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1. INTRODUCCION

1.1. HISTORIA DE LA DESIONIZACION CAPACITIVA COMO
SOLUCION EN DESMINERALIZACION DE AGUA

La disponibilidad de agua potable en cantidad suficiente para la creciente poblacién
mundial, es uno de los principales retos sociales, econdmicos y tecnolégicos del siglo
21. El agua potable, siendo una necesidad vital y un derecho humano reconocido por
Naciones Unidas, no esta disponible para uno de cada siete habitantes del planetay es
un recurso en constante retroceso debido en gran parte a la eutrofizacién de embalses y
lagos, a la sobreexplotacion de acuiferos y a la infiltracion de sales en los mismos,
dando lugar a aguas salobres no aptas para € consumo humano. A dia de hoy, €
volumen de agua salobre en el planeta es superior a de agua potable, por 1o que es
l6gico pensar en aguella como la principal fuente de suministro si se somete a un
tratamiento de desalinizacién mediante una tecnologia adecuada. Desde hace algunas
décadas, se vienen desarrollando y aplicando varias de estas tecnologias entre las que
podemos destacar la destilacion, la 6smosis inversa y la electrodidlisis como las més
extendidas y contrastadas. Sin embargo estas tecnologias tienen un elevado consumo de
energiay en e caso de las dos Ultimas, la generacion de salmuera residual es elevada.
Por este motivo, es un reto importante el conseguir poner a punto una tecnologia que
tenga un consumo energético moderado o0 bajo y produzca una cantidad minima de

residuo.

La desionizacidn capacitiva (siglas en inglés, CDI) es una técnica e ectroquimica
parala eliminacion de sales disueltas en agua que se basa en la adsorcién del exceso de
iones en una doble capa eléctrica (siglas en inglés, EDL) sobre la superficie de un
electrodo (Figura 1). Consiste en la aplicacion de un campo eléctrico entre dos
electrodos separados por una disolucion de |as especies idnicas que se quieren eiminar.
Ello provocala migracion de aniones 'y cationes hacia su correspondiente contralectrodo
para compensar €l exceso de carga generado en los mismos por e campo e éctrico.
Cuando € electrodo tiene una elevada superficie la cantidad de sal adsorbida en la EDL
puede ser significativa lo que convierte a la CDI en una técnica factible para la
desalacion de aguas. En este caso € sistema compuesto por anodo, catodo y medio
salino, se comporta como un condensador electroquimico. Por esta razén, cuanto mas

carga sean capaces de acumular |os electrodos a un voltag e dado, es decir cuanto mayor
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CDI no ha pasado de pequefias unidades piloto y de demostracion a ser una tecnologia
madura. Por entonces se pensaba que los materiales solo podian adsorber iones cuando
tenian grupos superficiales que podian oxidarse o reducirse formando entonces un
enlace idnico con e contraidn correspondiente. Esta suposicion clasificaba los
materiales de electrodo en un principio como anion o cation selectivos y centré la
atencion en dilucidar qué factores determinaban que un material fuera de uno u otro
grupo. En 1966, Evans y col. [2] proponen un mecanismo que implica la formacion de
iones hidroxilo en el catodo mediante reacciones farédicas. Con ello se crearia un
entorno basico necesario para la disociacion de grupos écidos débiles que serian los
responsables de la adsorcion de iones. En 1967, Murphy y Caudle [3] proponen €
primer modelo tedrico de electroadsorcién de sal en continuo por un mecanismo
capacitivo y otro estudio de Arnold y col. de 1961 [4] se centra en la modificacion de
las propiedades superficiales de los carbones después de tratamientos quimicos y su
influencia en la eficacia en desionizacion. En 1968, Reid y col. [5] ensamblan la
primera unidad de desmineralizacion y la operan en modo continuo durante un periodo
largo de tiempo sin una pérdida significativa en eficacia en la adsorcion de sal. Ademas
demostraron con esta unidad que también se podian eliminar de forma efectiva iones

calcio, magnesio, sulfato, nitrato y fosfato.

A principios de los 70, Johnson y col. [6] proponen que e mecanismo de adsorcion
de iones es e de doble capa eléctrica 'y se introduce € concepto de operacion de celda
en ciclos asimétricos de adsorcion y desorcién. Comprobaron que en estas condiciones
de ciclo asimétrico o modulando el potencial de la celda durante |a fase de adsorcion, se
podia optimizar la eficacia del sistema sin revertir la polaridad. En € mismo estudio se
demostrd que las reacciones farédicas que se producian entre la disolucién electrolitica
y la pared del electrodo producian la degradacién progresiva del mismo. Mediante un
simple andlisis de costes se demuestra por primera vez que la CDI solo es factible si se
emplean electrodos dimensionamente estables. En un estudio posterior de Johnson y
Newman [7] concluyen que la eficacia de adsorcion dependia de la capacidad de la
EDL, de la superficie del electrodo y del voltge aplicado. En otro estudio de finales de
los 70 efectuado por Soffer y Oren [8], se concluye que los poros entre 0,5y 3 nm se
humectan y contribuyen a la adsorcion de iones. Durante los 80 parece disminuir €
interés en la investigacion en desionizacion capacitiva, pero a partir de los 90 se
renuevan los esfuerzos cientificos. A partir de esas fechas, 10s estudios se centran sobre
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todo en producir materiales adecuados para los electrodos de CDI. Entre los materiaes
mas destacados durante esta década, estén los aerogeles de carbono sintetizados por
primera vez por Farmer y Pekala en 1996 [9, 10]. Su estructura monolitica, elevada
superficie especifica y la posibilidad de controlar €l tamafio de poro variando las
condiciones de sintesis, 10 convierten en uno de los mejores candidatos para esta
tecnologia. Se han llevado a cabo varios estudios relevantes con estos materiaes
aplicandolos a aniones como nitrato y fluoruro [11] y cationes como Cr** y Hg*? [12,
13]. Las siguientes dos décadas son fructiferas en € desarrollo de materiales para
electrodos. Siempre tomandose como base diferentes materiales de carbono como son
los aerogeles de carbono, las fibras y telas de carbono activadas, los nanotubos de
carbono (CNT), € grafeno y 6xido de grafeno reducido (RGO), € carbén ordenado
mesoporoso (OMC) y @ carbdn activado (CA), durante las décadas de 2000 y 2010 se
Ilevan a cabo diversas investigaciones aplicando ala CDI los anteriores materiales bien
puros o bien funcionalizados y/o compuestos hibridos con 6xidos metélicos, silices o

polimeros.

Con respecto a los aerogeles y(CAG) xerogeles de carbono (XGC), podemos
destacar la aplicacion de aerogeles con gel de silice [14, 15], carbon activado [15],
negro de carbono (siglas en inglés CB) [16], Oxidos metalicos [17] y xerogeles con

fibras de carbono [18].

En 2001 se aplica por vez primera latela de carbono activada para la adsorcion de
diversas sales de sodio y azufre [19] y en 2003, Ryoo y col. funcionalizan las telas de
carbon activado con TiO, para aplicacion en CDI [20].

Otro material relevante en las aplicaciones de desionizacion capacitiva son 1os
nanotubos de carbono, pudiendo sefidlar la aplicacién de composites con nanofibras de
carbono por primera vez en 2006 [21, 22]. A partir de agqui, se pueden destacar los
trabgjos con materiadles basados en nanotubos de carbono como la aplicacion de
esponjas de CNT como electrodos por Wang [23] y de materiales de CNT compuesto
con quitosano [24], acido poliacrilico [25], OMC [26], MnO,-PSS [27], polianilina[28],
RGO [29] y zeolita[30]. Asimismo, se ha demostrado la eficacia de la funcionalizacion

con grupos amino, sulfato y carboxilo [31].

El grafeno (GF) es otro materia interesante de extensa aplicacion en CDI. La

primera referencia se debe a Li y col. en 2010 [32]. A partir de aqui cabe destacar los
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trabgjos en 2012 de Zhuo y col. con composites RGO-GF-CA [33] y de Zhang con
composites GF-OMC y GF-CNT [34, 35]. Recientemente, se ha propuesto e empleo de
esponjas de grafeno [36]y grafeno funcionalizado con nanoparticulas de TiO, [37].

Paralelamente, entre 2000 y 2010 se fueron desarrollando diferentes tecnologias y
aplicaciones de la CDI distintas a la eliminacion de sal del agua. En 2001 Conway
emplea tela de carbono activada de 2500 m? g™ para la el ectroadsorcién de sales como
sulfuros, sulfatos, tiocianatos o xantato, o0 bien compuestos organicos como la anilina 'y
su sa cationica [19]. En 2002, Andelman patenta una importante mejora en la
tecnologia de CDI consistente en e recubrimiento de |os el ectrodos con membranas ién
selectivas (MCDI) 1o que meora notablemente |a eficiencia de carga debido a que se
imposibilita en transporte de co-iones a los eectrodos [38]. En 2004, Madaria y col.
aplican la desionizacién capacitiva con eectrodos de aerogeles de carbono a la
eliminacion de iones Hg** del agua optimizando el proceso mediante superficie de
respuesta y llegando a obtener valores de eliminacion del 96.3% [12]. En 2005,
Welgemoed lleva a cabo e primer estudio piloto escalable aportando costes de
explotacion y de inversién para una instalacion industrial de CDI [39]. En 2008,
Dermentzis y col. combinan el concepto de electro-deionizacion con € de electrodidlisis
empleando electrodos de gafito poroso que actan como membranas huecas en cuyo
interior se acumulan aniones y cationes que forman una fase de concentrado [40]. El
sistema puede operar en continuo obteniendo eficacias de eliminacion de sal del 90%.
En e mismo afio, Xu y col. llevan a cabo un estudio de selectividad de la CDI de iones
en agua salobre con electrodos de aerogeles de carbono encontrando e siguiente orden
de selectividad ionica 1>Br>Ca>alcalinidad>Mg>Na>Cl [41]. Noked y col. en 2009
estudiaron la relacion entre € tamafio iénico y la distribucion del tamafio de poro del
electrodo encontrando que un tamafio de poro proximo a del i6n da elevadas
capacidades pero cinéticas lentas por o que concluyen que la distribucion Optima
corresponde una mezcla jerérquica de mesoporos y microporos, siendo el aerogel de

carbono activado el que més se adaptaba a estas caracteristicas [42].

En el érea de las aplicaciones, en 2010 Kim y col aplican MCDI ala eliminacion de
sales en agua contaminada con octano para simular una contaminacion con aceite,
encontrando que la eficacia de eliminacion de sal decrecia con la concentracion de
octano pero se mantenian eficacias del 70% estables en €l tiempo con eficiencias de

carga superiores a 90% [43]. En 2010 Anderson y col llevan a cabo un estudio
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comparativo de las diferentes tecnologias de desalacion encontrando que la CDI es
competitiva desde € punto de vista energético solo si se puede recuperar laenergiade la
fase de regeneracion de los e ectrodos [44]. En € mismo afio, Jae-Hun lleva a cabo un
estudio de las reacciones faradicas en los electrodos en funcion del voltagje aplicado ala
celda concluyendo que estas reacciones son importantes a partir de 1 V [45]. En 2011
Arar aplicala CDI alaeliminacién de Cu [46] y Zhang lleva a cabo una aplicacion real
de CDI para aguas residuales reales de la industria del acero [47]. Un importante nuevo
concepto aparece en 2012 con € trabajo de Forresta y Xu donde se combina €l
concepto de CDI con € de pila de combustible microbiana (MFC) para dar lugar a la
celda de desalacion microbiana (MDC) en donde se aprovecha la energia obtenida de la
oxidacion microbiana de compuestos organicos disueltos en agua para alimentar una
celda de CDI y obtuvieron eficacias de desalacion del 70% para una concentracion de
10 g/l de NaCl [48]. En e mismo afio, Suss y col introducen otro concepto novedoso,
los electrodos de flujo a través, en los que la solucion pasa en flujo perpendicular a
través de anodo y cétodo porosos dando velocidades de captacion de NaCl de hasta
1 mg/g.min, en torno a 4 veces més que en la CDI clasica [49]. En relacion con la
estabilidad de los electrodos de carbén poroso, Chen y col llevaron a cabo en 2013 un
minucioso estudio sobre la evolucion de tales electrodos en e tiempo, encontrando que
la superficie especifica disminuye mientras que € tamafio de los poros aumenta 'y se
forman grupos funcionales, sobre todo carboxilos, en la superficie del carbon [50]. Otro
interesante estudio sobre la optimizacién de las condiciones de operacion de una CDI
llevado a cabo en e mismo afio por Demirer y col, demuestra que no se pueden
optimizar simultdneamente las condiciones para la eficacia energética, la eficacia de
desalacion y la velocidad de desalacion, requiriendo € punto Optimo de cada una de
estas variables unas condiciones de operacion especificas diferentes [51]. En 2013 se
prueba un nuevo concepto por parte de Jeon y col consistente en combinar la
electrodidlisis con la CDI empleando una suspension de CA en polvo en las camaras
anddica y catédica de la celda, de modo que se comportaba como un electrodo liquido,
dando lugar ala CDI en flujo (FCDI) [52].
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Figura 2. Hitos histéricos de lainvestigacion cientifica en CDI actualizado a 2016
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Esta tecnologia parece vencer la mayoria de las limitaciones de la CDI convencional
obteniendo eficacias de desalacion del 95% en soluciones de NaCl de 32,1 gL ™. En la
misma linea tecnol0gica, Hatzell y col eliminan la necesidad de membranas de la celda
de FCDI [53] y Porada y col introducen una mejora que aprovecha la energia

almacenada en |os gradientes salinos [54].

Como puede apreciarse, durante los mas de 50 afios que se llevainvestigando la CDI,
se han probado diversas combinaciones de materiales y dispositivos lograndose
configuraciones de la tecnologia cada vez mas eficientes (Figura 2). Entre éelas, la
tecnologia FCDI parece ser la mas prometedora hasta el momento y los primeros
resultados indican que puede competir con la 6smosis inversa tanto desde e punto de
vista energético como del de la eficacia en desalacion, incluso para concentraciones

salinas del orden del agua marina.

1.2. COMPORTAMIENTO DE DIFERENTES MATERIALES EN
CDl

En este apartado se hace un repaso exhaustivo de las propiedades fisico-quimicas
relevantes para que un materia sea apto para su empleo como electrodo en procesos de
CDI y del comportamiento de los diferentes materiales que se han aplicado hasta el

momento en esta técnica

1.2.1. Propiedades de un material aplicable en CDI

A dia de hoy no existe una respuesta a cua es € mejor material de electrodo para
CDI ya que entre otras cosas la eficacia del proceso depende de lainteraccion entre los
materiales de electrodo, la ingenieriay disefio del sistemay €l tipo y concentracion de
iones que se quieren eliminar. En este sentido, para evaluar la eficacia de un material, se
deben definir unas condiciones estdndar que sean representativas del problema a tratar y
gue deben incluir factores como € tipo de celda, € procesado del material para la
conformacién de los electrodos, € modo y condiciones de operacion y € tipo deién o

iones gue se quieren eliminar. Ademés es necesario definir también qué conjunto de
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propiedades y variables marcan la bondad de un material para esta aplicacion y € rango

de valores gque estas deben tener para cada caso concreto.

En 2008, Oren [55] hace unarevision de las caracteristicas que definirian a material

ideal para CDI y que se podrian resumir en la siguiente lista:
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Elevada superficie accesible a los iones que se quiere eliminar.- Cuanto
mayor sea la superficie accesible, mayor serala cantidad de iones que se pueden
adsorber y por tanto alojar en e material. Un material de elevada superficie no
es necesariamente un buen material s su superficie activa esta formada por
poros de tamafio del orden del radio iénico de las especies que se quiere
eliminar.

Elevada movilidad iénica en la red porosa.- Esto requiere una red porosa
interconectada y 1o suficientemente amplia con respecto a tamarfio i6nico de las
especies a electroadsorber, necesaria para una rgpida cinética y una baga
resistenciaionicalo que a su vez repercute sobre la eficiencia de carga.

Elevada estabilidad quimica en € rango de pH y potenciales al que operala
CDI .- Esto esimportante para una elevada vida Util de los electrodos.

Elevada mojabilidad.- Esto asegura también un buen transporte iénico por toda
lared y eliminalas resistencias debidas a transporte del solvente.

Elevada movilidad electrénica.- Necesaria para una buena eficiencia
energética del proceso.

Bajo coste y produccion escalable.- Necesario para las aplicaciones a gran
escala.

Versatilidad de fabricacion.- Tiene que permitir fabricarse en diferentes
conformaciones (I&aminas, monolitos, honeycombs etc.)

Abundancia y renovabilidad.- Esto garantiza no solo una baga huella de
carbono sino la sostenibilidad del material.

Elevada inercia bioldgica.- Esto evita la formacion de biopeliculas que
comprometerian seriamente la eficacia del material.

Baja resistencia de contacto con € colector de corriente.- Esto evita altas
caidas de potencia en e eectrodo que comprometen energéticamente €l

proceso.
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matemati cos a datos experimentales de adsorcion de algun fluido a diferentes presiones.
Asi, aunque los limites de esta clasificacion de poros son, en cierta manera arbitrarios,
estan relacionados con el andlisis de las isoterma de adsorcién/desorcion de nitrégeno a
-196 °C. Se diferencia entre llenado primario de poros del recubrimiento superficia que
ocurre en la superficie externa y en las paredes de macroporos abiertos. A menudo es
atil distinguir entre microporos estrechos o ultramicroporos a aquellos de anchura < 0,7
nm, y microporos anchos 0 supermicroporos para tamafios mayores de que 0,7 nm, cuyo
Ilenado se produce por adsorcion cooperativa (Ilenado secundario) a presiones relativas
més altas.

Los poros también se pueden clasificar en funcion de su geometria. Las geometrias
mas comunmente empleadas, que se suelen aplicar los modelos empleados para €l
clculo de dimensiones de poro a partir de isotermas de adsorcion de gases, son la
geometria cilindrica y la geometria en rendija. También se definen otras como
geometria de poro corrugada, de cuello de botella o globular, algunas de las cuales se
muestran en la Figura 4. Si atendemos a la accesibilidad a un fluido externo a la red
interna de poros, podemos clasificar estos como cerrados, es decir, sin acceso al
exterior y por tanto inactivos a flujo de fluidos o abiertos que son aguellos que tienen

comunicacion con la superficie externa.

/&>

Figura 4.-Seccion trasversal de un entramado poroso con varios tipos de poros: cerrados (C), globulares

(B), trasversales (T), interconectados (1), adyacentes con ciertarugosidad (R).

Ademas de las propiedades anteriores de los poros, la tortuosidad de lared porosa es
otra importante caracteristica que raramente se menciona en los trabajos sobre CDI (no

asi en aquellos relacionados con teoria de transporte en medios porosos) y que influye
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decisivamente en la cinética de transporte en una red porosa [57]. Se puede definir
como la relacién entre la longitud entre dos puntos unidos por una linea recta y la

longitud definida por un canal de transporte que une los dos puntos (Figura 5).

&

Figura 5.- Representacion del factor de tortuosidad de lared de poros.

Como se hamencionado mas arriba, la superficie accesible alosionesy lamovilidad
ionica en e interior del material estan intimamente ligadas a las propiedades
nanotexturales, concretamente a la superficie especifica del material, a la distribucién
del tamafio de poros (PSD) y a la tortuosidad. Las dos primeras tienen que ver con la
superficie accesible para la adsorcion que determina en gran medida la capacidad de
electroadsorcion (CEA) en € equilibrio y la segunda y tercera, determinan la cinética
del proceso de el ectroadsorcion de forma que cuanto mayor sea €l tamafio de los porosy
menor sea la tortuosidad, més rapido sera e transporte iénico y mas rdpido sera €
proceso. Sin embargo, un mayor tamario de poros esta refiido con una elevada superficie
especifica, por lo que ala hora de disefiar un material optimizado para CDI siempre hay

que buscar una solucién de compromiso entre superficie especificay tamafio de poro.
1.2.1.2. Quimica superficial

La electroadsorcion de iones es de naturaleza electrostatica, o que implica la
existencia de regiones en la superficie del material con densidades de carga contrarias a
la degl i6n en cuestion. Esto es lo que ocurre en los materiales de carbono con
hibridacién sp?, donde existe un conjunto de electrones 1 deslocalizados que se pueden
mover en una banda de conduccion por accién de un campo eléctrico, creando una
densidad de carga negativa o0 positiva en la superficie del material de forma
generalizada, haciendo de toda su superficie un lugar adecuado para la adsorcion
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mediante interacciones dispersivas tipo Van der Waals [58]. Esto es o que se conoce
como adsorcién fisica o fisisorcion. Pero ademas pueden existir sitios especificos
formados por heterodtomos distintos del carbono que pueden generar otro tipo de
interacciones con los iones como enlaces idnicos o covaentes, dando lugar a la
adsorcion quimica o quimisorcion [59]. En e caso de materides de carbono, los
heterodtomos més frecuentes son B, N, S, P y fundamentamente el oxigeno. Estos
heterodtomos suelen estar ya en € materia de partida, aunque pueden incorporarse
mediante tratamientos post-sintesis (e.g., oxidacion, dopado con azufre o nitrogeno, o
funcionalizacion con 6xidos metdlicos) [60] [61]. La presencia de heteroatomos da lugar
a grupos funcionales capaces de dterar la CEA del material de electrodo [62] ya que la
adsorcion en este tipo de sitios puede ser mas estable que la adsorcién fisica, y crear
uniones irreversibles que provoquen gue la eficacia del material decrezca con e uso del
mismo. Este tipo de sitios puede generar también lo que se conoce como efectos
pseudocapacitivos o pseudofaradicos, en los que ocurre una transferencia de carga desde
el i6n adsorbido a heterodtomo o viceversa pero sin que esa carga se transfiera a la
matriz del material y sin que se produzca una oxidacion o reduccion efectivas del
heterodtomo ( o del i6n). En este caso se genera una corriente farédica sin adsorcién
ionica asociada al transporte electrénico por 1o que estos procesos tienden a disminuir la
eficiencia de carga en una CDI como se explico en la seccion 1.1. En otros casos, la
modificacion mediante tratamientos especificos puede mejorar la CEA del material
como es el caso del dopado con N o la funcionalizacién con éxidos metalicos [60] [61].
Estas modificaciones no solo aumentan la cantidad de sitios donde se genera una
acumulacién de portadores de carga (electrones o vacantes) sino que suelen mejorar la
mojabilidad del material, disminuyendo su resistencia a transporte iénico, y su

conductividad eléctrica.
1.2.1.3. Conductividad eléctrica

Se entiende por conductividad eléctrica de un materia, la facilidad que tiene este
paratransportar sus portadores de carga en su seno bgjo la accion de un campo el éctrico.
Esta propiedad depende directamente de la concentracion de portadores de cargay de la

movilidad de los mismos, |0 que comunmente se denomina carga libre de un material.

Como se ha comentado anteriormente, para que se produzca la electroadsorcion

hemos visto que es necesaria la creacion de un campo eléctrico entre dos electrodos.
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Esto crea una asimetria de carga entre ambos €l ectrodos generada por los portadores de
carga del material (electrones o vacantes) que a su vez provoca la migracion de aniones
y cationes para compensarlay restablecer €l equilibrio. Si forzamos externamente a que
este campo se mantenga constante a pesar de los iones adsorbidos en los electrodos, se
generard una corriente el éctrica entre ambos el ectrodos que trata de mantener el campo
en un vaor constante compensando €l efecto neutralizador de los iones adsorbidos. En
un proceso capacitivo ideal, esta corriente se ira atenuando hasta disiparse cuando ya no

puedan adsorberse méasiones de la solucion al potencial aplicado.

Ademas de sus caracteristicas texturales, la CEA de un materia también depende de
la cantidad de portadores de carga que pueden acumular y esto depende principa mente
de su conductividad eléctrica. La conductividad eléctrica esta relacionada con la
existencia de niveles de energia atdbmicos que permiten la movilidad de electrones
libremente por toda la red del material. En el caso de los conductores metdlicos, esta
movilidad se debe a la presencia de orbitalesd y en €l caso de |os materiales de carbono
a la de orbitales hibridos sp? que alojan electrones 1 deslocalizados que se pueden
mover libremente por todalared.

En € caso de los materiales de carbono porosos como el carbén activado, la
conductividad también esta relacionada con la cantidad de caminos disponibles para el
transporte de carga, al tratarse de materiales discontinuos. Esto implica que, en general,
cuanto mas poroso es un material menor es su continuidad, menor € ndmero de
caminos de transporte y menor su conductividad, es decir, se produce una situacion de
conflicto entre dos parametros importantes del proceso de electroadsorcion en la que
hay que llegar a una solucién de compromiso. En este caso, € dopado con nitrégeno o
la funcionalizacion con nanoparticulas metdlicas suele mejorar la conductividad del
material proporcionando portadores de carga libre extray méas caminos de transporte.

En la bibliografia consultada para llevar a cabo esta memoria, se ha podido
comprobar que € conjunto de condiciones empleadas para poner a prueba un material
difiere de un trabgjo a otro, por lo que es dificil hacer una comparaciéon homogénea
entre ellos. En las tablas 1 y 2 aparece un resumen de los materiales que se han
ensayado a lo largo de la historia de esta tecnologia, donde se puede comparar de un
vistazo el comportamiento de los diferentes materiales tanto en medidas de CDI como

de voltametriaciclicay de las condiciones en las que se han llevado a cabo |os ensayos.
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1.2.2. Electrodos basados en Carbén Activado

El carbon activado (CA) es uno de los materiales de electrodo mas comunmente
utilizado en procesos de CDI ya que cumple muchas de las caracteristicas idéneas
requeridas para esta aplicacién: posee elevada superficie (800-2000 m?/g) y amplia
distribucion de tamafios de poro (anchura <100 nm), posee por lo general una
estructura porosa interconectada, tiene una buena conductividad eléctrica, se puede
conformar empleando ligantes, es barato (0,5-2 €/kg), abundante, puede proceder de
fuentes renovables y su composicion quimica es facilmente modificable para obtener

materiales més hidrofilos y estables quimicamente.

Los primeros estudios sobre CDI realizados entre principios de la década de 1960 y
finales de los 70, se llevaron a cabo empleando carbdn activado, grafito, y mezclas de
negro de carbono o charcoa con grafito. Estas mezclas en polvo se depositaban sobre
un soporte fibroso inerte el cual se presionaba sobre un colector de corriente metalico
para conformar € electrodo. En la actualidad, y dado que se trata de un material barato
y abundante, se ha seguido investigando sobre las posibilidades de este materia
llevando a cabo diferentes modificaciones quimicas que mejoren su eficacia en CDI.
Asi mismo se ha empleado como material de referencia para comparar la propiedades
de nuevos materiales de electrodo que han ido surgiendo, por lo que actualmente se
dispone de una interesante coleccion de datos sobre e comportamiento en CDI de
electrodos basados en CA. En las Tablas 1 y 2 se recoge un resumen de los trabgos
encontrados en la bibliografia sobre e empleo de diferentes materiales de carbono como
electrodo, tanto en CDI como en voltametria ciclica (CV) o descarga galvanostética
(GD) en diferentes condiciones. En e caso de |os carbones activados, se puede observar
en la Tabla 1 que las capacidades de adsorcion en CDI varian entre 0,28 y 20,91 mg/g.
Esta enorme disparidad de resultados se debe en gran parte a las caracteristicas de los
materiales empleados en e electrodo, pero también a las diferentes condiciones
experimentales, ya que existe una dependencia clara de la capacidad de el ectroadsorcion

con €l voltaje aplicado alacelday con la concentracion inicial de electrdlito.

En la mayoria de los casos se emplea NaCl como electrdlito y se trabaja bien en
celdatipo "Stack" (SK) en modo circuito cerrado (CC) o bien con celda tipo batch (BC)
en modo batch (B) siendo estos dos modos equivalentes desde € punto de vista

termodinadmico, dado que en ambos casos la misma disolucion salina esta en contacto
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voltgje de 1V y con una concentracion inicia de electrdlito de 0,5 mM. Sin embargo no
se dan datos de eficiencia de carga para estos dos CASs.

Para tratar de discernir a qué se deben las variabilidades observadas en la CEAN de
los diferentes electrodos, se ha estudiado la correlacion entre este valor y las
propiedades texturales (superficie especifica y volumenes de poro) de los carbones
activados empleados en la fabricacion de los electrodos. La Figura 7 reflejalarelacion
entre la CEAN y la superficie y el volumen de microporos respectivamente. Se puede
observar una fuerte correlacion entre la CEAN y estos dos parametros texturales, sin
embargo, las correlaciones con la superficie y volumen de mesoporos (no mostradas)
son menos claras. Los datos mostrados corresponden a medidas redlizadas en
condiciones de equilibrio y otra caracteristica importante requerida para una aplicacion
comercial de CDI es una cinética rapida. La duracion del ciclo de adsorcion es
indicativo de la cinética del material, si bien este parametro estd muy influenciado, a
igual que en & caso de la CEA, por la concentracion inicial de sal y por € voltge
aplicado a la celda. Para tener en cuenta ambos efectos se ha calculado, a partir de los
resultados de |a literatura, una velocidad media de adsorcion dividiendo la CEAN por €
tiempo del ciclo de adsorcion para cada materia referenciado. La relacion entre este
parametro y la superficie y volumen de microporos aparece en las Figuras 7c y 7d. En
ellas se puede observar nuevamente una clara correlacion entre estos dos parametros y
el valor de la velocidad media de adsorcion para los CA estudiados y que sorprende
especialmente por proceder cada punto del grafico de datos de trabgos diferentes.
Nuevamente, la correlacion con € volumen de mesoporos o fraccion de los mismos no
parece tan clara. A la vista de estos resultados se puede concluir que en el caso de los
CA lasuperficie y volumen de microporos parecen ser el factor determinante tanto en la

adsorcion deiones como de la cinéticadel material.

En la literatura también se recogen datos de CA funcionalizados incorporando
diversos heterodtomos (i.e., oxigeno, nitrégeno) o nanoparticulas metdlicas, puesto que
la ademés de las propiedades texturales, la composicion quimica es otro factor
importante del que depende la CEA de un material de electrodo. En la Figura 6 se han
representado las CEAN de los diferentes CA funcionalizados y como puede observarse,
en general se megjoran ligeramente los valores en comparacion con los CA de partida, si
bien las capacidades son todavia relativamente bagjas. Entre los mejores resultados
destacan los obtenidos con CA funcionalizado con hexamina y TiO, [60], y con
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nanoparticulas deZnO [66]. No existen datos suficientes sobre textura de dichos
materiales, por lo que no se puede establecer una relaciéon entre sus CEAN vy sus
parametros texturales; no obstante se puede concluir que la funcionalizacion con Oxidos
metalicos en muchos casos mejora la CEAN del CA. A modo de gemplo, CA
funcionalizados con TiO, exhiben CEAN entre 6,2 veces [60] y 49,8% [67] mayor que la
del CA sin tratar. Esto se atribuye por un lado a una mayor generacion de electrones en
el catodo y de vacantes en el @nodo bajo la accién de un campo el éctrico en los carbones
funcionalizados y por otro a una mejor mojabilidad del electrodo, lo que favorece los

procesos de transporte hasta los sitios de adsorcion y la cantidad de estos disponibles.
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Figura 7. Relacion entre parametros texturales y propiedades el ectroquimicas en carbones activados.

A modo de resumen, si bien e carbon activado es un buen materia de electrodo de
acuerdo con los requisitos propuestos por Oren et a [55], presenta ciertas limitaciones
como es su conformado en diferentes geometrias. Esto requiere el empleo de sustancias
ligantes que confieran plasticidad a los electrodos y que son generalmente no
conductores y no porosos, restando capacidad al CA y confiriendo una bgja resistencia
al efecto erosivo del agua, comprometiendo la estabilidad del conformado. .
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MATERIAL
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CAG/PCP
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CNTs
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CA

CNTs

CNTs
MnO,/PSS/CNTs

CONFORMACION ELECTRODO

Pegado a Ti colector con cola conductora

Pegado a Ti colector con cola conductora

Pegado a Ti colector con cola conductora

Pegado a Ti colector con cola conductora

Pegado aTi colector con cola conductora

Pegado aTi colector con cola conductora

Pegado a Ti colector con cola conductora

Pegado a Ti colector con cola conductora

Pegado a Ti colector con cola conductora

Colector de acero y contacto por presion

Pasta de AGC/SG +binder extendida sobre colector

Monoalitos circularest+carbon gluet+colector Ti

Monoalitos circulares+carbon gluet+colector Ti

Carbon activo granular separado de la solucion por membrana
Carbon activo granular separado de la solucién por membrana
Carbon activo granular separado de la solucién por membrana
CA P+PTFE+CB prensado sobre colector de grafito

OMC P+PTFE+CB prensado sobre colector de grafito

OMC P+PTFE+CB prensado sobre colector de grafito

OMC P+PTFE+CB prensado sobre colector de grafito
Composite de SIO,NPsy MgAI,O; infiltradas en CCE (Porvair)
Composite de SIO,NPsy MgAl,O;s infiltradas en CCE (Porvair)
Composite de SIO.NPsy MgAl,O; infiltradas en CCE (Porvair)
Composite de SIO,NPsy MgAl,Os infiltradas en CCE (Porvair)
CA/TiO+RESINA+HEXAMINA sobre papel de grafito

CA +RESINA+HEXAMINA sobre papel de grafito
CNTs+RESINA+HEXAMINA sobre papel de grafito

ACFs +presién sobre papel de grafito

RGO/RF+PTFE+colector grafito

RGO+PTFE+colector grafito

CA+PTFE+colector grafito

CNTs+AI(NOs)s+colector de papel de grafito por EPD
CNTs+PAA+colector de papel de grafito por EPD
MnO,/PSS/ICNTs+GR+PTFE+colector de papel de grafito+IEM
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SK
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PS
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PS
PS
PS
PS
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12
12
12
12
12
12
12
12
1.0
0.9
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20
2.0
0.8
0.8
0.8
0.8
-15
-15
-15
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12
12
12
12
2.0
2.0
20
12
12
12

ELEC

NaCl
NaNOs;
NaCl
FNa
FNa
NaCl
NaCl
NaNOs;
NaNO;
NaCl
NaCl
NaCl
NaCl
NaCl
NaCl
NaCl
NaCl
NaCl
NaCl
NaCl
Cl.Ca
Cl,Mg
COsCa
CO:Mg
NaCl
NaCl
NaCl
NaCl
NaCl
NaCl
NaCl
NaCl
NaCl
NaCl

C.E
(mg/l)
588
588
588
42
100
58.45
140.28
80.75
153
5.84
1000
50
500
627
627
627
46.76
46.76
46.76
46.76
40
17
35
17
500
500
500
500
65
65
65
32
32
128

SADS
(mg/g)
34
8.0
34
2.7
4.9
14
45
34
5.0
18
2.8
7.0
?

?

