
ULTRA-LOW PLATINUM AND PLATINUM-FREE FUEL CELLS 

 

 

A Dissertation 

by 

MONICA HWANG  

 

Submitted to the Office of Graduate and Professional Studies of 

Texas A&M University 

in partial fulfillment of the requirements for the degree of  

DOCTOR OF PHILOSOPHY 

   

Chair of Committee,  Yossef A. Elabd 

Committee Members, Jodie L. Lutkenhaus 

 Micah J. Green 

 Jaime C. Grunlan 

Head of Department, M. Nazmul Karim 

 

May 2019 

 

Major Subject: Chemical Engineering 

 

Copyright 2019 Monica Hwang 



 

ii 

 

 

ABSTRACT 

 

Fuel cells are attractive alternative energy sources due to their low-to-moderate operating 

temperature, zero greenhouse emission, and wide range of applications including automobiles 

and stationary power sources. However, they have key commercialization disadvantages. Proton 

exchange membrane fuel cells (PEMFCs) produce high power density but require expensive rare 

noble metal catalysts (e.g., platinum), which impedes PEMFC commercialization. Alkaline fuel 

cells (AFCs) are unstable and dangerous due to the use of caustic liquid electrolyte; therefore, 

solid-state membranes are necessary to promote safe, commercial AFCs. In this study, 

alternative electrode fabrication techniques and alternative hydrocarbon-based polymers as 

membranes and ionomers were explored to reduce the overall fuel cell cost for PEMFCs and 

AFCs.  

Ultra-low platinum electrodes fabricated via electrospinning/electrospraying (E/E) produced 

higher PEMFC power density than conventional electrodes and provided insight in the ionomer 

impact on catalyst particle aggregates. To commercially fabricate E/E electrodes, a needleless 

electrospinning apparatus was developed in our laboratory. Needleless electrospinning produced 

proton-conducting nanofibers with higher mechanical and ion transport properties at a higher 

production rate than needle electrospinning due to multiple higher local polymer concentration 

sites at the electrospinning surface. Needleless electrospun nanofibers with catalyst particles 

were employed as ultra-low platinum loading fuel cell electrodes and demonstrated similar 

power densities as E/E electrodes. These results demonstrate the possibility of producing ultra-

low platinum loading E/E electrodes at high production rates. 
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Commercially available pentablock terpolymers (PTPs) were used as membranes and ionomers 

in PEMFCs and AFCs. Sulfonated PTPs as membranes and ionomers demonstrated higher 

conductivity properties and reasonable power densities compared to the commercial fluorinated 

polymer (Nafion). Brominated and quaternized PTPs with methylpyrrolidinium cations were also 

developed as solid-state anion exchange membranes and demonstrated promising power 

densities and durability in AFC applications. Low-platinum E/E electrodes of electrospun PTP 

nanofibers and electrosprayed catalyst particles demonstrated better platinum utilization than 

conventional electrodes. The combination of commercial fabrication of ultra-low platinum E/E 

electrodes and commercially available low-cost ion exchange membranes and ionomers offer an 

affordable, sustainable, clean energy solution. 
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CHAPTER I 

 INTRODUCTION 

Global environmental issues, such as climate change and air pollution, continue to negatively 

impact the planet due to increasing carbon dioxide emissions. Recent reports by the U.S. 

Environmental Protection Agency have shown that transportation (i.e., internal combustion 

engine vehicles) is the second largest contributor for carbon dioxide emissions.
1
 To impede the

increasing number of internal combustion engine vehicles, renewable energy technology 

researchers have identified fuel cells as attractive alternative energy sources due to their zero 

greenhouse emission and promising wide range of applications including automobiles (e.g., 

Toyota Mirai, Honda Clarity, and Hyundai NEXO) and stationary power sources (e.g., Bloom 

Energy Energy Saver and Ballard Power ElectraGen Back-Up). Fuel cells are electrochemical 

devices that directly convert reactant fuel (e.g., hydrogen) into electricity and water as products. 

Several different types of fuel cells have been explored and developed, including proton 

exchange membrane, alkaline, phosphoric acid, molten carbonate, and solid oxide. For low-to-

moderate operating temperatures (< 200 °C), proton exchange membrane fuel cells (PEMFCs) 

and alkaline fuel cells (AFCs) are most commonly explored and suitable for vehicle 

applications.
2
 However, both types of fuel cells have key disadvantages that need to be addressed

before global fuel cell vehicle commercialization can be achieved to replace internal combustion 

engine vehicles, and subsequently reduce carbon dioxide emissions.  
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1.1 Proton Exchange Membrane Fuel Cells 

A proton exchange membrane fuel cell (PEMFC), shown in Figure 1.1, converts hydrogen fuel 

into electricity and water through a series of electrochemical reactions. The electrodes (i.e., 

anode and cathode) and membrane of the fuel cell constitutes the membrane electrode assembly 

(MEA), which is the primary driving force in the fuel cell. At the anode, hydrogen oxidizes on 

platinum and dissociates into protons and electrons (1.1.1). Protons travel through the PEM and 

electrons are externally carried as electricity. At the cathode, protons and electrons reduce 

oxygen on platinum to produce water as the only byproduct (CO2 free) (1.1.2). The half-cell and 

overall reactions are shown here:  

Anode: 2H2 → 4H
+

+ 4e
-

         (1.1.1) 

Cathode: O2 + 4H
+

+ 4e
-
 → 2H2O          (1.1.2) 

Overall: 2H2 + O2 → 2H2O  (1.1.3) 

Figure 1.1 Schematic of the proton exchange membrane fuel cell (PEMFC). 



3 

PEMFCs can produce high power densities, but require expensive materials that limit their 

commercialization due to cost. Figure 1.2 shows the fuel cell cost breakdown, revealing that 

catalyst and membranes constitute 26 – 41% and 9 –17% of the fuel cell cost, depending on the 

number of fuel cells produced.
3

Figure 1.2 Fuel cell stack cost breakdown at 1,000, 100,000, and 500,000 systems per year. 

Figure reprinted from ref. [
3
].

In order for a fuel cell to operate efficiently, both the activity of the electrochemical reactions 

and the charge transport (i.e., electron/ion conductivity) must be high to achieve high power 

density. The catalyst promotes the electrochemical reactions and electron transport within the 

fuel cell electrodes and the polymer ionomers and membranes promote ion transport within the 

fuel cell electrodes and membrane separator, respectively. Therefore, rare noble metal catalysts, 

such as platinum, and commercial perfluorinated sulfonic acid polymers, such as Nafion, are two 

of the most important and expensive materials in a fuel cell.  In order to reduce the cost of the 

fuel cell, alternative catalyst layer deposition techniques and alternative polymers as ionomers 

and membranes have been explored by investigating the impact of the catalyst, ionomer, and 

membrane in reaction kinetics and charge and mass transport within the fuel cell. 
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1.1.1 Alternative Catalyst Layer Deposition Techniques 

Platinum (Pt) is most commonly used in fuel cells as a catalyst to increase the reaction rate of 

the cathode reaction (i.e., oxygen reduction reaction (ORR)), which is inherently slow in acidic 

environment (i.e., in PEMFCs). However, current conventional methods of applying the catalyst 

layer as a fuel cell electrode requires an exorbitant amount of catalyst (typical Pt loadings ~0.4-

0.5 mgPt cm
-2

) due to poor platinum utilization. Numerous studies have investigated different

aspects of the PEMFC (e.g., novel catalysts,
4-5

 various operating conditions,
6-8

 alternative

membranes
9-11

) to improve fuel cell power density at lower Pt loadings (< 0.1 mgPt cm
-2

)
 
in order

to reduce overall fuel cell cost. However, at lower Pt loadings, typically, there is a significant 

loss in fuel cell power density due the negative impact on the ORR in the electrode or catalyst 

layer (i.e., increase in charge and mass transport resistances).  

ORR within the fuel cell electrode can only occur at triple phase boundaries (pore-catalyst-

ionomer interfaces or junctions),
12

 as shown in Figure 1.3, where not only a higher number of

these junctions are needed, but also a connected network of all three are also required, i.e., pore 

network for O2 transport, catalyst (Pt/C) network for electron transport, and ionomer (Nafion) 

network for proton transport.
13

 Increasing the number and connectivity of triple phase boundaries

can have a positive impact on the ORR by reducing both charge and mass transport resistances. 

Typically, the conventional electrode fabrication technique involves depositing a well-dispersed 

catalyst slurry solution (Nafion ionomer, Pt/C catalyst, and aqueous alcohol solvent) onto a 

substrate, typically a gas diffusion layer. After the solvent evaporates, the catalyst particles and 

ionomer create an intricate porous network, known as the catalyst layer, and allows physical 

contact between catalyst, ionomer, and pores to form multiple triple phase boundaries. 
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Figure 1.3 Illustration of triple phase boundaries (TPBs; yellow stars) formed due to the porous 

network of catalyst (Pt/C; brown/gray circles) and ionomer (Nafion; orange), which allows for 

gas (O2; blue circles) transport. 

The impact of the porous catalyst layer structure on fuel cell performance has been extensively 

studied with the use of simulation models,
14

 different carbon materials,
15

 and various solvent

compositions.
16-17

 Specifically, studies on the effect of the ionomer content in the catalyst layer

show that the ionomer content has a simultaneous impact on both the ionomer and pore 

network.
18-22

 Passalacqua et al.
19

 demonstrated that at low ionomer content, there is a loss of

ionomer connectivity and subsequently proton conductivity or transport (i.e., increases charge 

resistance), which lowers fuel cell performance. At higher ionomer contents, Uchida et al.
21

showed that pore volume decreases and blocks O2 gas from reaching Pt reaction sites (i.e., 

increases mass transfer resistance), which also lowers fuel cell performance. This finding was 

later supported by Lee et al.,
22

 who introduced the concept of the ionomer thin film resistance

and reported that at higher ionomer contents, the ionomer thin film thickness increases and 

prevents O2 from accessing Pt sites. Therefore, as illustrated in Figure 1.3, there is a balance 
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between ionomer connectivity and ionomer thin film resistance that limits the maximum power 

density due to the trade off in resistances in charge transfer (Figure 1.4a) and mass transfer 

(Figure 1.4b), respectively.  

Figure 1.4 Illustration of (a) proton transport resistance due to low Nafion content and (b) mass 

transport resistance due to Nafion thin film surrounding catalyst particles. 

A number of studies have now investigated the role of the Nafion ionomer thin film and its 

impact on transport resistance and fuel cell performance with both in situ and ex situ 

investigations by changing the ionomer content in the catalyst ink solution.
14, 23-36

 However, in

these studies, the catalyst layer morphology was not constant (i.e., catalyst layer morphology 

changed with varying ionomer content), regardless of the deposition technique used to apply the 

catalyst layer. Therefore, it was difficult to design an experiment where catalyst layer 

morphology and ionomer content (thin film effect) could be investigated exclusively. In other 

words, to understand the sole ionomer thin film effect on catalyst particles, and subsequently on 

mass and charge transport, a novel alternative catalyst layer deposition technique must be used. 
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1.1.2 Alternative Hydrocarbon-based Proton Exchange Membranes 

Nafion is a perfluorinated anionic (sulfonic acid) polymer that possesses excellent thermal, 

mechanical, and chemical stability, along with high water-saturated proton conductivity (ca. 0.1 

S cm
-1

). Nafion consists of a poly(tetrafluoroethylene) (PTFE) backbone with sulfonic acid side-

chain groups connected via perfluorovinylethers, shown in Figure 1.5.  

Figure 1.5 Chemical structure of Nafion. 

However, Nafion is expensive due to high-cost synthesis and manufacturing processes
37-38

 and

requires constant humidification (i.e., additional equipment cost) to maintain high proton 

conductivity.
39-40

 The PTFE backbone provides good thermal, mechanical, and chemical stability

and the sulfonic acid groups provide high charge density (i.e., high proton conductivity). Proton 

transport, i.e., conductivity, in Nafion membranes is described by two mechanisms: Grotthuss 

mechanism and vehicular mechanism, shown in Figure 1.6.
41

 Grotthuss, “proton hopping,”

mechanism occurs when sulfonic acid ion groups and hydronium ions are close enough to allow 

protons to jump from ion to ion.
42

 Vehicular mechanism occurs under fully-hydrated membranes

where water becomes a vehicle to shuttle protons.
43

 Therefore, water content is critical in the

transport of protons in Nafion membranes.  
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Figure 1.6 Illustration of Grotthuss mechanism (top) and vehicular mechanism (bottom) of 

proton transport with sulfonic acid groups (green sulfur atoms and blue oxygen atoms) and 

hydronium ions (blue oxygen atoms and red hydrogen atoms). 

Multiple studies have demonstrated that the conductivity of Nafion increases with increasing 

relative humidity (i.e., increase in water content).
44-46

 For example, Cooper et al.
44

 demonstrated

that the proton conductivity of Nafion increased by two orders of magnitude from 20% RH (2.5 

x 10
-3

 S cm
-1

) to 95% RH (1.2 x 10
-1

 S cm
-1

). Furthermore, Abe et al.
47

 correlated poor fuel cell

performance under low relative humidity to the lack of water transport in the Nafion membrane; 

therefore, the performance of Nafion membranes are heavily dependent on the water availability 
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and transport within the fuel cell. However, constant humidification of the fuel cell requires 

additional equipment, which increases the overall cost of the fuel cell module. Thus, there is 

significant motivation in developing low-cost, highly proton conductive water-independent 

membranes.
48

 These numerous studies on Nafion provided valuable knowledge of the limitations

of Nafion and required improvements for fuel cell applications, creating a base of desired 

properties for alternative polymer designs.  

Hydrocarbon-based polymers are attractive due to their commercial availability and flexibility 

in molecular design and synthesis.
49

 Specifically, polymers with aromatic groups have high

thermal stability and good chemical stability in acidic media, making them favorable in PEMFC 

applications.
38

 Therefore, different aromatic hydrocarbon polymer designs have been explored

such as poly(ether ketones),
50-54

 poly(sulfones),
55-59

 and poly(phenylenes)
54, 60

 to develop a

polymer that has good thermal, mechanical, chemical, and proton transport properties at lower 

relative humidity. Parnian et al.
53

 demonstrated that sulfonated poly(ether ether ketone) (SPEEK)

can have similar proton conductivity to Nafion under 60% relative humidity, suggesting SPEEK 

to be a promising proton exchange membrane. Nguyen et al.
52

 grafted dual sulfonated 3,3-

diphenylpropylamine (SDPA) onto poly(arylene ether ketone) (PAEK), which achieved higher 

fuel cell performance than Nafion, suggesting that PAEK-SDPA is a suitable alternative to the 

Nafion membrane. Recently, Lee et al.
58

 synthesized a series of sulfonated poly(ether sulfone)

copolymers that performed similarly to Nafion under high relative humidity (80% RH) and 

surpassed Nafion under low relative humidity (53% RH). These findings demonstrate promising 

hydrocarbon-based polymer membranes as alternatives to Nafion. Examples of hydrocarbon-

based polymers and Nafion and their maximum power densities are shown in Table 1.1. 
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Table 1.1 Examples of PEMFC performances of sulfonated hydrocarbon polymers as PEMs 

with state-of-the-art Nafion as comparison. 

Max power density 

(W cm
-2

)
Fuel cell conditions Polymer Ref. 

1.42
a

H2/O2, 80 °C, 100% RH Nafion 
61

1.18 H2/O2, 80 °C, 100% RH SPSSF 
59

1.16 H2/O2, 80 °C, 100% RH SPAEK 
62

1.10 H2/air, 80 °C, 100% RH sPPm-b-PAES-22 
63

0.80 H2/O2, 80 °C, 100% RH SPEEK-51 
51

0.57 H2/air, 80 °C, 50% RH COMB-7 
64

0.56 H2/O2, 80 °C, 100% RH SPAEK-SDPA 
52

0.46
a

H2/O2, 80 °C, 80% RH S4PH-35-PS 
58

a
Measured under back pressure. 

Although some of these hydrocarbon-based polymers demonstrate comparable fuel cell 

performances to Nafion, perfluorinated sulfonic acid polymers (e.g., Nafion) continues to be the 

leading commercial state-of-the-art PEM. Therefore, further investigation of hydrocarbon-based 

polymer designs that can be commercialized or are commercially available are required to find a 

translational alternative to fluorinated polymers.  

1.2 Alkaline Fuel Cells 

To address the expensive use of Pt in fuel cells, there is motivation to investigate alkaline fuel 

cells (AFCs) as an alternative to PEMFCs, due to faster oxygen reduction reaction kinetics in 

alkaline environments. AFCs can achieve high power densities with non-noble catalysts, such as 

silver (Ag) and nickel (Ni), which make them an attractive alternative to PEMFCs. An AFC, 
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shown in Figure 1.6, converts hydrogen fuel into electricity and water through a series of 

electrochemical reactions. Similar to PEMFCs, electrodes (i.e., anode and cathode) and a liquid 

electrolyte (typically potassium hydroxide solution) constitute the primary driving force of the 

fuel cell. At the anode, hydrogen oxidizes with hydroxide ions to produce water and electrons 

(1.2.1). Electrons are externally carried as electricity, and reduce water and oxygen to produce 

hydroxide ions at the cathode (1.2.2). Hydroxide ions are then carried through the electrolyte 

from the cathode to the anode. The half-cell and overall reactions are shown here:  

Anode: 2H2 + 4OH
- 
→ 2H2O + 4e

-
(1.2.1) 

Cathode: O2 + 2H2O + 4e
-
 → 4OH

-
(1.2.2) 

Overall: 2H2 + O2 → 2H2O  (1.2.3) 

Figure 1.7 Schematic of the alkaline fuel cell (AFC). 
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However, AFCs are problematic due to the use of caustic liquid electrolytes, which are not 

stable when exposed to carbon dioxide.
65

 Due to the mobile cations (e.g., potassium) in solution,

potassium carbonates can precipitate in the form of solid crystals in the presence of carbon 

dioxide and physically block porous electrodes, inhibiting gas transport and decreasing fuel cell 

performance and lifetime. By replacing the liquid electrolyte with a solid electrolyte membrane 

(i.e., no free cations), precipitates will not form. Therefore, solid-state ion conductive membranes 

(e.g., anion exchange membranes) are desirable to replace the liquid electrolyte. 

1.2.1 Anion Exchange Membrane Alkaline Stability 

Anion exchange membranes (AEMs) are similar to PEMs in terms of desired properties (e.g., 

electron insulator and ionic conductor). In addition, AEMs need good mechanical strength (i.e., 

limited swelling in water), good chemical stability in highly basic environments (i.e., alkaline 

stability), and high ionic conductivity (i.e., hydroxide ion transport).
66

 Recently, several

investigators have developed and characterized new polymer materials, such as graft polymers
67-

69
and random copolymers,

70-72
 as AEMs to meet these requirements, focusing on alkaline

stability and conductivity. The development of AEMs has recently centered around different 

polymer backbones, such as poly(phenylene)
72-75

 and poly(ethylene-co-tetrafluoroethylene)
67-68, 

76
and different cations, such as phosphonium

77-80
 and quaternary ammonium,

71-72, 76, 81-82
 creating

multiple combinations of polymer backbones and cations.  Hibbs et al.
73

 synthesized a

poly(phenylene)-based polymer with a quaternary ammonium cation that demonstrated a 

hydroxide ion conductivity of 50 mS cm
-1

 and no loss in ion-exchange capacity (i.e., ion charge

densities) after 4 weeks under 4 M sodium hydroxide solution at 60 °C, suggesting 
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poly(phenylene)-based polymers could be stable under elevated temperate high alkaline 

environments. Wang et al.
83

 demonstrated a stability of < 2% loss in ion-exchange capacity of a

radiation-grafted poly(ethylene-co-tetrafluoroethylene) quaternary ammonium membrane after 

exposure to 1 M sodium hydroxide solution for 1 week, suggesting that ETFE-based polymers 

could be durable in AFC applications. Quaternary ammonium is the most commonly studied 

cation for designing and developing polymers as AEMs. However, Meek and Elabd
84

demonstrated that polymers with alternative cations, such as imidazolium and pyrrolidinium, 

have better alkaline stability than the ubiquitous quaternary ammonium cation, suggesting that 

other cation-based polymers could perform better as AEMs. Therefore, there is significant 

motivation in investigating the stability and performance of alternative cation-based polymers, 

changing the paradigm of quaternary ammonium cation-based polymers.  

1.2.2 Anion Exchange Membrane Fuel Cell Lifetime Stability 

There are multiple studies on the long-term ex situ stability of AEMs (i.e., in potassium 

hydroxide solution), but few reports on the long-term in situ stability of AEMs (i.e., in AFCs). A 

recent review by Dekel
85

 summarizes the anion exchange membrane fuel cell (AEMFC)

performance stability data in literature since early 2000. Including the most recent publications 

with AEMFC stability results, there is only a handful of publications (< 20) that investigates and 

discusses AEMFC performance stability and degradation. These studies are summarized in Table 

1.2. 
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Table 1.2 Summary of AEMFC stability performance. Adapted from ref. [
85

].

Stability test 

duration 

(h) 

Decay rate
a

(mV h
-1

)

Total Pt 

loading 

(mgPt cm
-2

)

Ionomer Membrane Ref. 

24.2 8.3 0.8 AS-4 PVAc/OH 
86

26 12.3 0.8 QPMBV QPMBV-1 
87

63 2.5 1.0-1.2 comb-shaped 

PPO 

comb-shaped 

PPO 

74

70 N/A 0.8 ETFE-TMA ETFE-TMA 
88

70 N/A 0.8 ETFE-MPRD ETFE-MPRD 
88

80 N/A 3 NF-PAES NF-PAES 
82

100 1.1 0.5 DAPSF/TAPSF A901 
89

100 

1.6 

0.8 AS-4 

PBI-c-

PVBC/OH 

90

125 1.3 0.8 QAPPT QAPPT-OH 
91

140 N/A 0.8 SION1 QPPT-35 
92

232 0.9 0.8 AS-4 TPPVBN30 
93

300 N/A 3 ATM-PP ATM-PP 
82

320 1.2 0.45 Acta I2 N/A 
94

360 2 1 cross-linked 

PVBC-PS 

A201 
95

400 N/A 0.9 Acta I2 N/A 
94

575 0.6 1 QASEBS DAPSF/TAPSF 
96

a
Measured using the initial (t = 0 h) and final voltage of the stability test 
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Standard procedures for measuring stability include using a constant voltage procedure (i.e., 

potentiostatic) over a specified amount of time or sweeping voltage or current density (i.e., 

polarization curves) at different times points; however, most stability studies use a constant 

current density procedure (i.e., galvanostatic) and measures the corresponding cell voltage over a 

specified amount of time. Luo et al.
87

 synthesized poly((methyl methacrylate)-co-(butyl

acrylate)-co-(vinylbenzyl chloride)) with quaternary ammonium cation at three different 

vinylbenzyl chloride content and demonstrated that the polymer with the smallest vinylbenzyl 

chloride content is the most durable under fuel cell operation at 100 mA cm
-2

  for at least 26 h

and a voltage decay rate of 12.3 mV h
-1

 due to better mechanical properties (i.e., less water

uptake). Peng et al.
91

 synthesized a poly(N-methyl-piperidine-co-p-terphenyl) with a quaternary

ammonium cation in the piperidine group (QAPPT), which had a high conductivity (137 mS cm
-

1
) and low in-plane swelling ratio (9.5%). The QAPPT was used as the membrane and ionomer 

in the MEA and demonstrated fuel cell operation for 125 h under 200 mA cm
-2 

with a voltage

decay rate of 1.3 mV h
-1

, suggesting that QAPPT is relatively stable under standard fuel cell

operating conditions (e.g., 80°C, 100% RH) compared to other literature (see Table 1.2). Gao et 

al.
96

 conducted the longest AEMFC stability test of 575 h under fuel cell operation of 100 mA

cm
-2

 with a voltage decay rate of 0.6 mV h
-1

 using a combination of a crosslinked biopolymer

and terpolymer composite with a quaternary ammonium cation as the membrane and 

poly(styrene-ethylene/butylene-styrene) (SEBS) with a quaternary ammonium cation as the 

ionomer, suggesting that SEBS is an effective ionomer in AFC operation. Although these studies 

demonstrate that the in operando stability of AEMs have significantly improved over the last two 

decades, the stability needs to be further improved to be on par with PEMFCs (1-2 µV h
-1 

at 75

°C and close to 100% RH).
97

 Also, most of these AEMFC lifetime stability studies use the
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standard quaternary ammonium cation; thus, there is a lack of information and research on the 

stability of other cations as membranes in AFCs. Moreover, there are few studies investigating 

the impact of these new cation-based polymer materials as ionomers in AFCs. Therefore, further 

investigation of these alternative cation-based polymer materials as membranes and ionomers in 

AFCs are required to determine their future as commercial AEMs and ionomers for AFC 

applications. 

1.3 Outline and Summary 

In this study, PEMFCs and AFCs are investigated to reduce the overall cost of fuel cells by 

reducing the amount of platinum (i.e., improving platinum utilization) in PEMFCs and 

investigating low-cost commercially available non-fluorinated polymers as membranes and 

ionomers in PEMFCs and AFCs.  

Chapter II employs electrospinning/electrospraying (E/E) as an alternative catalyst layer 

deposition technique to improve platinum utilization (high power densities at ultra-low platinum 

loadings) and studying the effect of ionomer content on mass and charge transfer resistances in 

the catalyst layer. Previous studies utilizing the E/E technique demonstrated promising results for 

high platinum utilization, but did not explore the fundamentals of transport resistances in the 

catalyst layer and subsequently optimize the design of future ultra-low platinum electrodes. 

Chapter III utilizes a needleless electrospinning technique to create Nafion nanofibers with an 

aim to increase the production rate the E/E technique in Chapter II. The limits in Nafion purity, 

nanofiber mat properties, and electrospinning operating parameters using this needleless 

electrospinning technique with Nafion solutions are explored. Chapter IV applies a nanofiber-

nanoparticle catalyst layer that consists of Nafion nanofibers fabricated using needleless 
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electrospinning and catalyst particles deposited using needle electrospraying as fuel cell 

electrodes.  Chapter V prepares a commercially available non-fluorinated sulfonated pentablock 

terpolymer as a PEM and ionomer and compares its properties and fuel cell performance to the 

commercial Nafion under different relative humidities. In addition, the effect of ionomer content 

and solvent content in the electrodes on fuel cell performance is also studied.  

To achieve a platinum-free fuel cell, Chapter VI investigates AFCs using pentablock 

terpolymers (PTPs) with methylpyrrolidinium cations and hydroxide anions as AEMs and 

ionomers. In addition, the effect of the ionomer content and solvent content in the electrodes and 

varying fuel cell operating conditions is also examined. Chapter VII implements the E/E 

technique in Chapter II and the PTP in Chapter VI to create novel PTP nanofiber/catalyst particle 

E/E electrodes for AFCs. 

