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Extended Abstract

Proton exchange membrane (PEM) fuel cells are one of the most promising clean
energy technologies under development. The major advantages include electrical
efficiencies of up to 60 %, high energy densities (relative to batteries), and low emissions.
However, the main obstacles to commercialization of PEM fuel cells are largely related to
the limitations of the proton conducting materials, typically solid polymer electrolytes such
as Nafion. These membranes are expensive, mechanically unfavorable at higher
temperatures, and conduct protons only in the presence of water, which limits the fuel cell
operating temperature to about 80 °C. This in turn, results in low fuel cell performance due
to slow electrode kinetics and virtually no CO tolerance. The potential operation of PEM
fuel cells at high temperature (above 100 °C) can provide many advantages such as
improved kinetics at the surface of electrode, which is especially important in methanol and
CO-containing reformate feeds, and efficient heat rejection and water managements.
Another issue above 100 °C is the reduction of electrochemical surface area of the
electrodes due to shrinkage of electrolyte (Nafion phase) within the catalyst layers.

The present research work is thus focused on the development of nanocomposite proton
exchange membranes (NCPEMs) which are chemically and mechanically more stable at
higher temperatures and electrodes which can result into better fuel cell performance.
These are composite materials with inorganic acidic nanoparticles incorporated within a
host polymer electrolyte membrane such as Nafion. The target operating fuel cell
temperature in this work is above 100 °C with relative humidity around 30 to 40 %. To
achieve these targets, both theoretical and experimental investigations were undertaken to
systematically develop these NCPEMs. Various experimental techniques namely, TEOM
(Tapered Element Oscillating Microbalance), Impedance Spectroscopy, MEA (membrane
electrode assembly) testing, Ion Exchange Capacity, Scanning Electron Microscope
(SEM), Optical Electronic Holography (OEH), Thermal Gravimetric Analysis (TGA), and
Dynamic Mechanical Analysis (DMA) were employed to characterize the NCPEMs. The
application of each of these techniques and its operating principle is explained in this
thesis. A special focus is given to TEOM technique as it accurately measures the amount of

water sorbed in the nanocomposite membrane, a critical parameter for membrane
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development described in Chapters 5 and 6. Another novel technique used in this study is
OEH for measuring mechanical properties of Nafion.

Chapter 1 provides an introduction to fuel cells and polymer electrolyte membranes
along with the motivation for working on higher temperature operation of PEM fuel cells.
In each subsequent chapter, which is each an individually published journal paper, a brief
literature review is provided additionally focused on the theme of research covered in that
chapter. Chapter 1 also discusses other strategies for solving the issues in higher
temperature operation of fuel cells.

The development of Nafion-MO, (M = Zr, Si, Ti) nanocomposite membranes via sol
gel chemistry with the goals to increase the water retention and proton conductivity at
higher temperatures and lower relative humidities (120 °C, 40 % RHs) as well as to
improve the thermo-mechanical properties is described in Chapters 2-4, as guided by a
theoretical framework and characterization by the various experimental techniques.

Chapter 2 describes in detail our systematic approach to develop NCPEMs. Chapter 3
provides the thermodynamic model used to describe sorption in proton-exchange
membranes (PEMs), which can predict the complete isotherm as well as provide a plausible
explanation for the long unresolved phenomenon termed Schroeder’s paradox, namely the
difference between the amounts sorbed from a liquid solvent versus from its saturated
vapor. A comprehensive proton transport model is provided to describe proton diffusion in
Nafion/(ZrO»/SO4>) nanocomposite membranes. The conductivity of the in situ sol-gel
prepared Nafion/(ZrO,/SO,4>) nanocomposite membranes is accurately predicted by the
model as a function of relative humidity (RH) without any fitted parameters. This transport
model developed offers a theoretical framework for understanding the proton transfer in
nanocomposite membranes and is an insightful guide in systematically developing high
proton-conducting nanocomposite.

Experimental investigation of NCPEMs described in Chapters 2 and 4 shows that at 90
°C and 120 °C, all Nafion-MO, sol-gel composites exhibited higher water sorption than the
Nafion membrane. However, at 90 °C and 120 °C and 40 % RH, Nafion-ZrO, sol-gel
nanocomposite exhibited 10 % increase in conductivity over Nafion. This is attributed to an
increase in the acidity of zirconia based sol gel membranes shown by a measured decrease

in its equivalent weight in comparison to other nanocomposite membranes based on Ti and
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Si. In addition, the TGA and DMA analyses showed improvement in degradation and glass
transition temperature for nanocomposite membranes over Nafion.

Chapter 5 and 6 explains the detailed working of the novel TEOM technique and its
application to study the effect of equivalent weight (960 -1200), temperature (30- 90 °C),
various cationic forms (H", Li", Na", K™ and Cs"), sorbates (water, methanol, ethanol, and
propanol), and inorganic additives on the sorption behavior of Nafion membrane. This
study was performed to understand the fundamentals of solvent sorption as a function of
membrane properties. The results provide insights into the swelling behavior of ion-
exchange membranes, and, thus, are useful in evaluating and designing alternate proton-
exchange membranes for fuel cell applications. Similarly, optoelectronic holography
(OEH) was developed and applied for the first time to determine modulus of elasticity of
membranes as a function of RH and temperature (Chapter 7). These two novel
experimental characterization techniques developed in this study provide the foundation for
developing higher temperature fuel cell membranes and electrodes, since they provide
understanding of the effect of the rendered modifications on its thermomechanical
properties.

Finally, commercially available high temperature PBI (polybenzimidazole)-H3;PO4
(phosphoric acid) gel membrane fuel cell was investigated in the temperature range of 160-
180 °C (Chapter 8). This system exhibited very good and stable performance in this
temperature range. A complete electrochemical characterization using impedance
spectroscopy and steady state performance was done to evaluate this technology.

Chapter 9 provides conclusions along with some recommended potential research
directions based on this study. Detailed experimental procedures for synthesizing and
characterizing sol-gel NCPEMs is provided in Appendices A and B. Appendix C provides
a listing of publications and conference presentations resulting from this doctoral research

work.

1A%



Acknowledgements

I would like to thank my advisor, Professor Ravindra Datta, for his guidance and
support during the course of my doctoral work at Worcester Polytechnic Institute. It has
been my life-time opportunity to pursue my career under his leadership and vision. I am
highly impressed by his knowledge and approach to solve problems, his penchant for
reading and learning, and his persistence as a research scholar. He has immense patience
both in teaching and while solving any problem in research. I also had tremendous
personal and professional growth under his leadership. I especially enjoyed the maximum
independence 1 got during my research which gave me the opportunity to become an
independent thinker. I would like to thank my research committee members Professor
Kazantzis and Professor McDonald for their continuous support and encouragement which
improved my thesis substantially.

I would like to thank the faculty and administrative staff of Chemical Engineering
Department at WPI for their support and help during last five years. I also want to thank
Giacomo Ferraro and Douglas White in Mechanical lab to troubleshoot various technical
problems while designing fuel cell test station.

I would also like to thank all of my friends and colleagues at WPI for their kind
help and all the fun I had.

I want to thank my parents for their support throughout my life. My life is indebted
to them for their support and efforts for providing me with the best possible life and
education. I dedicate all of my success to them. I also want to thank my brothers Navneet
and Avinash and my wife Pooja for their love, support and encouragement.

Finally, I would like to thank WPI for giving me the opportunity to pursue Ph.D. in
Chemical Engineering Department and the world class education facilities which helped
me in accomplishing my professional goals. Many thanks to W.L. Gore and Plug Power for

partial support of research.



Table of Contents

Extensive Abstract

Acknowledgement

List of Figures

List of Tables
List of Symbols
Chapter 1 Higher temperature operation of Proton Exchange Membrane
(PEM) fuel cells: Motivation and Literature Review
1.1 Fuel Cell Background
1.2 Introduction to Fuel Cells
1.3 Proton Exchange Membrane (PEM) Fuel Cell
1.4  Proton Exchange Membranes
1.5  Electrodes
1.6  Gas Diffusion Layer
1.7  Membrane Electrode Assembly (MEA)
1.8  Flow Field/Collector Plate
1.9  Motivation for Higher Temperature Operation
1.10 Design Goals for PEMs
1.11 Possible Approaches for Developing PEMs
1.12  Alternate PEMs
1.13  Research Direction
1.14 References
Chapter 2 Systematic Approach to Design Higher Temperature
Nanocomposite Proton Exchange Membranes (NCPEMs)
2.1  Introduction
2.2 Literature Review
2.3 Systematic Design of NanoComposite PEMs
2.4  Experimental
2.5 NanoComposite Membrane Characterization
2.6  Results and Discussion
2.7  Conclusions
2.8  References
Chapter 3 Thermodynamics of Water Sorption and Proton Transport in

the Understanding and Design of Nanocomposite PEMs

3.1 Introduction
3.2 Sorption in Nafion

VI

P—

IX
XV
XVI

10
20
20
23
25
26
28
30
31
35
41

50
51
57
63
65
69
83
86

90
92



Chapter 4

Chapter 5

Chapter 6

Chapter 7

3.3 Theoretical PEM Design for Improved Sorption
3.4  Experiments

3.5 Transport of Protons

3.6  Diffusion of Protons in NCPEMs

3.7  Theoretical Predictions

3.8  Conclusions

3.9 References

Synthesis and Characterization of Nafion - MO, (M = Zr, Si,
Ti) Nanocomposite Membranes for Higher Temperature PEM
Fuel Cells

4.1 Introduction

4.2  Experimental

4.3  Results and Discussion
4.4  Conclusions

4.5 References

TEOM: A Novel Technique for Investigating Sorption in
Proton-Exchange Membranes

5.1 Introduction

5.2 Description of TEOM
5.3  Experimental

5.4  Results and Discussion
5.5 Conclusions

5.6 References

The effect of Equivalent Weight, Temperature, Cationic Forms,
Sorbates, and Nanoinorganic Additives on the Sorption
Behavior of Nafion

6.1 Introduction

6.2  Experimental

6.3  Results and Discussion
6.4  Conclusions

6.5 References

Optomechanical Characterization of Proton Exchange
Membrane Fuel Cells

7.1 Introduction

7.2 Water Sorption Model

7.3 Chemical Equilibrium

7.4  Uncertainty Analysis of Sorption Model

7.5 Optoelectronic Holography

VII

95
96
97
102
106
120
121

123
126
130
142
146

148
150
152
157
165
169

173
176
182
195
197

202
204
209
210
212



Chapter 8

Chapter 9

Appendix A

Appendix B

Appendix C

7.6
7.7
7.8
7.9

High Temperature Phosphoric Acid-PBI Gel Membrane Fuel
Cells: Performance Analysis and Impedance Signatures

8.1
8.2
8.3
8.4
8.5

OEH Microscope Set up
Determination of Young’s Modulus
Experimental Results

Conclusions and Future Work

Introduction
Experimental

Results and Discussion
Conclusions
References

Conclusions and Recommendations for Future Work

9.1
9.2
9.3
94
9.5
9.6

Conclusions

Future Recommendations
Strategies for Alternate PEMs
Strategies for Modifying Nafion
Membrane Stability and Longevity
References

Methods of Preparation of Nafion and NCPEMs

Experimental Procedures

Listings of Journal Publications and Conference Meetings

VIII

212
215
215
217

224
226
231
246
250

252
255
255
258
260
262

263

268

273



Figure
1.1(a)
1.1(b)
1.1(c)

1.2
1.3

1.4

1.5
1.6

1.7
1.8(a)
1.8(b)
1.9
1.10(a)
1.10(b)
111
2.1

2.2

23

List of Figures

Page
A schematic representation of PEM fuel cell for hydrogen. 6
Fuel cells view as a series of resistances. 8
Current density (A/cm2) versus voltage (V) plot for a 5 cm? fuel cell 9
operated at 80 °C with a Hy/O, (30/30 psig) feed; humidifier temperatures
of 95 and 90 °C for anode and cathode, respectively; E-TEK double-sided
electrodes with platinum catalyst (On Vulcan XC-72) loading = 0.4mg
Pt/cm” and Nafion loading = 0.7 mg/cm?, and with a Nafion 115
membrane.
Structural formula of the Nafion polymer. 11
Models Proposed for the interactions between polymer and water in 14
Nafion Membrane.
Simple structural conceptualization of cross-linked polyelectrolyte and 15
clustered ionomeric system with anionic side chain.
Qualitative Picture of Transport in Nafion. 18
Equilibrium sorption of water on Nafion as a function of water vapor 19
activity
Electrode cross section with carbon black 21
MEA preparation methods. 23
Structure of MEA with backing layers. 24
Bipolar plate materials 25
Desired membrane conductivity for commercialization. 29
Desired membrane cost for commercialization. 29
Classification of membrane materials. 32

Schematic of structure of (a) Proton-Exchange Membranes (PEMs) and (b) 54
Polymer-Acid Complexes (PACs).

A “dusty-fluid model” depiction of a PEM describing proton conductivity 60
through the Nafion polymer matrix and the superacidic dopant. The

framework treats the Nafion matrix as large dust particles through which

the current carrying ions must traverse.

The solvent loading vs. activity of water vapor for Nafion (EW=1100) 61
membrane (triangle: ref. 20, square: ref. 21, circle: ref. 44, and star: this

IX



24

2.5

2.6

2.7
2.8

2.9

2.10

2.11

2.12

2.13

3.1
3.2

33
34

work).The design objective is to increase the solvent loading of Nafion.
The composite will adsorb more water at fixed RH vs. unmodified Nafion
resulting in higher conductivity at low RH.

SEM images of membranes synthesized by both the in situ and doping
methods. (a) Nafion ZrO, doped membrane. (b) The Nafion ZrO, sol-gel
PEM is homogeneous and transparent demonstrating no phase separation.

The surface area normalized water uptake of the powder at 120°C vs. RH.
The most promising candidates are the ZrO, and the SO4/ZrO, samples.

The water uptake of composite membranes and Nafion 112 at 120 °C vs.
RH. The Nafion ZrO; sol-gel PEM demonstrates the highest water
uptake.

XRD pattern for composite membranes and Nafion.

The conductivity of the PEMs at 10 % RH and 40 % RH at 90 °C. The
Nafion ZrO, sol-gel PEM shows the highest conductivity of the samples.

The conductivity of the PEMs at 10 % and 40 % RH at 120 °C. The Nafion
71O, sol-gel PEM shows the highest conductivity of the samples.

The conductivity of loaded composites PEMs at 90 °C vs. RH. The
optimum conductivity is observed with the 10 wt % PEM.

The conductivity of loaded composite PEMs at 120 °C. The optimum
conductivity is observed with the 10 wt % PEM.

The cell performance of Nafion 112 MEA with conditions as noted on
Figure. Operated with 1.5 atm Air /H,, humidifiers set at 80°C. The
exception was when the cell was at 130 °C, 3 atm. O, and the humidifiers
setat 130 °C.

The cell performance of Nafion 112 MEA vs. Nafion ZrO, sol-gel
composite MEA. Air and H, at 2.0 and 1.3 times stoichiometry flows
respectively, P = 1.0 atm., Tyyvupmr gr= 80°Cs Topp = 110 °C.

Schematic of sorption in pore of Nafion.

Schematics of sorption in pore of Nafion (a) bound free water molecules,
and (b) vapor-liquid interface within a pore.

The solvent loading vs. activity of water vapor for Nafion (EW=1100).

The predicted solvent loading with the changes of the dissociation
constant.

62

72

73

74
75

76

77

79

80

81

111
112

113
114



3.5
3.6

3.7
3.8

3.9
4.1

4.2

4.3

44

4.5

4.6
4.7

4.8

4.9

5.1

5.2
53

The predicted solvent loading with the changes of Young’s modulus.

A simplified picture of structure and proton transfer in Nafion in fully
hydrated state (a) and electrical analog of the proton transport in Nafion

(b).

Proton conductivity of Nafion at 25° C and 90 °C.

Proton conductivity of Nafion-ZrO, (3 %) sol gel nanocomposite
membrane at 25 °C and 90 °C.

Structure of Sulphated ZrO,.

Water uptake vs. activity of water vapor for Nanocomposite Nafion/ MO,

and Nafion membrane at 90 °C.

Water uptake vs. activity of water vapor for Nanocomposite Nafion/ MO,
and Nafion membrane at 120 °C.

Conductivity vs. activity of water vapor for Nanocomposite Nafion/ MO,
and Nafion membrane at 90 °C.

Conductivity vs. activity of water vapor for Nanocomposite Nafion/ MO,
and Nafion membrane at 120 °C.

TGA data for Nanocomposite Nafion/ MO, and Nafion membranes.

DMA data for Nanocomposite Nafion/ MO, and Nafion membranes.

The cell performance of Nafion 112 MEA vs. Nafion -MO, sol-gel
composite MEA. Oxygen and H, at 2.0 and 1.3 times stoichiometry flows
respectively, P = 1.0 atm., Tvupmrr er= 80 * Cs Togrp = 80 °C.

The cell performance of Nafion 112 MEA vs. Nafion -MO, sol-gel
composite MEA. Oxygen and H, at 2.0 and 1.3 times stoichiometry flows
respectively, P = 1.0 atm., Tvupm pr= 80 °Cs Tepp = 110 °C.

The cell performance of Nafion 112 MEA vs. Nafion -ZrO, sol-gel
composite MEA. Oxygen and H, at 2.0 and 1.3 times stoichiometry flows
respectively, P = 1.0 atm., Tyyvupmr pr= 80-90° C, Tegr . = 135 °C.

Simplified flow diagram of the TEOM test bed and optics. The flow of
inlet gas is shown by large arrows.

Experimental setup for sorption-desorption isotherms.

Real-time mass change data obtained from TEOM. The plateau represents
equilibrium for given vapor activity conditions.

XI

115
116

117
118

119
132

133

137

138

139

140
143

144

145

154

155
158



54

5.5

5.6

5.7

5.8

59

5.10

6.1
6.2

6.3

6.4

6.5

6.6

6.7

6.8

Water uptake vs. activity of water vapor for 1100 EW Nafion membrane
at

30 °C (triangle: ref. 10, square: ref. 34, diamond: ref. 30, circle: ref. 13 and
dark circle: this work).

Effect of temperature on water uptake vs. activity of water vapor for
Nafion membrane.

The experimental variation of Young’s modulus vs. activity of water vapor
for Nafion membrane (circle: 30 °C, square: 90 °C).

Water and Methanol uptake vs. activity of solvent vapor for Nafion
membrane at 30 °C (circle: methanol, triangle: water).

Sorption-Desorption characteristic for water and methanol vs. activity of
solvent vapor for Nafion membrane at 30 °C (circle: methanol,
triangle: water).

Effect of pretreatment procedures on water uptake vs. activity of water
vapor for Nafion membrane at 30 °C.

Effect of pretreatment procedures on water uptake vs. activity of water
vapor for Nafion membrane at 90 °C.

Structural details of Nafion membrane.

Effect of EW on water uptake (g/g Nafion) for different water activity
conditions at 30 °C (triangle: EW=960, circle: EW=1100, and square:
EW=1200).

Effect of EW on water uptake (A) for different water activity conditions at
30 °C (triangle: EW=960, circle: EW=1100, and square: EW=1200).

Effect of EW on water uptake for different water activity conditions at 90
°C (triangle: EW=960, circle: EW=1100, and square: EW=1200).

Effect of temperature on water uptake vs. activity of water vapor for
Nafion membrane.
Effect of various cationic forms on water uptake vs. activity of water vapor

for Nafion membrane at 30 °C.

Effect of various cationic forms on methanol uptake vs. activity of
methanol vapor for Nafion membrane at 30 °C.

Effect of various cationic forms on ethanol uptake vs. activity of ethanol

XII

160

161

162

163

166

167

168

178
182

183

184

186

188

189

190



6.9

6.10

7.1

7.2
7.3

7.4
7.5

7.6

7.7

7.8

7.9

8.1(a)
8.1(b)

8.2(a)
8.2(b)

8.3

8.4

vapor for Nafion membrane at 30 °C.

Effect of various cationic forms on propanol uptake vs. activity of
propanol vapor for Nafion membrane at 30 °C.

Water uptake vs. activity of water vapor for Nanocomposite Nafion/ MO,
and Nafion membrane at 90 °C.

Detailed Schematic of hydrogen based proton-exchange membrane fuel
cell.
Schematic of the internal pore contacting with the elastic membrane.

Uncertainty due to various parameters at (a) 30 °C and (b) 90 °C. The
symbol represents % uncertainty for the parameters in Equation. 16
[square: E, triangle: 7, star: a;, circle: A].

OEH setup to determine resonating frequencies of Nafion sample.
Preliminary experimental results for £ of Nafion membrane [circle: 30 °C,
square: 90 °C].

Experimental results for £ of Nafion 117 membrane as a function of
temperature and water activity.

Effect of membrane thickness on £ of Nafion membrane as a function of
water activity at 30 °C.

Experimental results for £ of Nafion 117+ 10 % PTFE membrane as a
function of temperature and water activity.

Experimental results for £ of Nafion 117+ 10 % PTFE vs Nafion- Si0O,
membrane as a function of temperature and water activity.

EIS instrumentation schematic.

Correlation between different parts of a EIS spectrum and limiting
processes.

Polarization curves at different temperatures with air as oxidant.

IR corrected polarization curves at different temperatures using air (160-

180 °C).

Hydrogen pumping in comparison with high frequency intercepts at 160
(o)

C.
Low frequency intercept as a function of current at different temperatures
using oxygen as an oxidant.

XIII

191

196

205

206
213

214
218

219

220

221

222

229
230

233
234

235

236



8.5

8.6
8.7

8.8

8.9

8.10
8.11

8.12

8.13

Effect of fuel inlet dew point temperatures on the performance curves at
160 °C.

Effect of cathode stoichs on the performance curves at 160 °C.

Low frequency intercept as a function of current density at 160 and 180
°C.

Polarization curves at different temperatures with oxygen as oxidant (160-
180 °C) compared with Nafion.

Effect of oxygen concentration on polarization curves at 160 °C and 180
°C.
Oxygen gain measurements at 160 °C and 180 °C.

Cathode potential at two concentrations of oxygen as a function of low
Frequency intercept at 160 °C.

EIS spectrum when fuel stoichs are lowered to close to 100 % utilization at
0.3 Alen’.

EIS spectrum as cell is electrically shorted with 40 milli-ohm resistor.

X1V

237

239
240

241

242

243
247

248

249



1.1
1.2
1.3
1.4
1.5
1.6
1.7
1.8
2.1

2.2

3.1

32

33

3.4
4.1
6.1
9.1

List of Tables

Types of Fuel Cells.

Various cation exchange membranes.

Properties of Nafion membrane.

Various anode catalyst materials.

Hydrocarbon membranes.

Summary of membrane materials.

Summary of nanocomposite polymer membranes.

Conductivity summary of solid acid conductors.

The partial molar volume, experimental and predicted EW of the Nafion 112,

and composite membranes at 25 °C.

The ECSA of a Nafion 112 MEA at different fuel cell temperatures, when the
temperature of the humidifers remains constant at 80 °C.

Parameter values employed in the model for the sorption of water in Nafion.

Parameter values employed in the model for proton conductivity in Nafion at
room temperature.

Data for water sorption in Nafion and Nafion/(ZrO,/ SO42') nanocomposite
membranes.

Parameter values employed in the model at room temperature.

EW of Nanocomposites.

Water hydration number, hydration energies, and radius of cations.

Potential high temperature PEMs.

XV

10
12
22
33
38
39
40
71

107

108

109

110
134
192
256



List of Symbols

a, activity of water vapor, or RH

a;,  activity of water in fluid phase in membrane

C . concentration of protons in the pore bulk, mol/cm’

C®.  concentration of protons participating in the diffusion mechanism « , mol/cm’
C*.  concentration of protons participating in surface diffusion, mol/cm’

CE.  concentration of protons participating in en masse diffusion, mol/cm’

d; distance between the centers of the spheres i and j when collision occurs, nm

d y distance between the centers of hydronium ion and matrix of membrane when
collision occurs, nm

d,., distance between the centers of hydronium ion and water when the collision

occurs, nm

D7,  diffusion coefficient of protons for the diffusion mechanism «, cm’/s
D }E[ diffusion coefficient of protons for the en masse mechanism, cm?/s
D; diffusion coefficient of protons for the Grotthuss diffusion mechanism, cm?/s

D1§+ oy diffusion coefficient of protons for the surface diffusion mechanism, cm?/s

D . . . . . 2
Dy ., diffusion coefficient of protons via acid group, cm*/s

D;‘I{ Stefan-Maxwell diffusion coefficient of protons and polymer matrix, cm®/s
D Z Stefan-Maxwell diffusion coefficient of protons and water, cm’/s

E modulus of elasticity, Mpa
EW  equivalent weight of membrane, e/equiv.
G shear modulus of polymer, MPa
AGS"  effective Gibbs free energy of activation for surface diffusion of PEM, J/K

AG;’:% ., effective Gibbs free energy of activation for surface diffusion of additives, J/K

h Planck constant, 6.626 x 103 J-sec

XVI



Boltzmann constant, 1.38 x 107 J/K
equilibrium constants for proton dissociation in membrane, dimensionless

mean step distance between steps, nm

mean step distance for surface diffusion, nm
mean step distance for Grotthuss diffusion, nm
mean step distance for en masse diffusion, nm
molecular mass of 7, g

molecular mass of j, g
reduced molecular mass of i and j, g

reduced molar mass of hydronium ion and membrane, g

reduced molar mass of water and membrane, g

jump steps starting from proton adjacent to the fixed anion, dimensionless
electrostatic electrons charge, 1.602 x 10™° C

torque on the dipole at an orientation angle 6, J

maximum torque, J

the ratio of partial molar volume of membrane to that of water, dimensionless

the ratio of partial molar volume of membrane to that of water, dimensionless
the ratio of partial molar volume of solid acid to that of water, dimensionless
pore radius, nm

effective radius of fixed anion groups, nm

radius of a component i (i = hydronium ion), nm

radius of a water molecule, nm

- 2.3
specific surface area, m“cm

temperature, K
molar volume of membrane, cm’/mol

molar volume of water, cm’/mol

XVII



V b0

X

w

>

XpEM
s

X4

Z,.

Greek

~

molar volume of hydronium ion, cm’/mol

mole fraction of water in the membrane phase, dimensionless
fraction of acid group from PEM, dimensionless

fraction of acid group from additives, dimensionless

charge number of ion, dimensionless

distance between the proton in hydronium ion and proton accepting water
molecule, nm

concentration dependent Stefan-Maxwell diffusion ratio, dimensionless
porosity of the membrane, dimensionless

permittivity of free space, 8.854 x 107 C*/J/m

relative permittivity of the medium, dimensionless

relative permittivity of the membrane, dimensionless

relative permittivity of the solid acid, dimensionless

rotational friction, J-sec

orientation angle, dimensionless

initial angle between diffusing proton and adjacent water molecule, dimensionless
final angle diffusing proton and an adjacent water molecule, dimensionless
fraction of acid sites with j bound water molecules, dimensionless

dimensionality constant of random-walk, dimensionless

dimensionality constant of en masse diffusion, dimensionless
dimensionality constant of Grotthuss diffusion, dimensionless
dimensionality constant of surface diffusion, dimensionless
the moles of water sorbed per acid site, dimensionless

monolayer coverage being bound, dimensionless

chemical bound water within the pore, dimensionless

XVII



free water within the pore, dimensionless

dipole moment of liquid water, C-m

swelling pressure, MPa

pressure due to stretching of polymer matrix, MPa

pressure exerted by curved vapor-liquid interface, MPa
thermal frequency, 1/sec

equilibrium steps in chemical adsorbed water, dimensionless
proton conductivity in a pore of membrane, S/cm

proton conductivity in the surface of membrane, S/cm

proton conductivity by Grotthuss diffusion in the membrane, S/cm

proton conductivity by en masse diffusion in the membrane, S/cm

the tortuosity factor, dimensionless

characteristic time constant, dimensionless

mean time between successive jump, ps

mean time between successive jumps of en masse diffusion, ps
mean time between successive jumps of Grotthuss diffusion, ps
mean time between successive jumps of surface diffusion, ps
angular velocity, radian/sec

fitted polymer-solvent interaction parameter, dimensionless
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Chapter 1
Higher Temperature Operation of Proton Exchange Membrane

(PEM) Fuel Cells: Motivation and Literature Review

1.1 Fuel Cell Background

Proton exchange membrane (PEM) fuel cells are one of the most promising clean
energy technologies currently under development [1-12]. The major advantages include:
current prototype efficiency of up to 60 %, high energy densities (relative to batteries) and
the ability to operate on clean fuels while emitting no pollutants. Despite these benefits,
penetration of PEM fuel cells technology into the market place is being limited by cost and
reliability issues. An immense worldwide effort to develop both catalyst and membrane
and study long term behavior of fuel cells has so far met moderate success. As a result, it is
widely acknowledged that the goal of large scale fuel cell market penetration in areas
including transport has moved from 2010 to 2015, and that there are still many technical
and market issues to overcome. These challenges include: choosing the appropriate fuel
source and infrastructure, industry regulation, safety and public acceptance.

Research into fuel cells has grown exponentially over the last 15 years [1-12]. In
the case of the polymer fuel cell, the major breakthroughs in technology that have allowed
significant improvement in the overall performance of the PEM fuel cells have been the
modification of Nafion by Du Pont. In fact, Nafion is the benchmark by which all new
materials are compared. A significant number of these modified derivatives of Nafion and
other polymers (e.g. sulfonated polyetherketones or SPEK) are appearing in a wide range
of the latest fuel cell prototypes. The development of PEM fuel cells is largely tracked by
the history of the membranes. Because fuel cells of various types were known prior to PEM
technologies, the catalysts, fuels, and oxidants used in PEM fuel cells were reasonably
well-established materials. The first PEM systems served as the power plants for the
Gemini space missions in the early 1960s. The cells were short-lived because of the
oxidative degradation of the membranes (a copolymer of sulfonated polystyrene and

divinylbenzene). In the late 1960s, DuPont introduced the fluorocarbon, cation exchange



Chapter 1

polymer, Nafion. The history and current development of PEM fuel cells is linked to

advantages and disadvantages of Nafion under different operating conditions.

1.2 Introduction to Fuel Cells

A fuel cell is defined as an electrochemical device in which the chemical energy of a

fuel is converted directly into electrical energy. The fuel is typically an alcohol or a

hydrocarbon or a substance derivable from it, e.g., hydrogen, which can be supplied

continuously. Excluded are fuels such as atomic fuel, i.e., uranium, and metals such as

zinc or sodium, the latter being used in batteries. The term directly implies that the device

has an anode at which the fuel is electrocatalytically oxidized with the production of

electrons and a cathode at which the oxygen is reduced.

The most common types of fuel cells, characterized by the electrolyte are listed in

Table 1.1:
Fuel Cell Type | Proton Direct Alkaline | Phosphoric Molten Solid
Exchange Methanol | (AFC) Acid Carbonate | Oxide
Membrane | (DMFC) (PAFC) (MCFC) (SOFC)
(PEMFC)
Mobile Ion H' H' OH~ H' CO; ™ 0~
Operating 50-100 30-80°C 50 -200 ~220 ~ 650 600 - 1000
Temperature
(9]
Power Density 3.8-2.6 2.5-1.5 0.7-8.1 0.8-1.9 0.1-1.5 1.5-2.6
(kW/m?)
Reforming external external external external external or | external or
internal internal
Electrical 1% 40 - 55 40 - 55 45 - 60 40 — 50 (stack) 50 -60 50-65
Law Efficiency (stack) (stack) 41(system) (system) (stack)
(%) 45 -50
(system)
Start-up Time sec — min sec — min min hours hours hours

Table 1.1 Types of Fuel Cells [1]




Chapter 1 3

In general, fuel cells offer many advantages over conventional energy conversion
devices [3]. One of the major factors that have influenced the development of fuel cells is
the concern from environmental consequence point of view. Less pollution for the
betterment of human life has become a matter of great concern. In this present scenario fuel
cells help to reduce our dependence on fossils fuels and diminishes poisonous and toxic
emissions in to the atmosphere, since fuel cells have more electrical efficiencies compared
to heat engines. The main by-product of PEM fuel cell reaction is water, thus completely
eliminating locally all emissions. As mentioned above, fuel cells have many characteristics
that make them a possible alternative to conventional energy conversion systems [3]:

* Efficiency: Because they convert chemical energy directly into electrical energy, fuel
cell efficiencies are not limited by the Carnot limit. Therefore, they are potentially far more
efficient than internal combustion engines. Efficiencies of present fuel cell plants are in the
range of 50 to 60 %, and hybrid fuel cell/gas reheat turbine cycles have demonstrated
efficiencies greater than 70 %. In addition, the efficiency is nearly independent of the
electric load down to a small fraction of full load. This makes fuel cells very suitable for
applications such as vehicles, where good efficiency is desired even far from peak power
(full load).

» Low emissions: When pure hydrogen is used directly as a fuel, only water is created
and no pollutant is rejected. However, the processing of hydrocarbon fuels into hydrogen
can result in a smaller output of NO,, SO,, CO, and an amount of CO, which is
significantly lower when compared, for example, to classical internal combustion engines,
due to higher overall efficiency.

» Cogeneration capability: The exothermic chemical and electrochemical reactions
produce usable heat.

* Scalability: Fuel cells can be configured to suit a wide range of sizes for applications,
ranging from a few watts to megawatts. Thus, fuel cells are expected to serve as a power
source for portable electronic and computers as well as vehicles and small or large power
plants.

» Fuel flexibility: Fuel cells can be operated using commonly available fuels such as

natural gas, methanol, and various complex hydrocarbons.
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* Reliability and low maintenance: The absence of moving parts reduces the maintenance
requirements and minimizes system down-time.
* Quiet operation: By virtue of absence of moving parts, the operation is quite and there is

no noise pollution.

1.3 Proton Exchange Membrane (PEM) Fuel Cell

Proton exchange membrane (PEM) fuel cell can be divided into hydrogen fuel cell
or direct methanol fuel cell, depending on the fuel used. The hydrogen fuel cell uses H, gas

as a fuel and provides excellent fuel cell performance.

The half cell reactions for the hydrogen PEM fuel cell are as follows:

Anode: H, S 2H + 2¢ AG° = 0.00
Cathode: %oz +2H" +2¢ S H,0 AG® = -237 kJ/mol
Overall: H, + %oz = H,0 AG® = -237 kJ/mol

The Gibbs free energy change of a chemical reaction is very well correlated to the cell

voltage as:

AG =-nFV,

where 7 is the number of electrons involved in the reaction, /" is the Faraday constant, and
V, is the cell voltage for thermodynamic equilibrium in the absence of a current flow i.e.,
open circuit conditions at equilibrium.

Hence, the equilibrium cell voltage ¥, at 25 °C is calculated for hydrogen fuel cell as:

_ —AG

nkF

v, =123V

This equilibrium cell voltage is the difference of the equilibrium electrode potentials of the
cathode and the anode.
The main components of PEM fuel cell are:

1. Electrodes : Anode and Cathode

2. Polymer Electrolyte Membrane (PEM)

3. Gas Diffusion Layer (GDL)
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4. Collector Graphite Plates

A schematic diagram of fuel cell is shown in Figure 1.1(a). At the interface between the
anode catalyst, which is typically Pt based, and the electrolyte, fuels are converted into
protons (H") and electrons (¢). The protons travel through a PEM, which prohibits
electrons, to the cathode side. This is the unique property of PEM that it allows only
protons to diffuse, hence avoid shorting of cell. The electrons (e7) are thus forced to travel
through an external wire and deliver part of their energy to a ‘load’ on their way to the
cathode. At the cathode, the transferred protons and the energy depleted electron combine
with oxygen to produce water. Theoretically, any substance capable of chemical oxidation
that can be supplied continuously can be used as a fuel at the anode of the fuel cell.
Similarly, the oxidant can be any fluid that can be reduced at a sufficient rate. However,
cost, availability, and reactivity are the key issues in their selection. The hydrogen fuel cell
uses Hj gas as the fuel and provides very high fuel cell performance and efficiency for pure
hydrogen, while direct methanol fuel cell uses liquid methanol as a fuel that provides
relatively low performance and efficiency, but precludes the use of a reformer to produce
hydrogen.

Gaseous oxygen or air is the most common choice for the oxidant because it is readily
and economically available. The electrochemical reaction takes place at the surface of the
electrodes that are attached to a carbon paper or carbon cloth, called the gas diffusion layer
(GDL). The carbon is conductive and porous that allows the flow of gases and electrons
through it. The catalyst particles are properly dispersed in ionomeric material which aids in
proton conduction. The membrane in a PEM cell is typically a solid electrolyte called
Nafion, a perfluorosulfonic acid polymer made by Dupont. This membrane allows protons
to travel through but inhibits the electrons from passing through it. The proton transfers
through the membrane by virtue of the electric field created across the membrane. The
typical performance of the fuel cell is shown in the form of current density versus voltage
plots. This provides the steady state performance of given fuel cell system for the purpose

of design, optimization, and development.
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Figure 1.1(a) A schematic representation of PEM fuel cell for hydrogen [13].
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PEMFC Theory
The reaction kinetics on the anode and cathodes are typically described in terms of the
Butler-Volmer equation [13]

z':io[exp(aAFn/RT)—exp(—aCFn/RT)] (1.1)
where i is the exchange current density, «, and «. is the transfer coefficients for the

anodic and cathodic reaction, respectively, and 7 is the overpotential to derive the reaction.

The fuel cell can be viewed as it has a number of resistances as shown in Figure 1.1(b).

Then, based on Ohm’s law, the voltage-current relationship can be written as
V=V,-iR,—iR, —iR. —iR, (1.2)

where specific anode resistance is a combination of diffusion and kinetic resistance.

In the so called “reversible” fuel cell, there are no irreversibilities (losses), and thus the cell

€C
l

voltage V' =V, regardless of current “/” drawn. In reality, however, the available voltage

drops due to the various diffusions, kinetic and ohmic resistances as
V=Vo =l =lnu|=lnc|=|m| (1.3)
where V, is the equilibrium open circuit potential, 7,, 1., 17,, and 7, represent the

overpotential due to anode, membrane, cathode and interfaces, respectively. These

overpotentials can be obtained as

RT . 1| 1,71,
= sinh ™ {—| ————— |+ = + 1.4
174 o F {2 L iy /iA,L Mpa Tk 4 (1.4)

where i, is the current density at anode, i, is the exchange current density at anode, i,
is the limiting current density at anode, 7, , is the overpotential due to the diffusion of
hydrogen at anode, and 7, , is the overpotential due to the kinetics at anode surface.

