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Resumen

La celda solar sensibilizada por tinte (DSSC) resulta ser un interesante sistema
fotoelectroquimico cuyo desempefio se encuentra determinado por la optimizacion de las
propiedades eléctricas del material transportador de electrones, las propiedades
Opticas del absorbedor molecular y las caracteristicas cinéticas y electroquimicas del par
redox utilizado; sin embargo diferente a lo esperado teéricamente, interacciones complejas
en las interfaces involucradas conducen a rendimientos ain por debajo de los observados en
otras tecnologias fotovoltaicas. Los fendmenos que originan dichas interacciones y su efecto
sobre los parametros energéticos que definen la eficiencia de las celdas solares, y de forma

especifica en celdas solares basadas en ZnO, es el tema de estudio de este trabajo.

Hacia la fabricacion de dispositivos econdmicamente redituables, la obtencion de peliculas
de ZnO mediante métodos electroquimicos ha sido de nuestro interés, por lo que parte de esta
tesis presenta un estudio detallado sobre el efecto que la composicion del bafio electrolitico,
aditivos, precursores y condiciones de deposito utilizadas tienen sobre la morfologia y
propiedades estructurales de los materiales depositados. El uso de tintes organicos y su
combinacion con diferentes tipos de pares redox ha sido abordado a lo largo de este trabajo,
como una ruta viable hacia la obtencion de dispositivos fotovoltaicos mas eficientes al
incrementar la absorcion de luz y la cantidad de electrones colectados debido a las mejores
propiedades de transporte tedricamente esperadas para el ZnO. La caracterizacion de los
procesos de transferencia de carga y los mecanismos de recombinacion involucrados en el
funcionamiento de los dispositivos preparados en este trabajo mediante técnicas fisicas y
electroquimicas han dado pauta a la comprension de las modestas eficiencias obtenidas,

dejando claras directrices para el planteamiento y disefio de mejoras en dichos sistemas.






Abstract
The dye-sensitized solar cell (DSSC) is an interesting photoelectrochemical system whose
performance is determined by an optimization of the electrical properties of the electron
transporting layer, optical properties of the molecular absorber as well as the kinetics and
electrochemical features of the redox couple used. However, in contrast to the theoretical
results expected, complex interactions at the interfaces involved lead to low yields when
comparing with other photovoltaic technologies. The phenomena that originate these
interactions and their effect on the energetic parameters that define the efficiency of the dye-
sensitized solar cells, and in specific that of ZnO-based solar cells, is the topic of interest in

this work.

In order to move toward the fabrication of economically profitable devices, the synthesis of
ZnO films through electrochemical methods has been of our interest; hence, part of this work
presents a detailed study of the effect of the bath composition, additives, precursors and
deposition conditions used on the morphology and structural features of the deposited
materials. The use of organic dyes and their combination with different redox couples has
been explored in this work as a viable route toward more efficient photovoltaic devices to
increase the light absorption and the amount of the electrons collected, related to the better
transport properties theoretically expected for ZnO. The characterization of the charge
transfer processes and the recombination mechanisms involved in the operation of the
devices prepared in this work through physical and electrochemical techniques has resulted
in a better understanding of the modest efficiencies obtained, leading to clear guidelines for

the planning and design of improvements in such systems.
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1. Introduction

Currently, significant attention is given to the increasing global energy demand resulting
from a constant acceleration in the rate of growth of the world population [1]. On the basis
of such global emergency, great scientific and technological advances have been made in the
field of renewable energies, driven by the idea of satisfying the consumption in an accessible
and sustainable way. Between all the renewable energy sources at our disposal, the sun has
shown to have the capacity to supply almost completely the energy required, and can be

transformed to chemical, thermal or electrical energy.

For the last 50 years, photovoltaics, i.e. the conversion of solar energy to electricity, has been
the dominant form of renewable energy in terms of research and installations, however, until
recently the high cost of existing systems prevented a fast growth of the installed capacity.
This has changed dramatically in the past 10 years, and photovoltaics is essentially cost
effective and competitive with fossil fuels; the remaining obstacle is the high cost of
investment up front. Solar cells have developed from single crystalline silicon and GaAs, to
nanostructured, hybrid or all-organic materials in three generations: The first generation
consists of bulk, single or polycrystalline high-purity semiconductors, mainly silicon, which
still dominates the market. The second generation aims to lower the cost of the semiconductor
materials by designing amorphous or thin film solar cells, of which the best known examples
are CdS/CdTe (e.g. First Solar Inc; USA) and CIGS (Cu-In-Ga, S, Se). The third generation
is based on novel concepts, nanomaterials, hybrid and organic materials, with as best known
systems the dye-sensitized solar cell, organic photovoltaics (bulk heterojunction cells; small-

molecule systems), and the very recent rise of the hybrid perovskite solar cell [2]. The main
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advantages would be low cost of materials, fabrication methods, and easy installation,

especially in niche applications.

In 1991, Brian O'Regan and Michael Gratzel reported on the construction of photovoltaic
devices based on crystalline TiO. nanoparticles sensitized with a ruthenium complex as
molecular absorber to harvest light, the dye-sensitized solar cell (DSSC). The =7% of
conversion efficiency shown [3] generated expectations around the world, since DSSCs are
based on inexpensive and stable materials, and especially because they can be prepared at
low temperature conditions. These characteristics make DSSC an attractive solar technology
with the promise of low production costs at large-scale. The DSSC is conformed by a
nanostructured metal oxide film with high surface area, on which dye molecules are attached,
embedded in an electrolyte solution with an appropriate redox couple. Hence, the solar cell
combines nanotechnology, molecular light absorption, and photoelectrochemistry. The dye
absorbs the light and transforms it in an electrical current through the nanostructured film to
the external circuit; corresponding ion transport in the electrolyte solution in contact with the
dye molecules and a counter electrode closes the circuit. As a result of the processes
described above, an electrical current flows and, as a consequence, work can be performed,
all this without changing the internal chemistry of the solar cell; i.e., the DSSC is a fully

regenerative solar cell.

Nowadays, DSSCs have reached efficiencies as high as 14% [4], achieved by the
optimization of the cell components and a better understanding of the mechanisms of
generation and loss of electrons involved in the solar cell functioning. Based on this

observation, the selection of the most promising components (the film material, the dye and
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the redox couple) related with their single properties, is the starting point in the efficiency-

improvement process.

We begin our efficiency-improvement process with the selection of ZnO as the electron
transporting material, not only for its much better electrical properties (when comparing with
the commonly used TiO- [5]), but also for the simple synthesis methods by which it can be
obtained. However, by changing one component, all inter-related processes and kinetics
change, which makes it necessary to re-evaluate all other components of the solar cell. The
use of ZnO in DSSCs has been reported before in the literature [6-10], however, there are
still many questions on the fundamental aspects governing their performance. Hence, in this
project, we focus on several aspects of this system, by carefully designing the components
of the solar cell, including several methods to prepare the ZnO substrate, several dyes as

molecular absorbers, and several redox couples in the electrolyte solution.

In chapter 5 we study the preparation of ZnO films from ZnCl, and Zn(NOz)2 solutions by
electrodeposition (a low temperature and scalable deposition technique), showing the effect
that the deposition conditions and composition of the solutions have on the materials
obtained. The combination of this material with organic dyes able to absorb higher amounts
of light, promise an increase on the currents and voltages developed in the solar devices by
increasing the light captured and diminishing the electron losses due to undesirable reactions

at the interfaces formed by integration of all the components in the operative solar cell.

In parallel, our optimization process also tries to solve specific issues related with the ZnQO,
such as the poor chemical stability it shows in relatively acidic conditions, which usually

depends on the nature of the dye used. Thus, chapter 6 evaluates the performance of an
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organic dye that not only absorbs more light than the widely used ruthenium-based dyes, but
also shows a less acidic character to work on the stability problem. In addition, its "bulky"
structure allows us to consider to combine it with novel redox couples, such as the
[Co(bpy)s]?*®* coordination complex to take advantage of the interesting kinetic and

electrochemical properties they exhibit [11].

Chapter 7 takes this approach a step further, focusing on a series of non-acidic dyes that
makes them excellent candidates to interact with ZnO. The high light absorption they also
show, promise not only to overcome the ZnO stability issue, but also to increase the energetic

parameters of the cell and, finally, the overall performance.

Hence, the following work evaluates the performance of ZnO-based systems that were
carefully selected to give new insights in the factors that determine solar cell performance,
and the results obtained have led us to develop more specific strategies to achieve more

efficient ZnO-based DSSC:s.
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2. Background

2.1 Solar energy and solar cells

Solar energy has shown to be one of the most promising candidates to help cover the current
energy demand, and this is because the sun irradiates the earth in one hour with more energy
than the total energy consumed in one year [12]. From the total energy received by the earth,
about 30% of this is reflected by clouds and particles present in the atmosphere, returning to
outer space, 14% is absorbed by the atmosphere and only 56% reaches the surface of the
earth, approximately 1000 W m or 1 sun at sea level distributed along a broad range of

wavelengths (fig. 1)
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Figure 1.- a) Spectral irradiance and b) photon flux at the earth surface (AM1.5G) [13].

Solar cells are devices that transform solar energy into electricity, either directly via the

photovoltaic effect, or indirectly through its transformation to heat or chemical energy.
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Since its discovery, solar cells have evolved, basing their functioning on different
technologies; thus, they can be classified in three generations, indicating their order of
importance and historical relevance. The first generation of photovoltaic cells consisted of
bulk single crystal semiconductor p-n junctions, generally silicon. Today this technology
dominates the world production as well as the market. The second generation is based on the
use of very thin, epitaxial semiconductor devices, with cadmium telluride (CdTe), thin films
of amorphous and polycrystalline silicon, and Cu(In,Ga)Se> (CIGS), being the most
investigated materials. In the third generation, the photovoltaic devices are based on new
materials, including carbon nanotubes, nanocrystals, quantum dots, polymers and
photoelectrochemical systems; in general, attractive emerging technologies due to the low
cost projected for their large-scale production, as in the case of the dye sensitized solar cells

(DSSCs) [2].

2.2 The dye sensitized solar cell (DSSC): Description, energetics

and kinetics

The DSSC consists of a thin mesoporous and nanostructured metal oxide film (= 10 pm thick)
with a wide band gap energy, sensitized to solar radiation by anchoring a large number of
dye molecules with a high absorption coefficient in the visible on its surface. Upon light
absorption an electron is injected from an excited dye molecule (D*) into the metal oxide
conduction band, which travels through the nanostructured film toward the external circuit,
and on to the counter electrode. After charge separation, an oxidized dye molecule (D*) is

generated, which is reduced to its original state (D°) by an electron donor in the electrolytic
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solution and, subsequently, the oxidized form of the electron donor travels to the counter

electrode where it is regenerated, thus closing the cycle (graphically described in fig. 2).

The DSSC works on the principles of electron transfer processes between interfaces, for
which the presence of a driving force is necessary. Hence, for the three main processes
described here, the driving forces are given by the difference in the quasi-Fermi level of the
semiconductor under illumination and the redox potential of the redox couple, the difference
between the excited state level of the dye molecule and the position of the conduction band
in the semiconductor, and the difference between the redox potential of the redox mediator
and the redox potential of the ground state level in the dye (HOMO), for electron flow
through the film, electron injection into the semiconductor, and the regeneration of the

oxidized dye molecules, respectively.
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Figure 2.- Schematic diagram of the DSSC. The black arrows indicate the processes that lead to a

photocurrent, while the red ones indicate the most important recombination pathways.
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The efficiency of the electron transfer processes mentioned above depends on an effective
competition with the main recombination mechanisms in the device; Table 1 summarizes

these processes and their respective time constants.

Table 1.- Kinetics processes in DSSCs. The time constants were taken from reference [14].

Light absorption D° + hv — D*
Electron injection |D*—D*+e (CB) [=10%s
Dye relaxation D*—D°+ hv ~10%s
Electron transport |e(CB)— ¢ (FTO) |[=103s
Dye regeneration D*+ Red—D°+0x |=10°s
recombination with [e (CB)+ Ox— Red |~ 107?s
the redox couple
recombination with [e~ (CB)+ D*— D° |~ 10%s
the oxidized dye

recombination from | e (FTO)+ Ox— Red
the bare FTO

From table 1 it can be seen that if electron injection into the semiconductor is not fast enough,
the relaxation of the excited dye molecule is the most favored process and, as a consequence,
charge separation does not occur. Once the electrons have been injected, they can recombine
from the semiconductor conduction band through two pathways: with the oxidized dye
molecules attached on the semiconductor surface and with the electron acceptors in the
electrolyte solution; however, dye regeneration is usually a fast and efficient process so that
recombination with the acceptors in the electrolyte tends to be the most dominant electron
loss mechanism. Thus, as explained before, in the design of the interfaces involved the

energetic and kinetics features of each component have to be taken into account, and it is the
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balance between the generation and loss process what determines the current density and

voltage measured in the solar cell.

2.3 Components of the DSSC

2.3.1 The dye

The dye is the heart of the DSSC: through its photoexcitation, an electron is injected into the

conduction band of the metal oxide, and a hole to the electrolyte solution.

In 1993, the N3 dye was the first ruthenium-based dye reported and was for many years the
most used related to its high charge separation efficiency and spectral features [15]; however,
materials such as ZnO have shown a poor chemical stability at long sensitizing times in N3
and N719 (another Ru-based complex) dye solutions, leading to the formation of Zn?*-dye
aggregates on the semiconductor surface, which decrease the ability of the molecule to inject
electrons [16] [17] [18][19][20]. In this way, the choice of the dye not only depends on its
optical features, but also on the type of semiconductor to be used; hence, a large number of
dyes, either organic or organometallic, have been developed over time of more than three

decades.
The dyes to be used in these devices must cover some special requirements:

1) A wide absorption spectrum in the visible and even in the near infrared part of the

electromagnetic solar radiation spectrum.

2) An excited state lifetime large enough to avoid its relaxation before charge injection into

the semiconductor.
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3) The position of the excited state level has to provide enough driving force to promote the

electron transfer to the accepting states in the semiconductor.

4) The redox potential of the ground state has to be more positive than the redox potential of

the electron donor in the electrolyte solution in order to be regenerated after charge injection.

5) The dye has to be firmly grafted on the semiconductor surface through one or more

functional groups, which also provide a means for the electron injection.

Conversion efficiencies as high as 13% under standard irradiation conditions have been
reported in recent years, achieved through a better understanding on the design of these

molecular absorbers [21].

2.3.2 The mesoporous nanostructured semiconducting film

The nanostructured, semiconducting film is fabricated from crystalline nanoparticles
commonly synthesized by methods such as sol-gel, pyrolysis, and of our particular interest
by electrochemical routes. For applications in DSSCs, the film has to have a large surface
area as well as a good electrical contact with the substrate; in this way, a large amount of
sensitizing dye molecules will be able to adsorb at the surface, injecting electrons that will
be rapidly transported. Different to other photovoltaic devices, in DSSCs the transport of the
electrons in the mesoporous network is a diffusion-limited process driven by an electron
concentration profile along the film [22]. The dependence of this diffusive transport process
on the light intensity has been successfully explained with the multiple trapping model, which
assumes an exponential distribution of localized states below the conduction band edge; thus,

an increase in the diffusion coefficient is expected as the quasi-Fermi level in the

23



semiconductor moves to higher energy (with the light intensity) due to an increase of the

density of free electrons in the conduction band that trap and de-trap more easily [23].

