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CONTENIDOS Y ESTRUCTURA DE LA TESIS 

En la presente Tesis Doctoral se han preparado y caracterizado diferentes 

series de materiales basados en carbono, tanto carbones activados como 

materiales compuestos óxido metálico - xerogel de carbón. Estos materiales se 

obtuvieron mediante activación con KOH y H3PO4 de diferentes residuos agrícolas 

tales como maderas de olivo, higuera y chirimoya, además se ha empleado como 

material de partida un residuo de la industria oleícola, el alperujo, subproducto 

obtenido durante el sistema continuo de extracción de dos fases y que consiste 

de una mezcla de alpechín y orujo. Se trata de un residuo altamente contaminante 

que, según las actuales normativas medioambientales, debe ser separado antes 

de destinarlo a cualquier uso como la obtención de energía.  

Por otra parte, se han sintetizado también materiales compuestos óxidos 

metálicos - xerogel de carbón, seleccionándose los óxidos: TiO2, ZrO2 y V2O5. Los 

materiales preparados han sido caracterizados química y texturalmente, y 

empleados como electrodos de condensadores electroquímicos para el 

almacenamiento de energía eléctrica en forma electrostática, y en la reacción de 

electro-reducción de O2. 

Esta Tesis Doctoral se enmarca dentro de los proyectos de investigación  

que se han desarrollado en el Grupo de Investigación en Materiales de Carbón de 

la Universidad de Granada. Estos proyectos han sido: “Transformado de desechos 

del olivar en materiales avanzados para la conversión electro-catalítica de CO2 en 

hidrocarburos” Proyecto de Excelencia de la Junta de Andalucía, P12-RNM-2892, 

y “Reducción de emisiones de CO2 y tecnologías de almacenamiento de energías 

renovables empleando materiales avanzados de carbón”, financiado por el 

Ministerio de Economía y Competitividad y fondos FEDER, CTQ2013-44789-R. 

El trabajo desarrollado durante la realización de esta Tesis Doctoral se ha 

organizado en diferentes Capítulos cuyos contenidos son los siguientes: 
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Capítulo I: Introducción y Objetivos. 

Se presenta una introducción y revisión bibliográfica sobre los distintos 

materiales de carbón y su aplicación para el almacenamiento de energía, así 

como,  un estudio de los parámetros que influyen y que  son determinantes en 

estas aplicaciones como la presencia de diferentes grupos superficiales y de 

óxidos de metales. Por otra parte, se presenta una revisión bibliografía sobre la 

electro-reducción del oxigeno y los tipos de materiales usados para esta aplicación 

junto con las características de los materiales usados. 

Capítulo II: Métodos y técnicas de caracterización 

Se describen métodos de preparación, caracterización textural y química 

de  los diferentes materiales preparados y también las técnicas usadas en los 

procesos de las dos aplicaciones. 

Capítulo III: Preparación de carbones activados a partir de residuos de la 

industria oleícola mediante activación con KOH y H3PO4. Estudio de su aplicación 

como electrodos de supercondensadores. 

En este capítulo se lleva a cabo el estudio de la preparación de muestras 

de carbón activado a partir de alpechín mediante activación química con KOH y 

H3PO4. Se analiza el efecto del método de preparación sobre la características 

texturales y químicas de las muestras, La influencia de la porosidad y los grupos 

superficiales sobre el comportamiento de esos materiales como electrodos para 

almacenamiento de energía en medio acido H2SO4, 1M. 

Capítulo IV: Electrocatalizadores libres de metal  para la electro-reducción de 

oxígeno obtenidos a partir de los residuos de biomasa de la industria oleícola. 

Se realiza el estudio del tratamiento superficial de muestras de carbón 

activado preparadas a partir del alpechín con acido tioglicólico para introducir 

grupos superficiales de azufre y su efecto sobre el comportamiento como 

electrocatalizadores para la reacción de reducción de oxígeno en KOH 0.1 M. 
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Capítulo V: Carbones activados preparados a partir de subproductos agrícolas, 

y dopados con azufre mediante tratamiento solvotermal, como electrodos de 

supercondensadores. 

Se dedica al estudio del efecto del tratamiento de las muestras de alperujo 

con acido tioglicólico a diferentes porcentajes y su comportamiento como 

electrodos de condensadores de doble capa eléctrica en medio H2SO4 1M y KOH 

6 M.  

Capítulo VI: Preparación de carbones mediante activación química con H3PO4 

y KOH de maderas para su uso como electrodos de condensadores 

electroquímicos.  

En este capítulo se describe la preparación y caracterización de muestras 

de carbón activado a partir de tres tipos de maderas, olivo, higuera y chirimoya 

mediante el proceso de activación química con KOH y H3PO4 y el estudio de sus 

características texturales y químicas y su comportamiento como electrodos para 

almacenamiento de energía. 

Capítulo VII: Influencia de la química superficial de carbones activados, 

preparados a partir de residuos de madera, en su comportamiento electroquímico. 

A partir de muestras seleccionadas de carbón activado descritas en el 

capítulo anterior, se estudia el efecto de la modificación química mediante la 

introducción de grupos superficiales mediante tratamiento con 4 agentes, dos para 

la oxidación y dos otros para introducir grupos nitrogenados. Los agentes usados 

son ácido nítrico, peroxidisultato amónico, melamina y carbamato amónico. 

Finalmente se estudia el efecto de esos tratamientos sobre las características 

electroquímicas de esas muestras como electrodos para supercondensadores. 

Capítulo VIII: Materiales compuestos carbón-óxido de titanio como electrodos 

de supercondensadores. 

En este capítulo se describe la preparación y caracterización química y 

textural de materiales compuestos carbón-óxido de titanio y se realiza un estudio 

de sus aplicaciones como electrodos de doble capa eléctrica. 
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Capítulo IX: Comportamiento electroquímico de supercondensadores basados 

en materiales compuestos carbón-ZrO2. 

Se presentan los resultados obtenidos de la utilización de materiales 

compuestos de xerogeles de carbono y oxido de zirconio como electrodos para 

almacenamiento de energía y el efecto del contenido de zirconio sobre las 

características electroquímicas de los electrodos. 

Capítulo X: Preparación de microesferas de carbón recubiertas de óxido de 

vanadio para su uso como electrodos de supercondensadores. 

Se estudia la preparación y la caracterización de materiales compuestos 

de xerogeles de carbono y oxido de vanadio y sus aplicaciones como electrodos 

para el almacenamiento de energía. 
Capítulo XI: Nuevos materiales compuestos carbón-óxido de vanadio como 

catalizadores para la electro-reducción de oxígeno. 

Se presentan los resultados de la utilización de materiales compuestos de 

xerogeles de carbono con diferentes porcentajes de oxido de vanadio como 

catalizadores para la electro-reducción de oxigeno en medio alcalino KOH 0.1 M. 

Capítulo XII: Conclusiones generales. 

Parte de los resultados del trabajo de investigación realizado durante el 

desarrollo de esta Tesis se recogen en los siguientes artículos de difusión 

internacional: 

1. Abdelhakim Elmouwahidi; Esther Bailón-García; Agustín F. Pérez-Cadenas; 
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1. INTRODUCCIÓN 

El consumo energético mundial aumenta sin cesar, impulsado tanto por el 

crecimiento socioeconómico de las naciones como por el aumento de la población 

mundial, que alcanzará los 9.100 millones en el año 2050, (Figura 1). Las 

abundantes reservas mundiales de combustibles fósiles hacen suponer que este 

recurso seguirá siendo utilizado durante muchos años. No obstante cada vez 

existe una mayor alarma y leyes más restrictivas que afectan a las emisiones de 

gases efecto invernadero y un creciente interés por la protección y cuidado del 

medio ambiente ante la amenaza del Calentamiento Global. 

 

Figura 1. Consumo energético mundial per cápita entre los años 1960 y 2014. 

http://www.bancomundial.org/ 

 

La Agencia Internacional de Energía (IEA por sus siglas en inglés) en su 

informe del año 2016 [1] (Figura 2) puso de manifiesto la gran dependencia que 

aún hoy en día existe hacia las fuentes de energía de origen fósil y su variación 

desde el año 1973 al año 2014. La versatilidad y abundancia de reservas de 

combustibles fósiles en todo el mundo hace suponer que este recurso va a seguir 

siendo utilizado en los próximos años. La necesidad de generar energía eléctrica 

en el mismo momento en que se produce su demanda hace que el funcionamiento 

de los sistemas eléctricos sea complejo, esto es debido a la gran dificultad que 

actualmente existe para su almacenamiento.  
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Figura 2. Origen de las fuentes primarias de energía empleadas en el mundo 

 

Durante este periodo la producción de energía a partir de biomasa apenas 

ha sufrido variación debido a las problemáticas generadas por su implantación 

como son: sistemas de monocultivo y problemas de seguridad alimentaria debido 

al incorrecto uso del recurso suelo. El uso de productos agrícolas para la 

producción de biocombustibles provoca un incremento en los precios de productos 

alimenticios al ser estos usados en la producción de biocombustibles como la caña 

de azúcar, el arroz, el maíz y la palma de cera entre otros. Así, de acuerdo con el 

informe emitido por la Organización de las Naciones Unidas para la Alimentación 

y la Agricultura (FAO) (2013), se está generando un nuevo reto para mantener en 

equilibrio entre progreso y sostenibilidad. 

Una de las principales limitaciones que presentan las energías renovables, 

especialmente eólica, solar y mareomotriz (entre otras), cuyo crecimiento en el 

mismo periodo correspondió a un 1,3 %, es que su producción fluctúa con las 

condiciones climatológicas. Con el fin de garantizar un uso eficiente y sostenible 

de las energías obtenidas a partir de fuentes renovables, se hace necesario el 

almacenamiento de estas energías durante los picos de producción, para 

posteriormente liberarlos en los sistemas de suministro eléctrico durante las horas 

de mayor demanda o cuando los niveles de producción sean bajos en relación con 

la demanda energética. Por esta razón, se ha intensificado la búsqueda de 
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sistemas más eficientes que permitan el almacenamiento y suministro de la 

energía con mayor durabilidad y mejores tiempos de respuesta durante los ciclos 

de carga y descarga. 

Los dispositivos diseñados para el almacenamiento de energía eléctrica, 

se clasifican generalmente de acuerdo con el sistema de almacenamiento que 

utilizan; pudiendo ser este indirecto como en el caso de las baterías, en el que la 

energía es almacenada en forma de energía química potencialmente disponible 

donde en el proceso de oxidación - reducción de las especies 

electroquímicamente activas y los procesos directos, en estos la energía es 

almacenada a manera de cargas electrostáticas; como en el caso de los 

condensadores, en forma de cargas positivas y negativas en los electrodos. 

Los sistemas de mayor interés para generar y almacenar energía eléctrica 

son las celdas de combustible, baterías recargables y supercondensadores, los 

cuales son una alternativa para mitigar el impacto ambiental, reduciendo la huella 

de carbono y el calentamiento global. Si se dispusiese de un almacenamiento 

eficiente, las energías renovables no tendrían límites técnicos, y estarían 

sometidas tan solo a límites económicos marcados por los precios de mercado. 

Estas técnicas de almacenamiento de energía eléctrica (Electric Energy Storage 

– EES) también pueden aplicarse en otros sectores tales como el de la automoción 

y el industrial. 

La selección del tipo de EES, para una aplicación específica con un 

adecuado funcionamiento y un mínimo consumo de energía, dependerá de la 

carga que acepte el dispositivo a un voltaje fijo, tiempo de almacenamiento y 

número de ciclos de carga-descarga a un voltaje determinado [2,3]. 

Las baterías y los condensadores electroquímicos o supercondensadores 

(SCs) se consideran como las tecnologías más destacadas para un EES eficiente. 

En la Figura 3 se presenta el diagrama de Ragone [4], en el cual se compara la 

energía específica con la potencia específica de diversos sistemas de 

almacenamiento de energía. En esta figura se observa como los 

supercondensadores cubren el espacio de necesidades energéticas existente 
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entre los condensadores convencionales (electrolíticos o película metálica) y las 

baterías. Los condensadores electroquímicos funcionan mediante procesos no 

farádicos, por lo que idealmente el material del electrodo no presenta mayores 

cambios durante el proceso de almacenamiento de energía el cual es mucho más 

rápido que el realizado por las baterías, razón por la cual a pesar de poseer 

generalmente densidades de energía más bajas que las de las baterías estos 

presentan mayores densidades de potencia. Los SCs pueden utilizarse en 

sistemas que requieran energía durante tiempos comprendidos entre 10-2 s ≤ t ≤ 

102 s. En comparación con las baterías recargables, los SCs tienen una densidad 

de 1 a 500 veces menor y una potencia de 1 a 3 órdenes de magnitud superior, 

alta reversibilidad de carga/descarga. Adicionalmente, los SCs no tienen partes 

móviles, son dispositivos seguros, no requieren enfriamiento ni otras instalaciones 

o servicios auxiliares, no necesitan mantenimiento, son ampliamente modulares 

respecto al voltaje y capacidad, se pueden producir a bajo costo y muy poco 

contaminantes. Las baterías almacenan energía mediante reacciones químicas 

capaces de generar carga mientras que los SCs almacenan energía 

electroquímica directamente como carga. 

 

Figura 3. Diagrama de Ragone para los principales dispositivos empleados 

para el almacenamiento de energía. 
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El la Tabla 1 se comparan las características más importantes entre 

condensadores electrolíticos, supercondensadores y baterías [5]. En comparación 

con las baterías recargables, los SCs tienen una densidad de 1 a 500 veces menor 

y una potencia de 1 a 3 órdenes de magnitud superior, alta reversibilidad de 

carga/descarga. Adicionalmente, los SCs no tienen partes movibles, son 

dispositivos seguros, no requieren enfriamiento ni otras instalaciones o servicios 

auxiliares, no necesitan mantenimiento, son ampliamente modulares respecto al 

voltaje y capacidad, se pueden producir a bajo costo y muy poco contaminantes 

[6,7]. Las baterías almacenan energía mediante reacciones químicas capaces de 

generar carga mientras que los SCs almacenan energía electroquímica 

directamente como carga. 

Tabla 1. Características de los dispositivos para almacenamiento de energía 

eléctrica 

Característica Condensador  Supercondensador  Batería 
Energía específica 
(Wh/kg) 

< 0,1 1 – 10 h 10-100 

Potencia específica 
(W/kg) 

>> 10000 500 – 10000 <1000 

Tiempo de 
descarga (s) 

10-6 a 10-3 10-2 s ≤ t ≤ 102 s 0,3 – 3 h 

Tiempo de carga 
(s) 

10-6 a 10-3 10-2 s ≤ t ≤ 102 s 1 – 5 h 

Eficiencia 
carga/descarga (%) 

~100 85-98 75 – 85 

Ciclos de vida Infinito >500000 ~1000 
Determinante 
máximo potencial 

Espesor y 
resistencia 
dieléctrico 

Potencial de 
estabilidad entre 

electrodo y 
electrolito 

Termodinámica 
de las 

reacciones de 
fase 

Determinante carga 
almacenada 

Área electrodo 
y dieléctrico 

Microestructura del 
electrodo y 

composición del 
electrolito 

Masa activa y 
termodinámica 
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Otra línea de investigación muy ligada a la apuesta por la transición del 

modelo energético es la Reacción de Electro - Reducción de Oxígeno (ORR) [8]. 

Esta reacción forma parte del proceso catódico de las pilas de combustible, siendo 

también motivo de estudio de la presente Tesis Doctoral. Las pilas de combustible 

son dispositivos electroquímicos capaces de convertir energía química en energía 

eléctrica mediante la electro-oxidación de un combustible, como por ejemplo 

hidrógeno o metanol. Dicha oxidación se lleva a cabo en el compartimento 

anódico, mientras que en el catódico se lleva a cabo la reacción de electro-

reducción, usualmente una ORR en la que la fuente de oxígeno utilizada es aire 

en la mayoría de los casos. Sin embargo, Las pilas de combustible todavía se 

enfrentan a algunos problemas que retrasan su incorporación al mercado 

energético, tales como factores económicos, problemas de diseño de materiales, 

así como otras cuestiones técnicas de operación del dispositivo. Ya a principios 

del siglo XX las pilas de combustible experimentaron una gran atención debido al 

aumento del uso de la electricidad y su obtención. La primera implementación 

exitosa de las pilas de combustible giró en torno a las tecnologías espaciales, 

proporcionando la energía eléctrica requerida en el vehículo, calor y además agua 

potable para la tripulación. El agua es el único producto de reacción cuando el 

combustible utilizado es hidrógeno. Desde un punto de vista del mecanismo de 

funcionamiento del dispositivo, las pilas de combustible tienen similitudes con las 

baterías y los motores, sin embargo, tiene una gran ventaja y es que no necesitan 

recargase. Además cuando solamente se obtiene agua como “residuo”, estos 

dispositivos son muy interesantes en un contexto medio ambiental. En resumen, 

las pilas de combustible pueden encontrar aplicaciones comerciales muy 

interesantes en el ámbito del transporte, la generación de energía estacionaria, y 

en dispositivos portátiles de baja potencia. Sin embargo, todavía presentan dos 

limitaciones significativas que afectan su disponibilidad en el mercado: coste y 

fiabilidad [8]. El abaratamiento del coste pasa fundamentalmente por el desarrollo 

de nuevos electro-catalizadores más económicos para la reacción catódica, es 

decir la electro-reducción de oxígeno. 
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1.1. SUPERCONDENSADORES 

El primer condensador electroquímico fue patentado en 1957 por General 

Electric Company, quienes diseñaron un dispositivo basado en el modelo de 

almacenamiento de energía eléctrica en la doble capa, propuesto inicialmente por 

Helmholtz, este condensador compuesto por electrodos de carbón poroso usaba 

el mecanismo de almacenamiento de energía en la doble capa para cargarse; a 

partir de entonces se han diseñado una serie de dispositivos para el 

almacenamiento de energía entre los que merece la pena destacar los recogidos 

en la Tabla 2 [5]. 

Los supercondensadores son una nueva generación de condensadores 

similares a los dispositivos de almacenamiento químico de energía, baterías, que 

pueden almacenar una carga eléctrica moderada, entre 10 a 1000 veces superior 

a los condensadores convencionales, pero manteniendo prácticamente la misma 

densidades de potencia. Los SCs también poseen alta capacidad de 

almacenamiento de energía y altas densidades de potencia (10 - 106 W kg-1), 

tiempo de respuesta más bajos (0,3 - 3 s) y estabilidad en cada ciclo carga y 

descarga sin afectar su rendimiento [6,9]. 

Los SCs se fundamentan en procesos electroquímicos, estos dispositivos 

están constituidos por un electrolito, dos electrodos (ánodo y cátodo) y un 

separador poroso que impide el contacto electrónico entre los materiales 

conductores [10]. El electrolito debe tener una elevada conductividad iónica y una 

baja conductividad eléctrica de manera que los electrones son obligados a circular 

por el exterior del dispositivo, proporcionando así la energía deseada. En el caso 

de los electrodos las conductividades iónica y electrónica deben ser elevadas. 

Las principales limitaciones de los SCs son la baja densidad de energía, 

mayor velocidad de auto-descarga y costes de fabricación más elevados que las 

baterías. Hoy día se están llevando a cabo grandes esfuerzos para aumentar la 

densidad de energía mediante la preparación de electrodos con materiales de 

mayor capacidad específica, materiales con una porosidad que se adapte al 
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tamaño de los iones del electrolito y electrolitos líquidos con un mayor rango de 

voltaje de trabajo [10].  

 

Tabla 2. Condensadores comercialmente disponibles, voltaje de operación y 

capacidad de almacenamiento de energía. 

Fabricante Nombre 
comercial 

Capacidad 
(F) Voltage (V) Electrodo/electrolito 

Asahi Glass EDLC 500–2000 3.14/42 Carbon/non-
aqueous 

AVX Bestcap 0.022–0.56 3.5–12 Carbon/polymer/ 
aqueous 

Cap-XX Supercapacitor 0.09–2.8 2.25–4.5 Carbon/non-
aqueous 

Cooper PowerStor 0.47–50 2.3–5 Aerogel/non-
aqueous  

ELNA Dynacap 0.333–100 2.5–6.3 Carbon/non-
aqueous 

Epcos Ultracapacitor 5–5000 2.3, 2.5 Carbon/non-
aqueous 

Evans Capattery 0.01–1.5 5.5, 11 Carbon/aqueous 

Maxwell Boostcap/Powe
r Cache 1.8–2600 2.5 Carbon/non-

aqueous 

NEC Supercapacitor 0.01–6.5 3.5–12 Carbon/aqueous 
Carbon/organic 

Nippon 
Chemi-Con DLCAP 300–3000 2.3, 2.5 Carbon/non-

aqueous 

Ness NessCap 3–5000 2.3, 2.7 Carbon/organic 

Matsushita/ 
Panasonic Gold capacitor 0.1–2500 2.3–5.5 Carbon/organic 

Tavrima/EC
OND Supercapacitor 0.13–160 14–300 Carbon/aqueous 

 

La introducción de nuevos materiales con propiedades electro-activas y 

área superficial elevada tales como carbón, polímeros conductores y óxidos 
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metálicos han facilitado el desarrollo de electrodos con una mayor capacidad por 

unidad de área y mayor eficiencia [4,6,11]. Los SCs un gran interés tecnológico 

en aplicaciones como acoplamiento con baterías (sistemas híbridos), fuentes de 

energía portátil, actuadores electroquímicos y en sistemas de generación de 

potencia con energía solar y eólica [9,12]. 

En los SCs la carga eléctrica se almacena debido a la acumulación de 

iones en la superficie interna de ambos electrodos (ánodo-cátodo), los iones sin 

solvatar del electrolito se ajustan al poro formando una doble capa eléctrica en 

combinación con los electrones en el material conductor (Figura 4) [13,14]. La 

energía almacenada en el condensador se da por un exceso y una deficiencia de 

electrones durante la carga que es reversible durante la descarga. Idealmente no 

hay transferencia de electrones en la interfase del electrodo, y el almacenamiento 

de carga eléctrica es electrostático. La capacidad de almacenamiento de energía 

en la doble capa se conoce como capacidad de la doble capa eléctrica y la 

capacidad debido a la presencia de reacciones de oxidación-reducción se conoce 

como pseudocapacidad [6]. 

 

 

Figura 4. Esquema de adsorción de los iones del electrolito en la superficie 

de poros con diferentes tamaños. 
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La  clasificación mayoritariamente aceptada para los SCs de acuerdo con 

diversos autores [9,12,15] es: 

i) Por la forma de almacenamiento de energía: doble capa electroquímica, 

pseudocondensadores o híbridos 

ii) Por el material de los electrodos: carbón, óxidos de metales de transición o 

polímeros conductores 

iii) Por la naturaleza del electrolito: acuoso, orgánico o líquido iónico 

iv) Por la simetría de los electrodos: simétricos (SSCs) si los dos electrodos están 

construidos del mismo material y asimétricos (ASCs) si los materiales de los 

dos electrodos son diferentes.  

En los condensadores de doble capa electroquímica (EDLCs) el 

almacenamiento de carga se da por efectos electrostáticos. La corriente generada 

durante este proceso se debe esencialmente a acumulación de cargas cuando se 

aplica una diferencia de voltaje. La carga se acumula en la superficie del electrodo 

siguiendo la atracción natural de las cargas opuestas. Este proceso es altamente 

reversible y no hay transferencia de cargas por reacciones químicas o asociadas 

con procesos farádicos. La ausencia de transformaciones de fase y limitaciones 

cinéticas ayudan a prolongar el tiempo de vida del condensador [16]. 

El concepto de doble capa fue desarrollado a partir de los estudios 

realizados por Helmholtz (1879), Gouy (1910), Chapman (1913) y posteriormente 

ajustado por Stern y Geary (1924) [17,18,19]. La doble capa se establece cuando 

un conductor eléctrico está en contacto con un conductor iónico ( 

Figura 5). En una solución electrolítica, los iones se comportan 

dependiendo del lugar donde se encuentren en la solución y de acuerdo a su 

propia naturaleza. Los iones que se encuentran en el seno de la solución están 

rodeados por moléculas polares del disolvente (iones solvatados) y se encuentran 

rodeados por otros iones también solvatados es decir se hallan en un equilibrio 

dinámico de cargas. A medida en que los iones se encuentran más cerca de la 

interfaz (electrodo), los iones solvatados son atraídos por la superficie del sólido, 
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por una carga igual pero de signo opuesto y difunden hacia el interior. En la 

interfase electrodo/electrolito se forma una doble capa electroquímica en la cual 

se almacena la energía [20].  

 

La capacidad de la doble capa eléctrica se correlaciona con las 

propiedades superficiales y porosas de los electrodos (superficie, volumen y 

distribución del tamaño de poros), y con la concentración de iones en disolución y 

el tamaño de los mismos. La atracción electrostática de los iones se da 

principalmente en los microporos, sin embargo la presencia de mesoporos es 

necesaria para un transporte eficiente de los iones. La principal ventaja de los 

EDCLs es la habilidad de propagar la carga dinámica, lo que permite una 

liberación rápida de la energía. La doble capa en la interfase se puede formar 

rápidamente lo que se traduce en altas tasas de potencia, propiedad inherente de 

un EDLC en comparación con una batería convencional donde se requiere el 

transporte de masa a través de distancias más largas [7]. 

 

 

 
Figura 5. Modelo de Stern para la doble capa eléctrica 
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El comportamiento de un condensador de doble capa eléctrica durante la 

carga y la descarga se representa mediante el esquema de la Figura 6. En el 

diseño de EDCLs los principales objetivos son optimizar la estructura porosa para 

adaptarla a los iones del electrolito, aumentar el área superficial, disminuir la 

distancia entre los electrodos y aumentar la ventana de potencial [2,9,21]. 

 

Figura 6. Esquema de carga y descarga de un supèrcondensador de doble capa 

 

A pesar de la necesidad de electrodos con un área superficial alta, para 

obtener una elevada energía almacenada en un dispositivo razonablemente 

pequeño, existen otros aspectos químico-físicos de la superficie que son críticos 

para el rendimiento del electrodo. La capacidad interfacial de la doble capa 

(µF/cm2) depende en primer lugar de la distribución de tamaños de poros y de la 

mojabilidad de la superficie, parámetros que determinan la accesibilidad del 

sistema poroso a un electrolito dado, y en segundo lugar de las características 

estructurales de la fase sólida [22]. La conductividad de los electrodos de carbón 

depende del tratamiento térmico, microestructura, hibridación y contenido en 

heteroátomos que modifican las propiedades electrónicas y el comportamiento 

electroquímico [17,23,24].  
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Los materiales de carbón más utilizados para EDLC son los carbones 

activados debido a que están disponibles comercialmente, son económicos y 

pueden producirse con un área superficial y una microporosidad alta. Sin 

embargo, estas dos últimas no son suficientes para un buen desempeño 

electroquímico, debido a que es necesario que los microporos estén bien 

interconectados mediante una proporción adecuada de mesoporos [25,26]. 

La carga en los pseudocondensadores o supercondensadores redox se 

almacena por medio de la formación de la doble capa eléctrica a partir de rápidas 

reacciones farádicas en las que se da una transferencia de carga en la interfase 

entre el electrodo y el electrolito. Este almacenamiento de carga se da por medio 

de diferentes procesos tales como electro-adsorción, reacciones de óxido-

reducción y procesos de intercalación en un rango amplio de potencial. La 

capacidad se asocia con un proceso de transferencia de carga originada por el 

material activo [25]. 

En los materiales de carbón la capacidad puede verse incrementada por 

efectos pseudocapacitivos [27] debido a la presencia de grupos superficiales 

oxígeno y/o nitrógeno que permiten obtener una capacidad adicional a la 

capacidad de la doble capa mediante de reacciones farádicas. El incremento de 

la capacidad se debe principalmente a mecanismos de óxido-reducción y son más 

significativos que los aportes de la doble capa. La pseudocapacidad originada por 

grupos funcionales nitrógeno se da por la presencia de funcionalidades tipo 

piridina, pirrol, piridona y nitrógeno cuaternario que interactúan con los iones del 

electrolito y son especies activas [28]. La introducción de grupos quinona, debido 

a la presencia de grupos funcionales oxígeno, promueve fenómenos 

pseudofarádicos que pueden influir positivamente en la capacidad del 

supercondensador. 

La deposición de partículas de un óxido de metal de transición es uno de 

los métodos más prometedores debido a que la capacidad específica se puede 

mejorar entre 10 a 100 veces dependiendo de la naturaleza del óxido y de carácter 

netamente pseudocapacitivo. Los óxidos de metales de transición, tienen un área 
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superficial moderada (~100 m2/g), alta conductividad electrónica (>10 S/cm), fácil 

procesamiento mediante mecanismos electro-adsorción y/o reacciones redox 

dominantes. El óxido de rutenio hidratado, RuOx(OH), se ha estudiado 

extensamente como material de electrodo para supercondensadores debido a su 

alta capacidad (720 F/g) en electrolito acuoso [29,30]. Las capacidades 

específicas obtenidas mediante RuO2 son muy altas, pero el precio de este 

material ha limitado sus aplicaciones y le han dado preferencia a otros materiales 

como óxido de manganeso hidratado (-MnO2.nH2O) [30]. Algunos de los 

materiales que se han estudiado como electrodos de supercondensadores son: 

NiO, Ni(OH)2, MnO2, Co2O3, IrO2, FeO, TiO2, SnO2, V2O5, MoO y In2O3, de los 

cuales ninguno se ha usado comercialmente y todavía siguen los trabajos a escala 

de laboratorio [29]. 

Otros materiales con propiedades pseudocapacitivas son los polímeros 

conductores eléctricos (ECPs), conocidos como metales sintéticos debido a su 

alto grado de dopado y rápido cambio electroquímico. Estos materiales se 

caracterizan por tener alta conductividad eléctrica, fácil procesado y ser más 

económicos que los óxidos metálicos. Los procesos de carga y descarga son 

generalmente rápidos, el almacenamiento de carga está dominado por 

mecanismos pseudocapacitivos y se caracterizan por altas capacidades 

específicas (400 F/g). A diferencia de los carbones activados la carga almacenada 

se acumula en todo el volumen del electrodo. Durante la oxidación (dopado) los 

iones son transferidos a la cadena principal del polímero y cuando ocurre la 

reducción (desdopado) los iones son devueltos a la solución. La oxidación de la 

cadena provoca la apertura de la red polimérica para la penetración de los contra-

iones solvatados o su cierre al ser expulsados durante la reducción. Estos cambios 

de volumen hacen que la estructura se contraiga o se hinche, conduciendo a la 

degradación mecánica del electrodo, baja estabilidad y disminución de la 

eficiencia electroquímica durante los ciclos de carga y descarga. Los ECPs más 

comunes son polianilina (PANI), polipirrol (PPy), poli-tiofenos (PEDOT) [31,32].  
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En los supercondensadores híbridos los mecanismos de almacenamiento 

de carga que se llevan a cabo en el ánodo y en el cátodo son diferentes. Los 

efectos electrostáticos y farádicos se combinan para obtener capacidades de 

almacenamiento y densidades de energía mayores respecto a los EDCLs, 

manteniendo la misma densidad de potencia, y sin sacrificar la estabilidad cíclica 

y accesibilidad que ha limitado a los pseudocondensadores. El mecanismo de 

operación de los condensadores híbridos se fundamenta en las propiedades 

intrínsecas de los materiales de los dos electrodos. Algunos supercondensadores 

híbridos están conformados por un electrodo de doble capa de carbono y otro tipo 

batería, de tal forma que se aprovecha la alta densidad de energía de las baterías 

y la alta densidad de potencia de los ECs.  

Los electrolitos líquidos empleados en la fabricación de 

supercondensadores idealmente deben tener una alta conductividad iónica y baja 

conductividad electrónica (10 mS/cm). Adicionalmente, los electrolitos deben 

tener una baja viscosidad, permanecer líquidos en el intervalo de temperatura de 

trabajo y ser muy estables durante los ciclos de carga y descarga. El potencial de 

descomposición del electrolito condiciona el voltaje de trabajo. Así, cuanto mayor 

sea el intervalo de potencial de trabajo mayor será la capacidad de carga y la 

densidad energética. 

En las soluciones electrolíticas el tamaño del catión y el anión del electrolito 

y el tipo de disolvente son importantes para lograr una adsorción efectiva de los 

iones sobre la superficie del electrodo y la formación de la doble capa. La selección 

del tipo de electrolito depende de la distribución de la porosidad del material de 

carbón para facilitar la entrada y salida del ion. Los electrolitos se clasifican como 

acuosos, orgánicos y líquidos iónicos. Los electrolitos acuosos requieren que los 

electrodos posean un tamaño de poro mínimo de 0,5 nm, tienen bajas tensiones 

de ruptura y baja conductividad electrónica (~1 S/cm para H2SO4 1 M). Aunque la 

ventana termodinámica del agua es 1,23 V, en la práctica el voltaje de operación 

máximo varía entre 0,7 y 1 V, debido a factores experimentales que son difíciles 

de controlar y reducen significativamente la energía disponible [27]. La densidad 
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de energía que se puede conseguir con los electrolitos acuosos está alrededor de 

3,5 Wh/kg.  

Los electrolitos acuosos son los más interesantes desde el punto de vista 

industrial debido a su bajo costo, manipulación a presión atmosférica, largo tiempo 

de vida y baja resistencia interna. Los más empleados son ácido sulfúrico, sulfatos 

e hidróxidos de sodio y potasio. 

Los electrolitos orgánicos más usados son sales de amonio cuaternario 

tales como tetraetilamonio tetraflouroborato (TEABF4), tetraetilamonio 

trifluorometilsulfonato (TEATFS) o tetraetilamonio metilsulfonato (TEAMeSO3) con 

propilencarbonato o acetonitrilo como disolventes [27,33,34]. En un medio aprótico 

el tamaño de los iones solvatados es mayor que en un medio acuoso por lo que 

los poros más estrechos no son accesibles para los iones y no contribuyen a la 

capacidad de la doble capa [25]. 

Este tipo de electrolitos se caracterizan por tener una conductividad 

electrónica muy baja (~0,05 S/cm) y una resistencia específica más alta que el 

medio acuoso, lo cual disminuye la potencia máxima. Este efecto se puede 

compensar con un incremento de la ventana de potencial. Así, Los electrolitos 

orgánicos permiten un potencial de operación hasta 2,32,7 V, superior a los 

electrolitos acuosos. Un aumento de potencial significa un aumento en la densidad 

de energía y una disminución del número de celdas requeridas para un banco de 

potencia. En el caso de los electrolitos orgánicos se han reportado densidades de 

energía de hasta 18 Wh/kg. 

Sin embargo, los electrolitos apróticos tienen un alto coste debido a que 

necesitan unas condiciones específicas de producción (hay que evitar el contacto 

con el aire y la humedad), son muy viscosos lo que dificulta su manipulación, 

inestables en presencia de los electrodos de carbón y contaminantes [4,27]. 

Los líquidos iónicos (ILs) son sales orgánicas en estado líquido a 

temperatura ambiente, sintetizados mediante la combinación de un catión 

orgánico con una amplia variedad de aniones poliatómicos, muy asimétricos y 
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voluminosos, unidos por fuerzas atractivas más débiles que las sales iónicas 

convencionales. Las propiedades de los ILs dependen principalmente del tipo de 

catión y el anión, así como de la longitud del grupo alquilo [35]. Se trata de una 

nueva clase de electrolitos propuestos como una opción muy prometedora para 

obtener un alto potencial en un ambiente favorable para su aplicación en 

dispositivos EES [36]. Estos se caracterizan porque son no volátiles, no 

inflamables, fáciles de manipular, de baja conductividad iónica y conductividad 

electrónica relativamente alta, de bajo coste de producción y muy alta viscosidad 

[37,38]. Aunque la característica más atractiva es su estabilidad a elevados 

valores de potencial (3–3,5 V).  

1.1.1. Parámetros característicos de los supercondensadores 

La carga almacenada, Q, en un condensador es directamente proporcional 

a la capacidad equivalente y a la diferencia de potencial, ∆V, como indica la 

ecuación (1).  

VCQ   (1) 

donde Q es la carga en Coulombios, V el voltaje en Voltios y la capacidad C en 

Faradios. Un condensador electroquímico opera bajo el mismo principio de los 

condensadores electrostáticos convencionales. La capacidad de un condensador 

viene determinada por la ecuación (2). 

d
S

V
QC 

  (2) 

Donde ε es la permitividad o constante dieléctrica del electrolito, S el área 

superficial de la interfase electrodo/electrolito y d es el grosor del dieléctrico. Sin 

embargo, cuando se aplica un voltaje entre los dos electrodos de un SC, Figura 6, 

se forma una doble capa sobre cada electrodo. Por tanto, el mecanismo completo 

se comporta como dos condensadores conectados en serie y su capacidad, Ct, 

viene dada por la ecuación (3) [26]. 
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21t C
1

C
1

C
1

  (3) 

 

dónde C1 y C2 son los valores de la capacidad de la doble capa eléctrica en cada 

electrodo. Si el condensador está compuesto por dos electrodos de diferente 

capacidad, el componente con menor capacidad es el que contribuye más al valor 

de la capacidad total debido a la proporcionalidad inversa. La capacidad depende 

esencialmente del material del electrodo. 

La capacidad de cada electrodo de un condensador de doble capa se 

puede calcular mediante la ecuación (2) pero ahora d es el grosor de la doble capa 

eléctrica. Este grosor depende de la concentración del electrolito y del tamaño de 

sus iones, y está entre 0,5 y 1 nm para los electrolitos concentrados. Si este valor 

de d se introduce en la ecuación (2) se puede tener una idea de la gran ventaja 

de los SCs sobre los condensadores convencionales. Debido a la distancia 

extremadamente corta entre cargas en la interfase la capacidad alcanza los 10‒

20 F/cm2. Adicionalmente, al aumentar la superficie de los electrodos mediante 

el uso de materiales porosos se pueden obtener altas capacidades específicas. 

A veces puede surgir además otro tipo de capacidad debida a transferencia de 

carga farádica y no debida a cargas electrostática y que se denomina 

pseudocapacidad para distinguirla de la capacidad debida a la doble capa 

eléctrica. Esta pseudocapacidad tiene su origen en las rápidas reacciones redox 

que pueden ocurrir entre el electrodo y el electrolito, como ya se ha explicado 

anteriormente.  

La energía específica almacenada en un SC, E (kWh kg-1), es proporcional 

a la capacidad y al cuadrado del voltaje según la ecuación (4) [39]. El voltaje de 

carga depende principalmente del potencial de estabilidad del electrolito, por lo 

que este es uno de los factores que limita la densidad de energía. 

2CV
2
1E   (4) 



56  Capítulo I 
La potencia específica de un SC, P (W/kg), indica la rapidez con que la energía 

específica almacenada puede extraerse del sistema para ser utilizada, y se define 

mediante la ecuación (5).  

ESR4
VP

2


  (5) 

donde ESR representa la resistencia equivalente en serie o resistencia interna y 

es igual a la suma de las resistencias de todos los materiales que componen el 

dispositivo entre los contactos externos (material del electrodo, negro de carbón 

conductor, aglomerante, separador y electrolito). Con objeto de aumentar la 

potencia, es necesario minimizar dicha resistencia. 

Conocida la resistencia y la capacidad se puede obtener la constante de 

tiempo,  (s), según la ecuación (6). Esta constante de tiempo indica la rapidez 

con la que puede cargarse o descargarse un condensador.  

CESR  (6) 

Si el comportamiento del electrodo es capacitivo, es decir, el sistema 

almacena energía electrostáticamente y no existen reacciones redox, el circuito 

equivalente consiste en un condensador y una resistencia en serie (Figura 7) [27]. 

 

Figura 7. Circuito equivalente RC en serie 

La movilidad de los iones depende del tamaño y volumen de los poros y 

de la tortuosidad de la matriz carbonosa, por lo que un circuito equivalente está 

compuesto por las resistencias distribuidas a través de todo el material [25]. Los 

poros con tamaños diferentes tienen diferentes constantes de tiempo. 

Adicionalmente, se debe tener en cuenta la resistencia entre las partículas y el 

electrolito y la resistencia de contacto interparticular. Estas consideraciones 

pueden ser representadas por un circuito equivalente RCC, en el cual están 

involucrados una serie de resistencias y capacidades debidas a los poros de 
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diferente tamaño (Figura 8). Este modelo se ajusta más para aplicaciones reales 

de almacenamiento de energía  [40,41]. 

La capacidad de un condensador varía durante cada carga y descarga, 

aunque idealmente un condensador debe almacenar siempre la misma carga. Sin 

embargo, en la práctica estos dispositivos experimentan una auto-descarga en el 

estado de carga que es causada por fugas de corriente, por el deterioro de los 

electrodos o por mecanismos de transferencia de carga a través del medio 

dieléctrico. Este comportamiento no ideal debe ser mínimo para mejorar la 

eficiencia de carga-descarga y la fiabilidad de los dispositivos comerciales [42].  

 

 

 
Figura 8. Modelo de circuito equivalente de un material poroso 

La auto-descarga a través de una resistencia R, está dada por el cambio 

de potencial en función del tiempo según la ecuación (7) [43].  









RC
texpV)t(V 0  (7) 

En la actualidad se emplean diversas técnicas experimentales para 

determinar el rendimiento electroquímico de un material, siendo los más usuales 

la voltametría cíclica, espectroscopía galvanostática de carga/descarga y la 

espectroscopía de impedancia electroquímica, técnicas que se describirán más 

adelante.  

1.2. ELECTRO-REDUCCIÓN DE OXÍGENO 

La ORR puede transcurrir bien a través de un proceso de cuatro electrones 

reaccionando directamente el oxígeno con agua o protones, o a través de un 

proceso de dos electrones, que transcurre en dos etapas, menos eficiente, y que 
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implica la formación de peróxidos como intermedio; en ambos casos la eficiencia 

también depende del pH del medio. A continuación se detallan las 

correspondientes reacciones que se producen con ambos tipos de electrolitos y 

medio acuoso: 

1) Proceso directo vía cuatro electrones: 

a) Medio básico:  

  OH 4e 4OH 2O 22  V 401.0oE  

b) Medio ácido: 

OH 2e 4H 4O 22    V 229.1oE  

 

2) Proceso de dos electrones: 

a) Medio básico: 

formación de peróxido 

  OHHOOe 2OHO 22     V 065.0oE  

reducción de peróxido 

  OH 3e 2OHHOO 2  V 867.0oE  

o descomposición de peróxido 

2OOH 2HOO 2     

b) Medio ácido: 

formación de peróxido 

HOOHe 2H 2O2    V 670.0oE  

reducción de peróxido 

OH 2e 2H 2HOOH 2   V 77.1oE  

o descomposición de peróxido  

2OO2H 2HOOH 2   
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Naturalmente el proceso preferido es el que transcurre directamente vía 

cuatro electrones ya que la eficiencia faradaica es mayor, y además se evita la 

formación de peróxidos. Existen varios factores que pueden influir en la cinética 

de esta reacción sobre la superficie del electrodo, siendo aquellos aspectos 

relacionados directamente con el tipo de electro-catalizador, el número de sitios 

activos disponibles por unidad de superficie y la accesibilidad de los mismos, los 

que tienen un mayor efecto.  

En cuanto al tipo de electro-catalizador, los basados en platino son los que 

se han estudiado más ampliamente, debido a que es el metal más activo en ORR 

[44], sin embargo, el elevado precio de este metal, y de igual manera el de otros 

metales preciosos que también catalizan eficientemente esta reacción, como 

paladio o iridio, complica mucho la implementación y comercialización de los 

dispositivos. Por esta razón, se están llevando a cabo numerosísimos trabajos 

donde se estudia el comportamiento electro-catalítico en ORR de electrodos 

basados en metales no preciosos [45]. En esta línea, también se ha planteado el 

empleo como electro-catalizadores para ORR de materiales de carbón 

funcionalizados, o dopados, con diferentes heteroátomos que puedan modificar la 

densidad electrónica grafénica [46]. Estos dopantes pueden ser boro, nitrógeno, 

fósforo o azufre, entre ellos nitrógeno [47] y azufre [48] son hasta la fecha los más 

estudiados, habiendo mostrado muy buenas actividad electro-catalítica. Este tipo 

de materiales además pueden ser una alternativa real a los catalizadores basados 

en platino, ya que son sustancialmente más baratos, tienen una mayor durabilidad 

potencial, y también presentan un impacto medioambiental menor.  

1.3. MATERIALES DE CARBÓN COMO ELECTRODOS 

Los materiales de carbón generalmente usados como electrodos de son 

geles de carbón, carbones activados, carbones mesoporosos ordenados, 

nanotubos y materiales de carbón compuestos. Todos estos materiales son muy 

versátiles en cuanto a sus propiedades tales como área superficial, porosidad y 

química superficial. Además suelen presentar alta conductividad eléctrica y 

algunos de ellos pueden prepararse con distintas formas como monolitos, 



60  Capítulo I 
microesferas y láminas. Los materiales de carbón usados en la presente Tesis 

Doctoral han sido carbones activados, y geles de carbón dopados con metales, 

óxidos metálicos o heteroátomos modificadores de la densidad electrónica. 

1.3.1. Geles de carbón 

Los geles de carbón son un grupo de materiales avanzados de carbón 

introducidos por Pekala en 1989 [49,50]  que se obtienen por carbonización de 

geles orgánicos. Estos geles orgánicos se preparan mediante una polimerización 

sol-gel de ciertos monómeros orgánicos como veremos más adelante. La síntesis 

sol-gel se aplicó originalmente a la preparación de sólidos inorgánicos y la 

química-física del proceso se ha detallado en varios trabajos y libros 

[51,52,53,54,55]. La ventaja de la síntesis sol-gel es que se obtienen materiales 

de alta pureza, homogeneidad y porosidad controlada. 

