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EPIGRAPH 
 
 

We are in the position of a little child, entering a huge library whose walls are covered to 
the ceiling with books in many different tongues. The child knows that someone must 

have written those books. It does not know who or how. It does not understand the 
languages in which they are written. The child notes a definite plan in the arrangement of 
the books, a mysterious order, which it does not comprehend, but only dimly suspects… 

We see a universe marvelously arranged, obeying certain laws, but we understand the 
laws only dimly. 

 
Albert Einstein 
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ABSTRACT OF THE DISSERTATION 

 

High Temperature Thermal Design in Materials for Concentrated Solar Power 

 

by 

 

Elizabeth Branman Rubin 

 

Doctor of Philosophy in Materials Science and Engineering 

 

University of California San Diego, 2019 

 

Professor Renkun Chen, Chair 

 

 High temperature thermal design can be utilized for applications such as space 

exploration, safety, energy, transportation. Energy will become an increasingly significant area 

of focus due to the rising concern for climate change coupled with an increase in energy 

consumption. Concentrated solar power (CSP) utilizes sunlight for energy production and has an 

advantageous thermal energy storage component (TES). Next generation CSP plants aim to 

reduce LCOE to ≥ $0.05/kWh by 2030, and thermal design solutions are required to help achieve 

that goal. 
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The receiver of a CSP plant is responsible for collecting the sunlight reflected from the 

mirrors in the solar field. Chapter 2 of this dissertation will discuss solar absorber nanoporous 

films for solar receivers. The nanoporous structure allows for an increased optical path of light, 

and spinel oxides have high melting point and uniform thermal expansion. The nanoporous 

spinel oxide films have high solar absorptivity, and the high solar absorptivity is maintained after 

annealing at elevated temperatures. Chapter 3 will discuss 3D solar absorber nanoneedle 

coatings, which demonstrate exceptionally ultra-high solar absorptivity (above 99%). As 

discussed in Chapter 3, after doping with stable phases and depositing uniform passivation 

coatings, the nanoneedle coatings demonstrate excellent thermal stability. 

 Thermal storage of the heat transfer fluid allows for electricity to be generated after the 

sun sets. Molten salt is the common heat transfer fluid due to its high heat capacity but has two 

major flaws: it decomposes below the current target temperature, and the metal pipes and metal 

storage tanks are susceptible to corrosion. Therefore, a thermally insulating and corrosion 

resistant layer to coat the inside of storage tanks and pipes could allow for a wide array of new 

molten salt candidates. In Chapter 4, high entropy ceramics are proposed as the next thermally-

insulative corrosion-resistant coating for CSP thermal storage systems due to their severe lattice 

distortion. Single phase high entropy spinel oxides were fabricated via hydrothermal growth and 

characterized through energy-dispersive X-ray spectroscopy and X-ray diffraction. After 

condensing into pellets, their room temperature thermal conductivity was measured and 

compared to other low-entropy spinel oxides. 
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Chapter 1: Introduction 

1.1 Introduction to High Temperature Thermal Design 

Technologies that use high temperature for energy conversion or thermal barrier coatings 

to avoid high temperature failure provide useful services or items, such as electricity1-2, 

transportation3-4, heat shield clothing5-6, or space exploration7-8. Designing materials to help 

alleviate temperature loss or reject heat can help make services/items more reliable, more 

sustainable, or long-lasting. 

An example of high temperature thermal design is the Parker Solar Probe, launched by 

NASA in 2018. Its mission to probe the corona of the sun requires the probe to withstand 

temperatures up to 1370°C. The heat shield is made of multiple layers, including a white ceramic 

coating, a barrier coating, and a nanoporous carbon foam layer (Fig 1.1). 

 

Figure 1.1 Schematic of Parker Solar Probe heat shield9 

 

In terms of thermal design, the nanoporous structure allows a decrease of thermal 

conduction, i.e. when heat is transferred between molecules physically touching each other. 
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Within the material, carbon discourages thermal radiation transmission by absorbing and then re-

radiating radiation. 

In recent decades, with the increasing threat of climate change and electricity’s 

production of greenhouse gas emissions through carbon-based fuels, special attention has been 

given to providing clean electricity10. Electricity consumption across the residential, commercial, 

and industrial sectors will increase approximately 8% in the next 30 years, with industrial 

electricity being the main culprit in increased electricity consumption11. Fortunately, greenhouse 

gas sources like coal and petroleum are expected to decrease, and renewable energy sources are 

expected to increase.  

Of the types of renewable energy sources that have increased in recent years and are 

expected to continue to increase, solar has taken the lead with 10,000 MW of solar photovoltaic 

(PV) installed last year in 201811.  The consequence of massive installation of photovoltaic solar 

is visualized through the infamous “duck curve”12, seen in Fig. 1.2. 

 

Figure 1.2 CAISO Duck Curve12. 
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The graph represents electricity demand from a utility plant over the span of a single day. 

Historical electricity demand is carefully recorded to predict future trends because sudden surges 

of demand are problematic for utility plants. During night, most people are sleeping, and the 

electricity demand is relatively low and stable. In 2012 when photovoltaic solar did not alter 

electricity demand, demand increased in the morning and people woke up to get ready for work. 

Electricity demand increased once again at night when people went home, turned on TV, made 

dinner, etc. When PV solar was installed, the electricity demand for a utility power plant 

decreased during the day because solar panels can produce electricity and supplement demand. 

When the sun sets, PV panels are no longer able to produce electricity and, coupled with an 

increase in demand, there is large ramp in demand from the utility plant to provide electricity. 

The issues arising from the large “belly” created from PV production, also known as 

overgeneration, and subsequent ramp (the “neck”) are assuaged by the utility plant continuing to 

produce electricity to match loads at night (regardless of PV solar production)10, and is 

counterintuitive to reducing our reliance on carbon-based fuels. The proper solution to combat 

overgeneration is to provide a storage solution. Batteries are a viable option, but thermal energy 

storage has received a favorable outlook as well13. 

1.2 Introduction to Concentrated Solar Power 

Concentrated solar power (CSP) is an alternative source of utilizing sunlight to provide 

clean electricity, and in a power tower configuration, can include a thermal energy storage (TES) 

component. A configuration of a power tower CSP plant is seen in Fig. 1.3. 
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Figure 1.3 Schematic of a concentrated solar tower power system13. 

 

Sunlight is reflected from mirrors in the solar field and concentrated onto the top of a 

tower called a receiver. The sunlight is converted to thermal energy and warms a heat transfer 

fluid (HTF) which flows from the tower and can be used immediately in a steam powered 

generator to provide electricity, or stored in thermal storage tanks. Heat transfer fluid, normally 

in the form of molten salts, has excellent heat capacity, allowing the HTF to maintain high 

temperatures after the sun sets and provide electricity at night. Not only do CSP plants provide 

clean electricity, CSP plants can also be easily integrated into the current electrical grid, and their 

thermal storage solution mitigates potential overgeneration issues14-15. 

1.2.1 History of Power Tower CSP Plants 

The first constructed solar power tower plant was the National Solar Thermal Test 

Facility, operated by Sandia National Laboratories for the Department of Energy. Established in 

1979 and located in Albuquerque, New Mexico, it remains the only test facility in the United 
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States. The purpose of the National Solar Thermal Test Facility is to provide experimental data 

for the design, construction, and performance of individual components to determine its planned 

used in large-scale solar generation. 

Solar One, a 10 MW power tower plant installed in 1982 in Barstow, California until its 

end of service in 1988, represents the important milestones as the first system in the world which 

demonstrated the capability of solar power towers to be commercial plants. Solar One was 

decommissioned and re-configured as “Solar Two” in 1996 by adding a second ring of heliostats. 

The re-configuration also employed molten salt for HTF and thermal energy storage, 

successfully shifting clean energy generation to nighttime and overcast days. Solar Two was 

eventually shut down in 1999 due to several issues that required re-design and re-building of the 

plant, yet the experience of operating a CSP solar tower plant and thermal energy storage blazed 

the trail for future solar tower plants. 

One of the more recent established large-scale solar tower installations is a 110MW solar 

project with 1.1GWh of thermal energy storage called Crescent Dunes Solar Energy Project 

(“Crescent Dunes”) located near Tonopah, Nevada. Operational since September 2015, Crescent 

Dunes’s thermal energy storage uses advanced molten salt technology developed by 

SolarReserve, LLC. 
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Figure 1.4 Crescent Dunes Solar Energy Project in Nevada. (Image source: solarreserve.com) 

 

Other solar tower CSP projects in construction include Sandstone in Nye County, 

Nevada, Redstone in South Africa, and Aurora in Australia, all with molten salt thermal 

technology by SolarReserve. The three projects will power approximately 1.3 million homes, 

day and night16. 

1.2.2 Future of Power Tower CSP 

 CSP technology has expanded rapidly since 1979 – there are 98 current active plants, 18 

under construction and 24 in development17. According to the NREL January 2019 edition of 

solar outlook in the US, the target for levelized cost of electricity (LCOE) by 2030 should be 

$0.05/kWh for baseload electricity provided by power tower CSP with thermal energy storage 

(TES)13. While this aggressive target will be met by lower installation costs and financing 

options, advanced technological system designs are required as well, including but not limited to 

heat-transfer and storage and power cycle efficiency. In addition to low baseload costs, NREL 

targets for CSP with TES to account for 1-10% of the total installed capacity in 2050, and 

together with PV, solar technology will provide 31-50% of electricity generation in the US in 



7 
 

2050. If successful, reduction in air pollutants will be 26% in 2030 and 45% in 2050, and 

wholesale electricity prices in 2050 to be 13-24% lower than in the baseline scenarios13. 

1.2.3 Role of CSP Receiver 

The heliostats in the solar field reflect sunlight and concentrate it onto a small area called 

the receiver. In a power tower configuration, the receiver is located on top of a tower, and the 

HTF gains thermal energy as it flows through the receiver. To increase the temperature of the 

HTF, the receiver must maximize the solar absorption and minimize emittance losses18. 

Receivers include a solar absorber coating to help aid in the solar-thermal energy conversion. 

The solar-thermal energy conversion of the coating is quantified by a Figure of Merit 

(FOM) equation, which is defined from the fluxes absorbed and lost by the receiver divided by 

the incoming solar flux18: 

��� =  ���	�
��� = �� �����
������

     (1.1) 

 

The fluxes absorbed and lost by the receiver can be defined by the optical properties of 

absorptance and thermal emittance losses19: 

�� �����
������

= �� −  ����(�� !���"#

$∗&      (1.2) 

Where �� is the solar absorptance, '&( is the thermal emittance, )��	 and )* are the 

temperature of the receiver and the ambient atmosphere, respectively, + is the concentration ratio 

and , is the solar intensity (900W/m2). It is apparent from the FOM equation that high 

absorptance and low thermal emittance contributes towards a higher FOM, and therefore higher 

solar-thermal energy efficiency. 
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If we assume a perfect blackbody (α = 1, ε = 1) with only radiative losses, then 

substituting Equation (1.2) along with Carnot efficiency gives: 

���	�
��� = -1 − ��/#

&$ 0 ⋅ -1 − ��
�/

0    (1.3) 

Plotting the theoretical efficiency vs. the operational temperature with respect to the 

concentration ratio yields: 

 

Figure 1.5 Peak theoretical efficiency of a perfect blackbody absorber with respect to 
operational temperature and concentration ratio. 

  

A few important distinctions can be made from this Fig. 1.5: 

• Although Carnot efficiency increases with temperature, the efficiency of the 

receiver does not. The receiver’s efficiency decreases as thermal losses 

dominate with higher temperature due to emittance increasing by T4; 
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• Similarly, at a fixed concentration, there is an optimal temperature for which 

the efficiency is maximized; 

• Higher concentration of sunlight allows for a higher theoretical efficiency. 

In a power tower configuration, concentration ratio can range from 500-1500 suns18. Next 

generation CSP plants will ideally operate at higher temperature and therefore higher 

concentration of sunlight. From Eq. (1.2), as + increases, solar absorptance αs will overshadow 

thermal emittance losses and dominate the FOM equation. At high concentrations (>1000 suns), 

thermal losses account for only ~ 4-5%20 of loss. Therefore, for the purposes of this dissertation, 

solar absorptance of the coatings will be the primary focus in determining coating performance. 

1.2.4 Optical Properties of Nanostructured Coatings 

 In optics, the refractive index of a material describes how light is bent when it enters a 

material with a different velocity:  

2 = 	
�       (1.4) 

 Where 2 is the refractive index, 3 is the speed of light, and 4 is the phase velocity of light 

in the material. 

 The angle of bent light is described by Snell’s law of refraction: 

2567285 =  2967289      (1.5) 

 Where 85 and 89 are the angles of incidence and refraction, respectively, of light as the 

light interacts with two materials with refractive indices 25 and 29. 

 Light propagation in absorbing materials are described by a complex refractive index, 

where light attenuation is observed: 
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2: = 2 + 7<       (1.6) 

 Where < represents the light that is attenuated through a material, also called the 

extinction coefficient. 

