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Abstract 
 

 

Direct methanol fuel cells are feasible devices for efficient electrochemical 

power generation if some issues can be solved regarding both electrodes and 

membranes. The research carried out in this Ph.D. thesis has particularly 

focused on the concerns associated with the membranes.  

 Nafion
®
 is the most standard fuel cell membrane material due to its high 

proton conductivity and exceptional chemical and mechanical stability. 

However, it suffers from a considerably high methanol permeability and a 

limited operating temperature (< 80 ºC). The first aspect was addressed with 

the use of PVA nanofibres and the second one replacing Nafion
®
 with 

SPEEK-based polymers. 

 Composite membranes of Nafion
®
 with PVA nanofibres, surface 

functionalised with sulfonic acid groups, exhibited lower methanol 

permeabilities due to the intrinsic barrier property of PVA, although proton 

conductivity was also affected as a result of the non-conducting behaviour of 

the bulk PVA phase. Remarkably, the nanofibres provided strong 

mechanical reinforcement which enabled the preparation of low thickness 

membranes (< 20 μm) with reduced ohmic losses, thus counteracting their 

lower proton conductivities.  

 SPEEK-based membranes were examined for DMFC operation within 

the intermediate temperature range of 80-140 ºC, in which sluggish 

electrochemical reactions at the electrodes are accelerated and proton 

conductivity activated.  

 SPEEK was blended and crosslinked with PVA and PVB polymers for 

avoiding its dissolution in hot water conditions. SPEEK-PVA compositions 

showed practical proton conductivities and SPEEK-PVB blends presented 

very low methanol permeabilities. 

 Nanocomposite membranes composed of SPEEK-30%PVB nanofibres 

embedded in a SPEEK-35%PVA matrix were prepared and characterised. A 

nanocomposite membrane crosslinked at 120 ºC revealed promising results 

for DMFCs operating at intermediate temperatures.   

 Electrospinning is concluded to be a suitable technique for obtaining 

polymer nanofibre mats intended for advanced composite membranes with 

improved characteristics and fuel cell performances. 
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Resumen 
 

 

Las pilas de combustible de metanol directo son dispositivos factibles para la 

generación electroquímica eficiente de energía eléctrica si se pueden 

solucionar algunas cuestiones relacionadas tanto con los electrodos como las 

membranas. La investigación llevada a cabo en esta tesis doctoral se ha 

centrado particularmente en los problemas asociados con las membranas.  

 Nafion
®
 es el material de membrana más común para pilas de 

combustible debido a su alta conductividad protónica y excepcional 

estabilidad química y mecánica. Sin embargo, padece una considerablemente 

alta permeabilidad al metanol y una limitada temperatura de operación 

(< 80 ºC). El primer aspecto se abordó con el uso de nanofibras de PVA y el 

segundo reemplazando Nafion
®
 con polímeros basados en SPEEK.    

 Membranas compuestas de Nafion
®
 con nanofibras de PVA, 

funcionalizadas en su superficie con grupos ácidos sulfónicos, exhibieron 

menores permeabilidades al metanol debido a la propiedad barrera intrínseca 

del PVA, aunque la conductividad protónica también se vio afectada como 

resultado del comportamiento global no conductor de la fase de PVA. 

Remarcablemente, las nanofibras proporcionaron un refuerzo mecánico 

fuerte que permitió la preparación de membranas de bajo espesor (< 20 μm) 

con unas pérdidas óhmicas reducidas, así contrarrestando sus menores 

conductividades protónicas.    

 Se examinaron membranas basadas en SPEEK para la operación de pilas 

de combustible de metanol directo dentro del rango intermedio de 

temperaturas entre 80-140 ºC, en el que las lentas reacciones electroquímicas 

en los electrodos se aceleran y la conductividad protónica se activa.  

  El SPEEK se combinó y entrecruzó con los polímeros de PVA y PVB 

para evitar su disolución en condiciones de agua caliente. Las composiciones 

de SPEEK-PVA mostraron conductividades protónicas funcionales y las 

mezclas de SPEEK-PVB presentaron permeabilidades al metanol muy bajas. 

 Se prepararon y caracterizaron membranas nanocompuestas constituidas 

por nanofibras de SPEEK-30%PVB embebidas en una matriz de SPEEK-

35%PVA. Una membrana nanocompuesta entrecruzada a 120 ºC reveló 

resultados prometedores para pilas de combustible de metanol directo 

operando a temperaturas intermedias.   

 Se puede concluir que la electrohilatura es una técnica apropiada para la 

obtención de mallas de nanofibras poliméricas destinadas a membranas 

compuestas avanzadas con características y rendimientos en pilas de 

combustible mejorados.  

 



  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 V 

Resum 
 

 

Les piles de combustible de metanol directe són dispositius factibles per a la 

generació electroquímica eficient d'energia elèctrica si es poden solucionar 

algunes qüestions relacionades tant amb els elèctrodes com les membranes. 

La investigació duta a terme en esta tesi doctoral s'ha centrat particularment 

en els problemes associats amb les membranes.  

 Nafion
®
 és el material de membrana més comú per a piles de 

combustible a causa de la seua alta conductivitat protònica i excepcional 

estabilitat química i mecànica. No obstant això, patix una considerablement 

alta permeabilitat al metanol i una limitada temperatura d'operació (< 80 ºC). 
El primer aspecte es va abordar amb l'ús de nanofibres de PVA i el segon 

reemplaçant Nafion
®
 amb polímers basats en SPEEK.  

 Membranes compostes de Nafion
®
 amb nanofibres de PVA, 

funcionalizades en la seua superfície amb grups àcids sulfónics, van exhibir 

menors permeabilitats al metanol a causa de la propietat barrera intrínseca 

del PVA, encara que la conductivitat protònica també es va veure afectada 

com resultat del comportament global no conductor de la fase de PVA. 

Remarcablement, les nanofibres van proporcionar un reforç mecànic fort que 

va permetre la preparació de membranes de baixa grossària (< 20 μm) amb 

unes pèrdues òhmiques reduïdes, així contrarestant les seues menors 

conductivitats protòniques. 

 Es van examinar membranes basades en SPEEK per a l'operació de piles 

de combustible de metanol directe dins del rang intermedi de temperatures 

entre 80-140 ºC, en el que les lentes reaccions electroquímiques en els 

elèctrodes s'acceleren i la conductivitat protònica s'activa. 

 El SPEEK es va combinar i va entrecreuar amb els polímers de PVA i 

PVB per a evitar la seua dissolució en condicions d'aigua calenta. Les 

composicions de SPEEK-PVA van mostrar conductivitats protòniques 

funcionals i les mescles de SPEEK-PVB van presentar permeabilitats al 

metanol molt baixes. 

 Es van preparar i caracteritzar membranes nanocompostes constituïdes 

per nanofibres de SPEEK-30%PVB embegudes en una matriu de SPEEK-

35%PVA. Una membrana nanocomposta entrecreuada a 120 ºC va revelar 

resultats prometedors per a piles de combustible de metanol directe operand 

a temperatures intermèdies.  

 Es pot concloure que l'electrofilatura és una tècnica apropiada per a 

l'obtenció de malles de nanofibres polimériques destinades a membranes 

compostes avançades amb característiques i rendiments en piles de 

combustible millorats.  



  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 VII 

Acknowledgements 
 

 

In the first place, I want to express my heartfelt thanks to my supervisor 

Prof. Dr. Vicente Compañ for affording me the opportunity to work with 

him and complete this Ph.D. thesis. His guidance and support have been 

invaluable as well as our exciting scientific discussions.    

 My deepest sincere gratitude also goes to Prof. Dr. T.-L. Leon Yu             

(Yuan Ze University, Taiwan), Prof. Dr. Shih-Hung Chan (Yuan Ze 

University), Prof. Dr. Ulrich Stimming (Technical University of Munich, 

Germany) and Prof. Dr. Oliver Schneider (Technical University of Munich). 

I had wonderful and unforgettable research and personal experiences at their 

labs, which gave a strong boost to my work. All the friends I met in Taiwan 

and Germany will always be in my heart. Especially, I am delighted to 

mention that such a stay in Taiwan caused one of the most important things 

in my life to happen, that is, meeting my nowadays wife Mei Hua Lee.   

 Similarly, I fondly remember my friends and colleagues at the 

Department of Applied Thermodynamics and Technological Institute of 

Energy for their support and good moments together: Prof. Dr. Abel García, 

Prof. Dr. Mª Jesús Sanchis, Prof. Dr. Ricardo Díaz, Dr. Mayte Gil, Fran, Pili, 

Marta, Alex, Belén, Armando, Gustavo, Francisco, Rosa, both Jesús, Ángel,  

Jessica, Leire, Tomás...  

  Special mention from the bottom of my heart is dedicated to 

Prof. Dr. Koji Nishio (Kyoto University, Japan) for  warmly accepting me to 

work in his group and opening my mind to the exciting world of batteries, as 

well as encouraging me to succesfully finish this Ph.D. thesis. I want to 

extend this feeling on to Prof. Dr. Zempachi Ogumi, Prof. Dr. Takeshi Abe 

and Prof. Dr. Kohei Miyazaki from Kyoto University, and to the friends and 

colleagues in our Advanced Battery Research Lab and in Toyota Motor 

Corporation (Higashi-Fuji Technical Centre, Japan) who were all extremely 

kind and nice to me: Kodera-san, Nishimura-san, Noda-san, Kobayashi-san, 

Ozeki-san, Nitta-san, Nakanishi-san, Iba-san, Nishikoori-san, Kotani-san, 

etc. I would like to include my Taiko classmates and teacher, and my friends 

Hirata, Yuko and Hiroyuki. Every morning in my way to work, Hiroyuki 

used to tell me "Ganbatte", which can be translated as "keep trying hard and 

do your best". This expression has somehow stuck in my mind and has 

helped me to keep working until the final goal of writing this book.   

 A very affectionate recognition deserves my beloved friends: Vicente, 

Esther, Ricard, Eugenia, Mei, Ramón, Berna, Laura, Quique, Mª José,    

Juan, etc.; and my family in general, but my parents, sister and wife in 

particular. I greatly want to thank my parents Mª Isabel and Mario, and my 



Acknowledgements 

 VIII 

 

sister Sonia for their endless love and support; and thanks a lot "mi cariño" 

for being a so extraordinary wife and mom, and giving me your energy, 

optimism, love and understanding at every moment of our lives since we are 

happily together.  

 Most of all, I want to dedicate this work to my son Isaac, who is almost 

1 year old at the time these pages are being written, and might like to read 

this book years later so he can get to know what his father was doing in front 

of that machine with buttons while he was playing with his green wooden 

dinosaur and little orange car next to me. Isaac, I love you very much!  

 Finally, I would like to express my gratitude to Prof. Dr. Santiago Luis 

(Jaume I University, Castellon) and Prof. Dr. Javier Pozuelo (Carlos III 

University, Madrid), and their respective groups, for their contributions to 

this thesis work, and similarly to those of you who have directly or indirectly 

contributed to this work and have not been explicitly cited.  

 Again, thanks a lot you all for your support, patience and the given 

lessons during this amazing Ph.D. period which represents a beautiful and 

important experience in the life of every researcher.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 IX 

Research curriculum 
 

 

This thesis has led to the following research activities: 

 

Published papers 
 

Paper 1 Sergio Mollá, Vicente Compañ, Polyvinyl alcohol nanofiber 

 reinforced Nafion membranes for fuel cell applications, Journal of 

 Membrane Science 372 (2011) 191-200. 

 

Paper 2 Sergio Mollá, Vicente Compañ, Performance of composite 

 Nafion/PVA membranes for direct methanol fuel cells, Journal of 

 Power Sources 196 (2011) 2699-2708. 

 

Paper 3 Sergio Mollá, Vicente Compañ, Enrique Gimenez, Alberto 

 Blazquez, Idoia Urdanpilleta, Novel ultrathin composite 

 membranes of Nafion/PVA for PEMFCs, International Journal of 

 Hydrogen Energy 36 (2011) 9886-9895. 

 

Paper 4  S. Mollá, V. Compañ, S. L. Lafuente, and J. Prats, On the 

 Methanol Permeability through Pristine Nafion
®
 and Nafion/PVA 

 Membranes Measured by Different Techniques. A Comparison of 

 Methodologies, Fuel Cells 11 (2011) 897-906. 

 

Paper 5  Sergio Mollá, Vicente Compañ, Polymer blends of SPEEK for 

 DMFC application at intermediate temperatures, International 

 Journal of Hydrogen Energy 39 (2014) 5121-5136. 

 

Paper 6 Sergio Mollá, Vicente Compañ, Nanocomposite SPEEK-based 

 membranes for Direct Methanol Fuel Cells at intermediate 

 temperatures, Journal of Membrane Science 492 (2015) 123-136. 

 

Congress presentations 
 

(Poster) S. Mollá Romano, V. Compañ Moreno, Membranas compuestas 

reforzadas con nanofibras de PVA para uso en pilas de combustible de 

metanol directo - Composite membranes reinforced with PVA nanofibres for 

use in direct methanol fuel cells, CONAPPICE 2008, Zaragoza, Spain.



Research curriculum 

 X 

 

(Poster) S. Mollá, T. Leon Yu, E. Riande, V. Compañ, PVA nanofiber-

reinforced Nafion membrane for DMFC application, EUROMEMBRANE 

2009, Montpellier, France.  

 

(Oral) Sergio Mollá, Mayte Gil, Vicente Compañ, Caracterización de 

membranas compuestas de Nafion/PVA para aplicación en pilas de 

combustible de metanol - Characterization of composite Nafion/PVA 

membranes for direct methanol fuel cell application, CONAPPICE 2010, 

Sevilla, Spain. 

 

(Poster) Sergio Mollá, Mayte Gil, Vicente Compañ, The effect of thickness 

for Nafion and composite Nafion/PVA membranes for fuel cell applications, 

FUEL CELLS Science & Technology 2010, Zaragoza, Spain. 

 

(Oral) Sergio Molla, Joan Prats, Mayte Gil, Vicente Compañ, Proton and 

methanol transport behaviour of Nafion/PVA composite membranes for fuel 

cell applications, XII Latin American Symposium on Polymers and X Ibero 

American Congress on Polymers, 2010, San José, Costa Rica.  

 

(Poster) Sergio Mollá, Vicente Compañ, Enrique Gimenez, Alberto 

Blazquez, Idoia Urdanpilleta, Novel ultrathin composite membranes of 

Nafion/PVA for PEMFC, 15
th
 European Fuel Cell Forum, 2011, Lucerne, 

Switzerland. 

 

(Oral) Sergio Mollá, Vicente Compañ, Nanofiber-based SPEEK composite 

membranes for DMFC applications, The Energy&Materials Research 

Conference 2012, Torremolinos, Spain. 

 

(Oral) Sergio Mollá, Vicente Compañ, Polímeros de sPEEK para su uso en 

membranas compuestas reforzadas con nanofibras en pilas de combustible 

de metanol - Polymers of sPEEK for nanofiber-reinforced composite 

membranes in direct methanol fuel cells, CONAPPICE 2012, Madrid, Spain. 

 

(Poster) Sergio Mollá, Koji Nishio, Vicente Compañ, Polymer modified 

sulfonated PEEK ionomers for membranes in direct methanol fuel cells, 19
th
 

International Conference on Solid State Ionics, 2013, Kyoto, Japan.  

 

Courses 
 

High Temperature Polymer Electrolyte Membrane Fuel Cells (HT-PEMFC) 

Spring School, March 17-20, 2008 at the School of Chemical Engineering 

and Advanced Materials at Newcastle University. 



Research curriculum 

 XI 

Research stays 
 

From July 26 to October 18, 2008, under the supervision of Prof. Tzyy-Lung 

Leon Yu, Department of Chemical Engineering and Materials Science at 

Yuan Ze University (Taiwan), working on the preparation and 

characterization of nanofibre-reinforced membranes of Nafion/PVA and 

organic-inorganic hybrid H3PO4-doped PBI membranes (for high 

temperature fuel cells). 

 

From September 1 to December 9, 2011, under the supervision of Prof. 

Ulrich Stimming and Prof. Oliver Schneider, Physics Department at the 

Technical University of Munich (Germany), dealing with the synthesis of 

novel catalysts of titanium oxycarbide-supported platinum nanoparticles for 

the methanol oxidation and oxygen reduction reactions, which were studied 

by means of cyclic voltammetry and rotating disk techniques. In addition, 

basic knowledge of Li-ion batteries was also acquired and I collaborated in 

the preparation of anode materials of amorphous titanium dioxide. 

 

Awards 
 

Valencia IDEA 2010, 2
nd

 prize in the category of energy and environment 

for the work entitled "Utilización de pila de combustible de metanol para la 

generación de energía distribuida en la ciudad de Valencia - Utilization of 

direct methanol fuel cell for the generation of distributed power in the city of 

Valencia" (in Valencia, Spain). 

 

Christian Friedrich Schoenbein Best Poster Medal (in 15
th
 European Fuel 

Cell Forum, 2011, Lucerne, Switzerland). 

 

Other contributions 
 

(Poster) S. Molla,  N.P. Berezina, K. Suarez, O. Solorza, V. Compañ, 

PEMFC performance of nanocomposite membranes based on perfluorinated 

polymers containing polyaniline, 11
th
 Grove Fuel Cell Symposium, 2009, 

London, United Kingdom. 

 

V. Compañ, S. Molla, A.A.-R. Sytcheva, N.P. Berezina, K. Suarez, 

O. Solorza, E. Riande, PEMFC performance of MEAs based on 

perfluorinated nanocomposite membranes modified by polyaniline, ECS 

Transactions 25 (2009) 645-658. 

 



Research curriculum 

 XII 

 

J. Ferre, S. Mollá, J. Calleja, L. Zubizarreta, New composite membranes for 

application in a PEM electrolyser, WHEC Proceedings (2010) 145-150 

 

(Poster) Jessica Calleja, Sergio Molla, Alberto Blazquez, Igor Cantero, 

Mayte Gil-Agustí, Vicente Compañ, Comportamiento de las membranas 

híbridas Nafion
®
/Sepiolita en aplicaciones PEMFC - Behaviour of hybrid 

Nafion
®
/Sepiolite membranes in PEMFC applications, CONAPPICE 2010, 

Sevilla, Spain. 

 

(Poster) A. Barjola, V. Compañ, A. García, S. Mollá, Characterization of ion 

exchange membranes for use in fuel cells and electrolysers, XXXV Meeting 

of Electrochemistry of the Spanish Royal Society of Chemistry and 1st E3 

Mediterranean Symposium: Electrochemistry for Environment and Energy, 

2014, Burgos, Spain. 

 

S.D. Pasini Cabello, S. Mollá, N.A. Ochoa, J. Marchese, E. Giménez, 

V. Compañ, New bio-polymeric membranes composed of alginate-

carrageenan to be applied as polymer electrolyte membranes for DMFC, 

Journal of Power Sources 265 (2014) 345-355.  

 

From August 16, 2012, to March 31, 2014, working at the Department of 

Energy and Hydrocarbon Chemistry at Kyoto University as a researcher on 

advanced batteries (metal-air) under a collaboration project with Toyota 

Motor. We investigated air electrodes for the oxygen reduction and evolution 

reactions, and some results were presented in: 

 

 (Oral) S. Molla, T. Okugaki and K. Nishio, Oxygen reduction/evolution 

 reactions on perovskites. A comparative study of composition and 

 performance by electrochemical methods, The 80
th
 Spring Meeting of 

 the Electrochemical Society of Japan, 2013, Sendai. 

 

 (Oral) S. Molla, T. Okugaki, S. Nakanishi, I. Nitta, Y. Kotani, K. Nishio, 

 Effects of compositions of perovskite oxides on the electrochemical 

 properties of an air electrode for metal-air batteries, The 54
th
 Battery 

 Symposium in Japan, 2013, Osaka. 

 

 Koji Nishio, Sergio Molla, Tomohiko Okugaki, Shinji Nakanishi, Iwao 

 Nitta, Yukinari Kotani, Oxygen reduction and evolution reactions of air 

 electrodes using a perovskite oxide as an electrocatalyst, Journal of 

 Power Sources 278 (2015) 645-651. 

 



 

 XIII 

Glossary 
 

  

A, S Geometrical surface area 

C Concentration 

CH3OH Methanol 

CTAB Cetyltrimethylammonium bromide 

D Diffusion coefficient 

∆ Difference between two values of a same parameter 

DMAc N,N-Dimethyl acetamide 

DMFC Direct methanol fuel cell 

DSC Differential scanning calorimetry 

E Reversible open circuit voltage, Young's modulus 

Ea Activation energy 

ε Mechanical strain 

η Overpotential 

f Frequency 

FTIR Fourier transform infrared spectroscopy 

HCl Chlorhydric acid / hydrochloric acid 

H2O Water 

H
+
 Proton 

i Current density 

i-V Polarization curve 

IEC Ion-exchange capacity  

J Flux 

K Partition coefficient 

L Membrane thickness 

λ A measure of water content in a membrane 

LiCl Lithium chloride 

m Membrane weight, slope of a line 

MEA Membrane-electrode assembly 

NaCl Sodium chloride 

Nafion/PVA Composite membrane of Nafion
®
 with PVA nanofibres 

Nanocomposite A polymer matrix with embedded nanofibres 

NaOH Sodium hydroxide 

OCV Open circuit voltage 

OH Hydroxyl 

P Permeability, power density 

PEM Polymer electrolyte / proton exchange membrane 

Pt Platinum 

Pt-Ru Platinum-Ruthenium



Glossary 

 XIV 

 

PVA Polyvinyl alcohol 

PVB Polyvinyl butyral 

R Resistance 

RH Relative humidity 

SEM Scanning electron microscopy 

σ Conductivity, mechanical strength 

SPEEK Sulfonated poly-ether-ether-ketone 

SPEEK-PVA Blended SPEEK and PVA polymers 

SPEEK-PVB Blended SPEEK and PVB polymers 

SO3H Sulfonic acid 

T Temperature 

t Time 

Tg Glass transition temperature 

TGA Thermogravimetric analysis 

V Volume, Volts (potential) 

Z Impedance 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

Contents 
 

 

Abstract  ................................................................................................ I 

Resumen ............................................................................................. III 

Resum .................................................................................................. V 

Acknowledgements ........................................................................... VII 

Research curriculum ......................................................................... IX 

Glossary ........................................................................................... XIII 

Introduction ......................................................................................... 1 

1.1. Fuel cell types. Direct methanol fuel cells (DMFC)  ............................ 3 

1.2. Electro-oxidation of methanol ............................................................... 5 

1.3. DMFC membranes ................................................................................ 7 

1.3.1. Composite membranes  ............................................................................. 8 

1.3.2. Other advanced membranes  ................................................................... 12 

Experimental  ..................................................................................... 15 

2.1. Electrospinning process  ..................................................................... 17 

2.1.1. Background  ............................................................................................ 17 

2.1.2. Fundamental aspects of electrospinning  ................................................. 17 

2.1.3. Electrospinning parameters  .................................................................... 20 

2.1.3.1. Solution properties  .......................................................................... 20 

2.1.3.2. Process variables  ............................................................................. 21 

2.1.3.3. Environmetal effects  ....................................................................... 21



Contents 

  

 

2.2. Preparation of nanocomposite membranes  ........................................ 21 

2.2.1. Nafion/PVA membranes  ........................................................................ 21 

2.2.2. SPEEK-PVA/SPEEK-PVB membranes  ................................................. 26 

2.3. Characterization techniques  ............................................................... 29 

Paper 1 (adapted to thesis).  

Polyvinyl alcohol nanofibre-reinforced Nafion
® 

membranes for fuel 

cell applications  ............................................................................... 33 

Paper 2 (adapted to thesis).  

Performance of composite Nafion/PVA membranes for direct 

methanol fuel cells  .......................................................................... 61 

Paper 3 (adapted to thesis).  

Novel ultrathin composite membranes of Nafion/PVA for    

PEMFCs  .......................................................................................... 89 

Paper 4 (adapted to thesis).  

On the methanol permeability through pristine Nafion
®

 and 

Nafion/PVA membranes measured by different techniques. A 

comparison of methodologies  ....................................................... 115 

Paper 5 (adapted to thesis).  

Polymer blends of SPEEK for DMFC application at intermediate 

temperatures  ..................................................................................... 139 

Paper 6 (adapted to thesis).  

Nanocomposite SPEEK-based membranes for direct methanol fuel 

cells at intermediate temperatures .................................................. 175 

Summary of results  ........................................................................ 213 

3.1. Nafion/PVA membranes  .................................................................. 215 

3.1.1. Water uptake and ion-exchange capacity  ............................................. 215 



Contents 

 

3.1.2. Mechanical properties  .......................................................................... 216 

3.1.3. Methanol permeability  ......................................................................... 216 

3.1.4. Proton conductivity  .............................................................................. 217 

3.1.5. DMFC performance  ............................................................................. 217 

3.2. SPEEK-PVA/SPEEK-PVB membranes  .......................................... 218 

3.2.1. Water uptake and swelling degree  ........................................................ 218 

3.2.2. Mechanical properties  .......................................................................... 219 

3.2.3. Methanol permeability  ......................................................................... 219 

3.2.4. Proton conductivity  .............................................................................. 220 

3.2.5. DMFC performance  ............................................................................. 220 

Future proposals  ............................................................................. 223 

4.1. Catalytic fuel oxidation within membranes  ..................................... 225 

4.2. High proton-conducting nanofibres  ................................................. 226 

4.3. Increased mechanical properties of membranes  ............................... 227 

Conclusions  ..................................................................................... 229 

References  ....................................................................................... 233 

 

 

 

 

 

 

 

 

 

 

 

 



 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Introduction 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Introduction 

 3 

1.1. Fuel cell types. Direct methanol fuel cell (DMFC)  
 

A fuel cell is an electricity generator device in which a fuel, typically 

hydrogen or methanol, is electrochemically oxidised at the anode while 

oxygen/air is electrochemically reduced at the cathode. An electrolyte is 

placed in between and separates the electrodes while enabling the 

conduction of ionic species, i.e. protons (H
+
), hydroxides (OH

-
), carbonates 

(CO3
2-

) or oxides  (O
2-

). 

 Proton and hydroxide species are commonly conducted through polymer 

electrolyte membranes (PEMs) at relatively low temperatures [1], see 

Table 1. On the other hand, carbonate conductivity usually takes place across 

a ceramic substrate soaked with a molten carbonate salt, while oxide ions are 

transported through a dense ceramic electrolyte. Both molten carbonate fuel 

cells (MCFCs) and solid oxide fuel cells (SOFCs) require temperatures 

above 600 ºC to operate [2]. 

 PEM fuel cells (PEMFCs) generally refer to the use of hydrogen as a 

fuel and direct alcohol fuel cells (DAFCs) mainly comprises methanol and 

ethanol fuels. Although there is an increased interest in ethanol for fuel cells 

due to its easy synthesis from renewable sources, the efficient electro-

oxidation of ethanol still remains challenging [3]. Because methanol can also 

be obtained from biomass, e.g. by pyrolysis of timber (wood alcohol), and 

shows a higher electrochemical activity, direct methanol fuel cells (DMFCs) 

are considered a suitable technology for power generation. Indeed, the liquid 

nature of methanol and simple refuelling make it a good candidate for 

portable generators, e.g. in military and leisure applications; backup systems, 

e.g. in telecommunication towers; and electric vehicle range extenders. 

 
 

Fig. 1. Representation of the working principle of a direct methanol fuel cell (DMFC).  
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 The working principle of a DMFC is represented in Fig. 1. DMFCs are 

generally operated at temperatures about 80 ºC or below (Table 1). However, 

a goal of this thesis has included the development of membranes intended 

for higher temperature operation, i.e. 80-140 ºC. The values within this range 

Table 1. Comparison between different types of polymer electrolyte membrane fuel cells 

(PEM: Proton exchange membrane, AEM: Alkaline exchange membrane). Adapted from [1]. 
 

Parameters LT-PEMFC HT-PEMFC 

Electrolyte PEM PEM 

Operating temp. (ºC) 60-80ºC > 100 

Ionic carrier H+ H+ 

Fuel H2 H2 

Oxidant O2 O2 

Relative humidity (%) 100 < 50 

Advantages High power density, 

quick start up, low noise, 

low temperature operation 

Reduced parasitic loads and 

system; faster electrode 

kinetics, improved tolerance 

to CO, higher efficiency of 

heat recovery 

Drawbacks Insufficient proton 

conductivity under low 

humidity conditions, 

complex and expensive heat 

and water management 

system, expensive Pt 

catalysts and their poor 

performance, sensitive to CO 

Low water retention, harsher 

operating environment 

Parameters DAFC AEMFC 

Electrolyte PEM AEM 

Operating temp. (ºC) 60-80 ~ 60 

Ionic carrier H+ OH- 

Fuel Alcohol H2 

Oxidant O2 O2 

Relative humidity (%) 100 100 

Advantages Liquid fuel, compact design, 

no compressor or 

humidification 

Less corrosive alkaline 

environment, simplified 

water management, faster 

kinetics, non-precious metal 

catalysts  

Drawbacks Low efficiency and power 

and power density, high fuel 

permeability, catalyst 

poisoning, slow load 

response times 

Inherently high 

thermodynamic voltage loss, 

low stability of AEMs, 

relatively lower mobility of 

OH-, no suitable binder for 

MEA. 
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have been defined as intermediate temperatures, in order to be distinguished 

from the hight temperature range which is practically accepted to be 160 ºC 

and above. The latter is a consequence of the temperatures in which the 

proton conductivities of polymer electrolytes of phosphoric acid (H3PO4)-

doped polybenzimidazole (PBI) reach acceptable levels for fuel cell 

operation [4]. 

 

 

1.2. Electro-oxidation of methanol 
 

Methanol is electrochemically oxidised at the anode as shown in Eq. (1), 

 

CH3OH + H2O → CO2 + 6H
+
 + 6e

-
   (1) 

 

and simultaneously oxygen is electrochemically reduced at the cathode 

according to Eq. (2), 

 

1.5O2 + 6e
-
 + 6H

+
 → 3H2O     (2) 

  

correspondingly, the global reaction in the DMFC can be seen as, 

 

CH3OH + 1.5O2  → CO2 + 3H2O    (3) 

        

 Methanol electro-oxidation over a platinum (Pt) surface follows a 

multistep reaction mechanism, which is represented by Eqs. (4-10) [5], 

 

CH3OH + Pt(s) → Pt-CH2OH + H
+
 + e

-
    (4) 

Pt-CH2OH → Pt-CHOH + H
+
 + e

-
    (5) 

Pt-CHOH → Pt-COH + H
+
 + e

-
    (6) 

Pt-COH → Pt-CO + H
+
 + e

-
     (7) 

Pt(s) + H2O → Pt-OH + H
+
 + e

-
    (8) 

Pt-OH + Pt-CO → Pt-COOH + Pt(s)   (9) 

Pt-COOH → Pt(s) + CO2 + H
+
 + e

-
    (10) 

 

 The main drawback is found in Eq. (7) since carbon monoxide (CO) is 

strongly adsorbed on platinum. This causes the available concentration of 

active sites to decrease thus affecting methanol adsorption as Eq. (4). 

 The complex Pt-CO can be eliminated by reaction with hydroxide 

species (Pt-OH) coming from dissociative water adsorption on the platinum 

surface, see Eqs. (8-10). Unfortunately, Eq. (8) is not active enough for a 

practical purpose. 
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Fig. 2. Scheme of the methanol electro-oxidation mechanism on a Pt-Ru catalyst. 

 It was found that ruthenium (Ru) was able to promote Eq. (8), and 

consequently, Pt-Ru alloys have become popular catalysts for DMFC anodes 

[5]. In Eqs. (11-12) is detailed this catalytic synergy effect and Fig. 2 

schematically represents the electro-oxidation mechanism of methanol on a 

Pt-Ru catalyst,    

  

Ru(s) + H2O → Ru-OH + H
+
 + e

-
    (11) 

Ru-OH + Pt-CO → Pt-COOH + Ru(s)   (12) 

 

 An additional approach involves increasing the operating temperature of 

the fuel cell for accelerating the electrochemical reactions at the electrodes, 

in particular at the anode [7]. In this regard, SPEEK-based membranes for 

enabling DMFC operation well above 80 ºC are investigated in this thesis. 

 
Fig. 3. Cyclic voltammetry profiles for methanol electro-oxidation of a (black) Pt/C (40 wt% 

Pt) and a (grey) Pt/TiOxCy (20 wt% Pt) catalyst. 
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 Furthermore, extensive research is being carried out for the development 

of new catalyst systems with enhanced activity for methanol electro-

oxidation. Among them, metal oxide-supported platinum catalysts have 

attracted a great attention for DMFCs and PEMFCs [8-12].  

 During my research stay at the Technical University of Munich (TUM), 

I was studying Pt/TiOxCy catalyst systems for the methanol oxidation and 

oxygen reduction reactions. In Fig. 3 is presented an experimental result of 

cyclic voltammetry in which a Pt/C and a Pt/TiOxCy catalyst are compared 

for the methanol electro-oxidation reaction in an aqueous solution of 0.5 M 

methanol and 0.1 M HClO4 (perchloric acid). It is observed that Pt/TiOxCy is 

more active than Pt/C, and it is inferred to the participation in the reaction of 

oxygen atoms from the titanium oxycarbide lattice, while the role of carbide 

was increasing the electron conductivity. 

 

 

1.3. DMFC membranes 
 

The types of polymer electrolyte membranes more representative for use in 

direct methanol fuel cells can be classified as [13]: 

 

 ▪ Perfluorinated membranes: They consist of chains with hydrophobic 

 perfluorinated backbones and side chains, which are terminated in 

 hydrophilic sulfonic acid groups thus leading to a complete phase 

 segregation. Nafion
®
 (DuPontTM) is the most widely used commercial 

 membrane and ionomer. Its chemical structure can be viewed in Fig. 4. 

 

 ▪ Non-perfluorinated membranes: They are known as hydrocarbon 

 membranes and nowadays are gaining a lot of interest as cheaper 

 alternatives to Nafion
®
. Their backbone is usually formed by phenyl 

 units linked by functional groups such us ketone, ether or sulfone. 

 Sulfonation of the phenyl rings leads to the direct attachment of sulfonic 

 acid groups for the proton conduction. The most considered materials 

 are sulfonated polystyrene, sulfonated poly-ether-ether-ketone (SPEEK) 

 and sulfonated polysulfone. 

 
 

Fig. 4. Chemical structure of the perfluorosulfonic acid commercially known as Nafion®.   



Introduction 

 8 

 ▪ Blended/crosslinked membranes: Generally, two polymers are mixed 

 in which at least one of them is proton conducting. The function of the 

 other polymer is enhancing mechanical, thermal and/or chemical 

 stability of the membrane, which can be promoted by crosslinking 

 reactions.    

 

 ▪ Acid-base complex membranes: An acid polymer, i.e. containing 

 sulfonic acid groups, is blended with a basic polymer, i.e. incorporating 

 amino groups, and thus ionic crosslinkings are created instead of

 covalent bonds. Polypyrrole and PBI are some examples of basic 

 polymers.  

 

 ▪ Composite membranes: They comprise a polymer matrix in which 

 a solid filler is added. Inorganic oxide particles and zirconium 

 phosphate are the most common fillers [14], and they can be 

 modified with functional groups, e.g. sulfonic or phosphonic acids, 

 attached on their surface [15-17]. The usual role of the fillers is 

 enhancing the water retention capacity of membranes at lower 

 relative humidities in fuel cells operating with hydrogen, while in 

 DMFCs they contribute to decrease methanol permeation via the 

 associated increase of tortuosity (Fig. 5) [18]. 

 

1.3.1. Composite membranes 
   

Three methods are reported for the preparation of organic-inorganic hybrid 

membranes [19]: 

 

 (1) Physical blending: The filler in form of inorganic (nano-)particles is 

 vigorously mixed with the polymer solution and afterwards a membrane 

 is cast from this slurry. 

 
 

Fig. 5. Reduction of methanol permeability due to increased path tortuosity in composite 

membranes. Proton transport can be less affected if acid-functionalised fillers are added.  
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 (2) Sol-gel: A chemical precursor of the filler is dissolved in the polymer 

 solution and then a membrane is cast. The precursor contained in the 

 membrane is then hydrolysed and condensates thus forming inorganic 

 phases within the polymer matrix.  

 

 (3) Infiltration: A membrane is cast from the polymer solution and a 

 chemical precursor of the filler is dissolved within a suitable solvent. 

 Following, the membrane is placed within the precursor solution and the 

 membrane correspondingly swells. The swollen membrane incorporates 

 the filler precursor compound by diffusion. Finally, the excess solvent is 

 removed from the membrane and the remaining precursor molecules are 

 reacted and transformed into inorganic species.  

 

 There is a limit to the maximum content of inorganic particles which can 

be embedded in a polymer membrane, since an intrinsic tendency for 

embrittlement with increasing loadings occurs. Other composite membranes 

avoid this issue replacing the inorganic phase with a strong polymer support. 

In this direction, pore-filling type membranes were proposed for enhancing 

the physical properties of standard ionomers, i.e. Nafion
®
, and lately 

nanofibre-incorporating membranes have been considered. 

 A pore-filling type membrane is composed of a microporous film 

substrate with the pores filled by a proton conducting polymer electrolyte. 

Because the polyelectrolyte (ionomer) is confined within the pores, swelling 

is suppressed by the substrate matrix. Consequently, this type of membranes 

demonstrate low methanol permeability, relatively high proton conductivity, 

good mechanical strength and stability [20,21]. Fig. 6 represents a simplified 

view of the cross-section of a pore-filling type membrane. 

 
 

Fig. 6. Transversal representation of a pore-filling type membrane in which the pores of a 

microporous substrate are filled with a polyelectrolyte (ionomer).   
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 Paste extrusion and solvent/non-solvent casting are some examples of 

the complex manufacturing processes for the formation of microporous 

films. Taking the concept of pore-filling membranes to a nanoscale emerges 

the so-called radiation grafted membranes. These latter use a fluorinated film 

substrate, e.g. fluorinated ethylene propylene (FEP) and poly(ethene-co-

tetrafluoroethene) (ETFE), which can generate and stabilize radicals 

originated by electron beam or γ-radiation treatments. Swelling of the film in 

a solvent containing a reactive monomer with a carbon-carbon double bond, 

e.g. styrene with or without addition of a comoner, induces its 

polymerization within the free volume space between the chains of the 

substrate [22,23]. Then, such a grafted polymer is sulfonated to incorporate 

sulfonic acid groups within the membrane. Similarly, the substrate provides 

a robust support for constraining membrane swelling and enhancing the 

properties for fuel cell application. A scheme of preparation of a typical 

sulfonated polystyrene-based radiation grafted membrane is shown in Fig. 7. 

 In the last years, the pore-filling type membranes have evolved towards 

the utilization of electrospun nanofibres as porous polymer supports. This is 

justified by the wide availability of materials which can be processed by 

electrospinning and the relatively simple and versatile fabrication procedure 

[24,25]. Furthermore, nanofibres have extended their application to fuel cell 

catalysts and battery materials [24,25].      

 Different configurations are possible attending if the nanofibres are or 

are not proton conducting and if they are embedded in a polymer matrix 

which can or cannot conduct protons. In this regard, we can find (i) 

composite membranes with proton conducting nanofibres of sulfonated 

poly(ether sulfone) [26] or SPEEK/SiO2 [27] inserted in a Nafion
®
 matrix; 

(ii) composite membranes with a Nafion
®
 matrix containing non-proton 

conducting nanofibres of PVA [28], polyvinylidene fluoride (PVDF) [29] or 

polyetherimide (PEI) [30], as well as a hydrocarbon type polyelectrolyte 

 
Fig. 7. Polymer electrolyte membrane prepared from a ETFE substrate. Radiation-generated 

radicals in ETFE chains polymerize styrene to grafted polystyrene which is then sulfonated. 
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matrix, sulfonated poly(arylene ether sulfone), with non-conducting 

polyacrylonitrile (PAN) nanofibres [31]; and (iii) composite membranes 

based on proton conducting nanofibres of sulfonated poly(arylene ether 

sulfone) [32] or perfluorosulfonic acid [33] compacted within an inert 

polymer resin.  

 Fig. 8 exemplifies the typical structure of a nanocomposite membrane 

with nanofibres and their associated reinforcing effect which limits swelling 

and increases mechanical properties and stability. Moreover, this comes 

accompanied by a reduction of the methanol permeability, which is 

encouraged by nanofibres presenting an intrinsic methanol barrier property 

[26,28,29].  

 Some studies concentrate on the characteristics of proton conducting 

nanofibres. It seems that proton conductivity is strongly promoted along the 

fibre axis as a consequence of the favoured alignment of the ionic channels 

[34,35]. However, in a perpendicular direction, the exact proton conduction 

mechanism is still not clear and some authors suggest that conduction takes 

place on the nanofibre surface [36]. This might indeed explain the greater 

increments of in-plane conductivity observed in nanofibre-containing 

membranes with respect to the through-thickness conductivity [35-37]. 

 This thesis compiles the investigations carried out for the preparation 

and characterization of composite membranes reinforced with nanofibres 

obtained by electrospinning. All the work has been published in journal 

papers, which have been collected and adapted for this book. From Paper 1 

to Paper 4 are reported the studies on Nafion-PVA membranes, i.e. Nafion
®
 

infiltrated between PVA nanofibres which were crosslinked and 

functionalised. Specifically, Paper 1 and Paper 2 focus on their DMFC 

application, Paper 3 evaluates their performance in hydrogen fuel cells, and 

Paper 4 offers a detailed description of different techniques to measure 

methanol permeability. These studies concluded that PVA nanofibres acted 

as efficient barrier layers for methanol permeation but proton conduction 

 
 

Fig. 8. Structure of a nanocomposite membrane in which electrospun nanofibres are 

embedded in a polymer electrolyte thus reinforcing the matrix and constraining swelling. 
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was also reduced due to the non-conducting behaviour of PVA. However, 

the strong reinforcement provided by the PVA nanofibres resulted to be very 

advantegous for fuel cell performance. 

 On the other hand, Paper 5 and Paper 6 describe the studies related with 

SPEEK-based membranes. In Paper 5, blended membranes of SPEEK with 

PVA and PVB are examined in terms of stability, proton conductivity and 

methanol permeability for application in DMFCs operating at intermediate 

temperatures (80-140 ºC). Paper 6 explains the preparation of nanocomposite 

membranes with proton conducting nanofibres (from the results in Paper 5) 

and discusses their properties and DMFC performance as a function of 

crosslinking temperature. The membranes consisted of a SPEEK-PVA 

matrix (composition with good proton conductivity but high methanol 

permeability) incorporating nanofibres of SPEEK-PVB (composition with 

very low methanol permeability but limited proton conductivity). It was 

concluded that nanocomposite membranes crosslinked at 120 ºC were 

promising candidates for DMFCs at intermediate temperatures.      

  

1.3.2. Other advanced membranes 

 

 Operation above 160 ºC can be achieved with H3PO4-doped PBI 

membranes. Although acceptable performances are obtained operating with 

hydrogen (300-400 mW cm
-2

 at 175 ºC) [38], poor performances and a fast 

degradation rate are reported under DMFC operation (12-16 mW cm
-2

 at 

175 ºC) [39]. This is attributed to low electrochemical kinetics in the anode 

due to the presence of phosphate ions and in the cathode due to methanol 

crossover, and as a consequence of acid loss in the membrane and catalyst 

layers.  

 A proposed attempt involves the replacement of liquid phosphoric acid 

in PBI with a solid polyvinylphosphonic acid (PVPA) polymer (see Fig. 9). 

A PBI-PVPA membrane surpassed the performance of Nafion 117 at 110 ºC 

feeding methanol solutions above 1 M concentration [40].  

 

Fig. 9. Chemical structures of polybenzimidazole (PBI) and polyvinylphosphonic acid 

(PVPA). 
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 Other strategy which utilizes ionic crosslinking reactions between acid-

base or cationic-anionic polymers is known as layer-by-layer assembly. In 

this method, a polyelectrolyte membrane such us Nafion
®
 is typically coated 

on the surface with a thin film composed of alternating layers of cationic (+) 

and anionic (-) polymer chains (Fig. 10). Electrostatic attraction between the 

polyelectrolytes creates robust layers which can conduct protons but block 

methanol permeation [41]. Consequently, DMFC performance is improved 

by the surface modification.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 10. Surface modification of a proton-exchange membrane (negatively charged) with a 

thin film formed by alternating layers of (black) cationic and (grey) anionic polyelectrolytes.  
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2.1. Electrospinning process 
 

2.1.1. Background 
 

Early studies on the interaction of electricity with liquids are dated in the late 

16
th
 century, in which William Gilbert noted that a spherical drop of water 

would change into a conical shape when an electrically charged piece of 

amber was placed on it. 

 Later, between the beginning and middle of the 20
th
 century, some 

researchers set out to study this phenomenon experimentally and in 1934 

Anton Formhals formalised a patent for producing polymer fibres by an 

electrostatic process. 

 However, those studies were not taken seriously until the British 

scientist Sir Geoffrey Taylor began to investigate the phenomena occurring 

when an electric field is applied to a liquid. Consequently, in 1969 he 

published that a drop of polymer solution at the tip of a capillary subjected to 

an electric field adopts the form of a cone, and that a filament emerges 

expelled from the vertex of such a cone, which is known as "Taylor cone". 

 Thereafter, studies were mainly directed to investigate the morphology 

and characterization of nanofibres, and from the 1980s and particularly in 

recent times, many efforts have been focused on the optimization of the 

electrospinning process. This is due to the rise of nanotechnology and the 

promising applications of nanofibres in different areas such us filtration 

membranes, special fabrics, catalyst supports, adsorbents, etc.  

  

2.1.2. Fundamental aspects of electrospinning 
 

An electrospinning setup (Fig. 11) basically consists of a pump, a syringe 

pump in a lab scale, which transfers a polymer solution at a certain flow rate 

to a metallic capillary or needle (spinneret) connected to a high-voltage 

direct current power supply. When a high electric field is applied 

(> 0.5 kV cm
-1

), the liquid solution becomes charged and the equilibrium of 

gravity, surface tension and electrostatic forces leads to the formation of a 

Taylor cone (Fig. 11), and as a function of solution viscosity, drops or a 

continuous filament (jet) are formed. As the filament is extruded by the 

electrostatic repulsion (tangential component), it dries and stretches in flight. 