Related to the metal oxide, almost all the research has been focused on TiO2 due to the high
efficiencies usually obtained; however, in recent years, a lot of attention has been put on a
variety of metal oxides such as SnO2, Nb2Os, Ta2,0s, WOs, Fe:03, ZrOz, CeO; and ZnO
among others. It is due to its easy fabrication and superior electronic mobility that ZnO has
been considered as one of the most promising candidates to replace TiO; as the electron
transporting material in high efficiency DSSCs, which explains the main motivation of this

work.

2.3.2.1 Electrodeposition

Electrodeposition or electroplating is an electrochemical technique used for the growth of
metals and metal oxides on conducting substrates. The material deposited is obtained through
the reduction or oxidation of electroactive species in the electrolytic bath when an electric
current flows between the working and the counter electrode. Figure 3 shows a schematic
diagram of a three-electrode electrochemical cell, which is the configuration chosen in this
work. The properties exhibited by the plated layers may depend on a variety of factors, such
as the pH, deposition current or voltage, agitation, time, composition of the electrolytic bath,
additives, geometry of the substrate, among others. The use of additives in the deposition
bath has been widely studied for the effects that they can generate not only on the kinetics of
the reactions that take place at the electrode, but also for their impact on the uniformity,

morphology and particle size of the materials deposited.
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Figure 3.- Diagram of a three electrode electrochemical cell.

Interesting ZnO architectures have been generated through electrodeposition from different

zinc precursors such as Zn(NOs)2 and ZnCly; it is the good quality of the films obtained and

the low temperature working conditions required that have made it an attractive and widely

used synthesis method for applications in DSSC [5].
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2.3.3 The electrolyte solution

In order to regenerate the oxidized dye molecule (D) to its ground state (D°) an electrolyte
solution is incorporated into the cell, filling the space between the sensitized film (or working
electrode) and the counter electrode. Usually, the electrolyte solution is based on a low
viscosity non-aqueous solvent, being the acetonitrile the most used, in which additives and a
redox couple (as charge carrier species) have been dissolved. Traditionally, the 17/13” redox
couple has been the common choice in the construction of DSSCs; its success relies on the
slow recombination kinetics observed with the electrons at the semiconductor surface and
fast dye regeneration; however, the large overpotential needed for this process is its main

disadvantage, limiting the voltage and conversion efficiency of the cells [24].

The use of alternative redox couples based on pseudohalogens [25], cobalt (11/111) complexes
[11], copper (I/11) complexes [26], and organic radicals (such as the TEMPO/TEMPQ) [27]
among others, has been studied as a route to increase the cell photovoltage, to reduce the loss
related to the overpotential as in the case of the 1/13” redox couple. Encouraging results have

been obtained with this approach.

In the preparation of an electrolyte solution, some characteristics have to be taken into
account:
1) The solvent must be stable in the potential window where the cell operates, and not be

reactive with the dye-metal oxide bond.

2) Be chemically inert with all the components used in the cell.
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3) The electrolytic salts and additives must have good solubility in the solvent, ensuring a

high concentration of charge carriers in the solution.

4) Negligible light absorption.

5) The redox couple has to show a high diffusion coefficient and fast electron transfer kinetics

to the oxidized dye molecule.

2.3.4 The counter electrode

The counter electrode is usually prepared by deposition of a thin Pt-layer onto the conducting
glass substrate, which catalyzes the reduction of the oxidized electron donor in the electrolyte
solution after dye regeneration; this is I3™ in the I"/l3™-based electrolyte solutions. However,
with the use of alternative redox couples new materials have been investigated to overcome
the slow reaction kinetics that some of them show on the classical Pt-catalyzed counter
electrodes, such as carbon materials and conducting polymers, showing not only good

performance in the solar devices, but also lower costs [14].
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3. Characterization techniques

3.1 Current- potential curves

Current-potential curves are graphical representations of the operation of the solar device,
which summarize the relationship between the current and voltage at a defined temperature
and light intensity (fig. 4). The measuring of these curves, the solar cell characterization, is
usually performed at 1 sun of illumination (100 mW cm?, AM1.5G), by changing the

external load from zero (short circuit condition) to infinite (open circuit condition) resistance.

Figure 4.- Current-potential curve for a D149 sensitized solar cell (elaborated in this work) prepared

with an I/15 electrolyte solution.
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The maximum power point (Pmax), corresponds to the point in where the product of the
current and voltage is maximum; with Pmax and the power of the incident light (Pin= 1000 W

m-2) the efficiency of the solar cell can be calculated (eg. 3.1).

n= Pmax / Pin = (JSC *Voc* FF) / Pin (3.1)

Where FF is the fill factor, which relates the maximum power point with the short circuit

current density (Jsc) and the open circuit voltage (Voc) (eg. 3.2):

FF= (Jmax* Vmax) / (JSC* VOC): Pmax/ (JSC* VOC) (3-2)

The current-voltage curves can be measured in dark conditions, which makes it possible to
extract information about the reaction rate of the electrons injected in the metal oxide

conduction band with the electron acceptors in the electrolyte solution.

3.2 Incident photon to current conversion efficiency (IPCE)

The incident photon to current conversion efficiency, also called the external quantum
efficiency (EQE), is the ratio between the number of the charge carriers collected by the solar
cell and the number of photons of a given wavelength (A) incident on the solar cell surface

(eq 3.3).

IPCE= Jsc / q®(}) = 1240%* Jsc (M[A cm™2]/ X [nm]* Pin (W)[W cm™?] (3.3)
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where q is the elemental charge of the electron (g = 1.6 x 10° C).

In the ideal case in which all the incident photons of determined energy are absorbed and the
resulting charge carriers are completely collected, the IPCE at that energy (wavelength) is
100%. For photons with energy below the absorption onset or band gap of the material, the

IPCE is zero (fig. 5).
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Figure 5. IPCE spectra for a D149 sensitized solar cell (elaborated in this work), prepared with an I

/15" electrolyte solution.
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The IPCE can be related with the product of the efficiencies of three physical processes (eg.
3.4): The light harvesting efficiency (@), the injection efficiency (®inj), and the charge

collection efficiency (®con).
IPCE= ®in* Dinj™ Dcon (3.4)

The @i is determined by the optical features of the dye, as well as the number of dye
molecules adsorbed to the film, and describes the fraction of light absorbed of a specific
wavelength; the ®inj describes the efficiency of the charge separation process between the
excited state of the dye and the semiconductor, while ®co indicates the probability of
collection of the electrons injected in the semiconductor due to the balance between transport

and recombination.

3.3 Charge extraction

The charge extraction method has shown to be a useful technique to relate the charge
accumulated in the semiconductor with the Jsc or Voc in the cell. This information helps to
predict shifts in the conduction band edge, when it is performed under open circuit
conditions, or to present the electron lifetimes measured as function of the position of the
quasi-Fermi level with respect to the conduction band edge; this latter method makes it
possible to compare properly the recombination kinetics observed when working with redox

couples with different redox potentials, for example.

Under open circuit conditions, the charge extraction is performed by illuminating the cell

until a steady state voltage is obtained: then the illumination is switched off and at the same
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time the cell is switched to short circuit conditions. Finally, integration of the resulting
current transient allows calculating the charge density extracted (fig. 6). In order to analyze

properly the information obtained three sources of error must be taken into account [28]:

1) Not all the photogenerated carriers are extracted at short circuit because the time required

to collect electrons in deep trap states usually is too long.

2) The electrons can react with the electron acceptor in the electrolyte solution before they

reach the substrate.

3) The charging of the fluorine-doped tin oxide (FTO) coated substrate when the cell is

switched from open to short circuit.

SC OcC SC
INumination
Voltage
Current K
Charge r
>

Figure 6.- Open circuit (OC)/ short circuit (SC) sequences showing the relationship between the

illumination and the measurement of potential, current and charge extracted.
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3.4 Stepped light-induced transient measurements of

photocurrent and voltage (SLIM-PCV)

The electron diffusion coefficients (Dn) and electron lifetimes (tn) of dye-sensitized solar
cells can be estimated through the measurement of photocurrent and voltage transients
(respectively) induced by small steps in the light intensity [29]. Under short circuit conditions
of the DSSC, a decrease of the light intensity induces a current transient (fig. 7a)
characterized for an initial and a final state of the Jsc, and the time to reach the final state
depends on the electron diffusion coefficient. For the case where the transients can be fitted
with an exponential function, exp(-t/zc), Dn (eq. 3.7) can be calculated through the

approximation used by Kopidakis (eq. 3.5) [30] and the following relationships:
D= (L/2)%/ ty (3.5)
tw= 0.693 ¢ (3.6)
D=L%(2.77tw%) (3.7)

Where ty is the time to extract half of the excess electrons and L is the thickness of the

electrode.

The electron lifetime (tn) at open circuit can be measured from the photovoltage response of
the cell after perturbation of the light intensity (fig. 7b). The solution of the rate equation of
the electron density, n(x,t), by setting the final light intensity as zero, gives an exponential

function:

dn(/dt= G(0) - n(t)z  (3.8)
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n(t)= An exp(-t/tn)

(3.9)

Where G(t) is the electron generation rate, and An is the difference of the electron densities

under the initial and the final illumination conditions. Equation 3.9 can be used to fit the

voltage transients, since AVoc is proportional to An when the change in the electron density

is very small. Note that a first-order recombination rate in electron density is assumed.
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Figure 7.- Typical: a) current and b) photovoltage response of a ZnO based solar cell, elaborated

with the D149 dye and an I/I5 electrolyte solution after small step down of the light intensity. In

both graphs, the initial state was reached at the same illumination intensity.
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3.5 Surface photovoltage spectroscopy (SPS)

Surface photovoltage (SPV) spectroscopy is a contactless technique that probes surface
potential changes of materials upon excitation with light (fig. 8). It is assumed that a change
in the surface work function is equal to the SPV (in absolute terms). One of the oldest
techniques for determining relative changes in work functions is measuring the work function
difference between two materials forming the two sides of a parallel plate capacitor. Upon
short-circuiting the back contacts of the substrates, charge must flow to equilibrate the
differences in Fermi levels, this charge transfer results in an electric field in the gap between
the two plates and a drop in the local vacuum level across this gap. The corresponding

potential drop is usually known as the contact potential difference (CPD) [31].

The Kelvin probe arrangement has been extensively applied to the measurement of
illumination induced changes in work function; this is achieved by ohmically contacting the
backside of the working sample to an oscillating metallic reference electrode. Since the work
function of the metallic electrode does not change under illumination, the following relation

is found:
-eASPV= AWs= eACPD (3.10)

For a n-type material, a negative ACPD indicates the movement of electrons toward the

contact, and the holes to the material’s surface.
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Figure 8.- Schematic description of the SPV phenomena

The sensitivity of SPS is much higher than that of photoelectrochemistry, thus allowing the
detection of majority carrier type, mid-gap states, defects, and electrochemical reactions at
interface. Historically, SPS has been applied to the characterization of bulk semiconductors
and surfaces, but in recent years, this method has gained popularity for the characterization
of nanoscale photocatalyst, organic polymers, and (as in the case of this work) for
determining the factors that lead to the interfacial charge separation in photovoltaic devices

[32-35] .
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3.6 Cyclic voltammetry (CV)

Cyclic voltammetry is an electroanalytical technique, in where an electrochemical spectrum
IS obtained to present the current developed in the electrochemical cell as a function of the

triangular potential wave applied, which is a cyclic voltammogram (fig. 9).
For a fast redox system:
Ox + ne” <> Red (3.11)

The polarization of the working electrode to potentials more negative than the formal redox
potential (E*) of the couple leads to the flow of negative charges from the electrode to the
solution by means of an electrochemical reaction, favoring the reduction of the oxidized
species near the electrode surface. In a similar way, by lowering the energy of the electrons
to impose a more positive potential than E*, oxidation of the reduced species produced is
favored. The reduction or oxidation of electrochemical species in the working solution are
observed as a cathodic or an anodic current in the voltammogram, respectively, which show
a maximum value (Ip®and Ip? respectively), indicating that at this point ( Ep® and Ep?) the

reactions are in a diffusion-controlled regime.
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Figure 9.- Cyclic voltammogram obtained in this work for a solution 2 mM ferrocene, 0.1 TBAPFs
in acetonitrile at a scan rate of 0.05 V s on Pt, which was used to calibrate a Ag/AgNOs (0.01 M)

reference electrode.

The magnitude of the currents mentioned above may depend on different parameters such as
the concentration of the electroactive species in the solution, the diffusion coefficient and the

scan rate, as described by the Randles-Sevcik equation:
Ip = (2.69x10°) n®? A D2 C, v!? (3.12)
Where:
Ip= peak current density (A cm?)
D= diffusion coefficient (cm? s?)

v= scan rate (V s?)
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Co= concentration of the electroactive specie (mol cm)

Information about the reversibility of the redox system can be extracted from the

voltammogram by evaluating the following parameters:

AE,= Ep*- Ep*=59mV/n  (3.13)

|Ip¥/1pcl= 1 (3.14)
|Ep-E12| = 28 mV/n (3.15)
Ip a v¥/2 (3.16)
Ep independent of v (3.17)

3.7 Uv-vis spectrophotometry

The spectral features of any substance or material that absorbs light can be determined by the
use of Uv-vis spectrophotometry. The absorbance, A(X), of a sample at a specific wavelength

can be calculated from the transmittance, the fraction of light that has passed through the

sample.
A(A) = - Logio T(L) = -Logio (I/1o) (3.18)

Where |, is the intensity of the incident light and I the intensity of the light detected.
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The absorbance can be related with the concentration of the absorbing substance through the
Lambert-Beer law (eq. 3.19); thus, if the concentration (C) and the optical path length (L) are

known, the molar extinction coefficient can be calculated (¢).

A(N)= (L molt cm™) C(M) L(cm) (3.19)

3.8 X-ray diffraction (XRD) and scanning electron microscopy

(SEM)

X-ray diffraction is a non-destructive analytical technique that allows obtaining insight about
the chemical composition and crystal structure of crystalline material, on the observation that
every crystalline substance generates an unrepeatable pattern, similar to a fingerprint. In this
work a Siemens D-5000 diffractometer with a Cu-Ka radiation at 34 kV and 25 mA was
employed to analyze and corroborate the crystallographic features of the materials deposited
as thin films; the diffraction patterns were collected from 10° to 70° (26) with a 0.02° step

size and 2 s integration time.

The morphology obtained in the materials synthesized was observed through scanning
electron microscopy images. In this technique, a beam of electrons is focused on the sample
with the use of electromagnets, and the signals generated for the interaction of the accelerated
electrons and the electrons in the atoms that conform the material are analyzed with specific
sensor to form an image. SEM images were taken with a JEOL JSM 7600 F setup, operated

at an accelerating voltage of 15 kV, and using the in-lens (SEI) secondary electron detector.
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4. Aim of this work

The main motivation of this work has been to explore the use and combination of novel dyes
and redox couples in order to generate more efficient ZnO-based DSSCs, material of our
choice due to its better electrical properties (at least, as observed in bulk ZnO) when
comparing with the classically used TiO2 semiconductor. This may be accomplished through
an improvement of the Jsc, Voc and FF developed in the solar devices by increasing the amount
of light absorbed, diminish the electron losses by recombination pathways and to increase
the stability of the semiconductor during the sensitization process, strategies studied in the

following chapters.