 Equation 1.5 demonstrates light is least refracted when it is guided through layers with 

comparable refractive indices, potentially allowing for maximized light absorption. For example, 

anti-reflection coatings such as MgF2 and Si3N4 have low refractive indices (1.38 and 2.04 at 

632.8nm, respectively)21-22, which do not strongly deviate from the refractive index of air 

(1.0003). Feng, et al utilized Si3N4 as an anti-reflective coating for their solar absorber coating 

and found the Si3N4 top layer improved solar absorptance by 2.8%23. To further improve the 

absorptance of light, multiple layers of comparable refractive indices with increasing 2 were 

deposited on top of each other, demonstrating a phenomenon called gradient refractive index 

(GRIN). 

Table 1.1 Absorptance of the layers of the optimized TiAlN/TiAlSiN/Si3N4. Adapted from Feng, 
et al.23 

Layer α 

Stainless steel 0.337 

Stainless steel/TiAlN 0.816 

Stainless steel/TiAlN/TiAlSiN 0.919 

Stainless steel/TiAlN/TiAlSiN/Si3N4 0.945 

 

 Unfortunately, the absorptance degraded after high temperature testing, potentially due to 

oxidation of the materials as proposed by Feng, et al. As the chemical composition of the 

material layers change, the refractive indices change as well, and the guided light through 
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multiple materials could more strongly refracted. As a result, absorptance decreased 2.9% after 

annealing at 600°C for 2 hours in air23. Similar absorptance degradation was seen in Zheng et al, 

when the multi-layer solar absorber suffered from diffusion between the layers after annealing at 

800°C in vacuum for 6 hours (Fig. 1.6)24. 

 
 

 

Figure 1.6 SEM images of Mo-SiO2 double cermet before (left) and after (right) annealing at 
800C for 6 hours in vacuum24. Distinct layers once seen before annealing have diffused together. 

 

A nanostructured single layer of metal oxide can not only demonstrate a gradient 

refractive index, but also mitigate damaging oxidation or interdiffusion issues. Moon, et al 

demonstrated a gradient refractive index of Co3O4 layer by adding “pores” on the top surface 

through imprinting25. The textured surface reduces the impedance mismatch and allows for 

enhanced light-trapping. The porous Co3O4 layer demonstrated a 2.2% increase in FOM 

compared to a dense, non-porous layer of Co3O4. This concept was confirmed in Kim, et al when 

sacrificial polymers were added to a CuFeMnO4 layer and then annealed, leaving behind a 

porous CuFeMnO4 layer26. The solar absorptance increased from 94.3% to 95.6% after adding 

pores through sacrificial polymers (Fig. 1.7). 
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Figure 1.7 (a) Schematic of porous CuFeMnO4/dense CuCr2O4 on a metallic substrate (b) Graph 
of optical measurements and comparison of solar absorptance between dense and porous 

CuFeMnO4. The pores in porous CuFeMnO4 allow for light trapping, increasing its 
absorptance27. 

 

Other examples of nanostructured absorber coatings that allow gradient refractive index 

of light include silicon nanowires28 and Vantablack, which consists of vertically aligned carbon 

nanotubes with 99.995% absorptance29. 

1.2.5 Thermal Energy Storage in CSP 

 Thermal energy storage (i.e. heat stored in a tank) is an integral part of the future for CSP 

due to its ability to complement variable renewable technologies that rely on consistent sunlight 

and favorable weather13. Storage units extend the intrinsic capacity of the thermal mass of the 

working fluid by storing the energy provided by the solar receiver that is not immediately 

converted to electricity18. During discharge, the storage units provide heat to turbines to generate 

electricity, most notably at night or on cloudy days. According to the 2019 NREL report for 2030 

and 2050 cost projection of CSP and PV, nearly all new CSP installations will need to have a 

TES component in order to meet the projected cost reduction of 50-80% by 203013.  
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In sensible heat storage systems, the capacity is limited by the temperature difference and 

mass specific heat capacity of the storage material18: 

=>59 = ? @ 3()"A)�9
�5      (1.7) 

An optimal HTF would have high mass specific heat capacity and a large temperature 

difference between the “hot” and “cold” temperatures of the two-tank storage system. Due to the 

limited maximum temperature and high costs, thermal oil is not considered an attractive option18. 

Molten salts have historically been the preferred choice for high-temperature CSP 

technology due to their high working temperature and high heat capacity30; however, the 

corrosivity of the molten salts increase with temperature18 and with the unintended addition of 

water30, require more expensive materials to be used for storage tanks. Additionally, the 

maximum working temperature for current molten nitrate salts, solar salt (NaNO3-KNO3)31-32 

and Hitec® molten salts (NaNO3-NaNO2-KNO3 and NaNO3-KNO3-Ca(NO3)2)32-34, is 

approximately 600°C, and as the operational temperature for HTF is encouraged to increase in 

next-generation CSP plants35, new molten salt HTF candidates are required for future CSP 

plants. The arduous task of searching for a high capacity, low-cost, high-temperature stable and 

low-corrosive molten salt HTF can be assuaged by adding a thermally insulating and corrosive 

resistant coating to thermal storage tanks and pipes. 

1.2.6 History of high entropy alloys (HEA) and ceramics (HEC) 

 In 2004, Yeh et al proposed the concept of single phase solution of multiple elements36, 

which was realized a few months later by Cantor, et al. when 20 elements were alloyed through 

induction melting and rapid quenching and a single phase equimolar dendrite structure consisting 

of 5 elements, CoCrFeMnNi, appeared37. This surprising discovery allowed the Hume-Rothery 
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rules, a basic set of rules to describe conditions under which an element could dissolve to form a 

solid solution, to be relaxed. Since then, many variations of 5 or more single phase alloys have 

been synthesized and tested, leading to new and interesting properties for a variety of 

applications38-43. Though not coined as “high entropy alloys” at the time, the term was later given 

to the class of compounds due to a high mixing entropy arising from multiple elements in a 

single solid solution: 

=BC
D = −E ∑ G
  ln (G
"J

K5     (1.8) 

Where =BC
D is the mixing or configurational entropy, E is the gas constant, and G
 is the 

mole fraction of each element. 

The first high entropy ceramic was developed by Rost, et al in 2015 as equimolar rocksalt 

(CoCuNiMgZn)O44. Since her discovery, a multitude of other high entropy ceramics such as 

borides45, carbides46-47, silicides48, perovskites49, spinels50, and fluorites51 debuted in the high 

entropy ceramic field. 

1.2.6.1 Lattice distortion in high entropy ceramics 

Thermal conductivity in materials is defined as the conductivity of heat carried by 

phonons, which are vibrational modes of the crystal lattice. Classical thermal conductivity 

transport in materials is defined as: 

<L =  5
M +L4NO     (1.9) 

Where +L is the specific heat, 4N is the group velocity, and O is the average length of 

uninterrupted travel of a phonon, also known as the mean free path. The mean free path is 
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dependent on a combination of scattering events, such as grain boundary scattering, defect 

scattering, impurities, electrons, and other phonons19. 

The mean free path of a phonon is dependent on temperature (Fig. 1.8): 

 

Figure 1.8 Temperature dependent thermal conductivity for select oxides52. 

 

At high temperatures (approximately 400K-1000K), when atom displacement is large, 

thermal conductivity becomes inversely proportional to temperature due to phonon-phonon (or 

Umklapp) scattering. Additionally, with larger amount of impurities from doping, phonon 

scattering becomes greater and mean free path is reduced, while grain boundary scattering 

becomes ineffective because the mean free path is smaller than the grain. At very high 

temperatures (approximately >1000K), the thermal conductivity becomes independent of 
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temperature and plateaus. The subsequent rise at very high temperatures for some materials is 

caused by radiative heat transport52. 

 Impurities from doping, also known as point defects, have historically been used to lower 

the lattice thermal conductivity53. Point defects lead to crystal lattice distortion, which leads to 

phonon scattering when the normal mode of the phonon is no longer supported. Point defect 

scattering is determined by the (i) mass contrast, (ii) loss of symmetry in the lattice, and (iii) 

changes in bond strength54 (Fig. 1.9). Due to the mixing of different sized elements, HEAs and 

HECs have severe lattice distortion, and preliminary papers propose their lattice distortion results 

in lower lattice thermal conductivity compared to simpler alloys and compounds55-56. 

 

Figure 1.9 Schematic demonstrating the factors that affect phonon scattering from point defects. 
The blue impurity atom, of different size/mass, disrupts the host lattice54. 

 

In addition to phonon scattering, lattice distortion also inhibits the kinetics of atoms, 

where movement and diffusion are hindered, resulting in “sluggish kinetics”. Recent studies have 

cited that lattice distortion in HEAs and HECs leads to sluggish kinetics, which results in 

reduced grain growth57, high temperature structural stability58-59, and corrosion resistance60-61. It 

is also worth mentioning that ceramics generally have excellent chemical stability due to the 
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strength of their ionic bonds, aiding further in corrosion resistance. Therefore, HECs have the 

potential to be an excellent candidate for barrier coatings in molten salt storage due to their 

lattice distortion providing favorable properties, i.e. thermal insulation, high temperature 

stability, and corrosion resistance. 

1.3 Organization of the thesis 

 Chapter 1 discusses the background and history of CSP technology, with a special 

emphasis on solar receiver technology and thermal energy storage. Ideal solar absorber 

properties (solar absorptivity and thermal stability) and a brief introduction to optical properties 

of materials were discussed. Issues of current state-of-the-art solar absorber coatings were 

examined, as well as the potential for nanostructured coatings to mitigate these issues. Lastly, 

molten salt thermal energy storage was discussed and how high entropy ceramics can assist in 

providing a thermally insulating, corrosion resistance barrier coating through their lattice 

distortion. 

 Chapter 2 reviews nanoporous copper spinel films and their potential application as solar 

absorber coatings. The choice of materials highlights the thermal stability of copper spinels and 

low-tech synthesis of nanoparticles demonstrate scalability. Optical properties are examined 

before and after thermal testing and compared to the current state-of-the-art, Pyromark 2500®. 

X-ray diffraction (XRD) patterns and scanning electron microscopy (SEM) images provide 

insight to the structural stability of the coatings. 

 Chapter 3 introduces nanoneedle cobalt oxide spinel coatings and their ultra-absorptive 

properties (over 99%). Their unique chemical synthesis includes assembly agents to drive their 

anisotropic growth. Variable diameter, height and periodicity through modeling provide insight 

to optimal nanoneedle shape for enhanced absorption. Optical measurements are taken before 
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thermal testing to corroborate modeling predictions. Co3O4 nanoparticles are unstable after 

thermal testing, but after doping with stabilizing phases and adding a passivation later, their 

ultra-absorptive properties are maintained after thermal testing. XRD patterns, electron-

dispersive X-ray spectroscopy (EDS) and SEM images are examined to provide insight to 

structural stability. 

 Chapter 4 introduces molten salt thermal energy storage and its need for a thermally 

insulative, corrosion resistant barrier coating. Lattice distortion of high entropy ceramics 

provides (i) insulative properties through phonon scattering and (ii) corrosion resistance through 

sluggish kinetics and strong chemical bonding. Synthesis of high entropy spinel ceramics is 

discussed and its XRD, EDS, and Raman spectroscopy results are reviewed to confirm its single-

solution phase. Pathways to analyze the impact of mass disorder, size disorder, and charge 

disorder on thermal conductivity provide future direction of high entropy spinel ceramics for 

CSP barrier coatings. 
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Chapter 2: Optical properties and thermal stability of Cu spinel oxide 

nanoparticle solar absorber coatings 

 

2.1 Introduction 

Concentrated solar power (CSP) plants with centralized receivers convert sunlight to heat 

by using mirrors to focus sunlight onto a tower that contains a heat transfer fluid1. Because of the 

potential for higher power conversion efficiency for the turbines, there is a strong push in the 

CSP community to increase the operation temperature2-3. In the latest roadmap published by the 

Department of Energy4, the target fluid exit temperature in the solar receiver is over 720 °C. 

Depending on the heat transfer processes in the receiver tubes and the fluids, the receiver coating 

surface temperature could be well in excess of 750 °C. The leading solar concentration scheme 

for achieving such high temperature is the concentrating solar tower with heliostats, which 

typically possess concentration ratio over 1000 suns5-6. 

