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RESUMEN 

I 
 

 El uso de la tecnología electroquímica para llevar a cabo los procesos de síntesis 

orgánica convencional ha permitido el desarrollo de la electrosíntesis orgánica, donde los 

compuestos orgánicos finales se obtienen generalmente mediante la combinación de dos 

etapas correspondientes a la transferencia de electrones y la reacción química acoplada. 

La electrosíntesis orgánica representa, por tanto, una metodología más respetuosa con el 

medio ambiente al sustituir oxidantes o reductores corrosivos y/o tóxicos por procesos 

sencillos de transferencia electrónica y acoplamientos químicos, lográndose simplificar en 

la mayoría de los casos el proceso global de una síntesis orgánica convencional mediante la 

eliminación de las etapas de separación y purificación de los productos finales de reacción. 

 

 La electrosíntesis orgánica puede transcurrir a través de numerosos mecanismos de 

reacción para llevar a cabo diversos tipos de transformaciones químicas, permitiendo en este 

sentido, un amplio abanico de posibilidades de reactivos iniciales, así como, la formación de 

una gran variedad de productos de reacción con selectividades altas. No obstante, la 

característica más atractiva de la electrosíntesis orgánica reside en el control de la reacción 

por medio de los parámetros eléctricos tales como el potencial de los electrodos, la densidad 

de corriente y la cantidad de carga eléctrica circulada. De esta forma, se consigue un control 

sobre las especies intermedias y, por tanto, un conocimiento exhaustivo de los mecanismos 

de reacción y de la selectividad de la síntesis. Por otro lado, la electrosíntesis orgánica exhibe 

una amplia versatilidad en términos de condiciones de trabajo, es decir, de temperatura, 

presión, pH del medio de reacción y concentración del reactivo de partida. 

 

 Numerosos procesos de electrosíntesis orgánica se realizan a escala laboratorio, en 

celdas típicas de vidrio con y sin separación de compartimentos, mientras que a escala piloto 

o industrial, se requieren otro tipo de reactores electroquímicos como los de tipo filtro 

prensa, tipo tanque o cilindro rotatorio, entre otros. A menudo, la separación de 

compartimentos en el reactor electroquímico es necesaria debido a la presencia de grupos 

electroquímicamente activos presentes en el reactivo de partida que podrían conducir a 

reacciones secundarias indeseadas sobre el otro electrodo. Por ello, el reactor electroquímico 

se divide generalmente en dos compartimentos por medio de separadores porosos que actúan 

como medio de intercambio iónico. Tales separadores suelen ser de naturaleza cerámica, 

vidrio sinterizado o polímero inerte; siendo este último el más usado en la industria al 

presentar una conductividad iónica alta y, de este modo, minimizar la caída óhmica entre los 
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electrodos. Además, cuando tal polímero inerte es selectivo al paso de iones se le denomina 

membrana de intercambio iónico. 

 

 El coste energético de un proceso electrosintético está determinado por la diferencia 

de potencial aplicada al reactor electroquímico. La reducción del coste energético implica 

tanto minimizar los sobrepotenciales en los procesos electródicos, como la reducción de la 

caída IR, la cual puede ser solventada por el empleo de un medio altamente conductor 

(electrolito-disolvente) donde tanto reactivo inicial y producto de reacción han de ser 

solubles. Sin embargo, el uso de un sistema electrolito-disolvente a menudo conlleva etapas 

de reciclaje y purificación del producto final de reacción que incrementan la duración y el 

coste del proceso global de electrosíntesis. En este sentido, el empleo de un electrolito sólido 

polimérico (SPE, del inglés Solid Polymer Electrolyte) en los procesos de electrosíntesis 

permite hacer frente a los aspectos anteriormente mencionados. Un SPE es, generalmente, 

una membrana de intercambio de iones de naturaleza polimérica. Su uso proviene del 

desarrollo de la pila de combustible de electrolito sólido polimérico, en la cual la membrana 

permite el transporte de protones o hidroxilos a través de ella según las características iónicas 

del polímero, y que actúa al mismo tiempo como barrera de paso de combustible (hidrógeno 

o alcoholes) u oxidante (oxígeno) entre los compartimentos.  

 

Con el objeto de llevar a cabo procesos de electrosíntesis orgánica a escala piloto o 

industrial con bajo coste energético, con reducción de los procesos unitarios y con 

selectividades altas, esta tesis doctoral propone una nueva metodología de síntesis 

electroquímica orgánica para la electrooxidación de alcoholes hacia sus correspondientes 

ácidos carboxílicos en medio alcalino usando un reactor electroquímico cuya 

configuración o arquitectura surge de la idea de la pila de combustible de electrolito sólido 

polimérico y la tecnología SPE.  Este nuevo concepto de reactor electroquímico se conoce 

con el nombre de “PEMER”, de sus siglas en inglés Polymer Electrolyte Membrane 

Electrochemical Reactor. Su empleo implica la preparación de electrocatalizadores 

nanoparticulados para ser usados en electrodos de tipo difusión de gas (GDE, del inglés 

Gas Diffusion Electrode) y la fabricación de un SPE que presente un gran rendimiento en 

condiciones de reacción alcalinas. Para evaluar la viabilidad del escalado del proceso 

utilizando la configuración PEMER, más específicamente, en esta tesis doctoral se ha 

abordado la electrooxidación del alcohol propargílico (PGA) hacia sus correspondientes 
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ácidos carboxílicos propiólico y su derivado acetilénico con aplicaciones i) en baños 

galvánicos para el recubrimiento de piezas metálicas, ii) como inhibidores de corrosión e iii) 

intermedios de reacciones en la síntesis orgánica. Su analogía a una pila de combustible de 

oxidación directa de alcohol radica en el uso de un sólido de naturaleza polimérica como 

electrolito soporte y las reacciones electroquímicas que tienen lugar en medio alcalino: la 

oxidación del alcohol y la reacción de reducción de oxígeno (ORR, de sus siglas en inglés 

Oxygen Reduction Reaction). 

 

Además, esta tesis doctoral presenta un carácter multidisciplinar al combinar los 

métodos de preparación de nuevos electrocatalizadores y materiales poliméricos con las 

técnicas de espectroscopía, de caracterización textural y electroquímicas para una completa 

caracterización fisicoquímica y electroquímica de todos y cada uno de los materiales 

sintetizados e implicados en los procesos de síntesis dentro de la configuración PEMER. 

También, las técnicas de espectrometría de masas, resonancia magnética nuclear y 

cromatografía líquida de alta eficacia han permitido la identificación y la cuantificación de 

los productos de reacción obtenidos en términos de estructura y concentración. 

 

 El trabajo de investigación que se ha desarrollado en la presente tesis doctoral se 

realizó en los laboratorios del Instituto de Electroquímica de la Universidad de Alicante. No 

obstante, para cumplir con los objetivos de esta tesis doctoral se ha de destacar la 

contribución importante que ha tenido sobre la misma el grupo de la doctora Conchi O. Ania, 

del  Instituto Nacional del Carbón (INCAR) en Oviedo, sobre la preparación y 

caracterización de los diferentes electrocatalizadores soportados sobre diferentes materiales 

de carbón nanoporoso. Igualmente, se destaca la contribución de otros centros nacionales e 

internacionales, como la Universidad Tecnológica de Poznan, Polonia, bajo la colaboración 

del profesor François Béguin, y la Universidad de Cantabria bajo la colaboración del 

profesor Ángel Irabien y la doctora Clara Casado, a través de dos visitas científicas de cinco 

meses y tres meses de duración, respectivamente. Fruto de los resultados de las 

colaboraciones mencionadas anteriormente, se destacan las numerosas comunicaciones a 

congresos nacionales e internacionales en distintas áreas científicas, además de las 

publicaciones en revistas con un alto índice de impacto en el campo de la electroquímica y 

de la ciencia de los materiales. 
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 La presente tesis doctoral se divide en siete capítulos escritos en inglés con el fin de 

cumplir los requisitos establecidos por la normativa de la Universidad de Alicante para 

obtener la mención de Doctora Internacional. Los dos primeros capítulos corresponden a 

la introducción y a la descripción de todos los aspectos relacionados con el trabajo 

experimental, respectivamente. El resto de capítulos presentan los resultados obtenidos, 

recogiéndose en el último de ellos, capítulo 7, las conclusiones más generales. 

 

 El desarrollo de una metodología basada en el uso de la configuración PEMER donde 

llevar a cabo la electrooxidación de alcoholes alifáticos primarios o secundarios  a sus 

correspondientes ácidos carboxílicos bajo condiciones alcalinas con rendimientos y 

selectividades altas, reducción del uso del electrolito soporte y minimización de los costes 

de producción, es el objetivo principal de esta tesis doctoral. Por consiguiente, la preparación 

y diseño óptimo de electrodos nanoparticulados, así como la fabricación y el uso de una 

membrana que actúe como SPE, son vitales para lograr un rendimiento alto en los procesos 

de síntesis. 

 

 Las propiedades catalíticas de los sistemas nanoparticulados metálicos son objeto de 

un gran número de estudios en electroquímica y en catálisis heterogénea, tanto desde un 

punto de vista fundamental como de sus aspectos más aplicados. Sus propiedades están 

determinadas por los parámetros de tamaño, forma, composición y estructura superficial. El 

uso de los materiales nanoparticulados permite la minimización de la cantidad de material 

logrando la mejora de las prestaciones electroquímicas si lo comparamos con el empleo del 

material en su forma masiva. Generalmente, las nanopartículas son depositadas sobre 

soportes conductores con el objeto de conseguir una mayor estabilidad y dispersión de las 

mismas. Un material soporte ha de cumplir ciertos requisitos tales como una alta 

conductividad eléctrica, un cierto grado de porosidad y una estabilidad química y 

electroquímica. En este sentido, los materiales de carbón se consideran los más adecuados 

como soportes de nanopartículas, siendo el negro de carbon (CB, de sus siglas en inglés 

Carbon Black) Vulcan XC-72R el más representativo y, por este motivo, empleado a lo largo 

de esta tesis doctoral. No obstante, nuevos materiales de carbón nanoporoso, obtenidos a 

partir de la combustión de un precursor polimérico, han sido también considerados como 

soportes de nanopartículas.  

 



  

V 
 

RESUMEN 

 La oxidación de pequeñas moléculas orgánicas tales como alcoholes y aminas, está 

muy favorecida en medio alcalino. El uso de disoluciones electrolíticas de pH básicos 

permite optar por metales no nobles como electrocatalizadores. A este respecto, el níquel es 

un material de bajo costo y producido en masa que muestra propiedades catalíticas inherentes 

para un número amplio de procesos electroquímicos, entre los que se pueden citar: i) la 

oxidación y reducción de moléculas orgánicas con la consecuente formación de productos 

de interés industrial, ii) la degradación de compuestos orgánicos tóxicos, iii) la conversión 

de energía en pilas de combustible alcalinas y iv) el empleo en sensores y biosensores 

electroquímicos. Las propiedades electrocatalíticas de los electrodos de níquel son una 

consecuencia de su par redox Ni(OH)2/NiOOH que se obtiene bajo condiciones de 

polarización anódica en medios acuosos de pH básico. El par redox Ni(OH)2/NiOOH es muy 

catalítico con respecto a la oxidación de moléculas orgánicas por medio de la participación 

de la especie electroactiva de NiOOH. Sin embargo, el uso de electrodos masivos de níquel 

ha presentado limitaciones relacionadas con la desactivación de la especie de NiOOH debida 

en parte a su inactivación provocada por una concentración alta de especies orgánicas y a la 

formación de una especie cristalográfica inactiva de NiOOH. En este sentido, esta tesis 

doctoral tiene por objeto mejorar la actividad electrocatalítica y estabilidad de la especie de 

NiOOH hacia la electrooxidación del PGA en medio alcalino a sus correspondientes ácidos 

carboxílicos,  por medio de la síntesis controlada de nanopartículas de níquel y su 

correspondiente dispersión sobre diferentes soportes de carbón. El capítulo 3 de esta tesis 

doctoral corresponde, por tanto, a una investigación detallada de la síntesis de varios 

sistemas nanoparticulados de níquel soportados o no en Vulcan XC-72R u otras diferentes 

estructuras carbonosas con distintas propiedades estructurales, texturales y química 

superficial. Los electrocatalizadores basados en CB y en un carbón nanoporoso (PS) 

procedente de la combustión de un precursor polimérico, se prepararon con diferentes 

recubrimientos de níquel y posteriormente se caracterizaron electroquímicamente mediante 

la técnicas de voltamperometría cíclica y electrolisis preparativas a potencial controlado. Las 

técnicas electroquímicas se combinaron con las técnicas de microscopía electrónica de 

transmisión y de barrido (TEM y SEM), la espectroscopía fotoelectrónica de rayos X (XPS) 

y las isotermas de adsorción (nitrógeno a -196 ºC para calcular el área superficial específica, 

SBET, el volumen total de poro, VT, y el volumen de poro y distribución de tamaño de poro 

de los materiales de carbón nanoporoso) para lograr un conocimiento sobre el 

comportamiento de los electrodos hacia la electrooxidación del PGA. De este modo, se 
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correlacionaron las corrientes y los potenciales de pico del par redox Ni(OH)2/NiOOH de 

los materiales de carbón preparados, con sus propiedades fisicoquímicas relacionadas con la 

porosidad, la química superficial, el recubrimiento y la dispersión de las nanopartículas de 

níquel.  

 

 Para fabricar los diferentes electrodos, se usaron tintas catalíticas constituidas por una 

dispersión alcohólica del material electródico (nanopartículas de níquel soportadas o no 

sobre los distintos materiales de carbón) con un porcentaje en peso entre un 20 y un 40 % de 

aglutinante o una resina iónica que facilita la cohesión entre la capa catalítica y una tela de 

carbón, Toray paper, que actúa como soporte estructural del electrodo. La incorporación de 

níquel en los distintos materiales de carbón se llevó cabo por dos métodos: i) simple 

dispersión de las nanopartículas metálicas y ii) dopado de un carbón precursor con una sal 

del metal mediante impregnación y posterior tratamiento térmico. Los diferentes electrodos 

se construyeron por la técnica de pulverizado de la tinta catalítica sobre la superficie del 

Toray paper que fue colocado sobre una placa calefactora a 90 ºC para facilitar la 

evaporación del disolvente alcohólico y asegurar el incremento del grosor de la capa 

catalítica por superposición de subcapas hasta lograr el recubrimiento de electrocatalizador 

(en mg cm-2) deseado.  

 

Con el objeto de investigar los productos de oxidación del PGA, se realizaron 

diferentes electrolisis a potencial controlado utilizando una celda electroquímica de vidrio 

con separación de compartimentos por medio de una membrana de intercambio iónico. Para 

ello, se usaron como ánodos electrodos de níquel masivo y de nanopartículas de níquel 

soportados o no en los diferentes materiales de carbón; como contraelectrodo se utilizó un 

alambre de platino, y un electrodo de AgCl/Ag (3.5 M KCl) actuó como electrodo de 

referencia vía lugging. Previamente al proceso de electrooxidación, los ánodos se sometieron 

a un pretratamiento de activación que consistió en someter al electrodo a 100 ciclos a una 

velocidad de barrido de 100 mV s-1 entre un rango de potenciales de -0.5 y +0.6 V en una 

disolución de 1.0 M de NaOH, con el propósito de conseguir la especie electrocatalítica de 

NiOOH sobre la superficie de níquel. La conversión del alcohol se siguió por HPLC 

acoplado a un detector UV-Visible. Acabadas las electrolisis a diferentes potenciales de 

electrodo, se realizaron extracciones líquido-líquido y diversas etapas para obtener la mezcla 

de productos de reacción en ausencia de disolvente y electrolito. Finalmente, los productos 
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de reacción se identificaron mediante las técnicas de resonancia magnética nuclear de 1H y 
13C y espectrometría de masas.  

 

Los resultados de las electrolisis preparativas con los diferentes ánodos preparados 

demostraron que la cantidad de níquel en el carbón y su recubrimiento tienen un efecto 

importante sobre la conversión del producto de partida, y que la naturaleza y propiedades 

fisicoquímicas del material de carbón influyen sobre la estereoselectividad de los productos 

de reacción. Así, se obtuvo el ácido propiólico (PA) cuando se usaron electrodos con bajo 

recubrimiento de níquel, y el ácido (Z)-3-(2-propinoxi)-2-propenoico (PPA) cuando se 

usaron electrodos con recubrimiento alto del metal. Además, se determinó que la 

electrooxidación del PGA tiene lugar a través de la participación de la especie de NiOOH 

formada electroquímicamente con una conversión del producto de partida entre  67-95 %. 

También, una tentativa del mecanismo de reacción fue propuesto para la formación 

electroquímica del PPA, en el cual una vez se produce el PA electroquímicamente, éste 

puede existir como un complejo hapto de propiolato de níquel sobre la superficie del 

electrodo de NiOOH a través de su triple enlace. Por otro lado, la presencia de especies de 

Ni(II) en disolución compleja al mismo tiempo al grupo carboxilato y al alcóxido del PGA 

en medio básico, favoreciendo la adición del alcóxido al triple enlace. El siguiente esquema 

de reacción describe la electrooxidación del PGA hacia sus dos productos posibles, PA y 

PPA con isomería cis. Asimismo, el proceso de síntesis electroquímica del PPA se patentó. 

 

 

Reacción anódica: 

 

 

 

 

 
 
 

Reacción catódica: 
 

O2 + 2 H2O + 4e → 4 OH− 
 

Esquema global del proceso electroquímico de electrooxidación del PGA. 

NiOOH electrode

PGA PA PPA

NiOOH electrodo 
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Finalmente, en el capítulo 3 se demuestra que efectivamente, el uso de sistemas 

nanoparticulados de níquel dispersados y soportados sobre las distintas estructuras de carbón 

ofrece importantes ventajas en términos de estabilidad mecánica del electrodo, conversión, 

selectividad y eficiencia hacia la electrooxidación de PGA a sus correspondiente ácidos 

carboxílicos PA o PPA. 

 

 Hasta ahora, los materiales de carbón han sido mencionados como material soporte de 

las nanopartículas de níquel. Sin embargo, se conoce que el ordenamiento de los átomos de 

carbono y el contenido de grupos funcionales en su estructura, determinan sus propiedades 

superficiales de estabilidad química, estructura y poliformismo, y su propia química 

superficial. En consecuencia, existe una gama amplia de carbones que se usan como 

electrodos en numerosas y diversas aplicaciones industriales, tales como adsorción y 

procesos catalíticos. Por ejemplo, los carbones activados (ACs) son materiales muy 

empleados como electrodos en diferentes dispositivos electroquímicos debido a su bajo 

costo, fácil disponibilidad y rendimientos altos en las aplicaciones mencionadas 

anteriormente. Su química de coordinación flexible les permite adoptar múltiples estructuras 

tridimiensionales con una microporosidad desarrollada que les hace ser significativamente 

interesantes en los dispositivos electroquímicos de almacenamiento de energía tales como 

los condensadores electroquímicos de doble capa (EDLCs, de sus siglas en inglés 

Electrochemical Double Layer Capacitors).  

 

 Los EDLCs se basan, generalmente, en la carga y descarga de la doble capa eléctrica 

situada en la interfase electrodo-disolución. En este caso, el electrodo es un material que 

presenta una gran área superficial como el AC, dotado de un gran volumen de poro donde 

los iones del electrolito pueden ser almacenados. En los EDLCs, el mecanismo de 

acumulación de carga está basado en las fuerzas electroestáticas, por consiguiente, un área 

superficial alta es un requisito necesario para que la carga sea almacenada en la interfase 

electrodo-electrolito. Consecuentemente, la cantidad de energía almacenada es proporcional 

al área superficial del AC. De este modo, la capacitancia de un AC depende fuertemente 

tanto de las características y propiedades del electrolito, como de la distribución del tamaño 

de poro y mojabilidad del material de carbón que determinará la accesibilidad del electrolito 

dentro del sistema poroso. 
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 Para comparar más profundamente los aspectos relacionados con la interfase 

electrodo-disolución, se realizó una visita científica en la Universidad Tecnológica de 

Poznan, bajo la supervisión del profesor Béguin, donde se estudió el comportamiento de la 

carga y descarga de un condensador a determinados potenciales de celda. El estudio de la 

capacitancia y autodescarga como medida de capacidad de almacenamiento de carga en la 

estructura de un material carbonoso, podría constituir un punto de partida para la 

comprensión sobre cómo el producto orgánico de partida difunde e interacciona con la 

superficie de carbón durante la electrooxidación, y sobre cómo tal interacción influye en el 

mecanismo de reacción y, por tanto, en la estereoselectividad de los productos finalmente 

obtenidos. 

 

 Los resultados más significativos obtenidos de la estancia en la Universidad 

Tecnológica de Poznan se resumen en el capítulo 4 de esta tesis doctoral. En él, se presentan 

los perfiles de autodescarga de un condensador electroquímico simétrico de electrodos de 

AC en una disolución de sulfato de litio de pH 6.5 en función del potencial de carga y la 

temperatura de almacenamiento de carga. La metodología y materiales empleados para 

llevar a cabo los experimentos de autodescarga, consistieron en electrodos de AC con un 

porcentaje de teflón y de negro de carbón de 10 % en peso cada uno de ellos. Los electrodos 

y el AC pristino se caracterizaron usando la isoterma de adsorción de nitrógeno a -196 ºC. 

Los experimentos de carga/autodescarga se realizaron en una celda electroquímica de tipo 

Swagelok con una configuración de dos electrodos, con posibilidad de la introducción de un 

electrodo de referencia para medir la autodescarga de los electrodos positivo y negativo 

individualmente.  

 

 Los resultados obtenidos mostraron que la corriente medida durante el período de tres 

horas de carga a un potencial de celda determinado en el rango de 0.8 y 1.6 V, así como la 

autodescarga, aumentaron con el potencial de carga aplicado. Además, la caída del potencial 

de celda durante la descarga fue el doble cuando la temperatura durante el almacenamiento 

de carga se incrementó 10 ºC. También, el potencial de los electrodos positivo y negativo se 

midió por separado, hallándose que el electrodo negativo es el principal responsable de la 

autodescarga del condensador para todos los potenciales de carga aplicados, sin ser 

despreciada la contribución del electrodo positivo. Un mecanismo de autodescarga 

controlado por difusión se ajustó al perfil de la caída de potencial para los potenciales de 
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carga entre 0.8 y 1.4 V para el electrodo positivo, y entre 0.8 y 1.2 V para el electrodo 

negativo. Sin embargo, un mecanismo de autodescarga del electrodo negativo controlado 

por activación predominó a potenciales de carga superiores a 1.4 V, donde el potencial del 

electrodo negativo está por debajo del potencial de reducción del agua u oxígeno disuelto. 

En el caso del electrodo positivo, sólo los valores cercanos o superiores a un potencial de 

celda de 1.6 V, causó la oxidación del carbón y, en consecuencia, una autodescarga 

controlada por activación. 

 

 El capítulo 4 correspondiente al trabajo realizado en la Universidad Tecnológica de 

Poznan, abre nuevas líneas de investigación hacia la incorporación de nanopartículas de 

níquel en materiales de AC con un área superficial elevada para aplicaciones en 

electrosíntesis, electrocatálisis y sensores electroquímicos.   

 

 El diseño de los electrocatalizadores y la formulación de las tintas catalíticas como 

precursores de los electrodos no son los únicos componentes integrantes de una 

configuración PEMER que pueden determinar el rendimiento y  eficiencia de la síntesis 

orgánica a escala laboratorio o piloto para la síntesis del PA o del PPA. La preparación y 

caracterización de membranas de intercambio iónico que actúan como SPE, se convierte en 

otro de los objetivos clave de esta tesis doctoral para lograr la electrooxidación del PGA en 

medio básico a sus respectivos ácidos carboxílicos, PA o PPA, con rendimientos altos y 

costes energéticos reducidos.  

 

 El desarrollo de la tecnología de membranas de intercambio de iones y su versatilidad 

en términos de estructura y propiedades mecánicas, térmicas y eléctricas, ha permitido su 

introducción en numerosos campos industriales, como por ejemplo, en electrodiálisis y en 

electrolisis. Hoy en día, las membranas son el elemento crucial en los dispositivos 

electroquímicos de conversión y almacenamiento de energía, y más recientemente, aunque 

menos conocido, en el campo de la electrosíntesis de compuestos orgánicos. En esta tesis 

doctoral, la configuración PEMER está constituida por electrodos formados por un sustrato 

conductor y que pueden contener una capa de difusión y/o una capa catalítica en contacto 

con una membrana de intercambio de iones que actúa como SPE. La disposición de dichas 

capas catalíticas y el contacto de éstas con la membrana definen el ensamblado electrodo 

membrana (MEA, por sus siglas en inglés Membrane Electrode Assembly). Además, el 
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proceso electrosintético global, la oxidación del alcohol y la ORR como proceso catódico en 

medio alcalino, implica una membrana de intercambio de aniones que permite el transporte 

de aniones hidroxilos (OH- generados durante la reducción del oxígeno) desde el cátodo 

hacia el ánodo (donde serán consumidos en la reacción de oxidación del alcohol), y que a su 

vez actúa como barrera para el paso del PGA al compartimento catódico.  

 

 Las condiciones alcalinas conllevan una mejoría de la cinética del proceso de 

reducción de oxígeno y, a menudo, la oxidación de moléculas orgánicas, evitando el uso de 

metales preciosos como catalizadores y consecuentemente, incrementando el rendimiento y 

la eficiencia del dispositivo electroquímico. Así, las membranas de intercambio de aniones 

o aniones hidroxilos para ser usadas en medios alcalinos se han convertido en la mejor 

alternativa a las membranas de tipo Nafion basada en polímeros perfluorados y usadas en 

medio ácido. No obstante, se destaca que cuando el pH es muy elevado y se trabaja a 

temperaturas altas, la estabilidad térmica y química de estas membranas de intercambio 

aniónico pueden verse afectadas por un proceso progresivo de carbonatación debido 

principalmente a la formación de los iones carbonato procedentes de la oxidación del 

combustible o del aire atmosférico.  

 

 Las membranas de intercambio aniónico o iones hidroxilo constan generalmente  de 

un esqueleto polimérico sobre el cual se encuentran anclados los iones o los grupos cargados 

positivamente que permiten el transporte de iones cargados negativamente. Una membrana 

de intercambio aniónico para su aplicación en dispositivos electroquímicos análogos a la 

configuración PEMER, requiere de una conductividad y permeselectividad alta de OH-, 

buena estabilidad mecánica, térmica y química a valores de pH altos, y permeabilidad baja 

de moléculas orgánicas. Por esta razón, se buscan y se seleccionan polímeros con adecuadas 

propiedades térmicas y de estabilidad química, siendo un ejemplo claro de ello los polímeros 

derivados del petróleo con anillos aromáticos y/o con un cierto grado de fluoración. En este 

punto, es importante reseñar que las propiedades de las matrices poliméricas pueden ser 

modificadas y reforzadas a través de la alteración de la química del polímero o por 

hibridación mediante métodos sol-gel que introducen componentes inorgánicos u orgánicos 

en la matriz polimérica, dando lugar a lo que se conoce como matriz de membrana mixta 

(MMM) con propiedades sinérgicas. La modificación de matrices poliméricas a través del 

dopado con aditivos de diferente naturaleza, desde compuestos inorgánicos hasta resinas de 
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intercambio iónico, para la mejora de sus propiedades, no es el único interés perseguido de 

esta tesis doctoral. De igual modo, resulta importante la búsqueda de procedimientos de 

síntesis de membranas que no impliquen compuestos clorometilados y derivados de petróleo, 

sino polímeros de bajo costo, biocompatibles y respetuosos con el medio ambiente. Esta tesis 

doctoral explora nuevos materiales para la fabricación de membranas híbridas de 

intercambio de aniones hidroxilo para su aplicación en la electrooxidacion de alcoholes en 

medio alcalino usando la configuración PEMER. 

 

 En primer lugar, el biopolímero quitosano (CS) derivado de la quitina, es un 

polielectrolito catiónico débil obtenido de las fuentes naturales de moluscos. Las 

propiedades inherentes del quitosano, como lo son su alto grado de hidrofilicidad y baja 

permeabilidad de alcoholes, le permiten ser usado bajo condiciones de temperatura alta. Sin 

embargo, una membrana de quitosano sin modificar es muy frágil y poco conductora iónica. 

En su defecto, el quitosano presenta grupos funcionalizados NH2 intercambiables que se 

pueden modificar para contribuir al carácter iónico del polímero pristino cuando éste es 

humedecido. Por otro lado, su poca rigidez facilita un contacto más íntimo con las capas 

catalíticas, favoreciendo de este modo, el transporte de OH- de un compartimento al otro y 

una mejora del rendimiento electroquímico del reactor.  

 

 El CS se modifica, generalmente, tanto con aditivos de naturaleza orgánica como de 

naturaleza inorgánica. La incorporación de tales aditivos dentro de la estructura polimérica 

de CS logra matrices poliméricas reforzadas, con una estructura mejorada y unas 

propiedades fisicoquímicas y electroquímicas acrecentadas. Por otro lado, se destaca la 

mezcla de polímeros en la preparación de membranas de intercambio aniónico para la mejora 

no solo de las propiedades de conductividad y la reducción de la permeabilidad de alcoholes, 

sino también de estabilidad térmica y química. El alcohol de polivinilo (PVA) es, en este 

sentido, el polímero más ampliamente usado como polímero aditivo a la matriz de CS por 

su miscibilidad (los grupos hidroxilos del alcohol de polivinilo forman enlaces de hidrógeno 

con los grupos amino e/o hidroxilos del CS), por su solubilidad en disoluciones acuosas y su 

hidrofilicidad, y por su permeabilidad baja de alcohol. 

 

 El capítulo 5 de esta tesis doctoral tiene el propósito de estudiar nuevos materiales de 

membrana para la mejora de las propiedades de conductividad iónica y baja permeabilidad 
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al alcohol para su aplicación en electrosíntesis orgánica. El capítulo 5 describe una 

propuesta de síntesis de nuevas MMMs de intercambio de aniones (activadas en una 

disolución concentrada de sosa o potasa), basadas en el biopolímero quitosano con un 

contenido entre 5 y 20 % en peso de aditivos de naturaleza inorgánica tales como sólidos 

laminares de estañosilicatos (UZAR-S3) y titanosilicatos (AM-4), líquidos iónicos a 

temperatura ambiente y nanopartículas de estaño. Por otro lado, el PVA se disolvió en CS, 

proporcionando una matriz de membrana basada en los dos polímeros. La mezcla de CS y 

PVA se realizó en una proporción de 50:50 en peso. Esta nueva matriz basada en la mezcla 

de CS y PVA, se modificó con un 5 % en peso de los aditivos inorgánicos laminares de 

UZAR-S3 y AM-4, y las resinas comerciales AS-4 y una sal de 4-poli(vinil)piridina (4VP), 

con respecto a la masa total de polímero. También, la matriz de CS y PVA se modificó con 

1 % en peso de grafeno oxidado. Los resultados más significativos fueron: i) la obtención de 

nuevas membranas con conductividades específicas de OH- más altas comparadas con las 

correspondientes a los polímeros pristinos y ii) valores de coeficiente de  permeabilidad al 

alcohol bajos que se asemejan o incluso superan a los presentados por algunas membranas 

aniónicas comerciales, por ejemplo, la membrana FAA-3-PEEK-130 (Fumatech), 

generalmente empleada en pilas de combustible alcalinas de oxidación directa de alcoholes. 

Además, las nuevas membranas exhibieron una mejora de las estabilidades mecánica, 

química, térmica y electroquímica con respecto al polímero de partida bajo condiciones de 

pH alcalino extremo.  

 

 Un aspecto importante relacionado con la caracterización electroquímica fue el estudio 

de la respuesta electroquímica de la configuración MEA empleada, cuando una corriente o 

potencial se aplicaba al reactor electroquímico bajo condiciones estacionarias. Las curvas de 

polarización se realizaron usando el PEMER con unas dimensiones de electrodo de  25 cm2. 

La membrana activada objeto de estudio, se colocó entre el electrodo de níquel y el electrodo 

de difusión de gas formado por nanopartículas de platino para la electrorreducción de 

oxígeno. Dos placas bipolares proporcionaron la presión suficiente para la unión del MEA 

y actuaron como colectores de corriente y como canal para el abastecimiento de reactivos y 

salida de productos. Las curvas de polarización se realizaron usando 1.0 M NaOH como 

anolito en ausencia y presencia de 0.25 M del PGA, dentro de un rango de intensidades de 

0.01 y 0.5 A. Los valores de potencial de celda alcanzados fueron registrados para cada valor 

de intensidad aplicada. La flexibilidad de las membranas basadas en la matriz de mezcla de 
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CS y PVA proporcionó un contacto íntimo entre las capas catalíticas de los electrodos y la 

membrana, dando lugar a curvas de polarización con un comportamiento similar al obtenido 

por la membrana comercial FAA-3-PEEK-130 usada como control. Sin embargo, el 

resultado más relevante del capítulo 5 fue la reproducibilidad de las propiedades 

fisicoquímicas y los valores de conductividad de cada una de las membranas preparadas, lo 

que resulta vital para su posterior producción y escalado.  

 

 El capítulo 6 estudia la viabilidad para llevar a cabo un proceso de electrosíntesis de 

ácidos carboxílicos a partir de la oxidación de alcoholes en medio básico dentro de la 

configuración PEMER, y usando como SPE las nuevas membranas desarrolladas en el 

capítulo 5. Más concretamente, el capítulo 6 se centra en el uso de la MMM formada por CS 

y PVA y modificada con 4VP o grafeno oxidado. La electrooxidación del PGA se realizó en 

1.0 M de NaOH utilizando los electrocatalizadores de Ni soportados sobre CB (Ni/CB). La 

ORR en medio alcalino fue la reacción catódica. Nanopartículas de Pt soportadas sobre CB 

(Pt/CB) se usaron como electrocatalizadores  para el cátodo de difusión de gas. Los 

electrodos fueron preparados por pulverizado sobre la superficie de un carbón (Toray paper) 

tanto de las tintas catalíticas con contenido en metal e ionómero aniónico, como de la tinta 

de difusión compuesta por teflón y Vulcan XC-72R. Un 12 % en peso del ionómero 4VP 

con respecto al contenido del electrocatalizador Pt/CB fue el valor óptimo en términos de 

cohesión de partículas sobre el sustrato de carbón Toray con la capa de difusión, y de 

respuesta electrocatalítica asociada a los picos de adsorción/desorción de hidrógeno. 

Además, el capítulo 6  describe una caracterización detallada del ánodo y del cátodo 

mediante el uso de XPS, microscopía electrónica de barrido de alta resolución (FESEM), 

raman y difracción de rayos X (XRD). 

 

Una vez construidos, caracterizados y ensamblados los distintos elementos en la 

estructura del reactor electroquímico tipo PEMER, se llevaron a cabo varias electrolisis 

consecutivas a densidad de corriente controlada de 20 mA cm-2. El rendimiento de dichas 

electrolisis en términos de conversión, eficiencia en corriente, costes energéticos por kg de 

producto formado y rendimiento espacio tiempo de la reacción usando las nuevas 

membranas, se compararon con el rendimiento obtenido usando la membrana comercial 

FAA-3-PEEK-130. La configuración y la composición de las capas catalíticas del cátodo y 

del ánodo no sufrieron cambios significativos para todas las electrosíntesis. Los resultados 
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obtenidos revelaron valores de conversión del PGA y eficiencias en corriente para una carga 

circulada de 2895 C de 0.77 y 0.33, respectivamente, cuando se usó la membrana CS:PVA 

con contenido en 4VP, frente a 0.74 y 0.31 cuando se usó la membrana comercial FAA-3-

PEEK-130. El potencial de celda medio durante las electrooxidaciones del PGA fue de 1.25 

y 1.21 V para la membrana CS:PVA con contenido en 4VP y la membrana FAA-3-PEEK-

130, respectivamente. Por otro lado, la MMM basada en CS:PVA con 1 % en peso de grafeno 

oxidado mostró un potencial de celda medio de aproximadamente 1.80 V, siendo para esta 

membrana los valores mejores de conversión y eficiencia en corriente obtenidos de 0.64 y 

0.28, respectivamente. El producto obtenido a partir de todas las electrolisis realizadas en el 

capítulo 6, fue el isómero Z del PPA.  

 

 Como conclusión final, esta tesis doctoral ha definido y demostrado una nueva 

metodología de electrooxidación de alcoholes primarios hacia sus correspondientes ácidos 

carboxílicos de alto valor añadido bajo condiciones alcalinas en la configuración PEMER. 

La eficacia de este nuevo concepto de reactor electroquímico reside en el diseño y 

preparación de los diferentes electrodos nanoparticulados de Ni o Pt soportados sobre 

diferentes matrices de carbón, así como en las nuevas membranas mixtas de intercambio 

aniónico basadas en biopolímeros, con buena estabilidad química en medio básico y valores 

bajos de coeficiente de permeabilidad a los alcoholes. La configuración PEMER es, por 

consiguiente, factible para la electrosíntesis orgánica, pudiendo ser extrapolada a un gran 

número y variedad de procesos de síntesis a escala laboratorio o prepiloto.  
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  1.1. From the conventional organic synthesis to the organic electrosynthesis 

through a polymer electrolyte membrane electrochemical reactor. 

  1.1.1. An overview. 
 

  The organic synthesis allows the building of synthetic routes towards molecules and 

supramolecular compounds. Conventional organic synthesis converts the starting reagents 

to desired final products by means of chemical reactions involving the use of certain 

oxidising and reducing agents, such as dichromate, permanganate, chlorine, zinc powder, 

and borohydrides, among others. Consequently, a conventional organic synthesis leads to 

significant costs and waste generation which entails complicated separation and 

purification processes of crude reaction. Moreover, some synthetic routes require 

elevated temperatures and high pressure values, as well as aggressive reaction media. 

Alternatively, the electrochemical technology employs the electron as the driving force to 

convert the starting chemicals to desired final products using reduction and oxidation 

reactions which occur onto electrodes surfaces, using a conductive solution 

(solvent/electrolyte system). Hence, electrons are transferred between an organic 

molecule and the electrode during an electrochemical reaction, avoiding the use of 

oxidising and reducing agents that are substituted by redox processes 1, as described in 

figure 1.1. The electrochemistry can be considered as a green and powerful technology 

capable of performing synthesis quite complicated and even not achievable through 

traditional chemical procedures, simplifying thus the synthesis processes of organic 

compounds. Therefore, the combination of the field of organic synthesis with the 

electrochemistry methodology enables the organic electrosynthesis.  

 

 The organic electrosynthesis is considered as a heterogeneous process because solid 

(electrodes), liquids (solvent/electrolyte system), and even sometimes gasses (when the 

starting reagent or final product is a gaseous molecule) may coexist in an electrosynthesis 

system. The electrochemical methodology is less aggressive and the products obtained 

need less purification steps besides it offers a vast plurality of anodic and cathodic 

reactions. In this regard, it often shows distinct possibilities of using starting reagents to be 

oxidised and reduced through reaction mechanisms. In addition, the electrochemical 

synthesis exhibits a wide versatility of experimental conditions in terms of temperature and 

pressure -commonly room temperature and atmospheric pressure- and pH medium. 

Nevertheless, the most attractive quality of chemical electrosynthesis resides in controlling 
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the reaction by regulating the electrical parameters either current density (rate reaction), or 

electrode potential, or amount of electricity and charge passed, which can govern the 

intermediates species and consequently the selectivity of the electrochemical process.  

 

 

 
 
 
 

 
 
 
 
 
 
 
 
Figure 1.1. Comparison between (A) an organic chemistry reaction and (B) an organic 
electrosynthesis reaction for the synthesis of N-acetyl-cysteine.   
 

 The majority of electroorganic reactions are characterised by the generation of an 

intermediate at the interface electrode-electrolyte that drives the electrochemical reaction 

towards the final products. Accordingly, the electroorganic synthesis consists of the 

combination of both main steps: i) electron transfer (conversion of starting material into an 

intermediate) and ii) chemical reactions (to convert the intermediate to the final product). 

A representative scheme of both steps are figured out in figure 1.2 A. Additionally, the 

organic electrosynthesis can be classified as direct synthesis based on direct heterogeneous 

electron transfer processes between the organic molecule and the electrode, and indirect 

synthesis based on the electron transfer processes using redox mediators generally present 

within an electrolytic solvent (see figures 1.2 B and C). In the latter case, the redox 

potential of the mediators should be lower than that one for the organic molecule in order 

to regenerate the redox mediator during the electrosynthesis. Indirect electroorganic 

reactions are considered as homogeneous electro-reactions if the mediator reacts with the 

organic species in solution. Alternatively, if the mediator is immobilized at the electrode 

surface, the reaction is considered like a heterogeneous process. In any case, the overall 

reaction rate and the catalytic activity will depend on the chemical reaction rate between 

A B 
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mediator and organic molecule and the number of cycles necessary to regenerate the 

mediator species.  

 

 

Figure 1.2. (A) Main steps of a typical electrosynthesis, (B) direct, and (C) indirect 
electrosynthesis mechanisms.  
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 The organic electrosynthesis can take place within a typical glass electrochemical 

cell such as an H-type cell 2 and a beaker type cell 3-4, when the synthesis involves 

microsynthesis procedures, or at laboratory scale, or upon electrochemical reactors, such as 

simple bath reactor, plug flow reactor, a continues stirred reactor 5, and a filter-press 

reactor 6 and other related configurations 7, when the synthesis is carried out at pre-pilot or 

at pilot scales. The electrochemical cell is often divided into two different compartments 

due mainly to possible side reaction by the appearance of starting reagents or final 

compounds, which are electrochemically active upon another electrode. Various strategies 

are used for the separation of the anodic and cathodic compartments and such includes 

simple porous separator manufactured from ceramic, sintered glass, or inert polymers at 

laboratory scale. Furthermore, ion exchange membranes, having high ion conductivity, are 

frequently used as separator for an industrial or pilot plant applications. 

 

 Organic electrosynthesis is a multidisciplinary research that allows overlaping the 

vast fields of organic chemistry, chemical engineering, physical chemistry and 

electrochemistry. Consequently, this highly important technology requires organic, 

electrochemical and engineering formation for scaling up industrial production with low 

costs. The first electroorganic synthesis was performed by Michael Faraday who worked 

on the formation of ethane by anodic decarboxylation of acetic acid in aqueous medium via 

C-C bond coupling in 1834. Years later, Kolbe electrolyzed fatty acids and half-esters of 

dicarboxylic acids. Since then, Kolbe reaction was used at industrial scale until the middle 

of the 1980. In addition, Haber in 1890 8 performed the electrocatalytic reduction of 

nitrobenzene towards phenylhydroxylamine and aniline. Figure 1.3 shows the growing 

number of publications related to organic electrosynthesis between 1990 and 2016.  

 

 Electrosynthetic processes are generally complex from an industrial point of view. In 

addition, they present economic, policy and technical barriers that determine what 

processes could be successful in the industry. Accordingly, it is easy to elucidate that the 

scale up of electroorganic synthesis from laboratory to pilot plants involves the evaluation 

of the stability of all electrochemical reactors components, the use of high volume of 

aqueous and non-aqueous solvents and supporting electrolytes, and the availability of large 

and massive electrode materials. In spite of thousands of organic electrochemical 

transformations reached at the laboratory, e.g. the synthesis of glyoxylic acid, 
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anthraquinone, and fluorinated organic components, only few of them have achieved until 

industrial manufacture9. For instance, nowadays the commercialization of the Monsanto 

Adiponitrile process 10-11 (one of the steps in the fabrication of Nylon 66) is being the most 

known industrial process. Another example refers to a novel paired electrosynthesis of 

phthalide and p-t-butyl benzaldehyde being developed and industrialized by the chemical 

company BASF (Germany). 
 

 

Figure 1.3. Profile of growing number of publications devoted to electroorganic synthesis obtained 
from the database “web of knowledge”, using the words “organic electrosynthesis” as a topic (blue 
columns) and “organic electrosynthesis” as a title (orange columns). 

 

 1.2. The electrochemical cell.  
 

 The cell potential of an electrochemical cell is defined by equation 1.1: 
 

E = Ee + ɳa + ɳc + ΣIR          Eq. (1.1) 

where E is the cell potential, Ee  is the equilibrium potential which is defined as Eanode – 

Ecathode, and ΣIR is the potential drops (intensity that circulates through the cell in ampere, 

multiplied by the sum of the resistances of the elements of the electrochemical cell, in 

ohms). The excess potential is named polarisation or overpotential (ɳa + ɳc) where the 

excess potential in both anode and cathode electrodes are necessary to carry out the 

electrochemical processes. To achieve a reduced IR associated with the solutions of each 

compartment of the electrochemical cell, it is important to maximize the contact between 
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electrodes and increase the electrolyte conductivity. Electrosynthetic processes require a 

high conductivity medium where the organic substrate and final product must be soluble. 

Hence, the solvent-supporting electrolyte (SSE) system is found to be indispensable. In all 

cases, SSEs used are usually either inorganic salt aqueous solution (acid or hydroxide), or 

aquo-organics mixtures, or simply organic solvents. The proper choice of the SSE can 

hider in large part the industrial scale up of the process, due mainly to the following 

reasons: i) the need for electrolyte recycling ii) their high prices in some cases, iii) the 

purification of final product which will entail the elimination of the SSE system, and iv) 

possible reactivity of intermediates or final products with the SSE.  

 

 An electrochemical reactor based on solid polymer electrolyte (SPE) architecture, as 

described in figure 1.4, can in principle be the best alternative to mitigate the drawbacks of 

the SSE system 7 dealing with the limitations related to the economized electrolyte 

recycling and to the avoidance of secondary products obtained from the participation of 

proper supporting electrolyte of traditional organic electrosynthesis performed in 

convectional flow cells. Hence, SPE involves a significant starting point within the new 

concept of organic electrochemistry 1.  

 

 SPE is in general a polymer ion-exchange membrane that acts as supporting 

electrolyte. The use of SPE reduces the ohmic drops within an electrolysis cell and 

increases the mass transport from and to the working electrode by an electro-osmotic flow 

effect. SPE based organic electrosynthesis is therefore an energy-efficient electrolytic 

method due to the cell potential decreases with a polymeric ion-exchange membrane 

between both electrodes. Consequently, the design of electrodes and membrane, which 

constitutes the membrane electrode assembly (MEA), is vital to reach large improvements 

of the electroorganic processes. 
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Figure 1.4. Solid polymer electrolyte system used for the N-acetyl-cysteine synthesis by means of 
the electrochemical reduction of N, N-diacetyl-cystine using as anodic process based on hydrogen 
oxidation. 

 

 There are very few references about the use of a SPE configuration in organic 

electrosynthesis. Pioneering work performed by Ogumi and co-workers on the 

electrochemical hydrogenation of olefins12 and the reduction of nitrobenzene 13 were 

performed using a Nafion membrane-based SPE, in which the product purification 

operations were then simplified. Other examples of the hydrogenation of edible oils, fatty 

acids and fatty acid methyl esters using a Nafion SPE reactor, similar to H2/O2 fuel cells 

with water as the source of hydrogen, and hydrogenation of decene and acetone have been 

also described in early works by Weidong et al.14-15, and more recently by Benzinger and 

Nehlsen 16, respectively. Furthermore, Huber 17 carried out the reduction of acetone to 

isopropanol in a proton-exchange membrane reactor, demonstrating the commercial 

feasibility of using polymer electrolyte membrane (PEM) reactors to electrocatalytically 

reduce biomass-derived oxygenates into renewable fuels and chemicals. Besides that, 

Montiel's group has recently introduced the concept of Polymer Electrolyte Membrane 

Electrochemical Reactor (PEMER) in organic electrosynthesis, e.g. for the N-acetyl-L-

cysteine production from the electroreduction of N,N-diacetyl-L-cysteine 18 and the 

synthesis of 1-phenylethanol from the electroreduction of acetophenone 19-20. Alcohol 
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electrooxidation processes for electrosynthetic purposes have not yet explored. This 

doctoral thesis is therefore focused on the use of the PEMER configuration to investigate 

the electrooxidation of alcohols to carboxylic acid derivatives for its relevance in industrial 

applications. PEMER configuration has similar structure to polymer electrolyte membrane 

fuel cell (PEMFC) manufacture. In this point, it is necessary to highlight that PEMER 

configuration emerges from the idea of the PEMFC for direct alcohol oxidation. Therefore, 

the progress of fuel cell research should stimulate the development of SPE organic 

electrosynthesis. Figure 1.5 shows a comparison between the mechanisms of direct alcohol 

fuel cell (DAFC) and PEMER configurations. 

 

 

 
 

Figure 1.5. (A) Scheme of DAFC and (B) scheme of PEMER. In both cases, the supporting 
electrolyte is replaced by a cation-exchange polymer membrane.  
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 Before going through the general aims of this doctoral dissertation, it is important to 

describe firstly the basis of PEMFC in order to understand better such technology, 

methodology and development. 
 

  1.3. A brief introduction of polymer electrolyte membrane fuel cell. 
 

  First of all, it would be worth noting that fuel cell (FC) is an electrochemical device 

that converts the chemical energy in electrical energy, where the reactants (fuel and 

oxidising agents) are fed externally, so that the starting reagents are supplied 

continuously and the final products are equally removed. 

 

 There are a wide variety of FCs and they can be classified depending on different 

parameters, such as type of fuel and oxidant, and how they are supplied, type of 

electrolyte, and temperature conditions. A more common classification attends to the type 

of electrolyte, from which it is possible to distinguish the following fuel cells: the PEMFC; 

alkaline fuel cell, AFC; phosphoric acid fuel cell, PAFC; molten carbonate fuel cell, 

MCFC; solid oxide fuel cell, SOFC; and regenerative fuel cell 21-22. Table 1.1 shows the 

different types of fuel cells according to their classification as a function of type of 

electrolyte. 

 

Table 1.1. Types of Fuel Cell.  
 

Fuel cell (FC) Fuel/Oxidant Electrolyte Working 

temperature / ºC 

Solid oxide  

(SOFC) 

H2/O2 Solid oxide, O2- 600-1000 

Molten carbonate 

(MCFC) 

H2/O2 Molten carbonate, 

CO3
2- 

600-700 

Alkaline  

(AFC) 

H2/O2 Alkaline, OH- 90-100 

Phosphoric acid 

(PAFC) 

H2/O2 Phosphoric acid, H+ 150-200 

Polymer electrolyte 

membrane  

(PEMFC) 

H2/O2 PEM, H+ 50-100 
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 Figure 1.6 pays attention to PEMFC, in which the PEM acts as electrolyte by 

transferring the protons from the anode to the cathode, and provides also a barrier to the 

crossover of fuel. Then, the SPE concept is based on PEMFC. The polymeric nature of the 

electrolyte determines that this type of FC cannot operate at temperature above 120 ºC 

because the ion-exchange membrane can suffer dehydration and damage, providing a low 

performance of the electrochemical device by the decrease of its ionic conductivity. 

Nevertheless, the PEMFCs can work at high current density, and they are the most durable 

in comparison to the rest of FC due to the use of SPE. Moreover, PEM displays a thinner 

structure providing high energetic efficiency. Finally, the PEMFC does not emit pollution 

and when the fuel is hydrogen, the only subproduct is pure water. Within this technology, 

it is possible to mention several types of PEMFC as a function of type of fuel: 

hydrogen/oxygen, and alcohol/oxygen FC. The alcohol fuel can be methanol (direct 

methanol fuel cell, DMFCs), ethanol or ethylene glycol fuel cells, among others23. The 

H2/O2 FC involves the reactions of hydrogen oxidation and oxygen reduction with the 

consequently overall reaction of water formation, as well described in reactions 1.1, 1.2 

and 1.3.  

 
 
Figure 1.6. Scheme of a DMFC. Methanol is oxidised to carbon dioxide. The oxidation reaction 
forms CO2 together with protons and electrons. Protons are transferred through the proton 
conducting membrane (1) from the anodic catalyst layer (2) to the cathodic catalyst layer (3). The 
oxygen gas passes through the gas diffusion layer (4) to (3) where oxygen reduction reaction 
(ORR) occurs. Current collectors with a specific flow field design (5) press the MEA providing 
mechanical support and supplying and removing chemicals. Adapted from ref 24. 
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Anode H2 → 2H+ + 2 e 

 

(1.1) 

Cathode 1

2
O2 + 2H+ + 2e → H2O 

 

(1.2) 

Global reaction 
H2 +  

1

2
 O2 → 2H2O 

 

(1.3) 

 Similarly, DAFC involves the reactions corresponding to alcohol oxidation and 

oxygen reduction with the overall formation of water and carbon dioxide, as shown 

through reactions 1.4, 1.5 and 1.6. The interest of using DMFC or other DAFCs remains 

mainly from the higher volumetric energy and reversible efficiencies of alcohol oxidation 

compared with hydrogen, as well as an easy alcohol storage and transport.  