Similarly, the cathode overpotential is

RT . |1| iclic,
- = sinh" ¢ —| ————— |+ = + 1.5
Te = G F {z{l—ic/icj} o e 4

The above two expressions between current density and potential loss are non-linear,

unlike Ohm’s Law.
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RD,A RK,A RPEM RK, C RD. C

Figure 1.1(b) Fuel cells view as a series of resistances [13].
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For PEM, however, Ohm’s law is applicable

do,
dz

(1.6)

i=—0,

Integrating this over the membrane thickness for constant i provide

My =i(ij (1.7)

O-B
where L, and o are the thickness and the conductivity of PEM. Thus, the current-

voltage relation can be written with i, =i. =1,

i/i i /i L
R B —f[—sj—m, (1)
o, F 211-i /iy, aF 21 1=i /ig, Oy

Figure 1.1(c) shows the prediction of voltage versus current density using Eq. 1.8 for fuel

cell operating at 80 °C in H, / O, saturated environment. The predictions compare very well

with the experiment data [13].

V' (V) 0.6 -

0.2 0.4 0.6 0.8 1 1.2 1.4

i [m'::ml}

Figure 1.1(c) Current density (A/cm?2) versus voltage (V) plot for a 5 cm” fuel cell
operated at 80 °C with a Ho/O, (30/30 psig) feed; humidifier temperatures of
95 and 90 °C for anode and cathode, respectively; E-TEK double-sided
electrodes with platinum catalyst (On Vulcan XC-72) loading = 0.4mg Pt/cm’

and Nafion loading = 0.7 mg/cm?, and with a Nafion 115 membrane.
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1.4 PFSA Proton Exchange Membranes

As early as in 1940s, the research scientists were already involved in developing
organic ion exchange membranes [14-16]. These new ion containing polymers were termed
as ionomers. It was believed that these ionomeric polymers would possess better properties
as compared to conventional polymers like nylon or polyester, as they involved the
interaction between polymer and ions. Typical applications of these ionomers were
visualized as thermoplastics, coatings, fuel cell membranes, ion exchange membranes etc.
One of the most important breakthroughs in the field of ionomers is the development of
fluorocarbon based ionomers. It essentially consists of a linear perfluorinated backbone
with side chains that are terminated with ionic groups. Commercially available ionomer of
this sort are Nafion membrane (DuPont), the Dow membrane (Dow Chemicals, USA),
Flemion (Asahi Glass Co, Japan) and Aciplex-S (Asahi Chemical Industry Company). The
typical thickness of the Nafion membrane for Fuel cell applications is generally between 50

and 175 microns. Table 1.2 summarizes various cation exchange membranes.

Praperties of commercial cation-exchange membranes

Membrane Membrane type IEC (mequiv./g) Thickness imm) Gel water () Conductivity (S/cm) at 30 °C and 100% RH
Asahi Chemical Industry Company Ltd., Chivoda-ku, Tokyo, Japan

K101 Sulfonated polyarylene 1.4 0.24 24 00114
Asahi Glass Company Lid.,, Chiyvoda-ku, Tokyo, Japan

CMVY Sulfonated polyarylene 24 015 25 00051

DAY Sulfonated polyarylene - 015 - 00071

Flemion Perflucrinated - 0.15 - -

lonae Chemical Company, Sybron Corporation, USA

KT 3470 - 1.3 0.6 35 00075

MC 3142 = I.1 ne = 0oll4
lonics Inc., Watertown, MA 02172, LISA

Gl AZLIRG = 23 0ns 46 000s1

Gl AZLIRO - 2 1.2 48 -

GlCLL3RG - 2.7 0.6 40 00067
Du Pont Company, Wilmington, DE 19898, USA

N 117 Perflucrinated 0.9 n2 l& 0.0133

N a0l Perflucrinated 1.1 0.4 5 0.01053
Pall KAl Inc., Hauppauge, NY 11788, USA

R-1010 Perflucrinated 1.2 0.1 20 0.0333

Table 1.2 Various cation exchange membranes [14-16]
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Nafion is widely used for PEM fuel cell applications. This polymer is based on a
polytetrafluoroethylene (PTFE) backbone and has perfluorovinyl ether pendant side chains,
with the sulphonate groups at the end [16]. This type of membrane was found to have
exceptional stability and possesses properties that could be used in many areas. Thus, it has
been extensively used in the chloro-alkali industry as it has good ion selectivity, chemical
resistance and ionic conductivity. As far back as 1966, the General Electric Company used
Nafion membranes in proton exchange fuel cells. At that time, the fuel cell was used to
supply power in space projects by NASA. Although the PEMFC was environmentally
friendly it was not considered as a technology reaching the common man. More recently,
however, the need for cleaner and pollution free power sources has drawn tremendous
attention to the fuel cells.

It is evident from a literature review that Nafion is the leading candidate for PEM fuel
cell, though other membranes mentioned have been investigated. In addition to fuel cell
applications, Nafion has been widely used in metal ion recovery, as a super acid catalyst in

organic reactions and different electrochemical devices.

[CF,-CF- (CF»-CF») i] »

(l- (CF,-CF-0) - CF,-CF,-SO;H

cF,

Figure 1.2 Structural formula of the Nafion polymer

The chemical structure of Nafion is shown in the Figure 1.2 and its properties are provided
in Table 1.3. Generally for the Nafion 117 membrane n =1, k= 6.5 and 100<m<1000. The
numeral 117 attached to the Nafion stands for 1100 g equivalent weight of polymer per
equivalent of sulphonate group and a thickness of 0.007 inches. There are other Nafion
membranes with different equivalent weights and different thickness designed for other

applications (Table 1.3).
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Property Typical Value
Water Uptake, % water * 35
Tensile Modulus, Mpa
50% RH, 23°C 249
water soaked, 100°C 64
Tensile Strength, max, Mpa
50% RH, 23°C 43P, 32¢
water soaked, 100°C 25° 24°
Density, g/cm’ 2.0
Conductivity, S/cm (80°C)* 0.10

a = Water uptake from dry membrane soaked in water at 100°C for 1 hour.

b = Measured in machine direction

¢ = Measured in transverse direction

Membrane Typical Thickness(um) Basis Weight
Type (At 23 °C, 50% Relative Humidity ) (g/m’)
NE-112 51 100
NE-1135 89 190
N-115 127 250
N-117 183 360

Table 1.3 Properties of Nafion Membranes [14-16]
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An important thing to understand about Nafion is the interaction between the ionic
groups and the polymer backbone. From the various studies made, the following models
have been proposed:

1) Gierke’s et al Cluster — Network Model

Model was described by Gierke et al. who proposed that Nafion has a microstructure
which consisting of a cluster network where the polymer ions and the absorbed water exist
in spherical domains [17]. They are separated from the PTFE matrix. The three
dimensional structure is composed of 10 °A wide channels that interconnect spherical
clusters creating a matrix of inverted micelles. The size of the spherical domains grows in
size from 25 °A to 40 °A, as the water absorbed increases. Figure 1.3(a).

2) Yeager and Steck’s Model

The model proposed by Yeager and Sheck and it basically depicts three different
regions within the polymer membrane [18]. These regions determine the transport
properties in the membrane. The regions are: fluorocarbon phase, interfacial region and
ionic clusters. Figure 1.3(b) shows the model pictorially.

The FC is the region consisting of the polymer backbone, i.e. for Nafion the PTFE
backbone. The IF region is where there is a combination of side chains, water and
sulphonate groups. The IC region is where most of the water absorbed remains.

3) Yeo and Eisenberg’s Model

Eisenberg developed a theory of ionomer structure which explains the formation of
ionic clusters in organic polymer [19]. Nafion is an example of clustered polyelectrolyte.
Figure 1.4 shows the formation of such a polyelectrolyte. The existence of ionic clustering
in perfluorinated sulphonate ionomer was reported by Yeo and Eisenberg in 1975 and
many experimental evidence such as spectroscopic data, swelling behavior and transport
properties support its existence.

4) Mauritz et al. Model

In 1978 Mauritz, Hopfinger and Hora suggested structural organization of Nafion
membrane under different physiochemical conditions [20]. It considers the balance
between the elastic deformation of polymer matrix and various molecular interactions that

exist in the polymer.
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Figure 1.3 Models Proposed for the interactions between polymer and water in Nafion

membrane [17-18].
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“simple” polymer

©

polyelectrolyte

Clustered
Polyelectrolyte i.e., Nafion

Cross-linked
polyelectrolyte

Figure 1.4 Simple structural conceptualization of cross-linked polyelectrolyte and
clustered ionomeric system with anionic side chain [19].
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Nafion membranes are produced by forming the sulfonyl fluoride polymer into
sheets and then hydrolyzing to the sulfonate [2]. Once the sulfonate is formed, the
membranes swell in various organic solvents, but the material is extremely insoluble.
Based on the insolubility and inertness of fluorocarbons, Nafion is normally thought to be a
very stable and robust material. Under pressure and temperature, the sulfonate polymer can
be suspended in mixed solvents; these suspensions are used to modify electrodes and are
often used in the formation of membrane electrode assemblies of PEM fuel cells to control
wetting.

The transfer of protons in solid electrolyte polymer is also widely studied [21-30].
In the case of Nafion the proton transport depends mainly on the water content of the
membrane [21]. Although the precise mechanism by which proton transfer in solvated
form in Nafion is not completely know, a qualitative picture was shown by Zawodzinski
et al. in Figure 1.5 [25]. Basically it is assumed that the state of water in Nafion
membrane is not fixed. Some of the water is tightly bound to the SO5" is called chemically
bound water. These are less hydrogen bonded than in the bulk water because of the less
water-water contacts. The bulk water is described as physically bound water. Away from
the pore surface, in the central region of the pore, the water is present as bulk water [24].

The transfer of proton near pore surface, i.e., within 3-4 A, which is roughly the
thickness of water molecule, would take place through the tightly bound water molecules
along the array of SOj;" group because of the cooperative electrostatic attraction of SOs’
group and the large distance between them (6-12 A) [23]. On the other hand, the transfer of
proton in the center of the pore would follow the transfer in bulk water. The transfer of
protons through surface water can be characterized by higher activation energy and lower
proton transfer. The surface density of SOs;™ group and the pore structure/size would
determine the contributions of proton transfer from the surface and bulk water. As the
membrane becomes saturated, the size of pore increases and this will increase the bulk-like
portion of water, leading bulk-like transfer that gives high rate of proton transfer in the
middle of pores. Thus, the overall rate of proton transfer increases with pore radius until it
reaches saturation where the average diameters of pores are 4-6 nm.

In an earlier study done [25, 29], the two types of membranes were proposed

namely: “E- form” membranes which were swollen and expanded in the high temperature
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water and the “S-form” membranes which were shrunken in vacuum at high temperatures.

The normal membranes were termed as “N-membranes”. It is found that the E-form

membrane becomes rubbery and viscous when the temperature is increased. Hence there is

a tendency to absorb more water. But when dried in vacuum, the ionic clusters shrink and

there is less water uptake [25, 29]. The state of membrane is critical as it affects the amount

of water adsorbed within the pores of membrane. I have explained the effect of few

treatment in Chapter 5.

The vapor phase absorption is typically less well studied as compared to liquid
phase absorption. It is already very well explained in the literature about the famous
Schroeder Paradox. Schroeder found that polymeric materials absorb less water from vapor
phase as compared to liquid phase. This is known as the famous Schroeder’s Paradox
[23].

Figure 1.6 shows the water sorption data for Nafion membrane at 30 °C. The vapor

sorption isotherm can be broadly divided into two main regions [25]:

1. The low vapor activity region, i.e. from 10 to 60 % relative humidity (RH). In this
region there is relatively gradual increase in the water uptake by the membranes. The
enthalpy of sorption is about 12.5 Kcal/mol which is greater than the enthalpy of water
liquefaction. This region corresponds to uptake of water of solvation by the ions in the
membranes.

2. The higher activity region, i.e. 70 to 100% RH. In this region there is a steep increase in
the water uptake with water activity and the enthalpy of sorption is as low as 5
Kcal/mol which is lower than the enthalpy of water liquefaction. This region
corresponds to water which fills the pores and swells the polymer. Also the lower
values of enthalpy clearly indicate the weaker water-ion interaction. This may be due to
endothermic deformation of the polymer matrix on swelling. There is also a decrease in
the degree of hydrogen bonding in the polymer matrix as compared to state of pure
liquid water. The swelling of the membrane at higher water vapor activities is driven

mainly by increase in entropy of mixing.
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Figure 1.5 Qualitative Picture of Transport in Nafion [25]
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Figure 1.6 Equilibrium sorption of water on Nafion as a function of water vapor

activity [25].
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1.5 Electrodes

The electrodes consist of nanosized platinum (3-5 nm) supported on carbon
particles (30 microns) and mixed with proton conducting ionomeric material. On the top of
each electrode layer is a 100-300 zm thick gas diffusion backing layer made from carbon
cloth or porous carbon paper. Figure 1.7 shows the typical cross section of electrode with
the carbon black. Enormous amount of research has been done to develop high performing
catalyst for fuel cells. In PEM fuel cells, the type of fuel used dictates the appropriate type
of catalyst needed. Within this context, tolerance to carbon monoxide (CO) is an important
issue, particularly when hydrogen is formed from fuel reforming. It has been shown that
PEM fuel cell performance drops with a CO concentration of only several parts per million.
This is due to the strong chemisorption force of CO onto the catalyst. Table 1.4 shows
various catalysts developed to improve fuel cell performance and also CO tolerance [31-

40].

1.6 Gas Diffusion Layer (GDL)

The GDLs, one next to the anode and the other next to the cathode, are usually
made of a porous carbon paper or carbon cloth, typically 100—300 p thick [35]. The porous
nature of the GDL material ensures effective diffusion of each reactant gas to the catalyst
on the membrane/electrode assembly. The structure allows the gas to spread out as it
diffuses so that the gas will be in uniform contact with the entire surface area of the
catalyzed membrane. The GDL also assists in water management during the operation of
the fuel cell. A GDL that allows the appropriate amount of water vapor to reach the
membrane/electrode assembly keeps the membrane humidified and improves the efficiency
of the cell. The GDL allows the liquid water produced at the cathode to leave the cell so it
does not flood. The GDL is typically wet-proofed to ensure that at least some, and
hopefully most, of the pores in the carbon cloth or paper do not become clogged with
water, which would prevent the rapid gas diffusion necessary for a good rate of reaction to
occur at the electrodes. PTFE is the wet-proofing agent used for carbon-based PEM GDLs
by fuel cell community. The amount of PTFE determines the porosity and water content of

GDL.
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Figure 1.7 Electrode cross section with carbon black [40].
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Single metal catalyst

Binary catalyst

Ternary catalyst

Pt/C

X

Pt-Co/C

Pt-Cr/C

Pt-Fe/C

Pt-Ir/C

Pt-Mn/C

Pt-Mo/C

Pt-Ni/C

Pt-Pd/C

Pt-Rh/C

Pt-Ru/C

Pt-V/C

Au-Pd/C

ittt il tsltalbaitadtaltalle

Pt-Ru-Aly

Pt-Ru-Mo/C

Pt-Ru-Cr/C

Pt-Ru-Ir/C

Pt-Ru-Mn/C

Pt-Ru-Co

Pt-Ru-Nb/C

Pt-Ru-Ni/C

Pt-Ru-Pd/C

Pt-Ru-Rh/C

Pt-Ru-W/C

Pt-Ru-Zr/C

Pt-Re-(MgH>)

il tal i tal el taltai taltalle

Table 1.4 Various anode catalyst materials [31-40].
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1.7 Membrane Electrode Assembly (MEA)

The combination of the anode:membrane:cathode is called the membrane electrode
assembly (MEA). Figure 1.8(a) shows two different modes to prepare MEA depending on
whether catalyst is applied directly to the membrane or to the GDL [39, 41-43]. The
original MEA was made in 1965 for GEMINI space program and used 4mg of platinum per
square centimeter of membrane area. Figure 1.8(b) shows a typical MEA in fuel cell. The
thickness of MEA depends on type of membrane and how much platinum is used in each
electrode. Typical thickness of MEA could be about 200 wm or 0.2 mm. The electrodes
now use less than 0.4 mg Pt/ cm® MEA.

MEA Assembly
Mode 1:+ » Mode 2:
App[icaﬁon of Cata|y5t to GDL Application of Catalyst to Membrane
Membrane Addition « Membrane GDL Addition
) Fahricr:tion
I
Catalyst lication to GDL Gas Diffusion Layer Fabrication Catalyst lication to
+Spreading method «Carbon paper fabrication Membrane
+Spraying method | «Carbon cloth fabrication *Impregnation reduction
+Catalyst powder method *Dry spraying
+|lonomer impregnalion method «Movel fabrication method
«Electro deposition method +Catalyst decaling
*Sputtering =Painting
«Sputtering

Figure 1.8(a) MEA preparation methods [41-43]
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Figure 1.8(b) Structure of MEA with backing layers.
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1.8 Flow Field/ Current Collector

The final element on the outer side of the unit cell is the current collector plate
which also typically contains a machined gas flow field. These two functions of current
collector and gas flow field may be fulfilled, in principle, by two separate components but,
in most of the cells and stacks tested to date the flow field is machined in the current
collector plate using a range of geometries, e.g., a single serpentine channel, parallel
channel flow and series-parallel combinations. The flow-field geometry is quite significant
in fulfilling the requirements of effective and uniform gas and water supply and effective
liquid water removal from the cathode. The current collector plate becomes the bipolar
plate in a PEFC stack. It should, therefore, exhibit high electronic conductivity and be
impermeable to oxygen and hydrogen gases. Both carbon and metals like stainless steel or
titanium have been considered as potential materials. Also these are non corrosive in nature
for fuel cell operations. Finally, by adding a load containing circuit, the PEM fuel cell is

complete. Figure 1.9 lists different materials for bipolar plates under consideration [44-48].

Bipolar Plates
l l |
Non-Porous Coated Metallic Composite
Graphite Plates Plates Plates
v Y l Resin
Base Material Coated Material M"L]?““_d Polypropylene
Aluminum Graphite Layered Graphite Polyethylene
Stainless Steel Conductive polymer Poly fm'_h_ﬂ"m Epoxy resin
Titanium Diamond like carbon I I“[“' Furan resin
Nickel Noble metals Stainless Steel Vinyl ester
Metal carbides
Metal nitrides
Filler/ Fibers
Carbon/graphite
Carbon black -—
Coke-graphite
Celulose fibers
Cotton lock

Figure 1.9 Bipolar plate materials
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1.9 Motivation for Higher Temperature Operation of PEM Fuel Cells

Nafion and other perfluorinated PEMs have been widely used because of their
excellent proton conductivity and electrochemical stability due to the PTFE backbone.
However, they are expensive, not as durable as desirable especially under cycling voltage,
humidity, and freezing and thawing conditions, unstable at temperatures over 100° C, and
effectively conduct protons only when they imbibe sufficient water, which limits operating
temperatures of PEM fuel cells to around 80° C. On the other hand, fuel cell temperature
above 100° C is a highly desirable goal. As the operation of fuel cells at higher
temperature increases electrochemical kinetics, improves CO tolerance, facilitates heat
rejection, and reduces the problems associated with water management, there have been
extensive research efforts to find alternatives membranes that are stable at higher
temperature. In fact, a desirable PEM must not only be highly proton conductive under hot
and dry conditions, it should be thin for low resistance and high protonic conductivity,
compliant to make a good contact with electrodes but rigid enough to provide support to
the membrane electrode assembly (MEA), thermally and dimensionally stable, impervious
to gaseous or liquid fuels, as well as to electrons, with a low electro-osmotic drag, and
mechanically strong enough to last several years. This is a tall order indeed, and it is small
wonder that success at finding alternates to Nafion has been limited despite a very large-

scale research effort.

The following are the advantages for operating the PEM fuel cell at high temperatures
(i.e. above 100 °C) [12, 49-60]:

(i) CO catalyst poisoning: Carbon monoxide concentrations in excess of about 10 ppm at
low temperatures poison the electro-catalyst. This tolerance increases with the increase in
the operating fuel cell temperature above about 100 °C. This has further been reinforced by
Yang et al. [49] who completed a theoretical thermodynamic analysis demonstrating how
the CO coverage of the surface of the catalyst is reduced as a function of increasing

temperature.

(ii) Heat management: Operating at higher temperatures has the advantage of creating a

greater driving force for more efficient cooling. This is particularly important for transport
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applications to reduce balance of plant equipment (e.g. radiators). Furthermore, high grade

exhaust heat can be integrated into fuel processing stages.

(iii) Prohibitive technology costs: The cost of fabrication of current polymers is
prohibitive, mainly as a result of the necessity to use fluorine. Combining manufacturing
issues with the potential savings from a reduction in electro-catalyst loading forms a very

strong economical driving force to develop fuel cells that operate at high temperatures.

(iv) Humidification and water management: The pressurization needed to reach
temperatures beyond 130 °C and maintain high humidities would likely out-weigh any
efficiency gains of going beyond this temperature. Membranes that are capable of
operating at reduced humidities would not require pressurization. In addition, it is less
likely that they will be affected by the significant water management problems of polymer

membranes.

(v) Increased rates of reaction and diffusion: As the temperature increases the reaction
and interlayer diffusion rates increase. Additionally, the reduction of liquid water
molecules will increase the exposed surface area of the catalysts and improve the ability of

the reactants to diffuse into the reaction layer.

For these reasons, it is desirable to move hydrogen PEMFC technology toward high
temperature operation for certain applications. Current polymer membranes are not capable
of operating at high temperatures for two reasons: degradation at temperatures above 100—
120 °C as a result of the low glass transition temperature and because proton conduction is
dependant on the hydration levels in membranes. The main solutions to this problem have
been to substitute the present polymer membranes with composite polymer membranes or
use solid acid membranes. Unfortunately, the available alternative PEMs compromise
performance and longetivity. Thus, there is world wide effort currently underway to find
suitable alternatives to Nafion that might allow higher temperature operation and cost

benefit.
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1.10 Design Goals for PEMs

The following are thus the goals for the development of membrane materials for higher

temperature operations [12]:

1.

A good performance at a temperature of 120 °C without the need to pressurize, i.e., at a
relative humidity (RH) <40%. At this temperature, about 50 ppm CO can be tolerated
without air bleed. At higher temperatures (> 160 °C), the stability of carbon support
becomes an issue along with a reduction in the Nernst potential. Thus, 120 °C appears

to be optimal.
A conductivity of around o= 0.1 S/cm under these conditions (Figure 1.10(a)).

A hydrogen-oxygen gas permeability that is no more than that in current PFSA

membranes (< 1x107'? (mol cm)/(cm” s kPa)).

A limited swelling in water (< 100% water uptake when boiled in water).
A low water electro-osmotic drag in the membrane.

A functional component that does not leach out in liquid water.

Mechanical properties that are better than Nafion, although the specific criteria are not

yet defined because of lack of understanding of stresses in operating fuel cells.

A chemical stability similar or superior to Nafion, i.e., a durability of around 40,000 h

(£ 1 uV/h) for stationary power and around 10,000 h (< 10 xV/h).

A cost which would eventually allow an MEA cost target < $10/kW at 500,000 stacks/y
for automotive application (Figure 1.10(b)).

This is, however, particularly challenging task because of the desired performance

characteristics. The targets listed above are very aggressive targets that are not likely to be

achieved without a better fundamental theoretical and experimental understanding of the

functioning of current polymer electrolytes that can provide the necessary insights to allow

the deliberate design of improved or new PEMs. This research work is thus focused on

developing better understanding of the various physicochemical phenomena and

developing high temperature nanocomposite membrane based on the guidelines of the

model.
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1.11 Possible Approaches for Developing Higher Temperature Membranes

1.11.1 Modification of Existing Polymer Membrane

Most commonly, a hydrophilic inorganic additive is added to retain water at higher
temperatures and to increase acidity as proposed by Malhotra and Datta (1997) [51]. This
hydrophilic, acidic, inorganic material may be incorporated into the perfluorinated
membrane to increase the binding energy of water and the number and strength of acid
sites. The efficacy of this procedure has been demonstrated by the case of heteropolyacids
in Nafion by Malhotra and Datta (1997). The underlying basis of the approach is: the acid
may increase proton conductivity by additional acidity and increased solvent (water)
uptake. Examples of other subsequent inorganic additives are: sulphated zirconia,
zirconium phosphate, heteropolyacids and silica gel. Though this concept seems promising,
the success so far seems limited and the interaction between the inorganic phase and proton
conductor is not sufficiently understood. Further the stability of the material in the polymer
host is uncertain. Certain material (e.g. heteropolyacids) dissolve in the water produced in

the fuel cell and also leach out.

1.11.2 Use of Non Aqueous Solvent

Another approach that has been tried is replacement of the water with a non-
volatile, non aqueous solvent that serves the same function as water. Two salient examples
of such ‘water replacements’ are phosphoric acid and imidazole. The rationale is that other
liquid solvents can perform the function of water in proton conduction but with improved
physical characteristics (i.e. low volatility). In order for other solvent to serve as a
replacement of water, it should have the ability to act as Bronsted base to solubilize the
protons, and have high dielectric constant and low volatility. Unfortunately these solvents

are typically soluble in the water produced and can eventually leach out.

1.11.3 Use of Solid State Protonic Conductor

A good solid proton conductor evidently requires mobile protons. Thus, inorganic
proton conductors without a liquid phase, while conceptually very attractive, require
temperatures in excess of 800 °C to provide adequate conductivities via a proton hopping

mechanism owing to the high activation energy. At lower temperatures, a liquid-phase for
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proton conduction is essential, either as a molten or a solvated acid. When a solvent other
than water is used, the challenge of complete immobilization of the liquid must be first
addressed to ensure stable performance over extended periods. When water is the solvent,
the challenge is to retain water within the membrane under hot and dry conditions owing to
its high volatility. As compared to the first two approaches which relied on an acidic
polymeric membrane such as Nafion and a liquid solvent for proton transport, this
approach is based on a solid state material that conducts protons in the absence of a
solvent. Solid oxide conductors have been employed for many years in high temperature
fuel cells. Cesium hydrogen sulfate, a low temperature solid state conductor, was

immobilized in a porous support and incorporated in fuel cell [49].

1.11.4 Use of Skin Layer

From the nature, it is observed that all biological materials including fruits,
vegetables, and cellular materials retain water even under dry conditions. This is attributed
to the presence of hydrophobic skin layer that helps in retaining water. Using the similar
strategy it may be possible to develop a hydrophobic layer on the Nafion membrane so that
is does not lose water. This hydrophobic layer can be teflon based which can be coated on

the membrane before assembling the membrane electrodes assembly.

1.12 Alternate PEMs

There have been numerous candidates developed for higher temperature operation
of fuel cells, both by modifying Nafion membranes and also by developing completely new
system of membrane [49-88]. Figure 1.11 summarizes various types of membrane
materials studied. A thorough literature review is also provided in Chapter 2, but two main
types of polymer membranes have dominated research efforts: sulfonated aromatic
polymers (e.g. sulfonated polyetherketone, SPEEK and polyetherketone, SPEK) and
perfluorosulfonic acid membranes such as Nafion which have been the industry
benchmark. These membranes both exhibit phase separated domains consisting of an
extremely hydrophobic backbone which gives morphological stability and extremely
hydrophilic functional groups. These functional groups aggregate to form hydrophilic

nano-domains which act as water reservoirs.
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Classification of Membrane malenals

— — |

Perluorinated  Partially Mon fluorinated  Acid-base blends Cthers
fluarinatead
« PFSA « MNP « SPEEK/PBIPAVP s supported
.« PFCA © PTFE-gTFS | gamac .« sPEEKPEI composite
» PF3I * PVDFg- SPEEK * SPEEK/PSU{NHz)z membrane
« Gore- PSSA + SPFBF « SPSLY PBIFAVP +  poly-AMPS
select « MBS-PBI » SPSLV/PEI
» SPSU/ PSU{NH;);
« PVAHPOy

Figure 1.11 Classification of membrane materials [53].

But the conductivity of sulfonated aromatic polymers is also heavily dependant on
the degree of sulfonation. At reduced levels of sulfonation the aromatic polymers have
lower water contents and reduced conductivity of 10 S cm ' which is not acceptable for
use in fuel cell membranes. However, if the degree of sulfonation is increased to improve
conductivity, the mechanical properties of the membrane deteriorate. One proposed
solution is to produce nanocomposite membranes with controlled mechanical, physical and

chemical properties.

Hydrocarbon Membranes

Hydrocarbon membranes provide some definite advantages over PFSA membranes.
They are less expensive, commercially available and their structure permits the
introduction of polar sites as pendant groups in order to increase the water uptake. Among
these 15 membranes showed potential for replacing Nafion membranes. Table 1.5

summarizes information on synthesis of these 15 candidates [89-94].
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Membrane type

Design methodology

Gore-Select membrane (f)

Ultra-thin integral composite consisting of a base material
preferably made of expanded PTFE that supports an ion
exchange material such as perfluorinated sulfonic acid resin,
perfluorinated carboxylic acid resin, PVA, divinyl benzene
(DVB), etc.

Perfluorocarboxylic acid (f)

Copolymer of tetrafluoroethylene (TFE) and perfluorovinyl ether
(PFVE).

Bis(perfluoroalkylsulfonyl)
Imide (f)

Copolymerization of sodium 3,6-dioxa-4-trifluoro methyl
perfluorooctyl trifluoromethyl with TFE.

a,B,p-Trifluorostyrene grafted
membrane (pf)

Grafting of a,f,p-trifluorostyrene and PTFE/ethylene
copolymers

Styrene grafted and sulfonated
poly(vinylidene fluoride)
membranes [PVDF-G-PSSA]

(pD)

Pre-irradiation grafting of styrene onto a matrix of PVDF after
electron beam irradiation. The proton conductivity can be
increased by crosslinking with DVB.

BAM3G membrane (Ballard
advance material of third
generation membrane) (nf)

Polymerization of a,f,B-trifluorostyrene, includes monomers
selected from a group of substituted a,p,B-trifluorostyrene

Membrane of base-doped with S-
polybenzimidazoles (PBI) (nf
composites)

Introduction of organic and inorganic bronsted bases to
sulfonated PBI

Crosslinked/non-crosslinked
(SPEEK) (nf)

Direct sulfonation of PEEK in conc. sulfuric acid medium yields
high proton conductivity along with thermal stability

Imidazole doped sulfonated
polyetherketone (SPEK) (nf)

Complexation with imidazoles to obtain high proton
conductivities

Methylbenzenesulfonated
PBI/methylbenzenesulfonate
poly(p-phenylene terephthal
amide) membranes (nf)

These alkylsulfonated aromatic polymer electrolyte posses very
good thermal stability and proton conductivity when compared
to PFSA membranes, even above 80 °C

Sulfonated napthalenic
polyimide membrane (nf)

Based on sulfonated aromatic diamines and dihydrides. Its
performance is similar to PFSA

Sulfonated poly(4-
phenoxybenzoyl-1,4-phenylene)
(SPPBP) (nf)

Derived from poly(p-phenylene) and structurally similar to
PEEK. Direct sulfonation results in a proton conductive polymer.
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Membrane type Design methodology
Supported composite membrane | Made of ion conducting polymer and poly-p-phenylene
(other) benzobisoxazole (PBO) substrate.
Poly(2-acrylamido-2- Made from polymerization of AMPS monomer. AMPS
methylpropanesulfonic acid) monomer is made from acrylonitrile, isobutylene and sulfuric
(other) acid.

f = fluorinated, nf = nonfluorinated, pf = partially fluorinated

Table 1.5 Hydrocarbon membranes [89-94]
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1.13 Research Direction
It is important to understand that high temperature operation is being prevented by

three main barriers [12]:

1. Loss of hydration of the PEM and instantaneous increase in membrane resistance,

2. Membrane degradation of the polymer above 120 °C; and
3. Lack of intermediate proton conductors in the range of 100—400 °C with a unique
proton ‘solvating’ species supporting conduction in the regime.

The factor that has the highest influence on conductivity of proton conducting
polymers is the degree of hydration. Hence to understand the design parameters for high
temperature PEMs, it is important to have a fundamental understanding of water and proton
transport mechanisms. As discussed earlier the hydration is dependent on the phase
separation of the hydrophilic and hydrophobic domains. The effect of hydration in Nafion
at constant temperature is significant. The conductivity of Nafion membranes quoted in
literature often very widely depends on the system, pretreatment, and equilibrium
parameters used. At 100 % relative humidity (RH) the conductivity is generally about
0.1 Scm ™' and drops by several orders of magnitude as the humidity is decreased. As a
result, generally one or both of the streams for the perfluorinated sulfonic acid polymers
and sulfonated aromatic polymers (e.g. Nafion and SPEK) must be hydrated to keep the
membranes swollen so that the ionic inclusions are bridged. Consequently, understanding
transport within PEM membranes is partly a matter of understanding the conduction
through water [95-99].

Transport in water is generally a result of protonic defects and occurs through the
breaking and reformation of bonds. This is caused because the protonic defect weakens the
intermolecular interactions which cause large variations in bond length combined with
rapid breaking and forming of bonds. In a PEM, the hydrated environment, often acidic,

acts as a solvent for the diffusion of the hydronium and dimer ions which are formed.

With the migration of protons through the membrane comes other associated design
issues. Firstly the transport of the defect pulls other water molecules through the
membrane. This is known as electro-osmotic drag and is caused in part by the size of the

molecule and by the molecular attractions between molecules. Secondly, another
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competing force to proton conduction is back diffusion from the cathode, this occurs
because of the driving forces formed as the water is removed from the anode due to the
electro-osmotic drag. Integrated systems balancing these processes by using product water

to maintain hydration are still underdevelopment.

The design parameters that affect PEM performance are thus the nature of polymer
backbone, the nature of the side chain, the nature and strength of the acid group, the
equivalent weight, the degree of cross-linking, and thermo-mechanical properties of the
membranes. In order to understand the effects of these parameters and to obtain better
insight into the design parameters of the membrane, a model should be developed that
simulates the transport of protons through a Nafion membrane at different temperatures and
RHs (relative humidity). The challenge when designing PEM membranes is also to
synthesize a microstructure capable of facilitating the aforementioned proton transport
while meeting the other design hurdles.

These barriers directly affect the research direction for developing higher

temperature membranes which is focused on:

1. Modification of existing polymer membranes with composites to increase water
retention and possibly contribute to conduction (limited by glass transition

temperature);

2. Novel non-polymer based solid proton conductors that have reduced or no dependence

on hydration (often called solid acid proton conductors).

Greatest promise for solid acids has been demonstrated by zirconium, titanium and
cesium phosphates. The thermodynamic limitation of high temperature use of water
dependant PEMs has been discussed earlier by Yang et al. [49]. The addition of the organic
phases in composite membranes which interacts strongly with the water can reduce the
chemical potential of the liquid water. This in turn reduces the differential in the chemical
potential between the liquid and vapor phase reducing the water loss from the membrane at
a given relative humidity. Thus any modifications to the membrane that can reduce the
chemical potential of the liquid phase would be advantageous. Unfortunately however,
above 100 °C the gains realized by reducing the chemical potential by addition of an

organic phase are limited as a result of the low water vapour pressure.
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The use of microporous membranes also has to be considered in terms of the
potential effect on the vapour-liquid equilibrium. It is well established that the
thermodynamic assumptions that hold for large volumes cannot be directly applied to
micro and nano-domains that are a feature of microporous membranes. Capillary forces
and diffusion should be given considerations to understand the effect of nano domains on
membrane properties. Ultimately the best way of testing the limitations of these

membranes is to study them in prototype MEAs and fuel cells.

There are many other significant issues that will need to be resolved before solid acid
membranes are used in PEM fuel cells. These issues include standard operating
considerations such as mechanical strength and durability, cyclability, synthesis and
integration in addition to design issues including catalyst compatibility and scale up (or
down). Finally, it is important to recognize potentially that the greatest barrier faced will be
startup and shut down operation, as typically the cells low temperature and high

temperature conductivity mechanisms vary greatly.

