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RESUMEN

En la presente Tesis, se describen y presentan los resultados obtenidos
para el desarrollo de un dispositivo generador y almacenador de energia
eléctrica a partir de energia solar. Se ha disefiado, fabricado y optimizado
cada uno de los elementos que forman parte del fotocondensador. Dicho
dispositivo esta formado por el fotodnodo como parte generadora de energia
combinado con un supercondensador como parte almacenadora de energia.
El fotodnodo del primer tipo de dispositivo estd compuesto por nanohilos de
ZnO sensibilizados con quantum dots (QDs) de AgyS y recubiertos por una
capa pasivante de sulfuro de zinc (ZnS), crecido sobre un electrodo
transparente conductor, habiéndose usado FTO comercial para el primer
dispositivo y una capa delgada de GIZO sintetizada en nuestro laboratorio
para el segundo fotocondensador. Ambos dispositivos se han combinado
con el supercondensador compuesto por un electrolito iénico conductor
([HEMIm][BF4]/PVP) y electrodos de polimero conductor de PEDOT. El
fotoanodo del segundo tipo de dispositivo se compone de una capa delgada
de diéxido de titanio (TiOz) crecida sobre ITO comercial y la parte
almacenadora estd compuesta por un electrolito ion gel y una capa de LiFeO»
como cétodo.

Se ha sintetizado un 6xido transparente conductor con elevada movilidad
electrénica, conductividad y alta densidad de portadores, compuesto por
Galio, Indio, Zinc y Oxigeno (GIZO).

Se ha desarrollado y optimizado la parte fotoactiva de generacién eléctrica
habiéndose realizado medidas fotoelectroquimicas para estudiar la
influencia de los distintos pardmetros de crecimiento de los QDs sobre la
eficiencia de fotorrespuesta.

Se ha obtenido y caracterizado un supercondensador simétrico con
electrolito transparente. Se ha estudiado la influencia del espesor de PEDOT
sobre las propiedades del dispositivo. Finalmente, el ensamblaje de
fotodnodo y supercondensador en un solo dispositivo forma el
fotosupercondensador cuyo estudio pormenorizado y resultados son
presentados de forma comparativa para los dos tipos de fotocondensador
desarrollados.
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ABSTRACT

In the present Thesis, the results obtained for the development of a device
to generate and store electrical energy from solar energy are described and
presented. Each of the elements that form part of the photocapacitor has been
designed, manufactured and optimized. This device consists of the
photoanode as part of the energy generator combined with a supercapacitor
as part of the energy storage. The photoanode of the first type of device is
composed of ZnO nanowires sensitized with quantum dots (QDs) of Ag>S
and covered by a passivating layer of zinc sulphide (ZnS), grown on a
conductive transparent electrode, having used commercial FTO for the first
device and a thin layer of GIZO synthesized in our laboratory for the second
photocapacitor. Both devices have been combined with the super capacitor
composed of a conductive ionic electrolyte ([HEMIm][BF.]/PVP) and
PEDOT conductive polymer electrodes. The photoanode of the second type
of device consists of a thin layer of titanium dioxide (TiOz) grown on
commercial ITO and the storage part consists of an ion gel electrolyte and a
layer of LiFeO, as cathode.

A conductive transparent oxide with high electronic mobility, conductivity
and high carrier density has been synthesized, composed of Gallium,
Indium, Zinc and Oxygen (GIZO).

The photoactive part of electrical generation has been developed and
optimized, having carried out photoelectrochemical measurements to study
the influence of the different growth parameters of the QDs on the efficiency
of the photoresponse.

A symmetrical supercapacitor with transparent electrolyte has been
obtained and characterized. The influence of the PEDOT thickness on the
properties of the device has been studied.

Finally, the assembly of photoanode and supercapacitor in a single device
forms the photocapacitor whose detailed study and results are presented in
a comparative way for the two types of photocapacitor developed.
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A. ENERGY STORAGE AND SOLAR HARVESTING
DEVICES

In recent decades, the growing global energy demand and the fact that
fossil fuels are limited has encouraged the development and research of
renewable energies in many fields, such as solar energy, fuel cells, energy
storage or wind power. However, in the case of solar cells, the latest
discoveries in nanostructured solar cells have not been commercialized on a
large scale, due to the high cost of materials and underdeveloped
manufacturing and fabrication industrial techniques.

On the other hand, a good power generation from these photovoltaic
systems must be combined with an adequate energy storage and distribution
of the electricity. In fact, energy storage is a crucial factor in the integration
of renewable sources, playing a significant role in maintaining a reliable
modern electricity system. This system should avoid power fluctuations,
enable storage and enhance the electric system flexibility allowing the

supply of energy[1].

There is a variety of types of energy storage systems, including
mechanical, electrical, thermal or electrochemical systems. Electrochemical
supercapacitors, fuel cells and batteries are three types of the most important
electrochemical energy storage devices used nowadays. Concretely for
photovoltaic systems, the most common types of electrochemical storage
devices are batteries, such as, Nickel-Cadmium, Sodium-Nickel chloride,
Lead-Acid or Lithium ion. Apart from that, among the electrical storage
devices is found the electrochemical supercapacitor (also known as
supercapacitor), with a high power density and energy density. There exists
three types of supercapacitors such as double-layer capacitors,
pseudocapacitors and hybrid capacitors, whose difference is the charge
storage mechanism.

Nowadays, most solar cells sold on the market are made of silicon wafers,
known as “first generation” solar cell technology. Due to the Shockley-
Queisser limit for single-bandgap devices[2], this technology has achieved
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record lab efficiencies of 26.7% for mono-crystalline silicon wafer-based
technology/[3].

Finally, since there exists a thermodynamic limit on the conversion of
sunlight to electricity of 93%, a new emerging and less expensive
photovoltaic cell (PV) called “third generation”, is expected to overcome the
efficiencies of the previous solar cells. Between these solar cells, it is possible
to find nanostructured solar cells where the photoactive semiconductor is
supported on it. Depending on the semiconductor the different types of this
generation of solar cells are Dye Sensitized Solar Cells (DSSC), Quantum-
Dot Sensitized Solar Cells (QDSSC), Organic Photovoltaic (OPV) and
Perovskite Solar Cells[4,5].

Best Research-Cell Efficiencies LINREL
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Figure 1.1. Best research cell efficiencies from 1975 to 2017. (NREL 2017)

In this Thesis, the chosen solar cell has been the “Quantum-Dot Sensitized
Solar Cells” due to its many advantages as it will be explained in Chapter I1I
dedicated to the photo-anode. Figure 1.1 shows the best research cell
efficiencies of PV cells in the evolution since 1975 until nowadays, where the
QDSSC (orange circles) efficiencies are experiencing a high linear growth
since their first fabrication in 2010.
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A common element to both parts of generation and storage energy is the
transparent conductive oxide (TCO). This element is essential and work as
substrate being fundamental for the success of the device.

The combination of a solar cell with a supercapacitor in a single device is
known as photo-supercapacitor, receiving more and more interest in the last
years because of their multiple applications in future portable and wearable
devices. This device is capable of generate and store electricity at the same
time from solar energy.

B. BACKGROUND MOTIVATION

The conversion of solar energy and the storage of electricity produced
are becoming key strategies for solving the problems of the energy crisis and
its sustainable use. Currently, the conceptual and experimental framework
of the problem is the need for self-sufficient buildings, which leads to the use
of incident sunlight on windows by converting it into electricity and the need
to storage that energy to be used afterwards. The thin film transparent in the
visible region solar cell meets the first mission and the batteries or
supercapacitor device meets the second mission. A fundamental part of this
problem is the possibility to combine photogeneration with energy storage
of an effective way. There are some designs developed to combine both
functions, solar energy conversion and electrical energy storage into a single
transparent device for smart windows|[6,7].

Energy saving can be addressed by the use of devices with lower energy
consumption, but the increase in population compensates for the reduction
effects by this route. The ideal goal is the reduction of energy consumption
through energy self-sufficiency. The decrease of energy consumption can
and must be achieved through different lines of action. The use of incident
solar radiation on building windows by converting it into electric energy and
regulating the energy flowing through windows are two ways to save
energy.
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In order to be self-sufficient, a building has to generate its own energy, which
requires systems that can take advantage of incident solar radiation. If the
devices are going to be integrated into the glazed surfaces, they must be
transparent or semi-transparent. Ideally, they should be transparent in the
visible region and the perceived color neutral, unless it is desired a color
because of the aesthetics of the building.

Achieving stable devices begins with a proper selection and optimization of
the elements that make them up. Thus, all the active devices mentioned,
photo generators, storage and energy regulators, need transparent
conductors for their electrical contacts and for the electrodes that are part of
any of the devices. Therefore, the key materials in the development of this
type of devices are transparent conductors and transparent polymer
electrolytes. Transparent conducting oxides (TCO) comprise a class of
materials that can be considered as materials that conjugate properties of
technological interest such as electrical conductivity and transparency [4].

Secondary lithium-ion batteries are one of the most widely used batteries in
consumer electronics. They lack a "memory effect" and show good cyclability
and high capacity [6]. The multi-billion dollar market for these devices has
led to an intensification of research into these batteries aimed at improving
safety and power-to-weight ratio. In addition to the high values of the
specific capacity developed, they do not give rise to safety problems because
they do not use metallic lithium. On the other hand, the use of a solid ion
electrolyte also contributes to battery safety. Sony sold the first rechargeable
lithium-ion battery in 1991. Since then, research in this area has been very
extensive. An alternative device to solar cells and batteries is the
photocapacitor[7], since it is built of both in a single device. A photo-
capacitor is a device capable of generating energy from solar radiation and
storing it for a sufficient time afterwards. Ideally, the advantages of the
capacitor are the possibility of building windows integration, fast charging
(photo-response), stability and increased cyclability.
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C. OBJECTIVE

The overall objective of the present Thesis is, to design, develop and
characterize a transparent photo-supercapacitor capable of capturing the
solar energy, to transform it into electricity and to store it in an efficient way.

In order to achieve this goal, the following strategies were proposed:

1) To identify and to develop a transparent conducting oxide (TCO)
with appropiate opto-electronic properties to be part of the
photoanode of the final photocapacitor device.

2) To prepare new architectures of nanostructured semiconductive
materials in a wide range of morphologies, seeking the synergistic
combination of properties as photoanode electrode.

3) To synthesize conducting polymers by electrodeposition and to
obtain transparent ionic conductive electrolytes based on commercial
ionic liquids to build a supercapacitor.

4) To assembly and to characterize the photocapacitor device from the
above elements.



7 | Thesis outline

D. THESIS OUTLINE

This doctoral Thesis contains five chapters; this first introduction
explains in general terms the energetic current situation of the world and
gives a general vision of the importance of energy efficiency nowadays.

An emerging and home-made transparent conducting oxide (TCO) named
Gallium Indium Zinc Oxide is presented in Chapter II. This thin film has
been developed and characterized for their use as transparent photoanode.

The third chapter deals with a third generation (3G) solar cell, focusing on
the fabrication and characterization of quantum dot sensitized solar cells and
zinc oxide nanowires. Moreover, results on photoelectrochemical
characterization are presented.

Chapter IV is devoted to the development of the storage part of the whole
device, concretely the supercapacitor. Main results, materials and
methodology are discussed in this chapter.

The final photo-supercapacitors are presented in the fifth chapter, having
combined the previous individual devices such as solar cell and
supercapacitor to form two different types of photo-supercapacitor.

Finally, a brief description of the characterization techniques used
throughout the project can be found on Appendix A, along with the
mandatory Spanish summary on Appendix B.
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A.INTRODUCTION

Transparent conductive oxides (TCOs) are a very important part in many
optoelectronic devices such as solar cells and also in new relevant devices
for energy harvesting and storage [8-10] as the photo-supercapacitors, which
are novel and promising devices that will allow to produce energy from the
sunlight and store it in the same device [11,12]. Obtaining efficient solar cells
and photo-supercapacitors requires a careful design of all its parts and,
undoubtedly, transparent electrodes play an important role as an active part
in the development of these devices. The main advantage of these
compounds is that they can be obtained by various methods such as spray
pyrolysis[13,14] electrodeposition[15-17] or magnetron sputtering[18] with
good optical and electrical properties. ZnO doped with Al[19] or Ga[20], and
more recently with In[21], are materials that can fulfill the requirements for
optoelectronic devices. An opportunity to get better TCO materials is using
ZnO compounds doped with Ga and In [22], i.e. Indium-gallium-zinc oxide
(GIZO). When properly doped, zinc atoms are substituted by trivalents
atoms (X3*, where X = Al, In, Ga). The extrinsic donors due to dopant are
more stable than the intrinsic donors due to native defects. However, they
present a limitation in the improvement of conductivity when increasing the
dopant content, Al, Ga or In, above a certain value, since the conductivity
and transparency decrease. This saturation in the doping of ZnO by Al or Ga
is possibly due to the conduction mechanisms in these compounds [23].
There is evidence that saturation in doping with Ga is reached at about 2
at%[24,25]. For higher values of Ga doping, the conductivity decreases
probably due to the degradation of the crystallinity of the film because of the
difference in ionic radius between the Ga3+ (0.062 nm) and Zn2* (0.074 nm).
The resulting effect would be the loss of charge carrier mobility[26]. Another
possible reason would be that the increase of dopant atoms produces neutral
defects that do not contribute to the conductivity. In addition, the neutral
atoms can be segregated at the grain boundaries increasing carriers
scattering[27]. The charge carrier density and their mobility determine the
conductivity and to obtain significant improvements it is necessary to
combine both adequately. GIZO can improve its optoelectronic properties
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with respect to Ga: ZnO or Al: ZnO. Kimizuka and Mohri[28] synthesized
GIZO for the first time in 1985, and Shunpei Yamazaki[29] discovered that
various GIZO crystal morphologies are formed in addition to amorphous
and single-crystal. The discovered c-axis-aligned crystalline GIZO and
nanocrystalline GIZO morphologies showed significant differences from
single-crystal and polycrystalline structures. Nanocrystalline GIZO (nc-
GIZO) exhibited nanometer-sized crystals that were oriented in random
directions[30].

In general, there no exists in bibliography several works based on an optimal
and statistical methodology to carry out the laboratory experiments to grow
thin films. Therefore, in this Thesis, it has been chosen an experimental
design for the growth of GIZO thin films.

The experimental response surface designs, which are the most suitable for
the optimization of one or several responses, are limited to three factors by a
principle of economy in the experimental effort. If it is suspected that more
than three factors may have significant effects, then it is appropriate to select
three of them and fix the rest at a value that is considered adequate. For this
reason, and although it is obvious that the variation in the amount of Ga will
influence the final properties of GIZO films, it was decided to select three
sputtering parameters and the Ga/Zn ratio was set at 2% based on previous
work of our group and others found in bibliography [18,24]. Therefore, to
achieve GIZO films with optimal electrical conductivity and transparency, a
Box-Behnken experimental design of response surface has been employed to
evaluate the effects of three factors: power applied to the In.O; target,
substrate temperature, and deposition time. The goal is to establish their
influence on GIZO films properties such as charge carrier density, mobility,
crystallinity, etc. The aim of this work is then to obtain GIZO films with a
good compromise between transparency and conductivity to be used as
transparent electrodes. With this objective new figures of merit (FOM) have
been defined for the first time as a modification of other well known FOMs,
proposed by other authors. The new FOMs have been comparatively applied
to the obtained GIZO films.
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B. MATERIALS AND METHODS

1) GROWTH OF GIZO THIN FILMS BY MAGNETRON SPUTTERING

For the growth of GIZO thin films, it was chosen a physical vapor
deposition process, that is, Radio-Frequency (RF) magnetron sputtering. The
main advantage of this method is the possibility to control the growth of
pure and dense films varying several parameters such as, temperature, time,
RF-power of the targets, gases flux into the main chamber or deposition
pressure.

Sputtering is a technique used to deposit thin films of a material onto a
substrate. The first step is the creation of a gaseous plasma and after that the
acceleration of the ions from this plasma into some source material (target).
When the acceleration of the ions towards the cathode occurs, interaction
with the surface of the material produces a transfer of the kinetic momentum
causing the pulverization of the target. After that, the atoms from the target
are expelled upon and coat the substrate material. Magnetron sputtering
equipment incorporates electromagnet or permanent magnets below the
target, so the electrons are confined close to the cathode. Hence, there is a
flux of electrons moving from north pole to the south-oriented magnet,
improving the plasma density. Therefore, the resulting coating layer
possesses improved conformation coverage, better coating rate and film
adhesion.
Anode

Sputtering substrate

Formed metal
coating layer

e © O (]
o o .- °
Art o ° 4 ® °
e ° L ° °

Source material of
the coating atoms  *

Cathode
Magnetic system|
of the magnetro

Cooling system

Figure 2.1. Scheme of magnetron sputtering process.
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In this Thesis, GIZO thin films electrodes have been deposited by RF
magnetron sputtering in co-sputtering mode on 1 and 2 cm? glass substrates
after the proper wet-chemical cleaning in ultrasonic baths of isopropanol (10
min), deionized water (10 min), acetone (10 min) and, dried finally under
nitrogen flow. Two types of ceramics targets from AJA International, Inc
were employed: GaxOs (2%) - doped ZnO target (98%) and In.Os (99.99%).
The 150 W applied power to the Ga:ZnO target selected in base of previous
studies[18], and the obtained Ga:ZnO film has been considered as
corresponding to ratio zero for the In/Zn ratio.

A Box-Behnken response surface factorial design has been used to
organize the experimentation and identify the effects of three magnetron
sputtering parameters such as InoOs target power (P), deposition time (t) and
substrate temperature (T) on the properties of the GIZO films and the
potential interactions between these three factors. The films were prepared
in random order to include unidentified sources of variability in the
experimental error. The three levels used for the factors are shown in Table
2.1, being the power applied to the In2Os target of 80 W, 110W and 140 W,
and 150, 250 and 350 °C the substrate temperatures. The films were
deposited during 20, 40 and 60 min. The full experimental design is show in
Table 2.2. The working pressure into the vacuum chamber was kept constant
at 1.4 102 mbar, and high purity (5N) Ar gas stream, regulated by a mass
flow controller at 12 sccm was used.

Table 2.1. Factors and levels used for the Box-Behnken response surface
experimental design, and identification of the sample.

Factor
Level. Inz(.)3 Substrate Deposition time
(symbolic) applied temperature (°C) (min)
power (W) P
-1 80 150 20
0 110 250 40
+1 140 350 60
Identification of the film: GIZO_ Power_Temperature_time
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Table 2.2. Box-Behnken design. Symbolic and real values of the factors.

Symbolic values

Real values

E;(IIO) Power | Temperature | Time P:)‘f\vr)er Tem?]eé;iture ;1;;111:3
1 0 0 0 110 250 40
2 -1 0 -1 80 250 20
3 1 0 -1 140 250 20
4 -1 0 1 80 250 60
5 1 0 1 140 250 60
6 -1 -1 0 80 150 40
7 1 -1 0 140 150 40
8 0 0 0 110 250 40
9 -1 1 0 80 350 40
10 1 1 0 140 350 40
11 0 -1 -1 110 150 20
12 0 -1 1 110 150 60
13 0 1 -1 110 350 20
14 0 1 1 110 350 60
15 0 0 0 110 250 40
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C. RESULTS AND DISCUSSION

1) STRUCTURAL, COMPOSITIONAL AND MORPHOLOGICAL
PROPERTIES OF GIZO THIN FILMS.

From the analysis of the Box-Behnken design the applied power was
found to be the main significant effect, positive, on the In/Zn atomic ratio,
which means that there is a linear dependence, positive slope, between In,Os
target power and In/Zn ratio, as seen in Fig. 2.1(a). There is also a smaller
positive effect of the deposition time on the In/Zn ratio. The Ga/Zn ratio
remained near constant with median 0.021 and standard deviation 3.7x10-3
as seen in the values of the atomic Ga/Zn ratio, and Ga/(Zn+In+Ga) shown
in Table 2.3. However, the main significant effect on the thickness is the
deposition time, being less significant the effect due to the applied power.
This means, as expected, that the thickness increases linearly with deposition
time as shown in Fig. 2.1(b), and additionally by the increase in the amount
of deposited In (Fig. 2.1(a)). The Pareto graph of the effects for both responses
are shown in Fig. 2.2 (a, b).
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Figure 2.1. (a) In/Zn atomic ratio versus applied power to the In,Os target (b)
Thickness versus deposition time.



15 |Results and Discussion

15 1 a0 F
(a + - (b) ufl
P’ il t i
12 ] : M
8 30 |
=
@ 9
©
S 20 ¢
B
@ 6
©
c
g t 10 |
3 |_|;-|- 7 P
UI A P2pT I_IT FrpT P
o [LUEOEe=] , [O0eSSrT R

“uyr
t

Figure 2.2. Pareto graph of the effects. Factors: “P” applied power, deposition
time, “T” substrate temperature. (a) Response: In/Zn atomic ratio. (b) Response:
Thickness.

Table 2.3. Atomic percentages and ratios.

Exp. %Zn* | %Ga* | %In* In/?n Ga/Zn ratio Ga/(In+Z.n+G
N° ratio a) ratio
1 23.84 | 044 | 20.18 0.85 0.018 0.010
2 20.25 | 0.35 | 10.39 0.51 0.017 0.011
3 17.09 | 037 | 17.27 1.01 0.022 0.011
4 3045 | 0.66 | 16.66 0.55 0.022 0.014
5 21.93 0.41 23.1 1.05 0.019 0.009
6 2848 | 0.77 | 15.82 0.56 0.027 0.017
7 222 0.47 | 22.04 0.99 0.021 0.011
8 21.87 | 041 | 18.34 0.84 0.019 0.010
9 27.21 0.64 | 15.96 0.59 0.024 0.015
10 | 2045 | 0.62 | 23.39 1.14 0.030 0.014
11 19.51 0.46 | 13.33 0.68 0.024 0.014
12 | 25.02 | 042 | 19.32 0.77 0.017 0.009
13 | 19.65 | 0.36 | 13.87 0.71 0.018 0.011
14 | 2297 | 048 | 22.28 0.97 0.021 0.010
15 | 2394 | 046 | 20.32 0.85 0.019 0.010
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Figure 2.3 shows XRD diffraction patterns. The GIZO films grew
hexagonal, c-axis textured with a main diffraction peak around 26=31°
corresponding to (0 0 n) crystallographic planes. This peak does not appear
at a fixed 26 angle because 26 changes with the In/Zn ratio. Fig. 2.3(a-c)
shows the XRD patterns for samples obtained at 80, 110 and 140 W applied
to the InoO; target. Increasing the power increases the In/Zn ratio, and it was
found that the crystal size of the films decreases with increasing In/Zn
atomic ratio (Fig. 2.4). It has been reported that crystalline films are generally
obtained for low In/Zn atomic ratio. When In/Zn is higher amorphous films
are obtained[31]. The amorphization in In-rich IZO films is probably due to
In atoms would locate in or near grain boundary regions [32][33]. The reason
could be also attributed to the presence of In3* that produces crystalline
defects, which due to the cubic structure of InO,- are not incorporated into
the GIZO structure[34]. G.H. Kim et al. reported that as the indium
concentration increases, the activation energy for crystallization increases
too [35]. When Ga is incorporated to the IZO (GIZO) then the transition to
amorphous phase happens in a wider range of In/Zn ratios[36].

By the ANOVA analysis of the Box-Behnken design, the main positive effect
on the crystal size is due to the substrate temperature. This is clearly shown
in Fig. 2.3(b-c). The applied power shows a negative effect (Fig. 2.3(a-c)), the
films are less crystalline when the power is increased, which is linked to the
In/Zn ratio evolution as mentioned and shown in Fig. 2.4. Figure 2.3(d)
shows the effect of time on samples obtained at 80 W and 250° C. These films
showed the main peak at 26=31.7°, and, additionally, two peaks at 26=45.1°
and 26 = 58.8° of lower intensity corresponding to, (0 012), (1 0 8) and (1 0
12) crystallographic planes respectively (JCPDS 98-016-2451).

Figure 2.3(e), shows comparatively the XRD patterns for the hexagonal
Ga:ZnO (2% Ga), 120_140_250_30, a GIZO sample, and cubic In2O;, all
obtained by magnetron sputtering. Fig 2.3(e-f) show as the position of the (0
0 n) peaks for the obtained GIZO films change between from 26 =34.4° (0 0
2) for hexagonal 2% Ga:ZnO (ZnO JCPDS 98-016-3383) to 30.3° for cubic
In>O;5 (2 2 2) (JCPDS 98-064-0179).
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Figure 2.3. XRD patterns of samples obtained at (a) 80 W (b) 110 W (c) 140 W at
different temperatures. XRD spectra of the samples obtained at 8W, 250°C and
different times. And the XRD spectra of the ZnO:Ga, InO; and a GIZO sample. (f)
Normalized XRD spectra of (1) ZnO.Ga, (2-4) GIZO at 40 min, 350°C and 80, 110, 140

W respectively; (5) InoOs.

Comparatively, in Fig. 2.4 the position of the c-axis peak (0 0 n) around 31°

corresponding to three GIZO JCPDS standards is presented. 20 changes from
32.01° corresponding to In»ZnsOy, crystal plane (0 0 12), In/Zn=0.5 (JCPDS
98-016-2451); to In2Zn30s, 31.56° plane (0 0 15), In/Zn= 0.66 (JCPDS 98-016-
2450), and InZn20s, 30.98° (0 0 8), In/Zn=1 (JCPDS 00-020-1442). In Fig. 2.4,
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20 for Ga:ZnO (2% Ga) (In/Zn =0), and the peak (2 2 2) for cubic InoO; (In/Zn
= 00), together the 26 values for the GIZO samples as function of the In/Zn
atomic ratio have been represented too. K. Tominaga et al. [36] have found
a similar evolution when the In/Zn ratio increases. They have also found
that the addition of gallium drifts this transition of the 20 angle to lower
values of In/Zn ratio. This change in the value of the 20 angle, or planar
distance, means changes in the crystallographic a, ¢ parameters of the
hexagonal structure. To discard a potential drift of the position of the 20
angle of the peak due to a fault of alignment of the substrate with the
goniometer of the XRD device, the planar distances were corroborated by
HRTEM, FTT and SAED.
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Figure 2.4. 20 Position of the plane (0 0 n) versus the In/Zn atomic ratio: (filled
circles) JCPDS standards, (open circles) GIZO samples. Crystal size versus the In/Zn
atomic ratio (triangles).

Additional crystalline planes that were not identified by routine XRD were
analyzed by HRTEM (Fig. 2.5-2.6). Figure 2.5(a) shows the HRTEM image
of a particle obtained by scratching of the surface of the GIZO_80_250_60
(In/Zn = 0.55). This film is crystalline as shown by SAED (Fig. 2.5(b)) and
exhibits an hexagonal structure with the crystallographic parameters
estimated as a=3.34 A and c= 33.72 A closed to the values of the JCPDS
standard 98-016-2451 (a=3.336 A and c=33.526 A, In,O;Zn,). Figures 2.5(c-f)
show the zoom image of two areas of this film and the corresponding FFT.
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Figures 2.5 (g-h) show the HRTEM image of a particle of the
GIZO_140_150_60 film, with In/Zn =0.99 closed to the JCPDS 00-020-1442
(a=3.376 A, b=23.154 A, In,OsZny), and the corresponding SAED (Fig. 2.5(h)).
The SAED (Fig. 2.5(h)) shows a diffuse ring characteristic of a practically
amorphous film. By Scherrer (XRD), the crystal size for this GIZO film was
estimated as 2 nm.

(0112) (g)

________

_________

(0012)

Figure 2.5. HRTEM image of (a) a particle of GIZO obtained at 80 W, 60 min, 250°C.
(b) SAED, (c, f) Zoom of a partial areas of the particle, (e, f) FFT of the zoomed areas.
(d, e). HRTEM image of the particle obtained at 140 W, 40 min, 150 °C (g) and the
corresponding SAED (h).

Figures 2.6 shows the EDS (Fig. 2.6(a-c)) and the HRTEM images of the cross
section of the GIZO_140_350_40 (In/Zn = 1.05). The film is c-axis textured,
with the plane (0 0 8) parallel to the substrate (JCPDS 00-020-1442). The
HRTEM images of the cross section of the GIZO film (Fig. 2.6(d)) suggest an
initial growth of 3D islands following the Volmer-Weber model, followed by
a layer-by-layer growth according the Fran-van de Merwe model. In the first
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step (Volmer-Weber) the film adatoms are more strongly bound to each
other than to the substrate surface, leading to a slow diffusion of the adatoms
which form 3D islands. The islands are not necessarily c-axis oriented, as
shown in Fig. 2.6(d, f), and by the FFT (Fig. 2.6e). In the second step of
growth (layer-by layer), the crystals are c-axis oriented as shown by the FFT
(Fig. 2.6(g)). Nevertheless, crystal grains would be connected to each other
and no clear grain boundary are observed in the cross section. The formation
of this crystalline morphology, c-axis aligned crystal, was discussed and
computer modeled by Shunpei Yamazaki et al. [29].

Figure 2.6. (a-c) EDS images of the cross section of the GIZO film obtained at 140 W,
40 min, 350 °C; (d) HRTEM image of the cross section; (e, f) HRTEM images of the
zoomed areas of the cross section (g, h) FFT of the zoomed areas.

Figure 2.7 shows the FESEM images of GIZO films obtained at different
values of applied power to the target, time and temperature. In general, the
obtained films are very smooth and the roughness decreases with the
temperature and with the applied power. By AFM, GIZO films show a
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surface Rms roughness of 4 nm for the amorphous GIZO and 11 nm for the
crystalline GIZO. The GIZO grains do not exhibit marked sharp edges at the
highest power.

Figure 2.7. FE-SEM micrographs surface images of the samples obtained at (a) 80
W, 60 min, 250°C (b) 110 W, 60 min, 150°C (c) 140 W, 40 min, 150 °C (d) 140 W, 40
min, 350 °C.
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2) OPTICAL PROPERTIES OF GIZO THIN FILMS.

When the GIZO films are used as TCO, and depending on the purpose
of the device, the optical behavior influences the efficiency of the device, like
for example when used as electrode in solar cells or photocapacitors. From
the ANOVA analysis of the Box-Behnken design, the main negative effect on
the visible and solar transmittances (Eq. 2.1-2.2) is the deposition time.

f37foo Dgs(A) V(A) T(A) dA

Tois = J759 Des(A) V(D) dA

2.1)

where, Dss(M) is the spectral power distribution of CIE standard illuminant
De¢s, V(M) is the photopic spectral sensitivity function for human vision [37],
T(N) is the spectral transmittance of the sample, glass/IGZO film. T(\) is
substituted by R(A) for visible reflectance. Solar transmittance and
reflectance (Tsolar, and Rsolar respectively) were calculated using the Eq 2.2.

