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11 Abstract
12 Based on solar-thermal application more than 1000 °C, a novel combination of sol-gel synthesis
13 and stepwise calcination to prepare metal-ion doped alumina composite particles as heat transfer
14 media were proposed, enhancing solar energy absorption and lowering preparation temperature.
15  Investigations focused on the elemental distribution, phase composition, oxidation states, optical
16  properties and thermal stability of the composites, which were doped with Cr, Co, Cu, Fe, and Mn
17  metal ions in a 100:5 molar ratio. The first-principles calculations elucidate the mechanism behind
18  the impact of transition metal ions on alumina's optical properties. Results show that introducing a
19  small quantity of metal atoms results in new impurity energy levels and electron states around
20  Er=0. Specifically, the band gap energy of Cu- and Mn-Al,O3 decreases from 6.017 eV to 4.464 eV
21 and 2.170 eV, respectively. Correspondingly, the absorptivity of these composite particles increases

22 from around 20% to 76.6%. And Tauc analysis indicates a decrease in the optical band gap of the
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particle materials from 5.37 eV to a range of 2.88-4.90 eV. Additionally, doping with Mn, Fe, and
Cu accelerates the in-situ formation of a-Al2Os crystals, with a phase transition temperature below
1000 °C and a crystallinity exceeding 93%. Thermal stability tests show that the particles are highly
stable, exhibiting a mere 0.49% mass change between 30 °C and 1200 °C. The stepwise inert
annealing strategy and metal-iron doping positively influence the optical performance of alumina,
synthesizing long-term high-temperature stable alumina ceramic particles with absorptance
enhancement and a low a-AlxO3 phase transition temperature. These attributes make a favorable
choice for solar-thermal applications in direct irradiation.
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Nomenclature

A absorbance

C physical quantities related to the material

E energy value [eV]

F Kubelka-Munk function

h Planck constant of 4.13566743x1071° [eVs]
1 AM 1.5 standard solar spectrum [W/(m?-nm)]
k absorption coefficient

n transition power factor

N density of state

R absolute reflectivity

R’ relative reflectivity

|4 unit cell volume [A3]

Xe relative crystallinity

Z the number of electronic states

Greek symbols

o absorptivity

A wavelength [nm]

0 photon frequency [Hz]

Subscript
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F Fermi level

g band gap

1 lattice

r reference

S sample

v vacanciy

w solar weighed

0 infinitely thick

Abbreviations

AM arithmetic mean

CBM conduction band minimum

CSP Concentrated Solar Power

DFT Density functional theory

DSC-TGA differential scanning calorimeter-thermogravimetric analyzer
EDS energy dispersive X-ray spectroscopy
FCC face-centered cubic

FWHM full width at half maximum

GGA generalized gradient approximation
HCP hexagonal close-packed

PAW projector augmented wave

PBE Perdew—Burke—Ernzerhof
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PDOS

SEM

SPSR

TDOS

VASP

VBM

WM

XRD

XPS

partial density of states

scanning electron microscope

solid particle solar receiver

total density of states

Vienna ab-initio simulation package
valence band maximum

weighted mean

X-ray diffractometer

X-ray photoelectron spectroscopy



87  1.Introduction
88 With the current global surge in energy demand, solar power technology has garnered significant
89  attention, offering numerous advantages over traditional fossil fuel sources, including that of
90  significant reduction of greenhouse gas emissions, economically feasible solar power generation
91  and further decrease of cost in near future. Despite facing some challenges such as improving
92  power generation efficiency, enhancing energy storage technology and adapting to weather changes,
93  solar energy, as a renewable, clean and economically viable energy option, holds tremendous
94  potential for development [1].
95 Concentrated Solar Power (CSP) technology is a viable solar power generation solution [2]. In
96  CSP systems, optical components such as large concentrators are used to focus sunlight onto a
97  single point or line. The concentrated sunlight raises the temperature of a heat transfer fluid in the
98  focal area, which is then used to store thermal energy or drive a generator to produce electricity.
99  CSP systems can increase the energy density by focusing sunlight onto a small area, hence
100  improving power generation efficiency.
101 The solid particle solar receiver (SPSR) is a high-temperature solar thermal conversion
102  equipment for next-generation CSP system, which used to capture solar energy to a heat transfer
103  medium typically composed of solid particles [3]. When utilizing a directly irradiated SPSR,
104  sunlight directly illuminates a layer of solid particles, which absorb solar radiation and increase in
105  temperature. Inexpensive solid particle mediums directly absorb solar energy, reaching temperatures
106  exceeding 1000 °C and exhibiting excellent heat storage capabilities. Compared to other receiver
107  types such as oil or molten salt liquid systems, SPSRs are capable of sustained energy production at