Los geles de carbón se pueden obtener en forma de monolitos, esferas, 

cuentas, polvos, y láminas y poseen una micro y mesoporosidad bien desarrollada 

y una superficie específica elevada, propiedades que pueden diseñarse al 

controlar los ingredientes usados y los diferentes pasos del proceso de obtención. 

Por estas características los geles de carbón se utilizan en distintas aplicaciones 

como adsorbentes [56,57,58], soportes catalizadores [59,60,61,62,63], aislantes 

térmicos y/o acústicos [64,65,66,67], para el refuerzo de fibras [68,69,70], y como 

electrodos en celdas de combustibles [71,72] y supercondensadores 

[73,74,75,76].  

Los geles de carbón están formados por un retículo tridimensional de 

nanopartículas primarias interconectadas entre sí. Los microporos se desarrollan 

en las partículas primarias y los meso y macroporos se forman en los espacios 

entre las partículas primarias inicialmente ocupados por el disolvente. Por tanto, 

se puede controlar independientemente la concentración de micro y mesoporos, 

lo que es una ventaja de los geles de carbón como materiales porosos. 

En la preparación de los geles de carbón se pueden distinguir tres etapas 

importantes. La primera es la preparación de la mezcla del sol, su gelificación y 
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subsiguiente curado. La segunda etapa es el secado del gel orgánico húmedo y 

la tercera es la carbonización del gel seco y a veces la activación del producto 

carbonizado. Un esquema del proceso se representa en la Figura 9. 

 

Figura 9. Esquema de preparación de geles de carbón 

Varios precursores se han utilizado en la preparación de los geles 

orgánicos como resorcinol-formaldehído [49,77], melamina-formaldehído [78,79], 

furfural-fenol [80,81,82], fenol-formaldehído [83], etc., usando diferentes 

disolventes (agua, metanol, etanol y otros disolventes orgánicos) y utilizando 

catalizadores básicos (carbonatos e hidróxidos) o ácidos (orgánicos e 

inorgánicos). La reacción de resorcinol (R) con formaldehído (F) es la que más se 

ha estudiado. La Figura 10 muestra un esquema del mecanismo de reacción 

propuesto para la polimerización de mezclas RF [84,85,86]. El mecanismo 

comienza con la formación de los aniones Rି debido a la presencia del catalizador. 

Los aniones Rି son más activos que las moléculas R y continúa con la reacción 

de adición de las moléculas F a las posiciones libres del anillo aromático 

(posiciones 2, 4 y 6) formando derivados hidroximetil-R. En seguida comienzan 

las reacciones de policondensación de los grupos hidroxílicos, por lo que el 

subproducto es agua. En esta segunda etapa de reacción se forman estructuras 

poliaromáticas en las que los anillos aromáticos están enlazados entre sí mediante 

puentes metilen   2CH  y metilenéter   22 CHOCH . Los productos de 
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condensación forman “clusters” de macromoléculas debido a la agrupación de 

partículas primarias coloidales que se comienzan a formar dando lugar a una 

estructura entrelazada [85]. La disolución final pierde fluidez y se forma el gel.  

El pH inicial de la disolución es una variable muy importante en la  

preparación de los geles orgánicos porque controla la cinética de polimerización, 

el entrecruzamiento y, por tanto, la morfología, el tamaño de partícula y la 

porosidad de los geles finales [87]. La concentración del catalizador es la variable 

que permite controlar el número y el tamaño de los “clusters” generados durante 

la polimerización R-F. La variación de la relación molar resorcinol/catalizador (R/C) 

influirá sobre la densidad el área superficial y las propiedades mecánicas de los 

geles resultantes (Figura 11). La gelificación es la transición gradual de un líquido 

viscoso a un sólido viscoelástico y antes de que se produzca la formación del gel 

es cuando se le da la forma que tendrá finalmente el gel de carbón. Así, si se 

quiere obtener en forma de monolito la disolución coloidal se vierte en moldes de 

la forma deseada donde se procede a la formación del gel y al curado del mismo. 

Para la preparación de los geles de carbón en forma de microesferas es necesario 

la técnica de emulsión inversa, para ello la disolución coloidal antes de que se 

forme el gel se vierte en un disolvente orgánico (por ejemplo ciclohexano) que 

contiene un surfactante. Las suspensiones obtenidas se agitan a una velocidad 

constante y a una temperatura determinada hasta la separación de las 

microesferas, las cuales se filtran y lavan. Las características finales de las 

microesferas dependen de los ingredientes usados, la velocidad de agitación, 

temperatura y del balance hidrófilo-lipófilo del surfactante entre otros factores. 
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Figura 10. Esquema del mecanismo de la reacción de polimerización de 

mezclas RF. 
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Figura 11. Influencia de la concentración del catalizador en la polimerización 
RF. 

 

La segunda etapa en la preparación de los geles de carbón consiste en el 

secado del gel orgánico una vez obtenido. Mediante el secado se elimina el 

disolvente utilizado como medio de reacción, lo que deja un espacio vacío entre 

las partículas primarias dando lugar al desarrollo del retículo meso- y 

macroporoso. Los cambios en la textura porosa del gel orgánico están asociados 

a procesos de encogimiento y depende esencialmente del método de secado 

utilizado, encogimiento que en algunos casos puede llevar al colapso de la 

porosidad. Por tal motivo, este es un paso muy importante en la síntesis de los 

geles de carbón, ya que controla la meso y macroporosidad del producto final y, 

por tanto, su densidad [88]. El secado del gel orgánico húmedo está controlado 

por la permeabilidad y la presión capilar y se puede realizar bajo condiciones 

subcríticas, supercríticas o mediante liofilización (congelación - sublimación), lo 

que da lugar a xerogeles, aerogeles y criogeles, respectivamente [77,84,85,89,90]. 

En el secado subcrítico los geles se secan por simple evaporación del disolvente 

a presión por debajo de la crítica, a veces a presión atmosférica o a vacío, y 
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temperaturas entre 100 y 150 ºC. Este tipo de secado puede conducir a un colapso 

de la textura porosa, debido a los cambios en tensión superficial del disolvente 

durante la formación de la interfase líquido-vapor. El colapso conduce a una 

contracción del gel seco dando lugar a un polímero denso [59]. En algunos casos 

se realiza un cambio de disolvente antes del secado con objeto de reducir las 

fuerzas capilares responsables del colapso de la textura porosa [91]. El secado 

utilizando CO2 supercrítico es el mejor método para eliminar el disolvente y 

preservar la textura porosa de los geles húmedos. Sin embargo, este método de 

secado es más complicado y caro que el secado subcrítico.  

La tercera etapa en la preparación de los geles de carbón es la 

carbonización o pirólisis de los geles orgánicos secos. Este proceso se lleva a 

cabo calentando a una temperatura entre 600 y 1500  ºC en presencia de un flujo 

de gas  inerte (N2, Ar, He). A bajas temperaturas de carbonización el volumen de 

macroporos disminuye y el de mesoporos aumenta debido al encogimiento del 

material, mientras que el volumen de microporos y el área superficial incrementan 

como consecuencia de la evolución de gases durante la carbonización [51,87]. A 

altas temperaturas de carbonización todos estos parámetros tienden a disminuir y 

a muy altas temperaturas de carbonización (≥ 2000 ºC) ocurre una grafitización 

parcial de diferentes zonas del gel de carbón [92]. 

1.3.2. Geles de carbón dopados 

Los geles de carbón pueden doparse con metales, óxidos metálicos o 

heteroátomos modificadores de la densidad electrónica, en este último, caso 

estaríamos hablando de una modificación directa de la química superficial del 

material de carbón, aspecto que será descrito en detalle en la Sección 1.3.4. 

El dopado con metales se realiza generalmente mediante la adición del 

compuesto precursor metálico a la mezcla polimérica [59], actuando este 

compuesto precursor como catalizador de polimerización. Así, para el dopado con 

metales alcalinos o alcalinotérreos de geles R-F y que polimericen en medio 

acuoso, se suelen utilizar carbonatos [93], mientras que para el dopado con 
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metales de transición [94,95,96,97,98] es necesario emplear otros compuestos 

solubles en agua como por ejemplo acetatos, nitratos o cloruros. Los geles 

dopados obtenidos muestran muy diferentes propiedades texturales, ya que los 

compuestos precursores metálicos modifican el pH inicial y el número y  tamaño 

de clústeres. En general, la mayor parte del metal dopante queda incrustado en la 

matriz orgánica del gel, y posteriormente en la correspondiente matriz carbonosa 

del gel. Algunos de estos metales como Fe, Co o Ni catalizan la formación de 

clústeres grafíticos durante la etapa de carbonización [92], mejorando la 

conductividad eléctrica del material final. 

Por otro lado, para el dopado con óxidos metálicos tales como Al2O3, TiO2, 

ZrO2, V2O5 el método de síntesis difiere sustancialmente si se pretende obtener 

una verdadera interacción sinérgica entre fases. Éste consiste en la polimerización 

de resorcinol - formaldehído en medio orgánico simultáneamente con la hidrólisis 

de un alcóxido metálico, precursor del óxido inorgánico. Uno de los métodos más 

efectivos, recientemente patentado [99], consiste en una secuencia metódica y 

eficiente de pasos específicos que determinan las excelentes propiedades 

catalíticas finales de estos materiales, por ejemplo: el uso de compuestos 

tensoactivos, un estricto control de la temperatura de polimerización, velocidad de 

agitación, velocidad de adición de soluciones o el uso de microondas durante la 

etapa de secado. En estas condiciones se consigue una dispersión muy alta del 

óxido metálico en la matriz de xerogel de carbono, maximizando las interacciones 

metal-carbono en los materiales dopados, y obteniéndose así en muchos casos 

un efecto sinérgico entre ambas fases. En estos materiales, normalmente la 

proporción de óxido dopante respecto a la de gel de carbón es elevada, y por tanto 

la nomenclatura más correcta sería la de materiales compuestos, o composites. 

1.3.3. Carbones activados 

Los carbones activados [100] están  formados mayoritariamente por Csp2, 

existiendo en ellos unidades estructurales básicas a nivel nanométrico o 

micrométrico con un cierto ordenamiento grafítico y que se encuentran unidas 

entre sí, de una forma desordenada, por carbono amorfo con hibridación sp2 y sp3. 
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Los carbones activados son sólidos esencialmente microporosos, aunque en la 

mayoría de los casos también contienen meso y macroporos, presentando una 

distribución polimodal de poros. Los microporos son los más abundantes y es 

donde se desarrolla la mayor parte del área superficial de estos materiales. La 

estructura porosa de un carbón activado se representa esquemáticamente en la 

Figura 12, ésta se dice que es arborescente porque para llegar a los microporos 

hay que pasar por los macro (tronco del árbol) y mesoporos (ramas), que 

constituyen así arterias de transporte para las moléculas o iones del adsorbato 

hacia los microporos que es donde se producen los fenómenos de adsorción. Una 

característica de los microporos de los materiales carbonosos en general es que 

estos tienen forma de rendija, ya que las paredes de los mismos están formadas 

por láminas grafénicas. 

 

Figura 12. Representación esquemática de la porosidad de un carbón 
activado. A: macroporos, B: mesoporos, C: microporos y D: poros 
cerrados 

 

La materia prima usada en la preparación de los carbones activados debe 

tener un alto contenido en C, bajo contenido en materia inorgánica, debe ser 

abundante y barata y fácil de activar. En la práctica estas materias primas son de 

origen vegetal y fósil, como son los residuos agrícolas (madera, huesos y cáscaras 

de frutas, etc.) y carbones minerales (lignitos, antracitas, etc.). Las propiedades 
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finales del carbón activado dependen del precursor usado y del proceso de 

activación seguido [101]. 

La activación puede ser física o química. La activación física generalmente 

se lleva a cabo en dos pasos. Primero se realiza una carbonización de la materia 

prima en atmósfera inerte a alta temperatura (800 ºC), durante la cual se 

desprende la materia volátil (gases y vapor de agua) y alquitranes dejando un 

residuo de mayor contenido en C que la materia prima original, y con un retículo 

poroso rudimentario que se desarrollará posteriormente durante la activación. El 

segundo paso es la activación, que tiene como objetivo incrementar el volumen 

de poros mediante la creación de nuevos poros y el ensanchamiento de los ya 

existentes. Este paso se lleva a cabo a temperaturas entre 800 y 1000 ºC en flujo 

de vapor de agua o CO2, a veces se introduce aire en el horno de activación junto 

a algunos de los gases anteriores. Las reacciones de gasificación son las 

siguientes: 

   C + H2O → CO + H2   ΔH = +117 kJ/mol 

   C + CO2 → 2 CO  ΔH = +159 kJ/mol 

La reacción con vapor de agua también conduce a la de desplazamiento 

del gas de agua catalizada por la superficie del carbón 

   CO + H2O → CO2 + H2 

Al ser las reacciones endotérmicas se pueden controlar bastante bien. A 

veces se introduce aire en el horno que oxida al CO y al H2 de acuerdo con las 

reacciones exotérmicas: 

   CO + 1/2 O2 → CO2 ΔH = –285 kJ/mol 

   H2 + 1/2 O2 → H2O  ΔH = –238 kJ/mol 

Estas reacciones suministran un calor extra a las reacciones de activación 

(haciendo que se use menos energía en calentar el horno) y al mismo tiempo 

eliminan del reactor el CO y el H2 que son fuertes inhibidores de las reacciones de 

gasificación. 
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El volumen y distribución del tamaño de los poros en el carbón activado 

final se pueden controlar mediante el agente activante usado y la temperatura y 

tiempo de  activación. 

La activación química generalmente se usa con la materia prima de origen 

vegetal y se suele llevar a cabo en una sola etapa. Para ello, la materia prima se 

impregna con un agente activante en la forma de disolución de carbonatos o 

hidróxidos alcalinos (K o Na) o H3PO4. El material impregnado se seca y se piroliza 

en atmosfera inerte entre 400 y 700 ºC. El sólido obtenido se lava para eliminar el 

agente activante. Durante la pirólisis el agente activante reacciona con la materia 

prima lo que da lugar a su carbonización y aromatización y a la creación de la 

textura porosa. En el caso de la activación química las propiedades superficiales 

del carbón activado obtenido dependen de la materia prima usada, la proporción 

materia prima/agente activante y la temperatura y tiempo de activación [100]. 

Los carbones activados se preparan en forma de polvo (10 < Ø < 50 m) 

o granular (0,5 < Ø < 4 mm). El polvo se puede compactar a presión y con la ayuda 

de aglutinantes que dan lugar a monolitos de diferentes formas. El monolito tiene 

un área superficial y porosidad menor que el material en polvo del que procede. 

El área superficial y textura porosa de los carbones activados varía mucho en 

función de la materia prima y método de preparación seguido. El área superficial 

suele estar entre 800 y 2000 m2/g y el volumen de microporos puede ser de hasta 

0,7 cm3/g. Se ha llegado a preparar un carbón activado con un área superficial de 

 3000 m2/g y un volumen de total de poros excepcionalmente elevado, entre 2,0 

y 2,6 cm3/g. Este carbón activado es conocido como súper carbón activado, lo 

comercializa Kansai Coke (Japón), y se prepara a partir de coque y carbón mineral 

mediante activación química con KOH. Este carbón activado debido a su 

pequeñísima densidad de partícula es muy difícil de manejar por lo que su 

utilización no es muy exitosa. 

Evidentemente cuanto mayor es el volumen de poros de un material 

(cualquiera) menor es su densidad de partícula, lo que hace que sea difícil de 
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manejar y que no sea útil para ser usado en sistemas de volumen fijo, ya que se 

necesitaría un reactor de enorme volumen. 

1.3.4. Química superficial de los materiales de carbón 

La química superficial de los materiales de carbón determina su carácter 

ácido-básico, carga superficial y carácter hidrófobo, la cual depende de la 

presencia de heteroátomos y de regiones ricas en electrones .  

 

Figura 13. Representación esquemática de los grupos a) oxígeno y b) 

nitrógeno en superficies carbonosas.  N-6: nitrógeno piridínico, N-5: 

nitrógeno pirrólico o piridónico, N-Q: nitrógeno cuaternario o 

sustitucional, N-X: formas oxidadas de nitrógeno piridínico. 

 

Los heteroátomos más comunes son oxígeno, nitrógeno e hidrógeno y en 

menor medida azufre, fósforo y cloro. Estos heteroátomos pueden provenir de la 

materia prima y del método de preparación usado para la obtención de los 

materiales de carbón o bien ser introducidos en ellos mediante tratamientos 

químicos adecuados [102]. Los heteroátomos se encuentran enlazados en los 

bordes de las capas grafénicas y a veces en defectos localizados en el interior de 

a) b) 
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ellas formando diferentes grupos funcionales orgánicos como puede verse en la 

Figura 13 para el caso de los grupos funcionales de oxígeno y nitrógeno.La 

química superficial de los materiales de carbón es muy importante cuando estos 

se usan como electrodos de supercondensadores, ya que pueden dar lugar a 

fenómenos de pseudocapacidad, por ejemplo mediante reacciones redox, o 

incrementando la atracción hacia los iones del electrolito. También pueden afectar 

a la capacidad de mojado de los electrodos, cuando estos se usan en disoluciones 

acuosas, y a su conductividad eléctrica [103,104]. 

Los grupos superficiales oxígeno pueden ser de carácter ácido (ácidos 

carboxílicos, lactonas y fenoles), básicos (quinonas y pironas) y neutros (éteres y 

aldehídos). En muchos materiales de carbón usados como electrodos de 

supercondensadores con medio a alto contenido de oxígeno la reacción redox 

hidroquinona/quinona es la considerada como la mayor responsable de la 

pseudocapacidad. Los grupos superficiales de oxígeno se pueden introducir en 

los materiales de carbón mediante tratamientos en fase líquida o gaseosa usando 

oxidantes como ácido nítrico, peróxido de hidrógeno, peroxidisulfato amónico, aire 

o vapor de agua [105,106]. La naturaleza de los grupos funcionales de oxígeno 

incorporados no sólo depende del tipo de agente oxidante utilizado, sino también 

de las condiciones en las que se lleva a cabo el proceso oxidativo [107,108]. 

La incorporación de grupos superficiales nitrogenados en los materiales de 

carbón se puede realizar de dos formas i) directamente durante la síntesis 

mediante la selección de precursores ricos en grupos nitrogenados como 

melamina y urea [109,110,111,112], y ii) modificación post-síntesis mediante 

tratamientos que introduzcan estos grupos, como por ejemplo el tratamiento con 

amoniaco a alta temperatura [109]. 

Las diferentes funcionalidades nitrogenadas pueden ser nitrógeno 

piridínico (N-6), nitrógeno pirrólico o piridónico (N-5), nitrógeno cuaternario o 

sustitucional (N-Q), formas oxidadas de nitrógeno piridínico (N-X), así como 

grupos aminas (Figurab) [111]. La presencia de las funcionalidades N-5 y N-6 

incrementan la carga negativa en las láminas de grafeno, mientras que las 
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funcionalidades N-Q incrementan la carga positiva e influyen sobre la adsorción 

de los iones del electrolito y la pseudocapacidad [113]. 

Cómo ya se ha indicado en esta Introducción, también es muy interesante 

el desarrollo de electro-catalizadores para ORR de materiales de carbón dopados 

con diferentes heteroátomos que puedan modificar la densidad electrónica 

grafénica [46], siendo hasta la fecha los dopados con nitrógeno [47] y azufre [48] 

los más estudiados. Otros dopantes como boro, o fósforo también son de interés 

en el desarrollo de nuevos electrodos para ambas aplicaciones. 

El dopado con azufre puede modificar la estructura electrónica grafénica 

mejorando la conductividad eléctrica, y la adsorción de especies de los electrolitos. 

Así, para el dopado con azufre la mayoría de los trabajos emplean tratamientos 

con H2S como agente dopante [48,107,114] cuando el dopado es una etapa 

posterior a la de obtención del material de carbono. Para otros materiales de 

carbono como nanotubos, aerogeles, el empleo durante la síntesis, de 

compuestos precursores de carbono que también contengan azufre es una 

estrategia igualmente interesante. El tipo de funcionalidades de azufre varía 

sensiblemente con el método de dopado, y con el contenido en oxigeno de los 

materiales. Algunas de las funcionalidades de azufre analizadas en los materiales 

de carbono son: tioles, tioésteres, sulfóxidos, sulfonas, o grupos sulfónicos. Es 

decir, los átomos de azufre se pueden enlazar a los bordes de las capas grafénicas 

mediante simple o doble enlace, y a su vez enlazarse también o no a átomos de 

oxígeno. A pesar de esta variada combinatoria, muchos trabajos proponen al 

azufre tiofénico como centro activo principal basado en azufre en ORR [115,116], 

aunque también podemos encontrar en la bibliografía propuestas resaltando un 

papel adicional de los grupos superficiales de azufre en configuraciones con 

oxígeno (sulfóxido, sulfonas y ácidos sulfónicos) en dicho proceso electro-

catalítico [117]. Estos mismos grupos superficiales, de azufre con oxígeno sobre 

los materiales de carbono, también se ha demostrado que pueden aumentar la 

capacidad electro-química de almacenamiento [107,118]. 
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Finalmente, funcionalidades de fósforo también pueden introducirse o 

fijarse en las capas grafénicas de los materiales de carbono, siendo el método 

más utilizado el tratamiento directo con H3PO4. Se ha demostrado que los grupos 

de fósforo introducidos en los materiales de carbón tienen un importante efecto 

sobre la capacidad electroquímica [119,120,121,122,123]. Esto es así porque el 

fósforo, cuando puede proporcionar un par de electrones a la capa grafénica 

puede modificar significativamente las características donador-aceptora de la 

misma, dando lugar a una reacción pseudocapacitiva.  Además, también se ha 

demostrado que la presencia de grupos fosfato pueden mejorar la estabilidad del 

electrodo en un electrolito acuoso permitiendo trabajar en una ventana de 

potencial más amplia [119,121,122]. 
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2.  OBJETIVOS DE LA TESIS DOCTORAL 

En la presente tesis doctoral se recoge la síntesis y caracterización de 

varias series de materiales basados en carbono, como son carbones activados y 

materiales compuestos de carbón y óxidos metálicos para su utilización como 

electrodos de supercondensadores. Con ellos se ha estudiado el efecto de los 

precursores de carbono, de los heteroátomos superficiales, O, N, P y S, y de los 

óxidos de Ti, Zr y V sobre la morfología de los materiales obtenidos, así como la 

química superficial, textura porosa, área superficial y capacidad de 

almacenamiento de energía electroquímica de todos los materiales obtenidos. Por 

otra parte, muestras seleccionadas han sido utilizadas como electro-catalizadores 

en la reacción de reducción de oxígeno. 

Los carbones activados se prepararon mediante activación química con 

KOH o H3PO4 empleando como materiales precursores diferentes subproductos 

agrícolas abundantes en el sur de España tales como, alpechín, alperujo y 

maderas de olivo, chirimoya e higuera. Con los carbones activados preparados se 

realizó un exhaustivo estudio de la influencia de los complejos superficiales de N, 

O, P y S sobre la capacidad de almacenamiento de energía al ser usados como 

electrodos de supercondensadores. Los objetivos de estos trabajos fueron: 

1. Estudio del efecto del agente activante en la química superficial y la 

textura porosa de carbones activados obtenidos a partir de alpechín y 

alperujo. 

2. Estudio del efecto de los complejos superficiales de S sobre las 

propiedades texturales y químicas de carbones activados obtenidos a 

partir de alpechín y alperujo, y la influencia del comportamiento de los 

carbones dopados cuando se emplean como electrodos de 

supercondensadores, y como catalizadores en la reacción de electro-

reducción de oxígeno. 

3. Estudio de la viabilidad  del empleo de diferentes tipos de maderas para 

la preparación de carbones activados. Estudio del efecto del agente 
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activante en la química superficial y la textura porosa de carbones 

activados obtenidos. 

4. Evaluación del comportamiento de los carbones activados preparados 

partir de diferentes tipos de madera como electrodos de 

supercondensadores. 

5. Funcionalización de los carbones activados con diferentes heteroátomos 

mediante procesos solvotermales. 

6. Estudio del comportamiento de los carbones activados funcionalizados 

como electrodos de supercondensadores. 

Puesta a punto del método para la síntesis de materiales compuestos 

carbón - óxido metálico. Para ello se ha empleado un proceso de emulsión inversa. 

7. Preparación materiales compuestos carbón - TiO2 y carbón - ZrO2 

mediante la técnica de polimerización de resorcinol con formaldehído en 

presencia de un alcóxido metálico mediante emulsión inversa. 

8. Preparación de esferas de carbón recubiertas con óxido de vanadio 

9. Estudio de los materiales compuestos carbón-óxido metálico como 

electrodos de supercondensadores. Evaluación de la influencia de dichos 

óxidos en la capacidad de almacenamiento de energía, la ciclabilidad de 

los supercondensadores, la energía almacenada y la velocidad a la que 

el condensador puede ceder esa energía. 

10. Estudio de la actividad catalítica de los materiales compuestos carbón – 

óxido de vanadio en la reacción de electro-reducción de oxígeno. 

Todos estos objetivos se llevaron a cabo usando una amplia batería de 

técnicas experimentales que se expondrán adecuadamente en el siguiente 

Capítulo.
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1. MÉTODOS Y TÉCNICAS DE CARACTERIZACIÓN 

En este capítulo se detallan las distintas técnicas utilizadas para 

caracterizar los materiales de carbón preparados tanto a nivel textural como 

químico donde se detallan las ecuaciones y modelos que permiten analizar los 

resultados obtenidos, incluyendo los fundamentos teóricos en los que se basan 

cada una de las técnicas usadas. Igualmente se describen tanto los sistemas 

experimentales empleados para la caracterización electroquímica de los 

electrodos de carbón como los modelos empleados para ello. 

1.1. CARACTERIZACIÓN TEXTURAL 

1.1.1. Porosimetría de intrusión de mercurio 

 La porosimetría de intrusión de mercurio permite obtener la curva de 

distribución de tamaño de poros para los macroporos y mesoporos más anchos, 

complementando así los resultados obtenidos por adsorción de gases. Esta 

técnica permite también calcular la densidad aparente del sólido. El mercurio es 

un líquido que no moja la superficie del sólido. Para que acceda a la porosidad 

hay que aplicar una presión externa mayor a la atmosférica. A medida que el poro 

sea más estrecho, mayor será la presión que tenemos que aplicar al mercurio para 

que se introduzca. 

 La presión externa aplicada (P) se relaciona con el radio de poro (r) 

mediante la  ecuación de Ecuación de Washburn [1] (ecuación 2.1). Ésta nos 

indica que el radio de poro, suponiendo poros con geometría cilíndrica, está 

inversamente relacionado con la presión aplicada. 

 
P
cos2r 

  Ecuación 2.1 

 En esta ecuación P es la presión total aplicada, σ la tensión superficial del 

mercurio, θ el ángulo de contacto del mercurio con las paredes del poro y r el radio 

del propio poro. El mercurio tiene un ángulo de contacto con la superficie 
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comprendido entre 135º y 150º. Los valores empleados en los experimentos 

fueron: σ = 480 mN m-1, θ = 140º y un valor máximo de P = 275,6 MPa. 

 Con esta técnica se ha determinado el área superficial externa porosa (Sext) 

de poros con diámetro superior a 4,4 nm; V2, volumen de poros con un diámetro 

comprendidos entre 4,4 y 50 nm; V3, volumen de poros con diámetro mayor a 50 

nm (macroporos). 

 El equipo utilizado ha sido un porosímetro de mercurio de la casa 

Quantachrome, modelo Autoscan 60. Los resultados obtenidos se trataron con el 

software “Poro2Pc” ver.2.01 de la misma casa de acuerdo con la ecuación de 

Washburn. 

1.1.2. Adsorción física de gases 

 La adsorción física de gases N2 a -196 °C y de CO2 a 0 °C se obtuvieron 

QUADRASORB-SI y en un AUTOSORB-1C ambos de la casa comercial 

Quantachrome Instruments. Para ello aproximadamente 0.050 g fueron 

desgasificadas a un vacío dinámico de 10-6 bar a 110 °C durante 12 h. Los 

adsorbatos fueron nitrógeno (99.999 %) y dióxido de carbono (99.999 %) 

suministrados por Air Liquide. 

 A partir de las isotermas de N2 se calcularon los siguientes parámetros: la 

superficie específica (SBET) mediante el modelo propuesto por Brünauer, Emmett 

y Teller [2] (B.E.T.), el volumen de microporos (W0) por el método de Dubinin-

Radushkevich [3], la anchura media de microporos (L0) a partir de la ecuación de 

Stoeckli [4] y el volumen de mesoporos (Vmeso) aplicando el método de Barrett, 

Joyner y Halenda [5] (B.J.H.). En el caso de la isoterma de adsorción de CO2 se 

obtuvieron también el volumen y la anchura media de los microporos más 

estrechos de la misma forma. Las ecuaciones y los distintos modelos empleados 

se describen a continuación. 

Ecuación de B.E.T. 

El modelo de Brünauer-Emmett-Teller [2] se basa en la formación de una 

monocapa a bajas presiones, de manera que sabiendo la cantidad de moléculas 
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adsorbida y la superficie que ocupa cada una de estas moléculas, podemos 

calcular la superficie total del adsorbente. El cálculo de la SBET se lleva a cabo 

aplicando las Ecuaciones 2.1 y 2.2. 

0mm0ads P
P

CV
1C

CV
1

)PP(V
P







 Ecuación 2.2 

18
AmBET 10162.0N

22400
1VS   Ecuación 2.3 

Ecuación de Dubinin-Radushkevich y ecuación de Stoeckli. 

 El modelo de Dubinin-Radushkevich [3], DR, es utilizado para describir 

sólidos microporosos y en vez del concepto de superficie específica se utiliza el 

de volumen de microporos. La teoría de Dubinin asume que la adsorción en los 

microporos se produce mediante un mecanismo de llenado de su volumen con un 

adsorbato en estado similar al líquido y supone que el tamaño de los poros es 

heterogéneo y sigue una distribución Gaussiana. Cuando se habla de sólidos 

microporosos, es más coherente el concepto de volumen de microporos que el de 

área superficial. La ecuación de DR está expresada por la ecuación 


















2

0
0 E

AexpWW  Ecuación 2.4 

donde A es el trabajo molar diferencial, 




 P
PlnRTA 0 , W (cm3g-1) es el volumen 

adsorbido como líquido a una presión relativa de equilibrio P0/P, y W0 (cm3g-1) es 

el volumen de microporos 

Los parámetros E0 y β son específicos del sistema adsorbato-adsorbente; 

E0 es la energía característica de adsorción, la cual es inversamente proporcional 

a la anchura media de los microporos (L0) y β es el coeficiente de afinidad del 

adsorbato. En el caso  del N2 a -196 °C β = 0,33 [6] y para CO2 a 0 °C β =0,35 [7]; 

los volúmenes molares para N2 y CO2 a esas temperaturas son 34,65 cm3 mol-1 y 

43,01 cm3 mol-1, respectivamente. 
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La anchura media de los microporos se determina mediante la Ecuación 

de Stoeckli [4] (Ecuación 2.5) para valores de E0 comprendidos entre 40 y 20 kJ 

mol-1 o de Dubinin [8] (Ecuación 2.6) cuando E0 es menor de 20 kJ mol-1. 

)mol/kJ 4.11E(
8.10)nm(L

0
0 

  Ecuación 2.5 

)mol/kJ( E
24)nm(L

0
0   Ecuación 2.6 

Una vez obtenidos los parámetros relativos al volumen de microporos, 

energía de adsorción característica y anchura media de poro, al aplicar las 

ecuaciones anteriores, podemos encontrarnos distintas situaciones: 

1. W0(N2) < W0(CO2). Este caso se produce en carbonizados y carbones con un 

bajo grado de activación, por la presencia de constricciones a la entrada de los 

microporos que restringen el acceso del N2 a su interior, debido a la baja 

temperatura a la que se lleva a cabo la adsorción. Sin embargo, al realizarse la 

adsorción de CO2 a mayor temperatura esta puede acceder a estos microporos. 

En este caso se dice que la adsorción es activada. 

2. W0(N2) = W0(CO2). Ocurre cuando la accesibilidad a la microporosidad de 

ambos adsorbatos es la misma en carbones con un grado de activación medio.  

En este caso no existen constricciones debido al mayor grado de activación de 

los carbones y se puede considerar que hay una distribución homogénea del 

tamaño de los microporos. 

3. W0(N2) > W0(CO2). Se produce en carbones con un alto grado de activación, en 

los que existe una distribución muy ancha en el tamaño de los microporos. Esta 

diferencia en volumen de microporos se debe a la gran diferencia en la presión 

de saturación que existe entre ambos adsorbatos. Así, el N2 llena todo el 

volumen de microporos (ultramicroporos y supermicroporos), mientras que con  

CO2 solo medimos a 0 ºC, los microporos más estrechos (menores de 0,7 nm 

en anchura) o ultramicroporos. 
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Método de B.J.H. 

 El método BJH propuesto por Barrett, Joyner y Halenda (BJH) [5] se 

emplea para determinar la distribución del tamaño de los mesoporos. Este método 

supone que los poros son de geometría cilíndrica y cuando la presión relativa es 

cercana a la unidad, todos los poros se llenan de adsorbato en forma líquida y a 

medida que ésta se reduce sólo los poros más pequeños permanecen llenos con 

el líquido. Los adsorbentes que presentan isotermas de N2 a -196 ºC tipo IV, se 

caracterizan por la presencia de  un ciclo de histéresis durante la desorción. En 

este caso se puede estimar una distribución de tamaños de poros (PSD) por medio 

de la aplicación de la ecuación de Kelvin [6]. Sin embargo, desde el un punto de 

vista termodinámico, esta ecuación es únicamente aplicable a procesos 

reversibles.  

La existencia de un ciclo de histéresis genera una incertidumbre hacia qué 

proceso elegir (adsorción o desorción) que cumpla con esta condición. Por tal 

motivo, en general es más apropiado utilizar la isoterma de desorción, debido a 

que para un mismo volumen de gas, se presenta una presión relativa más baja, 

obteniendo un estado de energía libre más bajo y estará sujeta a situación 

verdadera de estabilidad termodinámica. Sin embargo, para las muestras que 

presentan histéresis de tipo H2 se recomienda utilizar la rama de adsorción para 

el análisis de la PSD. 

El cálculo del tamaño de los mesoporos, se realiza asumiendo poros con 

geometría cilíndrica, aplicando la ecuación de Kelvin a los datos de desorción de 

la isoterma de nitrógeno a ‒196 ºC. El radio de Kelvin es el radio del poro en el 

cual la condensación ocurre a una presión relativa determinada. 

 
)P/Pln(RT

V2r
0

m
K


  Ecuación 2.7 

Donde  es la tensión superficial del nitrógeno (8,85x10-7 J cm-2), Vm es el 

volumen molar de N2 líquido (34,7 cm3 mol-1), R la contante universal de los gases 

ideales 8,314 J mol-1K-1, T la temperatura de evaporación del nitrógeno (77 K), 
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P/P0 es la presión relativa y rK el radio de Kelvin del poro. Esta ecuación es válida 

para poros vacíos, pero el problema que presenta es que en la pared de los poros 

se queda adsorbida una capa de nitrógeno cuyo grosor depende de la presión 

relativa (P/P0). 

Dado que antes de la condensación se produce alguna adsorción sobre 

las paredes del poro, rK no representa el radio del poro. El radio real del poro rP se 

define por la ecuación 2.8: 

 trr KP   Ecuación 2.8 

donde t es el espesor de la capa adsorbida y se puede calcular empleando la 

ecuación 2.9 propuesta por Lippens [9]: 
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El poro de mayor radio, 1Pr , tiene una capa fisisorbida de moléculas de 

nitrógeno de espesor t1. Dentro de este espesor hay un capilar interno con radio 

rK, en el cual se produce la evaporación cuando la presión relativa disminuye. La 

relación entre el volumen y el poro, 1PV  y el volumen del capilar interno (Kelvin) 

1KV  viene dada por: 

 
2
K

2
P

1K1P

1

1

r

r
VV   Ecuación 2.10 

Cuando la presión relativa disminuye de (P/P0)1 a (P/P0)2 un volumen V1 se 

desorbe en la superficie. El volumen de líquido V1 no solo representa el vaciado 

del condensado en el poro de mayor tamaño, sino también una reducción en el 

espesor de su capa fisisorbida. Después de esta disminución de presión relativa, 
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el promedio de espesor es t1/2  y el volumen de poro de mayor tamaño viene dado 

por: 

 
2

11K

1P
11P 2/tr

r
VV 












  Ecuación 2.11 

Cuando la presión relativa disminuye de nuevo (P/P0)3 el volumen de 

líquido desorbido incluye no sólo la parte condensada en el próximo poro más 

grande sino también el volumen de una delgada segunda capa fisisorbida situada 

detrás del poro más grande. El volumen desorbido VP2 del poro de menor tamaño 

vienen dado por: 
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  Ecuación 2.13 

 



 

1n

1j
jnt ActV

n  Ecuación 2.14 

donde Ac1 es el área expuesta por los poros anteriormente vaciados de gas 

fisisorbido, el volumen de la segunda etapa de desorción 
2tV  y 

ntV  para cualquier 

etapa de desorción gradual, el cual es considerado como la suma del promedio 

de las áreas de poros no llenos, sin incluir los poros que fueron vaciados por 

desorción. 

El área de cada poro Ap es constante y puede ser calculada a partir del 

volumen de poro asumiendo poros de geometría cilíndrica 
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 Ecuación 2.15 
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Todos los poros vaciados de su condensado durante la disminución de la 

presión relativa, tienen un radio promedio rp calculado a partir de la ecuación de 

Kelvin, a presiones relativas más altas y más bajas durante la etapa de desorción. 

El término c está definido como: 

 
p

rp

p

c
r

tr
r
rc


  Ecuación 2.16 

El promedio del radio capilar, rc, se expresa como: 

 rpc trr   Ecuación 2.17 

donde tC es el espesor de la capa adsorbida para un radio promedio dado en el 

intervalo de disminución de la presión correspondiente calculado por la ecuación 

de Boer. 

Teoría de la Densidad Funcional 

Esta teoría fue propuesta por Evans y Tarazona [10] en 1984, 

posteriormente Seaton et al. [11] la desarrollaron para obtener la distribución de 

tamaño de poros.  

La idea se basa en la construcción en un potencial funcional, Ω[ρ(r)], de la 

densidad del fluido, ρ(r): 

 ]V)[r(dr)]r([F)]r([ extLLL    Ecuación 2.18 

donde F[ρ(r)] es la energía libre de Helmholtz “intrínseca” del fluido, Vext es el 

potencial externo provisto por el sólido, µ es el potencial químico y la integral es 

sobre todo el volumen. F[ ρ(r)] se la suma de Frepulsiva + Fatractiva, y a la parte 

repulsiva se aproxima a la energía libre de un fluido de esferas rígidas: 

)'r,r(u)'r('dr)r(U donde )r(U)r(dr2/1)]r([F)]r([F ggLLLedL    

  Ecuación 2.19 

y para obtener el perfil de densidad en equilibrio se minimiza el potencial funcional 

respecto de la densidad, es decir:  
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Los potenciales que correspondientes a los términos que describen las 

partes repulsivas y atractivas de las interacciones fluido-fluido y fluido-sólido 

varían de acuerdo al sistema a tratar. Esto ha dado lugar a diferentes 

aproximaciones DFT como lo son la teoría de la densidad funcional local (LDFT) 

y la no local (NLDFT). La aproximación LDFT se utiliza a menudo, pero no es 

capaz de describir correctamente la fuerte oscilación en el perfil de densidad de 

un fluido en la interfase fluido-sólido lo que lleva a una inadecuada descripción de 

las isotermas de adsorción, en especial para microporos estrechos. En contraste 

la NLDFT [12] proveen una visión más realista de lo que le ocurre a un fluido 

confinado en un poro. 

1.1.3. Microscopia Electrónica de Barrido (SEM) 

 Con objeto de visualizar la morfología de la superficie de los adsorbentes 

se tomaron microfotografías de la superficie por Microscopía Electrónica de 

Barrido (SEM). Estas fueron realizadas en el Centro de Instrumentación Científica 

de la Universidad de Granada, con un microscopio electrónico de alta resolución 

modelo AURIGA (FIB-FESEM) de Carl Zeiss SMT. 

1.1.4. Microscopia Electrónica de Transmisión (TEM) 

La HRTEM se basa en la interacción que se produce cuando un haz de 

electrones de energía elevada (100 – 200 keV) incide sobre una muestra. Los 

electrones llevan asociada una longitud de onda y es posible determinar sus 

propiedades oscilatorias para obtener imágenes, así como diagramas de 

difracción. 

La técnica HRTEM se realizó con un equipo Philips, modelo CM-20 

equipado con sistema EDAX de microanálisis mediante dispersión de energía de 

rayos X y con una magnificación de 660.000X. La máxima resolución fue de 0,27 
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nm entre puntos y 0,14 nm entre líneas, y la tensión de aceleración es de pasos 

seleccionables de 20, 40, 80, 120, 160 y 200 KV. 

1.2. CARACTERIZACIÓN QUÍMICA 

1.2.1. Análisis elemental 

 El análisis elemental de las muestras se realizó en un analizador elemental 

THERMO SCIENTIFIC Modelo Flash 2000 del Centro de Instrumentación 

Científica de la Universidad de Granada, el cual determina el contenido de C, H, 

N y S; el contenido de O se calculó por diferencia. 

1.2.2. Análisis termogravimétrico (TGA) 

 El contenido en cenizas de los precursores lignocelulósicos y de los 

carbones activados se ha determinado mediante análisis termogravimétrico. En 

este estudio el análisis termogravimétricos se obtuvieron en el Centro de 

Instrumentación de la Universidad de Granada con un instrumento TGA-50H de la 

casa Shimadzu. Los análisis se realizaron en flujo de aire hasta 950 °C y con una 

velocidad de calentamiento de 10 °C min-1. 

1.2.3. Espectroscopía de fotoemisión de Rayos-X 

 La espectroscopía de fotoemisión de Rayos-X (XPS) se utiliza para 

caracterizar la química superficial de la muestra en su superficie más externa. 

 Los espectros fueron obtenidos en el Centro de Instrumentación Científica 

de la Universidad de Granada, con un espectrómetro Kratos Axis Ultra-DLD 

usando como fuente la radiación de MgK(hυ = 1253.6 eV) y un analizador 

hemiesférico de electrones operando a 12 kV y 10 mA. Las muestras analizadas 

se colocaron en un portamuestras de acero y fueron introducidas en la cámara de 

análisis siendo desgasificadas a una presión inferior a 10-8 Torr. Las regiones 

analizadas fueron las correspondientes a los elementos C, O, N, S, P, V, Ti y Zr 

(C1s, O1s, N1s, S2p, P2p, V2p, Ti2p, y Zr3d,). Estas señales fueron deconvolucionadas 

usando funciones de tipo suma Gaussianas-Lorentzianas para determinar el 
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número de componentes, la energía de ligadura de los picos (B.E.) y las áreas de 

los mismos (análisis cuantitativo). La energía de ligadura del pico de la región C1s, 

correspondiente a C=C (aromático-alifático) se tomó como pico de referencia para 

conocer la posición de los demás, asignándole el valor de 284,6 eV y la asignación 

de los distintos picos se llevó a cabo en función de la bibliografía disponible [15-

17] (Tabla 1) 

1.2.4. Espectroscopía Raman 

Cuando la luz incide sobre una molécula, el campo eléctrico oscilante de 

la radiación incidente provoca una oscilación de la densidad electrónica de la 

molécula. Este efecto viene representado por la aparición de un momento dipolar 

eléctrico oscilante inducido que actúa, a su vez, como fuente de radiación, 

originando las dispersiones Rayleigh y Raman. La dispersión está dirigida en 

todas las direcciones, excepto en la de la propia dirección del dipolo, con un valor 

máximo de intensidad a 90° con respecto al eje del dipolo y tomando para el resto 

de ángulos un valor I(q)=Imax×sen2q. La mayor parte de la luz es elásticamente 

dispersada, dando lugar a la dispersión Rayleigh, sin cambio en la energía de los 

fotones, pero algunos fotones intercambian energía con la muestra y son 

dispersados inelásticamente, con un cambio en su longitud de onda, indicando la 

pérdida o ganancia de energía. Este es el llamado efecto Raman, descubierto por 

el físico indio Chandrasekhara Venkata Raman en 1928. Dicho efecto proporciona 

una gran cantidad de información cualitativa de la muestra a partir de los cambios 

característicos en la energía de los fotones dispersados. 

Los espectros Raman se obtuvieron usando un espectrómetro dispersivo 

Micro-Raman JASCO NRS-5100 con una radiación láser de 532 nm. 

1.2.5. Difracción de rayos X (DRX) 

Los difractogramas de rayos X (XRD) en polvo se registraron con un 

difractómetro BRUKER D8 ADVANCE (BRUKER, Rivas-Vaciamadrid, España) 

usando la radiación CuK con =0.1545 nm. Los difractogramas se registraron 



104  Capítulo II 

 

entre 5º y 70º (2θ) con un paso de 0,02º y un tiempo por paso de 96 s. El tamaño 

medio de los cristales se determinó usando la ecuación de Scherrer. 

1.2.6. Microcalorimetría de inmersión 

Para la determinación de la hidrofobicidad (HF) de los materiales se han 

obtenido las entalpías de inmersión tanto en benceno como en agua, iH(C6H6) 

and iH(H2O), para lo cual, se ha empleado un calorímetro isotérmico tipo Tian-

Calvet modelo SETARAM C80. La hidrofobicidad de las muestras se calculó de 

acuerdo con la ecuación 2.21. La entalpía de inmersión en el agua depende de 

interacciones específicas y no específicas; en contraste, en el caso del benceno 

la entalpía de inmersión depende sólo de la superficie del carbono accesible a las 

moléculas de benceno.  