The nanofibres are finally deposited on a grounded collector which is often a 

metal plate or a rotating drum. The latter is preferred if aligned nanofibres 

are required [42].  

 Fig. 12 shows a picture of the experimental setup employed for the 

fabrication of the nanofibre mats used in this thesis work. The polymer 

solution was introduced in a syringe and forced to flow with a syringe pump.
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A needle was placed at the top of the collector plate and was able to move 

alternatively from right to left and vice versa. The collector plate could move 

in the vertical direction for the distance between it and the needle to be fixed. 

Two high-voltage power supplies were incorporated, which allowed the 

control of voltage in both needle (positive polarization) and collector 

(negative). A digital camera was also present, which was very useful for 

monitoring the Taylor cone and adjusting the different parameters. 

 Two innovative extensions of electrospinning are coaxial and melt 

electrospinning. In the coaxial electrospinning, two immiscible polymer 

solutions are injected one into the other at the tip of the spinneret. The outer 

fluid carries the inner solution to the Taylor cone and correspondingly    

core-shell nanofibres are obtained [43]. On the other hand, in the melt 

electrospinning, a melted polymer is electrospun thus eliminating the need of 

solvents [44]. However, due to inherent high viscosity of polymer melts, the 

fibre diameters tend to be larger than those prepared by electrospinning of 

polymer solutions [45]. 

 

 

 

Fig. 11. Schematic representation of an electrospinning setup for the production of nanofibres 

from a polymer solution. The equilibrium of forces at the Taylor cone are also presented. 
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 Production rates are typically low in electrospinning. Although there are 

several methods for scaling-up the production of nanofibres in industry, the 

most two common are multiplying the number of needles and using a 

rotating roller electrospinning system. In this last case, a metallic cylinder 

partially immersed in a tank with polymer solution rotates and gets coated by 

a thin layer of it, while a collector plate is placed at its top. Application of a 

high voltage difference between the cylinder and the collector causes many 

Taylor cones to appear on the surface of the cylinder. A backing film 

moving along the collector side collects the produced nanofibres in a 

continuous fashion (Fig. 13).   

  

 

 

Fig. 12. Electrospinning equipment used for the preparation of nanofibres in this thesis work.  

 

 

Fig. 13. Schematic representation of a rotating roller electrospinning system for scaling-up the 

production of nanofibres. 
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2.1.3. Electrospinning parameters 
 

The electrospinning process is a simple technique but complex to optimise 

since it is influenced by many parameters which require an strict control. 

These parameters can be classified as a function of their nature: 

 

 a) Solution properties: Polymer concentration, solvent volatility, surface 

 tension, viscosity, conductivity.  

 

 b) Process variables: Voltage applied between needle and collector, 

 distance needle-collector, flow rate of polymer solution, 

 

 c) Environment effects: Humidity and temperature. 

 

2.1.3.1. Solution properties 
 

The formation of nanofibres by electrospinning is dominated by the viscosity 

and surface tension of the polymer solution. Therefore, each polymer-solvent 

system to be electrospun needs finding the optimal conditions to succeed. 

For example, it is reported that smooth but thicker nanofibres are formed 

with a polyethylene oxide (PEO) solution in water when the solvent is 

changed to a water/ethanol mixture. This is interpreted as a consequence of a 

higher viscosity and lower surface tension of the solution with increasing 

ethanol concentration [46]. In general, nanofibre diameters and viscosity are 

directly associated [42]. Consequently, increasing polymer concentration, 

and thereby viscosity of the solution, causes enlargement of nanofibre 

diameters. 

 The morphology of the nanofibres, i.e. formation of smooth fibres or, on 

the contrary, beads or beaded fibres, is mainly driven by the surface tension 

although viscosity plays a role too [42,46]. Decreasing the surface tension 

helps to eliminate the bead formation but promotes the formation of 

nanofibres with larger diameters. When water is used as a solvent, it is well 

known that surfactants must be added to the polymer solution for enabling 

electrospinning instead of electrospraying. In this case, the category of the 

surfactant (cationic, anionic, amphoteric or nonionic) also affects the aspect 

of the electrospun nanofibres [47]. 

 Regarding the conductivity, it has been correlated that the net charge 

density carried by the moving filament is inversely proportional to the 

resistivity of the polymer solution [46], and therefore, directly proportional 

to conductivity. Increasing the conductivity, and thus the net charge density, 

produces greater electrostatic repulsion forces which accelerate further the 

jet and in turn favors smaller diameters of nanofibres. Other advantage is 
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that formation of beads diminishes with increasing net charge density 

[42,46].   

 Finally, the role of solvent volatility (vapour pressure) is assigned to the 

drying time of the nanofibres in flight. Larger times lead to wet nanofibres 

be reaching the collector thus obtaining mostly films instead of nanofibre 

mats, while shorter times are prone to block the tip of the needle during 

operation. Logically, a parameter of the process which depends on the 

solvent volatility is the distance between the needle and the collector. 

 

2.1.3.2. Process variables 
 

Generally speaking, increasing both the voltage applied between the needle 

and collector and the distance needle-collector contribute to decrease the 

nanofibre diameters and beads formation [42]. In the first case, this is 

attributed to the increment of net charge density with increasing voltage, and 

in the latter as a result of a greater extent of stretching associated with a 

larger distance of flight.    

 On the other hand, flow rate of the polymer solution must be 

conveniently fixed for achieving a stable Taylor cone at given conditions. 

However, as an empirical observation, relatively larger flow rates induce 

increased nanofibre diameters and even the formation of beads [42]. 

 

2.1.3.3. Environment effects 
 

Relative humidity and surrounding temperature are the main factors which 

affect the production of nanofibres. The relative humidity seems to shield the 

electric field between the needle and collector thus decreasing the effective 

electrostatic forces. Regarding the temperature, its effect is interpreted in 

terms of influencing the evaporation rate of the solvent. 

 

 

2.2. Preparation of nanocomposite membranes 
 

2.2.1. Nafion/PVA membranes 
 

Composite membranes of Nafion
®
 containing PVA nanofibres were obtained 

following a sequence of steps as described next. 

 

(a) Electrospinning of PVA nanofibre mats: 

 

 Aqueous PVA solutions were produced dissolving 8 g PVA in 

80 g water with 0.04 g CTAB and stirring the mixture at 80 ºC for 2 h. The 



Experimental 

 22 

solution, at room temperature, was introduced in a syringe (about 20 ml) 

which was placed at the syringe pump of the electrospinning equipment as in 

Fig. 12.  

 Electrospinning was carried out for several hours at 0.5 ml h
-1

 flow rate, 

with a needle-collector distance of 25 cm and a voltage difference between 

needle (+11 kV) and collector (-5 kV) of 16 kV. Relative humidity in the air 

was kept below 40% by means of a dehumidifier.   

 

(b) Thermal treatment of the PVA nanofibres: 

 

 The mats of PVA nanofibres were annealed for 3 h at 170 ºC inside an 

oven (Fig. 14) below the atmospheric pressure (at a pressure of 250 mbar). 

Thereby, water was completely removed from the PVA phase and the 

mechanical properties of the nanofibres improved.   

 

(c) Surface functionalization of the PVA nanofibres: 

 

 The nanofibre mats were firmly clampled between two steel rings and 

then immersed in a bath with a mixture of isopropanol and water (70/30 v/v, 

respectively). Such a mixture contained a 0.1 M concentration of chlorhydric 

acid (hydrochloric acid, HCl) as a catalyst for an acetal-type reaction 

between the outer PVA chains and a salt of 4-formyl-1,3-benzenedisulfonic 

acid disodium salt (0.04 M). The reaction was performed at 60 ºC for 2 h. 

Fig. 15 shows a view of the functionalization reaction for the modification of 

the surface of the PVA nanofibres. 

 

 

Fig. 14. Thermal treatment of a mat of PVA nanofibres at 170 ºC in vacuum (250 mbar).   
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 The sodium ions of the attached molecules were exchanged with protons 

from a 0.3 M HCl solution in isopropanol/water (70/30 v/v). Afterwards, the 

mats were washed thoroughly in an isopropanol/water mixture (70/30 v/v) 

and later in pure isopropanol. Finally, the mats were dried at 60 ºC inside an 

oven. 

 The purpose of the surface functionalization is providing a good 

interface compatibilization between the PVA nanofibres and the Nafion
®
 

matrix via hydrogen bonding associated with the respective sulfonic acids. 

Additionally, the plausible acid-base reaction between the OH groups of 

PVA and the sulfonic acids of Nafion
®
 can be minimised or eliminated, thus 

allowing them to participate in the proton conductivity (Fig. 16).   

 

 

 

Fig. 15. Representation of the acetal-type reaction for the surface functionalization of the 

PVA nanofibres with sulfonic acid groups.         

 

 

Fig. 16. Hydrogen bonding between the sulfonic acid groups of Nafion® and the surface 

functionalized PVA nanofibres for a better interface compatibilization and proton conduction.  
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(d) Chemical crosslinking of the PVA nanofibres: 

 

 The mats were placed for 24 h in a closed space at room temperature 

(Fig. 17). The bottom part of the container incorporated a 50 wt% solution of 

glutaraldehyde in water which was allowed to evaporate. Consequently, the 

glutaraldehyde vapour reacted and crosslinked the PVA chains favoured by 

the protonated sulfonic acid groups on the nanofibre surface. 

 Afterwards, the mats were heated at 100 ºC during 15 min with the aim 

to remove residual glutaraldehyde adsorbed on the nanofibres.  

(e) Nafion
®
 infiltration between the PVA nanofibres: 

 

 A commercial 20 wt% Nafion
®
 dispersion was evaporated until a solid 

Nafion
®
 material was collected. The Nafion

®
 was then redissolved in a 

mixed solvent of isopropanol (80 wt%) and water (20 wt%). The final 

concentration of Nafion
®
 was fixed at a 5 wt% value. 

 A customized container was filled with the prepared 5 wt% Nafion
®
 

solution for the infiltration of a Nafion
®
 matrix between the PVA nanofibres 

(Fig. 18). The nanofibre mats were soaked within the Nafion
®
 solution for 

5 min, which was followed by an evaporation step in an oven at 100 ºC for 

other 5 min. This procedure was repeated 8 times rotating 90 degrees the mat 

in each time. At the end, a external layer of Nafion
®
 became visible. 

 The composite membranes were cut in 5 x 5 cm
2
 pieces and annealed at 

125 ºC for 90 min under pressure (150 N cm
-2

) by means of a hot-plate press.  

 

 

Fig. 17. The PVA nanofibres were chemically crosslinked with glutaraldehyde vapour inside 

a closed chamber (left). The corresponding reaction is also represented (right).        
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 Finally, a conditioning process was executed which consisted in treating 

the nanocomposite membranes firstly with water at 85 ºC for 30 min, 

followed by immersion during 1 h in a 3 wt% hydrogen peroxide (H2O2) 

solution at 80 ºC, and lastly a protonation step for 1 h through ion-exchange 

with a 1 M HCl solution at 80 ºC. 

 The membranes were washed with hot water at 85 ºC, dried and stored 

for their later characterization (Fig. 18). 

 

(f) Preparation of membrane electrode-assemblies (MEAs): 

 

 The Nafion/PVA membranes in an hydrated state were sandwiched 

between commercial anodes (Pt-Ru black) and cathodes (Pt/C) with 5 cm
2
 

active area and pressed at 135 ºC under a pressure of 300 N cm
-2

 for 3 min. 

Catalyst loading in both anode and cathode was 5 mg cm
-2

 with a 20 wt% 

Nafion
®
 ionomer content. 

 
 

Fig. 18. (Left) The PVA nanofibres were soaked with a Nafion® solution for 5 min. This was 

repeated 8 times for the preparation of the nanocomposite membranes. (Right) A Nafion-PVA 

membrane after the conditioning process.  

 
 

Fig. 19. Hot-plate press utilized for the preparation of the MEAs used in DMFC experiments. 
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2.2.2. SPEEK-PVA/SPEEK-PVB membranes 
 

The SPEEK-based membranes comprised a SPEEK-PVA matrix embedding 

electrospun SPEEK-PVB nanofibres. These nanocomposite membranes were 

developed from the successive steps. 

 

(a) Preparation of SPEEK-PVA and SPEEK-PVB solutions: 

 

 Solutions of SPEEK with PVA were prepared in water as a solvent. 

First, a SPEEK polymer with ion-exchange capacity (IEC) of 1.75 meq g
-1

 

was dissolved in boiling water. Water was allowed to evaporate until a 

certain volume. Simultaneously, an aqueous 10 wt% PVA solution was 

prepared dissolving an appropriate amount of PVA in water at 80 ºC for 2 h. 

Then, both solutions were mixed and vigorously stirred in order to obtain a 

SPEEK-35%PVA composition (65 wt% SPEEK and 35 wt% PVA). Water 

was added to fix a 7.5 wt% SPEEK-PVA concentration. After complete 

homogenisation, the solution was poured into the container destined for the 

subsequent infiltration process.  

 On the other hand, solutions of 17.5 wt% SPEEK-30%PVB were 

prepared dissolving PVB in DMAc solvent at 80 ºC for 1 h. Afterwards, a 

corresponding amount of SPEEK with IEC of 2.05 meq g
-1

 was 

incorporated. The mixture was again stirred at 80 ºC during 1 h and the 

resulting polymer solution was stored and used for electrospinning. 

 The explanation for those selected polymer compositions is discussed in 

Paper 5. 

 

(b) Production of electrospun SPEEK-PVB nanofibres: 

 

 Mats of SPEEK-30%PVB nanofibres were electrospun during 15 h with 

the equipment exhibited in Fig. 12. In this case, the polymer solution was fed 

with a flow rate of 0.2 ml h
-1

 while a potential difference of 35 kV was 

applied (needle at +10 kV and collector at -25 kV) with a needle-collector 

distance of 25 cm. Relative humidity was maintained below 40%. 

 The formed mats were collected and heated first at 160 ºC for 30 min 

and then crosslinked at 200 ºC during 1 h inside an oven. Round steel frames 

were laid on the mats before the crosslinking reaction. The purpose was to 

pull tight the nanofibres confined within the inner area of the frames because 

of their associated shrinking. At the end, the crosslinked mats were grasped 

between a pair of frames with the help of binder clips.  

 Fig. 20 shows a mat of electrospun SPEEK-30%PVB nanofibres before 

and after the crosslinking treatment. A baking paper was used as a support 

due to its high temperature resistance.  
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(c) SPEEK-35%PVA infiltration between the SPEEK-30%PVB nanofibres: 

 

 The procedure consisted in soaking the SPEEK-30%PVB nanofibre mats 

with the 7.5 wt% aqueous SPEEK-35%PVA solution for 5 min (Fig. 21). 

This was followed by a 5 min evaporation step inside a climate chamber at 

90 ºC with a relative humidity below 10% (Fig. 22). This process was in 

total repeated 4 times and in between the mat was rotated 90 degrees. The 

last evaporation cycle was prolonged till 10 min. Afterwards, the 

nanocomposite membrane was collected and further dried at room 

temperature overnight.     

 Finally, square membranes (5 x 5 cm
2
) were cut and crosslinked for 1 h 

from 110 ºC to 140 ºC (120 ºC was found to be optimal) at a pressure of 

1 kN cm
-2

 between the hot plates of a press. The crosslinked nanocomposite 

membranes of SPEEK-PVA/SPEEK-PVB were then introduced in boiling 

water for 1 h and stored in water at room temperature. 

 
 

Fig. 20. Electrospun SPEEK-30%PVB nanofibre mats (a) before and (b) after crosslinking at 

200 ºC. SEM views of the nanofibres are included which verify their thermal stability.  

 
 

Fig. 21. (a) SPEEK-30%PVB nanofibre mats grasped between round steel frames, and (b)-(c) 

after immersion in a 7.5 wt% aqueous SPEEK-35%PVA solution.  
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(d) MEAs preparation: 

 

 Commercial electrodes of Pt-Ru black (anode) and Pt/C (cathode), both 

with a catalyst loading of 5 mg cm
-2

 and a 20 wt% Nafion
®
 ionomer content, 

were sandwiched between the hydrated nanocomposite membranes. 

 The MEAs were formed by hot pressing at 110 ºC and a pressure of 

300 N cm
-2

 for 3 min. They were stored in water until fuel cell experiments 

were performed. In Fig. 23 it is photographed a MEA of 5 cm
2
 active area 

with a SPEEK-PVA/SPEEK-PVB membrane crosslinked at 120 ºC.      

 
 

Fig. 22. Climate chamber for the evaporation of water from the SPEEK-35%PVA solution 

infiltrated between the SPEEK-30%PVB nanofibres thus resulting in the formation of the 

nanocomposite membranes. 

 
 

Fig. 23. Pictures of a prepared MEA containing a nanocomposite SPEEK-PVA/SPEEK-PVB 

membrane crosslinked at 120 ºC. On the left, the 5 cm2 cell hardware used for DMFC 

experiments is also shown.      
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2.3. Characterization techniques 
 

The experimental methods employed for the characterization of the 

membranes developed in this thesis are listed below. A detailed description 

of those techniques and their obtained results are found in the next pages 

from Paper 1 to Paper 6. 

 

 ● Water uptake: It provides the relative amount of water taken by a 

 polymer membrane due to its functional groups. Since water is 

 usually required for achieving good proton conductivities, this parameter 

 is very important to measure. Specially, a high proton conductivity with 

 a low water uptake is desired, which is advantageous for a better 

 mechanical stability and a reduced fuel crossover.   

 

 ● Swelling degree: It is associated with the water uptake as a result of the 

 volume occupied by the water within the polymer phase. Consequently, 

 it informs about the dimensional changes of the membranes due to the 

 water uptake. 

 

 ● Ion-exchange capacity (IEC): It measures the relative amount of 

 functional groups in a polymer electrolyte membrane, typically sulfonic 

 acid groups for proton exchange membrane fuel cells. This parameter is 

 directly related with proton conductivity, being water uptake and 

 swelling degree also associated with it.   

 

 ● Scanning electron microscopy (SEM): It allows image magnifications 

 over a wide range, generally from 10 to 500,000 times, with high 

 resolutions. It has been used to study the morphology and structure of 

 the electrospun nanofibres and nanocomposite membranes.    

 

 ● Differential scanning calorimetry (DSC): It monitors the flow of heat 

 needed to maintain a sample at the same temperature than a reference. 

 Physical transformations such us phase transitions can be elucidated, i.e. 

 fusion, crystallization and glass transition events, as well as other 

 exothermic or endothermic processes, e.g. vaporization of liquids and 

 chemical reactions. 

 

 ● Thermogravimetric analysis (TGA): This thermal analysis technique 

 reports the changes of weight, generally losses, occurring in a sample as 

 a function of temperature. Physical (vaporization, adsorption/desorption, 

 sublimation, etc.) and chemical (decomposition, oxidation/reduction, 

 condensation reaction, etc.) phenomena can be observed. 
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 ● Fourier transform infrared spectroscopy (FTIR): It is a very valuable 

 technique to obtain information about the chemical structure of the 

 materials. In polymers, FTIR can analyze the different functional groups 

 present in a sample because of their characteristic bands, which are in 

 turn a consequence of the chemical bonds and their vibration modes. 

 FTIR has been helpful in this work to investigate the chemical stability 

 of the polymers and their crosslinking reaction mechanisms. 

 

 ● Dynamic mechanical thermal analysis (DMTA): It studies the 

 viscoelastic behaviour of a polymer material as a function of 

 temperature. Phase transitions and their associated mechanical properties 

 can be evaluated. Remarkably, glass transition temperatures can be 

 accurately located.   

 

 ● Static tensile strength testing: It determines the main mechanical 

 characteristics of a material, such us Young's modulus, yield strength, 

 ultimate tensile strength and their associated elongations, by subjecting a 

 sample to a controlled tension until failure. These tests have enabled to 

 confirm the reinforcing effect of the nanofibres and the succesful 

 preparation of nanocomposite membranes with no structural defects. 

 

 ● Gas chromatography (GC): This type of chromatography method is 

 very common for the separation and identification of compounds that 

 can be vaporized without decomposition. The gaseous molecules are 

 forced to pass along a column coated with a special material (stationary 

 phase). Interaction with the walls causes the molecules to separate thus 

 showing different retention times, which is the principal parameter used 

 to identify the molecules. A detector at the end of the column can 

 provide a signal (area under a peak) proportional to the compound 

 concentration, and therefore, quantitative analysis can be performed. GC 

 has been used to determine methanol concentrations and calculate the 

 corresponding methanol permeability coefficients of membranes.      

 

 ● Densimetry: It gives the value of density of a liquid. The working 

 principle is based on the measurement of the natural vibration frequency 

 of an oscillating U-shaped tube (Fig. 24). The natural frequency is a 

 function of the mass of such a tube, which depends on the introduced 

 liquid, and since the volume involved in the oscillation is constant and 

 known, the density of the liquid inside the tube can be estimated. 

 Importantly, a correlation between density and methanol concentration 

 exists due to the different density values of water and methanol. It has 

 been found very convenient for examining methanol permeabilities. 
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 ● Potentiometry: This electrochemical method has been applied for the 

 methanol permeability studies. The potential of a Pt-Ru electrode varies 

 with methanol concentration, and this property was utilized for on-line 

 monitoring the changes of methanol concentration derived from its 

 permeation across a membrane. 

 

 ● Electrochemical impedance spectroscopy (EIS): This is a versatile 

 technique which measures the dielectric properties of a material as a 

 function of the frequency of an electric field. In polymers, this external 

 electric field interacts with the dipoles and ionic species of the chains. 

 The opposition to the flow of such an alternating current is the 

 impedance (Z), which consists of a real (Z') and an imaginary part (Z''). 

 The Z' can be seen as the resistance whereas the Z'' is associated with 

 occurring capacitive and inductive phenomena (reactance). The results 

 are often expressed in terms of a Bode diagram (impedance and phase 

 angle versus frequency) or a Nyquist plot (-Z'' versus Z'). The proton 

 conductivities of the membranes prepared in this thesis have been given 

 from the real impedance values when the phase angles approached

 zero, that is, the imaginary parts were minimum.     

 

 ● Current-voltage characteristic: This relationship is known as I-V curve, 

 in which the response of a material to an electric current is given plotting 

 voltages versus their corresponding currents. For characterization of 

 MEAs in fuel cells, data are generally represented as i-V curves, i.e. 

 voltage outputs versus load current densities. Additionally, the result of 

 multiplying each voltage by its current density provides curves of power 

 density versus current density. All this information is very valuable to 

 elucidate the performance of the membranes and electrodes under real 

 fuel cell conditions at different operating conditions. The typical 

 behaviour exhibitied by a MEA in a fuel cell is shown in the simulated 

 

 

Fig. 24. Working principle of the densimetry technique, which was used for the determination 

of methanol concentrations and permeability coefficients. An U-shaped tube oscillates at a 

natural frequency which is function of its mass, and therefore, of the mass of liquid inside it.     
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 i-V curve of Fig. 25. Three regions can be distinguished according to 

 their main associated losses. At low current densities, losses come from 

 activation polarization (activation losses), which are assigned to the 

 kinetics of the electrochemical reactions at the electrodes. In the 

 medium region, ohmic losses due to the ionic resistance of the 

 membrane are predominant. Finally, at high current densities, mass 

 transport limitation phenomena (concentration polarization) can take 

 place and cause important drops of  performance. Another type of loss 

 occurs as a consequence of fuel crossover from anode to cathode across 

 the membrane. In this case, the open circuit voltage (OCV) diminishes in 

 relation to the theoretical (thermodynamic) fuel cell potential due to 

 deactivation of catalytic sites at the cathode and formation of a mixed 

 potential, which are particularly problematic in DMFCs [48,49].  

 

 

 

Fig. 25. Example of an i-V curve displaying the major types of losses encountered during fuel 

cell operation. The upper picture shows the setup utilized in this thesis for DMFC 

measurements with a single cell hardware. 
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Abstract 
 

This work has been focused on the preparation and characterization of 

composite membranes with thickness between 19 μm and 97 μm and 

containing Nafion
®
 infiltrated into a porous mat obtained by electrospinning 

of an aqueous solution of polyvinyl alcohol (PVA). The mat was composed 

of PVA nanofibres with diameters between 200 nm and 300 nm, which were 

functionalised on their external surface with sulfonic acid groups in order to 

cooperate in the proton conductivity of Nafion
®
. The proton conductivity of 

a composite membrane (47 μm thick) measured by impedance spectroscopy 

reached 0.022 S cm
-1

 at 70 ºC and fully hydrated. This value is lower than 

the conductivity measured in the same conditions for a pristine Nafion
®
 cast 

membrane (46 μm), 0.032 S cm
-1

. However, the performance of both 

membranes in Direct Methanol Fuel Cell tests was evaluated and showed 

comparable results. The proton conductivity of a series of cast Nafion
®
 

membranes with thickness similar to those of the composite membranes was 

found to behave linearly thickness-dependent, while Nafion/PVA composite 

membranes do not show such a linear behaviour due to their heterogeneous 

composition. Nevertheless, the composite membrane presenting a thickness 

of 47 μm records the maximum peak conductivities at the whole temperature 

range. An intrinsic value for the activation energy of our cast Nafion
®
 

membranes at fully hydrated conditions was estimated to be 7 kJ mol
-1

.    

 

Keywords: PEMFC, nanocomposite Nafion

 membranes, PVA nanofibres, 

conductivity, DMFC performance. 
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1. Introduction 
 

Though polymer electrolyte membrane fuel cells (PEMFC) are attractive, 

energy efficient and environmentally friendly power sources for many 

applications including transportation, distributed power and portable power 

systems, important scientific, technical and economical problems need to be 

solved before achieving mass commercialization of PEMFCs. Hydrated 

perfluorosulfonic acid membranes, such as Nafion
®
, are typically used as 

electrolyte in hydrogen powered fuel cells, because they combine good 

mechanical properties and thermal stability with relatively high protonic 

conductivity under high humidity conditions [1,2]. Direct Methanol Fuel 

Cells are promising candidates as power generators for portable devices. 

Easy refuelling and high energy storage capacity are their main advantages. 

However, it is known that application of Nafion
®
 membranes to Direct 

Methanol Fuel Cells (DMFC) causes problems due to the fuel crossover and 

thus lowering DMFC performance [3,4], which entails the use of thicker 

membranes. In this context, the synthesis of efficient solid electrolytes 

separating the anode from the cathode together with the development of 

cheaper catalysts for fuel oxidation are the main issues facing the 

development of commercial low temperature fuel cells. 

 Great efforts are being made focused on the development of durable less 

expensive membranes, exhibiting performances equivalent or superior to 

those reported for membranes based on perfluorosulfonic acid 

polyelectrolytes [3-5]. Polyvinyl alcohol (PVA) has been proposed to be 

blended with Nafion
®
 in order to diminish the methanol crossover in the 

membranes [6,7]. However, proton conductivity decreases as the PVA 

content in the composite increases. 

 Effective approaches seem to be the dispersion of hygroscopic metal 

oxide particles such as SiO2, TiO2, ZrO2 and zirconium phosphate in acidic 

membranes. These fillers enhance both water retention and thermal stability, 

and contribute to lower methanol uptake and methanol permeability [8-16]. 

Another attractive strategy to improve the performance of PEMFCs and 

DMFC involves the preparation of hybrid cation-exchange membranes 

containing ionic functionalised inorganic fillers [17-23]. In principle, the 

fillers would have a dual function: enhancement of the water retention and 

increase of the ion-exchange capacity (IEC) of the membranes, two 

properties that increase the proton conductivity. In membranes with high 

IEC, segregation of nanosize hydrophilic domains from the hydrophobic 

ones to form percolation paths for proton transport may be relatively easy. It 

is suitable to think that ionic inorganic fillers trapped in hydrophobic 

domains separating hydrophilic domains might provide additional pathways 

for proton transport [24-27]. 
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 In earlier studies we have prepared and characterised hybrid membranes 

based on Nafion
®
 and a sulfonated tri-block copolymer of polystyrene-block-

poly(ethylene-ran-butylene)-block-polystyrene (sPSEBS). The hybrid 

membranes contained inorganic fillers such as silica, SBA-15 and sepiolite, 

all of them partially functionalised with phenyl sulfonic acid with the aim to 

increase the mechanical properties, conductivity at moderate and high 

temperatures and performance as PEM in fuel cell applications [22,23]. 

 The purpose of this paper is to study novel nanocomposite membranes, 

Nafion/PVA, obtained by impregnation of nanofibres of polyvinyl alcohol 

(PVA) with a Nafion
®
 solution. PVA is a polymer with a methanol 

permeability two orders of magnitude lower than Nafion
®
, and the nanofibres 

have been obtained by electrospinning of a water solution of the PVA 

polymer. The outer surface of such PVA nanofibres has been functionalised 

with sulfonic acid groups for a better interface compatibilization with 

Nafion
®
 and in order to contribute to the proton conductivity, while the inner 

PVA phase performs as a barrier for the transport of methanol across the 

membrane. 

 In this work we have synthesized and characterised Nafion/PVA 

membranes with thickness ranging from 19 μm to 97 μm. The proton 

conductivities of membrane electrode assemblies (MEAs) prepared from (a) 

composite membranes of Nafion/PVA and (b) pristine Nafion
®
 membranes 

with comparable thickness to those of Nafion/PVA, have been reported at 

different temperatures, i.e. 25 ºC, 45 ºC, 70 ºC and 95 ºC, and fully hydrated 

conditions. Differences observed between the membranes in function of their 

thickness are discussed.  

 Direct Methanol Fuel Cell tests at 70 ºC with a 2 M methanol solution 

have been also carried out for MEAs made up of pristine Nafion
®
 and 

composite membranes with a thickness of 46 μm and 47 μm, respectively. 

The results obtained led to conclude that the composite membranes could 

have interesting transport properties as solid electrolytes for fuel cell 

applications. 

 

 

2. Experimental Part 
 

2.1. Materials 
 

The Nafion
®
 dispersion (DuPont Co.) was 20 wt% of 1 meq g

-1
 IEC Nafion

®
 

diluted in a mixed solvent of water, propanol, ethanol and unspecified ethers. 

The Nafion
®
 was solvent exchanged by casting in order to obtain a 5 wt% 

solution in isopropanol and water (with isopropanol/water = 4/1, w/w). This 
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ratio has been previously reported to be suitable for Nafion
®
 infiltration into 

porous membranes [28]. 

 Polyvinyl alcohol, PVA Mowiol 28-99 grade, was kindly supplied by the 

company Kuraray Europe GmbH. 

 Isopropanol extra pure and cetyltrimethylammonium bromide (CTAB) 

were purchased from Acros Organics, and 4-formyl-1,3-benzenedisulfonic 

acid disodium salt from Sigma-Aldrich. 

 

2.2. Preparation of membranes 
 

2.2.1. Nafion


 membranes 
 

The solvent exchanged solution, with a 5 wt% Nafion
®
 content in 

isopropanol and water, was used for the casting of pristine Nafion
®
 

membranes with thickness between 18 μm and 95 μm, i.e. 18, 28, 37, 46, 60 

and 95 μm. The thickness was controlled in function of the volume of 

solution loaded in Petri glass dishes and afterwards evaporated in an oven at 

60 ºC overnight. 

 The respective Nafion
®
 membranes were annealed at 125 ºC for 90 min 

in the oven and then removed from the Petri dish by adding water. 

 The last step was the conditioning of the membranes by treatment with 

water at 85 ºC for 30 min, followed by wetting with a 3 wt% hydrogen 

peroxide solution during 1 h at 80 ºC and further protonation at the same 

temperature by ion-exchange with a 1 M chlorhydric acid solution for 

another 1 h. Finally, the cast Nafion
®
 membranes were washed with hot 

water at 85 ºC, dried and stored. 

 

2.2.2. PVA nanofibres 
 

Porous PVA mats were produced by a standard electrospinning setup 

(Yflow S.L., Málaga, Spain) through the feeding of a water based solution of 

PVA (0.005:1:10 wt. CTAB:PVA:water). CTAB was used as surfactant in 

order to reduce surface tension of water and improve electrospinning ability. 

 The distance between the needle and the planar collector was fixed at 

25 cm, the solution flow rate at 0.5 ml h
-1

, the voltage of the needle at 

+11 kV and the voltage of the collector at -5 kV. Mats electrospinned during 

8 h showed a thickness around 120 ± 10 μm, meanwhile those obtained after 

4 h were approx. 60 ± 5 μm. The collected mats were heated during 3 h at 

170 ºC in a vacuum atmosphere (250 mbar pressure) with the purpose of 

removing water and increasing manipulability. 
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2.2.3. Chemical functionalization of PVA nanofibres 
 

The PVA mats were mounted on a round steel frame and then immersed into 

a bath with a 0.04 M concentration of the 4-formyl-1,3-benzenedisulfonic 

acid disodium salt and 0.1 M of chlorhydric acid as a catalyst for the 

schematic reaction (1), dissolved in a mixture composed of 

isopropanol/water (70/30 v/v):  

 

 

 

 

  
 

(1) 

 

R =  
 

  

 

 Reaction was carried out at 60 ºC for 2 h. The sodium ions present on 

the surface functionalised PVA nanofibres were exchanged with protons 

through immersion into a bath of isopropanol/water (70/30 v/v) containing 

chlorhydric acid with a 0.3 M concentration. 

 Ion-exchange was finished by washing of the mat with a solution of 

isopropanol/water (70/30 v/v) and further immersion in pure isopropanol. 

Finally, the mats were placed into an oven at 60 ºC for drying. 

 The last step was the crosslinking of the PVA chains in order to raise 

mechanical and thermal properties of the nanofibres. This was accomplished 

by reaction with glutaraldehyde vapor in a closed vessel during 24 h at room 

temperature. At the bottom of such vessel a 50 wt% water solution of 

glutaraldehyde was placed and let it to evaporate slowly.  

 After the crosslinking process, the mats were heated at 100 ºC for 

15 min with the aim to remove adsorbed glutaraldehyde and water. The 

crosslinked mats strongly increased their chemical resistance and they were 

not able to dissolve in boiling water. 

 

2.2.4. Nanofibre-reinforced Nafion


 membranes 
 

The functionalised and crosslinked mats, still mounted on the frame, were 

impregnated with the 5 wt% Nafion
®
 solution in isopropanol and water (4/1 

w/w, respectively). 



Paper 1 (adapted to thesis) 

 40 

 Each impregnation step was carried out by wetting the PVA mat into the 

Nafion
®
 dispersion for 5 min and followed by evaporation in an oven at 

100 ºC for 5 min more. This was repeated 8 times in every mat so that an 

outer visible Nafion
®
 layer was formed. 

 Such composite membranes obtained by infiltration of Nafion
®
 into the 

PVA nanofibres were annealed at 125 ºC for 90 min under pressure in order 

to remove any residual solvent and enhance Nafion
®
 can accommodate into 

the fibrillous structure. 

 Finally, the membranes were conditioned by treatment with water at 

85 ºC for 30 min, followed by an oxidation with 3 wt% hydrogen peroxide 

during 1 h at 80 ºC and further protonation by 1 h ion-exchange with a 1 M 

chlorhydric acid solution at 80 ºC. Then, the composite membranes were 

washed with hot water at 85 ºC, dried and stored. 

 The thickness of the composite membranes (L) was dependent on the 

deposition time of the electrospun nanofibres mats, and it was measured with 

a digital length gauge (Heidenhain, model MT 12). The membrane thickness 

was calculated from the average value after ten measurements on different 

parts of the sample. The pertinent results are given in Table 1. 

 

2.3. Characterizations of membranes 
 

2.3.1. Water uptake and ionic exchange capacity 
 

Weighed dry membranes (mdry) were immersed in distilled deionized water 

overnight. The membranes were removed from water, gently blotted 

between filter paper to eliminate surface water and weighed (mwet). This 

operation was repeated three times. Water uptake is calculated by means of 

the expression (2), in which mwet is used as reference due to the fact that fully 

hydrated conditions for the membrane is the natural state into a DMFC 

application, 

 

100(%)
wet

drywet

m

mm
uptakeWater


    (2) 

 

 The ion-exchange capacity (IEC) was obtained by immersing the 

membranes in the acid form in 2 M NaCl solution. The protons liberated in 

the exchange reaction R–H + Na
+
 → R–Na + H

+
 were titrated with a 0.01 M 

NaOH solution. The IEC was obtained as 

 

dry

NaOH

m

V
kgeqIEC


 01.0

)( 1     (3) 
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where V and m are, respectively, the volume in litres of NaOH solution spent 

in the titration of the protons released by m kilograms of dry membrane. IEC 

is usually given in eq kg
-1

 (meq g
-1

) of dry membrane. In this case, Eq. (3) 

uses mdry as reference since IEC is a property related to the chemical 

structure of the polymer. 

 

2.3.2. Scanning electron microscopy (SEM) study 
 

The morphology of the surfaces of PVA nanofibres and composite 

membranes, as well as their cross-sections, was investigated using a 

scanning electron microscope (SEM-model JSM-5410, Jeol Co., Japan). The 

samples were coated with gold under vacuum before SEM observations were 

carried out. 

 

2.3.3. DSC analysis 
 

Thermal analysis was carried out by differential scanning calorimetry using 

a DSC Q10 of TA Instruments. The heating rate was fixed at 10 ºC min
-1

 and 

two runs from -50 ºC to 250 ºC were performed for each sample. The 

experiments were performed under nitrogen atmosphere using a flux of 

50 ml min
-1

. 

 

2.3.4. Thermogravimetric analysis (TGA) study 
 

The thermal stability of the membranes was determined by 

thermogravimetric analysis using a TA Instruments TGA (model 2950) with 

a heating rate of 5 ºC min
-1

 from 25 ºC until 500 ºC. The experiments were 

carried out under nitrogen atmosphere using a flux of 60 ml min
-1

. The 

samples weights for analysis were around 12-15 mg. 

 

2.3.5. MEA preparation  
 

Pristine Nafion
®
 and composite membranes based on Nafion

®
 and PVA were 

used for the preparation of MEAs in order to study the proton conductivity in 

a single cell at real fuel cell operation conditions. The anode and cathode 

used for MEA preparation were acquired from BalticFuelCells GmbH 

(Schwerin, Germany). The anode was composed of a carbon paper gas 

diffusion layer (GDL) from Freudenberg&Co. (Weinheim, Germany), model 

H2315 T105A, covered by an alloy of Pt-Ru black 50:50 (Alfa Aesar) with a 

catalyst loading of 5.0 mg cm
-2

 together with a 20 wt% of dry Nafion
®
 

ionomer. Similarly, the cathode was composed of a GDL from Freudenberg, 

model H2315 I3C4, with a catalyst loading of 5.0 mg cm
-2

 of Pt, containing 
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platinum nanoparticles (≈ 5 nm size) supported by advanced carbon 

(HiSPEC 13100, Alfa Aesar) with a Pt/C ratio of 70% (weight) and a 

20 wt% of dry Nafion
®
 ionomer. 

 

2.3.6. Conductivity measurements 
 

In situ conductivity experiments were carried out directly in membrane 

electrode assemblies (MEAs) built as described before. The conductivity 

was measured at 25 ºC, 45 ºC, 70 ºC and 95 ºC by impedance spectroscopy 

(Electrochemical workstation IM6, ZAHNER-Elektrik GmbH) in the 

frequency range between 100 mHz and 10 kHz, using voltage amplitudes of 

50 mV. This AC potential showed a low noise in comparison to the 

measurement signal for a better accuracy.  

 The MEAs, previously equilibrated with water, were placed into a 

square 5 cm
2
 active area fuel cell hardware (quickCONNECT, 

BalticFuelCells GmbH) containing graphite serpentine flow fields and 

equipped with a pressure-controlled clamping force system. This latter 

characteristic enables to exert a constant contact resistance between 

membrane and electrodes.  

 The anode side of the cell was flooded with deionized water to prevent 

dryness of the membrane, and thus, fully hydrated conditions were assured 

in the measurements. No gases were flowing across anode and cathode 

during the experiments.  

 The protonic resistance R was taken from the Bode plot as the value of 

the modulus of the complex impedance at which the phase angle reaches a 

maximum, practically zero, in the high frequency region, |Z| → R. However, 

this resistance represents the total resistance of the real system, which is 

composed by the membrane and the boundary layers, and therefore, it has to 

be defined as an apparent value, Rapp.  

 The apparent conductivity of the membranes, which represent the 

average value measured for the total system, was calculated from the 

apparent proton resistance Rapp by means of the following expression, 

 

SR

L

app

app


       (4) 

 

where L is the thickness of the membrane (cm) and S = 5 cm
2
, the electrode 

area in contact with the membrane. 
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2.3.7. DMFC performance of Nafion


 and composite Nafion/PVA 

membranes  
 

MEAs prepared with a 46-μm Nafion
®
 membrane and a 47-μm composite 

Nafion/PVA membrane were tested in the single cell hardware described 

previously. A 2 M concentration methanol solution in water pumped at a 

flow rate of 5 ml min
-1

 was used to feed the anode. The cathode was directly 

fed with oxygen gas at a flow rate of 150 ml min
-1

 and atmospheric pressure. 

 Polarization curves of i-V (current density versus potential) were 

obtained at 70 ºC from OCV (open circuit voltage) conditions up to 0.2 V by 

manual stepwise increment of the current density and waiting for 1 min in 

each measurement in order to assure the reading of a voltage near a steady-

state value. Power density values were then calculated and represented. 

 Before i-V measurements, the MEAs were activated for 5-6 h by 

alternating different current demands until a stable operation was achieved. 

This is helpful for increasing the activity of the catalytic sites and enhancing 

the performance of the electrodes. 

 

 

3. Results and discussion 
 

3.1. Water uptake and ionic exchange capacity 
 

In general, the conductivity of acidic membranes involves dissociation of 

protons from –SO3H groups and their transport across water and fixed –SO3
-
 

ionic groups. Then, the conductivity depends on the water uptake and the 

Table 1. Thickness, water uptake, ionic exchange capacity and nanofibre deposition time for 

composite Nafion/PVA. Nafion® is included for comparison. 
 

Membrane 
Thickness 

(µm) 

Water uptake 

(%) 
IEC (eq kg-1) 

Deposition 

time (h) 

Nafion/PVA 19 ± 1 26.4  0.1 0.47 3 

Nafion/PVA 26 ± 2 19.3  0.1 0.33 6 

Nafion/PVA 39 ± 3 27.9  0.1 0.45 9.5 

Nafion/PVA 47 ± 3 25.8  0.1 0.58 13.5 

Nafion/PVA 61 ± 3 22.9  0.1 0.57 16 

Nafion/PVA 97 ± 5 35.8  0.1 0.55 [2 x 13.5]a 

Nafion (casting) [18-95] ± 1-2 27.0  0.1 0.93 - 

Nafion 117 

(commercial) 
216 ± 4 21.5  0.1 0.91 - 

a Membrane prepared by assembly under hot pressure welding of two membrane pieces 

derived from mats deposited 13.5 h.    
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ion-exchange capacity (IEC) of the membranes. Values of the water uptake 

and the ionic exchange capacity (IEC) obtained for all the studied 

membranes are given in third and fourth columns of Table 1. 

 Water uptake of both Nafion
®
 and composite Nafion/PVA membranes 

exhibits alike values. However, the IEC values of the Nafion/PVA 

membranes are nearly the half of the ones corresponding to Nafion
®
 

materials, presumably as a consequence of the fact that the amount of 

Nafion
®
 polymer hold by the composite membrane is limited by the presence 

of the PVA nanofibre phase. 

 PVA is a very hydrophilic polymer and can hold water in its structure. 

This is the reason for the water uptake behaviour found in the Nafion/PVA 

membranes. Thus, water is both attached to the sulfonic acid groups of 

Nafion
®
 and incorporated into the PVA structure.  

 

3.2. SEM results  
 

The technology of electrospinning has allowed the obtaining of mats made 

up of PVA nanofibres with diameters ranged between 200 nm and 300 nm. It 

has been possible to reach these diameters by means of the optimization of 

different parameters of the electrospinning equipment such as the 

concentration of the PVA solution (1:8 w/w PVA:water), the distance 

needle-collector (25 cm) and the applied potential (V+ = 11 kV, V- = 5 kV). 

In Fig. 1 we show the SEM micrographs of the nanofibres, the transversal 

cut and the surface of a Nafion/PVA membrane, respectively. 

 The micrograph of Fig. 1a shows that the nanofibres adapt a totally 

cylindrical morphology in which the fibres appear as welded between them, 

with a negligible amount of beads and possessing a great open porosity 

along the mat surface. In Fig. 1b is shown a micrograph of the same 

nanofibres given in Fig. 1a but after the first impregnation with the Nafion
®
 

dispersion. This tends to increase the grade of compactness and the size of 

the nanofibres with a progressive reduction of the porosity. 

 In Figs. 1c and 1d we observe the images of the transversal section and 

surface of a composite membrane Nafion/PVA with a thickness around 

20 μm. From Fig. 1c we can distinguish that the nanofibres are totally 

immersed into a Nafion
®
 phase and a pure Nafion

®
 layer exists on each 

external surface of the membrane. Thus, the Nafion
®
 polymer is shaping a 

continuous phase between both faces of the composite membrane, which is 

necessary for the transport of protons from the anode to the cathode. It is 

worth mentioning that the voids observed in the SEM picture (Fig. 1c) are 

due to the nanofibres tore apart during the cutting of the membrane for the 

observation of the transversal section, so it is not porosity left during the 

membrane preparation. 
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 Finally, in Fig. 1d we show a surface image of the composite membrane 

where it can be appreciated that the membrane is totally compact, that is, no 

porosity can be observed, what confirms that the Nafion
®
 dispersion 

prepared in isopropanol/water 4:1 is a suitable mixture for the penetration of 

the polymer into the mat. Other formulations of Nafion
®
 dispersion, for 

example as received from commercial supplier, were not found to be 

appropriate and surfaces with micropores resulted when used for 

impregnation of a porous PTFE membrane, due to the larger aggregated 

Nafion
®
 particles in comparison to the smallest sizes formed in the 

isopropanol/water mixture solvent [28]. 

 Thus, the SEM images permit us to corroborate that the morphology of 

the Nafion/PVA membranes resembles a sandwich, in which the external 

surfaces are composed of Nafion
®
 and the inner layer is made up of PVA 

nanofibres perfectly surrounded by Nafion
®
 polymer. 

