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Resumen

La presente Tesis Doctoral se centra en el desarrollo de
nanoestructuras de Oxido de zinc (ZnO) mediante anodizado
electroquimico en diferentes condiciones para su aplicacion en el area
energética, en particular, en la produccién de hidrégeno mediante la
rotura fotelectrocatalitica de la molécula de agua. El hidrégeno es un
vector energético que se plantea como solucién al problema asociado
a la intermitencia diurna y estacional de la energia solar y a la
variabilidad en la demanda de energia. Por otra parte, el ZnO es un
material semiconductor prometedor como fotocatalizador para la
produccién de hidrogeno debido a sus caracteristicas y propiedades.
En este contexto, el ZnO es un material muy abundante, y por
extension, relativamente barato, no es toxico y presenta una energia
de banda prohibida de 3,37 eV, lo que le permite la absorcion de
fotones en la region UV del espectro solar. Asimismo, las posiciones
de sus bandas de energia son apropiadas para llevar a cabo la

fotoelectrolisis del agua.

En la presente Tesis Doctoral la sintesis de nanoestructuras de
ZnO se llevo a cabo mediante anodizado electroquimico, puesto que
este método presenta multiples ventajas frente a otros métodos de
sintesis habituales. En general, el anodizado electroquimico constituye
un método rapido, sencillo y eficaz de sintesis de nanoestructuras de
ZnO mediante el que es posible disefiar las caracteristicas
superficiales de las nanoestructuras (tamafio y morfologia) a través
del control de sus parametros. Como resultado de una revision
bibliogréfica en profundidad, se analizé la influencia de los parametros

del anodizado en las caracteristicas superficiales de las
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nanoestructuras. Ademas, se investigaron aquellos pardmetros cuya
influencia todavia no habia sido analizada. Por una parte, se estudi6 la
influencia de emplear diferentes condiciones hidrodinamicas de flujo
(dadas por la variacion de la velocidad de rotacion del electrodo). Por
otra parte, se estudio la influencia conjunta de modificar el electrolito
con la adicién de un disolvente organico (etanol o glicerol en distintas
proporciones) y variar la velocidad de rotacion del electrodo. Las
muestras de ZnO sintetizadas se sometieron a una caracterizacion
morfoldgica, estructural, electroquimica y fotoelectroquimica y se
estudiaron sus propiedades para ser empleadas como
fotocatalizadores en la produccion de hidrégeno.

De acuerdo con los resultados, las diferentes condiciones de
anodizado dieron lugar a diversas nanoestructuras de ZnO con
diferentes caracteristicas superficiales y fotoelectrocataliticas. Asi, se
obtuvieron nanoestructuras de elevada area superficial con
morfologias de nanocables de distintos tamafios, nanotubos,
nanoesferas y nanoesponjas. Asimismo, tras el calentamiento térmico
las muestras presentaron una estructura cristalina hexagonal wurtzita
con elevada cristalinidad y la presencia de defectos estructurales.
Igualmente, las nanoestructuras sintetizadas presentaron una elevada
fotoactividad, dada por los valores elevados de densidad de
fotocorriente, presentando propiedades apropiadas para su utilizacion
en la produccién de hidrogeno. La muestra que present6 el valor de
densidad de fotocorriente mas elevado (0,34 mA/cm?) fue la muestra
de nanocables de ZnO anodizada a O rpm en un electrolito con un
contenido en etanol del 10 % en volumen. En la aplicaciéon de dicha
muestra en la produccion de hidrégeno se obtuvo un volumen teérico

de hidrégeno de 1,55 litros por hora de sol y metro cuadrado de ZnO.
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Resum

La present Tesi Doctoral se centra en el desenvolupament de
nanoestructures d'oxid de zinc (ZnO) mitjangant anoditzat
electroquimic en diferents condicions per a l'aplicacié en l'area
energeética, en particular, en la produccié d'hidrogen mitjancant el
trencament fotelectrocatalitic de la molécula d'aigua. L'hidrogen és un
vector energétic que es planteja com a solucié al problema associat a
la intermiténcia ditrna i estacional de I'energia solar i a la variabilitat
en la demanda d'energia. D'altra banda, el ZnO és un material
semiconductor prometedor com a fotocatalitzador per a la produccié
d'hidrogen degut a les seues caracteristiques i propietats. En aquest
context, el ZnO és un material molt abundant, i per extensio,
relativament barat, no és toxic i presenta una energia de banda
prohibida de 3,37 eV, la qual cosa li permet I'absorcié de fotons a la
regid UV de l'espectre solar. Aixi mateix, les posicions de les seues
bandes d'energia s6n apropiades per a dur a terme la fotoelectrolisi de

l'aigua.

En la present Tesi Doctoral la sintesi de nanoestructures de ZnO
es va dur a terme mitjancant anoditzat electroquimic, ja que aquest
meétode presenta multiples avantatges enfront d'altres métodes de
sintesi habituals. En general, l'anoditzat electroquimic constitueix un
métode rapid, senzill i efica¢ de sintesi de nanoestructures de ZnO
mitjangant el qual és possible dissenyar les caracteristiques
superficials de les nanoestructures (grandaria i morfologia) a través
del control dels seus parametres. Com a resultat d'una revisié
bibliografica en profunditat, es va analitzar la influencia dels

parametres de l'anoditzat en les caracteristiques superficials de les



nanoestructures. A més, es van investigar aquells parametres la
influéncia dels quals encara no havia sigut analitzada. D'una banda, es
va estudiar la influéncia d'emprar diferents condicions hidrodinamiques
de flux (donades per la variaci6 de la velocitat de rotacié de
I'eléctrode). D'altra banda, es va estudiar la influéncia conjunta de
modificar l'electrdlit amb I'addicié d'un dissolvent organic (etanol o
glicerol en diferents proporcions) i variar la velocitat de rotacié de
l'eléctrode. Les mostres de ZnO sintetitzades es van sotmetre a una
caracteritzacio morfologica, estructural, electroquimica i
fotoelectroquimica i es van estudiar les seues propietats per a ser
emprades com fotocatalitzadors en la produccié d'hidrogen.

D'acord amb els resultats, les diferents condicions d'anoditzat van
donar lloc a diverses nanoestructures de ZnO amb diferents
caracteristiques superficials i fotoelectrocatalitiques. Aixi, es van
obtindre nanoestructures d'elevada area superficial amb morfologies
de nanocables de diferents grandaries, nanotubs, nanoesferes i
nanoesponges. Aixi mateix, després del calfament térmic les mostres
van presentar una estructura cristal-lina hexagonal wurtzita amb
elevada cristallinitat i la preséncia de defectes estructurals. Igualment,
les nanoestructures sintetitzades van presentar una elevada
fotoactivitat, donada pels valors elevats de densitat de fotocorrent,
presentant propietats apropiades per a la seua utilitzaci6 en la
produccié d'hidrogen. La mostra que va presentar el valor de densitat
de fotocorrent més elevat (0,34 mA/cm?) va ser la mostra de
nanocables de ZnO anoditzada a 0 rpm en un electrolit amb un
contingut en etanol del 10% en volum. En l'aplicacié d'aquesta mostra
en la produccié d'hidrogen es va obtindre un volum teoric d'hidrogen

de 1,55 litres per hora de sol i metre quadrat de ZnO.



Abstract

This Doctoral Thesis focuses on the development of zinc oxide
(ZnO) nanostructures by electrochemical anodization under different
conditions for its application in the energy area, in particular, in the
production of hydrogen through photoelectrochemical water splitting.
Hydrogen is an energy vector that is proposed as a solution to the
problem associated with the diurnal and seasonal intermittency of solar
energy and the variability in the energy demand. On the other hand,
ZnO is a promising semiconductor material as a photocatalyst for
hydrogen production due to its characteristics and properties. In this
context, ZnO is a very abundant material, and by extension, relatively
cheap, it is non-toxic and has a band-gap energy of 3.37 eV, which
allows it to absorb photons in the UV region of the solar spectrum.
Besides, the positions of ZnO energy bands are appropriate to carry

out photoelectrochemical water splitting.

In the present Doctoral Thesis, the synthesis of ZnO
nanostructures was carried out by electrochemical anodization, since
this method has multiple advantages compared to other common
synthesis methods. In general, electrochemical anodization constitutes
a fast, simple, and effective method of synthesis of ZnO
nanostructures by means of which it is possible to design the surface
characteristics of the nanostructures (size and morphology) by
controlling anodization parameters. As a result of an in-depth
bibliographic review, the influence of anodization parameters on the
surface characteristics of nanostructures was analyzed. In addition,
those parameters whose influence had not yet been analyzed were

investigated. On the one hand, the influence of using different
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controlled hydrodynamic conditions (given by the variation of the
rotation speed of the electrode) was studied. On the other hand, the
influence of both modifying the electrolyte with the addition of an
organic solvent (ethanol or glycerol in different proportions) and
varying the electrode rotation speed was studied. The synthesized
ZnO samples were subjected to a morphological, structural,
electrochemical and photoelectrochemical characterization and their
properties were studied to be used as photocatalysts in hydrogen
production.

According to the results, the different anodization conditions gave
rise to various ZnO nanostructures with different surface and
photoelectrocatalytic characteristics. Thus, high surface area
nanostructures were obtained with morphologies of nanowires of
different sizes, nanotubes, nanospheres and nanosponges. Likewise,
after thermal annealing the samples presented a wurtzite hexagonal
crystalline structure with high crystallinity and the presence of
structural defects. Likewise, the synthesized nanostructures presented
high photoactivity, given by the high values of photocurrent density,
presenting appropriate properties for their use in the production of
hydrogen. The sample that presented the highest photocurrent density
value (0.34 mA / cm?) was the ZnO nanowires anodized at O rpm in an
electrolyte with an ethanol content of 10 % by volume. In the
application of this sample in the hydrogen production, a theoretical
volume of hydrogen of 1.55 liters per hour of sun and square meter of

ZnO was obtained.
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Prélogo

La presente Tesis Doctoral estudia la sintesis de nanoestructuras
de 6xido de zinc (ZnO) mediante anodizado electroquimico para su
aplicacion en el area energética, en particular, para la produccion de
hidrégeno. Esta Tesis Doctoral se desarrolla en 6 capitulos, cuyo

contenido se expone brevemente a continuacion.

En el Capitulo 1 se realiza una introduccion teérica sobre distintos
aspectos relevantes que contextualizan el trabajo llevado a cabo en la
presente Tesis Doctoral.

En el Capitulo 2 se exponen los objetivos que se pretenden
alcanzar con la realizacion de la Tesis Doctoral. También se explica

detalladamente la estructura de la Tesis Doctoral.

En el Capitulo 3 se exponen los métodos experimentales llevados

a cabo en la realizacion de la Tesis Doctoral.

En el Capitulo 4 se exponen los resultados y la discusion de los
mismos. Este capitulo esta dividido en 6 secciones. Dado que esta
Tesis Doctoral es una Tesis por compendio de articulos, los articulos
cientificos elaborados para la difusion de los resultados forman parte

las diferentes secciones.

En el Capitulo 5 se presenta un resumen de los resultados

obtenidos.

Finalmente, en el Capitulo 6 se detallan las conclusiones de la

Tesis Doctoral.
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Introduccion






Introducciéon

1. Antecedentes

El sistema con el que la humanidad satisface sus necesidades
energéticas estd basado en los hidrocarburos o recursos fosiles, que
comprenden el carbén, el petréleo y el gas natural [1,2]. La Figura 1.1
muestra la distribucién de la producciéon de energia primaria mundial
en el aflo 2019 desglosada por fuentes de energia [3]. La produccion
de energia empleando combustibles fésiles alcanzé el 84.3 % de la
produccion de energia mundial total, lo que evidencia la gran
dependencia que existe en la actualidad sobre este tipo de recursos

para satisfacer la demanda energética.

m Petroleo m Gas natural mCarbén

Renovables mHidroeléctrica m Nuclear

Figura 1.1 Consumo de energia primaria mundial del afio
2019 desglosado por fuentes de energia [3].
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Esta dependencia de los recursos fosiles tiene asociados dos
grandes problemas. En primer lugar, los combustibles fésiles son
agotables y estan limitados por su distribucion geografica y su
facilidad de extraccién [1]. Se estima que los recursos fésiles que se
consumen en un afio por la actividad humana tardan en ser
producidos por la naturaleza alrededor de un millbn de afios, por lo
que un sistema energético basado en estos recursos no es sostenible.
Ademas, se prevé que la poblacion mundial crezca de 7300 a 9700
millones de personas en 2050 [4]. Este crecimiento continuo de la
poblacion y la economia global [5] provoca un incremento en la
demanda de energia. Ante esta perspectiva, surge la necesidad de
encontrar fuentes de energia inagotables y sostenibles que puedan

satisfacer una demanda energética continuamente creciente.

En segundo lugar, la utilizacion masiva de combustibles fosiles
desde la revoluciéon industrial ha causado un incremento de la
concentracion de CO, y otros gases de efecto invernadero en la
atmadsfera [1]. En particular, las concentraciones atmosféricas de COx,
CH4 y N2O no tienen precedentes en los Ultimos 800000 afios [6].
Estos y otros gases de origen antropogénico son responsables del
calentamiento global [6]. Este calentamiento global produce un
impacto en el sistema climético que se ha relacionado con el aumento
del nivel del mar, asi como con diferentes fendmenos meteoroldgicos
que incluyen el aumento y la disminucion extremas de la temperatura,
asi como el aumento de las precipitaciones intensas [6]. Estos efectos
provocan catastrofes naturales y crisis humanitarias derivadas de
ellas. No obstante, la dimension de la problemética es todavia mayor,
dado que el cambio climatico compromete al equilibrio de la vida que

hay en la Tierra.
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Dada la problematica energética planteada, surge la necesidad de
reconducir el sistema energético hacia la descarbonizacion mediante
el desarrollo e implementacién de un sistema de energia sostenible y
limpio que satisfaga la demanda de energia a largo plazo limitando el

impacto negativo sobre el medio ambiente.

Las energias renovables juegan un papel fundamental en esta
transicion energética dada su naturaleza inagotable y su menor
impacto ambiental. Entre estas fuentes de energia se encuentran la
edlica, la solar, la geotérmica y la hidroeléctrica, entre otras. En sus
proyecciones, la U.S. Energy Information Administration (EIA) estima
que la generacibn de energia con renovables crecera hasta
representar el 38 % del total en 2050 [5]. En particular, se estima que
la mayor fuente de produccion de energia renovable seré la energia
solar, representando un 48 % de la energia renovable total en 2050
[5]. Esto no es de extrafiar, puesto que el sol es la fuente de energia
mas abundante [7]. En este sentido, se estima que la energia
procedente de la radiacién solar que alcanza la superficie de la Tierra
en una hora es superior a la consumida por la actividad humana en un

afio [8].

La forma mas eficiente de transformar la energia procedente de la
radiacion solar en energia quimica util es a través de procesos
fotocataliticos o fotoelectrocataliticos. Estos se fundamentan en la
absorcion de luz por parte de un semiconductor en contacto con un

electrolito.
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2. Semiconductores

Antes de comprender los fundamentos de los procesos
fotocataliticos o fotoelectrocataliticos, es conveniente esclarecer
algunas propiedades electrénicas de los semiconductores, ya que

estos materiales se utilizan ampliamente como fotocatalizadores.
2.1. Teoria de bandas

En los atomos, los electrones se disponen en capas o niveles de
distinta energia. En las moléculas estos niveles energéticos se
solapan y dan lugar a orbitales moleculares. En las estructuras
sdlidas, la banda se considera un continuo de niveles de energia
debido a que las diferencias energéticas entre los orbitales
moleculares adyacentes son muy pequefias [9]. La banda de energia
externa que esta parcialmente llena, se denomina banda de
conduccién. Por otra parte, la banda de energia que esta
completamente llena se denomina banda de valencia, quedando la
banda de conduccién en el nivel de energia inmediatamente superior.
De esta forma, la banda de valencia es la banda llena de mayor
energia y la banda de conduccion es la banda vacia de menor
energia [9,10].

La diferencia energética entre el extremo superior de la banda de
valencia y el extremo inferior de la banda de conduccién se denomina
energia de banda prohibida o band gap (Eg) y representa la energia
necesaria que se requiere para que un electron de la banda de

valencia se excite y pase a la banda de conduccion [10].
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En un sdlido, los electrones de la banda de valencia permiten los
enlaces entre los atomos de una molécula o un cristal, mientras que la
conductividad eléctrica se produce por la movilidad de los
electrones en la banda de conduccion. Para ello, se requiere que la

banda de conduccién esté parcialmente llena [9].

En funcion de la proximidad de la banda de valencia y la de
conduccién y por tanto de la facilidad con la que un electron de la
banda de valencia se excite y pase a la banda de conduccion, los
materiales se comportaran como conductores, semiconductores o

aislantes eléctricos.

Como se puede observar en la Figura 1.2, en los materiales
conductores (generalmente metales) la banda de valencia y la banda
de conduccion se encuentran muy préximas o incluso se superponen,
lo que les permite conducir la corriente eléctrica a temperatura
ambiente o0 a temperaturas muy bajas. En el extremo opuesto se
encuentran los materiales aislantes, que no conducen la corriente
eléctrica debido a que la brecha energética (Eg) que separa la banda
de valencia y la banda de conduccién es demasiado grande. Sin
embargo, los materiales semiconductores tienen una menor energia
de banda prohibida (Eg), y aunque a temperaturas muy bajas no
conducen la corriente eléctrica, al elevar su temperatura o al ser
sometidos a un campo eléctrico externo se supera esta brecha

energética y se produce el paso de la corriente eléctrica [9-11].



Capitulo 1

Aislantes
Semiconductores BC _
Conductores B
- BC
BC . ry E,
BV - v
BV v
BV

Figura 1.2. Posiciones de la banda de valencia, BV, y la
banda de conduccién, BC, en conductores, semiconductores y
aislantes eléctricos.

2.2. Portadores de carga en semiconductores

Por el principio de exclusion de Pauli, los electrones no pueden
existir en estados de energia idénticos. Para los electrones de la
banda de valencia de los semiconductores, el nivel de Fermi (Eg)
representa la energia en el cero absoluto (0 K) a la cual la
probabilidad de encontrar un electrén es de % [10,12]. El nivel de
Fermi se puede considerar como el potencial electroquimico del
electrén. El valor de la energia del nivel de Fermi viene dado por la
ecuacion (1.1), donde Ec y Nc son la energia y la densidad de estados
en el borde inferior de la banda de conduccién, Ev y Ny la energia y la
densidad de estados en borde superior de la banda de valencia,
respectivamente, k es la constante de Boltzmann (1.38:10% J-K?! o
8.617-10° eV-K?1) y T es la temperatura absoluta (K) [9].

Er=5(Ey + Ec) + 5 (kT Inz—Z) (1.1)

1
2 2

Cuando un electrén de la banda de valencia de un semiconductor

es excitado a la banda de conduccién, en esta Ultima se tendra un




Introduccién

electrén libre, mientras que en la banda de valencia se generara una
vacante o hueco (h*) [10]. Un hueco es un estado energético que
indica que un atomo tiene estados energéticos disponibles en su capa
de valencia y estd cargado positivamente [10]. Ademas, un hueco se
considera mévil, debido a que puede moverse por la transferencia de
un electron al mismo [9]. De esta forma, en un semiconductor se
tienen dos portadores de carga, los electrones y los huecos, y su
conductividad vendra dada por la concentracion de ambos tipos de
portadores de carga. La concentracion de electrones, n y huecos, p,
de un semiconductor en el equilibrio (en unidades de volumen,
generalmente cm®) puede aproximarse por la funcién estadistica de
Boltzmann [9,12]:

n; = N¢c exp ( % ) (1.2
p; = Ny exp ( %’ ) (1.3)

Despejando de las ecuaciones anteriores, se puede conocer la
distancia energética entre la banda de conduccion y el nivel de Fermi
(ecuacion 1.4), y entre el nivel de Fermi y la banda de valencia
(ecuacion 1.5) [9,12].

Ec - Ep=kT In™e (1.4)

N
Ef - Ey=kT In% (1.5)

En un semiconductor intrinseco o puro la concentracién de
electrones y huecos es la misma (n=p), ya que la excitacion de un

electréon a la banda de conduccidn conlleva la formacion necesaria de
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un hueco en la banda de valencia [13]. Ademas, el nivel de Fermi se
sitla aproximadamente en el medio de la banda prohibida [13] (Figura
1.3a). La concentracion de portadores de carga en el caso de este tipo
de semiconductores es tan baja en condiciones ambientales que les

proporciona una elevada resistividad [9].

E (eV)
a) b) ©)

e & EC

Figura 1.3. Esquema de los niveles de energia de un
semiconductor intrinseco (a), extrinseco tipo n (b) y extrinseco

tipo (p).

Sin embargo, un semiconductor extrinseco presenta impurezas.
Estas impurezas pueden ser donantes de electrones (D) o aceptoras
de electrones (A) [13]. En el caso de que las impurezas sean donantes
de electrones, cerca del extremo inferior de la banda de conduccion se
introducen niveles de energia ocupados, desplazando el nivel de
Fermi hacia la banda de conduccion (Figura 1.3b). Esto tiene sentido,
pues refleja que la probabilidad de encontrar un electrén se encuentra
mas préxima a la banda de conduccion. En este caso se denominan
semiconductores extrinsecos de tipo n. Los electrones son los
portadores de carga mayoritarios, siendo su concentracion en el
semiconductor mucho mayor a la de huecos, n >> p. Analogamente, si
se introducen impurezas aceptoras de electrones, los portadores de

carga mayoritarios son los huecos, p >> n, y el nivel de Fermi se

10
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desplaza hacia la parte superior de la banda de valencia (Figura 1.3

(c)). Estos se denominan semiconductores extrinsecos de tipo p.

En un semiconductor extrinseco de tipo n, dado que la
concentracion de electrones generados por excitacibn es mucho
menor que la que aportan las especies donantes, la primera se
considera despreciable y la concentracion de electrones, n, viene
dada por la concentraciéon de atomos donantes, Np. De la misma
forma, la concentracién de huecos en un semiconductor extrinseco de
tipo p viene dada por la concentracion de aceptores, Na. Sustituyendo
en las ecuaciones 1.4 e 1.5 [9,12,14]:

N
EC - Ep=kT Inﬁ (16)

Er - Ey=kT InE—Z (1.7)

En las ecuaciones anteriores, se puede observar que la diferencia
entre el nivel de Fermi y la banda de conduccién y de valencia,
respectivamente, es una funcion logaritmica de la densidad de
donantes y aceptores, en cada caso. Conforme aumenta la densidad
de donantes y aceptores, el nivel de Fermi se sitla mas cerca de la

banda de conduccion y de valencia, respectivamente.
2.3. Quimica de defectos

En los 6xidos metalicos semiconductores no estequiométricos, los
defectos puntuales en su estructura cristalina les proporcionan un
comportamiento de tipo n o tipo p, dado que actlan como especies

donantes o aceptoras de electrones [9].

11
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Todos los solidos contienen defectos en su estructura cristalina.
Estos defectos se encuentran “disueltos” en la estructura. Los
defectos pueden ser intrinsecos o extrinsecos, segin se den en una
sustancia pura o con impurezas, respectivamente, y pueden ser
asimismo puntuales o extendidos. Los defectos puntuales ocurren en
sitios localizados y son errores aleatorios en una red periédica que
implican la presencia de un atomo en un lugar que no esta
habitualmente ocupado o la ausencia de un &omo en su posicion
habitual [15]. Para describir los defectos en los materiales i6nicos se

utiliza la notacion de Kroger-Vink que se muestra a continuacion:

S: notacion quimica del elemento que deberia
ocupar la posicion estructural, o i si se trata de un

intersticio de la red.

A A: a&omo o i6n que ocupa la posicion
S estructural. V, si es una vacante que ocupa la
posicion de S; e, si es un electron y h si es un

hueco electrénico.

C: carga efectiva: () si es positiva, (‘) si es

negativa y (X) si es neutra.

W. Schottky y J. Frenkel identificaron dos tipos de defectos
puntuales, que reciben el nombre de ellos [15]. Un defecto de
Schottky (Figura 1.4a) es una vacante en una posicion estructural, es
decir, es un defecto puntual en el que falta un a&tomo o ién de su sitio
normal en la estructura [16,17]. En 6xidos metalicos estequiométricos,

para que la carga esté equilibrada, el nUmero de vacantes en los sitios

12
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de cationes y aniones es proporcional a su estequiometria [9]. Asi en
un 6xido metalico MOy, por cada vacante catidnica del ibn metélico
hay x vacantes de oxigeno. Un defecto de Frenkel (Figura 1.4b) es
un defecto puntual en el que un atomo o ién se ha desplazado a un
sitio intersticial de la estructura [16,17]. De esta forma, en Oxidos
metalicos estequiométricos la concentracion de vacantes metalicas es

igual a la de iones intersticiales.

a) b)
® O o O

® O o ® O o
® e O

[ o O ..
o o O

Figura 1.4. Representacién esquematica de un defecto de
Schottky (a) y un defecto de Frenkel (b) para un compuesto
estequiométrico 1:1.
Sin embargo, en compuestos no estequiométricos, la
neutralidad de carga eléctrica de los defectos puntuales se conserva

por la formacién de defectos electrénicos que compensan la carga [9].

En un 6xido metdlico deficitario en oxigeno, MOy, se forman
vacantes de oxigeno debido a que un atomo de oxigeno de un sitio

normal de la red se transfiere al estado gaseoso [17]:

05—V5 + 3 02(9) (1.8)

13



Capitulo 1

En esta ecuacién la vacante de oxigeno es neutra (X), por lo que
los dos electrones del anién O% se encuentran asociados con la
vacante o sus inmediaciones. Estos dos electrones pueden excitarse,
dependiendo de la temperatura y de la concentracion de vacantes,
actuando la vacante de oxigeno como un donante de electrones

segun las siguientes ecuaciones [9]:
Vo—Vo + e’ (2.9
V5—-Vg +e” (1.10)

Por otra parte, en un 6xido metalico no estequiométrico una forma
alternativa de la deficiencia de oxigeno es un exceso relativo de metal
con respecto a la composicion estequiométrica, M1+yOx. En este caso,
los defectos estan constituidos por atomos metalicos intersticiales.
Esto conlleva la transferencia de un atomo M regular hacia un sitio
intersticial, M. Este Ultimo puede ser ionizado de forma sucesiva
segun la ecuacion (1.11), siendo igualmente un donante de

electrones [9].
M'>M; + e’ (1.11)

Por el contrario, el exceso de oxigeno y la deficiencia metalica en
oxidos metdlicos no estequiométricos, conlleva la formacién de
vacantes metdlicas, que se comportan como especies aceptoras de

electrones y dan lugar a comportamientos de tipo p.

De esta forma, el tipo de semiconductividad (n o p) depende de los
defectos puntuales que es probable que se introduzcan en el éxido

metalico, lo que viene determinado por la facilidad con el que el metal

14
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se oxida o reduce. De esta forma, si el metal es facilmente oxidable,
se espera que en su estructura se produzca una deficiencia de
oxigeno y presente comportamiento tipo n, mientras que si se reduce

facilmente se espera que presente comportamiento de tipo p [15].

A modo de conclusién, para un semiconductor de tipo n, como el
oxido de zinc, el control sobre los defectos de su estructura cristalina,
en forma de vacantes de oxigeno o atomos de zinc intersticiales,
permite la modificacion de la concentraciébn de los portadores de
carga, y por extension, de sus propiedades electronicas.

3. Principios de fotoelectrocatalisis
3.1. Laradiacion solar

El Sol emite energia en forma de radiacién [18]. La ecuacién (1.12)
describe la relacion entre la longitud de onda (A) de los fotones de la
radiacién y su energia (E), siendo v la frecuencia, h la constante de
Planck (6.626-1034 J-s) y ¢ la velocidad de la luz en el vacio (3-108
m-s?) [19].

E=hv =% (1.12)

Asi, la luz del espectro solar se divide en diferentes regiones
segun su longitud de onda o su energia. El 96.3% del total de la
radiacion se incluye en longitudes de onda de entre 200 a 2500 nm,
correspondientes a parte de la regién ultravioleta (UV), visible e
infrarrojo cercano (NIR) como se puede observar en la Figura 1.5
[18,19].

15
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-=7v .77 Visible SO N

100 nm 400 nm 700nm 2500 nm

Figura 1.5. Espectro de la radiacion solar.

La constante solar es la cantidad de energia que se recibe en
forma de radiacion solar en la parte externa de la atmdsfera terrestre
por unidad de tiempo y unidad de superficie y tiene un valor promedio
de 1367 W/m?[20]. Esta cantidad se conoce como “un Sol” o AM 0 (air
mass zero). La atmoésfera absorbe y dispersa parte de esta radiacion,
por lo que la radiacidn que atraviesa la atmésfera y alcanza la
superficie de la Tierra presenta un maximo de 964 W/m? y se conoce
con el nombre de AM 1.5 (air mass 1.5) [19].

3.2. Procesos fotocataliticos y fotoelectrocataliticos

La fotocatalisis estudia las reacciones fotoquimicas inducidas por
la luz. El término “fotocatalisis” puede dar lugar a confusiéon. Como
podria parecer no hace referencia a una reaccion catalizada por la luz,
sino a una reaccion en la que la luz actia como reactivo y se consume
en el proceso quimico teniendo lugar una fotorreaccion o una reaccion
fotoinducida (si AG > 0) o fotoactivada (si AG < 0) [21].

En un proceso fotocatalitico en el que se tiene un semiconductor
en contacto con un electrolito, cuando el semiconductor es irradiado

con fotones de mayor energia que su energia de banda prohibida (Ey),

16
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los electrones de la banda de valencia se transfieren a la banda de
conduccién, generandose pares electron-hueco [22]. Estos pares
electrén-hueco se pueden recombinar liberando energia térmica o se
pueden separar espacialmente por la acciébn de un campo eléctrico.
En este ultimo caso, los electrones fotogenerados interactdan con el
electrolito y participan en reacciones de reduccion, mientras que los

huecos fotogenerados participan en reacciones de oxidacién como se
Red.
C..
Red.
COX.

Figura 1. 6. Proceso fotocatalitico inducido por la irradiacion
de un semiconductor.

muestra en la Figura 1.6 [23].

hv

Por otra parte, la fotoelectrocatalisis estudia los procesos
fotocataliticos con un control del potencial sobre el electrodo

semiconductor.

Un proceso fotoelectrocatalitico se lleva a cabo en una celda
fotoelectroquimica. Existen diversas configuraciones de celda, pero
una de las mas sencillas consiste en un electrodo semiconductor de
tipo n (fotoanodo), un contralectrodo metalico (catodo) y un electrodo

de referencia, inmersos en un electrolito y expuestos a la luz.

En una celda fotoelectroquimica que emplea un semiconductor de

tipo n, cuando el fotoanodo es irradiado con luz de longitud de onda

17
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menor a su energia de banda prohibida se produce la formacién de
pares electrén-hueco. Parte de estos pares electron-hueco se
recombinan y otra parte se separan por la accibn de un campo
eléctrico. Por la direccion del campo eléctrico, los huecos
fotogenerados se dirigen hacia la superficie del semiconductor
participando en las reacciones de oxidacion del electrolito, mientras
que los electrones se dirigen a la parte trasera del semiconductor en
contacto 6hmico con un metal conductor y se desplazan mediante un
circuito externo hacia el contraelectrodo metalico, sobre el que se
producen las reacciones de reduccién del electrolito [24]. Este proceso
se esquematiza en la Figura 1.7.

La aplicacion de un potencial sobre el electrodo presenta ciertas
ventajas. Los procesos fotocataliticos poseen usualmente bajas
eficiencias debido a la recombinacion de los pares electrén-hueco.
Ademas, la posicion de las bandas de valencia y conduccion de los
fotocatalizadores no siempre coincide con el potencial que se requiere
para poder llevar a cabo las reacciones redox deseadas. La aplicacion
de un potencial externo provoca un campo eléctrico que facilita la
separacion efectiva de estos pares, incrementando asi la eficiencia
fotoelectrocatalitica [24]. Asimismo, mejora la cinética de los procesos
de transferencia de carga [25] y aporta la energia o el sobrepotencial

que se requiere para llevar a cabo las reacciones redox deseadas.
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Figura 1.7. Esquema de un proceso fotoelectrocatalitico.

Los procesos fotoelectrocataliticos tienen mudltiples aplicaciones.
Entre estas se encuentran la degradacion de compuestos organicos
recalcitrantes, las celdas solares sensibilizadas por colorantes o la
rotura fotoelectrocatalitica de la molécula de agua [26]. Este ultimo
proceso se vera en el apartado 4.2 de este capitulo.

3.3. Lainterfase semiconductor-electrolito

La eficiencia fotocatalitica o fotoelectrocatalitica de los
semiconductores depende de procesos de recombinacion y
transferencia de carga que tienen lugar en la interfase
semiconductor/electrolito [27]. Por tanto, el estudio de las
caracteristicas de la interfase es crucial en la optimizacion del

rendimiento de los semiconductores para su aplicacion como
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fotodnodos en procesos fotoelectroquimicos, en general, y en la

produccién de hidrégeno, en particular [28,29].

En un sistema fotoelectroquimico, el potencial electroquimico del
semiconductor viene dado por el nivel de Fermi, Eg, mientras que el

del electrolito viene determinado por su potencial redox [30].

Para transformar la escala del nivel de Fermi con respecto al
potencial de referencia del electrodo normal de hidrogeno (ENH) se
utiliza la aproximacion de la ecuacion (1.13) [31,32], donde q es la
carga eléctrica (para un eléctron: q = -1), Er es la energia del nivel de
Fermi en el vacio y Urdox(ENH) es el potencial del nivel de Fermi en
la escala normal de hidrégeno.

Er (vacio) = — q Ug redox(ENH) — 4.4 eV (1.13)

Como se puede observar, la escala de energia en el vacio se mide
en eV, mientras que la escala electroquimica, en este caso en
referencia al electrodo normal de hidrégeno (ENH), se mide en V,
siendo el crecimiento de ambas escalas opuesto. Asi, los niveles de
mayor energia (eV) presentan potenciales mas negativos (V), y los de

menor energia (eV) presentan potenciales menos negativos (V).
3.3.1 Doble capay region de carga espacial

Cuando un semiconductor se pone en contacto con un electrolito
el potencial electroquimico del semiconductor y el del electrolito se
igualan hasta alcanzar el equilibrio. Para ello, se produce la
reorganizacién de las cargas, generandose un gradiente de potencial

en la interfase, tanto hacia el electrolito como hacia el seno del
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semiconductor [32,33]. Este gradiente de potencial genera
comportamientos capacitivos que pueden ser explicados por la
formacion de una doble capa eléctrica desde la interfase hacia el
electrolito y de una regién de carga espacial desde la superficie hasta

el seno del semiconductor (Figura 1.8) [33,34].

La doble capa eléctrica esta formada por dos contribuciones
[32,34]:

= Capa de Helmholtz-Perrin. En esta capa se acumulan los
iones de carga opuesta del electrolito de forma ordenada.

= Capa de Gouy-Chapman o capa difusa. En esta capa los
iones se distribuyen de forma difusa.

Se / Intlerfase

Electrolito
\ . /
| @ L- o+
i + + -
| ® o+ + -
i - +
@ * 4 -
1 - 1 + L |
\ I \
Regién de Capa de Capa difusa
carga Helmholtz-Perrin

espacial

Figura 1. 8. Esquema de la doble capa de la interfase
semiconductor (Sc)/electrolito y de la region de carga espacial.
Por otra parte, en un semiconductor el nimero de portadores de
carga no es tan elevado como en los metales. Esto hace que la carga
que se genera para compensar la carga del electrolito, en lugar de

concentrarse en la superficie del semiconductor, se distribuya desde
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ésta hacia el interior, formandose una region o capa de carga

espacial en el semiconductor.
3.3.2. Potencial, capacitanciay campo eléctrico en la interfase

En la interfase semiconductor-electrolito se genera una diferencia
o gradiente de potencial, que se ha esquematizado en la Figura 1.9
[32]. Esta diferencia de potencial total se denomina potencial de

Galvani [32,35] y viene dada por la siguiente expresion [32,34]:
Apr=Ags+ AP+ A, (1.14)

donde Ag¢sc, Agsc Y Ago son las caidas de potencial en la region de
carga espacial del semiconductor, la capa de Helmholtz-Perrin y la
capa Gouy-Chapman o capa difusa, respectivamente. La caida de
potencial en el semiconductor, Agsc, viene dada por la diferencia
entre el potencial electroquimico del nivel de Fermi del semiconductor
antes de que se ponga en contacto con el electrolito y el potencial

redox del electrolito.

Semiconductor

\

T

Electrolito

Ay

\ .
Region de Capa de Capa difusa
carga espacial Helmholtz-Perrin

Figura 1.9. Distribucién del potencial en la interfase
semiconductor-electrolito.
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El gradiente de potencial genera un comportamiento capacitivo en
la interfase semiconductor-electrolito. La capacitancia total, C, puede
calcularse como la suma de las capacitancias de las tres capas en
serie a través de la ecuacion (1.16), donde Csc, Ch ¥ Cp son las
capacitancias de la region de carga espacial del semiconductor, de la
capa de Helmholtz-Perrin y la capa Gouy-Chapman o capa difusa,

respectivamente [33,34,36].

1 1 1
- 4+
et (1.16)

ol=

El término de la capacitancia asociada a la capa difusa sélo es
significativo en disoluciones muy diluidas (102-10° M), por lo que
puede despreciarse (1.17) [33,34].

1 1
-+
ot (1.17)

ol

Para o6xidos metdlicos semiconductores con un alto nivel de
defectos en su estructura (Np,» entre 10%8-10%° cm) la expresion de

la capacitancia en la interfase vendra dada por la ecuacion (1.17).

Sin embargo, para 6xidos metalicos semiconductores con un nivel
de defectos no muy elevado (Np,» entre 10'6-10'7 cm), debido a
que el espesor de la regién de carga espacial es mucho mayor que el
de la doble capa, la capacitancia en ésta ultima ser& mucho mayor,
por tanto se podra despreciar su contribucién en la ecuacion (1.17).
De esta forma, la capacitancia total en la interfase vendra dada por la
capacitancia de la region de la capa espacial del semiconductor
(ecuacion 1.18) [34]:
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- (1.18)

1
Csc

ol=

Adicionalmente, en la regibn de carga espacial de un
semiconductor se genera un campo eléctrico determinado por la
distribucion de potencial a su través. Este campo eléctrico generado
en la regién de carga espacial es el responsable de la separacion de
las cargas fotoinducidas en el semiconductor en un proceso
fotocatalitico. La fuerza de este campo eléctrico y la separacion de las
cargas sera mayor conforme aumenta la densidad de defectos del

semiconductor, Np 4 , y la caida de potencial a su traveés, Adsc [15,34].

Por ultimo, cabe mencionar que el espesor de la region de carga
espacial (W) se relaciona con la densidad de defectos del
semiconductor y con la caida de potencial a su través. Asi, este

espesor aumenta conforme disminuye Npa, y conforme aumenta Agg

[33,34].
3.3.3. Doblado de las bandas de un semiconductor

En un éxido metélico semiconductor de tipo n, la energia del nivel
de Fermi se sita generalmente por encima del potencial redox del
electrolito, por lo que para que se alcance el equilibrio se producira la
transferencia de electrones del semiconductor hacia el electrolito
hasta que se neutralice la diferencia de potenciales, siendo el
potencial en el equilibrio esencialmente el valor del potencial redox del
electrolito [33].

Con la transferencia de electrones del semiconductor hacia el

electrolito, se eliminan los portadores de carga del semiconductor mas
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facilmente ionizables (que son los que se producen como
consecuencia de los defectos en la estructura cristalina) y se genera
una zona de empobrecimiento de electrones con una carga neta
positiva, asociada con la regién de carga espacial del semiconductor,
denominada region de agotamiento. En la ecuacion (1.6) se puede
observar que con la disminucién de la densidad de portadores de
carga se produce un incremento en la diferencia energética entre la
banda de conduccion y el nivel de Fermi. De esta forma, se producira
el “doblado” de las bandas hacia arriba en la regiébn de carga
espacial, mientras que en el seno del semiconductor la diferencia
entre la banda de conduccién y el nivel de Fermi en el equilibrio
permanecera constante (Figura 1.10) [34].

-- E )
F. equil.
S q

vV

Regién de
agotamiento

Figura 1.10. Izquierda: Posicion de las bandas antes del
equilibrio. Derecha: doblado de las bandas en el equilibrio para un
semiconductor de tipo n.

En un semiconductor de tipo p, sucede de forma inversa y se

produce el doblamiento de sus bandas de energia “hacia abajo”.
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3.3.4. Influencia del potencial aplicado sobre los niveles de

energia

En un semiconductor en contacto con un electrolito, al aplicar un
potencial controlado sobre el semiconductor se producen

modificaciones en su nivel de Fermi.

A un determinado valor del potencial aplicado, el nivel de Fermi del
semiconductor coincide con el potencial redox del electrolito. En esta
situacion no hay transferencia neta de carga entre el semiconductor y
el electrolito. De esta forma, no se genera una regién de carga
espacial ni un campo eléctrico asociado y las bandas del
semiconductor no se doblaran (Figura 1.11la). Este potencial se
denomina potencial de banda plana, Urs (flat-band potential)
[33,34,36]. Como se puede intuir por la definicibn de potencial de
banda plana, en un sistema electroquimico el valor de Ugg variara

dependiendo del electrolito empleado.