 

Anode  CnH2n+1OH + (2n − 1)H2O → nCO2 + 6nH+ + 6ne  

 

(1.4) 

Cathode 3n

2
O2 + 6n H+ + 6ne → 3n H2O 

 

(1.5) 

Global reaction 
CnH2n+1OH +

3n

2
 O2  → nCO2 + (n + 1)H2O 

 

(1.6) 

 With all this, a PEMER configuration can thus be defined as a PEMFC operating as 

electrochemical reactor for oxidation or reduction of organic products. The purpose of this 

doctoral thesis consists of the investigation of the electrooxidation of alcohols towards 

carboxylic acid derivatives for its relevance in industrial applications, under alkaline 

conditions using a PEMER configuration, as described by the overall electrochemical 

process in figure 1.7. Accordingly, the analogy between DAFC and PEMER based also on 

SPE technology regards the electrochemical reactions which take place in the 

electrochemical configurations, i.e., the oxidation of alcohol (liquid phase), and the 

reduction of oxygen (gas phase).  

 

 The synthesis of carboxylic acids derivatives from the electrooxidation of alcohols 

will require the preparation of nanoparticulate catalysts for the oxidation of the alcohols 
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and ORR and further the fabrication of both anode and cathode electrodes stable in alkaline 

medium. The electrochemical process will also demand the use of a SPE that accomplishes 

important requirements like chemical and mechanical stability as well as adequate ionic 

conductivities. Finally, the election of a proper bipolar plates is also crucial for the 

improvement of hydrodynamic and mass transport conditions within the PEMER 

configuration. For those reasons, the introduction of this doctoral thesis will deal with the 

description of the main parts of the manufacture and preparation of a PEM or SPE as well 

as the electrocatalytic materials for building entirely the electrochemical reactor. Figure 1.8 

summarises the general outline of the main points of this doctoral thesis that will be treated 

in this introduction to achieve the electrosynthesis of high-valued carboxylic acids using a 

PEMER configuration. 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
Figure 1.7. Main components of a PEMER configuration, depicting both the alcohol 
electrooxidation and the ORR processes under alkaline conditions. 
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Figure 1.8. General outline of the main points treated in this introduction. 

 

1.4. A brief description of the different components of the PEMER. 
 

 The introduction of this PhD dissertation is focused on the main elements that 

constitute the PEMER configuration as follows: a) bipolar plates, b) the ionic-exchange 

membrane as SPE, and c) nanoparticulate electrodes as well as gas diffusion electrodes 

(GDE) onto carbon structures for alcohol oxidation and reduction of oxygen. Such 

components of the PEMER are shown in figure 1.9. 

 

 

Figure 1.9. Main components of a PEMER configuration. Reprinted from publication 20 with 
permission from Elsevier. 
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1.4.1. Bipolar plates. 
 

 The bipolar plates act as support structure assembling the anode and cathode 

compartments of the cell. The materials used for its manufacture are based on for example 

conductive carbon composites, or metals such as aluminium, stainless steel, titanium or 

nickel 25-27. As shown in figure 1.10, there are several designs of bipolar plates with flow 

channels perfectly defined through which the starting reagents and final products circulate. 

It is important to achieve a constant flow rate and pressure gradient across them in order to 

improve the transport and the distribution of fuel and oxidants through the electrode active 

surface. 

 

 

Figure 10. Typical flow field designs used in direct alcohol fuel cell: (A) pillar, (B) parallel, (C) 
serpentine, (D) parallel/serpentine, (E) spiral, (F) interdigitated. Adapted from ref.28. 
 

 There are several studies about hydrodynamic parameters either at cathode or anode 

compartments, dealing with the optimization of some hydrodynamic characteristics, such 

as linear electrolyte velocity and flow regime 29-32. A deep examination of the literature 
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mentioned before reveals that an accurate linear liquid velocity cannot be calculated since 

the electrodes are supported onto the collectors which have a system of pillars acting as 

turbulence promotors; consequently it is not possible to define a sectional electrode area, -

width and height of canal- whereby gas or liquid circulate throughout. Similarly, the same 

argumentation can be followed by the inaccurate calculation of the flow regime. 

 

1.4.2. Polymer electrolyte membrane. 
 

 When using a DAFC configuration under acidic conditions, alcohols are oxidised at 

the anode and the generated protons moves through the proton-exchange membrane to the 

cathode where they are then consumed through the ORR to H2O. Hence, the PEM or SPE 

can be contemplated as acid electrolyte in which ionic groups are immobilised onto the 

polymer backbone of the membrane. In this point, it is important to stand out that ion-

exchange polymeric membranes are usually classified as a function of their ion-exchange 

groups as cation or anion-exchange and bipolar membranes 33.  

 

 The most common cation-exchange membranes are based generally on 

polytetrafluoroethylene (PTFE) polymer derivatives (strong acid character), such as 

Nafion® membrane by Dupont 34, containing negatively sulfonic charged groups attached 

to the polymer backbone, as shown in figure 1.11. Among the different requirements for a 

SPE it should be highlighted a high cationic or proton conductivity, good thermal and 

proper mechanical and chemical stabilities, and low alcohol permeability. Moreover, the 

fluorocarbon based membrane structure displays homogeneous and effective channels that 

leads to low water uptake value (ability to sorption water), although with a high proton 

conductivity. 
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Figure 1.11. Structure of Nafion membrane. Nafion is a hydrated perfluorosulfonic polymer, in 
which sulfonate groups are grafted onto the C-F skeleton of the polytetrafluoroethylene main 
chains. 
 

 Nafion membrane exhibits significant advantages in terms of remarkable 

conductivity, good thermal (< 120 oC) and chemical stability with long durability under 

severe conditions. However, the Nafion membrane also presents persistent limitations, 

such as its high cost, and fuel crossover from the anode to the cathode that could provoke 

an extra diffusion potential and reduced overall performance of the cell. In addition, under 

acidic conditions, Nafion membranes require the use of precious metals for 

electrochemical alcohol oxidation and ORR. Furthermore, DAFCs often need high 

working temperature in order to break C-C bonds of some alcohols. This fact reduces the 

humidity of Nafion membrane and therefore a decrease in the cell yield. Thus, the polymer 

membrane in SPE methodology results to be a limiting factor in terms of high efficiency 

and reaction yields. For all these reasons, researchers are being focused on the 

development of reliable, high performance PEMs with high proton conductivity, low fuel 

permeability, high chemical stability, good mechanical and thermal stability, and low 

fabrication cost of membrane for DAFCs devices 35-37. In recent years, modified Nafion 

and various hydrocarbon based polymers such as sulfonated aromatic polymers of 

poly(ether ether ketone) (PEEK), poly(ether sulfone) (PES), and polybenzimidazole (PBI), 

to mention some examples, are proving to be of great interest for use in PEMFCs37-38. 

Aromatic rings structures offer inflexibility to the polymer backbone when are 

Polymeric backbone 

Cationic group 

Proton exchange 
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incorporated. They provide a good thermal and mechanical stability, and a high water 

uptake within a wide range of temperatures. Compared to fluorinated membranes, 

hydrocarbon polymers facilitate the design of cheaper membranes with desired properties 

to be used in FCs. By achieving higher conductivities than those obtained using Nafion, a 

large sulfonating degree is a requisite for providing a swelling excess of the membrane. 

The swelling property is the capability of the membrane of swelling when it is in contact 

with an aqueous or organic solution. Hence, the higher swelling of the membrane, the 

lower mechanical stability. Nonetheless, modified Nafion and preparation of novel 

membrane composites using fillers of organic and inorganic nature, or even the blend with 

a second polymer are other valuable alternatives to get desirable membrane with better 

benefits compared to those of Nafion membrane 37.  

 

 However, despite the drawbacks that proton-exchange membrane exhibits, the major 

obstacle to the expansion of this technology remains on the slow kinetics of ORR39-40 

under acidic conditions, and the relatively low catalytic activity of alcohol oxidation. At 

low pH strong chemical interactions between O2 and the catalysts are required. Moreover, 

the presence of species adsorbed onto the electrode surface in acidic media act to 

physically block the active surface, retarding the reaction rate due to the lower adsorption 

energy for intermediates. On the converse, it is well established that in alkaline medium 

alcohol oxidation and ORR kinetics are formidably enhanced 41. 

 

 Alkaline anion-exchange membranes (AAEMs) or hydroxide exchange membranes 

(HEMs) contain fixed positively charged ions groups (usually quaternary ammonium, -

N+R3, phosphonium, -P+R3, and sulfonium, -S+R2 ionic groups) and mobile negatively 

charged anions, as shown in figure 1.12. However, such anion exchange groups are not 

stable enough in media with high pH value. Accordingly, the OH- is an effective 

nucleophilic group responsible for the degradation of anion exchange groups anchored to 

the polymer backbone via Hofmann elimination or direct nucleophilic displacement.  
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  Ammonium  Sulphonium  Phosphonium 
 

Figure 1.12. Chemical structure of principal anion exchange groups. Reprinted from publication 35 
with permission from Elsevier. 
 

 The general requirements for the AAEM to be used in DAFCs in order the 

membrane to be stable over the entire pH range are: i) high permselectivity (high 

permeation to counter-ions and barrier to co-ions), ii) low electrical resistance (or high 

ionic conductivity, over 1 mS cm-1), iii) good mechanical and form stability (mechanically 

strong and low degree of swelling or shrinking in transition from dry to hydrated state), iv) 

thermal stability above 100 oC, and v) chemical stability 42.  

 

 Table 1.2 summarises the main characteristics aspects of proton and anion-exchange 

membranes in acidic and alkaline medium, respectively. Furthemore, table 1.3 describes 

the advantages and disadvantages of using acidic and alkaline solutions within a PEMFCs, 

and several reasons whereby AAEM along with alkaline medium gets advantages to 

overcome the problems found in fuel cells or similar electrochemical devices like a 

PEMER using proton-exchange perfluorosulfonic polymers 43. 
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Table 1.2. Advantages and disadvantages of proton and anion-exchange membranes and their 
characteristic aspects under acidic and alkaline media, respectively 44. 
 

Proton-exchange membrane Anion-exchange membrane 

Expensive. Less expensive than Nafion type. 

 

Thermal stability until 100-120 ºC. Discarded carbonation problem. 

Alcohol crossover. Low alcohol permeability. 

High conductivity. Low conductivity. 

Good mechanical and proper 

chemical resistance. 

Low chemical stability of anion-exchange 

groups. OH- acts as effective nucleophiles: 

membrane degradation via direct nuclephilic 

displacement or Hofmann elimination. 

 
Table 1.3. Positive and negative aspects of using acidic and alkaline conditions 44. 
 

Acidic medium Alkaline medium 

Slow electrode kinetic and 

some incomplete reaction of 

alcohol oxidation. 

More favourable alcohol oxidation. 

 

Slow kinetic of ORR. Fast kinetic of ORR. 

Corrosive. Less corrosive. 

Precious metals as catalysts. A much wider range of materials are stable in 

alkaline environments, including non precious 

metals.  

Fuel crossover. Fuel crossover is reduced because the way of 

ion transport within AAEM ocurrs in opposite 

direction. 

Water swelling. Carbonation.  

Water is generated in the 

cathode. 

Formation of a pH gradient with time.  
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Figure 1.13. Schematic representation of a DAFC using (A) proton polymer electrolyte membrane,  
and (B) anion polymer electrolyte membrane. Adapted from ref. 45. 
 

 Figure 1.13 depicts a comparative represenation of how a DAFC works for alcohol 

oxidation when the SPE is either an AAEM or a proton-exchange membrane. It is worth 

noting that the use of AAEMs as SPE in FC devices are emerging not only because of the 

use of non-noble metal used as electrocatalysts, the faster kinetic of the anodic and 

cathodic reactions, and cheaper fuel cell components, but also from the potentiality of 

using a broad range of fuels. Moreover, when the alkaline electrolyte is entirely replaced 

by anion-exchange membrane, carbonation problem can be minimized since OH- is found 
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in a fixed group of the polymeric membrane. Even though carbonation problem is far less 

important using alkaline PEM in alkaline FCs, carbonation can still remain because of the 

presence of carbonate and bicarbonate ions traces generated upon the cathode coming 

generally from CO2 traces present in air supplied. Hence, AAEMs can be the key for a 

successful implementation of alkaline anion-exchange membrane fuel cell (AAEMFC) or 

similar electrochemical devices. In this sense, Ogumi et al. performed a preliminary study 

about the oxidation of ethylene glycol and methanol using HEM in DAFC 46. Later, Varcoe 

et al. published a work summarising the benefits and inconvenients of using AAEMs and 

its applications in FC fuelled with hydrogen or alcohol 44.  

 

 Significant efforts are being focused on the production and characterisation of novel 

AAEMs, as alternative to proton-exchange membrane in acidic media commonly used in a 

FC 35-36 or DAFC 23, 47-48. The chemical companies MEGA and International Inc. have 

commercialized strong basic anion-exchange membranes with good thermal and 

mechanical stability for long periods of working time in a pH range between 0 and 14 and 

between 1 and 11, respectively. In the absence of oxidant species and under frequent 

regeneration thereof, the electrolysis and electrodialysis are the main applications for 

which membranes are used. On the other hand, Morgane-ADP membrane was used as SPE 

in DAFC 48 despite it is not resistant enough at high pH values. Ogumi et al. used a 

commercial membrane AHA (Astom) to explore the direct oxidation of methanol and 

ethylene glycol in alkaline polymer membrane fuel cell 49. In both cases, the DAFCs 

operated in presence of a concentrated KOH solution. Also, the Tokuyama's membrane 

A201 was used for ethanol oxidation 50-53 and water electrolysis 54. Finally, an extensive 

summary of direct alkaline alcohol FCs performance using different AAEM developed 

until 2010 is described in reference 23. Nevertheless, table 1.4 collects some commercial 

anion-exchange membranes reported in the literature so far. More extended information 

about commercial and non-commercial AAEMs can also be found in reference 35 along 

with their basic principles, e.g. chemical and thermal stability, and mechanism of 

degradation. 

 

 Regarding ionic conductivity, lower resistance and also a good stability at a high pH 

medium, the best commercial AAEMs are FAA and AHA. For example, the former 

membrane is being widely employed as polymer electrolyte in DAFC because of its 
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specific conductivity in Cl- of around 8 mS cm-1 and electrical resistance below 2 Ω cm-2. 

However, FAA and AHA type membranes are generally based on divinylbenzene, 

increasing remarkably the cost, as well as crosslinked polystyrene and aminated 

crosslinked polystyrene, limiting the chemical and thermal stability at high pH and 

temperature. Commercial AAEMs are also usually rather thick in order to avoid crossover 

of fuels (H2, or alcohols) in fuel cells and water electrolysis applications 55. 

 

Table 1.4. Representative commercial AAEMs.  
 

Membrane Structure Some applications 

FAA 3-PEEK-130 (FAA) 

(Fumatech, Germany) 

Reinforced PEEK  Electrodialysis for 

demineralization, desalination, and 

acid recovery applications. 

AHA (Astom Corp., 

Japan) 

Polystyrene/Divinylbenzene Electrodialysis for desalination of 

organic acid recovery. Diffusion 

dialysis for acid recovery, 

membranes for batteries and 

production of ultrapure water. 

RALEX VR (MEGA, 

Czech Republic): 

 

AM(H)-PP 

 

AM(H)-PES 

Quaternary ammonium 

groups. 

 

Polyethylene/Polypropylene 

 

Polyethylene/Polyester 

Electrodialysis, electrodeionization 

for ultrapure water, and 

Electrolysis. 

 

 

AMI-7001S 

(Membranes International 

Inc., USA) 

Quaternary ammonium 

groups. 

Polystyrene crosslinked with 

divinylbenzene 

Electrodeionization for ultrapure 

water systems, electrocoating for 

cathodic and anodic paint systems, 

electrolysis for biological fuel 

cells, electrodialysis for 

desalination and demineralization, 

and 

electroplating. 

Morgane-ADP (Solvay) Crosslinked fluorinated 

polymer. 

Quaternary ammonium. 

Electrodialysis. 

Direct methanol alkaline fuel cells. 
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 Nonetheless, the rigid structure of anion-exchange commercial membranes makes 

sometimes difficult the contact between the components of the PEM configuration, 

reflecting in a lower performance of electrochemical devices. Thus, several strategies have 

been attempted to improve AAEMs properties by altering the chemistry of the polymer 56, 

or hybridizing the membrane via sol-gel methods to introduce inorganic components in the 

polymer matrix 57. Even though the performance of a membrane with good electrical 

conductivity, and good thermal and mechanical stability is of great importance, the need 

for cheap, biocompatible and eco-friendly materials is increasingly demanded to avoid the 

use of dangerous preparation methods and toxic chloromethyl compounds. 

 

 In this regard, chitosan (CS), a derivative from chitin, is a low cost, biocompatible, 

and weak cationic polyelectrolyte (with a pKa of ca. 6.5), obtained from natural resources 

such as molluscs 58. CS contains functionalized groups: one, exchangeable NH2 functional 

groups that allow tuning, and consequently, they contribute to the ionic character when the 

polymer is swollen, and two, -OH that along with -NH2 groups act as electron donors35, as 

shown in figure 1.14. This led to the introduction of CS polymer in recent reviews of fuel 

and biofuel cells both as polymer electrolyte and as binder and ionic conductor, and also in 

the electrocatalysts preparation35, 59. Despite in the dry state, the unmodified CS polymer is 

very fragile and non-conductive 60, upon water swelling, the ionic conductivity of the CS 

membrane has been reported as remarkable 61. Moreover, CS displays a high degree of 

hydrophilicity that allows working at high temperature conditions, taking advantages in 

key applications such as pervaporation separations (separation of various solvents, gaseous 

mixtures and biomacromolecules) 62-64 and biomedical field (antibacterial coatings for 

medical devices and biocompatible coatings of biomaterials65-66, among others). The 

alcohol permeability of CS membranes is low and its use in alkaline FCs has been reported 

to potentially decrease the carbonation problem, affecting positively the membrane 

durability 35.  
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Figure 1.14. Chitosan structure. 

 

 CS membranes display a semi-crystalline, and less rigid structure leading to a much 

closer contact between catalyst layers or electrodes and membrane within PEM 

architecture, thereby facilitating the OH- transport through the membrane and improving 

the electrochemical performance. However, the use of unmodified CS membranes in 

PEMFC configuration is limited by the low robustness and low ionic conductivity 60. For 

those reasons, CS polymer is commonly doped or modified either with inorganic or 

organic salts or blended with other polymer or polymer mixtures in order to generate ion 

exchange sites, thereby significantly enhancing the ionic conductivity of the mixed matrix 

membranes (MMMs), as well as increasing mechanical, hydrolytic and thermal stabilities 
35. MMM consists of the combination of a continuous polymer matrix with a small amount 

of dispersed fillers, either organic or inorganic, as a means of obtaining an heterogeneous 

membrane with synergistic properties of the fillers (conductivity, flexibility, or molecular 

sieving) and the polymer (low cost and processability). Hence, doping of CS membranes 

may improve the thermal, mechanical, and electrical properties with consequent 

amelioration of the PEM device performance 59. Pionering works have reported the 

influence of inorganic fillers on the proton conductivity and performance in DAFCs such 

as organophosphorilated titania submicrostructure 67, nanosized solid super acid inorganic 

fillers 68 and zeolites 69. 

 

 The first approach of the preparation of SPE based on CS polymer was focused on a 

CS–salt complex using potassium hydroxide as binder between two CS layers 70, providing 

an ionic conductivity of 1 x 10 -2 S cm-1 after hydration. The second approach was focused 

on the use of organic–inorganic hybrid membranes, that is, the incorporation of inorganic 

blocks into pristine CS membranes which generally contributes to enhance the mechanical 
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and physical stability of the material as well as to decrease the water uptake and the 

permeability of small alcohol molecules 69, 71. Quaternary CS membranes were also 

modified by alkoxysilane-containing positively charged precursors by sol-gel methodology 

in order to create hybrid covalently SiO2-CS nanocomposites 72 with an ionic conductivity 

of 1.89 x 10-2 S cm-1 at 80 0C. The incorporation of microporous ETS- 10 titanosilicate into 

CS has been seen to improve the performance of the pure polymer in the pervaporation 

separation of water/ethanol mixtures 64. Layered inorganic materials such as clays have 

been used to improve the mechanical and thermal resistance of CS and other natural 

polymers73. Other alternatives have come out recently like cellulose acetate-CS blends or 

the use of room temperature ionic liquids (RTILs) 74 for application as PEM. 

 

 Another strategy apart from adding inorganic and organic fillers into CS polymer 

matrix structure consists of the blend of CS with other polymers in order to enhance not 

only the conductivity and low alcohol crossover, but also the mechanical, chemical and 

electrochemical properties of anion-exchange membranes based on CS. In this regard, 

poly(vinyl) alcohol (PVA) has been found in the literature as a potential blend polymer of 

CS for the amelioration of the mechanical, chemical and electrochemical properties of CS 

ion-exchange membranes 75-76. PVA is an odorless, nontoxic, translucent, white (or cream) 

coloured granular powder. It is soluble in water that readily reacts with different 

crosslinking agents such as glutaraldehyde to form a gel. PVA exhibits a high 

hydrophilicity, large water permeation and low alcohol crossover77, essential properties for 

applications in DAFCs. But the most interesting properties of PVA are its biocompatibility 

and biodegradability. The remarkable properties of PVA based membrane materials are 

depicted in figure 1.15, displaying its possible modifications, environmental properties and 

commercial possibilities. 

 

Hydroxyl groups from PVA form hydrogen bonding with amino and hydroxyl 

groups of CS with consequences in enhancing conductivity and mechanical properties 78. 

In addition, both polymers are miscible in one another. However, even though the CS:PVA 

composite anion-exchange membrane doped with KOH enhances the stability and the ionic 

conductivity of the pristine CS:PVA membrane 79, the incorporation of different fillers of 

inorganic nature can also be used in this MMM to improve the mechanical, thermal and 
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chemical properties, without decreasing the ion exchange capacity (IEC) or ion 

conductivity.  

 
Figure 1.15. Main characteristic aspects of PVA as SPE. Reprinted from publication 75 with 
permission from Elsevier. 
 

 On the other hand, the incorporation of anionic resins (anionic ionomers) into the 

CS:PVA polymer matrix has not yet explored. Only Zhang et al. performed the preparation 

of proton-conducting composite membranes, comprising of Nafion® ionomer into a 

composite membrane based on CS:PVA blends increasing the proton conductivity and 

decreasing the methanol permeability of CS:PVA membranes 80. Anionic ionomers into the 

membrane matrix can facilitate the OH− transport through the membrane since the anionic 

resin incorporates a cationic group. Ogumi et al.49 employed the ion exchange crosslinked, 

methyl chloride quaternary poly(4-vinylpyridine) resin salt binder, named in this doctoral 

thesis like 4VP, as electrolyte into electrocatalytic layers, but not yet as a filler in a 

CS:PVA MMM. Moreover, the organic ionomer AS4 was used in commercial membrane 

OH 
n 
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manufacturing, offering good performance within an alkaline direct alcohol fuel cells 

(ADAFCs), although no conclusive feedback can be withdrawn since the physicochemical 

characteristics of the AS4 ionomer belong to Tokuyama Corporation.54 

 

 Alike, the use of carbon materials as a filler in membranes is also becoming a hot 

topic of research in the field of materials science. The chemistry of materials has advanced 

for the last years, allowing the development of highly featured carbon nanostructures with 

properties that offer unexpected opportunities in many fields such as adsorption for 

removal of water soluble aromatic compounds, CO2 adsorption, biomedical and 

electrochemical applications 81-82. Recently, CS:PVA composite membranes have been 

modified by the incorporation of reduced graphene oxide (rGO) exhibiting a superior 

increase in tensile strength and glass transition temperature than those presented by pristine 

CS:PVA 83. Also, an enhancement of the ionic conductivity and reduction of alcohol 

permeability have been observed when using graphene (GPH) or sulfonated graphene 

(sGPH)84. Therefore, it is being demonstrated that the introduction of carbon chemistry in 

polymer materials offers multiple possibilities and improvements in the different 

electrochemical applications which derivate from the flexible coordination chemistry of 

carbon atoms and their unique ability to be inserted within the structural framework. To 

mention some examples, GPH and its derivative forms, such as graphene oxide (GO), 

sulfonated graphene oxide (sGO) or rGO, as well as its allotropes, carbon nanotubes85, are 

highly promising materials for a wide number of electrochemical processes. Its unique sp2 

nanosheet configuration leads to high surface area and outstanding electrochemical and 

physical properties, such as excellent mechanical and thermal stability, low density, 

electrical conductivity, and barrier properties. Numerous reports detailed the beneficial 

implementation of GPH, GO or sGO in specific electrochemical technologies such as 

manufacture of enhanced electroanalytical sensors and biosensors86-88, a multitude of high 

performance energy conversion and storage devices89-90, and the preparation of improved 

nanocomposite materials91-95, e.g. polymers, among others.  

 

 Several studies have incorporated GO and sGO sheets into polymer membranes 

providing enhancement of mechanical properties and electrical conductivity, and alcohol 

permeability reduction, with potential applications in a PEM fuel cell configuration 96-104, 

where chemically modified GPH are readily dispersed in water or aqueous electrolyte 
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solutions. Hence, water soluble polymers are appropriate matrices because of their content 

of hydroxyl groups that facilitates the dispersion and compatibility of modified GPH fillers 

in the polymer matrices. A number of studies have reported the incorporation of GPH, GO, 

rGO and sGO into bio-compatible, eco-friendly and cheap polymers, for instance, CS or 

PVA in order to synthetize enhanced nanocomposite materials for a wide number of 

applications 105-109. Moreover, Ye et al.110 explored the incorporation of GO nanosheets 

within a PVA matrix to be used as alkaline electrolyte in DMFC, and the same authors 

described how ionic conductivity, alcohol permeability, and tensile strength depend on the 

concentration and therefore GO dispersion within the polymer. Movil et al. 111 also 

reported anion-exchange membranes with improved hydroxide conductivity, and 

advantageous thermal and mechanical stability from the incorporation of functionalized 

GO into a PVA/poly(diallyldimethylammonium) chloride polymer blend. Hence, GO is an 

effective alternative filler to natural clays 92 to achieve reinforced polymers matrix with 

enhanced structural and physicochemical properties without covalent modification that 

could affect the striking characteristics of pristine polymeric materials. GO nanosheets 

have increased the glass transition (Tg) and electrochemical properties of CS 93. Recently, 

carbon nanotubes are being similarly incorporated in different polymer structures to 

enhance their mechanical properties and increase ion conductivities112-114.  

 

 As well mentioned before, PVA mixed with CS is often cited in literature for the 

amelioration of the mechanical, chemical and electrochemical properties of CS in ion-

exchange membranes 75-76. In this respect, the recent work performed by Feng and co-

workers described the physicochemical properties of PVA-based membrane incorporating 

CS polymer along with a small amount of rGO or GO fillers83. In such work, the loading 

advantage of mixing both polymers to a novel reinforced nanocomposite was 

demonstrated.  CS not only reinforced the PVA matrix by means of strong hydrogen 

bonds, but it also acted as a bridge between the rGO or GO and the PVA polymer matrix in 

aqueous solution, leading to better dispersion of the carbon fillers. The same authors noted 

that the rGO/CS:PVA and GO/CS:PVA systems showed enhanced conductivity values 

(loss of crystallinity), thermal and mechanical stability, as well as an increment in  Tg from 

58.6 oC to 60.9 oC, and in tensile strength from 35.7 MPa to 48.6 MPa for pristine PVA 

and 0.8 wt.% GO loaded/CS:PVA membranes, respectively. However, only Yang et al. 

developed a novel anion-exchange membrane based on CS and PVA in 1 to 9 (w/w) ratio 
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incorporating sGPH and GPH for the manufacture of alkaline solid electrolyte membrane 

for direct alcohol fuel cells applications84. These authors achieved a maximum tensile 

strength of 62.2 N mm-2 using a 0.1 w/w loading of sG added, with a decrement of 

crystallinity and increasing conductivities, whose values range between 24 and 47 mS cm-1 

with sGPH and GPH content, in comparison with very slight improvements in terms of 

thermal stability and alcohol permeability. Besides, their membranes did not exhibit a good 

dispersion over the entire polymer matrix, probably due mainly to low amount of CS 

blended with PVA polymer. Finally, GO-based membranes have been recently reviewed 

for their gas and liquid barrier properties115 and CS:PVA blend membranes have showed 

significant increase in mechanical properties of the polymer upon the addition of even low 

loadings of exfoliated GO nanosheets 91. 

 

SPE allows exchange of cations or anions according to the characteristic and 

composition of the membrane and the reaction media. For example, the membrane used in 

a PEM electrochemical architectures in alkaline media transfers the hydroxide anions from 

the cathode to the anode, and also provides a barrier separator to alcohol. Therefore, an 

AAEM can be competitive and an excellent option in a PEMER or similar configurations 

when its properties compromise a low alcohol permeability, an adequate mechanical 

stability and water uptake, a high IEC, and  a high hydroxyl anion conductivity through in 

plane (ionic conductivities over 1 mS cm-1). Commercial anion-exchange membranes for 

fuel cell applications still exhibit several limitations in terms of thermal, physical and 

mechanical properties and low chemical stability. Hence, the preparation of applicable 

AAEMs involves a compromise between such properties of the membrane and 

dimensional stability. Moreover, the membrane sometimes has to work at high temperature 

in order to be able to break down some C-C bonds of certain alcohols during their 

oxidation reaction. For that reason, the polymer backbone is generally selected for its good 

thermal and chemical stability, so that it mostly includes petroleum derived polymer with 

aromatic rings and/or a fluorination degree.  

 

In this doctoral thesis, one of the objective is to improve the performance of 

electrosynthesis reactions in high alkaline medium by the manufacture of membranes with 

enhanced physical, mechanical properties and ionic conductivity that let expect a better 

electrochemical performance of alcohol electrooxidation. Hence, this doctoral thesis will 
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be focused on the preparation of novel membrane materials based on more eco-friendly 

chemistry which will act as alternative to petroleum derived polymers and costly 

commercial membranes. Polymers of CS and PVA will be used as polymer backbone of 

AAEMs given their good properties. Herein, facile and eco-friendly synthesis of the 

MMMs based on CS and CS:PVA blend polymer backbone will be prepared by 

incorporating fillers of inorganic (inorganic layered particles) and organic (anionic resins) 

nature, and even GO nanosheets. Neither temperature nor ultrasonic bath methods were 

used104, 116 nor crosslinked agents as glycerol and glutharaldehyde83, 117 for manufacturing 

the membranes. An extensive physicochemical characterisation of this new CS and 

CS:PVA-based anion-exchange membrane will be carried out by optical microscopy, 

scanning electron microscopy (SEM), X-ray diffraction (XRD), water uptake (WU), water 

content (WC), X-ray photoelectron spectroscopy (XPS), thermogravimetric analysis 

(TGA), IEC, alcohol permeability and electrochemical impedance spectroscopy (EIS). This 

doctoral thesis will demonstrate the feasibility for using the novel CS and CS:PVA based 

membranes throughout the electrooxidation of a model primary alcohol like propargyl 

alcohol (PGA) under alkaline conditions using a PEMER configuration. 

 

1.4.3. Electrodes. 
 

 In the case of the performance of electrochemical reactor for alcohol electrooxidation 

and ORR, the membrane is not only the limiting element, but also the catalytic layers 

attached to the membrane and the gas diffusion layers. MEA configuration comprises the 

layers of electrocatalytic materials and membrane intimately bound. Therefore, the 

building of an unitary stack of a PEM or SPE system requires electrodes composed by the 

catalytic layer (CL) and also in some cases, when the starting reagents or final products are 

gasses, the gas diffusion layer (GDL) or backing. Both CL and GDL are deposited onto a 

carbon support, generally carbon paper (vide supra). Figure 1.16 shows the different parts 

of an electrode used for PEMFC systems. 
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Figure 1.16. Different parts of an electrode used for a PEMFC system.  

 

SPE based electrosynthesis involves the utilisation of a MEA configuration where 

pure organic liquids or gasses could react on the SPEs. Benefits from the electrooxidation 

of alcohols in alkaline media take advantages of the more favourable electroorganic 

process, i.e., the electrooxidation of primary alcohols to its carboxylic acids requires lower 

anode potentials, thereby with a lower cost of electrocatalysts118. The reaction test that this 

thesis entailed consists of the electrooxidation of PGA towards its corresponding 

carboxylic acid derivatives. As auxiliary reaction, this thesis will focus on the ORR. The 

PGA oxidation on the anode and the ORR on the cathode are the electrochemical reactions 

that could occur for example in a DAFC system.  

 

A typical electrode for alcohol/oxygen PEMFCs consists of various porous layers 

where chemical and charged species are reacting and diffusing through the electrode. 

Figure 1.17 shows how O2 is diffusing through the support and then the GDL to reach the 

electrocatalytic layer containing the nanoparticulate catalysts onto which ORR takes place. 

The main roles of GDL are firstly devoted to facilitate and optimize reagents and product 

transport and distribution between CL and current collector, and secondly, to remove or 

evacuate water which results to be a significant issue for cathode operation and 

performance in the PEMFCs 119. Although water is consumed through ORR in alkaline 

medium, water can also provide a blockage in the cell leading to water excess conditions. 

Catalytic layer

Diffusion layer or backing

Carbon support
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This fact would hinder the gas reagent transport through electrocatalytic regions for 

electrochemical reactions. Such phenomenon is known as water flooding and it is one of 

the main issues in the design and operation of the PEMFC works under acidic conditions 

where ORR leads to water formation. 
 

 
Figure 1.17. Scheme of a GDE employed in a PEMFC under alkaline conditions. Adapted from ref 
24. 

 

 The GDL has been therefore designed with the conviction of solving the water 

flooding phenomenon and also the low solubility of the oxygen gas in aqueous electrolyte. 

GDE consists of a carbon porous structure, such as carbon fibres, carbon cloth, carbon 

paper, and carbon felt 24 with a backing layer containing circa of 20 wt.% of PTFE -a 

hydrophobic polymer- to further promote the liquid water removal. Carbon paper is a 

carbon composite whose carbon fibres held together by a carbon matrix after heat 

treatment120. Typical fibre diameters are between 5 and 15 μm. The percentage of PTFE 

has been optimized according to specific uses in a PEMFC121-126. Physical properties of 

different commercial carbon Toray paper are found in 1. Figure 1.18 shows the images of 

TPGH-120 carbon paper from Toray industries. The importance of such porous structure 

lies in (i) the need for having a void region which allows the freely diffusion of gaseous 

species and consequently the removal of reactant and products in gas and liquid phases, 

and (ii) a solid region that is used as electrical and in some cases thermal conductor. The 
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structure in terms of pore distribution and diffusion property and thermal conductivity of 

carbon paper depends on the PTFE content 119, 127-129. 
 

 

 

 

 

 

 

 

 
 
 

Figure 1.18. Representative photo (A) and SEM image (B) of TPHG-120 carbon paper from Toray 
industries.  
 

 Alcohol/O2 PEMFCs or electrosynthetic processes carried out using a PEMER 

require the design and preparation of nanoparticulate electrocatalysts, and GDLs deposited 

onto carbonaceous structures, prompting the use of lower metallic electrocatalysts loading 

for an effective and high yield of electrochemical reactions. The development of AAEM 

has made possible now the use of transition metal based catalysts which are intrinsically 

stable and have an activity similar to noble metals (Pt, Ru, Pd, etc.) in alkaline media.  

 

 In general, electrocatalysts are active materials finely dispersed and supported onto 

carbon substrates in order to increase its activity and stability. Thus, one of the most 

relevant objectives in the field of FCs is to achieve the maximum utilisation of active 

material, preferably in shape of nanoparticles. Metal nanoparticles properties are defined 

by their size, composition, and morphology130-133. The area/volume ratio of a nanoparticle 

is very high which represents an increase in mass activity. The majority of electrocatalytic 

reactions are structure-sensitive, being then fundamental to understand the relationship 

between the structure or shape and the catalytic properties of the nanoparticulate material. 

The control of the shape of nanoparticles has therefore a high relevance since the different 

orientation of superficial atoms can reflect in quite different properties in terms of catalytic 

activity toward oxidation/reduction of molecules. In this regard, it is possible to prepare 

nanoparticles with more efficient and selective reactivity towards specific reaction. It has 
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been found that the synthesis methods enable to control the characteristics of the 

nanoparticles, such as sizes and its distribution, shape, and composition, so that catalytic 

reactions which are sensitive to nanoparticle structure can benefit from the preparation 

procedures. Capping agent is often used for metal nanoparticle preparation in order both to 

control the size of metallic particles and to avoid metal agglomerations. Both raw materials 

and synthesis methods play a relevant role for the synthesis of desired catalysts with 

enhanced activity of important electrochemical reaction, such as ORR or alcohol oxidation. 

 

 According to the literature, different strategies are being investigated to improve the 

catalytic activity and stability of nanoparticulate catalysts and to reduce the amount of 

precious metals, including the use of alloys such as Ti, Cu and Ru 134-138 to mention a few 

examples. In most cases, nanoparticles are supported onto any type of substrate material in 

order to improve catalytic stability and dispersion of metal nanoparticles. In this regard, 

carbon materials are the best option as electrocatalyst support139 because of they exhibit a 

high electrical conductivity close to that metallic material that leads to a reduction in the 

resistance, high surface area, appropriate structural properties, an excellent porosity and 

pore size and their distribution (micropore, mesopore and macropore), hydrophobicity 

character, and a high corrosion resistant at strong alkaline conditions. The electrochemical 

reaction that occurs in direct alcohol PEMFCs involves three-phase reactions on the 

electrode. The textural and structural properties of carbon support are then quite relevant. 

As far as the porosity of carbon materials is concerned, carbon support must demand a 

good developed meso- and macroporosity in order to reactants flow and access to the 

active sites of the CL.  

 

 The presence of proper functional groups on carbon materials surface allows at the 

same time the optimum anchoring or interactions of metal nanoparticles which leads to the 

improvement of the lifetime of the catalysts and the dispersion of the active components or 

material. The carbon chemistry exhibits a flexible coordination that makes them unique to 

bind other heteroatoms either on the surface or within the structural framework, resulting 

in a wide spectrum of materials and allotropic forms. Furthermore, the physicochemical 

surface properties and the structure of the carbon material can alter the electrode potential, 

increase the electronic density in the catalysts, and lower the Fermi level which favour the 

electron transfer at the electrode-electrolyte interface, thereby speeding up the electrode 
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processes. In other words, the carbon support properties can modify the electronic 

character of metal nanoparticles. This may influence on the shape, distribution of particle, 

and on the alloy degree (in the case of alloy nanoparticles) of the catalysts, affecting the 

number of active sites on the catalysts surface and thus reaction performance when the 

carbon material is added during catalysts preparation.  

 

 Diverse experimental procedures have been proposed for the synthesis of 

nanoparticles size-dependent, and carbon supported metal based nanoparticle catalysts in a 

wide variety of shape such as spherical, rod, wire, dendrite, etc. The loading method on 

carbon support along with the quality of raw materials determine the catalytic properties of 

the final electrocatalysts. Some of these methods are chemical precipitation, colloidal 

method (in which a reducing agent is added to reduce the precursor salt and the particle is 

then formed on the carbon support which can be added before or after the metal 

nanoparticle formation), electrodeposition, microwave, sol-gel or microemulsion, or 

sonochemistry 140. Despite the carbon support can suffer a degradation during long use in 

PEMFCs, it remains as the best supporting of metal nanoparticles. 

 

 The most commonly carbon material used as catalysts support are carbon black (CB) 

and activated carbons (AC). By focusing on the former, it should be noted that the Vulcan 

XC-72R is the most representative. Even though the benefits of the immobilization of 

nanoparticles on non-porous or on simply carbon substrates with low surface area (i.e., 

glassy carbon or CBs) have been extensively reported in the literature 141-142, findings 

demonstrate that the immobilization and high dispersion of the active species on highly 

nanoporous carbons offers important advantages in terms of electrode stability and activity, 

together with conversion, efficiency and stereoselectivity for the electrooxidation of 

alcohols. However, the nanoporosity of carbon materials with extensive amount of 

mesopores (pores with widths between 2 and 50 nm) and macrospores (pores with widths 

exceeding 50 nm), and also high conductivity are conflicting requirements. Thus, several 

researchers have focused their studies on the need for designing and developing new 

carbon materials139 as support of metal nanoparticles. Such supporting materials include 

carbon nanotubes, carbon nanofibres, ordered porous carbon, mesocarbon microbeads, 

carbon nanocoils, carbon nanohorns, and carbon nanogels. 
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 Regarding nanoporous carbon preparation, it was found that pyrolysis at high 

temperatures of organic salt precursor, e.g. polysterene sulfonic acid-co-maleic acid salts at 

800 °C resulted in formation of new carbon materials with well-developed nanoporosity 

and metal species dispersed on the surface 143. During pyrolysis in the presence of metallic 

salts new forms of carbon can also be created. The nature of the metal in the precursor has 

an important influence on the carbon porosity of the final product 144. In this way, if these 

cations are transition metals, such as nickel, cobalt, or iron, among others, they should 

remain in the final carbon product in the form of well dispersed metal clusters with sizes 

ranging between atomic and a few nanometers in diameter. Moreover, it is worth noting 

that the metal content of the transition metal-carbon based materials can be easily 

controlled through a cation-exchange treatments followed by washing with aqueous 

solution. On the other hand, if the cations present in an organic precursor are alkali metals, 

they are easily washed out from the formed carbon framework, thus producing porous 

carbon with a low ash content 145. Whatever, such materials could be used as catalysts 

support besides as sorption materials of sulphur compounds. 

 

 Metallic nanoparticles supported on CB or metal-doped nanoporous carbon represent 

the CL which is usually either deposited onto carbon cloth surface or painted directly onto 

the membrane. Accordingly, depending on the way the CL is deposited, it is possible to 

distinguish two main types of MEA manufacture:  

 

i) Catalyst-coated membrane (CCM), where the CL is deposited onto the 

membrane 

ii) Catalyst-electrode membrane (CEM) where the CL is deposited onto the 

GDL or directly onto the carbon cloth support. 

 

 Figure 1.19 depicts the CCM and CEM configurations for the preparation of the 

MEAs. Various procedures have been described when the MEA is prepared by depositing 

the catalyst directly on the membrane surface 146, including rolling 147, airbrushing or 

spraying 122 or printing 148.  
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Figure 1.19. Types of MEAs depending on the CL position (A) CCM and (B) CEM. (a) 
Membrane, (b) CL, (c) GDL, and (d) carbon paper. SEM cross section image in figure A is 
Reprinted from publication 149 with permission from Elsevier. 
 

 The objective of this doctoral thesis is also focused on the fabrication of the CL and 

GDE for the preparation of metal nanoparticulate anode and metal nanoparticulate gas 

diffusion cathode. Along this doctoral thesis, the CL and GDL are built using airbrushing 

technique that consists of spraying directly the catalytic ink on a carbon paper surface or 

membrane, supported on a hot metallic plate at 90 0C to promote solvent evaporation and 

to ensure the CL thickness layer by layer. The catalytic ink is an alcoholic dispersion that 

includes the electrode material (metal supported nanoparticles on different carbon 

materials) and the ionomer or ionic resin, which acts as binder and ionic conductor. The 
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anodic and cathodic performance will be explored in terms of the electrocatalysts content, 

type of ionomer and its concentration.  

 

 The roles of the ionomer are (i) the binding of nanoparticulate electrocatalyst in order 

to form a 3D structure facilitating the mobility and transfer of H+ (for cationic PEM) or 

OH- (for anionic PEM) as well as reactants and products, (ii) the increase of 

electrochemically surface area (ECSA) and (iii) the enhancement of the MEA mechanical 

durability 47, 150-151. Consequently, the ionomer nature and its composition within the CL 

play a crucial role during the electrochemical processes occurring inside the electrodes. 

Numerous studies can be found about the optimization of ionomer within the catalytic ink 

of anode and gas diffusion cathode for different metal electrocatalysts, electrochemical 

reactions and fuel concentration43, 150-156. The ionomer loading defines the triple-phase 

boundary, as it observes in figure 1.17, and directly influences also the catalyst utilisation 
43. The ionomer should have certain properties that are analogous to ion-exchange 

membrane; e.g. water uptake and high ion conductivity. It has been demonstrated that low 

ionomer loading leads to a loss of PEMFC performance due to low mechanical stability of 

CL. In addition, the conductance inside the CL can be compromised when the ionomer 

loading within the CL is insufficient, so the electroactive species cannot diffuse through 

the CL, leading to a low utilisation of catalytic sites, and high ohmic drop. On the other 

hand, high ionomer loading provides high resistance in the CL because of the catalytic 

sites are covered with appropriate amounts of the electrolyte. Such scenario begins to be 

supersaturated by excessive coverage and the flux of gas reactant can be hampered, 

achieving limiting diffusional currents because of a possible low solubility of the reactant 

in the solvent. 

 

 Initially, the first ionomer resin or polymer binder used was the PTFE. However, it 

was rapidly replaced by the Nafion aqueous resin because PTFE is not an ionic conductor. 

To date, the most used polymer binder has been the Nafion because it proved to be the best 

binder for both the anode and cathode CLs in acidic fuel cells. Despite Nafion can bind 

effectively the electrocatalysts particles, it cannot conduct hydroxide anions. For this 

reason, the Nafion is not a good candidate for CL electrodes working in alkaline PEMFC. 

This fact prompted the needs for anionic ionomers or polymer binders with the same 

benefits than Nafion but in alkaline medium. Under this scenario, Fumatech Company 
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developed a commercial anionic ionomer for using with its commercial Fumasep®FAA-3-

PEEK-130 membrane. Concurrently, Tokuyama Corporation also performed the AS4 

anionic ionomer which is chemically compatible with the fuel cell component from 

Tokuyama. Both FAA-3 and AS4 ionomers within the CL of alkaline direct FC have been 

widely investigated in 152, 157-158. Moreover, several researchers have reported that some 

alkaline polymers with hydrocarbon backbones can be dissolved in organic solvents such 

as dimethylformamide (DMF), dimethylacetamide (DMAc), and dimethyl sulphoxide 

(DMSO). This has allowed the use of both FAA and AS4 ionomers as polymer binder for 

the preparation of MEAs 159-163. Ogumi et al.49 employed 4VP, -which can be dispersed in 

water and in alcohol/water mixture- as electrolyte in the CL of anode and cathode to 

perform electrooxidation of ethyleneglycol, glycerol, methanol, erythritol, xylitol in an 

alkaline PEMFC.  

 

 Overall, it is easy to elucidate that the entire structure of electrodes (GDL and CL) in 

a PEMER will facilitate the increase of organic reagents concentration and high current 

densities at low cell potentials. In some cases, MEA is submitted to a final hot-pressing 

step that is essential to get a good contact between the electrode and the membrane in order 

to minimize resistance losses. The three phases region is the core of the cell, i.e., the 

boundaries where reactant (alcohol in the anode and oxygen in the cathode), PEM, and 

supported metallic catalyst should be presented to allow the electrochemical reactions. 

 

 The proof of the concept of the PEMER as electrochemical reactor for organic 

synthesis will be demonstrated by means of test reaction of PGA electrooxidation in 

alkaline medium, using as auxiliary reaction ORR. 

 

1.4.3.1. Electrochemical reduction of oxygen.  
 

 In PEMFCs, ORR results to be the limiting reaction (ca. six or more orders of 

magnitude slower than H2 oxidation) that defines the overall FC performance since ORR is 

a complex process entailing four coupled proton and electron transfer steps. Also, ORR is 

the cathode process that occurs as counter reaction against alcohol electrooxidation for the 

overall organic electrosynthetic process of this doctoral thesis. To date, Pt exhibits one of 

the highest catalytic activity for ORR in alkaline medium. For that reason, Pt nanoparticles 

(PtNPs) commonly supported on carbon materials, are the main electrocatalysts used in 
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PEMFCs. But, PtNPs displays the disadvantages of its moderate cost. In this respect, 

several approaches have been taken into account with the objective of reducing the 

electrode price without losing catalytic activity towards ORR. Thus, PtNPs supported on 

carbon materials and Pt-based alloys catalysts (bimetallic and trimetallic) are being widely 

explored 164.  

 

 As mentioned above, most of the electrocatalytic reactions are structure-sensitive, so 

there is a close correlation between structure or shape of metal or alloy nanoparticle and its 

electrocatalytic property39, 165-166. 167. In terms of shape, it has been recognized that shape 

of PtNPs, e.g. octahedral, tetrahedral, cubic, etc., defines ORR performance. Despite the 

detrimental effect of the presence of alcohol and CO for ORR, Pt catalysts remains the 

more active catalyst for ORR in alkaline media, being a four electron mechanism that 

dominates on Pt cathodes 167-168, as shown in figure 1.20. On the other hand, Pt/C is the 

most commonly used as cathode catalysts in fuel cells that works at low temperature. At 

this point, it should be noted several disadvantages that the carbon materials as supports 

can exhibit in alkaline media: 

 

i) corrosion, which limits the catalysts durability; 

ii) low thermal stability; 

iii) catalytic activity for ORR towards HO2
- formation through a two electron 

mechanism, as shown in figure 1.20. The resulting increased hydrogen peroxide 

production by ORR on carbon support could lead to fast degradation of the FC 

elements. Nonetheless, it has been found that the currents associated with ORR 

on carbon supports are really negligible if these are compared to the overall 

Pt/C catalysts 169. 
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Figure 1.20. Different ORR mechanisms on Pt-based catalysts in alkaline medium. 

 

 This doctoral thesis will synthetize carbon supported PtNPs. The influence of 

ionomer loading incorporated into the CL will be explored towards ORR using cyclic 

voltammetry upon the optimisation of the electroactive area, mechanical stability and 

cohesion of the PtNPs based catalytic ink onto the carbonaceous substrate.  

 

1.4.3.2.  Electrochemical oxidation of alcohols. 
 

 Alcohols electrooxidation process can be carried out by means of the use of metals 

and occasionally directly upon carbon electrodes. In this regard, early electrochemical 

processes for electrooxidation of primary and secondary alcohols to the corresponding 

ketones and carboxylic acids, respectively, were performed by catalysts based on Pd and Pt 

under acidic conditions 118. However, alcohol electrooxidation could suppose the formation 

of an organic film onto the electrode surface, enabling the inhibition at Pt electrode. Yu and 

Antolini in 23, 47 summarized numerous examples of non-precious and precious metals 

electrocatalysts focused on direct alcohol oxidation in alkaline media. Among other metals 

like Pb, Ag, Cu, or Co 170-171 , nickel is the most interesting alternative to platinum 

electrodes for direct alcohol electrooxidation in alkaline medium. Besides its low price and 

mass produced material, Ni shows inherent catalytic properties in a wide number of 

O2
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processes, such as organic electrosynthesis 172-175, degradation of organic hazardous 

molecules 176, energy conversion in alkaline fuel cells 47, 177, biosensing 178-179 and 

electroanalysis 180-182, among the most representative applications.  Within the redox 

couple Ni(OH)2/NiOOH, NiOOH species is the responsible for highly active catalytic 

towards electrooxidation of small organic molecules such as alcohols and amino 

compounds. Ni(OH)2/NiOOH film is created generally after anodic polarisation or 

potential cycling of Ni metal under alkaline conditions. This type of electrode exhibits a 

high chemical activity as oxidising agent, electrical conductivity and low solubility in 

aqueous alkaline solutions. 

 

 The electrocatalytic properties of Ni electrodes have been explored extensively for 

the oxidation of aliphatic and aromatic alcohols and amino compounds via the participation 

of NiOOH species172, 174-175, 183-193. In this regard, Lamy's group 177 investigated the 

electrooxidation of benzyl alcohol and benzaldehyde using a filter-press electrochemical 

cell, obtaining the corresponding carboxylic acid as the final product. Nevertheless, there 

are few systematic studies on the performance of Ni(OH)2/NiOOH redox couples for the 

electrooxidation of unsaturated alcohols (i.e., alken-1-ols or alkyn-1-ols) as for instance 

PGA 172, 174. In 1979, Schäfer and Kaulen 173-174 carried out the electrooxidation of PGA at 

a NiOOH electrode, using a divided electrochemical cell at a temperature of 5 ºC . The 

authors pointed out that propiolic acid (PA) was the only reaction product. However, the 

differences between some results remain unclear, and open questions such as about the 

dependence on the Ni features on the electrooxidation pathway still needs to be studied in 

more detail. It is worth noting that PA is of large interest from the industrial viewpoint, as 

an intermediate to corrosion inhibitors, as polishing agent in electroplating baths and as 

starting material or intermediate for pharmaceutical products.  