In chapter 5 we present a study on the deposition of porous ZnO films from ZnCl, and
Zn(NO:s)2 solutions by electrochemical methods. Our interest in these synthesis methods is
not only because of the morphologies and composition of the films that can be obtained as a
function of the experimental parameters employed, but also for the high deposition speeds
and low working temperatures; these characteristics make electrodeposition an attractive

technique for large-scale production of DSSCs.

Poor chemical stability of ZnO, when comparing with TiO2, during the sensitization process
of the films before assembly of the cell has been reported as an important efficiency-limiting
factor in ZnO-based DSSC, related with the acidity of the dyes and the immersion time of
the films in the sensitizing solution. In chapter 6 we selected the organic dye OD-8, which
only possesses one carboxylic group (as a part of the cyanoacrylic acid moiety) as anchoring
group, and high light absorption in the visible as a feasible option to overcome the stability

issue mentioned above; in this way, Jsc may be increased by increasing the amount of dye
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adsorbed at the surface with sensitization time. On the other hand, if the coverage of the
particle surface is good enough, an increase of the Vo can be achieved with the use of fast
redox mediators such as the Co(ll/Ill) coordination complex, which not only show more
positive redox potential than that the 1713 redox couple, but also exhibit faster regeneration
of the oxidized dye molecule at lower driving forces. The effect of the CDCA
(chenodeoxycholic acid) co-adsorbent on the surface passivation of the particles is also

investigated in this section.

In a similar way as in chapter 6, in chapter 7 we evaluate the performance of a non-
commercial series of monoanhydride-perylene based dyes, in which an anhydride ring acts
as precursor of the anchoring groups that attach the molecule to the particle surface. The
absence of releasable protons (H") in the dye structure may make these sensitizers chemically
suitable candidates to interact with ZnO. This may lead to an increase of the cell efficiency
due to the broad light absorption range and high molar extinction coefficients that they

present.
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5. Electrochemical deposition of nanostructured ZnO electrodes

applied to DSSCs

Mechanisms to electrodeposit ZnO from aqueous solution can broadly be divided into two
groups: (i) reduction of a zinc salt solution to metallic zinc and simultaneous and subsequent
oxidation of the metallic zinc by dissolved oxygen to form ZnO, and (ii) reduction of a
different component of the zinc salt solution, such as nitrate, to form a large concentration of
surface hydroxide resulting in deposition of Zn(OH). and subsequent condensation to ZnO
or the formation of zinc hydroxychloride compounds, depending on the composition of the

bath.

In this chapter, we present a study on the electrochemical reactions that lead to the formation
of ZnO films from ZnCl, and Zn(NOs3). solutions, due to the interesting properties that the
materials obtained by electrochemical routes can present as a function of the experimental
parameters, such as concentration and composition of the electrolytic baths, pH of the
solution, temperature, deposition current or potential, either pulsed or steady-state, etc.; to

finally be applied to the construction of DSSCs.

5.1 Experimental procedure

The electrochemical spectrum of the working solutions was obtained by performing cyclic
voltammetry with a Gamry potentiostat/galvanostat/ZRA 3000 employing a classic three-
electrode system with a Ag/AgCl (3 M KCI) as reference electrode, a Pt counter electrode

and aFTO (TEC 8) working electrode previously cleaned in an ultrasonic bath for 20 minutes
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in ethanol, and sintered at 450° for 1 h. Porous films of ZnO were obtained through the use
of a galvanostatic electrodeposition method using a Gamry potentiostat/ galvanostat/ZRA
3000 with Ag/AgCI (3 M KCI) as a reference electrode, Pt as counter and SnOz:F-coated
glass substrate (FTO, TEC 8 Q sq’?, Pilkington) as a working electrode. A 0.5 cm? area was
masked with polyester tape (Cole-Parmer), and activated with 2 M H>SOs4 followed by
rinsing with deionized water. The electrolyte was prepared with 0.01 M ZnClz, 0.1 M KClI
and 0.10 mM of the water-soluble PVP40 polymer (polyvinylpyrrolidone; Mw= 40,000 g
mol™?) in order to better control the morphology and porosity of the ZnO films. The solution
was bubbled with O. for 20 minutes before use. For the electrodeposition process a current
density of -0.5 mA cm2was applied for 8427 seconds. All the films were sintered at 450 °C
for 1 h after electrodeposition. Simonkolleite films where deposited from a 0.1 M Zn(NO3)2
e 6H,0 , 0.1 M KCI aqueous solution at 70 °C and pH= 6.0, following the same steps as for
the ZnO films. The deposition conditions and thermal treatments applied to these films are

explicitly explained in the corresponding sections.

The dye used in this section was the (Z)-2-Cyano-3-(5-(9,9-dihexyl-7-(dihexylamino)-9H-
fluoren-2-yl)thiophen-2-yl)acrylic acid (OD-8; from Eversolar); 0.5 mM OD-8 and 0.5 mM
CDCA (as coabsorbent) solutions were prepared to dissolve the desired amounts of these
reagents in a mixture of acetonitrile/t-butyl alcohol (1:1 v/v). ZnO films were heated at 90
°C for 20 min and immediately soaked in the dye solution (described above) in order to
achieve sensitization. After sensitization, the films were removed from the dye solution and

carefully washed with the same mixture of acetonitrile/t-butyl alcohol.

Dye sensitized solar cells (DSSCs) were prepared with the sensitized ZnO films described

previously and a FTO counter electrode with a thin coating of Pt, prepared by spreading a
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drop of Platisol (Solaronix) on the conductive side of the electrode and subsequent heating
at 450 °C for 5 min. The photoanode and counter electrode were sealed in a sandwich
configuration using a Surlyn (60 um) separator by heating at 210 °C for 2.5 min. Finally, the
electrolyte solution was introduced inside the cell through a pair of holes previously
perforated in the counter electrode, which were subsequently sealed with Surlyn and
microscope cover glass pressed under heating. Photovoltaic characterization was performed
using a set-up consisting of a 450 W ozone-free Xe-lamp (Newport Corporation) with a water
filter, calibrated to an irradiance of 100 mW cm on the surface of the solar cell using an Air
Mass 1.5 Global (AM 1.5G) optical filter (Newport Corporation). The intensity was
calibrated using a certified 4 cm? monocrystalline silicon reference cell with incorporated
KG-5 filter. Current—voltage curves (I-V) were recorded with an Autolab

PGSTAT302N/FRAZ2 set-up (Metrohm Autolab).

5.2 Electrodeposition of ZnO films from aqueous ZnCl; solutions.

Figure 10 shows a cyclic voltammogram for a FTO (fluorine-doped tin oxide) working
electrode and a solution containing ZnCl, + KCI at neutral pH, which was saturated with
either N2 or O2 in order to determine the reaction mechanism leading to the formation of
ZnO. Both N2 and O bubbled solutions showed a cathodic current maximum at around -1.16
and -1.21 V, respectively, related to the reduction of Zn?* and nucleation and growth of
mainly metallic Zn. Lincot and co-workers have shown in a very detailed study that in this

specific electrolyte solution and using FTO as a working electrode, O2 reduction does not
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take place in this potential range; they show that the presence of Zn?* ions in the electrolyte
solution can suppress the oxygen reduction reaction due to the adsorption of zinc containing
species at the surface of the FTO substrate [36]. A similar trend in the O> reduction reaction
in ZnCl; solutions was found by Tena-Zaera et al., related with the concentration of the KCI
supporting electrolyte [37]. At more negative potentials (-1.5 V vs Ag/AgCl) water reduction
becomes the main electrochemical reaction. When reversing the direction of the potential
sweep, an anodic current maximum is observed in both systems at -0.94 and -0.98 V,
respectively, which corresponds to the electrochemical oxidation of the metallic zinc
previously deposited. The anodic peak is significantly smaller for the solution saturated with
oxygen, and this observation can be understood in the framework of mechanism (i) widely

studied by Lincot’s group, and depicted for the overall reaction in equation 5.1 [36,38].

Zn** +050,+ 26— ZnO (5.1

Even during the cathodic sweep, electrodeposited metallic Zn reacts with the oxygen
dissolved in the solution forming ZnO. Hence, upon reversing the sweep towards positive
potentials, only traces of metallic zinc are present, resulting in a small electrochemical
oxidation peak. In the solution saturated with nitrogen, most metallic zinc remains and is
electrochemically oxidized upon sweeping the potential towards positive potentials resulting

in a large oxidation peak.
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Figure 10.- Current-potential curves obtained in a solution of 0.01 M ZnCl, + 0.10 M KCI using an
FTO-TECS8 working electrode after either O, or N2 bubbling for 20 min. All experiments were

performed at room temperature (25 °C) and at a scan rate of 2 mV s

Organic additives added to the electrolytic bath not only can change the properties of the
material deposited, but also the kinetics of the electron transfer at the electrode/solution
interface increasing the deposition overpotential; this effect can be understood in terms of
adsorption of the surfactant onto the electrode surface during its polarization. However,
current - potential curves in Figure 11 illustrate that the presence of PVP40 polymer does not

markedly change the electrochemical behavior of the deposition bath.

47



2.5
1 —— O, Bubbling
2.0 —— N, Bubbling
— PVP40 and O, Bubbling
1.5 —— PVP40 and N, Bubbling
< 1.0
e ]
(&) ]
< 05 7]
é ]
—~ 0.0
0.5
-1.0

-1.6 -1I.4 -1I.2 -’II.O -OI.8 -OI.6 -0|.4 -0|.2 O.IO
E (V vs Ag/AgCl)

Figure 11.- Current potential curves obtained in a solution of 0.01 M ZnCl; + 0.10 M KCI using an
FTO working electrode after either O, or N2 bubbling for 20 min, and with and without 0.10 mM

PVP40. All experiments were performed at room temperature (25 °C) and at a scan rate of 2 mV s,

Figure 12 shows X-ray diffraction patterns of the films electrodeposited from O,-saturated
0.01 M ZnCl2 + 0.10 M KCl with 0.1 mM PVP40 solutions onto FTO, and at a current density
of -0.5 mA cm for 8427 seconds, before and after sintering at 450 °C. The patterns show
that electrodeposition at room temperature results in a crystalline film. Before sintering (Fig.
12a), peaks associated with both metallic zinc and ZnO are observed, as well as reflections
related to the FTO substrate; notably, peaks related to Zn(OH). are absent, supporting the
prevalence of mechanism (i). It should be noted that during the cathodic sweep, water and

O2 may also be reduced, which could lead to an increase in the surface pH, which may affect
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the composition of the deposited material [36,37]. After sintering in air (Fig. 12b), metallic

Zn has been oxidized to ZnO with the hexagonal crystal structure.
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Figure 12.- X-ray diffraction patterns of electrodeposited ZnO films from the O-saturated 0.01 M

ZnCl; + 0.10 M KCI with 0.1 mM PVP40 onto FTO, (a) before, and (b) after sintering.

The morphology of the sintered ZnO films is shown in Figure 13. The SEM images illustrate
that the film is mainly composed of clusters of rounded particles with sizes between 10-50
nm, however, other structures such as thin needles with lengths of up to 1 um, as well as non-

porous agglomerates of about 1 um, are also observed. The presence of “rounded" particles
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is associated with the presence of PVP40 in the deposition bath: P\VVP40 adsorbs at a similar
rate on the different faces of the growing ZnO particles, thus modulating grain size and
morphology [39]. The presence of needles is characteristic of the preferential nucleation of
ZnO by the electrodeposition route [37]. For the fabrication of DSSCs, mesoporous and
nanostructured ZnO films with an average thickness of 9.23 4+ 0.74 um were obtained through

galvanostatic electrodeposition; their performance will be analized in the chapter 6.

Figure 13.- SEM images of ZnO films sintered at 450 °C and electrodeposited from O,-saturated

0.01 M ZnCl; + 0.10 M KCI with 0.1 mM PVP40 onto FTO.
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5.3 Electrodeposition of Simonkolleite as a low temperature

synthesis route of crystalline ZnO electrodes

As mentioned in the beginning of this chapter, the second route used to electrodeposit ZnO
consists of the electrochemical reduction of a different compound of the zinc salt to increase
the concentration of hydroxide ions at the electrode surface, which leads to deposition and
condensation of different zinc compounds depending on the bath composition. This work
explores a novel method to electrodeposit ZnO films for DSSCs, and the preliminary results
presented here indicate the promise of this system, although more work is still needed to

elucidate specific mechanisms.

In this section a 0.1 M Zn(NO3)2 » 6H20, 0.1 M KCI aqueous solution at pH=6.0 and 70 °C

was studied and characterized by cyclic voltammetry to identify the electrochemical reactions

that take place in a specific potential window.
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Figure 14.- Cyclic voltammetry for a Zn(NO3z).e 6H.0 and KCI solution: &) with and without N

bubbling; b) 1st and 2nd scan. The measurements were performed at 10 mV s* and 70 °C ona FTO

working electrode.
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In the electrodeposition of ZnO from nitrate baths, a series of well-known reactions have
been proposed by Yoshida et al, widely accepted in the current literature, which lead to the

formation of crystalline films on the working electrode [39-45] :

NOs(aq) + H20(l) + 2¢™ ----> NOz'(ag) + 20H-(aq) (5.2)
2H,0 + 2 -<-menee > Hy + 20H (5.3)
Zn*(aq) + 20H (aq) --—----- > Zn(OH)2(s) (5.4)
VA (O3) O T — > ZnO(s) + H20(l) (5.5)

Equation 5.2 describes the most important electrochemical reaction, while 5.4 and 5.5 show
the condensation of Zn?* as zinc hydroxide and its subsequent dehydratation to finally form

the desired oxide.

