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C: Carbono

0D, 1D, 2D, 3D: Dimensién 0, 1, 2 y 3

GICs: Compuestos Intercalados del Grafito

SiC: Carburo de Silicio

IUPAC: International Union of Pure and Applied Chemistry
Si02: Oxido de silicio

CVD: Deposicion Quimica en fase Vapor (Chemical Vapor Deposition)
FET: Transistores de Efecto de Campo

Ni: Niquel

Fe: Hierro

Pd: Paladio

Ru: Rutenio

Ir: Iridio

Cu: Cobre

Co: Cobalto

Pt: Platino

G: Grafito

GrO: Oxido de grafito

GO: Oxido de grafeno

TEM: Transmision Electronica de alta Resolucion
C/O: Relacion carbono/oxigeno

NOz2: Dioxido de nitrogeno

N204: Tetradxido de nitrégeno

ClOz2: Diéxido de cloro

NaNOs: Nitrato sodico

ADN: Acido desoxirribonucleico
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VIH: Virus de la inmunodeficiencia humana
HNOs: Acido nitrico

KCl1Os: Clorato de potasio
H2S0:: Acido sulftarico

KMnOs: Permanganato potasico
P20s: Anhidrido fosférico
K25:03: Persulfato potasico
HsPOu: Acido fosférico

RGrO: Oxido de grafito reducido
RGO: Oxido de grafeno reducido
PVP: Polivinilpirrolidona

CHa: Metano

FeCls: Tricloruro de hierro

HEF: Acido fluorhidrico

Na2COs: Carbonato sodico

H:0:2: Agua oxigenada

HCI: Acido clorhidrico
CH5CH:0H: Etanol

C2H;O: Eter dietilico seco
N:HsO: Hidracina monohidratada
CsHsOs: Acido ascérbico
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Nz: Nitrégeno
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v/v: volumen/volumen

°C: Grado centigrado

Nml/min: Normal mililitro minuto

NI/min: Normal litro minuto

PET: Tereftalato de polietileno

g: gramos

ml: mililitros

Mn207: Oxido de manganeso (VII)
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SEM: Microscopia Electronica de Barrido
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FTIR: Espectroscopia Infrarroja de la Transformada de Fourier
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Resumen

La presente tesis doctoral, desarrollada en el Departamento de
Ingenieria Quimica de la Universidad de Castilla-La Mancha y
financiada por Graphenano S.L. a través de los contratos UCTR120087
y UCTR160177, forma parte de un amplio programa de investigacion
orientado a la preparacion de nanomateriales carbonosos. Precisamente,
el grupo de Catdlisis y Materiales de dicho departamento posee una
amplia experiencia en este ambito del conocimiento. En el afio 2002 se
inicié la primera tesis doctoral relacionada con la preparacion de
nanofibras de carbono. En posteriores investigaciones, se continu6 con
la preparacion de nanotubos y nanoesferas de carbono y carbono-
nitrégeno, asi como el posterior uso de todos estos nanomateriales en
diferentes aplicaciones. Hasta el momento, se han completado cinco
tesis doctorales, excluyendo la presente, de las que se han derivado mas

de 30 articulos en revistas indexadas.

Con la presente tesis doctoral se inicio el estudio de los procesos de
sintesis de grafeno y de otros nanomateriales relacionados con éste
(especialmente o0xido de grafito y 6xido de grafeno reducido). Este
material, ha recibido una considerable atencién en los Gltimos anos tras
la concesién, en 2010, del Premio Nobel de Fisica a Andre Geim y

Konstantin Novovselov por su descubrimiento.

Desde que Richard Feynmman, en el afio 1959, introdujera el concepto
de nanotecnologia (ciencia que se dedica al disefio y manipulacion de la
materia a nivel atdbmico o molecular), este ambito del conocimiento se
ha desarrollado de forma exponencial, principalmente en los ultimos
anos, llegando a su ctspide con el descubrimiento de los nanotubos de
carbono y el grafeno.

El grafeno se define como un material carbonoso con un solo atomo de
espesor, cuyos atomos estan unidos mediante enlaces sp? y
empaquetados en una estructura hexagonal. El carbono es un elemento
fascinante pues aun siendo uno de los materiales mas comunes de la

naturaleza, la forma en que se conecta con otros atomos da lugar a muy




Resumen

diversos materiales. Asi, empaquetado densamente en una estructura
tridimensional forma diamante, mientras que cuando se organiza en

capas bidimensionales débilmente unidas forma grafito.

Hasta hace apenas 12 afios se pensaba que, si se conseguia aislar una
lamina individual de grafito, ésta tendria tal cantidad defectos que seria
inestable a temperatura ambiente. Este hecho fue rebatido en el afio 2004
por los fisicos Andre Geim y Konstantin Novoselov al conseguir aislar
una lamina individual de grafito utilizando el método de la cinta
Scoth®, que consiste en adherir una porcién de dicha cinta sobre una
muestra de grafito separando de esta manera las laminas mas
superficiales del mismo. Repitiendo de forma indefinida el proceso
sobre las laminas liberadas, se puede llegar a aislar ldminas individuales

de un dtomo de espesor, conocidas como grafeno.

El grafeno presenta unas propiedades excepcionales como son su
elevada conductividad térmica y eléctrica, elasticidad, resistencia y
ligereza. Estas extraordinarias propiedades permiten que el grafeno
pueda usarse en la manufactura de elementos esenciales, de uso
cotidiano como ordenadores, coches, teléfonos moviles, elementos

constructivos y pinturas.

Dentro de la familia de los nanomateriales relacionados con el grafeno
destaca el 0xido de grafeno, que puede definirse como una ldmina de
grafeno funcionalizada con distintos grupos oxigenados. Este
nanomaterial puede emplearse como precursor en la produccién de
grafeno o como un nanomaterial individual, presentando propiedades
como su elevada conductividad eléctrica y flexibilidad, alta resistencia
a la fractura y cardcter antibacteriano. Estas propiedades hacen del
oxido de grafeno un material excelente con multiples aplicaciones que
van desde el campo de la construccion hasta el de biomedicina, pasando
por el tratamiento de aguas o la industria alimentaria. La reduccion o
eliminacion parcial de los grupos oxigenados presentes en la estructura

del 6xido de grafeno da lugar a un nuevo nanomaterial, el 6xido de

10



Resumen

grafeno reducido que, debido a sus propiedades, intermedias entre las

del 6xido de grafeno y el grafeno, permite su aplicacion en campos tan

diferentes como la fabricacion de anodos o de aptasensores.

Teniendo en cuenta lo expuesto anteriormente, se plante6 una

investigacion centrada en la sintesis y caracterizacion de nanomateriales

basados en grafeno. Con tal fin, la investigacion desarrollada se centro

en los siguientes objetivos:

O

Revision bibliografica para conocer los antecedentes mas

relevantes de la sintesis de grafeno.

Disenio y puesta a punto de una instalacion experimental con la
que sintetizar grafeno mediante el método CVD a escala de

laboratorio.

Disefio y puesta a punto de una instalacion experimental a escala
de laboratorio para sintetizar 6xido de grafito y dxido de

grafeno.

Disefio y puesta a punto de una instalacion experimental para

sintetizar, a escala de laboratorio, 6xido de grafeno reducido.

Optimizacion de las técnicas de caracterizacion, ya existentes en
el laboratorio, y puesta a punto de otras nuevas para el estudio

de las propiedades de los nanomateriales basados en grafeno.

Estudio de la influencia de las variables de operacion que
repercuten en la sintesis de grafeno mediante el método de

Deposicion Quimica en fase Vapor.

Estudio de distintos sustratos cataliticos en la sintesis de grafeno

(cobre, niquel y hierro).

Transferencia del grafeno sintetizado por el método de
Deposicion en fase Vapor sobre cobre a substratos arbitrarios

usando nuevos agentes quimicos.

11
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© Estudio de la optimizacién de las variables de operacion que

repercuten en la sintesis de 6xido de grafeno.

© Estudio de diferentes métodos de reduccion de dxido de grafeno

(quimica, térmica y multiples fases).

La presente tesis doctoral, abarca el estudio de la sintesis y
caracterizacion de grafeno siguiendo dos estrategias diferentes: la
estrategia Bottom-Up, en la que se parte de moléculas gaseosas de
hidrocarburo para sintetizar ldminas de grafeno sobre un metal, y la
estrategia Top Down en la que se usa grafito como materia prima para

sintetizar materiales derivados del grafeno (en polvo o en suspension).

En primer lugar, se optimizaron las principales variables de operacién
que influyen sobre la sintesis de grafeno mediante el método de
Deposicion Quimica en fase Vapor (CVD) a presion atmosférica. Para
ello se wusaron diferentes metales de transicion (Ni, Cu, Fe)
policristalinos como catalizadores, metano (CHs) como fuente
carbonosa, hidrogeno (Hz) como gas reductor, y nitrégeno (N2) como
gas inerte. Las variables de operacion estudiadas fueron: temperatura,
tiempo, relacion entre los caudales de metano e hidrdgeno y caudal total
de gases (CHstHb2), todas ellas durante la etapa de reaccion. Para una
exhaustiva caracterizacion de las muestras de grafeno obtenidas se
utilizaron tanto la espectroscopia Raman como la microscopia optica.
Ademas, se disenid una aplicacion Excel-VBA para analizar la calidad
del grafeno depositado sobre las ldminas metdlicas que, basandose en
las imagenes obtenidas por microscopia Optica, permitia calcular el
porcentaje de cada uno de los tipos de grafeno (monocapa, bicapa, pocas
capas o multicapa) depositados sobre el -catalizador metdlico,
determinando un ”pardmetro de calidad” en funcion de dichos

porcentajes.

La sintesis de grafeno por el método CVD se llevé a cabo, en primer

lugar, usando cobre policristalino como catalizador. El cobre es un metal
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con una baja solubilidad al carbdn, lo cual repercute en el mecanismo
de crecimiento que experimenta el grafeno sobre dicho metal. En la
sintesis de grafeno en metales con baja solubilidad al carbdn, el
mecanismo de crecimiento ocurre de manera superficial, en lo que se
conoce como “self-limited surface deposition growth”. La superficie
metalica caliente actia como catalizador, consiguiendo la
descomposicion térmica de los hidrocarburos en la superficie del
mismo. Tras la sintesis de grafeno sobre cobre, se pudo comprobar que
la lamina de grafeno obtenida no era homogénea, estando
aproximadamente el 81% de la superficie del metal cubierta por grafeno
multicapa. Sin embargo, a medida que se optimizaban las variables de
operacion se obtuvo un grafeno de mayor calidad, reduciendo el
porcentaje de grafeno multicapa sobre la 1dmina hasta alrededor de un
11% y recubriendo aproximadamente la mitad de la lamina (56%) por
grafeno bicapa. Las condiciones de operacion dptimas usando cobre
policristalino como catalizador fueron: 1050°C, 10 minutos de reaccion,
relacién CHs/Hz de 0.07 v/v y caudal total de gases (CH4++Hz) durante la
etapa de reaccién de 60 Nml/min.

Determinadas aplicaciones como las relacionadas con la telefonia mévil
o tablets, requieren transferir el grafeno desde la ldmina metdlica a
determinados substratos, como plastico o cristal. Por esta razdn, una vez
optimizadas las variables de operacion, se llevd a cabo la transferencia
del grafeno depositado sobre cobre a una oblea PET y, posteriormente,
a un substrato arbitrario, en este caso, una placa de microscopio dptico.
Para ello, ademas del agente quimico mas usado en bibliografia (FeCls),
se estudiaron dos nuevos agentes quimicos, que no contaminan ni
ensucian la lamina de grafeno: HF: 2Na:COs-3H:20: (4:1) y H202
(30%p./v.):agua regia (1IHNOs:3HCI):H20 (1:1:2). De los tres agentes
quimicos estudiados, el que presentd mejor resultado fue el H20:
(30%p./v.): agua Regia (1IHNOs:3HCI): H20 (1:1:2) consiguiéndose una
transferencia rapida (apenas unos segundos) y limpia del grafeno que,

a su vez, puede ser usado en diferentes aplicaciones.
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A continuacion, y con el objetivo de sintetizar grafeno monocapa, se
llevé a cabo la optimizacion de las principales variables de operacion
que influyen sobre la sintesis de grafeno mediante el método CVD
utilizando niquel policristalino como catalizador. En el caso de los
metales con alta solubilidad al carbon, como el niquel, tiene lugar un
mecanismo de crecimiento de segregacidn superficial, conocido como
“surface segregation growth mechanism”. En este caso, los atomos de
carbono se disuelven en el interior del catalizador y, cuando éste
comienza a enfriarse, estos atomos segregan desde el interior a la
superficie del metal formando las laminas de grafeno. Se estudi6 en
detalle la influencia de la temperatura, la relaciéon de los caudales
CHa/H., el caudal total de gases (CHs+H:) y el tiempo durante la etapa
de reaccion. De nuevo, las principales técnicas empleadas para la
caracterizacion del grafeno obtenido fueron la microscopia optica y la
espectroscopia Raman. A medida que se optimizaban las diferentes
variables de operacién y teniendo en cuenta los valores del “pardmetro
de calidad” obtenidos con la aplicacion Excel-VBA, aumentaba el
porcentaje de grafeno monocapa sobre la lamina, disminuyendo el
porcentaje de grafeno multicapa. La muestra éptima, en la cual el 80 %
de lalamina estaba recubierta por grafeno monocapa, se obtuvo a 980°C,
una relacion entre caudales CHs/H2: de 0,07 v/v y un caudal total de

gases de 80 Nml/min para un tiempo reaccion de 60 segundos.

El estudio anterior demostrd la viabilidad de sintetizar grafeno
monocapa sobre metales con elevada solubilidad al carbén. Por ello, y
con el objetivo de disminuir los costes de produccion, se llevé a cabo un
estudio similar a los anteriores pero utilizando hierro policristalino
como metal catalitico. El hierro, al igual que el niquel, es un metal de
elevada solubilidad al carbén, pero mucho mas barato. Los resultados
obtenidos demostraron que las condiciones dptimas de operacion, es
decir, aquellas en las que se maximiza el porcentaje de grafeno
monocapa sobre la ldmina de hierro policristalina, fueron: 1025°C, una
relaciéon CHs/Hzde 0.25 v/v y caudal total de gases (CHst+Hz) de 80
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Nml/min para un tiempo de reaccion de 7 min. En estas condiciones, el

62,4 % de la lamina quedo recubierta por grafeno monocapa.

A continuacion, se llevo a cabo la sintesis y caracterizacion de materiales
derivados del grafeno siguiendo la estrategia Top Down. En primer lugar
se sintetizo dxido de grafito mediante el método de Hummers Mejorado, el
cual se intent6 optimizar introduciendo determinados cambios que no
afectaran significativamente al producto final. Se selecciond dicho
método por ser el que mayor rendimiento presenta y con el que se
obtiene un producto final menos defectuoso. La optimizacion del
proceso de sintesis de oxido de grafito por el método de Hummers
Mejorado logré disminuir el tiempo de oxidacién de 12 a 3 horas,
eliminar la etapa de coagulacion y reducir a la mitad las etapas de
lavado. Ademads, se suprimié el uso de HsPOs durante la etapa de
oxidacion y se logrd incrementar hasta cinco veces la produccion de
oxido de grafito por tanda. El material final obtenido presentd unas
caracteristicas y propiedades muy similares al obtenido mediante el
método de Hummers Mejorado sin optimizar, es decir, el descrito en
bibliografia, pero con la ventaja de que se redujeron considerablemente

los costes de produccion.

Por ultimo, se llevd a cabo un estudio en el que se compararon tres
estrategias de reduccion de 6xido de grafeno diferentes. En primer lugar
se estudio la reduccion quimica de los grupos oxigenados presentes en la
estructura del 6xido de grafeno utilizando hidracina o acido ascérbico
como agentes reductores. La hidracina es el agente reductor mas
utilizado debido a su elevada eficacia pero posee el inconveniente de ser
toxico y danino para el medio ambiente. El 4cido ascérbico, mas
conocido como vitamina C, es completamente inocuo y respetuoso con
el medioambiente, pero presenta una efectividad menor que la
hidracina. Como era de esperar, los resultados obtenidos pusieron de
manifiesto el elevado poder reductor de la hidracina, con la que se

consiguid eliminar un mayor porcentaje de grupos oxigenados de la
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estructura del oxido de grafeno. A continuacion, se llevé a cabo la
reduccion o eliminacion parcial de los grupos funcionales oxigenados
presentes en el 6xido de grafito mediante un tratamiento térmico suave
(T <300°C), conocido como reduccion térmica. Los resultados obtenidos
pusieron de manifiesto la eficacia y sencillez del método térmico, con
tasas de reduccion de grupos oxigenados similares a las obtenidas con

el método de reduccion quimico.

Por ultimo, y con la finalidad de incrementar el grado de reduccion de
grupos oxigenados, se siguid una estrategia de reduccion basada en la
combinacién de las dos anteriores, conocida como reduccién multiples
fases, que se basa en la reduccion térmica del 0xido de grafito seguida

de una reduccién quimica con hidracina o acido ascorbico.

De las tres estrategias de reduccion estudiadas, la reduccion basada en
multiples fases usando acido ascérbico como agente reductor mostro la
mayor efectividad, reduciendo hasta en un 27% los grupos oxigenados
presentes en el 0xido de grafito y obteniendo un material con una
estructura y unas caracteristicas similares a las obtenidas usando una

Unica estrategia de reduccion.
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Introduccion

1.1. Carbono

El Carbono es un elemento quimico, solido a temperatura ambiente, de
numero atémico 6 y simbolo C. Dependiendo de las condiciones de
sintesis durante su crecimiento, este elemento puede encontrarse en la

naturaleza en diferentes formas alotropicas [1].

Entre las diferentes formas alotropicas del carbono se encuentran el
material mas blando y el mas duro conocido en la naturaleza: grafito y
diamante, respectivamente. Ambos materiales estan formados por
enlaces C-C, aunque son muy diferentes entre si. El grafito (Figura
1.1.a.) es un material opaco y extremadamente blando, con brillo
metalico. Es un excelente conductor de la electricidad. Sus atomos estan
empaquetados en una estructura hexagonal; poseen hibridacion sp? y
estan unidos mediante fuerzas de Van de Waals. Por otro lado, el
diamante (Figura 1.1.b.) es un material semitransparente, de elevada
dureza y aislante. La estructura de éste material presenta una
disposicion de atomos con hibridacion sp?, unidos en una red

tetraédrica.

Recientemente, se han conocido nuevos alétropos del carbono, como los
fullerenos (Figura 1.1.c.), descubiertos en 1985 por Curl, Kroto y
Smalley. Los fullerenos presentan una estructura esférica cerrada
compuesta por atomos de carbono que, a su vez, estan conectados a
otros tres atomos de carbono. Esta estructura, por lo tanto, estd
configurada por 20 hexdgonos y 12 pentdgonos coincidentes en 60

puntos.

Otros aldtropos del carbono, descubiertos recientemente, son las
nanoestructuras de carbono, como los nanotubos de carbono (Figura
1.1.d.), las nanofibras de carbono (Figura 1.1.e.) y las nanoesferas de
carbono. Las similitudes entre los nanotubos y las nanofibras de
carbono hacen dificil diferenciarlos a priori. Estos materiales tienen en

comun su naturaleza grafitica, estando ambos formados por una red
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hexagonal de atomos de carbono unidos mediante hibridaciones sp2.
Por esta razon, las nanofibras y los nanotubos de carbono comparten
numerosas propiedades fisicas y quimicas. Probablemente, la principal
diferencia entre ambos radique en su estructura tridimensional ya que
las nanofibras de carbono presentan planos discontinuos que se
originan en los bordes de grano de las fibras. Este hecho no se observa
en los nanotubos de carbono. En estos ultimos se pueden diferenciar
laminas concéntricas de grafeno a lo largo de un eje, configurando una
estructura continua [2]. Las nanoesferas de carbono también presentan
estructura grafitica, con una porosidad muy baja y un area superficial
moderada, consecuencia de su geometria esférica [3]. Las nanoesferas
de carbono presentan una alta actividad quimica superficial,
directamente relacionada con su estructura. En este aldtropo del
carbono, las hojas de grafeno que componen la estructura estdn

normalmente abiertas, dejando muchos huecos abiertos en los extremos

[4].

El ultimo alétropo del carbono descubierto hasta el momento es el
grafeno (Figura 1.1.f.), el cual estd formado por una red bidimensional
de atomos de carbono que presentan hibridacion sp? que estan

empaquetados en una red cristalina con forma de panal de abejas [5].

d)

Figura 1.1. Alétropos del carbono: a) Grafito, b) Diamante, c) Fullereno, d) Nanotubo

de Carbono, e) Nanofibra de Carbono f) Grafeno.
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1.2. Grafeno
1.2.1. Definicion del grafeno

El grafeno es un alétropo del carbono de un sélo atomo de espesor [6],
cuya estructura estd compuesta por una tnica ldmina plana en la cual
los 4tomos de carbono presentan hibridacion sp? y donde cada atomo
estd unido mediante un enlace covalente a otros tres atomos de carbono
(Figura 1.2.). Estos, se encuentran densamente empaquetados en una
red cristalina en forma de estructura hexagonal de dos dimensiones

(2D) compuesta, a su vez, de 2 subredes triangulares superpuestas [7].

Al ser un cristal bidimensional, cada d&tomo de carbono es accesible por
ambos lados, lo que supone una mayor interaccion con las moléculas

que le rodean [8].

Figura 1.2. Estructura del grafeno.

En el grafeno, cada atomo de carbono se une a otros tres mediante
fuertes enlaces covalentes tipo o, los cuales dan lugar a su estructura
hexagonal [9]. El enlace tipo 7, perpendicular al plano, proporciona una
interaccion débil entre las diferentes capas de grafeno y es el causante

de sus peculiares propiedades electronicas.

El término grafeno se utiliza para hacer referencia a un material

formado por pocas laminas, desde una hasta diez lJdaminas superpuestas.
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Las propiedades del mismo variardn en funcion de su dimension [6].
Tomando como base diferenciadora el numero de laminas, el grafeno
puede ser clasificado en cuatro tipos: monocapa, bicapa, pocas capas
(cuando se presentan de 3 a 4 capas) y multicapa (cuando éste esta

constituido por 5 0 mas capas, hasta 10).

Esta estructura monoatdomica, compuesta de anillos de benceno
desprovistos de sus atomos de hidrdégeno, se considera la base para el
entendimiento de las propiedades de otros alotropos de carbono [10], y
se puede considerar como el constituyente basico de otras sustancias
grafiticas. Asi, si se envolviera en forma de bola proporcionaria
fullerenos; si lo hiciera cilindricamente originaria nanotubos; si se
superpusiera tridimensionalmente daria lugar a grafito como se

muestra en la Figura 1.3. [6].

El nombre grafeno, graphene en inglés, es una combinacion de la palabra
grafito y el sufijo —ene. Este término aparecié por primera vez en el afio
1987 [11] para describir ldminas individuales de grafito como
constituyente fundamental de los compuestos intercalados del grafito
(GICs). Este término también se uso en las primeras descripciones de los
nanotubos de carbono [12] asi como en las del grafeno epitaxial [13] y

en las de los hidrocarbonos policiclicos aromaticos [14].
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Fullereno Nanotubo Grafito

Figura 1.3. Estructuras derivadas del grafeno: fullereno (0D), nanotubo de carbono
(1D) y grafito (3D) [6].

1.2.2. Historia del grafeno

El grafeno es uno de los materiales mas ampliamente investigados
actualmente y estd considerado, por las peculiares propiedades que

presenta, como un material fascinante [6].

Diversos investigadores han trabajado durante afios en el estudio del
grafeno y sus derivados. Las investigaciones mas pioneras las llevo a
cabo Brodie en el afio 1860, quién sintetiz6 dxido de grafito [15]. Mas
tarde, Staudenmaier, en el afio 1898, propuso una mejora del método de
Brodie mediante la adicién de un nuevo oxidante (clorato potdsico) y la
acidificacion de la mezcla con acidos concentrados [16]. Décadas
después (1958), Hummers y sus colaboradores desarrollaron un método
completamente diferente para la sintesis de 6xido de grafeno, mas
respetuoso con el medio ambiente y en el que se conseguia un mayor
grado de oxidacién del producto. Afios después se han desarrollado
diversas modificaciones de éste método, con la finalidad de obtener una

mayor oxidacion [17].
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Tanto el enlace quimico como la estructura del grafeno se describieron
durante la década de 1930, aunque el primer estudio de la estructura
electrénica de bandas lo realizo el tedrico canadiense P. R. Wallace, en
1947, como punto de partida para entender las propiedades electrénicas
del grafito 3D. Sin embargo, no se indagd en su estudio durante las
décadas posteriores ya que se pensaba que se trataba de un material
termodindmicamente inestable, debido a las fluctuaciones térmicas que

podian destruir el orden del cristal, provocando la fusion del mismo.

En el afio 1962 Boehm y sus colaboradores utilizaron por primera vez el
término “grafeno”, en la revista alemana Z. Naturforsch, para referirse
al grafito exfoliado quimicamente, proceso por el cual se separan las
laminas de grafito en presencia de acidos fuertes, generando asi “el
material mds delgado que existe”. Ese mismo afo, este equipo de
investigacion, logro la sintesis de 6xido de grafeno reducido mediante

la reduccion térmica y quimica de éxido de grafeno [18].

El primer tratamiento térmico usado para sintetizar grafeno se realizd
en el afno 1975, sublimando carburo de silicio (SiC) a 800°C [19]. Este
método es conocido como crecimiento epitaxial de grafeno sobre SiC.
En esa misma década se investigd el crecimiento epitaxial de grafeno
sobre la superficie de otros materiales [20]. A raiz de estas
investigaciones, se han realizado numerosos esfuerzos para crear
laminas finas de grafito por exfoliacién mecanica, (empezando en 1990
y hasta 2004) aunque no se consiguié nada mas fino que un material con

un grosor de 50-100 1aminas [21].

En los afios 80 se descubrieron los nanotubos de carbono (grafeno
enrollado), material que comparte numerosas propiedades con el

grafeno, que resulta ser de gran interés en diversas aplicaciones [22].

En afios posteriores, se observaron laminas individuales de grafeno
directamente a través del microscopio electronico [23]. El término

grafeno fue usado por primera vez en el afio 1987 por Boehm y sus
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colaboradores [11] para describir laminas individuales de grafito, como
constituyentes de los compuestos de intercalacion del grafito (GICs).
Oficialmente, la IUPAC formaliz6 la definicién de grafeno en el afio
1997 [24].

En el ano 1999, Ruoff y sus colaboradores lograron la exfoliacion
micromecdnica del grafito obteniendo laminas finas del mismo [25].
Este hecho fue la base de las investigaciones realizadas en la
Universidad de Manchester por Andre Geim y Kostya
Novoselov quienes en el afio 2004 lograron extraer grafeno de un atomo
de espesor a partir de grafito a granel. Los investigadores consiguieron
separar las diferentes capas de grafeno mediante el proceso de escisién
micromecdnica o técnica de la cinta Scotch® y las transfirieron sobre una
superficie SiO, [8]. Este método permitio observar directamente y por
primera vez (afio 2005) el comportamiento del efecto Hall cudntico
anomalo del grafeno ademas de otras propiedades electrénicas [26, 27].
Este comportamiento anémalo fue confirmado el mismo afo por la
pareja de investigadores constituida por Philip Kim y Yuanbo Zhang
[27].

Durante los afios posteriores se investigaron nuevas técnicas para
sintetizar grafeno. Por ejemplo, en el ano 2006 se iniciaron las primeras
investigaciones para sintetizar grafeno por el método de Deposicion
Quimica en fase Vapor (CVD) [28].

Debido a la importancia que ha adquirido este material, en el afio 2010,
la Real Academia de las Ciencias de Suecia decidio galardonar a Andre
Geim y Kostya Novoselov con el premio Nobel de fisica por sus

investigaciones [29].

En 2013, la industria y la academia unieron sus fuerzas para
concentrarse en la investigacion del grafeno en lo que se conoce como la

iniciativa Graphene Flagship, que se concedidé aprovechando una
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convocatoria de la Comisién Europea para hacer frente a los grandes

retos de la ciencia y la tecnologia [30].

La Figura 1.4. muestra una linea del tiempo que resume los

descubrimientos y avances mas relevantes del grafeno citados

anteriormente:

Van Bommery
colaboradores

Boehm y colaboradores
recomiendan el uso del

término “grafeno” para
describir laminas
individuales de grafito [12].

Ruoffy colaboradores
exfolian grafito

Se observael
comportamiento del efecto

Hall cuéntico anémalo del
grafeno [26, 27].

preparan grafito micromecanicamente ) . .
monocapa en finas lAminas Primeras investigaciones
sublimando el compuestas de de grafeno§|ntet|zado
silicio del SiC [20]. mdltiples laminas de por el método de

Sintesis de oxido de

grafito [25].

Deposicion Quimica en
fase Vapor [29]

grafito por Brodie,
Staudenmaier, Hummers

Graphene
Flagship [31].

y otros [16, 17,18].

Boehm y colaboradores Geim y Novoselov

reciben el premio
Nobel de fisicapor
sus investigaciones
[30].

Descubrimiento de
los Nanotubos de
carbono [23]

preparan 6xido de grafeno

reducido (RGO) mediante
reduccién quimicay térmica

del 6xido de grafito [19].

LalUPAC

formaliza la
definicionde
grafeno [25].

Geimy colaboradores
preparan grafeno
mediante exfoliacion
micromecénica usando
el método de la cinta
Scoth®[9].

Figura 1.4. Breve historia del grafeno.
1.2.3. Propiedades del grafeno

El grafeno es un material con propiedades unicas, que le hacen
especialmente atractivo, tanto desde el punto de vista de la

investigacion basica como por sus posibles aplicaciones.

1.2.3.1. Propiedades electronicas

El grafeno es un semiconductor de banda prohibida (gap) cero.

Comparte con los metales que el gap electrénico es nulo [10] y, sin
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embargo, tiene una densidad de estados en el nivel de Fermi nula,

caracteristica propia de los semiconductores.

Los portadores de carga del grafeno cuentan con una elevada movilidad
intrinseca de electrones que, a temperatura ambiente, puede alcanzar
los 200000 cm?V-s' [31] siendo ademads, dicha movilidad, poco
dependiente de la temperatura [6]. Esta movilidad tan elevada de los
portadores de carga del grafeno, superando la de los actuales
transistores de Si, asegura el transporte balistico a distancias sub-

micrométricas incluso a temperatura ambiente.

Por otro lado, la calidad del grafeno se advierte en un acentuado efecto
de campo eléctrico ambipolar, tal que los portadores de carga pueden
moverse continuamente entre electrones y huecos en concentraciones

tan altas como 103 cm2[6].

Otras de las inusuales propiedades electrénicas de grafeno son el efecto
Hall cuantico (QHE) que presenta, que puede observarse a temperatura
ambiente [6], y la resistividad intrinseca que muestra a temperatura
ambiente de tan solo 10 Q) (valor incluso menor que el de la plata, que

es el material conocido con menor resistividad) [32].

1.2.3.2. Propiedades fisico-quimicas

El grafeno es el material mas fino descubierto hasta el momento, con
sOlo una lamina de dtomos de carbono, un espesor de 0,34 nm y una baja
densidad de 2,22 g/cm?[33].

El grafeno presenta una elevada &rea superficial especifica de
aproximadamente 2600 m? g [34]. Ademas, es de 100 a 1000 veces mas
grande que las moléculas organicas tipicas por lo que estas redes

cristalinas sirven de base para la sintesis de nuevas moléculas hibridas.
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1.2.3.3. Propiedades térmicas

La conductividad térmica del grafeno, capacidad de un material para
transferir calor, es mayor que la de cualquier material conocido. En
2008, Balandin y sus colaboradores llevaron a cabo una serie de
experimentos utilizando una técnica dptica de no contacto que permitia
medir la conductividad térmica de una ldmina monoatomica de grafeno
suspendida sobre un sustrato de Si/SiO2. El valor obtenido fue de 5000
W/mK [35].

1.2.3.4. Propiedades mecanicas

Se ha demostrado, mediante experimentos mecanicos, que el grafeno es
el material mas duro medido hasta el momento [9]. Presenta un elevado
modulo de Young de aproximadamente 1TPa, lo que le permite
soportar tensiones elevadas antes de romperse. Simultdneamente,
presenta una elevada flexibilidad que se evidencia en la formacion de

pliegues en sus hojas [36].

Ademas, el grafeno posee una fuerza de ruptura de 42 N/m [9] y
presenta deformaciones eldsticas reversibles de hasta un 20%, valor

superior a cualquier otro material conocido en la naturaleza [37].

Estas excepcionales propiedades mecdnicas son de suma importancia
para aprovechar el grafeno como material estructuralmente fuerte asi
como para comprender y controlar la durabilidad del grafeno utilizado

en electronica y almacenamiento de energia [38].

1.2.3.5. Propiedades Opticas

El grafeno es un material muy atractivo debido a su elevada
transparencia Optica ya que, al tratarse de un material con un infimo
espesor, los fotones lo atraviesan facilmente. Posee una tasa de
absorcion sorprendentemente alta para tratarse de un material con una
sola capa atomica de espesor. Una ldmina de grafeno absorbe casi el
2,3% de la intensidad de la luz blanca que llega a su superficie [39],
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aumentando dicha absorcién linealmente con la adicion de sucesivas
capas [40].
Presenta ademds, una transmitancia Optica muy elevada de,

aproximadamente un 97,4% [41].

En la Figura 1.5. se comparan las extraordinarias propiedades del
grafeno con las de otros materiales, poniendo de manifiesto el gran

interés que ha despertado este material en los tltimos afos [42].
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Figura 1.5. Propiedades eléctricas, mecanicas y térmicas del grafeno comparadas con
las de otros materiales [42].

1.2.4. Aplicaciones del grafeno

Debido a sus excelentes propiedades, el grafeno es considerado un

material muy prometedor para numerosas aplicaciones (Figura 1.6.).

Contenedores
O de hidrégeno

Internet de Ultra
alta velocidad condensadores

Transistores
de frecuencia

Pantallas
flexibles

Figura 1.6. Aplicaciones del grafeno.
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Como se ha comentado anteriormente, el grafeno posee una
conductividad térmica muy elevada, propiedad que hace que sea un
material mas conductor que el silicio. Esta caracteristica permite su
utilizacion en aplicaciones tales como transistores o circuitos, haciendo
que éstos trabajen de manera mas rapida [43]. Ademas, debido a la
elevada movilidad de electrones que permite, se esta estudiando su uso
en la fabricacion de transistores de efecto de campo (FET) [8], con
velocidades de conmutacion muy elevada (algunos prototipos ya han
alcanzado los 100 GHz).

Debido a su elevada movilidad electrénica a temperatura ambiente y a
la baja densidad de defectos en su estructura cristalina, el grafeno ha

sido integrado en sensores de gases y biosensores [44].

Investigadores de la Universidad de Cambridge lograron que el grafeno
fuera capaz de captar una gran cantidad de luz, lo que podria emplearse
en la produccion de un nuevo tipo de cables de fibra 6ptica de mayor
capacidad. Estos cables de grafeno podrian transmitir informacién
cientos de veces mas rapido que los actuales [45], lo que implica que, en
un futuro, puedan usarse para aumentar la capacidad y rapidez de
Internet, la telefonia mdévil y todas las comunicaciones que se puedan

llevar a cabo.

La baja transmitancia dptica, de tan sélo un 2,3% en el rango del visible,
y la elevada conductividad eléctrica, hacen del grafeno un material
unico para la creacion de peliculas ultrafinas o pantallas conductoras

transparentes [46].

El grafeno puede utilizarse para el almacenamiento de hidrogeno
debido a su gran capacidad de absorber grandes cantidades de este gas
[6]. Esta singular capacidad del grafeno se debe a su gran superficie

especifica, baja densidad y una quimica superficial favorable.
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Otra aplicacion atractiva es la de su uso en forma de polvo en la
construccion de baterias eléctricas, que son ya uno de las principales
aplicaciones comerciales de este material. La elevada conductividad del
polvo de grafeno podria introducir mejoras en la eficiencia de las
baterias, relevando asi a las nanofibras de carbono, utilizadas en las

baterias modernas [45].