_ f;osooo Iam1.5D) T(A) da

T. =
solar f3205§° Lam1s(DdA

2.2)

where Iamis is the standard spectrum distribution of solar energy for 1.5
atmosphere thickness, corresponding to a solar zenith angle of 48.2°. Solar
reflectance can be obtained using R(A) instead of T(\).

This negative effect of the deposition time on the visible transmittance, as is
shown in Fig. 2.8(a), is related with the increase of the thickness due to the
Beer-Lambert effect. The absorption is proportional to the optical density,
product of film thickness t and the absorption coefficient ay. Figure 2.8(a)
shows also the solar transmittance, the visible, solar reflectances, and the
spectral absorptance is calculated as A(A)= 1- R(\)- T(A\) and solar
absorptance dsor as:

B fszosooo 1AM1.5(1—R(2)—T(A)) daA

Asolar = 2500 (2-3)
fgoo Iami.s dA

Figure 2.8(b) shows the relationship between solar absorptance of the GIZO
films and the charge carrier density. The solar absorptance for the glass
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substrate was 8.8 10-3. The solar absorptance increases with the increase of

the charge carrier density.
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Figure 2.8. (a) Visible and solar transmittance and reflectance, and solar absorptance,

versus film thickness (b) solar absorptance versus carrier density.

The decay in the transmittance and the rising in the reflectance in the NIR

region, as shown in Fig. 2.9 for four GIZO samples with different thicknesses

and carrier densities ne (calculated in next section 3 of present Chapter),

would be linked with the charge carrier density, as it will be discussed in

section 3. Figure 2.9 shows also the curve of sensitivity of the human eye,

and the solar AM1.5 spectral irradiance spectrum.
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Figure 2.9: (a) Curve of sensitivity of the human eye, (b) AM1.5 spectral irradiance.
Transmittance and reflectance spectra for GIZO films: (c) GIZO_110_150_20, In/Zn=
0.68, t=175 nm, n.=1.56 1020 cm?3 ; (d) GIZO_140_250_20, In/Zn=1.01, t= 202 nm, ne
=2.191020 cm3; () GIZO_110_150_60, In/Zn=0.97 t= 488 nm, n. = 2.35 1020 cm3; (f)
GIZ0O_140_250_60; In/Zn= 1.15, t= 536 nm, n. = 3.45 1020 cm?3.

According to Abeles, the relationship between the transmission at a certain
wavelength A, Ty, the reflection Ri. and the coefficient of absorption ay is:

a; = %ln ((1_;2—%))2) (2.4)
where t is the film thickness, and ax t is de optical density. The coefficient of
absorption ay has been calculated using the Abeles formula, and estimated
from the coefficient of extinction k as obtained from the optical model fitting.
The real and imaginary parts of the complex refraction index, n and k
respectively, have been obtained by simultaneous fitting of the measured
transmittance and reflectance spectra of the films by using an optical
multilayer stack model GIZO film/glass substrate, susceptibility optical
models, and the Fresnel relationships. The total susceptibility x can be
obtained by adding various contributions (xi) from several susceptibility
models. That way, the frequency dependent dielectric function of the glass
substrate was previously obtained by using a sum of Brendel’s oscillators
and a dielectric background. The GIZO film was optically modeled by using



25 |Results and Discussion

a dielectric function model with the O’Leary-Johnson-Lim model [38], an
alternative to the classical Lorentz oscillator, to describe the optical spectra
in the region of the band gap, and the extended Drude model for free charge
carriers contribution. The classical Drude model (see Eq (2.5)) has been used
to describe the interaction of free charge carriers, such as electrons or holes.

2

X= — e ti

w?-T? w3+ w I?

2
pr

(2.5)

where ® is the frequency, ®, the plasma frequency and I' the damping
constant.

This model of the susceptibility has two parameters, the plasma frequency
(wp), and the damping constant I' [39,40] which is inversely proportional to
the relaxation time. w; is a characteristic frequency at which the material
changes from a metallic to a dielectric response. The plasma frequency o, is
proportional to the charge carrier density n, by

wp = (2.6)
where e is the electron elementary charge, & is the permittivity of the free
space and m* the effective mass of the charge carriers which is proportional
to me, the free electron mass, m*= n me. In spite of effective mass of the
conduction electrons varies with the carrier concentration, most of the
theoretical analyses assume the effective mass as a constant. We have
estimated the effective mass m* for the GIZO films to be approximately 0.32
me. This value is coherent with expected values for this kind of conductive n
type oxides [41], and identical to the obtained by Takagi et al. [42], for single-
crystalline GIZO films, and the same authors have reported 0.34 m. for
amorphous GIZO. Other authors have reported values for m* of around 0.2
me [43].

The damping constant I' is related to the charge mobility p. by

e

he = 2.7)

m*T

In the classical Drude model, the damping constant does not depend on
frequency . In the extend Drude model (Eq. 8) the damping constant I
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changes smoothly from a constant at low frequencies I'. to another constant
level at high frequency I'n.

r=r, - FL;FH [arctan (w;:c) + g] (2.8)

where, I't, I'at low frequencies; I'y, I" athigh frequency. The transition region
is defined by the crossover frequency w. and the width parameter ow, width
of the transition region.

Figure 2.10 shows the obtained real and the imaginary parts of the complex
refraction index (n, k) and the complex dielectric function (g1, €2), for Ga:ZnO,
and three GIZO films. Around plasma frequencies, the contribution due to k
becomes important and & becomes negative for frequencies below ®p, and
the free-electron gas has a metallic response with high reflectivity and
absorption. For frequencies higher than w,, the free electrons cannot follow
the oscillating electric field, and therefore, the film is transparent being £1>0
and k <n. When &;<0, k> n the reflectance is higher (Fig.2.9 and Fig. 2.10b).
As ne increases, the plasma wavelength shifts to shorter wavelengths. The
plasma frequencies for the four GIZO films showed in Fig. 2.9 , from the
lower to higher ne, 6621 cm-, 7844 cm?, 8114 cm?, 9837cm, and the
corresponding estimated wavelength for the minima reflectivity Amin, 1307
nm, 1104 nm, 1067 nm and 880 nm. Amin was estimated from[43]:

Ay = Ain [ 2.9)

€oo—-1

being A, the wavelength corresponding to the plasma frequency, &, the high
frequency dielectric constant, which was taken as 4.
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Figure 2.10. Real and imaginary parts of the complex refraction index (a) and the
dielectric constant (b) for the samples: (1) Ga:ZnO (2% Ga), (2) GIZO_110_150_20,
(3) GIZO_140_250_20, (4) GIZO_140_250_60.

Fig. 2.11 shows the spectral absorptance for these four GIZO films.
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Figure 2.11. (a) AM1.5 spectral irradiance. Transmittance and reflectance spectra for
IGZO films: (b) GIZO_110_150_20 (c) GIZO_140_250_20, (e) GIZO_110_150_60 (f)
GIZO_140_250_60.
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Tauc's equation expresses the relationship between the absorption
coefficient ax (cm?), the photon energy (hv) (eV), and the energy of the
optical band gap Eg (eV):

(o ho) = ¢ (hv - Eg)n (2.10)

where hv is the energy of the incident photon and c is the absorption edge
width parameter. The values of E; can be determined by extrapolating the
linear region of the Tauc plot to hv = 0. The obtained values of the band for
GIZO were between 3.4 eV obtained for Ga:ZnO and 3.7 eV for pure cubic
In>Os as can be seen in Figure 2.12.

The optical band gap of doped TCO films undergoes a blue shift by the well-
known Burstein-Moss (BM) effect or redshift caused by electronic band gap
renormalization [44]. The estimated Burstein-Moss blueshift AEsy may differ
also of the experimental data due to the variation of electron effective mass,
which is dependent on the charge carrier density. AEgm can be estimated by
the bandgap widening in n-type semiconductor with parabolic band by the
following equation:

hZ

8 m2m*

AEgy = (3m? ne)g (2.11)
where, h is the Planck’s constant. In our case, the bandgap shift was
estimated as depending on n2/3. Additionally to the Burstein-Moss effect,
there may be other subordinate effects or types of imperfections [44].
Moreover, lattice compression could increase the band gap [45]. A clear
relationship between the atomic ratio In/Zn or the crystal size with the band
gap is not found in the present work, the band gap seems to grow with the
ratio (In/Zn) and the decreasing of crystal size. Kumar et al. [46] found a
decrease in the band gap with the increase of the amount of In.
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Figure 2.12. Tauc’s plots for films (1) Ga:ZnO (2% Ga) and GIZO (2)
GIZO_110_150_20, (3) GIZO 110_150_60, (4) GIZO_140_350_40, (5)

GIZO_110_350_60.

3) ELECTRICAL PROPERTIES OF GIZO THIN FILMS.

One of the fundamental relationships describing electrical conduction is

. (2.12)

Ne € Pe

Ue =

where . is the charge carrier (electron) mobility, pe (2 cm) is the electrical
resistivity, which is obtained from the sheet resistance Rsq (€2/5q) as pe= Rsq t
(measured by four point probe, see Appendix A). The electrical conductivity
o is the inverse of the electrical resistivity. From the ANOVA analysis the
applied power to the In,O; target was the only factor with a significant effect
on the conductivity, this means that there is a linear dependence with the

applied power as shown in Figure 2.13.
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Figure 2.13. Conductivity versus applied power to the In,Os target.

However, as shown in Fig. 2.14(a), the relationship between conductivity
and the In/Zn atomic ratio is no lineal. It has been proposed that the increase
in dopant atoms would produce some neutral defects, which do not
contribute to the conductivity, or to ionized impurities and neutral atoms,
which can be segregated at the edges of the grains increasing the scattering
of the carriers [47].

Applied power has the largest positive linear effect on the mobility, while
the deposition time and substrate temperature have linear negative effects
on the electronic mobility with a slight contribution of a positive quadratic
effect of the temperature. This means that the increase of the In/Zn ratio
increases the mobility, as shown in Fig 2.14(b). A higher Indium
concentration in GIZO films produces higher mobility, like other works in
bibliography confirm [35,48]. Increasing temperature and time of deposition
decreases the mobility, which would be related with the crystalline structure
of the film, increasing substrate temperature and deposition time increase
the crystallinity as shown in Fig. 2.3. The effect of the annealing temperature
on the mobility was studied by Makise et al.[49], finding a mobility that
decreased when the film changed from amorphous to polycrystalline. This
would be the explanation for the dispersion of some points in Fig. 2.14. (b).
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Figure 2.14. (a) Conductivity and (b) carrier mobility, versus In/Zn atomic ratio.

From the ANOVA analysis, it was found that there are not linear effects on
the charge carrier density, being the quadratic effect of the deposition time
the most important (Fig.2.15(a)). The effects due to interaction between
power and time, and a quadratic effect of the substrate temperature (Fig.
2.16), both positive, were less significant. This means that larger charge
carrier density should be obtained at higher tested time (Fig. 2.15(a)) and
temperature, as shown in Fig. 2.16-2.17. A higher In/Zn ratio should lead to
larger charge carrier density (Fig. 2.14(a)) and hence higher conductivities,
in agreement with the study of Pham et al.[26], and the same trend was
obtained by Kumar et al.[43] for undoped amorphous IZO. The charge carrier
density found by these authors ranges from 1.26 1020 cm? (In/Zn = 0.52) to
3.73 1020 cm3 (In/Zn =0.86), and are similar to those found in this work,
where the charge carrier density obtained ranges from 1.56 1020 (In/Zn
=0.68) to 3.45 1020 cm? (In/Zn = 1.15) Table 2.4. However, as shown in Fig.
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2.15(b), the charge carrier density increases for each applied power with the
In/Zn ratio, but this evolution segregate in three groups as shown in Fig.
2.15(b). This separation into three groups could be related with the
crystallographic structure, undergoing a decreasing in the charge carrier
density due to changes in the crystalline parameters of the hexagonal
structure with further increasing the In/Zn ratio, as commented in section 1.
The maximum values for each group in Fig. 2.15(b) are achieved for the
optima combination of temperature and time, Fig. 2.17. Takeda et al. [50]
reported an increase in mobility when the charge carrier density increased.

Table 2.4. Values of conductivity, carrier density and mobility

Exp. | Conductivity g:;zlli; Mobility
N° (21 cm?) (cm?) (cm2 V-1 s1)

1 1301 3.28 1020 25

2 497 2.16 1020 14

3 1349 2.20 1020 38

4 630 2.90 1020 14

5 998 3.45 1020 18

6 653 2.63 1020 16

7 1745 2.74 1020 40

8 1102 3.29 1020 21

9 828 3.03 1020 17

10 1311 3.08 1020 27

11 1129 1.56 1020 45

12 1090 2.3510% 29

13 809 2.37 1020 21

14 1085 3.20 1020 21

15 978 3.28 1020 19
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Figure 2.17. Surface response of carrier density as function of deposition time and
substrate temperature.

For the optimization of TCOs a compromise between conductivity and
transparency is necessary, and for this purpose different figures of merit
(FOM) have been defined. Fraser and Cook [51] proposed using the ratio of
transmission at a given wavelength and the sheet resistance to characterize
the TCO films. Haacke [52] suggested the figure of merit

DO1c = Tss010 /qu =0t exp(—10 for} t) (2.13)

where Rq is the sheet resistance. T is the optical transmission (scale 0-1) at
550 nm. This merit functions uses the exponent 10 with the intention of
reducing the excessive weight of the sheet resistance in ®rc. Gordon[53]
suggested using the conductivity/absorption coefficient ratio, o/an.
Fernandez et al.[54] proposed;

Pr=-1/pIn(T)=0 ar t (2.14)
There are other proposals [55], and more recently, Hu et al. [56] proposed a

modified form of the Haacke:

o4 10
Dy = @) (2.15)
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where Qa and Qr are the numerator and denominator of the Eq. 2.2,
respectively. Therefore, Qa/Qr is the solar transmittance Tsolar, corrected by
a specific external quantum function for each kind of solar cells in which the
TCO is used, and limiting the range of wavelength to the absorbable
waveband of the specific solar cell. However, Hu et al. did not define the
figure of merit ®y for the visible region. Transparency in the visible range is
important for several applications in transparent electronics or smart
windows. We propose to replace the solar spectra irradiance AM1.5 by
theoretical illuminant Des(A), as proposed by CIE [37], and the specific
external quantum function by V(M) for the visible region. Here V(\) plays
the same role as the external quantum function, and the ratio Qa/Qr of the
Eq. 2.15 converts in the visible transmittance T.is, resulting the modified
forms of ®rc.

cI)TCMVis = Tvis 1O/ qu (216)
and
CI)Hsolar = Tsolar 1O/ qu (217)

where Ousolar is Pu without the specific external quantum function. Both
FOMs are shown in Figure 2.18(a).

In the same way, we have also modified the FOMs proposed by Ferndndez
et al. (Eq.2.14)

QFMvis = "1/p ln (Tvis) (218)
cI)FMsolar = '1/p In (Tsolar) (219)
and the Gordon’s FOM, dsolar, as calculated by Eq. 3,

cI)GMsolar = 0/ solar (220)

These FOMs are represented in Fig. 2.18(c-d). We have also defined for the
first time, two new FOMs for the visible region and solar region:

Dyvis= Tvis/ P (221)

Drisolar = Tsolar/ P (222)
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where p is the electrical resistivity (€2 cm). We consider resistivity more
suitable that sheet resistance because p considers the film thickness t, p = Ry
t. Both FOMs show similar behavior (Fig. 2.18(b)).

All the FOMs were fitted by a second-degree polynomial. In our case, we
were interested in selecting the optimum In/Zn atomic ratio based on the
best balance between conductivity and transparency. It has been found that
for our GIZO films, ®nsotar behaves well to find the In/Zn ratio that provides
the best balance for the solar region (Fig. 2.18(a)), but ®rcmvis does not. Orsolar
shows a maximum for In/Zn= 0.89, while ®rcmvis increases. The opposite
behavior happened with ®rwmyis and Prmsolar (Fig. 2.18 (d)). Figure 2.18 (c)
shows ®cmsolar with a maximum for In/Zn=0.86. ®Onris and Puisolar Show
maximums around In/Zn= 0.95 and In/Zn = 0.93 respectively. ®wmis and
Dpmsolar Show a similar evolution with the In/Zn ratio in contrast with the
other FOMs (Fig. 2.18).

The best values of electrical conductivity were obtained for GIZO films with
In/Zn ratio 2 1, being the best reached value of conductivity 1.75 103 Q1 cm-
1, and improving the conductivity of pure ZnO, Gallium Zinc Oxide (GZO)
[57] and another GIZO films deposited by sputtering method [58,59], the
visible and solar transmittances were below 0.8. It is accepted that visible
transmittance should not be below 80% for a TCO. In spite of these
individual maximum values of conductivity, it should be expected that the
best balance of conductivity and transparency should be obtained for the
In/Zn ratio corresponding to the maximum values of the FOMs. Therefore,
GIZO films with the nearest ratios to the maximum values of the FOMs,
around 0.9. In/Zn 0.83, 0.85 have conductivities of 1102, 1300 Q-lcm-!, visible
transmittances of 81%, 83%, and solar transmittances of 73%, 75%
respectively (glass/GIZO films). The measured transmittances of the glass
substrate were 92.5% and 92.2% for Tvis and Tsolar respectively. The losses of
7.5% and 7.8% in visible and solar light transmission are due to reflection of
the glass substrate. We can conclude that In/Zn ratios between 0.85-0.90 are
optimal for GIZO films (2% Ga/Zn) as TCOs for visible and solar
applications.
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4) ELECTROCHEMICAL PROPERTIES OF GIZO THIN FILMS.

The selection of an appropriate substrate is an important preliminary
step in accurately evaluating electrochemically active materials including
electrocatalysts, = photoelectrodes,  electrochromic = devices  and
electrochemical capacitors[60,61]. Then, the electrochemical reactivity of
GIZO substrate is a key criterion which is particularly important when
choosing a substrate for electrochemical applications. In most cases, an inert
substrate that exhibits no electrochemical activity under the testing
conditions is preferred. In general, the electrochemical (or potential)
windows (that is, the ranges of potentials over which the electrodes are
stable) of different materials can be limited because of (i) oxidation/
reduction (decomposition) of the solvent or (ii) oxidation/reduction
(decomposition or change in surface properties) of the electrode surface
itself[60,61]. The electrochemical stability of GIZO thin films is of great
importance in the various application fields above mentioned. Their
electrochemical properties directly affect the electrochemical stability of the
involved systems. Moreover, the performance of TCO materials used in
electrochemical applications is primarily determined by electron-transfer
kinetics. So, understanding the electron transfer properties of a TCO
substrate is essential for exploring its application as an electrode material.
While the electrochemical behavior (stability and electron transfer
properties), of many individual TCO substrate materials such as ITO and
FTO has been extensively studied [60,62-65], to the best of our knowledge,
there has been no comprehensive and systematic experimental study of the
electrochemical behavior of GIZO thin films.

Here, the electrochemical behavior (stability and electron transfer
properties), and photoelectrochemical characteristics of synthesized RF
magnetron sputtered transparent and conducting GIZO thin film samples
has been examined. These results provide useful insights into the behavior
of this TCO material and serve as a starting point for the selection of
appropriate substrate materials for their use as photoelectrodes in the final
photocapacitor, since this thin film allow the electrodeposition of ZnO
nanowires with no need of a seed layer.
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The electrochemical behavior of GIZO thin films were evaluated by
cyclic voltammetry (CV) curves, carried out at room temperature with a
Biologic VSP potentiostat. The experiments were performed in a
conventional three-electrode electrochemical cell with the GIZO or a Pt sheet
as the working electrode, a platinum sheet as the counter electrode and a
saturated calomel electrode (SCE) as the reference one. The electrolyte
solution was saturated with pure molecular nitrogen by bubbling for 15 min
prior to start each measurement and continuously during the process over
the solution. In this research, the surface characterization of GIZO was
performed with 1IN H>SO,, and the electrochemical kinetics properties was
evaluated employing a redox couple of 10 mM F e(CN)z_/ *= . For
comparison, another commercial TCOs such as ITO and FTO were also
measured in 1IN H>SO; in the same conditions.

4.1 ELECTROCHEMICAL STABILITY OF THE GIZO THIN FILMS

The electrochemical stability behavior of the synthesized RF magnetron
sputtered GIZO thin film samples (electrical resistivity 0.92 mQ.cm), has
been examined by using cyclic voltammetry technique in acidic aqueous
electrolyte (0.5M H)SO, solution) and results are presented in Fig. 2.19. For
comparison, two transparent commercial conducting oxide substrates on
glass substrates (i.e.: ITO and FTO), have also been evaluated (see Fig. 2.19).
In line to previous studies[66], the resulting cyclic voltammograms have
been separated for purpose of discussion, into three main regions: double
layer region (I), the cathodic region (II, II'), and the oxide region (III). Region
I for these oxide films are bounded at positive potentials (region III) by
oxygen evolution and at negative potentials (region II) by oxide reduction to
a lower valence state of the metal, hydrogen evolution and/or reduction of
surface to the metallic state (region II'). For all oxide films, the charge on the
electrode changes monotonically throughout region I, indicating a wide
potential window available for carrying out redox reactions. This current is
attributed to the charging and discharging of positive surface states[67]. The
distinction between region I and II is made to indicate the small Faradic
current which possibly involves the surface and appears to occur at
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potentials in region II'[66]. GIZO and ITO thin films present the same
potential window for this redox reactions (ca. 2.2 V), unlike FTO with a lower
available potential (ca. 2.0 V). Region III is the oxygen evolution region,
being very similar between them, as metals of these oxides are presents in
their highest oxidation state of the metal. In the voltammogram obtained for
an GIZO thin film sample, it can be seen that during the potential scan
towards the cathodic potentials, a very intense and broad well-defined large
reduction peak at -1.12 V and a small peak at -1.3 V appeared, characteristics
of reduction reactions. Moving to more cathodic potentials (-1.5 V), a
monotone current increase in the potential characteristic of the evolution of
hydrogen, can be seen. In the reverse scan, two anodic peaks at -0.98 V and -
0.47 V can be appreciated, these oxidation current features can be attributed,
in a similar way to the FTO case, to formation of hydrous indium-zinc
oxide/hydroxide in the film[61].
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Figure 2.19. Cyclic voltammograms for: (a) commercial ITO transparent conducting

oxide on glass substrate; (b) a typical RF magnetron sputtered GIZO thin film sample

onto a glass substrate, and (c) commercial FTO transparent conducting oxide onto a

glass substrate. Electrolytic bath solution: 1N H>SO, aqueous media. Scan rate: 100
mV s1. The black line arrows indicate the potential scan direction.
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4.2 ELECTRON TRANSFER PROPERTIES OF THE GIZO THIN FILMS

The electrochemical performance of the GIZO thin films in electron-
transfer reactions has been assessed using the common redox probe
tferrocyanide (Fe(CN)s4/%). This redox probe has been chosen because the
fact that its electrochemical behavior at a variety of electrode materials is well
documented and understood. In fact, the ferro/ferricyanide redox complex
has been extensively characterized in the past and several studies have
shown that it is sensitive to the surface structure of electrode materials [68].
Moreover, redox probe ferrocyanide termed surface sensitive in that
heterogeneous electron transfer (HET) rate is strongly influenced by the state
of the electrode surface (surface chemistry and microstructure) via specific
electro-catalytic interactions[69]. The redox electrochemistry on GIZO has
been studied in a comparative manner with Pt electrodes in an aqueous
electrolyte, in order to investigate the electron-transfer properties. GIZO thin
films with different resistivity values (see Table 2.5) have been compared to
a Pt electrode in order to assess their possible use as electrodes in
optoelectronic devices, and check the electrical resistance effect on the
electrochemical properties. Thus, the electrochemical properties of the GIZO
thin films have been done through a study of their performances in cyclic
voltammetry towards that redox probe reaction, at different scan rates. This
is a simple and traditional experiment whereas providing valuable
information about electrochemical reversibility, diffusion coefficient and
electron transfer kinetics[70].

Table 2.5. Different properties of the studied GIZO thin film samples.

In/Zn atomic Electrical resistivity
Sample name .
ratio (mQ.cm)
Z 0.55 1.30
H 0.71 1.26
X 0.77 0.92
C 1.05 0.83
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Figure 2.20 shows cyclic voltammograms (CVs) at different potential scan
rates (ranging from 10 to 200 mV/s), for a Pt electrode in a 10 mM Fe(CN)s*
+ 1 M KNO:; electrolytic solution. The effect of the scan rate (v) on the
appearance of the CVs is clearly seen in this Figure 2.20. As described by
Randless-Sevcik equation [71], both anodic peak current (ipa) and cathodic
peak current (ip) increase with v1/2, as is depicted in the inset of Figure 2.20
(where linear fittings have been done), indicating that the process is
diffusion-controlled.

Furthermore, the separation of the peak potentials (i.e.: AE,p=Epa-Ep, where
Epa and Epc are the anodic and cathodic peak potentials in the cyclic
voltammogram, respectively) of ca. 77-135 mV is close to the theoretical
value of 59 mV (where the deviation is explained by an IR-drop in the
solution). These results are independent of v (within the measurement
uncertainties), indicating a reversible electrochemical process, with anodic
and cathodic current peak ratio of approximately one. Relevant parameters
from these data are assembled in Table 2.6.

At this point it must be pointed out that through AE,,, values, qualitative and
quantitative info about electron transfer rate constant and resistance to
electron transfer can be obtained[71]. For instance, smaller AE,, values
represent an increased reversibility in the electrochemistry at the redox
probe utilized, and thus faster HET kinetics at the given electrode material,
which is generally beneficial in numerous instances.
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Figure 2.20. Cyclic voltammograms of a Pt electrode in 10 mM Fe(CN)s* +1 M KNO3
at different potential scanrates (10 mV /s (black line curve), 20 mV/s (red line curve),
50 mV/s (blue line curve), 100 mV/s (dark cyan line curve) and 200 mV /s (magenta
line curve)). Inset: Anodic and cathodic peak currents versus square root of potential
scan rate. Red dashed lines correspond to the linear curve fitting of these data.

Figures 2.21 and 2.22 show the cyclic voltammetric profiles at different scan
rates (ranging from 10 to 200 mV/s), for both the lowest (more conductive)
and the highest (less conductive) electrical resistivity GIZO samples, samples
Cand Z, respectively.

In each case, AE, strongly increases with the potential scan rate, a trend
consistent with a quasi-reversible behavior. Moreover, and more important,
AE, for the GIZO case is always much higher than for Pt electrode, see Table
2.6, demonstrating the inefficacy of charge transfer at that oxide electrode
surface (AEyy is as high as 1.189 V for sample Z at v=200 mV/s).
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Figure 2.21. Cyclic voltammograms of an GIZO thin film sample electrode (electrical
resistivity: 0.83 mQ.cm) in 10 mM Fe(CN)e* + 1 M KNO; at different potential scan
rates (10 mV/s (black line curve), 20 mV/s (red line curve), 50 mV/s (blue line
curve), 100 mV/s (dark cyan line curve) and 200 mV/s (magenta line curve)). Inset:
Anodic and cathodic peak currents versus square root of potential scan rate. Red
dashed lines correspond to the linear curve fitting of these data.
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Figure 2.22. Cyclic voltammograms of an GIZO thin film sample electrode (electrical
resistivity: 1.30 mQ.cm) in 10 mM Fe(CN)s* + 1 M KNO; at different potential scan
rates (10 mV/s (black line curve), 20 mV/s (red line curve), 50 mV/s (blue line
curve), 100 mV/s (dark cyan line curve) and 200 mV/s (magenta line curve)). Inset:
Anodic and cathodic peak currents versus square root of potential scan rate. Red
dashed lines correspond to the linear curve fitting of these data.
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Table 2.6. Cyclic voltammetry data for Pt and GIZO electrodes in 10 mM
Fe(CN)e*+ + 1 M KNO:;, and resulting electrochemical kinetics.

Scan
ra‘:e (?f\l}l; ipa/ipc a
(mV/s)
Pt 10 77 1.0
20 86 1.0
50 100 1.1 0.50
100 115 1.0
200 135 1.0
Scan
rate AE,, ipafipc a
v (mV)
GIZO (mV/s)
(sample C, 10 460 1.3
p=0.83 mQ.cm) 20 497 14
50 736 1.6 0.54
100 782 14
200 841 1.3
Scan
rate AE;p ipa/ipc a
v (mV)
GIZO (mV/s)
(sample Z, 10 731 1.5
p=1.30 mQ.cm) 20 843 1.7
50 1017 2.0 0.70
100 1048 1.5
200 1189 14

To further evaluate the electrochemical behavior of the redox probe
ferrocyanide onto the different GIZO surfaces, the influence of scan rate on
the anodic peak potential has been analyzed. The variation of E,. with the
logarithm of scan rate, In v, for the different GIZO substrates under study is
shown in Fig. 2.23.
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Figure 2.23. Anodic peak potential versus logarithm of potential scan rate for a Pt
electrode (dark yellow symbols), and for GIZO thin film sample electrodes with
different electrical resistivity values: 1.30 mQ.cm (green symbols),1.26 mQ.cm (black
symbols), 0.92 mQ.cm (red symbols) and 0.83 m€Q.cm (blue symbols). Black dashed
lines correspond to the linear curve fitting of these data. Cyclic voltammograms of
these electrodes carried out in 10 mM Fe(CN)e* + 1 M KNO:.

It can be observed that: i) for the Pt case the anodic peak potentials remain
nearly constant irrespective of the potential scan rate (indicating again its
reversible behavior), and ii) for the case of GIZO surface the anodic peak
potentials shift to more anodic potentials when the potential scan rate
increases, and that this effect is similar for all GIZO samples under study.
The value of an (where a is the transfer coefficient and 7 is the number of
electrons transferred for the oxidation/reduction process) can be determined
through the Laviron’s approach. According to Laviron’s expression for an
electrochemical process [71,72], E;a is governed by:

2.303RT (RTK®) (2.303RT) loav
(1-a)nF (1—a)nF (1—a)nF

E,a =E°+ (2.23)
where v is the scan rate, n is the number of electrons transferred, « is the
transfer coefficient, E° is the formal standard redox potential and k° is the
standard heterogeneous rate constant of the reaction, and the other symbols
have their usual meaning. The value of an can be calculated from the slope
of the Ep. vs. log v plot. Thus, from the slopes of plots depicted in Fig. 2.23,
and with a n value equal to 1, values of @ have been calculated and are
assembled in Table 2.6.
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Taking into account the separation of the peak potentials (AE,p) measured,
the reversibility of redox processes at cyclic voltammetries can be directly
related to the electrical resistivity data presented on Table 2.5 for the
different GIZO samples under study. In this way, the film quality from the
point of view of their use as electrodes can be related with their electrical
properties.