)HC(H
)OH(H)HC(HHF

66i

2i66i



   Ecuación 2.21 

1.3. CARACTERIZACIÓN ELECTROQUÍMICA 

Los electrodos de trabajo se prepararon mezclando los materiles 

compuestos de xerogeles de carbón-óxido metálico o carbones activados 

preparados los cuales constituyen el material electroactivo. Esto materiales 

(excepto las microesferas) se molturaron para obtener un tamaño de partícula 

<350 µm y se mezclaron con politetrafluroetileno (PTFE) como aglomerante, en 

una proporción de 90:10. La mezcla se extendió sobre una superficie de vidrio y 

se adicionaron unas gotas de agua para formar una pasta y asegurar la 

homogeneidad de la mezcla. La pasta obtenida se secó en una estufa a 110 ºC 

durante 24 h. 

Los estudios de almacenamiento de enrgía se llevaron a cabo en una celda 

de dos electrodos (Figura 1). Para ello se prepararon dos electrodos de trabajo 

soportados cada uno sobre dos discos de papel de grafito separados por un 

aislante de microfibra de vidrio con poros de 1,6 µm. El material se prensó sobre 

los discos a una presión de 3 bar durante 5 min 
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Electrodo de trabajo 

 

Celda de dos 

electrodos 

 

Figura 1. Electrodos de trabajo y esquema del montaje experimental para 

celdas de dos electrodos 

 

Los materiales carbonosos preparados como electrodos se caracterizaron 

electroquímicamente utilizando las técnicas de voltametría cíclica (VC), 

cronopotenciometría (CP) y espectroscopía de impedancia electroquímica (EIS). 

Los experimentos se realizaron en un potenciostato VMP3 de Biologic Science 

Instrument utilizando una configuración dos electrodos. 

1.3.1. Voltametría Cíclica (VC) 

La VC es una de las técnicas más utilizadas en electroquímica. Esta 

técnica consiste en aplicar a un electrodo de trabajo una variación lineal del 

potencial en el tiempo con una velocidad de barrido determinada, s, entre un límite 

superior y uno inferior una o varias veces mientras se registra el cambio de 

corriente, I, que circula por el sistema [18]. 

La voltametría cíclica también es útil para obtener información acerca de 

los procesos farádicos que puedan tener lugar. Si durante el barrido se llega a un 
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potencial en el que tiene lugar una reacción química, se produce un aumento de 

corriente que permanecerá mientras quede especie que pueda reaccionar. 

En la Figura 2 se presentan los diferentes tipos de voltagramas que se 

pueden obtener en condensadores. La curva 1 indica el comportamiento ideal de 

un condensador, forma rectangular e imagen espejo. La curva 2 representa un 

condensador con resistencia interna que se aleja relativamente de la idealidad. La 

curva 3 presenta una contribución farádica a altos y bajos voltajes debido a una 

descomposición del electrolito, incluyendo unos picos 4 debido a reacciones redox 

[19]. 

 

 

Figura 2. Voltagramas típicos en condensadores 

 

1.3.2. Cronopotenciometría (GD) 

En la técnica GD el condensador se carga a una corriente constante, Ic, 

hasta llegar a un voltaje elegido, V, momento en el que se invierte la corriente, Id, 

y se da inicio a la descarga. La corriente generalmente varía en un intervalo de 1 

mA g-1 a varios A g-1. El cambio de potencial, △V (V), en un proceso de carga 

interfacial a una densidad de corriente constante, Id (A)  varía linealmente con el 

tiempo t (s) de acuerdo con la Ecuación 2.22.  

 
V
tIC d 


  Ecuación 2.22 
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Al fijar la corriente, la representación del potencial frente al tiempo será una 

línea recta, de cuya ordenada en el origen puede obtenerse la resistencia y a partir 

de la pendiente la capacidad. En el caso de un condensador ideal, la curva de 

V=f(t) de la carga debe ser igual a la descarga, presentando una forma triangular 

perfecta [20]. En la Figura 3 se presenta una curva de cronopotenciometría típica 

ideal. 

 

 

Figura 3. Cronopotenciograma típico de un proceso de carga y descarga sin 

contribución farádica 

 

La resistencia equivalente en serie del supercondensador, ESR, puede 

calcularse utilizando esta técnica midiendo la caída óhmica (IR) al principio de la 

carga y al principio de la descarga [21] en una curva cronopotenciometría típica. 

 
I

VESR IR



  Ecuación 2.23 

1.3.3. Espectroscopía de Impedancia Electroquímica (EIS) 

La EIE es una de las técnicas más frecuentemente utilizadas para la 

caracterización de sistemas y procesos electroquímicos (propiedades eléctricas 

de los materiales y las interfases). Esta se basa en la aplicación de un potencial 

de corriente alterna (AC) a una celda electroquímica, midiendo la corriente a través 

Caída óhmica

Ciclo de Carga-Descarga

t

E 
(V

)
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de la celda en equilibrio [26,163,164]; la señal de la corriente se puede analizar 

como la suma de funciones sinusoidales. 

Las mediciones para los materiales preparados se realizaron mediante la 

perturbación del sistema por una variación de potencial de forma sinusoidal: 

 )ft2(senVV ot   Ecuación 2.24 

donde Vt es el voltaje aplicado en un tiempo t, V0 es la amplitud máxima del voltaje 

y f la frecuencia.  

Por lo tanto, la respuesta de la corriente también será sinusoidal a la misma 

frecuencia pero desplazada en fase: 

 )ft2(senII ot   Ecuación 2.25 

donde It es la corriente en un tiempo t, I0 la amplitud de la corriente y Ф el 

desplazamiento de fase de la corriente frente al voltaje aplicado.  

La EIS se mide normalmente utilizando una pequeña señal de excitación y 

la respuesta de la celda es pseudo-lineal. La impedancia se define de manera 

análoga a la resistencia en el caso de un circuito de corriente continua como: 

 
t

t
t I

VZ   Ecuación 2.26 

La impedancia tiene una magnitud Z0 y una fase Φ: 

 
0

0
0 I

VZ   Ecuación 2.27 

La impedancia en notación compleja se considera como: 

 "jZ'Z)jsen(cosZZ 0t   Ecuación 2.28 

Donde 1j  , Z’ es la parte real de la impedancia y Z” es la parte 

compleja.  
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Los valores de impedancia obtenidos experimentalmente se suelen 

representar principalmente de dos formas, mediante el diagrama Nyquist o 

mediante el diagrama de Bode. El diagrama de Nyquist (Figura 4) representa la 

parte compleja de la impedancia (Z”) frente a la parte real (Z’) y son muy útiles 

para obtener parámetros de los espectros de impedancia con arcos simples o 

múltiples en el plano complejo. Los materiales de carbón se caracterizan por tener 

una parte resistiva a altas frecuencias (semicírculo) y un comportamiento 

capacitivo a bajas frecuencias (<1 Hz). A bajas frecuencias el espectro se 

aproxima a una línea recta perpendicular a la abscisa (Figura 4). El punto de 

inflexión entre el semicírculo y la línea vertical, es conocido como “knee 

frequency”, punto que indica que la mayoría de la energía es almacenada 

accesible a esta frecuencia y la frecuencia a la cual el comportamiento capacitivo 

es dominante (línea vertical a bajas frecuencias) respecto al resistivo, arriba de 

este límite la parte real de la impedancia es dependiente de la frecuencia [18,22].  

 

 

Figura 4. Diagrama de Nyquist típico para una celda con cinética mixta y 

transferencia de carga 

En las frecuencias de rango medio (100 – 1 Hz) se observa la influencia de 

la porosidad del electrodo y la velocidad de migración de los iones desde el 

electrolito al centro del electrodo. La impedancia de Warburg está asociada con 

los efectos difusivos de las especies químicas a los largo del electrodo [23]. 

-L
n

Z”

Z’Rs Rs + Rp

Región de alta
frecuencia

Región de baja
frecuencia

Doble capa

“knee frequency

45 ° Warburg
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La expresión de la impedancia depende del elemento de circuito 

equivalente que se esté estudiando.  Los diagramas Nyquist son muy útiles para 

obtener parámetros de los espectros de impedancia con arcos simples o múltiples 

en el plano complejo. 

La relación de la magnitud de la impedancia (|Z|) y el ángulo de fase () 

con el ángulo de frecuencia (ω), se conoce como el diagrama de Bode, a partir del 

cual también puede obtener información importante del sistema electroquímico 

[23]. El diagrama de Bode también se puede representar como el logaritmo de la 

magnitud de la impedancia frente a la frecuencia (Figura 5). 

 

 

Figura 5. Diagrama de Bode con una constante de tiempo 

El tratamiento de los datos obtenidos se suele realizar mediante la 

obtención de un circuito equivalente que reproduzca el espectro de impedancia 

obtenido durante el experimento. Estos circuitos están formados por elementos 

eléctricos como resistencias, condensadores, etc., (expuestos en la Figura 8, 

Capítulo I) que reproducen el comportamiento de los procesos reales como la 

resistencia del electrolito entre los electrodos referencia y trabajo, la doble capa 

(capacidad) que se forma en la interfase electrodo-disolución o la transferencia de 
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carga que ocurre durante un proceso farádico.Es necesario destacar que para 

aplicar correctamente la técnica es necesario suponer el menor número de 

elementos de circuito posible. A fin de cuentas, con este proceso lo que hacemos 

es modelar un sistema experimental (real) mediante un circuito equivalente. Si 

este circuito contiene muchos elementos, lo que hacemos es simular una curva 

experimental con un modelo que incluye muchos parámetros. Sin duda, el ajuste 

al modelo será tanto mejor cuantos más parámetros incorporemos, pero se nos 

presentará una gran dificultad a la hora de interpretar los resultados: no podremos 

dotar de significado físico todos los parámetros del proceso. Si esto sucede, poco 

o nada aprenderemos sobre el sistema experimental.  
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1. ABSTRACT 

Activated carbons from a mixture of olive-residue, oil and vegetable water, 

known as alperujo, OR, were prepared by KOH and H3PO4 activation. KOH 

activations were made following two different methods (carbonization-activation 

and impregnation-activation) with two different KOH/carbon ratios. Textural 

characterization with N2 and CO2 reveals that a prior carbonization of samples 

followed by the activation with KOH, produces samples with similar textural and 

chemical properties to the impregnated ones at low KOH ratio, while at high KOH 

ratio; more porous samples are obtained by carbonization. However, no 

differences are observed increasing the KOH ratio for the impregnated samples. 

As a consequence, similar or even more porous samples are obtained by using an 

easier preparation method such as carbonization-activation. On the other side, 

H3PO4 activation leads to samples with less surface area but with a more 

developed mesoporosity. In addition, the chemical surfaces of KOH and H3PO4 

activated samples are very different as shown by XPS and TPD results. XPS data 

denote a similar chemical texture in KOH activated samples in spite of the different 

preparation methods and KOH ratio, whereas the H3PO4 method fixed different 

phosphorus surface groups. Analysing TPD data while on KOH activated samples, 

oxygenated surface groups (OSG) decompose mainly as CO2 (carboxylic acid, 

anhydrides, lactones, etc.) during the TPD experiments, on H3PO4 activated one 

those OSG ones evolve as CO (semiquinone, carbonyl, etc.) which has been 

attributed to the presence of –C–O–P– species that decompose in the form of CO 

at around 860 °C. As a consequence, similar electrochemical capacitances are 

obtained using KOH activated samples, which depend linearly on the surface area 

while the H3PO4 activated one presents higher capacitance value and capacitance 

stability in spite of its smaller surface area. This fact was related with the presence 

and nature of phosphorus surface groups. 

Keywords: Mixture of olive-residue, oil and vegetable water, Activated carbons, 

KOH and H3PO4 activation, Supercapacitors, Energy storage. 
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2. INTRODUCTION 

Activated carbons are attractive materials for industrial applications due to 

their good chemical and physical properties as well as their high surface area and 

well developed porosity, which can be doped and adapted with different active 

surface functionalities. These properties make them very good candidates for 

several applications such as adsorption of liquid [1,2] and gas pollutants [3,4], 

catalysis [5], biomedical applications [6], as well as energy storage like 

supercapcitor devices [7-9]. For this purpose, many types of activated carbons 

have been prepared from several lignocellulosic precursors such as argan shell 

[8], wood [10,11], coconut [12], sugar cane bagasse [13], olive-mill waste water 

[14] and olive stone [15]; cheap biomass residues and wastes which make them 

cheaper than others materials for different applications. 

Several preparation methods were reported in the literature for the 

preparation of activated carbons from different lignocellulosic precursors [8,14,15]. 

Different activating agents are used to produce materials with optimum textural 

properties and a designed surface chemistry depending on the activating agent 

and the preparation method used. 

The use of activated carbons as supercapacitor electrodes gives good and 

promising results providing a high specific capacitance ranging from 100 to 400 F 

g-1 [8,16]. This capacitance is influenced by the porous structure and especially by 

the homogeneity of this porous structure. Furthermore, the surface chemistry plays 

a crucial role in the electrochemical properties of activated carbons. In this sense, 

the introduction of different functional groups on the activated carbon surface and 

the influence of these groups on their electrochemical properties are a very 

interesting and worldwide studied field [17-19]. The presence of heteroatom groups 

such as nitrogen [8], oxygen and phosphorus groups [20] on the activated carbon 

surface has a very important effect on the electrochemical properties. However, 

not only is important the presence of different heteroatoms on the carbon surface, 

the nature of these groups is also quite significant. Several authors reported that 

the presence of phosphorus groups can decrease or ameliorate the capacitance 
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of the activated carbon depending on the nature of the phosphorus groups [20]. 

This fact indicates that it is very important to study the introduction of a doping 

agent to the surface chemistry of activated carbons for its use as supercapacitor 

electrodes but also the nature of these functional groups to improve their 

supercapacitor behaviour. 

The objectives of this study are firstly to analyse the effect of the preparation 

method of activated carbons from a mixture of olive-residue, oil and vegetable 

water, OR, by KOH and H3PO4 activation on their textural and chemical properties. 

Secondly, to study the effect of these properties on their electrochemical 

behaviour, mainly to check the effect of the presence of phosphorus surface groups 

on the activated carbon in its electrochemical performance. 

3. MATERIALS AND METHODS 

3.1.  Preparation of activated carbons 

Activated carbons were prepared by three different activation methods as 

reported in other works [8,15] with a few modifications. Activation with KOH was 

performed by two different methods. The first one is an impregnation of OR with 

KOH using two different KOH/OR weight ratios (1 and 2). For that, the precursor 

was previously mixed with the proper amount of a concentrated KOH solution until 

complete dry. After that, the dry solid was submitted to a thermal carbonization-

activation program under inert atmosphere consisting in a step at 300 ºC for 2 h 

and then at 840 ºC for 2 h at a heating rate of 10 ºC min. The resulting samples 

were designated as AK1 and AK2 for KOH/OR ratios of 1 and 2, respectively. 

The second one consists in the carbonization of the OR in a first step at 

300 ºC for 2 h under a nitrogen flow of 300 cm3 min−1 before treatment with KOH. 

Then, chemical activation was carried out using a physical mixture of the previously 

carbonized material with solid KOH in a 1/1 or 1/2 mass ratio. This mixture was 

treated under nitrogen flow for 2 hours at 840 °C. The final products were 

designated as CK1 and CK2, for 1/1 and 1/2 mass ratios, respectively. 
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Finally, the activation with H3PO4 was prepared by impregnation of OR with 

H3PO4 in a mass ratio of 1/4 and then the dry slurry was treated under nitrogen 

flow for 2 hours at 300 °C followed by 2 hours at 700 °C. This sample was referred 

to as AP. 

All thermal treatments were performed in a horizontal tubular furnace (from 

Heraeus) under a nitrogen flow of 300 cm3 min−1 at a heating rate of 10 ºC min−1. 

Finally, all the prepared activated carbons were washed with 1 M HCl solution and 

then with distilled water until neutral pH and until chloride ions were no longer 

detected in the washing water by using a silver nitrate solution. 

3.2.  Characterization of activated carbons 

The textural characterization of the synthesized samples was carried out 

by N2 and CO2 adsorption at -196 and 0 °C, respectively using a Quantachrome 

Autosorb-1 equipment after outgassing the samples overnight at 110 ºC under 

dynamic vacuum (10-6 mbar). The total micropore volume (W0 (N2)) and the narrow 

micropore volume (W0 (CO2)) were obtained by the application of Dubinin–

Radushkevich (DR) to the N2 and CO2 adsorption isotherms, respectively, and the 

mean micropore width (L0) for both adsorbates were obtained by applying the 

Stoeckli equation. The BET equation was applied to N2 adsorption isotherms to 

obtain the apparent BET surface area (SBET). The pore size distribution (PSD) was 

determined by applying Quenched Solid Density Functional Theory (QSDFT) to 

the N2 adsorption isotherms, assuming slit-shaped pores. 

The content of carbon, hydrogen and nitrogen was determined using an 

elemental analyzer THERMO SCIENTIFIC Model Flash 2000. The content of 

phosphorous was obtained using ICPOES from Perkin Elmer model Optima 8300. 

The surface chemistry of activated carbons was studied by temperature 

programmed desorption coupled with mass spectrometry (TPD) and X-ray 

photoelectron spectroscopy (XPS). TPD was performed by heating samples up to 

1000 ºC at 20 ºC min-1 and analysing the CO and CO2 evolved by means of a mass 

spectrometer model Prisma from Pfeiffer. Each sample was analysed at least three 
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times in order to get an error lower than 3%. The total oxygen content, OTPD, was 

calculated from the amount of CO and CO2 evolved. XPS was obtained using an 

Escalab 200R system (VG Scientific Co.) with MgK X-ray source (h = 1253.6 

eV) and hemispherical electron analyzer. Survey and multi-region spectra were 

recorded at C1s, O1s, and P2p photoelectron peaks. Each spectral region of 

photoelectron interest was scanned several times to obtain good signal-to-noise 

ratios. The C1s peak at 284.6 eV was used as internal standard. Given that the 

depth recorded with this technique is around 2-3 nm below the external surface, it 

gives the surface content of oxygen, OXPS, or phosphorus, PXPS. 

3.3. Electrochemical measurements  

The electrochemical measurements were carried out in a two electrodes 

system using an EC-lab VMP system (Biologic) at 25 ºC with H2SO4 1M and 

Na2SO4 1M as acid and neutral electrolytes, respectively and glass fibrous material 

as a separator. The working electrodes were two 5 mm graphite discs, identical in 

size and weight (22 mg/cm2), on which 4.4 mg of a homogeneous mixture of 90 % 

of carbon sample and 10 % of PTFE binder (60 % suspension in water), previously 

dried overnight at 100 ºC, was pasted by pressure at 5 bar. The graphitic 

electrodes prepared like this were impregnated with the respective electrolyte for 

48 h before electrochemical measurements were made. Each sample was 

analysed at least three times in order to get an error lower than 1 %. 

Prior to the electrochemical measurements, the voltage window in each 

electrolyte was calculated by cyclic voltammetry. These voltage windows were 0 

V-0.75 V in H2SO4 and 0 V-1.0 V in Na2SO4. Cyclic voltammetry in the voltage 

interval of each electrolyte was performed at different scan rates (0.5, 2.5, 5, 10 

and 20 mV s-1) and the gravimetric capacitance, CCV (F/g), was calculated using 

the following equation [22,23]: 

ΔVm
ΔtI

4CCV 


         (Eq. 1) 
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where  tI  was the area of the current (A) against time (s) curve, m was the 

total mass of active sample in both two electrode (g), ∆V the voltage window (V) 

and the 4 factor traduces the relation between single electrode capacitance and 

cell capacitance. Typically, the specific capacitance for one single electrode Cone 

(F g-1) is calculated according to Cone=4 C where C is the specific cell capacitance 

for the two-electrode supercapacitor calculated from the CV curve or charge–

discharge curve.  

The galvanostatic charge-discharge analyses were obtained at different 

current density from 0.125 A g−1 to 10 A g−1 in a voltage interval of each electrolyte. 

The gravimetric capacitance from these measurements, CGD (F/g), was calculated 

by Eq. 2 [9,24]:  

ΔVm
ΔtI4C d

GD 


       (Eq. 2) 

where Id was the current density (A/g), ∆t the discharge time (h), ∆V the voltage 

interval without the IR drop and m was the total mass of active sample (g). The 

impedance spectroscopy measurements were carried out from a frequency of 1 

mHz to 100 kHz with a sinusoidal signal amplitude of 10 mV. The capacitance 

value, Cmax, was obtained by Eq. (3) 

2max
Zπf2

Z"C 
       (Eq. 3) 

where f was the frequency and |Z|2 = |Z’2| + |Z”2|, where Z’ and Z” are the real and 

imaginary parts of the complex impedance, respectively [25]. 

The electrical energy and the power density were calculated by using the 

Eq. 4 and Eq. 5, respectively for two-electrode cell [26,27]: 

6.32
)V)(VV()g F( C)kg Wh(E

2
min

2
max

1
GD1







        (Eq. 4)  

m (kg)
ΔV(V)I(A)

2
1)kgP(W 1 
       (Eq. 5) 
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The stability of supercapacitors was studied by floating tests and constant 

current charge-discharge cycling over 12500 cycles, the capacitance was 

calculated after the IR drop has been subtracted. The floating test is described as 

follows [28]: After every 10 h of aging, five constant current galvanostatic charge-

discharge sequences at the maximum voltage were followed and the specific 

capacitance was calculated from the first and fifth discharge respectively. These 

sequences were reiterated 20 times, i.e. a total floating time of 200 h. The 

resistance (ESR) which is a measure of the conductivity of the material was also 

estimated from the IR drop at the initial step discharge curve.  

 

4. RESULTS AND DISCUSSION 

4.1. Textural and chemical characterization  

N2 adsorption–desorption isotherms at -196 ºC on activated carbons are 

shown in Figure 1a. KOH activated carbons present different textural properties 

depending on the preparation procedure. Both samples AK1 and AK2 show type I 

isotherms according to the IUPAC classification, typical of microporous materials. 

Also, there is some mesoporosity, because the N2 uptake slightly increases at a 

higher relative pressure after micropore filling. However, the samples CK1 and 

CK2 show a mixture of type I and type IV isotherms with a hysteresis loop, 

indicating the presence of mesopores. These differences on the textural properties 

could be related with the initial pre-carbonization of the CK carbon samples in 

which the mesoporosity of the samples could be developed, while the major 

microporosity is developed by the subsequent KOH activation. On the other hand, 

the H3PO4 activated samples show mainly a type IV isotherm, typical of 

mesoporous materials with lower N2 uptake at low relative pressure indicating the 

presence of some microporosity. Figure 1b depicts the pore size distribution 

obtained by applying the QSDFT method to N2 isotherms. Effectively, this Figure 

points out that samples CK1, CK2 and AP, possess mesopores in the range of 2.5-

4.5 nm. However, very low mesoporosity is observed in the AK1 and AK2 samples. 
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Figure 1. (a) N2 isotherms at 77 K, closed symbols: N2 adsorption curve and 

open symbols: N2 desorption curve (b) QSDFT pore size distribution 

applied on the adsorption N2 isotherms. ● AK1, ◆AK2, ▲ CK1, ■ CK2 

and ◒ AP. 

 

Table 1 summarizes the results obtained from isotherm data. The activation of 

alperujo produces in all cases activated carbons with high surface area ranging 

from 800 to 1700 m2g-1 and with a large micro and mesoporosity. Both micropores 

and mesopores are very important for their use as electrodes in energy storage 

applications because they have different roles with respect to fast charge transfer 

and the double layer formation of electrolyte ions in the networks of the electrode 

[9,29]. The micropore volume obtained from CO2 adsorption yields the volume of 

narrow micropores or ultramicropores (below about 0.7 nm width), whereas the 

total micropore volume is obtained from N2 adsorption if there are no very narrow 

micropores or pore constrictions at their entrance. In this sense, in all samples 

W0(N2) > W0(CO2) and L0 (CO2) around 0.7 nm denoting the absence of N2 

diffusional restrictions to the microporosity indicating an adequate activation 

degree of all samples. 
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Table 1. Textural properties of the samples obtained by gas (N2 and CO2) 

adsorption. 

Sample 
SBET W0(N2) W0 (CO2) L0(N2) L0 (CO2) aV0.95 Vmeso 

m2/g cm3/g cm3/g nm nm cm3/g cm3/g 

AK1 1390 0.51±0.01 0.48±0.03 0.81±0.03 0.79±0.01 0.61 0.10 

AK2 1350 0.50±0.01 0.44±0.04 0.92±0.02 0.78±0.02 0.62 0.12 

CK1 1295 0.49±0.01 0.44±0.01 0.77±0.02 0.73±0.01 0.67 0.18 

CK2 1626 0.59±0.01 0.44±0.04 1.08±0.03 0.78±0.02 0.83 0.24 

AP 771 0.29±0.02 0.25±0.07 1.27±0.02 0.68±0.02 0.57 0.28 

aV0.95 = volume of nitrogen adsorbed at P/P0 of 0.95 

 Besides, the pore diameter as well as the pores volume are affected by the 

carbon preparation method and also with the ratio of KOH used. No significant 

differences between samples prepared with 1, and 2 KOH ratios are observed 

when the impregnation method is used. However, a significant increase of surface 

area as well as of micro and mesopore volumes are obtained when increasing the 

KOH ratio from 1 to 2 using the carbonization-activation method. These differences 

could be related with the activation method. Using liquid KOH in a first step, which 

acts degrading the cellulosic and lignin constituents of the precursor, being 

intercalated in the raw structure. Finally during the carbonization process the alkali 

metal intercalated in the lattices of the carbon can act as an electron donor which 

promotes the gasification reaction, responsible of the creation of pores within the 

matrix of carbon [30]. However, using solid KOH, a first carbonization step has 

been made in which a porous structure is developed and then activation is 

performed. It is well known that the interaction with the activating agent is more 

intensive for the non-carbonized material than for the carbonized one, so 

impregnated samples show higher SBET and wider microporosity than carbonized 

ones [8,15]. This fact is corroborated comparing AK1 and CK1 samples. 

Impregnated sample (AK1) presents higher SBET as well as wider microporosity 
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(1.02 nm vs 0.77 nm) than the carbonized one (CK1). However, using more amount 

of KOH (KOH/OMW = 2) the opposite trend is obtained; more developed porous 

texture is obtained in the CK2 sample. This manifests that the amount of KOH 

plays a more important role in the carbonized samples than in the impregnated 

ones. Therefore, KOH intercalated on the structure is very sensitive to the primary 

porous structure, using a high amount of activating agent. 

Moreover, the microporosity of the samples with L0(N2) between 0.77 and 

1.22 nm, would be fully accessible to the hydronium ions, 0.36–0.42 nm [31] and 

hydrated bisulphate ions, 0.53 nm [32], produced by a dissociation of the 

electrolyte (1 M H2SO4). L0(N2) of all samples ranges from 0.77 to 1.22 nm, being 

completely accessible to the electrolyte. 

Nevertheless, the activation mechanism using KOH and H3PO4 is very 

different in spite of the similar impregnation method. KOH activation (AK1 or AK2) 

leads to activated carbons with a higher surface area and porosity than the H3PO4 

activation (AP) according to previous works [11,33]. Also note that the AP sample 

is a micro, mesoporous sample while AK samples are mainly microporous ones 

according to Salame and Bandosz [34] who obtained a significant contribution of 

mesopores when phosphoric acid activation was applied, while KOH-activated 

carbons have a microporous structure. 

The chemical composition and the surface chemistry of the activated 

carbons are summarized in Tables 2 and 3 respectively.  

Table 2. Elemental analysis and ICPOES data. 

Sample C H N O+P P (ICPOES) 

AK1 91.38 0.69 0.76 7.81 0.00 

AK2 89.45 1.05 0.77 9.50 0.00 

CK1 91.37 1.58 0.58 6.68 0.00 

CK2 90.52 1.93 0.64 7.89 0.00 

AP 79.66 1.97 0.97 17.40 4.34 

O+P obtained by difference 
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Table 3. TPD and XPS analysis of the activated carbons 

Sample 

TPD analysis  XPS analysis  

CO CO2 O  C O P 

mmol g-1 mmol g-1 wt. %  wt.% wt.% wt.% 

AK1 0.24 0.54 2.10  87.6 8.4 - 

AK2 0.15 1.04 3.55  75.0 9.1 - 

CK1 0.27 0.45 1.89  92.9 7.1 - 

CK2 0.23 0.45 1.82  93.9 6.1 - 

AP 1.12 0.18 2.37  81,3 11.7 5.9 

 

It is observed that the amount of oxygen detected for all carbons is around 

2 % which is typical for activated carbons carbonized at high temperature. 

However, ODTP is lower than OXPS in all samples denoting a distribution of oxygen 

mainly localized on the external surface of the sample, which is typical for activated 

carbons pointing out that this oxygen is due to a surface oxidation of samples after 

their exposure at room atmosphere. Also note that the fixed oxygen on KOH 

activated carbons has a different nature than the phosphoric acid activated one. 

While for KOH activated samples, oxygenated surface groups (OSG) decompose 

mainly as CO2 (carboxylic acid, anhydrides, lactones, etc.) during TPD 

experiments, for H3PO4 those OSG evolved as CO (semiquinone, carbonyl, etc.) 

are the most abundant. These differences are clearly observed in the TPD profiles 

(Figure 2).  Therefore, for the KOH activated carbon, the CO2 release takes place 

mainly below 500 ºC, with a maximum at around 280 ºC (associated to carboxylic 

acids). A shoulder is also observed around 600 ºC which indicates the presence of 

carboxyl anhydrides and/or lactone groups. The TPD profile clearly differs from the 

H3PO4 activated one: the evolution of CO2 at low temperatures decreases and 

another peak develops between 700 and 950 ºC, which can be related to carboxyl 

anhydride groups [35]. In the same temperature range (600–900 ºC), CO evolution 

is maximal, which is indicative of the presence of carboxyl anhydrides (this species 
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is known to produce both CO and CO2 peaks). The formation of these groups could 

be attributed to the decomposition of phosphate like-structures formed during the 

chemical activation process at temperatures < 750 ºC [36]. The O–P bond in the 

C–O–P system is the weakest one, so at high temperature this bond is broken 

leaving only an O atom bonded to a carbon site which produced a high desorption 

of CO at high temperature [37]. So, the well-defined CO evolutions between 800 

and 950 °C have been assigned to the presence of –C–O–P– species that 

decompose in the form of CO at around 860 °C. Also, noted that no water is 

desorbed at a temperature higher than 200 ºC for KOH activated samples, while a 

peak is obtained at 750 ºC characteristic of phosphoric acid activated carbons 

related with dehydratation reactions. The chemical nature of the activated carbon 

surface is also analysed by the peak deconvolution of XPS high resolution regions 

(Table 4). 

 

  

Figure 2. TPD profile of AK1 (left) and AP (right). Water, △; CO2, ◇; and CO, □. 
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Table 4.  Relative surface concentration (%) of O, C and P functionalities from the 

deconvolution of C1s, O1s and P2p spectra. 

Peak Binding 
energy Assignment AK1 AK2 CK1 CK2 AP 

O1s 
531.0-531.5 C=O/P=O* 44 40 39 37 43 

533.0 C-O/C-O-P-O/C-PO* 56 60 61 63 57 

C1s 

284.6 
C=C/ 

C-O-P* 
67 61 66 63 67 

285.8-286.0 C-O 18 19 17 18 17 

287.0-287.4 C=O 8 9 7 8 7 

288.4-288.8 O=C-OR 5 6 5 6 4 

290.1-290.6 2
3CO / CO2 4 4 4 4 4 

291.6-291.8 π-π* 1 1 1 1 1 

P2p 

132.3 
Reduced phosphorus 

compound 

C-P (P-1) 
- - - - 31 

133.1 Pyrophosphate, C-PO3 

(P-2) - - - - 49 

134.1 
Polyphosphates and/or 
phosphates, C–O–PO3 

groups (P-3) 
- - - - 20 

* for sample AP. 

 

The deconvolution of C1s spectrum gives six peaks representing carbon atoms 

bonded to carbon and oxygen atoms. These six peaks are related to C=C bonds 

at (284.6 eV), C─O bonds at (286.01eV), C=O bonds at (287.6 eV), O=C-OR 

bonds at (288.7-289.1 eV), CO3
-
 and CO2 at 290.1 eV and plasmon at 291.3 eV 

[38-40].  Analysing the O1s spectrum, all samples present two different peaks, one 

at 531-531.5 eV which corresponds to the presence of  the oxygen double bonded 

C=O and/or P=O groups [38,41,42] and the peak at 533 eV indicating the presence 

of  the singly bonded oxygen (C-O) and/or C-O-P [38,41,42] . 
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Figure 3. Left: P2p core level XPS spectra of P-doped activated carbon (AP) and 

right: type of P-containing functional groups in the carbon matrix 

(adapted from [47]). 

Regarding the P2p region for AP sample (Figure 3), three different peaks 

were found: a peak centred at 132.5eV associated with reduced phosphorus 

compound as C-P [43-45] (P-1); the peak at 133.1 eV is characteristic of P atom 

bonded to one C atom and three O atoms, as in C–PO3 [43-45] (P-2), and finally 

the peak at 134.1 eV is characteristic of pentavalent tetracoordinated phosphorus, 

PO4, (P-3), as in polyphosphates and/or phosphates (C–O–PO3 groups) [37,46]. 

The higher concentration of P surface groups is attributed to the pyrophosphate 

which can ameliorate the capacitance of the sample and especially the stability of 

the capacitance with the variation of the current density [43]. At activation 

temperatures as high as 550 °C, the formation of C–PO3 groups (probably from C–

O–PO3 groups) seems to be favoured [46] which could explain the higher amount 

(around 50%) of pyrophosphate, C-PO3. Hasegawa et al [47] observed that P 

atoms are introduced into carbon matrix mainly as reduced states and these 

unstable groups are gradually oxidized and/or hydrolyzed by oxygen and humidity, 

leading oxidized P-containing functional groups. In the AP sample, 70 % of 

phosphorus compound correspond to oxidized groups. 

130132134136

In
te

ns
ity

 (a
rb

itr
ay

 u
ni

ts
)

BE (eV)



Activated carbons from KOH and H3PO4-activation of olive residues …  133 

 

As described above, the KOH activated carbons present a very similar 

chemical surface, so the differences on their electrochemical behaviour must be 

correlated with their textural properties, while on the H3PO4 activated carbons, the 

electrochemical behaviour depends on both textural and chemical characteristics. 

The amount and nature of phosphorus groups could affect the formation of the 

electrochemical double layer and the retention of the capacitance with the increase 

of the potential scan rate, and with the increase of the current density during the 

charge discharge experiments.  

4.2. Electrochemical characterization  

 Figure 4 depicts the cyclic voltammograms of the entire sample at a scan 

rate of 0.5 mV s-1 using H2SO4 1M as electrolyte for the five cells prepared. All 

activated carbons showed a quasi-rectangular voltammograms typical for 

electrochemical double-layer (EDL) capacitors with a low diffusional restriction to 

the electrolyte. However, a clear difference in the voltammograms shape between 

the KOH and H3PO4 activated samples is observed, so different contributions must 

be taken into account, thus sample AP shows the wider microporosity and more 

developed mesoporosity, Table 1. 

Chronopotentiograms (CPs) obtained are depicted in Figure 5a at a current 

load of 250 mA g-1 in H2SO4 as electrolyte. CPs show quasi-triangular shapes, 

which indicate again that the samples behave as an ideal electrochemical double-

layer (EDL) with low resistance and a good diffusion of the electrolyte inside the 

pores. CGD values (Table 5) at the lowest current load (250 mA/g) were close to 

CCV values at 0.5 mV s-1. The variation in CGD with the increase of the current load 

is depicted in Figure 5b. The same conclusions are obtained with both technics; 

CK2 presents the highest capacitance value due to the more developed porosity 

and surface area, the AP sample has a CGD value close to the CK2 one in spite of 

the lower surface area together with the highest capacitance retention, which is 

due to the presence of phosphorous surface groups and a very well developed 

pore network. 
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Figure 4. Cyclic voltammetry at 0.5 mV/s for cells in 1 M H2SO4 as electrolyte. 

Samples: AP (◒), AK1 (●), AK2 (◆), CK1 (▲) and CK2 (■). 

 

  

Figure 5. (a) Chronopentiometric charge discharge at a current density of 250 
mA g-1 and (b) the effect of the current density on the capacitance of  

samples: AP (◒), AK1 (●), AK2 (◆), CK1 (▲) and CK2 (■). 
Electrolyte: 1 M H2SO4. 
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Table 5. CGD at 0.25 A g-1 and 10 A g-1, Cmax, ESR and  from EIS. 

 Sample 1 M H2SO4 1 M Na2SO4 

 

CGD 

0.25 Ag-1 

CGD 

10 Ag-1 
RCGD Cmax ESR  

CGD 

0.25 Ag-1 

CGD 

10 Ag-1 
RCGD 

F g-1 F g-1 % F g-1 Ω s F g-1 F g-1 % 

  AK1 145±2 97±4 62 150 1.42 1.61 137±3 52±2 38 

  AK2 140±1 119±3 69 140 1.55 2.16 167±2 88±3 53 

  CK1 154±2 114±2 56 133 1.37 1.65 170±3 80±3 47 

  CK2 224±3 175±3 52 263 1.38 2.89 193±3 99±2 51 

  AP 176±2 166±2 73 166 1.33 1.61 172±2 130±4 75 

RCGD percentage of retention capacity at 10 A g-1 compare to 0.25 A g-1 

Figure (5b) shows the variation of the capacitance against the current 

density because the formation of the electrochemical double-layer within the 

micropores is slower and less complete in comparison to current density applied 

to the supercapacitor. For all samples, the capacitance decreases with the 

increasing of the current density due to the difficulty of the formation of the 

electrochemical double layer in the micropores at high current intensities. Different 

capacitance retentions, CGD, comparing data obtained at 250 mA g-1 and 10 A g-1, 

depend on the pore size and also the amount of oxygen in the surface which can 

retard/delay the diffusion of the electrolyte in the micropores [8]. Therefore, the 

KOH activated samples present a similar capacitance retention due to their similar 

pore width and chemical surface. However, a higher capacitance retention is 

obtained using the AP sample which indicates that larger micropores, higher 

mesopore volume and surface phosphorous groups not only improve the 

capacitance value but also increase the capacitance stability. This is due to the 

presence of phosphate and specially polyphosphate in the surface which 

contributes to the increase of the capacitance [43] by decreasing the surface 

hydrophobicity, and the metaphosphate which contributes to the stability of the 

capacitance [43]. Furthermore, its higher mesoporosity, facilitates the diffusion at 

higher current densities. Therefore, we can conclude that both the specific 
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capacitance and capacitance retention can be improved by controlling the pore 

structure and phosphorus environment. 

Chronopotentiograms in Na2SO4 as electrolyte are depicted in Figure 6a 

and the variation of the capacitance against the current density is presented in 

Fogure 6b, the gravimetric capacitance values are collected in Table 5. Similar 

conclusions are obtained comparing with the H2SO4 electrolyte. CK2 presents the 

highest capacitance value (193 F g-1 at 250 mA g-1) due to their more developed 

meso micropore network. This value is close to the AP one (172 F g-1 at 250 mA 

g-1), in spite of its lower surface area in micropore volume which denotes again the 

importance of the presence of phosphorous surface groups. Lower values of 

capacitance are obtained using Na2SO4 vs H2SO4 in all samples at higher current 

density, 10 Ag-1, (Table 5) which must be related to the nature and size of the cation 

(H+ vs Na+). Due to the higher size of Na+ cations, their mobility is more limited 

than the H+ ones and consequently, the resistance to the electrolyte increases as 

the capacitance value decreases. 

  

Figure 6. (a) Chronopentiometric charge discharge at a current density of 250 
mA g-1 and (b) the effect of the current density on the capacitance of  
samples: AP (◒), AK1 (●), AK2 (◆), CK1 (▲) and CK2 (■). 
Electrolyte: Na2SO4. 
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A linear relationship between BET surface area and capacitance, CGD, is 

observed for the four KOH activated carbons, which present similar chemical 

characteristics (Figure 7). Bibliographic data using similar activation method and 

experimental conditions were added [48]. Similar trend can be found if CGD is 

plotted against micropore volume or cumulative DFT surface area, Figures 8 and 

9 respectively. Moreno-Castilla et al. [49] described previously the same 

behaviour. They observed an increase in gravimetric capacitance for samples with 

a higher micropore volume and a larger surface area, indicating that these are both 

key parameters for EDL formation on carbon gels. The sample CK2 shows the 

highest capacitance attributed to its largest surface area and microporosity (Table 

5). In addition, not only textural properties must be considered; chemical surface 

properties are also important. In this sense, taking into account the textural 

properties and pore width for the AP sample, it must present lower capacitance 

(Figure 7). However, the AP sample possesses a capacitance similar than AK1, in 

spite of its lower (half of the) surface area and 60 % of pore volume. This fact 

demonstrates that the surface phosphorus groups, as well as the more developed 

mesoporosity, greatly influence the performance of this capacitor.  In conclusion, 

AP sample is always out of all the trends, which suggests that textural properties 

only determine capacitance in carbons with the same chemistry and structure, 

Figures 7 and 9. Carbon processing/activation and the associated solid-side 

capacitance component are clearly as important as textural properties. 
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Figure 7. Relationship between gravimetric capacitance CGD, (1 M, H2SO4) and 
SBET. (●) Present work (at 125 mAg-1), (◆) bibliographic data (at 125 
mA g-1) from [48].  

 

  

Figure 8. Relationship between gravimetric capacitance obtained by 
chronopentiometric charge discharge at a current density of 0.125 A 
g-1. Left: H2SO4 and right: Na2SO4 electrolyte. ●, present work data. 
●, bibliographic data from reference 48. 
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Figure 9. Relationship between gravimetric capacitance CGD and cumulative 

DFT surface area. Left:1 M, H2SO4 and right: Na2SO4 electrolyte. 

 

The resistance to the diffusion of the electrolyte inside the carbon pores can 

be measured by the electrochemical impedance spectroscopy EIS.Figure 10a 

presents the EIS spectra in the shape of Nyquist plots. The measurements of these 

spectra were taken at frequencies ranging from 100 kHz to 10 mHz at an open 

circuit potential with an AC perturbation of 10 mV. In an ideal capacitor, the 

imaginary part of the impedance in the low-frequency region increases and the plot 

approaches a vertical line. Deviation from the vertical line in pseudocapacitance-

free samples is attributed to their pore size distribution [49].  
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Figure 10. a) Nyquist plot for samples: AP (◒), AK1 (●), AK2 (◆), CK1 (▲) and 
CK2 (■). b) Variation of the equivalent series resistance with the total 
oxygen content. 

The values of ESR (equivalent series resistance, obtained from the 

intersection point of the impedance with the real axis in the low frequency region) 

of all the cells are listed in Table 5. According to the literature [1,50], ESR should 

be higher for samples with lower micropore size due to a inhibition of the 

penetration of the electrolyte into the micropores. In our work, low values of ESR 

were obtained for all tested samples, which indicate that a well-developed porous 

structure is obtained for all activated carbons. Also note that the smaller resistance 

values are obtained for CK series and AP, which can be explained on the base of 

the more developed mesoporosity in these samples. However, the highest ESR 

value is obtained for the AK2 sample which could be related to the higher amount 

of oxygen groups on its surface. It is known that the interaction of the H+ ions with 

negative charged surface of carbons, induced by oxygen surface groups, 

increases the ESR [51]. Therefore, a linear relation between ESR and OTPD is 

obtained for KOH activated carbons (Figure 10b). For the AP sample, a lower ESR 

value than expected is obtained which could be related to the more developed 

mesoporosity of that sample and to the presence of phosphorous surface groups.  

0

20

40

60

0 5 10 15 20

Z"
 (o

hm
)

Z' (ohm)

0

5

10

0 1 2 3

Z"
 (o

hm
)

Z' (ohm)

a

0

20

40

60

0 5 10 15 20

Z"
 (o

hm
)

Z' (ohm)

0

5

10

0 1 2 3

Z"
 (o

hm
)

Z' (ohm)

a



Activated carbons from KOH and H3PO4-activation of olive residues …  141 

 

The relaxation time constant () can be obtained from the frequency f0 at 

the maximum of the curves of the imaginary part of the capacitance versus 

frequency, by the equation 0f1/2  . The relaxation time constant is a 

quantitative measure of the time necessary for the total discharge of the 

supercapacitors [52]. Results obtained are compiled in Table 5 and show that 

samples with lower porosity have the lowest , indicating that the sites for EDL 

formation are more readily available in AK1, CK1 and AP samples than AK2 and 

CK2 samples. This can be attributed to a more developed meso and micropore 

network in the case of the AP sample and to the greater regularity in the micropore 

sizes in AK1 and CK1 samples, facilitating the diffusion of the electrolyte in the 

pore network, than in carbons with a broader porosity and lower mesopore volume 

proportions. 

The long-term stability of electrodes is another important factor that limits 

the application of carbon materials as supercapacitors. Figure 11 presents the 

variation in the gravimetric capacitance with the number of charge-discharge 

cycles at a constant current density of 1 A g-1 in H2SO4 as electrolyte, as well as 

the results of floating test in both electrolytes. 

Figure 12 shows the Ragone diagram obtained from a galvanostatic 

discharge at different current loads. Results show that the energy density at a 

power range of 20-30 W kg-1 vary from 3 to 5 Wh kg-1 for all samples. A gradual 

decrease in energy density was observed when increasing the power density and 

at shorter current drain times. Thus, for a current drain time of 36 s, the energy and 

power densities are practically the same for CK2 and AP samples and lower for 

AK1, AK1 and CK1. The superior performance of sample CK2 is due to its more 

developed porosity, with one of the highest values of mesopore volume, Table 1. 
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Figure 11. a) Variation of the gravimetric capacitance (CGD) with a) the number 
of charge-discharge cycles at a current density of 1 A g-1 in the 
voltage window between 0 and 0.75 V in H2SO4. b and c) Floating 
tests results in H2SO4 and Na2SO4, respectively. Samples AP (◒), 
AK1 (●), AK2 (◆), CK1 (▲) and CK2 (■). 

