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Abstract
Energy Harvesting Materials Based on Carbon Nanotube Fibre for Tough

Electronics

by Alfonso MONREAL BERNAL

The Carbon Nanotube Fibres (CNTf) present high electrical conductivity, high
mechanical properties (strength, elastic modulus and toughness), large specific sur-
face area and electrochemical stability among others. This combination of proper-
ties makes them an interesting material that can simultaneously act as electrode,
current-collector and mechanical reinforcement. This thesis is centred in the fab-
rication and study of new materials based on the CNTf used as current-collector
for new energy conversion devices with augmented mechanical properties. Used
as Counter-Electrode (CE) in Dye Sensitised Solar Cells (DSSC), CNTf leads to effi-
ciency of 9 %, comparable to Pt reference. Some insights are discussed about the
catalytic nature of this material and the CNTf/electrolyte interaction (based on io-
dide/triiodide redox couple). New device architectures are proposed enabled by
the properties and scalable process of the CNTf, such as 1 metre photovoltaic mod-
ule, bifacial devices or free-standing flexible current-collector DSSC. Moreover, large
CNTf/semiconductor hybrid materials have been produced by different techniques,
such as sol-gel/hydrothermal method, atomic layer deposition or doctor blading
commercial semiconductor pastes. It is demonstrated that they behave as electronic
heterojunctions, and also, that there is charge transfer produced by photo-excitation
of the semiconductors. The semiconductor dimension, morphology and synthesis
method have a strong influence over the properties of the hybrid materials. Last
but not the least, the implementation of these hybrids as photoanodes in DSSC is
presented. Several routes are investigated for reducing the strong electrolyte recom-
bination observed in presence of the CNTf. The passivisation of the CNTf electrode
with metal oxides by ALD in combination with semi-transparent CNTf current-
collectors drastically reduced the recombination for CNTf photoanodes. The results
here presented are a first step towards the fabrication of a full carbon photovoltaic
device with augmented mechanical properties.
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Resumen
Materiales Para Captación de Energía Basados en Fibra de Nanotubos de

Carbono y su Utilización Como Electrodos Tenaces

por Alfonso MONREAL BERNAL

La fibra de nanotubos de carbono (CNTf) tiene, entre otras propiedades, alta re-
sistencia, módulo elástico y tenacidad, alta conductividad electrónica, elevada su-
perficie específica y buena estabilidad electro-química. La combinación de estas
propiedades hacen que la fibra de CNT sea un material interesante para utilizarlo
simultáneamente como electrodo, colector de corriente y refuerzo mecánico. Esta
tesis se centra en la fabricación y estudio de nuevos materiales basados en la fibra
de CNT como conductor para nuevos dispositivos de conversión de energía con
propiedades mecánicas aumentadas. Usada como contraelectrodo (CE) en celdas
solares orgánicas DSSC, se han obtenido eficiencias del 9 %, comparable al material
de referencia, el Platino. También se discute sobre la naturaleza de las propiedades
catalíticas de este material, así como de su interacción con electrolitos con yoduro/
triyoduro como par redox. Se proponen nuevos diseños de dispositivos en base a
las propiedades y al método de fabricación de la fibra CNT. Entre otros diseños se
destaca el módulo solar basado en tejidos fibra CNT contínua superiores al metro
de longitud, dispositivos bifaciales o el uso de la fibra CNT directamente como con-
ductor flexible sin otro tipo de substrato. Por otro lado, en la presente investigación
se han fabricado materiales híbridos de fibra CNT/ semiconductor por varios méto-
dos de síntesis: por el método sol-gel/ hidrotermal, por deposición de capas atómi-
cas (ALD), así como mediante la técnica "doctor blade". A través de los híbridos
obtenidos, se ha observado que la morfología, el tamaño y el método de síntesis
tienen una gran influencia sobre sus propiedades. Posteriormente, usando estos ma-
teriales como fotoánodos en celdas solares DSSC, se ha podido concluir que el ba-
lance entre los procesos de recombinación e inyección gobiernan el funcionamiento
del dispositivo basado en CNTf. Se han investigado varios métodos para reducir
la recombinación en estos dispositivos cuando se usa la fibra CNT como conductor
en el fotoánodo. Entre ellos, la combinación de utilizar fibra semitransparente y pa-
sivar su superficie con capas conformales de óxidos metálicos por ALD, han dado
resultados prometedores. Las conclusiones que se extraen de esta tesis asientan los
primeros pasos para la fabricación de una celda solar enteramente de carbono con
propiedades mecánica mejoradas.
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Chapter 1

Introduction

Energy is one of the biggest issues that concerns the entire world population
this century. Furthermore, we are more worried about the environment and the
sustainability of everything that surrounds us. We have put a lot of efforts in the last
fifty years into decreasing our dependency on fossil fuels and that goal has been the
engine for the development of many green energy sources. Among them, the solar
energy has attracted a special interest not only of industry and scientific community,
but also of all the society.

Solar energy field, precisely photovoltaic energy harvesting, is a very broad
field. Although the most developed and standardised technology is based on the
silicon technology, there are plenty of alternative technologies that are competing for
providing potentially as efficient technologies at lower prices. Traditionally, the Si
solar cells are known as first generation; among the alternatives that have appeared
in the last thirty years we can find the named second generation, based on thin film
technology, and the combination of more inexpensive organic/inorganic materials,
known as third generation. In this thesis, the attention is focused in one type of
hybrid photovoltaics known as Dye Sensitised Solar Cells (DSSC).

In the quest for new multifuntional applications and devices, new materials
are required. There is a growing interest in electronic devices that can bear loads
and deformations during working conditions. To these new applications that com-
bine materials performing electrical functions while also having more mechanical
tolerance than traditional ones, we referred as tough electronics.[1] New technolo-
gies for energy harvesting, energy storage or sensor applications are emerging along
those lines. One shared need across all these proposed new multifunctional devices
is a tough electrode able to fit into these new architectures. This material must be
light, chemically and mechanically stable and obviously, to present high conducti-
vity. Other properties are desirable as flexibility, high porosity or transparency. In
some extent, all this properties are brought together by macroscopic assemblies of
nanocarbons, as for instance the one studied in this thesis, Carbon NanoTube fibre
(CNTf).

This thesis has been structured as follows: first of all, Chapter 2 presents the
general motivation of this work, the different energy harvesting technologies and
the CNTs and CNTf structure and properties. Later, the photovoltaic is introduced,
the working principle of the DSSC, the different roles of nanocarbons in this device
architecture and a literature review of the best performances of the field.
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The different material synthesis techniques and fabrication methods are de-
tailed in the Chapter 3, as well as the experimental and characterisation techniques
and conditions.

The Chapter 4 shows the CNTf implementation into the DSSC devices playing
a double role: counter-electrode (CE) and current-collector (CC). For that, the catalytic
properties of the CNTf towards the iodide/triiodide redox mediator was investi-
gated. New insights into the electrochemistry interpretation of the nanocarbon elec-
trodes are proposed. Finally, the CNTf electrodes have been optimised until eficien-
cies in the state-of-the-art range range have been obtained in the field nanocarbons,
outperforming the standard Pt-CE material.

Heterojunctions between CNTf and metal oxides (MOx) are investigated in
the Chapter 5. Sol-gel, hydrothermal and Atomic Layer Deposition (ALD) methods
have been explored for producing new large area heterojunctions between CNTf
and Zinc Oxide (ZnO) or titanium dioxide (TiO2). The structure, morphology and elec-
trical properties are related to the physical dimension of the semiconductor layers.
The heterojunction resulted in a Schottky rectifying junction and the charge transfer
properties of the interface are confirmed by photocurrent experiments.

This hybrid interfaces between CNTf/MOx are later implemented into so-
lar cells schemes as photoanodes (Chapter 6). Several different configurations are
proposed to study the impact on the balance between photogenerated carrier injec-
tion and recombination mechanisms. CNTf/MOx passivisation layers by ALD tech-
nique resulted promising materials as blocking layers for three dimensional current-
collectors as is the case of the CNTf. Finally, semi-transparent DSSCs are fabricated
with semi-transparent CNTf-based electrodes, which have confirmed some strate-
gies for diminishing the recombination mechanism in CNTf-DSSC.

In the Chapter 7 some engineering aspects regarding the CNTf implementation
into the DSSC, such as the electrolyte filling in presence of CNTf membranes, are dis-
cussed. Later, exploting the combination of properties of the CNTf, a self-stanting
CE with embedded electrolyte is investigated. The integration into a polymer matrix
improves the stability and mechanical performance towards flexible and tough de-
vices. A new bifacial-DSSC architecture is proposed to tackle the transparency issue
when thick and opaque CNTf electrodes are used as CE. Finally, the scaling-up of the
CNTf-DSSC is investigated by fabricating a prototype DSSC mini-module (10 cm2).
The resistive losses associated to size effects are discussed.

The last Chapter 8 summarises the conclusions extracted during this thesis.
Some experiments are proposed as future work to clarify some of the open questions
that remains without answer at the end of this thesis.
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Chapter 2

Background

2.1 Energy harvesting and other multifunctional materials

Energy harvesting applications very often go hand in hand with light weight
and augmented mechanical properties, such as in wearable,[2] self powered sen-
sors,[3] medical devices,[4–6] ultraflexible[7] or tough solar cells,[8, 9] structural gen-
erators.[10]

In this context, some of the energy harvesting processes studied recently in-
clude: thermal gradients, piezoelectrics, tribologic/electrostatic effects or photo-
voltaic devices. Comparing different harvesting devices from different technologies
is a key issue. Among the different metrics proposed,[11] power density (power per
device volume) is an easy and convenient figure of merit.
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FIGURE 2.1: Power density output for some flexible energy harvest-
ing technologies: [I] thermal energy,[12] [II] piezoelectric nanogener-

ators,[13] [III] tribologic harvesters[14] or [IV] solar energy.[15]
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Thermal energy harvesters (TEH), also known as thermoelectric generators,
are solid-state devices that convert thermal energy (heat) into electricity. These de-
vices, although they are not very efficient, are becoming very competitive for small
applications, because their compact size, simplicity and scalability. Thermoelectric
systems can be easily designed to operate with small heat sources and small temper-
ature differences.[12] Thermoelectrics produces electrical power from the voltage
created by the driven free carriers (electrons or holes) from hot to cold end (Fig-
ure 2.1[I]). The resulting voltage is proportional to the temperature difference and
the Seebeck coefficient of the material. By connecting an electron conducting (n-
type) and hole conducting (p-type) material in series, a net voltage is produced that
can be driven through an external load. This technology has recently attracted great
attention, especially, flexible thermoelectric materials for wearable human body en-
ergy harvesting applications.[16] TEHs result on a power output in the range of
0.01-1 mW cm−3 or 10-100 µW in absolute power per device from recent reported
results.[6, 16]

The very first article where piezoelectric nanogenerators (PNG) were proposed
was almost a decade ago by Z. L. Wang.[17] This technology is based in the well
known piezoelectric property of some materials. It is the property of generating a
potential under a mechanical stress (deformation) applied. Some popular piezo-
electric materials are the quartz, lead zirconate titanate (PZT), zinc oxide (ZnO)
and polyvinylidene fluoride (PVDF). All them have been used for fabricating en-
ergy harvesters based on the piezoelectric effect. A piezoelectric nanogenerator is a
device that harvest the mechanical energy and convert it into electrical energy (Fig-
ure 2.1[II]). Typical cantilever configurations where the piezoelectric undergoes cy-
cles of tension and compression through external vibrations or cycle forces are used
to harvest mechanical energy.[18] Other configurations as for instance, integrating
them in other stretchable materials[19] or composites materials,[10] have been re-
cently proposed enabling the integration in multitude of applications. The actual
problems that faces piezoelectric harvesters is the limited frequency range in which
this devices can operates due to resonant behaviour for providing a constant and rea-
sonable energy output. These previous materials, with the common configurations
for flexible or wearable devices, provides a power output in the range of 0.01-10 mW
and power densities of 0.1-10 mW cm−3.[6, 11]

Tribologic nanogenerators (TENG) were also proposed by Z. L. Wang dur-
ing the last years.[20] The fundamental principle is based on the electrostatic phe-
nomenon of accumulating charges at the surfaces of materials when they are rubbed.
Although this is a very old phenomenon, the mechanism behind triboelectrification
is still under study.[14] This phenomenon occurs when two materials come into con-
tact, some charges move from one material to the other to balance their electrochem-
ical potential. When separated, one of the materials may keep some extra charges
generating on dielectric surfaces a driving force for electrons that flow in the elec-
trode to compensate the electric potential drop created. The designs to exploit this
mechanism mainly consist on two dissimilar materials facing each other and when
the two materials moves relatively to each other by external forces, they create a
potential variation. The charges will flow through an external load to compensate
this electric field. Thus, a periodic load or movement would generate an AC out-
put (Figure 2.1[III]). Exist multiple configurations, for instance, vertical separation
of the materials, lateral sliding (by linear, cylindrical or disc rotation)[21, 22] or free-
standing separation.[23] These tribologic energy harvesters result on a power output
in the range of 0.01-100 µW and power densities of 0.01-500 mW cm−3.[6, 11, 14, 24]
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Finally, there are different proposed solar energy harvesting systems, e.g. solar-
thermal, concentrated solar power or photovoltaic. Among them, solar cells are
one of the most widespread common technologies (Figure 2.1[IV]). A photovoltaic
(PV) cell is used to convert solar radiation into electric power. In a photovoltaic
device electrons and holes are separated inside the material, flowing in opposite di-
rection and creating an electrical current when connected to electrical load. Due to
the high power of the sun light, these devices have a large amount of input energy
to harvest, in contrast to previous described technologies (mechanical vibrations or
thermal fluctuations). Furthermore, solar radiation, in a short time span, is a con-
stant source of radiation, on the contrary mechanical harvesters are quite limited
to intermittent vibration and frequency compatibility of the device. Flexible, light
weight or enhanced toughness are often required properties for novel solar devices
applications, as for instance, wearables,[25, 26] aerospace applications[27] or smart
buildings.[28] Flexible photovoltaic devices result on a power output in the range of
0.1-10 mW and power densities of 1-105 mW cm−3.[29]

One common factor of all these type of technologies towards novel applica-
tions is that, in general, they need a tough, flexible, highly conducting electrode
(current-collector, CC).

This work focuses on the materials service aspects of using electrodes/CC
based on fibres of carbon nanotubes for energy harvesting. It focuses particularly
on their use in solar energy harvesting devices, which as show in Figure 2.1, have
substantially higher power density.

2.2 Carbon nanotubes

2.2.1 Structure, properties and synthesis

Among different nanocarbons, carbon nanotubes (CNTs) have been widely
researched during the last three decades. They consist on a hollow tube made of
carbon atoms in hexagonal arrangement, each C sharing a covalent bond with its
three neighbouring atoms (sp2 bonds). This type of hybridisation produce three σ
bonds shifted out of plane and delocalisation of the π orbital outside the tube. This
surface electronic structure makes the CNTs a complete different material to other
type carbons, i.e. graphite, and it is responsible of remarkable electronic, optical and
mechanical properties.[30] This carbon allotrope is typically synthesised by chemical
vapour deposition (CVD) due to the higher purity of the material and better control
of material properties, but other methods are also widely used, e.g. laser ablation,
electric arc discharge, among others.[31]

Among the characteristics of the CNTs, it is important to distinguish the num-
ber of layers and the chirality of the tubes. If CNTs are seen as a graphene sheet
rolled over itself forming a tube, several concentric tubes define a double-, triple- or
multi-wall CNT (MWCNT), with an intertube separation distance of ≈ 0.34 nm[32]
(see MW- and SW-CNT sketches in Figure 2.2a and b respectively). Apart from the
number of layers, each CNT can be defined using the chiral vector Ch (or helicity
vector) and the angle of helicity θ (referring to Figure 2.2c):[33]

Ch = OA = na1 + ma2 ≡ (n, m) (2.1)
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cos θ =
2n + m

2
√

n2 + m2 + nm
(2.2)

where n and m are the integers of the vector OA considering the unit vectors a1 and
a2. Accordingly, the diameter of a CNT can be calculated from the chiral indices.
The chiral vector is perpendicular to the tube axis (T) and defines the type of CNT.
For m = 0, the graphene sheet is rolled-up as zigzag CNT (2.2b[i]) and for n = m
an armchair CNT is obtained(2.2b[ii]). The chirality of the tubes also defines the
electrical properties,[33] and the condition for obtaining metallic behaviour is

2n + m = 3q (2.3)

where q is an integer.

The typical diameter of a SWCNT ranges 1–4 nm, whereas for a MWCNTs is
5-50 nm. In contrast the length of CNTs is several orders of magnitude higher than
their diameter, leading to aspect ratios (proportion of length and diameter) as high
as 105 − 108.[34]
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FIGURE 2.2: a) HRTEM image of a concentric MWCNT. In the insert,
sketch of the concentric CNTs. b) Sketches of three different SWCNT
structures as examples for [i] zig-zag, [ii] armchair and [iii] helical
CNTs. c) Schematic of the the CNT structure starting from a graphene

sheet. Reproduced from Bhushan et al.[31]

On account of their unique structure, the unidimensional nature of CNTs and
small number of defects allow the electron propagation over long distances without
scattering (ballistic transport). The carrier mobilities is in the range of 105 cm2/Vs,[35]
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the lowest resistivity reported for MWCNT is 10−6 Ωcm[36] and they can stand cur-
rent densities of 109 A/cm2.[37] The thermal conductivity is≈ 6000 W/mK[38], com-
parable to that of a single, isolated graphene layer.

The CNTs are also characterised by their excellent mechanical properties. The
experimental measured value of tensile modulus is ≈ 1 TPa,[39] highest tensile
strength is ≈ 150 GPa[40] and tensile strain of 12%.[39]

Moreover, due to the high temperature of the synthesis reaction (400-1200 oC
by CVD technique), CNTs are stable in air atmosphere up to 600 oC and much higher
stability in inert atmosphere, up to 1800 oC in N2.

Finally, CNTs in powder form, due to their small size and low density, re-
sults in lightweight porous structures with large specific areas. Values as high as
1000 m2/g for SWCNT and 50-200 m2/g for MWCNTs have been predicted.[41]

Regarding the synthesis of CNTs, catalytic CVD technique is the predominant
method due to its high degree of control and scalability. It involves the catalytic
decomposition of a carbon containing source on small metal particles or clusters.
This is an heterogeneous process if a solid substrate has a role or an homogeneous
process if the reaction and growth takes place in the gas phase.[31]

Heterogeneous process basically consist in passing a gaseous flow containing
a given proportion of hydrocarbon (e. g. CH4, C2H2, C2H4, C6H6), usually as a mix-
ture with either H2 or inert gas such as Ar or N2, over small metal catalyst particles
(generally Fe, Co and Ni) previously deposited onto a inert substrate. This reaction
takes place within a tubular furnace previously heated up to the desired temper-
ature. The resulting material grows in contact to the substrate which can be later
removed.

The homogeneous route, also called "floating catalyst method" differs from
the previous method because it does not require any solid phase in the reactor. In
this case, the nanometric catalyst particles are formed directly in the reactor. Metal-
organic compound decomposes in the first zone of the reactor to generate the metal-
lic particles that can catalyse the the nanotube formation. In the second part of the
reactor, the carbon source is decomposed to atomic carbon which is then responsible
for the formation of CNTs. By this process, CNTs produced without substrate are
later collected and processes for its use.

2.2.2 Macroscopic assemblies: CNT dispersions and CNT fibre

During long time, lots of efforts have been made to exploit the properties of
CNTs (and nanocarbons in general) at the macroscopic scale. For that, the conven-
tional solution is to disperse the nanocarbons into different matrices for producing
nanocomposites that shows the properties of the nanoscopic materials.

When CNTs are used for preparing hybrid materials or nanocomposites, thanks
to their high aspect ratio, they present an important advantage against other nanocar-
bons. With increasing the number of particles in the matrix, at certain concentration,
these nanoparticles create a critical network that spans the whole matrix. This con-
centration is known as the percolation threshold (pc) and the formation of this critical
network is explained by the percolation theory.
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FIGURE 2.3: a) Sigmoidal curve followed by the enhancement of me-
chanical or electrical properties in nanocomposites as a function of
the nanocarbon concentration. Critical path marked with a blue line
representing the onset of the percolation threshold. b) Conductiv-
ity of MWCNT/polymer composite prepared by sonication. Image
adapted from Martone et al.[42] c) Surface area of fillers in compos-
ites with varying filler contents. d) Distribution of micro- and nano-
scale fillers of the same 0.1 %vol. in a reference volume of 1 mm3 ([i]
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[iv] CNTs. Images c,d adapted from Ma et al.[43]

A schematic of the percolation process is presented in the Figure 2.3a. High
aspect ratio leads to lower percolation threshold concentrations in the range of 10-
100-fold lower in comparison with other nano- and micro- fillers but it is also very
dependent on the matrix and dispersion methodologies. An experimental electri-
cal percolation curve[42] is presented as example in the Figure 2.3b showing several
orders of magnitude increment of conductivity when the concentration of CNTs ex-
ceeds the percolation threshold (pc ≈ 0.1).

Percolation mechanism helps understanding later applications of nanocarbons
as dopants in electrolytes or increasing the conductivity of hybrids materials, as well
as, the high interface developed by electrolyte/nanocarbon counter electrodes at low
CNTs concentrations.

Moreover, comparing different nanomaterials, thanks to the aspect ratio and
low density, the CNTs presents 10 to 500 times higher surface area for the same
%vol. fraction. In the Figure 2.3c,d it is compared the surface area of commonly used
fillers taking into account their typical dimensions. Also, it is presented a visual
comparison of 1 mm3 of material with 0.1 %vol. dispersed nanoparticles, being [i]
Al2O3, [ii] carbon fibre (CF), [iii] graphene nanoplatelets (GNP) and [iv] CNTs.[43]
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Although dispersion is a good strategy, typically the properties increase for
mass fractions below 5-10 % but, it is still a challenge to obtain high-loading nanocom-
posites reflecting a significant performance in mechanical properties with repro-
ducible methods and results. [44, 45] The effective elastic modulus reinforcement,
∆E/∆Vf , (see Figure 2.4) provides a measure of how efficiently the properties of the
nanofiller are exploited in the composite, but also enables the comparison with the
level of reinforcement achieved using other nanofillers.[46]

The data presented in Figure 2.4 corresponds to a different matrix nanocom-
posites, types of tubes and orientations reported in literature. There is a large scat-
tering of the data evidencing the differences in experimental conditions and testing
methods, but it is clearly observed the decrease in CNT reinforcement with increas-
ing volume fraction.

FIGURE 2.4: Nanocomposite elastic modulus effective reinforcement
vs CNT volume fraction.[46]

An alternative approach is to directly assemble the CNTs as building-blocks
during the synthesis process into a macroscopic material. CNT fibres (CNTf) are an
example of macroscopic assembly fabricated by different bottom-up or top-down
techniques. CNTfs are typically produced from CVD and macroscopically collected
directly from the synthesis reactor[47] (Figure 2.5a) or from a vertically aligned for-
est of CNTs directly from substrate (Figure 2.5b).[48] These methods are known as
dry-spinning processes. There are also CNTf produced by wet spinning[49, 50] but
this material is not commonly used for photovoltaics applications. The different
methods for producing this macroscopic assemblies of CNTs are summarised in the
Figure 2.5. As shown, the obtained CNTfs by these methods are similar in appear-
ance but their properties differ depending on the synthesis route.

The wet spinning process refers to basically two different methods, liquid-
crystalline spinning[51] (Figure 2.5c) and polymer/ CNT coagulation route (Fig-
ure 2.5d).[49] In the first, the CNTs are dispersed in high concentration in superacids
obtaining a liquid crystal solution of solvated tubes in equilibrium with a dilute
isotropic phase. Under anhydrous condition, the liquid crystalline phase can be pro-
cessed into highly aligned fibres of pure CNTs without the aid of any surfactants
or polymers. The CNT dispersion can be extruded through a small capillary tube
into a coagulation bath (for instance, diethyl ether, water or 5 %wt aqueous sulfuric
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acid).[51] For the second method, a CNT/surfactant dispersion is gently injected into
a stirred polymer solution, which acts as a coagulation bath. The excess of solvent
is later evaporated. These nanotube fibres can be strongly bent without breaking,
and their elastic modulus is 10 times higher than the modulus of high-quality bucky
papers.[49]

The dry spinning methods are direct processing routes of the material obtained
by heterogeneous and homogeneous CVD (explained in the previous section). The
direct spinning from arrays of aligned CNTs[48] (heterogeneous CVD) consist on
drawing and twisting the individual nanotubes into a macroscopic fibre. Because
of the Van der Waals forces between nanotubes, the fibre can be continuously spun
(see Figure 2.5b). This synthesis method allows a high degree of control over the
properties of the CNTf by controlling the type on CNTs.
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FIGURE 2.5: CNTf: schematic of the synthesis process and SEM im-
ages of the as-made fibres by different methods. Dry-spinning: a)
from direct catalyst floating CVD (adapted from Li et al.[47]), b) from
direct spinning of vertically aligned CNTs (adapted from Zhang et
al.[48]). Wet-spinning: d) from liquid-crystalline spinning (adapted
from Davis et al.[52]) and d) from polymer/CNT coagulation route

(adapted from Vigolo et al.[49])
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Finally, the direct spinning from CVD reactor[47] (homogeneous CVD) allows
the continuous withdrawal of CNTf by mechanically drawing from the gaseous re-
action zone with a rotating spindle (see schematic in the Figure 2.5a). Apart from the
parameters that affect the CVD reaction (carbon source, catalyst, promoter, tempera-
tures, gas flow, injection rate) other parameters are critical for the final properties of
the material, for instance, winding rate or post-treatment in-situ densification pro-
cess. As said before, the content of sulphur compound in the chemical reaction,
acting as promoter of the reaction, enhances the growth rate of the CNTs. Winding
rates in the range of 5-100 m/min[53, 54] are common, enabling the production of
dozens of kilometres of material per day, and tailoring the mechanical properties of
the final fibre.

The CNTfs used in this thesis are produced by the direct spinning process
(catalyst floating CVD process),[47] and the structure and properties described in
this section will refer mainly to this type of material.

The CNT fibres, sometimes referred to as yarns or threads, consist of long and
thin assemblies of axially aligned CNTs packed in parallel into CNT bundles. Thou-
sands of this bundles are arranged showing a high degree of alignment forming an
individual CNTf monofilament i.e. single fibre, typically with a diameter of sev-
eral millimetres when comes out of the reactor, and 1-10 µm after condensation. In
these assemblies the individual CNTs and CNT bundles agglomerate due to Van
der Walls interactions, friction forces and local entanglements.[55] This structure is
summarised in the Figure 2.6.

A large amount of fibres can be collected through this method for obtaining
CNTf sheets, also referred to as films. For instance, a bobbin of the as-made macro-
scopic CNTf continuously spun for 10 min is presented in the Figure 2.7a. This flat
2D sheets (Figure 2.7b) are made of a network of mm-long CNTs packed into bundles
with their axial dimensions arranged in the plane of the sheet (Figure 2.7b).[56]

10 µm 1 mm200 nm5 nm

CNT Bundle Fibre Tow

Single CNT 20-50 CNTs 106 CNTs

104 bundles
100 fibres

FIGURE 2.6: CNTf structure, from molecular to macroscopic level:
single CNT,[57] bundle, fibre and a macroscopic tow of CNTf are pre-

sented with their dimensions and approximate number of units.
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The CNT bundles network creates a 3D structure of open and interconnected
porosity (Figure 2.7d). The pore network of different materials is typically analysed
by gas adsorption/desorption methods. Figure 2.7g shows the isotherm obtained
for a CNTf sample. According to the Brunauer-Deming-Deming-Teller (BDDT) clas-
sification, the shape of the isotherm is characteristic of macroporous materials with
a wide distribution of pore sizes (10-50 nm) but no presence of micropores (Fig-
ure 2.7g).[58] The specific surface area (SSA) by Brunauer-Emmett-Teller BET for
CNTf ranges 75-500 m2/g with a total pore volume of 0.89 cm3/g.[58]

a) c)

2 µm

b)

d) e) f)

100 nm 20 nm 10 nm

g) h)

FIGURE 2.7: a) Digital photograph of CNTf bobbin. b) Large scale
CNTf for electrode application. c) SEM image of the CNTf bundles
forming the open and interconnected porosity of the material. d)
TEM image with a graphic representation in 2D of the 3D porous
formed between bundles. e) Encapsulated residual catalyst in in
poorly graphitised material. f) CNT bundle coated with carbona-
ceous layer. g) BET analysis and pore size distribution of the CNTf
(Courtesy of Dr. Evgeny Senokos). h) Raman spectrum of CNTf

showing the characteristic features of few-layer CNTs.[59]

Note that, the high porosity as well as the high specific surface area allows
the CNTf to be infiltrated with different materials (e.g. polymers, metal oxides, elec-
trolytes) resulting in a huge interface to interact between materials.

The predominant organic impurities present in the CNTf are the non-graphitic
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or amorphous carbon and volatile hydrocarbons adsorbed on the surface of CNTs
(Figure 2.7e). This contaminant can be removed by heat treatment, and it has been
demonstrated the high impact over the mechanical properties of the fibre.[60]

Typically, there is also catalyst residue that appears encapsulated by poorly
graphitised material[56] (Figure 2.7f). These impurities might present catalytic be-
haviours interfering with different processes when using the CNTf as electrode,
for instance for batteries, energy storage or solar energy harvesting (DSSC). There
have been many works studying the purification of CNTs[61] and most recently of
CNTf.[54] The purification of the CNTf by sonication in acetone has resulted in im-
proved mechanical and electrical properties, reducing the overall content of impuri-
ties by 42 %.[54]

The Raman spectrum of standard few-layer CNTf (Figure 2.7h) shows the
characteristic G band at ≈ 1580 cm−1, corresponding to planar vibrations of the C-C
bonds, the D band at ≈ 1350 cm−1, indicative of structural defects present in the sp2
carbon lattice, and overtone modes in the range of at 2400− 3000 cm−1.

The D/G intensity ratio is commonly used as an indicator of the quality of
the material, providing the density of defects (sp3 impurities or broken sp2 bonds)
over the graphitic nature of the material. Moreover, the G band is strongly resonant
with the number of layers of the CNTs, resulting in very intense signal when the
optical transition of SWCNTs are excited.[59] Thus, ID/IG ≤ 0.1 is indicative of SW-
CNT fibres. Standard MW-CNTf typically presents a ID/IG ≈ 0.3-0.4, and defective
fibres, as for instance functionalised by ozone treatment ranges from ID/IG ≈ 0.6 up
to 2.[62]

It is the combination of mechanical and electrical properties of the CNTf in
addition to its low density what makes the material unique. But the properties of the
CNTf material really stands out when they are normalised by their specific gravity
(specific gravity is the density referred to the density of H2O, SG)

In the Table 2.2 the properties of the CNTf are compared to other high perfor-
mance commercial fibres. For the shake of clarity, not all the properties of the CNTf
have been included in the Table 2.2. For instance, the elongation at break of the CNTf
is in the range 5-10 %, 3-5 times higher than that of carbon fibres (CF, 2.4 %)[63, 64]
and kevlar-K29 (3.6 %).[65] Consequently, the toughness (fracture energy) of CNTf
almost twice compared with the rest of high performance fibre materials.[66] The
thermal conductivity of CNTf sheets have been reported as 759 W/mK,[67] this is
twice the thermal conductivity of copper (400 W/mK)[63], 100 times higher than
CF[63] and four orders of magnitude higher than glass fibre (0.04 W/mK).[65]

Moreover, something characteristic of the CNTf is its high surface area (≈
270 m2/g).[58] This feature is hard to find in combination with the previous proper-
ties, and it can be exploited in multitude of applications, e.g. energy storage, catalytic
processes, sensors, composites materials, etc.

The CNTf has demonstrated a high stability to harsh chemical conditions.
Comparative immersion test of the CNTf during 30 days in several concentrated
acids, saturated sodium chloride and deionised water has shows no no damage for
the CNTf, in contrast, under this conditions, copper wires get severely corroded or
completely dissolved.[68] They also showed the use of CNTf as circuit wiring to
power up and LED being the CNTf immersed in concentrated acid. This experiment
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indicates the electrochemical stability of the material, although no specific studies
on this regard has been found in literature.

In a similar work, they have shown the stability of the material and electrical
performance at high temperature, confirming the stability of the material in air up
to 450 oC.

TABLE 2.1: Properties of CNTf compared to other high performance
dry fibres.

Material Tensile
strength
(GPa/SG)

Elastic
modulus
(GPa/SG)

Electrical
conductivity
(S/m)

Volumetric
density
(g cm−3)

Ref.

CNT fibre 1.5 50 3x105 0.4-1 [66]
Carbon Fibre (AS4) 2.4 129 3x102 1.79 [64]
Kevlar (K29) 2.1 49 - 1.44 [65]
E-Glass fibre 0.8 30 - 2.55 [69]
Copper 0.023 12.3 5.8x107 8.93 [70]

The great achievement of this material is that directly reflects the properties of
the individual CNTs as a macroscopic material, taking into account that it is almost
entirely composed by CNTs (mass fraction close to 1).

Comparing the electrical or mechanical properties of CNT nanocomposites
with pristine CNT macroscopic assembles (CNTf), no matter the synthesis method,
the last presents for instance electrical properties 102-105-fold higher than the dis-
persed CNT nanocomposites.[44, 55]

2.2.3 CNTs and CNTf as current-collector in tough electronics

The previous sections show that CNTs and in particular their macroscopic as-
sembles, i.e. CNTf, present a very interesting combination of characteristics for engi-
neering applications as tough electronics. They combine the characteristics of a great
electrical conductor material (very high thermal and electrical conductivity and very
high current density capacity), with those properties of a high performance struc-
tural fibre, high strength, modulus and low density, in addition to other properties
as great specific surface area, high open and interconnected porosity and electro-
chemical stability.

In relation to the energy harvesting application with augmented mechanical
properties, novel applications are continuously being proposed. Some of them are
summarised in the Table 2.2.
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TABLE 2.2: CNTf and related materials in energy harvesting applica-
tions with augmented mechanical properties.

Application Energy Mechanical Year
Performance Performance Ref.

CNT-network/PANI
(Thermoelectrics)

P=5 µWm−1K−2 Mechanical tolerance
and flexibility

2014
[71]

Kevlar/ZnO-NWs
(Piezoelectric)

4-16 mWcm−2 High flexibility 2008
[72]

CNTf/ZnO-NWs
(Piezoelectric)

Vpiezo=60 mV High flexibility and
toughness, 10 J/g

2014
[73]

CFRP/ZnO-NWs
(Piezoelectric)

4 nW/sample Structural material 2016
[10]

CF/ZnO-NWs
(Triboelectric)

0.001 mWcm−2 High flexibility 2014
[74]

Kevlar-textile
(Triboelectric)

1.1 mW/device Mechanical robust-
ness and flexible

2015
[2]

CNTf/n-doped-Si
(Schottky solar cell)

PCE=3 % σ=1 GPa, E=10 GPa,
67 J/g

2012
[75]

CNTf/Polymer/Ti wire
(Polymer solar cell)

PCE=1.8 % Mechanical tolerance
and flexibility

2014
[71]

CNTf-CE/TiO2-CNTf
(fibre-like DSSC)

PCE=3 % Mechanical tolerance
and flexibility

2012
[76]

CNTs/CF-textiles
(DSSC)

PCE=8.9 % High performance
mechanical properties

2017
[77]

CNTf/perovskite/Ti
foil (PSC)

PCE=8.3 % High flexibility, trans-
parent electrode

2015
[78]

CNTf/perovskite
(fibre-like PSC)

PCE=3 % Mechanical tolerance
and flexibility

2015
[79]

CNTf/enzymes/redox
polymer (Biofuel cells)

2.18 mWcm−2 σ=70 MPa, 1.4 J/g 2014
[80]

2.3 Dye-Sensitised Solar Cell: working principle and associ-
ated processes

DSSC are one of the last invented solar technologies, known also as hybrid
photovoltaics, where the combination of inorganic/organic materials have shown
very promising results during the last two decades. The Figure 2.8 shows the cer-
tified photovoltaic efficiency evolution in which the emerging hybrid photovoltaics
have achieved values higher than 20 % in a short period of time.[81] Firstly, with the
emergence of the dye sensitised solar cells (DSSC) up to 13 %[82] and secondly, dur-
ing the last half decade, the perovskite sensitised solar cells (PSC) as an evolution of
the DSSC technology.

Nowadays PSC is providing very promising results in terms of achieved effi-
ciency,[81] but this technology still presents big challenges to be overcome, for in-
stance, short term stability. In contrast, DSSC is a mature enough technology for
seeking new materials that potentially can improve their performance and imple-
mentation.
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III-V MJ – Multi-Junction III-V semiconductor

GaAs – (Single-Junction) Gallium Arsenide

c-Si – (Mono) Crystalline Silicon

mc-Si – Multicrystalline Silicon

Thin Film Technology:

a-Si MJ – Amorphous Silicon Multi-Junction

CIGS – Copper Indium Gallium Selenide

CdTe – Cadmium Telluride

CZTS – Copper Zinc Tin Sulfide

OPV – Organic Photovoltaics

Hybrid Photovoltaics:

PSC – Perovskites Solar Cell

DSSC – Dye-Sentsitised Solar Cell

PSC

DSSC

FIGURE 2.8: 25 years of progress in photovoltaic cells. Highest con-
firmed efficiencies for > 1 cm2 area cells for the shown technologies.

Adapted from Green et al.[83]

Nanocarbons have established themselves as one of the leading alternatives
for this task. Their good electrical properties exceed the requirements for this appli-
cations. They have shown great chemical stability in many different environments.
Moreover, their huge surface area is beneficial for the different charge transfer pro-
cesses occurring in these devices.

Dye sensitised solar cells (DSSCs) have been under research over the last 25
years, since their invention by O’Regan & Gratzel.[84] The rapid development of this
technology with the achieving of photo-conversion efficiencies (PCE) higher than
13 %[82] has position this technology as a promising alternatives to the Si-PV.

A conventional DSSC is built from a mesoporous TiO2 photoanode sensitised
(i.e. loaded) with organic molecules that absorb visible light (typically N719) and
photogenerates charges. The counter-electrode (CE), typically Pt, is the part of the
DSSC where the catalytic reaction takes places regenerating the redox couple. Both
materials are deposited onto transparent conductive oxides (TCO), allowing for front
and back illumination for energy generation. The cell is filled by an iodide/triiodide
redox couple based electrolyte. The schematic of a typical DSSC is depicted in the
Figure 2.9.

The working principle of a DSSC can be understood following the electron
transfer/flow through the materials inside the device, with the assistance of a sim-
plified diagram of the equilibrium energy levels, as presented in Figure 2.10. When
the cell is illuminated, the sensitiser (dye molecule) absorbs light and promotes one
electron from its ground state (S0) to an excited state (S∗), oxidation process. That
photo-generated charge is injected into the nanocrystalline titania layer, where the
electron diffuses through trap states close to the conduction band of the semicon-
ductor driven by diffusion laws to the TCO current-collector. The photoanode is
connected through an external load and separated from the cathode or counter-
electrode. Pt nanoparticles deposited on the counter-electrode are responsible for
reducing triiodide (I−3 ) molecules in the electrolyte to iodide (I−). When triiodide is
reduced to iodide, it gains the electron responsible of giving back the dye molecules
to its ground state restarting the cycle. Firstly, I− is oxidised and S∗ → S0, then it
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is reduced at the CE, I−3 + 2e− → 3I−. This part of the process involves diffusion of
the iodide/triiodide species for the regeneration of the dye molecule.

FIGURE 2.9: Schematic of the working principle of a n-type DSSC.

FIGURE 2.10: Energy bands diagram schematic of a n-type DSSC.

Electrical modelling of a DSSC

A solar cell can be modelled by a photocurrent source (Iphoto) in parallel with
a diode, and two resistances, one in series (Rs) and other in parallel (called shunt
resistance, Rsh). Traditionally this model is known as single-diode exponential model.
The electric circuit of this model is presented in the Figure 2.11a. This circuit is an
approximation of the interaction of several physical processes.[85, 86] Typically, the
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solar cell modelling with a diode and a photocurrent source is derived from the
application of the Shockley equation for ideal p-n junctions. In a first approximation
it can be used for describing also DSSC.

In this model, Rs represents the internal resistance of the cell (materials) and
the resistance of the contacts and it should be as low as possible. The parallel re-
sistance (Rsh) represents the alternative paths or reactions to the desired TiO2 con-
duction, for instance by recombination sites at the anode, and it should be as high
as possible. For DSSCs several unclear processes are involved and contribute to the
drop of the Rsh decreasing the performance.

Rs

Ish

Rsh

ID

Iphoto

I

V

+

-

C
u

rr
e

n
t

Rsh

Rs

Voltage

a) b)

Rs=1 & Rsh=0

Rsh >0 variation

Rs >0 variation

Voc

Isc

FIGURE 2.11: a) Electric circuit of the single-diode exponential model
for a solar cell. b) Influence of the series resistance (Rs) and shunt

resistance (Rsh) on the I-V curve. Adapted from W. Tress.[86]

The variation of how these resistances influence the I-V curve is schematically
presented in the Figure 2.11b. The Rs of the DSSC lowers the operating voltage of
the cell by IRs, and the parallel Rsh increases the leakage current of the solar cell.

Solving the equivalent circuit, the characteristic equation describing the the
behaviour of the solar cell is obtained:

I = Iphoto − I0

[
e
(

q(V+IRs)
nkT

)
−1
]
− V + IRs

Rsh
(2.4)

where Iphoto is the photogenerated current, I0 is the reverse saturation current,
V is the output voltage of the solar cell, n is the ideality factor, q is the elementary
charge, k is the Boltzmann constant, T the absolute temperature.

In this equation, the first term represents the extracted current from the solar
cell. The second term is the current flowing through the diode, described by the
Shockley diode equation. And the last term relates to the losses due to the series and
shunt resistance.

There are several important characteristics that define the performance of a
solar cell. The fill factor (FF) is defined as the ratio between the maximum obtained
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power (real) and the power obtained for short-circuit current and open-circuit volt-
age (ideal or theoretical, Pth), in other words, the squareness of the I-V curve. When
Rs increases, the FF of the I-V decreases. On the contrary, increasing Rsh leads to
increasing the FF.

From the equation 2.4 all characteristic parameters that define a solar cell can
be defined. If the cell is operated at open circuit voltage (I = 0), the voltage across
the output terminals is defined as open-circuit voltage (Voc). Assuming enough high
shunt resistance to neglect the last term of the Equation 2.4, the Voc is given by:

Voc ≈
nkT

q
ln
(

Iphoto

I0
+ 1
)

(2.5)

In the same way, if the cell is under short circuit conditions (V = 0), the current
measured through the terminals is defined as short-circuit current (Isc). If the cell
presents good FF, i.e. low Rs and high Rsh, the Isc is given by:

Isc ≈ Iphoto (2.6)

For any given bias voltage, the power output is the product of the measured
cell current and the voltage, P(V) = I(V) V. Finally, the efficiency (η), also called
photoconversion efficiency (PCE), is defined as the ratio of the maximum power
extracted (Pmpp) to the incident power on the surface of the solar cell:

η = PCE =
Pmpp

Pin
=

PthFF
Pin

=
IscVocFF

Pin
(2.7)

Voc and Isc are important characteristics because they define and limit the per-
formance of the device. Thus, increasing both parameters is desirable for enhancing
the overall efficiency.

The origin of the Voc in DSSC is detailed in the Appendix at the end of this
chapter, but abbreviating the explanation, it corresponds to the increase in band
population under light conditions, and is defined as the difference between the re-
dox potential of the electrolyte and the quasi-Fermi level of the semiconductor. This
means that this characteristic directly related to new semiconductor or redox couple
materials.

The evaluation of photovoltaics devices is performed by comparing their char-
acteristics under illumination conditions. For that purpose, standard measurements
were developed in the past. Essentially, these specify that the temperature of the cell
should be 25 oC and an illumination intensity of 1 sun (power equal to 1000 W/m2)
with a power distribution defined as "Air Mass (AM) 1.5G". This distribution corre-
sponds to the spectral power observed when the sun’s radiation is coming from an
angle of 48o to zenith position.

Interfacial electron transfer processes and kinetics

In DSSC the I−/I−3 has become the standard redox couple used in electrolytes,
although some others, such as cobalt mediators, have been proved to provide better
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performance in presence of carbon materials.[87–89] Its function is acting as hole-
transport medium. In this thesis only I−/I−3 redox couple has been tested and only
this redox couple is summarised along this chapter.

The are other types for p-type semiconductors or more complex organic con-
ductors, but this work focuses on the system previously described and used as stan-
dard for this technology.

At open circuit potential conditions (OCP), when the device is illuminated, the
net rate of electron injection into the mesoporous TiO2, must be balanced by i) the
net rate of electron transfer to I−3 ions in the electrolyte (I−3 → I− reduction) and ii)
the regeneration of the oxidised dye. For a standard device, where the N719-dye is
efficiently regenerated by the I−/I−3 redox couple, this factor can be neglected.

Therefore, the limiting process in this system is the electron transfer to I−3 .
For an appropriate electrolyte regeneration, the requirements in the CE are high cat-
alytic activity or specific surface area, high conductivity and electrochemical sta-
bility. The system leads to energy generation when this electron transfer happens at
the counter-electrode, but it can also occur (a) between injected charges into the TiO2
and excited dye molecules, (b) at the interface between the TiO2 surface and the elec-
trolyte or (c) at the electrolyte exposed areas of the anode current-collector (normally
FTO). These undesired mechanisms are called recombination processes and they are
the main cause of current and efficiency losses in DSSC devices. A summary of the
electron transfer and recombination processes is presented in the Figure 2.12.

The recombination of the electrolyte at the TiO2 surface is minimised by using
additives and by ensuring extensive dye loading of the mesoporous oxide surface.
Recombination at the anode current-collector is avoided by using a compact layer of
TiO2 a few nm-thick, known as blocking layer.

The improvement of charge injection leads to higher Jsc and avoiding recombi-
nation reactions between the photogenerated electrons and the oxidised redox me-
diator leads to better Voc and Jsc.

FIGURE 2.12: Electron transfer processes and kinetics in a DSSC. Blue
path represents the desired processes, and black arrows the undesired

recombination processes. Reproduced from Lisorti et al.[90]



2.4. Roles of nanocarbons and state-of-the-art of CNTs in DSSC 21

The application and analysis of the typical characterisation techniques, regard-
ing the catalytic properties of materials and the photovoltaic performance, is de-
scribed in detail in the work of Pazoki et al.[91] The accepted model and theory for
the correct interpretation of this information was developed a decade ago in several
works, Kern et al.,[92] Bisquert et al.,[93, 94] and Adachi et al.[95] This referenced
theory and characterisation methods are the ones followed during this thesis and
explained in the following sections and chapters.

By CV and LSV measurements the current response as function of the voltage
applied is obtained. In contrast, EIS provides the response of an alternative current
signal while varying the frequency. This techniques are typically applied to char-
acterise DSSC devices or symmetric cells. A symmetric cell is fabricated using the
same material as cathode and anode in a two-electrode electrochemical cell. De-
pending on the analysis applied, these techniques provide a wealth of information
about the charge transfer, catalytic properties of CE materials, electrolyte diffusion
characteristics and the performance of the final device.

From the CV analysis the reaction potentials and currents are extracted. The
redox peaks, corresponding to the reduction or oxidation reactions, show a faradaic
current that is proportional to the rate of the reaction taking place at the surface of
the electrode. The current itself is dependent on the rate at which material diffuse
from the bulk of solution to the electrode, known as mass transport. The potential
of the reaction is the driving force of the mass transport, and will shift to higher or
lower potentials to compensate the mass transfer when it is disrupted (for instance
when the diffusion in the electrolyte is slower).

The Tafel plot is the semi-logarithmic representation of an LSV measurement.
It is widely used tool for investigating the electrocatalytic activity of CE for DSSCs.
The Tafel curve, can be divided in three zones: at low potential (|U| < 120 mV) is
the polarisation zone. At middle potential (with a steep slope) is the Tafel zone. At
higher potential (close to horizontal) is the diffusion zone. From the Tafel zone, the
exchange current density (J0) is obtained, and the steeper the slope the higher the J0.
An increase in the J0 leads to a higher catalytic activity towards the triiodide reduc-
tion. From the diffusion zone, the diffusion limiting current (Jlim) is obtained. This
current is limited from the ability of the ions to diffuse in the electrolyte. The higher
the Jlim the faster the diffusion of the redox couple in the electrolyte, which means
improved catalytic activity of the CE. The relation with the diffusion coefficient is
given by Equation 3.7,

Ddi f f =
δ

2 n [I−3 ] F
Jlim (2.8)

where Jlim is the polarisation diffusion-limited current, δ is the distance be-
tween electrodes of the symmetric cell, n the number of transferred electrons in the
I−3 + 2e− → 3I− redox reaction, [I−3 ] is the equilibrium concentration of triiodide
ions in the electrolyte and F is the Faraday constant.

2.4 Roles of nanocarbons and state-of-the-art of CNTs in DSSC

New allotropes of the carbon, in form of different shape structures, have demon-
strated to be excellent candidates for replacing standard materials in many different
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applications for energy conversion and storage. Among different nanocarbon, the
attention is focused in the carbon nanotubes (CNTs). Besides the exceptional electri-
cal conductivity, mechanical properties, high surface area, high chemical and ther-
mal stability previously described, they are catalytic active towards different redox
mediators typically used in DSSC schemes.

