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Abstract 

A solar absorber is the essential component in solar thermal collectors being used 

to absorb and convert solar radiation into heat. In order to be optically and 

thermally efficient, the solar absorber should be spectrally selective, i.e. a high 

solar absorption in the solar spectrum and a low thermal emittance in the IR 

wavelength region. The manufacturing cost for high performance of spectrally 

selective absorbers is high and needs to be further reduced in order to improve the 

cost-competitiveness of solar thermal collectors. Additionally, there are demands 

for more environmentally friendly utilization of solar energy, such as reducing the 

amount of toxic chemicals and heavy metals involved, reducing the energy demand 

during manufacturing and increasing long term durability.  

The main objectives of this work were to investigate a) the feasibility of depositing 

multi-walled carbon nanotubes (MWCNTs) homogeneously on metal substrates by 

electrophoresis and b) the performance of MWCNT coatings as spectrally selective 

absorbers. Stable aqueous MWCNT suspensions were prepared and employed in 

electrophoretic deposition (EPD) of MWCNT coatings on aluminum substrates.  

The surface morphologies of MWCNT coatings were examined. Spectral 

reflectance of the MWCNT absorbers was measured to assess their spectral 

selectivity. Accelerated ageing tests on the MWCNT absorbers were carried out in 

order to evaluate long-term durability.  

The deposited MWCNT coatings are homogeneous and exhibit good spectral 

selectivity combined with the underlying aluminum substrate. The best MWCNT 

absorber spectral selectivity achieved was a solar absorptance of 0.90 and a thermal 

emittance of 0.13 which are slightly under par with the performance of currently 

available commercial absorber products. Accelerated ageing tests revealed that 

MWCNT absorbers had an excellent thermal stability however it was not resistant 

to damage from condensation. Therefore, silica/silica-titania thin films were coated 

on top of the MWCNT coating as a protective layer. The protective films had little 

impact on the spectral selectivity of MWCNT absorbers and improved the long-

term durability significantly. After 600 hours of testing, the performance criterion 

(PC) value was lower than 0.015, which confirms that the MWCNT absorbers 

coated with protective films can be qualified according to ISO 22975-3. 
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Brief description of the papers 

 

Paper I 

An investigation of three types of carbon nanotubes (CNT) coatings 

electrophoretically deposited on aluminum substrates for use as spectrally selective 

solar thermal absorbers is reported. Stable aqueous CNT suspensions were used for 

electrophoretic deposition. The CNT coatings after heat treatment were visibly 

uniform. The CNT coating thickness, surface morphology and reflectance of CNT 

absorbers were characterized by White Light Interferometry, Scanning Electron 

Microscopy and Spectrophotometry, respectively. The effect of CNT coating 

thickness, deposition parameters and peak heat treatment temperature on the 

spectral selectivity was reported. The achieved solar absorptance and thermal 

emittance with the optimal spectral selectivity were 0.79 and 0.14 for the T-CNT 

absorber, 0.90 and 0.14 for the N-CNT absorber, 0.90 and 0.13 for the P-CNT 

absorber. 

  

Paper II 

The potential of three carbonaceous materials, graphite, soot and single-walled 

carbon nanotubes (SWCNT) as spectrally selective absorbers has been evaluated 

using the thin film simulation software Setfos. Aluminum was chosen as the 

substrate material. To further enhance the spectral selectivity of the solar absorbers, 

simulations with an anti-reflection (AR) layers consisting of alumina or silica were 

also performed. Soot and SWCNT exhibit good spectral selectivity without an 

added AR layer, graphite does not. The best selectivity with AR layer was achieved 

for a soot absorber coated with a thin silica layer.  
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Paper III 

Carbon nanotube (CNT) layers were coated by electrophoretic deposition (EPD) on 

aluminum substrates. Stable aqueous CNT suspensions consisted of multi-walled 

CNTs, DI water and surfactant was used for EPD. Various thicknesses and 

compositions of homogenous CNT coatings were prepared by tuning the 

electrophoretic parameters, such as voltage, inter-electrode spacing and deposition 

time. A voltage threshold of 15 V for uniform CNT deposition was discovered for 

the used aqueous CNT suspension. With thicker CNT coatings, the absorption 

increased in both visible and IR spectral range. Higher peak temperatures of heat 

treatment resulted in a lower thermal emittance without decreasing the solar 

absorptance; hence the spectral selectivity of CNT absorbers was improved. The 

results have indicated CNTs as a promising material for spectrally selective solar 

absorbers. 

 

Paper IV  

The paper reports the work of improving spectral selectivity of previously 

fabricated multi-walled carbon nanotube (MWCNT) solar absorbers. Porous silica 

as anti-reflection layer was spin-coated on top of MWCNT coatings. The precursor 

solution of porous silica was prepared using tetraethylorthosilicate (TEOS), and 

PF127 was used as a pore-forming agent. A maximum solar absorptance gain of 

0.02 was achieved, which improved the spectral selectivity of MWCNT absorbers. 

The effect of the anti-reflection layer depends on not only its thickness/refractive 

index but also the roughness of the aluminum substrate. 

 

Paper V 

Accelerated ageing tests of previously produced novel multi-walled carbon 

nanotube (MWCNT) spectrally selective absorbers are presented. The procedure 

for performing the tests of condensation resistance and thermal stability followed 

the recommendations in the international standard ISO 22975-3: Absorber surface 

durability. The primary results revealed that the MWCNT absorber had a good 
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thermal stability but was not resistant to condensation. Therefore, different types of 

thin films such as dense silica, silica-titania were deposited on top of MWCNT 

absorbers as protective layer to prevent the penetration of condensed water. 

Although all MWCNT absorbers coated with protective layer had little or no gain 

in spectral selectivity compared to those without protective layer, accelerated 

ageing tests indicated that the long-term durability was significantly improved.   

 

 

Comments on my contribution 
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FTIR measurements on the samples on which condensation and thermal stability 
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SEM was operated by Tom-Ivar Eilertsen. 

Matlab codes for generating reflectance curves and the calculation of solar 

absorptance and thermal emittance values were programmed by Dilip 
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List of symbols and constants 

𝛼 Normal solar absorptance 

𝐴(𝜆) Absorptance 

𝐵𝜆                                    Radiance at the wavelength of λ, W·sr
−1

·m
−3

 

c   Speed of light in vacuum, m/s 

𝜀 Normal thermal emittance 

𝐸0 Initial amplitude of electric field 

𝐸(𝑥, 𝑡) Amplitude of electric field at the time t and the position x 

𝑒(𝜆) Emittance 

h    Planck’s constant 

𝐼sol Spectral solar irradiance, W·sr
−1

·m
−3

 

𝐼𝑝 Thermal radiance, W·sr
−1

·m
−3

 

k The imaginary part of refractive index/the extinction 

coefficient 

𝑘𝐵                               Boltzmann’s constant 

λ Wavelength, μm 

n The real part of refractive index 

N Complex refractive index 

 Zeta potential, mV 

𝑅(𝜆) Reflectance 

t Dwell time at Tp, minutes 

T Absolute temperature, K 

𝑇(𝜆) Transmittance 

𝑇max Maximum operation temperature corresponded to solar 

absorptance and thermal emittance, °C 

Tp Peak temperature during heat treatment, °C 

𝜔  Angular frequency 

 



11 

 

Abbreviations 

AC Alternating Current 

AM Air mass 

AR Anti-reflection  

CNT Carbon nanotube 

CTAB Hexadecyltrimethylammonium bromide 

DC Direct Current 

DHW Domestic hot water system 

DI Deionized 

EPD  Electrophoretic deposition 

EDS Energy-dispersive X-ray spectroscopy 

EtOH Ethanol 

IEA International Energy Agency 

ISO                             International Organization for Standardization 

ITO Indium tin oxide 

IR Infrared 

MTES Methyltrietoxysilane 

MWCNT                             Multi-walled carbon nanotube 

N-CNT MWCNTs from Nanocyl SA 

NIR Near infrared 

PC Performance criterion 

P-CNT MWCNTs from PlasmaChem GmbH 

SDBS Sodium dodecylbenzenesulfonate 

SDS Sodium dodecyl sulfate 

SEM Scanning electron microscopy 

SWCNT Single-walled carbon nanotube 

TBOT Tetrabutylorthotitanate 

T-CNT MWCNTs from n-Tec AS 

TEOS Tetraethoxysilane 

UV Ultraviolet 

VIS Visible light 
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1. Introduction 

 

Back in the early 2000’s, my father, living in a small village in China, was thinking 

of buying a domestic hot water (DHW) system. At that time, there was no such 

DHW system even in the neighboring villages. It was a big step in terms of 

improving living conditions for us. There were two alternative heat resources – 

liquefied petroleum gas and electricity. He asked me which type was safer and 

more economical. At that time, I was studying at a university located in southern 

China and I did not have any experience with DHW systems. But my wife was 

doing her PhD on Photovoltaics. So I suggested my father to find a solar thermal 

DHW system. That turned out to be a little challenge for him and finally he bought 

one. In the following years, solar thermal DHW system became more and more 

popular in the neighboring villages after my father installed an evacuated tube 

DHW system. After 14 years, this system is still in use with only a small decrease 

in efficiency. At that time, I did not know that it was just the beginning of my 

attraction to solar energy. After graduation, I started working in a cement factory 

which used coal as the only energy source for the huge energy-consuming process 

of limestone decomposition. The pollution was enormous and the uncertainty of 

safety was high. So I was wondering what would happen if we ran out of fossil fuel 

on earth and what a clean alternative would be. It did not take much time to find 

the answer on the internet – solar energy. So luckily for me, a few years later I got 

an opportunity to work in a solar cell factory. And here I am now really proud to 

present my PhD thesis about solar thermal energy which I hope will contribute to a 

greener application of solar energy. 

