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Resumen

Las nanoestructuras de carbono y en especial los nanotubos de carbono se han vuelto de gran importancia debido a 
sus sobresalientes propiedades en áreas como la ciencia e ingeniería. En este trabajo se han identificado aplicaciones 
relacionadas a su alta absortancia en regiones del espectro visible he infrarrojo. Esta propiedad puede ser usada 
para recolectar energía solar para e.g. calentar agua en el sector industrial, una forma de reducir el consumo 
de combustibles fósiles. El presente trabajo muestra exitosamente una nueva técnica para fabricar nanotubos de 
carbono multipared o MWCNTs (por sus siglas en ingles), directamente sobre una superficie de aluminio texturizada, 
usando el proceso de deposición química de vapor o CVD (por sus siglas en ingles). La síntesis se logró a una 
baja temperatura de 650 [°C] y su caracterización fue realizada usando espectroscopia Raman, la cual confirma la 
presencia de MWCNTs con sus principales picos en 1346 [cm−1], 1582 [cm−1], y 2692 [cm−1] para la banda D, 
banda G, y banda 2D respectivamente. La microscopia electrónica de barrido o SEM (por sus siglas en inglés) fue 
usada para explorar el material sintetizado y la morfología presento una estructura en forma de algodón depositada 
sobre la superficie de aluminio. Fotoelectrón de rayos X  o  XPS (por sus s iglas en inglés) probo l a presencia de 
enlace de carbono con hibridación sp2 y sp3 relacionados con estructuras de nanotubos de carbono y de carbón 
amorfo. Finalmente, el material fabricado fue probado bajo exposición directa al sol y los resultados muestran 
que nuestro dispositivo calienta, en promedio, 3.44 [°C] más que otros materiales comparados. También se realizo 
un análisis de exergía basado en el contraste de temperatura logrado y los resultados son muy prometedores para 
superficies más g r andes. El contraste de temperatura se puede incrementar mejorando la estructura de los CNTs y la 
capacidad calorífica del sustrato u s ado. Finalmente, este trabajo abre la posibilidad de usar este material para varias 
aplicaciones relacionadas a las energías renovables, las cuales pueden ser implementadas en Ecuador en un corto 
tiempo.

Palabras clave: Activación de superficie, n anotubos d e c arbono, CVD, exergía, c alefacción s olar, absorbedor 
solar.
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Abstract
Carbon nanostructures and specifically carbon nanotubes have become of high importance due their outstanding
properties for many different areas in science and engineering. In this work has been identified an application
related to their ultra-high absorbance in the region of visible and infrared light. This property can be used to harvest
solar energy to e.g. heat water for industrial processes, a path to reduce fuel consumption. The presence work
successfully shows a new technique to fabricate MWCNTs directly on an activated aluminum surface using the CVD
procedure. Low-temperature synthesis was achieved around 650 [°C] and their characterization was made by using
Raman spectroscopy that confirms the presence of MWCNTs with their main signature at 1346 [cm−1], 1582 [cm−1],
and 2692 [cm−1] for D-band, G-band, and 2D-band correspondingly. Scanning electron microscopy was used to
explore the synthesized material and morphology presenting cotton-like structures deposited on the Al surface.
XPS proved the presence of sp2, sp3 binding carbon hybridization related with carbon nanotubes and amorphous
carbon structures. Finally, the fabricated materials were tested under direct sun exposure. The results show that
our device heats, on average, 3.44 [°C] more than other materials compared. We perform an exergy analysis of the
temperature contrasts achieved and results are very promising for up-scaling surface areas. Temperature contrasts
can be increased by improving the CNT coverage and the heat capacities of the base substrate used. This research
work opens the possibilities to use this material for several applications regarding the renewable energies that can be
done in Ecuador in the very shortly.

Keywords: surface activation, carbon nanotubes, CVD, catalyst, exergy, solar heating, solar absorber.
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Chapter 1

Introduction

1.1 Importance of the global energy transition: from conventional sources
to sustainable sources

What would happen if humanity does not stop using hydrocarbon-related sources of energy? In 1896, the Swedish
physicist, Svante Arrhenius, predicted, for the first time, that the increase of CO2 in the Earth’s atmosphere would
also increase its temperature17. Since then, multiple investigations have confirmed this fact, one of them is the
analysis of the polar caps. In other words, throughout time Earth has suffered a series of climatic changes which
have been recorded at the poles of the planet, in the layers of ice that overlap year after year. Thus, by analyzing the
concentration of CO2 in the air bubbles trapped in the deeper layers of poles, we can determine the concentration of
CO2 that the Earth’s atmosphere had hundreds of thousands of years ago. In this way, the deeper the ice layer that is
analyzed, the more farther we access the past. On the other hand, the most recent investigation, such as the winner
of half the Nobel Prize in Physics 2021, also confirms the increase of Earth’s temperature caused by the increase of
CO2 in the atmosphere. This important recognition was awarded to Syukuro Manabe and Klaus Hasselmann "for the
physical modelling of Earth’s climate, quantifying variability and reliably predicting global warming" In conclusion
all these investigations have confirmed 3 things: See figure 1.1.

1. The Earth’s temperature is increasing.

2. The temperature and CO2 concentration of the Earth’s atmosphere are intrinsically related.

3. The concentration of CO2 has suffered a sustained increase since the beginning of the Industrial Period.

The presence of CO2 in the Earth’s atmosphere is not intrinsically harmful, in fact, without the presence of this
and other gases, the temperature of the Earth’s surface would be about 18°C below zero18. In order to the Earth’s
atmosphere to maintain an average temperature of 14°C19, gases such as CO2 retain part of the radiation from the
sun. This phenomenon is known as the "Greenhouse effect", and it is easy to explain; the atmosphere is a layer

1
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1.1. IMPORTANCE OF THE GLOBAL ENERGY TRANSITION: FROM CONVENTIONAL SOURCES TO

SUSTAINABLE SOURCES

Figure 1.1: Correlation between global temperature and CO2 levels during the last millennium. Adapted figure
from1.

surrounding the surface of the Earth that contains a large number of gases such as oxygen and nitrogen, but also
others in lesser amounts such as ozone, noble gases, water vapor, methane, and CO2. This latter gas allows visible
radiation from the sun to pass so that it reaches the Earth’s surface and heats up. This heating, in turn, causes infrared
emission that in principle is sent back to the space. However, CO2 is not transparent to these wavelengths of and it
blocks it from leaving. As a consequence, this radiation is trapped in the Earth in form of heat.

The problem is that from the beginning of the industrial period, humans have been emitting large amounts of
CO2 into the atmosphere by burning fossil fuels in order to satisfy their energetic needs. This has caused that
the concentration of CO2 in the atmosphere exceeds the normal levels, in this way, a heating of the atmosphere is
produced and if that is not reversed urgently, it will bring drastic changes for all life on Earth. In other words, humans
are responsible for global warming and its consequences. Therefore and in an attempt to contribute to humanity’s
energy transition, this work presents a successful and viable alternative that helps reduce CO2 emissions the overheat
the Earth’s surface.

To face this challenge in an intelligent way, first, it would be convenient to identify which is the main source of
CO2 emission, within this, coal is by far the main one, with 14.68 billion tons emitted into the atmosphere only in
20182. See figure 1.2. Then, it would be important to know which are the main energy sectors that demand coal and
its purpose. Worldwide, the most energy-demanding sectors are the transport and industrial sectors3, being the latter
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Figure 1.2: Global CO2 emissions (in tons) by fuel type, from the beginning of Industrial Revolution to 2018.
Adapted figure from2.

the first one with 32% of world demand. Within this sector, 74% of the energy is used in the form of heat, which
comes from different sources, but mainly from coal with 45% of the total supply. All these sources are reflected in
figure 1.3.

In conclusion, it can be said that global warming is a consequence of high concentrations of CO2 in the
atmosphere. The responsibility for this is humanity, which has emitted enormous amounts of CO2 to the atmosphere
since the beginning of the Industrial Period, as a byproduct of its energy needs. In other words, the records derived
from ice measurements show that the average global CO2 concentration in the atmosphere for the pre-industrial
period (1750 to 1800) was around 278 ppm. Now, in March 2021, levels have reached around 417 ppm, which means
a increase of about 50% over the 1750-1800 average20. Furthermore, one of the main sources of the sudden increase
of the CO2 concentration is the huge use of coal, by the Industrial Sector, for the generation of heat. Taking this
into account, it is clear that humanity, for its own well-being, needs to generate and consume energy from cleaner
sources for the environment. These are sources that emit small to no amounts of CO2, including both production
(making materials for the technology) and implementing (using the technology) stages of the energy conversion
mechanism. In addition to this, this work strongly recommends to those who want to have a greater impact on the
global transition to more sustainable energies, to focus on the most demanded sectors and forms of energy, such as
the industrial sector and energy in the form of heat that these sectors require.



4 1.2. SUN AS A SOURCE OF HEAT ENERGY

Figure 1.3: World energy consumption in 2014. The data used to perform this graph was taken from the International
Energy Agency (IEA). Adapted figure from3.

1.2 Sun as a source of heat energy
"The United Nations Development Programme in its 2000 World Energy Assessment found that the annual potential
of solar energywas 1,575–49,837 Exajoules (EJ). This is several times larger than the total world energy consumption,
which was 559.8 EJ in 2012"21. This is a huge amount of energy, in fact theoretically, the sun, in an hour and a half,
gives us more energy (480 EJ) than the world energy consumption in 2001 (430 EJ)22, and it will continue to do so
for the next 5 billion years. Therefore, it can be said that the sun is an almost inexhaustible source of energy that
humans can use to satisfy their needs. How to harness this energy nevertheless is non-trivial because of efficiencies
of conversion, use of Earth’s surface for energy capture, and variability of the incoming radiation due to atmospheric
conditions.

In order to transform solar radiation into other forms of energy, like electricity or heat, different technologies have
been developed during the last century. Within these technologies, the main ones are photovoltaic, which transforms
the sun’s energy into electricity, and solar-thermal, which transforms the sun’s energy into heat. For the purpose of
this work, solar-thermal has special importance, in fact, this report talks about how to convert solar radiation into
usable heat. The aim is that the sun’s energy in form of heat can be used as an alternative to the conventional sources
of energy in the industrial sector.
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1.3 Heat capture technologies
Currently, in the industrial sector, the main technology used in order to transform solar radiation into usable heat
are solar collectors. Solar collectors are systems that concentrate solar radiation into a specific substance with the
aim to increase its temperature. Following, this substance transfers the heat energy to the system of interest. The
efficiency at the time to absorb solar energy depends on the type of solar collector, in this sense, these devices can be
divided into two types; stationary and tracking, see figure 1.4. In stationary ones are the flat plate collectors, vacuum
tube collectors with and without compound parabolic concentrators (CPC). On the other hand, in the tracking ones
are parabolic, linear Fresnel, and concentrating dish collectors. The main difference between these two types is the
temperature, while the stationary ones are made for low and medium temperatures, which means lower than 150
[°C], the tracking ones are made for high temperatures, which means from 150 to 400 [°C] or more. Furthermore,
each type of solar collector is designed to absorb the shorter wavelengths of solar radiation (0.3 - 2 µm) and to
prevent heat loss in form of infrared radiation23.

Although this kind of technology has been developed since the 1760s, today, almost all solar collectors use
the same kind of materials and the same operation principle used many years before. Possibly this is due to the
resistance in the industrial sector for investing in new technologies because of the large investment and risk involved.
In consequence, common and old technologies are still used and the transition to cleaner and sustainable energies
is slow. Therefore, in this work, another type of material is proposed in order to improve the absorption of solar
radiation and its subsequent conversion into heat.

Figure 1.4: Solar collector types; stationary and tracking3.
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A material whose physical and chemical properties make an excellent candidate for this kind of application are
Carbon Nanotubes (CNTs) over surface activated (textured) aluminum or CNTs/sa-Al.

