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CHAPTER I  

INTRODUCTION  AND BACKGROUND  

 

1.1 Bipolar Membranes  

 

Ion exchange membranes are typically fabricated from functionalized polymers 

containing fixed charge groups and mobile ions, which can be easily replaced by other ions 

with a charge of the same sign (the mobile ions are called counter-ions, with a charge 

opposite that of the membraneôs fixed group charges). Ion exchange membranes have 

found numerous applications due to their ability to selectively transport counter-ions while 

blocking co-ions (ions with the same charge sign as the membraneôs fixed group charges).1-

6 Among ion exchange membranes, bipolar membranes (BPMs) are an important sub-type 

that is gaining importance. A conventional BPM is composed of laminated films of anion-

exchange and cation-exchange polymers (AEP and CEP), with an interfacial layer in 

between, usually called the junction layer or interfacial layer. Owing to their asymmetric 

structure, BPMs are able to exhibit anionic and cationic transport simultaneously and 

possess the unique capability of splitting water into H+ and OH- ions at the interface where 

the AEP and CEP meet (the so-called reverse bias mode, as shown in Figure 1.1a), with a 

low electrical potential (0.73-0.83 V), while conventional electrolysis requires at least 1.23 

V for the dissociation of water into H+, OH-, hydrogen and oxygen. Additionally, water 

generation mode can be achieved if the polarity of the electrodes is reversed, where OH- 
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and H+ ions move toward the junction and recombine to form water (forward bias operation, 

as shown in Figure 1.1b).  

It has been reported that the demand for bipolar membranes is expected to increase 

steadily over the next 10-20 years, owing to the worldwide need for clean water and 

efficient municipal water reclamation schemes as well as the rising demands of industrial 

separation processes. Those needs are driving the development of BPMs with improved 

performance and greater durability.7-9 

 

 

Figure 1.1: Schematics of (a) water splitting process and (b) water generation process with 

a BPM. 

 

1.1.1 Applications of BPMs 

Considering the unique property of selective ion separation, BPMs are currently 

employed in electrodialysis separations for wastewater resource recovery,10-12 the 

production of acid and base,13,14 and other important industrial separation processes,15-21 

such as ammonia recovery,17,18 and CO2 capture.19-21 Figure 1.2 shows a typical three-
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compartment cell of the bipolar membrane electrodialysis (BMED) system, where BPMs 

are stacked with a cation exchange membrane (CEM) and an anion exchange membrane 

(AEM) to produce acid and base. As shown in Figure 1.2, the salt ñMNò is composed of 

Mm+ and Nn-, which represent cations and anions, respectively. During BMED operation, 

water is decomposed to H+ and OH- by BPMs, with H+ migrating to the acid chamber, and 

OH- migrating to the base chamber. Nn- from the salt solution is transported through the 

AEM and reacts with the H+ to generate acid. Mm+ from the salt solution is transported 

through the CEM where it reacts with OH- to generate base. 

 

 

Figure 1.2: The diagram of a three-compartment bipolar membrane electrodialysis cell for 

acid/base generation (Reprinted from reference 13, with permission from Elsevier.).  

 

Recently, there has been considerable interest in the detrimental role of atmospheric 

CO2 on climate change. Various CO2 capture schemes have been proposed and examined 

to lower the carbon dioxide concentration in the earthôs atmosphere. Among the methods, 

electrochemical CO2 capture by BMED has received much attention due to the fact that it 

is flexible, scalable, and environmentally-friendly.21 Figure 1.3 shows the schematics of a 
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typical CO2 capture process with alternating anion exchange membranes and bipolar 

membranes, where CO2 is trapped in a high pH solution and then released in another 

compartment where the pH is low. Specifically, CO2 is extracted from the air in an alkaline 

solution by reacting with OH- and producing carbonate/bicarbonate ions. Then the 

carbonate/bicarbonate ions are transported through the AEM and react with the H+ 

generated by BMED, thus CO2 gases are released in the acidic compartment at a 

concentration much higher than the original air content. 

 

 

Figure 1.3: Schematics of the CO2 capture test: (a) experimental setup, and (b) BPMED 

unit. ñESò represents the electrode solution, ñASò represents the acid solution, and ñBSò 

represents the base solution (Reprinted from reference 19, with permission from The Royal 

Society of Chemistry.).  

 

Recently, with the rapid development of wind and solar energy technologies, a need 

for large-scale reversible energy storage has emerged, to be linked with such renewable 

energy processes.22-25 In this regard, the potential use of BPMs has been examined in acid-

base redox flow batteries26-32. Bipolar membranes have also been proposed for use in 
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hydrogen fuel cells.33,34 Redox flow batteries are regarded as a good candidate for efficient 

energy storage systems since the world is facing a transition from traditional fossil fuels to 

green, sustainable energy resources. The potential of using BPMs in acid-base redox flow 

batteries has attracted attention recently due to their ability to maintain different pH 

conditions in the compartments adjacent to the AEP and CEP layers. Figure 1.4 shows a 

representative acid-base redox flow battery with a BPM, where the AEM side of the BPM 

faces the alkaline electrolyte (ferrocyanide (Fe(CN)6
4ī) in KOH) and the CEM side of the 

BPM faces the acidic electrolyte (SPV (sulfonatopropyl viologen) in H2SO4). The water 

splitting and water generation reactions in BPMs occur during the charging and discharging 

of the redox flow battery, respectively. During the charging process, the BPM is subject to 

reverse bias (water splitting) operation, with the production of H+ and OH- at the junction, 

the oxidation of Fe(CN)6
4ī at the anode, and the reduction of SPV at the cathode. During 

discharging, the BPM operates in a forward bias mode to neutralize H+ and OH- and 

generate water, while Fe(CN)6
3ī is reduced and SPV- is oxidized at the cathode and anode, 

respectively. 
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Figure 1.4: (a) Diagram of an acid-base redox flow battery with BPM, (b) Schematics of 

ion transportations during the charging and discharging processes (Reprinted with 

permission from reference 30.).  

 

Fuel cells for transportation applications have been well-studied for many years, due 

to their efficient utilization of fuel, environmentally-friendly operation, and scalability, as 

compared to internal combustion engines.35-38 For autos and trucks, the fuel of choice is H2 

gas. There are different types of H2 fuel cells, the most common being the proton exchange 

membrane fuel cell (PEMFC) and the anion exchange membrane fuel cell (AEMFC). 

Recently, bipolar membrane fuel cells (BPMFCs) have been investigated. The basic design 

and operation of each is shown in Figure 1.5.  
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Figure 1.5: Diagrams of (a) a proton exchange membrane fuel cell (PEMFC), (b) an anion 

exchange membrane fuel cell (AEMFC), and (c) a bipolar membrane fuel cell (BPMFC). 

 

As shown in Figures 1.5a and 1.5b, water is generated at the cathode in a PEMFC and 

at the anode in an AEMFC. Water produced at one electrode can easily diffuse out of the 

cell, resulting in the dehydration of the membrane and the other electrode, especially during 

low humidity operation. When there is cell drying, the ionic conductivity of the membrane 

drops and the electrode reaction rates can decrease. In contrast, during the operation of a 

BPMFC (shown in Figure 1.5c), the H+ and OH- species generated at the electrodes are 

transported through the PEM and AEM layers of BPM to the junction interface where they 

combine to form water. The use of a BPM results in water being generated in the membrane, 

rather than at the electrodes during fuel cell operation. Water generation in the membrane 

will help with ion conduction and it will also help to keep the entire MEA hydrated at low 
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humidities. Also in a BPMFC, less expensive non-platinum-group-metal catalysts such as 

Ni or Ag can be used as the oxygen reduction reaction (ORR) cathode (which is now in 

contact with an anion-exchange ionomer) and the anodic hydrogen oxidation reaction 

(HOR) is faster when the anode is in contact with a proton exchange ionomer, as compared 

to that in an AEMFC, where the anode is pressed against an AEM. 

 

1.1.2 Current problems of BPMs 

Traditional BPMs have been prepared with a planar, 2D junction and therefore suffer 

from a relatively low contact area between CEP and AEP ionomers, as well as from the 

poor adhesion of the two layers, which limits the operational water splitting current density 

of BPMs to about 0.10 A/cm2. The differential dehydration of the AEP and CEP layers at 

high currents (high water consumption rates) weakens the interface, resulting in 

delamination. During water generation (forward bias mode) at high current densities, water 

generation and accumulation at the interface cause ballooning, delamination, and BPM 

failure. Therefore, methods to produce BPMs that provide excellent water splitting and 

water generation performance and high mechanical stability during current flow are needed.  

This is especially important in fuel cells and redox flow batteries, where water build-up in 

the junction is a serious problem, due to an imbalance between water generation, which is 

dependent on the current density, and water transport away from the junction, which is 

dependent on the water diffusion coefficient in the AEM and CEM layers of a BPM. 
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1.1.3 Current approaches to address the problems of 2D BPMs 

In recent decades, scientists have investigated BPM designs to optimize water 

splitting. Thus, various ways of catalyzing and structuring the interfacial layer (bipolar 

junction) have been examined to improve the selectivity, durability, and operational current 

density of BPMs while minimizing the transmembrane voltage drop during current flow. 

Improvements in the water splitting performance of BPMs have been typically 

accomplished through the modification of the interfacial layer,39-41 or the utilization of 

different catalysts in the junction.42-49 For example, Arges et al.39 fabricated a series of 

BPMs by means of soft lithography to precisely create/control the interfacial junction area. 

Compared with a flat BPM sample, a 250 mV reduction in the water splitting onset 

potential as well as a 50% increase in current density at 1.5 V was achieved by a 2.28x 

increase in the interfacial junction area. Additionally, the authors showed a lowering of the 

onset voltage for water splitting with increasing normalized junction area (from 1.25 V to 

1 V when the normalized area increased from 1 to 2.28). Xu et al.40 developed a novel way 

to fabricate stable BPMs with interlocked AEP/CEP layers via C-C covalent bonds (as 

shown in Figure 1.6). The binding strength of the AEP/CEP layers was significantly 

enhanced, resulting in a low operating voltage of 1.17 V at a current density of 1.0 A/cm2. 

Furthermore, the enhanced stability of the BPM was verified by an 1100-hour constant 

current density test at 200 mA/cm2.  
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Figure 1.6: Diagram of the preparation process of interlocked BPM with C-C covalent 

bonded interface (Reprinted from reference 40, with permission from The Royal Society 

of Chemistry.). 

 

McDonald and Freund42 found that graphene oxide is an excellent catalyst for water 

splitting in BPMs based on the observed decrease in transmembrane voltage drop, from 1.6 

V to 1.2 V at 100 mA/cm2. Additionally, the authors investigated different GO deposition 

methods, such as the spin coat rate and the GO concentration, and their effect on the water 

splitting performance. In another study, Ge et al.43 synthesized colloidal Fe(OH)3 and 

incorporated this material as the water splitting catalyst in a BPM by an electrostatic 

interaction process (shown in Figure 1.7). The best-made BPM exhibited a lower 

transmembrane voltage for water dissociation (0.75 V at 50 mA/cm2), which was lower 

than that of a commercial Fumasep BPM (1.04 V at 50 mA/cm2). Good long-term 

durability of the Fe(OH)3-based BPM was verified in a 75-hour test at 50 mA/cm2 with a 
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0.083 mV/h rate of transmembrane voltage drop increase.  

 

 

Figure 1.7: Schematic of the fabrication process of a Fe(OH)3-based BPM (Reprinted from 

reference 43, with permission from Elsevier.).  

 

In addition to the investigation of water splitting junction layer catalyst and 

modification of the interfacial layer itself, other structural/compositional properties which 

might influence the water splitting performance of BPMs have been examined.50-53 For 

example, ion crossover or co-ion leakage originates from the unwanted diffusion or 

migration of ions through the BPM, resulting in a decrease in the current efficiency of the 

BMED process. Blommaert and coauthors51 investigated the effects of ion size, ion valence, 

pH of the electrolytes, and current density on ion crossover during water splitting. They 

found that ion crossover can be significantly reduced by a higher ion valence or a larger 

ion size. Ion diffusion dominates over acid/base generation at low current densities, while 

ion migration plays a major role in the crossover at high current densities. The influence of 

pH in the electrolyte on ion leakage is not clear and further research is needed to fully 
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understand the mechanism.  

Similarly, scientists are searching for a way to improve water generation performance 

in a BPM by adjusting the membrane/junction structure and optimizing the experimental 

water generation conditions. This has been the focus of bipolar membrane fuel cell 

(BPMFC) work. The testing of a BPMFC was first reported by Prof. Paul Kohlôs group. 

They evaluated the use of BPMs in a hydrogen fuel cell and developed two configurations 

in order to achieve either water dissociation or water formation at the bipolar interface.54 

They claimed that the formation of water at the junction is more favorable owing to the 

easy dry-out of the membrane in water splitting mode. Moreover, to improve fuel cell 

performance, they developed a ñhybrid fuel cellò by placing a PEM layer in between two 

AEM alkaline electrodes (as shown in Figure 1.8).55 Better fuel cell performance was 

obtained without humidification than that observed at 100% RH (a maximum power 

density of 75 mW/cm2 vs. 55 mW/cm2 for H2/O2 operation). This unique characteristic was 

further proved by EIS (electrochemical impedance spectroscopy) tests, with nearly 

constant ionic resistance of the membrane-electrode-assembly (MEA) at different 

humidification conditions. The results are confusing, where the power output was much 

lower than a PEMFC or an AEMFC, and the power at 100% RH was lower than that at 0% 

RH. The authors didnôt really verify that there was a well-functioning bipolar junction that 

kept the MEA fully hydrated at low RHs. Furthermore, the authors found that the location 

of the junction in a bipolar membrane fuel cell is more important than the conductivity of 
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the AEP and CEP layers, and suggested locating the junction near the cathode.56 In another 

study, Seeberger and co-authors57 evaluated the possibility of exploring non-PGM catalysts 

in the cathode for a similar hybrid BPM fuel cell. They improved the fuel cell power output 

via a ñdirect membrane depositionò method, where a PEM layer was directly cast on top 

of the alkaline cathode. The resulting fuel cell MEA performed moderately well with a 

maximum power density of 210 mW/cm2 with H2/O2 under fully humidified conditions, 

while achieving only 38 mW/cm2 at the same test condition when pressing the PEM to an 

alkaline cathode. However, up to date, the performance of BPMFCs is still poor, especially 

when comparing the power output to a PEMFC or an AEMFC. There is still a long way to 

go for the practical application of BPMFC, thus how to improve the performance of 

BPMFC is still an urgent issue to be addressed. 
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Figure 1.8: Schematic and operating process of a hybrid fuel cell, which consists of a PEM 

and an AEM electrode (Reprinted with permission from reference 55. Copyright 2010 

Wiley.).  

 

1.2 Bipolar Membranes with 3D Electrospun Junction 

 

Recently, Shen et al.58 in Prof. Pintauroôs group at Vanderbilt University reported on 

a novel design for BPMs that employs electrospinning to create a junction with interwoven 

and interlocking AEP (quaternized polyphenylene oxide (QPPO)) and CEP (poly(ether 

ether ketone) (SPEEK)) nanofibers, followed by fiber mat densification to form an 

extended (3D) junction region with high interfacial area. The membrane was fabricated by 

electrospinning a trilayer film: the first layer being a nanofiber mat of SPEEK followed by 

the concurrent dual fiber electrospinning of QPPO fibers and SPEEK fibers, and finally 

electrospinning a layer of pure QPPO fibers. Aluminum hydroxide catalyst nanoparticles 

were intermittently deposited between the fibers by spraying a 10 wt.% catalyst/water 

suspension during the dual fiber electrospinning process. The trilayer mat was then exposed 

to a solvent vapor of dimethyl formamide and hot pressed to close the interfiber pores or 

voids, thus creating a BPM with a 3D junction layer composed of interlocking and 

interpenetrating SPEEK and QPPO fibers with dispersed catalyst particles and outer layers 

of neat/dense SPEEK and QPPO. The interfacial AEP/CEP area in the junction far exceeds 

the geometric membrane area footprint, which can be seen in Figure 1.9. In such a 3D 

junction BPM, the local water splitting current is lowered by distributing over a very high 

interfacial area and thereby minimizing/eliminating membrane damage (e.g., delamination) 



мр 

 

over time. Based on preliminary experiments, the 3D junction bipolar membranes could 

efficiently split water into H+ and OH- at current densities up to 1,000 mA/cm2 with a 

transmembrane voltage drop as low as ~1.0 V. This is a breakthrough result, in terms of 

high current and low voltage. The presence of an extended water splitting region improved 

adhesion between the anion and cation exchange polymers, created a mechanically robust 

interface, and increased surface area for water generation. 

 

 

Figure 1.9: Schematics of (a) BPM operating in water splitting process, (b) BPM operating 

in water generation process, (c) conventional 2D junction BPM, and (d) an electrospun 3D 

junction BPM with extended interfacial junction layer (Reprinted from reference 58, with 

permission from The Royal Society of Chemistry.). 

 

Since Shenôs publication in 2017, three other papers describing electrospun bipolar 

membranes have come out, but the membranes didnôt work as well as those BPMs in Shenôs 

paper.59-61 In these papers, sulfonated poly(ether ether ketone) and Nafion were used as the 

CEPs, while commercial Fumion FAA and in-house synthesized alkyl ammonium 

perfluorinated polymers were employed as the AEPs. However, although the membranes 
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in those papers were also composed of three separate electrospun layers and with a total 

membrane thickness in the range of 60 - 100 ɛm, the water splitting performance was not 

consistent with the results in Shenôs paper. For example, the voltage drop of the BPM with 

an electrospun 3D junction in reference 60 was around 4 V at 100 mA/cm2, as compared 

to ~ 1 V at 1000 mA/cm2 in Shenôs paper, which most probably owing to the lack of the 

proper water splitting catalysts.  

 

1.3 Water Splitting and Water Generation Tests in an H-Cell 

 

When the lab-scale water splitting experiments are performed, a currentïvoltage (i-V) 

polarization curve is generated which characterizes the performance of the BPM. Generally, 

those experiments are carried out in a glass H-cell, such as that shown in Figure 1.10a. The 

H-cell has two working electrodes and two reference electrodes, and the BPM is placed in 

the cell with electrolyte solutions on either side. The current is measured by the ammeter, 

and the voltage is measured across the membrane using luggin probes. A polarization curve 

is recorded either galvanostatically by setting the current and measuring the voltage, or 

potentiostatically by setting the voltage and measuring the current.  

During the water splitting process, H+ ions move from the junction to the cathode 

compartment, while OH- ions move to the anode compartment, where they discharge at the 

working electrodes forming hydrogen and oxygen gasses. A typical BPM water splitting 

polarization curve is presented in Figure 1.10b, in which the horizontal axis denotes the 
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transmembrane voltage drop and the vertical axis denotes the current density.62-64 There are 

three regions in the plot. For the first region, below the first limiting current density (Ilim1), 

the current is transported across the membrane by salt ions only and is referred to as co-

ion leakage. The value of Ilim1 is a good indicator of the membrane selectivity. Then after 

the plateau, when the voltage is closer to 0.8 V, water dissociation begins in the membrane, 

at the bipolar junction interface. The voltage value where the water splitting reaction begins 

is called the water splitting onset voltage (OV). The generated H+ and OH- ions are 

responsible for current densities greater than Ilim1. The slope of the i-V curve in this water 

dissociation region represents the ionic resistance of the BPM, which is related to the ionic 

conductivities of the CEP and AEP components from which the membrane was fabricated. 

When the current density goes above Ilim2, water transport limitation occurs where the rate 

of water diffusion into the junction is insufficient to maintain a high current density, 

resulting in the drying of the junction.  
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Figure 1.10: (a) Schematic of water splitting process in an H-cell, and (b) Typical water 

splitting i-V polarization curve. The insert text box represents the reactions at different 

locations in the cell. 

 

Water generation experiments also can be performed in an H-cell, but the polarization 

of the electrodes is reversed. In these experiments, the anode compartment is filled with 1 

M acid (a supply of H
+), and the cathode compartment is filled with 1 M alkali (a reservoir 

of OH-). The transmembrane voltage drop is recorded for different constant applied 

currents, during which time H+ and OH- migrate into the bipolar junction interface and 

water diffuses away from the interface. 

 

1.4 Project Objectives and Rationale of the Dissertation 

 

This Ph.D. project aims to extend the earlier work of Dr. Shen and co-workers,58 by 

Reaction in the junction:      2H2O                   2OH- + 2H+             0.83V 

Reaction in the anode:          2OH-               O2 + H2O + 2e
-           0.4V 

Reaction in the cathode:       2H+ + 2e-                       H2                   0V 
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fabricating and characterizing BPMs with different ion exchange polymers. BPMs were 

prepared by exploiting an electrospun dual fiber mat morphology as the junction layer, with 

commercial or self-made films as outer layers. Various configurations of BPMs were 

investigated and optimized for water splitting and water generation, and to obtain good 

long-term operational stability. The following experimental variables were examined: (1) 

catalyst type, loading, and deposition method in the junction, (2) IEC of the AEP and CEP 

components of the BPM, (3) junction composition (ratio of AEP and CEP fibers in junction), 

(4) morphology of the junction and the AEP/CEP layers (dense or porous), (5) thickness of 

the AEP/CEP layers, the junction layer, and the overall thickness of the BPM, and (6) 

different hot pressing methods to attach outer films and close up junction layer pores. 

Conventional 2D BPMs have some intrinsic disadvantages, such as the low contact 

area of the junction, poor adhesion between CEP and AEP, and differential dehydration (an 

imbalance in the swelling of the AEP and CEP layers), which limit their operational current 

density and result in membrane delamination. The present thesis seeks to address the 

shortcomings of conventional 2D BPMs by creating films with a high surface area junction 

composed of interpenetrating and interlocking nanofibers of anion-exchange and cation-

exchange polymers.   

The present project used a different BPM fabrication technique, as compared to that 

used by Shen et al., where outer layers of neat and dense (solution cast) AEP and CEP were 

pre-made and then hot pressed together with an inner junction layer of AEP and CEP 
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electrospun fibers. The resulting trilayer film had a high interfacial AEP/CEP junction area 

for water splitting or water formation, which minimizes water depletion or build-up in the 

junction during high current density operation. Interpenetrating AEP and CEP fibers in the 

junction created a mechanically robust interface with improved attachment (adhesion) of 

the two ion-exchange polymers. Different types of AEP and CEP ionomers were assessed 

to balance the swelling of the two ionomers so that delamination was eliminated. In 

addition, the thickness/composition of each layer was changed to minimize the overall 

membrane voltage drop while ensuring no co-ion leakage.  

The specific goals of this dissertation are to: (1) fabricate uniquely designed BPMs 

with a high interfacial area 3D bipolar junction for stable high current density applications, 

(2) optimize the composition and structure of the BPM, while fully characterizing 

membrane performance and properties, (3) test the BPMs in two important applications: as 

a water splitting membrane for electrodialysis (ED) water reuse and recovery and as a self-

hydrating membrane in a hydrogen/oxygen fuel cell, and (4) demonstrate that nanofiber 

BPMs can be fabricated using a pilot-scale electrospinner and different equipment for hot 

pressing the outer and junction layers.    

Chapter II of this dissertation deals with the water splitting performance of trilayer 

3D junction BPMs made with different AEPs and CEPs, different catalysts, and different 

AEP/CEP ratios in the junction. Ion crossover experiments in different salt solutions with 

varied concentrations were examined and the resistance of the trilayer membrane was 



нм 

 

modeled. In Chapter III, the effects of catalyst, outer layer thickness, and AEP/CEP layer 

morphology on current-voltage behavior during water generation (forward bias) were 

investigated and contrasted with membrane structure/properties for water splitting. In 

Chapter IV, a novel bipolar junction fuel cell MEA was fabricated by adding a thin anion 

exchange layer with a high I/C (ionomer/carbon) ratio between a PEM film and an alkaline-

binder cathode, in order to generate water between the anode and cathode. Fuel cell 

performance of the bipolar junction MEA was evaluated with H2/O2 feed gases at different 

humidities and compared with a conventional PEMFC and an AEMFC. The use of a 3D 

junction BPM in a fuel cell MEA with a porous 3D junction layer was also assessed. In 

Chapter V, different methods of adding catalysts in a dual fiber junction (during versus 

after dual fiber electrospinning) were examined. Hot-pressing the three layers of a trilayer 

membrane using a calendaring method, a hot roller. The resulting BPMs were evaluated 

for water splitting by collecting current-voltage polarization curves.  
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CHAPTER II  

PREPARATION OF TRILAYER 3D JUNCTION BPMS AND INVESTIGATION 

OF THEIR WATER SPLITTING PERFORMANCE  

 

2.1 Introduction  

 

In this chapter, new results with freestanding 3D junction bipolar membranes are 

presented, where a new and simpler membrane fabrication method is employed. In a prior 

publication by Shen et al,1 a trilayer BPM with a 3D junction was made by sequential 

electrospinning of all three layers, followed by solvent exposure and hot-pressing to close 

all interfiber voids. A schematic of the final membrane is shown in Figure 1.9. In this 

chapter, an identical membrane structure was created by electrospinning only the junction 

layer as an AEP/CEP dual fiber mat, followed by the attachment of pre-formed dense films 

of anion and cation exchange polymers and void volume closure in the junction layer (see 

Figure 2.1).  Additionally, the effects of ionomer type and ion-exchange capacity (IEC), 

the relative content of AEP and CEP in the junction layer, and the type and loading of 

catalyst in the junction are described. Current-voltage polarization data and the results of 

long-term constant current density water splitting experiments are shown. An analysis of 

membrane resistance is presented along with bipolar membrane performance and co-ion 

leakage in concentrated salt solutions. The results are used to contrast nanofiber junction 

BPMs with 2D junction films and a preferred 3D junction membrane 
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composition/morphology is identified. The work contained in this chapter comes from data 

appearing in a recently published paper: ñFreestanding bipolar membranes with an 

electrospun junction for high current density water splittingò authored by Powers et al.,2 

and new results collected as part of this dissertation project which support the general 

conclusions from that paper. 

 

 

Figure 2.1: Fabricating process of a trilayer 3D junction BPM (Reprinted (adapted) with 

permission from reference 2. Copyright 2022 American Chemical Society.). 

 

2.2 Experimental Materials and Methods  

 

2.2.1 Materials  

All materials to prepare QPPO and SPEEK were purchased from commercial vendors. 

Poly(ether ether ketone) (PEEK) was obtained from Evonik, and poly(2,6-dimethyl-1,4-

phenylene oxide) (PPO) was obtained as a dry powder from Sigma Aldrich. Reagent-grade 

concentrated sulfuric acid, chlorobenzene, bromine, dimethylacetamide (DMAc), 

dimethylformamide (DMF), dimethylsulfoxide (DMSO), methanol (MeOH), n-propanol 
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(n-prop), poly (4-vinylpyrrolidone) (PVP, MW = 1300000 g/mol), Poly(ethylene oxide) 

(PEO, Mw = 400000 g/mol),  4.2 M trimethylamine (TMA) in ethanol, and 6.0 M TMA in 

water were used as received from Sigma Aldrich. Sodium sulfate (Na2SO4) and Sodium 

nitrate (NaNO3) were purchased from Fisher Scientific. NafionÓ 211 membranes (1100 

EW perfluorosulfonic acid ionomer with an ion-exchange capacity of 0.91 mmol/g and a 

dry thickness of 25 ɛm) and Liquion LQ-1115 solution (dispersion containing 1100 EW 

perfluorosulfonic acid ionomer) were obtained from Chemours (Wilmington, DE). 

AemionÓ (Poly(benzimidazolium) with an ion-exchange capacity of 2.5 mmol/g) ionomer 

powder was obtained from Ionomr. Nano graphene oxide powder (with a platelet geometry 

having a lateral dimension in the range of 90 nm ï 200 nm and a thickness of ~ 1 nm) was 

purchased from Graphene Supermarket (Ronkonkoma, NY) and was suspended in water 

for spraying onto the junction layer as described below. A second type of graphene oxide 

was purchased as an aqueous suspension and used directly in the membrane fabrication 

process. The concentration of particles was 6.2 mg/mL, and the size of the platelet was 0.5 

ɛm ï 5 ɛm in lateral dimension with a thickness of ~ 1 nm. This aqueous dispersion was 

also purchased from Graphene Supermarket (Ronkonkoma, NY). In this chapter, the nano 

graphene oxide is denoted as nGO, and the graphene oxide particles in suspension are 

identified as GO. Al(OH)3 (50 nm), Al2O3 (20 nm), and Zr(OH)4 (40 nm) nanoparticles 

were purchased from US Research Nanomaterials Inc. (Huston, TX). Nano-diamond 

catalysts (30 nm) with different functional groups (raw, hydroxyl, carboxyl) were supplied 
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from Adamas Nanotechnologies (Raleigh, NC). FumasepÈ BPM (~200 ɛm) was received 

from Fumatech (Bietigheim-Bissingen, Germany). 

 

2.2.2 Preparation and structure of ionomers 

Sulfonated poly(ether ether ketone) (SPEEK) was prepared by sulfonating PEEK in 

concentrated sulfuric acid, as described in the literature.3,4 Dry PEEK and concentrated 

sulfuric acid were combined in a glass jar with a Teflon-lined cap. After initial agitation, 

the jar was rolled for up to 216 h (9 days) at room temperature. During this time, the 

solution became transparent and then reddish-brown in color. The sulfonation was 

terminated by slowly pouring the solution into 0 ÁC deionized water. The solid product 

precipitate was washed with DI water numerous times to remove trace amounts of acid and 

then dried at ambient conditions. 

Quaternized poly(phenylene oxide) (QPPO) was synthesized by bromination and 

subsequent amination of PPO, as described by Xu and coworkers.5 15 g of dry PPO were 

dissolved in 100 mL of chlorobenzene. The solution was heated to 165 ÁC under reflux, 

and upon boiling, a Br2/chlorobenzene solution (8.5 g Br2 mixed with 10 mL chlorobenzene) 

was added dropwise to the reaction vessel. The bromination reaction was allowed to 

proceed for 4.5 h in an argon atmosphere. After completion of the reaction, solid Br-PPO 

was collected by precipitating the polymer in methanol. The degree of bromination was 

determined by 1H NMR. Amination was performed by allowing 5 g of Br-PPO to soak for 

7 days in a mixture of 100 mL aqueous TMA and 100 mL TMA in ethanol with occasional 
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agitation. 

The structures of the as-prepared SPEEK and QPPO, as well as the commercially 

purchased Nafion and Aemion ionomers, are shown in Figure 2.2.  

 

 

Figure 2.2: Structures of (a) SPEEK, (b) Nafion, (c) QPPO, and (d) Aemion. 

