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CONTENIDO Y ESTRUCTURA DE LA TESIS

En la presente Tesis Doctoral se describe |la preparacion de distintos
materiales de carbono y su utilizacion en aplicaciones electroquimicas: en
las reacciones de electro-reduccion de oxigeno (ORR) y electro-reduccién
de CO:2 a hidrocarburos. Los materiales de carbono fueron preparados a
partir de residuos plasticos, asi como a partir de polimeros comerciales y
otros polimeros sintetizados de tipo bencenodiol-formaldehido.

Los materiales de carbono fueron minuciosamente caracterizados
tanto a nivel textural, como a nivel quimico y las reacciones de electro-
reduccion se llevaron a cabo en diferentes celdas electroquimicas dotadas

con sistemas de 3 electrodos.

El capitulo | (Introduccién y Objetivos) analiza la situacion
energética actual junto con la crisis medioambiental que estamos sufriendo
hoy en dia, lo que sustenta el marco tedrico para la elaboracién de la
presente tesis doctoral. A lo largo de este capitulo de Introduccion también
se comenta la utilidad de las pilas de combustible y de la obtencién de
hidrocarburos a partir de CO2 ademas del papel que juegan en la situacion
actual y las prospectivas de futuro. Asi mismo, se detallan las reacciones
que tienen lugar dichos procesos.

Por otra parte, se describe la preparacion de materiales de carbono y se
trata en profundidad la versatilidad de los mismos junto con las ventajas

que ofrecen en las presentes aplicaciones.

En el capitulo Il (Materiales y Métodos) se describe la preparacion
de los materiales de carbono obtenidos, las técnicas empleadas para su
caracterizacion y los métodos utilizados para llevar a cabo las aplicaciones
de ORR y electro-reduccién de CO2. Ademas, se muestran las ecuaciones

y modelos matematicos aplicados para analizar los resultados.



El capitulo Ill (Metal-carbon-CNF composites obtained by
catalytic pyrolysis of urban plastic residues as electro-catalysts for
the reduction of CO2) muestra la sintesis, caracterizacion y aplicacion de
materiales de carbono a partir de residuos plasticos urbanos, en concreto,
a partir de bolsas, cuyo principal componente es el polietiieno de baja
densidad. Los materiales descritos en este capitulo fueron dopados con
metales de transicion y, posteriormente, fueron empleados en la reaccion
de electro-reduccion de CO2 a hidrocarburos (metano, etano, etileno,

propano, propileno y butano).

El capitulo IV (From Polyethylene to Highly Graphitic and
Magnetic Carbon Spheres Nanocomposites: Carbonization under
Pressure) trata sobre la obtenciéon de microesferas de carbono altamente
grafiticas a partir de polietileno de baja densidad (LDPE) comercial. Estos
materiales se obtuvieron en un reactor de alta presion y a una temperatura
relativamente baja. Durante el proceso de sintesis se afadieron
precursores metalicos y se obtuvieron materiales de carbono dopados con
Fe, Co y Ni. Fueron caracterizados minuciosamente mediante numerosas

técnicas y se detallan los resultados obtenidos.

En el capitulo V (Electro-catalytic Behaviour of Highly Graphitic
Carbon Spheres Nanocomposites for the Oxygen Reduction Reaction
(ORR)) se emplean los materiales obtenidos en el capitulo anterior en la
reaccion de electro-reduccion de oxigeno. Ademas, se realiza una
caracterizacion pormenorizada de los mismos, lo que complementa los
resultados del capitulo anterior y, con todo ello, se realiza la discusién de

los resultados electro-cataliticos obtenidos.

En el capitulo VI (Mesoporous Carbon Nanospheres with
improved conductivity for electro-catalytic reduction of Oxygen and
CO2) se detalla la sintesis y caracterizacion de esferas de carbono

mesoporosas obtenidas mediante el proceso sol-gel y la posterior



carbonizacion. Durante el proceso de sintesis, las esferas se doparon con
nanoestructuras (nanotubos o nanohorns) y/o con Niquel. Este hecho,
ademas de modificar las propiedades texturales, produjo una mejora
significativa de la conductividad. Estos materiales fueron testeados como
catodos en las reacciones de electro-reduccion de oxigeno y electro-

reduccion de COa.

El capitulo VIl (Synthesis and Characterization of Carbon
Spheres Doped with Nitrogen and Tungsten for the Oxygen Reduction
Reaction) versa sobre la preparacion, caracterizacion y aplicacion de
nanoesferas de carbono dopadas con wolframio. Las esferas (gel organico)
se obtuvieron mediante polimerizacion solvotermal de pirocatecol y
formaldehido en medio basico. Posteriormente, las esferas poliméricas se
doparon con un precursor de wolframio y tras el proceso de pirdlisis se
obtuvieron las esferas de carbono recubiertas con wolframio. Estos

materiales se aplicaron en la reaccién de ORR.

El capitulo VIII (Conclusiones generales) recoge las conclusiones

principales obtenidas durante el desarrollo de la presente tesis doctoral.
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Capitulo Il

En el presente Capitulo Il, Materiales y Métodos, se detallan los
distintos procesos experimentales que se llevaron a cabo para obtener los
materiales que forman parte de esta Tesis Doctoral. Ademas, se describen
las técnicas utilizadas para su caracterizacién, tanto quimica como textural,
asi como los modelos que permitieron analizar los datos.

También se describe en detalle el disefio de las instalaciones donde se
llevaron a cabo las reacciones de electro-reduccion de oxigeno y electro-

reduccion de COa.

I.1. Preparacion de los materiales

1.1.1. Materiales de carbono a partir de residuos plasticos.

Los residuos plasticos utilizados en este caso fueron bolsas usadas
de supermercado, cuya composicion principal es el polietiieno de baja
densidad (LDPE). Se obtuvieron 3 materiales compuestos carbono-
nanofibras tras el dopado con Fe, Co y Ni.

La primera etapa en la preparacion de estos materiales consistio en
trocear y disolver 10g de bolsa en 100mL de o-xyleno a 80 °C. A
continuacion, se afiadieron 2g de hidroxido de Fe, de Co o de Ni. Esta
mezcla, se continué agitando durante 3 horas con el objetivo de distribuir el
precursor metalico homogéneamente en la muestra. Esta mezcla se
introdujo en un reactor cerrado de Parr Instrument (reactor modelo
A1828HC2) y se aplicé un tratamiento térmico a 350 °C durante 4 horas. El
sélido obtenido se pirolizd en un reactor tubular bajo atmdsfera de N2 (300
mL/min) con una rampa de calentamiento de 10°C/min hasta 900°C y se
mantuvo durante 2h a esa temperatura. Finalmente estos materiales fueron
lavados con agua para eliminar las posibles impurezas. La figura Il.1

representa el esquema de preparacion de los materiales.
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Capitulo Il

10°C/min 10°C/min

350°C-4h 900°C-2h

Figura Il. 1. Esquema experimental de la preparacion de las muestras

Los materiales asi obtenidos se nombraron como PFe, PCo y PNi

siendo Fe, Co y Ni el metal con el que fueron dopados respectivamente.

1.1.2. Microesferas de carbono a partir de polietileno de baja
densidad (LDPE).

En este caso se partio, como materia prima, de polietileno de baja
densidad (LDPE) puro, suministrado por Sigma-Aldrich, y se obtuvieron
microesferas de carbono altamente grafiticas.

En primer lugar, 0.5 g de LDPE se introdujeron en un reactor cerrado
de Hastelloy® de fabricacion casera de 25 mL de capacidad y se aplicé un
tratamiento térmico, con una velocidad de calentamiento de 10 °C/min,
hasta 700 °C y se mantuvo 2 horas a esa temperatura. Esta experiencia se
repitié varias veces con el objetivo de obtener un rendimiento medio del
proceso (= 38.3%). Dicho rendimiento fue tenido en cuenta para calcular el
precursor metalico necesario para obtener el carbono final dopado con un
10% tedrico de Fe, Co o Ni. Como precursores metalicos se utilizaron el
acetato de Fe, acetato de Co y acetato de Ni.

Asi, 0.5 g de LDPE en polvo se mezclaron fisicamente con los
correspondientes acetatos y se realizé el mismo tratamiento térmico: 2 h a
700 °C con una rampa de temperatura de 10 °C/min. En la figura 11.2 se
muestra el esquema experimental.

Se obtuvieron los materiales PE, PE-Fe, PE-Co, PE-Ni
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10°C/min

]

700°C-2h

0.5g PE +
metal salt

Figura Il. 2. Esquema experimental de |la preparacion de las muestra PE, PE-
Fe, PE-Co y PE-Ni

1.1.3. Nanoesferas de carbono mesoporosas con conductividad

mejorada.

En este caso la preparacion de las esferas se llevd a cabo mediante la
condensacion de resorcinol y formaldehido en presencia de diferentes
surfactantes y afadiendo tanto Ni como nanoestructuras de carbono
(nanotubos (MWCNTs) o nanoconos (SWNHs)) para mejorar su
conductividad y su actividad catalitica. Esta policondensacion se realizd

mediante el método de emulsién inversa como se comenta a continuacion.

11.1.3.1 Sintesis de xerogeles de carbono (sin dopar) (J y J-CTAB).

En primer lugar, el surfactante (S) fue dispersa en 900 mL de heptano y
fueron calentados a 65°C bajo reflujo y agitacién (450rpm). Una vez
estabilizada la temperatura, se anadié gota a gota una disolucién con el
resorcinol, formaldehido, agua y cierta cantidad de dodecilbenceno
sulfonato sédico (DBSS). EI DBSS se utiliza para facilitar la dispersion de
los MWCNTs y SWNHSs, en este caso se afadié de igual modo para
mantener las condiciones de sintesis.
Las relaciones molares utilizadas en todos los casos fueron:

F/R=2, W/R=14, R/S=4.5 y RIDBSS=245.
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El gel R-F se mantuvo a 65 °C durante 24 h bajo agitacion, después,
se filtré y se introdujo en acetona durante 5 dias, renovando la acetona dos
veces al dia. Asi se produjo el intercambio del disolvente del interior de los
poros por acetona que, como ya se comento en el Capitulo |, previene el
colapso de la porosidad.

Pasados 5 dias, se procedido al secado subcritico: se secd en
microondas durante periodos de 1 minuto a 300 W bajo atmdsfera de argon
hasta peso constante. De este modo se obtuvo el xerogel organico.

Finalmente, se aplico6 un proceso de pirdlisis para obtener el
correspondiente xerogel de carbono. La carbonizacion se llevé a cabo en
un horno tubular bajo atmosfera de N2 (300 cm®/min) hasta 900 °C, con una
velocidad de calentamiento de 1 °C/min, y se mantuvo 2 h a esa
temperatura.

Con el objetivo de estudiar la influencia de la naturaleza del
surfactante, se utilizaron dos tipos de surfactantes: Span80 (no i6énico) y
Bromuro de hexadeciltrimetilamonio, CTAB (cationico). Las muestras asi
obtenidas fueron “J” y “J-CTAB”.

11.1.3.2 Sintesis de xerogeles de carbono dopados con MWCNTs o
SWNHSs (JT y JH).

El procedimiento llevado a cabo en este caso, fue el mismo que el
anterior, a excepcion de que a la disolucion de R-F con DBSS fue afadida
también cierta cantidad de MWCNTs o SWNHs (Sigma Aldrich). Esta
solucién fue sonicada durante 30 min para permitir una buena dispersion
de los nanomateriales antes de afadirla a la disolucién de heptano y
Span80. La cantidad de nanomateriales a afadir fue calculada para obtener
xerogeles de carbono dopados con un 1% de nanomateriales, suponiendo
un 50% de pérdida de masa durante el proceso de carbonizacion.

Tras el proceso de curado, secado y carbonizacion, se obtuvieron
los materiales “JT” (dopado con MWCNT) y “JH” (dopado con SWNHs).
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11.1.3.3 Sintesis de xerogeles de carbono dopados con Ni

La adicion de niquel se llevo a cabo mediante dos métodos diferentes, pero
en ambos caso6 se calculd y afadio la cantidad adecuada para obtener un

2% de niquel en el material de carbono final.

- Meétodo 1: dopado de Ni durante el proceso sol-gel.

A la mezcla R-F se le afnadi6 la cantidad adecuada de acetato de
niquel y se procedié de igual modo que anteriormente. De nuevo, se
supuso un 50% de pérdida de masa durante el proceso de

carbonizacion.

- Método 2: dopado de Ni mediante impregnacion incipiente.
En este caso, una vez obtenidos los materiales de carbono J, JT
y JH, se mantuvieron a vacio durante toda la noche vy
posteriormente se afadid una disolucion de acetato de Ni. El
volumen de disolucidn utilizado fue el mismo volumen que VtoraL
poroso de cada muestra, obtenido por porosimetria de intrusion
de mercurio. A continuacion, las muestras secaron a 120 °C
durante toda la noche y finalmente, se aplicé un tratamiento
térmico a 350 °C durante 2 h bajo atmdsfera de N2, para

descomponer la sal.

Asi, se obtuvieron las muestras J-Ni1, JT-Ni1, JH-Ni1, J-Ni2, JT-Ni2
y JH-Ni2.

A continuacion se muestra un esquema experimental del proceso de
sintesis de dichos materiales, ademas de una tabla resumen de la

composicion de los mismos.
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Figura Il. 3. Esquema de sintesis.

Tabla Il. 1. Tabla de composicién de los materiales

Muestra Método Composicion (% wt.)
J Condensacion R-F Xerogel de C
. Xerogel de C
JT Condensacion R-F + 1% MWCNTs
. Xerogel de C
JH Condensacién R-F + 1% SWCNHs
J-Ni1 Dopado Ni durante Xerogel de C
condensacion R-F +2.0% Ni
JT-Ni Dopado Ni durante Xerogel de C
condensacion R-F + 1% MWCNTs + 2.0% Ni
JH-Ni1 Dopado Ni durante Xerogel de C
condensacion R-F + 1% SWCNHs + 2.0% Ni
J-Ni2 Condensacion R-F + Xerogel de C
impregnacion incipiente + 2.0% Ni
JT-Ni2 Condensacion R-F + Xerogel de C

impregnacion incipiente + 1% MWCNTs + 2.0% Ni

Condensacion R-F + Xerogel de C

JH-Ni2 impregnacion incipiente  + 1% SWCNHs + 2.0% Ni
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1.1.4. Nanoesferas de carbono dopadas con Wolframio.

Se obtuvieron nanoesferas poliméricas mediante sintesis sol-gel
hidrotermal utilizando como mondmeros pirocatecol y formaldehido en una
disolucion acuosa etanol:agua y en presencia de amoniaco. El
procedimiento llevado a cabo es una extension del método Stéber [1],
concretamente siguiendo el procedimiento utilizado recientemente por
Moreno et. al [2].

En primer lugar, se disolvi6 el pirocatecol en 60 mL de una disolucion
agua:EtOH en una relacién de volumenes 2.5:1, a continuacion se afadio
una disolucién de NHs y el formaldehido. Esta mezcla se introdujo en un
autoclave (Parr Instruments) de 100 mL de capacidad y se introdujo en una
estufa a 100 °C durante 24 horas.

Pasadas 24 horas se filtré el precipitado, se lavd con etanol y se
realizé el intercambio del disolvente con acetona durante 3 dias, cambiando
la acetona diariamente. Finalmente, el material se sec6 bajo lampara IR. La
muestra de esferas de gel organico asi obtenida se nombré como “S”,

La muestra S, fue carbonizada en atmodsfera de N2 en un horno
tubular a 2 °C/minuto hasta 900 °C durante 2 h y se obtuvieron las esferas
de carbono CS.

Por otra parte, la muestra S fue impregnada con una disolucion de
wolframato amonico, [(NH4)2(WOa)], mediante el método de impregnacién
incipiente. El volumen de disolucién utilizado fue el VroraL poroso de S
obtenido mediante porosimetria de intrusion de mercurio. La impregnacion
se realizé con disoluciones de wolframato amodnico de distinta
concentracion para obtener esferas dopadas con un 2%, 5% y 10% de W
en el carbono final. Para hacer el calculo, se supuso una pérdida de masa
del 50% durante la carbonizacién. Asi, se obtuvieron las muestras CSW2,
CSW5y CSW10.
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Il. 2. Técnicas de Caracterizacion

Il. 2. 1 Caracterizacion textural
Il. 2.1.1 Adsorcion fisica de gases.

Las isotermas de adsorcion de N2 a -196 °C y de CO2 a 0 °C fueron
obtenidas en un equipo QUADRASORB-SI de la casa comercial
Quantachrome Ins. Para ello, aproximadamente 0.1 g de muestra se
introducen en un bulbo de 9 mm y se desgasifican a alto vacio (10 bar) a
110 °C durante 12 h. Los adsorbatos fueron nitrégeno (99.999 %) y diéxido
de carbono (99.999 %) suministrados por Air Liquide.

A partir de las isotermas de N2 se calcularon los siguientes
parametros: la superficie especifica (Sser) mediante el modelo propuesto
por Brunauer, Emmett y Teller [3] (B.E.T.), el volumen de microporos (Wo)
por el método de Dubinin-Radushkevich [4], la anchura media de
microporos (Lo) a partir de la ecuacion de Stoeckli [5] y el volumen de
mesoporos (Vmeso) aplicando el método de Barrett, Joyner y Halenda [6]
(B.J.H.). En el caso de la isoterma de adsorcion de CO2 se obtuvieron
también el volumen y la anchura media de los microporos mas estrechos
de la misma forma. Las ecuaciones y los distintos modelos empleados se

describen a continuacion.