 

 
 

Fig. 1. SEM image of a composite Nafion/PVA membrane. (a) Mat of nanofibres 

functionalised and crosslinked. (b) Mat of nanofibres after its first impregnation within the 

Nafion® dispersion. (c) Transversal section of a composite membrane Nafion/PVA. (d) The 

surface image of the composite membrane. 
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Fig. 3. DSC curves for Nafion membrane (solid line) and its second run (dashed line), and 

for a composite membrane of Nafion/PVA (solid line) and its second run (dashed line). 

 

 

 3.3. DSC results  
 

In Fig. 2 are shown the DSC measurements of a PVA nanofibre mat after the 

different steps, while in Fig. 3 are represented the DSC curves of both 

Nafion
®
 and Nafion/PVA membranes. The peaks ranging from 200 ºC to 

 
Fig. 2. DSC curves for PVA nanofibres without heat treatment (dash dot-style), after heat 

treatment at vacuum (solid-style) and their second run (dash-style). First run of chemically 

crosslinked PVA nanofibres is given by a solid line and their second run by a dashed line. 
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230 ºC correspond to the melting of the crystalline phase of PVA, which 

occurs with an enthalpy of 138.6 J g
-1

 (for a 100% crystalline material) [29]. 

From the DSC curves of Fig. 2 we have determined that the degree of 

crystallinity of the electrospun PVA nanofibres is approximately 57%. After 

heat treatment of the mats under vacuum, water is removed from the PVA 

phase as the peak under 100 ºC narrows, while crystallinity is kept constant. 

 On the other hand, the second run applied to the PVA nanofibres sample 

treated thermally reveals the total absence of water in its structure, and this 

suggests a change in the baseline of the curve at a temperature around 85 ºC, 

which is a typical value found for the glass transition temperature of PVA 

[30]. Similarly, it has been measured its enthalpy of fusion and was found a 

degree of crystallinity around 40%. Its lower value when compared with the 

initial 57% shows that during the electrospinning process, the fibres undergo 

a tensile strength/elongation inducing a preferred orientation of the chains 

and this favours crystallization. 

 Fig. 2 also shows the DSC curve of PVA nanofibres after being 

subjected to crosslinking reaction with glutaraldehyde vapor. It can be seen 

again a broad peak in the range of 25-100 ºC due to the presence of water 

retained in the amorphous phase. A close inspection of Fig. 2 reveals that the 

degree of crystallinity of PVA decreases sharply to almost 30%. Addition of 

glutaraldehyde to form covalent bridges between the PVA chains might act 

as a separator and therefore causes a reduction in the crystallinity. 

 DSC curves in the range -50 ºC to 250 ºC are presented in Fig. 3 

showing the thermal stability of the Nafion
®
 membranes obtained in this 

study by casting and the Nafion/PVA composite membranes. Continuous 

and dashed lines correspond to the first and second runs. The region I is 

related to phase transitions in clusters/ion channels as a result of water 

present. The region II is related to the melting of micro-regions in the 

hydrophobic part of the polymer. Finally, region III corresponds to the 

rupture of ionic clusters. Once this has happened is no longer possible to 

recover the polymer morphology, as suggested by the DSC curve obtained 

after the second run, which adopts a flat shape. 

 The study of the DSC curve of a membrane composed of Nafion/PVA 

shows the same appearance as that of Nafion
®
, with the exception that 

integrates a melting peak of the crystal phase present in the PVA nanofibres. 

It is not possible to observe the peak assigned to the region III cited above. 

Perhaps the hydrophilic character of PVA helps to stabilize the ionic 

clusters. The second run applied to the sample of Nafion/PVA reveals a 

small peak which might be associated with the region II. It is inferred that 

the intimate contact between the PVA nanofibres and Nafion
®
 promotes a 

noticeable phase separation between the hydrophobic Nafion
®
 backbone and 

the hydrophilic PVA. 
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3.4. TGA analysis 

 

A curve showing the thermal degradation of a composite membrane by 

means of the weight loss profile is presented as a function of temperature in 

Fig. 4. For comparative purposes, the curve describing the thermal stability 

of a pristine Nafion
®
 membrane and a PVA nanofibre mat are also shown. 

 The loss of mass observed for the Nafion
®
 and Nafion/PVA membranes 

up to 150 ºC in Fig. 4 corresponds to traces of water, whereas the mass loss 

in the 275-400 ºC temperature range is caused by degradation of sulfonic 

groups due to decomposition of Nafion
®
 side chains –OCF2CF2–SO3H. The 

rather sharp weight loss taking place in the range 400-500 ºC proceeds from 

degradation of the polymer backbone, i.e., decomposition of CF2–CF2 main 

chains of Nafion
®
 [31,32].  

 It is worth noting that the degradation curves show that the Nafion
®
 

membrane is more stable than the composite one below 475 ºC. The organic 

nature of the nanofibre filler within the Nafion/PVA membrane is 

responsible of the larger weight losses at temperatures above 230 ºC, as 

polyvinyl alcohol starts to dehydrate and decompose [33]. However, the 

residual mass of the composite membrane at 500 ºC is much larger than the 

obtained for pristine Nafion
®
 and pure PVA, thus indicating that total PVA 

decomposition might be inhibited by the Nafion
®
 phase and even the 

Nafion
®
 backbone might also be more protected by the introduction of the 

nanofibres.  

 
Fig. 4. Thermo-gravimetric analysis (TGA) of a Nafion® membrane (solid line), PVA 

nanofibres (dashed line) and a composite Nafion/PVA membrane (dotted line). 
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Fig. 6. Bode diagram at 70ºC for fully hydrated Nafion/PVA membranes with different 

thickness: (■) 19 µm, (▲) 26 µm, (●) 39 µm, (▼) 47 µm, (►) 61 µm, and (◄) 97 µm. 

 

 The good thermal stability of Nafion/PVA up to 200 ºC suggests that no 

degradation of the composite membrane is expected during a broad range of  

fuel cell operating temperatures, i.e. between 50 ºC and 140 ºC. 

 

 
Fig. 5. Bode diagram at 70ºC for fully hydrated Nafion® membranes with different thickness: 

 

commercial N117. 
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Fig. 8. Proton conductivity of NAFION/PVA membranes as a function of temperature and 

thickness: (■) 25ºC, (▲) 45ºC, (●) 70ºC, and (♦) 95ºC. 

 

 
Fig. 7. Proton conductivity of cast Nafion® membranes as a function of temperature and 

thickness: (■) 25ºC, (▲) 45ºC, (●) 70ºC, and (♦) 95ºC. 

 

3.5. Conductivity results of MEAs 
 

The conductivity of the membranes was obtained from impedance 

measurements from the Bode diagram plotted in Figs. 5 and 6, for Nafion
®
 

and composite Nafion/PVA membranes, respectively. Notice that in the 
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region of high frequency the value of |Z| tends to a constant value when the 

phase angle reaches zero. This constant value correspond to the apparent 

resistance of the MEA and the apparent conductivity can be obtained taking 

into account the thickness of the membrane, L, given in Table 1, and the area 

of the electrodes, S = 5 cm
2
, through the Eq. (4). In Figs. 7 and 8 we resume 

the values of the apparent conductivity for the different membranes at each 

temperature. It can be seen that the conductivities of the Nafion/PVA 

composite membranes are below those of the pristine Nafion
®
 membranes, 

which is related with the lower ion-exchange capacity found in the former 

membrane. 

 From Fig. 7 it is observed, as opposed to what would be expected, the 

existence of a linear correlation between the apparent conductivity and 

thickness for the Nafion
®
 membranes. This makes evident that the proton 

conductivity measured for each membrane is just an apparent value and not 

an intrinsic one. From our point of view, this should be related to the 

presence of two different conductive phases, i.e., the Nafion
®
 bulk content 

under full hydrated conditions and a skin layer comprising the boundary 

effect between membrane and electrode and a superficial low conductive 

Nafion
®
 phase. Thus, in order to measure the true conductivity of a 

membrane, skin layer effects should be eliminated from the experimental 

results. A similar behaviour has been pointed out before by Tsampas et al. 

[34] and Slade et al. [35], who explained it as the consequence of a surface 

skin layer with a low proton conductivity behaviour, whereas the inner 

Nafion
®
 phase, whose amount depends on membrane thickness, should 

present a higher intrinsic conductivity value.   

 The work of Slade et al. is based on extruded Nafion
®
 membranes. They 

performed ex situ conductivity experiments in a four electrode glass cell 

filled with an aqueous 1 M H2SO4 solution, and in situ conductivity 

measurements in a PEM fuel cell hardware using MEAs previously 

conditioned at 538 mA cm
-2

 until a steady-state operation. The membrane 

resistance in each MEA was obtained using the current-interrupt technique, 

which does not include the bulk electrode resistances, and the electronic 

resistances of the gas distribution plates and the gas diffusion layers were 

also subtracted from the measurements. In both cases, the results clearly 

demonstrate a decrease in the membrane conductivity as the membrane 

thickness is reduced [35]. While electrode-membrane contact resistance 

could account for part of the behaviour found during the in situ experiments, 

this combined with the ex situ measurements points to an effect of 

membrane structure. They report that the most likely explanation for the 

unexpected decrease in conductivity for thin membranes must be related to 

their production method, that is, by the extrusion process, since the 

temperatures and pressures must have a pronounced effect on the surface 
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structure of the material. Thinner membranes may have been produced with 

a higher roller pressure, resulting in increased local temperature and the melt 

flow of surface layers, and in some closing of ion and water channels, 

reduction in their size or an increase in their tortuosity. 

 However, the membranes prepared in our work have been obtained by 

casting inside an oven where homogeneous temperatures are applied and no 

external pressures are exerted. Thus, it cannot be assumed that the 

production process is responsible for the observed phenomenon. A more 

plausible explanation would describe it as a consequence of the fact that 

membranes should intrinsically contain surface layers whose structure and 

hydrophobic/hydrophilic properties change from those found in the bulk 

material as a consequence of a different segregation of phases between outer 

and inner parts of the membrane. 

 Discontinuities in structure between the surface and the bulk have been 

measured in Nafion
®
 membranes by means of neutron reflectometry [36]. 

When a glassy carbon layer was deposited on the surface of a Nafion
®
 

membrane, imitating a MEA, it was found that Nafion
®
 adopted an outer less 

hydrophilic region followed by a middle hydrophobic region and an inner 

more hydrophilic area. 

 A model of equation suitable to describe the observed apparent 

conductivity phenomenon for a membrane with a thickness L (cm) is showed 

through the Eq. (5): 

 

BLsApp LTTL   )(),( 0     (5) 

 

where σs
0
(T) represents the intrinsic or true conductivity of the bulk 

membrane and σBL is the conductivity associated to the skin layer effect [34]. 

 Table 2 gives the σs
0
(T) and σBL values at each studied temperature. It is 

remarkable to mention that σs
0
(T) is a temperature-dependent parameter, 

obtained from the slope of the lines in Fig. 7, whereas σBL tends to be fixed at 

a common point (ordinate at the origin), showing an average value of 

(7 ± 0.7)·10
-3

 S cm
-1

. 

Table 2. Values of the parameters of the intrinsic conductivity (thickness-dependent), 

conductivity of the boundary layer and true activation energy for the pristine Nafion® 

membranes at different temperatures. 
 

Temperature (ºC) σs
0 (S cm-2) σB.L (S cm-1) Ea

true (kJ mol-1) 

25 4.0051 0.0068  
 

7.0 
45 4.6438 0.0077 

70 5.7540 0.0072 

95 6.7687 0.0063 
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Fig. 9. Arrhenius plot of the intrinsic conductivity parameters σs

0(T) obtained from the 

representation of conductivity of the Nafion® films versus thickness at several temperatures. 

 

 Fig. 9 represents σs
0
(T) in an Arrhenius-type plot. The corresponding 

slope provides the true activation energy, Ea
true

, for the conductivity process 

of the bulk material of Nafion
®
 pristine membranes at fully hydrated 

conditions, which is found to be 7 kJ mol
-1

. This value is about 20% minor 

than 9.34 kJ mol
-1

 and 9.82 kJ mol
-1

 found for pure Nafion
®
 and composite 

Nafion/zirconium phosphate, respectively [37]. 

 Nafion/PVA membranes do not show such a linear behaviour due to 

their heterogeneous composition. Nevertheless, the composite membrane 

presenting a thickness of 47 μm records the maximum peak conductivities at 

the whole temperature range. The explanation for this peak conductivity has 

to be referred to the preparation method, and consequently, it is not expected 

in all cases to be fully reproducible at such a thickness value since some 

factors are difficult to control and polymer electrospinning involves a 

random process itself, although the observed trend should remain as 

explained next. Thicker membranes are prepared from thicker PVA 

nanofibre mats, and therefore, the Nafion
®
 dispersion requires diffusing 

longer lengths into the mats, which at the same time become more compact 

after each infiltration step. It is suggested that the central inner layer of the 

membrane might not be sufficiently covered by the Nafion
®
 polymer and 

proton conduction between both faces of the membrane should become more 

restricted. As a consequence of this, the IEC values measured for the 

membranes above 50 μm are almost similar to the value obtained for the 47-

μm composite membrane (Table 1) whereas their conductivities are much 

lower. 
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Fig. 10. Polarization curves (i-V) of DMFC experiments performed at 70 ºC with a 2 M 

methanol solution for (■) a pristine Nafion® membrane of 46 µm thick, and (●) a composite 

NAFION/PVA membrane with a thickness of 47 µm. 

 

 On the other hand, thinner membranes come from thinner PVA mats, 

and therefore, less free volume (space between nanofibres) is present and a 

reduced amount of Nafion
®
 can be infiltrated and hold by the mat. This can 

be confirmed by the lower values of IEC found in the membranes with 

thickness below 47 μm. In addition, lower conductivities would be also 

expected in the thinnest membranes due to the mentioned skin effects. 

 The 47-μm composite membrane is placed within a range in which both 

consequences are minimized and it is reached an optimum condition for the 

Nafion
®
 phase, and thus, for the proton conductivity. 

 

3.6. DMFC performance of MEAs 
 

Fig. 10 shows the polarization curves for comparison between the MEAs 

prepared with a pristine Nafion
®
 membrane of 46 μm of thickness and a 

composite Nafion/PVA membrane of 47 μm, when the DMFC is operating at 

70 ºC with a methanol feed concentration of 2 M. 

 The open circuit voltage (OCV) of the cell usually does not reach the 

theoretical value of the overall reversible cathode and anode potential at the 

given temperature and pressure. The reduction of the OCV from the 

theoretical voltage has been attributed to the penetration of the fuel across 

the membrane, and thus, these values are an indicator of the degree of 

methanol crossover by diffusion and the catalyst efficiency [38,39]. The 

OCV value of the composite membrane, 0.618 V, is higher than the OCV for 
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the Nafion
®
, 0.596 V. Therefore, the PVA nanofibres perform as effective 

methanol barriers for methanol diffusion.  

 Although proton conductivity of the composite membrane at these 

conditions, 0.022 S cm
-1

, is around 31% lower than the one measured for the 

pristine Nafion
®
, 0.032 S cm

-1
, the resistance found in the ohmic region of 

the i-V curve (linear behaviour after i > 300 mA cm
-2

) is 0.078 Ω for the 

Nafion/PVA membrane and 0.074 Ω for the Nafion
®
, just a 5.4% difference. 

The reason for this much shorter difference in the ohmic resistance exhibited 

by the MEAs under real DMFC operation can be explained again by the fact 

that the composite Nafion/PVA membrane accomplishes a lower methanol 

crossover, and thus, cathode losses caused by the methanol can be kept 

reduced in the case of the composite membrane. For the Nafion
®
 membrane, 

the higher proton conductivity is almost counteracted by the also larger 

methanol crossover. 

 The maximum power density for the MEA with Nafion
®
, 160 mW cm

-2
,  

is just slightly above the peak power density showed by the MEA with 

Nafion/PVA membrane, 150 mW cm
-2

. However, in terms of the Nafion
®
 

content, which is related to the IEC value, it is remarkable to mention the 

lower amount needed to constitute the composite membrane, and therefore, 

the material and economic yield of the Nafion/PVA membrane is much 

superior when compared with pristine Nafion
®
. For this reason, the 

performance of the Nafion/PVA membrane suggests a high degree of 

utilization of Nafion
®
 as proton conductive material within the composite 

membrane, and therefore, significant savings in the consumed amount of 

Nafion
®
 are potentially able to be achieved. 

 While in the literature one can find several papers reporting the 

performance of pristine Nafion
®
, composites of Nafion

®
 and impregnated 

membranes, the results cannot always be easily compared with each other 

since the experimental conditions can differ. For example, the results of 

polarization curves and power density obtained in this paper are very similar 

to those found for PVI/Pd-modified Nafion
®
 and Nafion 115 membranes, 

where at 80 ºC the power density reached the value of 140 mW cm
-2

 for 

Nafion 115 and 160 mW cm
-2

 for PVI/Pd-impregnated Nafion
®
 membranes 

[40], but our experiments were carried out with thinner membranes than 

those ones and at a lower temperature. Others researchers have found that 

introducing Nafion
®
 into a very thin microporous UHMWPE film (Solupor

®
) 

causes reduction of both methanol crossover and proton conductivity, and 

the lower proton conductivity of the impregnated membranes is compensated 

by the significant reduced methanol crossover and thinnest thickness, which 

leads to better DMFC performance at different methanol concentrations in 

comparison to Nafion 117 and cast Nafion
®
 membranes [41]. Such 

membranes feed with a 1 M methanol solution reached the best 
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performances with average maximum power densities around 275 mW cm
-2

, 

240 mW cm
-2

 and 220 mW cm
-2

 for the impregnated, the Nafion 117 and the 

cast Nafion
®
 membranes, respectively. These values are higher than the 

performance showed by our Nafion/PVA and cast Nafion
®
 membranes, 

although there are great differences in the experimental conditions. In our 

case the concentration was 2 M at 70 ºC without pressure while Yildirim et 

al. [41] used a methanol feed of 1 M at 80 ºC and 2 atm of oxygen pressure. 

In the latter, these better results are ascribed to the fact that working at a 

lower methanol concentration and higher oxygen pressure and temperature 

strongly favours the performance due to the reduced methanol permeation 

and the more enhanced electrochemical reactions at the cathode for both 

oxygen reduction and oxidation of the permeated methanol. 

 

 

4. Conclusions 
 

In this work we have successfully obtained porous mats of PVA nanofibres 

with 200-300 nm diameter sizes from aqueous solutions of this polymer and 

using an equipment of electrospinning. 

 The thermal treatment, the surface functionalization with sulfonic acid 

groups and the chemical crosslinking which were applied to PVA nanofibres, 

did not alter the porous and fibrillar structure of the mats, while even helped 

to improve their properties. 

 The method used to infiltrate Nafion
®
 between the PVA nanofibres has 

managed to produce composite membranes with good mechanical and 

thermal properties where co-continuous phases of Nafion
®
 and PVA are 

present. 

 The proton conductivity of the composite membranes is lower than that 

of pure Nafion
®
 as the functionalization of the nanofibres with acidic groups 

is only superficial and does not compensate the reduction caused by the 

presence of PVA. 

 It is observed, as opposed to what would be expected, the existence of a 

linear correlation between conductivity and thickness for the Nafion
®
 

membranes. This points out that experimental conductivity measurements 

lead to apparent values and does not correspond with an intrinsic property of 

the material due to skin layer effects. An estimation of the thickness-

dependent conductivity parameter σs
0
(T) has been obtained. Likewise, the 

intrinsic activation energy for the bulk phase of the Nafion
®
 membranes has 

been found to reach 7 kJ mol
-1

. 

 Direct Methanol Fuel Cell tests at 70 ºC and 2 M methanol solution 

confirmed the lower methanol crossover exhibited by the composite 

Nafion/PVA membranes due to the barrier property of the PVA nanofibres. 
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The performance of pristine Nafion
®
 and composite membranes with similar 

thickness (46-47 μm) was comparable and suggested a high degree of 

utilization of Nafion
®
 as proton conductive material within the composite 

membrane, and therefore, significant savings in the consumed amount of 

Nafion
®
 are potentially able to be achieved. 
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Abstract 
 

This work has been focused on the characterization of the methanol 

permeability and fuel cell performance of composite Nafion/PVA 

membranes in function of their thickness, which ranged from 19 μm to 

97 μm. The composite membranes were made up of Nafion
®
 polymer 

deposited between polyvinyl alcohol (PVA) nanofibres. The resistance to 

methanol permeation of the Nafion/PVA membranes shows a linear variation 

with the thickness. The separation between apparent and true permeability 

permits to give an estimated value of 4.0·10
−7

 cm
2
 s

-1
 for the intrinsic or true 

permeability of the bulk phase at the composite membranes. The 

incorporation of PVA nanofibres causes a remarkable reduction of one order 

of magnitude in the methanol permeability as compared with pristine 

Nafion
®
 membranes. The DMFC performances of membrane-electrode 

assemblies prepared from Nafion/PVA and pristine Nafion
®
 membranes 

were tested at 45 ºC, 70 ºC and 95 ºC under various methanol concentrations, 

i.e., 1 M, 2 M and 3 M. Nanocomposite membranes of 19 μm and 47 μm 

thickness reached power densities of 211 mW cm
-2

 and 184 mW cm
-2

 at 

95 ºC and 2 M methanol concentration. These results are comparable to 

those found for Nafion
®
 membranes with similar thickness at the same 

conditions, which were 210 mW cm
-2

 and 204 mW cm
-2

 respectively. Due to 

the lower amount of Nafion
®
 polymer present within the composite 

membranes, it is suggested a high degree of utilization of Nafion
®
 as a 

proton conductive material within the Nafion/PVA membranes, and 

therefore, significant savings in the consumed amount of Nafion
®
 are 

potentially able to be achieved. In addition, the reinforcement effect caused 

by the PVA nanofibres offers the possibility of preparing membranes with a 

very low thickness and good mechanical properties, while on the other hand, 

pristine Nafion
®
 membranes are unpractical below a thickness of 50 μm. 

 

Keywords: DMFC, methanol permeability, nanocomposite Nafion
®
 

membranes, PVA, nanofibres. 
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1. Introduction 
 

Perfluorinated polyelectrolytes, such as Nafion
®
, are up to date the best 

proton conductors for low temperature fuel cells because of their 

combination of good chemical and mechanical stability in addition to 

relatively high conductivity of about 0.08 S cm
-1

 [1-4]. Though polymer 

electrolyte membranes (PEMs) for fuel cells are promising candidates for 

transportation, distributed power, and portable power applications, important 

scientific, technical and economical problems need to be solved before 

commercialization is possible. 

 Direct methanol fuel cells (DMFCs) are promising candidates as power 

generators for portable devices. Easy refuelling and high energy storage 

capacity are their main advantages. However, it is known that the use of 

Nafion
®
 membranes in DMFCs causes problems such as methanol crossover, 

which entails the utilization of very thick membranes, and thus performance 

is reduced [5,6]. 

 Recently, extensive work has been focused on Nafion
®
 membranes 

modified with conducting polymers, such as polyaniline [7], 

polyaniline/silica [8] and polypyrrole [9], paying special attention to the 

methanol crossover in the composite membranes. It is worth noting that the 

mix of electronic conductivity of polyaniline with the ionic conductivity of 

cation-exchange membranes has also promoted the study of these 

composites for electrode modifications [10-14]. Mauritz et al. [15,16] 

demonstrated that hybrid Nafion/silica membranes in PEM applications 

produce advantages such as higher water uptake, lower methanol uptake, and 

greater mechanical strength than unmodified Nafion
®
. Sorption studies 

showed that the Nafion/silica membranes had a larger affinity for water over 

methanol, whereas the order is reversed for unmodified Nafion
®
. 

Consequently, these experimental results suggest that the methanol 

permeability through the hybrid membranes will be smaller than in 

unmodified membranes [17-19]. However, such a reduction of methanol 

crossover usually leads to a decrease in proton conductivity. 

 In this context, the synthesis of efficient solid electrolytes separating the 

anode from the cathode together with the development of cheaper catalysts 

for fuel oxidation are the main issues facing the development of commercial 

low temperature DMFCs. In principle, proton conducting ionic fillers would 

have a dual function: enhancement of the water retention and increase of the 

ion-exchange capacity (IEC) of the membranes, two properties that increase 

the proton conductivity. In membranes with high IEC, segregation of 

nanosize hydrophilic domains from the hydrophobic ones to form 

percolation paths for proton transport may be relatively easy. It is possible to 

think that ionic inorganic fillers trapped in hydrophobic domains separating 
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hydrophilic domains might provide additional pathways for proton transport 

[20-22]. 

 In this work we report the methanol permeability and DMFC 

performance of novel nanocomposite membranes as a function of thickness. 

They were prepared from mats of sulfonic acid functionalised nanofibres of 

polyvinyl alcohol (PVA) in which Nafion
®
 has been infiltrated. Advantages 

provided by the PVA nanofibres are an increase of mechanical properties 

(reinforcement effect), which allows obtaining composite films much thinner 

than commercial Nafion
®
 membranes, and a decrease of methanol 

permeation. The thickness of the composite membranes prepared in our 

laboratory ranged from 19 ± 1 μm to 97 ± 5 μm. Thin membranes were 

particularly searched for lowering the ohmic resistance of proton transport. 

 MEAs prepared from composite membranes of Nafion/PVA have been 

examined via polarization curves at different temperatures and methanol 

concentrations. For comparison, Nafion
®
 membranes presenting similar 

thicknesses have been cast and their performance analyzed. The differences 

observed between the membranes are discussed, paying special attention on 

methanol concentration, temperature and membrane thickness. 

 

 

2. Experimental Part 
 

2.1. Materials 
 

A commercial 20 wt% Nafion
®
 dispersion (DuPont Co.) was solvent 

exchanged in order to prepare a 5 wt% dispersion in isopropanol/water 

mixture, 4:1 w/w respectively. 

 Polyvinyl alcohol, PVA Mowiol 28-99 grade, was kindly supplied by the 

company Kuraray Europe GmbH. 

 Isopropanol extra pure and cetyltrimethylammonium bromide (CTAB) 

were purchased from Acros Organics, and 4-formyl-1,3-benzenedisulfonic 

acid disodium salt from Sigma-Aldrich. 

 

2.2. Preparation of the membranes 
 

2.2.1. Nafion
®

 membranes 
 

The solvent exchanged solution, with a 5 wt% Nafion
®
 content in 

isopropanol and water, was used for the casting of pristine Nafion
®
 

membranes with thickness values between 18 μm and 95 μm. The respective 

Nafion
®
 membranes were annealed at 125 ºC for 90 min in the oven and then 

removed from their Petri glass dishes by adding water. 
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 The last step was the conditioning of the membranes by treatment with 

hot hydrogen peroxide and chlorhydric acid solutions. Finally, the cast 

Nafion
®
 membranes were washed with hot water, dried and stored. 

 

2.2.2. PVA nanofibre-reinforced Nafion
®

 membranes 
 

A description of the preparation method and characterization of composite 

Nafion/PVA membranes has been previously reported by the authors [23]. 

Porous PVA mats were produced by an electrospinning setup (Yflow S.L., 

Málaga, Spain) through the feeding of an aqueous solution of PVA 

(0.005:1:10 wt. CTAB:PVA:water) at a flow rate of 0.5 ml h
-1

. CTAB was 

used as surfactant in order to reduce surface tension of water and facilitate 

the process. A potential difference of 16 kV was applied between the needle 

and the planar collector, which were separated a distance of 25 cm. 

 The collected mats were heated during 3 h at 170 ºC in a vacuum 

atmosphere (250 mbar pressure) with the purpose of removing water and 

increasing manipulability. The PVA mats were then mounted on a round 

steel frame and immersed into a bath in which the disodium salt of the        

4-formyl-1,3-benzenedisulfonic acid was dissolved by a mixture of 

isopropanol/water (70/30 v/v), incorporating chlorhydric acid as a catalyst 

for the acetal reaction, which was carried out at 60 ºC for 2 h:  

 

   

          (1)   

   

 

 The sodium ions were exchanged with protons by immersion of the mats 

in a HCl solution. Subsequently, the mats were crosslinked with the aim to 

improve their mechanical, chemical and thermal properties. This was 

accomplished by reacting glutaraldehyde vapor with the PVA nanofibres 

during 24 h at room temperature. Afterwards, the mats were heated at 100 ºC 

for 15 min with the aim to remove adsorbed glutaraldehyde and water. 

 The treated mats were then impregnated with the prepared 5 wt% 

Nafion
®
 dispersion in isopropanol/water 4:1 w/w. This ratio has been 

previously reported to be suitable for Nafion
®
 infiltration into porous 

membranes [24]. Each impregnation step was carried out by wetting the 

PVA mat into the Nafion
®
 dispersion for 5 min and followed by evaporation 

in an oven at 100 ºC for 5 min more. This was repeated 8 times in every mat 

so that an outer visible Nafion
®
 layer was formed. 

 Finally, the composite membranes were annealed at 125 ºC for 90 min 

under pressure and then conditioned with hot aqueous solutions of hydrogen 

peroxide and chlorhydric acid, washed with hot water, dried and stored. 
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Fig. 1. Schematic representation of the experimental setup for the determination of the 

methanol permeability across the membranes. 

 

2.3. Characterization of membranes 
 

2.3.1. Coefficients of methanol permeability 
 

In order to determine the methanol permeability coefficient through the 

composite membranes, an experimental setup as shown in Fig. 1 was used. 

Chamber A was filled with a 2 M aqueous solution of methanol, while 

chamber B was filled with water. Both chambers were kept under stirring 

and thermostatized at 70 ºC. A sample of 500 μl from chamber B was taken 

every certain time and then introduced into a vial containing 500 μl of water. 

The composition of the vial content was analyzed by gas chromatography 

(GC, HP Co. model 8590A) with a capillary column (Agilent Co., 

30 m × 0.53 mm × 20 μm) and a TCD detector. Seven patron solutions were 

previously prepared in order to obtain a calibration curve representing peak 

areas versus methanol concentrations. 

 The diffusion process of methanol across a membrane, in the stationary 

state, is described by the Fick’s first law: 

 

L

C
D

x

C
DJ

mm 





        (2) 

 

where ΔC
m
 represents the variation in methanol concentration between the 

right and left sides of the membrane, with a thickness L, and can be 

expressed as CB - CA. 
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 However, from a strict point of view, the methanol concentrations at 

both sides of the membrane, CB

m

 and CA

m
, cannot be considered the same as 

the concentrations in bulk solution, since this transfer process is governed by 

the methanol solubility in such a membrane. Thus, we can define the 

membrane partition coefficient K as, 

 

B

m

B

A

m

A

C

C

C

C
K        (3) 

 

and therefore, the variation in the methanol concentration across the 

membrane will be given by, 

 

CKCCKCCC AB

m

A

m

B

m  )(   (4) 

 

 The flux of methanol J can also be expressed as the amount of methanol 

in moles n crossing the membrane (thickness L) per unit of time t and area A. 

We can rewrite the Fick’s law as: 

 

L

C
KD

dtA

dn
J





      (5) 

 

where, 

 

BBBB dCVdnVCn      (6) 

 

Thus: 

 

L

C
KD

dtA

dCV BB 





     (7) 

 

 If we take into account that the difference in concentration between both 

sides of the membrane, ∆C = CB - CA, is practically constant due to the fact 

that CA >> CB, then: 

 

dtC
VL

AKD
dC A

B

B 



        (8) 

 

 Integrating Eq. (8), the following expression is obtained: 
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tC
VL

AKD
C A

B

B 



      (9)   

 

 The product between the diffusion coefficient, D, and the membrane 

partition coefficients, K, measures the apparent permeability coefficient P: 

 

KDP        (10) 

 

in which the name apparent refers to the permeability through the whole 

system (membrane + boundary layers) and not only to the membrane. 

 Combining Eqs. (9) and (10), we can obtain the final expression which 

shows how varies the concentration of methanol in chamber B as a function 

of time: 

 
     

         (11) 

 

 

where, CB: Concentration of methanol in chamber B, CA: Concentration of 

methanol in chamber A (2 M), P: Coefficient of apparent methanol 

permeability across the membrane (cm
2
 s

-1
), A: Area of the membrane 

(2.27 cm
2
), L: Membrane thickness (cm), VB: Volume of water which fills 

the chamber B (150 cm
3
), and t: Time reached at each measurement (s). 

 Plotting CB versus time will show a straight line of which slope m the 

apparent permeability can be calculated, 

 

A

B

C
VL

AP
m




        (12) 

 

 The apparent transmissibility of methanol through the membrane system 

is defined by the relation P/L. The inverse of the slope m is, 

 

A

B

CA

V

P

L

m 


1
      (13) 

 

while the reciprocal of the apparent transmissibility, L/P, is related with the 

resistance of the total system to the methanol flux.  

 The total resistance of the system has two components: One derived 

from the intrinsic material properties of the membrane and other due to the 

boundary layers, that is, the transfer process between the bulk solution and 

the membrane surface [25]: 

tC
VL

AP
C A

B

B 




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 The values of resistance to the methanol flux (L/PApp) of each membrane, 

calculated from the apparent permeability, plotted versus their values of 

thickness (L) will develop a straight line of slope equal to 1/PTrue. Thereby, 

the true methanol permeability coefficient of the membrane material (PTrue) 

can be obtained.  

 

2.3.2. MEA preparation 
 

Composite membranes of Nafion/PVA, as well as pristine Nafion
®
 

membranes, were used for the preparation of membrane electrode assemblies 

(MEAs) in order to study their DMFC performance. 

 The anode and cathode electrodes used for MEA preparation were 

acquired from Baltic Fuel Cells GmbH (Schwerin, Germany). The anode 

was composed of a carbon paper gas diffusion layer (GDL) from 

Freudenberg & Co. (Weinheim, Germany), model H2315 T105A, covered 

by an alloy of Pt-Ru black 50:50 (Alfa Aesar) with a catalyst loading of 

5.0 mg cm
-2

 together with a 20 wt% of dry Nafion
®
 ionomer. Similarly, the 

cathode was composed of a GDL from Freudenberg & Co., model H2315 

I3C4, with a catalyst loading of 5.0 mg cm
-2

 of platinum nanoparticles 

supported by advanced carbon (HiSPEC 13100, Alfa Aesar) with a Pt/C 

ratio of 70 wt%, and the electrode also contained a 20 wt% of dry Nafion
®
. 

 

2.3.3. DMFC performance of Nafion/PVA and Nafion
®

 membranes 
 

The MEAs were previously equilibrated with water and then placed into a 

single fuel cell hardware with a square 5 cm
2
 active area (quick CONNECT, 

Baltic Fuel Cells GmbH), containing graphite serpentine flow fields and 

equipped with a pressure-controlled clamping force system. 

 Different concentrations of aqueous methanol solution, i.e. 1 M, 2 M and 

3 M, were pumped at a flow rate of 5 ml min
-1

 to feed the anode. The 

cathode was directly fed with oxygen gas at a flow rate of 150 ml min
-1

 and 

atmospheric pressure. 

 Polarization curves of i-V (current density versus potential) were 

obtained at several temperatures, i.e. 45 ºC, 70 ºC and 95 ºC, from open 

circuit voltage (OCV) conditions up to 0.2 V by stepwise increment of the 

current density. Power density values were consequently calculated and 

represented. Before i-V measurements, the MEAs were activated at least for 

5 h until reproducible results were achieved. 



Paper 2 (adapted to thesis) 

 71 

3. Results and discussion 

 

3.1. Properties of the Nafion/PVA membranes 
 

Table 1 summarizes thickness, water uptake, ion-exchange capacity (IEC) 

and conductivity of the composite Nafion/PVA membranes. The absolute 

values for the water uptake at 70 ºC of the Nafion/PVA membranes are 

similar to those of pristine Nafion
®
 membranes prepared in our laboratory by 

casting and slightly higher than the value obtained for commercial 

Nafion 117. However, the λ values, which relate the molar content of water 

molecules to the total number in moles of sulfonic acid groups within the 

membrane, show values between 18 and 22 for the pristine Nafion
®
 

materials, as expected since Nafion
®
 saturates at λ = 22, whereas the 

Nafion/PVA membranes show much larger values. This observation would 

suggest that the PVA nanofibres of the composite membranes are also 

swelling in a certain degree due to the strong hydrophilic character of the 

PVA molecule. 

 Ion-exchange capacities of the Nafion/PVA membranes are nearly the 

half of the typical values observed for pure Nafion
®
 materials, assumed to be 

Table 1. Thickness, water uptake at 70ºC, ion-exchange capacity and proton conductivity at 

95 ºC and fully hydrated conditions for composite Nafion/PVA membranes. Nafion® is 

included for comparison. 
 

Membrane 
Thickness 

(µm) 

Water uptake 

(%) 

IEC 

(meq g-1) 

λ 












HSOmol

OHmol

3

2
 

σ95ºC 

(S cm-1) 

Nafion/PVA 19 ± 1 26.4  0.1 0.47  0.1 42 0.012 

Nafion/PVA 26 ± 2 19.3  0.1 0.33  0.1 44 0.012 

Nafion/PVA 39 ± 3 27.9  0.1 0.45  0.1 47 0.016 

Nafion/PVA 47 ± 3 25.8  0.1 0.58  0.1 34 0.025 

Nafion/PVA 61 ± 3 22.9  0.1 0.57  0.1 30 0.010 

Nafion/PVA 97 ± 5 35.8  0.1 0.55  0.1 49 0.007 

Nafion 18 ± 1 27.0  0.1 0.93  0.1 22 0.015 

Nafion 28 ± 1 27.0  0.1 0.93  0.1 22 0.027 

Nafion 37 ± 1 27.0  0.1 0.93  0.1 22 0.034 

Nafion 46 ± 1 27.0  0.1 0.93  0.1 22 0.035 

Nafion 60 ± 2 27.0  0.1 0.93  0.1 22 0.049 

Nafion 95 ± 2 27.0  0.1 0.93  0.1 22 0.070 

Nafion 117 

(commercial) 
216 ± 4 21.5  0.1 0.91  0.1 18 0.096 
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Fig. 2. Methanol concentration (CB) versus time for permeability experiments at 70 ºC of 

composite Nafion/PVA membranes having different thickness values: (■) 26 µm, (●) 39 µm,        

(▲) 61 µm, and () 97 µm.    

 

due to the replacement of Nafion
®
 polymer by the PVA nanofibre phase. 

Consequently, the proton conductivities of the Nafion/PVA membranes fall 

below the values measured in pristine Nafion
®
 membranes (see Table 1 and 

[23]). This confirms that the superficial functionalization of the PVA 

nanofibres hardly influences the total ion-exchange capacity (IEC) of the 

composite membranes. However, it has been desired just to functionalize the 

surface of the nanofibres in order to keep the barrier properties associated 

with bulk PVA. If the PVA phase would have been fully sulfonated, the 

methanol crossover across its volume would have strongly increased, and 

therefore, the nanofibre phase would have not showed barrier properties 

against methanol. 

 The nanocomposite membrane with a thickness of 47 μm showed the 

maximum proton conductivity at the whole studied temperature range, 

achieving 0.025 S cm
-1

 at 95 ºC under fully hydrated conditions. 

 

3.2. Apparent and true methanol permeabilities across the composite 

membranes 
 

It has been characterised the methanol transport across Nafion/PVA 

membranes with different thicknesses by means of the setup already 

described in Fig. 1. The temperature of the bath was fixed at 70 ºC and the 

chamber A was filled with a 2 M methanol solution. 
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Fig. 3. Representation of the resistance to the methanol permeation across the Nafion/PVA 

membranes as a function of their thickness.     

 

 Samples (500 μl) from the chamber B were taken within a period 

between 0 and 3 h, i.e. 600 s, 1200 s, 1800 s, 3600 s, 5400 s, 7200 s, 9000 s 

and 10,800 s. These were analyzed by gas chromatography and their 

chromatograms compared with the calibration curve, correlating the 

chromatograms peak areas with methanol concentrations. 

 Fig. 2 depicts the variation of methanol concentration in the chamber B 

versus time. Straight lines with different slopes (m = CB /t) have been 

obtained as a function of the membrane thickness. By application of Eq. (1) 

with the experimental parameters and the values of the obtained slopes, the 

apparent methanol permeability of the membranes can be calculated. 

 Table 2 shows the apparent permeability coefficients obtained for 

Table 2. Apparent methanol permeabilities (PApp) at 70 ºC for several composite Nafion/PVA 

membranes and for both cast and commercial Nafion® membranes. 
 

Membrane Thickness (µm) m = CB/t (mol l-1 s-1) PApp methanol (cm2 s-1) 

Nafion/PVA 26 ± 2 5.21295·10-6 4.13·10-7 

Nafion/PVA 39 ± 3 4.35606·10-6 5.33·10-7 

Nafion/PVA 61 ± 3 2.47526·10-6 4.99·10-7 

Nafion/PVA 97 ± 5 1.28308·10-6 4.11·10-7 

Nafion [26]a 175 - 5.58·10-6 

Nafion 117 [26] 178 - 4.36·10-6 
a Cast membrane using Nafion® dispersion in isopropanol/water (4:1 w/w). CB measured by 

densimetry. 
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Nafion/PVA membranes and are compared with those reported for both a 

cast Nafion
®
 membrane, prepared with a similar Nafion

®
 dispersion 

composition, and for a commercial Nafion 117 membrane. 

 With the purpose of obtaining the true or intrinsic permeability of the 

membranes Nafion/PVA, it has been plotted the reciprocal of the 

transmissibility of the membranes, that means the resistance that the 

membrane offers to methanol flux, L/P, as a function of the membrane 

thickness (Fig. 3).  

 The value of the true methanol permeability, PTrue, can be given from the 

reciprocal of the slope of the straight-line plotted in Fig. 3, that is                 

m = (2.196 ± 0.195)·10
6
. This parameter represents an intrinsic property of 

the material and a value of (4.55 ± 0.40)·10
-7

 cm
2
 s

-1
 is calculated for the 

Nafion/PVA membranes. 

 These results of methanol permeability for the nanocomposite 

membranes prepared in our work are very promising and validate the 

capacity of the PVA nanofibres to perform as barriers for the methanol 

diffusion. It is worth noting that the intrinsic methanol permeability 

coefficient of the Nafion/PVA membranes are one order of magnitude below 

the permeabilities at 70 ºC of Nafion
®
 membranes prepared by casting in our 

laboratory, as well as much lower than the typical permeability coefficients 

reported for commercial Nafion 117 membranes at room temperature 

(2.3 ± 0.2)·10
-6

 cm
2
 s

-1
, according to the literature [27-30]. 

 

3.3. Performance of MEAs in direct methanol fuel cell operation 
 

Figs. 4 and 5 are graphically represented data of the cell potential, V, and 

power density curves versus current density, i, for the MEAs prepared with 

pristine Nafion
®
 membranes (18 μm and 46 μm thickness) and composite 

Nafion/PVA membranes (19 μm and 47 μm), when DMFC was operated at 

45 ºC, 70 ºC and 95 ºC, and fed with 1 M, 2 M and 3 M methanol solutions. 

 The cell potential at OCV conditions (i = 0) usually does not reach the 

theoretical value of the overall reversible cathode and anode potential at the 

given pressure and temperature. The drop of the OCV from the theoretical 

voltage has been attributed to the penetration of the fuel across the 

membrane, and thus, these values are a good indicator of the degree of 

methanol crossover by diffusion [31]. 
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Fig. 4. Curves of i-V and power density profiles obtained with methanol solutions of (a) 1 M, 

(b) 2 M, and (c) 3 M concentration for pristine Nafion® membranes at different conditions of 

temperature and thickness: (■)(□) 45 ºC, 18 µm; ( )( ) 70 ºC, 18 µm;  ( )( ) 95 ºC, 18 µm; 

(●)(○) 45 ºC, 46 µm; ( )( ) 70 ºC, 46 µm; and ( )( ) 95 ºC, 46 µm.   
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Fig. 5. Curves of i-V and power density profiles obtained at cell temperatures of (a) 45 ºC, 

(b) 70 ºC, and (c) 95 ºC for Nafion/PVA membranes at different conditions of methanol 

concentration and thickness: (■)(□) 1 M, 19 µm; ( )( ) 2 M, 19 µm;  ( )( ) 3 M, 19 µm; 

(●)(○) 1 M, 47 µm; ( )( ) 2 M, 47 µm; and ( )( ) 3 M, 47 µm.   
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 Table 3 summarizes the OCV values of MEAs prepared with Nafion
®
 

and composite Nafion/PVA membranes fed by 1 M, 2 M and 3 M methanol 

solutions at 45 ºC, 70 ºC and 95 ºC. Those OCV values decrease in all cases 

with the increase in methanol concentration, due to a larger fuel permeation, 

while at a fixed methanol concentration, the values of OCV increase with the 

temperature favoured by the accelerated electrochemical reactions. These 

results obtained indicate that the effect of the activation energy in the 

electrochemical reaction (voltage increment) is higher than the opposite 

effect caused by the increased methanol crossover (voltage reduction), and 

thus, the combined effect is only a moderate increase of the cell potential 

with the temperature. 

 However, at a fixed temperature and methanol concentration, the OCV 

follows the trend Nafion (18 μm) ≈ Nafion/PVA (19 μm) < Nafion (46 μm) < 

< Nafion/PVA (47 μm) < Nafion 117. At very low thickness levels, Nafion
®
 

and Nafion/PVA behave very similar, while at medium size thicknesses, 

Nafion/PVA exceeds pristine Nafion
®
. Commercial Nafion 117 is a very 

large thickness membrane, and therefore, its OCV values surpass the others.  

 It would be expected that the comparison between membranes of pristine 

Nafion
®
 and Nafion/PVA with similar thickness would show higher OCV 

values for the composite ones as a more reduced methanol crossover is 

reported. However, not only the methanol crossover is known to be 

Table 3. Values of open circuit voltage (OCV) for Nafion/PVA and Nafion® membranes at 

different conditions of temperature and methanol concentration. 