Nanocarbons have been incorporated in all its different forms to the DSSC.
There are recent general reviews[96, 97] and more focused on specific nanocarbons,
e.g. carbon nanotubes,[98] graphene materials[99] or carbon nanohorns.[100]

Similar to other nanocarbons, CNTs have been used in DSSC following three
main strategies: i) as replacement of the Pt as catalytic active material towards the re-
dox mediator (counter-electrodes), ii) as a conductive filler in the electrolyte, and iii)
as conductive filler in the semiconductor (TiO2) (photoanode or working electrode).

Note that, although in this thesis the CNTs are not specifically used as elec-
trolyte dopant, some important aspects of this system are relevant for CE and pho-
toanodes applications.

In view of these multiple roles and the complex charge dynamics operating in
a full cell, it is of interest to produce not only highly efficient devices, but also well-
defined cells with controlled properties and material’s chemistry in order to clarify
the effect of nanocarbons.

2.4.1 CNT counter-electrode for DSSC

FIGURE 2.13: Schematic of a DSSC incorporating CNTs as CE.
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Pt is the most widely used material for the reduction of the triiodide molecule
but, its degradation and elevated price make it a non-suitable material for large scale
or industrial applications. In that sense, nanocarbons, being produced from one of
the most earth abundant elements, are suitable materials for replacing the Pt.

As has been mentioned before, good CE materials requires high catalytic activ-
ity towards DSSC redox mediators, high specific surface area, electrical conductivity
and chemical stability but, there are other desired features like cost or sustainability
that will facilitate its industrial implementation. All these properties are present in
CNTs.

The representation of the CNTs integrated as CE in the DSSC is presented in
the Figure 2.13. The iodide/triiodide regeneration reaction at the CNTs surface is
depicted, as well as the photocarrier injection from the dye into the mesoporous
TiO2 layer.

Catalytic activity of CNT as CEs

Demonstrating the catalytic properties of CNTs and its high performance for
DSSC counter-electrodes have been the subject of many of scientific works during
the last decade.[96, 98] In-depth studies of the catalytic properties of CNTs have set-
tle the basis towards the interpretation of CNTs effects in DSSC by electrochemical
impedance spectroscopy (EIS), cyclic voltammetry (CV) and linear sweep voltam-
metry (LSV).[101]

In this section, example of the previous characterisation techniques and anal-
ysis methods to evaluate the contributions of nanocarbons to DSSC performance are
discussed.

Yue et al.[102] performed CV for Pt and different concentrations of CNTs as
CE in a standard symmetric device (Figure 2.14a). From these curves the peak-peak
potentials separations are obtained, resulting in Ep−p = 0.25 V and 0.35 V for the
best performed CNT- and Pt-CE, respectively. Also, the maximums for the peaks
of the reduction potential of I− → I−3 are located at ca. 0.2 V for the CNT- and Pt-
CE – iodide concentrations below 0.1 mM. For the oxidation potentials, 0.45 and
0.55 V are reported for the CNT- and Pt-CE respectively. The lower peak separation
and higher peak currents indicates the better mass transfer and therefore, higher
catalytic activity.
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FIGURE 2.14: a) CV and b) LSV plots for symmetric cells with differ-
ent CNTs contents at the CE. Reproduced from Yue et al.[102]
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The Tafel plot, presented in Figure 2.14b, shows the improved catalytic prop-
erties reporting 33.8 and 27.7 mA cm−2 exchange current density (J0) for CNT- and
Pt-CE respectively, as well as, better diffusion limiting current (Jlim).

Generally, lower Epp and higher J0 indicate a better catalytic performance of
the CE material and electron transfer at the CE/electrolyte interface. Also, Jlim in-
dicates the improved diffusion velocities of ions in the electrolyte in the presence of
carbon material in an optimised configuration.

It is expected that nanocarbons have a high catalytic activity on account of
their high SSA,[103, 104] in contrast with a typical Pt-CE, in which the electrode is
decorated with isolated nanoparticles of Pt and much less accessible area for the
electrolyte to interact with. This, however implies that nanocarbons CE are porous,
which can reduce the diffusivity (Ddi f f ) of the electrolyte and thus efficiency.

CNT high frequency charge transfer: EIS analysis

Frequency (Hz)

-Z
’’ 

(Ω
)

Z’ (Ω)

-Z
’’ 

(Ω
)

b)a)
Pt-Pt

CNT-CNT

Z3 (EL)

Z (CNTs)

Z1 (CNT/EL) Z1 (Pt/EL)

0.2 Hz 

(Pt-Pt)

50 

kHz 

0.2 kHz (Pt-Pt)

10 Hz 

(CNT-CNT)

FIGURE 2.15: Nyquist plot a) and Bode phase plot b) of CNT/CNT
symmetric cells. Images reproduced from Seo et al.[101]

The catalytic behaviour of nanocarbon-CE is typically further studied by EIS.
The maximum frequency of the process as well as the charge transfer resistance are
dependent on geometrical parameters of the system, i.e. separation between elec-
trodes or effective area, and also on physical properties of the electrolyte, as for
instance, viscosity. However, it is possible to discriminate different processes oc-
curring in the cell.

Figure 2.15a shows the Nyquist plot for a Pt/Pt and CNT/CNT symmetric
cell. Two clear semicircles appear, one at low frequencies centred at 0.2 Hz corre-
sponding to the bulk diffusion of the electrolyte and other at high frequency, 2 kHz,
related to the Pt/electrolyte charge transfer.[101] On the contrary, for the CNT/CNT
symmetric cell, different behaviour is usually reported. The Nerstian diffusion, i.e.
bulk diffusion, is convoluted with a predominant mid-frequency peak centred at
10 Hz (see red line in Figure 2.15a). This is attributed to charge transfer process be-
tween CNTs and electrolyte. At the same time, a very fast process appears at 50 kHz
(small semicircle in the inset). This characteristic peak of the CNT material has been
attributed to different phenomena, e.g. charge transfer in solid state CNTs, catalytic
reaction with the redox mediator, and more recently, to a trapping-detrapping pro-
cess at the mesoporosity of the carbon nanotubes.[105–109] Thus, it is clear that the
assignation of this peak remains unclear.
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FIGURE 2.16: a) J-V curves and b) Bode plots comparing Pt and CNT
catalyst for DSSCs. Images reproduced from Seo et al.[101]

The impedance spectra of DSSC is shown in the Figure 2.15b. The Bode plot
is very useful to understand the charge transfer processes that are present in the
system. Under one full sun illumination (AM 1.5G), the standard device with Pt
catalyst and I−3 → I− redox couple shows three peaks. The peak at low frequency
(2x10−2 Hz) the peak corresponds to Nernstian (i.e. bulk) diffusion whitin the elec-
trolyte (Z3). The mid-frequency peak, centred at 10 Hz, is related to the charge trans-
fer at the TiO2/dye/electrolyte interface (Z2). Finally, the peak at higher frequency,
typically at 103-104 Hz corresponds to the charge transfer at the catalyst/electrolyte
interface (Z1). When CNTs are used as catalyst, although the J-V curves are quite
similar as shown in Figure 2.16a, the impedance behaviour is totally different. For
CNT-CE the convolution between the high-frequency and mid-frequency domain is
frequently observed (Z1 + Z2). Similarly to the previous CNT symmetric cell, a very
fast process is observed at 50 kHz (Z(CNTs)), confirming that it is not a specific phe-
nomena of the symmetric cells, and with no clear explanation of the nature of this
interface.

Therefore, the interaction of high SSA electrodes with the electrolyte is unclear.
Unresolved interfaces are still under debate for nanocarbon CE (50 kHz Z(CNTs)).
Moreover, for CNT materials is difficult to analyse EIS results due to the convo-
luted contributions of the CNT/electrolyte interface and the TiO2/dye/electrolyte
(CNT/EL and TiO2/dye/EL).

Possible nature of nanocarbon’s catalytic activity:

Although the catalytic activity general of carbon materials has been widely
studied in the past understanding the nature of the active sitesin different nanocar-
bons remains an active topic of research.[110, 111] Overall, the view is that the charge
localisation surrounding defects induces the charge transfer required by the catalytic
reactions.[112] This is suggested by observation that the edge plane of highly ori-
ented pyrolytic graphite has an electrochemical reactivity several orders of magni-
tude higher than its basal plane, attributed to a large amount of defects at the edge
that produce a high density of defect states near the Fermi level.[113–115]

Several types of carbon defects can promote catalytic active sites are sum-
marised in the Figure 2.17a, e.g. carbon vacancies in graphitic surface, doping by
either substitutional or superficial interaction, metal molecules or clusters decorat-
ing the surface, functional groups or the exposed carbon edges (zigzag or armchair).
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In contrast to the traditional sp3 carbons in which only convalent bonds or
weak Van der Waals forces can be established with substrates or reagents, CNTs or
graphene are suitable to adsorb and interact with molecules by relatively strong π in-
teraction.[116] This strong interaction can promote different catalytic reactions.[117,
118]
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FIGURE 2.17: Possible origins of nanocarbon’s catalytic activity: a)
Illustration of the types of defects of the ideal graphene structure
that can become active sites in catalysis. Reproduced from Primo et
al.[112] b) Schematic of pyrolytic graphite electrodes exposing edge or
basal planes. Adapted from Banks et al.[115] c) Schematics of differ-
ent types of nanocarbons exposing different amount of carbon edges.
d) CV curves of carbon materials showing different catalytic perfor-

mance. Adapted from Banks et al.[113, 114]

In addition to π interactions, nanocarbon present other features that make
their catalytic activity dependent on other factors besides defect density. In fact,
nanocarbons can often show higher catalytic activity than more defective materials.
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In the graph Figure 2.17d the catalytic activity towards ferricyanide (iron com-
pound) is compared for different materials. The higher anodic diffusive currents
are obtained for CNT materials, and decreases reducing the number of edge sites
present on the material. CNTs presents a large proportion of graphite basal plane,
and apart from surface defects, every CNT shows exposed carbon edge at least in
one of its ends. Notice the low reactivity of pyrolitic carbon basal planes as well as
the pristine fullerene molecules. Although there are material with higher density of
carbon edge per carbon molecule, e.g. carbon nanohorns (Figure 2.17c), the conduc-
tivity of the material also plays a key role. This is because the charges has to reach
and travel through the catalyst particles.

Although it is clear the catalytic nature of carbon defects and exposed edges,
there are also other contributions to take into account. For instance, amorphous
carbon produced as subproduct during the synthesis of the nanocarbon materials,
or remaining catalyst particles of the synthesis of nanocarbons.

An often overlooked factor is the presence of these metal particles, which
could be responsible of catalytic reactions, for instance hydrogenation of carbon-
carbon bonds by graphene material,[119] and even the reduction iodide/triiodide
redox couple.[120] Note that in many cases metallic particles are added to CNT to
increase their catalytic activity.[121, 122]

Finally, the interaction between graphene with metallic underlaying substrates
has been suggested to drastically improved the catalytic properties. This other mech-
anism has to be considered as contribution mechanism to the origin of catalytic activ-
ity in some cases, for instance, the interaction between CNT walls and underlaying
catalytic particles.[123]

Although there are some clear indications of carbon material catalysing many
different reactions, also the metal or metal oxide particles present in the material
must be considered in every case as origin of the catalytic effect, more so since the
CNTs usually present a large proportion of metal particles incorporated inside the
tubes that is difficult to remove.

Different implementation routes of CNTs as DSSC-CE

The main implementation routes in nanocarbons are depicted in this subsec-
tion. From the wide variety of combinations of materials that can be used as counter-
electrode, the ones that strictly use CNTs as catalytic material are reviewed here. A
complete view of the alternative CE-materials, i.e. metals, metal oxides, polymers,
and other nanocarbons, has been recently reviewed by Yun et al.[97]

Several implementation methods has been reported in the past. The most used
are: i) direct in-situ growth, ii) dispersion and spray deposition, iii) dispersion and
doctor blading, iv) macroscopic assemblies (buckypapers and CNT fibres).

These typical processing methods and relevant state-of-the-art results are pre-
sented in the Figure 2.18. Besides, the record reported efficiency for every processing
technique is presented in the Table 2.3.

Nam et al.[124] synthesised vertically-aligned CNT forest by CVD using di-
rectly FTO conductive substrates. The CNTs act as CE material, and with this config-
uration they reported the record efficiency obtained up to the day, PCE = 10 %, pre-
sented in the Figure 2.18a,b. Alternatively, Ramasamy et al.[125] applied an alcohol-
based solution of MWCNT by spray coating directly over the FTO (see Figure 2.18c)
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and an efficiency of PCE = 7.6 % was obtained. The advantage of these technique is
that produces fast, reproducible and scalable layers. Another method proposed by
Hashmi et al.[126] is the deposition by doctor blading CNT-based pastes, presented
in Figure 2.18e,f. This method leads to an efficiency of 6 % but with some interesting
applications for flexible substrates.
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FIGURE 2.18: a) Cross-sectional SEM image of CNT forest used as
CE directly grown by CVD on FTO current-collector and b) figures of
merit of the CNT-DSSC and Pt-CE reference. Reproduced from Nam
et al.[124] c) Spray coated CNT-CE with SEM image of the CNTs (in-
set) and d) J-V curves function of the deposition time. Reproduced
from Ramasamy et al.[125] e) CNT-CE DSSC produced by doctor
blading a mixture of CNT and polymeric binders. Doctor blade CE
presented as inset of the same image. f) Comparison of the CNT and

Pt DSSC J-V curves. Reproduced from Hashmi et al.[126]



2.4. Roles of nanocarbons and state-of-the-art of CNTs in DSSC 29

TABLE 2.3: Efficiency (PCE) records of CNT-CE for different process-
ing routes.

Processing Route CNT Type PCE (%) Ref. & Year

Self-assembled CNT fibre (CVD) MWCNT 9.5 This work, 2018
Directly grown CNTs (CVD) MWCNT 10.0 Nam et al. [124] 2010
Spray deposition MWCNT 7.6 Ramasamy et al.[125] 2008
Doctor blading CNT-paste SWCNT 6.0 Hashmi et al.[126] 2014
Buckypapers (CVD+filtering) SWCNT 4.0 Roy et al.[127] 2012

a) b)

[i] [iii] [iv]

[ii]

c)

FIGURE 2.19: a) Full CNT-fibre fibre-like DSSC: device schematic (up)
and electronic band structure (down). Adapted from Cai et al.[128] b)
CNT fibre-TiO2/CNT fibre-CE fibre-like DSSC: device schematic (up)
and SEM images (down) of a pristine CNT fibre and a CNT/TiO2
composite fibre ([i] pristine CNT fibre, [ii] CNTf/TiO2 composite fi-
bre and [iii], [iv] high-resolution images of [i] and [ii] respectively).
Adapted from Chen et al.[76] c) Flexible CNTf-based DSSC for wear-
able applications. Left: schematic and SEM image of an individ-
ual fibre-like DSSC; centre: proof-of-concept device of a flexible and
stretchable array of fibre-like devices; right: J-V curves before and

after 20 cycles of stretch. Adapted from Yang et al.[129]

Other options for planar CNT-CE are based on macroscopic assemblies of
CNTs. There are different methods of assembly CNTs into macroscopic materials,
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for instance, buckypapers or assembling them into fibres. Using buckypapers ob-
tained by filtering of CNT dispersions, produces materials with a high degree of in-
terconnection and surface area, obtaining good catalytic properties of entirely made
CNT-CE. By this method, the best efficiency reported by Roy et al.[127] is 4 %. When
the nanotubes are directly self-assembled from a bottom-up technique, as it is the di-
rectly spinning from the CVD, the degree of interconnection and alignment between
themselves is higher than a buckypaper. This is directly reflected by its superior elec-
trical, thermal and mechanical properties.[58] CNTf sheets has been used as planar
CE reaching efficiencies from 4 to 6.6 %.[130] A record efficiency of 9.5 % is presented
in this thesis using CNTf as planar CE.

This CNTf has been widely exploited as current-collector, active material and
counter electrode for fibre-like devices. Peng’s group has been pioneer in the im-
plementation of this material in this application; a summary of the evolution is pre-
sented in the Figure 2.19. Firstly, they reported the use of the CNT fibre in an all-
carbon DSSC, presented in the Figure 2.19a. The absence of semiconductor material
leads to very low PCE, but still good progress towards the wearable, flexible device
were done in this work.[128] Introducing the standard mesoporous TiO2 micro-layer
as a coating of the fibre (see Figure 2.19b), resulted in a performance of 2.6 %.[76] Fi-
nally, using a Ti-wire (anodised for obtaining a TiO2 nanotube coating as working
electrode) a flexible and stretchable fibre-like DSSC was obtained, reporting a per-
formance of 7 %[129] (see Figure 2.19).

CNT-CE thikness-efficiency dependence: S-shaped I-V curves

One common factor for different nanocarbons, including CNTs, is their carbon
thickness-efficiency dependence.[125, 131] The thickness of the carbon CE is directly
proportional to the number of catalytic active sites and series resistance of the elec-
trode and it is directly related to the so called S-shaped I-V curves.

An example of this S-shape is presented in the Figure 2.18d for low CE de-
position times. This shape reduces the fill factor of the device and therefore the
efficiency of the cell. The low thickness of the CE material produces two additional
effects. Firstly, the increase in series resistance of the J-V curve (from the inverse
slope of the curve close to the Voc) that limits the photocurrent at Isc conditions. And
secondly, the lack of regeneration of the electrolyte limiting the regeneration of the
dye molecules, thus the charge injection and the performance of the cell. The in-
crease in the CNTs deposition time, i.e. CE material thickness, leads to an improved
regeneration and an enhancement in the fill factor (from 0.1 to 0.6).

Other possible mechanisms, like imbalanced carrier mobilities or injection/
extraction barriers also explain the S-shaped I-V curves,[132, 133] but these effects
are more typical for organic photovoltaic devices (OPV) rather than DSSCs.

2.4.2 CNT-doped electrolytes

The electrolyte plays a fundamental role in the operating of the DSSC devices.
The incorporation methods of the CNTs to the DSSC electrolyte and its consequences
will be described in this section. A schematic of the inplementation and the interac-
tion between CNTs and electrolyte is presented in the Figure 2.20.

The solar cell efficiency crucially depends on the diffusivity of iodide species
(iodide/triiodide molecules) in the electrolyte. The effective diffusion coefficient,
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attributed to I−3 , is deduced from measurements of the limiting current in an elec-
trochemical cell.[134, 135] In addition, the saturation current increases with increas-
ing the weight-in fraction of I2 and the concentration of iodide by incrementing the
ionic conductivity.[134, 135] Both phenomena are typically interpreted in terms of a
Grotthuss-type mechanism.[134, 135]

Grotthuss mechanism, proposed more than two centuries ago, explains the
hydrogen ions diffusion inside water. It is the usual mechanism given for facilitated
proton mobility. Briefly, the process is similar to an auto-dissociation of the water
molecule into H+ and OH− and hopping of the proton from one molecule to the
next neighbouring molecule.

Although cation-anion pair formation has been an alternative proposed expla-
nation,[136] Grotthuss-like mechanism is accepted for the diffusion of I− in liquid
iodine solution following the reaction sequence:

I−3 + I− → I− − I2 ... I− → I− ... I2 − I− → I− + I−3 (2.9)

This allows the electrical conduction like a relay mechanism, with net trans-
port of charge without any net transport of mass.

In this context, recent studies have shown the impact and importance of the
presence of longer iodide chains for the diffusion of iodide/triiodide species during
the regeneration process of the electrolyte, as well as the importance of the presence
of neutral I2.[137] The charge transfer in the polyiodide system depends ultimately
on the concentration of iodine and the distance between donors (I−2n+1, i.e. I−3 , I−5 , I−7 )
and acceptor (I2).[138] This will be of critical importance since it is widely reported
the favourable polyiodides formation in presence of nanocarbon electrolytes.[139–
141]

The standard liquid electrolyte for DSSC is composed of I2 dissolved in butyl-
methylimidazolium iodide (BMII) and volatile solvents (acetonitrile and valeroni-
trile). It also includes some additives, such as, guanidinium thiocyanate, 4-tert-
butylpyridine, lithium iodide, which lower charge recombination. These chemical
compounds are anchored to the TiO2 surface that is uncovered by dye molecules,
to prevent the electrolyte/TiO2 recombination, increasing the charge collection (Jsc)
and the Voc of the device.

The long-term stability of the DSSCs is one of the main bottlenecks of this tech-
nology. Enhancing the stability of these devices pass through eliminating the solvent
from the list of components of the electrolyte. It is the main responsible of lowering
the durability and stability of the device by electrolyte leakage and dye desorption
processes among others. Some alternatives are proposed recently, for instance, re-
placing the solvent based ionic liquids with ionic liquids with zero volatility,[142] or
by using solid hole-transport materials,[142] polymer electrolytes,[143] water-based
electrolytes[144, 145] or solid-state electrolytes.[142]

Among the possible modifications, using nanocarbons as additive or filler in
electrolytes have been proved as an effective method of enhancing the characteristics
of DSSCs.[146] The list of carbonaceous materials used for this application and the
highest efficiency reported can be summarised in carbon black[147–149] achieving
PCE = 8.4 %,[150] carbon nanotubes[141, 151–153] achieving PCE = 8.2 %, carbon
nanohorns[154] achieving PCE = 7.8 %, and graphene-based material[87, 155–159]
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achieving PCE = 9.5 %.[160] The efficiencies are not directly comparable because
these materials have been implemented into liquid, solid, quasi-solid electrolytes,
but they represent the potential of the nanocarbons for this application. They act as a
multipurpose component and each of them present some advantages and problems.

The proposed advantages of using nanocarbon as dopants for DSSC that leads
to an improved device performance can be summarised as:

• Increase in the ionic diffusivity of the species in the electrolyte.

• Enhanced catalytic activity towards I−/I−3 redox couple.

• Improved dye regeneration (reduced diffusion path of the redox mediator).

• Reduction of the internal device resistance.

Therefore the CNTs dispersed in electrolyte play a dual-role. Firstly, as an
electrical dopant of the conductive properties of the electrolyte, and secondly, often
overlooked, as a catalytic material acting as an extension of the CE material. Both
mechanisms are depicted in the schematic of the Figure 2.20.

Probably, the main disadvantage of using nanocarbons as fillers in DSSC elec-
trolytes lays in obtaining reproducible and stable dispersions of nanocarbons. In
addition, dispersion is often enabled by acid functionalisation,[43, 161] which is ob-
tained by oxidising the sidewall of the CNTs with nitric acid and or sulfuric acid to
increase their dispersion in polar solvents and polymer matrices. However, surface
oxidation of MWCNT is often detrimental to their superior electrical and thermal
properties.[62]

FIGURE 2.20: Schematic of the dual-role of dispersed CNTs in DSSC
electrolytes.

Another difficulty for the practical implementation of carbon-doped electrolyte
refers to their viscosity. Typically, the two electrodes that forms a DSSC are sepa-
rated by a tens-of-microns thick spacer. The resulting space between electrodes is
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later filled with the electrolyte. The viscosity of the electrolyte plays an important
role in the filling process and in the wettability of the electrodes. When the elec-
trolytes are loaded with fillers, they tend to become more viscus, hampering this
fundamental step during the fabrication of the device. This problem can be solved
for solid electrolytes in some cases by high temperature injection, or more recently,
by screen printing deposition technique. On the other hand, the increased viscosity
of electrolytes will prevent the electrolyte leakage, facilitating the fabrication pro-
cess, performance and long-term stability of the final device.

TABLE 2.4: Efficiency (PCE) obtained after integration of CNTs in dif-
ferent electrolytes for DSSC. Efficiencies have been rounded to the

first decimal place.

Type of electrolyte CNT Type CNT
(%wt)

PCE
(%)

Ref. & Year

CNTs dispersed in standard
electrolyte (liquid solvent-based)

MWCNT 0.2 4.2 Lee et al.
[153] 2009

- SWCNT 0.2 3.6
- ref - 3.2

CNTs-PEO composite elec-
trolyte (quasi-solid electrolyte)

MWCNT 1 3.5 Akhtar et al.
[141] 2010

- ref - 1.9
CNT-P(EO/EM/AGE) Gel elec-
trolyte (quasi-solid electrolyte)

MWCNT 1 3.4 Benedetti et
al. [140] 2012

- ref - 2.4
GO/CNT-MPN Gel electrolyte
(quasi-solid electrolyte)

MWCNT 0.25 7.1 Neo et al.
[139] 2014

- ref - 6.5
CNT/PANi-PAA/PEG Gel elec-
trolyte (quasi-solid electrolyte)

CNT 0.4 8.2 Jin et al.
[162] 2018

- ref - 5.7

CNT-Ionic liquid physisorbed
(solid-state electrolyte)

MWCNT 0.5 3.6 Chang et al.
[151] 2012

- ref - 1.2
CNT-EMII/PMII composite
electrolyte (solid-state electrolyte)

SWCNT N/A 3.5 Lee et al.
[152] 2010

- ref - 0.4
CNTs-PAN composite elec-
trolyte (solid-state electrolyte)

MWCNT 5 3.9 Akthar et al.
[163] 2011

- ref - N/A

It has also been proposed that nanocarbons can restrict interaction between
macromolecules, acting as a crystall growth inhibitor of polymer electrolytes, thus
preventing a drop in ionic conductivity.[159]

A summary of CNT-doped electrolyte DSSCs are collected in the Table 2.4.
These nanocarbon-loaded DSSCs can be divided according to the final viscosity of
the electrolyte: liquid, quasi-solid and solid-state electrolytes. Consequently, the
performances achieved are not directly comparable because every one of these ma-
terials are facing different challenges.
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Regarding the liquid state electrolytes, Lee et al.[153] compares the behaviour
of high quality MWCNTs with less graphitic SWCNT material, reporting an en-
hancement of circa 20 and 10 % with respect to the reference material when using
MWCNTs and SWCNTs respectively. In this case, the quality factor of the material is
an interesting point to have into account, concluding the purity of the dopant plays
a role in the degree of improvement of the electrolyte.

Quasi-solid-state electrolytes are typically obtained by avoiding the incorpo-
ration of solvents or by the gelation process with polymers followed by evaporation
of the solvent.

By the using of polymer nanocomposites electrolytes, Akhtar et al.[141] has
demonstrate the improvement in ionic conductivity of the electrolyte and in the
overall photo-conversion-efficiency of the DSSC in polymeric nanocomposite elec-
trolyte. They have found the optimum mixing ratio (CNT/PEO) corresponding to
1 %, and correlated the enhancement in ionic conductivity with the formation of I−3
and polyiodide (I−m ) species, due to the absorption of I2 by the CNTs. It is well known
that this species are the ones responsible in the high conductivity of the composite.

Gel polymer electrolyte mixed with fuctionalised MWCNTs was investigated
Benedetti et al.[140] finding results in line with the previous authors. They reported
an increase in the ionic conductivity of the electrolyte leading to an enhanced photo-
generated current, an also a decrease in I−m species. The formation of I−m species
can be followed by Raman spectroscopy. The ratio I−m /I−3 shows the lowering of
I−m species with the increase in loading of CNTs, and the authors point out the re-
lation of this fact with the increase in viscosity of the electrolyte. In light of these
improvements, the photo-conversion-efficiency of 3.5 % is reported for CNT loaded
electrolyte, 1 % higher than the undoped electrolyte.

The solubility enhancement by acid functionalisation treatment is probed for
gel polymer electrolytes, and that is an interesting result by itself. Neo et al.[139]
introduces a combination of GO and MWCNTs into the MPE-gel electrolytes. A
maximum efficiency of 7.1 was achieved in comparison with 6.5 % of the same elec-
trolyte without nanocarbons. The enhancement is explained by a good dispersion
of the nanocarbons in the electrolyte, that increases the exposed surface area of the
MWCNTs (percolation theory), enhancing the catalysis of the electro-chemical re-
duction of the I−3 specie, therefore playing the role of CE material. At the same time,
it reduces the ionic diffusion length of the redox species.

More recently, Jin et al.[162] have shown a gel-type quasi-solid-state electrolyte,
modified with CNTs, with high performances up to the value of 8.2 %. Their meso-
porous gel electrolyte not only exceed the standard gel-type quasi-solid electrolyte
performance, but also its structure prevents from leakage problems enhancing the
long-term stability of the device. Moreover, an enhancement in the conductivity of
the electrolyte, and Voc and Jsc are explained by a superior catalytic performance
towards the I−/I−3 redox couple, acting at the same time as supported counter-
electrode.

All-solid-state electrolytes are introduced in the DSSC field seeking the long-
term stability of the devices. Chang et al.[151] have shown the improvement in
photovoltaic performance by incorporating ionic liquid-physisorbed MWCNT. They
demonstrate the linear relation between the increment in the diffusion limiting cur-
rent of the I−3 specie and the short circuit current density of the device when CNTs
are added in the range 0-0.5 % wt. Also a similar approximation was followed by
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Lee et al.[152] by doping the electrolyte with SWCNTs. After optimising the I2 con-
tent and EMII/PMII proportions, a PCE = 3.5 % was reached, eight times higher as
compared with the undoped ionic liquid. Akhtar et al.[163] reporter a thermal poly-
merised of CNTs and PAN for solid-state DSSC, leading to a performance of 3.9 %.
Thanks to the polymerisation of the CNTs, an improvement in the ionic conductiv-
ity is achieved and therefore, better performance and characteristics are reported in
comparison with the bare-CNTs.

There is a current lack of understanding of the CNTs contribution to increase
the PCE. In view of the reviewed literature result, some possible mechanisms have
been proposed in this section as possible hypothesis of this general improvement.
Summarising,

1. The CNTs increase the ionic conductivity of the ionic liquid/electrolyte (per-
colation theory).

2. The CNTs interact with the redox mediator modifying the chemical environ-
ment of the electrolyte. It increase the concentration of polyiodides and thus
the electrolyte conductivity by Grotthus mechanism.

3. The CNTs, when transport the charges through the electrolyte, interact with
the electrolyte reducing the triiodide species and acting as CE.

2.4.3 CNT/semiconductor hybrids as photoanodes

FIGURE 2.21: Schematic of a DSSC incorporating CNTs in the pho-
toanode part of the device.
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There are different semiconductors fulfilling the required properties to be used
in DSSC.[164, 165] Some of these semiconductors are n-type, like the TiO2 and the
ZnO. ZnO photoanodes have been widely researched[166] and record efficiencies of
7-7.5 %[167, 168] have been reported. This value represent approximately half of the
performance achieved with the TiO2.

P-type semiconductors,[169, 170] for instance NiO,[171–174] are commonly in-
vestigated, but the record efficiency reported is 2.5 %.[172] Although, p-type semi-
conductors present low performance, its main interest lays in the fabrication of np-
type DSSC, also called tandem cells.[175]

Nevertheless, because the most used material is TiO2 by its good performance
and stability, in this section, we will focus on the hybrids produced by CNT and
TiO2.

The photoanode of a dye sensitised solar cell is the component responsible of
photo-generating the electrons. It is composed by transparent conductive substrate,
a semiconductor layer of mesoporous anatase titania and the dye molecules (sensi-
tiser) attached to the surface of the titania.

The nanocarbons can play a different role on the photoanode configuration.
Firstly, replacing the transparent conductive oxide (TCO); secondly, as a dopant of
the semiconductor layer increasing the PCE through an increased charge extraction
from the titania; and thirdly, as a scaffold for the semiconductor material.[176, 177]
A schematic of the incorporation of CNTs to the photoanode is depicted in the Fig-
ure 2.21.

The idea behind introducing nanocarbons in the photoanode has been dis-
cussed in several works before.[176–179] The general working principle is depicted
in the Figure 2.22a. CNTs, thanks to its high electron mobility and the appropriate
band alignment between TiO2 and CNTs, allows the photogenerated charges to be
injected into the CNTs and rapidly extracted from the semiconductor layer. This
hypothesis has been confirmed by photoelectrochemical and transient absorption
methods on TCO/SWCNT electrodes coated with TiO2 sol-gel by doctor blade tech-
nique, which has shown that the back electron transfer (recombination rate) between
injected charges and the sensitiser becomes slower.[176]

The energy band alignment between CNT and TiO2 semiconductor produced
by sol-gel has been performed before by Chen et al.[179] A Schottky rectifying con-
tact have been measured and the charge transfer mechanism between these materials
is presented in the Figure 2.22b, where the transport under dark and light conditions
is compared. As it is presented, the potential barrier formed at the FTO/TiO2 mate-
rial is smaller compared with the CNT/TiO2 heterojunction under dark conditions
(TCO presented in the upper part and CNT at the bottom-left). In contrast, when the
material is under high illumination power, the charge transfer from the TiO2 to the
CNTs is much more favourable (energy band diagram at the bottom-right part).[179]
This facilitates the charge extraction through the CNTs increasing the mean free path
inside the TiO2 layer and decreasing the recombination component at the TiO2 sur-
face.

It is of great importance controlling and understanding the electrical prop-
erties at the carbon/semiconductor interfaces. In a first approximation, this junc-
tions can be described by the theoretical position of the work function between both
materials, 4.2-4.3 eV for TiO2 or ZnO, and 5 eV[180] for CNTs. This qualitatively
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agree with the rectifying behaviour observed under I-V measurements, but other ef-
fects might contribute to the the shift of the materials work function leading to wide
range of Schottky barrier heights (SBH), even to metallic contacts.[181] Among these
effects can be included the surface contamination, the formation of oxide layers or
metallic element diffusion into the semiconductor layers. Besides, the different syn-
thesis techniques of the materials can produce a high degree of qualities of materials,
meaning a different amount of defects, electronic surface states and carrier concen-
trations. All these affects severely the properties of the carbon/semiconductor junc-
tions.
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FIGURE 2.22: Schematic of a) the charge collection in TiO2 photoan-
odes with and without CNTs and b) the electronic band structure for
the TCO and CNT metal connection (left and centre) and CNT/TiO2
heterojunction at high illumination power. Adapted from Chen et

al.[179]
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It is important to highlight the need to perform a clear interfacial characterisa-
tion to experimentally confirm the electronic band positioning (ideally under ambi-
ent conditions) for better understanding of this junctions to improve their fabrication
and produce more efficient charge transfer processes.

In this context, the role of these junctions is to help separating the the pho-
togenerated charges. This has been studied in relation to photovoltaic applications
confirming the enhanced electron collection and transport, although under high ap-
plied voltage the CNTs can act as leakage centres.[179, 182]

Integration routes of CNTs into photoanode electrodes:

There have been used alternative routes for including CNTs in the photoanode
materials. Blending CNT with the semiconductor,[183] spray depositing on top of
a substrate, growing by chemical (hydrothermal)[184] or physical (sputtering) tech-
niques, or creating hybrid nanostructures by electrospinning,[177] are some of the
different methods yet experimented. Representative results of these methods are
summarised in the Table 2.5 and in the Figure 2.23.

The idea of using 1D nanomaterials to create a direct-charge transport path
was also implemented by Yang et al.[177] producing a TiO2/CNTs hybrid layer by
electrospinning. The results concluded by this investigation shows that the CNTs in-
crease the performance in these materials, achieving efficiency of 10.2 %, compared
with the 6.1 % for the undoped nanostructured TiO2.

The highest reported efficiency has been obtained by the virus templated self-
assembly CNTs/TiO2 (Figure 2.23a). This suggest that the ordered CNT material
acting as a scaffold could imply a great improvement for the working electrode con-
figuration.[185] Moreover, this work also compares the the behaviour of SW- and
MW- CNTs under the same conditions. Two conclusions can be extracted regarding
the nature of the nanocarbons: i) semiconducting CNTs provides better performance
than metallic ones and ii) single layered CNT or few layer CNT shows better perfor-
mance than MWCNT. A higher diffusion length and short-circuit current density is
measured with semiconducting and SW- or few-layered -CNTs. They attributed this
improvement to the non-continuous band structure in SWCNTs and semiconducting
CNTs, where the electrons can be transferred quickly to the FTO current collector. In
contrast, for continuous band structure (metallic CNTs) electrons can stay at contin-
uous energy levels near the Fermi level, increasing recombination with the dye or
back reaction to triiodide in the electrolyte.

This back reaction between CNTs at the photoanode and the redox couple in
the electrolyte should be avoided. Minimising the exposure between CNTs and elec-
trolyte is achieved by the successful encapsulation of CNTs by the TiO2 nanoparti-
cles. Interestingly, the amount of CNTs used as dopant in photoanodes ranges 0.05-
5 %. This values seems rational because are values close to the percolation threshold
of CNTs.[44] This mass fractions of CNTs also reduces the exposure areas of CNTs
in the hybrids, decreasing then the chances back reaction between electrolyte and
photogenerated carriers collected by the CNTs.
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FIGURE 2.23: a) Schematic diagram and TEM images of virus-
enabled SWNT/TiO2 DSSCs. Modified from Dang et al.[185] b) TEM
image of CNT/TiO2 anode by sol gel technique. Modified from Koli
et al.[186] c) Schematic and SEM image of CVD grown CNT and TiO2
deposited by hydrothermal technique. Modified from Kilic et al.[184]
d) Schematic of the TiO2-NF/SWCNT composite photoanodes in-
cluding an SEM image of the cross-section and a High-resolution im-

age of the TiO2-NF. Modified from Macdonald et al.[187]
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TABLE 2.5: PCE records of CNT-Photoanodes for different processing
routes.

Processing Route PCE (%) Ref. & Year

Templated self-assembled SW-CNT 10.6 Dang el al.[185] 2011
Electrospinning + TiO2 0.1 % MWCNT 10.24 Yang et al.[177] 2013
CNT mixing – 0.25 % 9 Dembele et al.[183] 2013
CNT+TiO2 (hydrothermal) 7 Kilic et al.[184] 2016
CVD growth of CNT + sol gel 3.7 Chen et al.[179] 2012
Electrophoretic deposition and sol gel TiO2 0.13 Brown et al.[176] 2008

2.5 Objectives of the present work

In the quest of new materials for novel energy harvesting applications, as
DSSC in this work, carbon nanotube fibre presents a combination of properties that
fulfil the initial requirements for fabricating more efficient devices. The objective of
this thesis is thus to perform a systematic study of the implementation of the CNTf as
current-collector of the working and counter electrodes of DSSC devices and anal-
ysis of the charge transfer processes in presence of this material. Although there
is a large amount of work reported using carbon nanotubes in these line of work,
very few are focused on implementing macroscopic CNT assemblies in conventional
DSSC architectures. The study is mainly of experimental nature, supported by dif-
ferent electronic, spectroscopic and photo-electrochemical techniques.

Appendix: origin of Voc in DSSC devices

The average steady-state electron density under illumination at OCP is gov-
erned by the electron injection (from the dye to the mesoporous TiO2 and extracted
by the anode current-collector) and the "electron back reaction" of the electrons with
the I−3 , where

dn
dt

= νinj − νbr = 0 (2.10)

being the νinj and νbr the global volume rates of injection and "back reaction"
in the device. The global rate of electron injection (cm−3 s−1) is defined as

νinj =
ηlh ηinj I0

d
(2.11)

where ηlh is the light harvesting efficiency, ηinj is the injection efficiency, I0 the
fraction of the incident photon flux absorbed by the sensitised mesoporous oxide
(corrected for reflection losses) and d the thickness of the mesoporous oxide film.

The involved back reation is

I−3 + 2e− → I− (2.12)
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and it depends on the reactant concentrations and the rate constants for electron
transfer. The global rate of back reaction can be defined in formal terms as

νbr = kbr nνn [I−3 ]
νI−3 (2.13)

where kbr is the rate constant for the back reaction of electrons and ν terms
represents the reactions order with respect to electrons and I−3 ions.

During this reaction, different intermediate steps involving the formation of I−2
radicals take place, therefore different rate constant appears during the reaction. The
chemistry of the iodine reactions with Pt electrodes has been study since long time
ago, and further details can be found in the work of Dané et al.[188] Besides that, the
rate constant of the transferred electrons from the oxide also varies depending if they
are transferred from conduction band or surface states located in the bandgap of the
oxide. At this point, some simplifying assumptions are made in the model. Only the
conduction band electrons are involved in the back reaction and the reaction orders
regarding electrons and tri-iodide are taken equal 1. Thus, from the steady state
condition 2.10, the steady-state density of electrons under illumination and OCP
condition is a linear function of the light, it remains:

nc =
ηlh ηinj I0

kbr [I−3 ] d
=

ηlh ηinj I0 τ0

d
(2.14)

where the τ0=1/kbr[I−3 ] is the electron lifetime in the conduction band determined
by the back reaction with the I−3 . In dark conditions, the electrons are in equilib-
rium with the redox system characterised by its redox-Fermi energy (EF,redox). The
equilibrium electron density in the conduction band is defined by the redox-Fermi
energy and the conduction band energy (Ec) and it is given by the Boltzmann limit
of the Fermi Dirac distribution (for a non-degenerate semiconductor).

nc,eq = Nc e−
[ Ec−EF,redox

kb T

]
(2.15)

where Nc is the density of conduction band states.

Under light conditions, electrons in the TiO2 are no longer in equilibrium with
the redox system. Following the steady-state electron density defined in 2.10, the
injection of electrons leads to a photostationary state. In this situation, the carrier
density (nc) defines the electron quasi-Fermi level (nEF).

nc = Nc e−
[

Ec − nEF
kb T

]
(2.16)

In the practice, an indirect measurement of the conduction band population is
the measurement of the open circuit voltage (Voc). The Voc developed by the DSSC
correspond to the change in the Fermi level of the oxide induced by illumination
and represented in the Figure 2.24. It is given by

qUphoto = Ec − nEF = kb T ln
(

nc

nc,eq

)
(2.17)
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FIGURE 2.24: Voc origin in the DSSC under illumination. Adapted
from K. Kalyanasundaram.[189]

Under dark-equilibrium conditions, the electron density corresponds to≈ 103 cm−3

in the conduction band. When the DSSC is illuminated, this carrier density increases
up to≈ 1016 cm−3, corresponding to the typical photovoltage of 0.75 V. Finally, from
the Equation 2.14 and 2.17, the photovoltage should be given by

q Uphoto = kb T ln
(

ηlh ηinj

nc,eq d

)
+ kb T ln τ0 + kb T ln I0 (2.18)

This previous equation (2.18) predicts that the photovoltage should increase
59 mV for every decade of illumination intensity at 298 K. In practice, values as high
as 110 mV dec−1 are common due to non-idealities inherent to the devices. Empirical
non-ideality factor (m > 1), provides the light intensity dependence of the Voc and it
can be obtained from

dUphoto

d log10 I0
= m

2.303 kb T
q

(2.19)
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Chapter 3

Experimental Techniques

In this chapter, the description of the material synthesis, device fabrication
and characterisation techniques common to the following chapters, as well as some
important control experiments, are presented.

3.1 Synthesis and fabrication of materials and devices

3.1.1 Synthesis of Carbon Nanotube Fibres (CNTf)

The carbon nanotube samples used for this thesis were produced at IMDEA
Materials in the "Multifunctional Nanocomposite Group" built in-house vertical CVD
reactor. The reactor is presented in the Figure 3.1a.[190] This fibres were synthe-
sised using the direct spinning method from the gas-phase during growth of CNTs
by floating catalyst chemical vapour deposition.[191] Ferrocene, thiophene, and bu-
tanol (or toluene) were used as catalyst, promoter, and carbon source, respectively.
Thiophene (extra purity ≥ 99 %) and ferrocene (purity = 98 %) were obtained from
Acros Organics and 2-butanol (purity > 99 %) from Sigma Aldrich. Ferrocene was
purified by a sublimation/recrystallisation process. The reaction was carried out in
hydrogen atmosphere at 1250 oC, using a S/C (sulfur/carbon) ratio chosen so as to
produce CNTs with few layers.[192] The overlap of fibres and densification with liq-
uid produces a unidirectional non-woven film (fabric) in which the individual fibres
are highly aggregated and integrated as a free-standing material.

The CNTfs can be collected in almost any attachable substrate to the spinning
engine, but, unless specifically mention, our samples were collected directly on a
paper substrate. The standard collected samples have an area of 10x30 cm. But other
geometries such as monofilaments or meter-long sheets of fibre can be also produce.
Couple of examples, such as the as-collected CNTf on paper bobbin and a meter size
CNTf sample, are presented in the Figure 3.1b,c respectively.

Controlling the time of collected fibre, we are able to produce fibres of different
mass and thicknesses. Collection times between seconds and 60 minutes were used,
leading to thicknesses of material ranging between hundreds of nanometres to tens
of microns. Another important parameter is the winding rate, being an important
parameter for tunning the mechanical properties of the fibres.[190] All samples were
collected at a winding rate between 5 and 40 m/min.

The as-collected material from the CVD reactor has very high porosity and low
density structure, due to the air trapped in the CNT network. When this material is
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put in contact with non-polar liquids, for example solvents, the structure is rapidly
filled by capillary forces. Over time this solvent evaporates, and after this process
it produces a denser structure. This densification process is represented in the Fig-
ure 3.1d, in which the different stages of the process are shown. This is typically
performed pouring some drops of ethanol or isopropanol absolute grade over the
surface of the CNTf and waiting until its evaporation.

a) b)
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FIGURE 3.1: a) CNTf CVD reactor.[190] b) CNT fibre as-collected from
the CVD reactor and c) CNTf 1 metre length sheet. d) Densification

process of the CNTf (Modified from[193]).

When the interfacial properties between nanomaterials are studied, it is im-
portant to prove that they are homogeneous along the same piece of material.

During the synthesis process of the CNTf, a distribution of different CNTs are
present in the fibre leading to an overall semimetallic behaviour. The number of
CNTs coming out from the cross-section of an individual CNT fibre filament has
been estimated as 105. Also, it is assumed that the distribution type of CNTs during
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the synthesis is constant because the synthesis conditions are constant. Now, consid-
ering the high number of CNTs present in the material, the macroscopic behaviour
of the CNTf sheet is the average of the individual constituents and homogeneous
through the different areas. Moreover, the homogeneity of all pristine CNTf sheets
are ensured by electronic microscopy (SEM, TEM) inspection in a first stage before
any other use and also checked by Raman spectroscopy.

3.1.2 Semiconductor synthesis methods

Sol-gel synthesis method

Small crystalline coating is deposited on top of the CNTf by sol-gel method
for later acting as nucleating material. The chemical synthesis route was reproduced
according to previous works.[194] The starting solution contains zinc acetate dihy-
drate (Zn(CH3COO)2·2H2O) as metal precursor, monoethanolamine (MEA) as com-
plexing agent and interfacial active agent and absolute ethanol as solvent. First,
MEA is dissolved in ethanol in a concentration of 1.2 mol/l and stirred for 10 min,
and then the zinc precursor was added. The molar ratio of [Zn2+]:[MEA] was 1:1.5.
The solution was stirred until a clear solution was obtained. At that moment, the
solution was cast onto the CNTf film placed on the ceramic crucible. After solvent
evaporation, the samples are heat treated in air at 300 oC for 15 min.

Hydrothermal synthesis method

The hydrothermal growth of ZnO nanowires consist on an aqueous solution
of zinc nitrate (Zn(NO3)2) and hexamethylenamine (HMTA) 0.5 and 1.5 M respec-
tively in ethanol and water.[195] The seed-coated CNTf was taken from the ceramic
crucible and placed inside a teflon vessel of a steel autoclave. The CNTf was kept im-
mersed in the solution for five hours at 90 oC. Finally, the hybrid CNTf/ZnO-NW’s
hybrid samples are washed with deionized water and dried for 30 min at 50 oC.

Atomic Layer Deposition synthesis method (ALD)

ALD is able to meet the needs for atomic layer control and conformal deposi-
tion using sequential, self-limiting surface reactions. The schematic of the process is
presented in the Figure 5.17a, where a cycle of the process is represented. It consists
on injecting alternative pulses of gas metal precursor and oxidising agent that reacts
into a metal oxide monolayer of material.

The ALD process has been applied to CNTf material with the aim of obtaining
3D-bulk heterojunctions, in which the continuous conductive structure of the CNTf
is preserved, and to add new functionalities by the presence of the MOx coating.

Among different precursors (zinc acetate - ZnAc, diethyl zinc - DEZ, dimethyl
zinc - DMZ, zinc chloride ZnCl2 or metallic Zn), the diethyl zinc (DEZ) is by far the
most common Zn precursor used for the ZnO ALD process and it has been the one
selected for this work. Also, in addition to water, a wide range of oxygen sources are
available, including O2, O3 and N2O. Normally, for obtaining the same growth rate
than water, higher deposition temperatures are required for this oxydising agents.
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The oxydising phase is commonly assisted by plasma in a plasma-enhanced ALD
(PEALD) process, which helps to grow layers with higher degree of stoichiometry
and lower temperature by the higher reactivity of the plasma oxygen source.[196]

The chemical reaction in the ALD process with DEZ and water precursors can
be express as follows:

C2H5 − Zn− C2H5 + H2O→ ZnO + 2C2H6

This reaction has been explained by two half-reactions, one first taking place at
the surface of the material during the precursor injection and a second half-reaction
when the water pulse is injected:[197, 198]

DEZ half-reaction:

sur f ace−OH + C2H5 − Zn− C2H5 → sur f ace−O− Zn− C2H5 + C2H6

Water half-reaction:

sur f ace−O− Zn− C2H5 + H2O→ sur f ace−O− Zn−OH + C2H6

The efficiencies of these half-reactions depends on the experimental condi-
tions, e.g. temperature. These have consequences over the different concentration
of -OH groups, which also influences the electrical properties of the final materials.