11.2.1.1.1 Ecuacién de B.E.T

El modelo de Brinauer-Emmett-Teller [3] se basa en la formacion de
una monocapa a bajas presiones, de manera que sabiendo la cantidad de
moléculas adsorbida y la superficie que ocupa cada una de estas
moléculas, podemos calcular la superficie total del adsorbente. El calculo

de la Sset se lleva a cabo aplicando las Ecuaciones 2.1y 2.2.
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Ecuacion 2.1

P _ 1 +C—1P
Vads(PO_P) VmC VmC PO

Ecuacion 2.2

1 (mol) molec nm? m?
2,-1) _ 3,-1 -18
Saer(m*g™") = Vin(em®g™") x 22400 (cm3) X Na ( mol ) x 0.162 <molec * 10 n

11.2.1.1.2 Ecuacién de Dubinin-Radushkevich y ecuacion de Stoeckly

El modelo de Dubinin-Radushkevich [4] es posterior y tiene en
cuenta que la adsorcion depende en gran medida del tamafio de poro, ya
que para poros mas pequefos la interaccidn adsorbato-adsorbente sera
mas grande y, por lo tanto, a bajas presiones la adsorcion se dara solo en
los microporos. Por ello, en lugar de suponer la formacion de monocapa y
a partir de la misma calcular la superficie, el modelo propuesto por Dubinin-
Radushkevich (ecuaciones 2.3 y 2.4) se utiliza para calcular el volumen de
microporos teniendo en cuenta que una vez adsorbido, el adsorbato va a

pasar de estado gaseoso a liquido en el interior del poro.

Ecuacion 2.3

w=he |- (74) |

Ecuacién 2.4

A =RTIn (ﬂ)
Py

La ecuacion se linealiza tomando logaritmos, de manera que a partir

de la ordenada en el origen se obtiene el volumen de microporos (Wo) y de
la pendiente se obtiene la energia de adsorcién (Eo). La ecuacion se aplica
tanto a las isotermas de adsorcion de nitrégeno a -196 °C como a las de
diéxido de carbono a 0 °C, de manera que obtenemos dos valores Wo(N2)
y Wo(CO2). Hay que tener en cuenta que a presion atmosférica el CO2 sdlo

se puede adsorber en poros menores de 0.7 nm, por lo que el Wo(CO2)
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puede ser menor que el Wo(N2) en los casos en los que los microporos sean
mas anchos. Por el contrario, cuando existen constricciones a la entrada
de los microporos la adsorcidén de nitrdgeno se ve impedida y en este caso
Wo(CO2) sera mayor que Wo(N2). La anchura media de los microporos se
puede obtener a partir de la Ecuacion de Stoeckli [5] (Ecuacion 2.5) o de

Dubinin [7] (Ecuacion 2.6) cuando Eo es menor de 20 kJ-mol-".

Ecuacioén 2.5

. ~ 10.8
(M) = e T 4 k) JmoD)
Ecuacion 2.6
. o
o (M) = R moD)

11.2.1.1.3 Método de B.J.H

Cuando se analizan muestras mesoporosas mediante adsorcion de
nitrégeno, las isotermas generalmente presentan ciclos de histéresis, es
decir, la rama de adsorcion y la de desorcion no son coincidentes. Esto se
debe a la forma en la que se produce la adsorcion y la desorcién en poros
cilindricos abiertos, lo que hace que para una presion relativa dada haya
una cantidad de gas adsorbida, mientras que la presion relativa necesaria
para desorber esta misma cantidad de gas sera menor. El fendmeno de
histéresis puede explicarse mediante la ecuacion de Kelvin [8], que
relaciona el radio de un poro con la presion relativa a la que es llenado en
funcion de las caracteristicas del sistema adsorbente-adsorbato.
Basandose en esto se puede aplicar el modelo propuesto por Barrett,
Joyner y Halenda [6] para calcular, generalmente a partir de la rama de

desorcion, tanto la distribucién del tamafo de poros en la region
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correspondiente al llenado de mesoporos como el volumen total de

Mesoporos.
Il. 2.1.2 Porosimetria de intrusion de Mercurio

La porosimetria de intrusion de mercurio permite obtener el volumen
total poroso (macroporos y mesoporos mas grandes) asi como la curva de
distribucion de tamafo de poros. Puesto que el mercurio tiene una tension
superficial muy alta, no moja la superficie del sélido y debe ser introducido
en los poros a presiéon. De esta forma, a presiones mas bajas se llenaran
los poros mas anchos y a presiones mas altas los mas estrechos. La
relacion entre el radio de un poro y la presion a la que hay que introducir el
Hg para que penetre en el mismo viene dada por la Ecuacién de Washburn
[9] (ecuacion 2.7).

Ecuacioén 2.7

De este modo se puede saber cual es el tamafio del poro que se esta
llenando en funcién de la presidn aplicada y asi se puede obtener la curva
de distribucién de tamafo de poro. Las porosimetrias de mercurio se
llevaron a cabo en un porosimetro modelo PoreMaster33 de la firma

Quantachrome Instruments.

Il. 2.1.3 Microscopia Electronica de Barrido (SEM)

La morfologia de las muestras se estudié mediante Microscopia
Electronica de Barrido (SEM). Las microfotografias se tomaron en un
microscopio electronico de alta resoluciéon modelo GEMINI-1430-VP de la

casa comercial LEO Carl Zeiss.
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Il. 2. 2 Caracterizaciéon quimica
Il. 2.2.1. Analisis termogravimétrico (TGA)

El analisis termogravimétrico de los materiales nos permite conocer
la estabilidad de los mismos frente a la oxidacion (en caso de hacerlo en
atmésfera oxidante) asi como conocer en contenido de cenizas o el
contenido total real de metal, en aquellos casos en los que el material de
carbono provenga de un polimero puro.

Los experimentos se realizaron en un termobalanza Shimadzu
modelo TGA-50H, bajo flujo de aire con una velocidad de calentamiento de

10 °C/min hasta 950 °C y manteniéndolo 30 minutos a esa temperatura.

Il. 2.2.2. Difraccion de Rayos-X (XRD)

Mediante XRD caracterizamos tanto la fase metalica como los
clusteres grafiticos que se hayan podido formar. La difraccion de rayos-X
nos permite analizar las fases cristalinas (puesto que todos los sélidos
cristalinos poseen su difractograma caracteristico) y la comparacién de los
patrones obtenidos con las distintas bibliotecas disponibles (ej. cartas
JCPDS) nos permite asignar inequivocamente las fases presentes.

Ademas, mediante la aplicacion de la ecuaciéon de Scherrer,

podemos estimar el tamafio promedio del cristal:

Ecuacioén 2.8
092
~ B cos(h)

Donde D es el tamafio medio del cristal; K (=0.9) es el factor de forma del
cristal y 0.9 es el valor mas utilizado ya que esta considerado una buena
aproximacion; A es la longitud de onda de radiacion utilizada (Acu=0.15406

nm); B es la anchura a mitad de altura del pico considerado para el calculo
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(FWHM — full-width at half-maximum) y 6 es el angulo de Bragg, la posicién
del pico de difraccion.

El equipo utilizado para llevar a cabo los analisis de difraccion de
rayos-X en polvo fue un difractometro BRUKER D8 ADVANCE con
radiacion de Cu y detector LINXEYE.

Il. 2.2.3. Microscopia Electronica de Transmision de Alta Resolucidon
(HRTEM)

La microscopia de transmision nos permite estudiar la morfologia de
la muestra ademas de conocer su composicion y distribucién de la fase
metalica a través del material. Ademas, las lineas de alta resolucidon nos
permiten diferenciar las fases cristalinas y estudiar las nanoestructuras de
carbono.

Estos analisis se realizaron en un microscopio de ultra alta
resolucién TITAN G2 de la casa FEI.

1. 2.2.4. Espectroscopia de Fotoemision de Rayos-X (XPS)

La espectroscopia de fotoemisiéon de Rayos-X (XPS) nos permite
estudiar la quimica superficial de la muestra en su superficie mas externa.

Los espectros de las muestras se obtuvieron con un espectrémetro
de fotoelectrones de Rayos-X Kratos Axis Ultra-DLD, con fuente de Rayos-
X de anodo AlKa y un analizador hemiesférico de electrones. La fuente de
rayos X operaba a 450W. Las regiones analizadas fueron siempre C y O
ademas de cada uno de los metales presentes en las muestras.

Las sefiales correspondientes a cada region fueron
deconvolucionadas usando funciones de tipo suma asimétricas
Gaussianas-Lorentzianas para determinar el numero de componentes, la
energia de ligadura de los picos (B.E.) y las areas de los mismos (analisis

cuantitativo). La energia de ligadura del pico de la region Cis,
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correspondiente a C=C, se tomé como pico de referencia para conocer la

posicion de los demas, asignandole el valor de 284,6 eV.

Il. 2.2.5. Espectroscopia Micro-Raman

La espectroscopia Raman es de gran utilidad en la caracterizacion
de materiales de carbono. En el tipo de materiales que nos ocupa, la
relacion de las bandas D y G nos indica el ordenamiento grafitico, ya que
la banda G esta asociada con el desarrollo de las estructuras sp? del
carbono mientras que la banda D, banda de defecto, se asocia con los
bordes y los defectos de las capas grafénicas.

El equipo utilizado fue un espectrometro Micro-Raman dispersivo
JASCO NRS-5100 equipado con laser verde de 532 nm.

Cabe destacar que los analisis de SEM, HRTEM, TGA, XRD, XPS y Raman
fueron realizados en el Centro de Instrumentacidon Cientifica de la

Universidad de Granada.
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I.3. Electro-reduccion de oxigeno

El estudio de la reaccion de electro-reduccion de oxigeno se llevo a
cabo en una celda electroquimica convencional de 3 electrodos conectada
a un potenciostato multicanal modelo VMP3 EC-Lab de la casa comercial
BioLogic Science Instruments.

Se utilizaron como electrodos:

- Electrodo de trabajo (WE): la muestra objeto de estudio
soportada sobre un electrodo de disco rotatorio (RDE) con punta
de glaxy carbon, modelo Autolab RDE-2 de Metrohm.

- Contraelectrodo (CE): un hilo de Pt.

- Electrodo de referencia (RE): Ag/AgClI (KClI sat.).

Mientras que, como electrolito se utilizd KOH 0.1M.

La preparacion y soporte de la muestra se llevé a cabo de la siguiente

manera:

5 mg de catalizador se dispersaron en 1 mL de una disolucién 1:9 Nafion
(5% wt.):agua, esta dispersion se sonico durante 30 minutos. Luego, 10 uL
de dicha dispersion se depositaron en el la superficie del disco rotatorio y
se secaron bajo lampara IR. A continuacién se muestra un esquema del

proceso:

material
de carbon
5mg

| sonic.30" |

Nafién : Agua
1:9

Figura Il. 4. Esquema experimental de la electro-reduccién de oxigeno (ORR)
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Una vez preparado el electrodo de disco rotatorio, de introduce en
una disolucién electrolitica de KOH 0.1 M. Esta disolucién se desairea
haciendo burbujear nitrégeno durante 30 minutos, luego, se realiza una
voltametria ciclica (CV) desde 0.4 a -0.8 V (vs. Ag/AgCl) con una velocidad
de rotacion de 1000 rpm con el objetivo de estudiar el comportamiento
electroquimico del material en ausencia de oxigeno. Luego, se satura la
disolucion con Oz durante 1h y se realiza de nuevo una voltametria ciclica
entre 0.4V y-0.8 V para estudiar y comparar el comportamiento del material

en presencia de oxigeno.

Finalmente, se realizan diferentes voltametrias lineales de barrido
(LSV) en el mismo intervalo de potenciales pero modificando la velocidad

de rotacion del electrodo entre 500 rpm- 4000 rpm.

Los datos experimentales obtenidos de las LSV se ajustan a la
ecuacion de Koutecky-Levich [10] (ec. 2.9) para estudiar el mecanismo de
la reaccion y asi conocer si la electro-reduccidon de oxigeno se produce por
la via de 2 0 4 electrones.

Ecuacion 2.9
1 1

S
j Jx B-w'

Donde j es la densidad de corriente (A-cm?) y w es la velocidad de rotacién
(rpm). Por lo tanto, representando la inversa de J frente la inversa de w
obtenemos una recta de ordenada en el origen ji'' (densidad de corriente
cinética) y pendiente B (constante de Levich). Y a partir de esta constante

obtendremos el numero de electrones, ya que B viene definido por:

Ecuacion 2.10

B = 0.2nF(D,,)"/3v" /sC,,

78



Capitulo Il

Donde:

n, numero de electrones transferido

F , constante de Faraday (C mol ') 96485
Do> coeficiente de difusién del oxigeno (cm? s™) 1.90E-05
v, viscosidad cinética (cm?s™) 0.01
Co2, concentracién de oxigeno (mol cm3) 1.20E-06

I1.4. Electro-reduccion de CO:

La electro-reduccion de CO2 se llevd a cabo en una celda
electroquimica de 3 electrodos de 300 mL de capacidad conectada a un
potenciostato multicanal modelo VMP3. Los electrodos utilizados fueron, el
catalizador soportado sobre una lamina de grafito como electrodo de
trabajo, y Ag/AgCl y un hilo de Pt como electrodo de referencia y electrodo
contador respectivamente, mientras que el electrolito utilizado fue una
disolucion 0.1 M KHCO3 (150 mL).

En primer lugar se preparé una pasta con el catalizador y un 10% wt.
de una suspension de PTFE (60% wt.) con el objetivo te poder depositarla
sobre una lamina de grafito. A continuacion, la lamina de grafito dispuesta
con el catalizador, se introduce en la disolucion electrolitica (previamente
saturada de COz2) y se aplica un potencial continuo de -1.6 V (vs Ag/AgCl).
Los hidrocarburos producidos en la fase liquida, viajan a la fase gas de la
celda electroquimica y son analizados mediante cromatografia de gases.
La fase gas continua recirculandose (celda-cromatografo-celda) durante
todo el experimento con ayuda de una bomba de recirculacion de gases.

El cromatégrafo de gases (GC) es un Bruker modelo 456-GC
equipado con detector FID y columna Chrompack Poraplot Q de 50m x
0.53mm.
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La distribucién de productos obtenidos se puede expresar en funcion
de la selectividad del carbono a formar un producto especifico frente a

todos los atomos de carbono convertidos en hidrocarburos. Entonces:

Ecuacion 2.10

i- nCi
Sc(%) = = x 100

Yii - nC;
Gas recirc.
]
— -
[] Gas outlet :
1
1
H}\ [ g
espacio de - o
cabeza ; ! GC
REF.
........... AglAgCI

catalizador
+ e el -

PTFEE WE < C 1~  bomba recirc.
saturada CO,

Figura Il. 5. Esquema del proceso de electro-reduccion de CO;
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l1l.1. Introduction

The increase of CO2 concentration in the atmosphere is thought to
be one of the main causes of global climate change [1]. In particular, the
CO2 emission from the use of fossil fuels contributes to the increasing
concentration because it establishes a continuous net increase in the

natural cycle of the tropospheric carbon.

There are different strategies proposed to control this issue [2] being
the most extended the CO:2 storage, and the CO2 transformation to other

valuable products, together with the implementation of renewable energies.

On the other hand, renewable energy sources are supposed to be a
replacement, but nowadays they are not producing the constant currents
that fossil fuels provide. For this reason, the storage of surplus electrical
energy produced during the peak production periods, and its release during
peak demand periods, should be crucial. In this manner, extensive research
effort has focused on battery storage [3]. However, battery manufacturing
requires a lot of resources, reducing their contribution to controlling CO:
emission, and its life is relatively limited. Furthermore, recycling of their
components is also a challenge.

One possible option to address the problem of temporary storing and
local surplus of renewable energy is the electro-catalytic reduction of CO2
to hydrocarbons in water [4]. In this process, the water is split to provide the
required hydrogen atoms, which react with CO2 to form hydrocarbons that
can be used directly in the existing infrastructure of fuel transportation as

well as in storing the renewable energy.

The direct electrochemical reduction of CO2 in aqueous solution has
been typically studied with metal electrodes like Cu, Au, or Sn during the
past few decades [5-10]. Copper electrodes have been found to be quite
good in the reduction of CO2 to hydrocarbons, although the faradaic
efficiency was still low as a result of the dissociation of H20 to Hz [9]. More

recently, metallic electrodes derived from corresponding metal oxides, like
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SnOx, seemed to show promising results in certain catalytic performance for
CO2 reduction [11-13], and only a few transition-metal oxides such as TiOz2,
FeOx and Cu20 have been reported as potential electro-catalysts for this

application [14].

Alternatively, the application of carbon materials in electro-catalytic
CO:2 reduction process is a plausible option, which has been tested with
platinum catalysts supported on carbon nanotubes, carbon cloth or carbon
black [15,16], and even metal-free carbons [17]. Centi et al. [15] showed for
the first time the possibility of electro-catalytically converting CO:2 to
hydrocarbons with carbon chains >C5, and with product distributions which
do not follow the Anderson—Schulz—Flory distribution model typical for
Fischer-Tropsch synthesis. Li et al. [17] addressed nanoporous S-doped
and S,N-codoped carbons as catalysts for electrochemical reduction CO2 to
CO and CHg4, where the negative charge on the pyridinic nitrogen groups
promotes electron—proton transfer to CO2 leading to COOH* intermediates,

which are further reduced to CO.

