogen atom (H.,) flows through the diffusion layer gas to the anode
electrode. Then, the hydrogen atom is separated to proton (H-) and electron (e) when it reaches the
catalyst layer. The proton flows across the CEM toward the junction layer and the electron flow to the
external circuit from the anode to produce electricity. At the same time, the oxygen atom (O,) flow
through the diffusion layer gas to the cathode electrode. When an oxygen atom reaches the catalyst
layer at the cathode side, oxygen reduction reaction occurs as a result the presence of water and
produces hydroxide ions (OH)). The hydroxide ions will flow through the AEM toward the junction
layer. At the junction layer, the hydrogen ions will react with the hydroxide ions to produce water
(H,O), and water generation at the AEM/CEM junction will produce a self-hydrating effect. Equations
(1) - (4) show the reactions that occur in the BPM.
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Figure 3. [llustration of the BPM working principle in water formation configuration.

3. Theoretical of Water Transport Mechanism in BPMFC

The electro-osmotic drag (EOD) and diffusion mechanism in the BPM play important roles in the
transportation of water molecules for hydrating the membranes (see Figure 4). The distribution of
water in the membrane depends on the balance between these mechanisms. The factors that influence
the net water transport toward anode and cathode are determined by the properties of the coupling
membranes, local relative humidity (RH) and electric potential [25]. The water generation at the
junction is due to the reaction between OH- and H- ions that are diffused toward the anode and cathode
with a sufficient concentration gradient as the driving force. The half stoichiometric quantity of the
water produces at the junction interface will be consumed by the cathodic oxygen reduction reaction
(ORR). The EOD, specifically, the movement of water induced by moving ions leads to the
accumulation of water on both sides of the PEMIAEM interface [26-27]. Self-humidification can be
achieved in the BPMFC when the water produced at this interface is adequate to establish a steady
water flow toward each electrode, including the water consumed by the cathode ORR. [28]. In this
regard, water management, as well as the cell performance, can be enhanced by modifying the BPM
fabrication procedures (i.e. membrane thickness and water uptake properties) and its pattern.

The mechanism of water transport in BPMFC has been discussed and described by researcher
either via simulation or experiment, as in Peng et al., [29]; Unlu et al. [21]; Peng et al., [22]; Li et al.,
[30]. In simulation studies, the reactions occurring in BPM have been represented by a zero-
dimensional reaction kinetic model, one-dimensional steady state water transport model, and two-
dimensional cross-channel configuration. Each of the models was simulated to obtain a better
understanding of the water transport phenomenon in BPM.



Energy Security and Chemical Engineering Congress IOP Publishing
IOP Conlf. Series: Materials Science and Engineering 736 (2020) 032003 doi:10.1088/1757-899X/736/3/032003

——p

Figure 4. Illustration of water transport mechanism of BPMFC. (d: the width of the space charge
region).
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3.1. Zero-dimensional reaction kinetic model

It aims to represent the BPM reaction interface based on the chemical reaction kinetics and p-n
junction theory. The simulation shows that the water formation reaction kinetics (k) are faster
compared to the water dissociation reaction kinetics (k,). The formation of water at the PEMIAEM
interface strongly contribute to the self-humidification of the fuel cell. The fixed charges in the PEM
and AEM of BPM lead to the interfacial phenomenon that forms a space charge region (SCR) between
the junction zone of the PEM and AEM membrane, where the concentration of both moving ions is
extremely low. It compares the electrochemical behavior of BPM junction to a semiconductor like p-n
junction, where the moving positive carriers in the PEM are H- and the moving negative carriers in the
AEM are OH- [21]. Similar to the theory of the p-n junction, the current flow at the two membrane
interfaces can be categorized into two parts, which are the reaction current in the SCR and the
diffusion current of the carriers in the diffusion region. The reaction of water formation and
dissociation can be represented by Equation (5).

X

H+OH A H,O )
kf

Open Circuit Potential
The interfacial reaction of the BPMFC is in equilibrium when it operates under open circuit potential,

where the interfacial potential ((P) is equal to the equilibrium potential ((P.,) of the reaction [29]. The
equilibrium formula of the BPM fuel cell is shown in Equation (6).