4.3. PHOTOELECTROCHEMICAL BEHAVIOR OF THE GIZO THIN FILMS

In order to explore the photoresponse and to evaluate the
photolectrochemical properties of the GIZO thin films, potentiodynamicj/E
profiles of these GIZO samples as working electrodes in 0.1 M NaxS + 0.1 M
Na>SOs aqueous electrolyte, and under chopped white light illumination
have been carried out (see Fig. 2.24a). In this way, both the dark current and
photocurrent can be recorded during a single scan. The onset of
photocurrent can be located at ca. -0.8 V (potential region not shown in the
plot of Fig. 2.24.a). All of the GIZO thin film samples demonstrate a typical
anodic photocurrent response confirming their n-type conductivity
behavior. In fact, it is known from earlier reports that IZO films are
semiconductors exhibiting n-type electrical conductivity [73,74]. A very high
anodic current under dark conditions can be appreciated, probably owing to
the oxidation of GIZO itself or due to a capacitive behavior of GIZO. This
GIZO thin film sample electrode exhibits an anodic photocurrent (hole
current) of about 2 pA/cm? in the -0.1 to 0.1 potential range (see inset of Fig.
2.24a). During illumination the photogenerated holes are scavenged by S2.
The influence of bias voltage on the transient photoresponse has also been
studied (at -0.5 V, 0 V and 0.2 V bias potential), and is illustrated by the data
in Fig. 2.24b. Depending on the photoelectrode potential the photoelectrical
transient response of the electrode varies significantly. At a bias of -0.5 V the
photoresponse exhibited a characteristic decay from a ‘spike” to a steady
state during the illumination period, followed by an overshoot in the
opposite direction and decay back to zero during the dark period. The anodic
overshoots and their subsequent decay towards a steady state value could
indicate a significant accumulation of holes at the electrode surface under
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white illumination [75-78] or the existence of a recombination of electrons
with holes. Upon closing the shutter, the cathodic overshoot current that has
been observed before the dark value was reached, can be attributed to the
recombination of surface-trapped holes with electrons from the conduction
band of GIZO semiconductor material [75,77-79]. At more anodic bias
potentials of 0 V and 0.2 V (see Fig. 2.24b), it can be seen that the initial
current increase with increasing anodic potential as expected but more
important, both the anodic current decay and the cathodic current flow
decrease at higher anodic potentials. Thus, the transients disappear as the
photocurrent approaches its saturation value with more positive potentials.
The basis for this behavior is simply that the interface is deleted of majority
carriers at these potentials such that back reduction of the oxidized redox
species and the oxidized state is inhibited [80].
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Figure 2.24. (a) Linear scan voltammetry of a typical GIZO thin film electrode under
chopped light illumination condition. These curves have been recorded at a
potential scan rate of 0.025 Vs, under white illumination. Inset: magnified view of
the circled region from -0.10 V to 0.10 V. (b) Transient photoresponse of a typical
GIZO thin film electrode for three different electrode bias potentials: -0.5 V (red line
curve), 0.0 V (blue line curve) and 0.2 V (black line curve) under white illumination.
Currents in the case of applied bias of 0.0 V and 0.2 V, are both anodic, whereas at -
0.5 the current sign is indicated. Both type of experiments carried out in 0.1 M NasS
+ 0.1 M NaxSOs electrolytic aqueous solution, and under white illumination from a
solar simulator: 100 mW/cm?2, AM 1.5.
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D. CONCLUSIONS

Conductive and transparent GIZO films were successfully deposited on
glass substrates with a fixed Ga /Zn ratio of 0.02. The best values of electrical
conductivity were obtained for GIZO films with In/Zn ratio = 1, being the
best reached value of conductivity 1.75 103 Q1 cm-, and improving the
conductivity of pure ZnO, Gallium Zinc Oxide (GZO) and another GIZO
films deposited by sputtering method. By means of a Box-Behnken
experimental design approach the effects of the magnetron sputtering
parameters, namely, power applied to the In.Os; target, substrate
temperature and deposition time, on the structural, optical and electrical
properties of the GIZO films were determined. The thickness increases
linearly with the deposition time and the power applied to the In,Os target,
and the In/Zn ratio increases with the applied power too. The crystalline
parameters of the hexagonal structure change with the In/Zn ratio and the
charge carrier density is linked to those changes, and therefore to the GIZO
stoichiometry. The GIZO films grew c-axis oriented after an initial island
step. The small percentage of Ga introduces early amorphization, which
leads to an increase of the carrier mobility and conductivity. The increase of
the solar absorptance, due to the increase in the spectral absorptance in the
NIR region, is related to the plasma frequency, and therefore to the charge
carrier density. New FOMs have been proposed for the first time that use
integrated values, weighted by functions for visible and solar, instead of
individual of average values for the transmitted radiation or the absorption
coefficient. The defined figures of merit indicate that the best balance
between conductivity and transparency for visible and solar applications of
the GIZO films (2% Ga/Zn) as TCOs are in the In/Zn of 0.85-0.90 range.

With regard to electrochemical properties, GIZO possess a good stability in
the electrochemical conditions used due to their high potential window (ca.
2.2'V) similar to ITO films and higher than FTO films (ca. 2.0 V). GIZO thin
films demonstrate a typical anodic photocurrent response whose value
depend on the applied potential bias, confirming their n-type conductivity
behavior. The reversibility of redox processes can be directly related to the
electrical resistivity of GIZO samples under study.
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A.INTRODUCTION

QUANTUM DOT SENSITIZED SOLAR CELLS (QDSSC)

Sensitized Solar Cells have emerged in solar energy field in the last two
decades as a very promising “third-generation” photovoltaic device [81].
Among them, we can find the Dye-Sensitized Solar Cells (DSSCs) and the
Quantum Dot-Sensitized Solar Cells (QDSSCs). In the DSSCs, an organic
and/or metalorganic molecular dye is the light absorbing material while the
QDSSCs use an inorganic semiconductor quantum dot (QD) to act as light
harvesting material. Initially, O'Regan and Gritzel were the pioneer
proposing a DSSC in 1991 employing a Ruthenium-based dye molecule[82].
However, these devices have the disadvantage of high cost due to the
expensive synthesis procedures of molecular dyes. Later on, QDSSCs appear
as a new concept of SSCs, because of their advantages such as low cost, the
possibility to realize light absorption in wide solar spectrum regions, easy
fabrication and the multiple-exciton generation leading a theoretical
efficiency up to 44%[83]. In this Thesis, it has been developed a QDSSC as a
generation part of a photo-supercapacitor.

QDs are defined as a group of semiconductors with a narrow bandgap being
quasi-zero-dimensional nanoparticles characterized by their unique
quantum confinement effect. This phenomenon occurs when the diameter of
QD is less than the Bohr radium. These characteristics make QDs to possess
tunable band gaps [84], multiple exciton generation (MEG) [85] and higher
absorption coefficients than dye molecules[86].

The working principle of QDSSCs (see Figure 3.1) is initially to generate a
light irradiation to produce a photo excitation of the semiconductor
nanocrystals leading a separation of the exciton (electron-hole pairs) from
the Valence Band (VB) to the Conduction Band (CB). Consequently, the
electrons are injected into the wide bandgap semiconductor, and the holes
are driven to the hole transporting material (HTM), to finally been collected
into their respective contacts. In general, this mechanism of separation
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(Reaction 3.1) and recombination (Reaction 3.2) of QD, can be demonstrated
with the following reactions[87]:

QD + hv > QD(e, + h,) > QD(es + hy) (3.1)

QD(es + hy) » QD + hv’ (3.2)

where e, and h, symbolize the higher electronic states of the electrons (e)

and holes (h) and e, hs symbolize the lower electronic states.

In this process, it is crucial to avoid the recombination between electron-hole
pair to increase the efficiency of the solar cell [88,89].

The scheme of the structure and working principle of typical QDSSCs is:
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Figure 3.1. Schematic illustration of structure and working of QDSSCs. Solid green
and blue lines represent electrons and holes transportation to external load,

respectively. Different relaxation and recombination losses in QDSSC are shown by
dashed black lines.

Although the majority of researches in QDSSC field have been done using
TiO, as wide band gap semiconductor sensitized with QDs of CdS[90],
CdSe[91], PbSe[92], PbS[93] or SbaS3[94]. In this Thesis it has been employed
ZnO as wide band gap semiconductor since it has higher electron mobility
than TiO.. Moreover, Ag:S QDs have been chosen due to their narrow band
gap (1.1 eV) that is very near to the optimal Eg of 1.13 eV of a single junction
photovoltaic device and their negligible toxicity[95].
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B. MATERIALS AND METHODS

1) SUBSTRATES

The substrates used in this photoanode consisted in conductive
GIZO/glass and commercial FTO/glass with a sheet resistance of 10 Q/o.
GIZO film was grown on glass substrates by sputtering as described below
(see Chapter II). The size of the samples was 2 cm x 1 cm. All the substrates
were properly cleaned before their first use. For this purpose, they were
immersed 15 minutes in acetone, 15 min in 2-propanol and 15 min in
deionized water in an ultrasonic bath. After that, substrates were dried with
N gas.

2) ZINC OXIDE SEED LAYER

2.1) SPIN COATING METHOD

The effect of a ZnO seed layer (SL) on the growth of ZnO nanowires have
been widely studied by several researchers[96,97]. The deposition of a seed
layer increases the number of nucleation centers for the growth of nanorods,
increasing their density. Furthermore, seed layer contributes to smaller mean
diameter and length than those grown onto untreated FTO/glass substrate.
On the other hand, the degree of orientation is improved by the presence of
ZnO seed layer, obtaining c-axis orientation of electrochemically grown ZnO
nanorod arrays (NRAs)[19]. The deposition of ZnO seed layer has only been
carried out onto FTO substrates since under assumption that GIZO films is
mainly composed of ZnO would not need a seed layer.

Spin coating has been used for several decades for the application of thin
films. A typical process consists of a dispense step in which a certain volume
of a fluid compound is deposited onto the center of a substrate and then
spinning the substrate at high speed (typically from 1500 to 6000 rpm).
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Spin coating was employed to deposit a ZnO seed layer thin film onto FTO
substrates. Zinc acetate was dissolved in methanol (10 mM) and a volume of
1 ml of this solution was dripped over the substrate. An angular velocity of
2000 rpm was applied for 40 seconds. Then, the sample was introduced in an
oven at 105°C during 10 minutes to evaporate the solvent. This process is
repeated four times and after that, a thermal treatment is carried out to the
sample in a furnace at 350°C during 20 minutes with a 10°C/min heating
rate. This procedure was done twice over each sample in order to achieve an
optimal seed layer for the growth of a good density of nanowires with a
mean diameter of 35 nm [98].
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Figure 3.2. Scheme of Spin coating deposition process.
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3) ZINC OXIDE (ZnO) NANOWIRES

3.1) ELECTROCHEMICAL DEPOSITION

ZnO has been extensively studied during decades due to its optimal
optoelectronic properties and its unique ability to form a variety of
nanostructures such as nanowires (NWs), nanobelts, nanospheres,
nanofibers or nanoribbons. The interest in ZnO is stimulated by its variety
of properties, including high transparency[99], piezoelectricity[100],
ferroelectricity[101], wide band gap (3.37 eV)[102], conductivity from
metallic to insulating (including n-type and p-type conductivity)[103],
magneto-optical[104] and it is inexpensiveness and environment-
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friendly[105]. Among all nanostructures, nanowires or nanorods have
attracted special attention due to the ordered and vertically arranged ZnO
nanowires are expected to enhance performance of the third generation of
solar cells[106].

There exist several techniques for the preparation of ZnO, such as chemical
vapor deposition[107], radio frequency magnetron sputtering[108], spray
pyrolysis[99], hydrothermal[109] or electrochemical deposition[110].
Electrodeposition provides advantages in comparison with other methods,
like large-scale deposition, low cost and possibility of morphology control of
resultant films.

In order to synthetize ZnO nanowires, a potentiostatic electrochemical
deposition has been used. This technique consists on the application of a
constant potential obtaining at the same time the current response as a
function of time (chronoamperometry).

This useful technique leads to obtain the initial information about nucleation
and growth mechanism in a studied system. Additionally, the amount of
electricity for deposition can be determined. Also, this method can be
applied for the determination of a nucleation rate constant and an adsorption
isotherm. With the chronoamperometry, the current is measured versus time
as a response to a (sequence of) potential pulse.

A fundamental reaction in electrodeposition of ZnO nanowires is based on
reduction of an oxygen precursor to OH-, followed by reaction with Zn2*
ions, according to the following mechanism:

O, +2H,0 + 4 e — 4 OH~ (3.3)
Zn2* + 20H~ © Zn(OH), (3.4)

The zinc hydroxide formed in this reversible reaction is transformed at
elevated temperature into zinc oxide:

Heat
Zn(OH); — ZnO + H,0 (3.5)
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In this Thesis, it was employed for the growth of ZnO nanowires (NWs) by
electrochemical deposition (ECD) onto FTO/ZnO SL, a Box-Behnken
experimental design. In order to study the influence of deposition
parameters such as deposition time (30, 60, 90 min), solution temperature
(60, 70, 80 °C) and solution concentration (0.1, 1, 1.9 mM), over the properties
of ZnO nanostructures, was elaborated. The three levels used for the factors
are shown in Table 3.1. An aqueous solution of Zinc acetate (ZnAc)
dehydrate and Sodium acetate (NaAc) 0.1 M as supporting electrolyte
(pH=6.76) was employed as precursor.

The full experimental design consisting of 15 samples (see Table 3.2) was
carried out using the double seed layer (SL) of ZnO/FTO/ glass as substrate.
Furthermore, ZnO NW's were grown on FTO/glass without a SL using the
optimal condition found for the electrodeposition for comparison. On the
other hand, ZnO nanowires were electrodeposited onto GIZO/ glass without
seed layer to obtain a photoanode for the subsequent photocapacitor.

Electrochemical deposition was made in a conventional electrochemical cell
of three electrodes, where ZnO SL/FTO and GIZO were used as working
electrode; platinum (Pt) sheet as Counter electrode and a saturated calomel
electrode (SCE) as a Reference electrode. Chronoamperometry was carried
out at a potential of -1.0 V with respect to SCE. The influence of
electrodeposition potential is related to the necessary potential for oxygen
reduction, leading to generate more hydroxide ions, and in the meantime,
zinc ions in the electrolyte easily diffused to or absorbed on the cathode
surfaces due to the stronger electric field intensity. All this would promote
the electrodeposition proceeding, and the growth rate of the
electrodeposition of ZnO would increase. Guo et al.[111] demonstrated the
best electrodeposition potential for the ZnO nanowires growth resulted to
be -1.0 V according to the highest density, lowest average diameter and
highest length of nanowires. Electrolyte was saturated bubbling O, about 20
min prior to ECD and during the process. After the ECD, the samples of ZnO
NW’s were rinsed with deionized water to remove impure ion and un-
reacted products from the surface of ZnO nanostructures and dried in air.
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Table 3.1: Factors and levels used for the Box-Behnken response surface
experimental design, and identification of the sample.

Factor
Level. SO]uthI'l Solution Deposition time
(symbolic) | concentration o
(mM) temperature (°C) (s)
-1 0.1 60 1800
0 1.0 70 3600
+1 1.9 80 5400

Table 3.2. Box-Behnken design. Symbolic and real values of the factors.

Symbolic values Real values
EIGE) cor?:elrl::li':gon Temperature Time co:::;l::::;on TemFoeCr;i ture T:;r;e
(mM)
1 0 1 1 1 80 5400
2 0 0 1 70 3600
3 1 1 1.9 80 3600
4 -1 0 -1 0.1 70 1800
5 1 0 1 1.9 70 5400
6 0 0 70 3600
7 -1 -1 1 60 1800
8 -1 -1 0 0.1 60 3600
9 0 -1 1 1 60 5400
10 -1 1.9 60 3600
11 1 -1 1 80 1800
12 0 0 1 70 3600
13 -1 1 0.1 80 3600
14 -1 0 0.1 70 5400
15 1 0 -1 1.9 70 1800
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4) SILVER SULPHIDE (Ag,S) QUANTUM DOTS AS SENSITIZERS
FOR ZnO N ANOWIRES

4.1) SUCCESSIVE IONIC LAYER ADSORPTION AND REACTION
(SILAR)

Thin films for electronic applications have been grown by solution-phase
techniques for many years, due to their advantages such as simple setups,
low price and low temperature. The successive ionic layer adsorption and
reaction (SILAR) technique can be regarded as a modification of Chemical
Bath Deposition (CBD). SILAR method was first described by Nicolau in
1985 [112]. The main advantage for the QDs growth is the tunable band gap
due to the changeable QDs size.

Film or nanoparticles growth in the SILAR technique proceeds by alternate
immersion of the substrate in the cationic and anionic precursor solutions,
with an intermediate rinsing of the substrate. These four steps mean one
growth cycle and it can be seen in Figure 3.3.

The first step consists of an immersion of the substrate in the cation solution,
the ions of the precursor solution will be adsorbed onto the surface of the
substrate. Once immersed in this cationic solution, a double layer is formed
where cations form an inner layer and the anions of the cation precursor
provide a charge-balancing outer layer. The second step is the rinsing of the
substrate with deionized water or another organic solvent, to immobilize the
double layer and remains on the substrate surface. The following reaction
step, the substrate is immersed in the anionic precursor solution. The anions
of the solution diffuse into the surface and react with the adsorbed cations of
the inner layer. In this moment, it has been formed the first solid
nanoparticles layer on the substrate surface. The final step is the rinsing of
substrate to remove the ions from the diffusion layer. The global reaction
occurring during one SILAR cycle can be presented as follows:

mM"™* (aq) + nA™ (aq) » M, An(s) (3.5)
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There are several factors affecting thin film or QDs size in the SILAR method
such as, temperature, concentrations, solubility, pH and counter-ions of the
precursor solutions.

Reaction Rinsing (I1)

TN

"4
A"

\\\\ Ethanol - L \_ Methanol /

Figure 3.3. Scheme of SILAR process for Ag»S QDs.

In our laboratory, we have used a homemade SILAR equipment controlled
by computer allowing the movement of the substrate in the “xy” axis. The
equipment also allows controlling the up and downing velocity,
acceleration, distance and immersed time until five different positions.

Silver sulphide (Ag»S) QDs were synthesized over ZnO nanowires using the
SILAR method. It was employed five different precursor concentration of
AgNO:;s in ethanol and Na,S in methanol (0.001, 0.01, 0.05, 0.10 and 0.15 M),
being the dipping time 1 min and the number of SILAR cycles varied from
3,6,9 and 12. ZnO NW's were selected under the best condition found from
the experimental design previously studied. ZnO NW's were dipped into
the Ag*cationic solution for 1 min, washed with ethanol for 20 s, then dipped
into S for 1 min and finally washed with methanol. The two-step procedure
forms one SILAR cycle.
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5) THERMAL TREATMENT

A thermal treatment is necessary to improve the crystallinity of the
nanostructures. In this Thesis, the electrode was annealed in an oven, during
1 hour at 400°C with 2°C/min of ramp up in N> atmosphere.

6) ZINC SULPHIDE (ZnS) PASSIVATION LAYER

One of the most extended post-treatments used for improving the
efficiency of QDSSC consists of the deposition of ZnS over the photoanode.
It has been demonstrated that a ZnS coating on QDs improve the efficiency
observed[113,114]. This strategy was pioneered by Yang et al. in 2002 [115].
They proved that a ZnS layer grown over PbS/CdS QDs prevented
chalcogenide photocorrosion and enhanced the output parameters of the
cell.

Previously the studies of Guijarro et al. [116] showed the role of the ZnS
treatment in the performance of QDSSC. On the one hand it exists a blockage
of the ZnO nanowire surface, reducing the leakage of electrons injected into
the oxide toward the electrolyte. From another hand, the passivation of AgS
QDs avoid the recombination and prevent electron trapping.

A) B) Q)
injection injection
trapping trapping
s {
Passivation
Quantum Zn0 Quantum Zn0  Quantum by Zns
dot dot dot

Figure 3.4. Routes of radiative recombination and trapping in surface/interfacial
states (SS), for carriers photogenerated in Ag,S QDs: in colloidal dispersion (A), after
attachment to ZnO nanowires (B) and followed by ZnS treatment (C). The arrow
width qualitatively indicates the number of carriers involved in the corresponding
pathway.
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In this work, the deposition of ZnS was carried out by 2, 4, 5 and 6 cycles of
SILAR method to study the effect on photoelectrochemical results for
comparison. The photoelectrode was alternatively dipped in 0.5 M of Zinc
acetate (Zn(CHsCOQ),) as cationic solution and 0.5 M of sodium sulphide
(NazxS) as anionic aqueous solutions for 1 min, rinsing with distillated water
between both to remove the non-adsorbed/unreacted ions.

7) PEDOT AS HOLE TRANSPORTING MATERIAL

Choosing an adequate Hole Transporting Material (HTM) is crucial to
obtain good photocurrents from the QDSSC. In this way, several types of
HTM have been used for these devices, being the most common redox
couple employed the polysulfide (S*7/S3™), generally in an aqueous
solution [117]. In addition, there are inorganic and organic p-type
semiconductor used as HTM, such as CuSCN [118], spiro OMeTAD [119],
PEDOT[120] or PBHT[121], respectively.

In this case, we have used poly(3,4-ethylenedioxythiophene) (PEDOT) as
HTM due to their optimal properties[122]. PEDOT is a great interesting
conducting polymer owing its excellent characteristics, including high
chemical stability, reversible doping states, regular structure, low band-gap
and electrochemical properties.

PEDOT was synthetized by electropolymerization of EDOT over the
photoanode nanostructure formed previously of FTO-GIZO/ZnO
NWs/AgyS QDs/ZnS. It was used a three electrodes cell, employing a Pt
sheet as counter electrode, a SCE as reference electrode and the photoanode
substrate as working electrode. The electrodeposition was carried out at
room temperature and the aqueous solution composition were 3mM EDOT
+ 0.2 M LiClO4. Nitrogen gas was bubbled into the solution before the
electrodeposition to remove the oxygen dissolved and after that, the nitrogen
was flushed over the solution during the electropolymerization. The cyclic
voltammetry was carried out from -0.8 to 2 V at 75 mV/s, during 5 cycles.
Further details of electropolymerization process are showed in Chapter V.
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C. RESULTS AND DISCUSSION

1) ZINC OXIDE (ZnO) SEED LAYER

1.1) STRUCTURAL AND MORPHOLOGICAL PROPERTIES.

The morphological properties of the ZnO seed layer grown onto the
FTO/ glass substrates have been characterized by FE-SEM and AFM images.
Figure 3.5 (a) and (b) shows top views of pure FTO/ glass substrates and ZnO
seed layer, respectively, and Fig. 3.5 (c) and (d) shows tilted views of pure
FTO/glass substrates and ZnO seed layer for comparison. FE-SEM
micrograph images have been used to evaluate the deposition homogeneity
on the substrate, the grain size and the shape of the seed layer. In this Fig.
3.5 can be seen the change of surface morphology between pure FTO and
ZnO seed layer grown onto it. It can be appreciated that the ZnO seed layer
is polycrystalline composed of ZnO nanoparticles with a spherical cap like
shape, which covers in a uniform way the whole FTO surface. The size of the
seeds is approximately 20 nm, being crucial for the morphological
characteristics of the nanowire growth, such as, diameter, density and
orientation degree. Moreover, the seed layer works as electron blocking layer
avoiding the direct contact between the hole transporter PEDOT with the
FTO substrate diminishing the electron recombination at this interface.
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Figure 3.5. FESEM micrographs of top view of (a) FTO bare (b) ZnO SL and tilted
view of (c) bare FTO and (d) ZnO SL.

Figure 3.6 (a) and (b) shows AFM images of the bare FTO and ZnO seed layer
respectively. The seed layer deposition produces a small increment in the
RMS roughness of FTO/ZnO seed layer, experiencing a rise from 19.2 nm to
26.7 nm. The bare FTO substrate exhibits a very rough surface similar to
wedges with polyhedral pyramidal grains and very marked sharp edges (see
Fig. 3.6(a)). After the deposition, FTO grain edges are rounded by the
nanoparticles of the ZnO seed layer (see Fig. 3.6 (b)), increasing the
nucleation sites for the subsequent nanowire growth. In Figure 3.6 (c) and
(d) can be seen the difference between phase images of pure FTO and ZnO
seed layer. In Fig. 3.6 (d) it is possible to observe clearly the density and
spherical nanoparticle shape of ZnO covering the FTO substrate. It can be
concluded that ZnO seed layer has been successfully deposited onto FTO
substrates by Spin Coating.
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Figure 3.6. AFM topography of (a) bare FTO, (b) ZnO SL, (c) Phase bare FTO, (d)
Phase ZnO SL.

1.2) ELECTRICAL PROPERTIES

A further characterization of ZnO seed layer consists in measuring the
open circuit voltage in the same solution used to grow ZnO nanowires just
before the beginning of the electrodeposition process. This technique
provides in situ information of the correct seed layer deposition over FTO
substrates. As can be seen in Figure 3.7, the open circuit voltage has been
measured during 1 hour for pure FTO (Fig. 3.7 (a) red line) and ZnO seed
layer deposited onto FTO substrates (Fig. 3.7 (b) black line). Open circuit
voltage of pure FTO exhibits a nearly constant and positive value of about
30 mV while the voltage of ZnO seed layer exhibit a negative value of
approximately -80 mV. In this way, it is possible to be sure the adequate ZnO
seed layer deposition.
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Figure 3.7. Open Circuit Potential of (a) bare FTO and (b) ZnO SL.

2) ZINC OXIDE (ZnO) NANOWIRES

2.1) STRUCTURAL AND MORPHOLOGICAL PROPERTIES.

Figure 3.8 shows a typical X-ray diffraction pattern of ZnO nanowire
arrays (NWAs) obtained by electrodeposition onto a naked FTO/glass
substrate (Fig. 3.8 (a), red line), ZnO seed layer (Fig. 3.8 (a), blue line) and
onto GIZO/ glass substrate (Fig. 3.8 (b)), for comparison. The diffractogram
of Fig. 3.8 (a) can be indexed to the hexagonal wurtzite ZnO structure (JCPDS
file No. 05-0664) and to the SnO, phase corresponding to FTO substrate.
There are seven diffraction peaks corresponding to the (0002), (1010), (1011),
(1012), (1120), (1013) and (1122) planes of the ZnO hexagonal wurtzite
structure which can be clearly identified. The large (0002) ZnO diffraction
peak height confirms that ZnO nanowires grown on seed layer are highly
crystalline with a hexagonal structure and indicates a preferential growth of
the ZnO NW’s perpendicular to the substrate, as confirmed as well by the
FE-SEM images in Fig. 3.12. The main difference regarding the diffractogram
of the nanowires grown onto naked FTO is the lower intensity of the (0002)
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peak, indicating that there is not a preferential growth of these nanowires,
being they much more tilted with respect to the substrate. The diffractogram
of Fig. 3.8 (b) also shows the same peaks as before, including in this case the
only peak of crystalline GIZO (008 plane) as substrate, being overlapped

with (1010) ZnO plane.
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Figure 3.8. X-ray diffraction pattern of ZnO nanowires grown on (a) FTO with ZnO
SL (blue line) and onto bare FTO (red line) (b) GIZO (¥, indicates the peaks originated
from the SnO2:F substrate and blue bars indicate ZnO planes from JCPDS 05-0664).
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2.1.1) ANALYSIS OF THE BOX-BHENKEN EXPERIMENTAL DESIGN.

The objective of the experimental design was to study the effective
factors, the influence and optimization of electrodeposition parameters
(deposition time, solution temperature and Zinc Acetate concentration) on

the ZnO Nanowire growth.

The response variables such as Dv (crystallite size), o (degree of orientation)
and Diameter were measured and studied to evaluate the electrochemical
parameters influence on the nanowires. Table 3.4 shows the factors and

response values obtained from the 15 experiments.

Table 3.4: Factors and response values obtained from the experimental

design.
Factors and levels Response values

time T (°C) Concentration | Diameter o Dv

(8) (mM) (nm) (nm)
5400 80 1 60.1 212 216.4
3600 70 1 74.6 2.37 209.0
3600 80 1.9 63.7 1.81 204.1
1800 70 0.1 443 1.09 9.8
5400 70 1.9 130.1 2.10 287.1
3600 70 1 64.7 2.16 201.5
1800 60 1 70.1 1.81 180.1
3600 60 0.1 0 0.87 6.5
5400 60 1 2259 2.39 293.0
3600 60 1.9 145.3 1.41 2224
1800 80 1 45.2 1.82 182.7
3600 70 1 66.3 2.38 2244
3600 80 0.1 45.2 1.23 185.1
5400 70 0.1 54.2 0.92 104.6
1800 70 1.9 76.1 1.93 155.1

Analysis of variance (ANOVA) for Diameter results indicate that the only
statistically significant factor over the diameter is the solution concentration
due to its p-value lower than 0.05. It has a positive linear effect regarding
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diameter, this is, diameter increase with increasing concentration, as it can
be seen in Figure 3.9. The rest of parameters and interactions do not have a
significant effect on diameter. Determination coefficient (R2=0.8786) shows
the quality of the polynomial model for the ZnO nanowire diameter.

a0} ° -~ .

Diameter (nm)
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Figure 3.9: Diameter nanowire versus precursor concentration. Dash line shows the
tendency between diameter and concentration.