?
0.28
0.60
0.93
0.54
0.034
0.017
0.030
0.015
9.97
6.11
11.46
8.12
3.23
1.80
151
0.97
243
4.7

TADS
(min)
28
35
120
180
180
180
180
180
180
300
4
300
300
20
20
20
100
100
100
100
20
20
20
20
200
200
300
50
30
30
30
90
60
25
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EST

>100



[27]
[79]
(31
(31]
(31
(37
(37
(37
(37
[76]
(61]
(61]
(71
(71
(64]
(78]
(78]
(78]
(79
(67]
(80]
(81]
(82]
(83
(66]
(66]
(66]
(66]
(66]
(66]
(66]
(66]
(66]
(84
(84]
(84

MnO,/CNTs
CXG-S0O,
CNTY/SO;
CNTS/NH3
CNTY/COO
GAG
GAG/TIO,

CA

CA/TiO,
CA+NOzH
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CA
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CcC
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PS
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PS
PS
PS
PS
PS
PS
PS
PS
PS
PS
PS
PS
PS
PS
PS
PS
PS
PS
PS
PS
PS
PS
PS
PS
PS
PS
PS
PS
PS
PS
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12
12
12
12
12
12
12
12
12
2.0
16
16
16
16
1.0
12
12
12
0.8
16
12
14
16
16
12
12
12
12
12
12
12
12
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12
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NaCl
NaCl
NaCl
NaCl
NaCl
NaCl
NaCl
NaCl
NaCl
NaCl
NaCl
NaCl
NaCl
NaCl
NaCl
NaCl
NaCl
NaCl
Cu(NOs),
NaCl
NaCl
NaCl
NaCl
NaCl
NaCl
NaCl
NaCl
NaCl
NaCl
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NaCl
NaCl
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32
32
32
500
500
500
500

1000
1000
800
800
585
500
500
500

200
672
640
500
500
500
500
500
500
500
500
500
500
500

74

74

74

331
45
1.42
1.39
0.96
10
15.8
1.25
25

8.1
54
27.76
11.3
20.91
18.7
21.0
14.6
140

12.8
113
5.81
13.71
7.2
9.4
8.7
7.9
59
82
2.7
6.4
45
119

100
30
50
30
75
75
4.1

125
14

30
>30
60
30
40
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25

22
17

73%
65%
40%

80%
57%
81%
45%

55%
60%
49%

74%

40%
49%
59%
80%
74%
7%
38%
71%
13%
45%
40%
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[65] CA/KOH CA/KOH+PVDF/DMAC en forma de monolito SK CcC PS 12 NaCl 29 21 40

[85] RGOITiONr RGOITiO+ PVDFDMAC sobre papel grafito SK CA PS 12 NaCl 568 16 041 69%
[86] OMC-H;0, OMC-H,0,+ PYDF/DMACc en forma de monolito SK CcC PS 12 NaCl 500 6 30 50%
[87] CNT/ACNF CNT/ACNF sobre papel de grafito SK CcC PS 12 NaCl 500 6.4 20 25%
[88] MOF MOF+BINDER? SK CcC PS 12 NaCl 500 94 175
[88] CA CA+BINDER? SK CcC PS 12 NaCl 500 55 125
[89] CNTS/CHS CNTY/CHS+AAC sobre colector de Ti SK CcC PS 12 NaCl 58 10.7 20
[90] MWCNTs MWCNT/PR+UROTROPINA sobre colector de grafito SK CA PS 1 NaCl 790 - 15
[91] CAG act CAG monolith/Ti collector SK B PS 12 NaCl 5850 11,7 150
[91] CAG CAG monolith/Ti collector SK B PS 1,2 NaCl 5850 7,31 150
[17] CAG/MnAct CAG-Mn monolith/Ti collector SK B PS 0,9 NaCl 5850 6,43 130
[17] CAG/FeAct CAG-Fe monolith/Ti collector SK B PS 09 NaCl 1460 4,09 100
[92] CXG 355 CXGX/colector Ti SK B PS 12 NaCl 1460 2,63 130
[92] CXG480 CXGX/colector Ti SK B PS 0,9 NaCl 1460 2,34 150
[92] CXG 500 CXGX/colector Ti SK B PS 0,9 NaCl 1460 2,16 125
[93] CAG4-CB CAG monolith/Ti collector SK B PS 0,9 NaCl 1460 4 120
[94] CAG-MRFO CAG monolith/Ti collector SK B PS 0,9 NaCl 1460 3 120
[94] CAG-MRF1 CAG monolith/Ti collector SK B PS 0,9 NaCl 1460 1 120

Tabla 1.- Resultados de diferentes materiales en CDI. C.E. conformacion de electrodo, CELDA: tipo de celda (swagelock SW o stack SK, batch cell BC); M H: modo hidréulico (B batch, CC circuito cerrado, CA
circuito abierto); M EQ modo electroquimico (PS potenciostético, PS-RE potenciostético vs referenciay GS gal vanostético), V/1 voltgje intensidad; ELEC electrdlito; C.E. concentracion electrdlito; SADS sal
adsorbida; TADS tiempo de 9 adsorcidn; EQ eficienciade cargay EST estabilidad en n° de ciclos para pérdida del 10% de actividad.

REF MATERIAL CONFORMACION ELECTRODO CELDA M H M EQ ELEC CE \AY J Y CAPA EST
(mol/l) (volt) (mAlg) (mVls) Fig

[95] CAG/PCP CAG/PCP+colector de Ni SW B VC SO4H, 1 0/0.8 95

[95] CAG/Ru/PCP CAG/Ru /PCP+colector de Ni SwW B VC SO4H, 1 0/0.8 268

[96] CAG Monolito en contacto con colector de Ti por presion BC B VC FNa 0.01 - - 1 30

[97] CAG Monolito en contacto con colector de grafito por presion SW B VC SO4H, 1 - - 1 2204 -

[98] G-Si Monolito de resinade resorcinol con particulasde S VC FNa 0.01 1 25

carbonizada, etched y grafitizada. grafito macroporoso

[99] CA+CB Casting sobre colector con termopl&stico como binder BC3E B VC NaCl 05 A4/+0.6 45

[100] CA PAC+PVDF+CB SW3E B VC SO4H, 1 01 5 150

[100] CA-U PAC+PVDF+CB SW3E B VC SO4H, 1 01 5 200

[100] CA-M PAC+PVDF+CB SW3E B VC SO4H, 1 01 5 330
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CAGP+binder termopléstico sobre colector de grafito
ACC+binder termopléastico sobre colector de grafito
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RGO+PTFE+colector grafito

CA+PTFE+colector grafito

CAGP+PVDF+ colector detitanio
CNTs+AI(NO;)s+colector de papel de grafito por EPD
CNTs+PAA+colector de papel de grafito por EPD

MnO,/PSSICNTs+GR+PTFE+colector de papel de grafito

CdD/Co Nps+Nafion+isoprop sobre GC como colector
RGO+Nafion+isoprop sobre GC como colector
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SO4H,
SO4H,
SO4H,
SO4H,
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SO4H,
NaCl
NaCl
NaCl
NaCl
CIK
CIK
KOH
KOH
NaCl
NaCl
NaCl
NaCl
NaCl
NaCl
NaCl
CIK
CIK
NaCl
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NaCl
NaCl
NaCl
NaCl
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NaCl
NaCl
NaCl
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0/1
0/1
0/1
0/1
01
01
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-0.2/0.8
-0.2/0.8
-0.2/0.8
-0.2/0.8
-0.5/0.5
-0.5/0.5

-1/0
-.4/+0.6
-.4/+0.6
-.4/+0.6

-1/0

-1/0
-0.5/0.5
-0.6/0.6
-0.6/0.6
-.4/+0.6
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0/1
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-0.5/0.5
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50
50
50
50
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10
10
10
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100

N N OO

200
190
253
260
330
246
235
108
140
192
174
79.4
99.8
108
92
45
30
31,6
135
112
85
75
109.15
59.9
78
206.1
205.5
120
140
110
100
6.1 mF
58.5
142.6
535
73.13
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[108] THK-CA THK-CA/PVDF sobre esponja de Ni como colector BC3E B VC KOH 6.0 -1/0 10 256
[108] THNaCA THNa-CA/PVDF sobre esponjade Ni como colector BC3E B VC KOH 6.0 -1/0 10 84
[77 GO/RFmsphere GO/RF+CB+PTFE+colector Ni foam BC3E B VC KOH 53 -0.8/0.2 10 290
[777  RFmsphere RFM S+CB+PTFE+colector Ni foam BC3E B vC KOH 53 -0.8/0.2 10 72.7
[64] CA-KOH CA+PVDFDMAC BC3E B VC NaCl 1 -.4/+0.6 10 175
[78] GOI/CNTs GO/CNTs+CB+PVA sobre papel grafito BC3E B vC NaCl 1 -0.2/0.8 10 200
[78] NGS NGS+CB+PVA sobre papel grafito BC3E B VC NaCl 1 -0.2/0.8 5 286.86
[78] GS GS+CB+PVA sobre papel gréfito BC3E B vC NaCl 1 -0.2/0.8 5 204.66
[79] MnO,/CF MnO,/CF por electrodeposicion/TD=1000s BC3E B VC SO:Na 1 0/1.0 5 387
[67] CAITIO, CA/TiO,/ DMAC+PVDF +GR sobre |amina de grafito BC3E B vC NaCl 0.1 -1 5 135
[67] CA CA/DMAC+PVDF +GR sobre [amina de grafito BC3E B VC NaCl 0.1 -1 5 116
[109] CA resid cafe ? ? ? ? ? ? 10 220
[82] PCSs PCSs+PV A+CB sobre colector de grafito BC3E B VC NaCl 1 -0.5/0.4 10 48
[83] NPCSs NPCSs+PVA+CB sobre colector de grafito BC3E B VC NaCl 1 -0.5/0.4 1 290
[66] CA/ZnONPs CA/ZnONPs+PTFE sobre colector de Ti BC3E B VC NaCl 1 -0.2/0.3 2 66
[66] CA CA +PTFE sobre colector de Ti BC3E B VC NaCl 1 -0.2/0.3 2 494
[84] TEGO/KOH TEGO/KOH+PTFE+CFP SK CcC VC NaCl 12 0/2 2 20.1
[65] CA/KOH CA/KOH+ PVDF/DMAc en forma de monalito BC3E B VC NaCl 1 -0.4/0.6 10 66
[85] RGO/TiONr RGO/TiO+ PVDF/DMAC sobre papd grafito BC3E B VC NaCl 1 -0.4/0.6 10 450
[86] OMC-H;O, OMC-H,0,+ PVDF/DMACc en forma de monolito BC3E B vC NaCl 0.009 -0.4/0.8 5 99
[88] MOF MOF+ligante sin especificar BC3E B VC NaCl 05 -1.211.2 50 108
[88] CA CA+ ligante sin especificar BC3E B vC NaCl 05 -1.2/1.2 50 48
[89] CNTS/CHS CNTSCHS+AAC sobre colector de Ti BC3E B VC NaCl 1 -0.4/0.6 20 38

Tabla 2.- Capacitancias de diferentes materiales. C.E. conformacion de electrodo, CELDA: tipo de celda (swagelock SW o stack SK, batch cell 3 electrodos BC3E); MH: modo hidraulico (B batch, CC circuito cerrado,
CA circuito abierto); M EQ: modo e ectroquimico (PS potenciostético y GS galvanostético); ELEC: electrdlito; CON. EL: concentracion electrdlito; VV: ventana de voltaje; J: densidad gravimétricade corriente ; v:
velocidad de barrido; CAPA: capacitanciay EST: estabilidad en n° de ciclos para pérdidadel 10% de actividad.
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En cuanto a la estabilidad quimica del eectrodo, es decir € ndmero de ciclos de
adsorcion-desorcion manteniendo su CEA, son pocos los datos que aparecen en la
literatura, y en estos, apenas se estudia la estabilidad mas alade 12 ciclos [66].

A menudo en laliteratura se evalUa la capacitancia el ectroquimica de un determinado
material como un buen indicador de su comportamiento en CDI. La técnica
comunmente empleada para determinar este pardametro es la voltametria ciclica lo que
dificulta los estudios comparativos, dada la variabilidad de pardmetros de operacion de
estos ensayos (tipo y concentracion de electrdlito, ventana de potencia aplicada,
electrodo de referencia, velocidad de barrido, del tipo de celda, etc.), No obstante se
pueden establecer ciertas comparativas, Por gemplo, Seredych y col. estudian €
comportamiento electroquimica de CA modificados con melamina o con urea,
empleando H,SO4, 1 M como electrdlito en una celda de tres electrodos y una ventana
de potencial de 1V [100]. En estas condiciones, el CA tratado con melamina sin
oxidacién previa presenta un valor de capacitancia de 330 F g, casi 3 veces superior a
CA sintratar, y que los autores atribuyen ala presenciadel N aportado por la melamina.
Otro giemplo lo constituye los CA funcionalizados con 6xidos metdlicos [67] [66], o
con tratamiento de oxidacion [76], cuya capacitancia mejora con respecto a la del
material no modificado.

1.2.3. Electrodos basados en fibras de carbono activadas

Las fibras de carbono activadas (ACF), se preparan por pirdlisis seguida de
activacion quimica o fisica de fibras polimeéricas estabilizadas térmicamente. Son pocos
los trabgos realizados hasta e momento sobre CDI basada en ACFs. En [60] se
comparan las ACF con CA y un material mixto CA/TiOy), Si bien en este trabgo €
CA/TiO; es e material que mas sal elimina (44,9% de eliminacion frente al 13,8% de
las ACF), cuando la capacidad de eliminacion se normaliza frente ala masa del material
de electrodo, la concentracién inicia de electrolito y €l voltaje, se obtienen valores de
CEAN muy similares para ambos materides (0,017 y 0,014 mgg ppm™Vv?,
respectivamente). Por e contrario, la cinética del proceso es un orden de magnitud
superior en e caso delas ACF (2,71,10 frente 2 8,308,10° mg g *ppm™Vv*s™).
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También se han probado las ACF con tratamientos de oxidacion con HNO3; para
mejorar su quimica superficial [80]. En este caso se obtuvo una CEA bastante similar a
las anteriores de 0,0159 mg g™ ppm™V* aunque en este caso no se dan datos sobre la

cinética del proceso. La eficienciade carga estaba en torno al 74%.

En otro trabajo se funcionalizan las ACF con MnO, y se emplean parala eliminacion
de iones cobre en disolucion de Cu(NOs), de 6 ppm obteniéndose una CEAN de 29,17
mg g ppm ™V valor sensiblemente més alto que los vistos hasta € momento. En este
trabgjo también se mide la capacitancia por voltametria ciclica en NaSO, 1M
obteniéndose un valor de 387 F g™. Estos elevados valores de CEAN vy capacitancia se
deben por un lado al tipo de electrélito empleado y por otro a efecto pseudocapacitivo
del MnO,.

Finalmente, en [87] se sintetiza un composite de nanofibras activadas (ACNF) con
CNT para eliminar NaCl, y obteniéndose una CEAN de 0,011 mg g ppm™V™* y una
cinética de 5,3,10* mg g ppm ™V sen linea con los valores del resto de los materiales,

Sin embargo la eficiencia de carga para este material fue tan solo del 25%.

1.2.4. Electrodos basados en carbones mesopor0sos ordenados

L os carbones ordenados mesoporosos (OMC), consisten en una estructura carbonosa
altamente ordenada y uniforme procedente de la polimerizacion y carbonizacion de
determinados precursores organicos en presencia de un molde o template, generalmente
de carécter siliceo que se eimina después de la carbonizacion dejando una estructura
porosa ordenada. EIl OMC se aplicd por vez primera a electrodos de CDI en 2008 [71],
pero son pocas las publicaciones sobre este material en CDI. Entre los trabgjos mas
representativos de OMCs aplicados a CDI tenemos [71] donde preparan OMCs
empleando como molde ortosilicato de tetraetilo (TEOS) junto con Ni SO4-6H,0O
(OMC-S) 0 Ni(NO3),-6H,0 (OMC-N) o TEOS solo (OMC-W). Para estos materiales se
obtienen CEAs de 0,025, 0,0144 y 0,016 mg g™ppm V! con unas cinéticas de 2,49-10°
41,44-10*y 1,60-10* mg g ppm™V*s* respectivamente. Se observa que tanto la CEA
como la constante cinética del OMC-S son superiores a los de sus homdlogos y a los
valores tipicos de materiales de carbono revisados hasta e momento. Esto se achaca a

gue e OMC-S aunqgue tiene un érea superficial especifica smilar a la de OMC-N

43



(ambas mayores que OMC-W), e diametro de los poros es mayor (3,7 nm frente a 3,3
nm). En las medidas de voltametria se obtuvieron valores de 192 (OMC-S), 174 (OMC-
N) y 140 (OMC-W) Fg?, lo que sigue més o menos la tendencia de los vaores de
CEAN.

En otro trabajo llevado a cabo en 2015 [86] se preparan seis OMC cambiando las
condiciones de sintesis, obteniéndose materidles con superficies especificas entre
709-732 m® gty 1400-1481 m* g™. Las CEAN del primer grupo son 0,007 y 0,003
mientras que en e segundo grupo van de 0,010 a 0,015 mg g ‘ppm™V*, observandose
una clara correlacion entre la superficie especifica BET y la capacidad de
electroadsorcion en todas las muestras sintetizadas. Por otra parte, se obtienen mayores
capacitancias medidas por voltametria ciclica en las muestras con mayores areas

superficiales, con eficiencias de carga rondando €l 50% en todos |os casos.

1.2.5. Electrodos basados en grafeno

El grafeno, aislado por vez primera por Andre Geim y Konstantin Novoselev en
2005, consiste, idealmente, en una lamina bidimensional de &omos de carbono con
hibridacién sp? que le confiere una elevada conductividad eléctricay con una superficie
tedrica de 2630 m?/g. El grafeno real, por su tendencia a agregarse, consta generalmente
de 3-5 capas en los megores casos y aparece formando pliegues intrincados que
conforman poros tipo rendija en su seno. Todas estas propiedades hacen gque sea un

candidato a priori adecuado como materia de electrodo para CDI.

El grafeno se aplico por vez primera en CDI en 2009 [32], obteniéndose valores de
capacidad de electroadsorcion bastante elevados. Entre |os trabajos mas representati vos
cabe destacar e realizado por Li et a [32], que sintetizan copos de grafeno por
exfoliacion quimicay reduccion con hidrazina. La CEAN obtenida de los electrodos de
este material fue de 0,027 mg g ppm™V?, del orden del doble de los materiaes
estudiados hasta e momento, con una constante cinética normalizada de 3,37-102
mg g ppm Vv s?, también de las més elevadas obtenidas hasta la fecha con otros
materiales. En 2012, Wang y col [73] sintetizan un composite de RGO con resorcinol -
formaldehido (RGO/RF) extendido sobre un colector de grafito consiguiendo CEAN de
0,025 mgg'ppm?Vv? frente a 0,014 del RGO sin RF. Las constantes cinéticas
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normalizadas fueron en este caso de 8,28-10* y de 4,62:10* mg g* ppm™* v* s?
respectivamente. Con estos materiales obtuvieron capacitancias por VC de 135 Fg™* en
NaCl 1IM. En lamismalineaLiuy col [77] sintetizaron microesferas de RF envueltas en
GO depositadas sobre colectores de espuma de Ni donde conseguian, dependiendo de la
cantidad de GO afadida, superficies de 94 a 1128 m?/g. Con este Gltimo, conseguian
CEAs en torno a 0,021-0,023 mg(g.ppm.V)™* dependiendo del voltaje aplicado y unas
eficiencias de carga entre 78% y e 81%. Las cinéticas linearizadas de este material

mostraron resultados en linea con € anterior.

Xu y col sintetizan esponjas hibridas de GO y CNT consiguiendo CEAN de hasta
0,035 mg g'ppm™*V'y eficiencias de carga del 60% por la adicién de los CNT [78].
También describen cinéticas muy elevadas para estos materiaes, de hasta 9-10™
mg g ppm Vs, En este caso las superficies especificas no son elevadas (valores de
345y 493 m? g1), sin embargo tanto el didmetro de poros de en torno a 12 nm junto con
la elevada conductividad eléctrica del material (ca 1,1 S cm™) parecen ser factores
clave para e elevado rendimiento de estos materiales. Li y col preparan GO activado
con KOH obteniendo un valor de CEAN de 0,08 mgg'ppm™V?, e més elevado
registrado hasta e momento [84]. La cinética de adsorcién de 3,22-10° mg g ppm V-
!s™ también es de las més elevadas. La capacitancia de 20 Fg™* no se corresponde con
los elevados valores de CEAN, hecho que puede ser debido a la baja concentracion de
electrdlito (1,5 mM) empleada en |os ensayos de voltametria ciclica.

En & apartado de materiales hibridos basados en grafeno, cabe destacar [85] donde
se sintetiza un composite de RGO con nanorods (NR) de TiO». En este caso la CEAN y
la eficiencia de carga son de 0,044 mg g™ ppm™V" y 69% respectivamente, valores que
estdn més 0 menos en linea con otros trabajos sobre estos materiales. Sin embargo, tanto
la capacitancia como la cinética de adsorcién se disparan considerablemente con valores
de 443 Fg* a10 mV/sen NaCl 1M, y 1,07-10™" mg g™ ppm™V's*. Este trabajo también

aporta datos de estabilidad de |os el ectrodos durante 25 ciclos de carga-descarga.

1.2.6. Electrodos basados en nanotubos de carbono (CNT)

Los CNT corresponden a la forma unidimensiona de los aétropos de carbono y

fueron aislados por vez primera por lijima en 1991, aunque las primeras imagenes de
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microscopia de transmision fueron captadas por Radushkevich y Lukanovich en 1952
[110]. Se caracterizan, al igual que e grafeno por tener su area de adsorcion expuesta al
exterior, o que es conveniente para la cinética de electroadsorcion, y por tener una baja
superficie especifica. Su aplicacion a CDI data de 2005 cuando se sintetizan por vez
primera el ectrodos basados en nanotubos de carbono multipared MWCNT [90]. En este
trabgo se preparan MWCNT mediante descomposicion de metano sobre un catalizador
de aerogel de oxido de niquel-silice, los someten a oxidacion y conforman electrodos
con resina fendlica y urotropina. Las superficies de los materiales preparados varian de
50 a128 m°g™ y el volumen de poros de 0,07 a 0,400 cm®/g, sin embargo en este trabagjo
no aportan ningun dato sobre capacitancia o CEA.

Posteriormente se han llevado a cabo diversos trabgjos sobre CDI empleando
electrodos conformados con CNT, CNT funcionalizados y electrodos compuestos con
otros materiales. En todos ellos, los valores de CEA son en general mas elevados que
los de otros materidles de carbono (a excepcion del grafeno). Las CEAN que se
obtienen en la mayoria de los trabgos consultados oscilan entre 0,020 vy
0,037 mg g'ppm™*V™, con cinéticas que van de 2-10° a 3-:10* mg g'ppm™*Vv's™. Esto
incluye tanto electrodos fabricados con CNT mezclados con diferentes ligantes, como
materiales compuestos mediante la adicion de TiO; [60], &cido poliacrilico [25], MnO;
y sulfonato sédico de poliestireno [27], con grafeno [78], con polipirrol [81], con CNF
[87] o CNT funcionalizados con grupos amino y carboxilo [31] o depositados sobre el

colector mediante electroforesis en presenciade AI(NO3)3 [74].

Entre todos los estudios revisados, llama especiamente la atencion e
comportamiento el ectroadsortivo de un electrodo compuesto de CNT y chitosano (CHS)
montado sobre colector de Ti, por ser con diferenciael que mayor CEAN (valor de 0,15
mg g ppm V™) [89], casi e doble de lo obtenido con & mejor material a base de
grafeno. También es de los materiales basados en CNT e que mejor cinética de
adsorcion presenta, con un valor de 8-10° mg g*ppm™V's™. Teniendo en cuenta la
superficie especifica de estos materiales (oscila entre 192 y 651 m? g?), que es
sensiblemente menor que la de OMC o CA, los resultados de CEAN apuntan a que la
conductividad eléctricadel material es un parametro crucial para obtener capacidades de
electroadsorcion de iones elevadas. Al tener una elevada conductividad, la densidad
superficial de cargas (electrones o0 vacantes) es méas elevada que en otros materiales, lo
gue permite albergar mayor concentracion de iones en la EDL por unidad de superficie,
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compensando sobradamente la menor superficie especifica que presentan estos
materiales.

1.2.7. Electrodos basados en Aerogeles de Carbono

Posteriormente en 1995, y después de un periodo largo de 17 afios en que no sellevé
a cabo ninguna investigacion sobre CDI, Farmer y Pekala fabrican electrodos a base de
aerogel de carbono y los aplican a CDI [9]. En estas investigaciones, la conformacion
del electrodo para CDI se hacia infiltrando la solucion de los precursores de los
aerogeles en papd de carbén poroso (PCP), gelificando todo € conjunto entre dos
placas selladas y siguiendo todo el proceso de intercambio, secado y pirdlisis con la
pieza del electrodo completa En estos trabgos obtuvieron CEAN entre 0,005 y
0,020 mg g'ppm?*V?ipara NaCl con unas cinéticas entre 1,1.10* y 1,7.10"
mg g ppm1V? st También evaluaron la capacidad de estos materides para la
eliminacion de iones nitrato y fluoruro, obteniendo valores de CEAN sensiblemente
mayores para estas sales. Por g emplo, para NaNO3 obtuvieron valores entre 0,0113 y
0,0350 mg gppm™*V*con cinéticas entre 1,5 y 3-10* mg g ppm ™V 's* para el aerogel
infiltrado o directamente pegado a colector de Ti, respectivamente.

Ademas de estos primeros trabajos, cabe destacar €l trabajo de Ying y col [68] sobre
un composite de electrodo con aerogel es de carbono comerciaes sobre un colector de Ti
obtieniendo CEAN 0,02-0,026 mg g'ppm*V™? y cinéicas entre 1,1 y 1,5-10"

mg g ppmvis?

. Jung y col consiguen & mayor de valor de capacidad de
electroadsorcion publicado para un aerogel de carbono, de 0,037 mg g ppm ™V, con
monolitos activados en aire a 450 °C (22 mm de didmetro x 0,44 mm de espesor)
soportados sobre un colector de Ti [63]. En este material |a cinética eradel mismo orden
que en los anteriores, en torno 1,2-10* mg gppm™Vs®. Otros trabajos empleando
electrodos monoliticos no presentan capacidades tan elevadas, probablemente debido a
los mayores espesores de |os electrodos (superiores a 1mm), que producen una elevada
resistencia 6hmica. Por ejemplo Zafray col obtienen valores de CEAN de 0,001 y 0,002
en monolitos de aerogeles de carbono de grosor superior a 1 mm [91], y valores
alrededor de 0,0030 para aerogeles de carbono funcionalizados con nanoparticulas de
manganeso o hierro [17]. Estainfluencia negativa del espesor también se observa en las

cinéticas de adsorcién obteniéndose valores en el entorno de 10° mg g ppm™*Vv s en
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1.3. AEROGELESDE CARBONO

El motivo principal de este trabgjo es ver como se comporta la capacidad de
electroadsorcion en relacion con las propiedades texturales del material y en funcion de
esta relacion, ver si es posible conseguir un material optimizado para CDI basado en
CAG.

1.3.1. Estructura y propiedades de |os aerogeles de carbono

Los geles de carbono se pueden definir como una estructura porosa integrada por
particulas nanométricas de tamafio variable y que estdn agrupadas en clusters
ramificados también de tamafio variable. El diametro de las particulas depende de

ciertos factores de sintesis que se explican mas abgjo y oscilaentre 3y 100 nm.

Segin se aprecia en la Figura 9, los espacios vacios entre los clusters de
nanoparticulas, conforman la estructura de macroporos mientras que los espacios
intersticiales entre las nanoparticulas de gel conforman la red de mesoporos. Los
microporos los conforman los espacios que quedan entre los pliegues de las laminas
grafénicas agrupadas que constituyen las nanoparticulas [111, 112] . El tamafio y grado
de agregacion de las nanoparticulas se pueden en cierta medida definir controlando las
condiciones de sintesis del gel, por lo que las propiedades texturales también vendran
definidas por estas condiciones [113, 114]. Son estas propiedades texturales las que
confieren las propiedades fisicas de los aerogel es de carbono como las conductividades

térmicay eléctrica, ladensidad o la capacidad el éctrica.

Con respecto a las propiedades texturales, los aerogeles de carbono presentan una
superficie especifica entre 500 y 750 m? g para aerogeles pirolizados hasta més de
3000 m? g para aerogeles activados [115, 116], con volimenes de poro que van de 0,1
a cerca de 2 cm® g para los aerogeles més activados. En cuanto a tamafio de poro,
podemos encontrar distribuciones unimodales muy centradas en un tamafio concreto que
puede ir de los 3 alos 15 nm o, mas frecuentemente, distribuciones bimodales que se
mueven en los mismos rangos [117]. En € rango de los macroporos, se pueden
encontrar tamafios de los 60 a més de 100 nm dependiendo este parametro fuertemente
del procedimiento de secado del gel [118].
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Otra propiedad interesante de los aerogeles de carbono es la capacidad
electroquimica especifica. Esta propiedad depende principamente de caracteristicas
internas del material como la superficie especifica y e volumen de poros y de la
conductividad eléctrica del material [120, 121], aungue se ve atamente influenciada por
factores externos como €l tipo y la concentracion de eectrélito fundamentalmente. El
valor de esta propiedad suele mostrar una elevada correlaciéon con la capacidad de
electroadsorcion ionica en CDI cuando las medidas se hacen con € mismo tipo de

dectrdlito.

Ademas de los aerogeles puros, ya se vio en la seccion 1.2., que € empleo de
aditivos funcionales en la formulacion tiene una gran influencia en las propiedades
texturales y conductoras del material mejorando en ciertos casos sus propiedades
electroquimicas [93, 122, 123].

Como se menciond en la seccion 1.2.6., € interés de los CAG como material de
electrodo para CDI radica en la posibilidad de controlar su textura y propiedades
manejando los pardmetros de sintesis como la naturaleza y concentracion de los
precursores, las condiciones de polimerizacién y curado de los hidrogeles, las
condiciones de secado y las condiciones de pirdlisis y/o activacion de los aerogeles
resultantes y en la influencia que tienen estos parametros texturales en la eficacia
electroadsortiva del material.

1.3.2. Sintesis de los aerogeles de carbono e influencia de los diferentes parametros

Para obtener aerogeles de carbono se parte de un hidrogel organico que se obtiene
por policondensacion de un precursor aromatico hidroxilado y un agente de
entrecruzamiento. Entre los primeros se pueden emplear compuestos fendlicos como €l
fenol, catecol o hidroguinona siendo el mas frecuente resorcinol ya que posee una buena
solubilidad en agua y una elevada reactividad. Como agente de entrecruzamiento se
empela un adehido siendo e méas comun e formaldehido [115]. Entre los medios de
polimerizacion més comunes se encuentran la acetona, € etanol o el agua, siendo este
ultimo e més frecuente. Las reacciones de policondensaciéon son endotérmicas por 1o
gue se hace necesario el uso de un catalizador, € cual puede ser &cido o béasico, teniendo

este factor una gran influencia en la nanoestructura final del gel [115]. En los geles de
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hidroximetilo que proporciona un nuevo punto de crecimiento. Segun van
progresando estas reacciones, van dando paso ala formacion de clusters para las

siguientes reacciones de condensacion.

Esta etapa se lleva a cabo por incubacion en estufa a temperaturas moderadas
(60-70 °C) durante 5 dias, si bien en un trabajo reciente se han obtenido geles
porosos con buen desarrollo micro-mesoporoso en 4 horas a temperaturas de 85-
90 °C demostrandose a su vez que la temperatura de la gelificacion y € proceso
de curado, afectan principalmente a la formacion de la estructura mesoporosa,
mientras que la microporosidad depende de la composicion del precursor de
mezcla [124]. Ademés del calentamiento convencional mediante estufa, la
gdificacion y curado se puede inducir por la aplicacion de microondas

obteniéndose materiales con porosidades similares [125].

En esta etapa queda definida la nanoestructura basica del material. Inicialmente,
las reacciones de condensacion forman clusters cuyo tamafio y grado de
entrecruzamiento depende principal mente de la relacion precursor/catalizador y
de las concentraciones de precursor y agente de entrecruzamiento
respectivamente pudiendo variar su tamafio entre 3 y 100 nm. Una vez
formados, los clusters tienden a agregarse por interacciones electrostéticas
inicidlmente y covalentes posteriormente, dando lugar a estructuras atamente
ramificadas que se preservardn en e aerogel carbonizado [115]. Cuando la
relacion precursor/catalizador es dta, tienden a formarse clusters de tamafio
mayor |o que da lugar a geles meso-macro porosos de tipo coloidal y cuando
esta relacion llega a valores inferiores a 50, € tamafio de los clusters disminuye
tanto que se hacen indistinguibles dando lugar a un gel polimérico microporoso
con algo de mesoporosidad [119]. Las relaciones habituales de trabajo son entre
50 y 500 y se emplea normalmente un catalizador alcalino. La concentracion de
precursores por su parte, incide directamente sobre la densidad del gel y su
macroporosidad [112]. A menor concentracion, los geles son menos densos y
Mas Mmacro-mesoporosos Yy a mayores concentraciones predomina la
microporosidad. Hay que decir que por debajo de una concentracion criticano se

produce la gelificacion.



El pH de ladisolucién inicial de precursores es una variable relacionada con la
concentracion de catalizador y tiene una influencia directa en las propiedades
texturales. El rango de trabagjo habitual estaentre 6y 7. A pH mayor de 7,5 se
suprime lameso y la macroporosidad y la microporosidad disminuye mucho por
los que se obtienen materiales de escasa funcionalidad. Para pH écidos (inferior
a5,4) se suprime la mesoporosidad obteniéndose geles micro y macroporosos.

El disolvente empleado en lamezclainicial tiene también una gran incidenciaya
gue influye en la cinética del proceso de polimerizacion lo que a su vez influye
en la estructura y tamafio de las nanoparticulas de gel y sus agrupamientos. En
general, los disolventes organicos producen cinéticas més lentas que € agua
[126].

I ntercambio de disolvente.- Cuando la etapa de gelificacion se hace en medio
acuoso, se hace necesario su sustitucion por algun disolvente organico que tenga
menor tension superficial que el agua ya que con ello se evitara €l colapso de la
estructura porosa del gel por la evaporacion del disolvente durante € secado, sea
cua sea € méodo que se emplee en esta etapa. El proceso de intercambio se
realiza con un disolvente organico como metanol, acetona o t-butanal,

dependiendo del tipo de secado que se vaya a hacer.

Secado.- Una vez intercambiado €l disolvente, €l gel resultante se puede secar

por diversos procedimientos que se pueden englobar en tres tipos:

= Secado subcritico, en € gue las condiciones de secado estan por debagjo de
la presion y temperatura criticas del medio, normalmente aire, donde se
produce e secado. Los geles obtenidos por este método se denominan
“xerogeles” y requieren de un disolvente de muy baja tensién superficia
para evitar € colapso de la estructura microporosa. La aplicacion de
microondas en este tipo de secado es especiamente conveniente ya que
ahorra un tiempo y energia considerables y preserva la estructura

microporosa[127].