 

2.2.3 Characterization of AEPs and CEPs 

In initial experiments, the ionic conductivity, gravimetric water uptake, and IEC of 
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solution-cast SPEEK and QPPO films were determined. The results are summarized in 

Table 2.1. The IEC of the Nafion and Aemion polymers were obtained from the vendors, 

and the conductivity and water uptake values were measured at Vanderbilt. The SPEEK 

and Nafion films were preconditioned by soaking for 12 h in a room temperature 1.0 M 

H2SO4 solution (to ensure that all sulfonate ion-exchange sites were in the H+ form), 

followed by thorough soaking in multiple aliquots of DI water. QPPO and Aemion films 

were soaked for 12 h in 0.1 M NaOH and then washed numerous times with DI water, 

followed by immersion in a closed container containing water that had been degassed with 

either N2 or Ar for 3 h to remove dissolved CO2 (these precautions were used to prevent 

carbonate anion formation in the membrane, where CO2 reacts with OH
- counterions). 

Ionic conductivity (H+ for CEP and OH- for AEP) of water-equilibrated films was 

determined by an AC impedance method. In-plane conductivity was measured after loading 

a membrane sample into a BekkTech 4-electrode test cell and then submerging the cell in 

DI water at room temperature (the conductivity of AEP films was measured in water that 

was degassed). A Nyquist plot was generated from which the membrane impedance was 

extracted. The ionic conductivity was determined using Eqn. 2.1,  

„ ὒ
ύὸὙ                                                                   (2.1) 

 

where ů (S/cm) is the ionic conductivity, L (cm) is the distance between the electrodes, w 

(cm) and t (cm) are the width and thickness of the membrane sample, and R (ɋ) is the 

measured membrane resistance (impedance) taken as the real axis value at the high-
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frequency intercept on the Nyquist plot. Figure 2.3 shows a typical Nyquist plot for the 

QPPO (1.7 IEC) conductivity test, where the measured membrane resistance was found to 

be around 35300 ɋ. 

 

 

Figure 2.3: A typical Nyquist plot for the resistance measurement of QPPO (1.7 IEC). 

 

Gravimetric water uptake was determined by measuring the mass of a membrane 

sample before and after equilibration in room-temperature DI water. Uptake was 

determined using the following equation, where mwet and mdry correspond to the wet and 

vacuum-dried mass of the membrane, respectively.  

 

                            ὟὴὸὥὯὩ Ϸ   ὼ ρππ                                   (2.2) 

 

The gravimetric concentration of fixed charge sites (the ion exchange capacity, 

abbreviated as IEC) of SPEEK was determined using an acid/base titration method. A 

proton-form SPEEK membrane sample of known dry mass was submerged in 2.0 M NaCl 

for 48 h, during which time protons in the membrane were exchanged for Na+ ions. The 
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soak solution was then titrated for H+ using a standardized 0.01 N NaOH. The membrane 

IEC (with units of mmol/g) was determined using the following equation, where V (with 

units of L) is the volume of titrant required to neutralize the soak solution, N (with units of 

mmol/L) is the normality of the titrant, and mdry (with units of g) is the dry mass of the 

membrane sample.  

 

ὍὉὅ                                                                             (2.3) 

 

The IEC for QPPO was determined via the Mohr titration method, as described in the 

literature.6 A dense QPPO film in the Cl- form was repeatedly equilibrated multiple times 

in 0.2 M NaNO3 to ensure that the entire sample was in the NO3
- counterion form. All of 

the soak solutions were combined and titrated for Cl- using 0.01 N AgNO3 with K2CrO4 as 

the endpoint indicator. IEC was calculated using Eqn. 2.3, where V (with units of L) is the 

volume of AgNO3 titrant, N (mmol/L) is the normality of the AgNO3 solution, and mdry (g) 

is the dry mass of the QPPO film. 

The volumetric concentration of fixed charges in SPEEK and QPPO (c, with units of 

mmol/cm3 of water in the polymer) was found by combining the IEC (mmol/g), gravimetric 

swelling data (g of water per g of dry membrane), and the density of bulk water ʍ , 

 

…
Ⱦ

                                   (2.4) 
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The degree of sulfonation (DS) and other key characteristics of three SPEEK 

polymers are reported in Table 2.1. As expected, a longer sulfonation reaction time led to 

a greater degree of sulfonation, a higher proton conductivity, and a greater water uptake. 

The DS values for the SPEEK polymers were calculated according to Equation 2.5, where 

MWPEEK and MWSPEEK represent the molecular weights of the PEEK (288 Da) and SPEEK 

(368 Da, monosulfonated) repeat unit, respectively (calculated from the chemical 

structures), and the IEC is that of the SPEEK polymer.7,8 

 

                              ὈὛ ρππ                                 (2.5) 

 

QPPO was prepared with an IEC ranging from 1.4 or 1.8 mmol/g, where a higher 

concentration of bromine during PPO bromination led to an increase in the IEC of QPPO. 

It was also determined that a 7-day exposure to TMA was sufficient to exhaustively aminate 

the brominated polymers. Characteristic properties of four QPPO batches are listed in Table 

2.1. An increase in IEC led to an increase in hydroxide ion conductivity and gravimetric 

water uptake. Although the 1.8 IEC exhibited a high water uptake of 70%, it was still a 

useful material for BPM fabrication because the volumetric concertation of fixed charge 

sites was high at 2.6 M, which would prevent significant co-ion leakage. For reference 

purposes, the measured properties of Nafion and Aemion films are also listed in Table 2.1. 
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Table 2.1: Properties of AEPs and CEPs. 

1In water at 25oC 
2Data adapted with permission from reference 2. Copyright 2022 American Chemical 

Society. 

 

2.2.4 Preparation of the electrospun bipolar junction layer 

Bipolar junctions were prepared by concurrently electrospinning AEP and CEP 

solutions onto a common collector while periodically spraying catalyst particles (either 

Al(OH)3, nano-diamond, or graphene oxide). The electrospinning apparatus is shown 

schematically in Figure 2.4 and consists of a rotating and laterally oscillating drum 

collector, two high-voltage power supplies, and two syringe pumps. The AEP and CEP 

electrospinning solutions were prepared separately by dissolving each polymer in 

dimethylacetamide (DMAc) organic solvent at room temperature with the addition of a 

 

IEC 

[mmol

/g] 

 

In-Plane 

Conductivity
1 [S/cm] 

Gravimetric 

Water 

Uptake at 

25oC [%] 

Volumetric 

Fixed Charge 

Concentration 

[c, mmol/cm3] 

SPEEK2  

Degree of 

Sulfonation 

(%) 

  
 

 

 1.6 53 0.04 22 7.3 

 1.9 65 0.07 25 7.6 

QPPO2  

Degree of 

Bromination 

[%] 

  
 

 

 1.4 25 0.02 47 3.0 

 1.8 36 0.04 70 2.6 

SPEEK 1.8  0.07 26 6.9 

QPPO 1.7  0.035 18 9.4 

QPPO 1.5  0.03 10 15 

Nafion 0.9  0.1 20 4.5 

Aemion 2.5  0.04 25 10 
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carrier polymer. The use of a carrier polymer has been shown to aid in the formation of 

electrospun proton-exchange polymer fibers.9 For example, a small amount of poly(vinyl 

pyrrolidone) (PVP) carrier was added to the SPEEK/DMAc mixture such that the final 

electrospinning solution had a 95:5 (wt:wt) ratio of SPEEK:PVP with an overall solids 

content of 20 wt.%. Similarly, PVP was added to a QPPO/DMAc electrospinning solution, 

where the final QPPO:PVP (wt:wt) ratio was 96:4 and the overall solids content was 25 

wt.%. Catalyst particles were periodically airbrush sprayed onto the SPEEK/QPPO fiber 

mat during dual fiber electrospinning using particle dispersions in water (10 wt.% for 

Al(OH)3, nano graphene oxide, and nano-diamond, 6.2 mg/mL for graphene oxide). The 

CEP/AEP fiber composition of the junction layer was controlled by adjusting the relative 

flow rates of the CEP and AEP solutions during electrospinning. The electrospinning 

parameters for one junction layer (1/2 CEP/AEP fiber weight ratio) are shown in Table 2.2 

(only the solution flow rates were changed when the relative amount of AEP and CEP fiber 

content was changed). 
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Figure 2.4: (a) Schematic and (b) Picture of the dual fiber electrospinning setup employed 

for the 3D bipolar junction mat fabrication (Reprinted (adapted) with permission from 

reference 2. Copyright 2022 American Chemical Society.). 

 

Table 2.2: Electrospinning parameters for BPM dual fiber junctions with different CEPs 

(SPEEK, Nafion) and AEPs (QPPO, Aemion). 

Parameter SPEEK QPPO Nafion Aemion 

Voltage [V] 16 16 8 16 

Flow Rate [mL/hr] 0.12 0.2 0.21 0.5 

Spinner-to-Collector 

Distance [cm] 
10.5 10.5 10.5 10.5 

Solution Concentration 

[wt.%] 
20 25 20 18.5 

Solvent DMAc DMAc 
2:1 n-

prop:H2O 

85:15 

DMF:MeOH 

Ionomer:Carrier ratio 95:5 96:4 99:1 9:1 

 

2.2.5 Preparation of dense CEP and AEP films 

Dense CEP and AEP films, to be used as the outer layers of a bipolar membrane, were 

fabricated by solution casting on a glass plate with a wet film applicator from BYK 

Instruments (USA). For CEP films, the SPEEK solution concentration was 10 wt.% in 

DMAc, and the Nafion solution concentration was 20 wt.% in 1:1 n-prop:DMSO (1:1 ratio 

by weight). Regarding the AEP films, the QPPO solution concentration was 15 wt.% in 

DMAc and the Aemion solution concentration was 10 wt.% in DMSO. The SPEEK, QPPO, 

and Aemion films were dried in a convection oven at 60oC overnight, peeled off the glass 

plate, and used without any additional processing. Nafion solution-cast films were first 

dried in an oven at 60oC overnight followed by an annealing process in a vacuum oven at 

140oC for 1 hour before peeling the films off the glass plate. The thickness of the dry films 
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was in the 15-30 ɛm range.  

 

2.2.6 Preparation of bipolar membranes 

Pre-formed solution-cast dense films of AEP and CEP were hot-pressed onto the 

opposing surfaces of a bipolar junction layer. Prior to hot-pressing, the CEP film and the 

junction layer were exposed to a solvent vapor of 1:1 weight ratio MeOH:DMAc for 15 

min at room temperature to soften the SPEEK polymer. At the same time, the dense AEP 

film was exposed to a 3:1 weight ratio MeOH:DMAc solvent vapor for 15 min at room 

temperature. After solvent exposure, the entire three-layer assembly (AEP film, dual fiber 

junction layer, and CEP film) was hot pressed for 30 min at 45,000 lbs and 285ÁF using a 

Carver press. During hot pressing, the solvent-swollen CEP fibers in the junction layer 

melted, flowed, and filled all voids between the AEP fibers and catalyst particles. The 

densified fiber junction and the outer/dense AEP and CEP films also bonded together. The 

resultant dense and translucent bipolar membrane was then submerged in 0.5 M Na2SO4 

for 1-3 hours prior to a water splitting experiment. All bipolar membranes reported in this 

chapter had a dry thickness in the 44-75 ɛm range. 

 

2.2.7 SEM imaging 

 Surface and cross-section imaging of electrospun mats and membrane samples was 

performed using a Merlin (Carl Zeiss) scanning electron microscope (SEM) with a Gemini 



пл 

 

II column. Prior to scanning, the samples were sputter-coated with a thin gold layer to 

prevent the charging of the specimens and to reduce thermal damage. 

 

2.2.8 Water splitting experiments 

Current density (i) vs. voltage (V) water splitting polarization experiments were 

carried out in a thermostated two-compartment glass H-cell equipped with Pt/Nb flat sheet 

working electrodes and Ag/AgCl reference electrodes mounted inside Luggin capillaries, 

as shown in Figure 2.5. A bipolar membrane (3.14 cm2 in area) separated two compartments 

filled with 60 ml of 0.5 M Na2SO4, where the cation-exchange side of the membrane 

contacted the cathode compartment solution and the anion-exchange side was in contact 

with the anode compartment solution. The use of reference electrodes allowed for the 

measurement of transmembrane voltage drop without needing to correct for voltages 

associated with the anode and cathode reactions and the IR drop in the anolyte and 

catholyte solutions between the working electrodes and the membrane surface. i-V data at 

room temperature (25 oC) and elevated temperature (50 oC) were collected under 

galvanostatic conditions, where the H-cell was partially immersed in a constant 

temperature water bath. For a given current the transmembrane voltage drop was recorded 

after ca. 1 min (when the voltage stabilized). The measured voltage was corrected for the 

small IR drop in the solution between the reference electrode Luggin probe tips and the 

membrane surface (a distance of ~0.01 cm on either side of the membrane), using Ohmôs 
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Law in solution (ȿὭȿ ‖ЎɮȾЎØ , where k is the solution conductivity, DF is voltage 

correction, and Dx is the total distance between the two reference electrodes and the 

membrane), and a conductivity of 0.065 S/cm for 0.5 M Na2SO4 (calculated from 

equivalent ionic conductances). H-cell water splitting experiments were also used to 

investigate co-ion leakage, which reflects the degree of BPM permselectivity. These 

experiments were carried out using high concertation solutions of Na2SO4 (0.5 M and 1.0 

M) and NaNO3 (1.0 M and 2.0 M). The first limiting current density in an i-V curve was 

identified (the current below the water splitting onset potential), which is a measure of 

cation and/or anion leakage.10  

 

 

Figure 2.5: Schematic of the H-cell used for BPM performance and durability testing 

(Reprinted (adapted) with permission from reference 2. Copyright 2022 American 

Chemical Society.). 

 

A bipolar membrane water splitting durability test was performed at 30 oC and a 
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constant current density of 800 mA/cm2 using the two-compartment H-cell with 0.5 M 

Na2SO4 solutions in the anode and cathode chambers. The cell was operated for 8-10 hours 

per day, with daily shutdowns overnight and daily replacements of the Na2SO4 electrolyte 

solutions. The transmembrane voltage drop was continuously monitored for 60 hours of 

current flow operation. i-V polarization data were collected before and after the durability 

test.  

Additional BPM water splitting durability tests at current density of 500 mA/cm2 were 

performed for the SPEEK/QPPO 3D BPMs and a commercial FumesepÓ BPM at room 

temperature. The durability of Nafion/Aemion 3D BPM at two different temperatures (25 

oC or 50 oC) was evaluated in the H-cell with a 0.5 M Na2SO4 solution.  

 

2.3 Results and Discussion  

 

2.3.1 Composition and characterization of 3D junction bipolar membranes 

A total of nineteen different 3D junction membranes were fabricated and evaluated 

with SPEEK (IEC of 1.6, 1.8, and 1.9 mmol/g), QPPO (IEC of 1.4, 1.7, and 1.8 mmol/g), 

Nafion (IEC of 0.9 mmol/g) and Aemion (IEC of 2.5 mmol/g). The composition, thickness, 

and type/amount of catalyst in the junction of the bipolar membranes are listed in Table 2.3. 

The IEC of CEP and AEP fibers in the junction was always the same as that in the outer 

dense layers. For membranes A-K, the total dry membrane thickness was in the 44-58 mm 
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range, with a junction layer between 10 and 15 mm thick. For membranes A-F, the IEC and 

ratio of anion and cation exchange ionomers in the 3D junction were varied. The catalyst 

type and areal loading were held constant (Al(OH)3 particles at 0.5 mg/cm
2), but the 

volumetric loading differed due to changes in the dual fiber junction layer thickness. For 

membranes G-J, the IEC of SPEEK and QPPO and the thickness of each layer of the 

trilayer BPM were held constant and the type and volumetric loading of the catalyst in the 

3D junction were varied. For comparison purposes, membrane K was a trilayer BPM with 

no catalyst in the 3D junction. Membranes L and M were prepared with different IECs of 

SPEEK and QPPO. Membranes N-P used different forms of nano-diamond as the junction 

layer catalyst. Membranes Q-S were fabricated using Nafion as the CEP and Aemion as 

the AEP, where the CEP/AEP ratios in the junction were varied. 

 

Table 2.3: Composition and thickness of SPEEK/QPPO BPMs in this study. 

BP

M 

CEP IEC 

[mmol/g]; 

Thickness 

AEP IEC 

[mmol/g]; 

Thickness 

CEP 

Content in 

the 

junction 

[wt.%] 

Final 

Membrane 

Thickness 

[ɛm] 

Catalyst Type; 

Areal Loading; 

Volumetric Loading 

A* 
SPEEK 1.6 

; 20 ɛm 

QPPO 1.4; 

20 ɛm 
30 51 

Al(OH)3;  

0.5 mg/cm2;  

0.45 g/cm3 

B* 
SPEEK 1.6 

; 20 ɛm  

QPPO 1.4; 

20 ɛm 
50 50 

Al(OH)3;  

0.5 mg/cm2;  

0.50 g/cm3 

C* 
SPEEK 1.6 

; 15 ɛm 

QPPO 1.4; 

15 ɛm 
70 44 

Al(OH)3; 

0.5 mg/cm2; 

0.36 g/cm3 
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D* 
SPEEK 1.9 

; 20 ɛm  

QPPO 1.8; 

20 ɛm 
30 50 

Al(OH)3;  

0.5 mg/cm2;  

0.50 g/cm3 

E* 
SPEEK 1.9 

; 15 ɛm 

QPPO 1.8; 

15 ɛm 
50 45 

Al(OH)3;  

0.5 mg/cm2;  

0.33 g/cm3 

F* 
SPEEK 1.9 

; 20 ɛm 

QPPO 1.8; 

20 ɛm 
70 53 

Al(OH)3;  

0.5 mg/cm2;  

0.38 g/cm3 

G* 
SPEEK 1.9 

; 20 ɛm 

QPPO 1.8; 

20 ɛm 
30 50 

nGO*; 0.1 mg/cm2;  

0.10 g/cm3 

H* 
SPEEK 1.9 

; 20 ɛm 

QPPO 1.8 

; 20 ɛm 
30 50 

Al(OH)3;  

1.0 mg/cm2;  

1.0 g/cm3 

I* 
SPEEK 1.9 

; 20 ɛm 

QPPO 1.8; 

20 ɛm 
30 50 

Zr(OH)4;  

1.0 mg/cm2;  

1.0 g/cm3 

J* 
SPEEK 1.9 

; 20 ɛm 

QPPO 1.8; 

20 ɛm 
30 50 

Al2O3; 1.0 mg/cm
2;  

1.0 g/cm3 

K* 
SPEEK 1.9 

; 20 ɛm 

QPPO 1.8; 

20 ɛm 
30 50 No Catalyst 

L 
SPEEK 1.8 

; 25 ɛm 

QPPO 1.7; 

22 ɛm 
33 62 

Al(OH)3;  

0.5 mg/cm2; 

 0.33 g/cm3 

M 
SPEEK 1.8 

; 21 ɛm 

QPPO 1.7; 

23 ɛm 
33 57 

GO; 0.1 mg/cm2; 

0.08 g/cm3 

N 
SPEEK 1.8 

; 23 ɛm 

QPPO 1.7; 

20 ɛm 
33 55 

-COOH form nano-

diamond; 0.1 

mg/cm2; 0.08 g/cm3 

O 
SPEEK 1.8 

; 23 ɛm 

QPPO 1.7; 

23 ɛm 
33 56 

raw nano-diamond; 

0.1 mg/cm2;  

0.1 g/cm3 

P 
SPEEK 1.8 

; 21 ɛm 

QPPO 1.7; 

20 ɛm 
33 66 

-OH form nano-

diamond; 0.1 

mg/cm2; 0.04 g/cm3 

Q 

Nafion 

0.91;  

23 ɛm 

Aemion 

2.5;  

22 ɛm 

33 61 
GO; 0.1 mg/cm2; 

0.06 g/cm3 

R 

Nafion 

0.91;  

26 ɛm 

Aemion 

2.5;  

21 ɛm 

50 65 
GO; 0.1 mg/cm2; 

0.06 g/cm3 

S 

Nafion 

0.91; 

19 ɛm 

Aemion 

2.5; 

23 ɛm 

67 62 
GO; 0.1 mg/cm2; 

0.05 g/cm3 
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*Data adapted with permission from reference 2. Copyright 2022 American Chemical 

Society. 

 

Figures 2.6(a-d) show top-down SEM images of a dual fiber junction mat with a single 

layer of sprayed catalyst; Al(OH)3 in Figures 2.6(a,b) and nGO in Figures 2.6(c,d). The 

QPPO and SPEEK fibers are indistinguishable, at both low and high magnification. For 

the fiber mats shown in Figure 2.6, the average diameter was estimated to be 550°50 nm. 

There is a significant aggregation of Al(OH)3 and nGO nanoparticles. The high aspect ratio 

graphene oxide domains appear to be smaller than the spherical aggregates of Al(OH)3  

(which are ~10 Õm in size). 
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Figure 2.6: Top-down SEM images of electrospun bipolar junction mats with: (a-b) 

Al(OH)3 nanoparticles, and (c-d) nGO particles. Significant aggregation of Al(OH)3 and 

nGO is evident. Magnification: 1,000X for (a) and (c); 3,000X for (b) and (d). (Reprinted 

(adapted) with permission from reference 2. Copyright 2022 American Chemical Society.) 

 

In Figure 2.7, SEM cross-section images of BPMs with Al(OH)3 and nGO-catalyzed 

junctions are shown. For both BPMs, the junction layer appears to be well adhered to the 

dense outer films. High magnification analysis of the junction regions (Figure 2.7b with 

Al(OH)3 and Figure 2.7d with nGO), confirms the earlier observation regarding Al(OH)3 

nanoparticle aggregation, and their high volume fraction in the junction. Due to their high 

aspect ratio, single-nm thickness, and alignment parallel to the membrane surface, the nGO 

particles and their aggregates could not be identified in the cross-section image shown in 

Figure 2.7d. 
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Figure 2.7: Cross-section SEM images of electrospun BPMs with: (a-b) Al(OH)3 

nanoparticles, and (c-d) nGO nanoparticles. Magnified sections of the respective junctions 

are shown in (b) and (d). Magnification:  4,000X (a); 10,000X for (b); 4,500X for (c); and 

30,000X for (d). (Reprinted (adapted) with permission from reference 2. Copyright 2022 

American Chemical Society.). 

 

Photographs of the raw dual fiber junction mat and the final trilayer membrane are 

shown in Figures 2.8a and 2.8b for membrane G in Table 2.3 (1.9 IEC SPEEK/1.8 IEC 

QPPO BPM with 0.1 mg/cm2 nGO in the junction). As can be seen, the fully processed 

membrane, while transparent, is somewhat discolored (dark brown) due to the presence of 

nGO particles. Additionally, Figure 2.8c shows photographs of the different layers and the 

final membrane for membrane L. The opaque characteristic of the 33:67 SPEEK:QPPO 

dual fiber mat is due to void space between electrospun fibers. These voids were removed 
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by exposing the dual fiber mat to solvent vapor, attaching the outer layers of neat SPEEK 

and QPPO, and then hot pressing all three layers into an integral, well-adhered BPM. After 

hot pressing, the trilayer BPM is transparent (lower right of Figure 2.8c), demonstrating 

that the membrane fabrication method effectively closes the voids or pores in the junction 

area. 

 

 

Figure 2.8: Photographs of: (a) Electrospun dual fiber junction layer with nGO-catalyst, 

(b) the final dense trilayer BPM with nGO, (c) solution cast SPEEK film (top left), solution 

cast QPPO film (top right), electrospun 33:67 SPEEK (1.8 IEC):QPPO (1.7 IEC) dual fiber 
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junction with Al(OH)3 catalyst (lower left), and trilayer 3D junction BPM with Al(OH)3 

(lower right). (Figures 2.8a and b are reprinted (adapted) with permission from reference 

2. Copyright 2022 American Chemical Society.) 

 

2.3.2 Effect of bipolar junction composition on BPM performance  

Galvanostatic current density vs. voltage water splitting data for bipolar membranes 

A-F (Table 2.3), when immersed in 0.5 M Na2SO4, are shown in Figures 2.9(a,b), along 

with a commercial FumasepÓ bipolar membrane from Fumatech and a bipolar membrane 

with a 3D junction made by sequential electrospinning of all three membrane layers (from 

reference 1). As can be seen, all of the 3D junction BPMs were able to achieve a water 

splitting current density of 1,000 mA/cm2 at a reasonably low transmembrane voltage drop 

that was similar to that from reference 1. It can be concluded that attaching dense pre-cast 

outside layers of AEP and CEP to a preformed dual fiber mat is a viable alternative 

membrane fabrication scheme to electrospinning the entire BPM. The lowest membrane 

voltage drop at 1,000 mA/cm2 (0.76 V) was achieved when the highest QPPO IEC (1.8 

mmol/g) ionomer was used in both the junction and outer dense AEP layer. Also, there was 

no correlation between the volumetric concentration of Al(OH)3 catalyst in the junction 

layer and the transmembrane voltage drop. The results in Figure 2.9 distinguish the high 

current density regime of 3D nanofiber junction BPMs from commercial membranes, like 

Fumasep, where the voltage drop increased significantly with a modest increase in current 

density. Such a large transmembrane voltage drop is unwanted and translates into high 

energy consumption for water splitting. 
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Figure 2.9: Current-Voltage curves for bipolar membranes with Al(OH)3 at a loading of 

0.5 mg/cm2, utilizing (a) SPEEK (IEC = 1.6 mmol/g) and QPPO (IEC = 1.4 mmol/g), and 

(b) SPEEK (IEC = 1.9 mmol/g) and QPPO (IEC = 1.8 mmol/g). A Fumasep BPM is 

included for comparison (Reprinted (adapted) with permission from reference 2. Copyright 

2022 American Chemical Society.). 

 

Membranes Q-S were made with Aemion and Nafion, two ionomers with enhanced 

chemically/thermally stability. The chemical structures of these two ionomers are shown 

in Figure 2.2. Three BPMs, with GO-catalyzed junctions and different Nafion/Aemion 

weight ratios (33:67, 50:50, and 67:33), were evaluated in water splitting experiments at 

25 oC and 50 oC. The resultant i-V curves are shown in Figure 2.10(a-c). For comparison, 

the behavior of a commercial Fumasep BPM at room temperature is also shown (in Figure 

2.10d). All three 3D junction BPMs show a sharp increase in current density at around 0.8 

V, which is consistent with the theoretical onset voltage of water splitting in a BPM. The 

nearly flat trend of current density below 0.8 V implies low co-ion leakage. It can be seen 

that a BPM with 33 wt.% AEP in the junction (Figure 2.10c) shows inferior performance 
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at both temperatures, with a voltage drop > 2 V at a current density of 1.0 A/cm2. The two 

other membranes, with 50 wt% and with 67 wt% of Aemion in the junction perform much 

better with voltage drops of 1.16 or 1.27 V at 25 oC and 1.08 or 1.13 V at 50 oC at 1.0 

A/cm2. It appears, that insufficient AEP loading in the junction leads to poor water splitting 

performance. This may be due to increased interfacial resistance between the dense Aemion 

outer layer and the junction AEM fibers (fewer contact points) and/or the relatively low 

OH- conductivity of Aemion, as compared to the H+ conductivity of Nafion (slow OH- 

migration in the Aemion fibers themselves). In Figures 2.10b and 2.10c, the 3D junction 

BPMs perform better (lower voltage drop for a given current density) when the temperature 

is increased from 25 oC to 50 oC. This is attributed to the combined effects of faster ion 

migration at the elevated temperature and faster catalytic water splitting at 50 oC.  

Furthermore, the 33:67 and 50:50 Nafion:Aemion BPMs show superior water splitting 

performance, as compared to a commercial 2D junction Fumasep BPM (Figure 2.10d).  
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Figure 2.10: (a-c) Current-voltage (i-V) curves for water splitting measurement of BPMs 

with different ratios of Nafion/Aemion in the interfacial layer: a) 33:67; b) 50:50; c) 67:33 

d) an i-V curve for the commercial Fumasep BPM at room temperature. 

 

3D junction BPMs were further characterized by examining more closely the onset 

potential for water splitting and the slope of the i-V curve during water splitting. Water 

dissociation occurs at the bipolar junction where CEP and AEP ionomers are in contact 

with one another and with a water splitting catalyst. When a BPM is operated in reverse 

bias mode at a low voltage, there is no ion transport (i.e., no current) because cations in the 

solution cannot pass through the AEP layer and anions cannot pass through the CEP layer, 

except for the possibility of small leakage currents due to defect pores or imperfect 

permselectivity of the ion-exchange layers. When the voltage is increased sufficiently, 

current flows because the initial equilibrium of water dissociation/association in the 

junction is shifted towards the production of protons and hydroxide ions, which become 
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the primary current carriers. During current flow, the potential difference (voltage) across 

a BPM is related to three major factors: (i) the pH difference at the junction, (ii) the water 

splitting activation overpotential, and (iii) the IR drop due to membrane resistance. The 

first contribution can be calculated based on the Nernst equation,11 which for a pH 

difference of 14 (a pH of 14 for the alkaline side and a pH of 0 for the acid side) gives 

0.828 V. The second contribution depends on the type of water splitting catalyst, where the 

activation overpotential is expected to be high for an uncatalyzed junction. The sum of 

these two voltage contributions gives the water splitting onset voltage (EOV), which was 

determined from an i-V polarization plot as the intersection of two straight lines that are 

tangents to the low and high current density regimes (see Figure 2.11). The ion transport 

resistance in a BPM during water splitting, RWS, was taken as the tangent to the i-V curve 

at a high current density (>100 mA/cm2). As can be seen by the results in Table 2.4, the 

values of EOV are low for 3D junction BPMs, indicating efficient generation of H+ and OH- 

in the junction layer. A high value of the water splitting potential, as per membrane C in 

Table 2.4, indicates a slow water splitting reaction (high activation overpotential). The 

values of RWS in Table 2.4 for the catalyzed 3D junction BPMs are comparable to those 

reported by McDonald and Freund for a 2D junction bipolar membrane composed of 

laminated Nafion and Neosepta AHA membranes with graphene oxide catalyst.12 The 

resistance of the Fumasep membrane was 3X greater than that of the best 3D junction BPM 

due to the overall greater thickness of this commercial film (~200 mm vs. ~50 mm for a 3D 
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junction BPM). The high value of RWS for membrane C in Table 2.4 was the result of using 

low IEC AEP and CEP ionomers. Also, as expected, the lowest values of both EOV and 

RWS were obtained with membranes D and E in Table 2.4, which were made with high IEC 

AEP and CEP polymers. 

 

 

Figure 2.11: Estimation of the water splitting onset voltage (denoted as Eov) as the 

intersection of the two dashed tangent lines at the low current and high current sections of 

an i-V curve (Reprinted (adapted) with permission from reference 2. Copyright 2022 

American Chemical Society.). 

 

Table 2.4: BPM water splitting parameters of merit (EOV and RWS). (Reprinted (adapted) 

with permission from reference 2. Copyright 2022 American Chemical Society.) 