1.4 Problem statement
Global warming is possibly the biggest and the most critical challenge of our time. In fact, according to The
Intergovernmental Panel on Climate Change (IPCC) of the UN, humanity only has until 2030 to take action and
avoid an irreversible climate catastrophe24. Although many sectors contribute to increasing the temperature of the
Earth, such as agriculture, transport, and industrial, they all have something in common: the need for energy. This
means that humanity needs a quick transition that allows using cleaner and safer sources of energy. With this in
mind, renewable energies offer an attractive and convenient solution to achieve this aim because it is free, abundant,
and clean. In this work, we will focus on a specific mechanism for converting solar radiation into heat to contribute
to this global call. This work proposes to use a carbon-metal device designed to harness the largest range of the
spectral emission of the sun and the spectral windows of the atmosphere to absorb the most significant amount of
solar radiation. Chemical vapor deposition (CVD) to synthesize carbon nanotubes and a surface-activated process
will be used to build the device. A thermodynamic analysis will be performed to assess the device’s capacity for
producing work (exergy) on the basis of the temperature contrast achieved with the environment.

1.5 General and specific Objectives

1.5.1 General objective

Contribute to the global energy transition towards clean and renewable energy sources, using the CVD synthesis
technique to build a solar absorber material that transforms solar radiation into usable heat for the industrial sector.
This material will be based on carbon nanotubes over a surface-activated aluminum (CNTs/sa-Al).

1.5.2 Specific objectives

• Synthesize a solar absorber material based on carbon nanotubes over a surface-activated aluminum substrate
(CNTs/sa-Al).

• Determine the structural properties of the material through the characterization techniques; Raman, Scanning
Electron Microscopy (SEM) and X-ray Photoelectron Spectrometer (XPS).

• Perform a solar-thermal analysis between the device proposed in this work (CNTs/sa-Al) and other three
solar absorbers; black carbon over surface-activated aluminum (bC/sa-Al), black anticorrosive paint over
aluminum (bap/Al) and carbon nanotubes black anticorrosive paint solution over surface-activated aluminum
(CNTs-bap/sa-Al).

• Execute a theoretical exergy analysis to establish the efficiency of CNTs material.



Chapter 2

Theoretical/Experimental background

The first step to producing devices with optimal radiation absorbing properties is to understand what one does to
emulate/approximate a black-body. An ideal black-body absorbs in all frequencies, which is convenient for absorbing
radiation from the sun (a black-body to a good approximation) avoiding reflectivity. The most recent strategies for
doing this is by creating a light trap, that like a cavity, lets in radiation and minimizes light reflection that leads
to no heating. Trapping of light enables absorption/excitation processes some of which can re-emit or convert this
excitation to heating (phonons) of the appropriate substrate. Thus this work seeks to achieve the highest possible
temperature in order to obtain the highest exergy, or heat available for work. With this in mind and in order to get
the best results, a device based on carbon nanotubes in form of a brush over a well textured Al substrate is built
in this work. CNTs in form of a brush emulate a light trap while a textured Al substrate, allows a greater growth
of CNTs over it. In this sense, this chapter was developed as follows: First, in the theoretical section, the surface
activation process of Al is described, as well as, the general, thermal and solar features of CNTs. Then, the physics
behind blackbody are studied. Also, the theoretical efficiency model (exergy) to analyze the device was performed.
On the other hand, in experimental section, some important features about the synthesis of the devices and the
characterization techniques are briefly discussed.

2.1 Theoretical background

2.1.1 Surface activation of aluminum (sa-Al)

Surface activation is a chemical process for the elimination of the alumina (passive oxide layer) and the formation of
nanopyramidal structures on the Al surface, (see figure 2.1). This enables high-efficiency catalysis of well structured
carbon nanotubes and the direct integration of the CNTs into the metal with flexible free-form configurations.
The aforementioned proposal is a solution to the passive oxide layers on metal substrates that impose remarkable
interfacial resistance for electron and phonon transport12. Furthermore, the CNT-metal architecture facilitates a free
energy carrier transport pathway and blocks the reformation of the passive oxide layer12.

7
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Aluminum is the third most common element found on the earth’s surface, this feature makes it a cheap material
and therefore, a very interesting option for the industrial sector. Notwithstanding, for the development of this work,
aluminum has some pros and cons for the objective of this work summarized below:

Advantages

• Density: Aluminum has a low density of 2812 [kg/m3],

• Thermal conductivity: It is a good thermal conductor with thermal conductivity of 237 [W/m·K]).

• Reflectance: It reflects very well the electromagnetic radiation of the visible spectra. This is an advantage
because when the incident light is not absorbed, this feature gives the device a second chance to absorb
reflected light.

Disadvantages

• Melting point: It has a low melting point of 660 [°C]

• Chemical properties: It reacts with the atmosphere’s oxygen forming a thin layer of alumina, which protects
the material from corrosion.

• Reflectance: It reflects very well the electromagnetic radiation of the thermal spectra. This is an disadvantage
because if the goal is to heat some substance under the device, the thermal radiation will not be able to reach
the substance and therefore the efficiency of the device will be affected.

Aluminum is an interesting material with some advantages like low density, which enables low weight devices,
also, it has a good thermal conductivity, which allows efficiently using the generated heat. Finally, its good reflectant
properties in the visible spectrummake for multiple scattering scenarios that allow incoming radiation to be absorbed
on less reflecting components of the assembly (see figure 2.6). In contrast, its low melting point creates difficulties
at the time to synthesize CNTs over it, also the surface-activated process eliminates the alumina from its surface,
making that aluminum lose its anti-corrosive property, ultimately, its reflectant properties in the thermal spectrum
could increase the heat losses of the system. In conclusion, this work makes use of the advantages of aluminum and
proposes some alternatives to overcome the disadvantages.

Figure 2.1: Al substrate; (a) without the treatment and (b) with the surface activated treatment.
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2.1.2 Carbon nanotubes (CNTs)

Sumio Lijima, one of the principal discoverers of carbon nanotubes (CNTs) said in 2002 that; "Carbon nanotubes
have drawn tremendous interest from fields ranging from condensed-matter physics to chemistry, and from both
academia and industry, because of the unique properties enabled by their nanoscale structure"4. All these features
give nanotubes extraordinary mechanical, electrical, and thermal properties. However, for this work, the latter one
is analyzed in more detail. In addition, since the discoveries of Lijima, the study of CNTs has increased enormously
and today it is possible to categorize their properties according to the following principal features:

• Shape: Single-Wall Carbon Nanotubes (SWCNTs) and Multi-Wall Carbon Nanotubes (MWCNTs). See figure
2.2.

Figure 2.2: Computer-generated images of (a) SWCNTs and (b) MWCNTs. Adapted figure from4.

• Structure or chirality: A CNT is a graphene sheet that can be rolled in many different ways that satisfy
periodic boundary conditions and can be described by their chiral vector C = na1 + ma2 where a1 and a2 are
the base cell vectors of graphene while n and m are the chiral indices. See figure 2.3.

• Diameter: The diameter also depends on the chiral indices and follows the equation 2.1 where a = 0.246 [nm]
while n and m are the chiral indices. Depending on the number of layers, the inner diameter of MWCNTs goes
from 0.4 [nm] up to a few nanometers and the outer diameter varies characteristically from 2 [nm] up to 30
[nm]. On other hand, SWCNTs diameters differ from 0.4 to 3 [nm]13.

d =
a
π

√
n2 + nm + m2. (2.1)
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Figure 2.3: (a) 2D graphene sheet and the chiral vectors for computer-generated images of SWCNTs; (b) zig-zag
type [m = 0], (c) helical type [n , m] and (d) armchair type [n = m]. The numbers in parenthesis are the chiral
indices4. Modified graph.

• Functionalization: When CNTs are processed, they exhibit a bundle arrangement due to their strong inter-
molecular π−π interactions. In consequence, covalent and non-covalent functionalizations are usually carried
out for their dispersion and individualization25.

• Defects and Vacancy: CNTs have a well-defined theoretical structure, however, when they are synthesized,
some structural defects, intrinsic from the growth process, appear. Then, the defects can be divided into two
main categories; the first one is known as Stone-Wales structural defects (S-W) structural defects, and it forms
when four hexagons became two heptagons and two pentagons. This defect is called 5-7-7-5 defect. See
figure 2.4a. Another type of S-W defect is created when an atom is removed from a pentagon structure and
new bonds are formed. This defect is known as 5-8-5 structural defect. See figure 2.4b. The second one is
known as Vacancy defect and it is produced when an atom is missing in the CNT structure and no new bonds
are created. See figure 2.526.

Figure 2.4: Stone-Wales defects on CNTs structure; (a) 5-7-7-5 defect and (b) 5-8-5 defect. Modified picture5.
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Figure 2.5: Vacancy defects in CNTs structure; (a) Mono-vacancy and (b) Di-vacancy.

• Length: In CNTs, the length is typically much larger than its diameter.

• Synthesis technique: The process of synthesis impacts the shape, number of defects in the crystalline network
as well as on the contaminants present in the CNTs. Some of these synthesis techniques are Chemical Vapor
Deposition (CVD), Electric arc discharge, and Laser ablation methods. See table 2.1

Method Arc discharge Laser ablation CVD

Yield
rate

>75% >75% >75%

SWCNT
MWCNT

Both Both Both

Advan-
tage

Simple, inexpensive, high-
quality nanotubes

Relatively high purity, room-
temperature synthesis

Simple, low temperature, high purity, large-
scale production, aligned growth possible

Disad-
vantages

High temperature, purifica-
tion required, tangled nan-
otubes

Method limited to the labscale,
crude product purification re-
quired

Synthesized CNTs are usually MWCNTs,
defects

Table 2.1: Summary and comparison of three most common CNTs synthesis methods. Adapted table from13.

Multi-walled carbon nanotubes (MWCNTs)

Based on the bibliography, the expected results will be MWCNTs, therefore, in this section a deed analysis of
these carbon structures in performed. Basically, multi-walled nanotubes consist of multiple graphene layers rolled.
The number of nanotubes that are within a MWCNT can vary from as little as 3, to over 20. On the other hand,
this structures can be described through two models, the Russian Doll model, which says that graphene sheets are
arranged in concentric cylinders, while the Parchment model says that a single graphene sheet is rolled around itself,
like a rolled newspaper. The Russian Doll model is more commonly observed. In addition, the internal distance in
multi-walled nanotubes is close to the distance between graphene layers in graphite27.
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On the other hand, just like SWCNTs, MWCNTs are still classed as a 1-dimensional form of carbon and exhibit
exceptional electrical, thermal, and mechanical properties. However, due to the increased number of walls, there is a
higher probability of defects being present compared to single-walled nanotubes, resulting in reduced performances.
These disadvantages are offset by the increased dispersability of MWCNTs, and the reduced cost in synthesis and
purification of these materials28.

Each MWCNT consists of some single-walled nanotubes held mostly by van der Waals forces, this is interesting
because allow the individual cylinders of MWCNTs easily slide or rotate with respect to one another, forming near
ideal linear and rotational nanobearings29. The telescopic motion ability of inner shells and their unique mechanical
properties permit to use multi-walled nanotubes in many application such as a improve the mechanical properties
of a material, or to improve the electrical properties of a material. MWCNTs can be produced in high quantities
and are easier to purify (in comparison to single walled and double-walled nanotubes). This makes their production
costs significantly lower, and is a reason for their adoption in multiple areas of scientific research28.

2.1.3 Thermal properties of CNTs

The extremely high thermal conductivity through a CNT is often considered to be dominated by the phonon
conduction mechanism in the strong carbon sp2 bond network of its walls14 30. Therefore, depending on their
structure, form, and method of synthesis, the thermal conductivity of CNTs varies significantly14. For example, from
a theoretical thermal conductivity of 6600[W/m·k]31 in SWCNTs up to below 0.1[W/m·k] in MWCNTs14 (compare
the last values with 237[W/m·k] and 372[W/m·k] for aluminum and copper respectively). On the other hand, the
diameter and the chirality also have a great influence on its thermal properties, for example, in order to have high
values of thermal conductivity, CNTs, must have metallic features. This means that the chiral indices (n,m) have to
follow the following relation: 2n+m=3l, where n,m, l are integers. Furthermore, a big diameter makes CNTs behave
like a graphene sheet32 and in consequence, they have excellent thermal properties. Also the length of CNTs have an
important role, in fact, the thermal conductivity increases with length up to the mean free path of phonons, which is
about 500 [nm] for MWCNTs and longer for SWCNTs14. On the other hand, defects and vacancies in CNTs dictate
the better structure (SWCNTs or MWCNTs) to transmit heat in the best way. For example, defects or vacancies in
SWCNTs structures have a much stronger impact on conductive properties than in MWCNTs. This results from the
fact that in MWCNTs, the increase in diameter of nanotubes and their neighboring shells create more optical phonon
modes and channels, which contribute to thermal conductivity14. Finally, in order to have high-quality CNTs, the
synthesis method is fundamental, therefore, among various analyzed methods, the CVD method clearly emerges as
the best one for the production of MWCNTs16. Defects and vacancies have special importance in the synthesis of
CNTs because once they have been characterized, the goal is to find a way to implement them in real-life applications,
like in the solar-thermal sector. However, when it comes to implementing this amazing material, a multidimensional
problem of manufacturing arises. In summary, it can be dived into two:

1. There is no device capable of producing perfect CNTs, in other words, CNTs always have morphological
defects like vacancies. This decreases the mean free path of phonons14.
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Type of CNT Method of synthesis Method of measurement Additional information K(W/m K)

CNT film CVD methane PTC method In-plane 300 K 110

C:Fe 1900

CVD toluene 67

C:Fe 400

CVD n-butanol 30

C:Fe 800

CVD n-butanol 7

C:Fe 1450

SWCNT CVD Steady state Isolated 4500

Individual MWCNT pCVD LFA 275 K 600

Bundled MWCNT 255 K 150

Hybrid films SWCNT + MWCNT CVD 8.3

Table 2.2: Thermal conductivity of different CNTs structures, calculated by physical simulations. Adapted table
from14.