Figure 14a shows cyclic voltammograms for the mentioned bath with and without previous
N2 bubbling. A significant difference in the electrochemical behavior of the solution was not
observed; this is because gas solubility decreases strongly with the increase of temperature:
hence, at 70 °C the effect of bubbling with oxygen has much less impact. However, as a step
in the standard procedure, all the working solutions were N2 bubbled before each experiment.
An increase in the cathodic current at values more negative than -1.1 V vs Ag/AgCl (in the
forward scan) was observed for both baths, related with reduction of water on the FTO
surface leading to H> formation. When reversing the direction of the potential swept, a peak

at -1.02 V vs Ag/AgCl was also observed and attributed to reduction of NOz™ ions to NO;".
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Unfavorable reaction kinetics at FTO seems to be the reason of the non appreciable cathodic
current in the forward scan. However, the deposition of zinc-containing compounds during
the first sweep due to the condensation of Zn?* ions for an increase in the concentration of
OH" at the electrode surface induced by water reduction and, to a lesser extent, NOs
reduction, can change the working electrode surface, and thus the electron transfer rate to the
NOgs" ions. This can make the process visible on the reverse scan and in the following sweeps,
as can be seen in Figure 14b, where the current onset shifts from -0.92 V to -0.75 V vs
Ag/AgCl between the 1st and the 2nd scan. A detailed study on the electroreduction of Co?*
ions in presence of NO3™ ions in solution has been presented by Barrera et al.; in where the
formation of metallic cobalt and reduction of NOs™ ions was observed simultaneously, as
shown by XRD and voltammetric studies [46]. However, different to the mechanism
proposed for the last system, reduction of Zn?* in presence of NOs ions seems to be a
kinetically not favored electrochemical reaction, as shown by Lizama et al. [44]. In fact, XRD
patterns of films electrodeposited from a Zn(NOs).¢ 6H>0 and KCI solution did not show
evidence of the presence of metallic zinc, as will be shown later. The anodic peak observed
at -0.745 V vs Ag/AgCl, which in contrast to the results obtained for the ZnCl; solution is
independent of the presence of oxygen, is not related to oxidation of metallic zinc, but may
correspond to oxidation of nitrite or may be a capacitive peak of discharging of the formed
zinc-containing compound; however, in order to determine this, more experiments are

needed.

The use of KCI as supporting electrolyte to increase the conductivity of working solutions is
a common practice in electrochemistry, however in zinc nitrate baths the presence of Cl ions

favors the formation of Simonkolleite (eq 5.6) instead of Zn(OH), [47].
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5 Zn?*(aq) + 8 OH (aq) + 2 Cl'(aq) + H20(l) ----- > Zns(OH)sCl2  H20(s) (5.6)

This way, the reduction of nitrate ions and water (Equations 5.2 and 5.3) increases the
concentration of OH near the electrode surface, which react with zinc and chloride ions (eq.
5.6) to form a crystalline layer of zinc chloride hydroxide monohydrate as will be shown in

the course of this section.

Deposition of uniform films can depend strongly on the electrolysis conditions employed as
the electrocrystallization of materials occurs through two competitive processes: the
nucleation of new grains and the growth of the existing ones. Nucleation can be favored with
high deposition current densities (overpotentials) and low surface diffusion of adsorbed
atoms of the existing grains, while grain growth can occur at conditions of low deposition
current density (overpotential) and high surface diffusion of the ad-atoms, usually observed

in the electrodeposition of metals [48].

As was explained earlier, reduction of nitrate ions in the presence of Zn?* and onto FTO
substrates seems to be not only a kinetically slow process, but also an electrode dependent
one. It is well known that pulsed plating improves the morphology and properties of this type
of deposits related with its positive effects on mass transport, electrode kinetics and the
nucleation of growth centers [49]; for this reason, either on-off pulse plating or the use of
pulsed plating to aid nucleation and a subsequent current pulse at a steady state current
density for growth, were considered as suitable routes to obtain good quality films. The

following deposition conditions were studied:
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- Z1: 10 pulses: -3.0 mA cm?, 0.388 s; 0 mA cm?, 1 s + -150 uA cm™ for 1773.05 s

- Z2: 500, 600, 700 and 1000 pulses: -3.0 mA cm?, 0.388 s; 0 mA cm, 1s.
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Figure 15.- Voltage transients obtained during pulsed electrodeposition. For simplicity, only the
transients for the shortest and the longest procedure are presented; in addition, the regions in where
different features between the pulse time (Ton) and the relaxation time (Tos) were observed are

listed.

As shown in Figure Al (in the appendix) the material deposited with the procedure Z1
exhibited low uniformity, as regions are observed with different thickness along the film. At
the beginning, the electrode surface was covered completely with a homogeneous film of
porous simonkolleite favored by the high charge density applied in the on-off pulsed part of

Z1; however, in the second part of the procedure, the preferential growth of some areas of
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the film led to the formation of large simonkolleite crystals (= 10 um). Due to the unsuitable
characteristics (for application in solar cell devices) of the films electrodeposited with

procedure Z1, the other deposition conditions were studied in more detail.

Figure 15 shows the voltage transients for pulsed deposition under the conditions depicted
by the procedure Z2. The potential in both deposition (Ton) and relaxation steps (Tofr) showed
changes along the procedure: three regions in where the chemical change on the surface of
the working electrode due to the preceding reactions control the evolution of its behavior can
be identified. At the beginning of the procedures (Region 1: 0-72 s) an almost constant value
of the potential around -1.06 ~ -1.07 V vs Ag/AgCl during plating was observed, values that
suggest NOs™ and H2O reduction at the electrode surface leading to the formation of
simonkolleite crystals onto the FTO surface. When the current flow is interrupted in this
region, the potential quickly falls to -0.3 V vs Ag/AgCl indicating the discharge of the FTO
substrate. Region 2 (72-168 s) shows a gradual increase of the potential during plating step
(from -1.06 to -1.13 V vs Ag/AgCl) accompanied by a shift in the relaxation potential. The
changes observed in region 2 suggest a capacitive behavior at the substrate/solution interface
as the FTO surface begins to be completely covered by simonkolleite crystals. A shift of the
relaxation potential to less negative values in region 3 possibly indicates the pass of charge
through the interface that leads to the reduction reactions described above onto the

simonkolleite crystals previously grown, increasing the film thickness.
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Figure 16.- X-ray diffraction patterns for a film obtained by pulsed electrodeposition onto FTO: a)

without thermal treatment, b) after a 250 °C thermal treatment.
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Studies on the thermal stability of the simonkolleite have shown that different Zn compounds

and finally ZnO can be obtained after specific heating stages as follows [50]:

110~165°C  Zns(OH)aCly ® HyO =--------=--- > Zns(OH)sClz + H20 (5.7)
165~210°C  Zns(OH)gCly =------------ > 2Zn(OH)CI + ZnO + H,0 (5.8)
210~300°C  2Zn(OH)Cl ~--wmmmemmmem > ZnClz + ZnO + H,0 (5.9)

Figure 16a shows the XRD pattern for a film obtained by pulsed electrodeposition before the
thermal treatment. Only reflections for simonkolleite and FTO were observed, confirming
the prevalence of the mechanism described in equation 5.6; in addition, reflections associated
to metallic Zn or Zn(OH), were not found, indicating the high affinity that Zn?* ions have to

condensate as simonkolleite at that pH, temperature and bath composition.

Figure 16b presents the XRD pattern for the same film after being exposed at 250 °C for 1.5
h and soaked in distilled water for 3 h. Decomposition of simonkolleite in ZnO and ZnCl;
(eg. 5.9) as well as the removal of the water soluble Zn phase can be achieved completely

with these easy steps.
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Figure 17.- SEM images for films obtained from a 0.1 M Zn(NQs). « 6H,0, 0.1 M KCI aqueous
solution at pH= 6.0, 70 °C and 700 pulses of the procedure Z2: before (a) and after (b) a 250 °C

thermal treatment.

Scanning electron microscopy (SEM) was employed to evaluate the morphology of the
material synthesized by this route. Figure 17a shows that simonkolleite tends to electro-
crystallize as well defined hexagonal sheets with low surface roughness and a non specific
orientation with respect to the substrate; in addition, no dependence was found between the
morphology and the number of pulses used, as can be seen in Figure A2. After thermal

treatment of the film in the way previously described, the ZnO structures obtained (Fig. 17b)
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still show the same hexagonal-sheets morphology, however a large amount of pores are now
visible due to the dissolution of the ZnCl; grains after soaking the thermally treated film in

water.

DSSCs were elaborated to evaluate the suitability of the ZnO obtained through this route in
photovoltaic applications and relate the effect that the deposition conditions employed have

on the overall performance. Below, some details on their elaboration:

e ZnO films were sensitized in a 0.5 mM OD-8 and 0.5 mM CDCA acetonitrile/t-butyl

alcohol (1:1 v/v) solution for 2 h.

* An electrolyte solution 0.22 M [Co(bpy)]?*, 0.05 M [Co(bpy)]3*, 0.2 M TBP was used to

fill the space between the photo anode and the Pt/FTO cathode.

It should be noted that no optimization has been performed yet in these devices and the
following results are only to show that DSSCs can be prepared from this low temperature

ZnO precursor.
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Figure 18.- 1-V curves measured to DSSCs elaborated with ZnO films obtained from
electrodeposited Zns(OH)sCl,*H:0 as precursor, an electrolyte solution based in the [Co(bpy)s]?*3*

redox couple and the organic dye OD-8.

Figure 18 presents a set of I-V curves measured on DSSCs prepared with ZnO films
synthesized with the procedure Z2. An increase of the short-circuit current density was
observed as a function of the number of pulses used; since the current measured in a DSSC
is related (among other factors) with the amount of dye loaded that depends on the surface
area of the particles and film thickness, we can interpret this result as a direct effect of the
gradual increase of thickness up to 700 pulses. No difference was observed between the 700
and 1000 pulses cells, indicating that at some point in this range possibly the film stops to

grow. Table 2 summarizes the parameters measured on these devices, where it is possible to
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see that good quality DSSCs can be elaborated with simonkolleite films as precursor of

crystalline ZnO.

Table 2. Short circuit current density (Jsc), open circuit potential (Voc), efficiency (n) and fill factor

(FF) for DSSCs made with different number of pulses.

# of pulses | Jsc A cm?) | Voc (V) | 1 (%) FF
500 3.67 0.434 0.914 0.57
600 3.98 0.453 0.886 0.49
700 4.09 0.444 1.024 0.56
1000 4.09 0.427 1.029 0.59

5.4 Conclusions

Mesoporous and nanostructured ZnO films with suitable characteristics for application in
DSSCs have been obtained by galvanostatic electrodeposition either by the use of a current

pulse at a steady-state current density or on-off pulsed procedures.

Different reaction schemes were observed depending on the Zn?* precursor used, as cyclic
voltammetry and X-ray diffraction experiments confirmed and, as a consequence, the nature
and morphology of the deposited material. Semi-spherical ZnO particles were observed in
the films electrodeposited from ZnCl./PVP40 baths due to the morphology-modulating effect
of PVP40, a known effect in Zn(NO3)2 solutions but to our knowledge not yet reported in

ZnCl> solutions, in which the CI" ions markedly tend to determine the (non-spherical)

63



morphology of the deposited material. In the case of the Zn(NO3)./KCI baths,
electrodeposition of simonkolleite crystals takes place, a promising precursor of crystalline
ZnO for low-temperature applications, such as flexible-DSSCs, due to the relatively low
sintering temperature needed to decompose this complex zinc compound to obtain highly

porous, pure ZnO semiconducting films.

Finally, both materials have been used in the construction of DSSCs as electron transporting
layers, with results that emphasize the good quality of the materials synthesized as well as
the advantages of the electrochemical deposition routes. More details on the performance of
the DSSCs prepared with the ZnO films obtained from ZnCl; solutions will be presented in

the next chapter.
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6. Fluorenyl-thiophene dye Sensitized ZnO-based Solar cells:

Effects of redox couple and dye aggregation.

The use of organic dyes instead of the well known ruthenium complexes is a current trend in
the fabrication of DSSCs not only for their superior optical properties but also for the so-
called "blocking effect" they show on the semiconductor/electrolyte interface, which allows
the use of fast redox couples increasing the open circuit potential, short circuit current
density, and finally the overall performance of the solar devices when comparing with the
traditional systems. On this observation, we have prepared solar cells with nanostructured,
mesoporous ZnO films electrodeposited from an optimized aqueous ZnCl, solution, an
organic fluorenyl-thiophene dye (OD-8) as sensitizer, and an electrolyte solution with either
the I/13 or the [Co(2,2"-bipyridyl)s]>*** redox couple. An improvement in efficiency may be
expected, related to the more positive redox potential of the [Co(2,2-bipyridyl)s]**3* couple
and faster dye regeneration kinetics, but this can only be achieved if the recombination rate
at the semiconductor/electrolyte interface is slow enough. Hence, we have evaluated the
effect of CDCA (chenodeoxycholic acid) as coabsorbent in the dye solution, with the purpose
to diminish the amount of uncovered area of the electrode surface (fig 19), in order to

minimize recombination.

In this chapter we use current - potential curves in combination with intensity-modulated
photovoltage spectroscopy, charge extraction measurements, and surface photovoltage
spectroscopy to gain insight in the photochemical charge separation in ZnO-based organic-

DSSCs.
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Figure 19.- Chemical structure of the organic dye (OD-8) and the coabsorbent (CDCA) used in this

work.

6.1 Experimental procedure

Mesoporous ZnO films were deposited from a ZnCl,, KCI and PVP40 bath as described in
chapter 5. The thickness of the films was determined using a KLA Tencor D-120

profilometer.

The dye used in this work was the (Z)-2-Cyano-3-(5-(9,9-dihexyl-7-(dihexylamino)-9H-
fluoren-2-yl)thiophen-2-ylacrylic acid (OD-8; from Eversolar); 0.5 mM OD-8 and 0.5 mM
CDCA solutions were prepared to dissolve the desired amounts of these reagents in a mixture
of acetonitrile/t-butyl alcohol (1:1 v/v). ZnO films were heated at 90 °C for 20 min and
immediately soaked in the dye solution (described above) for different times (1, 4, 8 and 24
h) in order to achieve sensitization. After sensitization, the films were removed from the dye

solution and carefully washed with the same mixture of acetonitrile/t-butyl alcohol.
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All the electrolyte solutions used were prepared in a 5 mL volumetric flask using acetonitrile
as solvent. The cobalt redox couple consists of 0.22 M [Co(2,2"-bpy)z][B(CN)4+]2, 0.05 M
[Co(2,2"-bpy)s3][B(CN)4]s and 0.2 M 4-tert-butylpyridine. The 17/l3" redox couple was
prepared in the same molar ratio as for the Co-based redox couple, using 0.05 M Iz, 0.2 M

TBP, and 0.27 M 1,2-dimethyl-3-propylimidazolium iodide.

Dye sensitized solar cells (DSSCs) were prepared with the sensitized ZnO films described
previously and a FTO counter electrode with a thin coating of Pt, prepared by spreading a
drop of Platisol (Solaronix) on the conductive side of the electrode and subsequent heating
at 450 °C for 5 min. The photoanode and counter electrode were sealed in a sandwich
configuration using a Surlyn (60 pwm) separator by heating at 210 °C for 2.5 min. Finally, the
electrolyte solution was introduced inside the cell through a pair of holes previously
perforated in the counter electrode, which were subsequently sealed with Surlyn and
microscope cover glass pressed under heating. Photovoltaic characterization was performed
using a set-up consisting of a 450 W ozone-free Xe-lamp (Newport Corporation) with a water
filter, calibrated to an irradiance of 100 mW cm on the surface of the solar cell using an Air
Mass 1.5 Global (AM 1.5G) optical filter (Newport Corporation). The intensity was
calibrated using a certified 4 cm? monocrystalline silicon reference cell with incorporated
KG-5 filter. Current—voltage curves (I-V), intensity modulated photovoltage spectroscopy
(IMVS) and charge extraction measurements were recorded with an Autolab
PGSTAT302N/FRA2 set-up (Metrohm Autolab). In charge extraction measurements, the
dye-sensitized solar cells were illuminated under open circuit conditions until a steady
photovoltage was obtained. The illumination was then switched off and the cell was switched

to short circuit conditions where the resulting current collected for 90 s was integrated; this
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integrated current corresponds to the electronic charge accumulated in the film. In the IMVS
technique, a sinusoidal, small amplitude light perturbation at different frequencies
superimposed on a bias light intensity is applied to the DSC under open circuit conditions.
The transfer function between the modulated light intensity and the measured AC potential
of the cell provides information on the electronic lifetime dynamics under open circuit
conditions. IMVS measurements were performed at modulation frequencies between 1 mHz
and 10 kHz. A red LED (625 nm) was used to illuminate the sample from the substrate side

and it served both as the bias illumination and the small sinusoidally modulated probe beam.