 

 A general mechanism of the electroooxidation route of an alcohol to carboxylic acid 

using a Ni(OH)2/NiOOH electrode was proposed earlier by Fleischmann 184 and Robertson 
190 in 70's and 80's which is depicted by reactions below for the case of electrooxidation of 

PGA: 
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Ni(OH)2 +  OH− → NiOOH +  H2O + e (1.9) 

NiOOH + CHCCH2OH + 4OH− →  Ni(OH)2 + CHCCOO− + 3 H2O + 3e (1.10) 

Global anodic reaction: CHCCH2OH + 5OH− →  CHCCOO− + 4 H2O + 4e (1.11) 

  

 The rate determining step of the overall reaction to the carboxylic acid involves the 

abstraction of the hydrogen atom entailed in the reaction 1.10. Then, the oxidation of 

alcohol occurs upon NiOOH species where four faradays of charge and a total of five mole 

of OH- are consumed per mole of product formed. As shown from 1.9 to 1.11 reactions, the 

oxidation of alcohol occurs through the NiOOH species that is reduced further to Ni(OH)2 

species. Accordingly, Kowal et al.186 found that methanol oxidation started at the potential 

region of NiOOH formation through two steps: firstly, the formate was the major obtained 

compound mostly formed at a potential range between 0.36 and 0.44 V versus the saturated 

calomel electrode (SCE) and then the oxidation leads to carbonate product at a potential 

near 0.45 V. Similarly, the electrochemical oxidation mechanism of an alcohol onto 

NiOOH oxide electrode is explained in detail in 192. From electrochemical characterisation 

of Ni(OH)2/NiOOH electrodes towards cyclohexanol electrooxidation in alkaline medium, 

it was found that nickel hydroxide may exist in two different crystallographic forms: α-

Ni(OH)2 and β-Ni(OH)2 which are hydrous and anhydrous species, respectively. The 

oxidation of Ni(OH)2 gives two other varieties of β and γ NiOOH species. This fact would 

explain the existence of the two reduction peaks in the backward sweep. The α-form is 

unstable, and when α-Ni(OH)2 is formed, it is further slowly converted to the β-Ni(OH)2. 

Both Ni(OH)2 and NiOOH phases are believed to be non-stoichiometric, therefore its 

oxidation peak potentials shifts to positive potentials with the cycles number between -0.2 

and 0.6 V versus AgCl/Ag. NiOOH species is regenerated to its reduced form of β-

Ni(OH)2 with a more positive oxidation potential.  

 

 Despite the excellent electrocatalytic properties of Ni(OH)2/NiOOH electrodes for 

the oxidation of alcohols, there are two main limitations regarding its application in 

electrooxidative processes at large scale. The first one has to do with the significant 

deactivation of the Ni(OH)2/NiOOH electrode surface, when large alcohol concentrations 

are used 142, 194. The second has to do with the formation of γ-NiOOH species 184 during 

long cycling electrooxidative processes, which are ineffective to catalyse the alcohol 

oxidation. Consequently, it becomes necessary to move on with an optimal utilisation of 
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the electroactive catalyst on the electrode in terms of performance, selectivity and reaction 

conversion. According to the literature, different strategies have been  investigated to 

improve the catalytic activity of NiOOH species, including the use of alloys of Ni with 

other metals such as Ti, Cu and Ru 134-136, and the dispersion of the nickel nanoparticles 

(NiNPs) on different carbonaceous materials supports 20, 141. Thus, in the present doctoral 

thesis, one of the objective will be the evaluation of the synthesis and performance of Ni 

species immobilized on distinct nanoporous carbon materials to improve the stability and 

catalytic activity of NiOOH species during the electrocatalytic oxidation of PGA. 

 

 In summary, the catalytic properties of nanoparticle systems have been subjected to a 

large number of studies in electrochemistry and heterogeneous catalysis both from a 

fundamental point of view (correlation between composition, nature, size and shape, and 

catalytic properties) and from a more applied aspects. It should be noted that the type of 

desired catalysts for either ORR or alcohol oxidation will dictate what materials and 

synthetic methods will be the best and hence the most appropriate option to reach catalysts 

with the highest activity.  

 

1.5.  Overall scope of the doctoral thesis. 
 

 Organic electrosynthesis is a multidisciplinary field capable of overlapping fields 

like organic chemistry, chemical engineering, and physical chemistry. The main objective 

of this doctoral thesis is to create a novel methodology of organic electrosynthesis based on 

an electrochemical reactor that employs an ion-exchange membrane as electrolyte, a gas 

diffusion cathode for ORR, and an electrocatalytic anode for alcohol oxidation. Advances 

in technology of direct alcohol PEMFCs have provided a new methodology and design of 

electrochemical reactors for the organic compounds electrooxidation based on SPE 

configuration with reduced IR drops. Furthermore, recently AAEMs are being explored as 

a choice under alkaline conditions and somewhat they overcomes the main problems found 

in FC using Nafion type membranes. Moreover, the use of alkaline SPE within the PEMER 

configuration enables the possibility of combining nanoparticulate systems of non-precious 

metals as catalytic material for electrooxidation of alcohols (PGA as the alcohol of choice 

for this doctoral thesis) and an air gas diffusion electrode for ORR towards the generation 

of 4 OH-. In this sense, this doctoral thesis addresses the following issues: 
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i) The catalytic activity of nickel nanoparticulate system for the selectively 

alcohol electrooxidation under alkaline conditions. 

 

ii) The different features of carbon materials with well-defined and developed 

textural properties which can be appropriate candidates as carbonaceous 

supports for metal nanoparticles.  

 

iii) The synthesis of eco-friendly MMMs based on CS and CS:PVA backbone 

incorporating fillers of different nature, structure and composition for 

applications in electrochemistry under alkaline conditions. 

 

iv) The feasibility of scaling up the organic electrosynthesis under alkaline 

conditions using a PEMER architecture.  

 

 This doctoral thesis focusses on the synthesis and preparation of all components that 

constitutes the PEMER architecture in order to explore the applicability of the 

electrooxidation of PGA. At the same time, the present doctoral thesis is part of a sum of 

results with multiple experimental methods, such as synthesis and preparation of different 

materials, physicochemical and electrochemical characterisation of materials and 

electrodes, analytical determination of electrooxidative products, and optimisation of the 

electrochemical engineering variables to reach the highest performance. 

 

 This doctoral thesis is divided into six chapters. Chapter one has just described the 

fundamental knowledge and aspects for the understanding of overall scopes and findings of 

this doctoral thesis. Also, it displays the state-of-the art of the different issues and it 

highlights the scientific impact of this thesis along with the general and specific objectives. 

 

 Chapter two corresponds to the experimental section describing in detail the 

preparation of novel materials, such as electrodes based on nickel and platinum 

nanoparticles, the MMMs using eco-friendly polymer backbones of the membrane and 

their doping using novel fillers of inorganic and organic nature, the techniques used for 

their physicochemical and electrochemical characterisation of all materials and electrodes, 
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and finally the electrochemical characterisation of the PEMER configuration and 

preparative electrolysis of PGA electrooxidation. 

 

 Chapter three reports the PGA electrooxidation onto NiOOH surface in alkaline 

medium and the identification of the different reaction products. In addition, it explores the 

immobilization of NiNPs on various carbon material supports and their application as 

electrocatalysts for the oxidation of PGA in alkaline medium, enabling a comparative 

study between massive and nanoparticulate nickel electrodes. 

 

 In this introduction, carbon materials have been described as porous structures as 

main parts of either CL or GDL. However, some carbon materials as for example ACs are 

often used as electrode in energy storage electrochemical devices like supercapacitors, also 

known as electrochemical capacitors (ECs) or electrochemical double layer capacitors 

(EDLCs). Electrochemical double layer capacitors are generally based on the charge and 

discharge of the electrical double layer at the electrode-electrolyte interphase, being the 

amount of stored energy proportional to the surface area of the AC. When a capacitor is 

charged to a given potential and then left at open circuit potential, the capacitor exhibits a 

certain degree of self-discharge (SD) that minimizes its performance characteristics, 

namely power density and energy density. SD depends on parameters such as temperature, 

maximum cell potential reached and hold time at this potential value, and the 

charge/discharge history.  

 

 Chapter four describes the main findings obtained from the scientific visit to the 

group of Prof. Béguin at the Polytechnic Poznanska University of Poznan, Poland. 

Chapter four explores the fabrication profiles of activated carbon in symmetric ECs in 

neutral aqueous electrolyte, with the main aim of understanding the mechanisms and 

strategies to reduce SD. This chapter sheds light on the solid-electrolyte interphase 

phenomenon in microporous carbon electrodes in order to gain knowledge firstly about the 

diffusional processes through the nanoporous carbon, and secondly, the anodic and 

cathodic parasite reactions at high potentials which can dictate the performance of an 

electrochemical reactor. 
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 Chapter five examines the feasibility of using novel membrane materials based on 

eco-friendly polymers containing fillers of either organic or inorganic nature. MMMs are 

prepared using several fillers as proof of concept in the MMM approach for organic 

electrosynthesis and FC technology. Anion-exchange commercial membranes derived 

from petroleum are compared to the prepared CS or CS:PVA based membranes. Results 

and discussion are provided in terms of physicochemical and electrochemical 

characterisation of the membranes. Then, chapter six looks into the viability of less 

expensive and biodegradable MMMs for the electrooxidation of alcohols in alkaline 

medium using a PEMER configuration. Hence, the overall goal of this doctoral thesis 

relies on the feasibility of scaling up the electrochemical oxidation of primary and 

secondary alcohols with higher performances compared to conventional electrochemical 

procedures. 

 

 Finally, chapter seven outlines the major remarks obtained along this doctoral 

thesis. 

 

 As a proof of the multidisciplinary approach of the doctoral thesis carried out in the 

laboratories of Physical Chemistry Department and the Institute of Electrochemistry at the 

University of Alicante, two short scientific stays have been performed at two well 

recognized centres of research: the group of Prof. François Béguin, from the Institute of 

Chemistry and Electrochemistry Technology at Polytechnic Poznanska University of 

Poznan, Poznan, Poland, and the group of Prof. Ángel Irabien, from the Chemical 

Engineering and Biomolecular Department, at the University of Cantabria, Santander, 

Spain. As consequence of this ongoing interaction between both groups, this doctoral 

thesis has also produced some relevant outcomes which have been disseminated on 

meetings and peer reviews papers. Moreover, other collaborations have been established 

with the group of Dr. Conchi O. Ania, from the National Institute of Carbon, Centro 

Superior de Investigaciones Científicas (CSIC), Oviedo, Spain. 

 

 This doctoral thesis fulfils all the requirements for obtaining the special International 

mention in compliance of the present regulations of the University of Alicante and as 

means of its broaden extension and diffusion in the scientific field, the English language is 

used throughout the dissertation.  
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 2.1. Preparation of electrocatalysts. 

 2.1.1. Materials and chemicals. 
 

 Vulcan XC-72R carbon powder was purchased from Cabot Corporation (CAS No 

1333-86-4, No sample GP 3621). The ion exchange crosslinked, Nafion solution in water 

(10 wt.%), and methyl chloride quaternary poly(4-vinylpyridine) (4VP) salt resin, and 

polytetrafluoroethylene (PTFE, 60 wt.% dispersion in water) were purchased from Sigma 

Aldrich. The inorganic salts nickel chloride hexahydrate (NiCl2·6H2O 99.99 % purity) was 

purchased from VWR, sodium hydroxide (99.999 % purity) and sodium borohydride 

ReagentPlus® (99 % purity) were purchased from Sigma Aldrich. Isopropanol (≥ 99.99 % 

purity), acetone (≥ 99.99 % purity) were purchased from Sigma Aldrich. Ethanol PA-ACS-

ISO (99.8 %) was purchased from Panreac. Pt precursor was a salt of chloroplatinic acid 

hexahydrate (H2PtCl4) ACS Reagent, ≥37.50 % Pt basis from Sigma Aldrich. Sodium 

citrate tribasic dehydrate, ACS reagent ≥99.0 % was purchased from Sigma Aldrich. All 

solutions were prepared using double deionized water (18.2 Ω cm). 

 

 2.1.2. Synthesis of nickel nanoparticles. 
 

 Nickel nanoparticles (NiNPs) were synthesized from the use of NiCl2·6H2O, 

dissolved in ethanolic sodium hydroxide medium, using NaBH4 as reducing agent, as 

described elsewhere 1-2. Briefly, an ethanol solution containing NaOH/NaBH4 (figure 

2.1A) was added to an ethanolic solution of NiCl2 (figure 2.1B). The final solution 

contained an equimolar ratio of NiCl2 and NaBH4 with stoichiometric ratios of NaOH to 

NiCl2 of 1, 2, 5 and 10, respectively (figure 2.1C). The synthesis was performed under 

continuous magnetic stirring at room temperature. Thereafter, the NiNPs were thoroughly 

washed with acetone (three times) and finally redispersed in an ethanol solution with a 

final concentration of circa 2.6 mg Ni mL-1. The dispersions were stored at room 

temperature. 
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Figure 2.1. Synthesis of nickel nanoparticles. (A) An ethanol solution containing NaOH/NaBH4, 
(B) an ethanolic solution of NiCl2 salt precursor, and (C) the final solution containing an equimolar 
ratio of Ni and NaBH4 with different stoichiometric ratios of NaOH to NiCl2. 
 

 2.1.3. Synthesis of nickel nanoparticles supported on carbon black. 
 

 For the preparation of the Ni/carbon black (Ni/CB) electrode materials, NiNPs in an 

alcoholic suspension were mixed with carbon black powder (Vulcan XC-72R) in adequate 

amounts to obtain nickel loadings of ca. 6.7 and 20 wt.%, and dispersed for 90 min. under 

sonication (Selecta ultrasonic bath operating at 50/60 kHz, 360 W power output). 

Hereafter, the samples will be named as Ni/CB-x, where x stands for the nickel loading in 

wt.%. 

 

 2.1.4. Synthesis of nickel-loaded on nanoporous carbon. 
 

 This section explains the procedure for the preparation of the metal-loaded carbons, 

i.e. Ni-loaded carbons with well-developed microporosity and high surface areas using an 

organic salt which contains a metallic cation 3-4. Firstly, the carbon precursor was the 

commercially available polystyrene sulfonic acid co-maleic acid sodium salt, as shown in 

figure 2.2. The initial precursor was ion-exchanged with nickel nitrate salt (Ni(NO3)2) for 

24 h,  and then the samples were heated at 200 °C for 4 h. Afterwards, the carbonization 

was performed in a horizontal furnace under nitrogen atmosphere with a gas flow rate of 

300 mL min-1. The samples were heated with a rate of 50 ºC min-1 up to a final 

carbonization temperature of 800 ºC. The excess of aqueous soluble inorganic salts 

containing sodium and nickel, was removed by washing the samples with distilled water, 

until reaching constant pH value of a leachate was obtained. Subsequently, the precursor 

and nickel-loaded nanoporous carbon were dried and tested. The samples were named as 

PSNa and PSNi, respectively. The Ni-loading of the carbon matrix was adjusted further by 

magnetic stirrer 
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extensive washing with 1 M HCl to eliminate all water and acid soluble inorganic salts. 

Hereafter, the samples will be named as PSNi-x, where x stands for the nickel loading (ca. 

0.24 and 6.7 wt.%, for the samples washed with acid and water, respectively, as 

determined by X-ray photoelectron spectroscopy). 

 

 
Figure 2.2. Precursor material of polystyrene sulfonic acid co-maleic acid sodium salt. 

 

 2.1.5. Synthesis of platinum nanoparticles supported on carbon black. 
 

 Platinum nanoparticles (PtNPs) were prepared according to the following 

experimental procedure 5. Briefly, an equimolar H2PtCl4 and sodium citrate ice-cooled 

solution was reduced by ice cold sodium borohydride solution. Then, a certain amount of 

Vulcan XC-72R carbon was added until a final 20 wt.% content with respect to Pt wt.% in 

order to obtain PtNPs supported in carbon black (PtCB). Finally, sodium hydroxide pellets 

were added to precipitate PtNPs; thereafter filtered through filters of 45 µm and then dried 

overnight at 70 ºC. 

 

 2.1.6. Catalytic inks preparation. 
 

 Formulation of catalyst inks are commonly made of: i) a catalyst, generally metal 

nanoparticles that can or cannot be supported on carbon material such as carbon black, or 

nanoporous carbons, among others, ii) the ionomer, a cationic or an anionic resin that 

facilitates the adhesion between the catalyst films and the support (for example glassy 
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carbon or Toray paper), and also allows the transport of ions through the catalyst layers by 

means of their fixed charged groups, and iii) alcoholic solvent for the metallic material 

dispersion, being the solid to alcoholic solvent ratio of 2/98 (wt.%). Therefore, the catalytic 

inks prepared in this doctoral thesis consisted of alcoholic dispersions of the metallic 

materials with binder loading between 20 and 40 wt.% with respect to the catalyst amount.  

 

 For the anode preparation, cationic inks were made of i) Vulcan XC-72R, NiNPs and 

Ni/CB-x dispersed in ethanol, and ii) PSNi-x in isopropanol with 20-40 wt.% of Nafion 

binder coming from a 10 wt.% Nafion aqueous starting solution 6-7. The catalysts to Nafion 

ratio of the inks were prepared as follows: NiNPs to Nafion ratio of 24, a Ni/CB-x to 

Nafion ratio of 4, and PSNi-x to Nafion ratio of 1.5. Nafion ionomer was added and then 

subjected to sonication for 45 min. On the other hand, the anodic ink consisted of an 

alcoholic dispersion of Ni/CB with 20 wt.% of Ni content in 20 wt.% organic 4VP binder 

coming from a 1.96 wt.% 4VP aqueous starting solution. 4VP ionomer was added and then 

subjected to sonication for 45 min. This catalytic ink of the anode was named 4VP-Ni/CB. 

 

 The cathode electrode consisted of a gas diffusion electrode (GDE) that involved 

catalytic layer onto a diffusion layer. For the GDE, the prepared Pt/CB were dispersed in 

isopropanol in 7, 12 and 17 wt.% of 4VP from a 1.96 wt. % aqueous starting solution. 4VP 

ionomer was added and then subjected to sonication for 45 min.The catalytic inks of 

cathodes were named 4VP(z)-Pt/CB, where z stands for the wt.% of 4VP anionic ionomer. 

 

 The diffusion ink preparation involved a carbon Vulcan:PTFE ratio of 40:60. To 

produce 250 mg of total solid of ink, firstly, an aqueous dispersion of PTFE was prepared 

by adding 150 mg of PTFE into 6.125 g of H2O and then sonicated in ultrasound bath for 

15 min. Separately, 100 mg of carbon Vulcan XC-72R were dispersed in 6.125 g of 

isopropanol for 15 min. in ultrasound bath. Afterwards, PTFE dispersion was added into 

the carbon Vulcan solution dropwise by stirring. Vulcan/PTFE solution was sonicated for 

30 min until to reach a homogeneous and well dispersed ink. 
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2.2. Electrodic materials. 

2.2.1. Nickel. 

Ni rod of 2.0 mm diameter and Ni sheet electrodes (99.0% purity, from Goodfellow, 

UK) were pre-treated followed by abrasive erosion by using alumina slurry powder and 

water as lubricant from 1.0 to 0.05 μm of particle size for 5 min each alumina particle size, 

respectively. Thereafter, the electrode was sonicated using an ultrasound bath and 

immersed for 1 min in a 0.1 M HCl solution. Finally, the nickel electrodes were washed 

with double distilled water and dried under argon atmosphere.  

2.2.2. Polycrystalline platinum electrode. 

Polycrystalline Pt electrode was prepared by fusion and subsequent slow 

crystallization of a high purity (99.999 %) platinum wire. Before each experiment, Pt 

polycrystalline electrode was flame-annealed and subsequently cooled down and protected 

with ultra-pure water before transferring to the electrochemical cell 8.

2.2.3. Glassy carbon electrode. 

Glassy carbon (GC) electrode used was a bar 3.0 mm diameter. GC was widely used 

as an inert electrode surface where the different materials such as catalysts based metal 

nanoparticles, were drop cast for the performance of their electrochemical characterisation. 

In this doctoral thesis, GC was used in order to characterise the different catalysts 

prepared, and also anion-exchange membranes synthesized in this work. The pre-treatment 

of GC electrode consisted of abrasive polishing using alumina powder and water as 

lubricant (1.0, 0.3, and 0.05 m particle size, respectively) for 5 min each. Thereafter, the 

GC was sonicated for 1 min. using an ultrasonic cleaning bath, washed with double 

distilled water and dried under argon atmosphere.  

2.2.4. Counter electrode and reference electrode. 

A platinum wire (99.9% purity, from Goodfellow, UK) and a gold wire (99.9% 

purity, from Goodfellow, UK) were used as counter electrode indistinctly. Both Pt and Au 

wires were flame-annealed and subsequently cooled down with ultra-pure water before 

transferring to the electrochemical cell. 
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 The standard reference electrodes AgCl/Ag in KCl (3.5 M) (for cyclic voltammetry 

measurements in chapters 3, 5 and 6) and Hg/Hg2SO4; K2SO4 (0.5 M) (for electrochemical 

measurements in chapter 4) were used in this doctoral thesis.  

 

 2.2.5. Carbon Toray paper.  
 

 Toray Paper 120 - TGP-H-120 - is a carbon fiber composite paper suitable to be used 

as a catalyst backing layer.  Average thickness was ca. 370 μm. Toray Paper 120 - TGP-H-

120 – wet proofing of 20 wt.% is a Teflon treated carbon fiber composite paper suitable as 

a catalyst backing layer. Average thickness was ca 380 μm.  The presence of PTFE in the 

Toray paper gives the carbon material a hydrophobic property to better function as an 

electrode backing material. 

 

 2.2.6. Anode and cathode preparation. 
 

 Anode electrodes were prepared by airbrushing technique. The catalytic inks of the 

anode described in section 2.1.6 were sprayed onto a 5 x 5 cm2 named Toray paper (T, 

TGPH-120) placed on a hot metallic plate at 90 ºC to facilitate solvent evaporation (see 

figure 2.3). The Ni loading of the electrodes was 1.0 mg cm-2 for NiNPs anodes (with a Ni 

to Nafion ratio of 24), between 0.1 and 0.067 mg cm-2 for Ni/CB-x anodes (with a Ni/CB-x 

to Nafion or 4VP ratio of 4) and between 0.0024 and 0.067 mg cm-2 for PSNi-x anodes 

(with a PSNi to Nafion ratio of 1.5). For Ni loading of 0.1 mg cm-2, the ECSA of Ni 

electrode was 336.8 m2 g-1. Such value was calculated by taking into account the loading 

weight of Ni and the average nanoparticles spherical size (2 nm)9, by assuming that all 

nanoparticles are equally active for their corresponding electrochemical processes. The 

anodes were named as follows: Z/T, where Z stands for the electrode material and T 

indicates the Toray paper support (i.e., NiNPs/T, Ni/CB-x/T and PSNi-x/T). The Ni 

loading is indicated separately when necessary. Ni free anodes, based on Vulcan carbon 

black, and the sodium form of the polymer derived carbon (PSNa) were also prepared with 

a Nafion ratio of 1.5 w/w. These are named as CB/T and PSNa/T. Moreover, anodes were 

prepared from the different electrocatalytic inks by drop casting onto a polished GC 

surface for voltammperometric studies. 
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Figure 2.3. Electrode prepared using airbrushing technique. The catalytic ink is sprayed onto Toray 
paper surface with a geometric area of 5 x 5 cm2. 
 

 Cathode electrodes were prepared by airbrushing technique. The catalytic inks of the 

cathode was sprayed onto a 5 x 5 cm2 carbon cloth Toray paper (T, TGPH-120 wet proof 

20 wt.%) placed on a hot metallic plate at 90 ºC to facilitate solvent evaporation. The GDE 

of the cathode consisted of a backing layer (a Vulcan carbon to PTFE ratio of 40/60 w/w, 

and Vulcan XC-72R loading of 2.0 mg cm−2), and a catalytic layer (Pt/CB, with a Pt 

loading of 1.0 mg cm-2). Previously the catalytic ink was sprayed onto the backing layer 

and further treated at high temperature using a temperature ramp method (from room 

temperature to 350 oC at 3 oC min-1, then kept at 350 oC for 15 min., and finally cooled 

down to room temperature) in order to sinter the PTFE. The cathode was named 4VP(z)-

Pt/CB/GDE/T, where z stands for the wt. % of anionic ionomer and T indicates the Toray 

paper support. The ECSA with a Pt loading of 1.0 mg cm-2 was 129.3 m2 g-1. Such value 

was calculated by taking into account the loading weight of Pt and the average 

nanoparticles spherical size (2 nm) 5, by assuming that all nanoparticles are equally active 

for their corresponding electrochemical processes.  
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 2.2.7. Activated carbon based electrodes. 

 2.2.7.1. Materials and chemicals. 
 

 The activated carbon (AC) DLC Supra 30 (further named AC) was provided by 

Norit, and acetylene black C65 (AB) by Imerys. The binder was polytetrafluoroethylene 

(PTFE, 60 wt.% dispersion in water from Sigma Aldrich). Lithium sulfate monohydrate 

was purchased from Sigma Aldrich (≥ 99.0 % purity). Ethanol and acetone were purchased 

from Sigma Aldrich (≥99.5 % purity). All chemicals and solvents were employed as 

received without any further purification. All aqueous solutions were prepared with 

ultrapure water (18.2 MΩ cm). 

 

 2.2.7.2. Activated carbon PTFE based electrode. 
 

 Activated carbon PTFE based electrodes (AC-PTFE) were prepared by mixing 80 

wt.% of AC, 10 wt.% of electrically conductive percolator AB and 10 wt.% of PTFE 

polymer binder, as described elsewhere 10. Briefly, all materials mentioned above were 

mixed in such amount to obtain a total mass of 0.2 g in ca. 20 mL of ethanol 96 % v/v. 

Then, the mixture was heated at 70 ºC with continuous magnetic stirring until ethanol was 

evaporated to reach a homogeneous composite. Subsequently, a few drops of ethanol were 

mixed with the carbon composite until obtaining a dough. Next, the carbon dough was 

rolled into a thin carbon sheet with a thickness between ca. 0.110 mm and 0.170 mm. 

Thereafter, the rolled carbon dough was dried under vacuum at 120 ºC for 12 h and then 

cooled down to room temperature. Finally, circular pellets were punched out from the 

dried dough sheet, with an apparent geometric area of 0.785 cm2 (ca. 4 mg) for Swagelok-

type cells (vide infra), and 1.539 cm2 (ca. 12 mg) for coin cells (vide infra).  

 

 2.3. Membranes. 

 2.3.1. Materials and chemicals. 
 

 Chitosan (CS, coarse ground flakes and powder, Sigma-Aldrich, Spain) with a 

molecular weight from 310,000 to 4375,000 and 75 % deacetylation degree, based on the 

viscosity range 800–2000 mPas, and poly (vinyl) alcohol (PVA, 99+% hydrolysed from 

Sigma Aldrich, Spain) with a molecular weight from 85,000–124,000 were used as 

purchased. Reactants for the synthesis of layered AM-4 titanosilicate and UZAR-S3 

stannosilicate were specified in 11 and in 12, respectively. The ion-exchanged 4VP that was 
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used as ionomer filler as purchased from Sigma-Aldrich. AS-4 ionomer filler was used as 

purchased from Tokuyama Company, Japan. Sn powder (150 nm, 2100 mesh, 99.5 %) was 

purchased from Alfa Aesar. Graphene oxide (GO, Graphene laboratories Inc. 5 g L-1 

dispersed in water, thickness 1 atomic layer at least 60 %, from Graphene-Supermarket, 

U.S.A.) was used as received for the synthesis of composite membrane based on chitosan: 

poly (vinyl) alcohol (CS:PVA) blend matrix. All other chemicals, such as 1-Ethyl-3-

methylimidazolium acetate [emim][OAc] room temperatureionic liquid (RTIL) (assay 96.5 

%≤, Sigma Aldrich), n-propanol (assay 99.9 %≤, Sigma Aldrich) were purchased from the 

highest analytical grade available and were used as received without any further 

purification. Doubly distilled water with a resistivity of 18.2 MΩ cm was used for all 

solutions preparation. 

 

 2.3.2. Membrane preparation. 

 2.3.2.1. Chitosan based membranes. 
 

 CS membranes and mixed matrix membranes (MMMs) based on CS polymer were 

prepared according to the following description. Typically, CS powder was added to the 

acidic water (2 wt.% of acetic acid) mixture and stirred at room temperature for 24 h. A 

transparent, viscous and homogeneous solution of 1 wt % CS was obtained. Then 10 mL of 

CS solution were degassed in an ultrasound bath for 5 min and cast on a polystyrene Petri 

dish. Evaporation to constant weight takes 2–3 days before the membrane can be peeled 

off the Petri dish 13. The thicknesses were measured in at least 4–5 spots over the 

membrane area. Thicknesses of the membranes were measured using a IP-65 digital 

micrometre with a precision of 0.001 mm Mitutoyo micrometer (Japan). The weight of the 

dried membranes was also measured at this point in an electronic balance to calculate the 

density of the membranes. The ion-exchange was carried out by immersion in 1.0 M 

NaOH bath for 24 h and then thoroughly washed with distilled washing to remove the 

NaOH excess. Finally, the membranes were ready for further characterisation.  

 

 MMMs were prepared by dispersing a certain amount of inorganic filler in the 

solvent, generally water, before adding it to the CS solution in order to obtain a 20 wt.% 

filler with respect to CS. Then, the mixture was stirred until homogeneity. This mixture 

was degassed in an ultrasound cleaning bath for 10 min and cast in the same way as 

pristine CS membranes. 
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 The fillers used for the synthesis of CS-based MMMs were microporous lamellar 

titanosilicate AM-4 (Na3(Na, H)TiO2 (Si2O6)2 2H2O) synthesized as in Casado et al. 11, and 

a layered stannosilicate UZAR-S3 (Na7Sn2Si9O25) 12. Both AM-4 and UZAR-S3 materials 

were synthetized by the collaboration of the University of Santander. They are composed 

of Ti and Sn pyramid layers separated by galleries containing Na1 cations accounting for 

high ion-exchange capacity 14. These layers can be exfoliated after protonation in the acetic 

acid aqueous solution where CS is dissolved. On the other hand, Sn powder was dispersed 

in the 1.0 wt.% CS solution after dispersion in the acidic water (2 wt.% of acetic acid) 

mixture. Regarding the incorporation of [emim][OAc] RTIL, this was added directly to the 

stirring CS solution in a 5 wt.% proportion to the CS content in the final membrane.  

 

 2.3.2.2. Chitosan: Poly (vinyl) alcohol based membranes. 
 

 Chitosan: Poly (vinyl) alcohol (CS:PVA) blend membranes and MMMs were 

prepared from a mixture of 1 wt.% CS and 4 wt.% PVA solutions according to 15 with 

slight modifications. CS powder was added to the acidic water (2 wt.% of acetic acid) 

mixture and stirred at room temperature for 24 h. In a separate beaker, PVA powder was 

added to distilled water until saturation following by reflux at 85 oC for 2 h. Then, CS and 

PVA solutions were filtrated at vacuum. Finally, the blend membrane was prepared with 

CS:PVA ratio of 50:50 wt.% by mixing the appropriate amounts of the single polymer 

solutions and stirring until a homogeneous mixture was observed. Afterwards, the CS:PVA 

solution was degassed using the ultrasound bath and cast on a glass plate using a doctor 

blade knife at a 0.15 mm opening. The solvents were evaporated at room temperature in a 

fumehood for 2 days. The ion-exchange was carried out by immersion in 1.0 M NaOH 

bath for 24 h and then thoroughly washed with distilled washing to remove the NaOH 

excess. Finally, the membranes were ready for further characterisation.  

 

 MMMs were prepared by adding the distinct fillers (4VP, see figure 2.4, and AS-4 

ionomers, AM-4 and UZAR-S3 layered silicates, as described above) to the homogeneous 

CS:PVA blend solution, before the degassing in ultrasound bath, and the mixture was 

hence stirred for 24 h until homogeneity. The AM-4 and UZAR-S3 layered silicates fillers 

were dispersed in a few milliters of ultrapure water previously to the addition for the 

polymer solution. In all cases, the filler composition was 5 wt.% with respect to the total 

polymer weight, since previous essays at higher concentrations (20 wt.%) led to difficult 
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dispersion16. The different filler-polymer mixtures were degassed in the ultrasound bath 

and cast on a glass plate using a doctor blade knife at the same opening as he CS:PVA 

blend membrane. The membranes were noted as filler name/CS:PVA, where the fillers are 

AS4, 4VP, AM-4 or UZAR-S3, and the content of the filler is 5 wt.% to the total polymer 

matrix weight unless otherwise stated. Likewise, MMMs were immersed into 1.0 M NaOH 

renewable solution for 24 h in order to carry out the ion exchange. In all cases, CS:PVA 

membranes were ion-exchanged for different times from several hours to a few days to 

determine the effect of additives on chemical stability. 

 

 MMMs based on CS and PVA with a ratio 50:50 w/w doped with graphene oxide 

(GO) (GO/CS:PVA) blend membranes were prepared from a mixtures of 1 wt.% CS and 4 

wt.% PVA homogenous solutions, following a similar procedure as described above. 

Briefly, CS powder was added to the acidic water (2 wt.% acetic acid) mixture and stirred 

at room temperature for 24 h. Separately, PVA powder was added to distilled water and 

refluxed at 85 ºC for 2 h. Then, CS and PVA solutions were vacuum filtrated to remove 

impurities. Then, a certain amount of GO aqueous solution was added into polymers 

mixture and stirring for several days until a brownish homogenous mixture was achieved. 

Finally, the GO/CS:PVA mixture was degassed in ultrasound bath and cast on a glass plate 

using a doctor blade at a 0.15 mm opening, and then solvent was evaporated in a fumehood 

at least 2 days. The membrane thickness was measured according to similar procedure as 

described before in 2.3.2.1. The weight of the dried membranes was also measured at this 

point in an electronic balance with a precision of 0.001 g. The ion-exchange was carried 

out by immersion in 1.0 M NaOH bath for 24 h and then thoroughly washed with distilled 

washing to remove the NaOH excess. Finally, the membranes were ready for further 

characterisation. 
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Figure 2.4. Structure of organic filler Poly(4-vinylpyridine) crosslinked, methyl chloride 
quaternary (4VP). Structure obtained from the online Sigma-Aldrich catalog. 
 

 Water uptake (Wu) or swelling of membranes is defined as the capacity to adsorb and 

desorb water molecules. Wu values of the membranes synthetized in this doctoral thesis 

were calculated by measuring the change in weight of the membrane before and after 

hydration, i.e., the adsorption process of large quantities of water molecules by the 

membrane, which resulted on as swollen membrane with a considerable increase in 

volume. The OH-   form of the membrane was immersed in deionized water at room 

temperature and equilibrated for 24 h. By removing the water and weighing the membrane 

in a precision balance the wet weight of the membrane, Wwet, was determined. The 

percentage of water uptake was thus calculated using equation (2.1), 

 

Wu or swelling (%) =  
Wwet − Wdry

Wdry
 x 100 

Eq. (2.1) 

 

where Wdry is the weight of the dried membrane. 

 

 Also, since the CS based membranes are so hydrophilic that any interpretation of 

these parameters may be confusing, the bound water content was also measured from 

thermogravimetric analysis (TGA) curves according to Franck-Lacaze et al. 17 using 

equation (2.2). The water content, WC, was estimated from sample masses m1 and m2, 
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measured at T1 and T2 taken at the minimum observed between the two peaks of the 

differential thermogravimetric spectrum (one for water evaporation and the other one for 

polymer degradation), respectively.  

 

WC (%) = 100 (1 −
m2

m1
) Eq. (2.2) 

 

 The ion-exchange capacity (IEC) is commonly measured by titration. The dried and 

weighed membrane was soaked in 1.0 M NaOH renewable solution for 24 h at room 

temperature. The membrane was thus converted to OH- form. Then the membrane was 

rinsed thoroughly with doubly distilled water and equilibrated for 24 h in order to remove 

the last traces of alkali. In the last step, the membrane was immersed in 0.1 M HCl solution 

for 24 h and this solution was then titrated by a standardized 0.1 M NaOH solution. The 

IEC was calculated using equation. (2.3), 

 

IEC (mmol g−1) =  
(VNaOH,i − VNaOH,f) x CNaOH

Wdry
x100 

Eq. (2.3) 

 

where VNaOH, i and VNaOH, f are the volume of 0.1 M NaOH solution consumed during back 

titration of HCl solutions without and with membrane and CNaOH is the concentration of 

NaOH solution previously standardized by potassium hydrogen phthalate 18. 

 

 The alcohol permeability was measured in a home-made diffusion cell (as shown in 

figure 2.5A) at room temperature. The OH- form membrane previously equilibrated in 

ultrapure water was sandwiched between the two compartments of a filter-press 

configuration with 10 cm2 projected area. The compartments were then clamped among O-

Viton joints, with an effective membrane area also of 10 cm2, as shown in figure 2.5B.  
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Figure 2.5. (A) Diffusion cell based on a filter-press configuration. (B) Viton join with a polymeric 
membrane. 
 

 The first compartment (A) was filled with a 0.25 M n-propanol in 1.0 M NaOH 

solution to simulate the reaction medium. The second compartment (B) was filled with 

ultrapure water. Both compartments were filled up simultaneously and at the same 

pressure. The total volume cell was 4–5 mL in each compartment. Propanol concentration 

was measured by gas chromatography (GC 2010, Shimadzu, Japan) at the beginning of the 

experiment and then at different times up to 24 h. However, only at 30 min or 1 h the slope 

of the curve of n-propanol concentration in the B compartment (CB) with time was a 

straight line. The permeability coefficient of n-propanol, P (cm2 s-1), was calculated using 

equation (2.4), 

 

P =  
(CB − CB0)

(t − t0)

VBl

ACA0
 

 
Eq. (2.4) 

 

where A (cm2) and L (cm) are the membrane area and thickness, respectively. CA0 (ppm) is 

the initial concentration of n-propanol in the compartment A, and VB is the water volume 

in compartment B. 
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 2.4. Physicochemical characterisation of materials and electrodes. 

 2.4.1. Nuclear Magnetic Resonance spectroscopy. 
 

 Nuclear Magnetic Resonance (NMR) is a spectroscopy method that uses a longer 

wavelength of the electromagnetic spectrum to detect changes in the alignment of nuclear 

magnets molecules in strong magnetic fields. Absorption is observed from isotopic nuclei 

such as 1H, 13C, 15N, 19F, and 31P; and the precise frequency of absorption is a very 

sensitive measure of the magnetic, and hence, the chemical, environment of such nuclei. 

Moreover, the disposition and number of the neighboring magnetic nuclei influence the 

appearance of that absorption in a well-defined way. In the case of 1H and 13C nuclei, is a 

considerable gain in information about the arrangement of functional groups and 

hydrocarbon residues in a molecule. 

 

 The analysis of organic products from the electrooxidation of PGA after 

chromatographic separation were performed at 400 MHz for 1H and 75 MHz for 13C with a 

BRUKER AV300 Oxford instrument. The sample size for routine 13C spectrum was 

between 50 and 100 mg, and for 1H spectrum was between 1 and 10 mg; although with a 

suitable investment in a large number of pulses, it was possible to obtain a high quality 13C 

spectrum between 1 and 5 mg. The different samples were dissolved in a deuterated 

chloroform (CDCl3), and the solution was then introduced into a precision ground tube of 5 

mm diameter to a depth of 2-3 cm. Others commonly solvents used were CCl4, C6D6, d6-

DMSO, and D2O. The choice of the solvent was determined by the solubility of the 

compound under investigation. Note that the solution was free both of paramagnetic and 

insoluble impurities, and it was not viscous, which would have negative influence upon 

resolution. The Fourier Transformed (FT) obtained from the NMR spectrum was phased, 

calibrated and base line corrected by using MestReNova program. The peaks of signals 

corresponding to C and H atoms present in the structure of organic molecules were 

identified and integrated.  

 

 2.4.2. Infrared spectroscopy. 
 

 Infrared spectroscopy is one of the most versatile and most used spectroscopic 

techniques in organic synthesis. In this doctoral thesis, IR was used in order to identify the 
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product obtained from the electrooxidation of PGA. IR was obtained with a JASCO FT/IR-

4100. 

 

 2.4.3. Raman spectroscopy. 
 

 Raman spectroscopy is particularly well suited to molecular morphology 

characterisation of carbon materials since it is a sensitive technique towards symmetric 

covalent bonds, which allows discerning minor changes in structural morphology of 

material. That fact is especially useful for the characterisation of materials with carbon 

content. Conjugated and double carbon –carbon bonds provide upper Raman intensities. 

When compared for example the Raman spectra of two carbon allotropes (diamond and 

graphite) it can easily distinguish the two materials by their Raman spectrum even though 

both are composed entirely of C-C bonds. The graphite spectrum has several bands in the 

spectrum, however the main band has shifted from 1332 cm-1 in diamond to 1582 cm-1 in 

graphite (see figure 2.6). The reason for this is that graphite is composed of sp2 bonded 

carbon in planar sheets in which the bond energy of the sp2 bonds is higher than the sp3 

bonds of diamond. Consequently, the vibrational frequency of the bonds are pushed 

towards higher frequency in Raman spectrum. The presence of additional bands in the 

graphite spectrum indicates that there are some carbon bonds with different bond energies 

in a graphite sample. 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 2.6. Graphite Raman spectrum. 
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 Raman spectrum of graphene is very similar to graphite Raman spectrum since 

graphene is composed of multilayer graphene sheets. The G-band is the primary mode in 

graphene and graphite. On the other hand, D-band is known as the disorder band or the 

defect band and is typically very weak in graphite and in graphene when D-band is 

becoming significant, it indicates that there are a lot of defects in the material, and this is 

proportional to the intensity in the case of GO. Finally, graphitization degree of carbon 

material can be calculated from ID/IG ratio (ID and IG are the intensity of D-band and G-

band, respectively). The G′-band, named 2D-band when referring to spectra of graphene, is 

the result of a two phonon lattice vibrational process. 2D-band is the second order of the 

D-band, sometimes referred to as an overtone of the D-band. However, 2D-band does not 

need to be activated by proximity to a defect. As a result the 2D-band is always a strong 

band in graphene even when no D-band is present, and it does not represent defects.  

 

 Raman spectroscopy has been particularly used in this thesis for characterising 

carbon materials such as graphene oxide (GO) used as fillers in anion-exchange 

membranes, and for electrode characterisation. Raman spectrum was recorded by using 

LabRam (Jobin-Ivon) with a confocal microscope (x100 objective) spectrometer with a 

He/Ne laser at 632.78 nm excitation at a very low laser power level 0.9 mW to avoid any 

heating effect. 

 

 2.4.4. X-ray photoelectron spectroscopy. 
 

 X-ray photoelectron spectroscopy (XPS) technique is based on photoelectronic 

effect. A X-ray photon (hυ) impacts on inner shell and consequently an electron is excited, 

acquiring energy. If this energy is higher than the binding energy (BE) of the electron, the 

electron is then expelled from the atom with a kinetic energy (KE). Accordingly, KE of the 

electrons emitted is related to BE of such electron at specific atom, and therefore, it gives 

us information about each energy level and nature of the emissary atom. The BE will be 

given by: 

 

BE = hυ − EK Eq. (2.5) 

 

where hυ is the photon energy.  
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 XPS is used for the determination of the oxidation state of the element investigated 

and also provides information about the surroundings of the element. In the case of 

compounds, the XPS identifies the functional groups present on the composite surface.  

 

 XPS is a non-destructive technique and reports also about thickness of the sample 

and about depth profiles by means of ion shelling. The spectrometer measures the rate with 

which electrons leaves the solid, so experiments require working at ultra-high vacuum. The 

distance over which electrons may escape from a solid surface is of the order of 0.1-1.0 nm 

and hence electrons detected because of interaction with the surface provide information 

about the most external layers of the sample. Consequently, XPS is a superficial technique 

due to the possibility of expelling an electron with low energy from the atom, and it allows 

analyzing solid samples both qualitatively and quantitatively. Nonetheless, it is important 

to note that radiation used has a penetration index of  ̴ 1 nm, consequently, the XPS of nano 

materials such as metal nanoparticles with sizes ranging between 3 and 5 nm, the technique 

cannot be considered as a surface technique. 

 

 XPS experiments were performed for superficial analysis and identification of 

surface chemistry of different type of materials synthetized in this doctoral thesis. XPS 

were recorded on a K-Alpha Thermo Scientific spectrometer using AlKα (1486.6 eV) 

radiation, monochromatized by a twin crystal monochromator and yielding a focused X-

ray spot with a diameter of 400 mm, at 3mA and 12 kV. Deconvolution of the XPS spectra 

was carried out using a Shirley background. 

 

 2.4.5. Energy dispersive X-ray spectroscopy. 
 

 The energy dispersive X-ray spectroscopy (EDX) technique measures the X-ray 

emitted from a specimen as consequence of interaction that takes place when a high energy 

beam focusses on the sample. The incident beam excites an electron from an inner shell, 

ejecting it from the shell while creating an electron hole. Then, an electron from an outer, 

higher-energy shell fills the hole, emitting X-ray in order to reach the fundamental state. X-

ray are defined as the difference in energy between the higher and lower energy shell. The 

energy of X-ray is characteristic of the element and of the type of transition. Hence, EDX 

allows the determination of the elemental composition of the specimen. If the electron 

beam is able to excite X-ray emission of the K layer, the electrons of the L and M layers 

https://en.wikipedia.org/wiki/Electron_hole
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will be also excited since their electrons are weaker bonding. The number and energy of 

the X-rays emitted from a specimen can be measured by an energy-dispersive 

spectrometer. The spectrometer has two functions: i) to detect X-ray and ii) to disperse the 

X-ray in a spectrum as a function of its energy. The electronic processor stablishes the 

necessary time to analyze each X-ray and then to assign its corresponding channel in the 

multichannel analyzer. Finally, this technique is a complementary tool to transmission and 

scanning electron microscopies. 

 

 2.4.6. X-Ray diffraction. 
 

 X-ray diffraction (XRD) is one of the most significant tool used in materials science 

and in solid-state chemistry, as it is able to provide structural information, inter-atomic 

distances and bond angles of the crystal structures for which it is required for a probe 

wavelength of Angstrom. Then, XRD relies on the optical interferences produced 

(constructive and destructive interferences) when an incident beam (monochromatic 

radiation) crosses a similar thickness to the wavelength of the radiation (λ), and it is 

diffracted with angles (θ) that are depending on the inter-atomic distances (d). X-Ray 

phenomena is described by Bragg law (equation 2.6) that predicts the direction in which 

constructive interference occurs between beam coherently scattered X-rays by a crystal.  

  

nλ = 2d senθ Eq. (2.6) 

 XRD is a non-destructive, high technological method for the analysis of a broad 

range of materials. The main application is the qualitative identification of crystallographic 

phases in a crystalline sample. Furthermore, other applications are found in the quantitative 

analysis of crystalline compounds, the determination of many parameters like crystallite 

size using Scherrer equation (equation 2.7, where K, β and D are crystal shape factor, Full 

Width at Half Maximum and crystal size, respectively), coefficient of thermal expansion, 

as well as the determination of the crystal symmetry, the assignation of distances of some 

family planes and the calculation of crystallographic parameters. 

 

D =  
Kλ

β cos θ
 

 
Eq. (2.7) 



CHAPTER 2 
 

84 
 

 XRD measurements were performed in order to determine the crystallinity degree of 

the electrodes materials and the different mixed matrix membranes based on chitosan and 

poly (vinyl) alcohol polymers. XRD were collected on a Philips X’Pert PRO MPD 

diffractometer operating at 45 kV and 40 mA, equipped with a germanium Johansson 

monochromator that provides Cu Kα1 radiation (λ = 1.5406 Å), and a PIXcel solid angle 

detector, at a step of 0.05 deg. Electrodes films were examined at 25 ºC by powder X-ray 

diffraction Bruke D8-Advance with mirror Goebel (non-planar samples) with a generator 

of X-Ray KRISTALLOFLEX K 760-80F (power: 3000W, voltage:20-60 KV and current: 

5-80 mA) with a tube of RX in the wave length 1.5406-1.54439 Å.  

 

 2.4.7. Mass spectrometry. 
 

 Mass spectrometry identifies compounds as a function of the fragments provided 

when it is subjected to vaporation process by heating with an ion source. From such 

fragments, it is possible to determine the molecular weight of the compound and also 

obtain useful information about molecule structure by mass to charge ratio of the ions. In 

this doctoral thesis, mass spectrometry has been employed to identify the final products of 

the propargyl electrooxidation. High-resolution mass spectrometry was carried out with a 

MICROMASS AUTOSPEC–ULTIMANT instrument with direct insertion probe (DIP).  

 

 2.4.8. Scanning electron microscopy. 
 

 The scanning electron microscopy (SEM) is a type of electron microscopy that 

provides images of a sample from secondary and back-scattered electrons (BSE) emitted 

by sample after the introduction of an electron beam of 5-30 KeV energy.  

 

 The secondary electrons emitted by atoms excited by the narrow primary electrons 

beam are the electrons employed mainly in SEM. Secondary electrons supply a valuable 

information about topography of the sample since they are produced when such narrow 

primary electrons beam is close to the atomic core of the element, providing energy 

enough to extract an internal electron outside of the sample. Such electrons exhibit very 

low energy, below 5 eV. Since the SEM has a significant higher resolution of about 5 nm, 

then this technique provides good information about the structure and microstructure, and 

pore sizes and shapes 20.  
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 Moreover, the BSE depend on the atomic number of the sample since this type of 

electrons are produced when the electron beam hits frontally the core of an atom, being 

repelled in opposite direction out of the sample and with an intensity directly proportional 

to the atomic number. This fact would involve that two parts of the sample with different 

composition will exhibit different intensity despite there is no difference in topography 

between them. Thus, BSE provides information about surface composition and elemental 

concentration.  

 

 This technique was used along this doctoral thesis to explore the electrode surfaces, 

their morphology and the distribution of the different electrocatalysts loadings. Moreover, 

the morphology of the CS and CS:PVA MMMs were observed by SEM by plane surface 

and cross section of the different types of doped and pristine membranes synthetized in this 

doctoral thesis. Sample preparation for observation of cross section of materials consisted 

of the following steps. Firstly, materials were dried and then freeze dried with liquid 

nitrogen. Then, the electrode or membrane was fractured and glued with a conductive glue. 

Finally, the electrode or membrane was introduced into the microscope at high vacuum. 

The systems employed were a HITACHI S-3000N (HITACHI, Tokyo, Japan), and a JEOL 

JSM-840 model (JEOL, Tokyo, Japan).  Scanning electron microscopy (SEM, HITACHI 

S-3000N microscope), working at 30 kV with X-ray detector Bruker Xflash 3001 for 

microanalysis, was employed to analyse the morphology of the manufactured electrode or 

membrane. SEM analysis of membranes present the disadvantage that the membrane 

samples must be entirely dehydrated, providing in some cases changes in the membrane 

structure. 

 

 Field emission scanning electron microscope (FESEM) Merlin VP Compact from 

Zeiss equipped with an EDX microanalysis system Quantax 400 from Bruker was used to 

analyse the morphology of the electrocatalytic layers of the manufactured electrode. The 

resolution is 0.8 nm at 15 kV and 1.6 nm at 1 kV. Field emission equipment is able to work 

at voltages very reduced (from 0.02 kV to 30 kV) allowing to observe beam sensitive 

samples without damaging them and minimizing the possible charging effects. 
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 2.4.9. Transmission electron microscopy. 
 

 Transmission electron microscopy (TEM) is a technique based on the interaction 

produced when high energy electrons beam of 200 keV impacts onto a thin sample 

(thickness < 100 nm). These electrons are focused by a complex system of electromagnetic 

fields which work as lenses onto limited region of the sample. The electrons are associated 

with wavelength and therefore their wave properties can be used to obtain images as well 

as diffractograms. When the accelerated electrons focus onto the sample, they generate 

signals that are directly proportional to the atomic structure of the surface or material 

investigated. Part of these electrons are transmitted, another part are dispersed and the last 

part of them undergo interactions, producing different phenomena such as light emission, 

secondary electrons and Auger X-ray, among others, each of them leading to different 

types of images and analytical data. Summarizing, TEM employs the 

transmission/scattering of electrons in order to get images, the electron diffraction to obtain 

data about the crystalline structure and high resolution images, and X-ray emission 

characteristics to provide the elemental or chemical composition of the sample.  