Membrane L (µm) 
OCV (V) [CH3OH] 

(M) 45 ºC 70 ºC 95 ºC 

Nafion/PVA 19 ± 1 

0.570 0.608 0.635 1 

0.541 0.580 0.604 2 

0.521 0.554 0.580 3 

Nafion 18 ± 1 

0.574    0.610    0.631 1 

0.552 0.583    0.600 2 

0.534 0.569 0.586 3 

Nafion/PVA 47 ± 3 

0.614 0.648 0.668 1 

0.587 0.618 0.637 2 

0.566 0.598 0.621 3 

Nafion 46 ± 1 

0.604 0.625 0.653 1 

0.560 0.596 0.626 2 

0.540 0.571 0.605 3 

Nafion 117 216 ± 4 

0.673 0.688 0.708 1 

0.650 0.653 0.668 2 

0.624 0.653 0.673 3 
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responsible on the OCV parameter. Another factors as homo/heterogeneity 

of the membrane and electrodes, catalyst loading, MEA preparation, water 

management and blocking of pores in gas diffusion layers, catalytic activity 

and reaction kinetics, proton conductivity, gradient of methanol 

concentration within the catalytic layer, porosity of gas diffusion and 

catalytic layers, air/oxygen flow rates, contact pressures, temperature, etc. 

can influence the OCV values. Unfortunately, all these parameters are 

difficult to control together. 

 For example, it has been reported that the ability of air/oxygen to reach 

the catalyst layer is a very important factor with regards to the OCV 

parameter, since the OCV values diminish due to the competitive reaction of 

methanol oxidation against oxygen reduction over the cathode catalyst, and 

thus it depends on the methanol crossover, but the available amount of 

oxygen, depending on the flow rate, strongly affects this reaction as well, 

and therefore, the OCV typically increases with the oxygen/air flow rate 

since more methanol is dissipated from the cathode [32]. 

 It is also worth to mention that our composite membranes showed lower 

proton conductivity values than the pristine Nafion
®
 membranes with similar 

thickness, and it has been reported by another authors that proton 

conductivity can influence the OCV values too, since from a practical point 

of view, the OCV values cannot be obtained at conditions of null intensity 

(I = 0), and at least I = 0.01 A is usually necessary. Thus, this factor must be 

also taken into account [33]. In fact, taking a look at Table 3, it is possible to 

remark that the Nafion/PVA membrane which showed the highest proton 

conductivity among the composite membranes (47 μm thickness) exceeds 

the OCV values measured for the Nafion
®
 membrane with comparable 

thickness (46 μm). 

 Fig. 4 clearly shows that the DMFC performances follow the order 

95 ºC > 70 ºC > 45 ºC. The differences in performance, especially between 

70 ºC and 95 ºC, become smaller with increasing methanol concentration. At 

1 M, due to the low methanol concentration, the temperature effect is very 

significant. On the other hand, Fig. 5 elucidates an optimal methanol 

concentration at 2 M. Due to mass transport problems, 1 M concentration 

results are not convenient, although at 95 ºC the performance with 1 M 

methanol solution surpasses that one showed by the 3 M concentration. This 

is inferred to the higher methanol crossover with increasing temperature and 

concentration. 

 Figs. 6 and 7 represent the performances of the MEAs prepared with 

both pristine Nafion
®
 and composite Nafion/PVA membranes ranging 

different thicknesses, at the conditions of 2 M methanol solution and 95 ºC. 

In the case of pristine Nafion
®
 (Fig. 6), the maximum power density is 

achieved with the thinnest (18 μm) membrane, reaching 210 mW cm
-2

, 
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Fig. 7. DMFC performances at 95 ºC and 2 M methanol concentration for composite 

Nafion/PVA membranes with different thickness: (■) 19 µm, (▲) 26 µm, (●) 39 µm,         

() 47 µm, (▼) 61 µm, and () 97 µm. 

 

 
Fig. 6. DMFC performances at 95 ºC and 2 M methanol concentration for pristine Nafion® 

membranes with different thickness: (■) 18 µm, (▲) 28 µm, (●) 37 µm, () 46 µm,          

(▼) 60 µm, () 95 µm, and ( ) 216 µm, commercial N117. 

 

assumed to be due to its very low protonic resistance which greatly 

compensates the negative effect of the high flux of methanol permeating 

across. However, the 28 μm thickness membrane shows a lower 

performance, which might be attributed to the larger resistance while 
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methanol flux still keeps being high. For the 37 μm and 46 μm membranes, 

performance increases with the thickness, and thus, the membrane of 46 μm 

thickness shows the second maximum power density, 204 mW cm
-2

. A 

reasonable explanation of this phenomenon suggests that the reduced 

methanol flux with increasing thickness compensates the correspondingly 

increase of protonic resistance. 

 The benefit on the methanol permeation caused by the effect of thickness 

applies up to 50 μm, and those membranes presenting thicknesses higher 

than that value show performances decreasing accordingly. In this sense, the 

membrane with 60 μm thickness has a performance similar to that one of 

28 μm, and the 95 μm membrane slightly below those ones. The poorest 

performance has been found for the commercial Nafion 117 membrane, with 

a power density of 85 mW cm
-2

, since it presents a very large thickness 

(216 μm at fully hydrated conditions) and thus undergoes an important 

protonic resistance, although on the other hand, its methanol permeation rate 

is the lowest as suggested by its OCV value. 

 Fig. 7 represents the performances of the prepared Nafion/PVA 

membranes. Again, the membranes with thicknesses of 19 μm and 47 μm 

show the best performances, 211 and 184 mW cm
-2

 respectively, which are 

almost similar to those ones showed by the Nafion
®
 membranes of 

comparable thickness. As mentioned before, a thickness below 20 μm 

involves a very low protonic resistance and the best performance result. In 

the case of the Nafion/PVA membrane of 47 μm, Table 1 confirms the 

largest conductivity value achieved for a composite membrane, 0.025 S cm
-1

 

at 95 ºC under fully hydrated conditions. This combined with the 

intrinsically reduced methanol permeability would explain its very good 

performance. 

 The low conductivities found for the composite membranes when 

compared with Nafion
®
 makes the protonic resistance to be the most 

important parameter, and therefore, the effect of thickness has a more 

profound impact on the performance. Thus, the composite membranes with 

thickness larger than 50 μm performed very poor. With regard to this, the 

97 μm membrane was found to perform better than the membrane of 61 μm 

thickness. The former was built by hot pressing of two thinner pieces of 

Nafion/PVA membrane, while the last one was prepared from a single PVA 

nanofibre mat. This experimental result advises that large thickness PVA 

mats are not suitable for the infiltration of Nafion
®
 polymer, since diffusion 

of the dispersion within the inner part of the porous mat should become more 

restricted.  

 A close inspection on the i-V curves (Figs. 4-7) shows two different 

regions: Region-I, in which the activation process of the MEA occurs, is 

characteristic of low current densities; and region-II, typically at current 
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densities i above 100 mA cm
-2

, is characterised by showing a linear negative 

slope. The latter region is dominated by the protonic resistance of the 

membrane and its methanol crossover, which can be attributed to 

mechanisms of diffusion and electro-osmosis [34-36]. The cell voltage of a 

DMFC can be written as, 

 

cros

Li

i

i
AEV 

















0

1 ln     (15) 

 

where V is the cell voltage, E the reversible open circuit voltage, i the current 

density, i0 the current density at which the over-voltage begins to move from 

zero, A1 the sum of the slopes of the polarization curves for anode and 

cathode, L is the thickness of the membrane clamped between the anode and 

cathode electrode layers,  the conductivity of the membrane and cros is the 

overpotential caused by methanol crossover [31]. 

 The methanol crossover produces depolarization losses at cathode, by 

competitive reaction with oxygen, and concentration losses in anode as fuel 

permeates. The overpotential due to the methanol crossover, cros, can be 

calculated following the procedure described by Huang et al. [36], by mean 

of the expression: 

 

)( crosconMeOHcros JiJJ      (16) 

 

where  is a constant and JMeOH the flux of methanol crossing the membrane. 

This flux has a current independent term affected by methanol concentration 

Can at anode, i.e. Jcon, and a current dependent term due to electro-osmosis of 

methanol, i.e. Jcros. Substituting Eq. (16) into Eq. (15), we obtain, 

 

)(ln
0

1 eoscon JiJ
Li

i

i
AEV 












 


  (17) 

 

 Ficken diffusion and a linear concentration gradient across the thickness 

direction of the membrane is assumed, i.e. diffusion coefficient is 

independent of the concentration differential between anode and cathode 

sides, as well as the methanol molecules crossing from anode to cathode are 

catalytically oxidised. Thus, Jcon becomes a dependent term of the methanol 

concentration in anode, 

 

ancon CkJ        (18) 
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being k a constant which depends on the methanol diffusivity across the 

membrane. Substituting Eq. (19) into Eq. (17), rearranging Eq. (18) and 

separating the Can-dependent and i-dependent terms, it results the following 

expression, 

 

iACA
i

i
AECiV anan 










 32

0

1 ln),(   (19) 

 

with  

 

kA  2
      (20) 

 

eosJ
L

A  


3
     (21) 

 

where A2 is a term relating the overvoltage to the methanol crossover by 

diffusion, A3 is a term relating the overvoltage influenced by the sum of the 

protonic resistance and the methanol electro-osmotic effects. These 

equations are only valid in the region-II of i-V curves. The derivative dV/di 

when the concentration of methanol in the anode is constant, is equal to, 

 

3
1 A

i

A

di

dV
      (22) 

 

 At current densities above 100 mA cm
-2

, (A1/i) < (A1/100) << A3. Thus, 

A3 can be obtained from the slope of the plot of V versus i at a fixed 

temperature and methanol feed concentration Can when i > 100 mA cm
-2

. 

   

Table 4. Values of the ·Jeos parameter (V cm2 mA-1) for the electro-osmotic diffusion of 

methanol across Nafion/PVA and pristine Nafion® membranes at different methanol 

concentrations and temperatures. 
 

Membrane 1 M 2 M 3 M T (ºC) 

Nafion/PVA 

(19 ± 1 μm) 

(4.09 ± 0.09)·10-4 (2.82 ± 0.10)·10-4 (2.95 ± 0.08)·10-4 70 

(3.16 ± 0.05)·10-4 (2.41 ± 0.06)·10-4 (3.35 ± 0.10)·10-4 95 

Nafion  

(18 ± 1 μm) 

(4.15 ± 0.03)·10-4 (3.37 ± 0.08)·10-4 (3.16 ± 0.09)·10-4 70 

(2.91 ± 0.07)·10-4 (2.39 ± 0.05)·10-4 (2.51 ± 0.07)·10-4 95 

Nafion/PVA 

(47 ± 3 μm) 

(4.03 ± 0.11)·10-4 (3.30 ± 0.12)·10-4 (3.69 ± 0.14)·10-4 70 

(3.25 ± 0.07)·10-4 (2.70 ± 0.08)·10-4 (3.07 ± 0.04)·10-4 95 

Nafion  

(46 ± 1 μm) 

(4.48 ± 0.09)·10-4 (3.63 ± 0.09)·10-4 (3.40 ± 0.10)·10-4 70 

(2.80 ± 0.10)·10-4 (2.63 ± 0.06)·10-4 (2.88 ± 0.06)·10-4 95 

 



Paper 2 (adapted to thesis) 

 83 

 

 
Fig. 8. Profiles of cell voltage versus current density (between 100 and 300 mA cm-2) for 

MEAs of 46-μm Nafion® (open symbol) and 47-μm Nafion/PVA (filled symbol) membranes 

operated at (a) 70 ºC, and (b) 95 ºC, with methanol feed concentrations of (square) 1 M, 

(circle) 2 M, and (diamond) 3 M. 

 

 Fig. 8 shows the variation of cell voltage, V, versus i for MEAs prepared 

with Nafion

 and Nafion/PVA membranes of thickness between 46 µm and 

47 µm operated at 70 ºC and 95 ºC with methanol feed concentrations of 

1 M, 2 M and 3 M. Since A3 relates the overvoltage to a combination of 

protonic resistance, i.e. L/, and methanol crossover by electro-osmosis, i.e. 
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Fig. 9. Fitting between experimental (solid symbol) and modelled (line) results of i-V curves 

obtained with 2 M methanol solutions for (●) a pristine Nafion® membrane of 46 µm 

thickness measured at 70 ºC, and (■) a Nafion-PVA membrane of 47 µm thickness at 95 ºC. 

 

·Jeos, this latter parameter can be estimated by subtracting L/ from A3. In 

Table 4 we summarize the values of ·Jeos = (A3-L/) as a function of 

methanol concentration and temperature for different MEAs. It can be 

observed from Table 4 that ·Jeos decreases in the Nafion/PVA membrane in 

comparison with Nafion


 at 70 ºC and methanol concentrations of 1 M and 

2 M. However, at the other conditions, ·Jeos tends to be similar for both 

Nafion

 and Nafion/PVA membranes.  

 It is also remarkable to notice that the electro-osmotic drag effect 

becomes reduced with temperature. This behaviour has also been found by 

other authors [37]. However, Luo et al. have reported that electro-osmotic 

drag coefficient of water in Nafion


 membrane raises with increasing 

temperature due to the higher amount of protons transported by diffusion 

with relation to those transported by the Grotthuss mechanism [38]. In the 

case of a methanol solution, the observed phenomenon seems to indicate a 

weakening of the interaction between protons and methanol molecules in 

relation to the proton-water system as the temperature increases. 

 Finally, we have fitted the experimental data of the i-V curves with a 

model based on Eq. (19), and thus, the parameters A1, i0 and A2 have been 

estimated, while keeping E and A3 fixed. For A3, the values calculated for 

obtaining ·Jeos have been used. Table 5 summarizes the values of the cited 

parameters. A2 has not been included since it resulted to be negligible in all 

the modeled experiments.  
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 Fig. 9 shows the fitting between some experimental and modelled 

curves, where it can be observed that Eq. (19) fits very well with the results 

of performance obtained at 2 M methanol concentration. As usual, the open 

circuit voltage E sharply decreases from the thermodynamic electromotive 

force of the cell to a value in the vicinity of 0.58-0.64 V. This sharp decrease 

is caused by internal currents, activation energy and by fuel crossover. The 

parameter A3, which is related to the ohmic resistance of the membrane, 

decreases in each membrane as the temperature increases due to the 

activation of the protonic conductivity. 

 For a similar thickness and temperature, the Nafion/PVA membranes 

show higher values of A3 in comparison with those of pristine Nafion
®
, since 

the composite membranes have lower protonic conductivity than the Nafion
®
 

membranes [23], which is in agreement with their reduced values of ion-

exchange capacity (see Table 1). For each membrane, the parameters i0 and 

A1 also show a decrease as the temperature increases. Since both parameters 

are related with the catalytic activity of the catalyst layer at the electrodes, 

this would suggest that as the methanol crossover rises with the temperature, 

the specific activity of the catalyst diminishes as a consequence of the 

undesired reaction between methanol and oxygen. 

 

 

4. Conclusions 
 

Novel nanocomposite membranes made up of Nafion
®
 polymer infiltrated 

between functionalised polyvinyl alcohol (PVA) nanofibres have been 

prepared and characterised regarding their methanol permeability and 

DMFC performance. It was found that the reinforcement effect caused by 

the PVA nanofibres enabled the preparation of composite membranes with 

very low thickness and good mechanical properties, whereas the 

Table 5. Fitting parameters for the i-V curves of Nafion® and Nafion/PVA membranes which 

showed the best performances using 2 M methanol solutions at 70ºC and 95ºC conditions. 
 

Membrane E (V) i0 (mA cm-2) A1 (V) A3 (Ω cm-2) T (ºC) 

Nafion/PVA 

(19 ± 1 μm) 

0.580 2.368 1.319·10-2 0.481 70 

0.604 1.229 9.778·10-3 0.401 95 

Nafion     

(18 ± 1 μm) 

0.583 1.618 1.118·10-2 0.463 70 

0.600 0.636 9.562·10-3 0.356 95 

Nafion/PVA 

(47 ± 3 μm) 

0.618 0.243 1.324·10-2 0.546 70 

0.637 0.129 1.138·10-2 0.459 95 

Nafion     

(46 ± 1 μm) 

0.596 0.546 1.385·10-2 0.505 70 

0.626 0.129 1.184·10-2 0.395 95 
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manipulation of pristine Nafion
®
 membranes resulted to be unpractical 

below a thickness of 50 μm. 

 The apparent methanol permeability has been distinguished from the 

true permeability property intrinsic to the membrane material. In this regard, 

the composite membranes showed a methanol permeability coefficient with 

one order of magnitude reduction in comparison to pristine Nafion
®
, as a 

consequence of the barrier effect caused by the nanofibres. However, the 

nanofibre phase does not seem to influence the electro-osmotic drag 

coefficient of methanol, although at certain conditions lower values were 

observed in the Nafion/PVA membranes. Interestingly, the electro-osmotic 

drag coefficient of methanol was found to decrease with increasing 

temperature, as opposed to the water behaviour which has been reported to 

increase with temperature. 

 Direct methanol fuel cell tests at different conditions of temperature and 

methanol concentration showed the maximum performances to be achieved 

at 95 ºC and 2 M solutions. At those conditions, the Nafion/PVA membranes 

of 19 μm and 47 μm thickness performed similarly to those Nafion
®
 

membranes with comparable thickness. 

 The incorporation of a nanofibre phase within the Nafion
®
 matrix and the 

use of thin membranes suggest that significant savings in the consumed 

amount of Nafion
®
 polymer are able to be potentially afforded while keeping 

high performances. 
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Abstract 
 

The electrospinning approach is an easy and useful method to fabricate 

porous supports with tailored properties for the preparation of impregnated 

membranes with enhanced characteristics. Therein, this technique was used 

to obtain polyvinyl alcohol (PVA) nanofibre mats in which Nafion
®
 polymer 

was infiltrated. These Nafion/PVA membranes were characterised in their 

mechanical properties, proton conductivity and fuel cell performance. 

Conductivity of the composite membranes was below the showed by pristine 

Nafion
®
 due to the non-ionic conducting behaviour of the PVA phase, 

although the incorporation of the PVA nanofibres strongly reinforced the 

mechanical properties of the membranes. Measurements carried out in a 

single cell fed with H2/Air confirmed the high performance exhibited by a 

19-μm thick nanofibre reinforced membrane owing to its low ionic 

resistance. These reasons make ultrathin (< 20 μm) Nafion/PVA composite 

membranes promising candidates as low cost ion-exchange membranes for 

fuel cell applications.    

 

Keywords: Nanocomposite, Nafion

 membranes, PVA nanofibres, 

mechanical properties, conductivity, PEMFC performance. 
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1. Introduction 
 

The synthesis of cation-exchange membranes that combine low protonic 

resistance and good mechanical properties and thermal stability in hot 

oxidative atmospheres is nowadays a flourishing field of research. The 

interest in membranes arises in part from the potential use of these materials 

as electrolytes in low temperature fuel cells [1]. 

 Perfluorinated ionomers are currently the best materials to develop 

polymer electrolyte membranes (PEM) that meet the requirements of high 

protonic conductivity and good mechanical and thermal stability at 

temperatures lying in the range 50-90 ºC [2-4]. However, the need of 

working at higher temperatures requires the development of membranes that 

maintain high conductivity in low humidity environments. This is a key 

issue in the progress of the development of medium temperature PEM fuel 

cells (PEMFC) for practical purposes [5,6]. Fillers may improve water 

retention in polyelectrolytes under low relative humidity (RH) conditions 

thus preserving the protonic conductivity of membranes at temperatures 

above 100 ºC [5,7]. 

 Fillers may also reduce fuel and gas permeabilities across membranes by 

increasing tortuosity [8]. The information at hand suggests that modification 

of Nafion
®
 membranes can be performed by inclusion of inorganic fillers 

such as oxides, phosphates and heteropolyacids [7-12]. 

 Pursuing in this line of research, many researchers report the preparation 

of hybrid membranes by incorporating phenyl-sulfonated inorganic materials 

into Nafion
®
 in order to build composite membranes with improved ionic 

conductivity and mechanical properties when the membranes are working at 

moderate and high temperatures [13]. An alternative to increase the 

conductivity of a membrane is to reduce its thickness [14], which also 

favours back diffusion of water from cathode to anode [15]. However, this 

procedure is not that simple with Nafion
®
 materials because their mechanical 

properties diminish drastically when the membranes become very thin. 

 Porous polytetrafluoroethylene (PTFE) films, under the Gore trademark, 

have been proposed as supports for Nafion
®
 resins, in impregnated-type 

membranes, for the preparation of mechanically reinforced membranes of 

relatively thin thickness for PEMFC and Direct Methanol Fuel Cell (DMFC) 

applications [16,17]. Furthermore, hybridizing the Nafion
®
 matrix with 

nano-inorganic particles, such as silica and zirconium phosphate, results in 

Nafion/PTFE membranes which demonstrate improved performance than 

pristine Nafion
®
 at temperatures above 100 ºC [18,19]. 

 PTFE belongs to the family of perfluorinated polymers, the same as 

Nafion
®
, and thus environmental and cost issues can still concern. Porous 

supports prepared from different materials in a convenient and easy way 
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would be a clear advantage. In this sense, electrospinning is nowadays being 

proposed for the fabrication of porous mats of nanofibres based on 

polyvinylidene fluoride (PVDF) [20] and polyvinyl alcohol (PVA) [21]. 

 Recently, we have prepared novel nanocomposite membranes made up 

of Nafion
®
 polymer infiltrated between sulfonic acid-functionalised 

nanofibres of polyvinyl alcohol. These membranes, presenting thicknesses 

from around 20 μm till 100 μm, have been characterised regarding their 

thermal stability, proton conductivity, methanol permeability and DMFC 

performance [22,23]. It was found that the reinforcement effect caused by 

the PVA nanofibres enabled the preparation of composite membranes of 

very low thickness and good mechanical properties, whereas the 

manipulation of pristine Nafion
®
 membranes under fully hydrated conditions 

showed to be unpractical below a thickness of 50 μm. The results obtained 

let us to conclude that the thinner Nafion/PVA composite membranes 

present interesting transport properties as solid electrolytes for fuel cells as 

well as for separation processes based on membrane technologies. 

 In this work we have prepared cast Nafion
®
 membranes and 

Nafion/PVA nanocomposite membranes of similar thickness between each 

other, ranging from 18 μm to 60 μm, with the aim of investigating and 

comparing the mechanical properties of the membranes through isothermal 

stress-strain curves and by dynamic mechanical thermal analysis. The 

properties were measured with membranes under dry conditions to neglect 

any effect of water.  

 The in-plane proton conductivity of both Nafion
®
 and Nafion/PVA 

membranes has been measured at different conditions of relative humidity at 

80 ºC. The differences observed between the membranes in function of their 

thickness are discussed. 

 Finally, fuel cell performance tests of membrane electrode assemblies 

(MEAs) were also investigated by measuring their polarization curves in 

different operating conditions. The differences of performance distinguished 

between the membranes are discussed, paying special attention on the 

behaviour as a result of the membrane thickness. 

 

 

2. Experimental 
 

2.1. Materials 
 

The Nafion
®
 dispersion (DuPont Co.) was 20 wt% of 1 meq g

-1
 IEC Nafion

® 

diluted in a mixed solvent of water, propanol, ethanol and unspecified ethers. 

The Nafion
®
 was solvent exchanged by casting in order to obtain a 5 wt% 

solution in isopropanol and water (with isopropanol/water = 4/1, w/w). This 
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ratio has been previously reported to be suitable for Nafion
®
 infiltration into 

porous membranes [17,24]. 

 Polyvinyl alcohol, PVA Mowiol 28-99 grade, was kindly supplied by the 

company Kuraray Europe GmbH. 

 Isopropanol extra pure and cetyltrimethylammonium bromide (CTAB) 

were purchased from Acros Organics, and 4-formyl-1,3-benzenedisulfonic 

acid disodium salt from Sigma-Aldrich. 

 

2.2. Preparation of membranes 
 

2.2.1. Nafion
®

 membranes 
 

The solvent exchanged solution, with a 5 wt% Nafion
®
 content in 

isopropanol and water, was used for the casting of pristine Nafion
®
 

membranes with thickness between 18 μm and 60 μm. The thickness was 

controlled in function of the volume of solution loaded in Petri glass dishes 

and afterwards evaporated in an oven at 60 ºC overnight. 

 The respective Nafion
®
 membranes were annealed at 125 ºC for 90 min 

in the oven and then removed from the Petri dish by adding water. 

 The last step was the conditioning of the membranes by treatment with 

water at 85 ºC for 30 min, followed by immersion in a 3 wt% hydrogen 

peroxide solution during 1 h at 80 ºC and further protonation at the same 

temperature by ion-exchange with a 1 M chlorhydric acid solution for 

another 1 h. Finally, the cast Nafion
®
 membranes were washed with hot 

water at 85 ºC, dried and stored. 

 

2.2.2. PVA nanofibres 
 

Porous PVA mats were produced by a standard electrospinning setup (Yflow 

S.L., Málaga, Spain) through the feeding of a water based solution of PVA 

(0.005:1:10 wt. CTAB:PVA:water). CTAB was used as surfactant in order to 

reduce surface tension of water and improve electrospinning ability. 

 The distance between the needle and the planar collector was fixed at 

25 cm, the solution flow rate at 0.5 ml h
-1

, the voltage of the needle at 

+11 kV and the voltage of the collector at -5 kV. Mats electrospinned during 

8 h showed a thickness around 120 ± 10 μm, meanwhile those obtained after 

4 h were aprox. 60 ± 5 μm. The collected mats were heated during 3 h at 

170 ºC in a vacuum atmosphere (250 mbar pressure) with the purpose of 

removing water and increasing manipulability. 
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2.2.3. Chemical functionalization of PVA nanofibres  
 

The PVA mats were mounted on a round steel frame and then introduced 

into a bath with a 0.04 M concentration of the 4-formyl-1,3-

benzenedisulfonic acid disodium salt and 0.1 M of chlorhydric acid as a 

catalyst for the schematic reaction (1), solved in a mixture composed of 

isopropanol/water (70/30 v/v): 

 

 

         (1) 

  

 

 Reaction (1) was carried out at 60 ºC for 2 h. The sodium ions present on 

the surface of the functionalised PVA nanofibres were exchanged with 

protons through immersion in a bath of isopropanol/water (70/30 v/v) 

containing chlorhydric acid with a 0.3 M concentration. 

 Ion-exchange was finished by washing of the mat with a solution of 

isopropanol/water (70/30 v/v) and further immersion in pure isopropanol. 

Finally, the mats were placed in an oven at 60 ºC for drying. 

 The last step was the crosslinking of the PVA chains in order to raise 

mechanical and thermal properties of the nanofibres. This was accomplished 

by reaction with glutaraldehyde vapour in a closed vessel during 24 h at 

room temperature. At the bottom of such vessel, a 50 wt% water solution of 

glutaraldehyde was placed and let it to evaporate slowly. 

 After the crosslinking process, the mats were heated at 100 ºC for 

15 min with the aim to remove adsorbed glutaraldehyde and water. At this 

point, the PVA nanofibres were very stable and could not be dissolved in 

boiling water. 

 

2.2.4. Nanofibre-reinforced Nafion
®

 membranes  
 

The functionalised and crosslinked mats, still mounted on the frame, were 

impregnated with the 5 wt% Nafion
®
 solution in isopropanol and water (4/1 

w/w, respectively). 

 Each impregnation step was carried out by introducing the PVA mat into 

the Nafion
®
 dispersion for 5 min and followed by evaporation in an oven at 

100 ºC for 5 min more. This was repeated 8 times in every mat until an outer 

visible Nafion
®
 layer was formed. 

 The prepared nanocomposite membranes were annealed at 125 ºC for 

90 min under a slight pressure (by a hot press) in order to remove any 

residual solvent and enhance Nafion
®
 can accommodate into the fibrillous 

structure. 
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 Finally, the membranes were conditioned by treatment with water at 

85 ºC for 30 min, followed by an oxidation with 3 wt% hydrogen peroxide 

during 1 h at 80 ºC and further protonation by 1 h ion-exchange with a 1 M 

chlorhydric acid solution at 80 ºC. Then, the Nafion/PVA membranes were 

washed with hot water at 85 ºC, dried and stored. 

 The thickness of the composite membranes was dependent on the 

deposition time of the electrospun nanofibres mats, and it was measured with 

a digital length gauge (Heidenhain, model MT12). The membrane thickness 

was calculated from the average value after ten measurements on different 

parts of the sample. The pertinent results are varying from 19 μm to 61 μm. 

 

 

3. Membranes characterization 
 

3.1. FTIR analysis   
 

IR spectroscopy was used to check polymer matrix-filler interactions and 

molecular structure of the materials. The spectra was obtained using a 

JASCO, FT/IR6200 with microscope IRT-300 IRTRON. 

 

3.2. Mechanical tests    
 

Dynamic mechanical thermal analysis (DMTA) was performed with a 

Perkin-Elmer DMA7e analyzer at a constant frequency of 1 Hz from 20 ºC 

to 400 ºC. A temperature ramp rate of 5 ºC min
-1

 and a constant strain of 

0.1% in tensile mode were used.  

 All the samples were dried in a vacuum steam autoclave at 25 ºC. The 

experiments were carried out using a rectangular tension fixture with a gap 

width of 10 mm. The samples were cut in pieces of 15 x 10 mm
2
 and 

measurements of thickness and width were conducted by means of a length 

calibrator. 

 Static tensile strength tests were carried out at room temperature using a 

Microtest Tensile stage controller DEBEN (Gatan). A crosshead rate of 

0.4 mm min
-1

 collecting data each 500 ms was used in each measurement. 

The separation between the clamps was fixed at 10 mm and the maximum 

force was set at 150 N with an initial static force of 0.1 N. The samples were 

also cut in rectangular pieces with 15 x 10 mm
2
 dimensions. 

 

3.3. Proton conductivity 
 

The proton conductivity of the membranes was measured by using a BT-512 

In-Plane Membrane Conductivity Test System (BekkTech LLC) under N2 
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atmosphere. The in-plane 4 electrode measurement (scanning DC with 

voltage sweeps from +0.1 V to -0.1 V) was performed at 80 ºC as a function 

of relative humidity (%RH) and the conductivity values (mS cm
-1

) taken 

from stable regions were plotted as a function of %RH. 

 

3.4. Fuel cell tests 
 

The measurements were performed using a single cell hardware of 5 cm
2
 

active area with serpentine anode and cathode flow fields. MEAs of different 

membranes were prepared using a catalyst ink which consisted of a Nafion
®
 

dispersion, isopropanol and 60 wt% Pt on carbon particles. The catalyst ink 

was sprayed onto the gas diffusion layer (GDL) made up of carbon paper 

(Freudenberg). The anode and cathode loadings were kept constant at 

0.5 mg Pt cm
-2

.  

 The cell was initially tested at 60 ºC with fully humidified H2 and Air 

supplied at the anode and cathode sides. The fuel and oxidant stoichiometry 

were 1.5 and 3.0, respectively. Typically, tests were performed at constant 

voltage and 100% RH, supplemented with polarization (i-V) curves which 

started from open circuit voltages (OCV) to 0.4 V. 

 

 

4. Results and discussion 
 

4.1. FTIR analysis   
 

The results of FTIR spectra corresponding to a pristine Nafion
®
 membrane, a 

PVA nanofibre mat and a Nafion/PVA composite membrane are showed in 

Fig. 1. 

 As it can be observed, Nafion
®
 shows characteristic absorption peaks 

between 910 cm
-1

 and 1410 cm
-1

. Vibrational bands associated with the 

sulfonic acid groups are found at 910 cm
-1

 and 1410 cm
-1

 corresponding to 

the S=O and S-OH stretching bands [25]. Additionally, a band at about 

1057-1062 cm
-1

 is assigned to -SO3H groups [25-27]. The intense bands at 

ca. 1200 cm
-1

 and 1300 cm
-1

 are assigned to CF2 vibrations and stretching of 

the C-F bonds [25,26]. The small peaks towards 1700 cm
-1

 can be explained 

by the presence of a low water content in form of hydronium ions [27]. 

 The FTIR spectra of PVA show a broad peak around 3297 cm
-1

 

indicating stretching of the hydroxyl groups, whereas the peak at 1093 cm
-1

 

indicates the C-O stretch of the secondary alcoholic groups. The peak at 

2918 cm
-1

 is due to symmetric C-H stretching in -CH2- species [28]. 
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Fig. 1. FTIR spectra for (a) PVA nanofibre, (b) pristine Nafion® and (c) Nafion/PVA 

membrane. 

 

 
 The composite membrane of Nafion/PVA reveals an FTIR curve clearly 

dominated by the Nafion
®
 bands. However, the bands corresponding to the 

stretching of both OH groups and C-H bonds in PVA are still able to be 

distinguished from the spectra. 

 

4.2. Mechanical properties   
 

The real part of the elastic modulus E', so-called storage modulus, and the 

loss tangent Tan δ of the membranes were measured in dry conditions by 

means of dynamic mechanical thermal analysis at a frequency of 1 Hz. The 

results are shown in Fig. 2 and Fig. 3. 

 It is important to understand the behaviour of these membranes in the 

vicinity of 80 ºC as this is the most typical operating temperature in many 

fuel cell applications. Curves in Figs. 2 and 3 reveal a change in storage 

modulus and Tan δ over a large temperature range for Nafion
®
 and 

Nafion/PVA membranes. Two temperature regions are discerned for the 

Nafion
®
 membranes. Between room temperature and 80 ºC, E' and Tan δ of 

Nafion
®
 show practically a constant behaviour. However, above 80 ºC the 

storage modulus shows a continuous loss in stiffness with increasing 

temperature, whereas the loss tangent shows a pronounced increment up to a 

maximum value reached around 110 ºC, which is attributed to the                

α-relaxation associated with the glass-transition temperature (Tg) of dry 

Nafion
®
 polymer. Similar results have been found by other researchers [29-

31]. 
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Fig. 3. Loss tangent Tan  at 1 Hz as a function of temperature for Nafion (dashed grey 

line) 60 µm, (dashed black) 37 µm; and Nafion/PVA membranes (solid black line) 61 µm, 

(solid grey) 39 µm. 

 

 

 

 
Fig. 2. Storage modulus E’ at 1 Hz as a function of temperature for Nafion (□) 60 µm, 

(Δ) 37 µm, (○) 28 µm; and Nafion/PVA membranes (■) 61 µm, (▲) 39 µm, (●) 25 µm. 

 

 

 

 In comparison with their homologous membranes of pristine Nafion
®
, 

the composite membranes present higher E' modulus associated with the 

significant mechanical reinforcement provided by the PVA nanofibres. A 

close inspection of Fig. 2 shows that E' of the composite membranes remains 

constant up to about 150 ºC. Above this temperature, E' starts to decline and 
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Fig. 4. Stress-strain curves for Nafion membranes of (□) 60 µm, (○) 46 µm, (Δ) 37 µm, and 

(◊) 18 µm thickness. 

 

 

 

only near 200 ºC a pronounced drop is observed. This may be due to the 

softening of the crystalline phase of the PVA which melts between 200 ºC 

and 230 ºC [22,32]. However, above 200 ºC the storage modulus tends to 

reach a plateau region which goes beyond 300 ºC. This suggests that 

crosslinking of the PVA phase by means of the glutaraldehyde vapour forms 

stable bonds able to keep good mechanical properties at very high 

temperatures. On the other hand, thermal decomposition of PVA chains into 

polyenes and their further cyclization reactions might provide additional 

crosslinks able to maintain a rigid structure at those temperatures [33,34]. 

 From the loss tangent profiles of the Nafion/PVA membranes plotted in 

Fig. 3, we cannot conclude the presence of a clear α-relaxation although 

Tan δ slightly increases above 150 ºC and especially near 200 ºC. The values 

of Tan δ of the composite membranes are considerably lower than those 

observed for Nafion
®
, which confirms the enhanced mechanical stability 

derived from the introduction of nanofibres within the Nafion
®
 matrix. 

 Static mechanical testing of the samples were performed and their results 

of stress versus strain are presented in Fig. 4 and Fig. 5 for Nafion
®
 and 

Nafion/PVA membranes, respectively. In Fig. 4, the Nafion
®
 membranes 

show higher values of ultimate tensile strength (σult) and yield strength (σy) 

with increasing thickness. Strain values follow a similar trend. It is 

remarkable the large values of strain found for the Nafion
®
 membranes, 

which can explain the well known ductile behaviour associated with this 

kind of fluoropolymers [35]. 
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Fig. 5. Stress-strain curves for composite Nafion/PVA membranes of (□) 61 µm, (○) 47 µm, 

(Δ) 39 µm, and (◊) 19 µm thickness. A () PVA nanofibre mat (10 µm) has been included 

for comparative purposes. 

 

 

 

 

 Electrospun nonwoven mats usually also show large strain values and a 

ductile behaviour in which the mechanical properties mainly depend on the 

morphology and bonding structure of the fibres such as the arrangement and 

orientation between fibres [36,37]. In this sense, the PVA mat in Fig. 5 does 

not exhibit a defined rupture point but a continuous tear of the mat as a 

consequence of the inter-fibre sliding between the random oriented 

nanofibres. 

 The ultimate tensile strength of the Nafion/PVA membranes as shown in 

Fig. 5 increases with increasing thickness too. However, the strain seems to 

follow two different behaviours, increasing up to the 39 μm thickness range, 

as it would be expected, and then diminishing from that point with 

increasing thickness. This unusual observation may indicate that Nafion
®
 

and PVA nanofibre make a strong bond with each other, and thus, large 

deformation of both Nafion
®
 and fibres phases are hindered. If a force is 

applied, inter-fibre sliding causes the fibres to move apart following the 

direction of force and to get closer perpendicularly to such a direction 

(necking). When Nafion
®
 is filling the space between the fibres, the first 

physical consequence will be a strong friction which will difficult the 

movement of the nanofibres. Additionally, the necking phenomenon will 

exert a compression force over the confined Nafion
®
 phase, and the resulting 

counterforce of Nafion
®
 will also block displacement of the nanofibres. All 

these effects acting jointly should be responsible of the small strain values 

showed by the nanocomposite membranes. 
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 In Table 1 we compare the mechanical parameters obtained from Figs 4 

and 5 for Nafion
®
 and Nafion/PVA membranes. In all cases, the composite 

membranes show much higher values of σy, σult and E (Young's modulus), 

while strains εy and εult are much more reduced in comparison with pristine 

Nafion
®
. This is again a proof of the good mechanical reinforcement 

achieved by the incorporation of PVA nanofibre mats into the Nafion
®
 

matrix. 

 

4.3. Conductivity measurements   
 

The ionic conductivity of the membranes was measured in-plane by means 

of a test bench developed by CIDETEC according to the criteria of the U.S. 

Department of Energy (DOE), which allows obtaining automatically the 

conductivity of a membrane at different relative humidity conditions (RH) as 

shown in Fig. 6. 

 First, we can observe that conductivity of both Nafion
®
 and composite 

membranes increases with water content (%RH) in an exponential manner as 

it has been observed before [38]. Relative humidity is directly related to 

water activity, and it is known that high values of water activity involves a 

larger number of water molecules attached to each sulfonic acid group and 

thus increasing overall proton conductivity. 

 In our previous work, through-plane proton conductivity of Nafion/PVA 

membranes was measured by impedance spectroscopy from MEAs fully 

hydrated in liquid water at different temperatures. It was observed that 

proton conductivity of the composite membranes increased with increasing 

thickness up to a maximum value found at 47 μm, and the reason was 

Table 1. Mechanical parameters of Young's modulus (E), yield strength (y), strain at yield 

point (y), ultimate tensile strength (ult) and strain at ultimate tensile strength point (ult) for 

Nafion and Nafion/PVA membranes of different thicknesses. The number after the sample’s 

name indicates the average thickness in µm. 
 

Sample 
E 

(MPA) 

y 

(MPa) 

y 

(%) 

ult 

(MPa) 

ult 

(%) 

Nafion 18 112 ± 2 17.5 ± 0.2 15.8 ± 0.3 20.3 30.9 

Nafion 37 131 ± 7 19.7 ± 0.5 15.3 ± 0.7 24.8 41.6 

Nafion 46 215 ± 7 21.7 ± 0.3 10.3 ± 0.4 24.9 20.4 

Nafion 60 245 ± 1 22.7 ± 0.2 9.4 ± 0.1 31.0 75.8 

NanoPVA mat 10 221 ± 11 16.6 ± 0.4 7.6 ± 0.3 21.4 14.9 

Nafion/PVA 19 607 ± 6 34.6 ± 0.5 5.7 ± 0.1 34.8 5.8 

Nafion/PVA 39 559 ± 6 30.6 ± 0.5 5.6 ± 0.1 37.5 10.2 

Nafion/PVA 47 1103 ± 5 39.4 ± 0.5 3.7 ± 0.1 49.1 7.6 

Nafion/PVA 61 1198 ± 3 49.7 ± 0.5 4.3 ± 0.1 53.5 5.8 
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Fig. 6. Proton conductivities of Nafion and Nafion/PVA membranes as a function of relative 

humidity at 80 ºC: (○) Nafion-212 (50 µm), (□) Nafion/PVA 19 µm, (◊) Nafion/PVA 25 µm, 

(X) Nafion/PVA 31 µm, (+) Nafion/PVA 39 µm, and (Δ) Nafion/PVA 47 µm. 

 

 

 

 

 

explained as a consequence of the preparation method [22]. However, a 

detailed inspection of Fig. 6 reveals an opposite trend, proton conductivities 

decreasing with increasing thickness when conductivities of the Nafion/PVA 

membranes are measured in-plane. Again, a feasible explanation for those 

differences has to be related to the preparation method and the special 

membrane structure. The number of nanofibre layers within the Nafion
®
 

matrix of composite membranes must increase with increasing thickness 

since electrospun nanofibres are deposited on the collector oriented parallel 

to the plane, and then it may be assumed that percolation of the Nafion
®
 

phase following the in-plane direction will become more restricted as more 

compacted layers of nanofibres are present. Thus, large anisotropies are 

introduced in the membrane properties due to this nanofibre morphology. 

 In Fig. 6, the conductivity of pristine Nafion
®
 exceeds considerably the 

conductivities reached by the composite membranes at high RH levels, in 

which the Nafion
®
 conductivity is strongly activated by the water content. 

This was also observed in the cited work [22] and it was attributed to the 

non-ionic conducting behaviour of the bulk PVA phase. 

 Interestingly, at RH levels under 40%, the conductivities of the 

Nafion/PVA membranes, especially of those thinner, reach values close to 

those exhibited by the Nafion
®
 membrane, which suggests a higher relative 

capacity of the composite membranes to work under low humidity 

conditions. 
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4.4. Fuel cell performance   
 

The performance of MEAs prepared with Nafion/PVA membranes measured 

in a single cell operating with H2/Air was evaluated over a long operation 

time (6-10 h) at a constant voltage of 0.5 V and 100% RH in anode and 

cathode. A Pt loading of 0.5 mg cm
-2

 per electrode was used. In Fig. 7 it is 

shown the plot of current density versus time for such Nafion/PVA 

membranes at different temperatures, i.e. 70 ºC, 80 ºC and 90 ºC. 
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Fig. 7. Profiles of current density versus time at different temperatures under a constant 

voltage of 0.5 V for Nafion/PVA membranes of (a) 19 µm, (b) 25 µm, (c) 31 µm, and 

(d) 47 µm thickness. Conditions: 100% RH in anode and cathode under H2/Air operation. 

 

 

  The current densities generally follow the trend: i(90 ºC) ≤ 

≤ i(70 ºC) < i(80 ºC). Between 80 ºC and 90 ºC a certain degree of drying of 

the membrane and/or the catalyst layers can occur and it would explain the 

observed drop in performance. 
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Fig. 8. Polarization curves of MEAs with Nafion/PVA membranes of (▲) 19 µm, (■) 25 µm, 

and (●) 31 µm thickness at 80 ºC and 100% RH in anode and cathode under H2/Air operation. 

Voltages are given in closed symbols and power densities in open symbols. 

 

 

 

 

 

 Paying attention to the profiles obtained at 80 ºC, it is clearly observed 

that performance increases with decreasing thickness. Obviously, the 

thinnest membranes should present the lowest protonic resistances. Average 

current densities at 80 ºC range from about 0.19 A cm
-2

 up to 0.92 A cm
-2

, 

i.e. 0.19, 0.45, 0.52 and 0.92 A cm
-2

, for the Nafion/PVA membranes of 

47 μm, 31 μm, 25 μm and 19 μm thickness, respectively. 

 The polarization curves of MEAs containing Nafion/PVA membranes of 

19 μm, 25 μm and 31 μm are shown in Fig. 8 under operation with H2/Air at 

80 ºC and 100% RH in anode and cathode. In all cases, an open circuit 

voltage (OCV) near 1.0 V is found, which is a well known typical value for 

Nafion
®
 membranes. 

 The cell voltage of a PEM fuel cell can be modelled by means of Eq. (2) 

as reported by several authors [39-41], 

 

 inmiSR
i

i
AVV OC 










 expln

0

      (2) 

 

where V is the cell voltage, VOC the reversible open circuit voltage, i the cell 

current density, i0 the forward and reverse (exchange) current density at 

equilibrium in open circuit conditions, R·S is the protonic resistance of the 

membrane per unit of area, and m and n are empirical parameters associated 

with mass transport limitation phenomena. Finally, A is the sum of the slopes 
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Fig. 9. Comparison between experimental (solid line) and modelled (dashed) polarization 

curves of (a) 19 µm, (b) 25 µm, and (c) 31 µm thick Nafion/PVA membranes at 80 ºC and 

100% RH in anode and cathode under H2/Air operation. 

 

 

 

 

of the Tafel equations for anode and cathode, A = R·T/(2·α·F), with α being 

the charge-transfer coefficient. 

 A nonlinear least-squares fitting procedure was used to obtain the values 

of VOC, A, α, i0, R·S, m and n for the experimental polarization curves. In 

Fig. 9 a comparison between modelled and experimental curves is shown 

and Table 2 summarizes the obtained results including the maximum power 

densities P achieved by each membrane. 

 The Tafel slopes, A, increase with increasing thickness, which is 

consistent with the observations made by other authors [42,43]. This is 

explained by differences in the oxygen reduction reaction at the cathode as 

the protonation step of the oxygen molecule becomes influenced by the 

proton transport limitation associated with the ionic resistance of the 

membrane, and thus, with the thickness. 