The photo-thermal performance of solar absorbing coatings, hereby referred to as the 

figure of merit (FOM), is defined as the ratio of solar absorptivity and infrared (IR) emissivity at 

an operational temperature: 

��� = 1 − �����
��

= �� −  ����(�� !���"#

$∗&    (2.1) 

where >LP�� is the heat loss by conduction, convection and radiation, >
J is the heat from the 

solar flux, �� is the solar absorptance of the receiver, '&( is the IR emissivity weighted with the 

blackbody emission at )��	, )��	 is the surface temperature of the receiver, Q is the Stefan-

Boltzmann constant (5.67×10−8 Wm−2K−4), )* is ambient temperature, + is the solar 
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concentration ratio, and , is the solar insolation. �� can be further defined as the spectral solar 

absorptivity weighted by the solar spectrum (ASTM G173), divided by the solar insolation, 

�� = @ R(S"&�(S"TSUVWW�X
UYW�X

@ &�(S"TSUVWW�X
UYW�X

        (2.2) 

and '&( is related to the spectral emissivity ε(λ) of the coating at Trec; 

'&( = @ �(S"&�(�� !,S"TS[\#WW�X
U\WW�X

@ &�(�� !,S"TS[\#WW�X
U\WW�X

          (2.3) 

where ,�(]" and ,�()��	 , ]" are the spectral intensities of solar insolation and blackbody radiation 

at Trec, respectively. 

To minimize the thermal losses in solar receivers, ideal solar absorbing coatings (SACs) 

should have high absorptivity over the solar spectral range, and low emittance in the mid infrared 

spectral range. For high-concentration solar towers having concentration ratio over 1000-sun, the 

overwhelmingly dominant factor is the solar absorptance, as the blackbody radiative heat loss at 

750 °C would only represent about 6% loss7. 

In addition to high solar absorptance, optimal coatings should be stable in air at elevated 

temperatures and be easily applied to large surface areas with industrially scalable processes. 

Pyromark 2500 is a commercially available high-temperature black paint that has good 

solar absorptance, but it has shown degradation after 100 h at 750 °C in air8. The cost of 

reapplying Pyromark in terms of downtime and materials calls for a need for a new coating with 

long-term phase stability while retaining high solar absorptance9. Various coatings with high 

solar-thermal conversion efficiencies have been developed, such as multi-layer absorbers or 

ceramic coatings with low-emittance metal nanoparticles (cermet coatings)10-14. However, 

these coatings are limited by degradation at elevated temperatures in air often due to 

interdiffusion between layers or oxidation/degradation of the metal nanoparticles15-20. 
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Additionally, multilayer thin film or cermet structures are often synthesized using expensive 

vacuum-deposition synthesis, e.g. sputtering or chemical vapor deposition21-22. 

In this work, we address these challenges by developing and evaluating a solar absorber 

coating that can be applied by a simple spray coat process, while exhibiting superior thermal 

stability and excellent solar absorptance at elevated temperatures in air for an extended period. 

These black coatings are made from Cu(II) containing spinel oxide nanoparticles, which have 

been an attractive material for high temperature applications due to their stable crystal 

structure23-25. Normal spinel oxides take on an AB2O4 structure arranged in a cubic close-packed 

lattice, where A represents a divalent cation that occupies the tetrahedral space and B represents 

a trivalent cation that occupies the octahedral space. Many copper(II)-containing spinel oxides 

will experience the Jahn-Teller effect, which is defined as a geometric distortion that reduces the 

oxide's symmetry and energy. For example, CuCr2O4 is a tetragonally distorted spinel where the 

Cu2+ cations occupy the four-coordinate sites of the spinel structure. The removal of the 

degeneracy of the d9 ground state results in flattening of the CuO4 tetrahedron along the c-axis 

while keeping the CrO6 octahedron regular, which lowers the symmetry from cubic to 

tetragonal26. Above 600 °C, the compression of the CuO4 tetrahedron is removed and the spinel 

transforms back to a cubic spinel27. This compression and elongation of the axes allows CuCr2O4 

to remain stable at elevated temperatures. The Jahn-Teller effect is common in octahedral copper 

(II) complexes, and has been studied in other similar compounds such as CuMn2O4
28, CuFe2O4

29, 

and Cu(1- x)NixCr2O4
30. Our previous work has shown CuFeMnO4 to remain stable at elevated 

temperatures31. Since the Jahn-Teller effect is common in copper (II) containing spinel oxides, 

here we carried out a systematic study to evaluate the optical and thermal stability behaviors of 

various Cu spinel oxides, including CuCr2O4, Cu0.5Cr1.1Mn1.4O4, and CuFeMnO4. Additionally, 
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we utilize a scalable spray coating technique that creates a porous surface, which is beneficial for 

light trapping31. The solar absorptance of our coatings remains stable after 2000 h of annealing, 

showing both higher solar absorptance and better stability compared to Pyromark 2500. 

2.2 Materials and Methods 

2.2.1 Nanoparticle synthesis 

CuCr2O4 and CuFeMnO4 were synthesized through a hydrothermal process. 1M of 

CuCl2•2H2O and 2M of CrCl3•6H2O were mixed for CuCr2O4, and an equimolar ratio of 

CuCl2•2H2O, FeCl3•6H2O, and MnCl2•4H2O were mixed for CuFeMnO4. Both solutions were 

stirred for 1 h, followed by co-precipitation of 10M NaOH until the pH level reached 11.5. After 

further mixing, the contents were placed in a Teflon-lined autoclave and placed in an oven at 

200°C for 20 h. After removing the sample from the oven and allowing it to naturally cool to 

room temperature, the contents were washed with DI water before freeze drying for 2 days. After 

freeze drying, the contents were cured in a tube furnace at 550 °C for 5 h in air. 

Cu0.5Cr1.1Mn1.4O4 nanopowders were purchased from Foshan Huayi Ceramic Colours 

Co., LTD in Foshan, China, and were synthesized through solid state reaction. Solid state 

reaction, a process of mixing the starting metal oxides at high temperature, can make a 

homogeneous composition32. Solid state reaction allows for large-scale production of 

nanoparticles through ball-milling, and was produced as a way to test large-scale 

manufacturability of solar-absorbing nanoparticles. 

2.2.2 Coating fabrication 

 To make CuCr2O4 mixture for spray-coating, CuCr2O4 nanoparticles were mixed with a 

4:1 wt ratio in a solution containing a resin made of methyl phenyl polysiloxane (SILIKOPHEN 

P80/X, Evonik) diluted with isobutanol and xylene. Siloxane, or silicone, resins are known for 
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thermal and radiation resistance33. The combination of phenyl and methyl to the silicone 

backbone allows for organic compatibility, toughness, thermal shock resistance, and lower 

weight loss at extreme temperatures. The solution was ball-milled for 24 h before spray coating 

onto a Haynes 230 substrate. After drying in air for one day, the sample was cured in a step-wise 

process from room temperature, to 100 °C (10 min), to 250 °C (2 h), to 550 °C (3 h), to 750 °C 

(2 h), at a heating rate of 5 °C/min, and then naturally cooled to room temperature. The 

same procedure was implemented for CuFeMnO4 and Cu0.5Cr1.1Mn1.4O4dense coatings. 

To make porous layers for porous CuFeMnO4 and Cu0.5Cr1.1Mn1.4O4 layers, we followed 

our prior approach of using sacrificial polymer beads31, 34. Cross-linked polystyrene beads of 1.3 

μm (SX-130H) and acrylic beads of 400 nm (MP2701) from Soken Chemical & Engineering 

were added to the nanoparticle solution with a weight ratio of 1.0:0.8:1.1 (particles/beads/binder 

resin) using a probe-type sonicator. The ball-milling, spray-coating procedure, and step-wise 

curing process after which was identical to the non-porous layers. During the curing process, the 

polymer beads decompose, leaving behind micro- and nano-sized pores in its place. 

For comparison, we obtained Pyromark 2500 black paint (LA-CO), the current state-of-

the-art coating material for CSP solar towers. Similar to our Cu spinel coatings, Pyromark 2500 

uses a blend methyl phenyl polysiloxane resin binders from Dow Corning35. The Pyromark 2500 

paint was diluted with xylene and toluene 10% (w/w), followed by the identical spray-coating 

and curing process as described above. 

2.2.3 Characterization 

Scanning Electron Microscopy (SEM) and Energy Dispersive X-Ray Spectroscopy 

(EDS) (Zeiss Sigma 500 SEM, acceleration voltage of 10 kV) were used to image the 

morphology, analyze the size of the nanoparticles, and examine the elemental contents of each 
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sample. Xray diffraction patterns of each sample were characterized using a Bruker D2 Phaser 

XRD with Cu Kα (λ=0.15418 nm) as the radiation source, using a scan rate of 0.0406° s−1 in the 

2Θ range of 20–80°. Composition of Cu0.5Cr1.1Mn1.4O4 was additionally characterized by 

Inductively Coupled Plasma Mass Spectrometry (ICP-MS). 

For optical measurements, a UV-VIS spectrometer (Jasco V780) with a 150mm 

Spectraflect-coated integrating sphere was used to measure the reflectance values within the 

spectral range of 280 nm to 2.6 μm, and an FTIR (ThermoFisher Nicolet 6700) with a Perkin 

Elmer gold integrating sphere was used to measure the reflectance values from 2.5 µm to 15.4 

μm. All optical measurements were taken at room temperature. All optical machines went 

through calibration and was found that the photometric accuracy between samples was below the 

error specified by the manufacturers (0.3%). 

2.3 Results and discussion 

2.3.1 Results of synthesis 

Fig. 2.1 shows the SEM images taken of each sample after the nanoparticles are spray-

coated and cured on the Haynes 230 substrate, before annealing. The majority of CuCr2O4 

nanoparticles are between 50 and 100 nm, which agree well with our previous work31. The 

majority of CuFeMnO4 nanoparticles are between 150 and 300 nm, and Pyromark 2500 is 

similarly sized where most nanoparticles are between 100 and 300 nm, and the average particle 

size of Cu0.5Cr1.1Mn1.4O4 is approximately 183 nm. 
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Figure 2.1 SEM image of (a) Porous CuFeMnO4/dense CuCr2O4, (b) dense Cu0.5Cr1.1Mn1.4O4, 
(c) Pyromark 2500, (d) dense CuCr2O4. 

 

Figure 2.2 Reflectance spectra of all as-made samples before thermal annealing. α is the 
calculated solar absorptance. 
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Fig. 2.2 shows the reflectance spectra of each coating as-made, before isothermal testing. 

Nearly all samples show a similar reflectance slope from 280 nm to 2.5 μm, apart from CuCr2O4. 

CuCr2O4 has reflectance peaks at 1 μm and 1.6 μm, with strong absorptance in the other ranges. 

This is due to a high absorption coefficient throughout the entire measured spectrum except for 1 

μm and 1.6 μm, where the absorption coefficient dips and the backscattering coefficient 

increases, creating two distinction peaks in the reflectance spectrum36. However, the strong 

absorptance in the 350–800 nm range, which has the highest intensity of sun and accounts for 

56% energy of the entire solar spectrum, allows single-layer dense CuCr2O4 to have the highest 

calculated solar absorptance of all our samples, at 97.3%. Porous CuFeMnO4/ dense CuCr2O4 

tandem layer shows the lowest solar absorptance at 95.3%. After adding sacrificial polymers to 

Cu0.5Cr1.1Mn1.4O4 powders, the absorptance increased by 1.2%, from 96.0% in dense 

Cu0.5Cr1.1Mn1.4O4 film to 97.1% in porous Cu0.5Cr1.1Mn1.4O4 film. The improved solar 

absorptance in the porous Cu0.5Cr1.1Mn1.4O4 layer originates from increasing the optical pathway 

of the sunlight as it interacts with the porous layer34. The FOM (Figure-of-Merit), solar 

absorptance (αS), and infrared emittance (εIR) of all the samples are summarized in Table 2.1. 

FOM, αS, and εIR are determined based on Eqs. (1)–(3), respectively, where Trec=800 °C and 

concentration C=1300, typical for solar towers2, 37. Although the absorptance of dense CuCr2O4 

is higher than porous Cu0.5Cr1.1Mn1.4O4, the thermal emittance is also higher, allowing both 

coatings to have a similar FOM (Table 2). The solar absorptance of Pyromark 2500 resides in the 

middle of all 5 samples, at 96.4%. This absorptance value for as-made, unannealed Pyromark 

2500 is compatible with other published reports on layers of Pyromark 250031, 38-40. 



32 
 

Table 2.1 The solar absorptance, emittance, and FOM of each sample at 0 h and after 2000 h 
annealing at 800°C in air. FOM, αs, and εIR are determined based on Eqs. 2.2 and 2.3, 

respectively, where Trec = 800°C and concentration C = 1300. 