Carbon gels doped with transition metals have also shown activity in
this reaction [18,19]. Although this COz2 reduction mechanism is still being
studied [20], the products obtained in the direct electrochemical reduction
of COz2 to hydrocarbons can achieve several carbon atoms [21]. Regarding
the hydrocarbon selectivity, recently [22,23], a high selectivity to C3-
hydrocarbons among the detected products has been reported using Co-
and Fe-carbon electrodes. Moreover, Fe-carbon electrodes have shown a
well-fitted linear correlation between the average crystal sizes of iron and
the faradaic efficiencies: the smaller the crystal size, the higher the faradaic

efficiency [23].

On the other hand, the large amounts of plastic residue is also a very
important environmental problem, and the out-of-control combustion
method should not be an option, because it would increase the CO:

atmospheric and cause other environmental pollution problems [24]. Within
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these materials, polyethylene (HDPE or LDPE) based plastic bags
represent a significant proportion. There are several propositions for the
recycling of plastic waste, as their transformation in fuels [25], the
recovering of valuable components [26] of their transformation in carbon-
based materials or composites [27]. However, the direct application of
carbon-metal composites, obtained from real world plastic waste as CO:
electro-catalysts have not been reported yet. One important advantage of
these composite materials as electro-catalysts compared to other proposed
carbon based electro-catalysts is the low cost of the raw material since they
can be obtained directly from the plastic waste. Therefore, with this
proposal, we are focusing our actions on the CO:2 problem twice, (i)
researching in its electro-catalytic transformation to hydrocarbons; and (ii)
proposing a way for the transformation of LDPE based residues in valuable

products.

In the present work, we demonstrate the application of metal-carbon-
carbon nanofibers composites obtained from real world plastic waste as
promising electrodes in the electro-catalytic reduction of CO2 to

hydrocarbons.

I1l.2. Materials and Methods

Three different composites of metal-carbon-carbon nanofibers (-CNF)
were prepared by a catalyzed pyrolysis of urban plastic residues which were
thermally pre-treated in a closed reactor. These residues were plastic bags
that were used in several well-known supermarkets in Spain, in which the
polymer composition mainly consisted of low-density polyethylene (LDPE).
Firstly, 10 g of the above-mentioned plastic bags were dissolved in 100 mL
of o-xylene at 80 °C, and then 2 g of the catalyst precursor was added. The
catalyst precursors were the corresponding hydroxides of Fe, Co and Ni,
and the resulting mixture was stirred for 4 h. After that, the o-xylene was

evaporated, and the solid was heat treated at 350 °C in a closed reactor
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(Parr Instrument, Moline, lllinois, USA) (reactor ref. A1828HC2) for four
hours. Finally, the so pre-treated solid was pyrolised under N2 flow (300 mL
min~") at 900 °C. Before the characterization, the composites were washed
with cool water several times. The obtained composites were named as

PFe, PCo and PNi, being Fe, Co and Ni the pyrolitic catalyst, respectively.

The metal contents of the composites were determined by inductively
coupled plasma optical emission spectrometry (ICP-OES) using an ICP-
OES PerkinElmer OPTIMA 8300 spectrometer (PerkinElmer, Madrid,
Spain).

The samples were texturally characterized by physical adsorption of
nitrogen, scanning electron microscopy (SEM), high resolution transmission
electron microscopy (HRTEM), and chemically characterized by X-ray
diffraction (XRD) and X-ray photoelectron spectroscopy (XPS) and Linear

sweep voltammetries (LSV) were also carried out.

N2 adsorption was carried out at =196 °C. Prior to this measuring
process, the samples were outgassed overnight at 110 °C under high
vacuum (107 mbar). The BET equation was applied to the N2 adsorption
data obtaining the apparent surface area, Sser. The Dubinin-Radushkevich
(DR) equation was applied to the N2 adsorption data to obtain the
corresponding micropore volume (Wo) and micropore mean width (Lo). Total
pore volumes (Vo.g5) were calculated from N2 adsorption isotherms at -196

°C and at 0.95 relative pressure.

SEM was carried out using a GEMINI-1430-VP scanning electron
microscope (Carl Zeiss AG, Oberkochen, Germany), equipped with a
secondary electron detector, back-scatter electron detector and by using an
X-Max 50 mm energy dispersive X-ray microanalysis system. All the

samples were crushed before performing this analysis.

HRTEM was performed using a FEI Titan G2 60-300 microscope (FEI,
Eindhoven, The Netherlands) with a high brightness electron gun (X-FEG)
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operated at 300 kV and equipped with a Cs image corrector (CEOS), and
for analytical electron microscopy (AEM) a SUPER-X silicon-drift window-
less EDX detector.

XRD analysis was carried out in a BRUKER D8 ADVANCE
diffractometer (BRUKER, Rivas-Vaciamadrid, Spain) using CuKa radiation.
JCPDS files were searched to assign the different diffraction lines observed.
Diffraction patterns were recorded between 10° and 70° (26) with a step of
0.02° and a time per step of 96 s. The average crystal size was determined

using the Scherrer equation.

XPS measurements of the metal-carbon-CNF composites were
performed using a Rayos-X Kratos Axis Ultra-DLD equipped with a MgKa
X-ray source (hv = 1253.6 eV) operating at 12 kV and 10 mA and a
hemispherical electron analyzer. The obtained binding energy (BE) values
were referred to the Cis peak at 284.7 eV. A base pressure of 10™° mbar
was maintained during data acquisition. The survey and multi-region
spectra were recorded at Cis, O1s, Fezp, Cozp, Nizp, K2p and Cazp
photoelectron peaks. Each spectral region was scanned enough times to
obtain adequate signal-to-noise ratios. The spectra obtained after the
background signal correction were fitted to Lorentzian and Gaussian curves
to obtain the number of components, the position of each peak, and the

peak areas.

Electro-catalytic reduction of CO2 to hydrocarbons was carried out in a
three-electrode cell, working in batch mode at ambient temperature and
pressure. The cell has 300 cm?® of total capacity. A Biologic VMP
multichannel potentiostat (Bio-Logic Spain, Barcelona, Spain) was used to
induce and control the electro-catalytic reaction by applying the selected
potential differences over the electrodes. A platinum electrode was used as
a counter electrode and Ag/AgCl as a reference electrode. The used
electrolyte was 150 cm? of CO2-saturated 0.1 M potassium bicarbonate

aqueous solution. The setup was used in potentiostatic mode at -1.6 V,
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reproducing the voltage conditions of previous works [19]. Prior to the
electro-catalytic CO2 reduction, the liquid phase was saturated through
bubbling with COz2 for 3 h. After saturation, the pH of the solution was 6.7.
The CO:2 feed and exit lines were closed off and the reactor was operated
in the batch mode. The amount of composite used in the cathode as electro-
catalyst (working electrode) was 80 mg which was homogeneously pasted
on both faces of a graphite sheet with dimensions of 50 mm x 8 mm. In the
preparation of the cathode, the metal-carbon-CNF composite was mixed
with the corresponding amount of polytetrafluoroethylene (PTFE) in a
weight ratio of (80:7) using a PTFE (60%) water solution. All working
electrodes were kept in 0.1 M potassium bicarbonate aqueous solution
overnight before being used in the electro-reactor. The samples were also
tested as electro-catalysts carrying out the reaction under Ar-saturated

solution and, therefore, using electrolytes free of COx.

The samples were also characterized by LSV. The cathodic sweep
analysis was conducted from the equilibrium electrode potential to negative
electric potential of —2.0 V vs. Ag/AgCl, with a scan rate of 5 mVs™', using
the same experimental conditions and reactor set-up for the electro-catalytic

reduction of COx.

The hydrocarbons produced by the electro-chemical reduction of CO:2
were analyzed from the gas phase using a gas chromatograph (GC) (Bruker
Espafola, Rivas-Vaciamadrid, Spain), where the gases were directly
injected into the GC column using a gas recirculating pump for low flows.
The GC (carrier gas: He, column: Chrompack Poraplot Q, 50 m x 0.53 mm)
was equipped with a FID and TCD detectors. The distribution of gaseous
products can be expressed in terms of the carbon selectivity as the amount
of carbon atoms (from COz2) in a specific product relative to the total amount

of carbon atoms in the detected hydrocarbons.

- TlCi
Sci(%) = Zl—nC X 100
i i
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Here nCi represents the mol of product Ci, and i the number of carbon

atoms in that product.

The liquid phase was also analyzed by Headspace Gas
Chromatography-Mass Spectrometry using another GC equipped with a
HP-INNOWax 30 m x 0.25 mm x 0.25 ym column, which was coupled to a
MS-Triple quadrupole. The presence of carboxylic acids or alcohols of one

to four carbon atoms were not detected.

l1l.3. Results and Discussion

ll.3.1 Textural and Chemical Characterization of the
Composites
Table lll.1 summarizes the surface areas and pore volumes of the
composites. These materials show apparent surface areas between 44 and
80 m? g7, and an extremely low microporosity, in fact, their N2 adsorption

isotherms show typical type 1V shapes.

Table 1. Name, surface area and pore volumes of the composites.

Sample Sger (M?2g7") Wo (cm®g™) Lo (nm)  Voes (cm®g™)

PFe 44 0.01 2.08 0.100
PCo 80 0.02 2.16 0.189
PNi 44 0.01 2.18 0.149

SEM images of the composites are collected in Figure Ill.1. The
morphology consists in a mixture of carbon particles pseudo-flats,
overlapped among them from where carbon-nanofibers (CNF) emerge.
These CNF are clearly visible in sample PNi, where they are longer than in
the other composites, although by HRTEM (Figure [Il.2) the presence of
CNF has been detected in all the samples being these CNF clearly hollow

and maintaining the metal particle inside of them in most cases. Moreover,
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the main metal particles Fe, Co or Ni are very well dispersed throughout the
carbon matrix (Figure I11.2), showing a wide range of sizes but all within the

nanometric scale.

Figure 1ll.1. SEM microphotographs showing the morphology of
the different composites. Red circles indicate CNF in sample PCo.
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Figure lll.2. (a—e) High-resolution transmission electron microscopy
(HRTEM) images of the composites; (f) scanning transmission electron
microscopy (STEM) image, using a high angle annular dark field
(HAADF) detector of the PNi sample.
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Regarding the metal chemical composition of the composites, Table
[11.2 collects the ICP analysis of the samples. Firstly, it is observed that the
content of the pyrolitic catalyst is not the same among the composites which
denote a different catalytic behavior and, therefore, indicates different yield
in carbon phases. In this line, composite PFe shows the highest metal
loading, followed by PCo and lastly by PNi. Thus, small amounts of Fe, Co
or Ni are present in all the samples which are in agreement with other
studies where the metal content of commercial plastic bags have been
analyzed [28]. Much more significant are the relatively high contents of Ca
and K; these metals are typical additives of the commercial plastic bags to

enhance stiffness and mechanical properties [29].

Table Ill.2. Metal content of the composites determined by inductively
coupled plasma optical emission spectrometry (ICP-OES).

Sample (VS:K‘:’Z) (Sv(t).'(i’;,) (;:'%Z) (vﬁl.c&,) (vtltl.'(i’Z)
PCo 2.31 9.93 0.36 2.56 0.12
PFe 3.75 0.07 15.92 4.68 0.43
PNi 156 0.02 0.29 2.02 6.52

On the other site, Fe, Co, and Ni nanoparticles are mainly reduced in
zero oxidation state (Figure 3) and situated in both of the carbon phases.
This conclusion results from the corresponding XRD peaks that are clearly
visible at 44.7°, 44.4° and 44.5° for Fe, Co, and Ni, respectively, while
practically negligible amounts of these metals were detected by XPS (Table
3). Moreover, the aforementioned Fe, Co or Ni nanoparticles situated in the
amorphous carbon phase are covered by graphitic clusters as it has been
observed by HRTEM (Figure 2c), which is due to the fact that these metals

are also the catalytic metals of graphitization [30,31].
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Figure I11.3. XRD patterns of the composites.

Table Il.3. Superficial chemical content of the composites determined by XPS.

C (0] K Ca Co Fe Ni
(wt. %) (wt. %) (wt. %) (wt. %) (wt. %) (wt.%) (wt. %)

PCo 87.71 6.93 2.05 2.97 0.34 0.00 0.00
PFe 82.21 8.53 5.35 3.81 0.00 0.10 0.00
PNi 89.84 4.12 3.91 1.98 0.00 0.00 0.15

Sample

Nevertheless, the case of Ca and K are very different, also between
them: Ca particles are clearly Ca(ll) forming part of Ca(OH)2; XRD peaks at
18 and 34° seem to confirm it (Figure 111.3) and the CaZ2ps2 XPS peak at
348.4 eV as well (Figure I11.4). However, K particles have not been detected
by XRD, which means that its sizes should be lower than 4 nm approx.,
however, K(0) peaks have been clearly detected by XPS at 293.7 eV (Figure
[11.4; only XPS spectra of PNi has been included in this Figure being the
corresponding PCo and PFe XPS spectra very similar to this one). A
plausible explanation would be that K(0) nanoclusters or atoms could be

mainly inserted between the graphenic layers, as it is only in this situation
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that they could they keep the zero oxidation state after the final washing
treatment of the samples. Finally, it should be noted that both data of
chemical analysis, ICP and XPS are in good agreement: PNi is the
composite with the lowest transition metal content obtained by ICP analysis
and with the highest carbon content determined by XPS, while in the case
of PFe, opposites occur. On the other hand, both K and Ca are
homogeneously distributed throughout the composite since similar contents

are obtained from both techniques.

C32p3,2

360 355 350 345 340

Arbitrary Units

300 295 290 285 280
Binding Energy (eV)

Figure lll.4. XPS spectra of composite PNi

111.3.2 Electro-reduction of CO2

The three composites were used as a cathode in the electro-catalytic
reduction of CO2. A graphite sheet with dimensions of 50 mm x 8 mm was
also tested as a blank cathode in the electro-catalytic reduction of CO2. The
products analyzed in the gas phase of the reactor were the following:
methane (CHa4), ethane (C2Hs), ethene (C2Ha), propane (CsHs), propene
(CsHs), propyne (CsH4) and n-butane (CsH10); Figure III.5 shows the

evolution of these compounds vs. the reaction time.
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Figure lII.5. Product distribution (ppm) vs. reaction time.

The molar production has also been described regarding C1, C2, C3
and C4 hydrocarbons, 1 to 4 being the number of carbon atoms in the
molecules to simplify the discussion about the reaction selectivity.
Nevertheless, methane was the major product in all of the cases, and minor
amounts of other detected products (probably C4 isomers, or C5,
hydrocarbons) have not been quantified. Thus, it is necessary to clarify that
when an electrolyte free from dissolved CO2 was used (that is, carrying out
the reaction under Ar-saturated solution), hydrocarbons, CO or CO2 were
not detected in any cases. Similarly, in the presence of CO2 (normal
experimental reaction conditions) and using only the pure graphite cathode,
no hydrocarbons were detected. Regarding the molar production, although

the surface area and pore volume of the composites were relatively low, the
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adsorption of a part of the product in the porous structure of the carbon

phases could never be ruled out.

Data of the total molar productions of hydrocarbons in the reactor are
collected in Figure 1ll.6; from this Figure, an adequate comparison of the
electro-catalytic behavior of these composites is not straightforward
because they do not present similar textural characteristics or metal
contents. On the other side, we can see that the rate of hydrocarbon
formation tends to decrease after ~100 min of reaction for PNi and PFe, and
somewhat later for PCo. This type of catalytic behavior has been previously
observed [22] and explained by a high formation of H2 and Oz, which can
provoke a dilution effect of the hydrocarbon formation in the gas phase of
the reactor [32]. In any case, the following catalytic tendency can clearly be
observed: PCo > PNi > PFe, which is in accordance with the apparent
faradaic efficiencies calculated at 95 min of reaction time (Table I11.4). It is
important to clarify that that only the detected hydrocarbons (nor Hz neither
O:2 formation) have been included in the faradaic efficiencies calculations.
Faradaic efficiencies of this order have been previously obtained with Fe
and Co doped carbon gels [22,23].
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Figure 1lI.6. Molar production vs. time obtained with the electro-catalysts.
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Table 4. Mean crystal particle size (dxrp), and apparent faradaic efficiencies
(F.E.) for the electro-catalytic CO2 reduction determined at 95 min of reaction
time at -1.6 V vs. Ag/AgCl.

Composite dxrp (NM) F.E. (%)
PCo 13.6 0.46
PNi 20.7 0.40
PFe 39.4 0.06

(*) Co, Ni or Fe, respectively.