UV-vis diffuse reflectance spectra were recorded on films using a Thermo Scientific

Evolution 220 UV-Vis spectrometer.

Surface photovoltage (SPV) measurements were conducted under vacuum (1.6 x 10 mBar)
on ZnO films over FTO substrate. A gold Kelvin probe (Delta PHI Besocke) served as the
reference electrode. Samples were illuminated with monochromatic light from a 150 W Xe
lamp filtered through an Oriel Cornerstone 130 monochromator with light intensity range of
0.1 to 0.3 mW cm. The CPD spectra were corrected for drift effects by subtracting a dark
scan. No correction for the variable light intensity from the Xe lamp was performed. Samples
for SPS measurements were prepared by heating FTO/ZnO substrates at 310 °C for 20
minutes followed by cooling to 80 °C and followed by placement into the dye solutions for 1
hour to 24 hours. After sensitization, all films were rinsed with a mixture of acetonitrile/t-

butyl alcohol (1:1 v/v) and stored in aluminium foil covered containers in the glovebox.
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6.2 Electrochemical and optical characterization of redox couple

and dye

The redox potential for the electrolyte solutions used in DSSCs was determined through near
steady-state voltammetry. Figure 20 shows the current - potential curves obtained at a very
low scan rate of 0.5 mV s for the electrolyte solutions used in the solar cells. At conditions
close to steady-state, the average potential where the current is zero corresponds to the redox
potential (E*) of the couple. For the 17/13"redox couple, the redox potential is located at -0.170
V vs. Ag/Ag* while for the [Co(bpy)s]**** couple the redox potential is 0.014 V vs. Ag/Ag*.
Hence, the [Co(bpy)s]?*** redox potential is 0.184 V more positive than that of the 17/15"redox
couple, which implies that based on thermodynamic grounds a higher open circuit potential
could be achieved in the DSSC [51-53], however, the open circuit potential may also be
limited by the kinetics of the recombination process. Table 3 summarizes the electrochemical

properties of the redox couples.
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Figure 20.- Cyclic voltammetry at a scan rate of 0.5 mV s for the electrolyte solutions: 0.22 M I,
0.05 M I3, 0.2 M TBP in acetonitrile at a Pt electrode; 0.22 M [Co(bpy)s]?*, 0.05 M [Co(bpy)s]**,

0.2 M TBP in acetonitrile at a Au electrode.

The two redox couples used in the acetonitrile-based electrolyte solution for the dye-
sensitized solar cells were characterized using current - potential curves at a rotating disk
electrode (RDE) as a function of the rotation rate. Figure A3 illustrates that the current -
potential curves are characterized by current plateaus at sufficiently large overpotential in all
cases, and the limiting current density versus the square-root of the angular rotation speed
shows a linear behavior (Fig. 21) through the origin. The results indicate that the plateau

current density is limited by diffusion according to the Levich equation (eg. 6.1):
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IL (Acm?)

IL=0.62 n F D*3 v c* /2 (6.1)

where I is the limiting current density (A cm), n is the number of electrons involved in the
reaction, F is the Faraday constant (C mol™), D is the diffusion coefficient of the electroactive
species (cm? s?), v is the kinematic viscosity of the solvent (4.484 x 103 cm? st for

acetonitrile), ¢* is the bulk concentration (mol cm), and o is the angular rotation speed (rad

sh.
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Figure 21.- Levich plots for: a) 10 mM [Co(bpy)s](PFe)2 (circles) or 10 mM [Co(bpy)s](PFs)s3
(triangles), 0.1 M NH4PFs in acetonitrile using a Au-RDE; b) 10 mM I (circles), 10 mM I3
(triangles), 0.1 M NH4PF¢ in acetonitrile, using a Pt-RDE; all measurements were performed at 25

°C and a scan rate of 50 mV s

The Levich analysis allows us to determine the diffusion coefficients for both the reduced

and oxidized species of the [Co(bpy)s]>*** and I7/15” redox couples. In Table 3, the results are
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summarized, and it can be observed that the diffusion coefficients for the I7/1s” redox couple
are about twice as large as those of the [Co(bpy)s]>*** couple, which is likely related to the
larger size of the latter molecules [11,51,52], since the addition of 0.1 M NH4PFs in the

electrolyte solution ensures in a good degree the absence of migration currents.

Table 3.- Diffusion coefficients and redox potentials calculated by electrochemical techniques. The

values presented here are in a good agreement with the ones reported in literature [11,54].

Electroactive specie [ D (cm?s™) Redox reaction E* (V vs Ag/Ag*) | E* (V vs NHE)
Iy 1.8x10° Iy +2e <----> 3I’ -0.17 0.37
I 1.9 x 10°

[Copy)il” + & <>
[Co(bpy)s]** 8.7 x 10°® [Co(bpy)s]? 0.014 0.554

[Co(bpy)s]** 9.2 x 10°

In order to determine the HOMO level of the dye, cyclic voltammetry was carried out for the
OD-8 dye in solution and adsorbed onto an electrodeposited ZnO film. For the dye in solution
(Fig. 22a), the electrochemical characterization was performed using platinum as working
and counter electrodes and a 0.5 mM OD-8 + 0.1 M [BusN][PFs] electrolyte solution in
acetonitrile. Oxidation and reduction peaks attributed to the (OD-8)%(OD-8)* redox couple
are observed at 0.403 V and 0.312 V vs. Ag/Ag*, respectively. The observation that the
cathodic and anodic current maxima are essentially the same in magnitude and that the peak
separation is about =~ 91 mV indicates that the redox reaction is close to reversible. Cyclic
voltammetry of dyed ZnO films, prepared using a soaking time of 1.5 hina 0.5 mM ODS8 +
0.5 mM CDCA solution in acetonitrile/tert-butyl alcohol (1:1 v/v), shown in Figure 22b,

reveals oxidation and reduction peaks at 0.453 and 0.370 V vs. Ag/Ag™, respectively, with a
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peak separation of ~ 83 mV and symmetric oxidation and reduction waves at a scan rate of
50 mV s, For the dye adsorbed on the ZnO surface, a slight shift of the redox potential to
more positive values (approximately 62 mV with respect to the E* calculated in solution)
was observed due to the interaction between ZnO and dye. Table 4 summarizes the

electrochemical properties measured for the OD-8 dye.
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Figure 22.- a) Cyclic voltammetry at 50 mV s for 0.5 mM OD-8 + 0.1 M [BusN][PFe] in
acetonitrile on a Pt working electrode; the supporting electrolyte measurements were performed on
0.1 M [BusN][PFe] in acetonitrile; b) Cyclic voltammetry at 50 mV s* for OD-8 adsorbed onto a
nanostructured, mesoporous ZnO film in a 0.1 M [BusN][PFs] solution. Experiments were
performed at 25 °C. The redox potentials (E*) for the dye in solution and adsorbed on ZnO films
was calculated as the arithmetic mean value of the anodic and the cathodic peaks potentials in the
voltammograms.
The absorbance spectra of the dye in acetonitrile/t-butyl alcohol solutions was determined

through UV-vis spectrophotometry (Fig. 23). An intense absorption band was observed at

472 nm, related to the photoexcitation of the dye molecule that leads to the injection of
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electrons from the dye excited state to the metal oxide conduction band when the molecule

is anchored to the semiconductor surface; a molar extinction coefficient (g) of 24,190 M

cm™ was calculated for this absorption band, which is almost twice of the values reported for

the widely used ruthenium-based N719 dye (Fig. A4) [55].
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Figure. 23.- UV-vis spectra for the OD-8 dye in solution at various concentrations.
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Table 4.- Data obtained from cyclic voltammetry for the dye in solution and adsorbed on ZnO films.

OD-8 in solution

OD-8 adsorbed onto ZnO

Eox (V vs Ag/Ag") 0.405 0.469
Ered (V vs Ag/AgY) 0.312 0.373
E* (V vs Ag/Ag") 0.359 0.421

E* (V vs NHE) 0.899 0.961
Enomo (eV) (estimated)? -5.399 -5.461
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2 Calculated through the following expression : Enomo(eV)= - [E* (V vs NHE) + 4.5]

6.3 Photovoltaic performance: redox couple and dye aggregation.

Dye-sensitized solar cells were prepared using electrodeposited nanostructured, mesoporous
ZnO films with a thickness of 9.23 + 0.74 um, the OD-8 dye, the CDCA coabsorbent, and
both redox couples. Figure 24 presents a set of current - voltage curves for DSCs using the
[Co(bpy)s]?*®* redox couple as a function of the immersion time of the ZnO films in the
sensitizing OD-8/CDCA solution; after sensitization, the solar cell was assembled as

described in section 6.1. The results are summarized in table 5.
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Figure 24.- Current density - voltage curves for electrodeposited ZnO-based DSCs with the organic
dye OD-8, the CDCA coabsorbent, and [Co(bpy)s]?*** redox couple as a function of sensitization

time.
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The progressive increase of the short circuit current density (Jsc) up to 4 h immersion time is

related with the gradual increase of the number of dye molecules adsorbed to the ZnO surface

(Figs. 28a, 28c). However, at longer immersion times Jsc decreases significantly, which can

be interpreted in terms of the reported limited stability of ZnO in acidic media. Since the OD-

8 dye has a carboxylic acid moiety as anchoring group, the dye solution is somewhat acidic,

and ZnO has been known to partially dissolve and form Zn?*-dye aggregates, which may

block the pores in the nanostructure [17,20,56,57]. Although the aggregates are difficult to

observe with SEM, the ZnO surface tends to become smoother with longer immersion times,

which may be related to selective dissolution of ZnO material that can be incorporated in

aggregates (Fig. 25).

Table 5.- Short current density (Jsc), open circuit potential (Voc), fill factor (FF) and efficiency (1)

for DSSCs at different sensitization times and redox couples.

Redox couple | Time (h) | Jsc (MA cm™?) | Voc (V) FF 1 (%)
1 3.91+0.18 | 0.34+0.02|0.46+0.01 | 0.62+0.06
4 5.8740.18 |0.4440.01]0.38+0.03 | 0.97+0.07
8 5.39+0.4 ]0.42+0.01| 0.4+0.02 | 0.91+0.11
[Co(bpy)s]*** 24 4.24¢0.16 | 0.41+0.02 | 0.46+0.05|0.79+0.14
I/ls 4 4.47+0.27 |0.58+0.03|0.26+0.02 | 0.66+0.03
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200 nm

Figure 25.- SEM images taken to ZnO films before (a) and after 24 h of immersion (b) in a OD-8

dye solution.

The Zn?*-dye aggregates may provide optical absorption, explaining the "colorful”
appearance of the film, however, generally electron injection into the ZnO conduction band
does not appear to occur from these aggregates. This interpretation is confirmed by surface
photovoltage spectroscopy in combination with optical reflectance measurements on ZnO
films sensitized at 1 and 24 h in the sensitizing dye solution. In figure 26, a more intense
band can be seen at 2.7 eV (459 nm) in the optical spectrum for the ZnO film after 24 h of
sensitization; however, the contact potential difference (ACPD) at that energy is in fact
somewhat smaller than for the 1 h sample. Hence, in agreement with the desorption
measurements shown in figure 28c, the higher absorption observed is related with the
presence of more dye molecules in the mesoporous film after 24 hours, but the injection
efficiency appears lower, resulting in a smaller ACPD signal; in addition, the spectrum is
more noisy for the 24 h sample, which may be an indication of the presence of aggregates.
Note that the lower injection efficiency is in agreement with the observation that the short

circuit photocurrent is smaller for DSSC after 24 h of sensitization.
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Figure 26.- Contact potential difference obtained from surface photovoltage spectroscopy and
Kubelka-Munk function corresponding to the diffuse reflectance measured for dye-sensitized,

electrodeposited ZnO film as a function of the sensitization time.
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organic dye OD-8 sensitized for 4 h, for the two different redox couples used; in addition, a current-
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voltage curve for a DSC with the 1/13 redox couple and a ZnO film sensitized for 2 h in a OD-8 dye

solution without CDCA is presented.

Figure 27 shows the current - voltage curves for DSSCs prepared with the optimal 4 h
immersion time for both redox couples. A pronounced difference in the fill factor (FF) is
observed, where the solar cell prepared with the I7/I3” redox couple shows the lower value.
The diffusion coefficients determinate for the 17/1s” redox couple are a factor 2 larger than for
the [Co(bpy)s]?*** redox couple, hence, one would not expect diffusion of the redox couple
in the bulk solution to be a reason for the smaller fill factor for the I7/1s” redox solution.
However, transport of the redox couple in the mesoporous film is expected to depend on the
interaction between the redox couple and the ZnO surface, the dye and the co-adsorbent; it
appears that this combination of interactions causes the lower fill factor for the 1713 solar
cells. In fact, we have observed that if the co-adsorbent CDCA is not used, the classical 1-V
diode-shaped curve is recovered for the I7/13” solar cells; however, in the absence of CDCA,
the DSSCs with the [Co(bpy)s]?*** redox couple have a very low efficiency. Hence, for sake

of comparison, we used the same solution chemistry for both redox couples.
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Figure 28.- Evolution of: a) short circuit current density, b) open circuit potential, ¢) dye loading,

and d) efficiency of ZnO-OD8-[Co(bpy)s]?*"** based DSCs as a function of sensitization time.

The open circuit potential (Voc) on the other hand increases with the immersion time, without
showing a reversal in trend (Fig. 28b). This is generally observed for dye-sensitized solar
cells (and many other types of solar cell) if the recombination kinetics do not increase
markedly with dye coverage: upon increasing the dye coverage, the injection current
increases, hence, in order to achieve zero current by balancing the injection with
recombination rate, a higher voltage is required. The dependence of recombination rate on
voltage thus defines Voc. On the other hand, the recombination rate may actually decrease

due to a better surface passivation with increased dye and / or co-adsorbent (CDCA)
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coverage; this would also lead to an increase in Voc with immersion time. However, since
the decrease in Jsc is much more pronounced than the increase in Voc, an optimum

sensitization time exists for the ZnO - OD-8 dye system.