A summary of high temperature proton conductors in hydrated, semi-hydrated and
anhydrous conditions are presented in Table 1.6 and Table 1.7 [30-88]. A summary of

different solid acid conductors and their conductivities is shown in Table 1.8.
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Polymer System Producer/ Developer Classification Temperature Conductivity Sem Durability Suitability
Range(°C) 'O (hours)
Nafion® EW 1100 DuPont, USA Hydrated 25-80 H, PEM ~2x10™ (80) 60,000 Low
25-140 DMFC*
Composite CNR-TAE- Institute Hydrated 25-80 H, PEM 1x10-1 1000 Low/Med
Silica/recast Nafion® Transformation and Storage of 25-140 DMFC* (100mV loss)
Energy, Italy
BMITf doped Nafion® DuPont, USA Anhydrous 180 0.1(180) Not Determined | Med/High
Phosphoric Acid Doped Case Western Reserve Anhydrous 130-230 3.5x10° (190) Not Determined | Med/High
PBI University, USA
Substituted PPO Polymer Research Institute, Hydrated 100-150** <Ix10" Not Determined Low
NY State University, USA
Sulfonated PEEK ICI Victrex, UK Hydrated 25-130%** NA NA High
Sulfonated PEEK Fuma-Tech, Germany Hydrated 25-130%** NA NA High
Sulfonated PEEK Axiva, Germany Hydrated 25-130%** 6x10” (25) 4000 High
Sulfonated CNR-TAE- Institute Hydrated 25-160 4x10™ (80) Not Determined Med
Poly(arylether sulfone) | Transformation and Storage of
Energy, Italy
Sulfonated Poly(4- Maxdem Inc, USA Hydrated 50-130 9x10~ (80) 200 High
phenoxybenzoyl-1,4-
phenylene)
Imidazole doped poly- Max Plank Institute FKF, Anhydrous 200 mex. 2x10” (200) NA Med/High
Polly(ether ketone) Germany
S-PEEK/PBI blends University of Stuttgart, Hydrated 25-130%** Na NA Med/High
Germany

* - only at high pressures (4 Bar Abs.)
** - reported to be under development
*#% - predicted temperature range

Table 1.6 Summary of membrane materials [53].
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Membrane System

Comments on high temperature operation

Nafion/ZrP Conductivity similar to Nafion, improved MEA and fuel crossover
Nafion/silica Conductivity similar to Nafion, improved fuel crossover
Nafion/HPA Good improvements in conduct1V1.ty over Nafion counteracted by

leaching
Nafion/mordenite Very small conductivity improvements at high temperatures only
Nafion/imidazole Very good conductivity results however imidazole poisoned Pt
catalyst

SPEEK/ZrP No appreciable improvement over SPEEK

SPEEK/ZrO, <1 Order of magnitude reductlon_ in methanol permeability and
conductivity
SPEEK silica Reduction in H,O permeability w1‘th‘out a significant decrease in
conductivity
SPEEK/Z:P /Z1O, Large reduction in methar}o! permegblllty without a large
conductivity sacrifice
SPEEK/BPO, Reasonable conductivity compared to Nafion composites at 100—140

°C

Table 1.7 Summary of nanocomposite polymer membranes [49-53].
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Compound Comments on high temperature operation
Zirconium phosphate Reasonable conductivity in all temperature ranges compared
(Z1P) to Nafion

Sulfonated ZrP Very significant increases in conductivity compared to ZrP
Milled ZrP Small increases in proton conductivity compared to ZrP
Pillared ZrP Large increase in conductw;ty compared to ZrP; stability

questionable
Sulfonated TiP Higher conductivities than comparable zirconium materials
.. o, .
Cesium phosphate Good conductivity above 140 “C; requires further

development

Cesium sulfate

Good conductivity above 140 °C; questionable stability

Sol—gel P205—Ti02—

Conductivity of ca 107 S cm™'; low stability

Si0,
V41 0)) Slightly improved conductivity compared to ZrP
.« e -1 0
Sulfonated ZrO, Conductivity of ca 0.05 S cm ‘ from 60 to 100 “C at saturated
conditions
Fullerenes Promising results for dry conductivity up to 200 °C
Fumed silica/ZcP Hydration dependant conductivities ca. one order of

magnitude below Nafion

Table 1.8 Conductivity summaries of solid acid conductors [49-53].
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Chapter 2

Systematic Approach to Design Higher Temperature
Nanocomposite PEMs

In this chapter, the design of higher temperature nanocomposite proton-exchange
membranes (PEMs) with adequate performance under low relative humidity (RH) is
discussed based on experimental and theoretical considerations. The approach is based on
enhancing the acidity and water sorption of a conventional polymer electrolyte membrane
by incorporating in it a solid acidic inorganic material. A systematic investigation of the
nanocomposite Nafion/inorganic additive PEMs based on characterization of water uptake,
ion-exchange capacity (IEC), conductivity, and fuel cell polarization is presented. The
effects of particle size, chemical treatment, additive loading and alternate processing
methodologies are investigated. The most promising candidate investigated thus far is the
nano-structured ZrO,/Nafion PEM exhibiting an increase of ~10 % in IEC, and ~ 40 %
increase in water sorbed and ~5 % enhancement in conductivity vs. unmodified Nafion®
112 at 120°C and 40 % RH. This appears to be an attractive candidate for incorporation
into a membrane-electrode assembly for improved performance under these hot and dry
conditions. This chapter was published in J. Electrochemical Society, 152(2) A316-325
(2005) with co authorship of Dr. Tony Thampan and Dr. Pyoungho Choi.

2.1 Introduction

It is fair to say that the commercialization and large-scale deployment of polymer
electrolyte membrane (PEM) fuel cells is currently hamstrung by the limitations imposed
by the available polymer electrolyte membranes. For instance, Nafion, one of the oldest but
still one of the best available PEMs, limits the operating temperature of PEM fuel cells to
80°C on the one hand, thus requiring pure hydrogen as the fuel and consequently imposing
severe constraints on reformers, while on the other hand it is still far too expensive, making

fuel cells economically unattractive. Unfortunately, the available alternative PEMs



Chapter 2 51

compromise performance and longetivity. Thus, there is world wide effort currently
underway to find suitable alternatives to Nafion that might allow higher temperature
operation and cost benefit.

This is, however, particularly challenging task because of the desired performance
characteristics. Thus, a good polymer electrolyte membrane must be thin for low
resistance, compliant to make a good contact with electrodes but rigid enough to provide
support to the membrane electrode assembly (MEA), thermally and dimensionally stable,
impervious to gaseous or liquid fuels as well as electrons, must be durable, and should be
able to provide excellent proton conductivity rivaling liquid electrolytes (~0.1 S/cm) under
hot and dry conditions.

A good proton conductor evidently requires mobile protons. Thus, inorganic proton
conductors[1-3] without a liquid phase, while conceptually very attractive, require
temperatures in excess of 800 °C to provide adequate conductivities via a proton hopping
mechanism owing to the high activation energy. At lower temperatures, a liquid-phase for
proton conduction is essential, either as a molten or a solvated acid. When a solvent other
than water is used, the challenge of complete immobilization of the liquid must be first
addressed to ensure stable performance over extended periods. When water is the solvent,
the challenge is to retain water within the membrane under hot and dry conditions owing to
its high volatility.

An alternate approach, first proposed by Malhotra and Datta [4], is to incorporate
inorganic acidic materials within the conventional polymer electrolytes such as Nafion in
order to improve water retention while simultaneously increasing the number of available
acid sites. This approach shows promise for developing PEMs that function adequately at
temperatures above 120°C under low relative humidity (RH) conditions, and has
consequently become a very active area of research. This paper is concerned with a
systematic investigation of the issues related to the design and development of such

nanocomposite membranes.

2.2 Literature Review
A brief literature review of the available ingredients (polymer electrolyte and

inorganic additives) for designing nanocomposite PEMs is provided below. The available
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polymer electrolyte membranes may be subdivided into two categories: 1) proton-exchange
membranes (PEMs) , e.g., Nafion, in which the acid anion is covalently attached to the
polymer backbone so that only the proton is mobile requiring a solvent such as water, and
2) polymer-acid complexes (PACs) , e.g., PBI/H3;PO4, in which the acid is simply
complexed with a basic membrane so that both the proton and the anion are mobile, i.e., the
transference number of protons is less than unity. While a solvent such as water is not
essential for conduction in PACs, it aids by further ionizing the acid, but unfortunately can
also cause leaching of the acid from the membrane, a serious limitation for long-term

stability.

2.2.1 Proton Exchange Membranes (PEMs)

Fig. 2.1(a) shows a schematic of the major components of a proton-exchange
membrane, namely the polymer backbone, chemical cross-links, side chains, and the
pendant acid group. The right combination of these elements confers the desirable
properties listed above. The backbone polymers are: 1) fluorinated, and ii) hydrocarbon
polymers. The common acid groups covalently bound are either: 1) sulfonic acid (-SO3;H),
i) carboxylic acid (-COOH), iii) phosphonic acid (-PO3;H»), and iv) sulfonyl imide (-
SOsNHSO,CF3). The backbone along with any cross-links confers appropriate thermo-
mechanical properties, inertness, and extent of swelling, while the number (equivalent
weight, EW) and strength (pK) of acid groups confers the electrolyte properties.

The perfluorinated PEMs are the most commercially advanced membranes owing
primarily to their chemical inertness [5-8]. Thus, Nafion has demonstrated fuel cell
lifetimes of over 60,000 hours at 80°C [9], although higher temperature lifetime studies
have not yet been reported. The PTFE backbone enhances the chemical and mechanical
properties of the PEM albeit at the cost of limited water sorption due to its hydrophobicity.
Other perfluorinated membranes include the Dow membrane which has a shorter side chain
than Nafion but otherwise has similar structural and morphological properties. Both
Aciplex-S and Flemion, available from Asahi Chemical and Asahi Glass Company,
respectively, have long side chain perfluorosulfonated membranes with performance
similar to Nafion. Perfluorinated PEMs have been developed by modification of the acid

group [11-13]. Thus, DesMarteau [12, 14] replaced the sulfonic acid group (-SOs;H) in
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Nafion with a sulfonyl imide group (-SO,NHSO,CF3;), which results in an increase in the
water uptake while Kotov et al. [13] developed membranes with a phosphonic acid group
that has the potential for higher thermal stability. Other perfluorinated PEMs include Gore-
select [15] which uses a PTFE matrix embedded in the perfluorinated PEM to provide
mechanical strength, thus allowing membrane thickness to be reduced to below 20um.
These membranes possess conductivity up to 0.01- 0.1 S/cm depending on RH.

Partially fluorinated PEMs such as the sulfonated trifluorostyrene membranes have
also been developed [16]. Ballard Power Systems has developed BAM3G [17], a family of
PEMs with equivalent weights 375 to 920, by incorporating o, B, P-trifluorostyrene
monomer and a series of substituted- o, P, PB-trifluorostyrene comonomers. These
membranes are less expensive than Nafion and have demonstrated good stability (>15,000
hours).

The alternate hydrocarbon backbone based polymers not only provide the potential
for high temperature performance at low RH, but also promise a cost advantage [18-19].
The early research with hydrocarbon PEMs was abandoned due to their short life spans.
However, the new generation of polymers designed for higher temperature and corrosion
resistance include sulfonated poly (oxy-1, 4-phenyleneoxy-1, 4-phenylenecarbonyl-1, 4-
pheneylene) or polyether ether ketone (PEEK), poly (4-benzoyl-1, 4-phenylene) (PPBP),
sulfonated poly (phenylene sulfide), alkylsulfonated polybenzimidazol (AS-PBI) and
sulfoarylated PBI. Others include polyphosphazene (PP), polyether sulfones,
polyphenylene oxide (PPO), and poly (phenyl quinoaniline) (PPQ), polyimide, and
styrene/ethylene-butadiene / styrene copolymer. McGrath and coworkers have presented

promising MEA results utilizing poly (arylene ether sulfone) PEMs [20-21].
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Figure 2.1 Schematic of structure of (a) Proton-Exchange Membranes (PEMs) and
(b)Polymer-Acid Complexes (PACs).
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2.2.2 Polymer-Acid Complexes (PACs)

Fig. 2.1(b) shows a schematic of the basic elements of a PAC including the
backbone, cross-links, basic sites and the doped acid electrolyte. PACs are distinct from
PEMs in that the acid is not covalently bound to the polymer but is retained with the help
of basic sites within the polymer. Thus, both anion and protons are mobile. A recent
example of PAC that has generated considerable interest is the H;PO4/PBI membrane. PBI
is basic (pKa ~ 5.5) and forms a complex with H3PO,. The conductivity depends upon
doping level. For 5 mol HyPO4/PBI unit, ¢ >10* S/cm at 25 °C and ¢ >3x10 S/cm at 190
°C are achieved. However, long term stability of these needs to be carefully investigated.
Other examples of PACs include poly (ethyleneimine) (PEI), poly (vinylpyrrolidone)
(PVP), and poly (acrylamide) (PAAM). The acids commonly used for doping are H3POs,
H,S0O4, HCL, and HClO4. Until the longetivity issues are clear, PACs are not considered

suitable for developing nanocomposite polymer electrolytes.

2.2.3 PEMs with Solvents of Lower Volatility

The solvent, e.g., water or methanol in the PEM works as a Bronsted base by
solvating the protons of the pendant acid. A possible approach, therefore for increasing the
operating temperature of the PEM at low relative humidity is to replace water with a lower
volatile solvent. Thus, Savinell et al. [23] utilized H;PO,4 doped Nafion and were able to
attain high conductivity at elevated temperatures. However, H;POy is corrosive and would
eventually leach out with the liquid water produced. Similarly Doyle et al. [24]
demonstrated that Nafion imbibed with ionic liquids such as the molten salt 1-butyl, 3-
methyl imidazolium triflate (BMITY) provides good conductivity at high temperatures.
Unfortunately, the challenge of complete immobilization of the ionic liquid must first be

addressed to ensure stable cell performance over extended periods.

2.2.4 Nanocomposite Proton Exchange Membranes (NCPEMys)
Malhotra and Datta first proposed the incorporation of inorganic solid acids in the
conventional polymeric ion-exchange membranes such as Nafion with the objective of

serving the dual functions of improving water retention as well as providing additional
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acidic sites. Thus, they doped Nafion membranes with heteropolyacids, e.g.,
phosphotungstic acid (PTA), and were able to show high cell performance at low RH and
elevated temperature (120 °C). The improved performance was ascribed to the presence of
PTA that provides high proton concentrations and improved water retention. Unfortunately,
due to high water solubility, the PTA [25] eventually leaches out from the PEM. Recently,
Fenton et al. have shown that Nafion-PTA membranes can be stabilized by heat treatment
and the leaching of PTA can be reduced [26-27].

To decrease the humidification requirements of PEMs, Watanabe et al. [28-30]
modified Nafion PEMs by the incorporation of nano-sized particles of SiO,, TiO,, Pt, Pt-
Si0, and Pt-TiO,. These modified PEMs showed a much higher water uptake. When
operated at 80°C under low humidification PEMFC, the modified PEMs showed lower
resistance than Nafion. This improvement was attributed to the suppression of H, cross
over by in situ Pt and to the subsequent sorption of the water produced on the incorporated
oxides.

Based on the above two pioneering studies, there is now a great deal of effort along
the lines of development of organic-inorganic nanocomposite membranes [31-34]. Thus,
Adjemian et al. [35-36] introduced nanosized SiO, into Nafion pores [37] and tested
various thickness and EW membranes. The benefit of these nanocomposite membranes
appears to be stable operation versus conventional Nafion at a cell temperature of 130°C
due to high rigidity, both tested under fully humidified conditions. The investigators note
that the unmodified PEMs showed thermal degradation, while the SiO, modified PEMs did
not show such damage. Costamagna et al. [31] incorporated zirconium phosphate into a
Nafion 115 membrane and the results obtained are similar. Zaidi et al. [39] embedded
heteropolyacids to different extents in sulfonated polyether ether ketone (S-PEEK). The
highest performing nanocomposite was a tungstophosphoric acid doped, 80 % sulfonated

PEEK PEM. It showed conductivity similar to that of Nafion.

2.2.5 Inorganic Acidic Additives
Although there exist numerous liquid superacids, (e.g. mixtures of HSOsF and
SbFs, with Hammett acidity (Hy) = -20), which could enhance conductivity, they are

unsuitable for fuel cell applications as it is a challenge to immobolize them within the
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PEM. Thus, solid acids are of the primary interest as additives. The heteropolyacids (HPA)
are an example of a class worth investigating as they demonstrate high acidity and
hydrophilicity. These properties could be exploited if HPAs could be anchored within the
polymer matrix, e.g., using cesium salts of HPAs.

The sulfated metal oxides, such as TiO,, ZrO,, and Fe,0;, have become subjects of
intensive catalytic studies because these strong superacids are thermally more stable than
other solid superacids [40]. Currently, sulfated Zirconia (SO4*/ZrO,) is the strongest
superacid among all known solids (Hy < -16) [41]. It retains the sulfonic acid groups,
responsible for proton conduction, until about 500°C. As SO4*/ZrO, exhibits the highest
acidity of all the solid superacids [42], the additives selected in the study are based on

zirconia.

2.3 Systematic Design of NanoComposite PEMs

It is evident from the literature that NCPEMs are promising for higher temperatures
above 120 °C. However, the investigations done so far have not been systematic. Thus, a
more systematic approach to the design of CPEMs is discussed here. As a start, let us first
review the reasons for improvement of CPEMs:

1) Higher water retention in the CPEMs: The presence of a hygroscopic additive binds
a larger amount of water in the membrane, increasing the membrane water content
at a given RH.

2) Greater number of acid sites: This increases the concentration of mobile protons.

3) Lower gas cross over: The presence of nanoparticles in the membrane pores reduces
the permeability of gas through the membrane. The cross over current measured
with the modified membrane is an order of magnitude lower than that of the
unmodified PEMs.

4) Improved thermo-mechanical properties: There are indications that the 7, and
Young’s Modulus of the polymer are improved by incorporation of inorganic
additives.

5) Improved electrode performance: Due to the increased water retention in the
modified PEM, an extended reaction zone maybe available, resulting in better

electrode performance at high temperatures.
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The reasoning above is, however, qualitative [43]. In order to better appreciate
some of the key factors involved in the design of a high temperature nanocomposite Nafion
based PEM, it is beneficial to consider this within a framework of a quantitative model of
the conductivity. Such a model is readily obtained by an extension of our previous work on
simulation of the transport of protons through a Nafion membrane at different temperatures
and RHs [44]. This transport model is based on the dusty- fluid model (DFM) [45], where
the obstruction presented by the polymer matrix to proton diffusion is viewed as an
additional frictional interaction with large immobile “dust” or gel particles. Within this
framework, the inorganic additive is simply viewed (Fig. 2.2) as an additional dust species
immobilized within the polymer matrix.

The final form that describes the proton conductivity of a nanocomposite PEM is

A

o=(c-¢,)! (%J(Cm,oaw +Co 0% m ) (2.1)

with oup= D;»/Diy and Ozz= D;»/D;z. Here D,,, D,,, and D,, are the diffusion
coefficients for (H3;O")/solvent (H,0), H;O'/PEM matrix and H3;O'/additive particle,

respectively. In Eq. 1, ¢ and g, are the volume fraction of water in the membrane and the

percolation threshold, respectively, where ¢ is a function of the water uptake (4, )

A
po o (22)
Vu
Vw0
where V y is the effective partial molar volume of the PEM and is calculated as:
;M =;PEM(1—COZ)+;ZG)Z (23)

where the partial molar volume of the additive, V7= dz/ (6}, ), where c,, is the surface
acid site density of additive (mol/cm?) and d is the additive particle size. Also @y is the
mass fraction of the additive in the nanocomposite PEM. g, is defined in a similar manner,

being based on the water uptake at monolayer coverage [44-45]. The Bruggeman, or

critical, exponent ¢=1.5, and 4. is the equivalent conductance of a proton in water. The

solvent uptake in the transport model can be predicted by either the finite layer BET

isotherm of Thampan et al. or by the more sophisticated approach recently developed by
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Choi and Datta [46]. Thus at low RH, the water uptake of the PEM is low and the resulting
low ¢ results in poor conductivity. The water uptake and the conductivity rise sharply
above ~70 % RH.

The concentration of acid sites available within the PEM is the sum of the pendant

acid sites ¢, , in the polymer plus the additive acid sites, c,, ,. Of course, these sites only

contribute to the conductivity when the protons are dissociated in the presence of water or
other solvent. The extent of dissociation depends upon the level of hydration and the

strength of the acid groups, and is denoted as «,,, and «,,, for the polymer and the additive,

respectively.

Thus, within the framework of this simple model for the design of nanocomposite
PEMs, the objective of increased PEM conductivity at lower RH and higher temperature
may be achieved by the presence of hygroscopic acidic additives, since:

1. The presence of a hydrophilic additive increases the water uptake & or 4, , of the

PEM at a given RH, as shown schematically in Figure 2.3. In other words, the
equilibrium content of water in the membrane is shifted to higher values at a given
vapor activity, because of greater number of acid sites and since water is bound more
strongly. However, the Young’s modulus £ of the polymer also increases with the
additive, which counters the increased hydrophilicity and hence also affects swelling.
The presence of the acid sites on the surface of nanoparticles increases the total number
of acid sites available within the PEM as shown in Fig. 2.2, effectively reducing Vu
(Eq. 3). This enhances the conductivity because the number of charge carriers
available increases correspondingly (Eq. 1).

2. The number of additional acid sites is proportional to the specific surface area of
inorganic particles, Sy = 6/(pz dz) (cm*/g), where d is the additive particle size and p.
is its density. Thus, smaller particles are better for a given loading.

3. There is an optimum amount of additive loading @; in the PEM. This is so since the

diffusional resistance represented by oJzy would increase with loading as more
nanoparticles occupy the pore volume. Also from Eq. 3 we understand that V v would

first decrease and then increase depending on V.
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AH = Acid Group; BH = Solvent; =H

Figure 2.2 A “dusty-fluid model” depiction of PEM describing proton conductivity
through the Nafion polymer matrix and the superacidic dopant. The
framework treats the Nafion matrix as large dust particles through which the

current carrying ions must traverse.
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Figure 2.3 The solvent loading vs. activity of water vapor for Nafion (EW=1100)
membrane (triangle: ref. 20, square: ref. 21, circle: ref. 44, and star: this
work).The design objective is to increase the solvent loading of
Nafion. The nanocomposite will adsorb more water at fixed RH vs.

unmodified Nafion resulting in higher conductivity at low RH.
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(b)

Figure 2.4 SEM images of membranes synthesized by both the in sifu and doping
methods. (a) Nafion ZrO, doped membrane. (b) The Nafion ZrO, sol-gel

PEM is homogeneous and transparent demonstrating no phase separation.



Chapter 2 63

Additionally, the additive must be selected in a way (a) such that it can be
immobilized within the polymer matrix, (b) which is compatible with the electro-catalyst,
and (c¢) which can maintain/increase the thermo-mechanical properties of the polymer at
higher temperature. Thus materials that may leach out or poison the membrane or electro-
catalyst are not useful. Another factor affecting performance is that since the acid
dissociation constants decline with temperature, the degree of dissociation and hence the
number of charge carriers decline at higher temperatures. It must also be noted that the
particle size of the additive particles (‘dust’) is crucial both because they form an additional
diffusional barrier to the transport of protons (Eq. 1), and because the number of surface

acid sites depend upon the particle surface area.

2.4 Experimental
The experimental methods involved additive synthesis, nanocomposite membrane
fabrication, and additive and PEM characterization via water uptake and ex situ

conductivity measurements.

NanoComposite PEM Synthesis
NanoComposite membranes were fabricated by two alternate methods:
1. Mixing Nafion gel and inorganic particles followed by membrane casting, and
2. In situ nanoparticles synthesis via sol gel processing in precast or commercial
Nafion membranes.

The first procedure was utilized so that the literature protocol of producing sulfated
zirconia (requiring calcination at 600 °C) could be followed for producing the particles
first. However, this procedure resulted in relatively large particles (in the wm range). The
second procedure was followed to produce nanoparticles in situ using the precast Nafion as
a template. However, particles formed by this procedure were evidently not amenable to
the high temperature sulfation procedure. Appendix A lists all the procedures to synthesize

these membranes.

Zirconia Particle Preparation - The SO4~/ZrO, particles were synthesized based on

Arata’s work on metal oxides [47]. Thus, ZrOH powder (MEI Chemicals, Flemington, NJ)
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was stirred in 0.5 M H,SO4 for 15 minutes at room temperature. The acid was decanted and
the remaining powder dried at 100°C overnight. The dried powder was then calcined in air
at 600°C for 2 hours and the resulting particles were crushed with a mortar and pestle.

These particles are denoted here as “SO./ZrO,”.

Particles were also prepared from a colloidal solution of 20 wt % ZrO,/Acetic Acid
(Nyacol Nano. Technologies, Ashland MA). The solution was evaporated and the ZrO,
precipitate was obtained. This precipitate is denoted as “ZrO,”. The precipitate was heated
in 6 M H,SOy, in an order to sulfate the ZrO,, then dried at 120°C for 2 hours and finally
calcined in air at 600°C for an additional 2 hours. The resulting particles were crushed with
a mortar and pestle, and are denoted as “ZrO, (A)”. Additionally, a sample of the ZrO, (A)
was pulverized with a Jet Mill (Laboratory Jet Mill, Clifton NJ) to obtain a reduction in the
particle size. This sample is denoted in the following as “ZrO, (AP)”.

Cast Nanocomposite Membranes- Based on experimental procedures described in the
literature, the protocol described below was developed to produce uniform and
reproducible cast PEMs [48]. To obtain the desired weight loading of additive {3z in the
PEM, selected additive particles were dispersed in a 23 wt % Nafion/ethanol solution with
a magnetic stirrer. After stirring for 8 hours, the solution was cast as a PEM on a glass dish
utilizing a doctor blade. The cast membrane was placed in a convection oven at 100 °C for
15 minutes, which was sufficient to produce a solid membrane. The PEM was removed
from the glass dish with DI water, dried and then annealed in a Teflon sleeve at 170°C at
10 tons for 15 minutes in a mechanical press (Carver Model C, Wabash IN). This
processing step was necessary to produce pliant, insoluble PEMs with mechanical
properties similar to those of commercially available Nafion films. The resulting cast PEM

had a thickness of around 50 um.

Sol-gel ZrOy/Nafion Nanocomposite PEMs - The alternate method of preparation of a
71O, nanocomposite PEM was via in sifu sol-gel synthesis based on methods developed by
Mauritz’s and coworkers for the synthesis of asymmetric ZrO,/Nafion nanocomposites
[49]. In this procedure, the host PEM serves as a template that directs the morphology and

particle size of the oxide in the PEM matrix, resulting in nano-sized particles [50]. As
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received Nafion membranes (Sigma-Aldrich Corp., St. Louis MO) were boiled in 3 wt %
H,0, for 1 hour and then rinsed in water. They were then immersed in 50 % vol.
HNOs/H,O and heated for 6 hours, rinsed in water, and then heated in 50 % vol.
H,S04/H,0 for an additional 6 hours. The membranes were finally boiled in water for 1
hour and then rinsed and washed in water several times to ensure complete removal of any
residual acid.

The purified membranes were then placed in a vacuum oven and heat treated at 110
°C for 12 hours. Thereafter, the membranes were boiled in H,O for 1 hour and
subsequently dried at 50°C for 4 hours. The membranes were then immersed in 10:1
ethanol/H,O solution for an additional hour. The ethanol/H,O mixture served to further
swell the pores of the PEM to maximize the absorption of the precursor solution. The
membrane was removed and immersed into a 20:1 (v/v) ethanol: zirconium tert butoxide
solution for 10 minutes and then rinsed in ethanol in order to remove surface ZrO,. The
membranes were then removed and heated at 110 °C in vacuum for 24 hours to complete
the condensation reactions. This nanocomposite PEM is denoted here as “Nafion ZrO, sol-
gel”.

The membranes synthesized by this method are completely transparent and
homogenous as compared to membranes prepared by the casting method which were
cloudy due to the much larger particles. Figure 2.4 shows SEM (Amray Model 1610 Turbo
SEM) images for both the membranes. The membrane prepared using the casting method
had larger zirconia particles with size ranging in 5-15 gm. On the other hand, the sol gel
membranes showed no X-ray scattering. Also the surface of sol gel membranes did not
show any deposition of oxides which confirms that the zirconia is present within the pores
of Nafion membrane. This provides evidence that these membranes have nano-sized

zirconia particles within the pores of the membrane.

2.5 NanoComposite Membrane Characterization

Water Uptake Measurements - To measure the water uptake of the nanocomposite PEMs, a
Tapered Element Oscillating Microbalance (TEOM Series 1500 PMA Reaction Kinetics
Analyzer, Rupprecht & Patashnick Co. Inc. Albany NY) was utilized [51]. The sample

mass change in TEOM is measured as the frequency change in the tapered element
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oscillation. The instrument has a sensitivity of 1 g and a temperature range of up to 700°C.
The RH was controlled by mixing metered flows of a wet (saturated with H,O) and a dry
helium stream. Calibration was done with a RH meter (FH A646-R, ALMEMO, Ahlborn,
Munich, Germany). The membrane was cut into thin strips (1.5 mm by 1.5 mm) and
packed carefully along with quartz wool into the oscillating glass chamber of the TEOM to
avoid rattling. The water uptake was measured for all samples at 25 °C and 90°C from 0 %
to 90 % RH, and at 120 °C from 0 % RH to 40 % RH. After the sample was loaded, it was
exposed to the helium gas with the desired RH, and the real-time mass change was
observed to determine when the equilibrium amount of water had been adsorbed onto the

membrane.

lon-Exchange Capacity Measurements - A 0.2 g sample of the nanocomposite PEM was
exchanged with NH;" by immersing the sample in 1 M ammonium acetate for 24 hours and
then in ammonium chloride for an additional hour [52, Appendix A]. The PEM was then
washed with DI water to remove any excess NH, " ions. To ensure that all excess NH4 ' had
been removed, a drop of 1 M silver nitrate was added to the wash. If NH," ions were
present, a white precipitate would form. The PEM was then stored in 50 ml DI water.
Adding 2 ml of 5 M NaOH solution to the sample, caused the subsequent exchange of
NH," with Na". Utilizing a calibrated ammonia electrode (Model 95-12 ORION, Boston
MA), the amount of NH4" released could be accurately quantified thus providing a measure

of the ion-exchange capacity.

Ex Situ Conductivity Testing - A nanocomposite membrane sample was sandwiched
between two electrodes each on either side to measure the conductivity, similar to the
procedure reported in literature and then placed in humidity controlled chamber [53-55].
The humidity of the chamber was monitored utilizing a dewpoint/temperature probe (HMP
238, Vaisala, Woburn, MA). An air stream was saturated with water by bubbling through a
humidifier. This wet stream was heat-traced to the chamber to avoid condensation. The
chamber and the humidifier were both heated to 90°C and 120°C, respectively, to obtain the
desired partial pressure of water. The conductivity of the PEM was measured at 90 °C in
the RH range from 10 % to 90 %, while at 120 °C the RH range was from 10 % to 40 % to

simulate dry conditions. These conditions are the same as those utilized for the water
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uptake measurements. The conductivity measurements were made with a perturbation
voltage of 10 mV in the frequency range 0.01 Hz to 10° Hz using a Solartron SI 1260 FRA
(Solartron, Hampshire, U.K.). Both real and imaginary components of the impedance were
measured and the real z-axis intercept was closely approximated to provide an estimate of

the membrane resistance, and hence, conductivity.

MEA Testing - The electrodes utilized are commercially available from E-TEK (Somerset,
NIJ). The type selected was the single-sided ELAT® gas-diffusion electrode (20 % Pt-on-C,
0.35~0.4 mg Pt/cm?). The active layer of electrode was brushed with 5 % Nafion® solution
(0.6 ~0.8 mg/cm® MEA). This electrode was placed on either side of the PEM and the
resulting membrane-electrode assembly (MEA) placed in a hot press. The temperature of
the hot press was then raised to 130 °C and a pressure of 272 atm applied for 120 s. The
MEA thus prepared was mounted in a 5 cm® fuel cell test fixture, obtained from Fuel Cell
Technologies (Los Alamos, NM). The cell was fed with humidified H, and O, or air
supplied at pressure 1 to 3 atm utilizing electronic mass flow controllers (MKS Model No.
1179A22CS1BV-S, Andover, MA) and was controlled by the electronic load (Series 890B
Fuel Cell Test System, Scribner Associates Inc. Southern Pines, NC). Ultilizing software
(Fuel Cell Test Software Version 2.0, Scribner Associates, Inc.), the mass flow rate of the
feed gas was programmed to stoichiometry dependent flow rates. The load has an inbuilt
feature of measuring in situ MEA ohmic resistance utilizing the current interruption

method.

The pressure of the reactant gases was monitored using pressure gauges (Matheson,
Model No. 63-5612). Back pressure regulators (Tescom Model No. 44-2300) were used at
the outlet of both the anode and the cathode to control the gas pressure. Humidification of
the cell was accomplished by bubbling the feeds through stainless steel cylinders
containing DI water and equipped with a sight glass. Heating tape was wrapped around the
feed lines to prevent any condensation in the lines, and water traps were added after the
exit gas stream to facilitate removal of water. The temperature of the humidifiers as well as
that of the fuel cell was controlled using individual temperature controllers (Omega

CN9100A).
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The following MEA test protocol was utilized [54]. The startup procedure involved
bringing the humidifier temperature up to a set value of 80 °C, then increasing the fuel cell
to 70°C and operating with 1 atm H, and air at current controlled mass flow rates, being 1.3
times anode stoichiometric flow for H, and 2.0 times cathode stoichiometric flow for air.
The load was cycled for additional 6 hours and then a constant voltage polarization curve
was taken. Thereupon, another 12 hours of break-in period was utilized and then a final
polarization curve was obtained as follows. The voltage was set at 0.6 V set for 10 minutes
then data was taken every 6 seconds for 3 minutes. The voltage was held for 3 minutes,
before the first data point was collected, and then data were collected every 6 seconds for 3
minutes at each voltage set-point. This continued for the following voltage sequence, 0.55
V,0.5V,045V,04V, 0.6V, I(for 1 minute), 0.65 V, 0.7V, 0.75V, 0.8 V, 0.85 V, and
0.6 V.

The electrochemical surface area (ECSA) and crossover were measured utilizing
the potentiostat. Potentiostats often allow the choice of 2, 3, or 4 terminal connections to
the cell depending on the particular application to measure the ECSA and cross-over
current. The two terminal connections are usually used when it is difficult to position the
reference electrodes inside the cell itself. Although there is a reference electrode machined
in the test fixture, it is assumed that the H, anode behaves as a reference electrode. The
ECSA is a measure of the surface area of Pt that takes part in the reaction and was
measured in the following manner:

1. The cathode was purged with N, and the anode with H,, both set at 50 sccm and 1
atm.

2. After the OCV is < 0.14 V, the ECSA was measured by utilizing the 1287
potentiostat (Solartron, Hampshire, U.K.). The counter electrode (CE) and reference
electrode 1 (RE 1) were connected to the anode, while the working electrode (WE)
and the reference electrode 2 (RE2) were connected to the cathode.

3. To measure the ECSA of the MEA, the potential was swept from 0.0 V to 0.6 V for
4 cycles at 100 mV/s, while the cross- over is measured at 0.0 V to 1.0 V at 2 mV/s
for 3 cycles.

4. The total charge between 0.0 V and 0.6 V was integrated and after correcting for
the double layer (assuming it is the baseline), the total charge produced by the
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reaction was calculated. The ECSA was calculated by assuming a stoichiometry of

1 ¢/ Pt. Site [55]. The crossover is simply the plateau in current observed.

The pressure of the cell was next increased to 1.5 atm for both the H, and air feeds,
and a polarization curve was obtained again. The temperatures of the fuel cell and the
humidifiers were then increased to 80°C. After utilizing the break-in protocol for 2 hours,
to ensure steady-state performance has been reached, a polarization curve was obtained.
Finally, the ECSA and crossover current were measured again.

In a similar fashion, the polarization curves and ECSA were measured at
increasingly higher temperatures. The temperatures of the humidifiers were maintained at
80°C and the cell temperature was returned to 70°C at the end of the experiment. Thus, the
sequential temperature test protocol was: (a) Cell = 70°C, Hum. = 80°C, Beginning of Life
(BOL), (b) Cell =90°C, Hum. = 80°C, (c) Cell = 100°C, Hum. = 80°C, (d) Cell = 110°C,
Hum. = 80°C, (e) Cell = 120°C, Hum. = 80°C (f) Cell = 130°C, Hum = 130°C, P = 3 atm
O, and (g) Cell = 70°C, Hum. = 80°C, End of Life (EOL).

2.6 Results and Discussion

Water Uptake Measurements- Fig. 2.5 shows the area specific water uptake at 120°C of all
the additive powders utilized in this study. Among the additives investigated the most
promising appears to be the ZrO, (sample with no acid treatment). Fig. 2.6 shows the water
uptake of the nanocomposite membranes measured at 120°C. All the nanocomposites show
an enhanced water uptake at 120°C when compared to Nafion. The Nafion ZrO, sol-gel
nanocomposite shows the highest water uptake of all the samples tested and is around 40 %
higher than Nafion 112 at 40% RH. The 5 wt % SO4/ZrO, and the 5 wt % ZrO, both show
water uptake that is 20 % higher than the Nafion 112 sample at 40 % RH. Thus, the
behavior of the nanocomposite PEMs reflects the trend due to the effect of size of
inorganics particles. The Nafion ZrO, sol-gel nanocomposite has the smallest particle size
as compared to other membranes and hence, has the highest water uptake of all the
nanocomposites. Further, the benefit of inorganic additives in PEMs is evident at higher

temperatures and low RHs.
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lon-Exchange Capacity - Table 1 lists the experimental EW and partial molar volumes

along with the predicted EW using Eq. 3 for the nanocomposite membranes. The additive

acid site concentration c,,, was estimated using data for 5 % ZrO, (A) EW and assuming

an average 10um particle size as 7.77x10"” molecules/cm”. Assuming ¢, constant for all

the nanocomposite membranes, the partial molar volume of other nanocomposite

membrane was calculated and is listed in Table 1. The corresponding EW can be thus

obtained by multiplying V v with the measured membrane density. The EW obtained from
Eq. 3 and experimentally are in good agreement. Thus, it is evident that for nano sized

particles, the EW is low, implying higher acidity. Also it is observed that an increase in

particle size increases the Vu which causes a decrease in the acidity of the membrane.
The Nafion ZrO, sol-gel nanocomposite has the highest number of acid sites available of
the membranes investigated due to the larger surface area of the nano sized particles. Based
on gravimetric and preliminary ash analysis, the loading of particles in the Nafion ZrO, sol-
gel nanocomposite is around 3 to 4 wt %. The incorporation of zirconium oxide in Nafion
using sol gel method increased the effective acid site concentrations in the membrane also
resulting in higher water uptake.

The X-ray diffraction (Model Rigaku Geigerflex X-ray Diffractometer) analysis for
the nanocomposite membranes compared to Nafion shown in Fig. 2.7 was done at room
temperature. The 10 wt % SO,*/ZrO, showed some extra peaks as compared to Nafion
corresponding to ZrO,. However, the Nafion ZrO, sol-gel showed a pattern essentially
identical to Nafion due to the low loading and the nanosized ZrO,. Hence a future goal is to
increase the loading of ZrO, in the membrane by varying the synthesis procedure during
sol gel process.

It is evident that for the membrane to be more acidic, the equivalent weight ought
to decrease. However, lowering EW implies that the membrane would swell more due to
high water sorption. However, the mechanical strength of the membrane is also related to
the additive loading. Thus, an optimum amount of inorganic additive is indicated.
Polymeric membranes with EW below 900 show low mechanical strength and are not

suitable for fuel cell applications. Hence an objective is to design membrane having EW
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around 900 for best fuel cell performance with the highest water uptake and proton

conductivity.
Samples Partial Molar Volume EW (g/mol. H) EW (g/mol. H)
V u (cm’/mol) (Experimental) (From Eq. 3)
Nafion® 112 537 1106 1106
Nafion ZrO; Sol-gel. 515 1016 1030
5% ZrO, (A) 517 1084 1084
10% ZrO, (A) 528 1121 1109
20% ZrO, (A) 545 1159 1146

Table 2.1 The partial molar volume, experimental and predicted EW of the Nafion
112, and nanocomposite membranes at 25°C.
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Figure 2.5 The surface area normalized water uptake of the powder at 120°C vs. RH.
The most promising candidates are the ZrO, and the SO4/ZrO; samples.