For the ALD process using the CNTf as substrate, the CNTf were transferred
to glass or FTO/glass substrates, followed by absolute isopropanol densification.
Later, the substrates were placed under vacuum during 24 hours before the MOx
deposition.

The CNTf/MOx-ALD materials used in this thesis where synthesised by two
different methods in collaboration with two different groups. The same precursor
but different reaction conditions and oxidising agents were used for these two pro-
cesses. For the TiO2 deposition, all the experimental conditions have been previously
detailed.[199] For the ZnO deposition, the ALD conditions are provided below.

The first set of samples were produced by Dr. Nina Kemnade (Prof. Dominik
Eder group) in a Savannah 100 ALD system (Cambridge Nanotech). Once the sam-
ples were place in the reaction chamber, this was kept purging in N2 (20 sccm) for
10 min while reducing the pressure to 0.2 torr. The N2 flow was subsequently re-
duced to 10 sccm before first H2O vapour (oxygen source) and then the metal pre-
cursor (Diethylzinc from Sigma Aldrich) were injected into the chamber in pulses of
0.03 s and 0.05 s respectively. After each injection, the samples were exposed to each
reactant for 10 s before subjected to another purging of 15 s. The deposition tempera-
ture was varied between 90 oC and 200 oC and the injection cycle repeated 100 times
for obtaining 20 nm thick layer, corresponding to a growth rate of 0.2 nm/cycle.

The second set of samples were produced by Dr. Manuel Rodriguez (Prof.
Daniel Granados group) in a Ultratech Fiji ALD system (Cambridge Nanotech). The
optimised reaction temperature was 200 oC. The ALD cycle starts by applying a
pulse of 0.06 s of DEZ (Zn precursor), followed by a purging time of 10 s. The
O2 oxidising agent is circulated in the chamber (30 sccm) during a 300 W plasma is
applied for 40 s. The ALD cycle was repeated between 20 and 900 times for obtaining
thickness in the range 5-100 nm at a growth rate of 0.11 nm/cycle.
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3.1.3 CNTf/polymer composite fabrication

Detailed in Appendix A.

3.1.4 Fabrication of symmetric electrochemical cells and Dye Sensitised
Solar Cells (DSSC) including control experiments

For the preparation of DSSCs and by extension, for the preparation of the sym-
metric devices, the method and all the details developed by Prof. Gratzël group have
been followed.[200]

Schematics of the preparation of these devices are presented in the Figure 3.2.
Also, a detailed step-by-step about the fabrication of each step is provided below.

A symmetric cell consist on an two-electrode electrochemical cell that is com-
monly used for studying catalytic processes in the field of the DSSC. They are explain
in detail in the Chapter 4 "CNTf Counter-Electrodes for DSSC".

The preparation of the DSSC, following the flow chart in the Figure 3.2b, is
detailed as follows: Fluorine-doped tin oxide (FTO, 15 Ω/sq, XOP Glass company)
were used as substrates for both the photoanodes and counter-electrodes. The stan-
dard washing procedure consist on immersing each electrode in water, water and
soap and isopropanol, each step during 15 min in a sonicator. After that, the elec-
trodes are subjected to UV −O3 treatment for 18 min (Model No. 256–220, Jelight-
Company, Inc).

All chemical products were of highest purity available, bought from Sigma
Aldrich and used without any further treatment. The ruthenium dye N-719, ace-
tonitrile and tert-butanol were used for the preparation of the dye solution (0.5 mM
in ACN:TBA 1:1 v/v). The electrolyte composition was 0.6 M 1-butyl-3-methyl im-
idazolium iodide, 0.1 M guanidine thiocyanate, 0.5 M 4-tert-butylpyridine, 0.03 M
iodine in acetronitrile/valeronitrile (85:15 v/v) solvent.

To construct the photoelectrodes, the pre-cleaned FTO substrates were pre-
treated by immersion into a 0.4 mM TiCl4 solution (titanium(IV) chloride solution,
0.09 M in 20 % HCl from Sigma) and annealed at 400 oC for 30 min. After cooling
down, a transparent TiO2 paste (Ti-Nanoxide T/SP, Solaronix) was doctor bladed
on the electrodes and dried at 125 oC for 6 min. This procedure has been repeated
twice. An additional opaque layer of TiO2 has been employed as scattering layer by
doctor blading a large particle TiO2 paste (18NR-AO, Dyesol). Then, the electrodes
were annealed at 325 oC for 5 min, 375 oC for 5 min, 450 oC for 15 min, and finally, at
500 oC for 15 min. The active area of the cells has been set at 0.196 cm2, by using a
pre-cut 5 mm circle template during the doctor blading procedure.

For standard Pt reference CEs, a solution of 0.5 mM chloroplatinic acid hex-
ahydrate in isopropanol was drop-casted on pre-cleaned FTO substrates and baked
at 400 oC for 20 min. In all cases, the counter-electrodes were drilled before the wash-
ing procedure to produce two holes of 1 mm diameter. The sealing of the devices was
performed using a 25 µm thickness frame of Surlyn thermoplastic (Meltonix 1170-25,
Solaronix) between the electrodes, which were then placed at a hot press at 150 oC
for 50 s. After filling the cell with the electrolyte, this was encapsulated/sealed with
a small portion of the same polymer.
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a)

b)

FIGURE 3.2: Schematic process of CNTf a) symmetric cell and b)
DSSC fabrication.

During this thesis, when device modifications are proposed, as many devices
are prepared until a reproducible result is obtained. At this point, at least three de-
vices are prepared as well as two standard reference devices. From this five devices,
the best result obtained is presented and studied in detail.

Pt symmetric cell study and construction parameters influence

In this section, control experiments using symmetric Pt cells showing the effect
of temperature, separator thickness and electrolyte are presented. This background
data enable to accurate assignation of processes in CNTf cells avoiding some mis-
leading interpretations or wrong experimental conditions.

The EIS results corresponding to 25 and 100 µm separator thickness are pre-
sented in the Figure 3.3a. When using pure quasi-solid BMIi electrolyte, the elec-
trolyte present a low ionic conductivity and therefore, the resistance obtained are
quite large. In both cases, the EIS results show the two typical interfaces in these
symmetric cells. One at higher frequency representing the charge transfer between
the counter-electrode and a second interface at low frequency (<1 Hz) representing
the bulk ionic diffusion inside the cell. Two cells for each condition are presented,
and the overlapping curves indicates the high precision of the assembly method and
the high reproducibility. Diminishing the spacer thickness, the charge transfer inter-
face shifts towards higher frequency, also the resistance (RCT) decrease by a factor of
three. The diffusion of the ions is expected to be higher for thinner spacer because
the diffusion path has decreased. This is suggested by the shape of the beginning
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of the semicircle corresponding to the bulk ionic diffusion but the number of points
does not allow to perform a proper fitting to quantify this effect.

The influence of the temperature in a range from RT to 120 oC was measured
for 100 µm separator and pure quasi-solid electrolyte (Figure 3.3b). The character-
istic information from every curve – charge transfer resistance (RCT) and maximum
frequencies ( fmax) of the ionic diffusion and the charge transfer processes, are ob-
tained and plotted versus the temperature in the Figure 3.3c. An exponential be-
haviour is obtained for the frequency shift of both processes towards higher values
(notice here the log scale). Also the decrease of the charge transfer resistance follows
an exponential trend and decreases its magnitude with the temperature. The dif-
fusion behaviour is the expected and explained by the decrease of the viscosity of
the quasi-solid electrolyte with the increase of the temperature. This behaviour is
well known and can be modelled by the assumption that the electrolyte fluid obeys
the Arrhenius equation. This behaviour has been reported before in very similar
electrolytes.[201] The charge transfer between counter electrode and electrolyte also
follows an exponential law. Initially, the charge transfer is occurring between the
traces of iodide present in the quasi-solid ionic liquid. This charge transfer has to
overcome a potential barrier and, as soon as the thermal energy is increased, the
charges have higher kinetic energy to overcome this barrier. Ultimately, the redox
rate of reaction mediated by the charge transfer also follows an Arrhenius equation,
thus, it also depends exponentially on the temperature.

FIGURE 3.3: Pt symmetric cells EIS study. a) 25 vs 100 µm separator
thickness influence. b) Temperature dependence Nyquist and Bode
phase plots, and c) maximum frequencies and charge transfer evolu-
tion. d) Nyquist plot with solvent-based standard electrolyte. Bode

phase plot presented as inset.

Finally, EIS analysis of the Pt-symmetric cell, 25 µm thickness spacer, with the
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standard solvent based electrolyte (used for liquid based DSSCs), is presented in
Figure 3.3d. Due to the presence of the acetonitrile and valeronitrile solvents, as
well as the higher concentration of iodide/triiodide in the solution, the electrolyte is
now a much more conductive media . A RCT of ca. 4 Ω is obtained with a maximum
characteristic frequency of 104 Hz. The Rdi f f is < 2 Ω with a fmax=3 Hz. Similar
behaviour is commonly obtained in literature for similar geometry of symmetric
cells with the same materials leading to a highly efficient DSSCs.[202] This confirms
that the materials (Platinum, electrolyte and electrodes) are in perfect conditions and
the reference materials are working totally as expected. This ensures the results will
be comparable with the previously reported in literature.

3.1.5 Architectures according to the number of TiO2 layers: transparent
and reflective photoanodes

Different device architectures has been proposed since the very early stages of
the DSSC technology. The low absorption of the titania/dye in the red region and
also, with the aim of maximising the path length of the light inside the device, dif-
ferent working electrode multilayer geometries including light scattering materials
have been proposed.[203, 204] One of the most used configurations because of the
excellent efficiency achieved is proposed by Ito et al.[200]

Schematics comparing devices with and without scattering layer are presented
in the Figure 3.4a. As it is depicted at the left part, when thin films of TiO2 nanopar-
ticles are used, the electrodes are semi-transparent, allowing the light to pass trough
the device (a TEM image of the TiO2 nanoparticles – anatase phase, is presented in
the Figure 3.4b). An additional layer of TiO2 larger size particles – rutile phase, can
be added to the working electrode geometry. These larger particles of TiO2, close to
the micrometer in diameter (see TEM image in the Figure 3.4c), act as a light scatter-
ing layer, producing the internal reflection of the light inside the device.[205] This
effect is represented in the right part of the schematic (Figure 3.4a). Although the
scattering layer presents lower surface area, and no dye adsorbed, the light path
increases inside the cell and the photoexcitation and photocurrent increases propor-
tionally. The comparison in sizes between nano- and micro-particles TiO2 can be
clearly observed in the TEM image of the Figure 3.4c (as they are marked with a red
and yellow square).

The transmittance of three different TiO2 working electrodes has been mea-
sured by UV-VIS spectroscopy and the spectra are shown in the Figure 3.4d. One
and two layers of TiO2 nanoparticles deposited on to FTO substrates by doctor blade
technique presents a transmittance higher to 80 % over 700 nm wavelength, later the
transmittance decrease to 50 % in the visible range until the absorption edge is found
in the UV region (due to the bandgap absorption of 3.3 eV). When the scattering layer
is added to the 2-layer nanoparticles, the named "3 layers" transmittance spectra is
obtained. Under these circumstances, the transmittance is lower than 30 % for the
whole measured wavelength range, indicating that a 50 % approximately is reflected
inside the cell.
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FIGURE 3.4: a) Photoanode schematics showing 1, 2 and 3 TiO2 lay-
ers, i.e. 7, 14 and 21 µm respectively. The light transmitted and re-
flected depending on the materials used is also represented. Approx-
imate thicknesses of the layers are also indicated. b) TEM image of the
transparent TiO2 nanoparticles used as active material. A red square
is drawn in the image and over the schematic for better identification
of the material. c) TEM image of the opaque TiO2 microparticles used
as light scattering layer. A yellow square is drawn in the image and
the right part of the schematic. d) UV-VIS transmittance spectra of
the 3 different TiO2 working electrode configurations without dye. e)
UV-VIS transmittance spectra of the semi-transparent (1 layer) and
opaque (2 layer + scattering layer) TiO2 working electrode with N719

dye loaded. The absorbance of the N719 dye is also represented.

The transmittance spectra for the 1 and 3 layers working electrodes, after the
N719 adsorption process, are shown in the Figure 3.4e. The transmittance is pre-
sented in logarithmic scale for better observation of the absorption bands of the dye
in the visible range. The absorption spectra of N719 dye, deposited on to quartz sub-
strate, is also presented in this graph. TiO2 and TiO2+N719 dye absorbance spectra
are in agreement with previous investigations.[203–206]
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3.2 Physical characterisation

In this section, the basic experimental details of the characterisation related to
the morphology and structure of the samples and materials are provided.

3.2.1 Profilometry

The CNTf and TiO2 layer thicknesses of DSSC devices were characterised with
a Alpha-Step R© D-500 TENCOR profilometer.

The procedure for measuring the CNTf thickness consist on: once the CNTfs
are stacked over a FTO substrate, the edges of the CNTf sheet were trimmed off
to keep a sharp thickness of approximately 1-2 mm at the edges. Still the CNTf
electrodes present a surface roughness in the range of the micron, mainly produced
by the fibrous nature of the macroscopic material. The average thickness will be the
one measured over a range of 1-2 mm.

3.2.2 Scanning and Transmission Electron Microscopy (SEM, TEM)

Scanning electron microscopy (SEM) was carried out with a FIB-FEGSEM He-
lios NanoLab 600i (FEI) at an accelerating voltage of 5 kV and a Talos F200X (FEI)
TEM at 300 kV.

Selected area electron diffraction (SAED): this technique consist on selecting an
area of the sample by using a small aperture of the TEM equipment and acquiring
the electron diffraction pattern. It is possible to obtain the pattern of a very specific
region of the material as for instance, nanometric-size nanoparticles from an ALD
coating or thin CNTs bundles from a macroscopic fibre.

3.2.3 Energy Dispersive X-ray Spectroscopy (EDX)

Elemental analysis of samples was determined by energy dispersive X-ray
spectroscopy (INCA, Oxford Instruments) at 10 kV accelerating voltage in the above
mention equipment.

3.2.4 X-ray Photoelectron Spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) data was collected in a SPECS GmBH
electron spectroscopy system provided with a PHOIBOS 150 +MCD analyser.

XPS, also known as Electron Spectroscopy for Chemical Analysis (ESCA) is
one of the most extended surface analysis techniques. It consists on the sample ra-
diation with monoenergeric X-rays. The emitted electrons from the surface of the
sample are collected as a function of their energy. The chemical environment and
oxidation state of the different elements presents in the sample can be obtained.

For proper measurement of the materials by XPS technique, it is important
to avoid the presence of surface contaminants. For that, all the samples have been
degassed during 24 hours. The obtained spectra of carbon materials were calibrated
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according to the position of the C1s C-C bond located at 284.8 eV. For the samples
coated with ZnO material, the position of the Zn2p3/2 located at 1021.8 eV were used
for the calibration. Energies referred to the Fermi level.

3.2.5 Powder X-ray Diffraction (XRD)

The crystal structure and average crystal size were determined by X-Ray diffrac-
tion (XRD) using an Empyrean, PANalytical diffractometer, with Cu Kα radiation.

XRD data was also obtained from SAXS/WAXS (small- and wide- angle X-ray
scattering) syncrothron measurements. The experimental setup used at the BL11 at
ALBA synchrotron facilities is described as follows: the WAXS patterns are acquired
with a wavelength of 1 Angstrom by a 2D-CCD detector, and due to experimental
considerations and geometries, these patterns correspond to diffraction cakes of ap-
proximately 60 o. This implies that for an anisotropic material, that is the case of
CNTf, it may present different crystallisation depending on the orientation, i.e. pre-
ferential growth as we reported before with polymeric materials in presence of the
CNTf.[207]

3.2.6 Raman spectroscopy

Raman spectroscopy was performed with a Renishaw PLC spectrometer using
a laser of 532 nm of wavelength at 5-10 mW depending on the sample.

Raman spectroscopy is a common technique for characterising carbon based
materials. It has special interest after hybridisation process with other materials, for
instance, semiconductors. Raman analysis can shed some light on the structure and
interaction between both materials. Moreover, the influence of the ALD process over
the CNTf substrate, i.e. structural disorders induced during the growing, residual
stresses on the CNT surface, or electrical doping effects, can be investigated.

In a CNT Raman spectrum, there are some characteristic bands that are iden-
tified as the G-band is present around 1580 cm−1, the D band at about 1350 cm−1,
the D’ at about 1620 cm−1, and the 2D (also known as G’) at about 2685 cm−1. G and
G’ are characteristic bands of all graphitic materials with sp2 bonds, while D and D’
comes from defects and disorder of the structure.[208, 209]

3.2.7 Ultraviolet-Visible spectroscopy (UV-VIS)

Ultraviolet-Visible spectroscopy was performed with a UV-2700 (Shimadzu
Corp).

• Electrode dye loading by analysing the dye-solution concentration variation:

For obtaining a precise value of the dye loading in DSSC working electrodes,
the variation of concentration of the initial dye solution is a reliable approach.

The variation of dye adsorption at the electrode can be analysed by UV-Vis
technique according to the methodology described elsewhere.[210] Basically, the
TiO2 film (the photoanode electrode) was immersed in a vial with 5 mL of 0.5 mM
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N719/ acetonitrile (ACN) solution. Samples of the solution were withdrawn via mi-
cropipette before and after the 24 hours dyeing time. Typically, half a day is enough
time for the dye saturation of the TiO2 surface, and this adsorption trend is typically
observed for organic materials on porous metal oxides.[98] The changes of the ab-
sorbance value at 530 nm were measured with an UV-Vis spectrophotometer. The
amount of N719 at equilibrium on the TiO2 films was calculated using the mass bal-
ance equation 3.1:

q∗ =
(C0 − Ce)V

m
(3.1)

where q* (mg g−1) is the equilibrium amount of N719 adsorbed on the TiO2
film, C0 and Ce (mg L−1) are the dye concentrations at initial and equilibrium states,
respectively. The volume V (L) is the volume of the solution, and m (g) is the mass
of the TiO2 film.

Besides, for extremely low concentration, the UV-Vis absorbance follows Beer-
Lambert law (equation 3.2), where the absorbance (A) is proportional to the concen-
tration (C [g L−1]) of attenuating species in the solution, the path length (l [cm]) of the
beam light through the material and the absortivity, also called molar attenuation or
extinction coefficient (ε [L g−1 cm−1]) of the material:

A = ε l C (3.2)

As an example, the data presented in the Chapter 6 is analysed here. The Fig-
ure 6.11 shows the absorption spectra of N719 before and after 24 hours of dye load-
ing of the TiO2-ALD electrodes with and without CNTf. The spectra exhibit typical
absorption bands of N719 at around 375 and 530 nm. The adsorption concentrations
of N719 is typically estimated using the absorption band of 530 nm which is assigned
to a π − π∗ charge transfer transition. For this calculation, the molar extinction co-
efficient at 535 nm of N719 was taken as ε535 = 14x103 L mol−1 cm−1 according to
the literature.[211] Moreover, the absorption edge for the ACN solvent is position at
300 nm and therefore, only the dye is taken into account for this calculation. Finally,
a quartz cuvette with a path length of 2 mm, filled with 1 mL of ACN and 20 µL of
the dyeing solution (concentration dilution ratio = 51) were the experimental condi-
tions for the different samples. With this previous conditions, 0.5 mM N719 in ACN,
0.2 cm path length, ε535 = 14x103 L mol−1 cm−1, and according to the equation 3.2,
the absorbance is calculated as A = 1.4. From the following relation 3.3

C′

C0
=

A′

A0
(3.3)

and taking into account the dilution factor, the concentrations of the solu-
tions before and after dyeing the electrodes can be calculated. The N719 solution
has almost the same absorbance before and after the TiO2-ALD dyeing process,
CTiO2−ALD

0 = 1.99 mM and CTiO2−ALD
e = 1.93 mM. When the CNTfs is added,

the surface area of the electrode is increased proportionally to the 250 m2 g−1, the
concentrations calculated from the absorbance spectra remains: CCNT f /TiO2−ALD

0 =

2.25 mM and CCNT f /TiO2−ALD
e = 1.63 mM.
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Now, applying the mass balance equation, with an estimated amount of ma-
terial equal to 2 mg and 14 mg for the TiO2-ALD and CNTf/TiO2-ALD respectively,
and 5 mL of volume, the amount of dye adsorbed on the TiO2 is obtained as q∗TiO2−ALD =

0.15 mmol g−1 and q∗CNT f /TiO2−ALD = 0.22 mmol g−1. These results confirms the ad-
sorption of the dye at the recrystallised surface of the TiO2, as it is clearly observed
from the Figure 6.11.

3.3 Mechanical properties characterisation

The mechanical properties of the CNTf/PVDF nanocomposites presented in
the Appendix A, were characterised as follows.

The tensile experiments were performed in Instron 5966 at a fixed strain rate
of 1 mm/min. Dog bone shape samples were cut. The final sample dimensions were:
length: 10 mm; width: 2 mm and thickness: 0.2 and 0.02 mm.

3.4 Electrical properties characterisation

The electrical and electrochemical measurements and analysis techniques used
during this thesis are here described. The measurements were carried out with a
Source-Measure Unit (SMU Keithley 2450) and two different potentiostats (Biologic
SP-200; Metrohm Autolab PGSTAT204).

3.4.1 Linear Sweep Voltammetry (LSV)

In a linear sweep voltammetry (LSV), the voltage is varied linearly from a
lower limit to an upper limit. I-V curve is obtained when the current response is
plotted as function of voltage applied. The characteristics obtained through LSV
method are different depending on the sample and analysis applied.

Resistivity measurements

Must be distinguished between the two-probe and four-probe methods for
measuring resistivity. The appropriate method should be selected according the to
the material properties, shape, precision required, etc. Two-point probe is usually
easier to implement, but should be taken into account that each contact work as cur-
rent and as a voltage probe. Therefore, the resistance of the material or device under
testing (DUT) is obtained from the total resistance RT

RT = V/I = 2 RW + 2 RC + RDUT (3.4)

Where RW is the wire resistance, RC is the contact resistance and RDUT is the
resistance of the material or device. Clearly, it is hard to obtain a precise value of
RDUT. Some multi-contact two-probe measurements are sometimes used to over-
come the lack of precision of this method. Transferred length method (TLM) is an
example of them. The total resistance is measured for several contact separations



56 Chapter 3. Experimental Techniques

and plotted versus the spacing d. The sheet resistance (Rsq) of the material and the
contact resistance can be obtained by this method. The resistance is given by

RT =
Rsq d

Z + 2RC
(3.5)

More precise values for RDUT can be directly obtained from four-probes method.
The voltage now is measure from two additional contacts. Although the voltage path
also includes RW and RC, now the current flowing through them is almost negligible
due to the high input impedance of the voltmeter (higher than 1012 Ω). The device
resistance is therefore obtained by R = V/I, and the resistivity by normalising with
the contact area ρ = R A. Schematics of two- and four-probe measurements used in
this thesis are presented in the Figure 3.5.

FIGURE 3.5: a) Two-probes contact resistance and b) four-probes con-
ductivity measurements.

Tafel plot

The Tafel plot is the semi-logarithmic representation of a LSV measurement.
It is quite common in the electrical characterisation of materials such as, solid state
interfaces, and also a widely used tool for investigating the electrocatalytic activity
of counter electrodes for DSSCs.

Theoretically, the Tafel curve, can be divided in three zones: low, middle and
high potential. The region at low potential (|U| < 120 mV) is the polarisation zone.
At middle potential (with a steep slope) is the Tafel zone. At higher potential (close
to horizontal) is the diffusion zone. An example curve is presented in the Figure 3.6.

Important information can be extracted related to the catalytic activity of ma-
terials when appropriate analysis is carried out. From the Tafel zone, the exchange
current density (J0) is obtained, and the steeper the slope the higher the J0. An in-
crease in the J0 leads to a higher catalytic activity towards the triiodide reduction. It
can be also calculated from Equation 3.6,

J0 =
R T

n F RCT
(3.6)

From the diffusion zone, the diffusion limiting current (Jlim) is obtained. This
current is limited from the ability of the ions to diffuse in the electrolyte. The higher
the Jlim the faster the diffusion of the redox couple in the electrolyte, which means
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improved catalytic activity of the counter electrode. The relation with the diffusion
coefficient is given by Equation 3.7,

Ddi f f =
δ

2 n [I−3 ] F
Jlim (3.7)

where Jlim is the polarisation diffusion-limited current, δ is the distance be-
tween electrodes of the symmetric cell, n the number of transferred electrons in the
I−3 + 2e− → 3I− redox reaction, [I−3 ] is the equilibrium concentration of triiodide
ions in the electrolyte and F is the Faraday constant.
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FIGURE 3.6: Tafel plot of the J-V curve showing the different zones
and the extracted parameters.

3.5 Photovoltaic devices: photo-electro-chemical characteri-
sation

3.5.1 Light source and Air Mass (Solar simulator)

With the aim of comparing the results between different laboratories, stan-
dard test conditions were ensured for the characterisation of the solar cell devices.
The photocurrent-voltage characteristics of the DSSCs were measured at 1 sun illu-
mination (1000 W/m2), calibrated with a KG5-filtered Silicon reference cell (New-
port/Oriel, Model 91150V). A 150 W Xe-arc lamp (Newport/Oriel, model 66475-
150XV-R22) and the AM 1.5G filter was used to irradiate the devices. The lamp is
equipped with a set of neutral density filters mounted on a filter-wheel that can be
interchanged for intensity variation experiments.

3.5.2 Current-density–Voltage curves for DSSC (J-V)

J-V curves were obtained in the range -0.9 to 0.2 V and the selected scan rate for
all the samples was 100 mV/s using the potentiostat PGSTAT204 (Metrohm Autolab)
or the Keithley 2450 under the same configuration.
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The standard technique for characterising the performance of solar cells is the
current-density–voltage (J-V) curve. J-V curve is a normalisation of the current ex-
tracted from the solar cell by the area of the photoactive material. This current volt-
age characteristics are well described by the thermionic emission theory for Schottky
heterojunctions. Figure 3.7 illustrates a typical J-V curve with the characteristic pa-
rameters marked and the power output represented.

The analysis of this curve consists on the determination of the following pa-
rameters:

Short-circuit current (Isc): current extracted from the cell at zero bias potential.
It is function of the light intensity.

Open-circuit potential (Voc): voltage generated by the cell at open-circuit con-
ditions, i.e. when the current is equal zero.

Maximum power point (mpp): corresponds to the coordinated of the maxi-
mum power extracted from the cell (Pmmp = Vmp Jmp). For any given bias volt-
age, the power output is the product of the measured cell current and the voltage,
P(V) = I(V) V.

Fill Factor (FF): is the ratio between the maximum power and the power ob-
tained for short-circuit current and open-circuit voltage.

FF =
Pth

Pmp
=

IscVoc

ImppVmpp
(3.8)

Efficiency (PCE): is the ratio of the maximum power extracted to the incident
power on the surface of the solar cell:

PCE =
Pmpp

Pin
=

Pth ∗ FF
Pin

=
IscVocFF

Pin
(3.9)
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Series resistance characterisation

The series and shunt resistance (Rs and Rsh) of a solar cell are important pa-
rameters that influences the FF, therefore, provides and idea about the losses in the
device.

For the calculation of the Rsh several method are discussed in the literature.[212]
Among them, the simplest is the inverted slope of the dark current in the vicinity to
zero bias voltage. Alternatively, in some cases, an online script[213] running a more
precise method (Lambert W-function) has been used for the calculation of this pa-
rameter.

Also, exist several techniques that provides different accuracy over data ob-
tained.[212, 214] Comparing these techniques, one of the most precise and robust
is the light intensity variation. This technique is time-consuming and requires for
the appropriate setup, thus, it is suggested to be consider for calculating the data
when other more straightforward techniques presents very high error or are impos-
sible to be performed. The analysis method is depicted in the Figure 3.8a and consist
on:[215]

1. I-V curves of the device are taken at different light intensities.

2. A point is marked at a fixed ∆I from the short circuit current on every curve.
∆I=3 mA was the selected value according to the ranges of intensities of the
obtained I-V curves.

3. The marked points are fitted with a straight line. Rs is obtained directly from
the slope of this fitting line and is given by:

RS =

∣∣∣∣ ∆ V
∆ Isc

∣∣∣∣ (3.10)
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An alternative accurate method to calculate Rs is the comparison of one-sun
I-V curve with the translated dark curve (Figure 3.8b). The method compares the
voltage variation at the maximum power point (mpp) of the 1-sun illuminated I-V
and the dark I-V, which is vertically shifted by the short circuit current density (Jsc)
value. The advantage of this method is extracting the data from a single dark-light
measurement. The analysis method is depicted in the Figure 3.8b and the series
resistance is calculated by[214]

RS,light =
Vdark,mpp −Vlight,mpp − (|Jsc| − |Jmpp|)RS,dark

|Jmpp|
(3.11)

where RS,dark represents the dark series resistance which is calculated by

RS,dark =
Vdark,Jsc −Voc

|Jsc|
(3.12)

3.5.3 Cyclic Voltammetry (CV)

CV’s were performed using the potentiostat PGSTAT204 (Metrohm Autolab).
Unless mention, all CV curves were performed at 50 mV/s.

Similar technique to the linear sweep voltammetry. Typically performed in a
three-electrode cell for referencing to a baseline. The potential of the working elec-
trode is swept between two values at a linear rate. Despite the LSV, when the voltage
reaches the upper set potential, it is reverted and swept back to the initial potential.
Pt wire is commonly used as reference material.

This technique is widely used in DSSC research for characterisation of dyes,
redox mediators and charge transfer processes at interfaces. The redox potential, as
well as interface charge transfer rates and diffusion coefficient can be estimated.

CV is the standard method for measuring the redox mediator potentials. The
different between anodic (Vp,a) and cathodic peaks (Vp,c) voltages gives the formal
potential of the redox couple in the solution, also called half-way potential and de-
fined by the equation 3.13:

Vp−p =
Vp,a + Vp,c

2
(3.13)

3.5.4 Electrochemical Impedance Spectroscopy (EIS)

EIS measurements were performed both under dark and 1 sun illumination,
at open circuit voltage biased, using a potentiostat (PGSTAT204, Metrohm Auto-
lab) with the frequency response analyser module FRA32M. The selected range of
frequency for the experiments was 0.05-106 Hz, with 10 mV of amplitude, and 70
points per experiment. All EIS data were fitted and analysed using the Nova v1.11
software.

Electrochemical impedance technique is based on studying the response of
an alternative current (AC) signal when varying the frequency. The opposition to
electronic flow (i.e. impedance, Z) is measured for a range of frequencies. It provides
useful information about the different interfacial phenomena present in the system.
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Chapter 4

CNTf Counter-Electrodes for DSSC

This chapter is adapted from the work submitted to Carbon, co-authored with Dr. Juan
J. Vilatela and Dr. Rubén D. Costa. All experiments were performed and analysed by the
author, except the CV experiments related to the stability of the electrodes performed by Dr.
M. Bidikoudi.

Firstly, the properties of the CNTf that make it an interesting candidate as
counter-electrode and current-collector in DSSC are presented.

Secondly, the catalytic activity of the CNTf for the iodide/triiodide redox cou-
ple as a substitute of the standard Pt-CE is investigated. Moreover, new insights
about the interaction between liquid electrolytes and mesoporous nanocarbon mem-
branes (e.g. the CNTf), are elucidated by electrochemical impedance spectroscopy.
Some preliminary results towards identifying catalytic centres about the nature of
the catalytic activity are summarised. Finally, the interaction between the electrolyte
and its redox mediator with the CNTf and its effects on stability and reactivity, are
analysed.

The third section includes the integration of the CNTf in the full DSSC device.
The CNTf features are optimised, leading to higher efficiency than reference Pt-CE
material. One of the best efficiencies in carbon-based DSSC is demonstrated after as-
sembly a full device under the previously reported optimum standard conditions. In
summary, the demonstration of the CNTf serving as a catalytic, flexible, electrically
conductive counter-electrode material is presented in this section.

4.1 CNT fibre properties: motivation for DSSC
counter-electrodes/current-collectors

CNTf materials are used as current-collector in many different applications
such as sensors, supercapacitors, or batteries. Their high electrochemical stability
and electronic conductivity make them attractive CE in DSSC. In this chapter, the
attention is focused in this application of CNTf as CE for DSSC. These devices are
promising solar-energy conversion schemes that have achieved conversion efficien-
cies (PCE) as high as 13 % at laboratory scale[82] – i.e., photoactive area of < 0.5 cm2,
and DSSC modules with PCE of around 7-8 %.[216–218]

In spite of their high efficiency, there are still several challenges towards the
real commercialisation of DSSC technology. Some of these challenges are related to
the counter-electrode material, typically Platinum. Firstly, the limited worldwide
supply and its increasing expensive price; secondly, the stability of the Pt, which
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is easily corroded by iodide-based electrolytes or poisoned by different chemical
compounds or gases.[219] Also, Pt-based counter-electrode materials, often require a
conductive substrate as support, which acts as current-collector. Therefore, current-
collector materials are another important part of this electrochemical devices, where
the catalyst is supported in.

For the present study CNTf consisting on multiwalled CNTs have been used,
which are synthesised by CVD method as described in the Chapter 2 "Background".
The as-produced CNTf has an impurity content of approximately 10-15 %, consist-
ing of Fe nanoparticles used as catalyst among other residue materials[56, 192, 220]
(see Figure 4.1a,b). By thermogravimetrical analysis of a pristine sample (see Fig-
ure 4.1c), the composition is determined as: a) organic material with a considerable
high stability in air up to 450 oC, and b) a solid residue after firing up to 900 oC.
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FIGURE 4.1: a) CNTf TEM image showing CNTs and catalyst
nanoparticles. b) Compositional EDX mappings obtained by TEM
with HAADF detector. (Image courtesy of V. Reguero.) c) Thermo-
gravimetrical analysis of the CNTf in air (red line) and nitrogen (blue

line).

Analysing more in detail the decomposition, for a standard sample of CNTf, it
is possible to differentiate four regions. Four key temperatures are highlighted:

• room temperature (RT), at which the as-made CNTf is used for most of the
applications, is marked (A);

• 200 oC (B) is the temperature at which the water is completely removed from
the surface of the CNTf;
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• 450 oC (C) corresponds to the onset of a strong lost in weight in the material
(air conditions);

• 800 oC (D) is the temperature at which the solid residue is measured.

In air conditions, the weight loss between temperatures AB is in the range of 2 %.
Between temperatures BC, the degradation of the non-graphitic carbon (sp3) is pro-
duced, it corresponds to 3 % of the initial weight. The strong mass reduction mea-
sured between CD, corresponding to 80 % of the weight, is the degradation of the
graphitic carbon (CNTs).[192] The final solid residue is composed by Fe-S inorganic
nanoparticles used as catalyst during the synthesis. Notice that, under inert atmo-
sphere (N2 or Ar), the weight loss is lower than 10 % at 900 oC, indicating the high
thermal stability of the pristine material. The non graphitic carbon is formed at lower
temperatures during the synthesis of the CNTf, but also, it is adsorbed contamina-
tion over the CNTf from the environment.
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FIGURE 4.2: Structure of CNTf electrodes: a) High resolution trans-
mission electron micrograph, evidencing the high degree of graphiti-
sation of the few-layer CNTs. b) Scanning electron micrograph show-
ing the network structure of interconnected CNT bundles giving rise
to a large porosity. c) 10x average Raman spectrum representative of
the material and d) XPS spectra of CNTf as proof of the high purity

of the pristine CNTf material.

An exceptional characteristic of the CNTf is its structure comprising high con-
ductivity, high porosity and high crystallinity arising from the association of CNTs
into bundles (see Figure 4.2a,b). This high crystallinity can be observed, for example,
as a strong intensity in X-ray scattering from (002) graphitic basal planes.[221] These
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properties stem partly from the constituent CNTs, consisting predominantly of few-
layer CNTs (1-5 layers), which provides high surface areas.[58] Also, the Raman
spectrum (Figure 4.2c) shows that the constituent nanotubes are highly graphitic,
as indicated by the low D/G ratio > 0.3 and strong resonance of the G and 2D bands.
The asymmetric G peak and its shoulder at low frequencies (G−) are indicative of
a few layers CNTs. Additionally, the synthesis at 1250 oC in H2 atmosphere pro-
duces constituent CNTs with a high perfection in terms of sp2 bond conjugation,
as noted in X-ray photoelectron spectroscopy (XPS) measurements that indicate a
strong plasmonic band from the delocalised π electron cloud – Figure 4.2d. More-
over, the CNTf has shown very high electrochemical stability in ionic liquids and
aqueous electrolytes,[58] which can be traced back to the high degree of graphitisa-
tion of the constituent CNTs by HRTEM, Raman spectroscopy and XPS (Figure 4.2).

A key feature of this material is the high length of the CNTs constituents –
from 100 µm to 1 mm scale,[222] and the high degree of graphitisation. This has
direct influence on the high conductivity typically reported for this material.

Individual layers of CNTf were stacked and measured by I-V two or four-
probe technique depending on the experiment (see inset in Figure 4.3, further details
in Chapter 3 "Experimental Techniques"). Four-probe measurement provides more
reliable values of the material properties because it avoids the contribution of the
contact resistance. A control experiment is presented comparing the same CNTf
sample measured with 2 and 4 probes (see Figure 4.3b).

Longitudinal conductivities have been obtained as high as 4-5x105 S m−1 (ρL =
1.8x10−5 Ωm), for low thickness samples, and 9x105 S m−1 (ρL = 2.2x10−5 Ωm),
when the thickness is increased (see Figure 4.3a). ≈ 200 nm is the average thickness
for a CNTf monolayer obtained by profilometry measurements of the different sam-
ples. Normalising by the area of the measured sample (4x4 mm approximately), the
sheet resistance (Rsq) goes from 90 Ω/sq for the monolayer CNTf to 3.5 Ω/sq when
32 layers of CNTf are stacked.

Moreover, the maximum current density has been obtained as 6.7x103 mA cm−2

for 12 stacked layers of CNTf (sample presented in the inset of Figure 4.3b). This
characteristic has been determined by I-V curve measurement until the short-circuit
of the measurement due to the suddenly burnt (overheating) of the CNTf filament
by Joule heating effect. This value is in the range of the reported values in literature
for similar material.[55] The maximum current density will be crucial for determin-
ing the maximum current of the harvesting devices when very thin CNTf current-
collectors are used.

Due to the fibril nature of the CNTf, a sheet formed by these fibres might
present some anisotropic properties. In this context, the longitudinal and transver-
sal conductivities (in-plane) may differ. Since CNTf sheets used in this work are
unidirectional, i.e. CNTfs collected under the same orientation, the longitudinal con-
ductivity is expected to be higher in the c-axis direction of the fibres, and to show
additional resistances in transversal direction. A rough comparison by two-probe
measurement was performed resulting in a transversal conductivity 25 % lower than
the longitudinal one.
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FIGURE 4.3: Electrical characterisation of the CNTf: a) Four-probe
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probes (blue) technique. c) Schematic view of the z-conductivity mea-
surement. d) z-conductivity vs CNTf electrode compression (thick-

ness).

When stacking several layers of CNTf, also additional contact resistances are
introduced between them. The z-conductivity (through the thickness of the material)
was measured by two probe-technique due to the the geometry of the sample. This
experiment consists on measuring the resistance between two metallic pistons press-
ing top and bottom surfaces of the CNTf material. A schematic of the measurement
is shown in the Figure 4.3c. The z-conductivity has been estimated as ca. 50 S m−1

for 28 µm thickness of CNTf, and 100 S m−1 when force is applied, which results
in a thickness of 10 µm. Notice that when the CNTf is compressed the interconnec-
tion between the stacked layers increase and the interfacial resistance decreases. In
contrast to previous references,[223] no recovery or hysteresis have been observed
during this measurements related to piezoresistive effects, probably due to the low
thickness of the material (circa 10 µm). The longitudinal conductivity is at least one
order of magnitude higher than z-conductivity.

This can be explained by the in-plane orientation of the CNTs. The carrier
movement along the CNTs finds very low resistance, besides this is favoured by
the high length of the CNTs. In plane conduction is only disrupted when carriers
jump from one CNT to the next one by tunneling effect. On the contrary, when
conducting in z-direction, there is almost no CNTs with this orientation due to the
sample preparation procedure, and in practice, the length of the CNTs is barely not
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affecting the conductivity in this direction. Many questions remains open about the
conducting mechanism and the physics behind the CNTf, but this is out of the scope
of this thesis.

Note that the standard transparent conductive oxides current-collectors for
DSSC’s typically ranges from 10 to 15 Ω/sq (for FTO or ITO substrates). There-
fore, the longitudinal conductivity of the CNTf is sufficient to use this material as
current-collector.

For DSSC applications, the conductivity of the substrate enhances the electron
transfer between the current-collector and the counter-electrode material. Similarly,
adhesion between both materials influences the performance of the device. Com-
monly, some components are added to the CE to improve its adhesion. For instance,
carbon materials are commonly dispersed in organic binder (polymers) to increase
the adhesion between the substrate and the CE, however, this typically increases the
resistivity and blocks the porosity of the catalytic material.[224] In this sense, it is
of interest to consider the CNTf material as both CE and CC. Among other benefits,
this material reduces interfacial resistances.

A further relevant property of the CNTf to consider as CE material is their
specific surface area (SSA), which for the sample used in this work is 250 m2 g−1[225]
(this will be later explained in detail).

4.2 Study of the catalytic activity of CNTf: symmetric elec-
trochemical cells

4.2.1 Electrolyte diffusion and reactivity at the CNTf electrode

The combination of properties of nanocarbons strongly suggest that these ma-
terials can be considered as attractive counter-electrodes/current-collectors for pla-
nar DSSC’s if the catalytic behaviour for the regeneration of the electrolyte redox
mediator is adequate.

Recent reviews have summarised the different types of materials investigated
to replace Pt, among which, carbon-based CEs clearly stand out.[97, 226–228] For
instance, carbon nanotubes (CNTs), [105, 229, 230] carbon nanohorns, [231, 232] car-
bon fibres,[233] carbon black,[106] mesoporous carbon,[234] graphite and graphene,
[107, 235, 236] have been demonstrated as good CEs materials for DSSCs. Among
them, CNT films deposited from dispersions via spray-coating and spin-coating,
that are the closest materials to the CNTf, have achieved PCE of 6-7 %.[230, 237]

This work presents a study on the intrinsic catalytic activity of the CNT fibre
towards the I−/I−3 redox system. Although there are other redox based electrolytes
used with carbon, for instance, cobalt complexes,[87–89] in this chapter the attention
is focused on the I−/I−3 mention system. This redox mediator, in combination with
the N719 ruthenium sensitiser, provides the most well known figures of merit of
DSSC devices.[200] For this reason, this system is widely used for validating new
materials and performing accurate comparisons.

First of all, a reproducible method for preparing the CNTf symmetric devices
was developed. Extensive optimisation was required to assemble symmetric devices
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(substrate|CNTf|electrolyte|CNTf|substrate) without shortcircuits and other arte-
facts. The tested substrates consist on glass, flexible polymer films or transparent
conductive substrates (i.e., glass+fluorine tin oxide – FTO). Initial experiments follo-
wing the standard procedure with this material (see Chapter 3 "Experimental Tech-
niques"), resulted in a high percentage of the devices shortcircuited. The different
approaches to increase the CNTf symmetric cells reliability were: i) decreasing the
area of the devices; ii) increasing the distance between the electrodes, i.e. thicker
separators (sealant); and iii) increasing the viscosity of the electrolyte (reducing or
eliminating the amount of solvent).

A schematic of the symmetric cell indicating the components involved and
some real cells are presented in the Figure 4.4.

a)

b)

FIGURE 4.4: a) Schematic and b) digital photograph of CNTf symmet-
ric cells used for the study of the catalytic activity of the CE material.

The final procedure for preparing symmetric cells based on CNTf consisted
on:

1. The CNTf, initially collected on paper substrate, is cut into strips of 5x30 mm.
One of these strips of CNTf is manually transferred to the glass, FTO-glass or
PET substrate and densified with solvent. The resulting FTO/CNTf electrode
is used directly as a counter-electrode.

2. The symmetric cells are prepared by assembling two counter-electrodes of
CNTf (or two platinised-FTO substrates for the reference) with a 100 µm thick-
ness thermoplastic separator (Surlyn), also used as sealant. When this ther-
moplastic is hot-pressed, the melted polymer acts as an adhesive and ensures
the stability of the device. It prevents leakage of the electrolyte and thus en-
ables the study of the device under the same conditions during a time span of
several days.

3. 1-butyl-3-methylimidazolium iodide (BMII) with iodine content between 0.01−
0.2 M was used as electrolyte (no content of solvent) and injected in the cells
through two pre-drilled holes of 1 mm diameter.
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4. The pre-drilled holes are finally sealed with another thermoplastic-covered
1 cm2 glass piece heated at 160 oC.

Notice that the large separation between electrodes (100 µm) and the high viscosity
electrolyte were chosen to avoid short-circuits between CNTf electrodes.

The catalytic activity in symmetric cells was studied using linear sweep voltam-
metry (LSV) and electrochemical impedance spectroscopy (EIS). This configuration
enables to study electrochemically the catalytic process I− → I−3 . Cyclic voltam-
metry is typically used in DSSC research for characterisation of dyes, redox media-
tors and charge transfer processes between materials. The redox potential, as well
as interface charge transfer rates and diffusion coefficients can be estimated from
such measurements. Two different configurations have been studied and compared:
glass|CNTf|electrolyte|CNTf|glass (CNTf-cell) vs FTO|Pt| electrolyte |Pt|FTO
(Pt-cell).

A cyclic voltammetry curve of the CNTf-cell with electrolyte containing 0.2 M
of iodine is presented in the Figure 4.5a. With this high iodine concentration the
possible catalytic reaction is observed clearer. The positive and negative peaks can
be assigned to the oxidation and reduction of I−3 /I− and I2/I−3 , respectively, con-
firming the redox capability of the CNTf electrode. From this curve, the difference
between the potential value of the oxidation peak and the reduction peak (Epp) of
CNTf is 430 mV is measured, which is slightly smaller than the reported for Pt (ca.
500 mV).[238] Smaller Epp value reveals that this material can provide facile electron
transfer to and from the electrolyte.

The electrocatalytic activity of the CNTf electrode towards the I−/I−3 redox
couple was also evaluated in more representative electrolyte conditions, correspond-
ing to BMII ionic liquid with I2 0.03 M, which corresponds to the typical concentra-
tion used in standard DSSC electrolyte. As can be observed in the figure 4.5b is still
possible to clearly resolve the redox peaks. The peak maximums for the reduction of
I−/I−3 are located at 0.09 V (Pt-cell) and 0.22 V (CNTf-cell). It was found that CNTf-
CE exhibited a higher absolute current peak and more positive reduction peak po-
tential than the Pt-CE. The porous structure of CNTf electrode provides much larger
surface area and a larger quantity of catalytic active sites, leading to a higher current
density than the platinised FTO electrode.

To further evaluate the behaviour of the CNTf-CE the iodide content was var-
ied (0.05-0.2 M). The characteristics of the symmetric cells are extracted and pre-
sented in the Table 4.1. The difference in the cathodic potential close to 0.1 V for
Pt-CE and 0.3 V for the CNTf is attributed to the nature of the catalytic centres. It in-
dicates, the CNTf-CE needs an extra input of energy for oxidising the redox species
of the electrolyte at the counter-electrode relative to Pt. The shift in position of the
cathodic peaks can also be due to the concentration of mediator species in the elec-
trolyte. The CNTf is likely to generate a different ionic environment, as it will be
confirmed later, shifting the effective potential of the electrode surface.

The steady-state polarisation diffusion-limited current (Jlim) can be measured
when the potential is far past from the cathodic or anodic peaks of the reaction. At
this point, the electron transfer is so favourable that electrons transfer to the redox
specie (molecule) as soon as they approach the electrode. Thus, the rate of electron
transfer (current) depends only on the rate at which the redox species can diffuse to
or from the electrode. For 0.05 M I2, the Jlim for CNTf-cells and Pt-cells are 2.4x10−3

and 0.96x10−3, respectively. While for 0.2 M I2, 5.4x10−3 and 2.9x10−3 mA cm−2,
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respectively. This indicates the ease of charge transfer (CT) from the CNTf to the
electrolyte. The increase in Jlim is attributed to the high surface area of the CNTfs. In
presence of CNTf material, the electrolyte/CNTf interface is much higher compared
to the Pt electrode. This interfacial area is estimated from the area of the electrode
and the surface area of the material, and for the CNTf electrode presents 3000-times
higher area than the Pt (in a standard 0.2 cm2 electrode). Due to the high surface area
of the CNTf, a chemical composition gradient is expected to appear at the surface of
the CNTf electrodes. This interface further enhances the ionic diffusion between
electrodes due to polarisation forces resulting from the accumulation of the redox
species, as it has been reported before for other nanocarbons.[154, 239, 240]
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FIGURE 4.5: Demonstration of the catalytic activity of the CNT fibre.
a) CV experiment of a CNTf symmetric cells with 0.2 M iodide. b)
LSV curves of Pt- and CNTf-cells with 0.03 M iodide in BMII elec-

trolyte.