Chapter VIII concludes with a summary of the contributions of this research towards a 

commercial, sustainable energy society using ultra-low platinum and platinum-free fuel cells, 

using novel catalyst layer deposition techniques and unique commercially available non-

fluorinated polymers, as well as proposed directions for future work. 
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CHAPTER II 

IMPACT OF IONOMER RESISTANCE IN NANOFIBER-NANOPARTICLE 

ELECTRODES FOR ULTRA-LOW PLATINUM FUEL CELLS
*

2.1 Introduction 

A number of studies have investigated the role of the Nafion ionomer thin film and its impact 

on transport resistance and fuel cell performance with both in situ and ex situ investigations.
14, 23-

36
However, few studies provide insight on the role of transport resistances on fuel cell 

performance at low Pt loadings.
98-99

 Greszler et al.
99

 investigated the influence of Pt loading on

oxygen transport resistance using limiting current density experiments and observed that fuel cell 

performance loss was significant at low Pt loadings. Owejan et al.
98

 reported that fuel cells with

ultra-low Pt loadings (≤ 0.05 mgPt cm
-2

) experienced significant transport losses and

subsequently fuel cell performance losses and demonstrated that transport resistance is a strong 

function of the surface area and dispersion of particles (catalyst layer morphology). Both studies 

employed carbon as a filler to maintain similar porous catalyst layer morphologies and electrode 

thicknesses under different Pt loadings in order to investigate the ionomer thin film resistance. 

However, in these studies, the overall distribution of Pt catalyst differed due to the additional 

carbon (i.e., catalyst layer morphology was not constant) and therefore it was difficult to design 

an experiment where catalyst layer morphology and ionomer content (thin film effect) could be 

investigated independent of one another or exclusively. In other words, an experiment where the 

catalyst layer morphology is held constant, while ionomer content changes with the goal of 

*
Reprinted with permission from “Impact of ionomer resistance in nanofiber-nanoparticle electrodes for ultra-low 

platinum fuel cells” by M. Hwang and Y.A. Elabd, 2019. International Journal of Hydrogen Energy. 44, 6245-6256, 

Copyright 2019 by Elsevier. 
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exploring the impact of transport resistances on fuel cell performance absent of changes in the 

catalyst layer morphology at low Pt catalyst loadings. Other studies have investigated alternative 

catalyst layer deposition techniques, such as pulse electrodeposition,
100

 magnetron sputter

deposition,
101

 electrospraying,
102-103

 electrospinning,
104-106

 screen printing,
107

 and inkjet

printing.
108

 However, regardless of the deposition technique, changing the ionomer content in the

catalyst layer affects not only the amount of ionomer that surrounds the catalyst particles, but 

also the overall morphology of the catalyst layer.  

Recently, in our laboratory, a new simultaneous electrospinning and electrospraying (E/E) 

process, shown in Figure 2.1, was developed to produce unique nanofiber-nanoparticle 

electrodes for PEMFCs that resulted in high power densities at ultra-low Pt loadings.
61, 109

 The

E/E technique allows for fabrication of similar catalyst layer morphology while changing other 

properties (e.g., ionomer content, fiber composition, etc.), which is difficult to achieve with other 

catalyst layer deposition techniques, as previously explained. The simultaneous execution of 

electrospraying and electrospinning increases the number and connectivity of triple phase 

boundaries by creating a connected network of pores, proton conductive Nafion nanofibers, and 

electron conductive Pt/C nanoparticles, which differs from conventional electrodes. Here, in this 

work, E/E electrodes, at various Nafion contents in the electrospraying solution, were fabricated 

to investigate the impact of Nafion content on catalyst layer transport resistances and fuel cell 

power density at ultra-low Pt loadings (ca. 0.05 mgPt cm
-2

). Therefore, this study allows for the

exclusive investigation of the effect transport resistances on fuel cell performances at different 

ionomer contents (thin film effect) at a constant catalyst layer morphology, unlike conventional 

electrodes. 
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Figure 2.1 Schematic of the electrospinning/electrospraying (E/E) apparatus. 

2.2 Experimental Methods 

2.2.1 Materials 

Isopropanol (IPA; ACS reagent, ≥ 99.5%) and poly(acrylic acid) (PAA; MV = 450,000 g mol
-1

)

were purchased from Sigma-Aldrich. Carbon (Vulcan XC-72) and 20 wt% platinum on carbon 

(Pt/C; Vulcan XC-72) were purchased from Premetek Co. 1100 EW Nafion solution (5 wt% in 

3/1 v/v isopropanol/water) and Nafion membrane (NR-212, 1100 EW (0.91 meq g
-1

), 0.002 in

(~51 µm) dry thickness) were purchased from Ion Power. Gas diffusion layer (GDL; Sigracet 

25BC) was purchased from Fuel Cells Etc. All materials were used as received. Deionized (DI) 

water with a resistivity of 16 MΩ cm was used as appropriate. Ultra-high purity grade nitrogen 

was purchased from Brazos Valley Welding Supply. Ultra-high purity grade oxygen and ultra-
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zero grade air were purchased from Airgas. Ultra-high purity grade hydrogen was purchased 

from Praxair. All gases were used for all fuel cell experiments. 

2.2.2 Two-Needle Electrospinning/Electrospraying (E/E) Apparatus 

A custom-designed E/E apparatus, as illustrated in Figure 2.1, consists of two high-voltage 

power supplies (PS/EL50R00.8, Glassman High Voltage, Inc. and ES40P-10W/DAM, Gamma 

High Voltage Research, Inc.), two syringe pumps (NE-1000, New Era Pump Systems), two glass 

syringes (Pt. No. CG-3070-03, Chemglass Life Sciences), two syringe needles (i.d. = 0.024 in. 

(0.603 mm), Hamilton), poly(vinyl chloride) tubing (Pt. No. 30600-65 and 30600-66, Cole-

Parmer), and a grounded collector (cylindrical drum covered with aluminum foil, o.d. = 4.85 cm) 

connected to a motor (4IK25GN-SW2, Oriental Motor) to rotate the drum at 135 rpm during the 

E/E process. Four GDLs (ca. 2 cm  2 cm) were adhered to the drum, where catalyst 

nanoparticles and polymer nanofibers were electrosprayed and electrospun simultaneously onto 

the GDLs via the E/E process. The needle tip to collector distances, applied voltages, and 

solution flow rates were 15 and 9 cm, 10 and 12 kV, and 0.3 and 3.3 mL h
-1 

for the

electrospinning and electrospraying processes, respectively. 

2.2.3 Electrode and Membrane Electrode Assembly (MEA) Fabrication 

The electrospraying catalyst ink solution used to fabricate E/E electrodes consisted of a base 

mixture of 20 mg of Pt/C catalyst, ~1 – 2 mg of bare carbon, 250 mg of DI water, Nafion 

solution and isopropanol. The particle sizes can vary due to the solids weight percent of the 

electrospraying solution, thus the solids weight percent was kept constant at 1 wt% for all E/E 

experiments by adjusting the amount of isopropanol in the mixture. The amount of Nafion 
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solution was adjusted to achieve different amounts of Nafion content of the solids in the 

electrospraying ink solution as detailed in Table 2.1. The resulting mixture was sonicated for 3 

min at 35% amplitude (Q125, Qsonica) prior to electrospraying. The electrospinning polymer 

solution used to fabricate E/E electrodes was a 5 wt% 4/1 Nafion/PAA polymer solution, e.g., 25 

mg of PAA, 2000 mg of Nafion solution, and 485 mg of 3/1 v/v isopropanol/water solution. The 

solution was stirred under ambient temperature for at least 12 h to ensure complete dissolution of 

PAA prior to electrospinning. The catalyst ink solution and the polymer solution were used in the 

electrospraying and electrospinning processes, respectively, to fabricate E/E electrodes as 

described in the previous section, and the Pt loading was controlled by the duration of the E/E 

process. Conventional (control) electrodes were prepared by mixing 100 mg of Pt/C catalyst, 550 

mg of DI water, 1000 mg of Nafion solution, and 1350 mg of isopropanol, which corresponds to 

2/1 w/w (Pt/C)/Nafion in 3/1 v/v isopropanol/water. The mixture was sonicated for 3 min at 35% 

amplitude and subsequently brushed onto the GDL with an ox hair brush (0689-00025, Gordon 

Brush Mfg. Co., Inc.). This process was repeated to achieve the target Pt loading of 0.10 mgPt 

cm
-2

. Membrane electrode assemblies (MEAs) were fabricated by placing the Nafion NR-212

membrane in between two catalyst-coated GDLs (anode and cathode) and heat pressing (3851-0, 

Carver) for 5 min at 275 °F (135 °C) and 3200 psi (22 MPa). Two MEAs with six different 

Nafion contents were fabricated for a total of twelve E/E MEAs in this study. 

2.2.4 Electrode Characterization 

The morphology of the E/E electrodes was investigated with scanning electron microscopy 

(SEM; FEI Quanta 600 FE-SEM, 10 kV for X 5000 magnifications images and 20 kV for X 

100000 magnification images) using a working distance of 10 mm. Samples were sputter coated 
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(Cressington 208 HR) with platinum/palladium (6 nm thickness) prior to SEM analysis. For each 

image, the diameters of 20 nanofibers and 20 nanoparticles were randomly selected and 

measured using ImageJ software for each electrode sample. 

The Pt loading was measured with thermal gravimetric analysis (TGA; Q50, TA Instrument). 

A small portion of the electrode (ca. 4–6 mg) was heated in the TGA from ambient temperature 

to 900 °C at 10 °C min
-1

 in air at 60 mL min
-1

. Since all components in the E/E electrode degrade

below 800 °C with the exception of Pt, the Pt loading was determined by dividing the residual 

weight at 850 °C by the original area of the TGA sample. The average Pt loading for each E/E 

experiment was determined using 2–4 samples. 

2.2.5 Fuel Cell Tests and Cyclic Voltammetry (CV) 

Each MEA (1.21 cm
2
 area) was placed between two serpentine flow field graphite plates (1

cm
2
 flow area) separated by two 0.152 mm thick PTFE/fiberglass gaskets (Cat. No. 33, Scribner

Associates, Inc.). The entire fuel cell assembly consisted of an MEA, two gaskets, and two flow 

plates placed between copper current collectors followed by endplates all held together by bolts 

with 100 lb in (11.3 N m) of applied torque. Fuel cell performance of each MEA was evaluated 

with a fuel cell test station (850C, Scribner Associates, Inc.). Fuel cell tests were conducted 

under ambient pressure with saturated (100% RH) anode and cathode flow rates of 0.43 L min
-1

hydrogen and 1.02 L min
-1

 oxygen or air, respectively. The stoichiometry of the anode and

cathode flow rates used for the fuel cell testing is approximately 1:2 for hydrogen/oxygen and 

1:2 for hydrogen/air. The cathode gas, anode gas, and cell temperatures were all maintained at 80 

°C. Fuel cell performance was recorded after a new MEA was fully activated. The activation 

process consists of operating the MEA at 0.7 V for 1 h, followed by 0.6 V, 0.4 V, and 0.2 V for 
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30 min at each voltage, and ending with two cycles of 0.6 V and 0.4 V for 30 min at each 

voltage. Polarization curves (cell voltage versus current density) were collected from open circuit 

voltage (OCV) to 0.2 V at increments of 0.05 V min
-1

 to determine that no further increase in

current density at a constant voltage was observed, thus the MEA was at steady state. After the 

MEA was fully activated and reached steady state, five polarization curves were taken to 

determine the average maximum power density. The average error between polarization curves 

was < 3% and < 5% for the hydrogen/oxygen and hydrogen/air experiments, respectively. 

Cyclic voltammetry (CV) was performed on a fully activated MEA with a potentiostat 

(Solartron SI 1287A, Corrware Software) at 20 mV s
-1

 from 0.01 V to 1 V versus NHE under

ambient pressure. In this two-electrode configuration, the anode serves as both the counter and 

reference electrodes. The fuel cell anode and cathode were supplied with 0.04 L min
-1

 hydrogen

and 0.02 L min
-1

 nitrogen, respectively. Temperatures of the cathode gas, anode gas, and cell

were maintained at 30 °C. The Pt catalyst was assumed to have an average site density of 210 µC 

cm
-2

.
110

 The electrochemical surface area (ECSA) was determined from the hydrogen adsorption

area from 0.12 to 0.30 V of the CV data. Five cycles were taken to determine the average ECSA 

for each MEA. Linear sweep voltammetry was performed at 2 mV s
-1

 from OCV to 0.8 V versus

NHE to determine if the MEA had any defects that resulted from internal shorts or significant 

hydrogen crossover. 

2.2.6 Electrochemical Impedance Spectroscopy (EIS) 

Electrochemical impedance spectroscopy (EIS; Solartron SI 1260A) was performed on a fully 

activated MEA from 1 MHz to 1 Hz at -0.4 V versus OCV (ca. 0.49 - 0.55 V versus NHE) under 

ambient pressure. In this two-electrode configuration, the anode serves as both the counter and 
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reference electrodes. The fuel cell anode and cathode were supplied with 0.43 L min
-1

 hydrogen

and 1.02 L min
-1

 oxygen, respectively. Temperatures of the cathode gas, anode gas, and cell were

all maintained at 80 °C. The EIS data was analyzed using a common equivalent circuit model 

that consisted of a resistor (resistance of the solid electrolyte membrane) in series with a parallel 

circuit of a constant phase element and a second resistor (resistance of the catalyst layer) that is 

typically used to describe a porous electrode.
111

 The catalyst layer resistance values reported here

are the polarization resistances. 

2.3 Results and Discussion 

Fuel cell experiments with E/E catalyst layer electrodes with different Nafion contents (Table 

2.1) were conducted to investigate the effect of the Nafion content on catalyst layer resistances 

and subsequently on fuel cell performance at a fixed catalyst layer morphology. SEM images of 

the E/E catalyst layers are shown in Figure 2.2a–f, where each image corresponds to different 

amounts of Nafion (wt% solids) in the electrospraying solution. The E/E catalyst layers show a 

highly porous network of randomly arranged nanofibers and particle aggregates, which promotes 

facile gas transport to Pt sites for reactions to occur. The particle-fiber-pore junction points (i.e., 

triple phase boundary points) also provide intimate interactions for electron transport, proton 

transport, and ORR without loss of oxygen gas transport due to the highly porous network as 

shown in previous studies.
61, 109

 Figure 2.3 shows the average fiber diameters and particle

diameters of the images shown in Figure 2.2a–f. The average fiber diameters range from 137 ± 

48 nm to 183 ± 64 nm and the average particle diameters range from 1.27 ± 0.71 µm to 1.59 ± 

1.34 µm, indicating that the nanofiber sizes and particle aggregate sizes are similar for all E/E 

experiments regardless of the amount of Nafion content in the electrospraying solution. The fiber 
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diameter size distributions and particle aggregate size distributions are also similar for all E/E 

experiments. This result highlights the ability of the E/E process to create catalyst layers with 

similar overall morphology at different catalyst-to-ionomer ratios or ionomer contents. Thus, the 

impact of transport resistances due to the ionomer surrounding catalyst particles can be solely 

investigated without other parameters changing simultaneously.  

Table 2.1 Nafion content of the solids in 1 wt% electrospraying solution. 

Nafion content in solids 

(wt %) 

Nafion solution 

(mg) 

Isopropanol 

(mg) 

0 0 1857 

19 101 2338 

32 200 2704 

48 395 3425 

65 805 5043 

79 1601 8222 
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Figure 2.2 SEM images of E/E electrode with various Nafion contents in electrospraying 

solution: (a,g) 0 wt%, (b,h) 19 wt%, (c,i) 32 wt%, (d,j) 48 wt%, (e,k) 65 wt%, and (f,l) 79 wt%. 

(a-f) X 5000 magnification, scale bar = 10 µm; (g-l) X 30000 magnification, scale bar = 500 nm. 
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Figure 2.3 (a) Fiber diameters and (b) particle diameters in the E/E catalyst layers as a function 

of Nafion content in the electrospray. 

Figure 2.2g–l (higher magnification of the catalyst layers; specifically focusing on the catalyst 

particles) shows that there are distinct visual differences at a local level in the appearance of the 

particle aggregates at varying amounts of Nafion in the electrospraying solution. From Figure 

2.2g to Figure 2.2i, i.e., from no Nafion to a small amount of Nafion in the electrospraying 

solution (0 to 32 wt% Nafion), there is an appearance of polymer that adheres between Pt/C 

particles. From Figure 2.2j, at 48 wt% Nafion, the Nafion ionomer completely surrounds the 

particles and creates a thin film around the aggregate. Figures 2.2k and 2.2l (65 wt% and 79 wt% 

Nafion), the Nafion film is thicker and separate Pt/C particles can no longer be distinguished 

within the aggregates. Therefore, by increasing the amount of Nafion in the electrospraying 

solution, the particle aggregates begin to change appearance, but maintain relatively similar 

particle aggregate sizes and overall catalyst layer morphology, while the Nafion ionomer thin 

film that surrounds the aggregate becomes more visible and thicker. Thus, these results indicate 

that the amount of Nafion content in the electrospraying solution did not influence the 
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macroscale morphology of the catalyst layer, but influenced the microscale appearance and 

composition around the catalyst aggregate particles. This allows for the exclusive study of the 

ionomer resistance on fuel cell performance without altering the overall catalyst layer 

morphology.  

Figure 2.4 shows fuel cell performances (polarization and power curves; hydrogen/oxygen and 

hydrogen/air at ambient pressure at 80 °C) for E/E electrodes at 0.05 mgPt cm
-2

 total loading

(produced with 48 wt% Nafion of the solids in the electrospraying solution) and for conventional 

painted electrodes (control) at 0.1 mgPt cm
-2

 total loading. Under hydrogen/oxygen, the

maximum power density for the E/E electrodes (567 mW cm
-2

) is similar to that of conventional

electrodes (561 mW cm
-2

) with only 50% of the Pt loading compared to the conventional

electrodes. Under hydrogen/air, the maximum power density for the E/E electrodes (262 mW 

cm
-2

) is also similar to that of conventional electrodes (250 mW cm
-2

). These results further

emphasize the influence of morphology in ultra-low Pt loading catalyst layers on fuel cell 

performance as demonstrated in previous studies.
61, 109

Figure 2.4 Fuel cell performance and polarization curves of MEAs with (a) E/E electrodes with 

0.05 mgPt cm
-2

 and (b) conventional electrodes with 0.1 mgPt cm
-2

 under hydrogen/oxygen (solid)

and hydrogen/air (dashed). 
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As shown in Figure 2.5a, the maximum power density for E/E electrodes varies with the 

amount of Nafion content in the electrospraying ink solution. Under hydrogen/oxygen, from 0 to 

32 wt% Nafion content of the solids in the electrospraying solution, there is minimal difference 

in the maximum power density, which ranges between 415 mW cm
-2

 and 455 mW cm
-2

.

However, at 48 wt% Nafion content of the solids in the electrospraying solution, the power 

density increases to 567 mW cm
-2

, which is a 36% gain in power output. From 48 to 65 wt%

Nafion content of the solids in the electrospraying solution, the power density slightly decreases 

to 521 mW cm
-2

, which corresponds to 8% loss in power output. From 65 wt% to 79 wt% Nafion

content of the solids in the electrospraying solution, the power density continues to decrease to 

412 mW cm
-2

, which is an additional 21% loss in power output. This trend is similar for fuel cell

performances under hydrogen/air as well. From 0 to 32 wt% Nafion content in the 

electrospraying solution, there is minimal difference in the maximum power density, which 

ranges between 170 mW cm
-2

 and 180 mW cm
-2

. However, at 48 wt% Nafion content of the

solids in the electrospraying solution, the power density increases to 262 mW cm
-2

, which is a

53% gain in power output. From 48 to 65 wt% Nafion content of the solids in the electrospraying 

solution, the power density decreases to 204 mW cm
-2

, which corresponds to 22% loss in power

output. From 65 wt% to 79 wt% Nafion of the solids in the electrospraying solution, the power 

density continues to decrease to 142 mW cm
-2

, which is an additional 30% loss in power output.

These results suggest that low Nafion content (0 to 32 wt% of solids in the electrospraying 

solution), where the Nafion ionomer has no or little presence as shown in the left inset SEM 

image in Figure 2.5a, there is no or minimal effect on fuel cell performance; therefore, proton 

conductivity between the particle aggregates may be constant. This is supported by the SEM 

images shown previously in Figure 2.2g–i, where the Nafion ionomer does not completely cover 
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the aggregate until 48 wt% as shown in Figure 2.2j. The increase in power density from 32 wt% 

to 48 wt% Nafion content can be explained by the Nafion ionomer coverage around the particle 

aggregate which promotes proton conductivity to the triple phase boundaries. As illustrated by 

Figure 1.4a, the lack of proton pathways will introduce charge transfer resistance, which is 

evident in the low Nafion content (0 to 32 wt%) electrodes, where not all of the particle 

aggregates are visibly connected to the ionomer as shown in the left inset SEM image in Figure 

2.5a (0 wt% Nafion content in the electrospraying solution). However, at 48 wt% Nafion content 

of the solids in the electrospraying solution, as shown by the middle inset SEM image of Figure 

2.5a, there is enough ionomer content that allows each catalyst aggregate to effectively transport 

protons at each reaction site, as illustrated in Figure 1.4b, which reduces the charge transfer 

resistance and improves the power density. In addition, the amount of ionomer that surrounds the 

entire catalyst particle aggregate, as illustrated in Figure 1.4b, is low enough to allow gas to 

diffuse through, and therefore mass transfer resistance is also minimized. Thus, at 48 wt% 

Nafion content, the highest maximum power density is achieved by diminishing the charge and 

mass transfer resistances. At higher Nafion content (65 wt% to 79 wt% of the solids in the 

electrospraying solution), the power density steadily decreases. As seen previously in Figure 

2.2e–f, with higher Nafion content, the particle aggregates cannot be visually seen due to the 

dense ionomer coverage, which increases mass transport resistance. As previously illustrated in 

Figure 1.4b, mass transport resistance can occur when the solid ionomer blocks reactant gas from 

reaching Pt reaction sites. This resistance is visually demonstrated by the right inset SEM image 

in Figure 2.5a (79 wt% Nafion content of the solids in the electrospraying solution), where the 

Nafion ionomer completely covers the aggregate and individual particles are no longer 

distinguishable. Therefore, the solid ionomer becomes a physical barrier for gas diffusion and 
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prevents reactant gas from reaching Pt reaction sites, which effectively decreases the power 

density.   

Electrochemical impedance spectroscopy is a widely used technique to investigate the inner 

processes of fuel cells, such as electrode degradation,
112

 proton transfer,
113

 reaction kinetics on

thin film fuel cell electrodes,
31

 and catalyst layer resistances for PEMFCs;
114-116

 specifically ionic

conductivities
117-119

 and oxygen transport resistances.
32

 Springer et al.
114

 first proposed and

experimentally verified one of the earlier circuit models to describe PEMFCs under operation, 

and identified and correlated different frequency regimes with different transport processes along 

the polarization curve. Since then, multiple studies have proposed more complex models to study 

and identify specific transport processes within the catalyst layer.
33, 116, 119-120

 To further explore

the impact of Nafion ionomer on fuel cell performance, the catalyst layer resistance was 

measured with electrical impedance spectroscopy under hydrogen/oxygen at ambient pressure at 

80 °C at -0.4 V versus OCV (ca. 0.49–0.55 V versus NHE), which is at a slightly lower voltage 

compared to the voltage where the maximum power density was observed. As shown in Figure 

2.6b, the average catalyst layer resistance is relatively steady between 320 and 350 mΩ cm
2
 from

0 to 32 wt% Nafion content of the solids in the electrospraying solution, indicating that at low 

Nafion content, where proton transport resistance is expected to be high in conventional 

electrodes due to the poor proton connection between particles and ionomer (as shown in Figure 

2.2h and illustrated in the left inset in Figure 2.5b), there is little to no effect on fuel cell 

performance for E/E electrodes because protons can be transferred through the Nafion in the 

nanofibers, regardless of the amount of Nafion ionomer in the electrospraying solution. From 32 

wt% to 48 wt% Nafion content of the solids in the electrospraying solution, there is a decrease in 

the average catalyst layer resistance from 320 to 240 mΩ cm
2
, which suggests that the
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continuous thin film formation around catalyst particle aggregates (as shown in Figure 2.2k 

further improves proton transport and increases the triple phase boundary. From 48 wt% to 79 

wt% Nafion content of the solids in the electrospraying solution, the average catalyst layer 

resistance increases from 240 to 490 mΩ cm
2
, which may be attributed to the increase in mass

transport resistance as the thin film that surrounds the Pt/C aggregate increases in thickness (as 

shown in Figure 2.2l and illustrated in the right inset in Figure 2.5b). This result suggests that at 

higher ionomer content in E/E electrodes, mass transport resistance is more dominant than proton 

transport resistance. Overall, these results show that there is a balance between proton transport 

and mass transport in E/E electrodes that can be observed by changing the Nafion ionomer 

content in the electrospray in order to optimize fuel cell performance. 

Figure 2.5 (a) Maximum power density under oxygen (red) and air (blue) versus Nafion content 

in electrospray for E/E MEAs with insets representing high magnification SEM images of 

catalyst aggregate particles at given Nafion contents: 0 wt%, 48 wt%, and 79 wt% (left to right)) 

and (b) catalyst layer resistance versus Nafion content in electrospray for E/E MEAs with 

illustrations of proton transport resistance (left) and mass transport resistance (right). The highest 

value for maximum power density and minimum resistance is indicated by the dashed vertical 

line (orange) in (a) and (b), respectively. 
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Table 2.2 summarizes these results: maximum power density, catalyst layer resistance, average 

electrode Pt loading, and electrochemical surface area (ECSA). The ECSA is a measure of the 

adsorption or desorption of hydrogen onto the Pt sites; therefore, it is also dependent on the 

porous structure, electron conductivity, and proton conductivity. From the SEM images, the 

morphology is similar for all E/E experiments, as stated previously. Therefore, the only 

difference is the connectivity and thickness of the proton conducting ionomer network 

surrounding the catalyst particle aggregates, which subsequently depends on the ionomer content 

in the electrospraying solution. The ECSA steadily increases from 21.9 m
2
 gPt

-1
 to 42.9 m

2
 gPt

-1
   

for 0 to 32 wt% Nafion content of the solids in the electrospraying solution, rapidly increases to 

99.0 m
2
 gPt

-1
 at 48 wt% Nafion content, and then decreases to 69.6 m

2
 gPt

-1
 and 22.3 m

2
 gPt

-1
 for 

65 wt% Nafion content and 79 wt% Nafion content, respectively. The increase in the ECSA may 

be attributed to the increase in proton transport, which allows for more Pt particles to be 

accessible, thereby increasing the ECSA. Overall, this trend is similar to the trends observed for 

power density (Figure 2.5a) and catalyst layer resistance (Figure 2.5b). Specifically, at higher 

Nafion content (from 48 wt% to 79 wt% of solids in the electrospraying solution), the decreasing 

trend in the ECSA values suggests that the solid ionomer is effectively blocking hydrogen gas 

from reaching the Pt sites and thereby reducing the amount of available Pt surface area for the 

reaction to occur.  
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Table 2.2 Pt loading, electrochemical surface area, maximum power density, and catalyst layer 

resistance for E/E electrodes with different Nafion contents in electrospraying solution. 

