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Resumen
Las etapas de transferencia electrónica o transferencia de carga involucradas en
reacciones electroquímicas juegan un papel muy importante en un gran número de
procesos biológicos y bioquímicos. Hoy en día, el interés de la comunidad científica se
centra en explorar y entender exhaustivamente la naturaleza biológica y química de los
fenómenos bioelectrocatalíticos que ocurren en los seres vivos, con el objeto de
mimetizarlos en el laboratorio. Los procesos bioelectrocatalíticos presentan un amplio
abanico de aplicaciones dirigidas al: (i) desarrollo de biorreactores electroquímicos para la
mitigación de las emisiones de gases de efecto invernadero, la eliminación de
contaminantes presentes en aguas residuales y urbanas, o la síntesis de productos con alto
valor añadido para la industria química, (ii) el desarrollo de biopilas y biobaterías, y (iii) el
desarrollo de (bio)sensores electroquímicos con fines analíticos.
La introducción de los sensores y biosensores electroquímicos en el sector clínico y
biomédico es cada vez más notable, cuyo paradigma más señalado corresponde a la
comercialización de biosensores electroquímicos para la determinación de glucosa en
sangre. Sin embargo, el seguimiento y control de muchos analitos todavía está dominado
por el uso de técnicas clásicas, como por ejemplo, la cromatografía líquida de alta
resolución acoplada a la espectroscopia ultravioleta visible, la espectroscopia de masas o la
resonancia magnética nuclear. Aunque la mayoría de estos métodos analíticos están
fuertemente consolidados en el sector de la química analítica ya que presentan una buena
sensibilidad, robustez y reproducibilidad, éstas técnicas requieren del uso de equipos caros,
sofisticados, y en la mayoría de los casos, no tienen la posibilidad de realizar experimentos
in situ. El uso de sensores y biosensores electroquímicos proporciona una alternativa que
se enfrenta a esas limitaciones.
Los (bio)sensores electroquímicos son dispositivos que transforman una señal
química o física en una señal eléctrica, a través de un transductor basado en procesos de
naturaleza electroquímica, cuya información es procesada de una manera rápida y sin la
necesidad del manejo complejo de datos. La mejora de la sensibilidad y selectividad de los
dispositivos analíticos electroquímicos se consigue mediante el uso de catalizadores o
biocatalizadores (bioreceptores), tales como materiales metálicos nanoparticulados,
materiales de carbono, ftalocianinas, enzimas, anticuerpos, proteínas redox o ácido
desoxirribonucleico. No obstante, todavía existe un enorme interés en el desarrollo de
(bio)sensores que presenten buenas prestaciones, relacionadas con la alta sensibilidad,
especificidad, durabilidad, bajo coste y portabilidad para realizar medidas electroanalíticas
ex-situ e in-situ.
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Desde hace años el uso de biocatalizadores se está implantando estratégicamente a
escala industrial, en sectores tales como la química fina o química industrial para la
producción de productos químicos y combustibles alternativos. De entre los
biocatalizadores más usados, las enzimas y proteínas redox son de gran interés en la
electroquímica debido a su participación en la transferencia de hidruros y/o electrones. Por
otro lado, la alta selectividad que presentan las enzimas, las hacen candidatos relevantes
para participar en diferentes procesos de transformación química, bajo condiciones de
reacción suaves, unido todo ello a un considerable ahorro energético y económico.
Pero sin duda, un gran avance en la consolidación del uso de enzimas o
biocatalizadores en general a escala industrial se debe en gran parte al desarrollo de
métodos más eficientes de inmovilización de dichas biomoléculas sobre diferentes
materiales. Con referencia a ello, la investigación en la ciencia de los materiales está
siendo crucial para la búsqueda y desarrollo de nuevos materiales que mejoren la
estabilidad y actividad del biocatalizador inmovilizado y, por tanto, el rendimiento del
biorreactor o biosensor electroquímico. En concreto, los materiales de carbono, por
ejemplo, el grafito, el carbón vítreo, el grafeno, los nanotubos de carbono y los materiales
nanoporosos de carbono se emplean para un sinfín de aplicaciones electroquímicas gracias
a sus propiedades singulares referidas a su excelente conductividad térmica y eléctrica,
resistencia mecánica, así como la posibilidad de modificar las propiedades texturales,
estructurales y química superficial del material carbonoso, de acuerdo a las prestaciones
del biorreactor y del (bio)sensor electroquímico.
Es por ello que los objetivos que aborda la tesis doctoral se refiere al uso de la
bioelectrocatálisis para el desarrollo de:
(i)

Sensores y biosensores electroquímicos utilizados en la determinación de
metabolitos en medios biológicos de composición compleja utilizados en
técnicas de reproducción asistida, como el lactato y el aminoácido cisteína,
como marcadores del desarrollo celular del embrión humano.

(ii)

Sensor electroquímico utilizado para la determinación de peróxido de
hidrógeno presente en medios biológicos como marcador del estrés oxidativo.

(iii)

Sensor electroquímico cuya finalidad ha sido la medida de pH.

(iv)

Bioelectrosíntesis de productos químicos con alto valor añadido utilizados en
la industria química y en pilas de combustible, como el ácido fórmico, a partir
de la reducción del dióxido de carbono mediante el uso de la enzima formiato
deshidrogenasa de Candida Boidinii.
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El trabajo presentado en esta tesis doctoral se ha desarrollado principalmente en los
laboratorios del Instituto de Electroquímica de la Universidad de Alicante, más
concretamente en el grupo de Electroquímica Aplicada y Electrocatálisis, bajo la dirección
del profesor Jesús Iniesta Valcárcel. No obstante, dado el carácter multidisciplinar de dicha
tesis doctoral, se ha requerido la colaboración de otros grupos de investigación. Este es el
caso, en primer lugar, del grupo del profesor Craig Banks, de la Universidad Metropolitana
de Manchester, Reino Unido, cuya contribución se ha centrado en la fabricación de
electrodos serigrafiados desechables de grafito para su uso en la preparación de sensores y
biosensores electroquímicos dedicados a la detección de metabolitos presentes en medios
de cultivo embrionario. También cabe destacar las colaboraciones realizadas con la doctora
Concepción Ovin Ania del grupo de Adsorción y Materiales Porosos del centro nacional de
investigaciones científicas (CNRS), Orleans, Francia, así como la realizada con el profesor
Jose Miguel Molina Jordá, del Instituto de Materiales de la Universidad de Alicante,
ambos investigadores centrados en la síntesis y caracterización de materiales nanoporosos
de naturaleza carbonosa empleados en dicha tesis doctoral. Asimismo, se destaca el trabajo
desarrollado durante una estancia pre-doctoral realizada en el grupo del profesor Frank
Marken de la Universidad de Bath, Reino Unido, gracias a la cual se llevó a cabo el estudio
electroquímico de dos materiales tales como un polímero que presenta microporosidad
intrínseca y una molécula orgánica tipo jaula, ambos con interesantes aplicaciones en
sensores electroquímicos y almacenamiento de hidrógeno molecular.
Fruto del trabajo desarrollado durante esta tesis doctoral, se han obtenido resultados
lo suficientemente novedosos, los cuales se han publicado en revistas de interés científico
internacional así como en congresos nacionales e internacionales. Además, durante la
realización de la tesis doctoral se ha participado en proyectos tanto privados como
públicos. Concretamente, el primero de ellos titulado “Métodos electroquímicos aplicados
en técnicas de reproducción asistida” en colaboración con la Unidad de Reproducción
Asistida de la Clínica Vistahermosa de Alicante, España, y el segundo correspondiente al
proyecto nacional financiado por el Ministerio de Innovación y Competitividad, titulado
“Desarrollo de nuevos materiales catalíticos para la valorización electroquímica de
dióxido de carbono” CTQ2013-48280-C3-3-R.
Esta tesis doctoral consta de cinco capítulos, todos ellos escritos en inglés con la
finalidad de conseguir una mayor difusión del trabajo realizado, así como de cumplir con
los requisitos necesarios para optar a la mención de Doctora con mención internacional. El
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capítulo 1 presenta la introducción de la tesis doctoral la cual recoge todos los aspectos
fundamentales, estado del arte, problemáticas de los temas relacionados con el trabajo
desarrollado y los objetivos de la tesis doctoral. El capítulo 2 describe los materiales y sus
síntesis, además de los procesos requeridos para el desarrollo y fabricación de los
electrodos de trabajo, a la vez que describe todas las técnicas empleadas para la
caracterización de los mismos. Los siguientes dos capítulos (Capítulos 3 y 4) recogen
todos los resultados obtenidos. Por último el capítulo 5 contiene las conclusiones más
relevantes de la tesis doctoral.
Centrándonos en los capítulos correspondientes a la parte de resultados, el capítulo
3 recopila el estudio llevado a cabo sobre el desarrollo de (bio)sensores electroquímicos
para la determinación de lactato y el aminoácido cisteína, ambos metabolitos presentes en
medios de cultivo embrionario. Los medios de cultivo embrionario están formados por
disoluciones acuosas que contienen una gran variedad de nutrientes químicos, agentes
antioxidantes y antibacterianos, que se emplean para el desarrollo del embrión humano in
vitro. La finalidad del empleo de estos medios de cultivo radica en mimetizar la
composición del tracto reproductivo de la mujer de modo que el desarrollo del embrión sea
el adecuado. Las variaciones de la composición del medio de cultivo podrían estar
correlacionados con la viabilidad de implantación del embrión y, por tanto, con el éxito en
el embarazo; por lo tanto, es de suma importancia conocer exactamente la concentración de
los metabolitos presentes en los medios de cultivo embrionario que intervienen durante las
diferentes etapas del desarrollo del embrión. Particularmente, la monitorización del
consumo o formación de lactato en el medio de cultivo durante el desarrollo del embrión
humano es de interés para el embriólogo, de modo que pueda optar a herramientas
adicionales para la selección del mejor embrión para ser transferido al útero de la mujer.
Por otro lado, el aminoácido cisteína presenta una cinética de reacción muy alta en
presencia de agentes oxidantes como el peróxido de hidrógeno o el radical hidroxilo,
formados en el medio de cultivo, por lo que un seguimiento de su concentración
proporciona información adicional sobre el estrés oxidativo que ha sufrido el embrión
humano durante su desarrollo.
La detección y cuantificación de los anteriores analitos se lleva a cabo
generalmente usando técnicas estándares de análisis químico mediante el uso de la
espectroscopia de masas, resonancia magnética nuclear o cromatografía líquida de alta
resolución, entre otras técnicas. Sin embargo el análisis de analitos presentes en medios
embrionarios tiene ciertas complicaciones derivadas con la poca cantidad de muestra
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disponible (del orden de microlitros) o la necesidad de realizar los experimentos analíticos
en tiempo real en los laboratorios de reproducción asistida.
En el capítulo 3 de esta tesis doctoral se han descrito dos dispositivos
electroquímicos: un biosensor electroquímico para la determinación de lactato y un sensor
electroquímico para el análisis de cisteína. Para dicho fin, las determinaciones
electroquímicas se basaron en el empleo de plataformas serigrafiadas para conseguir la
deseada miniaturización de ambos (bio)sensores electroquímicos.

El subcapítulo 3.1, concretamente, introduce en primer lugar la fabricación de un
biosensor electroquímico para la determinación de lactato presente en medios de cultivo
embrionario. Para eliminar el efecto de la interferencia de otros metabolitos presentes en
los medios de cultivo embrionario sobre la respuesta electroquímica del lactato, se
seleccionó un sistema bienzimático basado en la co-inmovilización de dos enzimas, la
lactato oxidasa (LOx) y la peroxidasa de rábano picante (HRP) sobre una película
compuesta de nanotubos de carbono de pared múltiple funcionalizados con grupos
carboxílicos de carbono y el biopolímero quitosano, soportado sobre una plataforma
serigrafiada de grafito. La superficie del biosensor electroquímico se caracterizó mediante
microscopía electrónica de barrido, y su respuesta electroquímica mediante las técnicas de
voltamperometría cíclica

y cronoamperomentría.

La preparación

del

biosensor

electroquímico de lactato fue reproducible, con una desviación estándar relativa menor del
3.8 %, proporcionando una respuesta bioelectrocatalítica bien definida ante la presencia de
lactato. El dispositivo electroquímico ofreció un rango lineal para la determinación de
lactato entre 30 y 244 μM y un límite de detección de 22.6 μM. Además, el biosensor
electroquímico tuvo una sensibilidad de -3,417 ± 131 μA M-1 debido a la alta transferencia
electrónica atribuida a la presencia de los MWCNT funcionalizados con grupos
carboxílicos, junto con la adecuada inmovilización de la enzima LOx, favorecida por la
presencia del quitosano. El biosensor electroquímico de lactato fue estable más allá de 5
meses (con más del 82 % de la actividad enzimática del biosensor electroquímico)
almacenándolo a 4 ºC, y sin requerir ninguna protección del compuesto enzimático. Para
comprobar su validez en lo que respecta al análisis de lactato en medio de cultivo, se
seleccionaron una serie de medios de cultivo embrionarios comerciales con el fin de
determinar lactato empleando tanto el biosensor electroquímico como la técnica de
cromatografía líquida de alta eficacia, concluyendo que no existían diferencias
significativas en la determinación de lactato entre ambas técnicas. En conclusión, este
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novedoso biosensor electroquímico de lactato se puede considerar como una herramienta
adicional para el embriólogo para determinar lactato en medios de cultivo embrionarios
durante el desarrollo del embrión.

En el subcapítulo 3.2 se realizó un estudio más fundamental sobre la detección
electroquímica de L-cisteína (L-CySH) empleando una plataforma serigrafiada de grafito
modificada con ftalocianina de cobalto (CoPc-SPEs). Las moléculas de CoPc se emplean
como moléculas que mimetizan el centro activo de las enzimas que contienen grupos
porfirínicos, y se usan por ejemplo como receptores en sensores electroquímicos para el
análisis de compuestos que contienen grupos sulfhidrilo. En esta tesis doctoral se
emplearon las técnicas electroquímicas de voltamperometría cíclica y voltamperometría de
onda cuadrada, gracias a las cuales se demostró que el CoPc-SPEs presentaba una
excelente respuesta electrocatalítica frente la oxidación electroquímica de L-CySH.
Además, se encontró que la respuesta de L-CySH empleando la técnica de
voltamperometría de onda cuadrada exhibió un rango lineal entre 3 y 200 μM, con un
límite de detección de 4 μM y una sensibilidad de 0.78 μA cm-2 μM -1. El coeficiente de
variaciones obtenido para la reproducibilidad y la repetibilidad de la determinación de LCySH usando el CoPc-SPE fue de 3 y 0.4 %, respectivamente. El efecto de la presencia de
interferentes, como residuos de aminoácidos, la cistina y el ácido cisteico, también se
evaluaron sobre la respuesta electroquímica de L-CySH, demostrándose la posibilidad de
detectar L-CySH empleando un dispositivo electroquímico CoPc-SPE en medios de cultivo
de composición compleja. Finalmente, la aplicabilidad del sensor electroquímico de LCySH basado en CoPc-SPE se empleó con éxito por primera vez en la evaluación de LCySH en un medio de cultivo embrionario comercial.

El capítulo 4 centra la atención sobre el estudio físico-químico y electroquímico de
una serie de materiales nanoporosos de diferente naturaleza con la intención de emplearlos
en aplicaciones electroanalíticas y bioelectrosintéticas. Los materiales porosos tienen un
gran interés científico y tecnológico debido a sus potenciales aplicaciones como soporte de
catalizadores y biocatalizadores, separación de gases o conversión de energía. Según la
IUPAC un sólido poroso se define como un sólido con poros, es decir, cavidades, canales o
intersticios, que son más profundos que anchos. Los materiales porosos pueden presentar
una composición química muy diversa (carbonosos, poliméricos, silíceos, orgánicos,
metalorgánicos)

así

como

propiedades

texturales
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microporosos) ofreciendo de esta manera una gran variedad de características físicas y
químicas. La tesis doctoral aborda el uso de cinco tipos de materiales nanoporosos
buscando aplicaciones en sensores y biosensores electroquímicos, almacenamiento de
hidrógeno e inmovilización de proteínas redox y enzimas. El capítulo 4 está dividido en
cinco subcapítulos según el tamaño de poro y la naturaleza del material explorado, es decir,
materiales macro, meso y microporosos, donde cada uno de los cuales presentan diferentes
propiedades texturales, estructurales y química superficial.

El subcapítulo 4.1 presenta la caracterización realizada a unas espumas de carbono
macroporosas (espuma de carbono, Cfoam) sintetizadas mediante el proceso de replicación
a partir de breas de mesofase. Este método de síntesis permite conseguir una mayor
uniformidad en la distribución del tamaño de poro así como obtener una forma del poro
muy definida. Con el objetivo de llevar a cabo una caracterización exhaustiva de la
morfología superficial y composición de la espuma se emplearon una serie de técnicas
como la microscopía electrónica de barrido, isotermas de nitrógeno, porosimetría de
mercurio y espectroscopia fotoelectrónica de rayos X. La microscopía electrónica de
barrido reveló una distribución de tamaño de poro macroporoso uniforme reproduciendo
las características de las partículas de cloruro sódico empleadas como molde. Gracias a las
isotermas de adsorción/desorción de nitrógeno se observó la ausencia de meso o
microporosidad y se obtuvo un valor de área superficial específica de 0,38 m2·g-1.
Mediante la técnica de porosimetría de intrusión de mercurio se obtuvieron resultados de
área superficial específica similares a los obtenidos mediante las isotermas de
adsorción/desorción de nitrógeno, y se dedujo que la distribución del tamaño de poro
estaba en el intervalo entre 80 nm y 200 μm. De los resultados de espectroscopia
fotoelectrónica de rayos X se concluyó que la superficie de la espuma de carbono
presentaba una baja funcionalización de grupos oxigenados. Posteriormente se llevó a cabo
la caracterización electroquímica de las espumas mediante la técnica de voltamperometría
cíclica, gracias a la cual se observó que presentaba una amplia ventana de potencial para la
oxidación y reducción del agua. Con la intención de estudiar con más detalle la utilidad de
la espuma como electrodo de trabajo, se emplearon dos pares redox reversibles. De dicho
estudio se obtuvo el valor de la constante de velocidad heterogénea (k0) siendo de 0.7 cm·s1

, un valor ligeramente superior al obtenido por otros electrodos carbonosos como el

carbón vítreo. Con el objeto de obtener más detalles sobre la morfología del poro de las
espumas, se llevaron a cabo experimentos de espectroscopia de impedancia electroquímica
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gracias a los cuales se observó que el material exhibía una estructura de poro abierto (con
casi ausencia de poros cerrados), en consonancia con los resultados obtenidos mediante la
caracterización textural del material. Con el objeto de estudiar si las espumas se podían
emplear como un electrodo tridimensional mecánicamente estable, se exploró la oxidación
electroquímica de una serie de moléculas biológicas, como la dopamina, el ácido ascórbico
y el ácido úrico, normalmente presentes en muestras biológicas. De los resultados
obtenidos se concluyó que la espuma de carbón era apta para la detección de dichas
biomoléculas observándose incluso una oxidación favorecida para el ácido ascórbico y el
ácido úrico empleando la espuma de carbón en comparación con la oxidación de dichas
biomoléculas empleando un electrodo de carbón vítreo. Además, se estudió el
comportamiento electroquímico de la espuma de carbono con el objeto de realizar la
regeneración de NADH, sometiendo el electrodo a potenciales negativos en presencia del
complejo de rodio, [Cp * Rh (bpy) Cl] Cl en disolución, como mediador redox, siendo
adecuada y estable como electrodo tridimensional para realizar dicha regeneración.

Los subcapítulos 4.2 y 4.3 presentan los resultados obtenidos del trabajo
desempeñado durante la estancia pre-doctoral realizada en la Universidad de Bath, Reino
Unido. En este sentido, se estudiaron dos nuevos materiales microporosos; un polímero de
microporosidad intrínseca (PIM) y una molécula orgánica de tipo jaula (POC). Referente al
subcapítulo 4.2, se llevó a cabo la carbonización a vacío a 700 ºC de un polímero de
microporosidad intrínseca que contenía nitrógeno en su estructura (PIM-EA-TB-H2),
obteniendo un carbón heterogéneo microporoso (cPIM). La síntesis del precursor (PIMEA-TB-H2) se llevó a cabo mediante la nitración de etanoantraceno seguido de una
reducción y su polimerización usando dimetoximetano. Se midió el área superficial de
ambos materiales (antes y después de la carbonización) mediante isotermas de
adsorción/desorción de nitrógeno a través de las cuales se obtuvo un área de 846 m 2·g-1 y
425 m2·g-1, respectivamente. Después de la carbonización, el material todavía conservaba
su estructura polimérica y sus funcionalizaciones nitrogenadas, las cuales se asociaron con
las propiedades dependientes con el pH que presentó el cPIM (vide infra). Con la intención
de abordar una caracterización electroquímica del material, se prepararon electrodos
mediante el depósito de una tinta de cPIM sobre una barra de carbón vítreo. Tras sumergir
el electrodo durante un largo periodo de tiempo en una disolución que contenía iones
hidronio y perclorato, el material presentó un comportamiento supercapacitivo (con una
capacidad específica de 50 F·g-1); la dependencia del aumento de la capacitancia con el
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tiempo de mojado se asoció con una lenta hidratación y penetración del HClO4 en el
interior de los microporos. El mismo estudio se realizó empleando H2SO4 y H3PO4 como
electrolitos, los cuales resultaron ser menos efectivo en cuanto a un aumento de
capacitancia se refiere. Una vez hidratado el material, éste mostró una activación /
desactivación del incremento de capacitancia en un rango de pH. A partir de estas
observaciones se propuso su aplicación como sensor “capacitivo” de pH mediante el uso
de la técnica de espectroscopia de impedancia electroquímica. Para dichos experimentos se
empleó como electrodo de trabajo un carbón vítreo modificado con cPIM previamente
inmerso durante 12 horas en una disolución de HClO4. Antes de las medidas el electrodo se
sumergía durante 2 minutos en una disolución de fosfato sódico 0.1 M a diferentes valores
de pH. Las medidas se realizaron en un rango de frecuencias entre 10 kHz y 0.1 Hz y se
representaron los diagramas de Nyquist para cada uno de los pHs. Para el ajuste de los
diagramas se escogió un circuito equivalente basado en una resistencia externa (R), en
serie con un elemento de difusión Warburg (relacionado cualitativamente con la difusión
de los iones y cargas) y en serie con la capacidad (C) (relacionada con la carga del cPIM).
Los valores de resistencia obtenidos tras el ajuste mostraron una respuesta casi lineal con
relación al pH en un rango entre 4 y 12. Por el contrario la capacitancia resultó
independiente de los cambios de pH alcalinos mientras que mostró un aumento en el rango
de pHs ácidos resultando una capacitancia específica de 70 F g-1 a pH 2. Por último, se
presentó la inversa de los valores de resistencia y capacidad (RC)-1 frente al pH obteniendo
una respuesta lineal en un rango de pH amplio. Todos estos resultados abren la posibilidad
de desarrollar un sensor de pH capacitivo basado en la protonación interna de los
microporos de las partículas de cPIM. Este material, así como la arquitectura del sensor,
deben ser estudiados, desarrollados y optimizados aún más para su posible empleo, por
ejemplo, en medios biológicos de composición compleja. El subcapítulo 4.3 muestra la
caracterización electroquímica de una molécula orgánica tipo jaula, CC3. El CC3 posee
simetría tetraédrica y presenta aproximadamente cuatro ventanas triangulares. En estado
sólido, el CC3 se empaqueta preferencialmente con una disposición de ventana a ventana
que da como resultado una red tridimensional interconectada de poros diamonidoides. Se
ha comprobado que el CC3 presenta un área superficial que oscila entre 409 y 859 m2 g-1,
dependiendo del tipo de cristalinidad de la muestra. Los datos obtenidos a partir del área
superficial también muestran la capacidad del material seco para adsorber hidrógeno
molecular. Además, este material presenta una forma porosa persistente originando
espacios para moléculas huésped. Por otro lado, dicho material es inestable valores de pH
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ácidos y básicos extremos. Para su estudio electroquímico dicha molécula se depositó
sobre un electrodo de platino de sección plana. Se caracterizó la superficie del electrodo
mediante la técnica de microscopía electrónica de barrido y se observó que la superficie del
electrodo estaba parcialmente recubierta por el CC3, aspecto fundamental para mantener la
reactividad del electrodo de platino durante la formación de hidrógeno molecular
electroquímicamente. La diferencia en los voltamperogramas en ausencia y presencia de
CC3 depositado sobre el electrodo de platino se interpretó en términos de captura y
liberación de hidrógeno molecular donde el CC3 era capaz de secuestrar hidrógeno
molecular de la fase acuosa con su posterior liberación tan pronto era oxidado otra vez en
la superficie del electrodo de platino. Los experimentos preliminares voltamperométricos y
cronoamperométricos demostraron que las formas sólidas del material orgánico poroso tipo
jaula orgánica CC3 eran capaces de capturar y, por tanto, almacenar hidrógeno molecular
en estado sólido y sumergido en medios acuosos tamponados. El fácil proceso de captura y
liberación de hidrógeno molecular (observado a partir de la voltamperometría cíclica en la
superficie de los electrodos de platino) se relacionó con el intercambio de agua y se
demostró que el proceso dependía del pH. La velocidad de liberación de hidrógeno
molecular del CC3 sólido disminuyó cuando el pH pasaba de 8 a 6. Por lo tanto, se sugirió
que el pH de la disolución tamponada se podía usar para cambiar la tasa de captación /
liberación e interacción del hidrógeno molecular con el CC3. El hecho de ser capaces de
“comprimir” cantidades sustanciales de hidrógeno molecular en jaulas orgánicas porosas
“húmedas” puede ser de gran interés en el campo de la tecnología energética.

Los subcapítulos 4.4 y 4.5 abordan la caracterización físico-química y
electroquímica de una serie de carbones mesoporosos para su empleo en la inmovilización
de dos proteínas, citocromo c de corazón equino (Cyt c) y formiato deshidrogenasa de
Candida Boidinii (cbFDH). El subcapítulo 4.4 se centró principalmente en el estudio de la
inmovilización de ambas proteínas en una serie de geles carbonosos con tamaño y
distribución de poro bien controlada. El confinamiento de Cyt c y cbFDH en carbones con
mesoporosidad especialmente diseñada puede convertirse en un avance importante en el
desarrollo de biosensores para detectar peróxido de hidrógeno y en la preparación de
biocátodos estables y robustos para la reducción bioelectroquímica del dióxido de carbono
a ácido fórmico. Tras examinar la inmovilización de cada una de las proteínas en los
diferentes carbones mesoporosos se observó que la inmovilización adecuada de las mismas
dependía tanto de las dimensiones de la cavidad del poro como de las dimensiones del
XVI

Resumen
cuello del mismo. Una vez inmovilizada la proteína Cyt c se prepararon dispersiones
carbonosas

para

preparar

electrodos

que

permitiesen

comprobar

la

respuesta

electroquímica de la proteína confinada. La Cyt c presentó una mejor transferencia
electrónica directa al inmovilizarla sobre el material de carbono cuyo tamaño de poro
mejor se ajustó a las dimensiones de la proteína, así como sobre el material de carbono
mesoporoso modificado con negro de carbón cuya finalidad era la mejora de las
propiedades de conductividad electrónica. Además, el comportamiento electroquímico del
Cyt c confinada se correlacionó con una alta actividad pseudo-peroxidasa para la reducción
de H2O2 a pH neutro; no obstante, la respuesta electrocatalítica mejoró notablemente a pH
4.0 debido a los cambios conformacionales en el grupo porfirínico de la proteína
confinada. Por otro lado, la actividad de la enzima cbFDH inmovilizada sobre los carbones
mesoporosos también se examinó midiendo la producción de ácido fórmico a través de la
enzima per se, empleando una corriente de gas de dióxido de carbono y el cofactor
nicotinamida adenina dinucleótido (NADH). El confinamiento de la enzima cbFDH dio
como resultado un aumento considerable en la producción de ácido fórmico a las 5 horas
de proceso, siendo la tasa de producción de ácido fórmico muy superior para la enzima
inmovilizada en los carbones comparada con la obtenida para la enzima libre en
disolución.

El subcapítulo 4.5 describe la co-inmovilización de la enzima cbFDH y el
mediador redox [Cp*Rh(bpy)Cl]Cl, empleando un material de carbón nanoporoso
comercial para el desarrollo de un biocátodo capaz de llevar a cabo la reducción del
dióxido de carbono a ácido fórmico a escala laboratorio. El material escogido para la
inmovilización de ambas moléculas fue un material de carbono nanoporoso con meso y
microporosidad bien definida. Del mismo modo que en el subcapítulo 4.4, se investigó la
actividad de la enzima inmovilizada en términos de producción de ácido fórmico en
presencia de CO2 y NADH, y se comparó con la actividad de la enzima presente en
disolución. Dichas producciones de ácido fórmico fueron significativamente superiores
utilizando la enzima inmovilizada. Por otro lado, se estudió el comportamiento
electroquímico del mediador inmovilizado utilizando el material de carbono nanoporoso
mediante la voltamperometría cíclica. Para ello se prepararon dispersiones del material
nanoporoso que contenía el mediador de rodio inmovilizado y se depositó una película
sobre un sustrato de carbón vítreo. Con este electrodo modificado se estudió la reducción
mediada del cofactor NAD+, presentando una óptima respuesta electroquímica en ausencia
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y presencia del cofactor. En lo referente a la fabricación del biocátodo a escala de
laboratorio, se prepararon tintas constituidas por una dispersión alcohólica del material
nanoporoso empleando nafion como agente aglutinante. Las películas de carbón
nanoporoso se prepararon mediante la técnica de pulverizado de la tinta sobre la superficie
de papel de carbón, que fue colocada sobre una placa calefactora a 90 ºC para facilitar la
evaporación del disolvente alcohólico y conseguir por tanto una distribución homogénea
de la película carbonosa. La optimización de la película carbonosa se llevó a cabo variando
tanto el porcentaje de nafion, así como el recubrimiento de carbón nanoporoso sobre el
papel de carbón. Para la inmovilización de la enzima, los electrodos preparados se
sumergieron durante 6 días en una disolución enzimática que contenía la cbFDH a una
temperatura de 4 ºC bajo agitación controlada.
Se siguieron dos estrategias principales para llevar acabo la bioelectrosíntesis de
ácido fórmico: la primera de ellas consistió en la regeneración directa electroquímica del
cofactor NADH sobre el bioelectrodo aplicando un potencial de electrodo de -1.2 V frente
a un electrodo de referencia de AgCl/Ag (3.5 M KCl) (potencial requerido para la
regeneración del cofactor NADH sobre la superficie del electrodo), y la segunda estrategia,
se basó en la regeneración mediada del cofactor utilizando el complejo de rodio y
aplicando un potencial de electrodo de -0.8 V (potencial requerido para que la especie de
Rh(III) se reduzca a Rh(I)). Para este última estrategia, los biocátodos que ya contenían la
enzima inmovilizada se sumergieron en una disolución del complejo [Cp*Rh(bpy)Cl]Cl
durante 6 días bajo agitación continua con el objeto de obtener finalmente el confinamiento
de los (bio)catalizadores.
Todas las bioelectrosíntesis se realizaron en una celda electroquímica tipo H
dividida con una membrana de intercambio catiónica bajo el burbujeo continuo de dióxido
de carbono en el compartimento catódico. En primer lugar, se realizaron experimentos
usando el electrodo de trabajo que no contenía inmovilizado ni la enzima cbFDH ni el
mediador, y se sometió a un potencial de -0.8 V y -1.2 V frente AgCl/Ag, respectivamente,
en presencia y ausencia del NADH. La ausencia de ácido fórmico en el compartimento
catódico después de las electrosíntesis control confirmó que ni el carbón ni el cofactor
NADH tenían ninguna influencia en la producción de ácido fórmico. Por otro lado, la
bioelectrosíntesis realizadas usando el biocátodo en ausencia de mediador implicó una casi
despreciable formación de ácido fórmico, probablemente debido a una baja eficiencia de la
regeneración del cofactor sobre la superficie del electrodo. Los mejores rendimientos en
cuanto a la producción de ácido fórmico, sin embargo, se atribuyeron a la bioelectrosíntesis
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mediante la regeneración del cofactor empleando el biocátodo con menor porcentaje de
nafion y un mayor recubrimiento de carbón nanoporoso, obteniendo velocidades de
producción de ácido fórmico superiores a los reportados en la literatura. No obstante,
aunque los resultados son prometedores para realizar la bioelectrosíntesis de ácido fórmico
a escala de laboratorio, la reutilización y la estabilidad a largo plazo del biocátodo sigue
siendo un área de investigación vital en próximos trabajos. Por otro lado, este estudio da
cabida perfectamente al uso de sistemas bioelectroquímicos híbridos para la síntesis de
productos químicos y combustibles.

Finalmente en el capítulo 5 se presentan las conclusiones finales de los resultados
obtenidos a lo largo de la tesis doctoral, así como posibles trabajos futuros sobre cada una
de las líneas de investigación desarrolladas en esta tesis doctoral.
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Introduction

1.1.

Overview.

Reactions based on electron transfers between molecules at the interface play an
important role in all living systems. An example of this is the so-called electron transport
chain, which is located, e.g., in the plasmatic, inner mitochondrial or thylakoid membranes,
in which by means of biochemical reactions adenosine triphosphate (ATP), a fundamental
nucleotide in obtaining cellular energy, is synthesized. Figure 1.1 shows a schematic part of
the mitochondrial electron transport chain, more specifically from nicotinamide adenine
dinucleotide (NADH) to molecular oxygen. I, III and IV are large protein complexes, which
span through the inner mitochondrial membrane. As electrons pass along the chain from
NADH to molecular oxygen, protons are pumped across the membrane, while cytochrome
c (Cyt c) and the coenzyme Q (CoQ) are responsible for transferring electrons from one
complex to other. During the last decades, much progress has been made for determining the
structures of these large membrane-bound proteins and the elucidation of their operation as
means of constructing biomimetic systems able to reproduce biological and chemical
mechanisms through biochemical devices.

Figure 1.1. Schematic representation of part of the mitochondrial electron transport chain, being I,
III and IV three of the transmembrane protein complexes. CoQ and Cyt c are coenzyme Q and
cytochrome c respectively.

In this sense, bioelectrochemistry deals with the exploration of electron transfer in
biological and biochemical processes and their applications. Particularly, significant
3
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progress is being achieved in this research field with remarkable applications regarding (i)
the development of electrochemical biosensors for the determination of metabolites, e.g.
glucose in blood

1

or antigens by means of immunosensors 2, (ii) the development of

bioelectrosynthesis routes for obtaining specific organic compound using an enzyme

3

or

(iii) the fabrication of biofuel cells, i.e., electrochemical devices that convert chemical
energy into electrical energy using biocatalysts 4. Broadly speaking, bioelectrochemistry is
a multi-disciplinary field with a plethora of currently active areas. For instance, biochemical
and biotechnological knowledge are required to investigate the electrochemical reactions of
both large biomolecules such as redox protein, DNA and antibodies or just smaller like
NADH or quinone derivative, along with the mutagenic modification of these biomolecules
to improve their catalytic activity. On the other hand, material science also plays an
important role in bioelectrochemistry in terms of the synthesis and tailored modification of
materials to create an optimal microenvironment for the successful biomolecule
immobilization and activity retention, as well as the design and fabrication of new catalytic
materials, enable to mimic the active site of an enzyme or the behaviour of a biological
membrane.
This doctoral thesis aims to examine diverse aspects of the bioelectrochemistry from
the fundamental electrochemical behaviour of biomolecules toward the development of
bioelectrochemical devices such as the performance of electrochemical (bio)sensors, or the
fabrication of bioelectrodes for the production of chemicals and fuels. For those purposes,
two main issues of great importance will be addressed: (i) the improvement and use of novel
materials with applications in (bio)electrochemical sensing, electrosynthesis, and
environmental remediation, and (ii) the use of biocatalysts for the immobilization upon the
above materials.

1.2.

Bioelectrochemistry of proteins

Proteins are versatile and diverse biomolecules made up of long chains of amino
acids -each protein may have hundreds or even thousands- joined together in a unique
sequence. This gives each protein its own features, being the protein function directly
dependent on its tertiary and quaternary structure. Proteins exhibit distinct functions like for
example: enzymatic (lactate oxidase or formate dehydrogenase), immune, (immunoglobulin
G),

messenger

(growth

hormone),

structural

(ferritin/cytochrome c).
4

(actin),

or

transport/storage
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In particular, redox proteins are of great interest in electrochemistry for their
participation in the transfer of hydride ions (H-) and/or single and multi-electron transfer
(ET), and they carry out important functions such as photosynthesis, respiration, and
oxidative phosphorylation, among many others. Of special interest in electrochemistry are
enzymes that use metals (Cu, Mo, and V) 5 as part of their catalytic site or simply related to
the use of those metals in conjunction with prosthetic groups, viz., iron is either present as a
part of heme group or complexed to sulphur in four different ways to provide an iron-sulphur
cluster 6. Proteins also employ cofactors of organic nature such as the aforementioned
nicotinamide adenine dinucleotide (NADH), Flavin mononucleotide (FMN) or Flavin
adenine dinucleotide (FAD), all of them capable of transferring either one or two electrons7.
The high specificity and stability with which proteins perform the biotransformations
under mild reaction conditions allow them to be employed in the fabrication of practical
devices towards a big number of versatile applications such as in the progress of
electrochemical biosensors in biomedicine, food industry or environmental sector. Besides,
but not less important, applications are found in the bioelectrosynthetic production of
chemicals and fuels through the confinement of the biocatalysts into the electrode 8 or by the
use of biofuel cells for the conversion of chemical energy into electricity 9. Furthermore, a
great advance in the consolidation of the use of enzymes on an industrial scale is largely due
to the development of efficient methods of protein immobilization into suitable supporting
materials 10.

1.3.

Protein immobilization

The employment of protein for electrochemical applications still faces certain
challenges concerning protein cost reduction (protein insolation and purification is in many
cases higher than that performed by ordinary catalysts), protein stability under hard reaction
conditions i.e. under extreme pHs, moderate temperatures or presence of impurities
interfering the protein activity, and the proper direct electron transfer (DET) between the
redox protein active centre and the electrode surface. One of the most successful methods
reported in the literature to overcome these challenges refers to the use of an immobilization
strategy 11. Immobilization is a technical process in which enzymes are fixed to or within
solid supports creating a heterogeneous immobilized enzyme system.
The first scientific observation that resulted in the discovery of the immobilized
enzymes was reported by Gomes-Ruffi and co-workers in 1916 12. The authors demonstrated
5
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that invertase enzyme (an enzyme that catalyses the hydrolysis of sucrose) exhibited the
same activity when adsorbed on a solid, such as charcoal of aluminium hydroxide. Since
then, numerous studies have been carried out on protein immobilization, based on two
perspectives: firstly, the development and improvement of new protein immobilization
techniques, and secondly, the exploration of new materials to be used as proper support.
Basically, immobilization methods can be broadly categorized into two general classes:
physical and chemical methods. Physical methods are characterized by weaker, non-covalent
interactions or mechanical containment of enzyme within the support, while chemical
methods are based on the formation of covalent bonds or bioconjugations. Accordingly, the
four procedures most commonly used are covalent attachment and cross-linking (within the
chemical methods), and physical adsorption and entrapment (within the physical methods),
as can be seen schematised in Figure 1.2. There is no single best procedure nor support for
all proteins and their applications, and therefore all the above immobilization procedures
exhibit advantages and drawbacks.