Moreover, knowing the Jlim, the diffusion coefficient (Ddi f f ) is also determined
from the LSV measurements. The Ddi f f in presence of CNTf (0.2 M I2 concentra-
tions) is calculated as DI−3

= 6.2x10−11 cm2 s−1 while for Pt electrode is DI−3
=

0.21x10−11 cm2 s−1 according to equation 4.1. The slow diffusion is due to the quasi-
solid state electrolyte nature – solvent free. But, the important finding is the in-
creased diffusivity of the species in the CNTf system. It will have a direct impact
over the device performance. During the regeneration of the dye molecules in DSSC,
the redox species in the electrolyte have to diffuse between anode and cathode. The
higher the diffusivity of the species, the better the regeneration of the dye molecules.

Ddi f f = Jlim
δ

2n[I−3 ]F
(4.1)

where Jlim is the polarization diffusion-limited current, δ is the distance be-
tween electrodes of the symmetric cell, n the number of transferred electrons in the
I−3 + 2e− → 3I− redox reaction, [I−3 ] is the equilibrium concentration of triiodide
ions in the electrolyte and F is the Faraday constant.

All the extracted parameters from the LSV measurements related to the cat-
alytic activity of the CNTf material are summarized in the Table 4.1.
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TABLE 4.1: Obtained parameters from CV and LSV for symmetric
cells.

Iodide
Concentration

Ep,c Jlim at 0.7 V DI−3
[V] [x10−3 mA cm−2] [x10−11 cm2 s−1]

[M] CNTf Pt CNTf Pt CNTf Pt
0.05 0.28 0.09 2.43 0.96 6.2 0.21
0.2 0.32 0.12 5.46 2.92 3.5 1.75

More than 150 cyclic voltammetry cycles has been performed on a CNTf sym-
metric device to confirm the electrochemical stability of the material as counter-
electrode/current-collector in presence of the I−/I−3 electrolyte. Besides, this ex-
periment rules out possible false conclusions due to some artefacts from individual
curves. The high stability of the material under the applied voltage is demonstrated
in presence of the redox couple at least in the analysed interval. The CV results and
analysis are presented in the Figure 4.6.
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FIGURE 4.6: a) CV curves showing the electrochemical stability of the
CNTf-CE after the initial cycles. b) Anodic and cathodic currents and
c) diffusion limiting current density and reduction potential evolution

extracted from the CV experiment.

The negative peak around −0.2 V is assigned to the reduction of triiodide
I−3 + 2e− → 3I−, and the anodic peak that appears at positive voltage represents the
reverse reaction. There is an increase of ca. 50 mA in the diffusion limiting current
during the initial 20-30 cycles. After that, it achieves a stable performance show-
ing Ilim = 0.11 mA. The reduction potential of the reaction (Ered), determined as
mid-point between anodic and cathodic peaks, is stable after the initial ten cycles,
reaching a value of Ered = 0.21 V. This experiment confirms the stability of the
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CNTf electrode and establish the reduction potential and diffusion limiting current
of CNTf electrodes, which are important parameters for characterising the behaviour
of counter-electrodes for DSSCs.

The high catalytic activity of the CNTf has been demonstrated in the previous
results, but still the chemical catalytic reaction in presence of this material is not fully
understood. Still further fundamental investigation about the number of reactions
involved, the formed intermediate species or the nature of catalytic centres, must be
performed.[241]

The mesoporous nature of this material, leads to a huge interface interacting
with the electrolyte. The active sites (or catalytic centres) where the catalytic reaction
takes place can be assumed to be proportional to the surface of the CNTf, which is
3000 times higher than for Pt on other planar substrates.

The high surface area, in addition to a different chemical interaction between
iodide species and the CNTs, will produce a higher concentration of triiodide species
in the electrolyte. This different chemical interaction between iodide species and the
CNTs is further developed in the next paragraphs.

Some insights into the catalytic process can be inferred from characterisation
of the electrolyte species in the vicinity of the electrolyte. The evolution of the iodide
electrolyte in presence of CNTf as function of time was followed by Raman spec-
troscopy and presented in the Figure 4.7. These samples have been recovered from
freshly prepared an measured devices under same circumstances, i.e., subjected to
the standard device LSV and EIS characterisation set of experiments. After the time
indicated for each sample, the device was disassembled and the Raman spectrum of
the CE in presence of the electrolyte was adquired. The polyiodides/triiodide ratios
(I−m /I−3 ) were calculated from the intensities of the peaks at 142 and 110 cm−1 for a
0.1 M I2 concentration in BMII electrolyte and the trend is presented as inset.

The concentration of polyiodide species in the electrolyte rapidly increases in
presence of the CNTf as function of the elapsed time. This experiment confirms an
increase of the local concentration of I−3 species at the CNTf/electrolyte interface
that is possibly related with the reduction potential in presence of the CNTf. This
result will have important implications over the characteristic of the device: for the
short circuit current, because it is directly related with the ionic conductivity of the
electrolyte; and for the open circuit voltage, because it is directly related with the
redox potential of the redox couple.

It has been reported before the increase of triiodide and polyiodides content
in presence of CNTs.[141] There is discrepancy in this matter, because the lower
content of polyiodides in relation to triiodide has also been reported in presence
of CNTs/electrolyte dispersions.[140] Some consideration must be taken with this
comparison because of the unique morphology of the CNTf material. It is not the
same the interaction between electrolyte and a carbonaceous membrane material,
than the interaction between dispersed nanocarbons in electrolyte. There are for
instance variations between crucial parameters of the electrolyte, e.g. the viscosity,
which has a strong influence over the ionic conductivity of the electrolyte. As it has
been demonstrated in previous works, the higher the viscosity of the system, the
poorer would be the collisions of ionic species, giving rise to a smaller generation of
polyiodides.[242]
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In a DSSC, the I−3 are the charge limiting species in the electrolyte, and the
diffusion of these ions affect the current of the device.[139] Moreover, increasing
the interaction between the electrolyte and the catalytic material in a mesoporous
membrane, further decreases the ionic diffusion length of the redox species. Other
studies focused in electrolyte doping with carbon nanoforms also report an incre-
ment in polyiodides species[141, 155, 163] that are responsible of the increase in the
ionic conductivity of electrolyte.[160] The consequence is a higher steady-state dif-
fusion limited current[146, 160] by increasing the charge transport via Grotthus-type
mechanism.[134] Worth to mention that this trend in polyiodides formation was not
observed in presence of Pt-CE.
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Several authors report the enhancement in electrical conductivity by chem-
ically iodine doping of CNTs.[243, 244] They report that, this CNTs p-type dop-
ing[245] is produced by intercalation and superficial deposition of iodine atoms that
forms I−3 and I−5 molecules.[246] A strong interaction has been confirmed in CNT
ropes subjected to I2 vapour at moderate high temperature, which according to XRD
produce SWCNT lattice distortion due to intercalation.[244] Polyiodides (I−3 , I−5 )
superficial interaction also present characteristic resonance peaks by Raman spec-
troscopy located at 117 and 154 cm−1 respectively (under 514 nm excitation).[245]

The Raman spectra of CNTf in presence of 0.03 M iodide electrolyte – after
several months of stabilisation time, is presented in the Figure 4.8a. Raman spectra of
the same sample after thoroughly washing with solvent and of the pristine material
are also shown for comparison.

After washing the electrodes, the CNT fibre still presents an intense signal
of triiodide molecules, attributed to the CNTf doping. According to previous re-
ports, the triiodide might be superficially adsorbed or intercalated between graphite
layers, but still some experiments for confirmation of the precise mechanism are
needed. A small electrical p-doping effect over the CNTs can be observed by up-
shift of ca. 2 and 1 cm−1 of G and 2D peaks-centre respectively, consistent with
previous reports.[247] However, it is unclear if the single exposure of CNTfs leads
to intercalation, which would have implications for diffusion. The results shows a
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very strong interaction between I−m and CNTf. Although there is no established re-
lation between the CNTf possible doping and the catalytic behaviour of the CNTf,
there is a clear evolution of the electrolyte and CNTf electrode over time and this
phenomenon needs further investigation.
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4.2.2 Electrochemistry in presence of nanocarbon porous membranes: EIS
study

Further insights of the catalytic behaviour of CNTf were obtained from a com-
parative EIS study with the standard catalytic reference material – Platinum. With
this technique, by supplying a small AC voltage and varying the frequency, the dif-
ferent electrical interfaces present in the material are identified. A schematic of the
CNTf symmetric device with the electrical interfaces is presented in the Figure 4.9a.
Also the equivalent circuit typically used for fitting symmetric cells is shown in the
Figure 4.9b. Two RC elements and a series resistance model the material response.
A low frequency interface, in the range 1− 10−2 Hz, corresponding to the bulk dif-
fusion of the electrolyte, and another at high frequency (102 − 104 Hz), representing
the charge transfer between electrolyte and counter electrode, are the commonly ex-
pected interfaces in this system. The maximum frequency of the process as well as
the charge transfer resistance are dependent on geometrical parameters of the sys-
tem, i.e. separation between electrodes or effective area. These are also dependent
on physical properties of the electrolyte, as for instance, viscosity – solvent-based,
quasi-solid or solid electrolytes.

Figure 4.9c,d shows the Nyquist and Bode phase plots. The charge transfer re-
sistance (RCT) and the ion diffusion coefficients (Ddi f f ) extracted from this technique
are provided below. The Nyquist plot of Pt-cells exhibits two semicircles centred at
200 Hz attributed to charge transfer process at the Pt/electrolyte interface[239] with
RCT values of 5054 Ω, and at <0.1 Hz associated to the diffusion of ions in the bulk
electrolyte. In contrast, Nyquist plot of CNTf-cells shows three semicircles centred
at 1 MHz, 0.1 kHz, and < 0.1 Hz.



74 Chapter 4. CNTf Counter-Electrodes for DSSC

Up to date, there is still debate about the nature of the high frequency pro-
cesses. Specifically, several authors have discussed the assignment of the peak at
1 MHz either to CT process between adjacent CNTs or to the presence of a high
mesoporosity that promotes trapping-detrapping of chemical species, creating a sort
of electrochemical double layer capacitance.[105–109] In order to shed light onto the
nature of this feature of the CNTf, two experiments were performed to indepen-
dently test the role of mesoporosity and of catalytic activity.
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FIGURE 4.9: a) CNTf symmetric cell schematic showing the three
identified interfaces. b) Equivalent circuit typically used for fitting
EIS data for symmetric cells composed by one counter electrode mate-
rial and standard electrolyte. c) and d) Nyquist (top) and Bode phase

(bottom) plots for Pt- and CNTf-cells respectively.

The first experiment consisted on assembling symmetric devices using a poly-
meric mesoporous membrane as interlayer (FTO|Pt|electrolyte|membrane |elec-
trolyte|Pt|FTO). A schematic of this configuration is presented in Figure 4.10a. This
membrane is a commercial product (Celgard) which is often used as separator for
Li-ion batteries. It consists on 20 µm thickness polymer sheet with 20 nm average
pore size (see SEM picture included in the Figure 4.10b-inset). For preparing these
devices, the membrane was sandwiched in between two platinised-FTO-glass elec-
trodes following the same preparation than the rest of the symmetric devices. In
these cells, in contrast to the previous symmetric cells, a lower viscosity electrolyte
was used in order to allow diffusion through the nanoporous structure of the mem-
brane.

The LSV measurements (Figure 4.10b) of this cell present similar characteris-
tics to the one presented in the Figure 4.5b, but in this experiment solvent-based
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electrolyte was used and therefore much higher Jss is obtained (ca. 8-10 mAcm−2

for 0.2 cm−2 area). As shown in Figure 4.10c,d, these cells featured a similar narrow
semicircle at a high frequency of 1 MHz associated to a resistance of 15 Ω. This
confirms that the unexpected interface found at very high frequency (1 MHz) is
related to the diffusion of the species interacting with the mesoporosity of the mem-
brane. Besides, since the polymeric mesoporous membrane is an insulating mem-
brane, these results confirm that the high frequency peak is not related to the elec-
tron movement in the mesoporous membrane, as suggested for CNT membranes by
other authors.[101]
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FIGURE 4.10: a) Schematic of the DSSC with the mesoporous mem-
brane as host and separator of the electrolyte. b) LSV curves of Pt-
cells with and without porous membrane. Inset: SEM image of the
mesoporous membrane. c) Nyquist and d) Bode phase plots of the
same cells showing the manifestation of the high frequency peak in

presence of the mesoporous membrane.

A second experiment using a non-reactive electrolyte was also performed in
CNTf- and Pt- symmetric cells. For this experiment, 1-butyl-3-methylimidazolium
hexafluorophosphate or BMI − PF6 diluted in acetonitrile solvent was used as elec-
trolyte; the same assembly procedure and characterisation than in previous devices
were followed. For the CNTf symmetric cell, two semicircles can be observed in the
Nyquist plot – Figure 4.11a, each of them resulting in an approx. resistance of 20 Ω.
The Bode phase plot of this cell shows two peaks centred at 15 kHz and 200 Hz.
Because there is no charge transfer or catalytic reaction with this electrolyte, the EIS
features observed with this electrolyte can only be attributed to capacitive and diffu-
sive processes. These two interfaces are associated to the mesoporous ion diffusion
(high frequency peak) and the bulk ion diffusion (low frequency peak) caused by
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the gradient of accumulated ions at the electrode interface with the CNTs acting as a
capacitor. Two different characteristic lengths can be expected in the material; one at
the nanoscale derived from the diffusion within the mesopores and a larger one, at
the micron-scale, derived from the distance between electrodes. The high diffusivity
of the solvent-based electrolyte, explains the low resistance associated to these inter-
faces. The result obtained with CNTfs was compared with Pt symmetric cells. The
EIS results (Figure 4.11b) show diffusive element, typically identified as a straight
line for a diffusion process in the Nyquist plot, with a much higher resistance com-
pared to the CNTf material. This higher resistance is a consequence of the larger
separation between electrodes in the Pt cell and also, a much smaller specific surface
area (SSA) of the flat Pt layer, as previously discussed.
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FIGURE 4.11: Nyquist (top) and Bode phase (bottom) plots of cells
with BMI − PF6 (non-catalytic active ionic liquid) for a) CNTf- and

b) Pt-symmetric cells.

These results demonstrate that the high-frequency and narrow semicircle ob-
served in CNTf symmetric cells is ascribed to the mesoporosity of the CNTfs. This
allows us to directly compare Pt- and CNTf-cells with respect to the semicircles as-
sociated to the catalytic CT process. In line with the LSV experiments, the RCT of
CNTf-cells (348 Ω) is approximately fifteen times lower than that of the Pt-cells
(5054 Ω). These high resistances are expected since the concentration of iodine in
the electrolyte is very low and the high viscosity of the solvent-free electrolyte (see
control experiments in the Chapter 3 "Experimental Techniques"). But still it is sur-
prising the difference in RCT between materials. The high SSA of the CNTf electrode
allows the interaction of the electrolyte with a high number of catalytic active sites,
thus increasing the final charge transfer of the electrode (diminishing the resistance).

Finally, EIS measurements were performed at 100 oC, in order to resolve the
bulk ionic diffusivity peak by lowering in the viscosity of the electrolyte – Fig-
ure 4.12. Common to both cells, the Nyquist plots show narrower semicircles than
those noted at room temperature. Noteworthy, the high frequency peak associated
to the mesoporosity of the fibres is not present. The decrease in viscosity of the elec-
trolyte also leads to formation of lower concentration of polyiodides species, as it
has been reported before.[140] Therefore, this high frequency interface could be also
related to the presence of higher chain length polyiodides with higher electrostatic
charge and volume. Due to the quicker trapping-detrapping process at the inner sur-
face of the porosity of the fibre, the reduction in polyiodides concentration and the
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lower resistance associated at higher temperature, the interface becomes invisible. In
fact, this interface will be negligible when liquid electrolyte is used in experiments
of DSSC devices.

Moreover, by fitting EIS data for several curves at intermediate temperatures
for Pt symmetric cells shows that the diffusive process of the electrolyte follows
the Arrhenius equation (see also the complete Pt symmetric cell analysis in Chap-
ter 3 "Experimental Techniques"). Same results have been reported with similar elec-
trolytes before.[201] Compared to the CNTf symmetric cells, the diffusion process is
not as clearly observed as for the Pt-cell at the intermediate range of temperatures.
This suggest a higher activation energy of the process but it is not possible to per-
form the fitting for the EIS frequency range analysed.

As expected, the increase of temperature leads to an increase in the diffusion of
species due to lowering of the viscosity of the electrolyte. The movement of anions
in the bulk is now clearly identified with the semicircle formed at low frequencies
(< 0.2 Hz) – Figure 4.12. The diffusion parameter (Ddi f f ) in the bulk electrolyte can
be obtained from EIS data by the approximation given by the Equation 4.2:[240, 248]

Ddi f f = (1/2.5) ∗ δ2 ∗ωmax (4.2)

where δ is the distance between electrodes of the symmetric cell and ωmax
is the peak frequency of the low frequency arc. Under the high applied tempera-
ture, Ddi f f values of CNTf-cells are higher than those of Pt-cells – i.e., 27.8x10−10 vs
14.7x10−10 m2 s−1. The higher diffusivity of the CNTf is likely originated from the
closer proximity between electrodes, although it is noted that higher concentration
of triiodide and polyiodide species could have a similar effect by increasing ionic
conductivity.
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FIGURE 4.12: a) Nyquist and b) Bode phase plots of CNTf- and Pt-
symmetric cells with BMII electrolyte at 100 oC.

Summarising, there are several parameters that have been demonstrated as
key aspects of the catalytic performance of CNTfs. The high catalytic activity of the
CNTf material is due to a higher number of catalytic active sites on account of is
high surface area. This surface area and a strong interaction with the electrolyte also
produce an increased concentration on polyiodides species. On the other hand, the
mesoporous structure of the CNTf electrode increases the effective diffusion path of
the electrolyte, decreasing ionic diffusivity of the electrolyte. Further understanding
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of the nature of the catalytic sites could enable the use of doping or similar strate-
gies to increase catalytic activity and thus reduce electrode thickness. Note that,
with respect to conductivity, sub-micron CNTf electrodes could be used to replace
Pt and FTO, but the catalytic activity would need to be increased by a factor of 10 for
effectively replacing both materials.

This extensive electrochemical study has enabled the first clear identification
of the different processes involved in the use of CNTf electrodes as CE, i.e. bulk dif-
fusion, diffusion inside the mesoporous electrode and charge transfer at the CNTf
surface. These results provide clear directors for a further understanding of the fun-
damental catalytic properties of nanocarbons and tools to develop strategies to im-
prove their performance in multiple photoelectrochemical processes.

4.3 CNTf counter-electrode/current-collector: photovoltaic per-
formance

4.3.1 CNTf-CE thickness optimisation and influence over the performance
of the device

In view of the catalytic activity showed by the CNTf towards the regeneration
of iodide/triiodide redox couple, in this section, the potential of using the CNTf in
a full DSSC device is investigated.

For the preparation of DSSC, the standard procedures and material were fol-
lowed.[200] These are explained in detail in the previous Chapter 3 "Experimental
Techniques". The preparation of a DSSC comprise the following steps:

1. Cleaning and degreasing the substrates (FTO-glass).

2. Photoanode construction:

(a) Depositing the "blocking layer" (nm-size compact layer of TiO2). This in-
volves the calcination of a pre-deposited layer of TiCl4.

(b) Depositing by doctor blade technique 1, 2 or 3 layers of the commercial
semiconductor paste, followed by drying and sintering steps.

(c) Immersing the TiO2 photoelectrode in the dye solution.

3. Cathode: depositing the CE catalytic active material.

• For reference: platinising the substrate (nm-size particles of Pt) by a calci-
nation process of a H2PtCl6(H2O)6 pre-deposited by chemical procedures.

• Depositing CNTf material.

4. Assembling the device by sandwiching and hot-pressing a thermoplastic film
(Syrlyn R©) between both electrodes.

5. Filling the DSSC with the electrolyte solution.

6. Encapsulating the DSSC.

As described above, the CNTf-CE were prepared following the procedure de-
scribe in the previous section, i.e. sandwiching CNTf strips (5x30 mm) between the
photoanode and a plain FTO-glass substrate. The final device architecture with its
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components is presented in the scheme of the Figure 4.13a. A photograph of a stan-
dard DSSC is also presented.

a)

b)

FIGURE 4.13: a) Schematic and b) digital photograph of a typical
CNTf-CE DSSC.

The first set of experiments consist in the study and optimisation of CNTf-CE
thickness. The data are summarised in the Figure 4.14.

Stacking several layers of CNTf was a straightforward and reproducible way
of increasing the CE thickness. To provide a comparable result, independent to
our specific CNTf synthesis procedure and setup, the thickness of the stacked elec-
trodes (after condensation step) have been measured by profilometry (further details
in Chapter 3 "Experimental Techniques") and obtained a quick correspondence be-
tween the number of layers and the final thickness of the CNTf-CE. The extracted
information is presented in the Figure 4.14a.

This devices were assembled with the simplest device architecture, i.e. using
a working electrode with compact TiO2 layer and 7 µm thickness of TiO2 commer-
cial paste. Average J-V figures-of-merits Voc, Jsc, FF and PCE were obtained for the
devices. The efficiency (PCE) is defined as the cell’s maximum power output (Pmax)
divided by the input power from the light source and the fill factor is defined as
FF = Pmax/(Voc Isc). The extracted performance for 1 µm thickness CNTf-CE resulted
in a high Jsc (15.4 mA cm−2) and Voc (0.72 V) values, but a much lower FF (44 %) due
to a pronounced S-shape form of the J-V curve. These characteristics lead to a ca.
5 % efficiency, 3 % lower than with the reference Pt-CE. This obtained S-shape J-V
curve for the lower thickness CNTf is presented in the Figure 4.14b, and its origin
and influence over the device performance will be discussed later. For a 5 µm thick
CNTf-CE, the device showed FF (60 %), Jsc (17.7 mA cm−2), and Voc (0.75 V), leading
to an overall efficiency of 8 %, which is comparable to that of DSSCs with Pt-CEs (Jsc
of 14.5 mA cm−2, Voc of 0.75 V, FF of 73 %, PCE of 8 %). Finally, thicker CNTf-CE
(10 µm) provide devices with similar figures-of-merit – Figure 4.14b and Table 4.2.
Although the Jsc is slightly higher for thinner CE, the FF has increased for the thicker
CNTf-CE. As the FF is limiting factor aimed to optimise by increasing the thick-
ness of the material, the thicker configuration will be considered as the best from
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this point forward. This easy strategy to increase the performance by increasing the
thickness of the CEs is in agreement with some previous reports of CNTs-CE.[249]

The efficiency of the device saturates in the range 8-10 µm but increasing the
thickness still presents some drawbacks. Although the as-produced material shows
a very high compressibility due to the high porosity and low density – see refer-
ence[250] of an analogous material, more than 15 µm results on a too thick CE. For
DSSC devices assembled with a 25 µm spacer, the available free space inside the de-
vice is already exceeded. This leads to a bad sealed device after the hot pressing
step and thus, a low performance. Another difficulty in the fabrication process of
the device derived from the thickness of the CNTf membrane relates to the hindered
electrolyte filling step, but this will be discussed in detail in the Chapter 7 "CNTf
Electrodes for DSSC: Engineering Aspects".
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FIGURE 4.14: a) Profilometry measurements of the CNTf electrodes.
Red dot-line indicates the average values for the different samples. b)
J-V curves showing the increase in FF upon increasing the thickness
of the CNTf-CEs. c) Nyquist b) and Bode phase plots of CNTf-DSSCs

with different CE thicknesses.

EIS of DSSC devices could in principle provide useful information about the
charge kinetics inside the device, to charge injection and recombination components
in the device, and to the conducting of the DSSC components (substrates, semicon-
ductor, electrolyte).

For a standard device with Pt catalyst and I−/I−3 redox couple under one
full sun illumination (AM 1.5G conditions) there are three well-assigned peaks.[92–
95] In the bode-phase plot, at low frequency 2 − 10−2 Hz, the peak corresponds
to Nernstian diffusion whitin the electrolyte. The mid-frequency peak centred at
102 Hz is related to the TiO2/dye/electrolyte interface. Finally, the peak at higher
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frequency, typically at 104 Hz, corresponds to the charge transfer impedance at the
catalyst/electrolyte interface.

TABLE 4.2: DSSC characteristics of CNTf-CE different thicknesses.

Devices
Voc Jsc FF PCE
V mA cm−2 % %

Pt-CE 0.75 14.5 73 7.9
1 µm CNTf-CE 0.72 15.4 44 4.9
4 µm CNTf-CE 0.74 15.5 53 6.1
5 µm CNTf-CE 0.75 17.7 60 7.9
10 µm CNTf-CE 0.75 17 64 8.1

EIS results for the different CNTf-CE thicknesses are presented in Figure 4.14
c,d. For all these thicknesses, instead of these three peaks, the impedance results are
characterised by one unique interface at approximately 100 Hz. A direct comparison
with the previous results in symmetric cells prompts us to conclude that this repre-
sents two processes, namely i) CT process at the CNTf/electrolyte interface and ii)
CT process at the photoanode/dye/electrolyte interface. The convolution between
the two phenomena in the Nyquist plot, hampers direct comparison with Pt-based
DSSCs and therefore a further analysis is not possible to be conducted from this plot.
However, it has been noted that there are small changes in the peak position.

Analysing the origin of the S-Shaped J-V curve:

The origin of the S-shape of the curves has been widely discussed in photo-
voltaic devices in the past. For instance, this effect has been observed in DSSCs
using nanocarbon-based CEs and it has been ascribed to the lack of balance between
dye and electrolyte regeneration processes, as well as an increased in the series resis-
tance for lower thicknesses.[106, 129, 249] The predominant strategy to circumvent
these issues is by increasing the thickness of the CEs,[249] as described in the previ-
ous experiment. But it is of interest to understand how the increase in efficiency is
affected by the increase in through thickness conductance, number of catalytic sites,
diffusion lengths, all of which are affected by CNTf electrode thickness.

Firstly, the series resistance effect of the device is analysed. In this particu-
lar case, the CNTf-CEs are assembled on top of FTO substrates (acting also as CC),
thus, no matter the CNTf thickness, there is a minimum conductivity correspond-
ing to the FTO substrate. Although the conductivity of the substrate can be slightly
improved by the addition of the CNTf material, for a 0.2 cm2 there is no such a big
influence over the device performance. Control experiments, substituting the FTO
substrate 8 Ω/sq by 15 Ω/sq underneath the CNTf, show that there is almost no
different over the performance. Even for Pt reference devices both provides very
similar performance.

The series resistance of the device can be obtained from the slope of the J-V
curve. Looking closely the different slopes from the Figure 4.14b, one could no-
tice that the slope is not so different when the current increases, and the drop in
performance is more related to a horizontal translation of the J-V curve. This obser-
vation in addition to the lost in short circuit current density suggest that the cause
of this phenomena is related to dye/electrolyte regeneration issues. Therefore, it
is concluded that although it is commonly associated to the S-shape of J-V curves,
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excessive Rs values limit the photocurrent at short-circuit condition (Isc) but do not
directly produce the characteristic S-shaped.

Moreover, the charge transfer between the carbon catalytic material and the
FTO current collector could be playing also a role. One of the before mention effects
of increasing the CNTf thickness is to decrease the interfacial resistance between FTO
and CNTf, as well as increasing the transversal conductivity of the CNTf through the
thickness.

To better understanding the catalytic mechanism of the CNTf and the S-shape
of the J-V curves, two experiments were carried out. Firstly, by gas phase function-
alisation of the CNTf; and secondly, by light soaking of the CNTf- and Pt-CE DSSC.

The functionalisation of the CNTf, by uniformly introducing defects over the
surface of the material, could help to understand the catalytic behaviour. If this activ-
ity is related to CNTs defects, i.e. graphitic edges, as it has been reported before,[113,
114, 251] the S-shape should decrease (better FF).

For studying this effect, 1 µm and 10 µm thick CNTf-CE are compared with the
same material after 20 and 60 min of O3 treatments as reported elsewhere.[62] Note
that 20 min O3 treatment is sufficient time for introducing high amount of defects
distributed along the surface of the material.[62]

The obtained J-V curves are presented in the Figure 4.15. There is a clear de-
crease on the device performance by ozone functionalisation of the CNTf. When
sub-optimised thickness (1 µm CNTf) is subjected to O3 treatment, the Voc as well
as the S-shaped J-V curves characteristic of this low thickness remains constant,
FF = 45 % and Voc = 0.75 mV. On the contrary, there is a clear descent of the
short circuit current, from 16.8 to 15.2 mA cm−2.
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FIGURE 4.15: J-V curves of a) 1 µm and b) 10 µm CNTf-CE ozone
treated during 20 and 60 min functionalisation time.

Similar trend is observed for optimised 10 µm thick CNTf-CE, from the initial
PCE = 7.7 % to 7 % after 20 min O3 treatment and 6.4 % after 60 min O3 treatment.
Although the gas functionalisation is a diffusion limited process, one hour is enough
time to achieve a uniform degree of functionalisation through the entire thickness of
the electrode. The first drop after the first treatment is affecting mainly the short cir-
cuit current, although small S-shape start to be visible. The lower dye regeneration
process has decreased its efficiency because less charges are injected into the meso-
porous titania. Thus, the reduction in the catalytic activity can be most the probable
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cause suggesting that the CNTf present now a lower number of catalytic active sites.
One hour of O3 treatment is a very long time, and the high density of defects is prob-
ably affecting not only the surface properties, but also the electrical conductivity of
the material. With the new highly functionalised surface of the CNTf, the redox
potential of the electrolyte, as well as the surface chemistry must be highly altered,
producing the visible decrease in open circuit voltage of the device.

It is possible to conclude that the functionalisation treatment, and therefore
the surface defects on the CNTf, are not the origin of the catalytic activity. In fact,
with this treatment, the catalytic activity is diminished. Other mechanisms have to
be investigated in relation to the effect of the functionalisation of the CNTf electrode.
For instance, via O3 treatment, the amorphous carbon at the surface of the CNTf is
removed, the electrical properties of the material itself are modified, and the encap-
sulated Fe nanoparticles inside the CNTs are exposed. It is proposed as future work
to design experiments to isolate and test these individual effects.

The second experiment performed was light soaking. This is a well known
procedure for increasing the initial performance of the devices after illuminating for
a certain amount of time.[252–254]. With this procedure, some conclusions about the
trend of the catalytic activity and the S-shape of the J-V curves can be obtained.

This phenomena occurs when the UV light component promotes charges from
the valence band to the conduction band of the oxide, filling the trap states that
typically mediates the charge diffusion process of these devices, this would lead to
an increase in the conduction band edge.[255] Other proposed mechanisms, the im-
proved injection would be consequence of increasing the density of acceptor states in
the semiconductor induced by charging of the surface of the semiconductor and re-
arrangement of charge species at the dye/semiconductor heterojunction.[256] Also,
an increase in the injection rate from the dye is produced. Still, there is no consensus
about this mechanism and some other has been proposed.

Freshly prepared CNTf- and Pt-CE DSSC devices were subjected to 30 min
light soaking experiment, acquiring one J-V curve per minute (see Figure 4.16). The
cells were constructed with a 7 µm thick TiO2 working electrode and standard elec-
trolyte. The standard Pt-CE reference cell and the thinnest thickness CNTf-CE (1 µm)
were compared.

FIGURE 4.16: Light soaking experiment. J-V curves of 1 µm thick
CNTf-CE DSSC device
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Comparing the initial state of the device with final J-V curve, a significant
increase in the Jsc and FF is observed, the Voc remains almost constant. This im-
provement in the characteristics leads to an increase in the efficiency from 4.6 to
5.2 %, entailing an improvement superior to 10 %. The Voc remains constant during
the light soaking time as expected due to the thermodynamic nature of this param-
eter. A small improvement on the FF parameter is observed after the initial cou-
ple of minutes, but, above all an increase in the short circuit current – from 12.7 to
14.6 mA cm−2, is the responsible of the improvement in efficiency. The increase in
short circuit current is explained by the improvement of the conductive properties
of the semiconductor layer.

This increase in performance suggest that, before the light soaking, the dye
molecules are not injecting charges at their most efficient rate, possibly because a
lack of regeneration related to a insufficient number of catalytic centres.[253]

To conclude, after analysing the functionalised CNTf-CE DSSC and the light
soaking effect over these devices, the S-shape of the J-V curves is more accentuated
for short functionalisation times and directly disappear under a strong reduction in
the open circuit voltage of the device. Moreover, the photocurrents produced with
electrodes subjected to this treatment are visibly reduced. This result points out
that the carbon edge defects introduced by gas-phase functionalisation are not the
responsible of the catalytic activity of the CNTf-CE. Hence, it is conclude that the
emergence of S-shape is produced by a lack in the catalytic activity of the effective
mass introduced in the device.

Electrochemical stability of the CNTf-CE under operation:

Light soaking experiment also provides important information about the short-
term electrochemical stability of the CNTf as CE. Same experiment than before was
performed with fully optimised CNTf-CE DSSCs (10 µm thickness).

The J-V curves trend of the Pt-CE (Figure 4.17a) shows that the overall effi-
ciency has decreased from 8.7 to 7.9 % during the initial 30 min. This drop is due to
an small decrease in the Voc, from 0.75 to 0.73 V, and the diminish in the FF, from
0.72 to 0.66.

For the 10 µm thick CNTf-CE J-V curves, it indicates a stabilisation in the per-
formance of the device. The efficiency remains almost constant, firstly slightly in-
creasing the device performance and later reaching a stable performance. The initial
increase in efficiency response to an improvement in the FF of the device after the
initial minutes, from 0.62 to 0.66; however, the short circuit current slightly decreases
from 17.7 to 16.7 mA cm−2. The improvement in FF characteristic, reducing the S-
shape of the J-V curve, is consistent with the previous experiment with lower CNTf
thickness.

As it is mention before, with the increase of extra available states for charge
transfer[256] during the light soaking time, also the recombination component of the
charge collection efficiency increases[256] and therefore, this charge injection into the
semiconductor in presence of CNTs-CE presents a small decrease over time as it is
observed in the Figure 4.17b.

The light soaking experiments indicates that the S-shape is partially recov-
erable and, thus suggesting that the catalytic activity of the CNTf-CE achieves an
optimum steady-state after several minutes of working state of the device.
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FIGURE 4.17: Light soaking experiment for a) Pt-CE and b) 10 µm
thick CNTf-CE DSSC devices. c) Characteristic parameters as a func-

tion of time.

4.3.2 CNTf-CE towards high efficiency DSSC

Photoanode optimisation towards record efficiency with CNTf-CE:

The results on the optimisation of CNTf-CE morphology presented before cor-
respond to DSSC with one layer of transparent TiO2 nanoparticles (7 µm thick) as
photoanode. Next, the thickness and morphology of TiO2 was optimised. This was
done by increasing the thickness of the transparent nanoparticles TiO2 layer and
adding a mesoparticles TiO2 scattering layer (see Chapter 3 "Experimental Tech-
niques"), typically done for DSSCs.[200, 203, 204]

Increasing the thickness of the nanostructurated TiO2 layer leads to an increase
of surface area and dye loading as indicated by the darker colour of the titania layer
(Figure 4.18a). The corresponding electrode thickness determined by profilometry
(Figure 4.18b) show that two layers lead to an average thickness of 13-14 µm, which
is in the range reported to produce the best device performance.[200]

Figure 4.18c,d present J-V curves for CNTs- and Pt-CE using three configura-
tions of TiO2: i) thin (7 µm) and ii) thick (14 µm) transparent mesoporous TiO2 films,
and iii) full photoanodes (21 µm) consisting of a 14 µm bottom transparent layer
and a 7 µm top light-scattering layer, all sensitised with N719 dye and filled with
standard liquid electrolyte. The measurements are obtained under dark and 1 sun
illumination (AM 1.5G), while Table 4.3 summarises the most important figures-of-
merit.
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The CNTf-DSSCs showed lower Voc values (ca. 50-100 mV) than those of the Pt-
DSSCs. Nevertheless, Jsc values are significantly enhanced in CNTf-DSSCs relative
to equivalent reference devices – i.e., 17 mA cm−2 vs 19.5 mA cm−2 and 20 mA cm−2

vs 23.8 mA cm−2 for 14 µm and 20 µm Pt- and CNTf-DSSCs, respectively; while
FF values are comparable at around 60-70 %. Overall, CNTf-DSSCs featured slightly
superior efficiencies to those of the Pt-DSSCs for all TiO2 photoanode configurations,
reaching values as high as 9.5 % compared to 9 % in Pt-DSSCs.
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FIGURE 4.18: a) Digital image comparing the dye loading for dif-
ferent thicknesses of the photoanode. b) Profilometry measurements
showing increment of the number of TiO2 layers. c) CNTf-DSSCs and
d) Pt-DSSCs J-V curves showing the comparison of the performance
of devices with 10 µm CNTf-CE in combination with different TiO2

photoanodes.

TABLE 4.3: DSSC photovoltaic characteristics for Pt- and CNT-CE
with different thicknesses of titania layer.

Devices
Voc Jsc FF PCE
V mA cm−2 % %

Pt-CE 7 µm TiO2 0.75 14.5 73 8
Pt-CE 14 µm TiO2 0.74 17 69 8.7
Pt-CE 21 µm TiO2 0.68 19.5 67 9.1
CNTf-CE 7 µm TiO2 0.75 17.7 60 8.1
CNTf-CE 14 µm TiO2 0.64 20 69 8.8
CNTf-CE 21 µm TiO2 0.6 23.8 60 9.5

The results show interesting differences in Voc and Jsc when Pt- with CNTf-CE
devices are compared. This is tentatively attributed to changes of the redox poten-
tial due to the catalytic behaviour of the CNTf as it has been shown in the previous
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section. Also, the possible adsorption of electrolyte additives, such as, e.g. 4-tert-
butylpyridine, leading to a local decrease of the pH has been reported as cause of
possible variation in the open circuit voltage of the device.[106] Regarding the CNTf
device, the decrease in the voltage can be also related with a possible increase in
the concentration of the triiodide and polyiodides in the electrolyte, as it has been
demonstrated in the previous section (Figure 4.8 and 4.7). It is possible that the
faster regeneration of the electrolyte also shifts the equilibrium between redox cou-
ple species, leading to an electrolyte with higher content of the triiodide. This in-
crement of triiodide concentration might affect the current developed by the device,
possibly explained by the reduction of the charge transfer resistance in the counter-
electrode, the higher steady-state diffusion current density and the higher diffusion
coefficient in presence of the CNTf.

The effect of reducing the distance between CNTf-CE membrane and working
electrode must be considered. This could lead to a quasi-zero distance regeneration
of the dye, thus increasing the short circuit current of the device by higher injection
and regeneration process.

In summary a combination of a 14 µm-thick nanoparticles TiO2 layer and a
7 µm microparticles TiO2 layer produce a device performance close to the limit
for this system with CNTf-CE. This configuration leads to a balance between dye
absorption-injection, and charge transport in TiO2. Increasing the thickness of TiO2
also leads to longer diffusion path of the electrons through the active layer. During
this longer path, the recombination of charges at the surface of the semiconductor
with the electrolyte or other excited dye molecules will increase. Moreover, the re-
generation of the dye becomes more difficult in a thicker electrode.

The impedance spectra of the best-performimg DSSCs (21 µm thick TiO2) is
shown in Figure 4.19a,b,c. The Bode-phase plots are very useful to distinguish the
number of interfaces that are present in the system. Under one full sun illumination
(AM 1.5G) and Voc conditions, the standard device with Pt catalyst and I−3 → I−

redox couple shows three peaks. At low frequency 2 − 10−2 Hz the peak corre-
sponds to Nernstian diffusion whitin the electrolyte. The mid-frequency peak cen-
tred at 102 Hz is related to the TiO2/dye/electrolyte interface. Finally, the peak
at higher frequency, typically at 104 Hz, corresponds to the impedance at the cata-
lyst/electrolyte interface. When CNTs are used as catalyst, in general, the impedance
behaviour is totally different. The Bode-phase plot for CNTf-CE shows a convolu-
tion of the high-frequency and mid-frequency domain, therefore, for this type of cell,
it is more difficult to separate the contributions of the CNTf/electrolyte (CNTf/EL)
interface and the TiO2/dye/electrolyte (TiO2/dye/EL).

Nevertheless, fitting of EIS with an equivalent circuit enables a comparison
of the processes occurring at the two types of CEs. The three semicircles observed
by EIS results for the Pt-CE DSSC (Figure 4.19d) are fitted with three RC elements
(parallel resistor and non-ideal capacitor, i.e. constant phase element) and a series
resistance, following the conventional method.[129, 240] For reference, the semicir-
cle at the right-hand side of the spectra corresponds to ion diffusion in the elec-
trolyte, whereas the intermediate semicircle is related to the charge transfer at the
TiO2/dye/electrolyte interface. The semicircle at the left-hand side corresponds to
the charge transfer between Pt and the redox couple in the electrolye. Comparing
dark and light curves, when the recombination increases in the system, the interme-
diate semicircle is enlarged (higher RTiO2).
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For the CNTf-CE the standard equivalent circuit does not produce a good fit-
ting. Instead, two RC elements are used (Figure 4.19d) leading to a much better
result with minimum error. This alternative equivalent circuit represents better the
electrical interfaces in the CNTf device. Since the CNTf electrode is in the rage of
10 µm, it fills all the internal space of the DSSC, and most likely, both electrodes,
CE and photoanode, are in close proximity. The consequence is that there is no
bulk diffusion for the electrolyte because it is embedded in the porosity of the CNTf
membrane. This interpretation is supported by the absence of diffusion peak at low
frequency in the Bode phase plot.

Accordingly an increase in catalytic activity of the CE is reflected by the CT
resistance (RCT) lowering observed as the semicircle located at the left-hand side of
the spectra becomes smaller. The semicircle that appears at the right-hand side of the
spectra is related to the charge recombination and accumulation at the TiO2/dye/
electrolyte interface.
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After the proper fitting of the EIS results under dark and light conditions, di-
rect comparison between the impedance characteristics provides some extra infor-
mation about the conduction mechanisms underlying the devices with different CE
material.

The series resistance is the first element of the equivalent circuit. The value
in the x-axis where the first semicircle begins in the left hand side correspond to
Rs. Although it is similar for both devices, is smaller for the CNTf/FTO substrate,
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Rs−Pt = 15.6 Ω and Rs−CNT f = 12.2 Ω, demonstrating also the improved conductiv-
ity of the CNTf current-collector.

The charge transfer resistance between catalytic CNTf and Pt is hard to com-
pare because of the convolution of the CT and bulk diffusion phenomena in the
CNTf material. Still, the RCT for the Pt under light conditions is 4 Ω, overlapping
with the semicircle under dark conditions. For the CNTf, the RCT = 0.6 Ω is ob-
tained under light conditions by fitting the initial points of the EIS spectra (see inset
Figure 4.19b). Although there are no enough points to obtain accurate fitting, RCT
for the CNTf-CE is visibly smaller than the Pt-CE CT, therefore implying a resistance
lower than 4 Ω.

Another important parameter is the charge collection efficiency – ηcoll , which
reflects on the efficiency of the photoanode under operation conditions in the full
DSSC. ηcoll is obtained from the electron transport resistance (Rw) at the FTO/TiO2
interface under illumination and the resistance to charge recombination (Rk) across
FTO/TiO2 and FTO/electrolyte interfaces under dark conditions according to:

ηcoll = 1− Rw

Rk
(4.3)

ηcoll for both the Pt- and CNTf-CE resulted on 72 % and 85 % respectively.
These values are calculated from the Rw = 8.8 Ω and Rk = 31.3 Ω for the Pt-CE
and Rw = 11.6 Ω and Rk = 73.5 Ω for CNTf-CE. Although both transport and re-
combination resistances are higher for the CNTf-CE DSSC, the device still shows
higher performance due to a much higher resistance towards recombination under
dark conditions. The differences in ηcoll can originate from both differences in de-
vice construction, particularly with respect to the thickness and separation of the
various layers, as well as from the interaction of electrodes with the species in the
electrolyte. Both can affect electrolyte diffusion, for example, and thus the kinetics
of dye regeneration.

TABLE 4.4: EIS parameters of DSSC with Pt- and CNT-CE.

CE Material Rs (Ω) RCT (Ω) RTiO2 (Ω) Rdi f f (Ω) Rw (Ω) Rk (Ω) ηcoll (%)
Pt 15.6 4 10 8 8.8 31.3 72
CNTf 12.2 0.6 – 12 – 11.6 73.5 85

CNTf-CE DSSC light power dependence:

The performance of DSSCs under different irradiation power can provides fur-
ther information about the charge dynamics in the cell. This dependence is also of
technological relevance, for example with respect to the ability of DSSCs to generate
power at low power illumination intensities, recently reaching 30 % under 0.1 sun
with Co based sensitisers and a Cu redox shuttle.[257]

Normally, when the light intensity is increased it produces a net increase in
the output current. This occurs up to a point where the kinetics of the system can
not sustain the regeneration rate needed and thus, the cell becomes less efficient. In
order to understand losses due to regeneration of photo-generated carriers during
device operation, the characteristics of the device (PCE, FF, Jsc and Voc) were mea-
sured as a function of the light intensity. The results are presented in Figure 4.20 and
the extracted characteristics from these curves are presented in the Figure 4.20c. As
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it can be observed, the trend for both material is very similar. For the majority of
the constructed devices, the FF and Voc is higher when using Pt-CE. On the contrary,
the extracted charge (Jsc) is always between 5-10 % larger when used CNTf. This
balance leads to similar efficiencies for both materials.
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FIGURE 4.20: a) and b) J-V curves of CNTf-CE and Pt-CE devices
respect to the light intensity. c) PCE, FF, Jsc and Voc parameter power
dependence. d) Log-Jsc and e) Voc versus the logarithm light intensity

comparing both Pt- and CNTf-CE.

The dependence of short circuit current (Jsc) on light intensity is shown in Fig-
ure 4.20d. Jsc follows a power law dependence of on intensity, i.e. Jsc ∝ Iα, with
values of α of 1.08 and 1.17 for DSSCs made with the Pt- and CNTf-CE respectively.
A value of α closer to unit indicates that the charge collection efficiency is indepen-
dent of the light intensity, and thus not limited by electron and hole mobility or
transport in the systems. This could suggest the influence of the light intensity over
the CNTf electrical or catalytical properties.
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Figure 4.20e shows the Voc against the logarithm of light intensity with DSSCs
made with the Pt- and CNTf-CE. If the recombination occurs only by conduction
band electrons of the TiO2 and the redox reaction, considered first order, the recom-
bination and the carrier concentration increase linearly with the light intensity and,
it results in a slope of 59 mV dec−1 at 298 K (m ≈ 1), see Appendix at the end of
the Chapter 2 "Background". The slope obtained with the Pt-CE is 75 mV dec−1

(mV per decade), which is a value close to the ideal behaviour and correspond to
an ideality factor m = 1.18. This slope is in agreement with previous reported val-
ues (76 mV dec−1)[258] for the same TiO2/electrolyte system. In contrast, CNTf-CE
yields to a slope of 100 mV dec−1 (m ≈ 1.5). Since the Voc only depends on the re-
dox potential of the electrolyte and the quasi-Fermi level of the TiO2, relatively high
value of m is likely due to non linear recombination kinetics for the back reaction
of conduction band electrons with the I−3 ions. Since the photoanode is the same in
both cells, it is possible to discard electron transfer via surface states and/or shifts
in the conduction band under illumination.[258] Instead, the hypothesis is that the
increment in local concentration of I− ions in the surface of the mesoporous CNTf-
CE affects constant rates of the regeneration reaction and thus the recombination
kinetics.

An important result comes from looking closer the series resistance Rs evolu-
tion extracted from the J-V curves at different light intensities. The series resistance
indicates the drop of voltage and therefore, energy lost, because of resistive elements
inside the cell. The calculation of this characteristic is detailed in the Chapter 3 "Ex-
perimental Techniques" based on the method of the light intensity variation.[215]

For the standard Pt-CE series resistance behaviour of the cell follows a linear
relationship with the light intensity, and Rs = 6.71 Ω cm2 is obtained (Figure 4.20b).
This value and behaviour is in agreement with typical values reported[214] and
mainly related with the sheet resistance of the current collector in this devices. Be-
ing the comparison performed on identical devices (in terms of photoanode and
electrolyte materials, manufacturing process) only the substitution of the Pt for the
CNTf material has to be considered for the comparison, and therefore, all changes in
the Rs are entirely attributed to the introduction of this material. In the Figure 4.20a,
it can be observed the non-linear relationship of the Rs with the light intensity. Two
regions can be distinguish: i) the one at low light intensity (< 0.5 sun) presents a
Rs = 20.59 Ω cm2; ii) at higher light intensities (> 0.5 sun), the Rs decreases a fac-
tor of 20 down to value Rs = 1.013 Ω cm2. This decrease in resistance explains the
increase of output current above 1 sun illumination, being the current in the CNTf
device 10 % higher than in the Pt device at 1.8 sun – 33 versus 29 mA cm−1 respec-
tively. Moreover, these differences in resistance and behaviour indicate the CNTf is
acting not only as counter-electrode in the DSSC but also as current-collector due to
the lower resistance of the CNTf versus the FTO substrate. The large drop in Rs for
CNTf-CE at higher light intensities is not due to thermal effects over the conductiv-
ity of the CE. All the measurements are performed at ≈ 25oC to ruled out this factor.
Moreover, the longitudinal conductivity of CNTf electrodes in fact decreases with
increasing the temperature.