An increase of ZnO nanowire diameter, as a function of the precursor
concentration, has been also reported by Elias et al.[123], employing ZnCl; as
precursor solution with concentration between 5 x 105and 1 x 102 M. An
increment of particle size is generally expected in solution techniques, when
the precursor concentration increases[124]. Establishing the optimal
diameter for the nanowires is crucial for the final photocapacitor device,
since the entire coating of Ag>S QDs on the nanowires will depend on their
surface area and the space between them so that the QDs can cover their
entire length. In this study, the 0.1 mM concentration produce very thin
nanowires of mean diameter 47.9 nm and the 1.9 mM concentration lead to
very thick nanowires of mean diameter 103.8 nm, without enough space to
introduce QDs. For this reason, the optimal solution precursor concentration
[ZnAc;] for the nanowires growth is 1 mM since produce diameters of 63.5
nm.
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The degree of preferential orientation (0), indicates the preferential
orientation of nanowires in the c-axis and was calculated from XRD
diffraction pattern using the equation 3.1:

0.5

o = (BCEe) (3.1)

where N is the number of the reflections that are considered; Ci is the texture
coefficient; C1 is the average of Ci values.

Texture coefficient (Ci) gives a measure of the orientation of reflection i in
comparison to a completely random sample and o is used to compare the
degree of orientation between different nanowire arrays (o =0 indicates a
completely random oriented sample)[125]. When comparing two
nanostructures, the sample with the higher value of o will be the most
verticality oriented.

Texture coefficient (Ci) is calculated by means of the following equation:

I(hkl)/l()(hkl)

Ci = (3.2)

(%) 2N Ihkty /o (hkD)
where [ is the measured intensity of (hkl) plane and I, is the intensity of the
reference powder. In this case, seven crystalline planes, namely (1010),
(0002), (1011),(1012),(1120),(1013) and (1122) were considered in the
analysis due to their high intensity.

From ANOVA results of degree of preferential orientation (o), it can be
concluded that the most significant effect over the degree of orientation (o)
is the positive linear and quadratic effect of solution concentration, as can be
seen in Figure 3.10.

A high determination coefficient (R2=0.9101) shows the quality of the model.
Figure 3.10 shows the relation between ¢ and precursor concentration
[ZnAc;], finding maximum values for the 1 mM concentration. These results
were also corroborated by other authors[123] when using 1 mM
concentration. For this reason, it is possible to confirm again that 1 mM was
the optimal solution concentration chosen for the ZnO nanowire growth.
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Employing this value, the degree of orientation of nanowires in the [0002]
direction is maximized.
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Figure 3.10. Degree of orientation “c ” versus solution concentration. Dash line
shows the parabolic tendency of the results.

The last studied parameter of ZnO nanowires was the crystallite size (Dv),
this parameter was calculated from XRD diffraction patterns through Debye
Scherrer equation as follows:

0,95 A
Bhii €os Opgi

Dpyr = (3.3)

where Dny is the crystallite size, A is the wavelength used (1.54 A), Bru is the
corrected angular line width at half-maximum intensity in radians, and Onq
is Bragg's angle. The ), parameter was corrected using the following

Brrt = ’ﬁezxp - Bizns (3-4)

where f3,,,, corresponds to the experimentally determined full width at half

formula:

of the maximum intensity, FWHM, of the peak. The instrumental width was
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determined as B;,s = 0.07° by using a standard lanthanum hexaboride (LaBs)
powder pattern.

From analysis of variance for crystallite size (Dv), it can be concluded that
the most significant effect over the crystallite size is the positive linear effect
of time and concentration and a negative quadratic effect of solution
concentration.

Figure 3.11 depicts a contour graph where it is shown the relation between
Dv with regard to concentration and time. In this graph, each area represents
the conditions of time and concentration to grow nanowires whose
crystallite size is shown in the legend white box. The darkest green area
indicates the condition for the maximum values of crystallite size, thus, from
1 to 1.9 mM and from 4500 to 5400 seconds, the electrodeposition of
nanowires with highest crystallite sizes is possible.

Concentration (mM)

2000 2500 3000 3500 4000 4500 5000
time (s)

Figure 3.11. Contour graphs of crystallite size as a function of concentration and
time.

Figure 3.12 (a) shows FE-SEM images of some examples of ZnO NWs
obtained from experimental design onto naked FTO/ glass substrate and Fig.
3.12 (b), (c) and (d) onto ZnO seed layer grown at different precursor
concentration. In Figure 3.12 (a) the ZnO NRAs electrodeposited onto a bare
FTO/ glass substrate can be seen and the hexagonal cross-section with planar
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top ends and hexagonal faceted with smooth surfaces can be appreciated.
On the other hand, the majority of the nanowires grown onto ZnO seed layer
are vertically oriented to the substrate plane and the axial direction is aligned
with the c-axis of the hexagonal ZnO crystal structure. However, ZnO NWs
grown onto bare FTO do not present a preferential alignment but exhibit a
random orientation (see Fig. 3.12(a)). The main difference between ZnO
NWs grown onto naked FTO (Fig.3.12 (a)) and onto ZnO SL (Fig. 3.12 (b), (c)
and (d)) is the higher diameter, lower density and lower degree of
orientation of the nanorods grown onto naked FTO than the nanowires
grown onto ZnO SL. The diameter of the ZnO NWs grown onto naked FTO
is about 350 nm, while the values for the samples grown onto ZnO SL at 0.1
mM, 1 mM and 1,9 mM varies from 45 nm, 70 nm and 140 nm, respectively,
as can be seen in Fig. 3.12 (b), (c) and (d) and confirmed from ANOVA results
explained previously (see Table 3.4).

([ZnAcz]=1 mM), (b) ZnO NWs grown on SL ([ZnAc;]=0,1 mM, (c) ZnO NWs grown
on SL ([ZnAcz]=1 mM, (d) ZnO NWs grown on SL ([ZnAc:]= 1,9 mM. Inset shows
top view of corresponding nanowires.
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Considering that the length of ZnO nanowires mainly depends on the
electrodeposition time, three samples grown at three different times were
studied, being 30 minutes, 1 hour and 1.5 hours. Figure 3.13 shows the
mapping and cross sectional micrograph images. The average height of
nanowires varies from 900 nm for 30 min growth, 1.4 pm for 1 hour and 2
pm for 1.5 hours. The nanowire length may also affect the device
performance of photoanode due to the electron transport time. This is, the
device based on longer NWs need relatively long time to transport the
photogenerated electrons to the collector electrode[126].

Theoretically, photoanode with longer NWs offer more surface area for QD
deposition and this should result in higher short cirtuit current density (Jsc)
and efficiency (7). However, Zhang et al.[127] demonstrated that longest
NWs did not show the best performance, due to longer electron transport
time were obtained for the longest NW photoanodes. Thus, the longer
transport time increases the option for recombination of photogenerated
charges before reaching the contacts. In our case, the deposition time chosen
has been 1 hour owing to the nanowires length is about 1.4 pm being also the
optimal length found by that author.
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Figure 3.13: EDX elemental mapping images of ZnO NWs cross section grown
during (a and b) 1h 30min, (c and d) 1h, (e and f) 30 min. Blue color symbolize Si
element of glass, pink for Sn (FTO) and green for Zn (ZnO NW’s).

Since the electrodeposition temperature does not have an important effect or
influence on the studied parameters conditions, it has been set to a constant
temperature of 70°C for the nanowires growth in this Thesis. This
temperature is optimal for the dehydration reaction of Zn(OH), to ZnO
finding an equilibrium according to diameter, length and density of
nanowires[111].

From the results evaluated above, it can be concluded that the best
conditions for the nanowires growths for the subsequent quantum dots
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deposition are a concentration of 1 mM, temperature of 70°C and time of 3600
s.

Finally, in Figure 3.14 can be seen the ZnO nanowires grown onto conductive
and crystalline GIZO prepared and explained in Chapter II at three different
precursor concentrations without the deposition of a ZnO seed layer. It has
been employed the same temperature and electrodeposition time as before,
to evaluate the influence of concentrations and to observe the morphology
of ZnO nanowires grown onto GIZO thin films. As can be seen in Fig. 3.14
(@) and (b), nanowires grown at 1 mM exhibits a very high diameter and
random orientation, in addition, the shape of the top face is not completely
hexagonal. Figure 3.14 (c) and (d) shows ZnO NWs grown at 0.5 mM and it
can be clearly observed the hexagonal structure of wurtzite ZnO. There is a
high density of nanowires with a high degree of vertical orientation. The
diameter of these nanowires was approximately 150 nm. Figure 3.14 (e) and
(f) shows ZnO NWs grown onto the same GIZO thin films at 0.3 mM to
evaluate the influence of concentration. In this case, the density of nanowires
is lower as can be seen in Fig. 3.14 (e), however the degree of orientation in
(002) plane continues to be strong. This is because the ZnO nanowire growth
begins in the same plane of the GIZO films, since GIZO is based on ZnO.
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Flgure 3 14 FESEM Mlcrographs (a) Top view and (b) Tllted view of ZnO NWs
grown on crystalline GIZO ([ZnAc:]=1 mM), (c) Top view and (d) Tilted view of
ZnO NWs grown on crystalline GIZO ([ZnAc]=0.5 mM). Micrographs (e) Top view
and (f) Tilted view of ZnO NWs grown on crystalline GIZO ([ZnAc>]=0.3 mM. Inset
shows a high magnification of corresponding nanowires.

In Figure 3.15, a high resolution cross section transmission electron
micrograph of ZnO nanorods grown onto GIZO/substrates can be seen. In
this image it is demonstrated how the growth of nanorods begin at the same
GIZO structure, due to their composition based on ZnO that allow a
continuous growth.
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ZnO NR’s

Figure 3.15. (a) Transmission electron micrograph of ZnO nanorods grown onto
GIZO/glass substrates, (b) the corresponding EDX elemental mapping of O
(orange), Zn (magenta), In (blue) and Si (green) and (c) the corresponding zoomed
area of the interface between GIZO and ZnO nanorods.

From this result, it can be concluded that the best electrochemical conditions
are 0.5 mM of concentration at 70 °C during 3600 s for the nanowires growth
onto GIZO thin films.
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3) SILVER SULPHIDE (Ag2S) QUANTUM DOTS AS SENSITIZERS
FOR ZnO N ANOWIRES

3.1) STRUCTURAL AND MORPHOLOGICAL PROPERTIES.

As explained before, Ag>S QDs have been chosen due to their very low
toxicity and their narrow band gap (1.1 eV). Figure 3.16 shows a typical X-
ray diffraction pattern of ZnO nanowire arrays (blue line) and ZnO
nanowires covered with Ag:S QDs (red line) for comparison. The X-ray
diffraction peaks can be indexed as monoclinic Ag>S structure (JCPDS file
No. 00-014-0072). It can be appreciated that the obtained Ag>S QDs/ZnO
nanowires arrays share the structural characters of both ZnO and Ag,S
because no any other diffraction peaks besides SnO> which comes from the

FTO substrate were detected.
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Figure 3.16 X-ray diffraction pattern of (a) ZnO sensitized Ag,S QDs (JCPDS 14-
0072) and (b) ZnO nanowire. Diffraction planes are indicated for ZnO and AgyS. (*,
indicates the peaks originated from the SnO»:F substrate).

On the other hand, five diffraction peaks at 29°, 31.5°, 37.7°, 40.7° and 43.3°
corresponding to the (111), (-112), (-103), (031) and (200) planes respectively,
of the acanthite crystal of AgsS, can be appreciated. The diffraction peak
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intensity of ZnO shows a little decrease after depositing Ag>S QDs due to the
ZnO NWs were completely covered with AgsS.

3.1.1) INFLUENCE OF PRECURSOR CONCENTRATION

Figure 3.17 shows five micrographs in order to evaluate the size and
morphology of Ag:xS QDs according to the precursor concentration
[Ag*]=[S*]. In this figure can be observed the morphologic differences
between QDs grown at different concentration such as 0.15 M, 0.10 M, 0.05
M, 0.01 M and 0.001 M. It can be seen how the size of the nanoparticles
decrease according to the decrease of precursor concentration [Ag*]=[S*].

At 0.15 M, there exists big amounts of Ag»S deposited on top of nanowires
and they do not cover the entire nanowire, in this case, it is not possible to
say that they are QDs due to their high size. At 0.10 M there are less amount
of AgsS on the surface of nanowire. For 0.05 M begin to appear nanoparticles
with spherical shape and it is possible to differentiate the nanowires and the
nanoparticles. When the concentration is 0.01 M is possible to see the QDs
covering completely the nanowires and finally for the 0.001 M the amounts
of AgxS on the surface of nanowires is minimum being possible to
differentiate perfectly the ZnO nanowire structure with the QDs on it.
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Flgure 3 17 FESEM mlcrographs of Agzs QDs/ZnO NWs grown at 9 SILAR cycles

at different precursor concentration: (a) [Ag*]=[S*]=0.15 M, (b) [Ag*]=[S*]=0.10 M,
(c) [Ag*]=[S*]=0.05 M, (d) [Ag*]=[S*]=0.01 M and (e) [Ag*]=[S*]=0.001 M .
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3.1.2) INFLUENCE OF CYCLES NUMBER

Figure 3.18 shows the field emission scanning electron microscopy images of
ZnO@Ag;S core-shell NWAs grown at four different cycles number.

& o : : oy : - . y -, -
Figure 3.18. FESEM micrographs of Ag:S QDs/ZnO NWs grown at [Ag*]=[S*]=
0.001 M at different SILAR cycles: (a) 3 cycles, (b) 6 cycles, (c) 9 cycles and (d) 12
cycles.

It can be appreciated the morphological change of QDs coating according the
number of SILAR cycles. After decoration, the NWs surface became rough
and grainy, being clearly visible the presence of spherical nanoparticles
rounded of them. The quantity and the size of QDs increase as a function of
SILAR cycles. For the 3 cycles, there are a scarcity of QDs and they are only
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deposited on the NWs top. From 6 cycles, the QDs cover all the nanowire
surface with increasing the QDs from 6 to 9 cycles. When 12 cycles are carried
out, it exists a saturation and a bigger size of QDs, leading to a loss of
quantum confinement effect and a diminishing of the generation of electron-
hole pairs. The morphology of ZnO nanowires before and after QDs
deposition is similar, what indicates that the NW structure does not change
during Ag:S QDs growth on the ZnO NWs. These results suggest that Ag)S
QDs could be successfully deposited onto the surface of the ZnO nanowires
along their entire length, forming a ZnO/ AgsS core-shell structure.

The finer details of microstructure and chemical composition of the
Agr,S@7ZnO NWAs core-shell were further investigated by high resolution
transmission electron microscopy (HRTEM), being illustrated in Figure 3.19.
Figure 3.19(a) shows a HRTEM image of a single Ag:S QD/ZnO NR
detached from the ZnO seed layer substrate. It can be appreciated the large
amount of QDs deposited onto the entire NR surface. Fig 3.19(b) shows the
EDX elemental mapping, revealing the presence of Ag and S elements in the
shell part, Zn and O in the core part. Fig 3.19(c) and (d) shows the HRTEM
image of various QDs deposited onto the ZnO nanowire surface. It can be
appreciated that the Ag,S QDs have a spherical shape with a mean diameter
in the range of 10 nm-20 nm.
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Figure 3.19. (a) Transmission electron micrograph of a single Ag:S QDs/ZnO
nanowire heterostructure detached from the FTO/glass substrate, and (b) the
corresponding EDX elemental mapping of Ag (green), S (yellow), Zn (red) and O
(blue). () HRTEM micrograph of a ZnO nanowire densely coated with AgS
nanocrystals. (d) Higher magnification HRTEM micrograph of several Ag)S
nanocrystals (indicated by dashed circles), revealing its single crystalline character.
Insets of (c) and (d) show the corresponding FFT patterns. (Samples prepared using
9 coating cycles).
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3.2) OPTICAL PROPERTIES.

Figure 3.20 (a) and 3.20 (b) show the Total transmittance (TT) and Diffuse
transmittance (DT) spectra for the ZnO nanowires and for the ZnO
nanowires sensitized with Ag>S QDs, respectively. For ZnO NWs (see Fig.
3.20 (a)) a structure located ca. 380 nm (abrupt growth of the TT) is observed
due to the absorption edge of the ZnO located at 3.287 eV. For ZnO sensitized
with Ag»S QDs (Fig 3.20 (b)) can be observed a structure identified with the
absorption edge of Ag>S QDs located at ca. 530 nm, corresponding to a band
gap of 2.272 eV. Furthermore, there exist another absorption edge of lower
energy (ca. 1.65 eV). In the insets of both figures can be seen the Tauc plot for
the determination of band gap (Eg). On the other hand, for ZnO/ Ag,S there
exists another absorption edge of lower energy (ca. 1.65 eV). From the
comparison of the TT of both samples, a drastic decrease of the TT for lower
wavelengths than the corresponding to the absorption edge of the Ag,S QDs
can be observed; this decrease is a consequence of the absorption of the
QDs[128,129].
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Figure 3.20. Total transmittance (black solid line) and Diffuse transmittance (blue

dash line) spectra of (a) ZnO NWs and (b) ZnO NWs sensitized with Ag»S QDs. Inset
shows corresponding Tauc plot.

The morphology of the NWs (radius, length, etc.) compared to the
wavelength determines the optical dispersion capacity of the sample [130-
132]. As for DT, for ZnO NWs the structure associated with absorption edge
is observed, at longer wavelengths a well-defined peak is observed and then
the decrease of DT towards near infrared (NIR) (Fig. 3.20(a)). For sensitized
NWs there is a mild growth of DT (due to light absorption), a wide peak and
the subsequent decrease of DT towards the NIR (Fig. 3.20(b)). It is interesting
to note that the DT spectra for both samples coincide towards the NIR. This
may be a consequence of the fact that the sensitization process does not
significantly alter the morphology of the NWs, suggesting that in the area of
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transparency the light scattering capacity would be determined mainly by
the NWs. Fig. 3.21 shows the Haze transmittance (Ht), calculated from the
DT and TT according to the expression Ht = DT/TT.
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Figure 3.21. Haze spectra of ZnO nanowires (black solid line) and ZnO nanowires
sensitized with Ag>S QDs (blue dash line).

The Ht measures the quantity of light transmitted in diffuse form with
respect to the total light transmitted, presenting a very similar shape for both
samples, however, there is a shift in the peak of the Ht after sensitization.
This may be due to the location of the absorption edge of the QDs and the
high absorption at low wavelength, once the absorption edge of the QDs is
exceeded the sample becomes transparent and the Ht retains the shape
obtained for the NWs, indicating the same light scattering dynamics in both
structures.

Finally, the sensitization of nanowires with Ag>S QDs leads to an increase in
optical absorption in the visible region. The fact that the light scattering
properties are not significantly altered in the transparency area suggests that
the sensitization process under these conditions does not significantly alter
the morphology of the samples.



87 |Results and Discussion

3.3) PHOTOELECTROCHEMICAL PROPERTIES.

In order to evaluate the photovoltaic performance of the sensitized ZnO
nanowires decorated by Ag,S QDs was employed a photoelectrochemical
(PEC) system. An adequate redox couple composed of Na>S+Na>SO; in an
electrolyte solution was used as the electron or hole transporting material
instead of a semiconductor or metal contact. This PEC system was carried
out due to their several advantages for using a liquid electrical contact to
form a junction with the semiconductor under study. These advantages are
a complete contact between the liquid and the solar cell making it very
suitable for nanostructured QDSSC, also is important the facility by which
this contact can be made and removed|[133].

Photoelectrochemical (PEC) studies of bare ZnO NWs and Ag.S QDs
sensitized ZnO nanowire arrays were carried out in a conventional three-
electrode rectangular quartz cell using a Pt sheet as counter electrode, a
saturated calomel electrode (SCE) as reference electrode, and the ZnO NWs
and AgS QDs/ZnO NWs heterostructure samples as the working
photoelectrode. These photoelectrochemical measurements have been
performed in a 0.1 M NayS + 0.1 M NaxSO; aqueous solution. The electrolyte
solution was purged with argon for 30 min prior to each experimental series
and then kept under flowing argon during the analysis. The J-V curves were
recorded at the scan rate of 20 mV s using a Teq_01 potentiostat, the
illumination was provided by a Xe lamp employing a light intensity of 100
mW/cm? (1 sun). The illuminated area on the electrode surface was about
1.0 cm2.
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Figure 3.22. Schematic energy level and carrier transport diagram in the
photoanode.
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A scheme of the energy levels and the carrier transport diagram which takes
place in the photoanode is shown in Figure 3.22.

Figure 3.23. shows the photocurrent density-voltage (J-V) curves of bare ZnO
NW's, AgsS QDs/ZnO NW's, ZnS/AgS QDs/ZnO NW's and ZnS/Ag,S
QDs/ZnO NW's after Thermal Treatment grown at the same conditions
under light illumination. In this figure can be observed that all the electrodes
show photoresponse, exhibiting anodic photocurrent under applied
electrochemical bias, confirming the n-type behavior of the bare ZnO
nanowires and the primary role of the type-II heterostructure between ZnO
and AgsS in dictating the overall PEC behavior. Nevertheless, the anodic
photocurrent in the case of bare ZnO nanowires is very negligible. This low
photocurrent is due to the limited absorption of visible light (in fact ZnO
exhibits a wide band-gap of 3.3 eV). On the other hand, it is clearly seen the
photocurrent increase according to the Ag>S QDs deposition, followed by
ZnS film deposition and finally with the thermal treatment of the complete
photoelectrode. The improvement of photocurrent with Ag:xS QDs
deposition has an explanation due to the increment of visible light
absorption by the Ag,S nanocrystals. Furthermore, the type-II alignment
between ZnO and AgS is another significant factor that contributes to the
observed enhanced photoelectrochemical results. The presence of ZnS films
produce an improvement in the photocurrent due to the passivation of QDs
avoiding the recombination of electron-holes pairs. Finally, the best
efficiency (n=0.1 %) is obtained when the heterojunction ZnS/Ag»S/ZnO is
thermal treated since improves the crystallinity favoring the compaction of
the nanostructures. This resultis near to the obtained for other authors which
employ ZnO nanowires sensitized with Ag>,S QDs[127] with the difference
that in that case Zhang et al. fabricated a solid state solar cell with P3BHT as
hole conducting material. The results of Jsc, Voc, FF and efficiency for each
photoanode can be seen in the Table 3.6.
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Cell voltage (V)

Figure 3.23. Photocurrent density - voltage curves of (a) ZnO NRs (red line); (b)
Ag>S/ZnO (black line); (c) ZnS/Ag>S/ZnO (green line); and (d) TT/ZnS/ Ag,S/ ZnO
(blue line), obtained at the scan rate of 20 mV s at the applied potentials from -0.85
V to +0.20 V under illumination intensity (100 mW cm-) in 0.1 M NasS and 0.1 M

Potential (V vs. SCE)

NasSO; electrolyte system.

Table 3.6. Photocurrent-voltage characteristic parameters of photoanode
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3.3.1) INFLUENCE OF PRECURSOR CONCENTRATION

The precursor concentration of silver nitrate and sodium sulphide is
crucial for the final shape and size of the Ag>S quantum dots, as can be seen
in above Figure 3.17. This size has an influence in the photoelectrochemical
properties and it should be studied adequately. The results of photocurrent
has been measured from 0.15M, 0.1M, 0.05M, 0.01M, 0.001M of precursor
concentration [S>]=[Ag?*]. Figure 3.24 shows how the photocurrent increase
from 0.001M until a maximum value of short circuit photocurrent density
(Jsc) found for the concentration of 0.05 M, when begin to decrease for higher
concentrations.

=] (=]
N w
(3] o
T T T
/
.
1 1

.

e
o
(3]
T
1

0.00

000 004 008 012  0.16
Solution concentration (M)

Figure 3.24: Photocurrent density as a function of precursor concentration obtained
at the scan rate of 20 mV s at the applied potentials from -0.85 V to +0.20 V under
illumination intensity (100 mW cm-2) in 0.1 M NaxS and 0.1 M NaxSOs electrolyte
system. Solid red line indicates the followed tendency.

These results indicate that the best precursor concentration to obtain a
maximum photocurrent is 0.05 M, for this reason, this has been the chosen
concentration for the Ag,S QDs growth in the photoanode.
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3.3.2) INFLUENCE OF AgsS SILAR CYCLES

The number of SILAR cycles for the Ag>S quantum dots deposition have
an influence in the number and size of nanoparticles deposited over the
nanowire, for this reason is important to evaluate their influence on the PEC
properties. Figure 3.25 shows the results of photocurrent for 3, 6, 9 and 12
SILAR cycles, finding the maximum photocurrent for 9 SILAR cycles. This is
due to the fact that increased amounts of QDs on ZnO nanowire increases
the light absorption and thereby increases the number of photogenerated
charges. However, further increases in QDs amount, the performance of the
cells begin to decrease and the possible reason is that the additional QDs
deposition leads to the formation of larger aggregates around ZnO nanowire
(see Fig. 3.18) which are less efficient in transferring electrons although they
absorb a wider region of the visible spectrum.
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Figure 3.25. Photocurrent density as a function of number of cycles concentration
obtained at the scan rate of 20 mV s at the applied potentials from -0.85 V to +0.20
V under illumination intensity (100 mW cm2) in 0.1 M NasS and 0.1 M NaxSOs
electrolyte system. Dash red line indicates the followed tendency.

This result is in agreement with another studies that obtain maximum values
of efficiencies when the number of SILAR cycles is 8[127]. In that case,
efficiency increase from 2 to 8 cycles and after that begin to decrease for
higher SILAR cycles. On the other hand, for the study of Kang et al.[134] the
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maximum efficiency for a AgyS quantum dot sensitized zinc oxide
photoanode was obtained for 6 SILAR cycles of Ag>S QD deposited.

3.3.3) INFLUENCE OF ZnS COATING CYCLES

In order to study the influence of passivation ZnS layer coating cycles on
photocurrent density, a different number of SILAR cycles was grown onto
the same growth condition of ZnO nanowires/Ag>S QDs, from 2 to 6 cycles.
Figure 3.26 shows the photocurrent density as a function of voltage curves
for 2,4, 5 and 6 ZnS coating cycles. There is a maximum value of short circuit
density of 0.84 mA cm2 when ZnS film is grown during 4 SILAR cycles. The
lowest value of Jsc is resulted to be 0.28 mA cm- for 2 SILAR coating cycles.
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Figure 3.26. Photocurrent density - voltage curves of ZnO/Ag,S/ZnS with 2 SILAR
cycles of ZnS (red line), 4 SILAR cycles of ZnS (black line), 5 SILAR cycles (green
line) and 6 SILAR cycles of ZnS (blue line).

Finally, from photoelectrochemical results exposed above, it can be
concluded that the best conditions for the growth of Ag,S QDs and ZnS
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passivation layer are: 9 SILAR cycles and 0.05 M of precursor concentration
for Ag,S QDs and 4 coating cycles of passivation ZnS layer. For this reason,
these have been the conditions established for the fabrication of photoanode
for the photosupercapacitor.

4) PEDOT/ZnS/AgsS QDs/ZNO NWs

4.1) STRUCTURAL AND MORPHOLOGICAL PROPERTIES.

Figure 3.27 (a) and (c) shows a tilted and top view of the nanostructures
without PEDOT, respectively. In Fig 3.27 (b) and (d) appears the same
sample after covering with electrodeposited PEDOT. It can be seen how the
PEDOT covers the surface of nanowires forming an uniform film.

Figure 3.27. FE-SEM micrographs of (a) and (c) tilted énd top images of AgS
QDs@ZnO NWs, respectively and (b), (d) tilted and top images of PEDOT grown
onto Ag>S QDs@ZnO NWs, respectively.
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Figure 3.28 shows the Raman spectrum of PEDOT electrodeposited onto
FTO (Fig. 3.28(a)), and the spectrum of PEDOT grown onto nanostructures
of QDs/ZnO NWs (Fig. 3.28(b)), for comparison. In the table 3.6 are listed
the wavenumbers of the Raman peaks carried out at 532 nm, the comparison
with another studies and their assignments of the bands based on the
research of Snyder et al.[135] and Louarn et al. [136]
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Figure 3.28. Raman spectrum (532 nm excitation) of (a) electrochemically prepared
PEDOT and (b) electrochemically prepared PEDOT over Ag>S QDs@ZnO NWs.

By examination of the Raman spectra of both samples, it can be confirmed
the conducting polymer PEDOT cover the entire surface of the
nanostructures, due to the exact coincidence of the main peaks in both

Raman curves.
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Table 3.6. Summary of vibrations in PEDOT in the Raman spectra at three

different excitation wavelength (532 nm, 785 nm and 1064 nm).

Excitation wave length

532 nm

Approximative description of

(1) (this 785 nm 1064 nm vibrational modes
work) (cm1)[137] | (cm?)[138]
1533 1516 1520 Asymmetric Co=Cg stretching
1439 1414 1431 | Symmetric Ca=Gy (O)
stretching
1366 1370 1369 Cp — Cpstretching
1266 1252 1226/1270 | Co—Cq (inter-ring) stretching
1128 1097 1111 C-0O-C deformation
989 990 991 Oxyethylene ring deformation
702 699 692 Symmetric C-S-C deformation
575 578 571 Oxyethylene ring deformation
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D. CONCLUSIONS

The photoanode composed of QDSSC have been designed, fabricated
and optimized. Initially a double ZnO seed layer has been deposited on the
FTO substrate demonstrating the improvement of the nucleation sites for the
nanowires. ZnO nanowires have been successfully grown onto FTO and
transparent conductive GIZO substrates. The electrodeposition parameters
of the ZnO nanowires have been optimized, finding the optimal temperature
conditions in 70°C, 1 hour of growth time and a concentration of 1 mM
solution, according to the degree of orientation in the plane (0002), diameter,
length and density of the nanowires. In a second step, the parameters of the
SILAR method for the growth of Ag>S quantum dots (solution concentration
and number of cycles) and ZnS layers were successfully optimized according
to the photoelectrochemical properties of the photoanode. The best growth
conditions of the quantum dots resulted to be 0.05 M for the precursor
concentration during 9 SILAR cycles. For the ZnS passivation layer, the 4-
cycles growth of SILAR proved to be the highest photo-response. The
PEDOT polymer film has been successfully electro-deposited onto the
nanostructures explained above to form the final photoanode of the final
photosupercapacitor.
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A.INTRODUCTION

The development and large-scale implementation of renewable energies
are closely related to the possibility of having electricity available at any time
of the day, without depending on fluctuations due to weather changes, such
as the arrival of the night or variations in the wind velocity. For this reason,
the need to develop efficient energy storage devices is crucial to harvest the
intermittent energy coming from clean energy sources. Electrochemical
supercapacitors, fuel cells and batteries are three examples of the most
important electrochemical energy storage devices used nowadays. To
evaluate the quality of an electrochemical energy device, beside the cycle-
life, energy density and power density are the two most important properties
to take into account. Figure 4.1 shows the Ragone plots for several
electrochemical energy storage devices, where the supercapacitors are
located between the conventional dielectric capacitors and batteries/fuel
cells. Supercacitors can have much higher power densities than
batteries/fuel cells, but they have much lower energy density.
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Figure 4.1. Ragone plot for capacitors, batteries and supercapacitors.
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For this reason, this makes them promising for applications in current
stabilization when accessing intermittent renewable energy sources.