PEM AEM

9= n(C o K ) ©)

where, CEEM is the concentration of the hydrogen ions in the PEM, CgiM comprises of the

concentration of the hydroxide ions in the AEM, R is the ideal gas constant, T is the temperature, F is
the faraday constant, and [ = (see Equation (7)) is the ion-product constant for water.
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—exp. G
K =exp(- RT ) (7

K, can be expressed in mol> L= unit, AG represents the standard molar Gibbs free energy of the

water dissociation reaction.

Steady-state Potential

Under the steady-state potential with a discharge voltage, a net reaction occurs with an interfacial
overpotential of 1 in the BPM fuel cell. Therefore, the SCR including boundaries as in Equation (8),
based on Boltzmann statistics, could be applied validly.

qn
CHCOH:KWGXP(E (8)

where, q represents the elementary charge and k is the Boltzmann constant. The interfacial potential of
the BPM can be represented as ¢ ;=¢ ., -n. The potential difference in the BPM interface affects the

width of SCR (d). If the interfacial overpotential is increased, thus, the width of SCR is decrease and
also reversely. The width of SCR can be determined through Equation (9).

d=/2¢¢ & /qQN* )

where, €, is the vacuum permittivity, € is the relative permittivity, N*=N N /(N _+N,) with the
fixed charge densities N N, in PEM and AEM. This charge affects the distribution of the SCR on

PEM and AEM side of the interfaces. The water formation occurs when the interface overpotential is
positive (1), whereas the negative interface overpotential causes the water dissociation (1)) (see
Equation (10) and (11)).

nf:q) eq_(Pj:n (10)
nd:q)j-(peq:_n (11)

The major carrier in the BPM is the H- in the PEM and OH- in the PEM. Meanwhile, the minor
carrier is the H- in the AEM and OH- in the PEM. Same as the theory of the p-n junction, the diffusion
of excess minor carrier contributes to the diffusion current at the BPM interface. There are relatively
more changes in the concentration of minor carrier compared to the major carrier in the SCR
boundaries. Commonly, the diffusion current does not take into account since its value does not
significantly affect the result. This happens because the minor carrier is lower in concentration (~10-
mol L) and only produces small diffusion current in the BPM fuel cell. The transition state theory was
applied to Equation (5) to determine the rate constant, K, and K, by considering the reaction current of
the bipolar membrane interface. Then, the reaction current density, i.., of BPM interface is determined
as in Equation (12) after overcoming the energy barrier of height E. (forward reaction) and E,
(backward reaction). If the i.. is positive in value, water formation occurs at the BPM interface. When
the i.. is negative in value, this indicates the water dissociation takes place at the BPM interface.

ireac=io{exp (%j —exp[-%}} (12)
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where, the i, = FK Kexp[(1 — a)Fn/RT] represent the exchange current density at the BPM interface.
Based on the differences in the Butler-Volmer reaction rate Equation at the anode/cathode, the i, is
affected by the interfacial overpotential. This could be due to the influence of electrostatic field toward
the mobility of H-and OH: ions in the SCR. However, the electrostatic field in the SCR is influenced
by the variation of the interfacial overpotential.

3.2. One-dimensional steady-state water transport model

This model was proposed to clarify the water distribution and self-humidifying behavior of the BPM.
The simulation was conducted by solving the equation of water transport for AEM and PEM and
taking consideration on relative humidity states at the membrane boundaries. This suggests that the
water produces at the PEMIAEM interface was distributed to each membrane’s boundary via EOD and
diffusion. Furthermore, the water from this source can also be used for ORR purpose. The findings
from this simulation confirmed the possibility of the cell self-humidification. The phenomenon of the
EOD by hydrogen in the PEM, EOD by hydroxide in the AEM, diffusion of water, and water
formation reaction at the PEMIAEM interface had been taken into account in this model. Equations
(13) and (14) represent the phenomenological transport of water in PEM and AEM.