 The charge-transfer coefficient, α, describes the portion of the electrical 

energy applied that is harnessed in lowering the free energy barrier for the 

electrochemical reaction. Its value must be in the range 0-1 depending on the 

reaction involved and the material of the electrode, being accepted a 

standard value of 0.5 for the electrochemical reactions occurring in PEMFCs 

over Pt catalysts [44]. However, in practical terms, values of α between 0.4 

and 0.7 are estimated from experimental PEMFC polarization curves [45-

47], which are in the range of our measurements (Table 2). 

 The Nafion/PVA membrane of 19 μm thickness exhibits the best 



Paper 3 (adapted to thesis) 

 108 

performance, with a power density of 0.477 W cm
-2

 at 0.5 V and 

960 mA cm
-2

. Comparable levels of performance are reported for 

Nafion/PTFE membranes of low thickness (≈ 20 μm) [48-50]. Although 

such composite membranes show conductivities below pristine Nafion
®
, 

their performances are similar to a Nafion-112 membrane (50 μm) owing to 

the shorter pathway for transporting H
+
 ions and thus a lower “ohmic loss”. 

Other advantages are improved mechanical strength and good thermo-

stability. More reduced costs are also suggested for these Nafion/PTFE 

membranes as they contain much less of the expensive Nafion
®
 resin than 

the traditional membranes. The characterization of the Nafion/PVA 

membranes performed in this work shows that similar conclusions are valid 

for our composite membranes. 

 Nevertheless, PTFE is a material support with a very low surface energy, 

strong hydrophobic behaviour [51], making difficult to find a liquid solvent 

with lower surface tension that can wet it successfully. In fact, this would be 

another feasible reason to explain the better characteristics found in 

Nafion/PTFE membranes when a surfactant, Triton-X, is incorporated into 

the Nafion
®
 solution before the impregnation step [52]. Furthermore, lack of 

interfacial bonding between the polar side chains of Nafion
®
 containing 

sulfonic acid groups and the PTFE walls might explain the observed creep 

deformation for those composite membranes under a severe RH-cycling test 

which apparently does not affect pristine Nafion
®
 MEAs [48]. 

 The 25 μm and 31 μm thick Nafion/PVA membranes seem to perform 

similarly (Fig. 8) as their protonic resistances R·S are almost identical 

(Table 2). However, by some unknown reason, the 25 μm thick membrane 

exhibited an unexpected loss of performance at higher current densities, 

likely as a consequence of mass transport limitations since the parameter n 

Table 2. Fitting parameters for the experimental i-V curves of several Nafion/PVA 

membranes under fuel cell operation with H2/Air.at 80 ºC and 100% RH conditions in anode 

and cathode. The reached values of maximum power density are included.  

Membrane Nafion/PVA 

L (µm) 19 ± 1 25 ± 1 31 ± 2 

VOC (V) 0.980 0.982 0.985 

A (mV) 24.44 29.53 33.57 

α 0.62 0.52 0.45 

i0 (mA cm-2) 0.58 0.60 0.61 

R·S (Ω cm-2) 0.27 0.41 0.43 

m·105 (V) 1.30 1.35 1.41 

n·103 (cm2 mA-1) 8.40 14.30 8.35 

P (W cm-2) 0.477 0.285 0.314 
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shows a sharp rise, which was not observed on the 31 μm thick composite 

membrane. 

 In comparison with commercial porous membranes as that of Gore, 

electrospinning provides a flexible approach to produce polymeric supports 

with a high porosity from a wide range of materials [53]. Hydrophobic and 

hydrophilic surfaces, tailored core-shell nanofibres [54], surfaces 

functionalised with organic groups [55] and nanofibres containing 

nanoparticles [56] can be conveniently obtained. In the present work, PVA 

nanofibres were selected due to their economic price, high mechanical and 

thermal stability, easy way to carry out chemical modification by reactivity 

of the OH groups, and their ability to be electrospun from water solutions. 

 Platinum doped nanofibres for self-humidifying membranes [49], fast 

ionic conducting membranes containing proton conductive nanofibres [57-

61] and mechanically more stable membranes via strong interfacial bonding 

between fibre and matrix, i.e. acid-base reactions of sulfonic acid with amino 

groups [62], are just a few examples of promising possibilities offered by the 

application of electrospun nanofibre mats for fuel cell membranes. 

 Summarizing, our novel ultrathin membranes based on PVA nanofibre 

reinforced Nafion
®
 show a great potential as ion-exchange membranes for 

fuel cell applications, although further optimization should still be achieved, 

and they represent a first step in the development of new membranes and 

materials. 

 

 

5. Conclusions 
 

Novel composite membranes of Nafion/PVA have been successfully 

prepared by electrospinning of aqueous solutions of polyvinyl alcohol and 

further infiltration of Nafion
®
 between the nanofibres. 

 The electrospinning technique represents a versatile tool for the 

preparation of porous polymer supports from a wide range of materials 

enabling tailored properties in order to obtain improved fuel cell membranes 

in terms of mechanical, thermal, conductive, fuel crossover characteristics 

and so on. 

 Mechanical studies have revealed that the composite membranes are 

strongly reinforced by the incorporation of the PVA nanofibres showing 

higher tensile strength and Young's modulus values in comparison with 

pristine Nafion
®
. In addition, the behaviour of the mechanical properties 

with temperature is also improved, from 80 ºC for mechanically stable 

operation of Nafion
®
 up to 150 ºC for the composite membranes. 

 The proton conductivity of the Nafion/PVA membranes has been found 

to be a very anisotropic property. Conductivities below that of pristine 
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Nafion
®
 have been measured for all the composite membranes, explained by 

the non-ionic conductivity behaviour of the PVA phase. However, an 

ultrathin Nafion/PVA membrane of thickness under 20 μm has showed a 

very good performance in fuel cell operation at 80 ºC and 100% RH in anode 

and cathode. The low ionic resistance of the membrane by its reduced 

thickness together with its good mechanical properties makes these ultrathin 

ion-exchange membranes potential candidates for fuel cell applications. 

Moreover, the incorporation of cheap nanofibre phase within the Nafion
®
 

matrix and the use of membranes of very low thickness ensure that 

significant savings in Nafion
®
 material can be afforded while keeping high 

performances. 
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Abstract 
 

Methanol crossover through polymer electrolyte membranes is a critical 

issue and causes an important reduction of performance in direct methanol 

fuel cells (DMFCs). Measuring the evolution of CO2 gas in the cathode is a 

common method to determine the methanol crossover under real operating 

conditions, although an easier and simpler method is preferable for the 

screening of membranes during their step of development. In this sense, this 

work has been focused on the ex situ characterization of the methanol 

permeability in novel nanofibre-reinforced composite Nafion/PVA 

membranes for DMFC application by means of three different experimental 

procedures: (a) potentiometric method, (b) gas chromatography technique, 

and (c) measuring the density. It was found that all these methods resulted in 

comparable results and it was observed that the incorporation of the PVA 

nanofibre phase within the Nafion
®
 matrix causes a remarkable reduction of 

the methanol permeability. The optimal choice of the most suitable 

technique depends on the accuracy expected for the methanol concentration, 

the availability of the required instrumental, and the complexity of the 

procedure. 

 

Keywords: DMFC, methanol permeability, nanocomposite Nafion
®
 

membranes, nanofibres, PVA. 
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1. Introduction 
 

Though polymer electrolyte membrane fuel cells (PEMFCs) are attractive, 

energy efficient, and environmentally friendly power sources for many 

applications including transportation, distributed power, and portable power 

systems, important scientific, technical, and economical problems need to be 

solved before PEMFC commercialization is possible. Direct methanol fuel 

cells (DMFCs) are promising candidates to replace existing batteries as 

power generators in portable devices. Easy refuelling and high energy 

storage capacity are their main advantages. 

 It is known that perfluorosulfonic polymers, such as Nafion
®
, are the 

most commonly used proton conductors in membranes for fuel cells due to 

their good mechanical and chemical properties, thermal stability, and high 

protonic conductivity. However, Nafion
®
 materials suffer from a significant 

methanol crossover which lowers the performance of the DMFCs [1,2], and 

therefore, thicker membranes are required.  

 In order to reduce the methanol permeability within the polymeric 

matrix, great efforts have been made to modify Nafion
®
 or preparing new 

hybrid cation-exchange membranes containing ionic functionalised 

inorganic fillers [3,4]. Composite membranes using a wide variety of 

materials such as Pd alloy [5], polypyrrole [6], polyaniline [7], silica [8], 

sepiolite [9], SEBS [10], PVA [11,12], etc., have been studied. Although 

those fillers can provide properties as methanol barriers by increasing 

tortuosity, the fillers would also have a dual function: (a) enhancement of the 

water retention and (b) increase of the ion-exchange capacity (IEC) of the 

membranes, two characteristics which favors the proton conductivity. In 

membranes with high IEC, segregation of nanosized hydrophilic domains 

from the hydrophobic ones to form percolation paths for proton transport 

may be relatively easy. It may be assumed that ionic inorganic fillers trapped 

in hydrophobic domains separating hydrophilic domains might provide 

additional pathways for proton transport [13-15]. 

 In DMFC, the methanol crossover occurs by diffusion as a result of the 

concentration gradient and also by the electro-osmotic drag. Diffusion 

dominates when the cell runs at low currents, whereas the electro-osmotic 

drag mode dominates when the cell is operating at elevated current densities, 

and this effect is even more pronounced at higher methanol concentrations in 

the anode [16]. As a consequence of the methanol crossover, a decrease of 

the coulombic efficiency is produced due to the loss of fuel and additionally, 

the crossed methanol undergoes oxidation on the cathode, at which oxygen 

reduction alone is intended to occur, producing into the cathode a mixed 

potential which causes a global reduction of the potential, and non-oxidised 

methanol is also susceptible to poison the catalyst surface. Due to these 
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phenomena, the cathode overvoltage increases and the cell performance 

drops. 

 The most common method used for the in situ determination of the 

methanol crossover in DMFCs consists in monitoring the CO2 concentration 

within the gaseous products of the cathode. This technique uses an optical 

infrared CO2 sensor to know the amount of methanol crossing the membrane 

[17]. It is assumed that the methanol crossing from the anode is completely 

oxidised to CO2 on the catalyst layer of the cathode. However, the methanol 

being evaporated by the air/oxygen flow [18] and the carbon dioxide which 

may be permeating from anode to cathode are often ignored. It has been 

observed by mass spectrometry that CO2 crossover from anode to cathode 

and unreacted methanol passing through the cathode increase with increasing 

current density [19]. With the aim to obtain better results, another authors 

have performed in situ measurements using gas chromatography (GC) to 

measure both the methanol concentration in the condensed phase (methanol 

+ water), after cooling of the cathode outlet stream, and the carbon dioxide 

concentration in the remaining gas phase [20]. Furthermore, a precise 

measurement of the cathode gas flow rate is expected to be needed for an 

accurate result. 

 Although those systems are the best approach to follow the methanol 

permeation across the membrane during real operating conditions, in which 

diffusion and electro-osmotic drag effects simultaneously occur, it is 

important to take into account that they are complex systems and it is not 

always possible to carry out fuel cell performance experiments or on-line 

sensors/equipments are available. Thereby, membrane development 

specialists require a larger range of options for the screening of their 

membranes behaviour. Among those, ex situ methods based on placing the 

membrane between two separated reservoirs are usually used. One of them 

initially contains pure water and the other reservoir is containing a methanol-

water mixture. The concentration of methanol crossing the membrane can be 

measured versus time using GC or connecting the cell to a differential 

refractometer [21, 22]. 

 The ex situ procedure is appropriate for the characterization of 

membranes under DMFC operation as their results of methanol flux will 

tend to be similar to those obtained in situ at low current densities, in which 

a small electro-osmotic effect is present and gradient concentration between 

the anode-membrane-cathode interfaces is the main driving force for the 

crossover. At higher current densities the results may differ as the electro-

osmotic effect will become more significant while the gradient concentration 

will diminish due to the increased methanol consumption at the anode [23]. 

Generally, methanol transport across the membrane and methanol crossover 

overpotential at the cathode both decrease with increasing current        
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density [23-25]. Thus, methanol permeability predominates at low current 

density (via overpotential losses at cathode) while proton conductivity 

predominates at high current density (via ohmic losses in membrane) on the 

DMFC performance [23]. In principle, neglecting mass transport phenomena 

in gas diffusion layers (GDLs), results obtained in situ at open circuit voltage 

(OCV) conditions, if CO2 and unreacted methanol are analyzed, should be 

equivalent to those values measured by ex situ methods. Therefore, ex situ 

methanol permeability measurements involve the most unfavourable case 

(higher methanol flux crossover) than those conditions normally taking place 

under DMFC operation, and they can represent a good filter for the selection 

of membranes. 

 Additional techniques to measure the change in methanol concentration 

imply potentiometry and densimetry. The potentiometric method has been 

developed for Nafion
®
 membranes [26], SPEEK/TPA/MCM-41 composite 

membranes [27] and for Nafion-polyfurfuryl alcohol nanocomposite 

membranes [28]. The crossover rate of methanol is obtained from the 

recording of the potential (E) given by an electrode coated with a black      

Pt-Ru catalyst and immersed in an aqueous 0.2 M H2SO4 solution as a 

supporting electrolyte during the methanol crossover. The slope dE/dt is 

proportional to the crossover rate. 

 On the other hand, the densimetry method uses the property of mass 

density variation as a function of concentration, taking advantage of the 

considerable difference in density between water and methanol. Thus, the 

methanol concentration versus time in the methanol receiver reservoir is 

obtained from the density of the solution at each instant of time. 

 The purpose of this paper is the study of the methanol permeation on 

cast Nafion
®
 and novel Nafion/PVA membranes by means of different 

techniques, i.e. potentiometry, GC and densimetry; motivated by the 

importance of an accurate characterization of the methanol permeability of 

membranes to be used in DMFCs, since this parameter will be helpful to 

predict their usefulness and performance. 

 The Nafion/PVA membranes were prepared by successive loading of 

Nafion
®
 into a mat of nanofibres of polyvinyl alcohol (PVA), which was 

obtained by electrospinning [12,29]. The main advantages given by the 

nanofibres involve the mechanical reinforcement of the composite films and 

the methanol barrier effect caused by the low methanol permeability of the 

PVA phase. 
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Fig. 1. Schematic representation of the experimental setup used for the determination of the 

methanol permeability across the membranes. The potentiometric method is specifically 

represented.  
  

2. Methodology 
 

2.1. Potentiometry 
 

The membranes were successively treated in aqueous 5 wt% H2O2 solution, 

distilled water, and 0.2 M H2SO4, and finally stored in a 0.2 M H2SO4 

solution. The membrane was clamped between two glass cells of about 

150 cm
3
 capacity by means of an O-ring joint with an inner area of 2.27 cm

2 

(Figure 1). The methanol receiver reservoir was filled with 150 ml of an 

aqueous 0.2 M H2SO4 solution. A working electrode composed of a catalyst 

layer of black Pt-Ru particles supported on a carbon paper was introduced 

and potential measured against a reference electrode of Ag/AgCl in 3 M KCl 

solution (AgCl sat.). The experiment was started by introducing into the 

opposite cell 150 ml of an aqueous 2 M methanol solution containing 0.2 M 

H2SO4. By this procedure, the hydrostatic pressure gradient and the 

concentration of the supporting electrolyte at both sides of the membrane is 

maintained. Both cells were stirred by means of Teflon coated magnetic bars 

during the experiments, which were carried out at 25 °C. The potential of the 

working Pt-Ru electrode (cell R) was recorded using a multimeter (Fluke 

8842A). 

 After each measurement, the membrane was cleaned with distilled water 

and then left for 24 h immersed in distilled water to remove any residual 

concentration into the pores of the membrane. The asymmetry potential of 

the membrane was measured before performing another experiment 

following the procedure described in the literature [30]. 
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 Previously, a calibration curve was obtained at different methanol 

concentrations. In this case, the working and reference electrodes were 

introduced into a 0.2 M H2SO4 solution. The potential was monitored until a 

steady-state value, which reached 0.705 V. In successive steps, different 

amounts of methanol were added and it was observed the potential versus 

each methanol concentration. 

 It is known that the diffusion process of methanol across a membrane in 

the stationary state is described by the Fick’s first law, which relates the 

diffusive flux to the concentration field: 
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where j is the flux density of methanol, n the amount of methanol crossing 

the membrane expressed in moles, A is the area, t the time, 
mc the methanol 

concentration into the membrane (
mc represents the variation in methanol 

concentration between the right and left side of the membrane, with a 

thickness L, and can be expressed as 
RmLm cc ,,  ), L the average thickness of 

the membrane system, and Dm the methanol diffusion coefficient into the 

membrane. This coefficient is not a quantity measurable because the 

concentration profile into the membrane is not known. However, from a 

strict point of view, the methanol concentrations at both sides of the 

membrane, 
Lmc ,
 and 

Rmc ,
, cannot be considered the same as the 

concentrations in bulk solution, since this transfer process is governed by the 

methanol solubility in such a membrane and by the mass transport limitation 

within the boundary layers (BLs) (Figure 2). Thus, we can define the 

membrane partition coefficient km as, 
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being cs the solute concentration in the bulk solution, cL and cR the bulk 

concentrations in the left or right side of the membrane. From Eqs. (1) and 

(2) we can easily probe that, 
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where P is the apparent permeability coefficient.  
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Fig. 2. Scheme of the permeation phenomenon across a membrane. The grey profile 

represents the real process occurring, while the black discontinuous line represents the 

apparent permeability of the membrane by neglecting the boundary layer (BL) effects. The 

grey discontinuous line inside the membrane shows the true (intrinsic) permeability profile. 

 

 Combining Eqs. (1) and (3), and taking into account that the 

concentration can be expressed by c = n/V, we can easily obtain, 
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in which cR(t), A, L, VR, and cL,0 are known. Thus, from the slope of Eq. (4) 

we can obtain the apparent methanol permeability of the membrane, 

furthermore the average methanol flux density is obtained from the 

expression of dcR(t)/dt together with the values of VR and the area, A, of the 

membrane.  

 From Eq. (4), the methanol concentration in the receiver compartment 

can be expressed as,  
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and the methanol flux, 
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 In case of cL(t) >> cR, as it happens in our experiments, we can obtain, 
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being cL,0 the initial concentration of methanol in the compartment on the left 

side of the membrane and t0 the time lag. 

 It is known that platinum-ruthenium (Pt-Ru) is the best catalyst for 

methanol oxidation [30]. The mechanism of electro-oxidation of methanol is 

complex because the reaction involves a transfer of six electrons and the 

formation of several by-products and finally carbon dioxide. In our 

experiments, under the presence of methanol, the main reaction assumed to 

take place in the equilibrium is, 
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 The potential of the reaction is related with the concentrations as 

follows, 
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where E
0
 is the standard electrode potential and 

ad  the surface coverage by 

the adsorbed species [31]. By differentiation of Eq. (9) we can obtain, 
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in which is assumed that the concentrations terms, 
ad  and cH+ are invariant 

with time, k′ = 
ad ·cH+ is a empirical constant introduced, and 

k = k′·exp(F·(E
0
-E)/R·T). 

 Thus, assuming that the measured potential (E) of the Pt-Ru electrode, 

which is a mixed potential and varies only according the reaction given in 

Eq. (8), the dE/dt of Eq. (10) can be estimated and consequently the 

concentration of methanol in the receiver compartment (cR) can be calculated 

from the Eq. (10) taking into account the calibration curve experimentally 

obtained, in which the potential values were correlated with the methanol 

concentration. 
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2.2. Gas chromatography technique 
 

The methanol crossover of the Nafion
®
 and Nafion/PVA membranes was 

investigated using a similar experimental setup as described for the 

potentiometric technique. However, in this case, both the solutions 

containing methanol (left reservoir) and pure water (right reservoir) did not 

contain sulfuric acid as a supporting electrolyte. Again, the experiments 

were carried out at 25 °C and the initial methanol concentration (cL) was 

fixed at 2 M. 

 The change in methanol concentration with time in the right 

compartment (cR) was measured using a GC (HP Co., model 8590 A) with a 

capillary column (Agilent Co., 30 m × 0.53 mm × 20 μm) and a TCD 

detector. Samples of 2.5 ml from the receiver reservoir were taken at certain 

time intervals and mixed with 2.5 ml of pure water before the measurements 

in the GC. The carrier gas of the GC was helium and the injection sample 

size was 5 μl. The injector, oven and detector temperature were fixed at 

120 ºC. Previously to characterize the methanol permeability of the 

membranes, five aqueous methanol solutions with a known concentration 

were prepared to obtain the calibration curve by relating the methanol 

concentration with the area of the peaks represented in the chromatograms. 

From this standard calibration curve, the methanol concentration in the 

receiver compartment (cR) was calculated for each time interval, and the 

permeability coefficient (P) was determined with Eq. (7). 

 

2.3. Densimetry 
 

Using the same experimental setup described above, the apparent methanol 

permeability of the membranes was measured at 25 °C by density 

measurements. The variation of methanol concentration with time in the 

receiver reservoir (cR) was determined by means of a densimeter (Anton-

Paar, DMA 4500 M). The sample (≈ 1 ml) is introduced into a U-shaped 

borosilicate glass tube that is being excited to vibrate at its characteristic 

frequency, which changes depending on the density of the sample. Through 

a precise determination of the characteristic frequency and a mathematical 

conversion, the mass density (g cm
-3

) of the sample can be given. 

 A calibration curve of density versus methanol concentration was 

obtained before the permeation measurements. During those experiments, a 

small sample of solution from the receiver compartment was taken at certain 

time intervals and the density recorded. In order to avoid the volume of 

liquid in the receiver reservoir (VR) to change, the samples were recovered 

from the densimeter after each measurement. Representing cR versus time, 
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the flux (J), and apparent permeability (P) of the methanol across the 

membranes can be determined. 

 

 

3. Experimental section 
 

3.1. Materials 
 

A commercial Nafion
®
 membrane NR-212 (dispersion-cast type film) and a 

20 wt% Nafion
®
 dispersion (DuPont Co.), which was subsequently solvent 

exchanged in order to prepare a 5 wt% dispersion in isopropanol/water 

mixture, 4/1 (w/w), respectively, both were purchased from Ion-Power.  

 PVA, Mowiol 28-99 grade, was kindly supplied by the company 

Kuraray Europe GmbH.  

 Isopropanol extra pure and cetyltrimethylammonium bromide (CTAB) 

were purchased from Acros Organics, and 4-formyl-1,3-benzenedisulfonic 

acid disodium salt from Sigma-Aldrich. 

 

3.2. Preparation of Nafion/PVA membranes 
 

A detailed procedure of the preparation and characterization of the 

composite Nafion/PVA membranes has been previously described by the 

authors [12,29] and it is summarized as follows. 

 Porous PVA mats were produced by a standard electrospinning setup 

(Yflow S.L., Málaga, Spain) through the feeding of an aqueous solution of 

PVA (0.005:1:10 wt. CTAB:PVA:water). CTAB was used as surfactant in 

order to reduce surface tension of water and improve electrospinning ability. 

A potential difference of 16 kV was applied between the needle and the 

planar collector, which were separated 25 cm, and a flow rate of 0.5 ml h
-1

 

was used for the electrospinning process. 

 The collected mats were heated during 3 h at 170 °C in a vacuum 

atmosphere (250 mbar pressure) with the purpose of removing water and 

increasing manipulability. The PVA mats were then mounted on a round 

steel frame and immersed into a bath in which the disodium salt of the 4-

formyl-1,3-benzenedisulfonic acid was solved by a mixture of 

isopropanol/water (70/30, v/v), incorporating chlorhydric acid as a catalyst 

for the acetal-type reaction, which was carried out at 60 °C for 2 h. The 

sodium ions were exchanged with protons by means of a chlorhydric acid 

solution. 

 Subsequently, the PVA chains were crosslinked in order to raise 

mechanical, chemical, and thermal properties of the nanofibres. This was 

accomplished by reaction with glutaraldehyde vapor in a closed vessel 



Paper 4 (adapted to thesis) 

 127 

during 24 h at room temperature. After the crosslinking process, the mats 

were heated at 100 °C for 15 min with the aim to remove adsorbed 

glutaraldehyde and water. 

 Finally, the functionalised and crosslinked mats were impregnated with 

the prepared 5 wt% Nafion
®
 dispersion in isopropanol and water. Each 

impregnation step was carried out by wetting the PVA mat into the Nafion
®
 

dispersion for 5 min and followed by evaporation in an oven at 100 °C for 

5 min more. This was repeated 8 times in every mat so that an outer visible 

Nafion
®
 layer was formed. Afterwards, the composite membranes were 

annealed at 125 °C for 90 min under pressure and then conditioned with hot 

aqueous solutions of hydrogen peroxide and chlorhydric acid, washed with 

hot water, dried, and stored. 

 

3.3 Electrodes 
 

The working electrode, a typical anode composition for DMFCs, was 

acquired from BalticFuelCells GmbH (Schwerin, Germany) and it is 

composed of a carbon paper GDL from Freudenberg&Co. (Weinheim, 

Germany), model H2315 T105A, covered by an alloy of Pt-Ru black 50:50 

(Alfa Aesar) with a catalyst loading of 5.0 mg cm
-2

 together with a 20 wt% 

dry Nafion
®
 ionomer.  

 The reference electrode is based on a Ag/AgCl reference system 

immersed in a 3 M KCl solution saturated with AgCl. It was purchased from 

CRISON (model 5261). This is a combined type electrode which 

additionally contains a Pt ring as counter electrode for electrochemical 

measurements. 

 

 

4. Results and discussion 
 

4.1. Methanol permeability by potentiometry  
 

Figure 3 shows the variation of the open circuit potential (E) by stepwise 

addition of different amounts of methanol into the aqueous 0.2 M H2SO4 

solution during the calibration experience. When the system is in absence of 

methanol, the difference of potential in potentiometric conditions (i = 0) 

between the Pt-Ru working electrode and the reference electrode of 

Ag/AgCl is 0.705 V. The addition of methanol causes the potential to drop 

immediately due to methanol electro-oxidation on the working electrode. 

Since a large volume of solution is used in the experiment, the methanol 

consumption is practically negligible and its concentration remains almost 

unchanged. After 2-3 h, the potential observed is fairly stable. These 
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Fig. 4. Calibration curve for methanol concentration versus potential at 25 ºC by the 

potentiometric method. 

 

 

 
Fig. 3. Measurements of the potential shift at the Pt-Ru working electrode by stepwise 

addition of methanol in order to obtain the potentiometric calibration curve at 25 ºC. 

 
  

measurements have been repeated five times and the average values have 

been used to obtain the calibration curve for the potentiometric method. 

 In Figure 4 is showed the calibration curve for almost two orders of 

magnitude of methanol concentration. The potential shift has a linear 

correlation with methanol concentration in natural logarithmic scale with a 

slope of 23.63 ± 0.30 mV, which is close to 25.68 mV as expected from 
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Fig. 5. Methanol concentration (cR) versus time for (■) pristine Nafion and (X) Nafion/PVA 

membranes measured by potentiometry at 25 ºC with cL,0 = 2 M. 

 
  Eq. (9) for reaction (8). The methanol flux across pristine Nafion

®
 and 

Nafion/PVA membranes was determined by measuring the variation of 

potential versus time in potentiometric conditions. Combining the values of 

∆V(t) with the calibration curve permit us to obtain the variation of 

concentration in compartment R versus time (dcR/dt). The pertinent results 

are given in Figure 5 for a pristine Nafion
®
 (hydrated thickness Lwet of 

60 μm) and a Nafion/PVA membrane (Lwet of 44 μm). 

 In Figure 5 we can see that the analyzed curves have two regions. 

During the first 4 h of experiment, we can observe a transitory part where the 

working electrode needs to reach a steady state in which the potential shifts 

correspond to the real variation in methanol concentration due to the flux of 

methanol across the membrane. The explanation for this delayed time has to 

be found in the fact that the response time of the electrode is not 

instantaneous. In this sense, it can be observed from Figure 3 that after each 

methanol addition the equilibrium potential was reached after at least 2-3 h. 

As during the permeation measurements the methanol concentration changes 

with time, it is assumed that a longer stabilization time is necessary.  

 After such a transitory part, the curve of concentration versus time 

presents a straight line, from which slope is calculated the apparent methanol 

permeability. Figure 6a and 6b focuses on those non-transitory profiles 

(t > 14,500 s) for the Nafion
®
 and Nafion/PVA membranes, respectively. 

The values obtained are given in Table 1. 
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Fig. 6. Stationary regime representing cR versus time for the (a) pristine Nafion film and                     

(b) Nafion/PVA membrane during the methanol permeation experiments by potentiometry at 

25 ºC with cL,0 = 2 M. 
  

 It is worth mentioning that the absolute values of concentration versus 

time given by the potentiometric method did not correspond with the real 

values which should be found at those time intervals. Due to the large 

response time of the electrode, this technique is only valid for relative 
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measurements, such as the methanol permeability, in which the slope dcR/dt 

is the main experimental parameter required. 

 From Table 1 it is observed that the apparent methanol permeability 

obtained for the Nafion/PVA membrane (≈ 8.39·10
-7

 cm
2
 s

-1
) is about 2.6 

times lower than that of pristine Nafion
®
 (≈ 2.18·10

-6
 cm

2
 s

-1
). This latter 

value is in very good agreement with the methanol permeability coefficients 

reported for Nafion
®
 by several authors [11,32-34]. 

 

4.2. Methanol permeability by gas chromatography technique  
 

Previously to the characterization of the methanol transport across the 

membranes, a calibration curve correlating methanol concentrations with 

peak areas was prepared by means of chromatograms obtained from five 

aqueous methanol solutions with known concentration (Figure 7). It has been 

included a view of the peak shapes as recorded from the chromatograms. 

The maximum of each peak was formed at a retention time of approximately 

4.53 min (see inset in Figure 7). Several repeated measurements revealed 

that the deviation of the peak area for a constant methanol concentration 

ranges between 2-4%. The calibration patrons were made up of pure 

water/methanol solution with different concentrations. 

 The apparent methanol permeability across the membranes was obtained 

from a similar experimental setup as showed in Figure 1. Chamber L was 

filled with a 2 M aqueous methanol solution, while chamber R was filled 

with deionized water. Both chambers were kept under stirring and 

thermostatized at 25 °C. Samples of 2.5 ml from chamber R were taken 

within a period between 0 and 3 h. These were analyzed by GC and their 

chromatograms compared with the calibration curve showed in Figure 7 in 

Table 1. Flux density of methanol (jMeOH) and apparent permeability (Papp) constants of the 

Nafion and Nafion/PVA membranes obtained at 25 ºC by means of the different methods, 

with experimental parameters A = 2.27 cm2, VR = 150 cm3, and cL,0 = 2 M. Lwet is the 

thickness of the hydrated membrane in water.   
 

Technique Membrane 
Lwet 

(µm) 
jMeOH (mol cm-2 s-1) Papp (cm2 s-1) 

Potentiometry 
Nafion-212 60 ± 1 (7.25 ± 0.05)·10-4 (2.18 ± 0.05)·10-6 

Nafion/PVA 44 ± 2 (3.81 ± 0.05)·10-4 (8.39 ± 0.49)·10-7 

Chromatography 
Nafion-212 60 ± 1 (7.28 ± 0.12)·10-4 (2.19 ±  0.07)·10-6 

Nafion/PVA 44 ± 2 (3.43 ± 0.08)·10-4 (7.56 ±  0.53)·10-7 

Densimetry 
Nafion-212 60 ± 1 (7.31 ± 0.06)·10-4 (2.19 ± 0.05)·10-6 

Nafion/PVA 44 ± 2 (2.72 ± 0.02)·10-4 (5.98 ± 0.31)·10-7 
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Fig. 7. Calibration curve for different methanol solutions at 25 ºC by gas chromatography. 

 

 
Fig. 8. Methanol concentration (cR) versus time for (■) pristine Nafion and (▲) Nafion/PVA 

membranes measured by gas chromatography at 25 ºC and cL,0 = 2 M. 

 

 

order to correlate between the obtained peak areas and the methanol 

concentrations at each time instant.  

 Figure 8 depicts the variation of methanol concentration in chamber R 

versus time. Straight lines with different slopes (m = dcR/dt) have been 

obtained for both pristine Nafion
®
 and composite Nafion/PVA membranes. 
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Fig. 9. Calibration curve correlating density of the solution versus methanol concentration at 

25 ºC measured by densimetry. 

 

 

By application of Eq. (7), the apparent methanol permeability coefficients 

have been calculated and are given in Table 1. It is again observed a 

methanol permeability value for Nafion
®
 (≈ 2.19·10

-6
 cm

2
 s

-1
) in total 

accordance with the literature [11,32-34]. The composite membrane of 

Nafion/PVA with an apparent permeability coefficient of 7.56·10
-7

 cm
2
 s

-1
 

shows a permeability reduction about three times of the value for pristine 

Nafion
®
. 

 Similar procedures have been used by other researchers to determine the 

methanol permeability through membranes [35]. Although it is not the case 

by using methanol, the main limitation of this technique is the fact that only 

liquid/vaporizable solutes can be measured. Moreover, a precise column is 

important to be selected for a good separation of solvent and solute during 

the chromatography process. 

 

4.3. Methanol permeability by densimetry  
 

This technique takes advantage of the density difference between the solvent 

and the solute (solid or liquid) crossing the membrane. It is suitable for our 

measurements since methanol ( ≈ 0.8 g cm
-3

) has a large difference in 

density with regards to water ( ≈ 1.0 g cm
-3

), which favours a high 

resolution in the results. 

 Seven samples containing different methanol concentrations in water 

were prepared and their densities measured at 25 °C. It is worth remarking 
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Fig. 10. Methanol concentration (cR) versus time obtained from measurements of density for 

(■) pristine Nafion and (▲) Nafion/PVA composite membranes at 25 ºC and cL,0 = 2 M. 

 

 

 

 

the excellent fitting found between densities and methanol concentrations 

(Figure 9). From this calibration curve and under the same conditions and 

experimental setup as mentioned for the GC technique, the behaviour of the 

methanol concentration as a function of time was obtained and it is showed 

in Figure 10 for the pristine Nafion
®
 and the composite membrane of 

Nafion/PVA. The apparent permeability coefficients (P) were determined by 

means of Eq. (7) and the pertinent results are given in Table 1. 

 A close inspection of Figure 10 shows that the methanol concentrations 

in the cell R are higher for the pristine Nafion
®
 (P ≈ 2.19·10

-6
 cm

2
 s

-1
) than 

for the Nafion/PVA membrane (P ≈ 5.98·10
-7

 cm
2
 s

-1
). It is similarly found a 

permeability coefficient for Nafion
®
 identical to those reported values and 

the composite membrane involves a 3.7 times lower permeability. 

 

4.4. Comparison of results and techniques 
 

We can conclude that the three different experimental techniques have 

provided very comparable results. In all the cases, the methanol permeability 

across a Nafion
®
 membrane coincides with the values reported in other 

studies, and it was also observed that the composite membrane of 

Nafion/PVA shows a lower permeability coefficient in average 1/3 of the 

value for pristine Nafion
®
. 

 A normalized methanol crossover rate can be defined by means of the 

following expression [36,37], 
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    (11) 

 

where Xr is the normalized rate of methanol crossover, cR/t represents the 

slope of methanol concentration in reservoir R versus time, and L and A are 

the thickness and area of the membrane, respectively, which are exposed to 

the permeation cell. 

 Assuming that the amount of methanol crossing from side L to side R is 

much smaller than the total amount of water in R and that the density of 

water is 1 g cm
-3

 at 25 °C, the molar rate, q = Xr/L ([MeOH]/cm
2
 s), is the 

methanol crossover per unit area of the membrane and second. Thus, the flux 

density of methanol crossing the membrane can be expressed as, 

 





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








scm

MeOHmol

tA

VC
Vqj RR

R 2
   (12) 

 

in which VR is the volume of water in the receptor reservoir. The values of 

flux density calculated for the methanol crossing the membranes in each 

experiment are reported in Table 1. As expected, the Nafion
®
 film presents a 

higher flux density of methanol in comparison with the Nafion/PVA 

membrane. 

 Regarding the techniques used in this study, we can classify them from 

an economical point of view as a function of their acquisition cost: Gas 

chromatography >> densimetry > potentiometry. On the other hand, in terms 

of accuracy in the measurements of real concentration versus time, the order 

is as follows: Densimetry ≈ GC >> potentiometry. Another classification 

involves the time needed to complete a permeation experiment with good 

results: Densimetry < GC << potentiometry. Although GC requires a similar 

measurement time as densimetry in order to obtain the permeation curve (cR 

versus time), the determination of the methanol concentration by means of 

the GC setup is more laborious and complex, and thus, globally a higher 

working time is needed. 

 Therefore, densimetry can be assigned as the most efficient technique by 

taking into account the above commented factors. However, if the 

economical aspect is a limiting factor, the permeation measurements can be 

carried out by potentiometry. This is a very simple technique and suitable for 

measuring relative values, such as the slope of the cR versus time profile, 

since absolute values of methanol concentration are not required for the 

corresponding calculations. GC is a precise but expensive technique, and it 

should be taken into account just in case of being readily available. 
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5. Conclusions 
 

Ex situ measurements of methanol permeability represent the most 

unfavourable case in terms of crossover and equivalent to OCV conditions 

during in situ DMFC experiments, as methanol crossover becomes reduced 

with increasing current density. Therefore, ex situ methods are appropriate 

for a simple and rapid characterization of membranes for DMFC application. 

 Potentiometry, gas chromatography and densimetry have resulted to be 

suitable techniques for the ex situ determination of methanol crossover 

through a membrane. In this study, a commercial Nafion
®
 NR-212 film and a 

novel composite membrane of Nafion/PVA have been used. All those 

methods showed results in good agreement between each other and with the 

literature. The novel Nafion/PVA membrane achieved a value of apparent 

methanol permeability about three times lower than the results reported with 

pristine Nafion
®
. 

 The technique of densimetry performed as the most efficient in terms of 

accuracy, simplicity, experimental time, and cost. Potentiometry is the most 

simple and lowest cost option but it seems to be only adequate for relative 

parameters, such as a slope of concentration versus time. Absolute values of 

concentration at a given time could not be measured and the time needed to 

reach a steady-state doubles the experimental time necessary to finish the 

measurements with the other techniques. In this regard, a previous step of 

electrochemical activation of the working electrode might be required. On 

the other hand, GC was also found to be very precise, comparable to 

densimetry, but the most expensive one, and thus, it should just be taken into 

account if it is readily available for its use. 
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Abstract 
 

Sulfonated poly(ether-ether-ketone) materials (SPEEK) are good proton 

conductors at high degrees of sulfonation and appropriate for high 

temperature application due to their glass transition temperatures around 

200 ºC. Nevertheless, high degrees of sulfonation result in excessive 

swelling and dissolution of the membranes in hot water, preventing their 

potential use for direct methanol fuel cells. One possible remedy is their 

chemical stabilization. For this reason, blends of SPEEK with PVA 

(polyvinyl alcohol), a hydrophilic polymer, were prepared and tested. Above 

25 wt% PVA, the membranes were found to be mechanically stable in 

boiling water, with acceptable proton conductivities but excessive methanol 

permeabilities. On the other hand, blends of SPEEK with a hydrophobic 

polymer, PVB (polyvinyl butyral), resulted in extremely stable membranes 

in boiling water above a 30 wt% PVB content. Those membranes presented 

excellent mechanical and methanol barrier properties while proton 

conductivities were very low. A discussion of possible ways to make optimal 

use of these materials is presented. 

 

Keywords: Sulfonated PEEK, polymer blend, fuel cell membrane, methanol 

permeability, high temperature DMFC. 

 

 



Paper 5 (adapted to thesis) 

 142 

1. Introduction 
 

Direct methanol fuel cells (DMFCs) are under attention as promising 

portable power generators for different electronic applications, e.g. 

telecommunication, military, leisure, etc. [1]. A high energy capacity due to 

the liquid nature of the methanol and easy refuelling are their main 

advantages [1,2]. However, methanol shows low electrochemical oxidation 

kinetics at the anode in comparison with hydrogen [3,4] and typically high 

permeability across standard membranes, e.g. Nafion
®
 (DuPont Co.) [2,5,6], 

which are the most important key issues to overcome. Furthermore, thick 

membranes are usually used to reduce the methanol crossover that instead 

causes an increase of the Ohmic losses of the membrane [2]. Mass transport 

losses due to insufficient concentration of methanol at the anode and 

possible flooding of water at the cathode need to be taken into account, 

though they may not be significant if the fuel cell is operated at the right 

conditions. 

 Increasing the operating temperature benefits both faster kinetics at the 

electrodes, e.g. electrochemical oxidation of methanol and oxygen reduction 

reaction, and enhancement of the proton conductivity as long as water is 

retained in the membrane [2,7]. Although methanol permeability is also 

promoted with increasing temperature, the performance of a DMFC 

improves as the reduction of the electrochemical activation losses 

counteracts the crossover effect [8]. Unfortunately, not all the polymers are 

suitable for operation at higher temperatures, and among them, Nafion
®
 

starts to loose water [7] and mechanical properties [9] above 80 ºC. The 

reason is that the glass transition temperature (Tg) of Nafion
®
 ranges between 

80 ºC and 100 ºC under hydrated conditions [10-12], and thus, long time 

stability at higher temperatures cannot be guaranteed [2,12-14]. 

 Sulfonated poly(ether-ether-ketone) materials (SPEEK) are potential 

candidates to replace Nafion
®
 membranes at a low cost while exhibiting 

good chemical and thermal stabilities [15,16], that may enable operation at 

elevated temperatures in which electrochemical reaction rates speed up. The 

Tg values of SPEEK depend on the degree of sulfonation, i.e. ion-exchange 

capacity (IEC), and glass transition temperatures above 170 ºC are usually 

found [15,17]. Therefore, SPEEK membranes have sufficient stability to 

operate at intermediate temperatures (120-130 ºC) in fuel cells. 

 Conductivity and water uptake increase with increasing sulfonation 

degree [17-21] and the dependence of conductivity with water content is 

stronger for SPEEK materials than in the case of Nafion
®
 [18,19]. Under 

certain conditions of temperature and degree of sulfonation, the proton 

conductivity of SPEEK at high levels of hydration surpasses that of Nafion
® 

(≈ 0.1 S cm
-1

) [17-21]. Thereby, the use of SPEEK for DMFC application, in 
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which an aqueous methanol solution feeds the anode, seems very appropriate 

as the membrane could be maintained in a fully hydrated state during a wide 

range of conditions. 

 On the other hand, increasing the degree of sulfonation results in higher 

methanol crossover rates [22-24], which is associated to water uptake, and 

ion-exchange capacity (IEC) values above 1.8 meq g
-1

 can even make 

pristine SPEEK membranes to dissolve in hot water [18,25,26]. 

 As mentioned before, water uptake is a key parameter relevant to proton 

conductivity, methanol crossover and dimensional stability. Furthermore, it 

even influences long-term operation lifetime as during wet-up and dry-out 

cycles the mechanical stability strongly depends on the swelling and 

contraction levels [14]. 

 Methods to control water uptake involve polymer blending [6,27-31] and 

crosslinking, which can be carried out chemically [32-39] or ionically [40-

43]. Other authors have also reported the possibility for additional self-

crosslinking reaction in SPEEK via inter-chain polymerization of the 

sulfonic acid groups at high temperature under vacuum [44]. However, we 

were not able to observe such a behaviour with our samples at high 

temperature conditions (140 ºC in vacuum and 200 ºC in air). 

 A peculiar characteristic of the hydrocarbon-type membranes is the fact 

that their properties become dependent on the pre-treatment and thermal 

history [18,45] as well as on the solvent used for the membrane casting 

[15,17,18,46,47]. In this regard, dimethylformamide (DMF) [17,46,47] and 

dimethylsulphoxide (DMSO) [15] are reported to affect very negatively to 

the performance of the membranes, while dimethylacetamide (DMAc) and 

N-methyl-2-pyrrolidone (NMP) solvents seem more appropriate to achieve 

better properties [17,46,47]. 

 The purpose of this work is the preparation and fundamental study of the 

properties of blended SPEEK membranes with two defined goals:              

(a) Evaluation of the addition effect of hydrophilic or hydrophobic polymers 

in SPEEK membranes, and (b) application of the membranes for Direct 

Methanol Fuel Cells operating over 100 ºC in order to profit the advantages 

that higher temperatures provide. 

 Solution-cast membranes were prepared by blending SPEEK materials 

with hydrophilic PVA (polyvinyl alcohol) and hydrophobic PVB (polyvinyl 

butyral) using DMAc as a solvent. PVA and PVB were selected due to their 

low cost and wide availability. Although they belong to a same family of 

polymers (PVB is prepared by reaction of PVA with butyraldehyde), PVA 

presents a strong hydrophilic character (OH-rich) whereas PVB is 

hydrophobic due to the butyral side chains and low OH content. The 

presence of OH groups in a higher or lower degree grants both polymers 
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with the ability to perform chemical crosslinking with the sulfonic acid 

moieties of SPEEK. In this matter, it was found that PVB in SPEEK strongly 

reduced swelling, so an SPEEK grade with a high IEC value, 2.05 meq g
-1

, 

was used. For the blended membranes containing PVA, an SPEEK polymer 

with an IEC value of 1.75 meq g
-1

 was employed since pronounced swelling 

was observed. 

 Swelling is one of the most critical features of SPEEK and other kind of 

hydrocarbon fuel cell membranes. Typically, pristine SPEEK membranes 

irreversibly swells and start to dissolve above 80 ºC or even at lower 

temperatures, which makes them impractical for real fuel cell application, 

especially in DMFCs. Water-methanol solutions are usually pumped into the 

anodes of DMFCs for the electrochemical reactions and this condition 

enables the simultaneous hydration of the membranes. Thereby, a pre-

treatment step consisting of introducing our membranes in boiling water for 

1 h was applied before proceeding with their further characterization in order 

to ensure their applicability in DMFCs operating above 100 ºC. 

 The effect of incorporating hydrophilic or hydrophobic polymers into 

blended membranes has not been generally studied in detail. In our results, 

different membrane properties were emphasized as a function of the 

characteristics of the blended polymers. Finally, potential configurations to 

take full advantage of those properties are proposed. 