Chapter 2 73

10.0
n .0 i
8.0 -
a R |
~ - —m
g I P - P /// (©) i
B o |
- For
8 60 | H “m |
3 - o :
®©
; r |
[} L |
8 4.0
= - —&— Nafion 112 .
* | ~O— 5wt.% SO,/Zr0, I
20 | B — 5wt.% Zr02 =
n - -0 - - Nafion ZrO2 sol-gel PEM |
\ \ \ \
0.0
0 10 20 30 40 50
% RH
Figure 2.6 The water uptake of nanocomposite membranes and Nafion 112 at 120°C

vs. RH. The Nafion ZrO, sol-gel PEM demonstrates the highest water
uptake.
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Figure 2.10  The conductivity of loaded nanocomposites PEMs at 90°C vs. RH.
The optimum conductivity is observed with the 10 wt % PEM.
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Conductivity Measurements - Fig. 2.10 shows the measured conductivity of the commercial
Nafion 112, solvent cast Nafion, and the solvent cast and the sol gel nanocomposite PEMs
measured at 10 % RH and 40 % RH at a temperature of 90°C. The Nafion ZrO, sol-gel
nanocomposite has the highest conductivity among all nanocomposites. Fig. 2.11 presents
the conductivity of the nanocomposite PEMs measured at 120 °C. The conductivities for
Nafion and other nanocomposite membranes were reproduced and the error bars are shown
for each nanocomposite. In general the conductivities at 120°C are higher than 90 °C. The
conductivity exhibited by the Nafion ZrO, sol-gel nanocomposite is about 4-5 % higher
than Nafion 112 at 40 % RH. All the other nanocomposites have conductivity smaller than
that of Nafion despite a higher water uptake.

The increase in the conductivity of the Nafion ZrO, sol-gel nanocomposite than that
of Nafion is the combined result of the enhanced water uptake as well as acidity. Also the
membrane structure influences the overall conductivity of the membrane. Our concomitant
efforts to develop proton transport model for both Nafion and CPEMs shows that tortuosity
of the membranes affects the water sorption properties which in turn impacts the
conductivity. Although the other nanocomposites show an enhanced water uptake at 120°C,
the acidity (Table 2.1) as well as conductivity of these PEMs is less than that of Nafion. It
is thus noteworthy that an enhancement in the water sorption properties of the PEM does

not necessarily translate directly into an enhanced conductivity.

To study the effect of the additive loading, the conductivity of 5 %, 10 % and 20 %
ZrO, nanocomposites versus RH is shown in Figs. 2.10 and 2.11 at 90°C and 120°C,
respectively. It is observed that the optimum conductivity in both cases is with the 10 %
ZrO, PEM. An increase in conductivity is observed when the loading is increased from 5 %
to 10 %, while a dramatic decline is observed when the loading is increased to further 20
%. Although the water uptake of the nanocomposites increases monotonically with loading
of the additive, the IEC measurements show that an increase in the loading causes EW to
increase (Table 2.1) and thereby reducing the acid strength of the nanocomposite
membrane. Hence, enhanced water sorption with lower EW of the nanocomposite

membrane and optimum loading will result into highest conductivity.
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Figure 2.11  The conductivity of loaded nanocomposite PEMs at 120 °C. The optimum
conductivity is observed with the 10 wt % PEM.
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Figure 2.11  The cell performance of Nafion 112 MEA with conditions as noted on
figure. Operated with 1.5 atm Air /Hp, humidifiers set at 80 °C. The
exception was when the cell was at 130 °C, 3 atm. O, and the humidifiers
set at 130°C.
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Figure 2.12  The cell performance of Nafion 112 MEA vs. Nafion ZrO, sol-gel
nanocomposite MEA. Air and H, at 2.0 and 1.3 times stoichiometry flows
respectively, P = 1.0 atm., Tyyyvupmrr gr= 90 °Cs Togrp = 110 °C.
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MEA Performance - Fig. 2.12 shows the fuel cell performance obtained with a Nafion 112
MEA that was tested at 70°C, 90°C, 100°C, 110°C, 120°C, 130°C and then returned to
70°C, following the test protocol described above. The performance drops with increasing
temperature and a reduction in RH. To distinguish between the membrane resistance and
the kinetics, the electrochemical surface area measurements were also made and are shown
in Table 2.2. As the temperature increases, the ECSA decreases due to ionomer shrinkage
within the catalyst layer indicating a reduced active area, thus countering the increased rate
of reaction at higher temperatures. For instance, when the temperature is increased from 90
°C to 120 °C, the ECSA declines to one-third its value at 90 °C. Kanamura et al.
investigated the Nafion/Pt interface with in situ spectroscopic techniques (FTIR, AFM and
surface potential measurements). The interface was observed to have a dynamic nature, in
the dry state the interface is very small while in the humidified state the interface was
greatly extended. Additionally, the conductivity of the Nafion ionomer present within the
catalyst layer will also drop at higher temperatures and low RH. Thus, the performance of
the fuel cell is limited at lower RH at higher temperatures both due to the increased
transport resistance in the PEM layer as well as due to the decrease in ECSA in the catalyst
layer.
From Fig. 2.12 it is also observed that there is a decline in the performance not only as the
cell temperature increases (and concomitantly as the RH decreases), but also between BOL
and EOL polarization, of about 300 mA/cm” at 0.6 V. It is also noted that the ECSA
measurements at 70°C BOL and 70°C EOL are 40.8 mC/cm® and 29.2 mC/cm’
respectively, while the cell resistance measurements are 20.3 mQ and 21.5 mQ at 70°C
BOL and 70°C EOL respectively. Thus, the performance loss is mainly a result of kinetic
overpotential, as the ohmic PEM resistance measured at the BOL and EOL is similar. The
crossover current measurements demonstrated low current (0.5 mA/cm®) generated by H,
crossover at high temperature (120°C). The excellent performance at 130°C under fully
humidified conditions (Humidifiers at 130°C, P= 3 atm) shows no degradation over several
hours.

Finally, a MEA was fabricated with a Nafion/ZrO, sol-gel nanocomposite
membrane and tested under dry hot conditions (Tiey = 110°C, Thymidifie™ 80°C). The

resulting performance is shown in Fig. 2.13 along with Nafion 112 for comparison.
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Although no performance improvement was observed, it is noted that the in situ MEA
ohmic measurements show improvement of conductivity of the nanocomposite versus
Nafion 112, under these conditions. However, it is clear that the reduction of ECSA in the
catalyst layer under dry conditions (Table 2.2) must also be addressed before improved
performance can be obtained. It is noteworthy that literature contains few results of
improved MEA performance despite improved ex situ conductivity reported for some
nanocomposite membranes.

Based on our earlier fuel cell model simulations, an order of magnitude drop in
conductivity from 0.05 S/cm at 80°C to 0.005 S/cm at 120°C with Nafion 112 under dry
conditions is the cause of the poor cell performance. The most promising nanocomposite,
Nafion/ZrO, sol-gel nanocomposite on the other hand, demonstrates enhanced conductivity
and water sorption compared to Nafion 112. An important outcome from utilizing the sol
gel approach is that the nanocomposite membranes synthesized were homogenous. This
implies that this approach can be used to synthesize homogeneous membranes with
inorganics exhibiting higher acidity and better properties than Nafion. Therefore, it is
evident that we need to further increase the conductivity of the nanocomposite PEMs for a
substantial improvement in MEA performance at higher temperatures and low RH.
Additionally, at lower RH and higher temperatures, the shrinkage and dehydration of the

ionomer in the catalyst layer must also be addressed.

2.7 Conclusions

Based on a systematic approach, the synthesis and ex situ and in situ performance
of nanocomposite PEMs for higher temperature/lower RH operation have been
investigated. The promising potential of the sol-gel nanocomposite PEMs has been
demonstrated with improved hydration as well as conductivity at higher temperature and
lower RH conditions. Although greater conductivity improvement is necessary to obtain
high performance at higher temperatures/lower RH, the increase in rates of reactions,
improved CO tolerance and water management may provide useful power densities even
with a smaller enhancement, provided that the shrinking of ECSA under dry conditions can
be first addressed. Thus, the incorporation of the zirconia additives in the catalyst layer to

minimize electrode overpotential, and the long-term evaluation of these MEAs by fuel cell
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testing is being undertaken. In summary, significant progress has been made in the
understanding and design of nanocomposite PEMs, and it is expected that continued
development following a systematic approach will eventually result in high performance

nanocomposite PEMs.
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Table 2.2

Nafion 112 ECSA (mC/cmz)
70°C (BOL) 40.8
90°C 43.8
110°C 21
120°C 15
70°C (EOL) 29.2

The ECSA of a Nafion 112 MEA at different fuel cell temperatures, when

the temperature of the humidifers remains constant at 80 °C.
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Chapter 3
Thermodynamics of Water Sorption and Proton Transport in

the Understanding and Design of Nanocomposite PEMs

A phenomenological theory, largely devoid of fitted parameters, is provided for water
sorption and proton transport in polymer electrolyte membranes (PEMs) as well as in
polymer-inorganic nanocomposite membranes (NCPEMs) that serves to not only
rationalize the sorption and conductivity behavior of conventional PEMs such as Nafion,
but also provides a framework for rational design of improved PEMs and NCPEMs. The
thermodynamic model based on the influence of osmotic pressure on the activity of free
water within the membrane pores not only predicts the entire sorption isotherm, but also
provides a plausible explanation for the so-called Schroeder’s paradox, namely the
difference in amounts sorbed from liquid versus saturated vapor. The transport model
incorporates the various mechanisms of proton transport, namely, surface hopping,
Grotthuss diffusion, and en masse, or vehicle diffusion. In particular, it provides a
predictive expression for Grotthuss diffusion, which turns out to be the dominant
mechanism for proton transport in Nafion. Since the design of alternate PEMs suitable for
effective proton transport under hot and dry conditions is a key current technological goal,
the rational design of NCPEMs for this purpose is considered here in detail, based on an
extension of the transport model to account for the effect of the inclusion of functional
additives in NCPEMs. The results also point to the reason that Nafion is an excellent PEM,
namely the hydrophobic nature of its backbone that induces water away from surface into
pore bulk where most of the proton diffusion occurs. This chapter is co-authored with Dr.

Pyoungho Choi and is under review in J. Polymer Science: Part B: Polymer Physics.

3.1 Introduction
Extensive research efforts are being made worldwide to find new proton conducting
materials for proton-exchange membrane (PEM) fuel cell applications because the main

obstacles to commercialization of PEM fuel cells are mostly related to the proton
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conducting materials, typically solid polymer electrolytes such as perfluorosulfonic acid
membranes [1-3] They are expensive, mechanically unfavorable at high temperature, and
conductive only when soaked in water, which limits fuel cell operating temperature to
100°C, which in turn results in low fuel cell performance due to low electrode kinetics and
less CO tolerance. The operation of fuel cells at high temperature provides many
advantages [4-5] such as improved kinetics at the surface of electrode, which is especially
important in methanol and CO-containing reformate feeds, fast transport of protons across
PEM, efficient heat and water managements, and also opening a new possibility of
integrating fuel cells with methanol reformer, which can result in compact fuel cell
systems. Thus, the development of stable membranes at high temperature is an active area
of research in fuel cells.

The so-called “higher temperature membranes” can be developed via the modification
of polymer (host membrane) with hygroscopic oxides such as SiO, and TiO; to increase
water uptake, or inorganic solid acids such as ZrO,/SO4> to increase the water uptake as
well as the concentration of acid sites, or inorganic proton conductor such as heteropoly
acids to further enhance proton conductivity using the inorganic-assisted proton transport
together with the high water uptake and high acid concentrations in the membrane. Some
examples of polymer/inorganic nanocomposite membranes are Nafion/SiO,, Nafion/AL,O3,
Nafion/TiO,, Nafion/ZrO,, Nafion/ZrP, Nafion/PTA, Nafion/HPA, SPEK/ZrO,,
SPEEK/ZrP, SPEK/(ZrO,/PTA), and PBI/(SIWA+S10,),[6-17] etc. These membranes can
be prepared by casting a bulk mixture of powder or colloidal state of inorganics with a
polymer solution, or in-situ formation in a polymer membrane. The size and dispersion of
solid particles are of special importance in both methods. The in-situ method is based on
sol-gel reactions in the membrane and the formations of nanometer sized particles in host
membrane are claimed. These sol-gel prepared nanocomposite membranes are
Nafion/ZrO,, Nafion/SiO,, and Nafion/TiO, [18-20] etc. The nanocomposite membranes
show a much higher water uptake, reduced methanol crossover, improved mechanical and
thermal stabilities at high temperature, and improved fuel cell performance [8,11,21]
although the reason for the performance enhancement was not elucidated and the long-term
stability of these membranes is still in question. In spite of their substantial increase in the

amount of water uptake and better fuel cell performance at high temperature compared
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with unmodified membrane, the improved proton conductivity of the nanocomposite
membranes has not been yet proven and is a subject of current debate. For example,
Miyake et al.[6] reported that conductivities of sol-gel prepared Nafion/SiO,
nanocomposite membranes were 0.185 S/cm, 0.16 S/cm, and 0.112 S/cm for 4-5%, 10-12
%, and 16-17 % loadings of Si0,, respectively, while that of Nafion was 0.21 S/cm at the
same condition of 120°C and 78 % relative humidity environments. On the other hand,
Arico et al.[7] reported higher proton conductivity of inorganic acid doped-nanocomposite
membranes such as Nafion/Si0,, Nafion/(PWA+SiO;), and Nafion/ZrO, over all the
temperature ranges of experiment.

Major issues in nanocomposite-PEMs are the compatibility of PEM with the solid
acids, interaction between the inorganic elements with the polymer backbone and its acid
sites, uniform dispersion, and the effect of the inorganics on water sorption, including the
fraction of bound versus free water, and on proton transport. The size, propensity for water
uptake, the acid site density, and acid strength are the key properties of the functional
additives that affect the proton conductivity of composite-PEMs. The amount and
distribution (or dispersion) of the functional additives should be optimized to achieve
highest proton conductivity of composite-PEMs as well as highest mechanical/thermal
stability.

The discussion above is, however, qualitative. It is clearly necessary to understand at a
more basic level the effect of the properties and parameters on the water sorption and
transport of protons in nanocomposite-PEMs. In this paper, we focus on the rational design
of nanocomposite PEMs based on a more fundamental understanding of the effect of its
sorptive, mechanical, and transport properties. In order to accomplish this, however, it is
necessary to first develop a comprehensive theoretical framework for sorption and
transport in conventional PEMs such as Nafion, which has so far been lacking in the
literature despite two or more decades of intensive investigation into its structure and

properties.

3.2 Sorption in Nafion
Here the water sorption in Nafion is described [22]. As water is gradually sorbed,

it initially aids in the dissociation of the acid functional groups followed by a solvation of
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the formed hydronium ions (Figure 3.1). It is, thus, assumed in the model that the solvent
molecules per acid site, 4., are of two types, i.e., those that strongly (or, chemically)
interact with the acid sites, /f, i.e., molecules in the immediate hydration sheath, and those

that are free, 4. An alternate way of classifying these molecules is freezing (free) versus
nonfreezing (bound) water molecules. Figure 3.2a shows the free water and bound water

molecules. Thus, the total number of solvent molecules per acid site [22]

A=A+ A (3.1)

For equilibrium between the membrane (M) and the fluid phases, the chemical

potential of solvent i is equal, i.e., /JIF w =M. With the assumption that the chemical

potential of i within the membrane ,uf . 18 also influenced by the swelling pressure Ilg

within the membrane exerted due to the stretching of the polymer chains as a result of

i _
Y :(ll}rh (3.2)

where q; is the activity, or RH, of the solvent in the fluid phase outside the membrane.

solvent ingress, this provides

When the sorption is from vapor, the swelling includes pressure terms due to stretching of
polymer matrix Iy, as well as I1,, i.e.,

M, =, +1I1, (3.3)

where the pressure exerted by the curved vapor-liquid interface in a pore of radius r,
(Figure 3.2b) is given by the equation of Young and Laplace [22]

N =_20'c050 (3.4)

"

where o is vapor-liquid surface tension, € is the contact angle, and the pore radius

r,=2&/S (3.5)

. . 2 3 . .
where § is specific surface area (m”/cm’). Further, ¢, is solvent pore volume fraction

&=A/(A+r) (3.6)

where 7 is the ratio of partial molar volume of polymer membrane, » = VulVi.
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For membrane pressure I1), Freger’s model for microscopically phase-separated

swollen polymers is adopted [23]

7/3

I, =2G/3)@," -®,"") (3.7)

where @, is the volume fraction of polymer, ®,, =r/(4, +r), and G is the shear modulus

of polymer, related to Young’s modulus of elasticity by

E=2(1+0)G (3.8)

where v is Poisson’s ratio, assumed here as 0.5.
The activity of free solvent in the membrane phase a/,, is assumed to be given by

the statistical mechanical Flory-Huggins theory derived on the basis of a quasi-crystalline

lattice [22]
lnan =Ing +(1-1/r)1-&)+ yA-&Y (3.9

where & is solvent pore volume fraction of the free solvent, & =4 /(A +r), and y is
the Flory-Huggins polymer-solvent interaction parameter. The first two terms on the right
hand side of Eq. 3.9 represent the configurational (entropic) contributions, while the third
represents (enthalpic) interaction contribution to mixing. The interaction parameter y
depends upon nature of the polymer backbone and the solvent, and is usually fitted.
Alternately, this may be estimated from molecular modeling.

The number of strongly bound solvent molecules per acid site, A, result from the

1

condition of chemical equilibrium, £ v 1, =0, finally resulting in**

£=1 [KlaiJ{l—(erl)(ai)v + V(ai)wll} (3.10)
T \U=-a;) |1+ (K, _l)ai_Kl(ai)v+

where v is the number of equilibrium steps, and K is the equilibrium constant of the first
step (acid dissociation constant).
Combining the above relations, thus, sorption of water in Nafion can be calculated

by the following implicit expression for A, versus fluid phase activity q,
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A - AC A +r) (A8 +rY
Inf —— |+|{1-—— +x —Ina, =
A+ rj\ A +r A +r
7[5 1/3 7/3
-—1 =G A i —Socosf|1+—
RT || 3 A +r A +r A;

where A in terms of activity «, is provided by Eq. 3.10.

(3.11)

The model above provides a very good fit to the available experimental data from the
literature as shown in Figure 3.3, with the Flory-Huggins parameter y as the only fitted
parameter. Table 3.1 lists parameters values employed in the model. The interaction
parameter  varies with the free water in Nafion and be fitted
using y = —44.5(¢] )’ +42.5(¢])* —13.1(¢] ) + 2.2, reflecting that the free water molecules
face different environments in polymer matrix with increasing water imbibitions in Nafion.

The Young’s modulus of H'-Nafion used in the model was measured utilizing the

OEH technique described below and fitted using E = E exp(—2.1753gi). Based on I1,
(Eq. 3.4), the model also explains “Schroeder’s paradox,”i.e., 4, = 22 for sorption from

liquid water, while A} = 14 for saturated vapor, both with a; = 1.

3.3 Theoretical PEM Design for Improved Sorption

The above approach will be further developed to provide a theoretical framework
for rational PEM design, e.g., by investigating the effect of the model variables K, (acid
strength), EW (as described in the model by the ratio ), y (the interaction energy between
polymer and water), and E (membrane elasticity) on water uptake. Thus, the water uptake
is predicted to increase, as expected, for polymers having low £,. However, more water
uptake, although desirable for low RH operation, does not necessarily bode well for the
membrane, as it can compromise both the mechanical strength of the membrane and the
conductivity.

In order to demonstrate the use of the sorption model described above for design
purposes, the effects of the polymer variables K, (acid strength) and FE (membrane

elasticity) on the amounts of water uptake are analyzed as shown in Figures 3.4 and 3.5,
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respectively. As the dissociation constant increases, i.e., as pK decreases, the water uptake
increases initially and reaches 4, = 13.9 at K, =10” and then no further increase in water

uptake is predicted. Thus, there appears to be a limit to the acid strength of acid sites,
beyond which the water uptake is not affected by it. The effect of Young’s modulus of the

polymer in the dry state E, on the water uptake varies with the polymer type and the

temperature. As shown in Figure 3.5, the water uptake increases as expected for polymers

having lowE,. However, this must be balanced by other considerations such as

mechanical durability and strength of a membrane in an operating fuel cell. In summary,

the water uptake of PEMs increases with the activity of the functional group (X,) up to
certain extent, low Young’s modulus of polymer elasticity (£), and low equivalent weight

(EW) of polymer. Although high water uptake is desirable for high proton conductivity in
general, too high a water uptake could lead to an overly swollen state and eventual
destruction of the membrane. Therefore, an optimal level of water uptake is needed to

maintain the stability of the membrane.

3.4 Experiments

Membrane preparation — A Nafion/(ZrO,/SO,4>) nanocomposite membrane was prepared
via in-situ sol-gel synthesis developed by Watanabe et al.[9] Nafion 112 serves as a
template that directs the morphology and particle size of the oxide in the PEM matrix. As
received Nafion was purified by boiling in pure water at 60-70 °C for 30 minutes, treated in
3 wt. % H,0, solution at 60-70 °C for 30 minutes, and washed with deionized water at 60-
70 °C for 30 minutes. It was then converted to Na™ form by heating in 1 M NaOH solution
at 60 °C for 30 minutes and washed with deionized water. The Na' form of Nafion was
soaked in Zr (OCH (CHs),)4 ZrP/2-propanol solution at 25 °C for 24 hours. The membrane
was then removed, blotted, and placed 2-propanol/H,O solution for 2 hours at 80°C. After
the hydrolysis and condensation reactions, the membrane was removed and vacuum dried
thoroughly at 25 °C for 24 hours and then at 110 °C for 2 hours. The membrane is boiled
in 1 M H,SOy4 solution at 60 °C for 1 hour to sulfate the ZrO, nanoparticles and rinsed in

water.
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Water uptake and proton conductivity measurements — The experimental details of water

uptake and proton conductivity are provided elsewhere [10].

3.5 Transport of Protons

Diffusion of Protons in Nafion

Here, a comprehensive phenomenological framework for proton transport in PEMs,
which accurately describes conductivity at various hydration levels in Nafion by
incorporating water uptake and the various proton transport mechanisms is described.
Figure 3.6 shows the various proton transport mechanisms along with an electrical analog.
These include: 1) proton hopping along pore surface, i.e., surface diffusion, in an interfacial
zone of roughly 3-5 A for which the dielectric constant is substantially lower than that in
the bulk, 2) Grotthuss diffusion (or structural diffusion) in pore bulk, as well as 3) ordinary
en masse diffusion (or vehicular mechanism) of hydronium ions. In the vehicular
mechanism, proton rides along with the diffusing H,O (or vehicle) as H;O". In fact, it also
takes along strongly bound water molecules in the first hydration shell, i.e., electroosmotic
drag. On the other hand, in Grotthuss mechanism, the proton simply hops from one solvent
to the adjacent one, without en masse diffusion or electroosmosis [23].

Thus, the proton conductivity in a pore,o,, can be written as

E

o which, respectively, are the contributions from the surface,

> G
c,=0,. t0,. +0
Grotthuss, and en masse transport mechanisms. In turn, o can be written in terms of
diffusion coefficients using the Nernst-Einstein relation o, = (F */RT )D;.Cr.. Thus,

overall proton conductivity in PEM

6‘[. F’2 s 5 G E
Oy :?{E(D +CH* +DH*CH+ +DH*CH*) (3-12)

along with

(3.13)

w

1 x, (1+1—xWD,ZV+J~1+5
E W M | T AW
DH* DH*k X DH* DH+

where x  is the mole fraction of water in the membrane phase, and ¢ is the ratio of

diffusion (or frictional) coefficients of hydronium ion with water, Dﬁlﬁ and that with the
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polymer matrix, D Z . Therefore, the measured proton conductivity of nanocomposite-
PEMs is the result of weighted average of the surface and bulk diffusion coefficients ( Dfr ,

G E . 2 . . . .
Dy, ,and D,.) and the concentrations C,. and C,. of protons participating in surface

and bulk diffusion, respectively, along with the nanostructure (&, and 7 ) of PEM.
The tortuosity factor 7, of course, varies with the water content &, in Nafion.

While there are several alternate models for the tortuosity factor, here we adopt Preger’s

model already used in Nafion

2(1-¢,)+2¢,Ing, —0.5¢,(In¢g,)’
T =

g(l-g)+e’ g,

(3.14)

The diffusion coefficients in Eq. (3.9) are obtained based on a random walk
statistical mechanical framework that connects the molecular details of proton transfer to
the diffusion coefficients
12

a
KT,

D; = (3.15)

where x is dependent upon the dimensionality of random-walk (x= 2, 4, or 6 for a one-,
two-, or three-dimensional walk, respectively), /, is the mean step distance, and 7, is the

mean time between successive steps.

Surface Diffusion
For the two dimensional surface diffusion, x, = 4, and the hopping time 7}, can be written

as

h AGy’
T, = exp[ kg; J (3.16)

where /£ is the Planck constant and &z is the Boltzmann constant. Based on the further
assumption that the Coulombic interaction energy between the negatively charged fixed

sulfonic ion and the positively charged hydronium ion represents the main energy barrier

AGY°
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(q,)° I

4rey, (R_,r +R; +1s fo +R,) (3.17)

e0 _
AGS® ~

where g is the electrostatic charge of an electron (1.602 x 10" ©), R, is the effective
radius of fixed anion groups, R, is the radius of the hydronium ion, /; is the mean step

distance for surface diffusion, &,1s the permittivity of free space, and ¢, is the relative

permittivity of the medium in the surface diffusion region. Thus, the surface diffusion

coefficient becomes [23]

2 2
pr kTl | () ks (3.18)
1 h 4 dree kT (Rf+Rl.+lZXRf+RI.)

Grotthuss Diffusion

The Grotthuss mechanism involves two sequential steps, namely, rotation of a
water molecule due to the electric field of the adjacent hydronium ion into a receptive
orientation, followed by the transfer of proton to the water molecule, via quantum
mechanical tunneling from the hydronium ion. Assuming the rate of rotation of the water
molecule, as determined by the hydrodynamic Stokes equation for rotation, to be the rate-

determining step and using x; = 6 in Eq. (3.15)
I’ q.
D}? = G’uzw(ZH 9. Z ; ln{w} (3.19)
1927 (.6 )R O tan( g, /2)

wherez . is the charge number of a proton, u, is the dipole moment of water, 6 is the

distance between the proton in hydronium ion and proton accepting water molecule of

radius R, [, is the hopping distance, 7 is water viscosity, & is dielectric constant, and

6, 1s initial and 6, the final angle of rotating water molecule. Although Eq. 3.19 is derived

based on a simplified molecular hydrodynamics rather than very detail molecular
dynamics, it contains the essence of the Grotthuss mechanism and explains abnormal

conductivity of protons quite well.
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En Masse Diffusion

The diffusion coefficient of hydronium ion through water Dj},, is approximated as

the self-diffusion coefficient of water, which has been reported as 2.1-2.3 x 10 cm?/s at
room temperature, or may be obtained by Stokes-Einstein equation, assuming the
hydronium ion as a diffusing entity in a continuum of water

W kBT

- 3.20
T 6mnR, (3.20)

where 7 is the viscosity of the medium and R; is the hydrodynamic radius of hydronium

ion. As the concept of hydrodynamic radius is rather not clear in the Stokes-Einstein

equation, the self-diffusion coefficient of water corresponds the effective water radius R; =
0.108 nm, smaller than the geometric radius of water molecule R, , = 0.143-0.144. The en
masse diffusion coefficient can also be obtained by subtracting Grotthuss diffusion

coefficient from the proton diffusion coefficient in aqueous solution known as 9.31 x 107

2
cm’/s at room temperature.

The Diffusion Coefficient Ratio &

The parameter ¢ is estimated as follows

1 D”. \/5 2/3
5=ZD_ZM+z7,»(r) (3.21)

where 7 is the ratio of partial molar volume of Nafion to that of water. Thus, the ratio

o depends upon the EW and water content in Nafion, A,.

We now have predictive relations for all the parameters in Eq. 12, except for C>, and

C,,. , which are discussed below.

Distribution of Protons between Surface and Bulk Regions
Some of the dissociated protons remain close to the anion surface sites and
participate in surface diffusion, whereas others with a higher degree of hydration

breakaway into the pore bulk and participate in bulk diffusion comprising of Grotthuss and



Chapter 3 101

en masse mechanisms. It is assumed that dissociated acid sites with up to two water
molecules remain close to the surface and designated as surface water, while those with
more than two water molecules move away from the surface into the pore bulk. This is

based on the hypothesis that sulfonic acid groups are sufficiently strong acids so that ion
pairs SO;H,0" or SO;H,O; are formed. With this assumption the concentration of

surface protons [23]

1 Ka,(1-a,)1+K,a,)
lil7i (l—ai)(1+K1ai)+ Kleaiz(l_aVA)

i

Ccx. = (3.22)

where K, and K, are the equilibrium constants for the first and second hydration steps,
and the concentration of bulk protons

1 Kleaf(l—aiV_z)

C . =—
AV (l—al.)(l+Klal.)+Kleaiz(l—aV_1

i

(3.23)
)

Figure 3.7 shows the conductivity data of Nafion (EW=1100) at room temperature as a
function of activity of water vapor along with the model predictions. The parameters used
in this prediction are presented in Table 3.2. It is noteworthy that these predictions involve
no fitted parameters. Further, it is clear that the Grotthuss diffusion is the dominant

mechanism.

Theoretical PEM Design

Now that a theoretical framework exists for sorption and proton transport, we can use it
to investigate the effect of various design parameters. As an example, the effect of EW is
examined by comparing the proton conductivity predicted by the model with experiments
for Nafion of EW in the range of 800-1200 immersed in liquid water. The model estimates
the proton conductivity very well over the range of EW. The maximum conductivity of
Nafion predicted by the model is in between EW of 900 and 1000, which is also obtained
in experimental measurements. For EW less than 900, the proton conductivity decreases
because the dilution effect of protons at very low EW overwhelms the increase due to

increase of water volume fraction and the corresponding decrease in tortuosity.
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In summary, the proton conductivity depends on the porosity¢;, 1.e., the volume
fraction of sorbed water, tortuosity z , proton concentrations in the surface region Cé+ and

Grotthuss DY, , and the en

diffusion coefficients for the surface D* P

H?

in the bulk C

H*?
masse mechanisms D]V; , as well as the ratio 0. These also indicates, thus, the basic

design variables that need to be optimized for developing alternative high proton-
conducting polymers for fuel cell applications. In general, it is desirable to have PEMs that
can sorb more water at a given water vapor activity, but only up to a certain point, when
dilution effect on the proton concentration becomes significant. For a given PEM system,
the membrane pores becomes larger and less tortuous when it sorbs large amounts of water,

which in turn increase the conductivity of protons in the membranes. The distribution of

protons between the surface Cfl+ and the pore bulk C, . is also important and depends

upon the acid strength of the functional groups as well as the nature of polymer backbone.
Since the Grotthuss diffusion in the pore bulk is the major contributor to the total
conductivity, the formation of a high fraction of bulk hydronium ions is needed for the fast
transfer of protons through the membrane. This may explain one of the reasons for the
success of Nafion of which hydrophobic backbone facilitates the formation of bulk, rather
than surface water. However, too high a water uptake in a PEM leads to a dilution of
proton concentration and even membrane failure in an operating fuel cell. Especially for
direct methanol fuel cell application, high water uptake and swelling is not desirable due to

the methanol crossover problem.

3.6 Diffusion of Protons in NCPEMs
The proton transport model described above may be modified to incorporate the

effect of the inorganic additives present within the pores of Nafion membrane [25]. Thus,

Eq. (3.12) still applies but with modified values of the diffusion coefficients (D>., D¢

H*? H?

z

and D 5 ) and the concentrations C,. and C, .. The key effect of these nanoparticles is to

provide additional surface functional sites for the adsorption of water, thus enhancing
sorbed water as well as the overall surface diffusion. The enhancement of bulk diffusion

(Grotthuss and en masse) would, however, depend upon whether the fraction of bulk water
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and the bulk proton concentrations are increased as a result of the inorganic additives.
However, the nanoparticles also provide an additional obstruction to the bulk diffusion
mechanisms. Therefore, an increase in the acidity of the NCPEM and in the amount of

water sorbed may not necessarily translate into an enhancement of proton conductivity.

Surface Diffusion

The surface diffusion coefficient of protons in a nanocomposite-PEM is written as

1 XIZJEM xIEA
— = S (3.24)
Dy, Dyipev Dy ra

¥ b . . . . .
where Dy, p, and Dy ., are the two surface diffusion coefficients of protons via acid

groups of PEM, and via acid groups of functional additives (FA), respectively, and x3,,,

and x;, are the fractions of the acid groups from PEM and functional additives,
respectively. The fraction of acid groups can be written in terms of the molar ratio, i.e.,
Xpoy =1/(1+¢q) and x;, = q/(1+q), where ¢ = moles of acid sites of FA/moles of acid

site of PEM. The molar ratio of acid sites for w gram of functional additives per gram of

PEM can be written as

6w
dppp

q= EW ey C;[+,FA (3.25)

where d, is particle diameter, p, is particle density and Cj, ., [mol/m?] is the effective

surface site density of acid groups from the functional additive, and EW,, is the

equivalent weight of the PEM. The use of the Einstein-Smoluchowski relation, thus,

provides
. I — AGS® |
1+ [d6w EW oy ]CHJr,FA ZZZ‘,,PEM exp[kZ,PEMJ
DZ _ ppp (kBTJ BT
H+ —
4 h . 1?2 —AGSY. + AGE®
1+ CH+,FA 6w EWPEM ( 2,2PEM jexp( X,PEM X,FA
] d,p, 12, k,T |

2)
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where AGy,,, and AG;?, are the effective Gibbs free energy of activation for the surface

diffusion around acid groups of PEM and functional additives, respectively, as given by

Eq. (3.17).

Grotthuss Diffusion
The Grotthuss diffusion coefficient in NCPEMs, of course, remains the same and

may be calculated as described above in the PEMs section.
En Masse Diffusion

The en masse diffusion coefficient of hydronium ion in the medium of water, acid
groups of PEM, and acid groups of functional additives is

1 _w (l_i_xPEM DZ+ _I_xFA DIVJV+J (3.27)

PEM FA
Xy Dy Xy Dy,

as a diffusing hydronium ion also encounters friction in its collisions with the inorganic
nanoparticles. Here x,, x,,, and x,., denote the fraction of water, PEM, and functional
additive, respectively, and D}, ,D;", and D}' denote the Stefan-Maxwell diffusion

coefficients of hydronium ion and bulk water, hydronium ion and PEM matrix, and

hydronium ion and functional additives, respectively.

The fraction of water in the membrane can be written as x,, =4, /(4, +1), where

the solvent loading 4, is given by

2, pll+w) (3.28)

1 6w :
Mw, [/EWPEM +( /Jppp jCH+,FAj

where p is the mass of absorbed per mass of dry nanocomposite-PEM and MW,, is

the molecular weight of water. As above, using the analogy between FEinstein-

Smoluchowski relation and the elementary kinetic theory, the ratios between diffusion

coefficients can  be calculated  as” D). /D™ ~ V2 (Foprs i ) and

2/3 . .
DY /DM ~2(r,,,, )", where rpy,,, and r,,,, are the ratio of partial molar volume of
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PEM to that of water, and partial molar volume of functional additive to that of water,

respectively.  Using these in Eq. 3.27 and from x,,, /x, =1/4,(1+¢q) and

Xpy /Xy =ql A, (14 q), the en masse diffusion coefficient of hydronium ion becomes

(/1W + 1{1 + 6W EWPEM C;I-*—,FA)

pPp

E  _ w
DH+ - DH+

6w « 6w .
Ay (1 + EWPEMCH+,FAJ + \/E(”PEM/W)N3 + \/E(FFA/W)2/3 rEWPEMCH+,FA

rPp rPp
(3.29)

where the diffusion coefficient of hydronium ion through water D), is given by Eq.

3.20.

Proton Concentrations in Surface and Bulk Regions

Some protons in a hydrated nanocomposite-PEM remain close to the acid sites and
diffuse the medium via surface diffusion, whereas others break away into the pore bulk and
diffuse via bulk diffusion mechanism. It is assumed that up to two water molecules
adsorbed per acid site remain close to the surface, designated as surface water, while those

with more than two water molecules move away from the surface to the pore bulk. The

total concentration of acid sites is calculated from C,. =1/4,Vw, and the concentration
of surface protons Cj} ~C,. (6, +0,), where 6, denotes the fraction of acid sites with i
bound water molecule. The total surface concentration is Cj,, = Cf,h pay T Cf,h 4 1n which

. . b} _ > > _ z
the surface concentration can be written as Cy, ppyy = fpeCrro and Cp, ni = fCros

where f., and f, represent the surface fraction of protons near PEM and functional

additives, respectively, i.e.,

fz _ dpypp KI,PEMaw(l_aw)(1+K2,PEMaw)
e (deP +OWEW ), C;[+,FA ) (1 —-a, )(1 + KI,PEMaw )+ KI,MKZ,PEMavzv(l —a)”

w

(3.30)
)

and
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s 6WEWPEM C;H—,O K]J?,qaw (1 —-a, )(1 + KZ,FAaw)
fFA - (

- — (3.31)
dypp +6WEWPEMCH+,FA) (l_avv’)(1+K1,FAaw)+KI,FAKZ,FAavzu(l_a 1)

w

where Vw is partial molar volume of water, v is the number of equilibrium steps

with acid groups, K, is equilibrium steps between water and acid groups, «a,, is the activity
of water in surroundings. The bulk proton concentration can be approximated as

Cu. #Chro—Chispey —Chrryps- The fraction of surface proton is high at low water

content due to strong interaction between proton and surface water but decreases as the
water content increases, while the bulk concentration increases monotonically with water

content.

Volume Fraction of Water

The volume fraction of water in the nanocomposite-PEM can be obtained from

. Ay (L EWppy, +wI MW, ) (3.32)
l //i’W(l/EWPEM +W/MWFA)+FPEM/W /EWPEM +WrFA/W /MWFA

where 7,.,,,,, 1s the ratio of partial molar volume of membrane to that of water, r.,,,

is the ratio of partial molar volume of solid acids to that of water.