Solar energy in the form of radiation from the Sun has been used since the ancient 

times. Today with increasing global energy demand and climate challenge, the 

importance of solar energy as one environmentally friendly alternative energy 

source has been increasingly attractive owing to its abundance, cleanliness and 

falling cost. Solar energy has the greatest potential amongst all renewable energy 

sources. The annual potential of solar energy that could be harvested on the Earth 

is hundredfold greater than that of the world energy demand. But currently only a 

small portion of the global energy consumption originates from solar energy. Since 

energy use for heating accounted for about half of the total world final energy 

consumption in 2014[1], and solar thermal technologies could also be used for 

https://en.wikipedia.org/wiki/Liquefied_petroleum_gas
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cooling and even large scale electricity production, there exists great potential for 

solar thermal collectors which harness solar radiation to generate heat or electricity 

for residential and industrial applications. Although solar thermal has been one of 

the most efficient methods of utilizing solar energy, the price for solar thermal 

systems is still high. It is therefore critical to achieve further improvements in solar 

thermal technologies to reduce the manufacturing cost and minimize any negative 

impact on the environment from the production process.   

In a solar thermal collector, the key component and the most costly part, is the 

solar absorber, which absorbs and converts solar radiation into thermal energy. The 

efficiency of photothermal conversion depends on the optical properties of the 

absorber surface. An effective solar absorber should have a high spectral 

absorption in the wavelength range of the solar spectrum and a low spectral 

absorption in the IR wavelength region (i.e. low thermal emittance) to reduce 

radiative heat loss. This property is called spectral selectivity. With the 

development of solar thermal technology in the last few decades, various materials, 

design methods and manufacturing techniques have been employed to improve the 

spectral selectivity of solar absorbers. The photothermal conversion efficiency has 

been increased greatly from the original solar absorbers that used non-selective 

black paint surface [2, 3] to those using highly selective surfaces such as black 

chromium [4, 5], black nickel [6, 7] and cermet [8, 9, 10]. Among the design 

methods, surface texturing, tandem structure and quantum size effects have been 

used [11, 12]. Various thin film deposition methods like chemical vapor deposition, 

sputtering, electroplating, spray pyrolysis, anodization and sol-gel have been 

utilized to fabricate spectrally selective surfaces [13, 14].  

Commercialized spectrally selective high performance solar absorbers have been 

available on the market for more than 20 years. However, solar absorbers using the 

low conversion efficiency black paints are still being sold worldwide due to their 

low manufacturing cost. For high efficiency solar thermal collectors, the price is 

elevated compared to black paint products, mainly because of the needed 

manufacturing equipment and the processing costs. In addition to producing 

inexpensive and competitive solar absorbers to meet the market demand, there are 

also needs and potential for further improvements to achieve more environmentally 

friendly utilization of solar energy, such as reducing the amount of toxic chemicals 

and heavy metals involved in the production process, reducing the energy demand 

during manufacturing and increasing long term durability of the product.  
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This thesis is concerned with research on a novel spectrally selective solar absorber 

using multi-walled carbon nanotube (MWCNT) coatings formed by electrophoretic 

deposition (EPD). The interest in the EPD technique is driven both by its simplicity 

and low material consumption. The coating process is also efficient and can be 

performed in air and under ambient pressure conditions by simple and inexpensive 

equipment [ 15 , 16 ]. CNTs are known for their extraordinary electrical and 

mechanical properties and thermal conductivity. In this work the potential of their 

optical properties was explored. Since the cross sectional dimensions of CNTs are 

only tens of nanometers in diameter, CNTs exhibit plasmon resonance which 

enhances the absorption of solar radiation. In addition, with the recently introduced 

manufacturing methods and increasing applications of CNTs, the price has been 

decreasing significantly over the last decade. The research of this thesis hopefully 

contributes a more environmentally friendly manufacturing method for spectrally 

selective absorber surfaces with low chemical consumption and potentially low 

production cost for the solar thermal industry.  

The project addresses the entire process experimentally, from the preparation of 

stable aqueous MWCNT suspension and the fabrication of MWCNT coating, to the 

protective film on top of MWCNT absorber to the final accelerated aging tests. 

Zeta potential measurements were performed to evaluate the stability of aqueous 

MWCNT suspensions. The MWCNT absorbers were characterized primarily with 

the use of Spectroscopy, Profilometry, and Scanning Electron Microscopy.  
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2. Spectrally selective solar absorbers 

 

Solar thermal absorbers absorb and convert solar radiation into heat in solar 

thermal collectors. In order to be optically and thermally efficient, solar absorbers 

need to be spectrally selective, with a high solar absorption in the UV-VIS-NIR 

solar spectrum and a low thermal emittance in the IR wavelength region. Most 

solar absorbers are of the tandem type and consist of a IR reflective metal plate 

with good thermal conductivity such as aluminum [14, 17, 18] or copper [19]. On 

top of the metal plate, an absorbing layer is coated or fabricated which should 

absorb the radiation in the UV-VIS-NIR solar spectrum and be transparent to 

longer wavelength radiation. The transmitted longer wavelength irradiation is 

reflected by the metal plate. This optical combination gives a good spectral 

selectivity over the solar and infrared spectrum.  

This chapter provides a physical background for understanding the concept of 

spectral selectivity in solar thermal absorbers. Since the spectral selectivity cannot 

be quantified directly, a description on how it is evaluated and calculated is 

presented.  

Finally, the different designs that are capable of realizing the desired spectral 

selectivity in solar absorbers such as intrinsic absorbers, textured surfaces and 

tandem structures are briefly introduced.  

2.1 Solar and thermal radiation 

All materials above the absolute zero temperature emit energy in the form of 

electromagnetic radiation, which refers to thermal radiation. The amount of energy 

emitted as thermal radiation by a blackbody depends on its absolute temperature T 

and is described by Planck’s law [20]. 

𝐵𝜆 = 2ℎ𝑐2𝜆−5 [𝑒
ℎ𝑐

𝜆𝑘𝐵𝑇 − 1]

−1

                                Eq. (1)              
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where h is Planck’s constant, c is the speed of light in vacuum, 𝜆 is wavelength and 

𝑘𝐵  is Boltzmann’s constant. The symbol 𝐵𝜆  represents the spectral radiance 

measured in terms of the power emitted per unit area of a blackbody surface per 

unit time per unit wavelength interval. 

The Sun has a surface temperature of about 5800 K [21] and continuously emits the 

electromagnetic radiation in a wide range of wavelengths, spanning ultraviolet 

visible light and far infrared. Before reaching the Earth’s surface, solar radiation is 

absorbed by atomic molecular oxygen, ozone and nitrogen in the atmosphere. The 

solar radiation received at the Earth’s surface spans the range from 0.3 to 1000 μm 

[22]. Within the range from 0.3 to 3 μm the measured radiation accounts for 98.5% 

of the total solar irradiance received by the Earth surface [23]. The maximum 

intensity is found at around 0.55 μm. This information is essential when designing 

solar absorbers which are intended to absorb the solar radiation as much as possible. 

Fig. 1 illustrates the normalized solar irradiation distributed over the solar spectrum 

and the normalized thermal radiation emitted by a blackbody at the temperatures 

100 °C, 200 °C, 300 °C. The operation temperature of solar absorbers for 

household solar thermal collectors is normally less than 300 °C [24]. 

 

Fig. 1 The normalized solar irradiation, blackbody radiation spectra at 100 °C, 200 °C, 

300 °C, dashed curves. The ideal selective reflectance spectrum is indicated.  
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2.2 Optical characterization of solar absorbers 

When incident radiation strikes a solar absorber surface, a part is reflected at the 

surface, absorbed in the absorber or transmitted through the absorber. The sum of 

reflectance, absorptance and transmittance equals 1, which can be described by 

Equation (2): 

𝑅(𝜆) + 𝐴(𝜆) + 𝑇(𝜆) = 1                                      Eq. (2)         

where 𝑅(𝜆)is the spectral reflectance of incident radiation, 𝐴(𝜆) is the spectral 

absorbance and is 𝑇(𝜆)  the transmittance. According to Kirchoff’s law, for a 

blackbody in thermodynamic equilibrium, the absorbed energy equals the emitted 

thermal radiation, which is characterized by the emittance (𝜆) : 

𝑒(𝜆) = 𝐴(𝜆)                                                           Eq. (3)       

Because of the opaque metal substrate used in solar absorbers, the transmittance is 

equal to zero. By substituting Equation (2) in Equation (3), Equation (4) is obtained:  

 𝑒(𝜆) = 1 − 𝑅(𝜆)                                                   Eq. (4)       

Solar absorbers are usually characterized by two parameters – the solar absorptance 

and the thermal emittance under normal incidence of radiation. Normal solar 

absorptance, 𝛼, is defined as a weighted fraction of the absorbed radiation to the 

incoming solar radiation on a surface (Equation (5)).  
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where the spectral solar irradiance, 𝐼sol, is defined according to ISO standard 9845-

1 (1992) for air mass of 1.5 [23]. 𝜆 is the wavelength of incident radiation in units 

of μm. 

Normal thermal emittance, 𝜀, is the ratio of emitted thermal radiation of a surface 

to that of Plank’s blackbody, 𝐼𝑝, at 100 °C and can be calculated using Equation (6): 
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Wavelength ranges of 0.3 -- 2.5 μm and 2.0 -- 50 μm for evaluating solar 

absorptance and thermal emittance respectively are recommended by the 

international standard ISO 22975-3 (2014): Absorber surface durability [25]. Based 

on Equation (5) and (6), solar absorptance and thermal emittance can be derived 

from reflectance measurements. 

2.3 Spectral selectivity 

An effective solar absorber should have a high solar absorptance, and a low 

thermal emittance. That translates to a low reflectance in the wavelength range of 

0.3 μm to 2.5 μm and a high reflectance in the infrared region of 2.0 μm and 50 μm. 

Consequently, the transition from low to high reflectance should be located 

between 2.0 μm and 2.5 μm for optimized solar absorbers. This optical property of 

solar absorbers is named spectral selectivity. An ideal solar absorber should have a 

solar absorptance of 1 and a thermal emittance of 0. The reflectance of an ideal 

solar absorber is illustrated in Fig. 1.  