En un semiconductor de tipo n, para valores de potencial
aplicado menos negativos al potencial de banda plana, es decir, Ua
(V) > Ues (V), se produce la transferencia de electrones de los
portadores de carga del semiconductor hacia el electrolito. De esta
forma, en la regiébn de carga espacial se producen estados de
agotamiento de los portadores de carga (Figura 1.11b) y por la
ecuacion (1.6), se producira el doblado de las bandas hacia arriba. Sin
embargo, para valores de potencial aplicado méas negativos al
potencial de banda plana, es decir, Ua (V) < Ugs (V), la region de

carga espacial tiene un exceso de portadores de carga (electrones) y
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se dice que esta en estado de acumulacién, doblandose las bandas

hacia abajo por la ecuacion (1.6) (Figura 1.10 c) [34,37].

E(eV) E(eV)
a) b) A c) A
e e T
"""" ' ' C
Er ::¥ Er
E :. EV :. EV
A L/ i
- -
Agotamiento Acumulacién

Figura 1.11. Bandas de un semiconductor de tipo n cuando
(@) Ua (V) = Ues (V), (b) Ua (V) > Ues (V) ¥ () Ua (V) < Ugs (V).

La transferencia de carga en el semiconductor dependera de si la
region de carga espacial estd en estado de agotamiento o
acumulacion. Asi, si esta en estado acumulacion, habra un exceso de
portadores de carga que favorecen la transferencia electrénica y le
proporcionaran un comportamiento similar al de un metal conductor,
mientras que si esta en agotamiento habra pocos portadores de carga

disponibles y la transferencia de electrones sera mas lenta [34].

Para un semiconductor de tipo p, sucede de forma inversa y a
potenciales aplicados mas negativos al potencial de banda plana se
producirdn regiones de empobrecimiento en el semiconductor, y a
potenciales aplicados menos negativos al potencial de banda plana se

produciran regiones de acumulacion.

Por otra parte, la caida de potencial de la regién de carga
espacial, ¢sc, vendr4d dada por la diferencia entre el potencial

aplicado, Ua, y el potencial de banda plana, Ugs.

27



Capitulo 1

3.4. Niveles de energia en iluminacién

En un semiconductor de tipo n, en condiciones de oscuridad
dado que los portadores de carga mayoritarios son los electrones, el
nivel de Fermi se sitha cerca de la banda de conduccion del
semiconductor. Sin embargo, en condiciones de iluminacion la
densidad de huecos fotogenerados aumenta considerablemente. De
esta forma, se forman los cuasi-niveles de Fermi correspondientes a
los potenciales electroquimicos de los portadores de carga (electrones
y huecos) en condiciones de iluminacion [38,39].

Se ha de tener en cuenta que la luz incide del lado de la superficie
del semiconductor. Se generaran pares electron-hueco tanto en la
superficie del semiconductor como hacia el interior. La longitud de
Debye, Lp, representa el valor de longitud en la que se producira la
separacion efectiva de las cargas. Esta longitud incluye la separacion
producida por el campo eléctrico de la regién de la carga espacial y,
adicionalmente, la separacion asociada a procesos de difusion hacia
el interior. Mas allA de esta longitud, los pares electrén-hueco

experimentaran recombinacion [32,38].

La densidad de electrones y huecos en condiciones de iluminacion
en un punto determinado del semiconductor vendra dada por la
densidad de electrones y huecos en la oscuridad, no y po,
respectivamente, mas la adicibn de la densidad de electrones y
huecos fotogenerados An y Ap, respectivamente [38,39]:

EC_E;‘,n

n(x)=ng+A4n= N, exp/—T/ (1.19)
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E}’;,p—EV

P)=po+dp=Ny exp [-=2=] (1.20)

Debido a que en un semiconductor de tipo n la densidad de
electrones en oscuridad es elevada, apenas se producira una
variaciéon en la densidad de electrones por la contribucién de los
electrones fotogenerados y, por tanto, el cuasi-nivel de Fermi de los
electrones, Ern, No variara en relaciéon con la energia del borde de
conduccién. Sin embargo, al ser los huecos los portadores de carga
minoritarios, los huecos fotogenerados tendran una contribucion
significativa en la densidad de huecos, aproximandose ésta a la
concentracion de huecos fotogenerados. De esta forma, el cuasi-nivel
de Fermi de los huecos, E'rn, se alejara del nivel de Fermi existente
y se situara cada vez mas proximo a la banda de valencia conforme
aumenta la densidad de huecos (al aproximarse hacia la superficie del
semiconductor) [38,39].

Oscuridad lluminacién
e |
B o
————x-—-—-4 ! e |- --
A \ A
Ec B TUP“ . Frea —— ¥
A Y
Er —===----4 === - v
-T Ecx. \\_ :’ TE D Ecx.
- /h"
h+
Semiconductor Electrolito Metal Semiconductor Electrolito Metal

Figura 1.12. Diagramas de energia para la interfase
semiconductor (tipo n)/electrolito en condiciones de oscuridad e
iluminacién. Téngase en cuenta que el semiconductor esta
conectado eléctricamente al contraelectrodo metélico (metal).
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Como se puede observar en la Figura 1.12, en condiciones de
iluminacién, el cuasi-nivel de Fermi de los electrones aumenta con
respecto al nivel de Fermi en equilibrio en oscuridad y el nivel de
Fermi de los huecos disminuye. Por tanto, las condiciones de
iluminacién facilitan que se produzcan las reacciones de reduccion por
los electrones y de oxidacién por los huecos, debido a las posiciones
mas favorables de los niveles energéticos, proximos al valor de la
energia de la banda de conduccion y de la banda de valencia del

semiconductor.

Asimismo, en condiciones de iluminacion en las que no hay un
control sobre el potencial, debido a la generacién de electrones y
huecos, la concentracion de estos aumenta en la superficie y el
doblado de las bandas disminuye reduciéndose el espesor de la
region de carga espacial. Esto provoca que el campo eléctrico
generado en la interfase semiconductor/electrolito sea de menor
intensidad y, de esta forma, los portadores de carga fotogenerados
sean mas propensos a experimentar recombinacion. Con la
polarizacién por la aplicacion de un potencial externo se induce la
formacion de un campo eléctrico en la interfase mediante el que se
favorece la separacion efectiva de los electrones y huecos

fotogenerados y la transferencia de carga.
3.5. Comportamiento corriente potencial
3.5.1. En condiciones de oscuridad

En el equilibrio, la tasa o velocidad de electrones que fluyen desde
la superficie del semiconductor hacia el electrolito debe ser igual a la

velocidad de los electrones que fluyen en sentido contrario. Sin
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embargo, asi como en cualquier sistema quimico, la transferencia de
carga en la interfase no se produce en el equilibrio. En un estado de
no-equilibrio, la velocidad de electrones que fluye del semiconductor
hacia el electrolito no sera igual a la que fluye en sentido contrario, ya
que, aunque los coeficientes cinéticos permanezcan fijados, las
concentraciones de productos y reactivos diferirAn de los del equilibrio.
De esta forma, se producira una corriente neta a través de la interfase

semiconductor-electrolito.

En un sistema en oscuridad, la corriente que circula en la
interfase semiconductor-electrolito se puede expresar en funcién

del potencial aplicado a través de la expresion [40]:

I=— Io/exp(—%)—1/ (1.21)

Donde Iy es la corriente de intercambio, lp = Kns, y representa el
valor de la corriente en el equilibrio. En esta Ultima expresiéon, K es
una constante que engloba parametros cinéticos y ns €es la
concentracion de electrones en la superficie del semiconductor en
condiciones de equilibrio. Como se deduce de la ecuacién 1.21,
conforme mayor sea la concentracion de electrones en la superficie
del semiconductor en el equilibrio, mayor sera la corriente de
intercambio y a su vez, la corriente neta en la oscuridad. El término ns,
incluye la caida de potencial en la region de carga espacial en el
equilibrio, por lo que se vera influido por el potencial redox del
electrolito o por la presencia de estados superficiales en el

semiconductor.
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Esta expresion indica que la corriente interfacial se define como
negativa (corriente catédica) cuando el electrodo tiende a donar
electrones hacia el electrolito para reducirlo. La direccién de potencial
aplicado para que se de esta situacion se llama polarizacién inversa
(reverse bias) [30,37,40].

Por otra parte, la corriente se define como positiva (corriente
anddica) cuando el electrolito sea el que done los electrones al
semiconductor, oxidandose. La direccion de potencial aplicado para
que se de esta situacion se llama polarizacion directa [30,37,40].

3.5.2. En condiciones de iluminacién

La corriente que se genera en condiciones de iluminaciéon presenta
la contribucion de la corriente generada por ambos portadores de
carga: electrones y huecos [32,37,38].

En un semiconductor de tipo n, la concentracion de electrones no
varia significativamente bajo iluminacion. Por tanto, la corriente que se
genera como consecuencia de este tipo de portadores de carga
exhibird un comportamiento similar al descrito en condiciones de
oscuridad (ecuacion 1.21) [38,39]. Por el contrario, la densidad de
portadores minoritarios, es decir, de huecos, se incrementara
significativamente con la iluminacion pudiendo aproximarse el valor de
la corriente generada por los huecos, Ip, al flux de fotones adsorbidos

por el semiconductor multiplicado por la carga del electrén [38,39].

De esta forma, la curva de corriente frente al potencial describird

un comportamiento igual al de condiciones de oscuridad desplazada
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un valor constante de Ip, de corriente anddica a lo largo de todo el

rango de potencial aplicado [32,38].

(Anddica)

Corriente

Oscuridad

(Catddica)

@) Potencial

Figura 1. 13. Comportamiento corriente-potencial de la
interfase semiconductor (tipo n)/electrolito en condiciones de
oscuridad y de iluminacion.

3.6. Estados superficiales

Los estados superficiales son modificaciones que se producen en
la superficie con respecto al seno del semiconductor. Todo cristal es
finito y estd limitado por su superficie exterior, lo que produce una
alteracion en la periodicidad de la estructura cristalina del
semiconductor [33]. Por tanto, los estados superficiales aparecen
como consecuencia de la terminacion repentina de la red cristalina
[41]. Asimismo, pueden deberse a la adsorcion de moléculas del
electrolito, vacantes y otros defectos estructurales que se dan sobre la
superficie [34]. En el caso de semiconductores en contacto con

electrolitos acuosos, la adsorcion de moléculas de agua sobre la
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superficie generalmente concluye en la formacién de terminaciones
—OH sobre ella [41].

La formacién de estos estados superficiales hace que en la
superficie se introduzcan estados electronicos localizados distintos a
los que se tienen en el seno del semiconductor [33,34]. Unicamente
los estados superficiales que tienen energias dentro de la banda
prohibida del semiconductor tienen una influencia en sus propiedades
eléctricas o fotocataliticas [34].

Asi, la existencia de estos estados electrénicos entre la banda de
valencia y la banda de conduccién puede producir principalmente dos
efectos [32]. Por una parte, pueden actuar atrapando los electrones y
los huecos, creando centros adicionales de recombinacion y de
generacion de portadores de carga [32,33] Por otra parte, pueden
actuar como niveles energéticos que median en la transferencia de
carga, produciendo variaciones importantes en la cinética de estos

procesos [32,33].

En la transferencia de carga a través de estados superficiales,
cuando se aplica un potencial de polarizacién directa (anodic bias), los
electrones retenidos en los estados superficiales pueden pasar a la
banda de conduccién, generdndose huecos en los estados
superficiales que intervienen en la oxidacion del electrolito. Asimismo,
los huecos fotogenerados en la banda de valencia pasan a los
estados superficiales, desde donde se produce la oxidacion del
electrolito [33] (véase la Figura 1.14). De esta forma, la densidad de
corriente que se genera en la transferencia de carga a través de

estados superficiales presenta tanto la contribucion de los portadores
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de carga fotogenerados, como de los electrones que pasan a la banda
de conduccién desde los estados superficiales por la aplicacion de un
potencial [28]. Por tanto, la transferencia de carga a través de estados
superficiales puede proporcionar densidades de corriente mas altas
que la transferencia de carga a través de la banda de valencia [28,42].
Ademas, la difusibn de huecos a través de los estados superficiales
mejora la cinética de la transferencia de carga [42] y por extension,
disminuye la recombinacion de los pares electron hueco y puede
proporcionar valores mas pequefios del potencial de inicio de la
fotocorriente (onset) [28,42].

Figura 1.14. Transferencia de huecos en la interfase
semiconductor (de tipo n)/electrolito a través de estados
superficiales (ES).
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4. Produccién de hidrégeno mediante fotoelectrocatalisis
4.1. Hidrbgeno como vector energético

El principal reto de la descarbonizacion hacia una transicion 100 %
de energia renovable es la naturaleza variable e intermitente de estos
recursos [8]. En particular, la energia solar presenta variacion diurna y
estacional. Esto requiere el desarrollo de sistemas de almacenamiento
a gran escala que permita balancear el suministro y la demanda
variable de energia [1]. EI almacenamiento en vectores energéticos,
como el hidrégeno, puede ser la solucién a este problema. El
hidrégeno es una solucion economicamente eficiente para el
almacenamiento, transporte y exportacion a gran escala de energias

renovables, en general, y de energia solar, en particular [28].

El hidrogeno es el elemento mas abundante del universo. En
nuestro planeta se encuentra principalmente formando parte del agua
y compuestos organicos. No es toxico y como producto de su
combustion se forma vapor de agua, por lo que no se produce la
formacion de CO, y otros gases téxicos. Ademas, el rendimiento
energético del hidrégeno es de 122 kJ/g, 2,75 veces mayor que el de

los hidrocarburos o combustibles fésiles [2].
4.2. Rotura fotoelectrocatalitica del agua (water splitting)

El agua es la fuente de hidrogeno mas abundante [43]. La
electrolisis del agua consiste en la rotura de la molécula de agua para
producir oxigeno e hidrogeno gaseosos segun la ecuaciénl.22. Esta
reaccion es endotérmica (AG = 237,2 kJ/mol) y requiere del aporte de

una energia minima de 1,23 eV para que tenga lugar [7,44]. En la
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practica este valor se sitla entre 1,6-1,8 eV, incluyendo la energia de
un sobrepotencial por pérdidas y una energia para que se lleve a cabo

a una velocidad razonable [19].
H,0 © Hy(g) + 50, (9) (1.22)

La descomposicion del agua en oxigeno e hidrégeno puede
llevarse a cabo mediante electrélisis en una celda electroquimica
aplicando un potencial. En este caso, la energia necesaria para llevar
a cabo esta reaccion no se obtiene a partir de fuentes renovables.
Ademas, mediante este sistema se obtienen pérdidas de energia
alcanzando eficiencias maximas de celda del 80 % [45]. Si se combina
una celda fotovoltaica con una celda electroguimica la energia
requerida para que la reaccién se lleve a cabo si se obtiene de una
fuente renovable de energia, la energia solar, aunque el principal
inconveniente de este sistema es el elevado coste de la celda
fotovoltaica y las bajas eficiencias [43]. Una alternativa a este método
en la que se combina en una sola etapa una celda solar y una celda
electroquimica es la utilizacion de celdas fotoelectroquimicas. En
este tipo de celdas se obtienen eficiencias mas altas que en el caso
anterior [24,43]. Ademas, usualmente se emplean materiales
semiconductores como fotocatalizadores, siendo razonablemente
econémicos. Esto hace que la descomposicién del agua empleando
una celda fotoelectroquimica sea una forma prometedora y rentable

de producir hidrégeno a partir de energia solar [43].

Una celda fotoelectroquimica sencilla para la rotura
fotoelectrocatalica del agua o water splitting esta compuesta por un

fotoanodo semiconductor, un catodo metdlico y un electrodo de
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referencia, todos inmersos en un electrolito acuoso. En condiciones de
iluminacién, el semiconductor absorbe fotones de energia superior al
valor de su energia de banda prohibida y, como consecuencia, se
produce la excitacion de un electrén de la banda de valencia a la
banda de conduccién, formandose un hueco en la banda de valencia.
Los huecos fotogenerados se dirigen hacia la superficie del
semiconductor donde se produce la oxidacién del agua para formar
oxigeno gaseoso. Por otra parte, los electrones fotogenerados se
dirigen a la parte trasera del semiconductor en contacto 6hmico con
un metal conductor y se desplazan mediante un circuito externo hacia
el contraelectrodo metélico, sobre el que se produce la reduccion del
agua para formar hidrogeno gaseoso [7,23,44,46]. El potencial externo
aplicado favorece la transferencia de carga y disminuye la
recombinacion de los portadores de carga fotogenerados. Este
proceso se ha esquematizado en la Figura 1.15.
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Figura 1.15. Esquema del proceso de fotoelectrdlisis del
agua empleando un semiconductor de tipo n.
4.3. Disefio de un fotocatalizador para la produccién de
hidrégeno

En primera instancia, para que un material sea apto para ser
utilizado ampliamente como fotocatalizador debe presentar una baja
toxicidad y ser abundante o facil de extraer y, por extension, tener un
precio econOmico. Ademas, ciertas propiedades del fotoanodo
semiconductor representan un papel fundamental en la eficiencia de
una celda fotoelectroquimica para la produccién de hidrogeno
mediante fotoelectrocatalisis [24]. Por tanto, para la elecciébn de un
fotocatalizador para esta aplicacion, se deben tener en cuenta las

siguientes caracteristicas del semiconductor:
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e Energia de banda prohibida (Eg).

Segun la expresion que relaciona la longitud de onda (A) de los
fotones de la radiacibn y su energia (E) (ecuacién 1.12), un
semiconductor absorberd los fotones de la luz que presenten
longitudes de onda inferiores al valor de su energia de banda
prohibida o band gap. Asi, semiconductores con valores mas bajos de
Ey serdn capaces de absorber fotones de longitudes de onda mas
largas que aquellos con valores mas elevados de Eg [47].

Por otra parte, para que se lleve a cabo la fotoelectrélisis del agua,
el valor de energia de banda prohibida del semiconductor tiene que
ser mayor a la energia que se requiere para llevar a cabo esta
reaccion, es decir, Eq debe ser mayor a 1.23 eV [7,44]. El valor de Eq4
debe ser todavia més elevado si se considera un sobrepotencial por
pérdidas y una energia adicional para mejorar la cinética de la

reaccion.

En resumen, el valor de Egy tiene que ser lo suficientemente
pequefio para que permita la absorcién de fotones de longitudes de
onda mayores y lo suficientemente grande para que se pueda producir
la reaccién de descomposicién del agua en oxigeno e hidrégeno

gaseosos.
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e Posiciones de banda apropiadas.

Ademas de tener una energia de banda prohibida suficiente para
garantizar que se produzca la reaccion de descomposicién del agua,
es indispensable que las posiciones de las bandas de conduccién y de
la banda de valencia del fotocatalizador sean las apropiadas para que
las reacciones redox tengan lugar. Por una parte, el potencial redox
para la evolucion del hidrégeno es 0 Venn, por lo que la banda de
conduccién deberia situarse a energias por encima de este valor, es
decir, a potenciales mas negativos de 0 Venn [44,48-50]. Por otra
parte, el potencial redox para la evolucién del oxigeno es 1,23 Venn,
por lo que la banda de valencia deberia situarse a energias por
debajo de este potencial, es decir, a potenciales mas positivos que
1,23 Venn [44,48-50]. Esto se esquematiza en la Figura 1.16.

E (eV)
A
E
E (Venn) . ¢
| z e €
1L ———————— o ————————— Er
H,/H,0 0 f---
— E
H0/0, 1 = ’
2 - / EV
. h*
3 — - - .

Figura 1. 16. Posiciones de las bandas de energia requeridas
para que se lleven a cabo las reacciones redox de
descomposicion del agua en oxigeno e hidrégeno gaseosos.
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e Potencial de banda plana (Urg).

El potencial de banda plana es un pardmetro importante que se
emplea para evaluar el rendimiento de un fotocatalizador en el
proceso de water splitting [51]. Asi, conforme menor sea la diferencia
entre Urs del semiconductor y el potencial de inicio de la fotocorriente
(onset) en el proceso, mayor seré la eficiencia de la celda, dado que
el potencial que se requiere aplicar para que se produzca la
separacion efectiva de las cargas y se minimice la recombinacion de

los pares electron-hueco serd menor [24,52].
e Estructura cristalina y defectos estructurales.

Para que se produzca la separacion de las cargas y se minimice la
recombinacion, es necesario que el transporte de los electrones y los
huecos en el semiconductor sea bueno. La conductividad eléctrica del
fotocatalizador se puede modificar variando los defectos en su
estructura cristalina [53]. La densidad de estos defectos, normalmente
vacantes de oxigeno y atomos intersticiales, debe ser suficientemente
alta como para mejorar la conductividad eléctrica del material. A su
vez, el fotocatalizador debe presentar elevada cristalinidad para

minimizar la recombinacién de los portadores de carga [25].
e Estabilidad frente a la fotocorrosion

El material semiconductor debe ser estable en las condiciones en
las que se lleva a cabo el proceso de water splitting (electrolito,

potencial aplicado, iluminacion, etc) [24].
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e Area superficial

El &rea superficial del fotocatalizador tiene un impacto muy grande
en el rendimiento del proceso de water splitting. Una estrategia muy
extendida para aumentar el area superficial de los semiconductores es
la nanoestructuracién. La elevada éarea superficial de la forma
nanoestructurada aumenta la absorcion de luz por parte del
semiconductor y, en consecuencia, se forman mas portadores de
carga (electrones y huecos) [54]. Asimismo, incrementa el nUmero de
sitios electroactivos, lo que favorece la transferencia de carga en la
interfase/semiconductor electrolito [24]. Ademas, la
nanoestructuracion disminuye la recombinacion de los pares electron-
hueco debido a que las rutas de difusion de los portadores de carga
son mas cortas [55]. Por ultimo, debido a las dimensiones més
pequefias, la nanoestructuracion podria mejorar la fotoactividad del
fotocatalizador debido a la apariciébn de efectos de confinamiento

cuantico [56].

5. Nanoestructuras de ZnO

El 6xido de zinc es un compuesto inorganico de formula molécular
ZnO. En la naturaleza se encuentra en forma mineral en la cincita, que
presenta un color entre amarillo y rojizo debido a la presencia de

manganeso y otras impurezas.

Antes de que las propiedades eléctricas del ZnO despertaran el
interés por este material, el polvo de ZnO fue empleado a finales de

1800 en acuarelas y pinturas al 6leo por su color blanco.
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Con el florecimiento de la ciencia de materiales en el siglo XX, el
ZnO fue uno de los primeros compuestos en ser investigado en
profundidad. Asi, en 1935 aparece por primera vez una publicacion
[57] sobre difraccion de electrones con polvos de ZnO y tres afios mas
tarde, en 1938, la primera imagen de un microscopio electrénico de

transmision de barrido de un cristal de ZnO [58].

Por otra parte, desde la aplicacion en 1972 del diéxido de titanio
(TiOz) en wuna celda fotoelectroquimica para la rotura
fotoelectrocatalitica de la molécula de agua [59], mas de 130
materiales semiconductores, incluyendo éxidos metélicos, nitruros o
sulfuros, han sido estudiados y desarrollados para su aplicacibn como
fotocatalizadores en celdas fotoelectroquimicas, entre los que el
diéxido de titanio ha sido el mas estudiado [60].

El estudio del 6xido de zinc ha continuado a lo largo de los afios,
pero es en las Ultimas décadas cuando este compuesto esta
generando un verdadero interés. El ZnO tiene una energia de banda
prohibida similar a la del diéxido de titanio, pero con la ventaja de que
posee una mayor difusividad [61] y entre 10 y 100 veces una mayor
movilidad electrénica [62], lo que le proporciona una gran
conductividad. Ademas, no es toxico [63], es mas barato [60,64] y mas
facil de sintetizar [65] que el TiO,. Todo esto hace del ZnO un sustituto

prometedor del TiO» como fotocatalizador.
5.1. Propiedades fundamentales

El 6xido de zinc es un material semiconductor de tipo n [66] de la
familia 1I-VI. Puede cristalizar presentando las estructuras de blenda

de zinc, cloruro de sodio y wurtzita hexagonal. A temperatura
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ambiente la estructura cristalina termodindmicamente mas estable que
presenta el ZnO es la hexagonal wurtzita. No obstante, la estructura
de blenda de zinc se puede obtener haciendo crecer el ZnO sobre
sustratos con estructura cristalina cubica, mientras que la estructura

de NaCl se puede obtener a presiones relativamente altas [67].

Como se puede observar en la Figura 1.17, la estructura wurtzita
tiene una celda unitaria hexagonal en la que cada atomo de oxigeno
(del grupo Il) esta rodeado por cuatro atomos de zinc (del grupo V) y
viceversa, de forma que se encuentran coordinados en las esquinas
de un tetraedro. La estructura cristalina wurtzita del 6xido de zinc

pertenece al grupo espacial Cg,, 0 P6smc.

Figura 1.17. Estructura cristalina hexagonal wurtzita donde
las esferas negras y blancas representan los atomos de zinc y
oxigeno, respectivamente.
Asimismo, el 6xido de zinc tiene una amplia energia de banda
prohibida de 3.44 eV a bajas temperaturas y de 3.37 eV a temperatura
ambiente [68]. Asi, absorbe fotones de longitud de onda inferior a 368

nm, correspondiente a la region UV del espectro solar.
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La posicion de sus bandas de energia permite la descomposicién
del agua por fotoelectrocatalisis en oxigeno e hidrégeno gaseosos
[7,42,49,69]. La energia de la banda de conduccién y de valencia del
Zn0 es -4,19 eV y -7,39 eV, respectivamente (en el vacio) [70], lo que
segun la ecuacién 1.13 equivale a -0,24 Venn para la banda de
conduccién y a 2,95 Venn para la banda de valencia, como se puede

observar en la Figura 1.18.
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Figura 1. 18. Posiciones de las bandas de valencia (BV) y de
conduccion (BC) del ZnO y del TiO2 respecto a los potenciales de
oxidacién y reduccién del agua,

Las propiedades conductoras del éxido de zinc vienen dadas por
defectos puntuales en su estructura cristalina. Los defectos puntuales
gue se forman en la estructura cristalina del 6xido de zinc son las
vacantes de oxigeno y los &tomos de zinc intersticiales [53]. Como se
ha visto, estos defectos constituyen centros donantes de electrones,
confiriéndoles un comportamiento de semiconductor de tipo n. El

conocimiento de estas caracteristicas es fundamental, puesto que con
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el control de estos defectos se pueden disefiar las propiedades

electronicas del 6xido de zinc.

Por altimo, una caracteristica muy importante del 6xido de zinc es
que es muy versatil y se puede obtener en diversas morfologias
nanoestructuradas. Las diferentes morfologias tienen una influencia
significativa en las propiedades del ZnO [71]. Estas morfologias
pueden ser unidimensionales, como nanotubos Yy nanocables,
bidimensionales, como nanohojas y nanogranulos, y tridimensionales

como nanoflores o copos de nieve [72].
5.2. Métodos de sintesis

Hasta el momento, se han utilizado diversos métodos de sintesis
para la obtencion de nanoestructuras de 6xido de zinc, entre los que

destacan la de sintesis en fase vapor y la sintesis en fase liquida.
5.2.1. Sintesis en fase vapor

La sintesis en fase vapor engloba diversas técnicas. En términos
generales, implica la evaporacion de un precursor y su deposicién en
un sustrato sobre el que se forman las nanoestructuras [73,74]. Dentro
de este método, segin el mecanismo de crecimiento de las
nanoestructuras se tiene la deposicion fisica de vapor y la deposicién

quimica de vapor [75].

En la deposicion fisica de vapor el precursor en forma de sélido
0 polvo es evaporado energéticamente a través de diferentes técnicas
y condensa (se deposita) sobre un sustrato. El material precursor

puede ser el 6xido de zinc o el zinc metalico. En el dltimo caso, al
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vapor se le ha de afadir oxigeno o algin agente oxidante para que se
forme el éxido metdlico. En esta técnica el contenido en oxigeno, la
cristalinidad y la estequiometria deseada se consigue a través de un
calentamiento térmico posterior [75]. Dentro de estas técnicas
destacan la evaporacion térmica [76] y la pulverizacion catédica
(sputtering) [77], que emplean el suministro de calor y el bombardeo
ibnico, respectivamente, como fuente de energia para la evaporacion
del precursor [24]. Asimismo, la deposicion por laser pulsado (PLD)
[78], la deposicion por haz de electrones (EBPVD) [79] y la deposicion
mediante arco catddico (Arc-PVD) [80] son técnicas de sintesis de
deposicion fisica en fase vapor.

Por otra parte, en la deposicién quimica de vapor uno o varios
precursores volatiles reaccionan o se descomponen sobre la
superficie de un sustrato, formandose el 6xido de zinc [81]. Los
subproductos volétiles de la reaccién son eliminados empleando una
corriente gaseosa. Dentro de esta técnica destacan la deposicién por
pirélisis de aerosol (spray pyrolysis) [82] y la deposicidbn quimica

organometalica en fase de vapor (OMCVD) [83].

En general, las técnicas incluidas en la sintesis en fase vapor
utilizan equipos y condiciones de operacion muy caros, como el uso
de metales nobles como catalizadores, temperaturas elevadas y bajas

presiones [71].
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5.2.2. Sintesis en fase liquida

En la actualidad, debido a sus numerosas ventajas, la sintesis en
fase liguida ha aparecido como uno de los métodos de sintesis mas
importantes. Entre estas ventajas se encuentran el bajo coste de
produccién, escalabilidad, el uso de temperaturas reducidas y un
mayor control en la morfologia [81]. Entre las técnicas comprendidas
en la sintesis en fase liquida destacan el método sol-gel, la sintesis
hidrotermal y el anodizado electroquimico [24].

El método sol-gel es una técnica ampliamente estudiada para la
formacion de materiales nanoestructurados. En este método, una
disolucién precursora gelifica en una red tras experimentar varias
reacciones de hidrélisis y condensacion. A continuacion, el gel
formado se deshidrata y se somete a un tratamiento térmico para
obtener las nanoestructuras de ZnO [81,84].

La sintesis hidrotermal es una técnica en la que se produce la
sintesis de ZnO a través de una serie de reacciones en medio acuoso
en condiciones de temperatura y presion superiores a la ambiente. En
este proceso, se introducen una mezcla de precursores en un
autoclave sellado y se eleva la temperatura por encima del punto de
ebullicion del agua produciéndose el aumento drastico de la presion.
El ajuste de los pardmetros de reaccion (el tipo y la concentracion de
los precursores, los agentes estabilizadores y la temperatura y el
tiempo de reaccion) se utiliza para tener un control sobre el ZnO
obtenido [24,85].
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5.2.3. Anodizado electroquimico

El anodizado electroquimico es uno de los métodos de sintesis de
nanoestructuras de ZnO mas rapidos y sencillos [86,87], ademas de
ser relativamente econdémico [64,71] y permitir la sintesis a escala
industrial [64,87]. Por este motivo, se ha escogido como método de

sintesis para las nanoestructuras de ZnO de la presente Tesis.

El anodizado se lleva a cabo en una celda electroquimica de dos
electrodos inmersos en un electrolito (véase la Figura 1.19). El zinc
metdlico actia como el &nodo de la celda y un metal noble o inerte
actta como el catodo. Al aplicar una diferencia de potencial entre los
electrodos se produce la disolucion del zinc metalico, lo que unido a la
difusion de los iones presentes en el electrolito conduce a la formacion
final de una capa de nanoestructuras sobre la superficie del electrodo
de zinc [71].
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Disolucic Catodo
isolucién | L
i : metalico
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de zinc

<—Formacion de las __| Flectrolito

4 npanoestructuras

Figura 1. 19. Esquema del proceso de anodizado
electroquimico del zinc.
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La técnica de anodizado ofrece un gran control en la formacién de
nanoestructuras de ZnO, ya que, ajustando sus parametros se puede
modificar la velocidad de formacion, el tamafio y la morfologia de las
nanoestructuras sintetizadas [54]. Esto permite controlar el disefio del

ZnO y de su comportamiento fotoelectrocatalitico.

Mecanismo de formacion de las nanoestructuras de ZnO

Dado que el zinc presenta inestabilidad en medios &acidos [88], los
electrolitos basados en bicarbonatos son muy apropiados para su
sintesis. Por este motivo, en el desarrollo de esta Tesis Doctoral se
emplean electrolitos basados en disoluciones acuosas de bicarbonato
de sodio (NaHCOs3) para la sintesis de nanoestructuras de ZnO

mediante anodizado electroquimico.

En el proceso de anodizado electroquimico de zinc, cuando se
aplica una diferencia de potencial entre el anodo de zinc metélico y el
catodo, se produce la disolucion del zinc segun la ecuacion (1.23).
Atendiendo a la bibliografia [86,87], en electrolitos basados en
disoluciones acuosas de bicarbonato, el Zn*? reacciona con las
especies del electrolito segun las ecuaciones 1.24 y 1.25 y precipita
sobre la superficie del electrodo de zinc metalico formando
nanoestructuras de hidrocincita, Zns(OH)s(COg3).. Mientras, en el
catodo se produce la formacion de hidrogeno gaseoso (ecuacion
1.26).

Zn— Zn?* + 2e" (dnodo) (1.23)

Zn?* + H,0 < Zn(OH)* + H* (4nodo) (1.24)
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5Zn(OH)*+2HCO3™+H20 < Zns(OH)s(CO3)2 +3H* (4nodo)  (1.25)
2H* + 2e"— Ha (g) (catodo) (1.26)

Tras el anodizado, el electrodo nanoestructurado se ha de someter
a un tratamiento térmico con la finalidad de transformar la hidrocincita
formada durante el anodizado en 6xido de zinc siguiendo la siguiente

reaccion de descomposicion [86,87]:
Zn5(OH)6(003)2 —57Zn0O +3 HO+2CO, (1.27)

Parametros del anodizado que controlan el proceso de formacién

de las nanoestructuras

Como el proceso mediante el que se forman las nanoestructuras
en el anodizado electroquimico de zinc es un proceso de disolucién-
precipitacién, con el control de los pardmetros del anodizado que
afectan tanto a la disolucibon como a la precipitacion de las
nanoestructuras, se puede controlar el crecimiento y la formacién de
las nanoestructuras de ZnO. De esta forma, se tiene un control sobre
la morfologia y propiedades electroquimicas y fotoelectroquimicas de

las nanoestructuras de ZnO sintetizadas.

Considerando la ecuacién 1.23, en la que el zinc metalico se
disuelve dando lugar a Zn*? y electrones, la velocidad de disoluciéon
del electrodo de zinc (reflejada en la densidad de corriente frente al
tiempo registrada durante el anodizado) esta gobernada por la
velocidad de procesos como la transferencia de electrones en la
superficie del electrodo, la transferencia de materia y otras reacciones

[89]. La transferencia de carga se describe por la ecuacién de Butler-
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Volmer, mientras que la transferencia de materia hacia un electrodo
se describe por la ecuacion de Nernst-Planck [89]. Esta ultima
considera las contribuciones de procesos de difusiébn, migracién y

conveccion.

Durante el anodizado electroquimico la precipitacion de
nanoestructuras se produce cuando la concentracién de las especies
disueltas en la superficie del electrodo de zinc metalico es mayor a la
dada por la constante de solubilidad. De esta forma, este proceso se
ve afectado tanto por la formaciéon de Zn*? como por la transferencia
de materia de las especies i6nicas del seno de la disolucion
electrolitica a la superficie del electrodo metélico de zinc.

Teniendo en cuenta esto, algunos de los pardmetros que afectan a
la disolucién-precipitacion de las nanoestructuras durante el

anodizado son:

» Composicion del electrolito. Con la adicidon de un disolvente a

un electrolito acuoso se ven alteradas propiedades como las
que se describen a continuacion:

o Viscosidad del electrolito. Esta afecta a la
contribucion de la difusién en la transferencia de
materia. En disoluciones que presenten una
mayor viscosidad, la formacion de las
nanoestructuras se vera retrasada.

o Constante dieléctrica del electrolito. El valor de
esta afecta a la precipitacibon de las
nanoestructuras. Dado que esta se puede

definir como la medida de la habilidad de un
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disolvente para disminuir las fuerzas de
atraccion entre iones en disolucién, una
disminucion en la constante dieléctrica del
disolvente conducird a que se produzca la
precipitacion de los iones en disolucion a
concentraciones mas bajas.

» Conveccion mecanica (velocidad de rotacion del electrodo). El

anodizado en condiciones hidrodinamicas dadas por la
rotacion del electrodo de disco rotatorio produce dos efectos
contrarios. Por una parte, retira y distribuye el Zn*? retrasando
la precipitacion. Por otra parte, favorece la transferencia de
materia (contribucién de la conveccion) de las especies en
disolucion desde el seno del electrolito hacia la superficie del
electrodo, acelerando la precipitacion [89]. También, al
favorecer esa transferencia de materia se puede aumentar la
velocidad de disolucién del zinc metalico a Zn*? si el proceso
esta controlado por fenédmenos de difusion.

» Tiempo de anodizado: es un parametro que afecta al

crecimiento de las nanoestructuras. Mas tiempo de anodizado
no implica necesariamente el mayor crecimiento de las
nanoestructuras, en longitud, por ejemplo. Este tiempo tiene
que ser el adecuado para que se produzca la precipitacion de
nanoestructuras hasta cubrir la superficie del electrodo.
Cuando no se pueda disolver mas zinc metalico porque la
superficie esta totalmente cubierta, el zinc que precipitara sera
el que se encuentra disuelto junto con las especies del

electrolito. Si el anodizado se prolongase durante mas tiempo,
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las nanoestructuras podrian redisolverse y formarse hasta

finalizar el anodizado.

» Temperatura del electrolito: este es un parametro que afecta

de manera transversal a la disolucién y precipitacion de las

nanoestructuras, ya que afecta a parametros como la

conductividad, difusiébn y solubilidad de las especies, entre

otros.

La Tabla 1 muestra a

anteriormente.

modo de resumen lo explicado

Tabla 1. Resumen de la influencia de los parametros del
anodizado electroquimico en el proceso de formacién de las
nanoestructuras mediante disolucidn-precipitacion.

Parametro del anodizado

Afecta a:

Potencial Disolucion  del  zinc  metalico
(formacién de zZn*?)

Tiempo Formacién de las nanoestructuras

Temperatura Disolucibn y  precipitacion  de

nanoestructuras

Condiciones hidrodindmicas

de flujo

Precipitacion de las nanoestructuras
Difusibn en la transferencia de

materia

Disolucion del zinc metélico

Difusion en la transferencia de
materia (velocidad de formacion de

nanoestructuras).

Conductividad
Viscosidad
Composicién
del electrolito
Constante
dieléctrica

Precipitacion de las nanoestructuras
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Por todo lo comentado, en la presente Tesis Doctoral se
sintetizardn  nanoestructuras de ZnO mediante anodizado
electroquimico y se aplicaran como fotodnodos de una celda
fotoelectroquimica para produccion de hidrégeno mediante

fotoelectrolisis del agua.
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Objetivos y estructura

1. Objetivos

El objetivo global de la Tesis Doctoral es el de sintetizar y
caracterizar nuevas nanoestructuras semiconductoras de 6xido de zinc
(ZnO) para su aplicacion en el area energética. Con esto se pretende
plantear una solucién a uno de los grandes retos que tiene hoy en dia
la sociedad: eliminar la dependencia de los hidrocarburos o
combustibles fosiles e implementar un nuevo modelo de energia
sostenible y limpio basado en energias renovables. La produccién de
hidrégeno como vector de energia se plantea como una solucion limpia
y sostenible a la actual probleméatica energética. Mediante la
fotoelectrolisis del agua se produce hidrégeno gaseoso a partir de la luz
solar empleando las nanoestructuras de ZnO sintetizadas como

fotocatalizadores.
Los objetivos particulares que se presentan son los siguientes:

a) Revision bibliogréafica de la sintesis de nanoestructuras de
ZnO mediante anodizado electroquimico. Para llevar a cabo una
investigacion sobre la sintesis de nanoestructuras de ZnO es
imprescindible conocer qué ha sido analizado y evaluado previamente
y qué falta por investigar. Por este motivo, se realizara una revision
bibliografica de la sintesis de nanoestructuras de ZnO mediante
anodizado electroquimico que abarcara los resultados publicados en
articulos cientificos hasta el momento. De esta forma, se analizara
como afectan los distintos parametros del anodizado a las
caracteristicas morfolégicas y estructurales, asi como a las propiedades

electroquimicas y fotoelectroquimicas de las nanoestructuras de ZnO.
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Por otra parte, a partir de estos resultados se orientara la sintesis de
nanoestructuras de ZnO a la investigacion de aquellos parametros del
anodizado cuya influencia en las caracteristicas y propiedades de las

nanoestructuras de ZnO sintetizadas todavia no haya sido investigada.

b) Sintesis de nanoestructuras de ZnO con elevada é&rea
superficial 'y optimizacion del proceso de anodizado
electroquimico. El electrodo semiconductor nanoestructurado es la
parte fundamental de las celdas fotoelectrocataliticas. Para su uso en
estos dispositivos, se requiere que estas nanoestructuras expongan
una elevada superficie activa al electrolito. Para ello, se empleara el
anodizado electroquimico como método de sintesis de nanoestructuras
ordenadas y en contacto directo con el colector de carga, que sera el
propio metal. Asimismo, se llevara a cabo la optimizacion de las
variables del proceso de anodizado electroquimico que no han sido

previamente investigadas en la bibliografia.

c) Caracterizacion morfolégica y estructural de las
nanoestructuras fabricadas. La morfologia y estructura cristalina de
las muestras estan estrechamente relacionadas con sus propiedades
fotoelectrocataliticas. Las nanoestructuras fabricadas se caracterizaran
mediante distintas técnicas para evaluar su morfologia y estructura
cristalina. Ademas, se realizard una caracterizacion estructural mas
exhaustiva de la muestra de ZnO que presente el rendimiento

fotoelectrocatalitico mas elevado.

d) Caracterizacion electroquimica y fotoelectroquimica de las
nanoestructuras fabricadas. Puesto que la aplicacion de las

nanoestructuras que se fabriquen sera una aplicacién en la que hay
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transferencia y transporte de electrones, asi como generacion de
portadores de carga mediante la accion de luz incidente, las
propiedades electroquimicas y fotoelectroquimicas de las mismas son
esenciales para estudiar su comportamiento como fotoelectrodos.
Consecuentemente, se evaluaran las propiedades electroquimicas y
fotoelectroquimicas de las muestras de ZnO mediante diversas
técnicas. Ademas, se realizara una caracterizacion electroquimica y
fotoelectroquimica méas exhaustiva de la muestra de ZnO que presente

el rendimiento fotoelectrocatalitico mas elevado.

e) Aplicacion de las nanoestructuras en el area energética. Las
nanoestructuras sintetizadas se aplicardn como fotodnodos para la
fotoelectrolisis del agua y se calculard la produccion tebrica de
hidrégeno obtenida empleando como fotodnodo la muestra de ZnO que
presente el rendimiento fotoelectrocatalitico mas elevado.
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2. Estructura

En la Figura 2.1 se muestra un esquema donde se expone la
estructura de la presente Tesis Doctoral. Como se puede observar, la
presente Tesis Doctoral estd constituida por 6 capitulos. A su vez, el
capitulo 4 esta formado por 6 secciones.