3.7 Theoretical Predictions

Theoretical predictions for the proton conductivity of Nafion-ZrO; sol-gel membrane as
a function of activity of water vapor along with experimental results are shown in Figure
3.8 at two different temperatures. Figure 3.9 shows the structure of sulphated ZrO,. Table
3.3 and 3.4 has parameters used in the model to predict the conductivity for NCPEMs.
When compared with the proton conductivity of Nafion shown in Figure 3.7, it is clear that
there is noticeable improvement in conductivity. The proton conductivity of Nafion can be
improved by about 10-15 % with the incorporation of ZrO,/SO,4” if the model parameters
such as particle size and particle distributions are carefully controlled during the

preparation procedure.
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Parameter | Value Unit Comments
V 537 cm’/mol partial molar volume of Nafion
v, 18 cm’/mol partial molar volume of water
S 210 m’/cm’ specific pore surface area
K, 1000 | dimensionless | the first ionization constant of sulfuric acid
1% 5 dimensionless | the number of chemical equilibrium steps of
reaction
A 1.8 dimensionless | monolayer coverage being bound
o 72.1 mN/m surface tension of water
(% 98 dimensionless | contact angle of saturated water vapor in Nafion
X 0.9-2.4 | dimensionless | fitted polymer-solvent interaction parameter

Table 3.1 Parameter values employed in the model for the sorption of water in Nafion.
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Parameter Value or Unit Comment
Eq.
C;fv Eq. 22 mol/cm’ concentration of protons at the surface
C,. Eq. 23 mol/cm’ concentration of protons in the pore bulk
T Eq. 14 dimensionless | tortuosity of Nafion with water content
D; 1.01x 107 cm’/s surface diffusion coefficient of proton
D7, 7.05x 107 cm’/s Grotthuss diffusion coefficient of proton
D;; 2.26x 107 cm’/s en masse diffusion coefficient of proton

Table 3.2 Parameter values employed in the model for proton conductivity in Nafion at

room temperature.
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Activity Nafion Naﬁon/(ZrOz/SO42')
(g water/g dry Nafion) (g water/g dry nanocomposite)

25°C 90°C 25°C 90°C
0.1 0.0339 0.0344 0.0351 0.0413
0.2 0.0491 0.0488 0.0498 0.0586
0.3 0.0573 0.0499 0.0510 0.0599
0.4 0.0655 0.0614 0.0626 0.0737
0.5 0.0659 0.0749 0.0764 0.0899
0.6 0.0810 0.0875 0.0893 0.1051
0.7 0.0949 0.1127 0.1150 0.1352
0.8 0.1080 0.1309 0.1343 0.1584
0.9 0.1490 0.1710 0.1743 0.2053
1.0 0.2291 0.2701 0.2754 0.3247

Table 3.3 Data for water sorption in Nafion and Nafion/(ZrO,/SO4>) nanocomposite

membranes.
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Diff. Coef. | Symbols Values Units Comments
D:. EWwum 1100 g/equiv. equivalent weight of membrane
MWsa 219.29 g/mol molecular weight of solid acid
w 0.03 dimensionless | weight ratio of solid acid to membrane
d, 2 nm the size of solid acid in the membrane
D 5.83 g/em’ density of zirconium oxide used
kg 1.38x107% J/K Boltzmann constant
h 6.626x10™" | Jsec Planck constant
Iy 0.255 nm jump length of surface proton
Ry 0.254 nm radius of acid site of membrane
Risa) 0.260 nm radius of acid site of solid acid
Runo 0.143 nm radius of water molecule
P 8.854x10"* | C*/Im permittivity
vy 6 dimensionless | relative permittivity of membrane
€, 6 dimensionless | relative permittivity of solid acid
q, 1.602x10™" | C electronic charge
D ; lo 0.255 nm proton jump length in Grotthuss mechanism
s 1.5 ps proton jump time in Grotthuss mechanism
Dl Ay Equation 9 | dimensionless | mol H,O/mol nanocomposite membrane
Py iw 29.83 dimensionless | partial molar volume ratio of membrane to water
Fsqw 2.06 dimensionless | partial molar volume ratio of solid acid to water

Table 3.4 Parameter values employed in the model at room temperature.
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Figure 3.1 Schematic of sorption in pore of Nafion.
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Figure 3.2 Schematics of sorption in pore of Nafion (a) bound free water molecules, and
(b) vapor-liquid interface within a pore.
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Figure 3.3 The solvent loading vs. activity of water vapor for Nafion (EW=1100).
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Figure 3.4 The predicted solvent loading with the changes of the dissociation constant.
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3.8 Conclusions

A comprehensive proton transport model in Nafion/(ZrO»/SO4*) nanocomposite
membrane has been proposed based on the understanding of structural and
physicochemical properties of the membranes. The solvent (i.e., water) sorption, the
dissociation of protons around the acid sites, and the distribution of protons in the hydrated
Nafion/(ZrO»/SO4>) nanocomposites have been taken into consideration prior to the
diffusion process. The transport model distinguishes the surface and bulk mechanisms of
proton transport in the nanocomposite membrane in which the proton conduction depends
on the water content, diffusion coefficients at the surface and bulk regions in the
membrane, and concentration and distribution of protons. The surface diffusion of proton,
which takes place dominantly under low humidity environments, is slow due to high
Coulombic interaction around the acid surface, while the transport of protons in the bulk
water is relatively fast and occurs via Grotthuss and en masse mechanisms. The sol-gel
incorporation of ZrO,/SO,” into Nafion increased the amount of water uptake and provided
additional acid sites for proton diffusion, which resulted in higher proton conductivity
compared to the host membrane. The transport model developed here offers a theoretical
framework for understanding the proton transfer in nanocomposite membranes and should
also be helpful in systematically developing high proton-conducting nanocomposite

membranes based on the incorporation of inorganic materials into the host membranes.
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Chapter 4
Synthesis and Characterization of Nafion - MO, (M = Zr, Si, Ti)

Nanocomposite Membranes for Higher Temperature PEM Fuel

Cells

In this chapter Nafion-MO, (M = Zr, Si, Ti) nanocomposite membranes were
synthesized with the goal of increasing its the proton conductivity and water retention at
higher temperatures and lower relative humidities (120 °C, 40 % RHs) as well as to
improve the thermo-mechanical properties. The sol gel approach was utilized to
incorporate inorganic oxide nanoparticles within the pores of Nafion membrane. The
membranes synthesized by this approach were completely transparent and homogenous as
compared to membranes prepared by alternate casting methods which are cloudy due to the
larger particle size. At 90 °C and 120 °C, all Nafion- MO, sol-gel nanocomposites
exhibited higher water sorption than Nafion membrane. However, at 90 °C and 120 °C, the
conductivity was enhanced in only Nafion- ZrO, sol-gel nanocomposite with a 10 %
enhancement at 40 % RH over Nafion. This can be attributed to the increase in acidity of
zirconia based sol gel membranes shown by a decrease in equivalent weight in comparison
to other nanocomposites based on Ti and Si. In addition, the TGA and DMA analyses
showed improvement in degradation and glass transition temperature for nanocomposite
membranes over Nafion. This chapter is published in Electrochimica Acta, 51(3) 553-560
(2005).

4.1 Introduction

In recent years, there have been extensive research efforts in the development of newer
proton conducting membranes for higher temperature proton-exchange membrane (PEM)
fuel cell [1-2]. Nafion, the conventional proton conducting polymer electrolyte membrane
is expensive, mechanically unstable at temperatures above 100 °C, and conductive only
when soaked in water, which limits fuel cell operating temperatures to 80 °C, which in turn

results in lower fuel cell performance due to slower electrode kinetics and low CO
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tolerance [3]. The operation of fuel cells at higher temperature possesses many systems
advantages such as smaller heat exchangers, and easier integration with reformers. Thus,
the development of membranes which are mechanically and chemically stable at higher
temperatures (above 100 °C) is an active area of research for producing economical fuel
cells.

There efforts to develop these high temperature membranes include modification of the
conventional host polymers, e.g., via incorporation of various hygroscopic inorganic
nanosized particles or by developing alternate new polymer systems [4-17]. Malhotra and
Datta first proposed the incorporation of inorganic solid acids in the conventional
polymeric ion-exchange membranes such as Nafion with the objective of serving the dual
functions of improving water retention as well as providing additional acidic sites [4].
Thus, they doped Nafion membranes with heteropolyacids, e.g., phosphotungstic acid
(PTA), and were able to show high cell performance at lower RH and elevated temperature
(120°C). Unfortunately, due to high water solubility, the PTA eventually leaches out from
the PEM. Fenton ef al. have more recently shown that Nafion-PTA membranes can be
stabilized by heat treatment and the leaching of PTA can be reduced [5]. Nafion can also be
modified by the incorporation of hygroscopic oxides such as SiO; and TiO, to increase
water uptake [6], or inorganic solid acids such as ZrO»/SO4> [18].

Watanabe et al. modified Nafion PEMs by the incorporation of nano-sized particles of
Si0;, TiO,, Pt, Pt-Si0, and Pt-TiO; to decrease the humidification requirements of PEMs
[7].When operated at 80°C under low humidification PEMFC, the modified PEMs showed
lower resistance than Nafion. This improvement was attributed to the suppression of Hj
cross over by in situ Pt along with the subsequent sorption of the water produced on the
incorporated oxides.

Adjemian et al. introduced nanosized SiO, into Nafion pores and tested various
thickness and EW membranes [8]. The benefit of these nanocomposite membranes appears
to be in stabler operation versus conventional Nafion at a cell temperature of 130 °C due to
higher rigidity, when both were tested under fully humidified conditions. The investigators
note that the unmodified PEMs showed thermal degradation, while the SiO, modified
PEMs did not show such damage. Costamagna et al. incorporated zirconium phosphate into

a Nafion 115 membrane and the results obtained were similar [11]. Zaidi ef al. embedded
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heteropolyacids to different extents in sulfonated polyether ether ketone (S-PEEK) [12].
The highest performing nanocomposite was a tungstophosphoric acid doped, 80 %
sulfonated PEEK PEM. It showed conductivity similar to that of Nafion. Adjemian et al
have also synthesized Nafion PEMs containing silicon oxide, as well as zirconium
phosphate particles [14]. They found that silicon oxide modified membranes exhibited
better robustness and water retention and better performance. Similarly, Staiti ez al. have
also investigated Nafion-silica membranes doped with phosphotungstic acid and
silicotungstic acid for direct methanol fuel cell operation at 145 °C [15]. Tazi and
Savadogo have prepared membranes based on Nafion, silicotungstic acid and thiophene
[16]. These modified membrane had better water retention and thermomechanical
properties. On the other hand, Arico et al. reported higher proton conductivity of inorganic
acid doped composite membranes such as Nafion /Si0O,, and Nafion / (PWA+SiO,) over all
the temperature range of experiments [17]. Other examples of polymer/inorganic
composite membranes include Nafion /Al,Os, Nafion /ZrO,, Nafion /ZrP, Nafion /PTA,
Nafion /Zeolite, SPEK/ZrO,, SPEEK/ZrP, SPEK/(ZrO,/PTA), and PBI/(S1IWA+Si0,), etc.

Based on this work accomplished on higher temperature membranes, it can be
concluded that the approach of synthesizing nanocomposite membranes either by casting a
bulk mixture of powder or colloidal state of inorganics with a polymer solution, or in-situ
formation of inorganic particles utilizing the membrane as template [13], is very promising.
The advantage of in-situ method is that the particle size can be controlled by the
concentration of precursors because the size and dispersion of these solid particles are of
utmost importance in final performance of fuel cells. Mostly, the in-sifu methods are based
on sol-gel reactions between the organo metallic compound as the precursor and water
within the pores of the membrane. Though these membranes shows better water sorption
and proton conduction properties, better mechanical properties with higher fuel cell
performance and long term stability are yet to be established.

In our earlier work, we have shown the potential of preparing nanocomposite
membranes using sol gel chemistry with improved hydration as well as conductivity at
higher temperature and lower RH conditions [18]. In addition, we have developed a
theoretical model for proton transport in Nafion and in nanocomposite membranes based on

the parallel pore model incorporating various proton transport mechanisms such as surface
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proton hopping, Grotthuss diffusion, and traditional en masse diffusions [19-20]. This
allows an understanding of the contributions from various proton transport mechanism in
nanocomposite membranes and the effect of the inorganic additives for designing new
PEMs.

In the present work, we synthesized Nafion / ZrO,, Nafion/ SiO, and Nafion/ TiO,
nanocomposite membranes via in situ sol-gel technique and compared with unmodified
Nafion in terms of water uptake, proton conductivity at different relative humidity
conditions (RHs), fuel cell performance, and ion exchange measurements. These
nanocomposite membranes were further characterized using TGA (thermo gravimetric
analysis) and DMA (dynamic mechanical analysis) to determine degradation and glass

transition temperatures (7).

4.2 Experimental

4.2.1 Membrane Preparation

The method of preparation of the ZrO,, SiO; and TiO; nanocomposite PEMs was
based on the in situ sol-gel synthesis methods developed by Mauritz’s and coworkers [13].
In this procedure, the host PEM serves as a template that directs the morphology, and
particle growth and size of the oxide in the PEM matrix, resulting in nano-sized particles.
As received Nafion membranes (Sigma-Aldrich Corp., St. Louis MO) were boiled in 3 wt
% H>0; for 1 hour and then rinsed in water. They were then immersed in 1 M NaOH
solution and heated for 6 hours to convert the membrane to Na“ form. This ensures
mechanical strength of Nafion membrane for withstanding the subsequent processing steps.
Then the membrane was rinsed in DI water at 60 °C for 30 minutes [21-22].

The purified Na” form membranes were then placed in a vacuum oven and heat
treated at 110 °C for 12 hours. The membranes were then immersed in 10:1 ethanol/H,O
solution for an hour. The ethanol/H,O mixture served to further swell the pores of the PEM
to maximize the absorption of the precursor solution. The membranes were removed and
immersed in 0.5 M 70 wt % Zirconium (IV) propoxide solution (purchased from Aldrich)
for 6 hours and then rinsed in acetone in order to remove surface ZrO,. The membranes

were then removed and heated at 110 °C in vacuum for 24 hours to complete the
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condensation reactions. After this the membranes were boiled in 50 vol % H,SO4: H,O
solution for 6 hours for sulfation. This nanocomposite PEM is denoted here as “Nafion-
Zr0O, sol-gel”. Using a similar protocol, Titanium (IV) tert-butoxide and Tetraethyl
orthosilicate (TEOS) were utilized as the precursors utilized to synthesize “Nafion- TiO,
sol-gel” and “Nafion- SiO; sol-gel” membranes, respectively.

The membranes synthesized by this method were completely transparent and
homogenous as compared to membranes prepared by our previous the casting methods
[18], which were cloudy due to presence of much larger particles. Figure 2.4 shows
scanning electron microscope (Amray Model 1610 Turbo SEM) images for the
membranes prepared by both methods. The membrane prepared using the casting method
had larger zirconia particles with size ranging in 5-15 gm. On the other hand, the sol gel
membranes showed no X-ray scattering. Also the surface of sol gel membranes did not
show any deposition of oxides which confirms that the zirconia is present within the pores
of Nafion membrane. This provides evidence that these membranes have nano-sized
zirconia particles within the pores of the membrane. Similar observations were made for

other nanocomposite membranes synthesized using the sol gel method.

4.2.2 Water Uptake Measurements

The tapered element oscillating microbalance (TEOM Series 1500 PMA Reaction
Kinetics Analyzer, Rupprecht & Patashnick Co. Inc. Albany NY) was utilized to measure
the water uptake of the nanocomposite PEMs as compared to unmodified Nafion
membrane [20-21]. The sample mass change in TEOM was measured as the frequency
change of the tapered element oscillatory bed as described by us earlier [20]. The RH was
controlled by mixing metered flows of a wet (saturated with H,O) and a dry helium

stream.
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Calibration was done with a RH meter (FH A646-R, ALMEMO, Ahlborn, Munich,
Germany). The membrane was cut into thin strips (1.5 mm by 1.5 mm) and packed
carefully along with quartz wool into the oscillating test bed of the TEOM to avoid
rattling. The water uptake was measured for all samples at 90 °C from 0 % to 90 % RH,
and at 120 °C from 0 % RH to 40 % RH. After the sample was loaded, it was exposed to
the helium gas having the desired RH, and the real-time mass change was observed to
determine when the equilibrium amount of water had been adsorbed onto the membrane.

The working principle and data collection procedures are also explained elsewhere [23-

24].

4.2.3 Ion-Exchange Capacity Measurements

A 0.2 g sample of the nanocomposite PEM was exchanged with NH; by
immersing the sample in 1 M ammonium acetate for 24 hours and then in ammonium
chloride for an additional hour. The PEM was then washed with DI water to remove any
excess NH, " ions. To ensure that all excess NH4 had been removed, a drop of 1 M silver
nitrate was added to the wash. If NH4" ions were present, a white precipitate would form.
The PEM was then stored in 50 ml DI water. Adding 2 ml of 5 M NaOH solution to the
sample, caused the subsequent exchange of NH," with Na*. Utilizing a calibrated ammonia
electrode (Model 95-12 ORION, Boston MA), the amount of NH," released could be
accurately quantified thus providing an accurate measure of the ion-exchange capacity

[25].

4.2.4 Ex Situ Conductivity Testing

The conductivity measurements were made with a perturbation voltage of 10 mV
in the frequency range 0.01 Hz to 10° Hz using a Solartron SI 1260 FRA (Solartron,
Hampshire, U.K.). Both real and imaginary components of the impedance were measured
and the real z-axis intercept was assumed to provide the membrane resistance, and hence,
conductivity. A nanocomposite membrane sample was sandwiched between two electrodes
each on either side to measure the conductivity, similar to the procedure reported in
literature and then placed in humidity controlled chamber [26]. The humidity of the

chamber was monitored utilizing a dew point / temperature probe (HMP 238, Vaisala,
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Woburn, MA). An air stream was saturated with water by bubbling through a humidifier.
This wet stream was heat-traced to the chamber to avoid condensation. The chamber and
the humidifier were both heated to 90 °C and 120 °C, respectively, to obtain the desired
partial pressure of water. The conductivity of the PEM was measured at 90 °C in the RH
range from 10 % to 90 %, while at 120 °C the RH range was from 10 % to 40 % to
simulate dry conditions. These conditions are the same as those utilized for the water

uptake measurements.

4.2.5 MEA Testing

The electrodes utilized are commercially available from E-TEK (Somerset, NJ).
The type selected was the single-sided ELAT gas-diffusion electrode (20 % Pt-on-C,
0.35~0.4 mg Pt/cm?). The active layer of electrode was brushed with 5 % Nafion solution
(0.6 ~0.8 mg/cm”> MEA). This electrode was placed on either side of the PEM and the
resulting membrane-electrode assembly (MEA) placed in a hot press. The temperature of
the hot press was then raised to 130 °C and a pressure of 272 atm applied for 120 s. The
MEA thus prepared was mounted in a 5 cm® fuel cell test fixture, obtained from Fuel Cell
Technologies (Los Alamos, NM). The cell was fed with humidified H, and O, supplied at
pressure 1 atm utilizing electronic mass flow controllers (MKS Model No.
1179A22CS1BV-S, Andover, MA) and was controlled by the electronic load (Series 890B
Fuel Cell Test System, Scribner Associates Inc. Southern Pines, NC). Ultilizing software
(Fuel Cell Test Software Version 2.0, Scribner Associates, Inc.), the mass flow rate of the
feed gas was programmed to stoichiometry dependent flow rates. The load has an inbuilt
feature of measuring in situ MEA ohmic resistance utilizing the current interruption
method. The pressure of the reactant gases was monitored using pressure gauges
(Matheson, Model No. 63-5612). The startup procedure involved bringing the humidifier
temperature up to a set value of 80 °C, then increasing the fuel cell to 80 °C and operating
with 1 atm H; and O, at current controlled mass flow rates. The load was cycled for
additional 6 hours and then a constant voltage polarization curve was taken. Thereupon,
another 12 hours of break-in period was utilized and then a final polarization curve was
obtained as follows. The voltage was set at 0.6 V set for 30 minutes and then data were

taken every 6 seconds for 15 minutes. Similar procedure was repeated for other voltage
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conditions. After setting the required voltage, data were collected every 6 seconds for 15

minutes at each voltage set-point.

4.2.6 Thermo-mechanical characterization

The morphology of the synthesized nanocomposite membranes was investigated
using scanning electron microscope (Amray Model 1610 Turbo SEM).

Thermogravimetry analysis (TGA) of the nanocomposite membranes was
accomplished on a TGA TA Instruments 2050 system in a temperature range 25 to 700 °C
at the heating rate of 20 °C/min. A known mass of sample was placed into the analyzer and
was heated at a constant rate so that the entire polymer eventually volatilizes.

Dynamic Mechanical Analysis (DMA) was also employed to determine glass
transition temperature for the nanocomposite membranes using Thermal Analysis 2980
DMA in a temperature range 25 to 175 °C. For viscoelastic materials, like Nafion®, stress
consists of elastic and a viscous component. The elastic component or storage modulus,
accounts for how the material behaves like an ideal solid and the viscous component or loss
modulus, accounts for how the material behaves like an ideal fluid. The phase angle shift
between stress and strain is represented by 6, which varies between 0 (100% elastic) and 90
(100% viscous) [29-30]. The glass transition temperature (7) of a material can be taken as
either the peak of the loss modulus versus temperature curve or the peak of the tan (J)
versus temperature curve. In the present work, 7g is obtained from the peak of tan (J)

versus temperature data.
z
— =tan(d 4.1
Z (%) (4.1)
where E storage modulus (elastic component) and E" is loss modulus (viscous
component) of the material.

4.3. Results and Discussion

4.3.1 Water uptake measurements
Figures 4.1 and 4.2 shows the water uptake measurements for the nanocomposite

membranes at 90 and 120 °C respectively. At both temperatures, all Nafion-MO,
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nanocomposite exhibited better water uptake at a given RH than unmodified Nafion
membrane. Nafion-ZrO, nanocomposite demonstrated about 33 % and 45 % higher water
uptake at 90 and 120 °C respectively at water activity of 0.4 as compared to Nafion
membrane. Similarly, titania based membranes showed about 20-25 % higher water uptake
than Nafion at the temperatures of interest. Silica membrane showed water uptake similar
to Nafion at 90 °C, and about 15 % higher than Nafion at 120 °C. The enhanced water
uptake can be attributed to the hydrophilic nature of the acidic inorganic additives within
the pores of Nafion membrane and the increased acidity and surface areas of nanoparticles.
The basic uptake trend at both temperatures was similar, with water uptake increasing from
silica to titania to zirconia nanocomposites. This is in order of increasing acid strength.
From the results obtained, it can be concluded that incorporation of nanosized acidic
inorganics with higher surface areas, enhances water uptake properties of Nafion
membrane, which is a key design objective for high temperature membranes. The
advantage of inorganic additives in PEMs is more evident more at higher temperatures and
lower RHs. Higher water uptake and enhanced acidity result in greater proton conductivity,
which would presumably result into better fuel cell performance under hot and dry
conditions. Also, the sorption isotherm shape obtained for nanocomposite membranes were
found to be similar to that of Nafion, with lower water uptake at low RHs and then sharp
increase in the amounts of water uptake after water activity of 0.6. Hence, the basic
mechanism of water sorption must be similar for all nanocomposite membranes. The

difference is due to the change in acidity and active surface area of membrane.

4.3.2 Ion exchange capacity

Table 4.1 lists the experimental EW measured for all the nanocomposite membranes. It
was observed that Nafion-ZrO; sol gel was the most acidic membrane, having the lowest
EW of about 1020+10. Hence, as observed from Figures 4.1 and 4.2, this membrane
exhibited highest water uptake, as compared to other nanocomposite membranes, which
had higher EW as shown in Table 1. Hence, the ion exchange measurements are in
agreement with the water uptake results, and also due to the fact the sulfated zirconia is

more acidic than other additives.
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Samples EW (g/mol. H")
(Experimental)
Nafion 112 1100£10
Nafion-ZrO, Sol-gel. 1020+10
Nafion-TiO, Sol-gel 1090+10
Nafion-SiO; Sol-gel 1120+10

Table 4.1 EW of Nanocomposites
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4.3.3 Conductivity measurements

Figures 4.3 and 4.4 shows the conductivity measurements for the nanocomposite
membranes at 90 and 120 °C, respectively, as compared to Nafion membrane. At both
temperatures, Nafion-ZrO; sol gel nanocomposite showed higher conductivity than Nafion
for over the complete range of water activity. At 90 °C, both titania and silica
nanocomposites showed somewhat lower conductivity than Nafion, while zirconia
membranes had a sharp increase in conductivity at water activity of 0.7. At 120 °C, Nafion-
SiO, sol gel nanocomposites exhibited lower conductivity than Nafion, while zirconia
membranes showed about 8-10 % higher conductivity.

The increase in the conductivity of Nafion- ZrO; sol gel nanocomposites is the
combined result of higher water uptake as well as acidity. Although other nanocomposites
demonstrated higher water uptake, they showed about similar acidity and lower
conductivity than Nafion. Hence, from water uptake, ion exchange capacity and
conductivity results, it is evident that higher water uptake does not inevitably result into
higher conductivity. As described in our modeling analysis, it is not only the total water
uptake, but also the distribution of water between surface and bulk that determines

conductivity. Bulk water is much more effective in proton conduction.

4.3.4 Thermo-mechanical Analysis

The TGA thermograms of the nanocomposites are displayed in Fig. 4.5 as
compared to Nafion membrane. From the Fig. 4.5, it is observed that all the membranes
retain more than 90 % of their weight up to a temperature of about 310 °C. Above 310 °C,
all the membranes started to decompose and lose weight quite rapidly. This decomposition
behavior can be attributed to the loosening of sulfonic acid groups present in the
unmodified Nafion membrane [27]. However, it was observed that the temperature at
which this decomposition occurs shifts with the nature of inorganic additive within the
pores of Nafion membrane. For example, sharp thermal degradation of the unmodified
Nafion occurs at about 325 °C, whereas, for Nafion-ZrO,, and Nafion-SiO, sol gel
membranes degradation temperature shifts to about 360 °C and 470 °C, respectively. The
TiO, membranes showed not much improvement in thermal degradation temperature as

compared with Nafion. Deng et al. also reported an initial increase in the degradation
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temperature, when SiO, was added into Nafion membrane [28]. We observed similar
increment for ZrO, nanocomposite membrane. Since the inorganic particles were in
nanosized range, the increment in the decomposition temperature could be due to cross-
linking of these inorganic additives frameworks in the nanocomposite membranes. A
systematic investigation of the TGA behavior of these additives would give more insights
for the trends observed.

The DMA thermogram for nanocomposite membranes along with unmodified
Nafion membrane is shown Fig. 4.6. For all membranes, 7, was obtained from the peak of
tan (8). It can be seen that the 7, for all the nanocomposite membrane shifts to higher
temperatures. From the literature, it is known that above 115 °C the network of hydrophilic
clusters, made up from the sulfonic groups, is becoming extremely mobile, before the
clustered structure finally collapses [29-30]. This can be either due to loss of water under
dry and hot conditions, of further uptake of solvents if exposed to saturated solvent/water
vapor. This high mobility of the backbone and cluster network is shown by high value of
loss tangent for unmodified Nafion membrane, reaching values of 0.62 as shown in Fig.
4.6.

Further, we see that the 7, increases for the nanocomposites, which implies that
they are thermo-mechanically more stable than unmodified Nafion membrane. For
instance, the 7, for Nafion®-112 membrane was found to be around 110 °C, whereas, for
Nafion-Si0,, Nafion-TiO, and Nafion-ZrO, sol gel membranes temperature shifts to about
118 °C, 122 °C and 135 °C, respectively. The peak loss tangent values decreases from
0.62 for Nafion to 0.52 for Nafion-ZrO, sol gel membranes. The membrane thus becomes
more elastic in nature and can withstand higher temperatures due to the presence of the
inorganic additives within the pores of unmodified Nafion membrane. These results are
also in agreement with the TGA thermograms, which show increase in the degradation
temperatures for the nanocomposite membranes.

Thus, the results obtained from TGA and DSC shows the improved potential of the

nanocomposite membranes for high temperature operations for fuel cells applications.
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4.3.5 MEA measurements

The fuel cell performance of a single cell with all four types of membranes under
fully humidified conditions at 80 °C is shown in Figure 4.7 and under dry conditions (Tcey:
110 °C, Thumidifiers: 80 °C) in Figure 4.8. Figure 4.9 shows the fuel cell performance for
Nafion-ZrO, nanocomposite membrane at Teep: 135 °C and Thumidifiers: 80 °C and 90 °C.
Since the conductivity of Nafion-ZrO; sol gel nanocomposite was improved because of the
combined effect of higher water sorption and lower equivalent weight (EW) as mentioned
in Table 4.1. Lower EW implies higher acidity of composite membranes. Since sulfated
zirconia is acidic, it causes higher water sorption in the nanocomposites. Our recent
modeling paper predicts the conductivity of the in situ sol-gel prepared Nafion-ZrO,
nanocomposite membranes accurately as a function of relative humidity without any fitted
parameters. Nafion-ZrO, nanocomposite membrane showed higher proton conductivity
compared to Nafion at the same temperature and humidity conditions due to the improved
water uptake, provision of strong acid sites and higher bulk to surface water ratio, which is
critical for higher proton conductivity. Hence, there is an improvement in performance of
fuel cell at 80 °C for Nafion-ZrO, sol gel nanocomposite as compared to other membranes.
However, Nafion-SiO, exhibited subsequently lower performance than Nafion as contrary
to results reported in literature. The reason for poor performance for SiO, membranes may
be attributed to lower conductivity of SiO, membrane and higher EW as compared to
Nafion membrane. At 110 °C, both TiO, and ZrO, membranes have about 30-40 mA/cm?
higher current at 0.5 V compared to Nafion® membranes, while SiO, membranes had
similar performance to Nafion®. At 135 °C, we obtained current densities for ZrO,
membranes where Nafion membranes fail to perform. These results suggest that there is a
potential for improvement in fuel cell performance using sol gel nanocomposites.

Under all the test conditions, the in situ conductivity for nanocomposite
membranes, measured using current interrupt methods, was higher than that of Nafion.
Further, it is possible that the membrane- electrode interface has undergone morphological
change under hot and dry conditions. The conventional catalyst layer is still unmodified
with nanocomposite membrane, which on modification could considerably further improve

the performance. Hence, our future work would focus on optimizing the catalyst structure
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including incorporating sol gel nanocomposite within the catalyst layer to increase its
conductivity under hot and dry conditions. This would eventually, lead to the development
of stable composite membrane electrode assemblies that perform better and are more

durable under higher temperatures and lower RH.

4.4 Conclusions

Nanocomposite Nafion/ MO, (M = Zr, Si, Ti) membranes were synthesized by in
situ sol gel method and characterized for high temperature operation of PEM fuel cells.
Nafion- ZrO, sol gel membranes, especially, demonstrated higher water uptake and
conductivity than unmodified Nafion membranes. Also, Nafion-MO, (M = Si, Ti) showed
good water uptake properties. Further, all the nanocomposites exhibited better
thermomechanical properties than Nafion. The degradation temperatures and 7, improved
for all nanocomposites. This shows that these membranes are tolerant to high temperature
above 120 °C, which is a design goal of this work. Thus, both chemical and physical
properties were modified by incorporating nanosized inorganic additives having higher
acidity and water uptake properties. The membranes synthesized by sol gel methods were
very homogenous.

The future work includes testing the long term durability of these nanocomposite
membranes. Since Nafion-ZrO, membranes exhibited better water sorption and acidity, our
future goal is to characterize the electrode catalyst layer by incorporating the sol gel
membrane. This might enable us to address the issue of loss of active electrochemical
surface area at higher temperatures. The understanding developed could result into stable

composite membrane electrode assemblies (CMEAs) for fuel cell commercialization.
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nanocomposite MEA. Oxygen and H, at 2.0 and 1.3 times stoichiometry
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Chapter 5
TEOM: A Novel Technique for Investigating Sorption in

Proton-Exchange Membranes

In this chapter, a new technique, namely, the Tapered Element Oscillating
Microbalance (TEOM) is explained to investigate the equilibrium water and methanol
vapor phase sorption and desorption in Nafion membrane at different relative humidity
(RH) and temperatures. The water sorption was found to increase with temperature from
30° C to 90° C. This is explained by the increase in the flexibility of polymer chains via a
decrease in Young’s Modulus of membrane with temperature. The effect of various
pretreatments, e.g., heating, vacuum treatment, and hot pressing on the water sorption
properties is also investigated. It is observed that the water sorption for Nafion membrane
depends both on the pretreatment of the membrane and on the temperature of sorption. The
desorption isotherm exhibits a hysteresis with respect to sorption for both water and
methanol. This hysteresis behavior may be attributed to the relaxation or viscoelastic
properties of Nafion membrane. In summary, TEOM appears to be an attractive technique
for characterizing sorption-desorption behavior of proton exchange membranes. This

chapter is published in J. Membrane Science, 254(1-2) 31-38 (2005).

5.1 Introduction

Recently there has been much interest in polymer electrolyte membrane (PEM) fuel
cells. An important factor determining the performance of the PEM fuel cells is the
hydration level of the proton-exchange membrane (PEM)[1-3]. A common PEM is Nafion,
a polymer consisting of a polytetrafluoroethylene (PTFE) backbone with side-chains

culminating in SOzH" groups. It exhibits excellent chemical, mechanical, and thermal

stability along with low gas permeability and high proton conductivity when adequately
hydrated. The amount of water sorbed in the membrane is critical as the proton
conductivity directly depends upon the water content of the membrane [4-6]. The main

factors that affect the extent of water sorption in a PEM are the nature of polymer
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backbone, temperature, ion-exchange capacity, pretreatment, as well as the physical state of
external water i.e., whether it is in liquid or vapor form. Water basically dissociates the
acid groups and provides a medium for conduction of protons.

In the operation of a typical PEM fuel cells, the reactant feed gases are
prehumidified to provide adequate hydration levels in the membrane. This is supplemented
by the water produced at the cathode due to the electrochemical reaction, which also results
in a gradient in the activity of water across the membrane causing water to diffuse back
from cathode to anode [7]. Further water is transported from anode to cathode along with
the protons, i.e., via the electro osmotic drag. Thus, water management is critical to
successful working of a PEMFC, which necessitates an understanding of water sorption
characteristics of PEMs.

Many investigators have studied the uptake of water in PEMs. Several
investigations have been done on the hydration, swelling, and drying under different
conditions for Nafion, based on spectroscopic, gravimetric and other methods [7-11]. The
adsorption from liquid phase is quicker as compared to that from vapor phase. Further,
Nafion adsorbs around 22 water molecules per acid site from liquid water, while it adsorbs
around 14 water molecules from saturated vapor [7-8], i.e., the so called Schroeder’s
Paradox recently explained by Choi and Datta [12].

An important variable is the pretreatment of a PEM that affects its water sorption.
In an early study, the following nomenclature was used to describe pretreatment of Nafion,
namely, “E- form” for a membrane swollen and expanded in high temperature water, and
“S-form” for a membrane shrunk in vacuum at high temperatures [13]. The normal
membranes were termed “N-form”. It was found that the E-form membrane becomes
rubbery when the temperature increases, with a tendency to adsorb more water. However,
in S-form membranes, the ionic clusters shrink and the water uptake drops. Kawano et al.
studied the stress-strain characteristics of Nafion membrane for various pretreatments
(boiling, soaking in other solvents, heating, etc.) [14]. They observed that the slope of
stress-strain i.e., Young’s Modulus (E) of the membrane, decreased for a membrane boiled
in water, making them more pliable for higher water uptake.

The sorption of methanol in Nafion is also of interest in context of the direct

methanol fuel cells (DMFC) [15-17]. The two main obstacles that currently limit DMFC
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performance are the low activity of methanol electro-oxidation catalysts and the crossover
of methanol through the polymer electrolyte membrane. It has been observed that
methanol crossover to the cathode not only lowers the fuel utilization but also adversely
affects the oxygen kinetics at the cathode, resulting into lower cell performance [18-19].
Consequently, there is a strong motivation to systematically study the
water/methanol sorption isotherms for Nafion and other polymer electrolyte membranes.
Experiments with the conventional gravimetric methods are slow, providing data of low
accuracy. The sorption data are affected by the flow patterns, bypassing, and incomplete
contact of the gas with the sample [20]. Further the equipment has limited temperature and
pressure range. There is also significant reduction in mass resolution at high temperatures.
Here the use of a novel and relatively fast technique, namely the Tapered Element
Oscillating Microbalance (TEOM) is described to accurately measure equilibrium
water/methanol sorption-desorption isotherms for PEMs. The effects of solvent activity or
relative humidity (RH), temperature, and various pretreatment protocols on sorption
behavior of Nafion are investigated. Further, the use of this technique in studying sorption
behavior of inorganic powder additives is described in our efforts to develop high
temperature proton-exchange membranes by improving water retention at elevated

temperatures [21-22].

5.2 Description of the TEOM

The tapered element oscillating microbalance (TEOM) Series 1500 Pulse Mass
Analyzer (PMA) purchased from Rupprecht & Patashnick Co., Inc., Albany, NY, was
utilized to study the equilibrium solvent sorption-desorption behavior for Nafion
membranes. This offers a novel means of analyzing real-time mass change of sample in a
fixed-bed while the gases pass through the sample. It includes a tapered element oscillating
microbalance, which is based on inertial forces rather than gravity, to measure the mass
change of sample [23]. The TEOM possess certain advantages over conventional
gravimetric techniques in measuring sorption in polymer electrolyte membranes:
1. The steady flow of gas through the sample provides complete contact with the test

material.

2. High mass resolution (1x10® g) and a low standard deviation.
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3. The experiments can be performed over a wide range of temperatures (25 °C to 500 °C)
and pressures (vacuum to 60 atm).

4. The microbalance employs a resonant cantilever to measure changes in inertia rather
than weight, hence the data obtained is not influenced by flow patterns of gas streams,
buoyancy and other aerodynamic factors.

However, there are some limitations in using TEOM. It cannot be used for volatile
or fragile samples, which may alter the natural oscillating frequency of the test bed. Also,
liquid phase studies cannot be performed using this technique.