A possible reason for decreases in Rs would be an increased CNTf conductiv-
ity due to doping by iodide species. A 30-fold increment of electrical conductivity
and carrier concentration of CNTfs by iodine doping have been reported.[243, 259,
260] The iodine doping effect has been also observed in our devices and the data is
presented in the "catalytic activity" section of this chapter, Figure 4.8. Although this



92 Chapter 4. CNTf Counter-Electrodes for DSSC

doping occur after some time of the electrode exposed to the electrolyte, the high
intensity of the light during the experiment could accelerate this effect. Specula-
tively, as light power is increased, the concentration of polyiodides in the electrolyte
increases, and thus, the number of dopants through charge transfer at the CNTf-CE.

Concluding, the origin of this interesting and beneficial effect needs further
investigation. Experiments at a wider range of light intensity could help for under-
standing better the mechanisms and limits of the CNTf-CE. Besides that, look into
the nature of the catalysis of the CNTf will help to understand better the limitations
of the material.

DSSC device variability in presence of CNTf-CE:

In this subsection the variability between devices is discussed.

First of all, the variability related to the manual fabrication process of this de-
vices has to be considered. The devices are produced one by one without any au-
tomation, e.g. there is no screen printing machine for producing identical sets of
anodes. Therefore, every step will inevitably introduce some small variations that
makes unique every device. Apart from that, the variability of the materials itself in-
troduce another source of error. For standard commercial materials, this is not a big
issue and is fair to assume that they have a good reproducibility. But when materials
are synthesised as part of the investigation (i.e. CNTf), this is a factor that must be
considered.

For, the standard Pt reference cells present a high degree of reproducibility.
This is mainly attributed to the low roughness of the Pt-CE. The variability between
this devices is below to 5 %.

On the contrary, the manual procedure for manufacturing CNTf-CE DSSCs
is a delicate process. Firstly, the CNTf material and synthesis procedure has to be
highly reliable for avoiding material inconsistencies. Large batches of material were
produced under the same conditions (for minimising this issue). The second source
of error during the manufacturing of CNTf-CE devices is the sealing, encapsulation
and filling of electrolytes. As an example, since the CNTf is highly porous, during
the hot pressing step, some part of the fibre can be infiltrated by the thermoplastic,
this leads to geometrical variations in the effective area of the device. Also, due
to the roughness of the CNTf electrode and the high thickness of the material, the
complete electrolyte infiltration is more difficult.

The typical variability of the CNTf-CE DSSC devices is presented in the Fig-
ure 4.21. Three sets of devices are presented after ruling out short-circuited devices
(30-50 %), and the J-V curves are shown in the Figure 4.21a. The different configura-
tion are detailed as follows:

• 5 µm thin CNTf and 1 layer of TiO2 deposited by doctor blade technique (7 µm).
"1 layer - CNTf 5 µm"

• 10 µm thick CNTf and 1 layer of TiO2 deposited by doctor blade technique
(7 µm). "1 layer - CNTf 10 µm"

• 10 µm thick CNTf and 2 layers of TiO2 deposited by doctor blade technique
(14 µm). "2 layer - CNTf 10 µm"
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The characteristics extracted from the J-V curves are presented in the Fig-
ure 4.21b. The Voc is quite reproducible between devices with the same configu-
ration. This is expected because of the thermodynamic nature of this characteristic.
On the contrary, Jsc shows a huge variability. The Jsc is proportional to the thickness
of the layer due to the higher number of dye molecules absorbed. Moreover, as it
has been mention before, this parameter is quite dependent on the degree of filling of
the cell by the electrolyte. For thicker photoanodes (2 layers of TiO2), the electrolyte
filling presents more problems and the variability of the Jsc due to this process also
increases. The fill factor of the first two sets (1 layer TiO2) is lower than for the "2
layers" configuration. Also, it should be notice that the thin CNTf (5 µm) and thick
CNTf (10 µm) are not directly comparable in terms of FF due to the small S-shaped
presented. Finally, the variation of efficiency is lower for thin photoanodes. The
variation in performance increases proportionally to the variation of previous char-
acteristics, besides, there are more sources of error preparing thicker photoanode
devices.
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FIGURE 4.21: a) J-V curves of several CNTf-CE DSSC devices with
1 and 2 layers of TiO2 by doctor blade. b) Device characteristics
grouped by the device architecture. The vertical line represents the

range of the obtained values for the characteristics.

Although the reproducibility presented in this section is representative of the
obtained devices during this thesis, the aim of this section is not showing the repro-
ducibility of the results, if not explaining the different factors affecting the variability
when the CNTf-CE are used.

DSSC device stability in presence of CNTf-CE:
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Pt-CE material has been established as reference for DSSC devices by its supe-
rior catalytic activity and electrical conductivity, it still represents some drawbacks,
among them the stability itself. Pt electrode is easily corroded by presence of solvent-
based iodide electrolyte[261] and also suffers form poisoning effect in presence of
air.[262] Although there should not be air inside the device, when solvent electrolyte
start to evaporates from the cell, this volume is inevitably filled with air, adding ex-
tra detrimental effects to the device stability. Besides this degradation issues of the
Pt-CE, exist other less corrosive electrolytes and also strategies for protecting the ma-
terial – e.g. Pt alloy CE[263] or alternative dye molecules,[264] therefore, stabilities
as high as 95 % of the initial performance has been reported.[265] On the other hand,
many Pt-free counter electrodes has been studied as candidates that does not present
this degradation issues, see for instance review about stability on this materials by
Yun et al.[219]

As a first approximation for studying the stability of the CNTf-CE DSSC, the
performance of the devices presented in previous sections, as well as the reference
devices, were measured after 30 days and 6 months of their assembly. As it is de-
scribed in the Chapter 3 "Experimental Techniques", the sealing procedure is per-
formed by hot pressing a small portion of thermoplastic that covers the holes in the
electrode through where the electrolyte is injected. This method allows some sol-
vent evaporation, and therefore, the results presented in this section must be taken
as lower limit values in terms of stabilities for this materials. The devices were kept
in dark and RT condition between measurements.

The CNTf-DSSCs showed a comparable stability to the reference Pt-CE during
the first month in the range of 10 % drop in efficiency. After that, the CNTf-DSSCs
show superior stability for all the different photoanode thickness studied, reaching
nearly 70 % after 6 months for the 7 µm thick photoanode and close to 60 % for the
full configuration (21 µm). J-V curves of the comparative between devices and a
column chart summarising the stability data of the performance for different TiO2
photoanodes are presented in the Figure 4.22.
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The higher stability of the CNTf-CE can be related to two factors. Firstly, the
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electrolyte stability is higher in presence of the CNTf membrane. With its high poros-
ity and surface area, the CNTf enhances the stability of the electrolyte by reducing
the possible leakage and evaporation. This is in agreement with previous studies
using polymeric membranes for accommodating the electrolyte and increasing the
stability.[266, 267]

The degradation of DSSC devices has been related with the lowering in per-
formance of the N719-dye.[268] A blue shift in the absorbance of the N719 spectra
has been observed after 1000 hours under storage conditions. This blue shift and the
lowering in performance has been attributed to a ligand exchange reaction between
the dye thiocyanato (SCN−) ligand and the iodide component.[268] The chemical
environment of the electrolyte in presence of the CNTf, as well as the preferential
interaction of the iodide specie with the CNTf, as has been explained in previous
sections, could be acting as a protecting agent of the electrolyte solution. Similar sta-
bilisation effects has been reported before in presence of CNTs,[183] although further
experiments must be performed for clarifying the fundamental effects underlying
this improvement.

4.3.3 CNTf-CE/TiO2-photoanode microcontacts: spacer-free DSSC

The standard procedure for assembling a DSSC device involves the hot press-
ing of the working- and counter-electrodes using a pre-cut thermoplastic film as ad-
hesive after melting. Apart from this function, the film acts as a spacer between the
parallel electrodes, avoids the short-circuit between electrodes and serves as gas-
ket for accommodating the liquid electrolyte inside the device. Typically, a 25 µm
thick polymer film (Surlyn) is used. Therefore, in theory, the layer of active mate-
rial that forms the working electrode is separated from the counter-electrode by a
gap of several microns through, as schematically shown for a Pt-CE DSSC device in
Figure 4.23a.

Considering the thicker thickness of CNTf-CE and the reduction of thermo-
plastic thickness upon melting, the final DSSC architecture must comprise regions
where the photoanode and counter-electrode are in contact (Figure 4.23b).

The final dimension of the cell after hot-pressing remains ca. 20 µm. Therefore,
taking into account the active layer thickness (from 7 to 20 µm) and the thickness
of the CNTf-CE (approx. 10 µm), local microcontacts between both electrodes are
possible.

However, note that in this configuration the electrolyte also fills the voids of
the CNTf porous membrane. Previous results from the group have demonstrate
that the porous volume fraction in the CNTf is approximately 80 %, enough space
for accommodating the electrolye and making possible the operation of the DSSC.
The high short-circuit current density observed for CNTf-CE DSSCs stems partially
from the high interaction between CNTf-CE and electrolyte. A high Jsc has been
reported for the same photoanode architecture (TiO2/N719)[269] and also for simi-
lar nanocarbon based systems suggesting that similar high interface could be over-
looked in previous researchs.[124, 155, 157]

These microcontacts at the interface between the CNTf and the TiO2 can be
detected by obtaining the J-V curve of the device prior to filling with ionic electrolyte
(Figure 4.23c). Probably, they are likely occurring in the majority of the devices and
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it has been confirmed that these microcontacts do not hinder the proper operation
of these devices.
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FIGURE 4.23: Schematic of the a) Pt- and b) CNT-CE configurations
where the micro-contacts between CNTf and TiO2 are represented af-
ter assembly. c) J-V curve in dark conditions obtained before intro-

ducing the liquid electrolyte.

Additional solid-state measurements have been performed directly contacting
the surface of the TiO2 with the CNTf, using the CNTf directly as current-collector.
Using a pre-cut thermoplastic film is possible to leave uncovered the surface of the
TiO2 semiconductor for avoiding the sortcircuit with the TiO2 current collector – FTO
in these experiments. A schematic of this measurement is presented in the Figure
4.24a. The Tafel measurement showing a slightly rectifying behaviour is presented in
the Figure 4.24. But more importantly, confirming that the TiO2/CNTf direct contact
could still lead to high current density as it is observed for the CNTf-CE.
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It is very interesting that devices works in spite of shorts. With respects to
charge dynamics it implies that the charges under working conditions still follows
the TiO2/FTO injection path and these microcontacts are not acting as recombina-
tion points (at least with a predominant contribution). The low conductivity of the
mesoporous sintered titania, in addition to the internal polarisation created at the
solar cell when the device is under illumination explain this behaviour.

There are also some technological aspects that make this system interesting.
For instance, it means that the porous CE can acts as a direct CC but also hosts
the electrolyte, thus enabling the use of the CNTf as direct electrolyte impregnated
membrane.[270]

4.4 Summary and conclusion

In this chapter, a comprehensive electrochemical impedance spectroscopic (EIS)
study to shed light onto the catalytic features of CNTf-CE and the role of its meso-
porosity is presented. Besides, the stability of this material is studied by CV and
compared with the standard Pt. An important contribution has been done accord-
ing to the electrochemistry between the CNTf and the standard electrolyte for DSSC.
The interaction between both components alters the chemical environment of the
device. Starting from different diffusion coefficients, related to the variation in con-
centration of conductive species in the electrolyte, and finishing by the possibly sta-
bilisation of the electrolyte by taking the CNTf the role of protecting agent from the
dye/electrolyte interaction. Still important question regarding the catalytic nature of
the carbon material remains open. Investigations about the introduced defects over
the surface of the material by functionalisation treatment indicates that the carbon
edges are not the responsible of the catalytic activity.

In addition, the preparation and assembly of a planar CNT-CE DSSC is de-
scribed. The optimisation of the CNTf thickness is studied, with special attention to
the S-shape limiting factor of the performance. Its connection with the critic mass
of catalytic CNTf material has been found, allowing to outperformed the efficiency
of the reference Pt material. Later, the device architecture was optimised using the
CNTf acting as both CE and current-collector leading to PCE as high as 9.5 % and
stability of ca. 70 % after 6 months, superior to reference Pt-CE (9 % and of ca. 60 %
stability after 6 months).

This performance is consequence of the combination of high electrical con-
ductivity and high specific catalytic surface area of the samples used in this work.
These features in relation with the interaction of the iodide based electrolyte and the
CNTf, lead to a different chemical environment inside the cell, also responsible of
the enhanced behaviour of the CNTf-CE material.

Finally, the configuration of 10 µm CNTf-CE/CC for DSSC is discussed taking
into account the high interaction between the porous membrane and the electrolyte.
This confirguration has been observed leading to microcontacts between electrodes,
but interestingly, the device works in spite of shorts.
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Chapter 5

Fundamental Properties of
CNTf/MOx Heterojunctions

Parts of this chapter are adapted from the work published in the journal ChemPlusChem,
co-authored with Dr. Juan J. Vilatela. Unless mentioned, all experiments have been per-
formed and analysed by the author.

Chapter 5 discusses the synthesis, structure and electrical properties of CNTf/MOx
hybrid materials. Large area samples of heterojunctions between ZnO and CNTf ar-
rays are synthesised by two different methods.

Firstly, a two-step sol-gel/hydrothermal chemical method is used to grow
ZnO-Nanowires (NWs) in-situ directly onto the CNTf array. It results in a bulk het-
erojunction, consisting of a 2-5 µm layer of ZnO crystals in contact with the built-in
current-collector CNTf fabric, with preferential orientation of the ZnO c-axis perpen-
dicular to the CNTf sheet. The electrical properties of the heterojunction correspond
to a Schottky junction with barrier height of 0.26 eV and an ideality factor of 2.9. Pho-
toconductivity measurements demonstrate charge transfer through the CNTf/ZnO
interface, leading to a gain factor of approximately 100 and a responsivity as high as
5000 mA/W, under UV irradiation.

Secondly, atomic layer deposition (ALD), a physical deposition technique that
offers precise control of the synthesised materials, was used to produce CNTf/MOx
hybrids (ZnO and TiO2) but with the semiconductor as a conformal coating and
much thinner thicknesses. The structure, chemical interaction between both ma-
terials and electrical properties, were also investigated. The relation between the
thickness of the deposited MOx layers and the electrical behaviour of the hybrids
is discussed. Besides, the charge transfer behaviour is further confirmed by UV-
photocurrent measurements.

5.1 Chemical synthesis route of ZnO/CNTf based heterojunc-
tions

A porous network of CNTs can acts as a large-area scaffold for the semicon-
ductor and be used as current-collector to harvest carriers generated in the semicon-
ductor by photovoltaic,[271] photochemical[272] and piezoelectric processes.[273]
Such CNT-based electrodes usually have the added benefit of being flexible as a
consequence of a network structure and small thickness of the constituent nanotubes
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(bending stiffness scales with thickness to the fourth power). In the quest for mak-
ing robust, flexible and large-area devices based on nanocarbon/semiconductor hy-
brids, some challenges remain in terms of the quality of nanocarbon/semiconductor
junction that can be produced using simple large-area processes, and in the precise
determination of interfacial properties.

5.1.1 In-situ double step sol-gel/hydrothermal method

For the preparation of ZnO-NWs large area heterojunctions with the CNTf
as a substrate/current-collector, a double-step process[195] (sol-gel+hydrothermal)
was applied based on the parameters reported elsewhere.[194] All the experimental
synthesis conditions are provided in the Chapter 3 "Experimental Techniques".

Small pieces of CNTf (5x5 cm) were cut out from the initial CNTf sheet (30x10 cm),
manually detached from the paper and transferred to a ceramic crucible (or other
substrates) for ZnO seed deposition. A solution of zinc acetate dihydrate in absolute
ethanol is poured with a syringe over the CNTf substrate. After solvent evaporation,
the material is calcined in air at 300 oC for 15 min and in some cases recrystallised in
Ar atmosphere.

The next step consists in the hydrothermal growth of ZnO nanowire from an
aqueous solution of zinc nitrate and hexamethylenamine.[195] The seed-coated CNT
fibre was taken from the ceramic crucible and placed inside a teflon vessel of a steel
autoclave. The CNTf was kept immersed in the solution for five hours at 90 oC.
Finally, the hybrid CNTf/ZnO-NW hybrid samples are washed and dried to remove
any residue of the synthesis process.

50 nm100 nm

2 µm 100 µm

2 µm

c) d)

a) b)

FIGURE 5.1: a) 50 nm and b) 10 nm ZnO seeds decorating the CNTs
bundles. c) and d) ZnO-NWs layers respectively grown by hydrother-

mal from the previous seed layers.



5.1. Chemical synthesis route of ZnO/CNTf based heterojunctions 101

The ZnO particles grown by sol-gel method act as seeds for the growth of
ZnO structures by the subsequent hydrothermal process. The influence of the seed
concentration and size is studied by varying the synthesis conditions. A more ho-
mogeneous, uniform and mechanically robust ZnO layer is obtained when low con-
centration of ZnO seeds is used. Figure 5.1a,c corresponds to a sample with lower
concentration obtained after 500 oC Ar crystallization, leading to ZnO seeds with
diameter > 50 nm, and which result in a uniform ZnO-NWs coating with high me-
chanical stability. In contrast, when the concentration of seeds is too high, without
any further recrystallisation, they tend to cover all the surface of the CNTf, form-
ing a highly dense conformal layer of small nanoparticles, 10 nm approximately (see
Figure 5.1b). It results in a very high number of nucleation points that produces later
the formation of a too compact layer of ZnO that easily detaches from the seed layer
(see Figure 5.1d).

5.1.2 Morphology and crystal structure of the CNTf/ZnO-NWs

The obtained material after the hydrothermal synthesis is presented in the Fig-
ure 5.2b. The SEM images of the plan view and cross section of typical samples
show a large and homogeneous area of the CNTf sheet covered by ZnO nanostruc-
tures. These nanostructures grow as tapered hexagonal prisms normal to the plane
of the CNTf sheet as can be observed by the SEM images. The final structure will be
composed by the CNTf sheet coated with the layer of ZnO-NWs at both sides (see
Figure 5.2b right).

a)

b)

5 µm

1 µm

10 µm

200 nm5 µm

500 nm

ZnO seed deposition

ZnO hydrothermal growth

FIGURE 5.2: SEM images of ZnO growth over CNTf substrate by a)
first step sol-gel process, b) second step hydrothermal method. Plan-
view (left) and cross section (right) of ZnO nanorod and the interface

with the CNTf.
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The synthesis method can be applied to produce relatively large samples. Fig-
ure 5.3 shows an example of a 10 cm2 hybrid with ZnO coverage throughout all its
surface, except for the area that was purposely masked to establish electrical contact
on the CNT network. The ZnO-NWs crystals have a typical diameter of 500 nm and
length of approximately 2-5 µm, according to the electron micrographs.

Considering the porous nature of the CNTf substrate, the size of the interface
between ZnO and CNTf in a 10 cm2 is as high as 1.5 m2. This value can be roughly
estimated from the data of the amount of material collected, the linear density and
the surface area of the CNTf. The calculation can be summarised as follows: the
sample used in this work is a CNTf sheet of 30x10 cm (300 cm2), collected by winding
fibre for 30 min at 6 m/min. From here, the length of the collected CNTf, 180 m,
is extracted. The linear density for this CNTf, under this synthesis conditions, is
approximately 1 mg/m. For the collected length of 180 m, there is therefore 180 mg.
With this mass of material and the surface area of 250 m2/g, the exposed surface area
of the CNTf sheet, 45 m2 is calculated. Finally, for a 10 cm2 sample of ZnO/CNTf,
the exposed area is divided by a factor of 30 (original size of the CNTf sheet and final
size of the sample, 300/10 = 30), finally obtaining 45 m2/30 = 1.5 m2.

b)a)

CNT fibre

ZnO HT

2 µm

10 nm

d)c)

50 nm

5 nm

FIGURE 5.3: a) Digital photogragh of the 10 cm2 CNTf/ZnO hybrid.
b) SEM and c, d) TEM images showing the direct contact between the

CNT and ZnO particles.

More importantly, in the resulting interface, the CNTs and ZnO are in close
proximity as observed by electron microscopy and HRTEM (see Figure 5.3b,c,d).
The ZnO sol-gel nanoparticles are firmly attached to the CNTf and hence will act as
anchoring points for the ZnO-NWs. Therefore, it is expected to have a good intercon-
nection between ZnO and CNTf electrode. In view of of the close contact between
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the two phases, the material should behave as a bulk electronic heterojunction be-
tween ZnO and CNTs and thus, it can be used to study interfacial charge transfer
processes of interest in various applications.[274]

Additional EDX characterisation about the CNTf/ZnO nanoparticle interface
is presented in the Figure 5.4. By Z-contrast imaging in transmission mode, the
nanoparticles are easily detected and by EDX compositional mapping. It is further
confirmed that ZnO nanoparticles are actually the material decorating the CNTf sur-
face.

a)

5 nm 20 nm

b)

40 nm

OZnC

FIGURE 5.4: a) TEM image and b) EDX mapping at the interface
between CNTf/ZnO sol-gel nanoparticles. Inset: Z-contrast TEM-

HAADF image.

The electrical properties of the final CNTf/ZnO heterojunction will depend on
the properties of the individual components. It is well known the dependence of
the electrical properties on the crystallinity of the semiconductors. Therefore, the
crystallinity of the ZnO after the sol-gel process and the hydrothermal growth is
analysed by XRD and TEM electron diffraction.

The orientation and size of the ZnO sol-gel nanoparticles have been investi-
gated by combination of XRD analysis, Scherrer equation, and electron microscopy
image analysis. The wide-angle x-ray scattering (WAXS) 2D-pattern is presented in
the Figure 5.5a. The main diffractions of the ZnO, as well as the (002) correspond-
ing to the graphite plane distance in the CNTs are clearly observed. By azimuthal
integration of each individual diffraction, and representing the intensity versus the
azimuth angle (φ), a small alignment of the sol-gel particles with the ZnO basal plane
parallel to the CNTs c-axis is obtained (see Figure 5.5b).

By radial integration of the entire range of the collected WAXS pattern, the
XRD diffraction pattern presented in the Figure 5.5c is obtained, showing a crys-
tal structure characteristic of the ZnO-wurtzite lattice (JCPDS card number: 36-1451)
and observing the characteristic (002) peak of the graphite. The crystal domain sizes,
calculated with the Scherrer equation by fitting the (002) diffraction of the ZnO (see
Figure 5.5d), are in the interval from 8 to 50 nm. This is in agreement with the ob-
served particles by electron microscopy imaging.
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FIGURE 5.5: a) WAXS pattern of ZnO sol-gel nanoparticles decorating
CNTf, b) azimuthal integration of the WAXS, c) radial integration and

d) Scherrer equation study applied to the (002) ZnO diffraction.

The orientation and crystallinity of the ZnO-NWs grown by the hydrothermal
second step of the synthesis was also analysed by XRD measurements. Their ori-
entation relative to the CNTs was determined by taking X-ray diffraction patterns
with the sample at different orientation relative to the X-ray beam. Considering the
symmetry of the samples, the relevant comparison is with the beam perpendicular
and parallel to the plane of the CNTf sheet, thus parallel and perpendicular to [001]
ZnO, respectively. Schematics of these different configurations are included in the
Figure 5.6. The first measurement is in transmission mode, and it was obtained from
radially integrated wide-angle X-ray scattering (WAXS) 2D patterns (these data were
collected at NCD BL11 ALBA Light Source using a wavelength of 1 angstrom). The
other orientation corresponds to a standard powder XRD configuration in reflection
mode with the planar sample resting on the sample holder.

XRD measurements confirm that the ZnO-NWs have wurtzite structure, with
the c-axis predominantly perpendicular to the CNTs (Figure 5.6), and an average
ZnO crystal size of 80 nm in the c-direction and 40 nm in the basal plane. The av-
erage crystal size domains of ZnO-NWs were determined using the Scherrer equa-
tion after correcting for instrumental broadening. These values are smaller than the
nanorod sizes observed by SEM, which indicates that the nanowires contain a few
crystalline domains and therefore grain boundaries. The ZnO lattice parameters
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a = b = 0.324 nm, c = 0.520 nm were directly extracted from the interplanar dis-
tances of the (100) and (002) planes and are consistent with HR-TEM images. More-
over, these parameters are consistent with previous reports (0.324 nm and 0.521 nm
from JCPDS card number: 36-1451).
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FIGURE 5.6: XRD patterns of the material with the incident beam
perpendicular and in-plane with the CNTf substrate.

Although the sol-gel nucleant nanoparticles show a slightly preferential ori-
entation, the final orientation of the large ZnO structures is most likely a result of
crystals blocking each other in the plane during hydrothermal growth and thus tilt-
ing perpendicular to the substrate to continue growing. This is concluded by direct
observation of intermediate stages of the ZnO-NWs growth, in addition to the well
known and confirmed preferential growth of these structures along the c-axis.

Further structural analysis was carried out by high resolution TEM microscopy.
The interplanar spacings of both materials, CNTf and ZnO-NWs, are obtained by
fast Fourier transform of the HR-TEM image. The ZnO-NWs are highly crystalline
and the interplanar spacing along the c-direction was determined as 0.520 nm. For
the CNTf, the measured interplanar spacing between graphite planes is 0.34 nm,
very close to the expected value of 0.335 nm.

The formation of large heterojunctions facilitates the study of their morphol-
ogy and interfacial processes, but it produces a "bulk" description of a very large
nanostructured material, and thus falls on sample uniformity for the correct inter-
pretation of the results.
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FIGURE 5.7: TEM images and TEM-FFT are presented for a hy-
drothermal ZnO-NW (up) and a CNT bundle (down).

Several Raman spectra are presented as demonstration of the homogeneity of
the pristine material in the Figure 5.8a.

Raman spectrum of the CNTf/ZnO hybrid is presented in the Figure 5.8b. The
hybrid material reveals the typical spectrum of the carbon nanotubes,[208] there is
almost no shift in the position of the G (1583 cm−1), D (1350 cm−1) or 2D (2685 cm−1)
observed, compared with the pristine CNTf. An increase of the D/G ratio, from
0.2±0.01 to 0.45, suggests some degree of functionalisation of the CNTf as a conse-
quence of the hybridization process. The main Raman active modes of ZnO are also
clearly observed, including those parallel to the c-axis, A1 at 373.7 cm−1 and B(low)

1 -

B(high)
1 at 284 cm−1 and perpendicular E(low)

2 at 100 cm−1, E(high)
2 -E(low)

2 at 333 cm−1,

E1(TO) at 410 cm−1, E(high)
2 at 438 cm−1, E1(LO) at 590 cm−1. Their positions are in

agreement with reports on hydrothermal ZnO single crystals[275] and no changes in
peak position are found due to an abnormal presence of defects or residual strains.
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FIGURE 5.8: Raman spectra of the a) pristine CNTf and b) CNTf/ZnO
hybrid.

5.1.3 Electrical characterisation of the CNTf/ZnO-NWs heterojunction

The properties of the hybrid material have been evaluated by directly carry-
ing out current-voltage (I-V) and capacitance-voltage (C-V) measurements across
the CNTf/ZnO interface. This characterisation was carried out using a microprobe
station (see Figure 5.9b) combined with a 2450 Keithley source-measure unit. An
optical image of the plan-view and a schematic of the contacts for electrical mea-
surement are presented in the Figure 5.9a,b. Because the CNTf sheets have a very
high in-plane conductivity, between 500-1000 S/cm, this contact could be made far
from the ZnO. In this sense, the CNTf can be treated as a continuous network elec-
trode, i.e. the current-collector is directly built into the hybrid material as presented
in the schematic of Figure 5.9c.

The irregular surface morphology of the CNTf/ZnO-NWs material implies
that metal evaporation to produced contacts often leads to short circuiting. A more
reproducible two-point microprobe technique (direct contact) has been used instead.

A further challenge in analysing non-planar heterojunctions is to determine
their dimensions. The ZnO layer thickness (5 µm) can be taken as the length of
the conductive channel between contacts, but accurate determination of the junction
cross-sectional area (S) is complicated in a system with a highly irregular morphol-
ogy, such as the one in this study. We take S to be equal to the contact area (A)
corresponding to the projected area of the microprobe tip calculated according to
the classical Hertz theory of non-adhesive elastic contact (schematic presented in
Figure 5.9d). The radius of the contact area between a sphere and a flat plate under
a semi-elliptic pressure distribution is given by[276]

a = 3

√
3
4

FRTip

[
1− νZnO

EZnO
+

1− νW

EW

]
(5.1)

where RTip is the radius tungsten needle, 50 µm (from manufacturer data-
sheet), and EW = 311 GPa,[277] EZnO = 100 GPa,[278] νW = 0.28,[277] νZnO =
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0.35[279] are the elastic modulus and Poisson’s ratio of the Tungsten and ZnO re-
spectively. The resulting contact radius is a ≈ 7.5 µm and the contact area is A=S ≈
180 µm2.

ZnO

W-needle

CNT 
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Ag 
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c)

CNT fibre / ZnO

Silver

Paint

a)

2 mm

b)

d)
Tungsten

Needle

50 

µm
ZnO

RTip

A

FIGURE 5.9: Details of the configuration used for the electrical mea-
surements: a) Plan view optical image of the CNTf/ZnO heterojunc-
tion and b) digital photograph of the probe station and sample. c)
Schematic diagram of the samples for the electrical measurements.
d) Schematic of the contact area between the W-needle of the probe

station and the CNTf/ZnO sample.

The measured electrical properties across the CNTf/ZnO interface were found
to be sensitive to the pressure of the contact on the ZnO layer. However, gradually
increasing pressure, it was found to lead to converging I-V curves. Control exper-
iments are presented in the Figure 5.10. As a confirmation of the metallic junction
between the CNTf and the tungsten needles, both contacts were performed on top of
the CNTf, which led to the characteristic curve of a metallic junction (Figure 5.10a),
notice the low resistance as compared to the other control experiments due to the
absence of ZnO along the current path. Indium metal is a well known metallic con-
tact for ZnO semiconductor,[280] therefore, the measured Schottky contact is sure to
be obtained from the CNTf/ZnO interface. Finally, the direct contact of the tung-
sten needle on the ZnO, performed the same characteristic as for the indium contact,
confirming the metallic junction between W and ZnO, and once again, the Schottky
barrier between ZnO and CNTf. Notice also the lower current of the tungsten nee-
dle as compared to the metallic indium, this is attributed to the smaller size of the
tungsten tip and lower contact area.

Good ohmic contacts were obtained using a tungsten micro-needle to contact
the metal oxide. The CNTf is essentially a continuous conductive network and there-
fore it can be contacted with standard silver paint in an area purposely left free of
ZnO. During the electrical measurements, the CNTf was grounded and the bias volt-
age was applied to the top electrode.
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Figure 5.11a shows an example of a typical I-V curve for the CNTf/ZnO junc-
tion. It shows evident rectifying behaviour, similar to a Schottky diode, with current
rapidly increasing at forward bias above a threshold voltage, Vth = 0.58 V, and a
much smaller current at reverse bias, increasing in magnitude only at very large neg-
ative voltages after breakdown of the semiconductor at−4 V. The threshold voltage
has been directly obtained by linear extrapolation of the forward bias current of the
device. Several semi-logarithmic I-V measurements has been included as inset in
the Figure 5.11a. It shows the formation of such Schottky junctions throughout the
whole hybrid material and in various samples tested.
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FIGURE 5.10: I-V characteristics of the CNTf/ZnO interface. a) Con-
tacting both terminals in the CNTf, b) contacting the ZnO with in-

dium, c) contacting ZnO with tungsten.

Figure 5.11b presents the C-V and C−2-V (inset) measurements of the hetero-
junction interface. C-V measurements were carried out at room temperature and
at high AC frequency (1 MHz) with small amplitude (10 mV) at different reverse
bias. Under reverse bias conditions the semiconductor is depleted of free carriers,
thus capacitance takes a low value and remains constant. At forward bias, when the
applied voltage equals the built in voltage, Vbi, capacitance starts to increase as the
interface is repopulated of free carriers. The built-in potential can be obtained from
linear extrapolation of C−2 vs V to C−2 = 0, which gives Vbi = 0.58 V.

The density of carriers can be extracted from Figure 5.11b using the depletion
approximation and the Mott-Schottky equation[281]

1
C2 =

2(Vbi −V)

ε qA2ND
(5.2)
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which after rearrangement can be expressed as

ND =
2

q εZnO ε0

∆V

∆
( A

C

)2 (5.3)

where C is the capacitance, V is the bias voltage, q is the electronic charge, ε is
the permittivity of ZnO and A is the area of contact.
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erojunction showing rectifying behaviour typical of a Schottky barrier

junction. Inset: (S/C)2 graph.

The carrier concentration ND obtained from the slope of C−2 vs V comes out
as 8.1x1017 cm−3, which is in agreement with reported values for hydrothermal
ZnO.[282, 283]

Next, the transport properties across the interface are analysed. The starting
point is determining the type of transport mechanism at the heterojunction, among
tunnelling, thermionic emission, or a combination, and which can be determined
based on the tunnelling energy parameter[284]

E00 =
qh
4π

√
ND

ε m∗e
(5.4)

Thermionic emission dominates for low doping densities and/or relatively
high temperatures, when the tunnelling energy parameter E00/kT � 1.[285] Con-
versely, tunnelling predominates when E00/kT � 1. Intermediate values of E00/kT ∼
1 correspond to a combination of both mechanisms.

As a consequence of the relatively low doping density of ZnO (ND = 8.12x1017

cm−3), at room temperature, E00/kT = 0.44 < 1, and the junction is therefore dom-
inated by thermionic emission. Thus, the current flowing through the metal/ semi-
conductor junction at forward bias can be described according to thermionic emis-
sion theory by [284]

I = IS

[
e

(
qVe f f
η kT

)
−1

]
(5.5)
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IS = AR∗T2
[

e−
(

qφb
η kT

)]
(5.6)

where η is the ideality factor, Is is the reverse saturation current (J0 for cur-
rent density), Ve f f is the effective voltage across the junction and R∗ is the effective
Richardson constant for ZnO calculated, from R∗ = 4π qm∗k2/h3 = 32 Acm−2K−2.
φb,e f f /q = Ve f f = V − IRs is used to take into account the resistance of the semicon-
ductor Rs, and when V > 3kT/q, Eq. (5.5) can be expressed as

I = IS

[
e
(

q(V−IRs)
η kT

)]
(5.7)

Figure 5.12a presents a semi-log current density versus voltage plot (log(J)−
V). A value of η is often directly extracted from the slope (s = q/(η kT)) in such
plot.[281] In the voltage range 0.01-0.1 V, η comes out as 3.2. However, η clearly
takes higher values as the voltage increases and the semiconductor resistance be-
comes more important (η = 9.3 for 0.1-0.3 V).

An alternative method to extract diode parameters from I-V measurements
was proposed by Cheung et al.[286] The ideality factor and series resistance can
be obtained from the intercept and slope of a plot of dV/ ln J vs J, with Eq. (5.7)
modified as

dV
d ln J

= RS A J + η

(
kT
q

)
(5.8)
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FIGURE 5.12: a) Semilog-J-V characteristic for the CNTf/ZnO and b)
Cheung method: d(V)/d ln J and H function vs V.

Figure 5.12b presents such plot for the same voltage and current range as in
Figure 5.12a. The experimental data follow the linear dependence expected from
Eq. (5.8) and confirm that an accurate description of the transport properties across
these junctions requires consideration of the semiconductor resistance according to
Eq. (5.7). The value of η now comes out as 2.9 and Rs as 20 kΩ. η is in the range ob-
served for high-quality graphene/semiconductor junctions,[287] close to heterojunc-
tions with cleaved highly oriented pyrolytic graphite (η = 1.25-2)[288] and similar
to literature reports on CNT/ZnO junction devices (η = 3).[289] Although the C-V
analysis for the extraction of the doping concentration is suitable for close-to-ideal
Schottky diodes (η < 2), some non-idealities are tolerable.[290] For η � 2 additional



112 Chapter 5. Fundamental Properties of CNTf/MOx Heterojunctions

capacitance contributions are included in the analysis, but whose effect is in slightly
reducing the doping concentration relative to the value obtained from Eq. (5.3),[290]
thus not affecting significantly the results and interpretation presented above.

Rs gives a low resistivity of ρZnO=70 Ωcm, which is in the range of high-quality
solution processed ZnO thin films (2.9− 138, 000 Ωcm),[291] although smaller than
previous reported values on hydrothermal ZnO (103 − 105 Ωcm).[292]

The treatment of Cheung et al.[286] also enables determination of the Schottky
barrier height (SBH) by defining a function

H(J) ≡ V − kTη

q
ln
(

J
R∗T2

)
(5.9)

Plotting the H(J) vs J and using the obtained value of η, the SBH can be ob-
tained from

H(J) = RS A J + η φB (5.10)

This method (Figure 5.12b) gives a value of φb,e f f = 0.263 eV, which is be-
tween the SBH determined directly from the I-V curve (0.61 eV) and the theoretical
value obtained from the Mott-Schottky rule (0.1 eV) (see Eq. 5.13 in the latter SBH
calculation). The discrepancy between values of SBH from Mott-Schottky (C-V) and
Cheung (J-V) is attributed to the resistance of the thick ZnO layer, which is only ac-
counted for in the latter method. When the resistance of the ZnO layer is significant,
as in the samples in this study, the SBH value according to equation 5.10 is more ap-
propriate. This will also be the case in thick ZnO layers produced hydrothermally,
and which are common in other nanocarbon-ZnO hybrids used for energy harvest-
ing[73] and photocatalysis.[272]

The Schottky barrier height (SBH) of the junction, qφ b, can be also estimated
from

φ b = q Vbi + δ sc (5.11)

where δsc is the depth of the location of the Fermi level with respect to the
conduction band of the ZnO-NWs, which can be calculated from equation:[281]

δ sc = kT ln

[
2n−1

(
2π m∗nkT

h2

)3/2
]

(5.12)

where k is the Boltzmann constant, T is the absolute temperature, h the Plank
constant, n (= ND) is the electron doping concentration and m∗n = 0.24 m0[293] is
the effective mass of electrons in ZnO, with m0 approximately 9.1x10−31 kg. It was
found that δsc = 0.03 eV and therefore the SBH is 0.61 V. This value is very close to
Vth from I-V at forward bias 0.58 eV, hence why sometimes it is directly taken as the
SBH.[294]

For reference, it was calculated the SBH for electron injection from the semi-
conductor to the CNT predicted by the Mott-Schottky rule

qφ b = q(φCNT + χ sc) (5.13)
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where φCNT = 4.4 eV[295] is the work function of the CNTfs and χsc the elec-
tron affinity of the semiconductor, in the range 4.1[296]-4.5[297] for ZnO. The SBH
obtained by capacitance measurements falls in the range of possible values calcu-
lated with Eq. (5.13), although it is higher than that value obtained using the mid
value of the literature data (≈ 4.3 eV).

This leads to a predicted barrier height of φb = 4.4 − 4.3 = 0.1 eV, which
is substantially lower than the experimental value obtained. This discrepancy is
attributed to the well-known limitations of the Mott-Schottky rule, for instance, the
exclusion of surface states in this theory.[280, 298]

Finally, a schematic representation of band alignment of the resulting CNTf/
ZnO-NWs junction before and after contact, is obtained from I-V and C-V measure-

ments (Figure 5.13). The depletion layer width, calculated from w =
√

2ε Vbi
qND

=

17.9 nm, is also shown for reference.

Eg

Eva

c

Energy

(eV)

CNT

fibre

ZnO

(n-type)

4.4 eV

4.3 eV
Ec

EF

EV

7.5 eV

Before Contact

CNT

fibre

ZnO

(n-type)

At Contact

W=17.9 nm

ϕb=0.263 eV

a)

b)

CNT c-axis

ZnO c-

axis

FIGURE 5.13: a) Schematic of the energy levels in the CNTf/ZnO het-
erojunction before and after contact. b) Schematic showing the ZnO

orientation representation according to SEM and XRD data.

Table 5.1 summarises parameters of interest obtained for the CNTf/ZnO-NWs
Schottky heterojunctions presented in this section. It includes the rectification ratio
(RR) at 1.4 V, the saturation current density, and the shunt resistance determined as
the differential resistance in the vicinity of zero bias.
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TABLE 5.1: Extracted parameters for the CNTf/ZnO Schottky hetero-
junction.

Vbi ND φb φb,e f f Rs Rsh J0 η RR
(V) (cm−3) (eV) (eV) (kΩ) (kΩ) (mA/cm2) - -
0.58 8.12x1017 0.6 0.263 20 300 273 2.9 144

The electrical contact between carbon material and ZnO has been reported in
the past as a rectifying behaviour,[294] but, up to the author knowledge, it has not
been characterised before for CNTf.

This parameters in Table 5.1 are expected to be representative of hybrid sam-
ples produced using the method discussed in this section. However, as it has been
indicated before, there is substantial uncertainty in determining the effective inter-
facial area of these samples, as well as in all meso(nano)porous hybrids. This will
affect the value of Ae f f , whose main effect is on current densities and ND, but not on
ideally factor or rectification ratio.

5.1.4 Charge transfer at the interface: photocurrent measurements

Photoconductivity measurements were performed on the CNTf/ZnO hetero-
juntion in order to study the charge transfer between both materials. In the set-up
used the CNTf acts as current-collector, or back contact, and FTO on ZnO as front
contact (see inset Figure 5.14a).

The samples are irradiated with sources of different wavelengths (365 nm UVA
lamp and 400-532-650 nm lasers) and the photocurrent is measured. Tafel plots of the
pristine CNTf and CNTf/ZnO heterojunction are shown in Figure 5.14.

Although CNTs can exhibit photocurrent signals, for example due to the Bolo-
metric effect upon light-induced sample heating,[299] control experiments ruled these
out (see Figure 5.14a). No photocurrent effect is obtained for the pristine CNTf inde-
pendently from the wavelength used. Both forward and reverse currents are equal
to the dark condition in all cases, confirming also that no heating effect has been
produced at these power densities conditions.
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For the CNTf/ZnO characteristics, the rectifying behaviour of the heterojunc-
tion is observed under reverse bias in dark conditions. After 30 s of UV light expo-
sure, and the increase of the current is clearly observed. The decay of the photocur-
rent when the light is switched off is not instantaneous, and the curve 30 second
after switching off the UV light is also presented.

Figure 5.15a shows the photocurrent response of the CNTf/ZnO-NWs hetero-
junction at 1 V bias voltage after 15 s exposure for the different irradiation wave-
lengths. The photocurrent increases exponentially as the light source wavelength
approaches the absorption edge of ZnO near 375 nm. Thus, under the configura-
tion used, the recorded photocurrent corresponds to photogenerated electrons trans-
ferred from ZnO to the CNTf.

The photocurrent signal originates exclusively from ZnO and considering that
the interfacial charge transfer resistance is smaller than the bulk resistance of ZnO,
the photocurrent data can be conveniently used to characterise other optoelectronic
properties of the ZnO layer. Figure 5.15b presents a typical photocurrent profile ob-
tained at 100 mV forward bias under steady state transient measurements. Upon
illumination of the heterojunction with UV light (365 nm and 300 µW/cm2), pho-
tocurrent increases rapidly but then starts to level off after a few minutes. The pho-
toresponse can be quantified as the photo-to-dark current ratio, which comes out
as 95. Responsivity, obtained by normalising photocurrent by effective irradiation
power gives 733 mA/W, 5000 mA/W when fully saturated from the unexcited state
(value in Figure 5.15a), which is much higher compared to that of commercial silicon
photodiodes (500 mA/W) and graphene photodetectors (10 mA/W),[300] but lower
than devices based on individual electrospun TiO2 nanofibres (90000 mA/W) under
UV-irradiation.[301]
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In the absence of trap states, the steady state photocurrent flowing through the
heterojunction depends linearly on the lifetime (τ) and mobility (µ) of photocarriers.
It can be expressed as

Iph = Ilight − Idark =
eG(µτ)VA

L
(5.14)
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σph = eG(µnτn + µpτp) (5.15)

where G is the generation rate, given by

G ≈
ηq I0

hν
(1− R)α (5.16)

with ηq the quantum efficiency (ηq = 1, for hν > Egap and no photogat-
ing effects), I0 the intensity of light at the surface of the material (300 µWcm−2),
h the Planck constant, ν frequency of light, R the reflectance coefficient (R = 0.1
for λ = 365 nm)[302] and α the absorption coefficient (α = 130.000 cm−1 for λ =
365 nm).[303] These values give a generation rate G = 6.4x1019 cm−3.

Knowing G, it is possible to calculate µτ = 0.04 cm2 V−1, which has been a use-
ful parameter when comparing transport of photogenerated carriers in ZnO materi-
als produced under a range of synthesis conditions.[291] It comes out as 0.04 cm2 V−1,
which is in the range observed for solution processed ZnO thin films.[291]

From steady state photocurrent measurements the decay constant times can be
calculated. It is accepted the adsorption-desorption of oxygen molecules mediated
with the photoconductive gain. Therefore two different phenomena have to be taken
into account. Firstly, the trapping of photogenerated carriers on the defects of the
material. Secondly, the desorption of oxygen molecules. With these two processes
in mind, two different time constants can be obtained trough the fitting by a bi-
exponential curve as:

y = y0 + A1e
−t
τ1 + A2e

−t
τ2 (5.17)

The total time constant of decay is defined as:

τtotal =
A1τ2

1 + A2τ2
2

A1τ1 + A2τ2
(5.18)

τtotal = 189.84 s was obtained, being the different fitting parameters: A1 =
2.87x10−5 A, τ1 = 19.76 s, A2 = 8.22x10−5 A, τ2 = 196.5 s (Reduced chi-sqr =
7.45x10−13 and Adj R-sqr = 0.998).

5.1.5 Electromechanical behaviour of CNTf/ZnO flexible electrodes and
sensing applications

Finally, a flexible devices to study their electrical properties under mechanical
stimuli has been fabricated. Figure 5.16a shows photographs of a electromechan-
ical device and the two individual electrodes comprising it. One electrode is the
CNTf/ZnO-NWs hybrid, and the other is pristine CNTfused for contacting the ZnO
surface, this has to be highly conductive and tough/flexible to adhere to the irregu-
lar ZnO surface.

The piezoresistivity of the device has been tested by applying a constant pres-
sure for 10 seconds and releasing the force (18 N) while the voltage was acquired.
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Several cycles were measured for ensuring the response of the material. A photo-
graph and a schematic of the experimental setup is shown in the Figure 5.16b.

A control device with only two CNTf electrodes was also tested to understand
the contribution of the metal oxide to electrostatic voltage generation,[289] as well
as to discriminate piezoresistive effects from the CNT fibre.[223] For the control de-
vice, no voltage variation is obtained. Moreover, with the selected device geometry
and test, the piezoresistive variation of the pristine CNTf is below 5% of the initial
resistance.

The CNTf/ZnO-NWs voltage variation is presented at the Figure 5.16c. Upon
loading, there is a gradual increase in voltage, which is associated with a time-
dependent change in electrical resistance, attributed to the deformation of the vari-
ous interfaces in the system, as confirmed by inspection of the displacement of the
DMA cross-head over time. Releasing the pressure produces the corresponding op-
posite effect. Superimposed on this effect is a sharp transient voltage (5 mV on aver-
age), only observed upon compressive loading and which is of opposite sign as the
piezoresistive effect mentioned above. It acts over a time-frame of few ms, which
is agreement with measurements in similar systems.[73, 304] Such transient voltage
is interpreted as the instantaneous piezoelectric polarisation of ZnO and the corre-
sponding charge flow through the CNT current collector, a mechanism that can in
principle be exploited as energy harvesting by transforming mechanical vibrations
into electrical current.[17]

a)

b)

c)

FIGURE 5.16: a) Energy harvesting assembly parts and device. b)
Energy harvesting set-up image and schematic. c) Voltage variation

vs time for CNTf/ZnO hybrid material.

5.2 Physical synthesis route of CNTf/MOx heterojunctions

5.2.1 Atomic layer deposition synthesis technique

The results presented in the previous section confirm the formation of het-
erojunction in CNTf/MOx hybrids and have helped to solved numerous challenges
associated with the complex system combining large areas/interfaces with low di-
mensional features. In this respect, it is of interest to reduce the thickness of the
MOx and increase coverage of the CNTf. For that purpose, atomic layer deposition
is a powerful technique that allows to coat the material conformally, no matter the
internal geometry of the substrate, in theory.
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A schematic of the ALD process is presented in the Figure 5.17a. The deposi-
tion conditions and chemical reactions are further explained in the Chapter 3 "Exper-
imental Techniques". Briefly, it consists on injecting the metal precursor (diethylzinc
- DEZ) in a vacuum chamber where the material is placed. This precursor interacts
with the substrate forming a monolayer of material, followed by the purging of the
chamber for removing the excess of material. After this first-half of cycle, the oxi-
dising reactant is injected. The reactant interacts with the metal precursor forming
the metal oxide material, and this second-half of a cycle finishes with the purging
of the oxidising agent. Increasing the number of cycles will therefore increase the
thickness of the MOx material.

a)

b)

Repeat ALD cycle N times

Precursor Purge Reactant Purge

First-half cycle Second-half cycle

ALDCNTf CNTf/MOx

CNT 

fibre
MOx

coating

c)

CNTf MOx

d)

FIGURE 5.17: CNTf/MOx heterojunctions by ALD technique.
a) Atomic scale process of one ALD cycle during the synthe-
sis/deposition of the MOx coating over the CNTf. b) Schematic of
the conformal deposition over the CNT bundles structure preserving
its inner interconnection. c) Schematic of the remote electrical con-
nection of the CNTf across the MOx interface. d) Digital image of

unmasked CNTf electrode after growing ZnO in half of its surface.