Therefore, the current findings demonstrate that all composites work as
electro-catalysts in this reaction and that they are able to produce the CO:2
transformation to at least C4 hydrocarbons. Moreover, the composite PCo
exhibits high selectivity to C3 products (Figure 1l1.7) within this group of
detected products, which is in accordance with a recent finding with another
type of Co doped carbon materials [22]. On the other hand, although PNi is
mainly selective to CH4, the amount of C3 produced was also higher than
C2. Finally, composite PFe was the least active catalyst, and it was also
least selective to long chain hydrocarbons, despite it having the highest
metal loading (Table Ill.2). As previously reported, this behavior is most
likely due to its large mean crystal size of Fe (Table 111.4) [23]. In this line, it
should be noted that this composite has a mean metal particle size much
larger than the other samples. Figure II1.8 compares the LSV curves of CO2
reduction obtained with all the electro-catalysts. The strong increase of the
current values at -1.6 V of the composite PFe denotes a low electro-

catalytic capacity of this cathode in comparison with the other two samples.
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Figure lIl.7. Product distribution (%) in terms of carbon selectivity in gas phase
products after 200 min of reaction time.
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Figure 111.8. Linear sweep voltammetries obtained from the equilibrium
electrode potential to a negative electric potential of —=2.00 V vs. Ag/AgCl.
Scan rate: 5 mV/s. Fresh electrodes in CO; saturated 0.1 M KHCO:s.
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l1l.4. Conclusions

Metal-carbon-CNF composites have been obtained from the urban
plastic waste. The amount and type of carbon nanofibers and final carbon
contents depend on the pyrolitic used metal: Fe, Co or Ni. Ni catalysts yield
the major amount of CNF and carbon phases in the composites. On the
other hand, significant contents of Ca and K are also present in the
composites, however, while Ca is forming part of Ca(OH)2, K atoms could
be embedded inside the carbon phases as K metallic. The composites have
been tested as electro-catalyst in the CO2 reduction to hydrocarbons, and
all of them promoted the formation of C1 to C4 hydrocarbons with different
activity: PCo > PNi > PFe, which is in accordance with the apparent faradaic
efficiencies. It should be highlighted that PCo shows high selectivity to C3

products within this group of compounds.
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Abstract: Carbon nanocomposites microspheres were synthesized from Low-Density Polyethylene
(LDPE) by a facile one-step strategy under solvent-free conditions. The synthesis of these materials
was carried out in a closed Hastello}"@ reactor at 700 °C. The treatment, during which autogenic
pressure was generated, leads to highly graphitic materials with stunning properties, particularly
concerning the oxidation resistance {compared to the graphite stability). The metallic doping triggers
the growth of nanostructures with diverse morpholcgies around the spheres, obtaining samp]es with
magnetic properties.
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Abstract: Carbon nanocomposites microspheres were synthesized from
Low-Density Polyethylene (LDPE) by a facile one-step strategy under
solvent-free conditions. The synthesis of these materials was carried out in
a closed Hastelloy® reactor at 700 °C. The treatment, during which
autogenic pressure was generated, leads to highly graphitic materials with
stunning properties, particularly concerning the oxidation resistance
(compared to the graphite stability). The metallic doping triggers the growth
of nanostructures with diverse morphologies around the spheres, obtaining

samples with magnetic properties.

Keywords: carbon microspheres; metal-carbon nanocomposites; magnetic

composites
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IV.1 Introduction

Carbon materials are excellent candidates to be used in a wide range
of applications thanks to their great textural, mechanical, thermal and
electrical properties. Moreover, the versatility of carbon materials facilitates
the possibility of modifying on demand their textural, chemical and electrical
properties by tuning the carbon precursor as well as by doping the carbon
already prepared in accordance with the required applications [1-4].
Furthermore, due to their chemical stability, the processes can be carried
out even if operating conditions are too severe: for example, gas adsorption
at a high temperature and pressure or electrochemical applications in an

acid or basic medium [5-10].

Carbon spheres (CS) are very promising nanostructures in several
applications [11-14]. The spheres can be obtained by different synthesis
procedures and methods such as an arc-discharge process, chemical
vapour deposition, autoclave methodologies (hydrothermal, solvothermal or
by using supercritical fluids) or template methods. Also, several compounds
are used as a source of carbon, and among the most commonly used are:
resorcinol-formaldehyde (and its derivatives), saccharides or organic acids
[15]. Furthermore, the spherical shape allows the entire surface area to be
effectively exposed beside the high packing density, which is very important
for energy applications [16]. Nevertheless, the synthesis process of CS is
usually tedious, and a low amount of material is normally obtained, which

makes it an expensive process.

During the last few decades, governments and companies have been
making a great effort to improve the current environmental situation. In the
research field, one of the strategies involves recycling wastes to obtain
advanced materials [17-19]. On this subject, the world plastic production
almost reached 350 million tonnes in 2017. In 2016, only 8.4 million tonnes
of plastic waste were collected in order to be recycled inside and outside

the EU [20]. Moreover, 17.5% of total plastic production corresponds to
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Low-Density Polyethylene (LDPE), which is the main compound in plastic

bags, trays, containers and agricultural films.

Previous works have investigated the pyrolysis of different polymers
into a closed reactor obtaining carbon spherules [21,22]. However, they did
not succeed in obtaining highly graphitic materials, nor have they studied

the influence of adding metals.

Taking this data into consideration, we have in the present work
prepared carbon microspheres from LDPE (solvent free and under
autogenic pressure) through a facile one-step method, which implies a high
carbon yield and contributes to the development of graphitic clusters,
whereby the conductivity of the material is improved. At the same time, the
influence of metal doping on the physical and chemical properties of CS has

been also reported.

To our knowledge, there has not been any previous reporting of the
synthesis of highly graphitic and magnetic CS nanocomposites prepared in

similar conditions.

IV.2. Materials and Methods

Three different carbon spheres (CS)-metal composites were
obtained by pyrolysis of Low Density Polyethylene (LDPE) (supplied by
Sigma-Aldrich) catalyzed by the metal salts Fe(C2H302)2, Co(C2H302)2 or
Ni(C2H302)2. Additionally, a metal-free material was obtained under the
same experimental conditions for comparative purposes. The samples thus
obtained were labelled as PE-Fe, PE-Co, PE-Ni and PE respectively. First,
0.5 g of LDPE was placed and treated at 700 °C into a closed hand-made
Hastelloy® reactor of 25 mL capacity. The heating rate was 10 °C/min with
a dwell time of 2 h at the target temperature. The yield percentage of this
synthesis was used to calculate the amount of the corresponding metal

precursor to obtain CS-metal composites doped with 10 wt.% of metal.
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The amount of metal was determined by a thermogravimetric
analysis (TGA), taking into account that the ash percentage corresponds to
the metal oxide. TGA was carried in the air with a heating rate of 10 °C/min
to 900 °C/min using a Mettler-Toledo TGA/DSC1 thermogravimetric

analyzer.

The texture and morphology of the samples were analyzed by
scanning electron microscopy (SEM), using a FEI microscope model
Quanta 400 and High-resolution transmission electron microscopy

(HRTEM) was performed using a FEI Titan G2 microscope.

The crystalline phases of the obtained materials were analysed by
Bruker D8 Venture X-ray diffractometer (BRUKER, Rivas-Vaciamadrid,
Madrid, Spain).

Raman spectra were recorded using a Micro-Raman JASCO NRS-

5100 dispersive spectrophotometer with a 532 nm laser line.

IV.3. Results and Discussion

The schematic diagram outlining the synthesis of the carbon

microspheres is illustrated in Figure IV.1.

10°C/min

=

700°C-2h

0.5g PE +
I metal salt

Figure IV.1. Experimental scheme of the synthesis process.

The CS-metal composites that were obtained were labelled as PE-X,

where “X” stands for the corresponding metallic precursor salt. For a
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comparison, a metal-free CS material (PE) was prepared under the same
experimental conditions. The metal contents for PE-Fe, PE-Co and PE-Ni

were 3.0, 7.8 and 6.6 wt.%, respectively.

Figures IV.2 and IV.3 illustrate the representative SEM and HRTEM
images of PE, PE-Fe, PE-Co and PE-Ni. The images reveal the presence
of CS in all cases. The pyrolysis of polyethylene under the experimental
conditions of temperature (700 °C) and pressure (~70 bar generated in-situ)
results in smooth carbon microspheres that are highly homogeneous in size
and shape, whereas the presence of metal provokes the development of
carbon nanofibers on the spheres-composites which are especially small in
the case of the CS prepared with the iron precursor (PE-Fe). The presence
of cobalt in the spheres (PE-Co) causes the growth of carbon nanofibers
that are significantly longer than the ones obtained using an iron precursor.
On the other hand, almost no microspheres remain in the presence of

nickel; instead, graphitic nanostructures emerge.

The TEM images (Figure 1V.3) illustrate in detail the graphitization
effect on the samples. Figure 1V.3a,b shows quite thick carbon spheres
which prevent the penetration of electron beams through them; however, it
can be clearly observed that PE also features a graphitic order. The above-
mentioned catalytic effect of metal doping is also evidenced by TEM, whilst
small carbon nanofibers (CNFs) are surrounding the microspheres in PE-
Fe, and the cobalt has further catalyzed the CNFs. On the other hand,
Figure IV.3d reveals Ni nanoparticles embedded on the graphitic cluster. It
should also be noted that the metal phase is highly dispersed throughout

the carbon matrix with a small particle size.
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Figure IV.2. SEM images of carbon spheres nanocomposites at different

magnifications.
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Figure IV.3. (a—d) TEM and HRTEM images.

The spherical shape of these materials could be attributed to the
generated pressure during the pyrolysis process. This statement is based
on our previous studies related to plastic waste pyrolyzed into an open

reactor, where the presence of carbon microspheres was not found [18].

The sphere size distribution was measured just in those cases where
there was a representative statistical population. The obtained histograms
are depicted in Figure IV.4. PE shows a broader distribution than PE-Fe or
PE-Co, which is centered on 4.5 um; however, not only the distribution is
narrower for the PE-metal samples; additionally, it is centered on a smaller
size. Therefore, the presence of metal catalyzes more homogeneous

spheres in terms of size, and furthermore these spheres are smaller; such
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an effect is slightly accentuated in the case of Co, maybe due to the higher

metal content.
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Figure IV.4. (a—c) Sphere size distribution.
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The presence of graphitic domains in the prepared samples is evidenced by
X-ray powder diffraction (XRD) and Raman Spectroscopy (Figure IV.5a,b
respectively). All materials show graphitic structures, especially in the case
of PE, in which no metal catalyst of graphitization was added, indicating the
effect of the generated pressure once again.

The XRD pattern (Figure IV.5a) shows the typical diffraction peaks of
graphitic crystals at 26 values around 26° and 44.5°, consistent with the
JCPDS card 89-8487. The peaks are intense and well defined, indicating a
high crystallinity for all of the samples. The carbon matrix maintains Ni and
Co in a 0 oxidation state according to the JCPDS cards 04-0850 (Ni fcc),
15-0806 (Co fcc) and 05-0727 (Co hcp). However, no metallic Fe diffraction
peak is observed in the XRD patterns, and this fact, coupled with the Raman
results (no iron oxide signal was obtained either), leads us to believe that
the Fe(0) crystals could have a mean size that is too small or a very slim
laminar shape, as a result of which the ultra-small crystal size is below the
XRD detection limit [23].

On the other hand, metal-free carbon microspheres (PE) present the
highest ordering level, pointed out by an intense and well-defined G band
(which is associated with the development of the sp2 carbon structure), and
in particular by the small ratio ID/IG, since the D band is an indicator of
disorder [24,25]. The intensity ratio ID/IG increases significantly for PE-Co
and PE-Ni. These samples are the ones that have grown further graphitic
structures as fibers or clusters, so they have also developed a large number
of graphenic edges, which belong to the group of defects responsible for the
increment of the D band [26]. These data also demonstrate that the samples
are endowed with a high electrical conductivity since such a conductivity is
improved with the development of sp2 hybridized carbon fractions, which
contribute to the G band in Raman spectra. According to the literature, the
lower the intensity ratio of the D/G bands, the higher the electronic
conductivity [27,28].
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Figure IV.5. (a) XRD patterns (b) and Raman spectra.
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The thermogravimetric analysis (TGA) under air atmosphere (Figure
IV.6) manifests an extraordinary thermal stability for PE-Fe, PE-Ni and
especially for PE; all of which remain completely stable until 579, 578 and
615 °C, respectively; those temperatures are comparable to that of graphite
[29]. This fact supports the highly ordered graphitic structure mentioned

above, since the higher the ordering, the better the thermal stability.

100 {— =O—PE
~{~PE-Fe
80 - ~l-PE-Co
S A~ PE-Ni
E’ 60 | PE-Ni
S -
‘s 40 - ,/,’ AN
g /’l—'—'."\\
20 P _.A._"
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0 \_/i__'___:_\_.’/

0 200 400 600 800 1000
Temperature (°C)

Figure IV.6. TGA in air. Heating rate of 10 °C min™".

Concerning the PE-Co sample, its thermal stability is significantly
lower compared to the others, and this fact could be attributable to the cobalt
effect because it catalyses the gasification process further than nickel or
iron [30]; besides, the graphitic ordering decreases for PE-Co according to
the Raman data. In this regard, as is well known, the stability against
oxidation depends on the size, orientation and organization of the graphene

layer planes inside the structures [31].
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Figure IV.7. Magnetic behaviour: (a) Magnetic susceptibility at 293 K. (b)

Pictures showing magnetic properties.
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The magnetic properties were measured at 293 K using a SQUID
QUANTUM magnetometer. The magnetization curve of PE (Figure IV.7a)
exhibits the typical diamagnetic behaviour of carbon polymorphs [32,33],
which becomes ferromagnetic by adding metals, as indicated by the
hysteresis loop. However, the narrow loop in PE-Ni indicates a
superparamagnetic-like behaviour. The saturation of the magnetization
follows the order PE-Co > PE-Fe > PE-Ni, reaching values of 12.15, 6.00
and 2.58 (emu/g), respectively. This trend was already noticed by other
authors [34,35]. Furthermore, the magnetism is also evidenced by the fact
that the CS nanocomposite materials are strongly attracted by a magnet
(Figure IV.7b). This aspect is remarkably interesting, as it enables the
separation of the material from the medium upon the application of an

external magnetic field.

Consequently, in the view of their properties, these materials would
be well suited as electro-catalysts, among other potential applications, but

further studies are needed to implement these approaches.

IV.4. Conclusions

In summary, we have obtained highly graphitic carbon microspheres
that are quite homogeneous in terms of size and shape, through an easy
and fast method, where the precursor polymer was pyrolyzed in the
presence of autogenic pressure. The doping with transition metals has
triggered the growth of carbon nanostructures, with different sizes,
around the microspheres, besides conferring them new properties
such as magnetism. Therefore, we have succeeded in obtaining CSs
with excellent properties (magnetism, a high degree of graphitization,
high conductivity or high thermal stability), which make them suitable

for a wide range of applications, even under severe conditions.
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V.1 Introduction

The unstoppable growth in energy demand has encouraged
intensely the researching on alternative energy conversion and storage
systems highly efficient which have to be adequately addressed to maintain
the sustainability of our environment. Therefore, the production of electrical
energy from chemical reactions by using fuel cells, especially the ones
refueled with hydrogen from renewable energy, are generally considered
one of the most promising solutions because of their competitive
advantages, such as zero emission, high efficiency, fast refueling, and low

upfront cost [1].

In a typical PEMFC, fuel molecules (e.g., hydrogen) are oxidized on
the anode, and oxygen gas is reduced on the cathode, outputting electric
energy with pure water and heat as the only by-products [2-4].
Unfortunately, the difficulty in Oz activation and O—O bond cleavage causes
sluggish kinetics of the oxygen reduction reaction (ORR) on the cathode,

thus, great efforts are still being taken to improve the ORR kinetics [5-7].

At present, Pt and its alloys are generally considered to be the most
efficient ORR catalysts [8—11]. Nevertheless, not only the high cost of Pt
greatly hampers further large-scale adoption of PEMFCs but also its low
tolerance to fuel molecules. Taking this into consideration, special attention
has been paid during the last few decades on the developing of low-Pt-
content catalysts [12-14] besides, alternative catalysts based on non-
precious metals and metal-free materials are more interesting proposals
and they are being actively studied [15-18]. In this regard, carbon based
materials are considered as optimal candidates to accomplish the oxygen

reduction reaction [19-23].

Carbon materials present numerous advantages such as high
surface area, electrical conductivity, high mechanical strength and high
electrochemical corrosion resistance. Moreover, their versatility facilitates

the possibility of modifying on demand their textural, chemical and electrical
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properties by tuning the carbon precursor as well as by doping appropriately

in accordance with the required applications [24,25].

Owing to this overview, developing electro-catalysts based on carbon
doped with transition metals is certainly an attractive idea, especially doping
with iron, nickel or cobalt, since those metals are among the most abundant

on Earth's crust, and therefore competitively-priced.

In the present work, we demonstrate the high electro-catalytic
behaviour of carbon spheres nanocomposites obtained by catalytic

pyrolysis under pressure.

V.2 Experimental

V.2.1 Synthesis of carbon spheres nanocomposites

The synthesis of carbon spheres nanocomposites has been previously
described in Chapter |V. Briefly, some amount of low density polyethylene
(LDPE) was mixed with the corresponding Fe, Co or Ni acetate and
carbonized into a closed reactor at 700 °C obtaining PE, PE-Fe, PE-Co and

PE-Ni materials.

V.2.2 Textural and chemical characterization
The techniques such as thermogravimetric analysis (TGA), scanning
electron microscopy (SEM), high-resolution transmission electron
microscopy (HRTEM), X-ray diffraction (XRD), Raman spectroscopy and
the magnetic susceptibility, were already described in the previous chapter.
However, the carbon spheres nanocomposites materials were further
characterized in this work by X-ray photoelectron spectroscopy (XPS) by
using a Kratos Axis Ultra-DLD spectrometer equipped with a hemispherical
electron analyzer connected to a detector DLD (delay-line detector).

HRTEM has been also included in this Chapter because, in order to amplify
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this study, new analysis and images were made after the publication of the

corresponding Communication, Chapter IV

V.2.3 Electrochemical measurements

The CSs nanocomposistes were characterized electrochemically, with a
Biologic VMP Multichannel potentiostat, using a standard three-electrode
cell. CSs nanocomposites, a platinum wire and Ag/AgCl were used as
cathode, counter electrode and reference electrode respectively. To
evaluate the electro-catalytic activity, a Rotating Disk Electrode (RDE)
(Metrohnm AUTOLAB RDE-2, 3 mm Glassy Carbon tip), was used as a

working electrode, in which, carbon materials were deposited.