Nafion content 

in solids  

(wt%) 

Pt loading 

(mgPt cm
-2

)

Max power 

density
a
 

(mW cm
-2) 

Max power 

density
a,c

(kW gPt
-1

)

Catalyst layer 

resistance
a
 

(mΩ cm
2
) 

ECSA
b
 

(m
2
 gPt

-1
)

0 0.052 438.2 ± 6.3 4.21 ± 0.06 321.4 21.9 ± 3.1 

19 0.041 452.0 ± 10.3 5.51 ± 0.13 303.2 39.2 ± 5.4 

32 0.049 416.8 ± 4.3 4.25 ± 0.04 320.4 42.9 ± 5.9 

48 0.049 566.8 ± 12.6 5.78 ± 0.13 236.8 99.0 ± 17.2 

65 0.042 521.4 ± 13.8 6.21 ± 0.16 265.5 69.6 ± 7.7 

79 0.043 411.8 ± 7.6 4.79 ± 0.09 631.0 22.3 ± 2.2 
a
Measured at 1/2 mol/mol H2/O2 at 80 °C, ambient pressure. 

b
Measured at 2/1

 
mol/mol H2/N2 at 30 °C, ambient pressure. 

c
Calculated using the total Pt loading in the MEA. 

The optimum ionomer content for conventional catalyst layers in fuel cell electrodes has been 

thoroughly investigated and reported to be approximately 30 wt%.
19, 21, 121

  To compare the

optimum total ionomer content in the E/E electrodes to that of conventional electrodes, the total 

Nafion content in the E/E electrodes, including the Nafion from the nanofibers, was calculated. 

As shown in Figure 2.6, the current density at 0.6 V versus NHE under hydrogen/air for the E/E 

MEAs from this study is compared to the results from Qi et al.
122

 for conventional MEAs. The

conventional MEAs show a maximum current density at 30 wt% Nafion content in the 

electrodes. However, for E/E MEAs, the maximum current density was observed at 62 wt% 

Nafion, which is a 93% increase from the optimum Nafion content compared to conventional 

electrodes. Interestingly, one study has shown that the optimum Nafion content changes with Pt 

loading, and at low Pt loading (0.1 mgPt cm
-2

), the optimum Nafion content is 50 wt%,
123

 which

suggests that at ultra-low Pt loadings (< 0.1 mgPt cm
-2

), the optimum ionomer content may differ

from that at a conventional loading (ca. 0.4 mgPt cm
-2

). Therefore, by utilizing the E/E technique,

electrode catalyst layers with ultra-low Pt loadings and different ionomer contents can be 
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investigated to optimize and understand the role of the ionomer thin film resistance on fuel cell 

performance, while maintaining a constant catalyst layer morphology. 

Figure 2.6 E/E electrode current density (blue) and conventional electrode current density (red) 

versus total Nafion content in the electrode. The optimum total Nafion content is indicated by the 

dotted (blue) and the dashed (red) vertical lines for the E/E electrode and the conventional 

electrode, respectively. 

In this study, the fuel cell performance of E/E electrodes were similar to conventional 

electrodes (control), but the total Pt loading were not similar. Figure 2.7 shows fuel cell 

performance of the E/E electrodes with similar overall Pt loading compared to the control (0.1 

mgPt cm
-2

). Under hydrogen/oxygen, the average maximum power density for these E/E

electrodes (690 mW cm
-2

)
 
was observed to be 23% higher than control electrodes (561 mW cm

-2
)
 

at similar total Pt loadings. Similarly, under hydrogen/air, the average maximum power density 
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for the E/E electrodes (372 mW cm
-2

)
 
was observed to be 49% higher than that for the control

electrodes (250 mW cm
-2

). Overall, compared to conventional electrodes, the enhanced

morphology the E/E electrodes (increased triple phase boundaries) results in similar fuel cell 

performance at lower Pt loadings or higher fuel cell performance at similar Pt loadings. 

Figure 2.7 Fuel cell performance and polarization curves of MEAs with E/E electrodes with 0.1 

mgPt cm
-2

 under hydrogen/oxygen (solid) and hydrogen/air (dashed).

2.4. Conclusions 

In this study, the simultaneous E/E technique provides a platform to produce electrodes with 

similar overall morphology at various ionomer contents, which allows for the exclusive 

exploration of the impact of the ionomer thin film on catalyst layer resistances and subsequently 

fuel cell performances. As ionomer content increased, the catalyst layer resistance decreased and 

then increased, which was attributed to charge transfer resistance at low ionomer content and 
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mass transport resistance at high ionomer content. However, unlike conventional electrodes, at 

low ionomer content, a connected proton conducting network still exists in E/E electrodes due to 

the presence of Nafion nanofibers, and at high ionomer content, a highly porous network still 

exists in E/E electrodes due to the nanofiber-nanoparticle network. Therefore, the catalyst layer 

resistances observed are exclusive to the Nafion thin film surrounding the catalyst aggregate 

particles and not the overall connected pore-ionomer-catalyst morphology. Overall, for E/E 

electrodes, a maximum in power density and minimum in catalyst layer resistance was observed 

at 62 wt% Nafion, which differs from conventional electrodes (30 wt%). Furthermore, E/E 

electrodes had a similar power density compared to conventional electrodes at half the Pt loading 

(0.05 mgPt cm
-2

) and higher power density at similar Pt loading (0.1 mgPt cm
-2

).
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CHAPTER III 

HIGH PRODUCTION RATE OF HIGH PURITY, HIGH FIDELITY NAFION 

NANOFIBERS VIA NEEDLELESS ELECTROSPINNING 

3.1 Introduction 

Nafion is commercially available in several forms, including extruded and solution cast films, 

dispersions in aqueous alcohol solvents, and pellets. In addition to these forms, Nafion in 

nanofiber form has been reported and has shown to possess enhanced properties (e.g., proton 

conductivity) and subsequently enhances device performance.
104, 124-147

 One example includes

Snyder and Elabd
143

 who reported on Nafion nanofibers that naturally form in fuel cell electrodes

due to heat and pressure and subsequently improves fuel cell performance. Another example 

includes Dong et al.
140

 who reported on the super proton conductivity (> 1 S cm
-1

) of a single

high-purity Nafion nanofiber (400 nm diameter), which is an order of magnitude higher than a 

bulk Nafion film (ca. 0.1 S cm
-1

). Also, Wang et al.
124-125

 reported on Nafion nanofiber fuel cell

electrodes and their subsequent excellent high fuel cell power densities at ultra-low platinum 

loadings (i.e., excellent platinum utilization of 0.076 g kW
-1

). Additionally, Ballengee and

Pintauro
133

 reported on Nafion nanofiber composite membranes and their subsequent enhanced

durability under humidity cycling for fuel cells.  

To date, most reports on Nafion nanofibers resulted from the fibers being produced via single 

needle electrospinning.
104, 124-142, 144-150

 Needle electrospinning is the most common technique to

produce polymer fibers with nanometer sized diameters (ca. 10-1,000 nm). This involves 

applying a high-voltage electric field to a polymer solution that is ejected out of a metal needle. 

Above a critical voltage, electrostatic forces overcome surface tension to form a polymer jet that 
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is elongated and whipped continuously onto a grounded collector as a randomly interconnected 

fibrous mat. Electrospinning parameters, such as voltage, distance, and flow rate can affect how 

fibers form (i.e., uniformity of the fibers), while polymer solution properties, such as viscosity 

(i.e., polymer chain entanglement) and conductivity (i.e., electrostatic driving forces), can 

determine whether a polymer solution can be electrospun to form fibers at all.  

Currently, no studies have demonstrated electrospinning of pure Nafion nanofibers, but rather 

successful electrospinning of Nafion requires the addition of a secondary polymer, such as 

poly(ethylene oxide) , poly(acrylic acid), poly(vinyl pyrrolidone), poly(vinyl alcohol), and 

poly(vinylidene fluoride), to the polymer solution prior to electrospinning.
140, 144-150

 In solution,

pure Nafion aggregates into micellar structures, which inhibits polymer chain entanglement and 

subsequently successful electrospinning.
151

 The addition of a secondary polymer to the Nafion

solution has been shown to prevent aggregate formation, increase chain entanglement, and 

promote the successful electrospinning of Nafion nanofibers.
150

 Therefore, it is challenging to

electrospin high purity Nafion nanofibers using conventional needle electrospinning, limiting 

needle electrospinning to narrow solution concentration ranges and requiring the addition of a 

secondary polymer. 

Furthermore, all of the Nafion electrospinning studies reported to date use single needle 

electrospinning, which results in low nanofiber production rates (0.01-0.1 g h
-1

).
152-153

 Numerous

needleless electrospinning techniques have been developed and explored to increase the 

production rate of polymer nanofibers, such as upward electrospinning,
154

 bubble

electrospinning,
155-156

 and free surface electrospinning,
152, 157

 with various polymers, such as

poly(vinyl alcohol) and poly(vinyl pyrrolidone). These needleless electrospinning techniques 

have resulted in production rates up to 5 g h
-1

,
157

 which is an order of magnitude higher than
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conventional single needle electrospinning, illustrating the potential to mass produce nanofibers. 

However, almost all needleless electrospinning techniques produce lower fidelity nanofibers 

compared to needle electrospinning. Recently, Higham et al.
158

 developed a new needleless

electrospinning technique, known as foam electrospinning, that produced similar fidelity 

nanofibers compared to that of needle electrospinning. In their study, they demonstrated this with 

two neutral polymers: poly(ethylene oxide) and poly(vinyl alcohol). In this study, we 

demonstrate the needleless electrospinning of an ionic polymer, Nafion, using a similar 

technique described by Higham et al.
158

 The production rate, fidelity, purity, and properties of

Nafion nanofibers produced by needleless electrospinning were investigated and compared to 

Nafion nanofibers produced by conventional needle electrospinning. 

3.2 Experimental Methods 

3.2.1 Materials 

Isopropanol (IPA; ACS reagent, ≤ 99.5%) and poly(acrylic acid) (PAA; MV = 450,000 g mol
-1

)

were purchased from Sigma-Aldrich. 1100 EW Nafion solution at 5 wt% in a 3/1 v/v of 

isopropanol/water and 15 wt% in a 3/1 v/v of isopropanol/water were purchased from Ion Power. 

All materials were used as received. Deionized (DI) water with a resistivity of 16 MΩ cm was 

used as appropriate. Dry compressed air was provided using an industrial air compressor 

(IRN50H-0F, Ingersoll Rand Industrial Technologies). 

3.2.2 Preparation of Nafion Solutions for Electrospinning 

Nafion solution (5 wt%) was added to solid PAA and subsequently stirred under ambient 

temperature for at least 12 h to ensure complete dissolution. The amount of PAA was adjusted to 
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produce Nafion/PAA solutions of various compositions in order fabricate Nafion fibers with 

various Nafion compositions (e.g., 5 g of 5 wt% Nafion solution, 50 mg of PAA for 83 wt% 

Nafion content of the solids in the electrospinning solution). The 15 wt% Nafion solution was 

used to produce higher Nafion content (> 92 wt%) nanofibers (e.g., 5 g of 15 wt% Nafion 

solution and 15 mg of PAA for 98 wt% Nafion content of the solids in the electrospinning 

solution). 3/1 v/v isopropanol/water was then added to the Nafion/PAA solution to decrease the 

polymer concentration (e.g., 1280 mg of Nafion/PAA solution and 670 mg of 3/1 v/v 

isopropanol/water) for smooth electrospinning.   

3.2.3 Needle Electrospinning Apparatus 

The needle electrospinning apparatus, as illustrated in Figure 3.1a, consists of a high-voltage 

power supply (PS/EL50R00.8, Glassman High Voltage, Inc.), syringe pump (NE-1000, New Era 

Pump Systems), glass syringe (Pt. No. CG-3070-03, Chemglass Life Sciences), syringe needle 

(i.d. = 0.024 in. (0.603 mm), Hamilton), poly(vinyl chloride) tubing (Pt. No. 30600-65, Cole-

Parmer), and a grounded collector (9 in x 9 in (23 cm x 23 cm); square cardboard covered with 

aluminum foil). The flow rate was set to 0.3 mL h
-1

 for all needle electrospinning experiments. A

still image of the needle electrospinning process (Taylor cone/fiber spinning from syringe needle 

tip) is shown in Figure 3.1b. 
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Figure 3.1 Illustration of (a) needle and (c) needleless electrospinning apparatuses and still 

images of (b) needle and (d) needleless electrospinning processes. 

3.2.4 Needleless Electrospinning Apparatus 

The needleless electrospinning apparatus, as illustrated in Figure 3.1c, consists of a high-

voltage power supply (ES40P-10W/DAM, Gamma High Voltage Research, Inc.), glass fine-

fritted funnel (Pt No. CG-1402-04, Chemglass Life Sciences), circular copper electrode (16 

gauge wire), and a grounded collector (9 in x 9 in (23 cm x 23 cm); square cardboard covered 

with aluminum foil). Compressed air with controlled flow rate was passed through the funnel to 

produce stable polymeric foam at the top surface of the fritted funnel. A still image of the 
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needless electrospinning process (multiple Taylor cones/fiber spinning from polymeric 

foam/bubble surfaces) is shown in Figure 3.1d. 

3.2.5 Characterization 

The morphology of the fiber mats was investigated with scanning electron microscopy (SEM; 

FEI Quanta 600 FE-SEM, 10 kV for X 30000 magnifications images) using a working distance 

of 10 mm. Samples were sputter coated (Cressington 208 HR) with platinum/palladium (6 nm 

thickness) prior to SEM analysis. For each electrospinning experiment, the diameters of 25 

nanofibers for each image were randomly selected and measured using ImageJ software, i.e., 

fiber diameters reported are the average and standard deviation of 25 randomly selected fibers. 

The production rate was determined by the amount of material collected after the 

electrospinning experiments at different time points. Foil circles were punched out using a 

hollow punch (dia. = 14 mm, Pt. 66004, Mayhew Pro). The average weight of six bare aluminum 

foil circles (6.6 mg) was used to tare the weight at t = 0 h. The average weight of four to six 

samples at different time intervals was taken from each electrospinning experiment to determine 

the weight after the experiment as a function of time. 

Mechanical properties of the fiber mats (ca. 25 mm (L) x 0.5 mm (W)) were measured with 

dynamic mechanical analysis (DMA; Q800, TA Instruments) under the given conditions: 22 ± 2 

°C, 40 ± 5% RH, preload force of 0.001 N, and a strain ramp rate of 0.1% min
-1

. Stress-strain

profiles were collected for each sample. The Young’s modulus was measured from the initial 

slope of the stress-strain curve. 

In-plane ionic conductivity of the fiber mats was measured with electrochemical impedance 

spectroscopy (EIS; Solartron SI 1260A) in a four-point conductivity cell (BekkTech BT112, 
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Scribner Associates, Inc.) by sweeping frequencies from 1 MHz to 0.05 Hz with an amplitude of 

10 mV at 0 V versus OCV under different temperatures ranging from 30 °C to 80 °C at 90% RH 

and submersed in liquid DI water at room temperatures (ca. 25 ± 2 °C). The temperature and 

relative humidity were controlled by placing the four-point conductivity cell in a bench top 

environmental chamber (ESPEC). Samples for EIS were prepared by electrospinning on glass 

substrates (ca. 30 mm (L) x 8 mm (W) x 1 mm (T)) for fiber mats. A film was cast on glass 

substrates and dried for at least 24 h under ambient conditions to compare to the fiber mats. All 

samples were annealed at 140 °C for 15 min prior to testing the in-plane conductivities. The data 

was analyzed by determining the high-frequency intercept of the real impedance, R, which was 

measured between the two inner reference electrodes. Conductivity was calculated by using the 

following equation: σ = L/(AR), where L is the distance between the two inner electrodes (ca. 

0.48 mm) and A is the cross-sectional area of the sample (A = Wl; W is the sample width and l is 

the sample thickness). The sample thicknesses, ranging from 20 to 60 μm, were measured with a 

Marathon digital micrometer (Pt No. CO030025) with ± 2 μm accuracy. Samples were allowed 

to equilibrate for 2 h at each temperature at 90% RH followed by three to four repeated 

measurements. The reported values are the average of these measurements. Due to the porosity 

of the fiber mats, the effective conductivity was calculated using the following equation: σc = 

σA/Ac = σ/(1-v), where σ is the measured conductivity, Ac is the effective surface area (surface 

area covered by the fibers), and v is the surface area void fraction, or surface porosity, of the 

fiber mats. Assuming the fiber mats are isotropic, the in-plane surface void area fraction of the 

fiber mat was used to determine the cross-sectional void area fraction. The average of the in-

plane surface void area fractions for two different SEM images was used for the final calculation 

for each fiber mat.  
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3.3 Results and Discussion 

Figure 3.2 shows scanning electron microscopy images of Nafion nanofibers produced from 

both the needle electrospinning technique (Figure 3.2a–c) and the needleless electrospinning 

technique (Figure 3.2d–f) at various Nafion contents of the solids in the electrospinning solution 

(83 wt%, 88 wt%, and 92 wt%). At 83 wt% and 88 wt% Nafion content, both needle and 

needleless electrospinning techniques can produce uniform defect-free fibers. However, using 

the needle electrospinning technique, as the amount of Nafion content of the solids in the 

Nafion/PAA solution increases from 88 wt% (Figure 3.2b) to 92 wt% (Figure 3.2c), the fibers 

begin to show defects, such as beads, whereas the needleless electrospinning technique still 

produces defect-free fibers (Figure 3.2f). This beaded fiber-to-smooth fiber transition has been 

previously reported by Chen et al.
150

 with the needle electrospinning technique at 92 wt% Nafion

content of the solids in the solution. Therefore, although both electrospinning techniques are 

using the same polymer solution, at a higher Nafion content solution, the needle electrospinning 

technique produces a lower quality of nanofibers (e.g., beaded nanofibers), whereas the 

needleless electrospinning technique fabricates defect-free nanofibers at the same higher Nafion 

concentrations. These results suggest that the needleless electrospinning technique enhances 

electrospinning, which may be a result of increasing the polymer concentration locally on the 

polymer solution thin bubble surfaces (foam).   
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Figure 3.2 SEM images of electrospun Nafion nanofibers at Nafion contents of 83 wt% (a,d), 88 

wt% (b,e), and 92 wt% (c,f) fabricated using needle electrospinning (a-c) and needleless 

electrospinning (d-f). X 30000 magnification, scale bar = 3 µm. 

Previous studies have shown that higher polymer concentrations (concentrations above the 

polymer entanglement concentration) promote the formation of uniform, bead-free fibers 

produced via electrospinning.
158-159

 Therefore, to promote the electrospinning of higher purity

Nafion solutions, the polymer concentrations were increased to 10 and 6 wt% to electrospin 95 

wt% and 98 wt% Nafion content of the solids in the solution, respectively. As shown in Figure 

3.3a,c, both techniques can produce nanofibers for the 95 wt% Nafion content of the solids in the 

solution at 10 wt% polymer concentration. However, needle electrospinning produces beaded 

nanofibers at this polymer concentration, as shown in Figure 3.3a, whereas needleless 

electrospinning produces bead-free or defect-free nanofibers, as shown in Figure 3.3c. Also, the 

needle electrospinning technique requires frequent monitoring and clearing at the needle tip to 

inhibit solution clogging and non-continuous electrospinning of fibers for this polymer solution. 
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At 98 wt% Nafion content of the solids in a 6 wt% polymer solution, needle electrospinning 

produces multiple beads with few small fibers in between the beads, as shown in Figure 3.3b, 

whereas needleless electrospinning can still produce bead-free fibers, as shown in Figure 3.3d. 

These results demonstrate that needleless electrospinning produces higher purity defect-free 

Nafion nanofibers compared to needle electrospinning due to the increase in local polymer 

concentration at the bubble surfaces.  

Figure 3.3 SEM images of Nafion nanofibers at Nafion contents of 95 wt% (a,c) and 98 wt% 

(b,d) fabricated using needle electrospinning (a,b) and needleless electrospinning (c,d). X 30000 

magnification, scale bar = 2 µm. 
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Figure 3.4 shows the average fiber diameters of the images shown in Figure 3.2. The average 

fiber diameters for the 83, 88, and 92 wt% Nafion content of the solids in the solution fabricated 

using the needle electrospinning technique are 216, 130, and 110 nm, respectively. The average 

fiber diameters for 83, 88, and 92 wt% Nafion content of the solids in the solution fabricated 

using the needleless electrospinning technique are 233, 179, and 156 nm, respectively. The 

needle and needleless electrospinning techniques both produced similar diameter size fibers (i.e., 

similar fidelity) for various Nafion contents of the solids in the solution. Both techniques also 

display similar trends in decreasing fiber diameter with increasing Nafion content, which is in 

agreement with the electrospinning of Nafion and PAA study by Chen et al.,
150

 where nanofiber

diameters ranging from 90 nm to 600 nm for a PAA content of 8 wt% to 100 wt%, respectively, 

were reported.
150, 159

 Thus, needleless electrospinning can produce similar fidelity Nafion

nanofibers as those produced by needle electrospinning. 

Figure 3.4 Nafion nanofiber diameters as a function of Nafion content fabricated using needle 

electrospinning (blue circles) and needleless electrospinning (green triangles). 
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Figure 3.5 shows the effect of various electrospinning parameters on the resulting fiber 

diameters for the needleless electrospinning technique, including polymer concentration (wt%), 

funnel-to-target distance (cm), and voltage (kV). Results show that the average fiber diameter for 

4.0, 5.0, and 5.9 wt% polymer solutions is 216, 252, and 232 nm, respectively (see Figure 3.5a). 

These average fiber diameters are statistically similar, which demonstrates the ability of the 

needleless electrospinning technique to produce similar fiber diameters with different polymer 

concentrations. In Figure 3.5b, the funnel-to-target distance was varied from 13, 15, and 17 cm 

and the resulting fiber diameters are 392, 232, and 326 nm. Using a distance of 13 or 17 cm 

resulted in a higher standard deviation in the fiber diameter compared to that using a distance of 

15 cm, suggesting that at 20 kV, 15 cm is the optimal distance for maintaining high fidelity 

fibers with similar diameter sizes. The applied voltage was varied from 15, 20, and 25 kV, and 

the resulting fiber diameters are 375, 232, and 292 nm (see Figure 3.5c). Applying a voltage of 

20 or 25 kV resulted in higher standard deviation in the fiber diameter compared to that using a 

voltage of 15 kV, suggesting that at 15 cm, 15 kV is the optimal voltage for fabricating similar 

fiber diameter sizes. By changing electrospinning parameters, such as distance and voltage, the 

fiber diameters can vary, but by fixing one parameter and optimizing the other parameters, there 

is a combination that offers the highest fidelity in nanofibers produced using the needleless 

electrospinning technique.  
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Figure 3.5 Nafion nanofiber diameters fabricated using needleless electrospinning as a function 

of (a) polymer concentration, (b) funnel-to-target distance, and (c) voltage. 
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Figure 3.6 shows the production rate of nanofibers fabricated using both the needle and 

needleless electrospinning techniques. The production rate for needle electrospinning ranges 

from 0.09 to 0.16 mg h
-1

 across a voltage range from 10 to 30 kV. From 10 to 20 kV, the needle

electrospinning production rate is constant around 0.10 mg h
-1 

followed by a slight increase to

0.16 mg h
-1

 at 30 kV. The production rate for the needleless electrospinning technique ranges

from 0.04 to 1.00 mg h
-1

 across a voltage range from 10 to 30 kV. At 15 kV, the production rate

for the needleless electrospinning technique is 0.41 mg h
-1

. From 15 to 20 kV, the production

rate for needleless electrospinning increases to 0.71 mg h
-1

. From 20 to 25 kV, the production

rate for the needleless electrospinning technique further increases to 1.00 mg h
-1

. At 30 kV, the

production for the needleless electrospinning technique decreases to 0.82 mg h
-1

. This decrease

may be due to the strong electric field pulling the fibers from the surface faster than the 

production of the polymeric foam or curved surfaces. Comparing the two electrospinning 

techniques, at 10 kV, the production rate for needle electrospinning (0.11 mg h
-1

) is slightly

higher than that for needleless electrospinning (0.04 mg h
-1

), which suggests that although there

are multiple available curved surfaces for electrospinning, the voltage is not high enough to 

efficiently produce many Taylor cone jets for all the curved surfaces. At 20 kV, the production 

rate for needleless electrospinning (0.71 mg h
-1

) is almost seven times larger than that for needle

electrospinning (0.09 mg h
-1

), demonstrating the ability of using the needleless electrospinning

technique to quickly fabricate many nanofibers. At 25 kV, the needleless electrospinning 

production rate reaches its maximum at 1.00 mg h
-1

, an order of magnitude larger than the needle

electrospinning production rates. Therefore, there is an optimum voltage for the maximum 

production rate for needleless electrospinning; whereas, the production rate for needle 

electrospinning remains relatively constant with increasing voltage. Overall, needleless 
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electrospinning can produce Nafion nanofibers at an order of magnitude in higher production 

rate compared to needle electrospinning. 

Figure 3.6 Nafion nanofiber production rate as a function of voltage for needle electrospinning 

(blue circles) and needleless electrospinning (green triangles). 

In addition to purity, fidelity, and production rate, the physical properties of the resulting fiber 

mats produced by both needle and needleless electrospinning techniques were compared with 

one another and also compared to the bulk film (a control with similar Nafion/PAA composition 

as fibers). Table 3.1 lists the Young’s modulus and proton conductivity for the film and the fiber 

mats for a composition of 83 wt% Nafion.  
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Table 3.1 Properties for fiber mats and cast film at 83 wt% Nafion content. 