  Porous 
Cu0.5Cr1.1Mn1.4

O4 

Dense 
CuCr2O
4 

Dense 
Cu0.5Cr1.1Mn1.4

O4 

Porous 
CuFeMnO4/dens
e CuCr2O4 

Pyromar
k 2500 

 

0 
hour

s 

αs 0.971 0.973 0.960 0.953 0.964  
εIR 0.886 0.924 0.801 0.899 0.920  

FOM 0.914 0.914 0.908 0.895 0.905  
        

2000 
hour

s 

αs 0.972 0.969 0.959 0.946 0.946  
εIR 0.914 0.908 0.863 0.870 0.896  

FOM 0.913 0.911 0.904 0.890 0.889  

        
0-

2000 
hour

s 

Δαs +0.1% -0.4% -0.1% -0.7% -1.9%  
ΔεIR +3.1% -1.7% +7.7% -3.2% -2.6%  
ΔFO

M 
-0.1% -0.3% -0.4% -0.6% -1.8% 

 

 

Fig. 2.3 shows energy-dispersive X-ray spectroscopy (EDS) graphs of each sample. As 

the SILIKOPHEN resin is annealed during the final curing step, the resin decomposes to SiO2 to 

create a spin-on-glass structure within the coating. The spin-on-glass represents the silicon peak 

at 1.74 keV in the EDS graphs. All the powders synthesized by us contain Cr, which can be seen 

most prominently at 0.5 keV for the Lα X-rays, and 5.41 keV for the Kα X-rays. Pyromark 2500 

does not contain any Cr, but contains other transition metals like Cu, Fe, and Mn. 

Understandably, all coatings are oxides with a strong oxygen peak at 0.525 keV. 
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Figure 2.3 EDS analysis of CuCr2O4, Pyromark 2500, CuFeMnO4/CuCr2O4, and 
Cu0.5Cr1.1Mn1.4O4. 

 

Figure 2.4 Calculated X-ray Diffraction (XRD) patterns for single-layer solar absorber coatings 
were calculated through VESTA software and compared to experimental findings. The asterisks 

indicate peaks from the underlying Haynes substrate. 

 

Calculated XRD patterns were modeled by VESTA software for single-layer coatings (all 

samples except for CuFeMnO4/CuCr2O4) and were compared to their experimental XRD patterns 

in Fig. 2.4. The data from EDS for Pyromark 2500 revealed an approximate chemical 

composition, which was an equimolar Cu, Fe, and Mn containing spinel oxide. The composition 

was used to create a calculated XRD pattern for Pyromark 2500. The lattice constant used for 

Pyromark 2500, Cu0.5Cr1.1Mn1.4O4, both cubic Fd-3m spinels, was a=8.28 ‐ and a=8.52 ‐, 
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respectively. CuCr2O4 is a tetragonal I41/amd spinel with lattice constant a=6.03 ‐ and c=7.78 

‐. The peaks in the experimental XRD data match well with calculated peaks, with the 

exception of a few peaks attributed to the underlying Haynes substrate. 

 

 

Figure 2.5 XRD graphs of (a) CuFeMnO4/CuCr2O4, (b) Cu0.5Cr1.1Mn1.4O4, (c) Pyromark 2500, 
and (d) CuCr2O4, before and after annealing for 2000 h at 800°C. Pyromark 2500 was the only 

sample to show new phases after annealing. 
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Fig. 2.5a–d shows XRD data for four samples before and after isothermal testing. For 

Fig. 2.5a, XRD peaks located at 2Θ=36.88°, 58.63°, and 64.28° are compatible with previous 

published literature on porous CuFeMnO4/dense CuCr2O4 and for Fig. 2.5d, XRD peaks located 

at 2Θ=35.65°, 38.16° and 58.38° are compatible with previous published literature on 

CuCr2O4
31. Cu0.5Cr1.1Mn1.4O4 has strong peaks located at 2Θ=35.88°, 57.32°, and 62.88°, and 

Pyromark 2500 has strong peaks at 2Θ=36.09°, 57.79°, and 63.48°. 

2.3.2 Optical and structural properties after annealing 

All samples were placed in a box furnace at 800 °C in air for isothermal testing. Each 

sample was removed from the furnace and was measured and characterized after 100 h, 300 h, 

1000 h and 2000 h. 

Fig. 14a–d shows the XRD patterns before annealing and after annealing for 2000 h. The 

location of the peaks before and after isothermal testing at 800 °C remained the same for dense 

CuCr2O4, porous CuFeMnO4/dense CuCr2O4, and dense Cu0.5Cr1.1Mn1.4O4, indicating that there 

no new phases formed in the coatings after the long-term annealing. The peaks become less 

broad and sharper after isothermal annealing, which is a common marker that there is crystallite 

growth in the material41. Pyromark 2500 has new peaks throughout the entire range, indicating 

that there were new phases in the coating after annealing. A similar study annealed Pyromark on 

different substrates (including Haynes) at 800 °C and found similar changes in the XRD pattern, 

suggesting that a new secondary phase formed during annealing38. To determine the new 

phase(s) in the Pyromark coating, grazing incidence XRD (GIXRD) was performed on the 

samples before and after annealing to gain an XRD pattern of the Pyromark coating without the 

influence of the Haynes substrate underneath (Fig. 2.6). As Haynes is annealed at 800 °C, Cr2O3 

and MnCr2O4 phases form on top of the substrate42. The new peaks in the annealed Pyromark 
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XRD pattern correlate to MnCr2O4, and it is believed that MnCr2O4 phase is present in the 

Pyromark coating after annealing at 800 °C. 

 

Figure 2.6 Grazing incidence XRD pattern for Pyromark 2500 before and after annealing for 
2000 h at 800°C. 

 

Fig. 2.7 shows photographs of the samples after 2000 h of thermal testing at 800 °C. The 

porous Cu0.5Cr1.1Mn1.4O4 and dense CuCr2O4 samples are the darkest samples, indicating that 

these samples have the highest absorptance in the visible light range. Qualitatively judging the 

“blackness” of samples can be a useful parameter prior to measurements, since the human eye 

can detect color between 400 nm–800 nm, which also happens to be the highest intensity of the 

solar spectra. The annealed Pyromark 2500 sample appears slightly browned out compared the 

other annealed fabricated samples, and the change is very clear when comparing to an untested 

Pyromark 2500 sample. 
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Figure 2.7 Top row, left to right: annealed dense Cu0.5Cr1.1Mn1.4O4, annealed porous 
CuFeMnO4/CuCr2O4, as-synthesized Pyromark 2500. Bottom row, left to right: annealed porous 

Cu0.5Cr1.1Mn1.4O4, annealed dense CuCr2O4, annealed Pyromark 2500. 

 

 To compare particle growth between samples, SEM images (Fig. 2.8) were analyzed 

before and after annealing. Fig. 2.8a-c shows porous CuFeMnO4/dense CuCr2O4, 

Cu0.5Cr1.1Mn1.4O4 and Pyromark 2500 before annealing, respectively; Fig. 2.8e-g shows porous 

CuFeMnO4/dense CuCr2O4, Cu0.5Cr1.1Mn1.4O4 and Pyromark 2500 after annealing. Fig. 2.7i-l 

shows the cross-section of porous CuFeMnO4/dense CuCr2O4, Cu0.5Cr1.1Mn1.4O4 and Pyromark 

2500 after annealing. While there is some particle growth in these samples, the particle growth 

before annealing vs. after annealing in the SEM images is most apparent in CuCr2O4, shown in 

Fig. 2.7d and h. Dense CuCr2O4 annealed at 800 °C reveals agglomerated irregular shaped 

spherical particles consisting of small crystallites and their large agglomerates. The size of small 

particles is in the range of 100–300 nm and that of large, octahedron-shaped agglomerates is 1.5–

5 μm. This irregular crystallite growth is consistent with other hydrothermally synthesized 

CuCr2O4 nanoparticles annealed at 800 °C43. The formation of bigger particles is the result of the 

coalescence of CuCr2O4 crystallites during thermal annealing. Intergranular pores have smaller 
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radii that seem to densify into faceted crystals (Fig. 2.7h), and large pores within the 

agglomerates and small crystallites prevent coalescence. It is generally accepted that in ceramic 

nanoparticles, nanoparticles with smaller pore radii would result in faster densification and thus 

crystallite growth compared to larger pore size44. XRD results after 2000 h in Fig. 2.5d confirm 

the corresponding peaks are attributed to CuCr2O4, and it is not suspected there is phase change 

from CuCr2O4 to CuCrO2. The Scherrer equation can also determine grain growth by utilizing 

information from XRD patterns from 

^ =  _S
`	P�a         (2.4) 

where τ is the average crystallite size, b is the shape factor (0.9), ] is the X-ray wavelength, and 

c is the full width half maximum (FWHM). The Scherrer equation is valid for crystallite sizes up 

to 1 μm if one uses 2Θ peaks beyond 60°45. The crystallite sizes Cu0.5Cr1.1Mn1.4O4, CuFeMnO4/ 

CuCr2O4, and Pyromark 2500 were 23 nm, 31 nm, and 20 nm before annealing, and were 55 nm, 

37 nm, and 34 nm after annealing, respectively, attributing to a 130% increase, a 19% increase, 

and a 70% increase in crystallite size (Table 2.2). The calculation for crystallite size was not 

performed for CuCr2O4 as the SEM images showed many crystallites larger than the 1 μm limit 

for the Scherrer equation. 

Table 2.2 Grain size of Cu0.5Cr1.1Mn1.4O4, CuFeMnO4/CuCr2O4, and Pyromark 2500 before and 
after annealing for 2000 h at 800°C. Post-annealed CuCr2O4 is not included due to limitations of 

the Scherrer equation for particles larger than 1 µm. 

Sample Size at 0 hr Size at 2000 hr Grain Growth 

Cu0.5Cr1.1Mn1.4O4 23 nm 55 nm +130% 

CuFeMnO4/ CuCr2O4 31 nm 37 nm +19% 

Pyromark 2500 20 nm 34 nm +70% 

CuCr2O4 35 nm - - 
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Figure 2.8 (a) and (e) show porous CuFeMnO4/dense CuCr2O4 before and after annealing; (b) 
and (f) show dense Cu0.5Cr1.1Mn1.4O4 before and after annealing; (c) and (g) show Pyromark 
2500 before and after annealing; (d) and (h) show dense CuCr2O4 before and after annealing, 

respectively. Note the difference scale for CuCr2O4 after annealing to show enlarged grain size. 

 

Fig. 2.9 shows the measured solar absorptance change after annealing at 100 h, 300 h, 

1000 h and 2000 h at 800 °C, and Table 2.1 shows the solar absorptance, emittance, and FOM 

trends between all samples at 0 h and 2000 h. Pyromark 2500 had the most obvious decline in 

solar absorptance, falling 1.9% from αs=96.4%–94.6% after 1000 h at 800 °C, and remained 

stable beyond 1000 h. Although the variation is quite high, this degradation trend matches well 

with previous research on Pyromark 2500 at similar temperatures31, 38-40. Comparatively, nearly 

all our samples had relatively unchanged solar absorptance after long term testing. Most samples 

experienced initial decrease in absorptance within the first 100 h but stabilized afterwards. While 

dense CuCr2O4 initially had the highest solar absorptance at 97.3% before thermal testing, 

porous Cu0.5Cr1.1Mn1.4O4 film ended up with the highest solar absorptance (97.2%) after 
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isothermal testing, well within the standard deviation from its initial solar absorptance (97.1%), 

alluding to its thermal stability. Porous Cu0.5Cr1.1Mn1.4O4 was more absorptive than dense 

Cu0.5Cr1.1Mn1.4O4 by 1.2% before initial thermal testing and remained that way after 2000 h. 

Porous Cu0.5Cr1.1Mn1.4O4 also had the highest FOM after thermal testing, even though it also had 

the highest thermal emittance (Table 2.1). Although thermal emittance increases significantly 

with increasing temperature, the high concentration ratio of C=1300, calculated to be the best fit 

concentration ratio for the operational temperature of 800 °C46, allows for the solar absorptance 

of the material to overwhelming dominate the FOM equation and therefore photothermal 

performance. 

 

Figure 2.9 Solar absorptance values after 100hrs, 300hrs, 1000hrs and 2000hrs at 800°C. Dotted 
lines are to show projected trend. 

 

2.4 Conclusion 

CuFeMnO4 and CuCr2O4 nanoparticles were synthesized through hydrothermal synthesis, 

and Cu0.5Cr1.1Mn1.4O4 was synthesized through large-batch sintering. After spray coating onto 
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Haynes 230 substrate and annealing at 800 °C, the solar absorptance change for porous 

CuFeMnO4/dense CuCr2O4, dense Cu0.5Cr1.1Mn1.4O4, porous Cu0.5Cr1.1Mn1.4O4, dense CuCr2O4 

and Pyromark 2500 was observed after 100, 300, 1000 and 2000 h. X-ray diffraction analysis 

and particle size through SEM images for all samples were measured before thermal testing and 

after 2000 h. The lack of significant particle growth seen in porous CuFeMnO4/dense CuCr2O4, 

dense Cu0.5Cr1.1Mn1.4O4, porous Cu0.5Cr1.1Mn1.4O4 and Pyromark 2500 was possibly due to the 

Jahn-Teller distortion of copper(II) ceramics that lowers the energy of the nanoparticle at 

elevated temperatures. The irregular particle growth seen in CuCr2O4 was not significant enough 

to have a substantial impact on the solar absorptance after annealing for 2000 h at 800 °C in air. 

Both nanostructuring and intrinsic solar absorptance properties contribute to photothermal 

performance, granted that the material will remain stable after high-temperature annealing. 