Debido a su transparencia y flexibilidad, el grafeno puede utilizarse en
la fabricacion de células solares que podrian ser instaladas en los

exteriores de edificios y otros entornos.

Ademas, la aparicion del grafeno ha supuesto un gran avance en el
desarrollo de los supercapacitadores. Se han desarrollado dispositivos
que almacenen tanta energia como las baterias, con la ventaja anadida
de que pueden recargarse en segundos. Desde hace algunos anos, se
estd estudiando la incorporacion de grafeno en los electrodos de los
supercapacitadores, observandose claros beneficios en lo que a

densidad energética y potencia se refiere.

La Tabla 1.1. muestra la relacion existente entre las propiedades del

grafeno y las principales aplicaciones derivadas de cada una de ellas.
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Tabla 1.1. Caracteristicas y aplicaciones del grafeno.

PROPIEDADES APLICACIONES REF.
Transistores
Elevada movilidad de electrones Laseres [5, 47]
Foto detectores
Elevada area superficial
X Sensores [6, 48]
Conductancia
Estructura de banda lineal )
. . Transistores de efecto de
(espectro de Dirac para fermiones [8]
. campo
sin masa)
Elevada conductividad electronica ,
. Peliculas transparentes
Elevada movilidad de electrones [48]
] L. conductoras
Elevada tansmitancia dptica
Elevada area superficial ) o ,
. Dispositivos de energia
Transferencia de electrones a lo .
. limpios [48]
largo de la superficie 2D
Efecto Hall cuantico anomalo Transistores balisticos [49]
. Materiales conductores,
Elevada conductividad , L [6]
Baterias eléctricas
Facil absorcion de gases Control de la contaminacion [47]
Transparencia (>99%) .
. . Pantallas tactiles [50]
Elevada conductividad electronica
Impermeabilidad Recubrimientos [51]
Elevada Resistencia mecanica -
Construccion [5]

(dureza)

Por otro lado, es necesario tener en cuenta la morfologia del grafeno con

objeto de poder relacionar sus propiedades y aplicaciones, puesto que
éstas resultan ser distintas, segun la naturaleza en la que se encuentra,
ya sea en polvo o lamina. En la Tabla 1.2 se muestra un pequefio

resumen.
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Tabla 1.2. Relacién entre la morfologia del grafeno, sus propiedades y aplicaciones.

LAMINA POLVO
Elevada movilidad
electrénica Baja movilidad electrénica
Elevada conductividad | conductividad electrénica
Propiedades electronica media
Elevada conductividad Conductividad térmica
térmica media
Elevada transparencia
. Composites
Electronica
.. Recubrimientos
Fotodnica
conductores
Aplicaciones Pantallas ,
Baterias
Iluminacion
Supercondensadores
Paneles solares . i
Biotecnologia

1.2.5. Métodos de sintesis del grafeno

El grafeno se obtuvo por primera vez en el afo 2004, siguiendo el
procedimiento de exfoliacion micromecdnica de grafito [8]. Tras este
descubrimiento, se han desarrollado otros procedimientos alternativos,
consiguiendo obtener grafeno tanto multicapa [52, 53] como monocapa
[54, 55]. Dependiendo de su morfologia (lamina o polvo) el grafeno
puede sintetizarse mediante numerosos métodos. Basandose en la
naturaleza del material de partida se pueden diferenciar dos estrategias
diferentes para sintetizar grafeno: Bottom-Up y Top-Down (Figura 1.7.).
La estrategia Bottom-Up comprende aquellos métodos que utilizan una

fuente carbonosa gaseosa para sintetizar grafeno depositado sobre una
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lamina. La estrategia Top-Down engloba aquellos métodos en los que se
ataca el grafito para separar las laminas que lo conforman y formar

laminas aisladas de grafeno [56].

\_é_) FUENTE %
Ké) A GRAFITO
\.6) ¢

BOTTOM-UP TOP-DOWN

GRAFENO
EN POLVO

LAMINA DE
GRAFENO

Figura 1.7. Estrategias Bottom-Up y Top-Down para sintetizar grafeno.
1.2.5.1. Estrategia Bottom-Up

Dentro de la estrategia Bottom-Up, cabe destacar los siguientes métodos:

a)  Crecimiento epitaxial sobre carburo de silicio (SiC)

El crecimiento epitaxial es un método por el cual se consigue crecer
monocapas aisladas de grafeno sobre un cristal monocristalino de

carburo de silicio (SiC), el cual es usado como substrato.

Este método consiste en calentar obleas de SiC a elevadas temperaturas
(>1100°C) y alto vacio. En las condiciones mencionadas se consigue que
los atomos de Si se sublimen (paso de sélido a gas) consiguiendo el
crecimiento epitaxial de grafeno sobre su superficie (los atomos de

carbono se reordenan formando grafeno) [57].

A pesar de obtener grafeno de gran calidad estructural, elevada
movilidad electrénica y ser un método facilmente escalable, la

descomposicion térmica de SiC posee el inconveniente de ser altamente
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costosa, debido a las condiciones de operacion y al coste del substrato
[58, 59].

b) Descomposicion quimica en fase vapor (CVD)

En el método de descomposicién quimica en fase vapor una fuente
carbonos se descompone cataliticamente sobre un substrato metalico
[60]. La superficie metdlica, que actiia como catalizador, provoca, tras la
descomposicion térmica de los hidrocarburos presentes, la disolucion
de los dtomos de carbono generados en el interior del metal. El grafeno
se forma sobre la superficie del metal una vez se alcanza la saturacién

de estos y el conjunto se enfria.

La solubilidad del carbono en el metal y las condiciones de crecimiento
son los factores determinantes que afectan a la deposicion superficial
del mismo y a la morfologia, calidad y espesor de las lJdminas de grafeno
formadas [61].

Se pueden usar diferentes metales de transicion como catalizadores en
este método: Ni [62, 63], Fe [64], Pd [65], Ru [66], Ir [67] y Cu [5, 59]. De
todos ellos, los mas usados son el niquel, metal sobre el que se sintetizd
por primera vez grafeno usando éste método de sintesis, y el cobre [54,
55, 68].

Como fuente carbonosa se usan normalmente hidrocarburos gaseosos.
Aunque también se usan otras fuentes de carbono, especialmente en los
estudios mas recientes, como residuos organicos, plasticos o alimentos.
Asi, alimentos de bajo valor y desechos sélidos, se pueden transformar
con éxito en grafeno de alta calidad, lo que supone una nueva forma de
reciclar carbono a partir de fuentes impuras, resultando muy interesante

economica y medioambientalmente [58].

1.2.5.2. Estrategia Top-Down

Dentro de la estrategia Top-Down, cabe destacar los siguientes métodos:
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a)  Exfoliacidon micromecanica de grafito o método de la cinta
Scotch®

La exfoliacion micromecanica de grafito consiste en la separacion de la
capa mas externa de dicho so6lido en “laminillas” u “hojuelas” mediante
raspado fino, utilizando para ello un objeto de superficie solida o cinta
adhesiva [6]. El grafeno se obtuvo en estado libre por primera vez
mediante esta ultima técnica por la pareja Geim-Novoselov, hecho,
entre otros, que les llevo a ganar el premio Nobel de Fisica en el afio
2010. Los investigadores anteriormente mencionados, obtuvieron capas
de grafeno que, tras suspenderlas en acetona, se transfirieron sobre SiO2
[8]. Al tratarse de una técnica manual, el grafeno obtenido es de elevada
calidad aunque el rendimiento del proceso es bajo. Este hecho hace que
se comenzaran a estudiar nuevas técnicas que definieran procesos de

mas facil escalado industrial.

b)  Exfoliacion de grafito en fase liquida

La exfoliacion de grafito en fase liquida puede ser quimica o mecanica.
La exfoliacién quimica o método conocido como de Hummers implica
la oxidacion quimica del grafito, empleando oxidantes fuertes en medio
acido. En este método, los agentes oxidantes separan las laminas de
grafito mediante la incorporaciéon covalente de grupos funcionales
oxigenados, como hidroxilos o carboxilos, obteniéndose dxido de grafito.
Posteriormente, el 6xido de grafito se exfolia a dxido de grafeno para
conseguir la separacion de sus laminas. El 6xido de grafeno se reduce
utilizando agentes reductores tales como Hz, hidroquinona, hidracina o
acido ascorbico, obteniendo “grafeno quimicamente modificado” u
oxido de grafeno reducido. Con la reduccién se consigue obtener, hasta
cierto punto, un producto con propiedades similares a las del grafeno
[69]. Este método permite producir grandes cantidades de producto de

baja calidad estructural con un bajo coste [58].
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La exfoliaciéon mecanica permite separar las laminas que conforman el
grafito suspendido en disolventes organicos u acuosos mediante ondas
de ultrasonido. El material obtenido es de alta calidad; no obstante, no
resulta de gran interés industrial dado su bajo rendimiento y su alto

coste de produccion [70, 71].

1.3. Oxido de grafito
1.3.1. Definicion de 6xido de grafito

El 6xido de grafito (GrO) es un conjunto de laminas de grafeno
funcionalizadas, compuestas principalmente por atomos de carbono,
oxigeno e hidrogeno que se puede emplear como precursor del grafeno

o como material grafitico en si mismo.

El 6xido de grafito posee una estructura similar a la del grafito,
diferenciandose ambas en que los grupos oxigenados presentes en el
o0xido de grafito le confieren mayor distancia entre las capas que lo

conforman (Figura 1.8.) [72].

HO- (

momdacmn HO” m OH
\

HO

Grafito Oxido de grafito

Figura 1.8. Evolucion de grafito a oxido de grafito [73].
1.3.2. Estructura quimica del 6xido de grafito

Aunque los métodos de sintesis de 6xido de grafito se conocen desde
hace 150 afios, el conocimiento de su compleja estructura ain no esta

del todo claro, lo que ha llevado a proponer numerosos modelos [74] .
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En el ano 1939, Hofmann y Holst propusieron un modelo sencillo de
estructura que contenia unidades repetidas de 1,2-epoxidos en todo el
plano basal (Figura 1.9.) [75].

Figura 1.9. Estructura del 6xido de grafito propuesta por Hofmann [74].

Mas tarde, en 1946, Ruess sugirié un nuevo modelo en el que, ademas
de grupos epoxi, existian también grupos hidroxilo y grupos éter que
establecian puentes de hidrogeno entre los atomos de carbono, por lo
que la estructura de las laminas de carbono era tridimensional y estaba

fuertemente distorsionada (Figura 1.10.) [75].

OH

OH o 0

Figura 1.10. Estructura del 6xido de grafito propuesta por Ruess [74].

En 1969, Scholz y Boehm propusieron un nuevo modelo que estaba
compuesto Unicamente de grupos hidroxilo y cetonas, en lugar de
grupos epoxi y éter (Figura 1.11.)[74].
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Figura 1.11. Estructura del 6xido de grafito propuesta por Scholz y Boehm [74].

Posteriormente, Nakajima y Matsuo propusieron un nuevo modelo
que consistia en una estructura similar a la del grafito, pero en la que los
atomos de oxigeno de los grupos epoxi, unian capas adyacentes (Figura
1.12.) [75].

Figura 1.12. Estructura del 6xido de grafito propuesta por Nakajima y Matsuo [74].

Al comprobar que los modelos anteriores arrojaban resultados similares
mediante resonancia magnética nuclear, Lerf y Klinowski propusieron
otro modelo en el cual los grupos oxigenados, como 1,2 epdxidos (-O-),
y grupos hidroxilo (-OH) formaban el plano basal, mientras que el borde
plano contenia ademads grupos carboxilos (-COOH) (Figura 1.13.) [74-
76].
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Figura 1.13. Estructura del éxido de grafito propuesta por Lerf y Klinowski [74].

La validez del modelo de Left-Klinowski fue posteriormente
demostrada mediante microscopia de transmision electronica de alta
resolucion (TEM), [74].

Por ultimo, Dekany introdujo un nuevo modelo que presenta
caracteristicas comunes a los modelos anteriores de Ruess y Scholz-
Boehm [75]. La descripcion de Dekany propone que el 6xido de grafito
esta formado por sillas de ciclohexano y cintas hexagonales. Las sillas
de ciclohexano contienen 1,3-epdxido y grupos hidroxilos terciarios,
mientras que las cintas de hexdgonos estan conformadas con cetonas
ciclicas y quinonas. También se han introducido grupos fenolicos en el
modelo, con objeto de explicar la acidificacion del 6xido de grafito
(Figura 1.14.) [74].

Figura 1.14. Estructura del 6xido de grafito propuesta por Dekany [74].
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Actualmente, las teorias mas aceptadas sugieren que el 6xido de grafito
no presenta unos grupos funcionales concretos sino que ha de ser
descrito a través de un modelo estructural dinamico [74]. Asi, la
estructura del dxido de grafito varia en funcion del grado de oxidacion,
los materiales de partida y evoluciona constantemente en presencia de

agua.
1.3.3. Historia del 6xido de grafito

El 6xido de grafito se descubri6 en 1859 coincidiendo con la importacién
por parte de Inglaterra de una cantidad muy abundante de grafito de
Ceylon (ahora conocido como Sri Lanka) [74]. El profesor Brodie, de la
Universidad de Oxford, traté de medir el peso molecular de dicho
grafito oxidandolo con acido nitrico fumante en presencia de clorato de
potasio. Tras repetir cuatro veces el procedimiento de oxidacién en las
mismas condiciones, y dejar secar a 100°C, se obtuvo un sélido que se
dispersaba en agua pura o alcalina, pero no en medio acido. Por esta

razon, Brodie denomino el material “acido grafitico” [74].

En 1898, Staudenmaier mejoré el método de oxidacion anadiendo
clorato de potasio en pequenas porciones y acidificando la mezcla con
acido sulftirico concentrado. El material obtenido por Staudenmaier
poseia una relacion C/O similar a la preparada por Brodie. Sin embargo,
este método era mds simple puesto que no requeria las cuatro

repeticiones del proceso de oxidacion [74].

Unas décadas después, en 1937, Hofmann remplazd el uso de acido
nitrico fumante por acido nitrico no fumante en la etapa de oxidacion.

De esta forma, el método era mas seguro y menos contaminante [74].

En 1958, Hummers y Offeman usaron permanganato potasico como
agente oxidante en presencia de una mezcla concentrada de acido
sulfarico y nitrato sddico. Este método era mas seguro, ya que producia

acido nitrico in situ evitando el uso directo de acido nitrico fumante, con
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un caracter altamente corrosivo. La combinacion de permanganato
potasico y nitrato sddico dio lugar a una forma mas oxidada de grafito.
Como tal, el método de Hummers fue muy bien recibido y acogido por
muchos investigadores. Sin embargo, el procedimiento tenia el
inconveniente principal de producir gases toxicos, principalmente NO,
N204 y ClOzhaciendo el método medioambientalmente desfavorable e
inseguro [74].

En un esfuerzo por mejorar el método de oxidacion, Tour, en 2010,
reemplazd el uso de NaNOs por acido fosfdrico, con un caracter menos
corrosivo [77]. Este método proporciond una forma mas oxidada y con
un plano basal grafitico menos defectuoso. La posibilidad de
produccion de 0xido de grafito a gran escala mediante este método era
mas viable, ya que no implicaba reacciones altamente exotérmicas ni la

liberacién de gases toxicos [74].

1.3.4. Propiedades del 6xido de grafito

A continuacion se detallan las propiedades mas interesantes del 6xido

de grafito:

e Los grupos carbonilo, hidroxilo y epoxi presentes en su
estructura hacen que sea muy hidroéfilo; es decir, presenta
gran afinidad por el agua. Cuando las moléculas de agua son
adsorbidas, se acumulan entre las laminas del GrO, dando
lugar a enlaces por puente de hidrogeno entre los grupos
oxigenados y las moléculas de agua, influyendo en sus
propiedades electronicas, mecdnicas y estructurales [78].

e Tiene la capacidad de adsorber algunos tipos de compuestos
como pueden ser: lantanidos, actinidos y otros productos de

fisiéon de grandes volumenes de soluciones acuosas [79-81].

e Posee propiedades de inhibicién bacteriana [48].
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e La resistencia eléctrica del GrO es independiente de la

temperatura y, por lo general, constante [19].
e Es un material facilmente funcionalizable [82].

e El equipo de Andre Geim, Rahul Nair e Irina Grigoriva
demostré que las membranas de GO son impermeables a

todos los gases y liquidos excepto al agua [83].

1.3.5. Aplicaciones del 6xido de grafito

Las aplicaciones mas interesantes de este material se listan a

continuacién:

e Unade las principales ventajas del 6xido de grafito es su facil
dispersabilidad en agua y disolventes organicos debido a la
presencia de grupos oxigenados. Esta propiedad hace que el
GrO pueda mezclarse facilmente con ceramicas o polimeros,

con la finalidad de mejorar sus propiedades eléctricas [84].

e El 6xido de grafito se puede usar para la desalinizacion de
agua usando 0smosis inversa, asi como para la fabricacion

de membranas para la purificacion de agua [85].

e Es posible usarlo en el disefio de supercondensadores,
mejorando la conductividad eléctrica y la capacitancia

especifica [86].

e Por sus propiedades antibacterianas puede usarse en la
manufactura de vendas, envases alimentarios y productos
médicos [87].

e ElGrO se puede utilizar como inmunosensor electroquimico
y sensor de glucosa [88]. También puede usarse en la
deteccion del ADN y de proteinas, lo que abre esperanzas a
la hora de mejorar el diagnostico del VIH [89].
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e El 6xido de grafito se ha considerado como un precursor
prominente y un material de partida para la sintesis de

grafeno [90].

1.3.6. Métodos de sintesis del 6xido de grafito

Los diferentes métodos de sintesis de 6xido de grafito usan como
materia prima grafito. En todos ellos se procede a la oxidacion de grafito

en medio acido.

1.3.6.1. Método de Brodie

Como se ha comentado anteriormente, en 1859, Brodie preparo el
primer lote de 6xido de grafito mientras investigaba la estructura del
grafito a través de su reactividad. Durante su investigacion, Brodie
anadié KClOs a una suspension de grafito y acido nitrico (HNOs)
fumante. Lavd el producto y lo secé a 100°C antes de volverlo a tratar
en atmdsfera oxidante. El resultado obtenido fue un sélido con una
relacion C:H:O de 61,04:1,85:31.11 [74]. Brodie decidio llamar a este
material dcido grafitico tras comprobar que era posible su dispersion en

agua neutra o basica pero no en medio acido [91].

El producto obtenido mediante éste método presentaba una serie de
ventajas como eran su débil acidez o la suave dispersabilidad en
disoluciéon basica. Las principales desventajas observadas estaban
asociadas al pequefio tamafio de particula del 6xido de grafito obtenido

y a las imperfecciones estructurales presentes en dicho material.

1.3.6.2. Método de Staudenmaier

En 1898 Staudenmaier mejoro6 el método de oxidacion desarrollado por
Brodie mediante la adicién de clorato potasico (KCIOs) en pequenias
porciones y la acidificacion de la mezcla con acido sulftirico (H250s)
concentrado. Esta mejora modificé la estequiometria del 6xido de
grafito obteniendo una relacion C: O de 2:1 [88].
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Este método tiene una serie de desventajas ya que, para su ejecucion, es
necesario un tiempo de sintesis elevado (la adicion de KCIOs dura mas
de una semana). Ademads, es un método peligroso ya que pueden

generarse explosiones.

1.3.6.3. Método de Hummers y sus modificaciones y mejoras

Seis décadas después de que Staudenmaier desarrollara su método,
Hummers y Offeman, en la Institucion de Investigacion Industrial
National Lead Company, desarrollaron otro método alternativo para

producir 6xido de grafito.

El método consistia en oxidar grafito con permanganato potdsico
(KMnOxs), en presencia de acido sulfurico (H250s) y nitrato sddico
(NaNO:s).

La principal ventaja del método de Hummers radica en el alto grado de
oxidaciéon del producto final comparado con los métodos descritos
anteriormente. Sin embargo, a pesar de ello, se sigue considerando que

el grado de oxidacion es incompleto [17].

Con el propdsito de mejorar el método de Hummers, Kovtyujhova y sus
colaboradores, propusieron en 1999 un nuevo método denominado
método de Hummers Modificado [92], muy similar al método de
Hummers. La principal diferencia radica en la introducciéon de una
etapa de preoxidacion usando dacido sulfarico (H2S0s), persulfato
potasico (K25:0s) y anhidrido fosférico (P20s) [93, 94].

La principal ventaja que aporta el método de Hummers modificado es
la mejora del grado de oxidacién del 6xido de grafito que queda
reflejado en el aumento de la relacién C: O hasta un valor de 4:3,1. Sin
embargo, el proceso de separacion y purificaciéon del producto es
demasiado tedioso [77].
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En el afio 2010, Marcano, Tour y sus colaboradores [77] propusieron un
método alternativo al de Hummers, conocido como método de
Hummers mejorado o método de Tour. Actualmente es uno de los
métodos mas utilizados para la preparacion de 6xido de grafito. Dicho
método, ademas de excluir la utilizacion de NaNQOs e incluir como
agente oxidante el KMnOs, requiere una relacién 9:1 de acido sulftrico
(H2S04)/ &cido fostérico (HsPOs), lo que mejora la eficacia del proceso
de oxidacion. De los tres métodos de Hummers comentados (Hummers,
Hummers modificado y Hummers mejorado), éste es el que permite
obtener mayor cantidad de producto. Ademas, no genera gases toxicos
y permite un facil control de la temperatura de reaccién, lo que supone

un gran avance en la produccion de 6xido de grafito a gran escala [77].

Las principales ventajas del método de Hummers mejorado o método
de Tour son la disminucion de la cantidad de defectos en el plano basal
del o6xido de grafito obtenido, y la posibilidad de producir una gran
cantidad de producto. Este es un método medioambientalmente

favorable, ya que no se generan gases toxicos durante su sintesis.

En la Figura 1.15. se muestra una comparativa entre el método de
Hummers, el método de Hummers mejorado y el método de Hummers
modificado, detallando las diferencias existentes entre cada uno de
ellos.
NOx
Meétodo de /
Hummers 3 kwno,

H,50,, ONaNO,

Método de
Hummers
£ : Mejorado, 6 g KMnO, Filtrado/Lavado
S " 9:LH,S0,/H,PO )
3¢ Flakes de Grafito Miétodo de Sanak Oxido de grafito
Hummers

Modificado, 3 g KMnO,
K252081P205

Figura 1.15. Comparacion de los tres métodos de sintesis Hummers.
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1.4. Oxido de grafeno
1.4.1. Definicion de 6xido de grafeno

El 6xido de grafeno (GO) se define como una monocapa de oxido de
grafito (GrO) funcionalizada que puede obtenerse por exfoliacién de
dicho 6xido mediante diversos métodos, como pueden ser sonicacion o
agitacion mecanica (Figura 1.16). El 6xido de grafeno se puede utilizar
como precursor de grafeno o como material en si mismo debido a sus
propiedades unicas adquiridas gracias a la existencia de numerosos
grupos oxigenados en su estructura, principalmente, hidroxilos y epoxi
[75].
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Grafito Oxido de grafito Oxido de grafeno
Figura 1.16. Evolucion de grafito a oxido de grafeno [73].
1.4.2. Propiedades del 6xido de grafeno

Las propiedades del 6xido de grafito (aparatado 1.3.4.) y del 6xido de
grafeno no difieren ya que en el paso de uno a otro no se realiza ninguna
reaccion quimica que pueda alterar sus propiedades, si no que se realiza

un proceso fisico (separacion de las lJaminas de dxido de grafito).

1.4.3. Aplicaciones del 6xido de grafeno

Debido a que 6xido de grafeno se obtiene tras la separacion de las
laminas de 6xido de grafito las aplicaciones de ambos materiales son

practicamente las mismas (apartado 1.3.5.).
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1.4.4. Sintesis de 6xido de grafeno

De forma general, la sintesis de GO se basa en la separacion de cada una
de las laminas de grafeno oxidadas que constituyen el GrO. El 6xido de
grafito presenta moléculas hidrofilicas, lo cual permite que el agua
penetre entre sus capas y éstas se separen gracias a su presencia. Al
introducir grupos funcionales oxigenados entre las capas, las fuerzas de
Van der Waals, que mantienen dichas capas unidas, se debilitan, lo que
ayuda a su separacion. Ademads, los grupos funcionales del GrO
acentuian la hidrofilia de las laminas de grafeno, generando nuevas
fuerzas de repulsion, haciendo atin mas sencilla la separacion laminar

del 6xido de grafito.

Para conseguir la separacion de las laminas de grafeno oxidadas que

constituyen el GrO se utiliza principalmente la técnica de sonicacion.

Se conoce como sonicacion al proceso que utiliza la energia del sonido
para agitar las particulas de un sistema. Una corriente eléctrica
transmite su energia a un sistema mecanico que la convertird en
vibraciones de alta intensidad que generan ondas de ultrasonido. Los
ultrasonidos generan a su vez, vibraciones en el material objetivo. Si
contiene liquidos se generardn millones de burbujas microscopicas, las
cuales sufren rdpidos procesos de expansion y colapsos que pueden
transmitir su energia a otros materiales [95]. De esta manera, se
consiguen separar o exfoliar las ldminas presentes en el 6xido de grafito

para obtener 6xido de grafeno.

1.5. Oxido de grafeno reducido
1.5.1. Definicion de 6xido de grafeno reducido

El 6xido de grafeno reducido (RGO) es el espécimen intermedio
existente entre el 6xido de grafeno (GO) y el grafeno en si mismo. Se
obtiene mediante la reduccién del éxido de grafito u 6xido de grafeno
(en funcion del método de reduccion) a través de diferentes vias [75].
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1.5.2. Estructura del 6xido de grafeno reducido

La principal diferencia que existe entre la estructura del GO y del RGO
es que este ultimo presenta notables defectos estructurales y un menor

numero de grupos oxigenados.

La estructura del oxido de grafito reducido (RGO) presenta
deformaciones alrededor del plano basal debido a que las laminas del
material han sido muy atacadas durante el proceso de reduccion.
Ademas de presentar defectos estructurales y diversas dislocaciones,
pueden aparecer inclusiones que provocan un mayor desorden laminar
[96] .

1.5.3. Propiedades del 6xido de grafeno reducido

Las propiedades del 6xido de grafeno reducido son similares a las del
GOy el grafeno, debido a que su estructura es una mezcla de ambas, ya
que nunca se ha conseguido reducir lo suficientemente el GO como para

obtener grafeno propiamente dicho [74].

e El grafeno presenta una elevada resistencia a la traccion
(100 GPa) y un elevado mddulo de Young (1TPa) [9]. Sin
embargo, para aprovechar sus propiedades mecénicas es
necesario conseguir una dispersion de las ldminas de
manera homogénea dentro de una matriz y este hecho es
dificil de conseguir con grafeno. Sin embargo, el 6xido de
grafeno reducido, aunque presenta defectos cristalinos,
estos no afectan al modulo de Young; ademads, se
dispersa mejor en disolventes de una forma homogénea
[97].

e Al contrario que el GO, la resistencia eléctrica del RGO si

presenta dependencia con la temperatura [98].
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e Debido a la interacciéon de los enlaces m-1* de la
estructura del RGO, la superficie especifica y la

conductividad eléctrica son bajas [99].

1.5.4. Aplicaciones del 6xido de grafeno reducido

Las principales aplicaciones del 6xido de grafeno reducido son:

e Fabricacion de anodos compuestos por nanoparticulas
de silicio y RGO para mejorar el rendimiento de la
dispersion de los iones del material, con la posibilidad de
crear baterias con elevado rendimiento, superando a las
constituidas con litio (aumentan la vida util del material

en comparacion con las de litio) [100].

e Fabricacion de aptasensores (sensores que funcionan a
través de las hebras de ADN como elemento de
reconocimiento para capturar células cancerigenas en la

superficie del sensor) [101, 102].

1.5.5. Métodos de reduccion del 6xido de grafeno

Se pueden diferenciar tres estrategias diferentes para reducir o eliminar
parcialmente los grupos funcionales oxigenados del dxido de grafeno

con el fin de obtener dxido de grafeno reducido.

1.5.5.1. Reduccion térmica
a) Recocido térmico

El 6xido de grafito se puede reducir mediante el proceso denominado
“reduccion por recocido térmico”. Este método consiste en un
calentamiento rapido para exfoliar el 6xido de grafito hasta obtener
oxido de grafeno reducido [103-106]. El mecanismo de exfoliacion se
basa en la eliminacion de los grupos oxigenados presentes en la
estructura mediante la formacién de especies carbonosas (CO, COz)
[107].
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Las laminas exfoliadas se pueden llamar directamente 6xido de grafeno
reducido (o grafeno quimicamente derivado), lo cual significa que el
calentamiento rapido no solo ha exfoliado el 6xido de grafito si no que,
ademas, ha eliminado parcialmente los grupos funcionales oxigenados
presentes en las laminas del mismo. Este efecto dual, hace de la
expansion térmica del oxido de grafito una buena estrategia para

producir RGO a gran escala [72].

El gran inconveniente asociado a este método de reduccion radica en el
dano estructural que se produce en el material resultante [108]. Como
consecuencia, el RGO obtenido posee una superficie rugosa y esta
formado por cristales de pequefio tamano [104] ya que, durante la
brusca descomposicion de los grupos funcionales oxigenados, también
se eliminan 4tomos de carbono del plano basal, quedando

distorsionadas las laminas de grafeno resultantes.

b) Reduccidn por radiaciéon microondas y foto reduccion

Como alternativa al recocido térmico, se han probado otras fuentes de
calentamiento poco convencionales para reducir o eliminar los grupos
funcionales del 6xido de grafeno, destacando entre ellas, la radiacién
microondas [109, 110] y la foto-radiacion [111, 112].

La principal ventaja de la radiacion microondas sobre los métodos
convencionales de calentamiento es que las sustancias se calientan
rapida y uniformemente. La reduccion de 6xido de grafeno a éxido de
grafeno reducido en un microondas convencional se puede obtener en
1 minuto en condiciones ambientales (presion atmosférica y 25°C) [109].
Por otro lado, la foto-reduccién de las laminas de 6xido de grafeno se
puede llevar a cabo con una ldmpara de Xendn a cortas distancias, la
cual proporciona 9 veces la energia necesaria para calentar el dxido de
grafeno a 100°C. Esta temperatura debe ser mas que suficiente para
inducir la reaccion de desoxigenacion, obteniendo un grado de

reduccion del 6xido de grafeno mucho mayor [72].
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1.5.5.2. Reduccion quimica
a)  Reduccidon quimica por agentes reductores

La reduccion o eliminacion de los grupos funcionales oxigenados
utilizando agentes reductores se basa en la reaccion quimica de éstos
con el 6xido de grafeno. Normalmente, la reduccion se puede llevar a
cabo a temperatura ambiente o bien mediante un calentamiento
moderado. Como resultado, el requerimiento de equipos no es tan
critico como en la reduccion térmica, lo que hace que la reduccién
quimica sea un método mas barato y sencillo para la produccion en
masa de RGO.

En la Figura 1.17. se resumen las ventajas y los inconvenientes de los
principales agentes quimicos utilizados en la reduccion de 6xido de
grafeno [113-115].

mmm  Acido Yodhidrico

« Ventajas:

« Reduce las laminas de 6xido de grafeno sin destruir su integridad y flexibilidad, permitiendo
ser enrolladas sobre si mismas.

« Mejora la resistencia y ductilidad de las laminas de 6xido de grafeno.

« Elimina, practicamente, todos los grupos mayoritarios en la estructura del GrO (grupos epoxi e
hidroxilos) predominando principalmente el enlace C-C.

« Se libera I que se propone como el principal agente reductor, el cual dona los electrones para
mejorar la restauracion de la estructura conjugada del RGO.

« Se eliminan mediante la formacion de polyyoduros (no del todo), que tienen baja interaccion
con el RGO.

« Conductividad eléctrica y relacion C/O presentan valores mucho mas altos, a diferencia que los
que se producen con otros agentes reductores.

« La temperatura de operacion es baja.

« Tanto el espacio inter-laminar como el espesor de la lamina decrecen, debido a la eliminacion
de los grupos funcionales.

« Puede catalizar abriendo el anillo del grupo epoxi y convertirlo en grupos hidroxilos, donde la
reaccion de halogenacion puede ser realizada sustituyendo un grupo hidroxilo por un dtomo
halogenado, siendo maés facil de eliminar éste dltimo en el plano basal del carbono.

Figura 1.17. Ventajas e inconvenientes de los agentes reductores mas usados en la

reduccion de éxido de grafeno.
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e Acido Ascorbico

» Ventajas:
« Se pueden preparar en agua o disolventes polares suspensiones estables de 6xido de grafeno
reducido con vitamina C.

« No es toxico en el proceso de reduccién, por lo que es un buen candidato para nivel industrial.

*No introduce impurezas en el producto final, solo esta formado por carbono, hidrégeno y
oxigeno, lo que hace de él un reductor bastante limpio.

« Presenta una conductividad eléctrica y una relacion C/O alta, comparada con otros agentes
reductores.

« El grado de desoxigenacion de grupos funcionales es alto.

« Inconvenientes:

« A pesar de ser un buen reductor, es muy dificil eliminar los grupos mas estables, debido a esto,

existe una pérdida de masa (10-15%) por encima de 300°C.

Hidracina

« Ventajas:
« Es uno de los reductores mas fuertes, eliminando los grupos funcionales del 6xido de grafeno.
« Se suele trabajar a temperatura ambiente.
* Inconvenientes:
« Es altamente toxica y explosiva, por lo que el uso a escala industrial es insostenible.
« A pesar de ser un buen agente reductor, NO elimina los grupos funcionales mas estables.
« Durante el proceso de reduccion se introducen impurezas de nitrégeno en el producto final.
« A alta temperatura produce la rotura de la lamina del éxido de grafeno.
« Posee baja estabilidad en disolventes organicos. A pesar de ser un buen reductor, es muy dificil
eliminar los grupos mas estables, debido a esto, existe una pérdida de masa (10-15%) por
encima de 300°C.

Dioxido de Tiurea

* Ventajas:
« Agente reductor barato para la produccién de éxido de grafeno reducido a nivel industrial.
« Los subproductos no son toxicos, comportandose de esta forma como un método
medioambientalmente favorable.
« Eficiente reductor para disminuir los grupos funcionales oxigenados del 6xido de grafeno.
« Tiempo de reaccion muy corto, comparado con otros agentes reductores.
« Estabilizado con PVP, se absorbe en la superficie del éxido de grafeno reducido mejorando la
solubilidad con agua y disolventes organicos.
* Inconvenientes:
« El estabilizante PVP disminuye la conductividad, pero puede ser controlado con la concentracion
de PVP afiadida.
« El 6xido de grafeno reducido con PVP puede ser re-dispersado en agua y otros disolventes
polares.
« Para el 6xido de grafeno reducido con PVP hay una pérdida de masa significativa de alrededor de
unos 450°C, que es causada por la descomposicion del PVP.

Figura 1.17. Continuacién. Ventajas e inconvenientes de los agentes reductores mas

usados en la reduccion de 6xido de grafeno.
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Fitoextracto Acouoso

» Ventajas:
« Dependiendo del fito-extracto, el tiempo de reduccion es mas rapido.
« La cantidad de fito-extracto usada es suficiente para eliminar los grupos funcionales del 6xido de
grafeno, afiadiendo que la cantidad de fito-extracto no afecta al tiempo de reduccién.
* Agente medioambientalmente favorable.
+ Abundante en la naturaleza y bajo coste.
« Producto fécil de aislar después de la reduccién.
« Puede ser extraido de productos vegetales no comestibles y desechos.
« Buena capacitancia especifica, alta conductividad eléctrica y alta relacion C/O.

s BnOH

« Ventajas:
« Presenta una conductividad y relacion C/O relativamente alta comparada con otros reductores.
« Dada la baja presion de vapor y la baja inflamabilidad del BnOH, éste método es altamente
escalable y seguro.
+ Baja toxicidad, coste y temperatura, haciéndolo de esta forma, una gran ventaja para su uso
industrial.
« Inconvenientes:
« La superficie de &rea obtenida es demasiado baja, lo cual puede ser debido a la cinética de la
reaccion.
« La reduccion del 6xido de grafeno es mucho mas lenta, lo que puede hacer que las laminas
reducidas puedan apilarse de nuevo formando pequefias aglomeraciones.