In order to study the behaviour of each sample through the electrolyte
containing or in absence of oxygen, Cyclic Voltammetries (CVs) were
performed in O2-saturated 0.1M KOH solution or in a 0.1M KOH solution
completely degasified (by bubbling N2). The sweeping voltage rate was
50mVs, from 0.4V to -0.8V while RDE was rotating at 1000rpm. To prepare
the working electrode, 5mg of sample were dispersed in 1mL of a solution
previously prepared which contains Nafion (5%) and waterin a 1:9 (v:v) ratio
and sonicated for 30 min until a homogeneous and stable ink was obtained;
after that, 10 yL of this ink were loaded on RDE tip and dried under infrared
radiation. The Glassy Carbon tip had been previously polished with alumina
powder. Afterwards, Linear Sweep Voltammetries (LSVs) were measured
in an Oz2-saturated 0.1M KOH solution at different rotation rates from 500
rom to 4000 rpm. The experiments were conducted from 0.4V to -0.8V

(Ag/AgCl) at a sweep rate of 5 mVs™'.

The experimental data were fitted to the Koutecky-Levich model in
order to evaluate the electro-catalytic performance of samples and to
calculate the number of electrons transferred for each of them as well as

the kinetic density current (jx) and the onset potential (EonseT).
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V.3 Results and discussion

V.3.1 Textural and chemical characterization

Figure V.1 and Figure V.lIl show the HRTEM images of PE, PE-Fe,
PE-Co and PE-Ni samples that complement the images depicted in chapter
IV. Here, we can better appreciate the graphitization of these materials.
Figure V.1a shows CSs of PE which could not be passed through by the
beam of electrons, evidencing the high density of these spheres. However,
the edge of the CS in detail (Fig. V.1b), reveals the graphitic lines,

demonstrating the high degree of graphitization.

c)
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Figure V.1. HRTEM images of PE (a,b), and PE-Fe (c,d) samples
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In Figure V.1c, it can be appreciated the carbon microspheres, as
well as the carbon nanofibres and the iron particles (responsible for having
developed these CNFs) highly dispersed through the carbon material. For
example, Fig. V.1d shows one of these CNF with the Fast Fourier Transform
(FFT) analysis that clearly illustrates the lattices lines of graphite

corresponding to the (002) plane with a 0.337 nm d-spacing.

Figure V.2. HRTEM images of PE-Co (a,b) and PE-Ni (c,d)

In the same line, Fig.V.2a shows the CNFs obtained by means of the

cobalt particles. These nanofibres are significantly longer than the ones
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obtained with Iron, such observation had been already noticed by SEM
images (chapter V). Additionally, here we can appreciate the graphitization
around the cobalt particles (Fig. V.2c), where it was also found the
hexagonal phase (hcp) of Co® (0.191 nm d-spacing). Finally, PE-Ni sample
presents a really good dispersion of the metal phase through the carbon
matrix and also, it has developed nanofibres in which it can be appreciated
the footprint generated during their growing. These observations are in good
agreement with Raman spectroscopy (chapter 1V) and XRD data (Fig. V.3
and Table V.1), where it had been already found the metal in O state for
Cobalt and Nickel, accordingly with JCPDS 15-0806 (Co° fcc), 05-0727 (Co°
hcp) and 04-0850 (Ni° fcc) cards. However, the small diffraction peaks of
PE-Fe could be assigned to the formation of the spinel Fe304 (JCPDS 75-
0033) whose existence has been confirmed by XPS. It is important to note
that all samples got a high degree of graphitization pointed out by the intense

diffraction peaks corresponding to the graphitic crystals (JCPDS 89-84.87).

a) [ ——PE b) [ ——PE-Fe
D JCPDS # 89-8487 —— JCPDS # 75-0033
© © (Fe304)
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2 >
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Figure V.3. XRD patterns of PE, PE-Fe PE-Co and PE-Ni with the diffraction
peaks of the corresponding JCPDS cards
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Table V.1 shows the average crystal size for both, the corresponding
metal phase and the graphitic crystals (Lc), obtained by applying the
Scherrer equation (1) to the XRD data.

g k-2
~ B cosb

(1

Where k is the shape coefficient for reciprocal lattice point (here, assuming
k = 0.9), A the wavelength of the X-ray radiation (1.54056 A), B is the full
width at half maximum (FWHM) of the peak, and 6 is the Bragg angle.

Table V.1. Average crystal size of the graphitic crystals and metal phases

Sample dxrp (nm)
Lc Ni Fe Co
PE 1.42 - - -
PE-Ni 2.96 15.25 - -
PE-Fe 1.36 - n.d.” -
PE-Co 4.71 - - 11.72

*Fe peak was not resolved enough to apply the Scherrer eq.

All samples show very small metal crystal size, implying that the
metal phase is very well-dispersed though the carbon matrix. On the other
hand, Cobalt was which has developed larger graphitic crystals, followed by
Ni. It should be mentioned that, similar values of Lc were described in
literature for carbon aerogels obtained at temperatures between 1000 °C-
1800 °C, but in no case were obtained Lc > 1.42 in absence of graphitic
catalyst even at 1800 °C [26,27]. This observation confirms the
graphitization effect of the generated pressure, since these materials were
obtained just at 700 °C.

Figures V.4, Figure V.5 and Table V.2 collect the XPS data. The C1s
region spectra of PE and PE-Fe samples is compared in Fig.V.4, where is
clearly observed the low amount of oxygen in PE since the two main peaks
correspond to C=C (284.6 eV) and C-C (285.6) and there is no almost
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presence of oxygen (Table V.2). Regarding the metal phase, most of the
metal content is not located in the external surface area of the carbon
phases, especially in PE-Fe and PE-Co. Only 0.74% of Fe was found by
XPS, compared to TGA data (3% wt.), it means that most of Fe is covered
by carbon and so, because of the penetrability of XPS, it cannot be
measured. In the case of cobalt, its presence on the external surface area
of the composite is negligible, since the Co was not detected by XPS (Fig
V.5b).

However, in the case of PE-Ni both metal contents determined, by
XPS or TGA, are less different than in the case of the other samples (3.88
vs. 6.65% wt.), but these still reveal lower Ni-content on the external surface
area of the carbon phases. Amongst this superficial Ni, 58% is found as part
of an oxide, while the other 42% is still in zero oxidation state, evidencing

the reducing power of the carbon phase.

The carbonaceous phase does appear to play an important role in
the stabilization of magnetite specie, being that it was only found the FeszOa4
oxide. The deconvolution of the XP spectra has shown that Fe?* represent
the 34% while the remaining 66% corresponds to Fe3*[28], which perfectly
coincide with Magnetite, where Fe?* and Fe®" represent the 33.3% and

66.6% respectively.

Table V.2. Chemical composition by XPS and the metal content by TGA

Cxps Oxps Metalxrs Metaltca
Sample
%wt %wt %wt %wt
PE 97.61 2.39 - -
PE-Fe 93.60 5.65 0.74 3.03
PE-Co 95.23 4.77 n.d 7.84
PE-Ni 91.68 4 .44 3.88 6.65
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Figure V.4. XP spectra of Cs region for PE (a) and PE-Fe (b)
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Figure V.5. XPS patterns of the 2p metal region for PE-Fe (a), Pe-Co (b)

and PE-Ni (c)
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V.3.2 Oxygen Reduction Reaction

Cyclic Voltammetries (CVs) were performed in the presence and
absence of Oxygen in order to compare the behaviour of the samples in
both situations. The CV curves of each sample are depicted in Fig.V.6. All
materials present electro-catalytic activity in the presence of oxygen, since
it can be observed that, in all cases, it is produced an increment in the
current intensity at values near to -0.2 V (vs. Ag/AQ/Cl) (red line),

corresponding to the electro-reduction of oxygen.

Although it is predicted ORR activity for all samples, PE-Fe and PE-
Co are the ones which have achieved the highest current intensity at the
same potential. It is also worth noting that in Figure 6c, the CV curve of PE-
Co in absence of oxygen, shows a pair of broad redox peaks within a
potential window from 0.1V to 0.3V which are typical characteristics of
faradic reactions in the alkaline electrolyte [29,30]. This result indicates that
a little percentage of cobalt could be situated in the macroporous of the

sample.

On the other hand, the narrow shape of the curves that enclose a
little area, and so, little capacitance, let us glimpse the low surface area of

these materials.

After the performance of CVs, were obtained the corresponding
Linear Sweep Voltammetrys (LSV) into the O2-saturated electrolyte at a
sweeping rate of 5 mVs™ from 0.4 V to -0.8 V. The experiments were
conducted at different rotation speed from 500 rpm to 4000 rpm, in order to

apply the Koutecky-Levich equation.
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Figure V.6. Cyclic Voltagrams at 1000 rpm and 50 mV/s of PE (a), PE-Fe (b),
PE-Co (c) and PE-Ni (d)
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Figure V.7 show an example of LSVs for the PE-Co sample (Fig

V.7a) and also, the comparison for all samples at 4000 rpm.

a) 0.0 - - — b) 0.0 - I
-1.0 A 1.0 -
N'E '2.0 9 — ‘\'IE _2.0 n
) o AN
< <
Eaol ——LSV-500RPM £
-7 ——15v--1000RPM = -3.0 1
LSV--1500RPM
A LSV--2000RPM —O0—PE
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E vs Ag/AgCI (V) E vs Ag/AgCI (V)

Figure V.7. LSV curves for PE-Co at different RDE rates (a), and LSV curves at
4000 rpm for all samples (b)

Although PE sample shows catalytic activity for ORR, Fig 7b manifest
that it shows a poor performance, pointed out not only for the lower density
current but also because of the OR reaction starts at higher potentials, while

the other samples catalyze it at lower E°.

Data of LSV were fitted to the K-L equation obtaining the K-L plot
(Fig. V.8a), then, from the analysis of the K-L plot were obtained de number
of electrons transferred at different potentials (Fig. V.8b) as well as the

kinetic density current (jk) (Table V.3)
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Figure V.8. K-L plot for PE-Fe (a) and number of electron transferred at each
potential

Table V.3. Parameters obtained from the analysis of LSV curves

Sample EonseT jk n
(v) mAcm-

PE -0.30 2.65 2.0
PE-Fe -0.24 6.40 3.8
PE-Co -0.26 12.65 3.1
PE-Ni -0.20 4.64 2.3

* i« and n refer to K-L fitting at -0.8V

Metal-free material (PE), is able to accomplish the oxygen reduction
reaction purely by the 2-electron pathway, but the reaction starts at -0.30V
that is the highest potential compared to the others. However, when some
of the metals are present, the electro-catalytic activity improves
considerably, all metal-samples present lower Eonser, improved kinetics
and they are able to transfer more electrons. While PE-Ni shows similar n-
value than PE, but with improvements in the other parameters, PE-Co and
PE-Fe stand out in all parameters, especially in the case of PE-Fe, which

performs the ORR by the 4 electrons pathway, and therefore not producing
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peroxides species, even though the iron content is only a 3 % wt. However,
in spite of PE-Co lead the reaction by a mixed 2-4 electrons pathway, it does
it with better kinetics, and also its electro-catalytic performance remains
constant at different potentials. This fact could be related with the amount
of metal present, since there is 8% of Co, while only 3% of iron in the case
of PE-Fe. Previous works have demonstrated that an increment in the metal
content leads to better kinetics [31]. On the other hand, the fact that only
samples PE-Co and PE-Fe are partially composed by carbon nanofibers,
being these two samples the best catalysts independently of the total metal
content and its distribution, suggests that CNFs could play a very positive

role in the improvement if the catalytic behaviour.

V.4. Conclusions

The present work reports the successful obtaining of highly graphitic
carbon materials from Low Density Polyethylene by a quick an easy
method. Not only the metal content but also the carbon nanostructures
developed in these composites, can influence the electro-catalytic activity
leading to a 4-electron pathway although a positive effect of the meso-
macro structure cannot be discarded. In spite of, further experiments have
to be carried out to clarify this point. In any case, these carbon-metal

composites are excellent candidates as ORR electro-catalyst.
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VI1.1. Introduction

Most of the primary energy used today in the world is coming from
fossil fuels (over 80%) and therefore limited resources: oil, natural gas and
coal [1]. However, the dwindling global reserves of fossil fuels coupled with
the need to protect and care the environment against the threat of global
warming, make it necessary the study and implementation of new clean and
renewable technologies to supply the energy needs of the population.
Greenhouse gas emissions are mainly produced by the transport sector and
power stations where huge amounts of fossil fuels are consumed [2].
Because of that, many efforts are being taken to reduce CO2 emissions,
particularly anthropogenic emissions, since these are responsible for
altering the natural carbon dioxide cycle. Therefore, reducing CO:2
concentration and transforming COz2z into useful materials seems to be
critical for environmental protection. In this way, the electro-reduction of
carbon dioxide to hydrocarbons is an attractive choice to supply this
demand inasmuch as the energy required to accomplish this reaction could
come from renewable energy sources, and therefore, it would close the

cycle since net emissions of CO2 would not increase.

On the other hand, another promising technology is also the fuel cells,
which provides clean and sustainable energy [3]. This technology has
generated great interest because of its high energy conversion efficiency,
clean and renewable character and the potential large-scale applications
[4]. The most important reaction controlling the efficiency of the fuel cell is
the oxygen reduction, hence the importance of its study and optimization
[5]. Due to the slow kinetics of oxygen reduction reaction (ORR), the use of
catalysts is required to increase the activity of this cathodic reaction which
in turn promotes the transformation by a direct path (4 electrons
transferred), thereby, it increases the faradic efficiency. Traditionally, Pt
used to be the best catalyst for ORR, unfortunately, the high cost and limited

reserves of Pt are the main barriers for large-scale production of fuel cells
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[6]. Besides, not only the prohibitive price of Pt is the determining factor, but
also the sensitiveness to contaminants (impurities contained in the feed
stream of the fuel cell) which can easily poison it is an important limiting
factor [5,7]. Therefore, the development and optimization of alternative
catalysts for ORR that are cost-effective, accessible and even with improved

performance than conventional Pt catalysts, are required.

On this line, one reaction or the other can be carried out by means of
catalysts based on the metal dispersion through a carbon matrix in such a
manner as to improve cost and efficiency while decreasing metal loading.
Furthermore, due to the high stability, electrical properties, tunability as well
as the high specific surface area of carbon materials it is allowed high
dispersion of particles guaranteeing a large reaction area [8,9]. In fact,
metal-doped carbon materials have been successfully tested as electro-
catalysts for CO2 reduction to hydrocarbons [10] as well as for catalysing
the oxygen reduction reaction [11-13] and great efforts are being made to
accomplish these electro-catalytic reactions with non-noble metals [14-18].
Among carbon materials, carbon gels present numerous advantages,
starting with its purity, since they are obtained by carbonization of an organic
precursor gel that develops a well-defined porosity during the gelation
process [19], moreover, textural and morphological properties can be easily
designed by modifying the experimental conditions [18,20-23]. On that
basis, previous works, using carbon gels doped with transition metals as

catalysts for CO2 electro-reduction, have been reported [15,24,25].

Taking into account this overview, it would be great to have poly-
functional materials which can work as electro-catalysts in both applications.
Therefore, the aim of the present work is to develop poly-functional
reduction electro-catalysts based on non-precious metal and carbon gels
for the electrochemical reduction of Oxygen, as well as CO2. Different
carbon composites, xerogel-nanotubes and xerogel-nanohorns, doped with

nickel were synthesized and tested as cathodes for both reactions. The
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effect of porosity, conductivity and metal-carbon interaction was studied and

discussed.

VI.2. Experimental

VI.2.1. Synthesis of supports

Three different types of carbon supports were prepared by sol-gel
synthesis: pure carbon xerogel, carbon nanotubes (CNT) doped xerogel
and carbon nanohorns (CNH) doped xerogel. The synthesis procedure is

described below.

VI.2.1.1. Carbon xerogels (J and J-CTAB)

Carbon xerogels were prepared by a sol-gel process based on the
resorcinol (R)-formaldehyde (F) polycondensation. In a typical procedure,
the surfactant (S) is dispersed in 900 mL of n-heptane and heated at 65 °C
under reflux and stirring (450 rpm). Once the temperature is stabilized, an
aqueous solution (W) containing the corresponding amount of resorcinol
(R), formaldehyde (F) and Sodium dodecylbenzenesulfonate (DBSS) is
added drop-wise. (DBSS is added to facilitate the dispersion of carbon
nanomaterials (CNT and CNH), in this case even when no carbon
nanomaterials are present, DBSS was also added to maintain constant the
synthesis conditions). The final molar ratio of the mixture was R/F=1/2,
R/W=1/14, R/S=4.5 and R/DBSS=245.

The R-F hydrogel was cured at 65 °C for 24h under stirring, after that,
the solid obtained was filtered and immersed in acetone (5 days, changing
acetone twice daily) in order to remove all other traces of unreacted product
as well as exchanging the solvent within the pores by acetone. This
procedure prevent the porosity collapse during the subsequent drying
process [26]. After that, the gel was filtered again and dried by microwave
heating under Argon atmosphere for ranging periods of 1 minute at 300W

until constant weight. The pyrolysis of organic xerogels, to obtain the
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corresponding carbon xerogels, was carried out in a tubular furnace under
pure N2 flow (300 cm?®/min) up to 900 °C with a heating rate of 1 °C/min and

a dwell time of 2h.