PEM: J y=-D Vc +n

d,c

13)

(14)

= =

AEM: J ,=-D Vc +n
d

,a

where, J,, is water flux in the membrane; ¢, is the water concentration in the membrane; D . and
D, the diffusion coefficient of water in PEM and AEM; n,  and n,, are the EOD coefficient in
PEM and AEM; i represent the current density and i is the Faraday constant.

The i can be equated based on Faraday and Ohm’s law (see Equation (15) and (16)):

PEM: i=FgJ ,=—-0,V, (15)
ABM: i=FgJ ,,=—0c V, (16)

where, J ,, is the molar fluxes of hydrogen; J ,, is the molar fluxes of hydroxide; o . and o, are

the ionic conductivities of PEM and AEM. The water, protons and hydroxide are conserved in
Equation (17)-(19):

Ve ,=0 (17)
Vel ,=0 (18)
Ve y=0 (19)

Then, Equations (13)-(14) are combined to yield the Equations PEM and AEM for the BPM:

nd,co-c o

PEM: V{-D V¢, — V2)=0, V4~ VD) (20)
ndao-a o
ABM: VgD Ve, ~=*2V@) =0, V= VD) Q1)

The rate of water generation at PEMIAEM interface, g can be determined as Equation (22):
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i
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8= (22)

3.3. Two-dimensional cross-channel configuration

This model was proposed to improve the one-dimensional BPM because of the fact that the water
source/sink on the PEMIAEM interface [22], water transport may be related to local reaction rate, and
the multidimensional catalyst layer. The two-dimensional BPM had considered the transport in the
catalyst layer and gas diffusion layer, as well as the electrochemical reactions. Three electrochemical
reaction zones were involved in this configuration, which are cathode catalyst layer, anode catalyst
layer, and PEMIAEM interface. In this regard, better and deeper understanding of electrochemical
reaction of BPM can be achieved when the configuration is approximately close to reality. The
explanation below is based on water formation reaction model, as shown in the study by Li et al. [30].

Current in Catalyst Layer
The current is split into the ionic current and the electronic current when it is in the catalyst layers,
while the hydrogen and hydroxide ions pass through the ionic conductor to produce an ionic current.

Meanwhile, the electrons pass through the porous carbon materials to produce an electronic current.
The current conservation in the catalyst layer is expressed as Equation (23).

Vg +Vg =0 (23)
where, i . represents the ionic current density and i , represents the electronic current density.

H: and OH: ion transport:

Vg =Vg-o VD )=S, (24)
Electron transport:
Ve =Vd-0 VD )=5, (25)

where, S represents the source term resulted from electrochemical reactions, e represents the
electrolyte phase, S, is the property of electron conducting phase, denotes the &, electrolyte
potential and the & electronic potential.

The overpotential in the catalyst layer is expressed in Equation (26).
n=<J 5 —E (26)

where, E denotes the equilibrium potential for anode catalyst layer and cathode catalyst layer.
The source terms in the catalyst layers are:

S ,=—j
S = 27)

RT

. . aay[ acn
J :aV,CLla(C Rexp( = j_coexp(R_;j

oo
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where a, ., represents the active specific surface area of catalyst layer, i, is the exchange current
density, C, and C, denoted the reduced and oxidized species concentration correction factors, o,
and o are the respective transfer coefficients.

Current in PEM, AEM, Gas Diffusion Layer (GDL), and Microporous Layer (MPL)

Equation (28) shows the current density in the GDL and MPL based on the Ohm and Faraday law.
Meanwhile, the current density for AEM, PEM and at PEMIAEM interface are expressed earlier as in
a one-dimensional model.

i =0 VD, (28)
where o represents the electronic conductivity.