En el Capitulo 1 se realiza una introduccion tedrica sobre distintos
aspectos relevantes para la presente Tesis Doctoral. En primer lugar,
se exponen los antecedentes que justifican el interés de emplear los
recursos naturales, como la energia solar, para llevar a cabo distintos
procesos sostenibles y limpios basados en la fotoelectrocatélisis. A
continuacion, se desarrollan los fundamentos de los materiales
semiconductores, que son los materiales mas ampliamente utilizados
como fotocatalizadores. Posteriormente, se exponen los principios de
la fotoelectrocatdlisis de semiconductores y la produccién de hidrogeno
mediante esta técnica. Asimismo, se exponen los requisitos que ha de
satisfacer un fotocatalizador para su utilizaciéon en la produccién de
hidrégeno. Después, se muestran las propiedades fundamentales del
ZnO y se hace una pequefia revision de los distintos métodos de
sintesis de nanoestructuras de ZnO. Finalmente, se explica el
mecanismo de formacion de nanoestructuras de ZnO mediante
anodizado electroquimico y se analiza desde una perspectiva tedrica
como pueden afectar los parametros del anodizado a la formacion de

las nanoestructuras.
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Desarrollo de nanoestructuras de ZnO mediante anodizado electroquimico
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Figura 2.1. Estructura de la presente Tesis Doctoral.
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El Capitulo 2 recoge los objetivos que se pretende alcanzar con la

realizacion de la Presente Tesis Doctoral, asi como su estructura.

En el Capitulo 3 se exponen los métodos experimentales llevados
a cabo en la realizacion de la presente Tesis Doctoral. En primer lugar,
se detalla el procedimiento experimental llevado a cabo para la sintesis
de las nanoestructuras de ZnO mediante anodizado electroquimico.
Posteriormente, se explica el procedimiento experimental y los
fundamentos tedricos de las técnicas empleadas para la caracterizacion
de las muestras. Por ultimo, se explica el procedimiento de formacién
de hidrogeno empleando como fotocatalizador el ZnO sintetizado y el
calculo de la produccion tedrica de hidrégeno.

En el Capitulo 4 se exponen los resultados y la discusion de los
resultados obtenidos. Este capitulo esta dividido en 6 secciones. Dado
gue esta Tesis Doctoral es una Tesis por compendio de articulos, las
secciones 1, 2, 3y 5 corresponden a un articulo cientifico. Todas las
secciones de la 1 a la 6 estan divididas en los apartados siguientes:
introduccion, procedimiento experimental, resultados y discusion y

conclusiones.

La seccidn primera consiste en un articulo de revisiéon bibliografica
del anodizado de zinc. En este articulo se realiza una revision de la
influencia de los pardmetros del anodizado en las caracteristicas
superficiales de las nanoestructuras del ZnO. Posteriormente, se
analiza desde una perspectiva general la influencia de estas
caracteristicas en la aplicacion de las nanoestructuras de ZnO como
fotodnodos de distintas aplicaciones fotoelectrocataliticas (produccion

de hidrogeno mediante fotoelectrélisis del agua, celdas solares
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fotosensibilizadas por colorantes y fotodegradacién de compuestos

organicos).

La seccidon segunda presenta un articulo cientifico en el que se lleva
a cabo la sintesis de nanoestructuras de ZnO mediante anodizado
electroquimico empleando distintas condiciones hidrodinamicas de flujo
(a través de la variacién de la velocidad de rotacion del electrodo).
Ademas, en este articulo se realiza la caracterizacion morfolégica,
estructural, electroquimica y fotoelectroquimica de las nanoestructuras

sintetizadas.

La seccion tercera consiste en un articulo cientifico en el que se
realiza la sintesis de nanoestructuras de ZnO mediante anodizado
electroquimico variando simultdneamente la composicion del electrolito
y la velocidad de rotacion del electrodo. Asimismo, en este articulo se
realiza la caracterizacion morfolégica, estructural, electroquimica y

fotoelectroquimica de las nanoestructuras sintetizadas.

De las dos secciones anteriores, se obtienen las condiciones
Optimas de sintesis para la formacién de los nanocables de ZnO que

presentan el mejor rendimiento fotoelectrocatalitico.

En la seccion cuarta se realiza una caracterizacion mas exhaustiva
de las propiedades fotoelectroquimicas de los nanocables de ZnO que
presentan el mejor rendimiento fotoelectrocatalitico y se compara con

una muestra que presenta un rendimiento menor.

En la seccion quinta se expone un articulo cientifico en el que se
realiza una caracterizacibn méas exhaustiva de las propiedades

morfoldgicas, estructurales, electroquimicas y fotoelectroquimicas de
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los nanocables de ZnO que presentan el mejor rendimiento
fotoelectrocatalitico. Algunas de estas propiedades se comparan con

una capa compacta de ZnO.

En la seccion sexta se presenta la insolacion anual en Europa y en
Espafa, asi como la importancia de la produccion de hidrégeno a partir
de la energia solar. Ademas, se calcula la produccién teérica de
hidrogeno empleando los nanocables de ZnO sintetizados que

presentaron el mejor rendimiento fotoelectrocatalitico.

En el Capitulo 5 se expone un resumen de los resultados obtenidos
en la Tesis Doctoral.

Por ultimo, en el Capitulo 6 se exponen las conclusiones finales de

la presente Tesis Doctoral.
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Métodos experimentales

En este capitulo se expone el procedimiento experimental llevado
a cabo en la sintesis y caracterizacion morfoldgica, estructural,
electroquimica y fotoelectroquimica de las nanoestructuras de ZnO y
en su aplicacién para la produccion de hidrégeno. Ademas, se realiza
una breve explicacién de los fundamentos teoricos de los métodos y

técnicas empleados en la caracterizacion.

1. Formacién de nanoestructuras de ZnO mediante anodizado

electroquimico

La sintesis de nanoestructuras de ZnO se llevo a cabo mediante el
anodizado electroquimico de zinc. Para ello, se emple6 una barra de
zinc metdlico que se someti6 a un proceso de acondicionamiento
previo al anodizado. Ademas, tras el proceso de anodizado las
muestras se sometieron a un tratamiento térmico para obtener

nanoestructuras de ZnO con elevada cristalinidad.
1.1. Acondicionamiento de las muestras

Para llevar a cabo el anodizado electroquimico realizado en la
presente Tesis Doctoral se utilizaron barras cilindricas de zinc
metalico de elevada pureza (99,999 %) y unas dimensiones de 8 mm
de didmetro y 25 cm de longitud. En primer lugar, las barras de 25 cm
se cortaron en barras mas pequefias de 5 cm para que fuesen mas
manejables. Como resultado del proceso de mecanizado y del
proceso de cortado, las barras presentaban una superficie no
homogénea. Con la finalidad de obtener una superficie homogénea y

libre de impurezas, la superficie de la barra de zinc se sometié a un
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pulido en humedo con papeles de SiC de diferentes granulometrias

(240, 500 y 4000) hasta alcanzar un acabado con efecto espejo.

A continuacién, con la finalidad de eliminar cualquier resto
organico que pudiesen presentar las muestras, la superficie de las
muestras se sumergié en etanol en un bafo de ultrasonidos durante 1
minuto. Tras este proceso, la superficie se enjuagd con agua destilada

y se secO con una corriente de aire.

Finalmente, los laterales de las barras de zinc se cubrieron con
teflon con la finalidad de controlar el area expuesta al electrolito
durante el proceso de anodizado, que fue de 0,5 cm?.

1.2. Anodizado electroquimico

La Figura 3.1 muestra el esquema del montaje experimental en el
gue se llevd a cabo el anodizado electroquimico de zinc. Como se
puede observar el anodizado se realiz6 empleando una celda de dos
electrodos en el que la barra de zinc actu6 como anodo (electrodo de
trabajo) y una lamina de platino como céatodo (contraelectrodo). La
barra de zinc (de 0,5 cm? de area) se situd enfrentada a lamina de
platino (de 1 cm? de &area) a una distancia aproximada de 1 cm.
Ademas, la barra de zinc se encontraba acoplada a un electrodo de
disco rotatorio (RDE) que proporcionaba un control sobre la velocidad
de rotacién. Asimismo, ambos electrodos se encontraban inmersos en
un electrolito basado en una disolucibn acuosa de bicarbonato de
sodio. El electrodo de disco rotatorio se conecté al polo positivo de la
fuente de tensién a través de un multimetro, el cual se encontraba
conectado a un ordenador para registrar los valores de densidad de

corriente obtenidos durante el anodizado.
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1- Fuente de tensidn
2- Electrodode disco
rotatorio

3- Electrolito

4- Zn (anodo)

5- Pt (catodo)

6- Superficie
nanoestructurada
7- Multimetro

Figura 3.1. Esquema del montaje experimental empleado
para el anodizado electroquimico de zinc.

El proceso de anodizado se llevé a cabo fijando los parametros
que habian sido contrastados con la bibliografia y estudiando la
variacion de aquellos que no habian sido investigados. Para fijar estos
parametros se emplearon los valores que resultaron en la formacion
de nanoestructuras de ZnO con unas propiedades 6ptimas para su
aplicacion como fotocatalizadores en la produccién de hidrégeno [1-
5]. Asi, todos los ensayos de anodizado realizados en la presente
Tesis Doctoral se efectuaron de acuerdo con los valores fijos

recogidos en la Tabla 3.1.
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Tabla 3.1. Valores de los parametros del anodizado
electroquimico.

Parametro Valor
Potencial 10V
Temperatura Ambiente

P (25 °C)
. 10

Tiempo minutos

Concentracion
de NaHCOs3
en el 50 mM
electrolito
acuoso

Por otra parte, se investigd la variacion de las condiciones
hidrodinamicas de flujo, la modificacion del electrolito afiadiendo un
disolvente organico (etanol o glicerol) en distintas proporciones y su

interaccion.
e Variacion de la velocidad del RDE

El estudio de la influencia de las condiciones hidrodindmicas de
flujo se realiz6 llevando a cabo el anodizado con los parametros
fijados en la Tabla 3.1 a distintas velocidades de rotacion del electrodo
de disco rotatorio (RDE). Asi, el anodizado electroquimico se realizé a
0, 1000, 2000, 3000, 4000 y 5000 rpm.

e Variacion de la composiciéon del electrolito y su

interacciéon con la velocidad del RDE

Para el estudio de la influencia de la composicion del electrolito, se

utilizaron los parametros fijados en la Tabla 3.1. Asimismo, se
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emplearon diferentes electrolitos basados en disoluciones acuosas de
bicarbonato de sodio 50 mM con contenido variable (10, 25 0 50 % en
volumen) de etanol o glicerol. Ademds, estos experimentos se
efectuaron a dos velocidades de rotacion del RDE: 0 y 5000 rpm. Lo

comentado se recoge en la Tabla 3.2.

Tabla 3.2. Parametros variables durante el anodizado
electroquimico de zinc variando la composicion del electrolito y la
velocidad de rotacion del electrodo.

Disolvente % en Velocidad
organico volumen | del RDE

10
25 O rpm
30
10
25 5000 rpm
30
10
25 0 rpm
30
10
25 5000 rpm
30

Etanol

Glicerol

Antes de llevar a cabo el anodizado, se midi6é la conductividad de
los electrolitos recién preparados empleando un conductimetro
(CRISON BASIC 30).
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1.3. Post-anodizado

Tras el anodizado, se retir6 el teflon que cubria los laterales de las
muestras, se enjuago la superficie con agua destilada y se secé con
una corriente de aire. A continuacién, se prepararon las muestras para
cortarlas en cilindros mas pequefios de aproximadamente 4-5 mm de
longitud. Para ello, la superficie de las muestras se cubrié con un
capuchén de silicona y con teflon con la finalidad de proteger
totalmente las nanoestructuras del liquido refrigerante y las virutas
metdlicas que se desprenden durante el proceso de cortado. En la
Figura 3.2 se muestran las imagenes de la probeta colocada en la
cortadora.

Figura 3.2. Muestra anodizada cubierta por un capuchon de
silicona y teflén colocada en la cortadora.

Finalmente, las muestras cortadas se sometieron a un

calentamiento térmico con la doble finalidad de: i) convertir los
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hidroxidos e hidroxicarbonatos de Zn en ZnO vy ii) obtener

nanoestructuras de ZnO con elevada cristalinidad.

El calentamiento térmico de las muestras se realizd6 en un horno
tubular (Carbolite TVS 12/600) como el que se muestra en la Figura
3.3. Para el calentamiento, se mantuvo la temperatura a 300 °C
durante 1 hora en atmésfera de aire. La rampa de calentamiento
empleada hasta alcanzar los 300 °C fue de 15 °C/min. El enfriamiento

de las muestras se efectud por conveccion natural.

/v —_ W pa : is - — .,\'_ = *
(il
Figura 3.3. Controlador del horno (izquierda). Horno tubular

donde se llevé a cabo el calentamiento térmico de las muestras
(derecha).

En la Figura 3.4 se han esquematizado las modificaciones que
experimenta la barra de zinc durante todo el proceso hasta obtener la

muestra de ZnO cortada y calentada.
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— = =) 9

Pulido Teflonado Anodizado Cortado

Muestra calentada

Figura 3.4. Esquema del proceso experimentado por las
muestras desde el acondicionamiento hasta la obtencion final de
la muestra anodizada cortada (arriba). Fotografia de la superficie

de la muestra de ZnO tras el calentamiento térmico (abajo).

2. Caracterizacion morfoldgicay estructural

La morfologia y las caracteristicas estructurales del ZnO
desempefian un papel fundamental en su aplicacibn como
fotocatalizador en la produccién de hidrogeno. Con la finalidad de
conocer en detalle las caracteristicas morfolégicas y estructurales de
las muestras de ZnO sintetizadas se emplearon diversas técnicas
instrumentales. Estas técnicas comprenden la microscopia electronica
de barrido de emision de campo (FE-SEM), la microscopia de fuerza
atomica (AFM), la espectroscopia confocal laser Raman, la difraccion
de rayos-X (XRD) y la espectroscopia fotoelectronica de rayos X
(XPS).
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2.1. Microscopia electrénica de barrido de emisién de campo (FE-
SEM)

La microscopia electronica de barrido de emisiéon de campo ofrece
un amplio espectro de informacion relativa a la superficie de la
muestra. Para ello, una fuente de emision de campo emite un barrido
de haces de electrones (electrones primarios) con una determinada
aceleracion sobre un area de la superficie de la muestra. Esta area
viene dada por los aumentos. La interaccion de los electrones
primarios con la superficie de la muestra produce la emisién de
electrones (electrones secundarios), que son recogidos por un
detector. El angulo y la velocidad de los electrones secundarios
proporcionan informacién sobre la topografia de la muestra [6,7]. A
partir de esta informacion se construye una imagen digital de elevada
resolucién (imagen FE-SEM) de la superficie de la muestra.

En este trabajo se empled un microscopio electrénico de barrido
de emision de campo (ZEISS, ULTRASL5) para obtener imagenes de
elevada resolucion (del orden de los nanémetros) de la topografia de
las muestras de ZnO. Durante el analisis se utiliz6 un voltaje de
aceleracion de 2 kV. Ademas, se adquirieron imagenes a 100, 1000,
2500 y 5000 aumentos. En la Figura 3.5 se muestra una imagen de

este equipo.
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Figura 3.5. Microscopio electronico de barrido de emision de
campo (FE-SEM) empleado para la caracterizacion de las
muestras de ZnO.

2.2. Microscopia de Fuerza Atomica (AFM)

La microscopia de fuerza atomica se fundamenta en la
determinacion de las propiedades fisicas de la superficie de la
muestra a partir de su interaccion con una punta de una sonda
(cantiléver). Para ello, la punta se aproxima a una distancia critica de
la superficie de la muestra ocurriendo una deflexién del cantiléver fruto
de las fuerzas de atraccion y repulsibn que experimenta con la
superficie de la muestra [8,9]. El mapeo de esta deflexion se registra

proporcionando informacion sobre la topografia de la muestra.

En la presente Tesis Doctoral esta técnica se empled para evaluar
la rugosidad de las muestras de ZnO a través del parametro Sa
(media aritmética de la altura de la superficie). Para ello se utilizé un
microscopio de fuerza atdmica (WiTec) que operaba en modo AC

(corriente alterna) con un cantiléver oscilante a 0,5 V. El AFM se
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encontraba acoplado al microscopio confocal Raman, como se

observa en la Figura 3.6.

Figura 3. 6. Microscopio confocal laser Raman y AFM.

2.3. Espectroscopia confocal laser Raman

La espectroscopia confocal laser Raman incorpora un microscopio
laser confocal de barrido y la espectroscopia Raman. Con esto se
permite el andlisis de la estructura cristalina de las muestras a

distintas profundidades de la superficie.

La espectroscopia Raman estudia los modos vibracionales,
rotacionales y de baja frecuencia de un sistema. Para ello, se hace
incidir un haz de luz monocromatica de una determinada longitud de
onda sobre una muestra y se examina la luz dispersada por dicha
muestra. En el fendbmeno de dispersion, al incidir un foton sobre la
materia se excita un electron a un estado energético superior. En la
dispersion elastica o Rayleight, el electron se relaja y vuelve a su

estado energético inicial emitiendo un foton de la misma longitud de
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onda. La mayor parte de la luz experimenta este tipo de dispersion. La
dispersién Rayleight no aporta informacion sobre la composicion o la
estructura de la muestra. No obstante parte de la luz es dispersada
inelasticamente. En la dispersion inelastica o dispersibn Raman,
cuando el electrén se relaja no vuelve a su estado energético inicial de
forma que emite un fotébn con una longitud de onda distinta a la del
fotén incidente. Si el electrén vuelve a un estado con mayor energia
gue el inicial, se denomina dispersion Stokes, mientras que, si vuelve
a un estado con menor energia que el inicial, se denomina dispersion

anti-Stokes [10]. Esto se ha esquematizado en la Figura 3.7.

Energia

I L L
Dispersion Dispersion Dispersion Raman
Rayleight Raman Stokes anti-Stokes

Figura 3.7. Esquema de las diferentes formas de dispersion
de la luz al incidir sobre la materia.

La dispersion Raman es caracteristica de la naturaleza quimica y
del estado fisico de la muestra e independiente de la radiacion
incidente, por lo que sirve para identificar la composicion y estructura
de las muestras analizadas. Esto se hace mediante el andlisis de los
espectros Raman y su comparacion con patrones. Estos espectros

Raman consisten en un grafico de intensidad Raman en funcién del
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desplazamiento Raman (diferencia de frecuencia entre la radiacion

incidente y la radiacién dispersada).

En la presente Tesis Doctoral el andlisis Raman se llevé a cabo
empleando un microscopio confocal laser Raman (WiTec) utilizando
un laser de Nedn de 488 nm de longitud de onda. En la Figura 3.6 se

muestra la imagen de este equipo.
2.4. Difraccion de rayos X (XRD)

La técnica de difraccion de rayos-X es una técnica que permite
conocer detalles de la composicién y de la estructura de una muestra.
Se basa en la incidencia de un haz de rayos X con un angulo 6 sobre
una muestra plana. La radiacion difractada que resulta de la
interaccion del haz con la muestra es recogida por un detector. Esta
radiacion difractada depende de la distancia entre los planos
cristalinos de la estructura y del angulo de difraccion 6. Para que se
produzca la difraccién se ha de cumplir la ley de Bragg (ecuacion 3.1),
donde dna es el espacio entre los planos que producen la difraccién, A
la longitud de onda, 6 el angulo del haz de rayos X difractado y n un

namero entero [11].
nA=2dy, -sen(8) (3.1

Del andlisis de XRD se obtiene un patron de XRD que consiste en
un diagrama en el que se representa la intensidad en funcion de 26.
Este patrén es caracteristico de la estructura cristalina de un
determinado compuesto por lo que a partir de éste se produce la

identificacion de la composicion y estructura cristalina de la muestra.
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El andlisis de rayos-X de las muestras llevado a cabo en la
presente Tesis Doctoral se realiz6 empleando un difractémetro
D8AVANCE (Bruker) equipado con una fuente monocromatica de
Cu Ka1.

2.5. Espectroscopia fotoelectrénica de rayos X (XPS)

La espectroscopia fotoelectronica de rayos X es una técnica de
caracterizacion que proporciona informacién sobre las energias de
enlace de la muestra, permitiendo conocer en detalle de forma
cualitativa y cuantitativa los elementos presentes en la muestra y sus
estados de oxidacion. Esta técnica se fundamenta en la incidencia de
un foton de rayos X con una energia hu en un atomo. Si esta energia
es mayor que la energia de enlace, se expulsa un electron del &tomo
con una energia cinética, KE, expresada mediante la ecuacion 3.2
[12]:

KE=hv - BE -y (3.2

donde hu representa la energia del foton, BE la energia de enlace
y @ es una funcién de trabajo. Este proceso se ha esquematizado en

la Figura 3.8.
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Figura 3.8. Esquema del proceso fotoelectrénico que se

produce en la técnica de XPS.
En la técnica de XPS se determina la energia de enlace a partir de la
energia cinética del fotoelectron expulsado. La energia de enlace es
caracteristica de la energia de los electrones en orbitales
determinados. Conocer esta energia permite identificar los elementos
presentes en las muestras. Ademas, la energia de enlace depende del
estado de oxidacibn de cada elemento, lo que se conoce como
desplazamiento quimico. Este desplazamiento depende de la
diferencia de electronegatividad entre el elemento al que esta
enlazado el elemento identificado y el propio elemento identificado y
del tipo de enlace [13].

Del andlisis de XPS se obtienen unos espectros consistentes en
un diagrama que representa la intensidad en funcion de la energia de
enlace. Con la identificacién de los picos y su desplazamiento se
pueden conocer los elementos presentes en la muestra y su estado de
oxidacién. Por otra parte, con la intensidad relativa de los picos se

puede conocer la proporcion de estos elementos en la muestra.
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En la presente Tesis Doctoral se llevé a cabo el andlisis de XPS
de las muestras empleando un espectrometro de fotoelectrones de
rayos X (XPS, K-ALPHA, Thermo Scientific). Para recoger los
espectros se empleé radiacién de Al-K monocromatizada (1486,6 eV).
El analizador alfa hemisférico oper6 en el modo de energia constante
utilizando energias de escaneo de 200 eV para el espectro general de
la banda de energia y de 50 eV para el espectro de cada elemento
individualizado. Para el analisis de los datos se empleé el software
Avantage. Las areas de los picos se normalizaron mediante el uso de
una funcién para poder calcular la composicion relativa de la muestra
a partir de las areas de los picos del espectro. Por otra parte, la
compensacion de la carga fue proporcionada por electrones de baja
energia e iones de argon de baja energia.

3. Caracterizacién electroquimica y fotoelectroquimica
3.1. Descripcion de la celda fotoelectroguimica

Todos los ensayos de caracterizacion electroquimica vy
fotoelectroguimica de las muestras de ZnO, asi como el de produccién
de hidrogeno, se llevaron a cabo en una celda de tres electrodos que
empledé un céatodo de platino (1 cm?) como contraelectrodo y un
electrodo de referencia de plata/cloruro de plata (3 M KCI). Como
electrodo de trabajo se utilizaron las muestras de ZnO (fotoanodo) con
un area expuesta a la luz y al electrolito de 0,26 cm? Todos los
electrodos se encontraban conectados a un potenciostato (Autolab) e
inmersos en un electrolito. El electrolito empleado consistié en una
disolucién acuosa de Na.S 0,24 M y Na,SO; 0,35 M. Para las

condiciones de luz solar simulada AM 1,5 se emple6 una lampara de

100



Métodos experimentales

Xenoén (100 mW/cm?). En la Figura 3.9 se muestra una imagen de la

celda de 3 electrodos.

Ampliacion de la celda de 3 electrodos

1- Simulador solar 5- Celda

2- Electrodo de electroquimica
referencia 6- Fotoanodo de
3- Catodo de Pt Zn0O

4- Caja de Faraday 7- Conexion de Cu

Figura 3.9. Imagen y ampliacién de la celda de 3 electrodos
con identificacién de sus componentes.

Ademés, la celda donde se realizO la caracterizacion
electroquimica y fotoelectroquimica se encontraba situada en el
interior de una caja de cobre (caja de Faraday) (véase la Figura 3.10).
Dicha caja se encontraba totalmente cerrada durante los experimentos
con la finalidad de impedir la entrada de luz no controlada y evitar
cualquier perturbacion del exterior. Durante las condiciones de
iluminacion la apertura situada en la cara superior de la caja estaba
descubierta, de manera que la muestra de ZnO quedaba directamente
iluminada por la ldAmpara de Xendn, mientras que en condiciones de
oscuridad la apertura se encontraba cubierta, de forma que la muestra

de ZnO no recibia nada de luz del exterior.

101



Capitulo 3

= B ; 1 [

Simulador sola

S|

|5 I!’j .-l‘
PR R
é ‘ ‘-vjelectrodos& ==
57 : S

7

Figura 3.10. Montaje experimental donde se llevo a cabo la
caracterizacion electroquimica y fotoelectroquimica de las
muestras de ZnO.
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3.2. Densidad de corriente frente a potencial aplicado

Los ensayos de densidad de corriente frente al potencial aplicado
en condiciones intermitentes de iluminacién y oscuridad proporcionan
informacion sobre las propiedades electroquimicas y
fotoelectroguimicas de las muestras. En la Figura 3.11 se muestra un
diagrama tipico de densidad de corriente frente al potencial aplicado
en condiciones intermitentes de luz/oscuridad para un fotodnodo de
Zn0O. Como se puede observar, el ensayo comienza en el potencial de
circuito abierto del sistema (Uoc). Los escalones en la densidad de
corriente se corresponden con la intermitencia de la luz/oscuridad. Asi,
los valores mas bajos del escal6n se asocian a las condiciones de
oscuridad, mientras que los valores mas altos corresponden a las

condiciones de iluminacién (densidad de fotocorriente).
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Figura 3.11. Densidad de corriente en condiciones
intermitentes de iluminacion (luz)/ oscuridad frente al potencial
aplicado vs. Ag/AgCl.

Cuando el fotoanodo de ZnO esta bajo iluminacién, absorbe los
fotones de hu > Eg y se produce la formacion de pares electrén/hueco.
Cuando los pares electron/hueco experimentan recombinacion, el
valor de la densidad de corriente en iluminacion coincide con el valor
de densidad de corriente en oscuridad, debido a que los portadores de
carga no son separados y, por tanto, no se genera una densidad de
corriente. En la Figura 3.11 esto ocurre a valores de potencial aplicado
proximos al valor de Uoc. Conforme se incrementa el potencial
aplicado hacia valores mas positivos se favorece la separacion
efectiva de los pares electron/hueco fotogenerados, hasta que se
alcanza una situacion en la recombinacion es bastante menos
importante. Esta situacion se puede observar en los valores elevados

de densidad de fotocorriente de la Figura 3.11 con respecto a la
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densidad de corriente en oscuridad. En este caso, los pares
electrén/hueco fotogenerados participan en las reacciones de

oxidacién y reduccion del electrolito.

A partir de estos diagramas se puede conocer el potencial de inicio
de fotocorriente (onset). Este potencial se corresponde con el
potencial aplicado al que se observa un escalon en la densidad de
corriente y, por tanto, el potencial aplicado al que empieza a haber
una separacion efectiva de los pares electron/hueco fotogenerados.
Asimismo, se puede conocer el potencial aplicado con el que se
obtiene un valor mas elevado de densidad de fotocorriente,
relacionado con el rendimiento fotoelectrocatalitico de las muestras.
Ademas, el valor de densidad de fotocorriente se relaciona con la
produccion de hidrégeno, como se vera en el apartado 4 de este
capitulo.

Para llevar a cabo estos ensayos se registré la densidad de
corriente frente al potencial aplicado (vs. Ag/AgCl) en condiciones
intermitentes de luz/oscuridad (60 s sin luz y 20 s con luz), realizando
un barrido de potencial desde el potencial a circuito abierto de las
muestras, Uoc= -1,00 V, hasta +1,06 V con una velocidad de barrido
de 2 mV/s.

3.2. Ensayo de estabilidad

La estabilidad de la muestra de ZnO en su aplicacion como fotoanodo
se evalud registrando la densidad de corriente en condiciones de
iluminacion frente al tiempo a un potencial aplicado fijo de -0,46
Vagiagcl. Este valor de potencial se escogié por ser el potencial al que

se obtuvieron las densidades de fotocorriente mas altas.
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3.4. Andlisis de Mott-Schottky

El analisis de Mott-Schottky permite determinar el tipo de
semiconductor (n o p), la densidad de especies donantes o0 aceptoras
del semiconductor y el potencial de banda plana (Urg). Este analisis se
basa en el cdalculo de la capacitancia total de la interfase
semiconductor/electrolito a partir de la impedancia del sistema [14]. El
valor de capacitancia total de la interfase en disoluciones no muy
diluidas viene dado por la suma de la capacitancia de Helmholtz y la
capacitancia de la region de la carga espacial. Para evitar que en la
medida de la capacitancia total se incluyan perturbaciones dadas por
los estados superficiales, en este analisis se impone una corriente
alterna a una frecuencia constante, que se fija en un valor elevado (5-
10 kHz) [15]. La ecuacion 3.3 muestra la ecuacion de Mott-Schottky
para un semiconductor de tipo n [16]:

1 1 1 1 2
==t 2 2
C Cy Csc Cy ggge Np

(UA'UFB'%T) (3.3)
donde C es la capacitancia total, Cy es la capacitancia de
Helmholtz, e es la carga del electrén, & es la permitividad en el vacio,
& es la constante dieléctrica relativa del semiconductor, Np es la
densidad de especies donantes, Ua es el potencial aplicado, Ugs es el
potencial de banda plana, k es la constante de Boltzmann y T es la

temperatura absoluta.

Asi, la representacion de 1/C? frente a Ua da lugar a una recta de
pendiente A positiva para un semiconductor de tipo n (de pendiente
negativa para un semiconductor de tipo p), en la que el valor de la

densidad de portadores de carga, Np, se puede determinar a partir de
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la pendiente A y el valor de Ugg viene dado con el corte de la
extrapolacion de la recta en el eje X, como se observa en la Figura
3.12.

o é = F_:endiente >0
:\JE o] Semiconductorde
S @ tipon
= 9]
Q 4 2
- o Np=——
EpEre
o o*r
©
o
¢ Urs=-7

OOO-OOOOOOOO{QOI

Potencial aplicado (Vagagci)

Figura 3.12. Representacion de 1/C? frente al potencial
aplicado. Né6tese que de esta representacion se obtiene una recta
de ecuacién y = Ax + B a partir de la cual se calculan los valores
de densidad de portadores de carga Np y el potencial de banda
plana Ugs.

Ademas, la capacitancia de la capa de Helmholtz puede
determinarse de los diagramas de Mott-Shottky en la zona del
potencial de banda plana ya que, por definiciébn, en esta zona el
comportamiento capacitivo de la interfase se debe Unicamente a la

contribucion de la capa de Helmholtz, Cy.

Los ensayos de Mott-Schottky se realizaron en condiciones de
iluminacion y en condiciones de oscuridad realizando un barrido de
potencial de -0,2 a -1 Vagagcl Utilizando una amplitud de sefial de 0,01

V a un valor de frecuencia de 5 kHz.

106



Métodos experimentales

3.5. Espectroscopia de impedancia fotoelectroquimica (PEIS)

La espectroscopia de impedancia fotoelectroquimica (PEIS)
estudia los procesos de recombinacion y transferencia de carga que
tienen lugar en la interfase semiconductor/electrolito en condiciones
de iluminacién [17]. Para ello, se fundamenta en que la interfase se
puede considerar como un conjunto de elementos pasivos

(resistencia, capacitancia) de un circuito eléctrico.

La técnica de PEIS se basa en la aplicacién de una perturbacion
de potencial de tipo sinusoidal en un amplio rango de frecuencias a un
fotoelectrodo de una celda fotoelectroquimica que se encuentra
expuesto a la luz y en la medicion de la corriente respuesta. Esta
corriente respuesta es también del tipo sinusoidal. Cabe mencionar
que la perturbacién de potencial aplicada es de pequefia magnitud,
por lo que no produce una polarizacion del sistema. Ademas, para una
correcta interpretacion de los resultados de PEIS es necesario que el

sistema se encuentre en estado estacionario durante el ensayo [18].

Por la ley de Ohm, la impedancia del sistema se define como el
cociente entre la sefial de potencial aplicado y la sefal de la corriente
respuesta, como se puede observar en la ecuaciéon 3.4 [19], donde Ug
e lp son la amplitud de las sefiales de potencial y de corriente,
respectivamente, w es la frecuencia angular (w = 2mf, siendo f la
frecuencia), t es el tiempo y ¢ es el desfase del &ngulo entre la sefial
de potencial aplicado y la sefal de corriente registrada.

uq - Upsen (wt) - sen (wt)

Z= 1(t) Ipsen (wt+ @) 0 'sen (wt+ @)

(3.4)
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En la Figura 3.13 se representa la sefial de potencial de entrada y
la sefial de corriente respuesta en funcién del tiempo en un sistema
fotoelectroquimico. En este sistema, el desfase ¢ que se produce
entre la sefial de potencial y la sefial de respuesta depende del
comportamiento del fotoelectrodo. Asi, si se comporta como una
resistencia pura no se produce desfase (¢ = 0), mientras que si se
comporta como un condensador ideal se produce un desfase de la
corriente con respecto al potencial de 90° (¢ = 90°). Generalmente, los
procesos de recombinacion y transferencia de carga que tienen lugar
en la interfase semiconductor/electrolito tienen un comportamiento

similar al de una resistencia en paralelo con un condensador (RC).

N\
/
. \-\ /| Sefialde entrada
-\ / \ /| v =Upsen(wy
S / \ /
\/ / \/ /
\/ \/
Tiempo

Figura 3.13. Representacion gréfica de la sefial de entrada y
la sefial respuesta frente al tiempo para un sistema
fotoelectroquimico. Notese que la corriente se encuentra
desfasada con respecto al potencial un valor ¢.
Ademas, la impedancia compleja de un sistema fotoelectroquimico
depende de la frecuencia w. Esta impedancia se puede escribir a
través de la expresion de la ecuacion 3.5, donde j =v-1. La parte

compleja de la impedancia est4 asociada con los comportamientos
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capacitivos, mientras que la parte real se asocia a los

comportamientos resistivos del sistema.
Z () = Zrear _jZimaginaria =7 _jZ” (3.5)
Diagramas de Nyquist, Bode-fase y Bode-médulo

Con los resultados proporcionados por la técnica de PEIS se
construyen los diagramas de Nyquist, Bode-fase y Bode-médulo. La
interpretacion conjunta de estos diagramas permite extraer

informacioén valiosa de la interfase semiconductor/electrolito.

En el diagrama de Nyquist se representa la parte compleja de la
impedancia (Z”) frente a la parte real (Z°) [20]. La parte izquierda del
grafico corresponde a altas frecuencias y la parte derecha a bajas
frecuencias. En los sistemas fotoelectroquimicos estudiados, el
diagrama de Nyquist presenta generalmente una o0 Vvarias
semicircunferencias asociadas a procesos que tienen lugar en la
interfase semiconductor/electrolito, como se puede observar en la
Figura 3.14. Cada una de estas semicircunferencias se asocia con un
elemento RC denominado constante de tiempo. La amplitud del
semicirculo esta relacionada con la resistencia de los procesos que
tienen lugar en la interfase. El corte con el eje real a altas frecuencias
proporciona el valor de la Ri1 (en nuestro sistema la resistencia del
electrolito Rs), mientras que a bajas frecuencias proporciona el valor
de la resistencia total del sistema Rt. Por tanto, este grafico se emplea
generalmente para calcular la resistencia de los distintos elementos y
procesos que tienen lugar en la interfase (resistencia del electrolito,
resistencia a la recombinacion, resistencia a la transferencia de carga,

etc).
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27 (Q - cm?)

Z' (Q -cm?)
Figura 3.14. Ejemplo de diagrama de Nyquist. Rs representa
la resistencia del electrolito, mientras que Rt representa la
resistencia total del sistema.

En el diagrama de Bode-fase se representa el &ngulo de fase -¢
frente a la frecuencia [20]. En los sistemas fotoelectroquimicos
estudiados, el diagrama de Bode-fase presenta generalmente una o
varias campanas gaussianas asociadas a una o varias constantes de
tiempo (véase la Figura 3.15). El proceso asociado a la constante de
tiempo presenta un comportamiento de condensador mas ideal cuanto

mas proximo a -90° es el valor de -¢ de la campana.

-$ (grados)

Frecuencia (Hz)

Figura 3.15. Ejemplo de diagrama de Bode-fase en el que se
observa una campana gaussiana asociada a una constante de
tiempo.
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Finalmente, en el diagrama de Bode-mddulo se representa el
maodulo de la impedancia frente a la frecuencia [20]. A partir del limite
a altas frecuencias se puede obtener el valor de R1 (asociado a la
resistencia del electrolito Rs). Por otra parte, del limite a bajas
frecuencias se puede extraer el valor de la impedancia total. En la

Figura 3.16 se muestra un ejemplo de diagrama de Bode-maodulo.

N
—

By,
.......u-u RS

12| (Q-cnP)

Frecuencia (Hz)
Figura 3.16. Ejemplo de diagrama de Bode-md&dulo. Rs
representa la resistencia del electrolito y Zt la impedancia total.
Mediante la interpretacibn de estos diagramas y los modelos
tedricos y experimentales de la bibliografia, los datos se ajustan a un
circuito equivalente constituido por elementos pasivos (resistencias y
condensadores). El ajuste de los datos de impedancias a este circuito
permite calcular los valores de los elementos asociados a los
procesos que tienen lugar en la interfase semiconductor/electrolito,
como la resistencia del electrolito, la resistencia y la capacitancia

asociada a la recombinacion y a la transferencia de carga, etc.

Los experimentos de PEIS llevados a cabo en la presente Tesis
Doctoral se realizaron en condiciones de iluminacion empleando

distintos potenciales aplicados (vs. Ag/AgCI). Ademas, se realizaron
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en un rango de frecuencias comprendido entre los 100 kHz y los 10
mHz empleando una sefial de potencial de amplitud 0,01 V. Por otra
parte, el ajuste de los datos experimentales de PEIS al circuito
equivalente se realizé utilizando el software Zview. En la Figura 3.17
se muestra un esquema del circuito equivalente al que se ajustaron

los datos experimentales.

Figura 3.17. Esquema del circuito equivalente al que se
ajustaron los datos de PEIS experimentales.
Célculo de la capacitancia asociada al elemento de fase

constante

Los datos experimentales se ajustaron a un circuito equivalente en
el que se emplearon elementos de fase constante (CPE) en lugar de
condensadores puros para tener en cuenta la no-idealidad del sistema
(véase la Figura 3.17). El parametro a asociado a cada CPE indica la
desviacion de la idealidad. Cuando a =0 el CPE se considera una
resistencia pura y cuando a =1 se considera un condensador puro. El
valor de la capacitancia C asociada al elemento de fase constante se
puede calcular a partir de los datos de R, CPE y a obtenidos con el

software Zview a través de la expresion de Brug (ecuacion 3.6).

C=CPEY*.RU-®/& (3.6)
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4. Produccién de hidrégeno mediante fotoelectrélisis del agua

Durante el ensayo de densidad de corriente frente al potencial
aplicado (apartado 3.2 del presente capitulo) se produce la formacion
de hidrégeno gaseoso en el catodo mediante la fotoelectrélisis del
agua. El proceso de formacion de hidrégeno que tiene lugar en la
celda fotoelectroquimica en la que se llevaron a cabo estos ensayos
(véase el apartado 3.1 del presente capitulo) se ha esquematizado en
la Figura 3.18. Cuando el fotodnodo de ZnO se encuentra bajo
condiciones de iluminacion, absorbe fotones de energia mayor al valor
de energia de banda prohibida (Eg) con la subsecuente formacién de
pares electron/hueco. Cuando el potencial aplicado provoca un campo
eléctrico suficiente para que se produzca la separacion efectiva de los
pares electrén/hueco, los huecos fotogenerados se dirigen hacia la
interfase ZnOl/electrolito y participan en la oxidacion del electrolito
acuoso. Los electrones fotogenerados se dirigen hacia el contacto
trasero y son transportados hacia el catodo a través de un circuito
generando una corriente i. En el catodo, los electrones participan en la

reduccién del agua para formar hidrégeno gaseoso.
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Potencial aplicado
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Figura 3.18. Esquema del proceso de produccion de
hidrégeno mediante la fotoelectrélisis del agua que tiene lugar en
la celda fotoelectroquimica empleada durante los ensayos.
La densidad de corriente registrada durante los ensayos se relaciona
con la produccién de hidrégeno mediante las leyes de Faraday. Asi,
los moles de hidrégeno tedricos (nHz) que se forman en el catodo de
la celda fotoelectroquimica durante los ensayos se pueden calcular

mediante la ecuacion 3.7 [21,22].
nHy= 2 =1t A1 (3.7)

donde i es la densidad de fotocorriente registrada, A es el &rea del
fotoanodo de ZnO, t es el tiempo, e es el numero de electrones
intercambiados (2, para el hidrégeno) y F es la constante de Faraday
(96500 C/mol).