The interest in producing conformal layers by ALD is that the continuous con-
ductive structure of the CNTf is preserved. As represented in the Figure 5.17b, the
carbon material forms a conductive path with very low resistivity and, at the same
time, it is the scaffold for the semiconductor layer and because ALD is a gas phase
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method, the precursor can in principle penetrate through all the open porosity of the
material. CNTf ends up coated with a conformal layer but with an intact conductive
structure. Hence, the CNTf can be remotely electrically contacted from a non-coated
area (see schematic Figure 5.17c).

Furthermore, the CNTf sheet deposited over glass or FTO substrates can be
masked from the precursor deposition to obtaining partially coated materials. This
facilitates electrical measurements of these heterojunctions. An example of CNTf/
ZnO-ALD large heterojunction (2x2 cm) is presented in Figure 5.17d.

The ALD method for CNTf was developed by the research group and collab-
orators for ZnO and in parallel for TiO2.[295]

a)

180 cycles 

ZnO at 100°C 200 nm 200 nm

b)

180 cycles 

ZnO at 200°C 

200 nm

c)

360 cycles 

ZnO at 300°C 200 nm

d)

360 cycles ZnO

O2 at 200°C 

FIGURE 5.18: ZnO ALD optimisation over the CNTf substrate: a)
100 oC deposition temperature presenting ZnO aggregates – marked
with yellow circles. b) 200 oC deposition temperature showing non
uniform ZnO growth. c) 300 oC deposition temperature showing non
uniform coating. d) O2-plasma enhanced deposition at 200 oC result-

ing in a good conformal coating.

As it is not frequent to grow these materials on top of CNTs, an optimisation
of the parameters was carried out. This process for the ZnO is summarised in Fig-
ure 5.18. The process was tried at low temperature resulting in no ZnO material
deposited using oxygen as oxidising reactant. Increasing the temperature to 100 oC
the ZnO start to be deposited at some points forming particles agglomerates (see
yellow circles in Figure 5.18a). Further increase of the temperature, up to 200 oC,
leads to bigger size agglomerates. At 300 oC the ZnO start to form a layer of big and
coarse particles. More importantly, the material is not coating uniformly the surface
of the CNTs, remaining partially uncoated areas of the CNTf substrate. Finally, using
O2 plasma enhanced atomic layer deposition (PE-ALD),[305] the coatings resulted
in conformal and smooth layers of ZnO (see Figure 5.18d).
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For growing MOx with ALD technique, some wettability between the pre-
cursor and the substrate is needed. The as-made CNTf is a hydrophobic material,
but this wettability with the ZnO precursor can be mainly produced by interaction
with defects of the carbon substrate, adsorbed molecules or hydrophilic functional
groups. Other option for increasing the interaction between materials is to increase
the temperature of the process.

Successful conformal coatings were also obtained by the utilisation of water
vapour as oxidising agent, obtaining a morphology of the final material identical to
the one presented with the O2 plasma (see Figure 5.18d). These results confirms that
the oxidant also plays an important role of functionalising the CNTf surface for the
adhesion of the MOx precursor. In this respect, it shares features with water vapour
and ozone treatments developed to enhance hydrophilicity.[62, 306]

5 nm ZnO/CNTfPristine CNTf

20 nm ZnO/CNTf 40 nm ZnO/CNTf

20 nm ZnO/CNTf

Cross-section 

40 nm ZnO/CNTf

Cross-section 

200 nm200 nm

a) b)

200 nm200 nm

c) d)

100 nm100 nm

e) f)

FIGURE 5.19: SEM images of a) pristine CNTf, b-d) CNTf coated by
ALD with 5, 20, 40 nm of ZnO respectively, and e,f) cross-sections of

20 and 40 nm samples.

Moreover, by controlling the number of cycles, it is possible to tune the thick-
ness of the final material, at a rate of 0.11 nm/cycle. Figure 5.19 presents plain-views
and cross sections of different thicknesses as an example. The thicknesses grown
and used during this study were 5, 20, 40, 50, 100 nm, although not all of them were
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analysed and presented for every experiment. There is however a challenge in de-
termining the thickness and surface uniformity of the MOx coating.

SEM micrographs of the pristine CNTf are included for comparison in the Fig-
ure 5.19a. Under the voltage used (3 keV) there is electron transmission, observed for
example where the bundles of CNTs overlap. In contrast, when the CNTf is coated
with a nominal 5 nm of ZnO, this feature is not observed, indicating the presence of
the thin layer of MOx material (Figure 5.19b). 20 and 40 nm are presented in plain-
view and cross-section in Figure 5.19c-f respectively. The cross section from thin
films of CNTf (< 1 µm) coated with 20 and 40 nm of ZnO were obtained by focus ion
beam milling of the sample. The ZnO-ALD coating is observed conformally coating
the surface of the bundles as a clear change in contrast between materials. The coat-
ing is observed for both thicknesses to be uniformly deposited through all the cross
section of < 1 µm thick CNTf substrate.

An important observation from these results is obtained looking closer the
porosity of the material. From the plain view and cross section (Figure 5.19) is con-
cluded that the volumetric porosity of the CNTf decreases as the thickness of the
ALD layer is increased.

5.2.2 Morphology, structure and interfacial characterisation of the CNT
fibre/ ZnO-ALD material

Although this chapter is focus on CNTf/ZnO heterojunctions, ALD was also
used to produce other heterojuctions (CNTf/TiO2) and these structures and electri-
cal properties were studied in our group.[295] Since both materials are used in this
thesis, both are discussed. The general morphology of CNTf/MOx-ALD junctions is
proposed in Figure 5.20.

The ZnO (left) and TiO2 (right) are continuous and homogeneous through all
the surface of the CNTf substrate. This can be observed at different magnification
scales, from the micro- and nano-scale (Figure 5.20a-c) to the macroscopic size, ob-
serving the same morphology through all the surface of a sample of 10 cm2. From
TEM imaging (Figure 5.20c,d) it is concluded that the ZnO and TiO2 present dif-
ferent crystallisation and growing mechanisms. ZnO obtained layer is completely
crystalline, on the contrary the TiO2 deposition results in a totally amorphous mate-
rial. The crystallinity of the material is confirmed by selected area electron diffrac-
tion (SAED). In the Figure 5.20d both SAED patterns (insets) correspond to the area
presented in the TEM images. The ZnO crystallises as small particles (5-10 nm di-
ameter), growing in close proximity, forming the continuous layer. For the TiO2, the
material is deposited in a completely amorphous phase providing a much smoother
surface of the oxide.

The detailed microstructure of the ZnO nanoparticles was investigated by TEM.
The interface between the nanoparticles and the CNT bundles after the deposition
of the initial 5 nm of material is presented in the Figure 5.21. A bundle of CNTs
decorated with ZnO nanoparticles was selected (Figure 5.21a) and the diffraction
pattern of this region was acquired (Figure 5.21b). The SAED pattern of the interface
area presents the structure of the CNT bundle and the ZnO coating together. The
CNT bundle presents a turbostatic graphitic structure and two very intense diffrac-
tion spots perpendicular to the bundle axis from CNTs (002) planes of the graphitic
structure with a calculated interplanar distance of 0.34 nm. This diffraction spots are
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perpendicular to the CNT bundle axis, as marked with a red arrow. The first ring of
diffraction spots correspond to the three main planes of the ZnO-wurtzite structure
– (100), (002) and (101), marked with a yellow arrow.

400 nm400 nm

100 nm100 nm

a)

20 nm ZnO 20 nm TiO2

b)

50 nm 50 nm

10 nm 20 nm

c)

d)

5 nm-1 5 nm-1

FIGURE 5.20: Comparison between ZnO (left) and TiO2 (right) con-
formally growth over the CNTf by ALD. SEM images at a) 20,000x
magnification and b) 100,000x magnification. c) TEM images show-
ing a rough nanocrystal-formed ZnO coating besides the smooth TiO2
coating. d) TEM images and diffraction patterns showing the crys-
talline structure obtained for ZnO and an entirely amorphous struc-

ture for the TiO2.
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FIGURE 5.21: TEM structural analysis of the CNTf/ZnO-ALD hert-
erojunction. a) Low-resolution image of a CNTf bundle coated with
ZnO-ALD nanoparticles after the initial 5 nm of material. b) Selected
area electron diffraction (SAED) pattern of region presented in a. c)
HR-TEM image of untreated ZnO nanocrystal in the (011) direction
showing the lattice distance in (100) plane. d) Interplanar distance
analysis of the ZnO nanocrystal: corresponding fast Fourier trans-
form (FFT) pattern and same pattern after masking and subtracting
the noise, inverse FFT and 2D-instensity profile from where the inter-
planar distance is obtained. e) TEM image of an additional particle in
contact with a CNT bundle. Magnification of the interface showed as
inset. f) Interplanar distance analysis of the ZnO nanocrystal and the

CNT bundle.
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A closer view of the ZnO nanoparticles (Figure 5.21c) shows the high crys-
tallinity of the as-deposited material. The fast Fourier transform (FFT) of the se-
lected area in Figure 5.21c is included in Figure 5.21d (upper left image). After mask-
ing, filtering and performing the inverse FFT, the atomic distribution presented in
Figure 5.21d shows that, although with irregular shape, the entire nanoparticle is
monocrystalline. From calculations using the intensity profile of this generated lat-
tice, the bond length of atoms within the ZnO (100) planes are 0.28 nm.

Several regions of the material were analysed to elucidate a possible relation
between the CNTf orientation and the ZnO crystal growth orientation. As an exam-
ple, the region presented in Figure 5.21e was analysed. The crystalline orientation
between ZnO and CNT bundle was obtained by calculating orientation of particles
referenced to the CNTf axis (along (002) graphite planes), but there is no any pref-
erential orientation observed between these two materials after analysing several
particles.

b)

ZnO

50 nm50 nm

a)

100 nm

c) HR-TEM

HAADF
0.00 0.05 0.10 0.15 0.20 0.25

0

20

40

60

80

100

In
te

n
s
it
y
 (

%
 A

t)

Distance (m)

 Carbon  Oxygen  Zinc

d)

ZnO

FIGURE 5.22: TEM-EDX analysis of 20 and 100 nm thickness ZnO-
ALD coating. a) 20 nm HR-TEM and HAADF images. b) EDX compo-
sitional mappings. c) 100 nm HR-TEM and HAADF images. d) EDX
compositional mappings and line-scans showing the uniform Zn and
O content. Selected regions represented with a yellow rectangle in

images a and c.

The uniformity of the hybrid material was confirmed by energy-dispersive X-
ray spectroscopy (EDX) of the nanocrystals by TEM technique. Thin (20 nm) and
thick (100 nm) thickness ZnO coating are compared in the Figure 5.22. Two clear
regions of both materials were selected and they are presented in HR-TEM imag-
ing and HAADF modes. Compositional mappings of those areas were acquired and
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they are presented in the Figure 5.22b,d; a strong signal of Zn element appears homo-
geneously distributed along the samples. The presence and distribution of the ZnO
was further verified by semi-quantitative estimation by EDX.[307] The scanned areas
are marked with a yellow rectangle in the Figure 5.22a,c. For the 100 nm thickness it
is presented as a magnified inset under the corresponding compositional line-scan
in Figure 5.22c,d.

Both materials presents a uniform surface coated with ZnO nanoparticles. The
thicker material presents lower transmission of electrons and the inner CNTs bun-
dles are not observed.

Further insights about the crystal structure of the CNTf coated with ZnO were
also obtained by X-ray diffraction (XRD) in reflection mode, and by synchrotron X-
ray diffraction in transmission mode (Figure 5.23).
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FIGURE 5.23: a) 2D-SAXS/WAXS patterns of the CNTf/ZnO-ALD
heterojunction with the CNTf c-axis in vertical direction. b) Az-
imuthal integration of the CNTf SAXS pattern and ZnO WAXS
diffractions in vertical and horizontal direction. c) Radial integration
of the WAXS patterns. d) Conventional XRD measurements in reflec-

tion mode.

The horizontal and vertical orientations of the CNTf (respect to the c-axis of the
fibre) were analysed in transmission mode, providing the 2D patterns shown in the
Figure 5.23a. Notice the shadows that appears in horizontal direction, closer to the
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CNTf. This part of the pattern corresponds to the SAXS region, and these shadows
are characteristics of the oriented CNTf in transversal direction to its c-axis.

The 2D patterns were analysed by integrating in azimuthal and radial direc-
tions the signal. The azimuthal integration of the different signals that appear in the
patterns along vertical and horizontal directions are presented in the Figure 5.23b.
By integrating the intensity of one diffraction along the azimuthal angle (φ), it is pos-
sible to observe if there is any preferential crystalline orientation. The orientation of
the CNTf is obtained from the SAXS pattern, showing a FWHM of approximately
30-40 o, corresponding to a low orientation degree CNTf typical of large tows of
material.[53] As it is possible to observe in this graph, there is no preferential orien-
tation of any of the ZnO crystal reflections. This confirms that the ZnO conformal
coating is produced by small nanoparticles that are not preferentially orientated at
the nanoscopic level at the interface with the CNTf. As such, these results rule out
epitaxy or a strong interaction with specific crystal planes favouring nucleation.

The vertical and horizontal WAXS patterns are also azimuthally integrated
(Figure 5.23c). The intensity ratio among the peaks, as well as their broad profiles,
are indicative of the nanoparticle morphology of the crystals, in agreement with
conventional powder XRD patterns. The diffraction peaks were assigned to ZnO-
wurtzite. Once again, the XRD patterns indicates a polycrystalline structure with
broad peaks due to the small dimension of the nanoparticles. Three main diffraction
peaks are observed at 31.76o, 34.41o and 36.25o. These peaks can be indexed respec-
tively as (100), (002) and (101) crystallographic planes of the wurtzite ZnO structure
(JCPDS No. 36-1451) and in agreement with the previous experiment, the intensity
relation shows no clear preferential growth of the crystals.

The hybrid materials have been analysed by Raman spectroscopy showing
differences depending on the oxidising agent used during the synthesis. The Raman
spectra of both materials are presented in the Figure 5.24a,b, before and after ZnO
deposition. The measured spectra signals are in agreement with the literature,[209]
but in this Figure 5.24a,b, the attention is focused in the D-G peaks of the material.

From this comparison, the higher oxidising capability of the O2 plasma syn-
thesis conditions against the water vapour is concluded. The ratio D/G between
from H2O vapour change from 0.21 to 0.34 when ALD process is carried out (Fig-
ure 5.24a). On the contrary, this ratio increases almost a factor of two when the O2
plasma is applied – from 0.06 to 0.67, presented in Figure 5.24b. The CNTf surface
modification by both routes leads to creation of preferential sites for the anchor-
ing of the chemical precursors. For a proper comparison and reducing additional
artefacts, the spectra were acquired with low intensity and same parameters for all
samples, further details in Chapter 3 "Experimental Techniques". Although here are
compared 20 and 40 nm hybrids, the result is consistent with different thicknesses of
the deposited layers.

For a ZnO monocrystal prepared by hydrothermal method, vibrations par-
allel to c-axis, A and B modes, are presents: A1 at about 378 cm−1, B(low)

1 -B(high)
1

at about 284 cm−1. Vibrations perpendicular to c-axis show more active E modes;
E(low)

2 at about 100 cm−1, E(high)
2 -E(low)

2 at about 333 cm−1, E1(TO) at about 410 cm−1,
E(high)

2 at about 438 cm−1, E1(LO) at about 590 cm−1.[275] The Raman scattering from
ZnO/CNTf in the ZnO region was very weak, but its main reflection E(high)

2 could
nevertheless be resolved after optimisation of measurement conditions for the 40 nm
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thickness ZnO layer (see Figure 5.24c). The low intensity and broadening of the
peaks is attributed to the small size effect of the nanoparticle layer.[308] Similar Ra-
man spectra have been reported for ALD-ZnO layers at different temperatures,[309]
showing the same small contribution of the E(high)

2 mode for higher thicknesses and
independently of the growth temperature range.
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FIGURE 5.24: Raman spectra of the CNTf/ZnO-ALD heterojunction
produced by a) water vapour and b) oxygen plasma oxidising agents.

c) Magnified region of the ZnO Raman spectrum.

The fracture surface of a 1-2 µm thick CNTf/ZnO-ALD 40 nm sample – synthe-
sised from H2O vapour oxidising agent, is presented in the Figure 5.25a. Although
the bulk ZnO is a brittle material, its morphology and low dimensionality still allows
a high degree of deformation of the structure. The fracture surface presents a clear
degree of deformation in the direction of the forces responsible of breaking the ma-
terial. A closer look reveals the strained CNTf/ZnO region (Figure 5.25b) shows the
high toughness of the hybrid material. Some cracks are observed in the coating of
the semiconductor layer (marked with a yellow circle), but still the material presents
a high structural integrity demonstrating the robust mechanical interface between
both materials. This SEM image attests the intimate contact between the MOx coat-
ing and the CNTs surface, which probably constitutes the basis for the electronic
interactions between the components. The CNTf, acting as scaffold, ensures the
electrical path inside the semiconductor. Because of the lower electrical resistance
of the CNTs, the phenomena occurring at the surface of the semiconductor will be
independent in most cases of the observed cracks at the surface, e.g. electrochemical
or photoelectrical phenomena.
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FIGURE 5.25: a) SEM images at the fracture surface of the
CNTf/ZnO-ALD 40 nm hybrid. b) Closer look of the CNTf bundles
coated with MOx partially cracked and strained. c) SEM of the CNTf

pulled out from the fracture surface.

For a better understanding of the CNTf/ZnO interaction, a Raman mapping
of 20x50 µm2 (over 500 spectra) was performed at the fracture surface interface. This
region is marked with a red square in the Figure 5.25a. The representation of the
D/G ratio is overlapped with the optical microscopy image of the selected analysed
region. Two clear different regions can be observed in the mapping. The area where
the CNTs are coated and hybridised with the ZnO semiconductor presents a D/G
ratio of approximately 0.4, whereas the exposed CNTs coming out from the fracture
surface shows a D/G ratio below 0.1. These two regions are the analogous to the
ones presented in the Figure 5.25b,c.

The low D/G ratio of the CNTf at the fracture surface is explained by con-
sidering that the CNTs are pulled out from inside the CNTf/ZnO hybrid material.
Part of the outer and defective CNTs that compose the CNT bundles could remain
inside the conformal ZnO structure. After the fracture, defect-free CNTs of the CNT
bundles are exposed leading to a less defective Raman signal (lower D/G ratio).
This would explain the "purity" and low level of defects of the CNTf coming out the
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fracture surface. Moreover, it would also support the strong and robust interaction
present at the CNTs/ZnO interface.

Apart from the D/G ratio variation by the oxide deposition, the shift of G
and 2D peaks has been analysed. Changes in the graphitic electronic structure can
be induced either by mechanical strain of the carbon lattice or by charge doping.
Electron transfer at the interface between both components, similar to electron/hole
doping of the CNTs, results in noticeable shifts in the CNT Raman modes.

An additional Raman mapping with the same parameters was acquired far
from the fracture area. The spectra were analysed and fitted their G and 2D peaks
with Lorentzian shapes. The peak centre positions resulted from the fitting have
been plotted in Figure 5.26, showing an average shift of approx. 1 cm−1 for the G
peak (from 1582.1±0.2 cm−1 to 1583.2±0.5 cm−1) and 2 cm−1 for the 2D peak (from
2680.4±0.4 cm−1 to 2682.5±0.8 cm−1). The ratio ∆2D/∆G > 2 indicates the presence
of residual strain induced in the CNTf by the ZnO-ALD layer, probably by differ-
ences in thermal expansion coefficients during the deposition process. Charge dop-
ing effect has been reported to provide quasi-linear behaviour between G and 2D
peaks shift, but with a lower proportionality factor (typically <1).[310, 311] There-
fore, CNTf is being affected by the hybridisation process, where the growth of metal
oxides nanoparticles onto the CNTf surface produces a compression force on the
CNTf bundles.
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FIGURE 5.26: CNTf 2D and G Raman modes extracted from fitting a
500 spectra Raman mapping before and after the ZnO-ALD process.

Residual compression state has been measured for similar hybrids CNTf/TiO2-
ALD by x-ray diffraction microstrain measurements.[295] The previous Raman spec-
troscopy mappings also support the same phenomenon. Moreover, this compres-
sion stress ensures a close interface between the ZnO and the CNTf that will have
consequences over the charge transfer phenomena at the interface and the hybrid
mechanical properties in general.

A schematic explaining the origin of the residual stresses is shown in the Fig-
ure 5.27. When the precursor diffuses along the surface of the CNTf it forms small
clusters of atoms that grows until they find the neighbour particle. When the par-
ticles collide some tangential forces are generated and transferred to the substrate
generating a radial compression state and probably axial compression. Moreover,
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the synthesis process carried out at 200 oC might generate residual axial compres-
sion stresses over the CNTf due to mismatch between coating and substrate thermal
expansion coefficients.

a) b) c)

FIGURE 5.27: Schematic of the MOx-ALD layer growth and the con-
sequent CNTf compression stress state. a) Particles nucleation and
growth by precursor diffusion and preferential adsorption during the
initial cycles. b) Initial conformal layer formation after few nanome-
ters, and stress state represented by the yellow arrows due to ther-
mal expansion variations during the process. c) Schematic of a final

thicker conformal layer on top a CNTf bundle.

5.2.3 Chemical environment and electronic structure of the CNTf/ZnO-
ALD material

The chemical environment and electronic structure of the CNTf/ZnO-ALD hy-
brids were analysed by XPS, which provides information about the composition and
oxidation state of materials and thus about interfacial interactions between compo-
nents. Moreover, the different functional groups present at the surface of the pristine
CNTf, as well as the ones created during the ALD technique can also be analysed by
this technique.

Figure 5.28 shows the XPS survey spectra of the CNTf and the CNTf/ZnO-
ALD hybrids materials. The pristine CNTf is compared with the CNTf treated with
10 minutes of O2 plasma at 200 oC, corresponding to the conditions applied dur-
ing the ALD treatment process (Figure 5.28a). 5 and 50 nm thickness ZnO-ALD
deposited over the CNTf has been compared in the Figure 5.28b. The C1s and O1s
peaks appear at approximately 284.4 eV and 533 eV for all samples.[59, 62] For the
hybrid materials, the Zn2p peaks are also observed at 1022 eV.

The oxygen to carbon relative content has been obtained from the peak-areas
ratio after the fitting and deconvolution of every individual peak. For the pristine
and plasma treated CNTf, the ratio increase from 0.18 o 0.76 respectively. This indi-
cates a high density of functional groups introduced by the plasma treatment used
as part of the optimised ALD process, responsible of the enhanced attachment of
the ALD precursor over the CNTf and the nucleation of the MOx. This implies that
the interface between ZnO-Nanoparticles (NPs) and the CNTs will have a high den-
sity of anchoring points between the ZnO and the CNTs, later responsible of better
mechanical and electrical interconnection of both materials. For the hybrid materi-
als, there is a C1s signal, which decreases with increasing ZnO thickness. This also
implies that the carbon signal observed in the 50 nm ZnO sample originates from
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adsorbed carbon contaminants including possibly the subproducts of the ALD syn-
thesis technique (-CH groups from the diethylzinc precursor) that remain trapped
into the MOx structure.[198]
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FIGURE 5.28: Survey XPS spectra of a) pristine CNTf and oxygen
plasma treated CNTf, and b) 5 and 50 nm ZnO deposited over the
CNTf. The O1s, C1s and Zn2p emissions are marked as well as the

peak area ratios.

Figure 5.29 shows a closer look of the XPS spectra for the C1s core level with
their corresponding fitted components. The C1s peak of the pristine CNTf (Fig-
ure 5.29a) presents a main components located at 284.4 eV, corresponding to sp2
hybridised carbon in the CNT structure (C=C). Two additional components are in-
cluded for the deconvolution of this peak, one located at 284.8 eV related to the C-C
(sp3 carbon) and C-H bonds, and another 285.5 eV attributed to C-O groups.[59,
62] These emissions are mainly attributed to residual amorphous carbon produced
at final stages of the CVD synthesis process. The oxygen plasma treatment has an
strong influence over the structure of the CNTf material (Figure 5.29b). The reduc-
tion of the sp3 carbon component is due to the plasma creating defects at the surface
of the CNTs, similar to gas phase ozone treatment using a UV lamp.[62] These de-
fects increases the amount of sp3 carbon (C-C bonds) in the material, observed as an
increment of the 284.8 eV emission.

For the 5 nm ZnO hybrid material, the C1s emission (Figure 5.29c) shows a
predominant C-O component (285.5 eV), in agreement with literature[312] and men-
tioned before, probably related to confined residual components of the ALD precur-
sor deposition (DEZ – diethylzinc).[198] Due to the low thickness of the semiconduc-
tor, and perhaps the incomplete coating of the surface, there is probably still contri-
bution from emission of the CNTf substrate (sp2 and sp3 components). Although
the chemical interaction between carbon and zinc has been reported in the past by
some authors,[313, 314] there is no evidences in our material of the corresponding
C-O-Zn bond at 283.7 eV. When the thickness of the ZnO is increased, there is no
more contribution of the CNTf substrate to the XPS spectra (Figure 5.29d). The C-O
component is still present, as well as a peak 290 eV attributed to O-C=O bonds[192,
315] from surface groups.
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FIGURE 5.29: XPS C1s core level of a) CNTf substrate, b) oxygen
plasma treated CNTf, c) 5 nm and d) 50 nm CNTf/ZnO-ALD hybrid

materials.

The O1s core level is also presented in detail in the Figure 5.30. For the pris-
tine CNTf, O-C bonds (533 eV) are present due to amorphous carbon residue as
mentioned before. Still the intensity of the O1s emission is small as it is observed
from the O1s/C1s ratio presented in the Figure 5.28a. There is no other contribution
observed when the CNTf substrate is oxidised by plasma treatment, although the
intensity of this signal shows an important increment in magnitude.

For the hybrid materials (Figure 5.30c,d), after depositing 5 nm of ZnO, the
O1s peak shows a wider envelope and two more components can be deconvoluted.
The C-O peak appears very similar in CNTf and 5 nm ZnO/CNTf, suggesting that is
mainly due to impurities. According to previous studies of ZnO by ALD,[198, 312]
residual O-H bonds, located at 532.2 eV, can easily be formed in oxygen vacancies.
More importantly, Zn=O bonds normally located at 530.4 eV start to appear in the
spectra, although of low intensity. The low intensity of the Zn=O peak may suggest
that the initial layers (or nanometres) of material deposited by ALD could be not
fully oxidised. This would lead to Zn(1−x)O or even metal zinc clusters,[309] as sim-
ilarly reported before for other metals.[316] When the deposited ZnO thickness is
increased (Figure 5.30d), the ratio between O=Zn and O-H signals is increased, indi-
cating a higher degree of oxidation. This is a important result suggesting differences
in composition of the ZnO-ALD layer when is deposited at different thicknesses over
the CNTf substrate.

Notice here that the difference in ZnO thicknesses correspond to longer ALD
process. This time varies in several hours from one sample to other. That time at
200 oC could explain some chemical differences as well as produce some recrystalli-
sation of the ZnO thicker layers.
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FIGURE 5.30: XPS O1s core level of a) CNTf substrate, b) oxygen
plasma treated CNTf, c) 5 nm and d) 50 nm CNTf/ZnO-ALD hybrid

materials.

Finally, the core levels of the Zn2p are analysed for the 5 and 50 nm CNTf/ZnO-
ALD hybrids and presented in the Figure 5.31a. The peaks related to the Zn2p3/2
and Zn2p1/2 are clearly observed at 1021.6 and 1044.4 eV respectively. The oxidation
state of the ZnO can be attributed from the position of the Zn2p3/2 emissions. How-
ever, it is difficult to distinguish the oxidation state of Zn according to the Zn2p3/2
peak, since the binding energy of the metallic Zn0 (1021-1022 eV) overlaps with that
of the Zn2+ in ZnO (1022-1022.5 eV).[317, 318]
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FIGURE 5.31: a) XPS Zn2p core levels and b) Auger Zn LMM lines of
CNTf/ZnO-ALD hybrid materials.

Apart from the higher intensity of the 50 nm ZnO hybrid, some differences
are observed in the Zn LMM Auger lines (Figure 5.31b) of both materials, which are
more sensitive to differences in chemical environment than Zn2p peaks. The lower
kinetic energy peak (Zn1: 987.2 and 988.8 eV) are attributed with Zn bonded with
oxygen, whereas the shoulder at higher kinetic energy (Zn2: 991 eV) indicates the
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presence of metallic Zn originated from zinc interstitial and/or oxygen vacancies.
The kinetic energy for the LMM peak of Zn0 is ranged in 991.8-992.5 eV, and Zn2+

is in the range 987.7-988.5 eV.[318] The peak ratio Zn2/Zn1 (metallic to oxidised
Zn) are apparently more than 0.5 for 50 and 5 nm coatings, and although there are
evident differences between both materials, for proper quantitative determination,
more precise measurements with standard calibrants are required. This result im-
plies different chemical environment for the ZnO material produced at low number
of cycles against large ALD treatments.

5.2.4 Electrical characterisation and photocurrent measurements of the
CNTf/ZnO-ALD heterojunction

The electrical properties of the CNTf/ZnO-ALD hybrids were characterised
by solid state I-V measurements. One of the difficulties of measuring such a thin
3D-interfaces is ensuring the proper contacts between materials. For measuring the
metal-semiconductor interface, a proper electrical contact between both materials
must be performed, and for that, tungsten needles mounted in a probe station were
used. The measurement procedure involves firstly contacting one of probe-station
needles (negative electrode) with the CNTf material. For ensuring that, the tip is
pressed until it goes through the thickness of the material, breaking the semiconduc-
tor layer and therefore ensuring the CNTf (metallic) connection (see Figure 5.32a).
Secondly, for the semiconductor electrical contact, a live electrical measurement us-
ing the tungsten needle while approaching the surface of the semiconductor was
followed. With this approach, it is possible to ensure the contact without breaking
the thin semiconductor layer. At the same time, considering the elasticity of the
CNTf substrate, due to its foam-like structure at the nanoscale, the contact at the
surface of the semiconductor was sequentially increased to understand the effect of
the pressure over the conduction properties of the heterojunction. A schematic of the
material and this measurement approach as well as an optical image is presented in
the Figure 5.32a.

Data from a control experiment showing the I-V characteristics of a pristine
CNTf while increasing the pressure (P1 to P6) are presented in Figure 5.32b. Al-
though the pressure was finely adjusted by decreasing the z-height of the contact
with a micropositioner, there was no set-up in place to measure the corresponding
force applied. As shown, the current increases slightly due to a better electrical con-
tact, and resistance goes about from 180 to 400 Ω. This variation is mainly attributed
to the diminished contact resistance between the tungsten needle and the CNTf.
This control experiment provides a magnitude for the changes in CNTf/contact re-
sistance.

The same experiment was performed over a CNTf/ZnO-ALD heterojunction
with a semiconductor thickness of 20 nm, enough for ensuring a uniform conformal
coverage at the surface of the CNTf. A continuous measurement of I vs t (time) was
performed during 300 s, sweeping the voltage at the same time between +2 and -
2 V with an scan rate of 500 mV/s (Figure 5.32c). During this measurement, the
pressure at the semiconductor contact was slightly increased from P1 to P6. The
calculated resistance shows a resistance variation of two orders of magnitude range.
This experiment also shows the stability of the measurement under fixed conditions,
with resistance being stable for a constant contact pressure.
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An individual I-V curve is extracted from every range of pressure from the
previous experiment, they are presented in the Figure 5.32d. These characteristics
shows a non-ohmic behaviour due to the presence of the semiconductor at the inter-
face.
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To gain further insights into the electrical properties of the hybrids, this experi-
mental method was applied to samples with different semiconductor thickness. The
I-V curves for 5, 20, 50, 100 nm ZnO-ALD thicknesses are included the Figure 5.33a.
As it is observed from these curves, the low thickness ZnO-ALD hybrids leads to
metallic (ohmic) contacts, whereas the thicker ZnO layers (50-100 nm) show an evi-
dent rectifying behaviour. The rectification ratios are 5.6 and 4.5 for 100 nm and for
50 nm respectively (both calculated between -1 and 1 V from Figure 5.33b).

Due to the low resistance of this heterojunction, in comparison to the previ-
ous section, the thermionic emission theory can be used for obtaining the SBH and
ideallity factor of the junction. η = 30 and Vbi=0.54 V (0.7-1.5 V range) are ob-
tained for 50 nm coating, and η = 50 and Vbi=1.1 V (1.2-1.5 V range) are obtained
for 100 nm. These values are far from the reported range of an ideal Schottky diode
behaviour.[280] It is important considering the low dimension of the ZnO layers for
5 and 20 nm. In this range, the charge depletion region of the material (w) would be
close to the physical size of the thin ZnO-layers, it can be estimated considering a
carrier concentration 8x1019 cm−3[319] as 3 nm and 3.7 nm for 50 nm and 100 nm re-
spectively. The obtained characteristics obtained from the electrical characterisation
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are summarised in the Table 5.2. Apart from the physical properties of the junction,
the formation of electrical pinholes induced by current in such a thin layers could ex-
plain the low resistive behaviour of the thinner ALD layers.[320, 321] The presence
of defects also increase when decreasing thickness, increasing the leaking current
and the possible appearance of metallic conducting channels through the layer.

-1.5 -1.0 -0.5 0.0 0.5 1.0 1.5
10

-7

10
-6

10
-5

10
-4

10
-3

10
-2

C
u

rr
e

n
t 

(A
)

Voltage (V)

-1.5 -1.0 -0.5 0.0 0.5 1.0 1.5
-6x10

-5

-3x10
-5

0

3x10
-5

6x10
-5

C
u

rr
e

n
t 

(A
)

Voltage (V)

CNTf/ZnO-ALD: 

 5 nm

 20 nm

 50 nm

 100 nm

 CNTf Pristine

a) b)

0 20 40 60 80 100
10

0

10
1

10
2

10
3

10
4

C
o

n
d

u
c
ti
v
it
y
 (

S
/c

m
)

Thickness (nm)

 Forward

 Reverse

c)

FIGURE 5.33: a) I-V, b) Tafel curves and c) conductivities of the
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TABLE 5.2: Extracted parameters for the CNTf/ZnO-ALD hybrids
heterojunction.

Sample Conductivity η Vbi w RR
(S/cm) (V) (nm) −

Pristine CNTf 3200 - - - -
CNTf/ZnO-ALD 5 nm 300 - - - -
CNTf/ZnO-ALD 20 nm 32 - - - -
CNTf/ZnO-ALD 50 nm 34 30 0.54 3 4.5
CNTf/ZnO-ALD 100 nm 12 50 1.1 3.7 5.6

The CNTf/ZnO-ALD hybrid conductivities have been calculated from the I-
V measurements, directly from currents at 1 V forward biased and 0.5 V reverse
biased. The obtained values are presented as an inset of the Figure 5.33c. The same
approximation than in the previous section was applied for calculating the effective
area of the measurement (180 µm2) and the electric channel was directly taken as the
total hybrid material thickness (≈ 10 µm). The obtained conductivities are 3200, 300,
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32, 34 and 12 S/cm for the pristine material, and 5, 20, 50, 100 nm respectively. This
values are in the range of previous reported similar ZnO-ALD material.[196, 322]

The conductivity of the ZnO by ALD method has been reported very sen-
sitive to the deposition technique conditions. In previous studies, increasing the
deposition temperature from 100 to 170 oC, the conductivity increases from 0.43 to
260 S/cm, measured by Hall measurements, at a drain voltage of 25 V and for 130 nm
thickness of ZnO-ALD layer. The values are consistent with the results obtained.
In this study, although the deposition temperature is 200 oC, for the thickest layer,
the conductivity ranges one order of magnitude below the reported values. More-
over, in other research, the enhanced conductivity has been attributed to an increase
concentration of -OH groups that increases the carrier concentration.[319] This is in
agreement with the XPS presented results, where the concentration of -OH groups
is also higher for the 5 nm compared to the 50 nm.

More importantly, the metallicity of the electrical junction has been shown
very dependent on the carrier concentration of the material. The variation in thermal
processing conditions have shown an increase in carrier concentration from 1016 to
1020 cm−3. This is also related with a variation in the rectifying ratio of a ZnO junc-
tion of six orders of magnitude.[280, 319]

5.2.5 Charge transfer study of the interface

As it has been explained for the previous photocurrent measurements, the
photon-sensing properties of the ZnO photodetectors are primarily governed by
the oxygen molecule adsorption/desorption behaviours on the metal oxide surface.
With this type heterojunctions, where the surface of the ZnO has been maximised,
there is a huge increase in accessible surface for the chemical reactions to take place.
Moreover, using the CNTf as inner current-collector for the semiconductor, the elec-
trical signal generated by the surface chemical reactions is extracted much more ef-
ficiently.

UV-photocurrent measurements are used as confirmation of charge transfer
phenomena at the CNTf/ZnO-ALD interface, but apart from that, it also serves
as prove of the material for other promising applications like UV-photodetectors.
CNTs/ZnO-ALD materials has already been tested as UV n-type and p-type pho-
todetectors depending on the ALD reaction cycles and the degree of coverage.[323]

A schematic of the CNTf/ZnO-ALD photocurrent measurement is presented
in Figure 5.34a. In this measurement, the hybrid material deposited over a glass sub-
strate is measured through the metal-semiconductor interface. 1 cm2 FTO is used
as upper electrode for allowing the illumination during the interface characterisa-
tion. This electrode allows the illumination of the semiconductor and at the same
time to measure its photocurrent response. Philips UVA-lamp, 365 nm radiation and
0.3 mW/cm2 power was used; notice here the low power intensity of the illumina-
tion source, important parameter for calculating the responsivity of the material. A
bias voltage of 0.1 V was applied for better resolution of the acquired signal.

The materials with different ZnO thicknesses – 20, 50, 100 nm, have been illu-
minated during 300 s and later waited until its complete recovery. The I-t curves are
presented in the Figure 5.34b. A consistent behaviour is obtained for the three hy-
brids, showing an increase in the current under UV-light exposure and decreasing
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slowly close to initial value after switching off the light. It is well known the that
ZnO is n-type semiconductor with electrons as major charge carriers. Under dark
conditions, oxygen species are chemisorbed onto the surface of the ZnO nanoparti-
cles capturing the free electrons in the conduction band of the n-type semiconduc-
tor. This results in an increase in the thickness of the electron depletion layer at the
physical interface. However, under UV-light illumination, electron-hole pares are
generated in the ZnO nanoparticles, an the photon generated holes recombine with
the adsorbed oxygen species. As a result, the adsorbed oxygen species are removed
and release electrons to the conduction band of ZnO.

0 200 400 600 800

1.0x10
-5

2.0x10
-5

3.0x10
-5

4.0x10
-5

5.0x10
-5

Light OFF

C
u

rr
e

n
t 

(A
)

Time (s)

 CNTf/ZnO-ALD 20nm

 CNTf/ZnO-ALD 50nm

 CNTf/ZnO-ALD 100nm

Light ONa) b)

FTO

CNTf/ZnO-ALD

Glass 

Substrate

UV Light

FIGURE 5.34: a) Schematic of the UV-light photocurrent contacts and
measurement. b) CNTf/ZnO-ALD heterojunction UV photocurrent

measurements as function of the semiconductor thickness.

Some differences can be found between the curves. Firstly, the initial currents,
prior illumination, are proportional to the conductivity of the material. Thinner
semiconductor coating leads to lower interfacial resistance and higher current (I at
t=0). Secondly, the 20 nm ZnO hybrid shows a lower increase in the current con-
ductivity under illumination. This suggest that the depletion region at the interface
of this material is almost inexistent, an no charge accumulation is observed. With
this thin semiconductor thickness, the electrons are directly transferred to the CNT
forming a quasi-metallic interface, therefore, the effect of the oxygen accumulation
at the surface is not causing a noticeable variation on the conduction state of the
material. The third important difference between the hybrids with different ZnO
thickness is related to the decay times of the current. This time is much sorter for
the thin semiconductor coating (0.0048 s−1 decay rate calculated from a single expo-
nential for 20 nm) compared to the thicker coating (0.0233 s−1 decay rate for 100 nm),
confirmed by the intermediate value of the middle thickness coating, 0.0073 s−1 de-
cay rate for 50 nm. The values are consistent with the previous reports for similar
materials, where the increase in conductivity is explained by a n-type doping of the
nanocomposite produced by oxygen adsorption at the surface of the material.[323]

Finally, the photoresponse of the materials (photo-to-dark current ratios) are
obtained approximately as 3, 3.2 and 5, for the 20, 50 and 100 nm respectively, that are
in agreement with the higher current injection provided by larger number of excited
carriers. The responsivity of the materials, obtained by normalising the photocurrent
(Jlight − Jdark) by the effective irradiation power (300 µW/cm2), is obtained from the
curves presented in Figure 5.34b. 100, 143 and 182 mA/W are the obtained for the
20, 50 and 100 nm respectively.
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5.3 Summary and conclusion

In this chapter, the attention is focus on the structure and electrical properties
of a novel material, CNTf hybridised with ZnO semiconductor, that can potentially
be employed for multiple applications.

In first place, micrometer-size ZnO layers are synthesised by a double step
chemical route. We have successfully reported the Schottky barrier formation be-
tween these materials. Meanwhile, the SBH value is smaller than the expected ac-
cording to the energetics of the materials. The heterojunctions are better fitted by
the Cheung analisys, providing results that take into account the high resistance at
the interface. With this analysis, ideality factor of 2.9, effective SBH of 0.26 eV and
rectifying ratio of 144 are obtained. The charge transfer properties through the inter-
face have been successfully investigated by photocurrent measurements, leading to
a responsivity of the material close to 5000 mA/W. As an alternative application, the
piezorresistive behaviour of the CNTf/ZnO heterojunction is analysed distinguish-
ing the different contributions of piezoresistive and piezoelectric phenomena taking
place under mechanical deformation on the material.

For further understanding of the CNTf hybridisation and charge transfer phe-
nomena, alternative nanometer-size layers of ZnO were synthesised by atomic layer
deposition (ALD), a physical method that provides higher reproducibility in terms
of the chemistry and structure of the metal oxide.

CNTf/MOx-ALD heterojunctions have shown the tuning of the electrical prop-
erties of the CNTf by the number of cycles or by the different MOx deposited on
it. For instance, metallic or Schottky behaviour at the interface have been demon-
strated, as well as a wide range of conductivities for the hybrid material. This tun-
ability of the properties of ALD hybrids has been explained by the combination of
three factors. Firsty, the ALD number of cycles lead to very thin layers of oxide
nanoparticles that partially covers the surface of the CNTf. Increasing the number
of cycles also increases the coverage percentage of the surface, until finally obtaining
fully conformal coatings at the surface of the CNTf. Secondly, the oxidation state of
the initial nanometers of material can be slightly different to the obtained for thicker
oxide layers. Partially reduced Zn(1−x)O could be formed for the initial few nanome-
ter size coatings, probably related to the different chemical environment of the initial
layers in presence of the CNTf substrate. Thirdly, different electronic structure is ob-
tained for thin (< 20 nm) and thick (> 20 nm) layers, where for very thin layers, the
charge depletion region is in the range of the physical dimension of the semicon-
ductor. Moreover, the close work function of both materials suggest the low height
of the formed Schottky barrier. Experimental insights for this conclusion have been
found by XPS, Raman, XRD and morphological study of the hybrid material.

The combination of these factor makes the ALD 3D-bulk heterojunctions very
interesting materials for different applications that combine electrochemical or pho-
toelectronic effects.

The easy charge transfer has been demonstrated by UV-photocurrent measure-
ments, demonstrating the tunability of the properties by the ALD number of cycles
and the potential for UV-photodetectors applications. This application serves as a
good example for testing the material. Moreover, the photoresponse under low
power UV-light is highly improved by the high surface area accessible for this in-
teraction, easy modifiable by the thickness of the ZnO layer.
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Chapter 6

CNTf/MOx Photoanodes for DSSC

There is vast literature on the use of nanocarbons in n-type DSSC,[176–179] in
some cases even taking the role of the common TiO2.[128, 324]

Inspired by these works and by the promising results discussed in Chapter 4,
in this Chapter the implementation of the CNTf in the working electrodes (photoan-
odes) of the n-type-DSSC is presented. Several architectures are investigated in order
to study the performance of DSSC devices with CNTf in different parts of the pho-
toanode, as shown schematically in Figure 6.1. The overall goal is the comprehen-
sion of porous nanocarbon electrodes (CNTf in this case) as part of the photoanodes,
as well as to add new functionalities to the DSSC devices and boost the performance
of the overall device.

Firstly, the use of the neat CNTf decorated with N719 dye molecules has been
tried.

Secondly, the CNTf/MOx hybrids by ALD method presented in the previous
chapter are also researched as photoanodes materials for DSSC. The large heterojuc-
tions of these materials are potentially good candidates for acting as scaffolds for
the dye molecules, or as injection layers in combination with the mesoporous TiO2
layers. With the aim of understanding the effect of electronic recombination vs dye
injection, the CNTfs/MOx-ALD thickness dependence is investigated also as a func-
tion of TiO2-paste thickness. This material is compared with the the CNTf/ZnO-
NWs heterojunctions presented in the previous section. At the same time, the me-
chanical stability of the CNTf/TiO2-commercial paste is demonstrated by reducing
the cracks at the surface of the electrode.

For concluding this chapter, the role of the thickness of the CNTfs is investi-
gated using semi-transparent CNTf as photoanode. The relation between the CNTf
thickness and electron charge recombination is analysed.

The "road-map" of the anode architectures studied along this chapter, in ad-
dition to the hypothesis investigated and a schematic of every specific photoanode
configuration, are included in the Figure 6.1.
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6.1 CNTf/Dye semiconductor-free photoanodes

Typically, the photovoltaic field has been developed around the planar tech-
nology based on the silicon solar cells. Inherited from this technology, the substrates
and materials used have been always rigid materials. With the emergence of new ap-
plications as the portable electronics, wearables and highly integrated devices, new
materials with new added properties are sought. In this context, the CNTf presents
excellent electrical properties combined with high surface area and great mechanical
properties.

The CNTf have been proposed as replacement of the TiO2 nanoparticle active
layer in a DSSC in the past.[128, 324] The motivation for replacing the TiO2 with
CNTf would be the faster electron transfer through the nanotubes in comparison
with the metal oxide, where grain boundaries between sintered TiO2 nanoparticles
decrease the mobility of the electrons in this material and at the same time increase
the recombination. Finally, simpler devices architectures can be proposed by replac-
ing the MOx by tougher material as the CNTf.

The working principle consist in the photoexcitation of the dye molecules by
visible light illumination, followed by charge injection from the lowest unoccupied
orbital to the conduction band of the CNTf, where it could be rapidly extracted. This
process is schematically represented in the Figure 6.2. The rest of the processes in the
solar cell would work in the same way than a conventional cell: the dye molecules
need to be regenerated by the redox couple mediated electrolyte, and the redox cou-
ple needs the regeneration on the surface of the CE.
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This process has been reported for CNTf that were referred to as semiconduct-
ing, but which in fact are semi-metallic and have a composition similar to that of the
materials in this thesis.

FIGURE 6.2: Schematic of a CNTf decorated with N719 dye molecules
as photoanodes.

First of all, for the preparation of the active electrodes – CNTf/N719 dye loaded
molecules, the pristine fibre supported on FTO substrates was immersed in a N719/
acetonitrile solution (0.5 mM) for one day, followed by solvent evaporation. The dye
adsorption is confirmed by Raman spectroscopy measurements. In the Figure 6.3
the Raman spectra of the pristine CNTf, the N719 deposited on FTO substrate and
the CNTf dye loaded (CNTf/N719) is presented. In a closer look of the spectra (Fig-
ure 6.3b), the most representative bands of the dye are found together with CNTf
spectra: the peaks at 454, 699, 1018, 1467 cm−1.
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FIGURE 6.3: Raman spectra of pure dye N719 deposited on FTO sub-
strate, pristine CNTf and CNTf decorated with N719 dye molecules.

The legend applies to all the figure.

Once the CNTf is effectively loaded with the sensitiser, a complete DSSC is
assembled using Pt as counter electrode and an iodide-based liquid electrolyte, fol-
lowing the standard procedure detailed before. The schematic of the device and
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the resulting J-V curves are presented in the Figure 6.4. This device configuration
shows almost no current or voltage generated under illumination. This behaviour
is attributed to the presence of sort-circuits inside the device. The CNTf is a flexi-
ble material and, when it is in contact with solvent electrolyte, the liquid infiltration
can potentially produce swelling of the CNTf, leading to short-circuits between the
CNTf and the Pt/FTO substrates. A similar problem was reported by Cai et al.[128]
in fibre-like devices composed by the same material (CNTf/dye).

To avoid sort-circuits a non-electrically conductive porous membrane is used
as separator between electrodes. This membrane enables ionic transport needed for
the regeneration of the electrolyte.