 

 TEM allowed measuring the size and agglomeration degree of the nanoparticles 

synthetized in this doctoral thesis, and also the characterisation of GO used for the 

membrane preparation, by dropping a diluted nanoparticle alcohol solutions or GO solution 

on copper mesh. Then sample was dried at room temperature, and ready for analysis. The 

system employed was a JEOL JEM-2012 instrument with an accelerating voltage of 300 

kV.  

 

 2.4.10. Optical microscopy. 
 

 This technique has facilitated the exploration of the homogeneity and dispersion of 

the different fillers incorporated into the different polymeric matrices. Optical images were 

obtained by using a MOTIC BA 200 microscope. 
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 2.5. Textural characterisation. 
 

 Physisorption of gasses is a common technique used for textural characterisation of 

all types of solids and fine powders. Gas adsorption happens when an absorbable gas 

(adsorptive) is in contact with the solid surface (adsorbent) at a constant temperature and at 

a range of relative pressure of gas. In the physical adsorption, the interactions are of Van 

deer Waals type. Surface area, pore volume and pore size distribution are the parameters 

that determine the textural properties of porous materials. In such context of physisorption, 

the IUPAC has classified the pores according to their size as follows 21: 

 

(a) macropores, i.e., pores whose widths exceeds about 50 nm 

(b) mesopores, i.e., pores whose widths are between 2 and 50 nm 

(c) micropores, i.e., pores whose widths are not exceeding above 2 nm 

 In order to stablish a reliable pore size distribution, it is necessary to use probe 

molecules. In this regard, there are several adsorptive gasses for the area determination 

depending on the probe molecule such as nitrogen at 77 K, argon at 87 K, krypton, oxygen, 

and carbon dioxide at 273 K.  

 

 The experimental procedure involves in first term the degasification of the adsorbent 

by usually heating it at high vacuum. In addition, an inert gas is circulated through the 

adsorbent at elevated temperatures in order to achieve a clean surface. Finally, gas 

adsorption is performed, and known amount of adsorbent and adsorptive are contacting at 

constant temperature. The experiment is carried out several times at different relative gas 

pressure values, obtaining the amount of adsorbed gas for each pressure value at a given 

temperature. In general, gas molecules which reach adsorbed form a monolayer that cover 

all solid surface. When a monolayer is formed and more adsorptive gas molecules are 

being adsorbed, it provides the formation of plural multilayers. At this point, capillary 

condensation within pores begins to occur. The capillary condensation is the last phase of 

gas adsorption process in a porous solid allowing the determination of pore size 

distribution in mesoporous solids from the effect that provides the curvature of the 

interphase on the condensing pressure steam.  
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 The Brunauer-Emmett-Teller (BET) theory can predict the amount of adsorbed 

molecules that forms a monolayer and therefore the estimation of the solid area (BET 

area). The adsorption isotherm is obtained by plotting the amount of adsorbed gas versus 

the equilibrium pressure values of gas at a given temperature. According to the plot 

characteristics, six types of isotherms are recognized by IUPAC 21, each of them being 

closely related to particular pore structures. 

 

 To date, different methods have been developed for analyzing pore size distributions. 

One of those procedures is based on Kelvin equation, such as Barret, Joyner and Halenda 

(BJH) 22-23 which allows calculating pore size based on information of equilibrated gas 

pressure for mesopore adsorbents. Others are based on density functional theory (DFT), 

molecular dynamics, and molecular simulation (or Monte Carlo simulation, MC) for 

micropore adsorbents. However, the IUPAC has noted that the application of procedures 

based on Kelvin equation presents certain limitations being therefore only such method 

useful for routine work21. Hence, DFT, MC and molecular dynamics are able to describe 

the adsorption phase at the molecular level, providing reliable pore size analysis in entirely 

nanopore, i.e., for both meso and microporosity. Moreover, for the assessment of pore 

volume, by applying Gurvich rule to adsorbent that does not contain macropores, mesopore 

volume can be calculated 22-23. On the other hand, there are several methods developed for 

determining micropore volumes, such as methods based on macroscopic procedures 22-23, 

and another based on Dubinin’s pore-volume filling theory, i.e., according to Dubinin-

Radushkevich (DR) equation 24. 

 

 In this doctoral thesis, N2 adsorption was employed to characterise electrocatalyst 

based on nanoporous carbons, and activated carbon electrodes. N2 adsorption isotherms 

were measured at -196 ºC (ASAP 2010, Micromeritics) for samples (ca. 0.15 g) previously 

outgassed overnight under vacuum (ca. 10-3 torr) at 120 oC. The isotherms were used to 

calculate the specific surface area, SBET, the total pore volume, VT, and the pore volume 

and pore size distributions using the DR formalism and non-local density functional theory 

assuming slit-shaped pore geometry. Note that non-local density functional theory 

(NLDFT) informs with greater accuracy what occurs between the adsorptive and the pore 

of adsorbent, assuming a smooth and homogeneous carbon surface21.  
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 In the case of activated carbon (AC) based electrodes of symmetric electrochemical 

capacitors, the nitrogen adsorption isotherms at -196 ºC of the materials were obtained 

with an ASAP 2020 (Micromeritics). Prior to the sorption analyses, the AC pristine 

powder was degassed under vacuum at 350 °C for 24 h, whereas the electrodes were 

degassed at 140 oC for 24 h. The specific surface area was determined by application of the 

BET equation. All porous texture data of electrodes were referred to the mass of active 

carbon material. Micropore and mesopore volume were evaluated from the Dubinin-

Radushkevich (DR) method applied to the N2 adsorption isotherms. Average micropore 

size L0 was determined from the Stoeckli equation: L0 (nm) = 10.8/(E0 - 11.4 kJ mol-1) 

where E0 is the characteristic energy of the DR equation 25. 

 

 2.6. Analytical techniques. 

 2.6.1. Materials and chemicals. 
 

 PGA and PA were of analytical grade (plus 99 % purity, from Alfa Aesar). PGA and 

PA were purified through distillation before use and their purities were determined by 1H 

NMR. All the chemicals used were of the highest purity available. Sodium dihydrogen 

phosphate was purchased from Sigma Aldrich and o-phosphoric acid 85 % wt. was 

purchased from Merck. Propanol (assay 99.9 %≤) was purchased from Sigma Aldrich. All 

solutions were prepared using doubly distilled water with a resistivity of 18.2 MΩ cm. 

 

 2.6.2. High performance liquid chromatography.  
 

 HPLC is a powerful technique for the separation of complex mixture, especially 

when many of the components may have similar polarities. Each molecule has its own 

migration rate and therefore retention times (tR) which are related by the structure, the size, 

the polar character of organic molecule and the characteristics of the column.  

 

 For a chromatographic quantification purpose, HPLC Agilent 1100 series, Santa 

Clara, U.S.A. coupled with a UV-Vis detector was used for monitoring of starting PGA 

and products coming from the electrooxidation along this doctoral thesis. A C18 Hypersil 

ODS reverse phase column of 25 cm long, 4.0 mm internal diameter and 5 µm particle size 

(Agilent) was used for all chromatographic experiments. The mobile phase consisted of 

0.02 M NaH2PO4 adjusted at pH 2.5, using a flow rate of 0.5 mL min-1 for 20 min., an 
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injection volume of 100 µL, at a temperature of 30 ºC. Before injection into the column, 

the final reaction solution at pH near 14 in the anodic compartment was neutralized by 

using 1.25 M phosphoric acid, until a pH of 3 was reached. The wavelengths were ranging 

between 210 and 240 nm, achieving more intense peaks at 210 nm for PGA, and at 220-

230 nm for its corresponding carboxylic acids. 

 

 2.6.3. Gas chromatography. 
 

 Gas chromatography (GC) offers the best power resolution for volatile organic 

compound analysis. This analytical technique was used to quantify the n-propanol 

concentration in solutions in contact with the membrane. The purpose was to analyse the 

alcohol barrier property of the doped and pristine membranes synthesised in this doctoral 

thesis. The equipment consists of a gas chromatography GC 2010, Shimadzu, Japan  

 

 2.4.4. Thermogravimetric analysis. 
 

 When a material is subjected to temperatures, its composition and structure can be 

modified. Thermogravimetric analysis (TGA) is a thermal method that measures the 

variation weight or mass that undergoes a sample as a function of increasing temperature at 

a constant heating rate. The mass variation can be due to either a loss or a mass gain. The 

sample is subjected to a temperature program under controlled atmosphere. TGA technique 

is often attached to other techniques such as DTA or DSC and mass spectrometric with the 

main aim of studying mass evolution at the same time that emitted or consumed gasses 

from sample decomposition. The data obtained is plotted as mass loss (weight %) versus 

temperature.  

 

 In this doctoral thesis, TGA has been exclusively employed to investigate the thermal 

stability of distinct AAEM. The thermal stability of the membranes were studied by 

thermogravimetric analyses (DTA-TGA) using a thermo balance (DTG- 60H, Shimadzu, 

Japan) under air at a heating rate of 10 ºC min-1 up to 700 ºC. Samples between 

approximately 2 and 5 mg were loaded into an alumina crucible and a reference pan was 

left empty during the experiment. 
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 2.7. Electrochemical techniques. 

 2.7.1. Cyclic voltammetry. 
 

 Cyclic voltammetry (CV) is the electrochemical technique that provides quick and 

useful information, i.e, kinetic and thermodynamic details of many electrochemical 

systems, 26-27 under investigation. The technique consists of the registering of current that 

flows through an electrochemical system when a lineal potential sweep is applied, as 

described in figure 2.7A. The potential of the working electrode is swept from a value E1 to 

a potential E2, where the electron transfer occurs. Initially, no current is passed since the 

applied potential is not sufficient to induce electron transfer. But, as the potential is swept 

to more positive potentials, it reaches values that are capable of inducing the oxidation of 

A to B at the electrode, and then current starts to pass. As potential is made more positive, 

the oxidation of A becomes greater and, initially, the current rises approximately 

exponentially with potential (or time). Finally a maximum is achieved, and afterwards the 

current falls off. As the potential is swept to even more positive values, the initial 

concentration of the species A steadily decreases as A is consumed, which is only partially 

replenished by diffusion of fresh A from bulk solution. The maximum in a current-

potential curve (see figure 2.7B) reflects a balance between an increasing heterogeneous 

rate constant and a decrease in surface concentration. Once the peak current is attained, the 

magnitude of the current flowing is simply controlled by diffusion of A to the electrode 

surface. The fall in current arises because of electrolysis takes place and therefore the 

diffusion layer becomes thicker.  
 

A → B + e 
 

 
Figure 2.7. (A) The potential sweep with time, and (B) the corresponding current response for one 
electron transfer. Adapted from ref 26. 
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 The part of the CV at potentials more positive than the corresponding values to peak 

current simply reflects the rate at which A can diffuse in solution, whereas the part of the 

current-potential curve that precedes the peak is controlled by the electrode kinetics. When 

the potential E2 is reached, the direction of the sweep can be reversed and the electrode 

potential is scanned back to the original value E1 (see figure 2.8A), reducing species B 

formed at the electrode. Then, a current in the forward scan is observed due to reduction of 

B to A. This current increases initially since a high concentration of B to A becomes 

favourable with more negative potentials. Gradually, all of B present in the diffusion layer 

is reconverted to A and the current drops almost to zero, see figure 2.8B. The applied 

potential is varied as a function of time (dE/dt), namely scan rate (ν). It is worth noting that 

the experiment is conducted under steady conditions, so it relies only on diffusion to 

transport material to the electrode surface. 

 

The most common experimental configuration for recording cyclic voltammograms 

consists of an electrochemical cell, as shown in figure 2.9 containing three electrodes. 

Counter or auxiliary electrode (CE), reference electrode (RE), and working electrode (WE) 

are immersed in a solution and connected to a potentiostat. The potentiostat provides the 

potential difference between WE and RE (the electrode potential at which the investigated 

processes occur). RE is sometimes placed via a Lugging probe that is close to the WE in 

order to minimise the IR drop between the WE and RE due to the intrinsic resistivity of 

solution phase. In the three-electrode electrochemical cell, the current flows between the 

WE and CE. Either a piece of platinum foil or a platinum or gold wire is usually used as 

the CE. 
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Figure 2.8. (A) Variation of the applied potentials of the working electrode as a function of time in 
a CV. (B) Typical current intensity (i)–potential (E) curve obtained for a reversible and fast 
reaction of one electron by cyclic voltammetry. Adapted from ref 26. 
 
 

 
 

Figure 2.9. Three-electrode electrochemical cell for cyclic voltammetry experiments performed in 
this doctoral thesis. 
 

 In this doctoral thesis, the CV voltammograms have been routinely employed to 

define the redox properties of organic compounds onto the different catalytic inks or layers 

designed. The electrochemical characterisation of the different electrocatalytic layers was 

performed in a three-electrode configuration glass cell, using as underlying electrode a 

polished GC surface or a Toray paper (geometric area of 0.7 x 0.5 cm2) where the nickel 
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and platinum catalytic inks were deposited by dripping or airbrushing techniques, 

respectively.  

 

 A gold wire was used as counter electrode and an AgCl/Ag (3.5 M KCl) electrode as 

RE. Solutions consisted of 1.0 or 0.1 M NaOH and were deoxygenated under argon 

atmosphere. CV experiments were performed using an Autolab III potentiostat/galvanostat 

(Eco-Chemie). Ni anodes were previously pre-treated in 1.0 M NaOH between -0.5 and 

+0.6 V versus the AgCl/Ag (3.5 M KCl) RE for 100 cycles at a scan rate of 100 mV s-1 to 

obtain the catalytic NiOOH species 9, 29-31 responsible for the alcohols electrooxidation. All 

CV measurements were performed at 25 + 2 ºC. Generally, currents were normalised by 

the Ni/CB or Pt/CB loading in milligrams. After surface activation, CVs were recorded in 

the presence of PGA, with concentrations in the range of 0.001–0.250 M.  

 

 AC were cycled by CV between 0.0 and 0.8 V at a scan rate of 5 mV s-1 in order to 

reach repeatable steady-state voltammograms. In this case, a two-electrode Swagelok cell 

based on Teflon and stainless steel electrodes with a geometric are of 1.13 cm2 was used. 

 

 2.7.2. Chronoamperometry.  
 

 Chronoamperometry is the electrochemical technique that studies the variation of the 

current with time under potestiostatic control. By using this simple technique, the potential 

range in which no faradaic and only capacitive currents are detected can be clearly 

distinguished from the higher faradaic currents observed when oxidation or reduction 

processes occur. When the potential step is applied until a potential value where faradaic 

reaction takes place (figure 2.10A), the current increases to achieve a limit value as well 

described by figure 2.10B. Immediately the step potential is applied, a flux of species 

generates a concentration gradient between electrode and the bulk solution by means of 

diffusion layer, as result of reducing the concentration of electroactive species under 

electrolysis (figure 2.10C).  
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Figure 2.10. (A) Potential step. (B) Variation of the current with the potential under steady 
conditions in a chronoamperometric technique. (C) Variation of current intensity (diffusion limited 
current) with time for plane electrodes.  

 

 In chronoamperometry, the current varies with time according to the plot of figure 

2.10C. At shorter times, when there has been little time for any depletion of the 

electroactive material a large current is detected (Id) which further falls steadily with time 

(figure 2.10B). 

 

 In this doctoral thesis, chronoamperometric experiments were carried out generally at 

+0.475 V in the range of concentration between 0.002 and 0.050 M of PGA in 1.0 M 

NaOH. The aim was to investigate the PGA electrooxidation onto NiOOH electrode 

surface, under steady and non-steady conditions in order to get information about 

adsorption or inhibition processes during the electrooxidation of PGA and also the 

determination of reaction products under more controlled conditions. 

 

 2.7.3. Galvanostatic cycling with potential limitation. 
 

 Galvanostatic cycling with potential limitation technique (GCPL) consists of a 

sequence of charging of an electrochemical system to a demanded cell potential (Ui) and 

discharging to 0 V, applying a current (in mA g-1) on the electrochemical system, recording 

the cell potential. This technique of galvanostatic charge/discharge gives information about 

the time required for the electrochemical capacitor to be stored at a certain amount of 

energy and the time that the capacitor invests to lose it. From this method, parameters such 

as the capacitance and efficiency, energy and power density of the cell can be measured. 

The capacitance from this technique is calculated from galvanostatic curve of potential-

time (V-t), i.e., from the maximum to minimum cell potential values registered during the 
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charge/discharge of a capacitor. The capacitance value (F g-1) of an AC electrode is 

measured according to equation 2.8:  

 

C =  
2∆t I

∆V m
 

Eq. (2.8) 

 

where Δt is the discharge time, I is the current applied,  ΔV is the cell potential window 

and m is the average electrode weight of activated carbon. Typical curve of the constant-

current charging/discharging technique for an AC/AC EDLC is presented in figure 2.11. 

 

 
Figure 2.11. Charging/discharging at constant current of a symmetric AC/AC electrochemical 
capacitor. 
 

 In this doctoral thesis, the galvanostatic charging/discharging measurements were 

performed at initial cell potentials (Ui) of 0.8 V, 1.0 V, 1.2 V, 1.4 V, 1.6 V, at current of 

200 mA g-1 to evaluate the capacitance of symmetric AC electrochemical capacitors. 

 

 Moreover, for SD measurements, the capacitor cells were charged at 200 mA g-1 

from the open circuit cell potential to the desired Ui (1.0, 1.2, 1.4 or 1.6 V) and then further 

held for 3 h (process called floating), during which the current response (so-called leakage 

current) was recorded with time. The electrochemical measurements were performed using 

a VMP3 multichannel potentiostat-galvanostat (Biologic, France) using coin cells and 

Swagelok-type cells. The apparatus provided measurement of cell potential and potentials 

of the positive and negative electrodes versus a RE engaged to the Swagelok 

electrochemical cell. 
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 2.7.4. Electrochemical impedance spectroscopy. 
 

 Electrochemical impedance spectroscopy (EIS) is a technique widely employed for 

the investigation and characterisation of electrode processes, complex interfaces, double 

layer capacitance, corrosion, and structural properties of materials. In EIS, the 

electrochemical system undergoes a small perturbation of either potential or intensity with 

time. When EIS measurement is for example performed by applying a sinusoidal voltage 

of a given frequency and amplitude to the electrochemical system, the resulting current 

measured will be then a sinusoid at the same frequency but shifted in phase (figure 2.12). 

The procedure is repeated at different frequencies. The equation 2.9 defines the impedance 

of an electrochemical system.  
 

Z =  
E(t)

I (t)
 

Eq. (2.9) 

 

 

 

 

 

 

 

 

 

 
Figure 2.12. (A) Sinusoidal potential perturbation of a given frequency and (B) sinusoidal current 
response for a linear system.  
 

 The excitation signal or sinusoidal potential of a given frequency and amplitude 

expressed as a function of time has the form: 

 

Et =  E0 sin(ωt) Eq. (2.10) 

 

where Et is the potential at time t, Eo is the amplitude of the signal and ω is the radial 

frequency.  
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 The sinusoidal response current, It, is given by:  

 

It =  I0 sin(ωt + ϕ) Eq. (2.11) 

 

where ф is the phase shift between the potential and the current.  

 

The resistance of the conductive element is independent of time as potential and current are 

in phase: 

Z =  
E0

I0
= R Eq. (2.12) 

 

where Z is the impedance and R is the ohmic resistance. 

 

 Therefore, an analogous to Ohm´s law leads to calculate the impedance of the system 

as a function of frequency: 

 

Z   (ω) =  
Et

It
=

E0 sin(ωt)

I0 sin(ωt + ϕ)
=  Z0  

sin(ωt)

sin(ωt + ϕ)
 Z exp(− jϕ) =  |𝑍| cos ϕ − 𝑗|𝑍| sin ϕ 

 

Eq. (2.13) 

  

Considering Euler relationship: 
 

exp(jϕ) =  cos ϕ + j sin ϕ Eq. (2.14) 

 

the potential and current can be defined as  

 

Et =  E0 exp(jωt) Eq. (2.15) 

It =  I0 exp(jωt − ϕ) Eq. (2.16) 

 

 The impedance is then represented as a function of frequency according to equation 

2.17: 
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Z (ω) =  
Et

It
=  𝑍0 exp  (jϕ) =   𝑍0 (cos ϕ + 𝑗 sin ϕ) Eq. (2.17) 

 

where the real part would be Z0 cos 𝜙, and the imaginary part jZ0sin𝜙. The impedance 

related to an electric resistance is different from the impedance related to the capacitance. 

For an electric resistance the imaginary part of the impedance is zero since the current and 

potential are in phase and the real part is frequency-independent. Thus, for an electric 

resistance, the impedance is obtained by using equation 2.12, whereas for capacitance, the 

impedance is: 

 

Zimaginary =  
1

jωC
 Eq. (2.18) 

 

 Any electrochemical cell or system can be represented as a function of an equivalent 

circuit that involves a combination of inductances (only in the cases for very high 

frequencies), resistances, and capacitances. Therefore, the circuit must contain at least the 

components necessary to represent: 

 

i) the impedance of the faradaic process, Zf. This can be subdivided as the sum of 

one resistance and one capacitor in series, or as the sum of resistance of charge 

transfer (Rct) or polarization resistance (Rp) and Warburg impedance (W, that 

measures the difficulty of mass transport of the electroactive species) in series; 

ii) the impedance of the double layer, Cdl , or constant phase element CPE; 

iii) the solution resistance between working and reference electrodes, Rs 

 

 Thus, a typical equivalent circuit for an electrochemical cell where polarization is 

due to a combination of kinetic and diffusion process (Randles circuit) is shown in figure 

2.13. 

 
 

Figure 2.13. Randles equivalent circuit with mixed charge transfer and diffusion control.  
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 By representing of the real part on the x-axis and the imaginary part on the y-axis, 

the Nyquist plot is achieved. Figure 2.14A shows an example of Nyquist plot and how the 

different resistance values (Rs and Rct/Rp) are obtained from it. The Bode plot (Figure 

2.14B) is also the most popular graphical representation in which the impedance is plotted 

with log frequency on the x-axis and both the module of impedance and the phase on the y-

axis. Moreover, figure 2.14B indicates as Rct and Rs are calculated from Bode plot. 

 

 
Figure 2.14. (A) Nyquist plot, and (B) Bode plot corresponding to an equivalent Randles 
equivalent circuit. 
 

 Therefore, Ztotal for resistance and capacitance in parallel is defined as 

 

Z =  
R

1 + ω2R2C2
− j 

ωR2C

1 +  ω2R2C2
 

Eq. (2.19) 

 

 Along this doctoral thesis, EIS will be employed in order to measure the resistance of 

commercial AAEMs as well as home-made ones. Ion-exchange membranes exhibit 

electrical properties that can be modelled as sum of impedances in an equivalent circuit as 

depicted in figure 2.15. Such equivalent circuit describes an ion-exchange membrane 

placed between two electrodes based electrochemical cell. In this doctoral thesis, the 

resistance of the commercial AAEMs as well as those synthesized were measured using 

two-electrode Teflon Swagelok type cell with a geometric area of 1.13 cm2 steal stainless 

collectors (vide infra). 
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Figure 2.15. Equivalent electrical circuit for an ion-exchange membrane used to fit the impedance 
spectra 16, 33.  
 

where W is the Warburg element or diffusive element as mentioned before; Rhf is the 

resistance at high frequency which corresponds to the combination of internal resistance 

Rint (the resistance between the electrode and membrane surfaces, namely also the free 

water surface), the electrode resistance, Relec, and Rmem is the resistance of the polymeric 

membrane34. Finally, Rp denotes the polarization resistance or the charge transfer 

resistance, and CPE is the constant phase element. CPE is associated with a surface non-

homogeneity that provides a non-uniform distribution of current density over the electrode 
35. 

 

 The resistance of the membrane can be calculated from the equation 2.20 that defines 

the Ztotal of the equivalent circuit of the electrochemical system.  

 

Z total = Rhf +
Rp

1 + ω2Rp
2C2

− j 
ωRp

2C

1 +  ω2Rp
2C2

 
Eq. (2.20) 

 

 According to equation 2.20, at very high frequency the imaginary part is cancelled 

together with the component that defines the impedance of Rp. In this case, the total 

impedance associated with Rhf, from such value the resistance of the membrane can be 

found out. In other words, at high frequency the dominant contribution to the total 

impedance is the membrane resistance, since the double layer provides a path of negligible 

resistance to the current, whereas at very low frequencies the impedance of the capacitance 

increases. 

 

 From the Nyquist plot (figure 2.14A), the through in plane membrane resistance is 

commonly  determined by extrapolating the linear part of the low frequency region to the 

CPE 

Rhf = Rint + Rmem + R elec 

Rp 
W 
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real part x-axis 35. Similarly, from the Bode plot (figure 2.14B) the through in plane 

membrane resistance can also be determined at the point near a zero slope and phase 90 º. 

Besides, the region where the slope exhibits a value of 1 and a phase near 0o is correlated 

to capacitance behaviour. 

 

 In this doctoral thesis the electric resistances and consequently the specific 

conductivities of all membranes synthesized were carried out according to well established 

procedure described in 33,35. EIS experiments were performed using a microAutolab 

equipped with a FRA impedance module at open circuit potential (potentiostatic method). 

The MMMs synthetized according to section 2.3.2, and also the commercial membranes 

were placed between stainless steel-plated electrodes with a projected geometric area of 

1.13 cm2 (figure 2.16) and EIS cell was subjected to a constant pressure until the Nyquist 

plot was repeatedly the same. Notwithstanding, to ensure the data, a stack of membranes 

was also placed in direct contact with electrodes in the Swagelok cell and the resistance of 

a single membranes was determined by dividing the resistance of the membrane stack by 

the number of membranes or thickness. The amplitude was set at 10 mV and the frequency 

range was varied between 1 MHz and 100 Hz. The EIS experiments were performed at 

controlled temperature of 25 ± 3 °C. Before EIS experiments, membranes were activated in 

1.0 M NaOH for 24 h, and then, thoroughly rinsed with ultrapure water and finally 

stabilised in ultrapure water for 24 h. Water was removed out the membrane surface using 

a blotting paper before placing it in the EIS cell. The ionic conductivity σ (mS cm-1) was 

calculated as usual using equation 2.21, 

 

σ =  
L

RA
 

 
Eq. (2.21) 

 

where L is the distance between both electrodes (cm), A is the surface area of the 

membrane exposed to the electric field (cm2) and R is the resistance of the membrane (Ω). 
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Figure 2.16. The two-electrode Teflon Swagelok cell cross section used for EIS measurements. 

 

 2.8. Self-discharge measurements of an electrochemical capacitor. 

 2.8.1. Chemicals and materials. 
 

 AC was provided by Norit (DLC Supra 30), and acetylene black C65 (AB) by 

Imerys. Binders were polytetrafluoroethylene (PTFE (60 wt.% dispersion in water from 

Sigma Aldrich). Lithium sulfate monohydrate was purchased from Sigma Aldrich (≥ 99.0 

% purity). Ethanol and acetone were purchased from Sigma Aldrich (≥99.5% purity). All 

chemicals and solvents were employed as received without any further purification. All 

aqueous solutions were prepared with ultrapure deionized water. 

 

 2.8.2. Self-discharge studies. 
 

 Self-discharge (SD) of the electrochemical capacitors was measured using CR 

2025 coin cells (from MTI) consisting of a stainless steel case, with seal O-ring, a stainless 

steel spacer (0.2 mm thickness), and a stainless steel wave spring (0.3 mm thickness) (see 

figure 2.17). Two-electrode Teflon Swagelok-type cells (see figure 2.18) with Hg/Hg2SO4; 

K2SO4 (0.5 M) reference electrode (E0 = 0.680 V vs NHE) were used to monitor 

simultaneously the cell SD and the potential variation of the individual negative and 

positive electrodes. Both types of cells were built with 2.0 M lithium sulfate electrolytic 

solution in ultrapure water (pH = 6.5), and the electrodes were separated by absorptive 

glasmatt (AGM, 0.52 mm thickness) provided by Bernard Dumas. The amount of 

electrolyte used was similar in both coin cells and Swagelok cells, only to soak the 

electrodes and the separator without any excess and flooding. 
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Teflon cell 
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Figure 2.17. Electrochemical cell based on coin cell. 

 

 

 
 

Figure 2.18. Two-electrode Teflon Swagelok type cell with steal stainless collectors. 
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The electrochemical measurements were performed using a VMP3 multichannel 

potentiostat-galvanostat (Biologic, France) on coin cells at 24 ± 1 ºC and 34 ± 1 ºC and on 

Swagelok-type cells at 24 ± 1 ºC, using a climatic chamber (SML 25/250 ZALMED, 

Poland). Before measuring SD, the cells were cycled between 0 and 0.8 V by cyclic 

voltammetry at a scan rate of 5 mV s-1, in order to reach repeatable steady-state 

voltammograms. For SD experiments, the cells were charged at 200 mA·g-1 from the open 

circuit cell potential to the desired Ui (1.0, 1.2, 1.4 or 1.6 V) which was further held for 3 h 

(process called floating), during which the current response (so-called leakage current) was 

recorded with time. After 3 h of potentiostatic period at the demanded Ui, the 

electrochemical capacitor was disconnected from the power supply (open circuit) and the 

potential of cell (and electrodes) was recorded for 15 h. 

 

 2.9. Preparative electrooxidation of PGA. 

 2.9.1. Materials and chemicals. 
 

 PGA and PA were of analytical grade as described in section 2.5.1. The synthesis of 

catalysts for anode and cathode have been described in section 2.2.6 and 2.2.6. The 

synthesis of the 4VP/CS:PVA and GO/CS:PVA membrane has been described in detail in 

section 2.3.2.2. Nafion 117 membrane was purchased from DuPont, USA. Anion-exchange 

commercial membrane FAA-3-PEEK-130 was purchased from Fumatech GmbH company. 

All other chemicals were purchased from the highest analytical grade available and were 

used as received without any further purification. All solutions were prepared using doubly 

distilled water with a resistivity of 18.2 MΩ cm.  

 

 2.9.2. H-type electrochemical cell. 
 

 Preparative electrooxidation of PGA was performed with a potentiostat (AMEL 

instruments Model 2053), using an H-type electrochemical cell as in figure 2.19 with 

divided compartments and a cationic ion-exchange membrane (Nafion 117 DuPont, USA) 

previously activated by immersing the membrane in NaOH 1 M solution for 24 h. Each 

cell compartment was filled up with ca. 100 mL 1.0 M NaOH solution. The different nickel 

anodes were used as working electrodes, as previously described in section 2.1.3, 2.1.4, 

2.1.6 and 2.2.6 , ca. 15 cm2 Pt wire (section 2.2.4) as counter electrode and AgCl/Ag (3.5 

M KCl) (section 2.2.4) as reference electrode via Luggin probe. Before starting the 
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electrolysis, the anodes were activated by cycling between - 0.5 and + 0.6 V vs AgCl/Ag 

(3.5 M KCl) for 100 cycles at 100 mV s-1, to form the NiOOH layer on the Ni surface. 

PGA concentration in the anodic compartment was set at 0.250 M, and the solutions were 

mechanically stirred with a magnetic bar at room temperature. The charge passed during 

the preparative electrolyses was measured using a Digatron coulometer. The conversion of 

the PGA electrooxidation reaction was followed by HPLC coupled to an UV–Vis detector, 

as described in section 2.5.2. For the final workup of the preparative electrolysis, liquid–

liquid extraction of the acidified final anolyte solution was performed with ethyl ether, the 

solvent being dried in anhydrous sodium sulphate, and finally concentrated in vacuo at 40 

ºC. The reaction mixture was put in contact with a silica gel 60 glass plate (20 x 20 cm) for 

the separation of the reaction products, eluting the mixture with hexane:chloroform:ether 

(1:1:1, v/v/v). The analysis of the products obtained from the chromatographic separation 

was confirmed by 1H and 13C NMR spectroscopy at 400 MHz for 1H and 75 MHz for 13C. 

High resolution mass spectrometry was carried out with a MICROMASS AUTOSPEC–

ULTIMANT instrument as described in section 2.4.7.  

 

 
 

Figure 2.19. H- type electrochemical cell. 
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 2.9.3. PEMER configuration.  
 

 Before preparative electrolysis of PGA, the electrochemical characterisation of the 

AAEM as SPE were performed using a PEMER configuration under alkaline conditions. 

In such electrochemical reactor, the membranes were placed between a Ni supported 

carbon black electrode (0.1 mg cm-2 Ni loading) which acted as anode, and a cathode 

which comprised a catalytic layer of Pt supported carbon black (1 mg cm-2 Pt loading) onto 

a diffusion layer (2.0 mg cm-2 Vulcan XC-72R). 30 mL 1.0 M NaOH solution was used in 

order to feed the anodic compartment with a flow rate of 12 mL min-1. Humidified 

synthetic air (99.999%) was fed into the cathode with a flow rate of 50 mL min-1. A range 

of current intensity from 0.02 to 0.5 A were applied between both anode and cathode 

electrode. To obtain a stable potential value, each established current intensity value was 

held for 1 min before monitoring the cell potential. The plot resulting is a polarization 

curve with current in abscissa axis and cell potential in ordinate axis.  

 Preparative electrooxidation of PGA was performed using a PEMER configuration  

with a commercial flow distributor based on two graphite plates 6, as shown in figure 2.20. 

The graphite plates consisted of a 25 cm² PEM fuel cell hardware, column flow pattern 

(FC-25-01-DM model) attached with fittings, current collectors, gaskets, banana plugs 

manufactured by ElectroChem, Inc.  

 

 
 

Figure 2.20. Typical pillars flow field designs used in direct alcohol fuel cell. 

 

For the electrolysis experiments, PGA conversion and the formation of the final 

products were followed by HPLC, according to the experimental procedure described 

elsewhere in sections 2.5.2. Electrochemical  conversion is defined as the mole ratio 
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between the amount of reactant consumed and the initial amount of reactant for a 

determined charge passed 36. As the global rate of an electrochemical reaction can be 

expressed as a function of electrolysis Faraday law, the amount of reactant consumed 

represents an equivalent amount of electrical charge involved in electrooxidation process 
37. Current efficiency was defined as the ratio between the charge passed used to form the 

product and the total charge passed for the electrooxidation of PGA. The final products 

were confirmed by 1H NMR at 400 MHz, as mentioned in section 2.4.1. 

 

 The MEA resulted in a 25 cm2 projected area. FAA-3-PEEK-130 and home-prepared 

membranes were activated in 1.0 M NaOH for 24 h prior to the experiments and then 

rinsed, stabilised and stored in deionised water at room temperature. Membranes were 

placed between the cathode and anode and then the MEA configuration was pressed and 

assembled between two graphitic column plates whereby both compartments are fed, and 

that act as anodic and cathodic current intensity collectors as displayed in figure 2.21. The 

electrochemical reactor consisted of a 4VP-Ni/CB/T as anode and a GDE 4VP(12)-

Pt/CB/GDE/T as cathode, both electrodes with a projected area of 25 cm2. A peristaltic 

pump (Ismatel Reglo DIG MS/CA 2–8C) provided a controlled flow rate of the anodic 

solution that was set at 12 mL min-1. The cathode was fed with 50 mL min-1 of synthetic 

air (99.999 % purity from Air Liquid, Spain) and humidified through a distilled water 

column at atmospheric pressure controlled by a digital mass flow rate controller (Smart-

trak 2 Sierra Intruments, Inc.) before passing through the cathodic compartment. Current, 

charge passed and cell potential during the electrosynthesis were controlled and monitored 

using a Gw instek PSP-2010 power supply as current source. Before starting the 

electrooxidation of PGA, Ni/CB electrocatalytic layer was activated. To do this, the anode 

compartment was fed with a 1.0 M NaOH solution and then a current was set to 0.3 A for 

16 min to obtain the electrocatalytic NiOOH species. Later, polarisation plots were taken at 

varying current between 0.020 and 0.500 A, where the current was held for 1 min before 

recording the cell potential. 0.250 M (0.0075 mole) PGA electrooxidation was carried out 

at room temperature with a controlled current of 0.5 A, i.e., 20 mA cm-2 and a charge 

passed of 2895 C.  
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Figure 2.21. (A) Pictures of PEMER architecture and MEA configuration. (B) PEMER 
configuration used for the electrooxidation of PGA. It is of notice that ORR under alkaline 
conditions generates OH- ions that move through the AAEM to reach the anode compartment. The 
anodic reaction consists of the electrooxidation of PGA in alkaline medium.  
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 As pointed out in the introduction of this doctoral thesis, the use of non-precious 

metals are gaining more interest as substitutes of low performing and high cost noble 

metals in different research fields like for example electrosynthesis. Furthermore, benefits 

obtained from the electrooxidation of alcohols towards the synthesis of carboxylic acids in 

alkaline media are based on fast kinetics of the reactions, involving lower anode potentials 
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with a lower electrocatalysts costs. In this regard, nickel and more specifically the redox 

couple nickel hydroxide/oxyhydroxide Ni(OH)2/NiOOH generated in alkaline medium 

under anodic polarization conditions turns out to be catalytically active for the oxidation of 

small organic molecules, such as alcohols compounds towards their corresponding 

carboxylic acids. Ni(OH)2/NiOOH participates in the alcohol electrooxidation via NiOOH 

species. The test reaction of relevance for this doctoral thesis consists of the 

electrooxidation of PGA towards its corresponding carboxylic acids, which are of great 

interest from an industrial viewpoint as polishing agents in electroplating baths, as 

corrosion inhibitors and as intermediates in organic synthesis. 

  

 This chapter demonstrates that PGA electrooxidation takes place at the same 

oxidation potential as that value for Ni(OH)2/NiOOH redox couple. PGA electrooxidation 

is studied in detail by using nickel massive electrode at the laboratory scale under 

controlled potential using a conventional H-type electrochemical cell configuration. The 

final products of the electrooxidation of PGA are determined and a reaction mechanism is 

postulated too. 

 

 PEMER architecture involves the use of nanoparticulate electrocatalysts supported 

on carbon materials. Moreover, NiOOH surface in a massive electrode presents limitations 

regarding NiOOH stability, i.e.; the deactivation of NiOOH species due mainly to the use 

of high concentration of the alcohol and the formation of the inactive -NiOOH 

speciesTherefore, this chapter also deals with the synthesis and performance of nickel 

nanoparticulate systems immobilized on distinct nanoporous carbon materials to improve 

the stability and electrocatalytic activity of NiOOH species towards the oxidation of PGA 

in alkaline medium. Accordingly, various carbon electrodes (carbon black and nanoporous 

carbon from polystyrene sulfonic acid co-maleic acid sodium salt carbon precursor) with 

different Ni loadings have been prepared through simple dispersion of nickel nanoparticles 

and by doping a carbon precursor with a nickel salt through impregnation and subsequent 

thermal treatment, demonstrating their notable effects on the electrode stability, on the 

conversion yields and on the stereoselectivity of the reaction mechanism. Finally, this 

chapter also correlates the product selectivity to the physicochemical properties of the 

carbon support (carbon black and nanoporous carbon).  
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 3.1. Surprising electrooxidation of propargyl alcohol to (Z)-3-(2-propynoxy)-2-

propenoic acid at a NiOOH electrode in alkaline medium. 
 

 Abstract. The electrooxidation of the unsaturated PGA has been explored on NiOOH 

electrodes in alkaline solution. Cyclic voltammetry, chronoamperometry, and electrolyses 

were performed for the electrochemical response of PGA. The identification and 

quantification of the final products from the electrolysis have been carried out by 1H and 
13C NMR spectroscopy and mass spectrometry. No evidence for the formation of PA has 

been found, however, a new product, (Z)-3-(2-propynoxy)-2-propenoic acid (Z-PPA), was 

obtained. The stereochemistry of the product could be ascertained by 1H NMR 

spectroscopy. A tentative mechanism for the formation of Z-PPA has been developed. 

 

 3.1.1. Electrochemical response of propargyl alcohol using NiOOH electrode in 

alkaline medium. 
 

 Figure 3.1 depicts the CVs of the electrochemically pre-treated Ni and the 

electrochemical response of 0.05 M of PGA. The anodic peak potential (solid line in figure 

3.1) appears at 0.450 V, associated with the oxidation of α and mostly β-Ni(OH)2 to 

NiOOH. Two cathodic peaks appear at 0.370 and 0.300 V, similar to results obtained by 

Liu et al 1. In the presence of PGA (dashed line in figure 3.1), an anodic peak appeared at 

0.470 V enclosing two processes. The first one corresponds to the formation of NiOOH, 

while the second is related to the oxidation of PGA 1-5.  
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Figure 3.1. CVs from the Ni rod after pre-treatment in 1.0 M NaOH (solid line) and with 0.05 M 
PGA (dashed line). Scan= 50 mV s-1. Third scan.  
 

 It has been studied the effect of scan rate on the current intensity of PGA oxidation 

taking place at +0.475 V, observing a linear plot of anodic Ipa versus square root of scan 

rate (figure 3.2 A) with Ipa= 1.64·10−4+3.80·10−5 v0.5 (A mV−0.5 s0.5), r=0.999 in the range 

of 3–100 mV s−1. Also, a plot of log10 of the Ipa versus log10 of v1/2 provided a straight line 

with a slope of 0.49, close to the theoretical value of 0.5 for a diffusion controlled process 

(figure 3.2 B). However, chronoamperometric experiments carried out at +0.475 V for 

either 0.002 and 0.05 M PGA concentrations resealed that plots log10 of intensity versus 

log10 of time deviate clearly from the theoretical slope value of 0.5 for a pure diffusion 

control, denoting adsorption of the target alcohol with the electrode surface of NiOOH and 

further hydrogen abstraction as a first step of the reaction route. Therefore, 

electrooxidation of PGA is dominated overall by adsorption-controlled kinetics rather than 

a diffusion-controlled process. 
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Figure 3.2. (A) Shows a linear plot of Ipa as a function of square root of the scan rate. (B) shows a 
linear plot of log10 of the Ipa versus log10 of the v1/2. 
 

 Figure 3.3 shows a plot of the steady peak current at +0.475 V as a function of 

concentration over the concentration range of 0.001 M to 0.250 M of PGA obtained from 

the electrochemical response using CV. It can be observed a linear plot of Ipa over the 

range from 0.001 M to 0.05 M of PGA, and a steady current value was obtained at a 

concentration of over 0.250 M of PGA.  
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Figure 3.3. Plot of the steady peak current at +0.475 V as a function of concentration of PGA from 
the analysis of the CV (scan rate 10 mV s-1) resulting from additions of PGA over a range of 0.001 
to 0.25 M. 
 

 3.1.2. Electrooxidation of propargyl alcohol at controlled potential and reaction 

mechanism. 
 

 Electrolyses were performed under potential controlled conditions at +0.475, +0.540 

and +0.600 V. There was no influence of the potential on the final product of the 

electrooxidation of PGA. Moreover, the electrolysis at higher potential, proceeding under 

oxygen evolution, led to a higher conversion of PGA as high as 80 %. On the other hand, 

electrolyses of 0.01 M of PGA (anolyte volume 87 mL) were performed at controlled 

current of 5 mA cm−2 and 20 mA cm−2, respectively for a passed charge of 336 C (the 

theoretical charge for 0.87 mmol of PGA). The yield of Z-PPA was found to be about 96–

100 %, while current efficiencies were found to below, namely between 13 and 40 % over 

the potential range studied, due mainly to the high oxygen generation.  
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Scheme 3.1. (A) Electrosynthesis of (Z)-3-(2-propynoxy)-2-propenoic (III) acid from propargyl 
alcohol (I). (B) Tentative mechanism for the electrosynthesis of (Z)-3-(2-propynoxy)-2-propenoic 
acid (III). 
 

 Such reaction gives a totally different product from the product, PA (II), that was 

found to be produced, under the conditions as described by Kaulen and Schäfer 7-8. 

Generally, very few chemical synthesis of Z-PPA are known, starting from PGA, namely 

foremost the permanganate mediated oxidation of PGA in alkaline medium 9-10 Because of 

commercial interest in the product, Cameron 11 has patented a chemical synthesis of Z-

PPA. In this work, it has repeated the chemical synthesis of Z-PPA by addition of PGA to 

PA, as described by Cameron 11. The main isomer is the Z-isomer, as expected from the 

addition of an alkoxide or alcohol to an activated acetylene. The product, as identified by 
1H and 13C NMR (see figure 3.4 and 3.5) and mass spectroscopic studies, was identical to 

that produced in the current electrochemical procedure.  

 

A 

B 
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 Spectroscopic data of Z-PPA from PGA electrooxidation: 1H-NMR (CDCl3, 400 

MHz): δ (ppm) 6.81 (1H, d, 3J = 6.8 Hz, CH=CH), 5.06 (1H, d, 3J = 6.8 Hz, CH=CH), 4.68 

(2H, d, J = 2.4), 2.65 (1H, s). 13C-NMR (CDCl3, 100 MHz): δ (ppm) 167.9, 157.4, 98.5, 

77.8, 61.5. IR (ATR)  (cm-1): 3281, 2923, 2852, 2573, 2359, 2336, 2119, 1696, 1635, 

1515, 1468, 1445, 1369, 1261, 1224, 1117, 1031, 992, 938, 916, 809, 782, 744, 713, 646. 

HRMS: Found 126.0323 (calcd. for C6 H6 O3: 126.0317). MS (m/z): 126 (M·+, 4%), 81 

(10), 88 (13), 57 (6), 49 (11), 47 (19).  

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 
 

 

Figure 3.4. 1H NMR spectrum of Z-PPA 
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Figure 3.5. 13C NMR spectrum of Z-PPA. 

 

 Interestingly, when repeating the oxidation of PGA in presence of KMnO4 in a basic 

medium (1.5 g (PGA), 386 mg KMnO4, 1.0 g NaOH in 45 mL H2O, 1 h reflux), again 

following the patent of Cameron (given as example 2 in ref. 11), it was seen that while 

again Z-isomer of PPA was the major product, also an appreciable amount of the E-isomer 

of PPA (about 5%) was produced along with other, non-identified products. Thus, the 

merit of this study not only lies in obtaining the PPA by electrooxidation of an unique 

reactive, PGA, in a process free from the complications of the management of the 

oxidizing reagent or its reduced form – once acted –, but also in the stereoselectivity of the 

process, providing the Z-isomer as the sole product. Note that while the 1H NMR spectra 

of the Z-isomer of PPA produced by KMnO4 mediated reaction, by addition of PGA to PA, 

and by electrolysis are the same and in accordance with a model assignment of 1H NMR 

peaks, they differ from the spectrum forwarded by Z. Lu et al 10. The impression, that the 

product forwarded by Z. Lu et al. was propynyloxyacetic acid, could in fact not be verified 
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as the 1H NMR spectrum was close to published data 12 for that compound, but not 

identical. Scheme 3.1B shows a tentative mechanism for the formation of Z-PPA, where 

PA is the actual electrochemical product. Once PA is electrochemically synthesized, it 

forms a hapto-propiolate complex IV to the NiOOH surface via the triple bond of the 

alkyne moiety. At the same time, the presence of Ni(II) might be responsible for the 

complexation of the carboxylate group in PA and the hydroxyl function of PPA, prompting 

the addition of the alkoxy group to the hapto complex of PA, e.g. as in compound V, 

shown in Scheme 3.1B. Several papers have reported on the stereoselective addition to 

alkynes. Thus, the stereoselective addition of carboxylic acids to deactivated alkynes has 

been reported to occur when using the cubane-type cluster PdMo3SO4 as catalyst 13. In that 

work, the developed mechanism proposes alkyne coordination to the Pd catalyst followed 

by a subsequent nucleophilic attack of the carboxylate anion to the terminal carbon atom of 

the alkyne group, leading to a vinyl-Pd intermediate, which undergoes subsequent 

protonolysis with retention of stereochemistry. Here, it is believed that the activation of the 

triple bond in the initially formed, but complexed propiolic acid plays an important role to 

favour the nucleophilic attack of the alcoholate. However, it may also be possible that the 

presence of Ni(II), free in solution (solubility constant Kps=5.48·10−16at 298 K), 

contributes to the complexation of both the carboxylate and alcoholate species. It was 

performed the electrooxidation of PGA in the presence of tert-butanol in a 1 to 5 molar 

ratio at +0.475 or 0.540 V. Here, also mostly PPA was produced, indicating that tert-

butanol effectively does not compete with PGA in the addition reaction. This may be of 

any of three reasons or a combination thereof: the steric bulk of tert-butanol vs. PGA, the 

different pKa values of the two alcohols (pKa 19 (tert-butanol) vs. pKa 13 (PGA)) and the 

possibility of PGA coordinating to the metal surface of the electrode. 

 

 3.1.3. Conclusions. 
 

 The electrosynthesis of Z-PPA from PGA at NiOOH electrodes under alkaline 

conditions has been presented. Product Z-PPA was formed as the sole product of the 

process in a range of potentials and current densities. The mechanism involves the 

complexation of the electrochemically produced propiolate to a Ni(OH)2/NiOOH surface 

via the triple bond and subsequent addition of remaining alcoholate to the complexed triple 

bond. In an experiment between PGA and the non-oxidizable tert-butanol, it could be 
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shown that tert-butanol does not compete with PGA effectively in the addition step to 

produce Z-PPA. 

 

 3.2. Electrocatalytic activity of Ni-doped nanoporous carbons in the 

electrooxidation of propargyl alcohol.  
 

 Abstract. Herein, it is explored the immobilization of nickel on various carbon 

supports and their application as electrocatalysts for the oxidation of PGA in alkaline 

medium. In comparison with massive and nanoparticulated nickel electrode systems, Ni-

doped nanoporous carbons provided similar PGA conversions for very low metallic 

contents. Ni nanoparticulate systems on various carbon supports gave rise to the highest 

electrocatalytic activity in terms of product selectivity, with a clear dependence on Ni 

content. The results point to the importance of controlling the dispersion of the Ni phase 

within the carbon matrix for a full exploitation of the electroactive area of the metal. 

Additionally, a change in the mechanism of the PGA electrooxidation was noted, which 

seems to be related to the physicochemical properties of the carbon support as well. Thus, 

the stereoselectivity of the electrooxidative reaction can be controlled by the active nickel 

content immobilized on the anode, with a preferential oxidation to Z-PPA with high Ni-

loading, and to PA with low loading of active Ni sites. Moreover, the formation of E-PPA 

was discriminatory irrespective of the experimental conditions and Ni loadings on the 

carbon matrixes. 

 

 3.2.1. Synthesis and characterisation of electrocatalysts and anodes. 
 

 Figure 3.6 shows some representative TEM images of the unsupported (figure 3.6A) 

and carbon black-supported (Ni/CB, figure 3.6B) Ni nanoparticles prepared in this work. 

The nanoparticles show a quasi-spherical morphology and a particle size of about 2 nm, 

which is in agreement with previous work reporting the preparation of NiNPs using NaBH4 

as reducing agent 14-15. In addition, good particle dispersion on the carbon is observed, 

although a certain, but low degree of agglomeration is also detected. For a comparative 

study, representative TEM images of PSNi-0.24 and PSNi-6.7 samples are also shown in 

figure 3.6 C and D. For the carbon materials with the lowest metal loading, the analysis of 

the particle size of the metallic particles is difficult due to the high metal dispersion. 

However, some nanoparticles are visible with a particle size of about 2 nm. 
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Figure 3.6. Representative TEM images of the prepared nickel electrocatalysts: (A) unsupported 
nickel nanoparticles, NiNPs; (B) Ni/CB-20; (C) PSNi-0.24; (D) PSNi-6.7. 
 

 In the case of the sample containing a higher Ni loading (6.7 wt.%), the metallic 

particles are more visible with a particle size of about 2 nm and with a high degree of 

dispersion. 
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Figure 3.7. CV behaviour of glassy carbon in 1.0 M NaOH (dashed line). CV behaviour of NiNPs 
deposited onto a GC electrode in 1.0 M NaOH (solid line). NiNPs synthesized from a NaOH to 
NiCl2 molar ratio of (A and B) 10 and (C and D) 1. 1st, 2nd, 3rd, 10th, 20th, and 30th scan shown. Scan 
rate 100 mV s-1 over a potential range of -1.7 V to +0.6 V. Dotted line shows the CV of GC 
electrode in 1.0 M NaOH. 
 