Fabrication Young’s modulus (MPa)
a

Conductivity (mS cm
-1

)
b

Cast film 130.0 54.3 

Needle fiber mat 20.9 18.0 

Needleless fiber mat 42.6 43.8 

a
Measured under ambient conditions (ca. 22 ± 2 °C, 40 ± 5% RH). 

b
Measured submersed in liquid deionized water at room temperature (ca. 25 ± 2 °C). 

Overall, as expected, the film has a higher modulus (130.0 MPa) and proton conductivity (54.3 

mS cm
-1

) compared to both fiber mats. However, unexpectedly, the needleless electrospun fiber

mat has a higher modulus (42.6 MPa) and proton conductivity (43.8 mS cm
-1

) compared to the

needle electrospun fiber mat (20.9 MPa and 18.0 mS cm
-1

). One would expect that although the

fibers were produced by different techniques that if their fidelities are similar than the properties 

should also be similar. However, at this composition, beaded-fibers were observed for the needle 

electrospun fibers (shown in Figure 3.7a) compared to defect-free fibers in the needleless 

electrospun fibers (shown in Figure 3.7c). The defects in the needle electrospun fibers may 

contribute to the differences in measured properties when compared to the defect-free needleless 

electrospun fibers. 
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Figure 3.7 SEM images (a, c) and contrast images (b, d) of Nafion nanofibers at 83 wt% Nafion 

content of the solids in the electrospinning solution fabricated using (a, b) needle electrospinning 

and (c, d) needleless electrospinning. X 10000 magnification, scale bar = 3 µm. 

More specifically, Figure 3.8 shows the stress-strain profiles (mechanical properties) for the 

needle and needleless electrospun fiber mats and the control film. Tensile strength trends are 

similar to the Young’s modulus, where the needle electrospun fiber mat (0.8 MPa) is lower than 

the needleless electrospun fiber mat (2.4 MPa) and the film (5.7 MPa) is higher than both 

electrospun mats. It is expected that the mechanical properties of a dense film would be higher 

than a porous fiber mat. The elongation-to-break is similar for all samples (6.5% for needle 

electrospun fiber mat, 10.7% for needleless electropsun fiber mat, and 6.5% for dense film). 

Thus, needleless electrospinning can produce higher purity defect-free Nafion nanofibers, which 
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results in improved mechanical properties and liquid-saturated proton conductivity when 

compared to beaded-fibers from needle electrospinning at a similar composition. 

Figure 3.8 Stress-strain profiles for cast film (red squares), needle electrospun nanofiber mat 

(blue circles), and needleless electrospun nanofiber mat (green triangles). 

Figure 3.9a shows the proton conductivity for the needle and needleless electrospun fiber mats 

and the control film at 90% relative humidity as a function of temperature (ranging from 30 °C to 

80 °C). Similar to the results listed in Table 3.1 (submersed in liquid water at room temperature), 

the proton conductivity at 80 °C and 90% RH for the film (69.9 mS cm
-1

) is higher than the

needleless fiber mat (51.8 mS cm
-1

), which is higher than the needle electrospun fiber mat (24.4

mS cm
-1

). However, the cross-sectional area used to calculate conductivity from the impedance

data assumes that the entire area is conducting medium, which is only the case for the solid dense 

film and not the porous fiber mats. In an attempt to normalize the data (i.e., only the area of the 

conducting solid polymer), an estimated surface area porosity was measured from the SEM 
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images. The contrast feature in ImageJ was used to distinguish between solid and pores in the 

mat (see Figures 3.7b and 3.7d, which are contrasts of Figures 3.7a and 3.7c, respectively). From 

this method, the average void area fractions of the needle and needleless electrospun fiber mats 

were similar at 53.4% and 52.7%, respectively. These estimated surface area porosities were 

used to calculate a corrected surface area for the fiber mats (area of only the conducting solid) 

and subsequently a normalized conductivity. Figure 3.9b shows the normalized proton 

conductivity of the data shown in Figure 3.9a for the needle and needleless electrospun fiber 

mats and the control film. Here, the proton conductivity at 80 °C and 90% RH for needleless 

fiber mat (109 mS cm
-1

) is higher than the dense film (70 mS cm
-1

), which is higher than the

needle electrospun fiber mat (52 mS cm
-1

).

Figure 3.9 (a) Proton conductivity and (b) normalized proton conductivity as a function of 

temperature at 90% relative humidity for cast film (red squares), needle electrospun nanofiber 

mat (blue circles), and needleless electrospun nanofiber mat (green triangles). Solid lines 

represent a regression to the Arrhenius model. 
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This data is supported by a previous study by Dong et al.,
140

 which reported on the proton

conductivity of a single high-purity Nafion nanofiber at a value that was an order of magnitude 

higher than a cast Nafion dense film. They attributed this to the high alignment of connected 

nanoscale ionic network along the fiber axis (supported by small-angle X-ray scattering). The 

solid lines in Figure 3.9 represent a regression to the Arrhenius equation, where the activation 

energies were determined to be similar for all samples (8.7 kJ mol
-1

, 9.4 kJ mol
-1

, and 6.5 kJ mol
-

1
 for film, needleless and needle fiber mat, respectively). These results are similar to other reports 

of Nafion proton conductivity activation energies.
160

 Thus, needleless electrospinning can

produce high purity Nafion nanofibers with improved proton conductive properties compared 

with needle electrospun Nafion nanofibers and solution cast Nafion films. 

3.4 Conclusions 

In this study, the needleless electrospinning of highly ionic polymer, Nafion, was demonstrated 

and the results were compared to a classic needle-based electrospinning process. Needleless 

electrospinning produced Nafion nanofibers (233 ± 62 nm) with similar fidelity to those 

produced by needle electrospinning (216 ± 69 nm). Needleless electrospinning produced higher 

purity Nafion nanofibers (98 wt% Nafion) compared to needle electrospinning, where no fibers 

(only beads) were produced at this similar polymer solution concentration. Needleless 

electrospinning produced Nafion nanofibers at an order of magnitude higher production rate 

compared to needle electrospinning (1.00 versus 0.10 mg h
-1

). Both high productivity and high

purity were afforded through the ability of this needleless electrospinning process to generate 

multiple electrospinning sites that promote chain entanglement for facile electrospinning due to 

the locally higher polymer concentrations at thin bubble surface solution sites. Also, the Nafion 
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nanofiber mats produced by needleless electrospinning resulted in enhanced Young’s modulus 

and proton conductivity (42.6 MPa and 43.8 mS cm
-1

, respectively) compared to those produced

with needle electrospinning (20.9 MPa and 18.0 mS cm
-1

). Overall, this work not only

demonstrates the ability to produce high fidelity, high purity Nafion nanofibers at high 

production rates and improved properties using needleless electrospinning, but also extends the 

capability of foam electrospinning to highly ionic polymers, while maintaining high fidelity and 

higher production rates. 
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CHAPTER IV 

ULTRA-LOW PLATINUM FUEL CELL ELECTRODES VIA NEEDLELESS 

ELECTROSPINNING/NEEDLE ELECTROSPRAYING 

4.1 Introduction 

In Chapter 2, E/E electrodes demonstrated similar power density compared to conventional 

electrodes at lower Pt loadings, suggesting that E/E is an effective technique to produce high 

performing ultra-low Pt fuel cell electrodes. Further investigation in varying the Nafion content 

in the electrospraying solution revealed an optimum (Pt/C)/Nafion ratio in the electrospraying 

solution due to a balance of mass transfer and proton transfer resistances. In Chapter 3, a 

needleless electrospinning technique was used to fabricate Nafion nanofibers, which resulted in 

enhanced mechanical and conductivity properties compared to needle electrospinning due to 

locally higher polymer concentration at the electrospinning surface. Overall, the goal of shifting 

from needle to needleless electrospinning is to increase the productivity rate of ultra-low Pt 

electrode fabrication. Here, in this chapter, the needleless electrospun nanofibers are utilized to 

produce nanofiber-nanoparticle electrodes using needle electrospraying with the optimum 

(Pt/C)/Nafion ratio. The morphology and fuel cell performance were investigated and compared 

to E/E electrodes using the same electrospinning and electrospraying solutions. 

4.2 Experimental Methods 

4.2.1 Materials 

Isopropanol (IPA; ACS reagent, ≥ 99.5%) and poly(acrylic acid) (PAA; MV = 450,000 g mol
-1

)

were purchased from Sigma-Aldrich. 20 wt% platinum on carbon (Pt/C; Vulcan XC-72) was 
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purchased from Premetek Co. 1100 EW Nafion solution (5 wt% in 3/1 v/v isopropanol/water) 

and Nafion membrane (NR-212, 1100 EW (0.91 meq g
-1

), 0.002 in (~51 µm) dry thickness) were

purchased from Ion Power. Gas diffusion layer (GDL; Sigracet 25BC) was purchased from Fuel 

Cells Etc. All materials were used as received. Deionized (DI) water with a resistivity of 16 MΩ 

cm was used as appropriate. Ultra-high purity grade nitrogen was purchased from Brazos Valley 

Welding Supply. Ultra-high purity grade oxygen and ultra-zero grade air were purchased from 

Airgas. Ultra-high purity grade hydrogen was purchased from Praxair. All gases were used for 

all fuel cell experiments. 

4.2.2 Alternating Needleless Electrospinning/Needle Electrospraying 

A needleless electrospinning apparatus, as illustrated in Figure 4.1 (left), consists of a high 

voltage power supply (ES40P-10W/DAM, Gamma High Voltage Research, Inc.), glass fine-

fritted funnel (Pt No. CG-1402-04, Chemglass Life Sciences), circular copper electrode (16 

gauge wire), and a grounded collector (9 in x 9 in (23 cm x 23 cm); square cardboard covered 

with aluminum foil). Compressed air with controlled flow rate was passed through the funnel to 

produce stable polymeric foam at the top surface of the fritted funnel. A needle electrospraying 

apparatus, as illustrated in Figure 4.1 (right), consists of a high-voltage power supply 

(PS/EL50R00.8, Glassman High Voltage, Inc.), syringe pump (NE-1000, New Era Pump 

Systems), glass syringe (Pt. No. CG-3070-03, Chemglass Life Sciences), syringe needle (i.d. = 

0.024 in. (0.603 mm), Hamilton), and poly(vinyl chloride) tubing (Pt. No. 30600-65, Cole-

Parmer). Four GDLs (ca. 2 cm  2 cm) were adhered to the collector, where polymer nanofibers 

and catalyst nanoparticles were electrospun and electrosprayed onto the GDLs via alternating 

between the needleless electrospinning (1 min) and needle electrospraying (5 min), respectively. 
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The foam surface to collector distance and applied voltage were 15 cm and 15 kV, respectively, 

for the electrospinning process. The needle tip to collector distance, applied voltage, and solution 

flow rate were 9 cm, 12 kV, and 3.3 mL h
-1

, respectively, for the electrospraying processes.

Figure 4.1 Schematic of alternating between needleless electrospinning (left) and needle 

electrospraying (right) apparatuses. 

4.2.3 Electrode and Membrane Electrode Assembly (MEA) Fabrication 

The electrospraying catalyst ink solution consisted of a base mixture of 20 mg of Pt/C catalyst, 

250 mg of DI water, 400 mg of Nafion solution and 3370 mg of isopropanol. The resulting 

mixture was sonicated for 3 min at 35% amplitude (Q125, Qsonica) prior to electrospraying. The 

electrospinning polymer solution was a 5 wt% 4/1 Nafion/PAA polymer solution, e.g., 25 mg of 

PAA, 2000 mg of Nafion solution, and 485 mg of 3/1 v/v isopropanol/water solution. The 

solution was stirred under ambient temperature for at least 12 h to ensure complete dissolution of 

PAA prior to electrospinning. The catalyst ink solution and the polymer solution were used in the 

electrospraying and electrospinning processes, respectively, to fabricate electrodes as described 
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in the previous section, For comparison, electrodes were fabricated using the 

electrospinning/electrospraying (E/E) process described in Chapter 2 using the same 

electrospinning and electrospraying solutions in this study. Membrane electrode assemblies 

(MEAs) were fabricated by placing the Nafion NR-212 membrane in between two catalyst-

coated GDLs (anode and cathode) and heat pressing (3851-0, Carver) for 5 min at 275 °F (135 

°C) and 3200 psi (22 MPa).  

4.2.4 Electrode Characterization 

The morphology of the E/E electrodes was investigated with scanning electron microscopy 

(SEM; FEI Quanta 600 FE-SEM, 10 kV) using a working distance of 10 mm. Samples were 

sputter coated (Cressington 208 HR) with platinum/palladium or iridium (6 nm thickness) prior 

to SEM analysis. For each image, the diameters of 20 nanofibers and 20 nanoparticles were 

randomly selected and measured using ImageJ software for each electrode sample. 

The Pt loading was measured with thermal gravimetric analysis (TGA; Q50, TA Instrument). A 

small portion of the electrode (ca. 4–7 mg) was heated in the TGA from ambient temperature to 

900 °C at 10 °C min
-1

 in air at 60 mL min
-1

. Since all components in the E/E electrode degrade

below 800 °C with the exception of Pt, the Pt loading was determined by dividing the residual 

weight at 850 °C by the original area of the TGA sample. The average Pt loading for each E/E 

experiment was determined using 2 samples. 

4.2.5 Fuel Cell Tests and Cyclic Voltammetry (CV) 

Each MEA (1.21 cm
2
 area) was placed between two serpentine flow field graphite plates (1

cm
2
 flow area) separated by two 0.152 mm thick PTFE/fiberglass gaskets (Gasket Kit #5,
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Scribner Associates, Inc.). The entire fuel cell assembly consisted of an MEA, two gaskets, and 

two flow plates placed between copper current collectors followed by endplates all held together 

by bolts with 100 lb in (11.3 N m) of applied torque. Fuel cell performance of each MEA was 

evaluated with a fuel cell test station (850C, Scribner Associates, Inc.). Fuel cell tests were 

conducted under ambient pressure with saturated (100% RH) anode and cathode flow rates of 

0.43 L min
-1

 hydrogen and 1.02 L min
-1

 oxygen or air, respectively. The stoichiometry of the

anode and cathode flow rates used for the fuel cell testing is approximately 1:2 for 

hydrogen/oxygen and 1:2 for hydrogen/air. The cathode gas, anode gas, and cell temperatures 

were all maintained at 80 °C. Fuel cell performance was recorded after a new MEA was fully 

activated. The activation process consists of operating the MEA at 0.7 V for 1 h, followed by 0.6 

V, 0.4 V, and 0.2 V for 30 min at each voltage, and ending with two cycles of 0.6 V and 0.4 V 

for 30 min at each voltage. Polarization curves (cell voltage versus current density) were 

collected from open circuit voltage (OCV) to 0.2 V at increments of 0.05 V min
-1

 to determine

that no further increase in current density at a constant voltage was observed, thus the MEA was 

at steady state. After the MEA was fully activated and reached steady state, four polarization 

curves were taken to determine the average maximum power density.  

Cyclic voltammetry (CV) was performed on a fully activated MEA with a potentiostat 

(Solartron SI 1287A, Corrware Software) at 20 mV s
-1

 from 0.01 V to 1 V versus NHE under

ambient pressure. In this two-electrode configuration, the anode serves as both the counter and 

reference electrodes. The fuel cell anode and cathode were supplied with 0.04 L min
-1

 hydrogen

and 0.02 L min
-1

 nitrogen, respectively. Temperatures of the cathode gas, anode gas, and cell

were maintained at 30 °C. The Pt catalyst was assumed to have an average site density of 210 µC 

cm
-2

.
110

 The electrochemical surface area (ECSA) was determined from the hydrogen adsorption
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area from 0.12 to 0.30 V of the CV data. Five cycles were taken to determine the average ECSA 

for each MEA. Linear sweep voltammetry was performed at 2 mV s
-1

 from OCV to 0.8 V versus

NHE to determine if the MEA had any defects that resulted from internal shorts or significant 

hydrogen crossover. 

4.3 Results and Discussion 

Fuel cell experiments with nanofiber-nanoparticle catalyst layer electrodes using two different 

techniques were conducted to evaluate the performance of needleless electrospun Nafion/PAA 

nanofibers on fuel cell performance. SEM images of the E/E catalyst layers are shown in Figure 

4.2a–d, where Figure 4.2a,c corresponds to nanofiber-nanoparticle catalyst layers fabricated 

using the simultaneous electrospinning/electrospraying (E/E) technique (method from Chapter 2) 

and Figure 4.2b,d corresponds to nanofiber-nanoparticle catalyst layers fabricated using the 

alternating needleless electrospinning/needle electrospraying (AE/E) technique (method from 

this Chapter).  
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Figure 4.2 SEM images of electrodes fabricated using (a,c) needle 

electrospinning/electrospraying (E/E) and (b,d) alternating needleless 

electrospinning/electrospraying (AE/E). (a,b) X 5000 magnification, scale bar = 10 µm; (c,d) X 

10000 magnification, scale bar = 3 μm. 

The catalyst layers show a highly porous network of randomly arranged nanofibers and particle 

aggregates, which promotes facile gas transport to Pt sites for reactions to occur. Figure 4.3 

shows the average fiber diameters and particle diameters of the images shown in Figure 4.2a–d. 

The nanofiber-nanoparticle catalyst layers fabricated using the E/E technique visually have a 

higher fiber density (i.e., number of fibers) compared to the AE/E technique. This difference may 

be attributed to the E/E technique, which allows for simultaneous deposition of nanofibers and 

nanoparticles; therefore, allowing fibers to collect for the entire duration of the experiment (ca. 

1.8 h). On the other hand, the AE/E technique deposits fibers for 1 min every 6 min, which is 
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equivalent to a total fiber deposition time of 20 min (0.3 h) for the ca. 2 h experiment. The 

average fiber diameters are 218 ± 74 nm and 335 ± 138 nm for E/E and AE/E, respectively. The 

average fiber diameter for E/E is smaller than that of AE/E which may be due to the rotation of 

the collector elongating the fiber during the whipping motion before landing on the collector, 

thereby reducing the fiber diameter. El-Hadi et al.
161

 also observed a reduction in fiber diameter

size between a grounded stationary collecting plate and a rotating collector using poly(3-

hydroxybutyrate), where with increasing rotation speed, the fiber diameter reduction was more 

noticeable. The average particle diameters are 1.13 ± 0.56 µm and 1.63 ± 0.82 µm for E/E and 

AE/E, respectively. Interestingly, the particle diameter is also smaller for E/E, which suggests 

that the rotating collector may have an effect on the electrospraying as well.  

Figure 4.3 (a) Fiber diameter and (b) particle diameter distributions of electrodes fabricated 

using needle electrospinning/electrospraying (E/E) (red circles) and alternating needleless 

electrospinning/needle electrospraying (AE/E) (blue squares). 
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Figure 4.4 shows fuel cell performances (polarization and power curves; hydrogen/oxygen at 

ambient pressure at 80 °C) for E/E electrodes and for AE/E electrodes. The maximum power 

density for the E/E electrodes (378 mW cm
-2

) is lower to that of AE/E electrodes (465 mW cm
-2

).

Two possible reasons for a lower power density may be attributed to the higher fiber density or 

the low particle-to-fiber ratio in the E/E electrodes as visually observed in Figures 4.2a,c. Higher 

fiber density may impede gas transport as the fibers are compressed and merged together during 

the heat press process, which could results in a lower performance. Low particle-to-fiber ratio 

may also lower electron conductivity as catalyst particles are not as visually well dispersed along 

the fibers (i.e., poor electron connection). Nevertheless, these results demonstrate similar fuel 

cell performance for the AE/E electrodes with needleless electrospun fibers as the E/E electrodes 

shown in Chapter 2 (412–567 mW cm
-2

), suggesting that the needleless electrospun fibers can

produce similar power densities at ultra-low Pt loadings. 

Figure 4.4 Fuel cell polarization curves (dashed) and power density curves (solid) of electrodes 

fabricated using (a) needle electrospinning/electrospraying (E/E) electrodes with 0.058 mgPt cm
-2

and (b) alternating needleless electrospinning/needle electrospraying (AE/E) electrodes with 

0.058 mgPt cm
-2

. Fuel cell operating conditions: 1/2 mol/mol H2/O2 at 80 °C, 100% RH and

ambient pressure. 
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Table 4.1 summarizes these results: maximum power density, average electrode Pt loading, Pt 

utilization, and electrochemical surface area (ECSA). As mentioned in Chapter 2, the ECSA is a 

measure of the adsorption or desorption of hydrogen onto the Pt sites; therefore, it is also 

dependent on the porous structure, electron conductivity, and proton conductivity. The ECSA for 

the AE/E electrodes (37.7 m
2
 gPt

-1
) is higher than the E/E electrodes (28.6 m

2
 gPt

-1
). The increase

in the ECSA may be attributed to the increase in gas transport due to a more porous structure or 

more particle-particle interactions (i.e., higher electron transport) in the AE/E electrodes. 

Overall, this trend is similar to the trend observed for power density, where AE/E electrodes 

have higher power density. The Pt utilization (i.e., a measure of platinum use per power gained) 

is slightly higher for the E/E electrodes (0.31 mgPt W
-1

) and the AE/E (0.25 mgPt W
-1

) electrodes,

having similar Pt loadings (0.058 mgPt cm
-2

 for both E/E and AE/E electrodes) and different

performances (378 mW cm
-2

 and 465 mW cm
-2

 for E/E and AE/E electrodes, respectively).

Table 4.1 Pt loading, maximum power density, Pt utilization, and electrochemical surface area 

for electrodes using different electrospinning techniques. 

Technique Pt loading 

(mgPt cm
-2

)

Max power density
a

(mW cm
-2

)

Pt utilization
b

(mgPt W
-1

)

ECSA
c

(mgPt cm
-2

)

E/E 0.058 378 ± 11 0.31 28.6 ± 1.3 

AE/E 0.058 465 ± 10 0.25 37.7 ± 4.1 
a
Measured at 1/2 mol/mol H2/O2 at 80 °C, ambient pressure. 

b
Calclulated using the total Pt loading in the MEA.

c
Measured at 2/1 mol/mol H2/N2 at 30 °C, ambient pressure. 

4.4 Conclusions 

Needleless electrospun nanofibers were fabricated and employed as nanofiber-nanoparticle 

catalyst layers in fuel cell electrodes using an alternating needleless electrospinning/needle 
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electrospraying (AE/E) technique. AE/E electrodes demonstrated a higher maximum power 

density compared to simultaneous electrospinning/electrospraying (E/E) electrodes in this 

study, which may be due to the lower fiber/particle ratio. Nevertheless, the results from this 

study demonstrate that needleless electrospun fibers can be utilized as ultra-low Pt fuel cell 

electrodes. Future work will work on the development of a new apparatus that utilizes the high 

production rate of nanofibers from needleless electrospinning to create a simultaneous 

nanofiber/nanoparticle deposition process similar to the needle E/E in Chapter 2.  
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CHAPTER V 

SULFONATED PENTABLOCK TERPOLYMERS AS MEMBRANES AND 

IONOMERS IN HYDROGEN FUEL CELLS 

5.1 Introduction 

Recently, in an effort to find a low-cost alternative to Nafion, investigators have studied 

sulfonated block copolymers to develop a PEM that has properties similar to Nafion.
162

 Ions

favor hydrophilic domains (i.e., highly solvated networks); therefore, under hydration, ion 

transport (i.e., proton conductivity) will increase. However, without a hydrophobic component, 

the polymer will physically swell with increasing water content, rendering the polymer 

mechanically unstable. Block copolymers have the unique ability to self-assemble into well-

defined nanostructures, allowing for specified tuning of different properties on the nanoscale 

level. Therefore, non-ionic blocks and ionic blocks can be seamlessly combined into one 

polymer with the orthogonal properties of mechanical strength and ionic conductivity.  

Recently, a commercially available sulfonated pentablock terpolymer has been studied and 

characterized ex situ as a solution
163-165

 and membrane.
165-170

 Choi et al.
167

 reported that changing

the ion exchange capacity (i.e., degree of sulfonation) of pentablock terpolymers can alter the 

nanoscale morphology which can significantly affect mechanical properties. Fan et al.
166 

suggested that liquid, gas, and ion transport are correlated with IEC (i.e., all transport properties 

increase with IEC) for these sulfonated pentablock terpolymers, demonstrating a conductivity of 

0.099 S cm
-1 

at 30 °C in liquid water for an IEC of 2.0 meq g
-1

. These studies suggest that these

sulfonated pentablock terpolymers can be used as membranes and ionomers in PEMFC 

applications. Huang et al.
171

 investigated the fuel cell performance using a sulfonated pentablock
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terpolymer as the membrane and reported a maximum power density of 160 mW cm
-2

 with a

high frequency resistance of 6.4 Ω cm
2
. However, the effect of the sulfonated pentablock

terpolymer as an ionomer in a fuel cell has yet to be determined. Here, in this chapter, a series of 

sulfonated pentablock terpolymers (same polymer backbone, but different IECs) are investigated 

and compared to Nafion. Their properties and fuel cell performances are evaluated, and insight 

into tuning optimum performance for these sulfonated pentablock terpolymers as a membrane 

and ionomer in PEMFC applications is provided. 

5.2 Experimental Methods 

5.2.1 Materials 

An ABCBA pentablock terpolymer, poly(tbS-b-HI-b-S/sS-b-HI-b-tbS), also known as 

NEXAR, was synthesized and provided by Kraton Performance Polymers and contains outer A 

blocks of tert-butyl-styrene (tbS), B blocks of hydrogenated isoprene (HI) and an inner C block 

of partially sulfonated styrene (S/sS) (chemical structure shown in Figure 5.1). The unsulfonated 

ABCBA pentablock terpolymer has a Mn  68 kg mol
-1

 with Mn of respective blocks equal to 14-

8.5-23-8.5-14 kg mol
-1

. This NEXAR was received as three different partially sulfonated

polymers, each with different ion exchange capacities (IECs: 2.0, 1.5, and 1.0 meq g
-1

). NEXAR

with an IEC of 2.0 meq g
-1

 (NEXAR-2.0) was received as a 10 wt% solution in 2/1 w/w

toluene/1-propanol. NEXAR with an IEC of 1.5 meq g
-1

 (NEXAR-1.5) and 1.0 meq g
-1

(NEXAR-1.0) were both received as a 20 wt% solution in 2/1 w/w 1-propanol/toluene. 