114



Métodos experimentales
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Abstract

Solar energy is a clean an abundant energy source. In a
photoelectrochemical cell (PEC), energy from sunlight is captured and
converted into electric power, chemical fuels such as hydrogen or
employed to degrade organic pollutants, inter alia. ZnO is a promising
material for photoelectrocatalysis due to its remarkable properties. The
aim of this review is to perform an exhaustive revision of
nanostructured ZnO synthesis by electrochemical anodization in order
to control surface characteristics of this material through anodization
parameters such as electrolyte type and concentration, potential, time,
temperature, stirring and post-treatment. Finally, application of ZnO
nanostructures is overviewed to observe how surface characteristics

affected the ZnO photoelectrocatalytic performance.

Keywords: ZnO nanostructures, anodization, size, morphology,

photoelectrocatalyst.

Word count number: 15708
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1. Introduction

Fossil fuels dependence together with the estimated increase in
world energy consumption [1] and the impact of fossil fuel on global
warming and climate change lead to the development of renewable
energy sources. Solar energy is an abundant clean energy source: the
energy that strikes the earth’s surface in one hour is higher than the
energy consumed by human activity in an entire year [2]. In this sense,
photoelectrocatalysis is an interesting field since photons from solar
energy source subsequent produce oxidation and/or reduction
reactions on the surface of the photocatalyst that are responsible for
different processes. As a result of these processes,
photoelectrocatalysis is used, among other applications, to produce
energy in dye sensitize solar cells (DSSCs), hydrogen by water
splitting and to degrade persistent and toxic organic compounds in

water.

Photocatalysts could be divided in two groups: on the one hand,
semiconductors including metal oxides, nitrides, or sulfides and on the
other hand, metal nanoparticles that possess localized surface
plasmon resonance (LSPR) [3]. Usually, metals presenting strong
LSPR are noble metals that are highly expensive which limits their
extensive industrial application [3]. In contrast, semiconductor
materials are usually relatively low-cost [3]. and are extensively studied
as photocatalyst due to several properties that make them very

suitable for light harvesting [4].

In the last decades titanium dioxide (TiO,) has been the most

significant material studied for photoelectrocatalysis [5]. However,
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alternative materials such zinc oxide (ZnQ), iron (lll) oxide (Fe;03) and
tungsten trioxide (WO3) have been studied as photocatalysts in diverse
processes in the past few years [6—13]. Particularly, ZnO interest as
photocatalyst has been increased in the last decade. This is reflected
in the increase in the number of scientific publications that have
sharply grown from 2010 (see Figure 1). Part of the interest in ZnO is
owing to its promising properties, such its wide direct band gap of 3.37
eV [14-17], very similar to TiO», higher electron diffusivity than TiO-
[18] and high electron mobility, from 10 to 100 higher than TiO, [19]
which facilitate electron transport and reduce recombination rate. In
addition, ZnO is easy to grow [20], biologically compatible [21],
environmental-friendly [21] and relatively low-cost, cheaper compared
to TiO2 [5,22].

One strategy to enhance photoelectrocatalytic performance of
semiconductors is nanostructuration [23]. Nanostructured morphology
increases the specific surface area with the subsequent enhancement
of the active area that absorbs light [19] and the amount of photo-
generated charge carriers [23]. In addition, it decreases recombination
since the diffusion path lengths for the charge carriers are shorter [19].
Finally, small size could increase activity of the semiconductor
photocatalyst due to the appearance of quantum confinement effects
[24]. In particular, ZnO presents these effects in particles sizes below 6
nm while in most metal oxides an excessively small particle size, minor
than 2-3 nm, is required to induce them [25]. Likewise, surface
characteristic such as defects, type of nanostructured morphology and
size play a fundamental role in ZnO photoelectrochemical behavior
[26,27]. Thus, control of these ZnO surface characteristics is crucial in

materials science development.
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Figure 1. Number of scientific publications containing ZnO

and photocatalyst sorted by year. Data collected from Scopus.
Surface characteristics of the ZnO could be easily designed by its
synthesis through electrochemical anodization. In general, this
technique presents the advantage of offering greater control of the
ZnO size and morphology than vapor phase methods. Besides, in
contrast with vapor phase synthesis, anodization presents the
advantages of low-cost set-ups, simplicity and being unnecessary
noble catalysts, low pressures and high temperatures [28]. On the
other hand, the synthesis through anodization is usually faster than
through other methods included in liquid phase methods. In addition,
preparation of a substrate (to grow the ZnO nanostructures) is usually
required in the synthesis using liquid phase methods. Conversely, in
the synthesis of ZnO nanostructures through electrochemical
anodization the metallic zinc act as a substrate which has no more
requirements than to be polished and cleaned. For all these reasons,

electrochemical anodization constitutes a non-expensive, simple, fast
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and effective method to synthesize ZnO for applications in which
surface characteristics play a fundamental role, such as

photoelectrocatalytic applications.

The present work focusses on reviewing the formation of
nanostructured ZnO materials and its application as photocatalysts.
For this purpose, at first main properties of ZnO will be discussed.
Since ZnO can be obtained in a great variety of nanostructures
depending on the methods of synthesis and conditions, an overview of
the main synthesis methods for ZnO nanostructuration will be
performed. In particular, electrochemical anodization and influence of
anodization parameters in the formation of the ZnO nanostructures will
be exhaustively review in order to summarize the main conclusions
achieved in nanostructured ZnO controlled design. Finally, application
of ZnO nanostructures as photoanodes, short fundaments and
overview, will be discussed including ZnO application in dye sensitized
solar cells, photoelectrochemical water splitting and degradation of

organic pollutants.

2.Zn0O properties

ZnO is an n-type semiconductor material [29] of the II-VI family. It
can crystallize presenting the structures of zinc blende, sodium
chloride and hexagonal wurtzite. At room temperature, the most
thermodynamically stable crystalline structure that ZnO presents is
hexagonal wurtzite. However, the zinc blende structure can be
obtained by growing ZnO on cubic crystalline structure substrates,
while the NaCl structure can be obtained at relatively high pressures
[30].
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The wurtzite structure (Figure 2) has a hexagonal unit cell in which
each oxygen atom (from group Il) is surrounded by four zinc atoms
(from group IV) and vice versa being coordinated at the corners of a
tetrahedron. The wurtzite crystal structure of ZnO belongs to the space

group Cg,or P6zmc.

® Oxygen

O Zinc

Figure 2. ZnO wurtzite crystal structure.

In addition, ZnO has a wide bandgap energy of 3.44 eV at low
temperatures and 3.37 eV at room temperature [31]. Thus, it absorbs
photons with a wavelength lower than 368 nm, corresponding to the
UV region of the solar spectrum.

The position of its energy bands allows the decomposition of water
by photoelectrocatalysis and the formation of hydrogen. One drawback
of ZnO is that it is not resistant to corrosion and photo-corrosion in
acidic media [19], so this type of electrolyte cannot be employed with

this material. However, this is solved by using an alkaline electrolyte.

The conductive properties of ZnO are due to defects in its
structure. The point defects that form in the crystalline structure of ZnO
are oxygen vacancies and interstitial zinc atoms. These defects

constitute electron donor centers lifting the Fermi energy close to the
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conduction band edge and giving ZnO nanostructures an n-type
semiconducting behavior. It is essential to know these characteristics,
since electronic and photocatalytic properties of ZnO can be controlled
through the control of these surface defects. The most studied ZnO
defect is probably oxygen vacancies, Vo [32]. It has been reported that
ZnO with high Vo presented a bandgap narrowing and, therefore, an
increase in light absorption in concordance with higher photocurrent
response when irradiated with visible light [33]. Some pathways to
introduce these defects have been described in the literature
depending on the synthesis method and conditions [33]. One effective
strategy to induce the creation of oxygen vacancies is carrying out the
post-treatment of the as-anodized samples under oxygen-deficient
conditions [32]. Therefore, annealing of the samples in inert
atmospheres (He, N2, Ar) or vacuum lead to the formation of ZnO with
a richer concentration of Vo. Moreover, the concentration of vacancies
could be also madified annealing the nanostructures in air atmosphere.
In this line, it was reported that Vo in the ZnO samples decreased
when the samples were annealed at higher temperature [33].
However, ZnO structural defects can also act as recombination centers

reducing photoelectrochemical performance.

Another important characteristic of ZnO is the high mobility of
charge carriers. For ZnO single crystal an electron mobility of 200 cm~
V-istand a hole mobility of 180 cm? Vs has been reported [25]. Due
to a higher charge transfer, high charge carriers mobility reduce
electron-hole pairs recombination, which is an important feature in a

photoelectrocatalytic process.
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In addition, enhancement of photoelectrocatalytic activity of ZnO
materials could be achieved through nanostructuration design strategy.
In this sense, photomodulation measurements stablished that electron
transport in nanorods was tens to hundreds of times faster than in
nanoparticles [34]. An important characteristic of ZnO is that it
presents anisotropic growth [35] and it is very versatile. Thus, it can be
easily obtained in various nanostructured morphologies that
significantly affect its properties [26].

3. Synthesis methods

Nanostructured ZnO have been synthesized using both vapor and
liquid-phase-based methods. In the following section a small overview
of the most common synthesis methods will be performed. In
particular, a deeper review of the electrochemical anodization method
for the synthesis of ZnO nanostructures will be carried out.
Additionally, the different anodization conditions reported in the
literature and its influence on the synthesis of ZnO nanostructures will

be deeply analyzed.
3.1. Vapor-phase methods

The vapor phase synthesis includes a broad spectrum of material
synthesis techniques. In general, it begins with the evaporation of a
precursor material followed by rapid cooling to form the nanostructures
on a substrate (deposition) [36—38]. These methods are classified
mainly by the nucleation and growth mechanism including physical or
chemical reactions and the energy source used to evaporate the

materials [39]. In this way, within vapor phase methods depending on
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the nucleation and growth mechanism it could be distinguished
between physical and chemical vapor deposition techniques. Thus,
sputtering [40], thermal evaporation [41], pulsed laser deposition (PLD)
[42], electron beam deposition (EBPVD) [43] and cathodic arc
deposition (Arc-PVD) [44] are common physical vapor deposition
techniques and aerosol pyrolysis deposition (spray pyrolysis) [45,46]
and organometallic chemical vapor deposition (OMCVD) [47] common
chemical vapor deposition techniques. In general, the techniques
included in vapor-phase synthesis employ expensive set-ups and
costly environmental conditions, such as the use of noble catalyst, high
temperature (500-1400 °C) and low pressure [26].

For example, ZnO nanostructures were synthesized by Li et al. [48]
by means of water-assisted physical vapor deposition method using
metallic zinc powders (purity 99.99 %) as the material source and an
Au-silicon substrate that was previously prepared by sputtering.
Experimental set-up is schematized in Figure 3. Ar gas was used as
carrier flow and water vapor was placed inside de furnace where the
process took place for providing the required oxygen for ZnO. The
system was vacuumed by a mechanical pump to KPa level, and then
was heated up untii 730 °C (rate of 20 °C/min) keeping this
temperature for 40 min. Zn powder source was gradually vaporized
and then diffused to the substrate. Finally, the ZnO nanostructures
were deposited on the silicon substrate following vapor-liquid—solid
growth mechanism in which Au nanoparticles on the Si substrate

surface acted as catalysts.

Similarly, Biroju and Giri [49] synthesized hybrid ZnO

nanorods/nanowires through chemical vapor deposition technique.
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Previously, graphene substrate was prepared by chemical vapor
deposition on copper that afterwards was transferred to Si/SiO. and
quartz substrates. Subsequently, Au film catalyst film was deposited
on the substrates by radio frequency (RF) magnetron sputtering. Some
of the Au-coated substrates were annealed at 600 °C in an Ar
atmosphere. Activated zinc powder (purity 99.9 %) source material
was placed at the center of the quartz furnace. Initially the system was
pumped down to 10 mbar. Substrate temperature was 540 °C and the
furnace was heated up until 550 °C using Ar gas as carrier. When the
furnace achieved 550 °C oxygen gas was introduced in the system and
the pressure was kept at 1.4 mbar during growth time (50 min). After
this time, the furnace was cooled down to room temperature and ZnO
nanorods/nanowires were formed at the substrate. Some of the ZnO
samples were annealed at 500 or 700 °C under high vacuum for 2 h or
Ar atmosphere for 1 h.

Tube Furnace

Ar gas - ~
e, . Sourc¢ —
| water I | i‘ .i I

- I

Figure 3. Schematic illustration of ZnO nanostructures
fabrication by water-assisted physical vapor deposition.
Reproduced from [48].

3.2. Liquid-phase methods

Liquid phase synthesis (LPS) has emerged as one of the most

important synthesis methods due to its many advantages. These
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advantages include better control of chemical
composition/stoichiometry, morphology and size distribution, easy
surface modification, low production cost, scalability, and the use of
low temperatures. Therefore, LPS usually offers greater control of
material morphology compared to vapor phase methods. Over the
years, various liquid phase synthesis routes have been developed for
the synthesis of nanostructured metal oxides. Among them, solution-
based growth techniques [50], chemical bath deposition [51,52], sol-
gel methods [53], hydrothermal [54], autocombustion methods [55] and
electrochemical anodization [19] have proven to be very effective while

growing ZnO nanostructures.

The sol-gel method is a widely studied liquid phase chemical
technique for the synthesis of nanostructured materials. This method
begins with the formation of a stable precursor solution (sol), typically
of metal alkoxides and chlorides, which through various hydrolysis and
condensation reactions forms a colloidal dispersion in a network (gel).
Subsequently, the sol-gel is dehydrated, sintered and calcined to
obtain the nanostructured metal oxide [38]. For instance, Yue et al.
[53] synthesized ZnO nanotubes by sol-gel method. Firstly, porous
alumina substrates used as growing template were prepared by two
step anodization at 40 V and at 5 °C in oxalic acid aqueous electrolyte
for 2 h (first anodization) and 15 min (second anodization), preceded
by thermal annealing of the aluminum foils at 500 °C for 5 h. In the sol-
gel process, equimolar zinc acetate and diethanolamine were
dissolved in ethanol and stirred at room temperature until obtaining a
clear uniform sol. The alumina substrate was immersed for 30 min in
the sol and then was dried in air. Subsequently, the alumina substrate

with the embedded sol was annealed at 500 °C for 2 h. As a result,
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ZnO nanotubes (70 nm diameter) were formed on the alumina

template.

On the other hand, hydrothermal is a technique in which the
synthesis of the ZnO materials is produced by heterogeneous
reactions in aqueous solution under temperature and pressure
conditions higher than ambient. For this, a mixture of precursors is
introduced into a sealed stainless steel autoclave and heated above
the boiling point of water generating a drastic increase in the pressure
of the system [38]. The nucleation and growth of the ZnO
nanostructures is generally carried out for several hours. As an
example, Marlinda et al. [54] synthesized ZnO nanostructures with
different morphologies (baton, star, flower and rod) through
hydrothermal method. In this sense, a zinc acetate dihydrate (zinc ions
0.1 M) and ammonia aqueous solution was prepared adjusting pH
from 9 to 12 with NaOH 0.1 M while solution was stirred at 60 °C. The
mixture was introduced then in an autoclave at 180 °C for 24 hours
where the chemical reactions involved in the ZnO formation took place.
Since a conductive substrate is required for photoelectrochemical
applications, ZnO nanostructures had to be placed in a modified DRP-

110 screen-printed carbon electrodes (SPCESs).

Finally, chemical bath deposition is based on the formation of the
ZnO by deposition on a substrate which is immersed in dilute solutions
of zinc ions and hydroxide ions source [56]. The resulting ZnO
characteristics are strongly dependent wupon the deposition
temperature, pH, reagents, substrate, post-treatment annealing
temperature, etc [52,57]. In this context, Rosli et al. [51] synthesized

ZnO nanostructures by chemical bath deposition using zinc nitrate
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(Zn(NO3)2-6H20) and HMTA (CsH12N4) as reagents. Prior to deposition,
glass substrates were coated with ZnO seed layer using RF
magnetron sputtering and were thermal annealed at 400 °C for 1 hour.
For the chemical bath deposition process, firstly, a solution with each
reagent (zinc nitrate and HMTA) was prepared. Secondly, both
solutions were mixed in 1:1 volume in a beaker and prepared
substrates were vertically immersed. Then, the beaker was heated in
an oven at 96 °C for 3 hours to grow the nanostructures. After this, the
samples were washed with distilled water and dried by nitrogen blow.
Finally, the samples were thermal annealed at 400 °C for 1 hour.

3.3. Electrochemical anodization

Electrochemical anodization of metals has been employed in
industry as a surface treatment technique to provide resistance against
uncontrolled oxidation, abrasion and corrosion [58]. This technique
consists of an electrolytic passivation commonly employed for
increasing the thickness of the natural oxide layer on the surface of
valve metals [59]. Even if anodization has been developed for a long
time, it was in the 1990s when the potential of this technique was
discovered to fabricate highly ordered nanostructures by optimizing
anodization conditions [60]. During electrochemical anodization, a
constant voltage or current is applied between the anode and the
cathode of an electrochemical cell (Figure 4), both immersed in an
electrolyte. Electrode reactions occurring on the surface combined with
ion diffusion lead to the formation of an oxide layer on it [61]. In
contrast with other synthesis techniques that require high energy,
temperature, pressure or long times, electrochemical anodization is a

relatively low-cost [22,26,62], rapid [63] and effective method to
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produce ZnO nanostructures under mild conditions [19], allowing large-
scale synthesis [22,63]. Besides, the growth of the nanostructures
takes place directly on the metallic zinc substrate anode, that would
act as the metallic back contact of the ZnO electrode [64,65], which is
required for its application as photocatalyst. That would reduce
recombination reactions that take place on the union ZnO-metallic
substrate and decrease cell efficiency. Additionally, the anodic
oxidation of zinc is a technique that offers great controllability, since by
adjusting anodization parameters the growth and formation of the ZnO
nanostructures can be modified. Thus, the precise control of the
anodization conditions leads to the formation of ZnO nanostructures
with a desired size and morphology. These morphological
characteristics have a great influence on its properties [26,27] and
represent a very important feature on the material design for specific
applications, such as photoelectrocatalysis [27].

According to this, in the last years several authors have studied
different parameters during anodization of zinc and their effect on the
size and the morphology of the synthesized ZnO nanostructures with
the aim of controlling nanostructures formation and properties. These

works are summarized in Table 1.
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Table 1. Summary of the ZnO nanostructures synthesized by electrochemical anodization in the

literature.
Morphology Electrolyte Anodization conditions Post-treatment Reference
ZnO nanoneedles Zincate (Zn(OH) 4 %) . Si substrate [66]
= Length:550- saturated aqueous " Current density:
560 nm solution 0.067-1.5 mA/cm?
= Diameter: 10- " Duration: 500-
15 nm (tip); 50-60 5000 s
nm (base) . Temperature: 20
°C
ZnO stripes 0.2- 4 M HzSO4 in . Potential: 3-20 V [67]
" 800 nm size | ethanol solution " Duration: 1 hour
polygonal flakes . Stirring speed:
180 rpm
Self-aligned and 1- 6 M NaOH . Current density: [68]

flower-like ZnO
nanowires
= Length: 500,
700 nm
] Diameter:
100 nm (base);
sharp tip

agueous solution
and study of the
addition of Zn(NO3)

8.33 mA/ cm?

. Duration: 60 min
(fixed); 15-60 min
(variable)

. Room
temperature (25+1 -C)
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Morphology Electrolyte Anodization conditions Post-treatment Reference
ZnO nanodots, 1 wt. % HF aqueous . Potential: 9.7- - [26]
nanowires-like and solution with 30 or 16.7V
nanoflakes 50 v.% methanol . Duration: 30 s -30

. Thickness: 30 | content min

nm

" Size: 500 nm-

1pm
Flower-like ZnO 5-50 mM KHCO3 . Potential: 5-50 V | Thermal annealing: [69]
nanowires agueous solution . Duration: 1 min- 4 | 250 ° C for 30 min in

. Length: hour air

maximum 100 pm
= Diameter:
100 nm

. Temperature: -3
°Cto70°C
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Morphology Electrolyte Anodization conditions Post-treatment Reference
ZnO nanosheets and | 0.2 M . Potential: 1 V Thermal annealing at | [70]
sunflower (NH4)2SO4 + 0.2 M . Duration: 5-40 250°Cfor2 hin Ar

. Sheet NH4Cl aqueous min
thickness: 20 nm solution " Room
= Sheet size: temperature (25+2 -C)
20-50 pm . Stirring
" Sunflower
size: 400-500 pm
ZnO nanosheets Different aqueous " Potential: 10 V Dried in oven [71]
solutions varying . Duration: 30, 60 overnight
concentration: and 90 min.
b (NH4)QSO4
and NaOH
L) (NH4)2SO4
. NaOH
. NH.Cl and
NaOH
ZnO nanosheets 50 mM (NH4)2S04 + . Potential: 5-15V | Dried in oven [72]

12.5-37.5 mM
NaOH

. Duration: 90 min
" Stirring on/off

overnight
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Morphology Electrolyte Anodization conditions Post-treatment Reference
Flower-like ZnO 5 mM KHCOs3 . Potential: 10 V ] Drying: 80 °C | [73]
nanowires aqueous solution . Duration: 10-60 . Thermal

min annealing: 300 °C
for 3 hin air
ZnO nanosheets and | 0.1 and 1 M of . Potential: 1 and Thermal annealing in | [74]
flower-like nanowires | different 40 V air at 200 or 300 °C
electrolytes: . Duration: 1 min for 2 hours

" Ethanolic and 1 h

solutions of of " Temperature: 0

HzPOy4, HCl, and 10 °C

H>C>04, NaOH or

HNOs

" KHCO3

agueous solution
Flower-like ZnO 5 mM KHCO3; . Duration: 60- 600 | Drying at 80 °C [75]

nanowires
= Length:
maximum 70 pum
(function of
anodization time)

agueous solution

S
Potentiostatic:

Ll Potential: 10 V
Galvanostatic:

. Current density:

6.4 and 10 mA/ cm?
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Morphology Electrolyte Anodization conditions Post-treatment Reference
ZnO nanosheets of HF and water 1:10 . Potential: 1-20 V | Thermal annealing at | [76,77]
variable size volume " Duration: 1-10 400°Cfor2 hinair |[78]

min [79]
[80]
ZnO nanowires 10-50 mM KHCO3 . Potential: 10 V = Drying: 65 °C | [81]
= Length: 50- agueous solution . Duration: 30 min for 45 min
100 pm . Room = Thermal
= Diameter: temperature annealing: 250 °C
150-250 nm for 45 min
ZnO nanowires 5 mM KHCOs . Potential: 10 V ] Drying: 80 °C | [82]
= Length: 14 agueous solution . Duration: 50 min = Thermal
pm. . Room annealing: 400 °C
] Diameter: temperature for 1 hin air
180 nm
Flower-like ZnO 0.05-0.20 M of . Potential: 1-10 V = Thermal [83]
nanowires and KHCO3, NaHCOg3or . Duration: 1- annealing: 300 °C | [84]
hierarchical ZnO NH4HCO3; aqueous 120min for 1 hinair (1 °C/
solution . Temperature: 5- min)
20°C Hierarchical:
. Constant stirring ] 24 hin
deonized water
and post-

thermalannealing
(300 °C for 1 h)
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Morphology Electrolyte Anodization conditions Post-treatment Reference
ZnO nanosheets 1.0 M NaOH + 0.25 | Three-electrode cell: - [22]
" Lateral M Zn(NO3)2 . Potential: -1 and -
dimension: 400 nm | aqueous solution 0.7 Vvs. SCE
. Thickness: " Duration: 1 h
tens of nanometers " Room
temperature
Flower-like ZnO Mixture of 1-100 mM . Potential:1-10 V Thermal annealing at | [85]
nanowires NaHCO3; aqueous . Duration: 1 s-30 250°Cforlh
and ethanol solution min
in 10:1 volume
Flower-like ZnO 50 mM KHCOg3; + 30 | Single and two-step = Drying 65°C | [16]

nanotubes,
nanowires and
hierarchical

mM Na,CO3
aqueous solutions

anodization:

. Potential: 10 V, 5
V (second anodization)
] Duration: 30 min,
10 min (second
anodization)

. Room
temperature

for 1h

= Thermal
annealing: 250 °C
for 1 hinair (1 °C/
min)

= Water
treatment: 24 hin
deionized water
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Morphology Electrolyte Anodization conditions Post-treatment Reference
Flower-like ZnO Two-step Two-step anodization: Thermal annealing at | [86]
nanotubes and anodization . Potential: 10 V 400 °Cfor 2 hiin
nanowires = First: 6.8 mM (first), 20 V (second) oxygen ambient

= Length: 14 NaHCOs; (aq.) . Duration: 10 min

pum. . Second: 0.2 | Single-step anodization:

" Tube mM NaHCO3 " Potential: 10 V

diameter: 100-300 | Single-step . Duration: 10 min

nm anodization:

= Tube pore: " 6.8 mM

10-200 nm NaHCOs + 5.7 mM

Na.COs (aq.)

Flower-like ZnO 5 mM NaHCO:s (aq.) . Potential: 10 V Thermal annealing at | [62]
nanowires " Duration: 20 min | 100-300 °C for 2h in

= Length: . Room air (2 °C/ min)

higher than 20 pum. temperature

" Diameter:

100-200 nm.
Flower-like ZnO 5-50 mM NaHCOs + . Potential: 5-20 V | Thermal annealing at | [63]
nanowires 5 mM NH;HCO3 . Duration: 1-30 200 h for 2 h in air (2

. Length: min °C / min)

maximum 100 pm. . Stirring: on/off

. Room
temperature
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Morphology Electrolyte Anodization conditions Post-treatment Reference
ZnO nanosheets HF and water 1:10 . Potential: 5 V Thermal annealing at | [87]
volume. . Duration: 6 min 200-400°C for 2 hiin
air
Flower-like ZnO 50 mM NaHCO3 . Potential: 10 V Thermal annealing at | [19]

nanowires

. Duration: 10 min
. Controlled
hydrodynamic
conditions: 0-5000 rpm
. Room
temperature

300 °C for 1hin air
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Even when interaction between anodization parameters is relevant
during nanostructures formation, the isolated variations of these
parameters and its effect were reported in the literature. The main

conclusions of these studies are described below.
Electrolyte effect

Both electrolyte composition and concentration have been reported

in the literature.

Electrolyte composition

In general, electrolyte composition has a special impact on the
ZnO nanostructures morphology. Since several names for one specific
morphology were found in the literature, morphology names given by
the authors will be not followed in the present section and same
morphologies will be designed using the majority name.

Ramirez Canon et al. [74] studied anodization of zinc in ethanolic
solutions of 0.1 and 1 M of orthophosphoric acid (HsPO,), nitric acid
(HNOs), hydrochloric acid (HCI), oxalic acid (H2C204), sodium
hydroxide (NaOH), and an aqueous solution of potassium bicarbonate
(KHCOs). They found that electrolyte composition affected the ZnO
nanostructures morphology (see Figure 5). Thus, “flake-like”
nanostructures were formed using orthophosphoric acid while
nanosheets were obtained in nitric and hydrochloric acid,
interconnected nanowires were obtained for oxalic acid, and flower-like
nanowires were formed in ethanolic sodium hydroxide and aqueous

bicarbonate electrolytes, respectively.
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Figure 5. SEM images of morphologies obtained with different
electrolytes: (a) HsPO4, (b) HNOs3, (c) HCI, (d) H2C204, (e) NaOH
and (f) KHCOs. Reproduced with permission from [74], © The
Royal Society of Chemistry.

On the other hand, anodization of zinc in different electrolytes was
found in the literature. Hence, formation of ZnO nanoflakes (Figure 6
a) was reported using 1 weight % HF, 30 or 50 volume % methanol
aqueous electrolyte [26]. However, in HF and water solution 1:10
volume, ZnO nanorombs (Figure 6 b) were formed [76—78]. Similarly,
Kim and Choi [67] performed zinc anodization in identical conditions
(10 V, 1 hour) using as electrolyte 0.2 M sulfuric acid in water and in
ethanol. Since oxide formation and dissolution of the oxide are
restricted in ethanolic electrolyte, different morphologies were obtained
in water and ethanol electrolytes. Thus, a stair-like morphology was
observed in the former, while ZnO stripes were observed in the latter.
Furthermore, ZnO nanosheets (Figure 6 c) were obtained in
ammonium sulfate-based electrolytes: (NH4).SO, [71], 0.2 M
(NH4)2S04 + 0.2 M NH4CI [70], (NH.)2SO4 + NaOH [71,72]. Likewise,
this kind of nanostructure was formed, as well, in 1 M NaOH and 0.25
M Zn(NO3) [22].
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Figure 6. FESEM images of diverse ZnO nanostructured
morphologies obtained by electrochemical anodization: (a)
nanoflakes (reproduced with permission from [26], © Elsevier), (b)
nanorombs (reproduced with permission from [76], © Elsevier), (c)
nanosheets (reproduced with permission from [70], © Elsevier),
(d) flower-like nanowires, (e) flower-like nanotubes and (f)
nanotubes magnification (e and f reproduced with permission from
[16], © The Royal Society of Chemistry 2016).

Additionally, formation of 1-D ZnO presenting flower-like nanowires
(Figure 6d) were reported mainly in bicarbonate electrolytes (NaHCOs3

or KHCOg). Anodization of zinc in these electrolytes has been the most
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studied. The growth mechanism of ZnO nanostructures during
anodization of zinc in bicarbonate solutions has been described in the
literature [69,75,83,85] and is schematized in Figure 7. In the initial
stages of anodization, dissolution of metallic zinc is produced with the
subsequent formation of pits on the electrode surface. Then, the
formation of nanowires starts with the formation of discrete
nanoflowers of short wires growing radially from the same nucleation
point, which occurs near to or within the pits, presumably due to the
localized high concentration of Zn?* ions (Figure 7a). The growth of the
nanostructures continues with the increase of both the number and
size of the wire nanoflowers (Figure 7b). When the surface of the
electrode is crowded with nanoflowers, this produces the inhibition of
the nanowires growth in the likely-parallel surface direction as a result
of the proximity of nanoflowers overlapping and competing for the
space. However, in the case of nanowires growing perpendicular to
substrate, they can freely grow without impediments, expanding
gradually until constituting uniform aligned nanowires instead of
discrete nanoflower structures (Figure 7c). Miles et al. [83] observed
that after some time of wire enlargement the formation of much
widening hexagonal wires was produced over the existing nanowires
film. Besides, they observed the formation of hierarchical thinner wires
coming from the division of these wider hexagonal wires in the next
steps of the nanostructures formation. On the other hand, Mah et al.
[85] reported the distribution of the nanowires forming a network- like
structure at high enough times of anodization (at 15 and 30 min in their

experiments).
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Figure 7. FESEM images of pits formation and nanoflower
wires growth at (a) 20 s, (b) 50 s and (c) 2 min in NaHCO3
electrolyte. Reprinted from [85], © The Electrochemical Society.
Reproduced by permission of IOP Publishing. All rights reserved.

The composition of the as-anodized nanostructures has been
reported by several authors to be based on zinc hydroxides and
hydroxicarbonates [62,63,69,85] that convert successfully to wurtzite
ZnO after thermal annealing in air at temperatures higher than 150 °C
[62].

Additionally, Faid and Allam [16] added 30 mM Na,COs; to the
anodization bicarbonate electrolyte (50 mM NaHCOgs), which resulted
in the formation of ZnO flower-like nanotubes (Figure 6e) structure
instead of nanowires. Similarly, Katwal et al. [86] performed
anodization in 6.8 mM NaHCOs; and 5.7 mM Na,COs; electrolyte and
ZnO flower-like hybrid nanowires and nanotubes were formed during

10 min anodization at 10 V.

Electrolyte concentration

In bicarbonate-based electrolytes, there is a broad consensus in
the literature about the effect of bicarbonate (sodium or potassium)
concentration. It was observed that when concentration was increased

the growth rate of nanostructures also increased [83]. Thus, more

149



Capitulo 4- Seccidén primera

flowers of wires were originated at the initial stages, which lead to the
formation of thicker layers and higher surface density of
nanostructures [74]. Besides, it was elucidated that nanoflower size
decreases with increasing concentration [74], increasing nanowires
aspect-ratio. Nevertheless, Miles et al. [83] reported that sufficiently
high NaHCOg3; concentration (200 mM in their experiment) lead to

fracturing and flaking of the electrode surface.

On the other hand, when anodization was performed in 0.1 M and
1 M of different electrolytes (ethanolic orthophosphoric acid, nitric acid,
hydrochloric acid, oxalic acid, sodium hydroxide) it was determined
that electrolyte concentration had an important impact on
nanostructures size since involved a higher concentration of the zinc
ion and a higher concentration of hydroxyls groups, which formed ZnO
[74]. Consequently, higher concentrations lead to formation of denser
nanostructures, and thus, thicker ZnO layers were obtained. Moreover,
when the concentration of the electrolytes was increased higher
surface density of nanostructures was achieved [74]. Likewise, H,SO4
concentration (0.2— 4 M) in ethanol solution was studied [67]. It was
found that when H,SO. concentration increased, formation of larger
gaps between the formed ZnO stripes occurred, achieving formation of
dissolved stripes and craters at 4 M H,SO,. Stripes formation was
attributed to rapid dissolution of ZnO by water coming from H>SOa.
Therefore, increasing H>SO. concentration lead to higher dissolution of
formed ZnO. In addition, effect of (NH.).SO4 concentration (25-75 mM)
in 25 mM NaOH electrolyte during zinc anodization at 10 V for 90
minutes was studied by Goh et al. [71]. It was observed that at low
concentration (25 mM) nanosheets formation was incomplete, while at

50 mM nanosheets were formed. Besides, when concentration was
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increased until 75 mM dissolution of ZnO seemed to took place. That
was explained with the possible formation of a zinc sulfate
intermediate. Nevertheless, when (NH.).SO. and NaOH concentration
was increased together to 1 M and 0.5 M, respectively, ZnO
nanosheets were formed since even dissolution effect given by SO2*
species promoted dissolution, OH" from NaOH promoted formation of
ZnO, therefore these effects are canceled and ZnO nanosheets
formation occurred [71]. Similarly, Farrukh et al. [88] studied the effect
of NaOH concentration (12.5-37.5 mM) in 50mM (NH.).SO. electrolyte
during zinc anodization at 10 V for 90 min. They found that when
NaOH concentration increased from 12.5 to 25 mM, the amount of
nanosheets increased while size of the sheets decreased and empty
spaces between them became smaller. Therefore, NaOH promoted
nanostructures formation. Finally, at 37.5 mM of NaOH changes in the

nanostructures morphology was produced.
Potential effect

In bicarbonate electrolytes, it was reported that the increase on the
anodization potential led to a major formation of pits and nanoflowers
of wires at the initial stages due to a higher dissolution of zinc [85].
Moreover, the diameter of the nanoflowers was higher at higher
voltages [85]. Likewise, the increase in the nanostructures growth rate
(observed in the increment of the nanostructured film thickness) is
reported while increasing potential [83] with the limitation that,
depending on the other anodization parameters, a high enough voltage
produced damages on the nanostructures surface. In this sense, Hu et
al. [69] appreciated that elevated voltages (~40 V in their experiment)

lead to generation of oxygen evolution gasses on the anode and
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therefore to the crack and peeling of the surface. Thus, they stablished
10-20 V as the optimal anodization potential. Additionally, Ramirez-
Canon et al. [74] observed the formation of dense nanostructures at
higher potential and that anodization at 40 V produced the formation of
linked structures between adjacent wires forming a network- like

structure.

Similarly, anodization was performed in ethanolic 0.2 M H>SO.4
electrolyte for 1 hour at different potentials: 3, 10 and 20 V. It was
found that, analogously to increasing sulfuric acid concentration, an
increase in potential led to higher dissolution of ZnO and, therefore, to
the creation of larger empty spaces between neighboring stripes [67].
In addition, in 50-50 vol.% methanol-water, 1 mass% HF electrolyte
when the applied potential was increased from 9.7 to 16.7 V, zinc
interstitial defects decreased, increasing crystallinity of the formed ZnO
nanoflakes [26]. This was attributed to higher production of oxygen
atoms when increasing voltage applied, and thus, to a higher chance
to Zn atoms and oxygen atoms to collide [26]. Likewise, Farruk et al.
[88] studied the effect of anodization potential (5,10 and 15 V) in
ammonium sulfate and sodium hydroxide electrolytes. It was observed
that size of the ZnO sheets increased when applied potential increased
from 5 to 10 V. Nevertheless, at 15 V nanosheet size was almost the
same. This was explained since heating produced by the anodic
current lead to an increment in the local temperature. Thus, the
chemical etching was increased under higher potential, counteracting
the effect of increasing ZnO thickness layer. Moreover, anodization at
1 and 40 V in different ethanolic electrolytes was studied: ethanolic
HsPO., HNO3, HCI, H2C,04, NaOH [74]. It was found, that, comparably

to increased concentration, increased potential from 1 to 40 V led to
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higher Zn*? formation during anodization, and, consequently, higher
growing rate of ZnO, resulting in denser nanostructures, especially for
ZnO films produced in HNO3;, NaOH and HCI. Moreover, for H.C,04
and HsPO, electrolytes anodization at 40 V resulted in formation of pits

in the ZnO layer.
Time effect

In bicarbonate electrolytes, as would be expected, a higher
anodization time produced the enlargement of the nanowires and
therefore, the increase of the nanowires length [69,73—75,83]. Besides,
synthesized ZnO nanowires became thinner when time was increased
[69,85]. Additionally, elevated anodization time (~ 60 min) resulted in
the formation of network- like structures between wires [74].

In a mixed solution of methanol and water, 50-50 vol.% and 1
mass% HF electrolyte when anodization was performed at 9.7 V from
30 seconds to 30 minutes it was found that morphology of the
nanostructures was dependent on anodization duration. Thus, short of
irregular nanowires were formed at lower anodization times, while at
10 minutes formation of nanoflakes was produced and when time
increased to 30 minutes, sort of nanodots were obtained [26].
Similarly, when anodization was performed in different ethanolic
electrolytes (HzPO4, HNO3, HCI, H>C,04, NaOH), the increase in
anodization duration, in general, resulted in the formation of denser
ZnO films, being more pronounced at higher electrolyte concentrations
due to higher availability of zinc ions [74]. Moreover, effect of
anodization duration from 5 to 40 minutes was also investigated in 200
M (NH.4)>SO4 and 200 mM NH.CI under 1V [70]. It was found that at 10
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minutes of anodization the surface was completely covered by
nanosheets. However, when time was increased to 20 and 40 minutes,
structures similar to sunflower (400-500 um diameter) were formed
due to oxygen bubbles accumulation [70]. Equally, anodization using
different times (30, 60 and 90 minutes) at 10 V in a mixture of 50 mM
(NH4)2S0O, and 25 mM NaOH electrolyte was studied [71]. It was
observed that at 30 min of anodization, the formation of the ZnO
nanosheets structure was incomplete, while at 60 and 90 minutes ZnO
nanosheets were completely formed. Besides, nanosheet size
increased with anodization time, achieving more packed and uniform

nanostructures at 90 minutes of anodization.
Temperature effect

In bicarbonate electrolytes, several works studied temperature
effect. Thus, at the initial stages of anodization it was reported that at
higher temperatures it produced a major formation of pits was
produced [69]. Furthermore, it was found that temperature during
anodization had a strong effect on nanowires growth rate. In this line,
Miles et al. [83] reported the increase of ~5 times the growth rate with
the increase of the temperature in 15 °C. Besides, the increase in the
growth rate was produced without causing damage to the
nanostructured surface. However, Hu et. al [69] reported cracks and
surface peel off at temperatures lower than 5 °C, while thicker
nanowires were formed at 0 °C in comparison with those formed at 10
°C [74]. Additionally, when anodization was performed at near ambient
temperatures (20 °C) extremely high nanowire growth rates of 3.2
mm/min were reported, which was higher for NaHCO3 than for KHCOs

electrolyte [83].
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On the other hand, anodization at 0 and 10 °C was studied for
different ethanolic electrolytes: HzPO4, HNOs, HCI, H,C>0, and NaOH
[74]. It was found that influence on temperature was different for the
distinct electrolytes. For instance, when anodization was carried out in
HNOs electrolyte at 1 V and 0 °C, the amount of nanostructures per
unit area was slightly increased, and nanostructures presented smaller
sizes in comparison with these anodized at 10 °C in the same
conditions [74]. Additionally, wusing HCI electrolyte, denser
morphologies were achieved at 0 °C. Nevertheless, for C;H:Oa,

temperature did not influence nanostructures formation.
Stirring effect

In bicarbonate electrolytes, the effect of stirring was studied for
several authors. Zaraska et al. [63] observed ~2 times nanowires
growth ratio when stirring during anodization at 10 V in 5 mM NaHCOs
electrolyte, while Hu et. al [69] reported that stirring was unnecessary.
That suggests the importance of controlling rotation speed during
anodization. Experiments of anodization under controlled
hydrodynamic conditions (from 0 to 5000 rpm) by stirring the electrode
reported the formation of thinner nanowires when rotation speed was
increased [19]. Besides, controlled rotation speed prevented the
formation of cracks on the electrode surface, which were observed in

the samples anodized at stagnant conditions [19].

On the other hand, effect of stirring during formation of ZnO
nanosheets in ammonium sulfide and sodium hydroxide was evaluated
[71,88]. Results showed that stirring led to more uniform nanosheets

formation [88]. Besides, nanosheets were smaller in size [71]. This
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was explained even since OH are well distributed, the ZnO formed
redissolved due to stirring and inhibited larger nanosheets growing
[71].