Lastly, the thermal stability and excellent solar absorptance of porous Cu0.5Cr1.1Mn1.4O4 makes 

claim for this coating to be used in future CSP applications. 
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Chapter 3: High-temperature stable refractory nanoneedles with over 99% 

solar absorptance 

 

3.1 Introduction 

Solar-thermal energy conversion has been intensively investigated recently due to its 

potential for full-spectrum solar utilization and thermal energy storage capabilities, for instance, 

in systems such as concentrating solar power (CSP)1-2, solar thermoelectric3-4, and solar 

thermochemical hydrogen production5. Solar receivers are one of the core components of these 

solar-thermal systems6 as they dictate the conversion efficiency of solar to thermal, or 

photothermal, energy conversion efficiency. As solar thermal technologies strive to function at 

higher temperatures to benefit from high Carnot efficiency7, efficient solar absorbers require not 

only enhanced photothermal efficiency but also thermal stability at the operational temperature. 

In addition, as the levelized cost of electricity (LCOE) begins to favor CSP power tower systems 

over parabolic trough systems8, solar absorbers need to be stable in the power tower that is 

exposed to air. Therefore, developing a solar absorber with simultaneously high photothermal 

conversion efficiency and excellent in-air high temperature stability would have significant 

broader implications for various solar-thermal technologies. 

Generally, there are two distinctive types of solar absorbers in today’s CSP systems: 

absorbers with spectral selectivity used in parabolic trough systems that operated at lower 

temperature (less than 550°C) and those without the spectral selectivity commonly used in the 

solar tower systems. Spectrally selective absorbers (SSAs) have high absorptance in the solar 

spectrum (0.28–2.5 µm) and low absorptance (or high reflectivity) in the blackbody emission 

spectrum at the receiver temperature (2.5–14 µm for a 650°C receiver). This spectral selectivity 
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is needed because of the low solar concentration ratio of the trough systems (usually less than 

200-suns) and consequently the relatively more important role of the radiative heat loss6. The 

SSAs can be classified into six categories9-10, with multi-layer and metal-dielectric (cermet) 

composites as two of the most common ones. While multilayer and cermet coatings with high 

solar absorption and low infrared (IR) emittance have been demonstrated, most of them are not 

suitable for high-temperature operation because of degradation, often due to interdiffusion 

between layers in the multi-layers or oxidation/degradation on the metal nanoparticles in the 

cermets11-16. On the other hand, absorbers without the spectral selectivity feature are used in solar 

towers with very high solar concentration ratios (typically >1000-suns), where the solar 

absorptance is the predominant factor in determining the solar-thermal conversion efficiency in 

solar receivers due to the high solar concentration ratio6, while the infrared thermal emission loss 

only contributes to ~4%-5% of the incident solar irradiation. Unlike the trough systems in which 

the SSAs are coated on evacuated tubes, the solar absorbing coatings in the tower systems are 

exposed to air. It is thus imperative to ensure the thermal stability of these materials in air at high 

temperature (>650°C), which is the operation condition for the next-generation solar tower per 

the technological roadmap laid out by the SunShot Initiative in the Department of Energy17.  

Among many strategies to achieve high solar absorptance, nanostructures such as 

nanowires, nanorods, and nanotubes with strong light trapping effect and GRIN (gradient 

refractive index) structures have been widely studied and successfully demonstrated. Conical 

nanostructure arrays with sharp tips found on Cicada wings have demonstrated ~99% optical 

absorption in the UV-Vis region18. Simulation results showed that iron oxide nanocones possess 

near-unity solar absorptance19. Similar nanostructures made from various materials such as 

silicon20-21, gold22, and carbon nanotubes23-24, have also demonstrated very high or even near-
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unity solar absorptance. However, nanostructures of these materials would not survive extended 

periods of annealing above 650°C in air due to either oxidation or morphology changes25-27. 

In this work, we propose a novel sharp tipped high temperature stable nanoneedle 

structure which exhibits an ultra-high solar absorptivity above 99% and much more superior 

thermal stability in air than that of current nanostructures, for applications in CSP and other high-

temperature solar-thermal systems. Because refractory materials can overcome challenges 

associated with noble metals28, we chose an inherently stable and refractory material in air based 

on oxide ceramics, using spinel cobalt oxide29-30, (Co3O4 and CuCo2O4) as the material platform. 

Spinel cobalt oxide was chosen because of its thermal stability in air30-31, and high optical 

absorptance in the solar spectrum range32. Furthermore, we utilized nanoneedle structures to 

achieve ultrahigh absorptance. This was achieved first with a guideline from the numerical 

model for optimizing the nanoneedle structures for high solar absorptance and then with a facile 

hydrothermal method to synthesize the designed structures that exhibited the high solar 

absorptance. While the pristine nanoneedles experienced grain growth at high temperature in air, 

a thin HfO2 or SiO2 passivation layer coated on Co3O4 and CuCo2O4 nanoneedles maintained the 

sharp-tip structure and the ultrahigh solar absorptance after 100-hour thermal annealing tests at 

650 and 800°C, respectively. The main factors yielding excellent thermal stability and high solar 

absorptance are highlighted, offering a great opportunity for our designed solar absorber to find 

applications in high-temperature solar thermal systems. 

3.2 Simulation of Nanoneedles 

Through simulation work, we propose novel sharp tipped high-temperature stable 

nanoneedle structures that would possess ultrahigh solar absorptivity due to the extreme light 

trapping effect. If designed properly, our proposed structure can also possess an additional 
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benefit of a relatively low IR emission due to the reflectance from the underlying metallic 

substrate (Fig. 3.1a). The inset of Fig. 3.1a shows the geometrical parameters in the model, 

including the nanoneedle length (L), base diameter (Db), period or center-to-center distance 

between two neighboring needles (P), and closest spacing between two neighboring needles (S), 

where P = Db + S. The tip diameter of all the nanoneedles is fixed to be 10 nm to create the 

tapered needle shape. These features are illustrated from our finite element simulations that 

computed the spectral absorptance of the nanoneedle structures from the UV-Vis to near-infrared 

(NIR) regime. The simulations were implemented in COMSOL Multiphysics, and periodic 

conditions were employed to form the repeated nanoneedles33. As shown in Figs. 3.1b–d, we can 

tune the absorptance in the solar and NIR regimes by controlling the length, base diameter, and 

period of the unit nanoneedle (e.g., L ranged from 2 to 4.5 µm, Db ranged from 160 nm to 800 

nm, and S ranged from 10 nm to 100 nm, respectively). Previous studies on the optical 

parameters of the cobalt oxides have reported that the refractive index, especially in the 

imaginary part, is affected by the fabrication process and/or thickness of the layers34-35. Herein 

we used the optical parameters reported by the sputtered thin film of Co3O4 with ~1 µm-

thickness (see Fig. 3.2). In addition, the refractive index of a back reflector was achieved based 

on the measured reflectance of a Haynes 230 substrate (Fig. 3.3), which was used in our 

experiment and is the material of choice for future CSP solar receivers7. We simulated the optical 

absorptance from the spectral range of 280 nm–2.5 µm for Co3O4 nanoneedles on the Haynes 

230 substrate to determine the suitable length, base diameter, and spacing of the nanoneedles. 

Figures 3.1b–d show the influence of the length, base diameter, and spacing of nanoneedles on 

solar absorptance, respectively. As shown in Fig. 3.1b, our modeling predicted an increasing 

absorptivity with increasing length of the nanoneedle, due to a longer optical path.36 For 



50 
 

example, with a fixed base diameter of 160 nm and a fixed period of 170 nm (or spacing of 10 

nm), and increasing needle length from 2 to 4.5 µm, the reflectance dropped and absorptance 

increased. Additionally, Fig. 3.1c shows the simulated reflectance of Co3O4 nanoneedles with a 

fixed length of 4.5 µm and varying base diameters. Solar absorptance for 160 and 800 nm base 

diameter was 98.62% and 99.97%, respectively. Figure 3.1d maintains a nanoneedle length of 

4.5 µm and a base diameter of 160 nm with increasing periods, creating a less dense nanoneedle 

array. When the period increases from 170 nm to 260 nm, the emittance decreases by 

approximately 32%, and the solar absorptance decreases to 91.5%. Our simulated results 

demonstrate that ultrahigh solar absorptance, over 99%, can be achieved when the needle height 

and base diameter are large. Additionally, the reflectance in the NIR regime beyond 1.5 µm can 

be increased with smaller height or base diameter because absorption at longer wavelengths 

requires a larger volume of the nanoneedle10 due to a longer skin depth in this spectral range. 

This feature is beneficial for designing spectrally selective coating (lower IR emittance) but with 

a slight sacrifice on solar absorptance, especially within the spectral range of 1.0–1.5 µm. 

Therefore, depending on the exact optimization objectives of the solar absorber coatings, the 

nanoneedle geometries can be designed to meet the specific needs, thus providing us a general 

and effective platform to design the coatings for a broad range of solar-thermal applications. For 

instance, for CSP solar towers with >1000 solar concentration ratio, the solar absorptance plays a 

dominant role and the design should be focused on achieving as high solar absorptance as 

possible6. 
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Figure 3.1 (a) Schematic of solar irradiation interaction with Co3O4 nanoneedle array. The inset 
shows the geometrical parameters in the model, including the nanoneedle length (L), base 

diameter (Db), period or center-to-center distance between two neighboring needles (P), and 
closest spacing between two neighboring needles (S), where P = Db + S. The tip diameter of all 

the nanoneedles is fixed to be 10 nm to create the tapered needle shape. (b) Simulated reflectance 
spectrum of Co3O4 nanoneedles with a fixed base diameter (Db) of 160 nm and period (P) of 170 

nm with varying lengths (L) of 2 µm (black squares), 3 µm (red circles) and 4.5 µm (blue 
triangles). (c) Simulated reflectance spectrum of Co3O4 nanoneedles with a fixed L of 4.5 um 

and spacing (S) distance of 10 nm with varying base diameters (Db) of 160nm (green squares), 
320 nm (brown squares), and 800 nm (orange triangles). (d) Simulated reflectance spectrum of 

Co3O4 nanoneedles with fixed length (L) of 4.5 µm and base diameter (Db) of 160 nm with 
varying periods (P) of 170 nm (purple triangles), 185 nm (green circles), and 260 nm (pink 

squares). 
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Figure 3.2 Optical parameters of Co3O4. Real (a) and imaginary part (b) of refractive index as a 
function of energy34. 

 

Figure 3.3 Reflectance spectra of Haynes 230 substrate. 

 

3.3 Synthesis of Nanoneedles 

There are two perceived challenges to experimentally achieve the ultrahigh solar 

absorptance in the proposed nanoneedle structures for high temperature application. First, one 

has to use a low-cost and scalable method to fabricate the nanoneedles on a suitable substrate. 

Second, the nanoneedles need to be able to maintain the sharp tip feature at high temperature in 

air. Here, we realized the sharp-tipped nanoneedle design using a facile hydrothermal process 
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and we used refractory spinel cobalt oxide as the base material for the nanoneedles for high-

temperature stability in air (Fig. 3.4). As shown in Fig. 3.4, the spinel cobalt oxide nanoneedle 

array was synthesized through a hydrothermal process, which allows complex and unique 

structures to be grown with proper additives that prevent agglomeration of nanoparticles and 

drive anisotropic growth37. In a typical synthesis of Co3O4 nanoneedles, 6.3 × 10-3 mol of 

CoCl2•6H2O and 7.9 × 10-2 mol of urea were dissolved in 20 ml of deionized water. The 

solution, along with a 2 × 2 cm2 Haynes 230 substrate, was placed in a 45 ml autoclave with a 

Teflon liner at 90°C for 24 h. For CuCo2O4, 2.1 × 10-3 mol of CuCl2•2H2O was mixed with 4.2 × 

10-3 mol of CoCl2•6H2O and 7.9 × 10-2 mol of urea in 20 ml of deionized water. As the 

temperature of the reactant solution rose, a cobalt-hydroxide-carbonate nucleus 

[Cox(OH)y(CO3)z]38 formed on the surface of the substrate. The nucleus prefers to form on a 

solid surface than in the aqueous solution, allowing a densely packed array of nuclei to evenly 

coat the entire substrate39. As the cobalt-hydroxide-carbonate nuclei grew, it is suspected that 

CO3
2- (from the dissolved urea) acted as a self-assembly agent, driving anisotropic growth of the 

nanoneedles40, as opposed to the isotropic growth of nanoparticles when there was no urea30. The 

sample was then annealed at 300°C in air for 4 h to decompose cobalt-hydroxide-carbonate into 

black Co3O4. For MxCo3-xO4 nanostructures (M = Cu, Fe, or Mn), it is believed that 

Mx(OH)y(CO3)z nuclei formed along with Cox(OH)y(CO3)z nuclei to create layers38. Scanning 

electron microscopy (SEM) (Zeiss Sigma 500 SEM, acceleration voltage of 10 kV) was used to 

image the shapes of the nanoneedles. Figs. 3.5a and 3.5b show the SEM images of the as-grown 

Co3O4 nanoneedles, while Figs. 3.5c and 3.5d show the as grown CuCo2O4 nanoneedles. The 

chemical compositions of the synthesized nanoneedles were confirmed to be Co3O4 and 

CuCo2O4 using X-ray diffraction (XRD) (Fig. 3.6). The XRD results were obtained using a 
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Bruker D2 Phaser XRD with Cu Kα (λ = 0.154 nm) as the radiation source, using a scan rate of 

0.0406° s-1 in the 2Θ range of 20°-80°. As shown in Fig. 3.5, an observed black coating signified 

the ability to absorb strongly in the visible light spectrum (insets in Figs. 3.5a and 3.5c). 