= Secado por congelacion en e que las condiciones de secado estan por
debgo de la temperatura de fusién del disolvente e cual se elimina

directamente por sublimacion a vacio. Los geles obtenidos mediante este
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tipo de secado se denominan “criogeles”. Al no haber fase liquida en este
proceso, no se producen tensiones capilares en e interior de la estructura y
el encogimiento es muy leve manteniendo la mesoporosidad. Para este
secado conviene emplear un disolvente organico como € terbutanol con

apenas variaciones en el cambio a estado sdlido.

» Secado supercritico en € que las condiciones del medio de secado,
generalmente CO, se mantienen por encima de su temperatura y presion
criticas. Los geles obtenidos con este tipo de secado se denominan
“aerogeles”. En este procedimiento, primeramente se realiza un intercambio
del disolvente del gel con CO; liquido en un reactor adecuado atal efecto y
a continuacion se lleva a condiciones supercriticas directamente desde €
estado liquido y seguidamente se pasa a fase gas desde € estado supercritico
para eliminar todo € CO, del gel. De este modo se evita la formacion de
fases liquidas que puedan dar lugar a tensiones capilares y se mantiene la
estructura original del gel. Las condiciones empleadas son 45 °C y 11MPa.
Durante esta etapa puede darse una ligera pérdida de volumen s € gel
himedo conserva algunos pequefios nédulos inferiores a 20 nm o

ultramicroporos [118].

Pirdlisis.- Unavez que se ha secado € gel, se procede a su carbonizacion que se
realiza en atmosfera inerte empleando gases como €l Ar, He 0 mas cominmente
N2, y aplicando un rango de temperaturas entre 600 y 1000 °C. Durante esta
etapa se eiminan por reacciones de pirdlisis € carbono més inestable, €
hidrogeno y gran parte del oxigeno del gel inicial, reorganizandose € carbono en
l&minas més 0 menos grafitizadas que constituyen la superficie de adsorcion.
Dependiendo de la temperatura de pirdlisis, la pérdida de peso en este proceso
puede rondar e 50%. Los cambios quimicos producidos durante la
carbonizacion, inducen ciertos cambios texturales en € material como es €
incremento del volumen de mesoporos y microporos y en consecuencia € area
superficial pero es preciso controlar la velocidad de calentamiento para impedir
una formacion brusca de los gases de pirdlisis lo que podria comprometer la

integridad del material. A temperaturas superiores a 600 °C se produce una



disminucion de la superficie especificay del volumen de poros en comparacién

con €l aerogel organico.

La pirdlisis también incide directamente sobre las propiedades conductoras del
material ya que atemperaturas inferiores a 700 °C el materia pirolizado presenta
muy baja conductividad eléctrica y a partir de 750 °C esta se incrementa
enormemente. Esto se debe a un aumento de la aromatizacion del material con la

temperatura de pirdlisis.

Activacion.- Esta etapa consiste en la eliminacién del carbono mas reactivo del
materia pirolizado mediante reacciones de gasificacion con agentes oxidantes
como agua, CO, o bases fuertes como KOH. La temperatura de este proceso
debe ser igua o superior a la de pirdlisis ya que esta Ultima es a la que se ha
estabilizado € carbono por lo que no reaccionaria con los agentes oxidantes.
Mediante las reacciones de gasificacion, se eliminan las regiones menos
ordenadas desarrollandose la microporosidad y en muchas ocasiones
desplazando e rango de mesoporos hacia tamafios mayores. Esto da como
resultado un aumento en € volumen total de poros y en la superficie especifica.
El grado de activacion depende de la temperatura y del tiempo y valores
excesivos de estos dos parametros pueden llevar a pérdida de superficie por

exceso de quemado y a materia es demasiado débiles y pulverulentos.
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1.4. HIPOTESIS, OBJETIVOSY PLAN DE TRABAJO
Hipotesis

La eficacia de un material de electrodo para desionizacion capacitiva se puede evaluar
principalmente en funcion de su capacidad de electroadsorcién, de la velocidad a la que
puede realizar este fendmeno, de la reversibilidad del mismo y de la estabilidad quimica
del material durante muchos ciclos. Como se ha visto en la introduccion, en todos los
materiales revisados, todas estas propiedades dependen a su vez de modo mas o menos
complgjo de factores relacionados con la distribucion de tamafios de poro, con e
volumen de poros y la superficie especifica, con la composicion quimica y con la
conductividad eléctrica del material, factores que a su vez se interrelacionan entre si de

forma también intrincada.

Como también se havisto, en e caso de |os aerogel es de carbono todos estos factores
dependen completamente de parametros que se pueden controlar en e proceso de sintesis
como son las concentraciones de precursores y catalizador, latemperatura de pirolisisy €l
grado de activacion. También se ha visto que el empleo de aditivos funcionales puede
mejorar en muchas ocasiones algunas de las propiedades electroquimicas interesantes
paralaCDI.

Aungue se han realizado diversos trabajos en este sentido, las relaciones entre |os tres
conjuntos de variables definidos anteriormente (variables de sintesis, del materia y

el ectroquimicas) no estan actualmente bien dilucidadas.

El aerogel de carbono constituye un modelo excelente para estudiar todas estas
relaciones en profundidad ya que, a diferencia de otros materiales, permite un elevado
control sobre sus propiedades finales mediante los pardmetros de sintesis entre cuyos
valores se pueden determinar combinaciones que permitan obtener aerogeles de carbono
con propiedades € ectroquimicas adecuadas para ser un material de electrodo competitivo

en desionizacion capacitiva.
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Objetivosy plan detrabajo

Con € presente trabajo se pretende contribuir a esclarecimiento de las relaciones entre
estructura y propiedades electroquimicas y a hallar combinaciones de pardmetros de
sintesis que permitan obtener aerogeles de carbono con propiedades electroquimicas

adecuadas para ser un material de electrodo competitivo en desionizacion capacitiva.
L os objetivos especificos que se quieren alcanzar son:

. Evauar € efecto de un amplio rango de proporciones resorcinol-catalizador y
resorcinol-agua sobre los pardmetros texturales y las propiedades electroquimicas

de aerogel es de carbono.

1. Determinar la aplicabilidad de aerogeles de carbono con mesoporosidad

controlada ala electroadsorcién de iones fosfato y nitrato.

I1l.  Estudiar e efecto de la temperatura de pirdlisis y del negro de carbono como
aditivo funcional en la textura de los aerogeles de carbono y en las propiedades

eléctricas (resistividad) y electroquimicas.

IV. Andizar e efecto del empleo de la tierra de diatomea como aditivo preservador

de latextura porosay laresistencia mecénica de los aerogel es de carbono.

V. Evauar € efecto sinérgico de la funcionalizacién mediante dopado con nitrégeno
y la combinacion de varios aditivos, como negro de carbono, manganeso y/o

diatomea en |as propiedades texturales y el ectroquimicas de aerogel es de carbono.

En e plan de trabgo disefiado para e logro de estos objetivos se especifican los
trabgjos experimentales necesarios para llegar a resultados medibles y conclusiones
vdlidas, reflgandose todos ellos en e compendio de publicaciones que constituyen los

capitulos de la presente memoriay que se detallan a continuacion

1 Sintesis y caracterizacion de varios aerogeles de carbono obtenidos por
policondensacion de resorcinol y formaldehido empleando carbonato sodico como
catalizador, con proporciones de resorcinol-formaldehido (R/F= 0.5) y varias

proporciones de resorcinol-agua (R/W=0.04 a 0.013) y resorcinol-catalizador
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(100 < R/C < 600). Los geles precursores se pirolizan a 800 ‘C en atmésfera inerte de
nitrogeno y una parte de los aerogeles pirolizados se activan a la misma temperatura con

CO, durante 2 horas.

2. Caracterizacion textural, mediante isotermas de adsorcion—desorcion de nitrogeno
para determinar €l area superficial, volumen de poro y la distribucion de tamafio de poro
empleando e modelo 2D-NLDFT-HS y mediante microscopia electronica de

transmision.

3. Determinacion de la capacidad de los aerogeles de carbono mediante voltametria
ciclica con electrodos de material en polvo, en celda Swagelock de tres electrodos, a
diferentes velocidades de barrido y empleando NaCl como electrdlito. Evauacion de la
resistencia de polarizacién mediante espectroscopia de impedancia el ectroquimica con €

mismo montgje el ectroquimico.

4. Determinacion de | as capacidades masica y volumétrica de el ectroadsorcion de los
diferentes aerogeles en formato monolito, en celda simétrica de dos el ectrodos, midiendo

la corriente capacitiva en condiciones potenciostéticas.

Los puntos del 1 a 4 del plan de trabagjo se desarrollan a lo largo de la seccion 2.1 del

capitulo 2 de la presente memoria.

5. Sintesis de aerogeles de carbono con proporciones optimizadas R/F= 0.5,
R/W=0.06 y R/C= 200 a 600. Los geles precursores se pirolizan a 800 ‘C en atmésfera
inerte de nitrogeno y una parte de los aerogeles pirolizados se activan a la misma

temperatura con CO, durante 2 horas.

6. Caracterizacion textural, mediante isotermas de adsorcion—desorcion de nitrogeno
para determinar € area superficial, volumen de poro y la distribucién de tamafio de poro
mediante DFT y DR.

7. Caracterizacion quimica y estructural de los materiales mediante difraccion de
Rayos X, espectroscopia Raman, andlisis elementa y espectroscopia fotoelectronica de
Rayos X (XPS).
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8. Determinacion de la capacidad de los aerogeles de carbono mediante voltametria
ciclica con electrodos de material en polvo, en celda Swagelock de tres electrodos, a
diferentes velocidades de barrido y empleando NaNO3; y NaHPO./NaH,PO, como
electrolitos. Evaluacion de la cinética de adsorcion mediante cronoculometria. Evaluacion

de laresistencia de polarizacion mediante espectroscopia de impedancia el ectroguimica.

9. Determinacion de las capacidad gravimeétrica de el ectroadsorcion de los diferentes
aerogeles en formato monolito, en celda simétrica de dos electrodos, midiendo la
variacion de conductividad eléctrica, en condiciones potenciostaticas, en cada una de las

soluciones de electrdlito definidas en e punto 8.

Los puntos 5 a 9 del plan de trabgo se desarrollan a lo largo de la seccidn 2.2. del

capitulo 2 de la presente memoria.

10. Sintesis de aerogeles de carbono con proporciones optimizadas R/F= 0.5,
R/W=0.06 y R/C= 25 a 200. Los geles precursores se pirolizan a 500 ‘C y a 1000 °C
durante 2 horas. Preparacion de una serie similar en las mismas condiciones pero

anadiendo un 10% w/w de negro de carbono ala mezcla de resorcinol-formaldehido..

11.  Caracterizacion textural, mediante isotermas de adsorcién—desorcion de nitrogeno
para determinar €l area superficia, volumen de poro y la distribucién de tamario de poro
mediante DFT y DR. Caracterizacion morfol 6gica mediante TEM y FE-SEM.

12.  Caracterizacion quimica de los materiales mediante microandlisis SEM/EDX y
andisis elemental CHNS.

14.  Determinacion de la capacidad de los materiales mediante voltametria ciclica con
electrodos de material en polvo, en celda Swagelock de tres electrodos, a diferentes
velocidades de barrido y empleando H,SO, como electrélito. Determinaciéon de la
degradacion del electrodo mediante ciclos repetidos de carga/descarga potenciostética a
1,4V durante 500 horas.

15. Determinacion de la resistividad €léctrica de los materiales mediante la técnica de

Van der Pauw.
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Los puntos 10 a 15 del plan de trabajo se desarrollan a lo largo de la seccion 3.1. del

capitulo 3 de la presente memoria.

16.  Sintesis de aerogeles funcionalizados con nitrogeno a base de precursores de
melamina (M), resorcinol (R) y formaldehido (F) con proporciones molares R/M = 0,5y
diferentes proporciones de (M+R)/C manteniendo (M+R)/F y (M+R)/W en 0,428 y
0,052, respectivamente. Se preparan compuestos funcionales hibridos conteniendo negro
de carbono (CB) y/o diatomea (D). Se pirolizan a 800 °C y se lixivian con HF pararetirar
el aditivo siliceo.

17.  Caracterizacion textural, mediante isotermas de adsorcion—desorcion de nitrogeno
para determinar €l area superficia, volumen de poro y la distribucién de tamario de poro
mediante DFT y DR.

18. Medidas de las propiedades € asticas mediante ensayos de microcompresion y

obtencion de curvas de presion-desplazamiento de los materiales.
19. Medidas de resistencia alarotura mediante ensayos de microdureza.

Los puntos 16 a 19 del plan de trabgjo se desarrollan a lo largo de la seccion 3.2. del
capitulo 3 de la presente memoria.

20.  Sintesis de aerogeles funcionalizados con nitrogeno a base de precursores de
melamina (M), resorcinol (R) y formadehido (F) con proporciones molares R/M,
(M+R)/C, (M+R)/F y (M+R)/W de 0,5, 135, 0,428 y 0,052 respectivamente. Se obtienen
compuestos funcionaes hibridos conteniendo negro de carbono (CB) y diatomea (D),
seguido de pirdlisis a 800 °C durante 2 horas y lixiviado con HF de la mitad de los que

llevan D.

21.  Caracterizacion textural, mediante isotermas de adsorcidn—desorcién de nitrégeno
para determinar € area superficial, volumen de poro y la distribucién de tamafio de poro
mediante 2D-NLDFT-HS y del volumen de microporos mediante DR. Caracterizacion

morfol 6gica mediante microscopias TEM y FE-SEM.

22.  Caracterizacion quimica y estructural de los materiales mediante difraccion de
Rayos X y espectroscopia Raman.
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23. Determinacion de los limites elasticos y de rotura mediante ensayos de

microcompresion y obtencion de curvas de presion-desplazamiento de los materiales.
24.  Medidas de resistencia ala rotura mediante ensayos de microdureza.

25.  Determinacion de la capacidad de los aerogeles de carbono mediante voltametria
ciclica con electrodos de material en polvo, en celda Swagelock de tres electrodos, a
diferentes velocidades de barrido y empleando NaCl como el ectrdlito. Evauacion de la
cinética de adsorcion mediante cronoculometria. Evaluacion de la resistencia de
polarizacién mediante espectroscopia de impedancia el ectroquimica.

26. Evauacion de la resistividad eléctrica de los materiales mediante € célculo de la
pendiente de la recta gustada de corriente-voltgje en monolitos de dimensiones

conocidas.

Los puntos 20 a 26 del plan de trabgjo se desarrollan a lo largo de la seccion 3.3 del

capitulo 3 de la presente memoria.

27.  Sintesis de aerogeles funcionalizados con nitrdgeno a base de precursores de
melamina (M), resorcinol (R) y formadehido (F) con proporciones molares R/M,
(M+R)/C, (M+R)/F y (M+R)/W de 0,5, 135, 0,428 y 0,052, respectivamente. Se afladen
negro de carbono y/o(CB) y/o diatomea (D). Se pirolizan a 480 °C durante 2 horas 'y se
lixivia con HF. Se dopa €l material pirolizado con Mn por inmersion en una solucion de

Mn(NO3), seguido de pirdlisis a 750 °C durante 120 minutos.

28.  Caracterizacion textural, mediante isotermas de adsorcién—desorcién de nitrégeno
para determinar €l area superficia, volumen de poro y la distribucién de tamario de poro
mediante 2D-NLDFT-HS y del volumen de microporos mediante DR y porosimetria de
mercurio para determinacion de la macroporosidad. Caracterizacion morfoldgica
mediante TEM y SEM-STEM.

29.  Caracterizacion quimica y estructural de los materiales mediante difraccion de

Rayos X, XPSy andlisis elemental.

26.  Determinacion de la capacidad de los aerogeles de carbono mediante voltametria

ciclicay ciclos de carga/descarga galvanostatica con e ectrodos de material en polvo, en
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celda Swagelock de tres electrodos, a diferentes velocidades de barrido y empleando
NaCl como electrolito. Evaluacion de la resistencia de polarizacion mediante

espectroscopia de impedancia el ectroquimica.

30. Determinacion de la capacidad gravimétrica de electroadsorcion de los diferentes
aerogeles en formato monolito, en celda simétrica de dos electrodos, midiendo la
variacion de conductividad eléctrica, en condiciones potenciostaticas, en soluciones de
NaCl 0,025y 0,1 M.

Los puntos 27 a 30 del plan de trabajo se desarrollan a lo largo de la seccion 3.4 del

capitulo 3 de la presente memoria.
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Introduction

Capacitive deionization (CDI) is currently considered one of the most promising
technology to purify low and medium saline water streams in terms of cost and desalting
efficiency. CDI is based on the electrostatic interactions of ionic species dissolved in an
electrolyte with oppositely charged el ectrodes. Hence, high desalting capacities can only
be achieved in high conductive large surface area electrodes, which pore structure would
favor the adsorption of the solvated ions. Electrodes based on carbon materials are being
regarded as the most suitable for CDI applications. Carbon materials such as carbon
nanotubes [1,2], mesoporous carbon [3,4], hierarchically porous carbon [5], hollow
carbon spheres [6], graphene [7-9] and their composites have been developed as highly
efficient electrodes. Among carbon materias, carbon aerogels (CAG) could also be
considered as candidates for CDI applications [10-12,].

The sol-gel processing of resorcinol-formaldehyde (RF) mixtures alongside with the
supercritical drying with CO, are the pillars of the method proposed by Pekala and
coworkers to yield nanoporous organic aerogels [3]. Since then, much research has been
carried out on the carbonized products because of their interesting features as highly
porous materials with good €electrical and thermal conductivity, corrosion resistance, and
suitable mechanical properties.All these advantageous properties, and cost effectiveness,
are responsible of their numerous applications in catalysis [16], energy storage [17-19]
and environmental [20-22].,

An optimal porosity in carbon aerogels requires an appropriate selection of the synthesis
parameters. Ritter et a. reviewed the preparative factors, as reactants concentration, pH,
solvent-exchange, drying method, influencing on the textural properties of the carbon
aerogels [23] and Baumann et a. described the synthesis of hierarchical aerogel
monoliths with bimodal (macroporous and microporous) pore size distributions using
acid pH [24]. More recently, Suss et a applied these materials in a flow-through CDI
systems, and compared the performance with other deionization technologies [25]. Also,
the thermal treatment of the organic aerogel is crucial to set the porous properties of the
carbonized product. Particularly, the temperature of the pyrolysis and the activation
conditions (time, temperature, activation agent) are important factors to be taken into
account, often yielding porosity values and surface areas exceeding, respectively, 80%
and 2000 m? g* [23,26, 27].
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There are severa examples in the literature on the potential application of carbon
aerogels in capacitive deionization, including our own studies [25,28-34], discussing the
effects of the different synthesis parameters as the precursor’s molar ratio [26-28],
thermal treatment [29] and porous features [32-34]. However, most of the studies focus
on the electrochemical performance of powder e ectrodes of small dimensions at |ab scale
[32-36], and data are extrapolated to larger and self-supported monolithic electrodes used
in the large scale applications of CDI. At converse, studies on self-supported monolith
electrodes are rather scarce. In this regard, our previous work [29-30] has revealed that
the monolithic morphology can provide different features, leading to superior CDI
performance, lower oxidation resiliency and thus improved stability of the electrodes.

Bearing all this in mind, the objective of this work was to screen the electrochemical
performance of a series of aerogel electrodes (both in monolithic and powder
morphology) for their potential application in CDI processes. We have correlated the
capacitive deionization performance with their physicochemical properties, linking them
with the main synthesis parameters as R/C and R/W. For this purpose, we have selected a
series of aerogels with different R/C (ranging from 100 < R/C < 800), and R/W molar
ratio (0.04 < R/W < 0.13), while trying to optimize the textural and capacitive properties

towards the removal of ions from solution.

Experimental section
Materials preparation

The carbon aerogels were synthesized by the sol-gel polymerization of resorcinol (R)
and formaldehyde (F) mixtures in water (W), using sodium carbonate as catalyst (C).
Details on the experimental procedure have been reported elsewhere [26-29]. Briefly, the
R/F molar ratio was set at 0.5, the R/C molar ratio was varied from 100 to 600, while
R/W ranged from 0.04 to 0.13. The reactants were vigorous stirred in sealed glass moulds
to ensure a homogeneous polymerization, and the obtained hydrogel was aged in an oven
a 40°C for 24 h and then a 70°C for 120 h. Drying was performed using CO, at
supercritical conditions (40°C and 100 bar). In order to avoid the shrinkage of the gel and
ensure CO, solubility during the drying process, a previous controlled water-acetone
exchange is required. Pyrolysed aerogels were prepared at 800°C under nitrogen
atmosphere (i.e., heating rate 2 °C min™ up to 400 °C and hold for 60 min followed by
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heating up to 800 °C and hold for 60 min). A second batch of aerogels was prepared by
activation of the carbonized ones under a CO, stream at 800°C for 2 hours. The
nomenclature of the samples is (R/C)-(R/W)-(tt) where tt refers to the thermal treatment
of the hydrogels (py for pyrolysed and act for activated samples).

Textural characterization

N, adsorption-desorption isotherms were recorded a -196°C (ASAP 2010,
Micromeritics). For this purpose, the carbon aerogels were previously outgassed under
primary vacuum at 120 °C overnight (heating ramp of 2°C min™). The specific surface
area, Sger, total pore volume, V', and micro-/ mesopore volumes were calculated from
the gas adsorption isotherms. The pore size distributions were calculated by using the
new 2D-NLDFT-HS method [37]. Transmission electron microscopy was performed in a
JEOL-JEM 2010.

Electrochemical characterization

Experiments were performed by assembling the el ectrode components in three-electrode
Swagelok™ type cells. The working electrode consisted of a mixture of active material
(70%), Superior graphite (20%) and PV DF binder (10%). The mixture was slurried in N-
methyl pyrrolidone and spread on a 13 mm titanium disk, and then the electrode was
dried a 70°C overnight. A Hg/Hg,SO,4 and a platinum wire were respectively used as
reference and counter electrode. A 0.1 M NaCl solution in deionized water was used as
electrolyte. Cyclic voltammetry experiments were conducted between -0.5 and +0.5 V
versus the reference electrode a 0.5 mV s and monitored with a Biologic VMP
multichannel potentiostat. The polarization resistances were determined from the
electrochemical impedance spectra (EIS) recorded on freshly assembled cells by using an
Autolab PGSTAT12 system. The equilibrium voltage was perturbed with an AC voltage
signa of 5 mV over the frequency range 25 kHz to 10 mHz. The polarization resistance
(Rpot) Was calculated by fitting the recorded spectra according to an equivalent circuit
formed by the bulk solution resistance (Rg) and the stance where the polarization
resistance (Ryo) connected in series to a Warburg impedance element and in parallel to a

CPE is a constant phase element. The high-frequency response was ascribed to the bulk
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resistance of the solution (Rg). The resistance to ion migration through the pore structure
(Rpo) was determined from the real impedance of the semicircle at intermediate

frequencies[3§].

Desalting capacity

A symmetrical batch-type cell was assembled to perform the capacitive deionization
experiments, using two monolithic aerogel electrodes (weight ca. 150 mg and ca. 0.3
cm®), separated by Whatman glass GF/A fiber sheets. Their surfaces were polished to
ensure a good contact with the titanium current collector. The pieces were washed in
deionized water for 30 minutes and then immersed into 15 mL of a 0.025 M NaCl
solution (ca.1.5 g/L) magnetically stirred to favor mass transfer from the bulk solution to
the electrode. The cell was charged by applying a potentiostatic pulse (0.9, 1.2 or 1.5V
for 120 min). Afterwards, the electrodes were discharged at 0 V for the same period of
time. A conductivity-meter was used to monitor the changes of the ionic conductivity and
hence ion concentration. The gravimetric capacitances of the aerogel series in the CDI
two-electrode cell have been computed from the charge/discharge current curves using

equation 1:

1 tn
CW:W.QEC Lid (D
where €, is the gravimetric capacitance in Fg?, W, is the weight of the monolithic
electrode (the one working as cathode) in g, E.. is the voltage applied to the cell in
volts, t; and t,, are the times in seconds at the beginning and the end of the third cycle of
charge and i is the current in amperes. The volumetric capacitances Cy have been
computed in a similar way, using equation 1 but replacing the electrode weight by the

electrode volume in cm?®.

Results and discussion

Characterization of the aerogels
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effects on the R/W ratio have been reported in the literature [23,24,26,27,29]. For
instance (Table S1 and Figure S2), for R/C ratio of 600, the formation of mesoporosity is
higher for R/W of 0.13 as seen in the wide hysteresis loop compared to the sample with
R/W of 0.06 (similar total pore volume but narrower hysteresis loop shifted towards

higher relative pressures).

On the contrary, the differences in specific surface and micropore volumes become
large for the activated aerogels series (Table S1, Figure S2), though the trend for the
mesopore volumes is similar to that described for the pyrolyzed aerogels. For instance,
surface area values are higher for the samples with lower R/C as low as 100 and 150,
regardless the R/W ratio, indicating that they are more prone to be activated. Similarly,
the influence of the R/W ratio depends on the R/C values. For instance, in the samples
synthesized with R/C of 150, the activation treatment is more effective for low R/W
values (i.e., 1328, 1145 and 746 m?/g for 150-0.04-act, 150-0.06- act, and 150-0.13- act,
respectively), whereas for R/C of 600 the effect is smaller (i.e., 662, 781 and 801 m?/g for
600-0.04- act, 600-0.06- act, and 600-0.13- act, respectively). This is explained by the
different nanostructure of the pyrolyzed aerogels and their differences in the evolution of
the porosity upon CO, activation; the aerogels prepared using low R/C and R/W molar
ratio display alow density of dense carbon clusters (Figure 2), allowing a good access of

CO;to these clusters during the activation step, thereby widening the micropores.

In contrast, aerogels with high R/W ratios present a higher density of dense carbon
clusters, somehow hindering the access of CO, and thus making gasification less
effective. On the other hand, the aerogels synthesized using high R/C and low R/W molar
ratios are characterized by the presence of low density clusters, easily accessible by CO,
during the activation. In this case, the decrease in the surface area is due to the
enlargement of the micropore structure. Hence, the lower the R/W, the higher the surface
area, being the effect more pronounced for aerogels synthesized using low R/C molar
ratio (Table S1). Additionally, low R/C ratios render the so -called “polymeric gels”
characterized by small particle sizes and high surface areas (Figure 2) that are typically
very prone to shrink upon supercritical drying. Contrarily, “colloidal aerogels” are
obtained at high R/C ratios, showing the opposite behavior concerning shrinkage on
drying. The R/W molar ratio also influences the texture of the aerogels, with high R/W
values giving rise to aerogels with low surface areas. These differences in porosity of the
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predominantly capacitive behavior when ions are effectively electrosorbed in the electric
double layer formed at the electrode/electrolyte interface. In some samples, dight
deviations of the rectangular shape (i.e., an anodic current increase at high potentias
and/or broad humps) were observed and likely attributed to the occurrence of pseudo-

faradaic reactions due to functional groups and/or € ectrolyte decomposition [40].

Figure 5 shows the relationship between capacitance and surface area for the pyrolyzed
and activated aerogels, evidencing the progressive increase in the capacitance with the
surface area of the materials. This behavior is typically observed in electrodes which
electrochemical response is based on a pure capacitive phenomenon due to the
electrostatic interactions between the ions of the electrolyte and the electric double layer
created at electrode surface [41]. Thus, it was rather expected in the synthesized aerogels
considering their chemical composition. The broad dispersion observed in the case of low
surface area values, more evident in the case of pyrolyzed aerogels, can be ascribed to the
non-negligible influence of the surface chemistry. Thus, pyrolyzed aerogels present low
amounts of oxygen, responsible for pseudo capacitive effects. The capacitance values
were also correlated to the polarization resistance. Fig. 6b shows that the Ry values tend
to decrease as the capacitance values increase. In addition, higher Ry, values were
calculated for the pyrolyzed aerogels than for the activated ones. This trend can be
correlated to the increased surface area of the former, which facilitates the ions migrating
from the bulk electrolyte to reach the aerogel surface (Fig. 7a). Additionally, there seems
to be a clear influence of the pore sizes, since low Ry, values were recorded for the
aerogels with a large contribution of mesopores, whereas the volume of micropores does
not seem to affect the Ry (Fig. 7b). Similar results on the beneficial influence of a
mesoporous network to provide a good kinetic
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Desalting capacity of monolithic aerogels

Besides the electrochemical characterization of the powdered aerogels electrodes in a 3-
electrode cell configuration, it is crucia to investigate the electrochemical response of the
(self-supported) monolithic electrodes in symmetric cells (ca. 2-electrode cell
configuration) used in desalting units. For this reason, we performed desalting studies of
selected aerogels in symmetric cells using monolithic (self-supported) electrodes where
the aerogel electrodes are were exposed to a bias voltage, one of them acting as anode
(positive polarization) and the second one as cathode (negative polarization). Figure 8a
shows the capacitance values obtained for the different aerogels in 2-electrode cell
configuration and its dependence with the surface area of the electrode materials. As
seen, there is not a straightforward correlation between the specific surface area and the
desalting gravimetric capacity for either pyrolyzed or activated aerogels. The same trend
was observed for the dependence with the polarization resistance (Figure $4). However,
much of the capacitance variation of both series can be explained by analyzing the
dependence of the volumetric capacitance with the combined effect exerted by both the
specific surface area and the resistivity of the material. This is clearly seen in the
multivariate polynomia regression analysis of both parameters using the following

equations:

Cy =co+aS+R+0S +cS*+ R+ +cR? (2a)
Ca = CU + C']_S + CzH (Zb)

where C,,r and Cy: are respectively the volumetric capacitance of pyrolyzed and
activated aerogelsin F cm®, Sisthe surface areain m? g, R is the electrical resistivity in

Q cm™ and ¢; are the polynomial coefficients of different orders.

The different polynomial fitting (c;) and determination (r?) coefficients for both series
are compiled in Table S2. The fitting coefficient for the dependence of the capacitance
with the surface area is positive for both series (pyrolyzed and activated samples),
meaning that the capacity increases with the surface area; the regression coefficient for
the dependence with the electric resistivity R follows the opposite trend (negative

coefficient). In the case of pyrolyzed aerogels, a third order approximation was needed to
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The driving terms are the first order ones, while the second and third order coefficients
have much smaller impact on the capacitance. In the case of surface area, the third order
term is no meaningful and has been neglected. Furthermore, more than 96% of the

capacitive response can be correlated to the combined effect of R

and S following alinear dependence (since 2™ and 3rd order fitting coefficients are quite
small). For the activated aerogels, almost 70% of capacitive response shows a linear
dependence with R and S. Such low dependence suggests that the remaining 30% of the
variation of the capacitance depends on the contribution of uncontrolled resistances in the
cell setup likely arising from a poor contact of the monolithic electrode with the current

collector (since activated monoliths show a much lower contact surface).

Conclusions

A series of activated and pyrolyzed aerogels have been prepared by the sol-gel
polymerization of resorcinol-formaldehyde mixtures. The influence of the different R/C
(100 R/IC<800) and R/W (0.04<R/W <0.13) molar ratios on the textura and
electrochemical properties has been determined. Data has confirmed the strong
interdependence between R/C and R/W parameters, preventing a separated evaluation.
For instance, a drastic decrease in the specific surface area was observed for the activated
aerogels when either R/C or R/W increased, whereas the effect was not so remarkable for
the series of pyrolyzed aerogels. Along with surface area, the mesoporosity was very
much conditioned by the synthesis conditions, whereas the microporosity did not follow
the same trend and most samples presented quite close micropore volumes. As for the
electrochemical performance, an enhanced decrease of the capacitance was observed
when R/C and R/W increase, while respectively preserving low R/W and R/C ratios low
capacitance values were measured in those aerogels characterized by either low R/W or
R/C molar ratios. This trend is correlated to the ohmic resistance of the electrodes that
strongly depends on the R/W and R/C values and the textural features of the materials.
Polarization resistances are dlightly higher in the pyrolyzed aerogels, compared to the
activated materials. Furthermore, lower Ry, values are obtained for the aerogels with
higher contribution of mesoporosity, regardless the microporosity. The capacitive

response of the aerogel monolithic electrodes, measured in a symmetric cell
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configuration, similar to those used in desalting units has been successfully correlated to

the combined effect of surface area and electrical resistivity.
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Table S1. Summary of the main textural parameters obtained from N, adsorption isotherms at -196 °C on
the studied aerogels.

Sample RIC  RAW 52|3ET1 VTO;’ALlA V|\/||(3:FaolB VMIZSOlB

m’g cm’ g cm’ g cm’ g
100004py 100 004 757 12 0.17 102
100-0.08-py 100 0.08 707 0.75 0.20 0.55
150-004-py 150  0.04 659 127 0.14 1.09
150-0.06-py 150 0.06 749 1.03 0.20 0.82
150-013py 150 013 564 0.46 0.17 0.27
200-0.06-py 200 0.06 712 1.29 0.17 1.10
300-0.04-py 300 0.04 671 2.44 0.19 2.23
300-0.10-py 300 0.1 566 0.78 0.16 0.62
400-0.06-py 400 0.06 718 1.17 0.25 0.63
400-0.10-py 400 0.1 657 0.93 0.20 0.71
600-0.04-py 600 0.04 587 0.26 0.24 0.08
600-0.06-py 600 0.06 701 0.72 0.25 0.45
600-0.13-py 600 0.13 618 0.67 0.19 0.48
800-0.06-py 800 0.06 626 0.35 0.24 0.13
100-0.04-act 100 0.04 1434 1.25 0.40 1.17
100-0.08-act 100 0.08 1126 0.92 0.34 0.54
150-0.04-act 150 0.04 1328 2.1 0.35 1.73
150-0.06-act 150 0.06 1145 1.30 0.33 0.93
150-0.13-act 150 0.13 746 0.52 0.25 0.26
200-0.06-act 200 0.06 1122 1.58 0.33 1.23
300-0.04-act 300 0.04 779 2.56 0.24 2.24
300-0.10-act 300 0.1 905 0.95 0.29 0.64
400-0.06-act 400 0.06 907 0.74 0.34 0.41
400-0.10-act 400 0.1 858 0.96 0.28 0.67
600-0.04-act 600 0.04 662 0.34 0.25 0.07
600-0.06-act 600 0.06 781 0.39 0.29 0.09
600-0.13-act 600 0.13 801 0.78 0.26 0.51
800-0.06-act 800 0.06 784 0.38 0.29 0.08

A total pore volume evaluated at p/p, ~ 0.99
8 micro-, mesopore volumes evaluated by the 2DNLDFT-HS method
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Table S2. Fitting (c;) and determination (%) coefficients of the multivariate polynomial regression analysis

(equations 1la and 1b) of the dependence of the surface area and capacitance values for the series of

pyrolyzed and activated aerogels.