Figure 1.2. Methods commonly used for enzyme immobilization, including (A) cross-linking, (B)
covalent bonding, (C) physical adsorption and (D) entrapment.

A summary of the different immobilization procedures is described below:


Cross-linking is an irreversible technique that consists in the formation of

intermolecular cross-linkages between the protein molecules by means of multifunctional
reagents, being the glutaraldehyde the most representative reagent 1, 13. Although this method
does not require any specific support, possible chemical modification of the protein surface
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can take place. Furthermore, substrate/product diffusion rates can be affected and the use of
toxic reagents under harsh reaction conditions are often necessary 14-15.


The covalent bonding is another irreversible immobilization technique based

on the formation of covalent bonds performed through the amino acids region of the protein
which is not required for the catalytic activity of the protein 15. For the covalent attachment,
the support functionalization is normally needed, for instance through functional groups like
amino –NH2, alcohol –OH, carboxyl -COOH, thiol –SH groups, capable of covalently reacting
with proteins under proper conditions. Typically, by following these functionalizations,
activation of supports with specific activating agents (such as organic and inorganic halides,
glutaraldehyde, carbodiimides, various bifunctional agents) is necessary to achieve protein
immobilization

15.

This method, however, provides a powerful link and prevents enzyme

release or leaching events.
Physical methods also display some advantages compared to chemical methods in
terms of simple, cost-effective and chemical-free enzyme binding procedure:


Physical adsorption is a reversible and straightforward method, based on

weak forces such as van der Waals, hydrogen bonds or ionic binding of the protein to the
substrate. The main drawbacks of this method is that the protein is liable to environmental
changes (e.g. solution pH, temperature, ionic strength. etc.) and the bonding is usually too
weak, which implies protein leaching.


Entrapment, confinement or encapsulation, is an irreversible method whereby

the protein is entrapped in a confined space or network that retains the enzyme but allows in
general the reactants and products to pass through. This method is ideal to protect the protein
from external changes, thereby preventing its denaturation. Additionally, the possibility of
modifying the encapsulating material permits to create an optimal microenvironment for the
protein.
Entrapment technique can be carried out using a variety of materials, such as sol-gels
16-17

, polymers 18-19, or carbon materials 20. Encapsulation via sol-gels is the best stablished

technique which employs highly porous and readily prepared, porous silica materials such
as those reported for the Cyt c 21-22 or cellobiose enzyme encapsulation 23. In some cases, the
use of sol-gels can exhibit some disadvantages as far as the enzyme denaturation is
concerned during the immobilization, mass transport limitations of reactants to enzyme
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active site or the possibility of protein leaching if the pore is too large. Alternatively, the
confinement of proteins inside nanoporous carbon materials can solve some of the
disadvantages that encapsulation via sol-gel presents. Advantages of protein immobilisation
into nanoporous carbon materials are linked to its textural properties (large surface area, and
tuneable pore size and pore size distribution), thermal and mechanical stability, workable
surface chemistry, biodegradability and low cost

20

. Moreover, the reactants diffusion to

reach easily the protein active site is governed by its well-developed three-dimensional
structure.
Another promising material for protein immobilization regards the use of
biopolymers, specifically, polysaccharides, such as chitosan, chitin, starch, hyaluronic acid,
glycogen or cellulose24. Figure 1.3 shows the chemical structure of some of the above-cited
polysaccharides. Most of them come from the exoskeleton of crustaceans and insects, which
make them low-cost materials. A very important issues in polymer feature is
biocompatibility that proteins display in an intimate contact with the polymer, thereby
providing an enhancement of the protein stability 25.

Figure 1.3. Chemical structures of different polysaccharides. (A) Cellulose, (B) Chitosan, (D) Chitin
and (D) Hyaluronic acid.

As stated above, there is neither a unique material nor method suitable to carry out
the immobilization of any biomolecules, which in turn is appropriate for the desired
application. Therefore, there is still much to investigate about the development of new
materials and immobilization techniques. In this doctoral thesis, a series of carbon materials
8

Introduction
(carbon nanotubes and nanoporous carbon materials with well-developed pore size and pore
size distribution), and biopolymers will be explored in order to carry out the immobilization
via the entrapment method of lactate oxidase (LOx), cytochrome c (Cyt c) and formate
dehydrogenase (FDH) proteins, towards the fabrication of an electrochemical biosensor of
lactate, the examination of the pseudo-peroxidase activity of Cyt c against hydrogen
peroxide sensing, and the electrochemical reduction of CO2 to formic acid, respectively.

1.4.

Use of novel material for electrochemical applications

Carbon materials, e.g. graphite, vitreous carbon, graphene, carbon nanotubes,
diamond, and fullerenes, have been devoted to a wide range of electrochemical applications
due to both their unique bulk properties. Carbon materials exhibit an excellent thermal 26 and
electrical conductivity 27, mechanical strength 28, or band structure 29, and surface chemistry
tailoring which offers many unexpected opportunities

30

. Many of the above features are

linked to how the carbon atoms are coordinated between each other to provide a given
structural framework leading to a wide number of carbon allotropic forms, as can be depicted
in Figure 1.4

31-32

. Recently, a remarkable evolution in nanomaterials design has emerged,

providing precise information about the physico-chemical properties that must comply with
the requirements in a wide number of electrochemical applications.

The goal of this doctoral thesis does not go through the important features about all
the characteristics of the allotropic forms, but to examine briefly several aspects related to
the electron transfer processes associated with its importance in (bio)sensing and
bioelectrosynthesis. In addition, the examination of textural properties of carbon materials
is vital in electrochemical applications. Nanoporosity, and particularly, pore size and pore
size distribution, ordered structure together with the electrical conductivity will govern the
performance of nanoporous carbons in electrochemical (bio)sensing and bioelectrosynthesis.
For that reason, nanoporosity deserves a brief treatment in this doctoral thesis introduction.

1.4.1. Electron transfer processes at low dimensional carbons materials
The electrochemical properties displayed by carbon materials are strongly influenced
by the structure (presence of defects) 33, functional groups 34, and carbonaceous or metallic
impurities 35. In the particular case of graphene and graphite, the number of graphene layers
9
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has a significant impact on the local electronic structure; the density of electronic states
(DOS) increases from single layer graphene to graphite 36. Another consideration refers to
the presence of edge sites, paying special attention on carbon nanotubes (CNTs) which can
be considered as rolled up graphene sheets along different directions. CNTs perform
excellent electron conductivity and fast heterogeneous electron transfer rate at the end of
tubular structure. In addition, CNTs contain both edge plane (defect) and basal plane carbon
structures. Different works have demonstrated that edge sites are much more electroactive
than the basal plane of carbon structure; although, edge plane sites exhibit a similar
electronic structure to the basal surface, zigzag edges have an improvement in the DOS at
the intrinsic Fermi level

36-37

. Other factor that affects the electrochemical properties is the

influence of functional groups on the electrochemical response of electroactive species. In
the case of CNTs, it is mainly found as oxygen-containing groups at the edge sites/defects
of the carbon nanostructure. It has been shown that they can enhance or inhibit the
heterogeneous electron transfer rate

34

, in addition to the possibility of influencing on the

adsorption and desorption of molecules.

10

Figure 1.4. The major allotropic forms of carbon, divided in four groups depending on the type of hybridization.
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1.4.2. Nanoporous materials for electrochemical applications
Porous materials with matching pore size and shape are of significant scientific and
technological interest due to their potential applications in catalysis 38, biomaterials science
39

, gas separation 40, energy conversion 41, and storage 42. A porous solid is defined as solid

with pores, e.g. cavities, channels or interstices that are deeper than wide. Nanoporous
materials display a very rich range of chemical composition (carbonaceous 39, polymeric 40,
siliceous

43

, organic

44

, metal–organic) and geometrical properties (macroporous,

mesoporous, microporous). The above features offer a diverse scope of physico-chemical
properties.
Common processes based on adsorption and electrocatalysis have found profound
benefits on the use of nanoporous carbons (NPC) due to their chemical inertness, great
porosity (high specific surface area, large pore volume and size), high electronic
conductivity, surface chemistry control, and widely open ordered structure made of uniform
and tuneable pore sizes (ensuring fast mass transport rates)

45-49

. NPCs are mainly

synthetized by “carbonization” or pyrolysis, of carbon-rich precursors such as carbohydrates
50

, natural mineral carbon 51, polymers 52, metal-organic frameworks (MOFs) 53 or biomass

47

, often using a silica template, which is later on removed by etching, or simply by the direct

use of the self-assembly of block copolymers as templates54. Materials synthesized by a
templating pathway are of big interest due to their well-ordered pore structure, high specific
surface area, and narrow pore size distribution.
NPC can be classified according with the pore size in macropores >50 nm, mesopores
in the range between 2 and 50 nm and micropores <2 nm according to the IUPAC
classification

55

, as displayed in Figure 1.5. Depending on the pore size, the nanomaterial

can be appropriate for a specific application. For instance, as has been mentioned in the
previous section NPC are of great interest in biomolecules immobilization. According with
the majority of protein size, the porosity of the material should be in the mesopore scale to
hold the biomolecule and avoid its desorption or leaching. In addition, nanoporous carbons
based biosensors, exhibits a remarkably improvement of the electrochemical sensitivity due
to its high electroactive area

20, 56

. Several authors have described distinct adsorption

processes for proteins such as Cyt c, glucose oxidase, or acetylcholinesterase employing
nanoporous carbon materials

10, 56-58

. Nonetheless, the main challenge of using tailored

controlled porous carbons regards the effective protein immobilization and the maintenance
of the bioactivity to get a stable and sensitive responses.
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Figure 1.5. Schematic pore classification of nanoporous materials: according to their availability to
surroundings a- closed pore, b, c, d, e- open pores and according to pore size.

While mesoporosity is considered to be crucial in sensor design

59

, less accessible

microporosity in the range lower than 2 nm may also provide benefits, in particular, for
smaller analytes immobilization, e.g. hydrogen or other metallic complexes (vide infra).
Pyrolitically produced carbons

60

, tailored microporous carbons

framework-based microporous heterocarbons

62

61

, and metal-organic

are just some examples of a rapidly

extending range of microporous heterocarbon materials now available to the analytical
researcher.
Pyrolysis of polymer precursors provides also versatile access to both non-porous
and porous electrode materials 63. Polymers with intrinsic microporosity (PIMs) are a new
class of polymers with unique rigid and contorted macromolecular structure and
interconnected free volume that behaves like micropores that, by means of their
carbonization, could lead access to microporous electrode materials for interesting analytical
applications 64. Only recently has the carbonization of a polymer of intrinsic microporosity
(PIM) been reported 52 to give interesting heterocarbon materials without change in shape,
morphology, or in cumulative pore volume. This is in marked contrast to many other
carbonization processes where post-treatments are applied to create/modify the desired
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microporosity. For instance, the vacuum carbonization of PIM-EA-TB (a polymer of
intrinsic microporosity –PIM- with ethano-anthracene –EA- structural components and
Tröger base –TB- functionality

65

) at 500 oC was shown to yield electrically conducting

carbon materials without change in shape, morphology, or in cumulative pore volume. It was
recognized that the rigid molecular structure allows cross-linking with loss of some small
molecular components, but without significant changes in polymer backbone and in
morphology 52.
In recent years, organic or hybrid microporous materials with well-defined structure
have raised considerable attention, such as metal-organic frameworks (MOFs) or porous
coordination polymers (PCPs) and covalent organic frameworks (COFs), because they
exhibit well-defined pore structures and chemical diversity 53. Other novel porous organic
molecules that are attracting new interest nowadays are the Porous Organic Cages (POCs);
these materials are discrete molecules with intrinsic guest accessible cavities 44. In the solid
state POCs pack together to afford molecularly defined “open spaces” for the uptake/release
of guest molecules 44. Those materials have some similarities with MOFs, COFs and porous
polymer networks; however, because of the discrete molecular nature of POCs, they are
usually solution processable, offering more challenging applications, that take advantage of
their well-defined pore structure in gas and chiral separations 44, 66 and chromatography 44,
while dissolution in bulky solvents can result in the formation of porous liquids 44.
In this doctoral thesis, different carbonaceous and nanoporous materials have been
chosen to explore their behaviour towards some electrochemical applications like sensing,
biosensing and bioelectrosynthesis. On the one hand, several nanoporous materials e.g.
cPIM, POC, and NPC with distinct pore size ranges are preferentially chosen to take
advantage of their specificity to capture certain molecules, and of their high electroactive
area to perform the immobilization of either guest molecules or different proteins such as
Cyt c and FDH. On the second hand, well-known carbon materials such as MWCNTs and
graphite have been employed for the development of hybrid electrodes to enhance the
electrocatalytic response in electroanalytical applications, viz. in the fabrication of a series
of electrochemical sensors and biosensors for the determination of metabolites or biomarkers
within complex biological media.

1.5.

Sensors and biosensors used in complex media
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A vast number of analytical methods have been employed for nutrient detection,
including high performance liquid chromatography (HPLC) coupled with UV-Vis
spectroscopy

67

, mass spectrometry (MS)

68

or nuclear magnetic resonance (NMR)

69

.

Nonetheless, even though those analytical methods are sensitive and well stablished, they
are costly and possess the inability for real-time or in-situ measurements. To overcome these
limitations, the use of an electrochemical sensor or biosensor may provide a suitable
approach 70. In this regard, electrochemical sensors are devices which transform, through a
transductor based on an electrochemical nature process, a chemical or physical signal in a
useful signal that can be processed and thus provide relevant information in a fast way
without the need for complex analysis. To improve the sensibility and selectivity of those
devices it is possible to employ biological receptors (bioreceptors), such as enzymes,
antibodies, or nucleic acids, among others, thereby obtaining a biosensor. Figure 1.6 shows
the components of a biosensor that generally might works under the presence of three
different receptors (enzyme, antibody and DNA) and its respective analytes within complex
biological media.
(Bio)sensor development is a multi-disciplinary research area, covering fields of
research as analytical chemistry, biochemistry, materials science and microelectronics. Over
the last few decades, there has been great interest in developing high-quality (bio)sensors, in
terms of high sensitivity, specificity and durability, low-cost operation and portability. In
this regard, material science plays an important role in the progress of nanomaterials such as
metallic nanoparticles 71-72, carbon nanotubes 73-75 or graphene 76-78, for the improvement of
the electron transfer and thus the (bio)sensor sensitivity.
Another important angle to be taken into account in electrochemical (bio)sensors
concerns the specificity. In the case of electrochemical biosensors there are multiple
biochemical studies focused on the search of new bioreceptors such as peptides for the
detection of various analytes, including proteins or ions 79, enzymes like glucose oxidase 20
and lactate oxidase or dehydrogenase

80

for the glucose and lactate determination,

respectively, or antibodies and antigens for the development of electrochemical
immunosensors based on interactions between them, so the antigen can be immobilized on
the transducer to detect antibody (or vice versa) 81. Another way of improving the specificity
is performed by employing bienzymatic systems, through the co-immobilization of two
proteins, to get advantage of a reduction of the electrode potential of study 82.
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Figure 1.6. Scheme of a biosensor with different bioreceptors (enzyme, antibody or DNA) together
with their respective analytes (substrate, antigen, DNA sequence). The bioreceptor is responsible for
the specific recognition of the analyte and the physical transducer converts the recognized biological
event into a quantifiable signal that will be further processed.

In the case of electrochemical sensors, by means of the biomimetics or biomimicry83,
it is feasible to improve the sensor sensitivity by mimicking, for example, the enzymes
active centre, as in the case of metalloporphyrins or metallophthalocyanines, as is shown in
Figure 1.7, that can be used as receptors for the analysis for example of sulfhydryl
compounds 84-87
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Figure 1.7. Structure of a (A) metalloporphyrin and a (B) metallophthalocyanine. M denotes the
central metallic atom like for example Co, Cu, Zn or Fe.

Microelectronics also finds a key place in electrochemical sensors and biosensors
development. Miniaturization of the devices is essential for the employment of the
electrochemical devices in the analysis of metabolites within a biological complex media. A
complex medium is a gel or an aqueous solution that contains a wide variety of necessary
nutrients in specific concentrations to allow, under favourable conditions of pH and
temperature, the growth of microorganisms, cells, plant or human tissues, to cite a quite few
examples. In many cases, the volume of biological media handled in biomedicine is small,
restricting in several occasions the number of analytical trials using conventional analytical
equipment. In recent years, screen-printed electrodes (SPE) have driven a revolution in the
manufacture of (bio)sensors due to their numerous advantages 2, 88 and applications 82, 89-91.
A SPE is a disposable electrochemical platform that consists of casting an ink on a solid
substrate using a template that defines the geometry of the electrode. Figure 1.8 displays a
scheme of SPE, which components are indicated (counter, working, pseudo-reference
electrodes and electrical connectors).

17

Chapter 1

Figure 1.8. Scheme of a screen-printed electrode. WE: working electrode, CE: counter electrode,
RE: pseudo-reference electrode and electrical connectors are indicated.

The main advantages of using SPE devices are as follows:


Size: SPEs have a small size, which makes them portable devices, and they require
for small sample volumes (in the order of microliters).



Low-cost: SPE can be mass-produced in an automated way; therefore, its cost is
relatively low and can be used as single-use devices.



Design: An ample diversity of designs can be found with different configurations
such as micro, array, dual, etc.; a wide variety of materials can be used for their
manufacture, e.g. graphite, gold, platinum, CNT, graphene, etc. This property allows
customizable electrodes that can be adjusted to the different needs of the customer.



Possibility of modifying the surface chemistry of the working electrode: SPE can
easily be modified; it is a very important aspect when manufacturing electrochemical
biosensors.



Handling and easy-to-use: SPEs require for a very simple instrumentation for
electroanalytical measurements, which allows time savings and the use of these
devices for in-situ measurements.
In the literature, electrochemical (bio)sensors can be found for a plethora of analytes

determination. Nevertheless, the majority of these (bio)sensors are used generally in noncomplex media, or electrode materials employed for the biosensor fabrication are too
expensive that limits their commercialization. In this doctoral thesis, the detection of a series
of analytes, whose concentration might necessarily be monitored in complex media, has been
studied with more emphasis on lactate and cysteine –two metabolites present in embryonic
cell culture media-, hydrogen peroxide as a reactive oxygen species (ROS), and an
interestingly an smaller analyte like the proton for the determination of pH in solution. All
these investigations through this doctoral thesis have been carried out by employing diverse
18
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carbon based electrodes such as MWCNTs, graphite, nanoporous carbon and cPIM materials
for their aforementioned advantages, i.e., fast electrochemical response, biocompatibility,
low cost, and analyte specificity. The following section of this introduction describes more
deeply the interest of dealing with the development of electrochemical (bio)sensors for the
determination of lactate, cysteine, hydrogen peroxide and pH value.

1.5.1. Electrochemical lactate biosensors
Lactate detection and quantification is very important in areas such as food industry,
sport medicine or clinical analysis. In the food sector, lactate is an indicator of the
fermentation and freshness of food, so its quantification in products such as milk, juices,
yogurt and wines is commonly carried out. Lactate sensing is also useful in sports science
where the measurement of this molecule can provide information about the athlete level 9293

. In addition, in medicine, certain lactate levels in blood are indicators of different

pathologies such as those related to respiratory failure pulmonary, embolism, or liver and
heart diseases 94-96.
In 1987 Jaroslav Racek and coworkers developed the first biosensor for the lactate
detection using a yeast called Hansenula anomala as bioreactor 97. Since then, a plethora of
studies has been performed about the development of new electrochemical lactate biosensors
mainly employing as bioreceptor the lactate oxidase (LOx)

77

and lactate dehydrogenase

(LDH) 18, 98-99. Specifically, LOx is widely used in lactate biosensors because of its simple
reaction and easy biosensor design configuration. In this regard, LOx catalyzes the lactate
oxidation to pyruvate in the presence of molecular oxygen giving rise to H2O2 as product, as
shown in reaction (1. 1). H2O2 is electrochemically active and can be reduced or oxidized to
give a current intensity, being proportional to the lactate concentration. Due to the
interference from reduction of oxygen, oxidation of hydrogen peroxide is rather preferred
for detection, as is indicated in reaction (1. 2).
LOx

L-Lactate + O2 →

(1. 1)

pyruvate + H2 O2

H2 O2 → O2 + 2 H+ + 2 e−

(1. 2)

Lactate detection by employing a LOx-based electrochemical biosensor is generally
carried out between 0.5 and 0.65 V against a reference electrode of AgCl/Ag (3 M KCl) 100101

. Several researchers achieve the reduction of the working electrode potential with the use
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of redox mediators or bienzymatic systems. A plethora of redox mediators of different nature
for the oxidation of H2O2 as the reduced species coming from the enzyme LOx function
(reaction 1.1) can be found in the literature, so it is worth highlighting cobalt phthalocyanine,
which works at an electrode potential of 0.45 V vs. AgCl/Ag reference electrode in
phosphate buffered solution at pH 7.4

90, 102

, ferrocene

82

or its derivatives like ferrocene-

methanol (FcMe) at 0.19 V vs AgCl/Ag 103 or hydroxymethyl-ferrocene (HMF) at -0.16 V
with respect to saturated mercury/mercurous sulphate reference electrode (MSE)

80

. With

regard to the bienzymatic strategy, it can be highlighted the lactate biosensors carried out
through the joint immobilization of LOx and Horseradish Peroxidase (HRP) 104 together with
a redox mediator FcMe for the determination of lactate at an electrode potential of -0.2 V vs
AgCl/Ag 82, 105-107. As far as the electrode nature is concerned, carbonaceous materials have
paid significant attention on the biosensors performance for lactate detection, e.g. carbon
nanotube 108, graphene 71 and nanoporous carbons 59 to just name a few examples, since the
increase in the electrode active area is reported to enhance the sensitivity, selectivity and
improvement of biomolecules immobilization and electron transfer.

1.5.2. L-cysteine electrochemical sensors
L-cysteine (L-CySH), is one of the non-essential amino acids which exhibits a crucial
role in regulating the biological activity of proteins

109

and protecting cells against free

radicals (in the cellular antioxidant defence system) 110. L-CySH deficiency has been related
to some pathologies as syndrome of slow growth in children, liver damage, oedema, muscle
loss, skin lesion and neurodegenerative diseases, among others

111-115

. L-CySH

electrochemical sensors can be found in the literature using a variety of electrodes of
different nature to carry out the electrooxidation of L-CySH generally according reaction (1.
3)109, 111:
2 L − CySH → CySSCy + 2 H+ + 2 e−

(1. 3)

Previous studies within the field of electroanalysis describe that bare carbonaceous
materials and conventional metallic electrodes (Au, Pt) usually exhibit high overpotentials
for the electrooxidation of L-CySH due mainly to a sluggish electron transfer kinetic and,
consequently, they exhibit short linear range concentration and low selectivity for L-CySH
determination 116-117. To overcome these problems, various chemically modified electrodes
(CMEs) with electrocatalytic properties have been developed and applied for a superior
determination of L-CySH; such as those modified with metal nanoparticles like gold 111, 118
20
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or nickel oxide

113

; conductive polymers119, metallophthalocyanines

84, 111

, Au/CeO2

composite nanofibers120, and combining carbon materials such as carbon nanotubes with
metals 121 or graphene with cobalt phthalocyanines 84.

1.5.3. Reactive oxygen species (ROS) sensors implicated in oxidative stress
Imbalance of the amount of reactive oxygen species (ROS) brings about the oxidative
stress, thus this parameter has to be controlled. Within ROS, oxygen radicals (superoxide
radical O2·-, hydroxyl radical OH·, etc.) and non-radical derivatives (H2O2) can be
distinguished. By focusing on H2O2, it is the most stable ROS, so its electrochemical
detection has been widely investigated among other motives, due to the fact that it is a coproduct of oxidase enzymes, including lactate oxidase or glucose oxidase (as is shown in
reaction (1. 1). H2O2 can be either oxidized or reduced directly at a massive electrode surface.
However, the high overpotential and the slow electrode kinetics, limit its detection in
complex media due to the co-oxidation of many electroactive species present within these
samples. Studies focused on electrode modifications for a better response towards the
electrochemical detection of H2O2 have been carried out, for example, by employing metallic
modifications such as Pd 122, Pt 122-123, Au 123 and carbonaceous materials like graphene 124125

and carbon fibres 122 or screen printed graphite electrodes 126.
Besides electrochemical sensors, protein-based electrochemical devices stand for a

common strategy for the H2O2 analysis. Some of the bioreceptor are, e.g. hemoglobin,
myoglobin, catalase, horseradish peroxidase (HRP) or Cyt c, being all of them heme-proteins
with intrinsic peroxidase activity. By paying a particular attention to the last two proteins,
the HRP and Cyt c, both can detect H2O2 at a low reductive electrode potential, thereby
minimizing possible interferences effect. The reduced form of both proteins reduces H2O2
giving rise to the protein in an oxidized form that subsequently is electrochemically reduced
over the electrode surface, as depicted in Figure 1.9.
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Figure 1.9. Schematic operation of a bioelectrochemical sensing of H2O2 based on heme-proteins.

However, the electron transfer of proteins at bare electrode surface is sometimes
impeded due to an unfavourable orientation on the electrode surface. For this reason, studies
are focused on the search of new materials for the protein immobilization such as carbon
nanospheres 127, sol-gel 21, or nanoporous 128 materials for the Cyt c immobilization, as well
as the employment of materials such as gold nanoparticles

129

or carbon nanotubes

107

to

connect the active centre of redox proteins to the electrode surface.

1.5.4. pH sensors
The measurement of pH (or proton activity) is routinely based on potentiometric
electrodes (e.g. glass membrane with a proton adsorption-dependent equilibrium potential)
130

. Although ubiquitous and fully established, these types of potentiometric pH

measurements can be problematic when other adsorbing/surface active species are
simultaneously present in the sample. This is particularly true for example in real biological
samples, colloids, surfactant-containing solutions, etc. It has therefore been suggested that
amperometric sensors (e.g. those based on the limiting current response of a microelectrode
131

or on dual-plate microtrench electrodes

132

) offer advantages for proton concentration

determination at least over limited proton concentration ranges. A new class of “referenceless” pH sensors based on the voltammetric response of pH-dependent surface redox systems
has been developed by Compton and co-workers based for example on quinone
functionalities grafted onto glassy carbon or graphite surfaces
22
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sensor concepts have been proposed, for example, a pH-dependent impedance response was
reported for aligned single-walled carbon nanotubes
often employed in sensor development

139

138

. Carbon composite materials are

and a review has appeared summarizing pH

sensing carbon materials and composites 140. For most voltammetric pH sensor systems the
measurement of a voltammetric current response is linked to a potential read out (relative to
an internal standard) to give the pH reading. The use of a purely capacitive current signal
(reported in this doctor thesis) based on the charging/discharging currents (although briefly
mentioned previously for core–shell carbon nanoparticle systems 141) appears to be new and
potentially very robust (there is no need for potential control) and there are opportunities for
simple nano-sensor device concepts.

1.6.

Bioelectrosynthesis

Besides the aforementioned use of enzymes in the electroanalytical field, a huge
amount of enzymes has been employed and studied for the synthesis of useful products of
industrial benefits. The development of industrial processes using immobilized enzymes has
increased substantially in recent decades. This is attributed to the fact that not only
immobilization of the enzymes has been proven to recycle the biocatalyst, but also the
immobilization contributes significantly to enhance the operational stability of the
biocatalyst, allows a more rational design of the reactor and, in some cases, improves even
its catalytic efficiency. The high selectivity with which the enzymes participate in different
chemical transformation processes, together with the mild reaction conditions, in which
these industrial processes operate, bring about consequently an energetic and economic
saving. In recent years, the use of enzymes at the industrial level has affected strategic sectors
such as fine chemicals or biofuels manufacturing.
Most specifically, a large number of dehydrogenases are very useful biocatalysts for
chiral synthesis such as pharmaceutical intermediates

142-143

, amines

144

or alcohols

145

compounds. It is also noteworthy that enzymes successfully achieve environmental
applications linked to the treatment of wastewater 146, removal of heavy metals 147, phenols
148

or aromatic amines149, or the valorisation of greenhouse gases towards high added value

products like for example from the electrochemical reduction of CO2 to chemicals and fuels
like formic acid

150

. In this regard, this doctoral thesis is cantered on the electrochemical

reduction of carbon dioxide towards formic acid by using immobilised formate
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dehydrogenase (FDH) on nanoporous carbon materials with well pore size and pore size
distribution devoted for fabrication of biocathodes. Hence, it can be found below a
condensed state-of-the-art dedicated to the general aspects of the electrochemical reduction
of CO2, the use of enzymes as biocatalyst involved in a biocathode and its further utilization
for the bioelectrosynthesis of formic acid as significant chemical utilised in biofuel cells.

1.6.1. Electrochemical valorisation of CO2
Developed countries represent only around 20 % of the population, but are
responsible for ca. 80 % of the CO2 emissions into the atmosphere. The growth rate of CO2
over the last decade is about 100-200 times faster than what the Earth Planet experienced
during the transition from the last Ice Age 151. According to data registered in the Mauna Loa
observatory, globally the average CO2 levels overpassed 400 ppm in 2015 (critical point),
reaching the value of ca. 408 ppm in July 2018

151

. The Paris agreement signed in 2015

obliges the signatory countries would make plans to keep the global average temperature
increase below 2 ºC with respect to the values at the pre-industrial period. The agreement
calls for zero net anthropogenic greenhouse gas emissions to be reached during the second
half of the 21st century. The increase in CO2 emissions is mainly due to the validity of the
economic and industrial models that cause more pollution. Therefore, the signatory countries
have undertaken to carry out a policy that does not jeopardize the objectives of emission
reduction. In this sense, scientific community occupies a key place in this agreement, for
example, by the development of new technologies for the CO2 storage
valorization of CO2
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152-155

and the

. With regard to the last point, and by considering the scarce fossil

fuels resources, CO2 is an ideal feedstock for the production of alternative fuels to fossil
fuels such as formic acid 156, formaldehyde 157, methane 158 methanol 159 or syngas 160 through
electrochemical methods

161

. Conversion of CO2 into useful chemicals with high yield for

industrial applications is still insufficient. CO2 is a linear molecule representing the carbon
atom in its most oxidised state and the molecule is highly thermodynamically stable; kinetic
barriers necessitate the use of catalysts to limit overpotentials and promote product
selectivity 150, 161 , as follows in reactions (1. 4) to (1. 7).
𝐶𝑂2 (𝑎𝑞) + 𝑒 − → 𝐶𝑂2−· (𝑎𝑞)

E˚´= -1.90 V

(1. 4)

𝐶𝑂2 (𝑔) + 2𝐻 + + 2𝑒 − → 𝐶𝑂(𝑔) + 𝐻2 𝑂

E˚´= -0.52 V

(1. 5)
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𝐶𝑂2 (𝑔) + 𝐻 + + 2𝑒 − → 𝐻𝐶𝑂2− (𝑎𝑞)

E˚´= -0.43 V

(1. 6)

𝐶𝑂2 (𝑔) + 4𝐻 + + 4𝑒 − → 𝐻𝐶𝐻𝑂(𝑎𝑞) + 𝐻2 𝑂

E˚´= -0.51 V

(1. 7)

In the last years, a plethora of investigations have been carried out based on the study
and development of new materials like nanoparticles

156

, carbon based

162

or hybrid

163

materials as catalysts for the electrochemical valorisation of CO2. Besides those catalysts,
enzymes are an excellent alternative as catalysts for the controlled CO2 reduction to the
desired product because of its high substrate selectivity, while minimizing or eliminating
secondary reactions, without any significant impact on the environment.

1.6.2. Enzymes for the valorisation of CO2
Different enzymes and microorganisms have been examined for the CO2 reduction
to a desired product. For instance, remodelled nitrogenase for the CO2 reduction to methane
164

, metal-free formate dehydrogenases or tungsten-containing formate dehydrogenase

enzyme for the interconversion of CO2 and formate 5, methylobacteries 165 or the collection
of other products through consecutive reduction of carbon dioxide catalysed by different
dehydrogenases, such as formate dehydrogenase, formaldehyde dehydrogenase and alcohol
dehydrogenase for the final collection of methanol 166, are some of the enzymes studied for
the CO2 valorisation to a desired product. In this doctoral thesis, the bioelectrocatalytic
reduction of CO2 to formic acid is addressed, as an effectively hydrogen storage 167, with a
lower toxicity than methanol 168.

1.6.3. From CO2 to formic acid by the employment of formate dehydrogenases.
Formate dehydrogenases (FDHs) generally catalysed the oxidation of formic acid to
CO2. However, some FDHs have been reported to act as CO2 reductases, catalysing the
reversible CO2 interconversion to formate

169-173

. These enzymes are mostly cofactor

dependent. Cofactors are low molecular compounds, which are responsible for the transfer
of hydrogen, electrons or functional groups through enzyme-catalysed reactions.
Specifically, metal-free FDH required the cofactor NADH to accomplish the CO2 reduction
giving the oxidized cofactor NAD+, as shown in reaction (1. 8).
𝐹𝐷𝐻

𝐶𝑂2 + 𝑁𝐴𝐷𝐻 ↔ 𝐻𝐶𝑂𝑂𝐻 + 𝑁𝐴𝐷 +

(1. 8)
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Due to the high price of the NAD(H) cofactors, their stoichiometric use is
unacceptable from an economical point of view, so the NADH regeneration is a requisite.
The NADH electrochemical regeneration over an electrode is performed according generally
to the following mechanism involving reactions (1. 9), (1. 10) and (1. 11) 174.
𝑁𝐴𝐷+ + 𝑒 − → 𝑁𝐴𝐷 .

(1. 9)

𝑁𝐴𝐷 . + 𝑒 − + 𝐻 + → 𝑁𝐴𝐷𝐻

(1. 10)

𝑁𝐴𝐷 . + 𝑁𝐴𝐷 . → 𝑁𝐴𝐷2

(1. 11)

The slow reaction rate of the step 2 (reaction (1. 10) competes with the dimerization
of the NAD· species (reaction (1. 11), resulting in a loss of ca. 40 % of the coenzyme after
each regeneration cycle 175-176. Therefore, electrochemical regenerations have to take place
via an indirect pathway using redox catalysts based mediators, which will act as hydridetransfer agents.
The most common approach for the regeneration of the cofactor NADH consists of
the use of an enzyme that catalyzes the cofactor regeneration, but those biosystems are rather
complicated when scaling up the electrochemical process because they include two enzymes
176

. Another approach refers to the indirect electrochemical cofactor regeneration using

methylviologen as redox mediator under the presence of special redox enzymes or
microorganisms acting as co-catalysts; nonetheless, these bioelectrochemical systems are
still complex in terms of they would need two enzymes as well as the toxicity of viologenes
176

. Alternatively, rhodium (Rh) and iridium (Ir) based metal complexes are efficient

mediators for the NADH regeneration

177-178

. These complexes act as hydride transfer

reagents, not only on protons yielding H2 179, but also on the reduction of some biologically
active structures like nicotinamides, flavin analogues, or porphyrins 179. The regeneration of
the hydride through Rh or Ir complex is made up with a series of modified bipyridine ligands
that can be adjusted to the need of the enzymatic production system by utilizing
electrochemical methods

179

. A paradigm of the electrochemical applicability is the use of

(2,2´-Bipyridyl)(Pentamethylcyclopentadienyl)rhodium

complex

([Cp*Rh(bpy)Cl]Cl)

which reduces the negative electrode potential for the NADH regeneration at -0.8 V vs
AgCl/Ag 177-179, as depicted in Figure 1.10.
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Figure 1.10. Scheme of the mediated electrochemical NADH regeneration employing the complex
([Cp*Rh(bpy)Cl]Cl.

This doctoral thesis will discuss the co-confinement of the FDH from, Candida
Boidinii (cbFDH) and the rhodium complex [Cp*Rh(bpy)Cl]Cl into a commercial
mesoporous carbon material aiming at developing a non-metallic FDH based biocathode for
the performance of CO2 electrochemical reduction towards formate synthesis.

1.7.

Overall scope and objectives of the doctoral thesis

This doctoral thesis has already described the fundamentals and applications of the
bioelectrochemistry, particularly in such field as the bioelectrocatalysis, with emphasis
firstly on the development of electrochemical (bio)sensors for the determination of lactate,
L-cysteine, hydrogen peroxide and pH solution in complex biological media, and secondly,
on the bioelectrosynthesis of formic acid through the bioelectrochemical reduction of carbon
dioxide using the enzyme formate dehydrogenase from Candida boidinii. The introduction
of this doctoral thesis has also highlighted that all the above processes can be performed via
direct or mediated (bio)electrocatalysis. The main strategies for the immobilization of the
biocatalyst and therefore the fabrication of electrochemical (bio)sensors and biocathodes
have been also described in this introduction. Finally, this introduction emphasises the
pivotal role of nanomaterials in the development of electroanalytical and bioelectrosynthetic
applications. Furthermore, this doctoral thesis intends not only to overcome some of the
drawbacks described mostly for the development of electrochemical (bio)sensors and
bioelectrosynthetic processes, but also to use novel approaches or routes for the optimum
progress of the electrochemical devices and their applications.
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Hence, this doctoral thesis aims first to explore different approaches for the
fabrication of electrochemical (bio)sensors and design of new bioelectrosynthetic routes
using carbon materials like carbon nanotubes, screen-printed modified graphite electrodes,
nanoporous carbon materials with well-developed porosity, or the use of materials like PIM
or POC dominated mostly by their intrinsic porosity.
This doctoral thesis is divided into five chapters. Chapter 1 has already reviewed the
state of the art related to the fabrication and development of electrochemical (bio)sensors for
the determination of lactate, L-cysteine, hydrogen peroxide, and pH value, as well as the
valorisation of carbon dioxide by using a bioelectrochemical route through the use of cbFDH
enzyme. In addition, the introduction has identified the main problems encountered so far
upon different applications related to bioelectrocatalysis.
Chapter 2 deals with the experimental section describing in detail all the
biomolecules, chemicals, and materials used for the preparation and modification of the
working electrodes employed, together with all analytical and electroanalytical procedures.
Finally, this chapter also describes all the techniques used for the physicochemical and
electrochemical characterization of all materials and electrodes.
Chapter 3 outlines the electroanalysis of two metabolites present within an
embryonic complex media such as lactate and L-cysteine by means of two electrochemical
devices based on screen-printed graphite platforms. This chapter is divided into two parts:
the first one deals with the development of an electrochemical biosensor for the L-lactate
detection based upon chitosan/carbon nanotubes modified screen-printed graphite
electrodes, while the second part focuses on the determination of L-cysteine using Co (II)phthalocyanine modified disposable screen-printed graphite electrodes. Validation of both
electrochemical (bio)sensors is addressed in terms of sensitivity, linear concentration range,
repeatability, reproducibility, stability, interferences effect and test in real samples.
Chapter 4 reports the physicochemical and electrochemical characterization of
distinct porous materials with different pore size, pore size distribution, structure and surface
chemistry, exploring bioelectroanalytical and bioelectrosynthetic applications. This chapter
is divided into five subchapters according to the pore size of the nanoporous materials used
and their applications.
Subchapter 4.1 examines the possible electrochemical application of a macroporous
carbon foam synthesized by the replication process. A wide number of physico-chemical
and electrochemical techniques are selected for the carbon foam characterization.
Biomolecules such as ascorbic acid, uric acid and dopamine are also investigated to put some
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light on sensing applications. The viability of regenerating the cofactor NADH using a
rhodium redox complex is also addressed in order to explore electrosynthetic potentialities.
Subchapter 4.2 and 4.3 depicts the most relevant results obtained during the scientific
visit at the University of Bath. In this sense, two novel microporous materials are introduced,
as follows: a microporous nitrogen-containing heterocarbon (PIM) and a porous organic
cage (POC). Subchapter 4.2 reports the synthesis of the nanoporous heterocarbon by means
of the vacuum carbonization of a novel polymer of intrinsic microporosity, PIM-EA-TB-H2.
Finally, applications in “capacitive” pH sensing are suggested. With regard to subchapter
4.3 a preliminary investigation is reported on the electrochemical behaviour of the POC,
named as CC3, deposited onto a platinum disc electrode, which shown to bind and release
molecular hydrogen. In this sense, pH effects on molecular hydrogen storage are addressed.
Subchapter 4.4 introduces first a series of mesoporous carbon being appropriate
supports for the immobilization of Cyt c and cbFDH looking at bioelectrosensing and
bioelectrosynthetic applications. Characterization of the mesoporous carbons are performed
by exploring textural and electrochemical properties. Subchapter 4.4 includes the results
related to the immobilization of the above proteins; using a number of mesoporous carbons
prepared with a controlled pore size and pore size distributions. The pseudo-peroxidase
activity for the electrocatalytic reduction of hydrogen peroxide and the enzymatic CO2
reduction towards formic acid formation, for confined Cyt c based electrodes and confined
cbFDH, respectively, are investigated as a proof of appropriate confinement as well as
enzyme activity retention inside the nanopores. The subchapter 4.5 describes the preparation
of a biocathode for the bioelectrochemical CO2 reduction to formic acid by selecting cbFDH
and the rhodium complex mediator as (bio)catalysts co-immobilised into a commercial
nanoporous carbon material, which exhibits micro and mesoporosity. This subchapter
examines the effect of the binding agent, nanoporous carbon coverage and the presence of
the rhodium complex mediator upon the production rate of formic acid and current
efficiency.
Finally, this doctoral thesis ends up in Chapter 5 with the major remarks and outlook
of the results obtained.
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2.1.