In order to study the influence of the surfactant nature on the carbon
xerogel morphology, two different surfactants were used: a non-ionic
surfactant, Span 80 and a cationic surfactant, CTAB. The samples were

referred as “J” and “J-CTAB” respectively.

VI.2.1.2. CNT and CNH-doped carbon xerogel (JT and JH)

The doping of carbon xerogels with carbon nanotubes and carbon
nanohorns was carried out following the same procedure described above
using Span80 as surfactant. So, the proper amount of CNT (MWCNTs 95%
from Nanoamor Inc.) or CNH (SWCNHSs, 90% from Sigma-Aldrich) to obtain
1 wt. % doped materials was added to the aqueous solution (W) containing
the corresponding amount of resorcinol (R), formaldehyde (F) and sodium
dodecylbenzenesulfonate (DBSS). This solution was sonicated for 30 min
to allow a good dispersion of carbon nanomaterials in the mixture before the

addition to the heptane solution.

VI.2.2. Synthesis of Ni-catalysts
Ni-catalysts were prepared by two different methods:
) Method 1: by Ni-doping during sol-gel synthesis.
i) Method 2: by impregnation of the prepared supports J, JT and JH
with a Ni salt solution.

i) Method 1: Ni-doping during sol-gel synthesis

Ni-doping was performed following the same method used in the
synthesis of the corresponding supports but adding the proper amount of

nickel acetate to the R+F aqueous mixture. To adjust the final amount of Ni
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(2.0 wt.%), it was supposed a weight loss of 50% during the carbonization
[27].

Catalysts obtained were labelled as J-Ni1, JT-Ni1 and JH-Ni1 where 1

stands for the first method of doping.

ii) Method 2: Incipient wetness impregnation

Nickel catalysts were prepared by the incipient wetness impregnation
technique. To do that, the appropriate amount of metallic precursor salt
(Ni(OCOCH3)2-4H20), to obtain a carbon catalyst doped with 2.0 wt. % Ni,
was dissolved in the same volume of distilled water as the pore volume of
the support. Supports J, JT and JH were impregnated and dried overnight
at 120 °C. After that, samples were heated at 350 °C in Nz flow for 2h in

order to breakdown the metallic salt.

The samples thus obtained were labelled as J-Ni2, JT-Ni2 and JH-Ni2,

where 2 stands for the second method of doping, impregnation.

Table VI.1. Composition and preparation method of supports and
catalysts.summarize the information of synthesis of all materials obtained.
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Table VI.1. Composition and preparation method of supports and catalysts.

Sample Type Preparation method  Composition (% wt.)
J Support Polycondensation R-F Carbon xerogel
JT Support Polycondensation R-F Carbon xerogel
+ 1% CNT
. Carbon xerogel
JH Support Polycondensation R-F + 1% CNH
N Ni-doping during Carbon xerogel
J-Ni Catalyst polycondensation R-F + 2.0% Ni
, . . Carbon xerogel
JTNit  Catalyst ~ _N-OOPINOAUINg +1% CNT
POty +2.0% Ni
: . . Carbon xerogel
JH-Ni1  Catalyst ~__|wrdoping uning +1% CNH
POty +2.0% Ni
Polycondensation R-F + Carbon xerogel
J-Ni2 Catalyst |n9|p|ent wet.ness +92.0% Ni
impregnation
Polycondensation R-F + Carbon xerogel
JT-Ni2 Catalyst incipient wetness +1% CNT
impregnation +2.0% Ni
Polycondensation R-F + Carbon xerogel
JH-Ni2 Catalyst incipient wetness + 1% CNH
impregnation +2.0% Ni

VI1.2.3. Textural and chemical characterization

The porous texture of all samples was analyzed by physical adsorption
of N2 at -196°C and CO:2 at 0°C, using a Quantachrome Autosorb-1
equipment. Before the gas adsorption, the samples were outgassed at
110°C overnight. BET and Dubinin-Radushkevich equations were applied
to determine the apparent surface area (Sset), the micropore volume (Wo)
and the mean micropore width (Lo). Furthermore, the BJH method was

applied to the desorption branch of the nitrogen isotherms to obtain the
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mesopore volume of the samples (Vmes). The total pore volume (Vo.95) was

considered as the volume of N2 adsorbed at P/Po = 0.95.

The morphology was analyzed by scanning electron microscopy

(SEM) and high-resolution transmission electron microscopy (HRTEM).

The total Nickel content was obtained by thermogravimetric analysis
(TGA) using a Mettler-Toledo TGA/DSC1 thermobalance. TGAs were
carried out under air atmosphere with a heating rate of 10°C/min to 900°C,
once achieve that temperature it was held isothermal for 30 minutes. The

amount of Ni was calculated from the ash.

XRD patterns were obtained using a Bruker D8 Advance X-ray
diffractometer with Cu Ka radiation at a wavelength (A) of 1.541 A. The 26
angles were scanned in the range 26 from 20 to 70°. The Ni average crystal

sizes (d) were estimated by the Debye-Scherrer equation.

The chemical characterization of catalysts was further analyzed by
X-ray photoelectron spectroscopy (XPS). The spectra were obtained on a
Kratos Axis Ultra-DLD X-ray photoelectron spectrometer equipped with a
hemispherical electron analyzer connected to a detector DLD (delay-line

detector).

VI.2.4. Electrochemical measurements
VI.2.4.1 Electrochemical characterization

The electrochemical characterization of all samples was carried out
with a Biologic VMP Multichannel potentiostat using a three electrodes
system. Carbon-based materials, a platinum wire and Ag/AgCl were used
as cathode, counter electrode and reference electrode respectively. All the
samples were characterized by Cyclic Voltammetries (CVs) and

Electrochemical Impedance Spectroscopy (EIS).
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In order to study the behaviour of each sample through the electrolyte
containing or in absence of Oxygen, CVs were performed in O2-saturated
0.1M KOH solution or in a 0.1M KOH solution completely degasified (by
bubbling N2). The sweeping voltage rate was 50mVs, from 0.4V to -0.8V
while RDE was rotating at 1000rpm. The working electrode was conformed

as described below in detail.

The Electrochemical Impedance Spectroscopy (EIS) measurements
were performed with a three-electrode system using H2SO4 0.1M solution
as electrolyte. EIS experiments were studied from a frequency of 1 mHz to
100 kHz with a sinusoidal signal amplitude of 10 mV. To perform EIS, the
carbon electrodes were prepared by spreading a past onto a graphite sheet
of 50 mm x 8 mm x 0.25 mm thick. That past was made with 80mg of carbon
and 10 wt.% of polytetrafluoroethylene 60%wt. (PFTEE), used as binder.

VI1.2.4.2 Oxygen reduction reaction (ORR)

The oxygen reduction reaction was carried out in a standard three-
electrode cell with a Pt wire as the counter electrode, Ag/AgCl as reference
electrode and the Rotating Disk Electrode (RDE) Metrohm AUTOLAB RDE-
2 with a 3mm Glassy Carbon tip fitted with the carbon materials as the

working electrode.

To prepare the electrocatalysts, 5mg of carbon were dispersed in 1mL
of a solution previously prepared which contains Nafion (5%) and water in
a 1:9 (v:V) ratio and sonicated for 30 min until a homogeneous and stable
ink was obtained; after that, 10 uL of this ink were loaded on RDE tip and
dried under infrared radiation. The Glassy Carbon tip had been previously
polished with alumina powder. Afterwards, Linear Sweep Voltammetries
(LSVs) were measured in an O2-saturated 0.1M KOH solution at different
rotation rates from 500 rpm to 3000 rpm. The experiments were conducted
from 0.4V to -0.8V (Ag/AgClI) at a sweep rate of 5 mVs™'.
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The experimental data were fitted to the Koutecky-Levich model in
order to evaluate the electrocatalytic performance of samples and to

calculate the number of electrons transferred for each of them [28].

VI1.2.4.3 CO2 electro-reduction

The electro-catalytic conversion of CO2 was carried out in a three-
electrode cell of 300 cm?® of capacity at room temperature and pressure. A
Biologic VMP multichannel potentiostat was used to perform the
electrochemical measurements. A platinum wire and saturated Ag/AgCI
were employed as the counter and reference electrode respectively while
0.1M potassium bicarbonate aqueous solution (150 cm?) was used as
electrolyte. The working electrode (cathode) was prepared as it was
referenced in our previous works [15,24], briefly, 80 mg of catalyst was
mixed with PTFE (60% wt. suspension) and homogeneously pasted on a
graphite sheet. After that, the electrode was immersed in 0.1M KHCO3

overnight.

The setup was working in potentiostatic mode at -1.6 V, reproducing
the voltage conditions of previous works [29]. Before the electrocatalytic
reduction of COz2, the solution containing the electrolyte was saturated with
CO2 by bubbling through for 3h. Once the solution is saturated, the gas inlet
closes off and the cell operates in batch mode. All electrocatalysts were also
tested in a CO2-free solution (by bubbling Ar).

All samples were characterized by Linear Sweep Voltammetry (LSV)
from 0V to -2 V (vs. Ag/AgCl) with a sweeping rate of 5mV/s using the same
experimental conditions and reactor set-up as those for the CO:2

electrocatalytic conversion.

The gas phase of the reactor was analyzed by gas chromatography
(GC), where gases were directly injected into the GC column using a gas

recirculating pump for low flows. The GC was equipped with a FID detector
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and Chrompack Poraplot Q column (50 m x 0.53 mm) with He as the carrier

gas.

The gaseous products distribution is expressed in terms of the
carbon selectivity as the amount of carbon (from CO2) in a specific product
relative to the total amount of carbon in the detected hydrocarbons, and it
was calculated by equation (1), where nc; represents the number of moles

of product Ci, and i the number of carbon atoms in that product.

i-ng
Se (%) = " %x100% (1)

Zi'”c,

i

VL1.3. Results and discussion
VI1.3.1. Textural and chemical characterization

Notable textual and morphological differences (Figure VI.1a,
VI.Figure VI.2a and VI.Figure VI.2b) are observed comparing samples
prepared with different surfactants (J and J-CTAB). The use of Span80 (J)
results in nanometric spheres while the presence of CTAB produces non-
spherical structures with large amount of macropores (Figure VI.2).
Isotherms of both samples (Figure VI.1a) are completely different, while J-
CTAB shows a type | isotherm, typical of microporous materials, J presents
a hybrid I-IV type isotherm typical of micro-mesoporous samples. After
these observations, Span80 was selected as surfactant to prepare the rest

of samples in order to obtain mesoporous carbon nanospheres.

The N2 adsorption isotherms at -196 °C of carbon xerogel supports
and Ni-doped carbon xerogels are also shown in Figure VI.1b and Vl.1c,
respectively. All samples show type |-V hybrid isotherms according to the
IUPAC classification, typical of micro-mesoporous materials. The doping

with carbon nanotubes and carbon nanohorns does not significantly affect
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the textural properties of the final carbon xerogels (Figure VI.1b and VI.1c)
within each series (JX or JX-Ni1). However, Ni-doping affects the
morphology and consequently, the textural properties of samples (Figure
VI.1d).

Analyzing SEM and TEM images (Figure V1.2 and Figure VI.4b,
Vl.4c) it was found that the addition of Ni by the first method increases the
nanospheres average size (174.0 vs 433.4 nm for J to J-Ni1, 177.2 vs. 388.1
nm for JT to JT-Ni1 and 213.7 vs 302.5 nm for JH to JH-Ni1, respectively)
(Table VI.2). Whereas, the incipient impregnation and the subsequent
thermal treatment at 350°C do not affect significantly the sphere size. These
size differences affect the textural properties increasing the surface area
due mainly to the increase of the mesopore volume (Table VI.2). It is well
known that carbon xerogels are formed by interconnected primary particles
where the microporous structure is mainly due to pores inside these primary
particles while meso and macroporous are related with the interparticle
voids, as consequence, the higher the primary particle size, the higher the
mesopore size [30]. In that case, as can be observed in SEM and TEM
images (Figure VI.2 and Figure VI.4b, Vl.4c), isolated carbon nanospheres
are obtained, so that, no mesopores are expected, however, a significant
volume of mesopores are obtained by gas adsorption which increases with
the nanosphere size (Figure VI.3). This fact manifests that mesopores are
localized inside the nanospheres. As denoted TEM images (Figure VI.2 and
Figure VI.4), nanospheres are formed in their turn by the fusion of primary
particles of few nm leaving mesopores between them. As it is described
above, if mesopores were due to the fusion of nanospheres, higher
mesopore size would be expected in Ni-doped series because of the higher
nanospheres size, but the opposite trend is obtained; lower mesopore size
(7.5 vs 12.8 nm) at higher nanospheres size (433.4 vs 174.0 nm,
respectively) which corroborates that mesopores are localized inside the
nanospheres. So, micro-mesoporous carbon nanospheres are obtained by

a simply sol-gel method.
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Figure VI.1. Nx-adsorption/desorption isotherms of support and catalysts: a)
effect of surfactant nature: J (o) and J-CTAB (), b) effect of CNT or CNH doping
on supports: J (o), JT (a) and JH (o), c) effect of CNT or CNH doping in doped
catalysts: J-Ni1 (o), JT-Ni1 (A) and JH-Ni1 (m), and d) effect of Ni presence: J (o)
and J-Ni1 (e) on textural properties.

A more in-depth analysis of Table VI.2 allows us to state the issues
discussed above. Furthermore, Wo (N2) < Wo (CO2) indicates the presence
of some diffusional limitations at the entrance of the narrowest micropores
in supports samples. This difference is more significant in J-CTAB sample,
due to the presence of narrow micropores and the absence of mesoporosity.
However, Wo (N2) > Wo (CO2) in Ni-doped samples which manifests the
contribution of the widest micropores and mesopores to the N2 adsorption

capacity at -196 °C. Notably, Ni-doped samples (prepared by method 1)
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present wider micropores (Lo (N2) ~ 1.10 nm) than their respective supports
(Lo (N2) ~ 0.80 nm) and a significant increase in mesopore volume is
produced as well. So, it may be said that Ni influences the R-F

polymerization given samples with a larger amount of mesopores and wider

microporosity.

200 nm 200 nm
| [ |

Figure VI.2. SEM images of the samples: a) J; b) J-CTAB; ¢) JH; d) JH-Ni1 and
TEM images of e) JT, f) JH
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Figure VI.3. Relationship between the nanospheres size and the mesopore
volume.

Table VI.2. Textural properties and spheres average size (Ds)

W,

SBET
Sample (N2)

m2.g-1 cm3.g-1 cm3.g-1

Wo
(COy)

Lo
(N2)

nm

Lo
(COy)

nm

Vogs

cm3.g-1 cm3.g-1

VBuH

dmeso

nm

Ds

nm

J 599 0.238
J-CTAB 495 0.195
JT 617 0.232
JH 560 0.224
J-Ni1 655 0.257
JT-Ni1 574 0.24
JH-Ni1 672 0.264
J-Ni2 500 0.200
JT-Ni2 539 0.218
JH-Ni2 474 0.194

0.263
0.254
0.252
0.266
0.236
0.208
0.229
0.231
0.263
0.222

0.87
0.72
0.79
0.81
1.06
1.28
1.05
1.1
1.21
1.22

0.62
0.59
0.59
0.58
0.61
0.58
0.6
0.45
0.59
0.57

0.555
0.263
0.583
0.506
0.778
0.85
0.537
0.481
0.541
0.454

0.524
0.084
0.513
0.460
0.646
0.705
0.730
0.437
0.465
0.438

15.3
2.8
12.8
15.4
7.5
9.0
7.5
16.8
14.0
14.0

174.0

177.2
213.7
433.4
388.1
302.5
168.7
188.1
2141

The metal phase was characterized by TGA, XRD and XPS.
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The total Ni amounts obtained by TGA are summarized in Table VI.3.
The amount of Ni, as it was to be expected, was around 2.0 wt. % with small

variations due to the real carbonization loss was slightly higher than 50 %.

The content and crystal size of the metallic phase were also
characterized and collected in Table VI.3. X-ray diffraction (Figure Vl.4a)
shows two broad peaks for all samples at 20 values ~25° and ~44°
corresponding to (002) and (100) planes of graphite in accordance with
JCPDS card 89-8487, therefore, it demonstrates that these carbon xerogels
are materials with a high development degree of graphitic clusteres.
Furthermore, JX-Ni1 samples show two additional peaks at 26= 44.5° and
51.8° which correspond to (111) and (200) planes of Ni® respectively, so
carbon matrix maintains Ni in O oxidation state. However, no metal
diffraction peaks are obtained for JX-Ni2, it is attributed to Ni incipient

impregnation provokes too small crystallite sizes (below 3 nm) [31].
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Figure VI.4. a) XRD of impregnated ( ) ) and doped (e) Ni-catalysts. TEM
images of b) JH-Ni1 and c) JT-Ni2.
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The surface chemistry of support and catalysts was analysed by X-
ray Photoelectron Spectroscopy (XPS). Results are collected in Table VI.3.
Similar deconvolution of Oxygen and Carbon regions was obtained for
supports and Ni-xerogels doped by the first method (JX and JX-Ni1 series),
which denotes a similar chemical nature of their surfaces. However, no XPS
peaks of Ni were obtained in JX-Ni1 materials, this fact clearly supports the
discussion above mentioned, Ni-particles are mainly embedded into the
carbonaceous matrix. On the other hand, analysing Ni-impregnated
catalysts (JX-Ni2 series), around 9.5% of Ni was obtained for all

impregnated samples.

Besides, Nixes (%) > Ni loading (2.0%) indicating higher Ni-

concentration on the external surface.