 

Figure 3.4 Schematics of the hydrothermal growth of spinel oxide nanoneedles. 

 

Figure 3.5 (a) Top-view and (b) side-view SEM images of Co3O4 nanoneedles. (c) Top-view and 
(d) side-view SEM images of CuCo2O4 nanoneedles. Inserts are photographs of each sample 
grown on approximately 2 × 2 cm2 Haynes 230 substrates, set on top of black colored paper. 
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Figure 3.6 X-ray diffraction (XRD) patterns of as-synthesized Co3O4 and CuCo2O4 nanoneedles. 
Asterisks indicate peaks from the Haynes 230 substrate. 

 

3.4 Optical Properties of Nanoneedles 

Figure 3.7 shows the measured reflection spectrum of representative Co3O4 and CuCo2O4 

nanoneedle samples within the spectral range of 280 nm–14 µm. The lengths (L) for the Co3O4 

and CuCo2O4 nanoneedles are 4.5 µm and 15.8 µm, respectively. The quantitative absorptance of 

the nanoneedle samples was measured from 280 nm to 2.5 µm using a UV-Vis spectrometer 

(Jasco V780 UV-Vis) with a Spectralon-coated integrating sphere and from 2.5 µm to 14 µm 

using a Fourier transform infrared (FTIR) spectrometer (ThermoFisher Nicolet 6700, with a 

Perkin Elmer gold integrating sphere). The measurement uncertainties of both instruments are 

0.1% according to the specifications. To confirm the repeatability, at least five samples of each 

material were synthesized and measured, as shown in Fig. 3.8. Within the spectral range of 280 

nm to 1.6 µm, the reflectance never peaked above 3.5%, showing the remarkable light trapping 

antireflection effect induced by the nanoneedle structure, as suggested in our simulation. The 

measured reflectance values for the Co3O4 and CuCo2O4 nanoneedles were approximately 0.2% 

in the 400-700 nm range, where the solar intensity is the highest. Beyond 1.6 µm, the reflectance 
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increased until it peaked around 55% for Co3O4 and reached around 12% for CuCo2O4. Between 

800 and 1200 nm, there is typically a single, broad reflectance peak on Co3O4 flat films41 and 

nanoparticle coatings30 due to the decreased extinction coefficient in this spectral range, whereas 

in the Co3O4 and CuCo2O4 nanoneedles, this peak has been nearly completely suppressed. The 

disappearance of the peak had a profound effect on the solar absorptance because this spectral 

range accounts for approximately 26% of the observed solar spectrum. 

 

Figure 3.7 Spectral reflectance of nanoneedle arrays. Green and orange solid lines are for 
experimental Co3O4 and CuCo2O4 nanoneedles, respectively (lengths are 4.5 and 15.8 µm, 

respectively). Circles are modeling results for Co3O4 nanoneedles with L = 4.5 µm and Db = 160 
nm, while the squares are modeling results for nanoneedles with optical constants of Co3O4 but 
geometric parameters of CuCo2O4 nanoneedles (L = 15.8 µm and Db = 340 nm). The geometric 

parameters were obtained from the respective SEM images in Figure 23 for each material. 
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Figure 3.8 Reflectance vs wavelength of five Co3O4 nanoneedle samples. (b) Reflectance vs 
wavelength of five CuCo2O4 nanoneedle samples. 

 

Also shown in Fig. 3.7 is the simulated reflectance of Co3O4 nanoneedles with lengths of 

4.5 µm and 15.8 µm. For the 4.5 µm long Co3O4 nanoneedles, the measured data agree well with 

the simulation results on 4.5 µm long Co3O4 nanoneedles, except for some slight difference in 

the IR range, which could be caused by random arrangement and size distribution of the 

nanoneedles produced from the hydrothermal process as opposed to the periodic structure 

considered in the simulation. The difference in the spectral reflectance between the Co3O4 and 

CuCo2O4 nanoneedles could possibly come from two effects: (i) intrinsic optical properties 

between the two materials and (ii) different nanoneedle lengths (L = 4.5 µm for the Co3O4 

nanoneedles and L = 15.8 µm for the CuCo2O4 nanoneedles). To analyze the causes for the 

different optical responses, we also simulated the spectral reflectance of Co3O4 nanoneedles but 

with L = 15.8 µm (the optical constants for CuCo2O4 within the entire spectral range are not 

available for the modeling). As shown in Fig. 3.7, the modeled data of the longer Co3O4 

nanoneedles largely follow the trend of the experimental data of the 15.8 µm long CuCo2O4 

nanoneedles for spectral wavelength shorter than 3 µm. This means that the higher absorption of 
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the CuCo2O4 nanoneedles within this spectral range is mainly due to the stronger light trapping 

effect associated with the longer nanoneedles. However, there is a considerable difference 

beyond the 3 µm wavelength between the modeled data of the 15.8 µm long Co3O4 needles and 

the experimental data of the CuCo2O4 needles of the same length: the CuCo2O4 nanoneedles are 

more absorbing in this spectral range, which can be attributed to the more conductive nature of 

CuCo2O4 because of its narrower optical bandgap compared to that of Co3O4
42. 

We calculated the effective solar absorptance using the measured spectral absorptivity 

weighted by the solar spectrum based on 
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   (3.1) 

where ] is the wavelength, R(]) is the measured spectral reflectance in Fig. 3.7, and ,�(]" is the 

direct solar irradiance as defined by ASTM G173-03 AM1.5Direct + Circumsolar43. Since the 

instruments have a rated uncertainty of 0.1% in the reflectance value, the obtained solar 

absorptance also has the same relative uncertainty according to Eq. (3.1). The weighted solar 

absorptance is calculated to be 99.0% and 99.3% for the Co3O4 and CuCo2O4 nanoneedles, 

respectively, a record high number amongst all the high-temperature solar absorber coatings, 

e.g., 5%-6.5% higher than Co3O4 films44-45 and ~2%-3% higher than our earlier Co3O4 

nanoparticle coating30 as well as Pyromark 2500, a commercialized high-temperature black 

paint46. The solar absorptance is comparable to several exotic nanostructures reported so far, 

such as carbon nanotube array47. However, the C, Si, or Au based nanostructures reported earlier 

are not expected to stable in air at high temperature, while our spinel oxide nanostructures are 

more stable. 

 

 



59 
 

3.5 Thermal Stability of Nanoneedles 

3.5.1 Uncoated nanoneedles 

As discussed earlier, besides the ultra-high (>99%) solar absorptance, the other necessary 

attribute of a solar absorber is its superior stability in air at high temperature. This is especially 

important for solar thermal applications such as solar tower CSP plants which, due to their 

geometric design, can operate above 650°C in air. The refractory nanoneedles with 

stoichiometric oxide composition cannot be further oxidized in air, thus offering excellent 

chemical stability in air at high temperature within the stability window of the material. To 

test the high temperature stability of the nanoneedles which can be influenced by both the 

chemical and morphological stability, we carried out 100 h isothermal annealing at 650 and 

800°C for Co3O4 and CuCo2O4 nanoneedles, respectively. CuCo2O4 was tested at a higher 

temperature because of its potentially higher thermal stability due to the partial substitution of 

CuO phase (melting point 1326°C48) into the Co3O4 lattice (melting point 895°C49)50. The SEM 

images in Figs. 3.9a and 3.9c presented evidence of the morphological change in the thermally 

annealed Co3O4 and CuCo2O4 nanoneedles, where the sharp tips once observed in the as grown 

nanoneedles became blunt, and there were several new contact necks in the body. The chemical 

compositional change was ruled out because Co3O4 is known to be stable in air up to 

900°C51. This was also confirmed by the identical XRD peaks between the annealed and as-

grown nanoneedles (Fig. 3.9e). It is well known that nanostructures are more susceptible to 

morphological changes such as grain growth at a temperature well below its melting point in the 

bulk form52. In a recent study, Co3O4 nanograins were observed to require only one-third of the 

bulk activation energy for grain growth53, which clarifies why the Co3O4 nanoneedles 

experienced grain growth at a temperature (650°C) well below its melting point (895°C). Similar 
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behavior was also believed to have occurred in the CuCo2O4 nanoneedles. After observing the 

morphology, we re-measured the solar absorptance and observed an increase in the reflectance 

between 800 and 1200 nm (Fig. 3.10a), thus suggesting a loss of the strong light trapping effect 

offered by the sharp-tipped nanoneedles. These increases in the reflectance led to appreciable 

decreases in the weighted solar absorptance from 99.0% to 94.8% for Co3O4 and from 99.3% to 

96.7% for CuCo2O4 (Fig. 3.10b). 

 

Figure 3.9 SEM images of annealed samples. (a) uncoated Co3O4; (b) HfO2- coated Co3O4 
annealed at 650°C for 100 h in air; (c) uncoated CuCo2O4; and (d) SiO2-coated CuCo2O4, 

annealed at 800°C for 100 h in air. (e) X-ray diffraction (XRD) pattern of pre-annealed and 
annealed samples. Unbolded Miller indices represent HfO2 phase. Asterisks indicate peaks from 

the Haynes 230 substrate. 

 

3.5.2 Coated nanoneedles 

The effects on the solar absorptance by the presence and disappearance of the sharp tips 

in the nanoneedles directly prove our initial physical understanding of utilizing geometrical 

control to tailor the optical properties to the specific solar-thermal applications, e.g., achieving 

ultrahigh solar absorptance using even a moderately absorbing intrinsic material (namely, Co3O4 

and CuCo2O4). While the present nanoneedle structures do change the sharp tip morphology at 
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high temperature due to the faster grain growth in nanostructures, this issue can be readily 

mitigated by either using a material with a substantially higher intrinsic melting point or taking 

protective measures to inhibit the grain growth. Here we show the latter strategy to stabilize the 

sharp tips in the nanoneedle using a thin (~10 nm) protective coating, made of hafnium dioxide 

(HfO2) or SiO2 via atomic layer deposition (ALD). HfO2 was deposited by using the Beneq 

TFS200 Atomic Layer Deposition machine, using tetrakis(dimethylamido)hafnium(IV) 

(TDMAH) and H2O precursors. The temperature was set at 200°C in an N2 atmosphere. The 

deposition rate was 0.16 nm/cycle. SiO2 was deposited by using the Beneq TFS200 Atomic 

Layer Deposition machine at 200°C, using N-(diethylaminosilyl)- N-ethylethanamine (SAM24) 

as the precursor in an O3 atmosphere. The ALD process ensured the conformal coating on each 

of the individual nanoneedle. HfO2 and SiO2 were chosen due to their demonstrated thermal 

stability54-55. We confirmed that the thin ALD coating did not noticeably change the morphology, 

as shown in Fig. 3.11. After the deposition, the coated Co3O4 and CuCo2O4 nanoneedle samples 

were also annealed in air for 100 h at 650°C and 800°C, respectively. The SEM images in Figs. 

3.9(b) and 3.9(d) revealed that the coated Co3O4 and CuCo2O4 nanoneedles did not experience 

similar structural changes seen in the uncoated ones. This preserved nanostructure was 

reaffirmed in the measured reflectance data (Fig. 3.10a). The reflectance peak between 800 and 

1200 nm stayed suppressed, similar to the as-grown (pre-annealed) samples shown in Fig. 3.5, 

allowing the measured solar absorptance to be higher than the annealed uncoated nanoneedles 

and only slightly lower than the as-grown ones (Fig. 3.10b). These coated nanoneedles exhibited 

higher solar absorptance and a smaller degradation rate compared to the state-of-the-art black 

oxide coating in Pyromark 250056. These results suggest that a thin coating of HfO2 or SiO2 acts 

as a passivation layer around nanoneedle during annealing, demonstrating the effectiveness of 
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this strategy to preserve the sharp tip morphology of the nanoneedles and its ultrahigh solar 

absorptivity. 

 

Figure 3.10 Spectral reflectance of annealed nanoneedle samples. (b) Solar absorptance (S) of 
all the nanoneedle samples before and after annealing for 100 h, compared to Pyromark 250055. 

Error bars are the standard deviation between the samples. The reported solar absorptance has an 
uncertainty of 0.1% due to the reflectance measurement uncertainty of the instruments (UV-Vis 

and FTIR). 

 

Figure 3.11 SEM image of HfO2-coated Co3O4 nanoneedles, before annealing. 