The measured J-V curves of these Pt|membrane|CNTf-N719 devices under
illumination are presented in the Figure 6.4b,c (labelled as "membrane") and both
devices present the same parameters, Voc = 0.015 V and Jsc = 0.8 mA cm−2. Interest-
ingly, similar characteristics are reported for previous reports using CNTf electrodes
directly as photoandoes (Voc = 0.025 V and Jsc = 0.8 mA cm−2).[128]
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Under bias potential, the measured dark current is partially suppressed (Fig-
ure 6.4b) compared with the CNTf without separator membrane which confirms that
sorts have been suppressed, but both results show a device behaviour far from the
expected diode behaviour of an operational DSSC. As it is introduced in the back-
ground section of this thesis, the slope of the dark current close to zero bias (inverse
of the shunt resistance, Rsh) also indicates the prevention of sort-circuit in the device.
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The Rsh for the CNTf anode is≈ 50 Ω, and 85-95 Ω for the CNTf-membrane, whereas
for high efficient devices this value ranges 104− 106 Ω. The low Rsh obtained in these
devices is directly related to the high reverse saturation current observed (leakage
current).

The high leakage current is due to the strong interaction between electrolyte
and active photoanode material, undesired in the photovoltaic device. Introducing
the insulating membrane decreases Rsh but still with a huge leakage current, hinder-
ing the proper working of the device.

Previous studies have shown that a low shunt resistance (high leakage cur-
rent) can be induced by photoelectron recombination, which leads to decreases in
Jsc, Voc and especially in FF.[325] Typical solution for reducing recombination mech-
anism is by passivising the metallic materials that compose the working electrode
of the device. This would suggest that the low FF observed in Figure 6.4c is due to
recombination at the photoanode, which can to some extent be expected based on
the highly efficient recombination observed in CNTf-CEs (Chapter 4 "CNTf Counter-
Electrodes for DSSC").

Note also that, for a 10 µm thick CNTf photoanode, light penetration through
the black CNTf is limited to the initial couple of micrometers from the surface, there-
fore, electron injection is limited only to the top surface of the material. This would
lead to lower carrier injection due to the limited illuminated volume of the electrode
in comparison to a standard TiO2 electrode. In contrast, the electrolyte is free to
recombine through the hole thickness (7 to 10 µm) of the porous photoanode.

In conclusion, the J-V curves of these devices show the ineffective configura-
tion produce CNTf/dye working electrodes. The high recombination mechanism,
possibly in combination with the low carrier injection due to the limited illuminated
volume of the electrode, hampers the operation of the device. A typical solution
for recombination issues at the surface of metallic surface is the passivisation of the
surface. Passivasing the CNTf electrode by MOx-ALD could lead to lower recombi-
nation effect and higher injection by adsorbed dye molecules.

6.2 CNTf scaffolds: high surface area photoanodes by ALD

Large-area heterojunctions by physical or chemical methods studied in the
previous Chapter 5 "Fundamental Properties of CNTf/MOx Heterojunctions" can
be potentially exploited as photoanodes for DSSC applications.

The initial hypothesis for using these materials as photoanodes for photo-
voltaic applications is based on the high surface that can be created between the
current-collector and the MOx in a small area. Thanks to the high surface area of
the CNTf, as high as 250 m2/g,[225] current-collector/MOx interfaces 3 orders of
magnitude higher than conventional electrodes can be obtained. The hierarchised
structure of the CNTf is responsible of the high surface area of this electrodes. The
author’s representation of the CNTf/MOx hybrid material is presented in the Fig-
ure 6.5. Notice that by ALD method every individual bundle that forms a single
CNTf is covered by a conformal coating of MOx leading to a large CNTf/MOx inter-
face.
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FIGURE 6.5: Author’s representation of the CNTf/MOx hybrid mate-
rial leading to a large interface of both continuous phases. The MOx
conformal coating covers every CNT bundles remaining the CNTs as

an internal current-collector.

A small portion of the CNTf/MOX-ALD material (several interconnected CNT
bundles) is schematically depicted in the Figure 6.6a. The CNTf acts as a scaf-
fold for a sub-micrometer layer of semiconductor and at the same time as current-
collector, this would lead to lower recombination because, firstly, the electrolyte
would has less time to recombine at the TiO2 surface, and secondly, the charges
would find lower path to reach the current-collector and less grain boundaries for
getting trapped and recombine (lower Rdi f f (e−)). Diminishing the diffusion length of
the charges inside the semiconductor in an extended large heterojunction is where
this material (CNTf/TiO2-ALD) could represent an advantage against the conven-
tional DSSC structure (FTO/TiO2).

A schematic representing an individual CNT bundle conformally coated with
MOx, showing the charge injection and extraction processes, is presented in the Fig-
ure 6.6b. The dye molecule excitation and electron injection into the MOx are de-
picted. The electron has to diffuse through the MOx layer, typically tens or hundreds
of nanometres thick (depicted in the schematic with a dashed line). The electron, af-
ter diffusing through the semiconductor thickness, is extracted by the internal CNTf
scaffold acting as current-collector of the photogenerated carriers. This also takes
advantage of the high electrical conductivity of the CNTf. Note that whereas the
electrical conductivity of TiO2 is around 10-30 S/cm, the longitudinal conductivity
of the CNTf is around 500-1000 S/cm (as shown in the Chapter 4).

With respect to the morphology of these hybrids photoanodes, the CNTf/MOx
interface remains fixed to the 250 m2/g[225] of the CNTf, whereas the amount of
adsorbed dye is proportional to the exposed area of MOx. In conventional porous
TiO2 electrodes, the SSA is around 100 m2/g.[326]
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side the MOx material. b) CNTf bundle conformally-coated by ALD
method with MOx (TiO2 or ZnO), working as a photoanode for DSSC.
The MOx is decorated with dye molecules and the charge extraction

is produced through the CNTf current-collector.

A first set of samples were produced in which the hybrids were used directly
after ALD deposition. In these samples the crystal structure of the TiO2 layer is
amorphous, concluded by TEM electron diffraction. The conformal growth of the
TiO2 around the CNTf-bundles was further confirmed by this technique (see Fig-
ure 6.7a). At high-resolution TEM the morphology structure does not reflect any
periodicity (Figure 6.7b). No diffraction spots or rings are observed in the 2D-XRD
micrograph confirming the amorphous structure of the hybrid CNTf/TiO2 (see Fig-
ure 6.7c). In the same HR-TEM image, an individual CNT can be observed coming
out from the broken fibre cross-section. Besides, by EDX mapping, the composition
of the materials is confirmed titanium oxide as expected (see inset Figure 6.7a and
compositional graph in d).

A set of devices were prepared in order to measure the performance when
nanometre size TiO2 is used as active anode material. A layer of TiO2-ALD 100 nm-
thick was deposited following the procedure described in the Chapter 5 "Fundamen-
tal Properties of CNTf/MOx Heterojunctions".

CNTf/TiO2-ALD hybrids were used directly as DSSC photoanodes, and a
schematic of this devices is presented in the Figure 6.8a. The devices were mea-
sured under simulated AM 1.5G sun light and fabricated according to the standard
procedure.

The photoanodes were place in the dye solution overnight in order to get
loaded with the N719 dye molecules. The electrodes after 16 hours in the dye so-
lution are presented in the Figure 6.8b. Compared to the conventional 10-20 µm
thick photoanodes, presented in Chapter 4 "CNTf Counter-Electrodes for DSSC", the
colour of these electrodes after the dyeing step is not the characteristic red intense
colour of a high dye loaded electrode. This is indicative of a very small amount of
dye adsorbed.

A reference device was fabricated with the 100 nm TiO2-ALD material and
four devices were fabricated for the CNTf/TiO2-ALD. Two representative devices
are shown in the Figure 6.8c, besides, an electron microscopy image of the surface of
the CNTf coated with the TiO2 by ALD is presented in the Figure 6.8d.
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The obtained J-V curves are presented in the Figure 6.8e. All cells present the
same behaviour, with no significant positive current generated under illumination.
In the vicinity to zero bias, the CNTf/TiO2-ALD devices, present similar charac-
teristics to the device presented in the previous section without the semiconductor
deposited. The measured Rsh for the reference device is in the range of 3.3 MΩ,
while for the hybrid photoanodes it ranges 30-60 Ω.
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FIGURE 6.7: As-made CNTf/TiO2-ALD analysed by a) HR-TEM
imaging in conventional mode and HAADF, inset: EDX-mapping. b)
HR-TEM at the interface of the CNTs and the TiO2. c) 2D-XRD pattern

obtained by TEM. d) Compositional graph by EDX technique.

There are two possible reasons that explain why these devices are not working.
On the one hand, there are no photogenerated charges in the device; on the other
hand, there are no extracted charges due to recombination at the photoanode.

First of all, there has to be confirmed that the electrode is loaded with the
N719-dye. For that, Raman spectroscopy of the electrode in combination with UV-
VIS spectroscopy is measured. The results are presented in the Figure 6.9.

By UV-VIS technique, the absorbance of solution after the desorption of the
dye is analysed. For analysing the desorption of the dye, two dye-loaded electrodes,
one coated with standard TiO2-commercial paste and other of CNTf coated with
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TiO2-ALD, are placed during 24 hours in a vial with a solution of NaOH:H2O 0.1 M.
The action of the basic solution produced the desorption of the dye from the TiO2
surface. This method is well known and typically used with for this purpose, not
only with TiO2 layers from commercial paste [327] but also, with MOx produced by
ALD.[328, 329]
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In the Figure 6.9a is presented the desorption process before and after 24 hours.
The UV-Vis absorbance spectra of 1 mL of the solution, after the desorption pro-
cess, is measured for both electrodes, and the resulting spectra are presented in the
Figure 6.9b. The absorbance spectrum obtained for the CNTf/TiO2-ALD is almost
identical to the pristine NaOH solution. On the contrary, the solution from electrode
coated with commercial paste presents the absorbance spectrum typical of the N719
dye.
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For corroborating the lack of dye molecules on the surface of CNTf/TiO2-ALD,
the electrodes were also analysed by Raman spectroscopy before the desorption pro-
cess. The Raman spectra of both electrodes compared with the N719-dye spectrum
are presented in the Figure 6.9c. The characteristic signals of the CNT (D and G
bands) are present, as well as the anatase TiO2 signals for the CNTf/TiO2-ALD elec-
trode, but none of the peaks associated to the N719 are found in this spectrum (see
the magnified region of the spectra in Figure 6.9d). We can conclude that no dye
is present in the CNTf/TiO2-ALD samples and therefore, no photocurrent is gener-
ated.
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In view of these results a crystallisation protocol was established. The recrys-
tallisation treatment consisted in keeping the ALD samples at 400 oC for 1 hour in a
N2 (Ar) atmosphere.[295] The inert gas atmosphere is important to avoid degrada-
tion of the CNTf sample, which in the presence of a MOx can occur at temperatures
as low as 350 oC.

The TEM images and 2D-XRD pattern for recrystallised samples are presented
in the Figure 6.10. After the recrystallisation process the CNTf preserves its macro-
scopic structure, as it is shown in the Figure 6.10a. At higher magnification, crys-
talline planes are observed along all the semiconductor coating (see Figure 6.10b).
In contrast to the non-recrystallysed material, the 2D-pattern presents crystalline
diffraction spots characteristics of the TiO2, confirming the success of the treatment.
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In the Z-contrast image, the internal channels produced by the CNTf-bundles inside
the conformal TiO2 are still observed, indicating that the heat treatment does not
modify the initial morphology of the sample (Figure 6.10d).
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FIGURE 6.10: Recrystallised CNTf/TiO2-ALD analysed by a,b) HR-
TEM imaging (images a-b courtesy of Alicia Moya). c) 2D-XRD pat-

tern obtained by TEM. d) Z-contrast TEM image.

For an effective dye loading of the semiconductor, preferential crystallographic
facets of the anatase crystal structure must be exposed from the surfaces.[330, 331] In
this line of work, a lot of efforts have been done by the scientific community trying
to optimise the synthesis routes and maximising the exposure of different crystallo-
graphic planes.[332] There are also other important factors for exposing preferential
crystallographics planes of the TiO2, for instance, it retards the recombination pro-
cess between dye and TiO2. This is due to an improvement in the electron trans-
fer between the dye and (001)-facets.[333] Also, the light scattering inside the cell,
and therefore the photogenerated charge, is improved for this preferential orienta-
tion.[334]

The most typical material used for DSSC is TiO2 anatase phase. It has been
reported before the dominant (101) facet of this structure, being the 94 % of the ex-
posed surface area.[332] Other facets, as the (001) with higher surface energy, have
been presented as candidates for higher dye loading by their strong ability to absorb
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organic groups of the dye molecules, possibly for surface energy minimisation rea-
sons. Therefore, engineering the surface by recrystallisation of the TiO2 must lead to
improved performance of DSSC devices.

After recrystallising the TiO2 produced by ALD, the adsorption of dye at the
surface of the semiconductor has increased, as confirmed by Raman spectroscopy
and quantitatively by UV-VIS (see Figure 6.11).

For obtaining a quantitative value of the dye loading, the variation of concen-
tration of the initial solution is a reliable approach.[210] The method and calculation
are detailed in the Chapter 3 "Experimental Techniques".

Briefly, the amount of N719 at equilibrium in the TiO2 films is calculated us-
ing the mass balance equation 3.1. Besides, for low concentrations, the UV-Vis ab-
sorbance follows Beer-Lambert law (equation 3.2), where the absorbance (A) is pro-
portional to the concentration (C [g L−1]) of attenuating species in the solution. The
Figure 6.11 shows the absorption spectra of N719 before and after 24 hours of dye
loading of the TiO2-ALD electrodes with and without CNTf. These results confirm
the adsorption of the dye at the recrystallised surface of the TiO2 in presence of the
CNTf.
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dye loading of the electrodes.

After demonstrating the dye loading at the recrystallised surface of TiO2 elec-
trodes, more devices were prepared with this material and the configuration de-
scribed in the Figure 6.8. Two CNTf/TiO2-ALD DSSC devices are compared with
one reference device produced by the same ALD technique (Figure 6.12).

The dark current in the devices fabricated with CNTf is 100 times higher than
the reference and no positive current is obtained under illumination. The shunt resis-
tances of these devices are compared with those of devices before recrystallisation
treatment (Table 6.1). 2-4 times higher shunt resistance is obtained for the recrys-
tallised TiO2-ALD layers. The increase in the dark current, compared to the refer-
ence device, is related to the high conductivity of the CNTf electrode. The current
density is 2 times lower than the devices before recrystallisation. This is attributed
to an increase of the shunt resistance of the CNTf/TiO2-ALD during the recrystalli-
sation treatment. Moreover, the onset of the dark current occurs at a lower forward
bias compared to the reference device. As mentioned before, the shunt resistance
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decreases when the current follows alternative paths or reactions to the desired TiO2
conduction, for instance by recombination sites at the anode.

A closer look of the reference TiO2-ALD DSSC is presented in Figure 6.12b
showing photogenerated current. Jsc and Voc are quite low due to the small amount
of TiO2 material and N719 dye molecules. The latter confirms that the amount of
dye or the carrier injection, although is not very high, is measurable for ALD layers.
In contrast, when the CNTf current-collector is used, this charge is not extracted.
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TABLE 6.1: Shunt resistance comparison before and after TiO2-ALD
recrystallisation treatment.

Rsh (Ω cm2) FTO/TiO2-ALD CNTf/TiO2-ALD
Before recrystallisation 3.3x106 6o
After recrystallisation 6.6x106 234

The results presented in the Figure 6.12 allow to conclude that CNTf/TiO2-
ALD is not an efficient configuration for light harvesting. As it has been shown be-
fore, the output generated current is the balance between the injected number of elec-
trons by the dye molecules minus the electrons lost by recombination mechanism.
The carriers injected when using ALD layers are not extracted from the CNTf elec-
trode. Under this configuration, the photogenerated carriers by the dye molecules
attached to the TiO2 surface of the material produced by ALD are not enough to
compete with the recombination process.

A priori, this large recombination could occur at the TiO2/electrolyte interface
or at the CNTf/electrolyte interface in regions of the photoanode where the CNTs
are not covered by TiO2.

Following these observations, the structure of CNTf/MOx samples was anal-
ysed in more detail. Note that this samples produced by ALD are a new type of
hybrid recently developed by the research group[199] and thus their structure is still
under study and further optimisation.
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Indeed, close inspection of typical ≈ 10 µm-thick CNTf/MOx-ALD used as
photoanodes show that the MOx layer does not cover all the thickness of the elec-
trode, which occurs for both ZnO and TiO2 and most likely other oxides.

The observation of CNTf/TiO2-ALD FIB milled cross-section (Figure 6.13) con-
firms an inhomogeneous coating through the CNTf thickness. A compact layer of
TiO2 is observed at the surface of the CNTf electrode depicted in the Figure 6.13b at
higher magnification. However, directly discriminating the CNTf and TiO2 phases
is challenging.

a)

2 µm
FTO

substrate

Surface

b)

500 nm

FIGURE 6.13: SEM images of a) CNTf/TiO2-ALD hybrid cross-
section. b) Magnified area of the upper surface marked with a red
square. Images were taken in secondary electrons (left) and backscat-

tered electrons modes (right).

Similar analysis for the ZnO-ALD hybrid also show that the top surface has
a higher content of the ZnO coating layer (Figure 6.14). The cross-section of the
CNTf/ZnO-ALD hybrid was analysed by SEM imaging and EDX compositional
line-scans along the cross section. These results are presented in the Figure 6.14b,c.

Note that Zn has a higher atomic number and thus produces higher EDX in-
tensity that leads to a more accurate spatial map. It is clearly observed in the com-
positional line-scan (Figure 6.14b) that the content of Zn and O decrease as function
of depth. In fact, it is mainly localised in the initial 2-3 microns in dept from the sur-
face. This result is in agreement with the samples presented in the previous chapter,
Figure 5.19e,f, where the CNTf seems fully coated for 1 µm CNTf thick. The FTO
substrate signal (mainly Sn) is also clearly observed in the scan. The rest of the metal
traces are derived from the CNTf synthesis process with no interest for the present
discussion.

Finally, three regions were selected from the cross-section for higher magni-
fication observation. The regions highlighted with coloured squares in the Fig-
ure 6.14a are presented as high magnification SEM Z-contrast images in the Fig-
ure 6.14c. The ZnO layer can be observed as a brighter material conformally coating
the CNTf in the upper part of the cross-section.

The evidences shown before suggest that partial exposure of the CNTf might
be the source of the large leakage current and low efficiency observed.

This was further studied by producing photoanodes with standard TiO2 paste,
instead of ALD-grown, which therefore lead to the same charge generation and in-
jection dynamics as in a standard photoanode.
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FIGURE 6.14: a) SEM images of CNTf/ZnO-ALD hybrid cross-
section. b) EDX-SEM compositional analysis on the selected region
(yellow rectangle) as a function of depth. c) SEM magnified images
of the upper (red), middle (green) and lower (blue) regions of the

CNTf/ZnO-ALD hybrid.

6.3 CNTf-photoanodes: increasing oxide thickness and dye
loading

The standard reference configuration used in previous Chapter 4, based on
a Pt-CE and one layer of TiO2 paste deposited by doctor-blade technique (approx.
7 µm thickness), was here reproduced with the 10 µm thickness CNTf. A schematic
of this configuration is presented in the Figure 6.15a.

Interestingly, cracks were consistently observed in these FTO/CNTf/TiO2-
paste electrodes after the sintering process (see Figure 6.15b). The cracks at higher
magnification were analysed by SEM technique, and top view of the crack region is
presented as an example in the Figure 6.15c.

Commonly, these cracks appear when the heating ramp during the sintering
process is not fully optimised. But in this case, the heating ramp during all this
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thesis has provide best results when preparing reference cells. Hence, a possible ex-
planation of the cracks development would be the difference in thermal expansion
between both materials, which have similar thicknesses. The thermal expansion
coefficients (CTE) for CNTs and TiO2-anatase are reported in the range of [-0.15 to
-1.5]x10−5 K−1[335, 336] and [3.5 to 8.5]x10−6 K−1[337] respectively. This CTE mis-
match combined with the brittleness of the TiO2 material (2.8 MPa m1/2 fracture
toughness)[338] and its crystallisation when annealed at 500 oC, must be the respon-
sible causes of the cracks appearance at the surface of the TiO2.
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FIGURE 6.15: a) Schematic of a DSSC with the CNTf as current-
collector at the photoanode and a’) charge recombination mechanism
at the CNTf current-collector favoured by the existence of cracks
at the surface of the TiO2 layer. b) Photographs of CNTf/TiO2-
commercial-paste after sintering. Here the cracks can be observed.
c) SEM image at the crack region. d) Top-view SEM image at high
magnification of the CNTf/TiO2 nanoparticles. e) Representative J-V
curves under light (L) and dark (D) conditions of these devices. Inset:

magnified region of the J-V curve.

The cracks are several microns width, leading to the CNTf electrode exposure.
Still the local interconnection between the TiO2 nanoparticle layer is in close contact
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with the CNTf bundles (Figure 6.15d), ensuring effective paths of electron charge
transfer between the two materials.

A set of devices were assembled and tested with these photoanodes, and the
J-V curves are shown in the Figure 6.15e. These curves show a huge dark leakage
current, close to 150 mA cm−2 and a Rsh = 23 Ω cm2. Compared to the previous re-
sults obtained with the thin layers produced by ALD, the sort-circuit current density
under light is now positive, in the range of 4 mA cm−2, but still very low FF and Voc
are measured. It also rules out the possibility of short circuits leading to such high
leakage current.

Although with the characteristics of these cells is not possible to say that they
are properly working, the increase in the TiO2 thickness leads to a higher charge
injection into the device. This unexpected result suggests that there is a high re-
combination process at the surface of the CNTf even when very small areas of the
CNTf are exposed. The schematic presented in Figure 6.15a’ represents the open
crack at the TiO2 surface which makes the electrolyte much more accessible to the
photoanode CNT electrode, leading to a higher recombination and a much lower net
extracted current. Indeed, a nanometre-size compact layer of TiO2 is deposited over
the FTO substrate for avoiding the recombination at the electrode (detailed in TiCl4
treatment in the Chapter 3 "Experimental Techniques").

A solution for the CTE mismatch between materials is usually to decrease the
thickness of the semiconductor layers, or to avoid the thermal stresses by reducing
the sintering temperature and heating ramp.

For preparing thinner layers of TiO2, the commercial pastes used in previous
experiments have been diluted with ethanol solvent (1:5 TiO2 paste:ethanol dilution
ratio). Layers in the range 1-2 µm, depending on the number of applied layers (x1,
x2 and x3 layers by doctor blade).

Moreover, two different paste formulations have been used (HT-high temper-
ature and LT-low temperature sintering) with the aim of reducing the sintering tem-
perature and therefore the thermal stresses. Three different sintering conditions
were studied 500 oC for the HT-paste, and 200 oC, 100 oC for the LT-paste, besides
the non-sintered LT-paste have been obtained.

As an indicator of the recombination process evolution the Rsh is calculated
for all the devices and presented in the Table 6.2. Representative J-V curves are
summarised in the Figure 6.16.

TABLE 6.2: Shunt resistance (Ω cm2) comparison of low and high tem-
perature recrystallised TiO2 diluted paste.

High temperature Low temperature
# Layers 500 oC RT 100 oC 200 oC

1 140 15 10 25
2 520 - - -
3 90 33 166 35

Using diluted pastes the porosity of the CNTf electrodes is infiltrated and sat-
urated with TiO2 nanoparticles, procuring a more interconnected material instead of
two clear separated layers of CNTf and TiO2. The schematic of this final device is
presented in the Figure 6.16a. After the sintering process, the electrodes prepared at
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high temperature (HT), still present cracked surface, no matter the number of layers
applied. On the contrary, when low temperature (LT) paste is applied, regardless of
the sintering temperature, no cracks are observed at the surface of these electrodes.
The optical microscopy images of the surface of these electrodes are shown in the
Figure 6.16b.
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FIGURE 6.16: a) Schematic of a conventional DSSC with the CNTf as
current-collector and using a low viscosity (diluted) TiO2 paste filling
the porosity of the CNTf electrode. b) Optical microscope images of
the surface of both electrodes showing the presence of cracks for the
high temperature paste (left) and the absence of them with low tem-
perature paste (right). c) and d) are representative J-V curves under
light (L) and dark (D) conditions of these devices. Inset: magnified

region of the J-V curve.

The representative J-V curves of the devices showing higher leakage current
(low shunt resistance) are presented in the Figure 6.16c,d. In summary, none of the
devices present J-V curves expected from a proper working solar cell, although small
current and voltage is obtained (see inset graphs). Large leakage current is obtained
independently of the paste composition or number of layer deposited.

Comparing the electrodes without cracks produced by low temperature di-
luted paste, the thinner layers of TiO2 present approximately 2-fold higher dark cur-
rent with a Rsh of 10-25 Ω cm2.

This result clearly indicates that recombination occurs at the surface of the
CNTf current-collector independently of the cracks at the surface of the TiO2. The
electrolyte penetrates through the nanoparticle layers interacting with the CNTf and
leading to high recombination.

The different J-V curves obtained in the previous sections are summarised in
the graph presented in the Figure 6.17. The obtained trend suggest the increase of
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shunt resistance (decrease of leakage current) when the degree of surface coating of
CNTf is icreased.
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FIGURE 6.17: Summary of the J-V curves of the different photoanode
configurations studied in the previous chapters.

Two possible modification are proposed with the aim of reducing the recom-
bination component at the surface of the CNTf:

• Using an extra layer of conformal TiO2-ALD coating the CNTf in order to re-
duce the recombination in combination with a higher injection from a thicker
TiO2 layer. The TiO2-ALD would act as a passivising layer of the CNTf, analo-
gous to the "blocking layer" for standard FTO substrates.

• Reducing the amount of CNTf in order to unbalance the injection/ recombina-
tion process towards a less recombining system.

6.4 CNTf/MOx-ALD as photoanode blocking layers

The final set of photoanodes explore the possibility of combining CNTf/MOx-
ALD coated material with a micrometric TiO2 nanoparticles layer. The ALD coating
can be seen as playing the role of passivising material for avoiding the recombina-
tion of the photogenerated carriers. Although on flat substrates, several works have
reported the use of thin layers deposited by ALD as efficient blocking layer.[210,
339–341]

In addition, using the standard blocking layer deposition treatment is not fea-
sible because this layer is deposited from a TiCl4 solution at 0.4 mM in H2O. Due to
the hydrophobic nature of the CNTf, this aqueous-based process is not feasible.

An alternative solution is to use the MOx layers deposited by ALD technique
as blocking layers. Must be emphasised, the term blocking layer refers to the ability
of this layer to inhibit the recombination of the injected electrons into the current-
collector. Hence, the required properties for this material are, firstly, to grow as
a compact layer and to achieve complete coverage of the surface of the current-
collector; secondly, to favour the injection of the electrons from the nanoporous TiO2
into the compact layer, and also, from the compact layer into the anode current-
collector material (CNTf in our case).
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A schematic of this configuration is presented in the Figure 6.18a, where this
mention hypothesis of protecting the CNTf current-collector with the MOx-ALD ma-
terial is also depicted.

Two series of electrodes were prepared for using them as photoanodes with
this configuration. One set of CNTf electrodes was prepared with ZnO-ALD, and
the other one with TiO2-ALD. Also, two different thicknesses of ALD coating (20
and 100 nm) were deposited.
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6.4. CNTf/MOx-ALD as photoanode blocking layers 161

The resulting electrodes end up with the CNTf current-collector coated with a
nanometre-size conformal layer of MOx by ALD, and directly on top, 2 µm of meso-
porous titania deposited by doctor blading few ml of commercial TiO2-paste diluted
in solvent (Figure 6.18b). As can be observed in these images, the TiO2-ALD coated
electrode is completely full of cracks (see Figure 6.18b-[ii]), and these electrodes are
not suitable for preparing devices with them. Surprisingly, the photoanode coated
with ZnO by ALD totally prevents the developing of cracks in the mesoporous TiO2
layer. The not uniform appearance of this electrode is attributed to the light reflec-
tion at the rough surface of the hybrid CNTf, although no cracks are observed after
optical microscopy analysis (see Figure 6.18b-[i]).

This incompatibility between TiO2-ALD and TiO2-paste is attributed to the
morphology of the ALD layer. As it is presented in previous sections, 100 nm TiO2-
ALD produces a thicker continuous layer on top of the CNTf electrode, possibly
consequence of CNTf surface porosity saturation. Hence, the thermal stresses crack
the TiO2 layer. On the contrary, ZnO-ALD leads to a conformal coating of the CNTf
that improves the matching between CNTf substrate and TiO2-paste thermal expan-
sion coefficients.

DSSC devices were assembled and measured in the solar simulator at 1 sun
(AM 1.5G). The obtained J-V curves are included in the Figure 6.18c,d. For the ref-
erence device, low characteristics, Voc close to 0.6 V, Jsc in the range of 0.3 mA cm−2,
FF = 47 %, leads to a final efficiency of PCE = 0.07 %. This reference device was
also measured illuminating from the anode side, obtaining the performance with-
out the losses produced by the Pt-CE and electrolyte light absorption. Short-current
density and efficiency, four times higher than illuminating from the CE side, have
been obtained (PCE = 0.22 %, Jsc = 1.2 mA cm−2). The J-V curves corresponding
to CNTf coated with 20 and 100 nm ZnO-ALD blocking layer are presented in the
Figure 6.18c,d. A dark current density ca. -18 mA cm−2 and -0.5 mA cm−2 are ob-
tained at -0.5 V for 20 and 100 nm respectively. The performance of the cells using
CNTf current-collector is lower compared with the reference device. Higher current
density is obtained but with a very low open circuit voltage.

Observing the J-V curves in a wider range (Figure 6.18d), a clear trend between
ALD-thickness and leakage current is observed. The leakage current is drastically
diminished increasing the ALD thickness from 20 and 100 nm. The Rsh for 100 nm
ALD layer can be calculated extrapolating the current from the -[0.2− 0.4] V range
obtaining Rsh = 2500 Ω cm2, whereas for 20 nm Rsh is in the range of 120 Ω cm2. In
contrast with the Rsh = 0.3 MΩ cm2 for the reference device, this suggest that there
is still recombination at the surface of the CNTf current-collector.

EIS was also performed and analysed based on the equivalent circuit explained
in previous chapters. The Nyquist and Bode plots are presented in the Figure 6.18e,f.
The reference device shows a high cell resistance and the typical interfaces are re-
solved. For the CNTf-photoanode devices, the cell resistances (Rcell) measured were
100 and 125 Ω for 20 and 100 nm thickness ZnO-ALD layer respectively. In case of
100 nm ALD, the interfaces were characterised showing RCT = 27 Ω with a charac-
teristic fmax−CT = 105 Hz and RTiO2 = 95 Ω with a frequency fmax−CT = 3− 4 Hz,
also the bulk diffusion (Rdi f f ) is identified, however there are no enough points
for allowing the fitting of this interface. For 20 nm thickness layer, the extracted
characteristics were RCT = 2.5 Ω with a characteristic fmax−CT = 3x104 Hz and
RTiO2 = 90 Ω with a frequency fmax−CT = 9 Hz.



162 Chapter 6. CNTf/MOx Photoanodes for DSSC

From the comparison of these two devices, the charge collection efficiency can
be obtained. Since the standard N719 dye and iodine-based electrolyte are used,
the quantum yields of dye regeneration (ηreg) and charge injection (ηinj) can be as-
sumed to be close to unity.[342] Differences in light harvesting efficiency (LHE) can
be discarded because the same materials are used and the variation in the nanome-
tre scale for the ALD blocking layers can be considered negligible in terms of optical
properties. LHE is defined by the equation 6.1:

LHE = 1− T − R (6.1)

where T is transmittance and R is reflectance.

The main impact of the TiO2-ALD blocking layers thickness on the charge col-
lection efficiency (ηcoll) is here discussed. The charge collection efficiencies were
calculated on the basis of electron transport resistance (Rw) and resistance to charge
recombination (Rk) and the equation 6.2:

ηcoll = 1− Rw

Rk
(6.2)

where (Rw)refers to the FTO/TiO2 interface under illumination and (Rk) refers
to the FTO/electrolyte interface under dark conditions.

ηcoll for both 20 and 100 nm, resulted on 4 % and 14 % respectively. These val-
ues are calculated from the Rw = 95 Ω and Rk = 98 Ω for the 20 nm ALD layer and
Rw = 95 Ω and Rk = 110 Ω for the 100 nm ALD layer. This indicates the high recom-
bination component at the CNTf electrode and its improvement by introducing ALD
blocking layers. Exposed CNTf surface is still source of huge recombination with the
electrolyte. For thick CNTf electrodes (10 µm in these devices), the ALD layer is not
completely covering the surface of the CNTf throughout its cross-section.

Three differentiated behaviours are obtained for the three cells. The reference
cell is behaving as a standard DSSC, and its low performance is related to the low
injection (thin TiO2 active layers). For the CNTf-ALD blocking layers, the hetero-
junction interface between these materials is close to 103 times higher compared
to the 2D active layer of the reference cell. Therefore, the resistance between the
CNTf/ZnO-ALD is much smaller. This is in agreement with the cell resistances ob-
served in EIS plots (Figure 6.18f). For CNTf/ZnO-20 nm/TiO2-paste cell, the ALD
layer is not effectively protecting the electrode from electrolyte recombination. For
CNTf/ZnO-100 nm/TiO2-paste cell Nyquist impedance is representative of a stan-
dard DSSC device but providing very poor characteristics. Further optimisation is
needed for obtaining the ratio between ALD blocking layer and CNTf thickness for
obtaining a complete coating throughout the entire CNTf electrode thickness.

6.4.1 CNTf/ZnO-NWs photoanodes

Similar results were obtained when replacing the porous TiO2 layer with ZnO.
ZnO-NWs show faster electron transport than polycrystalline structures of TiO2,[343]
combined with large SSA (65 m2 g−1),[344] on the contrary when they are used as
photoanode (active material) lead to lower efficiency. As a reference value, the first
time reported ZnO-anodes for DSSC by Law et al.[343] PCE = 1.5 % was achieved.
Here, these devices are used to complement the results obtained with TiO2.
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Conventional reference cells were prepared with ZnO pastes by doctor-blade
technique according to the procedure described elsewhere.[200] The characteristics
were measured in the solar simulator, at 1 sun intensity (AM 1.5G). The resulting
ZnO layers after the dying step are used as reference cells, (Figure 6.19a). The aver-
age thickness of these layers, obtained by profilometry measurements, are ≈ 2.5 µm
for the hydrothermal reference electrodes.

The CNTf hybrid samples used for these devices consisted on the large het-
erojunctions investigated in the previous chapter. Figure 6.19b shows the CNTf de-
posited on aluminium foil, coated with ZnO-NWs by hydrothermal and transfer to a
FTO substrate. And the material after dyeing step is presented in Figure 6.19c. CNTf
is directly in contact with ZnO-NWs (Figure 6.19d). The ZnO-NWs crystalls has an
approximate length of 2-4 µm and half a micron in diameter. The CNTf substrate
presents a thickness of ca. 1-2 µm. The aluminium foil is directly used as external
current-collector to avoid extra resistance components.
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164 Chapter 6. CNTf/MOx Photoanodes for DSSC

The J-V curves under dark and light conditions corresponding to these devices
are presented in the Figure 6.19e. For the reference device, the obtained characteris-
tics are PCE = 0.87 %, Voc = 0.62 V, Jsc = 2.1 mA cm−2 and FF = 65 %. Rsh is in
the range of 200 kΩ cm2. This obtained characteristics are in the range of previous
reports.[343]

In contrast, for the CNTf/ZnO-NWs hybrids, lower efficiency (PCE = 0.1 %)
and open circuit voltage (Voc = 0.4 V) are obtained. The short-circuit current density
is more than 1 mA cm−2, much higher than what is obtained in the previous section
with the ALD materials. Moreover, the low FF (26 %) and Rsh obtained (625 Ω cm2)
are still an indicator of the suboptimal operation of the device. This is explained by
the high series resistance and recombination component of the hybrid material and
also confirmed by the high leakage current and small shunt resistance of the device.

Interestingly, the extracted current using the CNTf as photoanode current-
collector suggest that the ratio injection/recombination in these devices is higher
than in the previous ALD/TiO2 devices. This is because, firstly, the lower thickness
of CNTf electrode leading to less accesible CNTf/electrolyte accessible surface, and
secondly, the ZnO sol-gel nanoparticle coating possibly is acting as a passivising
layer against the CNTf/electrolyte recombination.

6.5 CNTf as transparent photoanode current-collector

As soon as the CNTf is thick enough, there is no resistive problems with the
extraction of the photogenerated charges from the device. On the contrary, the in-
teraction between the electrolyte and the CNTf electrode leads to high charge re-
combination. To further change the balance between injection and recombination,
semi-transparent CNTf electrodes are used with non-conductive substrates (glass)
to evaluate its influence over the recombination process.

When using an opaque anode as in previous sections, the device can only be
illuminated from the counter-electrode side. One of the advantages of transparent
substrates is the chance of illuminating from the anode side or from both sides at the
same time with a back-reflector, thus increasing the carrier photogeneration. Firstly,
the effect of the transparency and resistive losses of the CNTf electrodes must be
considered.

In the Figure 6.20, the transparency (≈ transmittance, T) and sheet resistance
(Rsq) of the CNTf are presented versus the stacked number of CNTf-layers, where
these layers refer to individual CNTf monofilaments. It shows that increasing the
thickness of the CNTf rapidly decrease the transparency of the CNTf. For instance,
1 layer of CNTf leads to a transmittance of approx. 75 % (at 550 nm) and a Rsq =
95 Ω/sq. On the contrary, when more than 20 layers of CNTf are stacked, the elec-
trode becomes basically opaque (T ≈ 5 %) and Rsq = 5− 10 Ω/sq. At the moment,
obtaining highly conductive electrodes based on CNTf, is a tradeoff with the trans-
parency of the material.

Several CNTf electrodes with less than < 1 µm thickness (semi-transparent)
were deposited on glass substrates. Later, they were coated by doctor-blade tech-
nique with 7 µm of TiO2 commercial paste and, after the sintering, coated by a
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layer of 4-times-diluted TiO2 paste for healing the cracks that appear in the pre-
vious thicker TiO2 layer. After the dyeing step, the electrodes still present a high
transparency. Representative electrodes are presented in the Figure 6.21b.
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FIGURE 6.20: Sheet resistance (Rsq) and transmittance (T) vs the
stacked number of CNTf layers.

The schematic and digital photograph of a semi-transparent device using CNTf
as semi-transparent current-collector are presented in the Figure 6.21a and c respec-
tively. A thin CNTf film with sub-micron thickness (< 1 µm) is the only current-
collector of the device.

J-V curves of two of these devices are presented in the Figure 6.21d. The
characteristics of the device with superior performance are Voc = 0.59 V, Jsc =
5 mA cm−2, FF = 26 % and PCE = 0.8 %. The Rs and Rsh of these devices are
33 and 13100 Ω cm2 respectively. The low thickness of the CNTf current-collector
has some implications on the device performance, typically affecting the fill factor
of the J-V curve and lowering the efficiency. Indeed some control experiments with
semi-transparent CNTf supported on FTO substrate have shown similar Voc and Jsc
but with higher FF and PCE. This confirms the lower recombination mechanism
with semi-transparent CNTf substrates.

For the glass/CNTf-photoanodes, the Nyquist impedance under illumination
(Figure 6.21e) presents only one semicircle with a characteristic frequency of fmax =
4725 Hz and the cell resistances (Rcell) measured was circa 60 Ω. Under dark condi-
tion, a broad peak was identified with a resistance of approximately R = 260 Ω and
a characteristic frequency fmax = 400 Hz. The broadening of this peak is indicative
of a convoluted secondary component attributed to the charge transfer resistance
between electrolyte and Pt-CE at higher frequency (104 Hz).

The device under illumination shows the carrier saturation of the conduction
band of the titania, lowering the resistance of this semiconductor layer. Bearing this
in mind, the observed peak under dark conditions in EIS plots (Figure 6.21e) is at-
tributed to the charge transfer between TiO2/electrolyte. Whereas in measurements
under illumination, this semicircle becomes much smaller and the charge transfer
between CNTf and electrolyte is now observed. The large variation between dark
and light conditions could be explained by a lowering in the charge recombination
therefore increasing the charge collection efficiency.
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The recombination mechanism has been drastically reduced by introduction
of semi-transparent CNTf. This is further confirmed by the much higher Rsh. On
the contrary, the sheet resistance of such a thin material is hampering the charge
extraction by increasing the series resistance of the device. It is well known the
limitations of the Rs over the FF of the device. At this point, it is possible to conclude
that there is an existing between optical transparency and low Rsq for CNTf.
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FIGURE 6.21: a) Schematic of a DSSC implementing transparent sub-
micrometric CNTf current-collector photoanode. b) Digital photo-
graph of the semitransparent Glass/CNTf/TiO2 photoanodes. c)
DSSC device assembled with semitransparent Glass/CNTf/TiO2
photoanode and FTO/Pt-CE. d) J-V curves of representative devices
at 1 sun illumination intensity. d) Nyquist (up) and Bode phase
(down) plots of one device under dark (D) and light (L) conditions.

6.6 Summary and conclusion

Inspired in some previous works, the use of the neat CNTf decorated with
N719 dye molecules has been investigated as DSSC devices. But, none of the tested
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devices presents the typical characteristics of a solar cell and no power was gen-
erated. This result suggest that there is charge recombination between the liquid
electrolyte and the surface of the CNTf that inhibit the proper operation of the de-
vice.

The hypothesis of the high surface area 3D electrodes was investigated by de-
positing conformal layers of TiO2 by ALD onto CNTf substrates. The photogen-
erated carrier injection vs recombination mechanism was analysed by tunning the
amount of emitter material (thickness of TiO2/N719-dye) and its interaction with
the CNTf. Low performance was achieved with this configuration due to the low
photocarrier generation and high recombination observed. The surface area of this
electrode in combination with the highly catalytic activity demonstrated in previous
chapters explains this behaviour.

The ALD material proved to be a good passivisation layer (blocking layer)
for the CNTf electrode. The leakage current of the device has been drastically re-
duced, although further optimisation is needed for obtaining fully passivised CNTf
substrates. Obtaining homogeneous MOx deposited throughout the CNTf substrate
thickness is required for obtaining fully operative devices.
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FIGURE 6.22: Recombination mechanism according to the degree of
CNTf surface exposure in the photoanode. a) J-V curves of the main
operative CNTf-photoanodes. b) Shunt resistance and leakage cur-

rent according to the CNTf surface exposure.

The competition between carrier generation- injection and recombination mech-
anism was also investigated by reducing the thickness of the CNTf to semi- trans-
parent electrodes. Decreasing the available CNTf surface, thus the number of recom-
bination centres, the recombination mechanism is diminish obtaining good current
and voltage characteristics but very low FF. This drawback is attributed to the high
sheet resistance of semi-transparent CNTf electrodes.



168 Chapter 6. CNTf/MOx Photoanodes for DSSC

Concluded from these previous architectures, the degree of exposed CNTf sur-
face proved to be a critical parameter. The main operative devices are summarised
here by their J-V curve (Figure 6.22). The different approached strategies show the
direct relation between CNTf exposed surface and recombination component. The
passivisation of the CNTf surface led to higher shunt resistances, lower leakage cur-
rents and better overall performance of the devices.

Proposed future work should combine the results obtained by the passivi-
sation of the CNTf substrate by MOx-ALD (after optimisation) in combination to
semi-transparent electrodes. Moreover, the increment of the conductive properties
of semi-transparent electrodes would lead to better performance DSSC devices. The
starting point for low recombination CNTf devices is clearly depicted by the results
obtained in this chapter.

Finally, some alternative solutions for avoiding the recombination mechanism
are proposed. For instance, using non-reactive electrolytes with the CNTf, hence
avoiding this source of recombination. Other possibility would be using water based
electrolytes with low wettability with the CNTf electrodes, thus reducing the physi-
cal contact between these two materials.
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Chapter 7

CNTf Electrodes for DSSC:
Engineering Aspects

This chapter analyses engineering aspects of DSSC devices based on CNTf-
CEs.

Firstly, it discusses fabrication challenges and opportunities arising from the
porous nature of these CEs. It considers the performance of CNTf-CEs devices
against standard DSSCs, but also presents results of relevance towards the devel-
opment of DSSC with augmented mechanical properties.

Next, an example of a device architecture that overcome the intrinsic optical
absorption of CNTs is presented.

Finally, device size effects of counter-electrode and working-electrode are in-
vestigated.

7.1 Progress towards innovative DSSC architectures

In the previous Chapter 4 the CNTf took the role of CE and current-collector.
But in view of the mechanical toughness of this material, it is of interest to use it
in free-standing form. Such arrangement leads itself to the fabrication of flexible,
easy-to-process, tough electrodes DSSC.

7.1.1 Electrolyte infiltration

Typically, DSSC at laboratory scale are filled with the electrolyte through very
small holes (< 1 mm diameter) drilled at the TCO current-collector substrate. By cap-
illary forces the electrolyte flows and fills the gap between both electrodes (see the
schematic presented in the Figure 7.1a). This gap between electrodes is in the range
of tens of microns (20-100 µm). Visual observation of the electrolyte flow shows that
complete coverage of the device area takes around 1 second, although the infiltration
of mesoporous TiO2 layer would take longer.

When the CNTf-CE is used, there is no gap between the mesoporous CNTf
membrane CE and the photoanode. The porosity of the CNTf material provides
strong capillary forces for the infiltration of liquids and polymers, but also implies
longer time to fully saturate the device with electrolyte, as well as the possibility of
forming air voids (see Figure 7.1b).
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a) Pt-CE 

Electrolyte Flow

ANODE

b) CNTf-CE 

ANODE

FIGURE 7.1: Schematic showing the electrolyte flow inside the DSSC
by capillary forces for a) Pt-CE and b) CNTf-CE.

In contrast with the Pt-CE DSSC, observation of the CNTf-CE DSSC shows
that the electrolyte spreads/wicks much slower, taking 6 minutes to cover all the
visible area (Figure 7.2). In the infiltration of porous media by a fluid, there is often
formation of bubbles or air pockets in the pores. Indeed partial infiltration of cells
with CNTf-CE is thought to be main the main source of variability in these devices.

As a first approximation, the bulk wicking rate is considered that is driven ex-
clusively by the capillarity of the CNTf-CE following a similar behaviour. Previous
studies have shown that the wicking rate of a droplet on a CNT fibre fabric can be
described by a modified Lucas-Washburn equation 7.1 of the form[345]

S
S0
·
(

ln
S
S0
− 1
)
= −1 +

(
2πrγ cos θ

3η∗S0

)
· t (7.1)

where S0 is the initial wicking area covered by the droplet at time zero, S the
wicking area at time t, r the effective capillary radius of the fibre, γ the liquid surface
tension, θ the Young-Laplace contact angle and η∗ the liquid viscosity.

This equation can be used to predict the infiltration time for the electrolyte to
completely saturate the CNTf membrane. Approximating the electrolyte viscosity to
the one of the pure acetonitrile solvent (110 m Pa s),[346] the initial contact angle of
25.8o[347] (neglecting dynamic and secondary contact angles[348]) and average cap-
illary radius for CNTf (r) between 50-70 nm according to previous studies,[102, 349]
the predicted time from the Eq.7.1, is in the range 10 minutes that is in agreement
with the experimental observations presented in the Figure 7.2.

Notice that this capillarity radius represents the average pore radius encoun-
tered by the liquid flow, but in reality the pores are highly irregular and reflect a
wide distribution of interbundle separations.[102] This implies that initial filling of
macropores can proceed faster than the bulk wicking rate.

In order to accelerate the flow of fluids in porous media, while also remov-
ing air pockets, vacuum is often applied at an outlet. This has been widely stud-
ied in vacuum infusion of fabrics by viscous epoxies in the fabrication of structural
composites, for example.[350] Sometimes, the electrolyte flow is assisted with vac-
uum,[200] to achieve better CNTf infiltration and saturation of the space between the
electrodes and, more importantly, of the mesoporous titania layer. On the contrary,
this approach is not convenient with conventional solvent based liquid electrolytes.
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If vacuum is applied for filling the cell, the high volatile solvents present in the elec-
trolyte will evaporate becoming a denser electrolyte, changing the concentration of
additives in solution and producing a less efficient electrolyte.

660 s180 s

5 mm

b)a)

FIGURE 7.2: Optical images showing the electrolyte flow inside the
CNTf-CE cell by capillary forces for a) t = 180 s and b) final t = 660 s.

Although a characteristic time for the electrolyte filling step is defined in this
section (≈ 10 min), not all the devices achieved the complete saturation and some
devices still show air pockets after this infiltration time. The devices presenting lack
of electrolyte provides lower performance than the fully saturated ones. This is at-
tributed to a lower short circuit current possibly related to a lack of dye regeneration.
However, the Voc and FF of the devices is approximately the same independently the
degree of electrolyte saturation.

This work highlight the importance of porosity on device fabrication and as-
sociated performance.

7.2 Towards Glass/TCO-free electrodes

The CNTf layer used as CE is sufficiently conducting to act as CC and is
strong/stiff enough to be self standing, flexible and even leading to structural prop-
erties. These properties of CNTf not only are sufficient for replacing the TCO at the
CE, but also open the possibility for the CNTf to host the electrolyte in its internal
pores. The electrolyte filled CNTf would act as a composite membrane, leading to a
substantially simplify the DSSC assembly process.[270]

This aspect was studied by fabricating CNTf free-standing devices produced
by making direct contact between an electrolyte filled CNTf with the TiO2 photoan-
ode as presented in the schematic in the Figure 7.3a. A thin polymeric film is hot-
pressed between electrode, avoiding the photoactive area, to keep permanently as-
sembled the device. The electrical contact can be made directly on the CNTf and the
device tested as a DSSC (see Figure 7.3b,c).