 

 

 

 

 

 

Membrane EOV [V] RWS [ɋĀcm2] 

A 0.68 0.203 

B 0.78 0.458 

C 0.91 0.721 

D 0.75 0.153 

E 0.71 0.097 

F 0.72 0.245 

Fumasep BPM 0.83 0.68 
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2.3.3 Effect of catalyst type on BPM performance  

Numerous studies on bipolar membranes have reported on the importance of catalyst 

particles in the water splitting junction. Various mechanisms were proposed wherein 

functional groups on the catalyst surface accelerated water dissociation.13,14 Here, four 

different nanoparticle catalysts were evaluated in 3D junction BPMs: Al(OH)3, nano-

graphene oxide (nGO), Zr(OH)4, and Al2O3. The same ionomers (1.9 IEC SPEEK and 1.8 

IEC QPPO) were used for all membranes, where the SPEEK/QPPO weight ratio in the 

junction was fixed at 30/70. Each catalyst was deposited in the dual fiber junction layer in 

the same way (by airbrush spraying during dual fiber electrospinning) and at the same areal 

loading (1.0 mg/cm2), except nGO which was deposited at a loading of 0.1 mg/cm2. 

Current-voltage water splitting curves for these membranes in 0.5 M Na2SO4 are shown in 

Figure 2.12a, along with a reference plot for a 3D junction BPM with no catalyst. Values 

of EOV and RWS from the polarization curves in Figure 2.12a are listed in Table 2.5. 

It is clear from Figure 2.12a that catalyst is needed at the bipolar junction, but some 

particles work better than others. Even when the water splitting current is distributed over 

a very large AEP/CEP interpenetrating fiber network area, there is a large activation energy 

(voltage penalty) for generating acid and base in the absence of catalyst. Nano graphene 

oxide, which contains hydroxy and carboxy functional groups, worked well in 3D junction 

BPMs, as did Al(OH)3 with hydroxy functionalities, although Al(OH)3 is somewhat water 
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soluble (a solubility of 0.1 mg/100 mL in water)15, which may be a problem during long-

term membrane operation. Like Al(OH)3, Al2O3 is also amphoteric, but is insoluble in water. 

Its use might potentially improve the long-term stability of the membrane, as compared to 

Al(OH)3, but this catalyst did not work well, with a measured voltage drop > 2.0 V at 1,000 

mA/cm2 which was more than twice the voltage drop of an nGO-catalyzed membrane. The 

relatively high values of both EOV and RWS for Al2O3 (from Table 2.5) indicate moderate 

catalytic activity for water splitting while interfering to some extent with the ion transport. 

The use of Zr(OH)4 particles led to BPMs with low/desirable values of EOV and RWS 

(membrane I), but there was a higher-than-expected activation energy for current densities 

in the 10-170 mA/cm2 range, resulting in a high transmembrane voltage drop (1.8 V) at 

1,000 mA/cm2. These results are consistent with the water splitting mechanism suggested 

by Simons and others,14,16,17 involving proton transfer between an acid and its conjugate 

base on ionizable groups within an ion exchange membrane. The presence of edge 

carboxylate groups in graphene oxide likely led to its excellent performance as a water 

splitting catalyst.18 From the results in Figures 2.9 and 2.12 for membranes D-J (i.e., those 

membranes with 1.9 IEC SPEEK and 1.8 IEC QPPO), there was no correlation between 

the volumetric concentration of catalyst in the junction and the transmembrane voltage 

drop at high current densities (> 500 mA/cm2). The two best catalysts, nGO and Al(OH)3, 

differed in surface area-to-volume ratio (nGO with the larger ratio) and in their morphology 

in the junction, with small domains of nano graphene oxide and larger aggregates of 
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Al(OH)3 (see Figure 2.6). This might be the reason for a higher specific activity of nGO as 

it was necessary to use about 10 times more Al(OH)3 than nGO to achieve the same water 

splitting performance. Overall, from these studies, graphene oxide appears to be the best 

water splitting catalyst, with excellent activity, a low volumetric concentration in the 

junction, and no issue at the present time regarding long-term water solubility. 

A second series of 3D junction BPM experiments were carried out with SPEEK (IEC 

1.8), QPPO (IEC 1.7), and three different forms of nano-diamond (three nano-diamonds 

with different surface functional groups).  The resulting water splitting polarization curves 

are shown in Figure 2.12b. As can be seen, the nano-diamond catalysts did not work as 

well as Al(OH)3 or GO.   

 

 

Figure 2.12: Current-voltage curves of (a) SPEEK (1.9 IEC) and QPPO (1.8 IEC) BPMs 

containing different catalysts in the junction layer. (G) 0.1 g/cm3 nGO (Â); (H) 1.0 g/cm3 

Al(OH)3 ( )̧; (I) 1.0 g/cm3 Zr(OH)4 (ß);  (J) 1.0 g/cm3 Al2O3 (p); and (K) no catalyst 

(¹). (b) SPEEK (1.8 IEC) and QPPO (1.7 IEC) BPMs containing different catalysts in the 

junction layer. (L) 0.33 g/cm3 Al(OH)3 (Â); (M) 0.08 g/cm3 GO (̧ ); (N) 0.08 g/cm3 -

COOH form nano-diamond (ß);  (O) 0.1 g/cm3 raw nano-diamond (p); and (P) 0.04 g/cm3 

-OH form nano-diamond (¹). (Figure 2.12a is adapted with permission from reference 2. 

Copyright 2022 American Chemical Society.) 
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Table 2.5: Water splitting onset potential (EOV) and membrane resistance to ion transport 

for 3D junction BPMs with different catalysts (membranes G-K are identified in the caption 

for Figure 2.12a, reprinted (adapted) with permission from reference 2. Copyright 2022 

American Chemical Society.). 

 

2.3.4 Co-ion leakage in 3D junction BPMs  

In order to determine the effect of salt type and concentration on co-ion leakage during 

water splitting, limiting current H-cell experiments10 were performed with aqueous 0.5 M 

and 1.0 M Na2SO4 solutions and with 1.0 M and 2.0 M NaNO3 solutions (NaNO3 was used 

for higher salt concentration since it is more water-soluble than Na2SO4). The resultant i-

V curves are shown in Figures 2.13(a-d). Currents observed below the onset voltage for 

water splitting are due to co-ion crossover. While the crossover currents for both salts are 

very low, the co-ion leakage is smaller in Na2SO4 solutions, due to better rejection of 

divalent sulfate anions, as compared to monovalent nitrate anions (Figures 2.13b and 13d, 

with expanded current density axes, clearly show the difference in crossover between 

Na2SO4 and NaNO3). Based on these plots, co-ion crossover is < 0.25 mA/cm2 for Na2SO4 

and < 0.5 mA/cm2 for NaNO3. These current densities are quite small, indicating no pinhole 

defects in the 3D junction BPMs and adequate co-ion rejection by the high IEC CEP and 

Membrane EOV [V] RWS [ɋcm2] 

G 0.75 0.16 

H 0.80 0.30 

I 0.76 0.34 

J 0.90 1.38 

K (No catalyst) 1.82 1.21 
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AEP dense outer layers.  

 

 

Figure 2.13: Water splitting i-V polarization curves for different external salt solutions. 

The 3D junction BPM was composed of 1.8 IEC SPEEK/n-GO/1.7 IEC QPPO (58 ɛm total 

dry thickness). (a) and (c) show full polarization curves up to 1,100 mA/cm2; (b) and (d) 

are expanded views of the low current density portion of the polarization curves. (Reprinted 

(adapted) with permission from reference 2. Copyright 2022 American Chemical Society.) 

 

An additional experiment to measure co-ion leakage and pH change was performed 

in a four-compartment cell that was filled with 0.5 M Na2SO4 solution (Figure 2.14). This 

experiment was carried out with a 75 mm thick 3D junction BPM (a 17 Õm dry thickness 
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junction with 1.6 IEC SPEEK and 1.5 IEC QPPO nanofibers with 0.06 g/cm3 n-GO, a 31 

Õm outer layer of 1.6 IEC SPEEK, and a 27 Õm outer layer of 1.5 IEC QPPO). The 

measured initial and final values of Na+ and SO4
2- concentration, and pH in the acidic and 

the alkaline compartments (the two compartments that were separated by the BPM) are 

listed in Table 2.6. As can be seen, the solution pH in the acidic compartment decreased 

from 5.8 to 1.1 while that in the alkaline compartment increased from 5.8 to 13.3. These 

pH changes indicate effective water splitting by the BPM and are consistent with the 

anticipated H+ and OH- changes based on the applied current (1.4 A), time (10 min), and 

solution volume (15 ml for each compartment). The Na+ concentration in the acidic 

compartment and the SO4
2- concentration in the alkaline compartment remained constant 

(within the precision of the ICP analytic method), indicating: (i) there was no co-ion 

crossover through the BPM, (ii) the H+ and OH- concentrations near the anode and cathode 

were small as compared to 0.5 M Na2SO4, with no proton or hydroxide leakage into the 

acid and alkaline compartments, and (iii) the anion exchange and cation exchange 

membranes in the cell were perfectly permselective. Both (ii) and (iii) are reasonable, given 

the low charge passed in the short-time experiment and the high IEC of the anion and cation 

exchange membranes. Based on these results and those in Figure 2.13, it can be concluded 

that the 3D junction BPMs adequately block unwanted co-ion leakage during constant 

current water splitting operation, with a current efficiency for water splitting > 99% for 

current densities between 0.2 A/cm2 and 1.0 A/cm2.     
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Figure 2.14: Schematic diagram of the electrodialysis cell for the determination of co-ion 

leakage and pH changes through a 3D junction BPM during constant current water splitting 

(Reprinted (adapted) with permission from reference 2. Copyright 2022 American 

Chemical Society.). 

 

Table 2.6: The initial and final values of pH and sodium/sulfate ion concentrations in the 

acidic and alkaline compartments separated by a 3D junction BPM in a water splitting 

experiment (Reprinted (adapted) with permission from reference 2. Copyright 2022 

American Chemical Society.). 

 

2.3.5 Comparison with literature data and estimation of BPM ionic resistance 

The water splitting current-voltage performance of a number of representative BPMs 

in the literature is summarized in Table 2.7 and compared with the 3D junction BPM data  

 

Acidic Compartment 

(H2SO4 Generation) 
Alkaline Compartment 

(NaOH Generation) 

pH 
Na
+
 

Concentration 

(mol/L) 

pH 

SO4
2-
 

Concentration 

(mol/L) 

Initial 5.8 0.97 5.8 0.50 

After Water 

Splitting 

at 0.2 A/cm
2
 

for 10 min 

1.1 0.96 13.3 0.47 



сн 

 

Table 2.7: Summary of water splitting performance of BPMs in the literature. 

AEP CEP Catalyst Water Splitting 

Performance 
Reference 

QPPO SPEEK Graphene Oxide 
1.001 V @ 1000 

mA/cm2 

In this 

chapter 

Aemion Nafion Graphene Oxide 
1.161 V @ 1000 

mA/cm2 

In this 

chapter 

QPPO SPEEK Graphene oxide 

0.79 V @ 160 

mA/cm2, 0.824 V@ 

1300 mA/cm2 

2 

Neosepta 

AHA 
Nafion Graphene Oxide 

1.05 V @ 100 

mA/cm2 
12 

Quaternized 

polysulfone 

Sulfonated 

polysulfone 

Phosphorylated 

graphene 

oxide/quaternized 

graphene oxide 

6 V @ 60 mA/cm2 19 

Modified 

chitosan 

Sodium 

Alginate 

CuTsPc (copper 

phthalocyanine 

tetrasulfonic acid) 

5.6 V @ 120 

mA/cm2 
20 

Quaternized 

chitosan 

N-methylene 

phosphonic 

chitosan 

PEG 

(Polyethylene 

glycol) 

5 V @ 55 mA/cm2 21 

Aminated 

polystyrene 

Sulfonated 

poly(ether 

sulfone) 

SiOH (Silicon 

alkoxide) 

11 V @ 120 

mA/cm2 
22 

Quaternized 

PPO 

Sulfonated 

PPO 
Fe-MIL-101-NH2 

4.5 V @ 120 

mA/cm2 
23 

Quaternized 

polysulfone 

Sulfonated 

polysulfone 
LYS (Lysozyme) 5 V @ 65 mA/cm2 24 

PECH 

(polyepichlor

ohydrin)/PV

DF 

(polyvinylide

ne fluoride) 

SPES 

(sulfonated 

polyethersulf

one) 

MoS2 
4.2 V @ 58 

mA/cm2 
25 

Commercial 

membrane 

Commercial 

membrane 

Fe complex 

(K4[Fe(CN)6] + 

FeCl3) 

12 V @ 108.9 

mA/cm2 
26 

QPPO HPAN 

Fe (III) @ PEI 

(polyethylenimine

) 

1.88 V @ 320 

mA/cm2 
27 
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in this chapter. All of the BPMs from published papers exhibit a high transmembrane 

voltage drop at low current densities. The low operating voltage of the 3D junction 

membranes in the present study (< 1.0 V at 1,000 mA/cm2) is in stark contrast to the 

literature data. Such a low voltage drop is not unreasonable, given the conductivity of the 

SPEEK and QPPO ionomers, the amount of each ionomer, and the overall thickness of the 

membrane. A simple membrane resistance analysis was used to verify this point, where the 

overall areal resistance of a 3D junction BPM (R, with units of ohm-cm2) was calculated 

as the sum of the resistances of the AEP, CEP, and junction layers, 

 

Ὑ
Ў

  
Ὑ

Ў
                                       (2.6) 

 

The areal resistance of the electrospun, uncatalyzed 3D dual fiber junction (RJ) was 

modeled as a parallel array of AEP and CEP fibers (a tortuosity of 1.0 for H+ and OH- 

pathways),  

 

   =  +                                      (2.7) 

 

where, RCEF and RAEF are the areal resistances of the cation exchange and anion exchange 

polymer fibers in the junction, respectively, and q is the volume fraction of cation exchange 

fibers in the junction. RJo in Equation 2.7 was further modified to take into account ion-

impermeable catalyst particles in the junction that will increase the junction resistance by: 
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(1) reducing the ion conducting cross-section area of the junction, and (2) creating a more 

tortuous pathway for ion migration. Based on the Maxwell equation,27 the resistances in 

the presence and absence of particles (RJ and RJo) in a polymer/particle composite material 

(junction layer) are related to one another by,  

 

  = 1 + 
  

                                    (2.8) 

 

where ű is the volume fraction of particles and Ŭ is the particle aspect ratio.  

In the present analysis, the calculated values of RBPM from Equations 2.6-2.8 and the 

conductivity and layer thickness data in Tables 2.2 and 2.3 were matched to the Rws data in 

Table 2.4, using the aspect ratio for Al(OH)3 particles as an adjustable parameter. For 

Equation 2.7, the weight fractions of AEP and CEP fibers in the junction from Table 2.3 

were converted to volume fractions, assuming equal polymer densities for SPEEK and 

QPPO. For Equation 2.8, the areal loading of Al(OH)3 particles in the junction (0.5 mg/cm
2) 

was converted to particle volume fraction using a particle density of 2.5 g/cm3 and the 

junction thickness data in Table 2.3. 

As shown in Table 2.8, the calculated areal resistances of BPMs with an uncatalyzed 

junction are far below the experimentally measured resistances. When the resistance of 

Al(OH)3 particles in the junction layer was added to the analysis, using the particle aspect 

ratio as an adjustable parameter, a near-exact match of the calculated and experimental 

membrane areal resistance was achieved. The best-fit (optimized) values of aspect ratio (Ŭ) 
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are listed in Table 2.8. The Al(OH)3 catalyst particles are known to be spherical in shape, 

with a diameter of ~50 nm, so the high aspect ratios in Table 2.8 indicate the clustering of 

these particles in the junction, which is qualitatively observed in the SEMs of a dual fiber 

junction (see Figures 2.6 and 2.7). Smaller aspect ratios would have been obtained if the 

RAEF and RECF in Eqn. 2.7 accounted for the tortuosity of ion transport pathways in the 

junction layer. It should also be noted that the conductivities used in Eqn. 2.6 were 

measured for membranes immersed in water and not in a 0.5 M Na2SO4 solution, but the 

difference in k should be small due to the very high IEC of both the SPEEK and QPPO 

relative to the electrolyte concentration, with good co-ion/salt exclusion (if co-ion sorption 

were significant, the theoretical model calculations for resistance would be greater than 

those measured experimentally, which is not the case).  

 

Table 2.8: Calculated areal resistance of BPMs in the absence of Al(OH)3 particles and 

experimentally measured resistances, for membranes A-F from Table 2.3 (Reprinted 

(adapted) with permission from reference 2. Copyright 2022 American Chemical Society.). 

BPMs 

Calculated resistance of BPMs 

with uncatalyzed junction 

(ɋ-cm2) 

Experimentally 

measured resistance1 

(ɋ-cm2)1 

Particle 

aspect 

ratio (Ŭ)2 

A 0.192 0.203 2.57 

B 0.183 0.468 13.14 

C 0.154 0.721 24.63 

D 0.099 0.153 7.28 

E 0.086 0.097 4.51 

F 0.100 0.245 16.04 
1 From Table 2.4 
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2.3.6 BPM durability testing  

BPM durability (the stability of the measured transmembrane voltage during BPM 

operation over an extended time) was determined by a galvanostatic constant current water 

splitting experiment at 30 oC. A 1.9 IEC SPEEK/1.8 IEC QPPO BPM with a 0.1 mg/cm2 

nGO catalyzed junction was selected for this test (same membrane as shown in Figure 2.8b). 

The results of this experiment are shown in Figure 2.15a where the normalized 

transmembrane voltage drop (V/V0, where V0 is the initial voltage drop) is plotted versus 

time. The data were smoothed using Matlabôs moving average function in order to 

minimize fluctuations in the voltage measurements caused by gas bubbles evolving from 

the electrodes. As can be seen, the 3D junction BPM exhibited stable performance during 

this long-time test (an increase in voltage of < 5%, which is within the experimental 

accuracy of the measurement equipment). Upon removal of the electrolyte-swollen 

membrane from the H-cell, there was no apparent physical damage and no evidence of 

delamination. Additionally, i-V water splitting curves were recorded at the beginning and 

the end of the test. As shown in Figure 2.15b, the plots overlap, with no change in either 

EOV or RWS. 
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Figure 2.15: Results of a long-time constant current water splitting experiment at 800 

mA/cm2 and 30 oC. (a) Normalized membranes voltage drop vs. time and (b) i-V 

polarization curves at 0 h and 60 h. The BPM was composed of 1.9 IEC SPEEK and 1.8 

IEC QPPO with nGO catalyst in the junction layer (60 mm total dry membrane thickness). 

(Reprinted (adapted) with permission from reference 2. Copyright 2022 American 

Chemical Society.) 

 

An additional durability test of the graphene oxide (GO) catalyzed SPEEK/QPPO 

BPM at room temperature was performed. Experiments were carried out with a flow-

through cell (PCCell GmbH, Heusweiler, Germany) equipped with Pt alloy working 

electrodes and Ag/AgCl reference electrodes. Water splitting was examined at a current 

density of 0.5 A/cm2, with a 0.5 M Na2SO4 solution as the anode and cathode compartment 

electrolyte. Acid and base generated in the cell were mixed and neutralized in an external 

circulation loop so the membrane always was in contact with a neutral 0.5 M Na2SO4 

solution. The active membrane area was 1 cm2. For this experiment, a 72 ɛm thickness 3D 

junction BPM was fabricated using QPPO (IEC of 1.7 mmol/g) as the AEP and SPEEK 
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(IEC of 1.8 mmol/g) as the CEP. Graphene oxide was used as the 3D junction catalyst at a 

loading of 0.1 mg/cm2. The change in membrane voltage drop over time during this 

constant current experiment is shown in Figure 2.16. The initial voltage drop for the 

SPEEK/GO/QPPO BPM was 1.7 V (V/V0=1), which was slightly higher than that recorded 

in an H-cell during the acquisition of an i-V curve. This increase was associated with the 

IR drop in the solution between the tips of the reference electrodes and the membrane 

surfaces, as the reference electrodes in the flow cell did not closely contact with the 

membrane. 

 

 

Figure 2.16: Constant current density test at 0.5 A/cm2 of a 3D junction SPEEK/QPPO 

BPM with 0.1 mg/cm2 GO catalyst. 

 

The long-term constant current operational stability of a 50:50 Nafion:Aemion BPM 

was evaluated and compared to a Fumasep BPM. Figure 2.17a shows the transmembrane 
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voltage drop of the 3D junction BPM and the Fumasep BPM over 20 hours at a current 

density of 0.5 A/cm2 and a temperature of 25 oC. Over time, there was essentially no change 

in the trans-membrane voltage drop for the Nafion/Aemion film, whereas the voltage drop 

increased by 60% for the Fumasep membrane. The sudden (but small) increase in voltage 

for both curves at around 12-13 h was due to the shutdown and restart of the test cell. The 

failure of 2D junction Fumasep was attributed to poorer adhesion of the AEM and CEM 

films at the planar interface, which is probably coupled to an imbalance in the water 

swelling/shrinking properties of the AEP and CEP films, i.e., as water is consumed at the 

junction during water splitting, the AEM and CEM layers swell differently creating 

tangential/lateral stresses at the interface. The durability test with the Nafion/Aemion 3D 

junction BPM was repeated at 50 ÁC. The results in Figure 2.17b show stable membrane 

performance. 

 

 

Figure 2.17: (a) Durability test of BPM with 50:50 Nafion:Aemion and commercial 

Fumasep BPM at room temperature with a current density of 0.5 A/cm2 for 20 hours, (b) 

Durability test of the BPM with 50:50 Nafion:Aemion at 50 °C with a current density of 

0.5 A/cm2 for 10 hours. 
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2.4 Conclusion  

 

Bipolar membranes with a nanofiber-based 3D junction were fabricated and evaluated. 

A new and simpler method of preparing the membranes (compared to that reported earlier1) 

was developed, where electrospinning was only used to make the dual fiber bipolar 

junction layer. Pre-cast dense outer films of anion and cation exchange polymers were hot-

pressed to the junction layer to complete the BPM fabrication process. Membranes were 

prepared with quaternized poly(phenylene oxide) (QPPO) and commercial Aemion as the 

anion exchange polymers and sulfonated poly(ether ether ketone) (SPEEK) and 

commercial Nafion as the cation exchange polymers, with different IECs, junction 

compositions, and various junction layer catalysts.  

The 3D junction membranes were able to split water at very high rates (up to 1,000 

mA/cm2) and at a low transmembrane voltage drop (approximately 0.8 ï 1.0 V). Nano 

graphene oxide (nGO) and graphene oxide (GO) at a very low loading (0.1 mg/cm2) 

worked best as the water splitting catalysts in the junction layer. SPEEK (1.9 IEC)/QPPO 

(1.8 IEC) 3D junction membranes exhibited excellent stability during a 60-hour water 

splitting experiment at a constant current density of 800 mA/cm2, with essentially no 

change in transmembrane voltage drop over time and no visual indication of membrane 

degradation/delamination. A Nafion/Aemion 3D BPM with GO catalyst showed better 

water splitting durability at room temperature when compared with a commercial Fumasep 

BPM in a constant current density test at 500 mA/cm2. Additionally, a 10-hour durability 
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test at 500 mA/cm2 was performed at 50 oC to show stable water splitting performance of 

the Nafion/Aemion 3D BPM at an elevated temperature. Co-ion leakage in the 3D junction 

BPMs was low with crossover current densities of no more than 0.5 mA/cm2 for external 

salt solutions up to 2.0 M.  

The low operating voltage of the 3D junction BPMs was associated with efficient 

water splitting in the junction layer (a low onset potential for water splitting) due to a high 

interfacial area junction, the presence of a water splitting catalyst, and the use of thin outer 

layer membranes composed of high IEC ionomers. The excellent high current density 

durability of the BPMs was due to the interpenetrating and interlocking polymer fiber 

morphology of the 3D junction and good adherence of the dense AEP and CEP outer films 

to the junction layer. Based on the observed performance metrics, 3D junction bipolar 

membranes show great promise for use in electrochemical separations, electrolysis cells, 

and in energy conversion/storage applications. 
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CHAPTER III  

REVERSE AND FORWARD BIAS MODES OF TRILAYER 3D JUNCTION 

BPMS  

 

3.1 Introduction  

 

Recently, hydrogen/air fuel cells and redox flow batteries have received increased 

attention due to the global interest in renewable energy and climate change. Such energy 

conversion and storage devices could benefit from the use of a bipolar membrane that 

operates in forward bias (water generation) and reverse bias (water splitting) modes (see 

Figure 1.1 for the schematics of forward and reverse bias).1-5 However, the operation of a 

bipolar membrane for water generation has not been widely reported, and commercial 

BPMs are unable to operate in water generation mode owing to slow water diffusion out 

of the bipolar junction, resulting in an increase in internal water pressure and membrane 

delamination. E. Al-Dhubhani et al.6 investigated the behavior of five commercial BPMs 

during forward and reverse bias modes. Regarding the reverse bias tests in 0.5 M NaCl, at 

a current density of 30 mA/cm2, three of the commercial BPMs showed relatively low 

voltage drops of 1.44 V, 1.12 V, and 0.96 V (for the Weifang, Yichen, and Fumasep, 

respectively), while the other two membranes showed voltage drops of ~30 V and 3.04 V 

(BMI 9000 and Ralex). In comparison, for the forward bias tests in 1.0 M HCl and 1.0 M 

NaOH, three of the commercial BPMs showed a similar voltage drop (0.2-0.4 V) at a 
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current density of 20 mA/cm2, but the voltage drop increased significantly (>1.0 V) when 

the current density was increased to 50-60 mA/cm2. The Fumasep membrane exhibited 

better water generation performance when compared to the Yichen BPM (0.06 V vs. 0.17 

V at 20 mA/cm2 and 0.26 V vs. 0.45 V at 60 mA/cm2). From this study, it can be concluded 

that the Fumasep BPM showed the best water splitting and water generation performance 

among the five commercial BPMs. However, it should be noted that the current densities 

in this study were low, especially for the water generation mode tests.  

Shen et al,7 showed that a BPM with a dual fiber 3D junction could operate in water 

splitting mode at current densities up to 1,000 mA/cm2 (see Chapter II) and in water 

generation mode at a current density test of 100 mA/cm2 (there was no change in membrane 

voltage drop during a 30 minutes constant current density experiment).  

In this chapter, the results of an in-depth study of dual fiber 3D junction BPMs were 

presented, in order to better understand how such a BPM works in reverse and forward 

bias/polarization modes. Trilayer 3D junction bipolar membranes were fabricated and 

tested using the experimental methods described in Chapter II, with SPEEK or Nafion as 

the CEP and QPPO or TP85 (from Versogen, Inc.) as the AEP. Nafion and TP85 have better 

chemical stability, than SPEEK and QPPO, and might be better suited for use in a fuel cell 

or redox flow battery (which operates at high temperatures and in high-concentrated acidic 

and alkaline environments). The presence and absence of catalyst particles in the junction 

layer were also examined. In reverse bias (water splitting) mode, it was shown in Chapter 
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II that a catalyst such as nGO or Al(OH)3 is required (see Figure 2.12). This is expected 

since water spitting into H+ and OH- is not a spontaneous reaction. Water generation from 

H+ and OH-, however, is a spontaneous process, so the present study sought to determine 

if a catalyst was beneficial for BPM operation in forward bias mode. The ultimate goal of 

the work in this chapter was to find a 3D junction BPM that worked equally well in forward 

and reverse bias modes. The results in this chapter were used to contrast trilayer 3D 

junction BPMs with a commercial 2D junction bipolar membrane and to identify a 

preferred 3D junction membrane composition/morphology for both forward and reverse 

bias modes. 

 

3.2 Experimental Materials and Methods  

 

3.2.1 Materials  

NafionÓ 211 membrane (1100 EW perfluorosulfonic acid ionomer with an ion-

exchange capacity of 0.91 mmol/g and a dry thickness of 25 ɛm) and LiquionÓ LQ-1115 

solution (dispersion containing 1100 EW perfluorosulfonic acid ionomer) were obtained 

from Chemours (Wilmington, DE). PiperIONÈ TP85 membrane and ionomer powder 

(Poly(aryl piperidinium) with an ion-exchange capacity of 2.4 mmol/g and a dry thickness 

of 15 ɛm) and TP100 ionomer powder (Poly(aryl piperidinium) with an ion-exchange 

capacity of 2.8 mmol/g)8 were purchased from Versogen (Wilmington, DE). XionÓ PEM-
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Aquivion-830-05 cation exchange membranes (made with 830 AquivionÈ ionomer, an 830 

EW perfluorosulfonic acid ionomer and ePTFE reinforced material, with a dry thickness 

of 5 ɛm), and PentionÓ AEM-72-05 anion-exchange membrane (composed of 

poly(norbornene) and ePTFE reinforced material, with a dry thickness of 8 ɛm) were 

purchased from Xergy, Inc. (Harrington, DE). Ethanol was obtained from Decon 

Laboratories Inc. (King of Prussia, PA). 1-Methyl-2-pyrrolidinone (NMP) was obtained 

from TCI America (Portland, OR). Isopropanol (IPA) and Poly (ethylene oxide) (PEO, MW 

= 400 kDa) were purchased from Sigma Aldrich (St. Louis, MO). N-propanol, methanol, 

N-Dimethylacetamide (DMAc), and poly (4-vinylpyrrolidone) (PVP, MW = 1,300 kDa) 

were obtained from Fisher Scientific (Waltham, MA). Graphene oxide (GO) catalyst 

powder as an aqueous suspension (6.2 mg/mL, where the flake size is in the 0.5-5 ɛm range 

with a flake thickness of ~1 nm) was purchased from Graphene Supermarket (Ronkonkoma, 

NY). FumasepÈ BPM (~200 ɛm) was received from Fumatech (Bietigheim-Bissingen, 

Germany). 

 

3.2.2 Fabrication of dual fiber electrospun junction layer 

The junction layer for BPMs was prepared by a dual fiber electrospinning method. 

Some fiber junctions were prepared with SPEEK and QPPO, as described previously in 

section 2.2.4. Other junctions were made using Nafion and TP85 as the CEP and AEP. For 

the latter, a Nafion electrospinning solution was prepared by dispersing Nafion powder 

(obtained from drying the Liquion solution) in an n-propanol and water mixture at a weight 



ту 

 

ratio of 2:1. Then, a small amount of PEO powder was added to the solution. The total solid 

content of the electrospinning solution was kept at 20 wt%, with a 99:1 (wt:wt) ratio of 

Nafion:PEO. Similarly, a TP85 electrospinning solution was prepared by dissolving the 

TP85 ionomer in a mixed solvent with a 1.5:1.5:1 weight ratio of NMP:MeOH:EtOH. After 

fully dissolved, PVP powder was added into the solution, where the weight ratio of 

TP85:PVP was fixed as 9:1. The total solids (polymer) content was 12.7 wt%. The 

electrospinning parameters for the Nafion/TP85 dual fiber junction are shown in Table 3.1, 

where the ratio of Nafion/TP85 in the junction was fixed at 1:1. Typical catalyst loading 

was 0.1 mg/cm2 GO in the junction layer. For some BPMs, the dual fiber junction layer 

was prepared with no GO powder.   