Term Pyrolyzed Activated

Gy
5]
C2
C3
Ca
Cs
Ces

r2

178.921
1.089
-18.797
0.032
-0.004
0.254
-0.001593
0.966

7.590
0.026
-0.142
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Introduction

Much attention has been paid on structurally disordered carbons as materials with
interesting properties for energy storage and environmental applications [1-3]. Their
suitable electrical and thermal conductivity, adequate corrosion resistance, low thermal
expansion coefficients, low densities and low el asticity makes them outstanding materials
that can be produced at low cost and high purities for technological uses. High porosity
can be achieved by selecting appropriate synthesis routes which alow controlling the
microstructure at the nanometer scale. Also, activation processes can be applied to
increase the pore volumes and adjust the pore size distribution, with porosity values
easily exceeding 80% and surface areas as high as 2000 m?g*. Most commonly,
activation processes consist of a partial burn-off of the amorphous carbon under mild
oxidation conditions. For this purpose, various procedures including physical activation
using CO, or steam and chemical activation with hydroxides and carbonates, are usually
performed [4]. These highly porous carbons are especialy interesting for their use as

electrodes in electrosorption processes[5, 6].

When a voltage is applied between two porous carbon electrodes immersed in an inert
electrolyte, an electrical double layer is formed at the interface of each electrode. The
electro-assisted removal of ionic compounds is based on the separation of the charged
species at the electrode/electrolyte interface due to electrostatic interactions. Thus, the
charged species in the solution move to and are held on the opposite-charged e ectrode
surface. The electroadsorption/desorption cycles are highly reversible due to the
electrostatic nature of the interactions existing between the electrodes and the electrolytic
solution. Based on this mechanism, large surface area electrodes are required for
achieving high desalting capacities. Pore size is also important since the adsorption of
large solvated ions into small pores could be considered as a limitation of the
deionization process [7]. Otherwise, the concept of an electric double-layer formed by

solvated ions adsorbed on sub-nanometer size pores cannot be strictly applied [8, 9].

Although studies on the electrosorption of ions were initiated severa decades ago,
advances on this technology have remained somewhat behind due to the lack of adequate
electrode materials. For their versatility of forms and structures, alarge number of carbon

materials are currently being researched to optimize their electroadsorptive properties,
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including carbon fibers and nanotubes [10, 11], carbon cloths [12], carbide-derived
carbong[13], graphene[14], activated carbong[15], carbon aerogelg[16], and templated
carbon[17]. Besides, hierarchical porous carbon has also been evaluated as promising
materials for capacitive deionization [18, 19]. Due to a unique combination of
physicochemical and structural properties, that may be conveniently adapted during the
synthesis and processing, carbon aerogels possess great potential and versatility as
electrodes in electrochemical applications [20, 21]. Carbon aerogels are particularly
interesting electrode materials as the supercritical drying leads to a better preservation of
the pore structure of the polymerized gel, due to the lack of interfacial tensions during

drying.

The objective of this work was to investigate the electrochemical behavior of
micro/mesoporous activated carbon aerogels prepared using different resorcinol/catalyst
ratios as electrodes for the removal of ions (i.e., phosphates and nitrates). The desalting
capacity of the activated aerogels has been compared to that of the aerogels prepared
from the poly-condensation of resorcinol and formaldehyde. The structural and
morphological properties of the electrode materials have been characterized and the
capacitive behavior has been determined by voltammetric and impedance analysis.
Phosphates and nitrates are ionic species included in fertilizers, thus posing a great long-
term environmental impact to groundwater pollution due to agricultural activities [22].
Although many studies report the electrosorption of ions in carbon electrodes, including

aerogels, scarce studies focus on the electro-assisted removal of these anions[23].

Experimental section

Materials preparation

Three carbon aerogels were synthesized by the sol-gel polymerization method reported
by Pekala et al. [24]. Resorcinol (R) and formaldehyde (F) were dissolved in water (W)
and sodium carbonate was added as a catalyst (C). Three resorcinol/catalyst (R/C) ratios
were fixed (i.e.,, 200, 400 and 600) in order to obtain aerogels with different porous
structures. Otherwise, the R/F molar ratio was set at 0.5, and the R/W at 0.06. The
precursors were mixed in sealed glass moulds under magnetic stirring and allowed to
undergo gelation and aging in an oven at 40°C for 24 h and 70°C for 120 h.
Subsequently a controlled water-acetone exchange was carried out, and then the samples
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were dried under CO, supercritical conditions. Finaly, the aerogels were pyrolysed at
800 °C under nitrogen atmosphere with a controlled heating program (i.e., heating rate 2
°C min™ up to 400 °C and hold for 60 min followed by heating up to 800 °C and hold for
60 min) [25]. For the sake of clarity, the pyrolyzed samples will be named as CAGXP,
where X is the corresponding R/C value. A second batch of samples was prepared by
activation under a CO, stream at 800 °C for 2 hours. These samples will be named as
CAGXA.

Structural and textural characterization

X-Ray diffraction (XRD) patterns were recorded with a Siemens D500 diffractometer
furnished with Cu K[ radiation and a graphite monochromator. The baseline was
corrected and the Lorentz and polarization factor was applied before the determination of
the line width and the position of the reflections. The pore structure of the carbon
aerogels were characterized by N, adsorption-desorption isotherms at -196 °C (ASAP
2010, Micromeritics). The carbon aerogels were previously outgassed under primary
vacuum at 120 °C overnight (heating ramp of 2 °C min™). The specific surface area, Sger,
and tota pore volume, Vr, were caculated from the isotherms. The pore size
distributions were calculated by using the density functional theory (DFT) approach; the
micropore volume was also evaluated by the DR method [26]. The Raman spectra were
acquired with a Renishaw Raman instrument (InVia Raman Microscope), equipped with
a Leica microscope. Spectra were obtained by excitation with red laser light (785 nm) in
the range between 1000 and 2000 cm™. Fitting of the spectrawas performed with the help
of the Peakfit v. 4.11 software package. The chemical state and compositions of activated
carbon aerogels were analyzed by using an X-ray Photoelectron Spectrometer (XPS,
SPECS Phobios 150MCD) with Mg K source and a chamber pressure of 4x 107° mbar.
Powdered samples were deposited as thin film samples on a holder and subjected to high
vacuum overnight. Binding energies were referenced to the C 1s line of the adventitious
carbon located at 284.6 eV. The deconvolution of the spectra was performed using the

Casa XPS software.

Electrochemical response

108



Electrochemical measurements were performed in three-electrode Swagelok™ type
cells. The working electrode consisted of a mixture of active material (70%), Superior
graphite (20%) and PVDF binder (10%). The powdered samples were slurried in N-
methyl pyrrolidone to yield a paste which was subsequently spread on a 13 mm titanium
disk. A Hg/Hg,SO, and a platinum wire were respectively used as reference and counter
electrode. The electrodes were dried at 70°C overnight. The electrode was cooled and
impregnated with the electrolyte solution before being assembled into the cell. The
electrolyte solutions were prepared by dissolving NaNO3; and NaoHPO4 NaH,PO, in
deionized water at 0.1 M. The use of a Na,HPO4/NaH,PO, was intended to keep pH at
the value of pH= 7. The electrochemical measurements were controlled with a Biologic
VMP multichannel potentiostat. Cyclic voltammetry experiments were conducted
between -0.5 and +0.5 V versus the reference electrode for several sweep rates ranging
from 0.5 to 10 mV s’. The capacitance of each eectrode was calculated from the
voltammograms using the relationship C =1/ (v*m), where | (mA) is the average current
in the applied potential window, v is the applied sweep rate in mV s* and m is the mass
of the electrode (normalized capacitance per unit mass of electrode). Chronocoulometric
curves were performed by inducing a potentiostatic pulse of 300 mV vs Hg/Hg,SO, for

120 s and recording the transient current.

Electrochemica impedance spectroscopy (EIS) was a helpful technique to analyze the
kinetic response of the electro-sorption reaction. These measurements were recorded in
an Autolab PGSTAT12 system, using an AC voltage signal of 5 mV vs equilibrium
potential (i.e., open circuit potential, which ranged from 0.4 to 0.6 V vs reference

electrode), over the frequency range 25 kHz to 10 mHz at the equilibrium potential .

Capacitive deionization experiments were developed by using two monolithic aerogel
electrodes previously polished to achieve a flat surface ensuring a good contact. The
monoliths were previously washed in deionized water for 30 minutes and then were
vacuum impregnated with the electrolyte. They were sandwiched between titanium
current collectors using two Whatman glass GF/A fiber sheets as a separator. This
symmetric cell was assembled in a bath cell containing 8.5 mL of the electrolyte under
continuous stirring to avoid mass transfer restrictions from the bulk solution. The
deionization experiment was carried out by applying a potentiostatic pulse of 1.2 V for

150 min. Then, the discharge of the electrode was undergone at 0 V for the same period
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of time. A conductivity meter was used to monitor the change in the ionic concentration.
Concentration values were calculated by previousy recording a conductivity-

concentration plot for each salt.

Results and discussion
Structural characterization of the aerogels

A series of carbon aerogels prepared using different R/C ratio were prepared and
subjected to pyrolysis (series P) and activation in CO, (series A). Information about the
structural properties of the synthesized materials was by XRD and Raman spectroscopy,
shown in Fig. 1 and 2, respectively. The common features of XRD patterns are two
broadened bands located at ca. 22.1 and ca. 44.5°%26), ascribable to the (002) and (100)
reflections, respectively, both characteristic of disordered carbons. However, the
reflection at 44.5° was rather marked and well-defined, indicating that despite the low
structural ordering of the aerogels, there is an important contribution of domains of a
graphitic structure. This is an unusua characteristic of nanoporous carbon materias
synthesized at low temperatures. The first-order Raman spectra of the disordered carbons
exhibited two highly broadened and overlapped bands in the region between 1000 and
2000 cm™*. The parameters obtained from deconvolution of the spectra are compiled in
Table 1. According to literature, G band at ca. 1580 cm’ tis ascribed to a Raman-allowed
Eoq resulting from to ‘in plane’ displacement of carbon atoms strongly coupled in the
hexagonal sheets [27, 28]. A second maximum is observed at ca. 1350 cm™ and named as
‘disorder-induced” or D1 mode. It is commonly ascribed to the lack of a long range
trandation symmetry what breaks the k-momentum conservation rule [29]. An
asymmetry of the G band is observed and resolved by adding a D2 lorentzian curve to the
spectrum fitting [30]. The D2 band is usually ascribed to a lattice vibration involving
graphene layers which are not directly sandwiched between two other graphene layers
[31]. An additional Gaussian component was added at ca. 1495 cm™, designated as D3
band and correlated to amorphous sp®-bonded forms of carbon. Particularly, disordered
carbons located at interstitial defects [32]. The peak at ca.1310 cm™ exhibits a shoulder at
ca 1160 cm™*, commonly named as D4 [33], attributed to sp-sp® bonds or C—C and C=C

stretching vibrations of polyene-like structures in Raman spectra of flame soot.
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Table 1 Raman shift and width values for the D1 and G bands calculated from the deconvoluted spectra

R/C Ipi/ls D1 shift G shift D1 FWHM G FWHM
(cm™) (cm™) (cm™) (cm™)
Pyrolyzed 200 2.67 1309.27 1594.15 153.74 68.97
400 253 1309.19 1594.00 148.18 66.64
600 2.28 1313.15 1597.04 138.61 65.54
Activated 200 2.63 1317.53 1597.85 146.29 66.37
400 2.38 1312.19 1592.99 136.81 66.07
600 2.27 1312.19 1592.97 133.61 62.95

The lowest x? values were achieved for the fitting of G and D2 signals to Lorentzian
shapes and D1, D2 and D3 to Gaussian shapes. Table 1 clearly shows that widths of D1
and G bands are lower for the activated than for pyrolyzed aerogels. Moreover, the D1/G
band intensity ratio also decreased upon activation of the samples, particularly for R/C =
400. In addition, a non negligible decrease in the Ipi/lg ratio is observed when the R/C
value increased in both activated and pyrolyzed aerogels. These trends indicate a
dependence of the structure order with the R/C ratio, suggesting that high contents of

resorcinol favor the formation of dlightly more ordered carbon structures.

A semi-quantitative measurement of the functional groups attached to the aerogel
surface can be determined by themogravimetric measurements in Ar atmosphere (Fig. 3).
Besides the mass loss below 200°C due to the moisture retained in the pore network or
the samples, a dight loss between 200-400 °C is observed for the pyrolyzed aerogd,
indicating the presence of volatiles remaining in the sample. Above 700°C the activated
sample showed a non negligible weight loss likely due to the decomposition of surface
groups incorporated during the activation.

The functionalization of the activated gels was further explored by recording the XPS
spectra at the Cls and O1s levels (Fig.4). The contribution of oxygen linked to carbon
was found in the C1s spectra as C-O (285.6x0.2 eV), C=0 (287 eV+0.1 V) and O=C-O
(288.7+£0.3 eV) (Fig. 4a, c and e) [34]. The overall contribution of the oxygenated groups
increased mainly for CAG200A. This result can be correlated to the larger surface area of
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volumes corresponding to the hysteresis loop, it seems that there also occurs a dight

collapse of the mesoporous structure for high R/C values.

The corresponding BET surface areas and additional porosity parameters are summarized
in Table 2. For the non-activated aerogels, similar surface area values were obtained
regardless the R/C ratio, with values close to 700 m? g*. Thisis in good agreement with
the fact that their isotherms overlap at relative pressures below 0.2-0.3 and the micropore
volumes calculated from DR equation for the three aerogels (Table 2). Tota pore
volumes monotonicaly increased as the R/C ratio decreased; indicating that low R/C
ratio results in a fast polycondensation favoring the formation of micro and mesopores.
Contrarily, high R/C values yields large macropores formed by large clusters with a
highly cross-linked structure [36]. On the other hand, the activation process induced a
notorious increase in the surface area and micropore volumein al the samples, with some
differences depending on the R/C ratio of the aerogels. For CAG200A (lowest R/C) the
activation does not seem to strongly affect the mesoporosity, since the mesopore volume
increased dlightly but the hysteresis loop remained unchanged in position and shape. In
the case of CAG400A, the development of microporosity upon activation is accompanied
with asmall increase in the mesopore volume, athough the hysteresis loop shifts dlightly
towards lower relative pressures, indicating the presence of mesopores of smaller sizes.
Finaly, the activation provoked a clear change in the isotherm shape (type | after
activation) for the sample with the highest R/C ratio, indicating either the collapse of the
large pores or the formation of larger macropores, which size cannot be determined by N,
adsorption at -196 °C. The pore size distribution displayed in Fig. 5 confirmed these
observations, and revealed a direct relationship between the average pore size and the
R/C ratio. High R/C ratios favor the formation of large pores, whereas a monodispersed
pore size distribution in the mesopore range was obtained for R/C of 200, with an average
pore size of ca. 14 nm. These results agree with early reports on the porosity of carbon
gels prepared with various R/C ratios [37, 38]. Summarizing, we have synthesized a
series of carbon aerogels that exhibit a wide variety of porous features within the
micro/mesopore range, which will undoubtedly influence upon their capacitive properties

for the electro-assisted removal of ions[39].
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The capacitance values of the pyrolyzed aerogels in NaNOj3 electrolyte varied as
follows: CAG400P (46 Fg') < CAGB00P (50 Fg?t) << CAG200P (91 Fg™). The
activation induced an increase in the capacitance in all samples with the following trend:
CAGB00A (55 F g*) < CAG400A (71 F g*) < CAG200A (125 F g™).

Interestingly, thereis no clear correlation with the surface area or micropore volume of
the aerogels (Table 2); instead, the desalting capacity seems to be related to the
mesoporosity, pointing out the outstanding role of the accessibility of theionsto the inner
porosity of the carbon electrodes (Supplementary info). For the sake of comparison, the
capacitance values recorded for the adsorption of 0.1 M solution of NaCl were 79 and
110 Fg™ for CAG200P and CAG200A, respectively. Recently, capacitance values of
53.50 and 73.13 F g* were respectively found for activated carbons [42]. These values
are close to those recorded for CAG200A in the same rate (61.5 F g*) evidencing the
validity of our approach. The highest adsorption of NO3 anions has also been reported
for ordered mesoporous carbon and hierarchical porous carbon and attributed to the
balance between hydrated radius and valence providing stronger electrostatic force [43].

Compared to nitrate salt (Fig. 6b), capacitance values were similar in phosphate
electrolyte for CAG400P (50 F g™) and CAG600P (55 F g%), with a significant decrease
in the value obtained for CAG200P (78 F g). Previous reports have emphasized that the
electrosorption procedure is influenced by both hydrated radius and the valence of the salt
ions [44]. Therefore, we attribute this result to the large ionic size of phosphate anions
[8]. Thus, it seems that the large pores in CAG400P and CAG600P would favor the
adsorption of large phosphate anions, whereas the mesopores in CAG200P would not be
large enough to suitably accommodate these ions. This is clearly seen aso in the
activated series; even though capacitance values of the activated samples are higher than
those of the pyrolyzed ones -CAG400A (61 F g*), CAGB00A (56 F g*) and CAG200A
(82 F g™)-, the effect was less pronounced than in the case of nitrates. These results point
out to the lowest R/C ratio and activation as beneficial factors to provide enhanced
capacitive performance for nitrate and phosphate adsorption. The high capacitance values
recorded for activated samples can be correlated to the inherent decrease of density when
amorphous carbon occupying inner pores is released by thermal activation. This fact is
also supported by the fact that the range of size of mesopores found in CAG200P is not
wide enough to accommodate the large phosphate ions, inferring
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resistance to ion migration through the pore structure is determined from the real
impedance of the semicircle located at intermediate frequencies (Rpa) [45, 46]. The
resistance values calculated for the aerogel electrodes (Table 4) showed a similar
sequence to that observed for the time constants calculated from the chronocoulometric

Curves.,

As seen, Ry values corresponding to the el ectrosorption of sodium nitrate decreased
with the activation of the samples, suggesting that the pore widening occurring during the
activation reaction [4] facilitates the accessibility and thus the migration of ions.

Table 3 Time constants (t) calculated from the chronocoulometric curves
Sodium nitrate CAG200 CAG400 CAG 600

t/s t/s t/s

Pyrolyzed 61.8 66.5 64.5

Activated 54.5 57.4 61.9

Sodium phosphate CAG 200 CAG 400 CAG 600

t/s t/s t/s

Pyrolyzed 63.9 67.0 64.2

Activated 63.7 62.6 61.4

Resistance values were higher for the adsorption of phosphates, as expected given the
larger size of these ions. Interestingly, a high Rpq value was obtained for the adsorption
of phosphates on activated CAG200A. Similar results were recently observed for a
related aerogel prepared at R/C=100, being attributed to the higher increase of micropore
volume built after the activation reaction. It exerts a sieve effect that hinders the
migration of large phosphate anions [47]. This result is in good agreement with the slow
relaxation observed for this aerogel (Table 3).

Comparatively, the electrochemical characterization of the series of carbon aerogel
electrodes indicates the better performance of CAG200A over therest of t he materials. It

seems that the existence of awell-developed unimodal
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Three carbon aerogels with varied R/C ratio were synthesized and subsequently
activated under CO, in order to prepare electrode materials with different
micro/mesopore structure. XRD patterns and Raman spectra showed that despite the low
structural ordering of the aerogels, there is an important contribution of domains of a
graphitic structure, very unusua for carbon aerogels nanoporous carbons synthesized at
low temperatures. Raman spectroscopy also showed a correlation between the structural
ordering and the R/C ratio, with high resorcinol contents favoring the formation of more
ordered carbon structures.

All the synthesized carbon aerogels presented a well developed micro/mesoporous
structure. Whereas all the pyrolyzed materials presented similar microporosity, regardless
the R/C ratio, the formation of mesopores with a narrow size distribution is connected to
low R/C values. In contrast, high R/C values yields large macropores

resulting from large clusters with a highly cross-linked structure. Activation under CO,
provoked an increase in the micropore volumes, accompanied by the enlargement of the

mesopores, this effect being more significant for samples with R/C 400 and 600.

Cyclic voltammograms in various electrolytes showed large capacitance values for
sample CAG200A, likely attributed to its enhanced surface area and pore volume, as well
as an accessible pore structure that enables fast charge kinetics and ion migration for the
electrosorption of both sats. The desalination experiments performed in both ionic
solutions using pyrolyzed and activated CAG200A aerogel electrodes reveded an
efficient electrosorption of ionic species on consecutive charge/discharge cycles,
confirming the stability of the aerogel electrodes at the high applied potentials in both
electrolytes.
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Empleo de compuestos funcionales hibridos para
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structure (morphology, texture, composition) of the obtained materials and consequently
on their performance [4-10]. A detailed review on this matter has been published by
Ritter and co-workersin 2003 [4].

Most of these works have reported the unique physical, chemical and electrochemical
properties of these lightweight and high performance engineering materials, showing
potential applications in sectors such as. adsorbents for gas separation [11], catalyst
supports [12,13], energy storage deviceq14-17], capacitive deionization for water
purification [18-20], etc.

Carbon gels are mostly synthesized following the catalyzed polycondensation of
resorcinol-formaldehyde mixtures in water, although some other aternative routes have
been described using harmless and naturally available compounds as precursors [21, 22].

Despite carbon gels typically exhibit electrical conductivities higher than other types of
aerogels (which are generaly insulating materials) and most porous carbons [23, 24]
(excluding carbon nanotubes, graphenes or graphitic carbons), the conductivity of
resorcinol-formaldehyde derived carbon gels is still rather limited. Thus, for most
electrochemical applications, the use of carbon back as conductive additive (CCA) is till
recommended (or needed) in the manufacturing of the electrodes so as to limit the
resistance of the system due to the conductivity limitation of the electrode materials [23-
26].

The objective of this work was to synthesize carbon aerogels with controlled porosity
and high eectrical conductivity and to explore their potentia use in electrochemical
applications. The sol-gel polymerization of the gel precursors was carried out in the
presence of a carbon conductive additive (i.e., carbon black); this alowed the fabrication
of carbon gels with extremely high pore volumes within the micro/mesopore range,
largely exceeding the porous features commonly reported for carbon gels. Although the
benefits of the use of conductive carbon blacks in the manufacturing of carbon electrodes
have been reported in the literature [25, 26], herein obtained results have shown that
incorporating the CCA before the sol-gel reaction promotes outstanding changes in the
texture of the final carbon/carbon nanocomposites, beyond the expected improved

electrical conductivity.

Experimental
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Materials Synthesis

The carbon gels were synthesized by the sol gel polymerization of resorcinol (R) and
formaldehyde (F) in water (W), using sodium carbonate (C) as catalyst, carbon black
(CB, Superior Graphite Co.) as conductive additive, and following an experimental
procedure inspired from the method described by Pekala and co-workers [10]. Details of
the conventional synthesis have been reported elsewhere [27]. Briefly, the precursors
were mixed in sealed glass moulds under magnetic stirring and allowed to undergo
gelation and aging in an oven at 40 ° C for 24 h and 70 °C for 120 h. Subsequently a
controlled water—acetone exchange was carried out, and then the pieces were dried under
CO, supercritica conditions. Finaly, the aerogels were pyrolyzed under nitrogen
atmosphere at 800 °C (unless otherwise indicated). The resorcinol/catalyst (R/C) ratio
was varied (i.e., 25, 50, 100 and 200) in order to produce samples with different porous
texture, while the molar ratio R/F was fixed at 0.5, the R/W 0.06 and the CB/(R+F) was 5
and 10 wt.% (values were taken as representative of commonly used percolator mass
ratio in electrochemical applications). The nomenclature of the samples was Gx-CBY,
being x the corresponding R/C value (i.e., G25-CB) and y the CB/(R+F) ratio (i.e., G25-
CB10). To evauate the thermal stabilization of the organic gels upon pyrolysis, selected
gel/CCA composites were also treated at 500 and 1000 °C, obtaining series Gx-CByT,
where T stands for the pyrolysis temperature. For the sake of comparison, a second series
of carbon gels was prepared by the same synthetic route without the incorporation of the

carbon black (series Gx).

Electrochemical characteristics

Electrodes were prepared by mixing the carbon material (90 wt.%) with a binder (10
wt.%, polyvinylidene fluoride). These mixtures were pressed into 10 -15 mg pellets.
Three-electrode cells were assembled on a Teflon Swagelok system using a carbon pellet
as working electrode, a high surface area activated carbon pellet (Maxsorb, Sger = 2600
m? g%) as counter electrode and saturated mercury/mercurous sulfate reference electrode.
All potential values are expressed vs. the normal hydrogen electrode (NHE). Aqueous 0.5
mol L™ NaxSO, was used as electrolyte. The carbon pellets were dried at 60 °C under
vacuum overnight and vacuum-impregnated before assembling the cells. Several

electrochemical measurements were performed on each carbon aerogel electrode, using a
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computer controlled potentiostat/galvanostat (Biologic VMP-3). Aging experiments were
conducted on symmetric cells —capacitors- in aqueous e ectrolyte- Initialy the cells were
galvanostatically charged/discharged between 0-1.4 V and at a specific current density of
500 mA g over six cycles for evaluating the specific cell capacitance. Afterwards, the
cells were charged up to 1.4 V followed by holding the voltage for 12 h. The cell was
then cycled again and the procedure was repeated until an overall holding period of 500 h
was reached. The resistivity measurements of powdered and pressed carbons were carried
out at atmospheric pressure, using a home-made apparatus. M easurements were based on
the van der Pauw technique [28], which involves the application of a bias current of 50
mA to the carbon pellets and measuring the voltage drop, using a four probe

configuration.

Nanotextural and Chemical Characterization

The nanotexture of the prepared gels was characterized by measuring the N, adsorption
isotherms at -196 °C (ASAP 2010, Micromeritics). Before the experiments, the samples
were outgassed under vacuum (ca. 10°° torr) at 120 °C overnight. The isotherms were
used to calculate the specific surface area, Sger, total pore volume, V+, and pore volumes
using the DR formulism and non-local density functional theory (DFT). SEM/EDX
analyses were performed with a FE-SEM apparatus (QuantaSEM, FEI). Elemental
analysiswas carried out in LECO CHNS-932 and LECO VTF-900 automatic analyzers.

Results and discussion
Synthesis of the aerogel/CCA materials

The sol-gel procedure used in this work was a simple modification of the conventional
procedure reported by Pekala and co-workers [10], consisting on carrying out the sol-gel
polymerization of the precursors (resorcinol and formaldehyde) in the presence of a
carbon conductive additive on the mixture. As conductive additive, a carbon black
(Superior Graphite, Co.) commonly used in electrochemical applications was selected;
this material is characterized by low ash, moisture, sulfur and volatiles contents, as well
as a high electrical conductivity provided by its ordered structure (see TEM images in

Fig. 1). According to literature, the polymerization mechanism of resorcinol-
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formaldehyde (RF) gels is typically controlled by the addition reaction between the
precursors to form hydroxylmethyl derivatives, followed by condensation to form
methylene ether bridged compounds, and cluster growth [4-7]. The initial cluster
formation is followed by the spinodal decomposition of the growing clusters that
promptly become unstable and thus gelation occurs. For our systems, gelation occurred
regardless the amount of CCA added (i.e. 5 or 10 wt.%), indicating that the cross-linking
of the clusters (that leads to the stiffing of the gel) progressed adequately upon
incorporation of the CCA. It should be mentioned that the loading of the CCA was
selected considering commonly percolator mass ratio reported in the literature in
electrochemical applications [23-26]. Above 10 wt.%, the dispersion of the carbon black
in the reactants mixture was not uniform, which impeded the homogeneous sol-gel
reaction. At lower loadings (ca. 0.5-2wt.%) the effect on the electrical conductivity of the
aerogel electrodes was almost negligible, thus these samples were no longer investigated.

The lack of swelling during the solvent exchange stage also indicated that cross-linking
reactions were sufficiently completed in the presence of the CCA particles. The
appearance of the aerogels changed with the synthesis variables, before pyrolysis,
conventional RF aerogels were opaque and dark for low R/C ratios (i.e. series 25 and 50)
turning translucent light red for the higher R/C ratio (Figure S1. in Supplementary File).
After pyrolysis, al the materials become opaque and dark, regardless the synthesis
conditions. On the other hand, al the aerogels prepared in the presence of the carbon
black additive were black and opaque regardless the R/C ratio and before the pyrolysis
treatment.

Scanning microscopy images also showed that the incorporation of the carbon black did
not modify the gels structure compared to conventional synthesis (Fig. 2). Moreover,
TEM images in Fig. 1 showed that the gel/CCA composite exhibit domains of graphitic
order provided by the carbon black arranged within the amorphous carbon matrix
characteristic of the materials prepared by the conventional synthesis.

Thermal annealing of the dried aerogels under inert atmosphere at 500, 800 and 1000 °C
preserved the monolithic shape of the gels, although some cracks appeared at the surface
(Figure S1). Thiswas particularly evident for the samples prepared from the highest R/C
ratio, suggesting a rather uniform shrinkage for all the samples. After pyrolysis, all the
gels were bright black and showed rather good mechanical strength. Moreover, the CCA
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appeared to enhance the mechanical properties of the materials prepared from R/C above
100, otherwise brittle and difficult to handle without damage.

The evolution of the porous features of the synthesized materials was very dependent on
the incorporation of the CCA before the sol-gel reaction. Fig. 3 and Table 1 show the
main textural parameters determined by nitrogen adsorption at -196°C.

For the carbon gels synthesized following the conventional procedure, the expected
influence of the R/C ratio in the porous network connectivity and the textural parameters
(micro/mesopore balance, surface area and average pore width) was observed [4-9]
Briefly, a gradual shift from type | (predominant microporosity + narrow mesopores)
towards type IV adsorption isotherms (low micro/mesopore ratio) was observed with the
R/C ratio, accompanied by an increase in the specific surface area and pore volumes. This
indicates that the development of a mesoporous structure is favored when the reactivity of
the carbon precursors is lowered (reducing the amount of catalyst). Prominent hysteresis
loops appearing a high relative pressures and a non-negligible microporosity
contribution were also observed, which according to literature are characteristics of the
so-called colloidal gels prepared using high R/C ratio [5,6].

The incorporation of the CCA alowed the preparation of ultrahigh mesoporous carbon
gels as seen by the nitrogen adsorption isotherms (Fig. 3). All the samples exhibited type
IV isotherms regardless the R/C ratio, along with large total pore and mesopore volumes
(Table 1). It isinteresting to remark that the nitrogen adsorption isotherms of the Gx-CBy
composites displayed a singular shape characterized by a curvature both in the adsorption
and desorption branches (marked by arrows in Fig. 3 and 4). The onset of the curvature
moved upwards to higher pressures with the R/C ratio, ranging from 0.75 for G25-CB10
to 0.88 for G200-CB10.
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a more homogenous distribution of pore sizes compared to G25-CB10 and G50-CB10.
The curvature of the adsorption/desorption branches and the position of the hysteresis
loops suggest that the pore network of these materials is composed of cylindrical
mesopores with uniform bodies, connected by narrower cylindrical necks of uniform
widths.

Table 1. Porosity parameters obtained from the N, adsorption isotherms at -196 °C for
the gels prepared with and without the incorporation of the carbon conductive additive.

SgET VroraLpores WO (DR) Vveso  Mean mesopore

[m"g™ [om® g [cm® g7 [em®g?] Size[nm]
Carbon Black 41 0.13 0.02 0.06 --
G25 455 0.26 0.17 0.09
G50 760 0.59 0.35 0.24
G100 820 0.95 0.29 0.66
G200 830 1.33 0.31 1.02 12
G25-CB10 535 0.74 0.18 0.56 7-13
G50-CB10 542 1.09 0.20 0.89 9-15
G100-CB10 592 1.22 0.20 1.02 13-17
G200-CB10 559 1.46 0.20 1.26 17-22
G50-CB5 633 0.88 0.21 0.67 5-8
G50-CB10-T500 569 1.02 0.21 0.81 9-15
G50-CB10-T1000498 1.10 0.20 0.90 12-18

Asfor the textural parameters, pore volumes of the gel/CCA composites largely exceeded
the values obtained with the conventional synthetic route (Table 1). Specific surface areas
did not follow the same trend, with smaler values for the materials prepared in the
presence of the CCA. Moreover, whereas surface areas discretely increase with the R/C
ratio for the control Gx series (only G200 break this trend), values varied within a short
range for the materials prepared in the presence of the CCA.
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by narrower necks. These features allow a fine-tuning control of the micro/mesoporosity
of the gels modified with a conductive additive.

To anayze the effect of the amount of carbon black incorporated during the synthesis on
the porosity, two identical aerogels were prepared adding 5 and 10 wt.% of the CCA
while keeping constant the rest of parameters (samples G50-CB5 and C50-CB10). The
corresponding gas adsorption isotherms are shown in Fig. 3. Increasing the amount of
carbon black led to higher total pore volumes and to an enlargement of the average
mesopore size. This is evidenced by the shift of the hysteresis loop to higher
condensation pressures in the adsorption isotherms. It may be inferred then that the pore
width is not only controlled by the R/C ratio (as in conventional synthesis) but also by the
amount of carbon black.

For the sample prepared with the lowest amount of CCA (carbon G50-CB5), three
distinctive regions can be clearly identified as fused hysteresis loops in the nitrogen
adsorption isotherm (Fig. 3). This points out the occurrence of a large pore blocking
effect in the network, likely due to mesopores interconnected by narrower necks of
various sizes. When the amount of carbon black increased (sample G50-CB10), only two
stages (fused hysteresis loops) are distinguished, along with an upward shift in the
relative pressure of the loops in the adsorption isotherms. This reveals that the size of the
pore necks is enlarged with the amount of CCA. Interestingly, both samples showed a
similar curvature in the adsorption isotherm appearing at relative pressures of ca. 0.8 (see
inset in Fig. 3). Consequently it seems that the size of the large mesopores is mainly
controlled by the R/C ratio (being similar in G50-CB5 and G50-CB10), whereas the CCA
would control the size of the pore necks connecting the main cavities. Pore systems
showing fused hysteresis loops have been reported for chemically modified microporous
glasses [29, 30] and silica materials consisting of spherical mesopores connected through
narrow openings[34].

Based on the porosity evolution of the gel/CCA composites, it can be inferred that the
incorporation of the conductive additive strongly affects the polymerization mechanism
of the precursors. In the conventional synthesis, highly reactive systems are favored for
low R/C molar ratio, where the rate of formaldehyde consumption is accelerated leading
to dense branched clusters, which easily undergo spinodal decomposition. In the presence
of the aggregates of CCA, the large pore volumes and hysteresis loop suggest that the
polycondensation of the monomersis slowed down. This would suppress the formation of
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the hydroxymethly derivates that allow the cross-linking of the structure (in asimilar way
as the effect of the R/C vaue in the conventional synthesis [4-6, 34], generating less
branched clusters that are more stable in the nucleation regime, allowing the colloida
particles to aggregate and assemble together in larger and weakly branched clusters. As a
result, the carbon yields (after pyrolysis) obtained for the gel/CCA composites were
larger (ca. 59-63 % for Gx-CBy) than those of the gels obtained in the conventional
synthesisfor all R/C values (ca. 50 % for series Gx).

During the clusters formation and growth, the carbon black aggregates (of a few nm
width) would act as an ionomer finely dispersed within the primary particles of the
carbon precursor monomers, creating larger and poorly cross-linked polymer particles but
providing additional electrical conductivity.