 The electrochemical behaviour of the unsupported NiNPs was investigated in a 

deoxygenated 1.0 M NaOH solution, using a GC electrode. The nanoparticles were casted 

on the GC substrate and covered by a Nafion thin film to avoid their detachment during the 

electrochemical measurements. The voltammograms showing the electrochemical response 

of the NiNPs in a 1.0 M NaOH solution (figure 3.7) exhibited the expected redox couples, 

which are associated to the nucleation of NiOOH and the formation of the pair 

Ni(OH)2/NiOOH 16. It is interesting to note that the anodic peak potential shifted 

downwards by about 50 mV upon cycling. This has been attributed to changes between 

different phases of nickel hydroxide/oxyhydroxide (i.e., -Ni(OH)2 to NiOOH or -

Ni(OH)2 to -NiOOH 16. On the other hand, the cathodic wave at +0.3 V is similar to that 

obtained during the activation of massive nickel electrodes 17-18. The activation of the 

Ni/CB composite followed a similar trend (see figure 3.8) suggesting that the dispersion of 

the nanoparticles on the carbon black does not modify their electrochemical features.  



CHAPTER 3 

128 
 

-0.6 -0.4 -0.2 0.0 0.2 0.4 0.6 0.8

-8

-4

0

4

8

12

 

 

C
u
rr

e
n
t 

in
te

n
s
it
y
 /

 m
A

Potential / V

1 st scan

100 th scan

 
Figure 3.8. CV behaviour during the activation of Ni/CB-20/T in 1.0 M NaOH. 100 scans 
recorded. 1st, 10th, 20th and 100th scan shown. Scan rate 100 mV s-1 over a potential range of -0.5 V 
to +0.6 V. Geometric area 0.5 x 0.7 cm2. 
 

 As described in the experimental section, different anodes were prepared with both 

NiNPs and Ni/CB samples. Large differences were observed in the morphology of the 

anodes prepared from the base NiNPs and by Ni-dispersion on carbon black (Ni/CB). 

Figure 3.9 shows the SEM images where the NiNPs were chaotically and heterogeneously 

deposited on the Toray substrate. In contrast, spraying the Ni/CB inks rendered a uniform 

coverage of the substrate, with all the Toray fibers homogeneously covered by the ink, as 

shown in figure 3.9C and D. It can be inferred that the dispersion of the nanoparticles on 

the carbon black surface minimizes their agglomeration during spraying, in the preparation 

of the anodes.  

 

 It is well known that the nanoparticulate systems provide an improved catalytic 

performance as compared to massive systems due to their high surface to volume ratio, 

although their performance is greatly affected by size, shape, nature and bulk/surface 

composition of the nanoparticles 19-20. Thus, based on the better coverage of the anode 

support obtained with the Ni/CB inks, an improved electrocatalytic response of Ni/CB/T 

anode would be expected, compared to that of NiNPs/T. Figure 3.9 also shows the  
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Figure 3.9. SEM micrographs of the anodes NiNPs/T (A and B), Ni/CB-20/T (C and D), PSNi-
6.7/T (E and F) and PSNi-0.24/T (G and H). 
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morphology of the anodes prepared by spraying PSNi-x inks onto the Toray substrate. The 

PSNi-x film is less homogeneously deposited than that of Ni/CB, which can be attributed 

to the particle size and/or the less hydrophobic nature of these nanoporous carbons.  

 

 The main physicochemical features of the Ni-doped nanoporous carbons, obtained 

from the pyrolysis of the organic polymer precursor are summarized in table 3.1. Data 

corresponding to the nickel free material -sodium salt form of the carbon polymer 

precursor -PSNa- is also included for the sake of comparison. 

 

Table 3.1. Main physicochemical parameters of the synthesized nanoporous carbons, including 
specific surface area (SBET), pore volumes and pH of the point of zero charge (pH PCZ). 
 

 SBET / 

m2 g-1 

VTOTAL* / 

cm3 g-1 

VMICROPORES**/ 

cm3 g-1 

VMESOPORES** / 

cm3 g-1 

pH PZC 

PSNa 1740 1.63 0.49 0.31 3.9 

PSNi-6.7 559 0.49 0.20 0.11 7.2 

PSNi-0.24 710 0.61 0.30 0.14 5.2 

CB 250 0.55 0.04 ------ ------ 

*Evaluated at p/po 0.99 from the N2 adsorption isotherms. 

** Evaluated by DFT method applied to the N2 adsorption isotherms 

 

 As seen, the polymer-derived carbons present a high textural development with a 

predominantly microporous structure (see table 3.1). The carbonization of transition metal- 

based salts of polystyrene sulfonic acid co-maleic acid results in formation of porous 

materials, due to the expansion of the matrix during carbonization in the presence of the 

metals undergoing reduction and oxidation reactions 21. The final pore structure is strongly 

dependent on the nature of the metal cation incorporated to the polymer precursor. A more 

elaborated discussion on the role of the metal in porosity development is included in the 

previous works 21-23. 

 

As expected, the acidic washing increased the textural properties of the Ni-doped 

carbon due to the cleaning of the surface, leading to a better accessibility of a higher 

fraction of pores 21-22, especially of the micropores. Comparatively, the nickel-free carbon 

(sample PSNa) exhibited higher textural development, due to the lower chelating effect of 
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the monovalent cation 21, 24. Due to the fine dispersion of the metal precursor in the organic 

polymer precursor (easily controlled by cation-exchange in solution), nickel species end up 

homogenously distributed within the carbon matrix after carbonization.  

 

 SEM images of PSNi-x samples are shown in figure 3.10. None of these carbons 

exhibited metallic aggregation on the surface, as expected due to the low particle size of 

the nickel nanoparticles incorporated to the carbon matrix. The EDX mapping of the 

nanoporous polymer-derived carbons confirmed the uniform distribution of nickel species 

within the carbon matrix in the bulk particles (figure 3.10 B and D). Similar results have 

been reported for the incorporation of other transition metals (i.e. Ag, Co, Ni), as opposed 

to Cu-doping, where some aggregates of a few nanometers in size have been reported 22. 

Moreover, the resulting carbons also present large surface areas and high pore volumes 

(see table 3.1), due to the expansion of the matrix during carbonization in the presence of 

the metals undergoing reduction and oxidation reactions 21.  

 

 As for the surface chemistry of the Ni-doped carbons, the samples have an acidic 

character (even after washing the samples with water) as a result of the presence of 

carboxylic and sulphonic acid groups, originating from the organic polymer precursor. 

During the carbonization process, nickel forms sulfides, sulfates and oxides (see 

thermogravimetric analysis in figure 3.11), a small water-soluble fraction being released 

during washing out with water (sample PSNi- 6.7). After acidic washing to decrease the Ni 

content (sample PSNi-0.24), most sulfides and sulfates are removed, but nickel hydroxides 

still remain on the surface, as evidenced by thermal analysis (see also figure 3.11) 21, 23. 
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Figure 3.10. SEM micrographs of the synthesized Ni-doped nanoporous carbons: (A) sample 
PSNi-6.7, magnification 500; (C) sample PSNi-0.24, magnification x500. Micrographs B and D 
highlight in red the distribution of nickel on the samples, as detected by EDX. 
 
 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.11. Thermogravimetric profiles of the polymer-derived nanoporous carbons. 
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 The identification of nickel oxides and hydroxides as the most abundant chemical 

phases on the surface of the Ni doped nanoporous carbons was confirmed by XPS analysis 

(table 3.2 and figures 3.12 and 3.13), regardless the Ni content. The XPS patterns of the 

Ni2p spectra (figure 3.13) showed the two edges of 2p1/2 (ca. 869–885 eV) and 2p3/2 (ca. 

850–867 eV). The spin energy separation of the 2p3/2 and 2p1/2 of 17.6 eV are characteristic 

of the Ni(OH)2 phase, according to the literature. 

 

 The Ni2p3/2 envelope was deconvoluted into three components, which were assigned 

to Ni(II)/(III) ions in various Ni-O environments 25-26. The Ni2p3/2 spectral lines consist of 

a main peak and an associated satellite located at 6 to 8 eV higher binding energy (peak 

positioned at 862 eV), that appears as a result of multielectron excitation. The main peak 

was fitted in two components, appearing at 856.1 and 856.7 eV. According to the 

literature, these can be assigned to Ni2O3 and Ni(OH)2, respectively. The peak positioned 

at 862.4 eV corresponds to the satellite peak. Based on the positions of the Ni2p peaks, it 

seems that there is no reduction of the nickel ion during the carbonization of the organic 

polymer, since no contribution of a peak at ~ 852.8– 853.3 eV, assigned to elemental 

nickel, was found. Moreover, nickel sulfides can also be disregarded, since no peak at the 

binding energy range corresponding to NiS (ca. 853.1 eV) was observed. Additionally, the 

assignment of the O1s XPS lines is consistent with the Ni2p3/2 spectra, with the peak at 

531.3 eV confirming the Ni-OH and Ni-O bonds arising from Ni(OH)2 and higher valence 

nickel oxides such as Ni2O3, -NiO(OH), or 4Ni(OH)2 ·NiOOH·xH2O.  

 
Table 3.2. Atomic weight percentage data obtained from the XPS experiments performed on the 
nanoporous carbons PSNa and PSNi-x. 
 

 C(%) O(%) S(%) Ni(%) 

PSNa 88.6 8.1 3.3 ------ 

PSNi-6.7 63.3 26.7 3.3 6.7 

PSNi-0.24 86.9 6.2 7.6 0.24 
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Figure 3.12. Nickel 2p XPS fitted spectrum obtained from the PSNi-0.24 nanoporous carbon. 

 

 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.13. Nickel 2p XPS fitted spectrum obtained from the PSNi-6.7 nanoporous carbon. 
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 The electrochemical characterisation of the PSNi-x/T catalysts has been performed in 

a 1.0 M NaOH solution, cycling the electrode between -0.5 V and +0.6 V for 100 scans at 

100 mV s-1. Even at the lowest Ni loading, the redox peaks associated with the oxidation of 

Ni(II) to Ni(III) species and further the reduction of the nickel oxyhydroxide to nickel 

hydroxide on the reverse scan are still observable, as shown in figure 3.14. For a 

comparative study, the electrochemical behaviour of the nickel free microporous carbon 

(prepared using the sodium salt of the organic polymer) was also studied (sample PSNa), 

as shown by the cyclic voltammetry in figure 3.15. This anode was prepared with a PSNa 

coverage of 1.0 mg cm-2 on the Toray paper. 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3.14. CV behaviour during the activation of PSNi-0.24/T in 1.0 M NaOH at a scan rate 100 
mV s-1 over a potential range of -0.5 V to +0.6 V. Scans shown: 1st, 2nd, 3rd, 10th, 20th and 100th. 
Arrows indicate the direction of increasing scans. Geometric area of the electrode: 0.5 x 0.7 cm2. 
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Figure 3.15. CV behaviour during the activation of PSNa/T in 1.0 M NaOH. 1st, 2nd, 3rd, 10th, 20th 

and 100th scan shown. Scan rate 100 mV s-1 over a potential range of -0.5 V to +0.6 V. Geometric 

area 0.5 x 0.7 cm2. 

 

 3.2.2. Voltammetric behaviour of NiNPs/T, Ni/CB-x/T and PSNi-x/T anodes. 
 

 Figure 3.16 and 3.17 show the voltammetric response of the different anodes in the 

presence of PGA at substrate concentration between 1 and 50 mM. First of all, the 

performance of the NiNPs/T anode with geometric area of 0.125 cm2 and a Ni content of 1 

mg cm-2 was analyzed in the presence of different PGA concentrations, as shown in figure 

3.16, and an almost constant anodic peak current (due to the oxidation of PGA) was 

obtained over 50 scans up to a concentration of 50 mM. Analogously, the voltammetric 

response of a Ni/CB/T anode with geometric area of 0.125 cm2 and a Ni content of 0.1 mg 

cm-2 showed a similar current profile to that of NiNPs/T at PGA substrate concentrations 

between 1–50 mM (see figure 3.17). It is most significant that the currents obtained with 

the Ni/CB/T are of the same order of magnitude as those of the NiNPs/T anode, given that 

the Ni content is estimated to be 10 times lower than in the former. This suggests a better 

optimization of the electrocatalytic activity of nickel in Ni/CB/T, likely due to an increase 

in the electroactive area of the anode. This shows the beneficial effect of the nanoparticle 

dispersion on a carbon black support on the electrooxidation of PGA. 
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Figure 3.16. CV response of the anode NiNPs/T in 1.0 M NaOH (dashed line) and with PGA 
concentration of 1, 2, 5, 10, 20 and 50 mM (solid lines). Scan rate 10 mV s-1. Third scan shown. 
Inset shows the dependence of the anodic current of PGA electrooxidation with PGA 
concentration. 
 

 The voltammetric response of the Ni-doped nanoporous carbons (PSNi-x/T), figure 

3.17 A and B, presents current profiles for the anodic oxidation of PGA similar to those 

discussed before. It is worth noting that for PSNi-0.24/T with a geometric area of 0.250 

cm2 and a Ni content of 0.0024 mg cm-2, -ca. 40 times lower loading than anode Ni/CB/T- 

the oxidation currents recorded are only half of those obtained with the Ni/CB/T.  

 
 As a general rule, it was observed that the plots of anodic current of the 

electrooxidation of PGA deviated from linearity for all the studied anodes, with the 

exception of PSNi-0.24/T, where a linear fit with a R2 = 0.998 was obtained (inset figure of 

figure 3.16 and 3.17). Hence, adsorption of PGA is taking place during the 

electrooxidation process by the redox couple oxyhydroxide/hydroxide on the NiNPs 

surface, when using NiNPs/T and Ni/CB/T electrodes, where a higher Ni content is a 

common variable for both films. It was applied the Freundlich equation Io = kCi 1/n, where 

Io is the anodic current (in amperes) from the oxidation of PGA obtained from figure 3.16 

and 3.17, Ci is the PGA concentration (in M), k is the adsorption coefficient, and n is a 

correlation coefficient indicating the adsorption behaviour. Accordingly, no significant 

differences were found in the fitting parameters of all the anodes used, with k values of 
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0.064, 0.041 and 0.042 for the NiNPs/T, Ni/CB-20/T and PSNi-0.24/T anodes, 

respectively. Such low k values indicate a poor affinity of PGA to the nickel surface.  

 

  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3.17. CV response of the anodes built on Ni-doped nanoporous carbons in 1.0 M NaOH 
(dashed line) and with PGA concentrations of 1, 2, 5, 10, 20 and 50 mM (solid lines). Scan rate 10 
mV s-1. Third scan shown. Insets show the dependence of the anodic current of PGA 
electrooxidation with PGA concentration. (A, B) Ni/CB samples with 0.067 and 0.1 mg cm-2 nickel 
loadings, respectively; (C, D) PSNi-x samples with 0.0024 and 0.067 mg cm-2 nickel loadings, 
respectively. 
 

 However, considering the large textural features of the polymer derived carbons 

(table 3.1), the electrochemical response of PSNi-x/T anodes was investigated further upon 

pre-adsorption with a 20 mM PGA in 1.0 M NaOH at an applied potential of -0.5 V (for 

45–70 min). Data showed that both the electrochemical profile and the anodic current were 

similar to those obtained under non-preloading conditions. Furthermore, the adsorption of 

PGA on these microporous materials was found to be negligible after immersing the 

electrodes (both Ni-doped and Ni free) for 2 h at room temperature in 1.0 M NaOH 

solutions containing 50 or 250 mM PGA. Thus, the electrooxidation of PGA at PSNi-x/T 

anodes is due to an improved electrocatalytic activity of the nickel aggregates dispersed on 
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the carbon matrix, with little influence or any likely contribution of adsorption of the 

substrate on the inner porosity of the anodes. On the other hand, cyclic voltammetric 

experiments carried out on the PSNa anode (i.e., the Ni-free nanoporous carbon) showed 

that there was no electrooxidation of PGA. 

 

 3.2.3. Preparative electrolyses. 
 

 The efficiency of the electrooxidation of PGA on the different anodes prepared was 

evaluated in comparison to the performance of a nickel massive electrode (Ni-S). Aside 

from the conversion of PGA, the influence of the electrode material on the stoichiometry 

of the products and on possible mechanism pathways were studied with the electrodes in 

hand. Identification of the final products and estimation of their relative abundance were 

carried out by 1H NMR spectrometry. Since none of the Ni-free carbons showed any 

electrocatalytic activity for PGA oxidation (see discussion above), the preparative 

electrolyses were carried out with the Ni-doped anodes. Thus, all data has been referred to 

the influence of Ni catalyst loading and content and is summarized in table 3.3.  

 

 A general reaction figure for the electrooxidation of PGA under a controlled 

potential of +0.540 V is proposed in Scheme 3.1 indicating the formation of the different 

products depending on the characteristics of the anode. In this regard, it should be noted 

that the mechanism for the oxidation of PGA has been discussed previously in the 

literature, but has not yet been clarified satisfactorily. Thus, Schaefer and Kaulen described 

the formation of PA as a product in the electrooxidation of PGA at NiOOH electrodes in a 

1.0 M NaOH solution at temperatures below 5 ºC 7-8. Previously, it has been reported the 

formation of PPA for the electrooxidation carried out at room temperature 27. In this work, 

both the Z and E PPA isomers and PA were detected as final products, although their 

relative abundance was highly dependent on the anode characteristics, as will be discussed 

below.  

 

 First of all, PGA conversions ranged from 65 % to 80 % for all the electrolyses run, 

regardless of the nature of the anode. Comparing the massive Ni electrode with the 

nanoparticulated anode (NiNPs/T), no clear influence of electrode material can be found 

on the product distribution of the PGA electrooxidation. For the electrolyses carried out 

using Ni/CB/T anodes, the PGA conversion slightly decreased from 80 % to 73 %, when 
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the Ni content on the catalytic ink was reduced from 20 to 6.7 wt.%. Despite the large 

reduction of the nickel content, the loss of conversion suggests that thicker coverage of the 

carbon black would prevent the full exploitation of the electroactive metal likely due to an 

agglomeration of the nickel nanoparticles.  

 

 Along with the changes in conversion, a drop in the Ni loading had an important 

effect on the distribution of the products obtained from the electrolyses (table 3.3). Thus, 

whereas PA was the most abundant product when using the catalytic ink loaded with 6.7 

wt.% Ni, only the Z and E-PPA isomers were obtained for the catalytic ink loaded with 20 

wt.% Ni, with a 1.00 (Z) to 0.01 (E) ratio. Consequently, a larger Ni loading on the carbon 

black brought about an almost selective electrocatalytic oxidation of PGA to Z-PPA. By 

contrast, electrolyses carried out on NiNPs/T anodes using 50 mM PGA with a Ni 

coverage of 1mg cm-2 led exclusively to the formation of the Z isomer of PPA, indicating 

an electrochemical behaviour analogous to that of a massive Ni anode (see table 3.3). 

According to the literature, the selective formation of the (Z) isomer proceeds through a 

hapto-propiolate complex with the NiOOH surface via the triple bond of the alkyne moiety 
27. It seems that when the nickel content dispersed on the carbon black is too low, the 

hapto-propiolate complex on the NiOOH surface exists only in low concentrations, and 

hence the formation of PA takes place.  

 

 For the Ni massive electrode, the electrooxidation reaction at room temperature is 

still stereoselective, leading to the formation of the Z-isomer, with a Z- to E-isomeric ratio 

of 1.00 to 0.04, but with a slightly lower PGA conversion. This would suggest that not only 

the conversion but also the stereoselectivity of PGA is dependent on the Ni-content on the 

anode, the (Z) isomer being favoured at high nickel loadings, compared to the preferential 

formation of PA at low Ni coverages. This is not a general rule, however, as will be 

addressed below. Furthermore, the use of Ni massive anodes has some drawbacks in terms 

of a scale-up of the process. For instance, the Ni–S anodes suffer from loss of product 

selectivity at PGA concentrations close to or higher than 250 mM, with a rise in 

concentration of the E-isomer of PPA, along with a marked deactivation or blockage of the 

Ni surface. Such fouling or inactivation of the Ni surface (NiOOH) can largely be 

suppressed upon dispersion of the NiNPs on carbon black, thus preserving the 

stereoselectivity of the process. 
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Table 3.3. Summary of the electrolyses products ratios Z-PPA:E-PPA:PA obtained from the 
electrooxidation of PGA at Ni-S, NiNPs/T, Ni/CB-x/T, and PSNi-x/T electrodes. 250 mM PGA 
starting concentration. Electrosynthesis were performed at +0.540 V sv AgCl/Ag. Geometric area 
of the electrode: 3.8 x 3.8 cm2. 
 

Electrode PSNi-x/T Ni/CB-x/T NiNPs/T Ni-S 

Ni / wt. % 0.24                6.7 6.7                20  

Ni loading  /mg cm-2 0.0024 0.067 0.067 0.1 1  

PGA conversion / % 67 66 73 81 95 76 

Q passed /C 4446 4440 4756 5266 1615 3787 

Z-PPA:E-PPA:PA       

Z-PPA 0.07 1.00 0.04 1.00 1.00 1.00 

E-PPA 0.02 0.08 0.01 0.01 0.01 0.04 

PA 1.00 --- 1.00 --- --- --- 

*Electrolysis carried out using 50 mM PGA 

 

 For the Ni-doped nanoporous carbons (PSNi-x anodes), conversions of PGA were 

slightly lower than those obtained for the Ni/CB/T anodes. However, it is interesting to 

note that the conversion was about the same, when the nickel content was decreased by a 

factor of 30 (from 6.7 to 0.24 wt.%). This suggests that there is a full exploitation of the Ni 

electroactive surface in PSNi-0.24/T, likely due to the excellent Ni dispersion on the 

carbon matrix. At the same time, this would suggest that for high metal loadings most of 

the nickel incorporated on either the nanoporous carbon or the carbon black supports 

would not be fully accessible during PGA electrooxidation. Concerning the selectivity, 

these anodes do not follow the trend observed for Ni–S and Ni/CB/T. In fact, the anode 

PSNi-6.7/T, containing a similar nickel loading than Ni/CB/T presented a completely 

different distribution of products (table 3.3), with PPA being formed with a (Z) to (E) ratio 

of 1.00 to 0.08 and no formation of PA. When the nickel content of the anode was reduced 

to 0.24 wt.%, the selectivity of the electrooxidative reaction changed towards PA. 
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Figure 3.18. SEM micrographs of (A) Ni/CB catalytic ink sprayed onto the carbon cloth (anode 
Ni/CB-6.7/T) and (C) PSNi catalytic ink sprayed onto the carbon cloth (anode PSNi-6.7/T). Figures 
B and D highlight in red the presence of Ni for the Ni/CB-6.7/T and PSNi-6.7/T anodes, 
respectively.  
 

 The key to understand these trends has to be related to the dispersion of the active 

metallic species on the electrode surface, rather than to the overall metal content. Indeed, 

the better dispersion of nickel supported on carbon black as compared to that on the 

polymer-derived carbon was confirmed by the EDX (figure 3.18), with fewer aggregation 

events of Ni particles observed on the anode surface of Ni/CB-6.7 when compared to 

PSNi-6.7. That fact may explain why for the same Ni loading of 6.7 wt.%, it has different 

product selectivity.  

 

 Although the water washed samples showed a rather good Ni dispersion on the 

microporous carbon with a 0.24 wt.% content, the differences in selectivity could indicate 

that not all of the nickel surface is exposed to PGA molecules during the electrooxidation. 

If the incorporation of the nickel species occurs inside the porosity, they would not be 

expected to contribute to the anodic oxidation, at least not to a large extent, since PGA is 

not adsorbed inside the microporosity of the carbon electrode. Also, it may occur that there 

are specific sites on Ni-particles that would electronically be more susceptible to triple 
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bond complexation than others. This is going to be difficult to assess on a molecular level. 

Moreover, fouling might lead to E-/Z-isomerisations which could also happen as the 

products might stay longer on the electrode surface before dissociation. 

 

 3.2.4. Conclusions. 
 

 The use of nickel nanoparticulate systems dispersed and immobilized on various 

carbon supports was investigated for the electrooxidation of PGA. Data has revealed that 

both conversion and selectivity of the anodic reaction strongly depends on the dispersion 

of the nickel species and on the coverage of the nickel on the support. At high Ni loadings 

PPA was the predominant electrolysis product, whereas at low loadings PA becomes that 

most abundant product. Both compounds, PA and the Z and E isomers of PPA, are of great 

interest from an industrial viewpoint as polishing agents in electroplating baths, as 

corrosion inhibitors and as intermediates in the organic synthesis, for which their selective 

preparation is most advantageous. The benefits of using the Ni-dispersed carbon anodes 

are evident in the inhibition of an inactivation or fouling of the Ni surface (NiOOH) as 

characteristically happens in massive Ni anodes. 
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ACTIVATED CARBON ELECTRODE MATERIALS 

 

 

  

 

 Up to now, the doctoral thesis has presented the carbon materials as supports for metal 

nanoparticles in order to improve their catalytic activities, stability and dispersion. However, 

there is a wide diversity of carbon materials to be used as an electrode. These stand out by 

its bulk and surface properties, more particularly, by the chemical stability, structural 

polymorphism, rich surface chemistry and electronic conductivity. For example, ACs are 

used in a vast number of industrial applications, such as adsorption and catalytic processes. 

This is due mainly to their low cost, high performance towards their applications and 

extensive availability, and their capacity to react with different heteroatom either on the 

surface or within their structures. Despite some carbon materials exhibit electronic properties 

close to those of metallic materials, their properties are very different depending on the 

spatial arrangement of the carbon atoms. In this sense, ACs present a flexible coordination 

chemistry that leads to different possibilities of three-dimensional structures with developed 

microporosity. It is worth noting that the choice of an electrode material is issued by stability, 

electron transfer rates, adsorption (physical ion adsorption/desorption) or redox potential. 

Thus, it is important to consider the main structural and physicochemical differences of most 

widely used carbon materials in electrochemical devices among which this doctoral thesis 

highlights the EDLCs. 

 

EDLCs or ECs are generally based on charging and discharging of an electrical 

double-layer at the electrode-electrolyte interphase of high specific surface area materials 

such as ACs. The electrical charge accumulation mechanism is based on the electrostatic 

forces. A high surface area results to be necessary since the charge is stored in the 

electrode/electrolyte interphase. Consequently, the higher surface area the higher amount of 

charge storage. The AC capacitance also depends strongly on the characteristics and 

properties of the electrolyte. Accordingly, the pore size distribution and surface wettability 

will also determine the accessibility of electrolyte within their porous system.  

  

4 
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4.1. An overview. 
 

The use of organic electrolytes in ECs has been considered for long time as the best 

option to achieve the high cell potential values (2.7 – 2.8 V) which are desirable for obtaining 

high energy density 1. However, organic solvents present several disadvantages such as 

toxicity, environmental unfriendliness and high cost. Besides, basic or acidic aqueous 

electrolytes are environmentally friendly, enabling to reach higher capacitance and lower 

electrical resistance than organic electrolytes, but the cell potential is generally limited to 

less than 1 V 2. Neutral aqueous electrolytes are an interesting alternative to organic solutions 

as they allow achieving higher operating cell potential than traditional aqueous electrolytes, 

e.g. KOH or H2SO4. Good cycle life was reported up to cell potential as high as 1.6 V and 

1.9 V for AC-based ECs in aqueous Na2SO4 (0.5 M) 3 and Li2SO4 (2 M) 4, respectively. Such 

high operating cell potential is owing firstly to the high over-potential for di-hydrogen 

evolution at the negative electrode 5-6, and secondly to the less corrosive character of neutral 

electrolyte as compared to, e.g. H2SO4, thus allowing the development of these 

electrochemical devices with non-noble metals for current collectors. The maximum cell 

potential of ECs using neutral aqueous electrolyte is essentially limited by the positive 

electrode which potential may exceed the electrochemical stability limit of water oxidation, 

leading to irreversible reactions, such as electrolyte decomposition, formation of oxygenated 

functional groups on the carbon surface and corrosion of the underlying stainless steel 

collector 7-8. Furthermore, when the porosity of activated carbon electrodes fits appropriately 

with the electrolyte ions size, EC capacitance can be improved. Therefore, in an effort to 

understand the relationship between carbon porosity and EC performance in neutral aqueous 

electrolytes, it is extremely important to take into account the effect of polymer binder 

applied for electrodes preparation 7-9.  

 

 Apart from capacitance and resistance evolution during cycling of ECs, the SD of ECs, 

i.e., the potential decay which occurs when the cell is set to opened circuit after being 

charged, is a parameter of major interest for applications. As it is well known in the literature, 

a charged capacitor is in a state of high free energy relative to the discharged state, so there 

is a thrust force for self-discharge 10. The phenomenon of SD of an electrochemical capacitor 

diminishes its performance characteristics, namely power density and energy density. Hence, 

SD is one of the most important and relevant issues 11-13 which needs to be minimized, and 

a profound knowledge of SD mechanisms as well as its control is vital for the improvement 



 

151 
 

ACTIVATED CARBON ELECTRODE MATERIALS 

of ECs 10, 14. The SD rate is defined by the mechanistic route which governs the discharge 

phenomena 15-16. In this regard, Conway described the different SD mechanisms and derived 

kinetic models which aid to predict the SD profile and to explain the related phenomena 10.  

 

 According to literature, the SD of ECs might be due to charge redistribution, and the 

carbon pore shape has a significant influence on this mechanism 17-18. Indeed, due to the 

resistance of the electrolyte confined in the carbon porosity, pores of different geometries 

are charged at different rates, and charge redistribution from higher to lower surface charge 

density areas takes place in the porosity at open circuit after charging. Also, internal ohmic 

leakage currents generated by a faulty construction and faradaic reactions with either 

activation or diffusion-controlled mechanism might be the causes of SD process 11, 15, 19-20. 

Activation-controlled SD takes place with high concentration species such as electrolyte or 

functionality on the carbon surface. In that case, the plot of cell potential decay vs logarithm 

of time displays as a plateau followed by a linear drop of potential. Besides, diffusion-

controlled SD is related with faradaic reactions of low concentration species, i.e. impurities 

present either in the electrolyte or in carbon electrodes or any other capacitor component. 

The latter are metal ions shuttles, which can be oxidized/reduced at one electrode, and then 

diffuse under the imposed electrostatic field to the other electrode where they are 

reduced/oxidized 21. Moreover, in the case of deoxygenated solution with remaining low 

concentration of di-oxygen and/or di-hydrogen, the Nernstian potentials can be modified and 

water be consequently oxidized/reduced giving rise to SD 16, 22. For a diffusion-controlled 

faradaic process, a linear cell potential drop with square root of time is obtained. In either 

activation or diffusion-controlled mechanism, the leakage current depends on the initial cell 

potential (Ui.). 

 

For ECs based on symmetric carbon electrodes and aqueous electrolyte, water 

electrolysis and oxygen reduction have been proposed as possible redox reactions which 

may cause the SD of a capacitor 12. Water electrolysis involves both O2 and H2 evolution on 

the positive and negative electrodes, respectively. However, it has been demonstrated that in 

a symmetric carbon/carbon capacitor, the evolution of both gasses from water electrolysis is 

not the direct cause of SD 12. Besides, the study of negative electrode SD at 0.0 V, in absence 

and presence of di-oxygen in the bulk solution by bubbling either nitrogen or oxygen gas, 

revealed that an increment of oxygen concentration caused  a significant potential drop with 
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time of the negative electrode at open circuit, in addition to a diffusion-controlled SD; hence, 

it is likely that O2 reduction on the negative electrode is the main cause of SD 12. As already 

demonstrated in the literature, SD depends on parameters such as temperature, maximum 

cell potential reached and hold time at this value, and the charge/discharge history20, 23. To 

date, the majority of studies were focused on SD dependence with the kind of aqueous 

electrolyte , in absence 6, 24-27 or presence of certain surfactants 26-27 or redox couple (redox-

active electrolyte) 28, and type of separator 24, 29.  

 

This work of the doctoral thesis explores the SD profiles of AC/AC ECs in lithium 

sulfate neutral aqueous solution, with the aim of understanding the mechanisms and further 

finding strategies to reduce SD. Capacitors SD as well as of individual negative and positive 

electrodes was analyzed at various values of cell potential hold (Ui) and temperature. 

 

 4.2. Self-discharge of AC/AC electrochemical capacitors in salt aqueous 

electrolyte. 
 

 Abstract. The SD of electrochemical capacitors based on AC electrodes (AC/AC 

capacitors) in aqueous lithium sulfate was examined after applying a three-hour cell potential 

hold at Ui values from 1.0 to 1.6 V. The leakage current measured during the potentiostatic 

period as well as the amplitude of self-discharge increased with Ui; the cell potential drop 

was approximately doubled by 10°C increase of temperature. The potential decay of both 

negative and positive electrodes was explored separately, by introducing a reference 

electrode and it was found that the negative electrode contributes essentially to the capacitor 

self-discharge. A diffusion-controlled mechanism was found at Ui ≤ 1.4 V and Ui ≤ 1.2 V 

for the positive and negative electrodes, respectively. At higher Ui of 1.6 V, both electrodes 

display an activation-controlled mechanism due to water oxidation and subsequent carbon 

oxidation at the positive electrode and water or oxygen reduction at the negative electrode. 

 

4.3. Self-discharge dependence with initial cell potential. 
 

In preliminary experiments, ECs were charged to a given potential, Ui, which was held 

for either 2 h or 3 h, after which the SD profiles were recorded under open circuit conditions. 

Since both profiles did not demonstrate significant differences, a hold time of 3 h at given 

Ui was considered to be long enough to enable potential equalization and charge 
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redistribution in all pores of the activated carbon electrodes 15. As shown in table 4.1, the 

usage of PTFE binder enables to reduce the loss of pore volume while keeping the average 

pore size unchanged. Consequently, the porosity of the activated carbon electrode fits well 

with the size of ions and allows them to move easily through unobstructed access.  

 
Table 4.1. Textural parameters of as-received AC powder and AC-PTFE electrode 
 

 BET specific 
surface area 

/ m2·g-1 

Vtotal 
/ cm3·g-1 

a 

Vmicro          
< 2 [nm] 
/ cm3·g-1b 

Vmeso           
/ cm3·g-1 

Average 
micropore 
size (L0)  
< 2 [nm]c                      

 
AC pristine 2066 1.100 0.908 0.172 1.54 

AC- PTFE 1835 1.00 0.807 0.156 1.55 

 aTotal pore volume evaluated at relative pressure of 0.99 from the N2 adsorption isotherms at 77K. 
bMicropore and mesopore volume evaluated from the Dubinin-Radushkevich (DR) method 
applied to the N2 adsorption isotherms. cAverage micropore size L0 determined from the Stoeckli 
equation: L0 (nm) = 10.8/(E0 - 11.4 kJ mol-1) where E0 is the characteristic energy of the DR 
equation 30. 

 

Figure 4.1 displays the plots of cell potential vs time for an AC-PTFE /AC-PTFE coin 

cell in 2.0 M Li2SO4 after 3 h of floating at different values of Ui. It can be observed that the 

cell potential decreases to reach an almost constant value after 15 h of SD. The decline of 

cell potential is moderate, ca. 0.2 V, for Ui of 1.0 V and 1.2 V, respectively, and it becomes 

more significant at Ui = 1.4 and 1.6 V. Similarly, faster decrease of open circuit cell potential 

voltage was reported for commercial supercapacitors in acetonitrile-based electrolyte when 

the cells had been charged to a higher initial potential 20. The plots of leakage current 

recorded during the floating period at various Ui (figure 4.2) show comparable values for Ui 

= 1.0 V and 1.2 V and a noticeable increase throughout all floating time when Ui > 1.2 V. 

The use of a high electrolyte concentration, such as 2.0 M, ensures that the diffusion of ions 

throughout the AC electrode is not limited by their availability, especially at high cell 

potential 31. Hence, the more significant leakage current and SD of the EC at higher Ui might 

be attributed to faradaic reactions related with water electrolysis when the cell potential 

exceeds the thermodynamic value of 1.23 V, namely: (i) overcharging and corrosion of the 

positive stainless steel collector 7-8; (ii) reaction of the formed oxygen within the electrolyte 



CHAPTER 4 
 

154 
 

solution or creation of functionalities on the surface of activated carbon, leading even to pore 

blockage during floating 7, 32; iii) other side faradaic reactions due to some impurities 21-22. 

 

 

Figure 4.1. Self-discharge profiles (U vs t) of an AC-PTFE/AC-PTFE coin cell capacitor in 2.0 M 
Li2SO4 after 3 h potential hold at Ui = 1.0 V (─), 1.2 V (- - -), 1.4 V (···) and 1.6 V (─·─). Temperature 
24 ± 1 ºC. The value of cell potential drop after 15 hours is indicated close to each curve. 
 

 

 

Figure 4.2. Leakage current of an AC-PTFE/AC-PTFE coin cell capacitor in 2.0 M Li2SO4 vs 
floating time for various values of potential hold Ui = 1.0 V (─), 1.2 V (- - -), 1.4 V (···) and 1.6 V 
(─·─). Temperature 24 ± 1 ºC. 
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Recently, Abbas et al. 9 have measured the potential range of electrodes vs cell 

potential of a carbon/carbon symmetric EC with AC-PTFE electrodes of same composition 

in neutral aqueous electrolyte, and have proved that the potential of the AC-PTFE positive 

electrode exceeds the thermodynamic limit of water oxidation at cell potential of 1.4 V. 

Hence, oxygen evolution and carbon oxidation 7 are likely important causes of the enhanced 

SD and leakage current at Ui > 1.4 V in these experiments; it will be further proved by 

analysis of the SD profiles, demonstrating activation-controlled mechanism at Ui > 1.4 V. 

 

4.4. Effect of temperature on self-discharge. 
 

Figure 4.3 shows the SD of the AC-PTFE/AC-PTFE cell in 2.0 M Li2SO4 at 34°C after 

3 h of floating. The comparison of the SD profiles at 24 ºC and 34 ºC (figures 4.1 and 4.3) 

reveals that the cell potential drop is higher by ca. 50 mV at 34°C for Ui ranging from 1.0 to 

1.4 V, and by ca. 125 mV for Ui = 1.6 V; at the end of self-discharge at 34 ºC, the cell 

potential is almost the same for Ui = 1.4 V and 1.6 V. Moreover, the higher values of leakage 

current at 34°C for Ui ≥ 1.4 V, and more particularly for Ui = 1.6 V (figure 4.4), confirm 

faradaic side reactions activated by an increase of temperature, i.e. water electrolysis, 

corrosion, oxidation of carbon, for which the current is utilized 7. Hence, these side reactions 

have a detrimental effect on the performance of ECs based on AC electrodes in lithium 

sulfate aqueous electrolyte, particularly at higher temperature. 
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Figure 4.3. Self-discharge profiles (U vs t) of an AC-PTFE/AC-PTFE coin cell capacitor in 2.0 M 
Li2SO4 after 3 h potential hold at  Ui = 1.0 V (─), 1.2 V (- - -), 1.4 V (···) and 1.6 V (─·─). Temperature 
34 ± 1 ºC. The value of cell potential drop after 15 hours is indicated close to each curve. 
 

 

Figure 4.4. Leakage current of an AC-PTFE/AC-PTFE coin cell capacitor in 2.0 M Li2SO4 vs 
floating time for various values of potential hold Ui = 1.0 V (─), 1.2 V (- - -), 1.4 V (···) and 1.6 V 
(─·─). Temperature 34 ± 1 ºC. 
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Notwithstanding, at Ui ≤1.2 V, it is likely that the increase of SD with temperature is 

not related with faradaic causes but to the intrinsic properties of the EDL. Indeed, SD of an 

electrochemical capacitor is a kinetic process, which is therefore influenced by temperature 

according to the Arrhenius equation 10:  
 

I (T)  =  A exp (−Ea/ RT) Eq. (4.1) 
 

where I (T) denotes the self-discharge current, T the temperature in Kelvin, R the gas 

constant R = 8.31451 J mol−1 K−1, A a pre-exponential factor and Ea the activation energy. 

Equation (1) allows explaining the effect of faster SD at all Ui by increasing the storage 

temperature from 24 to 34 °C. Conway indicated that effectively for every 10 ºC temperature 

increase, the SD rate is doubled for a capacitor with a typical activation energy value of 40 

kJ mol-1 10. It also explains the increase of leakage current value with temperature during 

floating at Ui ≤ 1.4 V (compare figures 4.2 and 4.4).  

 

 To better elucidate the SD mechanism depending on Ui, the SD profiles of the AC-

PTFE/AC-PTFE coin cell capacitor in 2.0 M lithium sulfate at 34°C have been analysed vs 

t1/2 and ln t (figure 4.5). The linear dependence of U vs t1/2 for Ui values of 1.0 and 1.2 V 

(figure 4.5A), where faradaic reactions do not take place, reveals a diffusion-controlled 

process 19 due to the presence of impurities and/or dissolved gas. An increase of temperature 

favors the diffusion of the latter from the bulk solution to the electrodes surface, where if a 

suitable cell potential is reached, oxidation or reduction reactions can easily take place. At 

Ui = 1.4 V, the SD profile seems to be mixed diffusion/activation-controlled. By contrast at 

Ui = 1.6 V, the U vs t1/2 plot is no longer linear and the SD profile is better described by an 

activation-controlled faradaic process (figure 4.5B), where the U vs ln t curve displays a 

plateau followed by a linear potential decay 13. In sum, the SD mechanism at 34°C is 

essentially diffusion-controlled till 1.2 V and it shifts to activation-controlled at Ui >1.4 V. 

 

 According to 33, assuming a first order reaction with respect to the charge Q, an 

apparent rate constant, kapp, for the self-discharge reaction can be evaluated through equation 

(2): 
 

dQ

dt
=  −kappQ 

Eq. (4.2) 
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which then can be transformed into (4.3) for a typical EDL cell: 
 

dU

dt
=  −kappU 

Eq. (4.3) 

 

which after integration gives: 
 

ln U = ln Ui − kappt Eq. (4.4) 
 

where Ui is the initial cell potential. Hence, for the two temperatures T1 = 297 K (24 °C) and 

T2 = 307 K (34 °C) and for each value of Ui (1.0, 1.2, 1.4 and 1.6 V), the plot of ln U vs t is 

linear, and enables the values of kapp1 and kapp2 reported in table 4.2 to be determined from 

the slope. Then, for each value of Ui, the temperature dependence of the apparent rate 

constant can be fitted to the Arrhenius equation: 
 

ln kapp(T) = ln A − Ea/ RT Eq. (4.5) 
 

and the values of activation energy estimated (see table 4.2) from the kapp values obtained at 

the two temperatures T1 and T2 as follows: 
 

Ea =  −R ln (
kapp2

kapp1
) / (T2

−1 − T1
−1) 

Eq. (4.6) 

 

At Ui = 1.0 V, where it has identified diffusion-controlled SD, the Ea
 value of 25 kJ 

mol-1 is close to the range of 16-20 kJ mol-1  previously reported for such kind of process 10. 

Similarly, the value of 46 kJ mol-1 at Ui = 1.6 V is also in agreement with the literature data 

of 40-80 kJ mol-1 for an activation-controlled mechanism 10. For Ui = 1.4 V, the value of 30 

kJ mol-1 confirms mixed diffusion/activation-controlled SD, as suggested by figure 4.5. 

Hence, the mechanism may be different at both electrodes, therefore it would be worth to 

analyze separately SD of the individual electrodes; this will be the object of the next section. 
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Figure 4.5. (A) Cell potential vs t1/2 for an AC-PTFE/AC-PTFE coin cell capacitor in 2.0 M lithium 
sulfate after 3 h of potential hold at Ui = 1.0 (─), 1.2 V (- - -), 1.4 (···), and 1.6 V (─·─); (B) Cell 
potential vs ln t for an AC-PTFE/AC-PTFE coin cell capacitor in 2.0 M lithium sulfate after 3 h of 
potential hold at Ui = 1.0 (─), 1.2 V (- - -), 1.4 (···), and 1.6 V (─·─). Temperature 34 ± 1 ºC. 

  

A 

B 
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Table 4.2. Values of apparent rate constant at 24 °C and 34 ºC and of activation energy for various 
values of initial cell potential. AC-PTFE/AC-PTFE coin cells in 2.0 M lithium sulfate. 
 

Initial Cell Potential  

(Ui) / V 

Rate constant 

(kapp1) / s-1 at 24 oC 

Rate constant 

(kapp2 ) / s-1  at 34 
oC 

Activation 

energy  

(ΔE≠ )/ kJ mol-1 

1.0 1.32 · 10 -5 
 

1.83 · 10 -5 
 

24.70 

1.2 1.66 · 10 -5 
 

2.47 · 10 -5 
 

30.02 

1.4 2.64 · 10 -5 
 

 3.92 · 10 -5 29.86 

1.6 4.16 · 10 -5 
 

7.65 · 10 -5 
 

45.93 

  

4.5. Self-discharge behavior of positive and negative electrodes. 
 

The evolution of cell potential, as well as the potential of the positive and negative 

electrodes separately, was explored by introducing an Hg/Hg2SO4; K2SO4 (0.5 M) reference 

electrode in the AC-PTFE/AC-PTFE cell. The SD profiles reveal that the negative electrode 

is essentially responsible of SD whatever Ui value, and the difference between ∆E- and ∆E+ 

increases with Ui (figure 4.6, table 4.3). Taking into account the previous data displaying 

that, at high cell potential, the lowest potential of the negative electrode is lower than the 

water reduction potential 6, it is obvious that higher SD of this electrode is related with water 

reduction, as it will be further demonstrated in figure 4.8 by its activation-controlled 

characteristics at Ui ≤ 1.4 V. In addition, since SD measurements were realized with non-

deoxygenated aqueous electrolyte, oxygen electrochemical reduction to hydrogen peroxide 

(at -0.3 V vs NHE at pH = 6.5) is surely another cause of negative electrode SD, as already 

demonstrated by Andreas in 12. 
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Table 4.3. Cell potential drop and positive and negative electrode potential variation after self-
discharge of AC-PTFE/AC-PTFE cells in 2.0 M lithium sulfate during 3 hours. Storage temperature 
24 ± 1 ºC. 
 

Initial Cell Potential 

(Ui) / V 

Positive electrode 

potential variation 

∆E+ / V 

Negative electrode 

potential variation 

∆E- / V 

Cell potential drop 

∆U / V 

1.0 0.059 0.078 0.137 

1.2 0.079 0.108 0.187 

1.4 0.116 0.167 0.283 

1.6 0.188 0.279 0.467 
 

 

 

Figure 4.6. Cell potential (─), positive electrode potential (─), negative electrode potential (─) vs 
time for an AC-PTFE/AC-PTFE capacitor with reference electrode in 2.0 M lithium sulfate after 3 h 
of potential hold at (A) Ui = 1.0 and (B) 1.4 V. Temperature 24 ± 1 ºC.  

A 

B 
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Figure 4.7. (A) Cell potential, (B) positive electrode potential, (C) negative electrode potential vs t1/2 
for an AC-PTFE/AC-PTFE capacitor with reference electrode in 2.0 M lithium sulfate after 3 h of 
potential hold at Ui = 1.0 (─), 1.2 V (- - -), 1.4 (···), and 1.6 V (─·─).  

 

The plots of cell and electrodes potential variation vs t½ and ln t are shown in figure 

4.7 and 4.8, respectively. Considering the positive electrode, the E+ vs t1/2 plots are fairly 

linear up to Ui = 1.4 V (figure 4.7B), confirming a diffusion-controlled mechanism. At Ui = 

1.6 V, the E+ vs ln t plot is typical of an activation-controlled mechanism, with and initial 

plateau followed by a linear decay. At such Ui, the potential of the positive electrode is higher 

than the water oxidation limit leading to oxygen evolution and carbon oxidation 7,9. 

Considering now the negative electrode, the E- vs t1/2 plots are linear for Ui = 1 and 1.2 V 

(figure 4.7), confirming a diffusion-controlled mechanism. At higher value of Ui (1.4 V and 

1.6 V), the mechanism shifts to an activation-controlled faradaic one since, in the E- vs ln t 

plot, the potential decay is linear after a plateau region (figure 4.8 C). As pointed out before, 

A 

B 
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water reduction and O2 reduction to H2O2 may take place from Ui = 1.4 V, being responsible 

of negative electrode and EC activation-controlled self-discharge. 

 

 

Figure 4.8. (A) Cell potential, (B) positive electrode potential, (C) negative electrode potential vs ln 
t for an AC-PTFE/AC-PTFE capacitor with reference electrode in 2.0 M lithium sulfate after 3 h of 
potential hold at Ui = 1.0 (─), 1.2 V (- - -), 1.4 (···), and 1.6 V (─·─).  
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4.6. Conclusions. 
 

The presented study disclosed that, after potential hold of an AC/AC capacitor in 2.0 

M Li2SO4, the negative electrode is mainly responsible of self-discharge at all values of Ui, 

though the contribution of the positive electrode cannot be neglected. A diffusion-controlled 

mechanism due to impurities is observed up to Ui = 1.4 V for the positive electrode and Ui = 

1.2 V for the negative one. At Ui ≥ 1.4 V, the potential of the negative electrode becomes 

lower than either water or dissolved oxygen reduction potential, causing activation-

controlled SD. In the case of the positive electrode, the potential becomes higher than the 

water oxidation limit at Ui close to 1.6 V, causing carbon oxidation and appearance of 

activation-controlled SD.  

 

Hence, these findings revealed that faradaic processes of different nature at each 

electrode may contribute to the self-discharge of the electrochemical capacitor. Therefore, 

to understand the causes of capacitor self-discharge and determine strategies for its 

reduction, it was extremely important to analyze separately the potential decay of each 

electrode. Future works will be now dedicated to reduce faradaic processes taking place at 

the positive electrode by reducing the maximum potential of the positive electrode. For the 

negative electrode, blocking hydroxyl anions in the porosity by designing pores with 

bottleneck entrances could be a way to reduce the pH changes and to keep overpotential 

conditions, even in absence of external polarisation. 
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 This doctoral thesis aims to present a new methodology of organic electrosynthesis 

based on the alcohol electrooxidation towards its corresponding carboxylic acids under 

alkaline conditions using a PEMER architecture. This electrochemical reactor 

compromises of the layers of electrocatalytic materials and the membrane which are 

intimately bound, giving rise to the MEA configuration. The membrane in a PEM 

electrochemical configuration acts as SPE transferring the hydroxide anions from the 

cathode to the anode, and providing a barrier separator to alcohol crossover. Thus, a 

suitable AAEM requires a low alcohol permeability, an adequate thermal and mechanical 
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stability and water uptake, high IEC, and low resistance to the transport of OH- ions 

through in plane membrane.  

 

 A promising alternative to synthetic polymers and anion-exchange commercial 

membranes is the CS natural polymer. Although its ionic conductivity is still far from 

those values recommended for implanted applications, CS based polymers can be doped or 

modified either with inorganic layered materials (stannosilicate and titanosilacate), or 

organic ionomers salts, or graphene oxide, or blended with another polymer or polymer 

mixture to enhance significantly the ionic conductivity, IEC, mechanical stability and 

permeselectivity properties. Therefore, in this chapter, MMMs have been synthetised from 

biopolymer CS aiming at the improvement of the mechanical and thermal stability as well 

as the amelioration of the specific conductivity in order to achieve a good performance of 

the electrooxidation of alcohols using a PEMER. CS membranes have been prepared 

according to well established procedure in the experimental section.  

 

Besides, this chapter deals with the synthesis of the blend polymer of CS and PVA 

for enhancing even more significantly the mechanical and thermal properties, stability in 

alkaline medium, electrochemical properties, and permeation barrier for small organic 

molecules since PVA shows a high hydrophilicity degree, elevated water permeation and 

low alcohol crossover. 

 

 Thus, the objective of the chapter targets the development of novel, facile and 

sostenible membranes with high mechanical, chemical and electrochemical stability in 

extreme alkaline solutions, for a longer durability and successful performances for the 

electrooxidation of alcohols. Results and discusion are provided in terms of an extensive 

physicochemical characterisation of the different CS, and CS and PVA blend polymer 

membranes by optical microscopy, SEM, XPS, XRD, TGA, Wu, IEC, alcohol 

permeability, and through the electrochemical characterisation by CV and EIS. Moreover, 

the Raman analyses are carried out in order to understand how the blend polymer matrix is 

modified by the incorporation of O-functionalized graphene nanosheets. Finally, MMMs 

behavior upon the electrooxidation of alcohol through polarization curves using a PEMER 

is also explored as a function of the additives into the polymer mixture, and then compared 

with the performance of commercial AAEMs under the same conditions. 
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 5.1. Preparation and characterisation of novel chitosan-based mixed matrix 

membranes resistant in alkaline media. 
 