 

 

2. Experimental part 
 

2.1. Materials 
 

Granulated SPEEK (FUMION E ionomers) with IEC of 1.75 mmol g
-1

 and 

2.05 mmol g
-1

 were acquired from Fumatech GmbH (St. Ingbert, Germany). 

SPEEK was dried at 100 ºC for 24 h in vacuum atmosphere and stored in a 

sealed container to avoid absorption of water before the preparation of 

membranes. 

 Polyvinyl alcohol, Mowiol 28-99 grade PVA, and polyvinyl butyral, 

Mowital B75H grade PVB, were donated by the company Kuraray Europe 

GmbH (Frankfurt, Germany). 

 N,N-Dimethylacetamide solvent was purchased from Acros Organics 

and anhydrous lithium chloride from Sigma-Aldrich. 

 Polyvinyl alcohol, polyvinyl butyral, dimethylacetamide and lithium 

chloride were used as received. 
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2.2. Preparation of membranes 
 

2.2.1. SPEEK-PVA and SPEEK-PVB blends 
 

Initially, solubility of PVA in DMAc solvent was examined and it was found 

that PVA was not soluble even at temperatures up to 140 ºC. Addition of 

anhydrous lithium chloride (LiCl) to enhance the solubility was then studied 

[48]. Incorporation of LiCl in a 0.4 wt% proportion with respect to the 

weight of DMAc solvent was found optimal for the complete solubilization 

of PVA until a 5 wt% concentration without affecting later the final aspect of 

the membranes, while further addition of LiCl caused the appearance of LiCl 

precipitates on the as-prepared membranes. 

 Membranes were prepared by casting of solutions with a 10 wt% 

concentration of polymer blend (SPEEK + PVA) in DMAc incorporating 

LiCl. Previously, LiCl was dissolved in DMAc at a 0.4 wt% concentration at 

room temperature. Then, the required amount of PVA was dissolved by 

stirring at 140 ºC for 1 h and afterwards the solution was let to cool down 

until room temperature. Finally, SPEEK (IEC = 1.75 meq g
-1

) was added and 

the solution was vigorously stirred. SPEEK started to dissolve at room 

temperature but the solution was heated again at 140 ºC for 1 h in order to 

ensure a complete homogenisation. Blended compositions ranging from 

85%SPEEK-15%PVA to 55%SPEEK-45%PVA were obtained. 

 PVB is readily soluble in DMAc at room temperature, and therefore, an 

addition of lithium chloride was not necessary. The required amount of PVB 

was dissolved in DMAc and stirred at 80 ºC for 1 h to achieve faster 

dissolution. The solution was let to cool down to room temperature and then 

SPEEK (IEC = 2.05 meq g
-1

) was incorporated and the mixture was stirred 

for 1 h at 80 ºC until complete homogenisation (10 wt% total polymer 

concentration). Blended membranes with compositions between 

75%SPEEK-25%PVB and 45%SPEEK-55%PVB were prepared. 

 Membranes with a thickness about 100 μm were obtained by casting the 

solutions on a Teflon
®
 Petri dish and evaporating the solvent at 80 ºC 

overnight, followed by a treatment at 140 ºC for 2 h and then 1 h at the same 

temperature under vacuum atmosphere with the purpose of removing trapped 

DMAc molecules within the polymers. The last thermal step was 

crosslinking between the SPEEK and the PVA or PVB chains at 200 ºC for 

1 h (without vacuum). 

 The crosslinked membranes were immersed in boiling water for 1 h to 

examine their mechanical stability as their application is intended for 

DMFCs operating above 100 ºC with the aim to enhance electrochemical 

reactions. The swollen membranes were stored in sealed plastic bags 

containing water. 
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2.3. Characterization of membranes 
 

2.3.1. Water uptake, swelling and ion-exchange capacity 
 

Water uptake was calculated from the difference between the weight of the 

membranes wet and dry, according to the following expression, 

 

100(%)
dry

drywet

m

mm
uptakeWater


    (1) 

 

 Since solubilization of some amounts of polymer from the as-cast 

membranes was possible to occur during treatment in boiling water, the 

blended membranes were weighed after 1 h in boiling water (mwet) and after 

3 h in an oven at 100 ºC followed by another 3 h in vacuum at that 

temperature (mdry). This operation was repeated with three samples for each 

composition in order to obtain an average value. 

 The swelling degree was measured by the change of area of square 

membranes with initial 5 x 5 cm
2
 dimensions (A0 = L0 x L0). After 1 h in 

boiling water, the swollen membranes practically maintained the square 

shape but with enlarged dimensions (Af = Lf x Lf), 
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 The ion-exchange capacity (IEC) was obtained by immersing the 

swollen membranes in the acid form into a 2 M NaCl solution. The protons 

liberated during the exchange reaction R-SO3H + Na
+
  R-Na + H

+
 were 

titrated with a 0.01 M NaOH solution and phenolphthalein. The IEC was 

calculated as, 

 

dry

NaOH

m

V
gmeqIEC


 01.0

)( 1     (3) 

 

where VNaOH and mdry are the volume in millilitres of NaOH solution used in 

the titration of the protons released by m grams of dry membrane, 

respectively. The values of mdry were measured after drying at 100 ºC for 6 h 

the samples immersed within the NaCl solution. 
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2.3.2. Scanning electron microscopy (SEM) study 
 

The surface morphology of the blended membranes was investigated using a 

scanning electron microscope (SEM-model JSM-5410, Jeol Co., Japan). The 

samples were gold coated before SEM observations. 

 

2.3.3. Infrared (IR) spectroscopy 
 

IR spectroscopy was used to investigate the chemical interactions between 

the polymer chains of the blended membranes. The spectra were obtained 

using a Jasco FT/IR-6200 spectrometer. 

 

2.3.4. Differential scanning calorimetry (DSC) analysis 
 

Thermal analysis was carried out by means of a Mettler Toledo DSC 821 

differential scanning calorimeter. The heating rate was fixed at 10 ºC min
-1

 

and two runs from -50 ºC to 250 ºC were monitored for each sample. The 

experiments were performed under nitrogen atmosphere using a flux of 

50 ml min
-1

. 

 

2.3.5. Methanol permeability 
 

A typical 2-cell experimental setup was used to measure the methanol 

permeability coefficient across the blended membranes. The donor chamber 

(D) was filled with a 2 M or 4 M aqueous solution of methanol, while the 

receptor chamber (R) was filled with distilled water. Both chambers were 

kept under stirring and thermostated at 60 ºC. The variation of methanol 

concentration with time in the receptor reservoir was determined by means 

of a densimeter (DMA 4500 M, Anton-Paar, Austria). The sample (~1 ml) is 

introduced into a U-shaped borosilicate glass tube that is being excited to 

vibrate at its characteristic frequency, which changes depending on the 

density of the sample. Through a precise determination of the characteristic 

frequency and a mathematical conversion, the mass density (g cm
-3

) of the 

sample can be estimated. 

 A calibration curve of density versus methanol concentration was 

obtained before the permeation measurements. During those experiments, a 

small sample of solution from the receptor compartment was taken at certain 

time intervals and the density recorded. In order to avoid the volume of 

liquid in the receptor reservoir (VR = 150 cm
3
) to diminish, the samples were 

recovered from the densimeter after each measurement. Representing the 

methanol concentration in the receptor chamber (CR) versus time (t), the 

apparent permeability (P) of methanol across a membrane with thickness     
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L (cm) and surface area A (A = 2.27 cm
2
) can be determined from Eq. (4), 

which is valid during the range in which the gradient CD,0 - CR does not 

significantly change, that is, for the condition CD,0 >> CR (being CD,0 the 

initial methanol concentration in the donor chamber), 

 

)( 00, ttAC

CLV
P

D

RR




      (4) 

 

2.3.6. Proton conductivity 
 

The proton conductivity of the membranes in the transversal direction was 

measured by impedance spectroscopy at 25 ºC, 50 ºC, 75 ºC and 90 ºC in the 

frequency range of 10
-1

 < f < 10
7
 Hz applying a 0.1 V signal amplitude. A 

Novocontrol broadband dielectric Spectrometer (Hundsangen, Germany) 

integrated by an SR 830 lock-in amplifier with an Alpha dielectric interface 

was used. The membranes were previously equilibrated with water and 

afterwards placed between two gold electrodes in a liquid parallel plate cell 

coupled to the spectrometer and incorporating deionized water (Milli-Q) to 

ensure fully hydrated state of the samples. The temperature was controlled 

by nitrogen jet (QUATRO from Novocontrol) with a temperature error of 

~0.1 K during every single sweep in frequency. 

 The protonic resistance R was taken from the Bode plot as the value of 

the modulus of the complex impedance at which the phase angle reaches a 

maximum close to zero in the high frequency region, |Z|→R. The 

conductivity of the membranes (σ') was then calculated from the real part of 

the protonic resistance R by means of Eq. (5), 

 

SR

L


       (5) 

 

where L is the thickness of the membrane and S the electrode area in contact 

with the membrane. 

 

 

3. Results and discussion 
 

3.1. Water uptake and ion-exchange capacity 
 

Immersion in boiling water of pristine membranes of SPEEK with IEC 

values of 1.75 meq g
-1

 (SPEEK1) and 2.05 meq g
-1

 (SPEEK2) caused first a 

drastic swelling of the membranes which finally ended in complete 
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dissolution (Table 1). A limit temperature of 80 ºC and 60 ºC was found for 

each SPEEK grade, respectively. The membranes were stable in water below 

those temperatures as swelling did not still reach an irreversible degree. 

 SPEEK1 (IEC = 1.75 meq g
-1

) was initially blended with both PVA  

(hydrophilic) and PVB (hydrophobic) polymers, and the first observations 

Table 1. Mechanical and dimensional characteristics of the SPEEK1-PVA and SPEEK2-PVB 

membranes after 1 h in boiling water. Swelling measured by (Af - A0)/A0. Initial area (A0) was 

5 x 5 cm2. Dry thickness of all the cast membranes ~96 ± 4 μm. 

Membrane 
Hydrated thickness 

(μm) 

Swelling        

(% area) 

Mechanical 

stability 

SPEEK1 (1.75 meq g-1)a 105 ± 2 ∞ Dissolved 

SPEEK1-15%PVA - - Very poor 

SPEEK1-25%PVA 210 ± 5 58.8 ± 0.01 Poor 

SPEEK1-35%PVA 185 ± 3 58.8 ± 0.01 Acceptable 

SPEEK1-45%PVA 159 ± 3 58.8 ± 0.01 Good 

SPEEK2 (2.05 meq g-1)b 133 ± 3 ∞ Dissolved 

SPEEK2-25%PVB - - Partially dissolved 

SPEEK2-30%PVB 167 ± 3 0.00 Excellent 

SPEEK2-35%PVB 116 ± 2 0.00 Excellent 

SPEEK2-45%PVB 103 ± 2 0.00 Excellent 

SPEEK2-55%PVB 96 ± 3 0.00 Excellent 
a Membrane swollen in water at 80 ºC for 1 h.  
b Membrane swollen in water at 60 ºC for 1 h. 

 

Table 2. Ion-exchange capacity values of SPEEK1-PVA and SPEEK2-PVB membranes 

swollen in boiling water for 1 h, and IEC values of those membranes after drying at 100 ºC 

during 6 h. Water uptake values after swelling in boiling water are also included. 

Membrane 
IEC after boiling 

(meq g-1) 

IEC after drying 

(meq g-1) 

Water 

uptake (%) 

SPEEK1 (1.75 meq g-1)a 1.69 ± 0.05 (dissolved) 0.95 ± 0.02 260 ± 5 

SPEEK1-15%PVA - - - 

SPEEK1-25%PVA 1.07 ± 0.03 0.040 ± 0.005 695 ± 14 

SPEEK1-35%PVA 0.71 ± 0.02 0.12 ± 0.01 490 ± 9 

SPEEK1-45%PVA 0.76 ± 0.03 0.17 ± 0.01 296 ± 6 

SPEEK2 (2.05 meq g-1)b 2.02 ± 0.05 (dissolved) 1.08 ± 0.02 343 ± 7 

SPEEK2-25%PVB - - - 

SPEEK2-30%PVB 0.41 ± 0.02 0.055 ± 0.005 96 ± 2 

SPEEK2-35%PVB Not measured 0.043 ± 0.002 59 ± 1 

SPEEK2-45%PVB Not measured 0.024 ± 0.002 35 ± 1 

SPEEK2-55%PVB Not measured 0.015 ± 0.001 27 ± 1 
a Membrane swollen in water at 80 ºC for 1 h.  
b Membrane swollen in water at 60 ºC for 1 h. 
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pointed out different behaviours in the blended membranes as a function of 

the polymer characteristics. In the case of PVA, a rubber-like phase was 

formed in which swelling and water uptake was large but limited enough to 

allow the formation of stable membranes (Tables 1 and 2). Increasing the 

amount of PVA improved the stability and reduced the water uptake and 

swelling degree. Interestingly, in-plane swelling (enlargement of area) was 

independent of the PVA content but through-plane swelling (the increase of 

hydrated thickness) diminished with increasing PVA composition (Table 1). 

 On the other hand, blending of SPEEK1 with PVB resulted in 

membranes with negligible swelling in boiling water, which in principle are 

impractical for real DMFC operation as a certain degree of swelling and 

water uptake are necessary to achieve acceptable conductivities [17-21]. 

Thereby, SPEEK2 (IEC = 2.05 meq g
-1

) was selected for blending with PVB 

due to its higher degree of sulfonation in comparison with SPEEK1 and in 

consequence less constrained membranes were expected. In Tables 1 and 2 

we can observe that above a 30%PVB content the blended SPEEK2 

membranes were extremely stable, showing negligible in-plane swelling and 

relatively small values of water uptake. Through-plane swelling was only 

significant for the membranes containing 30% and 35% PVB in the 

composition. Increasing PVB content caused drastically the hydrated 

thickness and water uptake values of the blended membranes to decrease, 

while mechanical stability enhanced. 

 Differences observed between the PVA and PVB blended SPEEK 

membranes are assigned to the hydrophilic and hydrophobic nature of those 

polymers, respectively. 

 With regard to the IEC values in Table 2, a general trend can be 

distinguished in which the incorporation of PVA or PVB in the membrane 

composition involves a decrease of the IEC values in relation to the 

corresponding pristine SPEEK membranes. Two reasons can explain this 

observation as (1) PVA and PVB lack of sulfonic acid groups (-SO3H) thus 

diluting the ones provided by the SPEEK, and (2) sulfonic acids of SPEEK 

will be consumed by crosslinking reactions with OH groups present in PVA 

and PVB polymers. 

 The pristine SPEEK membranes (SPEEK1 and SPEEK2) only gave 

realistic results of IEC, in agreement with those provided by the supplier, 

when fully dissolved in water. Thus, it is suggested that the measurement of 

IEC by the NaCl ion-exchange method does not seem to be totally accurate 

for SPEEK materials. The reason is still not clear and further investigations 

should be carried out. 

 It is worth mentioning the large differences observed between the IEC 

values of membranes in the swollen state and membranes which have been 

dried at 100 ºC after swelling. The IEC values of the dried membranes were 
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much lower than those of the same membranes swollen in water. This 

observation suggests that the properties of this type of membranes are 

strongly dependent on the thermal history, as it has been reported for 

explaining differences between swollen and non-swollen SPEEK membranes 

[18,45]. For this reason, the authors consider that this paper is the first to 

report that irreversibility of membrane properties between swollen and dried 

states can take place. 

 The properties of commercial Nafion
®
 seem to be considerably more 

reversible than in the case of hydrocarbon based membranes as SPEEK. A 

possible explanation comes from the fact that in Nafion
®
, a perfluorinated 

polymer, phase separation of the hydrophobic and hydrophilic blocks readily 

occurs whereas in randomly sulfonated hydrocarbon materials such a phase 

separation is not very pronounced. This results in narrower and less 

interconnected ionic channels, which in principle are advantageous for 

reduced permeability and electro-osmotic drag. However, this characteristic 

leads on the other hand to poor morphological stability, excessive swelling 

in water while brittleness in the dry state, and to a stronger decrease of 

proton conductivity with decreasing water content [49,50]. 

 Many recent works deal with the synthesis of hydrocarbon membranes 

based on ordered block co-polymers in which a block is sulfonated and 

hydrophilic while the other block remains hydrophobic. This trend seems to 

be justified by the advantages that an optimal phase separation brings on the 

final properties [51-55]. 

 

3.2. SEM results 
 

Fig. 1 shows the SEM images of a pristine SPEEK2 membrane which was 

dried after swelling at 60 ºC and it is compared with a SPEEK1-35%PVA 

and a SPEEK2-30%PVB membrane which were dried after swelling in 

boiling water (100 ºC). The membranes were dried to avoid problems during 

the vacuum treatments associated with the SEM procedures. 

 In Fig. 1 it is observed that both the SPEEK2 and the SPEEK1-35%PVA 

membranes have a relatively flat surface in a low magnification. However, 

the SPEEK2-30%PVB membrane revealed a wrinkled morphology 

indicating the presence of mechanically constrained areas. A close 

inspection at higher magnifications (zoomed window) showed a very rough 

surface on the SPEEK2-30%PVB membrane presenting globular structures 

which are similar to the morphologies observed on sophisticated block co-

polymers at the nanoscale. In our method, simple mixing of SPEEK with 

PVB dissolved in DMAc has produced cast membranes in which well 

dispersed polymer separation can be found as a consequence of the 

hydrophobic characteristic of PVB versus the hydrophilic property of 
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Fig. 1. SEM images of swollen and afterwards dried membranes of (a) pristine SPEEK2 

(x350), (b) SPEEK1-35%PVA (x350, zoomed window at x10,000), and (c) SPEEK2-

30%PVB (x200, zoomed window at x10,000). 

 

SPEEK. Thus, a morphology presenting phase separation takes place but in 

this case at a microscale domain. 

 On the other hand, a flaky surface was observed on the SPEEK1-

35%PVA membrane as a result of the shrinking process during drying of the 

swollen membrane. No evidence of phase separation was found as expected 

from the hydrophilic nature of the PVA composition containing OH moieties 

which can establish hydrogen bonding with the sulfonic acid groups of 

SPEEK. 

 

3.3. FTIR analysis 
 

In Fig. 2 are shown the structures of the SPEEK, PVA and PVB polymers in 

order to facilitate the interpretation of the FTIR spectra.  

 The FTIR analysis of the cast PVA sample (Fig. 3) shows a broad peak 

from 3700 cm
-1

 to 3000 cm
-1

, centred around 3300 cm
-1

, indicating stretching 

of the hydroxyl (OH) groups, whereas the observed peak at 1083 cm
-1

 

indicates the C-O stretch of the secondary alcoholic groups. The double peak 

between 2937 cm
-1

 and 2909 cm
-1

 is due to symmetric C-H stretching in        
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Fig. 2. Schematic representation of the structure of the monomeric units of SPEEK, PVA and 

PVB. 

 

-CH2- species and the band between 1718 cm
-1

 and 1709 cm
-1

 is attributed to 

stretching of C=O [36,56]. 

 After thermal treatment at 200 ºC, the broad peak corresponding to the 

OH groups decreased indicating partial decomposition of those groups. 

However, the -CH2- band remained unaltered thus suggesting that 

dehydration of the backbone forming C=C units did not occur [56]. On the 

other hand, the band placed around 1715 cm
-1

 and assigned to C=O groups 

largely increases after the thermal treatment, which indicates the 

transformation of C-OH bonds to C=O probably by oxidation in air. 
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Fig. 3. FTIR spectra of (a) PVA, (b) SPEEK1 and (c) SPEEK1-35%PVA for (black line) as-

prepared samples after casting at 80 ºC, and (grey line) samples treated at 200 ºC. 

 

 

 

 
 The FTIR profile of the cast SPEEK membrane (SPEEK1) in Fig. 3 

shows characteristic peaks around 3450 cm
-1

 (O-H vibration from sulfonic 

acid groups), at 1247 cm
-1

, 1079 cm
-1

 and 1025 cm
-1

 (assigned to the sulfonic 

acid groups), and at 1652 cm
-1

 (carbonyl band) [36], while those peaks at 

1491 cm
-1

 and 1221 cm
-1

 are reported to the presence of C-C aromatic ring 

and aromatic C-O-C, respectively [57]. The profiles are coincident with the 

cast and the 200 ºC-treated membrane which points out the good thermal and 

chemical stability of this kind of materials. 

 The SPEEK-PVA blended membrane (SPEEK1-35%PVA) also 

observed in Fig. 3 has a profile resembling the one of SPEEK as expected 

from the fact that it constitutes the main component within the matrix. 

However, it shows a strong and broad peak at 3330 cm
-1

 in comparison with 

pristine SPEEK and this is due to overlapping of -OH from PVA and -OH 

from sulfonic acid groups of SPEEK. After the crosslinking process at 

200 ºC, that band largely decreased as a consequence of (a) the direct 

condensation reaction between sulfonic acid and OH groups thus 

establishing crosslinking bonds, and (b) the intra- and inter-molecular 

dehydration of C-OH moieties to C=C units catalysed by the acidity of 

SPEEK, involving in the latter case direct crosslinking between PVA chains. 

This is corroborated by the reduction of the -CH2- absorption band which 

appears in the blended membrane within the 2923-2937 cm
-1

 range [56]. 

Therefore, it is plausible the crosslinking to proceed via the formation of 

bonds between SPEEK-PVA, see Eq. (6), and PVA-PVA chains. 
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Fig. 4. FTIR spectra of (a) PVB, (b) SPEEK2 and (c) SPEEK2-30%PVB for (black line) as-

prepared samples after casting at 80 ºC, and (grey line) samples treated at 200 ºC. 

 

 

 

 

  

(6) 

  
 

 

  

 In Fig. 4, the FTIR spectra of PVB is shown together with those of 

SPEEK2 and SPEEK-PVB (SPEEK2-30%PVB) membranes. In the case of 

PVB, a broad peak between 3700 cm
-1

 and 3020 cm
-1

 and centred around at 

3430 cm
-1

 is again observed due to OH groups present in the polymer, 

corresponding to PVA segments which did not react with butyraldehyde 

(side chains) through an acetal formation-type reaction during the industrial 

synthesis process. Our commercial sample of PVB (Mowital B75H) is 

reported by Kuraray Co. to have about an 18-21 wt% of PVA content. Peaks 

at 2955 cm
-1

 and 2870 cm
-1

 are due to C-H stretching, those at 1341 cm
-1

,  

971 cm
-1

, 810 cm
-1

 are assigned to C-H symmetry stretching, whereas the 

one at 1435 cm
-1

 to C-H asymmetry stretching. The band at 1741 cm
-1

 is 

assigned to C=O stretching, those at 1240 cm
-1

 and 688 cm
-1

 due to C-O-C 

stretching, and finally the peak at 1131 cm
-1

 is assigned to C-O-C-O-C 

stretching in accordance with other authors [58]. 

 Heating the PVB in air at 200 ºC causes all the peaks to decrease 

indicating thermal degradation of the polymer, which was confirmed by the 

appearance of a yellowish tone in the transparent film assigned to the 
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development of conjugated diene units. The OH groups are expected to 

decrease via a similar dehydration mechanism as mentioned for PVA, while 

the main decomposition product of degradation at 200 ºC in humid air is 

reported to be butyraldehyde released from the side chains of the PVB 

molecule [59]. On the other hand, the FTIR profile of the SPEEK2 

membrane shows again an outstanding thermal stability with characteristic 

peaks placed in same positions as previously cited for the SPEEK1 sample. 

 The FTIR spectra of the SPEEK-PVB membrane (SPEEK2-30%PVB) is 

also dominated by the spectra of SPEEK, although the peaks associated to 

the OH groups (centred at 3400 cm
-1

) and C-H stretching (2955-2870 cm
-1

) 

of the PVB molecule are clearly visible in the cast blend membrane. In the 

case of the OH groups, the spectra is indeed due to the overlapping of those 

coming from the PVB (remaining PVA segments) and SPEEK (sulfonic 

acids) as in the SPEEK-PVA case. Crosslinking at 200 ºC causes those peaks 

to decrease which should again indicate the fulfilment of condensation 

reactions between the sulfonic acids and OH groups, and concurrently the 

degradation of the PVB phase via dehydration mechanisms and removal of 

butyral side chains. However, those degradation processes might favour 

further crosslinking reactions between PVB-PVB and SPEEK-PVB chains 

via reactivity of the very active C=C double bonds which are formed after 

thermal decomposition. A plausible reaction between a sulfonic acid and a 

C=C unit is suggested in Eq. (7), although clear understanding and evidence 

of the principal reaction pathway for the crosslinking of SPEEK with PVB is 

still needed, 

 

 

 (7) 

 

 

3.4. DSC results 
 

The DSC curve of PVA in Fig. 5 shows the typical melting of PVA 

crystallites between 200 ºC and 230 ºC [60]. SPEEK is an amorphous 

polymer and the glass transition temperature (Tg) of the sample with ion-

exchange capacity of 1.75 meq g
-1

 (SPEEK1) is found around 188 ºC 

(Fig. 7), while the Tg of the SPEEK sample with IEC of 2.05 meq g
-1

 

(SPEEK2) increases up to 210 ºC (Fig. 8), in agreement with other authors 

[15,21,61]. The Tg values shift upwards with the increase of the sulfonation 

degree as a consequence of stronger intermolecular interactions by hydrogen 

bonding of sulfonic acid groups and due to increased molecular bulkiness 

which hinder internal rotations and lead to more rigid materials [15,61]. 
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Fig. 6. Second run of DSC profiles for PVB, SPEEK2 (IEC = 2.05 meq g-1) and SPEEK2-

30%PVB membranes after thermal treatment at 200 ºC. 

 

 

 
Fig. 5. Second run of DSC profiles for PVA, SPEEK1 (IEC = 1.75 meq g-1) and SPEEK1-

35%PVA membranes after thermal treatment at 200 ºC. 

 

 

 

 The DSC curve of PVB in Fig. 6 shows a large glass transition within 

the 55-73 ºC range of temperature, which falls into the limits reported for the 

Tg values of PVB with an 11-19 wt% of PVA content [62]. Increasing the 

content of butyral side chains in PVB results in lower glass transition 
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temperatures explained by the plasticizing effect of butyral groups and the 

decreased hydrogen bonding between OH moieties [62]. 

 The DSC profile of the SPEEK-PVB blended membrane (SPEEK2-

30%PVB) in Fig. 6 also shows that the glass transition phase of PVB 

disappears thus indicating that the PVB chains were crosslinked. 

Interestingly, a glass transition corresponding to the SPEEK2 phase was 

found although at reduced temperatures (shifted from 210 ºC to 176 ºC) 

which corroborates the plasticizing effect of the butyral groups. The reason 

to explain the presence of a Tg transition in the crosslinked SPEEK-PVB 

membrane should come from the polymer separation morphology observed 

in Fig. 1. It seems that all the PVB chains are able to react with an SPEEK 

chain (SPEEK-PVB) or another PVB chain (PVB-PVB) becoming 

crosslinked and aggregated in PVB rich clusters. On the other hand, 

crosslinking reactions are not able to take place in all the SPEEK chains and 

those free chains become encapsulated within SPEEK-rich clusters and get 

plasticized by the butyral groups of PVB chains which reacted with 

neighbouring SPEEK chains. 

 The result of the SPEEK-PVA blended membrane found in Fig. 5 is 

different from the one of the SPEEK-PVB composition. In the case of the 

SPEEK1-35%PVA membrane, the DSC profile does not exhibit any glass 

transition or melting phases from the SPEEK and PVA content, respectively, 

thus suggesting that all the SPEEK and PVA chains were mixed and 

crosslinked forming an interpenetrating polymer network, which is in 

accordance with the SEM images showing a homogeneous morphology in 

the SPEEK-PVA composition (Fig. 1). 

 

3.5. Apparent methanol permeability across the membranes 
 

The methanol permeability values for SPEEK1-PVA and SPEEK2-PVB 

membranes have been characterised as a function of blends composition. 

The values are reported to be apparent as they incorporate both the effect of 

boundary layers and the true permeability through the bulk membrane. 

 The results of methanol permeability and water uptake as a function of 

the PVA and PVB content are given in Figs. 7 and 8, respectively. The direct 

relationship between water uptake and methanol permeability is very clear 

from the profiles observed in those figures, which is indicative that methanol 

permeates through the water filled channels. 

 In Fig. 7, it is observed that the methanol permeability decreases with 

increasing the PVA content as a consequence of the reduced swelling and 

water uptake via chemical crosslinking. The pristine SPEEK1 membrane 

shows smaller values of water uptake and methanol permeability as it was 

immersed 1 h in water just at 80 ºC with the aim to avoid its dissolution.  
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Fig. 8. Values of (closed symbol, solid line) methanol permeability measured at 60 ºC from 

4 M methanol solutions and (open symbol, dashed line) water uptake for membranes of 

SPEEK2-PVB composition. (Square) The pristine SPEEK2 membrane was previously 

swollen in water at 60 ºC for 1 h, while (circle) the PVB-blended membranes were swollen in 

boiling water at 100 ºC for 1 h. 

 

 
Fig. 7. Values of (closed symbol, solid line) methanol permeability measured at 60 ºC from 

2 M methanol solutions and (open symbol, dashed line) water uptake for membranes of 

SPEEK1-PVA composition. (Square) The pristine SPEEK1 membrane was previously 

swollen in water at 80 ºC for 1 h, while (circle) the PVA-blended membranes were swollen in 

boiling water at 100 ºC for 1 h. 
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 The SPEEK-PVA membranes were immersed in boiling water (100 ºC) 

for 1 h and therefore they were exposed to severer swelling conditions. 

Values around 10
-5

 cm
2
 s

-1
 have been measured in these compositions which 

are found to be in the same range as other reported SPEEK-PVA membranes 

[36], although our values lie above those reported ones when similar 

compositions are compared. Nevertheless, this can be expected from the fact 

that in the work of T. Yang [36] the blended SPEEK-PVA membranes were 

just swollen at room temperature despite the methanol permeability 

measurements were conducted at 80 ºC. Although this temperature surpasses 

that one of our experimental permeability procedure (60 ºC), it is still below 

the boiling conditions (100 ºC) at which the membranes in the present study 

were subjected in order to reach severe swelling levels exceeding the limits 

of stability usually found in pristine SPEEK membranes. For this reason, the 

direct comparison of results is not meaningful when the membranes notably 

differ in their swelling degrees and treatment processes, and this should 

include comparison with the Nafion
®
 membrane. 

 Generally, the properties of the SPEEK membranes, mainly reported by 

the characteristic factor between proton conductivity and methanol 

permeability (σ/P), are emphasized to surpass the properties of Nafion
® 

in 

measurements performed at room temperature or at temperatures below the 

critical irreversible swelling of the corresponding SPEEK materials. 

However, in our opinion, it should be remarked that those results will only 

be valid at certain conditions and thus it is not possible to conclude that one 

material is better than other. Thereby, we have preferred to subject the 

material compositions in our study to the worst conditions that a hydrated 

membrane can suffer in a PEM (polymer electrolyte membrane) fuel cell, 

that is, the boiling point of water. Indeed, our target is the use of these 

SPEEK-based membranes for DMFC operation above 100 ºC in order to 

facilitate the electrochemical reactions at the electrodes. 

 The characteristic factor should be interpreted as a particular parameter 

for the reasonable comparison of membranes but not as a specific indicator 

of the DMFC performance properties. This factor gives the same importance 

to both conductivity and methanol permeability which is not observed in real 

conditions. A variety of studies have proved that the main membrane 

property governing the DMFC performance is the proton conductivity since 

the permeability (crossover) gets reduced with increasing the current density. 

This is explained by the consumption of methanol in the anode which 

gradually diminishes the concentration gradient between electrodes, and then 

the ohmic losses in the membrane become dominant [63-67]. Therefore, 

although the reduction of methanol permeability diminishes fuel losses thus 

improving fuel utilization and Faraday efficiency, the proton conductivity 

should still be emphasized for achieving low resistance membranes and high 
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power densities. For this reason, the authors suggest the replacement of the 

commonly accepted characteristic factor (σ/P) by a modified version as σ
2
/P, 

in which the contribution of the conductivity is increased as compared with 

the permeability. 

 In Fig. 8, similarly to the SPEEK-PVA case, the same trend is observed 

for the crosslinked SPEEK-PVB membranes, i.e. decreasing the methanol 

permeability with increasing the PVB content. However, in this case the 

decrease in methanol permeability sweeps down within a two orders of 

magnitude range from the pristine SPEEK2 membrane to the SPEEK2-

55%PVB composition. Therefore, the effect of addition of PVB in the 

SPEEK membrane strongly overtakes PVA in terms of methanol 

permeability. This conclusion is not surprising from the results in Table 2. It 

was shown that the water uptake values of the SPEEK-PVB membranes 

were considerably smaller than those ones of the SPEEK-PVA compositions 

due to the hydrophobic nature of PVB in opposition to the hydrophilic 

properties of PVA.  

 The values of water uptake are given in Table 2 while the values of 

methanol permeability for each SPEEK-PVA and SPEEK-PVB composition 

are summarized in Table 3. The methanol permeability of the pristine 

SPEEK2 membrane, after 1 h in water at 60 ºC, was measured at 50 ºC since 

in 4 M methanol solution at 60 ºC the membrane was prone to break. 

 

Table 3. Methanol permeability values at 60 ºC for crosslinked membranes of SPEEK1-PVA 

(CD,0 = 2 M) and SPEEK2-PVB (CD,0 = 4 M) after 1 h swelling in boiling water. A PVA 

membrane (after thermal treatment at 200 ºC) and a PVB membrane (after 200 ºC treatment 

and 1 h in boiling water) are included for comparison (CD,0 = 4 M). 

Membrane 
Swollen thickness 

(μm) 

Apparent methanol permeability 

(cm2 s-1) 

SPEEK1 (1.75 meq g-1)a 105 ± 2  (3.59 ± 0.07)·10-6 

PVA 175 ± 5 (4.28 ± 0.12)·10-6 

SPEEK1-25%PVA 210 ± 5 (1.18 ± 0.03)·10-5 

SPEEK1-35%PVA 185 ± 3 (9.49 ± 0.15)·10-6 

SPEEK1-45%PVA 159 ± 3 (7.81 ± 0.15)·10-6 

SPEEK2 (2.05 meq g-1)b 133 ±3 (6.42 ± 0.14)·10-6 

PVB 80 ± 1 (3.62 ± 0.05)·10-8 

SPEEK2-30%PVB 167 ± 3 (2.23 ± 0.04)·10-7 

SPEEK2-35%PVB 117 ± 3 (1.72 ± 0.04)·10-7 

SPEEK2-45%PVB 103 ± 2 (3.58 ± 0.07)·10-8 

SPEEK2-55%PVB 96 ± 3 (2.51 ± 0.08)·10-8 

Swollen thickness was measured on the permeating area after methanol permeability 

experiments. 
a Membrane swollen in water at 80 ºC for 1 h.  
b Membrane swollen in water at 60 ºC for 1 h. Methanol permeability was measured at 50 ºC. 
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 The comparison between the pristine SPEEK membranes in Table 3 

reflects the increase of methanol permeability with increasing the ion-

exchange capacity (permeability of SPEEK2 > SPEEK1) since water uptake 

is similarly dependent on the IEC level of the ionomer. On the other hand, 

the SPEEK1-PVA membranes show much higher permeability than the 

SPEEK2-PVB compositions. A close inspection to the permeability values 

of pristine PVA and PVB states that PVB is two orders of magnitude less 

permeable than PVA as a consequence of the hydrophobic characteristic of 

PVB and the hydrophilic nature of PVA. The latter can swell in water at 

increasing temperatures and even dissolves in hot water. 

 Additionally, the methanol permeability at 60 ºC of a pristine PVB 

membrane was measured without carrying out the thermal treatment at 

200 ºC and a value of (6.73 ± 0.06)·10
-8

 cm
2
 s

-1
 was found, about two times 

higher than the value shown by the thermally treated one (Table 3). This 

result confirms that thermal degradation of PVB can provide crosslinking 

reactions via the formed C=C double bonds which leads to a reduction of the 

permeability. The blended SPEEK2-45%PVB and SPEEK2-55%PVB 

membranes show even less permeability than the pristine PVB material, 

inferring that the sulfonic acid groups of SPEEK can also participate in the 

crosslinking reactions which assist the formation of more compact 

membranes. 

 The permeability at 60 ºC of a crosslinked PVA membrane, chemically 

crosslinked with a 5 wt% solution of glutaraldehyde in 0.1 M HCl, was 

similarly tested. In this case, its value was found to decrease to 

(3.27 ± 0.21)·10
-8

 cm
2
 s

-1
 thus remarking the effectiveness of the 

crosslinking methods in terms of reducing methanol permeability.  

 The apparent permeability at 60 ºC of a SPEEK1 membrane without pre-

treatment in hot water at 80 ºC was also measured, in opposition to the 

membrane in Table 3, and a value of (7.68 ± 0.15)·10
-7

 cm
2
 s

-1
 was obtained. 

This result is about 4.7 times below the permeability value of the swollen 

membrane and highlights the influence of the previous history of treatments 

on the properties of this type of membranes. This should be taken into 

account when comparison between different materials and compositions is 

intended. 

 The extremely low permeability of pristine PVB has been assigned to 

the hydrophobic nature of this polymer. However, two reasons make a priori 

this result unexpected as (i) PVB is an amorphous polymer with a relatively 

low glass transition temperature (~65 ºC) and (ii) methanol is a less polar 

molecule than water. Thus, a certain solubility of methanol in the PVB 

matrix and diffusion through the free volume left by the butyral side groups 

would be expected. In the case of Nafion
®
, it is reported that methanol can 

permeate across both the water filled ionic channels and the perfluorinated 
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Fig. 9. Proton conductivity values of the swollen SPEEK1-PVA membranes as a function of 

composition and temperature: (■) 25 ºC, (●) 50 ºC, (▲) 75 ºC, and (♦) 90 ºC. The pristine 

SPEEK1 (PVA = 0%) was previously swollen in water at 80 ºC for 1 h, whereas the PVA-

blended membranes were swollen in boiling water (100 ºC) for 1 h. 

 

side chains [68-70]. It is assumed that methanol has certain solubility within 

the Nafion
®
 side chains causing them to expand thus increasing swelling and 

permeability. Interestingly, it seems that the butyral side chains of PVB do 

not exhibit such a phenomenon, perhaps due to a strong entanglement 

between them thus providing a good resistance to methanol solution and 

swelling. Thereby, we suggest the possible synthesis of ordered block 

copolymers in which the hydrophobic block might contain butyral side 

chains (or even longer hydrocarbon chains) for the promotion of phase 

separation and barrier properties towards methanol, while the hydrophilic 

blocks might contain the sulfonic acid groups directly attached to the 

backbone or in short length side chains with the aim to produce narrow ionic 

channels. 

 

3.6. Proton conduction properties 
 

The behaviour of the proton conductivity as a function of the PVA and PVB 

compositions are shown in Figs. 9 and 10, respectively. In both cases, 

conductivity drops with increasing the PVA or PVB content due to the 

consumption and dilution effects caused on the sulfonic acid groups of 

SPEEK by those polymers. Constraint of water uptake by the crosslinking of 

SPEEK with PVA and PVB can also explain the observed reduction of 

conductivity. In fact, the drop of conductivity by the hydrophobic PVB is 



Paper 5 (adapted to thesis) 

 164 

 
Fig. 10. Proton conductivity values of the swollen SPEEK2-PVB membranes as a function of 

composition and temperature: (■) 25 ºC, (●) 50 ºC, (▲) 75 ºC, and (♦) 90 ºC. The pristine 

SPEEK2 (PVB = 0%) was previously swollen in water at 60 ºC for 1 h, whereas the PVB-

blended membranes were swollen in boiling water (100 ºC) for 1 h. 

 

very substantial and ranges about 4 orders of magnitude (~10
-1

-10
-5

 S cm
-1

). 

On the other hand, the effect of the hydrophilic PVA is less pronounced and 

the conductivity just diminishes one order of magnitude (~10
-2

-10
-3

 S cm
-1

). 

 The conductivity of the SPEEK-PVA membranes presented in this study 

are below the values reported by T. Yang [36], but again we have to consider 

the different conditions at which the membranes have been subjected. In the 

work of T. Yang the SPEEK-PVA membranes were crosslinked at 130 ºC 

while a thermal treatment at 200 ºC has been used in our study. A lower 

degree of crosslinking is expected for those reported membranes which was 

not apparently found to be insufficient as the membranes were just swollen 

in water at room temperature. In our case, achievement of stability at higher 

temperatures (above 100 ºC) necessarily requires the formation of a highly 

crosslinked network which on the other hand impacts negatively on the 

proton conductivity by strong reduction of available sulfonic acid groups. 

Furthermore, membrane swelling at elevated temperatures as in our work 

involves the uptake of a large amount of water which until a certain limit can 

be beneficial since it provides water for the proton conduction. However, 

beyond such a limit, additional water uptake results in a volume increase 

which decreases the effective bulk concentration of sulfonic acid groups and 

causes the proton conductivity to drop. 

 The values of conductivity at 75 ºC and the calculated values of 

activation energy for the proton conduction of the SPEEK1-PVA and 
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SPEEK2-PVB membranes are listed in Table 4. The values of activation 

energy for the SPEEK1-PVA compositions are in general smaller than those 

ones of the SPEEK2-PVB membranes as proton conduction is facilitated in a 

water-rich medium. However, increasing the PVA content tends to increase 

the activation energy which is explained by the consequent reduction of the 

effective concentration of sulfonic acid groups. On the other hand, the higher 

values of activation energy for the SPEEK2-PVB membranes indicate that 

conductivity becomes more restricted as the water uptake of these 

compositions is lower. Increasing the PVB content leads to a decrease of the 

activation energy probably as a consequence of an improved phase 

separation which facilitates the concentration of sulfonic acid groups in 

SPEEK-rich clusters. 

 The deviation in the linear behaviour of the Arrhenius plots for the 

SPEEK1, SPEEK1-25%PVA and SPEEK1-35%PVA membranes in the 

range of 25-50 ºC as observed in Fig. 11 is attributed to swelling/water 

uptake issues which happened during the conductivity measurements in the 

water filled cell. The Arrhenius plots of the SPEEK2-PVB membranes in 

Fig. 12 show a complete linear trend along the whole temperature range 

since swelling gets more constrained with the use of PVB. 

 A characteristic factor obtained from the commonly accepted relation 

σ/P has been estimated for each membrane from the conductivity values at 

75 ºC given in Table 4 and the apparent methanol permeability constants at 

Table 4. Proton conductivity (real part, σ') measured at 75 ºC and activation energy values for 

different compositions of the SPEEK1-PVA and SPEEK2-PVB membranes after 1 h swelling 

in boiling water. A characteristic factor (σ'/P) for each membrane is included and was 

obtained from the conductivity values at 75 ºC and the permeability constants at 60 ºC shown 

in Table 3. A modified version of the characteristic factor as proposed by the authors (σ'2/P) is 

also given. 

Membrane 
σ'                  

(10-2 S cm-1) 

Ea  

(kJ mol-1) 

σ'/P       

(S s cm-3) 

σ'2/P      

(S2 s cm-4) 

SPEEK1 (1.75 meq g-1)a 2.61 ± 0.10  12.3 ± 0.1 7270 ± 420 190 ± 20 

SPEEK1-25%PVA 1.81 ± 0.08 17.3 ± 0.9 1534 ± 107 27.8 ± 3.2 

SPEEK1-35%PVA 1.53 ± 0.05 11.4 ± 0.1 1612 ± 78 24.7 ± 2.0 

SPEEK1-45%PVA 0.81 ± 0.03 14.8 ± 0.2 1037 ± 58 8.4 ± 0.8 

SPEEK2 (2.05 meq g-1)b 11.0 ± 0.3 16.6 ± 0.6 17134 ± 841 1885 ± 144 

SPEEK2-30%PVB 0.061 ± 0.001 15.9 ± 1.3 2735 ± 94 1.67 ± 0.08 

SPEEK2-35%PVB 0.055 ± 0.001 22.6 ± 0.5 3198 ± 133 1.76 ± 0.10 

SPEEK2-45%PVB 0.016 ± 0.001 15.3 ± 0.5 4469 ± 367 0.72 ± 0.10 

SPEEK2-55%PVB 0.0018 ± 0.0002 10.0 ± 0.9 717 ± 103 0.013 ± 0.003 
a Membrane swollen in water at 80 ºC for 1 h.  
b Membrane swollen in water at 60 ºC for 1 h. Methanol permeability was measured at 50 ºC. 
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Fig. 12. Arrhenius plots of proton conductivity of the swollen SPEEK2-PVB membranes as a 

function of composition: (■) SPEEK2, (●) SPEEK2-30%PVB, (▲) SPEEK2-35%PVB,      

(♦) SPEEK2-45%PVB, and (▼) SPEEK2-55%PVB. 

 

 
Fig. 11. Arrhenius plots of proton conductivity of the swollen SPEEK1-PVA membranes as a 

function of composition: (■) SPEEK1, (●) SPEEK1-25%PVA, (▲) SPEEK1-35%PVA, and 

(♦) SPEEK1-45%PVA. The intervals between 25 ºC and 50 ºC defined by the dashed lines 

were not used for the calculation of activation energy values. 

 

 

60 ºC in Table 3. It has been compared with a modified version of such a 

characteristic factor by means of the expression σ
2
/P which gives more 

weight to the proton conductivity. The results are reported in Table 4. 
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 According to the σ/P characteristic factor in which conductivity and 

methanol permeability have similar importance, the SPEEK2-PVB 

compositions would be preferably for DMFC operation as they present very 

reduced methanol permeability despite their low conductivity values. Among 

the studied compositions, those of SPEEK1-35%PVA and SPEEK2-

45%PVB show the most optimal results. 

 Application of the modified characteristic factor, expressed as σ
2
/P, 

causes the optimal membranes to shift towards the SPEEK1-PVA ones, and 

among them, the SPEEK1-25%PVA and SPEEK2-35%PVA would be the 

preferred compositions. It was reported in Table 1 the better mechanical 

stability of SPEEK1-35%PVA in comparison with SPEEK1-25%PVA. 

Therefore, we can conclude that the SPEEK1-35%PVA composition is the 

most optimal membrane for DMFC application at intermediate temperatures 

in terms of emphasizing proton conductivity. 