Isopropanol (ACS reagent, ≥ 99.5%), 1-propanol (ACS reagent, ≥ 99.5%), and toluene 

(anhydrous, ≥ 99.8%) were purchased from Sigma-Aldrich. 20 wt% platinum on carbon (Pt/C; 

Vulcan XC-72) was purchased from Premetek Co. Gas diffusion layer (GDL; Sigracet 25BC) 
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was purchased from Fuel Cells Etc. 1100 EW Nafion solution (5 wt% in 3/1 v/v 

isopropanol/water) and Nafion membranes (NR-211 and NR-212, 26 and 51 µm dry thicknesses, 

respectively, both at 1100 EW (0.9 meq g
-1

)) were purchased from Ion Power. Mylar PET release 

liner film (Grade 26965, 0.0762 mm thickness) was purchased from LOPAREX. All materials 

were used as received. Deionized (DI) water with a resistivity of 16 MΩ cm was used as 

appropriate. Ultra-high purity grade nitrogen was purchased from Brazos Valley Welding 

Supply. Ultra-high purity grade oxygen was purchased from Airgas. Ultra-high purity grade 

hydrogen was purchased from Praxair. All gases were used for all fuel cell experiments.  

 

 

Figure 5.1 Chemical structure of NEXAR (sulfonated pentablock terpolymer). 

 

5.2.2 NEXAR Membrane Preparation 

NEXAR dense films or membranes were fabricated by casting the NEXAR solutions onto a 

silicon-coated Mylar PET film using an automatic film applicator (Elcometer 4340) with a 

doctor blade gauge height and speed of 300–500 μm and 90 mm s
-1

, respectively, under ambient 

conditions. Polymer solutions were partially covered with aluminum foil and solvents were 
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allowed to evaporate under ambient conditions for at least 12 h before use. The final film 

thicknesses were ca. 30–40 μm measured with a digital micrometer (Marathon; Pt No. 

CO030025, accuracy = 2 μm). The values recorded are averages of five measurements for each 

sample. For conductivity and stress-strain measurements, membranes were cut into rectangular 

pieces (ca. 30 mm (L) x 10 mm (W) and ca. 25 mm (L) x 5 mm (W), respectively). For MEA 

fabrication, membranes were cut into square pieces (ca. 20 mm (L) × 20 mm (W)). 

5.2.3 NEXAR Membrane Characterization 

Mechanical properties of the membranes (ca. 25 mm (L) x 0.5 mm (W)) were measured with 

dynamic mechanical analysis (DMA; Q800, TA Instruments) under the given conditions: 22 ± 2 

°C, 40 ± 5% RH and a strain ramp rate of 0.1% min
-1

. Stress-strain profiles were collected for

each sample. The Young’s modulus was measured from the initial slope of the stress-strain 

curve. 

Water uptake was measured with dynamic vapor sorption (DVS; TA Instruments Q5000). A 

dry film sample was first loaded into the DVS and preconditioned at 0% RH and 60 °C until 

equilibrium was established to remove any residual water in the sample; equilibrium was reached 

when < 0.1 wt% change was observed for at least 30 min. The temperature was then 

systematically changed to 30 °C, 40 °C, 50 °C, and 60 °C at a fixed relative humidity at 90% 

RH, equilibrating at each condition. The polymer water vapor uptake (WUvapor) was calculated 

using the following equation: WUvapor = (W-W0)/W0, where W0 and W are dry and wet polymer 

weights measured before and after each DVS experimental condition, respectively. 

Proton conductivity of the membranes (ca. 3 cm (L) x 1 cm (W)) was measured with 

electrochemical impedance spectroscopy (EIS; Solartron SI 1260A) in a four-point conductivity 
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cell (BekkTech BT112, Scribner Associates, Inc.) by sweeping frequencies from 1 MHz to 0.05 

Hz with an amplitude of 10 mV under different temperatures ranging from 30 °C to 80 °C at 

90% RH and under different relative humidities from 30% RH to 90% RH at 60 °C. The 

temperature and relative humidity were controlled by placing the four-point conductivity cell in a 

bench top environmental chamber (ESPEC). The data was analyzed by determining the high-

frequency intercept of the real impedance, R, which was measured between the two inner 

reference electrodes. Conductivity was calculated by using the following equation: σ = L/(AR), 

where L is the distance between the two inner electrodes (ca. 0.48 mm) and A is the cross-

sectional area of the sample (A = Wl; W is the sample width and l is the sample thickness). 

Samples were allowed to equilibrate for 1 h at each temperature at 90% RH and for 2 h at each 

relative humidity at 60 °C followed by five repeated measurements. The reported values are the 

averages of these repeated measurements at each condition.  

To investigate the effect of fuel cell conditions (i.e.,  elevated pressure, gas flow, temperature 

and water), on NEXAR-1.0 membrane properties, a NEXAR-1.0 membrane (ca. 3 cm x 3 cm) 

was pretreated in the fuel cell assembly by applying the same torque (100 lb in) as the MEAs and 

operating under 80 °C, 100% RH with nitrogen flowing through at 0.42/1.01 L min
-1

 for

anode/cathode flow rates, respectively, for 6 h (approximate time for activation and polarization 

curve collection), prior to conductivity measurements. The proton conductivity of a portion of 

this treated membrane (ca. 3 cm (L) x 1 cm (W)) was measured after the pretreatment. 

5.2.4 Nafion Electrode (Conventional Electrode) Fabrication 

Conventional (control) electrodes were prepared by mixing 100 mg of Pt/C catalyst, 550 mg of 

DI water, 1000 mg of Nafion solution, and 1350 mg of isopropanol, which corresponds to 2/1 
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w/w (Pt/C)/Nafion in 3/1 v/v isopropanol/water. The mixture was sonicated for 3 min at 35% 

amplitude (Q125, Qsonica) and subsequently brushed onto the GDL (ca. 20 mm (L) x 20 mm 

(W)) with an ox hair brush (0689-00025, Gordon Brush Mfg. Co., Inc.). This process was 

repeated to achieve the target Pt loading of ca. 0.20/0.50 mgPt cm
-2 

for the anode/cathode Pt

loadings, respectively.  

5.2.5 NEXAR Electrode Fabrication 

The catalyst ink solution used to fabricate NEXAR electrodes consisted of a mixture of Pt/C 

catalyst, NEXAR polymer as the ionomer, toluene, and isopropanol. The amount of toluene and 

isopropanol were adjusted to match the weight ratio as the original NEXAR solution. The 

NEXAR catalyst ink solution corresponds to 2/1 w/w (Pt/C)/NEXAR. The solids weight percent 

was kept constant at 1 wt% for all catalyst ink solutions. The mixture was sonicated for 3 min at 

35% amplitude (Q125, Qsonica) and subsequently brushed onto the GDL (ca. 20 mm (L) x 20 

mm (W)) with an ox hair brush (0689-00025, Gordon Brush Mfg. Co., Inc.).  

For the systematic study of (Pt/C)/ionomer and 1-propanol/water ratios, the amount of Pt/C 

catalyst, dry solid NEXAR-1.0 ionomer, 1-propanol and water were adjusted to achieve 

(Pt/C)/ionomer ratios of 1/1, 2/1, and 4/1 and 1-propanol/water ratios of 2/1, 1/1, 1/2, and 0/1. 

The resulting mixture was sonicated for 3 min at 35% amplitude (Q125, Qsonica) prior to 

airbrushing with an airbrush gun (AEROPRO1, Aeroblend) on a GDL substrate (ca. 15 mm (L) 

x 15 mm (W)) on a hot plate heated to 120 °C. The airbrushing process was repeated to achieve 

the desired target Pt loading.  
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5.2.6 Electrode Characterization 

The morphology of the electrodes was investigated with scanning electron microscopy (SEM; 

FEI Quanta 600 FE-SEM, 10 kV) using a working distance of 10 mm. Samples were sputter 

coated (Cressington 208 HR) with iridium (6 nm thickness) prior to SEM analysis.  

The Pt loading was measured with thermal gravimetric analysis (TGA; Q50, TA Instrument). 

A small portion of the electrode (ca. 4–6 mg) was heated in the TGA from ambient temperature 

to 900 °C at 10 °C min
-1

 in air at 60 mL min
-1

. Since all components in the electrode degrade

below 800 °C with the exception of Pt, the Pt loading was determined by dividing the residual 

weight at 850 °C by the original area of the TGA sample.  

5.2.7 Membrane Electrode Assembly (MEA) and Fuel Cell Tests 

Membrane electrode assemblies (MEAs) were fabricated by placing the membrane in between 

two catalyst-coated GDLs (anode and cathode) and heat pressing (3851-0, Carver) for 5 min at 

80 °C and 22 MPa. Each MEA (1.21 cm
2
 area) was placed between two serpentine flow field

graphite plates (1 cm
2
 flow area) separated by two 0.152 mm thick PTFE/fiberglass gaskets

(Gasket Set #5, Scribner Associates, Inc.). The entire fuel cell assembly consisted of an MEA, 

two gaskets, and two flow plates placed between copper current collectors followed by endplates 

all held together by bolts with 2.8 N m of applied torque. Fuel cell performance of each MEA 

was evaluated with a fuel cell test station (850C, Scribner Associates, Inc.). Fuel cell 

performance tests were conducted under ambient pressure with saturated (100% RH) anode and 

cathode flow rates of 0.43 L min
-1

 hydrogen and 1.02 L min
-1

 oxygen, respectively. The

stoichiometry of the anode and cathode flow rates used for the fuel cell testing is approximately 

1:2 for hydrogen/oxygen. The cathode gas, anode gas, and cell temperatures were all maintained 
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at 30 °C. Fuel cell performance was recorded after a new MEA was fully activated. The 

activation process consists of operating the MEA at 0.7 V for 1 h, followed by 0.6 V, 0.4 V, and 

0.2 V for 30 min at each voltage, and ending with two cycles of 0.6 V and 0.4 V for 30 min at 

each voltage. Polarization curves (cell voltage versus current density) were collected from open 

circuit voltage (OCV) to 0.2 V at increments of 0.05 V min
-1

 to determine that no further

increase in current density at a constant voltage was observed, thus the MEA was at steady state. 

After the MEA was fully activated and reached steady state, three to five polarization curves 

were taken to determine the average maximum power density. Then, the cathode gas, anode gas, 

and cell temperatures were systematically changed to 40 °C, 50 °C, 60 °C, 70 °C, and 80 °C and 

equilibrated at each temperature for 15 min prior to taking three to five polarization curves to 

determine the average maximum power density at each temperature.   

Fuel cell tests under different relative humidity were conducted under back pressure of 1.7 

MPa and a constant cell temperature of 80 °C. The cell relative humidity was systematically 

changed to 90% RH, 60% RH, and 30% RH by changing the anode/cathode gas temperatures to 

77/77 °C, 68/68 °C, and 53/53 °C, respectively. The fuel cell was equilibrated at each condition 

for 15 min prior to taking five polarization curves to determine the average maximum power 

density at each cell relative humidity. 

5.2.8 Electrochemical Impedance Spectroscopy (EIS) 

Electrochemical impedance spectroscopy (EIS; Solartron SI 1260A) was performed after the 

fuel cell tests from 1 MHz to 1 Hz at 0.6 V versus NHE under back pressure of 1.7 MPa. In this 

two-electrode configuration, the anode serves as both the counter and reference electrodes. The 

fuel cell anode and cathode were supplied with 0.43 L min
-1

 hydrogen and 1.02 L min
-1

 oxygen,
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respectively. The stoichiometry of the anode and cathode flow rates used for the fuel cell testing 

is approximately 1:2 for hydrogen/oxygen. The EIS data was analyzed using a common 

equivalent circuit model that consisted of a resistor (resistance of the solid electrolyte membrane) 

in series with a parallel circuit of a constant phase element and a second resistor (resistance of 

the catalyst layer) that is typically used to describe a porous electrode.
111

 The resistance reported

here is the resistance of the solid electrolyte membrane. 

5.3 Results and Discussion 

Figure 5.2a shows the temperature-dependent (ranging from 30–80 °C) proton conductivity at 

90% RH for the NEXAR and Nafion NR-212 membranes. The conductivities of all membranes 

increase with increasing temperature. At a lower temperature (30 °C), all NEXAR membranes 

(0.09, 0.15, and 0.14 S cm
-1

 for NEXAR-1.0, -1.5, and -2.0, respectively) are almost one order of

magnitude higher than Nafion NR-212 (0.02 S cm
-1

). At a higher temperature (80 °C), all

NEXAR membranes (0.22, 0.34, and 0.30 S cm
-1

 for NEXAR-1.0, -1.5, and -2.0, respectively)

are 2-fold higher than Nafion NR-212 (0.14 S cm
-1

). Surprisingly, NEXAR-2.0 and NEXAR-1.5

have similar proton conductivities (0.23 and 0.25 S cm
-1

, respectively,
 

at 60 °C) at all

temperatures, suggesting that there is a maximum limit in proton conductivity, regardless of 

degree of sulfonation or IEC. Interestingly, at all temperatures, NEXAR-1.0 has a higher proton 

conductivity than Nafion NR-212, where both have a similar IEC.  

Figure 5.2b shows the humidity-dependent (ranging from 30–90% RH) proton conductivity at 

60 °C for the NEXAR and Nafion NR-212 membranes. As expected, the conductivity of all 

membranes increases several orders of magnitude from 30 to 90% RH due to a water-assisted 

proton transport mechanism. At 30% RH, the conductivity of NEXAR-1.0 (3.9 x 10
-4 

S cm
-1

)
 
is
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lower than Nafion NR-212 (6.2 x 10
-4

 S cm
-1

), while the conductivities of NEXAR-1.5 (5.6 x 10
-

4
S cm

-1
) and NEXAR-2.0 (8.0 x 10

-4
 S cm

-1
)  are comparable and higher, respectively, than

Nafion NR-212. At 90% RH, the conductivities of all NEXAR membranes (13.8 x 10
-2

, 21.3 x

10
-2

, and 22.2 x 10
-2

 S cm
-1

 for NEXAR-1.0, -1.5, and -2.0, respectively) are higher than Nafion

NR-212 (9.7 x 10
-2

 S cm
-1

). Overall, these results suggest that NEXAR membranes have

sufficient proton conductivity to translate into high power density hydrogen fuel cell 

performance. 

Figure 5.2 (a) Temperature-dependent proton conductivity at 90% RH and (b) humidity-

dependent proton conductivity at 60 °C for Nafion NR-212 (red circles) and NEXAR membranes 

(with different IECs (meq g
-1

): 1.0 (green upward triangles), 1.5 (blue downward triangles), 2.0

(purple right triangles)). 

The temperature-dependent conductivity data in Figure 5.2a was regressed to the Arrhenius 

equation to determine the activation energies. Table 5.1 lists the activation energies along with 

IECs, dry film thickness, vapor water uptake, and Young’s modulus for all NEXAR and Nafion 

NR-212 membranes. The activation energies of all NEXAR membranes (5.7, 6.4, and 6.7 kJ mol
-
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1 
for NEXAR-1.0, -1.5, and -2.0, respectively) are lower than that of Nafion NR-212 (13.0 kJ 

mol
-1

); similar to those reported in literature (10 ± 2 kJ mol
-1

).
160

 The Young’s modulus of all

NEXAR membranes (427, 419, and 288 MPa for NEXAR-1.0, -1.5, and -2.0, respectively) are 

higher than that of Nafion (142 MPa), which suggests that the NEXAR materials are stronger in 

tensile strength but not as elastic compared to Nafion. The vapor water uptakes of NEXAR 

membranes (21.3, 29.0, and 38.9 wt% for NEXAR-1.0, -1.5, and -2.0, respectively) are higher 

than that of Nafion (9.9 wt%).  

Table 5.1 Properties of membranes. 

Material 
IEC 

(meq g
-1

)

Film dry 

thickness 

(μm) 

Young’s 

modulus
a

(MPa) 

WUvapor
b

(%) 

σ
b

(S cm
-1

)

Ea
c

(kJ mol
-1

)

Nafion NR-212 0.9 55 142 9.9 0.07 13.0 

NEXAR-1.0 1.0 37 427 21.3 0.16 6.7 

NEXAR-1.5 1.5 38 419 29.0 0.25 6.4 

NEXAR-2.0 2.0 30 288 38.9 0.23 5.7 
a
Measured under ambient conditions: 22 ± 1 °C, 45 ± 5% RH. 

b
Measured under 60 °C, 90% RH. 

c
Calculated from the Arrhenius regression of temperature-dependent proton conductivity under 

90% RH. 

Figure 5.3 shows the maximum power densities under different operating temperatures 

(obtained from hydrogen/oxygen fuel cell polarization curves at ambient pressure, 100% RH) of 

MEAs with either NEXAR membranes or Nafion NR-212/NR-211 membranes and Nafion 

ionomer in the electrodes (control) (i.e., MEAs (membrane/ionomer): Nafion NR211/Nafion, 

Nafion NR-212/Nafion, NEXAR-1.0/Nafion, NEXAR-1.5/Nafion, NEXAR-2.0/Nafion). The 

maximum power densities of Nafion NR-211/Nafion, Nafion NR-212/Nafion, and NEXAR-

1.0/Nafion MEAs increase with increasing temperature over the entire temperature range (30–80 
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°C), where at 30 °C, Nafion NR-211/Nafion (262 mW cm
-2

) is higher than Nafion-

NR212/Nafion (189 mW cm
-2

) and NEXAR-1.0/Nafion (223 mW cm
-2

), and at 80 °C, Nafion

NR-211/Nafion (547 mW cm
-2

) is higher than Nafion-NR212/Nafion (421 mW cm
-2

) and

NEXAR-1.0/Nafion (368 mW cm
-2

). As expected, the maximum power density of the Nafion

NR-211/Nafion MEA is consistently higher than that of Nafion NR-212/Nafion MEA, i.e., a 

thinner membrane (26 and 51 μm for NR-211 and NR-212, respectively) results in lower 

membrane resistance and therefore higher fuel cell performance. NEXAR-2.0/Nafion MEA 

reaches its highest maximum power density (646 mW cm
-2

)
 
at 50 °C and decreases at the higher

temperature range (60–80 °C). NEXAR-1.5/Nafion MEA reaches its highest maximum power 

density (452 mW cm
-2

)
 
at 60 °C and decreases at the higher temperature range (70–80 °C). These

results suggest NEXAR-2.0 and NEXAR-1.5 membranes are not thermally stable at the higher 

temperature ranges. However, NEXAR-1.0 membrane shows thermally stability across the entire 

temperature range (30–80 °C) under fuel cell operation and comparable power densities to NR-

212, suggesting that the NEXAR-1.0 may be a good candidate as a PEM for hydrogen fuel cells. 
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Figure 5.3 Maximum fuel cell power densities at various temperatures of MEAs 

(membrane/ionomer): Nafion NR-211/Nafion (red circles), Nafion NR-212/Nafion (orange 

squares), and NEXAR-1.0/Nafion (green upward triangles), NEXAR-1.5/Nafion (blue 

downward triangles), and NEXAR-2.0/Nafion (purple right triangles). Fuel cell operating 

conditions: 1/2 mol/mol/ H2/O2 at 100% RH, and ambient pressure. 

Figure 5.4 shows the maximum power densities under different operating temperatures 

(obtained from hydrogen/oxygen fuel cell polarization curves at ambient pressure, 100% RH) of 

MEAs with either NEXAR membranes or Nafion NR-212/NR-211 membranes and the same 

polymer ionomer in the electrodes as the membrane (i.e., MEAs (membrane/ionomer): Nafion 

NR211/Nafion, Nafion NR-212/Nafion, NEXAR-1.0/NEXAR-1.0, NEXAR-1.5/NEXAR-1.5, 

NEXAR-2.0/NEXAR-2.0). The Nafion NR-212/Nafion and Nafion NR-211/Nafion MEAs are 

the same as those shown in Figure 5.3. The maximum power densities of all MEAs increase with 
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increasing temperature. At 30 °C, NEXAR-1.0/NEXAR-1.0 (147 mW cm
-2

) is higher than

NEXAR-1.5/NEXAR-1.5 (79 mW cm
-2

) and NEXAR-2.0/NEXAR-2.0 (97 mW cm
-2

), and at 80

°C, NEXAR-1.0/NEXAR-1.0 (181 mW cm
-2

) is higher than NEXAR-1.5/NEXAR-1.5 (114 mW

cm
-2

) and NEXAR-2.0/NEXAR-2.0 (174 mW cm
-2

). The maximum power density of NEXAR-

1.0/NEXAR-1.0 MEA is consistently higher than that of the other higher IEC NEXAR MEAs, 

which suggests that NEXAR-1.0 is more stable as an ionomer in the electrodes. Table 5.2 lists 

the power density results and catalyst loadings for all MEAs in this study.  

Figure 5.4 Maximum fuel cell power densities at different temperatures of MEAs 

(membrane/ionomer): Nafion NR-211/Nafion (red circles), Nafion NR-212/Nafion (orange 

squares), NEXAR-1.0/NEXAR-1.0 (green upward triangles), NEXAR-1.5/NEXAR-1.5 (blue 

downward triangles), and NEXAR-2.0/NEXAR-2.0 (purple right triangles). Fuel cell operating 

conditions: 1/2 mol/mol/ H2/O2 at 100% RH and ambient pressure. 
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Table 5.2 Catalyst loading and fuel cell performance of MEAs. 

Membrane Ionomer 
Pt loading

a

(mgPt cm
-2

)

Max power density
b

(mW cm
-2

)

Nafion NR-211 Nafion 0.20/0.77 547 ± 24 

Nafion NR-212 Nafion 0.20/0.62 421 ± 2 

NEXAR-1.0 Nafion 0.23/0.68 368 ± 5 

NEXAR-1.5 Nafion 0.23/0.51 393 ± 23 

NEXAR-2.0 Nafion 0.14/0.45 305 ± 36 

NEXAR-1.0 NEXAR-1.0 0.19/0.52 181 ± 2 

NEXAR-1.5 NEXAR-1.5 0.25/0.55 114 ± 8 

NEXAR-2.0 NEXAR-2.0 0.21/0.57 174 ± 24 
a
Anode/cathode catalyst loading, respectively. 

b
Measured at 1/2 mol/mol H2/O2 at 80 °C, 100% RH, and ambient pressure. 

Figures 5.5a–c show images of the NEXAR/NEXAR MEAs before fuel cell testing. The 

MEAs are pristine before testing with no distinct discolorations or tears in the membranes from 

heat-pressing. Post mortem analysis (images of MEAs after fuel cell testing) of the NEXAR-

1.5/NEXAR-1.5 and NEXAR-2.0/NEXAR-2.0 MEAs, shown in Figure 5.5e–f, shows distinct 

tears at the membrane-electrode boundary, whereas the NEXAR-1.0/NEXAR-1.0 MEA, shown 

in Figure 5.5d, is still pristine. This suggests that during fuel cell operation, NEXAR-

1.0/NEXAR-1.0 is thermally and mechanically stable. These results are supported by the power 

density results shown in Figs. 3 and 4, where MEAs with NEXAR-1.0 as a membrane and an 

ionomer perform better than MEAs with NEXAR-1.5 or NEXAR-2.0 at higher temperatures 

even though it has a lower IEC. Therefore, the remainder of this study will focus on NEXAR-

1.0. 
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Figure 5.5 Still images of NEXAR/NEXAR MEAs (a-c) before and (d-f) after fuel cell testing; 

different IECs (meq g
-1

): (a,d) 1.0, (b,e) 1.5, and (c,f) 2.0.

To understand the impact of the NEXAR-1.0 ionomer on fuel cell performance, the 

compositions of the ionomer and solvent ratios in the catalyst ink solution were varied. Figure 

5.6 shows fuel cell performances (hydrogen/oxygen fuel cell polarization and power curves at 

ambient pressure at 80 °C, 100% RH) for NEXAR-1.0/NEXAR-1.0 MEAs with electrodes 

fabricated with different catalyst/NEXAR-1.0 ionomer ratios in the catalyst ink solution. At low 

ionomer content (4/1 w/w (Pt/C)/ionomer), the maximum power density is 163 mW cm
-2

 and the

polarization curve exhibits erratic behavior at higher current densities. At higher ionomer content 

(2/1 w/w (Pt/C)/ionomer), the maximum power density is 318 mW cm
-2

, which is a 95% gain in

power output. Further increase in ionomer content (1/1 w/w (Pt/C)/ionomer) decreases the power 

density to 232 mW cm
-2

, which is a 27% loss in power output. These results suggest that

sufficient ionomer content is required to provide proton conduction between catalyst particle 
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aggregates and membrane to maintain high power density. Studies on the effect of the Nafion 

content in the catalyst layer show that the Nafion content has a simultaneous impact on both the 

ionomer and pore network.
18-22

 Passalacqua et al.
19

 demonstrated that at low ionomer content,

there is a loss of ionomer connectivity and subsequently proton conductivity or transport (i.e., 

increases charge resistance), which lowers fuel cell performance. At higher ionomer contents, 

Uchida et al.
21

 showed that pore volume decreases and blocks O2 gas from reaching Pt reaction

sites (i.e., increases mass transfer resistance), which also lowers fuel cell performance.  

Therefore, multiple studies have reported that the optimum Nafion content is around 30 wt% 

ionomer content in the electrodes due to a balance between proton transfer and mass transfer 

resistances.
19, 122-123, 172

 Interestingly, the optimum NEXAR-1.0 content (33 wt%) is similar to the

optimum Nafion content (~30 wt%), suggesting that NEXAR-1.0 as an ionomer behaves 

similarly to Nafion ionomer in fuel cell electrodes.    
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Figure 5.6 Fuel cell polarization curves (dashed lines) and power density curves (solid lines) of 

MEAs with electrodes fabricated with NEXAR-1.0 ionomer at 4/1 (red), 2/1 (blue), and 1/1 

(green) w/w (Pt/C)/ionomer in the catalyst ink solution. Fuel cell operating conditions: 1/2 

mol/mol H2/O2 at 80 °C, 100% RH, and ambient pressure. 

These results are supported by the electron microscopy images (shown in Figure 5.7) of the 

electrodes fabricated with different ratios of catalyst and ionomer. At 4/1 w/w (Pt/C)/ionomer 

(20 wt% ionomer of the solids in the solution), shown in Figure 5.7a, the ionomer is not clearly 

visible throughout the entire catalyst layer. Therefore, the catalyst particles are not continuously 

bound throughout and form small, loose aggregates, which form multiple, small pores in the 

catalyst layer. At 2/1 w/w (Pt/C)/ionomer (33 wt% ionomer of the solids in the solution), shown 

in Figure 5.7b, the ionomer is more visibly present throughout, binding multiple catalyst particles 

together. At 1/1 w/w (Pt/C)/ionomer (50 wt% ionomer of the solids) in the solution, shown in 
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Figure 5.7c, the ionomer creates larger aggregates with strands of ionomer and embeds some of 

the individual catalyst particle aggregates. These results suggest that the amount of ionomer has 

a significant impact on the binding of ionomer to the catalyst particles, and subsequently the 

catalyst layer morphology. These visual observations coincide with the fuel cell performance in 

Figure 5.6, where at low ionomer content (4/1 (Pt/C)/ionomer), the lack of ionomer (i.e., poor 

proton conduction) between catalyst particles results in poor and erratic fuel cell performance. 