The high pore volumes of the gel/CCA samples were amost unaffected by the pyrolysis
temperature (Fig. 3), unlike the trend reported for carbon gels prepared by the
conventional sol-gel route [4-6]. In a typica synthesis, the pyrolysis temperature may
cause a structura collapse due to the surface tensions arising during gas evolution after
the decomposition of the organic gels components (i.e. OH moieties, H,0O, CO,, CO and
other organic molecules). This effect is generally more remarkable in gels composed of
small nodules (low R/C ratio) and narrow pores, which are less resistant to the surface
tensions provoked during gas evolution. Elemental analysis confirmed the large loss of
oxygen, hydrogen and other volatiles from the carbonaceous structure during pyrolysis,
with carbon contents increasing from 50-75 wt.% (as-prepared gels with increasing R/C
ratios) to 82-98 wt% (after pyrolysis at 550-800 and 1000 °C). Thus, it seems that as a
result of the incorporation of the carbon black, the aerogels are more resistant to surface
capillary pressures, thus alowing pyrolysis with nearly no structural shrinkage/collapse.
This is also supported by large carbon yield of the gel/CCA composites, compared to the
conventional synthesis, as mentioned above. The enhanced resistance of the gel primary
particles to collapse upon annealing would be attributed to their large porosity and the
reinforcement effect of the carbon black in the matrix, in a similar way as that reported

for some resins or fibers-reinforced gels [35-37].

Electrochemical characteristics in aqueous medium
To investigate the potential applications of the synthesized carbon gels as electrodes in
various electrochemical systems, we have measured the electrical resistivity of the carbon
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gels prepared with and without the CCA. As seen in Table 2, the resistivity values of the
carbon gels prepared by the conventional sol-gel process showed a decreased trend with
the R/C ratio; this has been explained in terms of the higher density of defects typicaly
present in polymeric gels [38]. After incorporation of the carbon black additive, the
resistivity decreased by an order of magnitude for all the synthesized materials, and the
trend with the R/C is till subtly observed (Fig. 5). The resistivity values are also lower
(i.e. higher conductivity) than those reported for amorphous carbon materials (Fig. 5)
typically used in electrochemical applications [23, 24]. For a given R/C molar ratio,
similar resistivity values were obtained for the aerogels prepared with 5 and 10 wt.% of
the CCA (Table 2). Lower carbon black

Table 2. Resistivity vaues of the synthesized carbon aerogels and gel/CCA

nanocomposites.
Resistivity RIC CCA PyrolysisTemp
[Ohm gq] [wt.%] [°C]
Carbon Black (CCA) 2.8 n.a 100% n.a.
G25 278 25 none 800
G50 247 50 none 800
G100 223 100 none 800
G200 202 200 none 800
G25-CB10 63 25 10 800
G50-CB10 58 50 10 800
G100-CB10 25 100 10 1000 (800)
G200-CB10 22 200 10 1000
G50-CB5 53 50 5 800
G50-CB10-T500 o0 50 10 500
G50-CB10-T1000 29 50 10 1000

loadings did not seem to affect the electrical conductivity of the gels, whereas higher
loadings were not achievable (lack of homogenous dispersion). All this points out that the
resistivity of the prepared materials does not only depend on a critical carbon black
loading, but also on the interconnectivity between the CCA particles and the RF clusters

during the synthesis.
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conductivity of the gel/CCA composites is greatly defined by the chemical composition
of the carbon matrix and to alesser extent by its texture.

The large pore volumes and low electrical resistivity of the synthesized gel/CCA
nanocomposites anticipate a good performance as electrodes, further corroborated by the
electrochemical response of the obtained materials analyzed in a three electrode cell
configuration in neutral agueous electrolyte. Cyclic voltammograms of selected materials
(representative of the series) are shown in Fig. 6, for a potential cut-off hold between -
800 and +800 mV vs NHE. Despite the thermodynamic potential for water decomposition
(i.e. -380 mV vs NHE) was largely surpassed, no current leaps related with gas evolution
due to the decomposition of the electrolyte were observed. This behavior is rather
common for porous carbon electrodes in sodium sulfate electrolyte [40]; it has been
attributed to the high overpotential for H, evolution of neutral eectrolyte, and the ability
of porous carbon electrodes to store the nascent hydrogen below -400 mV vs NHE. The
wide humps observed in the anodic sweeps between +200-400 mV vs NHE (see for
instance G200-CB10) confirmed the electrooxidation of the hydrogen stored on the
electrodes.

Other than the humps due to electrooxidation/reduction of nascent hydrogen, the
voltammograms showed the ideal rectangular shape associated to the charge/discharge of
the electric double layer (pure capacitive behavior). Current peaks arising from pseudo-
faradaic reactions involving redox charge transfer reactions associated to surface groups
were not detected, which is in agreement with the low oxygen content of the pyrolyzed
aerogels.

As mentioned above, the gels treated at 500 °C showed a negligible electrochemical
response, in accordance with the resistivity values measured for the electrodes (Table 2).
This contrasts with the behavior widely reported for porous carbon electrodes where the
incorporation of oxygen functionalities often leads to enhanced capacitance values due to
the pseudo-capacitance contribution linked to surface functionalities [41]. Having a rich
surface chemistry, it appears that the oxygen moieties decorating the carbon matrix of the
gels pyrolyzed at 500 °C are not electrochemically active. Thus, pyrolysis temperature is
critical to assure the good electrochemical performance of carbon gels, even if a
conductive additive is incorporated in the synthesis.

The electrodes pyrolyzed at 800 and 1000 °C also showed a stable electrochemical
response, being reversibly charged/discharged at large potential windows (ca. 1.4 V) in
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Moreover, the possibility to operate at a large electrochemical window coupled to the
enhanced life cycles of these gel/CCA nanomaterials offers an interesting strategy for
those applications where a high potential /voltage and good reversibility are desired (for
instance capacitive deionization, electrochemical, energy storage, or biosensors).
Additionally, the high resistance to electro-oxidation of the prepared carbon gels
overcomes the limitation of most porous carbons in electrochemica applications (i.e.
activated carbons), becoming an interesting feature to be further explored. Future
research will focus on adjusting the micro/mesopore ratio and pore volumes in the low-
nanometer scale, since this would be expected to expand the applicability of the

materials.

3.1.4. Conclusions

We have synthesized electrically conductive and highly mesoporous carbon gels by a
simple modification of the traditional resorcinol-formaldehyde catalyzed
polycondensation route widely described in the literature for the preparation of carbon
gels. The polycondensation of the reactants in the presence of a carbon conductive
additive allowed a facile preparation of electrically conductive carbon aerogels with a
unique combination of ultrahigh mesopore volumes and low electrical resistivity. The
conductive additive had a large impact on the catalyzed sol-gel polymerization of the
reactants, directing the synthesis towards the formation of less-branched clusters and of
polymer particles with large sizes, this alowed a fine-tuning control over the
micro/mesoporosity of the gel/CCA materials, while providing electrical conductivity
within the polymer carbon gel particles.

Connectivity of the large mesopore cavities by large narrow necks assured an efficient
charge/discharge rate in electrochemical applications due to the enhanced diffusion of
ions in the large connected channels. The materias pyrolyzed above 500 °C showed
stable electrochemical response in neutral agueous electrolyte, being reversibly
charged/discharged at large potential windows over several hundreds of cycles, without
significant losses in the current density. Another important feature related to the
incorporation of the carbon black during the sol-gel step is the better life cycle of the
resulting electrodes when charged/discharged at high voltage. These are interesting

features for applications of carbon electrodes were afast responseis crucial.
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3.1.6. Anexo: Supplementary Information

Fig. S1 Images of the prepared carbon aerogels with and without the addition of the conductive additive.
(A) gelsfrom the conventional synthesis before pyrolysis; (B) sample G200 before pyrolysis; (C) sample
G200 after pyrolysis; (D) G200-CB10 before pyrolysis and (E) G200-CB10 after pyrolysis.
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the good electrochemica performance, the use of monolithic electrodes was limited due
to the large shrinkage and deformation of the pieces after carbonization -leading to
densification of the matrix- [5]; thisis a challenge for electrochemical applications where
the contact between the electrode material and the current collector is crucial to avoid
efficiency losses due to resistance. Aiming at fabricating large monolithic electrodes with
improved mechanical properties without adversely affecting their porosity and
conductivity, we herein report the preparation of monolithic carbon aerogels with
enhanced mechanical properties by using a low cost siliceous sacrificial additive (i.e.
diatomite earth). The synthesis route is a simple modification of the conventional one
reported elsewhere [4], and consists on alowing the sol-gel polymerization of the
precursors in the presence of the additives; after the supercritical drying step, the
hydrogels (series H-) were carbonized (series C-), and the siliceous additive was finally
removed by HF etching (see further details in the ESI File). Selected formulations with
different precursor’s molar ratio (R, F and melamine, M) and additives (either diatomite
(D), carbon black (B), or both) were prepared (Table 1), to show that the effect of the
additive does not depend on the composition of the aerogels. From a macroscopic point
of view (Fig. 1), the materials ranged from translucent (pristine) to opagque when either B
or D additives were used; this was rather expected given the large amounts of additives
added (ca. 10 and 50 wt.% for B and D, respectively). Fig. 1 also shows the typica
shrinkage and deformation of monoliths of varied composition after carbonization to
obtain carbon aerogels (series C-) due to the evolution of the volatiles. The shrinkage of
the disks (Table 1) accounted for up to a 30 % reduction in volume, and it was observed
regardless the composition of the aerogels; notwithstanding the deformation was more
pronounced for the samples prepared using melamine and B additive. In contrast, the
shrinkage and bending was not observed for the aerogels prepared in the presence of
diatomite, as the carbonized disks preserved their dimensions even after the removal of
the siliceous skeleton. Since we did not observe cracks between the siliceous and
carbonaceous phases (Fig. 2 and 3), and we attribute this to the open pore structure of the

diatomite that facilitates the evolution of volatiles upon densification by carbonization.

The aerogels ranged from brittle to sponge-like solids when D was incorporated -even
after etching of the diatomite-. These differences in the consistency were aso
corroborated by the Crushing Strength Tests up to 30 N (Table 1) [6], a screening
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technique used to evaluate the mechanical properties of the aerogels. The pristine and B-
loaded materials presented a conchoidal fracture after compression above 30 N (Fig. 2).
On the other hand, the aerogel s synthesized in the presence of the D (either etched or not)
followed a different pattern; no fracture was observed in this case, and the materials were
rather gradually deformed with increasing the compressive load, suggesting a plastic
character. The extent of the deformation is clearly seen by the fingerprint left by the

punch in the monoliths (Fig. 2).

The mechanical properties of selected monolithic aerogels were also investigated by
means of Small Punch Tests performed under quasi-statical conditions [7]. Fig. 3 shows
the load-displacement curves (LDC) from biaxially stretched tests performed on selected
aerogels showing the effect of both additives. The characteristic shape of the curves
demonstrates the change from a stiff and brittle behavior to a compliant and plastic
character of the materials when the diatomite was used as additive in the synthesis. In the
case of the aerogels without D, a steep initia slope was followed by a load drop
associated with pop-in cracking. The onset of the first crack corresponds to the maximum
load and determines the deformation capacity of the material (inset Fig. 3). The LDC
curves exhibit a much more compliant behavior when D was used as additive and no
sudden crack extensions took place; this is attributed to the presence of large voids
inherited from the siliceous skeleton, as it can aso be seen in the SEM images. The
stiffness of the samples, evaluated from the initial slope of the LDC, decreased about one
order of magnitude when the D additive was used. Furthermore, the mechanical
properties induced by the D are retained after carbonization and/or etching off the
additive. While the maximum load up to the first pop-in crack is quite similar for all the
samples, the materials prepared in the presence of D exhibit much higher displacements
before cracking and larger areas under the LDC, this last value being related to

toughness.

In addition to being more mechanically compliant, the aerogels prepared in the presence
of the diatomite exhibited large porosity, as inferred from the N, adsorption data (Fig. 4,
Table 1). Thetextural features of the aerogels were slightly altered by

Table 1. Summary of synthesis parameters, dimensions and textural characteristics of the monolithic
aerogel s showing the shrinkage and response to the Crushing Strength Tests. Samples before (H-) and

after (C-) carbonization are compared.
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A B . Specimen Shrinkage on Remarkson
Sample (*) [ﬁ]BzET.l] [c\r/n;/ ] P?rlgx:tﬂe?s dimensions®  carbonization®  Crushing Strength
9 9 (mm) (%) Tests
(M+R)/C 90 Brittle, fracture upon
H-MRF1 458 0.99 (M+R)/W 0.052 4,97 - Ioéd of 16 N P
(M+R)/F 0.428
(M+R)/C 90 fracture upon load of
H-MRF1-B 450 155 (M+R)/W 0.052 4,97 - 2$ N
(M+R)/F 0.428
(M+R)/C 90 .
C-MRF1 323 046  (M+R)WO0052 48735 28.1 Britile, no fracture
(M+R)/F 0.428 upon load of 30N
(M+R)/C 90 Brittle, no fracture
C-MRF1-B 314 0.67 (M+R)/W 0.052 4,95/ 3.45 30.3 '
(M+R)/F 0.428 upon load of 30N
R/C 200, R/F 0.5, Brittle, fracture after
H-RF1 592 1.32 R/W 0.06 5.2 - load of 15 N
R/C 200, R/F 0.5, Brittle, fracture after
C-RF1 862 1.48 R/ 0.06 5.2/3.93 24.4 18 N load
R/C 200, R/F 0.5, Brittle, fracture after
C-RF1-B 854 153 R/ 0.06 5.2/3.58 31.2 28 N load
R/C 200, R/F 0.5, Brittle, no fracture
C-RF2 894 1.17 R/W 0.08 5.2/3.87 25.6 upon load of 30N
R/C 200, R/F 0.5, Brittle, fracture upon
C-RF2-B 856 1.18 R/W 0.08 5.2/3.4 338 load of 21N
(M+R)/C 135 Brittle, fracture upon
H-MRF2 212 144 (M+R)/W 0.052 51 - Io:a\d of 21N P
(M+R)/F 0.428
(M+R)/C 135 chz::c?(tlgrlies,tic
H-MRF2-D 101 0.58 (M+R)/W 0.052 5.2 - . .
(M+R)/F 0.428 fringerprint at
' loadings 5-30N
RC 125 e
H-MRF2-BD 237 0.51 (M+R)/W 0.052 5.2 - fringerprint at
(M+R)/F0.428 loadings of 5-30N
(M+R)/C 135 Brittle, fracture upon
C-MRF2 522 155 (M+R)/W 0.052 5.1/3.6 30.8 Io:;\d of 14N P
(M+R)/F 0.428
(M+R)/C 135 chz::c?(tlgrlies,tic
C-MRF2-D 230 0.85 (M+R)/W 0.052 5.2/4.9 5.4 . .
(M+R)/F 0.428 fringerprint at
' loadings of 2-30N
Flexible
(M+R)/C 135 i
C-MRF2-D 328 113 (M+R)W 0.052 5.2/4.9 5.4 characteristic
(etched) (M+R)/F 0.428 fringerprint at
' loadings of 2-30N
(M+R)/C 135 cheracteic
C-MRF2-BD 118 0.41 (M+R)/W 0.052 5.2/5.0 4.6 . .
(M+R)/F 0.428 fringerprint at
' loadings of 5-30 N
Flexible
(M+R)/C 135 >
C-MRF2-BD 537 051 (M+R/W0.052 5.2/4.9 5.2 characteristic
etched (M+R)/F 0.428 fringerprint at

loadings of 2-30N

" Samples are labelled as series RF or MRF depending on the precursors; numbers indicate different formulations -for
clarity- detailed in the synthesis parameters raw; “H” denotes hydrogels after supercritical drying and before
carbonization; “C” denotes carbonized samples; “D” and/or “B” denote the presence of diatomite and/or carbon black
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additives.

A Apparent surface area evaluated using BET at the N, adsorption isotherms at -196° C
B Total pore volume evaluated at relative pressure of 0.99
€ Spherical specimens, dimensions before (samples H-) and after carbonization (samples C-) of the disks

P evaluated from the dimensions before/after carbonization of the spherical specimens (samples H- vs samples C-)
E evaluated from the Crushing Strength Tests (compression up to 30 N) of the spherical specimens
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Anexo: Supplementary Information File (ESI)

Synthesis of the MRF aerogels

Hydrogels were synthesized by the polycondensation of Melamine (M), Resorcinol (R)
and Formaldehyde (F) using sodium carbonate as catalyst (C) and deionized water (W) as
solvent. Carbon black (CB, Superior Graphite Co.) and diatomite (Nanolit K-6) were
used as conductive and anti-shrinkage additives, respectively. Two different molar ratio
of the reactants were used, as compiled in Table 1 (M+R/C of 90 and 135; M+R/W of
0.052 and 0.053, M+R/F of 0.43). The fina pH of the precursors was eventually adjusted
at 7.4 by adding acetic acid or sodium carbonate, respectively. For the MRF series, the
samples were synthesized following a prepolymerization procedure described elsewhere
[S1-4]. Briefly, a solution containing R, F, C and W (solution A) was stirred for 1 h at
40 °C. Separately, a solution containing M, F, W and C (solution B) was stirred for 30
min at 70 °C. Subsequently, solutions A and B were mixed together and stirred for 20
minutes at room temperature to further allow the cross-linking of the precursors. Before
gelification, diatomite (50%wi/v) and/or carbon black (ca. 10%wt.) were added and
magnetically stirred to ensure a homogeneous dispersion. Hydrogels were then kept in an
oven at 40 °C for 24 h and then at 70 °C for 120 h to alow gelation and aging. After a
controlled water—acetone exchange, the hydrogels were supercritically dried with CO,
and carbonized (ca. 2 °C/min) at 750 °C under nitrogen atmosphere. Diatomite was

removed from the samples using HF, leaving a silica free carbon monolith.

Synthesis of the RF aerogels

The resorcinol-formaldehyde carbon gels were synthesized by the sol ge
polymerization of resorcinol (R) and formadehyde (F) in water (W), using sodium
carbonate (C) as catalyst, carbon black (CB, Superior Graphite Co.) as conductive
additive. Different aerogels were obtained by setting the R/W ratio at 0.06 and 0.08,
while the R/F molar ratio was set at 0.5, the R/C at 200 and the amount of carbon black
added to the solution was ca. 0.9% wi/v. In a typical synthesis, the reagents were placed
into sealed glass moulds under magnetic stirring and allowed to undergo gelation and
aging in an oven at 40° C for 24 h and 70 °C for 120 h. After the water-acetone
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exchange, the samples were dried under CO, supercritica conditions. Finally, the
aerogels were pyrolyzed at 800°C under a N stream (heating ramp of 2 °C min'%). For the
sake of comparison, carbon gels prepared by the same synthetic route without the
incorporation of the carbon black were also prepared.

Nomenclature of the samples

Series MRF: hydrogels synthesized by the polycondensation of melamine, resorcinol
and formaldehyde.
Series RF: hydrogels synthesized by the polycondensation of resorcinol and
formaldehyde.
Hydrogels are labeled as “H”, while carbonized samples are labeled as “C”.
The presence of Diatomite and Carbon Black in the samples is indicated by adding “D”

or “B” to the nomenclature.

Mechanical Properties: crushing Strength Test and Small Punch Test

The Crushing Strength Tests were carried out by applying a normal force (up to 30N) to
the as-prepared monoliths. This allows the evaluation of the resistance of the materials to
fracture under a compressive strength limit, while measuring the characteristic fingerprint
on the material upon deformation and/or fracture.

Small Punch Tests were performed under quasi-statical conditions with a low speed
tensile test machine on 1x1cm sguare specimens of 2-3 mm thickness. The specimens
were polished to control the thickness and to obtain a flat surface, and framed in aresin
framework (1 x 1 mm) surrounding the material while leaving the surface of the material
uncovering to allow the contact with the punch head. The test consisted on fixing the
specimen between two dies (initial load of 2 N), and then deforming the specimen quasi-
statically up to failure by means of a small semi-spherical punch with a head of 2 mm of
diameter (biaxial expansion). The test is speed controlled with a punching speed v = 0.2
mm/min. The displacement of the punch is measured by means of an extensometer, and
after correction of the flexibility of the testing device, the displacement of the centra

point of the specimen is cal culated.
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Electrical conductivity measurements

The measurement of conductivity on the previously dried as-prepared monolithic
samples was carried out using an Arbin BT2000 potentiostat-galvanostat. The specimens
are packed between two metallic collectors and hold under constant pressure (severd
values were tested to assure proper contact) and a bias voltage between 0.2-1.2 V (0.2V/s
step for 120 s) was applied. The resistance is calculated from the slope of the current-
voltage profiles at each voltage. The area and thickness of the monoliths, needed to
evaluate the resistivity, were measured by a spring micrometer.
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Table S1. Main characteristics of the additives used (diatomite and Carbon Black).

Sample SBETA VPORESB Selected characteristics Remarks
P'e  [m’g" [cm3ig]
Volatiles < 0.15 wt.%
Ash < 0.05wt.%
Carbon Black 22 0.17 Density 160 kg/m® Superior Graphite Co
Average particle size 6 nm
FN-6 / Celatom

Average particle size 12 mm Fine-grained siliceous sediment of

b biogenic origin (skeletal remains of

Diatomite 8 0.08 Permeability (Darcy) 0.020 g gin

Apparent density (dry) 190 g/L
Apparent density (wet) 420 g/L

microscopic single-celled diatoms)

S0, (89.2 Wt.%) , Al,Os (4 Wt.%),
Fe,0; (1.7 wt.%), Ca0 (0.5 wt.%),
MgO (0.3 wt.%)

A Apparent surface area evaluated from N, adsorption isotherms at -196° C

B Total pore volume evaluated at relative pressure of 0.99
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Abstract: We report the synthesis of conductive and mechanically compliant monolithic
carbon aerogels prepared by the sol-gel polycondensation of the melamine-resorcinol-
formaldehyde mixtures by incorporating diatomite and carbon black additives. The
resulting aerogels composites displayed a well-developed porous structure, confirming
that the polymerization of the precursorsis not impeded in the presence of either additive.
The aerogels retained the porous structure after etching off the siliceous additive,
indicating the adequate cross-linking of the MRF reactants. However, the presence of
diatomite caused a significant fall in the pore volumes, accompanied by the coarsening of
the average pore size (predominance of large mesopores and macropores). The diatomite
also prevented the structural shrinkage and deformation of the as-prepared monoliths
upon densification by carbonization, even after removal of the siliceous framework. The
rigid pristine aerogels became more flexible upon the incorporation of the diatomite,
favoring the implementation of binderless monolithic aerogel electrodes.

I ntroduction

The flexible coordination chemistry of carbon atoms coupled to recent advancesin the
field of synthetic chemistry have contributed to develop highly featured carbon materials
with an unforeseen control of their physicochemical and structural properties (in terms of
particle size and shape, uniform porous void, and so forth), that offer unexpected
opportunities in many science and engineering fields beyond traditional uses [1-3].
Creative approaches have been reported in the literature in recent years for the synthesis
of carbon materials which offer specific benefits compared to traditional ones related to

lower costs, greater design flexibility and high performance [1, 2]. Among different
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strategies, the synthesis of carbon aerogels from the sol-gel polycondensation of
resorcinol-formaldehyde mixtures (and some other precursors) has caught the attention of
numerous research groups, because of the unique combination of physicochemica and
structural properties of the resulting carbon materials such as controllable pore structure,
high electrical conductivity, relatively low cost, and high surface area and porosity [4-8].
Indeed, after the early works of Pekala and coworkers [9,10], the interest for these solids
has raised and much research efforts have been devoted to analyze the effect of the
synthesis conditions on the morphological and porous structure of carbon gels and

consequently on their performance [8,11-13].

Carbon aerogels seem particularly promising materials for eectrochemical
applications as they comply with the requirements typically needed for instance for the
energy storage in electrochemical devices (i.e., supercapacitors) or the electroassisted
removal of ionic species from solution (i.e., capacitive deionization), namely high surface
area to form the electric double layer, resiliency to electrochemical oxidation/reduction,
stability under different electrolytes, and so forth [14-16].

The technological applications in electrochemistry of carbon aerogels have often been
limited by their poor mechanical properties and electrical conductivity [17-20]. Although
nanoporous carbon aerogels typically exhibit higher electrical conductivity than other
types of aerogels (which are mostly insulators), the conductivity of resorcinol-
formaldehyde derived carbon aerogels is still a drawback [21,22]. Hence, despite their a
priori favorable characteristics -in terms of porosity and resiliency to electrochemical
modification-, carbon aerogels usually present low current and ionic removal efficiencies
[15,16,23,24]. On the other hand, it is well known that the electrical properties of carbon
materials are directly related to their structure; most carbon precursors are generally good
insulators due to the high ratio of sp® bonded carbon atoms [3,25]. The electrical
conductivity of carbon materias increases with the density of conjugated sp® carbon
atoms (that may be raised upon thermal treatment of the precursors at temperatures above
1000°C) and the degree of structural order of the separate conjugated systems to
interconnect forming a conducting network [3,25]. However, combining high porosity
and electrical conductivity is still challenging, and the lack of conductivity of nanoporous
carbons is usually overcome by using small amounts of carbon black as low cost

conductive additive in the manufacture of the electrodes, to lower the resistance and thus
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enhancing the electrodes performance [23]. Also, the mechanical stiffness of monoalithic

electrodes is the main reason for the prevalence of the use of electrodesin powder form.

Resorcinol-formaldenyde aerogels are usualy fragile materials, athough the
mechanical stiffness is largely related to the cross-linking degree of the precursors and
the porosity of the aerogels [9,20,24]. Organic hydrogels are mechanically reinforced
upon carbonization at high temperature to render denser carbon gels, that become more
rigid (although typical Young modules are still a factor of 100-1000 lower than those of
silica glass) but their deformation capacity decreases [9,20,24]. In a previous study we
reported the good electrochemical performance of binderless monolithic aerogel
electrodes over powdered materials due to the combination of a nanoporous structure
interconnected with a macroporous network [26-28]; their technological implementation
a large scale was, however, limited due to the large shrinkage and deformation of the
pieces after the carbonization; the contact between the bent monolithic electrodes and the
current collector was compromised, leading to important efficiency losses due to

resistance.

Aiming at fabricating large monolithic electrodes with improved mechanical
properties without compromising the porosity and conductivity, we herein report the
preparation of carbon aerogel monoliths with enhanced mechanical properties by using
low cost structure and conductive additives: diatomaceous earth and carbon black. The
synthesis route is a smple modification of the conventional one [9], and consists on
alowing the sol-ged polymerization of the precursors (melamine-resorcinol-
formaldehyde) in the presence of the additives. Data has shown that the obtained aerogel
composites displayed a highly porous structure, and improved electrical conductivity and
mechanical properties provided by the additives, even after the removal of the sacrificia
siliceous framework. The incorporation of the diatomite during the synthesis prevented
the deformation of the electrodes upon densification by carbonization; such mechanical
compliance may contribute to the implementation of binderless monolithic aerogel
electrodes.

Results and Discussion

Characterization of the aerogels
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In a previous study we reported the two-step synthesis of N-doped carbon aerogels
based on the prepolymerization of resorcinol-formaldehyde-melamine (MRF) mixtures
[26,27]. Regardless the solution pH and M/R molar ratio, the hydrogels prepared by the
conventional one-step route displayed essentially a microporous character, as opposed to
the meso-/macroporous network of those prepared upon the prepolymerization of the
precursors. These MRF aerogels presented promising electrochemical features due to a
unigue pore structure dominated by large pores, and an improved wettability provided by
the presence of N-surface groups. The materias still displayed poor electrical
conductivity (athough superior than that of RF aerogels) and limited mechanical
characteristics (large deformation and bending upon carbonization), for which the use of

large monolithic electrodes was still quite challenging.

We herein report a simple modification of the above-mentioned method for the
synthesis of MRF aerogels consisting on carrying out the sol-gel polymerization of the
precursors in the presence of two additives. diatomaceous earth as low cost sacrificia
structural additive to improve the stiffness of the aerogels, and a carbon black -commonly
used in eectrochemical applications- to increase the conductivity of the materials. The
diatomite (D) used (Nanolit, K6) is a fine-grained siliceous sediment of biogenic origin
(skeletal remains of microscopic single-celled diatoms; average particle size 12 mm;
chemical composition: 89.2 wt.% SiO,, 4 wt.% Al,O3, 1.7 wt.% Fe,O3, 0.5 wt.% Ca0O,
0.3wt.% MgO); the carbon black (B) additive (Superior Graphite Co.; average particle
size 6 nm; ash content below 0.05 wt.%, volatiles below 0.15 wt.%) is characterized by a
high electrical conductivity (ca. 10 mS/cm). The presence of diatomite and carbon black
in the aerogels is indicated by either “D” or “B”, respectively. The diatomite has been
etched off (using HF), unless otherwise stated.

Figure 1 shows SEM images of the carbon aerogels evidencing the differences at a
macroscopic scale depending on the presence the additives during the synthesis. All the
aerogels prepared in the presence of diatomite (samples CG-D and CG-DB) presented
similar SEM images, and are characterized by a relatively rough surface with large holes,

likely inherited from the siliceous additive.

At converse, the MRF aerogels displayed a smooth compact surface formed by
densely packed spherical particles. This observation isin agreement with the bulk density
values of the monoliths compiled in Table 1. While CG and HG materials featured the
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low density values expected for aerogels, CG-D and CG-DB displayed values close to
0.15 g cm™, likely due to the large voids created after removal of the diatomite. The
presence of the nanometric particles of carbon black can be seen in the TEM images in
Figure 2 at different magnifications, where the characteristic spherical aggregates of the
carbon black particles (seen aso as black spots in the low magnification images) appear
distributed within the disordered carbon matrix of the aerogels. The aggregates have

varied sizes, and are also seen in the samples before the HF etching treatment.

Table 1. Main textural characteristics of the monolithic aerogels obtained from N, adsorption isotherms at -
196 °C. Aerogels before (HG) and after (CG) carbonization are compared.

: A B B c
Bulk density SgeT VroraL.  Vwmicrorores  V MESOPORES

sample() [gom?  [m’gY [emgy  [om’gl  [omgY
HG 0.41 212 1.44 0.07 1.30
HG-D 0.64 101 058 0.04 051
HG-DB 0.63 237 051 0.05 0.45
cG 0.52 522 1.55 0.19 1.30
CG-D (non etched) 0.50 230 0.85 0.09 0.74
CG-D 0.15 409 1.23 0.16 0.99
CG-DB (non etched) 053 118 0.41 0.05 0.35
CG-DB 0.16 470 0.75 0.17 0.54
Diatomite -- 28 0.08 0.01 0.07
Carbon Black -- 23 0.17 0.01 0.16

A Apparent surface area evaluated using BET
B Micropore volume evaluated using the DR method
© Mesopore volume evauated from 2D-NLDFT-HS method
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the aerogels retain the porous structure after etching off the siliceous additive (the porous
structure does not collapse), confirming that the porosity is due to the adequate cross-
linking of the MRF reactants. The large pore volumes and hysteresis loops suggest that
the polycondensation of the monomers is slowed down in the presence of the additives
(either B or D), as already observed in the case of carbon black alone [21,26,28]. This
would lead to a lower degree of cross-linking of the monomers, generating weakly
branched clusters that tend to form larger colloidal aggregates in progressively larger

pores (pore coarsening) [1,4].

On the other hand, a significant fall in the pore volumes was observed for the samples
synthesized in the presence of the diatomite, even after the HF etching (Table 1). This
affected the whole range of relative pressures, hence D-containing aerogels displayed
lower surface area values than the pristine materias. Otherwise, the addition of carbon
black along with the diatomite (sample CG-DB) yielded a decrease in the mesopore
volume (compared to CG-D); this contrasts with the trend observed for other composite
aerogels prepared when only carbon black is used as additive, that led to an increase in
the pore volume in the mesopore range [21,26,28]. When the polycondensation of the
reactants is carried out in the presence of both D and B, still the formation of large pores
is dominant, which is indicative of the formation of weakly branched clusters during the
polymerization reaction; the low pore volumes (compared to D- or B-containing aerogels)
suggest that the extent of the assembling of the clusters in large aggregates is partially

hindered by the large amount of diatomite.

Further information on the nanotexture of the synthesized aerogels was obtained from
the analysis of the pore size distribution. Figure 5a shows the distributions obtained by
analysis of the N, adsorption data corresponding to the carbon aerogels after
carbonization and removal of the diatomite, as these are the samples of interest for
electrochemical applications. In agreement with the shape of the isotherms (i.e., position
of the hysteresis loops), the effect of the additives is most remarkably noticed in the
distribution of larger pores.

The pristine aerogel (sample CG) displayed the typical monodispersed distribution of
pore sizes in the mesopore range, with the average mesopore size around 18 nm [21,22].
In contrast, the composite aerogels treated with diatomite and carbon black displayed a
broad distribution in the mesopore range, between 5 to 40 nm. Additionaly, the
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pore structure of the aerogels provided by the diatomite (Figure 5b), which would

facilitate the evolution of the volatiles upon carbonization.

Table 3. Shrinkage after carbonization (in C-series) of the aerogels and response to the Crushing Strength
Tests. Theinitial dimensions of all the specimens were ca. 5 cm.

. Rigidity® Maximum Toughness’

Shrinkage Behaviour on Crushing Strength

Sample (%) [N/mm] L oad® [N mm] Togd
[N]
HG -- 324 17 12 Brittle, fracture upon load of 21N
CG 30.8 456 28 0.8 Brittle, fracture upon load of 14 N
CG-D 54 65 23 3.2 Flexible, no fracture after loading at 30N
CG-DB 5.2 27 10 29 Flexible, no fracture after loading at 30N

8 calculated from the Load Displacement Curves (see experimental section)
88 evaluated from the Crushing Strength Tests (compression up to 30 N) of the spherical specimens

These differences in the consistency of the aerogels depending on the use of additives
were corroborated by the mechanical tests (performed on the samples of electrochemical
interest after etching off the diatomite). First of all we applied a Crushing Strength Test
as a screening tool to evaluate the resistance of the materials to fracture upon applying a
force up to 30 N [31]. The pristine aerogels (HG and CG) showed the behavior of arigid
material (similar to that of non porous phenol-formaldehyde resins) with a conchoidal
fracture after compression above 30 N (Figure 6, Table 2). At converse, the aerogels
synthesized in the presence of the D followed a different pattern, being gradually
deformed with increasing the load. The characteristic fingerprint left by the load is shown
in the images in Figure 6 for CG-D (a similar behavior was obtained for all the materials
prepared in the presence of the D additive); the absence of fracture after 30 N evidences
the somewhat flexible character of the aerogels that undergo deformation upon the
strength without fracture.