There are several ways to evaluate the spectral selectivity. One of the most 

frequently used methods is to calculate the ratio of solar absorptance to thermal 

emittance (𝛼 𝜀⁄ ). However, this method is considered to be inappropriate for the 

assessment of photothermal conversion efficiency. For example, a solar absorber 

with a solar absorptance of 0.60 and a thermal emittance of 0.03 achieves a ratio of 

20 but does not have higher photothermal conversion efficiency than an absorber 

with a solar absorptance of 0.90 and a thermal emittance of 0.1 which achieves a 

ratio of only 9. The opposite is actually true since the solar absorptance is 

approximately twice as important as the thermal emittance. In order to rate the 

spectral selectivity and hence the performance of a solar absorber the expression 

𝛼 − 0.5 × 𝜀 is instead used to reflect the weight factor of thermal emittance in a 

more reasonable manner. The expression was first recommended by a report of 

IEA solar heating and cooling program Task 27 [26], which has been employed by 

ISO 22975-3 [25]. In the following chapters, spectral selectivity assessed by this 
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expression will be employed as the main criterion for comparing the performance 

of prepared samples. 

2.4 Different designs of spectral selective surface  

To achieve the desired property of spectral selectivity, various design methods and 

materials have been employed for fabricating solar thermal absorbers. From a 

structural point of view, the methods of obtaining spectral selectivity can be 

classified in three categories: intrinsic selectivity, textured surfaces and tandem 

structures. In this section, all of these selective absorber types are introduced with 

most focus on tandem absorbers since they are most common commercialized 

products. 

2.4.1 Intrinsic selectivity 

Single materials which have intrinsic optical properties that are absorptive in the 

solar spectrum and reflective in the far-infrared region are identified as intrinsic 

solar absorbers. They are considered to be more structurally stable over long-term 

operation. On the other hand, they are less optically effective than other types of 

spectral selective absorbers because of either low solar absorptance or high thermal 

emittance, i.e. low spectral selectivity. Intrinsic solar selective materials are found 

in transition metals and semiconductors. Besides being used as intrinsic solar 

absorbers, these selective materials can also be used as a component in other types 

of spectrally selective absorbers [27].  

2.4.2 Textured surfaces 

Surface roughness or specially textured surfaces could enhance the solar absorption 

through optical trapping effects. When incident radiation strikes on these rough or 

textured surfaces, the radiation with shorter wavelengths is either immediately 

absorbed or scattered by the surface. The scattering leads to multiple reflections 

that can result in increased absorption. Simultaneously, the radiation with longer 

wavelength passes through the rough or textured surface and is not absorbed, 

instead reflected to the surroundings via multiple reflections. This type of selective 

absorber is less sensitive to environmental effects such as oxidation or thermal 

shocks and therefore has a long lifetime [12]. To achieve a high spectral selectivity, 
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elaborate fabrication of the textured surface is often employed. Well-known 

examples include textured copper and stainless steel surfaces [28, 29].  

2.4.3 Tandem solar absorbers 

Absorbers constructed with one or multiple layers of solar absorbing thin films 

coated on top of an infrared reflective metal substrate are referred to as tandem 

solar absorbers. The top absorbing layers are designed and coated by various 

methods to absorb the solar radiation while the metal substrate should reflect 

infrared light to reduce heat loss. Black chromium [ 30 , 31 , 32 ], cermet (a 

composite of ceramic and metal) -- for example copper oxide [33, 34, 35], cobalt 

oxide[36, 37, 38]), metal/oxides composites [14, 39] and spinels [40] are among 

the most used materials for a single absorbing layer. There are also reports on using 

aligned CNTs grown on metal substrates [41, 42]. As mentioned above, highly 

reflective metals such as aluminum and copper are commonly used as substrates. 

With these materials, a solar absorptance of > 0.80 and a thermal emittance of < 

0.2 can readily be achieved.  

In order to improve solar absorption and increase the spectral selectivity of solar 

absorbers, a tandem structure of multi-layered thin films deposited on reflective 

metal substrates is also often used. The multi-layered thin films acting as 

interference stacks usually consist of at least one dielectric layer and one anti-

reflection layer. By using destructive interference, reflectance is minimized in the 

solar spectrum and the overall solar absorption can be increased.  

Inverse tandem structures are another alternative for achieving spectral selectivity. 

It is usually realized by laying an infrared reflective layer on the top of an 

absorbing material. The top layer is transparent in the short wavelength region and 

allows the solar irradiation to be absorbed by the underlying absorbing material. 

Indium tin oxide (ITO) deposited on top of silicon is one of the examples. ITO is a 

well-known transparent thin film in the visible light range. The underlying silicon 

acts as the absorbing material. However, silicon is an inferior solar absorber and 

the overall efficiency of this inverse tandem structure is poor.  

The tandem structure of solar absorbers can be constructed by various processes. In 

this work, the tandem structure is fabricated by electrophoretically depositing a 

CNT coating on an aluminum substrate.  
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3. Optics of thin films  

 

This chapter gives a fundamental physical background for understanding how 

electromagnetic radiation interacts with matter. An introduction on the enhanced 

absorption of nanoparticles is also presented.  

3.1 Electromagnetic radiation and absorption 

The behavior of electromagnetic radiation interacting with matter alters 

qualitatively as its frequency changes. When a plane electromagnetic wave 

propagates in an absorbing medium with a complex refractive index N = n + ik, 

where n is the real part of the refractive index and k is the imaginary part (also 

called the extinction coefficient), its electric field in the x-axis can be expressed as 

[43]: 

𝐸(𝑥, 𝑡) = 𝐸0 exp( − 𝑘𝜔𝑥/𝑐 + 𝑖(𝑛𝜔𝑥/𝑐 − 𝜔𝑡))                Eq. (7) 

where 𝐸0  is the initial amplitude of electric field;  𝐸(𝑥, 𝑡)  is the amplitude of 

electric field at the time t and the position x; 𝜔 is the angular frequency and c is the 

speed of light in vacuum. Equation (7) indicates that the amplitude attenuates in the 

direction of propagation in the medium, and the optical constants (n and k) are of 

great importance for the attenuation. And according to Beer-Lambert law, the 

attenuation of light is correlated to the absorption coefficient α and the propagation 

distance, x:  

𝐼 = 𝐼0 𝑒𝑥𝑝(−𝛼𝑥)                                                                         Eq. (8) 

where I is the change in light intensity; 𝐼0  is the initial intensity before the 

electromagnetic wave entering the medium, and the light intensity I is proportional 

to the square of amplitude: 

 𝐼 ∝ 𝐸(𝑥, 𝑡)2 = 𝐸0
2 𝑒𝑥𝑝(−2𝜔𝑘𝑥/𝑐)                                       Eq. (9) 
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Combining equations (8) and (9), the correlation between α and k is derived: 

    𝛼 = 2𝜔𝑘/𝑐 = 4𝜋𝑘/𝜆                                                           Eq. (10) 

where λ is the wavelength of light. When a light passes through an absorbing thin 

film with a thickness of d, an expression for the change of intensity can be obtained 

by combining equation (8) and (10):   

                                            Eq. (11) 

Equation (11) is very important for designing a spectrally selective surface. It 

indicates that two variable parameters k and d can be modified to control the 

spectral selectivity. k is determined by the applied material of the thin film, which 

could be a single  material or a composite (for example, cermet). If the film is too 

thin i.e. λ >> kd, it becomes transparent. If the film is too thick, light with longer 

wavelengths is also absorbed.  

3.2 Absorber performance enhancing methods 

Even a well-designed spectrally selective absorber will still exhibit some undesired 

reflection which leads to reduced solar absorptance. Several methods could be used 

to suppress this undesired reflection to improve the overall absorption, such as anti-

reflection (AR) coating and multilayers with graded refractive indexes.  

3.2.1 Anti-reflection optics 

The purpose of AR coating is to create double interfaces – the interface between 

the surrounding and the AR coating, and the interface between the AR coating and 

the underlying layer. By choosing an appropriate thickness and refractive index of 

the AR coating, destructive interference between reflected light from the upper and 

lower interface of the AR layer can be created, i.e., light reflected at the upper 

interface will be out of phase with light reflected from the lower interface. Hence 

the reflectance at a desired wavelength could be reduced theoretically to zero. 

However, this is actually only true for non-absorptive materials, i.e. when k is 
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equal to zero. In order to achieve this effect, the thickness d of the AR coating with 

a real part of the refractive index n1 should be designed as: 

𝑑 = 𝜆/4𝑛1                                                                         Eq. (12) 

where λ is the wavelength at which the minimum reflectance is desired. And the 

optimal refractive index n1 should be identical to the geometric mean of the 

surrounding and the underlying layer. This can be expressed by: 

𝑛1 = √𝑛0𝑛2                                                                       Eq. (13) 

Dielectric materials are commonly used as AR coatings, such as magnesium 

fluoride (MgF2) and silica (SiO2) owing to their transparence over a wider 

wavelength range and low refractive index. The n value at 550 nm is 1.38 for MgF2 

[44], and 1.46 for SiO2 [45]. For the cases requiring an even lower refractive index 

of the AR coating, nanoporous materials can be a good option. However, surface 

treatments or the addition of a cover layer on top of nanoporous materials is usually 

needed to protect the nanoporous layer or maintain the anti-reflection effect.  

3.2.2 Graded refractive index 

While a single layer AR coating can create a reflectance minimum at one desired 

wavelength, multiple absorber and AR coatings in a stack with elaborately 

designed graded refractive index could minimize the reflectance in a wider range of 

wavelengths, hence solar absorption is greatly enhanced. Many methods have been 

developed to model the multilayer design [46, 47]. 

3.3 Absorption of nanoparticles 

Particles of sizes between 1 and 100 nm are categorized as nanoparticles. It is well-

known that the significant increase in surface area of nanoparticles results in 

unexpected mechanical, electrical and optical properties compared to what their 

bulk materials exhibit. Owing to the strong plasmon resonance and consequent 

strong absorption of electromagnetic radiation in the visible and near-infrared 

spectral range [48], they are good candidates as solar absorber materials. High 
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spectral selectivity with a high solar absorption in the visible range while 

maintaining a low infrared emission can be realized using nanoparticles as an 

absorbing layer [49].   

Carbon nanotubes in essence have a high anisotropy with a diameter from a few to 

dozens of nanometers and a length up to micrometers. Their plasmon excitations 

have been studied by Thomas Stöckli and his colleagues using   Electron-energy-

loss spectroscopy (EELS) [50].  
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4. Methodology  

 

This chapter outlines the methodologies employed in this work. Firstly, the method 

used for computational simulation of carbonaceous spectrally selective absorbers is 

described. Thereafter, the characterization tools and the determination method of 

optical constants of MWCNT coatings are presented. Finally, the procedure 

employed to perform accelerated ageing tests on MWCNT absorbers is explained. 