108  high temperatures, efficiently converting solar energy into heat and improving energy utilization,
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making them suitable for high-temperature processes and cogeneration systems. Additionally, the
use of inexpensive solid particle mediums that directly absorb solar energy offers several
advantages. This mode of heat transfer exhibits low thermal resistance and good thermal
conductivity, enabling fast and uniform heat transfer. Furthermore, it greatly reduces the operating
temperature of the receiver, thus further lowering material construction costs [4]. The researchers
have proposed natural particle materials, such as desert sand, hematite, quartz sand, mullite, olivine,
bauxite, as well as artificial materials like silicon carbide, ceramic supports and alumina-spinel
ceramics, as heat transfer and thermal energy storage candidate particles, subjecting them to tests
for thermophysical properties, thermal stability, optical properties, and abrasion resistance to assess
their suitability for use in SPSRs [5-7].

Alumina is an important ceramic material. The thermodynamically stable form, a-Al,Os, features
numerous advantages such as high heat resistance with a melting point of approximately 2072 °C,
outstanding thermophysical properties, chemical stability, as well as excellent mechanical strength
and hardness. It is commonly utilized in high-temperature refractory materials, aerospace materials
and catalyst support materials [8]. Ceramic particles primarily composed of alumina hold great
potential for use as heat transfer and thermal energy storage mediums, particularly in high-
temperature SPSRs operating at exceeding 1000 °C [9-10].

Aluminum oxide exists in multiple crystal forms. The change between transitional phases occurs
when the oxygen ions are arranged in the same manner. This type of phase transition is considered a
topological transition, involving localized migration of aluminum ions without significant changes
to the oxygen ion framework, thus requiring less energy. However, the transition from transitional

phases such as y-Al>O3, 3-Al203, 08-Al>03 to the formation of corundum Al>O3 involves lattice
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reconstruction, entailing the migration of oxygen atoms from a face-centered cubic (FCC)
framework to a hexagonal close-packed (HCP) framework, consuming a considerable amount of
energy. Research on aluminum oxide materials indicates that a-Al2O3, synthesized using different
raw materials and methods, typically requires temperatures ranging from 1100-1300 °C [11-12].
Researchers have employed techniques such as the addition of crystal seeds and high-speed ball
milling to reduce the transition temperature of a-Al>O3 by providing more nucleation sites for the
reaction or lowering the activation energy for nucleation [13-14]. Based on this, it is imperative to
seek more effective methods for synthesizing a-Al>O; particles with superior properties and further
lowering the transition temperature.

Recent studies on aluminum-based ceramic particles for heat transfer/thermal energy storage
have shown that the ceramic particles predominantly composed of aluminum oxide exhibit excellent
thermal properties, including thermal conductivity and heat capacity. These particles can reliably
release and absorb heat throughout thermal cycles [15-16]. Additionally, due to the direct
interaction between the solid particle medium and photons, the optical absorption performance of
the solid particles in direct SPSRs is crucial, as it directly affects the thermal efficiency of the
receiver systems. Researches have been conducted to modify the optical absorption property of
certain particle materials, such as by adding or coating them with metal ions, rare earth ions, silicon
carbide, commercial pigments, or carbon black, which exhibit excellent absorption characteristics
[17-19]. Pure white micro/nano Al>O3 particles have a solar absorptivity of approximately 5%-20%
[20-21]. The inherently low absorption of a-Al>O3 in the solar spectrum has limited its application
in solar-to-thermal conversion. Therefore, it is necessary to explore methods to enhance the surface

absorption capacity and improve the solar-to-thermal conversion efficiency of aluminum oxide
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particle materials.

In order to make aluminum oxide particle media more suitable for solar receiver environments, in
addition to the aforementioned points, it is also necessary to pay attention to the long-term stability
of the structure and properties of the particle material under high temperatures or other harsh
environmental conditions. This is important for prolonging the lifespan and improving reliability of
the receiver systems. One of the main challenges for SPSR particle materials is how to maintain
both high absorption capacity and thermal stability. In other words, the particle material needs to
have a high absorptivity to be effectively heated and withstand long-term exposure to temperatures
of 1000 °C and thermal cycling without degradation [22].