 

For the performance of sample AP, this is also due to the presence of P groups as 

discussed before, proving that the presence of the phosphorus surface groups 

generated during the H3PO4 activation produce carbon with very interesting 

electrochemical performances, similar or higher than other carbon materials 

reported in the literature [53-56]. 
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Figure 12. Ragone plots for samples AP (◒), AK1 (●), AK2 (◆), CK1 (▲) and 

CK2 (■). 

 

5. CONCLUSIONS 

A series of activated carbons were prepared from olive mill wastewater 

using two chemical agents H3PO4 and KOH. A surface area as high as 1626 m2 g-1 

is obtained after KOH activation. H3PO4 activation produces P-containing 

functional groups with lower surface area than KOH activated carbons. OR is an 

excellent biomass residue for the preparation of porous activated carbons with a 

very well developed pore network. 

The electrochemical performance of activated carbons shows that the 

performance of activated carbons obtained is similar to that obtained from other 

biomass residues. The highest capacitance obtained was 224 F g-1 at 250 mA g-1 

with a 91 % retention capacity after 12500 cycles and 2.9 s of relaxation time 

constant. AP presents the highest retention capacity, practically 100 %, with 176 F 

g-1 and  = 1.6 s due to the presence of phosphorous surface groups and adequate 

micro-mesopore network. 
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CHAPTER IV: FREE METAL OXYGEN-REDUCTION 

ELECTRO-CATALYSTS OBTAINED FROM BIOMASS RESIDUE 

OF THE OLIVE OIL INDUSTRY 
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1. ABSTRACT 

Advanced carbon materials are obtained from a solid residue of waste 

water used in the olive oil industry. Solvothermal treatments with different amounts 

of thioglycolic acid are carried out in order to develop specific sulphur functionalities 

on the carbon surface. Samples are exhaustively characterized to determine the 

textural, chemical and electrochemical properties. These materials are tested as 

electro-catalysts for oxygen reduction reaction in a three electrode electrochemical 

set-up. Correlations between the characteristics of the carbons and their 

electrochemical performance are established. Electrodes containing sulphur 

functionalities show a very good electro-catalytic behaviour with larger kinetic 

current densities and lower activation potentials. Linear sweep voltammetry is 

performed at different rotation speeds in order to calculate the number of electrons 

transferred and kinetic current densities by applying Koutecky-Levich equation. 

Thus, it is pointed out that oxygen reduction takes place through the desired four 

electrons pathway on the sulphur doped electro-catalysts. These carbon materials 

show a similar catalytic performance to that of other free-metal electro-catalysts 

based in graphene recently reported in the bibliography. 

 

Keywords: Activated carbon; Sulphur; Solvothermal; Oxygen reduction; Electro-
catalyst. 
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2. INTRODUCTION 

There is a growing interest in finding new environmentally friendly sources 

of energy for automotive applications. The development of electric vehicles is 

nowadays one of the most promising alternatives to replace combustion engines. 

Therefore, the production of electrical energy from chemical reactions by using fuel 

cells is a really interesting matter from both the industrial and fundamental research 

point of view [1-4]. Oxygen Reduction Reaction (ORR) is the one that takes place 

on the cathode in a fuel cell and several works can be found on published literature 

about the synthesis and optimization of electro-catalytic materials for this reaction 

[2-12]. 

Of these, platinum-based electro-catalysts happen to be the most widely 

studied, since Pt is the most active metal for ORR [4,6-10]. Nevertheless, the rising 

prize of platinum and other precious metals as Pd or Ir makes it more difficult to 

commercialize devices containing them. This is the reason why non precious metal 

electro-catalysts are more numerous and more studied in order to lower the costs 

of fuel cells [2,3,11-14]. 

Along this line, carbon materials functionalized with different heteroatoms 

happen to be a sound alternative. Although heteroatoms such as boron and 

phosphorous have been tested, nitrogen and sulphur are the most widely studied 

ones, sometimes even combined within the same carbon material. These materials 

overcome some of the Pt-based catalyst problems, such as cost, durability and 

environmental impact. Moreover, they have excellent electro-catalytic activities 

[3,5,14-20]. Functionalization of carbon surface can take place by means of a wide 

variety of methods. However, the use of hydrothermal methods is relatively new 

[21,22]. 

Hydrothermal methods for carbon precursor synthesis, carbonization or 

activation have been widely used. For instance, materials obtained from 

carbohydrates or proteins through hydrothermal routes at high pressure are being 

published with increasing frequency [17,22-26]. The main advantage of 

hydrothermal or solvothermal synthesis is the possibility of synthesizing materials 
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in a much shorter time than at atmospheric pressure. Typical procedures to obtain 

sulphur doped carbon materials imply the reaction of the material with H2S or SO2 

for several hours at high temperature, which is energy and time consuming, and 

produces a higher volume of residues. Chemical functionalities generated on 

carbon surface are also limited due to the simplicity of the attached molecules and 

to the low thermal stability of the generated sulphur groups [14,15,17,18]. Despite 

these advantages, it is not so common to find works where hydrothermal or 

solvothermal technology is applied in chemical surface modification treatments. 

Nevertheless, some works can be found, mainly related to controlled oxidation of 

carbon materials [21,22]. 

The objective of this work was the preparation of carbon-based electro-

catalysts doped with sulphur obtained from the olive oil industrial waste. These 

electro-catalysts present a good performance in the oxygen reduction reaction. 

After the preparation of these materials, which involves three synthesis steps: 

pyrolysis, chemical activation and solvothermal functionalization, their catalytic 

performance is discussed in terms of their differences in porous texture and surface 

chemistry. 

3. MATERIALS AND METHODS 

3.1. Synthesis of activated carbon and S functionalization. 

Activated carbon was obtained by chemical activation of solid residues 

contained in olive mill wastewater (OMW). This residue is a paste, which contains 

diverse waste from olive oil industry, produced when olives are crushed to extract 

the oil. The chemical composition of the OMW is complex, but it is approximately 

formed by an 83 % of water, nearly 15 % of organic matter and 2 % of minerals 

(Table 1).  
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Table 1. Chemical composition of Olive Mill Wastewater. 

Compound Percentage (%) 

Water 83 

Organic matter 14.8 

Lipids 0.02 – 1 

Proteins 1.2 - 2.4 

Sugars 2.8 

Organic acids 0.5 - 1.5 

Polyalcohols 1.0 - 1.5 

Pectines, gums, tannins 0.5 - 1.5 

Glucosides and polyphenols 0.5 - 1.0 

Minerals 1.8 

Carbon 21 

Phosphates 14 

Potassium salts 47 

Sodium salts 7 

Others 7 

Firstly, the solid extract of the OMW was carbonized under nitrogen 

atmosphere (300 cm3 min-1) at 350 °C for two hours in order to create a solid with 

a stable 3D structure before the activation step [27,28]. After that, the product of 

the carbonization was impregnated with potassium hydroxide (KOH) in a mass 

ratio 1:2 and heated up to 60 °C for 12 hours. KOH to carbon mass ratio was 

chosen so as to obtain a highly microporous material, based on previous studies 

with other olive residues (olive stones) [27,28]. This mixture was dried at 110 °C 

overnight and activated at 840 °C for 2 hours (10 °C min-1 heating rate) under 

nitrogen atmosphere (300 cm3 min-1). The final product was neutralized and 

demineralised by treating it with HCl 1 M. Finally, it was washed several times with 

distilled water until chloride absence was determined and the sample was 

subsequently dried at 110 °C. This sample was named CK2. 
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Two portions of CK2 were taken to perform chemical surface modifications. 

Each of these fractions weighed 2 grams and they were mixed with different 

volumes (4 mL and 7 mL) of thioglycolic acid (supplied by Sigma-Aldrich). The final 

volume of both treatments was 7 mL; when 4 mL of thioglycolic acid were used, 

the volume was completed with ethanol. The solvothermal reaction was carried out 

in a 25 mL stainless steel teflon-lined autoclave at 120 °C for 24 hours. After the 

treatment, samples were washed with carbon disulphide (CS2) in order to remove 

reaction by-products and elementary sulphur which could have been formed. 

Carbon disulphide was washed with acetone and samples were dried at 110 °C 

overnight, named CK2S4 and CK2S7 (where the number indicates the volume of 

thioglycolic acid used). To our knowledge, this solvothermal method using 

thioglycolic acid for doping carbon materials with different sulphur functionalities 

had not been described until now. 

3.2. Textural characterization. 

Textural characterization of the activated carbon samples was carried out 

by gas adsorption (N2 at -196 °C and CO2 at 0 °C) with an AUTOSORB 1 

(Quantachrome Ins.). N2 adsorption isotherms were analysed by BET equation in 

order to obtain the surface area, SBET. Dubinin–Radushkevich’s and Stoeckli’s 

equations were applied to N2 and CO2 isotherms so as to determine micropore 

volume (W0) and micropore mean width (L0) [27]. The volume of nitrogen adsorbed 

at a relative pressure of 0.95, V0.95, was obtained from the N2 adsorption isotherms, 

equivalent to the sum of the micro- and mesopore volumes according to Gurvitch’s 

rule. The mesopore volume, Vmeso, was obtained from the difference between V0.95 

and W0(N2). In the absence of restrictions, W0(N2) yields the total micropore 

volume, while W0(CO2) estimates the narrowest microporosity (diameter < 0.7 nm). 

3.3. Surface chemistry characterization. 

Several techniques were applied to qualitatively and quantitatively analyse 

the chemical surface: Fourier Transform Infrared (FTIR) and Raman 

Spectroscopies were used to observe the presence of different chemical 
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functionalities. X-Ray photoelectron spectroscopy (XPS) was employed to analyse 

carbon, oxygen and sulphur bonds and to quantify sulphur and oxygen proportion 

on the sample external surface. Elemental analysis (CHNS analysis) was 

performed in order to get the total S content on bulk samples. 

FTIR spectra were obtained with a NICOLET IR200 by mixing samples with 

solid potassium bromide (KBr), 0.1 % weight of carbon. A JASCO NRS-5100 

equipped with a green-light laser (523 nm) was used for Raman Spectroscopy. For 

CHNS analysis, a THERMO SCIENTIFIC Flash 2000 coupled to a METTLER XP-

6 microbalance was employed. XPS analysis was performed with an ESCA 5701 

Physical Electronics instrument. Deconvolution of spectra and peak assignment 

were made according to the results from other authors [16,24,26,29-31]. Surface 

acidity was studied by determining zero-point charge pHZPC, employing the method 

proposed by Leon et al. [32]. Around 250 mg of each sample were immersed in 4 

mL of previously degasified distilled water, and then, the pH of suspensions was 

measured periodically until constant value. 

3.4. Electrochemical measurements on three electrode set-up. 

Cyclic Voltammetry (CV) and Linear Sweep Voltammetry (LSV) 

experiments were conducted on a three electrode cell controlled by a Biologic VMP 

multichannel potentiostat. A Rotating Disk Electrode (RDE) Metrohm AUTOLAB 

RDE-2, 3 mm Glassy Carbon tip, was used as working electrode. 5 mg of electro-

catalyst were suspended on 1 mL of a solution which contained Nafion (5 %) and 

water in a 1:9 (v:v) ratio. Subsequently, 10 µL of this suspension were loaded on 

RDE tip and dried under an infrared lamp. The glassy carbon electrode had been 

previously polished with 1, 0.3 and 0.05 µm alumina powder and sonicated in 

deionized water and ethanol. Ag/AgCl was chosen as reference electrode and Pt-

wire as counter electrode. The three electrodes were immersed in a 0.1 M KOH 

(electrolyte) solution in water. 

CV experiments were carried out while N2 or O2 bubbled through the 

electrolyte solution during measurements. The chosen potential window ranged 
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from -0.8 to 0.4 V (50 mV s-1). LSV curves were obtained in O2-saturated 0.1 M 

KOH solutions at different rotation speed and sweeping voltage, from 0.4 to -0.8 V 

(5 mV s-1). Data were fitted to the Koutecky-Levich model (Equations 1 and 2) in 

order to evaluate the electro-catalytic performance of samples and the transferred 

electron number for each of them [4,5,16,19,33]. 
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where j, current density; jk, kinetic current density; ω, rotation speed; F, Faraday 

constant; ܦைమ , oxygen diffusion coefficient (1.9 10-5 cm2 s-1); , viscosity (0.01 cm2 

s-1);	ܥைమ , oxygen concentration (1.2 10-6 mol cm-3). 

4. RESULTS AND DISCUSSION 

4.1. Gas physical adsorption 

N2 adsorption isotherm for CK2 (Figure 1) is type I - type IV (mainly type I). 

This activated carbon is a micro-mesoporous material with high micropore volume 

(W0(N2) = 0.589 cm3 g-1, DR) and high surface area (SBET = 1626 m2 g-1). After 

functionalization with sulphur, a considerable fraction of pores were blocked, which 

induced a reduction on SBET, W0(N2) and Vmeso and an increase in the L0(N2) (Table 

2). The same trend was observed for CO2 adsorption isotherms, micropore volume 

W0(CO2) was reduced and the narrow micropore mean width, L0(CO2), was 

increased when surface functionalities were introduced in activated carbon. 

Although some authors [34,35] recently reported possible chemical interactions 

between sulphur groups and CO2 molecules, it does not seem to be the case in 

our samples, probably because, at low pressures, physical interactions are still the 

main responsible for CO2 adsorption. In any case, these results indicate that 

sulphur functionalities are introduced in the entire pore structure of the carbon. 
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Figure 1. N2 adsorption, closed symbols,-desorption, open symbols, isotherms 

for activated carbons CK2 (■), CK2S4 (●), CK2S7 (◆) 

 

Table 2. Textural characteristics of activated carbons 

Sample 
SBET W0 (N2) L0 (N2) V0.95 Vmeso W0 (CO2) L0 (CO2) 

m2g-1 cm3g-1 nm cm3g-1 cm3g-1 cm3g-1 nm 

CK2 1626 0.59 1.08 0.811 0.222 0.44 0.78 

CK2S4 1221 0.51 1.52 0.628 0.122 0.35 0.88 

CK2S7 969 0.43 1.58 0.544 0.116 0.29 0.90 

 

4.2. Surface chemistry analysis 

FTIR spectra (Figure 2.a) were analysed in order to obtain information 

about different chemical functionalities [16,24,26]. The spectrum of the CK2 

sample is relatively simple, with two main bands: the one centred at 1050 cm-1, 

corresponding to single bonds (C-C and C-O), and the other at 3460 cm-1, 

corresponding to O-H. There is also a small shoulder at around 1600 cm-1 after the 
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signal, related to single bonds. This band is related to the C=C present in carbon. 

From these bands, it can be understood that the oxygen of this carbon is mainly in 

the form of phenol groups. After the functionalization with thioglycolic acid, the 

band at 1050 cm-1 is shifted at higher wavenumbers, which is due to the 

appearance of C-S band (1140 cm-1). Two more bands showed up after 

solvothermal treatment: the first one at 1420 cm-1, due to S=O bond, and the 

second one at 1590 cm-1, from C=O on the carboxylic acids and thioesters. These 

bands became more intense in CK2S7 compared to CK2S4 [16,24,26].  

Figure 2. a) FTIR and b) Raman spectra of samples: CK2 (□), CK2S4 (), 
CK2S7 (◇). 

Raman shift spectra (Figure 2.b) showed two main bands: the disordered-

induced (D) band at 1336 cm-1 and the graphitic (G) band at 1587 cm-1. The 

intensity of the two bands was similar (ID/IG≈1) for all the samples, which is usually 

found for activated carbons, but more intense in the case of original CK2 than in 

sulphur-doped samples. Nevertheless, after sulphur functionalization, two low 

intensity peaks appeared: one at around 660 cm-1, which is related to S-C 

stretching, according to bibliography, and the second one at high Raman shift 

values (near 2680 cm-1), which is commonly assigned to an overtone of the D-band 

(2D) [24,36,37]. 
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Figure 3. Deconvolution of C1s (a), O1s (b) and S2p (c) of high resolution XP 

spectra. 

XP spectra (Figure 3) are in good agreement with FTIR ones. The band 

assignment was performed according to the published bibliography [16,24,26,29-

31] and the values can be found on Table 3, together with the relative intensities 

of each peak analysed by deconvolution. Although each S2p peak is the resultant 

of two components (2p1/2 and 2p3/2), for clarity, only the sum of both was plotted in 

Figure 3.c, while 2p3/2 binding energy was the one used to assign different peaks 

to chemical functionalities. In the case of CK2, the deconvolution of C1s signal leads 

to very weak peaks in the high binding energy interval (related to oxygenated 

functionalities) and only C=C and C-C peaks present a high intensity.  
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Table 3. Peak assignments for the XP spectra of the samples after deconvolution. 

Sample C1s Group FWHM Peak O1s Group Peak S2p3/2 Group Peak 

   eV %   %   % 

CK2 284.5 C=C 1.34 64 531.4 O=C 38 - - - 

 285.8 C-C  18 533.0 O─C 62    

 286.9 C-O  5       

 287.7 C=O  5       

 289.3 COO─  4       

 290.9 -*  3       

CK2S4 284.5 C=C 1.77 52 531.6 O=C 
O=S 

26 163.8 C-SH 24 

 285.4 C-C  15 533.1 
O─C 
O─S 74 165.2 R2-SO 31 

 286.3 C-S  6    169.4 
C-

OSO3H 21 

 286.9 C-O  6    170.6 
C-O-

SO2-O-C 
24 

 287.7 C=O  8       

 289.5 COO─  11       

 290.9 --*  3       

CK2S7 284.4 C=C 1.81 47 531.7 O=C 
O=S 

41 163.7 C-SH 35 

 285.5 C-C  14 533.0 O─C 
O─S 

59 165.0 R2-SO 19 

 286.2 C-S  7    169.1 
C-

OSO3H 28 

 286.9 C-O  9    170.3 
C-O-

SO2-O-C 18 

 287.7 C=O  6       

 289.4 COO─  15       

 290.6 -*  2       
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In the O1s region, there are only two peaks: the one at the higher binding 

energy was more intense for CK2 than the one at the lower binding energy. The 

first one is related to the presence of C-O simple bonds, which is consistent with 

FTIR spectrum for this sample (oxygen functionalities are mainly in the form of 

phenolic groups in this sample). Once the solvothermal treatment was carried out, 

the complexity of C1s grew up and new peaks appeared on the spectrum (Figure 

3). These groups are mainly related to the presence of carboxylic functionalities 

and other species containing both sulphur and oxygen atoms (Table 3). Only C1s 

and O1s regions were analysed for the CK2 sample, while these regions, together 

with the S2p region, were studied for CK2S4 and CK2S7, since no other signals 

were found on the wide XP spectra (Figure 4).As it can be observed, not only the 

expected peaks relative to thiol (SH) groups and carboxylic acids (COOH) 

appeared, but also peaks at higher binding energies on the S2p region. These 

peaks are associated with oxidized forms of sulphur, coming part of them from the 

oxidation of thiols (sulphonic groups at 169.1 eV). Nevertheless, this signal at 

higher binding energy values is broad and it may not only come from these 

sulphonic groups, but from others with even higher binding energy. These groups 

were identified by Chiang et al. and, lately, by Yang et al. as cyclic species where 

4, 5 or 6 member rings are formed from carbon surface with sulphur and oxygen 

[30,31].  

Taking into account the surface chemistry of the CK2 sample (mainly 

phenols) and the chemical functionalities on thioglycolic acid (thiol and carboxylic 

acid), the reactions which can take place between them are mainly two: the one 

leading to the formation of esters (leaving the thiol group free) and the other leading 

to the formation of thioethers (carboxylic acid will be exposed in this case). Both 

reactions occurred in our case according to XPS and FTIR. Therefore, different 

surface groups could be formed in our sample by two different mechanisms: the 

first one is the reaction between thiol groups and carboxylic acids and the second 

one is the reaction between oxidized thiol groups (converted to sulphonic ones) 
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and phenol groups present on the carbon surface. Both pathways may be 

happening at the same time and there is no evidence to discard any of them. 

 
Figure 4. Wide XP Spectra of the samples. CK2, CK2S4, CK2S7. 

After determining the different chemical groups present on the samples, XP 

spectra were further analysed to quantify oxygen and sulphur proportions on the 

external carbon surface. In order to know the sulphur content in bulk samples, a 

CHNS analysis was performed. Results obtained from both techniques are 

compared in Table 4. The pHZPC values were also obtained, which showed a high 

increase on the surface acidity by introducing sulphur and oxygen surface groups. 

This increase in heteroatoms surface concentration increments the wettability of 
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the treated carbons. Sulphur content obtained from XPS is larger than the one 

obtained by CHNS elemental analysis. Therefore, sulphur groups are mainly 

located on the external surface of the samples. 

Table 4. Chemical characteristics of samples from XPS, CHNS and pHZPC 

analysis. 

Sample 
% 

CXPS 

% 

OXPS 

% 

SXPS 

% 

CEA 

% 

HEA 

% 

NEA 

% 

SEA 

% 

OEA
* 

pHZPC 

CK2 94.0 6.0 0.0 75.9 0.4 0.7 0.0 23.0 7.8 

CK2S4 66.6 23.6 9.8 67.5 0.8 0.5 4.8 26.4 4.1 

CK2S7 46.1 36.9 17.0 64.6 0.8 0.4 7.2 27.0 3.3 

*, by difference 

As it can be observed, there are significant differences between the values 

of % SXPS (9.8 and 17.0 %) and those of %SEA (4.8 and 7.2 %) in the two sulphur 

functionalized samples, CK2S4 and CK2S7. Therefore, sulphur groups were 

mainly formed on the external surface of the carbon. This increase on the sulphur 

percentage produced a decrease in pHZPC, whose value decreased as the sulphur 

and oxygen content increased, due to the acidic nature of the groups generated 

after the solvothermal treatment (thiols, carboxylic groups and derivatives). The 

presence of N functionalities is very low (the percentage of N varies between 0.7 

and 0.4, as determined by elemental analysis), and they are not detected by XPS, 

Figure 4.  
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4.3. Oxygen Reduction Reaction: CV and LSV 

Cyclic Voltammetry (CV) curves were obtained while N2 or O2 bubbled in a 0.1 M 

KOH solution. They were measured at a RDE rotation speed of 1000 rpm and at a 

scan rate of 50 mV s-1.  

Differences are observed in the negative potential region (Figure 5). Since 

these experiments were only performed to see the difference between CV under 

N2 and O2 (no parameter was obtained), only results for CK2 and CK2S4 are 

shown. It can be seen that oxygen reduction takes place at around -0.2 V versus 

Ag/AgCl. At a glance, it is clear that the CK2S4 sample is more active for ORR 

than CK2. This will be better observed after analysing LSV experiments, Figure 6. 

 

  
 

Figure 5.CV of CK2 (a) and CK2S4 (b) on N2 (blue) and O2 (red).  
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Figure 6.  LSV at different rotation speed for a) CK2, c) CK2S4 and e) CK2S7. 

K-L plots for b) CK2, d) CK2S4 and f) CK2S7 at different 

electrochemical potentials: from -0.4 V (▲) to -0.8 V (■). 
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LSV curves were obtained at different rotation speeds for all the samples 

in order to apply the Koutecky-Levich equation. It needs to be considered that ORR 

can take place by two different mechanisms in basic media (equations 3 and 4) [1-

3,16]. 

    
s22 OH 4  e 4OH 2O     (Equation 3) 

     
2s22 OHHO   e 2OH O    (Equation 4) 

It would be desirable that ORR takes place by the 4 electron pathway, 

rather than by the 2 electron pathway, since the former implies higher current 

densities on the electrochemical cell and the latter leads to the formation of 

peroxide species, which may deactivate and damage the electro-catalytic layer. 

Therefore, it is crucial to determine whether our sample is catalysing ORR by the 

first or the second mechanism. In order to discern that, LSV curves were obtained 

at different RDE rotation speed for all the samples. The obtained data were fitted 

to K-L equation so as to get the number of electrons transferred on each sample 

at each potential [2,3,5,14,16,19]. This analysis was performed for all the samples 

and the graphic results obtained are shown in Figure 6. Nevertheless, in order to 

compare the performance of all the samples with different sulphur contents, LSV 

curves at a RDE rotation speed of 1500 rpm, as well as the variation in the number 

of electrons transferred with the electrochemical potential for each sample, are 

shown in Figure 7 (a) and (b), respectively. 

It became evident that sulphur functionalization was successful to improve 

the activated carbon performance on ORR in both cases, but especially if we 

compare CK2 with CK2S4. Two electrons were transferred in the case of CK2, 

while a four electron pathway was obtained when CK2S4 was used, which implies 

higher values of kinetic current densities at all electrochemical potentials. Also, a 

lower activation potential (E0
onset versus Ag/AgCl) was required for the ORR to start 

(Table 5). However, when CK2S7 was tested, its performance proved to be better 

than the original activated carbon (CK2), but not better than CK2S4 with lower 
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sulphur content. The lower surface area of CK2S7 could be responsible for this 

behaviour. 

  
Figure 7. a) LSV curves at 1500 rpm and b) variation of n with E0 vs Ag/AgCl 

for samples CK2 (□), CK2S4 (), CK2S7 (◇). 

 

Table 5. Parameters obtained from the analysis of LSV curves (values of jk and 

n refer to K-L fitting for data at -0.8 V). 

Sample E0
onset jk N 

 V mA cm-2  

CK2 -0.21 5.1 2.6 

CK2S4 -0.17 10.1 3.5 

CK2S7 -0.20 5.9 3.4 

As it was previously commented on, the introduction of sulphur 

functionalities comes together with the destruction of a part of the micro and 

mesoporosity. Finally, the estimation of the optimum sulphur percentage to achieve 

the best electro-catalytic performance through this surface modification treatment 

should be studied, but only if it is possible to maintain similar textural characteristics 
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among the electrodes. Nevertheless, the presented results clearly show that 

carbon based electro-catalysts obtained from olive oil industrial waste and doped 

with sulphur had a superior behaviour in the ORR. Our materials showed a similar 

catalytic performance to other free-metal electro-catalysts based on graphene 

reported in the bibliography (Table 6) [14-16,18,31]. Therefore, the carbon-based 

materials prepared in this work are very promising candidates to be applied in the 

oxygen reduction reaction. 

Table 6. Comparison with other S-doped carbon materials reported in the 

bibliography. 

Sample Functionalization E0
onset (V) 

*jk (mA cm-

2) 
*n Reference 

CK2S4 Thioglycolic acid -0.17 10.1 3.5 Our work 

CA2-GO H2S, 800 °C 0.829** 13.5 3.9 [14] 

RGOS H2S, 800 °C -0.165 14.5 3.5 [15] 

S-GNs-

1000-CB 
Na2S -0.17 10.0 3.8 [16] 

SG900 H2S, 900 °C -0.20 5.3 3.2 [18] 

S-

Graphene-

1050 

Benzyl disulfide -0.15 9.3 3.8 [31] 

*  jk and n values refer to K-L fitting at the most negative potential tested. 
** vs. RHE (the rest of the results are vs. Ag/AgCl) 
 

5. CONCLUSIONS 

High electro-catalytic activity in the oxygen reduction reaction can be 

achieved with activated carbons, obtained from olive oil industrial waste doped with 

sulphur. Sulphur functionalities were fixed on the porous surface of the carbon 
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materials by means of a solvothermal method using thioglycolic acid. Sulphur 

content and porous characteristics influence the electro-catalytic behaviour, but 

the presence of sulphur functionalities is crucial to develop a four electron 

mechanism. Carbon-based electro-catalysts doped with sulphur always worked at 

a lower electrochemical potential and with higher current densities than the raw 

activated carbon. 
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1. ABSTRACT 

 

Revalorization of an agricultural waste from olive oil industry was performed 

by transforming it into activated carbon. In such a way, a material with excellent 

textural properties (high surface area and large micro and mesopore volumes) was 

obtained by carbonization and chemical activation of solid residues from olive oil 

industry. Moreover, this activated carbon was solvothermally treated in order to 

improve its electrochemical properties by adding sulphur functionalities on its 

surface. The treatment was able to introduce a great proportion of sulphur, mainly 

located on the external surface of sample. This modification lead to functionalized 

materials with not only larger capacitance (325 versus 158 F g-1 at 0.125 A g-1 in 

H2SO4 1 M), but also with a greater stability at higher current densities (large 

capacitance even at current densities as high as 30 A g-1), due to their lower 

electrical resistance. Furthermore, the amount of electric energy stored by these 

materials was largely increased (from 21.8 to 37.0 Wh kg-1 in H2SO4 1 M) as well 

as their power density (from 7393 to 34360 W kg-1 in H2SO4 1 M). Several 

charge/discharge cycles were performed in order to test the cyclability of these 

materials, showing not significant reduction on their electrochemical properties 

after 12500 cycles. 

 

Keywords: Sulphur dopped activated carbon. Supercapacitor performance; 

Galvanostatic charge-discharge; Electrochemical impedance spectroscopy. 
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2. INTRODUCTION 

 

Agricultural wastes are abundant raw materials and most of them may be 

transformed into valuable product. Even though lignocellulosic materials commonly 

present poor yields on carbon (when carbonizing they usually lose more than 75% 

of their weight), their low price and their intrinsic structure make them very 

promising candidates to obtain high-performance materials which can be used in 

many different applications [1-5]. 

One field where carbon materials are commonly applied is related to their 

ability to store electrical energy. Therefore, numerous works can be found about 

the use of activated carbons as electrodes for batteries or supercapacitors [2,6-

16]. In the last years, there is an increasing interest in modifying carbon surface by 

introducing different heteroatoms looking for a better performance of the material 

in terms of capacitance, corrosion resistance, cyclability, etc. [7,10-13,15]. Among 

them, sulphur is commonly used when activated carbons are incorporated as 

battery electrodes, especially for Li-ion batteries which have been widely 

developed on recent years [9,14-16]. 

There are several processes which might be applied to modify surface 

chemistry of carbon by introducing sulphur. The most frequent method consists on 

treating carbon with sulphuric acid (H2SO4). Nevertheless, this treatment is very 

aggressive and most times it produces a huge decrease on both specific area and 

pore volume [15-18]. Therefore, other less harmful procedures could be suitable to 

introduce sulphur functionalities under less drastic conditions (lower temperatures 

and less corrosive reactants) without destroying the porous texture of the material. 

Solvothermal methods, which were successfully applied for oxidation and 

nitrogenation, could serve at this purpose [19,20]. 

In this work, a series of activated carbon were obtained from solid waste of 

olive oil industry. The raw material was chemically activated with KOH to develop 

a high porosity and solvothermally treated with different portions of thioglycolic acid 
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to introduce sulphur functionalities. This way, we ended up with three activated 

carbons which mainly differed on their sulphur content. After characterizing their 

textural and chemical properties, these samples were employed to prepare 

electrodes which were tested by different techniques. 

3. EXPERIMENTAL  

3.1. Synthesis  

Solid residue contained on Olive Mill Wastewater (OMW) which is mainly 

constituted by the exocarp, mesocarp, seed and small parts of olive stones was 

used as raw material. It was carbonized at 450 °C for two hours under nitrogen 

atmosphere (300 cm3 min-1) in order to stabilize cellulose and sugars components; 

after that, it was mixed with the activating agent (KOH) in a 1:2 (carbon:KOH) ratio 

at 60 °C for 12 h. Once dried, the mixture was heated up to 840 °C for 2 hours (10 

°C min-1). The sample was treated with several portions of HCl 1M in order to 

neutralize the excess of activating agent and to eliminate mineral matter, and then 

washed with deionized water till chloride absence. Finally, the sample was dried 

and named as AOW. 

Activated carbon AOW was split into three portions. Two of them weighed 

2 grams and were mixed with 5 mL and 9 mL of thioglycolic acid (>98%, supplied 

by Sigma-Aldrich) inside a 25 mL stainless steel Teflon-lined autoclaves which 

were heated up to 120 °C for 24 hours. To keep the volume constant, when 5 mL 

of thioglycolic acid were employed, 4 mL of absolute ethanol were added and 

mixed with the thioglycolic acid before putting it in contact with the activated 

carbon. The portion of sample AOW was treated in the same conditions but in this 

case only 8 mL of ethanol were used. Once the solvothermal process was finished, 

the two sulphur doped samples were washed with CS2 and acetone to eliminate 

reaction by-products, and finally dried at 110 °C overnight. These two samples 

were labelled as AOW5 and AOW9. 



186 Chapter V 

 

3.2. Textural and chemical characterization. 

Nitrogen adsorption-desorption isotherms at -196 °C and carbon dioxide 

adsorption isotherms at 0 °C were obtained in a AUTOSORB 1 (Quantachrome 

instruments). From the analysis of these isotherms different textural properties 

such as BET surface area (SBET) and micropore volumes from Dubinin-

Radushkevich (W0) were obtained. 

Surface chemistry was characterized by calculating the sulphur content on 

bulk samples by CHNS Analysis (THERMO SCIENTIFIC Flash 2000 coupled to a 

METTLER XP-6 microbalance) and the oxygen and sulphur content on the external 

surface by X-Ray Photoemission Spectroscopy (XPS). XP spectra were obtained 

with an ESCA 5701 (Physical Electronics). Survey and multi-region spectra were 

recorded at C1s, O1s and S2p photoelectron peaks. Each spectral region of interest 

was scanned several times to get a good signal-to-noise ratio. Samples acidity was 

also evaluated by obtaining the zero-point charge pH (pHZPC); 250 mg of each 

sample were suspended on 4 mL of degasified distilled water and the pH of the 

suspension was periodically measured till constant value, according to the method 

proposed by Leon et al. [21]. 

3.3. Electrochemical measurements. 

Each of the samples was mixed with polytetrafluorethylene (PTFE) in a 

90:10 weight ratio and dried for 12 hours at 100 °C as described elsewhere [2]. 

The dried electrode material was pressed onto a 9 mm diameter graphite disk used 

as the working electrode. Final weight of the active material on each electrode was 

3 mg. The electrode was impregnated with the electrolyte (an aqueous solution of 

H2SO4 1 M or KOH 6 M) for three days before being tested in order to achieve a 

good penetration of it inside the active material. 

Electrochemical properties of these electrodes were studied in two different 

electrolytes H2SO4 1 M and KOH 6 M, using a two electrodes set-up connected to 

a EC-lab system (Biologic VMP multichannel potentiostat). Cyclic voltammetry 

curves were obtained at different scan rates varying from 0.5 mV s-1 to 20 mV s-1 
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and with a voltage range from 0 to 1 V for 1 M H2SO4 and 0 to 0.8 V for 6 M KOH 

to evaluate the electrochemical stability of electrodes.  

Galvanostatic charge/discharge experiments (GCD) were carried out at 

several current densities ranging from 0.125 A g-1 to 30 A g-1 within the same 

voltage range used for cyclic voltammetry measurements. Galvanostatic 

capacitances were determined by the Equation 1 [6,11]:  

 
Vm
tI4C d

GD 


      Equation 1 

where Id is the discharge current (A), ∆t the discharge time (s), m is the total mass 

of active material (g) and ∆V is the discharge potential excluding the ohmic drop 

part. The factor 4 was used to calculate capacitance for a three electrodes 

equivalent system. The coulombic efficiency (%) was calculated from the discharge 

and charge time, td and tc, respectively, by the formula (td/tc) × 100. From these 

data, specific energy (Equation 2) and specific power density (Equation 3) were 

calculated at different current densities, in order to obtain the Ragone plot for all 

the samples tested [22,23]. 
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GCDs were conducted for 12500 cycles in order to test the cyclability of the 

electrodes. 

Impedance spectroscopy measurements were conducted in a frequency 

range from 1 mHz to 100 kHz with a sinusoidal current amplitude of 10 mV. The 

capacitance value, Cmax, was obtained by Equation 4 

 
2max

Zf2
"ZC




      Equation 4 

where f is the frequency and |Z|2 = Z’2+Z”2 where Z’ and Z” are the real and 

imaginary parts of the complex impedance [24-26]. 
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4. RESULTS AND DISCUSSION 

4.1. Textural and chemical characterization 

Nitrogen adsorption isotherms of the activated carbons (Figure 1) were of 

type I, typical of microporous solids [27], although they contained also some 

mesopores since the N2 uptake slightly increased at high relative pressure after 

micropore filling. Original activated carbon AOW presents large micropore and 

mesopore volumes which is usual for carbon materials activated with KOH under 

similar conditions [2,28,29]. After the solvothermal treatment, there is a reduction 

on micropore and mesopore volumes (Table 1) due to a widening of the larger 

micropores and a blockage of part of the porosity by the presence of sulphur 

functional groups. It is important to note that the W0(N2)/W0(CO2) ratio is constant 

for all samples denoting that the blockage affects practically in the same extent to 

both large and ultramicropores. Nevertheless, mesopore volume, Vmeso, 

determined by the Gurvitch rule [30] suffered a sharp drop that results in around a 

60 % of blocked pores. This is indicative of a heterogeneous distribution of sulphur 

on carbon surface being fixed mainly on the external surface area. 

 

Figure 1. N2 isotherms at -196 °C (adsorption, closed symbols; desorption, 

open symbols) for samples: □, AOW; ○, AOW5; ◇, AOW9. 
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Table 1. Textural characteristics of activated carbons 

Sample SBET W0(N2) L0(N2) W0 (CO2) W0 (N2)/ L0(CO2) Vmeso 

 m2g-1 cm3g-1 nm cm3g-1 W0 (CO2) nm cm3g-1 

AOW 1952 0.71 1.08 0.53 1.33 0.78 0.27 

AOW5 1353 0.56 1.50 0.42 1.33 0.88 0.13 

AOW9 1115 0.47 1.59 0.35 1.33 0.90 0.11 

 

   

Figure 2. Deconvolution of C1s (a) O1s (b) and S2p (c) high resolution XP 

spectra. 
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As expected, a large increase in sulphur content was obtained after the 

solvothermal treatment. This change had a marked increase on the external 

surface and a lower one inside the porosity as denoted by the differences between 

%SXPS and %SEA (Table 2). Since thioglycolic acid also contains oxygen in its 

structure, %OXPS was incremented as well reaching a value of 38.1 % for sample 

AOW9. Keeping in mind that sulphur and oxygen groups generated on AOW5 and 

AOW9 samples present an acidic character, it is not surprising that pHZPC values 

of them became such small (Table 2) decreasing the hydrophobicity of the 

samples.The C1s, O1s and S1s core level spectra of samples are depicted in Figure 

2. The deconvolution of these signals and the corresponding peaks fitting showed 

the presence of diverse contributions to BEs that are displayed in Table 3 together 

with their corresponding percentages. The C1s spectrum for the pristine activated 

carbon shows two main peaks centered at 284.6 and 285.6 eV corresponding to 

C=C and C-C bonds. At higher BE only minor peaks were detected which is usual 

for an activated carbon with a low oxygen content. After the solvothermal 

treatment, not only -SH groups are introduced on the carbon surface but the 

spectrum of C1s is modified (Figure 3) showing a great increase in C-O 

functionalities together with these related to the formation of C-S functionalities (BE 

= 286.3 eV). The main increase took place for peak centred at BE ≈ 289.3 eV 

corresponding to the presence of carboxylic groups and other species containing 

both sulphur and oxygen (Table 3). 

Table 2. Chemical composition (wt.%) of the activated carbons and pHPZC. 

Sample OXPS SXPS CEA HEA NEA SEA OEA* pHZPC 

AOW 6.0 -- 88.1 0.3 0.8 -- 10.8 7.8 

AOW5 28.1 17.5 66.3 0.8 0.3 5.4 27.2 3.5 

AOW9 38.1 25.0 60.6 1.1 0.2 9.5 28.6 2.8 

* Value obtained by difference 
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Table 3. Results obtained from the deconvolution of high resolution XP 
spectra. 

Sample 
C1s 

(eV) 

FWHM 

(eV) 

Peak 

(%) 

O1s 

(eV) 

Peak 

(%) 

S2p3/2 

(eV) 

Peak 

(%) 

AOW 284.6 1.43 60 531.3 35 - - 

 285.6  20 533.0 65   

 286.9  7     

 287.7  6     

 289.4  4     

 290.9  3     

AOW5 284.4 1.81 44 531.7 41 163.7 35 

 285.5  14 533.0 59 165.0 19 

 286.2  10   169.1 28 

 286.9  9   170.3 18 

 287.7  6     

 289.4  15     

 290.6  2     

AOW9 284.5 1.86 47 531.8 48 163.7 38 

 285.5  12 533.0 52 165.0 15 

 286.3  9   169.1 30 

 286.9  4   170.3 17 

 287.9  6     

 289.1  21     

 290.6  1     
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Thioglycolic acid solvothermal treatment increased notably the oxygen 

content and as in the case of the C spectra the main increase occurred in the C=O 

peak centred at 531.3 eV whereas the contribution from the peak at 533.0 eV 

corresponding to C-O groups decreased, Table 3. It should be noted that the peaks 

for the oxygen in S=O and S–O, at BE of 531.77 and 533.17 eV respectively [31], 

appear at practically the same position as those for C=O and C–O. In this case 

and due to the slight difference between the BE it was not possible to evaluate 

both components separately. 

As it can be observed, Figure 2c, not only the expected peaks relative to 

thiol (-SH) appeared, but also peaks at higher binding energies ≈ 165.2 eV 

corresponding to sulfoxide groups (R-SO-R'). Peaks at higher binding energies had 

been associated with oxidized forms of sulphur, stemming from the oxidation of 

thiols (sulfonic groups at 169.1 and dialkyl sulphates 170.6 eV).  

4.2. Electrochemical measurements. 

Electrochemical behaviour of samples on acidic and basic media (H2SO4, 

1 M; KOH, 6 M) was evaluated in a two electrodes system by cyclic voltammetry 

in order to determine the voltage windows for each electrolyte and by 

chronopotentiometry at different current densities to determine the capacity and 

stability for the electrodes. Figure 3 shows cyclic voltammograms obtained for all 

the samples. Electrochemical behaviour of samples became worse when KOH 6 

M was employed as electrolyte than in the case of H2SO4 1 M. The first matter 

which needs to be considered is that maximum potential beared in KOH is lower 

than H2SO4 (voltage ranged from 0 V to 0.8 V instead of 1.0 V).  

GCDs in H2SO4 at 3 A g-1 and KOH at 1 A g-1 (Figure 4) showed a triangular 

shape, their gravimetric capacitances are presented in Table 4. The capacitance 

obtained by chronopotentiometry decreased rapidly as current density was 

increased when KOH 6 M was used as electrolyte, Figure 5. The capacitance 

retention in the range 0.125-3.0 A g-1 are 66 % for AOW and ≈70 % for AOW5 and 

AOW9 samples. Under basic conditions, the surface of the sulphur doped samples 
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is negatively charged, since there are acidic groups (thiols, sulphonics) which lose 

their proton in basic media. Therefore, electronic repulsions of the negatively 

charged surface groups and the OH- may well be responsible for the poorer 

performance of these samples in KOH 6 M regarding results obtained in H2SO4 1 

M. In fact, since AOW5 contains a smaller proportion on this kind of surface groups, 

its capacitance is slightly larger than the one of AOW9 in basic electrolyte. A clear 

difference between AOW and sulphur-doped samples is observed in H2SO4 as 

electrolyte. Sulphur functionalities were able to increase significantly capacitance 

under acidic conditions (Table 3). Furthermore, the higher the sulphur content, the 

larger the capacitance resulted, in contrast with the results found in KOH. 

Capacitance values, determined by galvanostatic discharge, Figure 5, were also 

lower in KOH 6 M compared to the ones obtained in H2SO4 1 M.  

 

  

Figure 3. Cyclic voltammograms at 20.0 mV s-1 for samples: □, AOW; ○, 

AOW5; ◇, AOW9. a) H2SO4 1 M and b) KOH 6 M. 

 

The main advantage of this sulphur functionalization is the significant 

increase in the current density that can be used for the charge-discharge 

experiments.  
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Figure 4. GCDS in a) H2SO4 1 M at 3 A g-1 and b) KOH 6 M 1 A g-1 for samples: 

□, AOW; ○, AOW5; ◇, AOW9.  

 

Table 4. Electrochemical capacitances of samples in H2SO4 1 M and KOH 6 

M. Retention capacitance at 30 A g-1 in H2SO4 and 3 A g-1 for KOH 

Sample 

KOH H2SO4 

CGD 

0.125 A g-1 

CGD 

10 A g-1 
Ret  

CGD 

0.125 A g-1 

CCP 

30 A g-1 
Ret 

F g-1 F g-1 %  F g-1 F g-1 % 

AOW 107 71 66  158 105* 66* 

AOW5 130 92 71  258 151 59 

AOW9 127 85 67  325 225 69 

* Value at 10 A g-1, since AOW could not withstand higher current densities. 

 

It is important to highlight that whereas the maximum current density 

withstood by AOW was just 10 A g-1, sulphur doped samples maintain a 
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significantly high capacitance up to 30 A g-1. The capacitance retention at 30 Ag-1 

was 69 % for AOW9 and 59 % for AOW5 similar to that for the sample AOW at 10 

A g-1. This is an important result, showing the suitability of sulphur functionalization 

not only to increase the electronic capacitance of the electrode, but also to achieve 

a greater stability when high current densities are applied. The coulombic efficiency 

in all cases was 100 % up to 5 A g-1 and it decreased up to ~ 97 % at higher current 

density due to the cell resistance. 