The mechanical properties were also investigated by means of Small Punch Tests [27,
32]. Figure 7 shows the effect of both additives on the |oad-displacement curves (LDC)
from biaxially stretched tests performed on the aerogels. The change from a stiff and
brittle behavior of samples HG and CG to a compliant and flexible character of the
materials when the diatomite was used as additive in the synthesis is seen in the
differences in the shape of the LDC curves. For the aerogels without D, a linear 1oad-

displacement behavior with a steep slope is observed, followed by an abrupt drop of load
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diatomite-treated samples. This behavior can be explained in terms of the rate of EDL
build up and saturation in the samples with different porosity: the seen, samples CG-D
and CG-BD non etched saturate faster with ions from the el ectrol yte than the most porous

ones.

Impedance spectra allow the determination of the internal resistance of the electrodes to
the electroadsorption of ions. By assuming a mixed kinetic and charge transfer control,
the kinetic response at the electrode-electrolyte interface can be correlated to both the
electrical conductivity and ion accessibility to inner pores.

The Nyquist plots recorded for the aerogels are shown in Figure 9; these profiles are
largely affected by the polycrystalline and highly porous texture of the electrodes;
therefore, a numerical fitting to an equivalent circuit is required for a quantitative
discussion (seeinset in Figure 9). The different components of the equivaent circuit used
are the electrolyte solution resistance (Rq), the Warburg impedance (W), a constant phase
element (CPE), a capacitor (C) and the polarization resistance (Rpa). The latter parameter
is mainly responsible for the resistance to the ionic migration into porous structure. The
highest Rpo value was recorded for the CG sample (1.52 Ohm-g), while an effective
decrease in the resistance was observed for the samples still containing diatomite. Thus,
Rpo Values of 0.68 and 1.1 Ohm-g were calculated before etching off the diatomite
additive in samples CG-D and CG-DB, respectively. A slight increase in the resistance
was observed for sample CG-D (0.74 Ohm-g) after the remova of the additive; we
attribute this behavior to an improvement in the accessibility of ions to pores of small
sizes (microporosity) that would remain blocked by the additive. For sasmple CG-DB, the
Rpo value (0.90 Ohm-g) was slightly better than that of its corresponding non-etched
counterpart, pointing out the beneficial effect of the carbon black, as a result of an

enhanced conductivity and the presence of pores of wider sizes (Figure 5).

This was further supported by the electrical conductivity values measured on the
monoliths, which is mainly controlled by the presence carbon black; after etching off the
diatomite (insulator), the electrodes presented conductivity values close to those reported
for carbon aerogels prepared without the siliceous additive, although differences also
depend on the formulations (ca. N-doped aerogels display higher conductivity than RF
ones) [21,26,28]. Vaues ranged from 2.1 mS/cm for sample CG; 2.2 mS/cm for sample
CG-D and 4.3 mS/cm sample CG-DB.
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Conclusions

We have synthesized mechanicaly compliant monolithic carbon aerogels with
improved electrical conductivity by using diatomite and carbon black as structure and
conductive additives, respectively. A ssmple modification of the conventiona route for
the preparation of melamine-resorcinol-formaldehyde aerogels by sol-gel procedures is
proposed based on alowing the polymerization of the reactants in the presence of the
additives. The resulting aerogel composites displayed a well-developed porous structure,
confirming that the polymerization of the precursors is not impeded by the presence of
large amount of additives (ca. 50 wt.% in the case of diatomite). Furthermore, the
aerogels preserved a porous structure after the removal of the siliceous sacrificial additive
by HF treatment, confirming that the porosity arises from the cross-linking of the
reactants during polycondensation reactions.

The presence of the additives, however, caused a drop of the pore volumes along with
the coarsening of the average pore size. Indeed, the aerogels prepared by allowing the
polymerization in the presence of the additives are predominantly mesoporous (large
mesopores), although microporosity is also developed to some extent (again confirming
the adequate polymerization of the MRF monomers in the reactant’s mixture). The effect
is more pronounced for the case of D (compared to B), likely due to the large amount
used.

Diatomite prevented the structural shrinkage of the as-prepared monoliths upon
densification by carbonization, even after etching off the siliceous framework, due to the
open pore structure of the additive. The as-prepared monoliths showed the characteristic
rigid behavior or MRF aerogels, whereas those obtained in the presence of D displayed a
flexible character, with higher maximum loading values and resiliency to fracture upon
loads of 30 N. These characteristics evidence that the templating effect of diatomite as
antishrinkage agent (structural additive), coupled with the presence of low amounts of
carbon black as conductive additive alow the preparation of flexible monolithic carbon
aerogel electrodes with a good performance for the electrochemical removal of ions from
solution in terms of low polarization resistance and fast electroadsorption. As for the
desalting capacity, the development of a large macroporous network of the materials

prepared in the presence of the diatomite (at expenses of microporosity) resulted in lower
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capacitance values. Further work is currently ongoing aiming at enhancing the

capacitance values (via activation).

3.3.4. Experimental Section

Synthesis of the aerogels

Hydrogels were synthesized by the polycondensation of Melamine (M), Resorcinol
(R) and Formaldehyde (F) using sodium carbonate as catalyst (C) and deionized water
(W) as solvent. Carbon black (CB, Superior Graphite Co., electrical conductivity ca. 10
S/cm) and diatomite (Nanolit K-6, Nanoguimia S.L.) were used as conductive and anti-
shrinkage additives, respectively. The molar ratios of the reactants used in the preparation
of the gels were (M+R)/C of 135 and (M+R)/W of 0.052. The final pH of the precursors
was eventualy adjusted at 7.4 by adding acetic acid or sodium carbonate, respectively.
For the MRF series, the samples were synthesized following a prepolymerization
procedure described elsewhere [26]. Briefly, a solution containing R, F, C and W
(solution A) was stirred for 1 h at 40 °C. Separately, a solution containing M, F, W and C
(solution B) was stirred for 30 min at 70 °C. Subsequently, solutions A and B were mixed
together and stirred for 20 minutes at room temperature to further allow the cross-linking
of the precursors. Before gelification, diatomite (50%w/v) and/or carbon black (ca.
0.9 wt.%) were added and kneaded to ensure a homogeneous dispersion. After the
gelation step, a controlled water—acetone exchange was carried out, and the hydrogels
were supercriticaly dried with CO,. Finally the aerogels were carbonized under nitrogen
atmosphere (ca. 800°C using a heating ramp of 2°C min™) to obtain denser carbon
aerogels. In the case of the samples incorporating the diatomite, an additional etching off
the siliceous additive was performed using HF, leaving a silica free monolithic carbon
aerogel (unless otherwise stated). For the sake of comparison, carbon aerogels prepared
by the same synthetic route without the incorporation of the additives were also prepared;
as well as samples with the diatomaceous additive before the HF etching (labeled as “non
etched”). The nomenclature of the samples is HG for hydrogels before carbonization and
CG for the carbonized samples. The presence of Diatomite and Carbon Black in the

samplesisindicated by adding “D” or “B” to the nomenclature.
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Textural and morphological characterization

The porosity of the samples was measured by N, adsorption isotherms at -196 °C using
a volumetric anayzer (Micromeritics ASAP 2020); the samples were previously
outgassed under vacuum (ca. 10 Torr) at 120 °C overnight. For all isotherms, warm and
cold free-space correction measurements were performed by using ultrahigh purity He
gas (grade 5.0, 99.999% purity).Ultrahigh purity N (i.e., 99.9992%) was provided by Air
Products. The isotherms were used to calculate the specific surface area (Sger) and pore
volumes (Via @nd micropore volume, Wo, using the Dubinin-Radushkevich equation).
The pore size distributions were calculated by using the new 2D-NLDFT-HS model for
carbons with energetically heterogeneous and geometrically corrugated pore walls
[33,34] that gives an excellent fit to the experimental data and is free of common artifacts
usualy obtained in the PSD analysis when the standard NLDFT model is used. The
morphology of the samples was observed by Field Emission Gun Scanning Electron
Microscopy (FEG-SEM) with an X-ray Energy-Dispersive System (EDS) in a JEOL
JSM-7001F, and in a FE-SEM apparatus (QuantaSEM, FEI), using an accelerating
voltage of 25 kV. Transmission electron microscopy (TEM) micrographs were obtained
by using a JEOL-JEM 2010 instrument. Analyses were performed after the samples were
dispersed in acetone. X-Ray diffraction (XRD) patterns were recorded on a Siemens
D5000 diffractometer equipped with a graphite monochromator and Cu Ka radiation
operating at 40 kV and 30 mA. The samples were scanned between 10° and 90° (2q) at a
0.020/12 s scan rate. Raman spectra were recorded with a Renishaw Raman instrument
(InVia Raman Microscope), equipped with a Leica microscope. The samples were
acquired by excitation with a green laser light at 532 nm and the spectra were recorded
between 1000 and 2000 cm™. The spectra were deconvoluted by using Peakfit software
package.

Crushing Strength Test

The Crushing Strength Tests were carried out by applying a normal force (up to 30 N)
to the as-prepared monoliths. This allows the evaluation of the resistance of the materials
to fracture under a compressive strength limit, while measuring the characteristic
fingerprint on the material upon deformation and/or fracture [31].
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Small Punch Tests

Small Punch Tests were performed under quasi-statical conditions with a low speed
tensile test machine on 1xlcm square specimens of 2-3 mm thickness [32]. The
specimens were polished to control the thickness and to obtain a flat surface, and framed
in aresin framework (1 x 1 mm) surrounding the material while leaving the surface of the
material uncovering to allow the contact with the punch head. The test consisted on fixing
the specimen between two dies (initial load of 2 N), and then deforming the specimen
guasi-statically up to failure by means of a small semi-spherical punch with a head of 2
mm of diameter (biaxial expansion). The test is speed controlled with a punching speed
of 0.2 mm/min. The displacement of the punch is measured by means of an extensometer,
and after correction of the flexibility of the testing device, the displacement of the central
point of the specimen is calculated. Thus, the characteristic load displacement curve
(LDC) of each material is obtained; this curve represents the force exerted from punch
against the specimen (i.e. the load reaction) versus the displacement of the punch. From
the profiles, the rigidity (slope of the curve before the first crack), maximum load (onset
load of the first crack) and toughness (area under the curves up to maximum load) have
been evaluated.

Electrochemical characterization

Cyclic voltammetry measurements were performed in SwagelokTM type cells using a
three-electrode configuration. The working electrode was manufactured by spreading on
a titanium disk a homogeneous slurry containing the aerogels (70%), carbon black as
percolator (20%) and polyvinylidene fluoride binder (10%) in N-methyl pyrrolidone. A
platinum wire was used as a counter electrode, and Hg/Hg,SO, (SME) as reference
electrode. Cyclic voltammograms were recorded between -500 and +500 mV vs SME at
sweep rates ranging from 0.5 to 10 mV s in a Biologic VMP multichannel potentiostat,
in 0.1 M NaCl. Chronocoulometric curves were performed by inducing a potentiostatic
pulse of 300 mV versus SME for 120 s and recording the transient current. Impedance
spectra (EIS) allowed analyzing the kinetic response of the electrodes to the adsorption
reaction; measurements were recorded in an Autolab PGSTAT12 system, using an AC

voltage signal of 5 mV vs equilibrium potentia over the frequency range of 25 kHz to 10
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mHz. The electrical conductivity was measured on previously dried as-prepared
monolithic samples; the specimens were packed between two metallic collectors and hold
under constant pressure and a bias voltage between 0.2-1.2 V was applied (0.2V/s step for
120 s) using an Arbin MSTAT (Arbin Instruments Inc.) potentiostat. The resistance is

calculated from the slope of the current-voltage profiles at each voltage.
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I ntroduction

Highly porous carbon aerogels are nowadays a matter of subject because of their use as
electrodes in adsorption/energy applications. They are outstanding materials because they
combine beneficial adsorption properties and structural strength with suitable chemical
stability and electronic conductivity.”® Carbon aerogels are a cost effective solution in
applications aiming ion removal, as capacitive deionization. Their high surface area and
pore volume exert a crucia role as capacitive electrodes that physically adsorb ions from
the electrolytic solution. This reversible process present remarkable advantages for

brackish water desalination.®’® New strategies point out to optimal morphologies,™ *?

innovative preparative routes,™® **-and hybrid multifunctional materials for providing

both an open structure and suitable electrochemical behavior.*>*

It could be expected that the use of anti-shrinkage additives, that limit the contraction
of the aerogel upon carbonization and create a macroporous structure, may contribute
favorably to improve their electrosorption behavior.'® Diatomaceous earth is a non-toxic
and low cost materia typically used as reinforcing and anti-shrinkage additive preserving
macroporosity.® ?° We have recently reported mechanically compliant and highly porous
aerogels with enhanced electrical conductivity prepared in the presence of diatomaceous
earth and carbon black as additives. These materials overcome the limitations of
mechanical stiffness upon densification by carbonization, while maintaining outstanding
porous features and improved electrical conductivity, both desirable characteristics for
the implementation of the monolithic aerogels in electrochemical applications.?* On the
other hand, the reliability of N-doped carbons as electrodes for capacitive deionization
has been evidenced.?> Also, the presence of a macropore structure in the monolithic
configuration was revealed as a crucia factor for afast electrosorption of ions during the

salt deionization.?

Unfortunately, the sole use of diatomite templating treatment in carbon aerogels has
demonstrated to be insufficient to increase capacitance in the first attempts, even if the
kinetic response is clearly improved due to the macroporous structure. For this reason, we
propose that the combination of capacitive effect from carbon aerogels and pseudo-
faradaic reactions in transition metal compounds may contribute favorably to enhance the

el ectropsortion capacities of new electrodes for capacitive deionization.?
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Taking al this into account, the aim of this work was the preparation of hybrid
manganese-N doped carbon aerogels with enhanced macroporosity for their application
as electrodes for the electrosorption of NaCl from aqueous solution. The use of a pre-
polymerization route allows an efficient polymerization of the precursors yielding highly
mesoporous aerogels with high N-contents, while diatomite was also used as anti-
shrinkage additive.

Experimental

Hydrogels were synthesized by the polycondensation of Melamine (M), Resorcinol (R)
and Formaldehyde (F) using sodium carbonate as catalyst (C) and deionized water (W) as
solvent. Carbon black (CB, Superior Graphite Co.) and diatomite (D, Nanolit K-6) were
used as conductive and anti-shrinkage additives, respectively. The molar ratios of
reactants were as follows: R:M:F of 2:1:7, (M+R)/C of 135 and (M+R)/W of 0.053. The
final pH of the precursors was adjusted to 7.4 by adding sodium carbonate. The samples
were synthesized according to a prepolymerization procedure described elsewhere?®
Before gelification, diatomite (50%w/v) and/or carbon black (0.75% w/v) were added to
the mixture and magnetically stirred to ensure a homogeneous dispersion. Hydrogels
were then kept in an oven at 40 °C for 24 h and then at 70 °C for 120 h to allow gelation
and aging. After a controlled water—acetone exchange, the hydrogels were supercritically
dried with CO, and carbonized (ca. 2 °C/min) at 480 °C under nitrogen atmosphere. Since
the diatomite is electricaly non-conductive and may hinder the access of ions to the
mesoporous system, it was etched-off using HF and leaving a silica free carbon monolith.
Then, selected samples were doped with manganese by immersing the gel in aMn(NO3),
solution followed by heating up to 750 °C for 120 min in CO, atmosphere. Samples will
be named as MRF-X-Y-Z, where X,Y and Z respectively indicates the presence of
manganese (Mn), diatomite (D) and carbon black (B), respectively.

Wettability was determined by measuring the contact angle between the electrolyte and
the electrode materia in both powdered and monolithic forms. It is calculated from the
tangent angle of the liquid drop with a solid surface at the base. High resolution nitrogen

adsorption/desorption isotherms at -196 °C were measured for the samples in a
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volumetric analyzer (ASAP 2010, Micromeritics) equipped with high-vacuum system,
and three pressure transducers. The samples were degassed under vacuum at 120 °C
overnight prior to the adsorption measurements. Ultrahigh purity nitrogen (i.e.,
99.9992%) was supplied by Air Products. Each isotherm measurement was performed in
duplicate to guarantee the reproducibility and accuracy of the measurements (error was
below 0.1%). The specific surface area, Sger and total pore volume, V+ were calculated
from the isotherms according to the Brunauer—Emmett—Teller theory, while the full
micro-meso pore size distribution was calculated using the 2D-NLDFT-HS model #
assuming surface heterogeneity of carbon pores.?® Mercury porosimetry was performed in
a Micromeritics Autopore 1V apparatus working in the pressure range 1-2000 bars was
used. X-Ray diffraction (XRD) patterns were recorded on a Siemens D5000
diffractometer equipped with a graphite monochromator and Cu K[ radiation. The
samples were scanned between 10° and 90° (2(1) at a 0.02¢/12 s scan rate. X-ray
Photoelectron spectrometry was carried out in a XPS, SPECS Phobios 150MCD
equipment provided with a X-ray monochromatic Al K (1486.61 €V) power source of
300 W (anode voltage of 12 kV). The base pressure in the ultra high vacuum chamber
was 4x 10° mbar. Binding energy values were referenced to the C 1s peak of the
adventitious carbon a 284.6 eV before the spectra processing.”’ The accurate
determination of the binding energy and relative contribution of the signals was achieved
by decomposing the overall profile in Gauss-Lorentz curves with a CasaXPS software
package. Elemental analysis was performed in Eurovector EA 3000 equipment. Scanning
electron microscopy (SEM) was performed in a Quanta FEG 650 equipment furnished
with a S'TEM detector. Transmission electron microscopy (TEM) images were recorded
inaJEOL JEM 2010 microscope.

The electrochemical characterization of the carbon aerogel electrodes was performed in
three-electrode Swagelok™ type cells. The working electrode consisted of a
homogeneous mixture composed by the carbon active materia (70 wt.%), carbon black
(Superior graphite, 20 wt.%) and PVDF binder (10 wt.%) dispersed in N-methyl
pyrrolidone. The slurry was cast on 13 mm titanium disks and dried at 70°C overnight. A
Hg/Hg,SO, (SME) and a platinum wire were respectively used as reference and counter
electrodes. The electrolyte was a 0.1 M NaCl solution in deionized water. Cyclic

voltammograms and gal vanostatic cycles were performed between -0.5 and +0.5 V versus
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the reference electrode using a Biologic VMP multichannel potentiostat to control the
process. Electrochemical impedance spectroscopy (EIS) was employed to determine the
internal resistance at the electrode interphases. During the experiment, the cell is
perturbed by an AC voltage signal of 5 mV vs equilibrium potential over the frequency
range 25 kHz to 10 mHz.

A symmetrical batch-type cell was assembled to perform the capacitive deionization
experiments. The electrodes were two monolithic aerogel electrodes weighing ca. 0.15 g
and ca. 0.3 cm®. Their surfaces were polished to ensure a good contact with the current
collector. Then, the pieces were washed in deionized water for 30 minutes. The
electrodes were sandwiched between titanium current collectors and separate by two
Whatman glass GF/A fiber sheets. Then, they were immersed into 15 mL of a0.025 M or
0.1 M NaCl solution magnetically stirred to favor mass transfer from the bulk solution to
the electrode. The cell was charged by applying a potentiostatic pulse (0.9, 1.2 or 1.5V
for 120 or 150 min) using an Arbin BT2000 multichannel potentiostat. Afterwards, the
electrodes were discharged at 0 V for the same period of time. A conductivity-meter
Crison EC meter BASIC 30 was used to monitor the changes of the ionic conductivity.

Results and discussion

Figure 1 shows images of the monolithic carbon aerogel materias prepared in the
presence and absence of the various additives used. A simple visual inspection of the
pieces evidences the significant shrinkage (ca. 25-35 % reduction of diameter) of the
specimen prepared in the absence of the diatomaceous anti-shrinkage additive, induced
by the thermal treatment at 750°C. On the contrary, when the siliceous additive was
incorporated in the synthesis, the pieces preserved their size and shape after the
carbonization and further washing with HF (ca. 5% reduction in the diameter of the
specimens). The anti-shrinkage effect of the diatomite is not dependent on the
formulation of the aerogel or the presence of the carbon black conductive additive.” In
addition, the aerogels ranged from translucent (pristine MRF) to opague when either B or
D additives were used, due to the relatively large amounts of additives added. The
wettability of carbon aerogels can be visualized in Fig. S1. These images reveal the
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Table 1. Textural parameters of the composites containing N-doped carbon aerogels determined from the

nitrogen isotherms at -196°C, and monolith densities.

. b . Bulk

SgET Vr Vmic VMEso o d

density

m g o’ g!  om’g! omlg!  gom?

MRF 679 1.58 0.21 1.35 0.40
MRF-Mn 844 1.96 0.25 1.76 0.40
MRF-Mn-D 862 1.17 0.29 0.86 0.15
MRF-Mn-D-CB 804 1.38 0.27 0.98 0.16

* total pore volume evaluated at p/po ~ 0.99

®¢ micro-, mesopore volume evaluated by the 2DNLDFT-HS method

applied to the N, adsorption isotherms at 77 K

4 Data calculated from the weight and geometrical dimensions of the

monolith.

The incorporation of the diatomaceous additive created macropores, as seen in the
SEM images (Figure 1). Sample MRF is characterized by a relatively smooth surface in
which the carbon particles appear densely packed. At converse, MRF-Mn-D monolith
displayed a rough surface with large holes, likely created during the etching off the
diatomite after the acid washing. It was corroborated by the bulk density values of the
monoliths (Table 1). Those samples prepared in the absence of additives -i.e., MRF and
MRF-Mn-, featured a density value of 0.40 cm®g*, similar to those reported in the
literature.”® Upon the incorporation of diatomite, there is a notorious decrease in the bulk
density to values close to 0.15 cm® g, due to the large voids inherited from the additive.
The TEM images show the dispersion of the metallic aggregates in the aerogel matrix
(Figure S2, Supporting Information); MRF-Mn aerogel features typical aggregates with a
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relatively compacted morphology which yield the mesoporous network. In the case of
MRF-Mn-D-CB, the large voids are aso observed, aong to dark spots belonging to the
manganese and/or carbon black particles.

Figure 2 shows the N, adsorption isotherms of the prepared materials, the main textural
parameters are also compiled in Table 1. All the materials displayed high porous features,
confirming that the incorporation of the additive (either B or D) does not hinder the
polycondensation of the reactants.®>' All the materials displayed type IV isotherms
according to IUPAC classification® with relatively high adsorbed volume at relative
pressures below 0.2 (corresponding to micropore range) and well-defined hysteresis loop
in the desorption branches at relative pressures higher than 0.7, evidencing their
mesoporous character. The large pore volumes and hysteresis loops in the gas adsorption
data suggest that the polycondensation of the monomers is slowed down in the presence
of the additives (either B or D). Thiswould lead to alower degree of cross-linking of the
structure, generating weakly branched clusters that tend to form larger colloidal

aggregates in progressively larger pores (mesopore coarsening).?

The incorporation of diatomite provoked a slight fall in the pore volumes, whereas the
microporosity followed a dlightly increasing trend (Table 1). Consequently, the aerogels
prepared in the presence of the additives displayed higher surface area values than the

pristine cal culated from mercury porosimetry.

MRF gel, although al the samples are highly microporous. Otherwise, the addition of
carbon black (sample MRF-Mn-D-CB) yielded an increase in the mesopore volume

(compared to MRF-Mn-D), as commonly observed for similar composite aerogels.® .

The impact of the additives on the texture of the carbon aerogels can also be seen in the
pore size distributions (Figure 2b). In agreement with the shape of the isotherms, there is
an increase in the contribution to pore widths smaller than 1 nm. Concerning mesopores,
carbon aerogels treated with diatomite feature a multimodal distribution with several
peaks between 5 to 25 nm. Moreover, an analysis of the pore size distribution measured
by mercury porosimetry reveals an additional contribution of macropores (500 nm) in
samples MRF-Mn-D and MRF-Mn-DB which is not present in the material synthesized
in the absence of the diatomite (Fig. 2c).
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The chemical composition of aerogels was determined by elemental analysis and XPS
(Table S1, Supporting Information). As expected, the incorporation of manganese caused
a decrease in the carbon and nitrogen contents. Otherwise, XPS data revealed an increase
in the overall content of oxygen in the Mn-containing aerogels, suggesting the formation
of manganese oxides. No crystaline manganese phases were detected by X-ray
diffraction (Fig. S3 Supporting Information), which we attribute to the low manganese
content of the samples (Table S1, Supporting Information). On the other hand, the
amount of nitrogen from the chemical analysisis slightly higher than that obtained from
the XPS spectra. This evidences that the N-containing groups are not located at the
surface of the aerogel, but also efficiently incorporated in the bulk material; hence the
concentration of the doping element is lower near the surface.®* * Furthermore, the
amount of nitrogen groups is similar to al the samples, which confirms the efficient

polymerization of the reactantsin the presence of the additives.

To evauate the influence of the additives on the nature of the different N- and O-
groups, the surface chemistry of the aerogels was investigated by XPS. Five different
gaussian-lorentzian components were deconvoluted from the Cls core level spectra
(Figure $4, Supporting Information). The main signals were assigned to graphitic carbon
in a sp® configuration, 284.6+0.1 eV), Csp>~N/C-OH (285.8+0.1 eV), Csp>-N/C=0
(287.1£0.1 eV), and carboxyl (289.2+0.2 eV) groups. A shake-up satellite peak due to p-
p* transitions in aromatic rings appears ca. 291.1+0.1 €V as a low intense and highly
broadened band.® The relative contributions of the different peaks are compiled in Table
2. As seen, the contribution of the graphitic carbon prevails over other surface
functionalities, regardless the carbon aerogel. The presence of the diatomite in MRF-Mn-
D led to a dightly higher contribution of Csp~N/C-OH, while Csp*~N/C=0
significantly decreased. These tendencies were confirmed by the relative contributions of
the signals ascribable to C=0 in ketone/carbonyl (531.2+0.2 €V) and O-C in lactone,
phenol, ether, epoxy (533.0+0.2 eV) in the O1s core level spectra (Figure S5, Supporting
Information and Table 2). Three additional signals attributed to C=0 in carboxylic acids
(534.4+0.1 eV), adsorbed and/or occluded CO/CO; (536.2+0.2 €V), and trapped CO and
CO, molecules (536.2 V) coming
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The spectra at the N1s core level were decomposed into four overlapped bands
assigned to N6 pyridinic (398.3+0.2 V), N5 pyrrolic/pyridone (400.2+0.2 eV), N-Q

Table 2. XPS parameters calculated from the deconvolution of N 1s, Ols, Cls spectra of hybrid composite

containing N-doped carbon aerogels (B.E.=binding energy)..

Envelope N1s
Assignment N-6 N-5 N-Q N-X
MRF 35.2 40.7 15.7 8.5
MRF-Mn 32.6 44.7 16.2 6.4
MRF-Mn-D 35.4 433 14.3 6.9
MRF-Mn-D-CB 323 49.9 12.4 54
Envelope Ols
H,0/ Occluded

Assignment Cc=0 C-0O- COO- CO /CO,
MRF 21.0 514 23.8 3.8
MRF-Mn 12.2 59.7 25.6 24
MRF-Mn-D 16.3 59.4 21.5 2.9
MRF-Mn-D-CB 18.7 56.1 23.2 2.0
Envelope C1s

Cspz-N/ Csp3—N/
Assignment C-C C-OH C=0 0-C=0 T-Tt*
MRF 60.5 15.3 12.1 9.0 3.0
MRF-Mn 58.5 17.8 13.3 9.0 1.3
MRF-Mn-D 60.5 21.2 8.8 9.3 0.3
MRF-Mn-D-CB 63.9 16.8 9.4 8.8 1.0
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It could be envisaged that the macroporous network and the improved electrical
conductivity of these composites -due to the incorporation of the carbon black additive
and the occurrence of electron donating N-groups,***® may lead to an enhancement of the
kinetic response at the electrode—electrolyte interface.” To evauate the polarization
resistance of the electrodes, impedance spectroscopy was performed. The Nyquist plots
are displayed in Figure 4; the profiles appeared significantly distorted due to the complex
porous structure of the aerogels (Table 1), but all of them displayed a semicircle at high
and intermediate frequencies prolonged by a straight line. The polarization resistance
values (Rpo) were calculated by fitting the experimental data to the equivalent circuit
depicted in Figure 4b -consisting of the electrolyte solution resistance (Re), the
polarization resistance (Rpo), the Warburg impedance (W), a constant phase element
(CPE) and a capacitor (C). The resistance of the electrolyte solution is so low that its
contribution to the overall resistance can be neglected. Thus the polarization resistance is
mainly responsible for the internal electrode resistance, and varied upon the trend: MRF-
Mn-D-CB (0.45 Qxg), MRF-Mn-D (0.57 Qxg), MRF (0.79 Qxg) and MRF-Mn (1.02
Qxg). These results clearly reveal the beneficial effect of the incorporation of the
diatomite in the synthesis of the carbon aerogels, providing lower polarization resistance
values than the materials prepared in the absence of the siliceous additive. This can be
attributed to the macropore structure, inherited by the anti-shrinkage additive and the
effect of the carbon black. Contrarily, the highest polarization resistance of MRF-Mn
reveals that the single combination of the Mn phase with MRF is not an optimal solution.
Likely, the less hydrophilic character of this aerogel hinders the formation of an optimal
electrode electrolyte interphase that would eventualy counterbalance the favorable
accessibility provided by the high specific surface and pore volume.

The capacitive behavior was evaluated from the cyclic voltammograms recorded in 3-
electrode cells (Figure 5). The profiles for MRF and MRF-Mn show the typical box-like
shape ascribable to a capacitive behavior resulting from the electrostatic interactions
between the charged electrode and opposite ions coming from the electrolyte. The
positive slopes observed at extreme potential values are due to restricted ion diffusion
into the micropores leading to an electrode resistivity and slight decomposition of the
electrolyte.®® In the case of the aerogels prepared in the presence of the diatomite
(samples MRF-Mn-D-CB and MRF-Mn-D), slight deviations from the rectangular shape
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error margins are considered. Thus, the mere presence of the manganese phase was not
determining for a capacitance improvement despite of the larger textural features of the
former sample (Table 1). Likely, the poor wettability is a crucia factor limiting the
electrosorption of MRF-Mn. The highest capacitance values recorded for the MRF-Mn-D
and MRF-Mn-D-CB aerogels -values of 104+2 and 113+1 F g * respectively- are a direct
consequence of the enhanced macroporosity and improved wettability of the diatomite
treated aerogels. Thus, a synergic effect is exerted alowing the development of both
electric double layer and pseudo-faradic effects that contribute to the achievements of
high capacitance values. This behavior was confirmed by gavanostatic cycling at
different current densities (Fig. S7). Thus, capacitance values of 91 and 121 F g were
respectively recorded for MRF and MRF-Mn-D-CB at 0.1 A g, which agrees well with
tendency showed by the cyclic voltammograms.

Monoliths of the aerogels were assembled in symmetric cells to determine their
electrosorption capacity in 0.025 M (ca. 1.5 g/L) NaCl solutions. The electroadsorption
curves at different voltages and subsequent discharges at O V are plotted in Figure 6.
Interestingly, there does not seem to be a direct relationship between the capacitance
values determined in the above- described 3-electrode cell configuration and the
electrosorption capacity recorded in the 2-cell system after 120 minutes. The obtained
values were quite similar for all the aerogels. For instance, a capacity of 6.7 mg of NaCl
/g was observed for MRF, very close to the value measured for MRF-Mn-D-CB (ca. 6.1
mg/g), the best performing material evaluated by cyclic voltammetry (Figure 5).

This apparent disagreement can be interpreted by considering the different kinetic
response of electrodes in a monolithic form, compared to powder ones.*® The charge
curve was steeper for MRF-Mn-D and MRF-Mn-D-CB, with maximum capacities being
reached after 60 minutes of charge. In the case of the pristine electrodes (no additives),
the profiles displayed a fast response after 60 min followed by a second process (seen as
a plateau in the charge curves) up to 120 min when the material is slowly charged.The
highest adsorption capacities recorded at 0.9 V corresponded to the diatomite treated
MRF-Mn-D-CB, regardless the time of charge. On increasing the applied voltage to 1.2
and 1.5 V, the improved kinetic behavior of the treatment with diatomite is more clearly

evidenced because of their higher adsorption capacities for short times. For instance, the
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To verify this assumption, further experiments were performed at a higher NaCl
concentration (0.1 M) and longer adsorption times (150 minutes) for 1.5 V (Fig. 7 and
$9). In these more demanding conditions, MRF-Mn-D-CB (7.9 mg/g) evidenced to
perform better than MRF aerogel. These results revea the synergic effect of manganese
containing particles, carbon black along with the diatomite treating to reach a carbon

aerogel with optimized properties for capacitive deionization.

Conclusions

The use of a siliceous diatomite as anti-shrinkage additive has allowed the synthesis of
monolithic carbon aerogels with a well-developed micro and mesopore structure and
enhanced macroporosity. The incorporation of nitrogen functionalities and carbon black
as conductive additive enable to increase the electrical conductivity and wettability of the
materials. The resulting carbon matrix has demonstrated to be a favorable support for
manganese containing particles, which pseudofaradic effect contributes positively to the
overal capacitance. These characteristics are responsible for the good el ectrochemical
performance of the electrodes for the removal of ionic species in terms of fast kinetics

and low resistance.

The morphologica analysis showed the efficient anti-shrinkage effect and the sponge-
like texture of the carbon aerogels after the diatomite removal. The nitrogen isotherms
also revealed that the polycondensation of the reactants is not impeded by the presence of
the additives (both diatomite and carbon black), leading to a multimodal distribution of
pore sizes with mesopores. Concerning the deionization capacity measured in symmetric
cells using monolithic electrodes, the aerogels synthesized in the presence of the
diatomite showed a more advantageous response at low voltages and/or short charge
time. These results demonstrate that the use of diatomite as anti-shrinkage additive can be
a helpful solution to prepare highly porous carbon electrodes with optimized

morphological properties for capacitive deionization.
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Table S1. Chemica composition (wt.%) determined by elemental analysis and XPS

spectroscopy of the synthesized carbon aerogels.

XPS
Sample N/C ratio N/ % Cl% O/% Mn/ %
MRF 0.04 3.2 87.5 9.3
MRF-Mn 0.01 13 85.4 12.8 0.4
MRF-Mn-D 0.03 2.2 81.1 16.2 0.4
MRF-Mn-D-CB 0.03 23 84.8 12.4 0.5

Elemental analysis

Sample N/C ratio N/ % Cl/%

MRF 0.06 4.5 79.9 -- --
MRF-Mn 0.05 3.6 73.9 -- --
MRF-Mn-D 0.06 35 61.6 -- --
MRF-Mn-D-CB 0.06 3.6 59.3 -- --
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4.1 Resumen

En la presente memoria de Tesis Doctoral se ha demostrado que € control adecuado
de los parametros de sintesis y la funcionalizacién de aerogeles de carbono para formar
materiales hibridos son herramientas Utiles para fabricar materiales de electrodo con

aplicacion en desionizacion capacitiva de aguas.

A continuacion se exponen los resultados mas destacables ordenados segun los
capitulos de esta memoria por compendio de publicaciones y que esta integrada por los

siguientes articulos:

1 Sobre la correlacion entre la estructura porosa y la respuesta electroquimica de

aerogeles de carbono monoliticos y en polvo en desionizacion capacitiva.