To address the issues of high preparation temperature, low absorption performance, and
unquantified long-term stability of solid particle materials primarily composed of aluminum oxide
in the directly irradiated SPSRs, this study introduces a novel method combining sol-gel and
stepwise sintering technique to synthesize transition metal ion-doped absorption-enhanced
aluminum oxide composite particles. This study focuses on the optimal regulation strategy for the
absorption performance of aluminum oxide composite particles across the solar spectral range.
Furthermore, the study quantifies the degradation of high-temperature absorptivity of aluminum
oxide composite particles and identifies the optimal preparation process for aluminum oxide
ceramic particles capable of long-term durability at high temperature conditions, heat collection
reinforcement, and the low a-Al>O3 phase transformation temperature. The study also integrates
first-principles calculations to analyze the mechanism behind enhancing the optical absorption

properties of a- Al,Os3 particle materials.
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2. Methodology and experiments

Citric acid monohydrate (C¢HsO7-H20, 99.5%), copper(Il) nitrate trihydrate (Cu(NO3)2-3H20,
99%), cobalt nitrate hexahydrate (Co(NO3)2-:6H20, 99%), chromium(I1I) nitrate nonahydrate
(Cr(NO3)2:9H20, 99%), iron(II) nitrate nonahydrate (Fe(NO3)3-9H20, 98.5%), manganese(II)
nitrate solution (Mn(NO3)2, 50wt.% in H>O), aluminum(III) nitrate nonahydrate (Al(NO3)3-9H>0,
99%) and anhydrous ethanol (C2HeO, 99.7%) were purchased from Shanghai Macklin Biochemical
Technology Co., Ltd. All reagents are of analytical grade and can be used without further

purification.

2.1 Preparation of aluminum oxide composites

Considering the simplicity of operation and high purity of the sol-gel method, the experiment
utilized citric acid as a complexing agent and employed the sol-gel method in combination with
stepwise calcination technique to prepare aluminum oxide composites. A uniform mixed solution
was obtained by adding 25 ml of ethanol to 100 ml of deionized water and stirring. A certain
amount of nitrate and citric acid were added to the mixed solution, with the molar ratio of citric acid
to metal cations maintained at 1, and stirred until fully dissolved. The mixture was heated in a water
bath at 85 °C for 3 h with continuous stirring to form a wet gel. The sample was then dried in an
oven at 100 °C for 12 h to form a dry gel. The dry gel sample was ground into powder in an agate
mortar, obtaining the dry gel precursor.

The precursor was placed in a tubular furnace and subjected to thermal treatment under different
atmospheric conditions. The heating treatment procedure was as follows: an argon atmosphere was

introduced into the tubular furnace at a flow rate of 10 ml/min. The temperature was increased from
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room temperature to 900 °C at a heating rate of 10 °C/min, followed by a 2-hour calcination and
subsequent cooling to room temperature. The atmosphere was then switched to air, and the
temperature was increased at the same heating rate to a certain temperature for a 2-hour calcination,
followed by temperature reduction to room temperature, resulting in the formation of the inert-
treated Al2O3 composite material.

The precursor was prepared using the same steps, and the sample was placed in the tubular
furnace with an air flow rate of 10 ml/min. The temperature was increased from room temperature
to 900 °C at a heating rate of 10 °C/min, followed by a 2-hour calcination and subsequent cooling to
room temperature. The atmosphere was maintained as air, and the temperature was raised to a
certain temperature for a 2-hour calcination, followed by temperature reduction to room

temperature, resulting in the formation of the reference Al,O3 composite material.
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Fig. 1. The preparation schematic diagram for alumina composite particulate materials.

The single-doped aluminum-based composites were prepared using the aforementioned stepwise
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calcination method, with a molar ratio of aluminum ions to metal doping ions of 100:5. The Al,O3
composite materials prepared under inert and air atmospheres were denoted as Al203-X and Al>Os-
X/Air, respectively, with X representing the doped metal element. For comparison, aluminum oxide
material without any metal ions added (Al,O3) was prepared using the same procedure. The
prepared particulate materials were then subjected to subsequent thermal stability testing in a muffle
furnace. The preparation process of the Al,O3 composite material is shown in Fig. 1. It should be
noted that the "X" in Al,03-X and A[,O3-X/Air represents a placeholder for the specific doped

metal element, which is replaced with the actual metal element used in the study.