 

  

Figure 5. Variation of the specific capacitance with scan rate in a) H2SO4 1 M 

and b) KOH, 6 M. Samples AOW (□), AOW5 (○), AOW9 (◇). 

 

EIS measurements were performed to investigate the variations in charge 

kinetic properties of the samples towards the capacitive behavior. Figure 6 depicts 

the Nyquist plots, showing that all samples exhibited typical characteristics of 

porous carbon electrodes [25,26]. In the high frequency region, the first intersection 

point on the real axis (Z') was the ESR, which corresponds to the sum of the 

intrinsic resistance of the active material, the electrolyte resistance, and the contact 

resistance of interface between material/current collector. By using the same 

assembly technique, the cells containing the same electrolyte and the same 

collector high-frequency region reflects the resistive properties of the carbon 
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electrode material [32]. Results, shown in Table 5, reflect that ESR values were 

very low, ranging between 0.3 and 0.4 Ω, for the three samples which is related to 

a very well developed pore structure. 

 

Figure 6. Nyquist plots obtained from EIS experiments on H2SO4 1M AOW (□), 

AOW5 (○), AOW9 (◇) 

 

Table 5. Equivalent series resistance (ESR), charge transfer resistance (RCT), 

relaxation time constant () and Cmax at 1 mHz, from EIS 

Sample 
ESR RCT  Cmax 

Ω Ω s F g-1 

AOW 0.41 1.15 0.34 159 

AOW5 0.38 0.27 0.19 246 

AOW9 0.32 0.27 0.08 293 
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The interfacial charge transfer resistance, RCT, caused by electric double 

layer capacitance and faradic reactions was estimated from the two intercepts of 

the semicircle with the real axis (semicircle diameter) [33], values obtained are 

displayed in Table 5. RCT values were much lower for sulphur doped activated 

carbon than for the original one, this is AOW. This fact indicates a faster charge 

transfer joint to a better electrolyte ions accessibility into pores of electrode 

materials due to the widening of the ultra and supermicropores during the 

solvothermal treatment, Table 1. Moreover, the slope for samples AOW5 and 

AOW9 is steeper than for AOW, implying that sulphur doped samples have better 

capacitive performance in 1 M H2SO4 electrolyte than the pristine sample. 

In conclusion, both ESR and RCT decrease with the solvothermal treatment, 

Figure 6. This was due to several reasons: an increase in the heteroatoms 

introduced during the treatment, a decrease in contact resistance between 

particles, which facilitated the mobility of electrons through the carbon electrode 

(ESR) and a widening of the micropores, which increased the accessibility of the 

electrolyte to the microporosity (RCT).  The main advantage of our functionalization 

treatment is that the reaction between carbon and thioglycolic acid took place 

mainly on the external surface. Therefore, our samples present a very high sulphur 

content measured by XPS which largely increased their conductivity. The 

gravimetric capacitances obtained from the Nyquist plots at 1 mHz and calculated 

according to equation 4 expressed per single electrode as the three-electrode cell 

equivalent, Cmax, are compiled in Table 5. These values are similar to those 

obtained by chronopotentiometry at 0.125 A g-1.  

The relaxation time constant () can be calculated by the equation  = ½f0, 

where f0 is the transition frequency between a pure capacitive and a pure resistive 

behavior that can be obtained from the maximum within the variation of the 

imaginary part of the capacitance (C") against the frequency [34]. The relaxation 

time constant is a quantitative measure of the speed with which the device can be 

discharged. Results in Table 5 show that the time necessary to discharge the 

supercapacitor,  when AOW9 is used as electrode is just 0.08 s. 
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Figure 7. Ragone plots on H2SO4 1M for samples AOW (□), AOW5 (○), AOW9 

(◇) 

 
Table 6. Maximum and minimum energy densities (Wh Kg-1) from Ragone's 

plots 

Sample 
Pmin Emax Pmax Emin 

W kg-1 Wh kg-1 W kg-1 Wh kg-1 

AOW 257 21.8 7393 12.7 

AOW5 292 27.9 15661 12.9 

AOW9 274 37.0 34360 15.7 

 

The Ragone plots of the ACs are displayed in Figure 7 and the maximum 

and minimum energies and power densities are shown in Table 6. The maximum 

energy density increased with the increase in sulphur content attributable to the 

increase in heteroatoms on the surface area and the widening of the microporosity. 

The maximum energy density value reached was 37.0 Wh kg-1 for sample AOW9 
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a value of energy density larger than that reported for most of the commercially 

available supercapacitors (< 10 Wh kg-1) [35]. The energy released decreased at 

higher power density (Figure 7); thus, the energy densities of AOW, AOW5 and 

AOW9 decreased to 12.7, 12.9, and 15.7 Wh kg-1 at power densities of ~ 7.3, 15.7, 

and 34.4 kW kg-1, respectively. 

 

 

Figure 8. Variation of the gravimetric capacitance (CCP) with the number of 

charge discharge cycles at 1 A g-1 in the potential window between 0 

and 1 V in H2SO4 1 M  for samples AOW (□), AOW5 (○), AOW9 (◇) 

 

The long-term stability of electrodes is a key factor that limits the application 

of carbon materials as supercapacitors for practical applications. The stability of 

electrodes was evaluated by 13000 galvanostatic charge-discharge. Figure 8 

presents the variation in the gravimetric capacitance with the number of charge-

discharge cycles at a constant current density of 1 A g -1 employing H2SO4 1 M as 

electrolyte. After 12500 cycles the retention capacity for the three samples are 91.0 

%, 98.5 % and 99.3 % for AOW, AOW5 and AOW9. Samples doped by 

solvothermal treatment with thioglycolic acid exhibit practically no fading in their 

capacitance showing a very good cycling stability, while the contrary occurs for the 
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non-doped sample as it loses practically 10 % of its capacitance. It is observed that 

the best result is obtained for the AOW9 sample in spite of its lowest porosity due 

to the beneficial effect of sulphur and oxygen surface groups.  

 

5. CONCLUSIONS 

The solvothermal treatment developed in this work which is based in the 

use of thioglycolic acid fixed on the activated carbon surface up to a 38 % of 

heteroatoms. Oxygen surface groups fixed were mainly as carboxylic acid species. 

Sulphur groups were not only thiol groups but other coming from the oxidation of –

SH as sulfoxide, sulfonic and dialkil sulfates. 

Sulphur doped activated carbons showed an excellent performance as 

electrodes for supercapacitors in H2SO4 whereas in KOH showed poorer 

performance because of the repulsion of the OH- ions with the negative charge of 

the carbon surface. Gravimetric capacitances of sulphur doped samples 

determined in H2SO4 1 M increased as the sulphur an oxygen content did, in spite 

of the reduction in porosity and surface area, reaching very high values of CGD 

larger than 300 F g-1 at 0.125 A g-1. Moreover, CGD retention at higher current 

densities were also improved with the presence of sulphur. In this line, the porosity 

widening and the surface groups introduced were responsible for the reduction in 

resistance and the increase in capacitance. On the other hand, the electrical 

resistance was higher in the basic electrolyte than in the acid one, and the sample 

with the highest sulphur content showed the lowest electrical resistance. It should 

be remarked that virtually no fading is observed for sulphur doped carbons 12500 

charge-discharge cycles. 

Besides that, the maximum energy density value reached was 37.0 Wh kg-1 

for a power density of 274 W kg-1 and it corresponds again to the sample with the 

highest sulphur content. Finally, the energy released decreased at highest power 

density; thus, the energy densities of AOW, AOW5 and AOW9 decreased to 12.7, 

12.9, and 15.7 Wh kg-1 at power densities of ~ 7.3, 15.7, and 34.4 kW kg-1, 

respectively. Therefore, the results of this work show clearly the great influence of 
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the sulphur functionalities on the electro-chemical behavior of the developed 

carbon based electrodes as well as how the activated carbons can be doped with 

sulphur using a simple solvothermal method. 
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CHAPTER VI: H3PO4 AND KOH ACTIVATED CARBONS FROM WASTE WOOD AS 

ELECTRODES FOR ELECTROCHEMICAL CAPACITORS. 
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1. ABSTRACT 

Two series of activated carbons have been prepared by chemical activation 

of three different kind of agricultural waste. KOH and H3PO4 were used as 

activating agent of custard apple, fig and olive woods. The main differences 

between these trees are their growth rate and the hardness of the wood. Due to 

these differences distinct pore structure, surface areas and chemical composition 

were found for the different activated carbons prepared. Phosphoric acid activated 

samples present a high ash content due to the phosphate formation during the 

activation process. 

KOH activated samples are mainly microporous materials with high surface 

area and pore volumes. On the contrary when H3PO4 was used as activating agent 

activated carbons are meso microporous materials. 

Ash content and micropore structure are limiting factors for the application 

of activated carbons as electrodes for supercapacitors. The best performance 

correspond to KOH activated samples with high capacitance and energy and 

power densities. 

The stability of the electrodes, evaluated by charge-discharge cycling 

shows that the KOH activated carbons had a high cyclic stability up to 12000 

cycles. For H3PO4 samples the capacitance decreases for CP and FP ones due to 

their high ash content and the poor stability of the acidic surface groups. 

 

Keywords: agricultural waste, chemical activation, activated carbons, electrodes 

for supercapacitors. 
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2. INTRODUCTION 

Activated carbon are used in different industrial applications due to its good 

porosity and the developed higher surface area, among them industrial food [1], 

pharmaceutical application [2], removal of pollutants from gaseous [3,4] and liquid 

steams [5,6], catalysis [7], gas storage, and electrochemical applications like 

battery electrode and supercapacitors [8]. 

Activated carbon are produced from different substances such as waste 

plastic [9], waste tire [10], waste materials biomass from forest and agricultural 

crops and residues [11] like rice husk [12], bagasse [6], coconut shell [5], olive 

stone shell [4,8]. Several method are used for the preparation of activated carbon 

from the waste biomass materials among them the chemical activation with 

different chemical agent like, ZnCl2, H3PO4, KOH [8,11,13]. The production of 

activated carbon from wood has become increasingly attractive due to their 

availability and their economic and commercial promise. in fact, several research 

have presented on the production of charcoal from wood by chemical activation 

from different type of wood, olive wood [14], eucalyptus wood [15], fir wood [16], 

birch wood park [17].  

Recent studies have shown that the presence of the heteroatoms on the 

surface of the activated carbon can enhance the capacity of the supercapacitor. 

The phosphoric acid activation leads to inclusion of significant amount of 

phosphorus into carbon structure which had a significant on the electrochemical 

characteristics of the activated carbon.  

The objective of this study was to prepare activated carbon from three 

different wood produced with higher quantity in Spain; custard apple, fig and olive 

woods with chemical activation with H3PO4 and KOH following the method 

described previously [4,8] and their application as super capacitors.  

The activated carbon were characterized to determine their textural 

properties, their porosity and surface chemistry and before they were used for the 

preparation of supercapacitor to their electrochemical characteristics. 
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3. EXPERIMENTAL 

3.1. Preparation of activated carbon 

The activated carbon were prepared by chemical activation with H3PO4 and 

KOH of three different woods, custard apple, fig tree and olive tree. The sample 

prepared with H3PO4 activation were designated CP, FP and OP and the other 

prepared with KOH were named CK, FK and OK. 

The sample were prepared were impregnated with KOH/ H3PO4 in a weight 

ratio of 1/1. The mixture were heated at 60 °C to dryness and after that at 110 °C 

until evaporation total of the water. The solid produced were carbonized under N2 

flow 300 cm3 min-1 and heating rate of 5 °C min-1, at 500 °C for 2 h for the samples 

impregnated with H3PO4, and at 300 °C for 1 h followed by activation at 800 °C for 

2 h for the samples impregnated with KOH. The produced activated carbon were 

washed with 1 M HCl and with distillated water until neutralization of the washing 

water and total elimination of chloride.  

Table 1. Preparation conditions of the activated carbons 

Sample Raw material 
Activating agent/ 

raw material ratio 
Pyrolysis temperature(°C)/time 
(h) 

CK custard apple tree KOH 1:1 300/1+800/2 

FK Fig tree KOH 1:1 300/1+800/2 

OK Olive tree KOH 1:1 300/1+800/2 

CP custard apple tree H3PO4 1:1 500/2 

FP Fig tree H3PO4 1:1 500/2 

OP Olive tree H3PO4 1:1 500/2 

 

3.2. Textural and chemical characterization 

The textural characterization of the activated carbons was carried out by N2 

and CO2 adsorption at -196 and 0 °C, respectively using a Quantachrome 

Autosorb-1 equipment after outgassing the samples overnight at 110 ºC under 

dynamic vacuum (10-6 mbar). The total micropore volume, W0(N2), and the narrow 
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micropore volume, W0(CO2), were obtained by the application of Dubinin–

Radushkevich (DR) to the N2 and CO2 adsorption isotherms, respectively, and the 

mean micropore width (L0) for both adsorbates were obtained by applying the 

Stoeckli equation. The BET equation was applied to N2 adsorption isotherms to 

obtain the apparent BET surface area (SBET). The pore size distribution (PSD) was 

determined by applying Non Linear Density Functional Theory (NLDFT) to the N2 

adsorption isotherms, assuming slit-shaped pores. 

Analysis elemental was performed using an elemental analyzer THERMO 

SCIENTIFIC Model Flash 2000. The content of phosphorous was obtained using 

ICPOES from Perkin Elmer model Optima 8300.  

XPS was obtained using a Kratos Axis Ultra-DLD, with MgK X-ray source 

(h = 1253.6 eV) and hemispherical electron analyser connected to a DLD 

detector. Survey and multi-region spectra were recorded at C1s, O1s, N1s and P2p 

photoelectron peaks. Each photoelectron spectral region of interest was scanned 

several times to obtain good signal-to-noise ratios. The C1s peak at 284.6 eV was 

used as internal standard. Given that the depth recorded with this technique is 

around 2-3 nm below the external surface, it gives the surface content of oxygen, 

OXPS, and phosphorus, PXPS. 

3.3. Electrochemical Characterization 

For the electrochemical characterization, a mixture of active material and 

tetrafluoethylene (PTFE) binder (60% suspension in water) with a ratio of 90:10 

was dried in an oven at 120 ºC overnight. Then, 5mg of the active material was 

pressed onto a graphite paper disc with 5 mm of diameter. The pasted sample was 

impregnated with a 1M H2SO4 solution for 48 h before to be used for the 

electrochemical measurements. 

The electrochemical performances were determined using a two electrode 

system with EC-lab equipment at 25 ºC in H2SO4 1M medium as electrolyte and 

glassy fibrous materials as separator. Several electrochemical techniques are 

used for the electrochemical characterization of the composites. Cycling 
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voltammetry test (CV) was carried within the range of 0 and 0.75 V; using scan 

rates from 0.5 to 20 mV s-1 and the gravimetric capacitance, CCV (F g-1), was 

calculated using the Equation (1) [18,19]: 

Vm
tI

4CCV 


 

 Eq. 1 

where  tI  is the area of the current (A) against time (s) curve, m is the total 

active mass in both two electrode (g), and ∆V is the potential window (V), the factor 

4 traduces the relation between the two electrode and three electrode systems. 

The galvanostatic charge-discharge experiments were carried out at 

different current density from 125 mA g-1 to 5 A g-1. The gravimetric capacitance, 

CCP (F g-1), was calculated using the equation (2)[20,21]: 

Vm
tI4C d

CP 



 

Eq. 2 

where Id was the current density (A g-1), ∆t was the discharge time, ∆V was the 

voltage interval without the IR drop and m is the total mass active (g).  

The stability of the electrodes was evaluated by 12000 charge-discharge 

cycles at a current density of 1 A g-1 between potential value of 0 V and 0.75 V. 

The electrical energy and power densities were calculated by using the Eq. 

3 and Eq.4, respectively for two-electrode cell [22,23]. 

6.32
)V)(VV()g F( C)kg Wh(E

2
min

2
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1
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
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


  Eq. 3 
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2
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2
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2
max1 

  Eq. 4 
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4. RESULTS AND DISCUSSION 

4.1. Textural and chemical characterizations 

Morphology of the samples was studied by scanning electron microscopy, 

Figure 1 shows the morphology of selected the samples. The different nature of 

the wood it is clearly revealed, thus fig tree is a fast growth tree with a soft wood, 

sample FK shows an important degradation of the wood structure leading a very 

heterogeneous pore structure. Olive and custard trees with slower growth present 

a harder wood and the wood structure is preserved producing a more developed 

micropore structure. Also the changes produced by the activation agent used (KOH 

or H3PO4) are different, H3PO4produces a heterogeneous porous surface with large 

pores compared to the KOH activated samples which show relatively 

homogeneous and highly porous surface. 

 

Figure 1. SEM images of the activated carbons prepared 

The differences in the morphology of the activated carbon samples are 

more clearly revealed by the gas adsorption analysis. Figure 2 shows N2 

adsorption-desorption isotherms for the different activated carbons. Sample FK 

and OK exhibit type I isotherms with a slight slope at medium relative pressure 
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which is indicative of the presence wider micropores. Sample CK show a Type I-

Type IV isotherm with a slope at relatives pressures higher than 0.15indicative of 

mesopores. The hysteresis cycle, Type H2, for sample OK confirm the 

heterogeneity of the porosity for this sample. Samples prepared by H3PO4 

activation present a Type I+IV isotherm indicative of micro-mesopore structure 

which is confirmed by the pore size distribution showed in the Figure 3. 

  

Figure 2. N2 adsorption isotherms at -196 °C. a) K series; b) P series. Samples:  

olive tree (○); fig tree (◇); custard apple tree (□). Closed symbols for 

OK sample correspond to the desorption branch. 
 

Results from the application of BET and DR equations to the N2 and CO2 

adsorption isotherms are compiled in Table 2 together the mesopore volume 

obtained according to the Gurvich rule [24]. Apparent surface areas range from 

795 m2 g-1 (FP) to 1480 m2 g-1 (CK). As expected KOH activation produces 

activated carbon with higher surface area and micropore volume [25] varying from 

1237 m2 g-1 to 1480 m2 g-1 and large pore volumes varying from 0.44 to 0.52 cm3 

g-1.The lowest surface area were obtained from fig tree, which has a fast growth 

and softwood.  
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Figure 3. Pore size distribution obtained by NLDFT applied to N2 adsorption 

isotherms at -196 °C. a) K series; b) P series. Samples:  olive tree (○); 

fig tree (◇); custard apple tree (□).  

 

Table 2. Porous structure of the activated carbon  

Sample 
N2 at -196 °C  CO2 at 0 °C 

SBET W0(N2) L0(N2) V0.95(N2) Vmeso  W0(CO2) L0(CO2) 

 m2/g cm3/g nm cm3/g cm3/g  cm3/g nm 

CK 1480 0.52 1.02 0.85 0.33  0.38 0.72 

FK 1237 0.44 0.83 0.58 0.14  0.35 0.65 

OK 1352 0.52 0.82 0.72 0.20  0.34 0.68 

CP 1089 0.40 1.21 0.75 0.35  0.20 0.60 

FP 795 0.30 1.55 0.80 0.50  0.13 0.83 

OP 1116 0.41 1.46 0.76 0.34  0.19 0.73 

 

0.0

1.0

2.0

0 2 4

dV
/d

D
 (c

m
3

g-1
nm

-1
)

D (nm)

a

0.0

0.2

0.4

0 4 8 12
dV

/d
D

 (c
m

3
g-

1
nm

-1
)

D (nm)

b



H3PO4 and KOH activated carbons from waste wood for electrochemical.. 219 

 

For all the samples W(N2) > W(CO2) which is indicative of the  absence of 

constriction at micropores entrances and complete accessibility of N2 molecule at 

-196 °C [26,27]. W(CO2) and W(N2) for samples activated with H3PO4 are lower 

than those prepared by KOH activation indicating that KOH produce activated 

carbons with high surface areas with large microporosity and on the contrary, 

H3PO4 activation leads to a more developed mesoporosity. The CK activated 

carbon presents large surface area with a homogeneous pore size distribution 

which will be very interesting for electrochemical application. 

Surface compositions of activated carbon samples were analyzed by XPS. 

This technique provided information regarding the electronic states and chemical 

environment of carbon (C), nitrogen (N) oxygen (O) and phosphorous (P) atoms in 

the activated carbons. Figure 4 shows survey XP spectra in the BE range of 50-

750 eV, which provided both a compositional overview and information about main 

element presents on the surface of both series of activated carbons. All samples 

showed two different peaks, a strong C1s peak between 284 eV, one O1s peak was 

also observed at 532 eV, and in addition samples from P series show the presence 

of P2p and Ca2p peaks even though the intensity of these peaks is lower than the C 

and O they are very important since they are indicative of the phosphorous fixation 

on the carbon surface partially appear as phosphates species being this salt the 

main component of the ashes of the P series. 

Deconvolution of the high resolution XP spectra of the P2p region are 

showed in Figure 4c. Three different peaks were found, Table 3. A peak centered 

at 132.5 eV associated with reduced phosphorus compound as C-P [28-30]; the 

peak at 133.1 eV is characteristic of P atom bonded to one C atom and three O 

atoms, as in C–PO; C–PO2H [28-30], and a peak at 134.1 eV which is characteristic 

of pentavalent tetra-coordinated phosphorus, PO4, as in polyphosphates and/or 

phosphates (C–O–PO3; C–PO3 groups) [31,32]. 
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Figure 4. Survey XP spectra for: a) KOH activated carbons. b) H3PO4 

Activated carbons. 

 

Table 3. Chemical composition of activated carbons (%) from elemental 

analysis, ICPOES and XPS. 

Sample 
TG  EA  ICP 

 
XPS 

Ash  C H N O+P a  P C O P 

CK 1.4  91.6 1.2 0.7 6.5  0.0  95.5 4.5 0.0 

FK 1.1  91.6 1.5 0.6 6.3  0.0  94.6 5.4 0.0 

OK 1.5  90.1 1.4 0.7 7.8  0.0  93.6 6.4 0.0 

CP 8.5  68.7 2.3 0.5 28.5  5.2  80.1 13.3 6.6 

FP 9.3  71.6 2.5 0.7 25.2  6.5  76.5 16.1 7.4 

OP 7.6  73.6 2.9 0.4 23.1  5.3  76.6 17.5 5.9 
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Table 3 shows the results for chemical composition of samples from 

thermogravimetric and elemental analysis, ICPOES and the results from the 

deconvolution of high resolution of XP spectra. The ash content for KOH activated 

samples is very low ranging from 1.1 to 1.5 % due to the solubilization of the 

mineral matter content in the raw woods. For H3PO4 samples the ash content is 

higher than KOH ones due to the presence of phosphorous surface groups. The P 

content determined by ICPOES and XPS is very similar for each sample indicating 

a homogeneous distribution of P on the samples. Furthermore the sum of OXPS + 

PXPS is approximately equal to the result obtained from EA, confirming the 

homogeneous distribution of all elements. O1s profile was decomposed in three 

components. The peak at 530.8 to 531.8 represent the oxygen double bonded C=O 

groups and the oxygen in the phosphate groups P=O [33]. The presence of the 

singly bonded oxygen in C-O and in C-O-P is confirmed by the presence of the 

peak at 532.6-533.0 eV [34,35].  

Table 4. Surface functionalities concentrations of O1s, P2s and C1s from the 
XPS spectra. 

B.E. (eV) Functionality CK FK OK CP FP OP 

284.6 C=C/C-O-P 68 64 68 68 69 73 

286.0 C-O-C/C-O-P-O/C-PO 19 21 20 21 20 16 

287.6 C=O  4 6 5 4 4 4 

288.8 -COOH/O=C-O-C 4 5 4 4 3 3 

290.1 CO2 3 2 2 2 2 2 

291.3 π-π* 1 1 1 1 1 1 

530.8-531.5 C=O bonds, P=O bonds 31 31 29 37 33 43 

532.7-533.0 C–O–C , C–O–P, P–O–P 69 69 71 63 67 57 

132.3 C-P - - - 40 30 45 

133.1 C–PO; C–PO2H - - - 42 44 39 

134.1 C–O–PO3; C–PO3 - - - 18 26 16 
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From the comparison between of the concentrations of different oxygen 

groups, it can be remarked that the chemical activation with phosphoric acid 

produces an increase in the amount of C=O and P=O groups which correspond to 

the formation P-surface groups during the phosphoric acid activation [32,36]. The 

oxygen and phosphate-containing groups on the surface of the material can 

enhance their wettability with the electrolytes, these surface phosphate functional 

groups can act as active sites for additional pseudocapacitance leading to an 

enhanced electrochemical performance of activated carbons as a supercapacitor 

electrode. The data from XPS shows that the three different samples prepared with 

the same activating agent present similar oxygen content and also the same type 

of oxygen bonds. 

The KOH activated carbons present a very similar chemical surface, so the 

differences on their electrochemical behaviour must be correlated with their 

textural properties, while on the H3PO4 activated carbons, the electrochemical 

behaviour will depend on both textural and chemical characteristics. The amount 

and nature of phosphorus groups could affect the formation of the electrochemical 

double layer and the retention of the capacitance with the increase of the potential 

scan rate, and with the increase of the current density during the charge discharge 

experiments.  

Figure 5 shows the FT-IR spectra of activated carbon prepared with KOH 

and H3PO4. All spectra show a band at 3600–3200 cm−1 with a maximum at about 

3420 cm−1 characteristic of the stretching vibration of hydrogen-bonded hydroxyl 

groups from carboxyls, phenols or alcohols, and water adsorbed in the activated 

carbons. The band at 2800–3000 cm−1 indicates the presence of an aliphatic CH 

stretching. The spectra shows a pronounced band at 1630 cm−1, which can be 

assigned to the C-C stretching vibration in the structure of the activated carbon. 

The band at 1000–1300 cm−1 is usually found with oxidized carbons and has been 

assigned to C-O stretching in acids, alcohols, phenols, ethers, and/or esters 

groups [36], but in the case of the H3PO4 activated carbon this band is also 

characteristic of phosphorus and phosphorous-carbonaceous compounds. The 
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peak at 1163 cm−1 can be attributed to the stretching mode of hydrogen-bonded. 

Finally the H3PO4 activated carbons show a band at 1080–1065 cm−1 which can 

be assigned as P+-O− in acid phosphate esters and to the symmetrical vibration in 

polyphosphate chain P-O-P [37]. This acidic group had an effect on the 

capacitance retention of the H3PO4 activated carbons based supercapacitors. 

 

 

Figure 5. Infrared spectra of the activated carbons a) K series; b) P series. 

Samples:  olive tree (○); fig tree (◇); custard apple tree (□). 
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4.2. Electrochemical Characterization 

Figure 6 shows the cyclic voltammograms, CV, curves of all the samples. 

It can be see that all the activated carbons have CV with a rectangular shape 

typical for electrochemical double-layer (EDL) capacitors with a low diffusional 

restriction to the electrolytedue to a good electrical conductivity and to the porosity 

of the samples. However, a some differences in the voltammograms shape 

between the KOH and H3PO4 activated samples is observed, so different 

contributions must be taken into account, thus H3PO4 activated carbons show the 

wider microporosity and more developed mesoporosity, Table 1. Comparing the 

CV curves, K series show higher capacitance than P series due to the higher 

surface area and microporosity of the former samples. Furthermore, most 

rectangular CV’s correspond to P series due to their more developed mesoporosity 

and wider micropores. Sample OK shows a slightly tilted curve which is indicative 

of some resistance restrictions, this sample has high micropore volume 0.52 cm3 

g-1 with narrow micropores, 0.65 and 0.60 nm for N2 and CO2, respectively. 

  

Figure 6. CV for K series (a) and P series (b) in 1 M aqueous H2SO4 using two-

electrode cell at a scan rate of 0.5 mVs−1. Samples from: olive tree (○); fig tree 

(◇); custard apple tree (□). 

These conclusions can be confirmed with the corresponding gravimetric 

charge discharge experiments showed in Figure 7. These curves show that the K 
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series present symmetrical triangular curves which indicates very good penetration 

of the ions into the pores with low diffusion restrictions. On the contrary the P series 

presents a slight deviation from the linearity at the discharge branch due the 

resistance inside the pore structure of the samples. 

 

  

Figure 7. CP for K series (a) and P series (b) in 1 M aqueous H2SO4 using two-

electrode cell at a current density of 0.125 A g−1. Samples from: olive tree (○); 

fig tree (◇); custard apple tree (□). 

 

Comparing among the P series, the FP sample shows the higher discharge 

drop followed with the OP and finally the CP, this result can be explained 

considering the resistance calculated from the voltage drop in CP experiments 

according to R஼௉= ∆V
2Iൗ ,Table 5. Activated carbons prepared with KOH show 

lower resistance than sample activated with phosphoric acid probably due to the 

high ash content in the later ones as previously described by Moreno-Castilla et al. 

[38] 
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Table 5. Values of specific capacitance (Fg−1) at 0.5mV s-1, CCV0.5, and at 

current loads, 0.125 and 5 A g-1, (CCP0.125 and CCP5 

respectively),retention capacitance, RCP, and resistance from voltage 

drop in CP experiments, R. 

Sample 
CCV0.5 

Fg−1 

CCP0.125 

F g-1 

CCP5 

F g-1 

RCP 

% 

R 

(Ω) 

CK 235 237 191 81 2.3 

FK 191 205 172 84 1.9 

OK 180 231 184 80 2.7 

CP 174 227 152 67 5.0 

FP 165 242 156 64 9.0 

OP 198 257 180 70 7.3 

 

Figure 8 presents the effect of the variation of the current density on the 

capacitance of the samples. It can be see that on the one hand that KOH activated 

carbon shows a good stability of the capacitance with the variation of the current 

density. Variation indicate good accessibility of the ions into their pore structure. 

On the contrary, a significant variation in the capacitance value was found for 

H3PO4activated carbons mainly for CP and FP samples, being those, which have 

the greater ash content.  This can be easily understood as follows [39]: firstly, at a 

low current density, the ions can be transported and diffused into the pores easily. 

Hence, the capacitance is high. However, when the current density increases, the 

ion cannot diffuse easily into the pores and especially in the micropores probably 

due to strong interactions with mineral matter, which results in such a way that the 

effective ion attachment occurred only at the external surface of the electrode and 

as consequence the capacitance decreases. This result indicates that the size and 

the volume of the micropores are very decisive parameters in the application of the 

activated carbons as supercapacitors and their ash content. 
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Figure 8. Effect of the current density on the capacitance of the activated 

carbons in 1M H2SO4. a) KOH series, b) H3PO4 series. Samples from: 

olive tree (○); fig tree (◇); custard apple tree (□).  

 

This result is usually due to the increase of ohmic resistance because the 

presence of micropores and mineral matter that limit the accessibility of the ions to 

the internal surface of the electrodes [31,40], confirmed with the values of the RCP 

found for the P series. The dependence of specific capacitance on current density 

in 1 M H2SO4as electrolyte is shown in Table 5. It is noteworthy that the specific 

capacitances of FP and OP samples dropped down as the current density 

increased from 0.125 A g−1 to 5 A g−1. This is caused by partial inaccessibility of 

narrow microspores at fast charge/discharge rates (high current densities) [40,41]. 

The OP sample show a good stability, 70 % of retention capacitance, 

compared to the FP and OP activated carbons which indicate the stability of the 

capacitance of the activated not depends only of the micropores structure but also 

with an adequate mesopore network which favors the exchange of the ions. 

In order to identify the origin of the difference between the H3PO4 activated 

carbons behaviors, their surface areas and correspondingly microspore volumes 

should be taken into account together with the surface chemistries. The main 
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difference in the surface chemistry of these three samples in comparison to others 

activated carbons (K series) is the high ash content and the concentration of 

oxygen groups and specially the acidic group. However, not all surface oxygen 

functionalities are stable, the deterioration of capacitance are found to be 

associated with these unstable surface oxygen groups (carboxylic groups COOH 

and/or chemisorbed O2/H2O) [42]. These results indicate that the acidic surface 

functionalities play a crucial role in deterioration of capacitive properties of carbons 

at high current density due to ohmic resistance and therefore carbon materials for 

a practical application in supercapacitors should be rich with the stable oxygen 

group and low acidic surface groups at the time that the porous structure should 

be optimized. Finally, we can conclude that these results clearly indicate that 

activating conditions temperature and activating agent can greatly influence the 

type of surface chemistry in addition to the various porous structures, and 

therefore, those two factors are expected to affect the electrochemical 

performance of activated carbons in different ways. 

Another key test of the performance of supercapacitors is the cycling 

durability. Figure 9 shows the evolution of the capacitance using galvanostatic 

charge–discharge cycling test at a current density of 1 A g−1. On one hand, the 

results show that the K series show the best capacitance which is in agreement 

with the results of the CV and CP in Table 6, on the other, after 12000 cycles, all 

the samples show highly stable performance and good charge propagation, only 

samples CP and FP present a slight loss in capacitance due to, as previously 

commented, their surface chemistry and ash content. 

Energy and power densities are two important factors for practical 

application of activated carbons as electrodes for supercapacitors. Figure 10 

shows the variation of the energy density against the power density for all the 

samples prepared. Generally, for all the sample the energy density decrease with 

the increase of the power density. From this result, we can say that the K series 

present a similar behavior independently of the origin of the wood. The variation of 

the energy is between4 and 2 Wh kg-1 at power densities of 47 and 1200 W kg-1 
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respectively. This results are higher than others showed in previous work. Finally 

the sample OP showed also very interesting values of energy and power compared 

to other H3PO4 activated samples. 

  

Figure 9: Galvanostatic cycling test at a current load of 1 A g−1 within a potential 
window of 0-0.75 V for 12000 cycles in 1M H2SO4. a) KOH series, b) 
H3PO4 series. Samples from: olive tree (○); fig tree (◇); custard apple 
tree (□). 

 

Figure 10. Ragone plot of samples for a) KOH series, b) H3PO4 series. Samples 

from: olive tree (○); fig tree (◇); custard apple tree (□). 
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5. CONCLUSIONS 

Activated carbons based on the KOH and H3PO4 activation of wood were 

prepared. The result shows a very high surface area with a well-developed micro 

and mesoporosity with different surface function groups. 

The electrochemical tests in 1 M H2SO4 indicate that the sample prepared 

from KOH of custard apple had a very good electrochemical characteristics 

compared to the others carbons with capacitance of 237 F g-1 and energy density 

of 4 Wh kg-1 at a power density of 47 W kg-1. In addition the surface chemistry and 

the pore distribution are very important parameters in the electrochemical 

application of the carbon. Consequently the H3PO4 activated samples show high 

phosphorous content which improve their electrochemical characteristics but those 

samples have a lower stability than the KOH activated ones with the current density 

variation. Exceptionally sample OP showed very interesting stability with high 

capacity, energy and power densities, which is due to the micro and mesopore 

volume and to its surface functional groups. The stability of the electrodes against 

charge-discharge cycles shows that KOH activated carbons have a very good 

stability whereas H3PO4 activation agent leads samples with a poor stability, except 

in the case of OP sample. 
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CHAPTER VII: INFLUENCE OF SURFACE CHEMISTRY ON THE ELECTROCHEMICAL 

PERFORMANCE OF ELECTRODE FROM WASTE WOOD ACTIVATED CARBONS. 
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1. ABSTRACT 

 

Three activated carbons prepared by chemical activation from waste wood 

are treated with four agents, melamine, ammonium carbamate, nitric acid and 

ammonium persulfate in order to introduce nitrogen and oxygen surface groups on 

carbon samples. The effect of the surface treatment on the porous structure and 

the composition of the surface chemistry were studied, the results indicate a large 

change of the porous structure depending of the type of agent treatment and also 

the change in the surface chemistry of all samples by introducing a large amount 

of oxygen 21 wt. % and nitrogen 2.1 wt. % groups. The effect of the presence of 

nitrogen and oxygen on the electrochemical performance was studied. The results 

indicate that the presence of the heteroatoms enhances the capacitance, energy 

density and power density of all samples. For the samples treated with ammonium 

peroxydisulfate, the sample OKS reached the maximum of capacitance of 312 F 

g-1 while for the melamine, ammonium carbamate and nitric acid treatments, the 

samples FKM, FKC and FKN reached the maximum capacitances values of 283 F 

g-1, 280 F g-1  and 455 F g-1, respectively. Moreover, the nitrogen doped samples 

show a good stability at higher current densities and also a higher energy density 

value at higher power density, on the contrary, the nitric acid oxygenated samples 

show a fast decrease at higher current density. 

 

Keywords: nitrogen and oxygen doped activated carbon; surface chemistry, 

Supercapacitor capacitance; energy power density 
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2. INTRODUCTION 

Due to the depleting energy resources and increasing environmental 

concerns, one of the biggest challenges for researchers is to design high-

performance energy storages and conversion devices, such as batteries, fuel cells 

and supercapacitors, to meet today’s power demands [1-3]. Supercapacitors are 

one of the rechargeable electrochemical energy-storage devices, in that charge 

carriers migrate reciprocally between electrolytes and electrodes in the processes 

of charging and discharging. Supercapacitors have high power density, excellent 

reversibility, and a long life cycle so they are particularly suitable for large-scale 

applications of portable electronic systems and automotives. However, one of the 

major barriers of supercapacitors is the relatively low energy density so that efforts 

are being made in this respect by designing and optimizing the materials for 

electrodes, which are one of the key components of supercapacitors. 

Different types of precursors are used for the preparation of activated 

carbon from waste agriculture products such as olive stone [4-6], argan shells [7], 

coconut [8,9], etc, by using different methods of chemical and physical activation 

[10-13]. 

For the electrochemical applications, the pore structure, surface chemistry 

plays a very important key for electrodes with higher electrochemical performance. 

The capacitive behavior of carbon materials can be further improved by the 

presence of active species that contribute to the total specific capacitance by the 

pseudo-capacitive effect [14,15]. In order to further improve the capacitive 

performance, several studies have found that functional groups containing foreign 

atoms such as O and N introduced by using methods of dry or wet chemical 

oxidation, plasma treatment, and electrochemical modifications, are favorable to 

enhance the capacitance [16-18]. 

The main aim of the oxidation of a carbon surface is obtaining a more 

hydrophilic surface structure with groups such as carboxyl groups [19,20]. The 

presence of oxygenated groups on the surface of the activated carbon most 

probably affects the capacitance of the materials mainly in improving the wettability 
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of the material, increasing the capacitance and providing high energy and power 

densities; and producing pseudo-capacitance effects. Various reagents have been 

used as oxidizers: concentrated nitric or sulfuric acid, sodium hypochlorite, and 

permanganate, hydrogen peroxide and ammonium per sulfate. 

Furthermore, it has been assumed that nitrogen functionalities change the 

electron donor/acceptor characteristics of carbon depending on the type of groups 

formed between the nitrogen and carbon atoms. The nitrogen-containing groups 

generally provide a basic property, which could enhance the interaction between 

porous carbon and acid molecules, such as, dipole-dipole, H-bonding, covalent 

bonding, and so on. The nitrogen groups were introduced by treatment with urea, 

melamine, nitric acid and some containing nitrogen molecule reaction [14,15,21]. 

In this work we present the treatment on three types of activated carbon, 

produced from chemical activation of fig, olive and custard apple waste wood, 

using four different reagents; nitric acid and ammonium peroxydisulfate for the 

introduction of oxygen groups, and melamine and ammonium carbamate for the 

introduction of nitrogen groups on the surface of carbon samples, and finally, the 

effect of the presence of oxygen and nitrogen on the electrochemical performances 

of the corresponding electrodes was also studied. 

 

3. EXPERIMENTAL 

3.1. Synthesis of modified activated carbons samples 

All activated carbon were prepared using the same method from fig, olive 

and custard apple wood, were chemically activated by using KOH at weight ratio 

of 1:1 as it was described in the previous Chapter, being the activated carbons 

(ACs) denoted as FK, OK and CK, respectively. FK original activated carbon was 

treated with two oxidative agents for the introduction of oxygen groups, nitric acid 

and sodium peroxidisulfate, and with ammonium carbamate and melamine for the 

introduction of nitrogen groups. Samples CK and OK were oxidized with sodium 
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persulfate in order to evaluate the influence of oxygen surface groups in the three 

samples with different pore structure. 

The treatment with nitric acid was carried out with 1 M diluted nitric acid at 

boiling temperature for 2 hours. The oxidized FKN were washed with distillated 

water until the absence of nitrates. 

The treatment with ammonium peroxydisulfate (NH4)2S2O8 to introduce 

surface oxygen functionalities was performed as reported by Moreno-Castilla [22]. 

In details, the treatment was carried out with a saturated solution of this salt in 

H2SO4 1 M (1 g of carbon/10 mL of solution) at 298 K for 48 h. After the treatment, 

the ACs were washed with distilled water until the absence of sulfates was 

reached. The prepared samples were denoted FKS, OKS, and CKS. 

The treatment with melamine was conducted by mixing 0.5 g of activated 

carbon with 33 mg of melamine dissolved in 20 mL of ethanol as described in a 

previous work [7]. After stirring this slurry, the solvent was slowly evaporated and 

the remaining residue was heat-treated at 750 ºC for 1 h under N2 flow (60 cm3 

min-1). The corresponding sample was denoted FKM. 

Finally, the introduction of the nitrogen functionality by using ammonium 

carbamate was carried by mixing 2 g of ammonium carbamate and 2 g of activated 

carbon in 20 ml of distillated water. After stirring the slurry it was dried at 100 °C 

and the residue was heated at 550 ºC for 1 h, and 600 ºC for 1 h, both under N2 

flow (60 cm3 min-1). The prepared samples were denoted as FKC. 

3.2. Textural and chemical characterization 

Textural characterization was carried out by N2 and CO2 adsorption at −196 

ºC and 0º C, respectively, using Quanta chrome Autosorb-1 equipment. The BET 

and Dubinin–Radushkevich equations were applied to determine the apparent 

surface area (SBET) and the micropore volume (W0), the mean micropore width (L0) 

and the microporous surface (Smic), respectively. The total pore volume was 

considered as the volume of N2 adsorbed at P/P0 = 0.95.  
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The surface chemistry of activated carbons was studied by a programmed 

temperature desorption coupled with mass spectrometry (TPD) and X-ray 

photoelectron spectroscopy (XPS) was performed using an Escalab 200R system 

(VG Scientific Co.) equipped with MgKa X-ray source (h = 1253.6 eV) and 

hemispherical electron analyzer. Survey and multi-region spectra were recorded 

at C1s, O1s, and N1s photoelectron peaks. Each spectral region of photoelectron 

interest was scanned several times to obtain good signal-to-noise ratios. The C1s 

peak at 284.6 eV was used as reference. 

3.3. Electrochemical Characterization 

The electrochemical measurements were carried out in a two electrodes 

system using an EC-lab VMP system (Biologic) at 25 °C with H2SO4, 1 M as 

electrolyte and glass fibrous material as a separator. The working electrodes were 

two 5 mm in diameter graphite discs, identical in size and weight (22 mg cm-2), on 

which 3.3 mg of a homogeneous mixture of 90 % of carbon sample and 10 % of 

PTFE binder (60 % suspension in water), previously dried overnight at 100 °C, was 

pasted by pressure at 5 bars. The graphitic electrodes prepared like this were 

impregnated with the respective electrolyte for 48 h before electrochemical 

measurements. Prior to the electrochemical measurements, the voltage window in 

each electrolyte was calculated by cyclic voltametry. These voltage windows were 

0 V - 0.9 V in H2SO4, 1 M. Cyclic voltametry in the voltage interval of each electrolyte 

was performed at different scan rates (0.5, 2.5, 5, 10 and 20 mVs−1) and the 

gravimetric capacitance, CCV (F/g), was calculated using the following Equation 

[23,24] :  

Vm
tI

4CCV 


 

 

where I was the area of the current (A) against time (s) curve, m was the total mass 

of active sample in both two electrode (g), ΔV the voltage window (V) and the 4 

factor traduces the relation between single electrode capacitance and cell 

capacitance. Typically, the specific capacitance for one single electrode Cone (F g−1) 

is calculated according to Cone = 4×C where C is the specific cell capacitance for 
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the two-electrode supercapacitor calculated from the CV curve or charge–

discharge curve. The galvanostatic charge-discharge analyses were obtained at 

different current densities from 0.125 A g−1 to 10 A g−1 in a voltage interval 0 V - 

0.9 V. The gravimetric capacitance from these measurements, CGD (F g−1), was 

calculated by the following Equation [23,24]: 

Vm
tI4C d

GD 


  

where Id was the current density (A/g), Δt the discharge time (h), ΔV the voltage 

interval without the IR drop and m was the total mass of active sample (g). The 

impedance spectroscopy measurements were carried out from a frequency of 1 

mHz to 100 kHz with a sinusoidal signal amplitude of 10 mV. The capacitance 

value, Cmax, was obtained by the following Equation [23,24]. 

2max
Zf2
Z"C




  

where f was the frequency and |Z|2 = |Z’2| + |Z”2|, where Z’ and Z” are the real and 

imaginary parts of the complex impedance, respectively [23,24].  

The electrical energy and the power density were calculated by using the 

Equations for two-electrode cell [23,24]: 

6.32
)V(V)g F( C)kg Wh( E

21
GD1







 

m (kg)
ΔV(V)I(A)

2
1)(W kg P 1 
  
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4. RESULTS AND DISCUSSION 

4.1. Structural and textural characterization 

Table 1 shows the characterization data obtained from N2 adsorption - 

desorption isotherms and CO2 adsorption; the results indicate a change after the 

modification with different treatments for the introduction of oxygen and nitrogen 

functionalities.  