In this regard, the electrochemical supercapacitor or also known as
supercapacitor has attracted marked interest in this storage field because of
their remarkable advantages such as long cycle life (>100 000 cycles), simple
principle, high power density and fast charging/discharging rate if it is
compared to batteries and fuel cells. These features make this device has
multiple interesting applications in an electric or hybrid electric vehicles,
tools, portable electronic and smart grids.

In general, a supercapacitor is a kind of capacitor that possesses different
properties with respect to the classical electrostatic capacitors (Fig. 4.2 (A))
related to the charge storage mechanism, the electrode materials, electrolyte
and the device structure.

Supercapacitors can be classified into three types depending on the charge
storage mechanism, in this way, it is possible to find electrochemical double-
layer capacitors (EDLCs), pseudocapacitors and hybrid capacitors.

- EDLGs is a supercapacitor based on a capacitance produced by the
electrostatic charge separation at the interface between the electrode
and the electrolyte. Normally, this kind of supercapacitor is
constituted by carbon electrode materials to maximize the surface
area and, therefore, the storage capacity (Fig. 4.2 (B)).

- Pseudocapacitors store the charges from the fast and reversible
faradaic redox reactions (Fig 4.2 (C)).

- Hybrid capacitors are those that benefit from double layer and
faradaic mechanisms to store charges (Fig. 4.2 (D)).
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Figure 4.2. Schematic diagram of A) electrostatic capacitor, B) electric double-layer
capacitor, C) pseudocapacitor, D) hybrid-capacitor.

This device is composed of two electrodes (anode and cathode), and an
intermediate electrolyte. The electrolyte plays a critical role in the final
properties of the supercacapitor and it has been the subject of study by
numerous researchers over the last few years[139]. One of the most
investigated aspects is the increment of cell voltage (V) to improve the

energy density (E) of the device as can be seen in the equation E = %C -2

where C is the capacitance.

Depending on their chemical composition it is possible to find several
electrolytes that provide different voltage window such as:

- Aqueous solution electrolyte: It has an operating potential window
of about (1.0 - 1.3 V).
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- Organic electrolyte: It possess a potential window of 2.5 -2.7 V
- Ionic liquid electrolyte: Is has a potential window of 3.5 -4.0 V.
- Redox-type electrolytes.

- Solid or semi-solid electrolytes.

The different characteristics that a good electrolyte must fulfill are: a wide
potential window; high transport numbers, low flammability,
environmentally friendly; high chemical and electrochemical stability; high
ionic conductivity; wide operating temperature range and low cost[140].

In this Thesis, a symmetric supercapacitor as storage device composed of a
polymer conductor (PEDOT) as electrodes and an ionic-liquid as electrolyte,
has been studied and developed (see Figure 4.3).

Y

Electrolyte
PEDOT

\ FTO/glass \

FTO/glass
PEDOT

Figure 4.3. Scheme of the structure of the symmetric supercapacitor.
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B. MATERIALS AND METHODS

1) SYNTHESIS OF PEDOT/FTO ELECTRODES

In a first step, PEDOT was synthetized by electropolymerization of
EDOT over commercial FTO/ glass substrates after the proper ultrasonically
cleaning (10 min ethanol, 10 min deionized water and 10 min acetone). A
three electrodes configuration electrochemical cell was used, employing a Pt
sheet as counter electrode, a saturated calomel electrode (SCE) as reference
electrode and a FTO-coated glass substrate as working electrode (WE). The
electrodeposition was carried out at room temperature by immersion of the
WE in a 3 mM monomer 3,4-Ethylenedioxythiophene (EDOT) + 0.2 M LiCIO,
aqueous solution. MilliQ water with a nominal resistivity of 18.3 MQ was
used to prepare all solutions. Nitrogen gas was bubbled into the solution
before the electrodeposition in order to remove oxygen dissolved and after
that, the nitrogen was flushed over the solution during the
electropolymerization.

PEDOT thin film was electrodeposited by cyclic voltammetry scanning from
-0.8 to 2 V at 75 mV/s by using a Biologic VSP potentiostat, during 5 cycles
and 10 cycles to obtain two different supercapacitors and to evaluate them
for comparison. The electropolymerization process consists of the oxidation
of EDOT at the electrode surface and its subsequent polymerization,
according to the following chemical reactions[141,142]:

nEDOT (sol) - nEDOT™* + ne~ (4.1)
nEDOT* +zCl0; - (n—z)H + [(EDOT,)?*Clo; ] 4.2)

where mne~ are wn-electrons, nEDOT are mn-monomers of 3,4-
ethylenedioxythiophene, nREDOT*" are n-radical cations of EDOT and z is a
measure of the doping level of polymer.
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2) PREPARATION OF [HEMIm]|[BF4]/PVP ELECTROLYTE AND
SUPERCAPACITOR ASSEMBLY.

The ionic liquid polymer electrolyte was synthesized as follows.

Initially, 8 g of Polyvinilpirrolidone (PVP, Mw 1,300,000) were dissolved in
15 ml of CHs;OH. Additionally, the rest of 8 g of PVP until 16 g and the rest
volume of methanol until 40 ml were slowly added at the same time in small
amounts. When this solution was homogeneus and almost solid, the total 9
g of ionic liquid 1-hexyl-3-methylimidazolium [HEMIm][BFs] was added
under stirring. Finally, the final composition was 15% wt of ionic liquid.

Once the Ionic Liquid-PVP solid polymer was prepared, it was deposited
over PEDOT/FTO substrates by the dip-coating method at a withdrawal
speed of 10 mm/min. Between each of the 2 dipping cycles, samples were
dried for 10 min using an halogen lamp.

Finally, the freshly prepared glass/FTO/PEDOT/Ionic Liquid-PVP sample
was placed over the glass/FTO/PEDOT electrode by simple hand pressure,
employing a polymer film separator between them (Meltonix, 25 pm, from
Solaronix). The whole device was heated at 50°C in a hot plate during 5 min
to achieve the sealing of the separator with the two electrodes.

3) CHARACTERIZATION OF [HEMIm][BF4]/PVP ELECTROLYTE.

The specific ionic conductivity (o) of the Ionic Liquid-PVP was measured by
means of electrochemical impedance spectroscopy (EIS). The liquid
electrolyte was spilled in a liquid parallel plate sample cell from Novocontrol
Technologies, employing a Teflon o-ring to avoid the contacts between the
copper disk electrodes. The impedance data were collected by using an AC
impedance technique with FRA Solartron 1256 and a BDC from
Novocontrol, where the AC frequency was scanned from 0.01 Hz to 1 MHz
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at an applied potential bias of 0.0V in the temperature range from 278 to 323
K. The ionic conductivity (o, S cm ™) of the electrolyte can be calculated by

the following equation[143]:

l
7= Ry

(4.3)

where [ (cm) is the distance between the two gold (Au) electrodes, Ry, () is
the bulk resistance and A (cm?) is the contact area of the Ionic Liquid-PVP
with the golden electrodes.

4) SUPERCAPACITOR PERFORMANCE STUDY.

The performance of the resulting supercapacitor device was evaluated by
galvanostatic charge-discharge (GCD) curves, cyclic voltammetry (CV) and
electrochemical impedance spectroscopy (EIS) measurements, all carried out
with a Biologic VSP Potentiostat. The impedance measurements were carried
out in the frequency range from 0.01 Hz to 1 MHz at a signal level of 20 mV
at different applied potential bias.

From GCD curves, the gravimetric specific capacitance C of supercapacitor
can be determined through the following equation[144,145]:

2-it
m- AV

C =

(4.4)

where C is the areal specific capacitante (F/g), i is the discharge current (A),
t is the discharge time (s), m is the mass of active materials on electrode and
AV is the scanning potential window (V).

Based on the CV curves, the gravimetric specific capacitance of device can
be calculated through the equation:

(4.5)
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where [ idV is the integrated area of CV curve, v is the scan rate (V s?), the
rest of parameters have the usual meaning as stated before.

The specific energy density and power density can be obtained according to
the following equations:

3 %C-AVZ 16
3600 ( ’ )
p— 3600°E (4'7)

t

where E is the gravimetric specific energy density (Wh g1), P is the specific
power density (W g1) and ¢ is the discharge time (s).

The coulombic efficiency was evaluated using the next relation:
n= i—fc’ 100% (4.8)

where t; and t; are the charging and discharging times, respectively.
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C. RESULTS AND DISCUSSION

1. CHARACTERIZATION OF PEDOT /FTO ELECTRODES

PEDOT thin film electrodes have been obtained by
electropolymerization of the EDOT monomer in LiClOs aqueous solution.
Once PEDOT was electrodeposited onto FTO, it exhibited a dark blue color,
it was uniform with no visible defects and it had good adhesion to the FTO
surface. The number of cycles allows controlling the thickness of PEDOT
films, being an important parameter that influences in the final performance
of the supercapacitor. The thickness of PEDOT film was measured by cross
section images of field emission-scanning electron microscopy. After 5
cycles, the thickness of PEDOT film was 60.5 nm and after 10 cycles the
thickness resulted to be 151.4 nm. FE-SEM micrographs of the PEDOT films
deposited onto FTO substrates by potentiostatic polymerization method are
presented in Figure 4.4(a). The low magnification image shows a uniform
and continuous film, without cracks or pinholes. Inset image depicts a higher
magnification of the film showing a dense and rough granular layer of
round-shaped particles of about 200 nm in diameter.
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Figure 4.4. (a) Top view FE-SEM image of PEDOT. Inset shows a magnification of
the film and (b) Transmittance spectra of 5c PEDOT (black line) and 10c PEDOT (red
line) films.
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Figure 4.4(b) shows the optical transmittance measurements of PEDOT film
grown during 5 and 10 polymerization cycles, in order to investigate the
transparency properties of the film. The spectra of 5 cycles PEDOT reveals a
maximum optical transmittance nearly 50% in the visible region. However,
the transmittance decrease with the increase of electropolymerization cycles
obtaining a maximum of 35% in the visible region. The roughness of PEDOT
electrodes grown at 5 cycles and 10 cycles was measured through AFM,
being 40.4 nm and 144 nm, respectively. Figure 4.5 shows the AFM images
for PEDOT taking an area of 1 pym2.

(a) (b)

473.7 nm

Figure 4.5. AFM image of electrochemically prepared PEDOT during (a) 5 cycles and
(b) 10 cycles.

In order to confirm that the electrodeposited thin film was PEDOT, Raman
spectroscopy analysis were carried out. Figure 4.6 shows Raman spectra in
the wavenumber region 1800-400 cm! of a typical PEDOT thin film. As
mentioned before, in Table 4.1. are listed the wavenumbers of the eleven
Raman peaks found, the comparison with another studies of undoped
PEDOT and their assignments of the bands based on the research of Snyder
et al.[135] and Louarn et al.[136]. The Raman spectrum in Fig. 4.6 shows a
consistent match of all peaks with corresponding Raman spectrum of the
chemically synthesized PEDOT([138]. The shift of position of doped PEDOT
peaks with regard to undoped PEDOT is related to the level of doping in the
conducting polymer.
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Figure 4.6. Raman spectrum (532 nm excitation) of electrochemically prepared
PEDOT.

In Fig. 4.6 the most intense peak is observed at 1439 cm-! and it is attributed
to the symmetric stretching vibrational modes Co=Cp(-O). The asymmetric
Ca=Cp stretching modes are identified by peaks at 1495 and 1533 cm~. This
indicates that in the electropolymerization process, PEDOT film formation
involves long-chain linkage by a-3 couplings. Therefore, the linkages at the
B-position become feasible via progressive delocalization of the unpaired
electrons[146]. The position of Raman peaks corresponding to Cp — Cp
stretching and Co-Cq inter-ring stretching modes at 1366 and 1266 cm-!
suggests that the cation radical association is also by the linkage at a-a’ (5,
5") position which indicates short-chain PEDOT oligomers wherein the
molecular structure is dominantly in the trans configuration with highly
regiochemical order [147]. The Raman peaks corresponding to the ClO, ion
conjugation during PEDOT growth is revealed by broad peak at 939 cm-!
based on the Raman peaks of free ClO4- at 934 cm-! and ion pairs, [Li*ClOx]
at 948 cm1[148]. The anion (ClOy) association in the growing chain network
is caused by the positive charge in the molecular subunits of the chain
creating the doped state of PEDOT.
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Table 4.1. Summary of PEDOT Raman vibrations at three different excitation

wavelengths (532 nm, 785 nm and 1064 nm).

Excitation wavelength
532 1'111’1'1 785 nm 1064 nm Approximate description of
(em) (cm™)[137] (cm1)[138] vibrational modes
Doped . Undoped Undoped
PEDOT (This | pepor PEDOT
work)
1533 1516 1520 Asymmetric Co=Cp stretching
1439 1414 1431 Symmetric Cqa=Cp (-O) stretching
1366 1370 1369 Cp — Cpstretching
1266 1252 1226/1270 | Cq—Cq (inter-ring) stretching
1128 1097 1111 C-O-C deformation
989 990 991 Oxyethylene ring deformation
702 699 692 Symmetric C-S-C deformation
575 578 571 Oxyethylene ring deformation

Finally, by examination of the Raman spectrum, it can be concluded that

conducting polymer doped PEDOT has been successfully electrodeposited
onto FTO substrates.

2. CHARACTERIZATION OF THE [HEMIM][BF4]/PVP
ELECTROLYTE.

The ionic conductivity of electrolytes depends on the number of mobile
charge species and their mobility along with polymer chain mobility. The
room-temperature ionic conductivity of [HEMIm][BF4]/PVP electrolyte is o
=1.5103S cm-, which is comparable to the neat [HEMIm][BF,] ionic liquid
that is 4.6 103S cm! at 25 °C[149,150]. However, pure PVP is highly resistive
with 0 <109 S cm-1[151].

The dependence between temperature and ionic conductivity is represented
in Fig. 4.7. As can be observed in Fig. 4.7 (a), the ionic conductivity increases
exponentially with temperature. This behavior is similar for other ionic
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liquids studied in literature[152]. Figure 4.7 (b) shows the natural logarithm
of o versus the inverse of absolute temperature, i.e., In o versus 1/T. If the
electrolyte under study would follow a Vogel-Tamman-Fulcher (VTF) type
equation, the data of Fig. 4.7 (b) had to form a curvature[153,154]. However,
Ing has a linear relationship with reciprocal temperature, following an
Arrhenius relation, which can be written as[155]:

0 = 0gexp [— IfB%‘T] 4.9)

where , 04 is the maximum electrical conductivity (that it would have at
infinite temperature), E. is the activation energy for electrical conduction,
that indicates the energy needed for an ion to hop to a free hole, ks is the
Boltzmann constant and T is the absolute temperature.

The increment of conductivity according to the temperature may be due to
the reduction of viscosity and enhancement mobility of polymer chains. This
linear behavior between conductivity and temperature is in agreement with
the J. Tang et al. [156]research and it can be explained due to the free volume
and the hopping of charge carriers between localized sites[157]. The
crystallinity of the polymer at low temperatures is high and this succeed
hinders the motion of ions, producing a decrease in the overall ionic
conductivity. As the temperature rises, the amorphicity of the polymer
increases gradually provoking a segmental mobility of the polymer
chains[158,159]. This amorphicity can promote inter and intra-chain ion
hopping movements, leading to an increase in ionic conductivity[160].

Red lines in Fig. 4.7 shows the best fitting, and from the linear fitting (Fig. 4.7
(b)) has been obtained the parameters of Arrhenius equation; 6, = 110.38 S
cm-! and E,=0.28 eV. This low value of activation energy for ionic conduction
is desirable for supercapacitor applications[161].
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Figure 4.7. (a) lonic conductivity, o, as a function of absolute temperature and (b)
Logarithm of the ionic conductivity versus the inverse of the absolute temperature
for the PVP/[HEMIm)][BF,] electrolyte. Red lines are the best fit of the data.

Figure 4.8. shows the optical transmittance spectra from 2500 to 200 nm of
the polymer electrolyte. It can be seen that the optical transmittance reaches
a maximum constant value of 90% in the visible region from 370 to 770 nm.
An important property for the use of a supercapacitor in optoelectronic
devices, is the transparency of its electrolyte. For this reason, our ionic liquid
polymer electrolyte fulfill the requirements necessaries having a high
transparency in the visible range.
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Figure 4.8. Optical transmittance spectra of the PVP/[HEMIm][BF4] electrolyte.
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3. PERFORMANCE STUDIES OF SOLID-STATE SUPERCAPACITOR.

The capacitive behavior of the supercapacitor has been evaluated by
cyclic voltammetry (CV) curves in ambient conditions at different scan rate
from 25 to 200 mV s, in the potential window of -2.0 to 2.0 V. Figure 4.9(a)
shows typical cyclic voltammograms of the supercapacitor grown during 5
cycles (5c) PEDOT at various scan rates. These curves exhibit a shape with
obvious redox peaks, which indicates Faradaic redox reactions as storage
mechanism of the device. Three redox peaks can be observed in each curve.
In the case of double-layer capacitors, the shape of CV curves are nearly
rectangular, however, for Faradaic redox reactions, large redox current
peaks are present. In our case, these results indicate that the capacitance
characteristics are mainly due to Faradaic redox reactions. This is because
the use of electronically conducting polymers (PEDOT in our case) has been
employed to make the electrodes, being a redox active material. For this
reason, this device behaves with a certain degree of deviation from an ideal
capacitor[162]. The anodic and cathodic peaks are observed to be symmetric,
suggesting that the quasi-reversibility of the process in the electrode
materials.

From CV curves depicted in Fig. 4.9 (a) and through Eq.(4.5), the specific
capacitances were calculated to be 21.04, 18.91, 17.76, 16.85, 15.65 and 14.90
mkF g1 at scan rates of 25, 50, 75, 100, 150 and 200 mVs-1,respectively. Specific
capacitances decreases gradually with increasing scan rate, (Fig. 4.9 (b)), this
can be attributed to electrolytic ions diffusing and migrating into the active
materials at low scan rates. At high scan rates, the diffusion effect, limiting
the migration of the electrolytic ions, causes some active surface areas to
become inaccessible for charge storage.

On the other hand, the energy density and power density are two important
parameters that characterize the electrochemical performance of an
electrochemical capacitor. Figure 4.9 (b) shows the capacitances and energy
density obtained versus CV sweep scan rates. The maximum value of energy
density obtained was 0.046 mWh/g with a maximum power density of 59.28
mW/g.
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Figure 4.9. (a) Cyclic voltammograms for 5c PEDOT supercapacitor at different scan

rates and (b) Specific capacitance and energy density as a function of scan rate.

Cyclic voltammetries curves for 10 cycles PEDOT supercapacitor are showed
in Figure 4.10(a) while the specific capacitances and energy densities
obtained from these curves are showed in Fig. 4.10(b). In this case, cyclic
voltammograms do not have a redox peak at -1.2'V, as the previous 5 cycles
supercapacitor. Values of specific capacitance and energy density follow a
similar decreasing tendency, however the results obtained are lower than for
5 cycles PEDOT supercapacitor. For this supercapacitor, specific
capacitances were resulted to be 14.10, 11.74, 10.42, 9.56, 8.42 and 8.05 mF g
1 at scan rates of 25, 50, 75, 100, 150 and 200 mVs- ,respectively. The
maximum value of energy density obtained has been 0.031 mWh g and the
maximum power density is 39.74 mW g-1.
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Figure 4.10. (a) Cyclic voltammograms for 10c PEDOT supercapacitor at different
scan rates and (b) Specific capacitance and energy density as a function of scan rate.
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Figure 4.11 depicts a comparative study between a supercapacitor of 5 cycles
and 10 cycles of PEDOT. Figure 4.11(a) shows the difference in the shape and
area of cyclic voltammogram curves. The area of 5c PEDOT is bigger than
10c PEDOT, this means better specific capacitances for this device as can be
seen in Fig. 4.11(b).
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Figure 4.11. (a) Cyclic voltammograms at 100 mVs* and (b) Specific capacitance as

a function of scan rate for 5c PEDOT (black line) and 10c PEDOT (red line)

supercapacitor.

Figure 4.12 shows the galvanostatic charge-discharge (GCD) curves of both
supercapacitors cell tested at different constant current density in the
potential range of (0-2) V. The shape of the GCD curves at low current
densities (5, 10 pA/cm?) is different from linear curves of a typical double-
layer supercapacitor (Fig. 4.12 (a)), in other words, they are not triangular
and this means there exists a quasi-reversible Faradaic reaction in the
electrode. This could be related with a redox reaction of PEDOT since the ion
liquid electrolyte does not suffer this type of reaction.

On the other hand, if the current density is increased (100 pA/cm?) for the
charging and discharging process, the device experiments a typical
supercapacitor behavior with a triangular shape of the GCD curves. The
symmetry of this curve indicates high charge/discharge coulombic
efficiency “n” with a value of 94.5%. There is a low IR drop, what indicates
that the internal resistance of the device is quite low. This information is of
great importance in energy storing devices due to less energy will be wasted

to produce undesirable heat during the charge-discharge process. The
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discharge time decreases according to the increment of galvanostatic current
applied. The GCD curves of the supercapacitor of 10c PEDOT (Fig. 4.12 (b))
follows a similar behavior with a clear difference in the charge-discharge
time at any current, being these higher than the 5c PEDOT device. The
asymmetry in these curves indicates low charge/discharge coulombic
efficiency for this supercapacitor.
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Figure 4.12. Galvanostatic charge-discharge curves of (a) PEDOT 5c and (b) 10c
PEDOT at different constant current density.

From CV curves and GCD curves, it can be concluded that 5¢c PEDOT
supercapacitor possess better performance characteristics than 10c PEDOT,
being fundamental the number of cycles or thickness of PEDOT electrode for
their use in a final device. For this reason, EIS measurements have been
carried out for 5c PEDOT supercapacitor, showing Nyquist and Bode plots
in Fig. 4.13 (a) and (b), respectively.

There is always a double electric layer at the interface between an electrode
and its surrounding electrolyte. This double layer is composed of ions and
other charged species from the electrolyte that "adhere" to the surface of the
electrode. This is the double layer capacitance.

Usually, the double-layer parameter measured is typically not an ideal
capacitor, since some heterogeneity should be expected due to the porosity
of solid electrodes, electrode material, atomic-scale inhomogeneity, applied
voltage and current distribution; this implies that the capacitor of the
equivalent circuit is replaced by a constant phase element, as it is our case.
This element decreases slowly with the applied voltage, it could be for an
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increase of the double layer thickness. The presented equivalent circuit
model (inset Fig. 4.13(a)) has been applied to simulate the cell response using
ZView software. In this model, Rs represents the series resistance, Cq is the
double layer capacitance, R, is the parallel resistance, R.: is the charge
transfer resistance and Q is the constant phase element with power of n (with
no physical meaning). The estimated values of the elements in the model are
listed in Table 4.2 for each applied potential bias.

When an interface is disturbed from its equilibrium by means of an external
electric field, a flow of charge and matter occurs. This flow can be due to a
gradient of electrochemical potential that produces a transport of active
species between the electrolyte and the interface or there are electrochemical
reactions that allow the transfer of charge between the electrode, metal or
semiconductor, and the charges of the electrolyte ions. Electrode reaction
may be composed of charge transfer, adsorption and desorption and, also,
mass transport. These processes are controlled by the charge transfer
resistance that is related to the activation energy and the distance between
the species and the electrode. This is a "Faradaic" process in which the
transfer of electrons to the electroactive species or viceversa occurs in the
medium that is near the electrode surface in the double layer. The charge
transfer resistance dominates the total impedance response at low
frequencies of Hz and mHz regions and at DC.

The charge transfer resistance is well defined only when the polarization
depends on the electrochemical charge transfer current. If there is no electron
transfer, the resistance to charge transfer Rcr will be very large, and the
electrode is polarizable with a poorly defined potential. If there is an electron
transfer reaction, Rcr becomes smaller. The values obtained for Rct in our
device are high and decrease with the applied voltage but up to 1 V, then
increase.

The resistance R, represents the resistance to the leakage currents in the
supercapacitor. A high value of R, supposes a low leakage current and
therefore a very low electronic conductivity of the capacitor electrolyte. In
our device, the value of R, decreases by a power law very slowly from a
maximum value for a zero applied voltage.
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Figure 4.13. (a) Nyquist and (b) Bode plots recorded for the supercapacitor device
under study at an applied bias potential of 0.0 V. The symbols (open circle shapes)
stand for experimental data; the solid lines are fitting with electrical circuit model
depicted in the inset of (a).

Figure 4.14 shows Nyquist plot at different applied bias voltage from 0.0 to
1.2 V.

Table 4.2. Comparison at different applied potential of impedance

parameters.
Applied | Rs Cd (F) Rp(ohm) | Rct(ohm) | Q(S n
potential | (ohm) secn)
V)
0 91 1.91x10-5 | 5.72x107 | 1.99x106 | 3.52x10-> | 0.806
0.2 106 1.70x10-5 | 1.36x107 | 8.13x105 | 3.15x10-> | 0.81
0.4 102 1.94x10-5 | 3.53x106 | 4.98x105 | 2.82x10-> | 0.81
0.6 99 2.34x105 | 2.07x106 | 3.80x10> | 2.51x10-5 | 0.82
0.8 72 2.13x105 | 8.91x105 | 1.74x105 | 2.41x10-5 | 0.84
1.0 74 1.44x10-5 | 7.35x105 | 3.01x105 | 2.10x10> | 0.86
1.2 70 6.51 x104 | 4.88x105 | 7.34x105 | 1.88x10> | 0.86
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Figure 4.14. Nyquist plots of symmetrical solid state supercapacitor cell at different

bias voltages. Inset shows the high frequency region.

D. CONCLUSIONS

A symmetric supercapacitor using electrodeposited PEDOT as electrodes
and [HEMIm][BF;]/PVP ionic liquid polymer as electrolyte, has been
successfully synthetized. Good ionic conductivity was found to be 6 = 1.5 10-
3S cm! for the ionic liquid polymer electrolyte. The energy storage in this
device is accomplished by charges storage through the reversible Faradaic
redox reactions due to the doping and de-doping process at the PEDOT
electrode. The influence of the PEDOT-film thickness in the overall specific
capacitance of supercapacitor, has been studied, finding that the 5 cycles
PEDOT supercapacitor showed better electrochemical properties than 10
cycles PEDOT supercapacitor. The highest gravimetric specific capacitance
was 21.04 mF g1 based on the CV data at low scan rates. Energy density and
power density resulted to be 0.046 mWh/g and 59.28 mW /g, respectively.
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A.INTRODUCTION

As discussed in the previous chapters, the fluctuation of the output
power from solar cells due to the intermittent sunlight and the requirement
of proper energy storage devices makes necessary the obtention of a new and
promising device. Photosupercapacitor is an innovative energy device that
combines the photoelectric conversion function of a solar cell with the energy
storage capability of a supercapacitor. The possibility of generate and storage
energy simultaneously in a single device have attracted intensive research
attention in the past few years. Since Miyasaka et al.[11] fabricated a photo-
supercapacitor for the first time in 2004, combining a DSSC and a
supercapacitor, this research field have been developing rapidly in the last
14 years as can be seen in Figure 5.1. Two and three electrodes configurations
of dye-sensitized solar cells in the beginning to continues with other solar
cells based on polymer, Quantum dots and perovskite nowadays.

Double-clectrode dye-sensitized Wire-type dye-sensitized solar Wire-type polymer solar cells Perovskite solar cells
solar cells type PS cells type PS ’ t\'[;e PS type PS

©o © Iﬁ |
2004 2005 2011 2014

Three-electrode dye-sensitized  Flat-type polymer solar
solar cells type PS cells type PS

Quantum dot sensitized
solar cells type PS

Figure 5.1. Chronology of the development of photosupercapacitors[163].

In this Thesis, it has been chosen as a first configuration a Quantum dot
sensitized solar cells configuration for photoanode part for
photosupercapacitor which was reported in 2015 for the first time[164].
Therefore, it is considered a novel and emerging type of
photosupercapacitor.
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1. Types of configuration

On one hand, depending on the number of electrodes, there are
configurations of two or three electrodes as can be seen in Figure 5.2.(a) and
(b) respectively. This image shows a typical configuration of two and three
electrodes based on a Dye Sensitized Solar Cell as photoanode part and
active carbon as storage part. These first configurations of
photosupercapacitors were reported by Miyasaka and Murakami in 2004[11]
and 2005[165]. Initially, it was reported a photocapacitor of two-electrode
integrated planar device comprising a DSSC and a symmetric supercapacitor
based on active carbon. This device was constructed on a multilayer
photoelectrode  composed of dye-sensitized TiO,/hole-trapping
layer/activated carbon in contact with an organic electrolyte solution, as
shown in Figure 5.2 (a). Upon illumination, generated electrons are injected
into the conduction band of TiO; and they are collected by the anode flowing
into the external part to the counter-electrode. The photoinduced positive
and negative charges in solar cells are accumulated on the microporous
surface of the activated carbon. However, the internal resistance during the
discharge process was relatively large because the electrons passed through
the Schottky barrier in the TiO; layer. Later, the same authors reported a
three-electrode configuration to overcome this problem, introducing an
internal bifunctional electrode of platinum between working and counter
electrodes, to conduct redox electron transfer on one side and charge storage
on the other side simultaneously (Fig. 5.2 (b)). In this improved device, the
electrons moved to the active carbon more efficiently on the internal
electrode without the potential barrier.
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(a) (b) c

Active Carbon
Active Carbon

TCO-glass

TCO-glass
Active Carbon
Separator and Electrolyte
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Dye-sensitized TiO, Dye-sensitized TiO,

Intermediale Counter-

Photoanede Counter-electrode Pholoanode
electrode electrode

Figure 5.2. Schematic image of the first reported photosupercapacitor of (a) two
electrodes structure[11,163] and (b) three electrodes structure[163,165].