Post-treatment effect

Ramirez-Canon et al. [74] performed anodization in different
ethanolic solutions (H3PO4, HNOs;, HCI, H.C,O, and NaOH) and
KHCO3; aqueous solution. X-ray diffraction analysis of the as anodized
samples after anodization showed that they presented a mixture of
amorphous and crystalline ZnO. However, thermal annealing treatment
carried out at 200 or 300 °C for 1 hour resulted in increasing
crystallinity of the ZnO nanostructures [74]. On the other hand, post
thermal annealing from 200 to 400 °C for 2 hours in air was carried out
for samples anodized in 1:10 volume mixture of HF acid and deionized
water [87]. This work revealed that ZnO crystal size and crystallinity
phase incremented when increased annealing temperature.
Additionally, it was observed that at 360-400 °C oxygen interstitials
appeared. These interstitials, which were the dominated acceptor

defects, were the responsible for creating zinc vacancies.

Additionally, the study of the thermal annealing of the samples
anodized in 5 mM NaHCOs; electrolyte at 10 V was carried out between
100 and 300 °C [62]. This work suggested that thermal treatment at
100 °C was not sufficient to achieve conversion of the as-anodized
samples to ZnO. Moreover, it was determined that conversion to ZnO
wurtzite structure was produced by thermal annealing above 150 °C.
Besides, crystallinity of the samples increased with increasing thermal

annealing temperature, which was confirmed with the gradual increase

156



Resultados y discusion

of the ZnO crystal size. However, optical band gap energy (eV) of the

annealed ZnO was not affected by temperature [62].

In general, in investigations in which thermal annealing was not
performed, ZnO nanostructures mostly amorphous [67], with poor
crystal quality [26] and many structural defects [67,89] were formed.
However, several investigations [16,19,63,69,70,73] demonstrate that
thermal annealing (between 250-400 °C) resulted in the formation of
ZnO wurtzite structure with good crystallinity.

Finally, some other works reported the effect of water treatment in
ZnO nanostructures anodized in bicarbonate electrolytes [16,83].
Water treatment was carried out immersing the annealed ZnO
nanostructures in deionized water for 24 h followed by thermal
annealing. Results showed that this treatment resulted in the
morphology conversion of ZnO nanowires to hierarchical

nanostructures [16,83].

Two-step anodization effect

Flower-like nanotubes structure was achieved by two-step
anodization of zinc in bicarbonate electrolytes. On the one hand,
applying 10 V for 30 min followed by 5 V for 10 min in 50 mM NaHCOs;
resulted in the formation of combined nanowires and nanotubes
structure [16]. On the other hand, when anodization was performed at
10 V followed by a second anodization at 20 V in bicarbonate

electrolytes [86] nanotubes structure was achieved.
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4. Applications in photoelectrocatalysis

ZnO has been employed successfully as photocatalyst in many
applications. In a photocatalytic process two phenomenon are
involved: light absorption and further chemical reactions (Figure 8).
Under illumination, the ZnO electrode absorbs photons with energy
above the band gap. Hence, electrons from the valence band (VB) are
excited to the conduction band (CB) with the subsequent generation of
holes in the VB [90]. The photogenerated electron-hole pairs could
experiment recombination or could be effectively separated and
participate in redox reactions with the electrolyte. Consequently, the
position of the conduction band and the valence band is related to the
reduction and oxidation strength of the ZnO. Thus, ZnO conduction
band edge must be higher than the reduction potential of the reaction
and valence band edge must be lower than the oxidation potential.

Red.

C.

hv

Figure 8. Schematized representation of a photocatalytic
process in which electrons in the conduction band reduce the
electrolyte and holes in the valence band oxidize the electrolyte.
“Red.” means to the reduced electrolyte and “Ox.” to the oxidized
electrolyte.

As a result of potential differences between the ZnO surface and

the bulk an electric field is generated, which is responsible for electron-
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hole pairs separation. However, in a photoelectrocatalytic process an
external bias is applied in order to improve charge carrier separation,
providing enough voltage to carry out the reaction and/or overcome the

slow kinetics.
4.1. Photoelectrochemical water splitting

A simple configuration of a photoelectrochemical (PEC) cell for
water splitting using a ZnO electrode consists of a ZnO photoanode
and a metal cathode, both immersed in an aqueous electrolyte, as it is
schematized in Figure 9. The fundament of the water splitting process
is the conversion of solar energy to hydrogen. Thus, when the ZnO
photoanode is under illumination, the absorption of photons is
produced with the subsequent generation of electron-hole pairs [91].
With the assistance of an external bias, the photogenerated holes
migrate to the photoanode surface and participate in oxygen evolution
reaction (equation (1)), while the photogenerated electrons are driven
through an external circuit to the cathode surface and participate in

hydrogen evolution reaction (equation (2)) [92].
H,O (I)+ 2 h+—>% 0, (g)+2H" (1)

2H"+2 e >Hy(g) 2)
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Figure 9. Schematized representation of a PEC for water
splitting.

The solar-to hydrogen-energy conversion efficiency is calculated
following equation (3), where J is the measured photocurrent density
(mA/cm?), Viias is the applied external bias (V) and Piign is the incident
light power. However, Vuias in equation (3) refers to the potential
difference between working and counter electrode. Thus, this
measurement in a three-electrode system in which a reference
electrode is employed lead to error and should be avoided [25].

_ J(1.23- Vi)

= (3)
Fujishima and Honda [93] carried out for the first time photolysis of
water in a photoelectrochemical cell using TiO.. Wide band gap energy
and appropriate position energy bands make ZnO materials good
candidates to substitute TiO, as photocatalyst for split water
application in a photoelectrochemical cell. In this regard, Hernandez et
al. [5] reported higher PEC performance for ZnO nanowires than for

TiO2 nanotubes or nanoparticles.

160



Resultados y discusion

Particularly, it was determined that ZnO as photoanode in a PEC
cell showed higher performance in the nanostructured form [94,95].
Thus, several works in the literature reported the use of ZnO
nanostructures as photoanodes for photoelectrochemical water
splitting [22,54,96-98]. It is difficult to stablish comparisons between
efficiency of ZnO nanostructures in the literature, since different
iluminations lamps, applied potential, electrolyte composition and pH
have an impact in the photoelectrochemical performance. However,
several works try to elucidate how PEC performance in water splitting
is affected by ZnO nanostructures size and morphology, defect
concentration and charge transfer properties.

For instance, Ahn et al. [96] observed a remarkably increase in
PEC performance given by higher photocurrent values for ZnO
nanocorals followed by nanorods while compact films presented the
lowest values. Moreover, Huang et al. [22] found that ZnO nanowires
had 1.9 higher photocurrent density than ZnO nanosheets. This fact
was attributed to single crystalline, preferred (0 0 2) orientation, higher
carrier concentration and lower charge transfer resistance. Similarly,
when different morphology ZnO nanostructures (nanodisks, nanorods,
nanowires and nanotubes) were compared, the best PEC performance
was shown for the nanotubes, presenting the highest photocurrent
density values. This was explained since inside tubular walls of this
structure increase the area exposed to light, thus increasing light
absorption compared to the other morphologies [98]. Likewise, Faid
and Allam [16] investigated the photoelectrochemical performance of
different ZnO nanotubes, nanowires/nanotubes, nanowires and

hierarchical, presenting the ZnO nanotubes the highest photocurrent
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density owing to their higher surface area and, thus, higher light

harvesting.

In addition, Marlinda et al. [54] synthesize ZnO of baton, star,
flower, and rod structures and compared their photoelectrochemical
performance. Figure 10 show FESEM images of the ZnO different
morphologies and their performance in PEC water splitting. As it can
be observed, the highest photocurrent densities were reported for ZnO
rod structure, followed by flower, star and baton structures. Besides,
recombination lifetime of the different nanostructures was calculated
from Electrochemical impedance spectroscopy (EIS) measurements,
presenting the ZnO rod structure the highest recombination lifetime.
That is indicative of a lower electron recombination and enhanced
charge transfer, which was in concordance with the photocurrent
density results during PEC water splitting. In this regard, enhance
charge transfer along the longitudinal direction is characteristic from 1-

D nanostructures (i.e. nanorods, nanowires or nanotubes) [99].
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Figure 10. FESEM images of the ZnO nanostructures of
different morphologies: (a) baton, (b) star, (c) flower, and (d) rod.
(e) Photocurrent density versus applied potential of the different

ZnO nanostructures. Reproduced with permission from [54], ©
Elsevier.
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More recently, it was reported that ZnO nanostructures surface
homogeneity and smaller wire diameter given by controlled
hydrodynamic conditions during anodization lead to higher PEC water
splitting performance [19] since nanowires presented high-aspect ratio.
Finally, Hsu and Chen [100] studied ZnO nanorod array with and
without performed hydrogen treatment consisting in annealing in Ar/H-
(97/3) atmosphere at 400 °C and a gauge pressure of 0.4 kg/cm? for 2
h. They concluded that hydrogen treatment did not produce significant
morphology change. Nevertheless, due to the formation of oxygen
vacancies and interstitial hydrogen, conductivity was significantly
enhanced.

4.2. Dye-sensitized solar cells (DSSCs)

In a dye sensitized solar cells (DSSC) electricity is obtained from
sunlight. As many semiconductors, ZnO absorbs light in the UV region.
Thus, ZnO sensitization with a dye allows light absorption of longer
wavelengths and hence, more energy from the sun is absorbed and

converted to electricity [101].

In order to achieve an efficient charge transfer, energy levels of the
system have to be appropriately aligned. Thus, the lowest unoccupied
molecular orbital (LUMO) of the dye must be at an energy level greater
than the ZnO conduction band and the latter must be at a higher
energy level than the redox potential of the electrolyte [102]. Similarly,
the redox potential of the electrolyte must be above the highest
occupied molecular orbital or HOMO of the dye. As a result, when the

dye absorbs energy from sunlight, it is excited and injects an electron
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into ZnO conduction band, while the generated hole oxidizes the dye
(equation (4)). The electrolyte that is in contact with both electrodes
generally contains a redox couple R / R* (typically I° / I) which
donates electrons to the oxidized form of the dye, reducing it (equation
(5)). Likewise, at the cathode it produces the reduction of the redox
couple by the electron injected previously in the ZnO conduction band

(equation (6)) [103]. This process is schematized in Figure 11.

S-D + hv — egg+hp (DY) (4)
S-D'+R—S-D+R" (5)
R*'+e —R (6)
A%
- |
D*
) hv
T £ RIR
D/ D"
\
Counterelectrode
Photoanode Dve (D)

Figure 11. Scheme of a DSSC.

The power conversion efficiency of a DSSC is given by the
following equation (7) [104,105]:

_ Voc JscFF
Plight

n (7)
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where Voc, Jsc and FF are, respectively, the open circuit voltage,
short-circuit current density and fill factor of the DSSC and Piign: is the
incident light power. The values of Voc and Jsc are measured
experimentally and the value of FF is determined by equation (8) [106],
where Vmax an Jmax are the maximum voltage and current density,

respectively.

FF = S (8)

In 1976, the successful construction of a dye sensitized solar cell
using ZnO as photoanode was reported [107]. The cathode used in
this cell was a platinum plated and a 0.2 M Na,SO,, 0.13 M potassium
iodide and 1 mM iodine solution was employed as the electrolyte. ZnO
disk was obtained by compression of high purity ZnO powder and
posterior heating at 1300°C for 1 hour in air. The disk was then dyed in
concentrated aqueous rose bengal solution. The power conversion
efficiency reported for this cell was 1.5 % [107]. Since then, several
works have been focused on the study of ZnO materials as
photoanodes of a DSSC.

As it occurred in PEC water splitting, ZnO nanostructures size and
morphology played a crucial role in DSSC performance. For instance,
doubled steady-state photocurrent was observed for ZnO nanosheet if
compared with ZnO nanoparticles photoanode (Yoshida et al. 2009).
Likewise, Ahktar et al. [108] synthesized ZnO with several
morphologies (flowers, sheet-spheres and plates). The highest
conversion efficiency of 2.61% was shown for the sheet-spheres which
was attributed to a higher crystallinity, surface area and uniform film

morphology compared to the other nanostructures. Similarly, Gao et al.
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[109]enhanced conversion efficiency of ZnO DSSC by controlling the
nanowires aspect ratio increasing their lengths. They explained that
the improvement was owing to a higher dye loading and faster electron
transport in the nanowires. More recently, when compared ZnO
nanobeads and ZnO nanosheet ball photoanodes, it was found that
ZnO hierarchical nanosheet ball presented a very remarkably
enhancement in DSSC efficiency: from 1.16 % achieved for ZnO
nanobeat to 5.88 %, due to a higher surface area that led to high dye
loading and light scattering [110]. Finally, Kim et al. [73] compared the
performance of a DSSC based on ZnO nanowires and hierarchical
with different dye loading times (2 h and 12 h). As it is shown in Figure
12, the highest power conversion efficiency of the DSSC was achieved
using ZnO hierarchical structures. The highest surface area of these
structures allowed higher dye loading and improved light absorption.
On the other hand, the lowest power efficiency was obtained for the
ZnO nanowires with 12 h of dye loading. That was attributed to the

dissolution of the ZnO nanowires due to the acidic dye.
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Figure 12. FESEM images of the ZnO (a) hierarchical
nanostructures and (b) nanowires. (c) J-V curves of the ZnO
DSSCs with different nanostructures and dye loading times.

Reproduced with permission from [73], © Elsevier.

Selection of the dye is an important feature of DSSCs. It was
reported that ruthenium based dyes (N719, N3 and black dye) due to
their acidic nature dissolved ZnO and resulted in the formation of
aggregates of Zn™ and dye molecules [111-114]. Thus, electron
injection from the dye to the semiconductor is blocked [111,112] and
affected DSSC efficiency. However, organic dyes such as C343 [113]
or indoline dye D-149 [106,115,116] seemed to be more appropriate to
ZnO based DSSC. For instance, DSSC efficiency of 7.07 % was
achieved using D-149 dye in ZnO nanosheets [115].

167



Capitulo 4- Seccidén primera

Finally, some works compared the efficiency of a DSSC by using
ZnO an TiO2 nanostructures. For example, Rani and Tripathi [117]
developed cells based on ZnO, TiO, and bilayered ZnO/TiO, (ZTO)
sensitized with five organic dyes and a mixture of the five dyes. They
found that the highest solar cells efficiencies were achieved for those
that used ZnO as photoanodes. In particular, ZnO sensitized with

Eosin Y (EY) dye showed the highest efficiency.
4.3. Photodegradation of organic pollutants

Photodegradation of organic pollutants using ZnO as photoanode
of a photoelectrochemical cell is based on the mineralization of the
organic pollutants by the photogenerated holes, which present a strong
oxidizing power. Even if this is not clear, photogeneration of hydroxyl
radicals on the ZnO surface due to photogenerated holes reaction with
adsorbed water (equation (9)) is also proposed [118]. This radical
species, due to its high standard oxidation power (E° (*OH / H.0) =
2.80 V / SHE) can react non-selectively with organic or organometallic
pollutants and produce dehydrogenated or hydroxylated derivatives,
which in turn can be completely mineralized, and thus, can be

converted into CO2, water and inorganic ions [118].
hyg+ H,O — «OH + H* 9)

Photodegradation efficiency of a contaminant (n) is defined by
equation (10), where Cy is the initial concentration of the contaminant
and C: is the concentration of the contaminant at the time t.

_ Co -G

> (10)

168



Resultados y discusion

So far, several dyes and organic pollutants have been studied for
its photoelectrocatalytic degradation using ZnO nanostructures. Some
of them are rodhamine B [119-123] methyl orange [71,124-126],
methylene blue [88,124,127-134], congo red [133,135], resazurin
[136], thiacloprid [137] and roxarsone [138]. It has been reported that
differences in surface characteristics such as morphology and defects

influenced photoelectrocatalytic degradation efficiency.

For instance, 95% photodegradation of Rhodamine 6B was
achieved using ZnO nanorods [139]. Oxygen defects in the
nanostructures acted as trap sites enhancing adsorption of the dye
and enhanced photocatalytic degradation [139]. Similarly, Nandi and
Das [122] reported the reduction of the charge carriers recombination
by increasing surface defects achieving a rhodamine B higher
photodegradation efficiency of ~97.75%. Moreover, ZnO nanofiber
morphology presented higher photocatalytic efficiency than ZnO
nanoparticles (Nps), although NPs had smaller size [121]. It was
explained due to a higher surface area of absorption of target
contaminant molecules for the ZnO nanofibers while nanoparticles
were agglomerated. In general, higher surface area leads to electron-
hole pairs enhanced separation and therefore increases generation of

reactive radicals for photodegradation.

Additionally, Sun et al. [125] synthesized ZnO nanobelt arrays, rod-
/comb-like ZnO nanostructures and ZnO film. As it is observed in
Figure 13, ZnO nanobelt arrays showed the highest degradation rate,
followed by rod-/comb-like ZnO nanostructures and ZnO film. Thus,
the ZnO nanobelt arrays showed better photocatalytic activity than the

other ZnO nanostructures under identical conditions, achieving 94 % of
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degradation of methyl orange. Likewise, surface morphology, size, and
surface area of ZnO nanoflake arrays influenced methyl orange
degradation efficiency [71]. Therefore, highest photoactivity verified
with kinetics data was achieved for the nanostructures that presented

highest surface area.

In methylene blue degradation, ZnO nanorods morphology showed
12—-24% more photocatalytic activity than ZnO nanoparticles film [128]
due to increased surface area. Besides, defects (interstitials and
vacancies) intentionally created resulted in an 8 % improvement of the
photocatalytic activity under visible light due to availability of more

electron deficient sites on the nanorod surfaces.

Likewise, other works reported an enhancement in organic
contaminant photodegradation efficiency attributed to higher surface
areas of nanostructures [134] and higher aspect- ratio [129,133,136].
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Figure 13. SEM images of the (a) ZnO nanobelts, (b) ZnO
nanorod and comb-like and (c) ZnO film. (d) Degradation rate of
methyl orange over blank catalyst and different ZnO structures.

Reproduced with permission from Sun et al. [125], © 2008
American Chemical Society.

Finally, some works focused on the synthesis and application of
both ZnO and TiO, nanostructures for photodegradation of organic
pollutants. For instance, Guo et al. [140] synthesize ZnO nanorods and
TiO2 nanotubes, which were used in methyl orange degradation. They
found that under simulated solar light ZnO nanorods exhibit faster
methyl orange degradation than TiO, nanotubes. Similarly, when the
photocatalytic degradation of humic acid (HA) was carried out, ZnO
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nanorods presented higher decomposition rates of the HA than TiO;
nanotubes [141].

5. Conclusions

In this work, an overview of ZnO properties, the most common
synthesis methods with special attention to electrochemical
anodization and application in photoelectrocatalysis have been
presented. The key points that could be summarized from this review

are presented below.

Firstly, photoelectrocatalysis is an interesting discipline to develop
systems that employ energy from sunlight to carry out different
practical and environmental-friendly applications such as electricity
and hydrogen production or organic pollutants degradation. In this
regard, ZnO is a promising material to be employed as photocatalyst
since it is non-toxic, abundant, low-cost and presents high
photoactivity. Additionally, ZnO is a very versatile material that has
been synthesized in diverse morphologies by several methods.
Electrochemical anodization is a simple and effective method to
synthesize ZnO nanostructures under mild conditions in short times.
Besides, through this technique ZnO surface properties such as size,
morphology and defects could be easily tuned to control
photoelectrocatalytic properties. Effect of the anodization conditions in
different electrolytes on ZnO nanostructures have been widely studied.
Thus, electrolyte type had an important impact on nanostructures
morphology. In this sense, electrochemical anodization in bicarbonate
solutions represent an effective strategy to form unidimensional ZnO

nanostructures such as nanowires, nanotubes and hierarchical.
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Besides, ethanolic or aqueous solution of the same electrolyte
influenced, as well, the morphology of the nanostructures. Additionally,
electrolyte concentration, anodization potential and temperature had
been reported to be key parameters to increase nanostructures growth
rate or aspect ratio, while thermal annealing is related to ZnO
crystallinity and defect structure. Finally, after an overview of ZnO
application as photocatalyst it can be concluded that morphology,
aspect ratio and defects of the nanostructures influenced its
photoelectrochemical performance in water splitting, DSSCs and
photodegradation of organic pollutants.
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Abstract

The present work studies the influence of hydrodynamic conditions
(from 0 to 5000 rpm) during Zn anodization process on the morphology,
structure and photoelectrocatalytic behavior of ZnO nanostructures. For
this purpose, analysis with Confocal Laser-Raman Spectroscopy, Field
Emission  Scanning  Electron  Microscope (FE-SEM) and
photoelectrochemical water splitting tests were performed. This
investigation reveals that hydrodynamic conditions during anodization
promoted the formation of ordered ZnO nanowires along the surface that
greatly enhance its stability and increases the photocurrent density
response for water splitting in a 159 % at the 5000 rpm electrode rotation
speed.

Keywords: zinc oxide, anodization, hydrodynamic conditions,

bicarbonate, photoelectrocatalyst, water splitting.
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1. Introduction

Zinc oxide is a n-type semiconductor [1-3] that presents wurtzite
hexagonal structure [1]. Without doping, its semiconductor properties
are due to oxygen vacancies and/or zinc interstitial defects [1]. Its wide
band gap of 3.37 eV [1-7] allows the absorption of light in the UV region
[5]. Moreover, it presents a high exciton binding energy of 60 meV at
room temperature [1-3,6-8] that is much larger than for other
semiconductor materials [6]; and a high electron mobility (205-1000
cm2 V-1 s-1) [5], from 10 to 100 times higher compared to titanium
dioxide [9], which provides large electrical conductivity and makes ZnO
a better candidate as a photoanode [10]. In addition, it has a high
electrochemical coupling coefficient [7], thermal stability [1,6], high
photostability [7], low-cost [11], low toxicity [7,12,13] and
biodegradability [14]. All these properties make zinc oxide a promising
material for several applications, including catalysis [5], photocatalysis
[2,3,6,12], photovoltaics [3], solar cells [2,5,6,11,12,15-18],
photoelectrochemical (PEC) water splitting for hydrogen generation
[11,17], ultraviolet (UV) light-emitting diodes [2,3,6,15,18], ultraviolet
lasers [6,12], sensing [2,3,5,6,11,12,14], and so on.

ZnO can be obtained in the form of different structures that strongly
influence its properties [6]. These can be one-dimensional (e.g.
nanotubes, nanowires) , two-dimensional (e.g. nanosheet, nanopellets)
and three-dimensional (e.g. flower, snowflakes) structures [7]. Among
them, one-dimensional hanostructures presents particular advantages
as a photocatalyst [19] with a remarkably high surface-to-volume ratio
[3,14,19] that increases the active area of light absorption and

interaction with the electrolyte [19], and the quantum confinement
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effects in which the electrons only move along the axis of the one-
dimensional nanostructures [1] and consequently, enhance electron

transport efficiency [3,17,20].

Until now, several effective methods to prepare ZnO nanostructures
have been used: hydrothermal methods [2,4-6,11,14,15], thermal
evaporation [6], chemical vapour deposition (CVD) [2,4-6,14,20],
pulsed laser deposition (PLD) [2,14], molecular beam epitaxy (MBE)
[2,6], template-assisted methods [2,15], metal organic chemical vapor
deposition (MOCVD) [6], atomic layer deposition (ALD) [5], sol-gel
chemistry [5,11], ultra-fast microwave method [15], sputtering [4,11]
and electrochemical methods [2,3,5,6,14]. Most of the aforementioned
strategies required high temperature growth environment [20], costly
experimental setups [2,20], long reaction times [2,20] and complicated
procedures [2]. In this context, electrochemical methods seem to be very
promising as they are relatively low cost [2,3,6,11], fast [2,3,6] and allow
large-scale synthesis [2,11]. Among them, anodization of Zn has been
proposed as an efficient method for the rapid synthesis of ZnO
nanowires [2,3] with the advantage of allowing the growth of the
nanostructures directly on the metal substrate, which in turn would act
as the back contact of the photoanode [9,19]. A problem with zinc oxide
is that it presents instability in acidic electrolytes, which are generally
used during anodization [5]. Bicarbonate solutions seem to be one of
the most interesting alternatives among the electrolytes that have been
studied for the anodization of Zn, as they allow a rapid formation of the

high aspect ratio of the ZnO nanowires under mild conditions [2].

Based on previous studies [2,3,5,16,20] that have been successful

in the formation of different ZnO nanostructures and the elucidation they
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offer in the mechanism of its growth in NaHCO3 solutions, anodizing
conditions such time, potential and electrolyte concentration, as well as
annealing temperature and duration have been set in the present work.
Potential was fixed in 10 V since it was reported to be the most optimal
anodizing potential by Zaraska et al.[2]. Some authors used 5 mM
NaHCO3 electrolyte achieving nanowires [3,16], nevertheless Mah et al.
[20] reported that generally, the diameter average of the synthesized
nanoflower (from which nanowires grew) decreased with increasing the
electrolyte concentration. Therefore, high concentrations are desired to
increase nanostructures surface to volume ratio. In this line, Faid et
al.[21], as well as Mah et al.[20] reported the formation of nanowires in
50 mM NaHCO3 electrolytes. For the anodization time, a higher growth
rate is expected because of hydrodynamic conditions [2], therefore a
time of 10 min was selected. Concerning the thermal treatment, Zaraska
et al. [3] studied 100-300 °C annealing temperatures and determined
hydrozincate-containing product was formed directly during anodization
and could be easily converted to hexagonal wurtzite ZnO by thermal
annealing in air at temperatures higher than 150 °C. Besides, it was
determined that the average crystallite size increases with increasing
annealing temperature [3]. Consequently, in this work annealing is
carried out at 300 °C during 1 h.

The mentioned studies were carried out anodizing under stagnant
conditions except in the case reported by Zaraska et al. [2] in which the
anodization was performed with and without agitation by stirring the
electrolyte. In previous researches it was demonstrated that the
morphology of TiO; [22] and ZnO/ZnS heterostructures [9] was strongly
influenced by controlled hydrodynamic conditions (stirring the electrode

instead of the electrolyte) during anodization.
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Herein, the anodization in NaHCOs; electrolyte is carried out for the
first time stirring the Zn electrode under controlled conditions at different
rotation speed. The aim of this work is to study how different
hydrodynamic conditions during the anodization affect the ZnO
nanostructures morphology, structure and photoelectrocatalytic

behavior for photoelectrochemical water splitting.
2. Experimental procedure

Anodization under hydrodynamic conditions was performed in a 2-
electrode cell with a rotating disk electrode (RDE) configuration and a
platinum foil (1 cm?) as the counter electrode. Prior to anodization, Zn
rods (99.999% purity) of 8 mm diameter were abraded with 240- 4000
silicon carbide (SiC) grinding papers in order to obtain a mirror finish.
Afterwards, they were sonicated for one minute in ethanol and dried in
an air stream. Then, the side walls of the zinc rods were coated with
Teflon to expose a fixed area of 0.5 cm? to the electrolyte and were
anodized in a freshly 50 mM NaHCOjs electrolyte at the potential of 10 V
for 10 minutes. During anodization, the current density vs. time was
registered. Finally, the as-anodized samples were annealed at a

temperature of 300 °C (rate of 15 °C/s) for 1 hour in air.

In order to evaluate the crystalline structure, as-anodized and
annealed samples were examined by confocal Raman spectroscopy
(Witec Raman Confocal microscope). For these measurements the
samples were illuminated by 488 nm neon laser. The morphology of the
ZnO annealed samples was also analyzed by using a field emission

scanning electron microscope (FE-SEM).
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The electrochemical and photoelectrochemical water splitting
behavior of the nanostructures was evaluated under simulated sunlight
condition AM 1.5 (100 mW/cm?) in different solutions. The results in
Na2S/Na2S03 solution will be presented in this work due to its
effectiveness, as it will be explained later. For these experiments, a 3-
electrode cell configuration was used, where the ZnO nanostructure
(with an effective area of 0.26 cm? was the working electrode
(photoanode), a saturated Ag/AgCl (3M KCI) the reference electrode
and a platinum tip the counter electrode. Photocurrent vs. applied
potential were recorded by chopped light radiation (60 s in the dark and
20 s under illumination) while scanning the potential from -1.00 V to
+0.70 V with a rate of 2 mV/s using a potentiostat.

3. Results and discussion
3.1. Current density transients during anodization

Figure 1 shows the current density transients during anodization of
Zn in NaHCO3 50 mM at 10 V for 10 minutes at 0 and from 1000 to 5000
rpm. Under stagnant conditions the current density decreases gradually.
This seems to be the result of the formation of a layer covering the
surface of the electrode. Under hydrodynamic conditions three stages
are observed. That is in line with that reported by Mah et al. [20]. In the
first seconds of anodization (stage I) a rapid rise of the current density
is observed corresponding to the Zn oxidation to Zn*? (eq.1). Afterwards,
the current density remains almost constant (stage Il) due to the steady
state between Zn dissolution and nanostructures formation by
precipitation. Some authors suggested the latter corresponds to the

hydrolization of Zn*? to form hydroxyl complex (due to the basic pH) that
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in presence of HCO3 ions forms hydrozincite (eq. 2 and 3) [2][20], while
in the cathode the protons produce hydrogen gas (eq.4). Eventually,
current density decays (stage lll) since the surface results completely

covered by nanostructures that hinder charge transfer.

Zn— Zn% + 2e 1)
Zn?* + H,0 <> Zn(OH)* + H* @)
5 Zn(OH)*+ 2 HCO3 + H,0 © Zns(OH)s(CO3)2 + 3 H* (3)
2H* + 2e'— H2 () (4)
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Figure 1. Current density transients during anodization in 50
mM NaHCO3 electrolyte at 10 V for 10 minutes at different rpm.

During anodization in hydrodynamic conditions, due to RDE rotation,
the electrolyte is driven from the bulk towards the electrode surface

along y-axis and perpendicular to it, and owing to centrifugal force, the
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electrolyte is thrown radially from the centre of the electrode outwards
[23]. Thus, hydrodynamic conditions may influence the growth of
nanowires in two opposites ways: on the one hand, they may remove
dissolved zinc near electrode surface and consequently, decrease
nanowires growth rate by precipitation; on the other hand, they may
improve mass transfer toward electrode surface and as a result,
promote the presence of soluble species responsible of nanowires
formation [24].

In figure 1 it is noteworthy that at higher rotation speed the constant
current density of the stage Il extends longer in time and the drop in the
current density of the region Il takes place later. This indicates that the
first factor had more influence on nanowires formation, in which at higher
rotation speeds dissolved zinc is removed from the surface of the
electrode and the conditions that produce precipitation of the
nanostructures over the surface are reached later, delaying the time in
which the surface of the electrode is completely covered by

nanostructures.

After the anodization process a thermal annealing is performed in
order to carry out the conversion of the hydrozincite to ZnO following the

suggested reaction of decomposition shown in eq. 5 [2,20].
Zns(OH)s(C03)2 —57ZnO0 +3 H,0+2CO, (5)
3.2. Raman spectroscopy characterization

With the purpose of studying the crystallinity and the vibrational

properties of the samples and therefore verify the correct formation of
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wurtzite ZnO crystalline structure, Raman spectroscopy study of as-

anodized and annealed electrodes was performed.

The optical phonon modes at Brillouin zone of the ZnO wurtzite
structure presents the irreducible representation that follows: ' =
Al+2B1+E1+2E2 [5,6,11]. A1l and E2 modes are both polar and split
into transverse optical (TO) and longitudinal optical (LO) phonons
[5,6,11,25]; being Raman and infrared active [6]. Mode B1 is silent
[5,11] while E2 has two modes of low (E2 low) and high (E2 high)
frequency phonons [25,26] which are related to the Zn sublattice [5,6,11]
and oxygen atoms vibration [5,11], respectively.

Figure 2 shows Raman-scattering spectra of as-anodized (a) and
annealed (b) electrodes anodized at O and 5000 rpm. In both cases a
very similar spectrum at 0 and 5000 rpm is obtained. A higher intensity
peak for A1, E1 (LO) mode in the annealed electrode anodized at 5000
rpm can be observed at ~584 cm-1 (fig.2.(b)). This peak is related to
oxygen defects, which could explain the increase of the
photoluminescence observed in the spectra in comparison with the
anodized at 0 rpm. However, it could be said that hydrodynamic
conditions during the anodization process does not considerably affect
the composition or crystal structure of the electrodes. Figure 2 (c) shows
Raman-scattering spectra of as-anodized and annealed samples with
the identification markers of the resulting peaks (arrows indicate first
order Raman modes for ZnO wurtzite structure, while diamonds indicate
the second order and dots the non-related with ZnO peaks). The Raman
shift of these peaks and their corresponding theoretical values reported

by other authors are collected in Table 1.
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Figure 2. Raman spectra of the as-anodized (a) and annealed
(b) samples at 0 rpm and 5000 rpm rotation speed, and Raman
spectra with identifying markers (c) for the as-anodized (blue) and
annealed (pink) samples.

Table 1. Experimental Raman shift (cm-?) of the identified
peaks in the Raman spectra for the as-anodized and annealed
samples; symmetry and theoretical (theor.) values given by other
authors and their references.
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Raman shift (cm™)

Theor
aZ‘_ anneale Symmetry » Marker | Ref.
anooI ize d (cm®)
101 101 wurtzite ZnO E2 ~100 ! [6,22,3
(low) 0]
wurtzite ZnO 2TA; | _
202 2E2 (low) 203 5 [9,11]
390 335 wurtzite ZnO 333 [9]
E2(high)-E2(low)
wurtzite ZnO _ [6,22,2
378 A1(TO) 380 5]
wurtzite ZnO
410 E1(TO) 410 [6,9]
wurtzite ZnO
438 E2(high) ~438 ! [6,11]
wurtzite ZnO N [6,10,3
573 AL(LO) 573 0]
wurtzite ZnO
584 E1(LO) ~584 [6,30]
204 204 Carbonate group 706 [27]
v2 °
1100 C-OH 1100 [9]
1105 wurtzite ZnO 2LO | ~1105 [26]
wurtzite ZnO 0
1158 | 2A1(LO),2E1(LO); | 1158 [31]
2LO

In the Raman spectra of the annealed sample several peaks

corresponding to ZnO wurtzite hexagonal phase are manifested. E2 low

and high peaks are observed at 101 cm-1 and 438 cm-1, respectively.

E2 (high) mode corresponds to band characteristic of wurtzite phase

[6,9,25,26]. The presence of this peak and its high intensity compared

with the other peaks reveal that the annealed electrode presents a ZnO

wurtzite hexagonal phase with good crystallinity [25]. Besides, at 333

cm-1 appears a peak originated from multiple-phonon scattering that
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corresponds to the second order Raman scattering (E2 (high) - E2 (low))
[9,25], related to Zn-O vibration [9], and a peak at 202 cm-1
corresponding to 2TA/ 2E2 (low). 2LO peaks at ~1105 cm-1 and 1158
cm-1 are arising due to overtone and they also represent the multi-
phonon scattering [27]. Peaks at 380 and 410 cm-1 correspond to the
TO mode with A1 and E1 symmetry, respectively, while A1 (LO) and E1
(LO) appear at 573 and 584 cm-1. These LO phonon modes are
generally associated with the oxygen vacancies, zinc interstitial defect
states and free carries [6,26,27], therefore its existence confirms some
of these defects in the annealed samples. Additionally, a weak Raman
peak arise at 700 cm-1 due to the carbonate [28] residual content of the
sample after annealing. Considering the abovementioned, it confirms
the successful conversion of the annealed sample to ZnO hexagonal

wurtzite structure.
3.3. Morphological characterization with FE-SEM images

The morphological characterization of the annealed samples
anodized at different rotation speeds was performed to study the
influence of hydrodynamic conditions during anodization on the
morphology of the nanostructures. Figure 3 shows FE-SEM images and
surface pictures of the ZnO annealed electrodes anodized at 0 rpm (left)
and 5000 rpm (right). It is clearly observed that for the sample anodized
under stagnant conditions, the surface does not present uniformity,
alternating areas of ordered nanostructures with areas consisting of
several mounds of disordered nanostructures; while for the sample
anodized at 5000 rpm the surface is completely homogeneous
conforming ordered nanostructures that will be discussed below. The

lack of uniformity in stagnant conditions in comparison with
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hydrodynamic conditions may be the result of a faster localized
precipitation of the nanostructures as a result of high concentration of
Zn+2 ions nearby zinc is dissolved, while when stirring the electrode,
Zn+2 ions are distributed over the surface of the electrode due to the
hydrodynamic flux, as it was explained before. Besides, during
anodization in stagnant conditions hydrogen bubbles coming from the
cathode (Pt) were observed over the anode surface (Zn), while they
were eliminated by stirring the electrode. They could affect the ordered
growth of the nanostructures promoting the formation of holes and
cracks.

Figure 3. FE-SEM images and inset pictures of the samples
anodized at O rpm (left) and 5000 rpm (right).

Figure 4 shows FE-SEM images at 1000X (left) and 5000X (right) of
the annealed ZnO nanostructures anodized from 0 to 5000 rpm. It can
be observed that the resulting nanostructures at O rpm are conformed
by a tangle of nanowires with different thickness. When the rotation
speed during anodization is increased, the area occupied by these non-
ordered region decreases; while at the same time, the area occupied by
ordered regions increases covering the whole surface of the electrode
at 3000 rpm and higher rotation velocities. These nanostructures consist

of ordered nanowires (about 11-18 um in length) growing from the same
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point with the structure of flowers. At higher rotation speeds the growth
of the nanowires is slower and consequently more organized, due to the
removal and distribution over the electrode surface of the dissolved zinc

and other species responsible of nanowires formation.

Figure 5 depicts a magnification of the images, in which the centre
of the flowers is shown, to observe the thickness of the nanowires
formed at 3000 (a), 4000 (b) and 5000 (c) rpm. It can be appreciated
that the thickness of the nanowires at 5000 rpm is lower than for the
others: the samples anodized at 3000 rpm and 4000 rpm present
average diameters of 147 and 142 nm, respectively, while the one
anodized at 5000 rpm 67 nm. Additionally, the diameter of the nanowires
was observed to present uniformity along the wire, except just at the tip,
where it gets thinner.
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Figure 4. FE-SEM images of the samples anodized from 0 to
5000 rpm.
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Figure 5. Magnification of the FE-SEM images of the samples
anodized at 3000 rpm (a), 4000 rpm (b) and 5000 rpm(c) and
average diameter of the nanowires for each sample.

3.4. Photoelectrochemical water splitting measurements

Photoelectrochemical water splitting measurements using ZnO
nanostructures as photoanodes were carried out in different solutions.
0.5 M Na2S03 and 0.5 M Na2S04 were not appropriate because ZnO
electrodes undergo photocorrosion, while with 0.1 M NaOH the
photoelectrochemical response observed was too low. Therefore, it was
decided to employ a sacrificial polysulfide electrolyte consisting of a
solution of 0.24 M Na2S and 0.35 M Na2SO3 [9].

Figure 6 shows the current density with respect to the applied
potential of the photoelectrochemical water splitting experiment for the
different ZnO nanostructures under light on/off conditions. It can be
appreciated that the nanostructure at O rpm presents the highest value
of dark current density, generally associated with electrochemical
degradation of the electrode [9]. This value decreases gradually as
increases rotation velocity during anodization from 0-3000 rpm, while it
does not experiment major variations between 3000-5000 rpm.

Observing FE-SEM images, it is seen that the dark current values are
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related somehow to the grade of homogeneity of the sample, meaning
that areas of disordered nanostructures in the photoanodes provide
higher values in dark current, which decrease and finally stabilize when
the ordered nanowires homogeneously cover the whole surface of the
photoanode (at 3000 rpm and higher). This could indicate that metallic
zinc electrochemical response could contribute, as well, in the increase
of dark current density values, since holes and cracks on the surface of
the electrode could be easily photodegraded and would leave small
parts of the substrate directly in contact with the electrolyte, that would
enhance the dark current density values. Additionally, it is important to
point out that low dark current values at rotation speeds higher than
3000 rpm indicates a considerably improvement of the photocorrosion
resistance of the nanostructures, especially in the potential range
betwen - 0.5 to 0.4 Vagagal.

Additionally, when light is on, the photocurrent density sharply rises,
therefore a good photosensitivity is shown for all the nanostructures,
indicating good carrier transport properties. Table Il shows the
photocurrent density response values (Ai (mA/cm?), calculated as the
absolute photocurrent density minus dark current density) of the
different nanostructures at -0.46 Vagagcl. It is observed that at O rpm a
photoelectrochemical response of 0.17 mA/cm2 is obtained, while it

decreases in the anodized at 1000 rpm until 0.09 mA/cm?,

Under 2000 rpm and at higher electrode rotation speeds the
photocurrent is increased again between 0.17 and 0.21 mA/cm2
reaching the highest value of 0.27 mA/cm2 at 5000 rpm. In figure 4 (left
side), it can be observed that the distribution of the nanostructures over

the surface of the electrode is different at 0, 1000 and 2000 rpm between
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themselves and in comparison with the anodized at 3000, 4000 and
5000 rpm, for which is quite similar. These differences in the electrodes

surface should affect, in part, in the photocurrent response.

—0rpm — 1000 rpm 2000 rpm
——3000 rpm ——4000 rpm ——5000 rpm

-1.0 -0.8 -0.6 -0.4 -0.2 0.0 0.2 0.4 06 0.8

u (VAnggCI)

Figure 6. Current density under on/off simulated sunlight AM
1.5 conditions in Na2S/Na2SOs solution as a function of the
applied potential for the nanostructures anodized at different
rotation speeds.