The active specific area of the PEMIAEM interface, a

consumption at the PEMIAEM interface for two-dimensional model (see Equation (29)), but not in a
one-dimensional model.

is considered in calculating the water

v,scr

_ a v,scr .l. reac (29)
=T F

4. Polymeric-based Material of Ionic Conducting Membrane

Since in 1950s, the functionality of ionic conducting membrane in electrochemical application had
been studied. Ion conducting membranes are sheets or thin films of ion conducting material which able
to permit of cations/proton or anions and split the ions [31-32]. Development of ionic conducting
membrane in terms of material and fabrication had increased from year to year for improving the
chemical stability, mechanical strength, thermal stability and electrical resistance. Generally, the ion
conducting membrane consists of hydrophobic substrates, movable counter-ions (mobile ions) and
immobilized ion-functionalized groups (fixed charge ion groups) [33-34]. The classification of ionic
conducting membranes determines, based on the attachment of fixed charged ion groups either cation
or anion onto material backbone. The cation/proton conducting membrane comprised of a fixed
negative charge ions that only permit positive ion to across it while repelling the negative charge ion.
Meanwhile, the anion conducting membrane consists of a fixed positive charge ion, thus it only allows
negative charge ion to across it while repelling positive charge ion. Ionic conducting membrane based
on polymer material is well-known in fuel cell application due to its excellent in thermomechanical
stability. The term “polymer” comes from Greek words which is a combination of poly (many) and
meros (many parts) [35]. The classification of polymeric materials is poly(perfluorosulfonic acid),
non-poly(perfluorosulfonic acid) and natural polymer.

The studies of promising material for BPM is still in early development stage as only limited
published works can be found. Due to BPMFC studies only used commercial Nafion membrane as
PEM, thus this reviewed will only discuss on this material. Up to now, the researchers only focused on
selecting promising material for AEM of BPM due to the commercial AEM membrane, FUMAPEM
FAA-3 exhibits poor performance (power density: 8 mW/cm:) when composed with Nafion. Among of
the selected AEM for BPM are QAPAES, QAPPO, quaternary benzyl trimethylammonium PPO, and
QAPSF.

Proton Conducting Material for Bipolar Membrane Fuel Cell

The Nafion membrane is a well-known poly(perfluorosulfonic acid) proton conducting membrane for
fuel cell application. Walther Gustav Grot is a first person that discovered the Nafion membrane in the
late 1960s and commercialized by DuPont in 1970s [36-37]. Till today, Nafion membrane has been
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the most promising membrane for fuel cell due to their high electrochemical properties as well as
excellent chemical stability. Nafion consists of polytetrafluoroethylene backbone and is made with
perfluorinated vinyl ethers pendant side chains terminated by a sulfonate ionic group [38-40]. As
reported by Mauritz and Moore the morphological structure of Nafion are [41]:

i. Nafion phase consists of distinct hydrophobic and hydrophilic channels.
ii. The hydrophilic sites consist of sulfonate groups which able to swell or shrink depending on
water absorption.
iii. The hydrophobic channels consist of tetrafluoroethylene backbone and perfluorovinyl ether
pendant side chains which provides excellent mechanical stability, chemical stability and
thermal stability.

Figure 5 shows the chemical structure and matrix of Nafion. Up to now, there are a few types of
Nafion had been developed which are Nafion 115, Nafion 117, Nafion 211 and Nafion 212. The
Nafion are named according to its denoted number where (1) polymer equivalent weights — first two
digits, (2) membrane thickness in 1/1000 inch — third digits [42]. So, the Nafion 117 is 7 mil in
thickness and had polymer weight about 1100 g/mol. The equivalent weight represents the ratio of
polymer in grams per mole of sulfonic acid groups. The transport and mechanical properties of Nafion
is depending on the equivalent weight of polymer where the increasing equivalent weight (reduction in
sulfonation degree) will improve the mechanical properties but decreasing proton transportation.
Usually Nafion having 1100 g/mol was selected for H./O, fuel cell application which obtain fair
balance between proton conductivity and mechanical properties [36]. Although the Nafion is almost
perfect membrane for fuel cell application, but it still has some weakness which is expensive, high
hydrogen crossover, and suitable for low-temperature operation where at high-temperature the
dehydration will occur [43-50]. But, undeniable that the Nafion is still the promising material for H./O,
fuel cell with superior performance.

[(CF,CF,). TFCFz]X
(OCF,CF),, OCF,CF,SO,H

CF

3

Figure 5. Chemical structure of Nafion membrane.
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Figure 6. The hydrophobic and hydrophilic separation sites in the microstructure of Nafion [51].