2. CNTs always have some kind of contamination. This can be other forms of carbon, residual catalyst, etc.14.
Unfortunately, the actual methods used to remove these unwanted pollutants also affect the structure of CNTs.

Due to all these difficulties, some researchers have conducted their investigations through computational simu-
lations which help to analyze theoretically the results of CNTs with different configurations in an easier way. Table
2.2 shows the thermal conductivity values of many mathematical simulations performed in different conditions.

In conclusion, CNTs is one of the best thermal material that the scientific community has discovered in the
last decades and it can replace the common material used in the solar-thermal industry. In addition, the thermal
properties of CNTs depend on their general features (shape, diameter, length, functionalization, chirality, defects,
etc.). Therefore, for the purpose of this work, the best CNTs are MWCNTs and the ones that have metallic
characteristics. Furthermore, a CVD method is the best synthesis technique in order to achieve these features in
CNTs.

2.1.4 Solar absorption properties of CNTs

"Solar energy has a great potential to meet the global energy demandwhile reducing the carbon emission footprint"33.
In this way, an appealing material for solar absorbers, which is still not fully explored, is CNTs. This material not
only has unique optical, electrical, and mechanical properties but also is considered as one of the best light-absorbing
materials among other important properties; like high physical and chemical stability34.
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Figure 2.6: Solar radiation is absorbed and reflected by CNTs, besides its emittance generated when the system heats
up.

On the other hand, CNTs have high absorbance in a broad spectrum (0.25-200 [µm]) which is attributed to the
interband and π − π∗ transitions, while at the same time they have very low reflectance resulting from their porous
structure33. Another important characteristic of a solar absorber is the amount of energy delivered to the environment
in the form of heat once the system heats up. As a CNT absorbs almost all the incident radiation, it behaves like a
blackbody, an interesting object that is described in the next section. These last features are better defined by the
next concepts and are also represented in figure 2.6:

• Emissivity or Emittance (ε): It is the proportion of thermal radiation emitted by a surface due to its
temperature or in other words; it is the ratio between the radiant emittance of the heat of a surface and the
radiant emittance of the heat of a blackbody.35 To be more specific it also can be called thermal emittance.

• Absorptance (α): It is the amount of incident radiation absorbed by the surface or in other words; it is the
ratio between the absorbed radiant power and the incident radiant power over a surface35. It also can be called
solar absorptance.

• Reflectance or Reflectivity (ρ): It is the amount of incident radiation that is not absorbed by a surface or in
other words; it is the fraction of incident radiation reflected by a surface35.

In conclusion, the combination of these properties makes CNTs an ideal material for realizing a super black solar
absorber, or in other words, when the solar radiation reaches CNTs it is reflected and absorbed multiple times until
the incident radiation is almost completely absorbed. Thus is how CNTs behave like a blackbody.
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2.1.5 Blackbody (BB) physics

Just to remember the specific definition, a blackbody is a theoretical object that absorbs all incident electromagnetic
radiation, no matter the frequency or the angle of the incident radiation. This makes the object look black and heat
up, after that, it begins to emit the absorbed energy in form of radiation and this is known as blackbody radiation.
In 1900, the German physicist Max Planck proposed for the first time the mathematical model that describes how a
blackbody emits that radiation as a function of the body’s temperature. Thereafter, many materials and applications
have been developed in order to take advantage of these interesting characteristics of BB matter. For example, CNTs
material and solar absorption applications.

Furthermore, anyone can see the physical phenomena of blackbody radiation in a stove. For example, when
the burner of an electric stove is heated, it first turns dull red and progressively becomes redder as the temperature
increases, it means that if the temperature of a body continuously increases then, it is possible to see that there is
a continual shift of the color of the heated body from red through white to blue as the body is heated to higher
temperatures. This is what happens in a blackbody when it absorbs a large amount of incident radiation36.

This physical phenomenon can be explained in the following way. If the temperature of the blackbody increases,
not only the emitted energy but also the frequency of the outgoing radiation increases, i.e. the radiation wavelength
decreases. Recall that red is in a lower frequency range of the spectrum while blue higher relative frequency.
Furthermore, another important aspect of the spectrum is that the emitted radiation does not have the same intensity
at all frequencies, instead, it follows Planck’s Law

• Planck’s Law

IBB (T, λ) =
2hc2

λ5ehc/λkT − 1
, (2.2)

where h is Planck’s constant, 6.626 × 10−34 [J · s−1], k is the Boltzmann constant, 1.3806 × 10−23 [J · K−1], c is
the speed of light in a vacuum, 3 × 108 [m · s−1], λ is the wavelength in [m] and T is the absolute temperature
in [K]. Another important aspect of blackbody objects was postulated in 1859 by Gustav Kirchhoff, who through
arguments based on thermodynamics proved that for any body in thermal equilibrium with radiation, the emitted
power is proportional to the power absorbed according to

• Kirchhoff’s Law

e f = J( f ,T )A f , (2.3)

where e f is the power emitted per unit area per unit frequency by a particular heated object, A f is the absorption
power and J( f ,T ) is a universal function (the same for all bodies) that depends only on f , the light frequency, and T ,
the absolute temperature of the body. The fundamental aspect here is that a blackbody absorbs all incident radiation
falling on it and therefore A f = 1.
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2.1.6 BB-CNTs; emission spectrum and thermal losses

BB-CNTs denote an approximation to a blackbodymade fromCNTs. The first person to offer a successful explanation
of blackbody radiation was the German physicist Max Planck. He made the revolutionary assumption that the energy
of emitted radiation of a blackbody cannot take continuous values, instead of that, the energy takes discrete values and
it had to be proportional to an integral multiple of the frequency36. After this discovery, it was possible to perform
a plot that describes the experimental data with precision. Figure 2.7 shows the spectral emission of a blackbody
and at the same time shows the spectral emission of Vertically Aligned Carbon Nanotubes (VA-CNTs) sample from
T=450[K]-600[K]. Note that the spectra emission of the CNTs and the blackbody source are nearly identical for all
tested temperatures and wavelengths. This indicates that CNTs sample behaves close to a perfect blackbody, or in
other words, by Kirchhoff’s, a perfect absorber implies perfect emitter of radiation that follows Planck’s Law6.

Figure 2.7: Blackbody (BB) radiation spectra (dashed lines) and near-perfect blackbody radiation from VA-CNTs
sample (solid curves) as a function of the wavelength for several temperatures. Modified graphic taken from6.

Once the energy has been absorbed, the aim is to keep that energy in order to use it in form of heat, otherwise, the
energy will be lost and the efficiency of the material to transform radiation into heat will be reduced. To overcome
the blackbody emission problem, especially the infrared emission, there are some special mirrors that current solar
collectors use to block infrared wavelengths. As consequence, it reduces radiation losses and convection to the
atmosphere23.
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2.1.7 Theoretical exergy analysis

In this work, one of the most important aspects is howmuch of the absorber energy by the device can be used in order
to perform work. Consequently, the first important thing in this section is to be clear about the concepts of energy
and exergy. While the first law of thermodynamics defines energy as a conserved quantity, the second law shows
that for some energy forms (heat) only part of the energy is convertible to work. Table 2.3 summarizes the main
differences between energy and exergy. The exergy quantifies this fraction in terms, in our case, of the temperature
contrasts with the environment. Thus, exergy is a very useful tool in engineering15. The exergy of a system follows
the relation (the Euler relation of thermodynamics) 2.4 and its unit of measurement is in joules (J).

E = U + P0V − T0S −
∑

i

µi0ni, (2.4)

where U,V, S and ni denote extensive parameters of the system A, and P0,T0 and µi0 are intensive parameters of
the environment A0. The extensive quantities are directly proportional to the size of the system, while on the other
hand, the intensive quantities are actual measures of contrast15 to the environment. These quantities are not affected
by the size but by only the level of contrast. This situation is described in table 2.4.

This expression is composed of four different terms. First, the internal energy U which is the energy carried
within the system. Second, the external energy P0V which is the work as a volume V that occupies a space of the
environment at pressure P0. Third, the energy as ambient temperature T0S which is the disordered part of the energy
U and fourth, energy as ambient substances µi0ni, another part of U. In summary, Eq. 2.4 is the expression of
the available work from system A when it is brought to equilibrium with the environment A0. This means that all
contrasts have been reversibly transformed into work. On the other hand, work and heat are concepts related to a
time-dependent process, therefore, when it is said that work and heat are stored in a body, what is stored is exergy as
some form of time-dependent contrast15.

Energy Exergy

The first law of thermodynamics The second law of thermodynamics

Nothing disappears Everything disperses

Energy is motion or ability to produce mo-
tion

Exergy is work (i.e., ordered of motion) or ability to produce work

Everything is energy Contrast is exergy

Energy is always conserved (i.e., in bal-
ance); it can neither be produced nor con-
sumed

Exergy is only conserved in a reversible process but partly consumed in a irre-
versible process, (i.e., real process). Thus, exergy is never in balance for real
process

Energy is a measure of quantity Exergy is a measure of quantity and quality

Table 2.3: Energy and Exergy differences. Adapted table from15.
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Intensive quantities Extensive quantities

TO = temperature U = internal energy

PO = pressure VO = volume

uiO = chemical potential for substance i S O = entropy

niO = number of moles of substance i

Table 2.4: System A surrounded by the environment A0 that is assumed to be much larger than the system. Adapted
table from15.

Then, by using the Gibbs relation,
U = S T − VP +

∑
i

niµi. (2.5)

The following expression is derived from Eq. 2.4:

E = S (T − T0) − V (P − P0) +
∑

i

ni
(
µi − µi,0

)
, (2.6)

from which is seen that in the case of this work P = P0, µi = µi,0. Therefore, the exergy of the devices analyzed in
this work is written as:

E = S (T − T0) , (2.7)

or,
dE = dS (T − T0) . (2.8)

Then, by using thermodynamic relations dQ = cdT and dQ = TdS :∫
dE =

∫
(T − T0)

cdT
T

, (2.9)

E = c
∫ T0

T
(1 − T0/T )dT. (2.10)

Finally, the exergy expression as a function of T and T0 is obtained:

E =

∣∣∣∣∣∣c (T − T0)
[
1 −

T0

T − T0
ln

(
T
T0

)]∣∣∣∣∣∣ , (2.11)

where c represents the heat capacity of the medium. Here the absolute value is placed in order to fix exergy as a
positive quantity.
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2.2 Experimental background

2.2.1 Making BB-CNTs; the CVD technique

Chemical vapor deposition or CVD is a furnace in which the carbon filaments are formed from the catalytic
decomposition of carbon-containing gas (reactant gases) with the aid of supported transition metal catalyst placed
over a metal surface (substrate). This means that the general growth of CNTs involves the saturation of carbon
atoms on metal nanoparticles (catalysts), (see figure 2.8). This "deposition" of carbon atoms leads to the formation
of tubular carbon structure in an sp2 hybridization. Normally, the reaction is carried out in a gas flow furnace at
atmospheric pressure, then, the substrate with the catalyst is placed in a ceramic or quartz boat which is put into the
furnace in a quartz tube. The reactant gases are a mixture of hydrocarbon and inert gas that goes in and out of the
furnace (quartz tube) at temperatures ranging from 500 °C to 1100 °C. After the reaction, the system is cooled down
to room temperature.