4.1 Simulation of solar absorbers 

Carbonaceous materials have attracted increasing research attention as solar 

absorbing materials [51 ,52 ] owing to their abundance in nature and suitable 

properties such as high absorption over the solar spectrum and stability against heat, 

water and chemicals. Computational simulation of spectrally selective absorber 

using monolithic carbonaceous materials as absorbing layer on aluminum substrate 

was performed using the Setfos 3.4 software from FLUXiM [ 53 ]. The 

carbonaceous materials studied included graphite, soot and single-walled carbon 

nanotubes (SWCNT). The carbon-based absorbers were also simulated with a top 

coating of a dielectric such as alumina or silica functioning as an anti-reflection 

(AR) layer. 

4.1.1 Simulation of absorbing layers 

The simulated absorbers consisted of an absorbing layer on the top and a 0.5mm 

thick aluminum plate as the substrate. A 10 nm interlayer of alumina caused by 

natural oxidation was inserted. Absorbing carbonaceous materials included 

graphite, soot and SWCNT. The optical constants for these materials were found in 

reference literature [54, 55, 56, 57] and imported into Setfos. Various thicknesses 

of each type of absorbing layer were simulated and the resulting spectral 

reflectance in the wavelength range from 0.3 to 20 μm was calculated. Note that no 

refractive indices at wavelengths longer than 0.9 μm were found for SWCNT. 

Setfos in this case takes the refractive index values at 0.9 μm and keeps them 

constant all the way to 20 μm. This assumption could have an impact on the 

thermal emittance of SWCNT absorbers. However, the solar absorptance values are 

considered to be acceptably accurate for the purpose of this study.  
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4.1.2 Simulation of absorbers with anti-reflection layer 

The spectral selectivity could be enhanced by depositing an anti-reflection layer on 

top of the solar absorbers. Their refractive indices were taken from the database of 

Setfos 3.4 and were only available up to 1.7 μm on wavelength, then treated as 

constant up to 20 μm. This approximation could affect the accuracy of the 

prediction. For example undesired absorption in the IR could be missed. However, 

experimental results have showed that the thermal emittance of alumina and silica 

AR coatings coated solar absorbers does not increase, provided they are thinner 

than 100 nm [24]. To find the optimal thickness of an AR layer, the simulations 

were carried out with a step size of 10 nm from a starting thickness of 10 nm. 

4.2 Refractive index determination 

The optical properties of CNTs depend on the diameter of tubes, the structure 

(chirality), production methods amongst other properties [58, 59, 60]. In addition, 

the coating process will also affect the optical properties, for example, the coating 

composition, the formation status of CNT (standing vertical, parallel to substrates 

or angled in between) and CNT fractional composition. Therefore, it is not realistic 

to expect to find optical constants available in the literature that matches the 

MWCNT coatings prepared in this study.  

Spectroscopic Elliopsometry is a powerful tool for characterization of thin films by 

measuring the change in polarization upon reflection or transmission of incident 

light after interacting with the thin films being investigated [61]. An M-2000 

spectroscopic ellipsometer configured with automated angle from J.A. Woollam 

Co. was used to determine the complex refractive index of MWCNT coatings.  

4.3 Characterization tools 

4.3.1 Optical characterization 

The normal total (diffuse and direct) spectral reflectance of all the prepared 

absorber samples was measured in the wavelength interval 0.3-20 μm. A Perkin-

Elmer Lambda 900 spectrophotometer was employed in the 0.3-2.5 μm wavelength 

range. It was equipped with an integrating sphere of 150 mm diameter, circular 

beam entrance and sample port of 25 mm. A spectralon sample was used for 
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reference. Normal total spectral reflectance in the infrared wavelength range 2.0-20 

μm was measured by a Bruker Tensor II FT-IR spectrophotometer. A mercury 

cadmium telluride detector was cooled by liquid nitrogen for the IR measurements. 

The reflectance data obtained was used to calculate normal solar absorptance α and 

normal thermal emittance ɛ of solar absorbers as outlined in section 2.2. It is worth 

noting that an extrapolation method was introduced to estimate the reflectance 

from 20 to 50 μm so that the calculation of ɛ (see Eq. (6)) can be completed. The 

standard deviation of α and ɛ was respectively 0.002 and 0.02, calculated from 

repeated reflectance measurements of the same sample over an extended time 

period.  

4.3.2 Morphology: Scanning electron microscopy 

A ZEISS Merlin VP Scanning Electron Microscope (SEM) with a field emission 

gun and a high resolution of 0.8 nm/15 kV was used to examine surface 

morphologies of different MWCNT coatings, absorber samples after accelerated 

ageing tests, and protective films. The images were produced at an accelerating 

voltage of 15 kV.  

The coating thickness and surface roughness were examined by Veeco NT9080 

Profilometer which uses high precision white light interferometry to analyze height 

differences and variation. The measurement area was 94 μm x 125 μm. 5% cursor 

width representing a width of 6.3 μm was used when analyzing the surface 

roughness. 

4.3.3 Atomic composition 

An Energy Dispersive X-ray detector equipped to the ZEISS Merlin VP SEM was 

used for elemental analysis.  

4.4 Accelerated ageing tests 

Compared to the optimization of the spectral selectivity of solar absorbers, their 

long-term durability has not received enough concerns. The international standard 

for absorber surface durability was only issued 2 years ago. Included in the thesis 

work, the performance degradation due to ageing of the investigated MWCNT 

solar absorbers was examined.  
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During the operation of solar collectors, the solar absorber surface is exposed to 

various external environmental effects, such as condensed water, high temperature 

and airborne pollutants. These could cause deterioration to the surface of absorbers. 

For instance, elevated temperature combined with condensation during the 

operation could accelerate different kinds of chemical reactions, which leads to a 

higher rate of material degradation and consequently the performance. At high 

temperatures, the oxidization of the thin film absorber and/or the substrate surface 

is promoted, possibly resulting in the loss of spectral selectivity. Hence, the impact 

caused by long term exposure to the external environment needs to be studied in 

order to evaluate the life-time performance of solar absorbers. The most accurate 

way is to assess it under normal operation conditions. However, in order to reduce 

the testing time, accelerated ageing tests in a short period in laboratories are usually 

performed.   

In this study, accelerated ageing tests followed the recommendations of the 

international standard ISO 22975 solar energy – collector components and 

materials – Part 3: Absorber surface durability [25]. The tests include condensation 

test, thermal stability and high humidity air containing sulfur dioxide test. For the 

MWCNT absorbers studied in this work, the target application is for flat-plate solar 

collectors. In this case, only the first two tests are critical and therefore the third 

was not carried out.  

4.4.1 Equipment 

A climate chamber VCL 4010 from Vötsch Industrietechnik was used to perform 

the condensation test. The temperature and the relative humidity in the inner 

chamber can be controlled in the ranges of 10~95 °C and 10~98%, respectively. In 

order to create condensed water on samples, a lower temperature than the setting 

value in the chamber was maintained by a circulating water pipe, which was 

connected to a thermoregulator Techne TE-10D Tempette, running through the 

sample holder. 

The accelerated thermal stability test was performed using a tube furnace Entech, 

ESTF 40-120/11. 
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4.4.2 Testing procedures 

Both the condensation tests and the thermal stability tests were carried out in 

specified test intervals of 150, 300 and 600 hours. In all the tests, always two 

samples with each protective film coated absorber were tested in order to obtain an 

indication of the variability of the results. 

As specified by the standard procedure for the condensation test, the temperature 

and humidity in the inner chamber were set to 45 °C and 95% respectively for all 

samples. The circulating water through the sample holder from the thermoregulator 

had a temperature of 40 °C so that condensation of water on the surface of the 

tested samples was ensured. During the entire test, condensation droplets of water 

could be observed on the sample surface at all times. After specified test intervals, 

the samples were taken out of the climate chamber and dried at ambient conditions 

(room temperature around 20 °C and relative humidity of 30~60%) before 

reflectance measurement for the assessment of durability.  

For the thermal stability test, ISO 22975-3 suggests test temperatures based on 

optical properties i.e. solar absorptance and thermal emittance and the 

corresponding maximum operating temperature 𝑇max. For the MWCNT absorbers 

investigated in this work, 𝑇max  is between 186-190 °C, and the corresponding 

recommended test temperature is 259 °C. A slightly higher temperature of 265 °C 

was used for all the samples in this work. Samples were placed in the tube before 

the oven temperature was ramped up at a rate of 50 °C per minute. The temperature 

was then kept constant at 265 °C until the end of each test. After that, heating was 

turned off and the tested samples were kept in the oven until the temperature had 

decreased to 100 °C. Then the samples were moved out for faster cooling to room 

temperature. Reflectance measurements were then performed for the assessment of 

durability. 

The durability of the absorber surface was assessed by the following performance 

criterion (PC): 

PC = −Δ𝛼 + 0.5Δ𝜀  

where Δ𝛼  is the change in solar absorptance and Δ𝜀  is the change in thermal 

emittance after testing. The 0.5 factor reflects the lesser importance of a change in 
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thermal emittance compared to a change in solar absorptance. In this study, the 

qualification procedure was:  

 If PC > 0.015 after 150 hours of testing, the absorber surface is disqualified;  

 If PC ≤ 0.015 after 600 hours of testing, then it is qualified.  

The threshold value of 0.015 means that the optical performance of absorber 

surface during the service life time is expected to reduce to no more than 98.5% of 

its original value. It is based on a design service life time of 25 years. It is worth 

noting that a negative PC value would indicate a factual improvement of the 

spectral selectivity over service life-time. The following diagram (Fig. 2) indicates 

the qualification scheme described above. 

 
Fig. 2 Qualification scheme for condensation test and thermal stability test 

 

The used qualification procedure in this work is slightly different from the standard. 

In ISO 22975-3 there is also a possibility for an absorber to be qualified even 

though the PC value is > 0.015 after 600 hours of testing. However, this possibility 

has been removed in this work and Fig. 2 in order to make the testing simpler and 

even stricter. 
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5. Sample preparation 

 

The solar absorber was fabricated by electrophoretically depositing a multi-walled 

carbon nanotube (MWCNT) coating on an aluminum substrate. Kinetically stable 

aqueous CNT suspensions were prepared and used for the electrophoretic 

deposition. Heat treatment was performed to solidify the MWCNT coating [62]. 