However, at high ionomer content (1/1 (Pt/C)/ionomer), the ionomer surrounding the catalyst 

particles (i.e., poor gas transport), results in a lower performance. Therefore, there is an optimum 

catalyst/ionomer ratio (2/1 (Pt/C)/ionomer) using NEXAR-1.0 as an ionomer in fuel cell 

electrodes. 

Figure 5.7 SEM images of electrodes fabricated with NEXAR-1.0 ionomer: (a) 4/1, (b) 2/1, and 

(c) 1/1 w/w (Pt/C)/ionomer in the catalyst ink solution. X 30000 magnification, scale bar = 3 μm.

Figure 5.8 shows fuel cell performances (hydrogen/oxygen fuel cell polarization and power 

curves at ambient pressure at 80 °C, 100% RH) for NEXAR-1.0/NEXAR-1.0 MEAs with 

different 1-propanol/water ratios in the NEXAR-1.0 ionomer catalyst ink solution. At a low 

water content (2/1 w/w 1-propanol/water), the maximum power density is 125 mW cm
-2

 and the
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polarization curve exhibits erratic behavior at higher current densities. At a higher water content 

(1/1 w/w 1-propanol/water), the maximum power density is 204 mW cm
-2

, which is a 63% gain

in power output. A further increase in water content (1/2 w/w 1-propanol/water) increases the 

power density to 270 mW cm
-2

, which is an additional 32% gain in power output. However,

using pure water (0/1 w/w 1-propanol/water) decreases the power density to 178 mW cm
-2

.

These results suggest that the amount of water in the catalyst ink solution can significantly affect 

fuel cell performance due to changes in catalyst layer morphology.  

Figure 5.8 Fuel cell polarization curves (dashed lines) and power density curves (solid lines) of 

MEAs with electrodes fabricated with NEXAR-1.0 ionomer at 2/1 (red), 1/1 (blue), 1/2 (green), 

and 0/1 (orange) w/w 1-propanol/H2O in the catalyst ink solution. Fuel cell operating conditions: 

1/2 mol/mol H2/O2 at 80 °C, 100% RH, and ambient pressure. 
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These results are supported by the electron microscopy images, shown in Figure 5.9, of the 

electrodes fabricated using different water contents. At 2/1 w/w 1-propanol/water (33 wt% water 

content in the solution), as shown in Figure 5.9a, there are multiple large pores in addition to 

many small pores in the electrode. At 1/1 w/w 1-propanol/water (50 wt% water content in the 

solution), as shown in Figure 5.9b, there are still large pores, but fewer larger pores overall. At 

1/2 w/w 1-propanol/water (67 wt% water content in the solution), as shown in Figure 5.9c, all 

pores are small with no visible evidence of the large pores observed in Figures 5.9a and 5.9b. At 

0/1 w/w 1-propanol/water (i.e., pure water in the solution), as shown in Figure 5.9d, the pores 

between catalyst particles appear even smaller and the presence of ionomer is difficult to 

distinguish. These results suggest that the amount of water has a significant impact on the 

morphology of the catalyst layer, specifically on the pore sizes between catalyst particle 

aggregates. The higher boiling point temperature of water may allow slower evaporation, which 

results in smaller pores, compared to the lower boiling point temperature of 1-propanol, which 

evaporates more rapidly, resulting in larger pores. The fuel cell results in Figure 5.8 corroborate 

with the electron microscopy images in Figure 5.9, where the highest fuel cell performance 

coincides with the optimal electrode morphology at an optimum solvent ratio (1/2 w/w 1-

propanol/water) with NEXAR-1.0 as an ionomer. Table 5.3 summarizes these results, including 

the catalyst loadings and average maximum power densities. 
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Table 5.3 Catalyst loading, catalyst ink composition, and performance of NEXAR-1.0 MEAs. 

MEA 
Pt loading

a

(mgPt cm
-2

)
(Pt/C)/ionomer 1-propanol/H2O

Max power density
b

(mW cm
-2

)

1 0.18/0.46 1/1 1/1 230 ± 4 

2 0.22/0.43 2/1 1/1 320 ± 9 

3 0.18/0.35 4/1 1/1 142 ± 27 

4 0.19/0.21 2/1 2/1 143 ± 23 

5 0.19/0.22 2/1 1/1 206 ± 17 

6 0.21/0.15 2/1 1/2 271± 9 

7 0.17/0.21 2/1 0/1 180 ± 11 
a
Anode/cathode catalyst loading, respectively. 

b
Measured at 1/2 mol/mol H2/O2 at 80 °C, 100% RH, and ambient pressure. 

Figure 5.9 SEM images of electrodes fabricated with NEXAR-1.0 ionomer at (a) 2/1, (b) 1/1, (c) 

1/2, and (d) 0/1 w/w 1-propanol/H2O in the catalyst ink solution. X 10000 magnification, scale 

bar = 5 µm. 
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Figure 5.10 compares fuel cell performances (hydrogen/oxygen fuel cell polarization and 

power curves with back pressure of 1.7 bar at 80 °C, 100% RH) of optimized Nafion NR-

212/Nafion (control), NEXAR-1.0/Nafion, and NEXAR-1.0/NEXAR-1.0 MEAs. The NEXAR-

1.0 ionomer-based electrodes used the optimum catalyst/ionomer and 1-propanol/water 

compositions (2/1 w/w (Pt/)/ionomer and 1/2 w/w 1-propanol/water) as shown in earlier results. 

Nafion NR-212/Nafion has the highest maximum power density (1120 mW cm
-2

) compared to

NEXAR-1.0/Nafion (489 mW cm
-2

) and NEXAR-1.0/NEXAR-1.0 (307 mW cm
-2

). These results

suggest that although NEXAR-1.0 has excellent proton conductivity, as well as thermal and 

mechanical stability under fuel cell operation, there is an additional resistance in the fuel cell that 

lowers performance compared to an all-Nafion MEA.  

Figure 5.10 Fuel cell power density curves of MEAs fabricated under optimum conditions for 

each MEA (membrane/ionomer): Nafion NR-212/Nafion (red), NEXAR-1.0/Nafion (blue), 

NEXAR-1.0/NEXAR-1.0 (green). Fuel cell operating conditions: 1/2 mol/mol H2/O2 at 80 °C, 

100% RH, and back pressure = 1.7 bar.  
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Figure 5.11 compares average maximum power densities and corresponding electrolyte 

membrane resistances under different fuel cell relative humidities. As shown in Figure 5.11a, the 

average maximum power density increases with increasing relative humidity, where at low 

relative humidity (30% RH), Nafion NR-212/Nafion (487 mW cm
-2

) is higher than NEXAR-

1.0/Nafion (101 mW cm
-2

) and NEXAR-1.0/NEXAR-1.0 (62 mW cm
-2

) and at high relative

humidity (100% RH), Nafion NR-212/Nafion (1170 mW cm
-2

) is also higher than NEXAR-

1.0/Nafion (524 mW cm
-2

) and NEXAR-1.0/NEXAR-1.0 (309 mW cm
-2

). Interestingly, the

power density of NEXAR-1.0/NEXAR-1.0 is higher at 90% RH (388 mW cm
-2

) compared to

100% RH and comparable with that of NEXAR-1.0/Nafion (374 mW cm
-2

). In addition, the

power density of NEXAR-1.0/NEXAR-1.0 and NEXAR-1.0/Nafion are also comparable at 

lower relative humidity (246 and 278 mW cm
-2

, respectively, at 60% RH). These results suggest

that the optimized NEXAR-1.0 electrodes are comparable to Nafion (control) electrodes under 

fuel cell operation. As shown in Figure 5.11b, the electrolyte membrane resistance decreases 

with increasing relative humidity, where at low relative humidity (30% RH), Nafion/NR-212 

(0.16 Ω cm
2
) is four times lower than NEXAR-1.0/Nafion (0.61 Ω cm

2
) and NEXAR-

1.0/NEXAR-1.0 (0.71 Ω cm
2
) and at high relative humidity  (100% RH), Nafion/NR-212 (0.08

Ω cm
2
) is two times lower than NEXAR-1.0/Nafion (0.13 Ω cm

2
) and NEXAR-1.0/NEXAR-1.0

(0.12 Ω cm
2
).
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Figure 5.11 Fuel cell (a) maximum power densities and (b) membrane resistance of MEAs at 

different relative humidities fabricated under optimum conditions for each MEA 

(membrane/ionomer): Nafion NR-212/Nafion (red), NEXAR-1.0/Nafion (blue), NEXAR-

1.0/NEXAR-1.0 (green). Fuel cell operating conditions: 1/2 mol/mol H2/O2 at 80 °C and back 

pressure = 1.7 bar. 

The results in Figure 5.11b (membrane resistance) explains the differences observed if fuel cell 

performance, but contradicts the proton conductivity results in Figure 5.2. This suggests that 

under the conditions of the fuel cell, the NEXAR membrane properties may be changing. Figure 

5.12a shows the temperature-dependent (ranging from 30–80 °C) proton conductivity at 90% RH 

for the Nafion NR-212 and NEXAR-1.0 (untreated and treated) membranes. The conductivities 

of all membranes increase with increasing temperature, where at a lower temperature (30 °C), 

NEXAR-1.0 (untreated) (0.09 S cm
-1

) is almost one magnitude higher than Nafion NR-212 (0.02

S cm
-1

) and NEXAR-1.0 (treated) (0.02 S cm
-1

), and at a higher temperature (80 °C), Nafion NR-

212  (0.14 S cm
-1

) and NEXAR-1.0 (untreated) (0.22 S cm
-1

) are almost one magnitude higher

than NEXAR-1.0 (treated) (0.03 S cm
-1

). Figure 5.12b shows the humidity-dependent (ranging

from 30 – 90% RH) proton conductivity at 60 °C for the Nafion NR-212 and NEXAR-1.0 
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(untreated and treated) membranes. The conductivities of all membranes increase with increasing 

relative humidity, where at a low relative humidity (30% RH), Nafion NR-212 (6.2 x 10
-3

 S cm
-

1
) and NEXAR-1.0 (untreated) (3.9 x 10

-3
 S cm

-1
) are one magnitude higher than and NEXAR-

1.0 (treated) (0.2 x 10
-3 

S cm
-1

). At a higher relative humidity (90% RH), Nafion NR-212 (9.8 x

10
-3

 S cm
-1

) and NEXAR-1.0 (untreated) (13.8 x 10
-3

 S cm
-1

) are three times higher than and

NEXAR-1.0 (treated) (3.2 x 10
-3 

S cm
-1

). Therefore, these results confirm that the fuel cell

operating conditions alters the proton conductivity properties of NEXAR-1.0 and these results 

are in agreement with the power density and membrane resistance results in Figure 5.11. 

Therefore, these results suggest that the combination of pressure, gas flow, water, and 

temperature has an effect on the proton conductivity of the NEXAR-1.0 membrane that is not 

seen under ex situ environmental conditions (i.e., only temperature and water). Overall, these 

results suggest that NEXAR-1.0 is a promising candidate as a membrane and ionomer in PEMFC 

applications due to its high conductivity (0.22 S cm
-1

 at 80 °C, 90% RH); however, alternative

block compositions may improve the properties of the polymer (e.g., less swelling) to minimize 

resistances within the fuel cell to match the performance of Nafion. 
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Figure 5.12 (a) Temperature-dependent proton conductivity at 90% RH and (b) humidity-

dependent proton conductivity at 60 °C for Nafion NR-212 (closed red circles) and NEXAR with 

IEC of 1.0 meq g
-1

 membranes (untreated (closed green upward triangles) and treated (open

green upward triangles)). 

5.4 Conclusions 

In this study, NEXAR with different IECs (1.0, 1.5, and 2.0) were investigated as membranes 

and ionomers in PEMFC applications. NEXAR, a commercially available hydrocarbon-based 

material, demonstrated higher proton conductivity for all IECs at all temperatures studied than 

the commercial perfluorinated membrane, Nafion. NEXAR with an IEC of 1.0 (NEXAR-1.0) 

proved to be the most durable after fuel cell operation and confirmed by post mortem still images 

of the NEXAR MEAs. Therefore, NEXAR/NEXAR (membrane/ionomer) MEAs were 

developed with NEXAR-1.0 as the membrane and ionomer. Various compositions of 1-propanol 

and water as the solvent and ionomer and catalyst in the solids in the catalyst ink solution were 

investigated. A maximum in power density and minimum in catalyst layer resistance was 

observed at a composition of 1/1 w/w 1-propanol/water and 2/1 catalyst/ionomer in the catalyst 

ink solution. Furthermore, the NEXAR/NEXAR MEA demonstrated similar performance to 
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NEXAR/Nafion MEA under 80 °C, 90% RH. However, the Nafion/Nafion MEA is still superior 

in fuel cell performance. The electrolyte membrane resistance for the Nafion membraned-based 

MEA is two-times higher the NEXAR membraned-based MEA, which was supported by the 

conductivity results of the fuel cell-treated NEXAR-1.0 membrane, where the NEXAR-1.0 

membrane had significantly lower conductivity after the fuel cell treatment. Alternative polymer 

compositions using NEXAR as a starting point may provide a future non-fluorinated polymer to 

substitute Nafion. 
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CHAPTER VI 

SOLID-STATE ALKALINE FUEL CELL PERFORMANCE OF PENTABLOCK 

TERPOLYMER WITH METHYLPYRROLIDINIUM CATIONS AS ANION 

EXCHANGE MEMBRANE AND IONOMER 

6.1 Introduction 

AFCs are attractive alternatives to proton exchange membrane fuel cells PEMFCs due to the 

faster oxygen reduction reaction kinetics in alkaline environments, which allows the use of non-

noble catalysts (e.g., nickel), i.e., a low-cost alternative to the PEMFC. However, unlike 

PEMFCs which have commercially available, robust proton exchange membranes, AFCs have 

not yet identified a durable, commercially viable anion exchange membrane (AEM). AEMs 

require the following properties for long-lasting performance: electron insulating (i.e., barrier to 

electrons), high ionic conductivity (i.e., hydroxide ion transport), good mechanical strength (i.e., 

limited swelling in water), and good chemical stability (i.e., no degradation in alkaline 

environments).
66

Recently, several investigators have developed and characterized new ion-containing polymer 

materials, such as graft polymers,
67-69, 76

 random co-polymers,
71-75, 77-82

 and block co-polymers,
70, 

173-180
 as AEMs to meet these requirements, focusing on alkaline stability and conductivity.  

Block co-polymers (BCPs) have a distinct advantage over random co-polymers due to the unique 

self-assembly of blocks into well-defined nanostructures. In the context of AEMs, BCPs can 

combine the properties of a non-ionic polymer (e.g., poly(styrene)) and an ionic polymer (e.g., 

poly(vinylbenzyltrimethylammonium hydroxide)  into one material platform.
181

 Ye et al.
182 

demonstrated an order-of-magnitude higher hydroxide ion conductivity for a block copolymer 
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compared to its analogous random copolymer, suggesting that the microphase separation of the 

blocks (i.e., confinement of ions and water in ion-rich phases) may contribute to enhanced 

properties (i.e., improved ion transport).  These observations are further supported by several 

studies that have reported high elastic modulus
177

 and good ion conductivity of BCPs
178

 which

are ideal AEM properties. Recently, Ertem et al.
180

 reported low water uptake and high bromide

ion conductivity of a pentablock terpolymer with a quaternary ammonium cation (22 wt% at 60 

°C, 95% RH and 57 mS cm
-1 

at 90 °C, 95% RH, respectively), suggesting this pentablock

terpolymer is a promising candidate as an AEM for AFC applications. However, the stability of 

this polymer has yet to be determined. A recent review by Dekel
85

 summarized the AFC stability

studies on quaternary ammonium cation-based polymers for the last two decades with test 

durations as long as 5 h and decay rates (i.e., difference in voltage loss over time) between 0.6 

and 1 mV h
-1

.

Quaternary ammonium is the most commonly studied cation for designing and developing 

polymers as AEMs. However, Meek and Elabd
84

 demonstrated that polymers with alternative

cations, such as imidazolium and pyrrolidinium, have better alkaline stability than the ubiquitous 

quaternary ammonium cation, suggesting that other cation-based polymers could perform better 

as AEMs. This is further supported by Ponce-Gonzalez et al.
183

 which demonstrated that

radiation-grafted ETFE films with methylpyrrolidinium cations had better stability and 

performance than the quaternary ammonium cation. 

Recently, Meek et al.
179

 investigated a pentablock terpolymer with methylpyrrolidinium

cations and demonstrated high hydroxide ion conductivity (44 mS cm
-1 

at 60 °C in liquid water)

and excellent stability  (0% conductivity loss after 168 h in 1 M KOH at 60 °C). However, the 

performance and durability of this pentablock terpolymer with methylpyrrolidinium cations as a 
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membrane and ionomer in AFC applications have yet to be determined. In light of these recent 

publications, there is significant motivation in investigating the stability and performance of 

alternative cation-based polymers (e.g., methylpyrrolidinium and methylpiperidinium cations). 

Here, in this work, a pentablock terpolymer (PTP) with methylpyrrolidinium cation and 

hydroxide anion was used as the membrane and ionomer in alkaline fuel cells with a focus on the 

effect of the PTP with methylpyrrolidinium cations as an ionomer and the fuel cell operating 

conditions on AFC performance. The effect of the solvent and solids compositions on the 

catalyst layer morphology and fuel cell performance were investigated and compared. The effect 

of the fuel cell temperature and relative humidity on fuel cell performance and resistances was 

also studied.     

6.2 Experimental Methods 

6.2.1 Materials 

Initially, a precursor polymer was used to synthesize and fabricate hydroxide ion conducting 

pentablock terpolymer films. The precursor polymer is an ABCBA pentablock terpolymer (PTP), 

poly(tbS-b-EP-b-MS-b-EP-b-tbS), that was synthesized and provided by Kraton Performance 

Polymers and contains tert-butyl-styrene (tbS) as the A outer blocks, a random copolymer of 

ethylene-r-propylene (EP) as the B blocks, and 4-methyl styrene (MS) as the inner C block. This 

precursor ABCBA pentablock terpolymer has a Mn  76 kg mol
-1

 with Mn of respective blocks

equal to 15-13-16-14-18 kg mol
-1

. The precursor polymer was subsequently brominated and

quaternized to covalently attach the methylpyrrolidinium cation to the inner C block. Extensive 

details of the bromination and quaternization of this polymer have been reported elsewhere.
184

Methanol (MeOH; ACS reagent, ≥ 99.8%), tetrahydrofuran (THF; anhydrous, ≥ 99.9%), toluene 
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(anhydrous, ≥ 99.8%) and potassium hydroxide (KOH; reagent, 90%) were purchased from 

Sigma-Aldrich. 20 wt% platinum on carbon (Pt/C; Vulcan XC-72) was purchased from Premetek 

Co. Gas diffusion layer (GDL; Sigracet 25BC), Fumapem membrane (FAA-3-50; Fumatech), 

and Fumion solution (10 wt% in N-2-methylpyrrolidone; FAA-3-SOLUT-10; Fumatech) were 

purchased from Fuel Cells Etc. All materials were used as received. Deionized (DI) water with a 

resistivity of 16 MΩ cm was used as appropriate. Ultra-high purity grade nitrogen, ultra-high 

purity grade hydrogen, and ultra-high purity grade oxygen were purchased from Airgas. All 

gases were used for all fuel cell experiments. 

6.2.2 Polymer Film Preparation 

Bromide ion-form of the PTP films were fabricated by casting the quaternized polymer 

solution (16 wt% in 4/1 w/w toluene/methanol) onto a silicon-coated Mylar PET film using an 

automatic film applicator (Elcometer 4340) with a doctor blade at gauge height and speed of ca. 

800 μm and 90 mm s
-1

, respectively, under ambient conditions. Films were partially covered by

aluminum foil and evaporation of solvent occurred under ambient condition for at least 12 h. The 

films were then annealed under 100 °C for 48 h before use. The final film thicknesses were ca. 

70-80 μm and measured with a digital micrometer (Marathon; accuracy = 2 μm). For MEA

fabrication, the films were cut into square pieces of ca. 30 mm (L) × 30 mm (W). 

6.2.3 Electrode Fabrication and Ion Exchange 

The catalyst ink solution used to fabricate Fumion electrodes (control) consisted of a 1 wt% 

mixture of 110 mg of Pt/C catalyst, 360 mg of Fumion solution, and 14.2 g of 1/1 w/w 

THF/MeOH co-solvent mixture. The resulting mixture was sonicated for 3 min at 35% amplitude 
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(Q125, QSonica) and subsequently brushed onto a GDL substrate (ca. 30 mm (L) x 30 mm (W)) 

with an ox hair brush (0689-00025, Gordon Brush Mfg. Co., Inc.). This process was repeated to 

achieve the target Pt loading of ca. 0.30 mgPt cm
-2

. The catalyst ink solution used to fabricate

PTP electrodes consisted of a mixture of Pt/C catalyst, PTP as the ionomer, water, and methanol. 

The amount of water, methanol, catalyst, and ionomer were adjusted to achieve different ratios 

of methanol and water, and catalyst and ionomer in the catalyst ink solution as detailed in Table 

6.1 (see section 6.3). The solids content was held constant at 1 wt% for all electrode fabrication. 

The resulting mixture was sonicated for 3 min at 35% amplitude (Q125, Qsonica) prior to 

airbrushing with an airbrush gun (AEROPRO1, Aeroblend) on a GDL substrate (ca. 25 mm (L) 

x 25 mm (W)) on a hot plate heated to 120 °C. The process was repeated to achieve the target Pt 

loading of ca. 0.10 mgPt cm
-2

. The films and electrodes were ion exchanged in a 1.0 M KOH

solution for 24 h under ambient conditions (chemical structure of PTP in hydroxide form shown 

in Figure 6.1). The films and electrodes were extensively washed with DI water (once per hour, 

three times) prior to assembling in the fuel cell stack.  

Figure 6.1 Chemical structure of PTP with methylpyrrolidinium cation and hydroxide anion. 
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6.2.4 Electrode Characterization 

The morphology of the electrodes was investigated with scanning electron microscopy (SEM; 

FEI Quanta 600 FE-SEM, 10 kV) using a working distance of 10 mm. Samples were sputter 

coated (Cressington 208 HR) with iridium (6 nm thickness) prior to SEM analysis.  

The Pt loading was measured with thermal gravimetric analysis (TGA; Q50, TA Instrument). 

A small portion of the electrode (ca. 2–6 mg) was heated in the TGA from ambient temperature 

to 900 °C at 10 °C min
-1

 in air at 60 mL min
-1

. Since all components in the electrode degrade

below 800 °C with the exception of Pt, the Pt loading was determined by dividing the residual 

weight at 850 °C by the original area of the TGA sample.  

6.2.5 Membrane Electrode Assembly (MEA) and Fuel Cell Tests 

Membrane electrode assemblies (MEAs) were fabricated by placing either the Fumion 

membrane or PTP film between two catalyst-coated GDLs (anode and cathode) in the fuel cell 

without any heat pressing, which was placed between two serpentine flow field graphite plates (5 

cm
2
 flow area) separated by two 0.152 mm thick PTFE/fiberglass gaskets (Gasket Set #5,

Scribner Associates, Inc.). The entire fuel cell assembly consisted of an MEA, two gaskets, and 

two flow plates placed between copper current collectors followed by endplates all held together 

by bolts with 2.8 N m of applied torque. Fuel cell performance of each MEA was evaluated with 

a fuel cell test station (850e, Scribner Associates, Inc.). Fuel cell tests were conducted under 

ambient pressure with saturated (100% RH) anode and cathode flow rates of 0.2 L min
-1

hydrogen and 0.2 L min
-1

 oxygen, respectively, corresponding to a stoichiometric ratio of 1:1

hydrogen:oxygen. The cathode gas, anode gas, and cell temperatures were all maintained at 30 

°C. Fuel cell performance was recorded after a new MEA was fully activated. The activation 
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process consisted of operating the MEA at 0.5 V for 1 h, followed by three cycles of 0.6 V and 

0.4 V for 30 min at each voltage. The MEA was at steady state when no further increase in 

current density at a constant voltage was observed. After the MEA was fully activated and 

reached steady state, polarization curves (cell voltage versus current density) were collected from 

open circuit voltage (OCV) to 0.2 V at at increments of 0.05 V every 5 min. Five polarization 

curves were collected to determine the average maximum power density.  

6.2.6 Electrochemical Impedance Spectroscopy (EIS) 

Electrochemical impedance spectroscopy (EIS; Solartron SI 1260A) was performed on a fully 

activated MEA from 1 MHz to 1 Hz at ca. 0.86 V versus NHE under ambient pressure. In this 

two-electrode configuration, the anode serves as both the counter and reference electrodes. The 

fuel cell anode and cathode were supplied with 0.2 L min
-1

 hydrogen and 0.2 L min
-1

 oxygen,

respectively. Temperatures of the cathode gas, anode gas, and cell were all maintained at 30 °C. 

The EIS data was analyzed using a common equivalent circuit model that consisted of a resistor 

(resistance of the solid electrolyte membrane) in series with a parallel circuit, typically used to 

describe a porous electrode,
111

 of a constant phase element and a second resistor (resistance of

the catalyst layer in the electrode). Two parallel circuits were employed to describe the two 

electrodes (anode and cathode) in the MEA. The catalyst layer resistances reported here are the 

polarization resistances.  

6.2.7 Durability Tests 

The fuel cell anode and cathode were supplied with 0.2 L min
-1

 hydrogen and 0.2 L min
-1

oxygen, respectively. Temperatures of the cathode gas, anode gas, and cell were all maintained at 
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either 30 or 40 °C. MEAs were held at a constant current density (typically the current density at 

a voltage slightly lower than the voltage where maximum power density occurs) for at least 72 h. 

The voltage was recorded and normalized with the initial voltage at t = 0 h (Vo) for the duration 

of the durability test. The decay rate was calculated from the slope of the linear regression to the 

data.  

6.3 Results and Discussion 

First, the fuel cell performance of an MEA with PTP AEM was compared to an MEA with 

commercial Fumatech (Fumapem) AEM (control). Both MEAs contained commercial Fumion 

solution as the ionomer in the electrodes (0.4 mgPt cm
-2

 loading). Figure 6.2 shows fuel cell

performances (polarization and power curves; hydrogen/oxygen at ambient pressure at 30 °C, 

100% RH) for both the PTP and Fumatech MEAs at t = 0 h and t = 72 h. At t = 0 h, the 

maximum power density for the PTP MEA (26.5 mW cm
-2

) was 8% higher than the Fumatech

MEA (23.4 mW cm
-2

). However, after 72 h, under constant current density, the maximum power

density of the PTP MEA (15.9 mW cm
-2

) was 179% higher than the Fumatech MEA (5.7 mW

cm
-2

).
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Figure 6.2 Fuel cell polarization curves of PTP MEA (red) and Fumatech MEA (blue) both with 

3/1 Pt/C/Fumion electrodes with 0.4 mgPt cm
-2 

Pt loading at t = 0 h (solid) and t = 72 h (dashed).