 

Table 3.1: Electrospinning parameters for BPM dual fiber junctions with Nafion and TP85. 

Parameter Nafion TP85 

Voltage [V] 8 14 

Flow Rate [mL/hr] 0.15 0.32 

Spinner-to-Collector Distance [cm] 10.5 10.5 

Solution Concentration [wt.%] 20 12.7 

Solvent 2:1 n-prop:H2O 
1.5:1.5:1 

NMP:MeOH:EtOH 

Ionomer:Carrier ratio 99:1 9:1 

 

3.2.3 Fabrication of AEP and CEP outer layers 

SPEEK and QPPO polymers were synthesized at Vanderbilt and dense films of these 

two ionomers were made by solution casting, as described in Chapter II. Nafion 211, TP85 

membranes, Xion PEM-Aquivion-830-05 membranes, and Pention AEM-72-05 
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membranes were commercially purchased and used without any pretreatment. In addition 

to the commercial dense polymer membranes, dense Nafion and TP85 films with reduced 

thickness (listed in Table 3.2) were prepared by electrospinning single polymer fibers 

followed by solvent vapor exposure and hot pressing, in order to adjust the final film 

thickness. Specifically, an electrospun TP85 fiber mat was exposed to vapors from a 1:1 

weight ratio of MeOH:DMAc liquid mixture for 5 min, and then the mat was hot pressed 

at 285 ÁF, 45,000 lbs for 30 min using a Carver press (Hydraulic Unit Model #3925), a 9 

ɛm thick TP85 film was obtained. Similarly, a dense 8 ɛm thick Nafion film was obtained 

from an electrospun Nafion fiber mat by hot pressing at 285 ÁF, 45,000 lbs for 30 min using 

a Carver press followed by thermal annealing at 140 ÁC for 1 hour.   

 

3.2.4 Preparation of trilayer 3D junction BPMs 

The preparation of trilayer 3D junction BPMs followed the same procedure as that 

described in Chapter II. As shown in Figure 2.1, the electrospun dual fiber junction layer 

was hot-pressed with AEP and CEP films to obtain the final trilayer BPM. Regarding the 

outer layers, both commercial films and in-house made membranes were utilized. Six 

different BPMs were prepared, as listed in Table 3.2.  

For membrane A in Table 3.2, the fabrication process is the same as membrane L in 

Chapter II. For membranes B-E in Table 3.2, the following procedure was used: a 

commercial or self-made cation exchange membrane (Nafion), a commercial or self-made 

anion exchange membrane (TP85), and a 1/1 TP85/Nafion dual fiber junction mat (with 
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0.1 mg/cm2 GO or in the absence of catalyst) were exposed to vapors from a 1:1 

MeOH:DMAc (weight ratio) liquid solution for 5 min. The three films were then stacked 

together and hot pressed at 285 ÁF, and 45,000 lbs for 30 min using a Carver press. As for 

membrane F in Table 3.2, a commercial anion exchange membrane (Pention AEM-72-05 

film purchased from Xergy, Inc.) was exposed to vapors from a 3:1 MeOH:DMAc (weight 

ratio) solution for 15 minutes. A reinforced Aquivion cation exchange membrane (Xion 

PEM-Aquivion-830-05 film) and an uncatalyzed electrospun 1/1 TP85/Nafion mat were 

exposed to vapors from a 1:1 weight ratio MeOH:DMAc solution for 15 minutes. The three 

films were then stacked together and hot pressed at 285 ÁF, 45,000 lbs for 30 min using a 

Carver press. As shown in Table 3.2, the thickness of the BPMs is in the range of 18-68 

ɛm. 

 

Table 3.2: Composition and thickness of BPMs in this study. 

BPM 

CEM IEC 

[mmol/g]; 

Thickness 

AEM IEC 

[mmol/g]; 

Thickness 

CEP 

Content 

in the 

Junction 

[wt.%] 

Final BPM 

Thickness 

[ɛm] 

Catalyst Type; 

Areal 

Loading; 

Volumetric 

Loading 

A# 

Solution- cast 

SPEEK  

1.8 IEC;  

20 ɛm 

Solution-cast 

QPPO  

1.7 IEC;  

21 ɛm 

33 68 

Al(OH)3; 

 0.5 mg/cm2; 

0.19 g/cm3 

B 

Commercial 

Nafion 211 

0.91 IEC;  

25 ɛm 

Commercial 

TP85  

2.4 IEC;  

15 ɛm 

50 45 

GO;  

0.1 mg/cm2; 

0.20 g/cm3 

C 

Commercial 

Nafion 211 

0.91 IEC;  

25 ɛm 

Commercial 

TP85  

2.4 IEC;  

15 ɛm 

50 45 No catalyst 
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#Membrane A was prepared following the procedure in Chapter II 
*Self-made Nafion and TP85 films as described in section 3.2.3 

 

3.2.5 Water splitting and water generation tests 

A typical water splitting experiment was performed in a two-compartment glass H-

cell as shown in Chapter I, Figure 1.10a. A BPM (area of 3.14 cm2) was placed between 

the anode and cathode chambers. The anion exchange polymer outer layer was in contact 

with the compartment filled with 1.0 M NaOH solution, while the cation exchange polymer 

outer layer was in contact with a 1.0 M H2SO4 solution. Luggin capillaries in each 

compartment, equipped with Ag/AgCl reference electrodes, were positioned next to the 

membrane surface to measure the transmembrane voltage drop. The flat sheet working 

electrodes were made from a Pt alloy and were connected to a DC power supply, which 

served as a controlled current source. Galvanostatic polarization data were collected, where 

the current was varied and the resultant difference in voltage across the membrane, was 

measured by the two reference electrodes. To obtain a current density-voltage (i-V) 

polarization curve, the recorded current density was plotted versus the measured voltage 

D 

Self-made 

Nafion*  

0.91 IEC;  

8 ɛm 

Self-made 

TP85*  

2.4 IEC; 

 9 ɛm 

50 22 

GO;  

0.1 mg/cm2; 

0.20 g/cm3 

E 

Self-made 

Nafion*  

0.91 IEC; 

 8 ɛm 

Self-made 

TP85*  

2.4 IEC; 

 9 ɛm 

50 22 No catalyst 

F 

Commerical 

Xion PEM-

Aquivion-

830-05;  

5 ɛm 

Commercial 

Pention AEM-

72-05;  

8 ɛm 

50 18 No catalyst 
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drop across the BPM (denoted as æV (measured)). Regarding the curve for the constant 

water generation test, the æV was identified as the absolute value of the open circuit voltage 

drop across the membrane subtracted from the voltage drop at a given current density, thus 

æV = |æV (measured) - VOCV|. When the BPM separated solutions of the same electrolyte 

(0.5 M Na2SO4, for example), the open circuit voltage (VOCV) was 0.0 V. When the BPM 

separated an acid and a base solution, the open circuit voltage was not zero, for example, 

in 1.0 M H2SO4 and 1.0 M NaOH, the open circuit voltage was 0.79 V. Current density was 

calculated from the applied current and the area of exposed membrane. The H-cell was 

immersed in a 25 oC constant temperature water bath. Experiments were performed in 

forward bias mode and reverse bias mode by simply switching the polarity of the two 

working electrodes, as shown in Figure 3.1. 

 

 

Figure 3.1: Schematics of (a) water splitting and (b) water generation in an H-cell. 

 

3.3 Results and Discussion  
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3.3.1 SPEEK/QPPO trilayer 3D junction BPM 

An Al(OH)3-catalyzed SPEEK/QPPO trilayer 3D junction BPM was fabricated using 

the method described in Chapter II. This membrane is identified as BPM A in Table 3.2. 

Two representative current density-voltage (i-V) polarization curves for BPM A are shown 

in Figure 3.2, where the positive current density data points above the abscissa represent 

the water splitting curve and the negative current densities are for water generation. The 

water splitting i-V curve from Figure 3.2 is typical in shape with an open circuit voltage 

(OCV) of 0.77 V, which reflects the pH difference between the two compartments.6,9-11 At 

a current density of 100 mA/cm2, the measured voltage drop across the membrane 

increased to 0.91 V, and the overall polarization looked similar to that obtained when 

testing a 3D junction BPM with a 0.5 M Na2SO4 solution on both sides of the film, with 

no ion leakage.7 For water generation, there was a large increase in voltage drop (~0.80 V, 

from +0.77 V to ï 0.03 V) for a small increase in current density from 0 mA/cm2 (OCV) to 

65 mA/cm2. The current densities range from 0ï65 mA/cm2 cannot be ion leakage, because 

there was no ion leakage in the reverse bias mode. The large voltage increase in small 

current density probably can be associated with the activation energy or resistance for water 

generation. When the current density was increased further, from 65 to 250 mA/cm2, the 

change in the transmembrane voltage was only 0.10 V (the polarization curve became quite 

steep). Based on the water splitting and water generation tests for this 3D junction trilayer 

BPM, the membrane resistance was much greater during water generation as compared to 
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that during water splitting. There appeared to be a significant activation energy (voltage 

drop energy penalty) at water generation current densities < 65 mA/cm2. This BPM worked 

in water splitting mode but failed in water generation mode, so this membrane did not meet 

the goal of finding a membrane that worked equally well in both operational modes. If a 

BPM is to be used in a redox flow battery, where forward and reverse bias modes are 

needed during charge and discharge, then one needs to address the asymmetry in the water 

splitting and water generation portions of the polarization plot. A possible avenue for 

further investigation would be to examine the effect of catalyst loading on BPM 

performance (where catalyst particles, in principle, are not required for water generation). 

It would also be beneficial to determine if the polarization curve asymmetry was also seen 

in BPMs with different AEP and CEP materials.  

 

 

Figure 3.2: Water splitting (ƴ) and water generation (ƶ) tests of a SPEEK/QPPO trilayer 

3D junction BPM in 1.0 M NaOH and 1.0 M H2SO4 at 25 oC, where current density is 
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plotted versus æV (measured). The trilayer BPM (68 ɛm) was made with solution-cast 

dense SPEEK film, dense QPPO film, and an Al(OH)3-catalyzed 1/2 SPEEK/QPPO dual 

fiber junction. 

 

3.3.2 GO-catalyzed Nafion/TP85 3D BPMs with commercial or self-made dense outer 

layers  

Given the high chemical stability and good conductivity of Nafion and TP85 polymers, 

the forward bias and reverse bias behaviors of BPMs made with these ionomers were 

evaluated. This type of BPM was first prepared by stacking a commercial (dense) TP85 

membrane and Nafion 211 membrane with a 1/1 TP85/Nafion dual fiber junction mat. 

BPM was prepared with 0.1 mg/cm2 GO catalyst powder in the junction layer. The resulting 

BPM had a thickness of around 45 Õm. 

The water spitting/water generation polarization curve of a GO-catalyzed 

Nafion/TP85 BPM is shown in Figure 3.3a, with an OCV of ~0.79 V. In terms of the water 

splitting curve, at a current density of 100 mA/cm2, the voltage drop increased to 0.93 V, 

close to the behavior in Figure 3.2. This result not only indicated the good water splitting 

catalysis of GO (which is similar to that of Al(OH)3), but it also proved that the membrane 

preparation procedure described in Chapter II is also suitable for making a water splitting 

Nafion/TP85 BPM. For the water generation experiment, the Nafion/TP85 BPM with GO 

catalyst performed nicely, with a smaller transmembrane voltage drop than the 

SPEEK/QPPO BPM for the same current density. Thus, when the current density was set 

at 100 mA/cm2, the æV (|æV (measured) - VOCV|) of Nafion/TP85 BPM was only 0.30 V, 
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while at 250 mA/cm2, the æV increased slightly to 0.42 V. The recombination of H+ and 

OH- in the Nafion/TP85 trilayer 3D junction BPM is clearly faster than that for a 

SPEEK/QPPO/Al(OH)3 BPM, perhaps due to either: (i) the use of GO as the catalyst in the 

junction and/or (ii) the choice of polymers, where Nafion and/or TP85 are better than 

SPEEK and/or QPPO in removing water from the junction layer. Clearly, more experiments 

are needed here; in particular the analysis of water generation pol-curves for a trilayer 3D 

junction BPM with Nafion, TP85, and Al(OH)3 catalyst and for a 3D junction BPM with 

SPEEK, QPPO, and GO.  

Overall, the water splitting/water generation performance of the Nafion/TP85 3D 

junction membrane was excellent and the asymmetry in the water splitting/water 

generation portions of the pol curve is no longer seen. To contrast the behavior of this BPM 

with a commercial membrane, the same forward/reverse bias polarization experiment was 

carried out with a Fumasep BPM from Fumatech. The results in Figure 3.3a show that the 

transmembrane voltage drop of Fumasep BPM for water generation is substantially greater 

than that of the 3D junction BPM. Also, the Fumasep membrane exhibits asymmetric 

behavior for water splitting and water generation. While the behavior of Fumasep at low 

current densities (near 100 mA/cm2) is not substantially different than the 3D junction 

Nafion/TP85 BPM, it is a poor water generation membrane (with a æV of ~2.0 V at a water 

generation current density of 150 mA/cm2).  

In a follow-on H-cell experiment, the 3D junction Nafion/TP85/GO BPM was 
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evaluated for durability during constant current water generation operation at a current 

density of 250 mA/cm2. Membrane performance at 25 oC was monitored over 60 minutes 

by recording the transmembrane voltage drop, as measured by the two Luggin probe 

reference electrodes. A plot of the æV versus time for this experiment is shown in Figure 

3.3b. Excellent stability of the TP85/Nafion 3D BPM during water generation can be 

observed. However, when the current density was increased to 500 mA/cm2, the æV 

quickly increased to above 1.0 V (within a few minutes). Inspection of the BPM after a few 

minutes of water generation at 500 mA/cm2 revealed delamination of the component layers. 

It was speculated that the damage was caused by a pressure build-up due to fast water 

generation in the junction and slow water removal from the junction, i.e., the high current 

density water generation rate exceeded the water diffusion rate out of the junction, resulting 

in a hydraulic pressure increase in the junction which caused the layers to delaminate. 

When a similar constant current experiment was carried out with the Fumasep BPM at 

~100 mA/cm2, the voltage drop began to rise rapidly after just a few minutes and the 

experiments were stopped. It can be concluded that this GO-catalyzed Nafion/TP85 trilayer 

3D BPM looks promising, with not only good water splitting performance, similar to the 

results in Chapter II, but performed well in water generation mode. To have one BPM that 

can work in both forward and reverse bias modes is more valuable than having two separate 

BPMs work for each mode. 
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Figure 3.3: (a) Water splitting and water generation tests of a trilayer BPM and a 

commercial Fumasep BPM, where current density is plotted versus æV (measured), and (b) 

constant water generation current density test at 250 mA/cm2 of a trilayer BPM in 1.0 M 

NaOH and 1.0 M H2SO4 at 25 oC, where æV =  |æV (measured) ï VOCV|. The trilayer BPM 

(45 ɛm) was made with dense TP85 film, Nafion film, and a GO-catalyzed Nafion/TP85 

dual fiber junction. 

 

Whereas Figure 3.3b shows the stability/durability of the 3D junction 

Nafion/TP85/GO BPM during water generation (forward bias) mode, a second durability 

test was performed with the same BPM in water splitting (reverse bias) mode. In this 
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experiment, a two-compartment flow cell was employed with 0.5 M Na2SO4 solutions 

continuously circulating through the anode and cathode chambers. The outlet streams from 

the cell (containing a small amount of NaOH and H2SO4) were returned to a single 

thermostated feed tank for acid/base neutralization before being pumped back to the cell. 

The feed tank solution was well mixed and maintained at 45-50 oC. The cell current density 

was set to 500 mA/cm2 and the voltage drop across the bipolar membrane was recorded 

over time with AgCl reference electrodes and a computerized data acquisition system. This 

constant current experiment was run for 214 hours. The results (voltage change vs. time) 

are shown in Figure 3.4. Excellent performance (stability in transmembrane voltage) was 

observed with a mean BPM voltage drop of 1.26 V. The 100 mV amplitude noise in Figure 

3.4 was due to the intense gas bubble generation (H2 and O2) in the cathode and anode 

compartments. The small upward trend observed in the transmembrane voltage drop over 

the 214-hour test was estimated to be 15 mV, which was <1% of the mean voltage 

measurement. When the membrane was removed from the flow cell, there was no evidence 

of delamination. The BPM was highly swollen, more so than at the beginning of the 

experiment, which was associated with the elevated temperature (45-50 oC) of the 

electrodialysis water splitting test. To better control swelling at elevated temperatures, 

some form of fiber reinforcement material could be added to the anion-exchange and 

cation-exchange outer layers of the BPM. Such a membrane design was not 

made/investigated in the present study.  
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Figure 3.4: Constant water splitting current density test at 500 mA/cm2 in 0.5 M Na2SO4. 

The 3D BPM (45 ɛm) was made with a commercial dense TP85 film, a commercial dense 

Nafion 211 film, and a GO-catalyzed Nafion/TP85 dual fiber junction. 

 

Next, a GO-catalyzed Nafion/TP85 BPM (BPM D in Table 3.2) with a similar 

structure to that shown in Figure 3.3 was made but with a total thickness of 22 ɛm, in order 

to increase water transport rates out of the junction when operating in forward bias (water 

generation) at high current densities.  

Figure 3.5a shows the water splitting and water generation performance of this 

membrane, where the outer layers were made by solvent exposure and a followed hot 

pressing process as described in the experimental section. The water generation curve is 

steeper than those from Figure 3.3a (i.e., less voltage is required to generate a high current), 

which can be related to a lower thickness of the present membrane. No evidence of ion 

leakage can be seen in Figure 3.5a, and the OCV (0.73 V) was close to that recorded in the 
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prior H-cell experiments. The measured transmembrane voltage drop at 100 mA/cm2 in the 

water splitting test is 0.88 V, while for the water generation test, the voltage drops at 100 

mA/cm2 and 500 mA/cm2 are only 0.07 V and 0.10 V, respectively. Compared to the 

previous Nafion/TP85 3D BPM with thicker outer layers, both membranes show good 

water splitting performance with close æV (~0.15 V at 100 mA/cm2), and the reduced æV 

of the BPM with thinner outer layers (0.07 V vs. 0.30 V at 100 mA/cm2) in forward bias 

mode can be ascribed to the thinner AEP and CEP outer layers. It can be concluded that the 

BPM with thinner outer layers shows better water generation performance than the BPM 

with thicker outer layers, but the mechanical property is probably weaker owing to the 

reduced membrane thickness.  

The water generation stability at 500 mA/cm2 with this membrane is shown in Figure 

3.5b. As can be seen, the membrane performed well for 25 minutes at this high current 

density, after which the æV started to increase, indicating possible delamination and 

membrane failure. The previous BPM with thicker dense outer layers failed within a few 

minutes at 500 mA/cm2, with a large increase in æV. The BPM with thinner self-made outer 

layers survived longer at the high current density, which can be ascribed to the enhanced 

water removal from the junction through the thinner outer layers. 
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Figure 3.5: (a) Water splitting and water generation tests where current density is plotted 

versus æV (measured), and (b) constant water generation current density test at 500 

mA/cm2 of a trilayer BPM in 1.0 M NaOH and 1.0 M H2SO4 at 25 oC, where æV =  |æV 

(measured) ï VOCV|. The trilayer BPM (22 ɛm) was made with a self-made dense TP85 

outer layer, a self-made dense Nafion outer layer, and a GO-catalyzed Nafion/TP85 dual 

fiber junction. 

 

3.3.3 Uncatalyzed 3D BPMs with commercial or self-made dense outer layers 

For the purpose of investigating the effect of catalyst on water generation, an 
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uncatalyzed TP85/Nafion 3D junction BPM was prepared and tested (BPM C in Table 3.2). 

Figure 3.6a shows the polarization curve for this BPM in reverse and forward bias modes. 

A significantly high voltage drop in the water splitting portion of the pol curve is observed, 

which is expected, i.e., catalyst particles are required to accelerate water splitting (lower 

the activation energy barrier for the reaction). It can also be seen that the transmembrane 

voltage drop for water generation has been lowered when catalyst particles are absent from 

the junction layer. For example, comparing Figures 3.3a and 3.6a, the æV at 250 mA/cm2 

is reduced from 0.42 V to 0.18 V. The open circuit voltage (OCV) in Figure 3.6a (~0.57 V) 

is substantially different from that in Figure 3.3a (~0.79 V), which is the thermodynamic 

estimate based on the Nernst equation. However, as noted in the literature6, OCV from 0.45 

V to 0.76 V (for a BPM separating 1.0 M HCl and 1.0 M NaOH) are common and do not 

indicate a change in the functioning of a BPM.  

A constant current water generation experiment was performed with the uncatalyzed 

Nafion/TP85 3D junction BPM. Experiments were performed at two current densities, 250 

and 500 mA/cm2. Plots of æV versus time for the two experiments are shown in Figures 

3.6b and 3.6c. For 250 mA/cm2, stable BPM operation was observed for 60 minutes, with 

a similar result as the GO-catalyzed Nafion/TP85 trilayer BPM (Figure 3.3b). There was 

some variation in æV over a period of 30 minutes that appeared to repeat itself twice, when 

the current density was fixed at 500 mA/cm2, for reasons not well understood at the present 

time. What is clear is that a 3D junction BPM without GO catalyst can tolerate higher water 
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generation current densities (500 mA/cm2 for the BPM in Figure 3.6b) as compared to the 

GO-catalyst junction BPM in Figure 3.3b (which worked well at 250 mA/cm2, but failed 

after a few minutes at 500 mA/cm2). Although this BPM showed good water generation 

behavior, it exhibited bad water splitting performance. The water generation voltage was 

not that different than the previous membrane with a GO-catalyzed junction, where the 

membrane showed good properties in water splitting and water generation. It would be best 

to have that kind of membrane, thus a single membrane can be used in reverse and forward 

bias modes. Further investigation on the water generation durability was not carried out 

because the membrane is unsuitable for water splitting, and the low OCV was also not 

pursued and examined further. The goal of this particular study was not simply to look at 

water generation or water splitting in a membrane, but was to find membranes that did both. 

Further work is needed to examine forward bias mode BPM operation for times longer than 

60 minutes, for BPMs with different catalyst types (other than GO) and loadings (other 

than 0.1 mg/cm2), for a wider range of constant current densities, and for operation with 

different acid and base solutions in contact with the membrane. Nevertheless, one can 

conclude from the preliminary forward and reverse bias experiments that catalyst is 

necessary for the water splitting reaction, but not required for water generation.  
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Figure 3.6: (a) Water splitting and water generation tests where current density is plotted 

versus æV (measured), (b) constant water generation current density test at 250 mA/cm2, 

and (c) constant water generation current density test at 500 mA/cm2 of a trilayer BPM in 
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1.0 M NaOH and 1.0 M H2SO4 at 25 oC, where æV = |æV (measured) ï VOCV|. The trilayer 

BPM (45 ɛm) was made with a commercial dense TP85 film, a commercial dense Nafion 

211 film, and an uncatalyzed Nafion/TP85 dual fiber junction. 

 

A BPM with an uncatalyzed junction with self-made TP85 and Nafion outer layers 

was prepared as well. The water splitting and water generation results are shown in Figure 

3.7a. The first thing that should be noticed is the lower OCV (~0.46 V) than the 

thermodynamic value (~0.76 V), which is similar to the OCV shown in Figure 3.6. As 

expected, water splitting without the catalyst (Figure 3.7a) required a higher voltage than 

that observed with a catalyzed junction (Figure 3.5a). This membrane performed well for 

water generation, with a voltage drop of 0.41 V at 500 mA/cm2 vs. 0.46 V at zero current. 

A constant current density water generation test was run at 500 mA/cm2 and the results are 

shown in Figure 3.7b. The æV was constant for 3 hours of operation, indicating good 

membrane stability and no delamination. Upon examination of the membrane after the test, 

no membrane damage was found. However, if we further increased the current density to 

750 mA/cm2, the BPM failed within several minutes. Some other configurations of the 

membrane are needed to be investigated.  
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Figure 3.7: (a) Water splitting and water generation tests where current density is plotted 

versus æV (measured), and (b) constant water generation current density test at 500 

mA/cm2 of a trilayer BPM in 1.0 M NaOH and 1.0 M H2SO4 at 25 oC, where æV = |æV 

(measured) ï VOCV|. The trilayer BPM (22 ɛm) was made with a self-made TP85 outer 

layer, a self-made Nafion outer layer, and an uncatalyzed Nafion/TP85 dual fiber junction. 

 

Furthermore, a BPM was fabricated using the trilayer hot pressing procedure 

described in previous sections, where two commercial ultrathin reinforced films (Xion 

PEM-Aquivion-830-05 and Pention-AEM-72-05) were used as the outer layers. The 
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junction layer contained no catalyst. The total dry thickness of the three-layer BPM was 

only 18 Õm (versus 22-45 Õm) for the previous BPMs. The ultrathin BPM membrane was 

tested in a two-compartment H-cell where one compartment was filled with 1.0 M H2SO4 

and the other contained 1.0 M NaOH. The current density-voltage (i-V) polarization curve 

for this BPM, with water splitting and water generation regions, is shown in Figure 3.8a. 

Water splitting occurred at positive currents and water generation at negative currents. As 

expected, the water splitting curve showed a high voltage drop, because the junction 

contained no catalyst. The open circuit voltage was ~0.43 V, similar to the uncatalyzed 

BPMs shown in Figures 3.6 and 3.7. Based on the above results, BPM with a catalyzed 

junction always had an OCV that matched the Nernst equation, while uncatalyzed BPM 

did not. The membrane worked well for water generation as indicated by the overall shape 

of the water generation portion of the pol curve, e.g., at 500 mA/cm2 the æV was only 0.32 

V.  

Next, a constant current density water generation test was run at 500 mA/cm2 for 2 

hours, and then continued at 750 mA/cm2 for another 1.5 hours. Subsequently, the acid and 

base solutions in the H-cell were replaced (without removing the BPM) and the constant 

current density test was continued at 500 mA/cm2 for an additional 3 hours. Thus, the total 

testing time was 6.5 hours. A plot of the change in æV versus time is shown in Figure 3.8b. 

This BPM exhibited remarkably good stability during water generation at a high current 

density. Comparing the æV of the first portion of the test at 500 mA/cm2 and operation at 
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750 mA/cm2, the æV during the test at 750 mA/cm2 was slightly lower, which may be due 

to either heating of the junction during high current acid/base recombination or some water 

accumulation (polymer swelling) that activates more junction area. The initial increase in 

the æV for the third test segment, when the current density was lowered back down to 500 

mA/cm2, may be due to the replacement of the acid and base solutions. It should be noted 

that after 20 minutes of constant current water generation operation at 1,000 mA/cm2, this 

membrane failed, presumably due to the rapid accumulation of water at the junction, even 

with the thin outer AEP/CEP layers. It can be concluded that this BPM showed stable water 

generation stability during the test period, even with high and low current densities. 

However, this membrane cannot be used in water splitting, but can be regarded as a good 

membrane for water generation, in terms of voltage drop and durability. 
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Figure 3.8: (a) Water splitting and water generation tests where current density is plotted 

versus æV (measured), and (b) durability test of a trilayer BPM in 1.0 M NaOH and 1.0 M 

H2SO4 at 25 oC, where æV = |æV (measured) ï VOCV|. The trilayer BPM (18 ɛm) was made 

with commercial ultrathin reinforced Pention and Xion outer layers and an uncatalyzed 

Nafion/TP85 dual fiber junction. 

 

3.4 Conclusion  

 

In this chapter, BPMs were investigated for reverse (water splitting) and forward bias 

(water generation) modes. The goal was to find one membrane design that worked well for 
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both, given the potential application in acid/base redox flow batteries, where charging and 

discharging processes are needed. BPMs with SPEEK, Nafion, or Xion as the cation 

exchange membrane/polymer and QPPO, TP85, or Pention as the anion exchange 

membrane/polymer were prepared. Graphene oxide (GO) powder was used as the junction 

layer catalyst in some membranes; other BPMs had no catalyst in the junction. Both thick 

(45 Õm) and thin (18-22 Õm) BPMs were examined via galvanostatic current density vs. 

voltage polarization curves and in long-time constant current density durability tests.  

3D junction BPMs made with GO catalyst and Nafion/TP85 ionomers worked well in 

forward bias (water generation) and reverse bias (water splitting) modes, where the 

commercial TP85 (~15 Õm) and self-made TP85 film (~9 Õm) were used as the AEP, and 

commercial Nafion 211 (~25 Õm) and self-made Nafion film (~8 Õm) were used as the 

CEP. The presence of catalyst in the junction is critical to split water at a low 

transmembrane voltage. For fast water generation with minimal voltage drop, it is not 

necessary to have catalyst particles in the junction. In water splitting tests, both BPMs with 

dense outer layers showed good behavior with low æV (~0.15 V at 100 mA/cm2), where 

æV = |æV (measured) - VOCV|. The excellent durability of a GO (graphene oxide)-catalyzed 

BPM with thicker dense outer layers in water splitting mode was verified by a 214-hour 

water splitting test at 0.5 A/cm2, where there is essentially no change in the transmembrane 

voltage drop for the duration of the experiment. In water generation tests, the BPM with 

thinner outer layers exhibited a lower æV and better water generation stability at 500 
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mA/cm2, which can be associated with the improved water removal away from the junction 

layer. When compared with a commercial Fumasep BPM, BPMs with a 3D catalyzed 

junction showed a lower æV in both reverse and forward bias modes and performed much 

better in constant current density durability tests. The results suggest that water removal is 

the limiting/critical event during forward bias operation. When the water generation rate 

(which is linearly dependent on the applied current density) exceeds the water diffusion 

rate out of the junction, there is the possibility of membrane delamination (a hydraulic 

water pressure build-up that separates the anion and cation exchange layers). This 

delamination phenomenon is the primary failure mechanism for 2D (planar) BPMs 

operating in forward bias mode and limits the operating current density for water 

generation to < 100 mA/cm2. 