Thereafter, an anti-reflective and protective thin film was spin-coated on top of the 

MWCNT coating using various sol-gel solutions, like silica, hybrid silica and 

silica-titania. The AR thin films were then subjected to heat treatment before 

optical characterization and other tests were performed on the finished MWCNT 

absorbers [63]. Deionized (DI) water used in this study had a resistivity > 5 

MΩ·cm and was produced using the process of reverse osmosis by a Septron Line 

10 Pro from Christ Aqua AB.  

5.1 Aluminum substrates 

To achieve high spectral selectivity, the absorber substrates should have high 

reflectivity in the infrared region so that the heat loss via infrared emission is 

minimized. Specularly reflecting pure aluminum (Al) plate from Metallvaruhuset 

Sverige AB was used as the substrate for the MWCNT absorbers. The as-received 

Al plate, which was covered with a layer of blue plastic film to protect the specular 

surface from scratches and damage, had a surface roughness Rq (root mean squared) 

of 0.04 μm. Due to exposure to air, there is a very thin layer (<10 nm [64]) of 

alumina on the top of surface. The Al plate was cut to substrate pieces with a size 

of 32 mm x 30 mm.  

The conductivity of alumina is lower than that of aluminum, which affects the 

electrophoretic deposition, therefore an etching process was performed to remove 

the alumina on the top of Al substrates. The etching solution was prepared by 

mixing 1 l deionized (DI) water, 35 g of CrO3 power and 20 ml of 85% phosphoric 

acid. The Al substrates were etched for 8 minutes in heated (80 °C) etching 

solution. Then the etched substrates were rinsed in water and dried by blowing with 

nitrogen [24]. EPD experiments were also performed on un-etched Al substrates to 

investigate the influence of the pre-treatment on the final MWCNT coating result. 
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5.2 Suspension of Carbon nanotubes 

Carbon nanotube (CNT) is a needle-like tube structure of carbon. It was firstly 

observed and synthesized by Ijima in 1991 [65]. CNTs are usually classified as 

single-walled (SWCNT) or multi-walled (MWCNT). CNT structure can be 

imagined as a rolled up graphene sheet for SWCNT, or as rolled-up layers of 

multiple graphene sheets for MWCNT [ 66 ]. CNTs have a diameter in the 

nanoscale and a length up to micro meters. Over the last decades, they have 

attracted considerable attention due to their unique atomic structure, outstanding 

mechanical, electrical and thermal properties [67, 68, 69, 70, 71, 72 ]. Extensive 

scientific and technological studies on their potential applications have been 

conducted in many fields including sensing [73, 74], electronic devices [75, 76], 

biomedical products [77, 78], structural composites [79, 80] , Hydrogen storage [81, 

82], thermal management [83, 84], and catalyst supports [85, 86]. CNTs are 

expected to substitute for a variety of conventional materials in the near future [87].  

Besides the attractive properties, the toxicity of airborne fine CNTs in particle form 

has to be addressed. Airborne fine CNTs can induce harmful effects as 

inflammatory and fibrotic reactions if they reach inner organs [88, 89], however 

other studies indicated that the environmental risk is low compared to other 

common industrial manufacturing process [90]. In this work, the CNTs are mixed 

with water and surfactants and can consequently not be inhaled. However, care has 

to be taken when mixing the CNT powder with the other ingredients.  

To allow the manipulation and exploration of potential applications of CNTs, it is 

often a requirement that CNTs are dispersed uniformly in organic solvents or 

aqueous solutions. However, as-produced CNTs are intrinsically inert, extremely 

hydrophobic and tend to aggregate due to the strong Van der Waals interaction 

forces along the length axis [ 91 , 92 ]. Their hydrophobic nature limits the 

dispersibility in most solvents, which becomes a technical barrier for many 

applications that require homogeneous dispersion of materials. In the scope of this 

work, the development of a more environmentally-friendly process for fabricating 

solar absorbers was one of the main objectives. Therefore, utilizing aqueous 

MWCNT suspensions was deemed essential for the coating deposition.  
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5.2.1 Stabilization methods of MWCNT suspension 

When as-produced MWCNTs are added to aqueous solution, a stable colloid 

suspension is not spontaneous formed. The individual tubes exfoliated from CNT 

aggregates by external energy are unstable and prone to re-aggregate due to Van 

der Waals force [93, 94], unless a dispersion agent is present. The dispersion agents 

used for the stabilization of CNTs in aqueous solutions can be classified as 

surfactants and polymers.  

The molecules of surfactants usually consist of two groups – a hydrocarbon chain 

(hydrophobic tail) and a polar group (hydrophilic head). The polar group may be 

ionic or nonionic. The ionic group can be anionic or cationic [95]. When surfactant 

is added to an aqueous solution containing CNTs, with the help of agitation, 

stabilization is achieved due to the adsorption of the hydrophobic tails of the 

surfactant molecules on the nanotube surface while the hydrophilic head groups are 

oriented toward the aqueous phase. This absorption forms an energy barrier created 

by electrostatic repulsion that prevents the re-aggregation of CNTs [96, 97].  

Polymers can be physically adsorbed onto the surface of CNTs and prevent CNT 

surfaces coming into close contact. The resulting steric repulsion enhances the 

dispersion of CNTs and stabilizes the colloidal suspension [98, 99]. However in 

some cases, the polymer is undesirable and could be difficult to remove. 

Although the preparation of kinetically stable aqueous MWCNT suspensions has 

been extensively reported, there are also many contrary results published. There are 

many factors that affect the dispersion of CNTs in aqueous solution, including the 

synthesis methods, number of walls (single, double or multi) and functionalization 

of CNTs, surfactant types, surfactant concentration, external energy sources and 

pH values. A successful recipe for preparing a stable aqueous CNT suspension is 

system dependent and requires extensive experimental trials.  

5.2.2 Preparation of aqueous MWCNT suspensions 

Three types of MWCNTs were investigated: T-CNT, N-CNT and P-CNT. Aqueous 

T-CNT suspension was provided by the company n-Tec AS and consisted of 

functionalized MWCNTs, DI-water and an anionic surfactant. The T-CNT 

suspension had a solid concentration of 1 g/l and was stable for months. It was 

subjected to a sonication bath for 2 hours before the deposition process. P-CNT and 
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N-CNT were also functionalized MWCNTs and obtained from the companies 

PlasmaChem GmbH and Nanocyl SA, respectively. These two types of as-

purchased MWCNTs were used to prepare aqueous MWCNT suspensions without 

any additional pre-treatments.  

Three different ionic surfactants -- sodium dodecyl sulfate (SDS), sodium 

dodecylbenzenesulfonate (SDBS) and Hexadecyltrimethylammonium bromide 

(CTAB) were tested for the stabilization of N-CNT and P-CNT in aqueous solution. 

SDS and SDBS are anionic surfactants while CTAB is a cationic type. These 

surfactants are non-toxic for humans and are widely used in cleaning, hygiene, 

laundry detergent and hair conditioning products. SDS, SDBS and CTAB are also 

highly biodegradable [100, 101, 102]. All of them have been previously studied as 

dispersing agents for CNTs [103, 104, 105]. They were purchased from Sigma-

Aldrich and used as-received. 

To prepare aqueous N-CNT and P-CNT suspensions, a certain amount of each 

surfactant was firstly dissolved in DI water with assistance of stirring before adding 

N-CNT or P-CNT. Then the mixtures were subjected to agitation in a sonication 

bath for 24 hours in order to disperse MWCNTs completely in the aqueous solution. 

Both of the obtained suspensions had a solid content of 0.1wt% and the 

concentration of SDS, SDBS and CTAB were 0.25%, 0.2% and 0.25%, 

respectively. The kinetically stable suspensions can be stored for months with 

insignificant sedimentation.    

5.2.3 Stability evaluation of aqueous MWCNT suspension 

Various characterization tools have been employed for evaluating the dispersion 

state of MWCNTs in aqueous suspensions, for example, Zeta potential[106, 107], 

UV-Vis or NIR Spectroscopy [108, 109, 110], surface tension[111], Transmission 

electron microscopy (TEM) [112] and Raman and Fluorescence Spectroscopy 

[113]. During the preparation work in this study, the stability of aqueous MWCNT 

suspensions was examined by the amount of sediment, and by quantitatively 

measuring the Zeta potential ().  

Surface charge induced by ionic surfactants results in electrostatic repulsion among 

individual MWCNTs, which enhances the stability of the MWCNT suspension. 

MWCNTs at the kinetically stable state have an electrophoretic mobility that can 
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be measured, and the mobility can be used to calculate Zeta potential for a given 

system. Zeta potential is proportional to the electrostatic repulsion force between 

charged CNTs. Therefore it is a measure of stability. An increase of Zeta potentials 

enhances electrostatic stabilization. With a Zeta potential close to zero, electrostatic 

repulsion becomes small compared to the existing Van der Waals attraction. The 

low Zeta potential eventually can result in aggregation followed by sedimentation 

and phase separation [95].  

Zeta potential of the aqueous MWCNT suspensions were measured by a Zetasizer 

Nano Z system (Malvern Instruments, UK) using Laser Doppler Micro-

Electrophoresis.     

5.3 Electrophoretic deposition 

Surfactant suspended MWCNTs are surface charged due to the absorption of 

cationic or anionic group. The surface charged MWCNTs exhibit electrophoretic 

motion, moving towards the electrode with the opposite charge under an applied 

electric field. Thereafter, MWCNTs are accumulated at the electrode and form the 

deposit [114]. Cationic surfactants give a positive charge to MWCNT surface 

resulting in a deposition at the cathode while anionic surfactants lead to deposition 

at the anode.  

A schematic diagram of the EPD set-up is shown in Fig. 3. Specularly reflecting 

aluminum plates were connected to a power supply and used as the electrodes and 

as the substrates for the solar absorbers. During the EPD process, the two 

aluminum substrates were immersed in an aqueous MWCNT suspension contained 

in a glass beaker.  