Table 1. Textural characteristics of modified activated carbons 

Sample 
SBET W0(N2) L0(N2) Vtotal VMESO W0(CO2) L0(CO2) 

m2/g cm3/g nm cm3/g cm3/g cm3/g nm 

CK 1480 0.52 1.02 0.85 
 

0.33 0.38 0.72 

CKS 1042 0.41 1.16 0.54 

 

0.13 0.32 0.61 

FK 1237 0.44 0.83 0.58 0.14 0.35 0.65 

FKM 1575 0.63 1.26 0.80 0.17 0.35 0.67 

FKC 1669 0.67 1.28 0.84 0.17 0.36 0.69 

FKN 987 0.35 1.40 0.47 0.12 0.24 0.71 

FKS 1114 0.44 1.36 0.59 0.15 0.32 0.62 

OK 1352 0.52 0.82 0.72 0.20 0.34 0.68 

OKS 1075 0.42 1.30 0.58 0.16 0.25 0.61 

 

From data in Table 1 it can be show that oxidation of the activated carbons 

with ammonium peroxydisulfate induce a decrease in the surface area of the raw 

material as well as in the pore volumes. The treatment with melamine and 

ammonium carbamate increase the surface area and also the pore volume 

increases which can be due to the thermal treatment at high temperature produce 

the fixation of N surface groups brought about an increase in the pore diameter 

and an opening of some porosity. Furthermore all samples show an increase of 

the micropore diameter indicating a destruction or fusion of the microporous 
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structure. For all samples, W(N2) is higher than W(CO2) indicating the absence of 

constriction at the micropores entrances and total accessibility of  N2 molecule 

at -196 ºC. The results of the oxidation in the treatment with ammonium 

peroxydisulfate indicate a decrease in the surface area, the mesoporous and 

microporous volume, and the mesoporous and microporous diameter by partially 

destruction of the micro and mesopore walls. The oxidation with nitric acid 

produces the destruction of the pore structure inducing an increase in the 

mesopore and microporous width and a decrease in the pore volumes. 

Furthermore the ammonium peroxydisulfate treated samples presents a very 

similar surface area and pore structure.  

All activated carbon samples were characterized by TPD experiments. 

Table 2 contains the quantification of the amount of CO and CO2 desorbed in these 

experiments, as well as the results for the analysis of the surface chemistry 

obtained from high resolution XPS. The results of the TPD indicate that samples 

with a wide range of surface oxygen groups are available being, in all the cases, 

the CO evolved is lower than the CO2. The treatment with (NH4)2S2O8 on the three 

activated carbons produced similar total oxygen contents, OTPD, and CO/CO2 

ratios. The two oxidation treatments provoked the much higher amounts of oxygen, 

which varying from 14.1 - 25.4 wt. %. 

Table 2. Chemical characteristics of the samples from XPS and TPD experiments. 

Sample 
OXPS NXPS  OTPD  CO CO2 CO/CO2 

wt. % wt. % wt. % mmol g-1 mmol g-1  

CKS 15.3 0.9 14.1 0.87 3.96 0.22 

FKM 1.8 2.1 1.1 0.19 0.23 0.83 

FKC 4.3 0.7 2.1 0.48 0.42 1.14 

FKN 19.9 0.9 25.4 1.22 7.32 0.17 

FKS 15.8 0.5 15.2 0.94 4.26 0.22 

OKS 14.6 0.2 14.4 0.89 4.02 0.22 
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Sample FKN treated with nitric acid has lower oxygen content in the 

external surface than the internal one, while samples CKS, FKS and OKS show a 

quite homogeneous distribution of the surface oxygen groups throughout the 

internal and the external surface of the sample, since the OTPD and OXPS values are 

reasonable similar. The CO/CO2 ratio in the oxidized samples was lower than for 

the rest due to that the oxidation mainly increased the amount of CO2-evolving 

groups such as carboxyl acid groups, which are known to increase during 

peroxydisulfate treatment [22]. This increase in the oxygen surface functionalities 

is accompanied by a decrease of the hydrophobicity as a consequence of the 

fixation of oxygen functionalities with large polarity, e.g., carboxyl groups. The 

surface oxygen groups on carbon materials decompose upon heating, producing 

CO and CO2 at different temperatures. It is known that CO2 evolves at low 

temperatures as a consequence of the decomposition of the acidic groups such as 

carboxylic groups or lactones [25]. The evolution of CO occurs at higher 

temperatures and is originated by decomposition of basic or neutral groups such 

as phenols, ethers and carbonyls. 

The treatment of the activated samples with melamine and ammonium 

carbamate increased the N content, which was distributed across pyridinic (N-6), 

pyrrolic, and/or pyridonic (N-5) and quaternary-N (N-Q) groups [21]. The treatment 

greatly increased the amount of N-6 and N-Q functionalities.  The results indicate 

that the melamine treatment gives more nitrogen contents than the ammonium 

carbamate and also that samples treated with ammonium carbamate show higher 

oxygen contents in the surface than that treated with melamine.  

The deconvolution of the C1s, O1s, N1s and S2p spectral regions and their 

corresponding peaks fitting showed the presence of diverse contributions to BEs 

displayed in Table 3 together with their corresponding percentages. The C1s 

spectrum for the all the modified activated carbon shows two main peaks centered 

at 284.6 and close to 286.0 eV corresponding to C=C and C-O bonds [26-28]. After 

the oxygen treatment, oxygenated samples show the presence of two others peaks 

around 287.0 and 288.5 eV introduced on the carbon surface indicating the 
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presence of C=O and O-C=O [26-28]. The main increase took place for the peak 

centered at BE ≈ 288.5 eV which corresponds to the presence of carboxylic groups 

and indicating a significant amount of oxygen-containing groups.  

The results corresponding to the decomposition of the spectra O1s is 

presented in the Table 3, it shows the presence of two different regions, with peaks 

at 530 - 531.8 eV which corresponds to the presence of the oxygen double bonded 

C=O groups. The peak around 533 eV indicates the presence of the single bonded 

oxygen (-O-) in C-O [26-28]. 

Table 3: Results obtained from the deconvolution of high resolution XP spectra 

Sample 
O1s 

(eV) 

Peak 

(%) 

N1S 

(eV) 

Peak 

(%) 

S2p3/2 

(eV) 

CKS 531.6 39   168.6 
 533.0 61    

FKM 531.4 38 398.7 49  
 533.0 62 400.2 35  
   401.3 15  

FKC 531.4 41 398.8 46  
 533.2 59 400.2 37  
   401.2 18  

FKN 531.5 39 398.7 30  
 533.1 61 401.2 32  
   404.4 38  

FKS 531.5 35   168.5 
 533.0 65    

OKS 531.5 40   168.4 
 533.0 60    

 

The chemical state of nitrogen present in the treated sample with melamine 

and ammonium carbamate is further discussed on the basis of the XPS results. 

The fitting of the peaks shows the existence of three contributions at binding 

energies of 398.7, 400.2 and 401.3 eV. These peaks can be assigned to pyridine, 

N6, (398.5 eV), pyridine and pyrrolic nitrogen, N5, (400.0 eV) and quaternary 

nitrogen, NQ, (401.2 eV) respectively, and in the case of nitric acid sample it 

appears the oxidized nitrogen, NX, (404.4 eV), [29-31]. The nitric oxidized samples 

show peaks at higher BE = 404.4 eV corresponding to the presence of nitrate. The 
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samples treated with ammonium peroxydisulfate have some content of sulphur 

species as sulphonic groups and sulfates as denoted with the peak centered at 

168.5 eV. 

 
4.2. Electrochemical Characterization 

The electrochemical characterization was evaluated in sulfuric acid 1 M 

with a two electrode systems. Figure 1 shows, as an example, the CV curves of all 

the electrodes of FK treated samples between 0 and 0.9 V at the scan rate of 0.5 

mV s-1. It can be see that the sample FKM, FKC and FKS show a quasi-rectangular 

shape, which is a feature of electrochemical double-layer capacitors. On the 

contrary, the sample FKN shows a non-rectangular shape due to the effect of the 

oxygen groups present at higher content, indicating the pseudo capacitive effect of 

oxygen functional groups in the surface of the sample FKN. So, the nitric acid 

treatment produces a pseudo capacitive effect due to the high content of oxygen 

fixed while the other treatments indicate the formation of ideal double layer 

capacitors. 

 

Figure 1. Cyclic voltammograms at 0.5 mV s-1 for samples in H2SO4 1M: ●, 

FKM; ●, FKC; ●, FKN; ●, FKS. 
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Figure 2 shows the the corresponding galvanostatic charge discharge 

curves for all the samples, it is clear that the curves of all oxidized samples exhibit 

a slight distorted triangular shape, which is caused by the pseudo-capacitive 

behavior of the oxygen-containing functional groups. This distortion was more 

significant for the nitric acid treated sample. On the contrary, the nitrogen doped 

samples show a symmetric triangular shape indicating a good diffusion inside the 

pore structure. The plots for the variation of specific capacitance versus current 

density for all samples have been collected in Figure 3 in order to study the 

performance of the modified activated carbons. 

  

Figure 2. Galvanostatic charge discharge curves at 125 mA g-1 for all modified 

samples a) FK modified samples b) peroxidisulfate oxidized samples, 

■, CKS; ●, FKS; ◆, OKS. red, melamine; green, ammonium 

carbamate; blue, nitric acid; and black, ammonium persulfate. 

 

Results showed that all the treatment processes given to the original 

samples induce a good stability at high current density, up to 10 A g-1, except for 

the sample treated with nitric acid which present a lower stability and a fast 

decrease of the capacitance with the increasing of the current density, furthermore, 

the nitric acid treated samples present the higher specific capacitance at current 

density of 125 mA g-1 (455 F g-1), Table 4. On the other hand, it is found that the 
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samples oxidized by ammonium persulfate show the largest specific capacitances 

at current densities between 125 mA g-1 and 10 A g-1 for all modified samples 

except for olive samples at higher current densities. The maximum specific 

capacitance of 312 F g−1 was attained at a current density of 125 mA g−1 for OKS, 

which is much higher than those of FKS (237 F g−1) and CKS (290 F g−1). 

Remarkably, the specific capacitance of ammonium persulfate treated samples 

cannot still be maintained at high current densities which is due to the effect of the 

oxygen functionalities. The retention ratio of those samples from 125 mA g-1 to 10 A 

g−1 was between 32 % and 60 %.  

  

Figure 3. Variation of the specific capacitance with current density in H2SO4 1 

M a) FK modified samples b) peroxidisulfate oxidized samples, □, 

CKS; ○, FKS; ◇, OKS. red, melamine; green, ammonium carbamate; 

blue, nitric acid; and black, ammonium persulfate. 
 

Results confirm that the increased amount of mesopores and the 

introduction of abundant oxygen-containing groups are effective improving the 

electrolyte accessibility, leading to a fast ion response and high capacitance. Also 

the presence of surface quinone groups increases the capacitance of oxidized 

activated carbons by introducing pseudo-capacitance effects; however, the 

oxidation also fixes other surface oxygen complexes such as carboxyl groups 
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which, due to their high polarity, bind water molecules that hinder and retard the 

electrolyte diffusion into the microporosity, thereby increasing its ohmic resistance 

[32]. 

Table 4. Electrochemical capacitances of modified activated carbons in H2SO4 1 

M. Retention capacitance at 10 A g-1. 

Sample 
CCV 

0.5 mvs-1 

CCP 

125 mAg-1 

CCP 

2 Ag-1 

CCP 

10 Ag-1 

Retention 

(%) 

CKS 180 290 231 174 60 

FKM 200 283 186 144 51 

FKC 210 280 190 119 43 

FKN 169 455 20 - 10 

FKS 171 237 189 85 36 

OKS 218 312 268 188 60 

 

The nitric acid treated sample shows a fast deceasing in the capacitance at 

higher current densities due to the destruction of the pore structure and also to the 

higher values of oxygen present in the surface functionalities of the treated sample. 

It is known that the increase in the population of the CO-desorbing 

complexes can have a positive effect on the capacitance, while the CO2-desorbing 

complexes show a negative effect in the double-layer formation. Upon heat-

treating the oxidized carbon, most of the CO2-desorbing complexes were removed 

while the population of CO-desorbing complexes reached a maximum. This 

treatment has produced electrodes with the highest capacitance. Cyclic voltametry 

showed that the presence of the CO desorbing complexes significantly enhanced 

the double-layer formation and thus the capacitance. This indicates that due to the 

local changes of the electronic charge density, a proton adsorbed by a carbonyl or 

quinone-type site facilitates an excess specific double-layer capacitance. The 



Influence of Surface Chemistry on the Electrochemical Performance……. 255 

 

faradic current increased with the total number of oxygen atoms on the surface, 

indicating than both the CO- and CO2-desorbing complexes enhanced the redox 

process. 

It has been reported that surface N functionalities (e.g., pyridinic, pyrrolic 

and pyridonic nitrogen) are electrochemically active because they are electron-rich 

[33,34]. Protons can therefore be attracted to the electrode surface, giving rise to 

pseudo-capacitive interactions [35]. For the melamine nitrogen doped samples, the 

result indicates that the sample FKM presents a high capacitance 283 F g-1. For 

the ammonium carbamate modified sample, FKC, the nitrogen content 0.8%, is 

lower than for FKM, 2.1 %. Thus, the difference of the capacitance and the 

electrochemical performance can be explained by the difference of the porous 

structure. The results (Table 4) indicate that the sample FKC has a similar 

capacitance than FKM 280 and 283 F g-1, respectively; those samples present a 

capacitance retention at current density of 10 A g-1 comparing to 0.125 mA g-1 

varying from 43 % for FKC to 51 % for FKM. These differences are due in part to 

the pore structure and also to the difference of the nitrogen and oxygen 

functionalities. It is known that the presence of oxygen in the surface chemistry can 

affect the capacitance retention especially at high current densities. 

Finally, from all the results can be deduced that the specific high 

capacitance and excellent performance rate could be attributed to the following 

reasons: (i) the high surface area provides a large adsorption interface for the 

electrolyte to form the EDL, leading to a great electrochemical double layer 

capacitance. (ii) The introduction of hetero-atoms containing groups can improve 

the wettability of carbon samples in aqueous electrolyte. They can not only 

increase the accessibility of electrolyte ions to make full use of the surface area 

but also provide a considerable pseudo-capacitance to enhance the overall 

capacitance. 

The resistance of all modified samples was measured by using 

electrochemical impedance spectroscopy. The Nyquist plots are shown in Figure 

4, measured over the frequencies ranging from 0.01 to 100 kHz. For each 
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electrode, there is a depressed arc in high frequency ranges, and an inclined line 

in low frequency ranges. The intersection point with the real axis in the high-

frequency range is the equivalent series resistance (ESR), which includes the ionic 

resistance of the electrolyte, the intrinsic resistance of the active material, and the 

contact resistance at the electrode/current collector interface. It is suggested that 

the diameter of the semicircles represent the faradic charge transfer resistance 

(RCT) at the interface between the current collector and the active material. At the 

low-frequency range, a straight inclined line represents the diffusive resistance 

(Warburg’s impedance) of the electrolyte [36].  

The ESR values are similar for samples containing nitrogen surface groups. 

This indicate that the resistance to the ions mobility is not modified by the treatment 

with melamine or ammonium carbamate. Similar results are obtained for all the 

oxidized samples with ESR varying from 0.54 to 0.63 Ω. These values are higher 

than the corresponding ones for nitrogen enriched samples and point out the 

increase in the electrical resistance of the oxidized activated carbons. 

The charge transfer resistances (RCT) of nitrogen enriched samples are 

1.37 Ω for FKM and 2.00 Ω for FKC. The semicircles represent the faradic charge 

transfer resistance (RCT) of electrodes in H2SO4 electrolyte can be hardly seen, 

indicating a fast ion diffusion and low impedance on the electrode/electrolyte. 

Those low resistances are due to the low change in the pore structure after the 

melamine and ammonium carbamate treatments. On the contrary, the oxygenated 

samples show a higher internal resistance compared to nitrogenated ones. This 

higher resistance could be due to the intereactions between the strong acidic 

surface groups introduced by oxidation treaments with the solvated ions and to the 

modifications in the pore structure resultants from these treatments. In addition, all 

curves show a Warburg angle higher than 45°, indicating the suitability of the 

electrode materials for supercapacitors. 
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Figure 4. Nyquist plots obtained from EIS experiments on H2SO4 1M a) FK 

modified samples b) peroxidisulfate oxidized samples, □, CKS; ○, 

FKS; ◇, OKS. red, melamine; green, ammonium carbamate; blue, 

nitric acid; and black, ammonium persulfate. 

 

Table 5. Equivalent series resistance (ESR), charge transfer resistance (RCT), 

and Cmax at 1 mHz, from EIS. 

Sample 
ESR 

(Ω) 

RCT 

(Ω) 

τ 

s 

Cmax 

F g-1 

CKS 0.54 5.09 4.6 181 

FKM 0.35 1.37 1.1 203 

FKC 0.36 2.00 2.6 198 

FKN 0.57 3.95 9.4 173 

FKS 0.63 3.11 4.4 176 

OKS 0.58 2.79 3.8 221 
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The relaxation time constant () can be calculated by the equation τ = 

1/(2×f0),  where f0 is the transition frequency between a pure capacitive and a 

pure resistive behavior that can be obtained from the maximum within the variation 

of the imaginary part of the capacitance (C") against the frequency. The relaxation 

time constant is a quantitative measure of the speed with which the device can be 

discharged. Results in Table 5 show that nitrogen doped samples present the 

faster discharging time compared to the oxygenated ones, and that the acid nitric 

treated sample present the higher discharge time due to the ions interactions with 

strong acidic surface groups. 

The Ragone plots of the ACs are displayed in Figure 5 and the maximum 

and minimum energies and power densities are shown in Table 6. 

The maximum energy density value reached was 28.34 Wh kg-1 for sample 

FKC, moreover all the treated samples show a maximum energy density value 

larger than that reported for most of the commercially available supercapacitors (< 

10 Wh kg-1) [37]. The energy released decreases at higher power density (Figure 

5); but the energy densities of nitrogen doped samples were acceptable at higher 

power density showing a ver high stability. It is interesting to note that all samples 

treted with (NH4)2S2O8 present a very similar behavior due to the similarity in pore 

size distribution and in surface chemistry for this samples. 

The long-term stability of electrodes is a key factor that limits the application 

of carbon materials as supercapacitors for practical applications. The stability of 

electrodes was evaluated by 2500 galvanostatic charge-discharge. Figure 6 

presents the variation in the gravimetric capacitance with the number of charge-

discharge cycles at a constant current density of 1 A g-1 employing H2SO41 M as 

electrolyte. After 2500 cycles the retention capacity for the all modified samples 

are between 97.0 %, and 100 %. 

 



Influence of Surface Chemistry on the Electrochemical Performance……. 259 

 

 

 

Figure 5. Ragone plots on H2SO4 1M for a) FK modified samples b) 

peroxidisulfate oxidized samples, □, CKS; ○, FKS; ◇, OKS. red, 

melamine; green, ammonium carbamate; blue, nitric acid; and black, 

ammonium persulfate. 
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Table 6. Maximum and minimum energy densities (Wh kg-1) and power densities 

(W kg-1) of samples from Ragone's plots 

Sample 
Pmax 

W kg-1 

Emin 

Wh kg-1 

Pmin 

W kg-1 

Emax 

Wh kg-1 

CKS 2360 1.67 51 6.57 

FKM 4793 4.90 106 27.76 

FKC 2920 3.15 108 28.34 

FKN 294 0.48 41 24.07 

FKS 2040 1.38 52 5.61 

OKS 2506 5.90 45 5.41 

 

  

Figure 6. Variation of the gravimetric capacitance (CGD) with the number of 

charge discharge cycles at 1 A g-1 in the potential window between 0 

and 0.9 V in H2SO4 1M for samples a) FK modified samples b) 

peroxidisulfate oxidized samples, □, CKS; ○, FKS; ◇, OKS. red, 

melamine; green, ammonium carbamate; blue, nitric acid; and black, 

ammonium persulfate. 
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5. CONCLUSIONS 

Treatments introduce different nitrogen functionalities as pyridine 

quaternary-N and oxidized nitrogen which improve the wettability and the ions 

transfers. The specific high capacitance and excellent performance rate could be 

attributed to the following reasons: (i) the high surface area provides a large 

adsorption interface for the electrolyte to form the EDL, leading to a great 

electrochemical double layer capacitance. (ii) The introduction of hetero-atoms 

containing groups can improve the wettability of carbon samples in aqueous 

electrolyte. The maximum energy density value reached was 28.34 Wh kg-1 for 

sample FKC, moreover all the treated samples show a maximum energy density 

value larger than that reported for most of the commercially available 

supercapacitors (< 10 Wh kg-1). After 2500 cycles the retention capacity for the all 

modified samples are between 97.0 %, and 100 %. 
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CHAPTER VIII: CARBON TITANIUM OXIDE COMPOSITES AS ELECTROCHEMICAL 

SUPERCAPACITORS ELECTRODES 
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1. ABSTRACT 

 

A series of a carbon xerogel doped with different percentages of TiO2 has 

been explored as a tentative via to prepare electrodes for supercapacitors. Carbon 

composites were obtained by an inverse emulsion method in n-heptane and after 

carbonization at 900 ° the metal oxide phase is well dispersed on the carbon phase, 

with a crystal size smaller than 4 and only anatase phase was detected. The 

increase in % TiO2 produces a decreases in the hydrophobicity of the composites 

which improve the wettability of the electrodes. XPS results shown that Ti3+ and 

Ti4+ are present on the surface of the samples and the presence of both oxidation 

states can improve the electron mobility in the inorganic phase. The obtained 

composite materials possess specific surface areas ranging from 423 to 539 m2 g-

1 and a very well developed micro and mesoporosity with a total pore volume 

ranging from 0.361 to 0.480 cm3 g-1. The supermicropores mean size increase as 

the TiO2 increases whereas practically no variation was found for the 

ultramicroporosity size. A two-electrode symmetric supercapacitor based on the 

carbon xerogel-TiO2 composites exhibits a high electrochemical performance with 

a capacitances (up to 137 F g-1 at 0.250 A g-1 for 20 % TiO2 composite), a high 

retention capacitance (66-80 %) at 20 A g-1 and high energy density, 20.15 Wh kg-

1, at a power density of 138.11 W kg-1 in the voltage range of 0 V to 1.1 V. Sample 

with a combination of low hydrophobicity and an adequate micro-mesopore 

network with a medium content in TiO2 shows the best performance for  energy 

storage. Floating test shows a very good cyclability of the synthetized materials.  

 

Keywords: Carbon TiO2 composites; Supercapacitor electrodes; Energy storage. 
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2. INTRODUCTION 

The actual demands for clean and sustainable energy with the advantages 

of high power density, high efficiency, and long life expectancy have made 

electrochemical supercapacitors one of the major emerging devices for energy 

storage and power supply [1]. Supercapacitors, commonly called electric double-

layer capacitors (EDLCs) have a higher energy density than conventional dielectric 

capacitors due to the large surface area of porous electrode materials; they also 

have higher power density, low temperature dependence, as well as nearly 

unlimited cyclability (>100,000 cycles) [2-4].  

In the past decade, various carbon–metal oxide composite electrodes  have 

been developed by integrating metal oxides into deferent carbon nanostructures 

[5-7]. Currently the electrodes of most commercial supercapacitors are made of 

carbon because it is inexpensive has good resistance to corrosion and has 

excellent cyclic stability and long service lifetime since the electrode undergoes no 

chemical change during the charge/discharge processes [5,8]. However, the active 

electrode surface area and the pore size distribution restrict the maximum 

capacitance. 

A composite electrode with nano-sized metals oxide incorporated in highly 

conductive carbon support would be advantageous in designing supercapacitor 

electrode materials. Over the past few years, various metal oxide , such as 

manganese, ruthenium, zirconium and MnO2, NiO, TiO2, Fe2O3 and their 

hydroxides have been used to prepare metal oxide carbon composites [5-7,9-11]. 

Titanium dioxide was used for a many applications due to their semiconducting 

properties, accessible surface, electrochemical behaviour and long-term chemical 

stability. Among them the preparation of electrochemical composite electrode.  

TiO2 is an interesting electrode materials for electrochemical energy 

storage systems because of the ideal capacitive response of TiO2 (rectangular 

cyclic voltametry curves) observed in some works [12-14] which indicates that the 

storage mechanism in TiO2 was due to the conventional electric double layer 

storage.  However, Due to the low conductivity of TiO2, the preparation of titanium 
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oxide carbon composite can be one of the effective approaches to improve the 

capacitance and rate capability of TiO2. 

The specific capacitance of metal oxide-based supercapacitors drops 

considerably with an increase in the scan rate due to their poor electronic 

conductivity. Therefore, it is necessary to combine metal oxides with other material, 

which have a good conductivity to form composites. 

This paper describes the preparation of carbon titanium oxide composites 

by inverse emulsion and after that, the effect of titanium percentage on the porosity, 

structure and the electrochemical performances of supercapacitors prepared from 

those materials. 

3. EXPERIMENTAL  

3.1. Synthesis of TiO2-carbon xerogel composites 

TiO2-carbon xerogel composites were prepared by mixing the resorcinol-

formaldehyde as carbon source and titanium isopropoxide (IV) as titanium oxide 

precursor. In details, Span 80 (S) was dissolved in 900 ml of n-heptane and heated 

at 70 °C under reflux and stirring (450 rpm). Then a mixture containing resorcinol 

(R), formaldehyde (F) and water (W) was added drop by drop into the above 

solution. After this addition, the amount of titanium isopropoxide was added drop 

by drop to the mixture. The molar ratio of the mixture was R/F=1/2, R/W=1/14 and 

R/S=4.5.  

The mixture was aged at 70 °C for 24 h under stirring before to be filtered 

and the solid obtained was placed in acetone (5 days, changing acetone twice 

daily) to remove the Span used and exchange water within the pores by acetone. 

This procedure reduces the collapse of porosity during the subsequent drying 

process. Then, the gel was filtered again and dried by microwave heating under 

argon atmosphere in periods of 1 minute at 300 W until constant weight using a 

Saivod MS-287W microwave oven. Pyrolysis of organic xerogel-titanium oxide 

composite to obtain the corresponding carbon xerogel-titanium oxide composite 

was carried out at 900 °C in a tubular furnace using a N2 flow at 300 cm3 min-1, and 
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a heating rate of 1 °C min-1, in order to allow a soft removing of pyrolysis  gases, 

and soaking time of 2 h at this temperature.  Depend of the amount of titanium 

oxide (10, 20, 30 and 40 weight % in the carbonized materials), four carbon 

xerogel-titanium oxide composites were prepared by fitting the alkoxide ratio 

assuming a weight loss during carbonization of 50 %.  The Carbon xerogel-titanium 

oxide composites prepared was named CTiX (X corresponding to the theorical % 

of titanium oxide present in the carbonized composite, e.g. CTi40 contains 40 % 

wt. of TiO2). 

3.2. Textural and chemical characterization 

Textural characterization was carried out by N2 and CO2 adsorption at −196 

°C and 0 °C, respectively, using Quantachrome Autosorb equipment. The BET and 

Dubinin–Radushkevich equations were applied to determine the apparent surface 

area (SBET) and the micropore volume (W0), the mean micropore width (L0) and the 

microporous surface (Smic), respectively. Furthermore, the BJH method was used 

to calculate the mesopore volume of the samples (Vmes). Pore size distributions 

were also obtained by applying the BJH method. The total pore volume was 

considered as the volume of N2 adsorbed at P/P0 = 0.95. The morphology of 

samples was studied by scanning electron microscopy (SEM) using a LEO (Carl 

Zeiss) GEMINI-1530 microscope. 

The amount of TiO2 in the samples was determinate by thermogravimetric 

analysis (TGA). TGA was performed in flowing air with a heating rate of 10 °C/min 

using a Mettler-Toledo TGA/DSC1 thermogravimetric analyzer. 

In order to determine the hydrophobicity of the samples the enthalpies of 

immersion of the carbons into benzene and water, iH(C6H6) and iH(H2O), were 

determined with a calorimeter of the Tian–Calvet type [15,16]. Hydrophobicity of 

the samples were calculated according to Eq. 1. The immersion enthalpy into water 

depends upon specific and non-specific interactions; in contrast in the case of 

benzene the immersion enthalpy depends only to the surface area of the carbon 

accessible to benzene molecules.  
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)HC(H
)OH(H)HC(HHF

66i

2i66i



   (Eq. 1) 

 

The phases of the resulting samples were characterized using a Bruker D8 

Advance X-ray diffractometer with Cu K radiation at a wavelength () of 1.541 Å. 

The 2 angles were scanned from 20 to 70°. The chemical characterization of 

xerogels was further analyzed by X-ray photoelectron spectroscopy (XPS). The 

spectra were obtained on a Kratos Axis Ultra-DLD X-ray photoelectron 

spectrometer equipped with a hemispherical electron analyzer connected to a 

detector DLD (delay-line detector). 

3.3. Electrochemical measurements 

Electrodes were prepared by combining 90% CTix and 10% 

polytetrafluoethylene (PTFE) to from a homogenous mixture. The mixture was 

dried overnight at 80 after that 5mg of the dried mixture was pasted onto disc 

graphite paper with 5mm of diameter. Two-electrode cells were assembled with 

two CTix electrodes sandwiching a porous glassy fibrous materials separator.  

Cyclic voltammetry, VC, galvanostatic charge-discharge, CGD, impedance 

spectroscopy, EIS; and long term stability by charge discharge cycles were 

performed on electrodes produced from carbon titanium composites in sulfuric acid 

1 M as electrolyte using a Biologic VMP-300 potentiostat/galvanostat.  

Cycling voltammetry tests (CV) were carried out within the range of 0 and 

1.1 V; using scan rates of 0.5, 2.5, 5, 10, 20 and 30 mV s-1 and the capacitance 

was calculated using the relation (1) [17,18]:   

Vm
tI

C



    (Eq. 2) 

where  tI  is the area of the current (A) against time (s) curve, m is the total 

mass of active sample in both two electrode (g), ∆V the potential window (V). 
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The galvanostatic charge-discharge analysis was carried at different 

current density from 125 mA g-1 to 20 A g-1 and the gravimetric capacitance was 

calculated using the equation (2) [19,20]:  

Vm
tIC d




   (Eq. 3) 

where ܫௗ  is the discharge current, Δt the discharge time, m, the total mass of the 

AC in the electrodes, and ΔV the voltage window subtracting the ohmic drop. The 

coulombic efficiency (%) from chronopotentiometric measurements was calculated 

from the discharge and charge time, td and tc, respectively, by the formula 

(td/tc)×100. 

The impedance spectroscopy measurements were carried in the frequency 

of 100 KHz to 0.01 Hz at an AC amplitude of 10 mV. The capacitance value from 

EIS, C, was obtained by equation (3): 

2Zf2
"ZC



   (Eq. 4) 

where f is the frequency and 222 "Z'ZZ  , with Z' and Z" being the real and 

imaginary parts of the complex impedance, respectively. 

For comparison reasons, the gravimetric capacitances in 2EC obtained 

from the three techniques were multiplied by 4 to obtain the capacitance per single 

electrode, which is the 3EC equivalent [21] being named CCV, CCP and CEIS 

respectively. 

However, by convention, the gravimetric capacitances obtained from 

equation (2) in 2EC were used to calculate the energy density in the Ragone plot 

using the Eq. 4 and power density was calculated by Eq. 5  [22,23]. 

 
2

IRVC
E

2
dropmax3.eq 

  (Eq. 5) 

 
)kg( m2
IRV)A(I

t
E)kg W(P dropmax1 




  (Eq. 6)  
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4. RESULTS AND DISCUSSION 

4.1. Textural and chemical characterization 

The actual TiO2 content in the final carbonized composites were analysed 

by TGA (Table 1). These % wt. are slightly higher than the theoretical ones due to 

the weight lost during the carbonization is not exactly 50 %, however the 

experimental data are closed to the expected ones.  

Morphology of sample was studied by scanning electron microscopy (Fig. 

1). CTiX samples (Fig. 1a) show a typical structure of carbon xerogels which 

consists in primary nanospheres connected between them to build a three-

dimensional and porous structure. A homogeneous structure is obtained, without 

differentiation between the TiO2-carbon phases. The EDX analysis of these 

samples showed an homogeneous Ti-distribution along all the sample 

independently of the TiO2-loading present in each composite (Fig. 1b). 

 

  

Figure 1. a) SEM and b) EDX images of CTi40  

 

Hydrophobicity of the samples, Table 1, shows that TiO2-xerogel 

composites present higher attraction to water molecules, which greatly favored the 

wettability of the carbon and will increase the mobility of the H+ and 2
4SO  through 
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the porous network. The hydrophobicity decreases as the TiO2 content increases 

due to the presence of the inorganic phase. 

 

Table 1. Textural characteristics of the carbon, CTiX composites and pure phases 

Sample TiO2 HF SBET W0(N2) W0(CO2)  L0(N2) L0(CO2)  Vmes V0.95 

%  m2 g-1 cm3 g-1  nm  cm3 g-1 

C100 0 0.21 585 0.228 0.275  0.58 0.56  0.088 0.316 

CTi10 17 -0.56 539 0.212 0.223  0.67 0.58  0.149 0.361 

CTi20 22 -0.75 479 0.189 0.205  0.75 0.56  0.187 0.376 

CTi30 34 -0.84 481 0.192 0.176  0.97 0.58  0.242 0.434 

CTi40 45 -0.96 423 0.157 0.174  1.03 0.59  0.323 0.480 

TiO2 100 -- 116 0.047 n.d.  1.89 n.d.  0.279 0.326 

n.d. non detected 

 

Figure 2 shows the N2 adsorption isotherms on the carbon and CTiX 

composites, which were all type I. This is typical of microporous solids [24],  

although there was an increase in N2 uptake with the rise in relative pressure after 

micropore filling, this is indicative of the presence of narrow mesopores  ≈ 4 nm. 

All isotherms also showed a large increase in the amount adsorbed at relative 

pressures ≈ 0.95, due to N2 condensation within void spaces. The BET surface 

area and the porosity properties of the composites are important parameters 

governing the supercapacitor performance. The details of BET and porosity 

properties are collected in the Table 1. 

The results obtained from CO2 and N2 adsorption show a gradual variation 

of the textural properties between the composites as % TiO2 increases. Increasing 

the % of TiO2, the total porosity (V0.95) increases, favored by a development of the 

volume of mesopores (Vmes), Figure 3.  
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Figure 2. N2 adsorption isotherms at -196 ºC on samples a) C □, CTi10 △, 

CTi20 ◇, CTi30 □ and CTi40 ○. 

 

 

Figure 3. Variation of the Vmeso, □ and V0.95 ○ with the TiO2 content.  
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Figure 4. Evolution of pore volumes and mean pore widths with TiO2 content: a) 
micropore volume, W0; b) mean pore width, L0. □ data from N2

adsorption,  ○ data from CO2 adsorption.  

 

The micropore distribution can be analyzed by comparing the results from 

CO2 and N2-adsorption experiments. It is well known that the CO2 adsorption 

provides the information about the narrow microporosity, ultramicropores, 

corresponding to micropores with diameter lower than 0.7 nm, while the total 

microporosity is obtained from N2 isotherm only in absence of diffusion restrictions, 

supermicropores. Figure 4a shows the variation of the ultra and supermicropore 

volume with the variation of the TiO2 content. The micropore volume (measured by 

N2 adsorption) decreases and pores becomes wider (L0(N2) increases), Table 1, 

increasing the titanium oxide content while the ultramicroporosity (W0(CO2)) 
progressively decreased and the mean pore size practically is not affected, only a 

slight increase is detected. (Figure 4b). 

Sample C shows W0(N2)<W0(CO2) denoting diffusion restrictions of N2 into 

the microporosity induced by the narrow microporosity of the carbon phase. On the 

contrary carbon TiO2 composites show W0(N2) ≈ W0(CO2) as the consequence of 

the commented pore widening. In this sense, the micropore size (L0) also increases 

progressively, and consequently, with the micropore widening the commented 
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diffusional restriction decreases. The mesopore volume increased more or less 

linearly with TiO2 content (Figure 3) while the micropore volume (determined by N2 

or CO2 adsorption) showed the contrary tendency (Figure 4a).  

Powder XRD measurements of CTiX samples were performed in order to 

identify the crystalline domains of the embedded titanium. As it is known, TiO2 can 

be present in two crystalline structures, anatase and rutile. Anatase is a metastable 

polymorphic form which can be transformed by heating to rutile. For pure oxides, 

this transformation is fast at temperatures above 730 °C but the phase transition 

temperature has been shown to depend on impurity content, particle size, and 

surface area [25]. Figure 5 shows XRD patterns obtained for the CTiX composites 

series. Below a TiO2 content of 20 %, XRD patterns do not shown any defined 

diffraction peak corresponding to the inorganic phase. For a TiO2 content of 30 % 

the observed peaks correspond to the anatase polymorphic form. The above 

results indicate that, in the carbonized composite xerogels the metal oxide phase 

is well dispersed on the carbon phase, with a crystal size smaller than 4. Since the 

carbonization temperature of the samples was 900 ºC, only rutile phase was to be 

expected in the final carbon-titanium oxide composites. Nevertheless, anatase 

phase was observed in all carbon-titania composite materials. These results point 

out that the carbon matrix prevents the sintering of titania nanoparticles and 

stabilizes the anatase form even at high temperature.  
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Figure 5. Podwer XRD patterns of samples: CTi10 (△), CTi20 (◇), CTi30 (□), 

CTi40 (○) and TiO2 (■). 

 

The surface chemistry of titanium oxide composite were analysed by XPS. 

Results are collected in Table 2. The deconvolution of Ti2p spectral region of TiO2 

requires only one peak at binding energy BE = 459.2 eV, corresponding to Ti+4, in 

agreement to the BE values previously published [26], while two component are 

needed in CTiX samples at binding energy BE = 459 eV, corresponding to Ti+4 and 

at 458.2 eV assigned to Ti+3 species. Note that no partially reduced oxides are 

obtained in both TiO2 pure phases, while around 55 % of Ti atoms are reduced 

during carbonization of organic gels.  
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Table 2. XPS results obtained from the deconvolution of high resolution XP spectra of 
C1s, O1s and Ti2p.  

Sample 
BE (eV) Peak BE (eV) Peak BE (eV) Peak OXPS TiXPS 

C1s % Ti3p3/2 % O1s % % wt. % wt. 

TiO2   459.5 100 530.8 92   
     532.2 8   

C100 284.6 74 - - 531.6 18 2.65 - 
 285.6 13   533.2 82   
 286.6 5       
 287.5 3       
 289.3 3       
 290.9 1       

TiC10 284.6 64 458.3 54 530.4 4 3.17 0.61 
 285.5 19 459.2 46 531.3 2   
 286.6 7   532.5 53   
 287.5 3   533.9 41   
 289.2 5       
 290.8 2       

TiC20 284.6 73 458.2 59 530.0 23 3.99 1.41 
 285.6 14 458.7 41 531.3 12   
 286.6 5   532.6 36   
 287.6 2   533.9 29   
 289.1 3       
 290.6 2       

TiC30 284.6 71 458.4 54 530.1 62 6.87 10.46 
 285.6 14 459.0 46 531.3 14   
 286.7 6   532.7 16   
 287.8 3   533.9 7   
 289.5 4       
 291.1 2       

TiC40 284.6 66 458.7 55 530.2 67 11.75 14.96 
 285.5 19 459.2 45 531.1 22   
 287.0 7   532.2 6   
 288.6 3   533.0 5   
 289.9 2       
 291.1 3       
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Two components, at 530.8 and 532.2 eV, were used to fit the O1s spectral 

region of TiO2. The major component of O1s spectral region corresponds to the 

‘bulk’ oxygen atom in the stoichiometric TiO2 form, while the high BE component 

could correspond to various oxygen-containing surface functional groups [27]. 

Mainly hydroxyl (-OH) or bridge surface oxygen (Ti-O-Ti) groups were described 

[28]. However, four components were used to fit the O1s spectral region for 

composites samples which is also influenced by the oxygen content linked to the 

carbon phase. The components at 530.2 eV and 531.3 eV corresponds to the ‘bulk’ 

oxygen atom in the stoichiometric TiO2 form and oxygen bonded to Ti+3, 

respectively [27], while the peaks at 532.6 and 533.9 eV are assigned to C=O and 

C-O of carbon phase. These two last peaks are predominant in the composites 

with low TiO2 content, but with the increase of this parameter, the main 

components are those corresponding with Ti4+ and Ti3+ species (see the deep 

change of their O profiles, Table 2). Note also that BE values of Ti and O peaks 

appear around 0.7 eV higher than those detected for pure titania, which can be 

due to the ability of the carbon phase to accommodate electrons from the inorganic 

phase leading to a poorest electronic environment. 

It is important to note the very low surface concentration of Ti, especially 

for samples CTi-10 and CTi-20. This fact is indicative the high dispersion for TiO2 

on carbon matrix and also this can be embedded into the matrix and no detected 

by XPS. 

4.2. Electrochemical Characterization 

Figure 6a shows the cyclic voltammograms (CV) for carbon and TiO2-

carbon composites with different titanium oxide ratios at a scan rate of 20 mV s-1. 

A quasi rectangular shape CV curves are observed for all samples, except for pure 

carbon, indicating a pure capacitive behavior [29]. Data of Ccv obtained from these 

curves are presented in Figure 6b. All samples show a good capacitance retention 

with the variation of the scan rate. Higher capacitance values are obtained using 

composite materials in comparison with the pure carbon phase instead the similar 

or even lower surface area of the former. This behavior point out that the pore 
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structure as well as the chemical surface plays an important role. In that sense, 

TiC10 and C100 present very similar micropore structure, the main difference is 

the higher mesopore volume for CTi10 and both sample show very different 

capacitive behavior (Ccv = 42 vs 97 F g-1 for C100 and CTi10, respectively). That 

should be related with the presence of TiO2 on the surface. This TiO2 could improve 

the capacitive behavior i) improving the hydrofilicity of the surface which 

significantly increases the electrolyte contact with the surface favoring the diffusion 

of the ions and ii) the reduced species Ti3+ can act as electron transfer centers 

decreasing the resistance of the electrode. As usually an increase in the scan rate 

induce a decreases in capacitance, but in the case of the xerogel-TiO2 samples 

this decrease is lower than in carbon electrodes. In fact the retention capacities 

between 0.5 and 30 mV s-1 are 74.2, 78.4, 73.5 and 75.6 % for CTi10, CTi20, CTi30 

and CTi40 respectively.  

The galvanostatic charge-discharge curves of the samples recorded at 2 A 

g-1 are shown in Figure 7a, the shapes of these curves, for all samples, are almost 

ideally triangular. As determined by CV the capacitance of the sample CTi20 is 

higher than for the rest of the samples due to the combination of two factors, its 

optimal textural characteristics and the low hydrophobicity, Table 1. The low 

hydrophobicity of the TiO2-carbon xerogels improve the wettability of the carbon 

surface and can facilitate EDL formation favoring the ions mobility during the 

electrochemical measurements. This should be the reason to obtain high 

capacitance values at high current densities, ranging from 54 to 81 F g-1 at 20 A 

g-1. Figure 7b shows the variation of the capacitance with the current density, it is 

clear that all sample show a decrease of capacitance when the currents density 

varies from 62 mA g-1 to 20 A g-1 which it is due to restrictions to the EDL formation 

at high current densities.  
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Figure 6. a) Cyclic voltammetries in 1 M H2SO4 at scan rate 20 mV s-1. b) 

Variation of the gravimetric capacitance, CCV, against the scan rate. 

Samples: C100 (□), CTi10 (△), CTi20 (◇), CTi30 (□), CTi40 (○). 

 

  

Figure 7. a) Chronoamperomety profiles in 1 M H2SO4 at a current density of 2 

A g-1. b) Variation of the gravimetric capacitance, CGD, against the 

scan rate. Samples: C100 (□), CTi10 (△), CTi20 (◇), CTi30 (□), 

CTi40 (○). 
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One limiting factor to the use of carbon materials as electrodes for 

supercapacitors is the poor capacitance retention at high current densities. As can 

be see, Figure 7b, for TiO2-carbon xerogels composites this reduction in 

capacitance is lower than in C100. This fact must be related to the restriction of ion 

diffusion in the pore network. These restrictions are controlled by two factors the 

first one is the pore size of the micropore network and the second one the 

wettability of the carbon surface. Thus, it is necessary an adequate combination of 

both factors in order to get high capacitance and high capacitance retention. Figure 

7a shows the lineal variation in capacitance retention with the hydrophobicity for 

all samples studied denoting the great influence of this parameter in the efficiency 

of the electrodes. Figure 8b shows the variation of the capacitance retention 

against the micropore size determined from the nitrogen adsorption, in this case 

for a micropore size larger than 0.75 nm the retention, practically, is constant. 

  

Figure 8. Variation of retention capacitance, CGD, (100×7 A g-1/0.125 A g-1) for 

carbon and carbon xerogels against a) hydrophobicity; b) mean 

micropore size from N2 adsorption. Samples: C100 (□), CTi10 (△), 

CTi20 (◇), CTi30 (□), CTi40 (○). 
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Figure 9a. The equivalent series resistance (ESR) is obtained from the intersection 

point of the impedance with the real axis at high frequency [30]. The diameter of 

the semi-circle corresponds to the so called charge-transfer resistance, RCT, [31] 

at the electrode-electrolyte interface, which is often correlated with the electronic 

conductivity of the electrode. Results obtained are compiled in Table 3. 

  

Figure 9. (a) Nyquist plots (b) Relationship between ESR (closed symbols) and 

RCT (open symbols) with mean micropore size. Samples: C100 (□), 

CTi10 (△), CTi20 (◇), CTi30 (□), CTi40 (○).  

 

At the high-frequency region the ESR values are obtained. ESR represents 

the sum of the intrinsic resistance of the active material, the electrolyte resistance, 

and contact resistance between the carbon material electrode and the current 

collector. ESR values shown in Table 3, reflect for comparison, approximately, the 

conductive properties of the activated carbon electrodes, due to that in all cases 

the same electrolyte, collectors, and type of cell were used to assemble the 

supercapacitor [30]. ESR values are approximately the same for all carbon 

xerogel-TiO2 composites and much lower than in the case of the carbon. 
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Table 3. CEIS at 1 mHz, equivalent series resistance (ESR), charge transfer 

resistance (RCT) and relaxation time constant () from EIS. 