In the present study, BPMs with uncatalyzed junctions were prepared, with varied 

membrane thicknesses. During water generation experiments, the uncatalyzed BPMs 

exhibited lower æV and better durability as compared to a catalyzed BPM. With ultrathin 

dense outer layers of AEP and CEP materials, a 3D junction BPM with no catalyst operated 

successfully for 6.5 hours at current densities of 500 and 750 mA/cm2. Only at 1,000 

mA/cm2 was there 3D junction membrane failure. However, those uncatalyzed BPMs 

performed poorly in reverse bias mode, and thus didnôt meet our goal of operating equally 

well in both forward and reverse modes. For a 3D junction BPM with catalyst, good long-

term water splitting and water generation performance was observed at current densities 
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up to 250 mA/cm2, therefore can be more useful in acid/base redox flow batteries. 
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CHAPTER IV  

PREPARATION AND EVALUATION OF BIPOLAR MEMBRANE FUEL CELL 

MEA S  

 

4.1 Introduction  

 

Fuel cells have been recognized as a clean, efficient energy conversion device that is 

capable of converting chemical energy into electrical energy.1-3 Fuel cells have been studied 

and developed for decades, among which proton exchange membrane fuel cells (PEMFC)4-

5 and anion exchange membrane fuel cells (AEMFC)6-8 are the most common. However, 

the drastic power loss at low relative humidities (RHs) impedes the development of 

PEMFC and AEMFC in practical applications, such as fuel cell vehicles.9-12 The inclusion 

of an external humidifier not only increases the cost but contributes to the complexity of a 

fuel cell system. Therefore, methods to improve the performance of PEMFC and AEMFC 

at low humidities or the identification of an alternative fuel cell design remains an issue 

that needs to be resolved. Bipolar membrane fuel cells (BPMFC) have been regarded as a 

potential fuel cell candidate that can be operated in low humidities due to water generation 

inside the membrane during fuel cell operation. The schematics of the three types of fuel 

cells (PEMFC, AEMFC, and BPMFC) were shown previously in Chapter 1 (Figure 1.5).  

Based on recent publications, BPMFCs made with different CEP and AEP materials 

have been investigated.13-15 In order to improve the fuel cell performance, various 
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configurations have been proposed, such as adding a hydrophilic carbon paper layer in 

between the AEM and CEM,16 and replacing the AEM with a thin AEP layer on top of an 

alkaline cathode.22 Bipolar membrane configurations and fuel cell results from prior studies 

are summarized in Table 4.1. It can be seen that the highest power output of a BPMFC 

reported to date is 327 mW/cm2 by Peng, et al.17 Compared with the performance of a 

current PEMFC or AEMFC (with power densities > 1000 mW/cm2), BPMFCs require 

further improvements.   

In Chapter III of this dissertation, 3D junction BPMs with different outer layer 

thicknesses were fabricated and investigated for water generation performance (in a 

BPMFC, water will be generated at the junction, as discussed in Chapter I). Some BPMs 

in Chapter III exhibited excellent water splitting and water generation performance (high 

current densities at a low transmembrane voltage drop) as well as excellent stability at high 

current densities. The superior water generation property of the 3D junction BPMs over a 

commercial 2D junction Fumasep BPM was verified as well. The ability of 3D junction 

BPMs to perform well in both reverse and forward bias modes can be attributed to the 

extended interfacial junction layer with interlocking and interpenetrating fibers, thus 

providing more reaction areas and better AEP/CEP bonding strength.  

In this chapter, the results of fuel cell tests with membrane-electrode-assemblies 

(MEAs) containing a bipolar membrane were presented. A variety of different BPMs were 

examined. Different forms/locations of the junction layer were prepared and tested, with: 
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(i) different amounts of CEP and AEP fibers in the junction and (ii) different types and 

loadings of catalyst in the junction. Trilayer 3D junction BPMs with dense layers of 

different thicknesses or with a porous 3D junction interlayer were also studied in fuel cell 

MEAs. A new type of hybrid bipolar junction MEA was designed, fabricated, and tested, 

where the junction was located near the alkaline cathode with a Pt/C catalyst-containing 

interlayer between the cathode and the proton conducting membrane. The performance of 

the hybrid bipolar junction MEAs was tested at different relative humidities (RHs) in H2/O2 

and H2/simulated air. The effects of temperature, backpressure, and gas flow rates on power 

output were quantified. A series of experiments at asymmetric humidity conditions (high 

RH at the anode and low RH at the cathode) were also performed. 

 

Table 4.1: Compositions of BPMFC or hybrid fuel cells in literature. 

AEP CEP 
Membrane 

Configuration 
Max Power Density 

Refe

renc

e 

FUMAPEMÈ  

FAA-3 
NafionÓ 

Hot press 

AEM with a 

porous 

hydrophilic 

membrane and 

a CEM 

8 mW/cm2 in H2/O2 

at 30 oC, 100% RH, 

Pt/C catalyst  

16 

Quaternary 

ammonium 

polysulfone 

(QAPS) 

Nafion 

Hot press 

AEM with 

CEM 

327 mW/cm2 (with 

Pt/C catalyst at the 

cathode)  and 27 

mW/cm2 (with Ag 

catalyst at the 

cathode) in H2/O2 at 

50 oC, 0% RH 

17 

Chloromethylate

d polysulfone 

Sulfonated poly 

(ether ether 

sulfone) (SPEES) 

BPM made by 

a layer-by-

layer process 

75 mW/cm2 in H2/O2 

at 80 oC, 100% RH, 

Pt/C catalyst 

18 
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FUMAPEM from Fumatech, Inc. 

Nafion from Chemours, Inc. 

Aemion from Ionomr Innovations, Inc. 

 

Ionic-

crosslinked 

quaternary 

ammonium poly 

(ether ether 

ketone) 

(CQAPEEK) 

Sulfonated 

poly(ether ether 

ketone) (SPEEK) 

or Nafion 

Hot press 

AEM with 

CEM 

51.51 mW/cm2 (with 

SPEEK) and 100.17 

mW/cm2 (with 

Nafion) in H2/O2 at 

80 oC, 100% RH, 

Pt/C catalyst  

19 

Poly(2,6-

dimethyl 1,4-

phenylene) 

oxide with 

quaternary 

benzyl 

trimethylammon

ium (PPO-

TMA+) 

Nafion 

CEM with a 

thin AEP layer 

on top 

49 mW/cm2 in H2/O2 

at 70 oC, 100% RH, 

Ag catalyst at the 

cathode 

20 

Poly (ethylene ï 

co - 

tetrafluoroethyle

ne) base film 

with alkylated 

1-

vinylimidazole 

Poly (ethylene ï 

co - 

tetrafluoroethylen

e) base film with 

sulfonated styrene  

Mono-sheet  

bipolar 

membrane 

107 mW/cm2 in 

H2/O2 at 35 
oC, 0% 

RH, Pt/C catalyst 

21 

Quaternary 

ammonium 

poly(arylene 

ether sulfone) 

Nafion 

Spray a thin 

AEP layer on 

top of the 

cathode and 

press with 

CEM 

63 mW/cm2 in H2/O2 

at 50 oC, 37% RH, 

Pt/C catalyst 

22 

AemionÓ Nafion 

Direct 

membrane 

deposition of 

PEM on top of 

the alkaline 

cathode 

210 mW/cm2 (with 

Pt/C catalyst) and 38 

mW/cm2 (with Fe-

N/C catalyst) in 

H2/O2 at 80 
oC, 

100% RH 

23 
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4.2 Experimental Materials and Methods  

 

4.2.1 Materials  

SPEEK was synthesized at Vanderbilt University, as described in Chapter II. Nafion 

211 membranes (1100 EW perfluorosulfonic acid ionomer with an ion-exchange capacity 

of 0.91 mmol/g and a dry thickness of 25 ɛm) and LiquionÓ LQ-1115 solution (dispersion 

containing 1100 EW perfluorosulfonic acid ionomer) were purchased from Chemours 

(Wilmington, DE). PiperIONÈ TP85 membrane (Poly(aryl piperidinium) with an ion-

exchange capacity of 2.4 mmol/g and a dry thickness of 15 ɛm) and ionomer powder, as 

well as TP100 ionomer powder (Poly(aryl piperidinium) with an ion-exchange capacity of 

2.8 mmol/g) were purchased from Versogen (Wilmington, DE). XionÓ PEM-Aquivion-

830-05 and Xion PEM-Aquivion-830-10 cation exchange membranes were purchased 

from Xergy, Inc., (Harrington, DE). These membranes contain 830 AquivionÈ ionomer (an 

830 EW perfluorosulfonic acid) and ePTFE (expanded/porous Teflon), with a dry thickness 

of either 5 ɛm (830-05) and 10 ɛm (830-10). PentionÓ AEM-72-05 anion-exchange 

membrane material, composed of poly(norbornene) and ePTFE porous reinforcement, with 

a dry thickness of 8 ɛm was also purchased from Xergy, Inc. Ethanol was obtained from 

Decon Laboratories Inc. (King of Prussia, PA). 1-Methyl-2-pyrrolidinone (NMP) was 

obtained from TCI America (Portland, OR). Isopropanol (IPA) and Poly (ethylene oxide) 

(PEO, MW = 400 kDa) were purchased from Sigma Aldrich (St. Louis, MO). N-propanol, 
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Methanol, N-Dimethylacetamide (DMAc), Methylene chloride, and poly (4-

vinylpyrrolidone) (PVP, MW = 1,300 kDa) were obtained from Fisher Scientific (Waltham, 

MA). PEG (PEG, Mw = 20000) was purchased from Polysciences, Inc. (Warrington, PA). 

Perfluorosulfonic acid (PFSA, 825 EW) was obtained from 3M (Saint Paul, MN). 

Graphene oxide (GO) catalyst, as an aqueous suspension (6.2 mg/mL, where the flake size 

is in the 0.5-5 ɛm range and a thickness of ~1 nm) was purchased from Graphene 

Supermarket (Ronkonkoma, NY). Pt-C catalyst with 47.1 wt.% Pt (TEC10F50E) was 

bought from Tanaka Kikinzoku Kogyo (Tokyo, Japan). Pt-C catalyst with 40 wt.% of Pt 

(HISPEC 4000) was purchased from Alfa Aesar (Ward Hill, MA). Gas diffusion layers 

(GDLs) designated as 22BB were purchased from SGL Carbon (Wiesbaden, Germany). 

 

4.2.2 Preparation of anode and cathode  

All MEAs employed a Nafion/Pt-C powder anode that was composed of 58 wt.% Pt/C 

catalyst and 42 wt.% neat Nafion binder. The ink was prepared using the following 

procedure: First, 0.058 g of Pt/C catalyst was dispersed in 0.961 g of water with the 

assistance of 1 hour of sonication and 1-2 minutes of mechanical stirring. Then 0.21 g of 

20 wt.% of Nafion dispersion in 1:1 (wt./wt.) IPA:H2O mixed solvent was added to the 

above mixture (Nafion powder was dried from 1100 EW Liquion dispersion). After stirring 

for 1-2 minutes, 0.771 g of MeOH was added to the mixture. Finally, the ink was sonicated 

for around 1 hour with continuous mechanical stirring until use. The total solids content of 
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the ink (catalyst powder and Nafion) was 5 wt.%. Anodes were made by air-brush spraying 

catalyst powder onto either a gas diffusion layer (to make a gas diffusion electrode) or a 

CEP film (to make a half CCM) followed by drying at 50 oC in a convection oven. The 

weight of the carbon paper before/after catalyst spraying and drying was used to determine 

the Pt loading (in mg/cm2). 

All MEAs employed a TP100/Pt-C powder cathode that was made using an ink 

containing 3.7 wt.% solids (catalyst + ionomer), where the I/C ratio was 1/2 (wt./wt.) 

TP100/carbon (carbon from the catalyst powder). Typically, 0.16 g of TKK Pt/C catalyst 

was weighed and added into a 20 mL vial, then 0.2 g of water was added. After 

mechanically stirring for 1-2 minutes and 1 hour of sonication, 5 mL of IPA was added into 

the mixture. Then the suspension was mixed with 1.1429 g of 3.5 wt.% of TP100 dispersion 

in EtOH. The ink was sonicated for 1 hour and was kept stirring (using a magnetic stirring 

bar) until use. Cathodes were made by air-brushing spraying catalyst powder onto a GDL 

or an AEP film, followed by drying in a convection oven at 50 oC, to form a gas diffusion 

electrode (GDE) or a half CCM, respectively. 

 

4.2.3 Preparation of MEAs with 3D junction BPMs 

A series of MEAs were prepared with 3D dual fiber junction BPMs, using the trilayer 

hot-pressing fabrication method described in Chapters II and III. Here, all BPMs contained 

a Nafion/TP85 dual fiber junction (in the presence of GO catalyst or without catalyst). For 
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the cation-exchange ionomer, the outer layer was either a commercial Nafion 211 

membrane, a solution-cast and annealed Nafion film, or a commercial Xion PEM-

Aquivion-830-05 membrane. Regarding the anion-exchange ionomer, the outer layer was 

either a commercial TP85 membrane, a solution-cast TP85 film, or a commercial Pention-

AEM-720-05 membrane. The BPMs were sprayed with a Nafion/Pt-C anode (0.1 mgPt/cm
2) 

on the CEM side of the BPM and a TP100/Pt-C cathode (0.4 mgPt/cm
2) onto the AEM outer 

layer. A schematic of this kind of MEA is shown in Figure 4.1. 

 

 

Figure 4.1: Diagram of the MEA with 3D junction BPM. The MEA is composed of a 

Nafion-Pt/C anode, a 3D junction BPM, and a TP100/Pt-C cathode. 
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4.2.4 Fuel cell testing 

All MEAs were cut into 5 cm2 and loaded into the fuel cell test fixture with single 

anode and cathode flow channels (purchased from Fuel Cell Technologies). Fuel cell tests 

were operated using a Scribner 850e test station with controlled temperature, relative 

humidity, backpressure as well as gas flow rates. Polarization curves were collected by 

sweeping the voltage from 0.2 V to 1 V with intervals of 0.05 V. At each point, the voltage 

was held for a while to ensure stabilization of the system and the precise measurement of 

current. 

 

4.2.5 SEM imaging 

SEM images were collected in a Zeiss Merlin scanning electron microscope (SEM). 

Samples for cross-sectional SEM testing were prepared using freeze fracturing: immersing 

the sample in liquid nitrogen for 1-2 minutes, and then cracking the sample with tweezers. 

The cracked section of the sample was pressed slightly onto a conductive tape. All samples 

are subjected to the gold sputtering process prior to testing. 

 

4.3 Results and Discussion  

 

4.3.1 Preliminary fuel cell tests of AEMFC (H2/O2) and PEMFC (H2/air) 

To verify that the alkaline cathode, the acidic anode, and the overall MEA were 
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working correctly, preliminary AEM and PEM fuel cell tests were carried out.  

 

4.3.1.1 Preparation of the MEAs for AEMFC and PEMFC 

PEMFC and AEMFC MEAs were prepared and tested to establish based-

line/reference data for fuel cell performance. The PEMFC MEA was fabricated by spraying 

catalyst ink on both sides of a Nafion 211 membrane, where the final catalyst loading was 

0.1 mgPt/cm
2. For an AEMFC MEA, a procedure described in reference 24 (from Y. Yanôs 

research group at the University of Delaware) was used. TP100-Pt/C ink (I/C ratio of 1/2) 

was sprayed onto the two sides of the TP85 film with a loading of 0.4 mgPt/cm
2. The MEA 

was soaked in 3.0 M KOH solution for 3 hours before testing. The compositions of the 

PEMFC and AEMFC MEAs are shown in Table 4.2.  

 

Table 4.2: Compositions of MEAs used for PEMFC and AEMFC tests. 

 

MEA 
Type of 

MEA 

Membrane 

Morphology 
Cathode Anode Pre-treatment 

A PEMFC 

Commercial 

Nafion 

211(25 ɛm) 

Nafion/Pt-C 

(47.1% Pt) = 

58/42, 0.1 

mgPt/cm
2, 

CCM 

Nafion/Pt-C 

(47.1% Pt) = 

58/42, 0.1 

mgPt/cm
2, 

CCM 

No 

B AEMFC 

Commercial 

TP85 

membrane 

(15 ɛm) 

TP100/Pt-C 

(47.1% Pt) = 

1/4, 0.4 

mgPt/cm
2, 

CCM 

TP100/Pt-C 

(47.1% Pt) = 

1/4, 0.4 

mgPt/cm
2, 

CCM 

Soak in 3.0 M 

KOH for 3 

hours 
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4.3.1.2 Fuel cell tests of the MEAs for AEMFC and PEMFC 

The polarization curves as well as the maximum power density versus relative 

humidity results are presented in Figure 4.2 for an alkaline fuel cell MEA, with a TP85 

membrane and alkaline electrodes consisting of Pt/C catalyst and TP100 binder. Figures 

4.2a and 4.2b show the H2/O2 fuel cell polarization curves collected with this type of MEA 

at 80 oC under different relative humidity conditions, with no backpressure and 14 psig 

backpressure (2-atmosphere absolute pressure), respectively. In Figure 4.2c, a summary is 

given of the maximum power density values obtained at different RHs. At 100% RH, the 

MEA showed high power output, the max power densities were 812 mW/cm2 and 1100 

mW/cm2 in the conditions of 0 backpressure and 14 psig backpressure, respectively, which 

is comparable to the results in the literature.24 However, the performance dropped 

dramatically if we decreased the humidities, which was probably due to the dehydration of 

the membrane and the ionomer binder in the electrode. The power output of the alkaline 

MEA dropped about 70% at 40% RH and 14 psig backpressure. Regarding the operation 

of an AEMFC, oxygen reacts with water and produces OH- in the cathode, while OH- reacts 

with hydrogen and generates water in the anode. At low RH, the cathode of the MEA suffers 

the dehydration of the feed gas and the consumption of water owing to the oxygen 

reduction reaction (ORR), which most probably explains the significant power loss at 40% 

RH.  
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Figure 4.2: Polarization curves of an AEMFC MEA under different relative humidities 

and: (a) without backpressure, (b) with 14 psig backpressure. (c) Histogram of the max 

power densities obtained from the polarization curves. Fuel cell test conditions: 80 oC with 

125 sccm H2 and 500 sccm O2 feeds. 

 

A Nafion PEMFC MEA was prepared and tested in H2/air rather than in H2/O2 owing 

to the severe flooding issue in H2/O2 condition. Polarization curves collected in different 

RHs are shown in Figures 4.3a and 4.3b with no backpressure and 14 psig backpressure, 

respectively. Figure 4.3c shows the correlated max power density values under different 

relative humidities. With 14 psig backpressure, the PEMFC showed high fuel cell 

performance from 100% RH to 60% RH, but an obvious power loss (~26%) could be 

observed when the humidity was further lowered to 40% RH. Similar to the alkaline MEA 

result, the power loss at low humidities can be ascribed to the dryout of the Nafion ionomer 

as well as the membrane and the resultant conductivity deterioration. Different from the 
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AEMFC process, protons are produced by oxidizing hydrogen in the anode and transport 

through the PEM to the cathode, finally reacting with oxygen to form water in the cathode. 

It is possible that the performance drops at low RH if the back diffusion of water from the 

cathode to the anode is not able to compensate for the dehydration effect.  

 

 

Figure 4.3: Polarization curves of a Nafion PEMFC MEA under different relative 

humidities: (*) 100% RH (ƺ) 80% RH, (ƶ) 60% RH, and (ƴ) 40% RH and: (a) without 

backpressure, (b) with 14 psig backpressure. (c) Histogram of the max power densities 

obtained from the polarization curves. Fuel cell test conditions: 80 oC with 125 sccm H2 

and 500 sccm air feeds. 

 

4.3.2 Evaluating the continuity of the Nafion and TP85 phases/pathways in a 3D dual 

fiber junction BPM 

In order to determine whether there were a sufficient number of CEP fibers and AEP 
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fibers in the dual fiber junction of a BPM to support high current flow during fuel cell 

operation, PEMFC and AEMFC tests were carried out with a densified (zero porosity) dual 

fiber junction layer between the anode and cathode. 

 

4.3.2.1 Preparation of the MEAs for Nafion and TP85 ion flow tests 

When testing ion flow in the Nafion fibers of a dual fiber junction layer, a fiber mat 

was prepared by first electrospinning Nafion fibers only, followed by Nafion/TP85 dual 

fiber electrospinning, and then returning to just electrospun Nafion fibers. Similarly, 

regarding the ion flow test of the TP85 phase in a dual fiber junction, a fiber mat was 

prepared by sequential electrospinning TP85 fibers, dual fibers of Nafion and TP85, and 

then TP85 fibers. The electrospin parameters of Nafion and TP85 fibers were the same as 

described in Chapter III. The CEP/AEP ratio in the junction was fixed at 1:1.  

With respect to the MEAs used for the ion flow tests through Nafion and TP85 fibers 

in a junction layer, the procedure was as follows: For the ion flow test of Nafion fibers, the 

electrospun mat was exposed to MeOH/DMAc solvent vapors (from a liquid mixture of 

1/1 weight fraction MeOH/DMAc) at room temperature followed by hot-pressing (at 285 

oF and 45,000 lbs for 30 minutes using a Carver press) to close all interfiber pores. The 

obtained electrospun trilayer membrane had a thickness of around 12 ɛm, with 8 ɛm outer 

layers of neat Nafion and a 4 ɛm thick dual fiber junction layer. An MEA was fabricated 

by stacking the membrane with two Nafion-Pt/C gas diffusion electrodes at a catalyst 
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loading of 0.1 mgPt/cm
2. For the ion flow test with TP85 fibers, a 15 ɛm thick electrospun 

trilayer membrane (TP85/TP85-Nafion dual fibers junction/TP85, where each layer was 5 

ɛm thick) was made by exposing the dual fiber mat to solvent vapor from a liquid mixture 

of 1/1 weight fraction MeOH/DMAc at room temperature, followed by hot pressing at 285 

oF and 45,000 lbs for 30 minutes using a Carver press. An MEA was fabricated by spraying 

onto the opposing neat TP85 membrane surfaces with anodes and cathodes of TP100/Pt-C 

catalyst (at 0.4 mgPt/cm
2). The composition of each MEA is shown in Table 4.3 and the two 

MEA structures are shown in Figure 4.4. 

 

Table 4.3: Compositions of MEAs used for Nafion and TP85 ion flow tests. 

 

MEA 
Type of 

MEA 

Membrane 

Morphology 
Cathode Anode Pre-treatment 

C PEMFC 

Hot pressed Nafion 

outer layer + 

Nafion/TP85 dual 

fiber junction + 

Nafion outer layer 

(12 ɛm) 

Nafion/Pt

-C 

(47.1% 

Pt) = 

58/42, 0.1 

mgPt/cm
2, 

GDE 

Nafion/Pt

-C 

(47.1% 

Pt) = 

58/42, 0.1 

mgPt/cm
2, 

GDE 

No 

D AEMFC 

Hot pressed TP85 

outer layer + 

Nafion/TP85 dual 

fiber junction + 

TP85 outer layer 

(15 ɛm) 

TP100/Pt-

C (47.1% 

Pt) = 1/4, 

0.4 

mgPt/cm
2, 

CCM 

TP100/Pt-

C (47.1% 

Pt) = 1/4, 

0.4 

mgPt/cm
2, 

CCM 

Soak in 3.0 M 

KOH for 3 

hours 
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Figure 4.4: Symmetrical MEAs designed for the ion flow tests of (a) Nafion phase, and (b) 

TP85 phase. 

 

4.3.2.2 Fuel cell performance of the MEAs for Nafion and TP85 ion flow tests 

Fuel cell tests were carried out at 80 oC with 125 mL/min H2 and 500 mL/min O2/air 

under fully humidified conditions. A comparison of the fuel cell performance of the trilayer 

membrane with the Nafion 211 film is shown in Figure 4.5a. The MEA made with an 

electrospun trilayer membrane showed the expected PEM fuel cell performance, somewhat 

lower than that of Nafion 211 due to the fact that the dual fiber layer contained 50% of 

Nafion. The results also demonstrated good proton conduction between the anode and 

cathode. Nafion fibers in the densified Nafion/TP85 junction are conducting protons (i.e., 

protons are effectively moving into and out of the junction layer via continuous proton 

conducting pathways).  

AEMFC tests were carried out to evaluate the continuity of the TP85 phase in the dual 

fiber junction. Figure 4.5b shows polarization curves collected in a H2/O2 fuel cell of a 

TP85 membrane and an electrospun trilayer membrane with a dual fiber junction. The MEA 

made with a trilayer membrane showed the expected alkaline fuel cell performance, 
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somewhat lower than that with a TP85 film due to the fact that the junction layer 

composition was only 50% of TP85. The results indicated good ion flow through TP85 

fibers in the densified Nafion/TP85 junction layer. 

 

 

Figure 4.5: Polarization curves of (a) a Nafion 211 membrane and an electrospun trilayer 

membrane in oxygen and air. Anode - 0.1 mgpt/cm2 Nafion/Pt-C, cathode - 0.1 mgpt/cm2 

Nafion/Pt-C, (b) a TP85 membrane and an electrospun trilayer membrane in oxygen. 

Anode - 0.4 mgpt/cm2 TP100/Pt-C, cathode - 0.4 mgpt/cm2 TP100/Pt-C. Fuel cell test 

conditions: 80 oC with 125 sccm H2 and 500 sccm O2 feeds without backpressure, 100% 

RH for anode and cathode. 

 

4.3.3 Fuel cell tests of MEAs with 3D junction BPMs 

In Chapter III, various 3D junction BPMs have been prepared and the water splitting 

and water generation performance have been investigated. The water generation 

performance of the 3D junction BPMs was improved by adjusting the thickness of the outer 

layers. In this chapter, those membranes are further explored in fuel cell tests, shown as 

MEAs E-H in Table 4.4.  
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Table 4.4: Compositions of varied MEAs with 3D junction BPMs. 

 

The polarization and power density curves of those MEAs are shown in Figure 4.6. It 

can be seen that all of the MEAs showed poor fuel cell performance (< 40 mW/cm2), and 

the recorded highest current density was only 145 mA/cm2. These results are not consistent 

with the results exhibited in Chapter III, where 3D junction BPMs made with commercial 

ultrathin reinforced films showed good water generation stability at a current density of 

750 mA/cm2. The possible reasons are: (1) The testing environment is different, the H-cell 

MEA 
Type of 

MEA 

Membrane 

Morphology 
Cathode Anode 

Pre-

treatment 

E 

MEA with 

3D 

junction 

BPM 

Hot-pressed 

Nafion/TP85 3D 

junction BPM (45 

ɛm, with 0.1 

mg/cm2 GO) 

TP100/Pt-C 

(47.1% Pt) 

= 1/4, 0.4 

mgPt/cm
2, 

CCM 

Nafion/Pt-C 

(40% Pt) = 

58/42, 0.1 

mgPt/cm
2, 

CCM 

No 

F 

MEA with 

3D 

junction 

BPM 

Hot-pressed 

Nafion/TP85 3D 

junction BPM (45 

ɛm, no catalyst) 

TP100/Pt-C 

(47.1% Pt) 

= 1/4, 0.4 

mgPt/cm
2, 

CCM 

Nafion/Pt-C 

(40% Pt) = 

58/42, 0.1 

mgPt/cm
2, 

CCM 

No 

G 

MEA with 

3D 

junction 

BPM 

Hot pressed 3D 

junction BPM with 

Xion-CEM-

Aquivion-830-05 

CEM and Pention-

AEM-720-05 AEM 

(18 ɛm, no 

catalyst) 

TP100/Pt-C 

(47.1% Pt) 

= 1/4, 0.4 

mgPt/cm
2, 

CCM 

Nafion/Pt-C 

(40% Pt) = 

58/42, 0.1 

mgPt/cm
2, 

CCM 

No 

H 

MEA with 

3D 

junction 

BPM 

Hot-pressed 3D 

junction BPM with 

self-made TP85 

and Nafion outer 

layers  

(22 ɛm, no 

catalyst) 

TP100/Pt-C 

(47.1% Pt) 

= 1/4, 0.4 

mgPt/cm
2, 

CCM 

Nafion/Pt-C 

(40% Pt) = 

58/42, 0.1 

mgPt/cm
2, 

CCM 

No 
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contains plenty of free ions and water, while in the fuel cell test system, water is carried by 

the gases, and the ions originate from the reactions in the electrodes, (2) The membranes 

canôt expand in a fuel cell test fixture under compression, thus probably leading to the 

shutdown of all ion transport,  (3) Water cannot get out of the fused (dense) dual fiber 

bipolar junction, which probably limits the current. 

 

 

Figure 4.6: Polarization (solid symbol) and power density (hollow symbol) curves of 

MEAs with different 3D junction BPMs: (ƴ) Nafion/TP85 3D junction BPM with 0.1 

mg/cm2 GO, (ǒ) Nafion/TP85 3D junction BPM without catalyst, (Ƿ) 3D junction BPM 

with commercial ultrathin reinforced films, and (ƶ) 3D junction BPM with self-made 

Nafion and TP85 outer layers. Fuel cell test conditions: 60 oC with 125 sccm H2 and 500 

sccm O2 feeds. 

 

4.3.4 MEAs with porous dual fiber junction BPM 

Based on the previous section, the slow water diffusion away from the junction or the 

insufficient capability of accommodating water being generated in the junction, probably 
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results in the limited fuel cell performance. In this regard, our next set of experiments 

focused on the fabrication and testing of BPMs with a porous 3D junction, where the 

interfiber porosity in the junction would act as a reservoir to hold water generated by the 

current, thus preventing junction damage due to a water-induced pressure build-up.  

 

4.3.4.1 Preparation of the MEAs with porous dual fiber junction BPM 

The dual fiber junctions were prepared using the method depicted in Chapter II and 

Chapter III. Typically, CEP fibers of either Nafion, 825 EW PFSA, or SPEEK and AEP 

fibers of either TP85 or TP100 were electrospun concurrently onto a rotating collector. The 

solution composition and electrospin parameters of SPEEK, Nafion, and TP85 are the same 

as those in Chapters II and III, only the flow rates of Nafion and TP85 spin solutions were 

varied for the purpose of changing the CEP/AEP ratios in the junction (see Table 4.5). 

Regarding the electrospin solution of 825 EW PFSA, this PFSA powder was dispersed in 

a solvent mixture of 2:1 n-prop:H2O. Subsequently, PEO was added to the dispersion where 

the ratio of PFSA:PEO was fixed at 99:1. The final electrospinning solution had a solids 

content of 20 wt.%. The procedure for preparing a TP100 electrospinning solution was as 

follows: First, Pt-C was dispersed in a mixed solvent of 1:1:1.2 NMP:MeOH:EtOH by 

mechanical stirring for 1-2 minutes and sonicating for 1 hour. Then TP100 ionomer was 

added. After fully dissolved, PVP powder was added to the mixture. The total solid content 

(Pt-C + TP100 + PVP) of the electrospinning solution was kept at 17.4 wt.%, with a 10:2:1 
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(wt./wt./wt.) ratio of TP100:Pt-C:PVP. 

 

Table 4.5: Electrospinning parameters for BPM dual fiber junctions with Nafion, 825 EW 

PFSA, SPEEK, TP85, and TP100. 