The features of CNTs produced by the CVD method depend on the working conditions such as; temperature,
pressure, the concentration of hydrocarbon, metallic catalyst, and reaction time. For example, the length of the CNTs
depends on the reaction time, however, care must be taken because using the CVD method other carbon structures
are formed, such as amorphous carbon, and the reaction time plays a fundamental role in the formation of different
structures. Table 2.5 shows a summary of different working conditions.

In conclusion, using CVD technique, it is possible to build a blackbody made of CNTs that allows transforming
the solar radiation into heat. This can be achieved through the configuration of the right conditions in temperature,
pressure, the concentration of hydrocarbon, metallic catalyst, and reaction time.

Figure 2.8: CVD technique; (a) external scheme and (b) internal mechanism.
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Method Product C source, catalyst

CVD Filled CNTs, Fe3C nanowires Acetylene, titanate modified palygorskite

SWNTs Fe-Mo/Si substrate, methane

MWCNTs K-doped Co and Co-Fe/zeolite and CaCO3

CNTs Different metals and rare-earth promoters

Aligned CNTs Single-crystal of sapphire or quartz

Table 2.5: Summary of the articles reporting CVD production of carbon nanoarchitectures. Adapted table from16.

2.2.2 BB-CNTs; benefits and problems for practical applications

Nowadays, there are many surfaces that come close to the definition of a blackbody, one of them is CNTs (BB-CNTs).
To produce this material chemical vapor deposition or CVD is the technique that seems to offer the best chance
to obtain a controllable process to produce CNTs with predefined properties, like very high absorptance, >95%, a
prerequisite for solar thermal coatings. Inside these practical applications there are some important benefits of CNTs:

Benefits

• Structure: CNTs have a very adaptable and stable structure that can be chosen in order to have the desired
properties. Furthermore, it has a very low weight, which makes CNTs an interesting option for the industrial
sector. See section 2.1.2.

• Thermal conductivity: CNTs have an incredible thermal conductivity that overlaps that of common materials
like aluminum and copper. See section 2.1.3.

• Absorptance: CNTs surface absorb almost all the incident radiation, which means a high efficiency at the time
to absorb solar energy. See section 2.1.4.

The question that could arise at this point is; if CNTs are so good material for solar-thermal applications, why
are they still not widely used by the industrial sector? and the answers could be

Problems

• Emittance: The emission rate of CNTs is the same as the absorption rate. This means that a blackbody cannot
retain any energy by itself. See section 2.1.6.

• Synthesis: CVD is the best technique to produce BB-CNTs and is suitable only for small-scale devices and
needs costly equipment34. See section 2.2.1.



CHAPTER 2. THEORETICAL/EXPERIMENTAL BACKGROUND 21

In conclusion, with the right setup, after the absorption, the energy can be used in many different processes like
in solar absorption applications. Furthermore, despite the drawbacks, the writer of this work, in agreement with37,
believes that in a few years, ongoing investigations will decrease the manufacturing cost of CNTs, making possible
a new generation of materials that can be used in the renewable energies field.

2.2.3 Characterization techniques

The characterization techniques used in this work were: X-ray Photoelectron Spectrometer (XPS), Raman Spec-
troscopy and Scanning Electron Microscopy (SEM) and are described in the next subsection.

X-ray Photoelectron Spectrometer (XPS)

X-ray photoelectron spectroscopy is an important and key technique for surface characterization and analysis. This
technique provides a total element analysis of the top 10-200 Åof any solid surface. The basic principle of XPS is the
photoelectric effect, figure 2.9 part (a) represents schematically the interaction of a photon with an electron placed
in an atomic orbital. Since the photon energy is greater than the binding energy of the electron, it is ejected from the
atom with kinetic energy approximately equal to the difference between the incident photon energy and the electron
binding energy38. Therefore, the basic equation for XPS is 2.12.

Eb ' hν − Ek (2.12)

Figure 2.9: Schematic view of XPS characterization technique.



22 2.2. EXPERIMENTAL BACKGROUND

Where Eb is the electron binding energy, Ek is the electron kinetic energy and hν is the photon energy (h is the
Planck’s constant and ν is the X-ray frequency). On the other hand, XPS analysis starts with mounting the sample
over the substrate and then placing it in a high-vacuum environment. An X-ray source emitting monochromatic
X-ray photons towards the sample. The X-ray photons statistically interact with the electrons of the sample. This
process creates photoelectrons and some fraction it is directed up to the analyzer. The analyzer basically measures
the number of electrons of different kinetic energies, see figure 2.9 part (b). On the other hand, measuring the
kinetic energy allows to calculate the binding energy, and in consequence, identify the atoms present in the sample.
The information is processed by a computer to produce a spectrum of photoelectron intensity as a function of
binding energy. The binding energy position is like a fingerprint for each chemical element, in this way, elemental
identification is made38. See figure 2.9 part (c). All energies are usually expressed in electron volts [eV].

Raman Spectroscopy

Raman spectroscopy is a technique used to study low-frequency modes as vibrational, rotational, etc. This technique
is based on the effects of the inelastic scattering of light by a molecule, or Raman effects. In other words, when a
photon of visible light, too low in energy in order to excite an electronic transition, interacts with the matter, it can
be scattered in one of three ways, see figure 2.11, one elastic and two inelastic;

• Rayleigh scattering: This is the elastic one. The incident photons are recovered (no energy gains or losses).

• Stokes Raman scattering: Incident photons give energy up to the molecule (it lose energy).

• Anti-Stokes Raman scattering: Incident photons removing energy from the molecule (it gain energy).

On the other hand, due to the Raman effect is very weak compared to another optical interaction process,
the Raman spectrometer uses a high light intensity to generate a signal from the sample. In general, a Raman
spectrometer consists of the light source (diode laser), a sample, a dispersive element of light, and a detector. In
summary, the laser light source hits the sample and the light interacts with the molecule scattering the three different
ways previously mentioned, after that, the light is redirected to the filter in which the Rayleigh scattered light is
blocked while the inelastically scattered light (Stokes and Anti-Stokes) goes to the dispersive element in which it is
separated into different wavelengths. Finally, then the light of different wavelengths and intensities are analyzed by
the detector and converted into the final spectrum39.
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Figure 2.10: Typical setup for Raman spectrometer with a laser attached to a microscope7. Modified graph.

Figure 2.11: The three energy level diagram of Raman scattering8
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Scanning Electron Microscopy (SEM)

Scanning electron microscopy is a worldwide characterization technique used in the scientific and technological
community40. SEM is a type of electron microscope capable of producing imagines of the order of tens of
Angstrom. Furthermore, it can be used in the analysis of organic and inorganic molecules. Basically, an SEM is
composed of an electron gum, anode, magnetic lenses, sample, and one or more detectors9.

In principle, the electron is produced in the electron gum by, either heating a filament or by applying a strong
electric field to it. Then, the electron is accelerated by the anode, which is negatively charged and therefore, pushes
the electron in a specific direction. After that, the electron is focused onto the sample by magnetic lenses, which
creates a very narrow electron beam. The sample scatters the incident electrons as a function of many sample factors,
like; height, chemistry, and crystal structure9. Furthermore, the electron fired to the sample are called primary
electrons, and when they touch the surface sample, a wide range of useful interactions can occur41, see figure 2.12
part (b). Finally, the detector receives the outgoing interactions traveling in a different direction and with different
energies, in this way, an SEM machine produces information about the morphology and composition of the sample,
see figure 2.12 part (c).
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Figure 2.12: Scanning Electron Microscope (SEM); (a) scheme of the instrumentation9, (b) signals generated on the
sample by the primary electrons10 and (c) SEM images of CNTs film11. Modified graph.





Chapter 3

Methodology

Figure 3.1: Surface structural evolution of the Al substrate; (a) process flow diagram and (b) schematics12. (1)
Preparation of Al sheet, (2) surface activation of Al, (3) rinsed of sa-Al, (4) catalyst deposition of Fe/Co NPs, (5)
calcination process and (6) CNTs synthesis. Modified graph.

First, a brief summary of the methodology process is shown in figure 3.1; a flow diagram in part (a) and a
schematic in part (b), while the details of each process are specified in the next sections.

3.1 Aluminum substrate evolution

3.1.1 Preparation of aluminum substrate

In this work, Al sheets with a thickness of 25.4 µm (All-Foils trademark) were used. The first step was to cut 12 Al
sheets of 2x3 [cm], see figure 3.2.

27
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Figure 3.2: Surface activation process (part 1); (a) Al sheet, (b) side view, and (c) top view of the system.

3.1.2 Surface activation of aluminum (sa-Al)

Surface activation can be defined as a method used to alter the morphology of a surface. This can be accomplished by
exposing the surface to chemical groups. Furthermore, in order to improve the penetrations of the chemical groups, a
sonication process can be performed. The aim of this treatment is, through the generation of nanopyramidal structure
on the substrate surface, to increase the Al superficial area in which CNTs will grow.

Al substrate exposed to NaCl aqueous solution without (part 1) and with (part 2) sonication process

• Part 1: Twelve Al sheets were immersed in the 0 wt %, 5 wt % and 10 wt % NaCl aqueous solution for 12, 24,
36, and 48 [h] at each concentration respectively, see figure 3.2. This process was performed in order to see
the NaCl concentration and exposition time that produces the best nanopyramidal surface morphology. The
substance used is shown in figure 3.5.

• Part 2: Four Al sheets of 2x10 [cm] were introduced in a 10 wt % NaCl aqueous solution. Then, two Al
sheets were subjected to a sonication process of 5 [min] and the other two, at 10 [min]. The objective of this
process was to see the penetration of Cl ions and activate the Al substrate at two different times, see figure 4.2.
After seeing the results of the sonication process, the Al sheets subjected to 5 [min] sonication were cut into
four pieces and each one was soaked in the same 10 wt % NaCl solution for 1.5, 3, 6, and 12 [h] respectively.
Part 2 was carried out with the aim to get the desired nanostructured surface morphology but reducing the
time exposition of the Al substrate to the aqueous solution.
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Figure 3.3: Surface activation process (part 2); Al sheet (a) size, (b) immersed in the 10% NaCl aqueous solution,
(c) during the bath sonication treatment, (i) after 5 [min] and (ii) after 10 [min] of sonication process.

In conclusion, after comparing the results obtained in part 1 with part 2, ten Al sheets of 2x10 [cm] were
sonicated in 10 wt % NaCl aqueous solution for 5 [min] and then soaked in the same solution, one Al sheet during
3[h] and the other 9, and 12 [h]. One Al sheet has a different treatment because it was used to corroborate that
more surface-activated Al substrates offer higher performance in the growth of CNTs, this Al sheet was labeled as;
Al-3[h]NaCl.

3.1.3 Rinsed of sa-Al

From this point, the Al sheets used in the next steps of the methodology process were the ones mentioned in the
conclusions part. Then, in order to remove the aqueous solution from the Al substrates, they were rinsed with
distilled water and ethanol, for 10 [min] in each substance, (see figure 3.4).

3.1.4 Catalyst deposition

Subsequently, the Al sheets were immersed in the catalyst solution during 18 [h], (see figure 3.4). The catalyst
solution contains 0.1 M iron (III) and 0.1 M cobalt (II) nitrate in ethanol. The substances used are shown in figure
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3.5. This type of catalyst has already been used in previous investigations offering favorable results in the growth of
CNTs42.

Figure 3.4: Rinsed and catalyst deposition process; sa-Al immersed in (a) deionized water (b) ethanol and (c) catalyst
solution.

Figure 3.5: Substances used in this work; (a) for the 10% NaCl aqueous solution and (b) for the catalytic solution.
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Figure 3.6: Calcination process of the sa-Al substrates loaded with the catalyst solution; (a) inside melting pots, (b)
melting pots with sa-Al inside the muffle furnace, and sa-Al substrate (i) before and (ii) after the calcination.

3.1.5 Calcination process

After the surface activation of Al and catalyst deposition, the substrates were subjected to the calcination treatment.
The Al substrates were placed inside the muffle furnace and heated up to 600 [°C] for 6 [h], (see figure 3.6). It has
been reported in previous investigations that after a calcination process the growth of CNTs improves considerably43.
In order to corroborate this assumption, one sa-Al substrate was not calcined, among the remaining 9 sa-Al substrates
we include the "Al-3[h]NaCl", described in the conclusion paragraph of subsection 3.1.2. On the other hand, the
uncalcinated Al sheets were labeled as; Al-12[h]NaCl-UC.