« El producto no puede ser re-dispersado ni agua ni otros disolventes, incluso después de sonicar y
calentar.

Figura 1.17. Continuacion. Ventajas e inconvenientes de los agentes reductores mas

usados en la reduccion de oxido de grafeno.
b)  Reduccion solvotérmica

La reduccién solvotérmica es una técnica emergente dentro de la
reduccion quimica del 6xido de grafeno [116, 117]. En un proceso
solvotérmico se realizan una serie de reacciones quimicas en un
disolvente determinado en condiciones supercriticas. Las propiedades
fisico-quimicas de un disolvente sometido a estas condiciones puede

mejorar la difusion quimica de las especies [118].

La reducciéon solvotérmica de GO a RGO es un proceso simple y
respetuoso con el medioambiente, ya que no requiere de agentes
reductores toxicos [119]. Sin embargo, requiere un elevado tiempo de

proceso para producir un producto de alta calidad y, ademas, es dificil
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conseguir un producto con un bajo contenido en grupos oxigenados
[120].

1.5.5.3. Reduccion multiples fases

Las estrategias de reduccidon explicadas anteriormente se realizan en
una sola etapa. Para mejorar dichas estrategias, diferentes grupos de
investigacion han propuesto llevar a cabo la reduccion de los grupos

funcionales oxigenados en multiples etapas [121, 122].

En la mayoria de las reacciones quimicas, el efecto de los reactivos es
selectivo. Como consecuencia, el uso de un agente reductor no elimina
normalmente todo el oxigeno contenido en los grupos funcionales. Para
conseguir este objetivo de reduccion completa, diversos autores han
propuesto llevar a cabo la reduccion en multiples etapas. Asi, Eda y
colaboradores [122] demostraron que una pre-reduccion con hidracina
en fase vapor puede disminuir efectivamente la temperatura de
recocido necesaria para obtener una buena reduccion de las laminas de
oxido de grafeno. Por otro lado, Gao y colaboradores [121] propusieron
un proceso de reduccion en tres etapas: desoxigenacion con NaBHs,

deshidratacion con acido sulftirico controlado y recocido térmico.
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2.1. Reactivos y gases empleados

A continuacion se detallan los reactivos utilizados, indicando su

concentracion o pureza y la empresa suministradora.

2.1.1. Sintesis de grafeno por el método CVD

Nitrégeno, envasado en botellas de acero a 200 bares con una
pureza superior al 99,999%, PRAXAIR.

Hidrdgeno, envasado en botellas de acero a 200 bares con una
pureza superior al 99,999%, PRAXAIR.

Metano, envasado en botellas de acero a 300 bares con una
pureza superior al 99,5%, PRAXAIR.

Lamina de cobre policristalino, espesor de 0,025mm, pureza del
99,99% y dimensiones 150x150mm, GOODFELLOW.

Lamina de niquel policristalino, espesor de 0,025mm, pureza del
99,99% y dimensiones 150x150mm, GOODFELLOW.

Lamina de hierro policristalino, espesor de 0,025mm, pureza del
99,99% y dimensiones 150x150mm, GOODFELLOW.

.1.2. Transferencia de grafeno a substratos arbitrarios

Lamina de grafeno depositado sobre cobre por el método CVD.
Nitto Denko thermal released tapes (PET).

FeCls, pureza 97%, PANREAC.

Acido Fluorhidrico (HF), pureza del 48%, SIGMA ALDRICH.
Carbonato sodico (Na2COs), concentracion 99,999%, SIGMA
ALDRICH.

Peroxido de hidrégeno (H20:), concentraciéon de 110 volimenes,
PANREAC.

Acido nitrico (HNO:s), pureza del 70%, SIGMA ALDRICH.
Acido clorhidrico, concentracion 5 N, PANREAC.

Agua desionizada.
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2.1.3. Sintesis de 6xido de grafito y 6xido de grafeno

Grafito en polvo sintético (< 20 um), ALDRICH CHEMISTRY.
Permanganato potasico, pureza superior al 99 %, PANREAC.
Acido sulftrico (H2S0s), pureza del 96 %, PANREAC.

Acido fosférico (HPO:s), pureza del 50 %, PANREAC.

Peréxido de hidrogeno (H202), concentracion de 110 volimenes,
PANREAC.

Acido clorhidrico (HCI), concentracién 5 N, PANREAC.

Etanol (CHsCH:0H), pureza superior al 99,5%, PANREAC.
Agua desionizada.

Eter dietilico seco (CaHsO) (maximo 0,01% de agua), pureza
superior al 99,7%, PANREAC.

Hielo en escamas.

4. Sintesis de dxido de grafeno reducido

Oxido de grafito

Oxido de grafeno

Hidracina monohidratada (N2HeO), pureza del 98%. SIGMA-
ALDRICH.

Acido ascorbico L(+), pureza del 99%, (CsHsOs). NORMAPUR.

2.2. Metodologia

2.2.1. Sintesis de grafeno por el método CVD

La Deposicion Quimica en fase Vapor (Chemical Vapour Deposition) se

basa en una reaccion superficial catalitica en la que se expone un

substrato metalico, que actiia como catalizador, a una fuente carbonosa,

generalmente hidrocarburos, produciéndose la nucleacion y posterior

crecimiento de una ldmina de grafeno al descomponerse los

hidrocarburos sobre la superficie metalica [1-3].
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El diagrama de la instalacion experimental empleada para sintetizar
laminas de grafeno por el método de Deposicion Quimica en fase Vapor

(CVD) se observa en la Figura 2.1.

(1) Sistema de salida de gases

(2) Horno

(3) Reactor de cuarzo

(4) Lamina de catalizador metélico
(5) Sistema de control de gases

(6) Sistema de suministro de gases

(6)

Figura 2.1. Diagrama de la instalacién experimental para la sintesis de grafeno por el
método CVD.

La sintesis de grafeno por el método CVD se desarrolla de la siguiente
manera: se deposita la ldmina metdlica o catalizador sobre una gondola
de cuarzo (didmetro de 0,03 m y longitud de 0,4 m) que se introduce en
un reactor tubular (Figura 2.2.a.), con unas dimensiones de 0,04 m de
didmetro y 1 m de longitud, del mismo material. Dicha géndola (Figura
2.2.b.) esta disefiada para que sea posible localizar un iman que permita
el arrastre de la misma a través del reactor. Una vez que ha concluido el
proceso de sintesis, se procede a la extraccion del reactor de la lamina
de metal sobre la que se ha depositado el grafeno para su posterior

caracterizacion.
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Figura 2.2. Instalacién experimental para la sintesis de grafeno mediante el método

CVD: a) Sistema de reaccion, b) Gondola de cuarzo.

La sintesis de grafeno por el método de Deposiciéon Quimica en fase

Vapor puede dividirse en cuatro etapas.

e Etapa de calentamiento

Esta etapa se basa en calentar el sistema de reacciéon desde
temperatura ambiente (20°C) hasta la temperatura de reduccion
(900°C) usando para ello una rampa de calentamiento de 10°C/min.
Los gases usados durante esta etapa son N2, que actia como gas
inerte, e H2 que acttia como gas reductor para prevenir la oxidacion

de la 1dmina metalica.
e Etapa de reduccion

Esta etapa se realiza a 900°C y tiene una duracién de 45 minutos. Se
usan los mismos gases que en la etapa de calentamiento (N2 e Hz).
En esta etapa, el gas reductor interviene como agente activador de

la superficie del metal sobre la que se deposita el carbono,
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aumentando su tamafo de grano y eliminando posibles defectos

estructurales existentes sobre la superficie del mismo.
e Etapa de reaccion

En esta etapa comienza el crecimiento propiamente dicho del
grafeno sobre la lamina metalica. La etapa de reaccion se lleva a cabo
a diferentes temperaturas y tiempos. Durante esta etapa se cierra el
gas inerte y se mantiene constante el flujo de hidrégeno, puesto que
se ha demostrado que la contribucion del hidrégeno en el
crecimiento de grafeno implica varios beneficios, ya que aparte de
ser usado como gas reductor, actiia como reactivo en la etapa de
reaccion, controlando el tamafio y la morfologia del grafeno a lo
largo de toda la ldmina. Para que comience el crecimiento de la
lamina de grafeno sobre el metal es necesario introducir en el

sistema la fuente de carbono (CHa).
e Etapa de enfriamiento

En esta ultima etapa se enfria el sistema desde la temperatura de
reaccion hasta temperatura ambiente (20°C) usando una rampa de
enfriamiento de 10°C/min. Durante esta etapa se inyecta gas inerte

(N2) que barre la Idmina de metal conteniendo grafeno.

Es importante tener en cuenta que los caudales de gases que se
introducirdn en cada una de las etapas explicadas, asi como la
temperatura y el tiempo de reaccidon, dependeran de las condiciones
de sintesis estudiadas. Asi, la temperatura de reaccion podra variar
entre 900°C y 1050°C, la relacion entre la fuente de carbono y el
hidrogeno (CHs/Hz) lo hard entre 0.07 v/v y 0.4 v/v, el tiempo de
reaccion entre 30 segundo y 40 minutos y, finalmente, el caudal total
de gases lo hara entre 60 Nml/min y 130 Nml/min.
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La Figura 2.3. muestra el diagrama de las diferentes etapas de la sintesis
de grafeno por el método CVD teniendo en cuenta las temperaturas,

tiempos y gases empleados en cada una de ellas.

Etapa de Etapa de Etapa de Etapa de
calentamiento reduccion reaccion enfriamiento
900°C-1050°C

CHa

Temperatura (°C)

H2 H2

Te amb >
180 min 45 min 30 s —40 min > 180 min t (min)

Figura 2.3. Diagrama de etapas de la sintesis de grafeno por el método CVD

2.2.2. Transferencia de grafeno depositado sobre cobre sintetizado por

el método CVD a substratos arbitrarios

Para transferir grafeno depositado sobre cobre a un substrato arbitrario,
se pega una oblea de PET del pack Nitto Denko en la parte superior de
la ldmina de grafeno depositado sobre cobre. A continuacion, con la
finalidad de obtener una superficie lisa y sin arrugas, se aplica presion

sobre la ldamina de PET con un rodillo de caucho.

A continuacion, la oblea de PET con la ldmina de grafeno depositado
sobre cobre unida, se introduce en uno de los métodos de ataque
quimico (etchings) estudiados con la finalidad de que el grafeno

depositado sobre la lamina de cobre quede transferido a la oblea de PET.
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De esta manera se pueden diferenciar tres procedimientos diferentes, en

funcién del método etching utilizado:

Uso de la disolucion 1M de FeCls como agente de ataque quimico.
La disolucién debe calentarse hasta aproximadamente 55°C antes
de comenzar con el procedimiento de transferencia. A
continuacion, la oblea de PET con grafeno se introduce en la
disoluciéon durante 20 minutos, tiempo necesario para alcanzar el
completo consumo de la ldmina metalica.

Uso de la disolucion formada por HF:2Na2COs-3H20: (4:1). En este
caso se trabaja a temperatura ambiente. La oblea de PET con la
lamina de grafeno adherida se introduce en la disolucion durante
aproximadamente 1 hora.

Uso de la disolucion formada por H202: Agua Regia: H20 (1:1:2).
Se trabaja a temperatura ambiente y, una vez introducida la oblea
de PET con la ldmina metdlica adherida, solo son necesarios unos
pocos segundos para que la lamina metdlica se consuma
totalmente.

Una vez consumida la lamina metalica, la oblea de PET con el
grafeno adherido se lava con agua desionizada lo que permite
eliminar las trazas de agente quimico que puedan quedar sobre la
misma, y se deja secar. A continuacion, se procede a transferir la
oblea de PET con el grafeno depositado sobre un substrato arbitrario
(lamina de microscopio). Para ello, se pega la oblea de PET (por el
lado en el que tiene el grafeno transferido) sobre una placa de
microscopio aplicando presion para conseguir una superficie lisa y
sin arrugas. Finalmente, la placa de microscopio se calienta a
aproximadamente a 100°C. A esta temperatura, la oblea de PET
pierde su capacidad de adhesion. Como consecuencia, la lamina de
grafeno se separa de la oblea de PET y queda transferida a la placa

de microscopio.
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2.2.3. Sintesis de 6xido de grafito

El procedimiento experimental seguido para la sintesis de oxido de
grafito esta basado en el método de Hummers mejorado o método de
Tour en el que, a partir de grafito, se obtiene dxido de grafito (GrO). De
entre todos los métodos existentes para sintetizar dxido de grafito, se
seleccion6 el método de Hummers mejorado debido a su alto
rendimiento. Ademas, es el mas respetuoso con el medio ambiente y

permite obtener un producto con menos defectos estructurales[4].

A continuacion se describen las etapas del proceso de sintesis de 6xido

de grafito mediante el método de Hummers mejorado:
e Oxidacion del grafito

Esta primera etapa consiste en la oxidacion del grafito usando como
agente oxidante permanganato potasico (KMnOs) en presencia de un
medio acido. Para ello se utilizo la instalacion experimental mostrada

esquematicamente en la Figura 2.4.

Grafito + KMn

n

[/

H,S0, + H;PO,
<>

« Sa® 7 P
5 8 8 s
2 ° 2 °

1 1 1 10

Figura 2.4. Instalacién experimental usada para llevar a cabo la etapa de reaccion.
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El procedimiento experimental seguido fue el siguiente. Se introducen
en un matraz Erlenmeyer 360 ml de acido sulfarico (H2SOs) concentrado
y 40 ml de cido fosfdrico (HsPOs). Posteriormente, se afiade lentamente
una mezcla de grafito (3 g) y permanganato potasico (KMnOs) (9 g). Esta
adicion debe realizarse con agitacion mecanica con el objeto de evitar
puntos calientes que puedan conducir a explosiones localizadas. La
reaccion se mantiene a 50°C durante 12 horas. Aunque el KMnOs es un
oxidante fuerte, el causante de la oxidacion del grafito es el 6xido de
manganeso (VII) (Mn207) que se produce al mezclar el primero con
H:S0s, responsable ultimo de oxidar al grafito. EI Mn:0O7 es una
sustancia explosiva a temperaturas superiores a 55°C o en contacto con
compuestos organicos. Por este motivo, la adicion de la mezcla de
permanganato potasico y grafito a la mezcla de acidos se realiza

lentamente [5].

La reactividad del permanganato, que soélo puede activarse en
disolucidn acida, se puede describir a través las siguientes reacciones [5,
6].

KMnOs+ 3H2S0s — K*+ MnOs* + Hs0* + 3HSOs  (Reaccion 1)
MnOs* + MnOs — Mn207 (Reaccién 2)

Con el tratamiento de oxidacidén descrito, se pretende aumentar la
distancia entre las ldminas de grafito mediante la incorporacion de
grupos oxigenados tales como grupos hidroxilo, grupos epdxidos o
grupos carbonilos [7]. De esta forma, se debilitan las fuerzas de Van der

Waals que mantienen unidas dichas laminas.
e Adicion de H202

Tras el proceso de oxidacion, se procede a la adicion de perdxido de
hidrégeno (H20:). Para ello, se mezclan 400 g de hielo en escamas con 3

ml de H20:. Posteriormente, sobre la mezcla formada por el hielo y el
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H:02, se anade la mezcla de acidos, grafito y permanganato potasico.
Este proceso transcurre con liberacion de una gran cantidad de calor que

se compensa con la adicion de hielo.

La mezcla obtenida se filtra a vacio, obteniéndose una torta compacta
(Figura 2.5.).

' 7

Figura 2.5. Equipo para la filtracion a vacio.

El papel del H20: en el proceso es el de eliminar el exceso de oxidante

es decir, el KMnOxs residual [8], a través de la siguiente reaccion:
2KMnO: + H2504 + H202 — 2MnO: + KoSOs + 2H20 + Oz (Reaccion 3)
e Etapa de lavado o purificacion

Esta etapa tiene como finalidad purificar el 6xido de grafito. Para ello,
la torta obtenida en los pasos anteriores, se somete a dos procesos de
lavado mediante filtracion a vacio. Cada lavado se realiza con 200 ml de
agua desionizada (para neutralizar el pH), 200 ml de acido clorhidrico
(para eliminar los restos de metales) y 200 ml de etanol (para disminuir

la temperatura de secado).

La purificacién, a pesar de ser una etapa extremadamente lenta, es de
vital importancia debido a que el ¢xido de grafito contaminado con

sales de potasio es altamente inflamable y plantea riesgo de incendio [9].

82



Metodologia y materiales

e Coagulacion

Tras el lavado se procede a la coagulacién del 6xido de grafito con 200

ml de éter dietético seco, cuyo exceso se elimina por filtraciéon a vacio.
2.2.4. Sintesis de 6xido de grafeno

El 6xido de grafeno (GO) se obtiene mediante la exfoliacién del 6xido
de grafito. Para ello, se mezclan 800 g de GrO y 800 ml de agua
desionizada y se introducen en un reactor con camisa refrigerada para
mantener la disolucion a temperatura ambiente durante el proceso
(Figura 2.6.). El oxido de grafito se sonica con el equipo UP200S
Hielscher Ultrasonic Homogenizers para una amplitud del 50% y un
ciclo completo, durante 2 horas. El 6xido de grafito se dispersa muy bien
en agua debido a la repulsion electrostatica entre los grupos oxigenados
ionizables de su estructura, es decir, aquellos que se encuentran

desprotonados [10].

© ww, hielscher.com

Figura 2.6. Equipo utilizado para la sonicacién del 6xido de grafito.
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Tras el proceso de sonicacion, el solido obtenido se separa del solvente
acuoso por centrifugacion o gradiente gravimétrico (10000 rpm durante
30 min).

El producto obtenido se seca a 100°C durante 8 horas obteniendo ¢xido

de grafeno.
2.2.5. Sintesis de 6xido de grafeno reducido

La sintesis de oxido de grafeno reducido se realiza mediante tres
métodos: reduccion quimica, reduccion térmica y reduccion multiples

fases.
e Reduccion Quimica

Consiste en reducir o eliminar parcialmente los grupos funcionales
oxigenados presentes en el 6xido de grafeno utilizando oxidantes
quimicos fuertes. Para ello, se utilizaron dos agentes oxidantes quimicos
diferentes: hidracina y 4cido ascoérbico. El primero de ellos es un liquido
inflamable e incoloro con olor a amoniaco. Es un compuesto con un
potencial de reducciéon muy elevado pero sin embargo, es altamente
toxico y peligroso. Por otro lado, el dcido ascorbico, aunque tiene un
potencial de reducciéon menor, es un compuesto inocuo y respetuoso

con el medioambiente.

- Hidracina
La reduccion quimica del o6xido de grafeno usando hidracina
monohidratada se lleva a cabo afiadiendo 800 mg dicho agente reductor
a 800 ml de disolucion de oxido de grafeno. A continuacién, la
disolucion se calienta a 90°C durante 3 horas manteniendo una agitacion

constante [11].

Tras el proceso de reduccion, la mezcla se somete a centrifugacion (1000
rpm, 30 min) para conseguir la precipitacion del 6xido de grafeno

reducido por diferencial gravimétrico. Posteriormente, el sdlido

84



Metodologia y materiales

obtenido se lava repetidamente con 200 ml de agua desionizada para
eliminar cualquier traza existente de hidracina. El 6xido de grafeno
reducido quimicamente con hidracina (H-RGO) se seca en una estufa a
100°C durante 8 horas [12].

- Acido Ascérbico
La reduccion quimica del 6xido de grafeno usando acido ascdrbico se
lleva a cabo mezclando 800 ml de disolucion de 6xido de grafeno con
800 mg 4acido ascorbico. La disolucion se mantiene a temperatura

ambiente con agitacién durante 48 horas [13].

Tras el proceso de reduccion, la disolucion obtenida se centrifuga (1000
rpm, 30 min) para conseguir la precipitacion del 6xido de grafeno
reducido por diferencia gravimétrica. Posteriormente, se filtra el solido
obtenido y se lava repetidamente con 200 ml agua desionizada con
objeto de eliminar cualquier traza existente de acido ascdrbico. El
producto obtenido (A-RGO) se seca a 100°C durante 8 horas [12, 14].

e Reduccion Térmica

Esta reduccion consiste en eliminar parcialmente los grupos oxigenados
presentes en el 0xido de grafito mediante una expansion violenta del

material, a temperaturas moderadas.

El método de reduccion térmica se realiza en una estufa de secado
(Figura 2.7.) a bajas temperaturas (<300°C) produciéndose una brusca
expansion de las ldminas de grafeno que conforman el 6xido de grafito.
Mediante dicha expansion, se logran separar las laminas de grafeno
reduciéndose, al mismo tiempo, la cantidad de grupos oxigenados
presentes en el mismo [15], obteniendo 6xido de grafeno reducido
térmicamente (T-RGrO). .
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Figura 2.7. Estufa de secado utilizada en la sintesis de 6xido de grafeno reducido

térmicamente.
¢ Reduccién Multiples fases

Este método es bdsicamente una combinacion de los métodos de
reduccién anteriores que busca maximizar la cantidad de grupos

oxigenados funcionales reducidos o eliminados.

El procedimiento experimental seguido consiste en llevar a cabo una
primera reduccién térmica a baja temperatura (<300°C), en la que se
produce la expansion del material obteniendo 6xido de grafito reducido
térmicamente (T-RGrO). A continuacion, con la finalidad de separar ain
mas las laminas de grafeno y obtener ¢xido de grafeno reducido
térmicamente (T-RGO), el material se sonica durante 1h (amplitud 50%,
ciclo completo). Finalmente, para conseguir una mayor eliminacién de
los grupos funcionales oxigenados de la estructura, se realiza una
segunda etapa de reduccién quimica usando hidracina o acido
ascorbico como agentes reductores. Como resultado, se obtiene 6xido
de grafeno reducido mediante el método multiples fases usando
hidracina (HMP-RGO) o acido ascorbico (AMP-RGO).
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2.3. Técnicas de caracterizacion

Caracterizar un material consiste en determinar sus propiedades de
acuerdo a parametros fisico-quimicos. En el caso del grafeno y sus
derivados, existen multiples métodos de caracterizacion, entre los que

destacan los mencionados a continuacion.
2.3.1. Microscopia electronica de barrido (SEM)

Del inglés ‘Scanning Electron Microscopy’ es una técnica de
caracterizacion utilizada para el andlisis de superficies obteniendo
informacion del relieve, textura, tamano, forma de grano y composicion
quimica. En esta técnica, los electrones secundarios de baja energia (<50
eV) emitidos desde la superficie de la muestra se utilizan para dar una
imagen. Para facilitar la emisiéon de electrones resulta necesario
metalizar la muestra previamente (recubrir con una pequena capa de

metal conductor) [16].

En esta investigacion se utilizé un equipo SEM de la marca Phenom
ProX (Figura 2.8.). La preparacion de la muestra requiere que una
pequena cantidad de muestra se adhiera al soporte portamuestras.
Tanto la preparacion de la muestra, como su posterior caracterizacion,

se realizan en condiciones controladas de humedad y temperatura.

Figura 2.8. Equipo Microscopia Electrénica de Barrido (SEM).
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2.3.2. Espectroscopia Raman

La espectroscopia Raman es una poderosa técnica de caracterizacion de
todos los alotropos del carbono, por lo que resulta muy ttil en el estudio
del grafeno. Resulta ser rapida, no destructiva, de alta resolucion y
capaz de suministrar gran cantidad de informacion estructural y
electronica [17, 18]. Se basa en el estudio de la luz que dispersa un
material cuando se le hace incidir un haz de luz monocromatico sobre
¢l (radiacion laser). Una porcion de la luz es dispersada inelasticamente,
sufriendo ligeros cambios de frecuencia que resultan ser caracteristicos
del material analizado, e independientes de la frecuencia de la luz
incidente [19].

El equipo Raman utilizado en esta investigacion es de la marca
SENTERRA (Figura 2.9.). Posee un enrejado de difraccion de 600 lineas
por milimetro y un laser de 532 nm de longitud de onda. Ademas, posee

una potencia muy baja para evitar cualquier tipo de calentamiento.

Figura 2.9. Equipo espectroscopia Raman.

Gracias a la informacion proporcionada por el espectro Raman, se
puede diferenciar sin ambigiiedad entre grafito, grafeno, 6xido de

grafito, 6xido de grafeno u 6xido de grafeno reducido [20]. El primer
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espectro Raman del grafeno fue medido por Ferrari y col. [20] en 2006,

solo dos afnos después de haber sido aislado por primera vez.

La Figura 2.10. muestra, a modo de ejemplo, el espectro Raman
caracteristico del grafeno monocapa. En él pueden observarse tres

bandas caracteristicas: la banda D, G y 2D.

Banda

Banda

Intensidad (u.a.)

Banda

T T T
1000 1500 2000 2500 3000

Sefial Raman (cm™)

Figura 2.10. Espectro Raman de una lamina de grafeno monocapa.

La banda D aparece en el espectro Raman correspondiente al grafeno
entre los valores de 1200-1350 cm! y se atribuye a los defectos presentes
en la ldmina, por lo que también es llamada banda defecto. Esta banda
es débil en el grafeno y grafito de alta calidad, resultando significativa
en materiales defectuosos [21].

Labanda G, que aparece a longitudes de onda comprendidas entre 1580
y 1620 cm™, se debe al movimiento de dos atomos de carbono vecinos
unidos por enlaces sp2. La posicion de la banda puede variar en funciéon
de la presion ejercida sobre la muestra y el dopaje de la misma, mientras
que su intensidad es menos susceptible a estos factores [22].

Labanda 2D, que aparece en torno a 2700 cm™, es sensible al nimero de

capas de grafeno y muestra una estructura mas compleja con el aumento

89



Capitulo 2

de las mismas, debido al acoplamiento de diversos picos [22, 23]. La
Figura 2.11. muestra las diferencias existentes en la banda 2D, asi como
su deconvolucidn, segin el nimero de capas de grafeno presentes en la
muestra [20, 24]. Se puede observar que la diferencia mas significativa
entre el grafeno monocapa y el grafito es que la banda 2D
correspondiente al grafeno cuenta con una tnica contribucién mientras
que la del grafito, presenta un perfil asimétrico con la presencia de dos
contribuciones. Este hecho se ha estudiado en muestras con diferente
numero de capas [20, 25] y tiene su explicacion en la evolucion de la
estructura electrdnica del grafito a medida que se van afiadiendo capas
[26].

Monolayer graphene Bilayer graphene
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Figura 2.11. Deconvolucién de la banda 2D del grafito y del grafeno en funcién del

numero de capas [18].

Para llevar a cabo una caracterizacion exhaustiva de la muestra de
grafeno, hay que tener en cuenta ciertas relaciones entre las intensidades
de las bandas obtenidas por espectroscopia Raman. Asi, la relaciéon de
intensidades entre la banda D y la banda G (In/Ic) sirve para cuantificar

la cantidad de defectos presentes en la muestra [20, 27].
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Por su parte, la relacion entre las bandas 2D y G (I:n/Ic) permite
identificar si la muestra obtenida es grafeno monocapa, bicapa, pocas

capas o multicapa [21].

Otro parametro a tener en cuenta es el Full Width at Half Maximum
(FWHM, cm™) que esta relacionado con el tiempo de vida de los estados
excitados [25]. Este parametro se calcula como la diferencia de la Sefial

Raman a la altura media de la banda 2D (anchura de la banda 2D).

Finalmente, la posicion de la banda 2D del espectro Raman del grafeno
debe desplazarse a menores valores de Sefial Raman (cm™) en
comparacion con la posicion de dicha banda en el grafito, situada en
torno a 2710 cm! [28].

Por su parte, en el espectro Raman caracteristico del 6xido de grafito, y
debido a su naturaleza, aparecen tinicamente dos bandas: la banda D y
la banda G (Figura 2.12.). La ausencia del pico 2D en este material se
debe al desorden que presenta la muestra después del proceso de
oxidacion [29]. Las posiciones e intensidades relativas a dichas bandas
permiten analizar diferentes caracteristicas del 6xido de grafito. Uno de
los parametros mas empleados en muestras que se alejan relativamente
poco del orden grafitico es la intensidad de la banda D respecto a la G,
expresada como el cociente entre sus intensidades (In/Ic). Como ya se ha
comentado, esta relacion de intensidades crece con el desorden
estructural de la red grafitica, sirviendo asi como indicador del grado
de desorden de la muestra. Valores caracteristicos de esta relaciéon para
el 0xido de grafito oscilan entre 0,7 y 1 [30]. La relacién entre las
intensidades de dichas bandas experimenta cambios a medida que se va
tratando el material, aumentando su valor cuando el 6xido de grafito es
reducido mediante los diferentes métodos. Asi, por ejemplo, para el
oxido de grafeno, el valor de la relacién In/Ic presenta valores proximos
a la unidad, mientras que para el 6xido de grafito reducido
quimicamente, dicha relacion puede oscilar entre 1,14 y 1,28 [31].
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Figura 2.12. Espectro Raman del 6xido de grafito.

La evolucion del desorden experimentado en los materiales basados en
grafeno puede ser cuantificada mediante el parametro “distancia entre

defectos (Lb)” que se calcula como Lp=,/C (1)/(ID/IG), donde el valor
de C (A) es 102 nm?2.

2.3.3. Microscopia Optica

Aun siendo un material bidimensional de tan s6lo un atomo de espesor,
el grafeno es visible con ayuda de un microscopio Optico cuando se

deposita sobre un sustrato dieléctrico.

Para observar la muestra de grafeno microscopicamente, se utilizo el
microscopio Optico insertado en el espectrometro Raman, utilizando un

aumento de 50X.
2.3.4. Difraccion de Rayos X (XRD)

Se trata de una técnica de caracterizacién no destructiva en la que se
obtiene informacidn sobre la estructura cristalina y la distancia entre los
atomos de la muestra. Consiste en la interaccién de un haz de Rayos X,

de una determinada longitud de onda, con una sustancia cristalina
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consiguiendo su difraccion. Los haces difractados forman un conjunto
de conos denominados Debye-Scherrer, cada uno de los cuales es

consecuencia de diferentes conjuntos de planos [32].

La realizacion de los ensayos de difraccion de Rayos-X se llevo a cabo
en un difractémetro (PHILIPS, modelo PW-1711) con radiacién CuKa
(A =1.5404 A).

Los materiales derivados del grafeno presentan dos picos caracteristicos
en su espectro de difraccion de Rayos X, el pico [001] y el pico [100],
mientras que espectro de difraccion de Rayos X del grafito queda
representado por un solo pico [002] (Figura 2.13.) .

[001] [002]
SN N
=) | Oxido de Grafito
b= ' grafito ‘
=
5 [100]
~ JU .~

10 20 30 40 50
26 (°)
Figura 2.13. Espectro de difraccién de Rayos X del grafito y del 6xido de grafito.

La posicion y anchura de ambos picos permiten determinar diferentes
parametros cristalinos caracteristicos del material, tales como el
espaciado interlaminar (doz) y el tamafio medio cristalino en la
direccién perpendicular (Lc) y paralela (L) a las ldminas de grafeno
(Figura 2.14.).
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Figura 2.14. Representacion grafica de los parametros dooz, La y Le.

El espaciado interlaminar (do2), se calcula a partir del pico [001] de los
materiales derivados del grafeno y del pico [002] del grafito, utilizando

la ecuacion de Braggs:

A

doz = —————
o 2-sen (6)

donde Ay O son:
A: longitud de onda de la radiacion (A=1,5404 A).

0: dngulo de difraccion correspondiente al pico [002] del grafito y [001]
de los materiales derivados del grafeno.

El tamafio medio cristalino en la direccién perpendicular (Lc) de las
ldminas de grafeno, obtenido del pico [002] del grafito y [001] de los
materiales derivados del grafeno y, el tamano medio cristalino en la
direccion paralela (La) de las ldminas de grafeno, obtenido a partir del
pico [100] de los materiales derivados del grafeno, se determinan

mediante la ecuacion de Scherrer:

Ka'ﬂ. Kc'l

La - LC -
B -cos(9)’ B - cos ()
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donde Ks, K¢, A, By 0 son:

Ka: constante de Scherrer (1,84 para compuestos carbonosos) [33].
Kc: constante de Scherrer (0,90 para compuestos carbonosos) [33].
A: longitud de onda de la radiacion (A=1,5404 A).

B: FWHM. Este parametro se calcula como la anchura del pico a la mitad

del mismo.

0: dngulo de difraccion correspondiente al pico [002] en el grafito y [001]

y [100] en los materiales derivados del grafeno.
2.3.5. Analisis termogravimétrico

Mediante el andlisis termogravimétrico se registra, de manera continua,
la variacidon de peso de una muestra con el tiempo y la temperatura en
una atmosfera especifica que puede ser estatica o dindmica. Durante el
analisis se usa un caudal determinado utilizando como gases mas
habituales el N2, aire, Ar y CO..

En esta investigacion se utilizo un equipo de analisis termogravimétrico
METTLER TOLEDO, modelo TGA/DSC 1 STARe (Figura 2.15.). Las
muestras (aproximadamente 8 mg) se ubican en un crisol de cerdmica
de aliimina y se introducen en el equipo mediante un brazo robético.
Una vez dentro, se calientan a una velocidad de 10°C/min desde 30
hasta 1000°C. Los datos experimentales se recogen y controlan mediante
un software proporcionado por METTLER TOLEDO STAR.
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Figura 2.15. Termobalanza (TGA).
2.3.6. Espectroscopia Infrarroja de la Transformada de Fourier (FTIR)

El FTIR es una técnica de caracterizacion en la que, mediante un haz de
luz de diferentes frecuencias, se mide la cantidad de luz absorbida de
una muestra para estudiar la vibracion y la rotacion de las moléculas en

la region infrarroja del espectro electromagnético.

En esta investigacion se utilizd6 un espectrometro “SpectrumTwo”
(Perkin Elmer, Inc.) (Figura 2.16.) con un reflectante atenuado universal
total (UATR), que consiste en un accesorio de reflexion interna, usado
para simplificar el andlisis de solidos, polvos, pastas, geles y liquidos.
Ademas, el equipo posee un cristal de diamante el cual, debido a su
dureza, puede soportar altas presiones de trabajo y permite trabajar con

bases y acidos fuertes.
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Figura 2.16. Equipo Espectroscopia Infrarroja por Transformada de Fourier (FTIR).
2.3.7. Analisis elemental

Mediante este analisis se determina el contenido de los principales
elementos quimicos, tales como carbono (C), hidrégeno (H), nitrogeno
(N), oxigeno (O) y azufre (S), de una muestra en polvo.

Este andlisis se realizé en un analizador elemental LECO CHNS-932
capaz de detectar todos los elementos y mostrar el porcentaje masico de
cada uno de ellos. La separacion de elementos de la muestra se produce
por combustidn a alta temperatura (950°C) mediante la inyeccion de una

dosis elevada de oxigeno puro.

El porcentaje de C, H, N y S serd una media de los valores obtenidos en
los diez ensayos realizados a cada muestra. El analizador elemental
separa los gases producidos y los detecta con un detector de
conductividad térmica (TCD).

El porcentaje de oxigeno (O) de la muestra se calcula por diferencia

segun la siguiente ecuacion:

0=100—-C+H+N+S (Ecuaciéon4)
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siendo O, C, H, N y S los porcentajes masicos de oxigeno, carbono,

hidrégeno, nitrégeno y azufre, respectivamente.
2.3.8. Analisis del area superficial y volumen total de poros

La base para medir el area superficial total de un so6lido por fisisorcion
de un gas consiste en detectar el nimero de moléculas de gas necesarias
para cubrir la superficie del sélido. Una vez que el area que ocupa la
molécula es conocida, el area superficial del sélido se puede estimar a
partir del ntmero de moléculas de gas absorbidas, medidas

volumétricas o gravimétricamente (Brunauer, Emmett y Teller).

Los analisis de area superficial, volumen de poros y area de poros se
realizaron mediante adsorcion-desorcién de N2 a -196°C, empleando un
equipo de la marca QUANTACHROM modelo QUADRASORB SI, con
seis puertos de desgasificacion y tres de andlisis, controlado por un
software (QUADRAWIN) que recoge los valores de presion relativa

para cada volumen de N: dosificado.