Biomolecules

2.1.1. Lactate oxidase
Lactate oxidase (LOx) is a Flavoenzyme that belongs to the family of the
oxidoreductases. Figure 2. 1 shows the tetramer form of the lactate oxidase from Aerococcus
viridans. The LOx monomer structure has a typical alpha(8)/beta(8) motif commonly found
in other flavin family proteins. X-ray crystallography of LOx gave a space group I422 of
unit-cell parameters a = b = 19.109 nm, c = 19.449 nm and alpha = beta = gamma = 90
degrees with four monomers per asymmetric unit 1 (see Figure 2. 1). The four independent
monomers display slight structural differences around the active site.

Figure 2. 1. Three-dimensional representation of the crystal structure of L-lactate oxidase (LOx)

from Aerococcus viridans at 2.1 A˚ resolution. Tetramer form of the LOx. The blue to red
colour corresponds to the N- and C-terminal region within the four monomers (from Protein
Data Base (PDB) ID code: 2DU2)2.
LOx catalyses lactate oxidation to pyruvate in presence of O2 giving rise to H2O2 as
product, as is indicated by reactions (2. 1) and (2. 2).
L-lactate + LOxox → pyruvate +LOxred

(2. 1)

𝐿𝑂𝑥𝑟𝑒𝑑 + 𝑂2 → 𝐿𝑂𝑥𝑜𝑥 + H2 𝑂2

(2. 2)
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The enzyme employed in this doctoral thesis was lactate oxidase from pediococcus.
This enzyme has been employed for the development of an electrochemical biosensor for
lactate determination within embryo culture media (chapter 3).
As far as the manipulation and enzymatic activity assay are concerned, enzyme
activity of LOx decays quickly when removed from its natural matrix 3, therefore it is
necessary to store it correctly. With regard to the protein storage, ca. 100 units (U) of LOx
were dissolved in 1,000 µL of 0.1 M phosphate buffered solution (PBS) at pH 7.4 and then
aliquoted in 50 Eppendorf tubes with 20 µL each one of enzymatic solution (ca. 2 U of
theoretical activity each) and stored at -20 °C 4. This procedure was performed under aseptic
conditions. The oxidation activity of LOx was determined periodically by a chromogenic
assay based on the reactions (2. 3) and (2. 4), by monitoring the red die absorbance at a
wavelength of 510 nm.
LOx

L − lactate + O2 →

pyruvate + H2 O2
HRP

4 − Aminoantipyrine + phenol + 2H2 O2 →

(2. 3)

red die

(2. 4)

2.1.2. Cytochrome c
Cyt c is primarily known as an electron-carrying mitochondrial protein. The
transition of cytochrome c between the ferrous and ferric states within the cell makes it an
efficient biological electron-transporter and it plays a vital role in cellular oxidations in both
plants and animals.
Cyt c is a hemoprotein with a molecular weight of ca. 12,500 Da and 104 amino acids
in the polypeptide backbone, with spherical shape and circa 3 nm diameter 6. This protein
has an exposed heme group and co-axial lysine residues to the central Fe atom (see Figure
2. 2) that can selectively interact with charged substrates in a similar reaction to that of
peroxidases. Cyt c is regarded to the most standard and widely investigated redox protein in
terms of protein immobilization using a plethora of electrode materials 7-9, with applications
in superoxide anion sensing

10

or hydrogen peroxide biosensing

implicated in the pathogenesis of diseases.
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Figure 2. 2. Three-dimensional representation of the crystal structure of monomeric cytochrome c
from equine heart (PDB ID code: 1HRC) 12.

In this doctoral thesis, Cyt c from equine heart has been employed to study its
confinement in mesoporous carbon materials in order to explore its pseudo peroxidase
activity according to the following reactions:
Cyt-c–Fe(III) + e-  Cyt-c–Fe(II)

(2. 5)

2Cyt-c–Fe(II) + 2H+ + H2O2  2Cyt-c–Fe(III) + 2H2O

(2. 6)

2.1.3. Formate dehydrogenase
The FDH monomer consists of 15 ∝-helixes and 13 β-strands that are arranged into
two domains, termed the ‘‘NAD binding domain’’ and ‘‘catalytic domain.’’ NAD-dependent
FDHs generally form homodimers and do not contain metal ions or prosthetic groups. The
biological unit of such FDH in solution and in the crystals is also a dimer (Figure 2. 3). The
dimer is held by the two NAD binding domains and the dimerization helix H1. The unitary
cell of FDH from Candida boidinii (cbFDH) is of 5.35, 6.85, 10.95 nm (a:b:c) 13.
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Figure 2. 3. Three-dimensional representation of the crystal structure of formate dehydrogenase from
Candida boidinii domains of the subunits, demonstrating the tight interaction between the NAD
binding (PDB ID code: 2FSS) 14.

In this doctoral thesis, formate dehydrogenase from Candida boidinii (cbFDH) was
employed in chapter 4 to study its confinement in mesoporous carbon materials and the
development of a biocathode for the reduction of CO2 to the synthesis of formic acid.
Formate dehydrogenase was purchased from Sigma Aldrich (50 U, 5-15 U/mg protein, 51.6
mg solid with 0.97 U/mg solid). The activity assay was analysed spectrophotometrically
recording at 340 nm the absorbance increment of the NADH produced during the oxidation
of formic acid. In doing so, a substrate solution of 50 mM of formic acid and 2 mM of NAD+
in 0.1 M PBS pH 7.4 (used as blank) and a formate dehydrogenase solution (0.5 mg of solid
in 1 mL of 0.1 M PBS pH 7.4) were prepared. 100 μL of the enzymatic solution were added
to a quartz cell with 3 mL of the substrate solution and the NADH formation was followed
by recording the absorbance increment with time at 340 nm. NADH concentration was
calculated by using the Lambert-Beer law with 6,220 M-1 cm-1 as the molar extinction
coefficient of NADH at 340 nm. The enzyme activity was calculated in enzyme units, being
one cbFDH unit (U), the amount of cbFDH that catalyses the conversion of one μmol of
substrate per minute of reaction. Hence, the result was expressed in Units per mg of protein
and checked if was in the activity range between 5and 15 U/mg protein.
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2.1.4. Nicotinamide adenine dinucleotide
Nicotinamide adenine dinucleotide (NAD) plays an important role in a wide range
of cellular reactions. The conversion of NAD from its oxidized form (NAD+) to its reduced
form (NADH) and the vice-versa process, as is described in Figure 2. 4B, provides the cell
with a mechanism for accepting and donating electrons. Thus, the couple NAD+/NADH
plays a significant role in the reactions associated with glycolysis, oxidative
phosphorylation, and fermentation 15.

Figure 2. 4. (A) Chemical structure of nicotinamide adenine dinucleotide (oxidized form NAD+) and
(B) the redox equilibrium reaction between NADH and NAD+.

In this doctoral thesis, the reduced form of NADH has been employed as cofactor of
the cbFDH enzyme required for the formic acid synthesis as well as for the study of its
electrochemical regeneration, as will be described in chapter 4 of this doctoral thesis.

Regarding NADH regeneration
NADH or nicotinamide adenine dinucleotide phosphate (NADPH) are cofactors
linked to large number of enzymes involved in diverse metabolic pathways of which many
of them are being exploited to develop synthetic cascades of importance for biocatalysis 16.
As was indicated in Chapter 1, the electrochemical regeneration of the cofactor has to occur
through an indirect pathway using redox mediators. In this regard, the rhodium complex,
(2,2´- Bipyridyl)(Pentamethylcyclopentadienyl)rhodium, was selected as Rh redox mediator
for the regeneration of NADH cofactor in chapter 4. Pentamethylcyclopentadienylrhodium
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(III) chloride dimer and 2,2´-bipyridyl were used for the synthesis of the rhodium complex
[Cp*Rh(bpy)Cl]Cl by following the procedure described elsewhere in

17-18

with slight

modifications as is detailed in Annexe 1.

2.1.5. Ascorbic acid, dopamine, uric acid
Those biomolecules coexist in extracellular fluid and play an important role in
maintaining physiological homeostasis of organisms 19-21. Ascorbic acid (AA) is a common
antioxidant against a variety of diseases. Uric acid (UA) is the primary product of purine
metabolism associated with diabetes, cancer and hepatic diseases. Dopamine (DA) is one of
the most important catecholamine neurotransmitters, which plays a crucial role in the
function of central nervous, hormonal, renal and cardiovascular system. The detection of
AA, DA and UA (see Figure 2.5) is a great matter for understanding the mechanism of nerve
physiology and brain activity for diseases diagnosis and monitoring

22-26

. Those

biomolecules have been employed for the exploration of several electroanalytical
applications by using the macroporous carbon foam electrode, as reported in chapter 4 of
this doctoral thesis.

Figure 2. 5. Chemical structure of ascorbic acid, dopamine and uric acid molecules.

2.1.6. Horseradish peroxidase
Horseradish peroxidase (HRP) is a heme-containing enzyme that utilises hydrogen
peroxide to oxidise a wide variety of organic and inorganic compounds. HRP comprises a
single polypeptide of 308 amino acid residues. HRP contains two different types of metal
centers, first an iron(III) protoporphyrin (IX) (usually referred to as the ‘heme group’), as
can be seen in Figure 2. 6 in the middle of the enzyme, and two calcium atoms, which appear
in Figure 2. 6 as green spheres. Both metal centers are essential for the structural and
functional integrity of the enzyme. The heme group is attached to the enzyme backbone at
His170 (the proximal histidine residue) by a coordinate bond between the histidine side-
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chain NE2 atom and the heme iron atom. The second axial coordination site (on the so-called
distal side of the heme plane) is unoccupied in the resting state of the enzyme but available
to hydrogen peroxide during enzyme turnover. 27-28.

Figure 2. 6. Three-dimensional representation of the X-ray crystal structure of horseradish
peroxidase. (PDB ID Code: 1H58) 29.

In this doctoral thesis, HRP has been employed in Chapter 3 during the
electrochemical lactate biosensor preparation, as described later in section 2.3.1.

2.2.

Electrode materials

2.2.1. Screen printed electrodes
The screen printed electrodes were fabricated at Manchester Metropolitan University
utilizing appropriate stencil designs using a microDEK1760RS screen-printing machine
(DEK, Weymouth, UK). Figure 2. 7 illustrates each of the steps followed for the screenprinted electrodes fabrication. Depending on the type of screen-printed electrode used, a
specific ink was first screen-printed onto a polyester flexible film (Autostat, 250 mm
thickness), as shown in Figure 2. 7. This layer was cured in a fan oven at 60 ºC for 30 min.
Next a silver/silver chloride (40:60) reference electrode was applied by screen-printing
AgCl/Ag paste (ProductCode: C2040308P2; Gwent Electronic Materials Ltd., UK) on the
plastic substrate. This layer was once more cured in a fan oven at 60 ºC for 30 min. Last
dielectric paste ink (ProductCode: D2070423P5; Gwent Electronic Materials Ltd., UK) was
printed to cover the connections and define the 3 mm diameter working electrode (0.071 cm2
projected area). After curing at 60 ºC for 30 min the screen-printed electrode is ready to use.
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An edge-connector was used to ensure the reproducibility of the electrochemical connections
throughout the studies 30.

Figure 2. 7. Schematic explication for the fabrication of the screen-printed electrodes employed in
this doctoral thesis.

In this doctoral thesis, three different screen-printed electrodes have been employed.
The fabrication followed for each screen-printed is the aforementioned but by varying the
working electrode ink. For the electrochemical lactate biosensor development a basal-plane
like screen-printed graphite electrodes (SPBGEs) were fabricated using a carbon–graphite
ink formulation (Product Code: ED5020, Electra Polymers Ltd., UK). For the L-cysteine
determination, both cobalt (II) phthalocyanine screen-printed electrodes (CoPc-SPE) and
screen-printed graphite electrodes (SPEs) were employed. The ink employed for the SPE
and the CoPc-SPE fabrication were carbon graphite ink formulation (Product Code:
C2000802P2; Gwent Electronic Materials Ltd., Pontypool, UK) and a carbon-graphite ink
formulation together with the mediator CoPc (Product code: C2030408P3; Gwent Electronic
Materials Ltd.), respectively.

2.2.2. Glassy carbon electrode
Glassy carbon (GC) electrode consisted of a cylindrical bar (3.0 mm diameter, from
Goodfellow, UK) or a 3 mm diameter glassy carbon disk electrode (BASi). GC was widely
used as an inert electrode surface upon which the different materials such as nanoporous
materials were dropped cast for the performance of their electrochemical characterisation.
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.
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Thereafter, the GC was sonicated for 1 min. using an ultrasonic cleaning bath, washed with
double distilled water and dried under argon (Ar) atmosphere.

2.2.3. Carbon Toray paper
Toray Paper (named as T, fromTGPH-120) was suitable to be used as a catalyst
backing layer. Average thickness was ca. 370 μm.

2.2.4. Platinum electrode
Pt disk electrode (BAS Ltd.) with 3 mm diameter was used as working electrode
substrate upon which POC CC3 was deposited to study the uptake and release of hydrogen
gas in the vicinity of the electrode (see subchapter 4.3.). Before use, the cleaning of the Pt
electrode was performed by wet polishing with 0.3 µm alumina (Buehler Ltd.) on a polishing
cloth followed by rinsing with copious amounts of distilled water. Next, the Pt surface was
electrochemically cleaned with 50 consecutive potential cycles from -0.2 V to +1.1 V vs.
SCE (scan rate 0.1 V s-1) in aqueous 0.5 M H2SO4 followed by rinsing with ultrapure water.

2.2.5. Counter and reference electrode.
Generally, a gold wire (99.9 % purity, from Goodfellow, UK) or a platinum wire
(99.9 % purity, from Goodfellow, UK) were used as counter electrodes. Both Au and Pt
wires were flame-annealed and subsequently cooled down with ultra-pure water before
transferring to the electrochemical cell. On the other hand, the standard reference electrodes
AgCl/Ag (1.0 M KCl), and a SCE reference electrode (from Radiometer, Copenhagen) for
the electrochemical measurements were used in this doctoral thesis whenever appropriate.

2.2.6. Nanoporous carbons
Macroporous carbon foam electrodes
An identical method to that used in 31 was used in this doctoral thesis for the synthesis
of the macroporous carbon foam electrodes (Cfoam) employed in chapter 4. The method,
called replication, is based on mimicking the characteristics of NaCl particles in the pore
space of a Cfoam material. The manufacturing process of Cfoams by the replication method
consisted of the following steps: i) packaging of the particles in Pyrex glass tubes
conforming porous preforms; ii) gas pressure infiltration of mesophase pitch into the
preforms; iii) solidification of the mesophase pitch from the liquid state; iv) dissolution of
NaCl particles by immersion in agitated warm distilled water; v) drying at 80 °C and
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stabilization of the pitch by thermal treatment at 170 ºC for several hours (according to
previous studies 31 45 hours are needed to produce an oxygen uptake of 6 % in foams with
pore diameters of about 100-150 mm); vi) carbonization treatment using the following
thermal profile: from room temperature to 450 °C at 2 °C min-1, then from 450 to 1450 °C
at 4 °C min-1 and finally from 1450 to 25 °C at 4 °C min-1 under protective atmosphere of
Ar.
Details of the infiltration process can be found elsewhere 31 and here the most specific
features are commented. The NaCl particles were packed by using a method that combines
strokes and vibrations

32

conforming a preform with a particle volume fraction of 60 %.

Subsequently, the crucible with the preform and the mesophase pitch pellets on top of it was
introduced into an infiltration chamber, which was evacuated to a pressure of 0.1 mbar. Then
an Ar atmosphere of 4 bars was applied and temperature was increased to 400 ºC for pitch
melting. Afterwards a pressure of 16 bar was applied to force the penetration of the liquid
mesophase pitch into the porous preform. After waiting for two minutes (infiltration time),
it is proceeded to descend the crucible inside the chamber down to a cooler plate (chill)
placed at the bottom of the chamber. Solidification (which took place in few seconds) was
carried out under pressurized conditions of 16 bar. Figure 2. 8 shows the different electrode
geometries used as working electrode in chapter 4, performed either in a disc shape with a
1.502 cm diameter and 0.269 cm thickness, or in a prism shape configuration with 0.904 x
0.599 x 0.314 cm dimensions.

Figure 2. 8. Images of carbon foams (Cfoam) with different geometries obtained for their
electrochemical study.
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Mesoporous carbons
A series of mesoporous carbons with different porous features were synthesized by
the sol-gel polymerization of resorcinol and formaldehyde in water using Na2CO3 as catalyst,
as reported elsewhere

33

. Briefly, the precursors were mixed at fixed molar ratios

(resorcinol/water 0.06, resorcinol/formaldehyde 0.5 and resorcinol/catalyst of 100 and 200)
under magnetic stirring and heated in sealed glass vessels at 95 ºC for 4 h in an oven.
Afterwards, the wet organic resins were dried at 150 ºC for 12 h and then carbonized at
800 °C (i.e., 100 mL/min N2, 1 h). The mesoporous carbons were labeled as Gx, where x
refers to the resorcinol/catalyst molar ratio (i.e. G100 and G200). A mesoporous carbon
modified with ca. 5 wt.% of carbon black (Super P, TIMCAL) was prepared by incorporating
the additive with the reactants

34

. The nomenclature of this sample was G200CB.

Additionally, another carbon was obtained by the chemical activation in K2CO3 of the
organic resin prepared using resorcinol/catalyst molar ratio of 200 (ca. resin:K2CO3 ratio of
1:1, heat treatment at 800 ºC in 300 mL/min N2, 1 h) 35. The nomenclature of the chemically
activated sample was G200K.
In subchapter 4.5 the nanoporous carbon material employed for the biocathode
preparation was a commercial NUCHAR SA30 carbon from Westvaco, in this chapter will
be named as SA.

Carbonized polymer of intrinsic microporosity
To get the cPIM material used in chapter 4 of this doctoral thesis, carbonization of
the PIM-EA-TB-H2 powder was performed at 700 ºC for 3 h under vacuum (Edwards oil
pump at ca. 4 mbar) in a custom-made quartz tube employing an Elite Thermal Systems Ltd.
oven. PIM-EA-TB-H2 was obtained following a literature recipe 36. Briefly, the synthesis of
PIM-EA-TB-H2 was performed by nitration of the ethanoanthacene hydrocarbon, followed
by reduction to give the required 2,6(7)-diaminoethanoanthracene monomer, which was
readily polymerized by the action of dimethoxymethane in trifluoroacetic acid as previously
reported for PIM-EA-TB 37.
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2.3.

Electrodes preparation

2.3.1. Electrochemical lactate biosensor
The preparation of the electrochemical biosensor comprised the following steps: 2.5
mg of MWCNTs, 12.5 mg of FcMe and 5.25 mg of chitosan (CS) were mixed in a 500 µL
dimethylformamide (DMF)/ethanol (EtOH) (1:3 v:v) organic solution and sonicated for 1 h
(as shown in Figure 2. 9, step I). At the same time, an enzymatic solution made of 0.5 mg
HRP and 0.5 mg bovine serum albumin (BSA) dissolved in a 20 µL aliquot enzymatic
solution comprised of LOx in 0.1 M PBS solution pH 7.4 was prepared (as shown in Figure
2. 9, step II ). Then, 0.6 µL of the mixture prepared in the first step was dropped cast onto
the graphitic working electrode from the SPBGE platform (as shown in Figure 2. 9, step III)
and then 5 µL volume from an enzymatic solution were immediately dropped cast upon the
still wet MWCNTs/FcMe/CS/DMF-EtOH paste composite (as shown in Figure 2. 9, step
IV). The above procedure was optimized for the performance of four equivalent
electrochemical lactate biosensors named as MWCNTs/FcMe/CS/HRP/BSA/LOx/SPBGE.
Finally, electrochemical lactate biosensors were dried under high vacuum conditions for 15
min at ambient temperature and then stored at 2-4 ºC without the need of any specific
protection. Prior to use, the biosensor is thoroughly washed immersing the electrochemical
biosensor in 0.1 M PBS buffer solution pH 7.4 under stirring conditions for 5 min.
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Figure 2. 9. Scheme of the electrochemical lactate biosensor manufacture. (I) Mixture of chitosan,
MWCNTs and FcMe in DMF/EtOH and then sonication during 1 hour (named dispersion A). (II)
Addition of HRP and BSA into PBS containing LOx (named solution B). (III) Drop of 0.6 μL of
solution A onto a graphitic working electrode of the SPBGE platform. (IV) Drop cast of 5 μL of
solution B upon the still wet dispersion A.

2.3.2. Mesoporous carbon-based electrodes
Procedures for proteins and Rh complex [Cp*Rh(bpy)Cl]Cl immobilization
Cyt c, cbFDH and [Cp*Rh(bpy)Cl]Cl solutions were prepared in 10 mM PBS of pH
7.4 (initial concentration of 0.4 for Cyt c, 0.5 for cbFDH and 1.0 mg/mL for
[Cp*Rh(bpy)Cl]Cl). The solutions were added to accurate amounts of mesoporous carbon reaching a carbon suspension of 1.0 mg/mL- and then stirred during 6 days at 4 °C.
Thereafter, the suspensions were centrifuged at 1,300 rpm for 5 min, and the supernatant
solution was removed. Furthermore, the removal of weakly bounded protein or complex
from the mesoporous carbons, was performed by rising several times with PBS. The amount
of protein or Rh complex immobilized was calculated from the mass balance of the amount
of protein or Rh complex remaining in the solution by UV-Vis spectrophotometry (ca. 411
nm -Soret region- for Cyt c, 280 nm for cbFDH and 356 nm for [Cp*Rh(bpy)Cl]Cl). After
the immobilization, the solids were resuspended in 1.0 mL of 0.1 M PBS at pH 7.4 and stored
at 4 °C until further use.
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G100, G200, G200CB and G200K were the mesoporous carbon (MC) materials
employed for the proteins (Cyt c and cbFDH) immobilization in chapter 4, subchapter 4.4,
while SA nanoporous carbon (vide supra) was employed for the cbFDH and
[Cp*Rh(bpy)Cl]Cl immobilization to perform the preparation of the biocathodes, as will be
described in chapter 4, subchapter 4.5.

Procedure for the preparation of MC/GCE based electrodes.
For the preparation of the electrodes, the stored inks were sonicated for 10 min
(Ultrasons P selecta) and then 5 wt. % nafion aqueous solution was added to the suspensions
to reach a final concentration of ca. 20 wt. % nafion with respect to the weight of solid
residue. The mixture was sonicated for 40 min, maintaining the temperature lower than 30
°C. An accurate volume of 20 μL of the ink was dropped cast onto a GCE, and then dried
under nitrogen atmosphere. In Figure 2. 10 are schematically indicated the steps followed for
the electrode preparation. As described before, the GCE was previously polished using
alumina (ca. 1.0, 0.3 and 0.05 μm) water suspensions. The electrode films are labelled as
X/MC/GCE, where MC refers to the mesoporous carbon, as mentioned before, and X to Cyt
c or [Cp*Rh(bpy)Cl]Cl confined into a MC. For comparison purposes, the corresponding
electrodes in the absence of protein or Rh complex (films are labelled as Gx/GCE) have also
been prepared.

Figure 2. 10. Scheme showing the main steps for the preparation of MC/GCE based electrodes.

Procedure for the biocathode preparation using a Toray paper as substrate
Electrodes for the preparative reduction of CO2 were prepared by airbrushing
technique. The cathode inks were sprayed onto a 3x3 cm2 Toray paper substrate (T,
fromTGPH-120) placed on a hot metallic plate kept at 90 ˚C to facilitate solvent evaporation.
The ink flow rate was controlled during all the spray to get a homogeneous surface at the
first sight. After airbrushing, the film was weighted to determine the average coverage (Γ)
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expressed in mg of carbon per cm2 of projected area; values of 0.50, 0.78, 0.83 and 0.92
mg·cm-2 were obtained. The cathodic ink consisted of an alcoholic dispersion (isopropanol)
of the nanoporous carbon (ca. 2 % solids) mixed with various amounts of nafion (carbon to
nafion ratio of 50/50 and 70/30 wt./wt. %) and sonicated for 45 minutes. The nomenclature
of the prepared electrodes was SA(x):N(y)/T, where x and y stand for the amount of carbon
and nafion, respectively, and T refers to the Toray paper substrate.

Figure 2. 11. Preparation of the mesoporous carbon film onto a toray paper substrate.

cbFDH and [Cp*Rh(bpy)Cl]Cl immobilization on the nanoporous carbons was
carried out by immersing the electrodes SA(x):N(y)/T (ca. 2x3 cm2 of projected area) in a
30 mL saturated Ar solution containing 0.125 mg cbFDH mL-1 of 10 mM PBS, pH 7.4 under
stirring conditions during 5 days at 4 °C (biocathode cbFDH/SA(x):N(y)/T). For the
immobilization of [Cp*Rh(bpy)Cl]Cl, biocathode cbFDH/SA(x):N(y)/T was immersed in
30 mL of a 0.2 mg mL-1 [Cp*Rh(bpy)Cl]Cl solution in 10 mM PBS pH 7.4 under stirring
conditions during 5 days at 4 °C (biocathode Rh/cbFDH/SA(x):N(y)/T). The amount of
cbFDH and Cp*Rh(bpy)Cl immobilised was calculated from the mass balance of the amount
of species remaining in the supernatant solution by UV-Vis spectrophotometry (vide infra).
The electrodes were thoroughly rinsed with 10 mM PBS pH 7.4 and stored at 4 ºC immersed
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in the same buffer solution. Due to the nanoporous nature of the carbon, electrodes
SA(x):N(y)/T were immersed in 0.1 M PBS pH 7.4 overnight prior the electrochemical
measurements, in order to guarantee the wettability of the inner porosity.

2.3.3. Carbonized polymer of intrinsic microporosity electrode
An amount of 2 mg of the black powder (cPIM) obtained from the PIM-EA-TB-H2
carbonization (synthesis explained in 2.2.5. Nanoporous carbons) and 100 µL of 0.25 wt. %
nafion solution were ground together (mortar and pestle) and dispersed in 1.0 mL of
isopropanol. The resulting ink was dispersed by sonication for 15 min to form a
homogeneous ink. Different amounts of the ink (typically 3 µL = 5.5 µg cPIM carbon) were
placed onto the 3 mm diameter glassy carbon disk electrode (GC, BASi) and dried under
ambient conditions.

2.3.4. Porous organic cage based electrode
The cleaning of the Pt electrode was performed by polishing with 0.3 µm alumina
followed by an electrochemical cleaning in aqueous 0.5 M H2SO4. The working electrode
was then prepared by drop-cast typically 4 µL of CC3 solution (1.0 mg in 1.0 mL
chloroform) onto the Pt electrode surface followed by solvent evaporation in air.

2.4.

Physico-chemical characterization of materials and electrodes

2.4.1. Textural characterization.
Texture is defined as the detailed geometry of the empty spaces in the particles. The
textural characterization of a material consists in the exploration of the following parameters:
(i) specific surface area per mass unit of a solid, (ii) total volume of pores per mass unit of a
solid, (iii) pore size, assuming a geometry of the pores, and (iv) pore size distribution (PSD),
or pore density of a given pore size.
Mercury porosimetry, adsorption of gases and helium pycnometry are common
techniques employed among the textural characterizations of different porous materials.
These three techniques, which are detailed below, have been used in this doctoral thesis for
the textural characterization of all nanoporous materials.
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Helium density
Helium density (ρHe) of a material is defined as the ratio between mass sample and
its volume excluding all pores and voids. The technique employed for the helium density
measurement is Helium pycnometry, which is recognized as one of the most reliable
techniques for obtaining true, skeletal and apparent volume and density. It is a nondestructive technique and is based on the gas displacement method to measure the volume
of a calibrated chamber, which operates by detecting the pressure change resulting from
displacement of gas (that is not adsorbed by the sample) by a solid sample.
In this doctoral thesis, Helium pycnometry was specifically employed for the textural
characterization of the carbon foam used in subchapter 4.1. This technique allowed deriving
the following features of the foam material:
i)

The density of the skeleton struts of the foam material (ρstruts), by performing
measurements on foamed samples.

ii)

The density of the material conforming to the struts of the foams (ρmat−struts),
by performing measurements on powdered samples obtained by milling the
foam samples until a fine powder was achieved.

From the above measurements, it is easy to calculate the total close (Vc) and open
(Vo) pore volume fractions from the following expressions:

Vc = 1 −
V0 = 1 −

ρstrut

Eq. (2. 1)

ρmat−strut
ρfoam
ρstrut

− Vc

Eq. (2. 2)

Physical adsorption of gases
Gas adsorption has become one of the most widely used procedures for determining
the surface area and pore size distribution of a diverse range of porous materials.
Physisorption of gasses is a common technique used for textural characterization of all types
of solids and fine powders. Gas adsorption happens when an adsorbable (adsorptive) gas is
in contact with the solid surface (adsorbent) at a constant temperature and at a range of
relative pressure.
To carry out a gas adsorption experiment, the degasification of the adsorbent is
required, usually heating it at high vacuum and posteriorly an inert gas is circulated through
the adsorbent at elevated temperatures in order to achieve a clean surface. The experiment
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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.
The adsorption isotherm is obtained by plotting the amount of adsorbed gas versus
the equilibrium pressure values of gas at a given temperature. These plots are important since
they provide useful preliminary information about the pore structure of the adsorbent. Six
types of isotherms (I to VI) are recognized by IUPAC and each of them are closely related
to particular pore structures.
The Brunauer–Emmett–Teller (BET) method continues to be the most widely used
procedure for evaluating the surface area of porous and finely-divided materials. BET theory
can predict the amount of adsorbed molecules that forms a monolayer and therefore the
estimation of the solid area (BET area). Nitrogen (at its boiling temperature, 77.3 K) was
traditionally the adsorptive generally used to obtain BET area, although another adsorptive
gases can be employed as Ar at 87.2 K for micropore analysis or krypton at 77 K for routine
work on materials with low-surface area, however the employment of this gases is not
possible in many laboratories, being N2 at 77.3 K the most adsorption isotherms used.
Apart from the area, pore volume and pore size distribution are some of the
parameters that can be obtained from adsorption isotherms. Diverse macroscopic methods
are used, such as those included under the name of Dubinin, which allow us, in some
circumstances, to calculate the volume and even the distribution of micropores of porous
solids. The determination of mesoporosity is done in the traditional way with the BarretJoyner-Halenda formulism (BJH) based on the well-known Kelvin equation that relates the
pore size with the pressure at which the evaporation of the adsorbate retained in it takes
place. It is a macroscopic method that considers that the adsorbate inside the capillaries is a
liquid. It cannot be used for micropores and has many inconsistencies in terms of the branch
of the isotherm to be analysed. In the last year a method called Non-Local Density Functional
Theory (NLDFT) is developing. It is based on the idea that the complete isotherm of a system
can be constructed based on individual isotherms.
In this doctoral thesis nitrogen adsorption/desorption isotherms were employed to
characterise the nanoporous texture of the materials employed in chapter 4, obtaining
different parameters such as specific surface area, total volume of pores and pore size
distribution.
For the textural characterization of the polymer of intrinsic microporosity before and
after the carbonization, experiments were carried out in Micromeritics 3Flex with P0
measured continuously. Physisorption data was analysed by the DFT method (N2 at -77 K,
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cylindrical pore, NLDFT equilibrium model). Nitrogen adsorption/desorption isotherms
from macroporous carbon foam were carried out using an Autosorb-6 equipment
(Quantachrome Instrument). On the other hand, texture of the mesoporous carbon gels was
analysed by high-resolution equilibrium adsorption–desorption isotherms of N2 at -196 ºC,
recorded in a volumetric analyser (Micromeritics). The instrument was equipped with a
molecular drag vacuum pump and three pressure transducers (0.1, 10, 1000 Torr, uncertainty
within 0.15 % of each reading) to enhance the sensitivity in the low-pressure range. Before
the analysis, the samples were degassed under dynamic vacuum at 120 °C for 17 h. Strict
analysis conditions were programmed during the gas adsorption measurements to ensure
equilibrium data, thus the average elapsed time for each isotherm was 90-120 h. All the gases
were supplied by Air Products with ultrahigh purity (i.e., 99.995 %). The isotherms were
used to calculate the specific surface area using the BET theory, SBET, and the total pore
volume, VTOTAL. The PSD analysis in the full micro-mesopore range was calculated using
the two-dimensional nonlinear density functional theory model (2D-NLDFT) assuming
surface heterogeneity of pores 38.

Mercury Intrusion porosimetry
The mercury porosimetry is a technique of textural analysis of solids based on the
mercury intrusion of a material that does not "wet" the surface of a solid porous structure
through the application of isostatic pressure. The technique is based on the equation of
Washburn that relates the pressure applied with the diameter of the pore in which mercury
is introduced

39

. This technique is mainly used for the determination of the pore size

distribution between 850 µm to 7.5 nm, approximately.
In this doctoral thesis, mercury intrusion porosimetry was employed to obtain the
pore size distribution of Cfoam, performed up 200 bar using a Poremaster-60 GT
(Quantachrome Instruments).
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2.4.2. 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 irradiation 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 enough energy 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. Moreover, the BSE depend
on the atomic number of the sample since this type of electrons are produced when the
electrons 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 electrode surfaces, their
microstructures before and after their modifications, as well as the distribution and size of
the different materials used for the electrode modification. 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.

2.4.3. Energy dispersive X-ray spectroscopy
The energy dispersive X-ray spectroscopy (EDX) is as a complementary tool to
transmission and scanning electron microscopies. This 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. Xrays 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
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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 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 analyse
each X-ray and then to assign its corresponding channel in the multichannel analyser.
In this doctoral thesis, mapping of the electrode surface was carried out employing
HITACHI S-3000N with an EDX microanalysis system Quantax 400 from Bruker for the
analysis of different elements such as cobalt in chapter 3, or rhodium in chapter 4.

2.4.4. Raman spectroscopy
Raman spectroscopy is a non-destructible method that allows obtaining information
about the degree of structural order of carbon materials since it is a sensitive technique
towards symmetric covalent bonds, which allows discerning minor changes in structural
morphology of material. When a monochromatic light beam interacts with a molecule, the
oscillating electric field of the incident radiation causes an oscillation in the electronic
density of the molecule, originating the Rayleigh dispersion (with a frequency as the incident
radiation) and the Raman dispersion (with a frequency change). The difference between the
new frequencies and the original radiation frequency is characteristic of the irradiated
molecule and numerically equal to some vibration and rotation frequencies of it.
Raman spectra of most carbon forms contain two characteristic peaks named as G
band (~1,580 cm-1) and D band (~1,360 cm-1), which are related to the vibrations of the sp2
building blocks in carbon materials and their defects, providing information on the structural
order and disorder. Since D band is associated with structural disorder, it grows up in terms
of intensity, with an increment of disorder in the material, and consequently, the ratio of the
intensities between the D and G bands is indicative to the structural disorder. Apart from D
and G bands it has been observed other three bands, which are associated with the structural
details of carbon materials as well. They are named D´, A and TPA bands and specifically
they have been observed in non-crystalline nanoporous disordered carbon related to various
defect-induced phenomena. Similar to D band, D´ is caused by defect-induced breaking of
translational symmetry; the A band, although not yet well understood, is attributed to noncrystalline sp3-dominated carbon and/or non-hexagonal ring defects in the sp2 system. The
TPA band has been linked to sp2-based transpolyacetylene-like chains and zig-zag edges.
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The graphitic character of the macroporous carbon foam explored in chapter 4,
ascribed to the active modes Raman spectrum, was monitored using a NRS-5000 Laser
Raman spectrometer (Jasco). The excitation line was obtained by means of a 5.1 mW laser
power output at a 531.92 nm wavelength with a resolution of 7.00 cm-1 and an objective lens
LMPLFLN 50 x BS/DM BS 30/70. (1064x256 pixel). In the case of the microporous
heterocarbon (cPIM) described in chapter 4, Raman spectroscopy was carried out on a
Renishaw inVia system with λ= 785 nm excitation.