Figure 29 shows a band diagram illustrating the effects of the change in redox potential on
the energetics and kinetics of the DSC: for the same quasi-Fermi level under open circuit
conditions corresponding to the FTO/ZnO electrode, assuming the change in redox couple
does not lead to a shift of the band edges, the open circuit potential of the DSC is expected
to be 184 mV larger for the [Co(bpy)s]>*** redox couple, but only if: (i) dye regeneration is
sufficiently fast, and (ii) recombination of ZnO electrons with the oxidizing agent is
sufficiently slow. If dye regeneration is slow due to the smaller driving force for the
regeneration process with the [Co(bpy)s]?*** redox couple, then recombination of ZnO
electrons with the oxidized dye is expected to limit the open circuit voltage; if recombination
of ZnO electrons with the oxidizing agent is fast, then the thermodynamically attainable open

circuit potential cannot be maintained, and will be smaller than expected.
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Figure 29.- Schematic band diagram illustrating the effect of the redox potential on the attainable
open circuit potential of the DSC. If the recombination processes are sufficiently slow, then the

open circuit potential is expected to be larger for the cells with the [Co(bpy)s]>"** redox couple.

However, as can be observed from Figure 27 and Table 5, the open circuit potential for the
cells with the [Co(bpy)s]**** redox couple was around 140 mV smaller than obtained for I
/137 solar cells. This can be related with the recombination processes that govern the efficiency

of the DSSC.

In order to obtain a better insight into these processes, 3 cells of each redox couple were
characterized via charge extraction and IMVS measurements. In charge extraction
measurements, the cell is held at open circuit under illumination until the system is stable,

and then the illumination is switched off and the cell is switched to short circuit
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simultaneously, and the current transient corresponding to equilibration under dark
conditions is integrated to obtain the charge. In IMVS, the cell is held at open circuit under
illumination, and a small, sinusoidally modulated light intensity is applied to the cell and the
corresponding modulated photovoltage is measured as a function of modulation frequency.
In general, a single time constant is estimated from the frequency at the apex (inflection
point) of the semicircle in the corresponding Nyquist plot (fig. A5), which is proportional to
the electron lifetime (t,"™VS). Both experiments are performed as a function of steady-state

light intensity.
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Figure 30.-Electron lifetime as a function of the amount of charge extracted. The data presented was

obtained for three cells with each redox couple.

The linear trend observed in the semi-log plot of the electron lifetime with the charge

extracted (fig. 30) is related with an exponential distribution of traps below the conduction
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band, previously reported for TiO2 and ZnO-based DSSCs[58], and schematically illustrated
in Figure 29. The trap distribution parameter obtained from the slope is very similar for both
redox couples, indicating that the general dependence of the trap states density with the
charge concentration in the semiconductor is not affected by the redox potential in the
electrolyte solution [59]. As can be seen in Figure 30, at the same charge, corresponding to
the same quasi-Fermi level with respect to the ZnO conduction band edge, the electron
lifetime is about 70x larger for the cells with the 1/13” redox couple. In addition, it can be seen
that larger values for the charge can be extracted for the cells with the 17/13” redox couple,
indicating that the quasi-Fermi level reached at a certain light intensity is higher than for the
[Co(bpy)s]?*®* cells, corresponding to the capability to maintain a larger open circuit
potential. These results imply that the OD-8 dye and CDCA treatment does not achieve
complete passivation of the ZnO surface, allowing recombination corresponding to electron

transfer from the ZnO to the [Co(bpy)s]?*** redox couple.
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6.4 Surface Photovoltage Spectroscopy (SPS): Characterization
of Photochemical Charge Separation in ZnO-Based Dye-

Sensitized Solar Cells

Surface photovoltage spectroscopy was performed on electrodeposited ZnO films onto FTO
substrates, sensitized in a OD-8/CDCA solution and treated with a drop of the electrolyte

solution for both redox couples using a Kelvin probe in a vacuum system.

Figure 31a shows the SPS results for ZnO films electrodeposited onto a FTO substrate. The
ACPD signal starts to increase at a photon energy of about 3.2 eV (section Il in the Figure),
which corresponds to the band gap of ZnO. Hence, upon light absorption, electrons are
excited from the valence band to the ZnO conduction band and charge separation is sustained,
giving rise to a negative voltage. A negative voltage is typical for an n-type semiconductor,
where electrons are driven to the FTO/ZnO interface and holes are trapped at the ZnO free
surface [32] [31]; a maximum ACPD signal of -0.18 V was obtained for the ZnO film. At
higher photon energy, both the light intensity of the Xenon lamp and the penetration depth

of the photons decrease, leading to a decrease in the signal.

After sensitization (Fig. 31b) a shift in the ACPD onset to a lower energy (1.7 eV) was
observed, as well as a first maximum at 2.7 eV, resembling the absorbance spectrum of the
dye (Fig. 32). Hence this signal can be ascribed to absorption by the dye, and subsequent
charge separation; charge separation occurs by electron injection from the dye in the excited
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state into the ZnO conduction band, leaving behind an oxidized dye molecule. In this
situation, recombination can occur by back electron transfer from the ZnO conduction band
to the oxidized dye molecules attached to the semiconductor surface, a process that in the
dye-sensitized solar cell needs to be intercepted by faster dye regeneration by an electron
donor in solution. In this case, the absence of the redox couple allows electron back transfer
to occur, and the steady-state photovoltage is rather low at only -0.04 V. The signal then
decreases slightly up to a photon energy of 3.2 eV, where the ACPD starts to increase again,
which corresponds to a contribution of the absorption of ZnO due to band-to-band transitions
and subsequent transfer of the photogenerated hole to the dye molecule. Hence, sections |
and Il in Figure 31 correspond to the region where the dye absorbs light, while sections IlI
and IV correspond to absorption by ZnO. Note that although dyes are specifically designed
to have slow back transfer kinetics, taking into account that the dye is chemisorbed to the
ZnO surface, the intimate electronic contact allows relatively fast back electron transfer, at
least as compared to electron transfer from the ZnO conduction band to a non-adsorbed redox

couple in solution.
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Figure 31.- Surface photovoltage measurements for: (a) Electrodeposited ZnO film; (b) ZnO film

sensitized with OD-8; (c) ZnO film with OD-8 and the [Co(bpy)s]**?* redox couple; and (d) ZnO

film with OD-8 and the I/ I3 redox couple.

Figure 31c shows the ACPD signal obtained for a sensitized-ZnO film with a dry thin layer

of the [Co(bpy)s]®*?* redox couple solution placed upon it. The spectrum follows the same

trend as in Figure 31b, illustrating that the optical absorption by the [Co(bpy)s]**/?* redox

couple can be neglected. The ACPD onsets at 1.7 eV and 3.2 eV indicate the absorption edges

of the dye and ZnO, respectively. However, the surface photovoltage is significantly larger

compared to the situations without the redox couple; at 2.7 eV, the ACPD maximum is -0.70

V, compared to -0.04 V in the absence of the redox couple. This result indicates that charge

87



separation can be maintained even at a large voltage, implying that the recombination process
has become much slower. This can be understood as follows: upon light absorption and
electron injection, instead of electron back transfer from ZnO as in the case of Figure 31b,
the oxidized dye accepts an electron from the redox couple, and the positive charge is "stored"
on the oxidized redox couple. Consequently, the recombination reaction now pertains to the
electron transfer from the ZnO conduction band to the oxidized species of the redox couple,
[Co(bpy)s]®*, which is much slower than the back electron reaction to the oxidized dye. This
interpretation is in agreement with the general kinetics scheme in the dye solar cell: fast dye
regeneration prevents electron back transfer from ZnO to the oxidized dye, and the much
slower recombination kinetics corresponding to electron transfer from ZnO to the oxidized

species of the redox couple allows for a larger cell voltage.

The addition of the 1713 redox couple (Fig. 31d) to the sensitized films showed similar
characteristics in the SPS spectra as observed for the cobalt-based redox couple, however,
the ACPDmax at 2.7 eV was some smaller (-0.45 V compared to the -0.70 V for the

[Co(bpy)s]®*?* redox couple).
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Figure 32.- SPS results for ZnO films sensitized with the OD-8 dye and with a drop of either the I

/13 or the [Co(bpy)s]**/?* redox couple; the absorbance spectra of the OD-8 dyes is also presented.

The difference in ACPDmax between these redox couples (fig. 32) is an interesting result,
possibly more related with the regeneration efficiency of the dye cation after electron
injection (since the different conditions of the electrolyte solution in the SPS vacuum
measurement system prevent efficient mediation of the electron transfer from the
semiconductor to the oxidized redox couple). Detailed studies on the iodine/iodide system
have shown the presence of a number of one-electron redox reactions with a significant

importance in the DSSCs, including the 1°/1" or the 12*/I" redox couples. Thus, it is the 17/13°

redox couple that sets the potential of the Pt-counter electrode (and the Vo in the dye-
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sensitized solar cell), but it is the I.*/I" redox couple (< 0.93 V vs NHE) that is responsible
for reduction of the oxidized dye molecule in the SPS configuration [24][60]. In this way, a
small driving force for the dye regeneration reaction with the I."*/1"redox couple (compared
with the |E*([Co(bpy)s?***)-LUMOob.s|= 0.407 V) seems to limit the charge separation at
the ZnO/OD-8 interface mainly for the high recombination of the electrons injected in the

semiconductor with the dye cations.

6.5 Conclusions

We have evaluated the performance of dye-sensitized solar cells based on electrodeposited
nanostructured, mesoporous ZnO films sensitized with the organic OD-8 dye, in combination
with two types of redox couple: the one-electron couple [Co(bpy)s]?** and the two-electron
couple I/13. Electrochemical characterization of the two redox couples illustrate that the
redox potential of the [Co(bpy)s]?*** couple is about 0.18 V more positive than that of the I
/13 couple, however, a corresponding increase in the solar cell open circuit potential is not
achieved. Steady-state current-voltage measurements as a function of the immersion time in
the dye solutions show a decrease in performance after a sensitization time of approximately
4 hours, and results from scanning electron microscopy and surface photovoltage
spectroscopy show that this is likely related to the formation of Zn?*-dye aggregates in the
pores of the ZnO film, lowering the injection efficiency and thus the short circuit current
density. Combining the results from electron lifetime measurements and open circuit charge
extraction leads to the conclusion that the electron transfer kinetics from ZnO to [Co(bpy)s]**

are much faster than to Iz", which limits the V. and the performance of the ZnO-OD-8-
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[Co(bpy)s]>** cells. However, the SPS results suggest a more efficient dye regeneration with
this redox couple observed as a larger ACPD signal, in agreement with the Jsc measured in

the solar devices.

Based on these results, it is concluded that higher efficiencies for the ZnO/OD-8 system can
be obtained with the use of the Co(bpy)s]>*** redox couple. In order to achieve this, an
effective ZnO surface passivation method is needed to slow down the electron transfer rate
at the semiconductor/electrolyte interface, which may lead to an increase in the open circuit
potential and the short circuit current density of the cells, related to an increase in the

collection efficiency for an improved electron diffusion length.
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7. New metal-free dyes based on perylene-monoanhydride-
monoimides applied to ZnO-DSSCs.

In this section a series of metal free dyes based on perylene derivatives (Fig. 33) were tested
as molecular absorbers in which an anhydride group has been incorporated as anchoring
group. The mechanism proposed for the rupture of that group (which leads to the molecule
adsorption) does not imply the release of protons in the sensitizing solution. This anchoring
group was specifically designed to try to improve the stability of the semiconductor during
the sensitization process by avoiding the undesirable formation of dye aggregates usually
observed with dyes having carboxylic an cyanoacrylic acid groups as anchoring groups. In
the design of these dyes, changes in the position and number of the electron donating units
in the perylene core as well as the size of the alkyl chains that substitute the imide group have
a clear effect on their optical and energetic properties, and finally on the performance of the

solar cell devices.

Only a few works on the use of perylene-monoanhydride derivatives as sensitizers in ZnO-
based DSSCs can be found in the current literature, so that the aim of this chapter is to
evaluate the performance of the non-commercial DG-perylene dyes applied to ZnO-based
solar devices in terms of stability of the semiconductor as function of the sensitization time
as well as photovoltaic performance related with their structural, optical and energetic
features. These dyes were synthesized by the group of Dr. Angela Sastre from Elche
University in Spain specifically for this collaborative research project and have not been

reported previously.

92



In this work, we compared the performance of solar cells based on ZnO and TiO2, which

were both synthesized using solvothermal methods.

7.1 Experimental procedure

Porous films were prepared by depositing a home-made paste of ZnO nanoparticles
(ZNW15WT%-GO, CIK), PEG 20000, PEG 500000 and Triton X (as surfactant), or a TiO>
paste (PST-18NR, JGC catalysts and chemicals Ltd.) onto FTO (Asahi) conducting glass by
the doctor blade technique, and sintering at 550 °C or 450°C ,respectively, for 30 minutes.

The thickness of these films was measured with a stylus profiler DEKTAK 6M.

Pre-heated films were sensitized in perylene (0.5 mM in CH3CN/t-BuOH 1:1 v/v) or D149
(0.3 mM in CH3CN/t-BuOH 1:1 v/v) dye solutions at different immersion times. The counter
electrodes were prepared to sputtered thin Pt-layers onto FTO substrates in a JEOL auto fine
coater (JFC-1600). To prepare DSSCs, sensitized films and counter electrodes were sealed
with a piece of Surlyn on a hot plate at 120 °C and filling the space between both electrodes

with an electrolyte solution.

Current-potential curves were measured using a solar simulator (100 mW cm? AM1.5G,
Yamashita denso) and a Keithley 2400 source meter unit. The active area of the cells was
delimitated with a 3 mm x 3 mm shadow mask. Incident photon to current conversion
efficiency (IPCE) was measured with a Bunko keiki SM-25A monochromator-light source

and a digital multimeter ADVANTEST AD7461A.

The absorbance spectra of the dyes in solution and adsorbed on films was measured using a

spectrometer SEC2000-UV/VIS or an ocean optics miniature spectrometer respectively.
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Stepped light-induced measurements of photocurrent and voltage (SLIM-PCV) and charge
extraction were performed with a 635 nm diode laser as the light source, and a digital
multimeter ADCMT 7461A to record the corresponding current/voltage transients. In the
charge extraction measurement, the open circuit/short circuit sequence was applied for a

potentiostat/galvanostat HOKUTO DENKO HBF500.

Cyclic voltammetry, for dye and electrolyte solutions as well as for dyed films used as
working electrodes, was carried out using an electrochemical analyzer ALS/HACH
intruments-1205B, a Ag/AgNO3 (0.01 M) reference electrode, and (depending of the system)

Pt as working and counter electrodes.

DG-154-102 DG-156-102 DG-172-102 D149

C47Hs3N;04
Ca2H35N30483

Figure 33. Chemical structures of dyes used.
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7.2 Electrochemical and optical characterization of dyes and

redox couples.

Cyclic voltammetry was used to determine the electrochemical properties and behavior of

the dyes when in solution and adsorbed onto mesoporous ZnO and TiO> films. Dye solutions

containing 0.3 mM Dye + 0.1 M tetrabutylammonium perchlorate in acetonitrile were

analyzed in a classical three-electrode electrochemical cell in where the working and counter

electrode were Pt, and a Ag/AgNO3 (0.01 M) electrode calibrated versus ferrocene was

employed as reference.

J(mA cm?)

J(mA cm?)