Besides, at 5000 rpm enhancement of crystallinity (sharply E2 (high)
Raman peak) and the increase of the oxygen defects (associated with
584 cm-1 peak in fig. 2(b)) in comparison with the electrode anodized in
stagnant conditions were observed in Raman spectra, that could also
improve the photocurrent response [29]. Furthermore, although the
distribution of the nanostructures in the samples anodized at 3000, 4000
and 5000 rpm is quite similar, a thinner diameter of the nanowires was

observed in the sample anodized at 5000 rpm (see fig. 5). This could
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explain the higher values in photocurrent response since a thinner
diameter of the nanowires would increase the surface-to-volume ratio
improving light absorption [19]. Considering the low value of dark current
and highest photocurrent density response, the best nanostructure for

water splitting is the anodized at 5000 rpm.

Table 2. Photocurrent response in Na2S/Na2S0Os solution for
the different nanostructures at -0.46 Vagiagel Of applied potential.

Ai
Rpm
(mA/cm?)

0 0.17
1000 0.09
2000 0.18
3000 0.17
4000 0.21
5000 0.27

4. Conclusions

In the present study, ZnO nanostructures were synthesized by a
rapid and simple anodization method varying the electrode rotation
speed under controlled conditions (from 0 to 5000 rpm) in NaHCO3
electrolytes followed by thermal annealing. Raman spectroscopy
confirmed that after the anodization the nanostructures were composed
of hydroxycarbonates, hydroxides and oxides which were converted

successfully after annealing to crystalline wurtzite ZnO.
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The morphology of the nanostructures was observed to be
influenced by hydrodynamic conditions during the anodization. Under
stagnant conditions, the samples presented a poor uniformity in the
distribution of the nanostructures over the surface, while when the
rotation speed was increased the homogeneity was improved at 3000
rpm and higher values, from which a completely homogeneous surface
with ordered high surface-to-volume ratio nanowires with the structure
of flowers was achieved. In addition, in the anodization at 5000 rpm,
thinner nanowires for the electrodes were yielded.

The ZnO nanostructures presented high photocurrent density
response during water splitting experiments in aqueous Na2S/Na2S03
electrolyte, especially the sample anodized at 5000 rpm which
presented an improvement of the 159% in the photocurrent density
response with respect to the anodized under stagnant conditions.
Rotation speeds higher than 3000 rpm during anodization resulted in a
sharp decrease of dark current densities during water splitting test.
Therefore, using rotation speeds higher than 3000 rpm during
anodization, provide stable and photosensitive ZnO nanostructures,
which  were successfully used as a photocatalyst for

photoelectrochemical water splitting.
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Abstract

Zinc oxide nanostructured electrodes were successfully
synthesized by a simple method of anodization in different aqueous
bicarbonate electrolytes. The influence of the anodization electrolyte
composition (by adding ethanol or glycerol) on the morphology and the
photoelectrocatalytic properties of the zinc oxide electrodes was
studied, as well as the combined effect of anodizing under controlled
hydrodynamic conditions. Field Emission Scanning Electron
Microscope (FE-SEM) images of the ZnO electrodes showed that the
addition of ethanol or glycerol to the anodization electrolyte resulted in
changes in size and morphology of the nanostructures. Thus, ZnO
nanowires, nanotubes, nanosponge and nanospheres were obtained.
Additionally, multi-factor analysis of the variance (ANOVA) revealed
that photocurrent density response during water splitting test
experimented significant variations depending on the anodization
electrolyte composition. In particular, the best photoelectrochemical
performance was achieved for the ZnO nanostructures anodized in low

amounts of ethanol or glycerol.

Keywords: zinc oxide, anodization, organic solvents,

bicarbonate, photoelectrocatalyst, water splitting.
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1. Introduction

Zinc oxide (ZnO) is an n-type semiconductor material that has
received great attention owing to its relatively low-cost, non-toxicity [1]
and remarkable electrical and photocatalytic properties, such us wide
direct band gap of 3.37eV [2—7] and high electron and hole mobility [8].
In particular, interest on ZnO in the nanostructured form has been
growing in the last decades since nanostructuration might enhance

ZnO properties for its use in diverse applications.

In photoelectrocatalytic applications, nanostructured morphology
increases the specific surface area of the material enhancing light
absorption and charge transfer at the semiconductor/electrolyte
interface [9]. Besides, the diffusion path lengths for the photogenerated
charge carriers are shorter and, hence, electron/hole pairs
recombination decreases. On the other hand, small size could produce
quantum confinement effects in which the band gap is enlarged [8]. In
addition, surface characteristics of the ZnO nanostructures such as
type of nanostructured morphology and size have been reported to
play a key role in their photoelectrocatalytic performance [10-17]. For
instance, when ZnO baton, star, flower and rod nanostructures were
compared, ZnO nanorod presented the highest photocurrent density
value [16]. Similarly, the highest methyl orange degradation efficiency
was achieved for the ZnO nanoflakes arrays that presented highest
surface area [12]. Finally, Gao et al. [13] reported an enhancement in
the conversion efficiency of a ZnO dye sensitized solar cell for
nanowires that presented higher aspect ratio by increasing their

lengths.
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Until now several procedures have been employed to fabricate
nanostructured ZnO. Some of these are hydrothermal methods
[3,5,10,17-21], thermal evaporation [10], chemical vapor deposition
[2,3,5,10,22,23], template-assisted methods [3,24], metal organic
chemical vapor deposition [10], atomic layer deposition [5], sol—gel
chemistry [5,17] and electrochemical methods [3-5,10,22,25]. The
majority of these methods requires high temperatures, expensive
experimental setups, prolonged reaction times and complex
procedures [9]. Among them, electrochemical methods, as
anodization, seem to be very interesting since they are economical
[3,4,10,17], fast [3,4,10] and facilitate great scale synthesis [3,17].
Furthermore, when ZnO electrodes are synthesized by anodization
method, nanostructures growth takes place on the metallic zinc
substrate, and since it can be used as the back contact it can be
employed directly as a photoanode.

Another advantage on the synthesis of ZnO nanostructures
through electrochemical anodization is that morphology and size of the
nanostructures could be controlled by adjusting anodization
parameters (potential, time, temperature and type of electrolyte).
Among the electrolytes that have been already used for zinc
anodization, bicarbonate solutions are very promising since they
enable the growth of ZnO nanostructures rapidly under mild conditions,
as it was reported in previous studies [3,9,23]. Some authors studied
the variation of anodization factors in bicarbonate-based electrolytes
such as potential [3], time [26,27], temperature [28], bicarbonate
concentration [23], controlled hydrodynamic conditions [9] or post-
treatment (thermal annealing) temperature [4]. Nevertheless, the

influence on ZnO properties by adding organic solvents such as
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ethanol or glycerol to the bicarbonate electrolyte was not found in the
literature. Since formation of ZnO nanostructures takes place by
dissolution-precipitation process, the addition of an organic solvent to
the aqueous bicarbonate electrolyte at different proportions, on the one
hand, decreases dielectric constant of the electrolyte decreasing
conductivity of the medium and solubility of the ionic species [29]. On
the other hand, alters properties such density and viscosity. These
alterations might importantly influence the growth and formation of the
ZnO nanostructures. Therefore, the aim of this work is to perform
anodization in a modified aqueous bicarbonate electrolyte by adding
different ethanol and glycerol amounts, and study how it affects to the
synthesized ZnO nanostructures morphology, structure and
photoelectrocatalytic behavior. Additionally, in this work, anodization is
performed under both stagnant and controlled hydrodynamic
conditions for the purpose of study, as well, the combined effect of
modifying the electrolyte composition and anodizing with stirring the

electrode by a rotating disk electrode (RDE).
2. Experimental procedure

Anodization was performed using a zinc rod (99,999% purity/ 8 mm
in diameter) as the working electrode and a platinum foil (1 cm?) as the
counter electrode. Previously to anodization, the surface of the zinc
rod was abraded with 240-4000 SiC paper to obtain a mirror finish,
degreased by sonication in ethanol and dried in air. Subsequently, the
zinc rod was covered by Teflon to exclusively expose 0.5 cm? to the
electrolyte. Then, anodization was performed at 10 V for 10 min in a 50
mM NaHCO: aqueous electrolyte with different ethanol or glycerol

amounts (10, 25 and 50 % v/v). Conductivity of the fresh electrolytes

233



Capitulo 4- Seccion tercera

was measured prior to anodization using a conductimeter (CRISON
BASIC 30). Furthermore, anodization was performed both under
stagnant and under controlled hydrodynamic conditions (5000 rpm) for
each electrolyte composition using a rotating disk electrode (RDE).
Current density was continuously registered during anodization.
Finally, anodized samples were annealed in a tubular furnace
(Carbolite TVS 12/600) for 1h at 300 °C in an air atmosphere with a
heating rate of 15 °C/min.

The crystalline microstructure of annealed ZnO samples was
evaluated by means of confocal Raman spectroscopy (Witec Raman
Confocal microscope) using a 488 nm neon laser. The morphology of
the samples was examined by means of Field Emission Scanning
Electron Microscopy (FE-SEM). The length of the nanostructures was
measured from cross section FESEM images by using an analysis
FESEM software.

Photoelectrochemical water splitting experiments and stability test
were carried out in a 3-electrode cell configuration with a saturated
Ag/AgCl (3 M KCI) reference electrode and a platinum foil (1 cm?)
counter electrode. The ZnO samples were employed as the working
electrode (photoanode) with an effective area of 0.26 cm? exposed to
the 0.24 M Na»S/ 0.35 M Na»SOs electrolyte. Simulated solar light AM
1.5 conditions were carried out by means of a Xenon lamp (100
mW/cm?) as light source. Experiments were performed by triplicate.
For the water splitting experiments, current density vs. applied
potential was registered while chopped light (60 s without light and 20
s with light) scanning applied potential from -1.00 V (the open circuit

potential of the system) to +1.06 V with a rate of 2 mV/ s. For the

234



Resultados y discusion

stability test, current density vs. time was registered upon light

conditions at an applied potential of -0.46 Vagagci.

In order to evaluate whether the anodization conditions produce
significant variations in the photocurrent density response of the ZnO
nanostructures during water splitting measurements a statistical
analysis was performed with the software Statgraphics Centurion using
a Multi-Factor Categorical design. The photocurrent density response
(photocurrent density under light irradiation minus current density in
the dark) of the water splitting test at -0.46 Vagagci Was the response
variable, while two anodization factors were studied: organic solvent
amount with 3 levels (10, 25 and 50 % v/v) and RDE rotation speed
with two levels (0 rpm and 5000 rpm).

3. Results and discussion
3.1. Analysis of the anodization current density vs. time

Figure 1 shows the current density vs. time registered during
anodization for the samples synthesized in different volume
percentage of ethanol (a) and glycerol (b). When ethanol or glycerol
proportion is increased the current density values decrease, reflecting
the lower charge transfer at the electrode surface since the
conductivity of the electrolyte decreases with the addition of ethanol or
glycerol, as it can be noticed in Table 1. That indicates zinc dissolution
rate decreases with increasing the amount of organic solvent. If
ethanol and glycerol current density transients are compared, it is
observed that initial current density values for 10 % v/v and 25 % v/v
electrolytes are similar for both ethanol and glycerol containing

electrolytes. Nevertheless, when the amount of organic solvent is
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increased until 50 % v/v, initial current density values during
anodization are higher for ethanol containing electrolytes than for
glycerol since conductivity of the electrolyte is lower for the latter (see
Table 1). This might be due to the higher viscosity of glycerol
compared to ethanol, although dielectric constant of glycerol is higher

than for ethanol, as it can be observed in Table 2.

a)200- ——ST10v.% et. HD 10 v.% et.
— ST 25v.% et. HD 25 v.% et.
——S8T50v.%et. HD 50 v.% et.

h
150

100 +

i (mA/em?)
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T
0 50 100 150 200 250 300 350 400 450 500 550 600 650
Time (s)

200
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Figure 1. Current density vs. time registered during
anodization in 50 mM NaHCOs with different % v/v of ethanol (a)
and glycerol (b) electrolyte at 10 V for 10 minutes at stagnant (ST)
and hydrodynamic (HD) conditions.
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Table 1. Measured conductivity of the different anodization
electrolytes based on 50 mM NaHCOs aqueous solutions with
different organic solvents (ethanol or glycerol) amounts.

i Electrolyte
gé?fg,lf Amount (% v/v) Conducti)\//ity
(mS/cm)
10 3.22
Ethanol 25 234
S0 1.47
10 3.26
Glycerol 25 216
50 0.78

Table 2. Dielectric constant, dynamic viscosity and NaHCOs3
solubility for the different components of the anodization
electrolytes [30].

Dielectric Dynamic
Medium | constant, viscosity S(')\:igﬁi?i*
& (mPa.s)** y
Water |  80.1 0.89 1029 g'?vgfecr)g’
Ethanol 25.3 1.074 Insoluble
Glycerol 46.53 934 Insoluble
*At 293.20 K; ** at 25 °C

Additionally, different evolution of the current density with time is
observed for stagnant (ST) and hydrodynamic (HD) conditions, which
implies a different growth of the nanostructures [9]. Under
hydrodynamic conditions, current density experiments three phases: (i)
increases in the first seconds of anodization, (ii) keeps constant, (iii)

decreases. For both solvents, the increase of organic solvent amount
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produces the shortening of the phase (ii) and the faster descend of the
current density in phase (iii). When ethanol or glycerol proportion is
increased, it produces the descend of the ionic species solubility (see
Table 2) that promotes precipitation and therefore, the surface might
be completely covered by nanostructures earlier. Moreover, if current
density transients of ethanol and glycerol with the same volume
percentage are compared, it is observed that the constant value in
current density of phase (ii) takes longer in glycerol containing
electrolytes and the decrease of current density of phase (iii) occurs
later. This may be due to the fact that, on the one hand, the higher
value of the dielectric constant of glycerol in comparison with ethanol
delays the conditions in which precipitation of the nanostructures
occurs; and on the other hand, the higher viscosity of glycerol delays
mass transfer producing the lower precipitation of nanostructures.
These two effects make the nanostructures cover the electrode

surface later.

The composition of the as-anodized precipitate was reported to
consist of zinc hydroxycarbonates, hydroxides and oxides. During
thermal annealing, this zinc hydroxicarbonates and hydroxides
experiment decomposition due to high temperature and ZnO is formed
with the liberation of CO; and H;O as it is shown in equation 1
[3,4,9,23].

Zng(OH)§(CO3), — 5 Zn0O + 3 H,0 + 2 CO, (1)
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3.2. Raman characterization

In order to study the composition and crystallinity of the samples,
Raman spectroscopy characterization of the as-anodized and
annealed samples was performed. Raman spectra for the as-anodized
and annealed samples anodized in different electrolytes are shown in
Figure 2. For the as-anodized samples, for both ethanol and glycerol
electrolytes (10 % v/v is shown as an example), a high relative
intensity peak associated to C-OH vibration mode is noticed at 1100
cm[18]. Moreover, peaks at 101 cm™ and 407 cm, corresponding to
E. (low) and E; (TO) of ZnO, respectively, can be observed [10,31].
Likewise, a peak of weak intensity related to COs?*~ v2 bending mode
appears at 704 cm™[9]. This results are consistent with the
composition of the as-anodized electrodes formed in bicarbonate
solutions reported in literature, which consist on zinc

hydroxycarbonates, hydroxides and oxides [3,4,9,23].

Additionally, wurtzite ZnO presents six Raman active vibration
modes: A1, 2 B1, E1 and 2 E; [5,10,17]. A1 and E; are polar and are
divided into transverse (TO) and longitudinal (LO) optical modes
[5,10,17,32], while B, is silent [5,17] and E. presents two modes of
frequency phonons: E; (low) and E: (high) [32,33]. The frequencies of
these modes are the following: E2 (low) =101 cm?, A; (TO) = 380 cm™?,
E: (TO) =407 cm?, E; (high) = 437 cm™, A; (LO) = 574 cm™, E; (LO) =
581 cm™ [10,31]. The Raman spectra of the annealed samples for both
electrolytes revealed the presence of these peaks which indicates that
wurtzite ZnO phase was achieved with the thermal annealing of the as-
anodized samples. On the one hand, E> (high) mode is typical of

wurtzite phase [10,18,32,33] and its high relative intensity compared to
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the other peaks (see Figure 2) indicates a good crystallinity of the ZnO
annealed electrodes. On the other hand, the A; (LO) and E; (LO)
phonon modes are commonly related to oxygen vacancies, zinc
interstitial defect states and free carries [10,33,34], thus the presence
of these peaks in the spectra reveal the presence of some of these
defects in the samples. Nevertheless, relative intensity of peak E:
decreases when increasing organic solvent in the anodization
electrolyte indicating a slight decrease on the crystallinity of the
samples. Similarly, A; (LO) and E: (LO) peaks are higher in the sample
anodized in 10 % v/v glycerol than in 10 v% v/v ethanol, which might
indicate a higher density of structural disorders in the former.

a) as-anodized b) as-anodized
—10 % viv —10 % viv
—25% vlv —25% viv
—50 % viv —50 % viv

Intensity (u.a)
Intensity (u.a)

0 200 400 600 800 1000 1200 0 200 400 600 800 1000 1200
Raman shift (cm-1) Raman shift (cm-1)

Figure 2. Raman spectra of the as-anodized and annealed
ZnO electrodes synthesized in different amounts of ethanol (a) or
glycerol (b). (The as-anodized spectra shown correspond to
electrodes anodized in 10 % v/v ethanol or glycerol.)
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In addition, peaks corresponding to the second order Raman
scattering were identified in all the annealed samples, i.e: 2TA/2E;
(low) at 202 cm?, E; (high) - Ez(low) at 333 cm™ [18,32], related to ZnO
vibration [18] and 2LO A; and E; peaks at 1105 cm™ [33] and 1158 cm-
1135].

3.3. Morphology of the ZnO nanostructures

The morphological characterization of the annealed electrodes was
evaluated by FE-SEM analysis to observe the influence of the different
anodization conditions on the morphology of the synthesized samples.

3.3.1. Samples anodized in ethanol containing electrolyte

Figure 3 shows the nanostructures formed in different containing
ethanol electrolytes anodized at stagnant (O rpm) and hydrodynamic
(5000 rpm) conditions. It can be observed that nanowires with the
morphology of flowers are obtained in all cases. When increasing
ethanol content of the electrolyte, it is clearly observed that the
nanowires growth rate is lower and the length of the resulting
nanowires is smaller, since less Zn*? is produced, which is required to
form the nanostructures. Furthermore, hydrodynamic conditions seem
to influence the growth of nanostructures differently. At 10 % v/v
ethanol, it barely affects the length of the nanowires. However,
differences in the separation of the nanowires are observed. In the
case of stagnant conditions, wires are more disordered and separated
between them. This fact might produce the increase in the specific
surface area with respect to the anodized under hydrodynamic
conditions in which wires seem to be more stuck between them. At 25

% v/v ethanol, nanowires length of the samples anodized under
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hydrodynamic conditions is shorter than in stagnant conditions, thus
hydrodynamic conditions delay nanowires growth rate, while at 50 %
viv ethanol the growth of the nanostructures is favored by them (see
Figure 3). Therefore, if zinc dissolution rate and precipitation process is
very high, as it seems to be in 10 % v/v ethanol, hydrodynamic
conditions do not affect too much to the final growth of the
nanostructures. Nevertheless, if dissolution-precipitation process is
relatively fast, which is the case of 25 % v/v ethanol, hydrodynamic
conditions remove zinc from the surface, delaying nanostructures
formation, but if it is slower, which is the case of 50 % v/v ethanol, they
favor mass transfer and distribution of zinc and other species that form

the nanostructures.
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0%vv k& & s000upm

50 % viv 5000 rpm

Figure 3. FE-SEM images of the samples anodized in
different ethanol content electrolyte under stagnant and
hydrodynamic conditions.
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3.3.2. Samples anodized in glycerol containing electrolyte

Figure 4 shows the FE-SEM images of the zinc oxide
nanostructures anodized at different glycerol containing electrolytes at
stagnant or under controlled hydrodynamic conditions. It can be
observed that glycerol amount significantly influenced the growth and
morphology of the nanostructures. At stagnant conditions in 10 % v/v
glycerol containing electrolyte nanotubes with the morphology of
flowers were obtained, while under hydrodynamic conditions (5000
rpm) formation of nanowires instead of nanotubes is observed.
Besides, the resulting nanowires are shorter than the mentioned
nanotubes. This contrast with the results obtained with 10 vol. %
ethanol. Due to the higher viscosity of glycerol compared with that of
ethanol the precipitation process is slower (as it was seen in section
3.1) and therefore, the dissolved zinc removed from the electrode
surface under hydrodynamic conditions delayed precipitation. In 25 %
viv glycerol containing electrolyte, at stagnant conditions, nanowires
formation is observed, while at hydrodynamic conditions the formation
of an ill-defined nanosponge-like structure. Finally, when glycerol
content increases until 50 % v/v a compact layer covered by some
dispersed nanospheres is observed, both stagnant and hydrodynamic

conditions.
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10% vVviv 70 523 5000 rpm

1 p_m“'\

50 % v/v

Figure 4. FE-SEM images of the samples anodized in
different glycerol content electrolyte under stagnant and
hydrodynamic conditions. Inset: magnification of the tube tips for
the sample anodized in glycerol 10 % v/v.
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3.4. Photoelectrochemical measurements

Photoelectrochemical and electrochemical characterization for the
different ZnO electrodes was carried out performing water splitting
measurements under light on/off conditions in a 0.24 M Na,S and 0.35

M Na.SOs; aqueous solution [9,18].

Figure 5 and 6 shows the photocurrent density transients versus
the applied potential for the nanostructures synthesized at stagnant
and hydrodynamic conditions, respectively, and its comparison with
the ZnO nanostructures anodized at the same conditions in the
bicarbonate aqueous electrolyte (0 % v/v of organic solvent). For each
anodization condition, one of the three tests performed is shown as an
example in Figure 5 and 6. However, photocurrent density values
given along this section are referred to the mean value of the
photocurrent density response (given by the current density under
illumination minus the current density in the dark) of the three tested
samples at an applied potential of -0.46 Vagagcl. For all the samples,
the photocurrent density response values do not experiment significant

variations within the potential range beyond the onset potential.

In Figure 5 it can be noticed that when ethanol (E) or glycerol (G) is
added to the anodization electrolyte, the photoelectrochemical
response of the ZnO nanostructures in general increases in
comparison with the samples anodized at the same conditions in the
agueous bicarbonate electrolyte. Thus, the highest values of
photocurrent density response are obtained for the nanostructures
anodized in electrolytes containing 10 % v/v ethanol or 10 % v/v

glycerol with the value of 0.34 and 0.31 mA/cm?, respectively, followed
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by the samples anodized in electrolytes containing 25 % v/v of ethanol
or glycerol, with values of 0.22 and 0.29, respectively. Finally, the
lowest values are obtained for the samples anodized in electrolytes
containing 50 % v/v ethanol or glycerol, with values of 0.12 and 0.13
mA/cm?, It is remarkable that all the mean values of the
photoelectrochemical response for the samples containing 10 % v/v
and 25 % v/v of ethanol or glycerol are higher than the 0.17 mA/cm? [9]
obtained for the ZnO electrode anodized in bicarbonate aqueous
electrolyte. These differences in the photoelectrochemical response
are owing to differences on the morphology of the ZnO nanostructures,
which are discussed in section 3.4.2.

It should be mentioned, as well, that the addition of ethanol or
glycerol to the anodization electrolyte provided ZnO electrodes with
lower dark current density values in the applied potential range of -0.8
and 0.5 Vagagar if it is compared with the ZnO electrode anodized in
agueous electrolyte (see Figure 5). Besides, dark current decreases
when ethanol amount is increased in the anodization electrolyte until
reaching almost zero for the anodized in 50 % v/v. This occurs
similarly for the samples anodized in glycerol electrolytes. The origin of
this dark current and its variation within the potential range is not clear
enough. Dark currents are sometimes associated with the degradation
of the electrode [18]. However, constant dark currents within the
potential range might be due to the presence of oxygen vacancies or
surface states [36] which could act as the charge carriers in dark
conditions. On the other hand, the shape of the dark current curve for
the sample anodized in 0 % v/v in form of a peak might correspond to
some oxidation processes in the electrolyte taking place in the

nanostructured ZnO surface.
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When anodization is performed under controlled hydrodynamic
conditions, the ZnO nanostructures formed with the addition of ethanol
or glycerol present a lower photoelectrochemical response in
comparison with the obtained with aqueous electrolyte, except in the
case when anodization was performed adding a 10 % v/v of ethanol to
the electrolyte, in which a photocurrent density response of 0.29
mA/cm2 was achieved (see Figure 6). It is worth mentioning that, in
this case, dark current density values keep low in the -1 VAg/AgCI and
0 VAg/AgCI range. Although photocurrent density values for the
sample anodized in the 25 % v/v ethanol containing electrolyte were
lower than those for the nanostructured ZnO electrode anodized in
agueous electrolyte, the photoelectrochemical performance of the
former sample is also remarkable, with a maximum photocurrent
density of 0.21 mA/cm2. Relatively low values of dark current densities
were obtained, in general, except in the case of the sample anodized
at 25 % v/v of glycerol, in which a compact and ill-defined

nanosponge-like structure was formed.
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Figure 5. Photocurrent density transients under on/off
simulated sunlight AM 1.5 in Na2S/Na2SOs solution in function of
the applied potential for the nanostructures anodized at stagnant
conditions in different ethanol S-E (a) or glycerol S-G (b) amounts

(0,10, 25 or 50 % v/v).
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Figure 6. Photocurrent density transients under on/off
simulated sunlight AM 1.5 in Na2S/Na2S03 solution in function of
the applied potential for the nanostructures anodized un
hydrodynamic conditions in different ethanol HD-E (a) or glycerol
HD-G (b) amounts (0,10, 25 or 50 % v/v).
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Additionally, stability against photocorrosion was evaluated for the
sample that presented the best photoelectrochemical behavior, i.e. the
anodized in 10 % v/v ethanol at stagnant conditions. Thus,
photocurrent density transient at an applied potential of -0.46 Vagiagci in
Na>S/Na,SO; solution under illumination condition was registered.
Results presented in Figure 7 reveal that density current remains
constant with time, which proves the photocorrosion resistance of the

evaluated ZnO nanostructure.
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0.1 ~
0 LI B B B R B B B B R DL R R B R B B R B B R B R R B R
0 600 1200 1800 2400 3000 3600
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Figure 7. Photocurrent density transient under illumination at
an applied potential of -0.46 Vagiagcl in Na2S/Na2SO3 solution of
the ZnO sample synthesized in 10 % v/v ethanol electrolyte at

stagnant conditions.
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3.4.1. Statistical analysis of the influence of anodization

conditions on the photoelectrochemical response

Photocurrent density response was observed to be influenced by
the different anodization parameters. In order to determine if the effect
of these parameters and their interaction result statistically significant,

multi-factor analysis of the variance (ANOVA) was carried out.

Table 3 and Table 4 show the analysis of the variance for the
photocurrent density response of the ZnO nanostructures anodized in
ethanol and glycerol containing electrolytes, respectively. On the one
hand, both the ethanol amount and the interaction ethanol amount-
rotation speed resulted to be statistically significant since they
presented a p-Value lower than 0.05. On the other hand, glycerol
amount, rotation speed and their interaction resulted to be statistically
significant on the photocurrent density response of the ZnO
nanostructures (p-Value < 0.05). In Figure 8 interaction between
amount of organic solvent and rotation speed is shown for ethanol (a)
and glycerol (b) containing electrolytes. It can be observed that both
ethanol and glycerol containing electrolytes present significantly better
results in the photocurrent density response for 10 v. % amount.
Nevertheless, the effect of the interaction amount of organic solvent
and the rotation speed differs substantially. For ethanol, hydrodynamic
conditions produce a negative effect on the photocurrent density
response and change its trend to a positive effect when increasing
ethanol amount, while for glycerol the trend of the effect is not that
clear. This might be due to the high viscosity of glycerol that produces
strong changes on the morphology of the electrodes that affects their

photoelectrochemical properties, while for ethanol the changes result
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in aspects

like nanowires

length. The negative effect of the

hydrodynamic conditions in ethanol containing electrolyte coincides

with the removal of the dissolved zinc during anodization and the

change of the trend to a positive one with the enhancement of mass

transfer in slow precipitation process.

Table 3. Analysis of the variance for the photocurrent density
response considering the factors amount of ethanol, rotation
speed and their interaction. Effect is statistically significant for p-

Values lower than 0.05 (in bold).

Effects Sum of Gl Mean Fratio p-Value
squares square
E::]‘(";‘Sr?t' 0.082575 2 0,0412875 | 550.50 | 0.0000
Rotation speed 0.00005 1 0.000053 0.67 0.4301
Interaction 0.009475 2 0.0047375 63.17 0.0000
Residual error 0.0009 12 0.000075
Total 0.093 17
When p-Value is lower to 0.05
Table 4. Analysis of the variance for the photocurrent density
response considering the factors amount of glycerol, rotation
speed and their interaction. Effect is statistically significant for p-
Values lower than 0.05 (in bold).
Effects Sum of Gl Mean Fratio p-Value
squares square
Glycerol 0.072475 2 0.0362375 | 217,42 | 0.0000
Rotation speed 0.0288 1 0.0288 172.80 0.0000
Interaction 0.024375 2 0.0121875 73.12 0.0000
Residual error 0.002 12 0.000166667
Total 0.12765 17
When p-Value is lower to 0.05
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Figure 8. Interaction between amount of organic solvent ((a)
ethanol, and (b) glycerol) and rotation speed during anodization
on the photocurrent density response.

3.4.2. Morphology and photoelectrochemical behavior

Several works in the literature found that the photoelectrocatalytic
properties of the zinc oxide nanostructures are closely related to their
size and morphology [14-17]. Table 5 shows anodization conditions,
morphology, nanostructures length and photocurrent density response

of the synthesized ZnO nanostructures.
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Table 5. Summary of anodization conditions, morphology, nanostructures length and photocurrent density
response obtained in the water splitting measurements at an applied potential of -0.46 Vagiagcl.

Anodization conditions Al
Organic Stirring Amount Morphology | Ns length (um) (mA/cm?)
solvent (% v/iv)

10 Nanowires 525%+0.24 0.34 £0.01
0 rpm 25 Nanowires 3.32+0.11 0.22 +0.01
50 Nanowires 0.66 £ 0.05 0.12+£0.01
Ethanol .
10 Nanowires 5.28 £0.15 0.29 £ 0.01
Srg(r)no 25 Nanowires 1.88 + 0.06 0.21+£0.01
50 Nanowires 0.79£0.03 0.18 £0.01
10 Nanotubes 5,92 £0.23 0.31£0.02
0 rpm 25 Nanowires 3.38x0.16 0.29 £ 0.01
Glycerol 50 Nanospheres - 0.13+£0.01
10 Nanowires 3.07+£0.17 0.26 £ 0.02
Srg?no 25 Nanosponge - 0.11£0.02
50 Nanospheres - 0.13+£0.01
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Similarly, Figure 9 shows the distribution of the photocurrent
density response at an applied potential of -0.46 Vagagci for the ZnO
nanostructures as a function of their size and morphology
(nanostructures are grouped in order to observe this differences). The
top and the bottom of the bars correspond to the maximum and
minimum value, respectively, of the photocurrent density response
considering all the samples of each morphology group. It can be
observed that 1-D nanostructures, including nanowires and nanotubes,
presented the highest photoelectrochemical responses in water
splitting test, while for compact nanosponge or nanosphere the
photoelectrochemical response was considerably lower. There is an
exception for the ZnO synthesized in 50 % v/v ethanol electrolyte at O
rpm, corresponding to NWs IIl group, that presented a lower value
since the surface was not completely covered by nanostructures (see
Figure 3). The highest values of the photoelectrochemical response of
the nanowires or nanotubes are related, on the one hand, to their high
surface-to-volume ratio for these 1-D nanostructures, that implies an
increase of the active area that absorbs light [9]. On the other hand, 1-
D morphologies allow the longitudinal transport of the photogenerated
electrons to the metal substrate through a more direct path, avoiding
the recombination of the electron-hole pairs [21]. Besides, the
photogenerated holes rapidly diffuse into the ZnO/electrolyte interface
due to the higher active area [8]. Additionally, it can be appreciated
that in general, the photocurrent density response of the nanowires
increases with increasing the wires length, presenting the highest
values for the nanowires and nanotubes with an average length
between 5 and 6 pm, corresponding to the anodized at 10 % v/v

ethanol at stagnant and hydrodynamic conditions, the nanowires, and
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the anodized in 10 % v/v glycerol, the nanotubes (see Figure 3).
Nevertheless, photocurrent density response is influenced by other
parameters depending on the morphology, as it could be the wire
diameter [9] or the possibility of quantum confinement effects

occurrence.
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Figure 9. Distribution of the photocurrent density response for
the different ZnO morphologies.

According to the results exposed along this article, it is clear that
the synthesis method reported here, which uses different organic
solvents to affect the precipitation equilibrium of the soluble Zn species
formed during anodization and to produce innovative and high aspect

ratio nanostructures, represents a simple and non-expensive approach
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to control and adjust the morphology and size of these nanostructures
and, therefore, their fundamental properties. In particular, a high
photosensitivity was observed for samples anodized at low amounts of
ethanol or glycerol (10 % v/v). The value of the photocurrent density
response in the aforementioned conditions are in the order or higher
than others reported in the literature [16,37—43]. For instance, 0.17
mA/cm? (at 1.23 V vs. RHE) was achieved by Lan et al. [39] when ZnO
nanorods were synthesized by hydrothermal deposition and then
thermal annealed at 550 °C for 1 h. Similarly, maximum value of 0.32
at (1.23 V vs. VAgQ/AgQCI) was obtained for ZnO nanorods prepared by
hydrothermal method and thermal annealing at 500 °C for 3 h [40],
while at lower applied potential obtained photocurrent densities were
lower. Similarly, ZnO nanowires synthesized by electrochemical
deposition achieved photocurrent density of 0.18 mA/cm? (at 0.5 V vs.
Ag/AgCl) using Na,SOs as electrolyte [37]. Finally, at 1.23 V vs. RHE
photocurrents densities of 0.33 mA/cm? [41] and inferior to 0.2 mA/cm?
[36,42] have been obtained for nanorods array, and 0.19 mA/cm? for

ZnO tetrapods [43] in water splitting measurements.

Thus, due to the remarkably simplicity of the anodization
conditions, i.e. short duration of 10 minutes, low potential and
electrolyte composition, and the process itself, these results are
promising and indicate a good way to synthesize ZnO nanostructures
with very high electroactive surface areas, that make them suitable as

photocatalysts in clean energy production.
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4. Conclusions

In this investigation, ZnO nanostructures were obtained by a
simple anodization method in different bicarbonate electrolytes in the
presence of organic solvents (ethanol or glycerol) under hydrodynamic
and stagnant conditions and a subsequent thermal annealing. Raman
spectroscopy revealed that the electrodes after annealing presented

crystalline wurtzite ZnO structure.

A strong influence on the morphology by the addition of ethanol or
glycerol was noticed, especially with the latter. On the one hand, the
increase of the amount of ethanol implied, mainly, the descend of the
growth rate of the nanostructures and the shortening of the formed
nanowires length, and on the other hand, glycerol containing
electrolytes, besides nanowires, produced new morphologies:

nanotubes, nanospheres and a compact nanosponge.

The ZnO nanostructured  electrodes  presented  high
photosensibility during water splitting test. The photocurrent density
response in water splitting test for the electrodes obtained at stagnant
conditions was significantly improved with the addition of 10 % v/v and
25 % v/v of ethanol or glycerol to the aqueous bicarbonate electrolyte.
In particular, the photocurrent density response of the zinc oxide
electrode anodized in 10 % v/v ethanol electrolyte was doubled than
the obtained for the electrode anodized under the same conditions in
aqueous bicarbonate electrolyte.  Additionally, this sample
demonstrated to be stable under illumination condition at the applied

potential of -0.46 Vagiagcl.
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Finally, it was observed that the morphology of the ZnO
nanostructured electrodes affected their photoelectrochemical
properties, presenting those with nanowires and nanotubes
morphology a higher photocurrent density response than nanospheres
or nanosponge. In the ZnO electrodes with nanowires morphology, an
increment of the photocurrent density response occurred while the

length of the nanowires was increased.

Acknowledgements

Authors thank the Generalitat Valenciana and the European Social
Fund for the financial support through the subvention:
GJIDI/2018/A/067, as well as to project co-funded by FEDER
operational programme 2014-2020 of Comunitat Valenciana
(IDIFEDER/18/044). Authors also express their gratitude for the
financial support to the Ministerio de Economia y Competitividad
(Project Code: CTQ2016-79203-R and PID2019-105844RB-100), for its
help in the Laser Raman Microscope acquisition (UPOV08-3E-012)
and for the co-finance by the European Social Fund.

260



Resultados y discusion

References

[1] Y. Ji, One-step method for growing of large scale ZnO
nanowires on zinc foil, Mater. Lett. 138 (2015) 92-95.
https://doi.org/10.1016/j.matlet.2014.09.095.

[2] J. Zhao, X. Wang, J. Liu, Y. Meng, X. Xu, C. Tang, Controllable
growth of zinc oxide nanosheets and sunflower structures by
anodization method, Mater. Chem. Phys. 126 (2011) 555-559.
https://doi.org/10.1016/j.matchemphys.2011.01.028.

[3] L. Zaraska, K. Mika, K. Syrek, G.D. Sulka, Formation of ZnO
nanowires during anodic oxidation of zinc in bicarbonate electrolytes,
J. Electroanal. Chem. 801 (2017) 511-520.
https://doi.org/10.1016/j.jelechem.2017.08.035.

[4] L. Zaraska, K. Mika, K.E. Hnida, M. Gajewska, T. Ltojewski, M.
Jaskutfa, G.D. Sulka, High aspect-ratio semiconducting ZnO nanowires
formed by anodic oxidation of Zn foil and thermal treatment, Mater.
Sci. Eng. B Solid-State Mater. Adv. Technol. 226 (2017) 94-98.
https://doi.org/10.1016/j.mseb.2017.09.003.

[5] A.Y. Faid, N.K. Allam, Stable solar-driven water splitting by
anodic ZnO nanotubular semiconducting photoanodes, RSC Adv. 6
(2016) 80221—-80225. https://doi.org/10.1039/c6ral8747a.

[6] Y.H. Chen, Y.M. Shen, S.C. Wang, J.L. Huang, Fabrication of
one-dimensional ZnO nanotube and nanowire arrays with an anodic
alumina oxide template via electrochemical deposition, Thin Solid
Films. 570 (2014) 303-309. https://doi.org/10.1016/j.tsf.2014.03.014.

[7] J. Kegel, .M. Povey, M.E. Pemble, Zinc oxide for solar water

splitting: A brief review of the material’'s challenges and associated

261



Capitulo 4- Seccion tercera

opportunities, Nano Energy. 54 (2018) 409-428.
https://doi.org/10.1016/j.nanoen.2018.10.043.

[8] R. van de Krol, M. Gratzel, Photoelectro - chemical Hydrogen
Production, Springer, 2012. https://doi.org/10.10007/978-1-4614-1380-
6.

[9] P. Batista-Grau, R. Sanchez-Tovar, R.M. Fernandez-Domene,
J. Garcia-Anton, Formation of ZnO nanowires by anodization under
hydrodynamic conditions for photoelectrochemical water splitting, Surf.
Coat. Technol. 381 (2020) 125197.
https://doi.org/10.1016/j.surfcoat.2019.125197.

[10] S. He, M. Zheng, L. Yao, X. Yuan, M. Li, L. Ma, W. Shen,
Preparation and properties of ZnO nanostructures by electrochemical
anodization method, Appl. Surf. Sci. 256 (2010) 2557-2562.
https://doi.org/10.1016/j.apsusc.2009.10.104.

[11] H. Tong, S. Ouyang, Y. Bi, N. Umezawa, M. Oshikiri, J. Ye,
Nano-photocatalytic materials: Possibilities and challenges, Adv.
Mater. 24 (2012) 229-251. https://doi.org/10.1002/adma.201102752.

[12] H.S. Goh, R. Adnan, M.A. Farrukh, ZnO nanoflake arrays
prepared via anodization and their performance in the
photodegradation of methyl orange, Turkish J. Chem. 35 (2011) 375—-
391. https://doi.org/10.3906/kim-1010-742.

[13] Y. Gao, M. Nagai, T.C. Chang, J.J. Shyue, Solution-derived
ZnO nanowire array film as photoelectrode in dye-sensitized solar
cells, Cryst. Growth Des. 7 (2007) 2467-2471.
https://doi.org/10.1021/cg060934Kk.

262



Resultados y discusion

[14] K.S. Ahn, Y. Yan, S. Shet, K. Jones, T. Deutsch, J. Turner, M.
Al-Jassim, ZnO nanocoral structures for photoelectrochemical cells,
Appl. Phys. Lett. 93 (2008) 163117. https://doi.org/10.1063/1.3002282.

[15] Z. Liu, Q. Cai, C. Ma, J. Zhang, J. Liu, Photoelectrochemical
properties and growth mechanism of varied ZnO nanostructures, New
J. Chem. 41 (2017) 7947—7952. https://doi.org/10.1039/c7nj01725a.

[16] A.R. Marlinda, N. Yusoff, A. Pandikumar, N.M. Huang, O.
Akbarzadeh, S. Sagadevan, Y.A. Wahab, M.R. Johan, Tailoring
morphological characteristics of zinc oxide using a one-step
hydrothermal method for photoelectrochemical water splitting
application, Int. J. Hydrogen Energy. 44 (2019) 17535-17543.
https://doi.org/10.1016/j.ijhydene.2019.05.109.

[17] M.C. Huang, T. Wang, B.J. Wu, J.C. Lin, C.C. Wu, Anodized
ZnO nanostructures for photoelectrochemical water splitting, Appl.
Surf. Sci. 360 (2016) 442-450.
https://doi.org/10.1016/j.apsusc.2015.09.174.