Parameter Nafion 
825 EW 

PFSA 
SPEEK TP85 

TP100 with 

Pt-C (5/1) 

Voltage [kV] 8 8 16 14 14 

Flow Rate 

[mL/hr] 
0.11-0.3 0.17 0.2 0.13-0.38 0.29 

Spinner-to-

Collector 

Distance [cm] 

10.5 10.5 10.5 10.5 10.5 

Solid 

Concentration 

[wt.%] 

20 20 20 12.7 17.4 

Solvent 

2:1  

n-prop: 

H2O 

2:1 n-prop: 

H2O 
DMAc 

1.5:1.5:1 

NMP:Me

OH:EtOH 

1:1:1.2 

NMP:MeOH

:EtOH 

Ionomer:Carrier 

ratio 
99:1 99:1 95:5 9:1 10:1 

 

Regarding the MEAs with porous 3D dual fiber junctions, they were fabricated 

starting with CEM and AEM half CCMs. The CEM half CCM was prepared by spraying 

one side of a CEM with a Nafion-Pt/C anode at a loading of 0.1 mgPt/cm
2. The AEM half 

CCM was made by spraying one side of an AEM with a TP100-Pt/C cathode at a final 

loading of 0.4 mgPt/cm
2. A porous dual fiber junction (~20-30 ɛm) was placed between the 

two half-CCM layers in a fuel cell test fixture. The configuration of a typical MEA with a 

porous dual fiber junction is shown in Figure 4.7. Table 4.6 shows the compositions of 

MEAs with varied porous dual fiber junctions. 
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Figure 4.7: Structure of the BPM MEA with a porous 3D dual fiber junction. The MEA is 

composed of a Nafion/Pt-C anode, a cation-exchange membrane, a porous dual fiber 

junction mat, an anion-exchange membrane, and a TP100/Pt-C cathode.  

 

Table 4.6: Compositions of MEAs with porous dual fiber junctions. 

MEA 
Type of 

MEA 
Membrane Morphology Cathode Anode 

Pre-

treat

ment 

I 

MEA with 

porous dual 

fiber 

junction 

A Nafion 211 half CCM, 

and a TP85 half CCM, 

physically stacked with a 

porous Nafion/TP85 dual 

fiber junction (~60-70 ɛm) 

TP100/Pt-C 

(47.1% Pt) = 

1/4, 0.4 

mgPt/cm
2, 

CCM 

Nafion/Pt-

C (47.1% 

Pt) = 

58/42, 0.1 

mgPt/cm
2, 

CCM 

No 

J 

MEA with 

porous dual 

fiber 

junction 

A Nafion 211 half CCM 

and a TP85 half CCM, 

physically stacked with a 

porous Nafion/TP85 dual 

fiber junction incorporated 

with PEG (~60-70 ɛm) 

TP100/Pt-C 

(47.1% Pt) = 

1/4, 0.4 

mgPt/cm
2, 

CCM 

Nafion/Pt-

C (47.1% 

Pt) = 

58/42, 0.1 

mgPt/cm
2, 

CCM 

No 
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4.3.4.2 H2/O2 fuel cell tests of MEAs with porous dual fiber junction BPM 

Figure 4.8 shows the resultant polarization curves of MEA I with the porous junction 

BPM. The maximum power density after 0.5 hours of break-in was 289 mW/cm2. This 

power density was much higher than that observed with a dense 3D Nafion/TP85 junction 

BPM MEA (<10 mW/cm2). After 2 hours, the power decreased to 257 mW/cm2. After 7 

K 

MEA with 

porous dual 

fiber 

junction 

A Nafion (10 ɛm) half 

CCM and a TP85 half 

CCM, physically stacked 

with a porous Nafion/TP85 

dual fiber junction (~45-55 

ɛm) 

TP100/Pt-C 

(47.1% Pt) = 

1/4, 0.4 

mgPt/cm
2, 

CCM 

Nafion/Pt-

C (47.1% 

Pt) = 

58/42, 0.1 

mgPt/cm
2, 

CCM 

No 

L 

MEA with 

porous dual 

fiber 

junction 

A Nafion (10 ɛm) half 

CCM and a TP85 half 

CCM, physically stacked 

with a porous 

Nafion/TP100 dual fiber 

junction incorporated with 

Pt-C (~45-55 ɛm) 

TP100/Pt-C 

(47.1% Pt) = 

1/4, 0.4 

mgPt/cm
2, 

CCM 

Nafion/Pt-

C (47.1% 

Pt) = 

58/42, 0.1 

mgPt/cm
2, 

CCM 

No 

M 

MEA with 

porous dual 

fiber 

junction 

A Nafion (10 ɛm) half 

CCM and a TP85 half 

CCM, physically stacked 

with a porous 825 EW 

PFSA/TP85 dual fiber 

junction (~45-55 ɛm) 

TP100/Pt-C 

(47.1% Pt) = 

1/4, 0.4 

mgPt/cm
2, 

CCM 

Nafion/Pt-

C (47.1% 

Pt) = 

58/42, 0.1 

mgPt/cm
2, 

CCM 

No 

N 

MEA with 

porous dual 

fiber 

junction 

A Nafion 211 half CCM 

and a TP85 half CCM, 

physically stacked with a 

porous SPEEK/TP85 dual 

fiber junction (~60-70 ɛm) 

TP100/Pt-C 

(47.1% Pt) = 

1/4, 0.4 

mgPt/cm
2, 

CCM 

Nafion/Pt-

C (47.1% 

Pt) = 

58/42, 0.1 

mgPt/cm
2, 

CCM 

No 

O 

MEA with 

3D junction 

BPM 

Hot-pressed SPEEK/TP85 

3D junction BPM (45 ɛm, 

no catalyst) 

TP100/Pt-C 

(47.1% Pt) = 

1/4, 0.4 

mgPt/cm
2, 

CCM 

Nafion/Pt-

C (40% 

Pt) = 

58/42, 0.1 

mgPt/cm
2, 

CCM 

No 
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hours, the pol-curve looked more like the MEA with a hot pressed, dense 3D junction, with 

very low power output. The observed performance decline was probably associated with 

the slow collapse of the junction pores, as a consequence of the compaction pressure in the 

fuel cell test fixture in conjunction with the elevated fuel cell testing conditions. The build-

up of water and the absence of strong adhesion between the membrane and electrode layers 

of the MEA may have also contributed to the power decay, i.e., there was evidence of some 

delamination of the 3D junction layer with the anode and/or cathode CCM.  

 

 

Figure 4.8: Polarization curves of a BPM MEA with a porous 3D junction after different 

operating times. Anode - 0.1 mgpt/cm2 Nafion/Pt-C, cathode - 0.4 mgpt/cm2 TP100/Pt-C, 

membrane ï Nafion 211 membrane, TP85 membrane with a porous 1/1 Nafion/TP85 dual 

fiber junction. Fuel cell test conditions: 60 oC with 125 sccm H2 and 500 sccm O2 feeds 

without backpressure, 100% RH for anode and cathode. 

 

To verify our hypothesis that the collapse of the junction pores did occur, a cross-
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section SEM image of the MEA was made after the fuel cell testing (see Figure 4.9). It can 

be seen that practically all junction pores disappeared from the junction after the fuel cell 

test. It therefore appeared that the decline in power with time was due to a gradual loss in 

the porosity of the dual fiber junction. 

 

 

Figure 4.9: Cross-sectional SEM image of a BPM MEA with a porous 3D junction after 

fuel cell testing. The junction part is amplified and is shown on the right-hand side. 

 

After the initial fuel cell test with the porous 3D junctions, several additional strategies 

were tested, in an effort to improve the initial power output and durability of such a type 

of MEA. One strategy was to add PEG to the junction, where the PEG would sorb large 

amounts of electrogenerated water and the PEG would fill interfiber voids between Nafion 

and TP85, thus preventing pore collapse during a fuel cell experiment. For this experiment, 

PEG was dissolved in Methylene chloride and the solution was brushed over an electrospun 

Nafion/TP85 dual fiber mat. After drying the mat overnight, it was stacked between a 

Nafion half CCM and a TP85 half CCM in the fuel cell test fixture. A H2/O2 fuel cell test 

was performed at 60 oC under fully humidified conditions. Another strategy for fast water 
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removal from the junction was to reduce the thickness of the cation exchange outer layer. 

For this experiment, a 10 ɛm solution-cast Nafion film was employed (the 10 ɛm Nafion 

thin film was made by diluting the Liquion 1115 dispersion to 10 wt.% and then solution-

casting), instead of Nafion 211, for the preparation of the BPM with porous 3D junction.  

The results of fuel cell experiments with these MEAs are summarized in Table 4.7. It 

can be seen that the MEA with PEG in the dual fiber junction exhibited decaying power 

output accompanied by an increasing high-frequency resistance (HFR). Although the 

power decay rate was slower than the previously tested porous junction MEA, the outcome 

was still unsatisfactory. Additionally, from Table 4.7, the thinner Nafion outer layer (CEL) 

slows the power loss, which can be attributed to the improved water diffusion away from 

the junction through the thinner outer layer. 

 

Table 4.7: Maximum power density and HFR of different BPM MEAs with porous 3D 

junction. Tests were performed at 60 oC, in H2/O2 at fully humidified condition. 

 

Max Power/ 

HFR After 

Break-in 

Max Power/ 

HFR After 3-4 

Hours of 

Operation 

Max Power/ 

HFR After 6-7 

Hours of 

Operation 

Porous 3D Bipolar 

Junction MEA (MEA I) 

289 mW/cm2 257 mW/cm2 47.1 mW/cm2 

43.3 mOhm 46.1 mOhm 198 mOhm 

Porous 3D Bipolar 

Junction MEA With PEG 

Impregnated in the 

Junction (MEA J) 

192 mW/cm2  114 mW/cm2 

61.0 mOhm  82.2 mOhm 

Porous 3D Bipolar 

Junction MEA with 

Thinner PEM (MEA K) 

213 mW/cm2 197 mW/cm2 187 mW/cm2 

49.7 mOhm 49.9 mOhm 51.7 mOhm 

Porous 3D Bipolar 

Junction MEA With Pt-C 

(MEA L) 

223 mW/cm2 175 mW/cm2 134 mW/cm2 

45.4 mOhm 55.3 mOhm 64.0 mOhm 
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Upon further examination of fuel cell polarization curves with 3D junction BPMs, a 

very sharp drop in voltage (from 1.0 to 0.6 V) at very low current densities can be observed. 

This portion of the pol curve is associated with reaction kinetic phenomena, at the anode 

and cathode. For the BPMFC MEAs, it is also associated with the kinetics of water 

generation at the junction. Thus, there appears to be an unwanted kinetic overpotential in 

such MEAs that can tentatively be associated with a poorly catalyzed water generation 

reaction in the junction layer. In order to investigate this further, Pt/C catalyst was added 

into the TP100 electrospinning solution, where the weight ratio of TP100 to carbon was 

10/1. Similar to the previous MEAs, a Nafion half CCM (~10 ɛm of Nafion) and a TP85 

half CCM with the Nafion/TP100+Pt-C (10/1 I/C) electrospun dual fiber junction were 

stacked in the fuel cell test fixture. Fuel cell tests were performed at 60 oC, with 125 

mL/min H2 and 500 mL/min O2 at full humidification. Unfortunately, the significant 

voltage drop at low current densities is still observed, as can be seen in Figure 4.10. The 

power output diminished during the testing period (see Table 4.7). More work is needed to 

address the low current density voltage drop in the pol-curves. 
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Figure 4.10: Polarization curves of a MEA with a porous 3D catalyzed junction after 

different operation times. Anode - 0.1 mgpt/cm2 Nafion/Pt-C, cathode - 0.4 mgpt/cm2 

TP100/Pt-C, membrane ï self-cast Nafion (~10 ɛm), TP85 membrane with a 1/1 

Nafion/TP100+Pt-C (10/1 weight ratio of ionomer/carbon) dual fiber junction. Fuel cell 

test conditions: 60 oC with 125 sccm H2 and 500 sccm O2 feeds without backpressure, 100% 

RH for anode and cathode. 

 

4.3.4.3 Investigation of the different effects on the fuel cell performance of MEAs with 

porous dual fiber junctions 

In previous experiments, the ratio of Nafion and TP85 in the junction was fixed at 1:1. 

It is suspected that the CEP/AEP ratio in the junction could affect the junction fibersô 

connectivity and ion conductivity. Slow transport of either H+ and OH- to the interfacial 

junction would impede water generation. In this regard, several BPM MEAs with different 

CEP/AEP junction ratios were prepared by adjusting the flow rates of the two polymer 

solutions during dual fiber electrospinning. All of the uncatalyzed dual fiber junction mats 

were around 30 ɛm thick. A porous uncatalyzed Nafion/TP85 dual fiber junction was 
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clamped between the two half-CCM layers in a fuel cell test fixture. Contact between the 

layers was made by physical compaction. 

Polarization curves for these MEAs are shown in Figure 4.11. It can be clearly seen 

that the MEA with a 1/2 Nafion/TP85 ratio showed much lower performance than those of 

the other MEAs, which can probably be attributed to the loss of connectivity of the Nafion 

phase in the junction, due to an excessive amount of TP85 fibers. BPMs with a 

Nafion/TP85 ratio of 1/1, 2/1, and 4/1 in the junction worked about the same, with no 

significant difference in power output. The highest power density of 214 mW/cm2 (at max 

power) was obtained with a 2/1 Nafion/TP85 junction. This MEA was examined further by 

measuring the power density as a function of backpressure. As shown in Table 4.8, the 

maximum power density increases with increasing backpressure, with a modest decrease 

in HFR (suggesting better contact between the junction layer and half CCMs). The highest 

value of the maximum power density was 327 mW/cm2.  
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Figure 4.11: Polarization curves of porous junction BPM MEAs with different CEP/AEP 

ratios in the junction. Anode - 0.1 mgpt/cm2 Nafion/Pt-C, cathode - 0.4 mgpt/cm2 TP100/Pt-

C, membrane ï Nafion 211 membrane, TP85 membrane with porous Nafion/TP85 dual 

fiber junction. Fuel cell test conditions: 60 oC with 125 sccm H2 and 500 sccm O2 feeds 

without backpressure, 100% RH for anode and cathode. 

 

Table 4.8: Dependence of maximum power density and HFR on backpressure. The MEA 

contains a porous 3D junction with 2/1 Nafion/TP85. Tests were performed at 60 oC, in 

H2/O2 at fully humidified conditions. 

Backpressure (psig) 0 7 14 21 28 

Max Power Density (mW/cm2) 214 236 284 311 327 

HFR at Max Power Density 

(mOhm) 
55.4 51.4 45.1 42.8 44.3 

 

Furthermore, a bipolar membrane was made using 825 EW PFSA fibers as the CEP 

component in the junction. It is expected that the use of 825 EW PFSA in the junction 

would enhance proton migration and possibly increase the water generation rate. The BPM 

MEA was prepared as described earlier, where a porous 825 EW PFSA/TP85 dual fiber 
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junction layer was placed between a Nafion half-CCM and a TP85 half-CCM. The three 

layers were held together by compressive forces in the fuel cell test fixture. H2/O2 fuel cell 

tests were carried out at different temperatures. The polarization curve results of these 

experiments are shown in Figure 4.12 and the measured maximum power densities and 

values of HFR are listed in Table 4.9. Fuel cell power density increased dramatically when 

the cell temperature was raised from 40 oC to 50 oC (93.5 mW/cm2 to 237 mW/cm2), but it 

then decreased slightly upon a further increase in temperature to 55 oC, indicating the 

optimal temperature is ~50 oC. Compared with the data in Table 4.8, the MEA with 825EW 

PFSA generates ~10% higher power versus a Nafion CEP MEA. 

 

 

Figure 4.12: Polarization curves of a porous junction BPM MEA at different operating 

temperatures. Anode ï 0.1 mgpt/cm2 Nafion/Pt-C, cathode ï 0.4 mgpt/cm2 TP100/Pt-C, 

membrane ï Nafion 211 membrane, TP85 membrane with a 1/1 825 EW PFSA/TP85 dual 

fiber junction. Fuel cell test conditions: 125 sccm H2 and 500 sccm O2 feeds without 

backpressure, 100% RH for anode and cathode. 
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Table 4.9: Dependence of maximum power density as well as HFR on temperature. BPM 

MEA with a 1/1 825 EW PFSA/TP85 porous junction. Tests were performed in H2/O2 

feeds without backpressure, at fully humidified conditions. 

Temperature (oC) 40 50 55 

Max Power Density (mW/cm2) 93.5 237 213 

HFR at Max Power Density 

(mOhm) 
82.8 44.4 46.0 

 

It was determined that there is a surface coating of Nafion on electrospun fibers, where 

the hydrophobic CF2 backbone groups of the ionomer orient outward, towards low 

dielectric constant air, during the electrospinning process.25 Such a hydrophobic coating 

may prevent water generation at a Nafion fiber/AEP fiber junction. In a final set of tests, 

to check if this was the cause of the moderate fuel cell power output, the Nafion was 

replaced with SPEEK in the dual fiber junction, where the CEP/AEP ratio was fixed at 1/1. 

Two types of SPEEK/TP85 junctions were evaluated: a porous SPEEK/TP85 junction and 

a densified SPEEK/TP85 junction, both with no catalyst. The fuel cell performance of the 

two MEAs is shown in Figure 4.13. For the porous junction MEA, a Nafion 211 half CCM 

and a TP85 half CCM were pressed against the opposing surfaces of the SPEEK/TP85 dual 

fiber junction, in the fuel cell test fixture. For the dense junction MEA, a SPEEK/Nafion 

3D junction BPM was prepared following the method depicted in Chapter II and Chapter 

III, where a CEP and an AEP film were pressed with a dual fiber junction. Then a Nafion/Pt-

C anode and a TP100/Pt-C cathode were directly sprayed onto the membrane with the 

dense junction. Unfortunately, as shown in Figure 4.13, both MEAs exhibit relatively poor 
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performance (47.5 mW/cm2 with porous junction vs. 35.9 mW/cm2 with dense junction, 

for max power densities). Compared to the MEAs with Nafion/TP85 dual fiber junctions, 

for dense junction BPMs, the MEA with SPEEK/TP85 showed better power output (35.9 

mW/cm2 vs. 3.48 mW/cm2), regarding porous junction BPMs, the MEA with SPEEK/TP85 

showed significantly lower fuel cell performance (47.5 mW/cm2 vs. 289 mW/cm2). The 

improvements in maximum power density from a dense junction BPM MEA to a porous 

junction BPM MEA were 32% and 8200% for SPEEK/TP85 and Nafion/TP85, 

respectively, which was probably due to the better ionic conductivity and thermal stability 

of Nafion combined with the incompatibility of the SPEEK membrane ionomer and the 

Nafion binder in the anode, but more studies would be necessary to substantiate this 

hypothesis. 

 

 

Figure 4.13: Polarization curves of BPM MEAs with porous or dense junctions composed 

of SPEEK and TP85. Anode - 0.1 mgpt/cm2 Nafion/Pt-C, cathode - 0.4 mgpt/cm2 TP100/Pt-
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C. Fuel cell test conditions: 60 oC with 125 sccm H2 and 500 sccm O2 feeds without 

backpressure, 100% RH for anode and cathode. 

 

4.3.5 Hybrid bipolar junction MEAs 

In order to further improve the BPMFC performance, MEAs with an asymmetric 

bipolar membrane (BPMs with a 25 ɛm or 10 ɛm cation exchange layer bonded to a 1 ɛm 

TP100/Pt-C anion exchange layer) have been prepared and the H2/O2 fuel cell performance 

was examined at different feed gas humidity conditions. 

 

4.3.5.1 Preparation of the hybrid bipolar junction MEAs  

The ink for making the thin AEP layer contained 1.7 wt.% solids with an I/C ratio of 

10/1 (wt./wt.) TP100/carbon (or an ionomer/catalyst weight ratio of 5/1 since Pt-C catalyst 

contains ~50 wt.% of Pt). The ink was prepared as follows: First, 0.02 g of Pt/C catalyst 

was added to 0.2 g of water, then the suspension was stirred mechanically for ca. 2 minutes 

followed by 1 hour of sonication in an ice water bath. Then, 5 mL of IPA was added 

followed by adding 2.8572 g of a 3.5 wt.% TP100 dispersion in EtOH. Finally, the ink was 

sonicated until all components were fully dispersed (ca 1 hour), followed by mechanical 

stirring until the ink was used.   

The MEA with a hybrid bipolar junction was fabricated by starting with a CEP 

membrane and then spraying one side of the film with a Nafion/Pt-C anode to achieve a 

final loading of 0.1 mgPt/cm
2. A 1 ɛm thick layer of TP100/Pt-C (I/C ratio of 10/1) was 
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then sprayed onto the opposite surface of the CEP film. A TP100/Pt-C ink anode (I/C ratio 

of 1/2) was sprayed onto the I/C 10/1 anion exchange layer of the BPM with a loading of 

0.4 mgPt/cm
2 to complete the preparation of this MEA. A schematic representation of this 

MEA is shown in Figure 4.14. The compositions of various modified forms of the hybrid 

bipolar junction MEAs are listed in Table 4.10. The MEAs differ by: (1) using either a 

Nafion 211 or Xion-Aqiuivion-830-10 membrane as the CEP film and (2) the type of 

catalyst in the 10/1 I/C layer that separated the CEP from the AEM cathode (where the 

catalyst was either Al(OH)3, GO, or Pt/C). For Pt/C, the I/C ratio refers to ionomer and 

carbon contents. For Al(OH)3 and GO, the I/C ratio refers to ionomer and catalyst contents. 

For comparison, an MEA was made by replacing the 10/1 I/C layer with pure TP100 

ionomer, while the thickness of the layer remained the same, which was shown as MEA P 

in Table 4.10. 
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Figure 4.14: Diagram of the hybrid bipolar junction MEA. The MEA is composed of a 

Nafion-Pt/C anode, a CEP film, a thin layer (~1 mm) of high I/C ratio TP100/Pt-C catalyst 

(I/C ratio of 10/1), and a TP100/Pt-C cathode. 

 

Table 4.10: Compositions of MEAs with various hybrid bipolar junctions in this study. 

MEA 
Type of 

MEA 
Membrane Morphology Cathode Anode 

Pre-

treatmen

t 

P 

MEA with 

bipolar 

junction 

Nafion 211 with a thin 

TP100 AEP layer (~1 

ɛm) (Total membrane 

thickness of ~26-27 ɛm) 

TP100/Pt-C 

(47.1% Pt) 

= 1/4, 0.4 

mgPt/cm
2, 

CCM 

Nafion/Pt-

C (47.1% 

Pt) = 

58/42, 0.1 

mgPt/cm
2, 

CCM 

No 

Q 

MEA with 

hybrid 

bipolar 

junction 

Nafion 211 with a thin 

AEP layer (~1 ɛm) of 

ionomer/catalyst weight 

ratio of 10/1 TP100/GO 

(Total membrane 

thickness of ~26-27 ɛm) 

TP100/Pt-C 

(47.1% Pt) 

= 1/4, 0.4 

mgPt/cm
2, 

CCM 

Nafion/Pt-

C (47.1% 

Pt) = 

58/42, 0.1 

mgPt/cm
2, 

CCM 

No 
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4.3.5.2 H2/O2 fuel cell tests with the hybrid bipolar junction MEAs  

The hybrid bipolar junction MEA investigated in the present study can be regarded as 

a modified version of the MEA proposed by Prof. Paul Kohl, who sprayed a thin AEP layer 

onto an alkaline cathode and then pressed a PEM film onto the sprayed layer.22  

In the present study, a thin AEP layer (~1 ɛm), either: (i) 10/1 I/C of TP100 AEP/Pt-

C catalyst (47.1% Pt), (ii) 10/1 I/C of TP100 AEP/GO catalyst, or (iii) 10/1 I/C of TP100 

AEP/Al(OH)3 catalyst was sprayed onto the surface of PEM to form a hybrid bipolar 

junction. The presence of catalyst particles in this layer distinguished the present work from 

that of Kohlôs group. For reference, a thin AEP layer with pure TP100 ionomer and no 

R 

MEA with 

hybrid 

bipolar 

junction 

Nafion 211 with a thin 

AEP layer (~1 ɛm) of 

ionomer/catalyst weight 

ratio of 10/1 

TP100/Al(OH)3 (Total 

membrane thickness of 

~26-27 ɛm) 

TP100/Pt-C 

(47.1% Pt) 

= 1/4, 0.4 

mgPt/cm
2, 

CCM 

Nafion/Pt-

C (47.1% 

Pt) = 

58/42, 0.1 

mgPt/cm
2, 

CCM 

No 

P 

MEA with 

hybrid 

bipolar 

junction 

Nafion 211 with a thin 

AEP layer (~1 ɛm) of 

ionomer/catalyst weight 

ratio of 5/1 TP100/Pt-C 

(TKK, 47.1% Pt) (Total 

membrane thickness of 

~26-27 ɛm) 

TP100/Pt-C 

(47.1% Pt) 

= 1/4, 0.4 

mgPt/cm
2, 

CCM 

Nafion/Pt-

C (47.1% 

Pt) = 

58/42, 0.1 

mgPt/cm
2, 

CCM 

No 

Q 

MEA with 

hybrid 

bipolar 

junction 

Xion-Aquivion-830-10) 

with a thin AEP layer (~1 

ɛm) of ionomer/catalyst 

weight ratio of 5/1 

TP100/Pt-C (TKK, 

47.1% Pt) (Total 

membrane thickness of 

~11-12 ɛm) 

TP100/Pt-C 

(47.1% Pt) 

= 1/4, 0.4 

mgPt/cm
2, 

CCM 

Nafion/Pt-

C (47.1% 

Pt) = 

58/42, 0.1 

mgPt/cm
2, 

CCM 

No 



мпн 

 

catalyst was also sprayed onto the PEM layer to form a bipolar junction. This thin layer is 

intended to separate the PEM layer from the AEM cathode, thus preventing the direct 

contact of the proton conducting membrane with cathode catalyst particles (if this were to 

occur, then there would be a direct pathway for protons to migrate from the anode to the 

cathode, which is analogous to a PEMFC). The effect of particles in the thin AEP layer on 

the fuel cell performance is shown in Figure 4.15, where the polarization and power density 

curves of the above four MEAs are exhibited. The fuel cell output of a hybrid bipolar 

junction MEA incorporated with Pt-C is more than 100 times higher (535 mW/cm2), as 

compared to the MEA with a pure TP100 thin layer. It can be observed in Figure 4.15 that 

when Pt-C particles are replaced with GO or Al(OH)3 particles in the thin AEP layer, the 

fuel cell power output is poor. Platinum particles have been reported to catalyze the 

recombination of hydrogen and oxygen, thereby achieving self-humidification in a 

PEMFC.26-30 The function of Pt-C in the thin AEP layer of the bipolar junction MEA needs 

to be further investigated. 
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Figure 4.15: Polarization (solid symbol) and power density (hollow symbol) curves of 

bipolar junction MEAs with different ionomer/catalyst compositions in the AEP thin layer: 

(ƴ) 10/1 I/C of TP100/Pt-C, (ǒ) 10/1 I/C of TP100 with GO, (Ƿ) 10/1 I/C of TP100 with 

Al(OH)3, and (ƶ) pure TP100. Fuel cell test conditions: 80 
oC with 125 sccm H2 and 500 

sccm O2 feeds, 0 backpressure, 100% RH for the anode and the cathode. 

 

The cross-sectional SEM test of the hybrid bipolar junction MEA with Pt-C is shown 

in Figure 4.16. Three layers can be clearly distinguished from the top to the bottom: a 

Nafion 211 membrane, 10/1 I/C of TP100/Pt-C thin layer (bigger size of particles), and 

TP100/Pt-C cathode (smaller size of particles). The result is consistent with the preparation 

procedure in the above section, a thin layer with a high ionomer/catalyst ratio was put in 

between the Nafion 211 layer and the alkaline cathode. The cross-sectional SEM further 

proves the TP100/Pt-C thin layer can prevent the direct contact of the Nafion membrane 

with the TP100/Pt-C cathode. 
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Figure 4.16: Cross-sectional SEM image of the hybrid bipolar junction MEA. The MEA 

is composed of a Nafion/Pt-C anode, a Nafion 211 membrane, a thin AEP layer with a 10/1 

I/C of TP100/Pt-C, and a TP100/Pt-C cathode. 

 

To further investigate the fuel cell performance of the hybrid bipolar junction MEA 

with Pt-C, polarization curves are recorded in Figures 4.17a and b at 80 oC under different 

RHs and with 0 or 14 psig backpressure. Figure 4.17c shows the maximum power density 

values obtained at different RHs. As can be seen, with 0 backpressure, the maximum power 

density showed a peak of 563 mW/cm2 at 80% RH and was still relatively high (313 

mW/cm2) at 40% RH. When the backpressure goes to 14 psig, fuel cell performance 

increases dramatically, as shown in Figures 4.17b and c. It should be noted that the 

maximum power density at 14 psig was nearly constant between 40% RH and 100% RH, 

only ~13% power loss was observed when RH decreased to 40%. The high maximum 
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power density at 40% RH (718 mW/cm2) indicates good water distribution/diffusion from 

the junction to the anode and cathode, which is quite different (produced more power) than 

an AEM or PEM fuel cell MEA at low RHs. These results are attributed to the water 

transport from the hybrid bipolar junction and the resultant self-humidification of the MEA. 

Compared with a PEMFC and an AEMFC, the water generation reaction happens inside 

the membrane rather than in the electrode for the hybrid bipolar junction MEA, water can 

be better retained and diffused through the whole MEA since the water accumulated in the 

electrode probably be swept out by the gas flow. 

 

 

Figure 4.17: Polarization curves of the hybrid bipolar junction MEA under different 

relative humidities and: (a) without backpressure, (b) with 14 psig backpressure. (c) 

Histogram of the max power densities obtained from the polarization curves. Fuel cell test 

conditions: 80 oC with 125 sccm H2 and 500 sccm O2 feeds. 
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Then the MEA was further tested from 100% RH to 10% RH with varied 

backpressures to investigate the effect of backpressure on the fuel cell performance at 

different RHs. It can be clearly seen from Table 4.11 that backpressure significantly 

improves the fuel cell performance, the max power density at 40% RH with 28 psig 

backpressure is more than 3 times the value obtained without backpressure in the same test 

condition. With 28 psig backpressure, the power output at 40% RH and 100% RH could be 

achieved as high as nearly 1 W/cm2, this result also demonstrated the excellent fuel cell 

performance of the hybrid bipolar junction MEA at low RH, due to the water hydration 

ability of the MEA structure. At 20% RH, the power output was low in the absence of 

backpressure (92.7 mW/cm2) but improved drastically to 542 mW/cm2 with 21 psig 

backpressure. However, when the humidity decreased to 10%, the performance was poor, 

the power output was only 13 mW/cm2 even with the employment of 21 psig backpressure. 

Therefore, how to improve the fuel cell performance at 10-20% RH is needed. 

 

Table 4.11: Maximum power density vs. backpressure for the hybrid bipolar junction MEA 

with different humidities. Fuel cell test conditions: 80 oC with 125 mL/min H2 and 500 

mL/min O2 feeds. 