 Abstract. In this section, MMMs based on CS and different fillers ([emim][OAc] 

RTIL, metallic Sn powder, layered titanosilicate AM-4 and layered stannosilicate UZAR-

S3) were prepared by solution casting. The room temperature electrical conductivity and 

electrochemical response in strong alkaline medium were measured by electrochemical 

impedance spectroscopy and cyclic voltammetry. The ionic conductivity of pure CS 

membranes was enhanced, from 0.070 to 0.126 mS cm-1, for the pristine CS and Sn/CS 

membranes, respectively, as a function of the hydrophilic nature of the membrane and the 

coordination state of Sn. This hydrophilic and charge nature was corroborated by water 

uptake measurements, where only the introduction of RTIL in the CS membrane led to a 

water uptake of 3.96 wt. %, 20 or 30 times lower than the other membranes. Good thermal 

and chemical stability in alkaline media were observed by thermogravimetric analyses and 

X-ray photoelectron spectroscopy analyses, respectively, and good interaction between CS 

and the fillers observed by X-ray diffraction, scanning electron microscopy and cyclic 

voltammetry. Thus, thin CS-based MMMs (40–139 mm), resistant in high alkaline media, 

show higher conductivity than pure CS membranes, especially those fillers containing tin, 

and although the electrochemical performance is lower than commercially available anion-

exchange membranes they have potential in pervaporation. 

 

 5.1.1. Structural characterisation. 
 

 The morphology of the CS-based MMMs can be observed in the SEM images of CS, 

RTIL/CS, AM-4/CS, UZAR-S3/CS, and Sn/CS MMMs in figure 5.1. Pristine CS and 

RTIL/CS membranes (figure 5.1 A and B) reveal a flat surface so the incorporation of a 5 

wt.% of the RTIL into the pristine CS membrane had no effect on the morphology of the 

RTIL/CS membrane, which shows a continuous matrix. The incorporation of layered 

titanosilicate AM-4 into the CS matrix leads to a heterogeneous, rough surface, whereas 

after the incorporation of lamellar stannosilicate UZAR-S3, a more compact and 

homogeneous surface is observed (figure 5.1 C and D). However, it can be noted from the 

cross sections of AM-4/CS and UZAR-S3/CS MMMs that AM-4 particles were distributed 

homogenously throughout the membrane thickness, while UZAR-S3 was found only on 

the surface of the membrane. Figure 5.1E corresponds to the Sn/CS membrane with a 20 
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wt. % metallic Sn loading, where the particle size was checked to belong in the micrometer 

range and well dispersed throughout the polymer matrix. These cross section images reveal 

thus the anisotropy of the distribution of the inorganic fillers (tin, layered porous 

titanosilicate and stannosilicate) in the CS polymer matrix. The horizontal orientation of 

microporous layers in the CS matrix could control the ion transport and conductivity across 

the membrane in comparison with the neat polymer 1. 

 

 The XRD patterns of the CS pure and hybrid membranes are shown in figure 5.2. 

The CS membranes exhibit the semicrystalline nature by characteristic of the crystalline 

forms of CS: form I at 2θ = 11.2 and 18.0º and form II at 20.9 and 23.8º 2, for the hydrogen 

bonds and hydroxyl and amino groups on the CS chains. The crystalline domain is 

completely destroyed after adding the 5 wt. % RTIL. After incorporation of the layered 

compounds AM-4 and UZAR-S3, a band appears at low angles, characteristic of the d-

spacing between the crystalline nanoporous layers 3-4. This band is more remarkable in the 

latter case, since the exfoliation of the former, AM-4 titanosilicate, is particularly difficult 
3, and swollen layers are mostly deposited onto CS matrix surface, as shown in SEM 

images (figure 5.1D). In the XRD pattern of the Sn/CS MMM, the reflections of tin are 

observed (marked by asterisk in figure 5.2), as compared with the data from JCPDS–

International Centre for Diffraction Data. It can also be observed that the CS broad peaks 

are reduced upon addition of inorganic fillers and this is attributed by changes in the 

ordering of the chain packing and interaction between the components of the membrane 5. 

Generally, the incorporation of inorganic fillers alters significantly the crystallinity of the 

membrane and therefore the crossover of hydroxide ions is higher in the swollen 

membrane with an increase in ionic conductivity 6. 
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Figure 5.1. SEM photographs of the CS-based MMMs: (A) CS, (B) RTIL/CS, (C) AM-4/CS, (D) 
UZAR-S3/CS, and (E) Sn/CS membranes. The figures represent the surface (left column) and cross 
sectional (right column) view of the membranes. 
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Figure 5.2. XRD patterns of (from bottom to top) CS membrane, UZARS3/ CS, AM-4/CS, 
RTIL/CS, and Sn/CS MMMs samples in the OH- form. 
 

 XPS was performed on the AM-4/CS, UZAR-S3/CS, and Sn/CS MMMs where 

deconvolution of the XP spectra (table 5.1) revealed that the analysis of 1s binding 

energies, atomic fractions and assignments for the elements of C, O, and N are consistent 

with the values found in literature for pristine CS 7-8. According to XPS data shown in 

table 5.1, the 1s binding energies of the elements C, O, and N for the membranes with 

different inorganic fillers reveal no significant differences within an error of 0.5 eV thereby 

XP spectra proves clearly that neither hydroxyl nor amino groups in the CS matrix are 

involved in any chemisorption process with the inorganic fillers AM-4, UZAR-S3, and Sn 

nanoparticles. All XP spectra showed only one peak at N 1s (399.9 eV) denoting the 

presence of  -NH2 or –NH- groups of CS, and suggesting no complexation of the N atom 

by the heteroatoms from the inorganic fillers, which agrees with the expectation that 

crosslinking reactions only occurred at R-NH2 and thus the ion transport would not 

substantially change across the membranes because of the weak basic properties of the 

amino groups in the CS compared with the alkaline fillers 9. 
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 The presence of Sn nanoparticles is observed by XPS for the Sn/ CS membrane, with 

a binding energy of 486.8 eV for the Sn 3d5/2. Moreover, the XP spectrum also confirms 

the presence of TiO2 and SiO2 in the titanosilicate in AM-4/CS MMM by binding energies 

of 458.56 eV for Ti 2p3/2 and 102.25 eV for the Si 2p3/2. Similar observation regarding the 

presence of SiO2 and SnO of the stannosilicate in UZAR-S3/CS MMMs, by the binding 

energies 102.51 eV for Si 2p3/2, and 486.97 eV for Sn 3d5/2. 

 
Table 5.1. Deconvolution of the XPS Spectra Obtained for the Sn/CS, UZAR-S3, and AM-4/CS 

MMMs, and the Assignments Based on the Binding Energies.  
 

Element Sn/CS UZAR-S3/CS AM-4/CS Assignment 

C 1s 285.01 (31.76) 285.02 (28.42) 285.11 (22.80) C-C and Csp3H 

C 1s 286.58 (22.53) 286.54 (22.30) 286.58 (22.51) C-O or C-N or 

C-O-C 

C 1s 287.99 (11.86) 287.94 (13.46) 288.03 (12.89) C=O or O-C-O 

C %  66.15 64.18 58.2  

O 1s 531.4 

(5.22) 

531.37 

(3.85) 

531.67 

(5.55) 

C=O or C-O-C 

or hydroxide 

O 1s 532.92 (21.23) 532.85 (22.59) 532.96 (20.13) >C-O or OH or 

bound H2O 

O 1s - - 530.15 (5.16) TiO2 

O %  26.45 26.44 30.84  

N 1s 400.0 (6.69) 399.9 (7.11) 400.07 (6.82) -NH2 or NH- 

Si 2p3/2  102.51 (1.41) 102.25 (1.63) SiO2 

Ti 2p3/2   458.56 (1.9) TiO2 

Sn 3d5/2 486.8 (0.71) 486.97 (0.19)  SnO2 
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 The peak corresponding to TiO2 appearing at 458.56 eV in UZAR-S3/CS, is moved 

to 532.96 eV in AM-4/CS, where the O 1s is more remarkable. This agrees with the 

presence of the titanosilicate all over the membrane matrix observed by SEM, where the 

stannosilicate stays mainly on the surface. The atomic weight percentages also shown in 

table 5.1 indicate the embedding of the particles within the CS matrix. Ti, Si, Sn contents 

agree with the elementary composition of the inorganic fillers employed 3-4. Furthermore, 

interestingly there is a visible decrease in C-C or C sp3-H moieties of the deconvoluted C 

1s core element; 22.80 %, 28.42 %, and 31.76 %, for AM-4/CS, UZAR-S3/CS, and Sn/CS 

MMMs, respectively. These differences can be ascribed to possible surface contamination 

and the presence of residual acetate groups adsorbed in the CS membrane during the 

synthesis8, probably due to incomplete ion exchange upon neutralization. 

 

 The thickness was measured and used to calculate the apparent density as well as the 

conductivity of the membranes. Both values, influence the free volume and transport of 

species across the membranes. The density values of the RTIL/CS and Sn/CS membranes 

do not differ much from pristine CS, as shown in table 5.2. The observed differences in 

density when the filler is a layered porous material could be related to the increase of free 

volume by the disruption caused by the layered barriers between the polymer chains. Free 

volume is directly related to the diffusion properties across the membrane. This effect is 

more remarkable for AM-4 than UZAR-S3, since the former is distributed within the 

whole matrix and the latter only in the surface, as observed by SEM in figure 5.1 (C and 

D). 

 

 The thermal stability of the membranes is a key parameter to guarantee the 

functionality of these membranes in different environments at various temperatures for a 

long term. Thermal degradation of CS and CS-based MMMs was examined in the range 

25–700 ºC and the TGA-DTA curves are represented in figure 5.3. The degradation of CS 

involves the usual three stages: a first stage up to 100 ºC for the evaporation of the free 

water adsorbed in the membrane, a second stage from 150 to 350 ºC for the removal of 

bound water and start of deacetylation and depolymerization of CS and a third stage for the 

residual decomposition of the main polymer (350–700 ºC). The weight loss observed 

below 100 ºC is thus attributed to the water present as free water in the CS matrix, which is 

responsible to the ion migration through the membrane material10. The second stage is the 
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one identifying the thermal stability of the membranes, from where the degradation 

temperature has been extracted as the temperature at which 5 wt.% of weight is lost, once 

free water has been removed given the high hydrophilicity of the OH- form of the 

membranes10. The thermal degradation temperature (Td) thus calculated (table 5.2) is 

higher for the inorganic layered particles-filled MMMs than for the pristine CS membrane. 

Sn/CS MMMs show the same degradation temperature as the pure polymer. This can be 

explained by the residual weight observed in figure 5.3, which gives a real loading of 11, 

17, and 15 wt. % for Sn, UZAR-S3, and AM-4 in the MMM, respectively, which is lower 

than the nominal 20 wt. % loading expected. Since the thermograms were measured from 

the membranes in OH- form, these differences may be attributed to the morphology 

observed by SEM, since all the MMMs present accumulation of particles on their surface, 

or migration of excess of particles to the NaOH neutralization solution. This agrees with 

the higher homogeneous dispersion of AM-4 throughout the whole polymer matrix, and 

not only along the surface, as the other inorganic fillers. 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

Figure 5.3. Thermal analysis of CS-based membranes. Inset: DTA curves of the membranes. 
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Table 5.2. Composition of CS-based Membranes, Thickness, Density, Water Uptake, Thermal 
Degradation Temperature, and Ionic Conductivity of CS, RTIL/CS, AM-4/CS, UZAR-S3, and 
Sn/CS Membranes. 
 

Membrane Thickness 

/µm 

Density / 

g cm-3 

Wu  /wt. % TdOH (ºC) / 

mmol·g-1 

Conductivitya/ 

mS cm-1 

CS  41.0 ± 11 1.076 ± 0.46 124 ± 2.5 0.078 0.070 

RTIL/CS  87.8 ± 13 1.175 ± 0.39 3.96 ± 1.9 0.031 0.098 

AM-4/CS  82.2 ± 4.0 0.536 ± 0.16 98.5 ± 9.2 0.0363 0.062 

UZAR-S3/CS  139 ± 4.7 0.803 ± 0.36 100 ± 16 0.078 0.070 

Sn/CS  70.0 ± 9.7 1.128 ± 0.52 126 ± 14 0.0401 0.126 

FAA-PEEK-130 
(Fumatech, 
Germany) 

130 1.178b 24.1 b N.A 2.92 

AHA (Astom 
Corp., Japan) 

220 0.830b 22.8 b N.A. 3.22 

The properties of FAA and AHA commencial membranes measured in the same condition are 
also shown for comparison. 
aConductivity calculated using the method of a stack of three membranes by impedance 
spectroscopy technique, after activation in 1 M NaOH for 24 h. 
bMeasured in the laboratory 

 

The water content of the anion-exchange membranes is thus a crucial parameter in 

FC technology because the conductivity of OH- membranes usually increases significantly 

when hydrated. In general, a high degree of hydration is related to lower thermal 

degradation temperature, and it also depends on the chemical nature and composition of 

the membrane materials. Table 5.2 collects the data on the water uptake and degradation 

temperature for the CS-based MMMs. The water uptake of pristine CS membranes is 124 

%, which is quite high but lower than that reported for CS-based MMMs11. This value 

decreases slightly up to around 100 % for the MMMs prepared with the layered silicate 

precursors, AM-4 and UZAR-S3, while it is not affected by the addition of Sn particles, 

and this agrees with the thermal degradation of the OH- form membranes. Therefore, it can 

be attributed to the hydrophilicity of metallic tin compared with its coordinated form in a 

silicate framework12. On the other hand, the presence of RTIL reduces significantly the 
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water uptake mainly due to the interactions inside the membrane between the amino and 

hydroxyl groups of CS matrix and the acetate anion and imidazolium cation of the RTIL, 

which reduces the solvation of CS by the water between the chains by the additional 

presence of RTIL13.  

 

 The enhancement of the hydrophobicity of the membrane by RTIL could be a 

plausible reason for the prevention of entering water and swelling of the RTIL/CS 

membrane. Water content in CS is present as free and bound water and only the former is 

deemed responsible for the anion conductivity.14 The free water content is calculated from 

the difference between the weight loss at 100 ºC and at the first onset in the DTA curves on 

the inset in figure 5.3, and it is the lowest for the RTIL/CS membranes (5 wt.%). On the 

other hand, the SEM observations in figure 5.1 assure that the layered inorganic fillers 

AM-4 and UZAR-S3, as well as the Sn particles, are really dispersed in the matrix and 

were not washed away during synthesis. The excessive water uptake may contribute to loss 

of mechanical and morphological stability of the membranes, thus a compromise is usually 

necessary given the importance to the electrochemical performance of the membrane15. 

The introduction of RTIL in CS membranes has been observed to reduce the mechanical 

strength and largely increase the flexibility of the chains and the introduction of 

titanosilicates can increase both properties, compared with the pristine CS membrane11. 

 

 5.1.2. CV measurements.  
 

Figure 5.4 shows the CV behavior conducted for pristine CS and CS-based MMM 

materials onto a GC bar electrode. The cyclic voltammograms at bare GC electrodes are 

also represented in order to compare the capacitive current with and without modification. 

The coating of the GC electrode substrate with a 41 m-thick CS membrane leads to a 

considerable increase in capacitive current compared with the unmodified GC electrode. 

These results show that the electroactive area of the CS-modified-GC electrode increases 

due to the reactive amino and hydroxyl groups present in the CS structure. A similar 

behavior was observed by Fatibello-Filho’s group,16 where a CS film supported on a 

graphite-epoxy electrode revealed a high capacitive current compared to the unmodified 

electrode. 
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Figure 5.4. Electrochemical behavior of the CS-based membranes in 1M NaOH. Scan rate 50 mV 

s-1. The fifth scan is recorded. 

 

 In this work, hybridization of CS by the introduction of RTIL, AM-4, UZAR-S3, and 

Sn fillers, in this order, results in a decrease of this capacitive current. The loss of the 

electroactive area is presumably due to the interaction between the fillers (RTIL, layered 

porous materials, AM-4 and UZAR-S3, and Sn particles) and the hydroxyl groups of the 

CS matrix1. An additional reason can be that the CV response of the MMMs may be 

affected by the water uptake of the membrane. The results given in table 5.2 indicate that 

the water uptake is slightly larger for CS and Sn/CS membranes than for the RTIL/CS, 

AM-4/CS, and UZAR-S3/CS membranes. A high relative water uptake of the membrane 

will allow ions to go through the membrane, which results in an increase in capacitive 

current. Therefore, the layered silicates fillers decrease the water uptake and electroactive 

area, diminishing the capacitive current as a consequence of the barrier effect and 

anisotropy introduced by the nanoporous layers in the polymer matrix1. 

 

 5.1.3. Impedance electrochemical spectroscopy measurements. 
 

 Electrochemical impedance spectroscopy provided typical plots of Nyquist curves 

for MMMs, as shown in figure 5.5. To extract the through-plane membrane resistance from 

the Nyquist plot, the membrane resistance is determined by extrapolating the linear portion 

of the low frequency part of the Nyquist plot to the real part axis (x-axis) 17. The typical 

equivalent circuit used for the determination of the membrane conductivity is depicted in 
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Scheme 1 18, where W is the Warburg element or diffusive element; Rhf is the resistance at 

high frequency which corresponds to the combination of internal resistance Rint (the 

resistance between the electrode and membrane surfaces namely also the free water 

surface), the electrode resistance, Relec, and the bulk membrane resistance, Rmem, that is, the 

resistance of polymeric membrane, which is the major contributor in Rhf 19. Finally, Rp 

denotes the polarization resistance or the charge transfer resistance and CPE is the constant 

phase element. CPE is due to a surface non-homogeneity that provides a non-uniform 

distribution of current density over the electrode 17.  
 

 

 

 

 

 

 
 

Scheme 5.1. Equivalent electrical circuit used to fit the impedance spectra, as shown previously in 
experimental section 2.7.4. 
 

 According to figure 5.5, the Nyquist plot is very dependent on the type of filler used 

for the modification of the pristine CS, though in all cases, the spectra obtained include a 

linear region at low frequencies related to diffusion control 1. The diameter of the kinetic 

loop increases for AM-4/CS, UZAR-S3/CS MMMs and more slightly for the Sn/CS 

MMM. When the nanoporous layers inorganic fillers are incorporated in the polymer 

matrix of pure CS, the polymer area or electroactive area is changed and its porosity is also 

modified, it is increased, as shown in SEM images. The modified matrix and higher 

porosity can produce an increment of resistance within the polymeric matrix and, therefore, 

an increment of semicircle diameter associated with higher frequencies. 
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Figure 5.5. Nyquist plots show the impedance response of CS (A), 5 wt. % RTIL/CS (B), 20 wt. % 
AM-4/CS (C), 20 wt. % UZAR-S3/CS (D), and 20 wt. % Sn/CS (E) MMMs at room temperature 
(100 Hz - 1 MHz, open circuit potential).   Single membrane,   two membrane stack, and   three 
membrane stack.  
 

As far the RTIL/CS membranes behavior is concerned, the semicircle is similar to 

pristine CS, suggesting that the surface of the polymeric matrix is slightly modified when 

the RTIL is incorporated into the polymeric matrix. The ionic conductivity of the MMMs 

is obtained from the Nyquist plots represented in figure 5.5. The ionic conductivity values 

of the novel membranes prepared in this work are shown in table 5.2. CS membrane shows 

a specific conductivity 0.070 mS cm-1, which agrees with other CS membranes reported in 

the literature, where theoretical ionic conductivity values of 0.123 mS cm-1 at 25 ºC 20 and 
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experimental ionic conductivities of about 0.1 mS cm-1 21-23 are given. In this work, the 

incorporation of RTIL, AM-4, UZAR-S3 or Sn, increased the specific conductivity of 

pristine CS membranes. The ionic conductivity of [CBIM]I ionic liquid–CS composite 

membranes has been reported as high as 9.1 mS cm-1 measured in N2 atmosphere and room 

temperature, but at a RTIL: CS ratio as high as 140 wt. % 24, when in this work the RTIL : 

CS ratio is only 5 wt. % to have a solid dense membrane. However, the ionic conductivity 

of RTIL/CS composites has also been reported to increase from 9.86 x 10-6 S cm-1 to 2.60 

x 10-4 S cm-1 with increasing doping RTIL from 10 to 150 wt.% due to the aggregation of 

charge carriers 25. In any event, the ionic conductivity of the membranes developed in this 

work is still lower than those values obtained for the commercial anion-exchange 

membranes, FAA-3-PK-130 (7.6 mS cm-1, Fumatech, Germany) and AHA (4.9 mS cm-1, 

Astom, Japan)26 that give values of 2.92 and 3.22 mS cm-1, respectively, under the same 

experimental conditions as the CS-based membranes.  

 

 The advantages of the membranes prepared in this work are their thermal stability, 

thicknesses three times lower than the commercial membranes and the fact that they are 

prepared from eco-friendly and economic materials containing functional groups, which 

make unnecessary the use of additional ammonium quaternary groups that are not so stable 

at high pH values and elevated temperatures, as the commercial anion-exchange 

membranes. The ionic conductivity of these home-made CS composite membranes is still 

two orders of magnitude lower than the ionic conductivity of the commercial anion-

exchange membranes. The present work is a preliminary study on the preparation and 

characterisation of novel CS based membranes and their potential use in electrochemical 

devices, if the ionic conductivity reached the standards in anion-exchange membranes. 

Regarding the membranes presented in this work, since the ionic conductivity values are 

lower than those of commercial anion-exchange membranes, restricting their use in 

electrochemical devices, these membranes have been proved useful in pervaporation.27 

 

 5.1.4. Conclusions. 
 

 The main properties of anion-exchange membranes are high anion conductivity, 

resistance in alkaline media, thermal and mechanical stability, and low permeability. In 

this work, MMMs were prepared by solution casting from CS biopolymer, as continuous 

matrix, and a non-toxic ionic liquid, tin particles, layered titanosilicate AM-4 and 
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stannosilicate UZAR-S3 particles, as fillers. The MMMs thus obtained were characterised 

by SEM, XRD, TGA and XPS. In order to evaluate their potential use as anion-exchange 

membranes in electrochemical processes, the ionic conductivity was measured by EIS and 

compared with commercially existing membranes. All the MMMs showed a rather 

homogenous dispersion of the fillers upon the membrane matrix except UZARS3, which 

stood at the surface of the membrane, as observed by SEM. The XRD revealed the 

presence of the tin particles in the Sn/CS membrane as well as a partial exfoliation in the 

AM-4/ CS membrane, more pronounced in the UZAR-S3/CS MMM, because of the 

thinner nature of the layers of the stannosilicate. The introduction of IL in the CS matrix 

decreased the crystallinity of pristine CS membrane and the water uptake and swelling as 

measured by TGA. Thermal analyses also revealed two different kinds of water in the CS-

based MMMs, and a thermal stability up to 200 ºC, for the inorganic–filled MMM, which 

diminished for the RTIL/CS MMM. XPS revealed that crosslinking of CS with the 

inorganic fillers occurred mainly with the amino groups in the CS matrix, thus only OH- 

ions are available for ion transport. The thicknesses of the MMMs were in the range 40–

139 µm, thus generally lower than those of commercial anion-exchange membranes. The 

CV revealed resistance in high alkaline media, but, finally, the ionic conductivity, though 

increased compared to pure CS membranes (0.070 mS cm-1), especially those with fillers 

containing tin (0.126 mS cm-1), was still much lower than that of commercial anion-

exchange membranes. Although this is the first work studying the conductivity of CS-

based MMMs their use as alternative anion-exchange membranes in electrochemical 

devices is still not possible, however, they did show advantages in other membrane 

separations, such as pervaporation. 

 

 5.2. Chitosan: poly (vinyl) alcohol composite alkaline membrane incorporating 

organic ionomers and layered silicate materials into a PEM electrochemical reactor. 
 

 Abstract. MMMs are prepared from equivalent blends of PVA and CS polymers 

doped with organic ionomers 4VP and AS4, or inorganic layered titanosilicate AM-4 and 

stannosilicate UZAR-S3, by solution casting to improve the mechanical and thermal 

properties, hydroxide conductivity and alcohol barrier effect to reduce the crossover. The 

structural properties, thermal stability, hydrolytic stability, transport and ionic properties of 

the prepared composite membranes were investigated by SEM, XRD, TGA, water uptake, 

water content, alcohol permeability, thickness, IEC and OH− conductivity measurements. 
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 The addition of both organic and inorganic fillers in a CS:PVA blend polymer 

enhances the thermal and ionic properties. All the membranes are homogenous, as revealed 

by the SEM and XRD studies, except when UZAR-S3 stannosilicate is used as filler, 

which leads to a dual layer structure, a top layer of UZAR-S3 lamellar particles bound 

together by the polymer matrix and a bottom layer composed mostly of polymer blend. 

The loss of crystallinity was especially remarkable in 4VP/CS:PVA membrane. Thus, the 

4VP/CS:PVA membrane exhibits the best ionic conductivity, whereas the UZAR-

S3/CS:PVA membrane the best reduced alcohol crossover. Finally, the performance of the 

CS:PVA-based membranes were tested in a PEMER for the feasibility use of AAEMs in 

electrosynthesis under alkaline conditions, showing the 4VP/CS:PVA and UZAR-

S3/CS:PVA membranes the best performances in PEMER. 

 

 5.2.1. Physicochemical characterisation.  
 

Different types of MMM based on the CS:PVA blend are prepared by varying the 

type of filler: AS4 and 4VP ionomers, and layered materials such as AM-4 titanosilicate 

and UZAR-S3 stannosilicate, in 5 wt.% loading to the total polymer unless otherwise 

stated. The membrane thicknesses oscillate between 40 and 100 µm, with a yellowish 

transparent appearance except those containing UZAR-S3 and 4VP, which turn white and 

lightly yellow, respectively (as shown in figure 5.6). They also seem homogeneous with a 

good mechanical flexibility and robustness upon manipulation. 
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Figure 5.6. Photography’s of the CS:PVA- based membranes synthesised: (A) pristine CS:PVA 
blend, (B) 4VP/CS:PVA MMM, (C) AS4/CS:PVA MMM, and (D) UZAR-S3/CS:PVA MMM and 
(E) AM-4/CS:PVA MMM 
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 Figure 5.7 shows the SEM images of the surface and cross section morphology of the 

CS:PVA membrane as well as the different MMMs. The incorporation of the AM-4, 4VP 

and AS4 fillers provide both homogenous dispersion across the bulk of the CS:PVA based 

membrane and a smooth and flat surface alike, whereas in the case of the UZAR-

S3/CS:PVA MMM, the UZAR-S3 stannosilicate is uniformly dispersed only on the 

membrane. The behaviour of UZAR-S3 additive when blended with polymer matrix is 

similar to that previously reported 28, where it was observed that these inorganic particles 

were not incorporated within the CS matrix, but a dual layer structure was formed, where 

the inorganic filler UZAR-S3 provides a thin film onto polymer matrix surface. In that 

case, the pure polymer was filled with 20 wt.% UZAR-S3 with respect to the mass of 

polymer. In this work, it observes the same behaviour at the low loading of 5 wt.%. Hence, 

the amount of UZAR-S3 particles has no influence on the dispersion of the filler itself in 

polymer matrix. This dual layer structure has been obtained lately in the MMM literature 
29-30 for zeolite A/PTMSP and ZIF-8/PEBA MMM, where the permeation behaviour was 

assimilated to a pure inorganic membrane that was obtained by the simple MMM 

preparation method. 

 

 The cracks observed in some of the images in figure 5.7 are due to experimental 

observation under the electron beam. A comparison of the cross section of the AM-

4/CS:PVA prepared in this work with that of AM-4/CS membrane 28 proved that both 

membranes presented good dispersion and distribution of the AM-4 particles, regardless of 

the CS ratio in the polymer blend. Both membranes showed no cracks or fractures 

throughout the membrane thickness. 

 

 All membranes synthesised in this study were subjected to polarisation experiments 

by using a PEMER in filter press configuration. Mechanical stability of all CS:PVA-based 

membranes was proved by successive assembly and disassembly of the electrochemical 

reactor, where all membranes revealed no cracks or fractures. Besides, the SEM images of 

membranes after using in a PEMER again proved neither morphological changes in plane 

and cross section of all membranes tested nor presence of cracks or fractures. 

 

 

 

http://www.sciencedirect.com/science/article/pii/S0376738815301368#f0015
http://www.sciencedirect.com/science/article/pii/S0376738815301368#f0015
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Figure 5.7. SEM micrographs of the CS:PVA-based membranes: (A) pristine CS:PVA, (B) 
AS4/CS:PVA, (C) 4VP/CS:PVA, (D) AM-4/CS:PVA, and (E) UZAR-S3/CS:PVA. Figures 
represent the topographical surface (left column) and cross sectional (right column) view of the 
membranes. 
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 XPS is performed on the CS:PVA MMM synthesised, where deconvolution of the 

XPS spectra is shown in table 5.3. According to the XPS data, the 1s binding energy of 

element C and N for the membranes with different fillers do not reveal significant 

differences. The binding energies of C and N elements of UZAR-S3/CS:PVA MMM show 

that they are the closest to the pristine CS:PVA membrane, which effectively indicates that 

the UZAR-S3 particles are located on the membrane top layer and there is an inferior 

bottom layer composed mainly of the polymer blend, as observed by SEM. All membranes 

show two peaks at N 1s (399.9–400 eV and ca. 401 eV) corresponding to –NH2 or –NH 

and C–N-groups of CS, respectively, suggesting that there is no complexation of 

the N atom by the heteroatoms of the organic and inorganic fillers. The major percentage 

of N atom corresponds to the membrane doped with inorganic AM-4 titanosilicate 

(5.65 at.%), likely associated to a larger interaction of the amino groups of the CS:PVA 

matrix with the AM-4 layered particles. In addition, the XPS data of 4VP/CS:PVA MMM 

prove the presence of pyridine by the binding energy at 398.66 eV, which comes from the 

organic ionomer and thus the C–N is remarkable in this membrane as well as the total 

percentage of N atom (3.5 at.%). Also, all spectra denote the presence of –C=O, which can 

be attributed either to the rest of the acetyl groups from the CS employed, which is not 

completely deacetylated or to acetic acid adsorption upon membrane preparation. The total 

percentage of the C atom is larger for the membranes doped with organic ionomers, 82.44 

% and 79.61 % for the AS4/CS:PVA and 4VP/CS:PVA MMM, respectively, probably due 

to the insertion of a new carbonated chain in CS:PVA matrix. The binding energy of O 

element shows a major difference among the prepared membranes. The total percentage of 

O is larger for the AM-4/CS:PVA and UZAR-S3/CS:PVA MMM than pristine CS:PVA, 

as a result of the O–Si functionalization groups dispersed in the polymer blend. The XPS 

spectrum also confirms the presence of Si oxides for the membranes with silicate fillers by 

a binding energy 101.39–101.44 eV. Si content agrees with the elementary composition of 

the inorganic fillers 4. 

 

 

 

 

http://www.sciencedirect.com/science/article/pii/S0376738815301368#t0005
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Table 5.3. Deconvolution of the XPS Spectra obtained for the CS:PVA, AS4/CS:PVA, 
4VP/CS:PVA, UZAR-S3/CS:PVA, and AM-4/CS:PVA MMMs, and the assignments based on the 
binding energy. 
 

Element CS:PVA AS4/CS: PVA 4VP/CS:PVA UZAR-S3/CS:PVA AM-4/CS: PVA 

C 1s 

 

284.29 

(40.71) 

C-C-CH 

284.27 

(62.39) 

C-C-CH 

284.04 

(58.15) 

C-H 
(283.93),  

C-C-CH 

284.28 

(33.1) 

C-C-CH 

284.16 

(23.89) 

C-C-CH 

C 1s 

 

285.85 

(25.41) 

C-N, C-H 

285.78 

(14.35) 

C-N, C-H 

285.56 

(15.60) 

C sp2, C sp3, 
C-N, C-H 

285.84 

(29.75) 

C-N, C-H 

285.6 

(24.08) 

C-N, C-H 

C 1s 

 

287.62  

(7.12)  

–C=O, or  -O-
C-O- 

288.16  

(5.70) 

 -C=O, C=O, 
C-N 

287.25  

(5.86)  

C=O, C-O, 
C-N 

287.47  

(5.71) 

 -C=O,  -O-C-O- 

286.84  

(11.61)  

C=O 

C 1s 

 

    288.03 

(4.94) 

C=O, C-O-C, 

O-C=O, 
carboxyle 

C % 73.24 82.44 79.61 68.56 64.52 

N 1s 

 

399.15 

(4.01) 

NH-C, NH2 

399.04 

(0.79) 

C-NH-C, NH2 

398.66 

(3.11) 

C-NH-C, 
NH2 or 

pyridine 

399 

(2.64) 

C-NH-C, NH2 

398.85 

(4.80) 

C-NH-C, NH2 

N 1s 

 

400.8 

(0.68) 

C-N 

400.14 

(0.25) 

C-N 

400.01 

(0.40) 

C-N 

400.23 

(0.45) 

C-N 

401.12 

(0.65) 

C-N 

N % 4.69 1.04 3.51 3.09 5.45 



PREPARATION AND CHARACTERISATION OF ALKALINE ANION-EXCHANGE MEMBRANES 
  

191 
 

Table 5.3. Deconvolution of the XPS Spectra obtained for the CS:PVA, AS4/CS:PVA, 
4VP/CS:PVA, UZAR-S3/CS:PVA, and AM-4/CS:PVA MMMs, and the assignments based on the 
binding energy. 
 

Element CS:PVA AS4/CS: PVA 4VP/CS:PVA UZAR-S3/CS:PVA AM-4/CS: PVA 

O 1s 

 

531.03 

(5.44) 

OH- 

531.5 

(9.12) 

OH- 

531.61 

(15.79) 

OH-, or 
C=O 

532.16 

(26.76) 

-OH (532) 

531.91 

(26.81) 

OSi (SiC), OH 

O 1s 

 

532.22 

(16.62) 

O-C, C=O 

532.89 

(6.47) 

SiO2, - C=O, 
C-OH,  C-O-C 

530.37 

(1.96) 

 

534.42 

(0.86) 

-C-O 

534.25 

(2.82) 

-C-O 

O 1s 

 

------ 533.97 C-O   

------ 

 

O % 22.06 16.38 17.75 27.62 29.63 

Si 2p3 

 

------ ------ ------ 101.39 

(0.71) 

Me2 SiO, 
aminosilicate 

sodalite (101.5), 
SiO2 

101.44 

(0.20) 

Hydroxy 
sodalite, 

(MeSiO)n 

 

 High intensities and sharp peaks in the XRD experiments are related to the 

crystallinity of the sample. Figure 5.8 represents the X-ray diffractograms of CS:PVA-

based membranes, where it can observe the expected semi-crystalline nature of CS 

polymer, with broad peaks at 2θ equal to 10° and 20°, corresponding to the crystal forms I 

and II of CS 2. The characteristic diffraction band of PVA is located at 2θ=19.5° 31. The 

CS:PVA blend does not reveal changes on the peaks position but the intensity of the peaks 

is lower than those of pure CS 28 because of the decrease of intermolecular interaction 

between the polymer blend chains and thus the crystallinity degree is decreased 32. From 

the 4VP/CS:PVA diffractograms, it can be observed the disappearance of the 

characteristics peaks of CS and PVA polymers, meaning that the incorporation of this 

organic filler leads to the complete destruction of the crystalline character of the polymers. 

http://www.sciencedirect.com/science/article/pii/S0376738815301368#f0020
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 In the XRD diffractograms of AS4/CS:PVA, UZAR-S/CS:PVA, and AM-4/CS:PVA 

both characteristic peaks are observed at 10° and around 20° corresponding to CS and 

PVA pure polymers, which indicates that the semi-crystalline character is maintained. In 

fact, the full width at half maximum (FWHM) obtained for AM-4/CS:PVA (2.8°), 

AS4/CS:PVA (3.15°), UZAR-S3/CS:PVA (3.25°) membranes is higher than that presented 

by the pristine CS:PVA (1.88°) membrane, which is typical of semi-crystalline polymers. 

The order of crystallinity decreases as CS:PVA>AM-4/CS:PVA>AS4/CS:PVA, UZAR-

S3/CS:PVA>4VP/CS:PVA, where there is an inverse relationship between FWHM and the 

crystallinity of the composite membrane. Therefore, the relative FWHM value for the 

4VP/CS:PVA MMM being remarkably higher than those of the others, it can be concluded 

that the loss of crystallinity of the membrane 4VP/CS:PVA is almost complete. The 

broadness of the Bragg peaks in the crystalline region is associated to the crystalline nature 

of the film and the amount of disorder and imperfections. The apparent loss of crystallinity 

(or increased disorder) observed in the XRD patterns of the AM-4/CS:PVA and UZAR-

S3/CS:PVA MMM may be due to the partial exfoliation of the layered precursors into thin 

lamellar particles. This favours the dispersion of the AM-4 titanosilicate and UZAR-S3 

stannosilicate materials in the CS:PVA matrix. This exfoliation is remarked in the case of 

UZAR-S3 by the appearance of a new peak at 6.85° 4, despite the dual layer structure. The 

greater amorphousness in AM-4/CS:PVA MMM can thus be attributed to a higher degree 

of exfoliation 3, probably due to the fact that this layered titanosilicate is dispersed in all 

the membrane matrix and not only on a top layer. 
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Figure 5.8. X-ray diffractograms of the CS:PVA-based membranes. 
 
 The durability of the solid electrolyte membrane is very important for the 

commercial application in electrochemical devices. Thermal stability apparently plays a 

key role since AAEMs have to operate steadily in alkaline environment at different 

temperatures for long terms 33. Since the swelling of the polyelectrolyte membranes is one 

of the factors limiting their performance in fuel cells 34, and the swelling depends on the 

water adsorption in the membrane, the weight loss and thermal decomposition of the 

membranes is verified under nitrogen atmosphere and the TGA curves are represented 

in figure 5.9. The thermal decomposition temperatures and initial weight losses are higher 

than those reported for other anion-exchange membranes hybridised by silica 10. Another 

explanation for this is that the number of thermally stable ammonium and hydroxyl groups 

available in the membranes is occupied by the interaction with the inorganic or organic 

filler groups. Figure 5.9 A represents the weight losses occurring in the membrane material 

upon temperature increase, observing some slight differences in the stages from the 

homogeneous degradation curve of the pristine PVA membrane 35. A comparison of TGA 

experiments of the pure PVA membrane with the CS:PVA blend membrane reveals that 

the thermal stability is increased around 15 °C for the later due to the incorporation of CS 

into the PVA membrane, see also table 5.4, and as previously stated by Yan et al. 36. On 

the other hand, as described in 28 and 37, the degradation of CS involves three 

characteristics stages: a first stage up to 180 °C, corresponding to the evaporation of the 
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free and bound water in the membrane; a second step up to 450 °C 38corresponding to the 

elimination of side groups and the beginning of deacetylation and depolymerisation of CS. 

The third stage begins from 450 °C for the breakdown of the polymer backbone. 
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Figure 5.9. Thermal decomposition of the CS:PVA-based membranes under nitrogen atmosphere: 
(A) Comparison of pure polymer and commercial membranes and (B) comparison of CS:PVA-
based membranes. 
 

 The first stage is similar for AS4/CS:PVA and 4VP/CS:PVA and their weight loss is 

also slightly lower than that shown for the pristine CS:PVA membrane. These differences 

are attributed to the hydrophobic character imparted by the ionomer, in agreement with 

literature for polyvinylpyrrolidone-based membranes 37. The onset of the second stage is 

slightly shifted to higher temperatures when the CS:PVA blend polymer is filled by 5 wt.% 

4VP ionomer. On the contrary, this shifting is not observed when the layered inorganic 

UZAR-S3 stannosilicate and AM-4 titanosilicate and organic commercial AS4 ionomer are 

used as fillers. However, the thermal stability of CS:PVA-based membranes improves 

compared to the pure PVA membrane. Therefore, the presence of CS and organic or 

inorganic fillers enhance the thermal stability. From the residual weight of the AM-4 and 

UZAR-S3/CS:PVA MMM, it can confirm that the inorganic filler loading agrees with the 

nominal value of 5 wt.%. In summary, the CS:PVA-based membranes have higher thermal 

A 

B 
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stability than the commercial FAA membrane, where the decomposition of the membrane 

begins at 140 °C (see table 5.4 and figure 5.9) and the thermal stability is improved by the 

effect of 4VP addition. 

 

Table 5.4. Membrane decomposition temperature and weight loss. Data are obtained from TGA 
curves under nitrogen atmosphere. 
 

Membrane Td / oC Weight loss / wt.% 

FAA (Fumatech) 140 33.83 

AHA (Tokuyama) 310 24.38 

CS 260 28.64 

PVA 240 18.28 

CS:PVA 255 23.11 

AS4/CS:PVA 250 22.5 

4VP /CS:PVA 260 21.89 

AM-4/CS:PVA  250 26.67 

UZAR-S3/CS:PVA  255 30.24 

 

 The water content can be calculated from the first stage observed in TGA curves, 

corresponding to the evaporation of free or bound water. The presence of water in the 

membrane is usually attributed to be of major significance on the ionic conductivity and 

mechanical strength of AAEM. An excessive water content is generally related to a loss of 

mechanical properties, and an excessive dryness makes the membrane brittle 11.  

 

 Table 5.5 shows the bound water content value of synthesised membranes. There are 

no significant differences between this water content obtained for each CS:PVA based 

MMM in comparison with the commercial membranes. The blend between both polymers 

decreases from 28.64% to 23.11% the water content of pure CS because PVA polymer has 

hydroxyl groups that bond easily and strongly with water molecules. However, when the 

organic additives are incorporated in CS:PVA matrix, the water content decrease even 

more because of their hydrophobic character. The membranes with inorganic fillers show 

higher water content because these layered inorganic materials involve hygroscopic groups 

such as SiO2, TiO2 and SnO2 2. This agrees with the thermal analysis above, where a high 

degree of hydration, and therefore higher water content, is related to a lower degradation 

http://www.sciencedirect.com/science/article/pii/S0376738815301368#t0010
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temperature with none or slight lower changes for UZAR-S3/CS:PVA and AM-4/CS:PVA-

based membranes compared to the CS:PVA membrane. 

 

 The total water uptake can induce significant swelling, being responsible of the 

dilution of the anions (OH−) concentration, which decreases the membrane conductivity, 

durability and membrane performance in electrochemical devices 38. Water uptake of 

membranes in the OH− form cannot be easily determined because of the various 

equilibrium reactions occurring 39. The water uptake of the PVA membranes is the highest, 

because of the huge swelling capacity and hydrophilicity of this polymer that limits its 

performance in membrane fuel cells 35. The water uptake of the commercial AAEM tested 

in this work agrees with literature 37, and their values are lower than those measured for the 

membranes prepared in this work because of the large effect of the thick interwoven 

support providing mechanical resistance in the case of the FAA and AHA membranes. The 

water uptake of the AAEMs membranes prepared in this work is close to other zeolite-CS 

membranes prepared for proton-exchange fuel cells 40. The addition of laminar inorganic 

fillers provided the lowest water uptake values for the CS:PVA membranes, since these 

fillers likely fill further the free spaces of polymer where the water molecules are lodged, 

and hence the water can be easily desorbed. Many studies have proven that the casting of 

polymers with fillers such as SiO2, or TiO2, among many other inorganic fillers, reduce the 

water uptake or lead to a low humidity ascribed mainly to hygroscopic nature of those 

inorganic fillers  41-42. Furthermore, the addition of a hygroscopic oxide results in change in 

structure of membrane, in which the particles block part of the hydrophilic polymer 

channels through which protons migrate 43. In the case of CS:PVA membranes doped with 

4VP and AS4 ionomers, the water uptake is somehow lower than that of the pure PVA and 

blend CS:PVA membranes because of the hydrophobicity of the ionomers. 
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Table 5.5. Bound water content, water uptake, ion exchange capacity and hydroxide ion 
conductivity of the membranes prepared in this work. 
 

Membrane WC / %a WU / % IEC / mmol 

g-1 

Conductivity / 

mS cm-1 

CS 28.64 88.5 0.12 0.070 

PVA 18.28 157.5 0.096 ± 0.018 ----- 

CS:PVA 23.11 139.5 0.253 ± 0.050 0.152– 0.289 

4VP /CS:PVA  21.89 134.0 0.266 ± 0.0 04 1.15 

 

AS4/CS:PVA 22.5 131.5 0.325 ± 0.026 0.325 

 

AM4/CS:PVA 26.67 128.3 0.176 ± 0.001 0.375 

 

UZAR-

S3/CS:PVA  

30.24 121.6 0.310 ± 0.060 0.03 

 

FAA (Fumatech) 33.83 16.19 0.318 ± 0.018 2.92b 

 

AHA 

(Tokuyama) 

24.38 21.8 0.352 ± 0.023 3.22b 

a Precision of 3 %. Calculated according to Franck-Lacaze et al. 37 using equation (1). 
b The conductivity values for commercial membrane were measured in the laboratory at the same 
conditions of CS: PVA based membrane. 

 

 IEC indicates the content of exchangeable ions or hydrophilic groups in membrane 

that contribute to the anion or OH− conductivity and the migration rate of these ions 

through the membrane. Therefore, IEC is an indirect measure of the membrane 

conductivity. Generally, a high IEC value is related to a high conductivity although a lower 

IEC does not always involve a lower conductivity since swelling effects and the mobility 

of alkaline groups are not taken into account in the IEC measurement 44. Table 5.5 also 

collects the IEC values calculated from equation 2.3. The IEC values of pure CS and PVA 

membranes are very low, in agreement with literature 40, 45-47. This increases upon blending 

reaching values similar to those of the commercial AAEMs when 5 wt% of AS4 ionomer 

or UZAR-S3 stannosilicate are used as fillers. The IEC value increases from 

0.253 mmol g−1 for the CS:PVA membrane to 0.310 and 0.325 mmol g−1 when UZAR-S3 

http://www.sciencedirect.com/science/article/pii/S0376738815301368#t0015
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and AS4 ionomer are added, respectively, because of the decreased crystallinity observed 

by XRD. In the case of adding AM-4 filler, the IEC results to be lower than that one for 

CS:PVA membrane. The laminar structure of AM-4, which is completely dispersed within 

the polymer matrix as shown by SEM, may be interacting with the functionalized groups 

responsible of ion mobility. Regarding the 4VP ionomer, the IEC increases because the 

anionic ionomer introduces positive groups that facilitate the OH− transport; however, the 

IEC value of the 4VP/CS:PVA membrane is lower than that of the AS4/CS:PVA 

membrane. Even though the supplier does not provide the chemical structure of AS4, it is 

speculated that the incorporation of the AS4 filler might be introducing an additional 

number of OH− conducting groups. In addition, it is worth noting that the water uptake 

value is major for 4VP ionomer and it may contribute to the increased number of OH− ions 

in the polymer matrix. 

  

 The chemical degradation observed for other AAEMs after several days immersion 

in 1.0 M NaOH at 25 °C 35 is not observed for the CS:PVA-based MMMs prepared in the 

laboratory, leading to the same values of IEC and water uptake (see table 5.5) after 

immersion in 1.0 M NaOH from a few hours to several days. On the other hand, a larger 

immersion time of the membrane in 1.0 M NaOH does not vary the IEC value for the 

membranes studied in this work. Finally, it is worth taking into account that the chosen ion 

exchange media, 1.0 M NaOH, in this work has been reported as giving lower conductivity 

values because, when the OH− concentration increases, the free degree of transport 

decreases due to the higher OH− concentration in polymer 48. 

 

 5.2.2. Ionic conductivity. 
 

 The typical AC impedance spectra of CS:PVA MMMs are shown in figure 

5.10 where mostly the Nyquist representation show non-vertical plots. From the Bode 

plots, the bulk resistance of the membrane, Rmem, was worked out for all CS:PVA MMMs 

as in the previous CS-based MMM 28. By taking into account the bulk resistance of the 

membrane, thickness of the membrane and the effective membrane area (1.13 cm2 in the 

EIS experiment), the ionic conductivity is obtained according to conductivity 

equation. Table 5.5 also collects the ionic conductivity values of the commercial and 

CS:PVA MMMs. The measured ionic conductivity is due only to the mobility through the 

membrane of the OH−ions present in membrane structure. All membranes, except the 
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UZAR-S3/CS:PVA membrane, give higher conductivity values than the CS:PVA blend 

membrane. 

 

 The 4VP/CS:PVA MMM shows the highest conductivity of 1.15 mS cm−1 after 

activation in 1.0 M NaOH aqueous solution for 24 h and stabilised in ultrapure water for 

24 h. The AS4/CS:PVA MMM show a conductivity of 0.325 mS cm−1 although their IEC 

value indicate a larger amount of exchangeable OH− ions than the 4VP-based membrane 

that contribute to conductivity. This difference on the conductivity values provided by the 

organic ionomer could be ascribed to the influence of 4VP on the loss of polymer blend 

crystallinity, since AS4 ionomer led to a membrane with more crystalline character and 

only the amorphous part of a membrane is responsible for ion transport across the 

membrane. 

 

 On the other hand, the UZARS-3/CS:PVA MMM give the lowest conductivity, due 

likely to the dual layer structure of this membrane. Presumably, the top layer of exfoliated 

UZAR-S3 particles imposes a structural barrier for the OH− ions mobility across the 

membrane 44. In the case of AM-4/CS:PVA, the layered titanosilicate is well dispersed 

within the polymer matrix, probably shortening the neighbouring OH− groups and allowing 

a higher conductivity value despite the inorganic filler acting as OH− ions barrier 44. 

 

 Even though the ionic conductivity of CS:PVA MMMs was less than one order of 

magnitude of those of commercial AAEMs, with the exception of the 4VP/CS:PVA 

membrane, the CS:PVA based membranes prepared in this work show up high stability in 

alkaline conditions, low cost and biodegradability compared to the perfluorinated Nafion 

membranes. Moreover, the CS:PVA membranes offer a better physical contact with the 

carbonaceous electrodes because of its low thickness and higher flexibility than 

commercial membranes such as perfluorinated Nafion or FAA. 
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Figure 5.10. Nyquist plots for the impedance response of the CS:PVA-based membranes at room 

temperature (100 Hz to1.0 MHz). 

 

 5.2.3. Alcohol permeability. 
 

 The alcohol permeability is an important parameter in electrochemical devices, since 

a high alcohol permeation decreases the overall efficiency of the reactor cell. To have an 

approach of the crossover that should be avoided upon the electrosynthesis reaction of 

PGA, n-propanol is chosen as model alcohol to measure the permeability across the new 

AAEMs prepared in this work as a function of membrane composition, because of the 

similarity of structure and lower volatility and toxicity than the PGA. 

 

 Results are collected in 5.6, where the permeability values are in the same order or 

magnitude or even lower than those reported for the methanol crossover through other 

AAEMs in alkaline fuel cells, and lower than most common polyelectrolytes such as 

Nafion 37, 43-45. The permeability of n-propanol through the pristine CS:PVA membrane is 

the lowest and, after the incorporation of the layered titanosilicate, and AS4 and 4VP 

ionomers into the CS:PVA matrix, the n-propanol permeability increases. This can be 

related to the loss of crystallinity of the membrane matrix upon hybridization, as discussed 

over figure 5.8. Generally, the decrease in crystallinity broadens the matrix channels, thus 

allowing higher penetration, increase of the ionic conductivity and higher alcohol 

permeability through the membrane 49. The results obtained for the AM-4/CS:PVA MMM, 

where AM-4 particles are homogeneously arranged inside the polymeric matrix with a low 
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degree of crystallinity, according to XRD results (figure 5.8), due to probable exfoliation 

of the layer particles, present a high n-propanol permeation, offering a poor barrier effect 

of the titanosilicate filler. On the contrary, the UZAR-S3/CS:PVA MMM shows a 

permeability close to that of the commercial FAA and AHA membranes, widely employed 

in fuel cell devices 41, and smaller than those of Nafion 117, Nafion 115 and AMI-7001 

(see table 5.6). This can be attributed to the dual layer structure and a better dispersion of 

the partially exfoliated UZAR-S3 particles but only on the upper membrane layer, thus 

increasing the tortuosity and decreasing the permeation rate. It is also worth noting that the 

concentration in compartment B was kept constant for more than 1 h in the case of the 

AM-4/CS:PVA and UZAR-S3/CS:PVA, FAA and AHA membranes, while it was sharply 

decreased after 30 min in the membranes containing the organic ionomers 4VP and AS4. 

 

Table 5.6. Thickness and permeability of n-propanol through the membranes. 
 