[18] R. Sanchez-Tovar, R.M. Fernandez-Domene, M.T. Montafés,
A. Sanz-Marco, J. Garcia-Antén, ZnO/ZnS heterostructures for
hydrogen production by photoelectrochemical water splitting, RSC
Adv. 6 (2016) 30425-30435. https://doi.org/10.1039/c6ra03501a.

[19] A. Kushwaha, M. Aslam, ZnS shielded ZnO nanowire
photoanodes for efficient water splitting, Electrochim. Acta. 130 (2014)
213-221. https://doi.org/10.1016/j.electacta.2014.03.008.

[20] L. De Marco, D. Calestani, A. Qualtieri, R. Giannuzzi, M.
Manca, P. Ferro, G. Gigli, A. Listorti, R. Mosca, Single crystal

mesoporous ZnO platelets as efficient photoanodes for sensitized

263



Capitulo 4- Seccion tercera

solar cells, Sol. Energy Mater. Sol. Cells. 168 (2017) 227-233.
https://doi.org/10.1016/j.solmat.2017.04.001.

[21] H. wa Yu, J. Wang, C. juan Xia, X. an Yan, P. fei Cheng,
Template-free hydrothermal synthesis of Flower-like hierarchical zinc
oxide nanostructures, Optik (Stuttg). 168 (2018) 778-783.
https://doi.org/10.1016/].ijle0.2018.05.005.

[22] C. Florica, N. Preda, A. Costas, |. Zgura, |I. Enculescu, ZnO
nanowires grown directly on zinc foils by thermal oxidation in air:
Wetting and water adhesion properties, Mater. Lett. 170 (2016) 156—
159. https://doi.org/10.1016/j.matlet.2016.02.035.

[23] C.F. Mah, K.P. Beh, F.K. Yam, Z. Hassan, Rapid Formation
and Evolution of Anodized-Zn Nanostructures in NaHCO 3 Solution,
ECS J. Solid State Sci. Technol. 5 (2016) M105-M112.
https://doi.org/10.1149/2.0061610jss.

[24]  A. Achour, M.A. Soussou, K. Ait Aissa, M. Islam, N. Barreau, E.
Faulques, L. Le Brizoual, M.A. Djouadi, M. Bouijtita, Nanostructuration
and band gap emission enhancement of ZnO film via electrochemical
anodization,  Thin  Solid Films. 571 (2014) 168-174.
https://doi.org/10.1016/j.tsf.2014.10.061.

[25] J. Kaur, H. Singh, Fabrication and analysis of piezoelectricity in
0D, 1D and 2D Zinc Oxide nanostructures, Ceram. Int. 46 (2020)
19401-19407. https://doi.org/10.1016/j.ceramint.2020.04.283.

[26] Y.T. Kim, J. Park, S. Kim, D.W. Park, J. Choi, Fabrication of
hierarchical ZnO nanostructures for dye-sensitized solar cells,
Electrochim. Acta. 78 (2012) 417-421.
https://doi.org/10.1016/j.electacta.2012.06.022.

264



Resultados y discusion

[27] J. Park, K. Kim, J. Choi, Formation of ZnO nanowires during
short durations of potentiostatic and galvanostatic anodization, Curr.
Appl. Phys. 13 (2013) 1370-1375.
https://doi.org/10.1016/j.cap.2013.04.015.

[28] Z. Hu, Q. Chen, Z. Li, Y. Yu, L.M. Peng, Large-scale and rapid
synthesis of ultralong ZnO nanowire films via anodization, J. Phys.
Chem. C. 114 (2010) 881—-889. https://doi.org/10.1021/jp9094744.

[29] D. Konopacka-tyskawa, B. KoScielska, J. Karczewski, Effect of
some organic solvent-water mixtures composition on precipitated
calcium carbonate in carbonation process, J. Cryst. Growth. 418
(2015) 25-31. https://doi.org/10.1016/j.jcrysgro.2015.02.019.

[30] D.R. Lide, CRC Handbook of Chemistry and Physics. 89th
Edition (Internet Version 2009), CRC Press, Boca Raton, FL, 2009.
https://doi.org/10.1021/ed052pal42.1.

[31] T.C. Damen, S.P.S. Porto, B. Tell, Raman Effect in Zinc Oxide,
Phys. Rev. 142 (1966) 570-574.

[32] A. Khan, N. Sciences, Raman Spectroscopic Study of the ZnO
Nanostructures Raman  Spectroscopic  Study of the ZnO
Nanostructures, J Pak Mater Soc. 4 (1) (2010) 5-9.

[33] A.K. Bhunia, P.K. Jha, D. Rout, S. Saha, Morphological
Properties and Raman Spectroscopy of ZnO Nanorods, J. Phys. Sci.

21 (2016) 111-118. www.vidyasagar.ac.in/journal.

[34] R. Ghosh, S. Kundu, R. Majumder, M.P. Chowdhury,
Hydrothermal synthesis and characterization of multifunctional ZnO
nanomaterials, Mater. Today Proc. (2019).
https://doi.org/10.1016/j.matpr.2019.04.217.

265



Capitulo 4- Seccion tercera

[35] L.A.R. Cuscé, E.A. Llado, J. Ibanez, Temperature dependence
of Raman scattering in ZnO, Phys. Rev. B. 75 (2007) 165202 1-11.
https://doi.org/10.1103/PhysRevB.75.165202.

[36] C.H. Hsu, D.H. Chen, Photoresponse and stability improvement
of ZnO nanorod array thin film as a single layer of photoelectrode for
photoelectrochemical water splitting, Int. J. Hydrogen Energy. 36
(2011) 15538-15547. https://doi.org/10.1016/j.ijhydene.2011.09.046.

[37] S. Guo, X. Zhao, W. Zhang, W. Wang, Materials Science &
Engineering B Optimization of electrolyte to signi fi cantly improve
photoelectrochemical water splitting performance of ZnO nanowire
arrays, Mater.  Sci. Eng. B. 227  (2018) 129-135.
https://doi.org/10.1016/j.mseb.2017.09.020.

[38] A.M. Holi, Z. Zainal, Z.A. Talib, H.N. Lim, C.C. Yap, S.K.
Chang, A.K. Ayal, Effect of hydrothermal growth time on ZnO nanorod
arrays photoelectrode performance, Optik (Stuttg). 127 (2016) 11111
11118. https://doi.org/10.1016/j.ijle0.2016.09.015.

[39] Y. Lan, Z. Liu, Z. Guo, X. Li, L. Zhao, L. Zhan, M. Zhang, A
Zn0O/ZnFe204 uniform core-shell heterojunction with a tubular
structure modified by NiOOH for efficient photoelectrochemical water
splitting, Dalt. Trans. 47 (2018) 12181-12187.
https://doi.org/10.1039/c8dt02581a.

[40] H.Q. Huynh, K.N. Pham, B.T. Phan, C.K. Tran, H. Lee, V.Q.
Dang, Enhancing visible-light-driven water splitting of ZnO nanorods
by dual synergistic effects of plasmonic Au nanoparticles and Cu
dopants, J. Photochem. Photobiol. A Chem. 399 (2020) 112639.
https://doi.org/10.1016/j.jphotochem.2020.112639.

266



Resultados y discusion

[41] M. Wu, W.J. Chen, Y.H. Shen, F.Z. Huang, C.H. Li, S.K. Li, In
situ growth of matchlike ZnO/Au plasmonic heterostructure for
enhanced photoelectrochemical water splitting, ACS Appl. Mater.
Interfaces. 6 (2014) 15052—-15060. https://doi.org/10.1021/am503044f.

[42] Y. Liu, X. Yan, Z. Kang, Y. Li, Y. Shen, Y. Sun, L. Wang, Y.
Zhang, Synergistic Effect of Surface Plasmonic particles and Surface
Passivation layer on ZnO Nanorods Array for Improved
Photoelectrochemical Water Splitting, Sci. Rep. 6 (2016) 1-7.
https://doi.org/10.1038/srep29907.

[43] Y. Qiu, K. Yan, H. Deng, S. Yang, Secondary branching and
nitrogen doping of ZnO nanotetrapods: Building a highly active network
for photoelectrochemical water splitting, Nano Lett. (2012).
https://doi.org/10.1021/nl2037326.

267


https://doi.org/10.1021/nl2037326

Capitulo 4- Seccion tercera

268



Resultados y discusion

Seccion cuarta

Photoelectrochemical characterization of ZnO

nanowires synthesized by rapid anodization.

Abstract

Zinc oxide (ZnO) is a promising n-type semiconductor in
photocatalysis due to its properties such as a wide bandgap energy of
3.37 eV and high electron mobility, 10 to 100 times higher than titanium
dioxide. Besides, it is abundant and relatively low-cost. ZnO
nanostructures have been synthesized by several methods that usually
require high energy, temperature, pressure or long reaction times. In
contrast, electrochemical anodization of zinc is an effective method to

produce ZnO nanostructures under mild conditions.

In this work, ZnO nanostructures were synthesized by anodization
at 10 V for 10 min in aqueous bicarbonate electrolyte containing 10 or
50 viv % ethanol followed by thermal annealing. Morphology,

crystallinity, and vibrational properties of the samples were evaluated
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through Field Emission Scanning Electron Microscopy (FE-SEM) and
Confocal Laser-Raman Spectroscopy. Finally, the photoelectrochemical
properties of the ZnO nanostructures were analyzed by means of the

Photoelectrochemical Impedance Spectroscopy (PEIS) technique.

According to the results, ZnO nanowires were successfully obtained
by rapid anodization. Moreover, the electrodes showed ZnO hexagonal
wurtzite structure with good crystallinity after annealing. Additionally,
ZnO nanowires presented high photosensibility under simulated
sunlight. PEIS measurements showed that the sample anodized at 10
viv. % ethanol presented lower values of charge transfer resistance
under illumination conditions, which is consistent with its better

photoelectrochemical performance.

1. Introduction

ZnO is an n-type semiconductor with growing interest owing to its
remarkable optical, electrical and photoelectrocatalytic properties. More
specifically, ZnO is an attractive material used as photoanode due to its
high electron and hole mobility of 200 cm? V! s* and 180 cm? V! s,
respectively [1] and its relatively low-cost. The band gap of the ZnO is
3.37 eV [2], which is small enough to allow the absorption of light with
wavelengths comprised in the ultraviolet (UV) region of the solar
spectrum and high enough to provide energy to carry out the water
splitting redox reactions. Moreover, it presents high photostability [3].
Additionally, nanostructuration of ZnO enhances the

photoelectrocatalytic performance since the increase in the specific
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surface area enhances light absorption and shorter diffusion path
lengths decrease recombination of the photogenerated electron/hole
pairs [4]. Electrochemical anodization in bicarbonate solutions is a rapid,
simple and effective method to synthesize ZnO nanostructures under
mild conditions [5] that allows the nanostructures growth directly on the
metallic substrate, which is required for its application as photoanode
[3]. Photoelectrocatalytic performance of ZnO nanostructures is related
to charge transfer and recombination competition that take place in the
semiconductor/electrolyte interface under illumination [6].
Consequently, the study of the interfacial characteristics is important in
the optimization of ZnO for photoelectrocatalytic applications [7].

In this study, ZnO nanostructures have been obtained by
electrochemical anodization in bicarbonate electrolytes with 10 or 50 v/v
% ethanol amounts. With the aim of evaluating the influence of the
anodization conditions on the morphology, crystallinity, and vibrational
properties, the samples were examined through Field Emission
Scanning Electron Microscopy (FE-SEM) and Confocal Laser-Raman
Spectroscopy. Finally, the electrochemical and photoelectrochemical
properties and the ZnO/ electrolyte interface characteristics of the
nanostructures were evaluated through water splitting measurements

and Photoelectrochemical Impedance Spectroscopy (PEIS).

2. Experimental procedure

Synthesis of the ZnO nanostructures was performed through
electrochemical anodization by using a 2-electrode cell consisting on a
zinc rod (99.999 % purity) of 8 mm diameter (anode) and a Pt cathode.

The zinc rod surface was previously polished with 240-4000 SiC papers
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with the aim of achieving a mirror finish. Then, the samples were
sonicated with ethanol for 2 min, washed with distilled water and dried
in an air stream. Anodization was carried out in a 50 mM bicarbonate
agueous electrolyte containing 10 or 50 v/v % ethanol applying a
potential of 10 V for 10 min. The current density transients were
recorded during anodization. Afterwards, thermal annealing of the as-
anodized electrodes was carried out at 300 °C for 1 hour in air
atmosphere.

Structural and morphological characteristics of the annealed
electrodes were evaluated through Confocal Laser-Raman
Spectroscopy using a blue laser (488 nm) and Field Emission Scanning
Electron  Microscopy (FE-SEM). The electrochemical and
photoelectrochemical characterization of the annealed electrodes were
performed by water splitting measurements and photoelectrochemical
impedance spectroscopy (PEIS). For this, a three-electrode cell was
employed in which the zinc oxide was the photoanode, a Pt foil the
cathode and an Ag/AgClI (3M) the reference electrode. All the electrodes
were immersed in a 0.24 M Na;S/ 0.35 M Na>SOs; aqueous electrolyte
and connected to a potentiostat. lllumination conditions were carried out
by using simulated sunlight AM 1.5 (100 mW/cm?). Water splitting
measurements were carried out registering the photocurrent density
versus the applied potential chopping light radiation (60 s dark/ 20 s
light) and sweeping the potential from -1.00 Vagiagcl t0 0.25 Vagiagel (2
mV/s). The potentials measured experimentally were transformed to the

reversible hydrogen electrode (RHE) scale through Nernst equation:

ERHE=EAg/AgCI+0-059'pH+EOAg/AgCI 1)
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where Erue is the calculated potential (vs. RHE), Eagagel iS the
applied potential (vs. Ag/AgCl), pH of the electrolyte is 13.38 and
E%giagcl is 0.1976 V at 25 °C [8]. In addition, PEIS experiments were
carried out in the same configuration at an applied potential of -0.2
Vagiagel (corresponding to 0.8 V vs. RHE) over a frequency range from
100 kHz to 10 mHz with an amplitude of 0.01 V under illumination

conditions.

3. Results and discussions
3.1. Current density versus time during anodization

Figure 1 shows the current density versus time recorded during
anodization. Nanostructures formation is due to dissolution-precipitation
process, according to equation 2-4 [3]. As it can be noticed from Figure
1, the current density gradually drops with time until it keeps constant.
Higher current densities at initial stages are due to a higher dissolution
of the metallic zinc (equation 2) that is gradually hindered with the
nanostructures precipitation over the surface (equation 2 and 3). In
addition, the current density is higher for the electrode anodized in the
electrolyte with lower ethanol amount (10 v/iv %) since ethanol
decreases electrolyte conductivity decreasing charge transfer at the

electrode surface.

Zn — Zn*t+2¢" 2)
Zn**+ H,0 < Zn(OH)*+H* (3)
5 Zn(OH)*+ 2HCO3 ™+ Ho,O «<>Zn5(OH)(CO3), + 3H" (4)
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Figure 1. Current density versus time recorded during
electrochemical anodization.
The composition of the as-anodized samples is based on zinc
hydroxides and hydroxycarbonates that are converted to ZnO by
thermal annealing through the decomposition reaction of equation 5 [9].

Zn5(OH)6(CO3)2 —52Zn0 + 3 H,0+2CO, (5)

3.2. Structural characterization

In order to study the crystal structure and the vibrational
characteristics of the electrodes and, hence, prove the conversion to
wurtzite ZnO crystalline structure, Raman spectroscopy evaluation of
the annealed samples was carried out. Figure 2 shows the Raman

spectra of the electrodes anodized at different conditions.
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Figure 2. Raman spectra of the annealed ZnO electrodes.

The typical peaks of the ZnO hexagonal wurtzite structure were
identified in both samples. Table 1 shows the position of these peaks
and the corresponding symmetry in the ZnO wurtzite structure. The high
relative intensity of peak E; (high) indicates the good crystallinity of the
samples [10], which is higher for the electrode anodized in 10 viv %
ethanol. Similarly, the presence of the peak Ai, E: (LO) indicates the
presence of some structural disorders such as oxygen vacancies and
zinc interstitials in the ZnO electrodes [11]. These structural defects
positioned within the ZnO valence band and the conduction band,
behave as donor states improving charge transfer and, hence,
increasing the electrical conductivity and the photoelectrochemical

performance of the nanostructures [12].
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Table 1: Raman peaks of the ZnO wurtzite identified in the

spectra [3].
Raman shift
Symmetry
(cm)
Wourtzite ZnO E; (low) 101
Wourtzite ZnO 2TA,; 2E: (low) 202
Waurtzite ZnO E; (high)- E2 (low) 335
Wurtzite ZnO A; (TO) 378
Wurtzite ZnO E; (TO)
_ . 410
Wurtzite ZnO E; (high)
. 438
Wurtzite ZnO A; (LO)
_ 573
Wurtzite ZnO E; (LO)
_ 584
Wurtzite ZnO 2LO
_ 1105
Wurtzite ZnO 2A; (LO), 2E; (LO);
1158
2LO

3.3. Morphological characterization

The morphological characteristics of the electrodes were studied
through Field Emission Scanning Electron Microscopy (FE-SEM). FE-
SEM images of the ZnO samples (see Figure 3) show the formation of
ZnO nanowires which presented higher length and aspect-ratio in
electrolytes with lower ethanol amount. This is in concordance with
Figure 1, in which the lower values of current density unveiled the lower

growth rate of the nanostructures.
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Figure 3. FE-SEM images of the annealed ZnO electrodes
anodized in 10 viv % (left) and 50 v/v % (right) ethanol electrolyte.

3.4. Electrochemical and photoelectrochemical characterization

In order to evaluate the electrochemical and photoelectrochemical
behavior of the nanostructures, photocurrent density versus applied
potential (water splitting) and PEIS experiments were performed. Figure
4a shows the current density versus applied potential in on/off simulated
sunlight conditions. The photocurrent density response of the ZnO
nanowires was calculated as the current density upon illumination minus
the current density in the dark. As it is observed, the photocurrent
density response for the ZnO nanowires anodized with a low amount of
ethanol (10 v/v %) is higher than the anodized in 50 v/v % with values
of 0.34 mA/cm? and 0.12 mA/cm? at an applied potential of 0.8 Vrhe,

respectively.

PEIS technique is employed to study the photoanode/electrolyte
interface and evaluate the charge transfer of holes resistance. Figure 4b
shows the Nyquist plot of the samples anodized at different conditions.

One visible semicircle is noticed for both samples in which a lower
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amplitude is observed for the sample anodized in 10 v/iv %. Amplitude
of the semicircle is related to recombination and charge transfer
resistance [7]. Recombination resistance is usually low, therefore, the
lower amplitude of the semicircle of the electrode anodized at 10 v/v %
indicates that the charge transfer is enhanced in this electrode. In the
Bode-phase plot (see Figure 4c) two peaks are clearly observed for the
electrode anodized at 10 v/v %, while for the electrode anodized at 50
viv % one broad peak is noticed. The latter might correspond to the
overlapping of these two peaks. Besides, a lower phase angle
associated with lower impedances is observed for the sample anodized
in 10 v/v % [13]. Finally, Bode-modulus plot of Figure 4d exhibits a
higher modulus of the impedance at low frequencies for the sample
anodized in 50 v/v % than for the sample anodized in 10 v/v %, which is
related to the total impedance of the system, while the limit at high
frequencies, associated to the electrolyte resistance is similar for both
electrodes. These results indicate that the ZnO nanowires anodized in
10 v/v % present better photoelectrocatalytic behavior than the anodized
in 50 viv % since charge transfer is enhanced decreasing total
impedance, which is in concordance with the higher photocurrent

density response achieved in the water splitting test.
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Figure 4. a. Current density versus applied potential upon
illumination on/off conditions. b. Nyquist, c. Bode-phase and d.
Bode-modulus plots at an applied potential of 0.8 VrHe upon
illumination.

The differences in the photoelectrocatalytic performance of the ZnO
nanostructures might be due to differences in the morphology. In this
regard, higher length of the nanowires anodized in 10 v/v % gives them
higher aspect ratio which provides an increase in the specific surface
area and enhances charge separation [14]. Consequently, the

nanostructures that presented higher aspect ratio showed the lower
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resistance to charge transfer and an improvement in the photocurrent

density response.

4. Conclusions

In this work, ZnO nanowires have been obtained by rapid synthesis
through electrochemical anodization and subsequent thermal
annealing. Anodization was carried out under mild conditions (10 V, 10
min) in bicarbonate electrolytes with 10 or 50 v/iv % ethanol amount.
Higher growth rate of the nanowires and, hence, higher length and
aspect ratio was achieved in the electrolyte containing lower ethanol
amount (10 v/v %). Moreover, the ZnO nanowires anodized at 10 v/iv %
presented higher photocurrent density response during water splitting
measurements as well as enhanced charge transfer than the nanowires

anodized at 50 v/v %.

The synthesized ZnO nanowires showed higher photoactivity than
others found in the literature. For example, the photocurrent density
response in water splitting test (using Na>S/Na,SOs electrolyte) of the
ZnO nanowires synthesized in this work at 10 v/v % is almost double
than the achieved in Na.SOs electrolyte by the ZnO nanowires
synthesized by Guo et al. [15]. Since the anodization conditions reported
in this work are remarkably simple, these results represent an interesting
route of synthesizing ZnO nanowires with high photosensitivity for water

splitting.
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Abstract

In this work, ZnO high aspect ratio nanowires were obtained by fast
and simple electrochemical anodization. Morphological, structural and
photoelectrochemical characteristics of the synthesized ZnO nanowires
were evaluated by using diverse techniques: field emission scanning
electron microscopy, atomic force microscopy, Raman spectroscopy, X-
ray diffraction, X-ray photoelectron spectroscopy, Mott-Schottky and
photoelectrochemical impedance spectroscopy. The synthesized ZnO
nanowires presented high roughness and high crystallinity. Besides,
surface defects were identified in the sample. The value of the donor
density (Np) was in the order of 10*° cm in the dark and 10?° cm™ under
illumination. In addition, the ZnO nanowires presented good
photosensibility, 85 times higher than a ZnO compact layer in the
photocurrent density response, and lower resistance to charge transfer.
The charge transfer processes that take place at the ZnO/electrolyte
interface were studied, since these processes strongly influence the
photoelectrocatalytic efficiency of the material. According to the results,
the charge transfer of holes in the synthesized ZnO nanowires occurs
indirectly via surface states. In this regard, surface states may be an
important feature for photoelectrocatalytic applications since they could

provide lower onset voltages and higher anodic current densities.

Keywords: ZnO nanowires, charge transfer, surface states, XPS,

photoelectrochemical impedance spectroscopy.
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1. Introduction

Problems associated with the utilization of fossils fuels as primary
energy source promote the development of clean and sustainable
energy systems [1]. In this context, energy from the Sun is the most
abundant energy source [2,3]. In contrast to most energy sources, it is
completely clean and free [4]. Nevertheless, its intermittency due to
diurnal and stational variations [5] and the permanent energy demand
[2,6] constitute the main challenge concerning its broad use. A
promising solution is the storage of the solar energy by its direct
conversion into chemical fuels such as hydrogen by using
semiconductor materials for light harvesting [7-9].

Since titanium dioxide (TiO.) was employed by Fujishima and Honda
in the 70s as photoanode of a water splitting photoelectrochemical cell
[10], TiO2 has been the most studied material for this application [11].
Nevertheless, interest in other materials such as zinc oxide (ZnO) has
increased in the last few years. ZnO is a semiconductor presenting n-
type behavior and a 3.37 eV wide direct band gap, very similar to TiO>,
that allows light absorption in the UV range. It presents high charge
carriers mobility of 200 cm2V-1s? for the electrons and 180 cm2V-1s for
the holes [12] and higher electron diffusivity than TiO, [13]. In addition,
it is nontoxic [14-16], biologically compatible [17] and biodegradable
[14], facile to synthesize [18], non-expensive [11,19] and presents high
photostability [7].

Nanostructuring strategies have been employed in order to enhance
photoelectrocatalytic performance of materials [9]. Since nanostructured

morphology increases specific surface area, light absorption is
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enhanced [20] and thus, more carriers are photogenerated [21].
Moreover, electron and holes recombination is decreased owing to the
reduction of the diffusion path lengths [20]. Additionally, type of
nanostructured morphology and size strongly influence the
photoelectrocatalytic performance of the ZnO [22-24]. In particular,
one-dimensional morphology, including nanowires, presents certain
advantages [25]. Some of these are a significant surface-to-volume ratio
[20] that enhances light absorption and a remarkably improved charge
transfer along the longitudinal direction, which promotes the separation
of the photogenerated charge carriers decreasing recombination [26].
Besides, the thin walls due to small wire diameter enhance hole diffusion

towards the electrolyte [27].

So far, several methods have been used to synthesize ZnO
nanostructures. Among them, electrochemical anodization seems to be
very promising since it is relatively low cost, simple, and fast [20]. In
addition, it allows large-scale synthesis [20] and a great controllability in
size and morphology of the synthesized nanostructures. All these facts
contrast with the majority of methods that require complicated
procedures [28], costly setups [28,29] and environment conditions [22],
or long reaction times [28,29]. Moreover, through anodization the
nanostructures grow directly on the metallic zinc substrate, acting as the
back contact of the photoanode [20,25,30]. Among the electrolytes
employed for the anodization of zinc, bicarbonate-based solutions seem
to be very interesting since they allow the ZnO nanowires formation at
room temperature, low voltages (10 V) and short times (10 min), as

reported in previous works [20,24].
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A simple photoelectrochemical (PEC) cell configuration for water
splitting using an n-type semiconductor consists of a photoanode and a
metal cathode, both immersed in an electrolyte [31]. When the
photoanode is under illumination, it produces the absorption of photons
with energy higher than the band gap energy of the semiconductor and,
consequently, electrons from the valence band are excited to the
conduction band, producing a positive hole in the valence band. These
photogenerated electrons and holes are spatially separated since inside
the semiconductor an electric field is formed, thereby preventing
recombination. Nevertheless, an external bias is applied in order to
enhance charge separation and kinetics. The photogenerated electrons
are aimed at the metallic back contact and are transported via an
external wire to the metallic cathode where the electrons reduce water
with the subsequent formation of hydrogen gas. The photogenerated
holes are driven to the semiconductor/electrolyte interface, where water

oxidation takes place [12].

Photoelectrocatalytic efficiency of semiconductors is dependent on
charge transfer and recombination competition and on charge trapping
events which take place at the semiconductor/electrolyte interface under
illumination [8]. Therefore, knowledge of these interfacial characteristics
is fundamental in the enhancement of semiconductors performance for
its application in solar fuel production [7,32]. Two types of charge
transfer mechanism have been described in scientific publications: hole
transfer directly from the valence band and indirectly via surface states
[7]. Surface states are modifications that occur on the surface with
respect to the bulk of the semiconductor. These states appear as a
consequence of the sudden termination of the crystal lattice and can be

due to the adsorption of electrolyte molecules, vacancies and other
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structural defects that occur on the surface [31,33]. These states could
introduce energetic levels between the semiconductor valence band
and the conduction band [33,34], that could act as recombination
centers or, on the contrary, may enhance charge transfer [35]. In the
latter, surface states could be an important feature for hydrogen
production since they could facilitate lower onset voltages and higher
anodic  photocurrent  densities  [7,36]. In  this  context,
photoelectrochemical impedance spectroscopy (PEIS) is a powerful
technique for the study of recombination and charge transfer processes
occurring at the semiconductor/electrolyte interface under illumination
[33].

The major aim of this work is to investigate the charge transfer
mechanism under simulated solar light of ZnO nanowires synthesized
by simple anodization in bicarbonate electrolyte. Additionally,
knowledge of the morphological and structural characteristics of the
nanostructures is evaluated through field emission scanning electron
microscopy, atomic force microscopy, Raman spectroscopy, X-ray
diffraction and X-ray photoelectron spectroscopy. Likewise,
photoelectrochemical behavior of the samples is examined. Finally, the
samples are  studied by  Mott-Schottky  analysis  and

photoelectrochemical impedance spectraoscopy (PEIS).
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2. Experimental procedure
2.1. Synthesis

On the one hand, ZnO nanowires were formed by electrochemical
anodization in a 2-electrode cell with a zinc rod (99,999 % purity, 8mm)
anode and a platinum foil cathode. On the other hand, a ZnO compact
layer was fabricated for comparison by etching the zinc rod in a solution
of 5 % HCI for 30 s [34]. Previously to anodization, the zinc rod surface
was polished with 240-4000 SiC papers to achieve a mirror finish. Next,
degreasing of the samples was carried out by sonication in ethanol for
2 min. Then, the electrodes were rinsed with distilled water and dried in
an air stream. Anodization was performed in 50 mM NaHCO3; aqueous
electrolyte containing 10 v/iv % ethanol at 10 V for 10 min at room
temperature. During the process, current density versus time was
recorded. Finally, thermal annealing of the as-prepared samples was

carried out at 300 °C for 1 hour in air atmosphere.
2.2. Morphological characterization

Morphology of the electrodes was examined by using a Field
Emission Scanning Electron Microscope (FE-SEM), while the nano-
scale roughness of the samples was characterized by means of an
Atomic Force Microscope (AFM) using AC mode with an oscillating
cantilever (0.5 V). The parameter Sa (arithmetical mean height of the
surface) was calculated to evaluate the surface roughness of the

electrodes.
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2.3. Structural characterization

The crystallinity of the samples was analyzed by confocal laser-
Raman spectroscopy using a blue laser (488 nm) and by X-ray
diffraction (XRD) analysis using an D8AVANCE diffractometer (Bruker)
equipped with a monochromatic Cu Kal source. Additionally, the
chemical states of the ZnO nanowires were analyzed by means of X-ray
photoelectron spectroscopy (XPS, K-ALPHA, Thermo Scientific). Al-K_
radiation (1486.6 eV) monochromatized by a twin crystal
monochromator providing a focused X-ray spot at 3 mA x 12 kV was
employed to collect the spectra. The alpha hemispherical analyzer
operated in the constant energy mode by using 200 eV survey scan
pass energies for the whole energy band measurements and 50 eV in a
narrow scan for the elements. Avantage software was employed to
analyze XPS data. The experimental backgrounds were approximated
by using a smart background function and from background-substracted
peak areas surface elemental composition were calculated. The system
flood gun yielding from a single source low energy electrons and low

energy argon ions provided the charge compensation.
2.3. Electrochemical and photoelectrochemical characterization

For the electrochemical and photoelectrochemical characterization,
different experiments were performed, such as water splitting tests,
photoelectrochemical impedance spectroscopy (PEIS) measurements
and Mott-Schottky (MS) analysis. All these experiments took place in a
three-electrode configuration cell with 0.24 M Na.S and 0.35 M Na,SOs3
agueous solution as electrolyte. The zinc oxide samples were used as

the photoanodes (with 0.26 cm? of exposed effective area), a platinum
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foil (1cm?) as the cathode and an Ag/AgCl electrode as the reference
electrode. The electrodes were immersed in the electrolyte and
connected to a potentiostat (Autolab). Simulated sunlight conditions

were carried out using AM 1.5 illumination (100 mW/cm?).

Photocurrent density as a function of the applied potential was
registered by chopped light radiation (60 s dark/ 20 s light) with a
potential scan from -1.0 V to -0.2 V (rate of 2 mV/s) employing a
potentiostat. Mott-Schottky analyses in dark and illumination conditions
were carried out by sweeping the potential from -1.0 to -0.2 V, with an
amplitude signal of 0.01 V at a frequency value of 5 kHz. PEIS
experiments were carried out by using different applied potentials (vs.
Ag/AgCl) over a frequency range from 100 kHz to 10 mHz with an
amplitude of 0.01 V, in illumination conditions. The experimental data
from PEIS measurements were fitted to the equivalent circuit by using

Zview software.
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3. Results and discussion

3.1. Morphological and structural characterization

3.1.1. Field Emission Scanning Electron Microscopy and

Atomic Force Microscopy

Figure 1 shows the FESEM image of the top (a) and the cross-
section (b) view of the annealed sample synthesized by electrochemical
anodization. It can be noticed that the ZnO sample shows a
unidimensional morphology of flower-like nanowires. These nanowires
present high aspect ratio with an average length of 5.25 (+ 0.24) ym and
a very small diameter of the order of some nanometers. High aspect
ratio provides an enhancement in photoelectrocatalytic performance
since it improves charge separation and increases specific surface area
[37]. In the cross-section view of the sample (Figure 1 (b)) two layers
are observed. The inner layer is formed by thicker nanorods while the
outer layer is formed by thinner nanowires. This is in concordance with
the growth mechanism of the ZnO nanowires described in the literature
for electrochemical anodization in bicarbonate solutions in which
nanowires are formed from the enlargement of thicker nanorods [29].
These nanorods are grouped together constituting densely packed
nanoflowers that distribute over the surface and grew from the same
nucleation point within or near the pits that initially were formed in the

metallic surface due to zinc dissolution [29,38—40].
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Figure 1. FESEM image of the ZnO nanowires: top (a) and
cross-section (b) view.

To analyze the surface roughness of the ZnO electrodes the
arithmetical mean height of the surface, Sa, was calculated from AFM
analysis. Sa for the ZnO nanowires is 808.37 nm, while for the compact
layer is 75.83 nm. As it was expected, this value is much higher for the
ZnO nanowires sample than for the compact layer since the
nanostructured form provides roughness to the electrode. In this regard,
high value of roughness might be favorable to obtain higher surface

areas for photoelectrocatalytic hydrogen production [41].
3.1.2. Raman spectra

The crystallinity and the vibrational characteristics of the ZnO
samples were examined through Raman spectroscopy. The optical
phonon modes at the irreducible Brillouin region of the ZnO wurtzite
structure are shown as follows: ' = A1+ 2 B; + E1 + 2 E» [19,22,42]. A,
and E: divide into transverse and longitudinal optical phonons (TO and
LO) [19,22,42,43]. The frequencies of these phonons are: A1 (TO) = 380
cm?, E1 (TO) =407 cm™, A; (LO) =574 cm?, E; (LO) =581 cm™ [22,44].
In addition, mode B; is silent [19,42] and E» exhibit two modes of low

and high frequency phonons located at 101 cm?® and 437 cm?,
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respectively [19,42]. Figure 2 presents the Raman scattering spectra of
the ZnO nanowires and the compact layer. For the ZnO nanowires
peaks associated with the ZnO hexagonal wurtzite structure are
showed. Peak E: (high) is characteristic of wurtzite phase [22,43,45] and
its high intensity in relation to the other peaks reveals that the sample of
ZnO nanowires presents high crystallinity [43]. A; (LO) and E; (LO)
phonon modes are dependent on the oxygen stoichiometry [46] and,
thus, they are commonly identified with defects in the crystalline
structure, such as oxygen vacancies and zinc interstitial [22,45,47—-49].
Thereby, the presence of these peaks in the sample of the ZnO
nanowires unveiled the presence of some of these structural defects
[46,48,49]. Additionally, peaks related to the scattering of the Raman
second order were observed for the ZnO nanowires: 2 TA/2 E, (low) at
202 cm?, E; (high) - Ez(low) at 333 cm™ , associated with ZnO vibration,
2 LO A; and E; at the frequencies of 1105 cm™ and 1158 cm™ [20]. On
the other hand, the ZnO compact layer presented poor crystallinity and
high amount of structural disorders, given by the low intensity of the
peak E: (high) and the high intensity of the A; (LO) and E1 (LO) phonon

modes.
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Figure 2. Raman spectra of the ZnO samples. The peaks
identification markers correspond to ZnO wurtzite structure first
order (dark triangles) and second order (gray light circles) Raman
modes.

3.1.3. XRD and XPS analysis

The crystal phase and the chemical states of the ZnO nanowires
were studied by means of XRD and XPS analysis. Figure 3 shows the
XRD pattern of the annealed sample in which both peaks from ZnO
hexagonal wurtzite structure (marked with red circles) [19,25,50-55]
and polycrystalline Zn substrate (marked with green triangles)
[25,38,50,53,55] are noticed. The principle diffraction peak located at
36.4 degrees is characteristic of ZnO wurtzite phase [25] and indicates
the preferential orientation of the nanostructures along the (101) plane
[19]. Other characteristics peaks of ZnO wurtzite phase appear roughly
at 32, 34.5, 48, 57, 63 and 68 degrees corresponding to (100), (002),
(102), (110), (103) and (112) orientation, respectively [19,25,50-55].

According to XRD results, the ZnO nanowires present good crystalline
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structure with high crystallinity [52], which is in concordance with the

results showed in the Raman spectra.
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Figure 3. XRD pattern of the ZnO nanowires.

Figure 4 shows the XPS wide survey spectra of the ZnO nanowires
where Zn, O and C peaks were identified. The identified C is related to
adventitious and residual carbon in the sample since anodization was
carried out in an electrolyte based on bicarbonate solution with ethanol
containing. The intensive peaks of the binding energies associated with
Zn 2pip, Zn 2ps2 and O 1s corresponds to XPS core levels of matrix

elements of ZnO wurtzite structure [56].
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Figure 4. XPS wide survey spectra of the ZnO nanowires.

In order to explore more bonding details, Figure 5 shows the XPS
spectra from the Zn 2p and O 1s core levels. On the one hand, Zn 2p
core level (Figure 5 (a)) was fitted with a doublet located at about
1044.08 and 1021.08 eV, associated with the 2 pizand 2 ps [46,57—
64]. The difference in the binding energy of the Zn 2p1» and Zn 2pzp, is
23 eV and its intensity ratio is 1:2, which agrees with the standard
reference of ZnO [46,63]. Besides, the binding energy of the Zn 2p
peaks and its difference reflect that the chemical valence of the Zn at
the nanowires surface is +2 oxidation state [46,61]. On the other hand,
the deconvolution of the O 1s spectra of the ZnO nanowires (Figure 5
(b)) shows the formation of three peaks marked as O 1s (A), (B) and
(C), and located at 529.84, 531.28 and 532.85 eV, respectively. This
asymmetry in the O 1s curve reflects the variation of the oxygen
oxidation number [46]. The most prevailing peak located at 529.84 eV
is related to O2 ions in wurtzite structure of the hexagonal Zn*? ion array
[46,49,61,62,65]. Therefore, it can be identified with Zn—O bonds
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[46,62,66,67]. On the other hand, O 1s medium binding energy, O 1s
(B), is mostly associated with oxygen vacancies or defects
[48,49,61,65,67], related to O ions within the ZnO matrix in the regions
presenting oxygen deficiency [48,61]. In this regard, Wang [49] reported
an increase in the intensity of this peak in XPS analysis when increasing
the intensity of the peak associated with oxygen vacancies and defects
in Raman, A; and E; (LO). Likewise, O 1s (C) peak is mostly identified
with the existence of weakly bound oxygen on ZnO surface [49], in
particular with chemisorbed or dissociated oxygen species [65,67] such
as hydroxyl ygroups, i.e. Zn-OH and H;O, strongly linked to surface
disorders on ZnO [65]. Therefore, Ols deconvolution unveiled, firstly,
the presence of the Zn-O bonds through the dominant peak, O 1s (A).
Secondly, the presence of surface structural disorders in the form of
oxygen vacancies and hydroxyl groups that could introduce located
surface states that could facilitate the trapping and detrapping of

photogenerated electrons and holes [65].
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Figure 5. XPS spectra of Zn 2p (a) and O 1s (b) core levels of
the ZnO nanowires.
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3.2. Electrochemical and photoelectrochemical characterization
3.2.1. Comparison between ZnO compact layer and nhanowires

The photoelectrochemical response of the samples was analyzed
by registering the current density versus the applied potential under
simulated sunlight on/off conditions (see Figure 6 (a)). For the compact
layer, the highest photocurrent density response (calculated as the
difference between current density under illumination and current
density in the dark) is achieved at -0.22 Vagagci With a value of 5.81
pA/cm?, while for nanowires at this applied potential is 0.33 mA/cm?. For
the nanowires, the highest value of the photocurrent density response
is 0.34 mA/cm? at -0.38 Vagagc, While for the compact layer at this
applied potential is 4.46 yA/cm?. The higher value of the photocurrent
density response for the ZnO nanowires in comparison with the ZnO
compact layer might be due on the one hand, to the morphology in form
of nanostructures that increases specific surface area and, on the other
hand, to the higher crystallinity that decreases recombination rate of the

photogenerated charge carriers.

Figure 6 (b-d) shows the EIS results under illumination for the ZnO
nanowires and for the ZnO compact layer, in the form of Nyquist (b),
Bode-phase (c) and Bode-modulus (d) plots. Total amplitude of the
semicircle/s of the Nyquist plot in the real axis is associated with total
resistance. As it can be observed, amplitude of the Nyquist semicircle/s
for the ZnO compact layer is much larger than for the ZnO nanowires,
indicating that ZnO nanowires exhibits a lower resistance to charge
transfer processes, which is consistent with the higher photocurrent

density response in the water splitting test. Likewise, Bode-modulus
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shows at low frequencies a higher modulus of the impedance for the
ZnO compact layer than for the ZnO nanowires, which is related to the
total impedance of the system, while the limit at high frequencies,
associated to the electrolyte resistance is similar for both electrodes. On
the other hand, Bode-phase shows one broad peak that extends over a
high range of frequencies for the ZnO compact layer, while the ZnO
nanowires presented apparently two peaks. The photoelectrochemical
impedance spectroscopy results for the ZnO nanowires will be studied

and analyzed in greater depth in the following section.
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Figure 6. Current density versus applied potential in
simulated sunlight on/off conditions (a). Nyquist (b), Bode-phase
(c) and Bode-modulus (d) plots at an applied potential of -0.2
Vagiager under simulated sunlight conditions.
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3.2.2. Mott-Schottky analysis of the ZnO nanowires

The semiconductor/electrolyte interface for an n-type semiconductor

is described using the following Mott-Schottky equation [68]:

where Csc is the space charge layer capacitance, Cuy is the
Helmholtz layer capacitance, e the electron charge, & the vacuum
permittivity, & the relative dielectric constant of ZnO wurtzite (8.66 [69]),
Np the donor density, U the applied potential, Urg the flat-band potential,

k the Boltzmann constant and T the absolute temperature.