Previamente al andlisis es necesario realizar una desgasificacion de las
muestras a 80°C aplicando vacio durante 6 horas. Una vez
desgasificadas, se lleva a cabo la adsorcién ahadiendo cantidades
crecientes de nitrogeno, para abarcar todo el intervalo de presiones
relativas hasta aproximarse a la saturacion (P/Po = 0,995). Alcanzada la
saturacion, la desorcion se realiza a vacio, reduciendo la presion relativa
escalonadamente. El tiempo de estabilizacion de cada medida se fija en
5s.

La superficie especifica se calcula utilizando el modelo Brunauer
Emmett-Teller (BET) aplicado a la rama de adsorcidn de nitrégeno en el
intervalo de presiones parciales seleccionado para cada material, de
forma que se evitara en todo momento la condensacién capilar en los

mesoporos.
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2.4. Analisis de la calidad del grafeno obtenido por el método
CVD

Con objeto de poder medir cuantitativamente la calidad de las 1daminas
de grafeno sintetizadas por el método CVD, se disefid una aplicacion
Excel-VBA basada en el analisis de las imdgenes de microscopia Optica
de las laminas de grafeno. En las imagenes de microscopia Optica, es
posible observar cuatro colores diferentes. Mediante espectroscopia
Raman se demuestra que, cada uno de los colores presentes en las
imagenes estd relacionado con un tipo de grafeno diferente. Asi, el color
naranja oscuro se corresponde con grafeno multicapa, el naranja claro
con grafeno pocas capas, el amarillo con grafeno bicapa y, por tultimo,

el color blanco con grafeno monocapa (Figura 2.17).
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Figura 2.17. Espectros Raman correspondiente a cada uno de las zonas de color
obtenidas en las imagenes de microscopia dpticas de las laminas de grafeno

sintetizadas por el método CVD.
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Asi, una vez analizadas las imdgenes de microscopia Optica, la
aplicacion Excel-VBA determina el porcentaje de cada uno de los tipos
de grafeno (multicapa, pocas capas, bicapa y monocapa) presentes en la

lamina de grafeno depositada sobre el sustrato metalico.

Por ultimo, en funcion de los porcentajes de cada tipo de grafeno, la
aplicacion Excel-VBA determina el parametro de “Calidad de la 1dmina
de grafeno” que esta relacionado con la calidad de la misma. Para ello,
la aplicacion asigna los valores de 1, 10, 100 y 1000 (escala logaritmica)
al 100% de la muestra recubierta con grafeno multicapa, pocas capas,
bicapa y monocapa, respectivamente. El parametro de “Calidad de la
ldmina de grafeno” se calcula como un promedio del porcentaje

obtenido para cada tipo de grafeno [27, 34, 35].
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Resumen

1 presente capitulo resume los resultados obtenidos en el
estudio de optimizacion del crecimiento de grafeno sobre
laminas de cobre policristalinas usando el método de
Deposicion Quimica en fase Vapor a presion atmosférica.
En este estudio se han usado CH: and Hz como gases
precursores. La espectroscopia Raman ha sido la técnica
de caracterizacion en la que se ha centrado el estudio de
optimizacion. Se analizaron en detalle diferentes
parametros de crecimiento que afectan a la sintesis de
grafeno, tales como la temperatura y el tiempo de
reaccion, la relacién entre los caudales de CHse Hz durante la etapa de
reacciony el caudal total de gases (CHs+H:) durante la etapa de reaccion.
Se pudo comprobar que, el crecimiento de grafeno no era homogéneo
en toda la muestra, estando ésta recubierta en su mayoria por grafeno
multicapa. Sin embargo, a medida que se realizaban los experimentos y
se modificaban los pardmetros de reaccion, el grafeno sintetizado iba
ganando calidad llegando a obtener una muestra recubierta en su

mayoria por grafeno bicapa.

Se disené una aplicacion Excel-VBA para analizar la calidad del grafeno
depositado sobre las ldminas de cobre. La muestra éptima de grafeno se
obtuvo para el menor tiempo de reaccion estudiado (10 minutos), la
mayor temperatura de sintesis (1050°C), una relacion CHs/Hzde 0.07 v/v
y un caudal total de gases durante la etapa de reaccion (CHst+H:) de 60

Nml/min.
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Abstract
he optimization of graphene growth over polycrystalline
copper foils using an atmospheric pressure Chemical
Vapor Deposition setup is reported. CHs and H> were
used as precursor gases. Raman spectroscopy was
selected as the main graphene characterization technique
during graphene synthesis optimization. Different
growth parameters, including temperature and reaction
time, CH4/H: flow rate ratio in the feed and total flow of
gases during the reaction step, were studied in detail. It
was shown that graphene growth was not homogeneous
in the entire sample obtaining multilayer graphene deposited over most
of the copper foil. However, as the synthesis parameters were
optimized, graphene was gained better quality, obtaining bilayer

graphene over most of the sheet for the optimized conditions.

A homemade software was used to analyse the quality value of
graphene sheet, which is related to the quality of the synthesised
graphene. Higher quality graphene was obtained with the optimization
of the synthesis parameters. An optimal bilayer graphene sample was
prepared at the lowest growth time (10 min) and the highest synthesis
temperature (1050 °C), using a CHs/H2 flow rate ratio and a total flow
rate ratio of precursors of 0.07 v/v and 60 Nml (CHs+Ha), respectively.

108



Synthesis and characterization of graphene deposited over polycrystalline
copper: Influence of the synthesis variables

3.1. Introduction

Graphene, a two dimensional sheet of carbon atoms, has recently
gained attention due to its promising properties, mainly those related
to electronics applications [1-5]. It was firstly obtained in the form of
small flakes of the order of several microns through mechanical
exfoliation of graphite using Scotch® Tape method [6]. Although with
this procedure is possible to obtain graphene with the highest quality,
the most efficient procedures should be developed for manufacturing

graphene at industrial scale.

Graphene can be synthesized by a variety of method such as arc
discharge [6, 7], epitaxial growth on SiC [8-13], unzipping carbon nanotubes
[14-16], chemical conversion [17], self-assembly of surfactants [18] and
Chemical Vapor Deposition (CVD) [19-23].

Chemical vapor deposition (CVD) is a technique that has the ability to
synthesize wafer scale graphene and the advantage of produced large
size of graphene [24, 25]. Also, it is a low cost method, leading to a high
the yield if compared to the other growth methods. However, the
graphene growth from CVD tends to wrinkle due to the difference in
thermal expansion between graphene and metal layer. This could be
decreased via proper annealing, but is still an ongoing research
challenge [26]. In CVD, a metal substrate is put into a furnace and heated

to high temperatures.

Copper is usually used as the substrate material for graphene synthesis
using the CVD method due to its small carbon solubility at elevated
temperatures [27], which allows to better control the number of
graphene layers. Other transition metals, such as Co and Pt are

alternative used although less frequently [28, 29].

In order to obtained uniformity and high quality graphene, it is crucial

to understand the details of the growth kinetics and nucleation.
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Graphene growth by CVD is a catalytic process involving the surface
diffusion and hydrocarbon decomposition, which involves different
steps in the graphene growth such as, the adsorption and de-absorption
of hydralarbon molecules on copper, which are followed by the
decomposition of hydrocarbon to form carbon atoms, the aggregation
of carbon atoms on the copper surface to form the graphene nucleation
centres and finally, the diffusion and attachment of carbon atoms to

nucleation centres to form graphene[30, 31].

Several studies have demonstrated a close correlation between the CVD
growth parameters and the number of graphene layers and the quality
of synthesized graphene, which enables the formation of bilayer and

few-layers graphene on Cu substrates.

Ma et al. found that the growth temperature influence, significantly, the
graphene quality. Increasing the temperature, increases the quality of
graphene, while at low temperatures, the samples contained a large
number of defects [32, 33]. Also, Rybin, et al. discovered that an increase
in the temperature induced an increment in the carbon atoms dissolved
in the metal layer, producing more graphene layers [34]. Recent studies
showed that the concentration of hydrogen plays an important role in
providing the quality of the graphene grown by CVD, which is related
with the CH4/Hz ratio and the total flow rate of CHs and H: during the

reaction step.

Gao, et al. found that a high hydrogen concentration worsened the
graphene quality using an atmospheric pressure CVD system, as a
result of the increased defects and wrinkles [35]. In a similar way,
Vlassiouk, et al. demonstrated the presence of a critical value of
hydrogen concentration for graphene growth. No graphene nucleation
was observed below this value, while high hydrogen concentration
caused a worsening in the quality of graphene [36]. Finally, several
groups found that that the key to growing bilayer and few-layers
graphene is the concentration of active carbon species [37] which is
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related with the CH4/H: ratio and the total flow rate of CHs and H-:
during the reaction step.

The aim of this work is to optimize the graphene growth on copper foils
using a homemade atmospheric pressure chemical vapor deposition
setup. CHs was used as the precursor gas whereas H2 and N2 were used
as carrier gases. Thus, different growth parameters, presumably
affecting the CVD-grown graphene characteristics: temperature and
reaction time, molar ratio CHs/H: in the feed and total flow of gases
entering the reactor, have been studied in detail. The resulting materials
were characterized by Raman spectroscopy since it allowed to evaluate

both the number of graphene layers and the defects present in them [38].

3.2. Experimental
3.2.1. Materials

25 pum thick cooper sheets with a high purity grade (99.99%) were
purchased from GOODFELLOW. Hydrogen and nitrogen with a high
purity grade (99.999%) packaged in steel cylinders (Praxair) and
methane (99.5% of grade purity) packaged in a steel cylinder (Praxair)
were purchased from Sigma Aldrich Chemical Co.

3.2.2. Method

Graphene samples were grown on 25 um thick copper foil in a 40-inch
quartz tube heated by a furnace (Figure 3.1.) using the CVD method
[22].
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Figure 3.1. a) Set-up used for CVD synthesis of graphene on copper. b) Experimental
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quartz reactor used in graphene synthesis.

Under atmospheric pressure, the furnace was heated to 900°C with a 400
sccm flow of N2 and 100 scem flow of Hz to prevent copper oxidation.
After that, the furnace was maintained at 900°C during 45 minutes to
allow the annealing of the copper foil. Then, a 30 sccm flow of methane
was introduced while nitrogen was tuned-off during a growth time
ranging from 5 to 40 minutes at the different temperatures used for the
graphene synthesis (900 °C-1050 °C). Finally, the system was cooled (~10
°C/min) by flowing 400 sccm of nitrogen. The synthesis process is

summarized in Figure 3.2.
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Figure 3.2. Summary of the stages, times, temperatures and gases used during

graphene synthesis.

3.2.3. Characterization

Raman spectroscopy and optical microscopy were used to analyse the
synthesized graphene samples. For these purposes, a SENTERRA
spectrometer with 600 lines/mm grating, 532 nm laser wavelengths at a
very low laser power level (<1 mW) to avoid any heating effect and X20

SENTERRA microscope were used.

Raman spectroscopy is considered as a reliable and quick method to
characterize graphene [39-41]. D peak, visible at ~1350 cm is related
with the presence of defects (edges, dislocations, cracks or vacancies) in
graphitic materials [40]. Two peaks more named to as G and 2D are
visible at ~1560 cm and 2690 cm, respectively. G peak denotes the
symmetry-allowed graphite band and is a way of checking the vibration
on the same plane of sp? hybridized carbon atoms, which compose

113



Chapter 3

graphene sheets [40]. 2D peak originates from second order double
resonant Raman scattering from zone boundary and is the hall-marks of

different numbers of graphene layers [42, 43].

The amount of defects present in graphene samples can be quantified
by measuring the intensity ratio of the D and G bands (Io/Ic). On the
other hand, the number of graphene layers is directly related to the ratio
(Lo/Ic). These parameters were characteristics of CVD-grown of
graphene on Cu [43-46]. Typical values of the ratios In/Ic and for L.o/Ic
for bilayer graphene have been reported, being in the range 0.1-0.3 [45]
and 0.4-1 respectively [22, 30, 46, 47].

Other remarkable parameters in the characterization of graphene are
the following ones: FWHM (Full Width at Half Maximum) and 2D peak
position or 2D Raman Shift (Raman Shift, cm™). FWHM is related to the
life-time of the excited states (life-time for the Raman scattering
process), which is the time delay between the absorption of the incident
photon and the emission of the outgoing one [5], which is calculated as
the Raman Shift difference to the half average height of the 2D band.
Characteristic values of FWHM in bilayer graphene are in the range 45-
65 cm [44-46]. On the other hand, 2D Raman Shift (Raman Shift, cm™) in
graphene Raman spectrum (around 2690 cm™) should be displaced to
lower Raman shift values if compared to that in graphite Raman
spectrum (ranging from 2710 to 2720 cm™) [39]. It is important to note
that 2D Raman band shape and position are good fingerprints that
indicate the presence of single and bilayer graphene samples and. Thus,
the 2D mode in bulk graphite can be decomposed in two components
(2D: and 2D2). Single layer graphene has a single component.
Nevertheless, the 2D Raman band in bilayer graphene is fitted to four
components. Moreover, in bulk graphite, 2D:1 component is less intense
than 2Dz one, whereas in bilayer graphene both of them have almost the
same intensity. An increase in the number of layers leads to an

increment of intensity of the 2D2 component if compared to the 2D1 one
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[41]. Finally, although Raman spectrum of graphene grown on copper
showed fluorescence [48], the peaks in the Raman spectrum could be
clearly identified. Anyway, 2D band deconvolution of the best sample
obtained at each reaction time were conducted in order to determinate

the number of graphitic layers present in the synthesized graphene.

3.2.4. Graphene quality analysis

It was designed a homemade Excel-VBA application in order to analyse
the graphene quality focusing in the image of the sample obtaining
using optical microscopy. This software allows know the percentage of
each type of graphene presents the graphene sheet. Depending of the
obtained percentage, the software assigned a number between 1 and
1000 which allow quantify the quality of the sample, obtaining a number
between 0 and 10 if the most of the sample is multilayer graphene or
few-layer graphene, between 10 and 1000 if the most of the sample is
bilayer graphene and between 100 and 1000 if the most of the sample is
monolayer graphene.

3.3. Results and discussion

Four main parameters which affect the process, including reaction
temperature and reaction time, the relation between CHs and Hz and the
total flow involving during the reaction step were selected to be studies
in detail due to their influence on the structure of deposited graphene
layers. The reaction temperature was the main key parameter of this
experiment, varying the reaction time at each temperature. These
parameters in combination with two others (CHs/H:rate and total flow
rate), allow controlling the process more carefully. Thereby, the relation
between methane and hydrogen were varied from 0.03 to 0.45 v/v have
been selected and the total flow involving during reaction step were
varied between 40 and 140 Nml/min.
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3.3.1. Influence of the synthesis temperature at different reaction

times

Table 3.1. lists the Raman parameters obtained at different reaction
times (5, 10, 20, 30 and 40 minutes) varying the synthesis temperature
between 900°C and 1050°C, and keeping the rest of operational
parameters constant: CHs/H> molar flow rate ratio of 0.3 v/v, and total
flow of gases (CHs+Hz) =130 Nml/min.

Table 3.1. Influence of the synthesis temperature at different reaction times.

RAMAN characterization parameters.

2D
Experiment | Treaction | treaction FWHM Raman
. In/Ic | Ien/lc .
set ¢C) (min) (cm1) Shift
Cu)
900 5 0.48 | 0.26 73 2709
950 5 0.28 | 0.29 67 2709
! 1000 5 0.19 | 031 67 2709
1050 5 0.08 | 0.38 67 2709
900 10 0.54 | 027 73 2704
950 10 0.28 | 0.28 67 2709
2 1000 10 025 | 0.32 67 2709
1050 10 0.16 | 043 67 2709
900 20 036 | 0.25 78 2709
950 20 033 | 028 67 2709
; 1000 20 0.29 | 031 67 2710
1050 20 024 | 0.35 67 2709
900 30 0.48 | 023 73 2709
s 950 30 032 | 037 61 2706
1000 30 0.27 | 0.33 70 2711
1050 30 0.25 | 0.35 65 2709
900 40 038 | 023 67 2704
950 40 032 | 037 67 2704
> 1000 40 0.31 | 0.26 67 2709
1050 40 024 | 0.35 67 2709
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Figure 3.3. shows the corresponding Raman spectra. These spectrums

were focused in the multilayer graphene area since most of the sample

was covered by this graphene type.
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Figure 3.3. Influence of the synthesis temperature at different reaction times. Raman
spectrum and 2D peak deconvolution. a) 5 min reaction time, b) 10 min reaction time,
¢) 20 min reaction time.

(Synthesis conditions: 900-1050°C, CHs/H>=0.3 v/v, 130 Nml (CH++H2)/min).
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Figure 3.3. Continuation. Influence of the synthesis temperature at different
reaction times. Raman spectrum and 2D peak deconvolution. d) 30 min reaction, e) 40
min reaction time.

(Synthesis conditions: 900-1050°C, CH«+/H>=0.3 v/v, 130 Nml (CH++H:)/min).

In all cases, In/lc ratio decreased when the synthesis temperature was
increased, indicating a decrease in the amount of defects present in the
carbon structure [49]. On the other hand, the I2p/Ic ratio increased with
the synthesis temperature, indicating a decrease in the number of
graphene layers present in the samples. In other words, it is possible to
assert that the graphene quality improved with increasing synthesis
temperatures [49]. This trend is not clear for samples obtained after 30
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and 40 minutes on stream. On the other hand, the position of 2D peaks
and the values of FWHM were similar for all the products obtained,
indicating that these parameters were not affected by both the synthesis

temperature and the reaction time.

The growth of graphene on copper is a surface catalysis process, which
occurs by a nucleation step because of the small solubility of carbon in
this metal [22, 27, 50-52]. At low temperatures, the mobility of the carbon
atoms leading to thin film growth is reduced [53, 54]. This means that
before they can be attached to growing atoms sites on the substrate,
additional atoms (ad-atoms) are being deposited onto them, due to the
continuous decomposition of the precursor (CHa in this case). As the
growth temperature increase, the mobility of these ad-atoms also
increases. Consequently, they are attached to more favourable sites
before being covered by additional ad-atoms. The overall result is that
at elevated temperatures the growth of the carbon structure is more
ordered. Regarding the influence of the reaction time, it appears that
positively influences on the quality in terms of defects and the
decreasing of the number of layers in the resulting materials during the
growth step. Optimum samples were selected in each set of experiments
attending to the Ip/Ic ratio, Ioo/Ic ratio, FWHM and 2D Raman Shift
values. Thus, the samples with the best properties (in this case, with the
lowest Ip/Ic ratio and the highest I.o/Ic ratio) were generally obtained at
the highest synthesis temperature (1050°C) and at relatively low
reaction times (10 minutes). A deconvolution of 2D peak for all these
selected samples was performed (Figure 3, inset). Four contributions,
characteristics of bilayer graphene, were obtained [41]. At the lowest
reaction time (5 minutes), it could be observed that the intensity of 2D:
intensity was much higher than that of 2D», indicating that few layer
graphene was formed. At 10 minutes, intensities of 2D1 and 2D2 were
similar being a characteristic of bilayer graphene [41]. At higher reaction
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times (> 20 minutes), the difference between the intensities of 2D1 and
2D: progressively increased, indicating that few layers graphene was
grown. In the light of the obtained results, it is clear that the graphene
with the best properties was obtained at 1050 °C and 10 minutes of

reaction time.

For these conditions, the values of In/Ic and Ip/Ic ratios were the lowest
and the highest ones, respectively. Note that at this reaction time, D
peak was practically negligible. Similar results were obtained by other
investigation groups [32-34, 55]. Although most of the sample was
covered by multilayer graphene, it was considered desirable analysed
the different kinds of graphene presented in the sample. Figure 1.4. a
shows an optical microscopy image of the optimum sample obtaining

in the present study.

It could be visually observed the presence of three different kinds of
graphene (bright orange correspond with multilayer graphene, light
orange correspond with few-layer graphene and yellow colour
correspond with bilayer graphene). In Figure 3.4. b it could be observed
the RAMAN spectrums corresponding to each type of graphene,
observing that the main important RAMAN parameters improved and
so, the graphene quality, obtaining the best RAMAN parameters for

bilayer graphene and the worst ones for multilayer graphene.

120



Synthesis and characterization of graphene deposited over polycrystalline
copper: Influence of the synthesis variables

20 r 2
.‘k;J.VA,‘_J_.__L‘__._J.,LA Tl W e e

ce‘ ’
{
|

1,o/1;=0.43
FWMH=67 cmt
2D PEAK POSITION=2709 cmt

MULTILAYER GRAPHEN
1,p/1c=0.74
FWMH=65 cm!
2D PEAK POSITION=2691 cm?
FEW-LAYER GRAPHENE

l,o/lg=1.20
FWMH=65 cmt
2D PEAK POSITION=2688 cm!

BILAYER GRAPHENE

Ip/I6=0.16

Ip/I6=0.04

Intensity (a.u.)

Ip/16=0.04

T T T
1000 1500 2000 2500 3000
Raman Shift (cm™)

Figure 3.4. Influence of the synthesis temperature at different reaction times. a)
Optical Microscopy of the optimum sample analysing different types of graphene. b)
Raman spectrum of the three different types of graphene presented in the optimum
sample.
(Synthesis conditions: 1050 °C, 10 min reaction, CH«+/H2=0.3 v/v, 130 Nml (CHa+H2)/min).

Table 3.2. shows the percentages of the different types of graphene
presented in the optimum sample obtaining in the present study using
the designed homemade software. A quality value, of 4.2 indicated that
the most of the graphene sheet was recovered by multilayer graphene.
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Table 3.2. Influence of the synthesis temperature at different reaction times.
Percentages of each type of graphene presented in the optimum sample and graphene

quality value.

% Multilayer graphene 81.34%

% Few-layer graphene 17.00%

% Bilayer graphene 1.66%
Quality value of graphene 4.2

Figure 3.5. shows the RAMAN spectra of both parent graphite and the
selected bilayer graphene and the corresponding 2D band
deconvolutions. As observed, position of 2D peak in graphene was
around 2709 cm whereas the same peak in graphite was encountered
at around 2718 cm™. On the other hand, I:n/Ic ratio in graphene (0.43)
was as expected higher than that in graphite (0.29). The opposite trend
was observed if the Ip/Ic ratio is taken into consideration. In addition,
remarkable changes in the shape and position of 2D peak were observed
as a function of the material. Thus, 2D band in graphite was
deconvoluted into two components, D1 and D: [41], being the former
less intense than latter. Nevertheless, in the bilayer graphene sample 2D
band was fitted to four components, being the difference in the
intensities of 2D1and 2D: much lower. As above mentioned, an increase
of the 2D: intensity would indicate that the number of layers tends to
decrease [41].
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Figure 3.5. Influence of the synthesis temperature at different reaction times. a)
Raman spectrum and 2D peak deconvulation for the optimum sample. b) Raman
spectrum and 2D peak deconvolution of graphite.

(Synthesis conditions: 1050 °C, 10 min reaction time, CH+/H>=0.3, 130 Nml (CHa+H2)/min).

3.3.2. Influence of the relation between CHs and H> molar flow rates
(CH4/H:2 ratio)

Several synthesis experiments were performed varying the CHai/H:
molar flow rate ratio in the range 0.03-0.45 v/v, keeping the rest of
synthesis variables (reaction temperature: 1050 °C, reaction time: 10
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minutes, total flow: 130 Nml (CHs + H2)/ min) constant. Figure 3.6.

shows the variation of the different Raman parameters, In/Ic and I2n/Ic
(Figure 3.6. a) and, FWHM and 2D Raman Shift (Figure 3.6. b) with

CH4/H2 molar flow rate ratio.
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Figure 3.6. Influence of the CHs/H: molar flow rate ratio. a) Ioo/Ic and In/Ic. b) FWHM
and 2D Raman Shift.
(Synthesis conditions: 1050 °C, 10 min reaction, CH+/H2=0.03-0.45 v/v, 130 Nml
(CHs+H2)/min).

The following conclusions could be established:
- High CHs/H2 molar flow rate ratios (0.4 v/v) gave rise to graphene

samples with a large structural disorder (high Ip/Ic ratio values) and a
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large number of layers (low Ln/Ic ratio values and 2D Raman Shift

shifted to higher values in the spectrum).

- By increasing the CHs/H2 molar flow rate ratio to values not exceeding
0.4 v/v, the value of the ILw/Ic ratio tended to slightly decrease,
remaining the value of Ip/Ic ratio practically constant. Furthermore, the
values of FWHM and 2D Raman Shift in the spectrum tended to slightly
increase indicating that low CHa4/H2 molar flow rate ratio values (<0.1
v/v) were required to obtain high quality graphene samples with a small

number of layers.

Similar results were obtained by other investigation groups [37, 55].
According to the obtained results, graphene sample synthesized using
a CHs/Hz molar flow rate ratio of 0.07 v/v was selected as the reference
to carry out the following set of experiments. Raman spectrum for this
sample and the corresponding 2D band deconvolution are shown in

Figure 3.7.

Intensity (a.u.)

Intensity (a.u.)

]

£ <

! ! .
| _—n 2650 100 N 2500

Raman Shift (cm”)

T T T
1000 1500 2000 2500 3000

Raman Shift cm™)
Figure 3.7. Influence of the CH4+/H: molar flow rate ratio. Optimum sample. Raman
spectrum and 2D peak deconvolution.
(Synthesis conditions: 1050 °C, 10 min reaction, CH+/H2=0.07 v/v, 130 Nml (CHstHz)/min).

Figure 3.8. a shows an optical microscopy picture of the optimum
sample obtained in this study. It could be visually observed that the
proportion of multilayer graphene decreased thus obtaining a graphene
with best quality. In Figure 3.8. b it could be observed the RAMAN
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spectrum and the main RAMAN parameters of each type of graphene
above commented.

l,o/15=0.56
FWMH=65 cm'*

2D PEAK POSITION=2691 cmt
MULTILAYER GRAPHENJ\

Ip/le=0.1 1,/l;=087

FWMH=65 cm?

2D PEAK POSITION=2688 cm'*
2 FEW-LAYER GRAPHENE

In/16=0.05 l/le=112

FWMH=65 cm™*
2D PEAK POSITION=2688 cm'!
3 ) BILAYER GRAPHENE

T T T
1000 1500 2000 2500 3000
Raman Shift (cm™)

In/16=0.16

Intensity (a.u.)

Figure 3.8. Influence of the CHs/H: molar flow rate ratio. a) Optical Microscopy of the
optimum sample analyzing different types of graphene. b) Raman spectrum of the
three different types of graphene presented in the optimum sample.
(Synthesis conditions: 1050 °C, 10 min reaction, CH+/H>=0.07 VIV, 130 Nml (CH++H:2)/min).

Table 3.3. shows the percentages of the different types of graphene
presented in the optimum sample. A quality value of 34.7 indicated that
approximately the half of the sample was covered by few-layer
graphene and around 30% was covered by bilayer graphene (high

quality).
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Table 1.3. Influence of the CHs/H> molar flow rate ratio. Percentages of each type of

graphene presented in the optimum sample and graphene quality value.

% Multilayer graphene 19.67%

% Few-layer graphene 50.92%

% Bilayer graphene 29.41%
Quality value of graphene 34.7

3.3.3. Influence of the total flow of gases (CHs+H:) during the reaction
step

Several synthesis experiments were performed varying the total flow of
gases (CHstHz) in the range 40-140 Nml/min, keeping the rest of
conditions (reaction temperature: 1050 °C, reaction time: 10 minutes,

CHa4/H2 molar flow rate ratio: 0.07 v/v) constant.

Table 3.4. lists the main Raman characterization parameters measured
to the resulting products whereas Figure 3.9. shows their RAMAN
spectra. As a general trend, the smaller the total flow, the better the
characteristics of synthesized graphene were obtained, specifically, the
value In/lc ratio increased with the total flow. Similar results were

obtained for other investigation groups [35, 36].

Table 3.4. Influence of the total flow of gases (CHs+H2) during the reaction step.

Raman characterization parameters and value assigned depending of the quality of

graphene.
Qtotal FWHM (cm- | 2D Raman Shift
In/Ic | In/Ic

(Nml/min) 1) (cm-?)
40 0.09 | 0.45 62 2707
60 0.08 | 0.44 61 2706
100 0.10 | 045 61 2706
130 0.15 | 0.46 61 2706
140 0.14 | 0.40 61 2711
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Figure 3.9. Influence of the total flow (CHs+Hz) during the reaction step. Raman
spectrum and 2D peak deconvolution.
(Synthesis conditions: 1050°C, 10 min reaction, CH«/H>=0.07 v/v, 40-140 Nml
(CH++Hz)/min).

This phenomenon was related to the slowdown of carbon deposition on
the metal sheet [56]. For all the tested samples, the rest of parameters in
the Raman characterization were kept almost constant, indicating that
total flow rate does not seem to be an important factor in controlling the

number of layers in the final products.

Optimum sample was synthesized using a total flow of 60 Nml/min was
selected as the best material prepared in this work. 2D peak
deconvolution in this sample (Figure 3.9. inset) showed the four
contributions characteristic of high quality bilayer graphene, presenting
both 2D1 and 2D: contributions similar intensities.

Figure 3.10.a shows an optical microscopy picture of the optimum
sample. It was observed that the proportion of multilayer graphene
decreased (bright orange colour area), obtaining bilayer graphene
(yellow colour area) for the most part of the sample. In Figure 3.10.b it
could be observed the RAMAN spectrum and the main RAMAN
parameters which are characteristics of each type of graphene presented

in the optimum sample.

128



Synthesis and characterization of graphene deposited over polycrystalline

copper: Influence of the synthesis variables

Intensity (a.u.)

b)

Ip/16=0.08

Ip/16=0.05

Ip/16=0.09

1p/1G=0.44
FWMH=61 cm*

2D PEAK POSITION=2706 cm™*
MULTILAYER GRAPHENE

loflg=0.71
FWMH=59 cm'*
2D PEAK POSITION=2691 cm*

FEW-LAYER GRAPHENE
1,0/16=0.85
FWMH=54 ¢t

2D PEAK POSITION=2688 cm
BILAYER GRAPHENE

1000

T
1500

T T
2000 2500 3000
Raman Shift (cm™)

Figure 3.10. Influence of the total flow of gases (CHs+H2) during the reaction

step. a) Optical Microscopy of the optimum sample analyzing different types of

graphene. b) Raman spectrum of the three different types of graphene presented in the

optimum sample.
(Synthesis conditions: 1050 °C, 10 min reaction, CH+/H2=0.07 v/v, 60 Nml
(CHs+Hz)/min).

Finally, Table 3.5. shows the percentages of the different types of
graphene presented in the optimum sample obtained in this last study.
A quality value of 59.3 indicated that more than half of all deposited
graphene was of bilayer type with a high quality.
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Table 3.5. Influence of the total flow of gases (CHs+H2) during the reaction step.
Percentages of each type of graphene presented in the optimum sample and graphene

quality value.

% Multilayer graphene 10.87%

% Few-layer graphene 33.27%

% Bilayer graphene 55.86%
Quality value of graphene 59.3

It was observed that the quality value and thus, the quality of the sample
was improved while the synthesis conditions were optimized, obtaining
the best quality graphene for the influence of the total flow (CHs+Hz) in
which the most of the sample was covering by bilayer graphene.

3.4. Conclusions

The aim of the paper was to optimize the graphene synthesis using an
atmospheric pressure chemical vapour deposition (CVD) system.
Copper foils were used as the substrate material due to its small carbon
solubility at elevated temperatures [13] which allows the better control
of the graphene layers. CHs was used as precursor gas while H> was
used to remove native oxide as well as to grow copper grains. N2 acted
as carrier gas during synthesis to dilute the precursor gas. Raman
spectroscopy was used as characterization technique due to graphene
has a characteristic Raman spectrum which can be used to distinguish
the number of graphene layers and defects of the sample. Different
growth parameters including temperature and reaction time, molar
ratio CHs/H2 in the feed and total flow of gases flowing during the
reaction step were studied in detail. It was shown that graphene growth
was not homogeneous in the entire sample. Thus, multilayer graphene
was present in most of the samples; however as the synthesis
parameters were optimized, graphene was gained better quality,
obtaining in the best optimized sample, bilayer graphene for the most

130



Synthesis and characterization of graphene deposited over polycrystalline
copper: Influence of the synthesis variables

part of the sample (56%). The conditions for the optimum sample were
as follows: growth time (10 min), synthesis temperature (1050 °C),
CH4/H: flow ratio (0.07 v/v) and total flow rate ratio of precursors (60
Nml (CHs+ H2)/ min).
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Resumen

n este capitulo se ha estudiado la sintesis de nuevos
procedimientos (efchings) para la transferencia de grafeno,
sintetizado por el método CVD a substratos arbitrarios.
Ademas de la disolucidon de FeCls que normalmente se usa
para transferir grafeno a otros substratos, se han probado
dos nuevas disoluciones para la transferencia de grafeno basadas en las
mezclas: HF:2Na:CO33H202 (4:1) y H20: (30%p./v.):agua regia
(IHNOs:3HCI):H20 (1:1:2). Con dichas disoluciones es posible transferir
grafeno a obleas de PET y desde éstas a substratos arbitrarios (por
ejemplo, portaobjetos de microscopio). El grafeno transferido se analizé

en detalle usando la técnica de Espectroscopia Raman.
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Abstract

ovel and simple etchings for direct transfer of CVD-
grown graphene synthesized over Cu to arbitrary
substrates are reported in this chapter. Besides the
classical transfer method using FeCls, two novel
etching solutions have been wused for transfer
graphene over different substrates: HF:2Na>COs-3H20: (4:1) and H20:
(30% p./v.): aqua Regis (1IHNOs:3HCI): H2O (1:1:2). By using these
etching solutions, graphene was firstly transferred to PET wafers and
then to arbitrary substrates (microscope slides). The resulting materials

were analyzed and discussed in detail using Raman Spectroscopy.
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4.1. Introduction

As was commented in previous chapters, graphene can be synthesized
by a variety of methods. Among them, Chemical Vapor Deposition
stands out due to its large-area and high quality of the resulting
graphene [1]. Regarding practical application of graphene, reliable
methods for transferring graphene from metallic substrates to other
arbitrary substrates are needed [2].

Different methods to transfer CVD-growth graphene from metals to
arbitrary substrates [3] have been studied. One of them is based on
using poly-(methyl-methacrylate) as a supporting material to transfer
mechanical exfoliated graphene flakes [4] and carbon nanotubes [5].
Recent studies have reported a novel PMMA transfer technique in
which a second liquid PMMA coating stage is included [6]. However,
this technique can be only used to transfer graphene onto flat substrates

13].

On the other hand, novel dry methods to transfer CVD-grown graphene
onto arbitrary substrates have been reported as cleaner and gentler
simple transfer techniques than polymer-based methods [2, 3, 7]. These
dry methods are an ideal alternative for the manufacture of a great
variety of chemical, optical and electronic devices that use large and

uniform graphene sheets [2].

According to recent researches, the most used technique to transfer
CVD-grown graphene to arbitrary substrates is based on using FeCls as
an etching solution [8]. Related to this method, a thermal release
adhesive has to be tapped on the top of the graphene layer and then
soak in a FeCls solution to remove metal layer (FeCls etching attacks
chemically to the metal substrate). The resulting graphene film
deposited on the polymer support could be ready to transfer onto
different substrates.
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In the present study, CVD-grown graphene on Cu has been transferred
to different substrates using the FeCls solution-based method. In this
work, two novel etching solutions have been used during the transfer
method: HF:2Na>COs-3H202 (4:1) and, H202 (30% p. /v.): aqua Regis
(IHNOs:3HCI): H20 (1:1:2). Firstly, graphene was transferred to a PET
wafer using the three different etching solutions. After that, graphene
was again transferred to other arbitrary substrates such as microscope
slides. The most important characteristics of the resulting materials

were analyzed and discussed in detail using Raman Spectroscopy.

4.2. Experimental
4.2.1. Materials

Graphene sheets, with dimensions of 2.5x4 cm? were supplied by
Graphenano Nanotechnology. Thermal release tapes, manufactured from

PET (poly-ethylene terephthalate), were supplied by Nitto Denko.
4.2.2. Method

Two graphene transfer methods from metallic layers to arbitrary

substrates, which instantly etch metal layers, have been developed.