Backpressure (psig) 0 7 14 21 28 

Max Power Density With 100% RH 

(mW/cm2) 
535 683 833 947 939 

Max Power Density With 40% RH 

(mW/cm2) 
313 464 718 898 989 

Max Power Density With 20% RH 

(mW/cm2) 
92.7  235 542  

Max Power Density With 10% RH 

(mW/cm2) 
6.93  11.5 13  
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For the next set of experiments, to improve the back diffusion of water from the 

junction to the anode and decrease the IR drop of the membrane, a thinner than Nafion 211, 

Xergy-Aquivion 10 ɛm film was used as the cation exchange layer in the fabrication of 

new BPMs. The same procedure was employed as described in the previous section. Here, 

a Xergy Aquivion film was coated with Nafion-Pt/C anode, a thin (~1 ɛm) TP100/Pt-C 

(I/C ratio of 10/1) anion exchange layer, and a TP100/Pt-C ink (I/C ratio of 1/2) were 

sprayed sequentially onto the other side. 

Figure 4.18 shows fuel cell polarization curves collected with this MEA at 80 oC and 

100% RH at various backpressures. In Table 4.12, a summary is given of the obtained 

maximum power density values and compared to the result in Table 4.11, where a hybrid 

bipolar junction MEA was prepared with a Nafion 211 film. It can be observed that the 

maximum power density increased when the backpressure was increased, the MEA with a 

thinner Xergy Aquivion CEP layer showed higher fuel cell power output as compared to 

the MEA with a thicker Nafion 211 film. At 100% RH, the maximum power density 

increased from 702 mW/cm2 in the absence of backpressure to 1260 mW/cm2 at 21psig 

backpressure. while at 40% RH, the max power density increased from 336 mW/cm2 to 

950 mW/cm2, when the backpressure was increased from 0 to 21psig. It can be concluded 

that the performance drop at low humidity was smaller when higher backpressure was 

applied, which results probably from better hydration with higher backpressure at low RH. 

It should be noted that the fuel cell performance drop at low RHs is smaller for the MEA 
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with a thicker Nafion 211 film (13% vs. 39%, at 14 psig backpressures, from 100% RH to 

40% RH), which can be attributed to the higher IEC of Aquivion (830 EW) than the Nafion 

211 (1100 EW), and the resultant higher amount of water needed for membrane functioning 

properly at low RHs. 

 

 

Figure 4.18: Polarization curves of a hybrid bipolar junction MEA with Xergy Aquivion 

membrane with different backpressure. Anode - 0.1 mgpt/cm2 Nafion/Pt-C, cathode - 0.4 

mgpt/cm2 TP100/Pt-C, membrane ï Xergy Aquivion film (10 ɛm) with a thin AEP layer of 

10/1 ionomer/carbon weight ratio of TP100/Pt-C. Fuel cell test conditions: 80 oC with 125 

sccm H2 and 500 sccm O2 feeds, 100% RH for anode and cathode. 

 

Table 4.12: Maximum power density vs. the backpressure at the anode and cathode with 

100% RH and 40% RH for the hybrid bipolar junction MEAs. 

Backpressure (psig) 0 7 14 21 

Max Power Density 

at 100% RH 

(mW/cm2)  

Hybrid bipolar 

junction MEA with 

Nafion 211 film 

535 683 833 947 

Hybrid bipolar 

junction MEA with 

Xergy Aquivion film 

702 956 1190 1260 
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Max Power Density 

at 40% RH 

(mW/cm2) 

Hybrid bipolar 

junction MEA with 

Nafion 211 film 

313 464 718 898 

Hybrid bipolar 

junction MEA with 

Xergy Aquivion film 

336 480 726 950 

 

4.3.5.3 ñAsymmetric/differential humidityò tests of the hybrid bipolar junction MEA 

To further investigate the low fuel cell performance at 10 - 20% RH of the hybrid 

bipolar junction MEA with a Nafion 211 film, some hypotheses were proposed and 

experiments were carried out. Given that the junction is located near the cathode, even if 

the ORR at the cathode consumes water, the water being generated at the junction can 

easily diffuse to the cathode and compensate for the water consumption. It is suspected that 

anode drying is a problem because of the electroosmotic drag of water accompanied by the 

proton transportation from the anode to the junction. In order to diagnose the power loss at 

humidity <20% and determine the sensitivity of fuel cell performance to changes in 

humidification conditions, a series of experiments named asymmetric (differential) feed 

gas humidification tests were designed. Specifically, the cathode humidity was kept 

constant, and the fuel cell tests were operated with varied humidity at the anode. Table 4.13 

and Table 4.14 show the maximum power density results obtained at different anode feed 

gas humidities with varied backpressures, for a fixed cathode feed gas humidity of either 

20% or 10%. As can be seen, fuel cell power output increased with increasing anode feed 

gas humidity, especially when the cathode was kept at 10% RH. For this case, the 

performance at 100% anode RH was more than 50 times higher than that at 10% anode RH. 
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Backpressure significantly improved power density, especially for the lower RH. At 21 

psig backpressure, even when the cathode humidity lowered to 10%, if we increased the 

anode humidity to 100%, a max power density close to 900 mW/cm2 could still be obtained, 

which was close to the result tested in a fully humidified condition for both anode and 

cathode. The results verify the hypothesis that anode drying is a problem. Cathode flooding 

and water build-up in the junction are not issues. Probably, under low humidity operation, 

the amount of water carried out of the anode to the BPM junction with protons via the 

electroosmotic drag was higher than the back diffusion of water from the junction to the 

anode.  

 

Table 4.13: Maximum power density vs. the anode feed gas relative humidity for the 

hybrid bipolar junction MEA, cathode feed gas humidity was fixed at 20%. Tests were 

performed at 80 oC, in H2/O2 with different backpressures. 

Anode Feed Gas RH (%) 20 80 100 

Max Power Density With 0 psig 

Backpressure (mW/cm2) 
92.7 326 440 

Max Power Density With 14 psig 

Backpressure (mW/cm2) 
235 666 799 

Max Power Density With 21 psig 

Backpressure (mW/cm2) 
542 847 894 

 

Table 4.14: Maximum power density vs. the anode feed gas relative humidity for the 

hybrid bipolar junction MEA, cathode feed gas humidity was fixed at 10%. Tests were 

performed at 80 oC, in H2/O2 with different backpressures. 

Anode Feed Gas RH (%) 10 80 100 

Max Power Density With 0 psig 

Backpressure (mW/cm2) 
6.93 191 389 

Max Power Density With 14 psig 

Backpressure (mW/cm2) 
11.5 660 776 

Max Power Density with 21 psig 

Backpressure (mW/cm2) 
13 835 886 
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4.3.5.4 Water trapping experiment of the hybrid bipolar junction MEA 

In order to further investigate the water generation and transport behavior during a 

fuel cell test, water trapping experiments were performed. As shown in Figure 4.19, two 

cold traps in series are connected to the anode or cathode exhaust gas outlets of the fuel 

cell test fixture. The first trap was immersed in ice water and the second trap was immersed 

in liquid nitrogen. The fuel cell was operated at a constant current density and the weight 

of water was collected. A blank (zero current density) test was also performed, to test the 

experimental procedure and to identify asymmetric water transport trends. Specifically, 

fuel cell experiments were carried out at 40% RH for anode and cathode, for a period of 1 

hour, while the flow rate of H2 and O2 were fixed at 0.125 L/min. First, the background 

water content of the H2 and O2 were determined at open circuit voltage. Next, the current 

density was fixed at 500 mA/cm2 and the 1-hour water capture experiment was repeated. 

As shown in Table 4.15, the background water collected in the first experiments 

amounted to 1.693 g, and 1.654 g, respectively for the anode and the cathode gas exhaust 

streams. These two values are very close, which is consistent with the expected equal 

values for RH and flow rates for the H2 and O2 streams. The water collected during 1 hour 

of operation at 500 mA/cm2 was 1.512 g at the anode and 2.635 g at the cathode. The total 

water generated was 0.8 g, very close to the theoretical value of 0.84 g (500 mA/cm2 for 1 

hour). The asymmetry in water collection originated from the imbalance between 

electroosmotic water drag out of the anode and through the PEM layer (which is controlled 
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by the current density) and the back diffusion of water from the hybrid bipolar junction to 

the anode (which is controlled by the thickness of the Nafion layer). Since the cathode is 

separated from the junction by a TP100 layer that is significantly thinner than the Nafion 

layer adjacent to the anode, it was not unexpected to see more water exiting the cathode, 

as compared to the anode. Although the oxygen reduction reaction at the alkaline cathode 

consumes water, the diffusion of water from the BPM junction to the cathode still 

dominates the water balance. It has been shown that some level of oversaturation of the 

alkaline cathode is beneficial for its performance,24 so the water transport rates in our BPM 

fuel cell are acceptable.  

Furthermore, water generation at the bipolar junction during fuel cell operation at a 

constant current density has been confirmed and quantified. The results show that more of 

the water generated at the hybrid bipolar junction is exiting the fuel cell via the alkaline 

cathode, which may explain the high power densities achieved at low cathode RH and high 

anode RH (as per Tables 4.13 and 4.14).  

 



мро 

 

 

Figure 4.19: Schematic of water trapping experiment. 

 

Table 4.15: Results of water trapping experiment. Test conditions: 80 oC, 40% RH for 

anode and cathode, 0.125 sccm H2 and 0.125 sccm O2, 1 hour. No current or with 0.5 A/cm2 

current flow. 

 
Anode 

outlet 

Cathode 

outlet 

Weight of Water (g) Without Current Flow 1.693 1.654 

Weight of Water (g) With 0.5 A/cm2 1.512 2.635 

Total Amount of Water Generated (g) -0.181 0.981 
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4.3.5.5 Rated power tests of the hybrid bipolar junction MEA 

In order to operate the fuel cell vehicles more efficiently, rated power has been 

proposed and has been considered as one of the criteria to evaluate the quality of the fuel 

cell system. Based on the DOE (Department of Energy) target, regarding an 80 kW net 

power, assuming a 90 kW stack gross power and Q/ȹTi = 1.45, the voltage at rated power 

was dependent on the operating temperature of the testing system and can be calculated by 

the equation 4.1, the calculated voltages at different operating temperatures have been 

listed in Table 4.16 as well. Fuel cell experiments were carried out at different temperatures 

(80 oC, 90 oC, and 95 oC) and with varied inlet gas flow rates of the anode and the cathode, 

to achieve rated power values as high as possible. The effect of backpressure on the rated 

power has also been investigated. 

 

           
Ў

    
Ȣ ͽ  

ͽ  

     Ј
             (4.1) 

 

Table 4.16: Calculated voltage values at rated power and different temperatures, for Q/æT 

= 1.45. 

Temperature (oC) Voltage (V) 

80 0.76 

85 0.725 

90 0.692 

95 0.663 
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In Table 4.17, the rated power values obtained at 80 oC, 90 oC, 95 oC, and at different 

backpressures are summarized for the varied feed flow rates. It can be clearly seen that the 

elevated temperature increased the rated power significantly, by as much as 2-3 times at 

low and high backpressures from 80 oC to 90 oC. Additionally, feed flow rates also affected 

the rated power value, especially at higher backpressures. At 90 oC and 28 psig 

backpressure, the 1000 mL/min for both anode and cathode feeds showed 20% higher rated 

power than that with 125 mL/min of H2 and 500 mL/min of O2. As expected, backpressure 

was beneficial for improving rated power. Figure 4.20 shows the polarization curves of the 

bipolar junction MEA tested at 95 oC and varied backpressures with 1000 mL/min of H2 

and O2. Given that the calculated voltage at rated power is 0.663 V at 95 
oC, a reference 

line of voltage at 0.663 V is added to Figure 4.20, in order to intuitively show the change 

of current density under rated power conditions with increased backpressures. The current 

density value obtained with 28 psig backpressure was 1.6 times higher than that with no 

backpressure. Based on Table 4.17 and Figure 4.20, the highest value of rated power (677 

mW/cm2) is observed at 95 oC and 28 psig backpressure. 

 

Table 4.17: Rated power vs. backpressure for the hybrid bipolar junction MEA. The fuel 

cell operated at 100% RH for both the anode and cathode. 

 

Backpressure (psig) 

0 7 14 21 28 

Rated Power Density at 80 oC, 125 

sccm H2/ 500 sccm O2 (mW/cm2) 
60.7 47.9 97.6 46.1 89.1 

Rated Power Density at 90 oC, 125 

sccm H2/ 500 sccm O2 (mW/cm2) 
208 287 374 391 405 
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Rated Power Density at 90 oC, 1000 

sccm H2/ 1000 sccm O2 (mW/cm2) 
183 266 396 481 487 

Rated Power Density at 95 oC, 1000 

sccm H2/ 1000 sccm O2 (mW/cm2) 
255 331 509 622 677 

 

 

Figure 4.20: Polarization curves of a hybrid bipolar junction MEA with different 

backpressures. Fuel cell test conditions: 95 oC with 1000 sccm H2 and 1000 sccm O2 feeds. 

 

4.3.5.6 H2/synthetic air fuel cell test of the hybrid bipolar junction MEA 

In previous sections, the hybrid bipolar junction MEA with Nafion 211 membrane 

showed incredible fuel cell performance in H2/O2. The fuel cell performance of such a 

hybrid bipolar junction MEA in H2/synthetic air has been investigated as well. The 

synthetic air is composed of 80% N2 and 20% of O2, which is similar to the air condition, 

but eliminates the influence of CO2 in the air on the anion exchange polymer.
31,32 First, fuel 

cell tests were carried out at 80 oC with different flow rates of H2 and air, in order to 

optimize the testing conditions. Table 4.18 summarizes the maximum power density values 
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obtained at three flow rates of feed gases and five backpressures. As can be seen, the 

maximum power density increased with increasing flow rate of reactant gases and with 

increasing backpressure. When the flow rates of H2 and air increased to 1000 sccm each, 

the maximum density reached 472 mW/cm2. The fuel cell polarization curves collected at 

80 oC with this type of MEA and at full humidification are shown in Figure 4.21. 

 

Table 4.18: Maximum power density vs. backpressure for the hybrid bipolar junction MEA 

tested at 80 oC with different feed gas flow rates, 100% RH for anode and cathode. 

1 Synthetic air containing 20% O2 and 80% N2 

 

 

 
Backpressure (psig) 

0 7 14 21 28 

Max Power Density for 125 sccm H2 

and 500 sccm Air1 (mW/cm2) 
275 291 311 395 424 

Max Power Density for 200 sccm H2 

and 1000 sccm Air (mW/cm2) 
275 313 377 413 438 

Max Power Density for 1000 sccm H2 

and 1000 sccm Air (mW/cm2) 
289 355 408 434 472 



мру 

 

Figure 4.21: Polarization curves of the hybrid bipolar junction MEA with different 

backpressures: (ƴ) 0 psig, (ǒ) 7 psig, (Ƿ) 14 psig, (ƶ) 21 psig, and (ƺ) 28 psig. Fuel cell 

test conditions: 80 oC with 1000 sccm H2 and 1000 sccm air feeds, 100% RH for anode 

and cathode. 

 

In Figure 4.22, the effect of humidity (same RH for the anode and cathode) on fuel 

cell performance is shown at 28 psig backpressure and 1000 sccm flow rates for H2 and 

synthetic air flow rates. The maximum power density values are listed in Table 4.19. It can 

be seen that MEA power did not change significantly between 80% and 100% RH. 

However, when RH decreased to 40%, a significant performance loss was observed (the 

maximum power density decreased to 17% of that at 100% RH). This loss was due to 

insufficient hydration of the ionomers and the resultant increase in the ionic resistance of 

the membrane and/or electrode binders. The present finding did not match the behavior of 

a similar MEA fed with pure O2, studied in the previous sections, where minimal power 

losses were observed between 100% RH and 40% RH, indicating effective back diffusion 

of water from the junction to the anode. Now, due to the lower oxygen content, lower power 

was generated and the amount of water released from the junction was lower. At the high 

air flow rate, this lower water flux was insufficient to keep the cathode well hydrated. 

 



мрф 

 

 

Figure 4.22: Polarization curves of the bipolar junction MEA with different RHs: (ƴ) 100% 

RH, (ǒ) 80% RH, (Ƿ) 60% RH, and (ƶ) 40% RH. Fuel cell test conditions: 80 oC with 

1000 sccm H2 and 1000 sccm air feeds, and 28 psig backpressure. 

 

Table 4.19: Maximum power density vs. feed gas humidity for the hybrid bipolar junction 

MEA. Tests were performed at 80 oC, with 1000 sccm H2 and 1000 sccm air feeds, at 28 

psig backpressure (data from Figure 4.22). 

Feed Gas RH (%) 100 80 60 40 

Max Power Density (mW/cm2) 472 466 365 81 

 

4.3.5.7 ñAsymmetric/differential humidityò tests of the hybrid bipolar junction MEA in 

H2/synthetic air  

To further investigate the sensitivity of fuel cell performance to changes in 

humidification conditions and to understand the cause of the low power at low humidity, 

asymmetric (differential) humidity experiments were performed. Table 4.20 shows the 

maximum power density results obtained at different anode feed gas humidities and 

different backpressures, when the cathode feed gas humidity is fixed at 40%. As can be 
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seen, the fuel cell power output increases with increasing anode feed gas humidity, and 

backpressure significantly improves the maximum power density. When the anode was 

fully humidified, the power output at 28 psig was more than two times higher, as compared 

to that without backpressure. This result is comparable to the performance observed when 

both the anode and the cathode were at 100% RH.  

 

Table 4.20: Maximum power density vs. backpressure for the hybrid bipolar junction MEA, 

cathode feed gas humidity was fixed at 40% with different anode humidities. Tests were 

performed at 80 oC, with 1000 sccm H2 and 1000 sccm air feeds. 

 
Backpressure (psig) 

0 7 14 21 28 

Max Power Density When Anode 

Humidity Was 60% (mW/cm2) 
63.5 83.1 103 124 141 

Max Power Density When Anode 

Humidity Was 80% (mW/cm2) 
108 146 188 223 266 

Max Power Density When Anode 

Humidity Was 100% (mW/cm2) 
201 257 319 376 437 

 

The effect of changing cathode humidity with a fully humidified anode was 

investigated and the results are shown in Table 4.21. As the alkaline cathode requires 

significant water for effective oxygen reduction, a decrease in the RH of the synthetic air 

feed stream should result in a significant power loss. However, only a moderate power loss 

was observed with the hybrid bipolar junction MEA (a 30% loss at 0 psig and a 7% loss at 

28 psig), confirming the very effective self-hydration capability of the MEA, due to the 

water generation at the junction.  
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Table 4.21: Maximum power density vs. cathode feed gas RH and backpressure for the 

hybrid bipolar junction MEA when the anode feed gas humidity was fixed at 100%. Tests 

were performed at 80 oC, with 1000 sccm H2 and 1000 sccm air feeds. 

 
Backpressure (psig) 

0 7 14 21 28 

Max Power Density When Cathode 

Humidity Was 100% (mW/cm2) 
289 355 408 434 472 

Max Power Density When Cathode 

Humidity Was 40% (mW/cm2) 
201 257 319 376 437 

 

4.3.6 Fuel cell tests of MEAs with 2D junction BPMs 

For a final set of experiments, in order to verify whether the low output of a trilayer 

3D junction BPM is related to the 3D junction or not, the fuel cell performance of MEAs 

with 2D junction BPMs was also assessed, where the MEAs were made by stacking two 

half CCMs together or stacking AEM and CEM with GDEs. Two MEAs were fabricated 

and the compositions are shown in Table 4.22. 

 

Table 4.22: Composition of MEAs with 2D junction BPMs in this study. 

MEA 
Type of 

MEA 

Membrane 

Morphology 
Cathode Anode Pre-treatment 

R 

MEA 

with 2D 

junction 

BPM   

Nafion 211 half 

CCM physically 

stacked with TP85 

half CCM in the 

fuel cell test fixture 

(40 ɛm, no 

catalyst) 

TP100/Pt

-C 

(47.1% 

Pt) = 1/4, 

0.4 

mgPt/cm
2

, CCM 

Nafion/Pt-

C (40% 

Pt) = 

58/42, 0.1 

mgPt/cm
2, 

CCM 

TP85 half CCM 

and Nafion half 

CCM were 

soaked in 0.1M 

KOH and 0.1 M 

H2SO4 solutions 

for 3 hours, 

respectively 
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Figure 4.23 shows the polarization and power density curves of the above two MEAs 

with 2D junction BPMs. The maximum power densities are 63.9 mW/cm2 and 29 mW/cm2 

for MEA R and MEA S, respectively. The summary of the best fuel cell results obtained 

with varied types of MEAs is listed in Table 4.23. As can be seen, the 2D junction BPM 

MEA showed slightly better fuel cell performance than the dense 3D junction BPM MEA, 

but the power output was significantly lower compared to a porous 3D junction BPM MEA 

and a hybrid bipolar junction MEA. It can be concluded that the 3D junction is not 

supposed to account for the undesired power output for a BPMFC, the design of MEA 

configuration to rapidly remove water away from the junction plays a significant role in 

achieving high fuel cell performance of a BPMFC. 

 

S 

MEA 

with 2D 

junction 

BPM   

Xion-CEM-

Aquivion-830-05 

CEM physically 

stacked with 

Pention-AEM-720-

05 AEM   in the 

fuel cell test fixture 

(13 ɛm, no 

catalyst)  

TP100/Pt

-C 

(47.1% 

Pt) = 1/4, 

0.4 

mgPt/cm
2

, GDE 

Nafion/Pt-

C (40% 

Pt) = 

58/42, 0.1 

mgPt/cm
2, 

GDE 

AEM and 

cathode GDE 

soaked in 0.1M 

KOH solution 

for 3 hours and 

washed with DI 

water before 
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Figure 4.23: Polarization (solid symbol) and power density (hollow symbol) curves of 

MEAs with different 2D junction BPMs: (ƴ) Nafion/TP85 2D junction BPM without 

catalyst, (ǒ) Xion-CEM-Aquivion-830-05/Pention-AEM-720-05 2D junction BPM 

without catalyst. Fuel cell test conditions: 60 oC with 125 sccm H2 and 500 sccm O2 feeds. 

 

Table 4.23: Comparison of fuel cell performance with different types of MEAs in this 

study. 

 

4.3.7 Comparison with hybrid BPM fuel cell data in the literature 

Prof. Paul Kohl was the first to propose and investigate a hybrid BPM fuel cell MEA.22 

As discussed above, he deposited a thin AEM layer (composed of the quaternary 

ammonium poly(arylene ether sulfone)) between an AEP binder cathode and a Nafion 212 

Type of MEA 

2D 

Junction 

BPM 

Dense 3D 

Junction 

BPM 

Porous 3D 

Junction 

BPM 

Hybrid 

Bipolar 

Junction 

Max Power Density 

at 100% RH 

Without 

Backpressure 

(mW/cm2) 

63.9 

(MEA R) 

38.6 

(MEA H) 

289 

(MEA I) 

535 

(MEA P) 
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PEM layer. The MEA was evaluated at different RHs and a maximum power density of 63 

mW/cm2 was obtained at 50 oC, 37% RH, atmospheric pressure (no backpressure), with H2 

and O2 gas feeds. For the hybrid bipolar junction MEA in the present dissertation study, a 

maximum power density output of 535 mW/cm2 was achieved when tested in a H2/O2 fuel 

cell at 80 oC, 100% RH, and atmospheric pressure. With 28 psig backpressure, the 

maximum power density increased to nearly 1.0 W/cm2. Thus, when Pt/C catalyst is added 

to the AEM layer between the alkaline cathode and CEP membrane, there is a significant 

boost in maximum power density, even though the Pt/C layer has widely dispersed catalyst 

particles, i.e., there is no cathodic electrochemical reaction occurring on the electronically 

isolated catalyst particles. Although the weight ratio of TP100 to carbon (the I/C ratio) in 

the layer is 10/1, the volume ratio of binder to catalyst is closer to 30/1, due to the difference 

in density between the polymer (approximately 2 g/cm3) and the catalyst (approximately 

12 g/cm3)33. The observed increase in power density versus the work of Kohlôs research 

group cannot be explained by the temperature difference (50 oC in Kohlôs paper versus 80 

oC in the present study).  It must be concluded that the improved power was due to the use 

of MEAs with a better hybrid BPM morphology.  

 

4.4 Conclusion  

 

In Chapter III, the 3D junction BPMs showed promising water generation 

performance in H-cell tests. Here, MEAs with various 3D junction BPMs have been 
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fabricated and the fuel cell performance has been investigated. Those MEAs with 3D 

junction BPMs showed different behaviors in the fuel cell test station from H-cell tests. 

Based on the ion flow tests of Nafion and TP85 fibers, as well as the fuel cell tests of 3D 

junction BPMs, the low power output was attributed to the slow water diffusion away from 

the junction and the insufficient ability of the dense dual fiber junction to accommodate 

water being produced during fuel cell operation.  

The incorporation of the porous 3D dual fiber junction BPM in a BPMFC was 

investigated, where BPMs with porous 3D junctions were made into MEAs and tested in a 

H2/O2 fuel cell. Our rationale was that the porosity would accommodate the imbalance 

between water generation in the junction (a function of the current density) and water 

removal from the junction (which depends on the water diffusivity in the BPM and the 

driving force for diffusion). The power output with these MEAs was significantly higher 

than an MEA with a dense 3D junction (~289 mW/cm2 vs. ~5 mW/cm2, respectively). 

Additionally, the measured power density slowly decayed over time during a constant 

voltage hold experiment, which was found to be associated with a loss of junction porosity. 

The stability of the MEA with a porous junction was improved by utilizing a thinner PEM 

layer with faster water removal from the junction. Moreover, the effects of the CEP/AEP 

ratio in the junction, backpressure, temperature, and CEP conductance on the fuel cell 

performance have been investigated. The highest power output obtained was 327 mW/cm2 

with a 2/1 Nafion/TP85 fiber ratio in a porous fiber junction and with the employment of 
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28 psig backpressure. The important finding of this part of work is that the optimization 

and stabilization of BPM junction porosity appear to be the correct strategy for proper 

removal and redistribution of water from the junction and for achieving higher fuel cell 

power output. Additional investigations are required to understand the origin of the large 

voltage drop at low current densities and further increase the fuel cell output.   

Additionally, a novel hybrid bipolar junction MEA was fabricated by adding a thin 

TP100/Pt-C layer with a high ionomer/carbon ratio (10/1 I/C of TP100/Pt-C) between the 

Nafion 211 membrane and the TP100/Pt-C alkaline cathode. This thin anion exchange layer 

can effectively prevent the Nafion film from contacting the Pt-C catalyst particles in the 

alkaline cathode, which was verified through the cross-sectional SEM test. High power 

output (~1 W/cm2) can be obtained with this type of MEA even at low humidities. H2/O2 

fuel cell tests were performed at 80 oC and 14 psig backpressure with different humidities, 

the power output only dropped by 13% from 100% RH to 40% RH. Comparing the 

performance of an AEMFC (H2/O2) and a PEMFC (H2/air) with the hybrid bipolar junction 

MEA, lower power loss at low humidity conditions can be observed with the latter one, 

demonstrating the self-hydrating capability of the hybrid bipolar junction. Maximum 

power output as high as 1260 mW/cm2 can be achieved by replacing the Nafion 211 film 

with a thinner Xion CEP layer. ñAsymmetric/differential humidity testsò showed that even 

keeping the cathode humidity at 20% RH or 10% RH, if we increased the humidity of the 

anode, we could generate high power output close to the results obtained in a fully 
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humidified condition for both anode and cathode. The water trapping experiment further 

proved that the amount of water diffused from the junction to the anode was insufficient to 

compensate for the water transport from the anode to the junction by the effect of 

electroosmotic drag. It is expected that better performance can be achieved if we address 

the anode drying problem. Considering that fuel cell efficiency plays a significant role in 

fuel cell vehicles, rated power has been investigated in different testing conditions. It can 

be concluded that the rated power value increased with elevated temperature and 

backpressure, and was affected by the inlet gas flow rates as well. A rated power value as 

high as 677 mW/cm2 can be achieved based on a test in H2/O2 at 95 oC with 1000 mL/min 

of feeds. In summary, this part of work establishes a new method to improve the fuel cell 

power output of a BPM MEA with the self-hydrating feature. 
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CHAPTER V  

NEW METHODS OF FABRICATING TRILAYER 3D JUNCTION BIPOLAR 

MEMBRANES  

 

5.1 Introduction  

 

In Chapters II, III, and IV of this dissertation, various 3D junction BPMs are described, 

in terms of composition, structure, and method of fabrication. The superior performance of 

3D junction BPMs over commercial 2D planar interface BPMs in forward and reverse bias 

modes has been verified, by data in this dissertation and in journal publications.1-6 The 

advantages of electrospun 3D junction BPMs are not limited to the higher operational 

current density and resistance to delamination, but also include the ease of fabrication. For 

example, Chen et al.2 developed a way to make 3D BPMs, where the junction was prepared 

by co-electrospinning AEP and CEP fibers with concurrent ultrasonic spraying of graphene 

oxide (GOx) catalysts. When comparing the water splitting performance with a GOx-

catalyzed 2D BPM and a commercial 2D BPM, GOx-catalyzed 3D BPM showed a 0.25 V 

lower transmembrane voltage drop at 500 mA/cm2. The stability of the 3D junction BPM 

in water splitting mode was proven by a 14-hour constant current density test at 500 

mA/cm2, with only a 7.5% increase in the voltage. Al-Dhubhani and co-authors4 fabricated 

bipolar membranes with various junction thicknesses by simply adjusting the 

electrospinning time. The water dissociation overpotential of their BPMs dropped by 32 % 
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when the thickness of the junction was increased from 4 to 35 ɛm. The authors ascribed 

this observation to the larger water splitting interfacial AEP/CEP reaction area.  

In this chapter, new methods of preparing 3D junction BPMs with an interlocking dual 

fiber junction layer are described. Special emphasis was placed on: (i) investigating 

different ways of adding catalyst to the dual fiber junction and (ii) a hot-roller method of 

laminating the dual fiber junction layer to dense outer layers of CEP and AEP material. The 

work was carried out to simplify the overall membrane fabrication process and to make it 

more amenable to a large-scale roll-to-roll manufacturing scheme.  

In one series of experiments, electrospraying was used to load catalyst particles during 

dual fiber electrospinning, where Al(OH)3 and TiO2 nano-powders were employed (TiO2 

is attractive for use in a commercial membrane fabrication process due to its low cost). The 

morphology and water splitting performance of the BPMs compared favorably with BPMs 

in Chapters II and III which employed air-spraying for catalyst addition. By using an 

electrospraying method, it may be possible to use a single commercial electrospinning 

machine to spin AEP and CEP fibers and simultaneously add catalyst during the fabrication 

of the 3D junction layer.  