The heart of the TEOM is an oscillating tapered test bed in which the sample is
packed. This tube containing the sample vibrates constantly at its natural frequency of
oscillation. There is a feedback system which maintains the oscillation of the tapered bed
[23]. The frequency is obtained optically with a transmitter and receiver located on the
opposite sides of the oscillating test bed. A simplified diagram of the 100 mg (0.1 cc) test
bed and optics is shown in Figure 5.1 [24]. The sample was carefully packed between
quartz wool in the test TEOM bed.

The motion of TEOM test bed may be approximated as free undamped vibrations of
a cantilever in one of the principle planes of the beam [25-26]. The effects of rotatory
inertia and of transverse shear deformation are neglected. The equation of motion for beam

of uniform cross section is

(5.1)
0’y 0’y
Elax—2+pAW =0

where E is the Young’s Modulus, / is the second moment of area of the cross section, p is
the density, 4 is the beam cross sectional area, y is the displacement from the centerline of
the beam at any section x and ¢ is the time.

For free undamped vibration, the solution is of the form

y(x, t) = Y(x )sin(ot+a) (5.2)
where @ is the frequency of vibration, and « is the phase angle.

Substituting this in Eq.1,

d'Y
7Kk =0 (5.3)

dx



Chapter 5 152

where,

2
= P4 (5.4)
EI

The solution for Eq. 5.3 is of the form,

Y =Bexp(kx) (5.5)
Now, the frequency of vibration f'is defined as w/2z. Thus,
o’ kEl  « (5.6)

2_ = = 9
/  4x? pAAT®  m

where m = pA is the dynamic mass of the system and x, is the effective spring constant for

the tapered element. Thus, the change in mass of system Am for the corresponding change

from initial frequency f, to final frequency f;is

Ainzzcn(iz—i2 (5.7)
Ifr 1

Thus, with an increase in the mass, the frequency decreases, and vice versa. In
TEOM apparatus, spring constant x, depends weakly on temperature. For instance, change
in the spring constant for a temperature range of 30 — 250 °C corresponds to a mass change
of 1x10” g [24]. In the present study the temperature range investigated is 30 — 90 °C.

Hence, the effect of temperature on the effective spring constant is neglected.
5.3 Experimental Section

5.3.1 TEOM Apparatus

The TEOM experimental set up is shown schematically in Figure 5.2. Helium gas
is bubbled through water kept in a bottle (saturator) and is combined with another stream of
dry helium gas downstream for obtaining the desired relative humidity. All the gas flows

are controlled by means of mass flow controllers (MKS Model No. 1179A22CS1BV-S,
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Andover, MA). A preheated bath of ethylene glycol-water (50: 50 by volume) is circulated
around saturator to maintain the desired temperature, in the range of 25 °C to 115 °C. The
temperature of water in the saturator is monitored via a thermocouple connected to a digital
multimeter. As shown in Figure 5.2, a purge helium stream is used to avoid condensation
at the external surface of the test bed and back flow of exiting gas stream from the test bed.

The real-time dynamic mass change of the sample in the TEOM test bed can be
analyzed graphically using LabView 5.0 program, purchased from National Instruments
Corporation. Inside the TEOM, there are two temperature-controlled zones. The pre-heat
zone controls the inlet gas stream temperature and the other zone controls the temperature
of the tapered element and the sample bed. The TEOM performance is quantified in terms
of the normalized standard deviation (NSD). The NSD is an indicator of any noise in the
test bed and depends upon how well the sample is packed, and whether there is other
disturbance. For the equilibrium sorption experiment, a 10 s average time with 12
recording values (approximate gate time of 0.8 s) gives a typical value of NSD below 3
x10® ppm [24]. More structural details of TEOM can be obtained from the company’s

website (Www.rpco.com).
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Figure 5.1 Simplified flow diagram of the TEOM test bed and optics. The flow of inlet
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Since the real-time mass change of the sample can be monitored, TEOM can be
utilized for studying both dynamic and equilibrium sorption. Although the present study is
focused on equilibrium sorption-desorption process, the diffusion coefficients may also be

determined from dynamic sorption and desorption.

5.3.2 Membrane preparation

The Nafion 112 membrane was purchased from Aldrich and then subjected to a
pretreatment procedure as described in the literature [27-28]. It was boiled in 3 % H,0O, for
half an hour. Then it was heated at 60 °C in 0.5 M sulphuric acid solution for half an hour.
Finally it was heated at 60 °C in deionized water for 1 hour. After boiling the membrane, it
was washed thoroughly with DI water to remove any acid residues. It was finally dried at
room temperature by leaving the membrane untouched. To study the effect of
pretreatments on water sorption behavior for Nafion, the membrane synthesized was then

subjected to different treatments, as explained later on.

5.3.3 Sorption - Desorption Measurements

A known dry mass of vacuum heated membrane sample was cut into small pieces
(1.5 mm x 1.5 mm) using a doctor blade and loaded carefully in the test bed. Quartz wool,
purchased from Rupprecht & Patashnick Co., Inc., was used as filler material to keep the
sample firmly packed, which is necessary so that the sample does not rattle around
affecting the oscillations of the bed. The best way to ensure this is to check the NSD. If it is
below 3x 10 ppm then, it implies that the sample was properly loaded. Typically, about 20
mg of membrane sample was packed in the test bed to get best reproducibility.

The sorption — desorption data were obtained by a stepwise increase or decrease of
the flow rate of humidified inlet gas stream, which changes the RH or activity of the feed
gas at fixed temperatures. During the experiments, the He purge gas was kept at around
120-150 sccm, while the carrier gas through saturator was maintained at 10-15 sccm, with
the dry He gas varying from 0 to 100 sccm depending on RH required in the test bed. The
RH was calculated from the gas flow rates and the saturator temperature. To further
confirm this calculation, the inlet stream of gas entering the sample test bed was connected

to a humidity probe purchased from Vaishala Inc. For various temperatures of saturator and
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flow of helium gas, the RH was measured. The experimental observations were in good
agreement with the calculations. After loading the sample, the inlet flow was set to the
desired value and sufficient time was allowed for the sample to reach steady state, typically
10 - 30 min. After waiting for sufficient period, if the mass of the test bed did not change
for more than 1%, then the equilibrium was assumed. This was good enough for such vapor
phase experiments. Thus, the change in sample mass for the set condition was recorded and
then the inlet flow was adjusted to get next desired RH. The real-time sample mass
variation in TEOM 1is shown in Figure 5.3 for step changes to 10, 20 and 30 % RH
conditions. The total mass of sample increases as it adsorbs solvent. The mass change
corresponds to the amount of solvent adsorbed. The increase in mass represents the
dynamic changes of the test bed, and hence this data can be utilized to study the kinetic
parameters for sorption and desorption process. In the present set up, both sorption and
desorption experiments were done in a similar fashion by stepping the RH up and down,
respectively. The vapor phase equilibrium sorption data is reported here as A, defined as
the ratio of moles of absorbed solvent per mole of sulfonic acid groups within Nafion.
Alternatively, the data can be presented as ratio of mass of absorbed solvent to mass of dry

polymer. Both these representations are useful depending on the objective of study.

5.4 Results and Discussion

5.4.1 Water Sorption

The equilibrium water sorption isotherm for 1100 EW Nafion membrane at 30 °C is
shown in Figure 5.4 along with data available in the literature [10,13,30,34] for similar EW
membrane. The sorption curve is typical of the swelling membrane, with an extended
region of gradually increasing slope that turns sharply higher above water activity of 0.7.
At the origin, the isotherm had a sharp initial slope, rapidly leveling off at activity of 0.2,
corresponding to the weight uptake of 0.04 g /g and about 2 water molecules. Our data
obtained with TEOM are in good agreement with published results from different
laboratories, thus validating the accuracy of the technique. The room temperature water
sorption isotherm was reproduced and the error bar for each RH condition is shown,

confirming that the data are reproducible. The added advantage of the TEOM is that the
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data are obtained rapidly as compared to other gravimetric techniques and are highly
reproducible. This is important because of the efforts in laboratory on developing high
temperature proton conducting membranes that require accurate measurements of water
sorption. The sorption data also agrees with our water sorption model developed recently
based on a physicochemical understanding of how the water molecules interact with the

PEM [31-32].

The data were also obtained at different temperatures ranging from 30 °C to 90 °C.
Figure 5.5, thus, shows the effect of temperature on water sorption isotherm for Nafion
membrane. The amount sorbed increases gradually with temperature, especially with high
water activity. Kawano ef al have studied the stress-strain characteristics of Nafion
membrane at different temperatures and found that the initial slope of the curves i.e., the
Young’s modulus (E) decreases with increasing temperature, thus softening the membrane
and allowing higher water uptake [14]. A lower E reduces the swelling pressure on the
imbibed liquid thus equilibrating at higher sorbed amount. We have also recently
investigated the effect of water activity and temperature on £ for Nafion membrane, using
the technique of Optoelectronic holography (OEH) [31]. Figure 5.6 shows the variation in
E versus water activity at two different temperatures. Thus £ decreases both with water
activity and temperature. A thorough investigation of the effects of temperature on
physicochemical behavior of polymer is important, since water management and
performance of PEMFC depend on operating temperature. Also, the durability of the

membrane depends upon the thermomechanical properties.

5.4.2 Methanol Sorption

The methanol sorption isotherm is shown in Figure 5.7 together with water
sorption isotherm for comparison. These data are of interest in connection with DMFC
[17]. The experimental procedure to measure methanol sorption was similar to that of water
sorption. Methanol was filled in saturator and methanol activity in the TEOM test bed was
measured. The sorption isotherm for methanol follows a pattern similar to that of water.
Also the initial slopes of both curves are similar. There is an extended region of gradually
increasing slope for both solvents, as well as a marked upturn for high activities. The mass

uptake of 0.106 g for methanol at an activity of 0.4 corresponds to about three methanol



Chapter 5 160

14 5
|- O ;
12 B O Zawodzinski et al. 5 ]
| A Morris and Sun ]
) L i
510 B 0 Pushpa et al. sl
g i & Rivin et al. ?j |
a I ,
_,g s [ e TEOM oo & A
i 0. ]
-+ L & 4
% 6 | A § =
> i & il
S o o8a ]
i

4 i O * 4 o ]
L EbA A\ @) O il
L A <> 4
2 - o o o .
I o ]
|- <> -

0 e \ \ \ \
0 0.2 0.4 0.6 0.8 1

Activity of Water in Vapor Phase,a,

Figure 5.4 Water uptake vs. activity of water vapor for 1100 EW Nafion membrane at
30 °C (triangle: ref. 10, square: ref. 34, diamond: ref. 30, circle: ref. 13 and

dark circle: this work).



Chapter 5

161

20
: e 30C
| o 50C
A B5C
i O 80C
315 B o 9C 1
() i O
Q | g
® L |
3 | g |
2 - A -
et @]
[ 3 °
g T
5 | |
o o . 1
5 . .
L g il
0‘ | |
0 0.2 0.8 1

Activity of Water in Vapor Phase, a,

Figure 5.5 Effect of temperature on water uptake vs. activity of water vapor for

Nafion membrane.



Chapter 5 162

320 i
S
280 |- ~ i
o [ Rl —90C
= 240 | o o -o—30C ]
m T~a_
> i - 1
5 200 ¢ o — ]
3 -
W 4g0 |- ]
(@) S i
[72]
E I ]
-§ 120 + |
[ B
= L i
j\u\m - i
80 - \
[ jml
40 L 1 1 L | L 1 1 | L L | L L L | L L 1 ‘{
0 0.2 04 0.6 0.8 1

Activity of Water in Vapor Phase, a.

Figure 5.6 The experimental variation of Young’s modulus vs. activity of water vapor for

Nafion membrane (circle: 30 °C, square: 90 °C).



Chapter 5 163

0-35 T T T T T T T T T T T T T T T é
0.3 f A Water 7
g 0  Methanol
%0.25 B _
z i % A
o i
o 0.2 - ]
g :
X i
£0.15 ]
S : Q A
= ?
Lo01: . 5 S ]
o
N i 4
i 0 3
005 - ¢ 2 ]
: AN
0 LZ L w w | . . ‘ | s s s | s s s | s ‘ ‘
0 0.2 04 0.6 0.8 1

Activity of Solvent in Vapor Phase, a

Figure 5.7 Water and Methanol uptake vs. activity of solvent vapor for Nafion

membrane at 30 °C (circle: methanol, triangle: water).



Chapter 5 164

molecules per sulfonic acid site, as compared to five molecules in the case of water
sorption. For similar solvent activity, thus, fewer number of methanol molecules are

associated with sulfonic acid group as compared to water.

5.4.3 Sorption - Desorption Measurements

Figure 5.8 shows the water and methanol vapor phase sorption and desorption
isotherm of a Nafion membrane at 30 °C. This exhibits a hysteresis for both the solvents.
The desorption curve was obtained after the sorption measurements for both the solvents.
The sorption experiments were completed for the sample by stepping up the RH, followed
by stepping down of RH for desorption. While stepping down, sufficient time was provided
to the sample to reach equilibrium. Typically 10- 40 min was required at each RH
condition. The desorption exhibits enhanced water and methanol uptake as compared to
sorption for activity range of 0.2- 0.9. This might suggest the Nafion membrane underwent
swelling during the sorption process that had not fully relaxed during desorption process.
According to Rivin et al., the hysteresis during the desorption process can be explained by
the slow volume relaxation of the hydrophilic clusters in response to the change in vapor
activity, resulting in higher swelling of membrane at a given activity [30]. This slow
relaxation may be determined by the viscoelastic properties of Nafion. Nguyen et al [35]
attributes the hysteresis between absorption and desorption to an effect known as “skin
effect”. This is due to collapse of pore structure during desorption process, which causes
more water to be trapped within the pores of Nafion membrane. Future work includes
studying this phenomenon at a more fundamental level and obtain similar curves at

different temperatures.

5.4.4 Membrane Pretreatment Effect

Figures 5.9 and 5.10 shows the effect of four different pretreatments on water
sorption characteristic of the Nafion membrane at 30 °C and 90 °C, respectively. Thus, the
equilibrium sorption isotherm was obtained for a) untreated Nafion sample, b) sample
heated at 30 °C and c) 110 °C for 24 hours in vacuum, and d) sample hot pressed at 170 °C.
The hot press pretreatment is very important especially during MEA preparation for fuel

cell testing. Also the vacuum treatment ensures that the membrane is as dry as possible.
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The other pretreatment effects were selected as common conditions for synthesizing
membranes for high temperature operation. The pretreatment of the Nafion membrane
substantially affects the water sorption behavior. For sorption at 30 °C (Figure 5.9), the
sorption amount for both untreated and sample vacuum heated at 30 °C is rather similar.
The hot pressed membrane exhibited the lowest sorption, which is significant in that the
procedure for preparing MEA might result in reduced performance. Further, vacuum
heating the sample at 110 °C lowers the amount of water sorbed.

For sorption at 90 °C, interesting differences were observed (Figure 5.10). The
membrane heated at 110 °C exhibited highest water sorption. Again the sorption for both
untreated and sample vacuum heated at 30 °C was similar. The hot pressed membrane
again showed the lowest sorption isotherm. Hence, the water sorption for Nafion
membrane depends both on the pretreatment procedure and the sorption temperature. The
physical structure of Nafion polymer changes with pretreatment and affects the sorption
behavior. Also, for the similar pretreatment procedure, the sorption amount is remarkably
different when the sorption temperature is varied. An example of variation of membrane
properties at different humidification and temperature is already shown in Figure 5.6,
wherein the £ decreases both with water activity and temperature. Thus, a rigorous study of
the effect of pretreatments on the thermomechanical properties of Nafion membrane is

called for to further elucidate the observed results.

5.5 Conclusions

From the results obtained, TEOM seems to be a novel technique for investigating
sorption-desorption behavior of Nafion membrane for various solvents. Further, the
pretreatment study allows determining processing steps to be considered while synthesizing
membranes to obtain best fuel cell performance. The results obtained are accurate and
reproducible. Future work includes utilizing TEOM to screen various candidates, both
polymer and inorganic powders, for higher water uptake to design high temperature proton
exchange membrane. Overall, TEOM can be an effective tool in studying both dynamic

and equilibrium behavior of Nafion membrane, in particular, for fuel cell applications.
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Chapter 6
The effect of Equivalent Weight, Temperature, Cationic Forms,
Sorbates, and Nanoinorganic Additives on the Sorption

Behavior of Nafion

In this chapter, TEOM (Tapered element oscillating microbalance) is utilized to
study the effect of equivalent weights (960 -1200), temperature (30- 90 °C), various
cationic forms (H', Li", Na", K™ and Cs"), sorbates (water, methanol, ethanol, and
propanol), and inorganic additives on sorption behavior of Nafion membrane. It is observed
that water sorption increases with a decrease in EW and an increase in the sorption
temperature. This is due to the increase in acid sites for sorption and a decrease in the
Young’s modulus of the membrane with the increase in temperature. Further, sorption
decreases with the increase in size of the counter ion due to a corresponding decrease in ion
hydration capacity due to a decrease in the ionization equilibrium constant constant. Also,
it is observed that the incorporation of acidic inorganic additives (ZrO,, TiO,, and Si0O,) via
sol gel methods provides higher water sorption amount at 90 °C, which is crucial for high
temperature operations of fuel cells. This chapter is published in J. Membrane Sci., 264(1-

2) 167-175 (2005).

6.1 Introduction

Nafion in protonic form is widely used as the polymer electrolyte in proton
exchange membrane (PEM) fuel cells [1-6] as well as in chloro-alkali cells in sodium form.
The properties that make the Nafion membrane indispensable are the combination of good
water uptake, ion-exchange capacity, proton conductivity, low gas permeability, and
excellent electrochemical stability. The amount of water sorbed in the Nafion membrane
as a function of relative humidity (RH) is critical as the proton conductivity depends

directly on the water content of the membrane which determines the fuel cell performance
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[7-8]. The structure of Nafion (Figure 6.1) plays an important role in the sorption of water.
Structurally, Nafion consists of a hydrophobic polytetrafluoroethylene (PTFE) backbone
with pendant side chains of perfluorinated vinyl ethers terminating with hydrophilic ion-
exchange groups. This causes water segregation within Nafion membrane in clusters away
from backbone, which results in enhanced conductivity via bulk diffusion. The ion
exchange capacity or equivalent weight (EW) of Nafion membrane, defined as grams of dry
polymer per mole of acid groups, can be modified by changing the ratio of these two
components [9-12].

We have recently published our theoretical work on predicting the amount of water
sorbed per sulfonic acid site in Nafion membrane based on thermodynamic equilibrium of

water in the vapor and sorption phases [13-15]. In the model, the total number of water

molecules per acid site in the polymer A, is obtained as: i) those that are strongly, or
chemically, bound to the acid site of the polymer, represented by A°, and ii) those that are
free to physically equilibrate between the polymer and the fluid phase, A
A=A+ A (6.1)
For solvent (i)-polymer membrane (M) systems, the activity of free solvent in the
membrane phase af v 18 assumed to be given by the Flory-Huggins model derived on the

basis of a quasi-crystalline lattice structure [14]. The swelling pressure within the
membrane pore may be related to network contractile pressure based on the statistical
theory of polymer elasticity. As the membrane imbibes more water, the membrane matrix
expands, exerting a swelling pressure on the pore liquid, which in turn affects its chemical
potential and limits the equilibrium swelling. The driving force for swelling is the tendency
for the water to dilute the polymer network and equalize its chemical potential within
polymer and the exterior. The opposing force is due to the swelling pressure within the
membrane that depends upon the elastic modulus, E, of the membrane, and tends to limit
the water ingress. The swelling pressure (/7),) can be obtained by treating the swelling as a
non-affine ‘inflation’ of the hydrophobic matrix by small aggregates of water molecules,

which is in keeping with the structural model of polymer swelling [14], resulting in

HM=§G@M”—®MW) 6.2)
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where ®,, the volume fraction of polymer and G is the shear modulus of polymer

matrix given by the classical theory of polymer elasticity. The shear modulus G is related
to Young’s modulus £ and Poisson’s ratio v by:

E=2(1+v)G (6.3)
Assuming v = 0.5 for Nafion®, the shear modulus is, thus, one third of Young’s modulus.
More details on the model can found elsewhere [13-14].

A curious phenomenon is that Nafion adsorbs around 22 water molecules per acid
site from liquid water, while it adsorbs only around 14 water molecules from saturated
vapor. This is the so called Schroeder’s Paradox [13, 16-17], which is explained within the
framework of the model by the additional Kelvin pressure exerted by the curved vapor-
liquid interface in a pore.

The factors affecting the extent of the solvent uptake by Nafion are temperature,
ion- exchange capacity, pretreatment of membrane, cationic forms of the membrane, and
the physical state of absorbing water, i.e., the adsorption is from water in liquid or vapor
phase [18]. Many investigators have studied the hydration, swelling, and drying of Nafion
under different conditions, based on spectroscopic, gravimetric and other methods [21-42].
It has been found that the adsorption from liquid phase is quicker and more extensive as
compared to that from vapor phase. It has also been shown that pretreatments done during
membrane synthesis and purifications causes micro structural changes in the membrane,
which affect its sorption behavior. Swelling of Nafion has been accomplished using a wide
variety of solvents with interesting results, including a swelling of 360 % with
tributylphosphate (TBP). Experiments done with the conventional gravimetric methods are,
however, rather slow and provided data with considerable scatter, which makes it difficult
to systematically investigate effect of changing conditions. Results from these methods are
influenced by the flow patterns, bypassing, and incomplete contact of the gas with the
sample. Further the gravimetric equipment generally has limited temperature and pressure
range. There is also significant reduction in mass resolution at high temperatures. The lack
of accurate experimental methodology, thus, limits our knowledge of the subtler aspects of
the sorption behavior of Nafion. There is thus, lack of systematic investigation of effect of
different sorbents, temperature, equivalent weight, different cationic forms of membrane,

and sorbate pretreatments on Nafion. Hence, this provided us with the motivation to
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investigate alternate technique which can accurately reproduce, and rapidly provide
meaningful sorption data for Nafion systematically under varying conditions.

We, thus recently described the use of a novel and rapid technique, namely the
tapered element oscillating microbalance (TEOM) to accurately measure equilibrium
solvent sorption-desorption isotherms for PEMs [43]. In continuation of our efforts to
develop an understanding of the swelling behavior of Nafion, here we describe results on
the systematic investigation of the effect of: 1) equivalent weight, 960, 1100 and 1200 1ii)
temperature, 30-t0-90 °C, on water sorption for 1100 EW membrane, and iii) cationic
forms, H', Li", Na’, K" and Cs" on different sorbates, water, methanol, ethanol and
propanol on the sorption characteristics of Nafion membranes. Further, we also
investigated the water sorption behavior of nanocomposite Nafion/ MO, (M = Zr, Ti, Si) at
90 °C in our efforts to design membranes for operation at higher temperature and low

relative humidity conditions of fuel cells [44-45].

6.2 Experimental Section

6.2.1 TEOM Apparatus

The tapered element oscillating microbalance (TEOM) Series 1500 Pulse Mass
Analyzer (PMA) purchased from Rupprecht & Patashnick Co., Inc., Albany, NY, was
utilized to study the equilibrium solvent sorption behavior for Nafion membranes under
various conditions mentioned above earlier. This technique provides dynamic mass change
of sample contained in a tapered oscillating fixed-bed while the vapor laden gas passes
through the sample. The mass change measurement is based on inertial forces rather than
gravity. Additional details of the apparatus can be found elsewhere [43, 46, 47].

The active element in TEOM is the tapered test bed containing the sample which
vibrates constantly at its natural frequency of oscillation. A feedback system maintains the
oscillation of the tapered bed. The frequency of oscillation is measured optically with a
transmitter and receiver located on the opposite sides of the oscillating test bed. The change
in mass of system Am for the corresponding change from initial frequency f, to final

frequency fr is
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11
A=k (— ———
" K”(f ; ff) [6.4]

Thus, the frequency decreases with an increase in the mass, and vice versa [46].
The spring constant x, depends weakly on temperature. For instance, change in the spring
constant for a temperature range of 30 — 250 °C corresponds to a mass change of 1x10” g.

Thus, the effect of temperature on the effective spring constant is neglected here [47].

The TEOM experimental set up is shown schematically in Figure 6.2. Helium gas is
bubbled through sorbate kept in a bottle (saturator) and is combined with another stream of
dry helium gas downstream for obtaining the desired relative humidity. All the gas flows
are controlled by means of mass flow controllers. A preheated bath of ethylene glycol —
water (50: 50 by volume) is circulated around saturator to maintain the desired temperature,
in the range of 25 °C to 115 °C. The temperature of sorbate in the saturator is monitored via
a thermocouple connected to a digital multimeter. As shown in Figure 5.2, a purge helium
stream is used to avoid condensation at the external surface of the test bed and back flow of
exiting gas stream from the test bed.

The real-time dynamic mass change of the sample in the TEOM test bed can be
analyzed graphically using LabView 5.0 program, obtained from National Instruments
Corporation. Inside the TEOM, there are two temperature-controlled zones. The pre-heat
zone controls the inlet gas stream temperature and the other zone controls the temperature
of the tapered element and the sample bed. The TEOM performance is quantified in terms
of the normalized standard deviation (NSD). The NSD is an indicator of “random noise”
and depends upon how well the sample is packed in the test bed and whether there is other
mechanical or electrical disturbance. For the equilibrium sorption experiment, a 10 s
average time with 12 recording values (approximate gate time of 0.8 s) gives a typical

value of NSD below 3 x10 ppm.
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Figure 6.1 Structural details of Nafion membrane.
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6.2.2 Membrane preparation

The Nafion membrane was purchased from Aldrich and then subjected to a
pretreatment procedure based on the objective of test [48-49]. For studying the effect of
EW on water sorption, 5 wt % Nafion solution of different EW were purchased from
Aldrich and pliable membranes were cast. The cast membrane was then placed in a
convection oven at 100 °C for 15 minutes, in order to produce a solid membrane. The
membrane was then removed from the glass dish with DI water, dried and then annealed in
a Teflon sleeve at 170 °C at 10 tons for 15 minutes in a mechanical press (Carver Model C,
Wabash IN). This processing step is necessary to produce pliant, insoluble membranes
with mechanical properties similar to those of commercially available Nafion films. The
resulting cast membrane had a thickness of around 50 um. It was then boiled in 3 % H,0,
for half an hour to remove any organic impurities. Then it was heated at 60 °C in 0.5 M
sulphuric acid solution for half an hour to convert to H' form. Finally, it was heated at 60
°C in deionized water for 1 hour. After boiling the membrane, it was washed thoroughly
with DI water to remove any excess acid residues. It was finally dried at room temperature
by leaving the membrane untouched.

In order to convert the H' form of membrane to other cationic forms, the membrane
was boiled in 1 M solution of LiOH, NaOH, KOH, and CsCO; for 12 hours to get the
corresponding cationic form. The membranes were then washed with water to remove

excess electrolyte, and wiped with Kim wipes.

6.2.3 NanoComposite Nafion/ MO, Synthesis

The synthesis of a Nafion-MO, (M = Zr, Si and Ti) nanocomposite PEM was
accomplished via in situ sol-gel synthesis wherein the host PEM serves as a template that
directs the morphology and particle size of the oxide in the PEM matrix, resulting in nano-
sized particles [45,51-52]. As received, Nafion membranes (Sigma-Aldrich Corp., St. Louis
MO) were boiled in 3 wt % H,O, for 1 hour and then rinsed in water. They were then
immersed in 1 M NaOH solution and heated for 6 hours to convert the membrane to Na"
form. This ensures mechanical strength of Nafion membrane for withstanding the
subsequent processing steps. Then the membranes were rinsed in DI water at 60 °C for 30

minutes.
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The purified and Na’ form membranes were then placed in a vacuum oven and
heat-treated at 110 °C for 12 hours. Next, they were immersed in 2:1 ethanol/H,O solution
for an hour. This serves to further swell the pores of the membrane in order to maximize
the absorption of the precursor solution. The membranes were removed and immersed in
0.5 M 70 wt % Zirconium (IV) propoxide solution (purchased from Aldrich) for 6 hours
and then rinsed in acetone several times in order to clean the membrane surface. The
membranes were then removed and heated at 110 °C in vacuum for 24 hours to complete
the condensation reactions. Then the membranes were converted to H™ form by boiling in
0.5 M H,SO,4 for 6 hours. This nanocomposite PEM is denoted here as “Nafion- ZrO; sol-
gel”. Similarly, Titanium (IV) tert-butoxide and Tetraethyl orthosilicate (TEOS) were the
precursors utilized to synthesize “Nafion- TiO; sol-gel” and “Nafion- SiO, sol-gel”
membranes, respectively. The membranes synthesized by this method are completely

transparent and homogenous.

6.2.4 Sorption Measurements

A known mass of pretreated membrane sample was cut into small pieces (1.5 mm x
1.5 mm) using a doctor blade and loaded carefully in the test bed. Quartz wool, purchased
from Rupprecht & Patashnick Co., Inc., was used as filler material to keep the sample
firmly packed, which is necessary so that the sample does not rattle around affecting the
oscillations of the bed. Typically, about 20 mg of membrane sample was packed in the test
bed to get best reproducibility.

The sorbate sorption data were obtained by a stepwise increase of the flow rate of
humidified inlet gas stream, which changes the RH or activity of the feed gas at fixed
temperatures. During the experiments, the He purge gas was kept at around 120-150 sccm,
while the carrier gas through saturator was maintained at 10-15 sccm, with the dry He gas
varying from 0 to 80 sccm depending on RH required in the test bed. The RH was
calculated from the gas flow rates and the saturator temperature. After loading the sample,
the inlet flow was set to the desired value and sufficient time was allowed for the sample to
reach steady state, typically 10 - 30 min. After waiting for sufficient period, if the mass of
the test bed did not change for more than 1%, then the equilibrium was assumed. The mass

change corresponds to the amount of solvent adsorbed. Thus, the change in sample mass
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for the set condition was recorded and then the inlet flow was adjusted to get next desired
RH. The total mass of sample increases as it adsorbs solvent. This procedure was followed
for all the experiments. The equilibrium sorption data is reported here as ratio of mass of
absorbed solvent to mass of dry Nafion. It can, of course, equally well be expressed in
terms of A, defined as the ratio of moles of absorbed solvent per mole of sulfonic acid

groups within Nafion.

6.3 Results and Discussion

6.3.1 Effect of Equivalent Weight

The equivalent weight (EW) of Nafion membrane is related to the number density
of acid sites. It is well known that the overall proton conduction in Nafion membrane
increases with decrease in EW up to a point, beyond which over swelling causes a
reduction in conductivity due to dilution. Hence, it is important to study the effect of water
activity on water sorption behavior of the commercially available EWs, 960, 1100 and
1200. Figure 6.2 shows the effect of EW on water sorption behavior of Nafion membrane
at 30 °C. The basic trend of the water sorption isotherm is similar for all three EWs
membranes. It is observed, however, that with the decrease in EW, the amount of water
sorbed in the membrane increases with greater difference at higher RH. At 0.8 water
activity, for example, there was an increase of about 25 % in the amount of water sorbed
from 1200 EW to 960 EW. This is because, the lower the EW, the higher is the acid group
density and more acidic is the membrane. This increase in acid site density, results in
increased water sorption and swelling of the membrane. Due to this, the sorption
equilibrium is achieved at higher amount of water. It is important to note however, that the
amount of water molecules per sulfonic acid site remains virtually unchanged with 4 = 14
at 100 % RH from 1100 to 960 EW membranes (Figure 6.3). As a result, the actual mass of
water adsorbed per gram of dry polymer increases. Similar trend for water sorption was

observed at 90 °C, as shown in Figure 6.4.

The trend obtained shows that the membrane swells more at lower EW, there would
be an optimum EW to achieve the highest proton conduction while maintaining the

physical integrity of polymer matrix. The higher amount of water in the membrane makes
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Figure 6.2 Effect of EW on water uptake (g/g Nafion) for different water activity
conditions at 30 °C (triangle: EW=960, circle: EW=1100, and
square: EW=1200).
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Figure 6.3 Effect of EW on water uptake () for different water activity
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the membrane softer, i.e., their mechanical properties decrease, which affects the long-term
stability of Nafion membrane. We have already published our experimental results [43] for
the variation of Young’s Modulus (£) with water activity and temperature determined by a
novel vibrational technique of Optoelectronic Holography (OEH) described by us
elsewhere [53]. It was observed that with an increase in the water activity, the membrane
becomes softer, i.e., the E decreases. Similarly with an increase in temperature, the
membrane matrix becomes more flexible, which also results in higher water sorption. This
is evident when we predict the sorption data at 30 °C and 90 °C in the next section
discussing the effect of temperature on sorption of Nafion membrane. Hence, it is essential
to consider the thermomechanical properties in conjunction with water sorption behavior of
membranes in order to design high temperature membranes that would exhibit high proton
conduction and desirable performance in fuel cells. Further, although not shown here, £
decreases with decreasing EW. Thus, although not evident in the range of EW investigated
here, water sorption increases sharply at still lower EW, causing dilution of dissociated

protons and a reduction in conductivity.

6.3.2 Effect of Temperature

The water sorption data were also obtained at different temperatures ranging from 30
°C to 90 °C. Using E data for Nafion membrane and theoretical model developed [13]; we
can precisely predict water sorption at 30 and 90 °C as obtained in Figure 6.4. Figure 6.5
shows the effect of temperature on water sorption isotherm for 1100 EW Nafion
membrane. The amount of water adsorbed increases gradually with temperature, especially
with high water activity. Kawano et al have studied the stress-strain characteristics of
Nafion membrane at different temperatures and found that the initial slope of the curves
i.e., the E decreases with increasing temperatures, thus softening the membrane and
allowing higher water uptake [20]. A lower E reduces the swelling pressure on the imbibed
liquid thus equilibrating at higher sorbed amount. This is important experimental
characterization for Nafion membrane because the durability of the membrane depends

upon the thermomechanical properties as mentioned earlier.
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Figure 6.5 Effect of temperature on water uptake vs. activity of water vapor for
Nafion membrane.
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6.3.3 Effect of Different Cationic Forms

Nafion has wide applications in chloro alkali industry also; hence it is interesting to
study the effect of various cationic forms of membrane on the sorbate sorption behavior.
Thus, we have selected specific counter cations for systematic variation. Some the cations
also have significance in separation processes in chloro alkali industry. Further, these are
also of interest for naval applications, where the feed water contains all sorts of cations in
the seawater. Figures 6.7-6.10 show the experimental sorption measurements obtained at
30 °C for different sorbates. In general, for water sorption (Figure 6.6), the following trend
was observed: H™> Li"™> Na"™> K> Cs" in the order of decreasing water sorption isotherm.
The trend is somewhat similar for other sorbates; methanol (Figure 6.7), ethanol(Figure
6.8), and propanol(Figure 6.9), with the exception that for methanol sorption (Figure 6.7),
both H™ and Li" forms of membrane exhibited similar sorption amount, and for ethanol
(Figure 6.8) and propanol (Figure 6.9) sorption both K™ and Cs’ forms of membrane
exhibited similar sorption amount.

The results obtained clearly show that the nature of the counterions dramatically
influences the amount of solvent sorbed in dry membrane. From the trends obtained it can
be concluded that the amount of water sorbed decreases due to a) reduction in the ionic
hydration capacity from H' to Cs" (Table 1), b) increase in size of counter cations from Li"
to Cs’, ¢) decrease in the charge density (charge per unit volume) from H' to Cs’, and d)
decrease in swelling from H™ to Cs™ forms due to increase in Young’s Modulus [20],
causing similar number of solvent molecules to equilibrate at higher solvent activities.

The smaller the counter cation, i.e. larger the counter cation hydration energy, the higher
the amount of solvent sorbed in the membrane. The ion hydration energies, cationic radius
and water hydration number for each of cation are summarized in Table 6.1[54]. The size
of proton is approximated with that of hydronium ion. It is seen that the hydration energy
for H' is twice the value to that of Li". This means that polar molecules like water and

other alcohols are strongly attracted to smaller H™ ions.
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Cationic Water Hydration Cationic
Type Hydration Energy(KJ/mol) radius,
number nm
H 5+1 -1087.84 0.143
Li’ 5+1 -542.67 0.060
Na" 4+1 -428.02 0.095
K" 342 -348.53 0.133
Cs' ~0 -298.74 0.169

Table 6.1 Water hydration number, hydration energies, and radius of cations.
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The formation of hydration shell may be described by stepwise equilibrium, i.e., the

binding of solvent molecules in the solvation shell is assumed to occur by sequential
reactions between the polymer acid groups SO;M" and the polar solvent molecules ROH

as evidenced by IR spectroscopic analysis,

SO;M*+ ROH S SO;M"(ROH) K, (6.5)
SO;M*(ROH)+ ROH S SO;M*(ROH), K, (6.6)
SO;M*(ROH), + ROH 5SO;M*(ROH), K, (6.7)
SO;M*(ROH),, + ROH S SO;M*(ROH), K, (6.8)

where v corresponds to the total number of molecules in the solvation shell, M is the
corresponding cation, and R = H, CH3-, CH3;CHj;- etc and K; is the equilibrium constant for
step i.

The first of these, for instance, represents dissociation of the polymer acid group
and concomitant protonation of the solvent (e.g., to produce H;O"), whereas the second and

subsequent steps represent further solvation. The solvent molecules with K, > 1 are
considered to be strongly bound and the interactions of an acid site with solvent molecules
for K, <1 are considered weak enough to be accounted for by physical equilibration. It
was shown in the sorption model developed by Choi and Datta [13] that an adequate
expression for A° (strongly bound sorbate molecules) can be obtained as:

AC — /1 Klai 1 — (V + 1)(611- )V + V(ai )V+1 (6 9)
i " 1-aq, 1+ (K, = 1)a; - K, (a,)" .

In the case of water sorption, the first ionization constant K, is used as a fitted
parameter. K; between water and the side chain of SO,H" was approximated as 10° based

on the report that pK of a Nafion is in the range of -1.0 to -5.1. For example, for H" form
membrane, there are around 4-5 strongly bound water molecules.

The hydration number decreases with the increase in cationic radius. This means
that we have less solvent molecules for each acid site at a given solvent activity with the

amount decreasing from H' to Cs'. For Cs™ strongly bound solvent molecules is almost
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approaching zero. Similarly, for other cationic forms, the first ionization constant K,
between water and the side chain of SO,Li",SO,Na", SO,K" and SO,Cs" is fitted as 10,

2, 0.8 and 0.1 respectively. This implies that the ionization constant decreases with the
increase in cationic size and decrease in hydration energies. Similar arguments also hold
for other solvents too.