 

We note that the optical properties of the nanoneedles were evaluated at room 

temperature before and after high temperature annealing. While the annealing demonstrated the 
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high-temperature stability of the passivated nanoneedles, the optical properties could be 

dependent on the temperature and direct high-temperature optical measurements, similar to the 

one shown by Wang et al.57, would have been more desirable. Nevertheless, the key point of this 

work is to demonstrate the ultrahigh absorptance (>99.0%) within the solar spectrum, which is 

not expected to decrease at high temperature because the imaginary permittivity of Co3O4 within 

the spectral range of 190 nm–1.7 µm, which dictates the solar absorptance, was found to change 

slightly with temperature from 100 to 400°C58. Earlier studies59-60 have also shown almost 

temperature independent solar absorptance values, albeit with an increasing thermal emittance, 

with the temperature. 

3.6 Conclusion 

In summary, we have theoretically and experimentally demonstrated that sharp-tipped 

nanoneedles of refractory spinel oxides can possess both ultrahigh solar absorptance (over 99%) 

and high-temperature stability when coated with a thin passivation layer to inhibit the grain 

growth. We utilized facile hydrothermal synthesis produced Co3O4 and CuCo2O4 nanoneedles 

with sharp tips and suitable aspect ratios, which exhibited a high solar absorptance over 99%. 

Coating the nanoneedles with a thin HfO2 or SiO2 layer through ALD can stabilize the sharp 

Co3O4 and CuCo2O4 nanoneedles at 650°C and 800°C, respectively, for 100 h in air and preserve 

the ultrahigh solar absorptance. Optimized sharp nanostructures made from refractory spinel 

oxides with suitable passivation coatings could potentially benefit future high-temperature solar-

thermal energy conversion applications such as CSP solar tower. The strategy can also be 

applied to other spinel oxides with higher intrinsic melting point to further push the high 

temperature limit of these unique light-trapping nanoneedle structures. 
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Chapter 4: Thermally insulative and corrosion resistance high entropy oxides 

for molten salt storage 

 

4.1 Introduction 

Clean electricity has been at the forefront of research and analyses, with the increasing 

threat of climate change and electricity’s production of greenhouse gas emissions through 

carbon-based fuels. Despite being less than 5% of the global population, the United States 

produces more than 15% of the global CO2 emissions1, and electricity consumption will increase 

approximately 8% in the next 30 years2. Fortunately, renewable energy sources have been 

increasing in recent years, including solar-thermal energy technologies such as concentrated 

solar power3 (CSP). CSP encompasses a heat transfer fluid that can be immediately used for 

electricity in the power block or stored for later use; the storage units provide heat to steam-

powered electric generators at night or on cloudy days. According to the 2019 NREL report for 

2030 and 2050 cost projection of CSP and photovoltaic, nearly all new CSP installations will 

need to have a thermal energy storage (TES) component in order to meet the projected levelized 

cost of energy (LCOE) of $0.05/kWh by 20304.  

Historically, oil was used as the heat transfer fluid, but the limited working temperature 

has encouraged molten salts to secure its place in recent CSP power tower installations5. Current 

state of the art for molten salt are mixtures of potassium nitrate and sodium nitrate. Nitrates are 

inexpensive and have high heat capacity, allowing the molten salt mixture to continue producing 

electricity for long periods after the sun sets6-8. However, as Carnot efficiency drives for higher 

working temperatures of the heat transfer fluid, nitrate salts will unlikely be competitive 
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candidates for the next generation of CSP plants, which require working temperature of 720°C9-

10. Other molten salt candidates, such as chlorides and carbonates, have considerable promise 

through research efforts, and each group has advantages and disadvantages4. Zn-based chlorides, 

while having the lowest melting point to prevent freezing, also have the lowest heat capacity; 

Mg-based chlorides have the lowest cost but also the highest melting point; ternary carbonates 

have high heat capacity but also the highest melting point and highest costs. For all salt mixtures, 

corrosivity is a major concern, especially as the corrosiveness increases with increasing 

temperature11. Special care is required to mitigate the impact of hot molten salt corrosion, such 

as removing moisture removal12 or utilizing corrosion-resistant metal drums to store the hot 

molten salt13-14. These corrosion-resistant materials can be cost-prohibitive, accounting for nearly 

half of the overall cost of TES for CSP4. Outlook for TES includes finding alternative solutions 

for the corrosion problem. 

A potential solution to aid in the selection of a new molten salt involves a thin, thermally 

insulative and corrosion resistant inner coating inside tanks and pipes. A thin thermal barrier 

with excellent insulative properties can cause a 55°C temperature drop across the cross-section15. 

Thermal insulation would allow molten salts to maintain a high working temperature without 

concerning the temperature of the storage tank. If the coating is corrosion-resistant in addition to 

being thermally insulative, not only would the lifetime of the storage tank would be preserved, 

but laborious task of moisture removal from the molten salt could be mitigated. The coating 

would provide a thermal and environmental barrier coating between the hot molten salt and the 

storage material, potentially widening the range of both molten salt and storage tank material 

candidates for next generation concentrated solar power plants with molten salt TES. 
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The insulative coating could potentially come from a class called high entropy ceramics 

(HEC). High entropy alloys were initially discovered and synthesized in 200416-17, and the first 

high entropy ceramic (coined “entropy-stabilized oxide”) was synthesized by Rost, et al in 

201518. The high entropy oxide was an equimolar rocksalt structure of copper, cobalt, 

magnesium, zinc, and nickel and has demonstrated 2.95 W/m-K thermal conductivity at 300K19. 

Since her discovery, a multitude of other high entropy ceramics such as borides20, carbides21-22, 

perovskites23, spinels24, silicides25, and fluorites26 have debuted in the high entropy ceramic field. 

Impurities from doping, also known as point defects, have been used to lower the lattice 

thermal conductivity27. Point defects lead to crystal lattice distortion, which leads to phonon 

scattering when the normal mode of the phonon is no longer supported. Point defect scattering is 

determined by the (i) mass contrast, (ii) loss of symmetry in the lattice, and (iii) changes in bond 

strength28. When different sizes and masses of elements share a crystal lattice in HECs, larger 

atoms push away their neighbors, leaving extra space around the smaller atoms. The strain 

energy associated with lattice distortion encourages phonon scattering which leads to lowered 

thermal conductivity26, 29-30. Ceramics are normally resistant to corrosion due to their high 

chemical stability31-32, but the lattice distortion in high-entropy materials also leads to sluggish 

kinetics and corrosion resistance33-34. 

In this chapter, high entropy spinel oxides (HEOx) are synthesized through a low-tech 

hydrothermal growth process and compared to earlier work to confirm their identical 

composition and crystal structure through X-ray diffraction (XRD) and energy-dispersive X-ray 

spectroscopy (EDS). Elements that promote phase separation are discussed. Lastly, a plan for 

reviewing the impact of charge, radius, and mass standard deviation for single phase high 

entropy spinel oxides are proposed. 
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4.2 Materials and Methods 

4.2.1 Synthesis 

 Historically, the majority of HEC, including HEOx, have been synthesized through ball 

milling metal oxide nanopowers and then sintering at high temperature. Biesuz, et al synthesized 

equimolar (Co1/5Cu1/5Mg1/5Ni1/5Zn1/5)O via hydrothermal growth and found the crystal structure 

and elemental homogeneity to be comparable to the original rocksalt structure synthesized by 

Rost, et al in 201535. Hydrothermal growth allows growth of crystalline nanoparticles in high 

vapor pressure and at reduced time scales and temperatures compared to ball milling and 

sintering. Establishing a low-tech and quick synthesis technique could allow for future 

researchers to create a multitude of HEOx and establish optimal compositions for a variety of 

applications. 

 Previous work has been successful in synthesizing spinel oxides from hydrothermal 

growth36-38 (Fig. 4.1). Equimolar amounts of chloride salt precursors (CoCl2•H2O, CrCl3•6H2O, 

FeCl3•6H2O, MnCl2•4H2O, NiCl2•6H2O) were mixed in DI water individually for 30 minutes 

and together for 60 minutes before adding 10M NaOH dropwise until the pH value reached 11.5. 

After mixing for an additional 60 minutes, the solution was placed in a Teflon-lined autoclaved 

and placed in the oven at 200°C for 20 hours. After allowing the autoclave to cool to room 

temperature, the solution was washed with DI water and centrifuged three times. After drying in 

an oven at 50°C, the powders were ground and then annealed in a tube furnace at 550°C for 5 

hours in air. Some compositions required additional heat treatment at 850°C or 1100°C in air for 

24 hours after annealing. After each annealing step, the powders were “air quenched” to prevent 

phase separation as the samples cooled to room temperature. 



74 
 

 

Figure 4.1 Schematic of hydrothermal growth process of high-entropy oxides. 

 

4.2.2 Characterization 

Scanning Electron Microscopy (SEM) and Energy Dispersive X-Ray Spectroscopy 

(EDS) (Zeiss Sigma 500 SEM, acceleration voltage of 10 kV) were used to image the 

morphology, analyze the size of the nanoparticles, and examine the elemental contents of each 

sample. Raman spectroscopy (Renishaw inVia), with an upright microscope with x-y mapping 

stage and 532 nm and 785 nm laser sources were used to analyze the low-frequency vibrational 

modes of the bonds. 

Theoretical X-ray diffraction (XRD) patterns were calculated using a 3D visualization 

program called VESTA (Visualization of Electronic and STructural Analysis). Experimental 

XRD patterns of each sample were characterized using a Bruker D2 Phaser XRD with Cu Kα 

(λ=0.15418 nm) as the radiation source, using a scan rate of 0.0406° s−1 in the 2Θ range of 10–

90° to determine the single phase spinel structure of our samples. 
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4.3 Results and Discussion 

4.3.1 Results of synthesis 

 The crystal structure of (Co1/5Cr1/5Fe1/5Mn1/5Ni1/5)3O4 was mapped out in VESTA and is 

shown in Fig. 4.2a. Spinels have a symmetrical cubic structure with an Fd3m space group and 

programmed to have an 8.345 Å lattice parameter. HEA and HEC have maximized mixing 

entropy and each metal ion on the crystal lattice is evenly distributed. Therefore, each metal ion 

has an equal probability of existing on each metal ion site and each metal ion on the (0.125, 

0.125, 0.125) and (0.5, 0.5, 0.5) sites were programmed to be 20% Co, Cr, Fe, Mn, or Ni. The 

calculated XRD pattern shown in Fig. 4.2b was compared to the as-synthesized 

(Co1/5Cr1/5Fe1/5Mn1/5Ni1/5)3O4 nanopowders and the peaks were confirmed to be identical. The 

XRD pattern was compared to an earlier paper that synthesized the same compound and found to 

be identical24. Raman spectroscopy, a non-destructive technique to determine the low-frequency 

vibrational modes of molecules, also showed comparable results (Fig. 4.3). 

 

Figure 4.2 (a) Crystal structure schematic of cubic spinel (Co1/5Cr1/5Fe1/5Mn1/5Ni1/5)3O4. 
(b) Calculated XRD pattern compared to experimental XRD pattern of 

(Co1/5Cr1/5Fe1/5Mn1/5Ni1/5)3O4. 
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Figure 4.3 Raman spectra of (Co1/5Cr1/5Fe1/5Mn1/5Ni1/5)3O4. 

 

 Additional compositions of 5 elemental spinel HEOx were synthesized, replacing one or 

two elements with Ti, Zr, Mg, Al, Zn, Cu, or V. Single phase spinel oxides were successfully 

synthesized with Mg, Al, Zn, Cu, and V, but Ti and Zr produced multiple phases, confirmed by 

EDS (Fig. 4.4). Phase separation in high-entropy oxides can occur if the dopant material is larger 

than the crystal lattice parameter39-40. The ionic radius in the HEOx are Cr3+ (0.755 Å), Fe3+ 

(0.785 Å), Ni2+ (0.83 Å), Mn2+ (0.97 Å), Cu2+ (0.87 Å), or Co2+ (0.885 Å)41. However, the radius 

of Zr4+ (0.73 Å) is comparable, and Ti4+ ionic radius is 0.56 Å, smaller than the other ionic radii 

in the lattice and has zero octahedral stabilization energy, meaning it should have no preference 

for tetrahedral or octahedral geometry and thus not be in competition for those sites; 

unfortunately, it separates easily. If the titanium ion adopted a different valence charge, such as 

Ti2+ (1.00 Å), it would fit the reasoning for phase separation. However, distortion of the local 

structure could also happen when the ion is smaller compared to other cations39. Analysis of 
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distortions and clustering by calculating the of enthalpy and entropy would give insight to 

titanium’s separation. 

 

Figure 4.4 Energy X-ray spectroscopy (EDS) of multicomponent oxide powders. Titanium 
phase separation can be observed. 