3.1.6 Low-temperature CNTs synthesis

In this work, CNT structures were synthesized by using a CVD technique. CVD has been widely used for the
large-scale synthesis of high-quality CNTs due to its controllability and relatively low process temperature. On
the other hand, in this work, different reaction conditions were carried out in order to synthesize CNTs over the
sa-Al substrate. These conditions can be seen in table 4.1. The one that allowed the growth of CNTs were the "D"
conditions, described below.

After Al substrate preparation process, the sa-Al sheets were loaded in a quartz tube with 450 [ml/min] Ar
flow. The substrate then was heated to 650 [°C] and kept in those conditions for 15 [min] under 50 [ml/min] C2H2

flow. After the reaction, the sample was cooled to room temperature under 450 [ml/min] Ar flow. In conclusion,
CNTs were grown using 50 [ml/min] 10% C2H2 diluted in 450 [ml/min] Ar flow. Furthermore, the Al substrates;
"Al-3[h]Nacl" and "Al-12[h]NaCl-UC" were not used until the right initial conditions were found.
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Figure 3.7: CNTs synthesis; (a) CVD machine, (b) Al substrate before, and (c) after the synthesis.

3.2 CNTs characterization
The morphologies of the Al substrate and CNTs were observed by Phenon ProX Desktop Scanning Electron
Microscopy (SEM). The surface chemical analysis of activatedAl and catalystswere carried out using PHIVersaProbe
III X-ray Photoelectron Spectrometer (XPS). The Raman spectra of CNTs were performed by Horiba LabRAM HR
Evolution, using 532 [nm] laser excitation, see figure 3.8.

Figure 3.8: Characterization equipment; (a) Phenon ProXDesktop SEM, (b) PHI VersaProbe III XPS, and (c) Horiba
brand Raman spectra.
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3.3 Measuring heating of different BB reference materials
This section describes the system developed in order to test the hypothesis of this work. That is if the device performed
during this investigation (CNTs/sa-Al) heats up more than materials already used in solar-thermal applications.
Therefore, in addition to CNTs/sa-Al, the efficiency of the other 3 solar absorbers, at transforming solar radiation
into heat, was analyzed and compared. Because in the market there are many solar absorbers, the first material used
in this comparison was black anticorrosive paint over an Al surface, the most common one44. Furthermore, with the
aim of seeing the effect of CNTs at the time to absorb solar radiation, the second material is a residue of the CNTs
synthesis process, which does not have CNTs in its structure, while the third material is a solution of the common
material and CNTs. The detailed description of each material are below:

1. Black anticorrosive paint over aluminum (bap/Al): On the other hand, in the solar industrial sector, after
cooper, aluminum is the best readily available conductor, and therefore, it is a convenient material used in solar
thermal applications. Normally this material is covered by a selective absorber that increases the absorption
of solar radiation and the most common is black anticorrosive paint (bap). Therefore, an Al sheet painted with
bap is used in this work in order to make a contrast of efficiencies between the common materials already used
and CNTs/sa-Al, see figure 3.9 part (a).

2. Black carbon over surface-activated aluminum (bC/sa-Al): During the search for the adequate conditions
to produce CNTs, a series of irregular carbon-based structures were found. In this work, these structures
have been named as black Carbon (bC). Furthermore, because these structures were synthesized over the
surface-activated aluminum, their key name was bC/sa-Al, see figure 3.9 part (d).

3. Carbon nanotube black anticorrosive paint solution over surface-activated aluminum (CNTs-bap/sa-
Al): The last solar absorber material is a solution of the proposed material of this work and black anticorrosive
painting. Furthermore, this solution is placed over the surface-activated aluminum and therefore his name is
CNTs-bap/sa-Al. In addition, CNTs were dispersed in bap in two different concentrations, 1 wt % CNTs bap
solution and 5 wt % CNTs bap solution, see figure 3.9 part (c). The aim was to see if a higher concentration
of CNTs would increase solar absorption.

Figure 3.9: The 4 solar absorber devices compared in this work; (a) black anticorrosive paint [bap], (b) black carbon
[bC], (c) CNTs-bap solution and (d) carbon nanotubes [CNTs]. (b, c and d) are over a surface-activated Al [sa-Al]
while (a) is over an Al sheet without treatment.
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3.3.1 Temperature system setup

A thermal insulating box was built in order to analyze how, the BB model device, proposed in this work and the other
3 solar absorber materials, transforming absorbed solar radiation into heat. Because wood and expanded polystyrene
are materials with a low thermal conductivity index and are easy to acquire, we used them in our setup. Furthermore,
because the box was placed outdoors, an aluminum layer was used to cover it and in this way avoid overheating
caused by solar radiation, as aluminum has a high reflectivity index. The structural scheme of the box is shown in
figure 3.10.

On the other hand, to record the variations in the temperature of the samples, five temperature sensors were
located inside the box, 4 for each sample and 1 to register the temperature of the box. The temperature sensors were
connected to an Arduino board, which allowed to visualize a temporal register of the variations in temperature in a
PC, see appendix A. The general scheme of the system is shown in figure 3.11. Furthermore, in order to have a good
thermal transfer between the temperature sensors and the samples, a thermal paste was used in the connection. The
actual system is shown in Fig.3.12.

Figure 3.10: Schematic representation of the materials used in the construction of the thermal insulating box.
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Figure 3.11: The general scheme of the system used to perform the thermal analysis of the material proposed in this
work (CNTs/sa-Al) and other 3 solar absorber devices.

Figure 3.12: Real thermal analysis system; (a) thermal insulating box and (b) general system.

3.3.2 Sensors temperature calibration

Due to many physical and electronic factors, the temperature sensors are noisy (exhibit fluctuating readings), as
well as, slightly different temperature values with respect to each other. An example is presented in figure 3.13
which represent temperature measurements of boiling water, using the 5 temperature sensors during 4 [min], also
see appendix B. In order to overcome this issue and calibrate the system, the following process was performed.
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First, the temperature sensors were calibrated using three temperature references; frozen water, water at room
temperature, and boiling water. The process was to record the 5 temperature sensor for 4 [min] at each temperature
reference and register the data obtained. After this, the average value of each sensor temperature at each temperature
reference was calculated, see table 3.1 part (a).

The next step was to choose one of the five sensors as a reference, in this case, it was sensor four (S4) which
offers the most exact values at the frozen water temperature reference, that is, the closest value to 0 [°C], In well
know that the ions present in the water can reduce the freezing point, however, the water used was taken off out
the tap, therefore, according to45 the of ions present in the water is not enough to alter the freezing point. After
this, the difference between the average value of S4 with the average value of the other sensors were found, this for
each temperature reference. Then, for each sensor, the average value of the 3 differences, one for each temperature
reference, was found. Therefore, 5 values are obtained, one for each sensor, see table 3.1 part (b). These values
were the calibration factors (CF) that were added to temperature data obtained in the thermal analysis process. An
example is presented in table 3.1 part (c) which shows the temperature values of part (a) but with the calibration
factors added.

Figure 3.13: Temperature measurements of boiling water, using the 5 temperature sensors during 4 [min].



CHAPTER 3. METHODOLOGY 37

Table 3.1: Calibration factor process; at three temperature references the (a) average value of the 5 sensors temperature
measures during 4 [min], (b) difference between the temperature sensor reference (S4) and the other temperature
sensor, in the end, the average values are presented, these values were the calibration factors, and (c) the values of
part (a) but with the calibration factors added.





Chapter 4

Results & Discussion

4.1 Carbon nanotubes over surface-activated aluminum (CNT/sa-Al)
First, a brief summary of the obtained results is shown in figure 4.1. This figure shows the surface structural evolution
of the Al substrate, from the Al sheet without any treatment until the Al substrate with CNTs over it. The results are
detailed in the next subsections.

Figure 4.1: Surface structural evolution of the Al substrate in (a) and (b); (1) preparation of Al sheets, (2) surface
activation of Al, (3) rinsed of sa-Al, (4) catalyst deposition of Fe/Co NPs, (5) calcination process and (6) CNTs
synthesis.

39
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4.1.1 Surface activation of aluminum (sa-Al)

Al substrate exposed to NaCl aqueous solution without (part 1) and with (part 2) sonication process

The contact with an aqueous solution induces the penetration of chloride ions in the oxide layer and in the metallic
Al bulk. This caused the breakdown of the oxide layer, as well as, the dissolution of the Al bulk to later, create the
nanopyramidal structure morphology12. The aim of this process is to increase the superficial area in which CNTs
will grow.

• Part 1

The previous procedure was to see how the chemical group activated the Al substrate at different concentrations
and times. The Al sheets were exposed to 0 wt %, 5 wt %, and 10 wt % NaCl aqueous solution, during 12, 24, 36,
48 [h] in each concentration respectively. The results of this process are shown in figure 4.3.

In figure 4.3 part 1 the first row represents the control group, that is, 0 wt % NaCl aqueous solution, where it is
possible to see that the Al sheets did not suffer any morphology alteration on their surface. Furthermore, it confirms
that aluminum has an oxide layer on it that avoids the corrosion of the material. The second row represents the Al
sheets at 5 wt % NaCl aqueous solution. At this concentration, the substrate started to show morphological alteration
on its surface, or in other words, the second row shows how black holes start to appear after 24 [h] of Al sheet
exposition to the solution and how the density of these black holes increases as well with the exposition time. These
holes have a diameter of a few microns. Finally, the third row shows the results of the Al sheets exposition to 10 wt
% NaCl. The effects on the Al substrate morphology were more evident, the black holes started to appear after 12
[h] of Al sheets exposure, and after 48 [h] the Al sheet has a high hole density.

• Part 2

In order to improve the penetration of Cl ions in the Al sheet surface, a sonication process was performed. The
aim of this procedure was to reduce the exposure time of the Al sheet to the NaCl aqueous solution, and in this way,
optimize the process of surface activation. In this part, Al sheets were immersed in a 10 wt % NaCl aqueous solution
and subjected to a sonication process of 5 and 10 [min].

The results of this treatment are shown in figure 4.2, which shows how destructive this process can be to Al
sheets with a thickness of 25.4 µm. As in part 1, black holes appeared on the Al surface morphology, and as it was
expected, the effects of the 10 [min] sonication process were more intense than 5 [min]. The penetration of Cl ions
at 10 [min] was so strong that it fully penetrated the Al structure, cutting them in many parts. On the other hand,
the Al sheets subjected to 5 [min] of sonication process also suffered visible structural damage, but not so intense,
in fact, the Al sheet stayed in one piece. Therefore, the Al sheets subjected to 5 [min] of sonication were chosen
to continue with the surface activation process. Then, the chosen Al substrates were immersed in 10 wt % NaCl
aqueous solution during 1.5, 3, 6, and 12 [h]. Figure 4.3 part 2 shows the evolution of the Al substrate morphology
during this time and as it was expected, after a sonication process the desired Al substrate morphology was obtained
after only 12 [h] of exposure to NaCl aqueous solution.
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Figure 4.2: Sonication process results; (a) after 5 [min] and (b) after 10 [min] of sonication time.

Finally, figure 4.4 shows the best result of part 1 (figure 4.3 picture 12), the best result of part 2 (figure 4.3 picture
16), and an Al substrate without any treatment. Then, if the surface-activated Al substrate (a or b) are compared
with the Al sheet without any treatment (c), it can be seen that the surface-activated process changes the morphology
of the substrate creating holes in its surface. Furthermore, while in (a) the morphology shows black holes with a
diameter of few microns, (b) shows black holes with a diameter of tens of microns. This is important because, it is
right in the middle of the black holes where the Cl ions have penetrated the Al surface and therefore, it is in these
areas in which the desired nanopyramidal morphology appears. In this way, the Al substrate was activated.

In conclusion, due to a shorter activation time and a larger diameter of the holes created in the substrates surface
the sonication treatment remarkably improves the surface activation Al process. In fact, sonication process reduces
the processing time to just a quarter of the time spent in the Al substrate without sonication process, in other
words, the surface activation process went from lasting 48 [h] to just 12 [h]. On the other hand, in order to have
an Al substrate with a full nanopyramidal morphology surface, the black holes should be present across the entire
surface. In this work, this was not possible to achieve because the structural integrity of the Al substrate would be
compromised due to its small thickness. Therefore, in future work, it is recommended to use thicker Al substrates in
order to increase the time of the surface activation process without affecting the structural integrity of the material.
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Figure 4.3: Surface activation process. Part 1: Morphology of Al substrate subjected to 0 wt %, 5 wt % and 10 wt
% NaCl aqueous solution, during 12, 24, 36, 48 [h] in each concentration respectively. Part 2: Morphology of Al
substrate subjected to a 5 [min] of sonication process in 10 wt % NaCl aqueous solution and then soaked in the same
solution during 1.5, 3, 6, and 12 [h].