E (V vs Ag/AgNO, (0.01 M))

E (V vs Ag/AgNO, (0.01 M))

Figure 34.- Cyclic voltammograms for solutions 0.3 mM Dye + 0.1 M tetrabutylammonium

perchlorate in acetonitrile at different scan rates and 25 °C.
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Figure 34a compares the voltammograms recorded for the perylenes dyes as well as for the
indoline D149 dye, which has been chosen as reference, at a scan rate of 100 mV s?; In
addition, cyclic voltammetries were performed at different scan rates (Fig. 34b, 34c and 34d)
in where no dependence of the Ep (anodic or cathodic) with the scan rate used was observed,
characteristic for fast redox couples only limited by mass transport. The DG-154-102 and
DG-172-102 dyes showed two oxidation waves associated with the formation of the D%*
and D*'?* redox couples, a AEp of 52-60 mV for those redox reactions clearly indicates their
high reversibility. A different behavior was observed for DG-156-102, which shows one
oxidation wave with a AEp of 89 mV suggesting quasi-reversible electron transfer processes.
In this figure also can be observed that DG-154-102 presents the most negative redox
potential for the first oxidation reaction; this result is in good agreement with the molecule
design in where piperidine units have been incorporated in the perylene core to improve the
electron donating properties of the molecule, since the DG-154-102 has the largest number
of such units, electrons can be detached from the molecule more easily; it is interesting to
note that both DG-156-102 and DG-172-102 have two piperidine units but a different
number of oxidation waves (and a different Ep? for the first oxidation reaction), the reason
seems to be related with the position of these units which may favor or suppress the loss of a
second electron as in the case of DG-156-102. The D149 dye showed only one oxidation
wave, with a difference of 70 mV between peaks and a redox potential very similar to the
observed for the DG-156-102 dye. For fast electrochemical systems, the redox potential (E*)
can be estimated from the half wave potential (EY?= (Ep*+ Ep©)/2) for the first oxidation
reaction in the voltammograms, which is a good approximation of the HOMO level of the

dye. The results are summarized in table 6.
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Table 6. Redox potentials and HOMO levels for the dyes in solution.

Dye E* o1y (V vs NHE) | E*424) (V vs NHE) | HOMO (eV)?
DG-154-102 0.873 1.021 -5.373
DG-156-102 1.037 -5.537
DG-172-102 0.9715 1.14 -5.471

D149 1.065 -5.56°

& Calculated through the following expression : Exomo(eV)= - [E* (V vs NHE) + 4.5]

® A HOMO level at -5.49 eV has been reported in reference [61].

After adsorption either on ZnO or TiOz (fig. A6), the perylene dyes showed a change in their

HOMO level to more negative values due to a strong interaction of the non protonated

carboxylic groups which result from the rupture of the anhydride ring initially present in the

molecules with the semiconductor, while on the other hand a slight shift to more positive

potentials was observed for the D149 dye (table 7).

Table 7.- Redox potentials and HOMO levels calculated for the dyes adsorbed on porous

semiconducting films used as working electrodes in a three electrode electrochemical cell.

TiO:

Dye E* o1+ (V vs NHE) [HOMO (eV)
DG-154-102 0.677 -5.17
DG-156-102 0.865 -5.36
DG-172-102 0.728 -5.22

D149 1.14 -5.64

Zn0O

Dye E* o1+ (V vs NHE) | HOMO (eV)
DG-154-102 0.685 -5.18
DG-156-102 0.836 -5.33
DG-172-102 0.783 -5.28

D149 1.118 -5.61
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UV-Vis spectroscopy was employed to determine the optical features of the dyes in
acetonitrile/t-butyl alcohol based solutions and absorbed in semiconducting films, the
absorbance spectra are shown in figure 35. For the perylene dyes absorption bands were
observed between 400 to 800 nm as well as systematic differences related with their chemical
structures such as the number and positions of the piperidine units that have been
incorporated in the perylene chromophore. The DG-154-102 and DG-156-102 dyes showed
a similar absorption onset ~779-774 nm while DG-172-102 starts to absorb at 751 nm. As
the absorption onset can be approximate to the band gap of the molecular absorber, we can
estimate ~1.6 eV for DG-154-102 and DG-156-102 and 1.65 eV for the DG-172-102 dye.
The change of the absorbance with the dye concentration was also measured and the molar
extinction coefficient (€) calculated for the most intense absorption bands as can be seen in

Table 8.
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Figure 35.- Absorption spectra for the perylene dyes in solution and adsorbed onto ZnO and TiO,

porous films.

All perylene dyes showed an hypsochromic shift in their absorption onset when adsorbed on
semi conducting films, attributed to the rupture of the anhydride group which leads to the
dye anchoring on the particles surface[62][63]. Edvinsson et al. have related this blue shift
of the absorption onset with the intramolecular charge transfer (ICT) character toward the
open anhydrous group; the wider the difference between the absorption onset of the dye in
solution and onto the film the greater the ICT character in the molecule which can affect the
charge transfer yield from the dye excited state (D*) to the semiconductor. Following this
argument, the DG -154-102 dye shows the highest ICT character (with a difference of 74 to

49 nm in absorption onset in ZnO and TiO> respectively) while the DG-156-102 and the DG-
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172-102 dyes presented similar ones (55 to 32 and 49 to 39 nm respectively). Clearly, the
interaction of the dyes with the semiconductor changes their electrochemical and optical
properties and, as consequence, the position of their HOMO and excited state levels, which

can differ from the values observed when in solution.

Table 8.- Molar extinction coefficients for the main absorption bands and absorption onsets
measured for the perylene dyes in solution and adsorbed on ZnO and TiO; films. The absorption

onsets were calculated graphically as shown in figure A7.

Dye A (mm) | £ (10* M cm™) | Agnset (NM) [ AZ"5nger (NM) [ ATO%06e¢ (NM)

DG-154-102| 575 1.27 779 705 730
707 2.61

DG-156-102| 415 1.06 774 719 742
432 1.3
688 1.83

DG-172-102| 419 1 751 702 712
434 0.95
562 1.21
674 2.8

Two electrolyte solutions were tested to see their effect on the cell performance by varying
the concentration of the well-known CB potential-determining additives (Li* ions and TBP

molecules) in the solution. Their compositions are listed as follows:
-42:0.6 M Bmiml, 0.05 M I, 0.1 M Lil, 0.5 M TBP in CH3CN.

-E3:0.05M I2, 0.7 M Lil in CH3CN.
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Figure 36 shows I-V curves for cyclic voltammetry experiments at a very slow scan rate of

0.5 mV s; the average potential where the current density is zero corresponds to the redox

potential of the electrolyte solution (E*). The results are presented in table 9.
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Figure 36.- Cyclic voltammograms measured to the electrolyte solution used in the solar devices on

Pt working and counter electrodes at 0.5 mV s and 25 °C.

Table 9. Redox potential for the electrolyte solutions used in the solar devices determined by

electrochemical methods.

Electrolyte | E* (V vs Ag/Ag") | E* (V vs NHE)
42 -0.197 0.343
E3 -0.18 0.36

101



7.3 Characterization of solar cells.

Dye-sensitized solar cells were elaborated with ZnO films deposited onto FTO and sensitized
in acetonitrile/t-butyl alcohol solutions of the perylene based dyes for 0.5, 1, 6, 12 and 24 h
(before cell assembly with the counter electrode as described in section 6.1) and an 17/l3

based electrolyte solution (electrolyte 42).

First, the effect of the sensitization time on the cell performance was studied in order to
observe the presence of dye aggregation, either by formation of dye agglomerates or Zn?*-
dye complexes due to selective dissolution of the ZnO particles. Both types of aggregation
represent a serious limiting factor in the efficiency of photovoltaic devices, especially due to
their negative effect on the electron transfer processes that take place at the sensitizer-

semiconductor interface.

Figure 37 shows current-potential curves as a function of the immersion time of the ZnO
electrodes in the dye solutions, where a similar trend was observed for the three DG dyes. A
slight increase of the Jsc was observed from 0.5 up to 6.0 h of sensitization followed by quite
similar values at longer times, suggesting that no more dye loading takes place on the
photoanode surface. The fact that no decrease of the Jsc is observed at longer times points to
the absence of dye-dye aggregates or Zn?*-dye complexes in the mesoporous film, which
usually leads to a decrease of the injection efficiency. Several possible causes for the low
injection efficiency include an unsuitable position of the aggregates-excited state level, poor
orbital coupling between the dye molecule and the semiconductor, inter-molecular
guenching, among others. This result can be rationalized in two ways: In the design of

perylene-based sensitizers, several approaches have been tried in order to overcome the
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inconvenient interaction of the dye molecules when in solution, such as the inclusion of alkyl
chains with free rotation capacities in the imide group among others [64][65]; however, in
our case, the lack of aggregation seems to be more related with the piperidine substituents in
the perylene core than with the length of the hydrocarbon chains used. Then, the piperidine
units not only increase the electron donating properties of the perylene chromophore, but also
avoid the multi-stacking of dye-dye agglomerates on the semiconductor surface. Second, the
anchoring of the dye molecule through the rupture of the anhydride ring when in contact with
the semiconductor surface results in two non-protonated carboxylic groups, hence, the
absence of protons (H*) released during the film sensitization avoids the dissolution of the
ZnO nanoparticles (as has been reported for dyes like N3 and N719 among others), which
usually leads to Zn?*-dye complexes blocking the pores in the semiconductor film. From this

analysis, it can be concluded that the maximum dye up taking is reached at 6 h.
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Figure 37. 1-V curves for DSSCs elaborated with the perylene dyes as a function of sensitization

time.

104



IPCE (%)

50 —— DG-154-102 —— DG-154-102
DG-156-102 DG-156-102
| —— DG-172-102 2+ —— DG-172-102
11 —— D149 T~ ——D149
40 e ——— \\
‘: &1
304 | £
\ (&}
| g o
204 | £
=
10 11
. ; \
0 T T T e T -2 T ’
400 500 600 700 800 900 0.0 0.2 0.8
Wavelength (nm) V (V)

Figure 38. IPCE and I-V curves for perylene and D149 based DSSC at 6 h of sensitization time.

Figure 38 shows IPCE and I-V curves for perylene and D149 based solar devices elaborated
with the optimum sensitization time. Table 10 summarize the parameters evaluated for curves
in Figure 38. A similar Vo was observed for the DG-154-102 and DG-156-102 cells, and
slightly higher for the DG-172-102 cells (= 20 mV more), however the dark current
measured, which can give us information about the transfer rate of the electrons injected in
the working electrode with the oxidized species in the electrolyte solution, was quite similar
suggesting a different reason for this gain in voltage. For the perylene dyes, the DG-172-102
cells showed the highest efficiency not only for the gain on Voc commented above, but also
for the better IPCE (L) features especially in the range of 380-650 nm; in the case of the DG-
154-102 and DG-156-102 cells the efficiency was mainly determined by Jsc, where DG-156-
102 showed the lowest IPCE (A) values. On the other hand, the cells made with the D149 dye
showed, on average, almost twice the efficiency compared to those obtained with the
perylene dyes, related to a higher Voc (accompanied by a lower dark current density) and Jsc

(due to the larger values of IPCE (1) in the range of 390-570 nm). The higher Vo of the D149
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cells could be originated by a decreased recombination rate of the electrons injected in the
semiconductor with the acceptors in the electrolyte solution as well as by a shift of the
conduction band edge to negative potentials due to a strong interaction of the dye with the
semiconductor; it is not possible to differentiate between both effects only with the current-
potential curves; hence, more information about the semiconductor/dye/electrolyte interface

is needed.

Table 10. Photovoltaic parameter measured to the DSSCs presented in Figure 38

Dye [Time (h)| Voc (V) [Jsc(mA/cm?)| FF n (%)
DG-156-1021 6  [0.48+0.003| 0.96+ 0.60 ]0.66+0.01]0.31+ 0.02
DG-154-102 6 0.49+0.01( 1.32+0.07 ]0.65+ 0.01]0.42+ 0.03
DG-172-102 6 0.51+£0.01( 1.52+0.08 0.64+0.01/0.50+ 0.04

D149 6 0.57+£0.02( 2.03£0.25 (0.68+0.01(0.79+ 0.10

The diffusion coefficient and electron lifetime (Fig. 39 and 40) was determined by the
measurement of stepped light induced photocurrent and photovoltage transients (fig. 7
presents a set of transients measured to cells elaborated for this study), while the charge
extraction method was used to relate the open circuit potential with the electron density
accumulated in the semiconductor. A similar dependence of Dy as function of Jsc (fig. 39a)
was observed for the perylene and D149 solar cells, which implies similar electron transport

features through the semiconductor film as the Fermi level changes with the light intensity,
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apparently independent of the nature of the dye adsorbed, an interesting finding taking into
account the different chemical nature between the perylene and the indoline dyes. Possibly
this result is more related with the ZnO, since some studies have shown that standard dyes
such as the ruthenium complex N719 can change under certain conditions the total amount
of the charge trapping states in TiO2 films and, as a consequence, modify its electron transport
properties [66]. The position of the conduction band edge showed a different trend (fig 39b),
where a shift to more negative values was found for the DG-172-102 dye (indicated for the
much lower charge accumulated in the semiconductor at the same Vo), possibly induced by
the presence of a permanent dipole in the molecule due to its slightly asymmetrical structure

(mainly for the position of the piperidine units).
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Figure 39. a) Diffusion coefficient (versus Jsc), and b) V. (versus electron density) for cells
prepared at the same conditions as in Figure 36. The increase of the diffusion coefficient with the
Jsc (due to an increase of the light intensity) is in agreement with the assumption of an exponential

distribution of trap states below the conduction band.
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Figure 40 shows the electron lifetime extracted from the SLIM voltage transients as a
function of the electron density measured in the semiconductor. A similar lifetime was
observed for the DG-154-102 and DG-156-102 cells which explains their similar Vo too,
while the D149 cells showed the highest values as well as the highest V. possibly due to a
better blocking effect of the electrode surface related with its chemical structure. The DG-
172-102 cells showed a slightly lower lifetime but at the same time the highest V. for the
perylene dyes. The shift of the conduction band edge to more negative values in theory could
allow an increase of =80 mV the V.. for the same electron density, however, this shift also
increases the free energy for electron transfer between the semiconductor and the acceptors

in the electrolyte solution or to the dye cations, leading to only a 20 mV increase in Voc.
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Figure 40. Electron lifetime versus electron density (ED) for DSSCs prepared at same conditions
that Fig. 36. The decrease of the electron lifetime with the ED (due to an increase of the light
intensity) is in agreement with the assumption of an exponential distribution of trap states below the

conduction band.
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The modest efficiencies observed in these devices could be originated by different factors,
some of them dependent on the semiconductor nature. In order to identify these efficiency-
limiting factors, TiO2-based solar cells were prepared and characterized at the same
conditions (similar film thickness and sensitization time). As defined above, if electron
injection and collection efficiency are high, the Jsc will depend basically on the amount of
dye loaded on the mesoporous film. Figure 41 shows the absorbance spectra of ZnO and TiO-

mesoporous films sensitized at 6 h in the dye solutions previously described.
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Figure 41.- Absorbance spectra for dyed ZnO and TiO- films.