Se sintetizaron varios aerogeles de carbono con relaciones molares resorcinol-
catalizador (R/C) que oscilaron entre 100 y 800, relacion resorcinol-agua (R/W) de 0,04 a
0,13 y una relacion resorcinol-formaldehido fija de 0,5, mediante polimerizacion y
secado supercritico con CO,. Los aerogeles obtenidos se pirolizaron a 800 °C y una parte
se activd con CO, a 800 °C durante 2 h. La caracterizacion textural mediante isotermas de
N> presenta una clara influencia de las relaciones R/C y R/W en la porosidad tanto en los
materiales pirolizados como en los activados. El volumen de mesoporos aumenta con R/C
hasta e valor de 2,25 cm®g™* para un R/C de 300 y a partir de este punto cae
abruptamente hasta 0,08 cm® g*. Este comportamiento se observa para un R/W de 0,04.
Para R/W de 0,06 e comportamiento es algo similar aunque & maximo de mesoporos se
observa a R/C 200, es menor que para R/W=0,04, y a partir de este valor la caida es
menos abrupta. Para valores de R/W de 0,10 y 0,13 |a tendencia es aumentar €l volumen
de mesoporos con € R/C en todo €l rango estudiado desde 0,62 a 0,71 y de 0,27 hasta
0,48 cm® g respectivamente. Un comportamiento similar se observé en los aerogeles
activados indicando que la activacion no afecta a la mesoporosidad, la cua estaria
gobernada Unicamente por las relaciones R/IC y R/W. En los aerogeles pirolizados
también se observa que para R/W bajos la superficie especifica disminuye lineamente
con R/C variando de 757 a’587 m* g para R/C 100 y 600 respectivamente, mientras que
para R/W dtos (0,1-0,13) la tendencia es a aumentar ligeramente y de forma linea la

superficie especifica con €l R/C. Estas tendencias son iguales en |os materiales activados
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s bien las superficies especificas que presentan son sensiblemente mayores en ambos
casos. La dependencia de la superficie especifica con la relacion R/W muestra tendencias
similares: para R/C bajos la superficie disminuye con R/W de forma lineal mientras que
aumenta ligeramente para R/C altos y & mismo comportamiento se observa con los
activados. Este comportamiento de los parametros texturales se explica a la luz de las
diferentes estructuras poliméricas que se obtienen en los geles precursores para los

diferentes valores de |os parametros de sintesis R/C y R/W.

Los aerogeles de carbono se micronizaron y se conformaron electrodos que se
montaron en celdas swagelock de tres electrodos para estudiar sus propiedades
electroquimicas. Las voltametrias ciclicas mostraron en todos los casos perfiles quasi-
rectangulares tipicos de un comportamiento capacitivo con un pequefio pico de corriente
anddica en agun caso que indicaria la oxidacién de grupos superficidles o
descomposicion de electrélito. Las capacitancias mostraron una tendencia clara a
aumentar con la superficie especifica oscilando de 50 a 70 F g* para los materiales de
menor superficiea 120 F g* parael de mayor superficie. Se observé que en los materiales
pirolizados la tendencia era menos clara lo que se atribuy6 a los efectos de la quimica
superficial; concretamente a una menor cantidad de oxigeno que en el material activado,
que seria responsable de efectos pseudocapacitivos. La resistencia ala polarizacion (Rpol)
medida mediante espectroscopia de impedancia electroquimica muestra una clara
tendencia decreciente con la superficie especifica y con la capacitancia, siendo més baja
en los materiaes activados que en los pirolizados. Asi mismo, a medida que aumenta €l
volumen de mesoporos se observa una clara disminucion de Rpy tanto en materiales
pirolizados como activados, mientras que no hay relacion entre este parametro y €
volumen de microporos. Este comportamiento se puede explicar por un mejor transporte
de los iones en € interior del electrodo por la red porosa en los materiales con mayor
volumen de mesoporos y por una mejor accesibilidad de la superficie activa. Los
materiales con bajo R/W mostraron un incremento significativo de Ry con la proporcion
R/C mientras que los R/W de 0,1 mostraron €l efecto contrario.

Para determinar la capacidad desaladora se empled una celda de dos e ectrodos con
aerogeles monoliticos con NaCl 0,1 M como electrélito y se midié la carga total

transferida durante el tercer ciclo de carga-descarga. Teniendo en cuenta Unicamente la
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superficie especifica, no se ve una clara correlacion entre este parametro y la carga
transferida, pero si se tiene en cuenta la resistividad de cada uno de los materiales, si se
observa una respuesta predecible que se puede describir mediante un polinomio de tercer
grado en laresistividad y de segundo grado en la superficie la para €l caso de aerogeles

pirolizados y de primer grado en ambos parametros paralos aerogel es activados.

2. Mejora en la eliminacion electroasistida de iones fosfato y nitrato empleando
aerogeles de carbono mesoporosos con porosidad controlada

Se sintetizaron aerogel es de carbono mediante el método del resorcinol-formaldehido
fijando la relacion molar R/C= 200, 400 y 600 y R/W= 0.06. Después de un intercambio
controlado agua-acetona, los materiales se secaron con CO, en condiciones supercriticas,
se carbonizaron a 800°C en atmésfera inerte y un lote de los aerogeles carbonizados se
activo con CO, a 800 °C durante 2 horas. Los materiadles se caracterizaron
estructuramente mediante difraccion de rayos X y espectroscopia Raman. Los
difractogramas revelan la presencia de carbono mayormente desordenado, aungue con
dominios grafiticos significativos. La deconvolucién del espectro Raman de primer orden
revela una banda G a 1580 cm™ correspondiente a desplazamientos de los &omos de
carbono dentro de las ldminas grafénicas y una banda D1 a 1350 cm™ atribuible
normalmente a la falta de simetria traslacional de largo alcance. Se afiade una curva
lorentziana D2 para resolver |a asimetria observada en la banda G que corresponde a la
vibracién en laminas grafénicas no apiladas. Ademés aparecen una curva gaussiana D3 a
1495 cm™ indicativa de vibraciones de carbono sp? asociado a los bordes de las Iaminas
grafénicas y una banda denominada D4 a 1160 cm™ que corresponde a estiramientos de
polienos sp,-sp°. Se muestra que la relacion de intensidades D1/G disminuia tanto con la
activacion como cuando R/C aumentaba, indicando una dependencia del orden estructural
con esta relacion. Los espectros de XPS revelan la presencia de grupos C-O (285.6+0.2
eV), C=0 (287 eV+0.1 eV) and O=C-O (288.7+0.3 eV) y se observa un aumento de la
contribucion de grupos C-O y C=0 cuando disminuye R/C. El andlisis textural revela que
a medida que aumenta e valor de R/C en las muestras pirolizadas, e tamafno de los

mesoporos aumenta transformandose parte de estos en macroporos mientras que €l
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volumen de microporos permanece constante. En cuanto a las superficies especificas, las
muestras pirolizadas muestran valores similares entorno a 700 m? g™ y e volumen total
de poros disminuye con el aumento de R/C indicando igualmente que a valores bagjos se
favorece la formacion de meso y microporos mientras que a R/C atos se favorece la
formacion de macroporos. Las muestras activadas muestran una superficie especifica
mayor con respecto alas pirolizadas, mientras que este valor disminuia con € aumento de
R/C.

Las voltametrias ciclicas a 0,5 mV s* muestran curvas con perfiles capacitivos,
cuyas capacitancias son mayores en las muestras activadas que en las pirolizadas y en
ambos casos parecen mostrar una buena correlacion con e volumen de mesoporos y no
con el volumen de microporos o superficie especifica. Este comportamiento se reproduce
parad caso del fosfato sddico aungue con valores de capacitancia menores que en el caso
del nitrato, lo que indica una influencia destacable del tamafio idnico sobre este

parametro.

La caracterizacion electroquimica por cronoculometria en nitrato sddico indica que
las muestras activadas presentan una mejor cinética de transporte por |os menores valores
del pardmetro t en relacion a las muestras pirolizadas. En cambio, la misma técnica con
fosfato sddico presenta valores més similares en ambos casos 1o que indica una clara
dependencia de la cinética con & volumen de microporos y con € tamario de los iones.
En e caso del fosfato sodico, el tamafio del i6n fosfato es un factor limitante del proceso.
En cuanto a la resistencia a la polarizacion, tanto las muestras pirolizadas como las
activadas muestran un aumento de este parametro con € vaor de R/C para ambos
electrolitos, mostrando valores sensiblemente mayores para €l caso del fosfato sodico en
todas las muestras, o que indica una clara dependencia de este parametro con e tamafio

iénico.

El aerogel sintetizado con un R/C de 200 y posteriormente activado fue e que
mostré mejor comportamiento capacitivo en todos los casos y por tanto se seleccioné
para los experimentos de electroadsorcion con nitrato sddico. En este caso se observa un
aumento de la capacidad y velocidad de adsorcion con la concentracién de electrolito y e
voltaje aplicado. También se evalla la capacidad de electroadsorcion en fosfato y nitrato

sodico 0,1 M con € aerogel pirolizado y obtenido con un R/C de 200, encontrandose que

232



la capacidad méxima es mayor en e caso del material activado que en € pirolizado y
mayor para el nitrato que para e fosfato. En todos los casos la ciclabilidad fue buena,
aunque mejor en e materia activado, y e comportamiento fue estable durante varios

ciclos.

3. Sintesis dirigida por negro de carbono de aerogeles de carbono ultra-

MESOPOI 0SoS.

Se sintetizaron varios aerogel es de carbono con diferentes relaciones molares R/C
(25, 50, 100 y 200) y con las relaciones R/F y R/W fijas de 0,5 y 0,06 respectivamente,
anadiendo 0%, 5% o0 10% de negro de carbono durante la sintesis. Los aerogeles asi
preparados se sometieron a pirdlisis a 500, 800 y 1000°C. La nomenclatura empleada fue
Gx-CByT siendo x la proporcion R/C, y € % de negro de carbono y T |a temperatura de
pirdlisis. Lo primero que se observa es que el empleo del aditivo carbonoso no impide €
proceso de gelado ni produce hinchamiento, independientemente de la cantidad
empleada. Esta observacién se corrobora mediante las iméagenes de TEM. La pirdlisis a
diferentes temperaturas preservo la integridad estructural de los monolitos aunque se
observan algunas fracturas en los RC 100 y 200 pero €l empleo del aditivo mejoraba sin
embargo la resistencia mecanica en estos casos. Las isotermas de adsorcion revelan
diferencias en la estructura porosa de los materiales con aditivo y sin aditivo. La
porosidad de los materiales sintetizados sin aditivo muestra e comportamiento usual en
relacion ala proporcion R/C, es decir, un aumento gradual de la mesoporosidad, mientras
que los materiales preparados en presencia del aditivo de carbono muestran un gran
aumento de la mesoporosidad con respecto a los anteriores. Todas las isotermas son de
tipo IV y muestran constricciones en e bucle de histéresis indicativo de mesoporos
cilindricos abiertos y blogueados, interconectados mediante cuellos de botella. En las
muestras G25-CB10 y G50-CB10, las isotermas muestran una distribucion de poros
heterogénea mientras que las G100/200-CB10 muestran una distribucion mas uniforme.
Los pardmetros texturales indican que la microporosidad es similar en los materiales
aditivados que en los controles mientras que la mesoporosidad aumenta
considerablemente en los materiales aditivados. El calculo del tamafio de poros mediante

NL-DFT revela la tipica distribucion monodispersa cuya media aumenta con la
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proporcion R/C de 5 a 12 nm, mientras que las muestras aditivadas presentan una
distribucion multimodal en todos los casos con tamarios medios que van de los 7 alos 22
nm. Por otra parte, la cantidad de aditivo también influye en la porosidad de los
aerogel es, observandose que € aumento del 5 al 10% produce un ensanchamiento de los
mesoporos que se evidencia por € desplazamiento de los bucles de histéresis de las
isotermas a presiones relativas mas altas por 10 que esta variable junto con la proporcion
R/C controla €l tamafio de los mesoporos. También e tamafio de los poros conectores
aumenta con la cantidad de aditivo como indican e desplazamiento hacia arriba y la

presencia de dos etapas en laisoterma.

La temperatura de pirdlisis parece no afectar significativamente a la porosidad de
los aerogeles aditivados, a contrario de lo que ocurre en los aerogeles preparados en
ausencia del aditivo donde el aumento de la temperatura produce un colapso parcial de la
porosidad debido a las tensiones superficiales que se gercen en la matriz de carbono
durante la desvolatilizacion; las particulas de negro de carbono de los materiales
aditivados contrarrestan este colapso obteniéndose materialles més estables

estructuralmente.

Se midio la resigtitividad eléctrica de los diferentes aerogeles observandose que
esta disminuye al aumentar el R/C en los aerogeles control, mientras que en los
materiales aditivados decrece un orden de magnitud siguiendo la misma tendencia con
R/C lo que se atribuye a una mayor densidad de defectos en los aerogeles poliméricos.
Ademas se observa una dependencia de la resistividad con la temperatura de pirdlisis en
el caso delos R/C bagjos, encontrandose que para T < 500 °C e material no es conductor y
para T=1000 °C la resistividad del mismo material es casi |la mitad del pirolizado a 800
oC. Este comportamiento se atribuye a los grupos OH superficiaes presentes en la matriz

carbonosa, que solo se eliminan a altas temperaturas.

Los aerogeles se caracterizaron mediante voltametria ciclica observandose la
forma rectangular tipica del comportamiento capacitivo, a excepcion de la aparicion de
algin hombro a potenciales anddicos debido a la electrooxidacién del H, naciente
adsorbido en los poros del material; no se observa ningln pico de corriente tipico de
reacciones faradicas, 1o que concuerda con e bajo contenido en O, de los materiaes

pirolizados. Con esta técnica también se observa que |os materiales pirolizados a 500 °C
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no presentan respuesta capacitiva. Los electrodos pirolizados a 800 y 1000 °C mostraron
un comportamiento reversible y estable durante varios ciclos. Se estudié la evolucion de
la capacidad a potencial constante de 1,4 V y se observo que la caida de la capacidad con
el nimero de ciclos dependia de la relacion R/C y de la presencia de aditivo, siendo los

materiales més estables |os preparados con un R/C 200 y aditivo.

4. Sobre @ uso de diatomeas como agente anti-encogimiento en la preparacion de

aerogeles de carbono monoliticos.

Con € fin de evitar los problemas mecanicos que se encuentran durante la sintesis de
un aerogel de carbono monolitico, como e encogimiento, agrietamiento, deformacion o
fractura, se sintetizaron varios aerogeles de carbono empleando tierra de diatomea (D) en
la etapa de polimerizacion como aditivo estructural sacrificial. Los formulados contenian
como precursores resorcinol, formaldehido y en algunos casos melaminay como aditivos
diatomea y/o negro de carbono (B). Se observl que todos los aerogeles pirolizados que
no contenian D se encogian en torno a un 30% con respecto alos aerogeles sin pirolizar y
los que contenian B ademas se deformaban considerablemente, mientras que todos los
que contenian D preservaban laformay el tamafio después de pirolizar e incluso después
de la eliminacién de D con acido fluorhidrico. Los ensayos de fractura a 30 N producen
fractura concoidal en los materiales sin D mientras que los que llevan este aditivo,
muestran deformacion en lugar de fractura. Estos resultados estan en concordancia con
los ensayos de micropunzonado, en los gque las curvas de carga-desplazamiento muestran
un comportamiento inelastico y quebradizo en los materiales sin D y pléastico y tenaz en
los materiales con D, incluyendo los aerogeles pirolizados y con € aditivo lixiviado
posteriormente con HF. Este comportamiento es atribuible a los grandes huecos que dgja

el aditivo después de su eliminacion.

En cuanto a la caracterizacion textural, todas las isotermas de N, son de tipo IV vy,
mientras la microporosidad es similar en las muestras con y sin aditivo siliceo, la
mesoporosidad de los materiales preparados con D disminuye. Esto se atribuye a que

gran parte de la mesoporosidad pasa a macroporosidad debido a la presencia del aditivo,
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ya gue este produce una caida en la velocidad de polimerizacion produciendo particulas

de polimero menos entrecruzadas y mas grandes.

Por otro lado, la conductividad eléctrica esta controlada principaimente por €
contenido en B y los materiales con D tienen en general una conductividad menor que

aumenta cuando se elimina el aditivo con HF.

5. Sintesis de aerogel es mecani camente conformes mediante el empleo de aditivos

conductoresy estructurales.

Se sintetizaron varios aerogeles de carbono empleado tierra de diatomea (D) en la
etapa de polimerizacion como aditivo estructural sacrificial. Los formulados contenian
como precursores resorcinol, formaldehido y en agunos casos melamina (M) y como
aditivos diatomea y/o negro de carbono (B). Las proporciones molares de precursores
fueron (M+R)/C de 135 y (M+R)/W de 0,052. Los diferentes aerogeles obtenidos se
carbonizaron a 800 °C y parte de |os que contenian D se trataron con HF para eliminar €l
aditivo. La caracterizacion por SEM muestra que todos los aerogeles con D presentan la
misma superficie rugosa y con grandes crateres mientras que los que no llevan este
aditivo presentan superficies lisas y compactas. Asimismo, la densidad de los aerogeles D
presentan los valores mas bgjos de todos después de eliminar e aditivo. En la
caracterizacion por TEM se pueden observar las particulas de B en los materiales
preparados con este aditivo. La caracterizacion por difraccion de rayos X no revela
diferencias entre los materiales con y sin B pero si aparecen picos a 27,7; 43,4 y 44,6°
debidos a silicio de la diatomea en las muestras D y D+B no lixiviadas. El espectro
Raman de primer orden revela las tipicas bandas a 1344 cm™ (banda D) y 1590 cm™
(banda G) atribuibles a@ modo desordenado y a los desplazamientos de carbono en
l&minas grafénicas respectivamente. La relacion Ip/lg es algo menor en las muestras con

B confirmando el mayor orden estructural que confiere este aditivo.

Las isotermas de N, son todas del tipo Vb con bucles de histéresis, revelando que
todas las muestras son micro y mesoporosas |o que indica que los aditivos no impiden la
policondensacion de los precursores. El desplazamiento de los bucles de histéresis a

presiones relativas mayores de las muestras con D y/o B demuestra un aumento del
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tamano de los mesoporos lo que sugiere que la policondensacion se enlentece en
presencia de cualquiera de los aditivos, dando lugar a clusters poco ramificados que
forman grandes agregados coloidales con poros de gran tamafio. Se observa también que
el volumen tota de poros y la superficie especifica disminuyen en los materiales con D,
incluso después de lixiviados, y en los materiales con D+B cae € volumen de mesoporos
contrarrestando el efecto favorable de B en su creacion, 1o que indicaria que la agregacion
de clusters se ve en parte limitada por la gran cantidad de diatomea introducida. El
andisis de la distribucion de poros indica que los aerogeles puros presentan una
distribucion bimodal con un picos principales centrados en torno a 0,5 nm y 18 nm,
mientras que en los cargados con D o D+B e segundo pico se suprime apareciendo en
ambos casos un peguefio monticulo en torno a 50 nm. Este resultado concuerda
perfectamente con la porosimetria de mercurio en la que aparece un pico a 18 nm en €
aerogel puro y otro pico en torno a 50 nm en los aerogeles aditivados. Ademas, en los
materiales lixiviados aparecen picos a 1000 nm y entre 100 y 1000 nm paralos D y B+D
respectivamente, correspondientes a los huecos que degja la diatomea después de
eliminarse con HF.

Los ensayos de fractura a 30 N producen fractura concoidal en los materiales sin D
mientras que los que llevan este aditivo muestran deformacion en lugar de fractura. Estos
resultados estdn en concordancia con los ensayos de micropunzonado en los que las
curvas de carga-desplazamiento muestran un comportamiento ineléstico y quebradizo en
los materiadles sin D y plastico y tenaz en los materiales con D, incluyendo los aerogeles
pirolizados y con € aditivo eliminado posteriormente con HF. Este comportamiento es

atribuible alos grandes huecos que deja el aditivo después de su eliminacion.

La caracterizacion electrogquimica se lleva a cabo mediante voltametria ciclica en NaCl
0,1 M, con una celda de tres electrodos. Los voltamogramas la forma rectangular tipica
de un comportamiento capacitivo de adsorcion en doble capa. El aerogel puro presentala
mayor capacitancia (80 F g™*) mientras que los materiales aditivados presentan una caida
drastica de este valor y los materiales lixiviados presentan cierta recuperacion de la
capacitancia hasta valores de 50-53 F g*. Este comportamiento esta en correspondencia
con las variaciones en microporosidad y superficie especifica obtenidas en la

caracterizacion textural. Para ver la influencia de la porosidad en la cinética de

237



electroadsorcion se hacen medidas cronoculométricas a 300 mV durante 120s revelando
que las muestras aditivadas no lixiviadas presentan una cinética mas rapida ya que se
saturan antes. Laresistencia de los materiales al transporte ionico, Ry, se midio mediante
espectroscopia de impedancia electroquimica revelando que los materiales aditivados
disminuian su Ryy de 1,52 Ohm-g para € aerogel puro a 0,68 y 1,1 Ohm-g para las
muestras D y DB respectivamente, o que se atribuye a una mejor accesibilidad a los
microporos producida por la presencia de D y a una incremento de la conductividad
eléctrica del material aditivado con B, 1o que a su vez se ve corroborado por las medidas

de conductividad el éctrica de los monolitos.

6. Aerogeles de carbono monoliticos dopados con nitrégeno y funcionalizados con
manganeso de macroporosidad incrementada para desionizacion capacitiva.
Se sintetizaron varios aerogeles de carbono empleado melamina (M), resorcinol (R) y
formaldehido (F) como precursores, carbonato sodico como catalizador (C) ademas de
diatomea (D) y negro de carbono (B) como aditivos estructurales y de conductividad
respectivamente. Las proporciones molares de precursores fueron R:M:F de 2:1:7,
(M+R)/C de 135y (M+R)/W de 0,053. Las muestras se secaron en CO, supercritico y se
carbonizaron a 480 °C. Los aerogeles obtenidos se lixiviaron en HF para eliminar la
diatomea y se seleccionaron muestras que se doparon con Mn por inmersiéon y posterior
activacion a 750 °C en CO,. Los materiales aditivados con D no mostraron encogimiento
después del tratamiento térmico ni después del lixiviado. Se reaizd una prueba de
mojabilidad que reveld que la adicion de diatomea confiere un caracter hidréfilo al
material asegurando una buena impregnacion con el eectrélito mientras que las muestras
gue solo contenian Mn mostraron angulos de contacto de 71°, indicando que solamente la
deposicion de Mn afecta negativamente a la mojabilidad. La caracterizacion por SEM
muestra que todos los aerogeles tratados con D presentan la misma superficie rugosa y
con grandes créteres, mientras que los que no llevan este aditivo presentan superficies
lisas y compactas. Asimismo, la densidad de los aerogeles tratados con D presentan |os
valores més bajos de todos (0,15 cm® g*) después de eliminar el aditivo. Las imagenes
TEM muestran las nanoparticulas de Mn dispersas por la matriz de carbono ademas de

grandes huecos en caso de las muestras con D y B.
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Las isotermas de adsorcion de N, son de tipo IV en todos los casos, revelando que
todos los materiales son porosos y que las reacciones de policondensacion no se ven
afectadas por la presencia de los aditivos D y B. Sin embargo los amplios bucles de
histéresis observados en estas muestras revelan que la cinética de estas reacciones se hace
mas lenta dando lugar a grandes clusters poco entrecruzados y ramificados, 10 que da
lugar a poros de gran tamafio. Por otro lado la incorporacion de D produce una ligera
disminucion en € volumen total de poros 'y un ligero incremento en la microporosidad 1o
gue lleva a valores de superficie especifica mayores gque los geles sin D, mientras que
todos los materiales con B presentan un incremento en el volumen de |os mesoporos. El
andlisis de la distribucion de poros indica que los aerogeles tratados con D presentan una
distribucién multimodal y la porosimetria de mercurio revela una contribucion adicional
de macroporos (500 nm) en las muestras Mn-D y Mn-DB y la muestra solo con B

muestra una contribucién de poros de 10 micras.

La caracterizacion por XPS revela que la incorporacion de Mn produce una caida
relativa en los contenidos de C y N, mientras produce un aumento del contenido en O o
gue sugiere la formacion de éxidos de manganeso. Estos no se detectaron en los
diagramas de difraccion probablemente debido a su bajo contenido y a su caracter
amorfo. El andlisis elemental, por otra parte, arroja valores de nitrégeno ligeramente
superiores a los obtenidos por XPS, indicando que & N estd uniformemente distribuido

por todalamatriz y no solo en superficie.

Las Rpo de los materiales obtenidas a partir de los graficos de Nyquist muestran la
tendencia MRF-Mn-D-CB (0.45 Qxg), MRF-Mn-D (0.57 Qxg), MRF (0.79 Qxg) y
MRF-Mn (1.02 Qxg) indicando que la adicion tanto de D como de B disminuye la
resistenciainterna del material, 1o que se puede atribuir alainduccion de macroporos por
parte de D y a efecto conductor del B. El elevado valor obtenido para MRF-Mn puede
deberse a su caracter menos hidrofilo, 1o que impediria un buen contacto de la interfase
electrodo-electrdlito. Las voltametrias ciclicas en celda de tres electrodos revelan
voltamogramas con forma rectangular tipica de procesos capacitivos, que en € caso de
los materiales con D presentan ciertas desviaciones en el barrido anddico que pueden ser

debidas ala presenciade Mn y/o de de grupos conteniendo O y N.
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Los valores de capacitancia obtenidos por voltametria ciclica, 90 F g *para MRF y 86
F g *para MRF-Mn, muestran que la baja mojabilidad de este tltimo puede ser la causa
de este valor mas bajo, mientras que las capacitancias de MRF-Mn-D y MRF-Mn-D-CB
de 104 y 113 F g *respectivamente pueden deberse tanto a una mayor macroporosidad

como a una mejor mojabilidad.

Los ensayos de electroadsorcion en monolitos en NaCl 0,025 M a0,9, 1,2y 1,5V no
muestran e mismo comportamiento que las capacitancias ya que los vaores que
presentan MRF y MRF-Mn-D-CB son muy similares, lo que puede indicar que los
comportamientos del material en polvo y en monolito son diferentes. Las mayores
capacidades se obtienen 20,9 V con valoresde 6,7y 6,1 mg g paralos aerogeles MRF y
MRF-Mn-D-CB, respectivamente. Los ensayosa 1,5V y 0,1 M muestran que €l materia
MRF-Mn-D-CB presenta una mejor cinética 'y una mayor capacidad de el ectroadsorcion
gque MRFy MRF-Mn-D.
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4.2 Summary

1. On the correlation between the porous structure and the electrochemical response of powdered

and monolithic carbon aerogels as electrodes for capacitive deionization

Severa carbon aerogeels were synthesized by sol-gel polymerization with different
resorcinol-catalyst (R/C) and resorcinol-water molar ratios which varied between 100 and
800 and 0.04 and 0.13 respectively, while keeping a fixed resorcinol-formaldehyde molar
ratio of 0.5. The obtained hydrogels were dried in supercritical CO,, pyrolized at 800 °C
and activated with CO, at 800 °C for 2 h. The N, adsorption isotherms show a direct
influence of the R/C and R/W ratios either on the pyrolized or the activated materias.
The mesopore volume increases with R/C ratio until 2,25 cm® g for an R/C of 300 from
which it falls abruptly till 0,08 cm®g™. This behavior is observed for an R/W of 0.04. For
an R/W of 0.06 the behavior is somehow similar though the maximum of the mesopore
volume is displaced to an R/C of 200, is smaller than for R/W 0.04 and the fall is less
sharp. For R/W of 0.10 and 0.13 the trend is the increase of the mesopore volume with
R/C for the whole range of values from 0.62 to 0.71 and from 0.27 to 0.48 0,08 cm® g*
respectively. A similar behavior was observed in tha activated aerogels suggesting that
activation does not affect the mesoporosity which is governed only by the R/C and R/W
ratios. For the low R/W ratios of the pyrolized aerogels the specific surface decreases
linearly with R/C from 757 to 587 m? g for R/C 100 and 600 respectively, while for
high R/W (0,1-0,13) the trend is a slight linear increase of the specific surface with R/C.
These trends are the same in the activated materials though their specific surfaces are
sensiblemente higher in both cases. The dependence of the specific surface with R/W
ratio shows similar trends: for low R/C the surface decreases linearly with R/W while it
increases dlightly for high R/C ratios and the same is observed with the activated
aerogels. This behavior of the textura parametersis explained by the different polymeric

structures obtained in the precursor gels for the different R/C and R/W ratios.

The carbon aerogels were crushed and el ectrodes were casted and assembled in athree
electrode Swagelock cells to study their eectrochemical properties. The cyclic
voltammetries showed in all cases the typical box-like shape of the capacitive behavior
plus a small anodic peak appearing in some case suggesting oxidation of surface groups

or electrolyte decomposition. Capacitances showed a clear trend to increase with the
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specific surface varying from 50 to 70 F g for lowest surface materials to 120 F g for
the highest surface material.This trend was less clear for the pyrolized materials,being
attributed to the surface chemistry effects; more specifically, to a lower amount of
oxygen than in the activated material, which would be responsible of the pseudo-
capacitive effects. The polarization resistance (Rps) measured by electrochemical
impedance spectroscopy shows a clear decreasing trend with the specific surface and
capacitance, being lower in the activated than in the pyrolized materials. Likewise, as the
mesopore volume increases there is a clear decrease of Ry either in the activated or
pyrolized materials, while no correlation with the micropore volume is shown. This
behavior can be explained by a better ion transport inside the porous network of the
materials with the highest mesopore volume and by a better accessibility of the active
surface. Este comportamiento se puede explicar por un mejor transporte de los iones en €l
interior del electrodo por la red porosa en los materiales con mayor volumen de
mesoporos y por una mejor accesibilidad de la superficie activa. The materials with low
R/W showed a meaningful increase of Rpq with R/C ratio while those with R/C 0.1
showed the opposite effect.

To evaluate the desalting capacity a two-electrode cell with monolithic aerogel
electrodes was assembled with NaCl 0,1 M electrolyte, measuring the total charge
transfer during the three charge-discharge cycle. Considering the specific surface alone
no clear correlation is observed between this parameter and the total charge transfer. But
considering also the electric resistivity of each materia a predictable pattern is
recognized that can be described by a multivaritae polynom of 3" order in the resistivity
and 2" order in the specific surface in the case of pyrolized aerogels and of first order in
both variables for the activated aerogels.

2. Improved electro-assisted removal of phosphates and nitrates using mesoporous

carbon aerogels with controlled porosity

Carbon aerogels were synthesized by the resorcinol-formaldehyde method setting
theresorcinol-catalyst molar ratio R/C) to 200, 400 and 600 and resorcinol-water ratio
(R/W) of 0.06. After controlled water-acetone exchange the materials were dried in
supercritical CO,, carbonized at 800 °C under nitrogen atmosphere and one batch was
activated at 800 °C during 2 h. The obtained materials were structurally characterized by

242



X-ray diffractionand Raman spectroscopy. The patterns reveal the presence of mainly
disordered carbon, although with meaningful graphitic domains. The first order Raman
spectrum deconvolution reveals a G-band at 1580 cm™ assigned to the carbon atoms
displacement within the graphenic sheets and a D1-band at 1350 cm™ assigned usually to
the lack of long range tranglational symmetry. A D2 lorentzian curve is added to solve the
observed asymmetry in the G-band, assigned to the non-stacked graphenic sheets
vibrations. Likewise a D3 gaussian curve appears at 1495 cm™ assigned to vibrations of
sp? carbon linked to graphenic sheets edges and D4-band at 1160 cm™ assigned to sp®-sp®
polyene stretching. It is shown that the D1/G intensity ratio decreases either with
activation or with R/C increase, suggesting structural order dependence with this ratio.
The XPS spectra reveal the presence C-O (285.6+0.2 eV), C=0 (287 eVv+0.1 eV) and
0O=C-0 (288.7+0.3 V) groups and an increase in the contribution of the C-O and C=0
groups is observed when R/C diminishes. The textural analysis reveals that as R/C
increases in the pyrolized samples, the size of the mesopores increases turning part of
them into macropores while the micropores volume remains constant. Regarding the
specific surface, the pyrolized samples show similar values around 700 m? g™ and the
total pore volume decreases with the R/C ratio increase suggesting likewise that at low
values, meso and micropore formation is promoted while at high R/C ratios macropores
are promoted. The activated samples show a larger surface area compared to the
pyrolized ones, while this value diminishes with the increase of R/C.

Cyclic voltammetries at 0,5 mV s* showcapacitive profiles which capacitances are
larger for the activated than in the pyrolized samples showing in both cases a good
correlation with the mesopore volume but not with the micropore volume or the specific
surface. This behavior is replicated with the sodium phosphate although with lower
capacitances than the sodium nitrate, suggesting a notable influence of the ionic size on

this parameter.

Electrochemical characterization by chronocoulommetry in sodium nitrate shows that
activated samples have faster kinetics due to the smaller t than in the pyrolized samples.
Conversdly, the same characterization in sodium phosphate shows more similar t values
suggesting a dependence on the ion size and the micropore volume of the kinetics.
Sodium phosphate ionic size is a limiting factor of the process in this case. Regarding

polarization resistance, either activated or pyrolized samples show an increase in this
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parameter with R/C in both electrolytes, having sodium phosphate noticeably higher
values in all the tested samples suggesting again a dependence of this parameter on the

ionic size.

The aerogel with R/C 200 and activated was the one with best capacitive behavior and
therefore was selected for the experiments of sodium nitrate electrosorption. An increase
in electrosorption capacity and rate with electrolyte concentration and applied voltage is
observed. The R/C 200 pyrolized aerogel was also tested for 0.1 M sodium nitrate and
phosphate el ectrosorption, finding that the maximum capacity is higher in the activated
than in the pyrolized material and higher for the nitrate than for the phosphate.
Cyclahility was good in al cases, though better in the activated material, and stable
behavior was observed in al cycles.

3. Carbon black directed synthesis of ultra-high mesoporous carbon aerogels.

Severa carbon aerogels were synthesized with different R/C molar ratios (25, 50, 100
and 200) and with R/F and R/W fixed ratios of 0,5 and 0,06 respectively with the addition
of 0%, 5% o 10% of carbon black during the synthesis. So prepared aerogels were
pyrolized at 500, 800 and 1000°C and were named Gx-CByT being x the R/C ratio, y the
carbon black content in % and T the pyrolysis temperature. The first observation is that
carbon black additive neither impairs gelation nor produces swelling of the material,
regardless of the added quantity. This observation is supported by the TEM
micrographies. The structural integrity at different pyrolysis temperatures was preserved
in the monoalithic pieces and, athough some fractures were observed in the case of R/C
100 and 200, the mechanical resistance was improved by the additive in those cases. The
adsorption isotherms reveal differences in the porous structure of the materials with and
without additive. The porosity of the materials synthasized without additive shows the
usual behavior in what R/C ratio is concerned, a gradual increase in porosity, while the
materials with carbon black additive show a high increase in the mesoporosity as
compared with the former ones. All isotherms were type IV showing constrictions in the
hysteresis loop suggesting open-blocked, bottle-neck interconnected, cylindrica
mesopores. In G25-CB10 y G50-CB10 samples, the isotherms show a heterogeneous
pore size distribution while G100/200-CB10 isotherms show a more uniform one.