The procedure to accomplish the transfer method is the following:
Firstly, thermal release tapes were attached to the CVD-grown
graphene on copper. Thus, a thermal adhesive tape should be placed on
the top of the graphene layer and then, in order to obtain a smooth and
unwrinkled surface, a firm pressure must be applied to the tape using a
rubber roll. In this way, a suitable sheet that facilitates graphene
transference was obtained. Until now, the above-mentioned
experimental procedure was commonly used in the majority of transfer
methods. In this point, three different etchings were chosen to check the
effectiveness of the graphene transfer. Besides the most normally used

etching solution (FeCls, 1M), there were considered two new ones;
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HF:2Na:CO3-3H202 (4:1) and, H0: (30% p. /v.): aqua Regis
(IHNOs:3HCI): H20 (1:1:2). These two solutions have been compared
with the most common one used in scientific literature, which isa 1 M
solution of FeCls. Consequently three different procedures were
performed:

1. One of the graphene sheet adhered to the PET wafer was soaked
in a 1 M FeCls solution in order to remove the metal layer. This
etching should be warmed up from 55-65°C to improve the
attack of the metallic layer, which took about 20 minutes to
disappear.

2. Another graphene sheet adhered to the PET wafer was soaked
in a HF:2Na2CO3-3H20: (4:1) solution to remove the metal layer.
This etching took about 1 hour to totally remove the metal layer.

3. Finally, a third PET wafer was soaked in a H20:(30% p. /v.): aqua
Regis (IHNOs:3HCI): H2O (1:1:2) etching. Few seconds were

needed to completely remove the metal layer.

Until this point, the procedure is the same for the three PET wafer
obtained. Once the metal layer was removed, each PET wafer was
cleaned with deionized water (D.I.) and allowed to dry. As a result of
this, three PET wafer covers with graphene were obtained by using
these three different etching solutions.

Nevertheless, the resulting graphene filmed onto the polymer (PET)
support has to be transferred onto other arbitrary substrates. In the
present study, the selected arbitrary substrate was a microscope slide.
The suitable method to do it involves placing the dry PET wafer with
the graphene on the cleaned substrate surface. Then, a firm pressure
was applied in order to obtain a smooth and unwrinkled surface. The
PET wafer with graphene was adhered to the surface substrate. By
heating the substrate with the attached PET taped up to about 100°C,
the tape lost its adhesion capacity. Consequently, the graphene film was

detached from the PET wafer and transferred to the substrate.
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Figure 4.1. illustrates the procedure followed to transfer CVD-grown
graphene from Cu layers to arbitrary substrates.

GRAPHENE ON Cu

ON THE TOP OF GRAPHENE LAYER

H202 + AQUAFORTIS+H20 (1:1:2) ETCHING
2Na2C03-3H20+HF (1:4) ETCHING

I FeCl3 ETCHING

_ THERMAL RELEASE ADHESIVE LAYER

% DEIONIZED WATER TO CLEAN THE PET

3

GLASS TRANSFER

HEAT TO LOSE ADHESIVITY OF PET

GRAPHENE ONTO GLASS SUBSTRATE

Figure 4.1. Schematic illustration of the direct method to transfer CVD-grown

graphene from Cu layers to arbitrary substrates.

4.2.3. Characterization
Raman spectroscopy

Raman Spectroscopy (SENTERRA  confocal (X50 objective)
spectrometer with 600 lines/mm grating, 532 nm laser wavelength at a
very low laser power level (< 1 mW) to avoid any heating effect) was
used to evaluate the quality of the transferred graphene onto PET
wafers and arbitrary substrates. Raman analyses were performed on the
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substrate, PET wafer and microscope slide, in order to check if the
transference had successfully occurred.

Raman spectroscopy is considered as a reliable and quick method to
characterize graphene [9-12]. Figure 4.2. shows the Raman spectra of
graphite and CVD-grown graphene on Cu.

D peak, visible at - 1350 cm*, is related to the presence of defects (edges,
dislocations, cracks or vacancies) in graphitic materials [12]. Two more
peaks named G and 2D bands are visible at around 1580-1620 cm™! and -
2700 cml, respectively. G peak denotes the symmetry-allowed graphite
band and, is a way of checking the vibration on the same plane of sp?
hybridized carbon atoms, which compose graphene sheets [12]. 2D
peak, originated from second order double resonant Raman scattering
from zone boundary, is the hallmarks of different numbers of graphene
layers [3, 13].

The amount of defects present in graphene samples can be quantified
by measuring the intensity ratio of D and G bands (In/Ic). On the other
hand, the number of graphene layers is directly related to the ratio of G
and 2D bands (Iz/Ic). These parameters are characteristics of CVD-
grown of graphene [14]. Other remarkable parameters in the
characterization of graphene are the following ones: FWHM (Full Width
at Half Maximum) and 2D and G peak position (Raman Shift, cm™).
FWHM is related to the life-time of the excited states (life-time for the
Raman scattering process), which is the time delay between the
absorption of the incident photon and the emission of the outgoing one
[15], which is calculated as the Raman Shift difference to the half
average height of 2D band. On the other hand, G peak position in
graphene Raman spectrum is located around 1560 cm™. A variation in
the position of this peak may be attributed to electronic doping between
the graphene and the substrate [16]. Finally 2D peak position or 2D Raman
Shift in graphene Raman spectrum (around 2700 c¢cm) should be
displaced to lower Raman shift values if compared to that in graphite

Raman spectrum (ranging from 2710 to 2720 cm) [9].
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a)

Raman Shift (cm”)

Intensity (a.u.)

CVD-GROWN GRAPHENE
ON COPPER

T T T
1000 1500 2000 2500

Raman Shift (cm™)

b)

Intensity (a.

Raman Shift (cm”)

Intensity (u.a.)

GRAPHITE

T T T
1000 1500 2000 2500
Raman Shift (cm™)

Figure 4.2. a) Raman spectra and the 2D peak deconvolution of graphene on copper b)

Raman spectrum and the 2D peak deconvolution of graphite.

It is important to note that 2D Raman band shape and position are good
fingerprints that indicate the presence of monolayer, bilayer, few-layer
and multilayer graphene samples. Thus, the 2D mode in bulk graphite,
few-layer and multilayer graphene has been reported to be decomposed
in two components [17]. Monolayer graphene has a single component.
Nevertheless, the 2D Raman band in bilayer graphene is fitted to four
components. Finally, although the Raman spectrum of graphene grown
on metals shows fluorescence [18], this one has been treated using the

SENTERRA Raman spectrometer software, thus allowing to clearly
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identify the different peaks appearing in the Raman spectrum.

4.3. Results and discussion

Table 4.1. lists the different experiments performed.

Table 4.1. Samples studied in this research.

Sample Substrate Etching

1 PET (1 M) FeCls

2 PET HF:2Na2C0s-3H202 (4:1)

3 PET H202(30% p. /v.): aqua Regis

(IHNOs:3HCI): H20 (1:1:2)

Microscope slide 1
Microscope slide 2
Microscope slide 3

Figure 4.3. illustrates the obtained polymer substrates (PET) after treat
them with the different etchings solutions and further cleaning with D.IL

water.

Figure 4.3. a) PET wafer over a Cu grown graphene sheet; b) PET wafer after etching
with FeCls (IM) and cleaning with D.I. water; c¢) PET wafer after etching with
HF:2Na:CO3¢3H20:2 (4:1) and cleaning with D.I. water; d) PET wafer after etching with
H202(110 volumes): aqua Regis (1 HNOz:3HCI):H20 (1:1:2) and cleaning with D.I.

water.
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In all PET wafers, the region where graphene is placed could be clearly
distinguished. As observed, PET wafer before the transfer process was
totally white, being bilayer graphene grown on copper coated over it
(Figure 4.3.a.). When FeCls (1M) was used as the etching solution, a dirty
yellow area in the plastic appeared due to the Fe action (Figure 4.3.b.).

In order to obtain a clean wafer, it was necessary a cleaning stage.
Firstly, acetone was used as a cleaning agent but a loss of adhesiveness
of the PET was observed. As a result of this, graphene transfer from the
PET wafer to other substrates was not feasible. This is the reason why
acetone was ruled out as a PET wafer cleaning solution. Consequently,

D.I. water was selected for this purpose.

Using HF: 2Na2CO3-3H:0: (4:1) as an etching solution (Figure 4.3.c.), a
clean white surface was obtained due to the action of the
2Na2COs-3H20:. However, part of the adhesiveness of the PET wafer
was lost after the cleaning stage with D.I water. Finally, when (H20:
(30% p. /v.): aqua Regis (1IHNOs:3HCI): H20 (1:1:2) was used as an
etching solution (Figure 4.3.d.), a clean white surface was also obtained.
In this case, the PET wafer adhesiveness was maintained without
alterations, which is essential for ensuring future transfers of the bilayer
graphene from PET to other substrates.

Figure 4.4. shows the Raman spectra of the CVD-grown bilayer
graphene transferred onto PET wafers using the three different etching
solutions. If the Raman spectra of bilayer graphene transferred to PET
wafer is compared to that the one of bilayer graphene on copper (Figure
2a), it can be concluded that the different transfer steps affected the
quality of the resulting material. In all cases, it was noted that D peak

intensity increased.

The best Raman spectrum was obtained for the transferred graphene
using H202 (30% p. /v.): aqua Regis (IHNOs:3HCI): H20 (1:1:2) as an
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etching solution. Note that D and 2D peaks intensities were the lowest
and the highest respectively. This Raman spectrum was similar to that
the one obtained for bilayer graphene on copper, being the level of noise
pretty lower than the one observed on the other two samples.

Figure 4.4. also shows Raman spectra of the CVD-grown bilayer
graphene transferred from different PET wafers to microscope slides.
The spectrums obtained were characteristic of bilayer graphene but the
spectrum noise was dependent on the etching solution used. In good
agreement with the previous discussion, the best Raman spectrum of all
the microscope slides was the one obtained from the transferred
graphene using H202(30% p. /v.): aqua Regis (1IHNOz:3HCI): H20 (1:1:2)

as an etching solution.

a) 1M FeCly

||\  GRAPHENE OVER
Il MICROSCOPE SLIDE

M S g, W
N W Wy M e

Intensity (a.u.)

GRAPHENE OVER PET

T T T
1000 1500 2000 2500

Raman Shift (cm™)

b) | HF:2Na,CO4-3H,0, (4:1)
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‘ \
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\

Nl 1 N A Y A

" v M PtV e g 7 W
i’
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Figure 4.4. Raman spectrum of graphene over both PET and microscope slides using
the following etchings media: a) FeCls (1M); b) HF:2Na2CO3-3H20:2 (4:1); c) H202(110
volumes): aqua Regis (IHNO3:3HCI):H20 (1:1:2).

Intensity (a.u.)
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<
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Figure 4.4. Continuation. Raman spectrum of graphene over both PET and
microscope slides using the following etchings media: a) FeCls (1M); b)
HF:2Na2CO0s3-3H202 (4:1); ¢) H202(110 volumes): aqua Regis (IHNO3:3HCI):H20 (1:1:2).

Table 4.2. summarizes the main Raman parameters of the different
samples containing graphene. The intensity between D and G bands
(In/Icratio), related to the presence of structural defects in the graphene
sample [19], varied between 0.12 and 0.48 for graphene coated over PET
wafers, and between 0.14-0.53 for graphene coated over microscope
slides, being always higher when FeCls (1IM) and HF: 2Na2CO3-3H:0:
(4:1) were used as etching solutions (samples 1, 2, 4, 5). This fact could
be due to the possible changes in the nature and the density of the
defects [9]. On the other hand, the intensity between 2D and G bands
(o/Ic ratio), related to the quality and number of graphene layers [19],
varied between 0.36 and 0.72 in PET wafers, and between 0.32 and 0.43
for graphene coated over microscope slides. In all samples, 2D Raman
shifts in the spectrums were maintained on the range of 2676-2686 cm-!,
characteristic of graphene materials. Nevertheless, values of FWHM
were considerably higher when FeCls (1IM) and HF: 2Na2CQO3-3H:0:

(4:1) were used as etching solutions (samples 1, 2, 4, 5).
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Table 4.2. Characteristic Raman parameters of graphene on copper and graphene

transferred over PET and microscope slide.

2D Raman Shift FWHM
Sample In/Ic | Lo/Ic
(cm) (cm)

Graphite 0.13 | 0.38 2713 81
Grapheneon Cu | 0.25 | 0.69 2690 55
1 0.28 | 0.36 2686 80

2 048 | 0.72 2676 80

3 0.12 | 0.51 2681 73

4 0.53 | 0.39 2683 90

5 0.50 | 0.32 2683 65

6 0.14 | 043 2683 59

According to the results obtained in this work, the best etching for
transferring graphene is based on the use of aqua Regis (1IHNOsz:3HCI):
H:O (1:1:2). To verify the homogeneity of the best transfer process (H20:
(380% p. /v.): aqua Regis (1IHNOs:3HCl): H20 (1:1:2)), different spots in a
specific area of the sample were measured using Raman Spectroscopy
(Figure 5). In Figure 2.5. it could be observed the Raman spectrum and
an image performed using optical microscopy in which graphene was

transferred properly and it is uniform through the microscope slide.
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Figure 4.5. a) Optical Microscopy image of the graphene transferred over microscope
slide. b) Raman mapping performed to the microscope slide using H202 (110 volumes):
aqua Regis (IHNOs:3HCI):H20 (1:1:2) as etching.

4.4. Conclusions

Novel transfer etchings to transfer CVD-Cu grown graphene to
arbitrary substrates have been developed. These etchings could be
useful to transfer large-area graphene to arbitrary substrates (such as
composites, plastics or glass) and manufacture a great variety of
practical devices. It has been demonstrated that it is possible to transfer
bilayer graphene over clean and white plastics. The best transfer etching
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here was based on the use of H:0: (110 volumes): aqua Regis
(IHNOs:3HCI): H20 (1:1:2) as the etching solution. Thank to this, it was
possible to avoid the PET wafer adhesiveness loss during the transfer
process, which is crucial if a successful graphene transfer to arbitrary

substrates is required.

4.5. References

1. Yao, Y. and Wong, C. P., Monolayer graphene growth using
additional etching process in atmospheric pressure chemical vapor
deposition. Carbon, 2012, 50 (14): p. 5203-52009.

2. Regan, W., Alem, N., Aleman, B., Geng, B., Girit, C., Maserati,
L., Wang, F., Crommie, M. and Zettl, A., A direct transfer of layer-
area graphene. Applied Physics Letters, 2010, 96 (11).

3. Suk, J. W., Kitt, A., Magnuson, C. W., Hao, Y., Ahmed, S., An, ],
Swan, A. K., Goldberg, B. B. and Ruoff, R. S., Transfer of CVD-
grown monolayer graphene onto arbitrary substrates. ACS Nano,
2011, 5 (9): p. 6916-6924.

4, Reina, A., Son, H., Jiao, L., Fan, B., Dresselhaus, M. S., Liu, Z. and
Kong, J., Transferring and identification of single- and few-layer
graphene on arbitrary substrates. Journal of Physical Chemistry C,
2008, 112 (46): p. 17741-17744.

5. Jiao, L., Fan, B., Xian, X., Wu, Z., Zhang, J. and Liu, Z., Creation
of nanostructures with  poly(methyl  methacrylate)-mediated
nanotransfer printing. Journal of the American Chemical Society,
2008, 130 (38): p. 12612-12613.

6. Li, X., Zhu, Y., Cai, W., Borysiak, M., Han, B., Chen, D., Piner, R.
D., Colomba, L. and Ruoff, R. S., Transfer of large-area graphene
films for high-performance transparent conductive electrodes. Nano
Letters, 2009, 9 (12): p. 4359-4363.

7. Kang, J., Hwang, S., Kim, J. H., Kim, M. H., Ryu, J., Seo, S. J.,
Hong, B. H., Kim, M. K. and Choi, J. B., Efficient transfer of large-

155



Chapter 4

10.

11.

12.

13.

14.

15.

area graphene films onto rigid substrates by hot pressing. ACS Nano,
2012, 6 (6): p. 5360-5365.

Lee, Y., Bae, S, Jang, H., Jang, S., Zhu, S. E., Sim, S. H., Song, Y.
I, Hong, B. H. and Ahn, J. H., Wafer-scale synthesis and transfer of
graphene films. Nano Letters, 2010, 10 (2): p. 490-493.

Calizo, 1., Teweldebrhan, D., Bao, W., Miao, F., Lau, C. N. and
Balandin, A. A., Spectroscopic Raman nanometrology of graphene
and graphene multilayers on arbitrary substrates. Journal of Physics:
Conference Series, 2008, 109 (1): p. 5.

Das, A., Chakraborty, B. and Sood, A. K., Raman spectroscopy of
graphene on different substrates and influence of defects. Bulletin of
Materials Science, 2008, 31 (3): p. 579-584.

Rao, C. N. R., Maitra, U. and Matte, H. S. S. R.,, Synthesis,
Characterization, and Selected Properties of Graphene. 2012, Wiley-
VCH. p. 1-47.

Wall, M., Raman spectroscopy optimizes graphene characterization.
Advanced Materials and Processes, 2012, 170 (4): p. 35-38.
Reina, A., Jia, X., Ho, J., Nezich, D., Son, H., Bulovic, V.,
Dresselhaus, M. S. and Jing, K., Large area, few-layer graphene films
on arbitrary substrates by chemical vapor deposition. Nano Letters,
2009, 9 (1): p. 30-35.

Gong, Y., Zhang, X,, Liu, G., Wu, L., Geng, X., Long, M., Cao, X,
Guo, Y, Li, W, Xu, ], Sun, M., Lu, L. and Liu, L., Layer-controlled
and wafer-scale synthesis of uniform and high-quality graphene films
on a polycrystalline nickel catalyst. Advanced Functional Materials,
2012, 22 (15): p. 3153-3159.

Wang, Y. Y, Ni, Z. H,, Yu, T, Shen, Z. X,, Wang, H. M., Wu, Y.
H., Chen, W. and Wee, A. T. S., Raman studies of monolayer
graphene: The substrate effect. Journal of Physical Chemistry C,
2008, 112 (29): p. 10637-10640.

156



Novel etchings to transfer CVD grown graphene from copper to arbitrary

substrates

16.

17.

18.

19.

Ferrari, A. C., Meyer, J. C., Scardaci, V., Casiraghi, C., Lazzeri,
M., Mauri, F., Piscanec, S., Jiang, D., Novoselov, K. S., Roth, S.
and Geim, A. K., Raman spectrum of graphene and graphene layers.
Physical Review Letters, 2006, 97 (18).

Ferrari, A. C., Raman spectroscopy of graphene and graphite:
Disorder, electron-phonon coupling, doping and nonadiabatic effects.
Solid State Communications, 2007, 143 (1-2): p. 47-57.

Costa, S. D., Righi, A., Fantini, C.,, Hao, Y., Magnuson, C,,
Colombo, L., Ruoff, R. S. and Pimenta, M. A., Resonant Raman
spectroscopy of graphene grown on copper substrates. Solid State
Communications, 2012, 152 (15): p. 1317-1320.

Nemanich, R. J. and Solin, S. A., First- and second-order Raman
scattering from finite-size crystals of graphite. Physical Review B,
1979, 20 (2): p. 392-401.

157






Chapter 5: Quality control of graphene

deposited over polycrystalline nickel.

Resumen
Abstract
5.1. Introduction
5.2. Experimental
5.2.1. Materials
5.2.2. Methods
5.2.3. Characterization methods
5.2.4. Determination of the graphene quality value
5.3. Results and discussion
5.3.1. Influence of the reaction temperature
5.3.2. Influence of the CHs/H: flow rate ratio

5.3.3. Influence of the total flow of gases (CHs+H:2) during the
reaction step at different reaction times

5.4. Conclusions

5.5. References






Resumen

n el presente capitulo se muestran los resultados
obtenidos en el estudio de optimizacion del tipo de
grafeno depositado sobre niquel policristalino usando el
método de Deposicion Quimica en fase Vapor a presion
atmosférica. Se usaron CH4 e H2 como gases precursores.
Las principales técnicas de caracterizacion empleadas para la
caracterizacion del grafeno obtenido fueron la Microscopia Optica y la
espectroscopia Raman. La calidad del grafeno se cuantificéd usando la
aplicacion Excel-VBA disefiada especificamente para tal fin. Dicha
aplicacion asigna un valor de calidad entre 1 y 1000 y permite conocer
el porcentaje de cada tipo de grafeno depositado sobre la lamina de

niquel (multicapa, pocas capas, bicapa o monocapa).

Se estudié en detalle la influencia de la temperatura de reaccion, la
relacidn entre los caudales de CHs/Hzy el caudal total de gases (CHs+H>)
durante la etapa de reaccidon para diferentes tiempos de reaccion. Las
imagenes de Microscopia Optica mostraron que las muestras no eran
homogéneas, estando las ldaminas metdlicas recubiertas por grafeno
multicapa, pocas capas, bicapa y monocapa. Las variables de sintesis se
optimizaron de acuerdo con el valor del parametro de calidad del
grafeno sintetizado. Se obtuvo un valor de calidad maxima (810 sobre
1000) para la muestra sintetizada a 980°C con una relacién entre
caudales CHs/H: de 0,07 v/v y un caudal total de gases de 80 Nml/min
para un tiempo reaccion de 60 segundos. Para estas condiciones de
reaccion, aproximadamente el 80% de la ldmina de niquel estaba

recubierta por grafeno monocapa.
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Abstract

he optimization of the graphene growth over

polycrystalline nickel foils using an atmospheric pressure

Chemical Vapor Deposition set up is report. CHs and Ha

were used as precursor gases. Optical Microscopy and

Raman spectroscopy were used as for graphene
characterization. The quality of the sample, related with the number of
graphene layers in the synthesized graphene, was quantified using an
Excel-VBA application, which assigned a quality value between 1 and
1000 and allowed to know the percentage of each type of graphene
(multilayer, few-layer, bilayer and monolayer), deposited over the Ni
foil.

The influence of the reaction temperature, CHs/H> flow rate ratio and
the total flow of gases (CHs+Hz) during the reaction step for different
reaction times was studied in detail. Optical Microscopy showed that
samples were not homogeneous, being covered with multilayer, few-
layer, bilayer and monolayer graphene. Synthesis variables were
optimized according to the quality value. It was observed a maximum
quality value (810) for a temperature, a CHs/H2flow rate ratio and a total
flow of gases of 980°C, 0.07 v/v and 80 Nml/min for 60 second of reaction
time, respectively. At these conditions, about 80% of the nickel foil was
covered with monolayer graphene.
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5.1. Introduction

In previous chapters, the synthesis of CVD-graphene using copper as
catalyst has been reported. Other remarkable metal used to synthesized
graphene is nickel. As was explained, in CVD method, a metal substrate
is put into a furnace and heated to high temperatures. The heat anneals
the metal, increasing its domain size [1]. Methane and hydrogen gases
are flowed through the furnace. Hydrogen catalyzes the reaction
between methane and the metal substrate, resulting carbon atoms,
which are deposited onto the metal surface. After the reaction, the
furnace is cooled to avoid the aggregation of the deposited carbon
atoms, which crystallizes into a continuous graphene layer on the metal
surface [2].

As was commented, nickel and copper are commonly used in the CVD
method as the metal substrate material for graphene synthesis [3]. Due
to the high solubility of carbon in nickel, the precipitation of extra-
carbon occurs at the metal surfaces during cooling [4]. Since the
segregation is a non-equilibrium process, this makes thickness control
of graphene a challenge [4]. When nickel is used as the catalyst,
graphene growth occurs after methane gas decomposition, causing the
diffusion of carbon atoms through the metal surface forming a solid
solution. After that, carbon atoms segregate from inside of the metal to
the metal surface and then precipitate, forming graphene layers. It has
been reported that carbon segregation on nickel is non-uniform at low-
temperature [4]. However, the high decomposition temperature of
methane, favored a constant carbon coverage over the nickel surface [4].
Furthermore, high melting point of nickel enables high-temperature
annealing, which results in larger domains, thus making it favorable for
large-area low-defects growth [5]. Monocrystalline nickel favors crystal
formation on its surface obtaining more uniform monolayer and bilayer
graphene with smooth surface and with practically no defects.
Simultaneously, it prevents the formation of multiple layers on the grain

boundaries. Conversely, polycrystalline Ni has a rougher surface,
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where the presence of grain boundaries facilitates the formation of
multilayer graphene. However, monocrystalline metals are more
expensive than polycrystalline ones. From a large-scale production
point of view, the use of polycrystalline Ni is more profitable, being the
researches focused on improving the conditions of the main variables
that influence over the reproducible synthesis of high quality graphene
at large scale [6]. Several studies have demonstrated a close correlation
between the CVD growth parameters, the number of graphene layers
and the quality of the synthesized graphene, which enables the
formation of monolayer, bilayer, few-layers and multilayer graphene on
Ni substrates. Lavin-Lopez et al. (2014) found that the growth
temperature significantly influenced over the graphene quality [7]. The
thermodynamically driven precipitation can be kinetically controlled to
some extent. For example, low temperature and low hydrocarbon
exposures have been employed successfully to control carbon diffusion
to the surface and thus, leading to the monolayer, bilayer, few-layer or
multilayer graphene formation [8]. The high carbon solubility in nickel
implies that the conditions for monolayer growth require low precursor

pressures and temperatures [8].

The aim of this work was to optimize the graphene growth over
polycrystalline nickel foils using a homemade atmospheric pressure
Chemical Vapor Deposition setup. CHs was used as the precursor gas
whereas Hz and N2 were used as carrier gases. Thus, different growth
operation conditions, presumably affecting the CVD-grown graphene
characteristics, e.g. reaction temperature, CHs/H> flow rate ratio in the

feed and reaction time, were studied in detail.

The resulting materials were characterized by Raman spectroscopy in
order to evaluate both the number of graphene layers and the defects
present in them [9]. Furthermore, a homemade Excel-VBA application

allowed to analyze the quality of the graphene samples and thus
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evaluate the percentage of each type of graphene covering the
polycrystalline nickel sheet [7].

5.2. Experimental
5.2.1. Materials

25 pum thick polycrystalline nickel sheets with a high purity grade
(99.99%) were purchased from GOODFELLOW. Hydrogen and
nitrogen with high purity grade (99.999%) and methane (99.5 %,) were
supplied by Praxair.

5.2.2. Methods

Graphene samples were grown at atmospheric pressure on 25 um thick
polycrystalline nickel foils in a 40-inch quartz tube heated by a furnace
(Figure 5.1.) using the CVD method [10].

a)

(1) Gases supply system 4§‘<rL @

(2) Gases control system i
(3) Reaction system T ?
(4) Gases outside system
4)
(3 )
Nz H: C
(1)

Ha

” mm
F

I(

Figure 5.1. Set-up used for the CVD synthesis of graphene on polycrystalline nickel.
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The furnace was heated to 900°C by passing through it a flow of N2 (400
sccm) and Hz (100 scem) to prevent nickel oxidation. The furnace was
maintained at 900°C for 45 minutes to allow the annealing of the
polycrystalline nickel foil. Then, its temperature set point was set at a
value ranging from 900 and 1050°C, depending on the selected reaction
temperature. Next, 30 sccm of a mixture of methane and hydrogen
(CHs/Hzflow rate ratio in the range 0.4-0.07 v/v) was introduced during
a time ranging from 30 second to 900 seconds. Finally, the system was
cooled (10°C min™) by flowing 400 sccm of nitrogen. The synthesis
process is summarized in Figure 5.2. Repetitiveness studies were
performed demonstrating that as-synthesized samples characteristics

were reproducible.

A
Heating Reduction Reaction Cooling
Stage Stage Stage Stage
900°C-1050°C
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> _—
Room \ >
Temperature 180 min 45 min 305-900s > 180 min t (min)

Figure 5.2. Summary of the stages times, temperatures and gases used during

graphene synthesis.
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5.2.3. Characterization methods

Raman spectroscopy

A SENTERRA Raman spectrometer with 600 lines per mm grating and
532 nm laser wavelength at a very low laser power level (<ImW) to
avoid any heating effect was used to characterize the different graphene
samples. Raman spectroscopy is considered as a reliable and quick
method to characterize graphene [11-14]. D peak, visible at - 1350 cm,
is related to the presence of defects (edges, dislocations, cracks or
vacancies) in graphitic materials [14]. Two more peaks named G and 2D
bands are visible at around 1580-1620 cm! and 2700 cm!, respectively.
G peak denotes the symmetry-allowed graphite band and, is a way of
checking the vibration on the same plane of sp? hybridized carbon
atoms, which compose graphene sheets [14]. 2D peak, originated from
second order double resonant Raman scattering from zone boundary, is
the hallmarks of different numbers of graphene layers [15, 16].

The amount of defects present in graphene samples can be quantified
by measuring the intensity ratio of D and G bands (In/Ic). On the other
hand, the number of graphene layers is directly related to the ratio of G
and 2D bands (Izo/Ic). These parameters are characteristics of CVD-
grown of graphene [17]. Other remarkable parameters in the
characterization of graphene are the following ones: FWHM (Full Width
at Half Maximum) and 2D and G peak position (Raman Shift, cm™).
FWHM is related to the life-time of the excited states (life-time for the
Raman scattering process), which is the time delay between the
absorption of the incident photon and the emission of the outgoing one
[18], which is calculated as the Raman Shift difference to the half
average height of 2D band. On the other hand, G peak position in
graphene Raman spectrum is located around 1560 cm™. A variation in
the position of this peak may be attributed to electronic doping between
the graphene and the substrate [9]. Finally 2D peak position in graphene
Raman spectrum (around 2700 cm) should be displaced to lower
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Raman shift values if compared to that in graphite Raman spectrum
(ranging from 2710 to 2720 cm™) [11].

It is important to note that 2D Raman band shape and position are good
fingerprints that indicate the presence of monolayer, bilayer, few-layer
and multilayer graphene samples. Thus, the 2D mode in bulk graphite,
few-layer and multilayer graphene has been reported to be decomposed
in two components [19]. Monolayer graphene has a single component.
Nevertheless, the 2D Raman band in bilayer graphene is fitted to four
components. Finally, although the Raman spectrum of graphene grown
on metals shows fluorescence [20], this one has been treated using the
SENTERRA Raman spectrometer software, thus allowing to clearly

identify the different peaks appearing in the Raman spectrum.

Optical Microscopy

A SENTERRA X50 microscope equipped with the software OPUS was
used to analyze the graphene samples. About 50 Optical Microscope
images (132.4 pm*98.53 um) were analyzed (although only six of them
were considered as representative to be showed). In each image, four
different colours were detected. It was checked that, dark orange colour
would correspond with multilayer graphene, light orange colour was
associated to few-layers graphene, yellow colour would correspond to
bilayer graphene whereas white areas were associated to monolayer

graphene.
5.2.4. Determination of the graphene quality value

A homemade Excel-VBA software application was designed with the
aim of control the graphene quality. This software allow to evaluate the
percentage of the different types of graphene existing over a
polycrystalline nickel foil by checking the different colours present in a
digitalized Optical Microscope image. It was clearly demonstrated that,
the different colours appearing in the Optical Microscope images were
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related to different types of graphene by using Raman spectroscopy
(Figure 5.3.).
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Figure 5.3. Relation between the different colours present in an Optical Microscopy

image and the type of graphene present in the sample by Raman spectroscopy.

The Excel-VBA software application allowed to evaluate the percentage
of each type of graphene (multilayer, few-layer, bilayer and monolayer
graphene) attending to its corresponding colour in the optical
micrographs. For this purpose, a logarithmic scale (similar to that used
for representing the pH in liquids) was considered. Thus, values 1, 10,
100 and 1000 were assigned to multilayer, few-layer, bilayer and
monolayer graphene, respectively. The quality value of the sheet was
calculated as an average of the percentage obtained for each type of

graphene [7].
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5.3. Results and discussion
5.3.1. Influence of the reaction temperature

In order to analyze the influence of the reaction temperature over the
main characteristics of the synthesized graphene, different experiments
were carried out by varying it between 900 and 1050 °C. As it is well
known, methane is a hydrocarbon with strong C-H bonds [21, 22]. Thus,
the reaction temperature is considered a critical factor to be controlled
during graphene synthesis then, high energy is needed to achieve
methane dissociation. This dissociation is easier in Ni grain boundaries
than in single crystal nickel surface since, in the former, higher chemical

activation energy is required [23].

Figure 5.4. shows a diagram that represents the mechanism of graphene
formation onto polycrystalline nickel, which involves two different
steps. The first one is related to the absorption of C atoms into the bulk
nickel or the incorporation of C atoms into the Ni substrate. The second
one consists of the out-diffusion and/or adsorption of C atoms to the Ni
surface[24]. As observed in Figure 4, the smooth parts of the
polycrystalline Ni favors the growth of monolayer or bilayer graphene,
while the rough surface with large amount of grain boundaries

promotes the growth of multilayer graphene onto the nickel surface[6].
CH, CH,
CH,

CH,
CH,

CH, .
Bilayer graphene

Monolayer{graphene Monolayer graphene -
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Figure 5.4. Mechanism graphene growth on polycrystalline nickel.
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Figure 5.5. shows representative Optical Microscopy images of each
sample obtained at different reaction temperatures. As observed, the
orange color was more intense at both low (900-950 °C) and high
temperatures (1025-1050 °C), indicating that multilayer graphene was
mostly covering the sample. At intermediate temperatures, the color
intensity decreased appearing lighter orange zones (few-layers
graphene), yellow areas (bilayer graphene) and white areas (monolayer

graphene), which was indicative of the deposition of thinner graphene.
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Figure 5.5. Influence of the reaction temperature. Optical Microscopy images.
(Synthesis conditions: 900-1050°C, 600 s reaction time, CHs/H2 = 0.30 v/v, 130 Nml
(CH4++H2)/min).

In order to obtain a representative analysis of each synthesized sample,
numerous pictures corresponding to different areas of the same
graphene sample were analyzed by the EXCEL-VBA application
previously described. As above mentioned, darker orange zones,
including grain boundaries (characteristics of polycrystalline Ni), were
associated to multilayer graphene. Lighter orange areas were assigned

to few-layers graphene. Yellow areas were associated to bilayer
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graphene. Finally, white areas were assigned to monolayer graphene.
As an example of how to operate with all the synthesized samples,
Figure 5.6. shows six representative Optical Microscope pictures and
Table 5.1. the obtained results derived of them (percentages of each type
of graphene and quality value) for sample synthesized at 980 °C.

il

Ll sl [c]

Figure 5.6. Influence of the reaction temperature. Optical Microscopy images
corresponding to the sample synthesized at 980 °C.
(Synthesis conditions: 980°C, 600 s reaction time, CHs/H2 = 0.3 v/v, 130 Nml (CH++H:2)/min).

Table 5.1. Influence of the reaction temperature. Percentage of each type of graphene
and quality values corresponding to the sample synthesized at 980 °C.

(Synthesis conditions: 980 °C, 600 s reaction time, CH4+/H2 = 0.3 v/v, 130 Nml (CH++Hz)/min).

Multilayer | Few-layers Bilayer Monolayer .

. Quality
Picture graphene graphene | graphene | graphene value
(%) (%) (%) (%)

1 0.57 36.56 20.05 42.82 451
2 1.10 44.33 24.44 30.12 330
3 0.68 49.57 26.88 22.86 260
4 0.75 32.43 17.04 49.78 518
5 1.06 37.10 19.33 42.51 448
6 1.02 41.23 23.06 34.69 374
Average 0.87 40.20 21.80 37.13 397

172



Quality control of graphene deposited over polycrystalline nickel

Figure 5.7. summarizes the effect of the reaction temperature on the
quality value of the graphene deposited on Ni foils as well as the
standard errors of each measurement. A maximum quality value (397)
was observed at 980 °C, which was taken as a reference (optimum
sample) in the following studies. As observed, Ni foil was covered with
few-layer, bilayer and monolayer graphene obtaining a quality value of
397.
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Figure 5.7. Influence of the reaction temperature. Graphene quality value vs
temperature. Standard errors values have been also included.
(Synthesis conditions: 900-1050°C, 600 s reaction time, CHs/H2 = 0.3 v/v, 130 Nml

(CH4++Hz)/min).

Table 5.2. shows the main characteristic Raman parameters and the
percentage of each type of graphene corresponding to graphene
samples synthesized at three different reaction temperatures (900°C,
980°C (optimum T?) and 1050°C). These Raman parameters have been
reported in the literature for each type of graphene [10, 16, 25-30].