2.2 Characterization

Chemical composition and phase analysis of the samples were conducted using an X-ray
diffractometer (XRD) (SmartLab SE, Rigaku, Japan). The scanning speed was set at 2°/min with a
step size of 0.02°, and the diffraction angle range was between 10° and 80°, using a fixed Cu target.
The diffuse reflectance properties of the samples were analyzed using a UV-Vis-NIR
spectrophotometer (Lambda 750s, PerkinElmer, USA) coupled with an integrating sphere. The
scanning range was from 200 nm to 2500 nm, and the instrument was calibrated using a diffuse
reflectance standard. The morphology of the sample surface was analyzed using a scanning electron
microscope (SEM) (SIGMA 500, ZEISS, Germany). The element distribution and content on the
surface of the composite materials was determined using an energy dispersive X-ray spectroscopy
(EDS) system (XFlash 6-30, Bruker, Germany). To improve conductivity, the samples underwent
gold spraying treatment. The surface composition and elemental valence states of the composite

particles were investigated using X-ray photoelectron spectroscopy (XPS) (Thermo ESCALAB



234  250Xi, Thermo Fisher Scientific Inc., USA). Monochromatic Al target was used as the radiation
235  source, with a testing energy of 1486.6 eV, a spot area of 500 um, a tube voltage of 15 kV, a tube
236 current of 10 mA, and an analysis chamber background vacuum of 1x10~ mbar. The samples were
237  subjected to weight and heat flow analysis using a differential scanning calorimeter-

238  thermogravimetric analyzer (DSC-TGA) (TGA/DSC 3+, METTLER TOLEDO, Switzerland). The
239  heating rate was set at 10 °C/min, and the gas flow rate was 50 ml/min.

240

241 2.3 Thermal stability test

242 The long-term application of the particulate medium in high-temperature environments requires
243  the maintenance of stable thermal and absorption performance, which is of crucial importance for
244 the efficient operation of SPSRs. High-temperature thermal analysis tests for 0-200 h in an air

245  atmosphere were conducted on inert-treated Al2O3 composite particle samples prepared at 1000°C.
246 The particle samples were placed in a muffle furnace and heated from room temperature to 1000 °C
247  atarate of 10 °C/min. They were then held at 1000 °C for 50, 100, 150, and 200 h, followed by
248  cooling to room temperature. Moreover, considering the fluctuation of the particle temperature in
249  the receivers due to the instability of incident sunlight in practical applications, cyclic thermal tests
250  were conducted on the same particle samples within the range of 800-1200 °C. The particle samples
251  were heated in a muffle furnace at a rate of 10 °C/min, undergoing 10 cycles of heating and cooling
252  between 800°C and 1200°C, followed by cooling at a rate of 10°C/min. The heating program set-up
253  isillustrated in Fig. 2, with a total operation time of 1360 min. Thermal testing was performed to
254 assess the variation in absorptivity and quantify the degradation rate of absorption of alumina-based

255  composite materials under long-term and fluctuant high-temperature conditions.
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Fig. 2. Thermal cycle test program.

3. The first-principles simulation

The electronic and energy band structure of aluminum oxide materials are investigated by the
first-principles calculations to evaluate the impact of metal ions on the optical properties of the
composites. The a-Al,O3 material has a hexagonal crystal structure with corundum configuration,
belonging to the R-3c space group (space group number 167). At room temperature, the lattice
constants are a=b =4.754 A, ¢ = 12.982 A, and the lattice angles are o. = B = 90°, y = 120°. Within
the framework of density functional theory (DFT), the Vienna ab-initio Simulation Package (VASP)
was used for the static calculations and structural optimization of the models of aluminum oxide
and aluminum oxide doped with metal atoms.

The generalized gradient approximation (GGA) of the Perdew—Burke—Ernzerhof (PBE)
functional to describe the exchange-correlation energies of the system, along with the projector

augmented wave (PAW) method was employed to describe the electron—ion interactions. The 2x2x1
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supercell model was established for the aluminum oxide crystal, comprising a total of 120 atoms.
The model of the doped system was obtained by replacing 2 Al atoms with 2 Cu or 2 Mn atoms,
maintaining a doping ratio of 1:23 between the dopant atoms and Al atoms, as depicted in Fig. 3.
The energy cutoff for the plane wave basis was set to 500 eV. The self-consistent field convergence
threshold was set to 1.0x10° eV/atom, ensuring accurate energy convergence. The Brillouin zone

was sampled with 3x3x2 k-points meshes. The optimized lattice constants of the crystal are listed in

Table 1.