Kawano et al, obtained the stress-strain curves for Nafion membrane substituted by
Li", Na', K, Rb" and Cs" cations [20]. They observed that the initial slope increases in the
order Li", Na", K", Cs" and Rb" cations, with lower degree of elongation as compared to
received Nafion membrane. This further supports that solvent sorption would decrease in

the order obtained by TEOM.

6.3.4 Sorption in Nanocomposite Nafion / MO, membranes

Figure 6.10 shows water uptake measurements of all nanocomposite membranes at
90 °C. All the nanocomposite membranes exhibited higher sorption than host Nafion
membrane. These membranes have higher water amount at similar water activity, mainly
due to the presence of additional Lewis and Bronsted acid sites provided by the inorganic
particles [55]. The inorganic oxide particles are in submicron range, and have large surface
areas. Zirconia being the most acidic, Nafion- ZrO; sol-gel exhibited highest water sorption
than other membranes. The sorption trend is similar for all membranes, which shows that

the basic mechanism of sorption is unaltered for nanocomposite membranes.

6.4 Conclusions

The TEOM technique is utilized to obtain equilibrium solvent sorption curves for
various Nafion and nanocomposite membranes. From the results obtained it can be
observed that solvent sorbates behavior in Nafion membrane strongly depend on its acid
site density (EW), temperature and solvent environment to which it is exposed, and cationic
forms of membrane itself. The water sorption increases with an increase in acid group
density, albeit at the expense of mechanical strength of membrane. Also, Nafion membrane
imbibes more water at higher temperatures. This is due to the fact that the membrane
becomes pliable due to decrease in E. The sorbates (water, methanol, ethanol, and

propanol) sorption decreases with the increase in counter cationic size. The decrease is due
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to a decrease in dissociation constant between acid group due to decrease in ionic hydration
energies and solvent. Also, with the increase in cation size, the £ increases which restricts
the swelling of membrane resulting in lower solvent sorption. The addition of nanosized
inorganic additives via sol gel method, increase the water sorption capacity of membranes.
This systematic study on the sorption behavior of Nafion could help in designing
pretreatment protocols for developing stable and high performance membrane electrode
assemblies for fuel cell applications as well as in understanding their behavior under a

variety of conditions.
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Chapter 7
Optomechanical characterization of proton-exchange

membrane fuel cells

The properties that make the Nafion membrane indispensable are the combination of
good water uptake, ion-exchange capacity, proton conductivity, gas permeability, and
excellent electrochemical stability. The amount of water sorbed in the Nafion membrane is
critical as the proton conductivity depends directly on the water content of the membrane
which determines the fuel cell performance. The factors which affect the extent of the
solvent uptake by Nafion are temperature, ion- exchange capacity, pretreatment of
membrane, and the physical state of absorbing water, whether it is in liquid or vapor phase.
The water sorption in the membrane is explained in terms of thermodynamic equilibrium of
water in the vapor and absorption phases. As the membrane imbibes more water, the
membrane matrix expands and exerts a pressure on the pore liquid which affects its
chemical potential and limits extent of swelling. The extent of matrix expansion of the
membranes depends on the elastic modulus, £, of the membrane, which directly affects the
sorption. Hence, it is important to understand the variation of £ for Nafion membrane with
relative humidity (RH) and temperature. In this chapter, the use of Optoelectronic
holography (OEH) techniques to perform quantitative, noninvasive, full field of view
investigations to determine temperature and water activity dependence of £ is explained as
a part to investigate the mechanical properties of membranes. The results obtained confirm
that with the increase in temperature, £ decreases and the membranes imbibes more water.
Such results will allow optimization and realization of fuel cells with improved efficiency

and performance.

7.1 Introduction

A fuel cell is basically an electrochemical device, which can continuously convert the
chemical energy of a fuel and an oxidant to electrical energy [1-3]. One of the major

factors that have influenced the development of fuel cells has been the concern from
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environmental consequence point of view. Less pollution for the better and safer human
life has become a matter of great concern. In this present scenario fuel cells help to reduce
our dependence on fossils fuels and diminishes poisonous and toxic emissions in to the
atmosphere, since fuel cells have more electrical efficiencies compared to heat engines.
The main by-product of fuel cell reaction is water, thus completely eliminating locally all
emissions. Fig. 7.1 shows typical schematic of H,-O; fuel cell. Hydrated Nafion, a polymer
consisting of a polytetrafluoroethylene (PTFE) backbone with side-chains terminating in

SO;H" groups, is commonly used for PEFC as proton conducting medium. They exhibit

excellent chemical, mechanical, and thermal stabilities along with high conductivities when
sufficiently hydrated. The amount of water sorbed in the membrane is critical as the proton
conductivity depends on the water content of the membrane which affects the fuel cell
performance [4] . The factors which affect the extent of the solvent uptake by PEM are
mainly temperature, ion exchange capacity, and pretreatment of membrane [5], and also the

physical state of absorbing water whether it is in liquid or vapor phase.

We have developed a water sorption model within the membrane in terms of equilibrium
of water in the vapor and absorption phases. Until the equilibrium is attained, the
membrane imbibes water and the elastic matrix expands. The internal swelling pressure
acting on the water in the membrane can be considered as the restoring force of the matrix.
The equilibrium of the system is established as a consequence of the balance between the
osmotic and mechanical restoring forces. The extent of matrix expansion of the membranes
depends on the elastic modulus, E, of the membrane, which directly affects the sorption.
Hence, it is very essential to determine the thermomechanical behavior of the membrane.
Kawano et al. studied the stress-strain curves of Nafion membrane for various
pretreatments i.e. boiling, soaking in other solvents, heating etc [6]. They observed that the
slope of stress-strain i.e., Young’s Modulus (£) of the membrane, decreases for membrane
boiled in water, making them more pliable for water uptake. The focus of this paper is to
present the use of optoelectro holography (OEH) technique to determine the £ of Nafion

membrane at various operating conditions of fuel cells.



Chapter 7 204

7.2 Water Sorption Model

7.2.1 Model Background

The model developed here assumes that the absorbed water molecules are of two
types; i) those that are strongly, or chemically, bound to the acid sites, akin to
chemisorption, and ii) others that are physically equilibrated between the fluid and the
membrane phases, akin to physisorption. Then, the total uptake of water molecule by the

membrane is the addition of the two types of water molecules as,
A = Ay + 2, (7.1)

where superscripts C and F are the chemically and physically bound water molecules,

respectively.

The thermodynamic condition for the ‘chemical’ equilibrium that determines i° , is

2Vl =0 (p=1,2...,q) (7.2)
il

where v, and u; represents the stoichiometric number of species i in reaction p and

chemical potential of species 7 in solution, respectively.

For describing phase equilibrium between the membrane and external vapor phases, the

thermodynamic condition is

HiMm = Hiy (l = ]) 21 LR n) (73)

where subscripts M and V represents the membrane and vapor phase, respectively.
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Figure 7.1 Detailed Schematic of hydrogen based proton-exchange membrane fuel cell.
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Figure 7.2 Schematic of the internal pore contacting with the elastic membrane.
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The general chemical potential for species i (i = 1,2,. . ., n) in phase « can be written as a

function of temperature, pressure, composition, and other potentials, e.g., u, =

(]:P’ ai,a’ LP[)

pyo = (T, P )+ f?i,adm RTIna,, +¥,, (7.4)
)

where 4, is the standard Gibbs free energy of formation of i, T is the temperature, P is the
standard pressure, V. is the partial molar volume of i in phase @, ¢, is the activity of i

in phase a, and ¥, represents other types of energy such as electrical energy or surface

energy acting on the phase.

7.2.2 Physical Equilibrium between Water Vapor-Water in Membrane

When the membrane equilibrates with water in vapor phase, use of Equations 3 and 4

results in
ab v

In 2% =_| 2211 7.5
. (RT ] (7.5)

where a, and af, are activities of water in external vapor phase and within the

membrane, 7, is the partial molar volume of water, 1y the swelling pressure, R the
universal gas constant, and 7 the temperature.

The swelling pressure is taken as a pressure that is needed for a spherical hole in infinite
block of elastic materials to stretch from its radiusr, to » as previously approximated. The
pressure can be written by assuming that the membrane follows the simple kinetic theory of

rubber elasticity as,

Ilg = %(5 —ap™ =) (7.6)
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where 1 = % and £ is Young’s modulus of elasticity of the membrane. This relation

also provides a reasonably good approximation for somewhat more complex elastic
behavior. Fig. 7.2 represents the schematic of the internal pore contacting with the elastic
membrane.

As the Nafion absorbs water, the density of the membrane decreases progressively.
Assuming the volume additivity of the water and dry membrane in the swollen membrane,

the density of the water containing membrane can be written as

1+
p: pwpo( fm) (7.7)
pw+fmp0

where p, and p  represent the densities of water and dry Nafion, respectively, and f, is the

mass ratio of water amount absorbed to mass of dry Nafion and is evaluated from basic

definition as:

solvent

EW (7.8)

A MW
fo =T

where MWi,en: 1s the molecular weight of the solvent and EW is the equivalent weight of

the membrane.

The density of the swollen membrane may also be written as a function of changes in the
dimensions of the membrane. Assuming the same geometry of the membrane as the

spherical cavity inside of the membrane, the density of water swollen membrane can be

written as
p,0+ 1) 79
P (7;11 f )3 :

0

where », and r, denote the radius of the initial and water containing membrane upon

sorption, respectively. The volume of the membrane increases as water is absorbed as

shown in Nafion film. If the extension ratio of the membrane is approximated as that of the
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cavity in the membrane in the context of a simple rubber elasticity shown in Equation 7,

then the extension ratio 77 may be expressed as

n= [“(ufm)}% (7.10)
P

7.3 Chemical Equilibrium

Equations 7.2 and 7.4 when combined yield the usual chemical equilibrium for reaction

P

i=l1

K TAG ) g (7.11)
= €eX = a. .
P p RT . 1

wherex,, is the equilibrium constant for reaction p and AG, =Xv,G/(T,P) is the
i=1

standard Gibbs energy change of the reaction. The details for the derivation of chemically

adsorbed water molecules is provided by Choi and Datta (2003).

The total strongly bound molecules is calculated assuming all x,=1 exceptk, as,

4C = Kq, 1_(V+1)(ai ) +V(ai )v+1 (7.12)
' " —a, 1+(K, ~1)a, - K,(a,)™ .

where 4;, is monolayer coverage to better account for the adsorption.

Combining Equations 7.1, 7.5, 7.6, 7.10 and 7.12 provides an implicit expression of water

content in the membrane for vapor phase absorption as,

oo [V E L
(4, -2) =a exp{RT[6(5 4n’ -n )}} 1 (7.13)

Equation 7.13 shows that the amount of sorption A; can be determined in terms of activity

of water (a;) in vapor phase with the appropriate parameters. It can be observed that £
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affects the amount of water sorbed by the membrane. Hence, it is essential to determine £
for solving the model and also to study the thermomechanical behavior of membrane at
higher temperatures in our concomitant efforts to design high temperature proton exchange

membranes.

7.4 Uncertainty Analysis of Sorption Model

It is evident from Equation 7.13 that Young’s Modulus strongly affects the
properties of Nafion membrane and varies both with temperature and water activity in the
fuel cells. An uncertainty analysis for the sorption model will provide the effects of
uncertainty in £ and other parameters on the amount of water absorbed by the membrane.
In addition, this analysis will provide the sorption behavior expected when the parameters

are varied in Equation 7.13. The amount of water in the membrane, A,, can be expressed

as:
Aw=f(25 a; T E, 1) (7.14)
Also, . =1 ( po, p, Aw) (7.15)

From RSS approach [8] (Square root of the sum of squares of uncertainty) we get

following equation,

oi, oV (oa Y (oa ¥ (on Y (on V]’
BY% da, OF on oT (7.16)

1

where o represents uncertainty in each parameter. Similarly, uncertainty in 7 is obtained as,

5 s > s 24

U U U

on=|| L D 5p | +| LLsz :

! H@p poj +[5p p] +(%, W” 717

o
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Now the uncertainty in A,, is obtained for each contributing factor. Figure 7.3(a) and 7.3(b)
shows the plot of all factors contributing to the uncertainty in determination of A, for

saturated conditions at 30 and 90 °C respectively.

From Figure 7.3(a), it is observed that at 30 °C, the sorption amount is quite
sensitive to the extension ratio. The water activity also contributes to the uncertainty but
both extensions ratio and activity levels off sooner. The uncertainty due to £ increases and
strongly affects the membrane properties. On the other hand, at 90 °C (Fig. 7.3(b)), the
total uncertainty in amount of water sorbed by the membrane is more as compared to that at
30 °C. The uncertainty due to water activity is high initially and subsequently £ contributes
maximum. From the uncertainty analysis at saturated conditions, it is observed that:

1. E has maximum contribution to the uncertainty in amount of water sorbed (A4,,). The
uncertainty in £ increases with temperature, indicating that the physicochemical
structure of Nafion membrane changes drastically with E.

2. At both temperatures, chemically adsorbed water molecules does not contribute
much to the overall uncertainty for the A,. This implies that, it is the physically
adsorbed water molecules which contribute mainly to the change in the sorption
behaviour of the membrane, in turn affecting the £ of the membrane. Also, at low
water activity, where we have only chemically adsorbed water molecules, the
membrane behaves quite stably to the changes in the surrounding environment.

3. The uncertainty due to swelling (extension ratio) is more at 90 °C. This means that
at 90 °C even if the membrane absorbs more water, the membrane does not swell
much. It has already swelled at that temperature and is just absorbing more water.

4. The uncertainty contribution of water activity is more at 90 °C. This implies that
membrane properties are sensitive to small changes in water activity at 90 °C.

From the uncertainty analysis of the sorption model developed, it can be concluded
that to minimize the uncertainty in £ for the model, we need to accurately determine the
membrane density and control water activity in the membrane, especially at 90 °C. Hence,
OEH is the technique utilized which can accurately determine the £ for the membrane for

various operating conditions.
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7.5 Optoelectronic Holography (OEH)

Optoelectronic holography (OEH) methodologies have been successfully applied to
different fields of nondestructive testing (NDT) of objects [7-9]. OEH methodologies are
noninvasive, remote, and capable of providing full-field-of-view qualitative and
quantitative information on shape and deformation of objects subjected to a large variety of
boundary conditions and loadings [10]. Implementation of recent technological advances
in coherent light sources, computing, imaging, and detector technologies to the OEH
methodologies has dramatically increased the versatility of these methodologies. This is
the first opportunity to utilize OEH in order to determine Young’s Modulus of Nafion
membrane in the development of fuel cells. This investigation will give more insights into

thermomechanical behavior of Nafion membrane.

7.6 Optoelectronic Holography Microscope Setup

Figure 7.4 shows the OEH experimental setup for the determination of the Young’s
modulus of Nafion membrane from the measured resonant frequencies. Using this method,
the mode shapes corresponding to the first bending frequencies were visualized and the
corresponding frequencies were recorded. The samples were excited in a cantilever beam
configuration. Care was taken that the base consisted of flat surfaces, to ensure “fixed”
boundary conditions. The resonance frequencies were monitored over the temperature
range from 25 °C to 90 °C, for all of the lengths of the samples. In OEH method the

deformation of the object can be obtained by solving for £, defined as

-1 {1—c0s28} I, -1,
© 2|l sin2B 21 —1,-1, (7.18)

where [ represent the laser irradiance field, (2, is the time varying fringe-focus function

relating to object displacements, and B is the bias modulations.
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Figure 7.4 OEH setup to determine resonating frequencies of Nafion sample.
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7.7 Determination of Young’s Modulus

The Young’s modulus £ depends on the water content in Nafion and changes
during the sorption process. The Young’s modulus of Nafion is expected to decrease
exponentially with the water content. OEH is the experimental method utilized to
determine £ for Nafion membranes. The OEH setup utilized a laser of 532 nm wavelength.
Using the equations of motion for the dynamic load of excitation case (free undamped

vibrations), the modulus of elasticity, £, is obtained as

1 ¢t |E

=—— |= 7.19
2r I\ p ( )

where f, t, L, E, p are the resonant frequency of the first mode, thickness of sample
membrane, length of sample exposed to laser, young’s modulus, and density of sample
membrane respectively.

Modulus of elasticity of the sample membrane depends strongly on the temperature.
Hence, precise knowledge of the temperature of the sample at the instant measurements is
necessary. The time constant for these measurements was 60 min, that is, the measurements
of parameters used in Equation 7.19 were made 60 min after the temperature change was

imposed on the samples within the environmental chamber.

7.8 Experimental Results

Figure 7.5 shows preliminary experimental results obtained for Nafion membrane
having thickness of 50 microns and density of 2050 kg/m’. The length of sample was
varied for 3 different lengths to reproduce the results. These values were substituted in
Equation 19 with the experimentally determined frequencies. The experiments were
accomplished at 30 and 90 °C. These are the temperatures of interest in case of fuel cell
applications. The only reference we had to compare our preliminary results for £ was from
Dupont product information catalog for Nafion. They reported a value of 250 Mpa at 50 %
relative humidity at room temperature. From OEH for similar conditions 248 MPa was
obtained. This shows that OEH accurately determines the £ of membrane.

From Figure 7.5 it is observed that the £ decreases with the increase in water

activity and temperature at which sample is placed. This implies that the membrane
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becomes flexible with increase in temperature and also when it absorbs water. Also at dry
state, the £ decreases with increase in temperature. The observed trend of decrease in E can
be visualized as exponential decay with water activity. This is an important result from
operation and development of fuel cells point of view. In addition, substitution of £ into
Equation 13 provides complete sorption isotherm for water sorption in Nafion membrane
as a function of temperature.

Figure 7.6 shows the experimental results for the change in £ for Nafion 117 (175 u
thick) as a function of temperature and water activity. The trend observed is similar to
previous results. With the increase in temperature and water activity, the £ decreases
exponentially. The effect of membrane thickness is studied in Figure 7.7, where three
different Nafion sample thicknesses were tested. The samples were Nafion 112 (50 u),
Nafion 115 (125 p), and Nafion 117 (175 u). There was improvement in E with the
increase in membrane thickness. Nafion 117 exhibited higher E than Nafion 112 for lower
water activity region, whereas the E data converges for all samples at saturated conditions.
The results obtained shows that thicker samples may be mechanically attractive at low
humidification conditions. Of course, the mechanical advantage will cost fuel cell
performance which decreases with membrane thickness due to low proton flux.

Figure 7.8 shows the effect of addition of polytetrafluoroethylene (PTFE), a
hydrophobic material which makes up backbone of Nafion membrane. Here I studied the
effect of 10 wt % PTFE on Nafion mechanical properties. This new composite membrane
exhibits better mechanical properties than unmodified Nafion membrane. But, with higher
loading of PTFE decreases the mechanical strength due to high porosity of the membrane
due to addition of PTFE (data is not shown in the thesis). A thorough investigation of effect
of PTFE content on £ and porosity will lead us more undertanding on the mechanical
nature of the membrane.

Finally, a nanocomposite membrane Nafion-SiO; sol gel was tested to study the
change in £ with the addition of inorganic additives. There was about 30-45 Mpa
improvement in the mechanical strength of the membrane as compared to Nafion
membrane of similar thickness. Figure 7.9 compared the £ of nanocomposite and PTFE

nanocomposite membrane. Nanocomposite exhibited 5-15 Mpa higher £ than PTFE
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membranes. This is very promising because my research objective was to develop better

performing membranes than Nafion; by both chemical and mechanical modifications.

7.9 Conclusion and Future Work

(OEH) to study and determine the Young’s Modulus of Nafion at different
conditions and humidity looks promising and reproducible. The main advantage of this
technique is its accuracy and noninvasive nature for the sample. From the sorption model
and the E obtained it is understood that the membrane adsorbs more water at 90 °C and can
accommodate more water. This is an important phenomenon for operations in fuel cells.
OEH can thus be used as a diagnostic technique for characterization of Nafion membrane.
Future work includes reproducing the data obtained so far at other temperatures including
120 °C, which is the glass transition temperature of the membrane. In addition the behavior
of the membrane for heating and cooing cycles will be studied. Since Nafion exhibits
hysteresis behavior for sorption and desorption, it is important to investigate the
thermomechanical behavior while the sample is heated and cooled. The viscoelastic nature
of membrane would be investigated systematically. Also different pretreatments like
boiling, vacuum heating, hot press etc, affects the thermomechanical properties of
membrane. A thorough investigation for these effects would be considered in our future

efforts.
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Nafion -SiO2 vs Nafion +PTFE

300 I T T I I T

r —®&— Nafion -SiO2 30C

i -®— Nafion —SiO2 90 C

N

0

o
\

—¥— Nafion 30 C

—&— Nafion 90 C

N

o

o
\

150 - N

Modulus of elasticity (E, MPa)
2
I

50 - .

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

Activity of water in vapor phase, a

Figure 7.9 Experimental results for £ of Nafion 117+ 10 % PTFE vs Nafion- SiO,

membrane as a function of temperature and water activity.



Chapter 7 223

7.10 References
1. K. D. Kreuer, “On the development of proton conducting polymer membranes for
hydrogen and methanol fuel cells”, J. Membr. Sci., 185:29-39, 2001.
2. A.J. Appleby, and F. R. Foulkes, Fuel cell handbook, Van Nostrand Reinhold, New
York, 1989.
3. M. Doyle, M. E. Lewittes, M. G. Roelofs, and S. A. Perusich, “Ionic conductivity of
nonaqueous solvent-swollen ionomer membranes based on fluorosulfonate,
fluorocarboxylate, and sulfonate fixed ion groups”, J. Phys. Chem. B, 105:9387-9394,
2001.
4. T. Thampan, S. Malhotra, H. Tang, and R. Datta, “Modeling of conductive transport in
proton- exchange membranes for fuel cells”, J. Electrochem. Soc., 147 (9):3242-3250,
2000.
5. P. Choi and R. Datta, “Sorption in proton exchange membranes. An explanation of
Schroeder’s paradox”, J. Electrochem. Soc., 150 (12):E601-E607, 2003.
6. Y. Kawano, Y. Wang, R. A. Palmer, and S. R. Aubuchon, “Stress-strain curves of
Nafion membranes in acid and salt Forms”, Polimeros, 12 (2):96-105, 2002.
7. K. A. Stetson and W. R. Brohinsky, “Electro-optic holography system for vibration
analysis and nondestructive testing”, Opt. Eng., 26 (12):1234-1239, 1987.

8. R.J. Pryputniewicz, Holographic numerical analysis, Worcester Polytechnic Institute,
Worcester, MA, 1992.

9. R. J. Pryputniewicz and K. A. Stetson, “Measurement of vibration patterns using
electro-optic holography”, Proc. SPIE, 1162:456-467, 1989.

10. C. Furlong and R. Pryputniewicz, “Hybrid computational and experimental approach
for the study and optimization of mechanical components”, Opt. Eng., 37 (5):1448-
1455, 1998.



Chapter 8 224

Chapter 8

High Temperature Phosphoric Acid-PBI Gel Membrane Fuel
Cells: Performance Analysis and Impedance Spectral

Signatures

In this chapter, phosphoric acid (H;PO,) - Polybenzimidazole (PBI) membrane fuel
cells are evaluated in the temperature range of 160-180 °C, in an effort to investigate the
effect of temperature, anode humidification, various cathode stoichs, and use of oxygen
versus air. This is an important system for high temperature operations due to high glass
transition temperature of PBI (around 425 °C). In situ electrochemical impedance
spectroscopy (EIS) was used to obtain various resistances, ohmic, as well as charge
transfer, under these conditions. The results obtained show that H3;PO, - PBI gel
membranes exhibit very good performance in the temperature range of 160-180 °C. Mass
transfer limitations were quantified by comparing performance polarization curves with air
and oxygen, along with EIS. Further EIS was also used to obtain signatures during fuel
starvation, and electrical shorting across the cell. This chapter is under review in J. Power

Sources.

8.1 Introduction

Nafion-type perfluorosulfonated acid (PFSA) polymers have been widely used as a
polymer electrolyte membrane (PEM) and a catalyst-binding material for electrode layers
in membrane electrode assemblies (MEAs) [1-3]. However, the conductivity of Nafion is
limited by water content in the membrane and hence it cannot be used for fuel cell
operations at high temperature (>100 °C) under atmospheric pressure. The dehydration at
higher temperatures also results in membrane shrinkage and consequent poor contact
between the MEA and the bipolar plates. Hence, the performance benefit arising from
higher CO tolerance at higher temperatures is offset by this dehydration. There is, thus a

strong incentive to develop alternate polymer electrolytes that can work above 100 °C [4].
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The development of electrolyte membranes for higher temperature operation is a
particularly challenging task. A good polymer electrolyte membrane (PEM) must be thin
for low resistance, compliant to make a good contact with electrodes, but rigid enough to
provide support to the MEA, thermally and dimensionally stable, impervious to gaseous or
liquid fuels as well as electrons, durable, and should be able to provide excellent proton
conductivity rivaling liquid electrolytes (~0.1 S/cm) preferably under hot and dry
conditions. We have previously published our work on higher temperature membrane
synthesis and characterization [4-6].

In the emerging family of higher temperature membranes, phosphoric acid-
polybenzimidazole (PBI) membranes have the potential to meet many of the requirements
for higher temperature operation. PBI is an amorphous thermoplastic polymer with a glass
transition temperature of 425-436 °C. It has a good chemical resistance and excellent
textile fiber properties. As a membrane, PBI has received attention mainly for use in blood
dialysis and reverse osmosis at high temperature and in harsh environments. Attempts to
graft functional groups onto PBI were first made by Gieselman and Reynolds [7] and there
have been persistent efforts ever since [9-22].

Chemically, PBI is a basic polymer and can readily react with acids. Wainright et al
were the first to suggest the application of acid -doped PBI based membranes for fuel cell
applications [8]. Various inorganic acids have since been investigated as dopants such as
H,SO4, H;PO4, HC104, HNO3, HBr, HCI, and organic acids like CH3SO3H, C;HsSOsH and
aromatic phosphoric acids, as well as polymeric acids [9-22]. Among these various doping
acids, phosphoric acid and sulphuric acid have been found to provide high conductivity.
These acids act both as donors and acceptors in proton transfer and therefore allow for
proton migration along the anionic chain. H3POy is particularly interesting acid due to its
high conductivity and thermal stability at temperatures up to 200 °C. This is, of course, the
reason for its use in phosphoric acid fuel cells.

The proton conductivity of phosphoric acid- PBI membranes have been extensively
investigated [15-26]. Other properties such as methanol crossover rate, thermal stability,
water drag coefficient, mechanical properties, and kinetics of oxygen reduction have also
been studied [18-22]. The PBI fuel cells have been operated at temperatures up to 200 °C
without humidification of the reactant gases. At 200 °C, a PEMFC can tolerate upto 30,000
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ppm CO in the reformate stream, thus enabling the elimination of CO conversion stages of
the fuel processor. This opens up the possibility for a simpler, compact, and cost effective
system [23-26]. This is the reason for our interest in this system.

Song et al [27] studied the effect of electrolyte impregnation temperature, alloy
catalyst, and single cell structure on electrochemical characteristics of H3PO4 - PBI system
using EIS. They found that the high frequency resistance of cell does not depend on acid
impregnation temperature in the electrodes for fuel cells. However, they observed that the
interfacial resistance of the cathode (Pt-electrolyte) increase with the increasing
impregnation temperature. They further studied the effect of CO concentration and reactant
gas pressure on cell performance.

The goal of this paper is to evaluate the performance of phosphoric acid- PBI gel
membranes based fuel cells for higher temperature operations. A comparison with Nafion
membrane performance at lower temperature (80 °C) is done to show that this technology
is great potential for fuel cell applications. Hence, we have characterized the performance
at Plug Power in the temperature range of 160-180 °C. Since voltage of a fuel cell at a
current or load in a polarization plot lumps together all types of losses, we use AC
electrochemical impedance spectroscopy (EIS) for quantifying and discriminating various
losses further. Also, it is shown in the present work that in- sifu EIS provides good estimate
for different resistances in fuel cells and are in well agreement with other ex-situ
measurements. In addition, typical EIS signatures were identified by creating electrical
shorts across a cell, during fuel starvation, and post high voltage carbon corrosion stress

tests, with the objective of developing diagnostics.

8.2 Experimental

8.2.1 Fuel Cell Assembly and Testing

Commercially available Celtec-P Series 1000 membrane-electrode assemblies (
MEAs) from PEMEAS (Frankfurt, Germany) were used in this study. Each MEA consists
of a phosphoric acid electrolyte gel membrane is sandwiched between Pt catalyst based gas
diffusion electrodes and supported with a polymer sub-gasket. The 44-cm” MEAs were

compressed to a constant gap between isostatic graphite, serpentine flow-field, and gas



Chapter 8 227

distribution plates. In operation the membrane is approximately 0.002 inch thick. The
entire cell assembly is contained within an insulating bag, and the desired cell temperature
is maintained using external pad heaters. Inlet gas temperatures were controlled through
heated supply lines, and membrane humidifiers were used to control the dew point of the
fuel stream. Polarization curves were obtained with hydrogen on the anode side and with
air or oxygen on the cathode. Repeatability of polarization curves was confirmed with
multiple polarization curves during the course of the test which also sheds light on the
stability of these higher temperature fuel cells.

In summary, we studied the effect of 1) temperature, 2) anode humidification (40-
80 °C), 3) cathode flow rate (stoichs), 4) oxidant type (air and oxygen), 5) fuel starvation
and 6) induced electrical shorts across the cell. For identifying the voltage losses in the
cells, electrochemical impedance spectroscopy (EIS) was employed as a characterization
tool to investigate charge-transfer reaction resistance and transport resistances, including
charge transport of electronic and ionic charge carriers, and mass transport through gas

diffusion layer.

8.2.2 Electrochemical Impedance Spectroscopy (EIS) measurements

Voltage of a fuel cell is an overall response for a current drawn, all the losses being
lumped in the response, which are not easy to separate with just direct current (DC)
operation. During the operation of a fuel cell, the gases are fed through at specific
volumetric flow rate (standard liters per minute or slm) depending upon the current. The
gases further diffuse across the gas diffusion layer (GDL) to the electrode at a rate
determined by the effective diffusion coefficient of the gases in the GDL at a given
temperature [28]. Once the gases reach the catalyst site, a series of reaction steps take
place, some of which are chemical while others are electrochemical involving charge
transfer. These reactions are also influenced by the transport of protons to or from the site.
All of these individual transport and kinetic steps have a characteristic time-constants
associated with them. Electrochemical impedance spectroscopy (EIS) helps separate many
of these steps when a spectrum with various perturbation frequencies is utilized in-sifu in
an operating fuel cell. The EIS experiment involves the application of a sinusoidal

electrochemical perturbation (potential or current) to the sample that covers a wide range of
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frequencies. This multi-frequency excitation allows (1) the measurement of several
electrochemical reactions that take place at different rates and (2) the measurement of the
capacitance of the electrode.

During our measurements, the cell was stable and the perturbation amplitude was
chosen making sure the system was close to linear at all current densities (C.D’s),
especially at low and high current densities. Thus, the EIS measurements were performed
with a perturbation current of 4 — 6 % of the DC current in the frequency range 0.01 Hz to
10° Hz using a Solartron SI 1260 FRA system, Solartron, Hampshire, U.K). The set-up is
schematically illustrated in Figure 8.1(a), showing various cell interfaces with EIS
instrumentation.

There has been extensive research done using EIS to characterize working of fuel
cells [29-30]. A typical EIS spectrum during frequency sweep is shown in Figure 8.1(b).
Both real and imaginary components of the impedance are measured and the real z-axis
intercept at high frequency (i.e. intercept at the left) is assumed to provide mainly the
membrane resistance, and hence, its conductivity. The low frequency intercept (on the
right) is used to calculate the kinetic and mass transport resistances. A brief explanation on
using the EIS spectra to obtain various losses is discussed below.

In the higher frequency range of the spectrum, typically when the frequency is more
than 10 Hz, the high-frequency intercept on the real axis in Figure 8.1(b) corresponds to the
ohmic resistance Ry, . Now, the overall charge-transfer resistance Rp , i.e. the sum of the
anodic and cathodic charge-transfer resistance is obtained distance from the difference of
high-frequency real axis intercept to the next lower frequency real axis intercept. It is
evident that the overall charge-transfer resistance Rp is mostly dominated by the cathode
impedance due to the sluggish oxygen reduction reaction (ORR) kinetics. The lower
frequency part of the spectrum, typically when frequency is less than 1 Hz, represents the
sum of a capacitive loop in the anode spectrum and an inductive loop in the cathode

spectrum, which appear in a similar frequency range.
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The capacitive arc seen in the low frequency range can be attributed to a finite
diffusion process. This is due to the mass transport in GDL and electrode layers at anode
and cathode. Because the lower frequency part of the impedance spectrum is the sum of a
capacitive loop in the anode spectrum and an inductive loop in the cathode spectrum, it is
not possible to extract quantitative data from the lower frequency part of the local two-
electrode spectra. The anode and cathode contributions to the overall local two-electrode
spectrum are unknown. It should be mentioned here that the inductive behavior seen in the
high-frequency range of some of the local impedance spectra to be presented later is due to

mutual inductance (i.e., cable) effects.

8.3. Results and Discussion

8.3.1. Effect of Temperature

The cell temperature was varied using pad heaters and polarization curves were
obtained at three temperatures namely of 160, 170 and 180 °C with 55 °C dew point
hydrogen on anode side and dry air on cathode side. It is well known that with an increase
in temperature, the exchange current density and the conductivity of the membrane
increases [28]. The DC performance of the fuel cell increased with temperature as shown in
Figure 8.2 (a). Also, the performance obtained is compared with Nafion membrane at 80 °C
under saturated conditions. It can be seen that the performance of PBI system is
substantially high at higher current densities indicating that this system has very high
diffusion of oxygen in GDL and hence has higher limiting current density. Also, another
reason for good performance in PBI is due to the absence of water in GDL which keeps the
pores open for effective mass transport of oxidant. The DC performance lumps the ohmic
losses, activation losses and mass transport losses. On the other hand, EIS measurements at
high frequency clearly separates ohmic resistance. These values were used to correct the
polarization curves to obtain cathode over potential at different temperature assuming
negligible anode overpotential. The apparent cathode Tafel slope, thus, was extracted to be
about 0.105 — 0.11 V/decade as shown in Figure 8.2(b).The intercept values were used to
extract exchange current densities at different temperatures.

The high frequency intercepts of the Nyquist plots are compared against typical
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ohmic resistance values obtained from the slope of the hydrogen pumping were similar to
the values obtained from the high frequency intercept using EIS measurement. As shown in
Figure 8.3, a scatter of 0.02 ohm-cm? is seen when the EIS is performed at different C.D’s
at 160 °C. All values at frequencies less than 1 kHz also account for additional ohmic
resistance from electrolyte present in the catalyst.

The Rp is also plotted in Figure 8.4 against current density at three different
temperatures when H,/O, was used. The trend is similar at all temperatures and the values
are relatively close to each other except at higher current density of 0.3 A/cm’, where a

decrease in Rp is more evident.

8.3.2 Effect of Anode Dew Point

Experiments described in this study were performed at a constant fuel inlet dew
point of 55 °C. The water content in the hydrogen stream could conceivably impact the
high frequency resistance via a change of the liquid H3POy electrolyte concentration within
the membrane as well as the electrode layer. In order to study this effect, polarization
curves were obtained by varying the dew point of the inlet fuel from 40 — 80 °C at a
constant cell temperature of 160 °C, as shown in Figure 8.5. It can be seen that the cell
performance declines somewhat with increasing anode dew point, although below 50 °C,
there was no discernible difference in the polarization curves. This effect may possibly be
explained by either a change in the hydrogen partial pressure as dew point increases, or due
to the fact that the liquid electrolyte content in the membrane/electrode interface changes.

Further experiments are planned to understand this effect using EIS.
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8.3.3 Effect of Cathode Stoichs:

Figure 8.6 shows the effect of cathode stoich on the polarization curves at 160 °C.
Substantial improvement in performance is seen with an increase in the cathode stoichs
from 1.4 to 6. These measurements indicate the onset of GDL/electrode interface mass
transport resistance at current densities greater than 0.2 A/cm®. EIS was also performed at
multiple cathode stoichs and the results are summarized in Figure 8.7 for a current density
of 0.2 A/cm? at two different temperatures. Cathode stoichs had a significant impact on the
Rp values indicating flow channel /GDL interface mass transport resistance. With an
increase in cathode stoichs, the high frequency resistance remained unaffected, but the Rp
(which includes charge transfer and diffusive losses) decreased significantly as shown in
Figure 8.7 which shows the trend of Rp at different current densities as a function of
cathode moles/min (converted from flow rate). In Figure 8.7, a theoretical charge transfer
resistance obtained from tafel kinetics slope is also plotted to show the deviation from
theoretical even when pure oxygen is used at lower current densities. This hints at
solubility of oxygen being a significant contributing factor and further understanding with
varying concentration of oxygen content is required. Further, while the backpressure of the
cathode chamber also increases as the air flow rate is increased; it does not contribute to
substantial increase in oxygen partial pressure. It is hypothesized, however, that with an
increase in the cathode stoichs, the current generated is more uniform across the MEA,
since the log-mean or average concentration from inlet to outlet varies less significantly.
Similar behavior was also observed for a current density of 0.1 A/em®. Above 0.021
moles/min, not much change in R, was observed for 0.2 A/em?, while for 0.1 A/cmz, the

threshold was closer to 0.01moles/min.

8.3.4 Oxygen versus Air

Polarization curves and EIS parameters were measured with both air and oxygen.
This study further explicates the diffusion effects across GDL. Figure 8.8 shows the
polarization curves with oxygen at 160 — 180 °C compared with Nafion membrane at fuel
cell temperature of 80 °C under saturated conditions. They are about similar which again
shows that the PBI system produces decent power at higher temperatures. The performance

obtained in Figure 8.9 is difference in the polarization curves obtained with
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oxygen and air. A Tafel slope of 0.1 V/decade was obtained for oxygen curves at both 160
C and 180 °C, i.e., Tafel slope was independent of temperature in this range. However,
with air, even after correcting for the ohmic contribution, the resulting £ vs. log (i) plot
showed non linearity above 0.2 A/cm’ due to diffusion limitations. Such behavior in
general is seen in two different cases: (1) — distributed ohmic resistance across the
electrode, (2) — mass transport limitations across the GDL. Theoretical oxygen gain was
calculated to be approximately 66 mV. This provided the maximum gain one could obtain
if there were no diffusion limitations across the MEA.