Fuel cell operating conditions: 1/1 mol/mol H2/O2 at 30°C, 100% RH, and ambient pressure. 

Both MEAs were held at a constant current density (40.7 mA cm
-2

 and 27.3 mA cm
-2

 for PTP

and Fumatech, respectively) over the 72 h. The PTP MEA was able to maintain a constant 

current density (40.7 mA cm
-2

) for 72 h as shown in Figure 6.3a. However, the Fumatech MEA

was only able to maintain a constant current density (27.3 mA cm
-2

) for 41 h and then

continually dropped until it decreased to 41% of the initial current density (16.2 mA cm
-2

) at t =

72 h, as shown in Figure 6.3a. The short-term (t = 0–5 h) voltage decay rate for the PTP MEA 

(5.6 mV h
-1

) was 32% less than for the Fumatech MEA (8.2 mV h
-1

). The long-term (t = 15–72 h

for PTP MEA, t = 15–40 h for Fumatech membrane MEA) voltage decay rate for the PTP MEA 

(1.7 mV h
-1

) was 76% less compared to the Fumatech MEA (7.0 mV h
-1

). These results show

improved life-time stability for the PTP AEM compared to the Fumatech AEM. There are a 
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number of factors that can be attributed to these differences. One factor may include the higher 

alkaline stability of the methylpyrrolidinium cation in the PTP AEM compared to the quaternary 

ammonium cation in the Fumatech AEM, supported by other studies that show excellent alkaline 

stability for the pyrrolidinium cation compared to the quaternary ammonium cation.
178, 185

Figure 6.3 Fuel cell (a) current density and (b) normalized voltage versus time of the pentablock 

terpolymer (PTP) membrane MEA (red) and Fumatech membrane MEA (blue). Voltage is 

normalized by the initial voltage at t = 0 h (Vo). Fuel cell operating conditions: 1/1 mol/mol 

H2/O2 at 30°C, 100% RH, and ambient pressure.  

PTP MEAs were also produced with PTP as both the membrane and the ionomer. Figures 6.4–

6.7 represent the impact of changing the electrode solvent composition and catalyst/ionomer 

composition on the AFC performance of all these PTP MEAs. Table 6.1 lists the various 

electrode solvent compositions and catalyst/ionomer compositions investigated. Figure 6.4 

shows fuel cell performances (polarization and power curves; hydrogen/oxygen at ambient 

pressure at 30 °C, 100% RH) for all PTP MEAs, where the electrodes were fabricated with 
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different methanol/water solvent compositions ratios in the catalyst ink solution. The PTP MEA 

fabricated with 11/1 w/w methanol/water solvent composition (i.e., 8 wt% water in solution) 

resulted in a maximum power density of 34.9 mW cm
-2

. Changing the solvent composition to 5/1

w/w methanol/water (i.e., 17 wt% water in solution) resulted in a PTP MEA with a maximum 

power density of 40.3 mW cm
-2

 (15% increase). An additional change in solvent composition to

2/1 w/w methanol/water (i.e., 33 wt% water in solution) resulted in a PTP MEA that produced a 

maximum power density of 57.2 mW cm
-2

 (an additional 17% increase). A further change in

solvent composition to 1/2 w/w methanol/water (i.e., 66 wt% water in solution) resulted in a PTP 

MEA that produced a maximum power density of 35.7 mW cm
-2

, a similar output compared to

the 11/1 w/w methanol/water composition. These results show that the highest maximum power 

density for an all PTP MEA occurs when the solvent composition is at 2/1 w/w methanol/water. 

Figure 6.4 Fuel cell polarization curves (dashed) and power density curves (solid) of MEAs with 

0.1 mgPt cm
-2

 electrodes fabricated with 11/1 MeOH/H2O (red), 5/1 MeOH/H2O (blue), 2/1

MeOH/H2O (green), and 1/2 MeOH/H2O (orange) in the catalyst ink solution. Fuel cell operating 

conditions: 1/1 mol/mol H2/O2 at 30 °C, 100% RH, and ambient pressure. 
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To understand the possible impact of electrode morphology on the results in Figure 6.4, 

scanning electron microscopy (SEM) images of the catalyst layers at the various solvent 

compositions are shown in Figure 6.5. At all solvent compositions, a connected network of 

pores, catalyst, and ionomer are evident. As the solvent composition increases in water content 

(from 11/1 w/w to 1/2 w/w methanol/water, shown from Figures 6.5a to 6.5d), it is clear that the 

ionomer becomes more evident in the images. Specifically, in Figure 6.5a and Figure 6.5b (11/1 

and 5/1 w/w methanol/water), ionomer is noticeable, but not a majority component. In Figure 

6.5c (2/1 w/w methanol/water), the ionomer is more evident and creates a distinct network 

among the catalyst network. A further increase in water content in the solvent (1/2 w/w 

methanol/water, shown in Figure 6.5d), results in large agglomerates of ionomer completely 

encapsulating regions of the catalyst network. The combination of Figure 6.4 and Figure 6.5c 

suggests that an optimal catalyst morphology is attained among the solvent compositions 

explored, i.e., a connected a network of pores, catalyst, and ionomer with optimal number of 

triple phase boundaries. The combination of Figure 6.4 and Figure 6.5a and also Figure 6.4 and 

Figure 6.5b, suggests that the ionomer network may not be fully connected resulting in some 

hydroxide ion transfer resistance. The combination of Figure 6.4 and Figure 6.5d suggests that 

the excess of ionomer results in oxygen mass transfer resistance. Overall, these results show that 

2/1 w/w methanol/water is the optimal solvent composition (among the compositions studied) for 

the catalyst ink solution to maximize the AFC performance of the PTP MEA. 
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Figure 6.5 SEM images of electrodes with 0.1 mgPt cm
-2

 at X 30000 magnification, scale bar = 1

µm: (a) 11/1 MeOH/H2O, (b) 5/1 MeOH/H2O, (c) 2/1 MeOH/H2O, and (d) 1/2 MeOH/H2O co-

solvent mixtures in the catalyst ink solution. 

Figure 6.6 shows fuel cell performances (polarization and power curves; hydrogen/oxygen at 

ambient pressure at 30 °C, 100% RH) for all PTP MEAs fabricated with different 

catalyst/ionomer ratios in the catalyst ink solution (all of these MEAs were fabricated at the 

optimal 2/1 w/w methanol/water solvent composition). As the catalyst/ionomer ratio changes 

from 4/1 to 2/1 to 1/1 w/w (Pt/C)/ionomer in the catalyst ink solution (i.e., 20 wt% to 33 wt% to 

50 wt% ionomer content in the solids in the catalyst ink solution) the resulting maximum power 

density of the PTP MEAs increases from 21.0 mW cm
-2

 to 57.2 mW cm
-2

 and then decreases to

18.9 mW cm
-2

.
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Figure 6.6 Fuel cell polarization curves (dashed) and power density curves (solid) of MEAs with 

0.1 mgPt cm
-2

 electrodes fabricated with 4/1 catalyst/ionomer (red), 2/1 catalyst/ionomer (blue),

and 1/1 catalyst/ionomer (green) in the catalyst ink solution. Fuel cell operating conditions: 1/1 

mol/mol H2/O2 at 30 °C, 100% RH, and ambient pressure. 

These results suggest that the catalyst layer morphology and the amount of ionomer in the 

electrode have a significant impact on the AFC performance. This is supported by SEM images 

of catalyst layers (Figure 6.7), where each image corresponds to different ratios of catalyst and 

ionomer in the catalyst ink solution. As shown in Figure 6.7a, with 4/1 w/w (Pt/C)/ionomer ratio 

in the catalyst ink solution, there is no or little ionomer attached to the catalyst particles, forming 

large catalyst particle aggregates. Figure 6.7b shows that as the catalyst/ionomer ratio in the 

catalyst ink solution changes to a 2/1 w/w (Pt/C)/ionomer ratio, the ionomer can be seen more 

clearly and acts as a binder between catalyst particle aggregates, forming smaller catalyst particle 

aggregates and more visible pores in the catalyst layer. As the catalyst/ionomer ratio changes 

further to 1/1 w/w (Pt/C)/ionomer, as shown in Figure 6.7c, the visible presence of the ionomer 
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is more notable as the ionomer covers large areas of the catalyst particles and binds them into 

large aggregates, which acts as a physical barrier to pores and prevents gas from reaching 

catalyst particles. These results suggest that the amount of ionomer in the catalyst ink solution 

also significantly affects the final catalyst layer morphology of the electrodes by increasing the 

presence of the ionomer that surrounds the catalyst particles. Overall, these results show that 

there is an optimum catalyst/ionomer ratio in the catalyst ink solution to maximize PTP AFC 

performance. Table 6.1 summarizes these results: methanol/water ratio, catalyst/ionomer ratio, Pt 

loading, and maximum power density. 

Figure 6.7 SEM images of electrodes with 0.1 mgPt cm
-2

 at X 30000 magnification, scale bar = 1

µm: (a) 4/1 catalyst/ionomer, (b) 2/1 catalyst/ionomer, and (c) 1/1 catalyst/ionomer in the 

catalyst ink solution. 

Table 6.1 Maximum power density as a function of electrode composition. 

MEA MeOH/H2O Catalyst/ionomer 
Pt loading 

(mgPt cm
-2

)

Max power density
a
 

(mW cm
-2) 

1 11/1 2/1 0.09/0.08 34.9 ± 2.5 

2 5/1 2/1 0.07/0.08 40.3 ± 1.7 

3 2/1 4/1 0.09/0.11 21.0 ± 1.1 

4 2/1 2/1 0.07/0.09 57.2 ± 1.4 

5 2/1 1/1 0.10/0.07 18.9 ± 1.7 

6 1/2 2/1 0.06/0.08 35.7 ± 1.4 
a
Measured at 1/1 mol/mol H2/O2 at 30 °C, 100% RH, and ambient pressure. 
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To further explore the impact of these different catalyst layer morphologies on fuel cell 

performance, EIS was conducted in operando to analyze polarization resistances of the PTP 

MEAs under 0.86 V vs. NHE. Reshetenko et al.
186

 demonstrated that EIS of anion exchange

membrane fuel cell (AEMFC) operation under low current density (i.e., potential slightly lower 

than open circuit voltage) reveals two depressed capacitive semi-circles. One at high-frequency 

(>100 Hz) and one at intermediate-frequency (>1 Hz), suggesting that the high-frequency semi-

circle is related to the anode processes and the intermediate-frequency semi-circle is related to 

cathode processes. Figure 6.8 shows the anode and cathode polarization resistances of the PTP 

MEAs as a function of the amount of water and amount of ionomer in the solids in the catalyst 

ink solution. Overall, the anode resistances are significantly smaller than the cathode process 

resistances, suggesting that the cathode (i.e., oxygen reduction reaction) is the main resistance in 

the PTP MEA fuel cell.  

Figure 6.8 Cathode resistance (red) and anode resistance (blue) versus (a) water content in 

catalyst ink solution and (b) ionomer content in the electrode. 
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Figure 6.8a shows that the cathode resistance is high for electrodes fabricated using 8 wt% 

water content (11/1 w/w methanol/water) in the catalyst ink solution (2578 mΩ). The cathode 

resistance decreases with increasing water content reaching a minimum resistance at 33 wt% 

water content (2/1 w/w methanol/water) in the solution (1257 mΩ). Further increase in water 

content results in an increase in cathode resistance at 66 wt% water content (1/2 w/w 

methanol/water) (2119 mΩ). Interestingly, the anode resistance has a minimum at 17 wt% water 

content (5/1 w/w methanol/water) (464 mΩ). These results are further supported by the power 

density results, which shows that the highest maximum power density occurs at 33 wt% water 

content (2/1 w/w methanol/water ratio) in the solution, where the minimum total resistance 

occurs. As mentioned previously, changing the methanol/water ratio in the catalyst ink solution 

affects the final catalyst layer morphology in the electrodes, which has a significant impact on 

the fuel cell performance. The ideal catalyst layer morphology has sufficient connections for 

hydroxide ions and electrons as well as pores for gas transport for ease of access to triple phase 

boundaries. The importance of these features is emphasized in the differences in the resistances 

of the electrochemical reaction processes at the anode and cathode.  

Figure 6.8b shows that the cathode resistances also decrease and increase with increasing 

ionomer content. At 20 wt% ionomer content (4/1 w/w (Pt/C)/ionomer ratio) of the solids in the 

catalyst ink solution, the cathode resistance is 2213 mΩ. The cathode resistance decreases with 

increasing ionomer content in the solution at 33 wt% ionomer content (2/1 w/w (Pt/C)/ionomer 

ratio) (1257 mΩ). Further increase in ionomer content results in an increase in cathode resistance 

at 50 wt% ionomer content (1/1 w/w (Pt/C)/ionomer ratio) (4300 mΩ). These results are further 

supported by the power density results, which shows that the highest maximum power density 

occurs at 33 wt% ionomer content (2/1 (Pt/C)/ionomer ratio) in the solution. Interestingly, the 
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anode resistances have an inverse trend compared to the cathode resistances, showing a 

minimum resistance at 50 wt% ionomer content (1/1 w/w (Pt/C)/ionomer ratio) (237 mΩ). The 

solid electrolyte membrane resistances were also evaluated from the EIS spectra. Most MEAs 

show a membrane resistance between 50 and 88 mΩ and open circuit voltage ≥ 1 V, suggesting 

that the membranes are in good condition (i.e., no gas crossover). One MEA exhibits a 

membrane resistance of 120 mΩ and an open circuit voltage < 1 V, which suggests that the 

membrane may be compromised (i.e., gas crossover). However, there was no significant loss in 

open circuit voltage in the beginning of the experiment (< 0.5 % loss within the first 30 minutes); 

therefore, the gas crossover is minimal. Overall, the EIS results support the fuel cell performance 

data. Table 6.2 summarizes these results: membrane, anode, and cathode resistances.  

Table 6.2 in operando resistances at ca. 0.86 V versus NHE. 

MEA 

Open circuit 

voltage
a
 (V)

Membrane 

resistance
b
 

(mΩ) 

Anode 

resistance
b
 

(mΩ) 

Cathode resistance
b
 

(mΩ) 

1 0.94 120 534 2578 

2 1.05 88 464 1333 

3 1.02 53 631 2213 

4 1.06 88 668 1257 

5 1.00 88 293 4300 

6 1.06 67 1193 2119 
a
Measured after activation procedure. 

b
Measured at 1/1 mol/mol H2/O2 at 30 °C, 100% RH, and ambient pressure. 

To investigate the effect of fuel cell operating parameters (e.g., temperature and humidity) on 

fuel cell performance, the fuel cell temperature was systematically increased from 30–50 °C, 

while maintaining 100% relative humidity. Figure 6.9a shows fuel cell performances 

(polarization and power curves; hydrogen/oxygen at ambient pressure at 100% RH) of an 
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optimized (i.e., fabricated using optimal solution contents) PTP MEA at 30, 40, and 50 °C. The 

maximum power density at 30 °C is 40.5 mW cm
-2

. As the temperature increased to 40 °C, the

maximum power density increased to 74.0 mW cm
-2

. A further increase in temperature to 50 °C,

resulted in a decrease in the maximum power density to 53.8 mW cm
-2 

and shows erratic

behavior in the polarization curve.  

Figure 6.9 (a) Fuel cell polarization curves (dashed) and power density curves (solid), and (b) 

impedance spectra at ca. 0.86 V versus NHE at cell temperatures of 30 °C (red circles), 40 °C 

(blue squares), and 50 °C (green triangles). Fuel cell operating conditions: 1/1 mol/mol H2/O2 at 

100% RH and ambient pressure. 

To study the erratic behavior at lower current densities, EIS was conducted in operando to 

analyze polarization resistances of the PTP MEAs under 0.86 V vs. NHE at different 

temperatures. Figure 9b shows the electrochemical impedance response of the PTP MEA under 

different temperatures. All spectra exhibit two depressed capacitive semi-circles. As mentioned 

previously, the high-frequency semi-circle represents the anode processes and the intermediate-

frequency semi-circle represents the cathode processes. The high-frequency semi-circle is similar 

between 30 and 40 °C; however, the intermediate-frequency semi-circle decreases in size at 40 
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°C, which suggests that at 40 °C, the oxygen reduction reaction is more facile (i.e., less 

resistive). As the temperature further increases to 50 °C, both semi-circles increase in size and 

the high-frequency semi-circle is slightly shifted to a lower frequency. These results are further 

supported by the power density results shown previously, where fuel cell operation at 40 °C has 

the highest maximum power density (i.e., lowest resistance).  

Omasta et al.
187

 suggested that due to the reactant consumption of water in the cathode and

production of water in the anode of AFCs, excessive water dehydration and flooding can occur in 

the cathode and anode, respectively, and overall decrease fuel cell performance. To further 

explore this, the fuel cell humidity was systematically changed by maintaining a cell temperature 

of 40 °C and changing the anode and cathode gas line temperatures. Figure 6.10a shows fuel cell 

performances (polarization and power curves; hydrogen/oxygen at ambient pressure at 40 °C) of 

optimized PTP MEA with different anode/cell/cathode temperatures. At 40/40/40 °C (i.e., 100% 

relative humidity), the maximum power density is 83.3 mW cm
-2

. At 41/40/41 °C (i.e., 105%

relative humidity), the maximum power density decreases to 61.6 mW cm
-2

, which suggests that

the presence of liquid water in the cell results in performance loss. At 39/40/39 °C (i.e., 95% 

relative humidity), the maximum power density decreases to 56.9 mW cm
-2

 and the polarization

curve is erratic at low current densities, which suggests that there are kinetic polarization losses 

due to the lack of water in the cell. At 39/40/41 °C (i.e., 95% relative humidity on the anode and 

105% relative humidity on the cathode), the power density further decreases to 46.5 mW cm
-2

.

These results suggest that a fully-humidified cell produces the best performance for PTP MEAs. 

To further explore the impact of relative humidity on the anode and cathode, EIS was conducted 

in operando to analyze polarization resistances of the PTP MEAs under 0.86 V vs. NHE at 

different anode/cell/cathode temperatures. Figure 6.10b shows the electrochemical impedance 
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response of the PTP MEA under different anode/cell/cathode temperatures. All spectra exhibit 

two depressed capacitive semi-circles; however, the high-frequency semi-circle is shifted 

towards the intermediate-frequency region, which results in the appearance of one elongated 

depressed semi-circle and suggests the time constants of the two processes are similar. In 

general, changing the anode/cathode gas line temperatures results in an increase in electrode 

resistance. These results suggest that proper cell humidification is required to minimize electrode 

resistances that affect hydroxide ion transport between the electrodes and the membrane. These 

results are supported by the maximum power density results, where any change in anode/cathode 

gas line temperatures resulted in a performance loss. Therefore, a fully humidified cell is the 

optimal fuel cell condition for PTP MEAs. 

Figure 6.10 (a) Fuel cell polarization curves (dashed) and power density curves (solid), and (b) 

impedance spectra at ca. 0.86 V versus NHE at anode/cell/cathode temperatures of 40/40/40 °C 

(red squares), 41/40/41 °C (blue circles), 39/40/39 °C (green upward triangles), and 39/40/41 °C 

(orange downward triangles). Fuel cell operating conditions: 1/1 mol/mol H2/O2 at ambient 

pressure. 
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Figure 6.11 shows the normalized voltage and iR cell resistance for optimized PTP MEA 

(electrodes fabricated using 2/1 w/w methanol/water and 2/1 (Pt/C)/ionomer) under optimized 

fuel cell conditions (40 °C, 100% RH) under constant current density as function of time. The 

PTP AEMFC initially operated at a current density of 100 mA cm
-2

. However, at t = 13.6 h, the

cell was unable to maintain that current density and subsequently reduced to a current density of 

73 mA cm
-2

, and continued to operate for a total duration of at least 100 h. The voltage decay

rate of the fuel cell operating under 73 mA cm
-2

 is 0.7 mV h
-1

. The iR resistance, which can be

used to monitor electrolyte resistance,
188

 slightly increases from 63 mΩ to 93 mΩ, which

suggests that the membrane is relatively stable under alkaline fuel cell operation. Overall, the 

PTP MEA operates under stable current density over time under 40 °C, 100% RH. 

Figure 6.11 Normalized voltage (red) and iR resistance (blue) versus time of 0.4 mgPt cm
-2

electrodes. Voltage is normalized by the initial voltage at t = 0 h (Vo). Fuel cell operating 

conditions: 1/1 mol/mol H2/O2 at 40°C, 100% RH, and ambient pressure. 
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6.4 Conclusions 

In this study, PTP with methylpyrrolidinium cations were used as membranes and ionomers in 

AFC applications. PTP membranes demonstrated better performance and durability than 

commercial Fumatech membranes, which may be attributed to the stable methylpyrrolidinium 

cations in the PTP membrane versus the ubiquitous quaternary ammonium cation in the 

Fumatech membrane.  Various compositions of methanol and water as the solvent and ionomer 

and catalyst in the solids in the catalyst ink solution were investigated. As the amount of water or 

ionomer increased in the catalyst ink solution, the maximum power density increased and then 

decreased due to significant changes in the morphology, specifically the more notable presence 

of the ionomer with increasing water or ionomer content. These observations are further 

supported by fuel cell resistance data where the cathode resistances decreased and then 

increased, suggesting that at low water or ionomer content, there is high ion transfer resistance 

and at high water or ionomer content, there is a high mass transfer resistance. Therefore, the 

optimum PTP catalyst ink composition was 2/1 w/w ionomer/catalyst and 2/1 w/w 

methanol/water. Fuel cell temperature and relative humidity were also varied to determine the 

effect of operating conditions on PTP MEAs. Overall, the fuel cell resistances were higher for 

operating conditions outside of 40 °C and 100% RH, which correlated with fuel cell performance 

results. Furthermore, the optimal PTP MEA produced a maximum power density of 83.3 mW 

cm
-2

 and lasted up to 100 h under 40 °C, 100% RH, suggesting that PTP MEAs may be suitable

for long-term AFC performance. 
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CHAPTER VII 

ELECTROSPUN PENTABLOCK TERPOLYMER NANOFIBERS/ELECTROSPRAYED 

CATALYST PARTICLE ELECTRODES FOR ALKALINE FUEL CELLS 

7.1 Introduction 

In Chapter 2, E/E electrodes demonstrated similar power density compared to conventional 

electrodes at lower Pt loadings, due to the highly porous network of nanofiber-nanoparticles that 

allows facile oxygen gas access to catalyst particles. Omasta et al.
189

 suggested that proper water

management can significantly improve AFC performance. The water balance in the fuel cell 

electrodes is different than the PEMFC in the cathode and anode due to the consumption of water 

at the cathode and generation of water at the anode. In Chapter 6, the fuel cell relative humidity 

was changed to determine if a lower or higher relative humidity will alleviate the problems 

mentioned by Omasta et al.
189

 However, the best performance was still at 100% RH, suggesting

that using airbrushed (conventional) PTP electrodes, 100% RH was the optimum fuel cell 

condition. Therefore, having a porous network may allow for rapid diffusion of water to the 

cathode and away from the anode, alleviating water starvation or flooding in the cathode and 

anode, respectively, that is not seen in Chapter 6. Here, in this Chapter, E/E electrodes using PTP 

nanofibers and Pt/C catalyst particles are used in the AFC. The morphology of the E/E electrodes 

is characterized and analyzed. The performance and durability of the E/E electrodes are 

investigated and compared to airbrushed (conventional) electrodes. 
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7.2 Experimental Methods 

7.2.1 Materials 

Ethanol (reagent grade), methanol (ACS reagent, ≥99.8%), and toluene (anhydrous, 99.8%) 

were purchased from Sigma-Aldrich. Poly(methyl methacrylate) (PMMA; MW = 540,000 g mol
-

1
) was purchased from Scientific Polymer Products, Inc. 20 wt% platinum on carbon (Pt/C; 

Vulcan XC-72) were purchased from Premetek Co. The preparation of the pentablock 

terpolymer (PTP) and pentablock terpolymer films used in this study was previously described in 

Chapter 6. Gas diffusion layer (GDL; Sigracet 25BC) was purchased from Fuel Cells Etc. All 

materials were used as received. Deionized (DI) water with a resistivity of 16 MΩ cm was used 

as appropriate. Ultra-high purity grade nitrogen, ultra-high purity grade oxygen, and ultra-high 

purity grade hydrogen were purchased from Airgas. All gases were used for all fuel cell 

experiments. 

7.2.2 Two-Needle Electrospinning/Electrospraying (E/E) Apparatus 

A custom-designed E/E apparatus, as illustrated in Chapter 2 (Figure 2.1), consists of two high-

voltage power supplies (CZE1000R, Spellman High Voltage Electronics Corporation and 

ES40P-10W/DAM, Gamma High Voltage Research, Inc.), two syringe pumps (NE-1000, New 

Era Pump Systems), two glass syringes (Pt. No. CG-3070-03, Chemglass Life Sciences), two 

syringe needles (i.d. = 0.024 in. (0.603 mm), Hamilton), poly(vinyl chloride) tubing (Pt. No. 

30600-65, Cole-Parmer), poly(tetrafluoroethylene) tubing (Pt. No. 86510, Hamilton), luer lock 

needle adapter (Pt. No. 86511, Hamilton), and a grounded collector (cylindrical drum covered 

with aluminum foil, o.d. = 4.85 cm) connected to a motor (4IK25GN-SW2, Oriental Motor) to 

rotate the drum at 85 rpm during the E/E process. Two GDLs (ca. 3 cm  3 cm) were adhered to 
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the drum, where catalyst nanoparticles and polymer nanofibers were electrosprayed and 

electrospun simultaneously onto the GDLs via the E/E process. The needle tip to collector 

distances, applied voltages, and solution flow rates were 10 and 8 cm, 16 and 12 kV, and 0.15 

and 3.30 mL h
-1 

for the electrospinning and electrospraying processes, respectively.