Table VI.3. Chemical composition determined by XPS and TGA, and the average
crystal size by XRD.

Sample oCxps Oxps Nixps Nirca dpxeo (nm)
%wt %wt Y%wt Y%wt
J 96.3 3.7 0.0 - -
JT 94.6 5.4 0.0 - -
JH 94.9 5.1 0.0 - -
J-Nil 94.1 5.9 0.0 2.11 22.95
JT-Nil 94.2 5.8 0.0 2.61 28.95
JH-Ni1l 94.3 5.7 0.0 2.14 27.25
J-Ni2 73.0 18.7 8.3 1.97 -
JT-Ni2 73.1 16.3 10.5 2.00 -
JH-Ni2 73.8 16.6 9.7 2.29 -
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V1.3.2. Electrochemical measurements
VI.3.2.1. Impedance Spectroscopy (EIS)

The Impedance Spectroscopy was measured in order to investigate
the resistance of the materials through the electrolyte (H2SO4 0.1M).
Taking into account that all measurements were performed in the same
conditions, the found results are attributed to the differences among each
sample for comparison purposes.

Figure VI.5 shows the Nyquist plot for electro-catalysts obtained by
incipient wetness impregnation. The presence of the semicircle reveals
good electrical conductivity at the electrode—electrolyte interface [32]. The
high frequency intercept on the Z’ axis represents the sum of the resistances
arising from the electrolyte, the intrinsic resistance of the carbon active
material, and the contact resistance between the active material and the
current collector [32]. So, the larger semicircle for J-Ni2 implies a notably
higher resistance meanwhile the presence of carbon nanotube and carbon
nanohorns greatly decreases the resistance, especially in the case of

carbon nanohorns.

o
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Figure VI.5. Nyquist plot of Electrochemical Impedance Espectroscopy (EIS)
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VI.3.2.2. Oxygen Reduction Reaction: CV and LSV

Cyclic Voltammetry (CV) curves were obtained while N2 or O2 were
bubbling through 0.1 M KOH solution. CVs were measured at a rotation rate
of 1000 rpm and at a scan rate of 50mV-s-'. As discussed in previous
sections, textural and chemical properties in each series are very close, and
consequently, the different electrochemical behaviour must be related with
the presence of Ni or nanomaterials. In such a manner, Figure VI.6a and
VI.6b depict the CVs in N2 of supports and their corresponding Ni-doped
catalysts. An increase in capacitance is obtained following the order
J<JH<JT and J-Ni1<JH-Ni1<JT-Ni1. This improvement in storage capacity
by adding nanomaterials can be attributed to the improvement of the
conductivity of the samples, since the textural and chemical properties are

very close.

In order to analyze the influence of the presence of nickel as well as
the Ni-catalysts preparation (method 1 or method 2), JT, JT-Ni1 and JT-Ni2
CVs are shown in Figure VI.6¢c. A significant improvement in the storage
capacity of the material is obtained using Ni-catalysts instead the support.
Comparing JT with JT-Ni2 (same support and similar tectural properties) it
can be said that this higher intensity can be achieved thanks to the
improvement in electrical conductivity caused by nickel particles. On the
other hand, comparing JT-Ni2 and JT-Ni1 samples, an improved capacity is
obtained when the doping method is used instead of the impregnation one.
These observations are also consistent with the textural changes after

doping (greater area and higher volume of micro and mesopores).

Comparing CVs in N2 and O2, differences are observed in the
negative potential region for all samples (as example Figure VI.6d) which

already predict activity in the oxygen electro-reduction reaction.
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Figure VI.6. a), b) and c) Cyclic Voltammetry (CV) curves in N2 of a) Supports: J
(o) JT (a) JH (o), b) Ni-catalysts doped by the first method: J-Ni1 (@) JT-Ni1 (A)
and JH-Ni1(m), c) Series with CNTs: JT (A), JT-Ni1 (A) and JT-Ni2 (X) and d)
CVsin N2 (—) and O3 (:--) of JH-Ni2 catalyst.

Data obtained from LSVs were fitted to the K-L model in order to
evaluate the electro-catalytic behaviour. Two main ORR pathways are
defined in basic media: via two-electrons (eq. 3) or via four-electrons (eq.
4):

0, +H,0 + 2e~ > HO; + OH™ (3)
0, + 2H,0 + 4e~ - 40H™ (4)
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It would be desirable for ORR to take place by the 4-electrons
pathway rather than the 2-electrons pathway, since the former implies
higher current densities on the electrochemical cell and the latter leads to
the formation of peroxide species that worsen the catalytic efficiency.
Therefore, it is crucial to determine whether ORR catalysts are leading the
reaction by the one or the other mechanism. Thus, LSV curves were
obtained at different RDE rotation rates for all samples (as example Figure
VI.7a) and data were fitted to K-L equation in order to study the kinetics, the
number of electron transferred and the onset potential (Figure VI.7 and
Table VI1.4). K-L plot at different potentials is displayed in Figure VI.7b where
linear regressions exhibits good linearity and all lines are nearly parallels to

each other, suggesting that they all have the similar values of B (

0.2nF(D,)**v™"°C,, ). As we know the Doz, Coz2, v and F, the electron-

transfer number, n, is calculated (Table VI.4) Furthermore, from K-L
intercepts at different electrode potentials, the kinetic current density (Jk) is

obtained.

Data from Table V1.4 show that the doping with nanomaterials, CNT
and CNH, clearly improve the electro-catalytic performances, especially in
the case of CNH doping; it could be attributed to the greater enhancement
of the electrical conductivity (Figure VI.5). However, the pure 4-electrons
pathway is not achieved until Ni-doping is included, what is more, only
samples doped with both, Ni and CNH or CNT, are able to reduce oxygen
to HO- by the direct mechanism. This improvement evidences a synergistic
effect between carbon nanostructures and Ni particles which had already

shown activity in this reaction [16].

It is also worth noting that free-metal samples display an outstanding
and unexpected electro-catalytic activity, since all of them can carry out the
oxygen reduction reaction, simply do not do by 4-electrons, but they do it by
“3-electrons” pathway (mixing pathway between 2 and 4 electrons), which

implies 50% production of hydrogen peroxide.
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Figure VI.7. a) LSV at different rotation rate for JH-Ni2; b) K-L plot of JH-Ni2
obtained from a); ¢c) Comparison of LSV at 3000 rpm for support and Ni-doped
samples of JH series.

Analysing the electrochemical differences between Ni-doped
catalysts obtained by the two different methods (1 or 2), it was found that,
overall, the Ni-impregnation method (2) accomplish better performances
respecting to kinetics, inasmuch as they present higher kinetic current
density (jk), slightly lower onset potential (E°onset) and higher electrons
transferred as well. Such finding goes hand in hand with their textural and

chemical characterization: despite the porosity is slightly reduced by the
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incipient impregnation, this method allows a more accessible metallic
phase, Niis mainly on the surface of the spheres where the electrolyte easily
permeates. Furthermore, Ni-particles are smaller and so, more and better
scattered through the matrix which contributes to improving the electro-

catalytic activity.

By contrast, in JX-Ni1 materials, Ni particle size is bigger and
particles are mainly embedded into the carbon matrix, so fewer active

centres are accessible for oxygen.

Table VI.4. Electrochemical parameters obtained from the RDE experiments
(values of jk and n are referred to K-L fitting for data at -0.8V).

sample jk E°onset n
J 21.6 -0.23 3.2
JT 10.3 -0.24 2.9
JH 24.0 -0.24 3.5
J-Ni1 6.15 -0.21 2.4

JT-Ni1 17.7 -0.21 2.9
JH-Ni1 13.0 -0.22 4.2
J-Ni2 17.7 -0.22 29
JT-Ni2 13.0 -0.23 4.2
JH-Ni2 67.1 -0.23 3.3

In any case, both, carbon nanomaterials and Ni, clearly improve the
electro-catalytic performance of carbon xerogels in ORR although both
types of improvements are not always equally linear, which suggest that
other factors have also significant influence on this reaction as the electrical
conductivity or the textural properties in relation with the accessibility of the
electrolyte to the Ni nanoparticles or to the carbon nanomaterials, but this

last point is very difficult to assess.
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VI.3.2.2. CO:; electro-reduction to hydrocarbons.

All samples were tested as cathode in the CO:2 electro-catalytic
reduction reaction to hydrocarbons. The total hydrocarbons molar
production (hydrocarbons from C1 to C4) and faradaic efficiency (F.E) are

summarized in Table VI.5.

All materials have shown electro-catalytic activity, all of them have
been able to reduce CO:2 to hydrocarbons, even supports, which do not have
metal. However, surprisingly, JX-Ni1 series have not improved the activity
with respect to the supports, these six materials have almost produced the
same amount of hydrocarbons remaining in any case below 20 ppm. The
small differences between each other could be justified by the differences
in textural properties (Table VI.2). However, the reason why this series (JX-
Ni1) has not better activity than their corresponding supports is that in these
cases Ni is embedded into the carbon matrix in such a way metal phase is
not accessible to the electrolyte, so the CO2 dissolved cannot permeate to
the metal particles, as we have discussed in previous sections. On the other
side, these results show that the carbon nanomaterials doping does not
improve the electro-activity of the carbon xerogels in this reaction.
Moreover, only Ni phases, when these are clearly accessible to the

electrolyte, are really working well as active sites.

Therefore, the incipient Ni-impregnation leads to an improvement of
activity by over an order of magnitude regarding the total production of
hydrocarbons. It's worth recalling that these samples have the metal phase
mainly on the surface of the spheres so Nickel is completely exposed to the
electrolyte and so, to the CO2 dissolved. Thereby, the most active electro-
catalyst was JH-Ni2, the one doped with CNH, while the most efficient was
JT-Ni2, doped with CNT. These results are consistent with the fact that JT-
Ni2 possesses the largest amount of surface Ni while JH-Ni2 contents the
highest Ni total percentage in addition to being the most conductive

material.
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Table VL.5. Total production of hydrocarbons (ppm) and faradaic efficiency after

200 minutes.
Sample Nickel HC (ppm) Faradaic Efficiency (%)
J No 13 -
JT No 18 -
JH No 13 -
J-Nil yes 8 -
JT-Nil yes 11 -
JH-Ni1 yes 9 -
J-Ni2 yes 90 0.3
JT-Ni2 yes 91 0.6
JH-Ni2 yes 117 0.3

The apparent faradaic efficiency is in good agreement with data displayed
in Figure V1.8, nevertheless it should be noted that only hydrocarbons from
C1 to C4 were taken into consideration to calculate the F.E. but also

Hydrogen and Oxygen were produced and are not being considered.
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Figure VI.8. LSV at 5 mV/s of samples obtained by incipient Ni-impregnation in
0.1M KHCO3 saturated with CO..
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After analyzing the results, it was not found any trend between the
catalysts obtained by incipient impregnation (JX-Ni2 series) and their
respective supports (JX series), so the differences between each other
might be related with the Ni particle size [33] as well as its distribution and

accesibility on the surface of the spheres.

Figure VI.9a shows a clear trend for all materials, the selectivity to
hydrocarbons is always following C1 > C2 > C3 > C4, along the same line
than other catalysts based on Ni reported in bibliography [34]; besides,
methane is the main product detected. To end with, Figure VI.9b manifests
that selectivity remains constant during the reaction time once the kinetic

equilibrium has been achieved.
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Figure VI.9. Product distribution (%) in terms of selectivity for: a) JX-Ni2 samples
after 200 min; b) JH-Ni2 against the reaction time.

V1.4. Conclusions

Mesoporous carbon spheres doped with CNT or carbon CNH were
obtained by sol-gel synthesis through polycondensation of resorcinol and
formaldehyde. The addition of these carbon nanomaterials (nanotubes or
nanohorns) has not interfered with the polymerization process since
materials with similar properties have been obtained. However, the Ni

doping by the first method (during the gelation process) does affect the
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textural properties, especially the volume of mesopores, which bears a good
relationship with the spheres size, the bigger the sphere the higher the

mesoporous volume.

The presence of these nanomaterials substantially increases the
electrical conductivity and so the electrochemical measurements related
with this aspect have been clearly improved. All materials, even the metal-
free materials, present electro-catalytic activity in both reactions, oxygen
and carbon dioxide electro-reduction. While doping with carbon
nanomaterials clearly improve the electro-activity of carbon xerogels in ORR
even being good free-metal electro-catalysts, this doping does not improve
for themselves the electro-activity of carbon xerogels in CO2 reduction. On
the other hand, the presence of Ni phases enhances the electro-activity of
carbon xerogels in both reactions, however, in the case of CO2 reduction, a
good accessibility of Ni particles to the electrolyte not only is more relevant
but necessary. It should be remarked that these xerogels, all of them, have
very low contents of, both, carbon nanomaterials and Ni, however the
electro-catalytic results obtained in the best cases for each application are
enoughly good and they are in the same line that those available in the
literature based in carbon materials. Finally, the presence of mesopores in
the catalysts has been always shown as a positive factor in both electro-

reduction reactions.
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VII. 1 Introduction

Taking into account the energy and environmental crisis that we are
suffering nowadays, there is a growing interest in finding new sources of
energy that respect the environment, especially for applications in the
transport sector. The development of electric vehicles is nowadays one of
the most promising alternatives to replace the combustion engines.
Therefore, the production of electrical energy from chemical reactions
through the use of fuel cells is a really interesting field from the industrial
and fundamental research point of view [1-5]. The oxygen reduction
reaction (ORR) is the one that takes place at the cathode of a fuel cell. In
the literature published to date, several works can be found about the
synthesis and optimization of electro-catalytic materials for this reaction [6—
11].

Among them, the platinum-based electro-catalysts are the most
studied, since Pt is the most active metal for ORR However, the increase in
the price of platinum and other precious metals such as Pd or Ir makes it
more difficult to market the devices that contain them. This is the reason
why the non-precious metals electro-catalysts are more numerous and

more studied to reduce the costs of the fuel cells [7,12—14].

In this regard, tungsten-based electro-catalysts are showing great
interest recently [15-22]. For example, it has been suggested that tungsten
carbide can improve the activity and dispersion of supported Pt
[16,19,23,24]. Although some works that have developed electro-catalysts
based on tungsten carbide and doped with iron and nitrogen showed an
indirect pathway for ORR (2-electron pathway) [25], others have shown to
work four electrons pathway [18,21]. Fe / Co / WC @ NC hybrid catalysts
have also been synthesized, consisting of uniform FesC and CosC
nanoparticles encapsulated in graphitized carbon doped with nitrogen on
their surface, and in turn wrapped with a tungsten carbide (WC) in the form

of a plate that works as an efficient catalyst for oxygen reduction reaction
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(ORR) [26]. It was shown that the presence of WC promotes the ORR
activity of Fe/Co based electro-catalysts. The results suggest that this
composite exhibits an efficient electro-catalytic activity, a greater durability
and capacity for methanol tolerance in comparison with commercial Pt/ C
catalysts for ORR in alkaline medium. These results are similar to those
obtained with tungsten-cobalt carbides encapsulated in carbon (CoWC @
C) [27].

Finally, there are also previous works using carbon gels doped with
nitrogen as precursors of electro-catalysts based on tungsten carbide [22].
The obtaining results were close to those obtained with platinum catalyst in
alkaline media, and even improved the onset potential. It should be noted
that, in addition to the activity associated with tungsten carbide, the
presence of mesoporosity also increases the electro-catalytic activity of

these materials [18].

VIl.2 Experimental
VII.2.1 Synthesis of materials

VIl.2.1.1 Hydrothermal synthesis of polymer spheres

Polymeric nanospheres were obtained by sol-gel hydrothermal
synthesis using monomers of pyrocatechol and formaldehyde in an
ethanol:water aqueous solution and in the presence of ammonia. The
procedure carried out is an extension of the Stober method [28], specifically

following the procedure recently used by Moreno et. al [29].

Firstly, 0.212 g pirocatechol (P) were dissolved in 60 mL of a
water:EtOH solution (2.5:1 volume ratio), then, a NHs and formaldehyde (F)
solution was added, with the molar ratios NH3/P=1.5 and F/P=2. This
mixture was placed into a 100 mL capacity autoclave (Parr Instruments) and

located in an oven at 100 °C for 24 hours
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After 24 hours the precipitate was filtered, washed with ethanol and
the solvent was exchanged with acetone for 3 days, in which the acetone
was changed daily. Finally the material was dried under an IR lamp. The

organic gel spheres sample thus obtained, was named "S"

VII.2.1.2 Impregnation with the tungsten precursor.

The obtained organic gel spheres, S, were impregnated with a
ammonium tungstate solution, [(NH4)2(WOQa4)], by the incipient impregnation
method. The solution volume used was the porous VtoraL of S obtained by
mercury intrusion porosimetry. The impregnation was carried out with
solutions of ammonium tungstate of different concentration to obtain doped
spheres with 2%, 5% and 10% theoretical of W in the final carbon. To do
the calculation, a mass loss of 50% was assumed during the carbonization.

Once impregnated, they were dried under IR lamp overnight.

VII.2.1.3 Carbonization of the polymeric spheres and the
corresponding obtaining of the electro-catalysts.

Both, undoped (S) and doped ammonium tungstate (SW2, SW5 and
SW10) polymeric spheres were carbonized under nitrogen atmosphere in a
tubular oven at 900 °C with a heating rate of 2 °C/min. Once reached the
900 °C, this temperature was kept for 2 hours. CS, CSW2, CSW5 and

CSW10 samples were obtained following this procedure.