Figure 4.4: Comparison between: (a) Al substrate exposed to 10 wt % NaCl aqueous solution during 48 [h] without
sonication treatment, (b) Al substrate subjected to a 5 [min] of sonication process in 10 wt % NaCl aqueous solution
and then soaked in the same solution during 12 [h] and (c) Al substrate without any treatment.
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4.1.2 Rinsed of sa-Al and Catalyst deposition of Fe/Co nanoparticles

In order to remove the Cl ions and to avoid the over activation of the Al substrate, it was thoroughly rinsed using
deionized water and ethanol. In this way, the nanopyramidal surface structure of Al substrate enables excellent
wettability for both water and ethanol, causing an uniform liquid film coating during the rinsing process, which
prevents the exposure of sa-Al to the ambient12.

The catalytic deposition process was carried out in a beaker where the sa-Al substrates were placed vertically,
(see figure 4.5). After 18 [h], the catalytic solution had risen to the top, even spilling out of the beaker, this suggests
that "the nanoporous structure of sa-Al could significantly improve the catalyst loading and distribution uniformity
through a capillary effect"12.

Figure 4.5: Catalytic solution spilling out of the beaker due to the capillary effect of the surface-activated Al substrate.

4.1.3 Low-temperature CNTs synthesis

Producing CNTs at 650 [°C] was a big change. In order to get CNTs, different reaction conditions were carried out,
see table 4.1. Two reactions were performed with the same conditions in order to corroborate the results. These
conditions are detailed and discussed below.

• Reaction condition "A"

Based on the literature, in our first attempt to synthesize CNTs a 15 [min] reaction time was used. For partial
flows of Ar = 280 [ml/min] and C2H2 = 120 [ml/min] were used (total flow = 400 [ml/min]). On the other hand, due
to the low melting point of Al (660 [°C]) the temperature of the reaction was fixed at 650 [°C]. With these conditions,
it was not possible to synthesize CNTs. Instead, abundant undefined carbon-based structures were formed. Possibly
this result was caused by the high C2H2 flow and by the low-temperature synthesis reaction.
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Table 4.1: Reaction conditions used to produce CNTs in the CVD machine.

• Reaction condition "B"

Based on the experience of "A", in this reaction, the total flow was reduced while the temperature of synthesis
was increased. In other words, the new partial flows were; Ar = 140 [ml/min] and C2H2 = 60 [ml/min] (total flow =
200 [ml/min]). Furthermore, the temperature was increased to 700 [°C] while the time reaction was kept. The aim
of these new partial flows was to try to reduce the creation of undefined carbon-based structures. The temperature
increase was meant as an attempt to separate, in a better way, the carbon atoms from the acetylene gas. Also, it was
a test in order to measure the resistance of Al substrate to temperatures higher than its melting point. The results
were not good, after the synthesis, the structure of the Al substrate was very damaged, furthermore, despite that, an
abundant carbon structure was not formed, a low quantity of undefined carbon-based structure remained. Therefore,
with these conditions was not possible to synthesize CNTs.

• Reaction condition "C"

Based on the experience of "B", in this reaction the total partial flow of C2H2 was further reduced to 50 [ml/min]
while the Ar flow was increased to 450 [ml/min] (total flow). On the other hand, the temperature of synthesis was
restored to 650 [°C] but, in this case, the time of reaction was increased to 30 [min]. These new conditions aimed to
avoid the formation of undefined carbon-based structures, diluting C2H2 in a higher Ar flow. Furthermore, due to
the C2H2 concentration was reduced significantly, the time of reaction was increased and finally, the temperature was
decreased in order to take care of Al substrate. However due to the increase in the reaction time, again, an abundant
carbon structure was formed.

• Reaction condition "D"

Based on the experience of "C" in this reaction the only parameter changed was the reaction time, all other
conditions of "C" were maintained. The result was a mix of CNTs with undefined carbon-based structures. Although
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we expected better results, the small number of CNTs present in the sa-Al was enough to corroborate the hypothesis
of this work; CNTs are better than conventional materials at the time to generate heat from solar radiation.

Note: The characterization of these results are presented in the next sections.

Calcinated vs uncalcinated substrate synthesis results

Definitely, the calcination process notably improves the growth of CNTs over Al substrates. Figure 4.6 part 1 shows
how the uncalcinated Al substrate (a) has a small number of carbon structures on its surface while the calcinated Al
substrate (b) is full of carbon structures. The reason for this improvement is due to the removal of nitrogen atoms
from the substrate. The nitrogen atoms were added to the substrate during the catalysis deposition process but due
to their high volatility, they are removed during the calcination process.

3 [h] vs 12 [h] of surface activated substrate synthesis results

Figure 4.6 part 2, shows how the surface activation process improves performance CNT synthesis, while (c) shows
an Al substrate with a surface full of carbon structures, (d) shows an Al substrate with some white spots on its
surface. The difference between (c) and (d) is the time exposition to the 10 wt % NaCl aqueous solution, while (c)
was exposed during 12 [h], (d) was only exposed during 3 [h]. This result is because (c) had a higher superficial
area than (d) due to the formation of nanopyramidal morphology more pronounced on its surface. This allowed the
formation of more carbon structures in (c).

Figure 4.6: Part 1: Al substrates subjected to 5 [min] of sonication treatment with 12 [h] of time exposition to NaCl
10 wt % NaCl aqueous solution (a) uncalcined and (b) calcinated. Part 2: Al substrate subjected to calcination
process after 5 [min] of sonication treatment with a time exposure to 10 wt % NaCl aqueous solution of (c) 12 [h]
and (d) 3 [h].
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4.1.4 Raman Spectroscopy characterization

Raman analysis represents themost important results of this investigation. The information provided by this technique
allows to identify if there are or are not CNTs in the sample, the shape and the quality of the their structures, among
other features that for the purpose of this investigation are not of vital importance. In this sense, the Raman results
of this analysis are shown in figure 4.7, which display the spectra of the four reactions (RX) conditions carried out
during this research and explained in section 4.1.3. Furthermore, the Rayleigh peak was omitted in order to visualize
the CNTs spectra in a better way. The spectra were taken using an excitation wavelength of 532 [nm].

According to46, the spectra obtained in RX "D" correspond to a MWCNTs sample. In other words, the typical
feature of king of structure are shown, that is, the first ordered D, G and 2D band peaks located at 1346, 1582
and 2692 [cm−1] respectively. The position of the peaks was found using Lorentzian-curve fitting plotted in the
"Peak-o-Math" software, see figure 4.8 and appendix C.

Figure 4.7: (RX "A", "B" and "C") Raman spectra of undefined carbon structure. RX "D" Raman spectrum of
MWCNTs.
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On the other hand, according to46, the position of D and G band peaks, for a reference MWCNTs material
with 100% purity, are 1350 and 1582 [cm−1] respectively. That is, the position of G-band peak, obtained in this
research, match with the value of reference MWCNTs material, while the position of D-band peak differs. This may
be because, according to46, the position and intensity of the D-band peak are varied with the excitation wavelength
of the laser to a greater extend.

In addition, D-band peaks are found when the disorder is introduced into the CNTs structure, while G-band peak
is assigned to "in-plane" displacement of the carbons strongly coupled in the hexagonal sheets46. For this reason, the
intensity radio of D-band to G-band (ID/IG) has been used to determine the crystallinity of CNTs structure. in this
way, the conditions of RX "D" reflects the higher crystallinity obtained in this research (0.9). In conclusion, Raman
results allows to confirm was possible to synthesize multi-walls carbon nanotubes with the conditions of reaction
(RX) "D", furthermore, these conditions offer the structure with higher crystallinity, which means, ID/IG=0.9.

Figure 4.8: Lorentzian-curve fitting of RX "D"
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4.1.5 Scanning Electron Microscopy (SEM) characterization

One of the best ways to analyze the CNTs synthesis results is to use the SEM test. In this way, figure 4.9 shows
that the morphology of Al substrate and the CNTs. In this way, in part (a) it is possible to see how the surface of
Al substrate had been activated, or in other words, how the Al surface had been altered in such way that a random
network of Al nanopyramids have been formed. "The changes in the roughness is reflected by the structural color
change of the substrate"12. Furthermore, due to the small thickness of the substrate, there are some black areas in
which the Al structure had been completely fractured.

However, it is precisely in these areas where it is most likely to observe the CNTs structures, see parts (b and
c). These parts shows longitudinal structures forming a randomly networked mat, due to the nanostructured surface
of the sa-Al substrate. Comparing these structures with those found in the literature12, it can be assumed that the
randomly networked mat are CNTs. Furthermore, in part (d), with some resolution difficulties, it is possible to see
that they have a diameter of 60 [nm] approximately, according to the literature13, it means that the CNTs synthesized
in this work were MWCNTs. On the other hand, due to the random structure of the CNTs, their length cannot be
determined. Finally, some important properties like chirality were not possible to observe due to the resolution of
the SEM equipment used, and its analysis remains open to future works. These photos were taken at a voltage of
15 kV.

Figure 4.9: SEM images of (a) surface-activated Al and of (b, c) CNTs.

4.1.6 X-ray Photoelectron Spectrometer (XPS) characterization

The chemical status of the Al substrate was probed by XPS to investigate the changes in its chemical composition
during the fabrication process. Each analysis was performed in a spot of 100 µm in diameter and 5 to 7 [nm] deep.
In this way, figure 4.10 shows the XPS the spectra of Al substrate evolution, and in the next section each spectrum
is described in detail.
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Chemical composition of Al substrate before (spectrum a) and after (spectrum b) of the surface activation
process

In spectrum (a) there is an intensive C1s peak indicating carbon contamination from manual handling. The C1s
peak for contamination typically has C-C, O-C=O, and C-O-C components placed in 284.8, 286, and 288.5 [eV]
respectively. However, for carbon on native oxide of aluminum, the C1s appears at 286 [eV]. Most samples that
have been exposed to the atmosphere will have a detectable quantity of carbon contamination, in order to remove
it, an argon sputtering could be used47. On the other hand, the O1s is another strong peak present in (a). It reflects
the presence of oxygen atoms, that always will be present in samples exposed to the atmosphere, either due to
contamination, oxidation, or water. The interpretation of O1s spectra is not straightforward, because the O1s binding
energy of many compounds and species falls within a very narrow range, however, in this case, it can be assumed that
the O1s peak is due to the presence of alumina in the surface of the sample. In such case, the O1s peak is at 531.1
[eV]48. Also, the Al2p peak is present in (a). Although an Al sample was analysed, there were many pollutants on
the Al surface and therefore, the intensity of the Al2p peak was reduced. Furthermore, aluminum is a highly reactive
metal, so it always has a oxide layer on its surface. This is important because the Al2p peak position, as well as its
intensity, may vary or split depending on the thickness of the oxide film. In a common state, the Al2p peak of an
Al oxide on Al foil is placed at 75.6 [eV]49. Furthermore, in part (a) there are some other contaminants present in a
small amount such as; Ca2p peak, referring to calcium as well as S2p peaks, referring to sulfur.

In spectrum (b), the pollutants peaks of (a), are not present or were reduced. This corroborated that the surface
activation process removes atoms from the Al surface, altering its morphology and in this case, eliminating unwanted
impurities. For example, the atomic % of the C1s peak went from 56.6% in (a) to 33.6% in (b), while the Ca2p and
S2p peaks, present in (a), disappeared in (b). However, in (b) the N1s peak appears, it refers to nitrogen atoms and
could be consider as a contaminant. On the other hand, due to the increase in the surface area of the Al substrate,
caused by the surface activation process, the atomic % of O1s and Al2p increased. The atomic % of O1s and Al2p
went from 33.8 % and 7 % in (a) to 52.3 % and 13.3 % in (b) respectively. Finally, due to exposure of Al substrate
to the NaCl aqueous solution, the Na1s peak, referring to sodium, appears in (b), specifically at 1071-1071.05 [eV]
accompanied by a strong Auger peak at 497 [eV] and at 536 [eV], the last one overlaps with O1s peak50.