Anion Conducting Material for Bipolar Membrane Fuel Cell

The role of anion conducting membrane in BPMFC is to pass through the hydroxyl ion to the
intermediate layer. Up to now, there are several polymers such as PAES, PPO, and PSF had been
modified as AEM. Among of the polymer modification method are via chloromethylation-
functionalization (CF) whereby the cationic functional group such as quaternary ammonium [53-55],
quaternary phosphonium [56-60], imidazolium [61-66], sulfonium [67-69], and guanidium [70] are
introduced onto the polymer backbone in order to change the nature of pristine polymer into alkaline.
At first, the pristine polymers were chloromethylation with chloromethyl agent such as chloromethyl
methyl ether (C,H.CIO), chloromethyl octyl ethers (C,H,,C10) and bis(chloromethyl) ether (CH.CI).O to
introduce chloromethyl group (CH.Cl) onto the backbone. Since, these chloromethyl agents are
carcinogenic and hazardous chemicals, thus as an alternative through in-situ technique that introduced
for the first time in 2013 by Jasti et al [71] using a lewis acid catalyst, paraformaldehyde and
trimethychlorosilane were used. Then, the chloromethylated polymer was further functionalized with
the required cationic group to develop AEM.

The properties of CF AEM membrane highly depend on the degree of CF, where high CF produces
high anion conductivity while low CF produce low anion conductivity. However, the degree of CF
should be controlled at an optimal level because the too high degree of CF causes serious membrane
swelling that lead to loss of membrane mechanical property. The degree of CF determines the amount
of cationic functional group attach on polymer backbone. The parameter of CF likes temperature,
reaction time, acid concentration and polymer content play important to achieve the desired degree of
CF. Compared to other cationic group, the quaternary ammonium mostly prefers to be functionalized
with chloromethylated polymer due to relatively easy preparation and good stability [72]. The
quaternary ammonium AEM produces better chemical and thermal stability compared to quaternary
phosphonium and sulphonium [73]. Almost all of the reported BPMFC study used quaternary
ammonium AEM to be composed with Nafion to produce high stability bipolar membrane. Table 1
summarizes the types of AEM that had been used in BPMFC studies.
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5. Effect of Material on Performance of Bipolar Membrane Fuel Cell

5.1. Nafion 212-Quaternary ammonium poly(aryl ether sulfone) bipolar membrane

The early development of BPM started in 2009 by Unlu et al [75]. At first, Unlu and teamwork had
designed two BPM configuration which is (1) water formation configuration, were composed of PEM
anode/AEM cathode and (2) water dissociation configuration were composed of AEM anode/PEM
cathode (see Figure 7a and 7b) in order to determine the effect presence of water molecule at the
junction layer toward cell performance. They had chosen Nafion 212 as PEM to be composed with
QAPAES as AEM for developing bipolar membrane via hot-pressed method. At first, PEM half-cell
and AEM half-cell were prepared by pressing together electrode with AEM at a 2MPa gauge pressure
and room temperature for 3 minutes, while PEM pressed with electrode at a 2MPa gauge pressure and
135 °C for 3 min. Then, the two half —cell were pressed together at 2 MPa and room temperature for 5
min. The total thickness of Nafion 212-QAPAES BPM is 174 um.

Based on I-V polarization curve in Figure 7(c), the BPM in water dissociation configuration exhibit
0.03 mW/cme: for peak power density and 860 mV for open circuit voltage. In this BPM configuration,
the hydrogen oxidation takes place at the anode under alkaline environment, yet produce water.
Meanwhile, the oxygen is reduced at the cathode which produce protons and resulting in water
formation as in Figure 7(a). Then, the OH moves across the AEM toward the anode and H- moves
across the PEM toward the cathode. The depletion layer at the junction contribute to junction
potential. Meanwhile, the BPM in water formation configuration exhibits 867 mV of open circuit
voltage and 0.64 mW/cm: of peak power density, which is higher than the BPM in water dissociation.
In this configuration, hydrogen is fed at the PEM anode, while oxygen is fed at the AEM cathode. The
proton mobilizes from anode across PEM toward the junction layer and at same time anion mobilize
across AEM toward the junction layer. Reaction of the proton and anion at the junction generates
water. The formation of water at junction layer produce larger current and power than water
dissociation that quickly leads to membrane drying.