Figure 7 shows the Mott—Schottky plots obtained for the ZnO
nanowires with and without illumination, marked as light and dark,
respectively. For both conditions, a positive slope is showed, which
confirms the n-type semiconductor behavior of the ZnO nanowires
[19,70]. The lower slope under illumination indicates a higher electron
donor density [71]. The donor density of the ZnO nanowires was
calculated from the linear regions of the MS plots, being Np (light)=
1.25'10%° cm™® and Np (dark)= 5.40°10'° cm™. The value of the donor
density under illumination is one order of magnitude higher than in dark
conditions. That was expected since under illumination electron/hole
pairs are photogenerated which results in the increase of the donor
density. The high value of the donor density for the ZnO nanowires is
consistent with the structural disorders identified in Raman and XPS
analysis. Moreover, high donor densities are associated with higher

conductivities and, thus, higher photoelectrochemical performance [27].
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Calculation of the flat-band potential was performed from the
intersection of the straight line in the MS plots with the applied potential
axis, presenting values of -0.65 Vagiagc under illumination and -0.64

Vagiagel in the dark.
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Figure 7. Mott-Schotkky plots in simulated sunlight and dark
conditions.

3.2.2. PEIS study of the charge transfer mechanism for the ZnO

nanowires

In order to deeply analyze the photoelectrocatalytic properties of the
ZnO nanowires and study the charge transfer mechanism,
photoelectrochemical impedance spectroscopy analyses at different
applied potentials (vs. Ag/AgCI) under simulated solar light AM 1.5 were

performed.

304



Resultados y discusion

Figure 8 shows the Bode-phase (a) and Nyquist (b) plots at applied
potentials near the flat band potential. In the Bode-phase plot at
potentials more negative than the flat-band potential, i.e -0.8 and -0.7
Vagiagcl, ONe single peak at intermediate-low frequencies is noticed. This
peak denotes a non-ideal capacitive behavior, given by the high value
of the phase angle around 70 degrees. When the applied potential
becomes less negative (around the flat band value) this peak gradually
disappears, shifting to lower frequencies as the potential becomes less
negative. Simultaneously, when the applied potential overcomes the flat
band potential (from -0.6 V onwards), one peak at intermediate
frequencies followed by other peak at high frequencies appear, reaching
higher phase angle values (and shifting to higher frequencies) when
applying less negative potentials. That is in concordance with Nyquist
plots in which at -0.8 and -0.7 Vagagci ONe single semicircle is observed
while when increasing the applied potential to less negative potentials
three semicircles are observed: (i) a small one at high frequencies
located on the left side of the Nyquist plots (see inset of Figure 8 (b)),
(ii) at intermediate frequencies and (iii) at high frequencies located on
the right side of the Nyquist plot. The amplitude of the semicircle located
at high frequencies does not seem to experiment variations within the
potential range, while the amplitude of the semicircle located at
intermediate frequencies decreases with increasing the applied
potential until reaching its minimum at -0.50 Vagiagc and then increases

again, as it will be explained when describing Figure 9.
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Figure 8. Bode-phase (a) and Nyquist (b) plots under
illumination conditions at different applied potential (Vagiagcr) near
the flat band potential for the ZnO nanowires.

Additionally, Figure 9 shows the Bode-phase (a) and Nyquist (b)
plots obtained at higher (more positive) applied potentials. In the Bode-
phase plot, two peaks at intermediate and high frequencies are
observed in all the potential range, which experiment different variations
with potential. On the other hand, in the Nyquist plot two phenomena
are noticed: the amplitude of the semicircle at high frequencies

decreases until reaching the minimum at -0.25 Vagagc, While the
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amplitude of the semicircle at intermediate frequencies reaches its
minimum near the flat band potential and increases when moving the

potential to less negative values.
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Figure 9. Bode-phase (a) and Nyquist (b) plots under
illumination conditions at different applied potential (Vag/agcr)
beyond the flat band potential for the ZnO nanowires.
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According to the results and the literature [2], recombination and
charge transfer processes are described by the assumption of the
equivalent circuit of Figure 10, in which three time constants (RC) are
included. In this circuit, Constant Phase Elements (CPE) were used
instead of pure capacitors, to consider the non-ideality of the system.
The parameter a associated to each CPE indicates the deviation from
the ideality (the CPE is considered as a pure capacitor when a = 1 and
a pure resistor when a =0). The experimental data from PEIS
measurements were fitted to the equivalent circuit by using Zview
software in which values of 2 in the order of 10-3-10* were obtained. Rs
is the resistance associated with the electrolyte and keeps constant
within the potential range with a value of = 7 Q-cm?, which is showed in
the Nyquist plots from Figure 8 (b) and 9 (b). The time constant
corresponding to Rz and Cs is related to some process which disappears
when increasing the applied potential beyond the flat band potential, as
observed at low frequencies in Figure 8 (a) and Figure 9 (a). Therefore,
it might be related to charge transfer processes which impedance
disappears when increasing the applied potential and, thus, it does not
interfere with the global process at potentials more positive than Ugs.
Additionally, time constant associated with R; and C;, showed at high
frequencies of Figure 8 and Figure 9, corresponds to the electron-hole
recombination, while the time constant associated with R, and C; is
related to the charge transfer of holes [2]. More specifically, R:
corresponds to recombination resistance of electrons going from the
conduction band to the valence band or the surface states and C; is the
chemical capacitance associated with the free electrons in the

conduction band [2]. Likewise, R: is related to the hole transfer
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resistance and C; is the chemical capacitance of the surface states or

the valence band [2].

Rs CPE1
— AN >
R1 CPE2
\

rd

R2 CPE3

Figure 10. Equivalent circuit proposed for the description of
the recombination and charge transfer processes in the ZnO
nanowires.

With the aim of evaluating if the charge transfer of holes at the
semiconductor/electrolyte interface occurs directly from the valence
band or indirectly via surface states, variation of the charge transfer
capacitance (C,) versus the applied potential was studied. Since the
potential dependence for both charge transfer mechanisms is clearly
different, the variation of the capacitance with the potential is a powerful
tool to differentiate between direct and indirect charge transfer [7]. The
charge transfer capacitance (C,) was calculated by using Brug’s
expression [72] (equation 2), where values of CPE;, a; and R, were
obtained from Zview analysis.

@) =

C, = CPE,"” ‘R, 2)

2

Figure 11 shows the charge transfer capacitance versus the applied
potential (Ag/AgCI). As it can be observed, the capacitance changes
with the potential showing the form of a peak , which is characteristic
from the charge transfer of holes via surface states [7,9,73,74]. This

peak indicates the transition between the surface states filled with

309



Capitulo 4- Seccion quinta

electrons (occupied) and the surface states filled with holes

(unoccupied) [7].
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Figure 11. Charge transfer capacitance vs. applied potential
beyond the flat band potential.

For the charge transfer of holes via surface states, the holes
originated when the ZnO photoanode is illuminated are trapped in the
surface states. Subsequently, these holes can participate in electrolyte
oxidation or recombine with the electrons trapped in the surface states
[35]. Higher photocurrent densities are reached when population of
trapped electron decreases and, thus, surface state electron-hole
recombination decreases. Bertoluzzi [7] showed that the current
densities in a photoelectrocatalytic process, such as hydrogen
production by photoelectrochemical water splitting, might be higher in
the charge transfer via surface states than from the valence band. The
current density achieved via surface state charge transfer is originated
by the extraction of the electrons present in surface states, which can
be produced by the capture of the photogenerated holes or by the

injection of electrons from the surface states to the conduction band due
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to the application of an anodic bias. Consequently, the current density
from charge transfer via surface states is originated from both charge
carriers photogeneration and the applied bias and, thus, can be higher
than if charge transfer is produced from the valence band. In addition, it
was demonstrated that onset voltage can be lower in the presence of
surface states due to an enhancement in the kinetics of the charge
transfer [7,36]. For these reasons, surface states could be an interesting
feature in semiconductor design for photoelectrocatalytic applications,
such as hydrogen production.

4. Conclusions

High aspect ratio ZnO nanowires were formed by simple anodization
(10 V/ 10 min) and subsequent thermal annealing (300 °C/ 1 hour).
Besides, the synthesized electrodes presented high roughness, as

observed from high values of Sa in the atomic force microscopy.

From XRD and Raman study, ZnO nanowires presented hexagonal
wurtzite structure with high crystallinity after annealing. Likewise, matrix
elements of ZnO wurtzite structure formed by Zn—-O bonds were
observed through XPS. Furthermore, the ZnO nanowires oriented
preferentially along the (101) plane, as showed in XRD analysis.

In addition, phonon modes associated to defects in the crystalline
structure, such as oxygen vacancies and zinc interstitial were identified
in the Raman spectra. Similarly, oxygen chemical states in XPS unveiled
the presence of surface structural disorders, i.e., oxygen vacancies and
hydroxyl groups, that could act as energy levels within the valence band

and the conduction band. These results are in concordance with the high
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donor density calculated from Mott-Schottky analysis, with values of
5.40°10%° cm?® and 1.25°10%° cm? in dark and simulated solar light

conditions, respectively.

From a photoelectrochemical point of view, the ZnO nanowires
presented better results than the ZnO compact layer. In particular, the
former exhibit good photosensibility in the photoelectrochemical test,
presenting 85 times higher than the compact layer in the photocurrent
density response (at -0.38 Vagnagci Of applied potential). Similarly, PEIS
spectroscopy showed that the resistance to charge transfer in the ZnO
nanowires was lower than in the ZnO compact layer, which is attributed
to the nanostructured morphology and their higher crystallinity.

Finally, the study of the capacitance versus the applied potential
through PEIS technique showed that the charge transfer mechanism in
the ZnO nanowires occurs indirectly via surface states, which might be
beneficial in order to obtained lower onset voltages and higher

photocurrent densities.
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Seccion sexta

Calculo tedrico de la produccion de hidrogeno

empleando nanocables de ZnO

1. Introduccion

El sistema energético actual estd basado en el uso de hidrocarburos
o combustibles fésiles. El 84 % de la energia primaria mundial procede
de los combustibles fésiles [1]. Asimismo, el 80 % de los gases de
efecto invernadero provienen de la quema de combustibles fésiles. Las
ultimas dos décadas han sido testigos del efecto del cambio climatico,
produciéndose eventos climaticos extremos con mas frecuencia y de
mayor intensidad [2]. Por ejemplo, en Europa esto ha dado lugar a la
aparicion de olas de calor extremo, pérdida del hielo marino en el Artico,
sequias, inundaciones, incendios, tifones, huracanes, etc. Estos
eventos extremos son responsables de la pérdida de vidas y dafios

economicos de toda clase [2]. Ademas, si no se adoptan medidas, estos
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dafios provocados por el cambio climatico podrian tener un gran
impacto en la economia, la produccion de alimentos, la salud publica,
la biodiversidad y la estabilidad politica en Europa y en todo el mundo.
La preocupacion derivada de esta problemética ha llevado a la adopcion
de medidas politicas. En este contexto, la Comisién Europea presentd
el Pacto Verde Europeo o Green Deal [3] con el que se pretende
disminuir drasticamente las emisiones contaminantes en la Unién
Europea hasta alcanzar un sistema en el que no habra emisiones netas
de gases de efecto invernadero en 2050. Para alcanzar dicho fin, la
Union Europea propone una serie de medidas politicas que impulsen

esta transformacioén del sistema energético.

Las energias renovables juegan un papel fundamental en la
descarbonizacién y la implementacion de un nuevo sistema de energia
sostenible y limpio. Contar con recursos naturales serd de vital
importancia para la economia de un pais. La energia solar es la fuente
mas abundante de entre las energias renovables. No obstante, la
insolacién anual, entendida como las horas de sol registradas a lo largo
del afio, varia en funcion de la latitud y otros fenémenos climaticos. En
la Figura 1 se muestra un mapa de la insolacién anual en Europa. Como
se puede observar en el mapa, Reino Unido y los paises del norte de
Europa son los que cuentan con una menor insolacion anual, con
valores de entre menos de 1200 y 1600 horas de sol al afio, lo que
equivale a entre menos de 3,3 y 4,4 horas de sol diarias. Ademas, se
puede observar como la insolacion anual va aumentando de norte a sur
del continente. La maxima insolacién se produce en la mayor parte de
Espafia y Portugal, y en menor medida en el sur de Italia, Corcega,
Cerdenfia, Sicilia, el sur de Grecia y Croacia, con mas de 2500 horas de

sol anuales. Esto equivale a una media de mas de 6,8 horas de sol
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diarias. Esta situacion genera un elemento de competitividad en la
economia espafiola con respecto a la mayoria de los paises europeos

para el aprovechamiento de la energia solar como recurso.

Insolacién (h/afio)

<1200 -
1200-1600
1600-1800 v

| 1800-2000

; 2000-2500
>2500

Figura 1. Insolacion anual en Europa. Fuente: Geografia
Infinita [4].

Por otra parte, en la Figura 2 se muestra el mapa de la insolacién
anual en Espafia elaborado por el Instituto Geografico Nacional (IGN)
[5]. Como se puede observar en el mapa, la menor insolacion se da en
Galicia, y el Cantébrico, con una insolacioén anual de entre 1600 a 2000
horas, lo que equivale a entre 4,4 y 5,5 horas de sol diarias. Ademas, al
igual que ocurre en Europa, la insolacion anual en Espafia aumenta de
forma gradual de norte a sur. La maxima insolacion se da en Badajoz,
Sevilla, Almeria y Alicante, con valores entre las 2600 y 2800 horas
anuales, lo que equivale a entre 7,1 y 7,7 horas de sol diarias.
Asimismo, las islas Baleares y Canarias también presentan de entre los
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valores mas elevados de insolacion. Finalmente, en Valencia la
insolacion anual se sitlia en torno a las 2600 horas de sol anuales, lo

gque equivale a una media de 7,1 horas de sol diarias.

INSOLACION ANUA

iE &

BEEEHEEE

Figura 2. Insolacion anual en Espafia. Fuente: Instituto
Geogréfico Nacional [5].

Como se ha visto a partir de los datos de la insolaciéon anual, la
energia solar es un recurso abundante en Espafia. No obstante, la
energia solar es una fuente de energia intermitente, que varia a lo largo
del dia y las estaciones. Con la fotoelectrocatdlisis del agua, la energia
del sol se utiliza para producir hidrégeno, o con otras palabras, se
almacena en forma de hidrégeno. El uso del hidrogeno como vector
energeético plantea una solucion a la intermitencia de la energia solar y
a la variabilidad en la demanda de energia. Ademas, su combustion es
totalmente limpia.

332



Resultados y discusion

En esta seccion se calcula la produccién teorica de hidrégeno que
se obtiene empleando como fotoanodos de una celda para la rotura
fotoelectrocatalitica del agua los nanocables de ZnO sintetizados en

esta Tesis Doctoral.

2. Procedimiento experimental

Las nanoestructuras sintetizadas en esta Tesis Doctoral que
presentaron el rendimiento fotoelectrocatalitico mas alto fueron los
nanocables de ZnO anodizados a 10 V durante 10 minutos a
temperatura ambiente en condiciones estaticas y en un electrolito 50
mM de bicarbonato de sodio con un 10 % en volumen de etanol. La
densidad de fotocorriente obtenida en los ensayos de water splitting
empleando estos nanocables de ZnO fue de 0.34 mA/cm? (a un

potencial aplicado de -0.46 Vag/agci).

El ensayo de rotura fotoelectrocatalitica del agua o water splitting se
llevd a cabo en las condiciones descritas en el capitulo 3 de la presente
Tesis Doctoral. Durante este proceso se produjo la formacion de

hidrégeno gaseoso en el catodo de acuerdo con la ecuacion 1 [6].
2H + 2e'— H, (g) (1)

La densidad de fotocorriente registrada durante el ensayo se
relaciona teéricamente con la produccion de hidrogeno mediante las

leyes de Faraday descritas en la siguiente ecuacion [7,8]:

n= 2 =1t A 2)
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donde n son los moles de hidrogeno, i es la densidad de
fotocorriente (0.34:-10° A/cm?), t es el tiempo (s), € es el nimero de
electrones intercambiados (2, segun la ecuacion 1) y F es la constante
de Faraday (96500 C/mol).

Reorganizando la ecuacion 2, se pueden obtener los moles de H;
por unidad de tiempo (s) y superficie (cm?) (ecuacion 3):

N

At eF (3)

Asimismo, el volumen de hidrégeno se puede calcular a partir de los

moles de hidrogeno utilizando la ecuacién de los gases ideales

(ecuacion 4):
PV=nRT 4

donde P es la presién (1 atm), V el volumen (l), n el nimero de
moles de hidrégeno, R la constante de los gases ideales (0,082

atm-l-molt-K1), y T la temperatura (298 K).

3. Resultados y discusién

De acuerdo con el procedimiento experimental, la produccién de
hidrogeno tedrica obtenida empleando los nanocables de ZnO como
fotoanodos de una celda fotoelectroquimica para water splitting es de

0,155 mL Hz-h*-cm?, o de forma equivalente, 1,55 L Ho-ht:m=.

Si el proceso de water splitting se lleva a cabo empleando la luz
solar en una ciudad como Valencia, que cuenta con 2600 horas de

insolacion anual [5] en una celda fotoelectroquimica que emplee
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nanocables de ZnO, se alcanzaria una produccion de hidrégeno de
4030 litros anuales por m? de nanocables de ZnO. Esto equivaldria a
una produccién de 11 litros de hidrégeno diarios de media por m? de

nanocables de ZnO.

4. Conclusiones

Los nanocables de ZnO sintetizados en esta Tesis Doctoral han
sido aplicados como fotodnodos de una celda fotoelectroquimica para
la produccién de hidrogeno mediante la rotura fotoelectrocatalitica de la
molécula de agua, resultando en una produccién de hidrégeno de 1,55
litros por metro cuadrado de ZnO por cada hora de sol. En una ciudad
como Valencia, que cuenta con 7,1 horas diarias de sol de media, la
produccién de hidrégeno diaria empleando los nanocables de ZnO seria

de 11 litros por metro cuadrado de ZnO.

La produccién de hidrogeno mediante la fotoelectrocatdlisis del
agua empleando los nanocables de ZnO constituye una manera limpia
y eficaz de producir hidrégeno a partir de la energia de la luz solar. Este
tipo de tecnologias que aprovechan los recursos naturales, como la
energia solar, en la produccién de un combustible limpio como el
hidrogeno tienen una gran importancia en la actualidad, dado que
contribuyen al desarrollo de sistemas que se plantean como solucion a

la problematica energética actual.
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Resumen de resultados

En la primera etapa de la investigacién se realiz6 una revision
bibliografica de la sintesis de nanoestructuras de ZnO mediante
anodizado electroguimico y se analiz6 la influencia de los parametros
de anodizado y post-anodizado en las caracteristicas superficiales
(tamafio, morfologia y defectos estructurales) de las nanoestructuras
de ZnO. Asimismo, se analizé la influencia de las caracteristicas
superficiales de las nanoestructuras de ZnO en su aplicacion como
fotoelectrocatalizadores en el proceso de water splitting, en celdas
solares sensibilizadas por colorantes y en la degradacion de
compuestos organicos. Los resultados revelaron que a través del
control de los parametros del anodizado, las caracteristicas
superficiales del ZnO, como el tamafio, la morfologia y los defectos
estructurales, se pueden ajustar facilmente para controlar sus

propiedades fotoelectrocataliticas.

En este contexto, se observo que el tipo de electrolito empleado
durante el anodizado electroquimico influye en la morfologia de las
nanoestructuras de ZnO. Por ejemplo, en electrolitos acuosos con un
contenido de acido fluorhidrico (HF) del 1 % en peso y 30 0 50 % en
volumen de metanol, se produce la formacién de nanocopos de ZnO,
mientras que la formaciéon de nanchojas de ZnO tiene lugar en
electrolitos basados en disoluciones acuosas de sulfato de amonio,
asi como en electrolitos acuosos basados en hidréxido de sodio y
nitrato de zinc. La morfologia unidimensional en forma de nanocables,
nanotubos o estructuras jerarquicas de ZnO, se produce
principalmente empleando electrolitos basados en disoluciones
acuosas de bicarbonato de sodio. Por otra parte, se observo que la
concentracion del electrolito, la temperatura y el potencial aplicado

durante el anodizado tienen un efecto en la velocidad de formacion de
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las nanoestructuras de ZnO. En general, valores mas elevados de
estos pardmetros conducen a la formacion de capas de
nanoestructuras de ZnO mas densas y gruesas. De forma similar, en
electrolitos basados en disoluciones acuosas de bicarbonato de sodio,
el incremento en el tiempo de anodizado produce el alargamiento de
los nanocables de ZnO. Ademéas, se observé que en las
investigaciones en las que las nanoestructuras no se sometieron a un
tratamiento térmico, las nanoestructuras de ZnO sintetizadas eran en
su mayoria amorfas, con una cristalinidad muy baja y muchos
defectos estructurales. No obstante, varias investigaciones
demuestran que el calentamiento térmico entre 250-400 °C lleva a la
formacion de una estructura wurtzita de ZnO con elevada cristalinidad.
Por dltimo, en nanocables de ZnO formados empleando electrolitos
basados en bicarbonato de sodio, se observd la conversion de los
nanocables a estructuras jerarquicas con la realizacibn de un
tratamiento posterior al anodizado consistente en la inmersién de las

muestras en agua destilada y un tratamiento térmico posterior.

En el analisis de las -caracteristicas superficiales de las
nanoestructuras de ZnO en su aplicacibn como fotoanodos para
diversas aplicaciones fotoelectrocataliticas como la produccién de
hidrégeno mediante water splitting, las celdas sensibilizadas por
colorantes y la degradacién de compuestos organicos recalcitrantes
se observo que la morfologia y el tamafio tienen un gran impacto en el
rendimiento fotoelectrocatalitico de las nanoestructuras bajo idénticas
condiciones. En general, se observ0 que el rendimiento
fotoelectrocatalitico de las nanoestructuras de ZnO es mayor para

aquellas morfologias que presentan una mayor area superficial.
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Por tanto, de esta primera etapa de investigacién se pudo extraer
que el anodizado electroquimico constituye un método econdémico,
sencillo, rapido y eficaz para sintetizar nanoestructuras de ZnO para
aplicaciones en las que las caracteristicas superficiales juegan un

papel fundamental, como las aplicaciones fotoelectrocataliticas.

En la segunda etapa de la investigacién se llevé a cabo la
sintesis de nanoestructuras de ZnO mediante anodizado
electroquimico en electrolitos basados en bicarbonato de sodio. Para
ello, se fijaron los parametros 6ptimos que ya habian sido estudiados
en la bibliografia y se modificaron los parametros que no habian sido
investigados previamente para evaluar su influencia en la formacion
de las nanoestructuras de ZnO y en sus caracteristicas morfolégicas,

estructurales, electroguimicas y fotoelectroquimicas.

En primer lugar, el anodizado electroquimico se llevo a cabo en un

electrolito acuoso de bicarbonato de sodio 50 mM, a un potencial de
10 V, durante 10 minutos a temperatura ambiente, modificando las
condiciones hidrodinamicas de flujo a través de la variacion de la
velocidad de un electrodo de disco rotatorio (RDE). Asi, el anodizado
se llevé a cabo a 0 rpm, 1000 rpm, 2000 rpm, 3000 rpm, 4000 rpm y
5000 rpm. Posteriormente, las nanoestructuras formadas se
sometieron a un calentamiento térmico a 300 °C durante 1 hora. La
densidad de corriente frente al tiempo registrada durante el anodizado
presentd un comportamiento distinto para cada muestra, lo que refleja
que la velocidad de rotacion del electrodo influye en el crecimiento y la
formacioén de las nanoestructuras de ZnO. En este sentido, se observé
que la eliminacién del Zn*? que se forma en la superficie del electrodo

debido a la disolucién del zinc metélico se vio favorecida conforme
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aumentaba la velocidad del RDE y, de esta forma, las condiciones que
producen la precipitacion de las nanoestructuras sobre la superficie se
alcanzaron mas tarde, retrasando el tiempo en que la superficie del
electrodo estaba completamente cubierta por nanoestructuras.
Ademds, la caracterizacion estructural mediante espectroscopia
confocal laser-Raman mostré que, tras el calentamiento térmico, las
nanoestructuras de ZnO presentaban una estructura cristalina wurtzita
con elevada cristalinidad y algunos defectos estructurales en forma de
vacantes de oxigeno o 4&tomos de zinc intersticiales. Por otra parte, en
las imé&genes de las muestras tomadas mediante microscopia
electronica de barrido de emisiébn de campo (FE-SEM) se pudo
observar que el incremento de la velocidad de rotacién del electrodo
favorecid la homogeneidad de la superficie de las muestras.
Asimismo, se observé que las nanoestructuras obtenidas presentaban
una morfologia en forma de flores ordenadas de nanocables de ZnO a
partir de 3000 rpm, mientras que para velocidades mas bajas se
obtuvieron morfologias en forma de trozos de nanocables
desordenados. También se observd que el diametro de los
nanocables disminuy6 conforme aumentaba la velocidad de 3000 rpm
a 5000 rpm, pasando de en torno a 140 nm a 67 nm. Por ultimo, la
caracterizacibn  electroquimica y fotoelectroquimica de las
nanoestructuras de ZnO mostr6 que la densidad de corriente en
condiciones de oscuridad, asociada con la fotodegradacion del
electrodo, disminuy6 con el incremento de la velocidad de rotacién del
electrodo. Por otra parte, la densidad de fotocorriente mas alta, que se
refiere a la densidad de corriente debida a los portadores de carga
fotogenerados en condiciones de iluminacion, se obtuvo para la

muestra anodizada a 5000 rpm con un valor de 0,27 mA/cm?. Esto se
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asocio con una mayor area especifica dada por una mayor relacién de
aspecto de los nanocables de ZnO debida a su didmetro mas
pequefo. De esta forma, los nanocables de ZnO sintetizados a 5000
rpm presentaron el mejor rendimiento fotoelectrocatalitico de todas las

nanoestructuras sintetizadas.

En sequndo lugar, el anodizado electroguimico se llevé a cabo a

un potencial de 10 V, durante 10 minutos a temperatura ambiente. Se
vario la composicion del electrolito. Para ello, se parti6 de una
disolucién acuosa de bicarbonato de sodio 50 mM con distintas
cantidades de etanol o glicerol: 10, 25 o0 50 % en volumen. Asimismo,
se trabaj6é con dos velocidades de rotacién del electrodo de disco
rotatorio: 0 y 5000 rpm. Tras el anodizado, las muestras se sometieron
a un calentamiento térmico a 300 °C durante una hora. En los
transitorios de densidad de corriente registrados durante el anodizado,
se pudo observar que la composicion del electrolito tuvo un gran
impacto en los valores de la densidad de corriente. Conforme se
incrementd la cantidad de etanol o glicerol en el electrolito el valor de
la densidad de corriente disminuyd, debido al descenso de la
conductividad de la disolucion. De esta forma, conforme se incrementé
la cantidad de disolvente organico en el electrolito se produjo una
menor disolucion del zinc metdlico, y, por tanto, una menor formacion
de Zn*2. Asimismo, conforme se incrementé la concentracion de etanol
o de glicerol, se produjo el descenso de la solubilidad de las especies
ionicas, favoreciendo la precipitacion. Por otra parte, el
comportamiento de la densidad de corriente frente al tiempo fue
distinto para las muestras anodizadas en condiciones estaticas e
hidrodindmicas. Los espectros Raman de las muestras sintetizadas

revelaron que las muestras presentaban una estructura hexagonal
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wurtzita con elevada cristalinidad y algunos defectos estructurales. No
obstante, la cristalinidad de las muestras fue menor conforme se
incrementé la cantidad de disolvente organico. Ademas, en las
imagenes FESEM de las muestras se observé que la composicion del
electrolito afectd al tamafio y a la morfologia de las nanoestructuras de
ZnO. En los electrolitos con contenido en etanol se obtuvo una
morfologia de nanocables. La longitud de los nanocables disminuyé
conforme se incremento el contenido en etanol. Por otra parte, en los
electrolitos con contenido en glicerol se obtuvieron diversas
morfologias de ZnO: nanocables, nanotubos, una especie de
nanoesponja y una capa compacta de nanoesferas. En la
caracterizacion electroquimica y fotoelectroquimica de las
nanoestructuras de ZnO se observé que la mayor densidad de
fotocorriente se obtuvo empleando como fotoanodos los electrodos
anodizados en 10 % en volumen de etanol o glicerol, en condiciones
estaticas, con 0,34 y 0,31 mA/cm?, respectivamente. Asimismo, se
observé que conforme se incrementd la cantidad de disolvente
organico se obtuvo una menor respuesta a la luz. Un analisis de la
varianza (ANOVA) determind que las siguientes condiciones del
anodizado afectaron de forma estadisticamente significativa en la
densidad de fotocorriente: en electrolitos con etanol, la cantidad de
etanol y su interaccién con la velocidad de rotacién del electrodo, y en
electrolitos con glicerol, la cantidad de glicerol, la velocidad de rotacion
del electrodo y su interaccién. Al relacionar la densidad de
fotocorriente con la morfologia de las nanoestructuras de ZnO se
observé que la mayor densidad de fotocorriente en el ensayo de water
splitting y, por tanto, el mayor rendimiento fotoelectrocatalitico se

obtuvo para aquellas muestras que presentaban una morfologia
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unidimensional de nanocables o0 nanotubos. También se observo que
la densidad de fotocorriente fue mayor para aquellos nanocables de
mayor longitud, debido a que estos presentaban una mayor relacion
de aspecto superficie-volumen. Por otra parte, las muestras con una
morfologia de nanoesferas o nanoesponjas de ZnO presentaron el
peor rendimiento fotoelectrocatalitico. Los nanocables de ZnO que
presentaron la densidad de fotocorriente mas alta (los anodizados con
un 10 % en volumen de etanol en condiciones estéticas) se
sometieron a un ensayo de estabilidad frente a la fotocorrosién bajo
iluminacion a un potencial fijo en las mismas condiciones que se llevo
a cabo la caracterizacion electroquimica y fotoelectroquimica. Los
resultados revelaron que los nanocables de ZnO son estables frente a

la fotocorrosion en las condiciones de operacion.

Como conclusion de esta segunda etapa de investigacion se
obtuvo que las muestras que presentaban un rendimiento
fotoelectrocatalitico mas elevado eran los nanocables de ZnO
sintetizados en electrolitos con un 10 % de etanol en condiciones
estaticas. Los valores de densidad de fotocorriente obtenidos con esta
muestra fueron el doble de los obtenidos por la muestra anodizada en
idénticas condiciones sin la adicion de etanol en el electrolito.
Asimismo, los valores de densidad de fotocorriente para los
nanocables de ZnO (sintetizados en 10 % etanol, O rpm)
proporcionaron una densidad de fotocorriente 1,25 veces mayor que la
obtenida por la muestra de ZnO que presentd el rendimiento
fotoelectrocatalitico més elevado en el ensayo a distintos rpm (la
muestra anodizada a 5000 rpm sin etanol o glicerol). Ademas, se
verifico la estabilidad de la muestra de nanocables de ZnO frente a la

fotocorrosion en las condiciones de operacion.
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En la tercera etapa de la investigacién se realizé una
caracterizacibn mas exhaustiva de las propiedades estructurales,
electroquimicas y fotoelectroquimicas de la muestra que mejor
rendimiento fotoelectrocatalitico habia presentado en la etapa anterior,
es decir, los nanocables de ZnO sintetizados en electrolitos con un 10

% de etanol en condiciones estaticas.

En primer lugar, se estudiaron las caracteristicas de la interfase

ZnOl/electrolito mediante la técnica de espectroscopia de impedancia
fotoelectroquimica (PEIS) a un potencial aplicado fijo. Esta técnica
permitio evaluar la resistencia a la transferencia de carga de las
nanoestructuras. Los resultados de los nanocables de ZnO
anodizados con un 10 % de etanol se compararon con los nanocables
de ZnO anodizados con un 50 % de etanol. En el diagrama de Nyquist
se observé un semicirculo visible para ambas muestras. La amplitud
del semicirculo en la muestra anodizada en 10 % de etanol fue menor
que la de la muestra anodizada en 50 % de etanol, indicando una
menor resistencia a la transferencia de carga en los nanocables de
ZnO anodizados con un 10 % de etanol. Asimismo, los diagramas de
Bode-fase y Bode-mddulo mostraron que la impedancia total era
menor para los nanocables de ZnO anodizados en un 10 % de etanol
comparados con los anodizados en un 50 %. Estos resultados estan
en concordancia con el mayor rendimiento fotoelectrocatalitico de los

nanocables de ZnO anodizados en 10 % de etanol.

En segundo lugar, se realiz6 una caracterizacion morfolégica y

estructural exhaustiva de los nanocables de ZnO que habian
presentado el mejor rendimiento fotoelectrocatalitico. Para ello,

ademas de evaluar la morfologia con microscopia electrénica de
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barrido de emisibn de campo y la estructura cristalina con
espectroscopia confocal laser-Raman, la rugosidad de la muestra se
evalu6 empleando la microscopia de fuerza atémica (AFM), la
estructura cristalina se analizé6 mediante difraccion de rayos-X (XRD) y
los enlaces quimicos de los nanocables de ZnO se analizaron
mediante espectroscopia fotoelectrénica de rayos-X (XPS). Asimismo,
se sintetizO y caracteriz6 una capa compacta de ZnO a modo de
comparacion con los nanocables de ZnO. En las imagenes FE-SEM
se observd que los nanocables presentaban una longitud de 5,25 (=
0,24) ym y un diametro de unos pocos nandémetros, presentando una
elevada relacion de aspecto superficie-volumen. Por otra parte, en la
vista de la seccion transversal de la muestra se observo la formacion
de dos capas: una capa interior constituida por nanobarras mas
gruesas y una capa exterior constituida por nanocables mas delgados.
La formacién de estas dos capas estd en concordancia con el
mecanismo de formacion de los nanocables de ZnO descrito en la
biliografia en electrolitos basados en bicarbonato de sodio. Por otra
parte, el valor de Sa obtenido mediante AFM de los nanocables de
ZnO fue de 808,37 nm, mientras que el de la capa compacta de ZnO
fue de 75,83 nm. Este elevado valor de Sa indica que la superficie del
electrodo de los nanocables de ZnO presenta una elevada rugosidad,
lo cual es beneficioso para su aplicacion como fotoelectrocatalizador.
Ademas, el andlisis de difraccion de rayos-X reveld6 que los
nanocables de ZnO presentan una estructura cristalina wurtzita con
elevada cristalinidad y una orientacion preferente de las
nanoestructuras a lo largo del plano (101). Esta elevada cristalinidad,
ademas de la presencia de algunos defectos estructurales en forma

de vacantes de oxigeno y atomos de zinc intersticiales, se observé en

349



Capitulo 5

el espectro Raman de los nanocables de ZnO, mientras que para la
capa compacta de ZnO se observo una baja cristalinidad y una mayor
presencia de defectos estructurales. En el espectro de los nanocables
de ZnO obtenido mediante XPS se identificaron los picos relativos al
Zn, O y C. EIl C identificado se relacioné con C adventicio y C residual
en la muestra, ya que el anodizado se llevé a cabo en un electrolito
basado en bicarbonato de sodio con contenido en etanol (10 % en
volumen). Se observd una elevada intensidad de las energias de
enlace asociadas a Zn 2pip, Zn 2ps2 y O 1s, correspondientes a los
elementos de la matriz de la estructura wurtzita del ZnO. La energia
de enlace de los picos Zn 2pi»2 ¥ Zn 2ps y su diferencia reflejaron que
la valencia quimica del Zn en la superficie de los nanocables
correspondia al estado de oxidacibn +2. Por otra parte, la
deconvolucion del pico O 1s dio lugar a la formacién de tres picos. El
de mayor intensidad se asocié a los iones O2 del enlace Zn-O. El
segundo de mayor intensidad se asocié a vacantes de oxigeno en la
estructura cristalina y el tercero de ellos a especies de oxigeno
quimisorbidas o disociadas, como Zn-OH y H,O. Estos desdrdenes
estructurales en la superficie de la muestra pueden introducir estados
energéticos entre la banda de valencia y la banda de conduccion
(estados superficiales), que pueden favorecer la transferencia de los

portadores de carga fotogenerados.

Posteriormente, se llevé a cabo una caracterizacion electroquimica

y fotoelectroquimica exhaustiva de los nanocables de ZnO y se realizo
una comparaciéon con una capa compacta de ZnO. Mediante ensayos
de PEIS realizados a un potencial fijo se obtuvieron los diagramas de
Nyquist, Bode-fase y Bode-mdédulo para los nanocables de ZnO y para

la capa compacta de ZnO. Los resultados de estos diagramas
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revelaron que los nanocables de ZnO presentaban una resistencia a la
transferencia de carga mucho menor que la capa compacta de ZnO.
Esto concuerda con el mayor rendimiento fotoelectrocatalitico de los
nanocables de ZnO, dado por unos valores de densidad de
fotocorriente mucho méas elevados (con una diferencia de casi dos
ordenes de magnitud) que en el caso de la capa compacta. Por otra
parte, mediante el andlisis de Mott-Schottky en condiciones de
iluminacion y de oscuridad se calculé el potencial de banda plana
(Ues) vy la densidad de especies donantes (Np) en la muestra de
nanocables de ZnO, presentando un valor de Ugg = -0,65 Vagiagcl Y UN
valor de Np en condiciones de iluminacién de 1,25'10%° cm® y de
5,40'10° cm® en oscuridad. Los valores elevados de especies
donantes concuerdan con los resultados de XPS y Raman en los que
se observo la presencia de defectos estructurales que actian como
especies donantes de electrones. Ademas, empleando la muestra de
nanocables de ZnO se llevaron a cabo ensayos de PEIS a diferentes
potenciales en condiciones de iluminacién. A partir de los resultados
en forma de diagramas de Nyquist, Bode-fase y Bode-médulo y de la
bibliografia, se ajustaron los datos obtenidos en las impedancias a un
circuito eléctrico equivalente con tres constantes de tiempo, asociadas
a tres sistemas de resistencias y elementos de fase constante en
paralelo. El valor de la capacitancia asociado a la transferencia de
carga de los huecos se calcul6 utilizando los datos obtenidos a través
del ajuste de los datos al circuito equivalente, realizado con el
software Zview. A continuacion, se representé la capacitancia
asociada a la transferencia de huecos frente al potencial aplicado para
determinar si la transferencia de los huecos en los nanocables de ZnO

se producia a través de la banda de valencia o a través de los estados
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superficiales. La capacitancia frente al potencial aplicado presenté
una variacién en forma de campana, caracteristica de la transferencia
de huecos a través de los estados superficiales. Por tanto, en los
nanocables de ZnO la transferencia de huecos se produce a través de
estados superficiales. Estos estados superficiales pueden mediar en la
transferencia de carga, alcanzando densidades de fotocorrientes mas
altas y valores de inicio de fotocorriente mas bajos que en la
transferencia de huecos a través de la banda de valencia, lo que
llevaria a un incremento en el rendimiento de las nanoestructuras en

aplicaciones fotoelectrocataliticas.

En la dltima etapa de la investigacion se llevo a cabo el célculo
tedrico de la produccion de hidrogeno empleando como fotoanodo de
una celda fotoelectroquimica la muestra de nanocables de ZnO que
presentd el mayor rendimiento fotoelectrocatalitico. EI volumen de
hidrégeno obtenido fue de 1,55 litros de hidrégeno por metro cuadrado
de ZnO por cada hora de sol. En una ciudad con una insolacién diaria
como la de Valencia, de 7,1 horas de sol, esto supondria una
produccién de hidrégeno media diaria de 11 litros por metro cuadrado
de ZnO.
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Final conclusions






Final conclusions

The main conclusions derived from this Doctoral Thesis are

presented below:

e Electrochemical anodization of Zn constitutes a relatively low
cost, simple, rapid and effective method to synthesize ZnO
nanostructures for applications in which design of surface
characteristics plays an important role, such as hydrogen
production by photoelectrochemical water splitting.

e After the thermal annealing, the synthesized ZnO
nanostructures presented hexagonal wurtzite structure with
high crystallinity and some structural defects (in form of oxygen
vacancies and zinc interstitial).

¢ In the anodization of zinc in agueous bicarbonate electrolytes,
hydrodynamic conditions promoted the formation of ordered
ZnO nanostructures and the homogeneity of their surface,
which provided an enhancement in their photoelectrocatalytic
performance.

e The addition of ethanol or glycerol to the agueous bicarbonate
electrolyte at different proportions, influenced the surface
characteristics (size and morphology) of the ZnO
nanostructures and, consequently, their photoelectrocatalytic
properties.

e The sample of ZnO nanowires anodized at 10 V for 10 minutes
in 50 mM NaHCOs aqueous electrolyte with 10 % v/v ethanol at
0 rpm presented the highest photoelectrocatalytic performance.
In this context, the photocurrent density achieved with this
sample is double than the achieved by the sample anodized

under identical conditions without ethanol.
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e The sample of the ZnO nanowires showed a low resistance to
photogenerated electron/hole recombination and to charge
transfer.

e The charge transfer of holes in the ZnO nanowires took place
via surface states, which may be beneficial to achieve higher
photocurrent densities and, thus, a higher photelectrocatalytic
performance.

e The synthesized ZnO nanostructures were viable to their
application as photoanodes in hydrogen production by using
solar energy through photoelectrochemical water splitting.

e Theoretical hydrogen production using the ZnO nanowires was
of 1.55 liters per sunlight hour and square meter of ZnO, which
in a city such as Valencia would be equivalent to a diary

production of 11 liters per square meter of ZnO.
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