Chemical composition of Al substrate covered with the catalytic solution before (spectrum c) and after
(spectrum d) of calcination process

In spectrum (c) the O1s, C1s, Al2p, and N1s peaks, present in (b), were maintained but with some variation in their
atomic %. For example, the atomic % of the O1s peak went from 52.3% in (b) to 46.2% in (c), this is because
the sample of the spectrum (b) is not the same as the spectrum (c). The sample of the spectrum (c) was immersed
in the catalytic solution immediately after the rinsed process, therefore, the catalytic solution fills the Al substrate
surface, before the it reacts with the atmosphere creating an oxide film over it. This is also corroborated by the Al2p
peak, which went from 13.3 % in (b) to 3.5 % in (c). Also, the Cs1 peak went from 33.6 % in (b) to 39.2 % in (c),
this reflects the carbon contamination from manual handling. On the other hand, in (c) the Co2p3 and Fe2p3 peaks
appear. These peaks correspond to the cobalt (II) and iron (III) nitrate salts used in the catalyst deposition process.
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In the case of Co2p3, the peak for Co (II) is placed at 786 [eV]51 while for Fe (III) was not possible identify the
position of the peak, because a high-resolution XPS analysis is needed.

Then, after the calcination process, the principal difference between the spectra (c) and (d) is the elimination of
the N1s peak. This is because the nitrogen atoms a very volatile, therefore, after subjecting the Al substrate to 600
[°C] during 6 [h], the N1s peak placed at 397 [eV]52 was removed. Furthermore, the carbon contamination was
reduced after the calcination process, in other words, the C1s atomic % went from 39,2 in (c) to 23,5 [eV] in (d).
On the other hand, there were also changes in the atomic % of the Co2p3 and Fe2p3, it means, they went from 6.1
% and 1.5 % in (c) to 6.2 % and 11.6 % in (d) respectively. These increases may be due to the elimination of the
nitrogen atoms and the reduction of carbon contamination. These two factors could improve the detection of the
cobalt and iron atoms. In addition, due to the oxidation of the salts caused by the calcination process, the O1s peak
also increased, it went from 46.2 % in (c) to 55 % in (d). Finally, the atomic % of Al2p was reduced in (d), maybe
due to the increase of the other peaks, it went from 3,5 % in (c) to 2.4 % in (d).

Figure 4.10: (a,b) XPS spectra of the Al substrate without (a) and with (b) surface activation. (c, d) XPS spectra of
surface-activated Al impregnated with the catalytic solution without (c) and with (d) calcination process.

Finally, the high resolution XPS of the C1s feature is shown in figure 4.11. The peaks related to C-C at 284.5 eV
and C=C at 285.4 [eV] binding energies represent the sp2 and sp3 carbon hybridisation, related with the synthesis
of multi-walled carbon nanotubes53,54. The other peaks are related with the formation of byproducts that includes
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amorphous carbon. The fitting analysis comes from the fact that the nanotubes were synthesized in an non-oxidative
environment therefore having oxide functional groups attached to them. Voigt function was used for XPS peak
deconvolution of the C1s of analysed sample. Table 4.2 shows the binding energy of the bonds. This data was
compared with those reported in the literature55–58

Figure 4.11: High resolution XPS C1s core level presenting the main binding energies

C=C 284.38–284.53 [eV]

C–C 285.11–285.5 [eV]

C–O 286.21–287.53 [eV]

C–OH 286–288.5 [eV]

O-C-O 286.45–287.92 [eV]

C=O 288.39–289.54 [eV]

O=C-OH 289–291.6 [eV]

Table 4.2: XPS analysis data.
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4.2 Radiation heating results
In this section are displayed the solar-thermal analysis results of the 4 solar absorber devices that were compared
in this investigation. That is, the material proposed in this research (CNTs/sa-Al) and of other 3 solar absorber
materials (bC/sa-Al, CNTs-bap/sa-Al and bap/Al) described in section 3.3. The aim of this part was to measure the
efficiency of these 4 devices at the time to transform solar radiation into heat. The equipment used and all the process
performed to record the temperature data of the materials are described in the section 3. Furthermore, once the data
was obtained, they were transferred to an Excel document where all the graphs were made. Finally, all studies were
performed in the city "San Miguel de Urcuquí - Ecuador", specifically in the coordinates: 0.41209922855835335,
-78.19097501534286. In this sense, the solar-thermal analysis was performed as follows.

4.2.1 Part 1: "(5%)CNTs-bap/sa-Al" vs "(1%)CNTs-bap/sa-Al"

First, in section 3.3 point 3, two devices were prepared, the firs one was a surface-activated Al substrate cover with
at 1 wt % CNTs bap solution [(1%)CNTs-bap/sa-Al] and the other one was a surface-activated Al substrate cover
with at 5 wt % CNTs bap solution [(5%)CNTs-bap/sa-Al]. These two devices were tested in this part, for this, the
temperature data collection system (thermal insulating box) was placed outdoors, for 3 days and from 12 [pm] to 2
[pm] in each day. Once the data temperature of the aforementioned devices was analysed, it was possible to identify
which one reaches higher temperatures, and therefore, use it in the next test (part 2). The results of this part are
presented in the next subsection.

The idea of these devices was to prove if a mixture of the common material with the carbon structure proposed
in this work, will improve the absorption of solar radiation. Also, if the the concentration of CNTs will affect this
process, and therefore, the efficiency of the device at the time to transform solar radiation into heat. In this subsection,
the values of the temperature data collection of these two devices are presented in figure 4.12 while in figure 4.13
part (a) a zoom of the temperature differences can be visualized.

After analyzing the obtained results some important observations can be made. First, in figure 4.12 some
mountains and valleys can be viewed, this corresponds to the variations of the solar intensity due to the movement
of the clouds. Second, the shaded zone corresponds to the interval of values taken in order to make an average of the
device temperature differences for each day, then, a new average of the previous values were preformed, see figure
4.14, this value is 1.08 [°C] and represents the average of the devices temperature differences during the 3 days.
Third, day 1 was a very cloudy day, see appendix D part (a), therefore temperature reached by the devices were not
too high compared with day 2 and 3, which were cloud-free at the beginning, see appendix D part (b), therefore
the maximum temperature reached was 74.76 and 72.12 [°C] for (5%)CNTs-bap/sa-Al and (1%)CNTs-bap/sa-Al
respectively on day 3. These are interesting values tanking in count that the tested samples have an area of 2x3[cm].

In conclusion, the (5%)CNTs-bap/sa-Al device heats, on average, 1.08 [°C] more than (1%)CNTs-bap/sa-Al
device, this result allows inferring that a higher concentration of CNTs allows absorbing a greater amount of solar
radiation or photons that create a series of vibrations in the carbon structures or phonons. This allows the material to
heat up and therefore, a higher temperature is reached. Finally, after this analysis, the (5%)CNTs-bap/sa-Al device
was chosen to be tested in part 2.
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Figure 4.12: Thermal analysis of surface-activated Al substrates covered with; 1 wt % CNTs vs 5 wt % CNTs black
anticorrosive paint (bap) solutions. The shadow zone represents the data section used to find the average temperature
differences between these two devices.
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Figure 4.13: (a) Thermal analysis zoom of surface-activated Al substrates covered with; 1 wt % CNTs vs 5 wt %
CNTs black anticorrosive paint (bap) solutions

Figure 4.14: Average of temperature differences between surface-activated Al substrates covered with; 1 wt % CNTs
and 5 wt % CNTs black anticorrosive paint (bap), for each day.
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4.2.2 Part 2: "CNTs-bap/sa-Al", "bap/Al", "CNTs/sa-Al" and "bC/sa-Al"

This part shows the solar-thermal analysis of the material proposed in this research (CNTs/sa-Al), and of other 3
solar absorber materials (CNTs-bap/sa-Al, bap/Al and bC/sa-Al) described in section 3.3. In sense, the test in this
part was performed in a similar way as in part 1. That is, the temperature data collection system was placed outdoors,
for 3 days and from 12 [pm] to 2 [pm] in each day. However, the time interval used to find the average temperature
differences between the devices, was from 12:20 to 1:40 [pm] or 80 [min]. The results are presented in figures 4.15,
4.16 and 4.17 which represent the temperature data collection of day 1, day 2 and, day 3 respectively.The analysis of
each day is performed below.

Day 1

First, the peaks and valley shown in figure 4.15 correspond to variation in solar radiation caused by the presence of
clouds during the solar-thermal analysis. Second, the bap/Al and CNTs-bap/sa-Al devices show similar temperature
behavior during all data collection with some intersection among them, in other words, that CNTs-bap/sa-Al device
heats, on average, 0.33 [°C] more than bap/Al device during 51 [min] in a solar-thermal analysis of 80 [min].
On the other hand, the bC/Al and CNTs/sa-Al also had similar behavior at the beginning but after 40 [min] the
temperature value of CNTs/sa-Al start to increase more than bC/Al temperature values. However, neither of the two
aforementioned devices did not heat more than bap/Al device. Conversely, bap/Al device heats, on average, 1.24
and 1.77 [°C] more than CNTs/sa-Al and bC/Al devices respectively. See the summary of this analysis in table 4.3 -
day 1. Finally, the higher temperature reached on day 1, was of 66.09 [°C] belonging to bap/Al device.

In conclusion, CNTs-bap/sa-Al device shows a little improvement over bap/Al devices, at the time to transform
solar radiation into heat. While, CNTs/sa-Al and bC/sa-Al did not show any improvement. These results can be
attributed to the structural damage of the devices caused during the CNTs synthesis process. In other words, the
structural fractures of CNTs/sa-Al and bC/sa-Al would be reducing the thermal conductivity of the devices.

Day 2

In this analysis was performed on an almost free-cloud day, therefore, the present of valley and peak in figure 4.16
is minimal. On the other hand, in this graph, a well-defined temperature trajectories can be viewed, it means, there
are no intersections in the devices temperature values. As in the day 1 analysis, only CNTs-bap/sa-Al devices heats
up more than bap/Al device, with an average value of 3.44 [°C] during all the solar-thermal analysis. Furthermore,
this difference can be reached during the first minutes of the analysis. This is a big improvement with respect to
day 1 and it can be attributed to the solar intensity stability, which allows a quick heating of the CNTs-bap/sa-Al.
On the other hand, bap/Al device overlaps to CNTs/sa-Al and bC/sa-Al with an average value of 1.35 and 7.18 [°C]
respectively. See the summary of this analysis in table 4.3 - day 2. Finally, the higher temperature reached in day 2,
was of 61.21 [°C] belonging to CNTs-bap/sa-Al device.

In conclusion, the temperature differences between CNTs-bap/sa-Al and bap/Al devices, could be higher on free-
cloud days. This may be because, according to59, clouds absorb infrared radiation from the sun, therefore, on a sunny
day, a higher intensity of this radiation can reach the CNTs structures, which shows better absorption properties,
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in the infrared range, than only black anticorrosive paint. On the other hand, again this results of CNTs/sa-Al and
bC/sa-Al devices can be attributed to their structural damages, which do not allow the phonon transfer, reducing
thermal conductivity.

Day 3

As can be visualized in figure 4.17, the solar-thermal analysis 3 was performed in a day with variable solar intensity,
but very sunny at the beginning. Therefore, in the first minutes it is possible to see a behavior similar to day 2, that
is, a quick temperature increase of CNT-bap/sa-Al over the bap/Al device, while, after 20 [min] of solar-thermal
analysis some clouds start to appear in the shy causing a behavior more similar to day 1, that it, interceptions in
the devices temperature values. This idea gets stronger when 2.02 [°C], the average temperature difference between
CNTs-bap/sa-Al and bap/Al devices in day 3, is compared with 1.88 [°C], the average of 0.33 and 3.44 [°C], which
are the temperature differences between CNTs-bap/sa-Al and bap/Al devices of day 1 and 2 respectively. On the
other hand, other interesting aspect is that both CNTs/sa-Al device and bC/sa-Al device reached, on average, 0.86
and 0.25 [°C] more than bap/Al, respectively. This increase in the temperature values of CNTs/sa-Al and bC/sa-Al
devices, it may be because due to poor structural quality of the devices, they were changed by new devices, while
the CNTs-bap/sa-Al and bap/Al were maintained. Due to there are small-time interval in which the temperature of
bap/Al is higher than CNTs/sa-Al and bC/sa-Al devices, the previous results correspond to the average performed
during 70 and 66 [min] severally. See the summary of this analysis in table 4.3 - day 3. Finally, the higher temperature
reached in day 3, was of 69.87 [°C] belonging to CNTs-bap/sa-Al device.