2.4.5. X-ray photoelectron spectroscopy
X-ray photoelectron spectroscopy (XPS) is a technique based on photoelectronic
effect that provides with information about the atomic composition, chemical environment
and electronic state of the elements forming the sample, especially those located in its surface
(up to 1 nm depth). XPS is also used for the determination of the oxidation state of the
element investigated. 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. Surface analysis is accomplished by
irradiating a sample with monoenergetic soft X-rays. Electromagnetic radiation interact with
atoms of the solid in the surface region, causing electrons to be emitted by the photoelectric
effect and 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 with 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 analysing solid samples both
qualitatively and quantitatively.
XPS experiments were performed for superficial analysis and identification of
surface chemistry of different type of materials employed in this doctoral thesis, mainly to
explore surface functionalities on carbons, since it provides useful information on the
binding energies of the C 1s, N 1s and O 1s photoelectrons of surface groups. XPS were
recorded on a K-Alpha Thermo Scientific spectrometer using AlKα (1,486.6 eV) radiation,
monochromatized by a twin crystal monochromator and yielding a focused X-ray spot with
a diameter of 400 µm, at 3 mA and 12 kV. Processing of the XPS spectra was performed in
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Avantage software, with energy values referenced to the C 1s peak of adventitious carbon
located at 284.6 eV, and a Shirley-type background.

2.5.

Analytical techniques

2.5.1. Ultraviolet-Visible spectroscopy
The visible and ultraviolet spectra of organic compounds are associated with
transitions between electronic energy levels. The transitions are generally between a bonding
or lone-pair orbital and an unfilled non-bonding or anti-bonding orbital. The wavelength of
the absorption is then a measure of the separation of the energy levels of the orbitals
concerned. Above 200 nm, excitation of electrons from p- and d-orbitals and π- orbitals, and,
particularly, π-conjugated systems, gives rise to readily measured and informative spectra.
There are two empirical laws about the absorption intensity. The first is the Lambert´s
law, which stablishes that the fraction of the incident light absorbed is independent of the
intensity of the source, and the second one, the Beer´s law states that the absorption is
proportional to the number of absorbing molecules. From these laws, the remaining variables
give the Eq. (2. 3).
𝐿𝑜𝑔10
𝐿𝑜𝑔10

𝐼0
𝐼

𝐼0
= 𝜀𝑙𝑐
𝐼

Eq. (2. 3)

is called the absorbance or optical density, I0 and I are the intensities of the incident

and transmitted light, respectively; l is the path length of the absorbing solution (cm), c is
the concentration in (mol·dm-3) and ε is the molar extinction coefficient, which is constant
for a particular substance at a particular wavelength (dm3 mol-1 cm-1). Therefore, according
to the Beer-Lambert Law the absorbance is proportional to the concentration of the substance
in solution and as a result UV-Visible spectroscopy can also be used to measure the
concentration of a sample.
In this doctoral thesis UV-Vis spectrometer (UV-240IPC spectrometer) has been
primarily employed for the quantification of proteins. Aromatic amino acids such as tyrosine
and tryptophan give proteins the characteristic absorbance ultraviolet spectrum at 280 nm.
Phenylalanine and disulphide bridges can also give slightly absorption at this wavelength,
although. Alternatively, the presence of porphyrin groups shows an intense peak the called
“Soret band”, which is an intense peak in the blue wavelength region of the visible spectrum,
being around 400 nm. For example, the “Soret peak” is used to describe the absorption of
heme-containing moieties, such as Cyt c.
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2.5.2. Thermogravimetric analysis.
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 differential thermal analysis (DTA) or differential
scanning calorimetry (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 in chapter
4 the compositional and structural changes of the polymer of intrinsic microporosity during
the carbonization. In this regard, TGA data were collected on a Setaram Setsys Evolution
TGA instrument under Ar from 20 ºC to 700 ºC.

2.5.3. Elemental analysis.
This technique is employed for the quantification of different elements such as
carbon, hydrogen, nitrogen and sulphur. To carry out the quantification, the samples are
typically combusted at high temperature (ca. 1,200 º C) in an oxygen stream, and the gases
of combustion (CO2, N2, H2O, and SO2) are measured in a single analysis (typically using
infrared spectroscopy). In the case of oxygen analysis, the sample is heated up to 1,350 ºC
in inert atmosphere; the liberated oxygen is evolved in various forms (CO, CO2, H2O) and
the gas is passed through a bed of graphite powder to reduce them to CO, then CO is oxidized
to CO2 in a CuO catalysts and it is detected by infrared detector.
Elemental analysis exclusively employed in chapter 4 is obtained by Butterworth
Laboratories Ltd., London in triplicate. The analyses were carried out for sample PIM-EATB-H2 treated with aqueous 0.1 M HCl rinsed and dried; PIM-EA-TB-H2 treated with
aqueous 0.1 M NaOH and carbonized PIM-EA-TB-H2.
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2.5.4. 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
retention times (tR) which are related by the structure, the size, the polar character of organic
molecule and the characteristics of the column.
In chapter 3 HPLC technique was required for monitoring the lactate concentration
in G1, G1-plus and G-MOPS commercial cell culture media. For this purpose, HPLC Agilent
1100 series, Santa Clara, U.S.A. coupled with a UV-Vis detector was employed. The mobile
phase consisted of 20 mM NaH2PO4 aqueous solution adjusted to pH 2.5 with H3PO4. The
column was a C18 Hypersil octadecylsilane (ODS) with 4.0 internal diameter x 250 mm
length, and 5 μm particle diameter. The flow rate was 0.5 mL min-1 with a wavelength of
210 nm.

2.5.5. Ionic chromatography
Ion chromatography is closely related to HPLC. It is an effective method for
separation and determination of ions, based on the use of ion exchange resins. There are
several modes of detection of analytes based on conductivity, amperometric and UV-Vis
spectrophotometric detection.
With regard to conductivity detector,ionic analytes are measured as they passes
through a conductivity cell. Both, the eluent and sample are ionic species and the background
conductivity is in many cases too high to detect ions with a good sensitivity. To overcome
this problem, it is necessary to eliminate chemically the background conductivity of the
eluent, in a post column reaction. These columns are known as chemical and electrochemical
conductivity suppressors, and can be chemical or electrochemical. This mode of detection is
the most common in ion chromatography.
Ionic chromatography has been employed in this doctoral thesis for the formic acid
determination in chapter 4 by using an anion exchange chromatograph. Equipment: AnCat
850 Professional IC. Technique description: Anion analysis by Ion Chromatography.
Detection mode: Conductivity with chemical suppression. Column: Metrosep A Supp 7- 250
(Metrohm). Carrier material: Polyvinyl alcohol with quaternary ammonium groups. Column
dimensions: 250 x 4.0 mm. Particle size: 5 µm. Flow: 0.8 mL/min. Temperature: 40 ºC.
Mobile phase/eluent: Sodium carbonate 3.6 mmol/L. Injection volume: 20 µL. Run time: 34
min.
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2.6.

Electrochemical techniques

Electrochemical techniques allow the analysis of the processes that occur on the
surface of an electrode (working electrode, WE) immersed in an electrolyte solution. The
fundamental information of this technique is given by the amount of current that passes
through the electrode caused by a cell potential difference (ΔE) applied.
The most common experimental configuration for recording electrochemical
experiments consists of a three electrodes electrochemical cell, as shown in Figure 2. 12.
Counter electrode (CE), reference electrode (RE), and working electrode (WE) are immersed
in a solution and connected to a potentiostat. The potentiostat controls the potential between
CE and WE so that the potential difference between the WE and RE is well defined. 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 the electrolyte solution. In
the three-electrode electrochemical cell, the current intensity flows between the WE and CE.
Either a piece of platinum or gold wire is usually used as the CE. Auxiliary electrode and
capacitor are elements connected to the electrochemical cell for the improvement of the
signal-to-noise.

Figure 2. 12. Three-electrode electrochemical cell used for the majority of the electrochemical
experiments performed in this doctoral thesis.
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Unless otherwise specified, electrochemical experiments were performed using an
Autolab PGSTAT X III potentiostat/galvanostat (Eco-Chemie, the Netherlands) and
controlled by Autolab GPES software version 4.9 for Windows XP. For the experiment
where inert conditions were required, solutions were deaerated under an Ar stream with a
bubbler (as is indicated in Figure 2. 12), before and during the electrochemical experiments.
2.6.1. 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
under investigation. The technique consists of the registering of current that flows through
an electrochemical system when a lineal potential sweep is applied, using a triangular
potential wave form, as described in Figure 2. 13. It is called cyclic due to the scans are
usually forward and then backward.
Two types of processes occur at the electrode/electrolyte interface. The first type is
the faradaic processes, which follow the Faraday´s law of electrolysis and comprise reactions
in which electrons are transferred across the electrode-electrolyte interface. In these cases,
the current intensity is proportional to the amount of material converted by the amount of
electricity

passed.

The

second

type,

called

non-Faradaic

processes,

involves

adsorption/desorption processes that change the structure of the electrode-electrolyte
interface when the solution composition, the electrode area or the electrode potential
changes. Both faradaic and non-faradaic processes occur when electrode reactions take place
40

. The electrochemical reaction occurs in the working electrode (WE) surface and a

balancing reaction takes place at the counter electrode (CE). In a three electrodes system,
the electrode potential of the WE is controlled by a reference electrode (RE). However, the
current intensity flows exclusively through the WE and CE, leaving unperturbed the
potential at the RE.
The resulting curves obtained from CV experiments have the form of current
intensity (I) vs. potential (E), called cyclic voltammograms, as is represented in Figure 2.
13B. As far as the potential of the WE reaches the formal potential (Eº) of the electroactive
species the oxidation processes begin if it goes to positive potentials, and the current intensity
related to this process increases. When Eº is exceeded, the amount of electroactive species
close to the electrode diminishes as it has reacted, increasing at the same time the
electroactive flux of material that arrives from the bulk solution, thereby increasing the
diffusion layer. After reaching the maximum current, the reaction becomes diffusion
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controlled and I starts decreasing with time and electrode potential. When applying the
reverse scan, the same situation is repeated as negative potentials are applied. These two
processes combined give rise to a maximum of current which potential is called peak
potential (Ep), either cathodic (Epc) or anodic (Epa), depending scan direction.

Figure 2. 13. (A) Variation of the applied potentials of the working electrode as a function of time
in a CV. (B) Typical cyclic voltammetry obtained for a reversible and fast reaction of one electrode.
Epc = cathodic peak potential; Epa = anodic peak potential; Ipc = cathodic peak current intensity; Ipa =
anodic peak current intensity.

Parameters that can be obtained from CV experiments are the separation of peaks
(ΔEp) or the relation between the current intensity of the anodic and cathodic peaks (Ipa / Ipc).
In a reversible system ΔEp = Epa – Epc= 0.059 / n (V), where n is the number of electrons,
while Ipa and Ipc increases linearly in a way that the relation between them is approximately
1 (Ipa / Ipc = 1) being Ip proportionally to the square root of the scan rate (Ipa, Ipc ∝ √v). In
contrast, in irreversible systems ΔEp = Epa – Epc ˃ 0.059 / n (V), and ΔEp increases at slow
process and high scan rate, whereas in reversible systems is independent of the scan rate;
moreover, the maximum I of the peaks is no longer than unity (Ipa / Ipc ≠ 1). On the other
hand, adsorption can also contribute to faradaic processes based on the electron transfer.
Then, the electrochemical process is controlled by a fast ET due to the adsorption of
electroactive species. This situation reflects well-defined and symmetric peaks on the CVs,
and theoretically, ΔEp = 0, Ipa / Ipc = 1, and Ipa, Ipc ∝ v

40

.

In this doctoral thesis, the CV voltammograms have been routinely employed to
characterize all the carbon based working electrodes, amongst many others. Two redox
probes (1 mM hexaammineruthenium (III)/(II) chloride and potassium ferricyanide in 1.0 M
KCl) have been employed for further analysis of the carbon electrodes such as the
electrochemical surface determination or for kinetic studies (See section 2.7).
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2.6.2. Chronoamperometry
Chronoamperometry (CA) technique consists of the study of the variation of the
current intensity with time under a constant applied electrode potential. When the step
potential is applied until a potential value where faradaic reaction takes place (Figure 2. 14A),
the current intensity increases to achieve a limit value under steady conditions or limiting
transfer reactions (Figure 2. 14B).

Figure 2. 14. (A) Potential step versus time. 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.

The process may or may not be controlled by diffusion. Taking the reduction process
as an example, the application of a sufficiently negative step potential entails the reduction
of the oxidized species (ox) present in the interface, thus generating a high initial value of
current density. From this point the current density is given by the concentration gradient of
ox, which in turn is proportional to the diffusion flow of oxidized species, according to the
Fick´s law (Eq. (2. 4)) 40:
𝐽𝑜𝑥 =

𝑏
𝐼
∆𝑐
𝐷𝑜𝑥 (𝑐𝑜𝑥
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Eq. (2. 4)

𝑏
where 𝑐𝑜𝑥
is the oxidized species concentration in the bulk solution and 𝑐𝑥=0 the

concentration in the surface.
Therefore, the diffusion flow in the diffusion layer determines the speed of the
process and whether or not the process is controlled by diffusion. Due to the impoverishment
of oxidized species, the concentration gradient and current density experience a progressive
decrease over time (see Figure 2. 14C). In the case of reversible processes, the current density
decreases from a theoretical infinite value ∞ for t=0, to 0. The dependence of current density
77

Chapter 2
over time under diffusion controlled conditions (and for large-amplitude step potential) is
given by the Cottrell equation (Eq. (2. 5)),
1/2

𝐽=

𝑛𝐹𝐴𝑐𝑜𝑏

𝐷0

Eq. (2. 5)

𝜋1/2 𝑡1/2

where A is the surface area of the electrode in cm2, t is the time in s, 𝑐𝑜𝑏 the solution
concentration and D0 the diffusion coefficient in cm2s-1

40

.

In this doctoral thesis, the chronoamperometric experiments have been carried out
for analytical applications under steady conditions by means of continuous stirring. In
subchapter 3.1, lactic acid concentration was measured by applying a continuous electrode
potential of -0.2 V vs. pseudo-reference electrode AgCl/Ag by using the electrochemical
lactate biosensor. In subchapter 4.4 the technique was employed for the hydrogen peroxide
using a step potential of -0.5 V vs. AgCl/Ag (1.0 M KCl), and in subchapter 4.5 for the
bioelectrosyntheses of the carbon dioxide reduction at controlled potential.

2.6.3. Pulse voltammetry techniques: Differential pulse and Square wave
voltammetry
Pulse voltammetry techniques play an important role in electroanalytical chemistry.
The basis of all pulse techniques is the difference in the rate of the decay of the charging (Ic)
and the faradaic (IF) currents following a potential step (or “pulse”). Faradaic process (IF) is
superimposed with a capacitative contribution (IC) due to double layer charging which dies
away much more quickly, typically within microseconds. The charging current decays
exponentially, whereas the faradaic current (for a diffusion-controlled current) decays as a
function of t-1/2 (it is in the form of the Cottrell Equation (Eq. (2. 5)); that is, the rate of decay
of the charging current is considerable faster than the decay of the faradaic current. When a
pulse is applied the current is sampled when the capacitative current (Ic) decays away. Figure
2. 15 depict the potential-time and current potential waveforms of four pulse voltammetry
techniques (normal pulse, staircase, differential pulse and square wave voltammetry). In this
doctoral thesis two of these pulse techniques, differential pulse and square wave
voltammetries, have been employed for the L-cysteine analysis, as shown in chapter 3.
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Figure 2. 15. Pulse voltammetry techniques showing potential-time waveforms, current-sampling
schemes and typical current-potential responses. A) Normal pulse, B) Staircase, C) Differential pulse
and D) Square wave. 𝜏 = waveform period (pulse repetition time); ∆Ep = change in pulse potential;
tp = pulse width; ∆Es = step height; ip = peak current.

Differential pulse voltammetry
Figure 2. 15C shows the waveform of pulse utilized in differential pulse voltammetry,

which is superimposed on a staircase (the base potential is implemented in a staircase).
Differential pulse voltammetry (DPV) measures the difference between two currents just
before the end of the pulse and just before its application (i1 and i2, respectively)41. The
difference between the two sampled currents is plotted against the staircase potential leading
to a peak shaped waveform. DPV is useful due to eliminations in the contribution of nonfaradaic (capacitive) processes, which are effectively subtracted out.
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Square wave voltammetry
In this technique a symmetrical square wave is superimposed on a staircase
waveform where the forward pulse of the square wave (pulse direction equals as the scan
direction) is coincident with the staircase step (as is shown in Figure 2. 15D). The peakshaped voltammograms obtained display excellent sensitivity and eliminate background
currents 41.

Figure 2. 16. Square wave voltammetry for a reversible process: voltammetric profile of current
versus staircase potential. I1 represents the forward and I2 the reverse sweep where ∆I is the resultant
voltammogram.

In SWV, the current is sampled twice during each square wave cycle, one at the end
of the forward pulse, and again at the end of the reverse pulse (as is shown in Figure 2. 15D
denoted as i1 and i2). The difference between them, the net current, is larger than either of its
two component parts in the region of the peak, which is centered on the half-wave potential
(see Figure 2. 16). Capacitative contributions can be effectively discriminated before they die
away, since over a small potential range between forward and reverse pulses, the capacitance
is constant and is thus annulled by subtraction. In this way the pulses can be shorter than in
DPV and therefore the square wave frequency can be higher. The current difference between
the two measurements is plotted versus the potential staircase. SWV yields peaks for faradaic
processes, where the peak height is directly proportional to the concentration of the species
in solution.
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2.6.4. Electrochemical impedance spectroscopy
Impedance can be defined as a complex resistance encountered when current
intensity flows through for example resistors, capacitors, or inductors elements. Impedance
takes into account the phase differences between the input voltage and output current
intensity; it is the ratio between voltage and current intensity, demonstrating the ability of a
circuit to resist the flow of electrical current, represented by the “real impedance” term, but
it also reflects the ability of a circuit to store electrical energy, reflected in the “imaginary
impedance” term.
In electrochemical impedance spectroscopy (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 intensity measured will
be then a sinusoid at the same frequency but shifted in phase (ϕ), as is indicated in Figure 2.
17. The procedure is repeated at different frequencies.

Figure 2. 17. Impedance experiment: (A) sinusoidal voltage input (V) at a single frequency f and (B)
sinusoidal current intensity response (I). ϕ: phase-shift.

The excitation signal or sinusoidal potential of a given frequency and amplitude
expressed as a function of time has the form:
ΔE(t) = EA sin(ωt)

Eq. (2. 6)

where ΔE(t) is the potential perturbation at time t, EA is the amplitude of the signal and ω is
the radial frequency, which is related to the applied alternating current (AC) frequency f, as
ω = 2πf .
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As a consequence, an AC perturbation is generated having the same radial frequency
ω but with different amplitude and a phase shift ф between the potential and the current
intensity (see Figure 2. 17). The resulting current perturbation, ΔI(t), is given by:
ΔI(t) = IA sin(ωt + ϕ)

Eq. (2. 7)

where IA is the current perturbation amplitude.
In AC circuits, impedance is equivalent to resistance in direct current (DC) circuits,
both governed by the Ohm law:
𝑍(𝑡) =

ΔE(t)
𝐸𝐴 sin(ωt)
sin(ωt)
=
= 𝑍𝐴
ΔI(t)
𝐼𝐴 sin(ωt + ϕ)
sin(ωt + ϕ)

Eq. (2. 8)

Then Z(t) can be described as a complex number that can also be expressed in
complex mathematics as a combination of “real” or in-phase (ZREAL), and “imaginary” or
out-of-phase (ZIM) parts (Figure 2. 18):
Z(t) = ZA ( cos ϕ + i sin ϕ ) = ZREAL + i ZIM

Eq. (2. 9)

where i = √−1. ZREAL and ZIM can be found as Z' and Z'' respectively.

If the real part is plotted on the x-axis and the imaginary part on the y-axis of a
graphic, “Nyquist plot”, or complex plane impedance diagram, is obtained, as shown in
Figure 2. 18.

Figure 2. 18. Complex impedance plot, where real part (ZREAL) is plotted vs “imaginary” part (ZIM).

In the laboratory, the impedance experiments of unknown systems are carried out
and impedance data plots are obtained. These plots can be compared with known equivalent
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circuits that involves a combination of inductances (only in the cases of very high
frequencies), resistances and capacitances.
In this doctoral thesis, EIS experiments were carried out to study a series of
nanoporous carbon materials. Impedance of a porous electrode can always be considered as
a series combination of two processes, a mass-transport resistance inside the pores and
impedance of electrochemical reactions inside the pores42.
EIS experiments were employed to explore the macroporous Cfoam in subchapter
4.1. using a VMP3 multichannel potentiostat-galvanostat Bio-Logic Science Instruments.
The impedance spectra were measured over a frequency range between 10 mHz and 1.0
MHz with an amplitude potential of 0.01 V at room temperature (293 ± 2 K) in 1.0 M KCl
solution at a starting potential of 0.25 V vs. AgCl/Ag (1.0 M KCl). The impedance data was
fitted to an equivalent circuit by using the Bio-logic software. In addition, in subchapter 4.2,
EIS experiments were performed in order to further explore the effects of pH in cPIM.
Impedance data were carried out at 0.25 V vs. SCE for frequency range from 10 kHz to 0.1
Hz using a potentiostat system (IVIUM Copactstat).

2.7.

Calculations and statistical measurements

Analytical parameters
Equations for linear calibrations were obtained by the least squares method with the
help of the spreadsheet application for calculus, Microsoft EXCEL 2010. Confidence
intervals of the slope and the intercept were obtained using the statistical value “t student”
(for N-2 freedom degrees, where N is the number of standards solutions used) for a
confidence level of 95 %. The sensitivity was calculated as the slope of the calibration curve.
Other analytical parameters used along the doctoral thesis were calculated according to the
following equations:

Detection Limits

yLD = yB + 3sB

Eq. (2. 10)

Quantification Limits

yLQ = yB + 10sB

Eq. (2. 11)

Standard Deviation

𝑆𝐷 = √

̅ 2
∑𝑁
𝑖=1(𝑋𝑖 − 𝑋 )
𝑁−1

Eq. (2. 12)

𝑆
𝑋̅

Eq. (2. 13)

𝑅𝑆𝐷 =

Relative Standard Deviation
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𝐶𝑜𝑉 =

Coefficient of variation

𝑆
× 100
𝑋̅

Eq. (2. 14)

where yB is the blank signal and sB is the standard deviation of the blank.

Electroactive area
In this doctoral thesis, the electroactive area of different electrodes, was calculated
employing two redox probes, hexaammineruthenium (III)/(II) chloride (Ru(NH3)63+/2+) and
potassium ferricyanide/ferrocyanide (Fe(CN)64-/3-). Hexaamin ruthenium chloride probe is a
nearly ideal outer-sphere redox system. This complex is not sensitive to the majority of
superficial defects or impurities. Furthermore, potassium ferricyanide is far away to be an
ideal outer-sphere redox system. This probe is not oxide-sensitive, but on the contrary it is
surface-sensitive, so its kinetics depend strongly on the state of the surface chemistry and
interactions with cations in solution.
Electroactive surface area was calculated using the Randles–Sevcik equation (Eq
(2.15)), which describes the effect of scan rate on the peak current intensity Ip assuming a
reversible or quasi-reversible system:
𝑛 𝐹𝜗𝐷 1/2
𝐼𝑝 = 0.4463 · 𝑛 · 𝐹 · 𝐴 · 𝐶 · (
)
𝑅𝑇

Eq. (2. 15)

𝐼𝑝 = (2.68𝑥105 )𝑛3/2 𝐴𝐶𝐷1/2 𝜗1/2

Eq. (2. 16)

where Ip is the maximum current intensity (in A); n is the number of electrons transferred in
the redox process; C the bulk concentration of the electroactive species (in mol·cm-3), F is
the Faraday´s constant in (C·mol-1); D is the diffusion coefficient of the electroactive species
in (cm2 s-1) (8.9·10-6 cm2 s-1 for Ru(NH3)63+/2+ and 7.6·10-6 cm2 s-1 for Fe(CN)64-/3-); v is the
scan rate (V·s-1); R is the gas constant (in J K-1 mol-1); T is the temperature (in K) and A the
electrode active surface area (in cm2).
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Electron transfer rate constant
Standard heterogeneous electron transfer rate constant 𝑘° gives information about the
electron transfer reactivity. This parameter depends on the density of electronic states (DOS)
from the electrode material, which depends on the carbon nature.
In this doctoral thesis, the value of 𝑘° (cm s-1) was calculated for the Cfoam
macroelectrode (see subchapter 4.1 of this doctoral thesis) using the Nicholson method for
electrochemically quasi-reversible process given by Eq. (2. 17):

𝜓 = 𝜅0

𝐷 𝛼/2
(𝐷o )

Eq. (2. 17)

R

(𝜋𝐷o

𝜈𝑓)1/2

where Ψ is a dimensionless kinetic parameter, which is tabulated as a function of peak
potential separation (ΔEp) for a one-electron process 40.
Current efficiency
The current efficiency (Ɵ) was calculated for the electrosynthesis of formic acid in
chapter 4, section 4.5 according to the follow equation:

Ɵ=

𝜗
𝑛𝑃 × 𝜗𝑒 × 𝐹
𝑝

𝑄

Eq. (2. 18)

× 100
𝜗

where 𝑛𝑃 is the number of moles referred to formic acid production, 𝜗𝑒 is the number of
𝑝

electrons referred to formic acid production, F is the faraday´s constant (96,485 C mol-1)
and Q is the circulated charge (C) during the electrolysis 43.
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Chapter 1

Electrochemical (bio)sensors for the detection of metabolites present in embryo culture media

Scope of the chapter

As pointed out in the introduction of this doctoral thesis, the nutrient composition
and control of experimental condition in complex biological media are crucial to ensure the
suitable growth of living cells. An example of complex media refers to the embryo cell
culture media used in in vitro human fertilization (IVF) during embryo development.
Variations in the culture medium composition can determine the viability of the embryo to
be transfer and therefore the success of pregnancy.
One of the objectives of assisted reproduction techniques (ART) and in particular
IVF points at good quality embryo and an adequate development until blastocysts with high
degree of implantation and therefore give rise to the birth of healthy children. Before that,
the human embryo is exposed to different metabolomics compositions according to the
human reproductive tract. In this respect, companies have devoted to designing,
manufacturing and refining cell culture media that mimic the content and composition of
woman reproductive tract, to be delivered to IVF laboratories.
As far as the biochemical and nutritional changes are concerned, during the early
stages of embryonic division (until day 3) low levels of biosynthesis, respiration and very
little utilization of glucose as an energy source take place, so that energy is generated from
low levels of oxidation of pyruvate, lactate and non-essential amino acids 1. From the stage
of 8 cells (generally 72 hours after embryo incubation) begins the activation of the
embryonic genome, increasing the biosynthesis of the embryo, as well as its respiratory level
and its capacity to use glucose. These changes in the embryo's needs are accompanied by
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changes in the concentration of glucose, lactate and pyruvate as an energy source. A
suboptimal culture medium can produce a dysfunctional development of the embryo and
even block it completely. For these reasons, it is very important to be aware exactly of the
concentration of each metabolite that participates in vitro during the different stages of
cellular development of the embryo.
The detection and quantification of metabolites in a media complex is commonly
performed using standard analytical techniques. However, most of such techniques like mass
spectrometry 2, high field nuclear magnetic resonance

2

or HPLC techniques still exhibit

some limitations. They are time-consuming, require for sample preparation/handling, and
are unfeasible for routine analysis 3-4. In this chapter, two electrochemical disposable devices
have been developed for the detection of L-lactate and L-cysteine, two metabolites within
the embryo culture media. Screen-printed disposable electrodes have been used as
electrochemical sensing platforms for the miniaturization of the lactate and cysteine
(bio)sensors.
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3.1
nanotubes

Electrochemical lactate biosensor based upon chitosan/carbon
modified

screen-printed

graphite

electrodes

for

the

determination of lactate in embryonic cell cultures

Abstract. L-lactate is an essential metabolite present in embryonic cell culture.
Changes of this important metabolite during the growth of human embryo reﬂect the quality
and viability of the embryo. In this chapter, a sensitive, stable, and easily manufactured
electrochemical biosensor for the detection of lactate within embryonic cell cultures media
is reported. Multi-walled carbon nanotubes/Chitosan composite have been employed for the
enzymatic immobilization of the lactate oxidase enzyme.
The analytical efficacy of this novel electrochemical lactate biosensors is explored
towards the sensing of lactate in model (buffer) solutions and is found to exhibit a linear
response towards lactate over the concentration range of 30.4 and 243.9 µM in phosphate
buffer solution, with a corresponding limit of detection (based on 3-sigma) of 22.6 µM and
exhibits a sensitivity of 3417 ± 131 µA M-1 according to the reproducibility study. These
novel electrochemical lactate biosensors exhibit a high reproducibility, with a relative
standard deviation of less than 3.8 % and an enzymatic response over 82 % after 5 months
stored at 4 ºC. Furthermore, high performance liquid chromatography technique has been
utilized to independently validate the electrochemical lactate biosensor for the determination
of lactate in several commercial embryonic cell culture medium providing excellent
agreement between the two analytical protocols.
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3.1.1. Results and discussion
SEM characterization and electrochemical response of the lactate biosensor
After the addition of the enzymatic solution of LOx through a drop casting onto the
still wet MWCNTs/FcMe/CS/DMF-EtOH paste composite, as described in detail in section
2.3.1 the MWCNT/FcMe/CS/HRP/BSA/LOx/SPBGE electrochemical lactate biosensor was
performed. Figure 3. 1 depicts the SEM images of the basal plane like SPBGE surface
unmodified, prior to the drop cast of the MWCNTs/FcMe/CS/ HRP/BSA/LOx composite
(Figure

3.

1a)

and

the

morphology

regarding

the

MWCNT/FcMe/CS/HRP/BSA/LOx/SPBGE biosensor (Figure 3. 1b). The SEM image of
the SPBGE underlying substrate reveals a homogeneous, smooth surface adequate to carry
out a uniform film of the MWCNTs/FcMe/CS/HRP/BSA/LOx composite. The surface of
the SPBGE platform provides sufficient chemical stability in contact with MWCNT
composite mixed within a DMF/EtOH solution.

Figure 3. 1. (a) SEM image of the working electrode from a SPBGE platform; (b) SEM image of the
ﬁlm formed by MWCNTs/FcMe/CS/HRP/BSA/LOx composite ﬁlm on the working electrode
surface of the SPBGE electrochemical platform.

Figure 3. 1b shows a MWCNT network immobilized upon the working graphitic
surface of the SPBGE platform. MWCNTs seem to be well dispersed upon the underlying
surface of the SPBGE platform, which is completely covered by the film formed by
MWCNT/FcMe/CS/HRP/BSA/LOx composite. The CS biopolymer acts as a binder to fix
the MWCNTs and enzyme onto the basal like surface of the SPBGE platform. The films
comprising MWCNT/FcMe/CS/HRP/BSA/LOx composite do not appear to exhibit any
cracks or fractures and are quite homogeneous suggesting a good mechanical stability and
robustness upon manipulation.
The electrochemical lactate biosensor performed in this study works in accordance
to the following reactions (3. 1) (3. 4) displayed below, according to the literature 5-6:
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LOx

L − lactate + O2 → pyruvate + H2 O2

(3. 1)

H2 O2 + (HRP)red → H2 O + (HRP)ox

(3. 2)

(HRP)ox + (FcMe)red → (HRP)red + (FcMe)ox

(3. 3)

(FcMe)ox + 𝐞− → (FcMe)red

(3. 4)

Briefly, the enzyme LOx reacts with the target analyte, lactate, in the presence of
oxygen leading to pyruvate and H2O2 (reaction (3. 1)) as is explained in chapter 1 and 2.
Then the enzyme HRP (in its reduced state) reduces H2O2 to H2O (as depicted in reaction (3.
2)), and then the enzyme HRP in its oxidized form oxidizes the redox mediator FcMe to the
ferrocinium complex, according to reaction (3. 3). Finally, the FcMe complex in its oxidized
state is electrochemically reduced upon the electrode surface in accordance to reaction (3.
4).
CV measurements were next performed in order to study the optimal working
potential for the electrochemical reduction of the FcMe complex in its oxidized state. In this
regard, Figure 3. 2 depicts the voltammetric profiles of the electrochemical lactate biosensor
in the presence and absence of CS biopolymer inside the enzymatic composite matrix. The
corresponding voltammetric peaks of the oxidation and reduction of FcMe are readily
observed when the biosensor is manufactured in the absence of CS giving a peak potential
separation of 140 mV at a scan rate of 10 mV s-1. However, upon the introduction of the CS
biopolymer, the cyclic voltammetric measurements give rise to an undefined oxidation wave,
though the reduction wave is well established at a peak potential of ca. -150 mV versus the
pseudo-reference electrode. This is explained as the incorporation of CS biopolymer into the
enzymatic composite matrix leads to a more resistive film, due to the low ionic conductivity
of the CS biopolymer

7-9

. Strikingly, the presence of CS leads to a higher current intensity

or charge passed within the reduction peak of FcMe compared to the electrochemical
biosensor performed without the presence of CS, which clearly indicates that the addition of
chitosan improves the adsorption of the FcMe mediator, upon the electrode carbonaceous
surface or the entrapment into the biopolymer / carbon nanotubes matrix. Moreover, the
presence of CS exposes edge plane sites of the MWCNTs, thereby resulting in an
enhancement of electron transfer and thus in electrochemical activity.
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Figure 3. 2. Cyclic voltammograms of the electrochemical lactate biosensor in the absence of CS
(solid line) and in the presence of CS (dashed line) in 0.1 M PBS pH 7.4 at 22 °C. Scan rate 10 mV
s-1. First scan recorded.

The working potential of the lactate biosensor was set at ca. -0.2 V based on the
cyclic voltammetric results presented in Figure 3. 2. Lactate measurements were performed
by hydrodynamic CV and CA techniques, immersing the biosensor in a cell containing 5 mL
of 0.1 M PBS buffer solution at pH 7.4 as shown in Figure 3. 3. L-lactate solution were added
in order to obtain certain lactate concentration in solution. CV experiments were carried out
by cycling the working electrode between -0.1 to -0.4 V at a scan rate of 10 mV s-1. Prior to
CA measurements, the electrochemical lactate biosensor was subjected to -0.2 V vs the
pseudo-reference electrode for 120 s in 0.1 M PBS solution pH 7.4 and then consecutive
aliquots of 10 mM L-lactate solution were added in order to obtain certain lactate
concentration in solution. All electrochemical experiments were carried out at 22 ± 2 °C
under aerated conditions.
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Figure 3. 3. Electrochemical assembly for the lactate analysis employing the electrochemical lactate
biosensor MWCNT/FcMe/CS/HRP/BSA/LOx/SPBGE.

Figure 3. 4 shows the cyclic voltammetry response for the electrochemical lactate
biosensor and the corresponding calibration plot of current intensity versus lactate
concentration over a concentration range of 99-476 μM (see inset in Figure 3. 4). The
voltammetry reveals an increment of current intensity with lactate concentration. The
calibration plot was obtained measuring the current intensity at -0.2 V. In this regard, the
biosensor presents a linear slope with a correlation coefficient of 0.99 and a sensitivity of 3503 ± 243 µA mM-1.
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Figure 3. 4. Representative region of the CV response for the electrochemical lactate biosensor with
a successive addition of 50 µL of a 10 mM lactate solution in 0.1 M PBS solution pH 7.4 under
hydrodynamic conditions. Scan rate was 10 mV·s-1. Inset of ﬁgure: calibration plot for the
electrochemical lactate biosensor with lactate concentration in 0.1 M PBS pH 7.4 at a working
potential of -0.2 V and 22 °C.

Figure 3. 5 shows the chronoamperometric response of the electrochemical lactate
biosensor at -0.2 V with consecutive additions of 25 µL of 10 mM lactate within 0.1 M PBS
pH 7.4. Results provide an increase within the current intensity and well-shaped
amperometric current steps are readily visible after each addition. Inset of Figure 3. 5 shows
the calibration plot regarding the amperometric response of the electrochemical lactate
biosensor with a concentration range of 50-250 μM of lactate in which a linear slope is
obtained with a correlation coefficient of 0.99 and a sensitivity of -3,201 ± 179 µA mM-1.
Results demonstrated that there are no significant differences in terms of the sensitivities of
the electrochemical biosensor between both CV and CA electrochemical techniques
employed.
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Figure 3. 5. Chronoamperometric response of the electrochemical lactate biosensor with a successive
addition of 25 μL of a 10 mM lactate solution in 0.1 M PBS solution pH 7.4 at a working potential
of -0.2 V. Inset of figure: calibration plot of the electrochemical response of the biosensor with lactate
concentration in 0.1 M PBS pH 7.4 at -0.2 V and 22 °C.

Reproducibility, repeatability and long-term stability of the electrochemical lactate
biosensor
The reproducibility of the electrochemical lactate biosensor is examined using eight
biosensors. Figure 3. 6 shows a linear calibration curve of the average current intensity
versus the lactate concentration over the range of 30.4 and 243.9 μM. Such response
exhibited a sensitivity of 3,417 ± 131 µA M-1 (n=8)–a similar value to that obtained from
Figure 3. 4- with a Relative Standard Deviation RSD of 3.8 % and a Limit of Detection
(LOD; 3-sigma) of 22.6 µM. It is worth noting that from the reproducibility assessment of
the electrochemical lactate biosensor, it is found that the preparation method of this
electrochemical biosensor is reproducible regarding MWCNTs drop casting and LOx
enzyme immobilization onto the graphitic surface of the SPBGE. Hence the electron transfer
and lactate biosensor activity behave very similar, leading to a good performance in terms
of accuracy and precision of the electrochemical device. Thus, the repeatability of the
electrochemical lactate biosensor is also studied by means of a consecutive test of the
biosensor for a known lactate concentration solution in 0.1 M PBS pH 7.4 to examine
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reutilization of the electrochemical biosensor. After seven consecutive measurements, the
biosensor can determine lactate in solution with a RSD of less than 5 %.
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Figure 3. 6. Reproducibility study for the lactate calibration plot (R=0.99781, n=8 electrochemical
lactate biosensor) in 0.1M PBS pH 7.4 at 22 °C and -0.2 V as electrode potential.

The long-term stability of the electrochemical lactate biosensors were addressed for
five months by keeping the biosensors in the fridge at 4 ºC without any protection of the
enzymatic composite film. Sixteen electrochemical lactate biosensors were fabricated and
stored at 4 ºC and then lactate calibration plots (n=4) were recorded at days 2, 30, 62 and
150 after their fabrication. Findings show that sensitivities obtained from the average
calibration plots remains inside range of control limits (±3 x standard deviation from the
slope value obtained on the first day) with an enzymatic response higher than 82 % after
150 days under the above storage conditions.
Table 3. 1 shows analytical data of different LOx biosensors based on screen-printed
carbon electrodes found in the literature. It is worthwhile noting that the electrochemical
lactate biosensor developed in this doctoral thesis shows sensitivity higher than the majority
of biosensors presented within Table 3. 1

5-6, 10-12

. Even though the LOD value of this

electrochemical lactate biosensor is clearly of the order of some electrochemical biosensors
based on the use of screen-printed electrodes, as shown in Table 3. 1, LOD values are higher
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than compared to non-electrochemical approaches, see for example Minami et al

13

who

developed an organic field effect transistor. However, in their work, no real samples were
explored limiting their work and sensor application. It is important to note that the lactate
concentration within the culture media is among 2-11 mM

14

, so for practical sensor

applications, the requirement of a super low LOD value is not a limitation or even critical
since this novel electrochemical lactate biosensor has the advantage of high stability,
robustness and low cost effective production.
In the case of the long-term stability, this electrochemical biosensor also offers
excellent performances, better than others reported

5-6, 11

. Even when this electrochemical

lactate biosensors are only stored at 4 ºC without any specific protection against (i.e.
humidity or oxygen atmosphere) in contrast to other electrochemical lactate biosensors
which needed the use of protected membrane films or preservation using a aqueous buffer
solution. Finally, the reproducibility values of the electrochemical lactate biosensor are in
the range reported for biosensors used for food and clinical applications.
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Table 3. 1. Comparison of different electrochemical lactate biosensors reported in literature based on LOx immobilization on Screen-printed carbon
electrodes
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Interference study upon the electrochemical lactate biosensor.
An interferences study is carried out in order to ensure its applicability to real
samples. Different substances present in embryonic cell culture such as glucose, pyruvate
and Bovine Serum Albumin (BSA) are checked out by chronoamperometric measurements
in 0.1 M PBS pH 7.4 solution at a controlled potential of -0.2 V. Different amounts of the
above substances are added successively, as shown in Figure 3. 7 and only the addition of
lactate into the buffer solution leads to an increase in current intensity. Therefore, the
presence of the different substances, even the presence of a large protein like BSA, does not
modify the correct performance and selectivity of the electrochemical biosensor.