7.2.3 Electrode Fabrication 

The electrospraying catalyst ink solution used to fabricate E/E electrodes consisted of a base 

mixture of 40 mg of Pt/C catalyst, 500 mg of DI water, and 3440 mg of ethanol. For the E/E 

experiment with PTP in the electrospraying solution, 20 mg of PTP was first dispersed in 500 mg 

of DI water, followed by the addition of 40 mg of Pt/C catalyst and 3460 mg of ethanol. The 

resulting mixture was sonicated for 3 min at 35% amplitude (Q125, Qsonica) prior to 

electrospraying. The electrospinning polymer solution used to fabricate E/E electrodes was a 6 

wt% 7/3 PTP/PMMA polymer solution, e.g., 24 mg of PMMA, 56 mg of PTP, and 1300 mg of 

4/1 w/w toluene/methanol solution. The solution was stirred under ambient temperature for at 

least 12 h to ensure complete dissolution of PTP and PMMA prior to electrospinning. The 

catalyst ink solution and the polymer solution were used in the electrospraying and 

electrospinning processes, respectively, to fabricate E/E electrodes as described in the previous 

section, and the Pt loading was controlled by the duration of the E/E process. Conventional 

(control) electrodes were prepared by dispersing 10 mg of PTP in 1000 mg of DI water, followed 

by addition of 20 mg Pt/C catalyst and 2970 mg of methanol, which corresponds to 2/1 w/w 

(Pt/C)/PTP in 3/1 w/w methanol/water. The mixture was sonicated for 3 min at 35% amplitude 

and subsequently airbrushed onto the GDL (ca.  25 mm (L) x 25 mm (W)) with an airbrush gun 



125 

(AEROPRO1, Aeroblend). This process was repeated to achieve the target Pt loading of 0.30 

mgPt cm
-2

.

7.2.4 Electrode Characterization 

The morphology of the E/E electrodes was investigated with scanning electron microscopy 

(SEM; FEI Quanta 600 FE-SEM, 10 kV) using a working distance of 10 mm. Samples were 

sputter coated (Cressington 208 HR) with iridium (6 nm thickness) prior to SEM analysis. For 

each image, the diameters of 20 nanofibers and 20 nanoparticles were randomly selected and 

measured using ImageJ software for each electrode sample. 

The Pt loading was measured with thermal gravimetric analysis (TGA; Q50, TA Instrument). A 

small portion of the electrode (ca. 4–6 mg) was heated in the TGA from ambient temperature to 

900 °C at 10 °C min
-1

 in air at 60 mL min
-1

. Since all components in the E/E electrode degrade

below 800 °C with the exception of Pt, the Pt loading was determined by dividing the residual 

weight at 850 °C by the original area of the TGA sample. The average Pt electrode loading for 

each MEA was determined using 2 samples. 

7.2.5 Membrane Electrode Assembly (MEA) and Fuel Cell Tests 

Membrane electrode assemblies (MEAs) were fabricated by placing the PTP film between two 

catalyst-coated GDLs (anode and cathode) in the fuel cell without any heat pressing, which was 

placed between two serpentine flow field graphite plates (5 cm
2
 flow area) separated by two

0.152 mm thick PTFE/fiberglass gaskets (Gasket Set #5, Scribner Associates, Inc.). The entire 

fuel cell assembly consisted of an MEA, two gaskets, and two flow plates placed between copper 

current collectors followed by endplates all held together by bolts with 2.8 N m of applied 
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torque. Fuel cell performance of each MEA was evaluated with a fuel cell test station (850e, 

Scribner Associates, Inc.). Fuel cell tests were conducted under ambient pressure with saturated 

(100% RH) anode and cathode flow rates of 0.2 L min
-1

 hydrogen and 0.2 L min
-1

 oxygen,

respectively, corresponding to a stoichiometric ratio of 1:1 hydrogen/oxygen. The cathode gas, 

anode gas, and cell temperatures were all maintained at 30 °C. Fuel cell performance was 

recorded after a new MEA was fully activated. The activation process consisted of operating the 

MEA at 0.5 V for 1 h, followed by three cycles of 0.6 V and 0.4 V for 30 min at each voltage. 

The MEA was at steady state when no further increase in current density at a constant voltage 

was observed. After the MEA was fully activated and reached steady state, polarization curves 

(cell voltage versus current density) were collected from open circuit voltage (OCV) to 0.2 V at 

increments of 0.05 V every 5 min. Five polarization curves were collected to determine the 

average maximum power density.  

7.2.6 Durability Tests 

The fuel cell anode and cathode were supplied with 0.2 L min
-1

 hydrogen and 0.2 L min
-1

oxygen, respectively. Temperatures of the cathode gas, anode gas, and cell were all maintained at 

30 °C. MEAs were held at a constant current density (typically the current density at a voltage 

slightly lower than the voltage where maximum power density occurs) for at least 100 h. The 

voltage was recorded and normalized with the initial voltage at t = 0 h (Vo) for the duration of 

the durability test. The decay rate was calculated from the slope of the linear regression to the 

data in the first 13 h. 
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7.3 Results and Discussion 

Alkaline fuel cell experiments with E/E electrodes with different ionomer content were 

conducted to evaluate the performance of PTP nanofibers on alkaline fuel cell performance. 

SEM images of the E/E catalyst layers are shown in Figure 7.1a–d, where Figure 7.1a,c 

corresponds to E/E catalyst layers fabricated using 0/1 PTP/(Pt/C) in the electrospraying solution 

and Figure 7.1b,d corresponds to E/E electrodes fabricated using 1/2 PTP/(Pt/C) in the 

electrospraying solution. All E/E catalyst layers show a highly porous network of randomly 

arranged nanofibers and particle aggregates, which promotes facile gas transport to Pt sites for 

reactions to occur. The E/E electrodes fabricated using 1/2 PTP/(Pt/C) in the electrospraying 

solution has polymer beads, shown in Figure 7.1d, which suggests that the PTP and Pt/C catalyst 

are not well mixed in the solution and results in electrospraying of PTP beads and Pt/C catalyst 

particles.  
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Figure 7.1 SEM images of E/E electrodes (a,c) 0/1 PTP/(Pt/C) and (b,d) 1/2 PTP/(Pt/C) in the 

electrospray. (a,b) X 5000 magnification, scale bar = 10 µm; (c,d) X 30000 magnification, scale 

bar = 3 μm. 

Figure 7.2 shows the average fiber diameters and particle diameters of the images shown in 

Figure 7.1a–d. The average fiber diameters are 117 ± 83 nm and 121 ± 97 nm for E/E electrodes 

fabricated using 0/1 PTP/(Pt/C) and 1/2 PTP/(Pt/C) in the electrospraying solution, respectively. 

The average particle diameters are 0.84 ± 0.34 µm and 0.91 ± 0.60 µm for for E/E electrodes 

fabricated using 0/1 PTP/(Pt/C) and 1/2 PTP/(Pt/C) in the electrospraying solution, respectively. 

The average fiber and particle diameters are similar for all E/E experiment, which emphasizes 

the ability of the E/E technique to maintain morphology as mentioned previously in Chapter 2.  
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Figure 7.2 (a) Fiber diameter and (b) particle diameter distributions of E/E electrodes as a 

function of PTP content in the electrospray: 0/1 PTP/(Pt/C) (red) and 1/2 PTP/(Pt/C) (blue). 

Figure 7.3 shows fuel cell performances (polarization and power curves; hydrogen/oxygen at 

ambient pressure at 30 °C) for airbrushed (conventional) electrodes with 0.30 mgPt cm
-2

 and E/E

MEA with 0.10 mgPt cm
-2

. The maximum power density for the airbrushed MEA (38.0 mW cm
-

2
) is slightly higher than that of E/E MEAs (31.7 mW cm

-2
 and 30.1 mW cm

-2
 for E/E electrodes

fabricated using 0/1 PTP/(Pt/C) and 1/2 PTP/(Pt/C) in the electrospraying solution, respectively). 

Interestingly, the maximum power densities are within 10 mW cm
-2

 between the airbrushed and

E/E MEAs, despite three times higher Pt loading for the airbrushed electrodes compared to the 

E/E electrodes. Moreover, the Pt utilization is 68–75% lower for the E/E electrodes (4.2 and 5.4 

mgPt W
-1

 for E/E electrodes fabricated using 0/1 PTP/(Pt/C) and 1/2 PTP/(Pt/C) in the

electrospraying solution, respectively) compared to that for the airbrushed electrodes (16.8 mgPt 

W
-1

). These results suggest that E/E electrodes can produce similar power densities to airbrushed

electrodes with lower overall Pt loading.  
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Figure 7.3 Fuel cell polarization curves (dashed) and power density curves (solid) of airbrushed 

electrodes (red), E/E electrodes with 0/1 PTP/(Pt/C) in the electrospray (blue), and E/E 

electrodes with 1/2 PTP/(Pt/C) in the electrospray (green). Fuel cell operating conditions: 1/1 

mol/mol H2/O2 at 30 °C, 100% RH, and ambient pressure. 

The airbrushed (control) MEA was able to maintain a constant current density (50.0 mA cm
-2

)

for 80.0 h, as shown in Figure 7.3a, before it decreased to 27% of the initial current density (36.4 

mA cm
-2

). However, the E/E MEA with E/E electrodes fabricated using 0/1 PTP/(Pt/C) was only

able to maintain a constant current density (50.0 mA cm
-2

) for 13.5 h and then dropped to 41% of

the initial current density (20.6 mA cm
-2

) as shown in Figure 7.3a. Moreover, the E/E MEA with

E/E electrodes fabricated using 1/2 PTP/(Pt/C) was not able to maintain a constant current 

density of 50 mA cm
-2

 and held an initial current density of 40.5 mA cm
-2

 for 66.9 h and then

continually decreased until it dropped to 35% of the initial current density (26.5 mA cm
-2

). The

short-term voltage decay rate (t = 0–13 h) is similar between the airbrushed MEA (3.9 mV h
-1

)

and E/E MEAs (3.7 mV h
-1

).
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Figure 7.4 (a) Normalized voltage and (b) iR resistance versus time of airbrushed electrodes 

(red), E/E electrodes with 0/1 PTP/(Pt/C)  in the electrospray (blue), and E/E electrodes with 1/2 

PTP/(Pt/C) in the electrospray (green). Voltage is normalized by the initial voltage at t = 0 h. 

Fuel cell operating conditions: 1/1 mol/mol H2/O2 at 30 °C, 100% RH, and ambient pressure. 

These results show lower life-time stability for the E/E MEA compared to the airbrushed 

(conventional) MEA. One possible reason may be due to the low Pt loading in the E/E MEAs. 

Gazdzicki et al.
190

 demonstrated that for PEMFCs with electrode Pt loadings < 0.2 mgPt cm
-2

suffered a dramatic decrease in durability at current densities > 0.4 A cm
-2

, suggesting that low

Pt loading electrodes are more susceptible to irreversible degradation losses. Therefore, 

durability losses seen in E/E MEAs may be attributed to the low Pt loading in the electrodes. 

Table 7.1 summarizes these results: maximum power density, average electrode Pt loading, Pt 

utilization, and decay rate. 
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Table 7.1 Pt loading, maximum power density, Pt utilization, and decay rate for airbrushed and 

E/E electrodes. 

Technique Pt loading 

( mgPt cm
-2

)

Max power density
c

(mW cm
-2

)

Pt utilization
d

(mgPt
 
W

-1
)

Decay rate
e

(mV h
-1

)

Airbrush 0.33 ± 0.02 40.0 ± 1.3 16.8 3.9 

E/E
a

0.07 ± 0.02 32.5 ± 0.6 4.2 3.7 

E/E
b

0.08 ± 0.03 31.6 ± 1.0 5.4 3.7 
a
0/1 PTP/(Pt/C) in electrospraying solution. 

b
1/2 PTP/(Pt/C) in electrospraying solution. 

c
Measured at 1/1 mol/mol H2/O2 30 °C, ambient pressure. 

d
Calculated using the total Pt loading in the MEA. 

e
Calculated using initial voltage (t = 0 h) and final voltage (t = 13 h). 

Interestingly, the initial iR resistance (t = 0 h) is 67–75% lower for the E/E MEAs (117 and 88 

mΩ cm
2
 for E/E electrodes fabricated using 0/1 PTP/(Pt/C) and 1/2 PTP/(Pt/C) in the

electrospraying solution, respectively) compared to the airbrushed MEA (351 mΩ cm
2
), despite a

higher maximum power density for the airbrushed MEA. The iR resistance is generally attributed 

to the electrolyte membrane resistance, but may have some contributions from electrolyte 

resistance in the electrode.
44

 Therefore, a lower iR resistance could suggest a better electrolyte

ion transport at the membrane-electrode interface that allows for similar power densities between 

airbrushed MEA and the E/E MEAs, despite a higher Pt loading for the airbrushed 

(conventional) MEA. Thus, these results suggest that the nanofiber-nanoparticle catalyst layer 

network may improve the membrane-electrode interface, leading to similar power densities at a 

lower Pt loading.  

7.4 Conclusions 

E/E electrodes were fabricated and utilized in the AFC using PTP nanofibers and Pt/C catalyst 

particles. E/E MEAs demonstrated similar power densities compared to an airbrushed 
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(conventional) MEA at almost one-third of the Pt loading, which revealed higher Pt utilization 

for the E/E MEAs. In addition, the initial decay rate (within the first 13 h) was similar for the 

airbrushed and E/E MEAs, suggesting that the E/E electrodes are durable in the beginning. 

However, E/E MEAs were not able to hold the same current density (50 mA cm
-2

) for the same

amount of time as the airbrushed MEA, which may be due to the low Pt loading in the E/E 

electrodes. Moreover, the iR resistance is overall lower for the E/E MEAs throughout the entire 

duration of the durability test, despite a lower performance, which warrants deeper investigation 

into the interface between E/E catalyst layers and PTP membranes. Future work on improving 

the E/E electrodes with PTP nanofibers and Pt/C catalyst particles and understanding the effect 

of the nanofiber-nanoparticle network on AFC performance will elucidate the primary transport 

(ion and mass transfer) mechanisms in AFC electrodes. 
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CHAPTER VIII 

CONCLUSIONS AND FUTURE OUTLOOK 

8.1 Summary 

Investigating and understanding transport resistances within fuel cells is important in 

developing low-cost next-generation hydrogen fuel cells. In this work, transport resistances in 

fuel cells using nanofiber-nanoparticle electrodes were investigated and new polymer materials 

with promising conductivity (e.g., ion transport) were applied in PEMFCs and AFCs. 

E/E electrodes as a function of Nafion content in the electrospraying were developed to 

investigate the effect of Nafion content on catalyst particle aggregates. This study allowed for the 

sole investigation of the effect of Nafion surrounding catalyst particle aggregates, while 

maintaining morphology (difficult to achieve using conventional fabrication techniques). E/E 

MEAs can produce similar power density at a lower Pt loading compared to conventional MEAs 

due to the unique nanofiber-nanoparticle structures. An optimum total Nafion content of 62 wt% 

in the E/E electrodes, which differs from the optimum 30 wt% in conventional electrodes, 

produced the highest power density, suggesting that there is a balance between ion transfer 

(proton transport) and mass transfer (oxygen gas transport) within the catalyst particle aggregates 

to achieve the highest maximum power density.  

To advance the development of low-cost fuel cells, a needleless electrospinning technique was 

developed in this study (in order to increase the production rate of E/E electrodes). Fiber mats 

with different Nafion content using needle electrospinning and needleless electrospinning 

techniques were compared. Overall, needleless electrospun fibers also had higher Young’s 

modulus and proton conductivity compared to needle electrospun fibers. Moreover, needleless 
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electrospinning can produce nanofibers at an order of magnitude higher than needle 

electrospinning, suggesting that needleless electrospinning can be used for commercial purposes. 

Preliminary testing of these needleless electrospun nanofibers as fuel cell electrodes 

demonstrated that needleless electrospun nanofibers can produce similar power densities as E/E 

electrodes. Thus, needleless electrospun nanofibers can be applied in fuel cells, suggesting that 

needleless electrospinning, combined with a high catalyst particle deposition rate technique, 

could be developed into a novel process for high production rate of nanofiber-nanoparticle 

electrodes. 

To lower fuel cell costs even further, NEXAR (a commercial sulfonated pentablock 

terpolymer) with different ion exchange capacities (1.0, 1.5, and 2.0) was investigated and tested 

as membranes and ionomers in this study. These NEXAR materials demonstrated higher 

conductivities than the commercial perfluorinated membrane (Nafion) at all temperatures 

studied, suggesting promising application in PEMFCs. NEXAR-1.0 proved to be the most 

durable as evidenced by fuel cell performance tests and post mortem images. Analysis of the 

electrochemical impedance spectra revealed that there was a two-fold increase in membrane 

resistance for the NEXAR-1.0 MEA compared to the Nafion MEA, despite higher ex situ 

conductivity results. Thus, NEXAR materials demonstrate potential as membranes and ionomers 

in PEMFC; however, further improvements in the MEA are needed. 

The unsulfonated version of the pentablock terpolymer (PTP) was used as a precursor for a 

brominated PTP that was functionalized with methylpyrrolidinium cations for the AFC. The PTP 

with methylpyrrolidinium cations was used as the anion exchange membrane (AEM) and 

ionomer for AFCs. In comparison with commercial AEMs (Fumapem), the PTP demonstrated 

better stability and performance, suggesting that PTP can be applied in AFCs. Studies in 
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optimizing the solids and solvent compositions in the electrodes further improved the 

performance of PTP MEAs. The PTP MEA demonstrated a durability of 100 h, which suggests 

promising application of PTP in long-term durable AFCs. E/E electrodes were also fabricated, 

characterized, and applied in AFCs using PTP nanofibers. Preliminary testing of E/E electrodes 

in AFCs reveals lower iR resistance, suggesting that the nanofiber-nanoparticle network lowers 

electrolyte membrane-electrode resistance. These results suggest that PTP can be used as 

membranes, ionomers, and nanofibers for AFCs. 

8.2 Future Directions 

The work presented in this dissertation can be expanded into multiple directions to further 

progress the commercialization of low-cost hydrogen fuel cells. A novel needleless 

electrospinning/ultrasonic spraying apparatus is proposed to develop low-cost fuel cell electrodes 

at a high production rate. Further exploration using the E/E technique to study nanofiber-

nanoparticle electrodes focus on the nanofiber properties and ultra-thin catalyst layers.  To 

improve future block copolymers for AFC applications, a better understanding of the membrane-

electrode interfaces would be of interest, as well as alternative polymer compositions based on 

the results from the PTP studies. 

8.2.1 High Production Rate of Nanofiber-Nanoparticle Electrodes 

For the development of a low-cost PEMFC, the development of a needleless electrospinning 

and ultrasonic spraying apparatus, shown in Figure 8.1, can lead to high production rate of 

nanofiber-nanoparticle electrodes with highly uniform nanofibers and uniformly distributed 

particles, similar to the electrodes shown in Chapter 2, for commercial use. The needleless 
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electrospinning is similar to the one in Chapter 3 and is placed directly below a rotating 

grounded collector. Polymer foam is generated by passing compressed air through a glass fritted 

funnel. The rotating collector is supported by two stands that allow the adjustment of the height 

of the collector from the ground, offering versatile polymer foam-to-collector distances. An 

ultrasonic spraying nozzle is placed directly above the rotating collector, where catalyst ink 

solution is fed into and sonicated using compressed air, to distribute catalyst particles onto the 

collector. The simultaneous operation of needleless electrospinning and ultrasonic spraying 

should generate similar nanofiber-nanoparticle mats as the ones in Chapter 2; however, the 

production rate should theoretically be higher based on the results from Chapter 3. 

Figure 8.1 Schematic of simultaneous needleless electrospinning and ultrasonic spraying. 

Ultrasonic spraying is adapted from ref. [
191

].



138 

8.2.2 Nanofiber Purity, Size, and Durability 

In addition, the results from Chapter 3 introduced the potential to use high-purity Nafion 

nanofibers in fuel cell electrodes using the needleless electrospinning technique. Dong et al.
140

demonstrated that higher purity and thinner Nafion nanofibers can increase the proton 

conductivity by an order of magnitude. Therefore, optimizing Nafion nanofibers (e.g., purity and 

size) could enhance fuel cell performance by improving the proton conductivity in the catalyst 

layers. Several investigators have demonstrated electrospinning of Nafion nanofibers with 

different carrier polymers (e.g., poly(ethylene oxide), poly(acrylic acid), poly(vinylidene 

fluoride)). However, the effect of the carrier polymer on the properties of the Nafion nanofibers 

has yet to be determined. It would be of interest to do a systematic study of the effect of carrier 

polymer on Nafion nanofiber properties (e.g., proton conductivity, Young’s modulus, 

elongation-at-break, nanofiber morphology) and their performance in fuel cells (e.g., power 

density, catalyst layer resistance) to determine if a specific carrier polymer has benefits due to its 

molecular structure (i.e., synergistic effect between Nafion and carrier polymer). Moreover, the 

durability of these nanofiber-nanoparticle electrodes have yet to be determined; therefore, 

dynamic fuel cell tests (i.e., cycling between different voltages) for long periods of time (e.g., 

>10,000 h) will demonstrate the life cycle of these nanofiber-nanoparticle electrodes under

practical environments (e.g., daily fuel cell vehicle operation). The results from this study could 

further emphasize the promise and use of nanofiber-nanoparticle electrodes in commercial fuel 

cells. 



139 

8.2.3 Ultra-Thin Catalyst Layers 

Another potential area of interest is in the development of ultra-thin (<1 µm) nanofiber-

nanoparticle catalyst layers using the E/E technique. Multiple studies have developed thin 

catalyst layers (1 – 10 µm) as a potential method to reduce Pt loading and fuel cell resistance 

without significant losses in fuel cell performance.
13, 98, 192-194

  Recently, Zeng et al.
195

developed an ionomer-free ultra-thin catalyst layer using PtCo bimetallic nanotube arrays with 

comparable power densities to and better durability than a commercial catalyst-coated membrane 

at half the Pt loading, suggesting that for nanostructured ultra-thin catalyst layers, water serves as 

a proton conductor. These results suggest that ultra-thin (<1 µm) catalyst layers could open new 

opportunities to study transport mechanisms on a nanoscale level. Using the E/E technique, ultra-

thin catalyst layers could be developed using thinner nanofibers and shorter deposition times. 

The dispersion of the catalyst particles as well as nanofiber/particle ratio would be of interest to 

further explore the impact of the morphology of E/E electrodes on fuel cell performance. Cross-

section of the electrodes by freeze-fracturing the electrode in liquid nitrogen, then quickly cutting 

the electrode with a sharp blade will allow for analysis of the thickness of the E/E catalyst layers 

via SEM. The results of this study can provide insight into developing super-low Pt loadings 

(<0.01 mg Pt cm
-2

).

8.2.4 Membrane Gas Crossover 

Further exploration of the PTP as a membrane in PEMFCs and AFCs includes an in-depth 

study on the effect of membrane thickness on membrane resistances (e.g., gas crossover), 

analogous to the study conducted by Jiang et al.
45

 Testing different membrane thicknesses can

identify the minimum thickness for PTP membranes before gas crossover significantly affects 
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fuel cell power performance. To further investigate the interface between the membrane and 

electrode, SEM of the MEA cross-sections can provide visual information on the physical 

bonding between the electrode and membrane before and after fuel cell operation. MEA cross-

sections can be obtained by freeze-fracturing the MEA in liquid nitrogen for several hours, then 

quickly cutting the MEA with a sharp blade or by embedding the MEA in an epoxy resin and 

cryo-microtoming to create several thin sections. The results from this study will give insight in 

the gas permeability of PTP membranes for PEMFCs and AFCs. 

8.2.5 Anion Exchange Ionomer-Catalyst Interactions 

Studies in AFCs are continuing to grow and with few studies in understanding the ionomer-

catalyst interactions in AFC electrodes, the results presented in this dissertation is a starting point 

to understand the role of the ionomer and catalyst in AFC electrodes using PTP. Omasta et al.
196

employed carbon monoxide stripping to measure the electrochemical surface area of AFC 

electrodes. Therefore, cyclic voltammetry tests using carbon monoxide can reveal information 

about the triple phase boundaries by quantifying the electrochemical surface area. Moreover, 

detailed analysis of the Tafel slopes from linear sweep voltammetry experiments may reveal 

information about the effect of the ionomer on the kinetics of the hydrogen oxidation or oxygen 

reduction reactions. In addition, investigating different ionomer/catalyst ratios and different 

catalysts in with these electrochemical techniques can provide insight towards an optimal 

ionomer/catalyst combination. The results from this study will determine the affinity of the PTP 

ionomer with different catalysts and give insight into how the PTP ionomer interacts with 

different catalysts. 
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8.2.6 Degradation Mechanisms 

Investigating the degradation mechanisms of these new PTP materials under alkaline fuel cell 

operation is also of interest. Rotating disk electrode (three-electrode) experiments can provide 

further insight in the compatibility of these new PTP materials as an ionomer with different 

catalysts in highly basic environments. Multiple linear sweep voltammetry tests at different time 

points for an extended period of time (e.g., 500 h) in solutions of different basicity levels may 

also determine the durability of the PTP as an ionomer. Identifying new electrochemical 

reduction/oxidation peaks in cyclic voltammetry tests and correlating them with specific 

electrochemical reactions can give insight into possible degradation mechanisms. These ex situ 

experiments will provide guidance and support in developing cyclic voltammetry experiments 

for AFCs to understand degradation mechanisms occurring within the fuel cell. Mass 

spectroscopy of the fuel cell effluent may also provide information in regards to the chemical 

byproducts from degradation. The results from this study will provide information on possible 

degradation mechanisms using PTP as an ionomer and membrane in AFC applications. 

8.2.7 Alternative Polymer Compositions 

New polymer backbone and cation combinations are another area of exploration to develop 

high-performing long-lasting membranes for AFC operation. In addition, different compositions 

of the blocks of the PTP presented in this dissertation could lead to better AFC performance. 

Reducing the amount of rubber content (i.e., ethylene-propylene block) could improve 

performance at higher temperatures; however, the membrane will become more brittle. Water 

may act as a plasticizer while casting the polymer solution under humidified solution and prevent 

cracks in the film. Moreover, embedding the lower rubber content PTP into a porous material, 
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such as a nanofiber mat, may provide mechanical support. Therefore, casting the polymer 

solution on top of a porous support material under humidified conditions may result in a 

reinforced membrane that can be used in AFC applications. Other modifications to the PTP 

include covalently attaching multiple cation side groups. Recently, several investigators have 

developed polymer materials with multiple cation side groups as a way to increase the IEC i.e., 

(increase ion conductivity) without increasing the degree of functionalization to lessen 

undesirable AEM properties (e.g., higher swelling ratio), typically associate with high IEC.
197-200

Therefore, attaching multiple cation side groups in PTPs may improve the mechanical properties 

and develop well-segregated phases in the morphology (i.e., better ionic networks) due to a 

higher density of ion groups in one block. The results from this study will guide future 

modifications of PTPs as membranes and ionomers in AFC applications. 
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