As observed, Ip/Ic ratio values were very low, indicating the absence of
defects in the sample. On the other hand, I:p/Ic ratio values were

increased from the multilayer graphene to the monolayer one [31].
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The contrary effect was observed when the parameter FWHM was
analyzed. On the other hand, G and 2D peak positions were maintained
constant in values around 1581 cm™ and 2700 cm™, respectively [31], [9].
Furthermore, it can be observed that the best percentage of monolayer
graphene was obtained at 980°C, decreasing this percentage
considerably at higher and lower temperatures. In the cases that the
percentage of monolayer graphene was low, the one of few-layer and
multilayer graphene increased, maintaining the percentage of bilayer

graphene practically constant for all the temperatures.

Table 5.2. Influence of the reaction temperature. Raman spectroscopy parameters
and percentage of each type of graphene.
(Synthesis conditions: 900-1050 °C, 600 s reaction time, CH4/H2 = 0.3 v/v, 130 Nml
(CH4+t+H:z)/min).

INFLUENCE OF THE REACTION TEMPERATURE
(time = 600 s; CH4+/H2=0.3 v/v; Qt=130 Nml/min)
2D G
Te Type of Raman Raman

% In/Ic | Lp/Ic | FWHM . .
(°C) | graphene Shift Shift
(cm™) (cm™)
Monolayer | 1.5 | 0.061 | 2.520 53 2703 1580
900 Bilayer | 25.8 | 0.013 | 0.976 69 2699 1580
Few-layer | 62.9 | 0.013 | 0.599 74 2707 1580
Multilayer | 9.8 | 0.016 | 0.533 79 2703 1580
Monolayer | 37.1 | 0.184 | 2.542 37 2705 1584
980 Bilayer | 21.8 | 0.006 | 1.007 42 2704 1584
Few-layer | 40.2 | 0.001 | 0.346 74 2713 1584
Multilayer | 0.9 | 0.027 | 0.329 79 2708 1584
Monolayer | 1.5 | 0.007 | 2.230 58 3699 1580
1050 | Bilayer |23.5| 0.014 | 0.952 58 2707 1580
Few-layer | 57.7 | 0.160 | 0.610 69 2703 1580
Multilayer | 17.3 | 0.015 | 0.410 74 2708 1580
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5.3.2. Influence of the CH+/H: flow rate ratio

In order to analyze the influence of the CHs/H2 flow rate ratio over the
main characteristics of the synthesized graphene, different experiments
were carried out by varying it between 0.4 and 0.07 v/v.

As mentioned, the amount of carbon precursor (CHi) during the
reaction, greatly determines the quality of the synthesized graphene
[22]. Ni acts as active catalyst dissolving a large quantity of carbon
atoms. Thus, CHs/H: flow rate ratio can successfully be used to control
the carbon diffusion to the Ni surface, thus favoring monolayer or

bilayer graphene formation [22, 32].

Figure 5.8. shows representative Optical Microscopy images of each
sample obtained at different CHs/Ha flow rate ratios. As observed,
orange color was more intense at higher CHs/H: flow rate ratio values
indicating that, samples were mainly covered by multilayer graphene.
As the CHs/Hz flow rate ratios decrease, the color intensity decreased,
appearing lighter orange zones (few-layer graphene), yellow areas
(bilayer graphene) and white zones (monolayer graphene), highlighting

the deposition of thinner graphene over the Ni foil.
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Figure 5.8. Influence of the CH4/H: flow rate ratio. Optical Microscopy images.
(Synthesis conditions: 980°C, 600 s reaction time, CHa/H2 = 0.07-0.4 v/v, 130 Nml
(CHst+Hz)/min).

Figure 5.9. summarizes the effect of the CHs/H: flow rate ratio on the
quality value of the graphene deposited over Ni foils as well as the
standard errors of each measurement. A maximum quality value (536)
was obtained for graphene synthesized using 0.07 v/v CHs/Hzflow rate

ratio which was taken as a reference in the following studies.
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Figure 5.9. Influence of the CH./H: flow rate ratio. Graphene quality value vs CHs/Hz
flow rate ratio. Standard errors values have been also included.
(Synthesis conditions: 980°C, 600 s reaction time, CH«/Hz = 0.07-0.4 v/v, 130 Nml
(CH#++Hz)/min).
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Figure 5.10. shows six representative Optical Microscopy pictures and
Table 5.3. the obtained results derived of them (percentages of each type
of graphene) for sample synthesized using a CH4/H: flow rate ratio
value of 0.07 v/v. As observed, as the CH4/H: flow rate ratio decrease,
the percentage of few-layer graphene decreased and, the one
corresponding to monolayer graphene increased. By its part, the
percentage of bilayer graphene was kept practically constant.
Consequently, the quality value increased from 397 (sample
synthesized by using a CHs/H: flow rate ratio value of 0.3 v/v) to 536
(sample synthesized by using a CHs/Hzflow rate ratio value of 0.07 v/v).

@) ol

Figure 5.10. Influence of the CH4/H: flow rate ratio. Optical Microscopy images
corresponding to the sample synthesized using a CHs/H: flow rate ratio value of 0.07
v/v.

(Synthesis conditions: 980°C, 600 s reaction time, CHa/H2 = 0.07 v/v, 130 Nml
(CH#+Hz)/min).
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Table 5.3. Influence of the CH4/H: flow rate ratio. Percentage of each type of graphene
and quality values corresponding to the sample synthesized using a CH4/Hz flow rate
ratio value of 0.07 v/v.

(Synthesis conditions: 980°C, 600 s reaction time, CHa/Hz = 0.07 v/v, 130 Nml

(CH++Hz)/min).
Multilayer | Few-layers Bilayer Monolayer )

. Quality
Picture graphene graphene | graphene | graphene Value
(%) (%) (%) (%)

1 0.25 23.65 21.50 54.60 569
2 0.52 29.32 22.10 48.05 505
3 0.45 33.46 25.09 41.00 438
4 0.17 21.37 17.80 60.66 606
5 0.83 32.07 20.56 46.54 489
6 0.52 23.03 15.32 61.13 608
Average 0.46 27.15 20.40 52.00 536

Table 5.4. shows the main characteristic Raman parameters and the
percentage of each type of graphene corresponding to graphene
samples synthesized at three different values of the CHs/H: flow rate
ratios (0.4 v/v, 0.2 v/v and 0.07 v/v).

As observed, In/lIc ratio values were, in all cases, very low indicating the
absence of defects in the sample. On the other hand, I.o/Ic ratio values
increased and FWHM values decreased from the multilayer graphene
to the monolayer one [31]. Finally, G and 2D peaks were located around
1581 cm™ and 2700 cm, respectively [31], [9]. Additionally, it can be
observed that the highest percentage of monolayer graphene was

obtained by using a CHs/H2 flow rate ratio of 0.07 v/v.
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Table 5.4. Influence of the CH4/H2 flow rate ratio. Raman spectroscopy parameters and
percentage of each type of graphene.
(Synthesis conditions: 980°C, 600 s reaction time, CHa/H2 = 0.07-0.4 v/v, 130 Nml)
(CH++H2)/min).

INFLUENCE OF THE CH+/H: FLOW RATE RATIO
(T=980°C; time = 600 s; Q=130 Nml/min)
2D G
CH4/H: Type of o FWHM | Raman | Raman
%o | In/lc | In/Ic
(v/v) graphene (cm™) Shift Shift
(cm™) | (cm”)
Monolayer | 1.5 | 0.058 | 1.960 53 2707 1584
0.4 Bilayer 25.1 | 0.045 | 0.941 58 2695 1584
Few-layer | 61.3 | 0.004 | 0.415 74 2713 1584
Multilayer | 12.1 | 0.004 | 0.405 79 2708 1584
Monolayer | 34.7 | 0.034 | 2.021 42 2695 1581
0.2 Bilayer 20.8 | 0.043 | 1.296 47 2707 1581
Few-layer | 38.3 | 0.010 | 0.473 63 2713 1581
Multilayer | 6.2 | 0.001 | 0.415 63 2713 1581
Monolayer | 51.9 | 0.142 | 2.159 40 2707 1581
T Bilayer 20.4 | 0.027 | 1.136 53 2700 1581
Few-layer | 27.1 | 0.006 | 0.435 69 2709 1581
Multilayer | 0.6 | 0.062 | 0.429 74 2704 1581

5.3.3. Influence of the total flow of gases (CHs++H2) during the reaction
step at different reaction times

In order to analyze the influence that the total gas flow (CHs+Hz) during
the reaction step at different reaction times (15 min-30 s) has on the
main characteristics of the synthesized graphene, different experiments
were carried out by varying the flow between 130 Nml/min and 80
Nml/min. The other operational parameters, such as reaction
temperature and CH4/H: flow rate ratio, were optimized in previous
studies and were kept constant when assessing the influence of total gas
flow during reaction step at different reaction times. The synthesis

conditions were as follows: reaction temperature: 980°C,reaction time:
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15 min-30 s, CHs/Hzflow rate ratio: 0.07 v/v, total gas flow (CHa+H2): 80-
130 Nml (CHst+Hz2)/min [33]. According to previous studies and the
experimental result obtained, two different steps could be distinguish
in the CVD-graphene growth mechanism over polycrystalline nickel.
The first one was associated to the absorption of carbon atoms into the
nickel substrate. The second one comprise the out diffusion and

adsorption of these carbon atoms to the nickel surface [24, 33].

The images obtained by optical microscopy for a total gas flow (CHa+H>)
of 130 Nml/min (a), 100 Nml/min (b) and 80 Nml/min (c) for different
reaction times are shown in Figure 5.11. It can be seen that four different
colors can be distinguished over the sample. For all the total gas
(CHstH>) flows applied during the reaction step, darker orange colors
were mainly observed at higher reaction times. In this way, multilayer
and few-layer graphene, which correspond to the darker and paler
orange colors respectively, covered the samples synthesized with longer
reaction times (>5min) due to the longer exposure of the nickel foil to
the carbonaceous source. In contrast, optical microscopy images
corresponding to nickel sheets exposed for shorter times to the
carbonaceous gas were lighter in color. In this way, samples synthesized
at lower reaction time (<3 min) were mostly covered with yellow and
white areas, which correspond with bilayer and monolayer graphene,

respectively.
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Figure 5.11. Influence of the total flow of gases (CHs+H>) during the reaction step at
different reaction times. Optical microscopy images: total gas flow during reaction
step of: (a) 130 Nml/min, (b) 100 Nml/min, (c) 80 Nml/min.

(Synthesis conditions: 980°C, 15 min-30 s reaction time, CH«/Hz = 0.07 v/v, 130-80Nml
(CH4++H2)/min).
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The effect that the total gas flow (at different reaction times) had on the
quality value of graphene deposited on the polycrystalline nickel foil
are summarized in Figure 5.12. A maximum quality value was obtained
for each total gas flow (CHst+H>) studied. In all cases, a reaction time of
1 minute gave the highest quality value and this was therefore
considered to be the optimum reaction time. Lower quality values were
obtained with higher reaction times because the longer exposure to the
carbonaceous source led to the formation of higher numbers of
graphene layers and, consequently, to a lower quality value [33]. On
employing a reaction time of 30 seconds, the quality value decreased
because there was insufficient time to allow homogeneous graphene
growth over the entire sample. This led to the presence of zones without

graphene on the polycrystalline metal.
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Figure 5.12. Influence of the total flow of gases (CHs+H2) during the reaction step at
different reaction times. Graphene quality value vs. time.
(Synthesis conditions: 980°C, 15 min-30 s reaction time, CH«/Hz = 0.07 v/v, 80-130 Nml
(CHs+H2)/min).

Furthermore, an increase in the quality value on decreasing the total gas
flow (CHstHz2) applied during the reaction step can be observed. In this
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way, the lowest quality value (781) was obtained for a total gas flow of
130 Nml/min. This quality value increased to 798 on using a total gas
flow of 100 Nml/min. Finally, the highest quality value was 810 and this
corresponds to a total gas flow of 80 Nml/min. Therefore, a low total gas

flow (CHstHb), i.e., 80 Nml/min, was considered to be optimum.

Six representative optical microscopy images for the optimum total gas
flow (CHst+Hz2) applied during reaction step (80 Nml/min) for the
optimum total time (1 minute) are shown in Figure 5.13. The results
obtained for these samples are given in Table 5.5. Most of the samples
(around 80%) were covered with monolayer graphene, which
corresponds to white areas in the photomicrographs. Multilayer
graphene on the polycrystalline nickel foil was present at less than 1%.
The rest of the sample was covered with few-layer and bilayer
graphene, with the percentage of these graphene varying in the range
from 18 to 5%.

| & EE o
Figure 5.13. Influence of the total flow of gases (CHs+H>) during the reaction step at
different reaction times. Optical microscopy images corresponding to the optimized
graphene sample.

(Synthesis conditions: 980°C, 1 min reaction time, CHa/H2 = 0.07 v/v, 80 Nml (CH++H:2)/min).
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Table 5.5. Influence of the total flow of gases (CHs+H2) during the reaction step at
different reaction times. Percentage of each type of graphene and quality values
corresponding to the optimized graphene sample.

(Synthesis conditions: 980°C, 1 min reaction time, CHa/Hz = 0.07 v/v, 80 Nml (CH++Hz2)/min).

Multilayer | Few-layers Bilayer Monolayer ,

. Quality
Picture graphene graphene | graphene | graphene Value
(%) (%) (%) (%)

1 0.21 12.62 9.04 78.13 792
2 0.97 18.08 11.22 69.73 710
3 0.36 8.40 7.46 83.88 847
4 0.28 13.76 9.75 76.21 773
5 0.11 8.93 7.59 83.36 842
6 0.05 5.15 5.42 89.38 899
Average 0.33 11.16 8.41 80.11 810

In an effort to corroborate the optimum results obtained, Raman
spectroscopy was used to characterize the graphene samples
synthesized; this technique is considered to be a reliable and quick
method to characterize graphene [11-14]. The main characteristic
Raman parameters are listed in Table 5.6. for samples synthesized under
1 minute reaction time with different total gas flow (CHstH2) applied

during the reaction step.

In general, In/Ic ratio values were very low for all of the samples
synthesized with different total gas flows, this means that the
synthesized samples had low amount of defects. As one would expect,
the Ino/lc ratios increased from the multilayer graphene to the
monolayer graphene [31]. According to Havener et al. [34] the variation
in Ioo/Ic values for the different types of graphene obtained for each total
flow studied could be due to the coupling effect of the graphene layer.
Smaller values of this relationship derivate in a stronger coupling of the
graphene sheets. For the synthesized sample, the opposite effect that the
one occurred for I:o/Ic rate was observed for the FWHM parameter,
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which decreased from the multilayer graphene to the monolayer
graphene [31]. All of these parameters are characteristic of the CVD-
growth of graphene [17]. Furthermore, 2D and G position are located in
the typical values of CVD-graphene [11].

Table 5.6. Influence of the total flow of gases (CHs+H2) during the reaction step at
different reaction times. Raman spectroscopy parameters and percentage of each type
of graphene.

(Synthesis conditions: 980°C, 1 min reaction time, CHs/H2 = 0.07 v/v, 80-130 Nml
(CH++Hz)/min).

INFLUENCE OF THE TOTAL FLOW OF GASES
(time = 60 s; CH4/H2=0.07 v/v; Qr=130-80 Nml/min)
G 2D
Total gas
Type of FWHM | Raman | Raman
flow % In/lc | Lp/lc . .
. graphene (cm) Shift Shift
(NmL/min)
(em?) | (em)
Monolayer | 76.9 | 0.015 | 2.5 32 1580 2703
130 Bilayer 114 | 0.016 | 14 47 1580 2699
Few-layer | 11.6 | 0.006 | 0.6 63 1580 2707
Multilayer | 0.1 | 0.007 | 0.5 74 1581 2708
Monolayer | 78.5 | 0.032 | 1.5 56 1581 2699
100 Bilayer 11.4 | 0.002 | 1.0 58 1580 2703
Few-layer | 99 | 0.002 | 0.5 69 1581 2711
Multilayer | 0.2 | 0.006 | 0.5 79 1580 2708
Monolayer | 80.2 | 0.075 | 3.7 42 1580 2699
80 Bilayer 84 | 0.019 | 21 47 1580 2714
Few-layer | 11.1 | 0.005 | 0.5 71 1580 2713
Multilayer | 0.3 | 0.006 | 0.4 74 1580 2711

A combination of Raman spectroscopy data and Excel-VBA results
verified that the best results were obtained for the sample synthesized
with a reaction time of 1 minute and a total flow of 80 Nml/min; this
sample was considered the optimum material. Four characteristic

Raman spectra of the optimum sample are shown in Figure 5.14. along
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with the corresponding 2D peak deconvolution for each type of
graphene. The 2D peak deconvolutions of multilayer (a) and few-layer
(b) graphene were fitted with two different peaks, which were similar
to those corresponding to graphite. Bilayer graphene (c) was
deconvoluted to four different contributions, whereas monolayer

graphene (d) presented one single symmetrical peak [20].
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Figure 5.14. Influence of the total flow of gases (CHs+H>2) during the reaction
step at different reaction times. Raman spectra and 2D peak deconvolution
corresponding to the optimized graphene sample a) multilayer graphene, b) few-
layer graphene, c) bilayer graphene and d) monolayer graphene.
(Synthesis conditions: 980°C, 1 min reaction time, CHs/H2 = 0.07 v/v, 80 Nml
(CH++H:z)/min).

5.4. Conclusions

The aim of this work was to optimize the graphene growth over
polycrystalline nickel foils using a homemade atmospheric pressure
Chemical Vapor Deposition setup. A cheaper alternative to synthesize
high quality graphene is considered by using polycrystalline Ni foils
instead of single crystal. CHs was used as the precursor gas whereas H

and N2 were used as carrier gases. Three different growth parameters
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affecting the CVD-grown graphene characteristics, e.g. reaction
temperature, CHs/H2 flow rate ratio and reaction time, were studied in
detail.

It was observed that synthesized graphene was not homogeneously
grow over the entire Ni foil and four different types of graphene (e.g.
monolayer, bilayer, few-layer and multilayer) were deposited, as
indicated the different colors in the Optical Microscope images. It was
observed a maximum of the quality value (810) for a temperature, a
CH.4/H: flow rate ratio and a total flow of gases (CHst+Hz) during the
reaction step of 980 °C, 0.07 v/v and 80 Nml/min at 60 seconds of reaction
time, respectively. At these conditions, about 80% of the Ni foil was

covered with monolayer graphene.
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Resumen

a finalidad de este capitulo fue la de optimizar las
condiciones de operacion que permitieran sintetizar
grafeno de alta calidad, (grafeno monocapa), usando
hierro polycristalino como catalizador. El grafeno se
sintetizo mediante el método de Deposicion Quimica en
fase Vapor usando metano como fuente carbonosa. Se investigo el efecto
de la temperatura de reaccion, la relacion CHs/H: y el caudal total de
gases (CHst+Hz2) durante la etapa de reaccion a diferentes tiempos de
reaccion sobre el crecimiento del grafeno. Las laminas de grafeno se
caracterizaron mediante microscopia dptica y espectroscopia Raman.
Ademas, se usoé la aplicacion Excel-VBA, con el fin de determinar el
porcentaje de cada uno de los tipos de grafeno (monocapa, bicapa, pocas

capas y multicapa) depositados sobre el metal.

La ldmina de grafeno sintetizada en las condiciones o6ptimas de
operacion mostré un elevado porcentaje de grafeno monocapa (62.4%),
un alto valor de la relacion In/Ic (~2.9), valores reducidos de la relacion
In/Ic (~0.026) y del pardmetro FWHM (~22 cm™) y un desplazamiento de
la sefial Raman del pico 2D a valores mas bajo de frecuencia. Las
condiciones Optimas de sintesis fueron las siguientes: 1025 °C,
CH4/H2=0.25 v/v, caudal total de gases (CHs+Hz) = 80 Nml/min y un

tiempo de reaccion=7 min).
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Abstract

high quality graphene film, mostly composed by
monolayer graphene, on polycrystalline iron foil ,was
successfully grown by the CVD process using
methane as the carbonaceous source. The effect of the
reaction temperature, the CHs/H: flow rate ratio and
the total flow of gases (CHs/H2) on the formation of graphene during the
reaction step at different reaction times was investigated. Optical
microscopy and Raman spectroscopy were used as characterization
techniques. A homemade Excel-VBA application was designed in order
to determine the percentage of the different types of graphene
(monolayer, bilayer, few-layer and multilayer) deposited on the metal

foil, thus a quantitative quality value was computed.

Graphene film deposited at the optimal experimental conditions
showed a high percentage of monolayer graphene (62.4% in the
sample), a high Io/Ic ratio (~2.9), a low Ip/Ic ratio (~0.026) and a narrow
FWHM of 2D peak (~22 cm™). It was found that the optimal synthesis
conditions were: 1025 °C, CHs/H>=0.25 v/v, total flow (CHs+H2) = 80

Nml/min and reaction time=7 min).
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polycrystalline iron sheets

6.1. Introduction

As it has been commented in previous chapters, CVD-graphene growth
involves the thermal decomposition of a hydrocarbon source (methane,
ethylene, acetylene, benzene, etc.) over a heated substrate [1]. It is
important to denote that, in a CVD process, the metallic substrates not
only act as the catalyst but also determine the growth mechanism. Two
different graphene growth mechanism can be distinguish depending on
the carbon solubility. In the case of low carbon solubility metals, such as
copper, carbon atoms experiment a nucleation and expansion around
the nucleus forming graphene domains through hydrocarbon
decomposition, catalyzed by the high temperature substrate. Growth
process finishes when the substrate is fully covered by graphene layers.
This growth mechanism is normally called self-limited surface
deposition [2, 3]. On the other hand, the growth process when high
carbon solubility metals, such as nickel or iron, are used involves the
diffusion of carbon atoms into the metal substrate. As the substrate is
cooled down, the dissolved carbon segregates to the metal surface
forming graphene sheets [2, 4, 5]. The high quality synthesis of CVD-
graphene depends not only on the metallic catalyst but also on the
different synthesis conditions [6]. Among all the transition metals, iron
has not attracted attention in graphene synthesis in spite of its binary
phase diagram is one of the most well-known and has been used as
catalyst in other CVD synthesis processes, such as that of carbon
nanotubes [7]. Iron is cheaper, easier to purchase and easier to etch than
other transition metals, which are significant advantages for graphene
synthesis. However, few researchers have considered this metal for the
synthesis of this carbon material. For example, An et col. [8] obtained
single to few-layers graphene sheets by partially covering the iron at
short exposure times by using acetylene as the carbonaceous source. To
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achieve continuous graphene layers, large exposure times (15-30 min)
are required. Xue et al. [9] obtained large area, few-layer high quality
graphene over Fe using methane as the carbonaceous source. Some
authors [4, 10] have reported the relevance of specific variables that can
affect the quality of graphene produced. Temperature can be considered
as a key factor during CVD-graphene synthesis. Other parameters such
as gas flow or exposure time may affect the graphene deposition over
the metal substrate [6]. Lavin-Lopez et al. [4, 10, 11] reported that the
control of the exposure to hydrocarbon sources (total flow of gases
during the reaction step and the hydrocarbon flow rate ratio), the
exposure time and the reaction temperature led to the formation of high

quality graphene layers deposited on polycrystalline copper and nickel.

The aim of this work was to optimize the atmospheric pressure CVD-
graphene synthesis over polycrystalline iron foils. Polycrystalline iron
is a cheap material. Thus, the synthesis cost could be considerably
reduced in comparison to that of other transition metals commonly used
(Ni or Cu). Nitrogen and hydrogen were used as carrier gases and
methane was chosen as the carbonaceous source. The main variables
that might affect the graphene growth (reaction temperature, CHs/H:
flow rate ratio and total flow during the reaction step at different
reaction times) were studied in detail in order to increase the percentage

of monolayer graphene deposited over the iron substrate.
6.2 Experimental
6.2.1. Material

Methane (99.5%), Hydrogen (99.999%) and Nitrogen (99.999%) were
purchased from Praxair. 25 pm thick polycrystalline iron foil with a
purity of 99.99% were purchased from GOODFELLOW.
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6.2.2. Method

Graphene samples were growth in an atmospheric pressure CVD
system composed of a 40-inch quartz tube encase into a furnace (Figure
6.1.a.). Graphene were deposited over 25 um thick polycrystalline iron
sheets, which were used as catalysts. The furnace was heated to the
reduction temperature (900°C) under 400 sccm flow of N2and 100 sccm
flow of H. The furnace was maintained at this temperature for 45
minutes to complete the reduction step and allow the annealing of the
metal sheet. After that, the selected reaction temperature (900-1050°C)
was reached and 30 sccm of CHa flow was introduced into the furnace
while N2 flow was turned off during the reaction time (5-15 min).
Finally, the system was cooled down by flowing 400 sccm of Nz (Figure
6.1.b.).

HEATING STEP REDUCTION STEP
-From 202C to 900°C -900°C
-N,and H, -N,and H,
-10 2C/min - 45 min

COOLING STEP
-From reaction T to 20°C
- NZ
-102C/min

Figure 6.1. a) CVD-graphene synthesis experimental installation and b) Synthesis
procedure for CVD-graphene synthesis.
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6.2.3. Characterization

Raman spectroscopy

A SENTERRA Raman spectrometer, with 600 lines per mm grating and
532 nm laser wavelength at a very low laser power level (<ImW) to
avoid any heating effect, was used to characterize the graphene

obtained over the polycrystalline iron.

Optical Microscopy

A SENTERRA X50 microscope equipped with the OPUS software was
used to analyze the graphene synthesized. Around fifty optical
microscope images were analyzed per sample but only six were
considered as representative ones. In each optical microscope image,
four different colors could be observed, corresponding each one with
one type of graphene (monolayer, bilayer, few-layer and multilayer). By
using Raman Spectroscopy, it was checked that lighter colors
correspond to less number of graphene layers (white areas corresponds
to monolayer graphene and yellow areas to bilayer graphene) whereas
darker colors correspond to more number of graphene layers (dark
orange corresponds to multilayer graphene and the lighter one to few-
layer graphene).

6.2.4. Excel-VBA application: determination of a quality value

A homemade Excel-VBA application was programmed to determine a
graphene quality value, which is closely related with the thickness of
the number of graphene layers. The smaller the graphene thickness, the
lower the number of graphene covering the iron foil and, thus, the
higher the quality value obtaining for the graphene sample were.

First of all, Excel-VBA application analyze the optical microscope
graphene images by checking the different colors presented on it, which
are related with the different types of graphene (multilayer, few-layer,
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bilayer or monolayer) as corroborated by Raman spectroscopy. In
addition, the application calculates the percentage of each type of
graphene covering the sample attending to the corresponding colors
presenting in the optical microscope images. Thus, quality values of 1,
10, 100 and 1000 were assigned to the 100% of the iron foil covered with
multilayer, few-layer, bilayer and monolayer graphene, respectively.

The quality value of the graphene sample was calculated as an average

of the percentage obtained for each type of graphene [4, 10, 11] (Figure
6.2.).

/7~ O\

Excel-VBA
application:

Graphene quality
analysis and
determination of the
percentage for each
type of graphene.

Optical Microscope
analysis of graphene

TR

Figure 6.2. Excel-VBA application to determine the percentage of each type of
graphene and the graphene quality value.

6.3. Results and discussion
6.3.1. Influence of the reaction temperature

In order to analyze the influence of the reaction temperature on the
number of graphene layers in the products (through the determination
of a quality value), different experiments were performed between 900

and 1050°C. It has been demonstrated that the reaction temperature
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plays an important role on the graphene characteristics [4, 10, 12]. Xu et
al. [9] reported that a suitable temperature influenced over the graphene

crystallinity and, consequently, over its thickness.

A maximum quality value of 354.2 was obtained for the sample
synthesized at 1025 °C. At this temperature, the 30.77% of the iron foil
was covered with monolayer graphene and the 44.8% with bilayer
graphene. Only the 7.2% of the iron sheet presented multilayer

graphene over it.

Around fifty optical microscope images taken in different areas of each
product obtained at each temperature were taken to obtain a
representative analysis. Four different colors could be distinguished in
these optical microscope images. Raman spectroscopy demonstrated
that each color corresponded to one type of graphene (see Figure 6.3.
where it is possible to observe the Raman spectrum of a parent iron foil
and that of a random graphene sample). Thus, darker orange colors,
mostly visible at the grain boundaries, correspond to multilayer
graphene; lighter orange colors are assigned to few-layer graphene;
yellow areas correspond to bilayer graphene and, finally, white and
lighter areas are assigned to monolayer graphene [4, 10]. Optical
microscope images generated by the Raman spectrometer were
analyzed by using a homemade Excel-VBA application, thus, the
corresponding quality value and the percentage of each type of
graphene was evaluated for all the samples prepared at different

temperatures.
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Monolayer graphene

i [
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1500 2000 2500
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1000 1500 200 20
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Figure 6.3. Raman spectra corresponding to the different zones observed in optical

microscope images.

Figure 6.4. shows an optical microscope image for the sample obtained

at the different reaction temperatures. As observed, orange colors were

more intense for lower reaction temperatures (925-950°C). Conversely,

the higher the reaction temperature, the lower the intensity of the colors

was. Below 925 °C, it was not possible to observe a continuous graphene

growth over the polycrystalline iron foil.
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Figure 6.4. Influence of the reaction temperature. Optical microscope images

at different reaction temperatures.
(Synthesis conditions: 925-1050 °C, CH4/H2=0.30 v/v, 130 Nml/min, 10 minutes of reaction
time)

The analysis of the images generated by the optical microscope of the
Raman spectrometer by the Excel-VBA application allowed to
determine the percentage of each type of graphene deposited over the
iron foil at different temperatures (Table 6.1.). As observed, the
percentage of monolayer and bilayer graphene increased with the

reaction temperature until 1025°C was reached.
Table 6.1. Influence of the reaction temperature. Average values of each type of
graphene obtained from the representative optical microscope images.
(Synthesis conditions: 925-1050 *C, CH4/H2=0.30 v/v, 130 Nml/min, 10 minutes of reaction

time)
Monolayer Bilayer Few-layer Multilayer
T(°C) | graphene graphene graphene graphene

(%) (%) (%) (%)
925 2.6 23.2 313 43
950 3.8 28.2 32.9 35.1
1000 14.1 423 26.0 17.6
1025 315 44.1 17.1 7.4
1050 21.8 50.3 20 7.9
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Figure 6.5. shows the variation of the quality value as a function of the
reaction temperature. Polycrystalline metals have irregular surfaces
with high amount of grain boundaries, which facilitate the formation of
more layered graphene because impurities present in these metals, have
a tendency to segregate at these positions [13]. Thus, at low reaction
temperatures (925-1000°C), most of the dissolved carbon atoms were
deposited over these grain boundaries, favoring the formation of more
layered graphene and, consequently, decreasing the quality value.
However, at high temperatures, the dissolution of grain boundaries of
the metal sheet on iron foils and the high solubility of carbon oil
promote the formation of less layered graphene [14, 15], leading to an
increase of the graphene quality. However, an excessively high
temperature (1050°C) could cause an excessive solubility of the carbon
atoms, leading to the formation of graphite flakes and, consequently,
decreasing the quality value of the samples. Hence, the growth of
monolayer graphene is less favored [8]. The optimal reaction
temperature was considered 1025 °C for which a balance between the
synthesis of high quality graphene, a proper carbon dissolution and a
low amount of grain boundaries occurs. As it will be shown below, at

this temperature the quality was maximum (354.2).
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Figure 6.5. Influence of the reaction temperature. Quality value vs. reaction

temperature.
Figure 6.6. shows the optical microscope images selected (among more
than 50 images) for the sample synthesized at 1025°C (optimum reaction
temperature) whereas Table 6.2. lists the corresponding quality value
and the percentage of each type of graphene obtained. At this
temperature, 30.8 % of the sample was covered with monolayer

graphene and the 44.8 % with bilayer graphene
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Figure 6.6. Influence of the reactlon temperature Optical microscope images taken in
different areas of the sample prepared at the optimum reaction temperature.
(Synthesis conditions: 1025 °C, CH4+/H>=0.30 v/v, 130 Nml/min, 10 minutes of reaction time)
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Table 6.2. Influence of the reaction temperature. Quality and percentage of each type
of graphene deposited over the sample prepared at the optimum reaction temperature.
(Synthesis conditions: 1025 °C, CH4/H>=0.30 v/v, 130 Nml/min, 10 minutes of reaction time)

Optical Monolayer | Bilayer | Few-layer | Multilayer | Quality
microscopy | graphene | graphene | graphene | graphene | value
images (%) (%) (%) (%)
1 28.34 46.94 18.29 6.43 332.3
2 31.45 43.41 16.49 8.65 359.7
3 30.04 47.57 16.83 5.56 349.7
4 29.99 44.22 16.36 9.43 345.8
5 30.89 43.04 18.68 7.38 353.9
6 33.89 43.30 16.94 5.87 384.0
Average 30.77 44.75 17.27 7.21 354.2

6.3.2. Influence of the CH4+/H: flow rate ratio

The influence of the CHs/H: flow rate ratio was ranged between 0.4 and
0.1 v/v, keeping constant the other synthesis parameters (1025 °C of
reaction temperature, 130 Nml/min of total flow rate ratio and 10
minutes of reaction time). Methane flow has been revealed as an
important factor during graphene growth [4, 10, 11]. Xue et col. [9]
reported that a decreasing of the methane flow from 300 to 180 sccm
allowed to obtain bilayer graphene instead of multilayer one. This fact
was due to the smaller amount of carbon that was dissolved and

segregated into and from the catalyst, respectively.

Figure 6.7. shows a representative optical microscope image for the

samples obtained at each of the CHs/H: flow rate ratio studied.
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Figure 6.7. Influence of the CHs/H: flow rate ratio. Optical microscope images
obtained at different CH4/H:2 flow rate ratios.
(Synthesis conditions: 1025 °C, CH4/H2=0.1-0.4 v/v, 130 Nml/min, 10 minutes of reaction

time)

Again, around fifty optical microscope images taken in different areas

of each product obtained at each CHi/H2 flow rate ratio were taken to

obtain a representative value of the quality and the percentage of each

type of graphene deposited over the polycrystalline iron foils (Table
6.3.). Note that as CHs/H: flow rate ratio decreased up to a value of 0.25

v/v, the percentage of monolayer graphene on the iron foil grew up.

Table 6.3. Influence of the CHs/H: flow rate ratio. Average values of each type of

graphene obtained from the representative optical microscope images.
(Synthesis conditions: 925-1050 °C, CH+/H2=0.30 v/v, 130 Nml/min, 10 minutes of reaction

time)
CH4/Hz2 Monolayer Bilayer Few-layer Multilayer
Flow rate ratio | graphene graphene graphene graphene

(v/v) (%) (%) (%) (%)

04 11.05 46.06 29.53 13.35
0.35 23.77 45.14 20.66 10.44

0.3 29.55 45.58 17.72 7.15
0.25 30.77 44.75 17.27 7.21

0.2 8.09 46.19 31.20 14.51

0.1 5.44 40.37 34.58 19.60
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Figure 6.8. shows the variation of the quality value as a function of the
CH4/H: flow rate ratio.
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Figure 6.8. Influence of the CHs/H: flow rate ratio. Quality value vs CHs/Hz flow rate

ratio.

The higher the CH4/H: flow rate ratio, the higher the amount of CH4
flowed into the system and, thus, the more the carbon atoms dissolved
that would be deposited over the metal foil. Some researchers have
reported that with iron foils and low methane flow rates, the formation
of few layered graphene is favored probably due to the smaller amount
of carbon atoms dissolved and segregated from the metal foil [6, 9]. For
the highest CHs/H: flow rate ratio (0.4 v/v), an excess of carbon atoms
would be deposited over the iron sheet leading to the formation of more
layered graphene, thus obtaining a quality value of 159.6. This quality
value increased by decreasing the CHs/H: flow rate ratio until a
maximum quality value (356.9) was reached for a CHs/H: flow rate ratio
of 0.25 v/v. The quality value drastically decreased when the CH4/H-
flow rate ratio was also decreased, thus leading to the production of

non-homogeneous graphene.
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Figure 6.9. shows the optical microscope images (among more than 50
images) corresponding to the sample synthesized using a CHs/H: flow
rate ratio of 0.25 v/v, which was considered as the optimum value. The
corresponding percentage of each type of graphene and its quality value
is listed in Table 6.4.
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Figure 6.9. Influence of the CHs/H: flow rate ratio. Optical microscope images.
(Synthesis conditions: 1025 °C, CH4/H>=0.25 v/v, 130 Nml/min, 10 minutes of reaction time)

Table 6.4. Influence of the CH4/H: flow rate ratio. Quality and percentage of each
type of graphene deposited over the sample synthetized at the optimum CHas/Hz flow
rate ratio.