Generally speaking, in a three-electrode photocapacitor system the
working principle is the following; when photocapacitor is under
illumination, photoanode and counter-electrode are short-circuited by
closing the junctions A and C, and opening the junction B. The generated
photocurrent flow to counter-electrode and it is accumulated at the surface
of the active carbon as a double-layer negative charge. Once the
photocapacitor is charged, it occurs the galvanostatic discharging process
through the external circuit combining the intermediate electrode and
counter-electrode by connecting the junction A and B. Now, the intermediate
electrode and the counter-electrode work as positive and negative charged

electrodes, respectively.

On the other hand, apart from the traditional planar structure explained
before, it exists a newly emerging fiber-shaped integrated photocapacitor.
These fiber-shaped devices are obtained by rolling up the planar structure.
Normally, the solar cell part and the supercapacitor part are in fiber forms
and they are integrated in the core-shell or twisted configuration structure.
This device has the advantages of lightness, flexibility and compatibility
with weaving, which are essential properties for their use in portable and
wearable electronics. In addition, fiber solar cells have the unique advantage
of light incident angle-independent properties compared with planar
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structure photocapacitors. Moreover, this particular fiber surface structured
can increase the absorption from scattered and reflected light, expanding the
adaptability of solar cells to the environment. An example of this integrated
devices was reported by Wang et al.[166] employing a coaxial structure with
a polymethyl methacrylate (PMMA) fiber as substrate. Photoanode part was
fabricated of a DSSC over ZnO nanowires and a graphene counter-electrode.
Storage part was composed of graphene and ZnO nanowires with a
PVA/HsPO;, gel electrolyte.

Dye sensitized solar cell Supercapacitor
lf’_-‘\\ lf—__~\\
/0 \\ A : \\
/ SN \ { =N \
I * \ [} . \
(0 ) ()
v v y \ P o PVA/H3P04
o K, . gel electrolyte
Electrolyte  Graphene Graphene

Figure 5.3. Schematic image of a wire-type dye sensitized solar cell photo-
supercapacitor.

2. Evaluation of the photo-supercapacitor.

To know and to characterize a photo-supercapacitor is necessary to calculate
the overall efficiency, the photovoltaic energy conversion and the storage
efficiency. The overall efficiency is determined by the photovoltaic energy
conversion part and the electrochemical energy-storage one, according to the
following equation[167,168]:

Estorage
HoVERALL = 7, 5.1
ElightAsolar ( )

where Eiorqge is the stored energy(Wh), Ej;gp, is the energy of the light
illuminating the solar cell during the photocharging time and A is the area
of the solar cell.
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The Etorqge and Ej;gp, can be calculated using the following equations:
Estorage = 0.5 CV? (5.2)
Elight =Pyt (5'3)

where C(F) is the capacitance, V (V) is the potential window in the
charge/discharge process, Pi; is the incident-light power density (100
mW /cm?) and ¢ is the photocharging time, respectively.

The capacitance C, and areal specific capacitance can be calculated from the
charge or discharge curve according de following equations:

At
c==
AV

(5.4)
Ca=% (5.5)

where i (A) is the galvanostatic applied current, At (s) is the discharge time,
AV is the potential window obtained from the discharge profile excluding
the voltage drop and A is the area of the supercapacitor.

Normally, the performance of the supercapacitors are evaluated employing
different tests such as cyclic-voltammetry at different scan rates,
galvanostatic charge/discharge curves at different current densities and
electrochemical impedance spectroscopy measurements.

The storage efficiency of the photo-supercapacitor is calculated from the next
equation:

— Hoverall (56)

ﬂ storage .
9 Heonversion

where g . is the photovoltaic conversion efficiency that can be

measured as follows.

_ VocJscFF
Heonversion = Pin

(5.7)

where V,, Jsc, FF and P;, are the open circuit voltage, short-circuit current
density, fill factor and incident light power density, respectively.
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Fill Factor of the solar cell can be calculated with the follow equation:

FF = Ymplup (5.8)
Voclsc
where Vyp and Iyp are the voltage and current at the maximum power point,
respectively. Isc is the short-circuit current.

In this Chapter, it is exposed two different photosupercapacitors (PSC) of
two electrodes. Initially, it is presented a PSC based on QDSSCs/FTO as
photoanode, PEDOT as counter-electrode and ionic liquid as electrolyte
(named PSC FTO/QDSSC-ionic liquid-PEDOT), such as it has been
explained in the previous Chapter III and IV. Subsequently, it is shown a
PSC whose only change with regard to previous device is the presence of
GIZO as transparent conducting oxide instead of FTO and the absence of a
ZnO seed layer. The elements of this device have been explained in Chapter
I, IIT and IV (named PSC GIZO/QDSSC-ionic liquid-PEDOT). Finally, it is
shown another concept of a transparent photocapacitor based on TiO» as
photoanode, LiFeO, as counter-electrode and an ion gel as electrolyte
(named PSC TiO»-ion gel-LiFeO,).
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B. MATERIALS AND METHODS

The first type of PSC is based on the previous research about the
transparent conductive oxide (TCO) (Chapter II), the photoanode (Chapter
III) and the supercapacitor (Chapter IV) to form the final photo-
supercapacitor. The explanation of this device is divided into two parts, 1.A)
for the FTO as TCO and 1.B) for the GIZO as TCO. The second type of PSC
is presented in last part of this section, 2).

1.A) PSC FTO/QDSSC -IoNic LiQuiD- PEDOT

1.A.1) FABRICATION OF PHOTO-ANODE

The substrates used in this photoanode was commercial glass/FTO with a
sheet resistance of 10 Q/o. The size of the samples were 2 cm x 1 cm. All the
substrates were properly cleaned before their first use. The substrates were
immersed 15 minutes in acetone, 15 min in 2-propanol and 15 min in
deionized water in an ultrasonic bath.

Spin coating was employed to grow a ZnO seed layer thin film on FTO. Zinc
acetate 10 mM was dissolved in methanol and an angular velocity of 2000
rpm was used. 1 ml of solution was dropped over the sample and after
waiting 40 seconds to stop finally. Then, the sample was introduced in an
oven at 105°C during 10 minutes to evaporate the solvent. This process is
repeated four times and after that, a thermal treatment is carried out to the
sample in the furnace during 20 minutes at 350°C, ramp up 10°C/min. This
procedure was done twice over each sample to obtain a double seed layer of
Zn0O.

Subsequently, electrochemical deposition was made in a conventional
electrochemical cell of three electrodes, where ZnO SL/FTO was used as
working electrode; platinum (Pt) sheet as Counter electrode and a saturated
calomel electrode (SCE) as a Reference electrode. Chronoamperometry was
carried out at -1.0 V refers to SCE. Electrolyte was saturated bubbling O
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about 20 min prior to ECD and during the process. After the ECD, the
samples of ZnO NW’s/SL ZnO/FTO/glass were rinsed with DI water to
remove impure ion and un-reacted products from the surface of ZnO
nanostructures and dried in air.

ZnO nanowire arrays were sensitized with AgxS QDs. These were
synthesized using the Succesive lonic Layer and Adsorption Reaction
(SILAR) method.

The sample was immersed in a solution of 0.05 M AgNOs dissolved in
ethanol and 0.05 M NasS dissolved in methanol. ZnO NW's were selected
under the best condition found from the experimental design previously
reported: [ZnAc:] =1mM, T =70 °C, t = 60 min. ZnO NW's were dipped into
the Ag+ cationic solution for 1 min, washed with ethanol for 20 s, then
dipped into S* for 1 min and finally washed with methanol. It was made
during 9 cycles. Next, a thermal annealing was carried out in a furnace,
during 1 hour at 400°C with 2°C/min of ramp up in N> atmosphere.

Finally, the electrode was passivated with the deposition of ZnS, this was
carried out by 4 cycles of SILAR method. The photoelectrode was
alternatively dipped in 0.5 M of zinc acetate (Zn(CH;COO),) as cationic
solution and 0.5 M of Na,S as anionic aqueous solutions for 1 min, rinsing
with water between both to remove the non-adsorbed /unreacted ions.
Over this structure was electrodeposited PEDOT to act as hole transporting
material and as sharing electrode between photoelectrode and counter-
electrode.

1.A.2) FABRICATION OF SUPERCAPACITOR

PEDOT was synthetized by electropolymerization of EDOT over commercial
FTO/ glass substrates. Once PEDOT was electrodeposited on one side of the
FTO glass substrate, it was dipped in an ionic liquid solution composed of
methanol, PVP and [HEMIm][BF4].
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1.A.3) ASSEMBLY OF QDSSC WITH SUPERCAPACITOR TO FORM
INTEGRATED TWO-ELECTRODE PHOTO-SUPERCAPACITOR

Once the photoanode and the supercapacitor were designed, they were
assembled by using a piece of a polymer separator (Solaronyx, 25 pm
thickness) (size: 0.5 cm x 0.5 cm) sandwiched between the QDSSC and the
Counter-electrode. Both parts were attached thanks to the high viscosity of
the electrolyte. After some moment, the whole device remains totally
bounded. The quantity of electrolyte was the same for all the
photocapacitors. The scheme of this PSC can be seen in Figure 5.3.
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Separator and Electrolyte
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ZnO NW/ Ag,S QDs

Photoanode Counter-electrode

Figure 5.3. Schematic diagram of first type of photo-supercapacitor based on
FTO/ZnO SL- QDSSC-Ionic Liquid- PEDOT, designed in this Thesis.
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1.B) PSC GIZO/QDSSC-IoNIc LiQuiD- PEDOT

The next PSC presented in this Thesis is very similar to the previous one,
with the only difference that the transparent conducting oxide has been
home-made fabricated, being GIZO/ glass thin films (see Chapter II) instead
of commercial FTO/glass. Another relevant difference is this photoanode
does not have a ZnO seed layer for the nanowires growth, being no necessary
since GIZO possess a film of ZnO favouring the nucleation sites for the

nanowires growth.

GIZO thin films substrates used in this photoanode was properly cleaned
before their use and the sheet resistance was 17 Q/o. The size of the samples
were 2 cm x 1 cm. The nanowires growth and subsequent nanostructures
followed the same process as explained previously for this type of PSC
presented. The scheme of this PSC can be seen in the next Figure 5.4.

GIZO

PEDOT
Separator and Electrolyte

ZnO NW/ Ag,S QDs

Photoanode Counter-electrode

Figure 5.4. Schematic diagram of photo-supercapacitor based on GIZO/QDSSC-
Ionic Liquid- PEDOT designed in this Thesis.
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2) PSC T102-ION GEL-LIFEO;

2.1) FABRICATION OF PHOTO-ANODE

The TiO. photoanode films have been deposited by DC magnetron
sputtering on ITO/glass substrates after being previously sequentially
ultrasonically cleaned in acetone, isopropanol and finally distilled water, 5
minutes in each solvent. A titanium target (99.9%) from AJA International,
Inc. was employed. The power was set at 300 W. The working pressure into
the vacuum chamber remained constant at 3 mTorr with a high purity (5.0)
Ar gas and O: gas, each regulated by mass flow controllers at 18 sccm and

3.23 sccm, respectively. The equipment used was a Magnetron Sputtering
System ORION-5-UHV (A]JA International, Inc.)[169].

2.2)  FABRICATION OF COUNTER-ELECTRODE

The LiFeO»-Ag thin film electrode was obtained by spray pyrolysis, heating
at 450 °C during 1 hour, and using a precursor solution described in a
previous work by our group[170].

There were tested two types of electrolyte in our photocapacitor. The first
one was an electrolyte based on PVP/LiClO, developed by us[171] and the
second one an ion gel electrolyte composed by PVP/[HEMIm][BF4], which
preparation and characterization was detailed in our previous work as
well[153].
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2.3)  ASSEMBLY OF TiO2 PHOTOANODE WITH LiFeO2 COUNTER-
ELECTRODE TO FORM INTEGRATED TWO-ELECTRODE PHOTO-

SUPERCAPACITOR

Once the photoanode and the supercapacitor were designed, they were
assembled by using hand pressure. Both parts were attached thanks to the
high viscosity of the electrolyte. After some moment, the whole device
remains totally bounded. The area of the photoanode and supercapacitor
was 6 cm?2. Figure 5.5 shows the scheme of the photo-supercapacitor.
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Figure 5.5. Schematic diagram of second type of PSC based on TiO»-lon gel-LiFeO»
designed in this Thesis.
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C. RESULTS AND DISCUSSION

1.A) PSC FTO/QDSSC -IoNic LiQuiD- PEDOT

The operating principle of this photocapacitor based on FTO/QDSSC has
been interpreted as follows: under light illumination, the AgS QDs are
photo-excited and the electrons from QDs are injected into ZnO nanowires
flowing through the external circuit to the counter-electrode (PEDOT) where
negative charge is accumulated. At the same time, the layer of PEDOT
deposited by ZnO of photoanode results in partial positive charge. The BFs-
ions are attracted to that positive charge provoking the separation of the
ionic liquid electrolyte and a double layer is formed. Simultaneously, the ion
gel cations [HemIm]* go to the PEDOT/FTO layer, which is negative
charged as a cathode. Then, a double layer supercapacitor base is fulfilled.
On the other hand, during discharging process in darkness, the double layer
reorganize again itself taking place the discharge of the device.

1.A.1) PHOTOVOLTAIC CHARACTERIZATION OF QDSSCs
PHOTOANODE

In order to investigate the photovoltaic performance of the
photosupercapacitor, photocurrent density-voltage (J-V) characteristics
were obtained under AMIL.5 illumination. Figure 5.6 depicts the
corresponding photocurrent density-voltage (J-V) curves of QDSSCs
photoanode in dark and under illumination (100 mW cm-2) solar simulator.
The device represents an overall power conversion efficiency (rjconversion)
of 0.012% with a short-circuit current density (Jsc) of 0.042 mA cm?2, open
circuit voltage (Voc) of 0.749 V, and fill factor (FF) of 38%.
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Figure 5.6. The J-V curves of the QDSSCs measured under light and dark conditions
with simulated solar illumination (100 mW /cm?).

1.A.2) ELECTROCHEMICAL PERFORMANCE OF PHOTO-
SUPERCAPACITOR

The electrochemical performance of the supercapacitor integrated in the
photo-capacitor is evaluated through Cyclic voltammetries (CV) curves,
Galvanostatic Charge-Discharge (GCD) curves and electrochemical
spectroscopy impedance (EIS) measurements. Figure 5.7 (a) shows cyclic
voltammogram curves carried out at different scan rates from 50 to 200 mV
s, obtaining higher area of the curves at higher scan rates, as expected. The
shape of the curves are almost rectangular at any scan rate, indicating a low
resistance and good reversibility. As shown in Figure 5.7 (b) the near
triangular shape of galvanostatic charge-discharge curves different current
densities indicates the good reversibility of the charging-discharging
process. With the aim of testing the cyclic stability of the photocapacitor,
specific capacitance and specific energy was calculated from the CV curves
obtained during 1200 cycles (Fig. 5.7 (c)). The resulting values are plotted in
Fig. 5.7 (d). Specific capacitances from 0.334 mF cm-2 to 0.339 mF cm-2 were
achieved under dark conditions depending on the voltammetry cycle
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number. On the other hand, specific energies from 7.44 pJ cm2 to 7.53 pJ cm-
2 were obtained. Both values decreased with the cycle number, but this
decrease was not much relevant taking into account the number of cycles
that were carried out (1200).
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Figure 5.7. (a) Cyclic voltammetries curves at different scan rates in darkness. (b)
Galvanostatic charge-discharge curves at different current densities. (c¢) Cyclic
voltammograms measured at 100 mV s during 1200 cycles. (d) Specific capacitance
(black circles) and specific energy (blue circles) obtained by the CV curves for the
photocapacitor.

Further insight into the photocapacitor device characteristics have been
conducted by electrochemical impedance spectroscopy (EIS) measurements,
which have been performed at four different applied bias potentials E= 0.0
V, 0.1V, 0.2V and 0.3 V under dark conditions. The obtained values are
depicted in Table 5.1. Figure 5.8(a) and Figure 5.8(b) show typical Nyquist
and Bode plots for the photocapacitor device under study at an applied bias
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potential E=0.0 V. The fits are indicated by solid lines in the plots showing a
good agreement with the data. This confirms the suitability of the equivalent
circuit model used. The Nyquist plot consists of an incomplete small
semicircle at the higher frequency with a nonzero intercept and a linear tail
at lower frequencies. The impedance at high frequencies showed a low
resistive behavior with the series resistance of 136.2 Q at 0.0 V and it
maintains constant at higher applied voltages. This series resistance (Rs)
represents the sheet resistance of FTO and the contact resistance of
FTO/ZnO nanowires. This resistance is related to the short circuit current in
the device (see Fig.5.7). In this photocapacitor, the semicircle with linear tail
showed in Nyquist plot suggests that the polarization is due to a
combination of diffusion and kinetic processes. The parallel resistance (Rp)
represents the resistance to the leakage currents in the photocapacitor, their
values are very high and increase regarding to applied voltage. This results
means a low leakage current and therefore a very low electronic conductivity
of the PVP/[HEMIm][BF]electrolyte. Since both electrodes are not a double-
layer parameter that represents an ideal capacitor. That capacitor must be
replaced by a constant phase element (CPE and Q, in this case). As n value
are nearly 1, this indicates that this QPE can be approached to a capacitance
of a rough surface of 40.4 nm, which is confirmed by AFM characterization
of PEDOT electrodes (see Chapter IV, Fig. 4.4). The values obtained for Rct
are not very high and indicate an electron transfer reaction in the
photoanode.
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Figure 5.8. (a) Nyquist and (b) Bode plots recorded for the photocapacitor device

under study at an applied bias potential of 0.0 V, under dark conditions. The
symbols (open circle shapes) stand for experimental data; the solid lines are fitting
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with electrical circuit model depicted in the inset of (a). Inset shows the high
frequency region.

Table 5.1. Equivalent circuit element values obtained through a complex
non-linear least- squares fitting program of the EIS spectra.

Applied bias potential (V)

0 0.1 0.2 0.3
Rs (Q) 136.2 T57.1 155.7 T54.2
CPE (Ss?) 6.06x10¢ 75x106 95x10¢ 1.24x 105
a 0.682 0.669 0.649 0.628
Rp (MQ) 0.979 1.67 2.33 7.70
Ret(Q) 1063 1582 1856 2072
Q(Ss?)  874x106 652x106 670x106  7.46x 10
n 0.835 0.826 0.832 0.844

1.A.3) CHARACTERIZATION OF THE INTEGRATED PHOTO-
SUPERCAPACITOR

During the photo-charge process, the photo-excited electrons collected
from quantum dots semiconductors of Ag,S are transferred from the
conduction band of ZnO nanowires to the counter-electrode. Figure 5.9(a)
shows the photocharge and galvanostatic discharge process of the
photosupercapacitor at different discharge current densities from 4 to 400
PA cm2. The device was totally photocharged until a final work potential of
QDSSCs to 0.33 V in 40 s and the process was maintained for 600 s
consistently. This voltage achieved is higher than another found in literature
when photocapacitor is composed of two electrodes[172,173] and even for a
photocapacitor of three electrodes[174]. The photocharge time is lower than
another research[175] whose time is higher than 2000 s. After photocharge,
the device is discharged at 4 pA cm? with a discharge time of 55 s, at 40 pA
cm?2in 2 s and at 400 pA cm?2 in 1 s. Some cycles of photocharge and
galvanostatic discharge (in dark) carried out at 4 pA cm?2 are presented in
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Fig. 5.9(b), showing the stability of the photocapacitor through the cycling
process (50 cycles).
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Figure 5.9. (a) Photocharge under AM1.5G simulated sunlight (100 mW/cm?)
illumination and galvanostatic discharge at 4 pA cm? in dark conditions (inset
shows the galvanostatic discharge at 40 pA cm2 (blue line) and 400 pA cm2 (red line)
current densities). (b) Some cycles of photocharge/galvanostatic discharge at 4 pA
cm2. Cycles numbers are indicated.

The performance study of the integrated photocapacitor has been evaluated
through the calculations of Noveran and nNsiorage Obtained from photocharge-
discharge curves. The capacitance of the device resulted to be 0.667 mF cm-2
according to the equations (5.4) and (5.5). The stored energy was calculated
to be 3.63 x 10> W obtained from equation (5.2). Finally, the integrated
photocapacitor reached a maximum overall photoelectric efficiency of
Novera=8.25 x 10 % and a maximum storage efficiency of Nstorage=6.83 %.

Although there exists another photocapacitors with higher efficiencies found
in bibliography[176,177], this concept of photocapacitor is a promising
device that exhibit a good capacitance, high photo-charge time and stability
with the photocharge cycles. Furthermore, the structure of this two
electrodes device is of low cost, environmentally friendly and easy of
fabrication.
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1.B) PSC GIZO/QDSSC-IoNIc LiQuiD- PEDOT

For the next device, the operating principle based on GIZO/QDSSC is
very similar to the previous one with the only difference that photoelectrons
flow through the external circuit by GIZO thin films as the transparent
conductive oxide.

1.B.1) PHOTOVOLTAIC CHARACTERIZATION OF GIZO QDSSC
PHOTOANODE

Figure 5.10. depicts the corresponding photocurrent density-voltage (J-V)
curves of GIZO QDSSCs photoanode in dark and under simulated AM 1.5
illumination (100 mW cm-) solar simulator. The device represents an overall
power conversion efficiency (nconversion) of 0.0014% with a short-circuit
current density (Jsc) of 0.010 mA cm-2, open circuit voltage (Vo) of 0.622 V,
and fill factor (FF) of 23%. Regarding previous PSC of FTO/QDSSC, this
photoanode offers lower short-circuit current density but higher open circuit
voltage, obtaining a final efficiency with one magnitude order smaller.
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Figure 5.10. The J-V curves of the GIZO QDSSCs measured under light and dark
conditions with a simulated solar illumination (100 mW/cm?).
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1.B.2) ELECTROCHEMICAL PERFORMANCE OF PHOTO-
SUPERCAPACITOR

The electrochemical performance of the supercapacitor integrated in the
photo-capacitor is evaluated through Cyclic voltammetries (CV) curves,
Galvanostatic Charge-Discharge (GCD) curves and electrochemical
spectroscopy impedance (EIS) measurements. Figure 5.11 (a) shows cyclic
voltammogram curves carried out at different scan rates from 50 to 200 mV
s, obtaining higher area of the curves at higher scan rates, as expected. The
shape of the curves is different with regard two previous PSC, since it is more
flattened.
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Figure 5.11. (a) Cyclic voltammetries curves at different scan rates in darkness. (b)
Galvanostatic charge-discharge curves at different current densities. (c) Cyclic
voltammograms measured at 100 mV s during 1200 cycles. (d) Specific capacitance
(black circles) and specific energy (blue circles) obtained by the CV curves for the
photocapacitor.
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As shown in Figure 5.11 (b) the near triangular shape of galvanostatic
charge-discharge curves different current densities indicates the good
reversibility of the charging-discharging process, however the lower charge-
discharge time indicates a lower capacitance of this device regarding to PSC
QDSSC. Furthermore, it is not possible to measure at 400 pA cm2 due to it
takes less than 1 s of charge and discharge. With the aim of testing the cyclic
stability of the photocapacitor, specific capacitance and specific energy was
calculated from the CV curves obtained during 1200 cycles.

As explained before, further insight into the photocapacitor device
characteristics have been conducted by electrochemical impedance
spectroscopy (EIS) measurements, which have been performed at four
different applied bias potentials E= 0.2V, 0.3 V,0.4 V and 0.5 V under dark
conditions. The obtained values are depicted in Table 5.2. Figure 5.12 (a) and
(b) show typical Nyquist and Bode plots for the photocapacitor device under
study at an applied bias potential E=0.2 V.

The fits are indicated by solid lines in the plots showing a good agreement
with the data. This confirms the suitability of the equivalent circuit model
used. In this case, Nyquist plot does not show a semicircle at higher
frequencies, for this reason it is not necessary to add a series resistance to fit
the impedance results. This may be due to this photocapacitor does not have
a seed layer between FTO and ZnO nanowires which could add a resistance
in the circuit. The parallel resistance (Rp) values are very high and decrease
regarding to applied voltage. This results means again a low leakage current
and therefore a very low electronic conductivity of the
PVP/[HEMIm][BF,]electrolyte. Since both electrodes are not a double-layer
parameter that represents an ideal capacitor, the capacitor must be replaced
by a constant phase element (CPE1 and CPE2, in this case). The values
obtained for R.iare very high and indicate that there is no electron transfer
reaction.
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Figure 5.12. (a) Nyquist plot and equivalent circuit diagram used for fitting EIS. Inset
shows the high frequency region and (b) Bode plot recorded for the photocapacitor
device under study at an applied bias potential of 0.2 V, under dark conditions.

Table 5.2. Equivalent circuit element values obtained through a complex
non-linear least- squares fitting program of the EIS spectra.

Applied bias potential (V)
0.2 0.3 0.4 0.5

Q1 (Ssv)  329x108 4.21x108 1.85x107 2.22x107

al 0.602 0.591 0.495 0.484
R2 (Q) 267x106  232x106 2.05x106  1.65x 106
R3 (kQ) 4188 4321 531.2 538.1

Q2 (S s?) 540x106 544x10¢ 542x10¢ 5.46x10¢
a2 0.727 0.729 0.733 0.734
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1.B.3) CHARACTERIZATION OF THE INTEGRATED PHOTO-
SUPERCAPACITOR

During the photo-charge process, the photo-excited electrons collected
from quantum dots semiconductors of Ag)S are transferred from the
conduction band of ZnO nanowires and GIZO to the counter-electrode.
Figure 5.13 shows the photocharge and galvanostatic discharge process of
the photosupercapacitor at 4 pA cm2. The device was totally photocharged
until a maximum work potential of QDSSCs to 0.35 V in 30 s and the process
was maintained for 600 s consistently. After photocharge, the device is
discharged at 4 pA cm-2 with a discharge time of 5 s.
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Figure 5.13. (a) Photocharge under AM1.5G simulated sunlight (100 mW/cm?)
illumination and galvanostatic discharge at 4 pA cm2 in dark conditions. (b) Some
cycles of photocharge/galvanostatic discharge at 4 pA cm2 Cycles numbers are
indicated.

The performance study of the integrated photocapacitor has been evaluated
through the calculations of Noveran and nNsiorage Obtained from photocharge-
discharge curves. The capacitance of the device resulted to be 0.056 mF cm-2
according to the equations (5.4) and (5.5). The stored energy was calculated
to be 3.39 x 10¢ W obtained from equation (5.2). Finally, the integrated
photocapacitor reached a maximum overall photoelectric efficiency of
Novera=1.13 x 104 % and a maximum storage efficiency of 1storage=7.83 %.
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2) PSC T10z-ION GEL-LIFEO;

The operating principle of this second type of photocapacitor has been
interpreted as follows: under light illumination, the TiO; film (which had
rutile structure) is photo-excited resulting in partial positive charge in TiO»-
ion gel interface. The BF,-ions are attracted to that positive charge provoking
the separation of the ion gel charge and a double layer is formed.
Simultaneously, the ion gel cations [HemIm]* go to the LiFeO»-ion gel
interface, which is negative charged as a cathode. Then, a double layer
supercapacitor base is fulfilled. On the other hand, in darkness, the double
layer reorganize again itself taking place the discharge of the device.

2.1) MORPHOLOGICAL CHARACTERIZATION OF THE
ELECTRODES BY FE-SEM

The thickness of the LiFeO, and the TiO; electrodes was directly obtained by
FESEM pictures. Fig. 5.14 shows the morphology of the films and the cross-
sections carried out to measure the thickness, which was ca. 130 nm for the
LiFeO; and ca. 790 nm for the TiO..

Figure 5.14. FE-SEM pictures and cross-sections of LiFeO: (a,b) and TiO: (c,d) thin
films deposited on the ITO substrate.



Photocapacitor|144

2.2)  CHARACTERIZATION OF THE PHOTO-ELECTRODE OF T1O:

From the result of XRD measurement (Fig. 5.15), it was observed that the
TiO; prepared by DC reactive sputter deposition at 623 K had rutile structure
with the crystallite size of ca. 32 nm from Scherrer equation, without
reflections of anatase or brookite.

XPS study was carried out to confirm the stoichiometry of TiO: films. In
samples prepared at 200W, the XPS Ti 2ps/2 and 2p1/2 peaks of TiO, were
shown at ca. 459.48 and 459.01 eV respectively. On the other hand, samples
prepared at 300W showed more reduced, showing the XPS Ti 2ps/2and 2p1/2
peaks of TiO; at ca. 459.43 and 459.04 eV.
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Figure 5.15. XRD pattern for the TiO; thin film deposited on the ITO substrate. It is
shown rutile peaks (*) and ITO peaks (o).

The roughness of the LiFeO, and the TiO: electrodes was measured through
AFM, being 14.3 nm and 31.3 nm respectively. Fig. 5.16 shows the AFM
pictures for both electrodes, taking an area of 1 umz2.
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Figure 5.16. AFM for LiFeO; (a) and TiO. (b) thin films deposited on the ITO
substrate.

2.3)  OPTICAL PROPERTIES

Transmittance results for all the separated components of the photocapacitor
and the photocapacitor itself are shown in Fig. 5.17. At A= 555 nm (optical
transmittance evaluated at this wavelength because the photopic eye
sensitivity function has maximum sensitivity in the green spectral range at
555 nm), the transmittance of the different components of the photocapacitor
was the following: 77% for the TiO» electrode, 67% for the LiFeO»-Ag
electrode and 91% for the ion gel electrolyte, being the transmittance at 555
nm for the whole device 57%.
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Figure 5.17. Optical transmittance of each electrode, the ion gel electrolyte and the
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2.4) PHOTOVOLTAIC CHARACTERIZATION OF T1O:
PHOTOANODE

In order to evaluate the photovoltaic performance of the
photosupercapacitor it is necessary to illuminate the photoanode with a solar
simulator. Figure 5.18 depicts the corresponding photocurrent density-
voltage (J-V) curves of TiO> photoanode in dark and under simulated AM
1.5 illumination (100 mW cm2) solar simulator. The device represents an
overall power conversion efficiency (fconversion) of 8.1 x 10-> % with a short-
circuit current density (Jsc) of 0.43 pA cm2, open circuit voltage (Vo) of 0.73
V, and fill factor (FF) of 26%.
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Figure 5.18. The J-V curves of the TiO; photoanode measured under light and dark
conditions with simulated solar illumination (100 mW /cm?).