Sample  
CEIS ESR RCT  

F g-1 Ω Ω s 

C100 59 0.60 3.46 11.44 

CTi10 102 0.46 1.25 0.26 

CTi20  135 0.48 0.70 0.14 

CTi30  101 0.48 0.76 0.19 

CTi40  94 0.43 1.86 0.26 

 

Samples CTi20 and CTi30 present the lowest RCT values, 0.70 and 0.76 

respectively, samples CTi10 and CTi40 show higher charge transfer resistance 

(1.25 and 1.86) and sample C100 had the highest value for all samples. These 

results, clearly show that the presence of TiO2 on carbon material induce a 

decrease in the resistance of the electrode improving their performance for energy 

storage. These trends should be correlated with the pore structure and the 

conductivity of the sample. Figure 9b shows the correlation between the ESR and 

RCT resistances and the microporous diameter, a minimum value of charge transfer 

resistance correspond to a 0.75 nm, which indicate that this is the most adequate 

pore diameter for energy storage for this kind of materials. In fact sample CTi20 

present the higher capacitance and lower RCT resistances with a pore diameter 

equal to 0.75 nm obtained from N2 adsorption.  

The optimal micropore diameter determined in this work is slightly higher 

than that obtained by other authors [30,32] and larger than the size of hydronium 

ions (0.36-0.42 nm) [30] and to the hydrated bisulfate ions (0.53 nm) [32] but in this 

case the electrodes content a large amount of inorganic material increasing the 

interaction between ions and electrodes. 
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Figure 10 shows the variations in the imaginary part of the capacitance (C") 

against the frequency which define the transition frequency between a pure 

capacitive and a pure resistive behavior. The relaxation time constant () is 

obtained from the frequency, f0, at the maximum of the curve by the expression  

= 1/(2×f0) [33].  is a quantitative measure of the speed of the discharge of the 

device [34]. Results in Table 3 show that for carbon composite materials is lower 

than for pure carbon and the lowest value correspond to CTi20 showing the 

excellent performance of this material as electrode for energy storage and release. 

 

Figure 10. Evolution of imaginary part of capacitance vs. frequency. Samples: 

C100 (□), CTi10 (△), CTi20 (◇), CTi30 (□), CTi40 (○).  

 

The Ragone plots of the carbon xerogels-TiO2 composites are presented in 

Figure 11 and show the variation between energy and power densities. Table 4 

shows the results for all the samples studied for the maximum energy density and 

energy density at a power density of 4500 W kg-1, the maximum common value for 

all samples. The maximum energy density drastically increases with the doping 

with TiO2 due to the better wettability of the sample and to the widening of the 

microporosity. The maximum value reached was 20.7 Wh kg-1 for sample 

CTi20.The energy density of the supercapacitor based on CTi20 was better than 
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other used for commercially available supercapacitors (usually less than 10 Wh 

kg-1) [1]. The energy released decreased at higher power density (Table 4) thus, 

the retention energy density had a maximum for CTi20 with a 65.2 % of energy 

released at 4.5 kW kg-1 compared to  that obtained at 69 W kg-1. 

  

Figure 11. Ragone plots for samples: C100 (□), CTi10 (△), CTi20 (◇), CTi30 

(□), CTi40 (○).  

 

Table 4. Maximum (at 69 W kg-1) and minimum (at 4500 W kg-1) energy 

densities (Wh kg-1) from Ragone's plots 

Sample 
Emax Emin E.Ret. 

Wh kg-1 Wh kg-1 % 

C100 4.3 0.5 11.6 

CTi10 16.9 7.9 46.7 

CTi20  20.7 13.5 65.2 

CTi30  17.7 8.3 46.9 

CTi40  15.0 6.8 45.3 
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The stability of the electrodes during charge-discharge cycles is a key factor 

for their practical application. In this work the stability was evaluated by the 

galvanostatic charge-discharge cycling. Figure 12 depicts the results of the cycling 

stability test for samples studied in this work. 

 The capacitance of samples, practically did not change after 13000 cycles 

of charge-discharge at 1 A g-1. The resistance was practically constant throughout 

the cycles except for samples C100 and CTi40 which presented a slight increase 

in resistance after 6500 cycles indicating a slight degradation of the electrodes. 

The results for these carbon composites indicated a good stability as potential use 

as electrodes for supercapacitor, mainly in the case of CTi20. 

 

Figure 12. Galvanostatic charge-discharge cycles at a current density of 1 A g-1: 

C100, □; CTi10, △; CTi20, ◇; CTi30, □; CTi40, ○. Capacitance (open 

symbols), ohmic resistance (closed symbols)  

 

5. CONCLUSIONS 

Carbon xerogel-TiO2 composites (CTiX) were successfully synthesized by 

sol-gel techniques. Composites present a homogeneous and three-dimensional 

mesoporous structure, where both phases are also homogenously and intimately 

distributed. All the textural, chemical, crystallographic and catalytic properties are 
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determined by the TiO2 content in the composite and by the synergetic effect 

between both phases. Carbon xerogels is eminently a microporous supports, but 

the composites are mesoporous materials, increasing mesoporosity at the 

expense of microporosity. The presence of carbon in the composite prevents the 

TiO2 crystal growth, and difficult the anatase to rutile transition. Due to the 

interactions between both phases all composites present a high dispersion of 

anatase TiO2 nanoparticles on the carbon support in spite that samples are 

carbonized a 900◦C. These nanoparticles are partially reduced, with an oxygen 

surface distribution highly dependenton the TiO2 content.  

The supercapacitor performed of samples was analyzed in a two-electrode 

system. Composites exhibits a high electrochemical performance with a 

capacitances (up to 137 F g-1 at 0.250 A g-1 for 20 % TiO2 composite), a high 

retention capacitance (66-80 %) at 20 A g-1 and high energy density, 20.7 Wh kg-1, 

at a power density of 69 W kg-1 in the voltage range of 0 V to 1.1 V. This better 

behaviour could be related with different properties of the composites: i) The 

presence of TiO2 improve the hydrofilicity of the surface which significantly 

increases the electrolyte contact with the surface favoring the diffusion of the ions, 

ii) carbon matrix favors the TiO2 reduction and these reduced species Ti3+ can act 

as electron transfer centers decreasing the resistance of the electrode and iii) the 

presence of TiO2 on carbon material induce a decrease in the resistance of the 

electrode improving their performance for energy storage due to an optimization of 

the pore structure. Sample with a combination of low hydrophobicity and an 

adequate micro-mesopore network with a medium content in TiO2 shows the best 

performance for energy storage. Floating test shows a very good cyclability of the 

synthetized materials.  
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CHAPTER IX: ELECTROCHEMICAL PERFORMANCES OF SUPERCAPACITORS FROM 

CARBON-ZRO2 COMPOSITES 
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1. ABSTRACT 

Carbon xerogel-ZrO2 composites (CZrX) were successfully synthesized 

through a one-pot sol-gel synthesis. The XRD results confirm the presence of well 

dispersed (<4.5 nm) cubic ZrO2 on the carbon support, homogeneously distributed 

on the carbon surface. Gas adsorption and mercury porosimetry measurement 

pointed out that the increase of ZrO2 in the carbon matrix produces an increase in 

the mesopore volume as well as a widening of the microporosity at the expense of 

the narrow micropores (W0 (CO2)) that decreases causing simultaneously the 

progressive surface area decrease.  

The presence of zirconium oxide in the carbon matrix improves in all case 

the capacitive behavior of samples in spite of the decrease of the surface area and 

micropore volume of the samples. It is notorious that capacitance increase with the 

increase of the amount of ZrO2 up to 30 % and then decreases. That has been 

explained on the base of different textural properties and/or chemical characteristic 

of the material. 

 

 

Keywords: Carbon-ZrO2 composites; Energy storage. 
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2. INTRODUCTION 

With the rising progress of global economy and industry, the impending 

energy crisis has stimulated intense research on the low cost, environmentally 

friendly, and renewable energy resources. Therefore, great efforts have been 

devoted to develop low cost electrode materials with high energy density, high 

power density, and excellent cycling stability. Carbon is one the best candidate for 

the use as electrode because of their high surface areas, large pore volume, and 

excellent mechanical stability [1]. 

Zirconium Oxide (ZrO2) is an attractive material in various industrial 

applications due to its excellent textural proprieties as resistance, low cost high 

density. mechanical, thermal, optical and electrical characteristics [2,3]. Up to now, 

all those characteristics make them very good candidates to a broad range of 

applications and as one of the most industrially important materials has aroused 

interest and there have been lots of studies on the preparation of ZrO2-carbon 

materials for various applications, such as catalyst supports for fuel cells [4], and 

transistors as advanced gate dielectrics [5]. 

Over the past few years, composites containing carbonaceous materials 

and inorganic nanoparticles have been intensively developed, and found to exhibit 

a range of unique and useful properties, which are attracting more and more 

attention from researchers [4,6,7]. This carbon composite containing carbon and 

inorganic metals have been intensively developed and they exhibit a properties 

which are different off from those of the each individual components in fact metals 

oxide-carbon composites present a good textural, chemical and physical 

proprieties which are more better than those of the each original components. For 

this purpose, many carbons composites are produced such as titanium composite 

carbon zirconium composite, ruthenium composite with well-defined structural, 

textural, and morphological properties. These nanostructured carbons are used 

extensively as electrode materials for batteries, fuel cells, and supercapacitors 

[1,4,8]. 
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In the previous reports, we rarely found that zirconium carbon composite 

was applied in the supercapacitors [9-11]. The main reason is that the pure 

zirconium does not provide a high capacitance. In this work, ZrO2–carbon 

composite materials with ZrO2 particles incorporated in mesoporous carbon were 

prepared via hydrothermal method and the effect of the percentage of zirconium 

on the textural and electrochemical characteristics were studied. These 

composites were evaluated as a possible candidates electrode materials for 

supercapacitor using different techniques including cyclic voltammetry, 

electrochemical impedance spectroscopy and galvanostatic charge and discharge. 

3. EXPERIMENTAL 

3.1. Synthesis of ZrO2-carbon xerogel composites 

The ZrO2-carbon xerogel composites were prepared using resorcinol-

formaldehyde and zirconium alcoxide as precursors of carbon and zirconium oxide 

respectively, as described elsewhere, in details, a different amounts of zirconium 

propoxide was dissolved in 500 ml of n-heptane and heated at 70 °C under reflux 

and stirring (450 rpm). Then, a mixture containing resorcinol (R), formaldehyde (F) 

and water (W) was added dropwise into the above solution. The molar ratio of the 

mixture was R/F=1/2 and R/W=1/14. The gel formed was aged at 70 ºC for 24 h 

under stirring after which the suspension was filtered and the solid obtained was 

placed in acetone (5 days) to exchange water within the pores, in order to reduce 

the porosity collapse during the subsequent drying process. Then, the gel was 

dried by microwave heating using a Saivod MS-287W microwave oven under 

nitrogen atmosphere in periods of 1 minute at 384 W until constant weight. 

The resulting xerogel was thermally treated at 900 ºC for 2 h at a heating 

rate of 1 °C min-1 under N2 flow at 300 cm3 min-1. ZrO2-Carbon xerogel composites 

were referred as CZrX (X correspond with the theoretical percentage of ZrO2 

present in the carbonized composite). A ZrO2 sample was prepared by the same 

method but without adding R and F, Zr100. 
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3.2. Textural and Chemical Characterization  

Textural characterization was carried out by N2 and CO2 adsorption at −196 

ºC and 0 ºC, respectively, using Quantachrome Autosorb-1 equipment; samples 

were previously outgassed at 120 °C overnight at a final vacuum of 10-6 mbar. BET 

and Dubinin–Radushkevich equations were applied to determine the apparent 

surface area (SBET) and the micropore volume (W0) and the mean micropore width 

(L0). Pore size distributions were also obtained by applying Quenched Solid 

Density Functional Theory (QSDFT) to the N2 adsorption isotherms, assuming slit-

shaped pores. Furthermore, the QSDFT method was used to calculate the 

mesopore volume of the samples (Vmes). The total pore volume was considered as 

the volume of N2 adsorbed at P/P0 = 0.95. Mercury porosimetry were used in order 

to determine the pore size distribution of pores larger than 6.6 nm. 

The exact zirconium oxide content of samples was determined by 

thermogravimetric analysis (TGA). TGA was performed in air flow with a heating 

rate of 10 ºC min-1 using a Mettler-Toledo TGA/DSC1 thermobalance. 

The crystallinity of the sample as well as the crystalline phase were 

analysed by X-ray difraction using a Bruker D8 Advance X-ray diffractometer with 

Cu Kα radiation at a wavelength () of 1.541 Å. The 2θ angles were scanned from 

20 to 70°. The average crystallite sizes (D) were estimated by the Debye-Scherer 

equation, D = 0.95/ cosθ, where θ is the diffraction angle and  is the full width 

at half-maximum (fwhm).  

The surface chemistry of the carbon sample was studied by X-ray 

photoelectron spectroscopy using an Escalab 200R system (VG Scientific Co.) 

equipped with MgK X-ray source (h = 1253.6 eV) and hemispherical electron 

analyzer. Survey and multi-region spectra were recorded at C1s, O1s, and Zr3d 

photoelectron peaks. Each spectral region of photoelectron interest was scanned 

several times to obtain good signal-to-noise ratios. For the analysis of the XPS 

peaks, the C1s peak position at 284.6 eV was used as reference to locate the other 

peaks. The fitting of the XPS peaks was done by least squares using Gaussian-

Lorentzian peak shape. 
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3.3. Electrochemical Characterization 

For the electrochemical characterization, a mixture of active material and 

tetrafluoethylene (PTFE) (60 % suspension in water) binder with the ratio of 90:10 

was dried in oven at 120 °C overnight. For the supercapacitor preparation, 5 mg of 

the active material was pressed onto disc graphite paper with 9 mm in diameter. 

The pasted sample was impregnated with H2SO4 1 M for 72 h before to be used 

for the electrochemical measurements. 

The electrochemical performances were determined using system of two 

electrode with a, EC-lab system from Biologic at 25 °C in H2SO4 1 M medium as 

electrolyte and glassy fibrous materials as separator. Several electrochemical 

techniques were used; cycling voltammetry test (CV) was carried within the range 

of 0 and 1.2 V; using scan rates of 0.5, 2.5, 5, 10, 20 and 30 mV s-1. Galvanostatic 

charge-discharge was carried at different current density for 125 mA g-1 to 7 A g-1. 

Gravimetric capacitance was calculated using Equation (1) [12,13]: 

ΔVm
ΔtIC d

GD 


  (Eq. 1) 

where Id was the current density (A g-1), ∆t was the discharge time, ∆V was the 

voltage interval without the IR drop and m is the total mass active (g). The 

equivalent series resistance (ESRGD) was determined from the ohmic drop at the 

beginning of the discharge curve [14], Equation 2; 

I2
VR 

   (Eq. 2) 

Cyclic voltammetry (CV) and galvanostatic charge-discharge (GCD) were 

carried out using a Biologic VMP-300 potentiostat. CVs and GCDs were performed 

in the 0-0.85 V range, at a scan rate of 2.5 mV s-1 for CVs and current densities 

between 0.14 and 5 A g-1 for GCDs.  
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The EIS measurements were carried out in the frequency range of 100 kHz 

to 1 mHz with a sinusoidal signal amplitude of 10 mV. The capacitance value, Cmax, 

was obtained by Equation 3 

2max
Zf2

Z"C



  (Eq. 3) 

where f was the frequency and |Z|2 = |Z’2| + |Z”2|, where Z’ and Z” are the real and 

imaginary parts of the complex impedance, respectively [15]. 

For comparison reasons, the gravimetric capacitances in 2EC obtained 

from the these techniques were multiplied by 4 to obtain the capacitance per single 

electrode, which is the 3EC equivalent [16] being named CCP and CEIS respectively. 

The electrical energy and power densities were calculated by using the 

Equations 4 and 5, respectively applied to the galvanostatic measurements 

[14,17]: 

6.32
)V(V)g F( C

)kg Wh(E
21

GD1






   (Eq. 4)  

m (kg)
ΔV(V)I(A)

2
1)kgP(W 1 
   (Eq. 5) 

Current charge-discharge cycling and floating tests where measured in 

order to determine the stability of the electrodes. Current charge-discharge cycling 

over 12500 cycles at current density of 4 A g-1 between potential range of 0 and 

1.2 V were measured, the capacitance was calculated after the IR drop has been 

subtracted were used in order to study the stability of supercapacitors. The floating 

test is described as follows [14]: after every 10 h of aging, five constant current 

galvanostatic charge-discharge sequences at current density of 1 A g-1 between 

potential range of 0 and 1.2 V were recorded and the specific capacitance was 

calculated from the first and fifth discharge. These sequences were repeated 24 

times, i.e. a total floating time of 240 h. The resistance (ESRF) which is a measure 
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of the conductivity of the material was also estimated from the IR drop at the initial 

step of the discharge curve. 

4. RESULTS AND DISCUSSION 

4.1. Textural and chemical characterizations  

The exact amount of ZrO2 in the final CZrX carbon composites was 

determined by burning of the carbon phase by TGA. The final residual mass after 

TGA experiments was considered as the inorganic phase amount. In this way, the 

real % of ZrO2 on the carbonized composites were 24.1 34.3 and 45.1 wt. % for 

CZr20, CZr30, and CZr40, respectively. Comparing TGA results with the 

theoretical ones, it is observed that the real percentages are slightly higher than 

the theoretical ones due to the weight loss undergoes by the samples during 

carbonization also slightly exceed the 50% programmed.  

The ZrO2 crystalline phase was studied by powder XRD measurements 

(Figure 1). In ZrO2 pure phase (Zr100), narrower and intense diffraction peaks were 

observed denoting a high crystallinity. However, diffraction peaks become wider 

and less intense in the case of composites CZrX, independently of the ZrO2 

content. Moreover, regarding the crystalline structure, monoclinic phase is 

observed for the commercial ZrO2 sample, while cubic is obtained in composites, 

in spite that all composites samples were obtained at 900 ºC, where the monoclinic 

phase should be stabilized. The assignation of these phases was carried out 

according to the bibliography. Thus, although is difficult to distinguish between 

tetragonal (t) and cubic (c) phases due to the proximity of the main diffraction peaks 

in both phases, it was reported [18] that the tetragonal phase is characterized by 

the split of the (400) diffraction peak observed at 75 º into two components. 

Because in CZrX composites only one peak is observed in this region, the cubic 

phase was suggested as the predominant crystalline structure in these samples. 

It has also been reported that the stability of the different crystalline 

structure of ZrO2 strongly depends on the crystal size. Jayakumar et al. [19] show 

the significance of particle size in stabilizing the metastable phases. They observed 
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that the cubic phase could be stabilised at particle size below 6 nm; the tetragonal 

phase is found to be stable at particle size above 6 nm and below 20 nm and the 

monoclinic phase is stabilized in large particles (>20nm) The mean average size 

of ZrO2 particles estimated by the Debye-Scherer equation were 4.8, 4.7, 4.2, and 

39.3 nm for CZr20, CZr30, CZr40 composites and bulk ZrO2, respectively. This 

denotes a good dispersion of ZrO2 nanoparticles in the carbon xerogel framework 

and is also in agreement with the stabilization of the cubic phase observed in 

composite materials and monoclinic phase in bulk zirconia. XRD therefore, 

confirms that the carbon phase avoid the formation of large ZrO2 crystallites that 

remains in the cubic phase, avoiding the monoclinic transformation in spite of the 

high temperature of the treatment.  

 

 

Figure 1. Powder XRD patterns of samples: Zr100, □; CZr20, ○; CZr30, △; 

CZr40, ◇. 
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Textural properties have also greatly influenced by the increase of ZrO2 

content in the composite. The pore texture of samples was studied by N2 and CO2 

adsorption measurements, N2 adsorption isotherms are depicted in Figure 2 and 

results of the application of BET and DR methods are collected in Table 1.  

 

Figure 2. a) N2 adsorption isotherms at -196 °C. b) Pore size distribution 

obtained by Hg porosimetry. Insert in b) Pore size distribution 

obtained by QSDFT applied to N2 adsorption data. Samples: Zr100, 

■; C100, □; CZr20, ○; CZr30, △; CZr40, ◇. 

 

All isotherms exhibit a mixture of type I and IV isotherms, which is 

characteristic of micro-mesoporous materials. The formation of certain hysteresis 

cycles, but mainly, the N2-adsorption is favored at high P/P0 with increasing the 

ZrO2 content. These facts are indicative of the progressive mesoporosity of 

samples in this sense as denoted the (Vmes) obtained. The composites become 

more mesoporous, Vmeso increases with increasing the ZrO2 fraction dispersed into 

the carbon xerogel matrix (Figure 3a). In this sense, the microporosity becomes 

also widest (L0 (N2) increases, Figure 3b)) at the expense of the microporosity (W0 
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(CO2)) that decreases causing simultaneously the progressive surface area 

decrease (Figure 3a). It is well known that the CO2 adsorption provides information 

about the narrow microporosity, corresponding to micropores with diameter lower 

than 0.7 nm, while the total microporosity is obtained from N2 isotherm only in 

absence of diffusion restrictions. In that sense, all samples show W0 (N2) < W0 

(CO2) indicating diffusion restrictions of N2 into the microporosity due to a narrower 

micropores and ultramicropores, but this difference is lower increasing the % ZrO2 

and as consequence, with the mesopore volume, being W0 (N2) = W0 (CO2) for 

CZr40 due to the opening of the porosity and reduction of narrowest micropores 

described above (Table 1). 

Table 1. Textural properties of the carbon zirconium composites. 

 N2  CO2  Hg 

Sample SBET W0(N2) L0(N2) V0.95 Vmes  W0(CO2) L0(CO2)  V2 V3 

 m2 g-1 cm3 g-1 nm cm3 g-1  cm3 g-1 nm  cm3 g-1 

C100 611 0.245 0.74 0.325 0.080  0.285 0.60  n.d. n.d. 

CZr20 465 0.182 0.97 0.250 0.068  0.213 0.56  0.015 1.150 

CZr30 418 0.167 1.02 0.338 0.261  0.183 0.55  0.015 1.321 

CZr40 391 0.154 1.16 0.434 0.382  0.156 0.58  0.125 1.271 

ZrO2 36 0.002 1.80 0.046 0.044  --- ---  n.d. n.d. 

n.d. Not determined 
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Figure 3. Dependence of textural properties with % ZrO2. a) SBET, ▲; W0(N2), 

◇; W0(CO2), ○. b) L0(N2), ◇; L0(CO2), ○. 

 

Macro and mesopore volumes are collected in Table 1 and Figure 2b 

despicts the pore size distributions obtained by mercury porosimetry. Although the 

macropore volume is more or less independent of the ZrO2 content of the 

composite, their PSD change significantly, becoming progressively narrower with 

increasing the ZrO2 in such a manner that the formation of mesopores is favoured. 

Figure 2b point out that CZr20 is a macroporous solid (without mesopores), with a 

monomodal macropore size distribution showing a maximum for macropores with 

a diameter at around 26 μm. With increasing the ZrO2 content the macroporosity 

become narrowest and more heterogeneous. In the case of CZr40 the PSD 

presents two maxima, the first one includes the mesoporosity range, being 

centered in pores with a diameter of around 50-60 nm, the second maxima 

correspond to larger macropores, with a diameter at around 6 μm. It is noteworthy 

however that even these large macropores are narrower than those detected for 

CZr20. This bimodal PSD is also observed in the case of CZr30, with present an 

intermediate behavior between CZr20 and CZr40.  
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The morphology of the samples was analysed by scanning electron 

microscopy. Representative images are shown in Figure 4. In sample CZr20 the 

formation of large and smooth particles is observed, this fact progressively diminish 

with increasing the ZrO2 content. Spherical primary particles are progressively 

more easily identified at the sample surface, although they are highly overlapped 

in all cases forming a coral-like three-dimensional structure. That morphological 

differences corroborates the pore size distributions obtained by mercury 

porosimetry.  

Surface compositions of CZrX samples were analyzed by XPS technique 

which provided information regarding the electronic states and chemical 

environment of carbon (C), zirconium (Zr), and oxygen (O) atoms in the composite 

materials. Figure 5 shows wide-survey XP spectra in the full range of the BE, 

scanned from 0 to 1200 eV, which provided both a compositional overview and 

information about main elemental components in CZr10, CZr20, and CZr30. All 

CZrX samples produced three different peaks, a strong C1s peak between 282 and 

289 eV, one O1s peak was also observed at 532 eV and finally, all the samples 

show the presence of Zr3d and Zr3p peaks. The intensity of these peaks increases 

with the increase of the zirconium percentage indicating an increase in Zr and O 

surface concentrations. 

The results obtained from the deconvolution of all the XP spectra are shown 

in the Table 2. All the samples show six carbon components, the main carbon peak 

is found at 284.6 eV, which corresponds to the non-oxygenated amorphous carbon. 

Another peak at 285.4 eV may be assigned to graphitic carbon, and the others 

peaks between 286.4 and 290.6 eV may be attributed to carboxylate carbon. It is 

necessary to note that there is no carbon peaks associated with zirconium carbide 

(CZr, BE for C1s, 282.9 eV) in the spectra for any of the CZrX samples, suggesting 

that no carbothermal reduction took place during the synthesis [20,21]. 
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Figure 4. SEM images of a) CZr20, b) CZr30 and c) CZr40  

 

Furthermore, the O1s spectra of CZrX composites would contain two 

primary contributions, one from carbon surface oxygen and the other from oxygen 

in ZrO2. The O1s component associated to the Zr–O–Zr appears at 530.2 eV [22]. 

Additional components correspond to the formation of oxygenated surface groups 

like Zr–O–H (531.8 eV) or physisorbed water H-O-H (532.7 eV). For pure carbon 

phases, the O1s spectrum shows typically two components at 532.0 eV due to 

double C=O bonds from ketones and carboxylic acids, and at 533.9 eV due to 

single C–O bonds from alcohols, phenols and carboxylic acids [23]. In the 

composites, clearly the O1s of Zr-O-Zr is shifted to higher B.E. (between 0.4 - 0.5 

eV higher). The second peak in this case can present also the contribution of 

surface groups on the inorganic phase as the C=O component of the carbon 

phase. Nevertheless, the last peak is clearly due to the C-O bonds. Moreover, this 
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assignation is confirmed by the fact that the first component increases 

progressively with increasing the Zr-content in the composite.  

Figure 5. Survey and deconvolution of the Zr3d XP spectra. 

Analyzing the Zr3d5/2 region (Figure 5 and Table 2), a peak centered at 182 

eV assigned to Zr4+ is obtained in stoichiometric ZrO2. However, three components 

are required to fit the Zr signal in the composites. For non-stoichiometric oxides 

(ZrOy 0<y<2) the Zr 3d5/2 band shifted to higher B.E. 182.8 eV [24]. This behavior 

is observed clearly in all the composite samples (Figure 5), with a shift of about 0.5 

eV and the formation of different suboxides. The surface composition of the 

samples is summarized in Table 2. The Zr and O contents do not increase 

proportionally to the inorganic ratio in the composite. Moreover, the ZrO2 content 

in surface (detected by XPS) is significantly smaller than in the bulk of the 

composite (detected by TG).  
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Table 2. Results obtained from the deconvolution of XP Spectra.  

Sample 
C1s Peak O1s Peak Zr3d Peak CXPS OXPS Zrxps 

eV % eV % eV % wt. % wt. % wt. % 

C100 

284.6 74 531.7 42   

96.4 3.6 0.0 

285.5 14 533.1 58   

286.5 5     

287.4 3     

289.1 3     

290.6 1     

CZr20 

284.6 66 530.4 17 182.3 41 

88.9 7.2 3.9 

285.5 17 532.3 59 182.7 43 

286.5 8 533.8 24 183.3 16 

287.4 3     

289.1 4     

290.6 1     

CZr30 

284.6 67 530.3 21 182.2 44 

89.9 5.8 4.3 

285.4 18 532.3 49 182.5 45 

286.5 6 533.9 30 183.2 11 

287.4 4     

289.1 4     

290.7 2     

CZr40 

284.6 68 530.2 44 182.1 46 

83.3 6.0 10.7 

285.4 16 532.0 37 182.5 43 

286.4 5 533.7 19 183.2 11 

287.3 4     

289.1 3     

290.6 2     

ZrO2 
284.6 73 529.8 61 181.7 48  

44.6 55.4 286.1 17 531.4 31 182.2 42  

288.7 10 533.8 8 182.8 10  
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This fact can be consequence of the different crystal structure of pure ZrO2 

and ZrO2 in the composites, a certain crystal growth or to the encapsulation of ZrO2 

nanoparticles by the carbon phase, which can be in agreement with the intimate 

interactions between the phases needed to the doping character of the carbon 

phase previously showed. This is also confirmed by the significant increase of 

suboxides proportion in the composites with the formation of a third component at 

183.2 eV. Nevertheless, the proportion of the different Zr components in the 

different composites are quite similar between then, denoting again that in all cases 

the inorganic nanoparticles can present similar nature and dispersion. 

4.2. Electrochemical characterization of the ZrO2 carbon composites 

CV, EIS, floating test and galvanostatic charge/discharge measurements 

were performed to explore the advantages of zirconium carbon composites as 

electrochemical supercapacitors using a 1 M H2SO4 electrolyte. 

Figure 6a shows the cyclic voltammetries of the samples. CVs exhibit a 

rectangular shaped profile characteristic of an ideal capacitive behavior [25], 

moreover this behavior remain stable in the range of scan rate studied, Figure 6b.  

  

Figure 6. a) Cyclic voltammetries at 0.5 mV s-1 for samples: C100 (□); CZr20 
(○), CZr30 (△) y CZr40 (◇). b) Cyclic voltammetries for sample CZr30 
at different scan rate: 2.5 mV s-1(□); 5 mV s-1(); 10 mV s-1 (○); 20 
mV s-1 (△); 30mV s-1 (◇); 
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Figure 6b depicts cyclic voltammetries for sample CZr30 at different scan 

rate. Usually, as the scan rate increases the current versus potential relation of CV 

would deviate from the classical square waveform, expected for a pure capacitor 

due to the resistance effects down the pores [30]. The capacitance variations 

against the scan rate is because of the formation of the electrochemical double-

layer within the micropores is slower and less complete in comparison to the rate 

of variation of the potential. The capacitance decreases with the increase of the 

scan rate because of the difficulty of the formation of the electrochemical double 

layer in the micropores at high scan rate. That decrease is depicted in Figure 6b, 

it is notorious, that the decrease is not very pronounced for CZr30 sample due to 

the well-developed micro and mesoporosity of the sample which improve the 

electrolyte diffusion into the pores. 

Chronopotentiograms (CPs) obtained are depicted in Figure 7a at a current 

load of 125 mA g-1. CPs show quasi-triangular shapes which indicates again that 

samples behave as an ideal electrochemical double-layer (EDL) performance with 

low resistance and a good diffusion of the electrolyte inside the pores. 

From Fig. 6 and 7a, it is also evident that the presence of zirconium oxide 

in the carbon matrix improves in all case the capacitive behavior of samples in spite 

of the decrease of the surface area and micropore volume of the samples in 

comparison with the pure carbon. It is notorious that capacitance increase with the 

increase of the amount of ZrO2 up to 30 % and then decreases. That could be 

explained on the base of different textural properties and/or chemical characteristic 

of the material. Comparing C100 and ZrC20 sample, they present similar pore 

width but the presence of 20 % of ZrO2 induces a decrease in a 26 % the micropore 

volume. However the capacitance increase 130 % with the presence of ZrO2 (Table 

3). 
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Figure 7. (a) Charge discharge curves at 0.125 A g-1. (b) Variation of the 

capacitance with the current density, samples: C100 (□); CZr20 (○), 

CZr30 (△) y CZr40 (◇) 

Table 3. Electrochemical performances of the composites from 

chronopotentiometry and impedance spectroscopy  

Sample 
CGD 0.125 A g-1 CGD 7 A g-1 RGD  CEIS ESR RCT 

F g-1 F g-1 %  F g-1   

C100 70 12 17  65 0.60 2.76 

CZr20 161 65 40  173 0.23 3.36 

CZr30 180 93 52  203 0.39 2.85 

CZr40 120 40 33  114 0.37 2.09 

RGD Retention capacitance at 7 A g-1 referred to 0.125 A g-1 

It is well know that capacitance depend on the surface area as well as the 

pore diameter. Many authors have found an increase in capacitance increasing the 

surface area of carbon materials [26-28]. In that case the opposite trend is 

observed. Surface area of the samples decreases as increase the ZrO2 content 

and capacitances obtained present a maximum for sample CZr30 even though the 
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similar pore width, and mesopore volume. These variations could not be explained 

on the base of different diffusional restriction to the electrolyte into the pore 

wherefore that could be related with the presence of partially reduced species in 

the zirconium oxide present in the carbon matrix. These partially reduced species 

can act as electron transfer sites improving the electrical conductivity and 

enhancing the pseudocapacitance. 

Regarding the ZrO2 composite series, three factor must be taken into 

account to discuss the variation of capacitance: amount of ZrO2, pore volume and 

pore width. Most of studies in literature suggest an increase of the specific 

capacitance with increasing the average pore size [29], in this study, the results 

show that the increase of the pore size increases the specific capacitance but when 

the pore size is more than 1.05 nm, the capacitance decreases in 1 M H2SO4 as 

electrolyte. An increase in ZrO2 content from 20 to 30, increase the capacitance 

instead of lower surface area and micropore volume while an increase from 30 to 

40 induces a decrease. That is related with the pore width and the amount of ZrO2. 

In spite of the reduction of the microporous texture, the opening of the 

microporosity together with the presence of more ZrO2, favors the capacitive 

behavior of the sample. Higher content in ZrO2 produces a pore size higher than 

1.05 nm together with the reduction of microporous texture having a more negative 

effect than the ZrO2 beneficial one. Thus compromise situation must be take into 

account between the beneficial effect of the presence of ZrO2, the reduction of 

microporous texture and the opening of the porous diameter. 

Figure 7b shows the variation of the specific capacitance with the increase 

of the current density of the carbon and the three ZrCX composites. It is know that 

at lower current density, samples show the highest value of capacitance but this 

value decrease when increase the current density. This fact can be explained by 

the electric resistance and diffusion restriction into the pore at high current density. 

Sample ZrC30 shows the best retention capacity (Table 3) which can be explained 

on a basis of the adequate pore diameter of the sample and the presence of ZrO2. 

Thus, when the zirconium percentage increases from 20 to 30, the pore volume 
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decreased but the pore diameter increase and the capacitance increased as well 

as the retention capacity. So, one of the keys parameter for an optimal capacitance 

is the pore diameter. On the contrary when the zirconium percentages increases 

from 30 to 40, the capacitance decreases which indicate that the effect of pore 

volume reduction was more important than the increase of the pore diameter, as 

has been discussed above. Consequently, the 30 % of zirconium oxide is the 

optimal content of ZrO2 to prepare carbon zirconium composite with a good 

electrochemical characteristics.  

EIS measurements were performed to investigate the charge kinetic 

properties of the composites towards the capacitive behavior. Figure 8 shows the 

Nyquist plots, showing that all samples exhibited typical characteristics of porous 

carbon electrodes [31]. In the high frequency region, the first intersection point on 

the real axis (Z') was the ESR, which was related to three resistances: the intrinsic 

resistance of the active material, the electrolyte resistance, and the active 

material/current collector interface. Results, shown in Table 4, can be considered 

to reflect the resistive properties of the electrodes for comparison purposes, 

because the same electrolyte, collectors, and technique were used to assemble 

the cell [32]. ESR values were very low, ranging between 0.3-0.4 Ω for composites 

and 0.6 Ω for the carbon xerogel. 

In the high-medium frequency region, a semicircle was observed 

associated with charge transfer process, which it is indicative of the presence of 

pseudocapacitive effects. The interfacial charge transfer resistance, RCT, caused 

by EDL capacitance and faradic reactions was estimated from the two intercepts 

of the semicircle with the real axis (semicircle diameter) [31], and the values 

obtained are displayed in Table 4. The highest RCT value was obtained for sample 

CZr30 which indicate that this is the sample where the pseudofaradic effects are 

more important.  

The differences in the ESR and RCT values between samples can be 

explained by the difference of the pore size diameter and also due to the different 

conductivity of the composites which depends of the content of the composites of 
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zirconium. These results can also explain the difference of capacitance retention 

of the composites with the variation of the current density. Figure 9 shows the 

correlation between the ESR and RCT with the mean pore size diameter and, it 

confirms that both resistances depends on the pore diameter and consequently on 

the ZrO2 content, Figure 3b. 

 

 

Figure 8. Nyquist plot for composites CZr20 (○), CZr30 (△) y CZr40 (◇) 

 

Figure 9. Variation of ESR (▲) and RCT (●) with the micropore diameter L0(N2).  
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The Ragone plots of the samples are shown in Figure 10. This figure shows the 

dependence between the energy and power density. The maximum energy density 

was released at the lowest power density (140 W Kg-1), as shown in Table 4.  

 

Figure 10. Ragone plots of samples samples: C100 (□); CZr20 (○), CZr30 (△) 

y CZr40 (◇) 

Table 4. Energy density  at 140 W kg-1, Emax, and at 1800  W kg-1, Emin,  (Wh 

Kg-1) from Ragone's plots 

Sample Emax Emin 

C100 6.6 1.1 

CZr20 25.6 4.6 

CZr30 27.1 9.8 

CZr40 17.7 8.6 

The maximum energy density increased with the presence of ZrO2, the 

maximum energy density for carbon ZrO2 composites is at least three times higher 

with being for times higher for sample CZr30. These results were attributed, as 

before, to variations in the pore structure and to the presence of the Zr oxides 

which improve the wettability and the mobility of the ions in the microporous 
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network. The energy density decreased at higher power density, Emin, (Table 4). 

Sample CZr30 showed the highest energy density of all sample that is capable of 

storing up a 21 % of the energy in the power density range. 

The cyclic stability of supercapacitors is a crucial parameter for their 

practical applications. This stability was evaluated by the voltage-holding or floating 

test Figure 11a, which was established [14,33,34] as a reliable test alternative to 

the traditional method of galvanostatic charge-discharge cycles at constant current 

density over several thousands of cycles, Figure 11b. The floating test was carried 

out by applying a critical voltage cell (1.2 V) during 10 h and after that studying five 

charge-discharge cycles between 1.2 and 0 V at a constant current density of 1 A 

g-1. The respective capacitance and the resistance from the IR voltage drop is 

determined from the first and fifth cycles. 12500 galvanostatic charge-discharge 

cycles were applied over at a current density of 4 A g-1. Figure 11, indicates that 

the variation of specific capacitance of all the samples obtained by both methods, 

it clear that all the composites show good capacitance retention ≈ 98 %, whereas 

the galvanostatic resistance is practically constant during the 240 h test. 

  

Figure 11. (a) Floating test at current density of 1 A g-1, (b) Charge discharge 
cycles at current density of 4 A g-1 for composites CZr20 (○), CZr30 
(△) y CZr40 (◇). Open symbols capacitance. Closed symbols 
resistance. 
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5. CONCLUSIONS 

A series of a carbon xerogel doped with different percentages of ZrO2 has 

been explored as a tentative via to prepare electrodes for supercapacitors. Carbon 

composites were obtained by an inverse emulsion method in n-heptane and after 

carbonization at 900 ° the metal oxide phase is well dispersed on the carbon phase, 

with a crystal size smaller than 4. Cubic phase is obtained in composites, in spite 

that all samples were obtained at 900 ºC, where the monoclinic phase should be 

stabilized. Gas adsorption and mercury porosimetry measurement pointed out that 

the increase of ZrO2 in the carbon matrix produces an increase in the mesopore 

volume as well as a widening of the microporosity at the expense of the narrow 

micropores (W0 (CO2)) that decreases causing simultaneously the progressive 

surface area decrease. XPS results shown that non-stoichiometric oxides (ZrOy: 

0<y<2) are present on the surface of the samples and these partially reduced 

species can act as electron transfer sites improving the electrical conductivity and 

enhancing the pseudocapacitance. A two-electrode symmetric supercapacitor 

based on the carbon xerogel-ZrO2 composites exhibits a high electrochemical 

performance with a capacitances (up to 180 F g-1 at 0.125 A g-1 for 30 % ZrO2 

composite), a high retention capacitance and high energy density, 27.1 Wh kg-1, at 

a power density of 140 W kg-1 in the voltage range of 0 V to 1.2 V. Sample with 

an optimum combination of an adequate micro-mesopore network, pore width and 

amount of ZrO2 shows the best performance for energy storage. Floating test 

shows a very good cyclability of the synthetized materials.  
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1. ABSTRACT 

Vanadium-coated carbon microspheres (CSVX) were successfully 

prepared by a modified sol-gel method and their supercapacitor behaviour tested 

in a two-electrode system. Nitrogen adsorption showed that the CSVX composites 

present a well-developed micro and mesoporous texture, which depends on the 

vanadium content in the final composite. SEM images and XRD analysis manifest 

a high dispersion of vanadium oxide on the surface of carbon xerogels 

microspheres with a vanadium particle size determined by XRD of around 4.5 nm. 

XRD patterns, as well as XPS, point out that VO is obtained. That was also 

corroborated by TGA analysis, in which a weight gain is observed at around 300 

ºC ascribed to VOx oxidation. The complete electrochemical characterization of the 

CSVX composites was carried out using several methods: cyclic voltammetry, 

chronopotentiometry, cycling charge-discharge and impedance spectroscopy. The 

results show that CSVX composites present a high capacitance with a high 

capacitance retention which was explained on the base of the presence of 

vanadium oxide and texture and chemistry surface. 

 

Keywords: vanadium-coated carbon microspheres. Electrodes for 

supercapacitors. Electrochemical energy storage 
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2. INTRODUCTION 

 

Recently, with the increase of power and energy demands in various 

applications such as hybrid vehicles, large memory back-up devices and 

renewable-energy power plants, many efforts have been made to develop 

alternatives and more efficient energy storage devices. Electrochemical capacitors 

[1-3] (also called supercapacitors) are investigated due to their unique 

characteristics such as fast charging–discharging, high power density and long 

cycle life time. 

The selection of the material used as electrode for supercapacitor is crucial 

because the porous structure and surface chemistry of the material are key factors 

to the development of a supercapacitor with improved electrochemical 

performance including power density, energy density, rate capability, charging time 

and cyclic stability. Generally, the charge storage in electrochemical capacitors 

occurs by non-Faradic process and Faradic/redox process. Typically, high surface 

area carbon based materials reflected as non-Faradic process (also known as 

electrochemical double layer capacitors) while conductive polymers and metal 

oxides/hydroxides/sulphides have been desired as Faradic process or 

pseudocapacitors associated with multiple oxidation states/structures that enable 

rich redox reactions for pseudocapacitance generation. 

In that sense, carbon materials have high specific surface area [1], high 

electronic conductivity and excellent stability. Therefore, activated carbons [2,3], 

carbon fibres [4,5], carbon aerogels [6,7] and carbon spheres [8,9] have been 

usually used as supercapacitor electrodes. However, these carbon-based 

electrochemical double-layer capacitors have a low capacitance, especially at high 

charge/discharge rates and low energy density and limited ionic accessibility [2]. 

Metal oxides and hydroxides overcome these limitations of carbon and commonly 

exhibit high specific capacitance and high power and energy densities [3]. Many 

metal oxides such as RuO2 [11-13], MnO2 [14,15], NiO [16,17], Fe2O3 [4], and 

Vanadium oxides [5], especially V2O5, VO2 and their hydroxides have been used 
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for supercapacitors with good results, but however, a decrease of their 

capacitances is observed increasing the scan rate due to their lower conductivity 

[6]. Among the various metal oxides, vanadium pentoxide (V2O5) is considered to 

be one of the most promising candidates due to its wide potential window, unique 

layered structure, variety of oxidation states (V2+, V3+, V4+ and V5+) which can 

provide excellent pseudocapacitance.  

In order to get materials with enhanced supercapacitor performance, 

advantages of both pure phases (surface area, conductivity and stability of carbon 

materials and high power and energy density of metal oxides) could be coupled 

using carbon-metal oxide composites.  

Moreover, the morphology of material is important in the preparacion of 

supercapacitors. The use of carbon spheres shows many great advantages, such 

as the high packing density which is very important for increasing the specific 

energy. These materials also have excellent dispersivity and fluidity, leading to 

high performances in electrode manufacturing [19, 20]. 

With that background, in the present work carbon spheres were 

successfully covered by different amount of vanadium oxide and the composites 

obtained were deeply characterized and their electrochemical performance tested. 

 

3. EXPERIMENTAL 

3.1. Synthesis of carbon-vanadium oxide composites  

Vanadium-coated carbon microspheres were prepared in an one-pot 

synthesis following a modified Pekala’s polycondensation of resorcinol (R) with 

formaldehyde (F) in presence of vanadium (V) tri-isopropoxide oxide as carbon 

and vanadium oxide precursors, respectively. In a typical synthesis procedure, a 

pregelled (at 60 ºC until the gel point) mixture of RF and water (W) was added drop 

wise to a n-heptane solution containing Span 80 (S) at 65 ºC under refluxing and 

stirring (450 rpm). The molar ratio of the mixture was R/F=1/2, R/W=1/14 and 
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R/S=4.5. After 1 h, the proper amount of vanadium (V) tri-isopropoxide oxide 96 % 

from Alfa Aesar was added drop wise to the reactor.  