Traditionally EPD is applied with direct current (DC). Water electrolysis has a 

standard potential of 1.23 V, at voltages above this water electrolysis occurs 

resulting in evolution of hydrogen at the cathode and oxygen at the anode. In some 

cases, the evolution of hydrogen gas and the electrode oxidation could cause 

inferior coating quality. Therefore alternating current (AC) EPD can be used to 

avoid or minimize water electrolysis. In this study, both AC and DC EPD were 

tested.  
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Fig. 3 schematic diagram of EPD set-up 

 

For DC EPD, deposition mass i.e. coating thickness on planar aluminum substrates 

is proportional to solid concentration, electrophoretic mobility, electric field and 

deposition time [115]. The electric field depends on the applied voltage and the 

inter-electrode spacing. To achieve homogenous MWCNT coating and various 

coating thicknesses, the applied voltage, the inter-electrode spacing and deposition 

duration were tuned in the experiments. As reported in Paper III [116], there was a 

voltage threshold of 15 V for attaining homogenous MWCNT coating. Under 

lower voltages there was little deposition of MWCNTs and poor adhesion of the 

MWCNTs to the aluminum substrate. Therefore, the applied voltage was set to 25 

V unless specified otherwise. The inter-electrode spacing was fixed to 1 or 2 cm. 

The deposition time was a few seconds and adjusted in order to obtain different 

coating thicknesses. 

5.4 Anti-reflection coating 

Porous silica (PS) coating were tested as AR layer for the MWCNT absorbers. A 

PS precursor solution was prepared using Tetraethoxysilane (TEOS, ≥99%) by the 

sol-gel method. Firstly, TEOS was mixed with ethanol before DI water was added. 

HCl was used as hydrolyzing catalyst. After stirring for half an hour, a pore-

forming agent Pluoric® F127 (PF127, Sigma-Aldrich) was added to the silica sol. 
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Then it was allowed to hydrolyze for 2 hours before coating. The molar ratio of 

TEOS: EtOH: H2O: PF127 was 1: 50: 15: 0.008.  

5.5 Protective films  

To improve the durability of solar absorbers, a protective layer can be added on top 

of the absorbing layer. This layer has to be dense enough to prevent penetration of 

condensed water so that the underlying metal surface is protected from oxidation or 

corrosion. Since the added layer could have an impact on the optical properties, it 

should be thin enough to avoid any increase in thermal emittance. Silica and silica-

titania coatings have been employed as anti-reflection and/or self-cleaning 

layer/protective in many different applications [117, 118]. In this study, different 

silica and silica-titania formulations were tested as protective film against moisture 

and condensation. A previously developed sol-gel method was used to prepare 

silica and silica-titania solutions [24]. All the chemicals used in these experiments 

were from Merck and were used without pre-treatment. 

5.5.1 Silica and hybrid silica films 

TEOS and methyltrietoxysilane (MTES, ≥99%) were used as silica precursors. 

Silica films using both a single precursor (TEOS) and dual precursors 

(TEOS/MTES) were fabricated. The use of dual precursors results in the formation 

of a hybrid silica film. A higher proportion of MTES in relation to TEOS results in 

a more flexible film.  

TEOS was firstly mixed with ethanol (≥99.5%) before DI-water containing HCl 

(37%) was added. HCl was used as catalyst for the hydrolysis of TEOS. The molar 

ratio of TEOS : EtOH : H2O : HCl was equal to 1 : 35 : 5 : 0.04. In order to 

hydrolyze TEOS, the resulting mixture was stirred for 2 h at room temperature 

before coating. For preparing hybrid silica films, the desired molar ratio of MTES 

was then added into the solution. The mixture was stirred in a closed container for 

6 hours to ensure full hydrolysis. The obtained solutions maintained stable for 

weeks.  
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5.5.2 Silica-titania film 

Two silica-titania films with different proportions of silica and titania (50/50 silica-

titania and 70/30 silica-titania) were produced. Tetrabutyl orthotitanate (TBOT, 

≥98%) was used as titania precursor. Firstly, TEOS, ethanol, DI-water and HCl 

were mixed and stirred for 30 minutes. Then the mixture was diluted with ethanol 

before acetylacetone (≥99%) and Tetrabutyl orthotitanate were sequentially added. 

The final molar ratios of TEOS : EtOH : H2O : HCl : TBOT : acetylacetone were 

1 : 66 : 4 : 0.04 : 1 : 1 for 50/50 silica-titania sol and 0.7 : 30 : 4 : 0.04 : 0.3 : 0.3 for 

70/30 silica-titania sol. The resulting sols were stirred for 6 hours before coating 

process.  

5.6 Spin-coating 

Silica, hybrid silica, silica-titania, and PS coatings were spin coated on top of 

MWCNT solar absorbers by a spin-coater, Specialty Coating Systems SCS 6800. 

At first, a syringe containing 0.3 ml of precursor solution was ejected onto the 

center of the sample surface. The solution then spread and covered the surface in a 

fraction of a second. A 30 sec spinning process allowed further evaporation of 

solvents and formation of a homogeneous coating. The spin speed was tuned 

between 1500 and 6000 rpm for adjusting the coating thickness. The protective 

film and PS layer coated MWCNT absorbers were dried for a few minutes in 

ambient conditions before heat treatment.  

5.7 Heat treatment 

After EPD and protective film coating the samples were heat treated in a tube 

furnace under an atmospheric environment. The heating rate was fixed at 50 °C per 

minute for all the treated samples. Peak temperature Tp and dwell time (t) at Tp 

were adjusted for different types of samples and purposes. Based on the reported 

results [116], Tp and the dwell time for the heat treatment of MWCNTs absorbers 

was set to 500 °C and 5 minutes, respectively, unless specified otherwise. Tp for the 

heat treatment of silica and silica-titania coatings was 400 °C and 500 °C, 

respectively. There was no dwell time for the heat treatment of protective films. 

The PS coatings were dried at 80 °C for half an hour and heat treated at 450 °C for 

45 minutes. The heating was turned off when the dwell time was completed for the 

MWCNT absorbers with and without PS coating, and when the peak temperature 



39 

 

Tp had been reached for protective film coated absorbers. The samples were left in 

the tube furnace until the temperature decreased to 300 °C before they were 

removed to room conditions for fast cooling. 
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6. Simulation results  

 

The simulation results for solar absorbers using carbonaceous materials of graphite, 

soot and SWCNT as absorbing layers with and without anti-reflection (AR) coating 

have been published in paper II [119]. Here they are briefly introduced. For more 

detailed results, please refer to the paper.  

6.1 Simulation of absorbing layers 

For all three types of carbonaceous materials, there was an optimal thickness: 80 

nm for graphite, 120 nm for soot and 430 nm for SWCNT. The suspected reason 

for the SWCNT layer having a notably higher optimal thickness was that the 

refractive index of the SWCNT material was based on SWCNTs embedded in a 

matrix rather than pure SWCNTs. At the optimal thickness, the achieved spectral 

selectivity was 0.63, 0.82 and 0.85 for graphite, soot and SWCNT respectively. 

The reason why soot and carbon nanotubes (CNT) are better in absorbing sunlight 

compared to graphite is attributed to the material composition. Soot and CNT 

consists of nano sized elements while graphite is a bulk material. Owing to the 

plasmon absorption effect, nano-particulate materials are much more efficient in 

absorbing sunlight than bulk materials. 

6.2 Simulation of absorbers with anti-reflection coating 

An AR coating is most effective when its real refractive index (n) is the square root 

of the real refractive index of the material that it is deposited on. At this optimal 

refractive index, a desired destructive interference is created to reduce the 

reflection. Since the maximum solar intensity is at a wavelength of 550 nm, the 

reflection at this point should be minimized to increase the absorptance. Commonly 

used AR coatings made of silica and alumina were selected for soot and graphite 

respectively. For SWCNT absorber, the n value of a SWCNT film at 550 nm 

(n=1.58) is equal to 1.26. There is no bulk material having such low refractive 

index. Nanoporous materials would be a good option. However, no data for 

materials with a refractive index covering the necessary wavelength range was 
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found. The best available match is silica (n=1.45 at 550 nm). Therefore, a silica 

film was applied in the simulation of AR layer for SWCNT absorber.  

With an AR layer, the solar absorptance increased from 0.65 to 0.87 for a graphite 

absorber, from 0.82 to 0.91 for a soot absorber and from 0.88 to 0.91 for a SWCNT 

absorber. The thermal emittance remained unchanged for all the absorbers.  
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7. Characterization results  

 

This chapter summarizes results from all the experiments except for the accelerated 

ageing tests. Some of results were used to determine parameters or methods for the 

subsequent experiments. For those results that have been published in the listed 

papers, only brief conclusions are transcribed here.  

7.1 Stability evaluation of aqueous MWCNT suspensions 

The stability of prepared aqueous N-CNT and P-CNT suspensions was firstly 

evaluated by assessing the amount of sediment. Both of the two suspensions with 

the SDBS surfactant were unstable. Sedimentation occurred soon after sonication 

was stopped. A significant amount of sediment was observed within one hour. 

Higher dosage of SDBS and longer sonication time did not significantly improve 

the dispersibility.  

For CTAB assisted aqueous N-CNT and P-CNT suspensions, the amount of 

sedimentation was minor. The stability of these two suspensions was much better 

than those containing SDBS. However, CTAB as a cationic surfactant results in 

deposition on the cathode on which hydrogen evolution occurred due to water 

hydrolysis. This resulted in poor quality of MWCNT coatings and therefore this 

method was not pursued. 

SDS assisted N-CNT and P-CNT suspensions both exhibited good stability. The 

measured zeta potential was -22.2 mV and -42.0 mV for N-CNT and P-CNT 

suspensions, respectively. The minus values indicate a negative charge of surface 

and therefore deposition occurs on the anode during EPD. The two aqueous 

suspensions were stable for months with insignificant sedimentation. 

The zeta potential of T-CNT suspension provided by n-Tec was -26.1 mV, and it is 

stable for many months.  
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7.2 AC and DC EPD 

For AC EPD, various waveforms, time ratio of forward/reverse voltage and voltage 

values were tested. Unfortunately, homogenous MWCNT coatings were not 

obtained. One of the reasons suspected for the poor coating quality was that the 

deposited MWCNTs were partly removed by the reverse voltage. Another 

assumption was that the adhesion of MWCNTs to the substrate was reduced, which 

resulting in the peeling of MWCNTs when the substrate was lifted from the 

MWCNT suspension. Further tests are necessary to improve the homogeneity of 

MWCNT coatings deposited by AC electrophoresis. Thus all the MWCNT solar 

absorbers were prepared using DC electrophoresis.  