2.5)  ELECTROCHEMICAL PERFORMANCE OF PHOTO-
SUPERCAPACITOR

The electrochemical performance of the supercapacitor integrated in the
photo-capacitor is evaluated through Cyclic voltammetries (CV) curves,
Galvanostatic Charge-Discharge (GCD) curves and electrochemical
spectroscopy impedance (EIS) measurements.
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Figure 5.19.(a) shows the cyclic voltammetries carried out at different scan
rates from 25 to 200 mV s, obtaining higher area of the curves at higher scan
rates, as expected. As shown in Figure 5.19 (b) the triangular shape of
galvanostatic charge-discharge curves at 0.17 pA cm2 density indicates the
good reversibility of the charging-discharging process. With the aim of
testing the specific energy and specific capacitance stability of the
photocapacitor, cyclic voltammetry was carried out in darkness at a scan rate
of 100 mV s during 1200 cycles (Fig. 5.19 (c)). The resulting values are
plotted in Fig. 519 (d), being 6 cm? the photocapacitor area. Specific
capacitances from 2.78 pF cm-2 to 2.98 uF cm2 were achieved under dark
conditions depending on the voltammetry cycle number. On the other hand,
specific energies from 0.50 pJ cm2 to 0.54 pJ cm2were obtained. Both values
decreased with the cycle number, but this decrease was not much relevant
taking into account the number of cycles that were carried out (1200).
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Figure 5.19. (a) Cyclic voltammetries curves at different scan rates in darkness. (b)
Galvanostatic charge discharge at a current of +/- 0.17 pA cm2 (c) Cyclic
voltammograms measured at 100 mV s during 1200 cycles. (d) Specific energy (o)

and specific capacitance (*) obtained by the CV curves for the photocapacitor.
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Further insight into the photocapacitor device characteristics have been
conducted by electrochemical impedance spectroscopy (EIS) measurements,
which have been performed at four different applied bias potentials E= 0.2
V,03V,0.4V and 0.5 V under dark conditions. Fig. 5.20(a) and Fig. 5.20(b)
show typical Nyquist and Bode plots for the photocapacitor device under
study at an applied bias potential E=0.2 V.
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Figure 5.20. (a) Nyquist and (b) Bode plots recorded for the photocapacitor device
under study at an applied bias potential of 0.2 V, under dark conditions. The
symbols (open circle shapes) stand for experimental data; the dotted lines are fitting
with electrical circuit model depicted in the inset of (a). Inset shows the equivalent
electronic circuit model used to fit the experimental EIS data.

These EIS spectra can be simulated by the modeled equivalent circuit as
illustrated in the inset of Fig. 5.20(a). In fact, the total cell impedance can be
accurately modeled as the serial combination of three circuit components: (i)
two parallel combinations, where one of the parallel branches in each of them
is a resistance (R1 or R3), while the other one is constituted by a constant
phase shift element (CPE1 or CPE2); and (ii) a serial resistance R2, denoting
the electrolyte solution resistance. The fits are indicated by solid lines in the
plots, and showed good agreement with the data, confirming the suitability
of the equivalent circuit model used. In this way, the values of the resistive
elements and the CPE parameters (Q constant phase element with power a,
see note of Table 5.3), have been extracted. The obtained values for R2 for
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the four different applied bias potentials are presented in Table 5.3. In the
basis of both the Nyquist and Bode plots it can be inferred a significant
capacitive behavior of the device, where each interface exhibited a time
constant at ca. 10 Hz and 0.1 Hz, respectively. The first of them characterized
by the first part of the equivalent circuit (R1ICPE], see inset of Fig. 5.20(a)),
the obtained values are depicted in Table 5.3. As the alpha mean value is
near 1, this indicates that this CPE can be approached to a capacitance of a
rough surface, which is confirmed by AFM characterization, where the
LiFeO: and TiO: electrodes exhibited roughness values of 14.3 nm and 31.3
nm, respectively (see Fig. 5.16). The second interface is also characterized by
a similar equivalent circuit (R3ICPE2, see inset of Fig. 5.20(a)), with alpha
mean values also close to 1, again this CPE2 can be associated to a
capacitance. However, and in spite of the symmetry of the circuit, the values
of the resistances R1 and R3 (even though low), differ by three orders of
magnitude, indicating low charge transfer rate processes in both interfaces.
Moreover, by comparing the Bode spectra for the four different applied bias
potentials, it can be concluded that the capacity values remain constant
irrespective of the applied bias potential.

Table 5.3. Equivalent circuit element values obtained through a complex
non-linear least- squares fitting program of the EIS spectra.a

Applied bias potential (V)

0.2 0.3 0.4 0.5
R1 (MQ) 3 38 3.6 38
Q1> (Ss)  1.66105 158105 154105  1.49105
al 0.854 0.857 0.858 0.858
R2 (Q) 102.2 103.5 102.6 103.5
R3 (kQ) 1.8 25 3.0 3.4
Q2 (Ss?) 616105 546105 491105  4.32105
a2 0.929 0.898 0.888 0.882

aSee inset of Fig. 5.9(a) for the involved electrical equivalent circuit

bThe impedance of a CPE is defined as Zcpe=1/Q(j)* where a (0<a<1) is an
empirical constant with no real physical meaning.
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2.6) CHARACTERIZATION OF THE INTEGRATED PHOTO-
SUPERCAPACITOR

As explained before, during photo-charge process, the TiO, is photo-
excited resulting in partial positive charge in TiO»-ion gel interface. Electrons
collected are transferred by external circuit from TiO» through ITO to the
LiFeO: counter-electrode. In Fig. 5.21(a), the photocapacitor is illuminated
under AM1.5G simulated sunlight (100 mW c¢cm2) from 0 V during 10 min,
reaching ca. 0.5 V, and then a galvanostatic discharge was carried out at 0.17
HA cm? in dark (grey shadow). The inset of Fig. 5.21 (a) shows the
galvanostatic discharge at different current densities from 1.7 to 17 pA cm-2
in dark. As expected, the discharge time decreases with the current density
applied, achieving 100 s for the lowest value of current density. This
discharge time could be comparable to other photocapacitors to which the
discharge current was higher[178,179]. Some cycles of photocharge and
galvanostatic discharge (in dark) carried out at 0.17 pA cm?2 are presented in
Fig. 5.21(b), showing the stability of the photocapacitor through the cycling
process.
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Figure 5.21. (a) Photo-charge under AM1.5G simulated sunlight (100 mW cm-2)
illumination and galvanostatic discharge at 0.17 pA cm?2 in dark conditions (inset
shows the galvanostatic discharge at 1.7 pA cm?2 (red line) and 17 pA cm2 (blue line)
current densities). (b) Some cycles of photocharge/galvanostatic discharge at 0.17
HA cm2. Cycles numbers are indicated.
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In order to study the transparency properties of the photocapacitor,
optical transmittance measurements have been done for the separated
components (Fig. 5.17) and the whole device before and after cycling (Fig.
5.22). Fig. 5.22 shows the visible-near IR region optical transmittance of the
whole device, with the ion gel as electrolyte, exhibiting an optical
transmittance of about 57% and 54% at A= 555 nm (optical transmittance
evaluated at this wavelength because the photopic eye sensitivity function
has maximum sensitivity in the green spectral range at 555 nm) before and
after cycling. So, a transparent photocapacitor has been obtained,
considering it retains a high transmittance after the cycling. The inset of Fig.
5.22 shows a digital photography of the complete device after cycling,
showing its level of transparency, letting be seen the logo of Universidad de
Malaga underneath it. In literature, there are some works reporting the
preparation and characterization of photocapacitor devices, but not all of
them are optically transparent to the visible spectrum[165,178-180]. In the
better case, Zhou et al., informed the assemblage of a photocapacitor
exhibiting at least a 70% of transmittance, however it darkness during the
charging process[181]; so it could be said that this is the first work reporting
a transparent photocapacitor device. However, a modest overall efficiency
under 1% has been obtained so there is more work to do to improve this

efficiency without declining the transparency of the photocapacitor.
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Figure 5.22. Optical transmittance spectrum of the photocapacitor with the ion gel
as electrolyte, before (dark color) and after (red color) cycling. The inset shows a
digital photograph of the transparent device after cycling, letting see the logo of
Universidad de Mélaga underneath it.
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Finally, it is exposed a comparative Table 5.4. to show all the characteristics
of the two types of photocapacitors studied in this Thesis.

Table 5.4. Comparative table of performance characteristics of three
photocapacitors studied in this Thesis.

Maximum | Conversion Overall Storage
Photocapacitor Voltage Efficiency | efficiency efficiency

V) (%) (%) (%)

1-TiOy/Ion gel/LiFeO, 0.48 8.1x10° 6.67 x 10 8.17
2-FTO/QDSSC/Ionic 5 "

Liquid/PEDOT 0.33 1.21x 10 8.25x 10 6.83
3-GIZO/QDSSC/Ionic 5 "

Liquid/PEDOT 0.35 1.44x 10 1.13x 10 7.83

D. CONCLUSIONS

Three photosupercapacitors of two-electrodes planar structure have
been successfully designed, developed and characterized. In this final
chapter the best results of overall efficiency and storage efficiency for each
type of device are presented. The TiO2-based photosupercapacitor is a new
concept of a transparent device that generates and stores electrical energy,
since it has not composed of nanostructures sensitized with organic or
inorganic semiconductor materials. The study of this device has recently
been published in a scientific journal with a high impact index[169].

There exists an improvement in conversion and overall efficiency of QDSSC-
based photosupercapacitor in comparison with the TiO.-based. This is due
to the addition of QDs supported in ZnO nanowires that produce higher
photocurrents. As for the PSC based on the GIZO/QDSSC, slightly lower
efficiencies have been found with regard to the FTO/QDSSC, due to the
larger diameter of the nanowires, which causes a smaller surface area, a
lower number of QDs deposited and therefore a smaller photocurrent. From
the comparison of the three devices, it has been found the highest value of
overall efficiency for the PSC based on the photoanode FTO/QDSSC with
the ZnO seed layer being its value of 8.25 x 10 %.



VI

SUMMARY AND FINAL
CONCLUSIONS



Summary and Final Conclusions|154

SUMMARY AND FINAL CONCLUSIONS

e Conductive and transparent GIZO thin films were successfully
grown on glass substrates by magnetron sputtering. An experimental
design was carried out to evaluate the influence of growth
parameters on structural, morphological, optical, electrical and
electrochemical properties of GIZO films, for their application as
transparent conductive oxide in photoelectrodes. It has been
obtained GIZO films with high conductivity, mobility, carrier density
and transparency.

e New Figures of Merit (FOMs) were proposed for visible and solar
region indicating the best balance between conductivity and
transparency of GIZO films for visible and solar applications found
for the In/Zn ratio of 0.85-0.90 range.

e Zinc Oxide (ZnO) nanowires were grown onto GIZO thin films
without the employment of a seed layer, and onto FTO/ glass with a
deposited seed layer. It was found the optimal condition of nanowire
growth regarding to deposition time, temperature and solution
concentration according to the diameter, crystallite size, degree of
orientation and length.

e Silver sulphide (AgS) Quantum dots were deposited covering the
entire nanowire, increasing the light absorption and the
photoresponse of the photoanode. The highest value of efficiency
was resulted to be for 0.05 M solution concentration at 9 SILAR cycles
growth parameters. It was demonstrated that zinc sulphide (ZnS)
thin films passivation layer improved the photoelectrochemical
properties of photoanode finding the best condition at 4 coating
cycles.
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e There have been produced two symmetric supercapacitors based on
a conducting polymer PEDOT as electrodes and an ionic liquid
polymer as electrolyte. It was found that PEDOT film thickness
influence in the final supercapacitor performance, resulting 5 cycles
PEDOT electrodeposited the best condition.

e Two types of photosupercapacitors have been designed and
developed. Photocapacitor based on TiO. and LiFeO: as electrodes
resulted to be a new concept of two electrodes devices with high
transparency having a photoconversion efficiency of 8.1 x 10-5% and
an overall efficiency of 6.67 x 10 %. The PSC based on FTO/QDSSC
as photoanode and PEDOT as counter-electrode demonstrated an
improvement of photoconversion efficiency of 0.012% and the overall
efficiency was 8.25 x 10+ %. Furthermore, it has been designed and
developed a photosupercapacitor (GIZO/QDSSC) which all its parts
are fabricated integrally in our laboratory, showing acceptable results
of efficiencies. The effect of the conductive transparent oxide on the
growth of the ZnO nanowires and the final performance of the device
was analyzed.
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APPENDIX A: CHARACTERIZATION TECHNIQUES

A) X-RAY DIFFRACTION (XRD)

X-ray powder diffraction (XRD) is a rapid analytical technique primarily
used for phase identification of a crystalline material and can provide
information on unit cell dimensions. The analyzed material is finely ground,
homogenized, and average bulk composition is determined.

X-ray diffraction is based on constructive interference of monochromatic X-
rays and a crystalline sample. These X-rays are generated by a cathode ray
tube, filtered to produce monochromatic radiation, collimated to
concentrate, and directed toward the sample.

The interaction of the incident rays with the sample produces constructive
interference (and a diffracted ray) when conditions satisfy Bragg's Law:

n\=2d sin 0 (A1)

where 7 is integer determined by the order given, A is wavelengths of the
inciden wave, d is the distance between layers of atoms.

This law relates the wavelength of electromagnetic radiation to the
diffraction angle and the lattice spacing in a crystalline sample.

These diffracted X-rays are then detected, processed and counted. By
scanning the sample through a range of 206 angles, all possible diffraction
directions of the lattice should be attained due to the random orientation of
the powdered material. Conversion of the diffraction peaks to d-spacings
allows identification of the mineral because each mineral has a set of unique
d-spacings. Typically, this is achieved by comparison of d-spacings with
standard reference patterns.

In the present work, structural characterization of all the samples such as
GIZO thin films, nanostructures of photoanode and supercapacitor films.
They have been performed by using a PANalytical X'Pert PRO MRD
diffractometer and a PANalytical PW3050/65 (0/20) goniometer.


http://serc.carleton.edu/research_education/geochemsheets/BraggsLaw.html
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Identification of the composition of the as-deposited GIZO coatings was
carried out using X-ray diffraction (XRD) in a Bragg-Brentano configuration
on a Philips X"Pert PRO MPD with monochromatic high intensity CuKa
radiation (AYs) The average crystallite size was calculated using the
Scherrer equation:

0,95 1

Dppy = ———— A2
L™ Byt cos On (A-2)
where Dy is the crystallite size, \ is the wavelength used (1.54 A), B is the
corrected angular line width at half-maximum intensity in radians, and Bnu

is Bragg's angle. The p parameter was corrected using the following formula:

Brri = ﬁezxp— izns (A-3)

where Peyp corresponds to the experimentally determined full width at half
of the maximum intensity, FWHM, of the peak. The instrumental width was
determined as Pins= 0.07° by using a standard lanthanum hexaboride (LaBs)
powder pattern.

B) HIGH RESOLUTION TRANSMISSION ELECTRON MICROSCOPY
(HRTEM)

Transmission electron microscopy (TEM) is a microscopy technique in
which a high energy beam of electrons is shone through an ultra-thin sample,
and the interactions between the electrons and the atoms can be used to
observe features such as the crystal structure and features in the structure
like dislocations and grain boundaries.

TEM can be used to study the growth of layers, their composition and defects
in semiconductors. Also, high resolution can be employed to analyze the
quality, shape, size and density of quantum wells, wires and dots.

TEM operates on the same basic principles as the light microscope but uses
electrons instead of light. Because the wavelength of electrons is much
smaller than that of light, the optimal resolution attainable for TEM images
is many orders of magnitude better than that from a light microscope. Thus,
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TEMSs can reveal the finest details of internal structure - in some cases as
small as individual atoms.

The equipment used in this work was a High-resolution transmission
electron microscopy (HRTEM) and selected area electron diffraction (SAED)
carried out with a FEI TALOS F200X microscope operated at 200 kV.

This technique has been used to obtain the orientation of the crystalline
plane, QDs size, the distance between planes and a chemical elements
analysis. This could be possible due to Selected Area Electron Diffraction
(SAED) measurements carried out inside TEM.

C) FIELD EMISSION SCANNING ELECTRON MICROSCOPY (FESEM)

FESEM images were taken by an Helios Nanolab 650 Dual Beam from
FEI company equipment, with a Tomohawk focused ion beam (FIB). This
microscope is equipped with an energy dispersive spectrometer (EDS) and
an electron backscatter diffraction detector (EBSD) from Oxford.

Field emission scanning electron microscopy (FESEM) provides
topographical and elemental information at magnifications of 10x to
300,000x, with virtually unlimited depth of field. @ Compared with
convention scanning electron microscopy (SEM), field emission SEM
(FESEM) produces clearer, less electrostatically distorted images with spatial
resolution down to 1 1/2 nanometers - three to six times better.

A field-emission cathode in the electron gun of a scanning electron
microscope provides narrower probing beams at low as well as high electron
energy, resulting in both improved spatial resolution and minimized sample
charging and damage.

In this Thesis, it has been used FESEM to obtain top view and tilted view
images of the surface material, to get thickness employing a cross section
analyzes and Energy dispersive spectrometer (EDS) was used to find the
atomic concentration of elements in the different nanostructures.
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D) ATOMIC FORCE MICROSCOPE (AFM)

Atomic Force Microscopy is a very-high-resolution type of scanning
probe microscopy, with demonstrated resolution on the order of fractions of
a nanometer. In this microscope, a sharp tip is raster-scanned over a surface
using a feedback loop to adjust parameters needed to image a surface.
Atomic Force Microscope does not need a conducting sample and atomic
forces are used to map the tip-sample interaction.

In this work, Topographic AFM examinations of GIZO thin films and
electrodes of photocapacitor were performed using a Nanoscope V tapping-
mode AFM (Veeco Instruments) employing sharp silicon tips, to obtain the
roughness of the surface.

E) RAMAN SPECTROSCOPY

Raman spectroscopy is a spectroscopic technique that provides
information about vibrational, rotational and other low-frequency modes
that can be used for sample identification and quantitation. The technique
involves shining a monochromatic light source (i.e. laser) on a sample and
detecting the scattered light.

In Raman spectroscopy applications, intense laser beams are used to create
Raman scattered light from a sample under test. The Raman finger print is
measured by a spectrometer. Optical filters are critical components in Raman
spectroscopy systems to prevent all undesired light from reaching the
spectrometer.

In this Thesis, Raman spectroscopy has been used to analyze PEDOT thin
film grown onto FTO and onto ZnO nanowires. The equipment used was a
Raman JASCO NRS-5100 spectrometer-microscope employing a laser of 532
nm with a power of 2.5 mW and an objective of 100x.
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F) ULTRAVIOLET - VISIBLE SPECTROMETRY (UV-VIS-NIR)

UV-Vis refers to absorption spectroscopy or reflectance spectroscopy in
the ultraviolet-visible spectral region. This means it uses light in the visible
and adjacent (near-UV and near-infrared [NIR]) ranges.

In the present work, it has been employed a spectrophotometer Varian Cary
5000 model with an integrating Spectralon sphere composed of a light
source, a monochromator which splits the light into a continuous
wavelength spectrum, and the detectors which register the intensity of
transmitted or reflected light depending on the measuring mode.

The aim of the measurements was to obtain the transmittance and reflectance
of the GIZO thin films and the electrodes of the photo-supercapacitor.

G) VAN der PAUW Method

The van der Pauw Method is a characterization technique used to
measure the resistivity, doping type, carrier density and Hall mobility of a
sample.

The van der Pauw Method employs a four-point probe placed around the
perimeter of the sample, in contrast to the linear four point probe: this allows
the van der Pauw method to provide an average resistivity of the sample,
whereas a linear array provides the resistivity in the sensing direction.

The van der Pauw technique is applicable for an arbitrary shaped sample as
long as the thickness of the sample is known and is uniform, the contact areas
are small, and the contacts are all on the perimeter of the sample. In this case
van der Pauw showed that:

TRAB,cD-4 mRpc,pad
(——) (———F)

e P +e p =1 (A.4)

In our work, this properties have been measured in the Microelectronic
Institute of Madrid (IMM-CNM-CSIC). The electrical charge carrier density
and Hall mobility were measured by Hall Effect measurement using a four-
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point van der Pauw method. The measurements were performed from 30K
to 300K, at a current of 1 mA and 3000 Gauss of magnetic field. The system
is home made, and the measurements use a conmutator Switch/Control Unit
3488A of Hewlett Packard, a current and voltage source of Keithley,
electromagnet TCR Power Supply of EM Inc., Temperature controller 805 of
Lake Shore Cryotronics and a vacuum system TPH 055 of Balzers Pfeiffer.
The software was developed with LabView. It has been used to measure
GIZO thin films whose size is 1 cm per square and the ohmic contacts were
a thin film of TiAIPtAu.

H) FOUR-POINT-PROBE SHEET RESISTANCE METHOD

A four points device has been used in order to measure sheet resistance
(Rsheet) of the GIZO thin films obtained. Sheet resistance is the resistivity of
a material divided by its thickness, and represents the lateral resistance
through a thin square of conducting/semiconducting material. This
measurement uses four probes arrayed in a line, with equal spacing between
each probe. A current is passed between the outer two probes, causing a
reduction in voltage between the inner two probes. By measuring this
change in voltage, the sheet resistance can then be calculated using the
following equation:

_ m
ST @) 1

(A5)

where I is the applied current and AV is the decrease in voltage between the
inner probes. The result of this equation must further be multiplied by a
geometric correction factor based upon the shape, size, and thickness of the
sample. This accounts for limitations to the possible current pathways
through the sample, which affects the values that are measured.

Initially, sheet resistance Rsq and electrical resistivity p of GIZO films were
measured in a Hewlett Packard 16055A chamber, using a Hewlett Packard
4140B as DC source and Keithley 181 as nanovoltmeter. Subsequently, these
results were corroborated by using a Four-Point Probe System from Ossila.
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I) CYCLIC VOLTAMMETRY

Cyclic voltammetry is one of the most used electrochemical techniques
to study reaction mechanisms. This technique provides information about
redox behavior of the sample, chemicals reactions where they participate
and the determination of thermodynamics parameters.

The process consists on the application of a swept of potentials in a working
electrode between two values at a controlled scan rate and the current
response is registered at the same time. When one voltage value is reached
then the potential swept is inverted as much as the cycle number is
programmed. This range of potential is chosen due to the values in which
the oxidation or reduction happens. The results appears as a cyclic
voltammogram in a E=f(i) plot.

In this Thesis, this technique has been carried out to electropolymerize
PEDOT from the monomer EDOT, and to characterize the supercapacitor
and the kinetics transfer of GIZO thin films.

J) GALVANOSTATIC CHRONOPOTENCIOMETRY

Galvanostatic chronopotenciometry is an electrochemical technique
based on the measure of potential in a system as a function of time, during
the application of a constant current intensity.

Specially, galvanostatic charge/discharge is employed to evaluate the
stability and capacitance of a supercapacitor along a large number of cycles.
Usually, the capacitance of supercapacitor decrease in every cycle according
to the increment of internal resistance.

This technique is very useful to evaluate the durability of the device and their
commercial advantages with regard to other supercapacitors.

Ideal plot of a supercapacitor shows a perfect triangle shape, with minimal
drop voltage on the top and the bottom of the slopes at the shift on every
steps.
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K) IMPEDANCE SPECTROSCOPY

Electrochemical impedance spectroscopy (EIS) is an electrochemical
technique where the sample under investigation is excited by a small
amplitude AC signal of potential or current in a wide range of frequencies
and the voltage or current is measured.

This technique allows cover several magnitude orders of frequency (from
MHz to pHz). It is defined like a characterization method of electrical
properties of materials and their contour properties, this information is
obtained with the analyze of electrochemical response of the electrodes when
they are submitted to an electrical impulse.

Impedance, Z(w) is defined like the relation between potential signal
applied and the current intensity response of the electrochemical system,
shown as:

Z(@) =57 (A.6)

Impedance can be expressed in vectorial form, dividing real and imaginary
components in the complex plane:

Z(w)=2"—iz" (A7)
where Z” is the real part and Z** the imaginary part of impedance.

The results of impedance are depicted as Nyquist Plot, where (Z7) is in

s

abscissas axis and (Z) is in ordinates axis.
Nyquist plot is formed for three areas well differences:

e High frequencies area: Imaginary part of impedance tends to zero
(resistive behavior of material).

e Low frequencies area: Imaginary part increases widely (capacitive
behavior of electrode).

¢ Intermediate frequencies area: There is a slope of impedances values
respect to abscissas axis.
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An ideal electrochemical capacitor is characterized by Nyquist Plot with a
vertical line in the low frequencies area and a slope respect abscissas axis of
a 45°. However, in the real supercapacitors are usually observed a little slope
in the line at low frequencies and a semicircle in the high-intermediate
frequencies, probably due to a higher resistance of device and diffusion
problems of electrolyte through porous structure of electrode.

The capacity of a supercapacitor can be obtained from results of impedance
spectroscopy, according the next equation:

-1
where o is the angular frequency and Z”’(f) is the impedance value in the
imaginary part for a given frequency.

In this Thesis, impedance spectroscopy has been used to determine the
dynamic parameters of the supercapacitor and the photosupercapacitor.
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APPENDIX B: RESUMEN EN ESPANOL

1. CAPITULO I: INTRODUCCION

A. CELDAS SOLARESY DISPOSITIVOS DE ALMACENAMIENTO

En las dltimas décadas, la creciente demanda mundial de energia y el
hecho de que los combustibles fésiles son limitados ha fomentado el
desarrollo y la investigacién de las energias renovables en muchos campos,
como la energia solar, las pilas de combustible, el almacenamiento de energia
o la energia edlica. Sin embargo, en el caso de las células solares, los tltimos
descubrimientos en celdas solares nanoestructuradas no se han
comercializado a gran escala, debido al alto coste de los materiales y al bajo
desarrollo de las técnicas industriales de fabricacion.

Por otro lado, una buena generacién de energia a partir de estos sistemas
fotovoltaicos debe combinarse con un adecuado almacenamiento de energia
y distribucion de la electricidad. De hecho, el almacenamiento de energia es
un factor crucial en la integracién de las fuentes renovables y desempefia un
papel importante en el mantenimiento de un sistema eléctrico moderno y
fiable. Este sistema debe evitar las fluctuaciones de potencia, permitir el
almacenamiento, mejorar la flexibilidad del sistema eléctrico permitiendo el
suministro de energia.

Hay una amplia variedad de sistemas de almacenamiento de energia,
incluyendo sistemas mecénicos, eléctricos, térmicos o electroquimicos. Los
supercondensadores electroquimicos, las pilas de combustible y las baterias
son tres tipos de dispositivos de almacenamiento de energia electroquimica
maés importantes utilizados en la actualidad. Concretamente para los
sistemas fotovoltaicos, los tipos mas comunes de dispositivos de
almacenamiento electroquimico son las baterias, como la de niquel-cadmio,
cloruro de sodio-niquel, plomo-acido o las de i6n-litio. Ademas, entre los
dispositivos de almacenamiento eléctrico se encuentra el supercondensador
electroquimico (también conocido como supercondensador), con una alta
densidad de potencia y densidad de energia. Existen tres tipos de
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supercondensadores, tales como condensadores de doble capa,
pseudocondensadores y condensadores hibridos, cuya diferencia es el

mecanismo de almacenamiento de carga.

Hoy en dia, la mayoria de las células solares vendidas en el mercado estan
fabricadas de obleas de silicio, conocidas como tecnologia de células solares
de "primera generacién". Debido al limite de Shockley-Queisser para
dispositivos de banda tnica, esta tecnologia ha alcanzado eficiencias récord
de laboratorio del 26,7% para la tecnologia basada en obleas de silicio
monocristalino. Dado que existe un limite termodinamico en la conversion
de la luz solar en electricidad del 93%, se espera que una nueva célula
fotovoltaica (FV) emergente y menos costosa llamada de "tercera generaciéon"
supere las eficiencias de las células solares anteriores. En esta Tesis, el
electrodo fotoactivo estd compuesto por una "Célda Solar Sensibilizada por
Puntos Cuanticos" debido a sus muchas ventajas, como se explica en el
Capitulo III dedicado al foto-anodo.

Un elemento comin a ambas partes, generacion de energia y
almacenamiento es el 6xido transparente conductor (TCO). Este elemento es
esencial y funciona como sustrato siendo fundamental para el éxito del
dispositivo final.

La combinacién de una célula solar con un supercondensador en un solo
dispositivo se conoce como foto-supercondensador, recibiendo cada vez mas
interés en los ultimos afios por sus mdultiples aplicaciones en futuros
dispositivos portatiles. Este dispositivo es capaz de generar y almacenar
electricidad al mismo tiempo a partir de la energia solar.

B. MOTIVACION

La conversion de la energia solar y el almacenamiento de la electricidad
producida se estan convirtiendo en estrategias clave para resolver los
problemas de la crisis energética y su uso sostenible. En la actualidad, el
marco conceptual y experimental del problema es la necesidad de edificios
autosuficientes, lo que lleva a la utilizacién de la luz solar incidente en las
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ventanas convirtiéndola en electricidad y la necesidad de almacenar esa
energia para ser utilizada posteriormente. La célula solar transparente de
capa fina cumple la primera misién y las baterias o el dispositivo de
almacenamiento cumplen la segunda misién. Una parte fundamental de
este problema es la posibilidad de combinar la fotogeneracién con el
almacenamiento de energia de una manera eficiente.

Existen algunos disefios desarrollados para combinar ambas funciones, la
conversion de energia solar y el almacenamiento de energia eléctrica en un
tnico dispositivo transparente para ventanas inteligentes.

Si se tiene en cuenta que el consumo energético de los edificios residenciales
y publicos es de alrededor del 40% del total, y generalmente 2/3 de este
consumo se debe a las necesidades de acondicionamiento térmico e
iluminacién de los edificios; es evidente la necesidad de reducir el consumo
de energia en los edificios y, si es posible, lograr la autosuficiencia en los
mismos. El ahorro de energia puede abordarse mediante el uso de
dispositivos con un menor consumo de energia, pero el aumento de la
poblacién compensa los efectos de reduccién por esta via. El objetivo ideal
es la reduccion del consumo de energia a través de la autosuficiencia
energética. La disminucién del consumo de energia puede y debe lograrse a
través de diferentes lineas de accion. El uso de la radiacién solar incidente en
las ventanas de los edificios mediante su conversién en energia eléctrica y la
regulacion de la energia que fluye a través de las ventanas son dos maneras
de ahorrar energia.