 With regard to the SPEEK2-PVB membranes, the σ
2
/P factor suggests 

two membranes presenting equivalent characteristics, i.e. SPEEK2-30%PVB 

and SPEEK2-35%PVB. Since their values of methanol permeability are very 

similar, around 2·10
-7

 cm
2
 s

-1
, the SPEEK2-30%PVB composition is selected 

due to its slightly higher proton conductivity. Thereby, SPEEK2-30%PVB 

represents the best composition in terms of methanol barrier properties while 

proton conductivity is still taken into account. 

 It can be observed in Table 4 that the pristine SPEEK membranes 

display the higher values when both the common and modified characteristic 

factors are applied. This means that blending other polymers with SPEEK 

indeed affects the good performance for fuel cell application which would be 

exhibited by this material alone. Unfortunately, as it has been pointed out 

previously, pristine SPEEK membranes are prone to excessive swelling and 

dissolution in hot water thus preventing their practical use. The associated 

decrease of optimal properties due to blending and crosslinking of the 

pristine SPEEK materials with other polymers is however compensated by 

the enhancement of stability at higher temperatures in which other 

advantages appear. Among those advantages, the thermal activation of the 

membrane proton conductivity and the accelerated electrochemical reactions 

at the electrodes, i.e. methanol oxidation and oxygen reduction. 

 

3.7. Strategies for novel composite membranes 
 

Incorporation of PVA and PVB into SPEEK has provided stability towards 

swelling in boiling water and has revealed two optimal compositions in 

which a specific characteristic is emphasized as a function of the hydrophilic 

or hydrophobic characteristics of the blending polymer: SPEEK1-35%PVA 
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Fig. 13. Schematic representation of the proposed composite membranes containing (light 

grey) SPEEK1-35%PVA and (dark grey) SPEEK2-30%PVB compositions in (a) an alternate 

multilayer structure (n = 5), and (b) a nanofibre reinforced membrane. 

 

highlights the proton conductivity and SPEEK2-30%PVB the methanol 

barrier properties. 

 Despite their good stability at elevated temperatures, the utilization of 

membranes based on those compositions individually is not desirable for real 

DMFC application. SPEEK1-35%PVA is expected to show a good 

performance in terms of power density but presents a relatively large 

methanol permeability which would decrease considerably the Faraday 

efficiency, whereas the proton conductivity of SPEEK2-30%PVB is too low 

for a practical use.  

 For this reason, we propose the preparation of composite membranes 

combining adequately both compositions in a single membrane with the 

purpose of achieving synergy effects between them. The preparation and 

characterization of these novel membranes is currently under study. 

 Two potential configurations are schematically represented in Fig. 13: 

(a) Alternate layers of SPEEK2-30%PVB and SPEEK1-35%PVA (number 

of layers n = 3, 5, etc.), and (b) a matrix of SPEEK1-35%PVA reinforced 

with nanofibres of SPEEK2-30%PVB. 

 In the first case, the preparation of thin membranes of SPEEK2-

30%PVB and thicker layers of SPEEK1-35%PVA would be preferred. The 

as-prepared films should be conveniently arranged by alternating the 

polymer compositions and finally the sandwich should be crosslinked at 

200 ºC under pressure in order to chemically attach all the layers. 

 In reference to the second proposal, the authors have already 

experienced the preparation of nanofibre reinforced membranes in which the                                                                
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presence of PVA nanofibres blocked methanol permeation within a Nafion
® 

matrix [60]. In the pursuit of this concept, it is desirable to incorporate 

methanol-blocking nanofibres of SPEEK2-30%PVB into a proton 

conducting matrix of SPEEK1-35%PVA. In this case, the SPEEK2-

30%PVB nanofibres would moreover contribute in some extent to the proton 

conductivity of the composite membranes and benefit the mechanical 

properties. Preparation of the SPEEK2-30%PVB nanofibres by 

electrospinning should be followed by their thermal crosslinking at 200 ºC 

and consequent infiltration of the SPEEK1-35%PVA matrix from a suitable 

solution via repeated impregnation and evaporation steps on the nanofibre 

mat. Finally, the nanocomposite membrane should be crosslinked at 200 ºC 

under pressure with the aim to favour interfacial adhesion between the 

nanofibres and the matrix. 

 

 

4. Conclusions 
 

Pristine SPEEK membranes are impractical for DMFC application at 

intermediate temperatures (above 100 ºC) due to excessive swelling and 

dissolution in hot water. 

 It has been remarked that the swelling conditions and the history of the 

processes performed on the membranes, e.g. thermal treatments, are 

important parameters to define the final properties of the SPEEK-based 

membranes. Comparison of properties should only be accomplished between 

membranes with similar swelling degrees and history of treatments. 

 Severe swelling conditions (boiling water) have been applied on the 

membranes with the aim to filter which compositions are suitable for 

application in DMFCs operating over 100 ºC, necessary conditions for 

achieving enhanced electrochemical performances. 

 Blending and crosslinking SPEEK with other polymers is a suitable 

method for enhancing stability towards swelling at elevated temperatures in 

water. Polyvinyl alcohol (PVA) and polyvinyl butyral (PVB) contain 

functional groups or are able to generate them by thermal degradation. This 

provides a pathway for crosslinking reactions with SPEEK chains. 

 PVA is a hydrophilic polymer which forms homogeneous blends with 

SPEEK suitable for obtaining high proton conductivities. On the other hand, 

PVB is a hydrophobic polymer and blends with SPEEK result in a phase 

separation morphology in which very low methanol permeabilities are 

found. Membrane compositions of SPEEK-35%PVA (for an SPEEK 

ionomer with IEC = 1.75 meq g
-1

) and SPEEK-30%PVB (for an SPEEK 

with IEC = 2.05 meq g
-1

) exhibited the best properties in terms of 

mechanical stability, proton conductivity and methanol permeability. 
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 A modified characteristic factor expressed by σ
2
/P has been introduced 

in which more importance is given to the proton conductivity in comparison 

with the methanol permeability as reported in real DMFC operation. 

 Two potential configurations for achieving synergy effects between both 

SPEEK blend compositions have been proposed with the aim to materialize 

their practical application in DMFCs operating at intermediate temperatures. 

 This study is intended to assist other researchers involved in the 

preparation of PEM fuel cell membranes for application at intermediate or 

high temperatures, especially in DMFCs, providing a useful base for the 

evaluation of membranes and further development of new approaches. 
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Abstract 
 

Novel nanocomposite membranes were prepared by infiltration of a blend of 

sulfonated PEEK (SPEEK) with polyvinyl alcohol (PVA), using water as 

solvent, into electrospun nanofibres of SPEEK blended with polyvinyl 

butyral (PVB). The membranes were characterized for their application on 

Direct Methanol Fuel Cells (DMFCs) operating at moderate temperatures 

(above 80 ºC). An important role of the solvent on the crosslinking 

temperature for the SPEEK-PVA system was observed. A mat of hydrated 

SPEEK-30%PVB nanofibres revealed a higher proton conductivity in 

comparison with a dense membrane of similar composition. Incorporation of 

the nanofibre mats to the SPEEK-35%PVA matrix provided mechanical 

stability, methanol barrier properties and certain proton conductivity up to a 

crosslinking temperature of 120 ºC. Not remarkable effect of the nanofibres 

was found above that crosslinking temperature. The combined effect of the 

nanofibres and crosslinking temperature on the properties of the membranes 

is discussed. DMFC performance experiments concluded promising results 

for this new low-cost type of membranes, although further optimization steps 

are still required.   

 

Keywords: Nanofibres, sulfonated PEEK, PVA, PVB, DMFC membranes. 
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1. Introduction 
 

Direct methanol fuel cells (DMFCs) are electrochemical devices which can 

offer about 10 times more energy density than hydrogen-fueled proton 

exchange membrane fuel cells (PEMFCs) and 15 times higher than Li-ion 

batteries. This is explained by the liquid nature of the methanol fuel which 

additionally enables an easy refueling [1-3]. Nevertheless, it is well known 

that methanol crossover through the membrane, commonly a sulfonated 

perfluorinated polymer so-called Nafion
®
, causes the DMFC performance to 

decrease. Methanol adsorbates on the catalyst active sites for oxygen 

reduction at the cathode is the main reason for performance deterioration 

[4,5]. 

 Typically, inorganic (nano-)fillers are incorporated into Nafion
®
 via 

physical or chemical procedures with the aim to block methanol crossover. 

Preferential sorption of water versus methanol and an increased path 

tortuosity for mass transport result in lower methanol permeabilities for the 

hybrid membranes [6-9]. 

 The membranes require to be strong while tough and flexible in order to 

achieve long mechanical stability. However, introduction of inorganic 

particles after certain loadings can cause agglomeration and poor dispersion 

[10,11] and finally a critical embrittlement of the membrane is expected. A 

different strategy then involves physically, chemically or ionically 

blending/crosslinking Nafion
®
 with a methanol barrier polymer such us 

polyvinyl alcohol (PVA), polyvinylidene difluoride (PVDF) and 

polybenzimidazole (PBI), although in this case proton conductivity is the 

most affected parameter [12-15]. 

 A pore-filling electrolyte membrane was conceived to overcome the 

limitations of the polymer blended fuel cell membranes. Such membranes 

are composed of a polymeric porous substrate with pores on the 

submicrometer scale which are filled with a proton conductive polymer. The 

porous substrate must be completely inert to the fuel and mechanically 

strong to prevent excess swelling of the filling polymer, which can otherwise 

lead to high methanol crossover [16]. A limited number of materials can be 

processed to obtain porous frameworks, and among them stand out 

polyimide (PI) [16,17], polytetrafluoroethylene (PTFE/Teflon
®
) [18] and 

ultra-high molecular weight polyethylene (UHMWPE) [19]. Unfortunately, 

lack of functional groups and difficulty to functionalize the surface of those 

substrates can result in weak interfaces between both polymer phases thus 

affecting the long-term stability as it has been reported for a PTFE/Nafion
®
 

system [20].  

 Recently, a similar but more versatile approach enables the utilization of 

a wide range of materials for the preparation of porous substrates. This 
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approach involves electrospinning a polymer solution to obtain a nanofibre 

mat which is afterwards filled with a proton conductive polymer matrix   

[21-28], although insulating polymers infiltrated into proton conductive 

nanofibres have also been proposed [29,30]. Interestingly, it has been found 

that proton conducting nanofibres exponentially increase conductivity with 

decrease in fibre diameter [25,31]. Higher increment of the proton 

conductivity is observed along the fibre axis direction than perpendicularly, 

which is attributed to the preferential orientation of the sulfonated polymeric 

chains and the consequent alignment of the ionic channels [21,22]. On the 

other hand, it has been suggested that proton transport takes place 

preferentially on the surface of the nanofibres, enriched with ionic clusters, 

rather than inside the nanofibre structure [32]. Probably, a plausible 

explanation for the enhancement of the proton conductivity of polymer 

electrolyte nanofibres involves both mechanisms.  

 Comparison between nanofibre- and blended-type membranes has been 

carried out with Nafion
®
 and PVA. It was concluded that both types of 

membranes were effective to reduce methanol crossover, although the 

nanofibre morphology provided less tortuous proton conduction pathways 

and better DMFC performance than the blended membranes, in which 

agglomeration and non-homogeneous distribution of PVA occurred [26]. 

This is in agreement with the empirical evidence that DMFC performance is 

mainly governed by proton conductivity of the membrane. This is a 

consequence of methanol crossover to decrease with increasing current 

density, thus becoming ohmic losses the dominant parameter [33-35]. 

 Chemical functionalization of the nanofibre surface offers a valuable 

strategy to improve interface compatibilization with the matrix, thus helping 

to further reduce methanol permeability and increase mechanical 

reinforcement and proton conductivity of the nanocomposite membranes 

[25,36]. Our group has pioneered the development of nanocomposite 

membranes incorporating surface functionalized nanofibres. We produced 

PVA nanofibres which were chemically modified on the surface with          

4-formyl-1,3-benzenedisulfonic acid groups, with the purpose to promote 

nanofibre-matrix interaction via hydrogen bonding between sulfonic acid 

moieties and to assist the proton conduction, and subsequently Nafion
®
 was 

infiltrated within the nanofibre mats. The resulting nanocomposite 

membranes were compact and contained a large fraction of PVA phase  

(~40-50 wt%), which caused about one order of magnitude reduction of 

methanol permeability while proton conductivity in comparison with pristine 

Nafion
®
 was just slightly reduced due to the non-conducting behaviour of 

PVA. Interestingly, the strong reinforcement effect induced by the 

nanofibres enabled the preparation of very low thickness membranes with 
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good mechanical properties and low ohmic resistances, which resulted in 

advantageous fuel cell performances [37-39].   

 Nafion
®
 is an expensive material and intrinsically limited to 

temperatures below 80 ºC for an adequate performance [40,41]. Motivated 

by the replacement of Nafion® with a low-cost alternative polymer 

electrolyte able to operate at intermediate temperatures (80-140 ºC), suitable 

for efficient electro-oxidation of methanol and efficient catalyst utilization, 

our group investigated blended membranes of sulfonated poly-ether-ether-

ketone (SPEEK) with a hydrophilic polymer, PVA, and a derived 

hydrophobic polymer, polyvinyl butyral (PVB) [42]. The purpose was to 

find optimal compositions for DMFC operation attending to their chemical 

stability in hot aqueous solutions (evaluated in boiling water). It was found 

that PVB constrained to a larger extent the water uptake and swelling when 

blended with SPEEK than PVA, and correspondingly, PVB was preferred 

for providing methanol barrier properties at the expense of a considerably 

lower proton conductivity. On the other hand, PVA was suitable for avoiding 

excessive swelling and dissolution of the blended membrane while 

permitting acceptable proton conductivities for fuel cell application. The best 

properties were exhibited by blends of SPEEK and PVA in a ratio of     

65:35 w/w, SPEEK-35%PVA, and by SPEEK-30%PVB compositions. 

SPEEK grades with values of ion-exchange capacity (IEC) of 1.75 meq g
-1

 

and 2.05 meq g
-1

 were used,  respectively. 

 Furthermore, an additional goal was the replacement of the PVA 

nanofibre mats by proton conducting nanofibres simultaneously providing 

hindrance to methanol crossover. In this sense, the present work represents 

the research conducted on the preparation and characterization of novel 

nanocomposite membranes made from nanofibre mats of SPEEK-30%PVB 

embedded in a SPEEK-35%PVA matrix. A special focus has been laid on 

the DMFC performance of the nanocomposite membranes at intermediate 

temperatures. 

 

 

2. Experimental section 
 

2.1. Materials 
 

Granulated SPEEK (FUMION E ionomers) with ion-exchange capacities of 

1.75 mmol g
-1

 and 2.05 mmol g
-1

 were acquired from Fumatech GmbH     

(St. Ingbert, Germany). These IEC values were confirmed by the authors via 

titration of samples dissolved in water [42]. The SPEEK materials were 

dried at 100 ºC for 24 h in vacuum atmosphere and stored in a sealed 

container to avoid absorption of water before the preparation of membranes.  
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 Polyvinyl alcohol, Mowiol 28-99 grade PVA, and polyvinyl butyral, 

Mowital B75H grade PVB, were kindly donated by the company Kuraray 

Europe GmbH (Frankfurt, Germany).  

 N,N-Dimethylacetamide (DMAc) solvent was purchased from Acros 

Organics. PVA, PVB and DMAc were used as received. The chemical 

structures of SPEEK, PVA and PVB are represented in our previous paper 

[42]. 

  

2.2. Preparation of membranes 
 

2.2.1. SPEEK-35%PVA membranes 
 

SPEEK with ion-exchange capacity of 1.75 meq g
-1

 was dissolved in boiling 

water. An appropriate amount of PVA was separately dissolved in water at 

80 ºC (10 wt% PVA concentration) and then both solutions were mixed to 

prepare a SPEEK-35%PVA composition (SPEEK/PVA 65:35 w/w). Water 

was added until reaching a 7.5 wt% polymer (SPEEK+PVA) concentration. 

The solution was vigorously stirred at room temperature until complete 

homogenization and the membranes cast overnight on a Teflon
®
 Petri dish 

placed in an oven at 40 ºC. Finally, the membranes were crosslinked at 

different temperatures, i.e. 110 ºC, 120 ºC, 130 ºC and 140 ºC, for 1 h and 

immersed in boiling water for another 1 h. The membranes were stored in 

water at room temperature.  

 

2.2.2. SPEEK-30%PVB nanofibres 
 

A blended solution of SPEEK and PVB in a ratio of 70:30 w/w was prepared 

in DMAc solvent as follows: A certain amount of PVB was dissolved under 

stirring in DMAc at 80 ºC for 1 h. When the solution cooled down to room 

temperature, a specific amount of SPEEK with ion-exchange capacity of 

2.05 meq g
-1

 was incorporated. The mixture was heated again at 80 ºC and 

vigorously stirred for 1 h until complete homogenization. Several polymer 

(SPEEK+PVB) concentrations were formulated, i.e. 12.5 wt%, 15 wt%,      

17.5 wt% and 20 wt%. 

 Nanofibre mats of SPEEK-30%PVB were electrospun (YFLOW SL, 

Málaga, Spain) from those prepared solutions. A potential difference of      

35 kV was applied between the needle and the planar collector, which were 

25 cm apart, and a flow rate of 0.2 ml h
-1

 was fixed during the 

electrospinning process at a relative humidity (RH) below 40%. An optimal 

solution for the electrospinning process was selected and used afterwards. 

Such a solution was electrospun for 15 h and the corresponding mats were 

heated at 160 ºC for 30 min, in order to remove trapped DMAc molecules, 
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and then crosslinked at 200 ºC during 1 h in an oven. Round steel frames 

were placed on the surface of the PVB nanofibres before the crosslinking 

reaction. The purpose is to pull tight the mats confined within the inner area 

of the frames as a consequence of their dimensional shrinking. The last step 

was to fix firmly the crosslinked nanofibre mats in the frames. This was 

achieved by the attachment of supplementary frames which were mounted 

on the reverse side of the laying frames. 

 

2.2.3. Nanocomposite SPEEK-based membranes 
 

A 7.5 wt% concentrated solution of SPEEK-35%PVA in water was 

infiltrated into the SPEEK-30%PVB nanofibre mats with the aim to form the 

matrix of the nanocomposite membranes. Our method involved the 

immersion for 5 min of the framed nanofibres inside the cited aqueous 

solution followed by evaporation of the water for other 5 min. This was 

carried out by introducing the soaked nanofibre mats in a climate chamber 

(INELTEC CCSR-0/50, Spain) at 90 ºC with a very low humidity level. This 

process was repeated 4 times while the nanofibre mat was rotated 90º in each 

step. In the final step, the formed nanocomposite membrane was dried 

during 10 min inside the climate chamber. Thereupon, the membrane was 

cut along the frame boundary and further dried overnight at room 

temperature.  

 Finally, square membranes (5 x 5 cm
2
) were cut and crosslinked for 1 h 

under  a pressure of 1 kN cm
-2

 between the hot plates of a commercial hand 

press (Rondol, France). Four crosslinking temperatures were examined,     

i.e. 110 ºC, 120 ºC, 130 ºC and 140 ºC. The crosslinked nanocomposite 

membranes were introduced in boiling water for 1 h and stored in water at 

room temperature. 

 

2.3. Characterization of the nanocomposite membranes 
 

2.3.1 Scanning electron microscopy (SEM) analysis 
 

The morphology of the SPEEK-30%PVB nanofibres and the structure of the 

nanocomposite membranes were investigated using a scanning electron 

microscope (SEM-model JSM-5410, Jeol Co., Japan). The samples were 

gold coated before SEM observations. 

 For cross-sectional observations, the membranes were cut in a fragile 

rupture mechanism by previously freezing the samples within liquid 

nitrogen.  

 

 



Paper 6 (adapted to thesis) 

 183 

2.3.2. Water uptake, swelling degree and ion-exchange capacity 
 

Water uptake was calculated from the difference between the weight of the 

nanocomposite membranes in a wet (hydrated after treatment in boiling 

water) and a dry (dried at 100 ºC in oven) state, according to the expression 

in Eq. (1), 

 

100(%) 



dry

drywet

m

mm
uptakeWater      (1) 

 

 A value of water uptake was averaged from three similar membranes 

crosslinked at each temperature. 

 The swelling degree (in-plane) was measured by the change of area of 

square membranes with initial 5 x 5 cm
2
 dimensions (A0 = X0 · X0). After 1 h 

in boiling water, the swollen membranes practically maintained the square 

shape but with enlarged dimensions (Af = Xf · Xf), see Eq. (2). Similarly, 

swelling through the thickness was obtained from the difference between the 

membrane thickness in dry (L0) and wet (Lf) states as in Eq. (3), 
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 The ion-exchange capacity (IEC) was estimated from the swollen 

membranes, in acid form, by overnight immersion in a 2 M NaCl solution. 

The protons liberated during the reaction R-SO3H + Na
+
 → R-Na + H

+
 were 

titrated with a 0.01 M NaOH solution and phenolphthalein. The IEC was 

calculated from, 

 

dry

NaOH

m

V
gmeqIEC

01.0
)( 1 
     (4) 

 

where VNaOH and mdry are the volume in millilitres of NaOH solution used 

during the titration of the protons released by m grams of dry membrane, 

respectively. The values of mdry were measured after drying at 100 ºC the 

samples utilized for ion-exchange with the NaCl solution. 
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2.3.3. Infrared (IR) spectroscopy 
 

IR spectroscopy (Jasco FT/IR-6200 spectrometer, United States) was used to 

investigate the chemical reactions taking place within the nanocomposite 

membranes at each crosslinking temperature. 

 

2.3.4. Mechanical properties 
 

Static tensile strength testing (DMTA Q800 TA Instruments, United States) 

was carried out at 25 ºC using samples of SPEEK-35%PVA and 

nanocomposite membranes both crosslinked at 120 ºC. Samples of 2 mm 

width were clamped under a torque of 0.113 N m
-1

, and the clamps were 

separated 10 mm. The samples were subjected to a preload of 0.001 N and 

the speed rate was fixed at 1 N min
-1

. The thickness of the samples was 

calculated averaging five measurements at different parts. Previously, the 

membranes, stored in water, were superficially dried with a paper and 

pressed between two plastic sheets under a weight, which were afterwards 

placed inside an oven at 35 ºC during 4 days. Five samples of each type of 

membrane were tested and an average result reported. 

 

2.3.5. Methanol permeability 
 

A typical 2-cell experimental setup [43] was used to measure the coefficient 

of methanol permeability across the SPEEK-35%PVA and nanocomposite 

membranes as a function of crosslinking temperature. The donor chamber 

(D) was filled with a 2 M aqueous solution of methanol, while the receptor 

chamber (R) was filled with distilled water. Both chambers were stirred and 

heated at a fixed temperature of 60 ºC. The variation of methanol 

concentration with time in the receptor reservoir was determined by means 

of a densimeter (DMA 4500 M, Anton-Paar, Austria). A small sample of 

solution (approx. 1 ml) is introduced into a thermostated U-shaped 

borosilicate glass tube with a precise volume being excited to vibrate at its 

characteristic frequency, which depends on the total mass of the tube and 

sample. Through a precise determination of the characteristic frequency and 

a mathematical conversion, the mass density (g cm
-3

) of the sample can be 

estimated. Consequently, the methanol concentration of that sample can be 

mathematically given from a calibration curve of density versus methanol 

concentration which is previously obtained at the same measurement 

temperature (50 ºC in our experiments). 

 During permeability experiments, samples from the receptor 

compartment were taken at certain time intervals and the density recorded. 

With the purpose to avoid the volume of solution in the receptor reservoir 
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(VR = 150 cm
3
) diminishes after each measurement, the samples were 

recovered from the densimeter and introduced again into the compartment. 

Representing the methanol concentration in the receptor chamber (CR) versus 

time (t), the apparent permeability (P) of methanol across a membrane with 

thickness L (cm) and surface area A (A = 2.27 cm
2
) can be determined from 

Eq. (5). This is valid while the gradient CD,0 - CR does not significantly 

change, that is, for the condition CD,0 >> CR (being CD,0 the initial methanol 

concentration in the donor chamber). The parameter t0 is assigned to the time 

lag before the pseudo-steady state is reached,  

 

)( 00, ttAC
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


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2.3.6. Electrochemical impedance spectroscopy (EIS) 
 

The proton conductivities through thickness of the SPEEK-30%PVB 

nanofibres and the prepared membranes were measured at 60 ºC and 90 ºC 

by impedance spectroscopy in the frequency range of 10 < f < 10
7
 Hz 

applying a 0.1 V signal amplitude. A Novocontrol broadband dielectric 

Spectrometer (Hundsangen, Germany) integrated by an SR 830 lock-in 

amplifier with an Alpha dielectric interface was used. The membranes were 

previously equilibrated with deionized water (Milli-Q) and afterwards placed 

between two gold electrodes in a parallel plate liquid sample cell (BDS 

1308, Novocontrol) coupled to the spectrometer. The hydration level of 

membranes differ between liquid- and vapour-equilibrated, e.g. 100 %RH, 

environments [44-46]. For this reason and an approximation to the real 

DMFC conditions  (aqueous solution in anode), the samples were soaked in 

Milli-Q water which was added to the measuring cell in each experiment. 

The temperature was controlled by nitrogen jet (QUATRO from 

Novocontrol) with a temperature error less than 0.1 K during every single 

sweep in frequency. 

 The protonic resistance R (Ω) was taken from the Bode plot as the value 

of the real part of the impedance Z' at which the phase angle reaches a 

maximum close to zero in the high frequency region, |Z'|→R. The real 

conductivity (σ') of the membranes (S cm
-1

) was then calculated from the 

protonic resistance by means of Eq. (6), 

 

SR

L


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where L is the thickness of the membrane (cm) and S the electrode area 

(0.785 cm
2
) in contact with the sample. 

 

2.3.7. Direct methanol fuel cell (DMFC) performance 
 

Membrane electrode assemblies (MEAs) comprising the nanocomposite 

membranes crosslinked at 110 ºC and 120 ºC were prepared for the 

evaluation of their DMFC performance with increasing temperatures. MEAs 

of a commercial Nafion
®
 115 film (DuPont Co.) were also prepared for 

comparison. 

 Anode and cathode gas diffusion electrode layers were acquired from 

BalticFuelCells GmbH (Schwerin, Germany). The anode was composed of a 

carbon paper with microlayer (model H2315 T10A) from Freudenberg 

Group (Weinheim, Germany), which was coated to a 5.0 mg cm
-2

 catalyst 

loading with particles of an alloy of Pt-Ru black 50:50 (Alfa Aesar) 

incorporating a 20 wt% content of dry Nafion
®
 ionomer. The cathode 

consisted of a carbon paper with microlayer from Freudenberg (model 

H2315 I3C4), which was coated to a 5.0 mg cm
-2

 loading with a catalyst 

made of platinum nanoparticles supported on advanced carbon (HiSPEC 

13100, Alfa Aesar), ratio of 70 wt% Pt on C, containing 20 wt% of Nafion
®
 

ionomer.  
 The electrodes were cut in squares of 2.3 cm side length (about 5 cm

2
 

area) and sandwiched between fully hydrated membranes. Finally, the MEAs 

were hot pressed at 110 ºC under a pressure of 300 N cm
-2

 for 3 min. On the 

other hand, the MEAs of Nafion
®
 membranes were obtained pressing at 

135 ºC instead. In all cases, the prepared MEAs were stored in water until 

fuel cell experiments were performed.    

 For measuring DMFC performance, the MEAs were placed into a single 

fuel cell hardware (quick CONNECT, Baltic Fuel Cells GmbH, Germany) 

containing graphite plates with serpentine flow fields of 5 cm
2
 active area, 

and equipped with a pressure-controlled clamping force system. 

 An aqueous methanol solution of 2 M concentration was pumped at a 

flow rate of 6 ml min
-1

 to feed the anode. The cathode was fed with non-

humidified oxygen gas at a flow rate of 250 ml min
-1

 and atmospheric 

pressure. 

 Polarization curves (i-V) were obtained at several temperatures,           

i.e. 80 ºC, 100 ºC and 120 ºC, by stepwise increment of the current from 

open-circuit voltage conditions (i ≈ 0). Current and power density values 

were accordingly calculated and represented. Before i-V measurements, the 

MEAs were electrochemically activated for 5 h running current sweep 

cycles. 
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3. Results and discussion 
 

3.1. Electrospinning of SPEEK-30%PVB nanofibres 
 

Electrospinning is a very suitable technique for the scalable fabrication of 

nanofibres via electrostatic phenomena induced by large electric fields 

between a needle and a collector [47]. Recently, a novel approach has been 

proposed in which nanofibres are produced by strong centrifugal forces 

(centrifugal spinning) enabling higher production rates [48]. 

 Although electrospinning can be defined as a simple technique, the 

process is influenced by many parameters, i.e. surface tension of polymer 

solution, polymer concentration, viscosity, solvent volatility, conductivity, 

flow rate, needle-collector distance, applied potential, surrounding humidity, 

etc., which makes setting optimal electrospinning parameters rather 

complicated [47].  

  

 

 
 

Fig. 1. SEM images of electrospun nanofibres prepared from SPEEK-30%PVB solutions 

under the same electrospinning conditions but different polymer concentrations: (a) 12.5 wt% 

(magnified x1,000); (b) 15 wt% (x1,000); (c) 17.5 wt% (x1,000); and (d) 20 wt% (x750).   
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 Effect of polymer concentration was analyzed for SPEEK-30%PVB 

solutions in DMAc solvent under the following electrospinning conditions: 

The needle and the planar collector were separated 25 cm and energized to a 

potential of +10 kV and -25 kV, respectively, pumping the polymer solution 

at a flow rate of 0.2 ml h
-1

 while electrospinning was carried below 40 RH%. 

Fig. 1 shows the different electrospun nanofibre morphologies prepared from 

solutions between 12.5 wt% and 20 wt% polymer concentration.  

 At the lower polymer concentration range, i.e. 12.5 wt% and 15 wt%, 

defects known as "beads" are visible thus indicating that solution viscosity 

was insufficient. On the other hand, at the higher concentration range,       

i.e. 17.5 wt% and 20 wt%, perfect developed nanofibres are observed. The 

20 wt% solution was found to be very viscous and it is empirically accepted 

that nanofibre diameter increases with increasing viscosity. Thereby, the 

solution with a total polymer concentration of 17.5 wt% was selected for the 

optimal preparation of SPEEK-30%PVB nanofibres. 

 The electrospun nanofibre mats, from a SPEEK-30%PVB solution of 

17.5 wt% concentration, were first heated at 160 ºC for the removal of 

remaining DMAc solvent molecules and finally crosslinked at 200 ºC. Fig. 2 

shows that the nanofibre morphology is preserved after the crosslinking 

process and the subsequent immersion in boiling water for 1 h despite 

densification and welding of the nanofibres are manifested. This confirms 

that the crosslinked nanofibres have a high chemical stability as required for 

withstanding hot aqueous environments of methanol solutions (DMFC 

operation above 80 ºC). 

 

 

 
 

Fig. 2. SEM images of SPEEK-30%PVB nanofibres crosslinked at 200 ºC: (a) As-produced 

(magnified x2,000); and (b) after 1 h immersion in boiling water (x2,000). 
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3.2. Preparation of nanocomposite membranes. SEM analysis 
 

The method applied for the incorporation of the SPEEK-35%PVA matrix 

between the nanofibres of SPEEK-30%PVB has been analyzed studying 

superficial and transversal views of the prepared nanocomposite membranes.   

 The surface and cross-section of a sample of nanocomposite membrane 

are shown in Fig. 3. The surface is compact with no visible pores, and the 

cross-section reveals two regions: The outer layers of pure SPEEK-35%PVA 

phase show a perfect fragile rupture and the inner layer contains evidence of 

a more plastic rupture, which is assigned to the presence of the nanofibre 

mat within the SPEEK-35%PVA matrix and the formation of a strong   

fibre-matrix interface. 

 These observations confirm that a good penetration of the aqueous 

SPEEK-35%PVA solution into the nanofibre mats occurs, which leads to the 

successful impregnation and loading of the matrix phase along the whole 

nanofibre layer thus forming a perfect sandwich structure.   

 

3.3. Water uptake, swelling degree and ion-exchange capacity 
 

The ion-exchange capacity represents the density of sulfonic acid groups 

present in the material. The high acid strength of the sulfonic moiety causes 

water to be incorporated into the ionic channels via hydrated protons (H3O
+
) 

strongly hydrogen-bonded to water molecules [49], which is represented by 

the water uptake, and the volume occupied by such an amount of water is 

measured through the swelling degree. Proton conductivity and methanol 

 
 

Fig. 3. SEM images of a sample of nanocomposite membrane containing SPEEK-30%PVB 

nanofibres within a SPEEK-35%PVA matrix: (a) View of the surface (magnified x1,000); and 

(b) cross-section revealing outer layers of SPEEK-35%PVA and an inner layer of nanofibres 

embedded in the matrix phase (x2,000). 
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permeability are associated with IEC, water uptake and swelling degree; 

both generally increasing with those parameters [50-53]. However, if water 

uptake and swelling degree surpass some critical value, it has been noticed 

that proton conductivity can be prone to diminish as a consequence of a 

dilution effect which decreases the local concentration of protons within the 

ionic channels [54]. 

 Table 1 lists the swelling degree, water uptake and IEC parameters of 

the nanocomposite membranes as a function of crosslinking temperature. 

Membranes prepared without nanofibres, i.e. SPEEK-35%PVA, have also 

been characterized for comparison. 

 It can be deduced from Table 1 that in-plane swelling, through-thickness 

swelling and water uptake in both type of membranes diminish with 

increasing temperature of crosslinking. The nanocomposite membranes 

remarkably show larger dimensional changes through-thickness than          

in-plane, which is inferred to the 2-D (plane) mechanical reinforcing effect 

provided by the nanofibres. This is especially observed with the 

nanocomposite membranes crosslinked at 110 ºC and 120 ºC; conditions in 

which the SPEEK-35%PVA matrix is just partially crosslinked as deduced 

from the high water uptake values. Constraint of the swelling as a 

Table 1. Swelling (in-plane and through-thickness), water uptake and ion-exchange capacity 

(IEC) values of the SPEEK-35%PVA and nanocomposite membranes are reported as a 

function of crosslinking temperature after 1 h in boiling water. Membrane thickness is given 

in dry state as a reference. 

Membrane 

Dry 

thickness 

(µm) 

In-plane 

swelling 

(%) 

Thickness 

swelling 

(%) 

Water 

uptake 

(%) 

IEC 

(meq g-1) 

SPEEK-35%PVA 

(Cross. 110 ºC) 
92  3 203  7 50  5 283  12 0.22  0.01 

Nanocomposite 

(Cross. 110 ºC) 
70  5 59  5 109  12 192  12 0.22  0.01 

SPEEK-35%PVA 

(Cross. 120 ºC) 
89  3 107  6 37  4 152  7 0.47  0.01 

Nanocomposite 

(Cross. 120 ºC) 
72  5 44  5 42  6 86  9 0.31  0.01 

SPEEK-35%PVA 

(Cross. 130 ºC) 
86  3 44  5 26  3 67  4 0.50  0.01 

Nanocomposite 

(Cross. 130 ºC) 
69  6 21  4 25  4 42  5 0.27  0.01 

SPEEK-35%PVA 

(Cross. 140 ºC) 
83  3 21  4 19  2 36  3 0.25  0.01 

Nanocomposite 

(Cross. 140 ºC) 
66  5 17  4 21  3 34  5 0.56  0.01 
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consequence of the reinforcement with nanofibres is clearly demonstrated by 

comparison of the water uptake values between SPEEK-35%PVA and 

nanocomposite membranes crosslinked at those temperatures. This suggests 

the nanocomposite membranes to be mechanically more stable under typical 

cyclic hydration conditions occurring due to fuel cell operation. Such a 

cyclic swelling/water uptake of the membrane is prone to generate 

mechanical stresses and fatigue, thus influencing the long-term operational 

lifetime [55]. 

 On the other hand, the differences of the swelling and water uptake 

parameters between both type of membranes diminish with increasing 

crosslinking temperature and converge at 140 ºC. This result points out that 

the crosslinking degree approaches a maximum level towards a temperature 

of about 140 ºC. Consequently, a higher crosslinking degree of the matrix 

must come accompanied by an important improvement of its mechanical 

properties, thus decreasing the reinforcement benefit associated with the 

nanofibres.    

 Interestingly, the SPEEK-35%PVA membranes prepared in this study by 

casting from an aqueous solution can be crosslinked at much lower 

temperatures than those cast with DMAc solvent such us in our previous 

work [42]. Likely, the strong polar nature and hydrogen-bonding capacity of 

water favor the orientation of the sulfonic acid groups (-SO3H) of SPEEK 

against the hydroxide groups (-OH) of PVA, then facilitating the 

corresponding acid-base reaction. 

 The ion-exchange capacities measured for the membranes in Table 1 do 

not represent a meaningful result. The authors suggest that salt rejection, 

NaCl in this case, might be occurring and, therefore, ion-exchange of 

protons by sodium ions (Na
+
) not taking place. Indeed, some literature 

reports the salt rejection properties of SPEEK-containing membranes due to 

the fixed negative charges of the dissociated sulfonic groups which repel 

anions such us sulfate and chloride [56-58]. An important application for this 

kind of membranes involves nanofiltration for water purification. 

Furthermore, salt rejection might be encouraged in our composition by the 

presence of PVA [59]. It can be then concluded that other salt compositions 

should be investigated to minimize salt rejection and allow the correct 

measurement of IEC on this type of membranes. Similarly, this particular 

phenomenon might take place in other sulfonated hydrocarbon materials 

different to SPEEK. 

 

3.4. FTIR results 
 

Analysis of the crosslinking reactions between the chains of SPEEK-PVA 

and SPEEK-PVB mixed in DMAc solvent was conducted by means of the 
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Fig. 4. FTIR spectra as a function of crosslinking temperature for SPEEK-35%PVA 

membranes prepared from aqueous solutions: (Black) as-prepared, (grey) crosslinked at 

120 ºC, and (light grey) crosslinked at 140 ºC. 

 

 

 FTIR and DSC techniques and reported by the authors [42]. Those reactions 

were mainly assigned to the condensation between sulfonic acids of SPEEK 

and OH groups of PVA and PVB, and in some extent to reactions between 

the sulfonic acid groups and intermediate species derived from the thermal 

degradation of PVA and PVB. In this work, the crosslinking reaction 

between the SPEEK and PVA polymers blended in water solvent was 

evaluated preparing samples of SPEEK-35%PVA membranes by casting 

their aqueous solutions. Samples with similar thickness were obtained and 

the FTIR spectra associated with such membranes are represented in Fig. 4. 

 The profiles of the blended SPEEK-PVA membranes predominantly 

exhibit the characteristic peaks of SPEEK, which can be understood as 

SPEEK is the principal constituent material of the membranes. Accordingly, 

the following peaks can be distinguished: O-H species from sulfonic acid 

groups vibrate at about 3450 cm
-1

, while other bands assigned to sulfonic 

acid are found at 1247 cm
-1

, 1079 cm
-1

 and 1025 cm
-1

. A peak at 1652 cm
-1

 

corresponds to the carbonyl group of the SPEEK structure, and the peaks at 

1491 cm
-1

 and 1221 cm
-1

 evidence the presence of C-C aromatic ring and 

aromatic C-O-C bonds, respectively [60,61]. 

 It is reported that PVA typically shows a broad peak ranging from 

3700 cm
-1

 to 3000 cm
-1

 and centered around 3300 cm
-1

, which is attributed to 

stretching of the hydroxyl (O-H) groups [60,62]. Consequently, the bands of 

the vibrating O-H bonds belonging to the sulfonic acid groups of SPEEK 

and the hydroxide groups of PVA overlap. This should explain the large 
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peaks observed in Fig. 4 at those wavenumbers. The largest peak appears on 

the as-prepared sample which has not been crosslinked, and it progressively 

decreases after crosslinking at 120 ºC and 140 ºC. The condensation reaction 

between sulfonic acids and hydroxyl groups explains the consumption of OH 

moieties with the corresponding decrease of the associated peak [42]. This 

corroborates that crosslinking reactions take place between 110 ºC and 

140 ºC in SPEEK-35%PVA compositions prepared from aqueous solutions, 

in contrast to the SPEEK-PVA formulations mixed in DMAc solvent in 

which crosslinking was only achieved at about 200 ºC [42]. 

 

3.5. Mechanical properties 
 

Static mechanical testing has been carried out on samples of SPEEK-

35%PVA and nanocomposite membranes crosslinked at 120 ºC. The purpose 

is to compare their mechanical properties and evaluate the effect of the 

nanofibres. It is of special interest to corroborate that the preparation method 

leads to compact nanocomposite membranes with negligible defects. 

 Mechanical parameters such us Young's modulus, ultimate tensile 

strength and tensile rupture strain were obtained and are reported in Table 2. 

Statistically, no significant differences are found between both membranes 

and no apparent influence of the nanofibres demonstrated. A plausible 

explanation can be given taking into account that the previously hydrated 

membranes were partially dried before the tests by placing them between 

two plastic sheets under pressure and at 35 ºC for 4 days. At those 

conditions, the mechanical properties of the matrix and nanofibres seem to 

coincide. On the other hand, for fully hydrated conditions, the mechanical 

strength of the swollen matrix will weaken as a function of water uptake and 

the reinforcing effect of the non-swollen nanofibres would be expected to 

become evident. Unfortunately, our setup did not allow the samples to be 

maintained at a fully hydrated state. When hydrated samples were tested, 

they were losing water during the measurements in air and no reliable data 

was obtained. Consequently, it was decided to measure samples with lower 

water content. According to their similar results observed in Table 2, it can 

be confirmed the successful introduction of the matrix phase between the 

nanofibres of the mats without evidence of weakening defects such us pores.   

  

Table 2. Average values of Young's modulus (E), ultimate tensile strength (σult) and tensile 

rupture strain (εr) for samples crosslinked at 120 ºC of SPEEK-35%PVA and nanocomposite 

membranes. 

Sample E (GPa) σult (MPa) εr (%) 

SPEEK-35%PVA 1.3 ± 0.3 48 ± 8 21 ± 7 

Nanocomposite 1.2 ± 0.4 47 ± 7 16 ± 5 
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Fig. 5. Profiles of methanol concentration in receptor chamber versus time measured at 60 ºC 

from a 2 M aqueous methanol solution in donor chamber, which have been obtained for the 

nanocomposite membranes depending on crosslinking temperature and membrane thickness: 

(■) 110 ºC, 145 μm; (●) 120 ºC, 107 μm; (▲) 130 ºC, 88 μm; and (▼) 140 ºC, 71 μm. 

 

 

 

 An observed advantage of introducing nanofibres arises from the 

induced mechanical stability of the membranes. It was noted that the 

SPEEK-based membranes tend to be brittle when their water content 

decreases up to a dry state as they shrink. However, the nanocomposite 

membranes were less affected by such a shrinking process and their physical 

integrity was preserved to a greater extent. 

 

3.6. Methanol permeability 
 

The reduction and limitation of methanol permeability through a membrane 

is an essential matter for the practical application of direct methanol fuel 

cells. Fuel loss and decrease of electrochemical efficiency at the cathode are 

the main issues to avoid. 

 Methanol permeability has been measured at 60 ºC by analyzing the 

change of methanol concentration in the receptor chamber (CR) as a function 

of time (t) during the pseudo-steady state conditions. Linear trends with     

R-squared fitted lines are obtained and slopes, expressed by CR/t, estimated. 

The values of the slopes are introduced in Eq. (5) and then the apparent 

methanol permeabilities are calculated from the membrane thickness and 

other experimental parameters. The methanol permeability is described as 

'apparent' due to the fact that includes the effect of the boundary layers in 

addition to the permeation across the membrane itself. 
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 Fig. 5 plots the profiles of methanol concentration versus elapsed time 

for the nanocomposite membranes crosslinked at 110 ºC, 120 ºC, 130 ºC and 

140 ºC, which presented a thickness after experiments of 145 μm, 107 μm, 

88 μm and 71 μm, respectively. Table 3 shows the values of apparent 

methanol permeability for all the SPEEK-35%PVA and nanocomposite 

membranes prepared in this study, which are represented in Fig. 6 as a 

function of crosslinking temperature. 

 Methanol permeability is clearly related with the water uptake values of 

the membranes given in Table 1. Water uptake was particularly constrained 

by the presence of SPEEK-30%PVB nanofibres when the SPEEK-35%PVA 

matrix was crosslinked at 110 ºC and 120 ºC, following this order. Fig. 6 

corroborates this fact in terms of methanol permeability, and it shows that 

the nanocomposite membranes crosslinked at 110 ºC and 120 ºC decreased 

the methanol crossover in comparison with the SPEEK-35%PVA 

membranes crosslinked at the similar temperatures. Specifically, the latter 

exhibited relatively high methanol permeabilities when Nafion
®
 is 

considered as a reference material.    

Table 3. Values at 60 ºC of apparent methanol permeability (P) and proton conductivity (σ') 

for the SPEEK-35%PVA and nanocomposite membranes as a function of crosslinking 

temperature. A modified characteristic factor is calculated as Φ = σ'2/P for theoretical 

evaluation of materials performance in DMFC operating conditions. A Nafion® 115 

membrane is included for reference. 

Membrane 

Methanol 

permeability 

(cm2 s-1) 

Proton 

conductivity 

(S cm-1) 

Modified 

characteristic factor 

(S2 s cm-4) 

SPEEK-35%PVA 

(Cross. 110 ºC) 
(5.81  0.20)·10-6 (1.11  0.08)·10-2 21.2  3.2 

Nanocomposite 

(Cross. 110 ºC) 
(4.43  0.21)·10-6 (1.35  0.11)·10-2 41.1  5.8 

SPEEK-35%PVA 

(Cross. 120 ºC) 
(4.70  0.13)·10-6 (1.10  0.05)·10-2 25.7  1.9 

Nanocomposite 

(Cross. 120 ºC) 
(3.82  0.18)·10-6 (1.03  0.08)·10-2 27.8  3.6 

SPEEK-35%PVA 

(Cross. 130 ºC) 
(2.18  0.07)·10-6 (5.84  0.32)·10-3 15.6  1.5 

Nanocomposite 

(Cross. 130 ºC) 
(2.02  0.11)·10-6 (2.50  0.18)·10-3 3.1  0.3 

SPEEK-35%PVA 

(Cross. 140 ºC) 
(1.19  0.06)·10-6 (3.53  0.13)·10-3 10.5  0.3 

Nanocomposite 

(Cross. 140 ºC) 
(1.34  0.09)·10-6 (1.63  0.10)·10-3 2.0  0.1 

Nafion® 115 (3.71  0.05)·10-6 (3.64  0.11)·10-2 357  24 
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Fig. 6. Representation of the apparent methanol permeabilities at 60 ºC for (closed symbol) 

SPEEK-35%PVA and (open symbol) nanocomposite membranes in relation to their 

crosslinking temperatures. The value measured for a commercial Nafion® 115 membrane is 

included for reference. 