 

4.3.2 Entropy stabilization 

 To establish a trend between increasing entropy and lowered thermal conductivity due to 

increased lattice distortion, medium (3-4 cation) and high entropy (5+ cation) HEOx were 

synthesized and measured. Medium entropy compositions of (Co1/3Fe1/3Mn1/3)3O4 and 

(Co1/4Mn1/4Fe1/4Ni1/4) 3O4 and a high entropy composition (Co1/6Cr1/6Cu1/6Fe1/6Mn1/6Ni1/6) 3O4 (in 

addition to the original (Co1/5Cr1/5Fe1/5Mn1/5Ni1/5)3O4 composition) were synthesized through 

hydrothermal growth. Each composition is similar, apart from adding one element to each 

composition e.g. adding Ni to (Co1/3Fe1/3Mn1/3)3O4 creates (Co1/4Mn1/4Fe1/4Ni1/4) 3O4, etc. Their 

calculated XRD pattern was compared to their experimental XRD pattern to determine if the 

compositions were single phase. After annealing at 550°C for 5 hours, two additional peaks were 
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observed in the XRD pattern for medium entropy compositions (Co1/3Fe1/3Mn1/3)3O4 and 

(Co1/4Mn1/4Fe1/4Ni1/4) 3O4 (Fig. 4.5). After further heat treatment at 850°C for 24 hours, these two 

peaks collapsed and a single phase spinel XRD pattern emerged. High entropy 

(Co1/5Cr1/5Fe1/5Mn1/5Ni1/5)3O4  did not require additional heat treatment beyond 550°C to be 

single phase. The rocksalt structure synthesized by Rost, et al was termed “entropy-stabilized 

oxide” because Rost et al argued that the high entropy in the structure stabilized the composition 

into a solid phase solution; when one element was removed from the composition, multiple 

phases emerged despite identical processing18. Similarly, between the medium and high entropy 

composition, where only one or two elements differed between the compositions, secondary 

phases emerged after processing.  It could be argued here that despite indistinguishable 

processing between medium and high entropy oxides, only the (Co1/5Cr1/5Fe1/5Mn1/5Ni1/5)3O4 

high entropy oxide was single phase before additional heat treatment, agreeing with previous 

research on the significant role entropy plays into stabilizing the composition into a single phase 

solid solution18, 39, 42. Despite (Co1/6Cr1/6Cu1/6Fe1/6Mn1/6Ni1/6) 3O4 having high entropy, further 

heat treatment at 1100°C for 24 hours was required to mitigate the extra CuO phase, potentially 

due to the Jahn-Teller distortion of Cu2+ ion leads to shorter Cu2+-O2- separations, and thus 

separation43-44. EDS confirms elemental homogeneity between all four compositions in Fig. 4.6a-

d. 
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Figure 4.5 Calculated and experimental  XRD patterns for (Co1/3Fe1/3Mn1/3)3O4, 
(Co1/4Fe1/4Mn1/4Ni1/4)3O4, and (Co1/5Cr1/5Fe1/5Mn1/5Ni1/5)3O4. Asterisks indicate secondary 

phase(s). 

 

 

Figure 4.6 EDS results for (Co1/3Fe1/3Mn1/3)3O4, (Co1/4Fe1/4Mn1/4Ni1/4)3O4, 
(Co1/5Cr1/5Fe1/5Mn1/5Ni1/5)3O4, and (Co1/6Cu1/6Cr1/6Fe1/6Mn1/6Ni1/6)3O4. 
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4.4 Future Work 

4.4.1 Study on ionic radii, mass, and charge disorder  

 Although the mixing entropy increased from (Co1/3Fe1/3Mn1/3)3O4 to 

(Co1/6Cr1/6Cu1/6Fe1/6Mn1/6Ni1/6) 3O4, there was room for improvement to create severe lattice 

distortion by combining a wide variety (standard deviation) of atoms with different sizes and 

masses. Additionally, it is hypothesized that charge disorder will also contribute to highly 

disordered interatomic forces, further driving down thermal conductivity19. To understand the 

individual impact of disordering from ionic radii, mass, and charge, each possible 5-component 

spinel oxide composition of Mg, Al, V, Cr, Fe, Mn, Co, Ni, Cu, and Zn were calculated and 

graphed in Figure 4.7 with respect to increasing standard deviation of ionic radii, mass, and 

charge. By stagnating two parameters, increasing the disorder of the third parameter, and 

measuring the thermal conductivity of each sample, it is possible to draw conclusions on the 

individual impact the disorder of the ionic radii, mass, and charge has on thermal conductivity. 

For example, the three blue dots on the plot represent (Co1/5Cr1/5Cu1/5Fe1/5Mn1/5)3O4, 

(Cr1/5Fe1/5Mn1/5Ni1/5Al1/5)3O4, and (Co1/5Cr1/5Mn1/5Al1/5Mg1/5)3O4. All three compositions 

maintain similar charge and ionic radii standard deviation, but the mass standard deviation 

increases from (Co1/5Cr1/5Cu1/5Fe1/5Mn1/5)3O4 to (Co1/5Cr1/5Mn1/5Al1/5Mg1/5)3O4. Lastly, the 

standard deviation of all parameters is increased with the green dot representing 

(Cu1/5V1/5Zn1/5Mg1/5Al1/5)3O4, which has the highest disorder of charge, mass, and ionic radii 

from the option of elements for the HEOx spinel composition. Understanding the individual 

impact of charge, ionic radii, and mass can help future studies make informed decisions on 

favorable spinel compositions to create thermally insulative coatings. 
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Figure 4.7 Possible combinations of 5 cation spinel oxides with Mg, Al, Co, Cu, Cr, Fe, Mn, Ni, 
and Zn, plotted against charge, mass, and ionic radii standard deviation. 

 

4.4.2 High temperature thermal conductivity 

Laser flash analysis allows thermal diffusivity to be measured at elevated temperatures. 

As an energy pulse heats one side of a sample, the time dependent temperature rise on the other 

side is evaluated. Thermal diffusivity, noted as �, is measured as the rate at which the material 

reaches thermal equilibrium: 

f�
fg = �h9)          (5.2) 

The formula for calculating thermal diffusivity to thermal conductivity is: 

� = i
(	jk"         (5.3) 
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Where < is the thermal conductivity [W/m-K], 3l is the specific heat capacity [J/kg-K], and m  is 

the density [kg/m3]. Differential scanning calorimetry (DSC) measures the difference in the 

amount of heat required to increase the temperature of a sample and will provide the specific 

heat capacity of the material. With the thermal diffusivity, specific heat capacity, and density, the 

thermal conductivity can be calculated. 

4.4.3 Molten salt testing 

A crucial detail that could prove the usability of the HEOx for CSP-TES would be its 

ability to withstand molten salt corrosion. Future plans include to test the corrosion resistance by 

immersing the HEOx into molten salt at 1000°C, and then evaluating the corrosion resistance by 

measuring weight and taking EDS to map the salt. HEA and HEC possess sluggish kinetics, 

which can contribute to corrosion resistance33-34. 

4.5 Conclusion 

In summary, we have experimentally demonstrated that single phase high entropy oxides 

(HEOx) can possess low thermal conductivity by expression of severe lattice distortion from 

their complex crystal structure. We synthesized single phase HEOx through a facile 

hydrothermal growth process and further heat treatment. Heat treatment of medium entropy 

oxides provided confirmation of entropy’s role in stabilizing complex solutions into a solid 

single phase. Future work includes a case study to uncouple the effects of ionic radii, mass, and 

charge disorder and determine which parameter contributes the most to lowered thermal 

conductivity. Afterward, laser flash method and differential scanning calorimetry (DSC) will 

determine the thermal conductivity at elevated temperatures. Lastly, molten salt immersion will 

establish the corrosion resistance. The strategy can be applied to other HEOx spinels, 
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pyrochlores, or perovskites to further push the thermal conductivity limit of these unique class of 

compounds. 
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Chapter 5: Conclusions and future work 

5.1 Summary 

 High temperature thermal design is imperative to study for improving thermal energy 

conversion technologies. Clean and reliable electricity benefit from high temperature thermal 

design for higher efficiency and lower costs. In this dissertation, improving concentrated solar 

power (CSP) in solar absorber coatings and thermal energy storage (TES) has been the focus of 

research, experiments, and discussed results. 

 Copper-containing spinel oxides were hydrothermally grown, spray-coated onto Haynes 

230 substrate, and their optical properties were measured and compared to the state-of-the-art 

(Pyromark 2500). Porous coatings were fabricated for a gradient refractive index and increased 

light trapping by utilizing sacrificial polymers; the absorptance increased approximately 1% 

between the dense and porous single layer coating of Cu0.5Cr1.1Mn1.4O4. CuCr2O4 had the highest 

absorptance before thermal testing due to its strong absorption in the visible light range. After 

annealing at 800°C for 2000 hours, XRD patterns revealed phase stability in all UCSD 

synthesized coatings, but Pyromark revealed new peaks, alluding to new phase(s) within the 

coating; grazing incidence XRD pointed to a new MnCr2O4 phase at the interface of Pyromark 

and the substrate, Haynes 230. There was little particle growth after annealing for all coatings 

except for a few large particles in CuCr2O4, although the irregular particle growth was not 

significant enough to have a substantial impact on the solar absorptance. After thermal testing, 

optical measurements showed porous Cu0.5Cr1.1Mn1.4O4 had the highest absorptance of all 

samples, and had no degradation from the unannealed absorptance value (+0.1%). Pyromark had 

the largest absorptance degradation at -1.9%, potentially due to the phase instability. 
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 Although nanostructured film of black spinel oxides proved thermal stability and high 

absorptance, there was a greater improvement in absorptance when Co3O4 nanoneedles were 

synthesized. In a similar hydrothermal growth recipe, with the addition of urea to act as an 

assembly agent, Co3O4 nanoneedles demonstrated 99% solar absorptance, approximately 5-6.5% 

higher than flat Co3O4 films and approximately 2% higher than the porous Cu0.5Cr1.1Mn1.4O4 

coating. Co3O4 nanoneedles with varying diameter, length, and periodicity were simulated to 

analyze the best parameters for solar absorption. It was shown that nanoneedles with large 

diameters absorbed light at longer wavelengths due to a longer skin depth, longer nanoneedles 

allowed a longer optical path of light, and reduced periodicity increases absorptance from 

discouraging light from interacting with the metallic substrate underneath. Although grain 

growth in Co3O4 degraded the nanoneedles after thermal annealing, doping with CuO and adding 

a passivating layer improved the thermal stability and the SiO2-coated CuCo2O4 nanoneedles had 

over 99% solar absorptivity before and after annealing at 800°C for 100 hours in air. This ultra-

high absorptivity is the highest absorptivity observed in thermally stable CSP receiver coating 

candidates, and has the potential to be included in the next generation CSP technologies.  

 Lastly, high entropy oxides (HEOx) were developed to provide a thermally insulative 

coating for TES tanks. (Co1/5Cr1/5Fe1/5Mn1/5Ni1/5)3O4 spinel oxide nanoparticles were grown 

hydrothermally for the first time and were successfully confirmed to be single phase by XRD 

and EDS. Medium entropy oxides, (Co1/3Fe1/3Mn1/3)3O4 and (Co1/4Fe1/4Mn1/4Ni1/4)3O4 were 

grown hydrothermally but required additional heat treatment at 850°C, confirming the 

stabilization from high entropy in the (Co1/5Cr1/5Fe1/5Mn1/5Ni1/5)3O4 material. Other compounds 

containing Ti or Zr were also synthesized but unable to be single phase due to size effects 

causing separation of phases. The exciting new field of high entropy oxide has a wide variety of 
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potential applications due to its low thermal conductivity and sluggish kinetics, and producing 

many compositions from hydrothermal synthesis can allow quick analysis for applications 

beyond CSP. 

5.2 Future work 

 There are several opportunities to further develop the materials created for high-

temperature applications, either for cost-benefits, better efficiency, higher thermal stability, or 

scalability. Some suggestions have been mentioned in previous chapters and they have been 

summarized again here. 

 In Chapter 3, the nanoneedle structure has demonstrated strong light-trapping ability. 

Although SiO2-coated CuCu2O4 nanoneedles have no degradation after testing at 800°C for 100 

hours, coating SiO2 via atomic layer deposition (ALD) is not scalable for CSP technologies. 

Future work should involve finding a material with nanoneedle structure but with more thermally 

enduring intrinsic properties.  

 In Chapter 4, while various compositions of HEOx were demonstrated to be successfully 

grown via low-tech synthesis, there is considerable future work ahead before they can be 

considered for TES. High temperature thermal conductivity measurements via laser flash and 

differential scanning calorimetry will reveal their thermal properties at the operative temperature. 

More importantly, corrosion testing in hot molten salt (1000°C) will determine the lifespan of the 

HEOx and its viability to be a barrier coating between hot, corrosive molten salt and the storage 

containers. Lastly, it is important to further understand how ionic radii, mass, and charge 

contribute to disorder and therefore reduce thermal conductivity in HEOx. Having a deeper 

knowledge of what contributes to lattice distortion will better allow future scientists to develop 

HEOx for applications beyond CSP. 
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