Figure 8.10 plots the deviation from this ideal gain at 160 °C and 180 °C as a
function of current density. This clearly indicates that the mass transport across the GDL
becomes significant after 0.2 A/cm” at 180 °C and at 0.4 A/cm” at 160 °C. At a constant
overpotential in IR corrected polarization curves as shown in Figure 8.9, the ratio of
currents obtained using oxygen and air may be expected to be assumed 4 or 5, i.e., equal to
the ratio of oxygen partial pressures. This is true only if the polarization curve is activation
controlled and the kinetics of oxygen in oxygen is first- order. With the polarization curve
corrected for ohmic losses obtained from the 1 kHz intercept via EIS, we conclude that
resulting ratio of 3.5 for currents indicates less than the theoretical. This observation begs
further investigation to gain insights on the precise concentration at the electrode surface
rather than the bulk feed concentration.

The Rp values were collected from EIS curves for both air and oxygen at various
current densities. This enabled a comparison against theoretical Rp values obtained from
known Tafel curve for oxygen which is approximately 0.1 V/decade. The difference
between measured Rp when using oxygen and air was found to be approximately 0.055
ohm-cm® to 0.059 ohm-cm’. The difference between the theoretical charge transfer
resistance from known Tafel slope and Rp using oxygen was approximately 0.059 ohm-
cm’. The IR corrected performance or the cathode potential can be expressed either as a
function of current density or as a function of Rp.

Cireunnu et al. [31] and Raistrick et al. [32] explained the significance of using
such a plot to separate charge transfer, agglomeration of catalyst particles and thin film
contribution. The cathode potential was plotted as a function of log (Rp ™). This provided a

simple relationship where we estimated the cathode potential assuming that the anode



Chapter 8 245

contribution to Rp is small. Figure 8.11 explains the relationship for both air and oxygen.
This can be further used to understand the exchange current densities using air and oxygen.
This shows that there might be some charge transfer and agglomeration contribution when
using air at higher stoichs whereas at lower stoichs equal to 2.5, thin film or channel /GDL

contribution dominates.

8.3.5 Effect of Fuel Stoich and Short Circuiting:

The fuel stoich was reduced by increasing the anode utilization from 70 % to just
over 100 %. The cell was operated at 160 °C at 0.3 A/cm® and a 3.6 cathode stoichs during
the course of the test. The cell was kept running at 1.3 stoich for 5 minutes and then
reduced, while logging low frequency intercept at 0.1 Hz continuously every 5 seconds. As
seen in Figure 8.12, multiple low frequency spectrum (1 kHz — 0.1 Hz) measurements were
also conducted at discrete stoichs to show the onset of 45 ° line, which is also a
characteristic of electrical short, when stoich are close to 1.0 and less. The fuel stoichs
show insignificant signatures in impedance until 1.0 stoich, below which the infinite
diffusion trend takes over characterized by the 45 ° line. At this point, the cell becomes
fuel limited and the performance starts to decline at an alarming rate. In fact, the cell needs
to be protected against such incidents in general since the anode potential during fuel
starvation can exceed 1 V if a cell is connected to a power supply during such transients.
This can irreversibly damage the anode and cathode electrode of a fuel cell limiting its life.
The impedance signatures can show the trend before cell performance starts to decline and
can be used to control then fuel cells more pro-actively.

A cell was also electrically shorted with a 40 milli-ohm resistor, while operating at
180 °C at 0.219 A/cm? with 1.5 fuel stoich and 2 air stoich. During this measurement, the
cell experienced increased net current due to two parallel current demands — one from the
load bank and the other through the shorted electrical resistor. At this point, as seen in
Figure 8.13, the 45 ° line starts to take over at 25 Hz with the short applied across the cell.
This signature is similar to the fuel starvation signature, however in this case; one or both
electrodes may be starved of reactants. Increasing both the fuel and air stoichs resulted in

normal behavior after the increased current demand was met by the increased fuel and air
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flow rates. However the 3 — 20 Hz lobe is reduced post shorting since additional current is

being drawn.

8.4 Conclusions

It has been demonstrated that the PEMEAS phosphoric acid —PBI based MEAs
provide good performance in the operating temperature range of 160 — 180 °C. The high
frequency intercept in EIS experiments indicate an ohmic contribution of about 0.1 ohm-
cm® which is similar to that for Nafion based membrane systems. Performance was
investigated at various fuel inlet dew points and it was found that an increase in dew point
somewhat effects the performance of the PBI system. By varying cathode stoichs the
observed change in performance and impedance behavior indicates that current generation
from inlet to outlet of a fuel cell have a profound effect on measured global responses in
voltage and impedance. Comparing polarization curves with air and oxygen, it is apparent
that the diffusive losses exist across the GDL. Diffusion losses quantified at two different
temperatures indicate that there are significant diffusion losses at current densities greater
than 0.4 A/cm®. A simple expression for cathode potential obtained as a function of Rp at
160 °C shows charge transfer contribution as the dominant resistance in the current density
range selected with oxygen. Two extreme cases of reactant starvation were studied using
fuel starvation and electrically shorting the cell. Impedance signatures developed during
fuel starvation shows a 45° degree line and this signature is similar when a cell is

electrically shorted with a 40 milli-ohm resistor.
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Chapter 9
Conclusions and Recommendations for Future Work

9.1 Conclusions

In this research, higher temperature nanocomposite proton-exchange membranes
(NCPEMs) with adequate performance under low relative humidity (RH) were developed
based on theoretical and experimental considerations. The approach was based on
enhancing the acidity and water sorption of a conventional polymer electrolyte membrane
by incorporating in it a solid acidic nano sized inorganic material. A systematic
investigation of the nanocomposite Nafion/inorganic additive PEMs based on various
characterization techniques was done in order to accomplish the goals of this research. The
effects of particle size, chemical treatment, additive loading and alternate processing
methodologies was thoroughly investigated. The NCPEMs developed through modification
with inorganic nano additives (ZrO,, SiO; and TiO,) demonstrated good thermomechanical
and chemical properties for PEM fuel cell technology in the temperature range of 100—
130 °C.

A phenomenological thermodynamic model was utilized to study the sorption in PEMs,
which is based on a plausible picture involving strongly bound and free water molecules,
wherein the chemical potential and activity (described by Flory-Huggins theory) of the free
water molecules was affected by the osmotic pressure increase within the pores of the
membrane as more water is imbibed, eventually reaching equilibrium with external water.
Additional pressure terms were used to account for the vapor-liquid interface at the pore
mouth for the case of adsorption from vapor. The difference hence accounted for the so-
called Schroeder’s paradox. When combined with a model for the strongly bound water
molecules, the theory provided a very good fit of experimental data with a single fitted
parameter, namely the Flory-Huggins interaction parameter.

In addition, a comprehensive proton transport framework was also developed for
NCPEMs incorporating the various transport mechanisms, namely, surface hopping,
Grotthuss diffusion, and en masse diffusion. The resulting model provided an excellent
prediction of proton conductivity in Nafion as a function of relative humidity without the
use of any additional fitted parameters. The prediction showed higher water sorption and

conductivity at 90 °C for complete range of water activity.
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From the theoretical model, it was concluded that the formation of a high fraction
of pore bulk water in PEMs is desirable for high conductivity because of the dominance of
Grotthuss diffusion mechanism in conductivity, which occurs in bulk water rather than at
the surface water. This is the key reason for the success of Nafion, where strong backbone
hydrophobicity helps water cluster formation away from surface. Most of the design
variables of the proton conductivity model are related directly or indirectly to the amount
of water uptake in PEMs, which, thus, is the key variable in designing of new NCPEMs.
The transport model provided a theoretical framework for understanding the proton transfer
in NCPEMs and was taken as guideline for systematically developing alternate high
proton-conducting PEMs for fuel cell applications.

Nafion-MO, (M = Zr, Si, Ti1) nanocomposite membranes were synthesized with the
goal of increasing its the proton conductivity and water retention at higher temperatures
and lower relative humidities (120 °C, 40 % RHs) as well as to improve the thermo-
mechanical properties. The sol gel approach was utilized to incorporate inorganic oxide
nanoparticles within the pores of Nafion membrane. The membranes synthesized by this
approach were completely transparent and homogenous as compared to membranes
prepared by alternate casting methods which were cloudy due to the larger particle size.

Various experimental techniques, namely, TEOM (Tapered Element Oscillating
Microbalance), Impedance Spectroscopy, MEA (membrane electrode assembly) testing,
Ion Exchange Capacity, Scanning Electron Microscope (SEM), Optical Electronic
Holography (OEH), Thermal Gravimetric Analysis (TGA), and Dynamic Mechanical
Analysis (DMA) were employed to characterize the NCPEMs.

At 90 °C and 120 °C, all Nafion-MO, sol-gel nanocomposites exhibited higher
water sorption than Nafion membrane. However, at 90 °C and 120 °C, the conductivity was
enhanced in only Nafion-ZrO; sol-gel nanocomposite with a roughly 10 % enhancement at
40 % RH over Nafion. This can be attributed to the increase in acidity of zirconia based sol
gel membranes shown by a decrease in equivalent weight in comparison to other
nanocomposites based on Ti and Si. In addition, the TGA and DMA analyses showed
improvement in degradation and glass transition temperature, 7, for nanocomposite
membranes over Nafion. The T, for Nafion-ZrO, sol-gel composite increased by about 30

°C as compared to Nafion. This opened the door for operating the PEM fuel cell at even
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130-135 °C under low humidification. At 135 °C, relatively good performance was
obtained for Nafion- ZrO; sol-gel nanocomposite membranes where Nafion membranes fail
to perform at this temperature. These results suggest that there is a substantial potential for
improvement in fuel cell performance using sol gel nanocomposites. However these are
ultimately limited by the glass transition temperatures of the host polymer. To pass through
the 140 °C barrier will require the development of new novel polymers. Although the
membranes developed in the present work demonstrated glass transition temperature above
140 °C, long term testing (more than 2000 hours) is necessary to confirm the stability of
these membranes for higher temperature PEM fuel cells.

An important outcome of this research was the development of TEOM and OEH,
two novel optical characterization techniques, to study the relation of swelling behavior
within the framework of mechanical properties of the polymeric. This is a key to
membrane developing strategies. TEOM was used to study the effect of equivalent weights
(960 -1200), temperature (30- 90 °C), various cationic forms (H', Li", Na’", K" and Cs"),
sorbates (water, methanol, ethanol, and propanol), and inorganic additives on the sorption
behavior of Nafion membrane. The results provided insights into the swelling behavior of
ion-exchange membranes, and, thus, were useful in evaluating and designing alternate
PEMs for fuel cell applications. Similarly, optoelectronic holography (OEH) was
developed and applied for the first time to determine modulus of elasticity (E) of
membranes as a function of RH and temperature. These two novel experimental
characterization techniques developed in this study provide the foundation for developing
higher temperature fuel cell membranes and electrodes, since they provide understanding
of the effect of the rendered modifications on its thermomechanical properties.

Finally, the performance of commercially available high temperature PBI
(polybenzimidazole)-H3PO4 (phosphoric acid) gel membrane fuel cell was investigated in
the temperature range of 160-180 °C. This system exhibited very good and stable
performance in this temperature range. PBI exhibited very high current densities at 180 °C
(0.9 A/em® at 600 mV). The conductivity of PBI-H;PO4 was about 0.08 S/cm under no
external humidification, which is very important for higher temperature PEM development.
The durability and stability of H;PO4 within the catalyst layer and PBI matrix is yet to be

studied, and may be a key factor in determining the practicability of this technology.
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It 1is, thus, apparent based on this research that the polymer-inorganic
nanocomposite membranes can provide additional water within the membrane for a given
water activity. This additional water does translate into somewhat higher conductivities.
Another key advantage of polymer-inorganic nanocomposite membranes is their better
thermomechanical properties. The following factors are thus important while selecting an
appropriate functional additive: 1) The hydrophilicity of the inorganic; 2) The acid-site
density and strength on the inorganic nanoparticle surface; 3) the particle size or the
specific surface area of the inorganic particles; and 4) the amount of inorganic loading.
The strategy should increase the water content of the membrane under hot and dry
conditions, such that the majority of the water is not strongly tied to the particle surface,
and at a loading that does not inordinately increase the frictional resistance to proton

transport.

9.2 Recommendations for Future Work

A key current goal for commercialization of the PEM technology can be
summarized as identification of suitable membrane material, keeping in view the desired
membrane properties, developing accelerated durability methodologies to characterize the
membrane within a short span of time, and developing newer synthetic methods to develop

Nafion like polymer systems.

9.3 Strategies for Alternate PEMs

Various solid polymer electrolytes membranes have been studied and tested for fuel
cell applications. A comprehensive review was provided in Chapter 1. The review reveals
that Nafion is a more “mature” membrane. Much research has been conducted on the
details of the transport of protons through the polymer matrix and on novel methods of
improving its properties but development of a sturdy inexpensive substitute to Nafion is not
in sight. From the work carried out so far world wide, fuel cell membranes could be
divided into four main categories namely, perfluorinated ionomers, non-fluorinated
hydrocarbons, sulfonated polyarylenes and acid—base complexes. From the review, it is
apparent that Nafion is the prominent polymer in the first category; SPEEK appears
promising in third category [1-4]; while phosphoric acid doped PBI membranes appear
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most promising in the fourth category [5-9]. In my view, the next step would be to prepare
blends of these different polymeric systems to meet the targets.

Table 9.1 shows two such probable cases where the properties of SPEEK and PBI
can be combined to get higher conductivity (Fig 1.10) and under no humidifications [1-10].
These polymers meet the requirements of fuel cell membranes such as ionic conductivity,
chemical and thermal stability besides low fuel permeability. Though, as seen in the review
in Chapter 1, the progress in the third (sulfonated polyarylenes) and fourth (acid—base
blends) categories has been steady, in each case work is still focused on investigating the
mode of proton transport and on the practical applications of these membranes in a PEM
fuel cell. However, with further detailed investigations and research, the class of
membranes based on acid—base complexes could become competitive to Nafion, especially
in ease of synthesis and cost-effectiveness. Suitable blending procedure and newer

synthesis routes might render these complexes a promising alternative, along with the long-

term endurance.

Composites/Blends Attributes Remarks Goals
e SPEEK/PBI High temperature Short-term tests High Performance expected: 600
e PEEK/PBI tolerance to (300 h) yield mV at 1000 mA/cm’ already
e SPEEK/PBI- 350 °C; comparable obtained with PBI- H;POj in this
H;PO, thermally stable; performance to work. So by blending SPEEK, the
e Sol-gel SPEEK/ good miscibility Nafion 112[1-4] durability may improve to a

Zr02

greater extent. Improved 7.

e PBI/H,SOq, Good mechanical Doped PBI shows Conductivity of 8 x 10~ S/cm
e PBI/H;PO,, strength; thermally | greater potential for found in present research work.
e Nafion/PBI/H;POy, stable fuel cell Improved 7.
e Sol-gel temperatures 100-

PBI/H,SO4/ MO, 180 °C [5-9]

Table 9.1 Potential high temperature PEMs
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Replacement of sulphonic group with other acidic groups like phosphonic or

sulfonimide groups also provide membranes with interesting properties.

Based on these guidelines the following polymer systems may be of interest:
1. Polysulfone

2. Polyimide

3. Poly arylene ether

Their corresponding sulfonated structures are,
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These polymer systems are good candidate for polymeric membranes working at
temperatures more than 120 °C. However, their stability may not be as good as Nafion.
These membranes can be modified by adding inorganic additives, as discussed above for

Nafion.

9.4 Nanocomposite Nafion

One possibility with great promise is continuation of the present work for
developing sol-gel porous metal oxides. Different types of stronger acid, e.g.,
heteropolyacids etc could be supported on these sol-gel oxides to provide a high proton
conducting matrix. Other composite membranes may incorporate the conductive properties
of organic species such as fullerene because of their stability in higher temperatures.

Another approach would be to develop thin film sol gel incorporated catalyst for
fuel cells which would introduce long term stability for MEA. Also, this would reduce the
polymer degradation of the catalyst layer, and also the humidification requirements. While
these modifications to the design of the membrane and electrodes have the potential to
increase the conductivity significantly, constructing an efficient MEA may require small
design changes. For example, it is important to ensure that the tri-phase
electrode/catalyst/membrane interphase contact is optimized. In addition to being highly
suited for use in high temperature PEMFCs, solid acid membranes also have potential
applications for use as direct alcohol fuel cells. High fuel crossover is a significant problem
in polymer membranes which leads to large efficiency losses (30 %). Solid acid
membranes do not have this problem because of their different structure and transport

mechanisms.

9.4.1 Thinner Supported Membranes

Preparing thinner supported Nafion membranes and studying the water uptake
characteristics, performance and conductivity of these membranes. The current thickness
of the Nafion is dictated largely by mechanical strength required. By supporting Nafion on
porous PTFE sheets, which is about 25 microns thick, the mechanical strength can be
improved a lot. This, of course is the basis of the W. L. Gore membranes. Nanoinorganic

can also be incorporated in these membranes. Thinner membranes can effect the water
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management in fuel cells. Effect of this on fuel cell performance will be studied. It is
possible that due to effective water management, the membrane does not dry out as easily

at higher temperatures and the performance remains high.

9.4.2 Bilayered Membranes

Bilayered membranes involving membranes with different equivalent weights can
be synthesized. If two membranes of different equivalent weights are hot pressed or
otherwise fabricated, it may induce concentration gradient for protons within the
membrane. This could further facilitate the proton transport rate and hence the performance
of fuel cells. It should be noted that the membrane with lower equivalent weight would be
on cathode side. This strategy could be applied even for two membranes with different acid
groups. For example, the Aciplex membrane with carboxylic acid group could be bilayered
with Nafion having sulfonic acid groups. These membranes can also be prepared in a

straight forward manner via casting.

9.4.2 Water Retention

Depositing a hydrophobic layer on the membrane electrode assembly (MEA). This
hydrophobic layer would not allow the water which is inside the membrane to dry out
easily. This might keep the membrane humidified at temperatures above 100°C and low
RHs. A porous Teflon layer could possibly be deposited uniformly over the MEA to test
this strategy.

9.4.2 Alternate Ionomer in Catalyst Layer

The significance of maintaining high conductivity within the catalyst layer under
dry conditions has been largely overlooked so far in efforts to develop higher temperature
PEMs. This could very well be the bottleneck in developing high performing fuel cells. It
would be interesting to test different ionomers, both polymeric and inorganic within the

catalyst layers. The performance on the cathode is greatly affected by the acidic conditions.
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9.5 Membrane Stability and Longevity

It is essential to develop protocols to study membrane durability and chemical
stability. In both the strategies mentioned above, the PEM system needs to be tested for
long term endurance and stability. Similarly standardized accelerated durability protocols

needs to be developed to study the performance of new PEMs.

9.5.1 Fenton’s Reagent

Fenton’s reagent can be used to study the chemical stability of the membranes.
This reagent is based on the principle developed by H.J. H. Fenton in 1894. Iron catalyst
(FeSOy solution) is added to the system followed by H,O; solution. The reaction forms
highly reactive species "OH. This method is very common for waste water treatment. It
would allow us to study membrane degradation by hastening the process via a mechanism
similar to that suspected at the cathode.

The reaction taking place is:

Fe > + H,0, > Fe*" + OH "+ 'OH

Fe* + H,0, > Fe "+ OOH + H"

Reaction rates with Fenton’s Reagent are generally limited by the rate of. OH generation
(i.e., concentration of iron catalyst).

The goal would be first implement this for Nafion and then compare the results with
composite membranes synthesized or blends. The parameter to be studied would be the
‘level of degradation of membrane with time’ which would translate into degradation of
MEA performance with failure via pinhole formation. The factors contributing to a
decrease in degradation membranes will be of interest. This will include the testing the
effect of inorganic material type and loading, type of polymer and bilayered membrane on

the degradation characteristics of higher temperature membranes.

9.5.2 Accelerated Durability Testing
The goal here is to combine chemical and mechanical degradation mechanisms in
a single accelerated test. The humidity cycling under a certain load should provide us good

information of the durability.
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One such proposed protocol is as follows:

The following two cycle modes should be interchanged every 24 hrs:

Humidity cycle:

N2 /Ny, 80 °C

Cycle Relative Humidity (RH) of inlet gases between 0 and 100 % RH every 10 minutes
Load cycle:

H, / Oy; 50 %RH, 80 °C

Load cycled between 10 and 800 mA/cm’® (10min / 5 min)

Target

Monitor crossover current density (by Linear Sweep Voltametry) as a function of time
Stop test when > 15 mA/cm’

Another important property that can be tested is OCV (open circuit potential), i.e,
under no load conditions. OCV degradation is an indicator of fluoride release rate.
Proposed protocol:

Conditions accelerating decay
Higher operating temperature
Use of pure oxygen and very low relative humidity
Operation at OCV
Test conditions
Operate fuel cell at 80 °C, Hy/O,, 30 % RH, OCV, 48 hours.
Targets
Fluoride emission rate and OCV degradation rate:

Now, along with these protocols, it is beneficial if following are incorporated:
= In situ characterization of MEAs by polarization curves, electrocatalyst surface area

measurements (ECSA), high-frequency resistance to determine membrane resistance.
= Post-characterization of tested MEAs by XRF, XRD, SEM/EDS, TEM.

This includes:

1. Examination of some Pt alloys for particle size growth with in situ XRD.
2. Analyze particle size in real time during simulated fuel cell operation.
3. Model platinum particle growth.

4. Examine carbon corrosion during simulated shut-down and start-up process.
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Appendix A

Methods of Preparation of Nafion and other nanocomposite membranes.

Cast Nafion

Addition of 23 wt. % Nafion/Ethanol solution to glass dish utilizing doctor blade.
Cast membrane at 100 °C for 15 mins.

Remove membrane with DI water.

Anneal membrane at 170 °C at 10 Tons for 15 mins.

5 % Calcined ZrO,/Nafion

Stir ZrOH (MEI) in 0.5 M H,SO4 for 15 mins.

Decant acid and dry powder at 100 °C for 2 hours.

Calcined in air at 600 °C for 2 hours and crush resulting particles (with mortar and

pestle).

Incorporation in Membrane

Measure required mass loading of particles.

Add required amount of 23 wt. % Nafion/Ethanol solution to particles and mix for 8
hours utilizing magnetic stir bar.

Pour in Teflon Dish.

Cast membrane at 80 °C for 8 hours.

Anneal membrane at 170 °C at 60 mins.

Boil membrane in 0.5 M H,SO,.

5 % Calcined ZrO,/Nafion
Same steps as 2 from (a) through (c).

Incorporation in Membrane

Measure required mass loading of particles.
Add required amount of 23 wt. % Nafion/Ethanol solution to particles and mix for 8

hours utilizing magnetic stir bar.
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d. Apply with syringe (as soon as done stirring) to glass dish, membrane drawn utilizing
doctor blade.

e. Cast membrane at 100 °C for 15 mins.

f. Removal of membrane with DI water.

g. Anneal membrane at 170 °C at 10 Tons for 15 mins.

4. 5%, 10 % and 20 % Nanoprecipitated ZrO; in Nafion

a. Heat a colloidal solution of 20 wt. % ZrO, /Acetic Acid (Nyacol Nano. Technologies)
to remove solvent.

b. Precipitate boiled in 6 M H,SO4, decant acid and dry at 120 °C for 2 hours.

c. Calcined in air at 600 °C for hrs and crush resulting particles (mortar and pestle).

Incorporation in Membrane

d. Same steps as 3 from (b) through (g).

5. 15 %, 20 % PTA/Nafion
a. Add a measured amount of PTA to measured amount of 23 % Nafion®/Ethanol
solution to obtain required loading.

b. Same steps as 3 from (c) through (g).

6. Sol gel ZrH;PO4 — Nafion 112
a. Soak membrane in 30 wt. % ZrOCl, / HCI @ 80 °C for 20 hours
b. Rinse membrane in DI H,O.

c. Soak membrane in 43 wt. % H3PO4 @ 80 °C for 20 hours.

&

Rinse membrane in DI H,O, and boil membrane in DI H,O for 1hour.

e. Anneal membrane at 170 °C, 15 Tons for 3 or 15 min.

7. 5 %,10 % and 20 % Nanoprecipitated & Pulverized ZrQO; in Nafion -Mix A
a. Heat a colloidal solution of 20 wt. % ZrO2 /Acetic Acid (Nyacol Nano.

Technologies) to remove solvent.
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b. Precipitate boiled in 6 M H,SO4, decant acid and dry at 120 °C for 2 hours.
c. Calcine in air at 600 °C for 2 hours and crush resulting particles (mortar and pestle).

d. Crush in Glen Mills Air jet.

Incorporation in Membrane

e. Same as 3 from (b) through (e).

e Mix B-Same as 10 but slowly add particles to stirring solution of 23 wt. %

Nafion/Ethanol solution.

e Mix C-Same as 10 but slowly add particles to stirring solution of concentrated
solution of 35 wt. % Nafion/Ethanol solution, and then after 8 hours add rest of

Nafion/Ethanol to obtain final loading.

e Mix C-Same as 10 but slowly add particles to stirring solution of concentrated
solution of 35 % wt. Nafion/Ethanol solution, and then sonicate. After 4 hours add

rest of Nafion®/Ethanol to obtain final loading, continue sonnication.

8. Sol Gel ZrO; Procedure

a. Membrane initially boiled in 3 wt. % H,O, for 1 hour., rinsed in water, heated in 50
% vol. HNO3/H,O for 6 hours, rinsed in water, and then heated in 50 % vol.
H,SO4/H,0 for 6 hours and then rinsed in water (to remove and acid) and boiled in
water for 1 hour.

b. Purified membrane placed in vacuum oven and heat treated at 100 °C for 24 hours.
After membrane cooled, mass measured.
Membrane boiled in H,O for 1 hour and then dried at 50 °C for 4 hours.

d. Membrane immersed in 10:1 Ethanol/ H,O solution for 1 hour.

e. Membrane removed and immersed into 40:1 Ethanol: Zirconium tert butoxide for
prescribed time, and rinsed in ethanol to remove surface ZrO,.

f. Membrane then removed and heated at 100 °C in vacuum, after cooling, mass
measured again to determine uptake.

g. Boiled in 0.5 M H,SOy for 1 hour and H,O for 1 hour.
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Sol Gel SiO, Procedure

Membrane initially boiled in 3 wt. % H,O; for 1 hr., rinsed in water, heated in 50 %
vol. HNOs/H,O for 6 hours, rinsed in water, and then heated in 50 % vol. H,SO4+/H,0
for 6 hours and then rinsed in water (to remove and acid) and boiled in water for 1
hour.

Purified membrane placed in vacuum oven and heat treated at 110 °C for 24 hours.
After membrane cooled, mass measured.

Membrane boiled in H,O for 1 hour and then dried at 50 °C for 4 hours.

Membrane immersed in 2:1 methanol/ H,O solution for 5 min.

Membrane removed and immersed into 3:2 Tetraethyl-orthosilicate: methanol for
prescribed time.

Membrane then removed and heated at 100 °C in vacuum, after cooling, mass
measured to determine SiO; uptake.

Boiled in 0.5 M H,SOy for 1 hour and H,O for 1 hour.

10. Alternate Sol gel ZrO; procedure

Pretreatment of Membranes

d.

Nafion 112 is immersed in conc. HNOj3 at 60 °C for 24 hours

Acid is decanted

Films are placed sequentially in aqueous solutions of 60 %, 40 %, and 20 % nitric
acid each for 1 hour.

Wash with Deionized water and vacuum dry at 110 °C for 6 hours.

Formation of ZrQO,

A: Preparation of required solution
a. Prepare 0.5 M Zr(OC4Hy)4 solution in Isopropanol.
b. Soak the pretreated membranes in the above solution for 48 hours.
B: Post Treatment of Membranes
a. Wash the membranes with [sopropanol to clean the film surface.
b. Rinse with acetone several times.
c. Boil the membranes in water to complete the hydrolysis.

d. Vacuum dry the membrane at 110 °C for 6 hours.
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11. Preparation of Highly dispersed ZrO, particles
1. Purification of as received Nafion 112. (much simpler than previous procedures).
a. Washed /heated in DI water at 60 °C for 10 minutes.
b. Heated in 3 wt. % H,0, at 60 °C for 30minutes
c. Heated in DI water at 60 °C for 30 minutes.
2. Conversion to Na' form.

a. Heated in 1 M NaOH at 60 °C for 30 minutes.

b. Washed /heated in DI water at 60 °C for 30 minutes.
3. Dried under vacuum at 80 °C for 4 hours.
4. Impregnation With TiO,

a. The Na' exchanged PEM is soaked in Zr [OCH (CH3),]4 ZIP / 1 propanol
soln at 25'C, (the effect of this parameter not investigated fully?) in
stoppered soaking vessel. Concentration ranged from 260 ppm to 9600 ppm
ZrO,, with resulting loading 1 to 6 wt. %. The saturation value of 6 wt. %
was reached with >2000 ppm ZrO,. (Concentration we may use 500 ppm ~
Iwt. % loading and 5000 ppm ~ 5 wt. % loading )

b. At various time intervals (25 mins to 240 mins) the PEMs was removed and
hydrolyzed. Time from 25 mins to 240 mins, time set as 240 mins.

5. Hydrolysis / Condensation Reactions

a. PEM removed from container, rapidly blotted dry and subjected to
following treatment.

b. PEM placed in 2-propanol / H,O solution for 2 hours (time not fully
investigated) at 80 °C (probably maximum temp. for soln).

c. PEM removed and vacuum dried thoroughly at 25 °C for 24 hours and then
at 130 °C for 2 hours.

6. Post treatment
a. Heating in 3 wt. % H,0, at 60 °C for 30 mins.
b. Heating in 1 M HNOjs at 60 °C for 30 mins.

c. Rinsed in water and allowed to air dry.
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Appendix B

Experiment Procedures

12. Ion Exchange Capacity Measurements [1]

A 0.2 g sample of the PEM was taken and exchanged with NH;" by immersing the
sample in 1M ammonium acetate for 24 hrs and then in Ammonium chloride fro an
additional hour. The PEM was then washed with DI water to remove any excess NH,"
ions. Utilizing a 1M silver Nitrate, a visual test was utilized to ensure that no excess NHy"
remained. The PEMs was then stored in 50ml DI water and stirred with a magnetic stirrer.

Adding a 2ml of 5M NaOH solution to the sample, forced the exchange of NH,"
into the solution where exits as dissolved NHs. Utilizing a calibrated ammonia electrode
(Model 95-12 ORION, Boston MA 02129), the amount of NH; can be accurately
quantified thus a measurement of the ion exchange capacity can be made based on the

.
amount of NH4 measured.

13. Conductivity Measurements [2]

The sample was clamped in a conductivity cell and then placed in a humidity controlled
chamber. The humidity of the chamber is monitored utilizing a dew point / temperature
probe (HMP 238, Vaishala, Woburn, MA). An air stream is saturated with water by
bubbling the dry gas through a humidifier, this wet stream is heat traced to the chamber,
prior to which it contacts a dry air stream. The chamber and the humidifier are both heated
to 90°'C / 120°C and 90'C respectively to obtain the necessary partial pressures of water. By
metering the flows of the wet and dry stream in to the chamber, the RH is controlled.

Protocol for Measuring Conductivity

1. Cut a piece of Nafion (2°> X 1.5”).
2. Pretreatment Procedure
e Boil in DI water at 60°C for 10 min.
o Heated in 3 wt% H,0, at 60°C for 30 min.

e Rinse in water at least 3x.
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e Heated in IM HNO; at 60°C for 30 min.
¢ Rinse in water at least 3x
e Washed in DI water at 60°C for 30 min.
¢ Rinse in water at least 3x
Dry the membrane in room temperature and wipe the surface, store in small plastic
bag.
Set up the Conductivity cell for measurements. Set the cell in a horizontal position,
thus the PEM is raised up by the legs of the cell.
After completely closing the apparatus, follow the steps:
e Increase the reactor temperature to 120C. At this point, only dry gas is
flowing and no flow through saturator.
e Once the temperature reaches 120C, maintain it for at least anl hour with
dry gas flowing through the system.
e Increase saturator temp to 90C.
e Once saturator is at 90C, increase flow through saturator using Control Box
to get required RH.
e Start from low RH to higher RH.

At 120C, Do not cross 40%RH.

6. After the reading set at 120C, lower the saturator temperature to 85C.
7. Stop flow through saturator. Increase dry flow.
8. Lower the reactor temp to 90C.
9. Start reading from lower RH to higher RH.
10. At 90C, Do not cross 80% RH for safety of probe.
Precautions:
1. Do not cross limits of RH specified, at 90C the limit is 90% RH, while at 120C it is

40%.

Check level of water in saturator. Should be at least more than half filled.

Check line heater setting. Do not cross 35%.

When the taking the reading it is important to ensure a constant conductivity
reading is obtained by check that the conductivity intercept is not changing and this

usually means a minimum time of 10 mins.
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14. MEA Testing

The electrodes utilized are commercially available from E-TEK (Somerset, NJ).
The type selected was the single -sided ELAT® gas-diffusion electrode (20% Pt-on-C,
0.35~0.4 mg Pt/cm?). The active layer of electrode was brushed with 5% Nafion” solution
(0.6 ~O.8mg/cm2 MEA). This electrode was placed on either side of the PEM and the
resulting membrane-electrode assembly (MEA) placed in a hot press. The temperature of
the hot press was then raised to 130'C and a pressure of 272 atm applied for 120s. The
MEA thus prepared was mounted in a 5 cm® fuel cell test fixture, obtained from Fuel Cell
Technologies (Los Alamos, NM). The cell was fed with humidified H, and O, or air
supplied at pressure 1 ~3 atm utilizing electronic mass flow controllers (MKS Model No.
1179A22CS1BV-S, Andover, MA) and as controlled by the electronic load (Series 890B
Fuel Cell Test System, Scribner Associates Inc. Southern Pines, NC). Ultilizing software
(Fuel Cell Test Software Version 2.0, Scribner Associates, Inc.) the mass flow rate of the
feed gas was programmed to stoichiometry dependent flow rates. The load has an inbuilt
feature of measuring in situ MEA ohmic resistance utilizing a current interruption method.

The pressure of the reactant gases was monitored using pressure gages (Matheson,
Model No. 63-5612). Back pressure regulators (Tescom Model No. 44-2300) were used at
the outlet of both the anode and the cathode to control the gas pressure. Humidification of
the cell was accomplished by bubbling the feeds through stainless steel cylinders
containing DI water and equipped with a sight glass. Heating tape was wrapped around the
feed lines to prevent any condensation in the lines, and water traps were added to facilitate
removal of water. The temperature of the humidifiers as well as that of the fuel cell was
controlled using individual temperature controllers (Omega CN9100A).

The following MEA test protocol was utilized [3]. The start up procedure involved
bringing the humidifier temperature up to a set value of 80°C, then increasing the test
fixture to 70'C and operating the fixture on 1 atm H, and Air at current controlled mass
flow rates, being 1.3x(anode stoichiometric flow) for H, and 2.0x(cathode stoichiometric
flow) for air. The load was cycled for additional 6 hours and then a constant voltage
polarization curve was taken. Thereupon, another 12 hours of break-in period was utilized
and then a final polarization curve was obtained as follows. 0.6V set for 10 min then data is

taken every 6 seconds for 3 minutes. The measurement is initially held for 3 minute, before
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the first data point is collected, and then data is collected every 6 seconds for 3 minutes for
each voltage set-point. This continues in the following voltage sequence, 0.55V, 0.5V,
0.45V, 0.4V, 0.6V, 1(for 1 minute), 0.65V, 0.7V, 0.75V, 0.8V, 0.85V and 0.6V. The
electrochemical surface area (ECA) and the crossover were then measured utilizing the
potentiostat.

Potentiostat often allow the choice of 2, 3, or 4 terminal connections to the cell
depending on the particular application to measure the ECA and cross-over current. The
two terminal connections are usually used when it is difficult to position the reference
electrodes inside the cell itself. Although there is a reference electrode machined in the test
fixture, it is assumed that the H, anode behaves as a reference electrode. The ECA or H,
electrochemical stripping is a measure of the amount of Pt that takes part in the reaction.
The crossover measurement is a measure of the H, that diffuses through the PEM and is
oxidized at the cathode. The ECA and the cross over current were measured in the
following manner:

27. The cathode is purged with N; and the anode with H,, both set at 50 sccm and 1 atm.

28. After the OCV is < 0.14V, the ECA is measured by utilizing the 1287 potentiostat
(Solartron, Hampshire, U.K.). The counter electrode (CE) and reference electrode 1
(RE 1) are connected to the anode, while the working electrode (WE) and the reference
electrode 2 (RE2) are connected to the cathode.

29. To measure the ECA of the MEA, the potential is swept from 0.0V to 0.6V for 4 cycles
at 100 mV/s, while the cross- over is measured at 0.0 V to 1.0 V at 2 mV/s for 3 cycles.

30. The total charge between 0.0V and 0.6V is integrated and after correcting for the
double layer (assuming it is the baseline), the total charge produced by the reaction is
calculated. The ECA can be calculated by assuming a stoichiometry of

1 e/ Pt. Site [4]. The crossover is simply the plateau in current observed.

The pressure of the cell was increased to 1.5 atm for both the H, and air feeds, and a
polarization curve was obtained. The temperatures of the fuel cell and the humidifers were
then increased to 90 C. After utilizing the break in protocol for 1~2 hrs, to ensure steady-
state performance has been reached, a polarization curve was obtained. Finally the ECA

and crossover current were measured again.
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In a similar fashion, the polarization curves, ECA and crossover current were
measured at increasing temperatures. The temperatures of the humidifiers were maintained
at 90'C and the cell temperature was returned to 70°C at the end of the experiment. Thus
the temperature test protocol was: (a) Cell = 70'C, Hum. = 80'C, Beginning of Life (BOL),
(b) Cell = 90°'C, Hum. = 90'C, (c) Cell = 100°'C, Hum. = 90°C, (d) Cell = 110'C, Hum. =
90°C, (e) Cell = 120'C, Hum. = 90'C (f) Cell = 130'C, Hum = 130'C and P = 3 atm O, and
(g) Cell = 70'C, Hum. = 80'C, End of Life (EOL).
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