 

 

  Interestingly, the nanocomposite membrane which was crosslinked at 

120 ºC had a methanol permeability equivalent to Nafion
®
, while those 

membranes crosslinked at 130 ºC and 140 ºC much lower values. Methanol 

permeability reduced with increasing temperature of crosslinking but no 

significant differences are observed between SPEEK-35%PVA and 

nanocomposite membranes crosslinked at 130 ºC and 140 ºC. This is 

inferred to the higher crosslinking degrees reached at those temperatures 

which causes no valuable effect of the nanofibres on the crosslinked matrix. 

 

3.7. Proton conductivity 
 

The proton conducting properties of the SPEEK-30%PVB nanofibres and 

the prepared membranes were examined from impedance measurements at 

60 ºC and 90 ºC. Bode diagrams were analyzed by plotting the real part of 

the conductivity versus frequency. The proton conductivity was obtained at 

the region of high frequencies in which the real conductivity tends to a 

plateau when the phase angle value approaches zero.  

 The Bode diagram of a SPEEK-30%PVB nanofibre mat in Fig. 7 shows 

the profile of real conductivity versus frequency obtained at 90 ºC. The mat, 

which previously was placed 1 h in boiling water, was washed with 

deionized Milli-Q water and the thickness measured (283 μm). Milli-Q water 

was introduced in the conductivity cell in order to ensure a fully hydrated 
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Fig. 7. Bode diagram showing the proton conductivity profiles at 90 ºC of a (square)   

SPEEK-30%PVB nanofibre mat (283 μm thick) with embedded Milli-Q water, and a (circle) 

SPEEK-30%PVB membrane (260 μm thick) prepared by casting. Real conductivity and phase 

angle are represented by solid and open symbols, respectively. 

 

 

 state of the mat during measurements. For comparison, a SPEEK-30%PVB 

membrane was prepared by casting from a DMAc solution and similar 

conductivity measurements performed. The membrane was previously 

swollen in boiling water for 1 h (260 μm thick) and Milli-Q water was also 

added to the conductivity cell. The result of this membrane at 90 ºC is 

included in Fig. 7 and displays a conductivity (6.11·10
-4

 S cm
-1

) about 1/43 

the conductivity value of the nanofibre mat (2.61·10
-2

 S cm
-1

). This confirms 

that the SPEEK-30%PVB nanofibres are good proton-conducting materials. 

Furthermore, the different phase angle profiles shown in Fig. 7 between the 

nanofibre mat and the SPEEK-30%PVB membrane corroborate that proton 

conduction takes place along distinct pathways. Two proton conduction 

mechanisms associated to the nanofibre morphology could explain this large 

increment of proton conductivity. On one side, conductivity may be 

improved through the bulk due to an induced preferential orientation of the 

ionic channels along the nanofibre axis, and on the other side, conductivity 

may be encouraged on the nanofibre surface through the strong interface 

formed between water molecules and external sulfonic acid groups [32].  

 The values of proton conductivity of the SPEEK-35%PVA and 

nanocomposite membranes obtained at 60 ºC are given in Table 3. 

Comparison between both types of membranes at each crosslinking 

temperature reveals the influence of the SPEEK-30%PVB nanofibres on the 

conductivity. Clearly, when the nanocomposite membrane has been 
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crosslinked at 110 ºC and water uptake reaches a very high level (see 

Table 1), the proton conductivity of the nanocomposite membrane exceeds 

the conductivity of the SPEEK-35%PVA matrix. This confirms a positive 

contribution of the nanofibres on the conductivity. Crosslinking at 120 ºC 

has almost no effect on the SPEEK-35%PVA membrane despite the lower 

water uptake (Table 1), but decreases the conductivity of the nanocomposite 

membrane until a value close to the pristine SPEEK-35%PVA phase. Further 

increase of the crosslinking temperature to 130 ºC and 140 ºC results on 

proton conductivities of the nanocomposite membranes significantly below 

the conductivities found in the SPEEK-35%PVA membranes. Although the 

water uptake values at those crosslinking conditions are rather similar 

between both types of membranes (Table 1), the presence of nanofibres has a 

negative repercussion. Likely, SPEEK from the nanofibres reacts with PVA 

from the matrix and the formed interface restricts the presence of water on 

the nanofibre surface for proton conduction, and in addition, sulfonic acid 

groups for the donation of protons are consumed. These phenomena could 

even make the nanofibres to block proton transport through the matrix. Then, 

apparently, reduction of surface concentration of water molecules and 

sulfonic acid groups on the SPEEK-30%PVB nanofibres strongly affects 

their conductivity properties as a consequence of a more limited proton 

conduction via the water-sulfonic acid association. This conclusion about 

conductivity preferentially taking place on the nanofibres surface would be 

in agreement with those reported in other studies [32,63]. Moreover, this 

explanation can be supported by the fact that nanofibre axis orientation is 

perpendicular to the proton conduction direction, which might difficult 

conductivity through the nanofibre bulk but on the nanofibre surface.  

 Table 3 also compiles the values of a modified characteristic factor 

which is a theoretical consideration for the suitable estimation of DMFC 

performance of polymer electrolytes under practical operating conditions. 

Typically, the characteristic factor is conceived as Φ = σ'/P, thus suggesting 

that both proton conductivity and methanol permeability equally influence 

DMFC performance. Consequently, a simultaneous and equivalent 

increment of proton conductivity and methanol permeability would not cause 

any change on the DMFC performance. However, many authors have 

empirically demonstrated that proton conductivity is the main parameter 

governing the DMFC performance during standard operating conditions  

[33-35]. This is explained by the fact that methanol is electrochemically 

oxidized at the anode and, thereby, the driving force for methanol 

permeation, that is the concentration gradient, diminishes with increasing 

current density. Thus, reaching certain levels of current density makes their 

associated ohmic losses prevail upon the methanol crossover effect to 

explain the electrochemical performance. This reason makes us to propose a 
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Fig. 8. Proton conductivities at 90 ºC for (closed symbol) SPEEK-35%PVA and (open 

symbol) nanocomposite membranes as a function of crosslinking temperature. The result of a 

commercial Nafion® 115 membrane was 5.90·10-2 S cm-1 (not shown in graphic). 

 

 

modified characteristic factor in which proton conductivity is emphasized 

against methanol permeability without completely neglecting its negative 

effect. The modified characteristic factor is correspondingly defined as        

Φ = σ'
2
/P [42]. 

 Nafion
®
 is an outstanding polymer electrolyte membrane although its 

main drawback comes from the extremely high cost of this perfluorinated 

material. We can observe in Table 3 that it is the best performing material 

according to its modified characteristic factor. Nevertheless, the purpose of 

this study is replacing Nafion
®
 with more cost effective SPEEK-based 

materials.  

 Attending to the modified characteristic factors calculated for the 

prepared SPEEK-containing membranes in Table 3, the nanocomposite 

membranes crosslinked at 110 ºC and 120 ºC show a priori the best 

properties for the achievement of optimal DMFC performances. In this case, 

it is worth mentioning that the nanocomposite membrane crosslinked at 

120 ºC is superior to the former from a mechanical stability point of view.  

 Fig. 8 encompasses the proton conductivities of the SPEEK-35%PVA 

and nanocomposite membranes measured at 90 ºC. The conductivity of the 

nanocomposite membrane crosslinked at 110 ºC (1.64·10
-2

 S cm
-1

) surpasses 

the conductivity exhibited by the SPEEK-35%PVA membrane crosslinked at 

the same temperature (1.03·10
-2

 S cm
-1

). The conductivity of the 

nanocomposite membrane crosslinked at 120 ºC (1.16·10
-2

 S cm
-1

) decreases 
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in comparison with that one crosslinked at 110 ºC and it is also below the 

conductivity of the SPEEK-35%PVA membrane crosslinked at 120 ºC 

(1.80·10
-2

 S cm
-1

). A similar trend is distinguished from the results at 60 ºC 

in Table 3. On the other hand, the SPEEK-35%PVA membranes crosslinked 

at 110 ºC and 120 ºC reveal a particular behaviour. The proton conductivities 

of such membranes are practically similar at 60 ºC (Table 3), but the 

SPEEK-35%PVA membrane crosslinked at 120 ºC shows a higher 

conductivity at 90 ºC than the membrane crosslinked at 110 ºC (Fig. 8). 

Since swelling and water uptake increase with increasing temperature, 

especially above a critical temperature which depends on the IEC, it is 

inferred that the lower crosslinking degree reached at 110 ºC will promote a 

larger water uptake during the measurement at 90 ºC than at 60 ºC. 

Correspondingly, the larger fraction of water confined within the membrane 

will cause a diluting effect of the sulfonic acid groups thus decreasing the 

conductivity [54]. Crosslinking at 120 ºC seems to be optimal for the control 

of excessive water uptake while still not considerably reducing this 

parameter for the final achievement of a good proton conduction.  

 It is then plausible to affirm that proton conductivity of the 

nanocomposite membranes depends on the nanofibre mats via the 

conductivity contribution of those nanofibres and their capacity to control 

swelling and water uptake of the matrix. Membranes with low crosslinking 

levels are then the most favoured by the nanofibres.  

 

3.8. DMFC performance 
 

The response of the nanocomposite membranes crosslinked at 110 ºC and 

120 ºC under DMFC operation is shown in Fig. 9. A standard Nafion
®
 

membrane (N115) is included as a reference. Electrochemical performance 

was evaluated from 80 ºC to 120 ºC at atmospheric pressure with the anode 

and cathode fed by a 2 M aqueous methanol solution and pure oxygen 

(without humidification), respectively. 

 The results at 120 ºC operation have been modeled using Eq. (7), in 

which mass transport limitation phenomena are not considered for 

simplification.  

 

SiR
i

i
AVV MEAOC 

0

1 ln    (7) 

 

 The parameter V represents the cell voltage, VOC the reversible open-

circuit voltage, A1 the sum of the Tafel slopes for anode and cathode, i the 

cell current density (defined as I/S), i0 the exchange current density (catalytic 

function), RMEA the ohmic resistance of the MEA (mainly caused by the ionic 



Paper 6 (adapted to thesis) 

 201 

 
 

Fig. 9. DMFC performance of the (a) nanocomposite membrane crosslinked at 110 ºC 

(145 μm thick), (b) nanocomposite membrane crosslinked at 120 ºC (107 μm thick), and      

(c) Nafion® 115 membrane (157 μm thick) measured at different temperatures: (Square) 

80 ºC, (circle) 100 ºC, and (triangle) 120 ºC. Cell voltage profiles are represented by solid 

symbols and power density curves by open symbols. 

 

 
resistance of the membrane), S the geometrical area of the membrane and I 

the total cell current. 

 Attempts to estimate the electro-osmotic methanol crossover during 

DMFC experiments involve the mathematical model given in Eq. (8) 

[38,64], valid for an equivalent geometrical area of membrane (S) of 1 cm
2
, 

 

iACA
i

i
AVCiV anOCan 








 32

0

1 ln),(   (8) 

 

with, 

 

eosA
L

A 


3
      (9) 

 

where A2 represents the overvoltage caused by diffusion of methanol under a 

concentration gradient (no current dependent), Can is the methanol 

concentration at the anode and A3 represents the overvoltage due to the sum 

of the protonic resistance and the methanol electro-osmotic effect as both 
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depend on current density. From Eq. (9), it is detailed that A3 depends on L 

and σ, which are the thickness and conductivity of the membrane, 

respectively, and a term Aeos associated with the electro-osmosis of 

methanol. 
 The derivative dV/di when a constant concentration of methanol in the 

anode is assumed, is equal to, 

 

 
3

1 A
i

A

di

dV
      (10) 

 

 Plotting dV/di, preferably between 100-350 mA cm
-2

, the slope gives the 

value of A3 as seen in Eq. (10). Then, Aeos can be calculated introducing in 

Eq. (9) those values of L and σ previously measured experimentally. 

Although this is a good approach to evaluate the electro-osmotic effect 

taking place in a membrane, there is a point which weakens this model. In 

our new consideration, the drawback comes from the fact that proton 

conductivity can be influenced by methanol crossover. It has been 

established that an alcohol environment, e.g. methanol, can affect the 

dissociation of the sulfonic acid groups thus reducing the proton 

conductivity [65]. This is explained by the lower relative dielectric constant 

of methanol (33.1 at 20 ºC) in comparison with water (80.4 at 20 ºC). 

Therefore, the proton conductivity cannot be considered to be a constant 

independent of methanol crossover and, consequently, this model description 

becomes strictly not true. Indeed, a new parameter A3
*
 should be defined to 

express the change of membrane resistivity due to the modified proton 

conductivity of the membrane as a consequence of the mixture of water and 

methanol within the ionic channels. In this case, A2 will include the effect of 

methanol permeation by diffusion on both the membrane conductivity and 

catalyst performance, while the new A3
*
 parameter in Eq. (11) will consider 

the effect of electro-osmosis of methanol on the conductivity.  

 

iAA
i

A
i

di

dA
A

i

A

di

dV
 *

33
13

3
1   (11) 

 

 It is speculated that the methanol barrier layer should concentrate near 

the anode side in an asymmetric membrane configuration. Consequently, it 

would be minimized the accumulation of methanol within the membrane 

which in turn would decrease the proton conductivity. Following this line, it 

is predicted the worst situation to occur if the methanol barrier layer would 

face the cathode site. The nanocomposite membranes of this study contain 

the nanofibre-based methanol barrier layer in a symmetric centered position 

(sandwich structure). Next steps should then address the preparation of 
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asymmetric nanofibre-reinforced membranes and their DMFC performance 

evaluation as a function of methanol barrier layer position. 

 Fitting of Eq. (7) to the experimental i-V values was carried out through 

the minimum mean square error method, Σ(Vexp - Vmod)
2
, in order to estimate 

the model parameters. Consequently, every given current density (i) value 

was associated with an experimentally measured cell voltage (Vexp) and a 

calculated value from the model (Vmod). Power density (P) curves were 

obtained via Eq. (12), 

 

iVP        (12) 

 

and thus, two curves were figured, i.e. Pexp = Vexp · i and Pmod = Vmod · i. 

Since power density is very sensitive to the cell voltage (V
2
) and a function 

of the ohmic resistance (RMEA), see Eq. (13), this property has been used for a 

refined determination of the model parameters and especially the ohmic 

resistance term [66]. In our case, we conceived a global mean square error 

factor composed of Σ(Vexp - Vmod)
2
 · Σ(Pexp - Pmod)

2
 which was minimized by 

iterative calculations using a commercial computer software package. The 

respective calculated model parameters are reported in Table 4. 

 

SR

V
P

MEA 


2

      (13)  

 

 Turning back to Fig. 9, we can observe that the nanocomposite 

membrane crosslinked at 120 ºC performed better than the nanocomposite 

membrane crosslinked at 110 ºC. The former reaches a maximum DMFC 

performance of 81.2 mW cm
-2

 (at 280 mA cm
-2

) and the latter 67.1 mW cm
-2

 

(at 260 mA cm
-2

) under an operating cell temperature of 80 ºC. The 

performance increases to 96.0 mW cm
-2

 (at 400 mA cm
-2

) and 81.6 mW cm
-2

 

(at 340 mA cm
-2

), respectively, when the cell temperature is 120 ºC. Under 

similar operating conditions, i.e. at cell temperatures of 80 ºC and 120 ºC, 

the Nafion
®
 membrane achieved 87.1 mW cm

-2
 (at 280 mA cm

-2
) and    

134.6 mW cm
-2

 (at 440 mA cm
-2

). 

 It can be visually distinguished in Fig. 9 that activation polarization 

losses, observed by the potential drop at the beginning of the i-V profile, are 

relatively larger on the nanocomposite membrane crosslinked at 120 ºC. The 

electrochemical performance of the electrodes decreases with increasing A1 

and decreasing i0. Clearly, this is corroborated with the values of those 

parameters given in Table 4 for such a nanocomposite membrane. The 

reason of this poorer electrochemical performance associated with the 
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Fig. 10. Fitting between (black line) experimental and (grey line) modeled profiles 

corresponding to the DMFC performance at 120 ºC of the (a) nanocomposite membrane 

crosslinked at 110 ºC, (b) nanocomposite membrane crosslinked at 120 ºC, and (c) 

Nafion® 115 membrane. Left charts describe the cell voltage profiles (i-V) and right charts 

represent corresponding power density curves versus current density (i-P). 

 

 

catalyst activation remains unclear, although it is assumed that optimization 

of the MEA preparation still needs to be achieved.  

 Fig. 10 compares the experimental and modeled profiles for the DMFC 

performance at 120 ºC of the nanocomposite and Nafion
®
 membranes. A 
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very good fitting is confirmed which validates the values given in Table 4 

for the Eq. (7) model parameters. Nevertheless, the last part of the curves at 

the highest current densities shows that the experimental profiles tend to be 

located below those modeled. This is attributed to the appearance of mass 

transport limitation effects at those conditions, and therefore, it especially 

occurs in the case of the nanocomposite membrane crosslinked at 120 ºC and 

Nafion
®
 as both can reach higher currents. 

 Table 4 also includes the values of open circuit potential (VOC), which 

are associated with the fuel crossover due to the voltage reduction caused by 

methanol on the oxygen reduction reaction at the cathode, for the 

membranes at 120 ºC and a 2 M aqueous methanol solution. In agreement 

with Fig. 6 and Table 3, the lower VOC value of the nanocomposite 

membrane crosslinked at 110 ºC confirms its higher methanol permeability 

characteristics. However, the nanocomposite membrane crosslinked at 

120 ºC reveals the largest VOC voltage despite its lower thickness in 

comparison with the Nafion
®
 membrane. This suggests that although the 

permeability coefficient at 60 ºC of this nanocomposite membrane was 

slightly superior to that of Nafion
®
, the latter seems to increase further its 

methanol permeability at 120 ºC in relation to the nanocomposite membrane. 

This might be due to the reaching of the glass transition temperature of 

Nafion
®
, ranged between 80-100 ºC under a fully hydrated state [41,67], 

which would explain an encouragement of its methanol transport properties.  

 Assuming that the ohmic resistance of a MEA is mainly the ionic 

resistance of the membrane, the calculated values of RMEA at 120 ºC for the 

membranes have been converted into proton conductivities (σMEM) by means 

of Eq. (6) and are reported in Table 4. The membranes can be ordered in 

terms of proton conductivity as it was observed at 60 ºC, that is: Nafion
®
 > 

> Nanocomposite crosslinked at 110 ºC > Nanocomposite crosslinked at 

120 ºC. Interestingly, the relative differences in conductivity between 

Nafion
®
 and the nanocomposite membranes become much smaller at 120 ºC 

than at 60 ºC. As expected, it can be concluded that SPEEK is a more 

Table 4. Calculated parameters which fit the model of Eq. (7) for the experimental i-V curves 

measured at 120 ºC with the nanocomposite membranes crosslinked at 110 ºC and 120 ºC. 

The results of the Nafion® 115 membrane are also included.    

Membrane 
Thickness 

(μm) 

VOC 

(V) 

A1 

(V) 

i0  

(A cm-2) 

RMEA 

(Ω) 

σMEM          

(S cm-1) 

Nanocomposite 

(Cross. 110ºC) 
145  7 0.640 0.050 7.898 0.126 (2.30  0.11)·10-2 

Nanocomposite 

(Cross. 120ºC) 
107  5 0.765 0.065 2.430 0.099 (2.16  0.10)·10-2 

Nafion® 115 157  2 0.730 0.024 0.865 0.125 (2.51  0.03)·10-2 
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Fig. 11. Simulation of the (black line) i-V and (grey line) power density results for the DMFC 

performance at 120 ºC of the nanocomposite membrane crosslinked at 120 ºC if polarization 

losses are assumed to be similar to the exhibited by the nanocomposite crosslinked at 110 ºC. 

 

 

suitable ionomer for fuel cell operation at intermediate temperatures, i.e. 

above 80 ºC, which is the upper limit temperature of the Nafion
®
 material.  

 Finally, it is shown in Fig. 11 the simulation of the DMFC performance 

at 120 ºC for a nanocomposite membrane crosslinked at 120 ºC if the 

activation polarization losses would be similar to the found for the MEA of 

the nanocomposite membrane crosslinked at 110 ºC. Therefore, Eq. (7) has 

been used with VOC and RMEA of the former but A1 and i0 parameters of the 

latter. A maximum power density of 155.8 mW cm
-2

 (at 520 mA cm
-2

) is 

obtained. This result surpasses the achieved with the Nafion
®
 membrane and 

expresses the great potential of these novel nanocomposite membranes for 

DMFC operation at intermediate temperatures. In this regard, future studies 

should also focus on the optimization of the MEA preparation, e.g. with 

SPEEK-bound electrodes, and the favorable electrochemical activation of 

the electrode catalysts under intermediate temperature conditions. 

 

 

4. Conclusions 
 

Mats of proton-conducting nanofibres composed of SPEEK blended with 

PVB (SPEEK-30%PVB) have been successfully obtained by 

electrospinning. A solution of 17.5 wt% polymer concentration in DMAc 

was found to be optimal. The conductivity of the nanofibre mats was found 
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to exceed the conductivity of cast SPEEK-30%PVB membranes at similar 

conditions. It was suggested that proton conduction in the nanofibre mats 

mainly takes place on the nanofibre surface, probably induced by the 

perpendicular orientation of the nanofibre axis towards the proton pathway. 

 A blend of SPEEK with PVA (SPEEK-35%PVA), which was prepared 

in water as solvent, was infiltrated as a matrix phase within the nanofibre 

mats for the formation of novel nanocomposite membranes. The role of the 

solvent, i.e. water or DMAc, was observed to influence the crosslinking 

reaction between SPEEK and PVA. Lower crosslinking temperatures     

(110-140 ºC) were required using water than DMAc (about 200 ºC), which 

was explained by the polar nature and hydrogen bonding capacity of water. 

This observation should encourage the consideration of water as a possible 

solvent for the preparation of other membrane compositions. 

 Methanol permeability and proton conductivity of the SPEEK-35%PVA 

and nanocomposite membranes generally decrease with increasing 

crosslinking temperatures. Comparison between both type of membranes 

exhibited that the SPEEK-30%PVB nanofibres only benefit the 

nanocomposite membranes crosslinked at 110 ºC and 120 ºC. The methanol 

permeability of those membranes was reduced by the nanofibres as a 

consequence of a more constrained swelling and water uptake of the matrix, 

while proton conductivity was especially promoted by the nanofibres when 

crosslinking proceeded at 110 ºC. No effect of the nanofibres on the 

conductivity was found for the membranes crosslinked at 120 ºC. On the 

other hand, the nanofibres resulted to be detrimental for proton conductivity 

when the membranes were crosslinked at 130 ºC and 140 ºC, which was 

inferred to the low proton conductivity of the nanofibres when water uptake 

diminishes. This was explained by the fact that higher crosslinking degrees 

are expected to modify the nanofibre-matrix interface resulting in a 

hindrance to proton conduction, while low crosslinking levels would enable 

the simultaneous occurrence of large concentrations of water molecules and 

sulfonic acid groups on the nanofibre surface thus promoting proton 

conductivity. In general, the advantages provided by the nanofibres were 

ascribed to their mechanical reinforcing effect which limits swelling and 

water uptake of the matrices with lower crosslinking degrees, in turn 

enhancing physical integrity of the membranes, and to their own contribution 

to proton conductivity. In this matter, new nanofibre compositions which can 

achieve high proton conductivities at low water contents are under 

consideration. 

 Experimental and simulated polarization curves obtained from DMFC 

tests revealed that optimized SPEEK-based nanocomposite membranes are 

prospective candidates to replace costly Nafion
®
 films for DMFC application 

at intermediate temperatures.  
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3.1. Nafion/PVA membranes 
 

The general effect of incorporating PVA nanofibres within a Nafion
®
 

polymer electrolyte is summarized in the following points attending to 

important membrane parameters for DMFC characterization. In this regard, a 

pristine Nafion
®
 film with a thickness of 46 ± 1 μm and a nanocomposite 

Nafion/PVA membrane of 47 ± 3 μm thickness are concisely compared. 

 

3.1.1. Water uptake and ion-exchange capacity 
 

In Fig. 26 are represented the values of water uptake and ion-exchange 

capacity (IEC) for the pristine Nafion
®
 film and the Nafion/PVA membrane. 

Both exhibit very similar water uptake levels despite the IEC of Nafion/PVA 

is about the half of the Nafion
®
 value. This is inferred to the strong 

hydrophilic character of PVA, due to the polar OH groups, which contributes 

to hold water even though sulfonic acid moieties are absent in its bulk 

structure (surface functionalization is not expected to have any significant 

influence in this matter). Perhaps, this property might be further exploited in 

fuel cells operating with hydrogen at temperatures higher than 100 ºC and 

relatively lower humidities. In this case, PVA would be expected to add a 

higher water retention capacity.   

 Therefore, the decrease of IEC observed in the Nafion/PVA membrane 

is justified by the lack of sulfonic acid groups in the PVA phase. Taking into 

consideration that the measured IEC comes from the Nafion
®
 matrix, with a 

dry density of 2 g cm
-3

, and that the density of PVA is 1.3 g cm
-3

, the 

composition of the Nafion/PVA membrane can be estimated. The obtained 

result is: 62.4 wt% Nafion
®
 and 37.6 wt% PVA, i.e. 37.4 vol% Nafion

®
 and 

62.6 vol% PVA.   

  

 
Fig. 26. Values of (a) water uptake and (b) ion-exchange capacity for the reported membranes 

of Nafion® (no nanofibres) and Nafion/PVA (with nanofibres). 
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3.1.2. Mechanical properties 
 

The Young's modulus, yield strength (σy) and ultimate tensile strength (σult) 

of the Nafion
®
 film and Nafion/PVA membrane are shown in Fig. 27. 

Clearly, the introduction of PVA nanofibres inside a Nafion
®
 matrix 

provides a greater stiffness as revealed by the Nafion/PVA membrane. While 

the yield strength and ultimate tensile strength were practically doubled, the 

Young's modulus was remarkably increased by a factor of 5. 

 The improved mechanical properties of the nanocomposite membranes 

are suggested to increase their physical durability during fuel cell operation, 

which would also make them good candidates for high pressure PEM 

electrolysers. 

 

3.1.3. Methanol permeability 
 

The PVA nanofibres are found to cause a large reduction of methanol 

permeability as observed in Fig. 28 by comparison of Nafion
®
 and 

Nafion/PVA.  

 The reason for such a decrease is mainly given attending to the intrinsic 

methanol barrier property of PVA, which is attributed to its semi-crystalline 

structure, thus inducing a significant increase of tortuosity for diffusion of 

the methanol molecules. In addition, some contribution of a more 

constrained swelling of the Nafion
®
 matrix due to the reinforcing effect of 

the nanofibres cannot be neglected. 

 Consequently, introduction of organic nanofibres instead of inorganic 

nanoparticles is a good strategy to limit methanol crossover without 

compromising the toughness of the membranes.  

 
Fig. 27. Mechanical properties of the Nafion film and Nafion/PVA membrane expressed in 

terms of (a) Young's modulus, (b) yield strength (σy) and ultimate tensile strength (σult).  
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3.1.4. Proton conductivity 
 

The measured decrease of proton conductivity between the Nafion
®
 and 

Nafion/PVA membrane in Fig. 29 is associated with the reduction of IEC as 

a result of the insertion of nanofibres.  

 Interestingly, the relative drop in conductivity of the Nafion/PVA 

membrane is lower than the relative drop in its methanol permeability 

(Figs. 28 and 29), which reveals that methanol permeation becomes more 

affected by the nanofibres than proton conduction.    

 

3.1.5. DMFC performance 
 

The Nafion/PVA membrane performs slightly below the Nafion
®
 film in 

spite of its lower methanol permeability and higher OCV (Fig. 30). This 

 
Fig. 28. Methanol permeability coefficients 

at 25 ºC of the membranes of Nafion® and 

Nafion/PVA measured by densimetry from a 

2 M methanol solution. 

 

 

 
Fig. 29. Proton conductivies at 25 ºC of the 

membranes of Nafion® and Nafion/PVA, 

which were measured soaked in deionized 

water by impedance spectroscopy. 

 

 
Fig. 30. DMFC results of (a) open circuit voltage and (b) maximum power density measured 

at 70 ºC feeding a 2 M methanol solution.  
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corroborates the empirical observation that proton conductivity is the main 

parameter governing DMFC performance. Remarkably, such a performance 

is reached in the case of the Nafion/PVA membrane with a Nafion
®
 content 

about 60 vol% less than the Nafion
®
 polymer present in the film of similar 

thickness with which is compared.  

 It can then be concluded that replacement of expensive Nafion
®
 with 

PVA nanofibres is a suitable approach for the preparation of cost-effective 

DMFC membranes showing good performances. 

 

 

3.2. SPEEK-PVA/SPEEK-PVB membranes 
 

The properties for DMFC application given by the SPEEK-30%PVB 

nanofibres (IEC of SPEEK 2.05 meq g
-1

) to the SPEEK-35%PVA matrix 

(IEC of SPEEK 1.75 meq g
-1

) are schematically analyzed. For this purpose, a 

cast SPEEK-35%PVA membrane (with a thickness of 122 ± 6 μm) and a 

nanocomposite membrane of SPEEK-PVA/SPEEK-PVB (with a thickness 

of 107 ± 5 μm) are contrasted after crosslinking at 120 ºC and swelling in 

boiling water. The SPEEK-35%PVA matrix composition was blended in 

water as a solvent. DMFC performance of the nanocomposite membrane is 

represented against a commercial 157 ± 2 μm thick Nafion
®
 115 film. 

 

3.2.1. Water uptake and swelling degree 
 

The values of water uptake and in-plane swelling (relative change of area) of 

the nanocomposite membrane fall well below those ones reached by the 

membrane without nanofibres. This observation reveals that swelling of the 

SPEEK-35%PVA phase is constrained by the nanofibres, which is inferred 

to their mechanical reinforcement contribution.   

 
Fig. 31. Values of (a) water uptake and (b) in-plane swelling for the developed SPEEK-based 

membranes of SPEEK-35%PVA (no nanofibres) and nanocomposite (with nanofibres). 
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3.2.2. Mechanical properties 
 

The mechanical properties of the SPEEK-35%PVA and nanocomposite 

membranes shown in Fig. 32 do not exhibit statistically significant 

differences. Although this disagrees with the conclusion derived from the 

observed swelling constraint, it can be explained by the dry state of the 

membranes. The swollen membranes had to be dried before carrying out the 

mechanical tests and, in this condition, the results do not allow to distinguish 

between the presence or absence of nanofibres.  

 The Young's modulus of both membranes are in the 1.2-1.3 GPa range, 

slightly above the nanofibre-reinforced Nafion/PVA membrane (1.1 GPa) as 

shown in Fig. 27. This confirms that a dry phase of SPEEK-35%PVA itself 

possesses good mechanical properties and conceals the reinforcing effect of 

the nanofibres. On the other hand, the nanofibres are considered to 

mechanically influence the membrane under a swollen state as previously 

discussed for the water uptake and swelling degree behaviours.     

 

3.2.3. Methanol permeability 
 

The methanol permeability is found to decrease in the nanocomposite 

membrane as a consequence of the SPEEK-30%PVB nanofibres (Fig. 33). 

This is attributed to their constraining effect on the SPEEK-35%PVA 

swelling behaviour.  

 However, analysis of Figs. 28 and 33 suggests that the SPEEK-30%PVB 

nanofibres are less effective for the reduction of methanol crossover than the 

crosslinked PVA nanofibres, despite the intrinsically good methanol barrier 

characteristics of the SPEEK-30%PVB composition. A plausible reason for 

this result comes then from the large water uptake value of the SPEEK-based 

 
Fig. 32. Mechanical properties of the dry SPEEK-35%PVA and nanocomposite membranes 

expressed in terms of (a) Young's modulus and (b) ultimate tensile strength. 
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nanocomposite membrane (~86 wt%) in comparison with the nanocomposite 

Nafion/PVA membrane (~26 wt%). Under such a high level of water uptake, 

it seems difficult to achieve a profound drop in methanol permeability 

independently of the material properties of the incorporated nanofibres.   

 

3.2.4. Proton conductivity 
 

According to Fig. 34, there are no important differences in proton 

conductivity between the SPEEK-35%PVA and nanocomposite membranes. 

This is especially relevant taking into consideration the much lower water 

uptake of the latter. Therefore, the SPEEK-30%PVB nanofibres do not 

significantly affect the conductivity of the nanocomposite membrane, in 

contrast to the result obtained with the incorporation of PVA nanofibres 

within the Nafion
®
 matrix as observed in Fig. 29.       

 The influence of the SPEEK-30%PVB nanofibres on the conductivity 

can be described in terms of swelling constraint, thus compensating the 

lower water content with a higher relative concentration of sulfonic acids, 

and due to intrinsic proton conductivity of the nanofibres at these conditions.      

 

3.2.5. DMFC performance 
 

DMFC results at an operating temperature of 120 ºC are represented in 

Fig. 35. At this temperature, methanol permeability of the nanocomposite 

membrane will be below the permeability of the Nafion
®
 115 film in line 

with the obtained values of OCV. 

 On the other hand, the maximum power density exhibited by the 

Nafion
®
 film clearly surpasses the nanocomposite membrane. The principal 

 
Fig. 33. Methanol permeability coefficients 

at 60 ºC of the SPEEK-35%PVA and 

nanocomposite membranes measured by 

densimetry from a 2 M methanol solution. 

 

 

 
Fig. 34. Proton conductivity values at 60 ºC 

of the SPEEK-35%PVA and nanocomposite 

membranes, which were measured soaked in 

deionized water by impedance spectroscopy. 
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cause is ascribed to the higher proton conductivity of Nafion
®
, although it 

was detected a way for improvement via optimization of the MEA 

preparation and activation. Moreover, a better long-term stability is predicted 

for the nanocomposite membranes operating above 100 ºC as a consequence 

of their inherent high glass transition temperatures.       

 In summary, the developed SPEEK-based nanocomposite membrane is a 

suitable candidate for operating DMFCs at higher temperatures than those 

appropriate for Nafion
®
. The incorporation of SPEEK-30%PVB nanofibres 

benefits the control of matrix swelling, thus reducing methanol permeability 

and improving mechanical properties and physical stability, while proton 

conductivity is maintained.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 35. DMFC results of (a) open circuit voltage and (b) maximum power density measured 

at 120 ºC feeding a 2 M methanol solution.  
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Fig. 36. Scheme of catalyst nanoparticles supported on the surface of a nanofibre for the 

oxidation/combustion of methanol (elimination of fuel crossover) or hydrogen (self-

humidifying membrane).   

 

 

4.1. Catalytic fuel oxidation within membranes 
 

The role of the nanofibres for the reduction of methanol crossover in the 

prepared nanocomposite membranes has been assigned to their increased 

tortuosity for methanol permeation and the constraint of membrane swelling 

by their induced mechanical reinforcement. 

 Further evolution of the nanofibre role would involve direct methanol 

decomposition/oxidation of the crossing molecules along the membrane 

thickness before they can reach the cathode and affect its electrochemical 

performance. This might be achieved by loading catalytic nanoparticles or 

compounds on the nanofibre surface with high activity towards methanol 

oxidation assisted by the permeating oxygen molecules which move from 

the air electrode (cathode) to the anode. Suitable catalysts are reported to be 

platinum [50-52], platinum-ruthenium alloys [52], manganese-palladium 

oxides [53], gold [54], and polyoxometalate (POM) systems [55]. Indeed, a 

study shows that Pt-incorporated Nafion
®
 membranes (via ion-exchange 

between Pt cations and sulfonic groups) can increase its DMFC performance 

by catalitically oxidizing the crossover methanol to carbon dioxide (CO2) 

and water, although a Pt loading over a 3 wt% caused the water uptake and 

proton conductivity to decrease [51]. Therefore, it is expected that 

incorporation of Pt nanoparticles on the nanofibre surface would represent a 

more optimised method. Besides, more complex catalytic compositions with 

tailored nanostructures could be prepared in a simpler way by different 

chemical steps on the nanofibre surface without the presence of the ionomer. 

 



Future proposals 

 226 

 Fig. 36 depicts the principle of methanol oxidation to carbon dioxide by 

a nanofibre-supported catalyst. This approach is very promising for the total 

elimination of the methanol crossover problem. An additional advantage is 

inferred to come from the associated heat generation by the methanol 

combustion, which should thermally activate the proton conductivity of the 

membrane. 

 On the other hand, a pursued goal in fuel cell technology is the 

development of membranes able to operate at low humidity levels and 

preferably at dry conditions. Attempts to resolve this issue deal with the 

introduction of platinum or palladium nanoparticles into the membrane 

[56,57]. This causes the combustion of the crossover hydrogen and oxygen 

molecules and the produced water is used for the self-humidification of the 

membrane. Other studies report the utilization of supported platinum 

nanoparticles on different substrates, such us Pt/SiO2 [58,59], Pt/zeolite [60], 

Pt/clay [61], Pt/sulfated zirconia [62], Pt/heteropolyacid [63], etc., which can 

be easier prepared and then homogeneously dispersed inside the membrane. 

However, excess of inorganic filler has been found to rather block proton 

conduction [64]. Consequently, it seems reasonable to propose the loading of 

nanocatalysts for the H2-O2 reaction, e.g. platinum, on nanofibres which 

might be externally functionalised with appropriate grafted moieties to help 

the stabilization of the nanoparticles (see Fig. 36). Additionally, a more 

prospective concept would even consider the utilization of high proton-

conducting nanofibres to mitigate the reduction of conductivity derived from 

non-conducting materials.    

 

 

4.2. High proton-conducting nanofibres 
 

Solid polymer electrolytes composed of a crosslinked PVA matrix 

incorporating heteropolyacids (HPAs), such us H3PW12O40 (PWA) and 

H4SiW12O40 (SiWA), have been reported to exhibit high proton 

conductivities (~0.01 S cm
-1

) at room temperature [65,66]. This is ascribed 

to the large number of crystallized water molecules and the large density of 

free protons in this kind of compounds. 

 These blended PVA-HPAs compositions are very promising for the 

preparation of proton conducting nanofibres presenting high values of 

conductivity as represented in Fig. 37. Additionally, these PVA-HPAs 

nanofibres are also expected to constrain methanol permeability as discussed 

for the Nafion-PVA nanocomposite membranes. Similarly, HPAs could be 

introduced into SPEEK-PVB nanofibres for enhancing their proton 

conductivity at the lower water contents associated with higher crosslinking 

degrees of the SPEEK-PVA matrix phase.  
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Fig. 37. Proton conduction in a crosslinked PVA nanofibre as a consequence of the 

incorporation of suitable heteropolyacids (polyoxometalates). 

 

 

 
 

Fig. 38. Growth of a nanowire interphase on a nanofibre surface for increasing interface 

strength and the global mechanical properties of the corresponding composite membranes. 

 

 

 

 Furthermore, the heteropolyacids (polyoxometalates) could be used as 

supports for nanocatalysts such us platinum, i.e. Pt/HPA systems, thus 

combining proton conductivity with synergistic effects for the catalytic fuel 

oxidation within the membrane [55,63]. 

  

 

4.3. Increased mechanical properties of membranes 
 

A long lifetime is required for the succesful commercialization of fuel cells. 

In the case of membranes, chemical and mechanical stability is necessary to 

achieve a good durability. The chemical stability depends on the polymer 

composition but the mechanical properties can be influenced by other 

materials such us inorganic fillers, reinforcing fibres, etc. In this regard, we 

have presented the mechanical reinforcement effect provided by PVA and 

SPEEK-based nanofibres and its influence on the membrane properties.   
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 It is well known that one of the most critical components of a fibre-

matrix system in a composite material is the interface. The global 

mechanical behaviour is correspondingly governed by the mechanical 

characteristics of the interface.  

 A novel strategy for enhancing interface strength entails the growth of 

ZnO nanowires on the surface of the reinforcing fibre. This results in large 

increments of the interface and laminar shear strengths and the energy 

absorption capacity of the composite materials [67,68].  

 A fuel cell membrane is typically subjected to stresses, creep and fatigue 

induced by larger swelling and temperature levels and by repetitive cycles of 

swelling/drying. Therefore, it is proposed the fabrication and study of 

nanofibres with the surface modified by the growth of inorganic nanowires, 

as shown in Fig. 38, with the aim to improve further the mechanical 

properties and thus durability of the nanocomposite membranes under fuel 

cell operating conditions.  
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Polymeric nanofibres are prospective fillers to improve the characteristics of 

fuel cell membranes without affecting their flexibility. Electrospinning is a 

suitable and standard technique for the production of nanofibres made from a 

broad selection of materials, although new more productive methods are 

being developed.  

 The nanofibre morphology exhibits large surface areas which can be 

functionalised and modified to tailor the interface properties. As a result, 

mechanical reinforcement of the composite membranes leads to lower water 

uptake and swelling values which cause the methanol permeability to 

decrease in DMFC conditions. Additionally, low thickness membranes with 

reduced ohmic losses can be fabricated. 

 In this thesis work, nanocomposite membranes have been prepared 

based on (i) a Nafion
®
 matrix with PVA nanofibres (Nafion/PVA) and       

(ii) a blended SPEEK-PVA matrix phase with SPEEK-PVB nanofibres    

(SPEEK-PVA/SPEEK-PVB). The former are focused on DMFC application 

below 80 ºC and the latter for operation within the 80-140 ºC range. 

 The surface of the PVA nanofibres were functionalised with sulfonic 

acid moieties through the reactivity of the OH groups of PVA via an acetal 

formation reaction. The interface compatibility was attributed to hydrogen 

bonding between the sulfonic acid species (-SO3H). An associated advantage 

was blocking the condensation of sulfonic acids of Nafion
®
 with OH groups 

of PVA on the nanofibre surface, thus avoiding a larger decrease in proton 

conductivity as expected from the presence of a non-conducting PVA phase.  

 The intrinsic methanol barrier properties of the crosslinked PVA 

nanofibres caused the nanocomposite membranes to show a significant 

reduction in methanol permeability in comparison with pristine Nafion
®
. 

 Proton conductivity measurements of Nafion
®
 and Nafion/PVA 

membranes within a range of thicknesses revealed a correlation between 

conductivity and thickness, which was linear in the case of Nafion
®
.   

 The PVA nanofibre mats also provided a strong mechanical reinforcing 

effect to the Nafion
®
 matrix which resulted in the succesful preparation of 

low thickness membranes (< 20 μm). This could counteract their lower 

proton conductivity and achieve reduced ohmic losses. Generally, thin 

membranes are preferred for operation of hydrogen fuel cells at lower 

relative humidity levels since water transport between cathode and anode is 

facilitated. Furthermore, important savings of materials and costs are 

expected with the utilization of thin Nafion/PVA membranes based on 

nanofibres of the inexpensive PVA polymer. 

 A disadvantage of Nafion
®
 added up to its high methanol permeability 

and cost is a glass transition temperature (Tg) in the vicinity of 100 ºC, at 

hydrated conditions, which limits its maximum operating temperature to 

80 ºC. Increasing this temperature is fundamental for enhancing the 
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electrochemical processes occurring in the DMFC electrodes. With a goal 

targetted at intermediate temperatures, i.e. 80-140 ºC range, the research was 

focused on SPEEK polymers due to their high thermal (Tg > 170 ºC) and 

chemical stabilities, availability of materials and low cost.  

 The main drawback of SPEEK was found to be excessive swelling and 

dissolution in hot water, which prevented its practical use in DMFCs at 

intermediate temperatures. Crosslinking SPEEK with other polymers was 

considered for enhancing its mechanical stability at those conditions. 

Immersion of the membranes in boiling water for 1 h was the selected 

examination procedure.  

 Hydrophilic PVA and hydrophobic PVB were blended with SPEEK at 

different compositions and the corresponding membranes crosslinked and 

characterised. A crosslinking temperature of 200 ºC was required when 

DMAc solvent was used to blend the polymers. However, this temperature 

was observed to decrease up to 110 ºC for the SPEEK-PVA compositions 

mixed in water. 

 Both PVA and PVB formed crosslinked networks with SPEEK and 

stabilized it against dissolution in boiling water. This was assigned to the 

condensation reaction between sulfonic acids of SPEEK and OH groups of 

PVA and PVB, although intermediate species derived from their thermal 

degradation were also suggested to play a certain role. Swelling of the 

membranes was larger with PVA than PVB. Consequently, the proton 

conductivities of the SPEEK-PVA compositions reached acceptable values 

for fuel cell systems, while SPEEK-PVB compositions were superior in 

terms of methanol permeability reduction. Optimal compositions attending 

their mechanical properties, proton conductivities and methanol 

permeabilities were found to be SPEEK-35%PVA and SPEEK-30%PVB 

using SPEEK polymers with IEC values of 1.75 and 2.05 meq g
-1

, 

respectively.    

 Nanofibre mats of SPEEK-30%PVB exhibited proton conductivites well 

above the shown by cast membranes of similar composition. This increment 

was inferred to promoted proton conduction on the nanofibre surface.  

Nanocomposite membranes composed of SPEEK-30%PVB nanofibres 

embedded in a SPEEK-35%PVA matrix phase (mixed in water) were 

fabricated and characterised. Benefits provided by the nanofibres were 

mainly achieved at lower crosslinking degrees and attributed to their 

mechanical reinforcing effect thus constraining water uptake and swelling. 

As a result, the mechanical stability of the membranes was enhanced, a good 

proton conductivity maintained and methanol permeability reduced. A 

nanocomposite membrane crosslinked at 120 ºC revealed prospective 

characteristics for application in DMFCs at intermediate temperatures, 

although further optimization should be explored. 
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