In a second set of experiments, a simple method was developed to make trilayer 3D 

junction BPMs by: (a) adding catalyst powder to the junction after dual CEP/AEP fiber 

electrospinning and (b) attaching AEP and CEP dense outer films to the junction layer by 

solvent vapor exposure (to plasticize the polymers) followed by hot-roller calendaring to 
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fuse the three layers together while closing all interfiber voids in the junction layer. The 

experiments involved identifying the proper procedure and conditions which produced a 

3D junction BPM with the same current-voltage polarization curve performance as those 

in Chapter II of this dissertation, e.g., finding the best plasticizing solvent and the correct 

hot roller temperature and number of passes through the roller machine.  

 

5.2 Experimental Materials and Methods  

 

5.2.1 Materials  

SPEEK and QPPO were synthesized as described in previous chapters of this 

dissertation. The properties of SPEEK and QPPO are summarized in Table 5.1. Methanol, 

Acetone, N-Dimethylacetamide (DMAc), poly (4-vinylpyrrolidone) (PVP, MW = 1,300 

kDa), sodium sulfate (Na2SO4), and potassium carbonate (K2CO3) were obtained from 

Fisher Scientific (Waltham, MA). Al(OH)3 (50 nm) nanoparticles were purchased from US 

Research Nanomaterials Inc. (Huston, TX). Isopropanol (IPA), TiO2 nanoparticles (< 25 

nm in diameter), and TritonÓ X-100 surfactant were received from Sigma Aldrich (St. 

Louis, MO). Fumasep BPM (~200 ɛm) was received from Fumatech (Bietigheim-

Bissingen, Germany). 
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Table 5.1: Properties of SPEEK (CEP) and QPPO (AEP). 

* Defined by equation 2.4 in Chapter II. 

 

5.2.2 Preparation of the 3D junction BPMs with electrosprayed catalysts 

The junction layer was prepared by the same dual fiber electrospinning process 

described in previous chapters of this dissertation, where SPEEK and QPPO fibers were 

electrospun concurrently onto a rotating collector. Periodically, catalyst dispersions (10 wt. 

% Al(OH)3 or TiO2 in 1:1 IPA:H2O) were deposited onto the dual fiber mat by 

electrospraying. For electrospraying, a 22-gauge needle spinneret was used where the 

catalyst dispersion flow rate was 2.4 mL/h, the voltage was 16 kV, and the distance between 

the tip of the needle and the junction mat was 12.5 cm. The catalyst loading was adjusted 

by controlling the electrospraying time to obtain different loadings (mg/cm2) of catalyst. 

The junction layer and solution-cast SPEEK were exposed to vapor from a 1:1 weight ratio 

MeOH:DMAc liquid mixture for 15 minutes at room temperature. The QPPO layer was 

exposed to vapor from a 3:1 weight ratio MeOH:DMAc liquid mixture for 15 minutes at 

room temperature. All three layers were hot pressed together using a Carver press (30 

minutes at 285 oF, 45,000 lbs.). 

 
IEC 

[mmol/g] 

In-Plane 

Conductivity 

[S/cm] 

Gravimetric 

Water Uptake 

at 25 oC [%] 

Volumetric Fixed 

Charge Concentration 

[c*, mmol/cm3] 

SPEEK 1.7 0.065 20 8.5 

QPPO 1.7 0.035 18 9.4 

QPPO 1.5 0.03 12 12.5 
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5.2.3 Preparation of the BPMs with different post-treatment methods of adding catalysts 

BPMs were made by employing a vacuum-assisted filtration method for adding 

catalyst to the dual fiber junction layer. An uncatalyzed SPEEK/QPPO dual fiber junction 

mat was prepared using the normal procedure, but without electrospraying catalyst 

particles. The CEP/AEP fiber weight ratio in the junction was fixed at 1/2. A 0.05 wt.% 

aqueous suspension of TiO2 was prepared with the addition of one drop of Triton X-100 

(the surfactant Triton assisted in dispersing the TiO2 particles), followed by 30 minutes of 

sonication. A small piece of SPEEK/QPPO dual fiber mat was then placed in a filter funnel 

and the catalyst suspension was poured into the mat. The application of a mild vacuum 

forced the suspension to flow through the porous fiber mat. A photograph of the 

experimental setup is shown in Figure 5.1a. When all of the liquid passed through the mat, 

the junction layer was removed from the funnel and dried in a convection oven at 50 oC for 

several hours. This mat was then converted into a trilayer 3D junction BPM by the normal 

procedure of MeOH/DMAc solvent vapor exposure and hot-pressing outer layers (dense 

films) of SPEEK and QPPO and the junction layer using a Carver press as discussed in 

Section 5.2.2.   

A second type of procedure for adding catalyst to a junction layer was also 

investigated, where a dual fiber mat was soaked in the TiO2 aqueous dispersion. Here, an 

uncatalyzed dual fiber mat sample (with a 1/2 fiber weight ratio of SPEEK/QPPO) was 

immersed in the 0.05 wt.% TiO2 aqueous suspension for 10 minutes, followed by drying 
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for 2 hours in a convection oven at 50 oC. The mat was then exposed to MeOH/DMAc 

solvent vapor and SPEEK and QPPO dense films were hot-pressed onto opposing junction 

layer surfaces to make a BPM, as depicted in Section 5.2.2. 

For a third catalyst loading method, the TiO2 dispersion was sprayed directly onto a 

QPPO single fiber mat after the electrospinning process was completed (see Figure 5.1b). 

Here, a 1 wt.% of TiO2 in 1:1 (wt./wt.) IPA:H2O was prepared with 30 minutes of sonication. 

Then, the catalyst dispersion was sprayed onto the pre-formed QPPO single fiber mat. The 

catalyzed QPPO mat, the solution-cast dense QPPO film, and the solution-cast dense 

SPEEK film were exposed to MeOH/DMAc solvent vapors and hot pressed together using 

the standard method as described in Section 5.2.2.   
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Figure 5.1: (a) Picture of a vacuum-assisted filtration setup to make a catalyzed junction, 

and (b) Schematic of a post-spray process to make BPMs. 

 

5.2.4 Preparation of 3D junction BPMs by a hot roller press calendaring method 

The general method of preparing a 3D junction dual fiber BPM was similar to that 

described in Chapters II and III, except a hot-roller machine (rather than a Carver press) 

was used to hot-press the junction layer with dense polymer outer layers of SPEEK and 

QPPO. A catalyzed dual fiber junction and a solution-cast dense CEP film were exposed to 

vapors from a 1:1 weight ratio MeOH:DMAc liquid mixture for 15 min at room 

temperature. A solution-cast dense AEP film was exposed to vapors from a 3:1 weight ratio 

MeOH:DMAc liquid mixture for 15 min at room temperature. Then, a hot roller 

calendaring machine (model AOT-HRP-300C from Xiamen Aot Electronics Technology 

Co., LTD) was used to press the three layers together. Figure 5.2a shows a picture of the 

Carver press, where the three BPM layers are stacked together and placed between two 

heated metal platens. The roller press machine is shown in Figure 5.2b, where the three 

BPM layers were stacked between Teflon sheets and then heated and compacted between 

the hot rollers. Multiple heating/compression passes were used to obtain a well-formed 

BPM. 
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Figure 5.2: Pictures of (a) Carver press machine, and (b) roller press machine. 

 

5.2.5 SEM tests 

Top-down and freeze-fractured SEM images of BPMs were obtained using a Merlin 
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(Carl Zeiss) scanning electron microscope (SEM). Samples were sputter-coated with a thin 

gold layer prior to SEM imaging. 

 

5.2.6 Water splitting tests 

Water splitting experiments were performed in the H-cell described in Chapter II with 

the same aqueous salt solution in the anode and cathode H-cell compartments. Current-

voltage polarization data were collected for water splitting (reverse bias mode).  

 

5.3 Results and Discussion  

 

5.3.1 SPEEK/QPPO 3D junction BPMs with electrosprayed catalysts 

Based on SEM images, air-brush sprayed Al(OH)3 catalyst particles agglomerated 

readily, resulting in micro-size particles in the dual fiber junction layer, as shown in Chapter 

II, Figure 2.7. Freeze-fractured membrane cross-sections with electrosprayed Al(OH)3 did 

not show any large agglomerated particles (see Figure 5.3), where a SPEEK (1.7 

IEC)/QPPO (1.7 IEC) 3D junction BPMs with 0.5 mg/cm2 electrosprayed Al(OH)3 

particles was tested, indicating well-dispersed Al(OH)3 with a very small particle size. The 

dual fiber junction layer appears to be highly uniform with good adhesion of the outer 

layers. These results indicate that electrospraying (the use of an electric field during catalyst 

spraying) breaks up particle agglomerates and decreases the particle/solvent droplet size, 
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thereby creating a more uniform distribution of smaller catalyst particles in the junction 

layer.  

 

 

Figure 5.3: Cross-section SEM images of SPEEK (1.7 IEC)/QPPO (1.7 IEC) 3D junction 

BPMs with electrosprayed Al(OH)3 particles at a loading of  0.5 mg/cm2. Magnification: 

20,000X for (a); and 5,000X for (b). 

 

Four BPMs were fabricated with SPEEK (1.7 IEC) and QPPO (1.7 IEC) at different 

catalyst loadings in the junction using the experimental procedures described in Section 

5.2.2. The total membrane thickness was held constant at 58Ñ2 ɛm and the CEP/AEP fiber 

weight ratio in the junction was fixed at 1/1. The compositions of the BPMs are shown in 

Table 5.2. Water splitting polarization experiments were performed in an H-cell that was 

immersed in a 25 oC constant temperature water bath. A 0.5 M Na2SO4 aqueous electrolyte 

contacted both sides of the membrane. Polarization curves (current density vs. voltage) for 

four BPMs with different catalyst loadings are shown in Figure 5.4. It can be clearly seen 

that there is an improvement in water splitting performance (a lower voltage for the same 
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current density) when the Al(OH)3 loading was increased from 0.1 to 0.5 mg/cm
2. A further 

increase in catalyst loading to 1 mg/cm2 resulted in an increased water splitting voltage, 

presumably due to a build-up of catalyst particles that blocked H+ and/or OH- transport out 

of the junction. The best performance was at 0.5 mg/cm2 Al(OH)3, where the voltage drop 

at 1.0 A/cm2 was 1.06 V. These tests showed that a low catalyst loading in the dual fiber 

3D junction is insufficient for high rates of water splitting and catalyst loadings that are 

very high result in a high transmembrane voltage drop due to the particle blocking ion 

transport.  

 

Table 5.2: Composition and thickness of SPEEK/QPPO BPMs. 

 

BPM 

CEP IEC 

[mmol/g]; 

Thickness 

AEP IEC 

[mmol/g]; 

Thickness 

CEP/AEP 

Ratio in 

the 

Junction  

Final BPM 

Thickness 

[ɛm] 

Catalyst Type; 

Areal Loading  

A 
SPEEK 1.7; 

19 ɛm 

QPPO 1.7;  

17 ɛm 
1/1 58 

Al(OH)3;  

0.1 mg/cm2  

B 
SPEEK 1.7; 

20 ɛm 

QPPO 1.7; 

18 ɛm 
1/1 56 

Al(OH)3; 

 0.2 mg/cm2  

C 
SPEEK 1.7; 

17 ɛm 

QPPO 1.7; 

18 ɛm 
1/1 58 

Al(OH)3; 

 0.5 mg/cm2  

D 
SPEEK 1.7; 

18 ɛm 

QPPO 1.7; 

18 ɛm 
1/1 60 

Al(OH)3; 

 1.0 mg/cm2  
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Figure 5.4: Current-Voltage curves for Al(OH)3-catalyzed SPEEK/QPPO 3D junction 

BPMs with different amounts of electrosprayed catalyst particles in the junction: (Â) 0.1 

mg/cm2 Al(OH)3, (̧ ) 0.2 mg/cm2 Al(OH)3, (ß) 0.5 mg/cm2 Al(OH)3, and (p) 1.0 mg/cm2 

Al(OH)3. Tests in 0.5 M Na2SO4 solution at 25 oC. The thicknesses of the BPMs are 58±2 

ɛm. 

 

Since it is known that the transport rate of protons in a CEP material is greater than 

that of hydroxide anions in an AEP, it is logical to assume that the weight fraction of AEP 

fibers in the junction layer should be greater than that for the CEP fibers. To further 

investigate this point, dual fiber junction layers were prepared with different ratios of CEP 

and AEP fibers (CEP/AEP mass ratios of 1/1,1/2, and 1/3). All of the resulting membranes 

had the same loading of electrosprayed Al(OH)3 (0.5 mg/cm
2) in the junction with an 

overall thickness that varied between 58 and 68 ɛm. The compositions of the BPMs are 

shown in Table 5.3. The water splitting properties of these BPMs are shown in Figure 5.5 

and compared to a 1/1 SPEEK/QPPO 3D junction BPM with air-sprayed 0.5 mg/cm2 of 

Al(OH)3 (BPM H in Table 5.3). As shown in Figure 5.5, the SPEEK/QPPO BPM with a 
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1/2 CEP/AEP fiber weight ratio in the junction performed best, with a voltage drop of 0.97 

V at the current density of 1.0 A/cm2. This result is consistent with our understanding that 

the proton conductivity in SPEEK fibers is greater than the hydroxide ion conductivity in 

QPPO. To compensate for the conductivity difference, a greater number of QPPO fibers 

are needed in the junction (this point was also noted in Chapter II, Section 2.3.2). The other 

three BPMs with 1/1, 1/3, and the air-brush sprayed 1/2 CEP/AEP junction layers exhibited 

similar polarization behavior, and a single curve was drawn for all of the current density ï 

voltage data points. From this single curve, the voltage drop at 1.0 A/cm2 was 1.06 V, 10% 

greater than the 1/2 CEP/AEP fiber junction BPM. In general, membranes made using 

electrosprayed catalyst were not significantly different from membranes made using air-

brushed sprayed Al(OH)3 in terms of their current-voltage polarization behavior. The plots 

in Figure 5.5 also show no correlation between membrane thickness and voltage drop at a 

given current density. 

 

Table 5.3: Composition and thickness of SPEEK/QPPO BPMs. 

BPM 

CEP IEC 

[mmol/g]; 

Thickness 

AEP IEC 

[mmol/g]; 

Thickness 

CEP/AEP 

Ratio in 

the 

Junction  

Final 

BPM 

Thickness 

[ɛm] 

Catalyst Type; 

Areal Loading  

E 
SPEEK 1.7;  

17 ɛm 

QPPO 1.7; 

18 ɛm 
1/1 58 

Al(OH)3;  

0.5 mg/cm2  

F 
SPEEK 1.7; 

21 ɛm 

QPPO 1.7; 

18 ɛm 
1/2 65 

Al(OH)3; 

 0.5 mg/cm2  

G 
SPEEK 1.7; 

20 ɛm 

QPPO 1.7; 

17 ɛm 
1/3 68 

Al(OH)3; 

 0.5 mg/cm2  
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*BPM made with air-sprayed Al(OH)3 from Chapter II 

 

 

Figure 5.5: Current-Voltage curves for Al(OH)3-catalyzed SPEEK/QPPO 3D junction 

BPMs with different CEP/AEP ratios in the junction: (Ǐ) 1/1 SPEEK/QPPO with 

electrosprayed Al(OH)3, (̧ ) 1/2 SPEEK/QPPO with electrosprayed Al(OH)3, (p) 1/3 

SPEEK/QPPO with electrosprayed Al(OH)3, and (*) 1/2 SPEEK/QPPO with air-sprayed 

Al(OH)3. The catalyst amount of all tested BPMs is 0.5 mg/cm2. Test in 0.5 M Na2SO4 

solution at 25 oC. The thicknesses of the BPMs are varied between 58 and 68 ɛm.  

 

Following the same catalyst electrospraying procedure described above, TiO2 

particles were added to a 3D junction layer. Here, a TiO2-catalyzed BPM was prepared 

with SPEEK (1.7 IEC) and QPPO (1.7 IEC), where the CEP/AEP ratio in the junction was 

fixed at 1/2 and the catalyst loading was kept at 0.5 mg/cm2. The thickness of the membrane 

was 61 ɛm. The composition and individual layer thickness are shown in Table 5.3 (see 

H* 
SPEEK 1.8; 

25 ɛm 

QPPO 1.7; 

22 ɛm 
1/2 62 

Al(OH)3; 

 0.5 mg/cm2  

I 
SPEEK 1.7; 

21 ɛm 

QPPO 1.7; 

18 ɛm 
1/2 61 

TiO2; 

 0.5 mg/cm2  
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BPM I). Figure 5.6 shows the water splitting polarization curve of the TiO2-catalyzed BPM, 

an Al(OH)3-catalyzed BPM, and a commercial Fumasep bipolar membrane. It can be seen 

that the BPMs with electrosprayed TiO2 and Al(OH)3 catalysts show significantly better 

water splitting performance (lower voltage for a given current density) as compared to 

Fumasep, e.g., at 1.0 A/cm2, the voltage drop of the commercial Fumasep BPM is nearly 

two times greater than the 3D junction BPMs. The data in Figure 5.6 also show that 

electrosprayed TiO2 and Al(OH)3 work equally well as junction layer catalysts. 

 

 

Figure 5.6: Current-Voltage curves for: (Â) 1/2 SPEEK/QPPO 3D junction BPM with 

electrosprayed 0.5 mg/cm2 TiO2, (̧ ) 1/2 SPEEK/QPPO 3D junction BPM with 

electrosprayed 0.5 mg/cm2Al(OH)3, and (ß) commercial Fumasep BPM. Tests in 0.5 M 

Na2SO4 solution at 25 oC. 

 

In another set of experiments, the water splitting polarization behavior of the TiO2-

catalyzed BPM was evaluated in acid and base conditions, where CEM and AEM were 
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contacted with 1.0 M H2SO4 and 1.0 M KOH solutions, respectively. The polarization 

curves were recorded before and after soaking the BPM overnight in 60 oC water and 

before/after a 30-minute water generation constant current density hold experiments at 250 

mA/cm2. As shown in Figure 5.7, the i-V curves of the BPM before and after the hot water 

soaking overlap. The curves before and after the constant current density experiment also 

overlap. Those three curves are essentially indistinguishable and the polarization data can 

be described by a single curve within experimental accuracy. The results provide evidence 

that the 3D junction membranes have very good mechanical strength and good 

chemical/mechanical stability at an elevated temperature. The observed transmembrane 

voltage drops, e.g., ~1.1 V at 1.0 A/cm2, were slightly higher than the value obtained in 0.5 

M Na2SO4, due to the switch from a salt electrolyte on both sides of the membrane to the 

acid/base solutions.   
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Figure 5.7: Current-Voltage curves for a 1/2 SPEEK/QPPO 3D junction BPM with 

electrosprayed 0.5 mg/cm2 TiO2: (Ǐ) initial test, ()̧ after soaking in water at 60 oC 

overnight, and (*) after a constant water generation test at 250 mA/cm2 for 30 mins. (p) 

polarization curve of a Fumasep BPM. Tests in 1 M H2SO4 and 1 M KOH at 25 oC. 

 

5.3.2 SPEEK/QPPO BPMs with different post-treatment methods for adding catalyst to 

the junction 

Simple ways to add catalysts to the junction layer, which could be easily incorporated 

into a roll-to-roll membrane fabrication process, were investigated. For these BPMs, 

SPEEK with an IEC of 1.7 mmol/g was used as the CEP, while QPPO with an IEC of 1.5 

mmol/g was used as the AEP. The preparation procedure, catalyst loading, and thickness 

of the membranes made using different methods are listed in Table 5.4. Membrane 1 is the 

3D junction BPM with electrosprayed TiO2 catalysts, using the same procedure described 

in this chapter (Section 5.2.2.) For membrane 2, vacuum-assisted filtration was used to add 

catalyst to the junction (as described in Section 5.2.3). Membrane 3 has a junction made 

by soaking a dual fiber mat in a catalyst dispersion, as described in Section 5.2.3. 

Membranes 4-8 were prepared by air-brush spraying a catalyst dispersion onto pre-formed 

QPPO or SPEEK fiber mats (one mat or both mats). The membranes varied in thickness 

from 46 to 58 ɛm. 
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Table 5.4: Summary of SPEEK (1.7 IEC) /QPPO (1.5 IEC) BPMs made with different 

methods. 

 

Figure 5.8 shows the water splitting i-V curves of membranes 1-4. Membrane 1 shows 

a voltage drop of ~1.0 V at 1.0 A/cm2, quite close to the result shown in Figure 5.6, where 

# of 

BPM  
Membrane Description 

Catalyst 

Loading 

Final 

Membrane 

Thickness 

[ɛm] 

1 
Electrospray catalyst particles periodically 

during dual fiber electrospinning. 

0.5 mg/cm2 

TiO2 
57 

2 

Vacuum-assisted filling of a dual fiber 

porous mat with a solution containing 

dispersed catalyst particles, then hot press 

with dense CEP and AEP outer layers. 

0.17 mg/cm2 

TiO2 
53  

3 

Soak the dual fiber mat in the catalyst 

suspension for several minutes, then hot 

press with dense CEP and AEP outer 

layers. 

0.27 mg/cm2 

TiO2 
58  

4* 

Spray catalyst suspension onto QPPO fiber 

mat, and then hot press with SPEEK and 

QPPO outer layers 

0.073 

mg/cm2 TiO2 
56  

5* 

Spray catalyst suspension onto QPPO fiber 

mat, and then hot press with SPEEK mat. 

Next, hot press the above junction with 

SPEEK and QPPO outer layers 

0.12 mg/cm2 

TiO2 
55  

6* 

Spray catalyst suspension onto SPEEK 

fiber mat, and then hot press with QPPO 

mat. Next, hot press the above junction 

with SPEEK and QPPO outer layers 

0.1 mg/cm2 

TiO2 
46  

7* 

Spray catalyst suspension onto the QPPO 

fiber mat and SPEEK fiber mat, 

respectively. Then hot press the above two 

catalyzed mats together. Finally, hot press 

the above junction with SPEEK and QPPO 

outer layers 

0.08 mg/cm2 

TiO2 
51  

8* 

Spray catalyst suspension onto the QPPO 

fiber mat, and then spray SPEEK 

suspension onto the above mat. Hot press 

with SPEEK and QPPO outer layers 

0.1 mg/cm2 

TiO2 
52  
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QPPO with a higher IEC (1.7 mmol/g) was used as the AEP. This result was not surprising; 

the OH- conductivity of 1.7 IEC QPPO and 1.5 IEC QPPO in water at 25 oC were quite 

close, 0.035 mS/cm vs. 0.03 mS/cm, respectively. Membrane 4 also performed well, with 

a polarization curve essentially identical to that of Membrane 1. Membranes 2 and 3 

showed poor water splitting performance with a high transmembrane voltage drop, which 

was attributed to poor catalyst distribution and/or catalyst particle agglomeration in the 

junction.  

 

 

Figure 5.8: Current-Voltage curves for membranes 1-4: (Â) BPM made with 

electrosprayed catalyst, (̧) BPM made by vacuum-assisted filtration, (ß) BPM made by 

a soaking process, and (p) BPM made by spraying catalyst suspension onto a pre-formed 

QPPO fiber mat. Tests in 0.5 M Na2SO4 solution at 25 oC. 

 

SEM images of the top and bottom surfaces of the QPPO mat used to prepare 

Membrane 4 (where a QPPO mat was sprayed with 0.073 mg/cm2 TiO2 catalyst) are shown 
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in Figures 5.9 (a and b). The surface that was sprayed with catalyst particles as shown in 

Figure 5.9a; many particles can be seen on the fibers, with some very large agglomerates 

(1-2 ɛm in size). On the opposing surface (Figure 5.9b), some particles can be seen on the 

fibers, but there is a strong likelihood that the particles are non-uniformly distributed 

through the QPPO mat. Cross-section SEM images of a fully processed Membrane 4 (after 

catalyst addition to the junction layer and the hot-pressing of outside dense layers) are 

shown in Figures 5.9c (magnification 20,000x) and 5.9d (magnification 4,500X). Catalyst 

particles cannot be seen, but there is adhesion (no void space gaps) between the layers. It 

is expected that the dense SPEEK outer layer will melt and flow during hot-pressing, filling 

the pores between the QPPO fibers. Based on Figure 5.9d, no pores can be seen throughout 

the entire cross-section, indicating an acceptable hot-pressing procedure.  
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Figure 5.9: SEM images of (a) the surface side of the QPPO mat sprayed with 0.073 

mg/cm2 TiO2, and (b) the bottom side of the QPPO mat sprayed with 0.073 mg/cm2 TiO2. 

(c-d) Cross-section SEM images of membrane 4 with magnifications of 20,000X and 

4,500X for (c) and (d), respectively. 

 

Bipolar Membrane #4 was further tested in an H-cell with different electrolyte 

solutions. The resulting polarization curves are shown in Figure 5.10. The BPM shows a 

slightly higher voltage drop in 1.0 M Na2SO4 versus 0.5 M Na2SO4 (1.12 V vs. 1.05 V), 

which can be ascribed to the increased resistance in expelling H+ and OH- into a more 

concentrated solution as well as the lower water content in the membrane which may lower 

the proton and hydroxide ion conductivities (the 1.0 M solution concentration is still below 

the IEC of the AEP and CEP materials in the BPM, so there should be minimal co-ion 
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intrusion into the film). A polarization test with a potassium carbonate solution was 

performed, in order to investigate the potential use of a 3D junction BPM for direct air 

capture of CO2.
7-8 A higher voltage drop can be seen when the membrane was tested in 0.5 

M K2CO3 solution. This finding is possibly due to the fact that CO2 gas bubbles formed on 

the CEP surface of the membrane during current flow, originating from the reaction of 

CO3
2- with electrogenerated H+, increased the measured voltage drop between the reference 

electrodes.  

The water splitting performance of membranes #4-8 in different electrolytes is 

summarized in Table 5.5. All of the membranes show good water splitting capability in 0.5 

M Na2SO4, with a voltage drop in a range of 0.93 V ï 1.06 V at 1.0 A/cm2. The increased 

voltage drop in 1.0 M Na2SO4 (1.00 V ï 1.29 V) and 0.5 M K2CO3 (1.23 V ï 1.57 V) are 

consistent with the data shown in Figure 5.10.  
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Figure 5.10: Current-Voltage curves for membranes 4 tested in different solutions: (Â) 

0.5 M Na2SO4, (̧ ) 1 M Na2SO4, and (ß) 0.5 M K2CO3. Tests in 0.5 M Na2SO4 solution 

at 25 oC. 

 

Table 5.5: Summary of water splitting performance for BPMs #4-8 in different electrolyte 

solutions at 25 oC. 

 

5.3.3 SPEEK/QPPO BPMs made with a hot roller press machine 

Given that calendaring with hot rollers is a commonly used approach to laminate 

multiple polymer films, a final set of experiments was carried out where trilayer 3D 

junction BPMs were made with a roller press machine. First, a SPEEK/QPPO dual fiber 

3D junction layer was prepared, with a CEP/AEP fiber weight ratio of 1/2 (1.7 IEC for 

SPEEK and 1.5 IEC for QPPO) and with electrosprayed TiO2 nanoparticle catalyst at a 

loading of 0.5 mg/cm2. The junction layer and a solution-cast SPEEK film (17 mm in 

thickness) were exposed to vapor from a 1:1 weight ratio MeOH:DMAc liquid mixture for 

15 minutes at room temperature. The solution-cast QPPO film (21 mm in thickness) was 

BPM  

Membrane Voltage 

Drop at 1.0 A/cm2 in 

0.5 M Na2SO4 

Membrane Voltage 

Drop at 1.0 A/cm2 in 

1.0 M Na2SO4 

Membrane Voltage 

Drop at 1.0 A/cm2 in 

0.5 M K2CO3 

#4 1.05 V  1.12 V  1.40 V  

#5 1.06 V  1.15 V  1.52 V  

#6 0.93 V  1.07 V  1.28 V  

#7 1.03 V  1.29 V  1.57 V  

#8 0.96 V  1.00 V  1.23 V  
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exposed to vapor from a 3:1 weight ratio MeOH:DMAc liquid mixture for 15 minutes at 

room temperature. The junction layer was then placed between the SPEEK and QPPO outer 

layers. To not damage the final BPM by direct membrane contact with the hot-rollers, the 

three layers were sandwiched between two Teflon sheets, each with a thickness of 254 mm, 

where the entire 5-layer construct had a thickness of 666 mm. The temperature of the rollers 

was set at 140 oC (the same temperature as that used in the Carver press), the 

height/thickness of the gap between those two rollers was fixed at 550 ɛm and the roller 

speed was 1 rpm (where the roller diameter was 10 cm, in which case the speed of the 

membrane through the hot roller was 0.314 m/min). After 10 passes through the hot roller 

apparatus, the BPM was removed from between the Teflon sheets. The final BPM thickness 

was measured at 5 different locations and varied slightly from 42 to 48 ɛm. In Figure 5.11, 

the water splitting polarization curve for the hot roller BPM is compared with a BPM made 

using the Carver press, i.e., Membrane #1 in Table 5.4. The transmembrane voltage drop 

of Membrane #1 was lower than the hot roller BPM by ~10% (1.15 V vs. 1.01 V). Visual 

photographs of the hot-roller BPM and Membrane #1 from Table 5.4 are shown in Figure 

5.12. The BPM made with the hot roller is slightly more translucent in appearance, as 

compared to the membrane made with the Carver press. The higher voltage drop could be 

due to the non-optimized hot roller operating conditions (temperature and gap between 

rollers, which are related to the compression pressure). Although (obviously) additional hot 

roller experiments are needed as will be described below, this preliminary experiment was 
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very encouraging, with a water splitting voltage drop that was much smaller than a 

commercial Fumasep BPM (see Figure 5.6).   

 

 

Figure 5.11: Current-Voltage curves for SPEEK/QPPO 3D junction BPMs made with 

different ways of hot pressing: (Â) Membrane #1 from Table 5.4, which was made using 

the Carver press and (̧) the trilayer BPM made by calendaring with the hot roller machine. 

Tests in 0.5 M Na2SO4 solution at 25 oC. 
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Figure 5.12: Photographs for SPEEK/QPPO 3D junction BPMs made with different ways 

of hot pressing: (a) the trilayer BPM made by calendaring with the hot roller machine after 

soaking in 0.5 M Na2SO4 and (b) Membrane #1 from Table 5.4, which was made using the 

Carver press. 

 

In Figure 5.11, the individual layers of the BPM made by calendaring were exposed 

to solvent vapors from MeOH/DMAc liquid mixtures, the overall plasticizing procedure 

before lamination was identical to the BPM made by a Carver press. To examine the 

plasticizing effect further, six BPMs were prepared using six different liquids to plasticize 

only the junction layer. A 1/2 (wt./wt.) SPEEK (1.7 IEC)/QPPO (1.5 IEC) dual fiber 3D 

junction layer was used, with electrosprayed TiO2 nanoparticle catalyst at a loading of 0.5 

mg/cm2. For each solvent (various mixtures of methanol and water), 200 ɛL of liquid was 

air-brush sprayed onto a catalyzed junction layer with a footprint area of 17.5 cm2 (the time 

to spray was ca. 1 minute). The dense SPEEK and QPPO outer layers did not undergo any 


















