0.3

Current Intensity / A

0.2
0.1

a1

b1 b2 b3

a2 a3

c1 c2 c3 c4 d
1

0.0
-0.1

d2

-0.2
-0.3
-0.4
200

400

600

800

1000

1200

time / s
Figure 3. 7. Interference study of the electrochemical lactate biosensor. Current vs time plot for
successive additions of different interferents and concentration: (a1) 0.05 mM glucose, (a2) 0.1 mM
glucose, (a3) 0.15 mM glucose, (b1) 0.035 mM pyruvate, (b2) 0.07 mM pyruvate, (b3) 0.1 mM
pyruvate, (c1) 9.4 µg/mL BSA, (c2) 18.3 µg/mL BSA (c3) 26.7 µg/mL, (c4) 35.04 µg/mL BSA (d1)
0.03 mM lactate (d2) 0.06 mM lactate. 0.1 M PBS pH 7.4 at a working potential of -0.2 V and at 22
ºC.

105

Chapter 3

Determination of lactate in commercial embryonic cell culture
Lactate concentration within G1, G1-Plus and G-MOPS cell culture media, obtained
from VitroLife, were determined either by the use of the electrochemical lactate biosensor
or by HPLC (as is indicated in chapter 2). Firstly, the electrochemical lactate biosensor was
employed to the determination of lactate present in the G1 commercial embryonic culture
medium from the pronucleate stage to day 2 day 3. Lactate quantification from the
commercial sample is measured by chronoamperometric technique by diluting the G1
sample in a factor of 1:80 using a pH 7.4 0.1 M PBS. No matrix effects are observed and the
value of the lactate concentration for the medium G1 is obtained by interpolation into
calibration curve of the corresponding amperometric signals. Results provide an average
value of 11.8 ± 1.7 mM of lactate over four different electrochemical biosensors. In order to
validate the new proposed methodology, the G1 medium was also analyzed by independent
HPLC-UV according to the procedure mentioned in experimental section. Such liquid
chromatographic methodology revealed a lactate concentration of 11.94 ± 0.10 mM for three
repeats. To clearly demonstrate lactate analysis using this electrochemical lactate biosensor,
lactate concentration in a different cell culture medium, called G-MOPS, was performed. GMOPS is designed to handling and manipulating of oocytes and embryos outside the
incubator. G-MOPS consists of amino acids, organic acids and antibiotics, according to the
supplier. Lactate quantification within the sample G-MOPS was 10.34 ± 2.3 mM (n=3),
whereas the liquid chromatography method revealed a lactate concentration of 9.82 ± 0.09
mM (n=3). Figure 3. 8 depicts the calibration curve regarding current intensity versus lactate
concentration present in sample G-MOPS after five successive additions (25 μL each). On
the other hand, lactate concentration was also determined in the cell culture medium called
G1-plus, a similar medium to G1 but with the presence of an estimated Human Serum
Albumin (HSA) protein concentration of 5.0 mg mL-1. In this case, lactate quantification
within the sample G1-plus was 11.29 ± 1.3 mM (n=3), whereas the liquid chromatography
method revealed a lactate concentration of 10.12 ± 0.10 mM (n=3). Hence, results clearly
demonstrate the reliability of the lactate analysis in complex cell culture media using this
electrochemical lactate biosensor. Hence the results obtained from both the electrochemical
lactate biosensor and liquid chromatographic methodology shows no significant differences
within the retrieval of lactate concentration, according to a t-test with a 95 % confidence
level.
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Figure 3. 8. Amperommetric response of the electrochemical lactate biosensor in current intensity
versus number of additions of sample G-MOPS after five successive additions (25 μL each, n=4).

3.1.2. Concluding remarks
Part 3.1 of this doctoral thesis reports the novel fabrication of an electrochemical
lactate biosensor towards the determination of lactate within an embryonic cell culture. Such
electrochemical biosensor provides a simple, fast and reproducible sensor (RSD of less than
3.8 %), which can be potentially utilized as a non-intrusive point of care sensor. The
electrochemical lactate biosensor based upon a MWCNT and chitosan modified SPBGE
provides a well-defined bioelectrocatalytic response upon the presence of lactate. These
electrochemical biosensors offer a linear range of 30.4 – 243.9 µM and a LOD of 22.6 µM.
Moreover the hybrid composite biosensor presents an excellent sensitivity of -3,417 ± 131
µA M-1 due to the high electron transfer provided by the MWCNTs, in addition to the
adequate immobilization of a LOx enzyme favored by the chitosan biopolymer. In terms of
stability, the biocompatibility of the chitosan matrix with the LOx and the HRP enzymes
makes the electrochemical lactate biosensor stable even after 5 months (with a retention of
more than 82 % of the enzyme activity of the electrochemical biosensor) when stored at 4
ºC, which unlike current literature does not require any protection of the enzymatic
composite. In conclusion, this novel screen-printed electrochemical lactate biosensor is an
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ideal embryologist tool for determining lactate within the cell culture media of a human
embryo during its cell development or after embryo retrieval. Such revelations have been
validated by highly costly liquid chromatographic methods and possess no significant
differences within the retrieval of lactate. Both the methodology of the fabrication of the
electrochemical lactate biosensor and its applications are protected by the Spanish patent
number P201431875 (see annex III of this doctoral thesis).
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3.2

L-Cysteine determination in embryo cell culture media using

Co (II)-phthalocyanine modified disposable screen-printed electrodes

Abstract. An electrochemical sensor for the accurate electroanalytical determination
of L-cysteine (L-CySH) is proposed, based upon a Co(II)-phthalocyanine bulk modified
disposable screen-printed graphite electrode (CoPc-SPE). Cyclic (CV) and Square Wave
(SWV) voltammetry experiments have demonstrated an excellent electrocatalytic activity
towards the electrochemical oxidation of L-CySH using CoPc-SPEs within optimum neutral
or basic pH. Moreover, the SWV response of L-cysteine is found to exhibit a linear range of
2.6 – 200 μM, with a low limit of detection of 4 μM and a sensitivity of 0.78 μA cm-2 μM-1.
Coefficient of variations for reproducibility and repeatability of L-CySH determination
using the CoPc-SPE are 3 and 0.4 %, respectively. The effect of inherent interferences such
as naturally occurring amino acids, cystine and cysteic acid have been also evaluated.
Finally, the applicability of the L-cysteine electrochemical sensor based upon CoPc-SPEs
has been successfully employed for the first time towards the assessment of L-cysteine in a
complex embryo cell culture medium.
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3.2.1. Results and discussion
Electrode characterization
Before the electrochemical characterization, this subchapter starts with the
exploration of the surface morphology and Co surface distribution of the CoPc-SPE
electrodes. Figure 3. 9 A and B show the SEM image and its corresponding mapping for the
analysis of cobalt on the working electrode CoPc-SPE used for the electrochemical
determination of L-CySH. Both images reveal either a quite homogeneous and uniform
surface (Figure 3. 9A) or a well dispersion of Co highlighted in red on the ink of the working
electrode (Figure 3. 9B), still exhibiting the carbon like graphite in the CoPc-SPE platform.

Figure 3. 9. (A) SEM micrographs of the CoPc-SPE working electrode and (B) the distribution of
cobalt highlighted in red on the electrode as detected by EDX analysis.

The electrochemical surface areas of the bare SPE platforms were determined using
the Randles-Sevcík equation for a quasi-reversible and fast electron transfer process ([Eq.
(2.11)). To determine this, the outer-sphere redox probe hexaammineruthenium (III)/(II)
chloride was dissolved in 0.1 M phosphate buffer solution (pH 7.0) to reach a final
concentration of 1 mM. Such results provided an electroactive area of 0.052 cm2 for the SPE
platform with a coefficient of variation of 6.22% (N = 6). In the case of the electrode active
area of CoPc-SPE, the outer-sphere redox probe was 1.0 mM potassium ferro/ferricyanide
in 1.0 mM KCl solution. The electrochemical surface area resulted to be 0.055 cm2 for the
CoPc electrode, with a coefficient of variation of 3% (N = 5).
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CV and SWV behaviour of L-CySH at CoPc-SPE.
All electrochemical experiments were carried out under aerated conditions at 22 ± 2
°C. Optimized SWV parameters used in all experiments were the following: modulation
amplitude, 50 mV; modulation frequency, 10 Hz; modulation step, 5 mV. All potentials are
referred to an AgCl/Ag pseudo-reference electrode from the SPE platform itself. Prior to all
the electrochemical measurements, a conditioning pre-treatment of the CoPc-SPE working
electrode was performed, in which the electrode was submitted to a CV between 0 and 1.0
V at a scan rate of 50 mV s-1 in 0.1 M PBS at pH 7.0 to remove any possible surface
contamination. Thereafter, both the CoPc-SPE and bare SPE platforms were rinsed with the
same buffer solution. Generally, 50 μL of standards or real samples were placed onto the
screen-printed electrode before starting CV or SWV measurements. Unless otherwise stated,
CoPc-SPE or naked SPE were discarded after a single use.
Figure 3. 10 depicts first the electrochemical response of L-CySH obtained using
CoPc-SPEs, which is compared to a bare SPE via CV and SWV in a 50 µM L-CySH solution
within a 0.1 M PBS pH 7.0. The CV as shown in Figure 3. 10A exhibits two main irreversible
anodic peaks at +0.10 V and at +0.59 V at the CoPc-SPE, whereas only one anodic peak at
+0.53 V is visible when using the bare SPE. Similar results are found when SWV is applied,
as shown in Figure 3. 10B where two anodic peaks appear at 0 V and +0.49 V for the CoPcSPE and again only one anodic peak located at +0.41 V for the bare SPE.
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Figure 3. 10. (A) CV responses of 50 μM L-CySH in 0.1 M PBS pH 7.0 using CoPc-SPE (red line)
and bare SPE (black line). Scan rate: 50 mV s-1. (B) SWV responses of 50 μM L-CySH in 0.1 M
PBS pH 7.0 using CoPc-SPE (red line) and bare SPE (black line). Background responses are shown
as dashed lines.

The voltammograms recorded in Figure 3. 10B obtained for the SPE and the SPE
containing CoPc electrodes suggest that the oxidation mechanisms are distinct at both
electrodes, and the difference in peak potential of about 80 mV for the second oxidative
wave occurring at both electrodes can be attributed to slight differences in the pseudoreference electrode or simply to different surface chemistry of the carbonaceous electrode
ascribed to electrode preparation.
As clearly observed, the L-CySH electrochemical response differs noticeably when
CoPc is introduced into the ink of the SPE, revealing an electrocatalysis effect due to the
CoPc presence 15-17. This fact is of great interest since the electrochemical oxidation of LCySH at CoPc-SPEs exhibits a low overpotential of the oxidation peak, which is important
in terms of selectivity, potentially discarding/overcoming many inherent interference that
are likely to be present within real samples. Accordingly, it is explored the first anodic peak,
~0 V, of L-CySH at CoPc-SPE by CV and SWV with a potential range recorded between 112
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0.2 V and +0.3 V, as depicted in Figure 3. 11. The reusability of these CoPc-SPE platforms
was studied upon five consecutive CV or SWV experiments within a 50 μM L-CySH in a
0.1 M PBS pH 7.0, washing the electrode thoroughly with ultrapure water after each
electrochemical experiment. It is found that the anodic response remains stable and
reproducible with a coefficient of variation (CoV) of 0.4%; therefore, the catalytic surface
based CoPc redox mediator remains active. Nevertheless, consecutive CV or SWV
measurements without washing the electrode resulted in a loss of peak current and therefore
fouling phenomenon is taking place associated with reaction products formation.
Furthermore, both CV and SWV experiments performed in Figure 3. 11 show well-defined
anodic peaks with stable peak potentials at +0.03 V and -0.04 V, respectively.
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Figure 3. 11. CV (A) and SWV (B) electrochemical oxidation of 50 μM L-CySH in 0.1 M PBS pH
7.0 (solid lines) using CoPc-SPE. Background responses are shown as dashed lines. Scan rate: 50mV
s-1. Five consecutive voltammograms are shown following gentle washing of the CoPc-SPE between
electrochemical measurements.

By comparing the electrochemical response of backgrounds in Figure 3. 10A and
Figure 3. 11A, the behavior is different. The small reduction peak observed in Figure 3. 11A
on the negative direction does not appear in Figure 3. 10A. The presence of those small
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anodic and cathodic peaks is still uncertain and they could be attributed to oxidationreduction processes of adsorbed species on the carbon-CoPc ink. Even though this redox
process may appear at distinct pH solutions, that small anodic peak does not interfere in the
measurement of the anodic peak current obtained in the presence of L-CySH.
A high reproducibility of the electrochemical response of a 50 µM L-CySH solution
in 0.1 M PBS at pH 7.0 was also demonstrated at different CoPc-SPEs providing a CoV of
3 % when five different electrodes were used (N = 5). Furthermore, the electrochemical
behaviour of L-CySH was explored in terms of potential and current dependence with the
scan rate through CV measurements using a 50 µM L-CySH solution in 0.1 M PBS pH 7.0.
Such results reveal that peak current (Ip) behaves linearly with square root of the scan rate.
Moreover, peak potential and peak current logarithm with the logarithm of scan rate exhibit
a linear dependence. In addition, the plot log10(Ip / µA) versus log10[v / (mV s-1) gives rise to
a linear dependence (R2 = 0.998) with a slope of 0.4988, which is almost the same that the
theoretical value of 0.5 for a diffusion controlled process

18

. Moreover, the dependence of

peak potential with scan rate denotes L-CySH electrooxidation is an irreversible process.

Effect of pH on the L-CySH electrochemical response at CoPc-SPE.
Figure 3. 12A depicts the pH dependence upon the electrochemical oxidation of LCySH which has been investigated towards a 50 µM L-CySH solution in 0.1 M PBS over a
pH range of 4.64 to 10.01. Results indicate that peak potentials shift to lower positive values
with pH. A linear pH-dependence with peak potential gives rise to a slope of 105 mV pH-1,
as observed in Figure 3. 12B. Strikingly, this slope does not correspond to the Nernstian
value of 59 mV per pH corresponding to 2H+/2e- process, which is the proposed and accepted
by many authors for the L-CySH electrooxidation to L-cystine upon carbon based materials
and electrodes modified with electrocatalysts such as CoPc, conductive polymers or Au
nanoparticles 15, 19-21, according to reaction (3. 5),
2 𝐿 − 𝐶𝑦𝑆𝐻 ↔ 𝐶𝑦𝑆𝑆𝐶𝑦 + 2𝐻 + + 2𝑒 −

(3. 5)

Moreover, it should be noted that within the studied range of pH a change in the slope
of the Ep vs pH plot can be detected at pH 8.6 (highlighted with arrow in Figure 3. 12B).
This deviation from linearity correlates well with the pKa2 of L-CySH, as already reported
by the literature 15, 20.
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Figure 3. 12 (A) CV responses of a 50 μM L-CySH using CoPc-SPE as a function of pH. 0.1 M PBS
adjusted at pH values between 4.64 and 10.01. (B) Shows a plot of peak potential versus pH. Scan
rate: 50 mV s-1; First scan recorded.

At acidic pHs, the electrochemical behaviour of L-CySH is different compared to
basic and neutral pHs as it can observe in Figure 3.13, where the appearance of an anodic
peak at +0.49 V at pH 3.0 seems to indicate that the molecule reacts through a different
mechanism. The single anodic peak occurring between the potential range of -0.2 and +0.2
V disappears whereas the additional anodic peak at approximately +0.5 V increases upon
the forward scan. Interestingly, during the reverse scan, L-CySH is yet again catalytically
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oxidised at the same potential. This behaviour has been already observed by pioneering work
performed by Halbert and Baldwin

22

for the electrooxidation of different sulfhydryl

compounds at CoPc modified carbon paste electrodes, and also for the electrocatalytic
oxidation of other biomolecules e.g. citric acid, hydrogen peroxide and hydrazine, as stated
in recent works by Foster et al. 23-24, with still uncertain explanation for this behaviour.
Within the experimental errors, an almost constant current for the anodic oxidation
of L-CySH is observed upon an increase within the solution pH, as shown in inset of Figure
3.13. It is clear that pH solution influences on the L-CySH electrooxidation, due to the LCySH molecule ionization. At pHs higher than 8.4, L-CySH entity is mostly deprotonated
(in the form HCys-), therefore it reacts faster upon the CoPc-SPE since both a deprotonation
step is not involved in the mechanistic reaction 25-27 and the thiolate group (–S-) is actually
the electroactive moiety, achieving low oxidation potential and slightly high currents 20. In
the case of pHs between 4 and 8, the main ionization form of L-CySH corresponds to the
zwitterion state (H2Cys) which reacts slower than the deprotonated form (HCys-) upon the
CoPc-SPE since the thiol deprotonation must be carried out previously. Similar results were
achieved by Zhou et al 28, indicating a different reaction mechanisms for the electrochemical
oxidation of L-CySH according to solution pH. It seems that changes in composition of LCySH ionic forms with pH may explain the pH-dependent electrochemical behaviour.
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Figure 3. 13. Cyclic voltammograms for a 50 µM L-CySH solution in 0.1 M phosphate at pHs
between 3 and 7 using CoPc-SPE. Scan rate: 50 mV s-1. First scan recorded. Inset figure shows pHdependence of the voltammetric peak current obtained using CV responses in 50 µM L-CySH
recorded within 0.1 M phosphate at pHs between 4.64 and 10.01.

This work next turned out the L-CySH electrooxidation behaviour in 0.1 M PBS pH
7.0 from a mechanistic and kinetic point of view. Firstly, from the peak potential dependence
with logarithm of the scan rate the kinetic parameter (𝛼 · 𝑛𝐴 ) was calculated by using Eq.
(3. 1) 29, valid for an irreversible diffusion controlled process:

𝐸𝑝 = 𝑐𝑡𝑒. +

1
𝑅𝑇
𝑅𝑇
·
· 2.3 · log(𝑣) ; 𝑏 =
· 2.3
(𝛼 · 𝑛𝐴 ) · 𝐹
2 (𝛼 · 𝑛𝐴 ) · 𝐹

Eq. (3. 1)

where nA is the number of electrons exchanged through the rate-determining step, α is the
electronic transfer coefficient, F is the Faraday constant (96,485 C / mol e-) and R is the
molar gas constant (8.31 J·K-1·mol-1). Therefore, from the slope value of the plot Ep versus
log v (0.0549 V dec-1), the value of (α · nA) can be estimated as 0.54. Additionally, Tafel
slope (b) can be determined as 110 mV (close to the theoretical value of 118 mV)

29

.

Assuming that nA is 1, it can assert α with a value of 0.54. Secondly, by knowing the value
of (α · nA) now, this work next proceeded to estimate the number of electrons exchanged
through the whole electrochemical process from the plot peak current versus the square root
117

Chapter 3
of the scan rate, according to the CV experiments. For an irreversible process, that
dependence follows the Eq. (3. 2) 29.
5

𝐼𝑝 = (2.99 · 10 ) · (𝑛𝐴 · 𝛼)

1⁄2

· 𝑛 · 𝐷1⁄2 · 𝐴 · 𝐶 · 𝑣 1⁄2

Eq. (3. 2)

where n is the number of electrons involved in the mechanism, A is the electrode area (CoPcSPE area = 0.055 cm2), D is the L-CySH diffusion coefficient (assumed to be: 3 · 10-5 cm2
s-1 30) and C is the concentration of the electroactive species (L-CySH, 50 · 10-9 mol cm-3).
A slope of 7.59 · 10-6 A [V s-1]-1/2 was obtained, thereby the number of electrons involved in
the electrooxidation mechanism calculated from Eq. (3. 2) was 2.3, which can be
approximated to 2. Such value corresponds with the proposal mechanism in (3. 5) and is in
agreement with the literature

25-27

, though a value of 105 mV pH-1 fat from the Nernstian

value, as obtained from Figure 3.13, could be attributed to the complexity of the electron
transfer reactions upon the complex mediator CoPc and/or the participation of different ionic
species as a result of acid-base L-CySH equilibriums

20

, whose pKa are 1.71, 8.36, and

10.77. Besides, plot of peak current logarithm as a function of logarithm of L-CySH
concentration exhibits a linear trend with a slope value of 1.024. This indicates that the
electrochemical oxidation is a first order reaction and thus the rate-determining step
corresponds to the thiol radical formation.
In summary, results reveal that neutral and basic conditions are more adequate for LCySH determination using the CoPc-SPE in terms of achieving a low overpotential and
therefore minimizing the effect of inherent interferences, which can be oxidised at more
positive potentials. For that reason, a pH value of 7.0 was chosen as the working pH for the
electroanalytical determination of L-CySH in an embryo cell culture medium.

Analytical figures of merit
Hereafter, for the electroanalytical determination of L-CySH, its electrooxidation
was followed by SWV in order to reach a higher sensitivity and lower LoD when compared
with CV measurements 4. Electroanalytical quantification of L-CySH was accomplished in
0.1 M PBS pH 7.0, as depicted in Figure 3. 14, with concentrations varying between 2.6 and
200 μM. A linear plot of anodic peak current versus L-CySH concentration was found with
correlation: Ip/[μA·cm-2] = (0.78 ± 0.03) [L-CySH/μM] + (2 ± 4) (R2 = 0.997, N = 2). The
corresponding value for the LoD was found to be 3.8 μM whereas the LoQ was 14.0 μM,
based on three and ten times the noise level, respectively.
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Figure 3. 14. SWV responses of L-CySH standard solutions with increasing concentrations (2. 6, 5,
10, 25, 50, 100, 150, 200 µM) made into a 0.1 M PBS pH 7.0 using CoPc-SPE. Inset Figure shows
the resulting calibration plot of peak current versus L-CySH concentration.

The effect of the presence of the electroactive species within a solution, which can
interfere with the electroanalytical L-CySH determination, is of great importance for the
validation of an electrochemical sensor. Most of sulphur-containing compounds such as Lcystine, L-cysteic acid and DL-methionine (Met) can be present in the formulation of a
biological sample or simply some of them can be yielded during the development of
embryonic cells. After the analysis of the electrochemical response of each compound, as
shown in Figure 3. 15, it can be noticed that Met exhibits a significant electrochemical anodic
wave at +0.78 V using SWV.
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Figure 3. 15. SWV responses for the electrooxidation of 50 µM DL-Met (pink trace), 100 µM LCystine (blue line) and 100 µM L-Cysteic acid (red line) solutions using CoPc-SPE electrochemical
sensors. SWV response of 0.1 M PBS pH 7.0 is highlighted in a black dashed trace.

Despite the examination of L-cystine, L-cysteic acid and Met as interferents for the
L-CySH determination, the interference effect was further investigated in the presence of
high amounts of different naturally occurring amino acids that are present in an embryo cell
culture medium. Thus, L-CySH standards were prepared under the simultaneous presence
of 300 µM of L-tryptophan, L-tyrosine, L-serine, L-asparagine, L-glutamine, L-glutamic
acid, L-alanine, L-proline, L-methionine, L-aspartic acid, L-histidine and L-phenylalanine,
in a 0.1 M PBS pH 7.0, to explore the L-CySH determination in a complex matrix by SWV.
The correlation between peak current at near 0 V and L-CySH concentration was evaluated
by SWV measurements and then a calibration linear plot was obtained, as shown in Figure
3. 16.
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Figure 3. 16. SWV responses for L-CySH mixed with 300 µM of the most common amino acids, in
0.1 M PBS pH 7.0 at the bulk-CoPc SPE. Amino acids were the following: L-Tryptophan, LTyrosine, L-Serine, L-Asparagine, L-Glutamine, L-Glutamic acid, L-Alanine, L-Proline, LMethionine, L-Aspartic acid, L-Histidine, L-Phenylalanine. Addition standard method was
employed. Inset figure shows the linear calibration plot of the peak current as a function of the LCySH concentration after the additions (130, 146, 178, 241, 398 µM).

Equation of the linear regression was Ip /µA = 0.098 [L-CySH/µM] – 6.709, with a
sensitivity about ten times lower than that obtained for a calibration curve of L-CySH in the
absence of interferences (see inset Figure 3. 14). Accordingly, applicability of this
electrochemical sensor within the presence of interferents was explored via the recovery
method. Given amounts of L-CySH were spiked into the containing interference sample
(with 114 µM L-CySH) and the electrochemical response of the resulting sample was
recorded. Subsequently, by using the equation of the line, L-CySH concentration was
determined for each addition and the recovery was also calculated. Analytical results of the
addition standard method were summarized in Table 3. 2. According to these results, there
is no significant differences between the added L-CySH concentration and that found by the
electrochemical sensor in synthetic cell culture media, with recoveries ranging between 95
% and 101 %, thereby there is no significant matrix effect
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determination in the presence of a high amount of amino acids

14

, could be feasible using

CoPc-SPEs in real cell culture media.
Table 3. 2. L-CySH determination in spiked synthetic cell culture medium using CoPc-SPEs.
Found concentration ±
Added concentration
Apparent recoveries
(t·SD/N1/2)

(µM)

(%)

(µM)
146

146 ± 5

100.0

178

180 ± 4

101.0

241

240 ± 2

100.4

398

390.6 ± 1.0

98.1

t: statistical value of Student´s t (Probability = 95%, freedom degrees = 3). N: number of trials. SD:
standard deviation.

L-CySH determination in a real embryo cell culture medium.
Addition of non-essential amino acids, e.g., L-cysteine (L-CySH) into an embryo cell
culture media increases cell numbers at the blastocyst stage

31

. The importance of this

addition has been proven by some groups 32-34 reporting that L-CySH stimulates the synthesis
of glutathione (GSH) and improves embryo production. Rahim et al. reported that L-CySH
addition in in vitro bovine oocyte maturation enhances cell proliferation 32. Furthermore, its
deficiency in the medium may result in GSH synthesis failure and consequently detrimental
outcomes during embryo development

35

. Embryo culture media composition can be very

variable between trademarks and between different batches within the same registered
products, having L-CySH concentrations quite different among them. In other cases, embryo
culture media do not contain L-CySH within their composition and it may be beneficial for
its addition. In consideration of the aforementioned reasons the development of a facile,
rapid and cost effective method for the L-CySH determination within embryo cell culture
media and other biological samples for clinical applications is of significance 15.
Consequently, the electrochemical sensor based on the use of CoPc-SPE platforms
was next applied to the determination of L-CySH within a real sample such as embryo cell
culture media. This type of media is very complex and, consequently may appear detrimental
matrix effect upon the L-CySH determination as well as a high potential electrode surface
fouling. To assess the applicability of the CoPc-SPE an embryo cell culture medium (G2
Vitrolife) was selected for the analysis of L-CySH. G2 is a cell culture medium that does not
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contain either L-CySH or HSA protein. Given amounts of L-CySH in the millimolar
concentration were spiked into the real embryo cell culture medium, obtaining a linear
correlation between peak current versus L-CySH concentration, as shown in Figure 3.17 A.
Unfortunately, in the micromolar concentrations, the electrochemical response of L-CySH
was unfeasible under these experimental conditions. This can be attributed to the effect of
the matrix on the fouling and/or inactivation of the CoPc catalyst upon the SPE surface. It
can be speculated that the presence of high osmolarity as well as the presence of the
biopolymer hyaluronic acid may have detrimental effects on the performance of the CoPcSPE platform. To overcome this drawback, G2 medium was diluted ten times using 0.1 M
PBS pH 7.0 in order to minimize the matrix effect and then given amounts of L- CySH were
spiked into the G2 solution. The SWV response of L-CySH electrooxidation together with a
linear correlation of peak current versus concentration was obtained at a peak potential of 0
V, as depicted in Figure 3.17 B. Moreover, it is worth noting that the diluted G2 shows an
anodic peak at ca. +0.6 V which is attributed to other electrochemically active interferent
present in the culture medium.
The equation of the linear correlation was Ip /µA = 0.1204[L-CySH / µM] – 0.06 (R2
= 0.995) with a CoV of 5 % with three different electrodes (N = 3). Table 3. 3 summarizes
the recoveries of spiked L-CySH concentrations present in G2 samples evaluated by using
the regression line. Yet again, as shown in Table 3. 3, the recoveries obtained were quite
satisfactory ranging between 97 and 105 %, with mostly no significant differences between
the added and found L- CySH concentrations, and no relevant matrix effect.
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Figure 3. 17. (A) SWV responses for the electrooxidation of L-CySH within a G2 Vitrolife cell
culture medium upon different L-CySH concentrations (2.5, 5, 7, 9, 10, 12 mM) at CoPc-SPE. Inset
figure depicts the calibration plot recorded at 0 V. (B) SWV responses resulting from the
electrooxidation of L-CySH as a function of L-CySH concentration (27, 51, 80, 124, 166 µM) within
a G2 Vitrolife cell culture medium using CoPc-SPE. SWV response of the G2 Vitrolife cell culture
medium is recorded and shown as the black dashed trace. Inset figure depicts the calibration plot
recorded at 0 V.
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Table 3. 3. L-CySH determination in spiked G2 embryo cell culture medium using CoPc-SPEs.
Added concentration
Found concentration ±
Apparent recoveries
(µM)

(t·SD/N1/2)

(%)

(µM)
50

49 ± 3

98.0

65

66 ± 7

101.5

90

95 ± 5

105.5

t: stadistical value of Student´s t (Probability = 95%, freedom degrees = 3). N: number of trials. D:
standard deviation.

3.2.2. Concluding remarks
The feasibility of a CoPc-SPE as a sensor for the electroanalytical determination of
L-CySH within a real embryo cell culture medium has been demonstrated. Voltammetric
exploration has revealed that the solution pH has a strong influence upon the electrochemical
response of L-CySH. CoPc-SPE electrochemical sensors have been validated in terms of
linearity, sensitivity, LoD, LoQ, repeatability and reproducibility, obtaining a calibration
curve over a concentration range of 2.6 - 200 µM, with suitable regression (R2 = 0.997) and
sensitivity of 0.78 µA cm-2 µM-1. Furthermore, the CoPc-SPEs exhibit useful selectivity
towards the electrochemical oxidation of L-CySH in the presence of high concentrations of
inherent interferences such as a wide handful of amino acids. Finally, the applicability of the
successful CoPc-SPE electrochemical sensor has been validated for L-CySH determination
within a real embryo cell culture medium. Overall this electrochemical sensor has the
potential for real and rapid analytical assessment of L-CySH within a real cell culture media
after retrieval of human embryos in assisted reproduction techniques.
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Examination of novel nanoporous materials for sensing and bioelectrosynthesis applications

Scope of the chapter

Development of new technologies currently provides us with greater control over the
design, manufacture and modification of nanomaterials. Porous materials are of great
importance in a large number of electrochemical applications, such as sensing,
environmental protection, energy saving, energy conversion, biomedicine and catalysis,
among many others. To achieve the success of these applications, it is crucial the control of
the pore size, pore size distribution, as well as the physico-chemical properties of the
material, but also, and not less important, the building up of electrodes to be used as
electrochemical reactors at laboratory, pilot, or industrial plant. As aforementioned in the
introduction, this doctoral thesis aims at exploring the physico-chemical and electrochemical
responses of a series of nanoporous materials of different nature towards the searching of
electrosensing and bioelectrosynthesis applications. The doctoral thesis introduces three sort
of nanoporous materials: macro, meso and micro-porous materials, each of them with
different designs and independent applications.
Accordingly, this chapter is divided into five subchapters classified by the pore size
and the nature of the explored material.


Subchapter 4.1 deals with the synthesis of macroporous carbon foams (Cfoam) via
the replication process from mesophase pitch precursor. Its physico-chemical and
electrochemical characterization is carried out. Additionally, the examination of its
feasibility for sensing of uric acid, dopamine and ascorbic acid is addressed. The
possibility of using Cfoam as electrode in the mediated regeneration of the cofactor
NADH is also discussed in this subchapter of the doctoral thesis.
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Subchapter 4.2 describes firstly the synthesis of a heterocarbon nanoporous powder
(PIM) which is obtained under carbonization conditions and employed finally as ink
applied onto a glassy carbon substrate for electrochemical studies. Unique properties
such as slow electrolyte-dependent hydration and pH-dependent capacitance
responses are assigned to the presence of micropores and nitrogen-hetero-atoms
throughout the microporous carbon. Applications in “capacitive” pH sensing is
addressed along this section.



Subchapter 4.3 secondly describes a preliminary investigation is reported of the
behaviour of the solid CC3 porous organic cage as a deposit on a platinum electrode
surface. Voltammetry is employed to study host/guest phenomena during hydrogen
evolution. Note that CC3 has also the ability to store molecular hydrogen in the solid
state 1 and that the aqueous solution pH can be employed to modify the hydrogenbinding rate and/or transport within the cage material. For those reasons, this part of
the section proves that the voltammetric measurement can be employed as a
screening tool for hydrogen binding into “wet” POCs and similar materials.



Finally, subchapters 4.4 and 4.5 depict the immobilization of Cyt c and the nonmetalloenzyme cbFDH on a series of nanoporous carbons with controlled pore
architectures in the mesopore range. The confinement of the former protein was
investigated towards the pseudo-peroxidase activity for sensing H2O2, while the
confinement of the later protein was evaluated against the synthesis of formic acid,
demonstrating both proteins catalytic retention inside the nanoporous carbon
(subchapter 4.4). The final part of this chapter (subchapter 4.5) reports the
electrocatalytic response of the co-immobilized cbFDH and the rhodium complex
mediator over a commercial nanoporous carbon material with micro and
mesoporosity, in order to prepare biocathodes devoted to carbon dioxide utilization
to formic acid through a bioelectrochemical approach.
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4.1

Electrochemical exploration of a macroporous carbon

material. Fabrication, characterization and electrochemical response of
pith-derived open-pore carbon foams as electrodes.

Abstract. Macroporous carbon foams (Cfoam) were synthesized by the replication
process from mesophase pitch precursor and then characterized for electrochemical sensing
and electrosynthetic applications. Scanning electron and optical microscopies revealed a
uniform macropore size distribution, replicating the characteristics of the leachable NaCl
particles used as templating agent. Nitrogen adsorption/desorption isotherms revealed the
absence of meso- or micro-porosity and the specific surface area was measured to be 0.38
m2·g-1. Mercury intrusion porosimetry offered similar results for the specific surface area
and the pore size distribution was deduced to be in the interval 80 nm-200 μm. X-ray
photoelectron spectroscopy allowed concluding that the pore surface exhibited poor
oxygenated functionalization. Cyclic voltammetry depicted a wide potential window for the
oxidation and reduction of water, with small pseudo capacitive process. The electrochemical
behaviour of outer-sphere reversible redox couples provided a standard rate constant ko of
ca. 0.7 cms-1, which is slightly superior to that shown using a conventional glassy carbon
electrode. Biomolecules such as ascorbic acid, uric acid and dopamine were also examined
to put some light on sensing applications. The viability of regenerating the coenzyme
nicotinamide adenine dinucleotide (NADH) using a rhodium redox complex has also been
addressed in order to explore electrosynthetic potentialities.
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4.1.1. Results and discussion
Textural, structural and surface chemistry characteristics of the Cfoam
Replication method has the advantage to replicate in the porous foam structure the
particulate structure of the packed NaCl particles in the preform. Being that the case, it is
expected the average size of the pores in the pitch foam to be equal to that of the NaCl
particles (the exact correspondence of shape and size between NaCl particles and hollow
architecture of pitch foams was already proven in reference 2). However, when pitch foams
are subjected to carbonization, some volume contractions of up to 20-30% appear, which
make the average pore size to be smaller than the average size of the original NaCl particles
(please see

2

for details). Figure 4. 1 shows micrographs of a Cfoam in which the

interconnected pore structure is observed, (see Figure 4. 1 A), along with a certain degree of
orientation in the carbon material that conforms the struts of the foam structure (see Figure
4.1B), given the high temperature condition used in the present experiments of carbonization
(better orientations can be achieved by graphitization treatments at 2700 ºC or above, as in
2

).

Figure 4. 1. Micrographs obtained by SEM of Cfoams; (A) is a general view while (B) is a
detail of a strut.
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Figure 4. 2. depicts comparatively the size distribution of both the NaCl particles
(measured by laser diffraction technique) (Figure 4. 2.A – lines) and the pores in the foams
(measured by image analysis) (Figure 4. 2.B – bars). The measurements for pore
characteristics were carried out in a set of 50 pictures (around 100 independent
measurements of pore size) in order to access to statistics on the material. The measured
parameter was the average Feret diameter of the pores. In Figure 4. 2.A it may be clearly
distinguished that the size distribution of NaCl particles is centred at about 125 μm while
that of pores in the Cfoams is centred at a lower average size (around 100-125 μm), which
brings to light a contraction due to carbonization, in perfect agreement with the results found
in 3 for the same pitch quality.
Table 4. 1. contains the main characteristics of the Cfoams. The specific surface areas
obtained by mercury porosimetry and nitrogen adsorption (Figure 4. 2.B and Figure 4. 2.D)
are similar, indicating that the material does only present macropores, since mercury
infiltration at pressures up to 200 bar gives access in the mercury/carbon system (for which
a contact angle of 140º is ascribed) to pore sizes down to 70 nm at the most. Figure 4. 2.C
depicts the calculated pore sizes accessed by mercury at each pressure step of infiltration.
The smallest pores are about 70 nm, corresponding to a macroporous material, in perfect
agreement with the shape of the adsorption-desorption curve of Figure 4. 2.D, which is of
type II in the classification of Brunauer-Emmet-Teller, typical of non-porous materials.
Moreover, the results obtained from density measurements show that all pores in the Cfoam
are open (there is some residual closed porosity of about 0.1 %) and the total amount of pores
is 60 %, in agreement to the particle packing efficiency derived from the packing procedure.
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Figure 4. 2. (A) NaCl particle size distribution (line) obtained by laser diffraction and pore size
distribution in Cfoams (bars) obtained by means of image analysis; (B) mercury intrusion curve in
Cfoams; (C) pore diameter calculated from mercury intrusion curve in Cfoams by means of
Washburn equation assuming a contact angle of 140º; and (D) nitrogen gas adsorption (line with
filled squares) and desorption (line with empty squares) curves.
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Table 4. 1. Characteristics of the Cfoam materials.