As can be seen, the TiO- films showed high absorbance values due to a higher amount of dye
loaded when comparing with the ZnO films. A correlation between the surface area of the

film and the dye loaded is well known, and the former with a clear dependence on the particle

109



size and geometry, surface roughness and film porosity. SEM images taken of these films
revealed some morphological differences, where small and elongated particles (Fig. 42a)
were observed in the porous TiO> array, while larger granular particles (between 20-70 nm)
as well as a higher porosity was found for the ZnO films (Fig. 42b). Unfortunately, the overall
effect of these specific differences on the surface area cannot be properly determined only

with SEM images.

Figure 42.- SEM images taken of: a) TiO, and b) ZnO films deposited onto FTO and after sintering

at 450 and 550 °C respectively.

Lizama et al. [67] have shown a dependence of the surface chemistry of ZnO-nanoparticles
on the cell performance, where the amount of dye loaded was mainly dominated by the strong
presence of non-polar surfaces (instead of the measured surface area in the film) that can act
simultaneously as Lewis acid and base sites, promoting a more efficient
deprotonation/rupture of the anchoring groups and subsequent chemisorption of the
molecules on the particles; hence, the chemical and crystallographic properties of each
material have to be taken in to account in this analysis, which is beyond the scope of this

work.
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A difference in the light harvesting efficiency (®in), calculated from the total absorbance of
the dyed films (eq. 7.1), and the IPCE measured to these cells (Fig. 43a and 43b) points out

a low internal quantum efficiency.

LHE ()= (1-10"%®) * 100 (7.1)
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Figure 43.- Light harvesting efficiency (@) and IPCE spectra for the perylene and D149 dye on

ZnO and TiO; films.

The absorbed photon to current conversion efficiency (APCE), also called the internal
quantum efficiency (IQE), provides information about the injection and collection efficiency
(eqg. 7.2); then, through the systematic change of some of the cell components it is possible

to figure out the limiting factors involved.

APCE= IPCE () / ®in (\) = Dcor™ Dinj (7.2)
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Figure 44.- APCE spectra calculated from the @, and IPCE in fig. 43.

A qualitative analysis of Figure 44 shows low APCE values for all the ZnO cells, and similar
ones between the perylene based ZnO and TiOz cells, while the D149-TiO: cells showed the
highest values. A previous report [68] emphasizes that the low performance of D149-ZnO
cells is related with electron injection issues (due a lower density of acceptor states in the
material or the presence of bound charge-transfer pairs which recombine faster than the full
charge separation), whereas the electron collection and dye regeneration remained similar for
both semiconductors; hence, while the D149 cells showed a material dependent IQE, the
performance of the perylene cells results more complicated to be explained. In the rest of this
work, DG-154-102 was chosen as the representative dye of the DG series and used to

investigate the performance limiting factors in these molecular absorbers.
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The electron collection efficiency depends on the film thickness (=4 um for TiO. and =3.4
um for ZnO in our devices) and the electron diffusion length (Ln) defined as the average
distance that electrons travel before recombination; high collection efficiencies are found
when the film thickness is much less than the electron diffusion length. Figure 45 shows the
change on IPCE as function of the film thickness, where an increase in this latter raise the
IPCE due to an increase of the absorbance of the dyed films, pointing out a value of L that
is larger than 7 um in both semiconductors; however, it should to be noted that it is not

possible to quantify ®con based only on this result.

Upon light absorption the electron distribution in the excited dye molecule is displaced
toward the anchoring group near to the dye/semiconductor interface which leads to the
electron injection if the excited state level-CB energy difference is good enough to overcome

the activation energy for this electron transfer process.
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Figure 45.- 1-V curves and IPCE spectra for DSSCs prepared with the DG-154-102 dye and

ZnO/TiO, films with different thickness.
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According to the Marcus theory for electron transfer, as the excited state level-CB energy
difference increases the rate constant for this process also increases. For the invariant position
of the excited state level of the dye, such energy difference can be tuned through the specific
interaction of some additives in the electrolyte solution with the semiconductor, as the well
known upward shift of the CB in presence of the TBP molecules or the downward shift
induced by the Li* cations. An electrolyte solution with an increased concentration of Lil, in
the absence of TBP, was used (E3), in order to determine the presence of electron injection
issues due to an unfavorable position of the excited state level of the dye with respect to the
metal oxide conduction band. Figure 46 shows IPCE and I-V curves for ZnO and TiO2 solar

devices elaborated with the E3 electrolyte solution.

115



90 i
Tio, a AT Tio,
80 /e \ — DG-154-102/ 42
70+ % -\ DG-154-102/E3
— e N\ D149/42
& o \—/\—
£ \ S 5l —/— D149/E3
LIJ ‘\
g g 41 :
- 30 )
20 o, / A
10 S \\
0 T T T \ j\S%A\ﬂT 4
400 500 600 700 800
30
It
| Zn0
If
25 ’\‘w‘ —— D149/ 42
| —+ D149/ E3
R —_ 20’\\ — — DG-154-102/42
=) \
e e 5 \’ [ DG-154-102/ E3
) L A\
< o N
= 1045 P\
( N . / \
5. \ — - Ev/urﬂ \
| N
0 R o™ Ng S
LI B R T T T T TrTT T T T
400 500 600 700 800

Wavelength (nm)

Figure 46.- 1-V curves and IPCE spectra for TiO, and ZnO based solar cells prepared with the
electrolyte solution -42 (0.6 M Bmiml, 0.05 M I, 0.1 M Lil, 0.5 M TBP in CH3CN) and E3 (0.05
M Iz, 0.7 M Lil in CHsCN).

As expected, the increase in the concentration of Li* cations in the electrolyte solution leads
to a diminution of the open circuit potential of the solar cell devices mainly due to a shift of
the metal oxide conduction band to more positive values (Fig. 47a), and not because of a
decrease of the electron lifetime (for almost all devices) as shown in Figure 47b; in fact an
increase of the latter accompanied the downward shift of the conduction band in the TiO>
cells. Figure 47a also shows that the effect of E3 was less pronounced in the ZnO-based

devices with only =68 mV of band shift (after correction for the difference in redox potential)
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while more than 200 mV was observed for the TiO> cells; this is in good agreement with the

observations of Idigoras et al., who attribute it to the low dielectric constant for ZnO that

complicates the formation of the surface dipoles that induce shifts in the band position [69].
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Figure 47.- a) V. and b) electron lifetime as function of the electron density in the semiconductor
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For the TiO> cells an increase of the Jsc was observed with the downward shift of the CB due
to the increase of the excited state level-CB energy difference that makes the electronic
transfer a more favorable thermodynamic process. Different to the high IPCE values observed
for the D149 cells, the DG-154-102 cells only reached a 29% of IPCEmax after a similar band
shift, suggesting poor electron injection due to the inconvenient position of the dye excited

level (relative to the CB) as one of the reasons for the low IQE previously and still observed.

The use of the E3 electrolyte in the ZnO cells lead to a loss in Jsc and IPCE of the solar
devices, behavior that was indifferently observed for both dyes. When working with different
semiconductors, electron injection also depends on the density of accepting states (DOS) in
the semiconductor CB; hence, slow electron injection into the ZnO due to its lower DOS
(reasoning in good agreement with the injection times experimentally determined for the
ruthenium-N3 dye of 250 fs and 1.5 ps in TiOz and ZnO respectively [70]) has been suggested
as the main reason of the low performance of ZnO solar cells. From the optical density spectra
of the dyed films in Figure A8, a much lower amount of dye molecules per unit volume of
porous ZnO can be observed compared to that for TiO> films. Together with the less compact
arrangement of the ZnO particles observed in the SEM images, this suggests a lower surface
coverage by the dye in the ZnO films, in other words, a less dense packing of the dye
molecules on the particle surface. Due to the low surface coverage by the dye in the ZnO
cells, the increase on the I and I3” concentrations at the electrode surface (as the decrease of
Tn In the D149 cells suggests), together with the slow electron injection process, mentioned
above, may favor the reductive quenching of the excited dye molecules by I [24,71-73], or
electron transfer from the excited state to the I3 ions, mechanisms that lead to a decrease in

the ®in; from the dye excited state and, as a consequence, to a decrease of the Jsc in the cells.
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Unfortunately, it is not possible to determine the predominant mechanism with the available

results, hence, a more detailed study is needed.

The regeneration efficiency of the oxidized dye molecules after electron injection strongly
depends on the driving force for this charge transfer process, proportional to the energy
difference between the HOMO level and the redox potential of the electrolyte solution (E*),
where 0.6 V or more, for the 1/1s” redox couple, usually yields high efficiencies. After
adsorption all the dyes showed changes in their HOMO level position when comparing with
those measured in solution (to more negative potentials for the perylene dyes and slightly
more positive for the D149 dye) as shown in table 11. Driving forces between 0.522 to 0.334
V were found for the perylene cells, values that do not allow us to rule out a poor dye
regeneration as an efficiency limiting factor in these devices, especially for its great effect on

Dcoll.

Table 11.- Electrochemical features of the dyes in solution and adsorbed in porous semiconducting

films.
Solution TiO2 Zn0O TiO2 Zn0O
Dye HOMO (V vs NHE) | HOMO (V vs NHE) | HOMO (V vs NHE) | [E*-HOMOQ]| | [E*-HOMOQ|
DG-154-102 0.873 0.677 0.685 0.334 0.342
DG-156-102 1.037 0.865 0.836 0.522 0.493
DG-172-102 0.9715 0.728 0.783 0.385 0.44
D149 1.065 1.14 1.118 0.797 0.775
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7.4 Conclusions

Metal free dyes based on perylene-monoanhydride-monoimides derivatives were used in the
fabrication of ZnO-solar cells. The stability of the Jsc in function of the immersion time of the
films in the sensitizing solution points out the absence of dye aggregation due to the
formation of Zn?*-dye complexes or multi-stacked dye-dye agglomerates on the
semiconductor surface and in this way the excellent chemical compatibility of the anhydride
ring (as anchoring group precursor) with the ZnO; for all the perylene dyes the maximum
dye coverage was reached at approximately 6 h of sensitization. Despite their broad
absorption spectra, electron injection and dye regeneration issues (especially for the
appreciable shift of the HOMO level to less positive potentials upon adsorption) are the

possible reasons for the low performance observed in the solar devices.

Different to the observations for the TiO cells, the low surface coverage by dye, and the
(well known) slow electron injection process in the ZnO-based devices lead to undesirable
electron transfer reactions in the dye/electrolyte interface (observed indifferently in both the
perylene and the indoline dye) for an increase on the concentration of either the I" or I3” ions

near to the electrode surface.

Our results point out the possibility to overcome these issues through a detailed study of the
specific interactions of the additives with each semiconductor to the design of adequate

electrolyte solutions, and the use of fast redox mediators less sensitive to small driving forces.
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8. General conclusions

ZnO is an attractive alternative material for application in dye-sensitized solar cells (DSSCs),
related to the wide range of morphologies that can be prepared at relatively low processing
temperatures and the superior electrical properties as compared to TiO2, which is currently
the dominant material applied in DSSCs. However, there are several problems specifically
related to the use of ZnO, that lead to the necessity to redesign all components of the solar
cell. In this work, the materials aspects of ZnO-based dye-sensitized solar cells have been
studied in detail, including the ZnO fabrication method and morphology, the dye and its

anchoring group, and the redox couple in the electrolyte solution.

Mesoporous and nanostructured ZnO films have been prepared by electrodeposition, as well
as by deposition via doctor blading using a paste of commercial ZnO nanoparticles, both onto
an FTO substrate. Using electrodeposition, a dependence of the morphology and composition
of the films obtained on the Zn?* precursor used as well as the deposition conditions designed,
was clearly observed. Semi-spherical ZnO particles were obtained from the ZnCl, bath with
the addition of the water-soluble PVP40 polymer, a novel finding in these baths, where the
selective adsorption of CI ions tends to favor the growing of particles with more sharp
geometries. Through the change in bath composition and deposition conditions used, a low-
temperature crystalline ZnO precursor, simonkolleite, was obtained, opening the possibility
to electrodeposit thin semiconducting films on flexible substrates based on conducting
polymers for the construction of lightweight and portable photovoltaic devices. Both
materials were used to prepare dye-sensitized solar cells, with results that emphasize the good

quality and suitability of the films obtained for solar cell applications

121



One of the most important problems related with the use of ZnO is that the classical dyes
used for TiO are too acidic, resulting in partial dissolution of ZnO during the sensitization
process. Hence, novel dyes need to be designed, and this is an important on-going research
subject. It has been found that organic dyes with a single cyanoacrylic anchoring group are
promising, however, multi-layer dye adsorption as well as ZnO surface stability remain an
issue. In this work, we have compared a commercial dye, OD-8, that has not previously been
used for ZnO-based DSSCs, and determined its promise. In addition, in collaboration with a
synthetic group in Spain, we have designed a novel anhydride bonding moiety as a non-acidic
anchoring group, and shown its promise for ZnO-based DSSCs. In particular, the anhydride
anchoring group is shown to not degrade ZnQO, in addition, the designed dyes do not show
multi-layer adsorption, which is another undesirable dye aggregation process, that leads to

lower injection efficiency.

As a constant in all the ZnO systems studied, low surface coverage by the dye was observed,
which not only promotes efficient electron transfer at the semiconductor/electrolyte interface,
which is an important recombination process, thus limiting the attainable open circuit
potential and photocurrent in the cell due to a negative effect on the electron collection
efficiency (as observed in the OD-8/[Co(bpy)s]>*** solar cells), but also undesirable electron
transfer reactions at the dye/electrolyte interface when increasing the concentration of the
electron donor/acceptor species near to the electrode surface (behavior observed in the D149
and perylene based cells when the concentration of Li* was increased in the electrolyte
solution). Thus, any strategy designed to improve the efficiency of ZnO-based DSSCs has to
aim for a complete surface coverage with adsorbed dye, thus effectively passivation the main

recombination process. This implies finding a sensitizer that is highly compatible with the
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ZnO surface chemistry, in other words, dyes with high adsorption yields when in contact
with the particle surface, but that do not contain or release chemical species that compromise

the stability of the ZnO surface during this process.
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Appendix

Figure Al.- SEM image for a Simonkolleite film electrodeposited from a 0.1 M Zn(NQOgz)2e 6H-0,

0.1 M KCI aqueous solution at pH= 6.0, 70 °C and the procedure Z1.

124



Figure A2.- SEM images of Simonkolleite film electrodeposited from a 0.1 M Zn(NQOs),* 6H-0, 0.1

M KCI agueous solution at pH= 6.0, 70 °C, the procedure Z2 and changing the number of pulses

used.
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Figure A3. Current-voltage plots for: a) 10 mM [Co(bpy)s](PFs)2, b) 10 mM [Co(bpy)s](PFs)s, 0.1
M NH4PFs in acetonitrile using a Au-RDE; c) 10 mM I, 10 mM Is7, 0.1 M NH4PFs in acetonitrile,

using a Pt-RDE; all measurements were performed at 25 °C and a 50 mV s scan rate.
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Figure A6. Cyclic voltammetry for the dyes adsorb on TiO, and ZnO films as working electrodes,
and using Pt and a Ag/AgNOs (0.01 M) electrode as counter and reference electrode respectively.

The experiments were performed at 25 °C and at a scan rate of 0.1 V s,
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The black arrows indicate how the absorption onset (Aonset) Was graphically calculated.
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