(Synthesis conditions: 1025 °C, CH4/H>=0.25 v/v, 130 Nml/min, 10 minutes of reaction time)

Optical Monolayer | Bilayer | Few-layer | Multilayer | Quality
microscopy | graphene | graphene | graphene graphene value
images (%) (%) (%) (%)
1 33.46 41.80 17.30 7.45 378.2
2 34.28 41.46 17.38 6.88 386.1
3 31.13 41.84 17.57 9.46 355.0
4 28.95 43.90 18.62 8.52 335.4
5 30.27 43.38 18.50 7.84 348.0
6 29.34 43.17 18.98 8.51 338.5
Average 31.24 42.60 18.05 8.11 356.9
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As observed, the CH4/H: flow rate ratio has an influence on the
percentage of monolayer graphene deposited over the polycrystalline

iron foil.

6.3.3. Influence of the total flow of gases (CHs+H:2) during the reaction
step at different reaction times

The optimization of the value of the total flow of gases during the
reaction step, at different reaction times (15 min-5 min), has been
performed in the range from 130 and 60 Nml/min. It has been reported
that the influence of the total flow during the reaction step is closely
related to that of the reaction time. Longer exposure times to the reaction
gases are required for low total flow of them, because the amount of
carbonaceous source flowing during the reaction step is low and,
consequently, longer times are also required to obtain an homogeneous

graphene layer [8, 11, 16].

Figure 6.10. shows the representative optical microscope images
corresponding to each sample synthesized using different total flows
(130-60 Nml/min) and exposure times (5-15 minutes). The
corresponding percentages of each type of graphene deposited over the
iron foil, determined by the homemade Excel-VBA application, are
listed in Table 6.5.
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Figure 6.10. Influence of the total flow of gases (CHs+H:z) during the reaction step at
different reaction times. Optical microscope images.
(Synthesis conditions: 1025 °C, CH4/H2=0.25 v/v, 130-60 Nml/min, 15-5 minutes of reaction
time)
Different authors have reported that a balance between the value of
reaction time and that of the total flow of gases are needed to promote
the growth of monolayer graphene over metal foils since excessively
high reaction times can result in the formation of more layered graphene
[16, 17]. As expected, the lower the total flow of gases, the longer the
reaction times are required to obtain less layered structures
(corresponding to optical microscope images where light colors in a
uniform way predominate). At low total flow of gases (60-70 Nml/min)
and times lesser than 10 min, the graphene growth was not favored as a
result of not having carbon atoms enough flowing through the reaction
system to achieve a uniform deposition of graphene over the

polycrystalline iron foil. Moreover, at low total flows (60 and 70
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Nml/min), zones presenting free-graphene islands were observed. On
the other hand, the higher the total flow (130 and 100 Nml/min) was, the
darker the colors presented in optical microscope images were
observed, thus observing orange (in different color tonalities) zones that
correspond to multilayer graphene. For the intermediate value of the
total flow (80 Nml/min), clearer colors were observed in the microscopy

images (lower thickness value) (Table 6.5.).
Table 6.5. Influence of the total flow of gases (CHs+H2) during the reaction step at
different reaction times. Average values of each type of graphene obtained from the
representative optical microscope images.
(Synthesis conditions: 1025 °C, CH+/H>=0.25 v/v, 130-60 Nml/min, 15-5 minutes of reaction

time)
INFLUENCE OF THE TOTAL FLOW OF GASES (CHs++H2) DURING
THE REACTION STEP
(time = 15-5 min; CHs/H2=0.07 v/v; Q1=80-130 Nml/min)
2D Reaction | Monolayer Bilayer | Few-layer | Multilayer
Raman time graphene | graphene | graphene | graphene
Shift (min) (%) (%) (%) (%)
(cm™)
130 15 31.41 37.51 18.71 12.38
10 31.24 45.59 18.05 8.11
7 34.81 38.49 17.30 9.40
5 17.56 32.78 23.59 26.07
100 15 36.78 4491 13.26 5.04
10 42.40 33.76 14.28 9.55
7 51.39 29.88 11.70 7.02
5 31.02 34.91 19.37 14.71
80 15 51.78 31.38 11.59 5.24
10 54.56 28.13 11.17 6.14
7 62.4 24.57 8.75 4.29
5 57.97 26.31 9.91 5.81
70 15 51.71 27.58 10.39 8.54
10 34.78 39.49 17.18 8.53
7 31.97 30.50 18.00 19.52
60 15 42.26 32.59 12.25 5.89
10 31.86 32.33 19.18 16.63
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Figure 6.11. shows the quality value versus the total flow of gases

(CHs+H>) at different reaction times.
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Figure 6.11. Influence of the total flow of gases (CHs+H:z) during the reaction step at
different reaction times. Quality value vs reaction time at the different total flow of
gases (CHst+Ho2).

A maximum of quality value was obtained for the sample synthesized
using a total flow of 80 Nml/min and 7 minutes of reaction time. Figure
6.12. shows the more representative optical microscope images
corresponding to this optimal sample whereas Table 6 lists the quality
and the percentage of each type graphene deposited on it (Table 6.6.).
As observed, this optimal sample presented a value of the percentage of
monolayer graphene deposited over the metal foil close to 62.5%.
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NP

Figure 6.12. Influence of the total flow of gases (CHs+H:z) during the reaction step at

different reaction times. Optical microscope images corresponding to the sample

showing the maximum quality value.

(Synthesis conditions: 1025 °C, CH4+/H2=0.25 v/v, 80 Nml/min, 7 minutes of reaction time)

Table 6.6. Influence of the total flow of gases (CHs+H?2) during the reaction step at

different reaction times. Quality and percentage of each type of graphene obtained

from the sample showing the maximum quality value using the home made Excel-

VBA application.
(Synthesis conditions: 1025 °C, CH4/H2=0.25 v/v, 80 Nml/min, 7 minutes of reaction time)

Optical Monolayer | Bilayer Few-layer | Multilayer | Quality
microscopy | graphene | graphene | graphene | graphene value
images (%) (%) (%) (%)
1 62.45 25.26 8.71 3.58 650.7
2 61.86 22.31 9.94 5.89 642.0
3 61.48 25.95 8.30 4.27 641.6
4 63.40 25.58 7.88 3.14 660.4
5 61.90 24.14 9.50 4.47 644.1
6 63.31 24.16 8.15 4.37 658.1
Average 62.4 24.57 8.75 4.29 649.5
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As observed, the growth of the monolayer graphene over the
polycrystalline iron foil clearly depends on the total flow of gases

passing through it and the exposure time to such gases.

Finally, Figure 6.13. shows the Raman spectroscopy results and the 2D
peak deconvolution corresponding to the different graphene types
presented in the optimum sample. Raman spectroscopy parameters
(In/Ic, In/Ic, FWHM and 2D peak position) agree with those reported in
literature [18-25].

Intensity (a.u.)
g %
3

Raman Shift (cm”)

—
//
I,/1g= 0.014 Io/lg= 1.020 — B
FWMH=54 cm't 2
_ 2D PEAK POSITION= 2704 cm't £
E) BILAYER GRAPHENE
© | —.% = ES ED E
> | Io/le=0.009 lpoflg= 0.740 — Raman shit (em’)
£ | FWMH=68 cmt
e || 2D PEAK POSITION= 2704 cmt
2 /| FEW-LAYER GRAPHENE 3
-— I S A — e — — g
/1= 0.009 loofle=0.309 / g
FWMH=69 cm T =
2D PEAK POSITION= 2695 cmt — ]
MUTILAYER GRAPHENE " Ty
T T T T T T g
1000 1500 2000 2500 ﬁ)@\i

Raman Shift cm™)

Raman Shift (cm™)

Figure 6.13. Influence of the total flow (CHs+H:2) during the reaction stage at
different reaction times. Raman spectroscopy results corresponding to the optimum
sample.

(Synthesis conditions: 1025 °C, CH+/H2=0.25 v/v, 80 Nml/min, 7 minutes of reaction time)

All types of graphene showed insignificant In/Ic ratio values indicating
that it is a free-defects graphene. I.o/Ic ratio increased when the number

of graphene layers decreased, achieving for monolayer graphene the
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highest value (2.86). The opposite effect was observed for the FWHM
parameters. They decreased with decreasing graphene layers, obtaining
for monolayer graphene the lowest value (22 cm). 2D peak position
was located around 2700 cm™ for all graphene types, which is a

characteristic value of this material [4, 10, 11, 26].

Finally, 2D peak deconvolution confirmed the typology of the graphene
present in the sample [27]. According to the literature, 2D peak was
deconvoluted in a single Lorentzian peak for monolayer graphene; this
peak was split into four different peaks in bilayer graphene [28]. Finally,
2D peaks corresponding to few-layer and multilayer graphene were

deconvoluted in two peaks [4].
6.4. Conclusions

In the present work, it has been demonstrated that a high quality
graphene film, mostly covered by monolayer graphene, can be
successfully growth on polycrystalline iron foil by an atmospheric
pressure CVD process using methane as the carbonaceous source. The
thickness of the graphene sample (number of layers) can be controlled
by tuning the reaction temperature, the CHs/H2 flow rate ratio and the
total flow of gases (CHstH:) during the reaction step at different
reaction times. By means of a process of parameter optimization, a high
quality graphene film was achieved, showing a high percentage of
monolayer graphene (62.4 %), a high Io/Ic (~2.9), a low Ip/Ic ratio
(~0.026) and a narrow FWHM of 2D peak (~22 cm™).

The quality of graphene films could be enhanced by increasing the
growth temperature and the CHs/H: flow rate ratio up to 1025°C and
0.25 v/v, respectively. In addition, low values of the total flow (CHst+H>)
of gases (80 Nml/min) and short exposure times (7 minutes) were found

to be required for obtaining high quality graphene.

217



Chapter 6

These findings could help to manufacture high-quality graphene on

iron foils for different applications, mainly electronic ones.
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Resumen

n este capitulo, se prepararon diferentes muestras de
oxido de grafito (GrO) usando el Método de Hummers
Mejorado al cual se van introduciendo diversas
modificaciones de forma paulatina con el fin de disminuir
los elevados costes de produccion asociados al proceso.
Para ello, se parti6 de grafito como material de partida y KMnOs como
agente oxidante. La caracterizacion de las muestras de GrO se llevo a
cabo mediante espectroscopia Raman, SEM, TEM, andlisis elemental,
Difraccion de Rayos X, adsorcion-desorcion de N: y analisis
termogravimétrico. Los resultados mostraron que, una vez modificado
el método de partida, el tiempo de oxidacion se redujo de 12 a 3 horas,
se elimind la etapa de coagulacion, las etapas de lavado se redujeron a
la mitad, y se demostré que el uso de HsPOs durante la etapa de
oxidacion no era necesario. Finalmente, la produccion de GrO se logré
incrementar hasta cinco veces consiguiéndose de este modo, disminuir
los costes de produccion del 6xido de grafito si estos se comparan con

los reportados para el Método de Hummers Mejorado.
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Abstract

ifferent samples of graphite oxide (GrO) were
prepared by the optimization of the Improved Hummers
Method reported in literature. Graphite was used as
the raw material and KMnOs and H250: were used as
the chemical reagents. GrO samples were analyzed by
Raman spectroscopy, SEM, TEM, elemental analysis, XRD, N:
adsorption-desorption and thermogravimetric analysis. The results
indicate that, after optimize the synthesis method, the oxidation time
was reduced from 12 to 3 hours, the coagulation step was removed, the
wash step was halved, and the use of HsPOs during the oxidation step
was no longer necessary. This way, the production of graphite oxide per
batch was increased by increasing five times the amount of graphite.
Therefore, synthesis costs were significantly lower than those reported

for the Improved Hummers Method.
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characteristics of graphite oxide

7.1. Introduction

Great emphasis is currently focused on the development of large-scale
production methods for graphene-based products synthesis. In this
respect, graphite oxide (GrO) and graphene oxide have been identified
as the most important graphene derivatives. The main properties of
graphite oxide are as follows: it is an insulator material but its
conductivity varies depending on its chemical and structural properties
[1]; it is an amphiphilic material, which allows the dispersion of GrO in
both aqueous and organic solvents [2, 3]; and it has antibacterial
properties [4]. All of these properties make graphite oxide a suitable
material for numerous applications such as supercapacitors [5], the
removal of radioactive waste from water [6], the fabrication of
transparent conductors [7] and in biomedical applications [8], for

example to inhibit tumour formation in multiple cell lines [9].

Graphite oxide can be defined as a set of functionalized graphene sheets
that are mainly composed of carbon, oxygen and hydrogen atoms. This
material can be used as a precursor of graphene itself. The structure of
graphite oxide is similar to that of graphite as they differ only in the
oxygenated groups present in GrO, which give rise to an increase of the
distance between the graphene layers [1]. This material consists of a
hexagonal network of sp?- and sp3-hybridized carbon atoms that bear
hydroxyl and epoxide functional groups on the ‘basal’ plane and
carboxyl and carbonyl groups at the edges [10].

Graphite oxide can be synthesized by either the Brodie [11],
Staudenmaier [12] or Hummers [13] methods or by a variation of the
latter one, namely Modified Hummers Method or Improved Hummers
Method [14]. The main differences between the above mentioned
methods are summarized in Table 7.1., with particular emphasis on the

nature of the oxidant, the toxicity and the main advantages or
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disadvantages of each approach. It can be observed that Improved
Hummers Method is characterized by lower toxicity and several

advantages in terms of the synthesized product.

The main objective of the present work was to optimize the synthesis of
graphite oxide by the Improved Hummers Method with the ultimate goal
of reducing the reaction time and the quantities of chemical reagents
required in the synthesis. As a result of this optimization, a considerably
decrease of the production costs associated with the synthesis was
observed. In addition, an economic assessment of the industrial scale of
the process was study in order to know the viability of the graphite
oxide synthesis.

Table 7.1. Synthesis Methods for Graphite Oxide [11-17].

B Brodie Method 12 %

¢ Oxidants: KCIO,;, HNO,
¢ Toxicity: Yes
* Disadvantages:
* Weak acidity.
* Soft dispersability in basic solutions.
* Small size, limiting thickness and providing an imperfect structure.

B Staudenmaier Method 1326

¢ Oxidants: KCIO; (NaClO;), HNO;, H,SO,
¢ Toxicity: Yes
¢ Disadvantages:
* Time-consuming and dangerous method.
* Addition of KCIO; generally takes longer than a week and CO, is evolved, thus making necessary to
remove an inert gas.
* The risk of explosions is a constant danger.

md  Hummers Method 27 14

¢ Oxidants: KMnO,, H,SO,, NaNO,
o Toxicity: No (NOx is released)
¢ Advantages:
* Higher oxidation degree than that obtained in Brodie or Staudenmaier Methods.
* Disadvantages:
o It is still considered that the oxidation is incomplete.
* Separation and purification processes are tedious process.
 Highly time-consuming process.
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Table 7.1. Continuation. Synthesis Methods for Graphite Oxide [11-17].

B Modified Hummers Method 728

 Oxidants: KMnO,, H,SO,, NaNO;, KMnO,, H,SO,
* Toxicity: No (NOx is released)
¢ Advantages:
¢ Improved level of oxidation and, therefore, product performance.
 Disadvantages:
* Separation and purification processes are tedious process.
* Highly time-consuming process.

mm Improved Hummers Method %

¢ Oxidants: KMnO,, H,SO,, H;PO,
* Toxicity: No
* Advantages:
¢ Defects in the basal plane are reduced.
¢ Larger amount of oxidized graphite is provided.
 The degree of reduction provides an equivalent level of conductivity when compared to other
methods.
* Best process yield compared to Brodie, Staudenmaier and Hummers method.
¢ Environmentally friendly, toxic gases are not generated during the preparation.
 The product has a more organized structure compared to graphite oxide obtained by Brodie and
Staudenmaier methods.
¢ Disadvantages:
* Separation and purification processes are tedious process.
¢ Highly time-consuming process.

7.2. Experimental
7.2.1 Materials

Graphite powder with a particle size <20 um was supplied by Sigma
Aldrich. KMnOs (purity of 99%), H2SOs (purity of 96%), HsPOu (purity
of 50%), H20: (purity of 33%), HCl (5N), ethanol (purity of 99.5%) and
dry diethyl ether (purity of 99.75%) were supplied by Panreac.

7.2.2. Method

7.2.2.1. Graphite oxide synthesis procedure

Graphite oxide was synthesized by the Improved Hummers Method. The
first step consists on the oxidation of graphite using KMnOs as the
oxidizing agent. For this purpose, 360 mL of H2SO4 and 40 mL of HsPOs

were introduced into an Erlenmeyer flask with constant and vigorous
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shaking. 9 g KMnOs and 3 g of graphite (3:1) was slowly added to the
H2504/HsPOsmixture. The reaction mixture was maintained at 50 °C for
12 hours. After the oxidation step, the resulting mixture was added to a
beaker containing 400 g of flake ice and 3 mL of H:0O: in order to quench
the reaction. The mixture was filtered under vacuum through a 10-20
um filter. The resulting compact cake was washed twice (by vacuum
filtration) with deionized water (200 mL), HCI (200 mL) and ethanol
(200 mL) to clean the oxidized graphite. Finally, the compact cake was
slurred with dry diethyl ether (200 mL), filtered off and dried at 100 °C

overnight.
7.2.3. Characterization
Raman spectroscopy

A SENTERRA Raman spectrometer with a grating of 600 lines per mm
and a laser wavelength of 532 nm at a very low laser power level (<1
mW), to avoid any heating effect, was used to characterize the different
graphite oxide samples. Raman spectroscopy is considered a reliable
and quick method to characterize graphene-based materials [18, 19].
The D peak, which is visible at ~1350 cm™, is related to the presence of
defects (edges, dislocations, cracks or vacancies) in graphitic materials.
Note that Raman spectroscopy is a surface sensitive method so, it is
possible that some information from inside graphite oxide cannot be
reflected. On other words, information in the defects density of the
planes inside GrO particles could be missing.

The G peak, which is visible at 1580-1620 cm™', denotes the symmetry-
allowed graphite band and is a way of checking the vibrations in the
same plane as the sp?hybridized carbon atoms that form the graphene
sheets. Finally 2D peak, which only appear on graphene at around 2700
cm’, is the hall mark of the number of graphene layers [20, 21]. One of
the most commonly used characterization parameters for samples that

deviate relatively little from graphitic order is the intensity of the D
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band relative to the G band, expressed as the ratio of their intensities
(In/Ic). The intensity ratio increases with structural disorder in the
graphite network and is inversely proportional to the average size of the
sp? clusters [22]. This relationship for graphite oxide is usually in the
range 0.7-1.0 [23-26]. The distance between defects points (Lp) of the
samples was calculated from the intensities of the D and G bands in the

RAMAN spectra using the formula L, = /C(1)/(Ip/Is) [27].
Scanning Electron Microscopy (SEM)

A Hitachi S5-4800 Scanning Electron Microscope with a field emission
gun with a resolution of 1.4 Nm to 1 KV was used to analyze the surface
morphology of the samples. The equipment incorporated a Bruker

backscatter detector for microanalysis and five motorized axes.
Elemental analysis

Analyses were performed according to the standard UNE-EN
15104:2011. The elemental analyser (model LECO CHNS-932) was
capable of detecting C, H, N, O and S contents of a sample by different
mechanisms. Results were provided as a mass percentage of each

element on a dry basis.
X-Ray diffraction

XRD analyses were conducted on a Philips X'Pert instrument using
nickel-filtered Cu-Ka radiation. The samples were scanned at a rate of
0.02° step! over the range 5° < 20 < 90° (scan time = 2s step™) and the
diffractograms were compared with the PDF-ICDD references. The in-
plane crystallite size (La), c-axis crystallite size (L) and the interlaminar
distances of sheets were obtained from the (002) reflection of the XRD

patterns ([001] reflection in the case of GrO) using the Scherrer equation.
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BET

Surface area/porosity measurements were made using a QUANTRA
QUADRASORSB SI apparatus with N2 as the sorbate at 77 -196°C. The
samples were out gassed at 453 K under vacuum (1 x 10-2 Torr) for 12
hours prior to analysis. The total specific surface areas were determined
by multipoint BET methods, while the specific total pore volume was

evaluated from Nz uptake at a relative pressure of P/Po=0.99.
Thermogravimetric analysis (TGA)

The TG curve represents the evolution of the mass as a function of the
temperature. The combustion of the graphite oxide was carried out in a
TGA apparatus (TGA-DSC 1, METTLER TOLEDO). The sample was
heated from 30 to 1000 °C at 10 °C/min under a reactive atmosphere of
21% of oxygen and 79% of nitrogen. The sample weight was 8 mg and
the flow rate was 100 NmL/min.

Fourier Transform Infrared Spectroscopy (FTIR)

FTIR analysis was took place in a “Spectrum Two Spectrometer” (Perkin
Elmer, Inc.) with a universal refracting and diamond as accessories.
Detection range carried from 350 to 8300 cm™ for KBr method and from
550 to 6000 cm™ for ZnSe method. During sample measures, small
amount of the material was place on the diamond under pressure until

the transmittance stays constant.
7.3. Results and discussion

Optimization of Improved Hummers Method was focused on obtaining a
less time-consuming method and lower production costs in an effort to
identify a more easily scalable procedure to synthesize high quality
graphite oxide. The quantities of reagents and the synthesis conditions
for the Improved Hummers Method, as reported in the literature, are
represented in Figure 7.1. [14].
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+3 g graphite

*9 g KMnO,

Graphite oxidation EEKIInINSKCH

+40 ml H;PO,

«12 hours reaction time at 50 °C

+400 ml flake ice

H,0, addition “3mlH,0,

+200 ml H,0
First wash +200 ml HCI
+200 ml C,H;O

+200 ml H,0
Second wash +200 ml HCI
+200 ml C,H;O0

Coagulation +200 ml dry ethyl ether

Figure 7.1. Improved Hummers Method: GrO synthesis conditions and reagent quantities
[14, 28-30].

Raman spectrum corresponding to GrO synthesized using the Improved
Hummers Method is shown in Figure 7.2.a. It can be observed the two
characteristic GrO peaks (D and G). The D peak, which appears at
around 1348 cm!, indicates the presence of imperfections in the
graphitic structure of carbon atoms at the layer edges. The G peak,
which is related to the movement of pairs of carbon atoms linked by sp?,
is located at 1586 cm. This peak is commonly related to the graphitic
order [31]. Thus, the broad G band and the more prominent D band
associated with GrO (when compared to graphite) indicate a reduction
in the size of the sp? domains due to oxidation. The relationship between
the intensities of the two peaks (In/Ic), which had a value of 0.726 for the
GrO synthesized using the Improved Hummers Method, will be used to
compare the way in which the structural disorder grows in the graphitic

233



Chapter 7

network. Both the locations of both the D and G bands and the ratio
between their intensities are consistent with these characteristic values
reported in the bibliography [23-26].

The first stage of the optimization concerned the reaction time for the
oxidation step. With this aim in mind, the reaction time was reduced
from 12 to 3 hours while keeping all other conditions constant. The
Raman spectrum of the sample synthesized using an oxidation time of
3 hours is shown in Figure 7.2.b. Once again, the two characteristic
peaks of graphite oxide can be observed, with the D band intensity
being slightly stronger (Io/Ic ratio value of 0.845). This indicates a
slightly higher level of structural disorder and a greater number of
defects in the graphene layers because of the oxidation process [23-26].
However, the decrease in the reaction time did not seem to have an
influence on the oxidation of the raw material (as discussed later). In
other words, the introduction of functional groups, both in the basal
plane and at the edges, was achieved appropriately with reaction times
of 12 and 3 hours. A significant reduction in the reaction time will have

a positive effect on both the process time and the energy costs.

In order to assess whether the coagulation step has a significant
influence on the final characteristics of the synthesized material, the
GrO synthesis was carried out without carrying out this stage. The
Raman spectrum of the resulting material is shown in Figure 7.2.c. It can
be observed that the D and G peaks were located at 1343 and 1586 cm™,
respectively, and the Io/lc ratio was 0.847, i.e., similar to the results
obtained previously [23-26]. These results highlight the fact that the
function of the dry diethyl ether is not decisive during the GrO synthesis
because the final characteristics of the synthesized GrO were

unchanged. This aspect will be discussed in more detail below.

Following the optimization of the as-published Improved Hummers
Method, it was decided to combine in a single stage the initial two-stage

washing process while maintaining the same reagent wash used in the
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initial method. Thus, the function of deionized water is to neutralize the
pH, HCl is used to remove remaining metal ions from the final product
and ethanol is used to achieve faster drying of the graphite oxide cake.
The Raman spectrum of the sample synthesized using a single washing
stage is shown in Figure 7.2.d. Once again, the D and G bands were
characteristic of this type of carbon material, with an Io/Ic ratio value of
0.895 [23-26].

An interesting and novel aspect in the optimization of the Improved
Hummers Method concerns the removal of any of the chemical reagents
(H2S04, HsPOs and KMnOs) used during the oxidation stage. The main
reagent responsible for the oxidation of the graphite is manganese oxide
(VII) (Mn20y), which is formed in a reaction between KMnOsand H2SOx
2. The role of HsPOs is only related to the formation of a more intact
ring structure [14, 33] and it was decided not to use this reagent during
the oxidation step. In the Raman spectrum of the resulting product
(Figure 7.2.e) the D/G band intensity ratio for the GrO sample
synthesized without HsPOs (0.925) is higher than those obtained
previously it. Despite the observed change, the Ib/lc ratio value is

consistent with those reported previously for most GrO samples [23-26].

Finally, the amount of H250s was optimized maintaining constant
graphite: KMnOa ratio (1:3) in order to achieve the same oxidation degree
as in the Improved Hummers Method. The quantities of both reagents were
progressively increased and obtaining an optimum amount of graphite
and KMnO:of 15 and 45 grams, respectively. In the Raman spectrum of
the resulting product (see Figure 7.2.f) the characteristic D and G peaks
were observed and the D/G intensity ratio was 0.946 [23-26].
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I5/1g= 0.080
Graphite L,=35.71
Ip/lg= 0.726
a) L,=11.85

— /1= 0.845
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N
> \ Ip/lg= 0.847
5 0) L,=10.97
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o
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/1= 0.925
e) L5=10.50
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Figure 7.2. Raman spectra of GrO samples synthesized: a) following the as-published

Improved Hummers Method b) after optimization of the oxidation time c) after removal
of the coagulation step d) after optimization of the washing step e) after HsPOa
removal (oxidation step) and f) after optimization of the amounts of graphite and
KMnOxs (oxidation step). Inset: graphite RAMAN spectrum.

Summarizing, obtained results have shown that the structural disorder
of the GrO samples progressively increased as the synthesis parameters
have been changed respect to the Improved Hummers Method. The Ip/Ic
value increase is due to the fact that in nanocrystalline graphite and
graphene-based materials, the higher defects density creates more
elastic scattering [27]. The disorder evolution in graphene-based
materials can be also quantified by the distance between defects (Lb)
according to the equation Lp = \/m, where C (A) has a value

of 102 nm?2. As expected, Lo values were considerably lower in GrO
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samples (compared to graphite) and, were gradually decreased as the
synthesis parameters were changing.

The final conditions and amounts of reagents for the starting method
(Improved Hummers Method) and the optimized one are represented in
Figure 7.3. It is worth highlighting the considerable savings in reagents
and experimental time needed to obtain the final product in a higher
yield, which make the process considerably cheaper. At laboratory scale
and using the Optimized Improved Hummers Method, 34 grams of
graphite oxide was obtained per batch.

Improved Hummers Optimized Improved
Method Hummers Method

5) Coagulation step: 200
ml dryethyl éter

4) Second ‘Wash Step: 200
ml deionized wal‘getl;l 2031
ml HC], 200 ml an —

i : 200 m 3) First Wash Step :

ions A 00 II)ll deionized water. 200
ml HCI, 200 ml etanol

2) Reaction stop step: 400

deionized water. 200 ml
HC], 200 ml Ethanol

2) Reaction stop step: 400
ml flake ice, 3 ml H,0,

1) Oxidation step3 a2
hours at 50 °C): 3 8
graphite, 9 & KMnO,, 360
ml H,S0,, 40 ml H;PO,

SYNTHESIS COST

ml flake ice, 3 ml H,0,
oy 3

1) Oxidation step (

hours at 50°C): 15¢

graphite, 45 g KMnOy,

400 ml H,SO,4

Figure 7.3. Comparison between the Improved Hummers Method and the optimized
approach.

In order to check that GrO samples maintained the same morphology,
SEM analysis were performed. Representative images of graphite and
the synthesized GrO samples are shown in Figure 7.4. SEM image of

graphite showed a crystalline structure composed of several layers. GrO
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synthesized for both methods, showed a similar structure composed of
an agglomerated powder that had several microns in size. GrO
morphology resembled a fluffy appearance decreasing the number of

layers in comparison with graphite due to the oxidation process.

GrO (Improved Hummers GrO (Optimized Improved

1 Graphite Method) Hummers Method

-5 27, 5 "
. § ot 2 X
3 5 . 3 '— 3 “ if -
”
)

Figure 7.4. Representative SEM images corresponding graphite, GrO synthetized by
the Improved Hummers Method and GrO synthesized by the optimized Improved
Hummers Method.

Elemental analysis results (expressed as wt. %) corresponding to
graphite and GrO samples are shown in Table 7.2. Graphite is composed
of 98 wt. % carbon. The amount of carbon present in GrO samples was
considerably lower (compared to graphite) due to the carbon
replacements by oxygenated groups after the oxidation process. It has
been demonstrated that oxygen is mostly present as hydroxyl, epoxy
and carboxyl groups, which are located at the edges of the sheets and in
the interior of the aromatic domains [34]. The elemental analysis of GrO
synthetized by the optimized method presented a slightly lower oxygen
content and more sulphur and nitrogen in its structure. This last fact
was related to the cleaning step, which was reduced from two to one

washes, increasing the amount of residual elements in the sample.
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Table 7.2. Elemental composition (wt.%) of GrO samples.

SAMPLE (wt. %) C H N S (0) O/C ratio
Graphite 9791 | 0.09 0 0.04 | 1.96 0.02
GrO (Improved
32.78 | 1.52 0 1.13 | 64.57 1.97
Hummers Method)
GrO (Optimized
Improved Hummers | 39.11 | 219 | 0.15 | 5.71 | 52.83 1.35
Method)

In order to assess the thermal stability of the graphite and the different
GrO samples, TGA measurements were carried out. TGA results are
represented in Figure 7.5. It can be seen that graphite and GrO samples
differed in their thermal behaviour. TGA results for graphite showed
the stability of this material. Its degradation started at 645°C and the
complete decomposition of graphite ended at 970°C, losing a 91% of
weight mass and leaving a residue of around 10% [35].

By its part, GrO samples showed a similar thermal behaviour. Three
decomposition steps for both GrO could be observed. As was reported
[36, 37], GrO started to lose mass upon heating even below 100 °C, so
the first decomposition step (I) started at 50°C and finished at
temperatures close to 200°C. It was due to the elimination of loosely
bound or adsorbed water and gas molecules. In this first decomposition
step, the main differences between both GrO were observed. In the case
of GrO synthesized by the Improved Hummers Method, the weight loss
was 14% whereas in the case of the optimized one, this weight of mass
was around 18%, demonstrating that the presence of labile groups (-OH,
COOH) in the optimized GrO was higher than in the case of GrO
synthesized by the Improved Hummers Method. A second decomposition
step (II) occurred between 200 °C and 475 °C representing a weight loss
of around 25% for the GrO synthesized by the Improved Hummers
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Method and 31% for the optimized one. This step had been related to
the decomposition of more stable oxygen groups to yield CO, COz and
steam and to a gas release, resulting in a rapid thermal expansion of the
material, which is evident by a large mass loss [36] in the case of GrO
synthesized by the Improved Hummers Method. This thermal expansion
of the material was observed at lower temperatures (~200°C) for the
optimized GrO, due to the predominance of more labile oxygen groups
easier to decompose. Finally, the third decomposition step (III) common
for both GrO samples, occurred up to 475°C and corresponded to a
weight loss of around 45% (48% for GrO synthesized by the Improved
Hummers Method and 44% for the optimized one) and was attributed
to the removal of more stable oxygen groups (phenol, carbonyl) [15] and
the combustion of the carbon skeleton. The TGA results indicated the
excellent thermal stability of GrO sheets for both GrO samples [38].
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Figure 7.5. TGA and DTG analysis: a) Graphite
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Figure 7.5. Continuation. TGA and DTG analysis: b) GrO Improved Hummers Method
and c¢) GrO Optimized Improved Hummers Method.

Fourier Transform Infrared Spectroscopy (FTIR) spectra for graphite
and both GrO samples is showed in Figure 7.6. FTIR is considered a
suitable tool to determinate the functional groups presented in graphite
oxide. FTIR spectrum of graphite showed a mostly carbon composition
(~98%), as was reported in the elemental analysis (Table 7.2.), and
almost no oxygen bonds were observed. GrO FTIR spectrum showed
that oxygen functional groups were introduced in the structure after

graphite oxidation. Both GrO show the characteristics peaks shown in
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bibliography [39, 40]. In this way, the stretching of hydroxyl group can
be observed 1410 cm™ and from 2375 to 3677 cm, stretching band of
C=0 at 1770 cm™, aromatic C=C from unoxidized sp? bonds at 1650 cm-
!, anhydride group CO-O-CO at 1050 cm™, C-H group at 755 cm™! and,
finally, C-O group at 1225 cm™. As observed, GrO synthesized by the
optimized method showed more presence of C-OH, OH, CO-O-CO,
C=0 and epoxy groups. In other words, FTIR confirms the presence of
higher amount of labile oxygen groups in GrO synthesized by the

optimized method.

— Graphite
— Improved Hummers Method
— Optimized Improved Hummers Method
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Figure 7.6. FTIR to graphite and GrO samples synthesized using both the Improved
Hummers Method and the optimized method.

BET surface areas, which were obtained from the nitrogen adsorption-
desorption isotherms, are shown in Figure 7.7. and the main textural
characterization parameters corresponding to graphite and GrO
samples are listed in Table 7.3. BET-surface area measured values were
around 25 m?/g for graphite oxides. It is evident from the results that
graphite has a very low BET surface area of 1.7 m?/g, because most of
the atoms in graphite are not at the surface, being the interplanar space

too small to allow gas molecules to enter [41]. By comparison, a
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significant increase in the surface area was observed after the oxidation
process and this was due to the expansion of the graphene layers [42].
Likewise, graphite oxide developed a more mesoporous structure, with
both GrO samples retaining a similar surface area, average pore size and
total pore volume, which again confirm the fact that the characteristics
of the graphite oxide did not alter significantly after optimization of the
synthesis method.

Table 7.3. Textural characterization parameters.