SBET

foam

SHg

strut

mat-strut

Vc

Vo

Vtotal

0.3810.011 0.3730.020 0.3610.03 0.9020.03 0.9030.03 0.001 0.599 0.600
S is the specific surface area (in m2 g-1) obtained either by nitrogen adsorption (SBET) or mercury
porosimetry (SHg). ρ is the density (in g cm-3) of the materials indicated by the subscripts and V refers
to pore volume fraction (Vc is the closed pore volume fractions while Vo is the open pore volume
fraction). Vtotal is the total pore volume fraction, obtained by the sum of closed and open porosity.

Figure 4. 3 depicts the Raman spectrum of the Cfoam exhibiting the two prominent
Raman peaks with a Raman shift of 1352 cm-1 regarding the D band and 1588 cm−1
corresponding to the G band 4. The correlation between the D and G bands (ID/IG) is
proportional to the number of defects on the carbon surface 5-6. This Cfoam exhibits an ID/IG
intensity ratio of 0.92, indicating that there are significant edge-plane-like defective sites.
The Raman spectrum of this Cfoam was also deconvoluted. In addition to the typical G and
D bands the fitted spectrum presents an extra third, small band with a Raman shift at 1502
cm-1 that is associated with the A band which contributes to the intensity between G and D
bands and is observed in other types of disordered carbons7.
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Figure 4. 3. Raman spectrum of Cfoam together with the deconvolution showing the D, G and A
bands. Black and red lines referred to the experimental and fitted Raman spectrum, respectively.

139

Chapter 4

Figure 4. 4 displays the XPS study of the fabricated Cfoam. In terms of the two main
components such as C 1s and O 1s. XPS analysis survey reveals an atomic weight percent
(at.wt) of ca. 95.9 of carbon and ca. 3.8 % oxygen, denoting that the Cfoam have a very little
oxygenated surface functionalisation. More specifically, most components were located at
binding energies (BE) 284.6 eV ascribed to C-C sp2, 285.7 eV assigned to phenolic,
alcoholic and etheric groups. The BE value of 287.3 eV (2.81 at.wt) was connected to C=O.
Likewise, the O 1s level core energy spectrum provided two deconvulated peaks located at
BE of 531.8 (1.98 at.wt) and 533.2 eV (1.85 at.wt) assigned to C=O and C-O, respectively.
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Electrochemical behaviour of the Cfoam
Before doing any electrochemical measurements, cyclic voltammetry experiments
were performed in 0.1 M PBS at pH 7.4. Solution was deaerated under an Ar stream, before
and through the electrochemical experiments. The electrochemical response of
hexaammineruthenium chloride and potassium ferricyanide were performed in 1.0 M KCl
(from ACROS organics 99+ %), Furthermore, before the electrochemical measurements, the
Cfoam electrode was subjected to a wetting pretreatment using the corresponding electrolyte
solution at open circuit potential for 15 min. All measurements were carried out at 293 ± 2
K.
Next was investigated the electrochemical response of the Cfoam as electrode in 0.1
M PBS pH 7.4, as shown in Figure 4. 5 to explore the potential windows for the reduction
and oxidation of water, respectively, as well as the pseudo capacitive process. A wide
potential window turns out ranging from approximately –1.42 to +1.22 V when setting a
current density of ca. 1.0 mA cm2. An irreversible anodic wave is observed at a potential
near +1.19 associated likely to the electrooxidation of the electroactive oxygenated
functional groups present onto the Cfoam surface, as revealed by the XPS results, or simply
due to the electrooxidation of the pristine carbon surface. No humps are observed along the
stability window potential governed by the capacitive charge process of the Cfoam material.
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Figure 4. 5. Cyclic voltammetric response of Cfoam in 0.1 M PBS pH 7.4. Starting potential: 0 V.
Negative scan direction. Scan rate 5 mV s-1. Immersed geometric area of Cfoam equals 1.015 cm2.
Third scan recorded.
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Next, the electrochemical responses of the electroactive species hexaamin rhutenium
chloride and potassium ferricyanide were performed as a function of scan rate. Figure 4. 6
A depicts a clear quasireversible anodic and cathodic peaks observed for the reduction and
oxidation of Ru(NH3)63+/4+ chloride species. During the excursion to negative potentials at
all scan rates the electrochemical wave seems slightly twisted likely due to the residual
reduction of molecular oxygen in solution or inside the porous matrix. This fact has
consequences upon the cathodic to anodic peak current Ipc/Ipa ratio deviation from the unity
for a reversible redox couple, as displayed in Table 4. 2. This outer sphere redox complex is
not sensitive to the majority of superficial defects or impurities, i.e. it is not surface-sensitive
neither oxide-sensitive. When using a concentration of 1 mM Ru(NH3)64+ chloride in 1.0 M
KCl electrolyte, a larger cathodic current intensity is noted due mainly to the higher
electroactive surface area immersed into solution (according to the SBET calculation and the
mass of the Cfoam submerged, the active surface area equals 508 cm2). Moreover, cathodic
and anodic peaks in Figure 4. 6 are very well defined so they are almost returning to the
baseline after the peak. This response is associated to that one when using thin layer
electrodes, i.e., thin layer voltammetry 8. The same behaviour is also obtained when
investigating the electrochemical response of graphite felt electrode using several outer
sphere reversible couples 3 where Davies and co-workers observed transition in voltammetry
characteristics from thin-layer to semi-infinite diffusion using a 1 mM potassium
ferricyanide in 0.1 M KNO3. The cathodic peak currents is plotted as a function of scan rate
(Figure 4.6 B) and square root of scan rate (Figure 4. 6 C), indicating a typical thin layer or
finite diffusion where current intensity is proportional to slow scan rates, whereas a semiinfinite diffusion controlled is observed at higher scan rates. The above results are in
agreement to those presented by Davies et al. 3 where a transition between finite to semiinfinite diffusion is observed at intermediate scan rates. Nonetheless an estimation of the
total smooth active surface area is calculated using the Randles–Sevcik equation 8 that copes
with a reversible or quasi-reversible system according to Eq. (2.16.).
As shown before in Figure 4. 6 C, the cathodic peak currents is linearly proportional
to the square root of scan rate at high scan rates, indicating a typical semi-infinite diffusion
controlled process. The use of Eq. (2.16.) at high scan rate (for example, 0.5 V s-1) provides
an electroactive area of ca. 7.40 cm2 which turns out to be about three times the Cfoam
projected area used for this CV measurement (ca. 2.41 cm2), and therefore too far from the
theoretical surface area obtained from the SBET immersed into solution (ca. 508 cm2, from
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data shown in Table 4. 1.). It is worth noting also that Eq. (2.16.) is applicable to planar
macroelectrode, and this calculation in here is a simply approximation of the total smooth
electrochemically surface area. On the other hand, the determination of the true
electrochemical surface area of three-dimensional structures is far to be resolved easily and,
therefore, a plethora of physico-chemical methods should be used for the determination of
specific surface area and porosity, among other parameters, as performed for carbon felts
electrodes 9. Nevertheless, adsorption isotherms from solutions is a reliable method for the
true electrochemical specific surface area, though it requires longer equilibration times.
Moreover, factors such as the internal pore resistance of the Cfoam and therefore the
uncompensated IR drops within the Cfoam, the nonuniform current distribution inside the
Cfoam three-dimensional structure and the hydrophobicity of the carbonaceous electrode
complicate remarkably the determination of the real active surface area of the Cfoam.
Information from the peak separation with the scan rate is used for an estimated
determination of the standard rate constant k°. Such parameter depends on the density of
electronic states (DOS) from the electrode material, which vary upon the carbon nature.
Analysis of the voltammetric profiles at 100 mV s-1 presented in Figure 4. 6 shows that the
Cfoam exhibits a peak potential separation, ∆Ep, of 79 mV compared with the 59 mV
obtained for a perfect reversible, fast redox process. A parallel comparative study was
performed using a glassy carbon electrode (results not shown) providing a peak separation
of 78 mV for a scan rate of 100 mV·s-1 which is similar to those performed by the Cfoam.
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Figure 4. 6. (A) Cyclic voltammetric response of
Cfoam in 1.0 mM hexaammine-ruthenium chloride
plus 1.0 M KCl as a function of scan rates. Scan rates
recorded: 10, 25, 50, 75, 100, 200 and 500 mV s-1.
Immersed geometric area of Cfoam equals 2.41 cm2.
1st scan recorded. Starting potential: +0.2 V. (B) Plot
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The 𝑘° value was calculated using the Nicholson equation

8, 10

for an

electrochemically quasi-reversible process given by Eq. 2.17 8. By taking into account the
CV behaviour registered at 100 mV s-1, when the peak separation value reaches 79 mV, the
value of the parameter Ψ equals 2.30. hence, ko was calculated using the Nicholson equation
with DO and DR attributed to the diffusion constant of oxidized species (8.9×10-3 cm2 s-1)
and reduced species (8.0×10-3 cm2 s-1) for the hexamine ruthenium species, respectively, the
charge transfer coefficient α (0.5) and n = 1, f = F/RT being F = 96485 C·mol -1, R = 8.31
J·mol-1·K-1, and T = 298 K, the scan rate ν (V s-1) was chosen at 0.1 V s-1. Accordingly, the
standard rate constant turned out to be 0.740 cm s-1 which is slightly higher to other carbon
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electrode materials such as glassy carbon with a ko value of 0.240 cm s-1 11. Figure 4. 7 shows
the scan rate upon the peak potential separation for the ferricyanide redox couple. The CV
experiment was performed using a potential window, from 0.45 to +0.05 V, in order to
observe the electrochemical reduction of ferricyanide species which occurs at around 0.2 V
and its subsequent electrooxidation of electrogenerated ferrocyanide species over +0.3 V.
Plots of the cathodic current intensity peak versus both the scan rate and square root of the
scan rate demonstrates again a transition behaviour between finite and semi-infinite diffusion
at intermediates scans rates (results not shown), providing with a similar behaviour to those
depicted in Figure 4. 6B and C for the other redox couple. It is worth noticing that this redox
species is not far away from the electrochemical response using the hexaammine-ruthenium
chloride redox couple. The ferricyanide redox probe is surface-sensitive, but its CV response
is independent of the state of the surface chemistry, i.e. not “oxide-sensitive”. Hence, it is
unsurprised that k0 value is equals to that one presented for the hexaammine-ruthenium
chloride redox couple (see Table 4. 2).
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Figure 4. 7. Cyclic voltammetric response of Cfoam in 1.0 mM potassium ferricyanide in 1.0 M KCl
as a function of scan rates. Scan rates recorded: 5, 10, 50, 100 and 400 mV s-1. Immersed geometric
area of Cfoam 2.410 cm2. 1st scan recorded. Starting potential: +0.45 V.
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The analysis of the voltammetric profiles of Figure 4. 6 and Figure 4. 7 are partially
summarised in Table 4. 2 in terms of cathodic and anodic peak potentials, the peak potentials
separation, Epa - Epc (∆Ep) and the anodic to cathodic peak current ratios, Ipa/Ipc. The
Nernstian behaviour for both redox couples, Fe(CN)64-/3- and Ru(NH3)63+/2+ , is well
demonstrated at low scan rates with close or equals values to the theoretical one of 59 mV
for a fast, one electron transfer. The Ipa/Ipc values are equal to unity for the redox couple
[Fe(CN)64-/3- irrespective of the scan rate, while the cyclic voltammetric reponse for the
[Ru(NH3)6]Cl3 slightly deviates from the unity likely attributed to the electrochemical
reduction of residual oxygen at around -0.45 V present in solution or inside the Cfoam
macrostructure electrode.
Table 4. 2. Potential values for the oxidation and reduction of the redox couples Ru(NH3) 63+/2+ and
Fe(CN)64-/3- together with the Ipa/Ipc ratios. Data recorded at 10, 25 and 100 mV s-1.

Epc/V

Epa/V

∆Ep/mV

Ipc/Ipa

k0

100 mV s-1

0,205

0,28

80

1.07

0.74

25 mV s-1

0.222

0.270

58

0.98

10 mV s-1

0.222

0.270

58

1.01

100 mV s-1

-0.242

-0.163

79

1.26

25 mV s

-0.239

-0.172

67

1.35

-0.230

-0.168

62

1.14

Fe(CN)64-/3-

Ru(NH3)63+/2+

10 mV s

-1

0.74

Electrochemical impedance spectroscopy of the Cfoam
The electronic properties and ionic conductivities within the Cfoam were performed
using EIS collected in the range of 1.0 MHz and 10 mHz in 1.0 M KCl aqueous solution
using a three electrode electrochemical cell. Figure 4. 8(A) depicts the Nyquist plot using
the Cfoam which is typical from a porous electrode according to a Levic´s model

12

. The

EIS data was analysed based on an CPE-CPE equivalent circuit model included in Figure 4.
8(A) consisting of two R|CPE in series as follows Rsol-Rpore|CPEpore-RCT|CPEDL, where Rsol

is the solution resistance or the uncompensated resitance; Rpore is the pore resistance
showing the resistance of the electroactive species to be transported inside the pore; CPEpore
denotes the constant phase element of the electrode pores; RCT is the resistance associated
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with the charge transfer and CPEDL is the CPE connected with the double layer of the
electrode and used to overcome the non-ideal behaviour of the electrode. Experimental data
fits well with the CPE-CPE described model in the range of frequencies explored, where the
impedance depends on the solution resistance as well as the electrode pore resistance
influenced by type of porosity, surface geometry, temperature and viscosity of the medium.
At the lowest frequencies, where the impedance is governed by the electrode kinetics and
the discharge reactions of the electroactive species, experimental data deviates slightly from
the fitted results.
Table 4. 3 summarises the values of Rsol, Rpore, RCT and CPE values obtained from
the fitting analysis using the equivalent circuit displayed in Figure 4. 8(A).

Table 4. 3. The values of R, and CPE elements for the Cfoam electrode obtained from the fitting
analysis.

Circuit Element

Cfoam

Rsol/Ohm

4.121

CPEpore / F·s^(a-1)
a2

2.479 x 10-3
0.9375

Rpore /Ohm

2140

CPECT / F·s^(a-1)
a3

0.02664
0.4098

RCT / Ohm

103.6

By taking into account the large and deep macroporous development shown in the
Cfoam –see Textural, structural and surface chemistry characteristics of the Cfoam sectionand by the analysis of the textural properties and the SEM images, it is likely to consider that
the impedance at high AC frequencies will be dominated by the Rpore, as proven by a value
of 2140 Ohm (Table 4. 3) obtained for the Cfoam. Moreover, inset of Figure 4. 8(A) shows
the Nyquist plot at very high frequencies revealing a characteristic plot for wider open pores
which are connected to the almost absence of a pseudo-transfer resistance 13 revealed in this
analysis by a value of ca. 194 Ohm. Nonetheless, the scenario at lower frequencies leads to
a much more penetration of the signal through the pore, and a distorted semicircle is likely
characteristic of porous electrodes, as depicted in Figure 4. 8(A).
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Figure 4. 8. The EIS spectrum recorded in the range between 1.0 MHz and 10 mHz (black squares)
and fitted (red squares) for (A) the Cfoam electrode and (B) the glassy carbon electrode, in 1.0 M
KCl. Starting potential: +0.25 V; Inset of A Zoomed Nyquist plot at high frequencies; Immersed
geometric area of Cfoam equals 1.015 cm2.

Electrochemical oxidation of ascorbic acid, uric acid and dopamine at the Cfoam
Aiming at the exploration of several electroanalytical applications of our Cfoams, the
oxidation of several biomolecule such as uric acid (UA), ascorbic acid (AA) and dopamine
(DA) were investigated and compared to the electrochemical behaviour using a glassy
carbon electrode. Those biomolecules coexist in extracellular fluid and play an important
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role in maintaining physiological homeostasis of organisms

14-16

. The detection of these

biomolecules is of great interest for understanding the mechanism of nerve physiology and
brain activity for diseases diagnosis and monitoring 17-21.
Figure 4. 9 depicts the cyclic voltammograms for AA, UA and DA in PBS employing
a Cfoam (black plot) and a glassy carbon electrode (red plot), the later for comparative
purposes. Current intensities were referred to the geometric surface area of both electrodes,
with a peak potential at 0.119 V using the Cfoam, and an anodic peak is obtained for the AA
at both electrodes, with a peak potential at 0.119 V using the Cfoam, and an anodic peak
potential at 0.195V obtained from a GC electrode. In the case of the electrochemical response
of UA Figure 4. 9 B a better-defined anodic peak is observed employing the Cfoam
compared to that one for the GC, with an observed peak potential difference of 220 mV.
Nevertheless, the electrooxidation of DA is more favourable for GC electrode with a peak
potential of 0.189 V, which resulted to be 54 mV more negative than the anodic peak
observed in Figure 4. 9 C. Nonetheless, the electron transfer rate of DA at carbonaceous
surfaces depends on the presence of oxygenated functional groups, such as carbonyl or
carboxylate, so a clear comparison between the Cfoam and GC is not included and far from
the scope of this study.
To sum up, the feasibility of using the Cfoam electrode for the determination of
several biomolecules of interest in clinical fields has been demonstrated. Even though the
peak potential separation of AA and UA between Cfoam and GC electrodes is close to each
other, there exist a shift of ca. 100 mV to less positive potentials when using Cfoam,
indicating that the oxidation of AA and UA is somehow electrocatalytically favoured upon
the Cfoam mega-macro electrode. Nevertheless, Figure 4. 9 reveals that the oxidation
potentials for UA AA and DA are very close, hence, the interference from each other is
assumed. Further chemical modification of the Cfoam surface would be required for
exploring the simultaneous determination of the above metabolites in complex biological
media.
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Electrochemical reduction of [Cp*Rh(bpy)Cl]Cl and NAD+ regeneration.
NADH is the cofactor needed for a huge number of enzymes like for example
dehydrogenases, as previously mentioned in the introduction of this doctoral thesis. Such
enzymes, which belong to the class of oxidoreductases, catalyse the transfer of hydrogen
from one compound to other. An example of that regards the enzyme formate dehydrogenase
(cbFDH) from candida boidinii which catalyses the reduction of CO2 to formic acid thanks
to the transference of hydride species given by the NADH cofactor obtaining the oxidised
cofactor (NAD+)

22-24

. As pointed out in the introduction of this doctoral thesis, the

regeneration of NADH through the indirect electrochemical reduction of NAD+ using a
complex redox mediator is the most efficient strategy.
For this reason, this doctoral thesis have explored the redox mediator
[Cp*Rh(bpy)Cl]Cl

25-28

in order to carry out the suitable NADH regeneration after being

oxidised by the enzyme cbFDH in the presence of CO2 to provide with formic acid.
Figure 4. 10 depicts the CV response of the electrochemical reduction of 1 mM
[Cp*Rh(bpy)Cl]Cl- from (III) to (I) valence state at the Cfoam electrode exhibiting a
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reduction peak potential at -0.79 V and an anodic peak potential at -0.67 V after the reverse
scan. A cathodic intensity increase can be observed in the presence of 0.5 mM NAD + (red
plot) at a peak potential of -0.79 V (that corresponds to a lower cathodic potential to that one
for the direct electrochemical NAD+ reduction over -1.2 V) 29. Inset in Figure 4. 10 shows
the plot of the net cathodic peak current in the presence of NAD+ obtained at -0.8 V from
the CV experiments as a function of NAD+ concentration. A linear response of ∆I is obtained
until a NAD+ concentration of 1 mM (so the Rh complex to NAD+ molar ratio equals unit)
and then the cathodic intensity associated with the electroreduction of the Rh(III) complex
species measured at -0.8 V remains unaltered with increasing NAD+ concentration. The
optimum [Cp*Rh(bpy)Cl]Cl to NAD+ molar ratio of unity for the regeneration of the NADH
cofactor was also described recently by Sungrye Kim et al

24

who used a copper electrode

for the regeneration of NADH consumed after the utilisation of the enzyme cbFDH to
provide with formic acid. Consequently, the use of Cfoam could turn out a proper
mechanically stable, 3-dimensional electrode for the NADH cofactor regeneration in the
presence of the Rh complex [Cp*Rh(bpy)Cl]Cl at large scale electrolyses.
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Figure 4. 10. Cyclic voltammetric response of 1.0 mM [Cp*Rh(bpy)Cl]Cl in 0.1 M PBS pH 7.4
using the Cfoam electrode in the absence (black CV) and in the presence of 0.5 mM NAD+ (red CV).
Scan rate: 50 mV s-1, 1st cycle recorded. Inset figure shows the cathodic peak current intensity versus
NAD+ concentration in 0.1 M PBS pH 7.4 solution plus 1.0 mM [Cp*Rh(bpy)Cl]Cl. Cfoam
geometric area: 1.015 cm2.

4.1.2. Concluding remarks
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The replication method leads to the fabrication of mesophase pitch-derived openpore carbon foams with potential applications as electrodes in electrochemistry given the
possible control of volume fraction, shape and size distribution of pores. The Cfoams
developed in the present work were tested electrochemically and resulted to have wide
potential windows giving the opportunity to be used for different electroanalytical
applications. From the cyclovoltammetry experiments of electroactive species such as
hexaamine ruthenium chloride and potassium ferricyanide, a slightly higher standard rate
constant value (k°) was obtained using this Cfoam electrode compared to k° values from
other carbon electrode materials such as glassy carbon. The electrochemical impedance
spectroscopy experiments confirmed that this Cfoam exhibits an open-pore structure (almost
free of closed porosity) that is in agreement with the textural characterization of the Cfoam
material. The capability of this Cfoam to be employed as a mechanically stable, 3dimensional carbonaceous electrode even when subjected to a wide range of positive
potential windows was also proven by exploring the electrochemical oxidation of biological
molecules such as dopamine, ascorbic acid and uric acid, usually present in biological
matrixes. In addition, this Cfoam was investigated for the electrochemical reduction of NAD
to carry out the NADH regeneration subjected to negative potentials under the presence of
the redox mediator rhodium complex [Cp*Rh(bpy)Cl]Cl.
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4.2

Carbonization of polymers of intrinsic microporosity to

microporous heterocarbon: capacitive pH measurements.

Abstract. A nitrogen-containing polymer of intrinsic microporosity (PIM-EA-TBH2; nitrogen adsorption surface area 846 m2 g-1) is vacuum carbonized at 700 oC and
converted into a microporous heterocarbon (cPIM; N2 adsorption surface area 425 m2 g-1).
Nitrogen functionalities in the polymer backbone are retained in the heterocarbon and appear
responsible for unusual time-, electrolyte-, and pH-dependent properties. Electrochemical
characterization suggests a high specific capacitance (typically 50 F g-1) but only after
prolonged immersion in aqueous HClO4. The time-dependent increase in capacitance during
immersion is assigned to slow hydration and ingress of HClO4 into hydrophobic micropores
(H2SO4 or H3PO4 are more hydrophilic and much less effective). Once hydrated, the
microporous heterocarbon exhibits pH-dependent capacitance “switching” over a wide pH
range and analytical applications as “capacitive” pH sensor are proposed.
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4.2.1. Results and discussion
Characterization of carbonized polymer of intrinsic microporosity (cPIM)
Here it is explored the carbonization of PIM-EA-TB-H2 (a polymer of intrinsic
microporosity –PIM- with ethanoanthracene –EA- molecular motif linked via Tröger base –
TB-functionality: see structure in Figure 4. 11C). This polymer is closely related to the
previously reported polymer PIM-EA-TB 30, differing only in the lack of methyl groups at
the bridgehead (9,10) position of the EA unit. In this case, PIM-EA-TB-H2 is readily
prepared in three simple steps from the cheaply prepared Diels-Alder adduct of ethylene and
anthracene.
The polymer PIM-EA-TB-H2 is obtained as a pale-yellow powder and when vacuum
carbonized at 700 oC a black hetero-carbon is obtained (see Figure 4. 11. A,B). Based on the
elemental CHN analysis (see experimental) the highly porous polymer is likely to contain
captured guest molecules, which lead to some deviation from the ideal calculated elemental
mass C 83.8 % H 5.9 % N 10.3 %. In particular, uptake of acids such as HCl lead to a
decrease in carbon (C 75.50 % H 6.15 % N 9.47 %), but clear evidence for the presence of
nitrogen. A treatment with aqueous 0.1 M NaOH followed by rinsing and drying changes
the composition analysis (C 77.61 % H 6.01 % N 9.78 %) indicative of removal of at least
some of the guest species. The vacuum carbonization to give cPIM increases the carbon
content (C 83.89 % H 2.46 % N 5.67 %) and decreases the hydrogen content. The nitrogen
content is lowered, but mainly retained, indicative of a polymer back bone staying intact.
Data from thermo-gravimetric analysis (Figure 4. 11D) shows that a minor release of water
occurs around 100 oC (i) and the release of small structural components (e.g. ethylene from
a retro-Diels-Alder reaction) occurs in the range 250-350 °C (ii) with onset of carbonization
occurring from 380 oC (iii) to 460 oC (iv) with a final weight loss of approximately 25% at
700 oC. Most of the polymer material remains structurally intact and a porous nitrogencontaining hetero carbon is produced without major changes in the polymer backbone. A
hypothetical reaction scheme 31 is shown in Figure 4. 11C suggesting some cross-linking as
the carbonization progresses.
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Figure 4. 11. (A,B) Photographic images for PIM-EA-TB-H2 before and after vacuum carbonization.
(C) Hypothetical reaction scheme to rationalize weight changes during carbonization. (D)
Thermogravimetric analysis (TGA) data for PIM-EA-TB-H2 under argon (see text).
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Analysis of Raman data (Figure 4. 12A,B) suggests that at an excitation wave length
of 785 nm some fluorescence occurs in the background for the PIM-EA-TB-H2 spectra,
which are otherwise dominated by spectral lines at 800 cm-1 and 1350 cm-1 similar to those
seen for PIM-EA-TB

31

. After 700 oC vacuum carbonization only the prominent Raman

peaks for graphitic materials (no fluorescence) are observed at 1329 cm-1 (D-peak,
disordered amorphous carbon) and at 1594 cm-1 (G-peak, graphitic carbon) 32. The D-peak
seems to be composed of overlapping peaks. Further deconvolution of the Raman spectra
for cPIM shows that four Gaussian-shaped bands are present: G and D bands at 1329 cm-1
and 1594 cm-1, a shoulder present at the left of the D band at 1178 cm-1 due to the TPA band
(related to trans-polyacetylene-like structures,

7, 33

) and the A band at 1512 cm-1, which

contributes to the intensity between G and D band and which is observed in other types of
disordered carbons 34. However, the D´ band, which is related to defect-induced breaking of
translational symmetry, is not present in the spectra. There is also very little evidence for the
2D peak usually seen at 2770 cm-1 for graphitic or carbon nanotube materials. The intensity
ratio ID/IG = 1.17 is consistent with a high level of defects and some similarity of the
spectrum exists in particular with glassy carbon materials 35.
Scanning electron microscopy images of the morphology of the polymer starting
material (PIM-EA-TB-H2) and of the product after 700 oC vacuum carbonization (cPIM) are
shown in Figure 4. 12C-F. As reported recently for a related PIM material 31, there is very
little change in morphology upon vacuum carbonization.
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Figure 4. 12. (A,B) Raman spectra obtained with  = 785 nm for PIM and cPIM materials. (C,E)
Scanning electron microscopy (SEM) images for PIM at low and at high magnification. (D,F) SEM
images for cPIM at low and at high magnification. (G) SEM image for the cPIM ink (3 L = 5.5 g
carbon) applied to the 3 mm diameter glassy carbon electrode.

In order to obtain further insight into the micropore structure powder samples were
investigated with nitrogen adsorption methods (BET) before and after carbonization. Figure
4. 13A shows a comparison of isotherms comparing PIM-EA-TB-H2 (i) treated with aqueous
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0.1 M HCl (causing some swelling and protonation 36), (ii) treated with aqueous 0.1 M NaOH
(to remove unwanted protons and impurities), and (iii) a sample after vacuum carbonization.
After carbonization nitrogen gas adsorption is lower. The BET surface area (see Figure 4.
13B) is reduced from 846 m2g-1 for pure PIM-EA-TB-H2 (somewhat lower when compared
to PIM-EA-TB

31, 35

) to 425 m2g-1 for cPIM-EA-TB-H2. DFT analysis of the pore size

distribution (Figure 4. 13C,D) suggests that changes in cumulative pore volume due to
vacuum carbonization are relatively small (when compared to changes induced by
protonation), which is in agreement with previous observations with a related polymer,
suggesting only minor changes in morphology. A significant loss of very small micropores
appears to occur upon carbonization, which could be due to cross-linking and loss of
flexibility in the polymer chains.

Figure 4. 13. (A) Nitrogen adsorption isotherms (BET) for (i) PIM-EA-TB-H2 HCl treated, (ii) PIMEA-TB-H2 NaOH treated, and (iii) PIM-EA-TB-H2 vacuum carbonized. (B) BET analysis plots and
surface area. (C) Cumulative pore volume and (D) pore volume analysis (DFT method, N2 at 77 K,
cylindrical pore, NLDFT equilibrium model).
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Electrochemical properties of carbonized polymer of intrinsic microporosity: time
effect and capacitance
In order to investigate the electrochemical properties of the carbonized material,
cPIM, an ink based on isopropanol, 0.023 wt. % Nafion (or 0.23 g/L), and cPIM (1.8
g/L) was prepared and applied to 3 mm diameter glassy carbon substrate electrodes.
Typically a 3 L volume of ink was deposited to give approximately 5.5 g cPIM deposit
(see SEM image in Figure 4. 12G). When immersed into aqueous 0.1 M HClO4 and when
employing cyclic voltammetry (see Figure 4. 14A) an increase in capacitance is immediately
observed upon immersion. However, gradually with time a much stronger increase in
capacitance was noted. The value for the capacitance is estimated here from the capacitive
background current at 0.25 V vs. SCE in the cyclic voltammogram based on specific
capacitance = Icap/(scan rate × weight). Figure 4. 14C shows a plot of specific capacitance
increasing over a period of 24 hours. This gradual increase is assigned here to a gradual
penetration of protons and hydration into the microporous heterocarbon interior. Carbon
particles are not uniformly sized (see Figure 4. 12G) and in particular bigger particles may
contribute to this effect more significantly.
The effect of scan rate on the voltammetric response (Figure 4. 14B) is consistent
with that for a capacitive current signal with approximately linear increase of current with
scan rate. In order to investigate the effects of the amount of ink deposit, experiments were
repeated with a scan rate of 5 mV s-1 for (i) 2.8, (ii) 5.5, (iii) 9.1, (iv) 12.7, (v) 16.4 g cPIM
ink on a 3 mm diameter glassy carbon electrode (see Figure 4. 14D,E). The specific
capacitance after 24 h submersion appeared reproducible up to approximately 10 g cPIM
ink deposit, but beyond this thickness a decrease is observed possibly linked to insufficient
inter-particle conductivity in thicker film deposits. Therefore, experiments were performed
with less than 10 g cPIM loading.
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Figure 4. 14. (A) Cyclic voltammograms (10 mV s-1, third cycle) for cPIM (5.5 g deposited onto a
3 mm diameter glassy carbon electrode) immersed in aqueous 0.1 M HClO4. The influence of the
time submerged in solution on the voltammetric response is shown for (i) bare glassy carbon
background, (ii) 5 min, (iii) 1 h, (iv) 12 h. (B) Cyclic voltammograms (scan rate (i) 1, (ii) 5, (iii) 10,
(iv) 50 mV s-1) for a 24 h submerged 5.5 g cPIM coated electrode. (C) Plot of the specific
capacitance (estimated from cyclic voltammograms) versus submersion time. (D) Cyclic
voltammograms (scan rate 5 mV s-1) for (i) 2.8, (ii) 5.5, (iii) 9.1, (iv) 12.7, (v) 16.4 g cPIM deposited
onto a 3 mm diameter glassy carbon electrode and immersed into 0.1 M HClO4. (E) Plot of apparent
specific capacitance versus amount of cPIM deposit.

The slow increase in specific capacitance appeared to be linked to gradual hydration
of the cPIM heterocarbon particles and additional experiments were performed exploring the
effect of the electrolyte on this wetting process. Initial experiments in Figure 4. 14 were
160

Examination of novel nanoporous materials for sensing and bioelectrosynthesis applications

performed in 0.1 M HClO4 and in Figure 4. 15 shows data for (A) 1 M HClO4, (B) 1 M
H2SO4, and (C) 1 M H3PO4 electrolyte. The effect of the HClO4 concentration on the
hydration process appears insignificant, but the effect of the electrolyte anion is pronounced.
When comparing data for HClO4 and H2SO4, the perchloric acid solution appears to
hydrate the cPIM much more rapidly. In contrast H3PO4 shows very little increase, even after
long immersion periods. Additional experiments in non-acidic aqueous media suggest that
acidic conditions are required for the specific capacitance to increase. Mechanistically, it can
be suggested that protonation of nitrogen sites in the cPIM heterocarbon is involved in the
internal wetting process. This is coupled to uptake of anions into small micropores and
cavities. Strongly hydrated anions such as SO42- or PO43- are detrimental in this case, but the
weakly hydrated perchlorate anion may be much more suited to bind into hydrophobic
micropores and drive the internal uptake of electrolyte and water into cPIM micropores.
It is interesting to ask whether the hydration is permanent and whether a change in
pH can reversibly or irreversibly change the specific capacitance of the cPIM material. In
Figure 4. 15E data for an experiment based on switching the pH is shown. A glassy carbon
electrode was coated with 5.5 g cPIM and then initially immersed into aqueous 0.1 M
HClO4 for 12 h. The specific capacitance reaches 55 F g-1. When immersed into aqueous 0.1
M phosphate buffer pH 7 the capacitance immediately drops by an order of magnitude.
Perhaps surprisingly, the capacitance is immediately switched back “on” by re-immersion
into 0.1 M HClO4 (Figure 4. 15E). Therefore, the internal hydration appears to be retained
even if H+ and ClO4- ions are removed (Figure 4. 15F). This switching process is reversible
and an equilibration time of approximately 5 minutes appeared sufficient for a stable
capacitance response reading to be obtained. This suggests that the state of protonation of
the microporous cPIM material quickly responds to external pH conditions and with the
change in internal protonation the specific capacitance dramatically changes even when the
state of hydration is not changing. The internal protonation appears to be linked to an
apparent increase in the capacitive surface area as indicated schematically in Figure 4. 15F.
A potential application of this phenomenon is envisaged in “non-potentiometric” pH
sensing.
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Figure 4. 15. Cyclic voltammograms (scan rate 50 mV s-1) for 5.5 g cPIM on glassy carbon
immersed for (i) bare glassy carbon background, (ii) 2 minutes, (iii) 10 minutes, (iv) 1 h, (v) 12 h in
(A) 1 M HClO4, (B) 1 M H2SO4, (C) 1 M H3PO4. (D) Comparison of cyclic voltammograms (scan
rate 50 mV s-1, solid bare glassy carbon, dotted 5.5 g cPIM) immersed 12 h in (i) HClO4, (ii) H2SO4,
(iii) H3PO4. (E) Cyclic voltammograms (scan rate 10 mV s-1) for 5.5 g cPIM immersed 12 h in 0.1
M HClO4 and then immersed (for 5 minutes each) sequentially in (i) 0.1 M HClO4, (ii) 0.1 M
phosphate buffer pH 7, (iii) 0.1 M HClO4, (iv) 0.1 M phosphate buffer pH 7, (v) 0.1 M HClO4. (F)
Schematic drawing to illustrate internal protonation and wetting of cPIM micropores.
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Electrochemical properties of carbonized polymer of intrinsic microporosity: pH
effects
In order to further explore the effects of pH, electrochemical impedance experiments
were performed. A glassy carbon electrode loaded with 5.5 g cPIM and pre-immersed into
aqueous 0.1 M HClO4 solution is employed. The electrode is kept in 0.1 HClO4 and only for
measurements transferred into aqueous 0.1 M phosphate buffer media. Figure 4. 16A shows
impedance data obtained at 0.25 V vs. SCE for a frequency range from 10 kHz to 0.1 Hz
represented as Nyquist plots. An approximate equivalent circuit model to fit the data was
based on an external resistance R, in series with a Warburg diffusion element to account
qualitatively for internal ion and charge diffusion, and a series capacitance C to account for
the charging of the cPIM heterocarbon material. Data extracted for R and for C are shown
in Figure 4. 16B and 6C, respectively.

Figure 4. 16. (A) Nyquist plots for impedance measurements (10 kHz to 0.1 Hz, 50 mV amplitude)
for 5.5 g cPIM on glassy carbon immersed for 2 minutes in 0.1 M phosphate buffer at various pH
values. Before the measurement (12 h) and in between measurements the electrode was immersed in
0.1 M HClO4. Lines indicates fits for a simple RWC model. (B) Plot of the resistance R versus pH.
(C) Plot of the capacitance C versus pH. (D) Plot of the inverse time constant (RC)-1 versus pH.
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The series resistance shows an almost linear correlation to pH over a pH 4 to pH 12
range. The capacitance C appears independent of pH in the alkaline range, but then rapidly
increases in the acidic pH range. At pH 2 the specific capacitance is estimated 70 F g-1 with
further increase in the acidic range probably leading to super capacitor performance. It is
interesting to combine R and C into the characteristic frequency (RC)-1 as shown plotted
versus pH in Figure 4. 16D. Again, a close to linear correlation with pH over a broad range
of pH values is observed.
This “capacitive” pH reading is likely to be insensitive to colloid and surfactant
adsorption and other interference which affect potentiometry. The application of a capacitive
current response (capacitive pH sensor) based on the internal micropore protonation of cPIM
particles could be robust and versatile and further study of this material is in progress.