Membrane Thickness / µm P · 10-7 / cm2 s-1 

CS:PVA 48.5 1.76 

4VP/CS:PVA 107 3.63 

AS4/CS:PVA 39.3 3.13 

AM-4/CS:PVA 102 5.56 

UZAR-S3/CS:PVA 82 2.78 

FAA (Fumatech) 130 2.34 

AHA (Tokuyama) 220 2.50 

AMI-7001 50 450 22.5 

Nafion 11751 N.A. 13.1 

Nafion 115 52 N.A. 24.2 

QSEBS 53 N.A. 2.34-4.31 

PVA-SiO2 30 wt.% 51 N.A. 2.00  

CS-SiO2 15 wt.% 54 N.A. 15.5 
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 5.2.4. Polarisation curves. 
 
 

 A plot of cell potential against current density under a set of constant operating 

conditions, known as polarisation curve, is the standard electrochemical technique for 

characterising the performance of fuel cells 55. In this study, PEMER 29 is used for the 

examination of the membranes performance using a steady-state polarisation curve by 

recording the current intensity as a function of cell potential.  

 

Firstly, it was investigated cell potentials at open circuit with values of −200, +5, 

−140, +6, and +5 mV for FAA, AM-4/CS:PVA, UZAR-S3/CS:PVA, 4VP/CS:PVA and 

AS4/CS:PVA MMMs, respectively. The potential near zero for CS:PVA blend filled with 

AM-4 and AS4 and 4VP ionomers is attributed to the water swelling and high permeation 

of n-propanol, respectively, as seen in table 5.5 and table 5.6. Consequently, after 10 min 

equilibration in the PEMER for feeding the anode compartment with a 0.25 M PGA and 

1.0 M NaOH solution, and the cathode compartment with humidified air (see experimental 

section 2.9.3), permeation of NaOH solution and thus water and PGA molecules can take 

place towards the cathode compartment using the latter membranes, leading to near zero 

potentials at open circuit. 

 

 Figure 5.11 depicts the polarisation curves in the presence of PGA for each of the 

synthesised membranes and the FAA membrane from Fumatech GmbH, as control 

membrane. Even though the 4VP/CS:PVA membranes showed the highest ionic 

conductivity, other IR drops exist that contribute to the enhancement of the 

electrochemical reactor cell potential. Assuming the same anode and cathode electrode 

potentials under any certain experimental condition, the difference in the polarisation plot 

could be ascribed to the IR drop of the membrane and internal IR drops associated with 

membrane to electrode contact resistances. According to equation 5.1, cell potential 

comprises the sum of anode and cathode electrode potentials at open circuit, anodic and 

cathodic overpotentials and IR drops. 
 

Ecell = Ean − Ecat + ΣIR =  EI=0 + (ηan − ηcat) + ΣIR Eq. (5.1) 
 

where E denotes electrode potential for the anode and cathode, EI=0 is the electrode 

potential at open circuit, I is the current intensity and R the resistance, and ηan and ηcat 

http://www.sciencedirect.com/science/article/pii/S0376738815301368#t0020
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correspond to the anodic and cathodic overpotentials, respectively. It is worth noting 

that IR is a contribution of potential drops related to the external circuits, the membrane 

resistance, the resistances of the catholyte and anolyte as well as the contact resistance 

between membrane and electrodes. 

 

 Cell potential increases linearly with current intensity for all the membranes. 

However, a high R was noted for the CS:PVA MMMs filled with 4VP and AM-4 until a 

current intensity of 0.1 A is reached, whilst a lower R drop, similar to that obtained using 

the FAA membrane, is obtained for the UZAR-S3/CS:PVA MMM. On the other hand, the 

AS4/CS:PVA MMM shows a moderate R until a current intensity of 0.4 A is reached. 

 

 More specifically, differences found in the IR drops of the 4VP/CS:PVA and 

AS4/CS:PVA membranes were remarkably small at 0.02 A (circa 3 mV). This means that 

the lowest cell potential showed in figure 5.11 as a function of current intensity for the 

AS4/CS:PVA membrane is easily ascribed to a lower contact resistance between the 

membrane itself and the electrodes (anode and cathode). The above argumentation is likely 

associated with a lower membrane thickness and consequently a higher membrane 

flexibility, which favours an optimum contact with the carbonaceous electrodes providing 

hence lower cell potentials. 
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Figure 5.11. Polarisation curves of FAA membrane and CS:PVA-based membranes in 0.25 M 
PGA in 1.0 M NaOH solution. The current intensity ranges from 0.020 A to 0.500 A. Each current 
intensity value is held for 1 min before recording the cell potential. 
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 On the other hand, polarisation plots of AM-4/CS:PVA and 4VP/CS:PVA 

membranes were identical, although the ionic conductivities of both membranes were 

remarkably different. However, similarities in surface roughness, water uptake and 

membrane thickness were variables that dominate a similar polarisation response, as shown 

in figure 5.11.  

 

 After obtaining the polarisation curves, the cathode compartment is moderately wet 

when using the CS:PVA based membranes with higher permeation. On the contrary, the 

UZAR-S3/CS:PVA- and the commercial FAA membrane prevent very effectively the pass 

of solvent to the cathode compartment, keeping the air gas diffusion electrode nearly dried. 

Furthermore, the performance of UZAR-S3/CS:PVA composite membrane under the 

polarisation conditions is similar to the commercial FAA membrane with a 

constant IR drop within the current intensity interval studied. If the same IR drops 

associated with the membrane and electrode contact are considered and the thickness is 

normalised to the same value of 130 µm for both membranes, the IR drops obtained for the 

FAA and UZAR-S3/CS:PVA membranes would be about 3.6 mV and 340 mV, 

respectively, with a set current intensity of 0.02 A. The difference in potential of circa 

336 mV becomes 214 mV when considering the real thickness of the UZAR-S3/CS:PVA 

membrane (according to data from table 5.6). The difference obtained in cell potential is 

almost constant irrespective of the set current intensity. Hence, this scenario is clearly 

advantageous for the selection of the FAA membrane. Nonetheless, the cell potential 

contribution along the PEMER is more complex. In this regard, besides the ionic 

conductivity difference between both membranes, the lower rigidity of the UZAR-

S3/CS:PVA membrane compared to the commercial FAA membrane provides a better 

physical contact with the carbonaceous electrodes, giving rise to a reduced IR contact drop 

between the membrane and the electrodes. The improvement in cell performance using this 

membrane may be due to the barrier posed by the UZAR-S3 layers to alcohol permeation.  

 

Regarding the high conductivity 4VP/CS:PVA membrane, clearly, the anionic 

ionomer acts as binder of the catalyst layer supported on Toray carbonaceous electrode as 

well as favours OH- conductivity throughout the catalytic layers. Therefore, it is believed 

that the polarisation performance of FAA membrane could not be much better than that of 

the 4VP/CS:PVA for two main reasons. Firstly, the OH- conductivity of the FAA 

http://www.sciencedirect.com/science/article/pii/S0376738815301368#f0035
http://www.sciencedirect.com/science/article/pii/S0376738815301368#t0020
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membrane is similar to that of the 4VP/CS:PVA membrane and, secondly, the attachment 

of the membrane with the electrode is only achieved by physical contact under some 

pressure submitted by the bipolar plates and not by hot pressing as commonly performed 

for the MEA manufacture in fuel cells 56. 

 

 The study of the polarisation curves demonstrates the feasibility and viability of 

alkaline CS:PVA MMMs filled with organic ionomers and inorganic layered titanosilicates 

and stannosilicates in a PEMER. A PEMER involves an anode of non-noble metals—

nickel nanoparticles—and the air electrode using Pt metal catalyst, allowing a good 

activity for the reduction of O2 to OH− in an alkaline medium. Another advantage for the 

manufacturing of CS:PVA as a solid electrolyte separator is that is a biodegradable, cheap 

hydrocarbon polymer membrane, as compared with the expensive perfluorosulfonated 

Nafion membrane. 

 

 Preliminary studies on the durability of CS:PVA based membranes were obtained by 

submitting each membrane to a constant current density of 10 mA cm−2 (current intensity 

of 0.250 A) for 5 h in the PEMER under the experimental conditions described in the 

experimental section. Cell potential remained constant at a value between 0.8 and 1.0 V. 

Nevertheless, it is still necessary to complete the physicochemical characterisation and the 

durability tests of the CS:PVA- based membranes after their use, which is out of the scope 

of this work and will be addressed in the near future. 

 

  5.2.5. Conclusions. 
 

 The main properties of the membrane influencing the performance of a PEMER are 

structural, thermal and chemical stability, controllable water uptake and swelling, ionic 

conductivity and durability. In this work, MMMs were prepared from equimolar CS:PVA 

blends filled with organic (AS4 and 4VP anionic ionomers) or inorganic (AM-4 and 

UZAR-S3 layered silicates) fillers. These membranes were characterised by TGA, XPS, 

XRD, SEM, water uptake, IEC and EIS. XPS reveals that chemical bonding rather than 

electrostatic interactions dominate the attachment between the polymer blend and anionic 

ionomers, which leads to higher thermal stability and a very similar decomposition 

temperature for all the CS:PVA MMM. All the fillers are homogeneously dispersed in the 

CS:PVA polymer blend, except UZAR-S3, which presents a dual layer structure that 
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provides a structural barrier to the mobility of hydroxide ions and alcohol through the 

membrane, providing lower conductivity and permeability than the AM-4 inorganic filler. 

The better dispersion of the latter inside the polymer matrix leads to a lower water uptake 

and bridging over the neighbouring hydroxide conductive groups of AM-4 layers and 

CS:PVA blend, hence improving the conductivity of the CS:PVA blend, but not reducing 

the permeability. The AS4 ionomer provides the largest value of IEC but the interaction of 

the AS4 molecule with the polymer blend seems to promote difficult pathways for the 

OH− ion transport through the membrane, and the highest conductivity obtained is that of 

the 4VP/CS:PVA membrane, 1.15 mS cm−1. The CS:PVA blend membranes have an IEC 

almost as large as that of 4VP/CS:PVA MMM and higher conductivity than the pure 

polymers, as well as the lowest propanol permeability due to the higher crystallinity 

degree. The behaviour of UZAR-S3/CS:PVA MMM in the polarisation curves is similar to 

that of the commercial FAA membrane, probably because of a closer contact with both the 

anode and cathode electrodes and consequently a significant reduction in the cell potential, 

while the FAA membrane is more rigid and stiff. 

 

 These results show the promising potential of layered stannosilicate UZAR-S3 and 

anionic 4VP ionomer to improve the performance of AAEM in the enhancement of 

PEMER efficiency. The findings of this work suggest that CS:PVA-based MMM approach 

is a feasible way of obtaining promising HEMs for PEM applications with tuneable cross-

over. 

 

 5.3. High performance of alkaline anion-exchange membranes based on 

chitosan/poly (vinyl) alcohol doped with graphene oxide for the electrooxidation of 

primary alcohols. 
 

 Abstract. MMMs based on CS and PVA with a 50:50 w/w ratio doped with GO are 

prepared by solution casting and characterised by SEM, XRD, TGA, water uptake, alcohol 

permeability, IEC and OH- conductivity measurements. The SEM analysis revealed a 

dense MMM where the GO nanosheets were well dispersed over the entire polymer matrix. 

The incorporation of GO increased considerably the thermal stability of the CS:PVA 

membrane. The GO-based MMM exhibited a low conductivity of 0.19 mS cm-1 in part 

because the GO sheets did not change the crystallinity of the CS:PVA matrix. The 

reinforced structure created by the hydrogen bonds between the GO filler and the CS:PVA 
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matrix resulted to be a good physical barrier for alcohol permeability, achieving a 

coefficient of diffusion of 3.38 x 10-7 and 2.43 x 10-7 cm2 s-1 after 60 and 120 min, 

respectively, thus avoiding additional alcohol crossover. Finally, the electrochemical 

performance of the GO-based MMM in a PEMER was investigated in alkaline medium, 

through the polarization curves, showing a performance comparable to anion-exchange 

commercial membranes. 

 

 5.3.1. Physicochemical characterisation of graphene oxide. 
 

 TEM micrographs of GO nanosheets are shown in figure 5.12 A and B. GO 

nanosheets are clearly identified with a small thickness. According to TEM images, almost 

fully exfoliated O-functionalized graphene nanosheets are observed. Similar TEM images 

for GO were observed in 57. 

 

 GO Raman spectra shows a first order region consisting of two peaks at 1345 and 

1606 cm-1 corresponding to band D and G, respectively, see figure 5.12C. D band refers to 

the defect character in graphite, whilst G band the stretching vibration in the aromatic 

layers of the graphite crystalline 31, 58. The lower ID/IG ratio, the higher graphitization 

degree and sp2 character. The intensity of D band is proportional to amount of defect 

present in the sample or likely edge defects. In this case, the D band results to be 

significant, which is because of oxygen functionalized groups of GO nanosheet. ID/IG ratio 

is around 1.12, which agrees with the value of 1.09 reported in the literature 59. The second 

order Raman spectra of GO exhibits two main peaks where the components D + G and 2D 

can be assigned. 
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Figure 5.12. TEM micrographs (A, B); and Raman spectrum (C) of GO. * denotes the Raman 

spectrum of the SiO2 wafer. 

 

 5.3.2. Structural and chemical characterisation of GO/CS:PVA membrane. 
 

 Figure 5.13 A and B display the general images of the GO/CS:PVA membrane 

prepared with 1 wt.% GO with respect to the total weight of polymer mixture. Images are 

captured after drying process and just before immersing the membrane in alkaline solution 

to get the OH- form membrane. The photograph in figure 5.13 A and B reveal a brownish, 

homogenous, and smooth surface. Agglomerations corresponding to the incorporation of 

GO sheets are present in the membrane but homogeneously dispersed, as shown in figure 

5.13C.  

 

 SEM images of the GO/CS:PVA membrane in OH- form are shown in figure 5.14 A 

and B, both surface section and cross section, respectively. The small loading of 1 wt.% 

C 

B 
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GO provides a homogenous surface where the GO sheets are not distinguishable from the 

polymer matrix, which denotes that the dispersion step through magnetic stirring of GO in 

CS:PVA mixture of ratio 50:50 (w/w) was sufficient upon membrane preparation. The 

homogeneous distribution of GO inside the GO/CS:PVA membrane and the absence of 

cracks are also demonstrated by the cross section. The incorporation of GO leads to no 

change on the morphology compared to that obtained from the CS:PVA pristine membrane 

reported in the previous work 60. It is worth noting that there are a few little crashes 

observed in cross section of the membrane, which are mainly attributed to experimental 

observation under the electron-beam 60. 

 
 

 
 

Figure 5.13. Photography of the GO/CS:PVA membrane prepared in this work. (A) A general 
view, (B) zoom of A. Optical microscopy images (C) 4x and (D) 10 x magnification. 
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Figure 5.14. SEM micrographs of the GO/CS:PVA membrane (A) topographical surface and (B) 
cross section of the membrane.  
 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 5.15. Raman spectrum of GO/CS:PVA membrane. 

 

 Raman spectroscopy is a sensitive technique to symmetric covalent bonds, which 

allows discerning minor changes in the structural morphology of material, being therefore 

especially useful for the characterisation of the disordered/ordered structure of materials 

with carbon content. Conjugated and double carbon–carbon bonds provide upper Raman 

intensities, and the graphitization degree and crystallite size can be calculated from ID/IG 
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ratio 59, 61. Figure 5.15 represents the Raman spectrum of the GO/CS:PVA membrane. This 

consists of two main bands and two small ones related to the second order region. Typical 

D and G bands, together with 2D also known as G’ band and D + G band, are observed for 

the GO/CS:PVA membrane at 1332, 1598, 2640 and 2925 cm−1, respectively, being the 

ID/IG ratio 1.21, approximately. The position of the G band and the position and shape of 

2D band indicate that the GO sheets are present as multilayers in the polymer matrix. In 

general, a displacement to higher Raman shifts of the 2D band occurs as the layer thickness 

increases, although the more significant changes are attributed to the band shape, where 2D 

and D + G bands are much better resolved compared to the second order region shown in 

figure 5.12C, which exhibits a much broader second order peak near 2650 cm−1. Moreover, 

D band reveals that GO incorporation gives rise to a material with numerous defects and 

disorder in part because of O‐functionalized groups in GO nanosheets. By comparing the 

crystalline size of 31.80 nm and 34.35 nm for GO in GO/CS:PVA membrane and GO 

solution, respectively, it is demonstrated that there is no difference when GO is 

incorporated within the polymer membrane 59, 61. 

 

 PVA and CS polymers chain interaction has influence on physical properties such as 

crystallinity can be correlated with the mechanical properties. Figure 5.16 depicts the X‐

ray diffractograms of CS:PVA‐based membranes where the peaks observed at 10° and 20° 

can be attributed to both crystal forms of CS polymer 2. The characteristic diffraction band 

of PVA appears at 19.5° as described elsewhere 31. The semi‐crystalline character of the 

CS:PVA blend decreased after the incorporation of the GO filler, although the 

characteristic diffractogram bands ascribed to the pristine polymers are still observed for 

the GO/CS:PVA membrane. By comparing with the CS:PVA membrane, slightly broader 

bands are observed for the GO/CS:PVA membrane than the CS:PVA one. From this, it can 

be concluded that the incorporation of GO in the polymer matrix produces somehow a very 

slight loss of the crystallinity, as reported for other layered filler additives (AM‐4 and 

UZAR‐S328, clay nanotubes 62 or layered double hydroxides 63). Thus, the GO/CS:PVA 

membrane is still partially crystalline with both amorphous and crystalline regions 

influencing positively on the electrical and mechanical properties of the membrane. These 

XRD results agree with those obtained by Feng et al. 31and Yang et al.64 , who indicated 

that the incorporation of GPH and its derivative sheets reduced the crystallinity of CS:PVA 

membranes, increasing the relative FWHM value with increasing carbon filler content. 



CHAPTER 5 
 

212 
 

 However, it must be taken into account that both the CS to PVA polymers ratio and 

carbon filler were different, as well as the preparation method, including temperature and 

crosslinking agents that could influence on crystallinity degree 22, 36. 

 

 

 

  

 

 

 

 

 

 

 
Figure 5.16. X-ray diffractograms of the CS:PVA and GO/CS:PVA membranes. 

 

 XPS analysis of the GO-unfilled and filled CS:PVA membrane together with the GO 

filler itself are shown in table 5.7. Accordingly, the assignment of the binding energy of C, 

N and O elements reveal no significant difference. Carbonyl and hydroxyl groups are 

typical functionalization groups with dipoles that interact with dipoles groups present in 

pristine polymers. The peak for C at 287.9 eV reveals GO layers in the membrane structure 

attributed to –CO. Furthermore, it has practically found the same values of binding 

energies of GO in the membrane and GO itself. Consequently, no covalent modification of 

the GO nanosheets with the polymeric blend was observed that could modify the 

physicochemical characteristics of the pristine materials. On the other hand, the atomic % 

of oxygen is also as expected larger for the GO/CS:PVA membrane than for the unfilled 

polymeric blended membrane as a consequence of the high functionalization degree of the 

GO filler. The peak related to amino groups coming from CS polymer is present in the 

spectrum of the GO/CS:PVA membrane at 399.54 and 401.09 eV, which indicates that 

there is no complexation of N atom with the oxygenated graphene sheets as filler. In 

addition, XPS data reveal the presence of carbonyl groups in the CS:PVA-based 

membrane, denoting the presence of the acetyl groups from the CS polymer (CS is not 

completely deacetylated, as described in the experimental section 2.3.1). 
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Table 5.7. Decovolution of the XPS spectra and the assigments based on the binding energy 
obtained for GO solution, and CS:PVA and GO/CS:PVA membranes. 
 

 

 

Element CS:PVA membrane GO membrane GO 

C 1s 

  

284.29 (40.71)  

C-C-CH 

284.57 

 (27.03)  

C, C-C, C-H 

284.56 

 (32.19)  

C, C-C, C-H 

C 1s 

  

285.85  

(25.41) 

 C-N, C-H 

286.20  

(28.87)  

C aromatic, C-O 

286.56  

(27.18) 

 -C-O 

C 1s 

  

287.62  

(7.12)  

-C=O, or –O-C-O- 

287.9  

(9.47)  

Csp2 graphene layers 

connected to  C=O 

287.81  

(9.29)  

Csp2 graphene 

layers connected to 

-C=O 

C % 73.24 65.37 68.66 

N 1s 

  

399.15  

(4.01)  

NH-C, NH2 

399.54 

 (4.69)  

N-C, N at surface 

 

N 1s 400.8 

(0.68) 

C-N 

401.09 

(0.68) 

C-N, NO 

 

N % 4.69 5.37  

O 1s 

  

531.03 

(5.44) 

OH- 

531.15 

(4.14) 

OH-, O=C 

531.12 

(5.79) 

OH-, O=C 

O 1s  

  

532.22 

(16.61) 

O-C, C=O 

532.49 

(25.12) 

OH, O-C, 

532.52 

(25.55) 

OH, O-C 

 

O % 22.06 29.26 31.34 



CHAPTER 5 
 

214 
 

Thermal stability is a significant requirement of the anion-exchange membrane since 

they can be utilized under conditions of temperatures up to 100 ºC for long time intervals 

in order to favor the electrochemical processes. In the previous work, the incorporation of 

PVA in a CS structure provided an increment of about 15 ºC in the membrane 

decomposition temperature with according to TGA analysis under nitrogen atmosphere60. 

Moreover, authors demonstrated that the use of different organic (AS4 and 4VP anionic 

ionomers) and layered inorganic fillers (stanno and titanosilicates, UZAR-S3 and AM-4, 

respectively) led to a slight improvement of the thermal stability of CS:PVA blended 

membrane. TGA of GO/CS:PVA membrane is displayed in figure 5.17 and plots disclose 

that the incorporation of GO into CS:PVA matrix enhances quite the thermal property of 

this type of mixed membrane. Figure 5.17 also displays the three characteristic steps 

corresponding to: (i) the evaporation of the free water and bound water in the membrane 

taking place at around 200 ºC; (ii) the elimination of side groups of CS and PVA at the 

temperature ranges of 180–450 ºC and 225–480 ºC, respectively; and (iii) the breakdown 

of the polymer from 450 ºC for CS and 480 ºC for PVA pristine polymers 60. 

 

 By contrast, for the GO/CS:PVA membrane, the major weight loss takes place at a 

temperature range between 250 and 520 ºC, after the evaporation of water that can be both 

bound to the polymer chain and in the interlayer distances between GO sheets (the 

interlayer distance is increased with O-functionalization groups). By comparing the TGA 

analysis of CS:PVA and GO/CS:PVA membranes, the later exhibits a major thermal 

stability reflected in a considerably lower loss of weight with increase of temperature 

despite the second step begins circa at 260 ºC for both kind of membranes. Consequently, a 

residue of 65 and 27 wt.% at 290 and 450 ºC, respectively, are obtained for pristine 

polymers blend against 73 and 36 wt.% at the same temperatures when the amount of 1 

wt.% GO filler is added to the polymer matrix. GO loading was increased up to 5 wt.% and 

then the GO/CS:PVA blended membrane was prepared with no significant difference or 

improvement compared to the GO/CS:PVA blended membrane with a loading of 1 wt.%. 

Such improvements in thermal stability are mainly attributed to the effect of physical 

barrier of GO nanosheets that leads to a decomposition delay of membrane with 

temperature. In this regard, Bao et al. 65 performed a comparative study between the 

influence of using pristine GPH and GO within a PVA polymeric matrix demonstrating 

that the hydrogen bonds between PVA polymer and the oxygenated functionalized groups 
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present in the GPH nanosheets were not only responsible for the adequate dispersion and 

exfoliation of this carbon nanofiller in the polymer matrix, but they also play a role as far 

the thermal stability is concerned. Thus, GO act as a physical barrier increasing the 

transition temperature, and consequently improving the thermal stability of the composite 

membrane66. 

 

 

 

 

 

 

 

 

 

 

Figure 5.17. Comparative of thermal decomposition of the CS:PVA, and GO/CS:PVA 
membranes under nitrogen atmosphere. 

 

 Water uptake of the anion-exchange membranes are correlated with the crystallinity 

or the crosslinking degree of the membrane matrix, as well as the nature and concentration 

of the fixed ion exchange groups, the counter ions and membrane homogeneity and the 

composition of the solution 28. Particularly, the concentration of the solution exhibits a 

significant effect on the water sorption due to osmotic effects, which is related to chemical 

potential difference of the water in the membrane and in the solution  28. Water uptake 

value is measured by the weight difference between the wet and dried OH- form of the 

membrane. Hence, water uptake of GO/CS:PVA calculated after removing the surface 

water is 138.40 wt.%, as shown in table 5.8, which is similar to that obtained for the 

unfilled CS:PVA membrane. An increment of up to 5 wt.% of GO content does not lead to 

a decrease of water uptake value (140.5 wt.% for 5 wt.% of GO into the polymer matrix), 

probably related to no significant improvement in the degree of crosslinking at high GO 

loadings. However, when the temperature step was applied to the membrane preparation 

method for a GO loading of 1 wt.% with respect to the polymer matrix, water uptake value 
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is 127.6 wt.%, presumably as a consequence of a major lattice of matrix that acts as barrier 

for water sorption phenomenon. Moreover, the water content is 19.0 wt.% for the 1 wt.% 

GO/CS:PVA membrane, whereas the CS:PVA membrane showed a water content of 23.11 

wt.%, showing no significant differences. 

 
Table 5.8. Thickness, water uptake, water content, ion exchange capacity, hydroxide conductivity, 
and permeability of n-propanol through GO/CS:PVA membrane compared to CS:PVA pristine 
membrane prepared in this study. Membranes PCG 0.1, PCsG 0.1 and FAA are also used for 
comparison. 
 

Membrane 
 

Thickness / 
μm 

WC 
/ wt.% 

Wu 
/ % 

IEC 
/ meq g-1 

Specific 
conductivity

σ 
/ mS cm-1 

Propanol 
permeability 

P x 10-7 / 
cm2 s-1 

CS:PVA  156±0.001 23.11 ± 4 139.5 
[6] 

0.253 ± 0.050 
[6] 

0.15-0.29 
[6] 

1.76 [6] 

GO/CS:PV
A 

105±0.001 19.00 ± 7.1 138.4 0.379 + 0.037 0.19 2.43 

PCG 0.1 
[40] 

  106.9  42 17.83 

PCsG 0.1 
[40] 

  132.3  47.6 17.29 

FAA [6] 130±0.001 33.83 16.19 0.318 ± 0.018 2.92 2.34 

 

 Other main requirements for anion-exchange membranes are both high 

permselectivity of counter ions and low electrical resistivity. Membrane performance 

depends on the adhesion and dispersion of the GO nanofillers in the polymer matrix, which 

can remarkably determine the mechanical and transport properties of the membrane. 

Therefore, a feasible, high concentration of fixed ion exchange groups in the polymer 

backbone chain allows for higher IEC values, which are related to the capacity of mobility 

or migration rate of ions within the membrane 67. Table 5.8 collects the IEC values for the 

pristine CS:PVA membrane and hybrid GO/CS:PVA membranes, which increases from 

0.253 to 0.379 mmol g-1 upon incorporation of 1 wt.% GO into the polymer matrix. 

However, when temperature was applied for the dispersion of 1 wt.% GO in the polymer 

mixture upon GO-based membrane preparation, the IEC value of GO/CS:PVA membrane 

decreased to 0.231 mmol g-1, below the IEC of the unfilled CS:PVA membrane. This fact 

suggests that temperature has an effect on the membrane framework arrangement, which is 
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in accordance with what was described above for the water uptake. Thus, a decrease of the 

mobility or ion migration is expected because of the obstruction of the free sites necessary 

for mobility of ions68. 

 

 5.3.3. Hydroxide Conductivity. 
 

 The IEC is related to the ion conductivity because of the fixed ion exchange sites in 

the membrane. However, this relationship is not always linear in semi-crystalline polymers 

such as those under study. The degree of crystallinity can also contribute to the ionic 

conductivity of the membranes. The incorporation of nanocarbon fillers creates 

interconnected channels that favor the ion mobility, and their adequate dispersion in the 

polymer matrix contributes to facilitate charges and ion transfer in the membrane, which 

turn higher and effective OH- conductivity. Nevertheless, the OH- conductivity of 

GO/CS:PVA membrane measured by EIS was 0.19 mS cm-1 after membrane activation in 

1.0 M NaOH and posterior membrane stabilization in distilled water for 24 h. Clearly, the 

incorporation of GO sheets seems not to have a significant effect on the ionic conductivity 

of the membrane and this result can be correlated with the loss of membrane crystallinity 

in the presence of GO fillers, as shown by XRD described above. It is worth noting that the 

amorphous region is responsible for ion transport. On the other hand, GO nanosheets 

allows for ion fixed groups that improve the OH- mobility within the polymer structure as 

suggested by the IEC values shown in table 5.8. 

 

 5.3.4. Alcohol permeability. 
 

 The intrinsic membrane properties, among them the degree of crystallinity, affect 

significantly the alcohol permeability, a feature that must be as low as possible in 

membrane electrochemical applications, more especially in DAFCs and similar 

configurations. It was reported how effectively the more amorphous the membranes were, 

the larger crossover of alcohol into the other compartment 60. GO, sGO or GO modified 

with silica (fGO) additives seem to offer an important alcohol barrier effect 69-71. Table 5.8 

also displays the coefficient of propanol diffusion (P) of GO/CS:PVA membrane measured 

at 120 min. Similar P values are obtained at times of 30 and 60 min, as 2.82·10-7 and 3.38· 

10-7 cm2 s-1, respectively. The P values obtained for the GO/CS:PVA membrane are an 

order of magnitude lower than those reported for the methanol permeation through similar 
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anion-exchange membranes 64. In fact, the GO-based membrane has a permeability value 

close to the most common commercial anion-exchange polyelectrolyte membrane, FAA 

(Fumatech), and similar to that of the unmodified CS:PVA membrane, since, according to 

XRD results, the structure is reinforced and the tortuosity of the channels leads to lower 

penetration of alcohol molecules. Furthermore, the hydrogen bonds interactions between 

the hydrophilic polymer matrix and the GO filler offer more affinity to water than alcohol 

molecules 2. All these observations agree with those commented for WU and WC values 

collected in table 5.8. Finally, to check the crossover of OH- ions, the solution pH of each 

compartment was measured, without observing any change in the pH values before and 

after permeability measurements. 

 

 5.3.5. Electrochemical Performance of GO/CS:PVA membranes. 
 

 The performance of the GO/CS:PVA membrane as an AAEM was investigated for 

the electrooxidation of a model alcohol such as PGA, using a PEMER configuration. Even 

though the low ionic conductivity and high water uptake of the GO/CS:PVA membrane are 

evident disadvantages for the use of the membrane in electrochemical processes, the low 

alcohol permeation through the cathode compartment and excellent physical contact with 

the carbonaceous electrodes (in fact, only a small pressure applied between the bipolar 

plates without the need of hot press procedure was necessary), accounting to low 

membrane rigidity, might lead to an electrochemical performance comparable to that of the 

commercial membrane FAA.  

 

 Figure 5.18 depicts the comparative polarization curve in the presence of 0.25 M 

PGA for FAA and GO/CS:PVA membranes. The behaviour of these membranes are quite 

similar, with low IR drops between the membrane and electrodes, especially, at lower 

current values where both membranes provide equal cell potential values. The similar 

behaviour of the GO/CS:PVA and FAA membranes could be explained by a higher electric 

conductivity of the GO/CS:PVA membrane compared to the value obtained from EIS 

measurements. It is worth noticing that heterogeneous and reinforced membranes can lead 

to undervalued or lower electrical conductivities by using EIS techniques. 
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Figure 5.18. Polarization curves of GO/CS:PVA and FAA commercial membranes in 0.25 M PGA 
in 1.0 M NaOH solution. The current intensity range is between 0.02 and 0.50 A, and each current 
intensity value was kept for 1 min until stabilization of system from which the cell potential is 
recorded. 
 

 From a practical point of view, the reproducibility of the synthesis of graphene based 

polymer blend membranes is of great concern for the scaling up and manufacturing of 

novel AAEMs. The nature of the graphene filler should be well identified in terms of the 

synthesis and together with a fully characterisation for extracting important data such as 

surface area, electric resistivity and surface chemistry.  

 

 Another point relies on the concentration of graphene and its interaction with the 

homogeneous polymer matrix. Even though pristine graphene and sulfonated graphene, 

have been used as additives in blend CS:PVA matrices giving rise to the improvement of 

ionic conductivity and methanol permeability 64, random dispersion of graphene within the 

polymeric matrix is still present even at low loading of graphene, providing a lack of 

reproducibility for the manufacturing of the membrane. However, in this study, 

homogeneous membranes were obtained with only a small loading of 1 wt.% GO in 

CS:PVA, in part because of the oxidation state of the carbon surface and hence the 

compatibility of the membrane components. Though the ionic conductivity is only slightly 

improved by the incorporation of GO into the CS:PVA polymer matrix, the experimental 

procedure presented here offers a reproducible manufacturing approach correlating the 

distribution of GO across the membrane with improved thermal stability and comparable 
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permeability to the commercial FAA membrane. Last, but more important point, the 

repeatability of the hybrid polymeric alkaline anion-exchange membrane is of great matter 

and determining step for the scale-up and commercialization of novel membranes with a 

wide number of applications in the industry. 

 

 5.3.6. Conclusions. 
 

 It has been achieved the synthesis of a GO/CS:PVA membrane using an easy 

solution casting method that allows a totally homogeneous membrane matrix. This type of 

membrane was produced cheaply and with eco-friendly reagents and methods of 

preparations. Neither temperature nor ultrasonic bath 72-73, nor plasticizers as glycerol 64, 

nor crosslinkers as glutaraldehyde 61 were used. Despite the fact that the GO/CS:PVA 

membrane does not exhibit a higher OH- conductivity than the pristine polymer blend, the 

membrane does present a good reinforced structure acting as physical barrier to significant 

reduction of alcohol permeability. Moreover, GO/CS:PVA membrane exhibits higher 

thermal stability than CS:PVA membrane, enabling its use in electrochemical processes 

with temperature requirements. Nonetheless, the incorporation of oxygen functionalized 

GPH nanosheets does not reduce much the swelling of the membrane. The polarization 

response curve makes it a good candidate for industrial applications of electroorganic 

synthesis of products with great interest from an industrial viewpoint, and ADAFCs. 

Nevertheless, the need of exploring much deeper the effect of GO within the structures of 

CS and PVA blend polymer would be useful to understand better the effect of this carbon 

filler within the polymer matrix upon the improvement of electrical conductivity, water 

uptake, and thermal stability. 
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PEMER configuration is based on the SPE methodology. SPE consists of the solid 

polymer membrane and allows the exchange of cations or anions according to the membrane 

characteristics. The use of ion-exchange membrane as electrolyte leads to solve one of the 

main problems of traditional organic electrosynthesis performed at conventional flow cells: 

the need for conventional supporting electrolytes that brings about serious disadvantages, 

such as secondary reactions and complicated separation and purification processes of 

reaction products. Thereupon, AAEM based on CS and CS:PVA blend polymers have been 

synthesised and characterised, obtaining significant physicochemical and electrochemical 
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properties for solid electrolyte applications, as already shown in chapter 5. Those findings 

aimed at the positive advantages of adding several kind of additives in the polymer CS:PVA 

blend membrane to be employed for the electrooxidation of alcohols under alkaline 

conditions.  

 

 The PEMER configuration involves the design and preparation of nanoparticulate 

electrodes as well as gas diffusion electrodes (GDE) onto carbon structures, prompting the 

use of lower electrocatalysts loading, and providing the same electrochemical advantages 

regarding conversion and efficiency for the electrosynthesis of carboxylic acid derivatives. 

  

 Thus, this chapter aims to present the proof of the concept of the PEMER as 

electrochemical reactor by means of the electrooxidation of PGA in alkaline medium. In 

previous chapters, it was demonstrated that the electrooxidation of PGA at room temperature 

leads to the selective formation of Z isomers of 3-(2-propynoxy)-2-propenoic acid (Z-PPA) 

and propiolic acid (PA) using an electrochemical H-cell type. Both Z-PPA and PA 

compounds are used as (i) polishing agents in electroplating baths to improve metal 

deposition, (ii) corrosion inhibitors and (iii) intermediates in organic syntheses.  

 

For the scale-up of the electrosynthesis process, the three main parts of a PEMER 

configuration, i.e., a nickel based nanoparticulate anode for the electrooxidation of the PGA, 

a platinum based nanoparticulate cathode for ORR, and the AAEM as a SPE were prepared 

and characterised previously. Accordingly, as alternative membranes to commercial 

AAEMs, the chapter 5 demonstrated that membranes based on CS:PVA doped with organic 

ionomers, layered inorganic fillers and graphene oxide exhibited good mechanical 

properties, thermal and chemical stability, with an improvement of conductivities and 

reduced alcohol permeability for the electrooxidation of PGA in a PEMER configuration. 

Now, the overall goal of this chapter relies on the feasibility of scaling-up the 

electrochemical oxidation of PGA towards its carboxylic acid derivatives with higher 

performances compared to conventional electrochemical procedures. Also, in chapter 6, cell 

potentials, membrane fouling and GDE electrode efficiency for the oxygen reduction are 

then examined. 
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 6.1. Performance assessment of a polymer electrolyte membrane electrochemical 

reactor under alkaline conditions – A case study with the electrooxidation of alcohols.  
 

 Abstract. In this chapter, a novel PEMER configuration has been employed for the 

direct electrooxidation of PGA, a model primary alcohol, towards its carboxylic acid 

derivatives in alkaline medium. The PEMER configuration comprised of an anode and 

cathode based on nanoparticulate Ni and Pt electrocatalysts, respectively, supported on 

carbonaceous substrates. The electrooxidation of PGA was performed in 1.0 M NaOH, 

where a cathode based on a gas diffusion electrode was manufactured for the reduction of 

oxygen under alkaline conditions. The performance of a novel AAEM based on CS and PVA 

in a 50:50 composition ratio doped with a 5 wt.% of 4VP organic ionomer was assessed as 

SPE. The influence of 4VP anionic ionomer loading of 7, 12 and 20 wt.% incorporated into 

the electrocatalytic layers was examined by SEM and CV upon the optimisation of the 

electroactive area, the mechanical stability and cohesion of the catalytic ink onto the 

carbonaceous substrate for both electrodes. The performance of the 4VP/CS:PVA membrane 

was compared with the commercial AAEM FAA −a membrane generally used in direct 

alcohol alkaline fuel cells- in terms of polarisation plots under alkaline conditions. 

Furthermore, preparative electrolyses of the electrooxidation of PGA was performed under 

alkaline conditions of 1 M NaOH at constant current density of 20 mA cm−2 using a PEMER 

configuration to provide proof of the principle of the feasibility of the electrooxidation of 

other alcohols in alkaline media. PGA conversion to Z-PPA was circa 0.77, with average 

current efficiency of 0.32. Alkaline stability of the membranes within the PEMER 

configuration was finally evaluated after the electrooxidation of PGA. 

 

 6.1.1. Physicochemical and electrochemical characterisation of the Pt/CB/GDE/T 

cathode. 
 

 Firstly, it was investigated the influence of the 4VP anionic ionomer concentration on 

the electrochemical response of PtNPs in 0.1 M NaOH aqueous solution. Figure 6.1A shows 

the typical response of PtNPs in this medium1. Briefly, the peaks of the voltammogram in 

the potential range between −0.90 and −0.55 V contains the contributions of hydrogen 

adsorption/desorption. On the other hand, the potential range between −0.35 V and 0.0 V 

shows the characteristic OH adsorption/desorption region.  Therefore, an increase of the 

4VP ionomer concentration within the Pt/CB ink preparation leads to the blockage or fouling 
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of the Pt surface. Nonetheless, a key point of this work come up about the counterbalance 

between the electrocatalytic properties of the PtNPs for the ORR and the adequate catalytic 

ink formulations to enhancing particles cohesion and therefore the formation of a three 

dimensional structure. With the aim of shedding light on how the 4VP affects the CV pattern 

of PtNPs, figure 6.1B shows the CVs of Pt/CB varying 4VP wt.% of the ink drop casted onto 

the polished GC electrode surface in 0.1 M NaOH. The 4VP content with respect to Pt/CB 

is examined within a range of 7–20 wt.%. In the absence of 4VP, the CV of Pt/CB 

nanoparticles depicts well defined the peaks associated with the adsorption/desorption 

regions of hydrogen and OH 2-3. However, the higher the 4VP wt.%, the larger the anionic 

ionomer adsorption and the blockage of the catalytic surface of the PtNPs, with a consequent 

reduction of the electroactive area. Hence, a remarkable charge reduction, associated with 

adsorption/desorption of hydrogen, occurs when 7 wt.% 4VP ionomer are added for the same 

loading of Pt within the Pt/CB nanoparticles. Not surprising is the fact that an increase in 

4VP wt.% from 7 to 12 wt.% is detrimental for the observation of a clear CV pattern of the 

Pt/CB nanoparticles in alkaline medium. Moreover, the charge involved on the hydrogen 

and OH adsorption/desorption in the CV of figure 6.1B is similar for both 12 and 20 wt.% 

4VP. 

 

A comparable behaviour is shown in figure 6.1C when it assessed the CV response of 

the cathodic 4VP(z)-Pt/CB/GDE/T electrode, where the Pt catalytic inks have been sprayed 

onto the carbonaceous gas diffusion layer supported on Toray. In this case, it should be 

highlighted that the manufacturing of electrodes for the CV experiments in figure 6.1 B and 

C are different. CVs of figure 6.1B are performed by dropping cast of the ink onto a polished 

GC substrate, while CVs of figure 6.1C are made by airbrushing technique over a diffusion 

layer and Toray carbon substrate, as well described in experimental section. Results from 

figure 6.1C reveals that the electrochemical response of 4VP(7)-Pt/C/GDE/T and 4VP(12)-

Pt/C/GDE/T in 0.1 M NaOH still exhibit the resolved peaks associated with the 

adsorption/desorption of hydrogen. Currents normalized by mg of Pt/C catalyst are similar 

for both electrodes with different 4VP wt.%. However, the CV behavior of figure 6.1C is 

dominated by the IR drop imposed by the sum of electrical resistivity of the gas diffusion 

layer and Toray carbon substrate. As far as the cohesion of the Pt/CB layer is concerned, it 

was found that a percentage of 4VP below 12 wt. % is critically detrimental for the 

mechanical stability of the Pt/CB layer, leading to leaching of Pt/CB nanoparticles when the 
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4VP-Pt/CB/GDE/T electrode is immersed in the alkaline solution. On the other hand, 

ionomer percentages over 20 wt. % resulted in a complete Pt surface blockage by the 4VP 

molecules, as shown in figure 6.1C, even though the adherence and mechanical properties 

of the 4VP-Pt/CB/GDE/T improved significantly compared to the other percentages. In this 

regard, Mamlouk et al. 4 and references therein5-11 have reviewed the importance of ionomer 

optimisation on the preparation of catalytic inks, and therefore on the electrocatalytic layers 

of both cathode and anode electrodes towards hydrogen and ADAFCs. Accordingly, the 

design of the catalytic ink is crucial to obtain electrodes with improved mechanical, thermal 

stability, electrocatalytic activity and durability performance.  
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Figure 6.1. (A) CV of the electrochemical response of PtNPs in the absence of 4VP cast onto a GC 
electrode. (B) CV of the electrochemical response of PtNPs with different content of 4VP cast onto 
a GC electrode. (C) CV of the electrochemical response of 4VP(z)-Pt/CB/GDE/T electrodes. 0.1 M 
NaOH. Scan rate 10 mV s−1. Fifth scan recorded. 
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Furthermore, other recent studies reported that the optimum percentage of anionic 

FAA-3 ionomer that leads to the maximum performance of fuel cell was around 25 wt.% 

when the electrolyte was 1.0 M NaOH 12. On the other hand, Leng et al. 13 performed the 

electrolysis of water using a MEA configuration, in which the anionic AS4 ionomer amount 

of the catalytic layer in the anode and cathode was 16 wt.%. It should be noted that an 

excessive amount of ionomer could lead to higher resistance mainly ascribed to the hindering 

of the reactive diffusion or charge transfer and therefore a subsequent inactivation of the Pt 

electrocatalyst. On the contrary, a low amount of ionomer can involve high resistance and 

therefore high IR drops due to a low OH− conductivity through the electrocatalytic layer. 

 

Figure 6.2 depicts the diffractogram of 4VP(12)-Pt/CB/GDE/T surface for the 

determination of the crystallite size of PtNPs after cast film formation. The diffraction peaks 

corresponds to the characteristic face centered cubic packing structure of Pt14. The average 

crystallite size of Pt was obtained by using the Scherrer equation 15. Such calculations 

provided an average crystallite size of Pt of about 3 nm, which is in a good agreement with 

an average particle size of 2.3 nm of Pt obtained by TEM as determined in a previous work 

by Lopez Cudero et al. 16. 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 6.2. Diffractogram of Pt-based electrocatalyst from the 4VP(12)-Pt/CB/GDE/T cathode. 
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For 12 wt.% 4VP within the Pt/CB electrocatalytic layer, a highly homogeneous Pt/CB 

layer was observed in the SEM images of the 4VP(12)-Pt/CB/GDE/T electrode in figure 6.3 

A and C. The surface of the 4VP(12)-Pt/CB cast film shows some cracks (figure 6.3A), 

which were in part attributed to differences in the coefficients of expansion between the cast 

film and the gas diffusion layer after removal of the ethanolic solution. The EDX mapping 

of the plane section of electrocatalytic layer (figure 6.3B), confirms that the Pt/CB 

nanoparticles were very uniformly dispersed throughout the diffusion layer/Toray paper 

without agglomeration. The cross section of the cathode 4VP(12)-Pt/CB/GDE/T was 

observed in figure 6.3 C and D, depicting PtNPs onto the top of the electrocatalytic layer. 

 

 Figure 6.3D also reveals that the catalytic metal nanoparticles are mainly coated onto 

the upper side of the Toray substrate. In this regard, it is of notice that the use of spraying 

technique for the preparation of the catalytic ink coating successfully minimizes percolation 

through the Toray paper, leading to homogeneous distribution of the metal catalysts. Figure 

6.3E displays the high resolution SEM images of the surface in 4VP(12)-Pt/CB/GDE/T 

cathode probing the heterogeneous nature of the electrode surface, though unfortunately no 

clear distinction of the particle size determination is disclosed from the figure. From the 

EDX experiments of the 4VP(12)-Pt/CB/GDE/T cathode, it was found wt.% values of 82.66, 

4.01, and 13.34 for C, O and Pt, respectively, compared with the calculated wt.% values of 

82.39 for C and 17.60 for Pt, assuming a negligible wt.% value for oxygen present in the 

Vulcan carbon. Nitrogen presence was negligible in the EDX analysis under the 

experimental conditions. Hence, calculated and experimental wt.% values are consistent in 

terms of carbon wt.% content and similar regarding the wt.% of platinum loading. Moreover, 

EDX analysis provided at.% values of 95.57, 3.47 and 0.95 for C, O and Pt, respectively. 
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Figure 6.3. SEM images of (A) plane section of the 4VP(12)-Pt/CB/GDE/T, (B) Pt mapping of the 
plane section of the 4VP(12)-Pt/CB/GDE/T, (C) cross section of the 4VP(12)-Pt/CB/GDE/T, (C 
inset) magnification of cross section of the 4VP(12)-Pt/CB/GDE/T, and (D) Pt mapping of cross 
section of the 4VP(12)-Pt/CB/GDE/T. High resolution SEM image of the 4VP(12)-Pt/CB/GDE/T 
(E). 
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Figure 6.4. Raman spectrum of the 4VP(12)-Pt/CB/GDE/T electrode. * denotes the Raman shift for 
the 4VP anionic ionomer. 
 

 Raman spectrum of the 4VP(12)-Pt/CB/GDE/T electrode revealed, as shown in figure. 

6.4, the typical band D and G together with the second order bands 2D, and D and G. The 

extra band at ca. 490 cm−1 was found to be ascribed to the polymeric binder 4VP. No Raman 

band was elucidated from the platinum- carbon interaction under these experimental 

conditions. 

 

6.1.2. Physicochemical and electrochemical characterisation of the 4VP-Ni/CB/T 

anode. 
 

Figure 6.5A depicts the cyclic voltammetric response of the electrochemical activation 

of Ni surface of the 4VP-Ni/CB/T electrode in 1.0 M NaOH. It is worth noting that 20 wt.% 

of 4VP resulted optimum from mechanical property improvement point of view of the 

electrocatalytic layer of the Ni/CB. CV behaviour of the 4VP-Ni/CB/T electrode was 

compared to the same electrode containing a 20 wt.% of the cationic Nafion ionomer as 

binder (figure 6.5B), i.e. Nafion-Ni/CB/T electrode, characterised in 17. The cyclic 

voltammetric responses demonstrate that both electrodes prepared with different binders 

exhibited similar voltammetric performance in the absence of PGA. However, it is worth 

pointing out that the electrochemical responses of 4VP-Ni/CB/T anodes towards the 
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electrooxidation of 0.05 M PGA was slightly higher than when Nafion-Ni/CB/T electrode 

was used. While the net increase in current associated with the electrooxidation of PGA is 

4.0 mA mg−1 by using the 4VP ionomer, the Nafion-Ni/CB/T showed only an increment of 

2.2 mA mg−1 with respect to the current obtained in the absence of alcohol. Moreover, the 

peak potential for the electrooxidation of PGA using the 4VP-Ni/CB/T electrode was 0.47 

V, lower than the value of 0.54 V obtained for the Nafion-Ni/CB/T electrode. It is difficult 

to ascribe the slight differences in current or oxidation peak potentials noted above, to the 

effect of the ionomer nature rather than a higher nickel electroactive area or different 

resistive components indistinguishably observed for both electrodes. Nevertheless, the 

anionic ionomer is likely the only species in the electrode. assembly that allows hydroxide 

anions transport through the electrocatalytic layer, thereby enhancing the performance of 

anode electrode 5. 
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.5. CV of the electrochemical response of Ni/CB/T electrode with 20 wt.% of 4VP (A), and 
Ni/CB/T electrode with 20 wt.% of Nafion (B). 1.0 M NaOH (solid line) and in the presence of 0.05 
M PGA (dashed line). Scan rate = 10 mV s-1. Third scan recorded. Geometric area: 0.35 cm2.  
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 Figure 6.6 depicts the diffractogram of 4VP-Ni/CB/T surface for the determination of 

the crystallite size of NiNPs after cast film formation. A typical diffractogram of Ni with a 

main peak at near 44° assigned as Ni[111] XRD peak 18. The crystallite size was calculated 

as 2.9 nm for the 4VP-Ni/CB which is consistently comparable with an average Ni particle 

size of 2 nm according to the previous TEM images 17. 
 

 

 

 

 

 

 

 

 

 

 

 
 

 
Figure 6.6. Diffractogram of Ni-based electrocatalyst from the 4VP-Ni/CB/T anode.  

 

 The surface and cross sections of the 4VP-Ni/CB/T anode are observed in figure 6.7. 

4VP-Ni/CB layer displayed a homogeneous coverage of the carbon fibres without any 

agglomerations. The same results are obtained when Nafion was used as binder 17. Such as 

cross section demonstrates that the electrocatalytic layer was deposited onto the 

tridimensional electrode surface (figure 6.7 B and D). A deeper observation illustrated in 

figure 6.7E through high resolution SEM in the direct determination of metal particle size 

and distribution of NiNPs on carbon support reveals the absence of agglomeration of Ni 

nanoparticles, though yet again particle size was difficult to be identified by this technique. 

Finally, Raman spectrum exhibited the same pattern, as that shown in figure 6.4. 
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Figure 6.7. SEM images of Ni/CB/T anode with 20 wt.% of anionic ionomer 4VP of plane section 
(A) and cross  section (B). Ni mapping of plane section (C) and cross section (D). High resolution 
SEM image of the 4VP(12)-Pt/CB/GDE/T (E). 
 

 

 

500 μm   

A 

500 μm 

B 

500 µm  

C 

100 µm  

D 

E 



PREPARATIVE ELECTROLYSIS OF PROPARGYL ALCOHOL USING A PEMER ARCHITECTURE 
 

241 
 

 6.1.3. Polarisation plots using the PEMER configuration. 
 

 A polarisation technique was performed for understanding the electrochemical 

response of the MEA configuration employed when a current or potential are applied under 

steady conditions. Figure 6.8 shows the polarisation plots using the PEMER configuration 

consisting of a 4VP-Ni/CB/T as anode, a 4VP(12)-Pt/CB/GDE/T as cathode and either 

4VP/CS:PVA or FAA membranes as SPE using a variable concentration of the NaOH 

solution. Polarisation experiments were performed in the presence of 0.25 M PGA in NaOH 

solution.  