The formed gel was aged at 65 ºC for 24 h under stirring and after that the 

suspension was filtered and the solid obtained was placed in acetone (5 days, 

changing acetone twice daily) to exchange water within the pores by acetone, in 

order to reduce the porosity collapse during the subsequent drying process and 

remove the Span 80. Then, the gel was dried by microwave heating using a Saivod 

MS-287W microwave oven under argon atmosphere in periods of 1 minute at 

384W until constant weight. Pyrolysis of organic xerogel-vanadium oxide 

composite to obtain the corresponding carbon xerogel-vanadium oxide composite 

was carried out in N2 flow at 300 cm3/min, heating to 900 ºC at a heating rate of 1 

ºC/min, in order to allow a soft removing of pyrolysis gases, and soaking time of 2 

h. The amount of vanadium (V) tri-isopropoxide oxide needed to obtain 5, 10, 20 

and 30 % of vanadium oxide on the final carbonized samples was calculated 

considering that V2O5 will be obtained after carbonization, a complete reaction 

between R and F and a weight loss of 50 % w.t. during the carbonization. Samples 

were refereed as CSVX (X corresponds with the theorical % of vanadium oxide 

present in the carbonized composite, e.g. CSV30 means that carbon spheres was 

covered by 30 % Wt. of vanadium oxide. Also, a carbon spheres sample (CS) 

without vanadium oxide was prepared in the same way and used as reference 

material 

3.2.  Textural and chemical characterization 

The morphology of supports was studied by scanning electron microscopy 

(SEM) using a LEO (Carl Zeiss) GEMINI-1530 microscope. Textural 

characterization was carried out by N2 and CO2 adsorption at −196 ºC and 0º C, 

respectively, using Quantachrome Autosorb-1 equipment. The BET and Dubinin–

Radushkevich equations were applied to determine the apparent surface area 

(SBET) and the micropore volume (W0), the mean micropore width (L0) and the 

microporous surface (Smic), respectively. Furthermore, the DFT method was used 

to calculate the mesopore volume of the samples (Vmes). Pore size distributions 
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were also obtained by applying the DFT method. The total pore volume was 

considered as the volume of N2 adsorbed at P/P0 = 0.95.  

The vanadium oxide contents of samples were determinated by 

thermogravimetric analysis (TGA). TGA was performed in flowing air with a heating 

rate of 10 ºC/min using a Mettler-Toledo TGA/DSC1 thermogravimetric analyzer. 

The vanadium oxide phase was determined by powder X-ray diffraction (XRD) 

pattern using a Bruker D8 Advance X-ray diffractometer with Cu Kα radiation at a 

wavelength (λ) of 1.541 Å. The 2θ angles were scanned from 20 to 70°. The 

average crystallite sizes (D) were estimated by the Debye-Scherer equation, D = 

0.95λ/β cos θ, where θ is the diffraction angle and β is the full width at half-

maximum (fwhm). The fwhm was determined with an extrapolated baseline 

between the beginning (low angle side) and the end (high-angle side) of a 

diffraction peak with the highest intensity. 

The chemical characterization of the samples was further analyzed by X-

ray photoelectron spectroscopy (XPS). The spectra were obtained on a Kratos Axis 

Ultra-DLD X-ray photoelectron spectrometer equipped with a hemispherical 

electron analyzer connected to a detector DLD (delay-line detector). 

3.3. Electrochemical Characterization 

For the electrochemical characterization, a mixture of active material and 

tetrafluoethylene (PTFE) binder (60% suspension in water) with a ratio of 90:10 

was dried in an oven at 120 ºC overnight. Then, 5mg of the active material was 

pressed onto a graphite paper disc with 5 mm of diameter. The pasted sample was 

impregnated with a 1M H2SO4 solution for 48h before to be used for the 

electrochemical measurements. 

The electrochemical performances were determined using a two electrode 

system with EC-lab equipment at 25 ºC in H2SO4 1M medium as electrolyte and 

glassy fibrous materials as separator. Several electrochemical techniques are 

used for the electrochemical characterization of the composites. Cycling 

voltammetry test (CV) was carried within the range of 0 and 1.1 V; using scan rates 
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from 0.5 to 200 mvs-1 and the gravimetric capacitance, CCV (F/g), was calculated 

using the Equation (1) [25,26]: 

Vm
tI

4CCV 


 

  Eq. 1 

where  tI  is the area of the current (A) against time (s) curve, m is the total 

active mass in both two electrode (g), and ∆V is the potential window (V), the factor 

4 traduces the relation between the two electrode and three electrode systems. 

The galvanostatic charging-discharging was carried out at different current 

density from 125 mA/g to 20 A/g. The gravimetric capacitance, CCP (F/g), was 

calculated using the equation (2) [27,28]: 

Vm
tI4C d

CP 



 

Eq. 2 

where Id was the current density (A g-1), ∆t was the discharge time, ∆V was the 

voltage interval without the IR drop and m is the total mass active (g).  

The impedance spectroscopy measurements (EIS) were carried in the 

frequency of 100 KHz to 0.01Hz. While the stability of the electrodes was evaluated 

by charge-discharge cycles at a current density of 1 A g-1 between potential value 

of 0 V and 1.1 V. 

The electrical energy and the power density were calculated by using the 

Eq. 3 and Eq.4, respectively for two-electrode cell [29,30]. 
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4. RESULTS AND DISCUSSION 

4.1. Textural and chemical characterizations  

Morphology and dispersion 

SEM images of carbon spheres (CS) and vanadium oxide-coated carbon 

spheres are shown in Figure 1. As was designed in experimental set up, isolated 

microspheres of around 20 m are obtained using the pre-gelled RF solution. VO-

coated carbon microspheres are shown in Figure 1b, and 1c, showing a high 

dispersion of vanadium oxide on the surface of carbon microspheres.  

   

 

Figure 1. Scanning electron microscopy images of CS (a), CSV10 (b) and 

CSV30 (c). 
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Dispersion and crystallinity of vanadium oxide composites were analyzed 

by XRD. XRD patterns of CSVX composites are shown in Figure 2. Significant 

differences are observed between composites and pure V2O5. Four main 

diffractions peaks are obtained at values of 37.7º, 43.9º, 63.8º and 76.6º for the 

CSVX composites which can be attributed to cubic V2+ (VO) (JCPDS 75-0048) 

while a more complex pattern is obtained for V2O5 attributed to orthorhombic phase 

(JCPDS 01-089-0612). Moreover, narrower and intense diffraction peaks were 

observed in V2O5, denoting a high crystallinity while diffraction peaks become 

wider, and the intensity decreases in the case of composites CSVX. In that last 

case, the intensity of the peaks increases when the amount of vanadium oxide 

increases. The mean average size of vanadium oxide particles was estimated 

using the Debye-Scherer equation obtaining sizes of <4, 4.7, 4.8, 11.4 and 71.5 

nm for CSV5, CSV10, CSV20, CSV30 and V2O5, respectively. This result denotes 

a good dispersion of VO nanoparticles in the carbon spheres surface but however 

at % higher than 20 % this dispersion decreases although a low crystal size is still 

obtained in comparison with pure vanadium oxide. 

 

Figure 2. Powder XRD patterns of samples: CS (□), CSV5 (○), CSV10 (□), 

CSV20 (△), and CSV30 (◇). 
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Note also that the vanadium oxidation state of the precursor is 5+ and 

during the synthesis of C/V composites, a reduction of the vanadium occurs up to 

the most reduced state (2+), which is preserved after the cooling and storage of 

the sample at room temperature. The valence of +5 is the most stable, while the 

stability of +4 and + 2 are the worst, in that sense, carbon matrix favour in such a 

way that fact. 

TGA analysis 

The real amount of vanadium oxide in the final CSVX carbon composites 

was determined by burning of the carbon phase by TGA. The final residual mass 

after TGA experiments was considered as the inorganic phase content. In this way, 

the real % of vanadium oxide on the carbonized composites was 2.95, 6.53, 14.04 

and 23.11 wt. % for CSV5, CSV10, CSV20 and CSV30, respectively. Comparing 

TGA results with the theoretical ones, it is observed that the real percentages are 

slightly lower than the theoretical ones due to the weight loss undergoes by the 

samples during carbonization is higher than 50 %. Also note that the presence of 

vanadium oxide decrease the burn off temperature of the carbon matrix (around 

350 ºC) comparing with pure carbon spheres which start to burn at around 500 ºC 

(Figure 3). Moreover, an increase of weight is observed for composites at around 

220 ºC which could be ascribed to the V2+ oxidation. 

N2 and CO2 isotherms adsorption 

The pore structure of samples was studied by N2 and CO2 adsorption 

measurements. The results are collected in Table 1. The pure carbon xerogel is 

an exclusively microporous solid, while the composite materials are micro, 

mesoporous materials. The Vanadium oxide content greatly affects the textural 

characteristics of the composites. The higher is the % vanadium oxide, the higher 

is the volume of mesopores (Vmes) with a lineal relationship between both (Figure 

4a). The mesoporosity increases with the percentage of vanadium oxide dispersed 

into the carbon xerogel matrix and also the microporosity increases and become 

widest (W0(N2) and L0(N2) increases, Figure 4b) at the expense of the 

ultramicroporosity (W0(CO2)) that decreases (Figure 4). It is well known that the 
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CO2 adsorption provides information about the narrow microporosity, 

corresponding to micropores with diameter lower than 0.7 nm, while the total 

microporosity is obtained from N2 isotherm only in absence of diffusion restrictions. 

In that sense, all samples show W0(N2) < W0(CO2) indicating diffusion restrictions 

of N2 into the microporosity due to the narrow ultramicropores, but this difference 

becomes lower with the increase of the % of vanadium oxide. Both micropores and 

mesopores are very important for their use as electrodes in energy storage 

applications because they have different roles with respect to fast charge transfer 

and the double layer formation of electrolyte ions in the networks of the electrode 

[31,32]. 

 

 

Figure 3. TGA profiles of CSVX composites and CS. CS (□) (dashed line), 

CSV5 (○), CSV10 (□), CSV20 (△), and CSV30 (◇). 
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Table 1. Textural characteristics and vanadium oxide content of the carbon 

vanadium composites. 

Sample 
SBET W0(N2) W0(CO2) L0(N2) L0(CO2) V0,95 Vmes VxOy 

m2 g-1 cm3 g-1 cm3 g-1 nm nm cm3 g-1 cm3 g-1 % 

CS 573 0.226 0.288 0.65 0.59 0.330 0.104 0 

CSV5 568 0.225 0.282 0.70 0.60 0.336 0.111 2.95 

CSV10 575 0.229 0.273 0.72 0.58 0.347 0.118 6.53 

CSV20 602 0.241 0.266 0.75 0.60 0.356 0.115 14.04 

CSV30 566 0.228 0.245 0.79 0.59 0.352 0.124 23.11 

 

  

Figure 4. Dependence of textural properties of CSVX with % vanadium oxide. 

a) Vmeso, ○; W0(N2), □; W0(CO2), △. b) L0(N2), □; L0(CO2), △. 

 

Surface composition: XPS analysis  

Surface compositions of samples were analyzed by XPS which provided 
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are collected in Table 2 and vanadium and oxygen regions depicted in Figure 5. 

Six carbon components are needed to fix the C1s spectral region in all cases; the 

main carbon peak is found at 284.6 eV, which corresponds to the non-oxygenated 

amorphous carbon. Peaks at 285.8 eV, 286.8 eV and 288.1 eV are assigned to C-

O, C=O and COO-, respectively. Note that there is no carbon peak associated with 

vanadium carbide (VC, BE: 282.9 eV) in CSVX samples, suggesting that no 

carbothermal reduction took place during the synthesis. No significant differences 

between C1s region of pure carbon xerogel and CSVX composite are observed. As 

consequence, this fact can indicates that the presence of vanadium oxide do not 

affect the surface chemistry of carbon spheres. 

Regarding the O1s region, three different peaks were found: 530.3 eV is 

assigned to oxygen in a metal oxide [33,34], whereas the peak located at 532 eV 

is characteristic either of a hydroxyl group (–OH) bonded or oxygenated groups 

like ketones (C=O) on the carbon surface [35]. The third component at 533.0 eV 

corresponds to acids, anhydrides and lactones and also to ether groups (C–O–C) 

[36]. Moreover, this assignation is confirmed by the fact that the first component 

increases progressively with increasing the V-content in the composite while the 

other ones are constant.  

Three components are required to fit the V2p3/2 region; the peak at 513.9 eV 

corresponds to V2+ species whereas the peaks at 515.5 eV and 517.1 eV are 

ascribed to V3+ and V4+ ones, respectively [33,37]. Analyzing the % wt. of each 

element, as expected, a linear increase of % Vxps and Oxps is obtained increasing 

the vanadium oxide content on the carbon matrix (Figure 5 b).   
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Table 2. Relative surface concentration (%) of O, C and V functionalities from the 

Sample 
C1s Peak O1s Peak  Oxps V2p3/2 Peak  Vxps 
eV % eV % % wt eV % % wt 

CS 

284.6 74 531.6 18 2.65 - - - 
285.6 13 533.2 82     
286.6 5       
287.5 3       
289.3 3       
290.9 1       

CSV5 

 

284.6 73 530.3 24 3.3 513.9 20 1.3 
285.8 12 531.9 32  515.6 31  
286.8 6 533.2 45  517.2 49  
288.1 3       
289.6 3       
291.0 2             

CSV10 

 

284.6 73 530.3 41 5.0 514.0 20 4.4 
285.8 12 532.0 36  515.5 25  
286.9 7 533.4 23  517.2 55  
288.3 3       
289.7 3       
291.1 2             

CSV20 

 

284.6 74 530.2 58 8.2 514.1 19 9.1 
285.8 12 531.9 24  515.8 23  
286.8 6 533.3 18  517.2 58  
288.1 3       
289.5 3       
290.9 2             

CSV30 

 

284.6 73 530.2 62 9.5 513.9 17 13.5 
285.8 12 531.8 29  515.4 29  
286.8 7 533.2 18  517.1 54  
288.1 3       
289.6 3       
291.0 2             
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Figure 5. a) V2p and O1s spectral region, b) relation between surface V (□) and 

O (△) with % vanadium oxide in the composite.  

4.2. Electrochemical characterization of vanadium-carbon composites 

The electrochemical performances of the vanadium carbon composites are 

measured using different electrochemical techniques such as CV, EIS, and 

galvanostatic charge/discharge using a 1 M H2SO4 as electrolyte. 
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Figure 6a depicts the cyclic voltammograms at different scan rate for 

sample CSV30. It is shown the variation of the capacitance with the increasing of 

the scan rate, the capacitance decrease with increasing scan rate because when 

the scan rate is higher the formation of the electrochemical double-layer within the 

micropores is slower and less complete. As the  scan  rate  increases  the  current  

versus  potential is deviate  from  the  classical  rectangular  waveform, expected  

for  a  pure  capacitor.  As discussed  by  some  researchers this is due to the 

resistance effects inside the pores [38]. In addition  to  pore  resistance,  efficiency  

is  another  important  parameter affecting  the  capacitance  in  high  sweep  rates.  

As  the  sweep rate  increases,  loss  of  energy  increases  and  the  stored  charge 

on  the  electrode  surface  decreases  causing  the  capacitance  decrease. Figure 

6b shows the results of all sample at 5 mV s-1. All carbon composites showed a 

quasi-rectangular shape, typical voltammograms for electrochemical double-layer 

(EDL) capacitors with no diffusional restriction to the electrolyte [4,32] furthermore, 

the cyclic voltammetry are  effectuated in the voltage windows from 0  to 1.1 V 

indicating a good stability of the electrodes due to the presence of the vanadium 

oxides in the composites. 

  

Figure 6. a) Cyclic voltammograms for sample CSV30 at different scan rate: 10 
(○), 50 (△), 100 (□) and 200 (◇) mV s-1. b) Cyclic voltammograms at 
5 mV s-1 for samples: CSV5 (△), CSV10 (□) CSV20 (○) and CSV30 
(◇) 
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Figure 7. Chronopotentiograms for samples CSV5 (△), CSV10 (□) CSV20 (○) 

and CSV30 (◇). a) 0.125 A g-1 and b) 2 A g-1. 

 

Chronopotentiograms (CPs) obtained are depicted in Figure 7 at a current 

load of a) 125 mA g-1 and b) 2 A g-1. CPs show quasi-triangular shapes which 

indicates again that samples behave as an ideal electrochemical double-layer 

(EDL) performance with low resistance and a good diffusion of the electrolyte 

inside the pores. 

The variation in the gravimetric capacitances measured by using both 

techniques (cyclic voltametry, CV, and chronoamperometry, CP) by applying 

Equations 1 and 2 are plotted in Figure 8 and compiled in Table 3. The pure carbon 

xerogel showed a lower capacitance due to its lower mesoporosity. The CCP values 

of the composites are very high, between 105 and 224 F g-1, compared with C100 

sample instead their lower micropore volume. These differences can be related to 

their porous texture and specially the mesoporosity and the pore volume of each 

sample. 
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Figure 8. Variation of the gravimetric capacitance against, a) the scan rate, b) 

the current density, for samples: CSV5 (△), CSV10 (□) CSV20 (○) 

and CSV30 (◇). 

 

Table 3. Electrochemical performances of V-C composites 

Sample 

CCV  

0.5 mV s-1 

CCV  

200 mV s-1 

CCP  

0.125 A g-1 

CCP  

20 A g-1 

Retention 

CP 

F g-1 F g-1 F g-1 F g-1 (%) 

CS 40 - 37 - -- 

CSV5 104 38 105 23 22 

CSV10 110 39 135 54 40 

CSV20 140 70 154 83 54 

CSV30 170 106 224 132 59 

 

At this point, two parameters must be considered to analyze the different 

electrochemical behavior of CSVx composites: pore size and pore volume. So, 
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when the vanadium percentage increases from 5 to 30, the pore volume (W0 (N2)) 

slightly decreased from 0.282 cm3 g-1 to 0.245 cm3 g-1 but the pore diameter 

increase from 0.65 to 0.79 nm with increasing the mesopores volume Vmeso from 

0.114 cm3 g-1 to 0.124 cm3 g-1 which is advantageous for good electrolyte 

accessibility and consequently a higher capacitance. There are many studies in 

literature suggesting that there is an increasing of the specific capacitance with 

increasing the average pore size [39], in this sense, increasing the volume of pores 

smaller than 2 nm was shown to increase the specific capacitance, the result 

shows that the increasing of the pore size increases the specific capacitance. 

Figure 8b showed that the CCP decreases when the current load increases from 

0.125 to 20 A g-1. CSV30 shows the highest capacitance retention (Table 3), 59%, 

because it has a higher mesopore volume than the others samples, which favours 

the transport of ions through the carbon porosity at a higher current density.  

Figure 9 showed the EIS characterization of the CSVx composites. It shows 

the electrochemical impedance spectrum in the form of Nyquist plots, where Z’ and 

Z″ are the real and imaginary parts of the impedance, respectively. In the high 

frequency region, the first intersection point on the real axis (Z') was the ESR, 

which was related with the conductive properties of the activated carbon electrodes 

for comparison purposes, because the same electrolyte, collectors, and technique 

were used to assemble the cell [40]. The Nyquist plot contains a semi-circle at 

medium to high frequencies, which is due to faradic charge transfer resistance, 

RCT, and a nearly straight line along the imaginary axis at a low-frequency 

component due to the mass transport limit. In the low frequency region, the 

imaginary part of the impedance (Z") sharply increased and the plots tended to a 

vertical line, which is characteristic of capacitive behavior. The maximum 

capacitance (Cmax) of the composites was obtained at the lowest frequency (1 

mHz), the results obtained are compiled in Table 4. 
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Figure 9. Nyquist plots of samples: CSV5 (△), CSV10 (□) CSV20 (○) and 

CSV30 (◇) 

 

Table 4. Cmax at 1 mHz, equivalent series resistance (ESR) and charge transfer 

resistance (RCT) from EIS. 

Sample ESR RCT Cmax 

  Ω  Ω F g-1 

CV5 0.49 0.62 96 

CV10 0.46 0.84 131 

CV20 0.46 0.85 155 

CV30 0.48 1.30 191 

 

The difference of the RCT for all the samples can be explained by the 

difference of the pore size diameter and also the conductivity of the composites 

which depends of the content of vanadium and carbon in the composite. Most of 

the samples have wide pore diameter for that reason RCT have a very low values, 

lower in the case of the samples with low vanadium oxide content. In general, all 
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the sample composites show a low ESR indicating a good penetration of the 

electrolyte into the pore structure. 

The Ragone plots of the samples are shown in Figure 10. This figure show 

the dependence between the energy and power density. The maximum energy 

density was released at the lowest power density (140 W Kg-1), as shown in Table 

5. 

 
Figure 10. Ragone plots for samples: CSV5 (△), CSV10 (□) CSV20 (○) and 

CSV30 (◇) 

 

Table 5. Energy density at 140 W kg-1, Emax, and at 7800 W kg-1, Emin,  (Wh 

Kg-1) from Ragone's plots 

Sample Emax Emin 

CV5 15.8 3.2 

CV10 20.2 10.9 
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The energy density increased with the presence of vanadium oxide, the 

maximum energy densities for CSVx composites are very high for all samples and 

there is a significant increase with the increases in vanadium content. A gradual 

decrease in energy density was observed when increasing the power density. The 

superior performance of sample CSV30 is due to its more developed porosity, with 

one of the highest values of mesopore volume in addition of the presence of 

vanadium. It should be highlighted the very high energy density for CSV30 for both 

Emax and Emin, showing a retention of energy density of 69.8 % in the potential range 

studied and reaching a value of 18.9 Wh Kg-1 at a power density of 7.8 kW Kg-1.  

Cyclic stability of supercapacitors is one of the main factor for their practical 

applications. 13000 galvanostatic charge-discharge cycles were applied over at a 

scan rate of 1 A g-1, Figure 11. Results obtained indicate that the variation of 

specific capacitance of all the samples is very low showing a capacitance retention 

≈ 98 %. 

 

 

Figure 11. Charge discharge cycles at current density of 1 A g-1 samples: CSV5 

(△), CSV10 (□) CSV20 (○) and CSV30 (◇) 
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5. CONCLUSIONS 

Vanadium-coated carbon microspheres were, at the first time, prepared in 

an one-pot polimerization synthesis. SEM images and XRD analysis manifest a 

high dispersion of vanadium oxide on the surface of carbon. XRD also shows that 

V2+ state is stabilize in CSVX composites despite of the stability of +4 and +2 are 

the worst, in that sense, carbon matrix favour in such a way that reduction. XPS 

also reveal a reduction state of vanadium, V2+, V3+ and V4+ peaks were observed 

while V5+ was not detected. This fact is also identified by TGA, where an increase 

of weight is observed for composites at around 220 ºC which could be ascribed to 

the V2+ oxidation. Moreover, the Vanadium oxide content greatly affects the textural 

characteristics of the composites, in such a way the higher is the % vanadium 

oxide, the higher is the mesopores (Vmes) and micropores (W0(N2)) volumes and 

micropores become widest at the expense of a decrease of the ultramicroporosity 

(W0(CO2)).  

The complete electrochemical characterization of the CSVX composites 

was carried out using several methods: cyclic voltametry, chronopotentiometry, 

cycling charge-discharge and impedance spectroscopy. The results show that the 

sample CSV30 corresponding to the composite with 30% of vanadium oxide has a 

good specific capacitance of 224 F g-1 at current density of 125 mA g-1 in H2SO4, 

1M as electrolyte, furthermore this sample was able to keep 58.8% of the 

capacitance at a high current density of 20 A g-1 and keep 100% of the capacitance 

over 13000 charge discharge cycles at 1 Ag-1. Moreover, this sample keeps the 

rectangular form of the voltammogram at high scan rate of 200 mVs-1 indicating a 

good conductivity and stability of the electrode. 
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CHAPTER XI: NEW CARBON VANADIUM COMPOSITES AS CATALYSTS FOR OXYGEN- 
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1. ABSTRACT 

A creative hydrothermal synthesis method followed by calcinations for 

vanadium carbon composites (CsVx) is reported. Samples are exhaustively 

characterized to determine the textural, chemical and electrochemical properties. 

Those materials are tested as electro-catalysts for oxygen reduction reaction in a 

three electrode electrochemical set-up and in basic medium. The results show a 

very good electro-catalytic behaviour with larger kinetic current densities and lower 

activation potentials. The oxygen reduction reaction (ORR) study of the catalyst 

shows that CsVx possesses a comparable catalytic performance to commercial 

Pt/C catalyst and that those composites offer promising route for the activity 

enhancement of the non-precious metal catalysts. 

 

Keywords: vanadium composite; oxygen reduction; electro-catalyst 
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2. INTRODUCTION 

Increasing energy demands have stimulated intense research on 

alternative energy conversion and storage systems with high efficiency, low cost 

and environmental benignity. Catalysts for oxygen reduction and evolution 

reactions are at the heart of key renewable-energy technologies including fuel 

cells. Therefore, the production of electrical energy from chemical reactions by 

using fuel cells is a really interesting matter from both the industrial and 

fundamental research point of view. Oxygen Reduction Reaction (ORR) is the one 

that takes place on the cathode in a fuel cell and several works can be found on 

published literature about the synthesis and optimization of electro-catalytic 

materials for this reaction [1-4]. 

Pt or its alloys are the best known ORR catalysts. Owing to the high cost of 

Pt and declining activity, because of their high price, low stability, and inferior 

tolerance to fuel molecules. Alternative catalysts based on non-precious metals 

and metal-free materials have been actively pursued. Therefore, the search for 

cheap, highly active, and stable alternatives to the Pt catalyst can facilitate the 

commercialization of fuel cells. This is the reason why non precious metal electro-

catalysts are more numerous and more studied in order to lower the costs of fuel 

cells [5-10]. To date, the most promising non precious metal catalysts (TMs, e.g., 

Fe, Co, Ni) studied for the ORR has attracted substantial attention due to their 

exceptionally high activity and stability compared to others catalysts [11-13]. Their 

activity and stability are still insufficient. Continued effort is still required to further 

explore new types of non-precious metal catalysts.  

Acidic electrolytes are widely used, fuel cells based on acidic electrolytes 

still depend heavily on noble metal catalysts thus increasing the cost and impeding 

the widespread application of fuel cells. The alkaline fuel cell can adopt non 

precious metals. Vanadium is one of the most abundant metals on Earth. Both the 

pure and composite forms of vanadium are used in many chemical reactions with 

a wide range of applications, including steel additives, batteries, catalysts, etc. [14, 

15]. Vanadium’s active sites have an important role in its catalytic activity. There 
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are different types of vanadium oxides, which are composed of single and mixed 

valence states, as well as different structures[16].  

Different type of vanadium carbon material were used for electro catalytic 

reduction of oxygen; Taizhong Huang and al[17] study the catalytic activity of study 

of vanadium nitride, vanadium carbonitride, and vanadium carbide use of 

vanadium nitride for electro reduction of oxygen, and the results indicate a 

comparable catalytic performance to commercial Pt/C. Furthermore, the seam 

group reports[18] a new type of ORR electro-catalyst composed of Pt nanocrystals 

loaded on a nitrogen-doped graphene–VC hybrid support with higher catalytic 

performance and stability compared with commercial Pt/C. 

Here, we provide the first demonstration that the vanadium carbon 

composites can serve as a highly active ORR electro-catalyst in alkaline media. 

The objective of this work was the preparation of vanadium carbon electro-

catalysts with different vanadium content, from resorcinol and formaldehyde as 

carbon precursor using hydrothermal method. And testing the catalytic 

performances of all samples prepared in terms of pore structure and metal content. 

3. EXPERIMENTAL 

3.1. Synthesis of carbon-vanadium oxide composites  

Synthesis of carbon-vanadium oxide composites has been describe in the 

previous Chapter 

3.2.  Textural and chemical characterization 

Textural and chemical characterization have been describe in the previous 

Chapter. 

3.3. Electrochemical Characterization 

Cyclic Voltammetry (CV) and Linear Sweep Voltammetry (LSV) 

experiments were conducted on a three electrode cell controlled by a Biologic VMP 

multichannel potentiostat. A Rotating Disk Electrode (RDE) Metrohm AUTOLAB 

RDE-2, 3mm Glassy Carbon tip, was used as working electrode. 5mg of electro-

catalyst were suspended on 1mL of a solution which contained Nafion (5%) and 
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water in a 1:9 (v: v) ratio. Subsequently, 10 µL of this suspension were loaded on 

RDE tip and dried under an infrared lamp. The glassy carbon electrode had been 

previously polished with 1, 0.3 and 0.05 µm alumina powder and sonicated in 

deionized water and ethanol. Ag/AgCl was chosen as reference electrode and Pt-

wire as counter electrode. The three electrodes were immersed in a 0.1M KOH 

(electrolyte) solution in water. 

CV experiments were carried out while N2 or O2 bubbled through the 

electrolyte solution during measurements. The chosen potential window ranged 

from -0.8to 0.4V (50mV s-1). LSV curves were obtained in O2-saturated 0.1M KOH 

solutions at different rotation speed and sweeping voltage, from 0.4 to -0.8V (5 mV 

s-1). Data were fitted to the Koutecky-Levich model (Equations 1 and 2) in order to 

evaluate the electro-catalytic performance of samples and the transferred electron 

number for each of them [19-21]. 
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  Equation 2 

where j, current density; jk, kinetic current density; ω, rotation speed; F, Faraday 

constant; ܦைమ , oxygen diffusion coefficient (1.9 10-5cm2 s-1); , viscosity (0.01 cm2 

s-1); ܥைమ , oxygen concentration (1.2 10-6 mol cm-3). 

4. RESULTS AND DISCUSSION 

4.1. Textural and chemical characterizations  

Textural and chemical characterizations of the samples have been 

described in the previous Chapter 

4.2.  Oxygen Reduction Reaction: CV and LSV 

Cyclic Voltammetry (CV) curves were obtained while N2 or O2 bubbled in a 

0.1 M KOH solution at a RDE rotation speed of 1000 rpm and at a scan rate of 50 
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mV s-1. These experiments were only performed to see the difference between CV 

under N2 and O2 (no parameter was obtained). Results for CSV5, CSV10, CSV20 

and CSV30 are shown in the figures 1a; 1b; 1c and 1d respectively. We can 

observe differences in the negative potential region (Figure 1). It is clear that the 

CSV20 sample is more active for ORR than others ones which will be better 

observed after analysing LSV experiments. Also, it can be seen that oxygen 

reduction takes place at around -0.18 V versus Ag/AgCl. 

  

  

Figure 1. CV of CSV5 (a); CSV10 (b); CSV20 (c) and CSV30 (d) on N2 (blue) 

and O2 (red). 

 

-0.6

-0.3

0

0.3

-1 -0.5 0 0.5

I(m
A)

E vs Ag/AgCl (V)

(a)

-0.6

-0.3

0

0.3

-1 -0.5 0 0.5

I (
m

A)

E vs Ag/AgCl (V)

(b)

-0.8

-0.4

0

0.4

-1 -0.5 0 0.5

I (
m

A)

E vs Ag/AgCl (V)

(c)

-0.6

-0.3

0

0.3

-1 -0.5 0 0.5

I(m
A)

E vs Ag/AgCl (V)

(d)



374 Chapter XI 

 

The Koutecky-Levich equation was applied to LSV curves at different 

rotation speeds from 1000 to 4000 rpm. It needs to be considered that ORR can 

take place by two different mechanisms in basic media (Equations 1 and 2) [28, 

29]. 

 

  OH 4e 4OH 2O s22   Equation 1 

  OH HOe 2OHO 2s22   Equation 2 

 

It would be desirable that ORR takes place by the 4 electron pathway, 

rather than by the 2 electron pathway, since the former implies higher current 

densities on the electrochemical cell and the latter leads to the formation of 

peroxide species, which may deactivate [5,30] and damage the electro-catalytic 

layer. Therefore, it is crucial to determine whether our sample is catalysing ORR 

by the first or the second mechanism. In order to discern that, LSV curves were 

obtained at different RDE rotation speed for all the samples, Figure 2. The obtained 

data were fitted to K-L equation so as to get the number of electrons transferred 

on each sample at each potential [31,32]. This analysis was performed for all the 

samples and the graphic results obtained for all samples are shown in the figures 

3a, 3b, 3c and 3d.  

Figure 4a shows a comparison of the LSV curves at rotation speed of 3000 

rpm between all the vanadium carbon composites. From this curves it is showed 

that the sample CSV20 present the higher current density. Figure 4b presents the 

variation of the number of electrons transferred with the electrochemical potential 

for each sample. The sample CSV20 shows the higher number of electron 

transferred compared to the others ones. This difference of the number of electron 

transferred by due in one part to the vanadium content and also to the surface area 

and porous structure of the vanadium carbon composites. The sample CSV20 

shows the higher surface area and the microporous volume.  
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Figure 2. LSV at different rotation speed for a) CSV5; b) CSV10; c) CSV20; d) 

CSV30. 1000; 1500; 2000; 2500 and 3000 rpm 

 

Table 1 shows the parameters obtained from the analysis of LSV curves 

(values of jk and n refer to K-L fitting for data at -0.8 V). It appears that all the 

samples shows a four electron pathway which indicate the mechanism of the 

reduction of oxygen to water, furthermore the results indicate higher values of 

current densities at all electrochemical potentials but the sample CSV20 shows the 
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higher value. Also, a lower activation potential (E0
onset versus Ag/AgCl) was 

required for the ORR to start (Table 1). However, all the samples tested show a 

lower activation potential, the difference of the electro-catalytic performances 

between all the vanadium carbon composites tested could be to the difference in 

the pore size and the surface area as was mentioned previously.  

 

  

 

  

Figure 3.K-L plots for a) CSV5; b) CSV10; c) CSV20; d) CSV30 at different 

electrochemical potentials: from -0.4V (▲) to -0.8 V (■)   
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Figure 4. a) LSV curves at 3000rpm and b) variation of n with E0vs Ag/AgCl for 

samples CSV5 (), CSV10 (), CSV20 (), CSV30 (). 

 

Table 1. Parameters obtained from the analysis of LSV curves (values of jk and 

n refer to K-L fitting for data at -0.8V). 

Sample E0
onset jk n 

 V mA cm-2  

CsV5 -0.22 13.307 3.56 

CsV10 -0.21 15.651 3.38 

CsV20 -0.18 20.842 4.05 

CsV30 -0.20 20.520 3.87 

 

Figure 5 shows a good correlation of the current density and the vanadium 

composite contents. The correlation coefficient of R2=0.86 which is lower than the 

optimal value of 1 indicates that the difference of the electro-catalytic performances 

depend with others parameters such as the surface area and the pore structure. 
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Finally, it is necessary to study the electro-catalytic performance of the vanadium 

composites with different amount of vanadium oxide in order to optimize the best 

composition for the best performance. 

 

Figure 5. Correlation between the current density and the amount of vanadium 

oxide for samples CSV5 (), CSV10 (), CSV20 (), CSV30 (). 

5. CONCLUSIONS 

This study reports the successful synthesis of new vanadium - carbon 

composite by a simple hydrothermal method and their electro-chemical behaviour 

in ORR. High electro-catalytic activity in the oxygen reduction reaction has been 

achieved with all composites. Vanadium oxide content influences clearly the 

electro-catalytic behaviour leading it to a four electron pathway. These results 

show also high current densities and low electro-chemical potentials which even 

comparable with commercial Pt-C based electrodes. Therefore, vanadium - carbon 

composites are a very good candidates as electro-catalysts for ORR in basic 

medium. 
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En esta Tesis Doctoral se han preparado materiales de carbón a partir de 

diferentes precursores tales como residuos lignocelulósicos, maderas de olivo, 

higuera y chirimoyo, residuos de la industria oleícola, alpechín y alperujo y 

polímeros orgánicos obtenidos por reacciones de policondensación mediante 

emulsión inversa en presencia de alcóxidos metálicos para la obtención de 

materiales compuestos de carbón dopados con óxidos de Ti, Zr y V. Además se 

han realizado procesos de funcionalización de los carbones activados con 

diversos heteroátomos, O, N, P y S, mediante procesos solvotermales y/o 

hidrotermales.  

Los materiales obtenidos se han empleado como electrodos de 

supercondensadores obteniéndose resultados totalmente comparables e incluso 

mejores a otros materiales de carbón encontrados en bibliografía y con una 

ciclabilidad próxima o igual al 100 %, determinada mediante estudio de ciclos de 

carga descarga cronopotenciométricos y análisis a voltaje constante. 

Mediante la activación de alpechín con KOH se obtuvieron carbones activados 

con elevadas superficies, hasta 1626 m2 g-1. La activación de H3PO4 produce 

grupos funcionales que contienen P pero estos presentaron un área superficial 

inferior a los carbones activados con KOH. El alperujo es un excelente residuo 

para la preparación de carbones activados porosos con una red de poros muy 

desarrollada. La capacidad más alta obtenida fue 224 F g-1 a 250 mA g-1 con una 

capacidad de retención del 91 % después de 12500 ciclos y un  igual 2.9 s. La 

muestra AP presento la mayor capacidad de retención de capacidad, 

prácticamente el 100 %, con 176 F g-1 y  = 1.6 s debido a la presencia de grupos 

superficiales de fósforo y una adecuada red de micro-mesoporos. 

Se puede conseguir una alta actividad electrocatalítica en la reacción de 

reducción de oxígeno con carbones activados, obtenidos a partir de residuos 

industriales de aceite de oliva dopados con azufre. Las funcionalidades de azufre 

se fijaron sobre la superficie porosa de los materiales de carbono por medio de un 

método solvotermal usando ácido tioglicólico. El contenido de azufre y las 

características porosas influyen en el comportamiento electro-catalítico, pero la 
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presencia de funciones de azufre son cruciales para el desarrollo de un 

mecanismo de cuatro electrones. Los electro-catalizadores de carbón activado 

dopados con azufre siempre trabajan a un menor potencial electroquímico y con 

mayores densidades de corriente que el carbón activado sin funcionalizar. 

El tratamiento solvotermal con ácido tioglicólico de las muestras 

preparadas mediante activación química de alperujo permite la introducción de 

grupos superficiales de azufre.  El estudio de su comportamiento como electrodos 

de supercondensadores indica que sus propiedades electroquímicas son mejores 

en medio H2SO4 1 M que en medio KOH 6 M. 

 En medio H2SO4 1 M, se obtuvo una alta capacidad de almacenamiento 

de energía, 325 F g-1 a una densidad de corriente de 0.125 A g-1, y una alta 

retención de capacidad > 69 % a una densidad de corriente de 30 A g-1. El 

contenido de azufre, la naturaleza de las funcionalidades introducidas y las 

características porosas de los carbones activados y funcionalizados influyen en su 

comportamiento electroquímico. La presencia de grupos superficiales de azufre, 

diferentes a sulfato o sulfónicos, aumenta la capacidad y también la estabilidad de 

los electrodos. Las muestras tratadas con azufre presentan una densidad de 

energía máxima de 37 Wh kg-1 a una densidad de potencia de 274 W kg-1. La 

estabilidad de los electrodos alcanzó un 99.3 % en retención de capacidad 

después 12500 ciclos de carga descarga 

El estudio electroquímico de los carbones activados obtenidos a partir de 

maderas indican que las muestra preparadas mediante activación con KOH de 

chirimoyo poseen unas características electroquímicas muy superiores a las de 

otros carbones con capacidades de hasta 240 F g-1 y una energía de 3.7 Wh kg-1 

con una potencia correspondiente de 47 W kg-1. Además la química superficial y 

la distribución de poros son los parámetros más importantes en la aplicación 

electroquímica de los carbones activados.  

Los tratamientos realizados a los carbones activados introducen diferentes 

funcionalidades de nitrógeno como piridina, N-cuaternario y nitrógeno oxidado que 

mejoran la humectabilidad y la transferencia de iones. La alta capacidad especıfica 
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y el excelente rendimiento se pueden atribuir a las siguientes razones: (i) la 

elevada superficie proporciona una gran interfase de adsorción para que el 

electrólito forme la EDL, dando lugar a una gran capacitancia electroquímica. (ii) 

La introducción de grupos que contienen heteroátomos mejoró la humectabilidad 

de las muestras de carbón en electrolitos acuosos. El valor máximo de densidad 

de energía alcanzado fue 28.34 Wh kg-1 para la muestra FKC, además todas las 

muestras tratadas muestran un valor máximo de densidad de energía mayor que 

el reportado para la mayoría de los supercondensadores disponibles en el 

mercado (<10 Wh kg-1). Después de 2500 ciclos, la capacidad de retención para 

todas las muestras modificadas está entre 97,0% y 100%. 

Los materiales compuestos de xerogel de carbón-TiO2 (CTiX) se 

sintetizaron satisfactoriamente mediante técnicas sol-gel. Los compuestos 

presentan una estructura mesoporosa homogénea y tridimensional, donde ambas 

fases están también homogéneas e íntimamente distribuidas. Todas las 

propiedades texturales, químicas, cristalográficas y catalíticas están 

condicionadas por el contenido de TiO2 y por el efecto sinérgico entre ambas 

fases. Los xerogeles de carbono son eminentemente soportes microporosos, pero 

los materiales compuestos son materiales mesoporosos, aumentando la 

mesoporosidad a expensas de la microporosidad. La presencia de carbono en el 

material compuesto evita el crecimiento del cristal de TiO2 y dificulta la transición 

anatasa a rutilo. Debido a las interacciones entre ambas fases, todos los 

compuestos presentan una alta dispersión de nanopartículas de TiO2 en el soporte 

de carbono a pesar de que las muestras se carbonizaron a 900 °C. Estas 

nanopartículas están parcialmente reducidas, con una distribución de la superficie 

del oxígeno altamente dependiente del contenido de TiO2. 

Los materiales compuestos carbón TiO2 presentaron un alto rendimiento 

electroquímico con capacidades (hasta 137 F g-1 a 0.250 A g-1 para 20 % de TiO2), 

una alta capacidad de retención (66-80%) a 20 A g-1 y alta densidad de energía, 

20.7 Wh kg-1, con una densidad de potencia de 69 W kg-1  en el rango de tensión 

de 0 V a 1.1 V. Este mejor comportamiento podría estar relacionado con diferentes 
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propiedades de los compuestos: i) La presencia de TiO2 mejora la hidrofilicidad de 

la superficie que aumenta significativamente el contacto electrolítico con la 

superficie favoreciendo la difusión de los iones, ii) la matriz de carbono favorece 

la reducción de TiO2 y estas especies reducidas Ti3+ pueden actuar como centros 

de transferencia de electrones disminuyendo la resistencia del electrodo y iii) la 

presencia de TiO2 sobre material de carbono induce una disminución en la 

resistencia del electrodo que mejora su rendimiento para el almacenamiento de 

energía debido a una optimización de la estructura de poros. La muestra con una 

combinación de baja hidrofobicidad y una adecuada red de micro-mesoporos 

mostró el mejor comportamiento para el almacenamiento de energía. 

Se desarrolló una serie de un xerogel de carbono dopado con diferentes 

porcentajes de ZrO2 como vía alternativa para preparar electrodos para 

supercondensadores. Los materiales compuestos de carbono se obtuvieron 

mediante un método de emulsión inversa en n-heptano. Tras una carbonización a 

900 °C la fase de óxido metálico está bien dispersa sobre la fase de carbono, 

obteniéndose tamaño de cristal menor de 4. La adsorción de gases y la 

porosimetría de mercurio indicaron que el aumento de ZrO2 en la matriz de 

carbono produce un aumento en el volumen de mesoporos así como un 

ensanchamiento de la microporosidad a expensas de los microporos estrechos 

(W0 (CO2). Los resultados XPS mostraron que el Zr se encuentra formando óxidos 

no estequiométricos (ZrOy: 0 <y <2) y estas especies parcialmente reducidas 

pueden actuar como sitios de transferencia de electrones mejorando la 

conductividad eléctrica y aumentando la pseudocapacitancia. Un 

supercondensador simétrico de dos electrodos basado en los compuestos de 

xerogel de carbono-ZrO2 presentó un alto rendimiento electroquímico con 

capacidades (hasta 180 F g-1 a 0,125 A g-1 para el compuesto ZrO2 al 30 %), una 

alta capacidad de retención y alta energía Con una densidad de potencia de 140 

W kg-1 en el rango de tensión de 0 V a 1.2 V. La muestra con una combinación 

óptima de una red de micro-mesoporosa adecuada, con ancho de poro y una 

adecuada cantidad de ZrO2 mostró el mejor rendimiento para el almacenamiento 
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de energía. El ensayo a voltaje constante mostró una excelente ciclabilidad de los 

materiales sintetizados. 

La caracterización electroquímica completa de los materiales compuestos 

CSVX se realizó mediante diversos métodos: voltametría cíclica, 

cronopotenciometría, ciclos de carga-descarga y espectroscopia de impedancia. 

Los resultados muestran que la muestra CSV30 correspondiente al compuesto 

con 30% de óxido de vanadio tiene una buena capacitancia específica de 224 F 

g-1 con una densidad de corriente de 125 mA g-1 en H2SO4, 1M como electrolito, 

además esta muestra fue capaz de mantener el 58.8 % de la capacidad a una 

densidad de corriente de 20 A g-1 y mantienen el 100 % de la capacidad después 

13000 ciclos de descarga de carga a 1 A g-1. Además, esta muestra mantiene la 

forma rectangular del voltamograma a una alta velocidad de barrido de 200 mV 

s-1, indicando una buena conductividad y estabilidad del electrodo. 

Los materiales compuesto de carbón con óxido de vanadio presentaron 

una alta actividad electrocatalítica en la reacción de reducción de oxígeno. El 

contenido de óxido de vanadio influye claramente en el comportamiento electro-

catalítico que conduce a una vía de cuatro electrones. Estos resultados muestran 

también altas densidades de corriente y bajos potenciales electroquímicos que 

incluso son comparables con electrodos comerciales basados en Pt-C. En 

conclusión, los materiales compuestos óxido de vanadio – carbono presentaron 

un excelente comportamiento como electro - catalizadores para ORR en medio 

básico. 

 

 