The device performance was characterised at 1 sun (AM 1.5G conditions). I-
V curves were recorded every 10 seconds starting a few minutes after finishing the
device assembly (Figure 7.4a).
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FIGURE 7.3: a) Schematic of the proposed architecture for a free-
standing-CNTf membrane used as both CE and current-collector
without further substrate. b) Example of a free standing CNTf-CE
device. d) Characterising a free-standing CNTf-CE DSSC in the solar

simulator with the electrical contact made directly on the CNTf.

The initial performance is close to 3 %, with Isc = 1.8 mA and Voc = 0.7 V. As
shown in Figure 7.4b, the efficiency after three minutes drops more than 50 % of the
initial performance. Assuming a linear decay, the data show rates of -0.7 %PCE/min
(efficiency loss per minute) and -0.3 mA/min (short circuit current loss per minute).
Indeed, extrapolating the efficiency and current to the initial point of assembly, 3-5
minutes before the first data point, a performance of 6-7 % is predicted, which is in
line with results on previous chapters.

This efficiency drop is directly linked with the evaporation of the solvent un-
der air exposure as was confirmed by direct observation and by re-filling the cells.
The standard for DSSC used here is composed of acetonitrile and valeronitrile, both
solvents with low boiling point. Solvent evaporation increases the electrolyte viscos-
ity and reduces ionic conductivity. In this respect, note that DSSC with quasi-solid
electrolyte, that is the case of BMII electrolyte after evaporating the solvent, leads to
below 3 % (examples included in the Chapter 2 "Background").

With this in mind and seeking better performance and stability, further re-
search with different solvent based electrolyte or solid-state electrolyte are proposed
as future work.

In order to prevent from liquid electrolyte leakage and evaporation, CNTf-CE
was deposited on thin layer of polyethylene terephthalate (PET) film of 200 µm-thick,
as presented in the Figure 7.5a.

A set of devices of 0.2 cm2 is prepared using the CNTf-CE encapsulated with a
layer of PET 200 µm-thick as substrate. A representative J-V curve of these devices is
shown in Figure 7.5b. The obtained efficiency is in the range of 5 %, the Voc = 0.78 V,
the Jsc = 11.25 mA cm−2 and the FF = 56 %.



7.2. Towards Glass/TCO-free electrodes 173

-0.8 -0.6 -0.4 -0.2 0.0
-1

0

1

2
 Dark

 Light, t=0s

 Light, t=240s
C

u
rr

e
n

t 
(m

A
)

Voltage (V)

0 60 120 180
0.55

0.60

0.65

0.70

1.0

1.2

1.4

1.6

1.8

0.35

0.40

0.45

0.50

1.0

1.5

2.0

2.5

3.0

 

V
o
c
 (

V
)

Time (sec)

 

Is
c
 (

m
A

)

 F
F

 

 

P
C

E
 (

%
)a) b)

FIGURE 7.4: Photovoltaic characteristics of the free-standing CNTf-
CE DSSC. a) J-V curves for the initial minutes of light soaking after
saturating the CNTf with liquid electrolyte. b) DSSC characteristics

evolution as function of the light soaking time.

This last device configuration, avoiding the direct evaporation of the elec-
trolyte, resulted in a stable performance. A stable J-V curve during the initial five
minutes was measured. Stability over time similar to the CNTf-CE supported on
FTO was confirmed after measuring a constant performance during the following
days.
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FIGURE 7.5: a) Flexible CNTf/PET CE and assembled DSSC. b) Rep-
resentative J-V curves of the CNTf/PET device.
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7.3 PVDF/CNTf-CE nanocomposite for tough electronics DSSC
devices

The previous results show that a thin polymer layer over the CNTf-CE can suc-
cessfully prevent electrolyte evaporation or leakage. If provided a flexible photoan-
ode, that can be produced as reported for instance elsewhere,[351] this will easily
lead to a flexible DSSC with CNTf-CE.

However, it is also of interest to consider the possibility of the DSSC becom-
ing a semi-structural element. With this objective in mind, structural materials (e.g.
carbon fibre, CF) have been used as CE for DSSC,[77] and the mechanical properties
of some devices have probed to be sufficient to behave as structural photovoltaics in
its elastic regime.[352]

CNTf/PVDF nanocomposite samples were used as CE for DSSC applications
and compared with a standard structural material, carbon fibre reinforced polymer
composite (CFRP) (schematics depicted in Figure 7.6a,b). Fabrication and character-
isation details are presented in the Appendix A. Summarising, CF composites are
materials composed by carbon fibres reinforcing an epoxy matrix. These materials
are nowadays widely used for structural elements due to their light weight and high
mechanical performance. The CNTf nanocomposite presents similar structure and
mechanical properties but showing higher electrical performance and much larger
surface area. For the CNTf acting as a multifunctional material, with structural prop-
erties and at the same time CE for DSSC, their catalytic performance must be inves-
tigated.

a)

d)

CFRP-CE b) CNTf/PVDF-CE 

ANODEANODE

c)

1 µm500 µm

100 µm

FIGURE 7.6: DSSC schematics implementing a) CF composite and b)
CNTf nanocomposite as CE. c) Optical image of the surface of CF
composite and d) SEM image of the surface of CNTf nanocomposite.
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Besides, the CNTf nanocomposite presents a thin superficial coating of poly-
mer but electrical measurements show that this surface is still conductive. Similarly,
the CF composite, due to the manufacturing process, also ends up with an external
resin skin, although in this case this layer is thicker and insulating. This superficial
polymer is removed by surface sanding for few second before any further measure-
ment. Images of the surface of CF composite and CNTf nanocomposite used as CE
are presented in the Figure 7.6c,d.
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The performance of CNTf/PVDF 15 %wt is compared with a piece of a cured
laminate of standard carbon fibre/epoxy composite (CFRP) as CE. This materials, in
addition to the standard Pt-CE material and a TiO2 photoanode, are presented in the
Figure 7.7a.

The J-V curves of both materials are presented in the Figure 7.7b. The devices
are prepared following the standard procedure but using office clamps for the non-
permanent assembly of the device. The area of 0.2 cm2 for the CE-CC materials is en-
sured by masking with Scotch tape the electrodes. The CF material presents a perfor-
mance of approximately 0.9-1 % with average characteristics of Jsc = 3.2 mA cm−2,
Voc = 0.78 V and FF = 35 %. For the as-made CNTf nanocomposite a similar low
performance (0.8 %) is obtained but attributed to a different behaviour. The observed
S-shape leads to a FF of 10-12 %, with a similar Voc = 0.7 V but a Jsc = 10 mA cm−2
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significantly higher. This high sort circuit current suggests the higher catalytic ac-
tivity of the CNTf in comparison to the CF but also lack of catalytic active sites due
to the saturated porosity and reduced surface area of the CNTf by the polymer in-
filtration. The CNTf, after a similar sanding process than than the applied to the
CF composite electrode, results in a performance substantiallyhigher, in the range
of 3.5 %. This improvement is attributed to an enhanced FF up to 45 % and slightly
increased Voc = 0.76 V because of the reduction of the S-shape of the material. This
suppression of the S-shaped profile is an important result confirming that the S-
shaped curve is obtained due to the lack of catalytic active sites.

Finally, this improved performance of the CNTf nanocomposite in comparison
to the CFRP are supported by the EIS measurements depicted in the Figure 7.7c,d.
The cell resistance of the CNTf nanocomposite CE (after sanded) is one order of mag-
nitude smaller than the CF composite attributed to the higher electrical conductivity
of the CNTf nanocomposite. These impedance results are similar to those of the pris-
tine CNTf material, depicting a unique electrical interface that convolutes the charge
transfer process at the CE and the electron transfer at the TiO2/electrolyte interface.

7.4 Overcoming issues with transparency enabled by mechan-
ical properties

Besides the rationalised CNTf-CE design, the intrinsically poor optical trans-
mittance of CNTs can easily be overcome. By assembling two photoanodes facing
each other in a sandwich-like design, the free-standing CNTf-CE can act as unipo-
lar or unifacial counter-electrode/current-collector without losing performance for
each cell. This new architecture is presented in the Figure 7.8a.

As shown in the Figure 4.13b, the remaining bottleneck aspect of using CNTf-
CEs is the significant loss of transparency, limiting the possibility of illuminating the
DSSCs from both sides with a back-reflector as in one of the possible conventional
configurations of solar cells. However, the mechanical, electrical, and catalytic fea-
tures of CNTf-CEs allow to introduce the free-standing CNTfs sandwiched between
two photoanodes (see Figure 7.8b).

The device consisted in two 5 mm diameter photoanodes (0.4 cm2 photoanode
surface in total) and≈ 20 µm-thick CNTf-free-standing-CE. The optimised thickness
of the CNTf from previous Chapter 4 is here multiplied by two to ensure that there
is enough mass of CNTf (proportional to the number of cataytic centres) and thus
avoid the previous mention S-shaped J-V curve. 60 µm Surlyn gasket was placed
separating the CNTf film from each photoanode (see Figure 7.8a). For measuring the
unipolar device, both faces of the cell where individually characterised in the solar
simulator under the standard procedure. For measuring both sides at the same time,
a concave mirror was used to illuminate the cell from both sides, and a wire was used
to connect both photoanodes in parallel configuration – front and back. The position
where the back-reflected light had an intensity of 1 sun was also determined with
the silicon reference.

Without interconnecting the photoanodes, each cell features similar FF of 62 %,
photocurrents (I) of 2 and 2.6 mA, and Voc of 0.74 V and 0.63 V. Upon connecting the
anodes in parallel and illuminating both sides under 1 sun (AM 1.5G) conditions, the
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device response features an overall I of 5 mA, Voc of 0.65 V and FF of 60 %, leading
to an overall device PCE of 5 %, similar to that of each independent cell.
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FIGURE 7.8: a) Schematic, b) digital photograph and c) I-V curves of
DSSCs with individual and dual side illumination.

As it is observed in the Figure 7.8c, both individual cell has slightly different
behaviour. This is common to all tested devices and attributed to the lack of symme-
try of the device. Due to the CNTf is a flexible substrate, it is almost impossible to
keep both distances the same, photoanode-A and photoanode-B to the CE. Likewise,
the differences in electrolyte saturation between both anodes lead to inhomogeneous
working of both sides when they are independently measured. For avoiding that,
filling with electrolyte both sides of the cell helps to completely saturates both an-
odes.

A final important consideration of this architecture is related with the lower
losses of illuminating two photoanodes versus one photoanode from both sides
(standard configuration). When a conventional DSSC is illuminated from both sides
with a back reflector, the light has to travel through the electrolyte layer. The stan-
dard electrolyte based on I−/I−3 redox couple has and important absorbance band
centred in 475 nm, thus, the back illumination of the cell involves the loss of almost
half of the visible light spectrum compared with the front illumination. In the case of
the unipolar device, the light reaching the front or back anode of the cell has the same
intensity and components with no losses due to the absorption of the electrolyte.
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7.5 Electrical aspects: proof-of-concept mini-module

7.5.1 Photoanode size-dependence effect of planar CNTf-CE DSSC

Scaling up DSSC devices involve the study of the resistive effects related to
the size increment. In general, increasing the size of the device affects severely the
efficiency.[353–355] It leads to a severe impact on the FF and, to a lesser extent, on
the Jsc of the device. This represents one of the main difficulties of increasing the
area of the PV devices. This is typically explained in terms of power dissipation of
the solar cell due to the electrode series resistance, in particular, the series resistance
of the front electrode TCO (FTO in our case). The power losses per unit of area (PR)
due to the series resistance are given by

PR = Rs A J2
mpp (7.2)

where A is the cell area, Rs is the series resistance, and Jmpp is th current density at
the maximum power point.

When the size (area) of a solar cell increases, the resistance of the current-
collector increases proportionally. At some point, the losses due to this additive
series resistance must be considered.
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This mention drop in performance as function of the photoanode size is shown
in the Figure 7.9, where a comparison between different size DSSCs is presented
(Figure 7.9a). J-V curves corresponding to (I) 0.2, (II) 1 and (III) 10 cm2 devices (Fig-
ure 7.9b) shows a clear trend of the Jsc and FF decreasing linearly with the increment
of active size (see Figure 7.9c). On the contrary, the Voc remains almost constant, gen-
erating 740 and 720 mV for the 0.2 cm2 cells and 728 and 735 mV for the 10 cm2, CNTf-
and Pt-CE respectively. This is in agreement with previous references showing the
same trend of the characteristics in organic solar cells.[353–355] Notice that, the drop
of performance from the initial 0.2 cm2 to 1 cm2 for the CNTf and the Pt reference,
from PCECNT f−0.2 cm2 = 7.7 % and PCEPt−0.2 cm2 = 8.7 % to PCECNT f−1 cm2 = 6.2 %
and PCEPt−1 cm2 = 5.8 %.

To further understand the size dependence effect of the photoanode, the series
resistances are calculated. For the calculation of Rs, a method based on the voltage
difference between dark and 1-sun J-V-curves was applied to the 0.2 cm2 and 1 cm2

J-V characteristics. Rs for the 10 cm2 devices have been calculated from J-V curves at
different light intensities. The description of this methods and analysis are explained
in the Chapter 3 "Experimental Techniques".

The product of the series resistance per area (RS A) and power losses (PR) are
shown vs the photoanode area in Figure 7.10. With these series resistances, it is pos-
sible to calculate the power losses according to the Equation 7.2. It can be concluded
that power loss increases proportionally with the series resistance and therefore the
size of the device. The CNTf-CE behaves in all aspects as good as Pt, with the benefit
of acting as CC. All the extracted characteristics from the photoanode size depen-
dence are presented in the Table 7.1.
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FIGURE 7.10: Series resistance and power loss vs photoanode area.

The solution for this well known size dependence power loss in the PV tech-
nology consists on depositing a metallic grid on the surface of the photoanode for
decreasing the series resistance of the electrode. This solution is a trade-off between
minimising the resistance by decreasing the metal size grid and maximising the
transparency by increasing this size. But, this optimisation of the device falls out
of the objectives of this thesis.
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TABLE 7.1: Voc, Jsc, FF, PCE, PR and Rs,light A characteristics of differ-
ent size photoanode DSSC devices.

Devices
Size Voc Jsc FF PCE Rs,light A PR
cm−2 V mA cm−2 % % Ω cm2 mW cm−2

0.2 0.74 17.2 60 7.7 2.6 0.3
CNTf-CE 1 0.74 15 55 6.1 18 2.6

10 0.72 6.2 26 1.2 214.8 6.5

0.2 0.72 16.7 72 8.7 2.4 0.7
Pt-CE 1 0.72 15.1 53 5.8 19.1 3.1

10 0.73 5.7 25 1.1 245.3 6.6

7.5.2 CNTf-CE mini-module: resistive losses and size-dependence

As a further proof of innovative cell assembly methods enabled by the use of
these CNTf-CEs, and taking advantage of the large CNTf production capacity on ac-
count of the synthesis method – ca. 10 km/day, a large-area DSSC mini-module was
investigated. This was fabricated covering 1 meter long with 10 photoanodes (1 cm2

each) connected in parallel featuring an average PCE comparable to the state-of-the-
art carbon-based DSSC module.[356] This proposed solution avoids the increase in
series resistance associated to bigger size photoanodes.

Technically, this large-area DSSC can be considered as a module because it is
composed by several individual cells independently sealed and interconnected in
parallel.[189] When manufacturing a PV-module, several connection schemes of the
individual cells can be used. In summary, series, parallel connection or a combi-
nation of both (monolithic, Z-type, W-type among others) are the different options.
Series connection of the cells imply a unique path for the current to travel along the
circuit and the final voltage is the additive voltage of each individual cell. In a par-
allel connection, there are multiple paths for the current to move along the circuit,
producing and additive current. This last is the case of the module presented in the
Figure 7.11, where the current is additive when all the cells are interconnected.

A proof-of-concept mini-module is presented in the Figure 7.11a. The assem-
bly method consist on fabricating individual photoanodes of 1 cm2 (1.25 cm x 0.8 cm)
and directly placing them along a continuous strip made of CNTf. A layer of ther-
moplastic film (Surlyn) was used to secure the anodes to the fibre and seal the elec-
trolyte by hot-pressing each photoanode onto the fibre CE/CC. The back side of the
cells were sealed with a piece of PET for avoiding the entrance of humidity and the
evaporation of solvent.

The mini-module CNTf-CE DSSC was characterised outdoor because the re-
quired illuminated area was larger than one metre. Certified silicon reference cell
was used for ensuring 1 sun as external illumination power density during all the
measurements. The photoanodes were connected in parallel with an external wire
for extracting the photogenerated charges. Although the CNTf is acting as CE and
CC for every cell, an additional wire was also used for connecting in parallel all
the devices. The experimental setup is presented in the photograph and schematic
included in the Figure 7.11a,c.
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The individual cells were characterised after visual inspection and rejecting
the cells showing lack of electrolyte filling or construction defects. They featured
average characteristics of Jsc = 10± 2 mA cm−2, Voc = 0.73± 0.3 V, FF = 60± 5 %,
and PCE = 4.5± 0.5 %.

The mini-module was connected in parallel and characterised under calibrated
1 sun outdoor conditions (Getafe, 10/10/2017). The device features Jsc of 7 mA cm−2

or I of 69 mA that results from the sum of each individual cell, Voc of 0.72 V, FF
of 53 % and an overall PCE of 2.7 % (Figure 7.11b). Noteworthy, this proof-of-
concept device showed PCE values that are comparable to the state-of-art graphene-
based DSSC modules,[356] as well as other optimised carbon-based modules (aver-
age PCE = 4.5 %).[356–360]

This proposed photovoltaic architecture has several advantages against other
traditional architectures:

• The counter-electrode acts at the same time as current-collector of every indi-
vidual cell.

• Although the photoanodes are built onto glass substrates, they are intercon-
nected from each other by the CNTf, thus the final module is a flexible unit.

• The continue fibre geometry of the module preserves the mechanical proper-
ties of the CNTf, leading potentially to integrating them into composite mate-
rials.

• Using CNTf-CE/CC also has some potential industrial manufacturing advan-
tages, for instance, it is more convenient having the conductor material inte-
grated with the current collector in a flexible shape where some conventional
manufacturing techniques as roll-to-roll can be applied.
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However the obtained efficiency falls short of that observed in small area (ca.
0.2 cm2) cells discussed in the earlier sections and chapters. This is attributed to at
least two identified effects:

• The charge extraction is limited by resistive effects of the photoanode. This is
presented in the previous section and entails ≈ 35 % of the loss of efficiency.

• The CNTf-strip-architecture limits the charge extraction along the one meter
CNTf current-collector (resistive effects).

With the aim to elucidate the influence of the CNTf-CE/CC length on the per-
formance, the resistive effect of the CNTf electrode was tested.

In a first attempt, the CNTf mini-module presented in the Figure 7.11a, was
characterised using directly the CNTf as final current-collector (without cathode ex-
ternal wire depicted in Figure 7.11c). Interestingly, the performance achieved by this
configuration was equivalent to 3-4 devices.

To understand this behaviour a sequence of measurements over the same de-
vice were performed. The experiment consist on increasing the distance between
the illuminated cell (1 sun conditions) and the connection of the cathode/current-
collector. This is schematically depicted in the Figure 7.12a, in where the cathode of
device under test (DUT) is connected at 1, 25, 50 and 100 cm.

The obtained J-V curves are shown in the Figure 7.12b and the extracted char-
acteristics summarised in the Figure 7.12c.
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The first point to highlight is the significant reduction in short circuit current
density. Interestingly, this Jsc reduction is not proportional to the distance, it shows
a main drop when the current flows through the next assembled device and remains
constant for subsequent measurements. Moreover, the constant behaviour of the Voc
and the linear decrease of the fill factor suggest that the performance is limited by a
purely resistive effect. The series resistance for the four measurements resulted 0.8,
4.5, 9, 18.3 Ω cm−2 for 1, 25, 50 and 100 cm respectively. The lineal increase in the
series resistance explains the efficiency loss by proportionally decreasing the FF of
the mini-module. As said before, interconnecting the CNTf-strip/current-collector
with an additional wire the series resistance is kept small, thus diminishing this
source of resistive losses.

7.6 Summary and conclusion

The importance of the electrolyte filling process for CNTf-CE DSSCs has been
discussed. Preventing the air pockets and incomplete membrane infiltration is a key
point for obtaining the maximum performance of the device. The bulk electrolyte
infiltration, as a first approximation, is analysed following Lucas-Washburn equa-
tion, showing that infiltration times longer than 10 minutes are possible. This is in
agreement with experimental observations.

New device architectures based on the CNTf-CE has been proposed. The free-
standing CNTf-CE, although presenting low efficiency related to the low stability
of the liquid solvent-based electrolyte, has shown potential benefits in view of large
scale manufacturing processes like the roll-to-roll. Further work optimising the elec-
trolyte stability under air conditions is proposed.

The encapsulation with flexible substrate is an alternative manner of stabilis-
ing the electrolyte embedded in the CNTf membrane. With this solution, the flex-
ibility of the CNTf is preserved, resulting in flexible CE. In this line, CNTf/PVDF
nanocomposites, exhibiting semi-structural mechanical properties, has been used as
CE. The CNTf surface has been exposed by sanding procedure and the S-shaped
profile of the J-V curve has been reduced (improving efficiency and FF). This is a
direct result proving the relation between exposed catalytic surface of the CNTf and
the S-shaped. The controlled surface polymer solution could be used for selectively
exposing certain amount of CNTf surface possibly without hampering the overall
mechanical properties of the nanocomposite.

One of the new configurations proposed is the bifacial DSSC. This tackles the
lack of transparency of the CNTf by sandwiching the CNTf membrane in between
two photoanodes. As has been shown, both faces of the device work independently
with similar performance, but when connecting them and illuminating both faces,
the current of the device is nearly doubled. This solution allows the illumination of
the CNTf-CE devices from both sides.

Furthermore, proof-of-concept mini- module has been fabricated using the
CNTf as direct CE/CC. Several independent photoanodes connected over 1 metre
length CNTf-strip, has shown a total efficiency of 2.7 % close to other optimised
nanocarbon based DSSC modules recently reported by other groups. The size de-
pendence effect on these solar modules and large area devices (> 10 cm2) has been
analysed, attributing power losses to resistive effects.
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Chapter 8

Conclusions and Future Directions

The aim of this thesis has been the implementation of the CNTf as current-
collectors for energy harvesting applications, and more importantly, understand the
charge transfer processes occurring at the surface of this material.

CNT fibres presents a combination of properties, such as its high conductiv-
ity, mechanical properties in the high performance range, open and interconnected
porosity, high surface area and chemical and electrochemical stability, that makes the
material suitable for combining with liquid electrolytes, semiconductors or poly-
mers, among other materials. Moreover, the mechanical interaction and electrical
charge transfer at the interface between these materials are completely different. Be-
cause of the noverlty of the CNTf , all these interactions raise many fundamental
questions, and providing answers to some of them have been in the objectives of
this thesis.

As shown in the background chapter, among the alternative energy harvest-
ing technologies, the photovoltaic technology is nowadays one of the most promis-
ing for capturing ambient energy. There are multitude of solar technologies, and
DSSC has been the one selected to study in this thesis. They have shown a rapid
development during the last two decades but also is a well understood platform for
introducing new material for improving the actual performance.

In view of all these elements, the CNTf has been implemented into the differ-
ent parts of the DSSC. Summarising, by using the CNTf and CNTf nanocomposites
as CE and CC, the properties of the material as well as, the charge transfer phe-
nomena in the catalytic reaction towards iodide/triiodide redox couple have been
investigated. Moreover, this CNTf membranes have been used to design new de-
vice architectures. On the other hand, the CNTf has been hybridised with semi-
conductors. The heterojunctions formed by different synthesis techniques has been
widely characterised. The hybrids have been implemented as working electrodes
(photoanodes) of DSSC and the charge transfer at the CNTf/TiO2/dye/electrolyte
has resulted in several interesting conclusions.

For studying the catalytic activity of the CNTf, firstly the implementation of
the CNTf as CE/CC of planar devices have been optimised. Reliable procedures for
fabricating these type of devices (symmetric cells or full DSSC devices) have been
developed. Firstly, the catalytic nature have been proven and the high catalytic ac-
tivity has been associated to the high SSA present in the CNTf. After demonstrating
the stability of these electrodes for this application, the role of the mesoporosity of
the CNTf have been clarified by EIS measurements. This result is not only impor-
tant for this material because some other electrochemical interfaces are also observed
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for other nanocarbons (e.g. graphene), and the same conclusion can be extended to
similar mesoporous carbon systems.

An important contribution has been done attending to the chemical environ-
ment produced by the interaction between the CNTf and the standard electrolyte
for DSSC. Starting from different diffusion coefficients related to the variation in
concentration of conductive species in the electrolyte, and finishing by the possible
stabilisation of the electrolyte by taking the CNTf the role of protecting agent from
the dye/electrolyte interaction. This interaction leads to an increase in polyiodides
species that improves the diffusion limiting current densities, and therefore the short
circuit current of the device. The role of the CNTf-CE as membrane hosting the elec-
trolyte can also be understood as electrolyte filler. This implies that the observations
and conclusions observed for CNTs as electrolyte filler can be extrapolated for thick
CE made of nanocarbon materials.

There are fundamental question regarding the catalytic nature of the carbon
material that remains open. The functionalisation of the CNTf substrate does not
lead to an improved efficiency, suggesting the catalytic activity and thus the num-
ber of catalytic active sites are not proportional to the carbon edges created. Other
alternatives must be explored, for instance, the iron catalyst residue as origin of the
catalytic activity. Similar experiments have been reported with ferrocene catalyst
residue and, although they reported an improved catalytic activity, this material is
oxidised and still is different to the metallic iron observed encapsulated in our CNTf.
These metallic clusters should produce highly distorted electronic area at the surface
of the CNTf. Precise experiments should be design to further clarify this feature of
the CNTf.

The implementation of CNTf-CE into DSSC devices resulted in a successful
application. After the optimisation of the CNTf parameters, with special attention
to the S-shape limiting factor of the performance, the obtained efficiency of the CNTf
devices outperformed the reference Pt material, obtaining a performance superior to
the 9 % and demonstrating the stability after 6 months (> 60 % of the initial perfor-
mance).

Continuing with the CNTf-CE implementation, new device architectures based
on the CNTf-CE has been proposed. The free-standing CNTf-CE, although present-
ing low efficiency related to the low stability of the liquid solvent-based electrolyte,
has shown promising results, with potential benefits in view of large scale man-
ufacturing processes like the roll-to-roll. Further work optimising the electrolyte
stability under air conditions is proposed. Moreover, the encapsulation with flexi-
ble substrate is an alternative manner of stabilising the electrolyte embedded in the
CNTf membrane, as well as preserving the flexibility of the CNTf. Still further work
is needed in flexible planar working electrodes for obtaining the full flexible device.

CNTf nanocomposites have been fabricated and used as DSSC-CE. Several
mass fractions of CNTf have shown an improved mechanical performance, exceed-
ing the rule of mixtures and in agreement with previous results of the group. A reli-
able procedure for producing controlled CNTf nanocomposites has been developed
and an overall characterisation of the material has been performed. The morphol-
ogy of the nanocomposite material has been related with the performance as CE for
DSSC. Indeed, the infiltration with polymer has resulted in a good procedure for
tuning the CNTf exposed surface. The S-shaped profile of the J-V curve has been
evaluated. This is a direct result proving the relation between exposed catalytic
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surface of the CNTf and the S-shaped. The obtained performance still is far from
the 9 % obtained with optimised Pt devices. The controlled polymer solution can
be used for selectively exposing certain amount of CNTf surface, possibly without
hampering the overall mechanical properties of the nanocomposite.

One of the new configurations proposed is the bifacial DSSC. This tackles the
lack of transparency of the CNTf by sandwiching the CNTf membrane in between
two photoanodes. As has been shown, both faces of the device work independently
with similar performance, but when connecting them and illuminating both faces,
the current of the device is nearly doubled. Furthermore, a proof-of-concept mini-
module has been fabricated using the CNTf as direct CE/CC. Several independent
photoanodes connected over the same 1 metre length CNTf-strip, has shown a total
efficiency of 2.7 % close to other optimised nanocarbon based DSSC modules re-
cently reported by other groups. The size dependence effect on these solar modules
(> 10 cm2) has been analysed, explaining and attributing part of the power losses
to resistive effects.

Before implementing the CNTf in the working electrodes of DSSC devices
(photoanodes), the synthesis and characterisation of CNTf/semiconductor hybrids
have been performed. This is more important since the appearance of novel materi-
als like CNT or graphene, and its increasing use as electrode for similar applications
than activated carbon, as for instance energy storage.

Firstly, CNTf hybridised with ZnO semiconductor synthesised by a double
step chemical route have been studied. The Schottky barrier formation between
these materials have been successfully demonstrated. Meanwhile, the SBH value is
smaller than the expected according to the energetics of the materials. The analysed
Schottky heterojunctions present an ideality factor of 2.9, effective SBH of 0.26 eV
and rectifying ratio of 144. The wide range of work function values reported for
the individual components, even for the same synthesis conditions, makes diffi-
cult to extract comparable conclusions with other nanocarbons materials. This gives
prominence to the obtained result as one of the first for studies for macroscopic large
heterojunctions with CNTf.

On top of that, the charge transfer properties through the interface have been
successfully investigated by photocurrent measurements, leading to a responsivity
of the material close to 5000 mA/W, a high value related with the large SSA of the
CNTf and the large extended interface with the metal oxide. As an alternative ap-
plication, the obtained ZnO-NWs wurtzite crystals, widely studied as piezoelectric
nanogenerators, were analysed distinguishing the different contributions of piezore-
sistive and piezoelectric phenomena taking place under mechanical deformation on
the material.

For further understanding of the CNTf hybridisation and charge transfer phe-
nomena, alternative nanometer-size layers of ZnO were synthesised by atomic layer
deposition (ALD), a physical method that provides precise control in terms of the
chemistry, structure and thickness of the deposited metal oxide layer. CNTf/MOx-
ALD heterojunctions have shown different electrical properties depending on the
number of cycles applied during the synthesis of the MOx. For instance, for ZnO
material, metallic junction has been reported for thin layers (< 20 nm) in contrast to
the rectifying behaviour observed for thicker (> 20 nm) layers. This tunability of the
properties of ALD hybrids has been explained by differences in carrier concentra-
tion and oxidation state of the materials upon different thicknesses. Experimental
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insights for this conclusion have been found by XPS, Raman, XRD and morphologi-
cal study of the hybrid material.

The charge transfer through this interface has been demonstrated by UV pho-
tocurrent measurements, supporting the different properties obtained depending on
the ALD number of cycles. The photoresponse under low power UV-light is highly
improved. This results also suggest the potential application of this material for UV-
photodetectors. The electrochemical effects produced by the adsorption of oxygen
molecules under light irradiation govern the behaviour of this type of photodetec-
tor. The high surface area accessible for this interaction in CNTf/MOx hybrids, and
thus the properties of the possible photodetector device, could be easily modifiable
by the thickness of the ZnO layer.

These hybrids materials obtained by conformal layer of semiconductor over
the CNTf by ALD have been implemented into the working electrodes of DSSC. The
high surface area and large 3D heterojunction interfaces has been investigated as
photoanodes. The photogenerated carrier injection vs recombination mechanism has
been analysed by tunning the amount of emitter material (thickness of TiO2/N719-
dye) and its interaction with the CNTf. Very low performance was achieved with
this configuration and high recombination is the responsible of this performance.
Several strategies for avoiding the recombination at the surface of CNTf photoan-
odes has been explored.

The ALD material has proved to be a good passivisation layer (blocking layer)
for the CNTf electrode and, the leakage current of the device has been drastically re-
duced. Although further optimisation is needed for obtaining fully passivised sub-
strates and homogeneous ALD layers throughout the CNTf substrate cross-section.
This optimisation is required for obtaining fully operative CNTf-photoanode de-
vices with an increased performance. Furthermore, the ALD physico-chemical in-
teraction with the CNTf substrate has to be further studied. Surface modification by
functionalisation treatments could lead to improve the homogeinity of these hybrids
electrodes.

The competition between carrier generation-injection and recombination mech-
anisms have been further analysed by reducing the thickness of the CNTf to semi-
transparent electrodes. By decreasing the available CNTf surface, thus the number
of recombination centres, the recombination mechanism is diminish. This devices
performed good current and voltage characteristics but very low FF. After analysing
the electrical and optical properties of the semi-transparent CNTf, this low FF is at-
tributed to the sheet resistance of semi-transparent CNTf electrodes.

Concluded from these previous architectures, the degree of exposed CNTf sur-
face has proved to be a critical parameter. The passivisation of the CNTf surface led
to higher shunt resistances, lower leakage current and better overall performance of
the device.

Proposed future work should combine the results obtained by the passivisa-
tion of the CNTf substrate by MOx-ALD with semi-transparent CNTf electrodes.
Moreover, the increment of the conductive properties of semi-transparent electrodes
would lead to better performance DSSC devices.

Finally, some alternative solutions for avoiding the recombination mechanism
are proposed. For instance, using non-reactive electrolytes with the CNTf, hence
avoiding this source of recombination. Other possibility would be using water based
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electrolytes with low wettability with the CNTf electrodes, thus reducing the physi-
cal contact between these two materials.

As a final remark, some precautions must be taken when introducing nanocar-
bons as photoanode dopant. There is a lot of work done in the literature but, it is not
commonly reported the high recombination processes associated to these materials.
Although, in most cases, an increment in efficiency is reported, other parasitic reac-
tions (recombination) could be occurring when the nanocarbons are not effectively
passivised.
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Appendix A

CNTf/Polymer Nanocomposites

In this Appendix, CNTf/polymer nanocomposite is presented. This material
is presented in the Chapter 7 as CE with polymeric encapsulation for preventing
electrolyte leakage and evaporation. However, this material research is out of the
main scope of this thesis, more details about the nanocomposite preparation and
characterisation are presented here below.

A.1 CNTf/PVDF nanocomposite fabrication

Extensive research has been performed in the past with the aim of extracting
the outstanding properties of the CNTs from the nano-scale to the micron-scale. One
exploited route in the last years is using CNTf as reinforcement in polymeric com-
posite materials.[361] Among different techniques for preparing nanocarbon com-
posites, hot-pressing technique is widely used,[362, 363] but still it is challenging to
obtain uniform composite materials and reproducible properties.

The CNTf used in this section has been in-situ oriented during its synthesis by
the drawing method.[53] The precursor solution and conditions are slightly differ-
ent (detailed in Chapter 3 "Experimental Techniques"), but the important different
lays on the drawn parameter, here close to 40 m/min (for previous materials it is
5 m/min). This difference confers higher mechanical properties to the CNTf, tensile
strength and elastic modulus, without lowering its porosity, as it is demonstrated in
previous work of the group.[102]

Polyvinylidene fluoride (PVDF) is a common thermoplastic that presents good
mechanical properties and chemical resistance.[364] It is widely used in many ap-
plications as, for instance, wires encapsulation,[364] supercapacitors,[365] batter-
ies[366] or solar cells.[128, 267]

Unidirectional CNTf/PVDF polymer nanocomposites were fabricated accord-
ing to the method presented in the Figure A.1. The pristine CNTf and polymer
materials are shown in the first step of the manufacturing process as raw materials
(1). These materials are combined by inverse-sandwiching process as is presented in
the second stage of the process (2). The CNTf sheet (30x5 cm) is used for wrapping
the neat PVDF lamina (3x5 cm). The advantage of this procedure is that the CNTf is
firmly secured in place around the lamina of polymer, presented in the third stage of
the process (3). At this point, the CNTf and PVDF lamina are independent materials
that are later consolidated by hot-pressing technique. The final composite lamina is
presented at the last stage of the process (4).
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Due to the considerable amount of interconnected porosity of the dry CNTf,
discussed before in previous chapters, and confirmed by specific surface area of the
material (250 m2/g),[58] the voids of the fibre will be filled by the polymer dur-
ing the hot pressing stage. This inverse-sandwiching process is an innovative and
controlled way of producing CNTf/composite materials that allows to fabricate re-
producible composite materials with the CNTf. Notice that during this process the
CNTf sheets were incorporated into the composite as-synthesised and without any
further modification by mechanical or chemical treatments.

PVDF 

lamina

CNTf
Wrapping

PVDF/CNTf composite

after hot-press

PVDF/CNTf

before

hot-press

1

2

3

4

FIGURE A.1: CNTf/PVDF nanocomposites: manufacturing process
and materials.

Derived from the composite fabrication process, the final material presents a
unusual structure. A schematic of the cross-section of the dry CNTf/PVDf compos-
ite (before hot-pressing) is presented in the Figure A.2a, where the lamina of neat
polymer is sketched inside the CNTf dry CNTf sheet. When the dry composite ma-
terial is subjected to the hot-press step (200 oC and 1 Ton pressure), the melted PVDF
flows radially in plane due to the constraining plates of the equipment. The polymer
flows freely along X direction (see Figure A.2b) and finds limited movement along
Y direction due to the CNTf sheet wrapped around the polymer. Lastly, the polymer
flows through the CNTf thickness (Z) infiltrating its porous structure until it reaches
the parallel plates of the hot pressing machine.

The hot-press parameters were optimised for the proper infiltration of the
CNTf, thus reducing the possible formation of voids or lack of infiltration within
the nanocomposite. Among the different fabrication parameters, the pressure hold-
ing time is an important one because determines the degree of infiltration of the
polymer in the CNTf. An approximated time temperature/pressure holding time
superior to 30 min was applied.
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a) Dry composite cross-section:

PVDF lamina

CNTf film
X

Y

Z

c) d)
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b) Hot-press schematic:

Plate (200ºC)

Plate (200ºC)

FIGURE A.2: CNTf/PVDF nanocomposite consolidation by hot-press
technique.

The as-made composite lamina is presented in the Figure A.2c. An homoge-
neous composite film of 5x3 cm is obtained. 200 µm thick is fixed using a stainless
steel frame round the dry composite during the hot pressing.

Both CNTf and PVDF materials present the main decomposition step at 450-
500 oC, thus, thermogravimetrical analysis (TGA) is not a suitable method for mass
fraction determination of the composite material. For solving this issue, the pristine
materials are weighted before and after the composite preparation, and after trim-
ming the excess of neat polymer from the composite material (Figure A.2d), a precise
value of mass fraction can be calculated. The final mass fraction of the composite can
be increased either by using a thinner initial layer of polymer, or by subjecting to the
hot-press process twice of three times the same composite lamina. During the devel-
opment of this work, composite laminates up to 45 cm2 and between 1 and 15 wt%
were fabricated.

A.2 CNTf/PVDF nanocomposite infiltration and mechanical
properties

Once fabricated the nanocomposite material, its morphology has been anal-
ysed. Firstly, it is important to determine the internal porosity of the composite ma-
terial and degree of infiltration of the CNTfs. For that, the surface and cross-section
were inspected by electron microscopy technique (Figure A.3a).

The surface of the composite material presents the morphology of the CNTf,
indicative of a nanometric layer of polymer coating the CNTf fibre and saturating
the surface porosity of the material (Figure A.3b). For analysing the cross-section,
a vertical wall was prepared by removing material by focused ion beam milling in
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two depth steps (Figure A.3c). The initial 3-5 µm of CNTf/PVDF shows distributed
nanometric porosity in a range from 20 to 100 nm. The same inspection at 50 µm
depth from the surface reveals no porosity, this suggest either better infiltration of
the CNTf or the absence of this material, directly appearing as a shell of the compos-
ite.

FIGURE A.3: Morphological study of the CNTf/PVDF nanocompos-
ite by electron microscopy.

The internal structure of the CNTf was further investigated by X-ray micro-
tomographic analysis and the data is presented in the Figure A.4. With a resolution
of 1 µm, the absence of micro-porosity was confirmed. The most relevant informa-
tion is the confirmation of the CNTf appearing as a shell inside the nanocomposite.
The superficial morphology of the CNTf composite observed in the previous Fig-
ure A.3b, is also similar to the observed at the 3D reconstructed volume at the outer
faces (highlighted in red colour in the 3D reconstruction).

On the contrary, the interior of the sample, i.e. parallel slices to the red plane,
shows an homogeneous morphology without any characteristic morphology. This
is interpreted as neat PVDF polymer confined between both layers of material. The
differences in brightness between the CNTf observed accumulated as a shell of the
nanocomposite and the interior PVDF are attributed to differences in the electron
density absorption. The CNTf has a solid residue in the range of 12 to 18 % ac-
cording to TGA analysis. This residue is mainly formed by metallic iron and silicon
nanoparticles that remains inside the CNTf as residue from synthesis procedure. Just
considering these elements, there is a higher absorbance of the CNTf as compared
to the polymer.

The electrical properties of the composite material are relevant for device ap-
plications. The conductivity of the nanocomposite is basically the same than for the
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a) b)

c)

FIGURE A.4: X-ray tomography of the CNTf/PVDF nanocomposite.
a) 3D reconstructed volume of a 3x1x0.2 mm3 nanocomposite volume.
b) CNTf shell obtained by signal intensity filtering. c) 3D slice of the
volume showing the CNTf shell. Upper plane of the CNTf indicated

by a red plane for reference.

pristine CNTf along the longitudinal axis of the fibre. Unlike the composite ma-
terials produced by dispersed CNTs in a polymer matrix, CNTf/PVDF composites
are composed by oriented and interconnected fibres. The electrical connections in-
side the composite material are the same than in the pristine CNTf, whereas for a
nanocarbon dispersed nanocomposite, other mechanisms such as polymer tunnel-
ing conduction plays an important role.[367]

Notice here that, as it is shown in the previous tomography (Figure A.4), there
is no contact between the external CNTf faces for a 100 µm thick composite lam-
ina. The internal layer of neat polymer prevents the nanocomposite from conduct-
ing through the thickness (z-conductivity). It has been observed that when the hot
pressing is repeated twice or three times over the same composite lamina, the final
thickness decreases down to 20-30 microns, and, at that range, the composite lamina
conducts through z-direction.

This implies that for lower thicknesses or in other words, diminishing the
internal amount of polymer by repeated hot pressing methods, the CNTf/PVDF
nanocomposite has an homogeneous distribution through the thickness. More im-
portantly, the conductivity through the thickness (z-direction) can be used as a eval-
uation of the nanocomposite homogeneity.

Finally, the mechanical properties of the nanocomposite has been tested by
uniaxial tensile test. Several mass fractions (1, 5 and 15 %) have been fabricated and
tested. The samples for the mechanical test were prepared by punching out from the
previous nanocomposite CNTf/PVDF laminas several dumbbell-shaped specimens
with a standardised die (gauge dimensions of 10 mm length and 2 mm in width).

Based on the very low residual porosity reported in this section, the density of
the composite material is calculated according to the rule of mixtures, e.g. 1.33 g/cm3

for the higher mass fraction. This property is assumed to increase linearly for the
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mass fraction range here analysed (< 20 %)[361] up to the limit of the neat polymer
(1.78 g cm−3) for no content of CNTf. This behaviour is depicted in the inset of the
Figure A.5b. The density of the CNTf has been obtained subtracting the volume of
porosity of the CNTf (≈ 80 % from previous results of the group) to the density of
graphite (2.2 g cm−3). This CNTf density has to be taken with caution because most
probably the material is packed to greater densities during the hot pressing stage.
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FIGURE A.5: a) Tensile test experiment showing the plastic failure
and necking of the neat PVDF (white material) and the failure of the
CNTf/PVDF nanocomposte (black material). b) Representative spe-
cific stress vs strain curves of the neat polymer and the nanocoposite
with different mass fractions. Inset: theoretical composite density
variation according to the rule of mixtures. c) Representative curves
of the dry CNTf filament and polymer infiltrated. d) Elastic modulus
versus weight fraction for a traditional composite (dashed line) and
CNTf composite (solid line). Graphs c and d courtesy of B.Mas.[368]

Figure A.5a,b shows the digital images of samples after tensile test and repre-
sentative stress-strain curves for the neat polymer and the 1, 5, 15 wt% CNTf/PVDF
nanocomposites. The obtained characteristics – tensile strength, elastic modulus,
elongation-to-break and fracture energy, are presented in the Table A.1. Specific
values are presented in the graph but also included without normalisation in the Ta-
ble A.1. Strength and elastic modulus (GPa) are normalised by the Specific Gravity
(SG), which is the density (g cm−3) relative to that of water (≈ 1 g cm−3). This unit,
GPa/SG, is equivalent to N/tex, a typical unit used in the textile industry for fibrous
elements, where tex represent the linear density, mass per unit length (g/km).

Two very different behaviours are obtained for the neat polymer and the CNTf
composite. The neat PVDF presents a high elongation (> 25 %) and ductile failure,
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after the plastic deformation regimen (necking), characteristic of thermoplastic ma-
terials. In contrast the failure of the nanocomposite samples is produced with much
lower deformation. This is attributed to the small elongation (≈ 5%) of the CNTf
compared to the polymer material. Since the nanocomposites are fabricated with
oriented fibre, when the maximum strain of the fibres are exceeded the material
fails.

TABLE A.1: Mechanical properties of CNTf/PVDF nanocomposite.
Specific values included in brackets.

Material Fibre
weight/
volume
fraction

Density [Specific]
Elastic
modulus

[Specific]
Tensile
strength

Elongation
at break

Fracture
energy

wt%/
vol%

g/cc GPa
[GPa/SG]

MPa
[MPa/SG]

% J/g

Neat PVDF 0 1.78 1.6 [0.89] 55 [30.9] 26.5 13
PVDF/CNTf 1/ 2.2 1.75 2 [1.14] 82 [47] 5.7 2.7
PVDF/CNTf 5/ 11.1 1.65 5.6 [3.4] 197 [119.4] 5.0 5.7
PVDF/CNTf 15/ 33.3 1.33 11.7 [8.8] 395 [297] 4.5 10
Dry CNTf 100 0.45 22.5 [50] 275 [610] 4.2 16.7

The results obtained show that both tensile strength and elastic module scales
with the mass fraction of CNTf indicating the effective reinforcement of the individ-
ual fibres. For 15 wt% loading, the tensile strength is enhanced a factor of 8 and the
elastic modulus by a factor of 7.3. Although the lower mass fractions show less im-
pressive improvement, still they follow the expected improvement for this range of
reinforcement. Notice that this values are in agreement to previous work reported
with similar materials.[361, 369] This improvement is typically predicted by the rule
of mixtures, but the values here presented exceed this prediction.

In relation to this, an individual dry CNTf monofilament has been purposely
infiltrated with dilute polymer solution so as to produce a composite fibre with a
low volume fraction and thus fibre-dominated properties (Figure A.5c). Something
that we notice and reported in previous work is that the CNTf composites present an
enhanced stress-transfer when infiltrated by low volume fractions of diluted poly-
mer.[368] The higher values of fibre modulus and tensile strength after polymer in-
filtration indicate that the polymer can effectively transfer stress to regions of the
fibre that otherwise shared little load in the dry state.

Figure A.5d depicts a plot of CNTf composite modulus against fibre mass frac-
tion. As shown schematically, the system starts as a dry fibre (w f = 100 %) and its
porosity is gradually filled up by increasing the amount of polymer (decreasing w f ).
The fibre/composite modulus increases as the polymer fills up the pores and acts
as an adhesive that bridges accross the CNT bundles. This effect peaks at a critical
value (w f c ≈ 100 %) where the enhancement start decreasing as the matrix only
adds weight surrounding the fibre.

CNTf composites have properties that depend on the choice of the matrix as
occurs in conventional fibres.[368] An effective fibre modulus after polymer infiltra-
tion can be used for predict properties of higher fractions. A first approximation



198 Appendix A. CNTf/Polymer Nanocomposites

value can be extracted from the rule of mixtures equation:

EC = Ee f f
f v f + Em(1− v f ) (A.1)

where EC is the final modulus of the composite, Ee f f
f is the effective fibre modulus

after polymer infiltration, Em is the matrix modulus and v f is the volume fraction of
fibre.

Applying the equation A.1 to the previous data presented in the Table A.1
values in the range of 32-38 GPa are obtained for 5 and 15 %wt CNTf, therefore
confirming the improved stress transfer.

Although these values are exclusive for PVDF polymer, and because of the
inconvenience of producing a similar study for every fibre/matrix combination, a
model has been recently developed in the group considering the effective fibre mod-
ulus reinforcement after polymer infiltration.[368]

Finally, the fracture energy as an indirect manner of measuring the toughness
of the material is discussed. The fracture toughness is defined as the resistance to the
sudden propagation of a crack of length a at a stress σ to give a brittle fracture. This
is related to the product of the stiffness of the material and the work to create crack
surfaces γ. The value γ depends on the energy absorption processes at the crack tip.
Moreover, measuring fracture toughness involves the insertion of notches of known
geometries, larger samples and more precise experimental setup.

In contrast, the resistance to failure can be measured by the work of fracture,
obtained by the integration of the stress-strain curve up to the breaking point. Al-
though this value will be dependent on sample geometry and testing mode, it pro-
vides a useful indication of the fracture resistance. In the Table A.1 the values of
fracture energy are compared. The reduced ductility at lower mass fractions of CNTf
(1-5 %) lead to lower fracture energy, in contrast, for the higher mass fraction (15 %)
the fracture energy is comparable to the neat polymer material but achieving much
higher tensile strength.

The previous description and characterisation of CNTf nanocomposites aims
to provide better understanding of the material used in the previous Chapter 7 as
CE for DSSCs.
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