It should be noted that the presence of NHs in the synthesis, as well
as, the impregnation with ammonium tungstate predicts a functionalization

with nitrogen in these materials
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VIl.2.2 Electrochemical measurements

All the electrochemical measurements were carried out in a three
electrode cell using the corresponding sample supported on the tip of the

rotating disc electrode (RDE) as the working electrode.

Previously supporting every sample, the RDE tip, 0.071 cm? in area,

was carefully polished with 0.3 um grain size alumina powder.

To study the behaviour of materials in the absence and presence of
oxygen, firstly, N2 was bubbled through the electrolytic solution (KOH 0.1M)
until all the oxygen has been removed and a cyclic voltammetry (CV) was
performed from 0.4 V at -0.8 V with a sweeping rate of 50 mVs-! at 1000
rom. The same experiment was accomplished with the saturated oxygen

solution.

To study the mechanism and parameters of the ORR, linear sweep
voltametries (LSV) were performed with a potential sweeping speed of 5
mVs™' at different sweeping speeds from 500 rpm to 4000 rpm, and in every
cases the electrolytic solution is saturated with oxygen. The data of these
experiments were adjusted to the Koutecky-Levich equation to obtain the
number of electrons transferred, as well as the kinetic density current (jk)
and the ONSET potential, which the ORR starts.

VII.3 Results and Discussion

The analysis of the porosity and surface area of the materials was
achieved by physical adsorption of N2 at -196 °C. The results are presented
in Figure VII.1 and in Table VII.1 which includes the apparent surface area
(Seer), the micropores volume (Wo), the micropores average size (Lo), as
well as the total contents nitrogen and tungsten. Figure VII.1 shows how the
carbon spheres (SC) are non-microporous materials, and it can be deduced

the presence of a certain mesoporosity and/or interparticular spaces of the
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mesoporous order from their adsorption isotherm. On the other hand, all the
tungsten-coated spheres show Type | - Type IV hybrid isotherms, typical of
mesoporous solids but also with some adsorption at very low relative

pressures, P/Po, revealing the presence of micropores.

0.40
035 { ~*SC

—8—SCW2
—-SCW5
—A-SCW10

0.30 -
0.25
0.20
0.15
0.10
0.05
0.00

Vlig(cm?3/g)

P/P,

Figure VIL.1. N2>-adsorption isotherms

The development of the porosity and the surface area in the tungsten
spheres is probably due to the gasifying action of said metal during the
carbonization [30]. Thus, a higher tungsten content should produce more
gasification, as is clearly the case with samples SCW2 and SCWS5.
However, the SCW10 sample, although clearly more porous than the SC,
has not followed the suggested trend, which may be due either to an
extremely small particle size of W that causes a more attenuated
gasification activity or a worse dispersion of the metallic phase on the
surface of the sphere so that the gassing activity on the carbonaceous

phase would be given to a lesser extent.
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Table VII.1. Textural properties and total amount of W by TGA.

SBET Wo Lo WrToTAL-TGA

Sample
m2-g! cm3-g! nm (%)
S n.d. - - 0.0
SC 41 - - 0.0
SCW2 254 0.107 2.7 2.7
SCW5 374 0.165 1.5 5.6
SCW10 96 0.043 2.4 10.0

Regarding the morphology of these materials, the images of
scanning electron microscopy (SEM) and transmission electron microscopy
(TEM) clearly show that spheres with average sizes between 300 and 400
nm of diameter have been obtained (Figures VII.2 and VII.3), mostly
isolated, although partially fused aggregates are also observed, more
abundant in the case of the tungsten spheres than in the SC sample. The
presence of tungsten carbide particles has been detected in the tungsten
spheres, by SEM and EDX analysis (Figures VII.2 and VII.3). The red mark
in Fig. VII.2d indicates the exact point the EDX measurement. However, it
was also found the presence of tungsten oxide particles by TEM (Fig. VII.4)

and whose existence has been corroborated by XPS.

Figure VII.2. TEM and HRTEM images of SCW2
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Figure VII.3. SEM images a) SC; b) SCW5; c) SCW10 with ETD detector and
d) SCW10 with CBS detector
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Figure VIL.4. EDX analysis of the SCW10.
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Figure VII.5 TEM-HAADF and EDX mapping images of SCW5

Table VII.2. Surface chemical composition XPS.

Sample % Cxps % Oxps % Nxps % Wxes
SC 76.9 16.3 6.8 0
SCw2 92.3 4 1.5 2.2
SCW5 91.4 4 1.3 3.2
SCW10 83.4 4.9 1.6 10.1
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Tables VII.1 to VII.5 show chemical characterization data of the
materials. It should be noted the good adjustment of the metallic content
obtained with respect to the theoretically calculated (Table VII.1). On the
other hand, the high content in superficial N of the SC sample is very
remarkable, which reaches 7%, a really relevant fact taking into account the
high temperature of carbonization (900 °C) and the thermal lability of this
type of surface complexes [31]. On the other hand, when the organic gel
spheres impregnated with tungsten were carbonized, a decrease in both the
oxygen and nitrogen content relative to the SC material was clearly
produced, and in parallel to the gasification process. Even so, C-spheres
coated with tungsten also have a notable percentage of surface nitrogen,
around 1.5% by weight (Table VII.2). This surface nitrogen is part of different
functionalities or surface complexes of nitrogen (Table VII.3), type N-6 or
pyridinic, type N-Q or quaternary, or type N-X that would correspond to
pyridine nitrogen bound to oxygenated groups [32]. Figure VII.6 shows the

spectra deconvolution of the N1s region for the SC sample.

The N-Q type groups are the most numerous in all prepared
materials, exceeding in all cases 50% of the total surface nitrogen (Table
VII.3), meanwhile the remaining nitrogen content is distributed in two equal

parts between N-6 and NX groups.

Finally, Table VII.4 shows the surface tungsten species detected by XPS,
as well as the binding energies (E.L.) to which they have been detected. It
should be noted that % Wxeps is lower than the total obtained by TGA (Table
VII.1) in SCW2 and SCW5 samples, especially in the second one, which
would indicate a greater penetration of the metallic phase within the porous
structure of the developed material during gasification. However,this
phenomenon doesn't seem to be happening in the same way in SCW10

sample, which could justify the surface area results described above.
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Intensidad (c.p.s)

407 405 403 401 399 397 395
Energia de ligadura (E.L.)

Figure VIIL.6. Deconvoluted XPS spectra of the N+ region for the SC sample.

Table VII.3. Surface content of nitrogen complexes obtained by XPS, with the
corresponding binding.

Sample % Nxps total % N-6 % N-Q % N-X
SC 6.8 25 55 22
SCw2 1.5 18 66 16
SCW5 1.3 23 57 20
SCW10 1.6 25 53 22
E.L. (eV) N1s 398.5 401 402.5
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Table VII.4. Surface tungsten content obtained by XPS. The percentage of both
species are referred to the total.

Sample % Wxes total % WC % WO3
SC 0 - -
SCw2 2.2 44 56
SCW5 3.2 57 43
SCW10 10.1 68 32
E.L. (eV) W4t 32 35.7

In any case, Table VII.4 clearly shows that all materials doped with
tungsten have WC and WQOs on their external surface, as the SEM-EDX and
TEM-EDX advanced us. However, the presence of WC gradually increases
with the total content of tungsten, while that of WO3 decreases. Thus, while
in SCW2 sample, the presence of WC corresponds to 44% by weight of the
total tungsten, in the sample SCW10 the presence of WC is clearly the
majority with 68%. As an example, figure VII.7 shows the deconvolution of

the Was spectra of sample SCWS5.

Intensidad (c.p.s)

41 3é 3‘7 3‘5 3‘3 3‘1 29
Energia de ligadura (E.L.)

Figure VII.7. Deconvoluted XPS spectra of the W region for the SCW5 sample.
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Figure VII.8 shows the diffraction spectra of the materials. In all the
tungsten-coated spheres samples, the presence of WC and W2C has been
detected. In addition, there also appear to be W? in CSW5 sample.
However, the formation of WO3 hasn't been detected in any sample, which
suggests that this phase is composed of amorphous particles, or extremely
small particles that are not diffracting; the formation of WOs3 (detected by
XPS) would be related to a tungsten oxidation by exposing the samples to
the air, mainly from the W° phase, since the carbide phases are more stable

to spontaneous oxidation.
00 WC(2100363) O W,C(5910041) <+ WP°(9006487)

O oO oof o o 4+ 0 oo o O

—CS

—— A e

Intensidad (U.A)

\ B i, ——CSW10

15 20 25 30 35 40 45 50 55 60 65 70 75
20
Figure VII.12. XRD patterns of all samples and the corresponding signal for WC,
W.C and W? phases.

The average crystal sizes were obtained by applying the Scherrer
equation to the diffraction data (Table VII.5).

Table VII.5. Average crystal size obtained by XRD.

d (nm)
Sample
wC W,C we
CSw2 11.4 14.1 -
CSW5 12.2 13.6 18.1
CSwW10 7.1 - -
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Figure VII.13 shows the cyclic voltammetries (CVs) performed in
KOH 0.1 M, in absence of oxygen (blue) and saturated in Oz (red), in which,
it is observed the activity in the electro-reduction of O2 for all samples. After
the CVs, the LSV curves were obtained at different rotation speeds (Figure
VII.14), for all the samples. Data from the LSVs were fitted to the Koutecky-

Levich equation and the parameters obtained are collected in Table VII.6.

SC SCW2
0.10 - 0.1 -
0.00 - 0.00
-0.10 - 0.10 A
< -0.20 - T -020 4
£ T 020
= -0.30 A = -0.30 -
—C\/ - N2
-0.40 -0.40 + —CV 02
-0.50 A -0.50 +
060 " ) ) e 1.00 0.50 0.00 0.50
-1.00 -0.50 0.00 0.50 o e . :
E vs Ag/AgCl (V) Evs Ag/AgCl (V)
SCW5 SCW10
0.10 - 0.10 -
0.00 - 0.00 -
-0.10 1 -0.10 -
E -0.20 <
= £ -0.20 -
— -0.30 - =
-0.30 -
-0.40 A a—CV - N2 — CV-N2
-0.50 4 —CV-02 -0.40 - —CV-02
-0.60 . . \ -0.50 . . .
-1.00 -0.50 0.00 0.50 -1.00 -0.50 0.00 0.50
E vs Ag/AgCl (V) E vs Ag/AgCl (V)

Figure VII.13. Cyclic Voltagrams at 1000 rpm and 50 mV/s
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Figure VII.14. LSV curves for SC at different RDE rates (a), and LSV curves at

4000 rpm for all samples (b)

Table VII.6. Electrochemical parameters obtained from LSV curves

x* Eonser
Sample n*
mA-cm Vv
SC 3.51 6.31 -0.265
csw2 3.19 7.14 -0.253
CSW5 3.09 6.6 -0.243
CSw10 3.17 7.28 -0.241

* obtained at -0.8 V

All the calculated parameters, n, jx and Eonser are shown in Table
VII.6. As it can be observed, all the samples catalyze the oxygen electro-
reduction reaction through a mixed pathway of 2 and 4 electrons. But the
spheres with the highest nitrogen content (SC) tend, to a greater extent, to
carry out electro-catalysis by the 4 electrons pathway. However, they need
some optimization to advance on an exclusive electro-catalytic pathway.
This improvement in activity for the SC material is due to the high nitrogen

content, especially the quaternary nitrogen [33].
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The presence of tungsten on these spheres does not seem, a priori,
to improve the electro-catalytic behaviour, nevertheless it is worth
mentioning that the nitrogen content in these spheres is five times lower
than in SC sample, so that a certain positive effect must presuppose in
accordance with the results shown in Table VII.6. In addition, both current
and potential kinetic density values improve considerably with the presence
of tungsten. However, it is obvious that the clear synergetic effect that the
WC has with other electro-catalytic metals does not seem to have it in the

same extent with the superficial nitrogen complexes of these spheres.

VIl.4 Conclusions

In the present work, carbon nanospheres have been obtained by a
simple solvothermal method. These spheres stand out for the high nitrogen
content despite the high carbonization temperature. In addition, during this
carbonization process, tungsten carbide was generated, in those cases in
which a tungsten precursor was added, thus obtaining carbon spheres

doped with nitrogen and coated with CW.

The presence of tungsten during the carbonization produced the
partial gasification of the spheres favouring the development of the porosity

and the surface area.

Finally, all the prepared materials in this work carried out the oxygen
electro-reduction of by a mixed pathway of 2 and 4 electrons, highlighting

the CS spheres thanks to their high nitrogen content.
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Capitulo VII

En la presente Tesis Doctoral se han preparado materiales
avanzados basados en carbono a partir de diferentes tipos de polimeros
organicos. Los polimeros utilizados han sido, por una parte, residuos
plasticos urbanos cuya composicion principal es polietiieno de baja
densidad (LDPE), asi como LDPE comercial de alta pureza. Por otra parte,
se han sintetizado polimeros, o geles organicos, a partir de monémeros del
tipo bencenodiol-formaldehido mediante distintos métodos como
precursores de diferentes materiales avanzados de carbono. Parte de estos
materiales se han dopado con metales de transicion, Fe, Co, Ni, W, y/o
con nanotubos o0 nanoconos de carbono.

Por un lado, se ha estudiado como afecta el método de preparacion
de los materiales y el contenido dopante de los mismos en sus
caracteristicas quimico-fisicas, y finalmente, todos estos materiales se han
utilizado como electro-catalizadores para la reduccion de oxigeno y/o

dioxido de carbono.

En funcion del tipo de pirdlisis se ha determinado que la
carbonizacion de LDPE en un reactor cerrado da lugar a densas
microesferas con alto grado de grafitizacion, lo cual fue puesto de
manifiesto tanto por espectroscopia Raman como por Difraccion de Rayos-
X. Se ha observado que estas microesferas se han producido como
consecuencia de la presion autdgena del proceso, ya que, la pirdlisis de
LDPE en una celda abierta (en la cual no se ha generado presion) no dio
lugar a materiales esféricos. Por otro lado, el dopado durante el proceso de
sintesis de los geles organicos con los metales de transicion Fe, Co y Ni
afectd a la morfologia de material sintetizado, aunque bien es cierto que en
distinta medida. Asi, se han formado nanofibras de carbono en presencia
de los tres metales, pero con mayor tamafio en el caso del dopado con
cobalto, habiendo obtenido materiales compuestos carbono-nanofibras en

todos los casos.
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Los materiales obtenidos a partir de residuos plasticos han
manifestado actividad electro-catalitica en la reaccidn de electro-reduccion
de dioxido de carbono y se han obtenido en todos los casos (con Fe, Co o
Ni) hidrocarburos ligeros de 1 a 4 atomos de carbono. Entre ellos, destaca
el cobalto por presentar la mayor selectividad hacia hidrocarburos de tipo
Cs.

Por otra parte, las microesferas obtenidas a alta presién presentan
excelente actividad en la reaccion de electro-reduccion de oxigeno. Se
observa el efecto sinérgico de las fases carbono-metal, mejorando en todos
los casos los parametros de densidad de corriente cinética y el potencial de
comienzo de la reaccion. En este caso, destacan los materiales dopados
con Fe por ser capaces de transferir 4 electrones, y con cobalto, que pese
a no alcanzar una transferencia de 4 electrones, su intercambio es mas

constante durante los potenciales aplicados.

En cuanto a los materiales obtenidos a partir de la policondensacion
de resorcinol/pirocatecol con formaldehido, hemos logrado obtener esferas
de carbono de tamafio nanométrico. Se desarrollé elevada area superficial
y gran volumen de mesoporos cuando se realizd la condensacion de
resorcinol con formaldehido por el método de emulsién inversa. Ademas,
se puso de manifiesto la influencia del dopado con nanotubos y nanoconos,
asi como el dopado, o simplemente posterior impregnacion, con Ni. Estos
materiales se utilizaron como catodo en las reacciones de electro-reduccion
de CO2 y electro-reduccion de oxigeno obteniendo resultados muy
interesantes. Se observa que la presencia de nanomateriales mejora la
conductividad del material y por lo tanto mejora la actividad electro-
catalitica. La presencia de Ni mejora considerablemente la actividad,
sobretodo, cuando el niquel se encuentra en la superficie de las esferas al

depositarlo mediante impregnacion incipiente.

Finalmente, mediante sintesis solvotermal y posterior carbonizacién

se obtuvieron esferas de carbono no microporosas dopadas con un elevado
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contenido de nitrégeno. El recubrimiento de las esferas de gel organico con
wolframio y su posterior carbonizacion produjo un claro desarrollo de la
microporosidad debido a un efecto de gasificacién catalizado por este
metal, mientras que se redujo el contenido de nitrégeno superficial. De este
modo, se obtuvieron esferas recubiertas con las fases de o6xido de
wolframio y carburo, incluidos los carburos WC y W2C, con tamanos de
cristal inferiores a 20 nm. Cabe destacar que también se ha detectado la
presencia de particulas de wolframio con aspecto filamentoso
homogéneamente distribuidas por la superficie de las esferas. Todos estos
materiales fueron capaces de reducir al oxigeno mediante una via mixta de
2-4 electrones, incluso las esferas sin recubrimiento de wolframio. La
presencia de wolframio, a priori, parece no influir notablemente en la
actividad electro-catalitica. Sin embargo, no se puede obviar el hecho de
que el dopado con wolframio produce una clara disminucién del contenido
en complejos superficiales nitrégeno, siendo estos reconocidos como
importantes inductores de actividad en ORR, por tanto, no se puede
descartar un efecto promotor del W sobre la actividad electro-catalitica de

estos materiales en ORR
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