HighpH  AEM PEM Low pH Low pH PEM AEM High pH
AEM | PEM PEM AEM
Electrode \_) + Electrode
(OH \ I—D Electrode ( @ f1,0) Electrode
& o)
OH) A,0 e
(o} ) OK: — (o}
A \H
> 0@ W A A A
5 o T N | T
o I H o H
D |, o D o]
E B D E D
ot : :
oH) ) OH
2H, + 40H- O, + 4H" + de- : O, + 2H,0 + 4e
4H,0 + 4e- 2H,0 4H* + e 40H

(a) (b)
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Figure 7. Operation mechanism of BPMFC in different configuration: (a) water dissociation
configuration; (b) water formation configuration and (c) polarization curves [21].

Another report by Unlu et al., in 2010 [75] was investigating the effect of relative humidity,
ionomer content in the anion-conductive electrode and inlet gas flow rates by using same PEM and
AEM materials. They had found that the cell performance increased at low relative humidity
compared to a single proton exchange membrane fuel cell that confirm the self-humidifying behavior
of the membrane when water produce at the junction layer. However, the flooding was occurring at the
electrode layer when the gas feed at high rates. In this follow-up study the Nafion 212-QAPAES able
to operate at 200 mA/cm: of maximum current density in steady-state operation using dry hydrogen
and oxygen fuel at 80 °C. Their developed BPM material is failing to operate at high current discharge
(550 mA/cmr) due to excessive “self-hydration” and flooding at the cathode when dry H./O, used as the
current discharge increased more than 200 mA/cm:.

5.2. Nafion-FUMAPEM FAA-3 bipolar membrane

Motivated from previous study that the water flooding in the cell is still occurring when current
discharge is increased, thus Weida et al., [23] had come out with composing Nafion with FUMAPEM
FAA-3 and porous hydrophilic membrane as the bipolar membrane (see Figure 8). The thin, porous,
and hydrophilic membrane was used between PEM and AEM where the hydrogen ions and hydroxide
ions will react within the water in the pores of this membrane. Then, the water forming in the thin
membrane was shunted out externally from the cell which solving the water flooding problem. The
Toray TGP-H-030 (non-PTFE treated, 110 pgm thick carbon paper) was used as the supported
intermediate membrane. The BPM electrode assembly was prepared by hot-pressed the anode with
Nafion and supported membrane at 135 °C and 2000 psi for 3 minutes. Then, the PEM half-cell
pressed with FUMAPEM FAA-3 and the cathode at 2000 psi and 60 °C for 5 minutes. They reported
that the developed BPM exhibit only 8 mW/cm: of maximum power density, which is lower than
single cell PEM (750 mW/cm:) and AEM (30 mW/cnr). The possible reason for this poor BPMFC
performance is due to additional of the supported porous membrane that cause an increase of
electrolytic resistance. Although this BPM exhibit poor cell performance, but interestingly it able to
operate effectively without flooding when feed with 100% humidified gas streams and discharged at
50 mV at 30 °C. The addition of supported membrane had well remove the water inside the membrane
to avoid water flooding. However, the challenges remain in enhancing the BPM performance to
optimal levels.
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Figure 8. Schematic diagram of the Nafion-FUMAPEM FAA3 with intermediate membrane for
BPMEFC [23].