Para ser autosuficiente, un edificio tiene que generar su propia energia, lo
que requiere sistemas que puedan aprovechar la radiacién solar incidente. Si
los dispositivos se van a integrar en las superficies acristaladas, deben ser
transparentes o semitransparentes. Idealmente, deben ser transparentes en
la region visible y el color percibido neutro, a menos que se desee un color
debido a la estética del edificio.

Lograr dispositivos estables comienza con una correcta seleccion y
optimizacion de los elementos que los componen. Asi, todos los dispositivos
activos mencionados, fotogeneradores, acumuladores y reguladores de
energia, necesitan conductores transparentes para sus contactos eléctricos y
para los electrodos que forman parte de cualquiera de los dispositivos. Por
lo tanto, los materiales clave en el desarrollo de este tipo de dispositivos son
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los conductores transparentes y los electrolitos poliméricos transparentes.
Los 6xidos conductores transparentes (TCO) comprenden una clase de
materiales que pueden considerarse como materiales que conjugan
propiedades de interés tecnolégico como la conductividad eléctrica y la
transparencia.

Un dispositivo alternativo a las células y baterias solares es el
fotocondensador, ya que estd construido de ambos en un solo dispositivo.
Un fotocondensador es un dispositivo capaz de generar energia a partir de
la radiacion solar y almacenarla posteriormente durante un tiempo
suficiente. Las ventajas del fotocondensador son la posibilidad de ser
integrados en ventanas de edificios, la rapidez de carga (foto-respuesta), la
estabilidad y el aumento de la ciclabilidad.

C. OBJETIVOS

El objetivo general de la presente tesis es disefar, desarrollar y
caracterizar un fotocondensador transparente capaz de captar la energia
solar, transformarla en electricidad y almacenarla de forma eficiente.

Para lograr este objetivo, se propusieron las siguientes estrategias:

1) Identificar y desarrollar un ¢xido conductor transparente (TCO) con
propiedades optoelectronicas adecuadas para formar parte del
fotoanodo del dispositivo fotocondensador final.

2) Preparar nuevas arquitecturas de materiales semiconductores
nanoestructurados en un amplio rango de morfologias, buscando la
combinacién sinérgica de propiedades como electrodo de fotodnodo.

3) Sintetizar polimeros conductores por electrodeposicion y obtener
electrolitos conductores iénicos transparentes basados en liquidos
i6nicos comerciales para construir un supercondensador.

4) Ensamblar y caracterizar el dispositivo fotocondensador a partir de
los elementos anteriores.
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D. ESQUEMA DE LA TESIS

Esta Tesis Doctoral consta de cinco capitulos; esta primera introduccién
explica en términos generales la situacién energética de la sociedad y la
necesidad de conseguir infraestructuras mas eficientes energéticamente,
también se da una vision global de los distintos tipos de sistemas de
almacenamiento y captaciéon de energia. La descripciéon de los objetivos y
estrategias a seguir también son parte de este primer capitulo.

En el Capitulo II se presenta un 6xido conductor transparente (TCO)
emergente y de fabricacién propia llamado Oxido de Zinc Indio Galio. Esta
pelicula delgada ha sido desarrollada y caracterizada para su uso como
electrodo transparente.

El tercer capitulo trata de una célula solar de tercera generaciéon (3G),
centrandose en la fabricacion y caracterizacion de células solares
sensibilizadas con puntos cudnticos y nanohilos de 6xido de zinc. Ademas,
se presentan los resultados de la caracterizacion fotoelectroquimica.

El capitulo IV esta dedicado al desarrollo de la parte de almacenamiento de
todo el dispositivo, concretamente el supercondensador. Los principales
resultados, materiales y metodologia se discuten en este capitulo.

El fotocondensador final se presenta en el quinto capitulo, después de haber
combinado los dispositivos individuales anteriores como el fotodnodo y el
supercondensador.

Finalmente, una breve descripciéon de las técnicas de caracterizacion
utilizadas a lo largo del proyecto se puede encontrar en el Apéndice A, junto
con el resumen obligatorio en espafiol en el Apéndice B.
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2. CAPITULO II: OXIDOS TRANSPARENTES CONDUCTORES:
GIZO

A. INTRODUCCION

Los o¢xidos conductores transparentes (TCOs) son una parte muy
importante en muchos dispositivos optoelectréonicos como las células solares
y también en nuevos dispositivos relevantes para la generacion y
almacenamiento de energia como los fotocondensadores, que son
dispositivos novedosos y prometedores que permitiran producir energia a
partir de la luz solar y almacenarla en el mismo dispositivo. La obtencion de
células solares y fotocondensadores eficientes requiere un cuidadoso disefio
de todas sus partes y, sin duda, los electrodos transparentes juegan un papel
importante como parte activa en el desarrollo de estos dispositivos. El 6xido
de Zinc (ZnO) dopado con aluminio (Al) o galio (Ga), y més recientemente
con indio (In), son materiales que pueden cumplir los requisitos de los
dispositivos optoelectrénicos. Una oportunidad para obtener mejores
materiales de TCO es utilizar compuestos de ZnO dopados con Ga e In, es
decir, 6xido de indio-galio-zinc (GIZO). La densidad del portador de carga
y su movilidad determinan la conductividad y para obtener mejoras
significativas es necesario combinar ambos adecuadamente.

En general, no existen en la bibliografia investigaciones basadas en una
metodologia con base estadistica para llevar a cabo los experimentos de
laboratorio para el crecimiento de capas delgadas. En esta Tesis, se ha elegido
una planificacién de los experimentos mediante un disefio experimental
para el crecimiento de las peliculas delgadas de GIZO, para lograr peliculas
de GIZO con conductividad eléctrica y transparencia 6ptimas. Se ha
empleado el diseho de experimentos de superficie de respuesta Box-
Behnken, para evaluar los efectos de tres factores: potencia aplicada al target
de In;Os, temperatura del sustrato y tiempo de sputtering. El objetivo ha sido
establecer el efecto de dichos factores sobre las propiedades morfoldgicas,
estructurales, eléctricas y Opticas de las peliculas de GIZO, tales como la
densidad del portador de carga, la movilidad, la cristalinidad, transparencia,
conductividad, etc. El objetivo final es obtener peliculas de GIZO con un
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buen compromiso entre transparencia y conductividad para ser utilizadas
como electrodos transparentes. Para ello, se han definido por primera vez
nuevas figuras de mérito (FOM) como una modificacion de otras FOMs,
propuestas por otros autores. Las FOMs se han aplicado comparativamente
a las peliculas de GIZO obtenidas.

B. MATERIALES Y METODOS

Para el crecimiento de las peliculas delgadas de GIZO, se eligié un
proceso de evaporacion mediante magnetrén por radiofrecuencia (RF). La
principal ventaja de este método es la posibilidad de controlar el crecimiento
de peliculas puras y densas variando pardmetros como la temperatura, el
tiempo, la potencia de RF de los targets, el flujo de gases en la camara
principal o la presiéon de evaporacion. La técnica de sputtering es una técnica
utilizada para el crecimiento de peliculas delgadas de un material sobre un
sustrato.

En esta Tesis, los electrodos de pelicula delgada de GIZO han sido crecidos
sobre sustratos de vidrio de 1y 2 cm? después de la correcta limpieza en bafio
de ultrasonido con isopropanol (10 min), agua desionizada (10 min), acetona
(10 min) y, finalmente, secados bajo flujo de nitrégeno. Se emplearon dos
tipos de targets ceramicos: GaxOs (2%):ZnO (98%) y In20s (99,99%).

Como se ha mencionado, se ha utilizado un disefio factorial de superficie de
respuesta Box-Behnken para organizar la experimentacién y determinar los
efectos de tres pardmetros de sputtering, tal como la potencia del target (P) de
In>O;, el tiempo de evaporacion (t) y la temperatura del sustrato (T), sobre
las propiedades de las capas de GIZO vy las interacciones potenciales entre
estos tres factores. Los tres niveles utilizados para los factores estan se
recogen en la Tabla 2.1 y son, potencia de In,O; de 80 W, 110 Wy 140 W, y
las temperaturas del sustrato son 150, 250 y 350 °C. Las peliculas fueron
depositadas durante 20, 40 y 60 min. La presién de trabajo en la cdmara de
vacio se mantuvo constante en 1.4 x 102 mbar, y se utilizé un flujo de gas
argon (Ar) de alta pureza (5N), regulado por un controlador de flujo masico
a 12 sccm.
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C. RESULTADOS Y DISCUSION

Los valores mas altos de conductividad eléctrica se obtuvieron para
peliculas de GIZO con relacién atémica In/Zn = 1, siendo el mejor valor
alcanzado de conductividad 1.75 x 10°® Q1! cm?, y mejorando la
conductividad de ZnO puro, Oxido de Galio y Zinc (GZO) y otras peliculas
de GIZO depositadas por el método de sputtering. El resultado mas alto
obtenido para la movilidad electrénica fue de 45 (cm?2 V-1 s1). A partir del
disefio se deduce que el espesor aumenta linealmente con el tiempo de
evaporacién y la potencia aplicada al target de InoO;, y la relacion In/Zn
aumenta también con la potencia aplicada. Los parametros cristalinos de la
estructura hexagonal cambian con la relacién In/Zn y la densidad del
portador de carga esta relacionada con esos cambios y, por lo tanto, con la
estequiometria de GIZO. Las peliculas de GIZO crecieron orientadas en el
eje “c”. El pequefio porcentaje de Ga produce amorfizacién de la estructura
cristalina, lo que lleva a un aumento de la movilidad y conductividad de los

portadores de carga.

El aumento de la absorbancia solar, debido al aumento de la absorbancia
espectral en la regién infrarrojo cercano (NIR), estd relacionado con la
frecuencia del plasma y, por tanto, con la densidad de portadores de carga.
Se han propuesto por primera vez nuevas figuras de mérito (FOMs) que
utilizan valores integrados, ponderados por funciones para la radiacion
visible y solar, en lugar de valores individuales de la radiacion transmitida
o del coeficiente de absorcion. Las figuras de mérito definidas indican que el
mejor balance entre conductividad y transparencia para aplicaciones visibles
y solares de las peliculas GIZO (2% Ga/Zn) como TCOs se encuentran en el
rango In/Zn de 0.85-0.90.
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3. CAriTULO III: FOTOANODO

A. INTRODUCCION

Las Células Solares Sensibilizadas (SSCs) han irrumpido en el campo de
la energia solar en las ultimas dos décadas como dispositivos fotovoltaicos
de "tercera generaciéon" muy prometedores, entre los que se encuentran las
Células Solares Sensibilizadas con Colorantes (DSSCs) y las Células Solares
Sensibilizadas con Puntos Cuanticos (QDSSCs). En los DSSCs, un colorante
molecular organico y/o metélico es el material absorbente de la luz, mientras
que los QDSSCs utilizan un punto cudntico semiconductor inorganico (QD)
para actuar como material de recoleccion de luz. Los QDSSCs aparecen
como un nuevo concepto de SSCs, debido a sus ventajas como el bajo coste,
la posibilidad de realizar la absorcién de luz en regiones de amplio espectro
solar, la facilidad de fabricacién y la generaciéon de multiples excitones, lo
que conlleva a una eficiencia teérica de hasta el 44%. En esta Tesis, se ha
desarrollado una celda solar basada en puntos cudnticos de Ag,S para la
generacion de electricidad a partir de energia solar en el dispositivo final
fotocondensador.

Los puntos cuédnticos se definen como un grupo de semiconductores con un
ancho de banda estrecha que es una nanoparticula de dimension cuasi-cero
caracterizada por su efecto tinico de confinamiento cuédntico. Este fenémeno
ocurre cuando el didmetro del QD es menor que el radio de Bohr. Estas
caracteristicas hacen que los QDs posean anchos de banda modificables,
generacion de excitones multiples y coeficientes de absorcién mas altos que
las moléculas de colorante.

El principio de funcionamiento de los QDSSCs es inicialmente producir una
irradiacién ligera para producir una foto-excitacion de los nanocristales
semiconductores que lleve a una separaciéon del excitén (pares electrén-
hueco) de la Banda de Valencia (VB) a la Banda de Conducciéon (CB).
Consecuentemente, los electrones son inyectados en el semiconductor de
banda ancha, y el hueco es conducido al material transportador del hueco,
para finalmente ser recogido en sus respectivos contactos.
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B. MATERIALES Y METODOS

Como conductor transparente se empleé GIZO, obtenido segin se
describe en el capitulo II, y 6xido de estafio dopado con flaor (FTO)
comercial con una resistencia de capa de 10 /g, ambos crecidos sobre
sustrato de vidrio. El tamano de las muestras fue de 2 cm x 1 cm.

La técnica de Spin Coating se empled para depositar una fina capa semilla
de ZnO sobre sustratos de FTO para el posterior crecimiento de nanohilos
de ZnO. Para el crecimiento de nanohilos de ZnO por sintesis electroquimica
sobre FTO/ZnO con capa semilla, la experimentacion se planificé segin un
disefio superficie respuesta Box-Behnken para estudiar el efecto de los
pardmetros de sintesis electroquimica como el tiempo de crecimiento (30, 60,
90 min), la temperatura de la solucién (60, 70, 80 °C) y la concentracién de la
solucioén (0,1, 1, 1,9 mM), sobre las propiedades de los nanohilos obtenidos
de ZnO. Ademas, los nanohilos de ZnO se crecieron sobre FTO/vidrio sin
capa semilla wutilizando la condiciéon Optima encontrada para la
electrodeposicion para su comparacion. Por otro lado, los nanohilos de ZnO
se electrodepositaron sobre GIZO/vidrio sin capa semilla para obtener un
foto-dnodo para el fotocondensador final.

Se ha utilizado la técnica de sucesivas inmersiones y reacciones de adsorcién
(SILAR) para el crecimiento de los puntos cuanticos de sulfuro de plata
(Ag2S) sobre los nanohilos de ZnO. Esta técnica consiste en la inmersion del
sustrato en una solucién catiénica donde son adsorbidos los iones sobre la
superficie, seguidamente se sumerge en agua desionizada o solucién
organica para inmovilizar los iones adsorbidos. Posteriormente, al sumergir
el sustrato sobre una solucion aniénica tiene lugar la reaccién entre los
cationes adsorbidos y los aniones formando una primera capa delgada sélida
del compuesto requerido. Se usaron distintas condiciones de crecimiento tal
como, concentracién de precursor y nimero de ciclos de SILAR para estudiar
su influencia en la fotorespuesta del dispositivo. Posteriormente se realizé
un tratamiento térmico en horno para mejorar la cristalinidad de las
nanoestructuras. El siguiente paso ha sido el recubrimiento de los puntos
cuanticos con una capa pasivante de sulfuro de zinc (ZnS) para evitar la
recombinacién de los pares electrén-hueco generados. Esta capa también se
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ha depositado por el método SILAR y se ha estudiado la influencia del
numero de capas sobre las propiedades fotoelectroquimicas. Finalmente, el
fotoanodo se finaliza con la sintesis de un material conductor de huecos, en
nuestro caso, poli (3,4-etilendioxitiofeno) (PEDOT) sobre las nanoestructuras

crecidas anteriormente.
C. RESULTADOS Y DISCUSION

Se ha sintetizado y optimizado las condiciones de crecimiento del foto-
anodo. Inicialmente se ha depositado una doble capa semilla de ZnO sobre
el sustrato de FTO para mejorar los sitios de nucleacién para los nanohilos.
Se han crecido satisfactoriamente nanohilos de ZnO sobre sustratos de FTO
y de GIZO comprobidndose que cuando se emplea esta capa conductor
transparente. Se han optimizado los pardmetros de electrodeposicion de los
nanohilos de ZnO, encontrando las condiciones 6ptimas de temperatura en
70°C, 1 hora de crecimiento y concentracion de la solucion de 1 mM, segtun
el grado de orientacion en el plano (0002), diametro, longitud y densidad de
los nanohilos. En un segundo paso, los pardmetros del método SILAR para
el crecimiento de puntos cuanticos de Ag»S (concentracién de la solucién y
numero de ciclos) y las capas de ZnS se optimizaron con éxito en funcion de
las propiedades fotoelectroquimicas del fotoanodo. Las mejores condiciones
de crecimiento de los puntos cuanticos resultaron para una concentraciéon de
precursor de 0.05M durante 9 ciclos de SILAR. Para la capa pasivante de ZnS,
el crecimiento durante 4 ciclos de SILAR resulté ser el que mayor foto-
respuesta alcanzaba. Se ha electrodepositado satisfactoriamente la pelicula
del polimero PEDOT sobre las nanoestructuras anteriormente explicadas.
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4. CAPITULO IV: SUPERCONDENSADOR SIMETRICO

A. INTRODUCCION

El desarrollo y la implantacion a gran escala de las energias renovables
estdn estrechamente relacionados con la posibilidad de disponer de
electricidad en cualquier momento del dia, sin depender de las fluctuaciones
debidas a los cambios meteorolégicos, como la llegada de la noche o las
variaciones de la velocidad del viento.

Los supercondensadores electroquimicos, las pilas de combustible y las
baterias son tres ejemplos de los dispositivos de almacenamiento de energia
electroquimica més importantes utilizados en la actualidad. A este respecto,
el supercondensador electroquimico o también conocido como
supercondensador ha despertado un gran interés en este campo de
almacenamiento debido a sus notables ventajas, como su larga vida util
(>100 000 ciclos), su sencillo principio de funcionamiento, su alta densidad
de potencia y su rapida velocidad de carga y descarga, si se compara con las
baterias y las pilas de combustible. Este dispositivo estd compuesto por dos
electrodos (4nodo y catodo) y un electrolito intermedio. Las diferentes
caracteristicas que debe cumplir un buen electrolito son: una amplia ventana
de potencial; alto nimero de portadores, baja inflamabilidad, respetuoso con
el medio ambiente; alta estabilidad quimica y electroquimica; alta
conductividad i6nica; amplio rango de temperaturas de funcionamiento y
bajo coste.

En esta Tesis se ha elegido como cdtodo un supercondensador simétrico
como dispositivo de almacenamiento compuesto por un conductor
polimérico (PEDOT) como electrodo y un liquido iénico como electrolito.



177 | Appendix B: Resumen en Espafiol

B. MATERIALES Y METODOS

En un primer paso, el polimero PEDOT se sintetiz6 mediante la
electropolimerizacion del monémero etilendioxitiofeno (EDOT) sobre
sustratos comerciales de FTO/vidrio después de la limpieza ultrasénica
adecuada. Se utilizé una celda electroquimica de configuraciéon de tres
electrodos, empleando una lamina de Pt como contraelectrodo, un electrodo
de calomelano saturado (SCE) como electrodo de referencia y un sustrato de
vidrio recubierto de FTO como electrodo de trabajo. La pelicula delgada de
PEDOT fue electrodepositada por voltamperometria ciclica de-0.8a2V a75
mV/s utilizando un potenciostato Biologic VSP, durante 5 ciclos y 10 ciclos
para obtener dos supercondensadores diferentes y evaluarlos de forma
comparativa.

La sintesis del electrolito basado en liquido i6nico comercial y
polivinilpirrolidona (PVP) se realizé mezclando proporciones definidas del
polimero (PVP), metanol (CHsOH) y liquido iénico comercial (1-hexyl-3-
methylimidazolium [HEMIm][BFs]. Una vez preparado el electrolito, se
depositd sobre sustratos PEDOT/FTO por el método de inmersiéon (dip
coating). Entre cada uno de los dos ciclos de inmersion, las muestras se
secaron durante 10 minutos utilizando una lampara halégena.

Finalmente, la muestra de vidrio/FTO/PEDOT/Liquido i6nico-PVP recién
preparada se coloc sobre el electrodo de vidrio/FTO/PEDOT por simple
presion manual, empleando un separador de pelicula de polimero entre ellos
(Meltonix, 25 pm, de Solaronix). Todo el dispositivo fue calentado en una
placa caliente durante 5 minutos para lograr el sellado del separador con los
dos electrodos.
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C. RESULTADOS Y DISCUSION

Se ha sintetizado con éxito un supercondensador simétrico que utiliza
PEDOT electrodepositado como electrodos y [HEMIm][BF,]/PVP polimero
liquido iénico como electrolito. Se consiguié una buena conductividad iénica
de 0 = 1.5 x 10® S cm! para el electrolito de polimero liquido iénico. El
electrolito sintetizado es transparente alcanzando un maximo de
transmitancia del 90 % en el intervalo del espectro visible. Se ha obtenido un
valor bajo de energia de activacion para el electrolito de Ea=0.28 eV, siendo
un valor deseable para su aplicacion en supercondensadores. El
almacenamiento de energia en este dispositivo se logra a través de los
mecanismos de separacién de cargas y reacciones redox reversibles en el
electrodo de PEDOT. Se ha estudiado la influencia del espesor de la pelicula
PEDOT en la capacitancia especifica global del supercondensador,
encontrdndose que el supercondensador crecido durante 5 ciclos de PEDOT
mostraron mejores propiedades electroquimicas que el supercondensador
de 10 ciclos de PEDOT. La capacidad gravimétrica especifica més alta fue de
21.04 mF g1 basada en los datos de voltametria ciclica a bajas velocidades de
barrido. La densidad de energia y la densidad de potencia resultaron ser
0.046 mWh/ gy 59.28 mW /g, respectivamente.
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5. CAPITULO V: FOTOCONDENSADOR

A. INTRODUCCION

Como se ha comentado en los capitulos anteriores, la fluctuacién de la
potencia de salida de las células solares debido a la luz solar intermitente y
a la necesidad de disponer de dispositivos de almacenamiento de energia
adecuados hace necesaria la obtencién de un nuevo y prometedor
dispositivo. El fotocondensador es un innovador dispositivo de energia que
combina la funcién de conversién fotoeléctrica de una célula solar con la
capacidad de almacenamiento de energia de un supercondensador. La
posibilidad de generar y almacenar energia simultineamente en un solo
dispositivo ha atraido la atencion de la investigacién intensiva en los tltimos
afios. Desde que Miyasaka et al.[16] fabricaron por primera vez un
fotocondensador en 2004, combinando un DSSC y un supercondensador,
este campo de investigacién se ha desarrollado rapidamente en los tltimos
14 afios.

Dependiendo de su estructura, el fotocondensador se puede clasificar de dos
formas. Por un lado, dependiendo del ntiimero de electrodos, existen
configuraciones de dos o tres electrodos y por otro lado existen dispositivos
con estructura planar y en forma de fibras cilindricas o en espiral.

En general, el principio de funcionamiento de un fotocondensador con
estructura planar de dos electrodos es el siguiente: cuando el
fotocondensador estd iluminado, la corriente fotoeléctrica generada en el
fotodnodo es conducida a través de un semiconductor de banda ancha hacia
el contraelectrodo a través del circuito externo, donde se acumula en la
superficie formando una carga negativa de doble capa. Una vez cargado el
fotocondensador, se produce el proceso de descarga galvanostatica a través
del circuito externo.

En el caso de un sistema fotocondensador de tres electrodos, ocurre un
procedimiento similar. Cuando el fotocondensador esta iluminado se
cortocircuitan el fotodnodo y el contraelectrodo. Una vez cargado el
fotocondensador, se produce el proceso de descarga galvanostatica a través
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del circuito externo cortocircuitando en este caso, el electrodo intermedio y
el contraelectrodo. Ahora, el electrodo intermedio y el contraelectrodo
funcionan como electrodos cargados positivos y negativos, respectivamente.

Por otro lado, ademas de la tradicional estructura plana explicada
anteriormente, existe un nuevo tipo de fotocondensador integrado en forma
de fibra. Estos dispositivos en forma de fibra se obtienen enrollando la
estructura plana. Normalmente, la parte de la célula solar y la parte de
almacenamiento o supercondensador se encuentran en forma de fibra y
estan integradas en la estructura de configuracién del nicleo o enrollada.
Este dispositivo tiene las ventajas de la ligereza, la flexibilidad y la
compatibilidad con los tejidos textiles. Ademads, las células solares de fibra
tienen la ventaja tinica de tener propiedades independientes del angulo de
incidencia de la luz en comparacién con los fotocondensadores de estructura
plana.

En esta Tesis, se ha elegido una configuracion de células solares
sensibilizadas con puntos cudnticos para la parte fotoanddica y un
supercondensador simétrico con electrodo de PEDOT para la parte de
almacenamiento de energia.
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B. MATERIALES Y METODOS

Inicialmente, se ha disefiado y fabricado un fotocondensador durante la
Tesis basado en un fotodnodo compuesto por una celda solar sensibilizada
con puntos cuanticos usando como sustrato FTO comercial, habiéndose
explicado su desarrollo en el capitulo III. El electrolito y el contraelectrodo
empleado ha sido liquido i6nico y PEDOT, respectivamente, explicados en
el capitulo IV.

Seguidamente, se ha fabricado el mismo tipo de fotocondensador explicado
anteriormente donde tinicamente se sustituye el sustrato de FTO comercial
con capa semilla por la capa delgada de GIZO conductora y transparente
explicada en el capitulo II.

Finalmente, se ha caracterizado un dispositivo fabricado por nuestro grupo
de investigaciéon en el laboratorio basado en un fotoanodo de una capa
delgada de TiO; sin ningan tipo de sensibilizante crecida por magnetron
sputtering, un contraelectrodo de LiFeO, depositada por spray pirdlisis y un
electrolito compuesto por PVP/[HEMIm][BF4].

El ensamblaje del fotodanodo con el contraelectrodo de dichos
fotocondensadores ha sido por presiéon mecanica una vez depositado el
electrolito sobre una de las caras que funciona como agente viscoso y une
ambas partes.

C. RESULTADOS Y DISCUSION

Se han disefiado, desarrollado y caracterizado con éxito dos tipos de
fotosupercondensadores con estructura planar de dos electrodos. En este
capitulo final se presentan los mejores resultados de eficiencia global y
eficiencia de almacenamiento para cada tipo de dispositivo. El
fotosupercondensador transparente basado en TiO2 es un nuevo concepto de
dispositivo transparente generador y almacenador de energia eléctrica, ya
que no se compone de nanoestructuras ni materiales sensibilizantes
organicos ni inorganicos.
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Existe una mejora de la eficiencia de conversiéon y global entre el
fotosupercondensador basado en TiO; y el basado en QDSSC debido a la
adicion de QDs soportados en los nanohilos de ZnO que producen mayores
fotocorrientes. En cuanto al fotocondensador final basado en el QDSSC de
GIZO, se han encontrado eficiencias ligeramente més bajas debido al mayor
diametro de los nanohilos, lo que provoca una menor area superficial, un
menor namero de QDs depositados y por tanto a una menor fotorespuesta.
A partir de la comparacién de los tres dispositivos, se ha encontrado el valor
maés alto de eficiencia global para el fotocondensador basado en el fotodnodo
de QDSSC con capa semilla de ZnO siendo su valor de 8.25 x 104%, la
eficiencia de foto-conversion mas alta obtenida para este dispositivo fue de
0.012% con una eficiencia de almacenamiento de 6.83%.
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6. CAPITULO VI: RESUMEN Y CONCLUSIONES FINALES

e Las peliculas delgadas conductoras y transparentes de GIZO fueron
crecidas con éxito sobre sustratos de vidrio mediante magnetron
sputtering. Se realiz6 una planificacion de los experimentos mediante
un disefio experimental de superficie respuesta Box-Behnken para
evaluar el efecto de los pardmetros de magnetron sputtering sobre las
propiedades estructurales, morfolégicas, Opticas, eléctricas y
electroquimicas de las peliculas de GIZO, para su aplicacién como
6xido conductor transparente en fotoelectrodos. Se han obtenido
peliculas de GIZO de alta conductividad, movilidad y densidad de
portadores de carga y elevada transparencia.

e Se propusieron nuevas Figuras de Mérito (FOMs) para las regiones
visible y solar, obteniendo el mejor compromiso entre conductividad
y transparencia de las peliculas de GIZO para aplicaciones visibles y
solares, resultando el 6ptimo para la relacion atémica In/Zn de 0,85-
0,90.

¢ Los nanohilos de 6xido de zinc (ZnO) se obtuvieron sobre peliculas
delgadas de GIZO sin el empleo de una capa semilla, y sobre
FTO/vidrio con una capa semilla depositada previamente. Se
encontraron las condiciones 6ptimas de crecimiento de los nanohilos
con respecto al tiempo de crecimiento, temperatura y concentraciéon
de la solucién de acuerdo al didmetro, tamafio de cristal, grado de
orientacién y longitud.

¢ Los nanohilos se recubrieron completamente con QDs de sulfuro de
plata (Ag.S), aumentando la absorcion de luz y la foto-respuesta del
fotoanodo. El valor mas alto de eficiencia se obtuvo para unas
condiciones de concentracion de 0.05M de AgNOs y NaxS empleando
9 ciclos de SILAR. Se demostré que la capa pasivante de peliculas
delgadas de sulfuro de zinc (ZnS) mejoraba las propiedades
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fotoelectroquimicas del fotoanodo, encontrando la mejor condiciéon
para 4 ciclos de recubrimiento.

Se han desarrollado dos supercondensadores simétricos basados en
un polimero conductor de PEDOT como electrodo y un polimero
liquido i6nico como electrolito (PVP/[HEMIm][BF4]). Se encontré
que el espesor de la pelicula de PEDOT influye en el rendimiento
final del supercondensador, resultando las mejores condiciones para
el supercondensador con el PEDOT crecido durante 5 ciclos.

Se han  disefiado y  desarrollado dos tipos de
fotosupercondensadores. El fotocondensador basado en TiO: y
LiFeO, como electrodos resulté ser un nuevo concepto de dispositivo
basado en dos electrodos de alta transparencia con una eficiencia de
fotoconversion de 8.1 x 10°% y una eficiencia global de 6.67 x 10-6%.
El fotocondensador basado en FTO/QDSSC como fotoanodo y
PEDOT como contraelectrodo demostré una mejora de la eficiencia
de la fotoconversion del 0.012% y la eficiencia global fue de 8.25 x 10-
4%. Se ha disefiado y desarrollado un fotocondensador
(GIZO/QDSSC), en el cual todas sus partes han sido fabricadas
integramente en nuestro laboratorio, mostrando resultados
aceptables de eficiencia. Con ello se ha analizado el efecto que tiene
el 6xido transparente conductor sobre el crecimiento de los nanohilos
de ZnOy el rendimiento final del dispositivo.
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