7.3 Effect of aluminum substrates 

It has earlier been reported [24] a higher spectral selectivity on etched Al substrates 

compared to optically rough Al substrates using spin-coating process since 

advantages of thin film interference more easily can be utilized on smooth surfaces. 

Only optically smooth aluminum substrates were used in this work. The reflectance 

spectra of the Al substrates before and after etching are shown in Fig. 4. As 

illustrated in the figure, the reflectance in the UV-Vis-NIR region increased after 

etching. This resulted in a decrease of solar absorptance from 0.16 for as-received 

to 0.12 for etched Al substrates, indicating a more reflective surface. The important 

region where the substrate should be highly reflective is in the far-infrared, and 

here there is no difference between as-received and etched Al substrates. For both 

Al substrates, the reflectance in the far-infrared region was over 95% and the 

thermal emittance was 0.06.  

The roughness measurement indicated an even smoother surface after etching, with 

the root mean square roughness changing from 0.04 μm for as-received Al 

substrates to 0.01-0.02 μm for etched surfaces.  
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Fig. 4 Reflectance spectra of Al substrate before (dashed curves) and after (solid curves) 

etching. 

However, the etching process was found to be undesirable for EPD of MWCNT 

coating and the substrate was still smooth enough without etching to be able to 

utilize the thin film interference effect. Fig. 5 shows two samples deposited on as-

received and etched Al substrates. The MWCNT coating on the etched substrate 

was not as uniform as the one on the as-received substrate. The better homogeneity 

on the as-received substrate could be explained by the thicker alumina coating on 

top of the substrate that would trap and result in better adhesion of the MWCNTs. 

Therefore, as-received optically smooth Al substrates were used for the rest of 

experiments.  

        

Fig. 5 MWCNT coatings deposited on etched (left) and as-received (right) Al substrates. 
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7.4 MWCNT absorbers without protective coating 

Experiments were carried out to find the best recipe for heat treatment of the 

different types of MWCNT absorbers. The optimal peak temperature Tp and the 

dwell time t at Tp were determined to be 500 °C and 5 minutes for all three 

MWCNT absorbers. For N-CNT and P-CNT absorbers, the best spectral selectivity 

was achieved under the peak temperature and dwell time. Higher peak 

temperatures resulted in charring of MWCNTs, resulting in a loss of solar 

absorptance. T-CNT appeared to have a higher thermal stability than the former 

two MWCNTs. At a Tp of even 600 °C for T-CNT absorber, no obvious charring 

was observed, but the gained spectral selectivity was insignificant compared to that 

of the samples heat treated at 500 °C. Details on this work can be found in paper I 

and III.  

By adjusting the deposition time, various thicknesses of the three types of 

MWCNT absorbers were produced to study the effect of coating thickness on the 

solar absorptance and the thermal emittance. The effect on reflectance was quite 

similar for all three types of MWCNTs: with an increasing thickness, the 

reflectance in both the visible and infrared range was reduced, and the transition 

from low to high reflectance was shifted to longer wavelengths (Fig. 6). The 

resulting solar absorptance and thermal emittance are listed in Tab. 1. Fig. 7 shows 

how the spectral selectivity was influenced by MWCNT coating thickness.  An 

optimal thickness for the best spectral selectivity existed for each MWCNT, which 

was about 1.7 μm for T-CNT, 0.48 μm for N-CNT and 0.23 μm for P-CNT. 

Consequently, the thinner N- and P-CNT absorber coatings can better utilize the 

advantages of thin film interference and get a sharper transition from low to high 

reflectance than the T-CNT absorber. It is worth noting that the results of the 

thickness measurement have a higher uncertainty for thinner coatings due to the 

inherent surface roughness of the aluminum substrates. 
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(a) 

  

(b) (c) 

Fig. 6 The effect of coating thickness on the spectral reflectance of MWCNT absorbers: a) 

T-CNT absorbers; b) N-CNT absorbers; c) P-CNT absorbers. 
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Tab. 1: The effect of CNT coating thickness on solar absorptance and thermal emittance. 

Samples Coating thickness (μm) α ε 

T-CNT 

absorbers 

T1 0.95 0.71 0.11 

T2 1.41 0.79 0.19 

T3 1.61 0.85 0.29 

T4 1.70 0.87 0.30 

T5 1.93 0.91 0.50 

N-CNT 

absorbers 

N1 0.26 0.87 0.09 

N2 0.35 0.89 0.12 

N3 0.48 0.90 0.14 

N4 0.82 0.93 0.39 

N5 0.86 0.93 0.49 

P-CNT 

absorbers 

P1 0.19 0.87 0.11 

P2 0.23 0.90 0.13 

P3 0.49 0.92 0.27 

P4 0.50 0.91 0.31 

P5 0.55 0.92 0.39 

 

 

Fig. 7 Spectral selectivity of CNT absorbers vs CNT coating thickness. 
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7.5 Anti-reflection coated MWCNT absorbers 

The results after AR coating have been reported in paper IV. The conclusion was 

that a porous silica layer coated on top of the MWCNT absorbers did enhance the 

solar absorption by depressing the peak reflectance in the visible range. A gain of 

0.02 in solar absorptance was achieved. The only minor improvement achieved 

was suspected to be because of the mismatch of refractive indices between the PS 

layer and the MWCNT coating. Importantly, the porous layer also does not protect 

the underlying aluminum substrate from penetrating water which consequently will 

corrode. 

7.6 MWCNT absorbers with protective coating 

Four types of coatings were tested as the protective layer: silica, hybrid silica, 

70/30 and 50/50 silica-titania. However, hybrid silica coated MWCNT absorber 

was not qualified in the condensation test and thus the results for this protective 

layer are not included in the following summary.  

While a protective film shields the MWCNT coating and underlying Al substrate 

from the penetration of condensed water, the protective film also affects the optical 

properties of the MWCNT absorber. The three tested protective films of silica, 

70/30 silica-titania and 50/50 silica-titania have different refractive indexes [120] 

and thus the effects on spectral reflectance of the absorber samples differ from each 

other.  

Detailed results can be found in paper V. The conclusion was that the spectral 

selectivity of MWCNT absorbers coated with the optimal thickness of protective 

film had a slight gain for silica and 50/50 silica-titania films and kept unchanged 

for 70/30 silica-titania film. The only minor anti-reflective (AR) effect of the 

protective coatings is considered to be due to bad refractive index matching. The 

spectral reflectance of MWCNT absorbers before and after protective coating is 

displayed in Fig. 8.  
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(a) 

    

(b)                                                       (c) 

Fig. 8 Reflectance spectra of MWCNT absorbers before (dashed curves) and after 

protective coating (solid curves): a) Silica; b) 70/30 Silica-titania; c) 50/50 Silica-titania. 
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(a)     

 (b)     

 (c)     

Fig. 9 SEM images of MWCNT absorbers under a magnification of 20 K, a) T-CNT 

absorber; b) N-CNT absorber; c) P-CNT absorber. 
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7.7 Surface morphology of MWCNT absorbers 

Surface morphology of the three types of MWCNT absorbers and the respective 

shape of MWCNTs can be seen in Fig. 9. T-CNT coating (Fig. 9a) had a very 

different surface appearance from those modes of N-CNT and P-CNT (Fig. 9b and 

9c). The deposited T-CNTs were stretched and mostly parallel to the Al substrate. 

The MWCNT coating was embedded with carbon impurities and the surfactant. N-

CNTs and P-CNTs were curved and nested like cotton, resulting in better light 

trapping i.e. higher absorption of solar radiation. Compared to N-CNT and P-CNT 

absorbers, T-CNT absorbers had a lower density of MWCNT and a lower coverage 

of the substrate, which resulted in a rougher surface. The lower density of T-CNTs 

was the main reason for the increased optimal thickness compared to N- and P-

CNT. The lower CNT coverage of the substrate from T-CNTs is also evidenced by 

the visible interband absorption dip of aluminum at about 830 nm [ 121 ] as 

indicated in Fig. 6a and sample T1-T3 (Section7.4). The lower density of CNT 

might be due to a lower purification from original as-produced CNTs or a higher 

surfactant concentration in the CNT suspension. 

7.8 Energy dispersive X-ray spectroscopy 

Fig. 10 displays the EDS results of three types of MWCNT absorbers. The detected 

aluminum content originated from the substrate. The MWCNT coatings contained 

mainly carbon. The oxygen content originated from the oxidation of Al substrate, 

functional groups of MWCNTs and the residual surfactant. Only the surfactant 

contained sulfur. T-CNT coatings had a higher concentration of sulfur and oxygen 

due to a greater amount of surfactant left in the coating, compared to N-CNT and 

P-CNT coatings. This confirmed the suspicion of higher surfactant concentrations 

for T-CNT suspensions based on the SEM image. EDS analysis results indicated a 

sulfur content of about 1.7 wt. % in T-CNT coatings after heat treatment. The value 

is much higher than that in N-CNT and P-CNT coatings, which is no more than 

about 0.6 wt. %.  



52 

 

 

(a) 

  

(b)                                                                     (c) 

Fig. 10 EDS results of MWCNT absorbers after heat treatment. a) T-CNT absorber; b) N-

CNT absorber; c) P-CNT absorber. 
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8. Accelerated ageing results 

 

The results from the condensation test and thermal stability tests are summarized 

here. The long-term durability of different MWCNT solar absorbers was assessed 

according to the procedure described in Section 4.4. While the MWCNT absorbers 

performed well in the thermal stability test, their resistance to condensed water was 

poor, due to oxidation of the underlying Al substrate. Coated with dense protective 

coatings, the durability was significantly improved. All details can be found in 

paper V.  