4.2.2. Concluding remarks
It has been shown that the vacuum carbonization of the polymer of intrinsic
microporosity PIM-EA-TB-H2 yields a novel microporous heterocarbon with properties
very closely related to those of the starting polymer. The polymer backbone and porosity are
maintained. Nitrogen in the molecular structure is retained during the carbonization process
and protonation of nitrogen in micropores has been suggested to be responsible for unusual
phenomena such as a slow electrolyte dependent hydration process and a “capacitive” pH
response. The immersion time and pH-dependent capacitance has been explained with
ingress of protons associated with electrolyte anions into micropores with the associated
increase in the apparent capacitive surface area. The protonation/deprotonation process
appear to be fast when compared to the wetting/dewetting process of micropores. In future
this will allow a simple impedance-based pH probe to be constructed without the need for a
reference electrode and with performance characteristics that are likely to be complementary
to those of existing pH sensing equipment.
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4.3

pH effects on molecular hydrogen storage in porous organic

cages deposited onto platinum electrodes

Abstract. Hydrogen absorption is a crucial process in energy storage (microscopic or
macroscopic) and management and here a porous organic cage (POC) material is shown to
bind and release hydrogen when deposited directly onto a platinum electrode and immersed
into aqueous electrolyte. Preliminary voltammetry experiments for the POC CC3 deposited
onto a platinum disc electrode reveal uptake and release of hydrogen gas (probably coupled
to water release and uptake, respectively) in the vicinity of the electrode. Significant pH
effects on the rate of binding and release are reported and explained with a change in H 2
binding rate. In future, “wet” POCs or POCs dispersed in aqueous solution could be
employed for enhancing hydrogen capture/transport in energy applications.
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4.3.1. Results and discussion
Structure and physico-chemical proterties of porous organic cage CC3
The porous organic cage CC3 (see Figure 4. 17 1) is an imine-linked [4+6] cage that
is formed by the reaction of four molecules of 1,3,5-triformylbenzene with six molecules of
homochiral 1,2-trans-cyclohexanediamine. CC3 possesses tetrahedral symmetry and
features four approximately triangular windows. In the solid state CC3 preferentially packs
with a window-to-window arrangement that results in an interconnected 3D diamondoid
pore network. CC3 has been reported to exhibit a nitrogen adsorption Brunauer–Emmett–
Teller (BET) surface area of between 409 and 859 m2g-1 37, depending of the crystallinity of
the sample. BET data also have shown the ability to bind hydrogen (H2) gas into dry POC
cages 1. CC3 only collapses upon reduction (hydrogenation of the imine to amine) and
therefore the imine cage is shape persistent and always porous to provide a space for guest
molecules. CC3 is stable to boiling water (at neutral pH) for at least 4 h and has been shown
to adsorb up to 20.1 wt% water reversibly, but CC3 is somewhat sensitive to strongly
alkaline and acidic environments, which make it unsuitable for conditions that substantially
depart from neutrality. Recently, proton conductivity was demonstrated with related POC
molecules (where the imine was reduced to an amine) and it is interesting to further explore
electrochemical properties and reactivity for these types of materials. Protonation of the POC
CC3 is likely to affect the ability to bind with guest molecules and when immersed into
aqueous electrolyte, pH-dependent changes may be observed. Due to CC3 being solid in
neutral aqueous media, currently only estimates for the protonation characteristics are
available.
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Figure 4. 17. Molecular structure of CC3 and estimated (ACDlabs Ltd.38) protonation sequence in
aqueous environment. Note that CC3 is chemically unstable outside of the neutral pH range from
approximately pH 5-9 37.

The estimated pKA1 for the first protonation is at pH 7.2 ± 0.4. The plot in Figure 4. 17 shows
the sequence of further protonation equilibria up to the 7+ cation, by which time dissolution
and chemical degradation of the cage structure would almost certainly have started to occur
37

. This pKA estimate does not take into account any structural effects introduced due to

molecular interactions in the solid amorphous or crystalline state (or effects due to anions
that are required to balance charge), but it provides an approximate value for the onset of
protonation of CC3 exposed to aqueous environments. The pH range from 5 to 9 appears to
be the most interesting range.

Voltammetric evidence for hydrogen storage in porous organic cages
Typical scanning electron micrographs for CC3 deposits on platinum before and after
electrochemistry are shown in Figure 4. 18. The distribution of the CC3 deposit can be seen
to exhibit some non-uniformity. Importantly, CC3 deposits are clearly observed as round
patches of about 0.5 – 5.0 m diameter both before and after electrochemical experiments.
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Deposits of CC3 on platinum are formed with globular shape (see Figure 4. 18) rather than
the usual octahedral crystal habit obtained from slowly crystallized CC3. In previous work
it has been shown that rapid precipitation of CC3 can result in loss of crystal habit and the
introduction of defects, as a result of missing cages or crystal dislocations and grain
boundaries. The original platinum surface is only partially blocked (see Figure 4. 18), which
is important for the reactivity of the electrode surface during the hydrogen evolution
reaction. The level of reactivity of the Pt | aqueous electrolyte interface versus the Pt | CC3
interface is currently not known, but the partial blocking of current at the electrode with CC3
deposit suggests that the main reaction zone here is at the Pt | aqueous electrolyte interface
(Figure 4. 19. A,B).

Figure 4. 18. Scanning electron microscopy (SEM) images for a deposit of 4 g CC3 on a 3 mm
diameter Pt disc electrode before (A) and after electrochemistry (B,C).
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Figure 4. 19. (A,B) Schematic drawing of the hydrogen evolution and hydrogen oxidation processes
in the presence of CC3. (C) Cyclic voltammograms (scan rate 50 mVs-1) for (i) 0 and (ii) 4 g CC3
deposited onto a 3 mm diameter Pt disc electrode and immersed in aqueous 0.1 M phosphate buffer
pH 7. (D) As above, but at (i) pH 11, (ii) pH 7.4, and (iii) pH 6.5.

Figure 4. 19A and Figure 4. 19B show schematic drawings of the anticipated
reactivity of protons being reduced to molecular hydrogen at the platinum electrode surface.
Figure 4. 19C shows experimental cyclic voltammetry data for (i) a bare platinum electrode
and (ii) a CC3-coated platinum electrode. The reversible reduction process with midpoint
potential Emid = ½ Ep,red + ½ Ep,ox = -0.75 V vs. SCE is consistent with the reduction of the
protons (from phosphate buffer anions HPO42-) to molecular hydrogen, which is likely to
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occur under mixed diffusion and kinetic control. Due to the complexity of this process
voltammetric data are interpreted and discussed here only for the hydrogen formation
process (ignoring the kinetic effects in the proton reduction as well as any complexity that
may arise from lack of supporting electrolyte around or within POC deposits or diffusion
geometries). Electrode blocking effects that should arise from CC3 deposits (see Figure 4.
18) could be in part balanced out by non-planar diffusion but are also ignored at this time.
The cathodic formation of hydrogen at the platinum electrode surface leads to a local
concentration chydrogen and diffusion away from the electrode. A hypothetical diffusion
controlled anodic process with chydrogen in the bulk solution would lead to the same current
peak except with hydrogen diffusion towards the electrode. This symmetry can be exploited
to provide an estimate for chydrogen at the electrode surface. With the peak current for the reoxidation peak, Ipeak ≈ 200 A, it is possible based on the Randles-Sevcik equation (Eq.
(2.16) indicated in chapter 2) to estimate the concentration of molecular hydrogen generated
in the solution close to the electrode surface (as this would equal the value of chydrogen for the
hypothetical process involving diffusion of hydrogen to the surface). Here, n denotes the
number of electrons transferred per molecule diffusing to the electrode surface (n = 2 for
H2), A is the geometric electrode surface and D stands for Dhydrogen,water the diffusion
coefficient (for H2 in water 4.5 × 10-9 m2s-1). Note that this equation is strictly valid for
conditions of planar diffusion and reversible electron transfer, both of which may not be
satisfied. The estimated concentration for hydrogen at the electrode surface in this case is
2.5 mM, which is not far from the solubility limit for hydrogen in water (ca. 0.8 mM at 293
K). The local (close to the electrode) partial pressure of hydrogen can therefore be assumed
to be close to atmospheric (1 bar) during hydrogen evolution.
With the CC3 deposit applied, cyclic voltammograms are significantly different in
shape (see Figure 4. 19Cii). The proton reduction peak is approximately 20% lower in
current indicative of partial electrode blocking. More importantly, the corresponding
hydrogen oxidation peak is much lower (ca. 80% less current), which suggests that hydrogen
has been removed from the solution. However, upon continuing the potential scan to higher
potentials, at approximately 0.0 V vs. SCE a new and very broad oxidation peak response
emerges indicative of release of molecular hydrogen. These results can be interpreted in
terms of a capture/release model (see Figure 4. 19A and Figure 4. 19B) where CC3 porous
organic cages are able to remove the hydrogen from the aqueous phase with a delayed release
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as soon as the hydrogen is consumed again at the electrode surface. The shape of the
voltammogram showing delayed release of hydrogen could be linked to either to capture and
slow diffusion of hydrogen in solid CC3 or capture and slow transfer kinetics across the CC3
| aqueous electrolyte interface.
Data in Figure 4. 19D show cyclic voltammograms recorded as a function of the
solution pH. At pH 11 (which is outside of the range of stability for CC3 but assumed here
to not lead to decay of the solid within the timescale of the experiment) only the hydrogen
evolution at the “solvent window” is observed with no significant sign of hydrogen storage
under these conditions. At pH 7.4 clear evidence for “delayed” hydrogen oxidation is
observed, which can be assigned to intermittent hydrogen storage in CC3 cages. At pH 6.5
both the hydrogen production at the electrode (see reduction peak iii) as well as the broad
hydrogen release signal are significantly enhanced. This may point to the fact that the pH
can affect the hydrogen storage/release ability/kinetics of the CC3 porous organic cages in
wet conditions.

Chronoamperometric analysis of hydrogen storage in porous organic cages
In order to further examine the hydrogen uptake and release mechanism for porous
organic cages deposited onto platinum electrode additional chronoamperomentry
experiments are performed. Figure 4. 20A shows cyclic voltammetry data for (i) a bare
electrode, (ii) 4 g deposit, and (iii) 8 g CC3 deposit on platinum. As expected a higher
amount of CC3 on the electrode surface cause additional “blocking” of the electrode surface
and this causes a further decrease in the proton reduction peak. However, the broad oxidation
peak for both 4 g and 8 g CC3 appears similar. Appropriate potential limits for
chronoamperometry Elow = – 0.85 V vs. SCE and Ehigh = -0.40 V vs. SCE are selected.
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Figure 4. 20. (A) Cyclic voltammograms (scan rate 50 mVs-1) for (i) 0, (ii) 4, (iii) 8
deposited onto a 3 mm diameter Pt disc electrode and immersed in aqueous 0.1 M phosphate buffer
pH 7. (B) Chronoamperometry for (i) 0 and (ii) 4 µg CC3 stepping the potential from Elow = -0.85 V
vs. SCE to Ehigh = -0.40 V vs. SCE. (C) As above, but for (ii) 8 µg CC3.

Figure 4. 20B shows chronoamperometry data for a pH 7 buffer solution and a 4 g
CC3 deposit. The two traces show current at bare platinum (i) and current at CC3 modified
platinum (ii). During the reduction step, clearly less current flows in the presence of CC3
due to partial blocking of the electrode surface. However, during the oxidation step the
current at the bare platinum electrode decays rapidly (consistent with fast diffusion of
molecular hydrogen into the aqueous solution phase) whereas a new broad oxidation process
shows the release of hydrogen from the CC3 deposit. The process only decays slowly over
60 seconds. When doubling the amount of CC3 (see Figure 4. 20C) the reduction of protons
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occurs with a slightly lower current, but the release of molecular hydrogen appears similar
and over a similar period of time.
It is interesting to compare the integrated charge for reduction and oxidation as a
measure of hydrogen capture efficiency. In theory, for a reversible electron transfer under
conditions of planar diffusion, the ratio of anodic charge divided by cathodic charge (at a
given time after applying the potential) should be 0.586 or 58.6 % 8. For the bare platinum
electrode over a period of 120 seconds a charge of 75 mC is generated and most of this can
be assigned to hydrogen evolution followed by diffusional (and convective) loss of
molecular hydrogen into the solution phase. The following oxidation allows 10 mC (or only
13%) of the hydrogen to be recovered. Due to the long duration of the experiment diffusional
losses are enhanced by natural convection. In contrast, in the presence of 4 g CC3 a charge
of 47 mC due to hydrogen generation (cathodic) is followed by 29 mC (or 61%) recovery
(anodic). For a deposit of 8 g CC3 the reduction produces 44 mC hydrogen (cathodic) and
the oxidation suggests 22 mC (or 50%) recovery (anodic). Clearly, responses in the presence
of CC3 seem closer to the diffusional 58.6% 8 and hydrogen appears to be stored in the CC3
porous organic cage material to prevent convective losses.

Effects of pH on hydrogen storage in molecular cages
With the chronoamperometry technique revealing the extent of the binding of
molecular hydrogen into the porous molecular cages, it is interesting to explore effects of
pH. Figure 4. 21 shows data for aqueous 0.1 M PBS at pH 6, 7, 8, and 11 (which is beyond
the range of chemical CC3 stability, but employed here to contrast behaviour).
When comparing the release of hydrogen from CC3 at pH 6 (Figure 4. 21A) with pH
7 (Figure 4. 21B) there seems to be a change in rate. At pH 6 the release seems to persist
whereas at pH 7 the release seems to decay and stop after approximately 60 seconds. At pH
8 (Figure 4. 21C) the release decays even faster after approximately 30 seconds. A better
comparison of data is shown in Figure 4. 21D for pH 6, 7, 8, and 11. Clearly, the release of
hydrogen is higher and more sustained only at pH 6.
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Figure 4. 21. Chronoamperometry (stepping the potential from Elow = -0.85 V vs. SCE to Ehigh = 0.40 V vs. SCE) for 4 g CC3 deposited onto a 3 mm diameter Pt disc electrode and immersed in
aqueous 0.1 M phosphate buffer (A) pH 6, (B) pH 7, (C) pH 8, and (D) comparison for pH 6, 7, 8,
and at 11 (outside the stability range).
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For the interpretation of these effects one could compare the release time for the
hydrogen during oxidation, , estimated as 120 s, 60 s, 30 s for pH 6, 7, and 8, respectively.
Diffusion rates of hydrogen within the CC3 are unlikely to be affected by pH, but the release
kinetics of hydrogen at the CC3 | aqueous electrolyte may be affected by interfacial
protonation.
At the interface between aqueous electrolyte and CC3 solid hydrogen diffusion has
to occur from a region of high diffusivity (solution) into a region of lower diffusivity (CC3
solid). Therefore, at the interface the local concentration chydrogen,CC3 will be higher compared
to the hydrogen concentration in the aqueous electrolyte, chydrogen,water. The charge under the
oxidation response in Figure 4. 21Div can be estimated as 6.6 mC, which corresponds to
approximately 3.4 nmol hydrogen. The solid state crystallographic density of CC3 is 0.973
g cm-3 (molecular weight 1128 g mol-1 1), which is consistent with 0.863 mol dm-3. The 4 g
CC3 deposit is equivalent to 3.5 nmol. Therefor the ratio of hydrogen guest molecules to
CC3 host molecules appears to be close to unity and the apparent concentration of hydrogen
in CC3 close to 0.8 mol dm-3. The ambient molar volume for hydrogen in the gas phase is
0.04 mol dm-3, which suggests that a gas capture/compression effect is possibly. Therefore
one or even several molecules of molecular hydrogen per CC3 organic cage may be stored
under these conditions. The replacement of water molecules from within CC3 to the aqueous
surroundings is likely to be important in this process. Further work (theory and experiment)
will be necessary to further quantify the hydrogen transport, permeability, and uptake/release
kinetics in terms of H2 molecules per cage CC3 in colloidal systems and as a function of
pH/protonation.

4.3.2. Concluding remarks
In preliminary voltammetric and chronoamperometric experiments it has been shown
that solid forms of the porous organic cage material CC3 are able to capture and store
molecular hydrogen in solid state and immersed in aqueous buffer media. The facile
hydrogen capture and release process (observed voltammetrically at the surface of platinum
electrodes) may be associated with water exchange and the process is shown to be pH
dependent. The hydrogen release rate from solid CC3 appeared to decrease when going from
pH 8 to 6. It is therefore suggested that the buffer solution pH can be used to change the rate
of uptake/release and interaction of molecular hydrogen with the CC3 porous organic cage
material. Being able to “compress” substantial amounts of hydrogen into “wet” porous
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organic cages will be of significant interest in energy technology. In future, it will be
important to employ a wider range of techniques (e.g SECM, in situ spectroscopy, in situ
diffraction etc.) to confirm the hydrogen storage effect as a function of particle size and to
provide a more quantitative understanding of binding constant and transport rates.
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4.4

Effect of confinement of Cytochrome c and formate

dehydrogenase on mesoporous carbons on their catalytic activity

Abstract. This study reports the immobilization of cytochrome c (Cyt c) and the nonmetalloenzyme formate dehydrogenase (cbFDH) on a series of mesoporous carbons (MC)
with controlled pore. The catalytic activity of the confined proteins was correlated with the
carbon material pore size distribution. The electrochemical behaviour of confined Cyt c
showed direct electron transfer with pore sizes matching tightly the protein dimension. The
pseudo-peroxidase activity towards H2O2 reduction was also enhanced at pH 4.0, due to
protein conformational changes. For cbFDH, the reduction of CO2 towards formic acid in
the presence of nicotinamide adenine dinucleotide (NADH) was evaluated. Despite the
different FDH uptake capacity of the MC -controlled by accessibility limitations to the main
mesopore cavities through narrow pore necks-, the catalytic activity of confined cbFDH was
largely improved, compared to its performance in free solution. Regardless the MC used
formic acid production was higher upon immobilization with lower nominal cbFDH:NADH
ratios.
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4.4.1. Results and discussion
Characterization of the mesoporous carbons
Cyt c is a hemoprotein with a molecular weight of ca. 12,500 Da and 104 amino
acids, with spherical shape with circa 3 nm diameter 39. This protein has an exposed heme
group and co-axial lysine residues to the central Fe atom that can selectively interact with
charged substrates in a similar reaction to that of peroxidases. On the other hand, cbFDH is
a larger protein compared to Cyt c, with a molecular weight of ca. 81,209 Da in a homodimer
having a unitary cell a:b:c of 5.35, 6.85, 10.95 nm, and generally forming homodimers

40

.

Considering the dimensions of both proteins, a series of mesoporous carbons with varied
pore architectures were chosen for the immobilization studies.
The nitrogen adsorption/desorption isotherms at 196 ºC of the mesoporous carbons
are shown in Figure 4. 22. As can be seen, all the carbons display type IVa isotherms 41, with
prominent hysteresis loops in the desorption branch, characteristic of micro/mesoporous
solids. Interesting differences can be observed on the pore volumes (Table 4. 4.) and the
position of the hysteresis loops. For instance, samples G100, G200 and G200CB present
hysteresis loops with somewhat parallel adsorption/desorption branches, associated with the
presence of uniform mesopores size distributions
higher

relatives

pressures,

indicating

41

larger

. Additionally, the loops shift towards
mesopores,

following

the

trend:

G100<G200<G200CB. At converse, carbon G200K shows a type H2(a) loop with a steep
desorption at p/p0 ~ 0.5. This is characteristic of materials with pore blocking effects 42.
The main textural parameters (e.g., surface area and pore volumes) of the nanoporous
carbons obtained from the analysis of the gas adsorption data are shown in Table 4. 4.
Samples G100 and G200 displayed similar values of BET surface area and pore micropore
volumes. Carbon G200CB displayed a slightly lower surface area and micropore volume
than G200, due to the incorporation of the carbon additive during the synthesis. On the other
hand, the chemically activated carbon (sample G200K) presented higher surface area and
microporosity, although the total pore volume and mesopore fraction were the lowest of the
series. This confirmed that the activation mainly provoked the development of
microporosity.
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Figure 4. 22. High-resolution equilibrium N2 adsorption/desorption isotherms at -196 ºC of the
studied mesoporous carbons.
Table 4. 4. Main textural parameters of the mesoporous carbons obtained from the equilibrium N2
adsorption/desorption isotherms at -196 ºC.

G100 G200 G200CB

G200K

SBET [m2g-1]

867

832

653

1262

VTOTAL PORES A (cm3 g-1)

1.15

1.47

1.26

0.81

VMICROPORES B (cm3 g-1)

0.16

0.17

0.10

0.46

VMESOPORES B (cm3 g-1)

0.89

1.23

1.08

0.34

77

84

86

42

VMESOPORES/ VTOTAL PORES (%)
A

Total pore volume evaluated at p/p0 0.99

B

micropore/mesopore volumes evaluated applying 2D-NLDFT-HS

The differences in the porosity of the studied carbons are clearer seen in the analysis
of the pore size distributions (PSD) and pore volumes obtained in the full micro-mesopore
range, as shown in Figure 4. 23. The PSD profiles have been obtained by the analysis of both
the adsorption and desorption branches of the N2 adsorption/desorption isotherms. This is
recommended in the literature for a realistic characterization of complex pore systems where
percolation effects might apply 42, as it is the case of the herein studied materials. Hence, the
analysis of the adsorption branch of the N2 adsorption isotherm provides information about
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the size of the mesopore bodies, while desorption branch gathers information about the size
of the pore necks.
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Figure 4. 23. PSD of the mesoporous carbons obtained from the nitrogen isotherms at -196 ºC by
application of the 2D-NLDFT-HS method to the adsorption (A) and desorption (B) branch.
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All the samples displayed similar distributions in the micropore range, with larger
micropore volumes for sample G200K, as mentioned above. These differences in the
microporosity of the samples are not expected to be relevant for the immobilization of
neither Cyt c nor cbFDH. Indeed, the immobilization of bulky molecules is expected to occur
only into mesopores, which size commensurate the dimensions of both proteins (ca. pore
sizes equal or higher than their dimensions, vide supra). Thus, the focus of the textural
analysis should be paid to the mesoporosity of the samples.
On the other hand, the carbons displayed bimodal PSDs with average mesopore sizes
-obtained from the adsorption branch- following the order: G100 ~ G200K< G200 <
G200CB regarding the mean pore size. Also, the main mesopore cavities are larger in
diameter than the necks connecting them for all the carbons. This was more pronounced for
sample G200K, for which the analysis of the desorption branch revealed that the mesopores
are connected through many necks of ca. 3-4 nm, much smaller than those of G100, though
interestingly both samples presented quite similar size of the main cavities. Considering the
shape and position of the hysteresis loop of G200K, this suggests cavitation phenomena.
This observation was further confirmed by determining the PSD using other gases (data not
shown) since the position of the loop when desorption is governed by cavitation depends on
the nature of the gas and the temperature of the analysis

42

. Furthermore, all the carbons

displayed a low surface functionalization degree and basic surface pH, characteristic of
carbon materials of hydrophobic nature. Thus, no specific interactions are expected with
either of the proteins, allowing to isolate the effect of nanopore confinement of the
immobilized enzyme on its electrochemical and (pseudo)enzymatic activity.

Immobilization of Cyt c
The immobilization of Cyt c on the synthesized mesoporous carbons with varied pore
architectures was investigated by UV-Vis spectrophotometry for an initial concentration of
0.4 mg Cyt c/mL in 10 mM PBS at pH 7.4. The amounts of protein adsorbed per unit weight
of mesoporous carbon, along with the weight percentage of protein adsorption, is shown in
Table 4. 5. For all the carbons with the exception of G200K, the adsorption of Cyt c was
complete under the experimental conditions used, as inferred from the absence of protein in
the supernatant solutions. These results are consistent with the analysis of the textural
features of the samples (Table 4. 4, Figure 4. 22 and Figure 4. 23). As discussed above, the
porosity of carbon G200K is dominated by micropores (Table 4. 4) with a non-negligible
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contribution of mesopores (accounting for ca. 42 %). However, the mesoporosity is formed
by main cavities centred between 6 and 7 nm and connected through small pores of ca. 3.5
nm (Figure 4. 23). According to literature, Cyt c is a quite spherical molecule of diameter
ca. 3 nm, however data shows that this protein presents some accessibility limitations to
accommodate in the pores of carbon G200K, thereby resulting in a low uptake -compared to
the rest of mesoporous carbons of the series-. This uptake could be increased if longer
adsorption times are allowed. On the other hand, for G100, G200 and G200CB, the uptake
is 100 %, indicating that the pores are wide enough to allow the uptake of the protein. The
complete depletion of the protein from the solution also indicates that the amount
immobilized is far below the saturation capacity of the carbons. After the immobilization,
the release of the protein was evaluated for all the carbons. Results shown that non protein
had passed from the carbon to the solution upon storage at 4 ºC for up to five months for all
the carbons, confirming the consistency of the immobilized protein.

Table 4. 5. Amount of cytochrome c adsorbed in the studied mesoporous carbons, expressed per
gram (mg Cyt c/mg Gx) and area (mg Cyt c/m2 Gx) of adsorbent.

Carbons

mgCyt c /mgGx

mgCyt c /m2Gx

wt.% adsorbed

G100

0.35

0.40

99.9

G200

0.38

0.46

100.0

G200CB

0.38

0.58

100.0

G200K

0.13

0.10

37.4

The electrocatalytic activity of immobilized Cyt c was evaluated for the reduction of
H2O2. Cytochromes are redox proteins that transfer electrons by oxidation and reduction
processes via the heme group (iron bound to a porphyrin), previously mentioned in the
introduction of this doctoral thesis. Thus, during the negative scan in a cyclic
voltamperograms performed on Cyt-c/Gx/GCE electrodes, Fe(III) can be reduced to Fe(II)
and then oxidized back to Fe (III) during the reverse positive scan 43.
Before the electrochemical measurements, the electrodes were immersed in 0.1 M
PBS for at least 30 min at open circuit conditions, to guarantee wettability of the porosity of
the electrodes, and then stabilized a few cycles. All electrochemical measurements were
carried out at 293 ± 2 K under an argon atmosphere. Figure 4. 24 shows the cyclic
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voltammetries of the electrodes prepared by immobilization of Cyt c on the mesoporous
carbons (series Cyt-c/GCE/Gx); data corresponding to the carbons (series GCE/Gx) in the
absence of the enzyme are also shown for comparison purposes. The voltammograms show
a relatively large contribution of capacitance in the absence of Cyt c, as expected due to the
formation of the electrical double layer in highly microporous carbons. Indeed, the largest
contribution is observed for carbon G200K, in agreement with its higher surface area and
micropore volume (Table 4. 4.). Interestingly, the immobilization of Cyt c resulted in a
decrease in the current of the voltammograms associated to the contribution of the
capacitance. According to the dimensions of Cyt c, it is immobilized into the mesopore
structure of the carbons, whereas the double layer is mainly formed in micropores. Hence,
it would seem that upon immobilization of Cyt c the micropores become not accessible or
partially blocked by the non-conductive protein, thus impeding the flux of ions through the
pore network of the carbon material, overall resulting in a lower double layer contribution.
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Figure 4. 24. Cyclic Voltammograms showing the electrochemical response of the mesoporous carbon electrodes (black plot) and after the
immobilization of Cyt c (red plot) in 0.1 M PBS 7.4. Scan rate: 0.010 V s -1. Third scan recorded. (A) G100/GCE (B) G200/GCE (C)
G200CB/GCE and (D) G200K/GCE.
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A deeper look at the electrochemical behaviour of Cyt c confined in the mesoporous
carbons is shown in Figure 4. 25. During the negative scan, a cathodic shoulder is observed
at ca. -0.33, -0.37, -0.32 and -0.31 V, along with an anodic shoulder in the reverse positive
scan at -0.280, -0.050, -0.220 and -0.040 V, for the electrodes Cyt c/G100/GCE, Cytc/G200/GCE, Cyt-c/G200CB/GCE, and Cyt-c/G200K/GCE, respectively. A shoulder to
shoulder potential separation of over 270 and 320 mV was obtained for G200K and G200,
respectively. This could be ascribed to a high irreversibility of the redox process of Cyt c
after adsorption, indicating a sluggish direct electron transfer (DET) between the active
centre of the protein and the carbon matrix. On the other hand, a shoulder to shoulder
potential separation of 50 and 90 mV was obtained for Cyt-c/G100/GCE and Cytc/G200CB/GCE electrodes, respectively indicating the beneficial effect of immobilization
on these carbons for achieving a fast DET. Additionally, the effect of scan rate was explored
on all Cyt-c/Gx/GCE electrodes; however, a lower scan of 5 mV·s-1 neither ameliorates the
resolution nor the shoulder to shoulder potential separation, whereas at higher scan rates the
cyclic voltammogram was mostly dominated by the capacitive process. These results also
correlate with the trend observed for reduction of the double layer formation after the
immobilization of Cyt c on the mesoporous carbons. Thus, a slow DET could be correlated
with a highest reduction of the specific capacity of both, Cyt-c/G200/GCE, and Cytc/G200K/GCE electrodes, as opposed to the immobilization on G100 and G200 CB.
Interestingly, the latter carbons displayed very different porous features with the smallest
and highest average mesopore size, respectively (Figure 4. 23). In the case of carbon G100,
the tight confinement of the protein in the mesopores of commensurate size might be
responsible for this behaviour. In the case of G200CB, the enhancement of the response
might be attributed to the higher conductivity of this carbon material, provided by the
incorporation of the carbon black additive during the synthesis 44.
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Figure 4. 25. Cyclic Voltammograms showing the electrochemical response of Cyt c immobilized on the mesoporous
carbons in 0.1 M PBS 7.4. Scan rate: 0.010 V s-1. First scan recorded. (A) Cyt-c/G100/GCE, (B) Cyt-c/G200/GCE, (C)
Cyt-c/G200CB/GCE and (D) Cyt-c/G200K/GCE.
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To further explore the electrochemical behaviour of confined Cyt c at the electrodes
Cyt-c/Gx/GCE, the pseudo-peroxidase activity of confined Cyt c was examined, viz.
chronoamperometries of the electrodes were carried out at a controlled potential of -0.5 V
and increasing concentrations of H2O2 via dropwise of accurate volumes of a 10 mM H2O2
solution into the electrochemical cell containing either 0.1 M PBS at pH 7.4 or 4.0. In the
latter solution a 0.1M PBS at pH 5.8 was adjusted by the addition of H3PO4. Figure 4. 26
shows a representative chronoamperometric response of Cyt-c/G200CB working electrode
as an example; data corresponding to the rest of the mesoporous carbons is summarized in
Table 4. 6. It should be mentioned that in the absence of Cyt c, no changes in the current
intensity were observed after the successive H2O2 additions, confirming that the mesoporous
carbons do not present electrocatalytic activity for the reduction of H2O2 under the applied
conditions. On the other hand, electrode Cyt-c/G200CB/GCE exhibited a remarkable
increase in the current intensity, demonstrating the electrochemical reduction of H2O2 in
PBS, according to the reactions 2.5 and 2.6 from chapter 2 45.
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Figure 4. 26. Chronoamperometric response for the electroreduction of H2O2 using Cytc/G200CB/GCE electrode over consecutive additions of H2O2 solution. Step potential at -0.5 V
versus AgCl/Ag. 0.1 M PBS pH 7.4. Inset: calibration curve for H2O2. Linear regression equals 0.996.
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As seen, a typical steady state current is obtained after the addiction of H2O2 to get a
final concentration of 50 μM with a response time between 20 and 25 s, which is slightly
higher than the 10 s obtained for the H2O2 detection using Cyt c immobilised on ordered
macroporous carbon electrodes reported by Zhang

46

, or ca. 6 s using mesoporous carbon

nanospheres reported by Wang et al [40] using a 50 mM phosphate buffer. Table 4. 6 shows
the concentration ranges for the electroreduction of H2O2 of all the Cyt-c/Gx/GCE
electrodes, as well as the limits of detection (LoD). Electrodes Cyt c/G100/GCE and Cytc/G200CB/GCE depicted a similar pseudo-peroxidase activity. Moreover, Cyt-c/G200/GCE
electrode exhibited half the sensitivity of the electrodes based on both G100 and G200CB
carbons. On the other hand, almost no electrochemical response was obtained when the
enzyme was immobilized on Cyt c/G200K. This could be attributed to the low Cyt c loading
of this carbon (Table 4. 5), providing a low signal and/or to a sluggish electron
communication between the active centre of the protein and the material. These results are
consistent with the electrochemical response of the electrodes observed in Figure 4. 24 and
Figure 4. 25, with the systems Cyt-c/G200 and Cyt-c/G200K showing a slow DET and large
irreversibility exhibited in the shoulders associated to the electron transfer reactions of Cyt
c.

Table 4. 6. Analytical parameters obtained from the pseudo-peroxidase activity of the different Cytc/Gx/GCE electrodes in 0.1 M PBS pH 7.4.

Mesoporous

Sensitivity

LoD

Concentration range

carbon

μA mM-1 mg-1Cyt c

μM

μM

G100

144.8

87

100-400

G200

70.9

11

300-700

G200CB

178.2

59

100-500

5.4·10-5

14

110-425

G200K

Limit of Detection (LoD) is calculated as 3 times the noise level.
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On the other hand, pH is known to have a strong effect on the heme group
conformation changes of Cyt c, as well as on the electron transfer kinetic of the protein 43, 4749

. Indeed, Cyt c may exist in solution in five reversible pH-dependent heme group

conformational states: I, II, III, IV, and V with pKa’s values of 0.42, 2.50, 9.35, and 12.76,
respectively 43. Under experimental conditions of solution at pH 7.4, Cyt c protein is in state
III (His18 and amino acid residue Met80 in axial positions of the heme group). To evaluate
if the confinement in the mesopores of increasing size affects the conformation of Cyt c, we
have also investigated the electrochemical response of Cyt-c/Gx/GCE electrodes in 0.1 M
phosphate solution at pH 4.0. Figure 4. 27 shows the chronoamperometric response of Cytc/G200 at a controlled potential of -0.5 V with increasing H2O2 concentration at pH 4.0. The
electrocatalytic response followed a linear trend with the concentration of H2O2 in the range
from 50 to 250 µM (inset of Figure 4. 27). The sensitivity obtained at pH 4 was improved
for all the electrodes, compared to the measurements at pH 7.4 (Table 4. 7). This finding is
likely ascribed to the more adequate conformation of the protein at this pH, with a bigger
exposition of the heme-pocket, thereby providing a higher pseudo-peroxidase activity of Cyt
c. Compared to pH 7.4, the response time was enhanced when the electrocatalytic activity
of immobilized Cyt c was performed at pH 4.0. Generally, the LoDs were also slightly
improved, reaching values close to those reported for other carbon materials 46, 50.
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Figure 4. 27. Chronoamperometric response for the electroreduction of H2O2 using Cyt-c/G200/GCE
over consecutive additions of H2O2 solution at -0.5 V in 0.1 M PBS pH 4.0. Inset: calibration curve
for H2O2 for Cyt-c/G200/GCE electrode. Linear regression equals 0.997.

Table 4. 7. Analytical parameters obtained from the pseudo peroxidase activity of the different Cytc/Gx/GCE electrodes in 0.1 M phosphate solution pH 4.0.

Sensitivity

LoD

Concentration range

μA·mM-1 mg-1Cyt c

μM

μM

47

50-300

22

50-250

20

50-300

37

50-300

Mesoporous carbon

G100

G200

G200CB

G200K

1042.7
0.015*
2012.9
0.038*
799.8
0.010*
1814.1
0.10*

*Sensitivity expressed in μA μM-1for comparisons. n.a.: not available.
LoD is calculated as 3 times the noise level.
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Immobilization of cbFDH
Before the cbFDH immobilization, enzymatic activity control was performed
obtaining a value of 5.8 U·mg-1. All the activity measurements experiments were carried out
using the same enzyme batch. The amounts of cbFDH adsorbed per weight of mesoporous
carbon are shown in Table 4. 8. As seen, differences in the uptake of cbFDH in the different
carbons were very pronounced, with quite low adsorption capacities for samples G100 and
G200K (ca. 41 and 5 %, respectively). This is in agreement with the porosity of the materials
and the dimensions of cbFDH. Both G100 and G200K exhibited a similar distribution of
mesopores (Figure 4. 23), thus the different uptake of cbFDH is related to accessibility
limitations to the main mesopore cavities through the narrow pore necks. Even for carbon
G100 with an average pore mouth of ca 5.2 nm, cbFDH with a “rugby” shape (vide supra)
would show some constrictions to access inside the pores. Likewise, G200K pore mouth size
is too small to accommodate cbFDH. In contrast, the adsorption was complete for samples
G200 and G200CB that presented wider mesopores, and hence can accommodate better the
enzyme. Regarding the long-term consistency of the immobilized cbFDH, lixiviation tests
showed that the enzyme was stable upon storage in the buffer solution for five months.

Table 4. 8. Amount of cbFDH adsorbed in the studied mesoporous carbons, expressed per gram
(mg cbFDH/mg Gx) and area (mg cbFDH c/m2 Gx) of adsorbent.

Carbons

mgcbFDH
/mgGx

mgcbFDH/m2

wt.% adsorbed

G100

0.19

0.22

41.2

G200

0.46

0.55

100.0

G200CB

0.46

0.70

100.0

G200K

0.02

0.02

5.2

The catalytic activity of the enzyme after the immobilization was determined by the
reduction of CO2 to produce formate in a saturated CO2 solution, during five hours. To do
that, about 410 μL of 1.0 mM NADH in 0.1 M PBS at pH 7.4 was added into 1 mL of either
cbFDH in solution (from 0.35 to 5.32 mg cbFDH/mL) or a cbFDH/Gx suspensions (ca. 1
mg cbFDH/Gx), previously saturated with CO2. During the chemical reaction, a CO2 steam
was continuously bubbled through the solution/carbon dispersion with a flow rate of 100
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cm3/min using a mass flowmeter (SIERRA instrument, inc. Smart-Track 2). The chemical
reaction was carried out for 5 hours at 20 ± 2 ºC. Thereafter, the cbFDH/Gx suspensions
were centrifuged at 13,000 rpm for 5 min, and then the supernatant was removed for further
inspection of the formate concentration in solution by using an ion chromatograph following
the procedure described in chapter 2.
Initially, production of formic acid of the enzyme at solution after five hours was
determined, varying the cbFDH and NADH ratio under stirring conditions and CO2 bubbling
(Table 4. 9), as described in the experimental section. Production rate of formate (µmol /min)
of cbFDH in the buffered solution showed a plateau with increasing the cbFDH to NADH
ratio, reaching the highest value for a cbFDH to NADH (mg/mg) ratio of 2.45. It is worth
noting that production rate results from Table 4.9 should be explained in terms of
intermolecular processes associated with protein aggregations or electron transference
limitations on the formic acid production rate of the free FDH. All this points to immobilise
the cbFDH, and enzymes in general, for industrial applications.

Table 4. 9. Production rates of formate using non-immobilized cbFDH in aqueous solution.

cbFDH in solution
Ratio cbFDH/NADH
(mg/mg)
Formate (ppm)
Formate production
rate (µmol min-1)

0.35 mg

0.71 mg

1.42 mg

5.32 mg

0.60

1.22

2.45

9.17

0.13

1.70

7.50

5.50

1.0·10-5

12.0·10-5

55.0·10-5

41.0·10-5

3.0 10-5

18.0·10-5

39.0·10-5

8.0 10-5

Formate production
rate (µmol mg-1cbFDH
min-1)
Experimental conditions: cbFDH protein dissolved in 0.1M PBS pH 7.4, 0.58 mg
NADH.
CO2 flow rate equals 100 cm3 min-1, reaction time equals 5 hours. Volume of PBS
= 1.41 mL.
Table 4. 10 compiles the results obtained for the enzyme immobilized in the different
mesoporous carbons for the same amount of NADH cofactor. The NADH/cbFDH ratio will
vary for the different experiments due to the loading of the enzyme in the carbons. First of
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all, it is worth noting that the immobilized cbFDH was still active for the enzymatic reduction
of CO2 to formate for all the carbons (even G200K with a low enzyme uptake), with formate
concentration ranging between 10 and 12 ppm. These are almost twice larger that the
optimum value observed with the non-immobilized enzyme in solution (Table 4. 9).
Table 4. 10. Production rates of formate using cbFDH immobilized on the mesoporous
carbons resuspended in aqueous buffer solution in the presence of CO2.
cbFDH immobilized

G100

G200

G200CB

G200K

cbFDH immobilized (mg)

0.19

0.46

0.54

0.02

0.32

0.79

0.93

0.04

11.30

12.50

9.60

12.30

1.2·10-3

1.3·10-3

1.0·10-3

1.3·10-3

6.1·10-3

2.8·10-3

1.8·10-3

52.8 10-3

Ratio cbFDH/NADH
(mg/mg)
Formate (ppm)
Formate production rate
-1

(µmol min )
Formate production rate
-1

(µmol mg

cbFDH

-1

min )

Experimental conditions: 0.58 mg NADH. CO2 flow rate equals 100 cm3 min-1,
reaction time equals 5 hours. Volume of PBS = 1.41 mL.