In conclusion, the presence of clouds take a crucial role in solar-thermal applications, in this particular case, it
has been observed that CNTs-bap/sa-Al device heats, on average, 3.44 [°C] more than bap/Al device on a free-cloud
day, 0.33 [°C] more, on a cloudy day, and 2.02 [°C] more, on a partly cloudy day. On the other hand, due to the
structural damage of CNTS/sa-Al and bC/sa-Al devices, it is not possible make a precise conclusion. Therefore, in
futures works the use of a thicker Al is recommended. Finally, due to day 2 offers the most convenient data, it was
used in the theoretical exergy analysis.
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Figure 4.15: Day 1: (a) thermal analysis of the 4 BB references used compared in this research, as well as, thermal
analysis reference system (box). (b) represent a zoom of (a). The shadow zone represents the data section used to
find the average temperature differences between the devices.
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Figure 4.16: Day 2: (a) thermal analysis of the 4 BB references used compared in this research, as well as, thermal
analysis reference system (box). (b) represent a zoom of (a). The shadow zone represents the data section used to
find the average temperature differences between the devices.
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Figure 4.17: Day 3: (a) thermal analysis of the 4 BB references used compared in this research, as well as, thermal
analysis reference system (box). (b) represent a zoom of (a). The shadow zone represents the data section used to
find the average temperature differences between the devices.
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Table 4.3: Summary of the thermal analyses performed during 3 day on CNTs-bap/sa-Al, bap/Al, CNTs/sa-Al and
bC/sa-Al devices.

4.3 Theoretical exergy analysis
Exergy is the amount of energy from a specific system that can be used in form of work. In principle, it is possible to
have exergy when there is a time-dependent contrast between a system A and the environment A0 that can be assumed
like a much larger system (reservoir), in this case, the exergy comes from the contrast in temperature between the
analyzed materials in this work and the environment. On the other hand, in this section the theoretical exergy analysis
of CNTs-bap/sa-Al vs bap/Al devices, is performed. CNTs-bap/sa-Al device was chosen to do this analysis because
it shows the greater temperature contrast over the bap/Al, the reference material. Using equation 2.11,in figure 4.18
one can gauge the importance of gaining a few degrees difference in heating at a particular reservoir temperature.
We can see from the plot that we can produce an extra 0.023 W/cm2 (at time 1000 [s]) by improving the temperature
increase by around four degrees. This means an additional 230 Watts per square meter. This is consistent with what
is expected from the impact of global warming calculations in terms of the loss of exergy of the planet (Goran Wall),
except in that case the reservoir is heating up. According to60 the heat capacity of Al is 0.9 [J/g °C], or 0.05 [J/cm2

°C] because 1 [g] = 18 [cm2] of the Al substrate used in this research. Therefore, exergy was expressed in [W/cm2].
On the other hand, in figure 4.19 it is shows the exergy plot, in Watts/cm2, available as a function of the

temperature T (of the sample) in relation with the fixed temperature T0=25 C (of the box). This figure is interesting
because show the faster than linear increase of exergy with T , for example, an increase of 5 [K] in the sample
temperature, around 320 K, can produce an increase in exergy of 50-60%. In other words, improvements in the
temperature maximum seems very promising.
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Figure 4.18: The exergy available due to the temperature difference between the two best BB coatings. Note that
there can be up to 0.023 Watts per cm2 extra due to the temperature achieved by the best coating.

Figure 4.19: Exergy as a function of the temperature T in relation with the fixed temperature of T0=25 C.





Chapter 5

Conclusions & Outlook

In conclusion, the material developed during the present research contributes to the global energy transition toward
clean and renewable energy sources. In other words, through the chemical vapor deposition (CVD) synthesis
technique, a solar absorber material that transforms solar radiation into usable heat (exergy) for the industrial sector,
was devised. This material is based on carbon nanotubes over a surface-activated aluminum (CNTs/sa-Al). In this
sense, the process performed during this research can be summarized as follows:

5.1 Synthesis of solar absorber material or CNTs/sa-Al
1. Aluminum sheets of 25.4 µm thick were used as substrate, over them, a surface-activation treatment was

performed.

2. The surface activation process created a nanopyramidal surface structure that improved the growth yield of
CNTs because of three reasons: (1) it reduced the oxide film and impurities, this favored the growth of CNTs,
(2) the nanopyramidal structure improved the loading and dispersion of catalytic solution through capillary
effect and (3) the increase in superficial area allowed the synthesis of a random network of CNTs that secured
high internal reflections to maximize radiation absorption. The surface activation process was divided into
two parts, after which it can be concluded that the sonication process allows reducing to 1/4 the exposition
time of Al substrate to the NaCl solution.

3. After the surface activation process, Al substrates were rinsed in water and ethanol for 10 [min] in each one.
This prevented direct contact between the Al substrate and the oxygen present in the air, thus, the reformation
of the oxide film in the Al substrate surface was reduced.

4. Immediately after rinsing, the Al substrate was submerged in the catalytic solution for 18 [h]. The catalyst
solution contained 0.1 M iron (III) and 0.1 M cobalt (II) nitrate in ethanol.
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5. In order to eliminate nitrogen contamination present in the catalytic solution, Al substrates were submitted to
a calcination process, that is, they were heated up to 600 [°C] for 6 [h]. This process improved considerably
the CNTs synthesis.

6. Finally, the Al substrate was introduced in a CVD furnace and submitted to 650 [°C] during 15 [min] under
a partial flow of 50 [ml/s] C2H2 and of 450 [ml/s] Ar. This process allowed to synthesize CNTs over a
surface-activated Al. See the details of the process in section 3.1 and the details of the results in section 4.1.

5.2 Characterization process
The structural properties of the material were characterized through the Raman, Scanning Electron Microscopy
(SEM), and X-ray Photoelectron Spectrometer (XPS) technique. Raman showed the spectrum of MWCNTs, that
is, e the D, G, and 2D peaks located at 1346, 1582 and 2692 [cm−1] respectively. Furthermore, the ID/IG ratio
showed a crystallinity factor of 0.9, (see the details in section 4.1.4). On the other hand, SEM technique allowed to
identify the nanopyramidal surface structure of the Al substrate, as well as, the random network of CNTs formed on
it. Furthermore, CNTs with an approximate diameter of 60 [nm] were possible to observe, (see the details in section
4.1.5). Finally, the XPS results showed the chemical evolution of the Al substrate throughout the entire process, that
is, how the changes in the chemical composition of Al substrate came about before and after the surface activation
process, before and after catalyst deposition and before and after calcination process, (see the details in section 4.1.6).
Finally, the description of the characterization equipment is presented in 3.2.

5.3 Solar-thermal analysis
In this work, two solar-thermal analyses were performed.

Part 1: We performed a solar-thermal comparison between two devices (1%)CNTs-bap/sa-Al and (5%)CNTs-
bap/sa-Al. The first one was a surface-activated Al substrate covered with at 1 wt % CNTs bap solution while
the second one was a surface-activated Al substrate covered with at 5 wt % CNTs bap solution. After 3 days
of analysis, it was possible to conclude that (5%)CNTs-bap/sa-Al device heats, on average, 1.08 [°C] more than
(1%)CNTs-bap/sa-Al device. Therefore, the (5%)CNTs-bap/sa-Al device was chosen to be tested in part 2.

Part 2: We performed a solar-thermal analysis between the device proposed in this work (CNTs/sa-Al) and
other three solar absorbers; black carbon over surface-activated aluminum (bC/sa-Al), black anticorrosive paint
over aluminum (bap/Al) and carbon nanotubes black anticorrosive paint solution over surface-activated aluminum
(CNTs-bap/sa-Al), the last one is the same device that was chosen in part 1. After 3 days of analysis, it was possible
to conclude that CNTs-bap/sa-Al device heats, on average, 3.44 [°C] more than bap/Al device in a cloud-free day
situation, 0.33 [°C] more, on cloudy periods, and 2.02 [°C] more, on a partly cloudy periods. On the other hand, due
to structural damages of CNTS/sa-Al and bC/sa-Al devices, caused by the CNTs synthesis process, it is not possible
to make precise conclusions about their ability to transform solar radiation into heat. Therefore, it is recommended
the use of thicker Al substrates in future investigations.
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The results of part 1 and 2 allows inferring that CNTs are responsible for CNTs-bap/sa-Al device reaching higher
temperatures than bap/Al device. This is because CNTs allow absorbing a greater amount of solar radiation, due to
multiple internal reflections and the radiation absorbing power of CNT’s. This allows the material to heat up and
therefore reach higher temperatures. Furthermore, in part 2 it can be concluded that the presence of clouds plays a
very important role in this solar-thermal application, that is, on a cloudy day CNTs structures do not show significant
improvements over conventional material, however in free-cloud days, the improvements shown by CNTs, over the
conventional material, are evident This is because according to59 clouds absorb infrared radiation from sun. An
average improvement of 3.44 [°C] over the conventional material, is a very interesting number taking into account
that the analyzed samples had a surface of 2x3[cm], see the details of this analysis in section 4.2 and in exergy
analysis 4.3.

5.4 Theoretical exergy analysis
The theoretical exergy analysis of CNTs-bap/sa-Al vs bap/Al devices, is performed. CNTs-bap/sa-Al device was
chosen to do this analysis because it shows the greater temperature contrast over the bap/Al, the reference material.
This analysis allows identifying that CNTs-bap/sa-Al can produce an extra 0.023 W/cm2 (on cloud-free periods) by
improving the temperature increase by around four degrees. This means an additional 230 Watts per square meter
of usable energy (convertible to work), see the details of this analysis in section 4.3. We can see that technological
improvements to raise the temperature by one degree can result in industrially interesting power boosts for this
application. Improvements can also be achieved by changing the heat capacity per unit area of the base material so
that the exergy can be increased at a fixed temperature in contrast to the environment.

5.5 Outlook
We believe there is a very interesting prospect for capturing solar energy through artificial BB models. The goals
for a close-knit carbon nanotubes network have only been achieved partially in this project and the results are very
promising. Based on the exergy analysis we can improve on both increasing the radiation capture capacity by better
growing the CNTs network on an activated substrate and we can also improve on the heat capacity of the substrate.
Although the scaling to larger panels seems exciting, the feasibility of this project for industrial application lays in
determining how to scale the process to panels of larger dimensions, from the point of view of the equipment needed
and the cost of production. The pursuit for the 1.3 KW/m2 ideal (average solar irradiation received from the sun)
is on and we hope that this project serves to establish a new line of research and development at the Yachay Tech
University.





Appendix A

Arduino code used in the temperature data
collection

Figure A.1: Arduino code - part 1
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Figure A.2: Arduino code - part 2



Appendix B

Temperature references values

Figure B.1: Temperature measurements of frozen water. This data was used in the calibration process of the
temperature sensors.
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Figure B.2: Temperature measurements of water at room temperature. This data was used in the calibration process
of the temperature sensors.



Appendix C

Peak-o-Math data

Figure C.1: Positions of D, G and 2D band peak of MWCNTs synthesized under the condition of reaction (RX) "D"
- part 1
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Figure C.2: Positions of D, G and 2D band peak of MWCNTs synthesized under the condition of reaction (RX) "D"
- part 2



Appendix D

Variation of cloudiness at the test side

Figure D.1: Variation of cloudiness at the test side; (a) cloudy and (b) free-cloud
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bap/Al black anticorrosive paint over aluminum 6, 64
bC black Carbon 33
bC/sa-Al black carbon over surface-activated aluminum 6, 64

CNTs Carbon Nanotubes 6
CNTs-bap/sa-Al carbon nanotubes black anticorrosive paint solution over surface-activated aluminum 6, 64
CNTs/sa-Al carbon nanotubes over a surface-activated aluminum 6
CVD Chemical Vapor Deposition 11

MWCNTs Multi-Wall Carbon Nanotubes 9

NPs nanoparticles xiv, 27

S-W Stone-Wales structural defects 10
SEM Scanning Electron Microscopy x, 6, 32, 48, 64
SWCNTs Single-Wall Carbon Nanotubes 9

VA-CNTs Vertically Aligned Carbon Nanotubes 16

XPS X-ray Photoelectron Spectrometer x, 6, 32, 48, 64
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