8.1 Condensation test 

8.1.1 MWCNT absorbers  

The test revealed that all three types of solar absorbers -- T-CNT, N-CNT and P-

CNT absorbers had poor resistance to condensation. Fig. 11 presents the spectral 

reflectance of the MWCNT absorber samples before and after subjection to a 

condensation test of 150 h duration. It can be seen that condensed water on the 

sample surface had a serious impact on the spectral reflectance, especially in the IR 

wavelength region. The solar absorptance had not changed and remained at 0.87, 

0.91 and 0.91for the T-CNT, N-CNT and P-CNT absorber respectively. The peak 

reflectance occurring in the high intensity region of the solar spectrum was reduced 

and the reflectance in the near infrared range increased. The spectral reflectance in 

the far infrared range decreased significantly. As a consequence, the thermal 

emittance increased from 0.31 to 0.89 for the T-CNT absorber, from 0.16 to 0.86 

for the N-CNT absorber and from 0.17 to 0.85 for the P-CNT absorber after the 

condensation test. The resulting PC values were much higher than the limit of 

0.015 for qualification (shown in Tab. 2). The increased absorption in the infrared 

range is in all probability caused by the oxidation of the underlying aluminum 

substrate [122]. This is confirmed by an EDS analysis. The oxygen content of 

MWCNT absorber after condensation test was much higher than that of MWCNT 

absorber before condensation test (See paper V for detailed results). Due to the 

porosity of MWCNT coating, the condensed water was able to pass through the 

coating to form an aluminum hydroxide or oxo-hydroxide through oxidation. The 

rate of oxidation was accelerated by the elevated test temperature of 40 °C. It is 



54 

 

considered unlikely that the condensation test oxidizes the MWCNTs themselves. 

Usually strongly acidic conditions need to be present in order for that to take place 

[ 123 ]. The surface of the samples appeared to be slightly rougher after the 

condensation test. This resulted in more light scattering which could explain the 

increase in absorption in the visible wavelength range, as shown in Fig. 11. 

 

(a)                                                                 

 

 (b)                                                                (c) 

Fig. 11 The spectral reflectance of MWCNT absorbers before (dashed curves) and after 

(solid curves) 150 hours of condensation test. (a) T-CNT absorber; (b) N-CNT absorber; (c) 

P-CNT absorber. 
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Tab. 2 PC values after 150 hours of condensation test. 

Sample type 
Before condensation test After condensation test 

PC 

α ε α ε 

T-CNT absorber 0.87 0.31 0.87 0.89 0.29 

N-CNT absorber 0.91 0.16 0.91 0.86 0.35 

P-CNT absorber 0.91 0.17 0.91 0.85 0.34 

 

8.1.2 MWCNT absorbers with protective coating 

It was judged sufficient to only use one type of absorbers (N-CNT) to prove the 

effectiveness of the protective coatings. Three different types of protective films 

were tested: silica, 70/30 and 50/50 silica. The results from the three protective 

films were reported in paper V. A brief conclusion was that the durability of the N-

CNT absorber was significantly improved after coated with silica, 70/30 and 50/50 

silica-titania films. The resulting PC values after 600 hours of condensation testing 

were only 0.002, 0.013 and 0.014, respectively for silica, 70/30 and 50/50 silica-

titania film coated absorbers. Therefore, they are considered as qualified as long as 

the adhesion requirements are met which was not tested in the scope of the current 

work.  

8.2 Thermal stability test 

8.2.1 MWCNT absorbers  

The thermal stability test was carried out only on N-CNT and P-CNT absorbers 

since their spectral selectivity was much higher than that of T-CNT absorber. 

Both MWCNT absorbers performed well in thermal stability test. After 150 hours’ 

testing, the spectral reflectance was barely changed in the entire measured 

wavelength range (Fig. 12). This was expected since the MWCNT coatings were 

heat treated at 500 °C in air prior to the thermal stability test and consequently 

should be thermally stable at the much lower test temperature of 265 °C.  
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Due to the very low PC values after 150 hours of thermal stability testing, further 

testing was not performed. 

 

(a)                                                                  (b) 

Fig. 12 The spectral reflectance of MWCNT absorbers before (dashed curves) and after 

(solid curves) 150 hours of thermal stability test. (a) N-CNT absorber; (b) P-CNT absorber. 

8.2.2 MWCNT absorbers with protective coating 

Protective film coated N-CNT absorbers also showed good stability at high 

temperature. The results were reported in Paper V. Similar to the samples without 

protective films, the spectral reflectance remained almost unaffected in the UV-

Vis-NIR spectrum for all the protective film coated samples after 600 hours of 

thermal stability test. There was a slightly reduced thermal emittance due to higher 

reflectance in the infrared range i.e. little improvement on spectral selectivity. The 

PC values attained after 600 hours were -0.002, -0.007 and 0.002 for MWCNT 

absorbers coated with silica, 70/30 silica-titania and 50/50 silica-titania 

respectively. The negative values indicate a small improvement of performance 

after 600 hours of thermal stability testing.  
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9. Concluding remarks 

 

A novel spectrally selective solar absorber using multi-walled carbon nanotube 

(MWCNT) as absorbing layer was fabricated. The MWCNT coatings were 

prepared by electrophoretic deposition (EPD) on specularly reflective aluminum 

substrates. SEM imaging showed that the coatings were homogenous on the 

surface. The fabricated MWCNT solar absorbers exhibited good spectral selectivity 

over the solar and infrared spectrum, which indicates that MWCNT is a potential 

candidate for use as a spectrally selective absorber in solar thermal collectors. 

Three different types of MWCNT were investigated: T-CNT, N-CNT and P-CNT. 

The thickness of MWCNT coatings increased linearly with the deposition time. 

With thicker MWCNT coatings, the transition from low to high reflectance of solar 

absorbers shifted to longer wavelengths which benefited the solar absorptance but 

simultaneously increased the thermal emittance. The thickness at the optimal 

spectral selectivity was lower for the solar absorbers using N-CNT and P-CNT, and 

was in a range of few hundreds of nanometers. SEM investigation revealed that, 

after heat treatment nearly pure N-CNTs and P-CNTs were left in the MWCNT 

coatings while T-CNTs were embedded in a large amount of impurities. The 

optimal solar absorptance and thermal emittance achieved by the solar absorber 

with a single MWCNT coating were 0.88 and 0.28 for T-CNT, 0.90 and 0.14 for 

N-CNT, 0.90 and 0.13 for P-CNT. These results are slightly under par with the 

performance of popular commercial absorber products but still competitive because 

of the production methods advantages. 

A voltage threshold for EPD was found to be 15 V for the MWCNT suspension 

systems used. The MWCNT coatings exhibited poor homogeneity when deposited 

below the voltage threshold. EPD proved to be a fast cheap and facile method of 

preparing CNT coatings. Compared to the traditional processes of fabricating 

spectrally selective absorbers, EPD is very fast and is more environmentally-

friendly due to the type of aqueous suspensions and low chemical consumption 

used. However, care have to be taken when handling dry unbound CNT, before 

they are made into a suspension, since they adversely can affect our health and 

respiratory system. In addition, the production process does not require any 

advanced coating production equipment and the absorbers only need to be heat 

treated in air, without a need for an inert atmosphere. 
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Porous silica layers were tested as anti-reflection coatings for the MWCNT 

absorbers. A maximum gain of 0.02 on solar absorptance was achieved. The only 

minor improvement was suspected to be because of the mismatch of refractive 

indices between the PS layer and the MWCNT coating. 

Accelerated ageing tests have revealed that MWCNT absorbers with bare MWCNT 

coatings have excellent thermal stability. However, the absorbers cannot withstand 

the penetration of condensed water which causes oxidation of the underlying 

aluminum substrate. The oxidation results in significantly increased thermal 

emittance, i.e. degraded spectral selectivity. The MWCNT absorbers were 

therefore disqualified. In order to prevent penetration of water through the CNT 

layer, protective silica and silica-titania thin films were coated on the top of 

MWCNT absorbers. The experiments have shown very promising results. Having 

these protective films, the solar absorptance and the thermal emittance of the 

MWCNT absorbers were almost not impacted at all by the condensation tests. All 

three protective film coated MWCNT absorbers were qualified in accelerated 

ageing tests. 

In conclusion, this work has provided a new approach to manufacturing high 

performance spectrally selective solar thermal absorbers. The production method is 

simple, very fast, inexpensive and environmentally friendly and competitive to 

existing alternatives. 
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10. Future outlook 

 

This chapter discusses issues related to the continuation of this work, including 

potential commercialization and the possible improvements.  

Since the MWCNT absorbers have a good performance which is in line or slightly 

under par with currently popular products and exhibit an excellent long-term 

durability, there is a potential for industrial production. Owing to the simple and 

very fast production method and low MWCNT consumption, MWCNT absorbers 

could be cost competitive compared with existing absorbers. A market survey and 

comprehensive cost calculation are required for further assessment of industrial 

production. In addition, large scale manufacturing issues have not been addressed 

in this work. How large scale industrially efficient EPD production of CNT 

coatings on Al substrates can be performed must be studied. 

MWCNT coatings containing nearly pure MWCNTs were prepared. Measurement 

of their optical constants has been attempted without satisfactory results. It is 

assumed that there are many factors affecting the optical properties of MWCNT 

coatings, for example the chirality, diameter and length of MWCNTs, deposited 

position on the substrate and coating thickness. However, knowing the optical 

constants of a specific MWCNT coating is still of great value for the computational 

design and optimization, as well as for the selection of anti-reflection coating. 

Ellipsometry is a proven method of measuring optical constants and has been 

utilized in this work. However, the method was challenging on this type of thin 

films and the results had a high uncertainty. Other methods for properly modelling 

the MWCNT coating are expected to improve the reliability of the results.   

Nanoporous silica film has been reported to have a low refractive index of 1.2 – 1.3 

ascribed to the introduced porosity [124]. However, the experiment results from 

porous silica coating tested in this work are not convincing. Further work is needed 

to achieve better refractive index matching and improvement. It is worth noting 

that an addition of a nanoporous anti-reflection coating has to involve a further 

surface treatment in order to qualify the coated absorber in accelerated ageing tests 

since condensed water normally is able to penetrate porous films.  
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SEM images have illustrated two different surface morphologies of MWCNT 

absorbers produced in this work which resulted in the differences in solar 

absorptance and thermal emittance. Due to the limited time, the correlation 

between MWCNT morphology and absorber performance has not been completely 

studied. More experiments can be carried out for better understanding.  

This work has only focused on the application of CNTs as an absorbing layer for 

spectrally selective solar thermal absorbers. Potential applications can be explored 

in other areas of thermal energy management, PV or as sensors.  
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