5.3. Nafion 211-Quaternary benzyl trimethylammonium polyphenylene oxide bipolar membrane

Arges and coworkers [24] had developed BPM using Nafion 211 as PEM and quaternary benzyl
trimethylammonium polyphenylene oxide as AEM. Based on their previous study, the PPO was
selected instead of PSF and PAES because it exhibits better ionic conductivity [24]. The PPO
backbone was attached to quaternary benzyl trimethylammonium bromide groups. At first, the PPO
brominated at 0.33 of the degree of functionalization to the benzyl position and 0.20 to the aryl
position. The n-bromosuccinimide and azobisisobutyronitrile was used as brominating reagent and
free radical initiator for synthesizing brominated PPO. Adding of bromine to the benzyl position is
crucial due to this moiety undergoes nucleophilic substitution with an amine to produce quaternary
ammonium groups [76]. The presence of bromine in PPO aryl position increased the hydrophobicity
behavior of AEM which improved ion exchange capacities without excessive water uptake [77]. In
this study, the influence of the PEM thickness toward H./O, fuel cell was investigated. It found that the
thinner PEMs produce better cell performance due to lower ohmic overpotentials and smaller
resistivity especially when operate at high current discharge. The Nafion 211-quaternary benzyl
trimethylammonium PPO BPM exhibits poor cell performance due to incompatibility PEM and AEM
material. The reason is due to different ability of membrane in absorbing water where the PEM
absorbs large water while AEM absorb only little water as it had hydrophobicity behavior. Thus, the
PEM facing worse swelling when current discharge increase, which lead to poor contact between the
PTFE backbone in Nafion and the hydrocarbon PPO backbone. Poor contact contributes to dielectric
gaps which is likely bubbles or air gaps. They recommend the used of all hydrocarbon materials for
membrane to increase the degree of entanglement between AEM and PEM as well as increase the cell
performance. Besides, the less hydrophobic material of AEM also suggests to increase the ionic
conductivity in the future work.

5.4. Nafion 117-QAPPO bipolar membrane

In 2015, Clure et al [74] had focused on improving the contact between PEM and AEM to increase the
porosity and the degree of entanglement by introducing electrospun nanofiber mats for the bipolar
junction layer. The electrospun fibers were prepared by pumping solutions via a 10 ml syringe fitted
with a 22-gauge needle. The parameter of electrospinning was varied in term of applied times (~30
min to 2 h) and voltage (~8-20 kV). Three types of polymers were electrospun which are filler
polymers such as PSF and polyacrylonitrile (PAN), and functionalized polymers like chloromethylated
PSF and Nafion 117 ionomer solution. Besides, big attention also given to AEM materials where the
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PPO was functionalized with long-chain alkyl amine groups consisting various chain lengths. The
alkyl chain length varied into n=4, n=6 and n=8 with two different degrees of functionalization (31%
and 45%). It was reported that the n8-PPO at 45% degree of functionalization exhibits the highest
anion conductivity (28.4 mS/cm) with low water uptake (15.8%). Figure 9 shows the scanning
electron microscope (SEM) images for the cross-section of BPM with and without junction layer. Both
of the BPM shows intimate overlap for each other. Based on ionic conductivity results, the BPM with
junction layer (~10 mS/cme) exhibits better ionic conductivity than no junction layer (7.5 mS/cm:) due
to increase the degree of entanglement.

(a) (b)

Figure 9. Scanning electron microscope images of (a) BPM without junction layer and (b) BPM with
an electrospun junction layer [74].

5.5. Nafion 117-QAPS bipolar membrane

Recently, Peng et al., [22] had prepared BPM by pressing together of Nafion 117 with QAPS
(thickness: 11xm) membrane at 60 °C and 4 MPa for 10 min. They had select QAPS as AEM due to it
had excellent mechanical strength, thermal stability, ionic conductivity and good stability for long-
term operation. The effect of AEM thickness was conducted through simulation where its influence
the required water amount in the junction layer for obtaining effective water diffusion to take place in
the anode and cathode. The high peak power density (327 mW/cm: at 323 K) of BPM was achieved in
this study. The Nafion 117-QAPS was tested under dry H./O, at 303 K and 50/80 SCCM for prolonged
periods. It had found that the BPM managed to operate successfully without flooding hours for 40
hours with no sign of degradation. Based on ATR-FTIR analysis, the normalized O-H stretching,
vibration intensity was found when Nafion 117-QAPS operated at 70 mA/cm: where represent the
existence of water content at the junction layer. Under load operating conditions, the ionic
conductivity of BPM increases gradually with decreasing cell voltage. In contrast, the BPM ionic
conductivity measured in water mode is fairly independent of cell voltage (cite). This validated that
the water formation of the junction layer is the main source to self-humidification. Besides, when the
cell voltage is lower than 0.8 V, the measured ionic conductivity of BPM in discharge mode exceed
that of water mode and the effect of self-humidification becomes evident. Thus, it clearly showed that
the importance of control water generation and distribution to obtain proper water management.