Furthermore, when comparing data obtained in Table 4. 9 and Table 4. 10 regarding
the formate production rate normalized by the amount of cbFDH (i.e., µmol /min mg), a
remarkable improvement in the formate synthesis rate is obtained for all the mesoporous
carbons, at least more than one order of magnitude. This enhancement indicates the more
stable conformation and higher stability of the immobilized enzyme compared to solution.
Even though a key issue for the formate biosynthesis would be the amount of cbFDH in
solution, only with cbFDH to NADH ratios between 1.2 and 2.4 are beneficial for obtaining
an optimum formate production. Additionally, a cbFDH to NADH ratio between 1 and 0.04
is more favourable for an increment in the formate production, which could be explained by
a proper enzyme confinement on the nanoporous carbon with retention of the conformational
structure and enzymatic activity. It is interesting to remark the performance of sample
G200K, leading to an amount of formate similar to that of the enzyme immobilized in G100
and G200, despite the low loading of cbFDH of the former (Table 4. 8). The normalized
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production in terms of µmol /mg cbFDH min is higher in G200K due to the normalization
effect, but the production rate in terms of µmol /min is quite similar for all the systems. All
this points out the importance of matching the dimensions of the enzyme and the pores of
the host material.

4.4.2. Concluding remarks
The confinement of Cyt c and cbFDH on carbons with specially designed
mesoporosity may become an important breakthrough in the development of biosensors for
detecting hydrogen peroxide and in the preparation of long-term stable biocathodes for the
bioelectrochemical reduction of CO2 to formic acid. The immobilization of Cyt c and cbFDH
on mesoporous carbons has been found to be dependent on the dimensions of the pore
cavities and the pore necks. The direct electron transfer of Cyt c was observed when the
protein was immobilized in carbons which pore size matched tightly the dimensions of the
protein, or when a conductive carbon black was present in the carbon matrix. The
electrochemical behaviour of the confined Cyt c correlated with a high pseudo-peroxidase
activity for the reduction of H2O2 at neutral pH; the electrocatalytic feature improved notably
at pH 4.0 due to the conformational changes of the confined protein. On the other hand, the
activity of the confined cbFDH enzyme based mesoporous carbons is also examined towards
formic acid production. A sluggish immobilization was observed on the carbons (ca. G100
and G200K) exhibiting the smallest pore neck dimensions. The cbFDH confinement resulted
in a considerable increase in its catalytic activity, being the production rate of formic acid
much higher for the enzyme immobilized in the carbons than in solution.
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4.5 Fabrication of a biocathode for formate production using
confined Formate Dehydrogenase from Candida Boidinii into a
nanoporous carbon

Abstract. The immobilization of the non-metallic enzyme formate dehydrogenase from
Candida Boidinii (cbFDH) into a nanoporous carbon with appropriate mesopore structure
has been explored for the bioelectrochemical conversion of CO2 to formate. Higher formate
production rates were obtained upon immobilization of cbFDH compared to the performance
of the biomolecule in solution, despite the lower nominal cbFDH:NADH cofactor ratio. The
co-immobilization of the enzyme and the rhodium complex redox mediator in the
nanoporous carbon allowed the electrochemical regeneration of the cofactor, with a faradaic
efficiency close to 33 % for the electrosyntheses carried out at -0.8 V for the electrodes
prepared using the lowest Nafion binder content. Preparative electrosynthesis of formate
carried out at laboratory scale on biocathodes of relatively large dimensions (ca. 3x2 cm 2)
confirmed the presence of the binder does not modify the immobilization rate or the
performance of the enzyme. The resulting biocathodes displayed higher electrocatalytic
activity in terms of formate production rates than that of the enzyme in solution, even for the
electrodes containing much lower amounts of immobilized enzyme.
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4.5.1. Results and discussion
Characterization of the nanoporous carbon support
The nanoporous carbon used for the immobilization of the enzyme was selected
based on its porous structure and composition. Initially, the characterization of the porous
structure and composition of the nanoporous carbon was investigated by various techniques.
Figure 4. 28 shows the nitrogen adsorption/desorption isotherms at -196 ºC and the SA
carbon along with the pore size distribution; the main textural parameters are compiled in
Table 4. 11. As seen, SA displays a type IVa isotherm 41 with a high amount of gas adsorbed
and a marked hysteresis loop in the desorption branch; this is characteristic of a microporous
material with a well-developed mesoporosity. The analysis of the data indicates that the
carbon selected presents a relatively large surface area (ca. 1554 m2 g-1) and an important
contribution of mesopores (ca. 63 %) of sizes comprised between 2-15 nm (Figure 4. 28B).
This is important, since although the exact dimensions of the enzyme are uncertain (they
depend on several factors such as the confinement state, nature of the surface, or humidity),
the estimated values for cbFDH according to literature are ca. a:b:c 5.35, 6.85, 10.95)

40

.

This is most relevant, since the dimensions of the enzyme commensurate the average
mesopore size of carbon SA (ca. pore sizes equal or higher than their dimensions), thus a
successful immobilization is forecasted (see discussion below).
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Figure 4. 28. (A) equilibrium N2 adsorption/desorption isotherm at -196 ºC and (B) pore size
distribution obtained by applying 2D-NLDFT-HS method of the nanoporous carbon used as support
of the enzyme.
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Table 4. 11. Main textural parameters of the nanoporous carbon used for the enzyme immobilization,
obtained from the equilibrium N2 adsorption/desorption isotherms at -196 ºC.

SBET (m2 g-1)

1554

VTOTAL PORES A (cm3 g-1)

1.44

VMICROPORES B (cm3 g-1)

0.45

VMESOPORES B (cm3 g-1)

0.91

VMESO/ VTOTAL PORES (%)
A
B

63

Total pore volume evaluated at p/p0 0.99

pore volumes evaluated applying the 2D-NLDFT-HS method

The average particle size of the nanoporous carbon ranges between 52 and 100 µm
as determined by SEM (Figure 4. 29). Additionally, EDX microanalysis indicated that
carbon and oxygen are the main components of the sample, with a relative distribution 85:15
wt. % for C:O, discarding the presence of other heteroatoms like sulphur.

500μm

Figure 4. 29. SEM image of the nanoporous carbon, showing the distribution of particle sizes.

A more detailed analysis of the chemical composition performed by XPS analysis
confirmed the presence of carbon and oxygen (Figure 4. 30). The C 1s core level spectrum
was deconvoluted to various contributions. The intense peak at 284.6 eV (74.7 at. %) was
assigned to carbon in sp2 configurations, the peak at 286.0 eV (13.2 at.%) to C-O, C-H bonds
(phenolic, alkoxy, ether), and the contribution featuring at 288.1 eV (3 at.%) was assigned
to O-C=O bond (carboxylic, ester groups). The O 1s core level signal was decomposed in
contributions at 530.9 eV (1.4 at.%) attributed to oxide or/and hydroxide, 532.2 eV (3.3
at.%) assigned to C=O bonds (carboxyl/carbonyl), and 533.6 eV (4.0 at.%) ascribed to C-O
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bond (phenol/epoxy/ether). A binding energy of 536.0 eV (0.3 at.%) was linked to the
presence of adsorbed water or oxygen, and presence of C=O.
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Figure 4. 30. (A) C 1s and (B) O 1s core energy levels of the nanoporous carbon. Dashed line
correspond to experimental data, and lines to deconvolution.

Immobilization of cbFDH
The immobilization of cbFDH in the nanoporous carbon was followed by UV-Vis
spectrophotometry upon time (Figure 4. 31). After six days, the amount of enzyme remaining
in solution was negligible, thus confirming a complete immobilization under the
experimental conditions used. This is in agreement with the textural features of the
nanoporous carbon, indicating the presence of mesopores wide enough to accommodate the
rugby-like shaped cbFDH protein (vide supra). The amount of cbFDH immobilized on the
nanoporous carbon was 0.375 mg cbFDH/mg of SA.
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Figure 4. 31. UV-Vis spectra of the supernatant solution before (black) and after (red line)
the adsorption of 0.5 mg mL-1 cbFDH on the nanoporous carbon.

After the immobilization on the nanoporous carbon, the activity of the enzyme was
certified by monitoring the synthesis of formic acid, as is indicated in subchapter 4.4. Briefly,
410 μL of 1.0 mM NADH in 0.1 M PBS at pH 7.4 were added to 1.0 mL of cbFDH in
solution (concentrations ranging from 0.35 to 5.32 mg FDH/mL) or cbFDH/SA dispersion
(ca. 1.0 mg cbFDH/SA) previously saturated with CO2. A CO2 flow (ca. 100 cm3/min) was
continuously bubbled in the nanoporous carbon dispersion. The chemical reaction was
carried out for 5 h at 293 ± 2 K. Then, the cbFDH/SA suspensions were centrifuged at 13000
rpm for 5 min, and the supernatant was removed for inspection of formate concentration.
When the reaction was carried out using cbFDH in solution, the protein was filtered out
using a 10 kDa centrifugal filter. Table 4. 12 compiles the results about formate production,
compared to those obtained using cbFDH in solution (cbFDHsol) and the same nominal
amount of NADH as was shown in subchapter 4.4. For the reaction carried out with the free
enzyme dissolved in PBS (cbFDHsol), the production rate of formic acid increased gradually
with the cbFDH to NADH ratio, with the highest value obtained for a ratio of 2.45. This ratio
is in agreement with that reported by Lu et al.
silica gel (ca. 1.8 106 mgFDH µmolNADH).
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Table 4. 12. Comparative results for the biochemical reduction of CO2 towards formate performed
with cbFDH in solution (cbFDHsol) and immobilized on carbon SA (cbFDHim) in 0.1 M PBS pH 7.4
at 25 °C under continuous CO2 bubbling with a flow rate of 100 cm3 min-1; reaction time 5 h; volume
of 1.41 cm3.
cbFDH

NADHsol

cbFDH/NADH
ratio

cbFDHsol

cbFDHim

Formate production rate

mg

mg

mg/mg

µmol min-1

µmol mg-1FDH·min-1

0.35

0.58

0.60

1.0·10-6

3.0·10-5

0.71

0.58

1.22

1.2·10-4

1.8·10-4

1.42

0.58

2.45

5.5·10-4

3.9·10-4

5.32

0.58

9.17

4.1·10-4

8.0·10-5

0.32

0.58

0.55

4.3·10-4

1.33·10-3

For the immobilized enzyme (cbFDHim), the cbFDH to NADH ratio was 0.55, much
lower than the range of values measured for the free enzyme; despite of this, the nominal
production of formate was very high (ca. 4.2 ppm after the experiment), and similar to that
attained for cbFDH:NADH ratios of 2.5 and 9.17 for the free enzyme (Table 4. 12). This
value was 13-times higher than that obtained for a cbFDH:NADH ratio of 0.6. More
interestingly, the formate production rate normalized per amount of cbFDH (i.e., µmol
formate min-1 mg-1) was one order of magnitude higher for the immobilized enzyme. This is
most outstanding by considering the low cbFDH:NADH ratio used; indeed, cbFDH to
NADH ratio between 1.2 and 2.4 are considered as optimum ones for formate production,
as shown in subchapter 4.4. This work herein report high formate production rates for a
FDH:NADH ratio lower than 1 after the immobilization in the nanoporous carbon, maybe
due to a more stable conformation and stability of the enzyme in the confined state.
Furthermore, leaching tests corroborated the long-term immobilization consistence of
cbFDHim upon storage in the buffer solution for five months. Enzyme release to the solution
was not observed after five months.
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Immobilization of the redox mediator -[Cp*Rh(bpy)Cl]Cl-.
As in the case of FDH, the immobilization of [Cp*Rh(bpy)Cl]Cl in the nanoporous
carbon was followed by UV-Vis spectrophotometry upon time (Figure 4. 32). After six days,
the amount of Rh complex retained on the carbon was 0.38 mg /mg. The electrochemical
behaviour after the immobilization on the nanoporous carbon was evaluated in a GC as
electrode.

3.0
2.5

Absorbance

2.0
1.5
1.0
0.5
0.0
200

250

300

350

400

450

500

wavelength / nm

Figure 4. 32. UV-Vis spectra of supernatant solution before (black line) and after (red line) the
adsorption of 1.0 mg mL-1 of [Cp*Rh(bpy)Cl]Cl on the nanoporous carbon. All [Cp*Rh(bpy)Cl]Cl
solutions were diluted 10-fold before the UV-Vis measurements.

Figure 4. 33 exhibits the electrochemical response of the Rh redox mediator in the
absence and presence of the NAD+ cofactor of electrode Rh/SA/GC. On the first negative
scan excursion a cathodic peak appeared at around -0.65 V corresponding to the
electrochemical reduction of Rh(III) to Rh(I). On the reverse scan, an oxidation shoulder
was observed at -0.3 V, with a lower current intensity compared to the cathodic one. This
electrochemical pattern is in agreement with data reported in the literature about the redox
behavior of

[Cp*Rh(bpy)Cl]Cl in neutral or alkaline pH

25

and is attributed to the

protonation of the Rh(I) complex to form a hydride complex. The electrochemical response
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of [Cp*Rh(bpy)Cl]Cl in solution using a glassy carbon electrode (Figure 4. 33, inset) shows
a peak at -0.7 V on the first scan, similar to that recorded when the mediator is confined on
the nanoporous carbon.
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Figure 4. 33. Cyclic voltammetry responses of Rh/SA/GC electrode in the absence (dashed line) and
presence (solid line) of 1.0 mM NAD+ in 0.1 M PBS pH 7.4. Scan rate: 5 mV s-1. First scan recorded.
Inset: cyclic voltammetry responses of 1.0 mM [Cp*Rh(bpy)Cl]Cl complex in solution in the
absence (dashed plot) and presence (solid line) of 0.5 mM NAD+ in a naked glassy carbon as working
electrode. Scan rate 50 mV s-1.

The activity of the redox mediator for the electrochemical regeneration of NADH
was confirmed by the increase in the cathodic current peak at -0.72 V when the
electrochemical measurements were carried out in the presence of 1 mM NAD+ (Figure 4.
33). This confirmed the fast reduction of NAD+ to NADH involving the oxidation of Rh(I)
to Rh(III) species, which are further electrochemically reduced to Rh(I)

25, 52

. Similar

behavior was observed for the immobilized Rh complex and in solution, and these results
are in agreement with those reported by Minteer and coworkers 53.
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Preparation of the cbFDH based bioelectrodes
The preparation of the electrodes SA(x):N(y)/T was performed using two different
carbon:Nafion ratio (i.e., 50:50, 70:30) as described in chapter 2 (section 2.3.2) . Figure 4.
34 depicts the SEM images of the electrodes compared to the bare Toray paper used as
substrate for various carbon coverages. All the samples displayed a uniform film covering
the Toray substrate when a coverage of 0.5 mg·cm-2 was applied (Figure 4. 34B, 3C). Also,
the amount of Nafion in the ink, did not seem to affect the coverage of the Toray substrate,
nor the adherence or the cohesion of the films.

A

B

500μm

500μm

C

D

200μm

500μm

Figure 4. 34. SEM images of (A) Toray paper used as underlying substrate (B) SA(70):N(30)/T
electrode, Γ = 0.5 mg cm-2; (C) SA(50):N(50)/T electrode, Γ = 0.5 mg cm-2 and (D) SA(70):N(30)/T
electrode, Γ = 0.92 mg cm-2.

Figure 4. 35 shows the immobilization of the enzyme on the biocathodes at various
coverages. Data shows that for the same carbon loading (i.e., Γ of 0.5) the amount of
confined cbFDH is higher when the amount of Nafion is 30 wt.%. It is worth noting that this
is the minimum amount of Nafion that guaranteed a proper cohesion of the films. Above 50
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wt.% Nafion concentration, the immobilization of cbFDH was compromised. Moreover,
increasing coverage of the films resulted in higher yields. For instance, 0.35 mg cbFDH /mg
carbon were immobilized on electrode SA(70):N(30)/T, with a coverage Γ of 0.92. This
amount of enzyme immobilized per mg of carbon for the electrode built on Toray paper is
almost the same one than that obtained when the immobilization was carried out on the
nanoporous carbon dispersed in PBS (0.375 mg FDH/mg carbon) as seen in Figure 4. 32
(vide supra). This finding confirms that the accessibility of the enzyme to the pores of the
nanoporous carbon support is not hindered by the Toray paper, thus the scaling up to the
fabrication of biocathodes of large dimensions is feasible.

2.56

1.91

1.18
0.88

0.14

0.24

0.32

0.27

0.35

0.05

SA(50):N(50)/T
Ƭ=0.50

SA(50):N(50)/T
Ƭ=0.78

SA(50):N(50)/T
Ƭ=0.83

SA(70):N(30)/T
Ƭ=0.50

SA(70):N(30)/T
Ƭ=0.92

Figure 4. 35. cbFDH immobilization on the carbon-based electrodes with varied carbon coverage
(Γ) and carbon to Nafion ratio (wt/wt.%). Adsorption is expressed as the mg of cbFDH (green bars),
or the amount adsorbed cbFDH per mg of carbon (blue bars). cbFDH immobilization on the Toray
paper alone was negligible.

For the immobilization of the Rh complex, electrode cbFDH/SA(70):N(30)/T with a
coverage of 0.93, and cbFDH/SA(50):N(50)/T with a coverage of 0.72 were chosen. The Rh
complex loading was 0.35 mg Rh/ mg carbon film in both cases, which is also in agreement
with the values obtained for the immobilization on the carbon dispersed in a PBS solution
(ca. 0.38 mg of [Cp*Rh(bpy)Cl]Cl /mg carbon). The immobilization yield was not affected
by the carbon:Nafion. Furthermore, the distribution of Rh complex on the electrodes surface
was quite homogenous (Figure 4. 36); this suggests that the presence of the enzyme on the
electrodes does not block the accessibility of the mediator to the pores of the carbon support.
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B

A

Figure 4. 36. SEM images showing the topography (A) and Rh mapping highlighted in blue (B) of
the Rh/cbFDH/SA electrode.

Formate synthesis using the biocathodes
Preparative electrolyses for formate production were carried out in a H-shape two
compartment electrochemical cell as is schematize in Figure 4. 37, using a proton ion
exchange membrane Nafion 112 (Dupont, France); each chamber was filled up with 65 mL
of 0.1 M PBS pH 7.4. Experiments were performed under controlled potential. The counter
electrode was a boron doped diamond (BDD) sheet placed in the anodic compartment. Either
Rh/cbFDH/SA(x):N(y)/T or cbFDH/SA(x):N(y)/T electrodes acted as working electrodes in
the cathodic compartment, whereas the reference electrode was a AgCl/Ag (3.0 M KCl)
through a luggin. Prior the electrochemical experiments, the cathodic compartment was
deoxygenated bubbling an argon stream for 30 min and then saturated with CO2, maintaining
a constant flow rate of 150 cm3 min-1 during the electrolysis. About 4.5 mg of NADH were
added to the cathodic solution before starting the electrolysis. The cathodic solution was
continuously stirred during the electrolysis.
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Figure 4. 37. Scheme of the H-shape electrochemical cell employed for formate bioelectrosynthesis.

The electrochemical reduction of CO2 was carried out following two approaches as depicted
in Figure 4. 38: namely the mediated and non-mediated NADH regeneration. The mediated
approach was carried out at -0.8 V on bioelectrode Rh/cbFDH/SA(x):N(y)/T (e.g., potential
needed for the reduction of Rh(III) to Rh(I) 27-28), while the non-mediated one was performed
at -1.2 V on bioelectrode FDH/SA(x):N(y)/T (e.g., potential for direct NAD+ reduction
54

29,

). Control electrosyntheses were carried out on electrode SA(50):N(50)/T (Γ of 0.8) under

similar conditions (e.g., -1.2 and -0.8 V during 5 h) in the absence and presence of cofactor
NADH.
Figure 4. 39 displays the formate production (ca. mg L-1 and µmol h-1 cbFDH mg-1)
along with the current efficiencies of the most representative bioelectrosyntheses. First, it
should be mentioned that the control experiments confirmed that the nanoporous carbon is
not an electroactive material for the production of formic acid. Despite the electrochemical
reduction of CO2 using metal-free carbon electrocatalysts has been reported

55-56

, the poor

surface functionalization of the nanoporous carbon used in this study would be responsible
for its very low electrocatalytic activity.
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Figure 4. 38. Scheme of the electrochemical approaches tested for the production of formate using
a biocathode without (approach A) and with (approach B) [Cp*Rh(bpy)Cl]Cl nanoconfined in
nanoporous carbon SA.

32.6

13.4
11.4

0.05

0.3

0.1

cbFDH/SA(70):N(30)/T
Ƭ=0.52 -1.2V

0.8

2.4

Rh/cbFDH/SA(50):N(50)/T
Ƭ=0.78 -0.8V

1.5
Rh/cbFDH/SA(70):N(30)/T
Ƭ=0.93 -0.8V

Figure 4. 39. Formate production rates expressed in µmol per hour and mass of enzyme (i.e., μmol hmgFDH-1, blue bars); mg L-1 of formate (orange bar); and current efficiencies of the formate
production (grey bars). Reaction time equal 5 h.
1
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Furthermore, the direct NADH electrochemical regeneration over the electrode
surface (without mediator) was also explored on biocathode cbFDH/SA(70):N(30)/T (Γ of
0.5) in the presence of NADH at -1.2 V. Data confirmed a poor formate production rate of
0.05 and a low nominal formate concentration of 0.32 mg·L-1, as expected for the low current
efficiency of the electrochemical regeneration of NADH cofactor reported on carbon
electrodes 29, 57.
On the other hand, the electrosynthesis for the mediated reaction on electrodes
Rh/cbFDH/SA(50):N(50)/T and Rh/cbFDH/SA(70):N(30)/T at -0.8 V rendered formate
concentrations of 2.4 and 13.3 mg·L-1, respectively. The higher formate concentration
obtained for the latter can be attributed to the higher amount of protein immobilized
(coverage is also higher). In terms of formate production rates normalized per amount of the
enzyme, the production of biocathode Rh/cbFDH/SA(70):N(30)/T (Γ of 0.93) is still twice
higher than that of Rh/cbFDH/SA(50):N(50)/T (Γ of 0.78), and the faradaic efficiency is also
higher (Figure 4. 39).
Chronoamperometric experiments revealed a constant current density of 0.08 mA
cm-2 during the electrolysis at -0.8 V, regardless the electrodes coverage, or the content of
Nafion of the biocathodes. This current density is lower than that reported for other m-FDH
enzymes in solution (ca. 0.55 mA cm-2)

58

; however it should be bear in mind that such

comparison is not straightforward due to the different electrocatalytic activity in solution
and a nanoconfined state. Indeed, accessibility restrictions of NAD+ cofactor to reach the
redox mediator or gas diffusional problems of CO2 to reach the nanoconfined cbFDH in the
tortuous pore structure of the carbon material cannot be completely ruled out in our system;
these could be responsible for the limited current efficiency to ca. 33 % (Figure 4. 39).
Further studies are needed to explore the effect of the pore connectivity of the carbon support
for avoiding diffusion problems. The use of nanoporous carbons with a narrow and
interconnected pore-controlled mesoporous network matching the dimension of FDH
enzymes is expected to throw some light on the optimization of the biocathodes for a scalable
fabrication.
To the best knowledge, there are no available works on the electroenzymatic
reduction of CO2 of NAD-dependent FDH immobilized on nanoporous carbons; most of the
studies have been performed in solution. For instance, Jung et al

24

reported a formate

production of 2.1 · 10-3 µmol min-1 mg-1 after 5 h of reaction using copper foil cathode, and
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Rh complex mediator for the regeneration of the cofactor. The performance of these
electrodes is lower than herein reported values for biocathode Rh/FDH/SA(70)/N(30)/T
(25·10-3 µmol min-1 mg-1) (Figure 4. 39), corroborating the beneficial effect of the
nanoconfinement on the performance and efficiency of the biocathodes. Other authors have
reported the bioelectrochemical reduction of CO2 using metallic-FDH

59

, as well as other

cathodes (e.g., glassy carbon) and redox mediators (e.g., methylviologen), with still low
performance (3.1·10-3 µmol min-1 U-1)

58

than herein reported configuration (33.0·10-3

µmol min-1 U-1).

4.5.2. Concluding remarks
The co-immobilization of the formate dehydrogenase from Candida Boidinii and the
Rh complex mediator [Cp*Rh(bpy)Cl]Cl on a nanoporous carbon with a well-developed
pore structure in the full micro- and mesopore range was investigated as biocathode for the
electrochemical reduction of CO2 to formic acid (formate). The enzyme nanoconfined in the
nanoporous carbon retained its enzymatic activity, and provided a higher formate production
rate in the presence of NADH, compared to results obtained using the enzyme in solution.
Furthermore, co-immobilization of the redox mediator for the regeneration of the cofactor
on the nanoporous carbon was successfully performed as inferred from the direct electron
transfer reaction observed. The incorporation of Nafion as binder for the preparation of the
biocathodes did not modify the immobilization rate or the performance of the enzyme,
allowing the fabrication of relatively large electrodes (i.e., 2x3 cm).
The electrocatalytic activity of the biocathodes incorporating different Nafion to
nanoporous carbon ratios was superior in terms of formate production rates than that of the
enzyme in solution (even when low amounts of enzyme were immobilized). Faradaic
efficiencies were over 30 % for the biocathode prepared with the highest nanoporous carbon
to Nafion ratio and the highest coverage. These results are most promising for the
bioelectrosynthesis of formate at laboratory scale, and forecast interesting perspectives on
the use of bioelectrochemical systems for the synthesis of chemicals and fuels. On the other
hand, the reusability and long-term stability of the biocathodes working in a polymer
electrolyte membrane electrochemical reactor are issues to be addressed in the near future.
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Final remarks on the doctoral thesis
The bioelectrocatalysis continues to pave the way for a large number of
applications through the development of electrochemical biosensors, bioelectrosynthesis,
energy storage, and energy conversion. However, the settle down of technical processes
derived from bioelectrocatalysis must face on important challenges associated with the
robustness, long-term stability, reproducibility, and cost–effective mass production in
terms of materials and manufacture of the electrochemical devices, thereby promoting its
appropriate commercialization.
This doctoral thesis pointed out, first of all, at the exploration of novel materials,
design and improvement of bioelectrocatalytic strategies, and fabrication of different
electrochemical devices, mainly, with emphasis on the detection and determination of
metabolites and/or biomarkers within complex human embryo cell culture media. In this
regard, the modification of screen printed carbon electrode by drop casting of a composite
made of carboxylated multi-walled carbon nanotubes and the biopolymer chitosan resulted
to be the pavement for an effective immobilization of lactate oxidase required for the
fabrication of an electrochemical lactate biosensor. The determination of lactate with high
performance in real cell culture media coming from the activity of in vitro fertilization was
successfully addressed. This doctoral thesis went far beyond the modification of the
graphitic like working electrode, so the formulation ink of the screen-printed carbon
platform was modified by the incorporation of cobalt phthalocyanine to prompt the
electrocatalytic determination of the amino acid cysteine within human embryo cell culture
media with excellent reproducibility and sensitivity. The depletion or production of such
metabolites can be easily monitored ex-situ or in-situ by using the electrochemical
(bio)sensors developed and optimised in this doctoral thesis.
Secondly, this doctoral thesis set out novel synthetic routes of carbon-based
materials with higher control of pore size and pore size distribution. Such materials may
offer a great opportunity to be used in fields such as sensing and biosensing, for its large
surface areas, pore connectivity and ordered structure, biocompatibility, and mechanical
and chemical stability. A paradigm in this doctoral thesis was the synthesis and the
electrochemical characterization of macroporous carbons based materials obtained by the
replication method. This ordered three-dimensional structure material presented adequate
properties to be used as electrodes with applications in sensing of biomolecules.
Furthermore, in this doctoral thesis, microporous materials which offered a bigger
specificity regarding smaller molecules detection or specific adsorption/capture such as
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molecular hydrogen were also used. From the electrochemical study of two novel materials
with intrinsic microporosity, two outstanding applications were discussed in this doctoral
thesis. The first one referred to the carbonization of one polymer with intrinsic
microporosity (PIM) giving rise to a material with a supercapacitive behaviour. Once the
material was hydrated, it showed an activation/deactivation of the capacitance increase in a
specific pH range. These properties made it a potential material to be presented as a
capacitive pH sensor. The second one regarded the electrochemical characterization of the
porous organic cage CC3 that allowed capturing and storing molecular hydrogen with
astonishing applications in energy storage.
The doctoral thesis finally aimed at the search of bioelectrochemical processes
regarding confined cytochrome c and formate dehydrogenase into nanoporous carbon
materials with well-developed mesoporosity. The immobilization of cytochrome c gave
rise to the feasibility of electrochemical biosensor performance for the detection of
hydrogen peroxide, although the use of confined cytochrome c as nanobioreactors for
oxidative environmental remediation is still open. The second protein of study was related
to the reduction of carbon dioxide, not only for the mitigation of the climate change but
also for the carbon dioxide utilization towards the production of high added value
chemicals and fuels. In this regard, the use of mesoporous carbon materials was pivotal for
successful immobilization of formate dehydrogenase from Candida Boidinii (cbFDH).
Particularly, the confinement of such protein was found to be dependent on the cavity and
neck pore size, being necessary at least to match pore and protein dimensions. Enzymatic
activity of the cbFDH was retained after confinement into the mesoporous carbons.
Beyond adsorption, this doctoral thesis targeted successfully the co-immobilization of the
cbFDH and the redox mediator [Cp * Rh (bpy) Cl] Cl, the later needed for the regeneration
of the cofactor NADH, into a micro/mesoporous carbon-based material for the preparation
of a biocathode pointing at the electrochemically conversion of carbon dioxide to formic
acid.
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Annexe I

I.

ANALYTICAL REAGENTS AND SUPPLIERS

Bovine Serum Albumin, BSA, (≥ 98 %)

Sigma-Aldrich

2,2´-Bipyridyl, (≥ 99 %)

Sigma-Aldrich

Chitosan (CS), low molecular weight

Sigma-Aldrich

Chloroform

Sigma-Aldrich

D-Glucose

Fluka

Ferrocenemethanol FcMe, (≥ 97 %)

Sigma-Aldrich

Isopropanol

Sigma-Aldrich

Multi-walled carbon nanotubes (MWCNT),
DropSens

functionalized with carboxylic groups
Nafion-117, perfluorinated resin 5 wt.% in

Sigma-Aldrich

isopropyl/water solution
Perchloric acid, (70 %)

Sigma-Aldrich

Phosphoric acid, (99 – 100 %)

J. T. Backer

Pentamethylcyclopentadienylrhodium

(III)

chloride dimer, (≥ 97 %)

Sigma-Aldrich

Sodium pyruvate

Sigma-Aldrich

Sodium L-lactate, (≥ 99 %)

Fluka

Sodium dihydrogenphosphate (99 %)

Sigma-Aldrich

Sodium phosphate dibasic heptahydrate

Sigma-Aldrich

Sodium hydroxide, pellets (99 %)

Scharlau
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II.

BIOCOMPONENTS AND SUPPLIERS

Ascorbic acid (AA), from the highest
available quality and was used without

Sigma-Aldrich

further purification.

β-Nicotinamide adenine dinucleotide
sodium salt (NAD+), highest available

Sigma-Aldrich

quality and was used without further
purification.

β-Nicotinamide adenine dinucleotide,
reduced dipotassium salt (NADH), highest
available quality and was used without

Sigma-Aldrich

further purification.
Cytochrome c from equine heart (95 %),
lyophilized protein mainly in the oxidized

Sigma-Aldrich

form, molecular weight: 12,500 Da
Dopamine (DA), from the highest available
quality and was used without further

Sigma-Aldrich

purification.

Formate dehydrogenase from Candida
Boidinii, lyophilized powder, 5.0-15.0

Sigma-Aldrich

units/mg protein

G1, cell culture medium of human embryos
from the pronucleate stage to day 2 - 3
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G1-plus, cell culture medium of human
embryos from the pronucleate stage to day 2
– 3 with the presence of Human Serum

Vitrolife

Albumin (HSA)

GMOPS, handling and manipulating embryo
solution

Vitrolife

G2, cell culture medium free of human
Serum Albumin protein (HSA)

Vitrolife

Horse Radish Peroxidase HRP, ~150 U mg-1

Sigma-Aldrich

Lactate oxidase from Pediococcus,
lyophilized powder, activity ≥20 U mg-1,

Sigma-Aldrich

100 Units
Uric acid (UA), highest available quality
and was used without further purification.

III.

Sigma-Aldrich

SOLVENTS AND SOLUTIONS
Doubly distilled water
All solutions were prepared with doubly deionized water of resistivity not less

than 18.2 MΩ cm (at 293 K), using Milli-Qplus system of Millipore.
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Phosphate solutions
Electrochemical experiments were performed in 0.1M sodium phosphate buffer
solution (PBS) adjusted at pH 7.4 composed of a mixture of NaH2PO4 and Na2HPO4. pH
values between 5.0 and 9.0 were prepared by using both Na2HPO4 and NH2PO4 in a
proper mole ratio. Phosphate solutions at more extreme pH values were made up using
either 0.1M NaH2PO4 or Na2HPO4 aqueous solutions setting pH values with either
phosphoric acid or concentrated NaOH solution. pH measurements were carried out with
a Crison Micro pH 2000 pH-meter.

[Cp*Rh(bpy)Cl]Cl synthesis.
The rhodium complex, (2,2´- Bipyridyl)(pentamethylcyclopentadienyl)rhodium,
was selected as redox mediator for the regeneration of NADH cofactor in chapter 4.
Pentamethylcyclopentadienylrhodium (III) chloride dimer and 2,2´-bipyridyl (bpy) were
used for the synthesis of the rhodium complex [Cp*Rh(bpy)Cl]Cl. The synthesis of
[Cp*Rh(bpy)Cl]Cl was synthesised by following the procedure described elsewhere in
[19, 20] with slight modifications. Briefly, two equivalents of 2,2´-bipyridyl was added
to 1.0 equivalent of Cp*RhCl2 in 2 mL of MeOH previously dissolved. On bpy addition,
the garnet suspension clears up and orange solution was formed. The dispersion was
stirred during 4 hours. Finally, [Cp*Rh(bpy)Cl]Cl was precipitated with the addition of
diethyl ether.
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Annexe II
I.

Publications on the scope of the thesis
Electrochemical lactate biosensor based upon chitosan/carbon nanotubes
modified screen-printed graphite electrodes for the determination of lactate in
embryonic cell cultures.
2016 - Biosensors & Bioelectronics. Volumen 77, 1168-1174, Naiara HernándezIbáñez, Leticia García-Cruz, Vicente Montiel, Christopher W. Foster, Craig E.
Banks, Jesus Iniesta.
L-Cysteine determination in embryo cell culture media using Co(II)phthalocyanine modified disposable screen-printed electrodes
2016 - Journal of Electroanalytical Chemistry. Volumen 780, 303-310, Naiara
Hernández-Ibáñez, Ignacio Sanjuán, Miguel Ángel Montiel, Christopher W.
Foster, Craig E. Banks, Jesus Iniesta.

Carbonization of polymers of intrinsic microporosity to microporous
heterocarbon: Capacitive pH measurements
2017- Applied Materials Today - Volume 9, 136-144, Naiara Hernández Ibáñez,
Jesus Iniesta, Vicente Montiel Leguey, Robert Armstrong, Stuart H. Taylor, Elena
Madrid, Yuanyang Rong, Rémi Castaing, Richard Malpass-Evans, Mariolino
Carta, Neil B. McKeown, Frank Marken

PH effects on molecular hydrogen storage in porous organic cages deposited onto
platinum electrodes
2018 - Journal of Electroanalytical Chemistry, Volume 819, 46-50. Naiara
Hernández-Ibáñez, Jet-Sing M. Lee, Jesus Iniesta, Vicente Montiel Leguey,
Michael E. Briggs, Andrew I. Cooper, Elena Madrid, Frank Marken
Fabrication, characterization and electrochemical response of pitch-derived
open-pore carbon foams as electrodes.
2018 - Journal of Applied Electrochemistry - Volumen 48, Number 3, 329–342,
Naiara Hernández-Ibáñez, Vicente Montiel, José Miguel Molina-Jordá,
Jesus Iniesta.
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In revision
Effect of confinement of Cytochrome c and formate dehydrogenase on
mesoporous carbons on their catalytic activity.
Naiara Hernández-Ibáñez, Alicia Gomis-Berenguer, Vicente Montiel,
Conchi Ania, Jesus Iniesta.

Fabrication of a biocathode for formate production using confined Formate
Dehydrogenase from Candida Boidinii into a nanoporous carbon.
Naiara Hernández-Ibáñez, Vicente Montiel, Conchi Ania, Jesus Iniesta.

II.

Another Publications
Boron-doped diamond electrodes explored for the electroanalytical detection of
7-methylguanine and applied for its sensing within urine samples
2016-Electrochimica Acta, Volumen 197, 167-178, Ignacio Sanjuán, Ariadna
Brotons, Naiara Hernández-Ibáñez, Christopher W. Foster, Craig E. Banks, Jesús
Iniesta.

The electrochemistry of 5-halocytosines at carbon based electrodes towards
epigenetic sensing
2018. Electrochimica Acta, Volume 282, 459-468016, Ignacio Sanjuán, Andrés
Noel Martín Gómez, Jacob D. Graham, Naiara Hernández-Ibáñez, Craig E.
Banks, Thies Thiemann, Jesús Iniesta.

Platinum nanoparticle inclusion into a carbonized polymer of intrinsic
microporosity: Electrochemical characteristics of a catalyst for electroless
hydrogen peroxide production
2018, Nanomaterials,Volume 8, Issue 7, Article number 542, Robert K. Adamik,
Naiara Hernández-Ibáñez, Jesus Iniesta, Jennifer K. Edwards, Alexander G. R.
Howe, Robert D. Armstrong, Stuart H. Taylor, Alberto Roldan, Yuanyang Rong,
Richard Malpass-Evans, Mariolino Carta, Neil B. McKeown, Daping He and
Frank Marken.
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III.

Patents on the scope of the thesis
Procedimiento de preparación de biosensor amperométrico de lactato, biosensor
obtenido mediante ese procedimiento y su uso en medios complejos.
2016 - Patente de invención. Entidad titular: Universidad de Alicante. Nº de
publicación: WO/2016/097431. País de prioridad: España. Naiara HernándezIbáñez, Vicente Montiel, Craig E. Banks, Jesús Iniesta.

IV.

Participation in public and private projects
Métodos electroquímicos aplicados en técnicas de reproducción asistida.
Entidades que participan: Universidad de Alicante y Centro Ginecológico
Alicantino s.l.u. (Unidad de reproducción de la Clínica Vistahermosa, Alicante,
España).

Desarrollo de nuevos materiales catalíticos para la valorización electroquímica
de CO2. Proyecto europeo CTQ2013-48280-C3-3-R.
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