 

 Figure 6.8A depicts the polarisation plots for different NaOH concentration in the 

anodic compartment when the FAA commercial AAEM was used. As expected, the cell 

potential increased as the NaOH concentration decreased. The increase of almost 200 mV at 

0.5 A in 0.1 M NaOH was mainly associated with the effect of NaOH solution conductivity. 

The use of 0.01 M NaOH resulted in a notable increase in the cell potential up to values of 

2 V, where the OH− consumed during the electrooxidation of PGA come from the membrane 

itself. Even though the electrooxidation of PGA is viable with a cell potential near 2 V, the 

chemical stability of the Ni(OH)2/NiOOH electrocatalyst redox couple is compromised by 

the pH reduction of the solution during the electrooxidation. 

 

 It was investigated the influence of the flow rate of the anodic solution through the 

anode compartment upon the polarisation to optimise the cell potential. Within a range of 

flow rates between 6–20 mL min−1 using 1.0 M NaOH solution in the anodic compartment 

no significant differences in terms of cell potential were observed. The only exception 

occurred when working at higher currents, where the oxygen evolution was favoured. Under 

such conditions, the laminar hydrodynamics dominates in the anodic compartment, which 

turns inefficient or influences very slowly the removal of molecular oxygen from this 

compartment. Hence, the orientation of 4VP-Ni/CB catalytic layer in contact with the 

membrane or the graphitic column collector was responsible for the increment or reduction 

of the cell potential, respectively. When the 4VP-Ni/CB electrocatalytic layer was in contact 

with the graphitic column collector, the cell potential, at least at higher currents, decreased 

slightly owing likely to an easier evacuation of molecular oxygen bubbles generated from 

the electrooxidation of water onto the NiOOH electrocatalytic surface. 
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Figure 6.8. (A) Polarisation plots using a PEMER configuration and the FAA membrane with 
different NaOH concentration. (B) Polarisation plots using a PEMER configuration as a function of 
the membrane.  1.0 M NaOH plus 0.250 M PGA. The range of current is between 0.020 A and 0.500 
A. Flow rate of 12 mL min-1 for the anodic compartment,  and 50 mL min-1for the synthetic air 
through the cathodic compartment. 
 

 In the case of the influence of air feeding flow rate through the cathodic compartment 

on the cell potential of the PEMER configuration, no variations of the cell potentials were 

found when feeding air through the 4VP(12)-Pt/CB/GDE/T cathode within a flow rate range 

between 50 and 200 mL min−1. In view of the above results, it can conclude that a flow rate 

of 12 mL min−1 for the anodic solution, a 50 mL min−1 flow rate of air through the cathodic 

compartment, and 1.0 M NaOH solution provided the minimum cell potential for the currents 

evaluated. Such experimental conditions were chosen to compare the performance of the 

novel 4VP/CS:PVA membrane with that of the commercial FAA membrane. Figure 6.8B 

depicts the polarisation plots for both AAEMs. Within the current range from 0.02 A to 0.1 

A, the cell potential resulted higher for the FAA membrane than the 4VP/CS:PVA 

membrane. This is due to the different activation of the cathodic process, associated with the 

ORR, which is a function of the type of membrane used. It is worth noting that the 

membranes display differences regarding water swelling and alcohol permeation properties 
19 that affect the performance of the cathode at low currents. Then, after the activation energy 

for the ORR was reached, the cell potential for the 4VP/CS:PVA membrane increased until 

values near those for the FAA membrane.  

A B 
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On the other hand, the same polarisation plot was also performed using the Nafion-

Pt/CB/GDE/T cathode and the Nafion-Ni/CB/T anode deposited on the graphitic columns 

with the FAA commercial membrane. This configuration provided a cell potential of around 

5.0 V for the highest currents tested, demonstrating the detrimental effect of the use of the 

Nafion ionomer. Moreover, the study of two different PEMER configurations, (i) Nafion-

Pt/CB/GDE/T as cathode and 4VP-Ni/CB/T as anode, and (ii) 4VP(12)Pt/CB/GDE/T as 

cathode and Nafion-Ni/CB/T as anode demonstrated that the highest increase in cell 

potential was obtained when the Nafion-Pt/CB/GDE/T electrode was used. Hence, it is 

evident that the use of Nafion as a cationic ionomer for the preparation of the cathode is 

disadvantageous in alkaline medium under the experimental conditions of this work, 

precluding the OH− transport through the electrocatalytic layer of the Nafion-

Pt/CB/electrode. 

 

 6.1.4. Preparative electrooxidation of propargyl alcohol. 
 

 It next turned to the preparative electrooxidation of PGA to the corresponding 

carboxylic acid derivatives (PA and/or PPA) using the PEMER configuration. Preparative 

electrolyses were performed either using the FAA or the 4VP/CS:PVA membrane. Anodic, 

cathodic and the overall electrochemical process reactions as well the overall 

electrochemical process through the NiOOH species formation are displayed in reactions 

(6.1)–(6.4) as follows, 
 

𝑁𝑖(𝑂𝐻)2 +  𝑂𝐻− → 𝑁𝑖𝑂𝑂𝐻 + 𝐻2𝑂 + 𝑒 (6.1) 

𝑁𝑖𝑂𝑂𝐻 + 𝐶𝐻𝐶𝐶𝐻2𝑂𝐻 + 4𝑂𝐻− →  𝑁𝑖(𝑂𝐻)2 + 𝐶𝐻𝐶𝐶𝑂𝑂− + 3 𝐻2𝑂 + 3𝑒 (6.2) 

𝐶𝐻𝐶𝐶𝑂𝑂− + 𝐶𝐻𝐶𝐶𝐻2𝑂𝐻+  → 𝐶𝐻𝐶𝐶𝐻2𝑂𝐶𝐻𝐶𝐻𝐶𝑂𝑂− (6.3) 

𝑂2 + 2 𝐻2𝑂 + 4𝑒 → 4 𝑂𝐻− (6.4) 
 

where reactions (2) and (3) denote the formation of PA and Z-PPA, respectively. 

 

 Therefore, the primary reaction involves the electrooxidation of PGA to PA throughout 

the regeneration of NiOOH species to Ni(OH)2 species (reaction (6.1) and (6.2)) 20-22. On 

the other hand, the electrooxidation of PGA can likely lead to the formation of Z-PPA isomer 

which proceeds through a hapto-propiolate complex with the NiOOH species on the surface 

via the triple bond of the alkyne moiety (reaction (6.3)) as described in a tentative mechanism 
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in 23. The parasite reaction at the anode corresponds to the electrooxidation of water to 

oxygen. Simultaneously, the reduction of O2 to OH− anions as shown in reaction (6.4) 

represents the cathodic reaction which is the responsible for the supply of OH− ions necessary 

(vide infra). Focusing on compartment of anode, it should be pointed out that the 

electrooxidation of PGA involves the consumption of 5 mole OH− per mole PGA. With a 

PGA concentration of 0.250 M within the anodic solution (0.0075 mole of PGA), the mole 

of OH− in 1.0 M NaOH anodic solution (0.03 mole of OH−) is insufficient to carry out the 

electrooxidative process of 0.0075 mole PGA to PA under the experimental conditions of 

the present work, according to reaction (6.1) and (6.2). Thus, the ORR under alkaline 

conditions occurring in the cathode will supply 4 mole of OH− (0.0017 mole of OH− for a 

theoretical charge of 30 C) per mole molecular oxygen reacted in the cathode. Hence, ORR 

provides a continuous flux of OH− to the anodic compartment needed for the 

electroregeneration of NiOOH species (reaction (6.1)) and the electrooxidation of PGA 

(reactions (6.2) and (6.3)). 

 

 Table 6.1 displays the conditions established for the electrooxidation of PGA and the 

obtaining of the final products in terms of current density and charge passed. The electrolysis 

performed using the commercial FAA membrane gave rise to a PGA conversion of 0.74. 

The use of the 4VP/CS:PVA membrane provided a PGA conversion of 0.77 at a current 

density of 20 mA cm−2. Z-PPA isomer was the only product obtained from the 

electrooxidation of PGA as demonstrated by 1H NMR analysis of the reaction crude obtained 

after extraction of final anolyte. NMR analysis also demonstrated the absence of 

oligomerization products in the crude reaction mixture. By assuming that all reacted PGA is 

converted to Z-PPA, average current efficiencies are 0.31 and 0.33 when using a FAA and 

4VP membrane, respectively, after 3 consecutive electrosynthetic reactions for each 

membrane. Accordingly, there is a fraction of the electrical charge passed which is being 

used for the side reaction involving the oxidation of water during organic electrosynthesis. 

Table 6.1 also shows the space time yield and electrolytic energy consumption24-25. 
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SEM and XPS analysis were performed for both FAA and 4VP/CS:PVA membranes 

after electrooxidations and no remarkable difference were observed compared to 

morphology and surface chemistry results of fresh membranes. Alkaline PEM suffers from 

a hydroxide/carbonate/bicarbonate equilibrium 26-28. Such reactions reduce the pH of 

solution, providing a loss in the alcohol electrooxidation performance. Under these 

experimental conditions, carbonation fouling was discarded since first, the electrooxidation 

of PGA led selectively to the formation of Z-PPA without formation of CO2, and second, the 

purity of synthetic air used for the electroreduction of oxygen, discarding the presence of 

carbonate/bicarbonate in the cathodic side. On the other hand, the use of anion-exchange 

membrane precludes sodium or potassium cations reach the cathode where insoluble sodium 

or potassium bicarbonate could be formed at room temperature, obstructing the catalytic 

layer. 

 

 Moreover, within the time scale of 6 consecutive electrosynthetic reactions, the 

residual presence of CO2 into the anodic solution coming from the atmospheric air was 

practically irrelevant for the performance of the electrooxidation of PGA in terms of 

conversion and current efficiency. Therefore, the viability of the electrooxidation of PGA in 

alkaline medium using anion-exchange membrane based on low cost and environmentally 

friendly polymers as SPE in a PEMER configuration provides the proof of concept necessary 

to be extrapolated to a vast variety of electrooxidation processes of primary and secondary 

alcohols. 

  

 Finally, the stability of the anode and cathode during the electrooxidation of PGA was 

proved by consecutive electrolyses using both FAA and 4VP/CS:PVA membranes. Cell 

potentials were found to be very stable during the electrooxidation of PGA and consequently 

the results of this work were clearly indicative of a proper performance of all parts of the 

PEMER configuration. In the case of the mechanical stability of the 4VP-Ni/CB/T and 

4VP(12)-Pt/CB/GDE/T electrodes, a more profound investigation by SEM of both electrode 

surfaces revealed no detachment of the electrocatalytic layer as well as a defect-free surface 

after repetitive electrolyses. 
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 6.1.5. Conclusions. 
 

 It has been demonstrated the viability of the electrooxidation of alcohols in alkaline 

media either using a commercial AAEM or a newly developed CS:PVA based anion-

exchange membrane doped with 4VP ionomer in a PEMER configuration. A 12 wt.% of 

4VP anionic ionomer concentration with respect to Pt/CB electrocatalyst was optimum in 

terms of particle cohesion and electrocatalytic response measured by the 

adsorption/desorption of hydrogen, and facilitated an excellent attachment to the 

carbonaceous substrate (either gas diffusion layer or Toray paper substrates). Moreover a 20 

wt.% of 4VP with respect to Ni/CB electrocatalyst was the optimum towards mechanical 

and cohesion of the cast film on the Toray paper. XRD measurements provided valuable 

outcome into the crystallographic properties of the Pt/CB and Ni/CB electrocatalysts in the 

presence of the anionic ionomer binder after spraying coating. The crystal structure of Pt 

was determined by XRD and found to be face centered cubic. The average crystallite size of 

PtNPs was calculated from X-ray diffraction peak widths and found to be 3 nm, which is in 

a good agreement with an average particle size of 2.3 nm according to previous TEM 

measurements. Crystallite size of NiNPs was found to be 2.9 nm close to the average particle 

size of 2 nm obtained by TEM. High resolution SEM images displayed no formation of large 

agglomerated particles for any of Pt/CB and Ni/CB electrocatalysts. Raman spectra for both 

electrocatalysts revealed the typical D and G bands along with the second order bands. The 

Raman band was clearly observed for the 4VP anionic ionomer circa 490 cm−1, but with no 

observation of either Pt-C or Ni-C interactions. Polarisation curves confirmed that the cell 

potentials of the PEMER when using the 4VP/CS:PVA membrane exhibited similar values 

to those ones for FAA commercial membrane for currents between 0.1 and 0.5 A. The main 

product obtained from the electrooxidation of PGA in the PEMER configuration under the 

experimental conditions of a current density of 20 mA cm−2 and a Ni loading of 0.1 mg cm−2 

was Z-PPA, with a fractional conversion of 0.74-0.77 for 2895 C of charge passed and with 

current efficiency and specific electrolytic energy consumption practically equal than those 

for FAA membrane. Furthermore, the performance of the new 4VP/CS:PVA membrane was 

comparable to that of the FAA commercial membrane in terms of alkaline stability. Last but 

not the least, the performance and mechanical integrity of both 4VP(12)-Pt/CB/GDE/T and 

4VP-Ni/CB/T electrodes were stable at least with repetitive PGA electrooxidations. 
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6.2. High performance of alkaline anion-exchange membranes based on 

chitosan/poly (vinyl) alcohol doped with graphene oxide for the electrooxidation of 

primary alcohols. 

Abstract. The electrochemical performance of the GO-based MMM in the 

electrooxidation of PGA was investigated in a PEMER under alkaline conditions, through 

the electrolyses reactions, showing a performance comparable to anion-exchange 

commercial membranes. 

 

 6.2.1. Preparative electrooxidation of propargyl alcohol using GO/CS:PVA 

membrane. 
 

 A number of five consecutive electrochemical oxidations of 0.25 M PGA in 1.0 M 

NaOH solution were performed upon a Ni-based anode and a gas diffusion cathode electrode 

for the electro reduction of oxygen. Table 6.2 summarizes the electrochemical conditions as 

well as some parameters obtained from the electrooxidation of PGA. Moreover, table 6.2 

exhibits data related to the electrooxidation of PGA under the same experimental conditions 

but using the FAA membrane. All electrochemical reactions were carried out at controlled 

current density of 20 mA cm-2 and cell potentials during the electrooxidation process were 

constant around a value of 1.8 V (see figure 6.9). This could be an indication of the chemical 

stability of the membrane in this type of electrochemical processes.  
 

 

 

 

 

 

 

 

 

 
 

 

 

Figure 6.9. Monitoring of cell potential with electrolysis time. 
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The electrochemical performance of the membrane has been evaluated from the PGA 

conversion and current efficiency values obtained for each of the five consecutive 

electrooxidative reactions. The PGA conversion values are above 0.5 for a charge passed of 

2895 C after two electrolyses, being the main and unique product of reaction Z-PPA. 

However, it should be noted that PGA conversion value is almost equal for the five 

electrolyses conducted. The average current efficiency is 0.23 when using the GO-based 

membrane, denoting that a secondary reaction such as the oxygen evolution is also taking 

place together with the electrooxidation of PGA. Table 6.2 also shows the space-time yield 

and the electrolytic energy consumption for the electrooxidation of PGA. The behavior of 

the commercial membrane displays a lower cell potential of 1.21 V, denoting that IR drops 

associated to the membrane is lower than GO/CS:PVA membrane.  

 

Besides, the PGA conversions and current efficiency obtained using the GO/CS:PVA 

membrane were similar to those reached for the FAA membrane, though energetic 

consumption is somewhat higher. 

 

 6.2.2. Conclusions.  
 

 It has been demonstrated the viability of the electrooxidation of alcohols in alkaline 

media using a newly developed GO/CS:PVA anion-exchange membrane in a PEMER 

configuration. All electrochemical reactions were carried out at controlled current density of 

20 mA cm-2 and depicted constant cell potentials around a value of 1.8 V. The main and 

unique product of reaction Z-PPA, being in this case, the conversion and efficiency values 

better found of 0.64 and 0.28, respectively.  
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 The purpose of this doctoral thesis relies on establishing novel methodologies and 

synthetic routes for electrochemical organic synthesis of high-valued products with higher 

performance compared to conventional electrochemical procedures. In this doctoral thesis, 

the feasibility of scaling-up the electrosynthesis of carboxylic acids derivatives from the 

electrooxidation of primary alcohols has been demonstrated within a PEMER architecture 

using a SPE as electrolyte under alkaline conditions. Therefore, the introduction of a SPE 

has solved one of the main problems regarding traditional organic electrosynthesis 

performed in a conventional flow cell that is founded on the need for incorporating a 

supporting electrolyte, hindering the subsequent operations, such as separation and 

purification of the electrosynthetic products. To reach such purpose, this doctoral thesis 

prompted the fabrication and optimisation of the three main components of a PEMER 

configuration as well as the principal aspects of their manufacture and preparation: a Ni 

based nanoparticulate anode for the electrooxidation of the model alcohol like PGA, a Pt 

based nanoparticulate cathode for ORR, and finally, an AAEM as SPE separator.  

 

 PGA, an unsaturated primary alcohol has been used for the electrooxidation toward 

carboxylic acid derivatives because of its applications as corrosion inhibitors, as polishing 

agent in electroplating baths and as starting material or intermediate for pharmaceutical 

products synthesis. The electrooxidation of PGA at room temperature has led to the 

selective formation of Z-isomer of PPA or PA through NiOOH species. PGA 

electrooxidation response has found to be very dependent on the metal-doped carbon used, 

loadings and coverage of nickel on the carbonaceous support. Moreover, the most 

significant findings of this doctoral thesis has pointed out that CS or CS:PVA based 

membranes and their derivatives doped with organic or inorganic fillers provided a suitable 

approach for obtaining AAEMs with good performance and with tuneable properties to be 

used in any kind of electrochemical cell configuration or other sort of application. In 

addition, the repeatability achieved for the manufactured of the hybrid polymeric AAEM 

has enabled the scale-up of novel membranes to be used in a PEMER configuration in 

order to achieve the PGA electrooxidation.  

 

 

 



CHAPTER 7    

256 
 

 A new methodology of electrochemical organic synthesis based on electrochemical 

reactors with GDE type electrodes and eco-friendly membranes have been developed and 

tested for the electrooxidation of alcohols towards carboxylic acid derivatives in alkaline 

medium. This methodology could be extended to other electrosynthetic routes either 

reduction or oxidation processes. For that purpose, the main elements of a PEMER 

architecture must be designed according to starting reagents and reaction media. Stacking 

of electrochemical cells based on a PEMER architecture would contemplate the feasibility 

of using a pilot plant prototype.  
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57  Resumen:

La presente invención se refiere a un procedimiento
para la síntesis del ácido 3-(2-propinoxi)-2-propenoico
o mezclas de éste y del alcohol propargílico mediante
dos procesos de electrolisis consecutivos en la misma
celda de electrolisis que contiene medios de
separación y un ánodo de un material que contenga
níquel, caracterizado porque comprende los
siguientes pasos:
a) obtención de un ánodo de hidroxióxido de níquel
mediante una primera electrolisis en una disolución
acuosa de hidróxido de metal alcalino donde el ánodo
debe ser níquel o un material que contenga níquel,
b) obtención de ácido 3-(2-propinoxi)-2-propenoico al
someter una disolución acuosa hidróxido de metal
alcalino y alcohol propargílico a una segunda
electrolisis,
c) acidificación del ácido 3-(2-propinoxi)-2-propenoico
obtenido en la etapa b) con ácidos minerales diluidos
a un pH 4.

Se puede realizar consulta prevista por el art. 40.2.8 LP.Aviso:



PROCEDIMIENTO ESTEREOSELECTIVO PARA LA SíNTESIS 
ELECTROQuíMICA DEL ÁCIDO 3-(2-PROPINOXI}-2-PROPENOICO 

5 CAMPO DE LA INVENCiÓN 

La invención se relaciona con un procedimiento estereoselectivo para la síntesis 
electroquímica de ácido 3-(2-propinoxi)-2-propenoico (Cash number: 88977-90-
6, (3-(2-propynoxy)-2-propenoic acid» que se realiza en una sola etapa a partir 
de la oxidación electroquímica del alcohol propargílico (Cash number: 107-19-7, 

10 (Propargyl alcohol». 

ESTADO DE LA TÉCNICA ANTERIOR 

El ácido 3-(2-propinoxi)-2-propenoico se enmarca en una familia de compuestos 
acetilénicos que se emplean como aditivos en los baños galvánicos con el 

15 objetivo de recubrir piezas metálicas con depósitos de níquel o con 
recubrimientos de níquel-hierro. El papel fundamental de estos aditivos y 
especialmente del que citamos como objeto de la invención, corresponde al 
aumento de la calidad de los depósitos que se obtendrán mediante el uso de 
estos baños de níquel o níquel-hierro ácidos (Modern electroplating. Edited by 

20 Mordechay Schlesinger, Milan Paunovic. John Wiley and Sons, New Jersey. The 
Electrochemical Society Series (2010) 85). 

La patente US4.421.611 describe un método para preparar el ácido 3-(2-
propinoxi)-2-propenoico a partir del alcohol propargílico y el ácido propiólico 
mediante dos etapas: 

25 a) Reacción del alcohol propargílico en presencia de ácido propiólico en 
una disolución acuosa alcalina. 

b) Acidificación del filtrado con ácido clorhídrico. 

En este caso se parte de dos materias primas, donde una de ellas, el ácido 
propiólico es un producto que se debe obtener de alcohol propargílico por 

30 oxidación y que se maneja como materia prima, aunque no se indica la manera 
de obtenerlo. 

De la propia lectura de la patente, se infiere un segundo proceso en el que se 
reivindica la obtención de mezclas acetilénicas que contienen ácido 3-(2-
propinoxi)-2-propenoico y que se utilizarán como aditivos para los baños de 

35 níquel o níquel-hierro ácido. En este caso, es el permanganato del metal alcalino 
(preferentemente potásico o sódico) quién actúa como oxidante para transformar 
el alcohol propargílico en ácido propiólico, el cual deberá seguir reaccionando en 
dichas condiciones para rendir una mezcla de reacción en la que quedará 
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alcohol propargílico sin reaccionar y el ácido 3-(2-propinoxi)-2-propenoico 
sintetizado. En este caso, el proceso requiere de tres etapas: 

a) Reacción del alcohol propargílico con permanganato de un metal alcalino 
en una disolución acuosa alcalina. 

5 b) Filtrado de la mezcla de reacción. 

c) Acidificación del filtrado con ácido. 

Dos etapas consecuentes permitirán disponer de una disolución ácida que 
conteniendo ambos productos ácido 3-(2-propinoxi)-2-propenoico y alcohol 
propargílico podrá ser utilizada como aditivo en los baños de níquel o niquel-

10 hierro ácidos como agente nivelante o abrillantador. 

No obstante, las condiciones de reacción que se describen implican que, en la 
primera fase, se debe utilizar una cantidad de permanganato sensiblemente 
inferior a la que estequiométricamente requeriría la cantidad de alcohol 
propargílico que se disuelve en la mezcla de reacción. Esto justifica que al final 

15 se obtenga una mezcla de ácido 3-(2-propinoxi)-2-propenoico, alcohol 
propargílico y ácido propiólico, cuya composición se indica como desconocida, 
señalándose que se obtiene una mezcla acetilénica. A esto le unimos que la 
reacción debe realizarse a una temperatura alta (se describe que entre 60 y 90 
oC y a reflujo durante un periodo de tiempo determinado) y que se requiere de 

20 una etapa de filtrado en la que se separa el dióxido de manganeso que proviene 
del permanganato una vez ha reaccionado y que por tanto deberá ser 
gestionado su tratamiento. Además en la última etapa se obtiene una mezcla de 
los productos ácido 3-(2-propinoxi)-2-propenoico y alcohol propargílico que 
deberán ser añadidos, en esas condiciones, a los baños de niquelado o de 

25 níquel-hierro ácido para realizar su función o bien, separar el ácido 3-(2-
propinoxi)-2-propenoico del alcohol propargílico. Por otra parte, aunque la 
estructura del ácido 3-(2-propinoxi)-2-propenoico permite la existencia de dos 
isómeros el Z y el E, no se describe si la síntesis transcurre por una vía 
estereoselectiva. Lu Zekai y colaboradores hacen mención en sus publicaciones 

30 (Guangzhou Shiyuan Xuebao, Ziran Kexueban (1993), (1), 52-5 Y Huangong 
Shikan (2003), 17 (2), 44-5) al proceso de síntesis del ácido 3-(2-propinoxi)-2-
propenoico empleando de nuevo el permanganato potásico como agente 
oxidante, en medio básico, a temperaturas entre 65-70 oC y en presencia de un 
antioxidante no especificado por los autores. Sin embargo, un examen más 

35 detallado de los espectros de 1H NMR, revela que el producto que obtienen Lu 
Zekai y colaboradores es el ácido propinil acético. 

De forma general se puede indicar que los procesos electroquímicos presentan 
características que los hacen muy interesantes para ser aplicados en la síntesis 
de productos de aplicación industrial, ya que los procesos de oxidación se 

40 realizan sobre electrodos denominados ánodos, de forma que los electrones que 
se pierden en la sustancia que se debe oxidar, lo hacen en el ánodo sin 
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necesidad de un oxidante convencional. Por tanto, no aparecen productos 
derivados del uso de un oxidante convencional, no requiriéndose de la 
eliminación de éstos. Por otra parte, los procesos electroquímicos se desarrollan 
en condiciones suaves (presión atmosférica y temperatura cercana a la 

5 ambiente) y favorecen claramente los procesos posteriores de separación del o 
de los productos sintetizados. 

En este sentido, es reseñable el trabajo que se publica por Johannes Kaulen y 
Hans-J. Schafer (Tetrahedron (1982), 38 (22), 3299-308) en el que se describe 
un procedimiento de oxidación heterogénea de alcoholes mediante el uso de un 

10 hidroxióxido de níquel que se produce sobre un electrodo de hidróxido de níquel. 
En dicho trabajo específicamente, se describe la oxidación del alcohol 
propargílico en una sola etapa. 

El proceso consiste esencialmente en depositar, electrolíticamente, una capa de 
hidroxióxido de níquel sobre un electrodo de níquel empleando una disolución de 

15 sulfato de níquel 0,1 N, acetato sódico 0,1 N e hidróxido sódico 0,005 N. Este 
electrodo así generado, será el ánodo en una celda electrolítica en la que el 
cátodo estará formado por acero inoxidable. Ambos compartimentos están 
separados por un diafragma cerámico. El anolito (disolución donde se produce la 
oxidación electroquímica) está formado por una disolución de hidróxido sódico 1 

20 M que contiene el alcohol propargílico. El catolito es una disolución de hidróxido 
sódico 1 M. La electrolisis se lleva a cabo a 5 oC. Después de finalizado el 
proceso, el anolito se procesa y se describe la obtención exclusiva del ácido 
propiólico en rendimientos después de la separación en el entorno del 51 %. No 
se describe la obtención ni separación de un producto similar al producto que es 

25 objeto de la invención que a continuación se describe. 

Por tanto, un procedimiento que: 

• No emplee oxidantes como el permanganato. 

• Que implique la oxidación de alcohol propargílico para obtener 
exclusivamente ácido 3-(2-propinoxi)-2-propenoico en una sola etapa. 

30 • Etapa que, si es electroquímica, evita el uso de oxidantes convencionales 
porque los electrones se eliminan directamente sobre el ánodo 
favoreciéndose, con las condiciones de reacción, la evolución exclusiva 
de alcohol propargílico a ácido 3-(2-propinoxi)-2-propenoico. 

implicaría disponer de un procedimiento sin las complicaciones de la gestión del 
35 reactivo oxidante o de su forma reducida (una vez ha actuado) y que además 

permitiría obtener el producto ácido 3-(2-propinoxi)-2-propenoico después de 
extraerlo del medio de reacción o bien, producir mezclas de ácido 3-(2-
propinoxi)-2-propenoico y alcohol propargílico en las proporciones deseadas. 

Se hace necesario a la luz de lo anteriormente expuesto, buscar un proceso que 
40 permita: 
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• Evitar el uso del permanganato como agente oxidante (peligroso y 
generador de residuos). 

• Evitar condiciones de reacción a temperaturas elevadas con el empleo 
simultáneo del agente oxidante mencionado anteriormente. 

5 • Disponer de un proceso electroquímico en el que el reactivo inicial se 
transforme exclusivamente en ácido 3-(2-propinoxi)-2-propenoico en una 
sola etapa y en condiciones suaves de reacción. 

Un procedimiento como el proporcionado por la presente invención para la 
obtención del ácido (Z)-3-(2-propinoxi)-2-propenoico presenta claras ventajas 

10 sobre los procedimientos conocidos, en especial, en lo referente a la viabilidad 
de la implantación industrial y a la minimización del impacto ambiental del 
mismo. 

Las ventajas que aporta esta invención quedan patentes en los siguientes 
aspectos: 

15 • No emplea permanganato como oxidante. 

• Evita la utilización de condiciones de reacción agresivas como son el 
reflujo a temperaturas cercanas a 90 oC. 

• No requiere la gestión de residuos provenientes del empleo de un 
reactivo oxidante como el permanganato que genera dióxido de 

20 manganeso. 

• Permite obtener mezclas de ácido 3-(2-propinoxi)-2-propenoico y alcohol 
propargílico. 

• Se trata de un proceso electroquímico, que permite transformar, en una 
sola etapa, alcohol propargílico en ácido 3-(2-propinoxi)-2-propenoico. 

25 • El proceso es estereoselectivo ya que el producto obtenido es el isómero 
Z de ácido 3-(2-propinoxi)-2-propenoico. 

EXPLICACiÓN DE LA INVENCiÓN 

La presente invención proporciona un procedimiento que soluciona los 
30 problemas del estado de la técnica anteriormente expuestos. 

Así pues, en un primer aspecto, la presente invención se refiere a un 
procedimiento para la síntesis del ácido 3-(2-propinoxi)-2-propenoico (de ahora 
en adelante procedimiento de la presente invención) mediante dos procesos de 
electrolisis consecutivos en la misma celda de electrolisis que contiene medios 

35 de separación y un ánodo de un material que contenga níquel, caracterizado 
porque comprende los siguientes pasos: 
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a) Obtención de un ánodo de hidróxido de níquel mediante una primera 
electrolisis en una disolución acuosa de hidróxido de metal alcalino donde 
el ánodo de la celda de electrolisis es níquel o un material que contiene 
níquel. 

5 b) Obtención de ácido 3-(2-propinoxi)-2-propenoico al someter una 

10 

disolución acuosa de hidróxido de metal alcalino y alcohol propargílico a 
una segunda electrolisis. 

c) Acidificación del ácido 3-(2-propinoxi)-2-propenoico obtenido en la etapa 
b) con ácidos minerales diluidos hasta un pH comprendido entre 3-4. 

En un aspecto particular, el procedimiento de la presente invención comprende 
un paso de aislamiento del isómero Z del ácido 3-(2-propinoxi)-2-propenoico, 
mediante extracción líquido-líquido con un disolvente orgánico polar. 
En un aspecto particular de la presente invención, la disolución acuosa de 

15 hidróxido de metal alcalino de la etapa b) es la misma disolución acuosa de la 
etapa a) a la que se le añade alcohol propargílico. 

En un aspecto particular de la presente invención, la concentración del hidróxido 
de metal alcalino está comprendida entre 0.1-3 M. 

En un aspecto particular de la presente invención, el hidróxido de metal alcalino 
20 es hidróxido sódico o hidróxido potásico. 

En un aspecto particular de la presente invención, la concentración del ácido 
propargílico está comprendida entre 10-1000 mM. 

En un aspecto particular de la presente invención, la electrolisis de la etapa a) se 
realiza fijando un potencial de ánodo comprendido entre -0.5-+0.6 V, aplicando 

25 un número de ciclos comprendido entre 100-1000 Y una velocidad de ciclado 
comprendida entre 1-1000 milivoltios/segundo referido a un electrodo de 
referencia de Ag/AgCI, y una temperatura comprendida entre 0-90 oC. 

En un aspecto particular de la presente invención, la electrolisis de la etapa b) se 
realiza con un potencial controlado por encima de 0.3 V, a una densidad de 

30 corriente controlada comprendida entre 1-5000 mAlcm2
. 

En un segundo aspecto, la presente invención se refiere al ácido 3-(2-propinoxi)-
2-propenoico obtenido mediante el procedimiento de la presente invención. 

En un tercer aspecto, la presente invención se refiere a una mezcla de 3-(2-
propinoxi)-2-propenoico y alcohol propargílico obtenidas mediante el 

35 procedimiento de la presente invención. 
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BREVE DESCRIPCiÓN DE LAS FIGURAS 

FIGURA 1: Esquema del proceso electroquímico de transformación de alcohol 
propargílico en ácido 3-(2-propinoxi)-2-propenoico. 

5 EXPOSICiÓN DETALLADA DE MODOS DE REALIZACiÓN 

Síntesis electroquímica del ácido 3-(2-propinoxi)-2-propenoico. 

La invención consiste en un procedimiento estereoselectivo para la síntesis 
electroquímica del ácido 3-(2-propinoxi)-2-propenoico por oxidación del alcohol 
propargílico en una disolución acuosa de un hidróxido de un metal alcalino que 

10 se lleva a cabo en un dispositivo electroquímico que contiene al menos un 
ánodo, un cátodo, un anolito, un catolito y unos medios de separación 
apropiados que separan dichos anolito y catolito. Prácticamente cualquier 
dispositivo en el que se pueda realizar la electrolisis con un ánodo de níquel o 
material que lo contenga puede ser utilizado, por ejemplo, un reactor 

15 electroquímico, una célula electroquímica o una célula de electrosíntesis. Las 
fases generales de este procedimiento son: 

a) Generar el ánodo de hidroxióxido de níquel al someter una disolución acuosa 
de hidróxido de metal alcalino a un primer proceso de electrolisis donde el 
ánodo debe ser de níquel o un material que contenga níquel. 

20 b) Sintetizar el ácido 3-(2-propinoxi)-2-propenoico al someter la disolución del 
alcohol propargílico e hidróxido de metal alcalino a un segundo proceso de 
electrolisis en el que, al menos, una parte del alcohol propargílico es 
transformado en el ácido 3-(2-propinoxi)-2-propenoico. 

e) Obtener el ácido 3-(2-propinoxi)-2-propenoico acidificando con ácidos 
25 minerales diluidos hasta alcanzar un pH cercano a 4, separar la disolución 

acuosa que contiene el ácido 3-(2-propinoxi)-2-propenoico y aislar un 
producto que corresponde al isómero Z de ácido 3-(2-propinoxi)-2-
propenoico. 

Para generar el ánodo de hidroxióxido de níquel se somete el ánodo a un 
30 proceso de ciclado electroquímico en el que el potencial del ánodo debe oscilar 

entre -0,5 V Y + 0,6 V referido a un electrodo de referencia de plata/cloruro de 
plata (Ag/AgCI). En una realización particular, el número de ciclos debe estar 
comprendido 100 Y 1000. La velocidad de ciclado debe estar incluida en el rango 
de 1 a 1000 milivoltios/segundo. La concentración del hidróxido en la disolución 

35 acuosa puede variar dentro de un amplio intervalo cuyo límite superior viene 
condicionado por su solubilidad. En una realización particular, la concentración 
de éste en dicha disolución acuosa está comprendida entre 0,1 Y 3 M, Y el 
hidróxido puede ser de sodio o potasio. Los electrodos (cátodos y ánodos) 
pueden ser planos o pueden tener cualquier forma o estructura, y pueden estar 

40 dispuestos en una agrupación tipo filtro-prensa o similar. Preferentemente, se 
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utilizan electrodos tridimensionales. La conexión de los electrodos a la fuente de 
alimentación puede ser monopolar, bipolar o mixta, preferentemente, monopolar 
para llevar a cabo eficientemente el proceso de ciclado al que hay que someter a 
los ánodos. El catolito y el anolito tienen que estar necesariamente separados 

5 por unos medios de separación adecuados, tales como una membrana de 
intercambio iónico, preferentemente una membrana selectiva que permite el 
paso de aniones pero no de cationes o viceversa, o por cualquier otro tipo de 
separador. Prácticamente cualquier membrana selectiva que permite el paso de 
aniones pero no de cationes o viceversa puede ser utilizada. Existen en el 

10 mercado distintas membranas comercialmente disponibles, por ejemplo, las 
membranas comercializadas con las marcas Neosepta, Nafion, Selemion, 
Sybron, lonics, Aqualytic, etc. El catolito o disolución que está en contacto con el 
cátodo, comprende una disolución acuosa de cualquier electrolito salino, tal 
como una disolución acuosa de un hidróxido de un metal alcalino, por ejemplo, 

15 hidróxido sódico o potásico. Como ánodo puede utilizarse cualquier electrodo 
apropiado que contenga níquel, por ejemplo, un electrodo de níquel puro o un 
material que contenga una mezcla o aleación con níquel y uno o varios metales 
cuyos hidróxidos y ellos mismos no sean solubles en disoluciones alcalinas. El 
níquel o los materiales que lo contengan pueden tener una forma plana, o 

20 cualquier estructura tridimensional (preferentemente de metal expandido, de 
malla o de estructura porosa o mesoporosa). El níquel o los materiales que lo 
contengan pueden ser desde nanopartículas hasta micropartículas de diferentes 
tamaños (preferiblemente entre 2 nanómetros y 1 micrómetro) y estar 
dispersados sobre materiales que comprenden el grafito, carbón o sus 

25 derivados, por ejemplo, carbón vítreo o carbón grafitizado, carbones activos, 
grafeno, nanotubos de carbón y contener materiales hidrofóbicos como, por 
ejemplo, el nafion. Particularmente cualquier electrodo de los denominados 
ánodos de difusión de gas que contenga partículas de níquel o de mezclas de 
metales que contengan al níquel. Como cátodo puede utilizarse cualquier 

30 electrodo apropiado, por ejemplo, cualquier metal, un electrodo estable que 
comprende depósito de platino sobre titanio (Ti-Pt), depósito de plomo sobre 
titanio (Ti-Pb),ánodo dimensionalmente estable de oxígeno (DSA-oxígeno), 
ánodo dimensionalmente estable de cloro (DSA-cloro), carbón vítreo, carbón 
grafitizado, grafito, o un cátodo de difusión de gas, por ejemplo, de oxígeno o de 

35 aire. Las electrolisis se realizan a una temperatura comprendida entre O oC y 90 
oC, preferentemente cercana a 25 oC. 

Para sintetizar el ácido 3-(2-propinoxi)-2-propenoico es necesario añadir a la 
disolución del hidróxido alcalino, alcohol propargílico de forma que la 
concentración se encuentre en el rango de 10 a 1000 mM. También puede 

40 emplearse, como anolito, una nueva disolución acuosa del alcohol propargílico e 
hidróxido de un metal alcalino cuya concentración puede variar dentro de un 
amplio intervalo cuyo límite superior viene condicionado por su solubilidad. En 
una realización particular, la concentración de éste en dicha disolución acuosa 
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está comprendida entre 0,1 Y 3 M Y puede ser hidróxido de sodio o de potasio. 
La temperatura podrá estar comprendida entre O oC y 90 oC, siendo preferible 
una temperatura cercana a los 25 oC. Las características del dispositivo 
electroquímico utilizado para la síntesis del ácido 3-(2-propinoxi)-2-propenoico 

5 son las mismas que las del dispositivo electroquímico descrito en la etapa 
anterior de generación del ánodo de hidroxióxido de níquel, previamente 
mencionado. Lo mismo cabe reseñar para los electrodos (cátodos y ánodos), 
sus características, formas y estructuras, así como su disposición y conexión a la 
fuente de alimentación. El catolito y los medios de separación entre el catolito y 

10 el anolito, adecuados para la realización de las electrolisis implicadas en el 
procedimiento para la síntesis electroquímica del ácido 3-(2-propinoxi)-2-
propenoico proporcionado por esta invención son los mismos que los adecuados 
para la realización de las electrolisis implicadas en el procedimiento para la 
generación del ánodo de hidroxióxido de níquel. Sin embargo, el proceso de 

15 electrolisis se realizará de forma diferente ya que se podrá trabajar a potencial 
controlado o a densidad de corriente controlada, es decir, potenciostática o 
galvanostáticamente. En el caso de trabajar potenciostáticamente, el potencial 
del ánodo se mantendrá preferentemente por encima de 0,3 Voltios referido a un 
electrodo de referencia de plata/cloruro de plata (Ag/AgCI). Eventualmente podrá 

20 ser sometido de forma periódica a potenciales inferiores a dicho valor. En el caso 
de realizar la electrolisis en modo galvanostático, la densidad de corriente estará 
comprendida entre 1 mAlcm2 y 5.000 mAlcm2 y no tiene que permanecer, 
necesariamente, constante durante las electrolisis. 

Para obtener el ácido 3-(2-propinoxi)-2-propenoico es necesario someter la 
25 mezcla del ano lito procedente de la electrolisis a un proceso de acidificación con 

ácidos minerales diluidos, por ejemplo ácido sulfúrico o por ejemplo ácido 
clorhídrico hasta alcanzar un pH cercano a 4. Puede darse un paso adicional 
final que consista en aislar un producto que corresponde al isómero Z del ácido 
3-(2-propinoxi)-2-propenoico, aplicando un proceso de extracción líquido-líquido 

30 con un disolvente orgánico polar, por ejemplo acetato de etilo o éter etílico. La 
fase orgánica se separa y se seca sobre un lecho de sulfato sódico anhidro. 
Posteriormente se elimina el disolvente orgánico, en esta realización particular 
acetato de etilo, por destilación a presión reducida (por ejemplo, presión inferior 
a 50 mmHg y temperatura de 40 OC). El extracto que se obtiene contiene ácido 

35 3-(2-propinoxi)-2-propenoico y alcohol propargílico si no ha desaparecido todo el 
producto inicial o solo ácido 3-(2-propinoxi)-2-propenoico si ha desaparecido 
todo. La mezcla se somete a un proceso de purificación, por ejemplo con una 
técnica de cromatografía en columna. En una realización particular puede 
emplearse una relleno de gel de sílice para la columna y un sistema de elución 

40 formado por hexano:cloroformo:éter (1: 1: 1 v/v/v). De esta forma y tras eliminar 
las fracciones recolectadas y eliminar los disolventes orgánicos por destilación a 
presión reducida (por ejemplo, presión inferior a 50 mmHg y temperatura de 40 
OC), se obtiene un sólido blanco con un punto de fusión 145-150 oC y cuyos 
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datos espectroscópicos son 1H-NMR (CDCb, 400 MHz): 5 (ppm) 6.81 (1 H, d, 3J = 
6.8 Hz, CH=CH), 5.06 (1 H, d, 3 J = 6.8 Hz, CH=CH), 4.68 (2H, d, J = 2.4), 2.65 
(1H, s). 13C_NMR (CDCI3, 100 MHz): 5 (ppm) 167.9, 157.4,98.5,77.8,61.5. IR v 
(cm-1

): 3281, 2923, 2852, 2573, 2359, 2336, 2119, 1696, 1635, 1515, 1468, 
5 1445, 1369, 1261, 1224, 1117, 1031,992,938,916,809,782,744,713,646. 

HRMS: Encontrado 126.0323 (calcd. for Cs Hs 0 3: 126.0317). MS (mIz): 126 (M+, 
4%),81 (10),88 (13),57 (6), 49 (11), 47 (19). Estos datos son coherentes con la 
estructura del (Z)- 3-(2-propinoxi)-2-propenoico. Si no se desea separar el ácido 
3-(2-propinoxi)-2-propenoico porque interesa obtener una disolución ácida que 

10 contenga ácido 3-(2-propinoxi)-2-propenoico y alcohol propargílico, el 
tratamiento del ano lito finalizará cuando la mezcla del anolito se haya acidificado 
con un ácido hasta llegar a un pH cercano a 4. 

EJEMPLO 1: 

15 Síntesis electroquímica del ácido 3-(2-propinoxil-2-propenoico a potencial 
controlado 

La electrolisis a potencial controlado se realizó con un potenciostato AMEL 
instruments Model 2053 mediante una celda de electrolisis dividida por una 
membrana de intercambio catiónico Nafion 117 DuPont, USA. El volumen de 

20 cada disolución, tanto anódica (anolito) como catódica (cato lito) fue de 100 mI. El 
electrodo de trabajo consistió en una lámina de Ni de dimensiones 1.90 cm x 2.6 
cm, mientras que como contraelectrodo se utilizó un electrodo de acero 
inoxidable. Como referencia, un electrodo de Ag/AgCI (3.5 M KCI) vía luggin y 
colocado en el compartimento del anolito. El paso previo a la electrosíntesis, 

25 corresponde a la activación electroquímica del ánodo y se realiza en el mismo 
compartimento donde ocurre la electrooxidación. Dos disoluciones de 100ml de 
NaOH 1 M se preparan y añaden en cada uno de los compartimientos de la 
celda dividida. El ánodo se trata electroquímicamente mediante un ciclado de 
potencial entre -0.5 V Y +0.6 V vs Ag/AgCI (3.5 M KCI) durante 100 ciclos a una 

30 velocidad de barrido de 100 milivoltios por segundo con el objeto de conseguir el 
par redox Ni(OHh/NiOOH sobre la superficie del electrodo. Acto seguido a la 
activación electroquímica de la lámina de Ni, se adicionó la cantidad necesaria y 
determinada de alcohol propargílico en el compartimento anódico para conseguir 
la concentración establecida; en este caso 0,05 M. El proceso de electrolisis se 

35 realiza fijando un potencial para el ánodo de 0,6 V vs Ag/AgCI. La carga pasada 
se midió utilizando un culombímetro Digatron y fue de 5441 culombios. La 
electrolisis se realizó bajo condiciones hidrodinámicas empleando una barra 
magnética de teflón y a temperatura ambiente en condiciones aeróbicas. 

Cuando finalizó la electrolisis, el anolito se neutralizó con HCI 37% diluído 1: 1 O 
40 en agua hasta un pH de entre 3-4, y posteriormente se realizó una extracción 

líquido-líquido por triplicado con acetato de etilo en una proporción de 2 
volúmenes del analito y 1 de acetato de etilo. Finalmente, la fase orgánica fue 
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concentrada a vacío. La purificación del ácido 3-(2-propinoxi)-2-propenoico se 
llevó a cabo mediante cromatografía en columna de gel de sílice 60, 0.035-0.070 
mm de tamaño de partícula utilizando una fase móvil de hexano:cloroformo:éter 
etílico en una proporción 1: 1: 1 (%/v). La fase orgánica se concentró a vacío y el 

5 sólido blanco obtenido (1), se almacenó en atmósfera inerte de argón y a -20 oC. 
El rendimiento para la transformación de alcohol propargílico a ácido 3-(2-
propinoxi)-2-propenoico fue del 78%. 

EJEMPLO 2: 

10 Síntesis electroquímica del ácido 3-(2-propinoxil-2-propenoico a corriente 
controlada 

La electrolisis a corriente controlada se realizó con una fuente de corriente 
continua de 30V/1A, mediante una celda de electrolisis dividida por una 
membrana de intercambio catiónico Nafion 117 DuPont, USA. El volumen de 

15 cada disolución, tanto anódica como catódica fue de 100 mI. El electrodo de 
trabajo consistió en una lámina de Ni de dimensiones 1.90 cm x 2.6 cm, mientras 
que como contraelectrodo se utilizó un electrodo de acero inoxidable. Como 
referencia, un electrodo de Ag/AgCI (3.5 M KCI) vía luggin y colocado en el 
anolito. El paso previo a la electrosíntesis, corresponde a la activación 

20 electroquímica del ánodo y se realiza en el mismo compartimento donde ocurre 
la electrooxidación. Dos disoluciones de 100ml de NaOH 1 M se preparan y 
añaden en cada uno de los compartimientos de la celda dividida. El ánodo se 
trata electroquímicamente mediante un ciclado de potencial entre -0.5 V Y +0.6 V 
vs Ag/AgCI (3.5 M KCI) durante 100 ciclos a una velocidad de barrido de 100 

25 milivoltios por segundo con el objeto de conseguir el par redox Ni(OHh/NiOOH 
sobre la superficie del electrodo. Acto seguido a la activación electroquímica de 
la lámina de Ni, se adicionó la cantidad necesaria y determinada de alcohol 
propargílico en el compartimento anódico para conseguir la concentración 
establecida; en este caso 0,01 M. El proceso de electrolisis se realiza fijando una 

30 densidad de corriente de 20 mAlcm2 (1=0,1 A). La carga pasada se midió 
utilizando un culombímetro Digatron y fue de 336 culombios (carga pasada 
teórica). La electrolisis se realizó bajo condiciones hidrodinámicas empleando 
una barra magnética de teflón y a temperatura ambiente en condiciones 
aeróbicas. 

35 Cuando finalizó la electrolisis, la disolución del compartimento anódico se 
neutralizó con HCI 37% diluído 1: 1 O en agua hasta un pH entre 3-4, y 
posteriormente se realizó una extracción líquido-líquido con acetato de etilo en 
una proporción de 2: volúmenes de ana lito y 1 de acetato de etilo. Finalmente, la 
fase orgánica fue concentrada a vacío. La purificación del ácido 3-(2-propinoxi)-

40 2-propenoico se llevó a cabo mediante cromatografía en columna de gel de sílice 
60, 0.035-0.070 mm. de tamaño de partícula y utilizando una fase móvil de 
hexano:cloroformo:éter etílico en una proporción 1: 1: 1 (%/v). La fase orgánica se 
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5 

concentró a vacío y el sólido blanco obtenido, ácido 3-(2-propinoxi)-2-
propenoico, se almacenó en atmósfera inerte de argón y a -20 oC. El rendimiento 
para la transformación de alcohol propargílico a ácido 3-(2-propinoxi)-2-
propenoico se encontraba comprendido entre 96-100%. 
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REIVINDICACIONES 

1. Procedimiento para la síntesis del ácido 3-(2-propinoxi)-2-propenoico 
mediante dos procesos de electrolisis consecutivos en la misma celda de 
electrolisis que contiene medios de separación y un ánodo de un material que 

5 contenga níquel, caracterizado porque comprende los siguientes pasos: 

a) Obtención de un ánodo de hidroxióxido de níquel mediante una primera 
electrolisis en una disolución acuosa de hidróxido de metal alcalino donde 
el ánodo de la celda de electrolisis es níquel o un material que contiene 
níquel. 

10 b) Obtención de ácido 3-(2-propinoxi)-2-propenoico al someter una 

15 

disolución acuosa hidróxido de metal alcalino y alcohol propargílico a una 
segunda electrolisis. 

c) Acidificación del ácido 3-(2-propinoxi)-2-propenoico obtenido en la etapa 
b) con ácidos minerales diluidos a un pH comprendido entre 3-4. 

2. Procedimiento según la reivindicación 1, caracterizado porque comprende un 
paso de aislamiento del isómero Z del ácido 3-(2-propinoxi)-2-propenoico, 
mediante extracción líquido-líquido con un disolvente orgánico polar. 

3. Procedimiento según cualquiera de las reivindicaciones anteriores, 
20 caracterizado porque la disolución acuosa de hidróxido de metal alcalino de la 

etapa b) es la misma disolución acuosa de la etapa a) a la que se le añade 
alcohol propargílico. 

4. Procedimiento según cualquiera de las reivindicaciones anteriores, 
caracterizado porque la concentración del hidróxido de metal alcalino está 

25 comprendida entre 0.1-3 M. 

5. Procedimiento según cualquiera de las reivindicaciones anteriores, 
caracterizado porque el hidróxido de metal alcalino es hidróxido sódico o 
hidróxido potásico. 

6. Procedimiento según cualquiera de las reivindicaciones anteriores, 
30 caracterizado porque la concentración del ácido propargílico está comprendida 

entre 10-1000 mM. 

7. Procedimiento según cualquiera de las reivindicaciones anteriores, 
caracterizado porque la electrolisis de la etapa a) se realiza con un potencial de 
ánodo comprendido entre -0.5-+0.6 V, con un número de ciclos comprendido 

35 entre 100-1000 Y una velocidad de ciclado comprendida entre 1-1000 
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milivoltios/segundo referido a un electrodo de referencia de Ag/AgCI, y una 
temperatura comprendida entre 0-90 oC. 

8. Procedimiento según cualquiera de las reivindicaciones anteriores, 
caracterizado porque la electrolisis de la etapa b) se realiza con un potencial 

5 controlado por encima de 0.3 V o con una densidad de corriente controlada 
comprendida entre 1-5000 mAlcm2. 
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