Textural parameters denote that microporosity in the materials with additive and in the
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controls are alike while mesoporosity increases noticeably in the materials with additive.
The NL-DFT pore size distribution reveals the typical unimodal distribution which peak
value increases from 5 to 12 nm with R/C ratio, while the samples with additive show a
multimodal distribution in all cases with average sizes varying from 7 to 22 nm. By the
other hand, the amount of additive also has influence on the aerogel porosity, showing
that an increase from 5 to 10% widens the mesopores which is evidenced by the
hysteresis loop displacement to higher relative presures concluding that this variable,
along with R/C ratio, controls the mesopore size.

Pyrolysis temperature does not seem to significantly affect the porosity of the aerogels
with additive, conversely to the aerogels without additives where the increase in
temperature partially collapses the porosity due to surface tensions exerted on the carbon
matrix during gas evolution; carbon black particles in the materials with additive

counteract the collapse obtaining more structurally stable materials.

The electrical resistivity of the different aerogels was measured and decrease of this
parameter was observed when R/C was increased in the control materias, while in the
materials with additive resistivity decreases an order of magnitude following the same
trend with R/C which can be attributed to a higher defect density in the polymeric
aerogels. A dependence of the resistivity with pyrolysis temperature is also observed in
the case of low R/C, finding that for T < 500 °C the material is non conducting and for
T=1000 °C resistivity of the same material is amost one haf of the pyrolized at 800 °C.
This behavior can be attributed to the surface OH groups present in the carbon matrix

which only are eliminated at high temperatures.

The aerogels were characterized by cyclic voltammetry obtaining the typical box-like
shape of the capacitive behavior, excepting for a hump at anodic potentials due nascent
H. electro-oxidation adsorbed onto the pores of the electrode. No faradaic current peak is
observed which isin agreement with the low O, content of the pyrolized materials. With
the same method is also observed that the materials pyrolized at 500 °C do not show a
capacitive response. The electrodes pyrolized at 800 y 1000 °C showed a reversible and
stable behavior during several cycles. The evolution of the capacity at 1,4 V constant

potential was tested and it was observed that the capacity decrease with the number of
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cycles depended on the R/C ratio and the presence of additive being the most stable
materials the ones prepared with additive and an R/C of 200.

4. On the use of diatomite as anti-shrinkage additive in the preparation of monolithic

aerogels.

In order to avoid those mechanical issues encountered during the synthesis of a
monolithic carbon aerogel, as shrinkage, cracking, deformation or fracture, several
carbon aerogels were synthesized using diatomite (D) in the polymerization stage as a
sacrificial structural additive. The studied samples contained resorcinol and formaldehide,
and melamine in some cases, as precursors and diatomite and/or carbon black (B) as
additives. It was observed that al the pyrolized aerogels that did not contain D shrunk
themselves around a 30% compared to the non pyrolized aerogels and the ones containing
B, besides, noticeably deformed themselves, while al the D-containing aerogels
preserved their size and shape after pyrolysis, even after D lixiviation with hydrofluoric
acid. The fracture assays performed at 30 Nprovoked a conchoida fracture in the
materials without D while the ones without D show deformation instead of fracture.
These results are in agreement with the small punch tests in which the strain-stress curves
show an inelastic and brittle behavior in the non D-containing materials and a
complaining and plastic behavior in the D-containing materials even after lixiviation with
HF. This behavior can be attributed to the large pores that remain after the additive
lixiviation.

Regarding the textural characterization, all N, isotherms are type IV and, while
microporosity is similar in samples with or without diatomite, mesoporosity decreases in
the materials prepared with D. This is because part of the mesoporosity turns into
macroporosity due to the presence of the additive which causes a fal in the

polymerization kinetics producing larger and less cross-linked polymer particles.

By the other hand, eectrica conductivity is mainly controlled by B content and
materials with D have in general a lower conductivity which increases on additive
lixiviation with HF.

5. Synthesis of porous and mechanically compliant carbon aerogels using conductive and

structural additives.
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Severa carbon aerogels were synthesized using diatomite (D) as sacrificial structural
additive during the polymerization stage. The precusors of the formulates were
resorcynol (R), formaldehyde (F) and melamine (M) in some cases and diatomite and/or
carbon black (B) as additives. The molar ratios of precursors were (M+R)/C=135 and
(M+R)/W=0,052. The obtained aerogels were carbonized at 800 °C and a batch of those
containing D were lixiviated with HF. SEM characterization shows that all the D-
containing aerogels present the same rough surface with large craters, while theD-free
onesshow a smooth compact surface. Likewise, the density of the D-aerogels shows the
lowest values after additive lixiviation. Regarding TEM characterization, B particles can
be observed in the materials prepared with this additive. X-ray diffraction does not reveal
differences between the B-containing and not containing materials but peaks at 27,7; 43,4
y 44,6° do appear in D and D+B non lixiviated samples, due to the silica contained in the
diatomite. The first order Raman spectrum reveals the typical bands at 1344 cm™ (D
band) and 1590 cm™ (G band) assigned to the disordered mode and carbon atoms
displacement in the graphenic sheets respectively. The Ip/lg ratio is dlightly lower in the
B-containing samples evidencing the higher structural order conferred by this additive.

The N, adsorption isotherms belong to type Vb with hysteresis loops, revealing that
all the samples are micro and mesoporous pointing out that the additives do not impair
the polycondensation of theprecursors. The hysteresis loop displacement to highwe
relative presures observed in thesamples containing D and/or B evidenced an increase in
mesopore size. Suggesting that the polycondensation reaction slowed down in the
presence of any of the additives giving place to weakly branched clusters whichyields
large colloidal aggregates with large pore sizes. A diminution in the total pore volume
and specific surface was also observed in the D-containing materials, even after etching,
and mesopore volumedecreased in the materials containing D+B, counteracting the
favorable effect of B on its formation.This suggested that cluster aggregation is somehow
limited by the large amount of added diatomite. The pore size distribution analysis points
out that pure aerogels show a bimodal distribution with peaks centered at around 0,5 nm
y 18 nm, while in the samples containing D or D+B the second peak is suppressed with a
small hump around 50 nm appearing in both cases. This result is in perfect agreement
with mercury porosimetry in which a peak at 18 nm and another around 50 nm appearsin

the pure and additive-containing aerogels respectively. Likewise, peaks a 1000 nm and
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between 100 and 1000 nm appear in the etched D and D+B materias respectively,
corresponding to the holes | eft by diatomite after HF etching.

The fracture assays at 30 N produce a conchoidal fracture in the materials without D
while the ones containing D show deformation instead. Those results are in agreement
with small punch test results in which the load-displacement curves show a brittle and
inelastic behavior of the pristine materials and plastic and compliant in the D-containing
ones including the etched pyrolized aerogels. This bhavior can be explained by the large
holes |eft by diatomite after etching.

The electrochemical characterizarion is carried out by cyclic voltammetry in 0.1 M
NaCl in athree-electrode cell. All the volatmmograms show the typical box-like shape of
the double layer capacitive behavior. Pristine aerogel shows the highest capacitance (80 F
g™") while the naterials with additive show a drastic decrease in this parameter. However,
the etched materials show some recovery of the capacitanceuntil 50-53 Fg . This
behavior is in agreement with the microporosity and specific surface
variationsdetermined in the textural characterization. In order to study the influence of the
porosity on electrosorption kinetics, chronocoulometric measurements at 300 mV during
120 s were performed. They reveaded that non etched samples with additives saturate
earlier suggesting a faster kinetic. The ionic transport resistance Rpq, was measured by
electrochemical impedance spectroscopy revealing that this parameter decreases from
1,52 Ohm.g for the pristine aerogel to 0,68 and 1,1 Ohm-g for samples D and DB
respectively. This was attributed to a better micropore accesibility due to the presence of
D and to an increase in electrical conductivity in the B-containing material which is at the
same time corroborated by the electrical conductivity measurements carried out on the

aerogel monoliths.

6. Mn containing N-doped monolithic carbon aerogels with enhanced macroporosity as

electrode for capacitive deionization.

Several carbon aerogels were synthesized with melamine (M), resorcinol (R) and
formaldehyde (F) as precursors, sodium carbonate as catalyst (C) and diatomite (D) and
carbon black (B) as structural and conductive additives respectively. The molar ratios
used were R:M:F=2:1:7, (M+R)/C= 135 and (M+R)/W= 0,053. Samples were dried in
supercritical CO, and carbonized at 480 °C. The obtained aerogels were etched with HF
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to eliminate the diatomite and some of these samples were selected to be doped with Mn
by immersion followed by CO, activation at 750 °C. The materials containing D did not
show shrinkage neither after thermal treatment nor after etching. A wettability test
revealed that diatomite addition confers hydrophilic features to the material guaranteeing
agood impregnation with the electrol yte. Otherwise, samples only containing Mn showed
contact angles of 71°, suggesting that the deposition of Mn aone negatively affects to the
wettability of the sample. SEM characterization shows that all the D-containing aerogels
present the same rough surface with large craters, while the non D-containing ones
present a smooth compact surface. Likewise, the density of the D-aerogels show the
lowest values (0,15 cm® g after additive lixiviation. TEM characterization shows Mn
nanoparticles spreadthroughout the carbon matrixand large holes in the case of samples
with D and B.

The N, adsorption isotherms are all type 1V, revealing that all the materials are porous
and the polycondensation reactions are not hindered by the presence of B and D
additives. Nevertheless, the large hysteresis loops observed in these samples evidenced
that the kinetic of the reactions slows down giving place to large andpoorly branched
clusters. By the other hand, the incorporation of D dlightly diminishes the total pore
volume and dlightly increases the microporosity taking to higher specific surface values
than the gels without D, while all the materials with B present an increase in the
mesopore volume. The pore size distribution analysis points out that aerogels treated with
D present a multimodal distribution and mercury porosimetry reveals an aditional
contribution of macropores (500 nm) in samples Mn-D and Mn-DB. Finally, the sample

only containing B shows a contribution of 10 micron pores.

XPS characterization reveals that Mn incorporation yields a relative fall in C and N
contents while the oxygen content increased, suggesting the formation of manganese
oxides. These compounds were not detected in the diffraction diagrams probably due to
its low content and amorphous character. By the other hand, the elemental
analysisunveils a nitrogen content slightly higher than thevaluesdetermined by XPS,
indicating that N is uniformly distributed in the whole carbon matrix and not only on the

surface.

The Rya Of the materials obtained from the Nyquist plots shows the trend MRF-Mn-D-
CB (0.45 Qxg), MRF-Mn-D (0.57 Qxg), MRF (0.79 Qxg) y MRF-Mn (1.02 Qxq)
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suggesting that either D or B addition decreases the interna resistance of the materia
which can be attributed to a macropore induction by D and to a conductive effect by B.
The high value obtained for MRF-Mn can be attributed to its less hydrophilic character
which could impair a good electrode-€el ectrol yte interphase contact.

Cyclic voltammetries in three-electrode cells reveal the typical box-like shape of
capacitive processes, that in the case of the materials containing D show certain
deviations in the anodic swept that could be due to the presence of Mn and/or groups
containing O and N.

The capacitance values obtained by cyclic voltammetry, 90 F g *for MRF and 86 F g *
for MRF-Mn, suggest that the poor wettability of the last could be the cause of such alow
capacitance, while capacitances of MRF-Mn-D and MRF-Mn-D-CB of 104 and 113 F g *
respectively can be due either to a higher macroporsity or a better wettability.

Electrosorption assays with aerogel monoliths in NaCl 0,025 M at 0,9, 1,2 and 1,5V
do not show the same behavior that capacitances ya que the values of MRF and MRF-
Mn-D-CB are very similar, suggesting that the behavior of monolithic and powdered
material are different. The highest capacities are obtained at 0,9 V with values of 6,7 and
6,1 mg g™ for MRF and MRF-Mn-D-CB, respectively. Thetests at 1,5V and 0,1 M show
that the MRF-Mn-D-CB sample shows better kinetic and electrosorption capacity than
MRFy MRF-Mn-D.
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4.3 Conclusionesfinales

Las conclusiones generales que hemos podido obtener ala vista de los resultados

presentados y discutidos en esta memoria son las siguientes:

1. La preparacion de una serie de aerogeles de carbono por policondensacion de
resorcinol y formaldehido a diferentes proporciones molares de precursores, revela una
fuerte interdependencia entre las proporciones R/C y R/W.

2. Se observa una fuerte caida de la superficie especifica en los aerogeles activados
cuando se incrementan las relaciones R/C o R/W, siendo este efecto més atenuado en los

aerogel es pirolizados.

3. La mesoporosidad se ve afectada considerablemente por las condiciones de sintesis
(e.g. relaciones R/C, R/W), mientras que la microporosidad es parecida en todos los

material es preparados.

4. La capacitancia en NaCl 0,1 M disminuye en los aerogeles preparados con altas
relaciones R/Cy R/W.

5. La resistencia 6hmica de los aerogeles muestra una fuerte dependencia de R/C y de
R/W.

6. La resistencia a la polarizacion es ligeramente mayor en los aerogel es pirolizados que

en los activados.

7. Las resistencias de polarizacion més bagas se obtienen con los materiales mas

Mesoporosos, independientemente de su microporosidad.

8. La respuesta capacitiva de aerogeles monoliticos en celdas de dos electrodos se
correlaciona satisfactoriamente con el efecto combinado de la superficie especificay la

resistividad del material, tanto paralas muestras pirolizadas como paralas activadas.

Las conclusiones de la 1 a la 8 se han obtenido de la publicacion correspondiente a la

seccion 1 del capitulo 2.
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9. Se han sintetizado aerogel es de carbono con diferentes relaciones R/C y activados con
CO; los cuales se caracterizan con diversas técnicas y estructurales y electroquimicasy se

someten a ensayos de el ectroadsorcion en nitrato sodico y fosfato sodico.

10. Los diagramas de difraccién de rayos X y los espectros Raman muestran una
importante contribucion de dominios grafiticos inusua en aerogeles de carbono
nanoporosos Sintetizados a bajas temperaturas y también se muestra una alta correlacion

entre laproporcion R/C y € orden estructural .

11. La microporosidad fue similar para todos los materiales pirolizados, mientras que la
formacion de mesoporos con una distribucion estrecha se produce para valores bgos de

R/C. En cambio, valores elevados de este pardmetro dan lugar a geles macroporosos.

12. La activacion con CO, produce un incremento de los voliumenes de microporos
acompafnado de un ensanchamiento de los mesoporos siendo este efecto mas significativo

paravalores R/C elevados.

13. Los voltamogramas ciclicos en ambos electrélitos muestran un elevado valor de
capacitancia parala muestra R/C 200 activada atribuible a su mayor superficie y volumen
de poros. Su mesoporosidad bien desarrollada proporciona una mejor accesibilidad, 1o
que facilita unamejor cinética de transporte.

14. Los experimentos de el ectroadsorcién con € material R/C 200 activado y pirolizado
mostraron un buen comportamiento con ambos electrélitos en ciclos consecutivos de
carga y descarga confirmando una buena estabilidad de los electrodos de aerogel a

elevados potenciales.

Las conclusiones de la 9 a la 14 se han obtenido de la publicacién correspondiente a la
seccion 2 del capitulo 2.

15. Se han sintetizado aerogeles de carbono conductores atamente mesoporosos
mediante reaccion de policondensacion en presencia de un aditivo conductor, negro de

carbono.

16. El negro de carbono produce un gran impacto en la polimerizacion del gel dirigiendo
la sintesis hacia particulas mas grandes en clusters poco ramificados, |0 que permite un
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guste fino de la relacion micro/mesoporosidad del gel aditivado y le confiere

conductividad eléctrica.

17. La generacion de grandes cavidades mesoporosas muy interconectadas facilita la
difusion asegurando una velocidad elevada de carga y descarga de iones haciendo que
sean materiales idoneos para aplicaciones capacitivas.

18. Los materiales pirolizados por encima de 500 °C muestran una respuesta
electroquimica estable en electrdlito acuoso neutro para varios cientos de ciclos de carga
y descarga a ventanas de potencia amplias sin pérdida significativa en densidad de

corriente.

19. La incorporacion del aditivo mejora la vida Util del material presentando mayor

estabilidad en ciclos de carga/descarga a potencial constantede 1,4 V.

Las conclusiones de la 15 a la 19 se han obtenido de la publicacién correspondiente a la

seccion 1 del capitulo 3.

20. Se han sintetizado aerogeles de carbono monoliticos con propiedades mecanicas y
el éctricas mejoradas mediante el empleo de diatomeay negro de carbono respectivamente
como aditivos funcionales, mediante modificaciones en la ruta convenciona de sintesis

de aerogeles.

21. Los composites resultantes presentaron unaalta porosidad confirmando que la
polimerizacion de los precursores no se veiaimpedida por 1a presencia de altas cantidades
de aditivo.

22. Los composites conservaban su estructura porosa después del lixiviado de la diatomea
con HF confirmando que la porosidad surge del entrecruzamiento de los precursores

durante | as reacciones de policondensacion.

23. La presencia de los aditivos provoca una caida en e volumen total de poros y la

superficie especifica junto con un agrandamiento del tamafio medio de poro.

24. Los aerogeles preparados en presencia de aditivos son principal mente mesoporosos
(mesoporos anchos) aungue hay cierto desarrollo de microporosidad y el efecto es mas
pronunciado parala diatomea que para el negro de carbono.
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25. La diatomea evita €l encogimiento del monolito provocado por la densificacion de la

matriz de carbono durante la pirdlisis, incluso después del lixiviado de la diatomea.

26. El aerogel puro presenta e comportamiento mecanico rigido tipico mientras que los
aditivados con diatomea presentan un caracter plastico.

27. El empleo de negro de carbono y diatomea como aditivos permite preparar electrodos
mecanicamente resistentes y con baja resistencia de polarizacion para emplearse en
desionizacion capacitiva aungque la disminucién en microporosidad provocada por la
adicion de diatomea se traduzca en una caida de la capacitancia.

Las conclusiones de la 20 a la 27 se han obtenido de las publicaciones correspondientes

alassecciones 2y 3 del capitulo 3.

28. El empleo de diatomea como aditivo anti-encogimiento ha llevado a la sintesis de
aerogel es de carbono monoliticos con unamicro y mesoporosidad bien desarrollada y una

macroporosidad remarcable.

29. La incorporacion de funcionalidades de nitrégeno y de aditivo negro de carbono,

incrementa la conductividad eléctricay la mojabilidad de los monolitos de aerogel.

30. La matriz de carbono resultante es un buen soporte para nanoparticulas de éxido de
manganeso cuyos efectos pseudo-faradicos contribuyen positivamente a la capacitancia
global.

31. Estas caracteristicas son responsables del buen comportamiento en la eliminacién de
especies ionicas en disolucion en términos de una cinética rapida y una baja resistencia.

32. El andlisis morfol 6gico demuestra un eficiente efecto anti-encogimiento y una textura

esponjosa después del lixiviado de la diatomea.

33. La caracterizacion textura mediante isotermas de adsorcion/desorcion de nitrégeno
revela que la policondensacién de los precursores no se ve impedida por la presencia de
los aditivos empleados, obteniéndose materiales con distribuciones multimodales de

pOros.

254



34. En eectroadsorcion en celda simétrica de dos electrodos, 10s aerogeles con diatomea

muestran una mejor respuesta a bajos voltajes y/o tiempos cortos.

35. Estos resultados demuestran que e empleo de diatomea como aditivo anti-
encogimiento puede ser una solucién atil en la preparacion de electrodos altamente

porosos con propiedades optimizadas para desionizacion capacitiva.

Las conclusiones de la 28 a la 35 se han obtenido de la publicacion correspondiente a la

seccion 4 del capitulo 3.
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Capitulo 5

Otras aportaciones cientificas
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A continuacion se exponen los resimenes de varias publicaciones adicionaes y
comunicaciones a congresos. Dichos trabajos no constituyen e cuerpo de latesis aungque
han sido elaborados durante € periodo de formacién del doctorado. Todas €ellas estan
relacionadas con € trabgjo de investigacion de esta memoria de estatesis y completan los

estudios expuestos en los capitulos 2 y 3 descritos con anterioridad.
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I ntroduction

Mesoporous carbon gels are interesting materials in many science and engineering fields
due to their unique combination of adequate textural, morphological and structura
properties that can be easily adapted during the synthesis and processing. Carbon gels are
mostly synthesized following the catalyzed polycondensation of resorcinol-formaldehyde
mixtures in water, although some other aternative routes have been reported using
harmless and naturally available precursors. In this work we have prepared carbon gels
with ultrahigh mesopore volumes and enhanced electrical conductivity by a simple
modification of the conventional sol-gel method consisting on i) introducing N-doped
carbon precursors (i.e.,, melamine) and by ii) performing the polymerization reaction in
the presence of metallic and carbon conductive additives to modify the composition of
the carbon aerogels .

M aterials and methods

Hydrogels were synthesized by the polycondensation of Melamine (M), Resorcinol (R)
and Formaldehyde (F) mixtures, using sodium carbonate as catalyst (C) and deionized
water (W) as solvent. Details on the polymerization procedures and molar ratios of the
reactants have been described elsewherel-5). Briefly the precursors solutions are stirred
for 20 minutes at room temperature, kept in an oven at 40 °C for 24 h and then at 70 °C
for 120 h to allow gelation and aging. After a controlled water—acetone exchange, the
hydrogels are dried under CO2 supercritical conditions and carbonized at 750 °C under
inert atmosphere. Finally, the aerogels are activated in CO2 atmosphere. For the
composites, carbon black (Superior Graphite Co.) was chosen as conductive additive,
incorporated to the precursor’s mixture before the polymerization step.

Capacitive deionization experiments are performed in symmetric batch-type cells
assembled with two monoalithic carbon aerogel electrodes (cut and polished to achieve a
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current density, chemical modifications or structural collapse. The electrodes al so showed
an enhanced stability upon polarizationat 1.5 V.
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Resumen

Los aerogeles de carbono se componen de particulas nanomeétricas cuya agregacion crea
aglomerados de elevada superficie y porosidad. Los aerogel es dopados con nitrégeno han
provocado recientemente gran interés para aplicaciones de electroadsorcion de iones ™2,
La incorporacion del nitrogeno a la red grafénica mejora la mojabilidad superficial, con
lo que se facilita la adsorcion de iones, ademas de aportar un efecto pseudocapacitivo
beneficioso. El objetivo de este trabgo fue examinar € efecto de los parametros de
sintesis de aerogeles de carbono nitrogenados empleando melamina y resorcinol como
precursores en sus propiedades nanotexturales y electroquimicas para la electroadsorcion
de iones en agua de bagja salinidad.

L os aerogel es prepolimerizados a bajo pH poseen presentaron una estructura muy porosa,
siendo determinante en la formacion de mesoporos grandes (Fig.1). Se detecté un
predominio de grupos piridinay pirrol en todos los aerogel es estudiados. Por otro lado, €
pH ato favorece la incorporacion de nitrégeno en los aerogeles. Los resultados en
desionizacion capacitiva de monolitos mostraron un mejor rendimiento del aerogel no
prepolimerizado, revelando la importancia de la macroporosidad. La muestra
macroporosa MRF(0)-0.5-6 eliminé 2.73 mg h cm™ en una disolucién de NaCl 0.025M al
aplicar un potencial de 1.5V ¥,
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I ntroduccion

El dopado de aerogeles de carbono con heteroatomos ha atraido una gran atencion en los
altimos afos, en especia los métodos basados en la incorporacion en sintesis de
precursores nitrogenados como melamina, urea, anilina o amoniaco y sales aménicas 2.
El aporte de nitrdgeno mejora la mojabilidad superficial para facilitar la adsorcion de
iones y puede aportar un efecto pseudocapacitivo beneficioso . El objetivo de este
trabgjo es examinar € efecto de los parametros de sintesis de aerogeles de carbono
nitrogenados empleando melamina y resorcinol como precursores en sus propiedades
texturales y electroquimicas para la electroadsorcion de iones en agua de baja salinidad.
Se ha investigado € papel del pH de la disolucion, la prepolimerizaciéon previa de los
reactantes y por ultimo larelacion molar melamina/resorcinol.

Experimental

L os aerogel es fueron sintetizados por policondensacion de melanina (M), resorcinol (R) y
formaldehido (F), empleando carbonato sodico (C) y acido acético como catalizador y
regulador de pH, respectivamente. El proceso de gelado y secado esta descrito en 9. La
tabla 1 resume los detalles del procedimiento de sintesis. Seguidamente los aerogeles
fueron pirolizados y activados a 750 °C en atmosfera de CO..
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Tabla 1. Concentraciones de reactantes y condiciones de sintesis de los aerogeles.

Muestras M/R RF M/F W Solucién A Solucién B PH A+B  Correccion PH
M RF(0)-0.5-6 05 05 416 M+FW +C R+ W
MRF(1)-056 05 05 416 M+F+fW+C R+F+W+C
M RF(0)-0.5-8 05 05 416 M+FHW+C R+W
MRF(1)-058 05 0.5 416 M+F+W+C R+F+W+C | 72-75
M RF(0)-2-8 2 0.5 505 M+F+W +C R+W
MRF(1)-2-8 2 0.5 505 M+FW+C R+F+W+C

N N NN NN
® O O W o o

Las muestras se identifican como MRF(n)-X-Y donde € vaor de n es (0) para las no
prepolimerizadas y (1) para las prepolimerizadas; X e Y indican larelacion M/R y € pH,
respectivamente.

Resultadosy discusion

Las imagenes TEM mostraron diferencias texturales en funcién de la prepolimerizacién y el pH.
Asi, el aerogel MRF(0)-0.5-6 esta constituido por particulas esféricas de tamafio superior a 100
nm. El registro de las isotermas de adsorcidn de nitréogeno permitié constatar que los materiales
prepolimerizados a bajo pH poseen mayor area superficial que los no prepolimerizados, y a su
vez el pH bajo es determinante en la formacidon de mesoporos grandes. En cuanto al contenido
en nitrégeno, se observé mediante XPS y anadlisis elemental que el pH alto favorece la dispersién
de grupos nitrogenados y la mayor concentraciéon de nitrogeno. La deconvolucidon de los
espectros de XPS indicd predominio de contribuciones de grupos nitrogenados de tipo N6
piridinico y N5 pirrdlico.

Las experiencias de voltametria ciclica registraron valores de ata capacitancia con 84 F
g™ paralos geles prepolimerizados MRF(1)-0.5-6 y MRF(1)-2-8. Los resultados revelan
una correlacion no lineal entre e contenido en nitrogeno, la superficie especifica de los
aerogeles y su comportamiento capacitivo. Por otro lado, los experimentos de
desionizacion capacitiva de | os e ectrodos monoliticos revelan laimportancia de la meso-
macroporosidad. Asi, a pesar de la ata capacitancia determinada por voltametria ciclica
en € aerogd prepolimerizado MRF(1)-0.5-6, esta muestra resultd no ser la més favorable
en los experimentos de desionizacion capacitiva. La muestra macroporosa MRF(0)-0.5-6
eliminé 8,72 g/hm? en una solucién de NaCl 0,025M al aplicar un potencial de1,5V.
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Abstract

Mesoporous carbon gels are interesting materials in many science and engineering fields
due to their relatively low cost and unique combination of adequate textural,
morphological and structural properties that can be easily adapted during the synthesis
and processing Y. Carbon gels are mostly synthesized following the catalyzed
polycondensation of resorcinol-formaldehyde mixtures in water, athough some other
aternative routes have been described using harmless and naturally available compounds
as precursors 1.

The objective of this work was to study the properties of mesoporous carbon gels with
controlled porosity and high electrical conductivity, and to explore their application as
electrode materials in different electrolytes. A simple modification of the conventiona
sol-gel method using resorcinol-formaldehyde mixtures as precursors allowed the
preparation of carbon gels with ultrahigh mesopore volume and enhanced electrical
conductivity by performing the polymerization reaction in the presence of a carbon
conductive additive *¥. A detailed textural characterization of the prepared carbon gels
was carried out using 2D NLDFT ®; the materials show heterogeneous pore systems
characterized by large mesopores interconnected by necks of variable sizes, along with an
enhanced electrical conductivity provided by the carbon black additive.

The electrochemica behaviour of the carbon gels resulted to be rather satisfactory, with
an excellent performance in different el ectrolytes, which is attributed to their large porous
nanotexture and enhanced electrical conductivity. The gels showed stable electrochemical
response in neutral aqueous electrolyte, being reversibly charged/discharged at large
potential  windows, without significant losses in the current density, chemical
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modifications or structural collapse. The enhanced life cycle of these electrodes makes
them good candidates for their use in electrochemical applications where a fast response
and high cycleability is required.
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Resumen

La desionizacion capacitiva (CDI) es una tecnologia robusta, eficiente y de bagjo costo
para la eleiminacion de especies idnicas del agua con un bajo o moderado contenido en
sal . Para que se produzca la adsorcion de estas especies es necesario aplicar una
diferencia de potencia entre dos eectrodos. Los iones son atraidos por las cargas
opuestas acumuladas en los electrodos y se adsorben para ser inmovilizados segun €l
modelode la doble capa el éctrica. Factores tales como una ata estabilidad quimica, una
elevada érea superficia y una buena conductividad eléctrica son determinantes a la hora
de elegir e material adecuado. La optimizacion de las propiedades texturales de un
aerogel de carbono debe tener en cuenta el tamario de los iones a adsorber, su nivel de
hidratacion y lamovilidad alo largo de la estructura porosa % 3.

Para este trabajo se han sintetizado aerogeles de carbono dopados con Oxido de
manganeso (CAGDMnAct) o hierro (CAGDFeAct) para la desionizacion capacitiva de
cloruro de sodio. Estos aerogeles de carbono se prepararon por €l método de resorcinol-
formaldehido. La incorporacion de los precursores de Oxidos metaicos en disolucion
antes del secado supercritico es un método novedoso que garantiza la homogeneidad del
material compuesto metal-carbono. Las iméagenes de microscopia el ectronica confirmaron
el ato grado de dispersion de las particul as nanométricas de dxidos metalicos en la matriz
del aerogel. Los espectros de XPS mostraron un aumento de la concentracion de grupos
hidroxilo y carboxilo en los aerogeles activados. El registro de | as isotermas de adsorcion
de nitrégeno permitié constatar que los materiales poseen una elevada area superficial.
No obstante, se observo una disminucion del volumen de poro en las muestras dopadas
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con manganeso, posiblemente atribuible a bloqueo parcia de la entrada de los poros por
las particulas de oxido.

Las exeriencias de voltametria ciclica registraron valores de capacitanciade 99 F gt y 91
F g* para CAGDFeAct y CAGDMnAct, respectivamente. El estudio de la respuesta
cinética de los electrodos mostré6 un comportamiento pobre para CAGMnAct, que se
correlaciona con € bloqueo parcia de la estructura de poro por las particulas
nanométricas de Oxido antes aludida. A ata capacitancia del aerogel activado que
contiene hierro se confirmo por experimentos de desionizacion capacitiva. Se registro un
valor de capacidad de electroadsorcion de 0.133 mmol gt para CAGDFeAct en una
solucion de NaCl 0.025 M cuando se aplico 1.5V durante € periodo de carga.
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Abstract

A simple modification of the conventional sol-gel polymerization of resorcinol-
formaldehyde mixtures allowed a facile preparation of ultrahigh mesoporous carbon gels.
In the conventiona synthesis the growth of the cluster polymer particles leading to the
development of the porosity is controlled by the R/C ratio. In the presence of a carbon
conductive additive, the polymerization of the reactants proceeded through the formation
of less-branched polymer clusters resulting in carbon gels with large pore volumes within
the micro/mesoporous range. The obtained materials displayed unusua heterogeneous
pore systems characterized by large mesopores interconnected by necks of variable sizes,
along with an enhanced electrical conductivity provided by the carbon black additive.
The synthesized gel/CCA showed stable electrochemical response in neutral agueous
electrolyte, being reversibly charged/discharged at large potential windows, without
significant losses in the current density nor chemical modification or structural collapse.
All these features make these materials excellent candidates for their use as electrodes in
electrochemical applications were afast response and high cyclability is required.
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Resumen

Los aerogeles de carbdn estén constituidos por particulas uniformes con un diametro
promedio entre 5 y 10 nm e interconectadas que generan pequefios poros intersticiales de
tamafio inferior a 100 nandémetros. Su elevada area superficial (600-800 m?/g) procede
del crecimiento y agregacion de polimeros entrecruzados durante e proceso de
polimerizacion sol-gel. Su elevada porosidad y area superficial puede emplearse para
generar una doble capa electrizada entre € solido y € electrélito que favorezca la
adsorcion reversible de iones cuando se aplica un potencia entre los electrodos de la
celda simétrica [Y. Adicionalmente, los procesos de activacion a alta temperatura en
presencia de CO, o KOH permiten incrementar € volumen de poro y gustar su tamafio y
forma. Su apropiada conductividad eléctrica 'y termal, adecuada resistencia a la corrosion
y baa densidad les convierte en materides excepcionales para aplicaciones de
electroadsorcion y amacenamiento energético. Entre ellas, la desionizacion capacitiva es
un proceso de e ectroadsorcion de iones en la doble capa e ectrizada que permite retirar
especies cargadas contaminantes del medio acuoso. Ventgjas adicionales se obtienen
cuando durante la desorcion de iones, la carga aplicada puede ser recuperada. Si e
proceso es eficientemente, la desionizacion capacitiva puede ser competitiva frente a los
procesos de ésmosis inversa 2.

Los diagramas de difraccion de rayos X muestran bandas anchas caracteristicas de
carbones altamente desordenados. Por otro lado, las medidas de area superficial revelan
un aumento de la superficie en la muestra de aerogel activada que puede estar
directamente relacionada con € aumento del volumen de microporos. El efecto de la
activacion del material también se reflgja en la aparicion de bandas en los espectros de
infrarrojos principa mente asociadas a la funcionalizacion de carbonos superficiales que
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han reaccionado con e agente activador. Los voltamogramas registrados sobre celdas
asimétricas con contra-electrodo de platino y referencia de Hg/Hg,SO, presentan el
clasico perfil de caja cuadrada caracteristico de procesos capacitivo aunque ligeramente
ovalado por causa de los impedimentos cinéticos alamigracion de losiones atravésde la
estructura nanoporosa. Comportamientos similares se han observado en carbones
activados y en carbones mesoporosos 2!, El proceso de activacion condujo a un aumento
genera de los valores de capacitancia. EI menor tamario de los iones cloruros hidratados
permitié una menor disminucion de la capacitancia cuando se aumento la cinética de
el ectroadsorcion, aungue € aumento del volumen de microporos detectado tras €l proceso
de activacion puede ser responsable de la acusada disminucion de capacitancia en la
muestra activada para altos valores de barrido (10 mV s?).
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