6. Conclusion and Future Perspectives

Water flooding has become a bigger issue in monopolar PEM and AEM when operated at a high
current density. Many alternatives have been suggested to overcome this issue. The use of external
humidifier causes cell system to become more complex and increase the cost. A recent study found
that bipolar membrane, which is the combination of alkaline-based membrane and acid-based
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membrane, could potentially humidify the membrane to keep it hydrated as it is being operated at high
current density. However, there is a limited number of studies conducted on this since the fuel cell
applications of BPM technology are still new. The experimental study and simulation have been done
to obtain a clear understanding on the principle of water transport in BPM and how it acts as a
humidifier for the cell. The simulation model of BPM was developed from zero-dimensional BPM
model to one-dimensional BPM model and two-dimensional BPM model, and an experiment was
conducted to validate the model. Much of polymer based membrane has been selected for determining
the best, most suitable and good compatibility to each other in obtaining optimal cell performance. Up
to now, the high performance of BPMFC is found from Peng e al., study with 327 mW cm- of power
density. Challenges remain in improving the cell performance and determining the relative importance
of the AEM and PEM conductivity, and the thickness, porosity, stability of membrane for long term
operation, and compatibility between PEM and AEM. In the future work, the following
recommendations should be considered for optimizing the BPMFC performance such as:-

e Homemade cation exchange membrane

Previous research of BPMFC has given little attention to the materials used for PEM compared to
AEM. The homemade PEM should be used to replace the Nafion membrane to achieve better power
output, enhance water management and cut the cost. Although the Nafion membrane is excellent in
thermal and mechanical stability, but it is still limited due to its high cost, high hydrogen crossover,
fast dehydration, hydroxide radical attack, and high water dependence for efficient operations. The
sulfonated poly(ether ether ketone), sulfonated poly(arylene ether sulfone), and sulfonated poly(imide)
is among of the suitable polymer based membrane to be used for PEM instead of Nafion. Besides of
easy processing in the laboratory, these polymer-based materials also demonstrate excellent
mechanical, thermal, chemical and electrical properties.

e Determine the compatibility between PEM and AEM

It is imperative to investigate the compatibility between PEM and AEM before preparing a bipolar
membrane. In this light, the compatibility of the membranes can be determined based on the properties
of the membranes itself. As mentioned in Peng et al., [22], the water uptake of PEM should match the
AEM to facilitate the formation of self-humidification. Moreover, Peng ef al., [22] found that the
combination of Nafion with the QAPS has a better power output compared to others, The reason is due
to the microstructure of QAPS is almost similar to Nafion. It represents that the Nafion membrane is
compatible with QAPS membrane. If the membranes are not compatible to each other, the
performance will be degraded, causing flooding issue, and stability of membrane decrease. To the best
of our knowledge, none of the research has discussed the importance of membrane compatibility on
cell performance.

e Fabrication and operating conditions of BPMFC

The BPM should be fabricated at the appropriate membrane thickness to decrease its ionic resistance.
The suitable membrane thickness can be determined by testing the cell at different thickness. A
previous study had determined the influence of AEM thickness on power output, but not for PEM.
This is because ORR occurs at the AEM side and it suggested that more attention should be given on
AEM, rather than PEM side. However, it is no doubt that PEM also plays an important role in PEMFC
because it transports hydrogen ion to the junction layer. Hence, the wrong choice of thickness for PEM
will affect the effectiveness of proton transport. Besides that, the operating conditions, such as
humidity of H, and O, gases, operating temperature of fuels, air pressure and the stoichiometric flow
rate of air should also be controlled and chosen carefully before testing the BPMFC.
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