Optimized
. Improved Hummers
Graphite Improved Hummers
Method
Method
Surface area
1.7 22.2 28.1
(m¥g)
Total Pore
0.038 0.113 0.129
Volume (cm?3/g)

Figure 7.7. Adsorption-desorption isotherms corresponding to graphite and GrO
samples synthesized using both the Improved Hummers Method and the optimized

method.
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Graphite oxidation degree was studied by X-Ray Diffraction, obtaining
information about the interlaminar distance, the structure and the
oxidation state of the bulk materials. XRD spectra corresponding to
graphite and GrO samples synthesized by both the Improved Hummers
Method and the optimized one are shown in Figure 7.8. Graphite showed
a characteristic [002] peak at 26.6° corresponding to the highly
organized layer structure. This fact indicates a separation between the
layers (doz) of 0.33 nm. XRD patterns changed after the oxidation
process. The sharp reflection of graphite had disappeared and a new
diffraction [001] peak appeared at around 20 = ~10°, which is
characteristic of graphite oxide [43]. Thus, graphite oxide synthesized
using the Improved Hummers Method showed a characteristic [001] peak
at 10.9%, which indicates a separation between the layers of 0.81 nm. On
the other hand, graphite oxide synthesized by the optimized method
showed a characteristic XRD peak at 9.96°, which is consistent with a
separation between layers of 0.89 nm. This increase in the interlaminar
distance between graphite and GrO might be attributed to the
perturbation of the oxygen groups bound to the graphite sheet [40].The
measured doe values were similar to those reported in the literature,
which are in the range from 0.56 nm [44] to 0.95 nm [14]. The increase in
the interlayer spacing observed after oxidation has been attributed to
the expansion caused by the presence of oxygen functional groups and
water molecules held in the interlayer galleries of hydrophilic GrO [45,
46]. Although more oxygenated groups were observed for GrO
synthetized by the Improved Hummers Method and, therefore it could be
expected that dorz will be higher in this case. However, the opposite
effect was observed, obtaining higher value of doo for the GrO obtained
by the optimized method which may be due to the higher surface area
presented for this GrO (28.1 m?/g). This increase in the interlaminar
distance value could be due to the higher presence of more labile
oxygenated groups, which increased the separation between layers in
the basal plane of GrO synthesized by the optimized method.
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Figure 7.8. XRD spectrum corresponding to graphite and GrO synthesized using

Improved Hummers Method and optimized Improved Hummers Method.

The in-plane crystallite size (L), calculated with [100] peak, and the

crystal stack height or crystalline size along the x-axis (Lc), calculated

with [002] peak, were estimated by XRD spectrum and the

corresponding formula. The values obtained are summarized in Table
7.4. As observed, crystallite domains (both L. and Lc) had reduced in

size after the incorporation of functional groups into the graph sheets,

which again indicates that an increase in structural disorder occurs after

oxidation [47]. Similar values were obtained for both GrO, indicating

that the oxidation method did not influence the crystalline domains of

the material. The number of layers in the stacking structure (Nc= Lc/doo2)

decreased markedly indicating the graphite oxidation.
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Table 7.4. Crystal dimensions described by layer size L, stack height Lcand the

number of layers in the stacking structure (Nc).

graphene
k
e shere | Laom) | Lem) | don(am) |
| B~ % XRD | XRD | XRD “
—
L
Graphite 39.7 19.43 0.33 58.05
Improved Hummers
11.17 4.78 0.81 5.89
Method
Optimized Improved
11.03 4.43 0.89 4.99
Hummers Method

Graphite oxide exfoliation to graphene oxide was performed in order to
study the differences between them. Figure 7.9. summarized the most
important characterization parameters of both materials. As can be
observed, almost all characterization techniques showed similar results
because the exfoliation process was performed using sonication, which
involved a physical process not a chemical one, obtaining a similar
structure for both material, only differentiated for the distance between
layers.
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Figure 7.9. Graphite oxide vs graphene oxide.
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According to the obtained results, it can be affirmed that the exfoliation
capabilities of GrO obtained after the optimization of the Improved
Hummers Method was not affected so this oxidation process was took

place correctly.

The yield of the exfoliation of GrO to GO was around 80% (starting with
34 grams of GrO, 27 grams of GO was obtained when exfoliation process
finished).

7.4. Conclusions

Different samples of graphite oxide were prepared by modification of
the Improved Hummers Method reported in literature [14]. Graphite was
used as the raw material and KMnOs and H250: were used as chemical
reagents to produce manganese oxide, which is mainly responsible for
the oxidation of graphite. After the synthesis method had been
optimized, the oxidation time was reduced from 12 to 3 hours, the
coagulation step was removed, the washing step was halved, the use of
HsPOs during the oxidation step was removed and the graphite oxide
production per batch was increased by increasing the amount of
graphite that could be treated from 3 to 15 grams (while keeping the
graphite/KMnOs ratio constant). The results obtained clearly show a

significant reduction in the synthesis costs.
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Resumen

n el presente capitulo se estudiaron y compararon

diferentes estrategias para reducir 6xido de grafeno y

sintetizar dxido de grafeno reducido. Para comenzar, se

sintetizé Oxido de grafito mediante una optimizacion del

Meétodo de Hummers Mejorado (Capitulo 7). A continuacion,
se sintetizo 6xido de grafeno reducido mediante diferentes estrategias:
quimica (usando hidracina y acido ascorbico como agentes reductores),
térmica y multiples fases. Las muestras obtenidas fueron analizadas con
espectroscopia Raman, SEM, FTIR, andlisis elemental, difraccién de
Rayos X y TGA. Se comprobo que el método de reduccion multiples
fases, basado en la combinacion de mas de un método de reduccion
concretamente, reduccion térmica seguida de reduccion quimica,
mostro los mejores resultados. Un tratamiento térmico suave seguido
de una reducciéon quimica usando dacido ascérbico como agente
reductor, permiti6é una reduccion de los grupos funcionales oxigenados
del 47%. En este trabajo se demuestra que la estructura del éxido de
grafeno reducido depende en gran medida de la estrategia de reduccion
usada lo cual, indudablemente, repercutira sobre su utilizaciéon o no en
algunas de las aplicaciones propuestas en bibliografia para este

material.
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Abstract

ifferent graphene oxide reduction strategies to

produce reduced graphene oxide are compared and

discussed. Firstly, the optimization of the most

popular oxidation route reported in literature

(Improved Hummers Method) to obtain graphite oxide
was carried oud. Subsequently, different sets of reduced graphene oxide
powders were synthesized through three different reduction routes:
chemical (by using hydrazine and ascorbic acid), thermal and
multiphase methods. Samples were analyzed by Raman spectroscopy,
SEM, FTIR, elemental analysis, X-ray diffraction and TGA. It was shown
that multiphase reduction method, e.g. combination of more than one
reduction route, specifically, thermal and chemical ones, allowed to
enhance the effectiveness for the functional oxygen groups’ removal. A
mild thermal treatment followed by a chemical reduction of graphene
oxide using ascorbic acid as the reducing agent, showed a functional
groups reduction of 47%. This work demonstrates that the reduced
graphene oxide structure is highly dependent on the reduction strategy
followed, which could affect its performance in some of the different
potential applications proposed in bibliography for this kind of

material.
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8.1. Introduction

As it was commented in previous chapters, Bottom-Up approach
consists of the synthesis of graphene starting with carbon atoms or
molecules and build up to graphene deposited over a substrate. On the
other hand, in the Top Down approach, a pattern generated on a large

scale (graphite) is reduced to graphene [1].

Graphite is the most popular raw material used in the Top Down
approach to synthesize reduced graphene oxide or powder graphene.
Graphite oxide is obtained by treating graphite with strong oxidizing
agents [2]. This material can be defined as a set of functionalized sheets
of graphene formed by epoxides, hydroxides and carboxyl groups. This
oxygen group’s incorporation into graphite makes its structure more
hydrophobic, making possible the separation of its layers in aqueous
solution by sonication [3, 4] to obtain graphene oxide. Several methods
to synthesize graphite oxide have been reported in the literature: Brodie
[5], Staudenmaier [6] and Hummers Method [2] and its variations
(Modified and Improved Hummers method) [7]. This material is
considered to be an intermediate for the manufacture of reduced
graphene oxide, which can be obtained by removing the oxygen
functional groups by either the action of chemical reducing agents or
the temperature. Reduced graphene oxide can be defined as a
homogeneous material with structural defects, resulting from the
elimination of a large portion of functional oxygen groups from the
graphene oxide structure [8]. In general, reduced graphene oxide
structure is similar to that of graphite oxide but it is not completely
homogenous like graphene due to the occurrence of remaining
functional groups [9]. The principal aim of the reduction techniques is
to remove, as much as possible, the oxygen functional groups to obtain
graphene powder [10]. Different strategies can be followed to remove
these oxygen functional groups: thermal reduction [11, 12], photo
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reduction [13], electrochemical reduction [14], microwave reduction
[15], solvothermal reduction [16], chemical reduction [17-19] by using a
wide variety of reducing agents (hydroiodic acid, ascorbic acid,
hydrazine, NaBH4 or some metal hydrides [10]) and, finally, multiphase
reduction [20-22]. Figure 1 summarizes the advantages and

disadvantages of the most important reduction techniques listed above.

THERMAL CHEMICAL  SOLVOTHERMAL  ELECIRO. PHOTO MICROWAVE MULTISTEP
REDUCTION REDUCTION REDUCTION RSN REDUCTION REDUCTION REDUCTION
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- High i - Under U.V. )
reduction geductlon - Removal of irradiation - Very high
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- Non- amount of -R gggﬁr . removal of tred';x:_non

. i sheets echniques
expensive ;‘;‘i‘#{;‘on €epoxy groups q
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Figure 1. Advantages and disadvantages of reduction strategies used in the

production of reduced graphene oxide.

In this work, the structure and chemistry of different reduced graphene
oxide samples prepared through different graphene-reduction
strategies: chemical, thermal and multiphase techniques were
compared. Graphene oxide can be chemically reduced by using several
reducing agents. In this work, hydrazine and ascorbic acid have been
selected as the reducing agents. Hydrazine (N2Hi) is a colourless
flammable liquid with an ammonia-like odor, highly toxic and
dangerously unstable unless handled in a solution [23] but it is a
powerful and a convenient reductant because the by-products yielded
in the reduction process are typically nitrogen gas and water. On the

other hand, ascorbic acid is a natural organic compound with
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antioxidant properties that owns both innocuous nature and
environmentally friendly characteristics. It is a white solid that dissolves
well in water to give mildly acidic solutions [24]. Ascorbic acid has been
proposed recently as a potential agent to be used for graphene oxide
reduction [25, 26]. Anyway, chemical reduction technique involves the
use of a liquid media which can difficult the industrial production of
reduced graphene oxide. In this sense, other reduction procedures do
not required liquid media such as the thermal reduction of graphene
oxide are also used to remove the oxygen functional groups from this
material. However, this procedure presents the disadvantage that a
violent expansion of the material occurs, which could damage the
structure of the resulting material. Finally, a combination of both
chemical and thermal reduction techniques was performed and the
resulting products were compared to those separately obtained with

each of these techniques.
8.2. Experimental
8.2.1. Materials

Graphite powder (< 20 um) was supplied by ALDRICH CHEMISTRY.
Potassium permanganate (KMnOs), sulfuric acid (H250s), chlorhydric
acid (HCI), hydrogen peroxide (H202) and ethanol (CHsCH2OH) with a
purity grade of 99%, 96%, 37%, 99.5% and 99.5%, respectively, were
supplied by PANREAC. Monohydrate hydrazine with a purity grade of
98% was supplied by SIGMA-ALDRICH, and ascorbic acid with a
purity grade of 99% was supplied by VWR.

8.2.2. Methods
8.2.2.1. Synthesis of Graphite Oxide (GrO)

Graphite oxide was synthesized following the Improved Hummers
Method slightly modified [2]. A mixture of 15 grams of graphite and 45
grams of KMnOus (oxidizer agent) was slowly added to 400 ml of H2SOs
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under constant agitation. The mixture was maintained at 50°C for 3
hours. Then, the mixture was added to a beaker containing a mixture of
400 g of flake ice and 3 ml of H20: to stop the oxidation reaction. The
mixture was filtered under vacuum; then, it was washed with 200 ml of
deionized water, HCl and CHsCH:0OH. Finally, the compact cake was
dried at 100°C overnight.

8.2.2.2. Synthesis of Graphene oxide (GO)

Graphene oxide synthesis was carried out by graphite oxide exfoliation.
Thus, a mixture of 800 mg of graphite oxide and 800 ml of deionized
water was introduced in a cooling jacketed reactor to maintain the
solution at room temperature. The mixture was sonicated (50%
amplitude and a complete cycle) for 2 hours in order to separate the
graphene sheets of graphite oxide to obtain graphene oxide [27]. The
final mixture was centrifuged to precipitate the graphene oxide and the

obtained solid was dried overnight at 80°C.
8.2.2.3. Synthesis of Reduced Graphene oxide: Reduction strategies
e Chemical reduction

Chemical reduction of graphene oxide was carried out using two
different oxidizing agents: hydrazine and ascorbic acid. As commented
above, hydrazine was selected because of its powerful reduction
capacity but it is a very toxic product, which is also detrimental for the
environment. For this reason, an alternative reducer agent, ascorbic
acid, was proposed. This agent is innocuous and environmentally

friendly.

The chemical reduction with hydrazine was carried out by mixing 800
ml of graphene oxide solution with hydrazine monohydrate in a
relation 1:1. The mixture was maintained under constant agitation at
90°C for 3 hours [19]. After reduction, the dissolution was centrifuged
to precipitate the Hydrazine Reduced Graphene Oxide (H-RGO). The
product was filtered and washed until pH=7 with deionized water to
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eliminate the remaining hydrazine. Finally, the obtained solid was dried
at 80°C overnight.

The chemical reduction with ascorbic acid was carried out by mixing
800 ml of graphene oxide solution and 800 mg of ascorbic acid. The
reduction was maintained under constant agitation for 48 hours at room
temperature [25]. After the reduction, the dissolution was centrifuged
to precipitate the Ascorbic acid Reduced Graphene Oxide (A-RGO). The
product was filtered and washed several times with deionized water
(until pH=7) to remove the remaining acid. Finally, the obtained solid
was dried overnight at 80°C.

e Thermal reduction

Thermal reduction process was carried out by introducing graphite
oxide in a laboratory drying oven at low temperatures (<300°C). The
material expansion took place after a certain time, separating the
graphene layers and, removing some oxygen functional groups from
the structure. The obtained product was named as Thermally Reduced
Graphite Oxide (T-RGrO).

After thermal reduction, T-RGrO was sonicated (30% amplitude) for 2
hours to complete its exfoliation obtaining Thermally Reduced
Graphene Oxide (T-RGO).

e Multiphase reduction

Multiphase reduction was carried out by combining the two previously
commented reduction strategies (thermal reduction followed by the
chemical one, using both hydrazine and ascorbic acid as reducing
agents). The product obtained by thermal reduction followed by
hydrazine chemical reduction was named as Hydrazine MultiPhase
Reduced Graphene Oxide (HMP-RGO) whereas the product obtained

by thermal reduction followed by ascorbic acid chemical reduction was
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named as Ascorbic acid MultiPhase Reduced Graphene Oxide (AMP-
RGO).

8.2.3. Characterization techniques

The Fourier transform infrared (FTIR) spectra analysis was carried out
on a SPECTRUM TWO spectrometer (Perkin Elmer, Inc). Raman spectra
were obtained with a SENTERRA spectrometer using an excitation
wavelength of 532 nm. Thermogravimetric analysis (TGA) data were
recorded on a METTLER TOLEDO TGA/DSC1 instrument at a heating
rate of 10 °C min~ using air atmosphere. The morphology of the samples
was observed with scanning electron microscopy (SEM) (Phenom ProX).
Elemental analysis was carried out using the EDX software of SEM
equipment. The powder X-ray diffraction (XRD) analysis was
performed on a diffractometer (PHILIPS, PW-1711) with CuKa
radiation (A = 1.5404 A). Characteristic crystallographic parameters
(interlaminar space (doz); crystal stack height (Lc); in-plane crystallite
size (La) and, number of graphene layers in the crystal (Nc)) were
determined as follows [28, 29]:

2-senb,” ¢ FWHM - cosb,’ atnm " FWHM -cos6,” ¢ doo,

dooz =

where:
- A, radiation wavelength (1 =0,15404 nm)
- 01, [002] and [001] diffraction peak position (%)
- 02, [100] diffraction peak position (°)
- ki, form factor (k=0,9)
- ke, Warren Form Factor constant (k=1,84)

-  FWHM, width at half height of the corresponding diffraction
peak (rad)
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8.3. Results and discussion

Different reduction methods (e.g. chemical, thermal and multistep
techniques) have been used to maximize the removing of oxygen

functional groups in graphite oxide.

Figure 2 shows the oxygen and carbon atoms content (wt. %) of the
different graphene-based materials prepared in this study. Graphite, the
non-oxidized raw material, is composed by 100% of carbon atoms. After
the oxidation process to obtain graphite oxide (GrO), the content of
oxygen as part of a functional group was increased to up 51.7%.
Graphene oxide (GO), obtained after GrO exfoliation by means of
sonication, showed an oxygen content like that of GrO (52%) which
seems logical due to sonication is a physical process and not a chemical

one.

It was confirmed that hydrazine was more effective than ascorbic acid
as the reducing agent, because oxygen functional groups were reduced
from 52% (graphene oxide) to 33.3 % in H-RGO and 40.5% in A-RGO,
respectively. Thus, only 22% of the oxygen groups were removed using
ascorbic acid whereas about 36% of them were removed using

hydrazine.

Removal of oxygenated functional groups by thermal reduction is
mainly due to CO and CO:z evolution, which involves the generation of
atomic vacancies and voids into the structure. Although the elimination
of an isolated functional group in graphene (e.g., an epoxy group
removed as CO) is energy costly, the process is enhanced both
thermodynamic and kinetically in presence of more oxygen functional
groups located ones next to other. In other words, the functional oxygen
group energy stabilizes both the final structure and the transition states
[30]. The high oxygen density in graphite oxide allows to eliminate
much of the oxygen present therein at unusually low temperatures (150-

300 °C). The remaining oxygen functional groups in the structure are
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most likely in the form of isolated groups, thus requiring much higher
temperatures for their removal. Recent studies have shown that high
temperatures (1050 °C) are necessary to completely remove oxygen
groups of graphene oxide [34]. Finally, temperatures higher than 2000

¢C allows to remove structural defects remaining in this material.

After the thermal reduction process, the percentage of oxygen was
decreased from 51.7% (GrO) to 37% (T-RGrO), removing around 28% of
functional oxygen groups. Again, the T-RGrO exfoliation by sonication
to obtain T-RGO did not affect the oxygen percentage, which is kept
practically constant (37%).

Finally, elemental analysis of the reduced graphene samples prepared
by the multistep method (HMP-RGO and AMP-RGO, when hydrazine
and ascorbic acid were used as the reducing agents, respectively)
demonstrated the effectiveness of this oxygen removing technique.
Thus, around 30% and 27% of the carbon atoms remained in the HMP-
RGO and AMP-RGO structures after the reduction. Consequently,
AMP-RGO is the material for which higher degree of reduction was

attained.
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Figure 2. Elemental analysis of graphite (G), graphite oxide (GrO), graphene
oxide (GO) and reduced graphene oxide samples.

Figure 3 shows the TGA and DTG profiles corresponding to graphite
(G), graphite oxide (GrO) and graphene oxide (GO). Regarding
graphite, the corresponding TGA curve confirmed its high thermal
stability, which did not start its decomposition until 650°C, losing
around 92% of its mass at 900°C [31]. Graphite oxide and graphene
oxide showed similar TGA curves. In both cases, three different weight
loss steps could be differentiated. The first one (I), appearing between 0
and 200°C, was mainly due to the elimination of both water solvent
molecules and the decomposition of the more labile oxygen functional
groups [32]. Regarding GO, the weight loss corresponding in this first
step (21%) was lower than that observed for GrO (37%), indicating that
sonication and subsequent drying of graphite oxide considerably
reduced the amount of water molecules in the resulted material. The
second weight loss step (II), occurring between 200 and 475°C, was due
to the removal of the more stable oxygen groups. Similar weight loss
was observed for both GrO and GO (27% and 28%, respectively),
indicating that both materials had the same stable oxygen functional
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groups. Finally, a third step (III) for temperatures above 475°C was
observed, which was a consequence of the material thermal degradation
(unstable carbon remaining in the structure yields CO and CO: [33]),

losing around 30% of the remaining mass.
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Figure 3. TGA and DTG curves of graphite (G), graphite oxide (GrO) and graphene
oxide (GO).
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Thermogravimetric analyses results were corroborated by FTIR (Figure
4). FTIR spectrum of graphite showed the absence of bonds different
from those expected in its structure. After the oxidation process, several

functional groups were incorporated into the structure (Table 1) [33, 34].
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Figure 4. FTIR analyses of graphite (G), graphite oxide (GrO), graphene oxide (GO)

and reduced graphene oxide samples.
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Table 1. Functional groups present in graphite (G), graphite oxide (GrO), graphene
oxide (GO) and reduced graphene oxide samples [35].

Functional groups Wavelength (cm)
C-H (CH group) 755-900

CO-0O-CO (Anhidride group) 1050
C-O (Ether group) 1275
C=C (Alkene group) 1650

C=0 (Ester, aldehyde and carboxilic acid groups) 1720-1780

n-h (Amine group) 2800-3000

C-OH (Hydroxil group) 1420, 3700

Figure 5 shows TGA and DTG curves corresponding to the reduced
graphene oxide samples obtained through different reduction
strategies. Three different weight loss steps was also observed,
confirming that the superior reduction power of hydrazine if is
compared to that of the ascorbic acid. Thus, H-RGO sample showed a
minimum weight loss in step (I) (= 2%), which was linked to the
elimination of the most labile oxygen groups after the reduction process.
Nevertheless, sample A-RGO showed a step (I) weight loss of 25%,
demonstrating that the more labile oxygen groups were not completely
removed from graphene oxide structure after the reduction process. On
the other hand, the weight loss corresponding to step (II) was quite
similar for both chemically reduced samples, being the weight loss
associated to step (III) higher in sample H-RGO (66%) than in A-RGO
(45%) due to its higher amount of unstable carbon (see elemental
analysis results). These results were also corroborated by FTIR analysis
(Figure 4). Thus, in sample H-RGO the broad band corresponding to
hydroxyl groups (around 3700 cm) disappeared due to hydrazine
attacks to the OH groups by nucleophilic substitution [36] causing
different hydrogen bond rearrangements [33]. On the other hand, two
new small bands appearing at 2899 cm™ and 3000 cm™ were appreciated
due to the tendency of the oxygen functional groups to form complex
structures with nitrogen (azide complex). These results are in good
agreement with those reported by Chua et al. [37], whom demonstrated
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through a computational study that hydrazine reduction removed
favourably OH groups present in the graphene oxide basal plane.

For its part, A-RGO spectrum showed that the hydroxyl groups were
not completely removed after the reduction process. Other oxygen
functional groups that were partially removed after hydrazine/ascorbic
acid reduction were C=0O groups (1770cm) associated to esters,
aldehydes and carboxylic acids, and C=C groups (1650 cm™),
corresponding to phenolic rings, which is a consequence of their

interaction with the reducing agent causing bond deformations [33].

TGA curves corresponding to thermally reduced samples (T-RGrO and
T-RGO) did not shown any weight loss during step (I) confirming the
elimination of almost all the labile functional groups and water
molecules. Weight loss corresponding to step (II) was quite similar in
samples T-RGrO and T-RGO (around 20-23%), indicating that most of
the more stable oxygen groups remained in the structure after thermal
reduction. Finally, material thermal degradation started at
temperatures above 500-550°C, showing a step (III) weight loss of
around 70% [12].

FTIR analysis of samples T-RGrO and T-RGO showed that hydroxyl
groups were practically removed after the thermal reduction,
disappearing completely the broadband occurring at around 3700 cm!
[33, 34]. Furthermore, bands corresponding to C-O (1275 cm) and C=O
groups (1770 cm?) were partially removed after the violent thermal

expansion happened.

TGA curves corresponding to multiphase reduced samples (HMP-RGO
and AMP-RGO) were similar to those of the thermally reduced ones;
e.g. TGA curves did not show any weight loss in step (I) confirming the
elimination of almost all the labile functional groups and water
molecules. Around 20% of the mass was lost in step (II) due to the partial
removal of the more stable oxygen groups. Finally, total thermal
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decomposition of the reduced graphene oxide samples took place
around 550°C. Again, these results were confirmed by FTIR analyses,
where no band associated to -OH groups was observed. In addition, C-
O or C=O groups were also partially removed after multiphase
reduction. Bands associated to complexes structures with nitrogen
(complex azide) appeared in sample HMP-RGO due to the action of the
hydrazine [37]. Regardless of the reduction technique, C-H groups (755-

900 cm') were almost completely removed.

HMP-RGO

A | e
s -
R R

Temperature (°C) Temperature (°C) Temperature (°C)

Figure 5. TGA and DTG curves of reduced graphene oxide samples.

Raman spectroscopy is considered a very interesting tool in the study of
carbon nanomaterials due to its quickness and trustworthiness [38].
Raman spectrum and the most characteristics Raman parameters
corresponding to both GrO and GO are shown in Figure 6 and Table 2,
respectively. The two characteristic peaks (D and G) could be easily
differentiated. D peak, which appears around 1348 cm™, indicates the
presence of imperfections in the graphitic structure of carbon atoms at
the layer edges [39]. G peak is related to the movement of pairs of carbon

atoms linked by sp? bonds and this is located at 1586 cm-. This peak is
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commonly related to the graphitic order [40]. Thus, the broad G band
and the more prominent D one associated with GrO and GO (when
compared to graphite) indicate a reduction in the size of the sp? domains
due to oxidation. The relationship between the intensities of the two
peaks (In/Ic) will be used to compare the way in which the structural
disorder grows in the graphitic network. The locations of both D and G
bands and the ratio between their intensities are consistent with the

characteristic values reported elsewhere [36].

When pristine graphite was oxidized to GrO, the Io/Ic ratio of the
resulting material significantly increased indicating a higher level of
structural disorder and a larger number of defects in the graphene
layers due to the oxidation process. After sonication to obtain GO, In/Ic
relationship in the resulting material lightly increased, indicating that
exfoliation process also incorporated further defects in the structure.
Logically, the distance between defects (determined as
LD=\/W, being C(A)=102 nm? [41], decreased from graphite
to both GrO and GO [34].
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Figure 6. Raman spectra of graphite (G), graphite oxide (GrO) and graphene oxide
(GO).
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Table 2. Raman and XRD characteristic parameters of graphite (G), graphite oxide
(GrO) and graphene oxide (GO) and reduced graphene oxide samples.

XRD RAMAN
2009
L. dooz 2009 L. Lo
S 1 002 N In/I
ample | [002] or (nmm) | (nm) [100]peak | (nm) e (nm)
[001]peak
G 26.58 3710 | 0.34 | 111 - - 0.19 23.2
GrO 9.96 443 0.89 5 42.43 11.03 | 0.94 10.4
GO 9.15 3.75 0.97 4 42.77 5.79 0.99 10.2
H-RGO 24.19 1.06 0.37 3 43.11 2.63 1.25 9
A-RGO 23.56 1.38 0.38 4 4351 4.55 1.16 94
T-RGrO 23.7 1.61 0.37 4 43.33 4.50 0.96 10.3
T-RGO 23.02 0.92 0.39 3 43.68 3.59 0.97 10.3
HMP-
21.4 9 4 2 43.57 17 1.18 9.3
RGO 096 | 0.40 5 5
AMP-
22. 97 41 2 43.24 2 1.1 A4
RGO 09 0.9 0 3 6.28 5 9

Results derived from Raman spectra were corroborated by XRD
analysis. Figure 7 shows X-Ray diffraction patterns whereas Table 2 lists
the characteristic XRD parameters corresponding to graphite, GrO and
GO. Graphite showed a [002] peak at a 20 value of around 26.6°, which
is consistent with a separation between layers (doe) of 0.34 nm. After
oxidation, [002] peak disappeared, appearing two new peaks: [001] at
20=9.9%, and [100] at 20~ 42.5°. As consequence, the interlayer distance
(doo2) clearly increased while the crystal domains (both the crystal stack
height, L. and the in-plane crystallite size, L.) decreased after the
oxidation process. The dor increase was attributed to the expansion
caused by the presence of oxygen functional groups and water
molecules located in the interlayer galleries of the hydrophilic GrO and
GO samples. For its part, crystallite domains reduction indicated that an
increase in the structural disorder occurred after the oxidation process
(GrO) and subsequent exfoliation to yield GO. Finally, the number of
layers in the stacking structure (N¢) decreased markedly after graphite
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oxidation and subsequent sonication, which was related not only to the
graphene layer separation but also to the crystallinity loss in the

ultimate material.

[001] [002] [100]

Intensity (a.u.)

0 20 40 60 80
20 (°)

Figure 7. XRD spectra of graphite (G), graphite oxide (GrO) and graphene oxide (GO).

Raman spectra and characteristics Raman parameters corresponding to
the reduced graphene samples are shown in Figure 8 and Table 2,
respectively. As observed, Ip/Icratio increased after chemical reduction
indicating that not only the oxidation but also the chemical reduction
process contributed to an increase of the structural disorder, which was
much higher in sample H-RGO than in sample A-RGO. As above
mentioned, hydrazine removed oxygen functional groups more
efficiently than ascorbic acid, as corroborated by elemental and FTIR

analyses.

Both chemically reduced products showed characteristics values of
In/Ic, which ranged from 1.14 to 1.28 [34]. As expected, distance between
defects (Lp) was higher for sample A-RGO due to it presented a lower

number of defects.
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Figure 8. Raman spectra of reduced graphene oxide samples.

XRD analysis (Figure 9) showed that when GO was chemically reduced
peak [001] was widener and shifted to higher 20 values, due to the
tendency of the reduced material to recover the original graphite
structure although the crystallinity of the resulting material is reduced.
As observed, doz and crystal domains (Lc and La) decreased after
chemical reduction due to the structural disorder increase, obtaining a
higher reduction in the case of sample H-RGO due to the above
mentioned high reduction power of hydrazine.
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Figure 9. XRD spectra of reduced graphene oxide samples.

On the other hand, after thermal reduction both In/Icratio and distance
between defects (Lp) presented a similar tendency as the non-reduced
material (GrO). In other words, thermal expansion, which removed
mainly the more labile oxygen functional groups (mostly located out of
the basal plane [18]), did not practically contributed to add further
structural defects in the resulting reduced material. Similar Raman
results were obtained for samples T-RGrO and T-RGO, which agree

well with thermal and elemental analysis results.

XRD patterns of samples T-RGrO and T-RGO were quite similar. Again,

dozand crystal domains decreased after the reduction process. Note that
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La and L. values considerably decreased after the exfoliation indicating
that the T-RGrO sonication to obtain T-RGO caused not only the
exfoliation of the structure but also the breakage of the crystal structure.

Finally, Raman spectra of multiphase reduced samples showed that
when hydrazine was used as the reducing agent the number of defects
in the final material (HMP-RGO) were slightly higher than that
evaluated when ascorbic acid was used (AMP-RGO), due to hydrazine
attacks more intensely the structure increasing the number of defects.
This fact was also evidenced by XRD measurements where crystal
domains were slightly higher in sample AMP-RGO than in sample
HMP-RGO.

Morphological properties of the different materials here used, evaluated
by Scanning Electron Microscopy (SEM), are shown in Figure 10.
Graphite structure showed a crystalline platelet-like structure with
well-defined sheets. After the oxidation process, sample GrO presented
a damaged structure. GO showed a single flakes structure with
relatively large surface, resembling a thin curtain, which indicates that
a very good exfoliation took place after the oxidation process [33]. SEM
images corresponding to reduced samples showed structures with a
more developed surface, resembling cluttered products with poor

crystallinity, as demonstrated by the XRD analysis.
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Figure 7. SEM images of graphite (G), graphite oxide (GrO), graphene oxide (GO) and

reduced graphene oxide samples
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8.4. Conclusions

In this work, different graphene-reduction strategies were used to
synthesize reduced graphene oxide. An optimization of the most
popular oxidation route reported in the literature (Improved Hummers
Method) was used to obtain graphite oxide. Subsequently, different sets
of reduced graphene oxide powders were synthesized employing three
different reduction routes: chemical (hydrazine/ascorbic acid), thermal
and a multiphase method, yielding eight separate final products.

Obtained results showed that the multiphase reduction method,
resulting from the combination of more than one reduction route,
specifically, thermal and chemical ones, led to an effective removal of
functional oxygen groups. Thus, a mild thermal treatment followed by
the chemical reduction of graphene oxide using ascorbic acid, as the
reducing agent, showed a functional groups reduction of 47%. A
detailed characterization of these material confirmed the removal of the
most labile functional oxygen groups and some of the other one more
stable, without appreciating an increase in the number of structural
defects and limiting the extension of lattice reconstruction after
reduction. This work has showed that the reduced graphene oxide

structure is highly dependent on the reduction strategy followed.
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Conclusiones

De los resultados obtenidos en la presente tesis doctoral se pueden

derivar las siguientes conclusiones:

© El método de Deposicion Quimica en fase Vapor a presion
atmosférica usando nitrégeno (N2) como gas inerte, hidrégeno
(H2) como gas reductor y metano (CHs4) como fuente carbonosa,
es una técnica viable para sintetizar grafeno sobre diferentes

substratos metalicos.

© Se pueden diferenciar dos mecanismos de crecimiento de
grafeno en funcion de la solubilidad hacia el carbdn que presente

el catalizador metalico empleado: Bottom-Up y Top Down.

© El uso de cobre policristalino como catalizador permite la
sintesis de grafeno bicapa, pocas capas y multicapa en las

condiciones de operacion estudiadas.

© Las condiciones éptimas de sintesis usando cobre policristalino
como catalizador son: 1050°C, 10 minutos de reaccion, relacion
CHs/H2de 0,07 y caudal total de gases (CHs+Hz) durante la etapa

de reaccion de 60 Nml/min.

© La transferencia de grafeno sintetizado por el método CVD
usando cobre policristalino como catalizador sobre substratos
arbitrarios (obleas de PET y placas de microscopio optico) se
puede llevar a cabo empleando diferentes agentes quimicos tales
como: FeCls (usando normalmente en bibliografia),
HF:2Na:CO33H:02  (4:1) y H02 (30%p./v.):agua regia
(THNOs:3HCI):H20 (1:1:2).

© El uso de hierro y niquel policristalino como catalizadores,
permiten la sintesis de grafeno monocapa, bicapa, pocas capasy

multicapa en las condiciones de operacion estudiadas.

© Las condiciones 6ptimas de sintesis usando niquel policristalino

como catalizador son: 980°C, 1 minuto de reaccion, relacion
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CHas/Hz de 0,07 y caudal total de gases (CHs+Hz) durante la etapa
de reaccion de 80 Nml/min.

Las condiciones Optimas de sintesis usando hierro policristalino
como catalizador son: 1025°C, 7 minutos de reaccidn, relacion
CH4/H2 de 0,07 y caudal total de gases (CHs+H:z) durante la etapa

de reaccion de 80 Nml/min.

Es posible introducir determinadas modificaciones al tradicional
método de Hummers Mejorado que optimizan significativamente
los costes de produccion, sin alterar las propiedades y
caracteristicas del producto final obtenido: éxido de grafito.
Dichos cambios suponen reducir el tiempo de oxidacion,
eliminar el HsPOs como reactivo del proceso, eliminar la etapa
de coagulacion, reducir a la mitad las etapas de lavado y
aumentar hasta cinco veces la cantidad obtenida de producto

final.

Es posible sintetizar 6xido de grafeno reducido usando
diferentes estrategias de reduccion (reduccion quimica, térmica
y una combinacion de las anteriores, conocida como de

multiples fases).

Es posible sintetizar 6xido de grafeno reducido de alta calidad
usando pasa ello una estrategia de reducciéon basada en la
combinacidn de una reduccion térmica y quimica usando como
agente reductor acido ascorbico, que es inocuo y respetuoso con

el medioambiente.
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Recomendaciones

Con la finalidad de completar en un futuro los resultados obtenidos en

la presente tesis doctoral, se recomienda:

© Estudiar nuevos catalizadores para la sintesis de grafeno por el
método de Deposicion Quimica en fase Vapor: tungsteno,

aluminio, rutenio, etc.

© Investigar la influencia del gas inerte en la etapa de reaccion, asi
como la influencia de otros gases inertes durante la sintesis de

grafeno por el método CVD.

@ Probar nuevas fuentes carbonosas, tales como gas natural o
residuos organicos, en la sintesis de grafeno por el método de

Deposicion Quimica en fase Vapor.

© Considerar otros agentes oxidantes en la sintesis de 6xido de
grafito con la finalidad de mejorar el grado de oxidacion del

producto.

© Probar nuevas técnicas de reduccién para mejorar la calidad de
la de reduccion del 6xido de grafeno reducido y ensayar otros

agentes reductores quimicos respetuosos con el medioambiente.

@ Realizar un andlisis de viabilidad econémica de los diferentes

métodos de sintesis de grafeno estudiados.
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