Fig. 3. Model diagrams of (a) Al,O3, (b) Al203-Cu and (c¢) Al203-Mn. (O in red, Al in gray, Cu in
blue, Mn in purple). (It can be referred to the web version of this article for an explanation of the

colors in this figure legend.)

Table 1. Calculated lattice parameters results. 7 is the unit cell volume.

a=b(A) c(Ad)  a(deg) P(deg)  y(deg) V(A

ALO3 4.787 13.057  90.001 89.999 120.015 259.086

ALO3-Cu 4.794 13.067  90.003 89.998 120.016 260.070

AlO3-Mn 4.790 13.056  90.002 89.998 120.016 259.343




285 4. Results with analysis

286  4.1. X-ray diffraction analysis
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288  Fig. 4. XRD patterns of Al,O3 particle materials at different synthesis temperatures.

289

290 To investigate the effects of different temperature heat treatments on alumina particle materials,
291 Fig. 4 displays the XRD patterns of undoped alumina samples heated to 900 °C, 1000 °C, 1100 °C,
292  and 1200 °C. The diffraction patterns of samples at 900 °C and 1000 °C exhibit broad and low

293  peaks mainly observed at 26 = 37.5°, 39.3°,45.7°, and 66.6°. The primary phase is identified as
294  Al»6704, which is isometric structure with a space group of Fd-3m. At lower temperatures, the

295  alumina material exhibits low ordering and crystallinity and the presence of an amorphous phase.
296  Some small peaks are observed at 1000 °C, confirming the presence of a small amount of a-Al>O3.

297  When the temperature exceeds 1100 °C, the material transforms into a high-crystallinity corundum
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structure, with no other impurities detected but sharp diffraction peaks. The alumina samples have
completed the phase transformation to a-AlO3 between 1000 °C and 1100 °C. As the temperature
increases, the intensity of the diffraction patterns increases and the full width at half maximum

(FWHM) becomes narrower accompanied by grain growth at 1200 °C.
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Fig. 5. XRD patterns of the inert-treated composite alumina samples treated at 1000 °C.

The XRD patterns of the composite alumina samples annealed at 1000 °C are shown in Fig. 5. It
is observed that among the five samples doped with different metal ions, the diffraction peak
intensities of AbO3-Mn, Al,03-Cu, and Al>O3-Fe are significantly higher than those of Al,O3-Co
and Al,O3-Cr. The alumina-based composite materials doped with Co and Cr exhibit broad and
narrow diffraction peaks, indicating the absence of a-Al,O3 phase formation. In contrast, the

alumina-based composite materials doped with Mn, Fe, and Cu have already formed strong -



311

312

313

314

315

316

317

318

319

320

321

322

323

324

325

326

Al>0Os diffraction peaks, indicating good crystallinity. Furthermore, Cu ions have formed spinel-
structured CuAl2O4 crystals with a space group of Fd-3m, corresponding to prominent peaks in the
spectrum (20=31.294°, 36.874°, 44.844°, 55.699°, 59.404°, 65.289°) in the Al,03-Cu composite. In
the other composites, due to the low content of metal ions, no peaks corresponding to other oxides
are observed in the XRD patterns apart from the alumina. Based on this, the XRD patterns of the
materials were subjected to peak fitting analysis to calculate the relative crystallinity and phase

composition, as shown in Table 2. The calculation formula for relative crystallinity is as follows:

_ 2L
TR v

where ) I is the sum of the integrated intensities of the crystal phase diffraction peaks, and /, is the
integrated intensity of the amorphous scattering peak.

Table 2. Relative crystallinity and phase composition (wt%) of composite particle materials.

Sample Relative Crystallinity (%) Phase Composition

ALOs3;-Cr  67.02% 82.2% Al2.66041+17.8% Al1.54Cr0.4603
ALOs3-Co  70.29% 100% Al.6704

ALOs3-Cu  95.13% 89.5% Al2.6604110.5% CuAlO4
ALOs-Fe  93.75% 100% 0-ALO3

ALO3-Mn  93.66% 100% 0-ALO3

It can be observed that compared to pure AlO3, samples doped with Mn, Fe, and Cu elements
have completed the phase transformation from amorphous and Al2.6704 to 0-Al2O3 at a temperature
of 1000 °C. The elements Mn, Fe, and Cu effectively promote the reaction rate of alumina, further

reducing the preparation temperature of alumina particle materials and enhancing the stability of
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4.2. Optical performance analysis

The value of the diffuse reflectivity measured by a spectrophotometer is given by the equation

Ro'(A)= Roo.s(A)/ Roo.r(A) (2)

where R s(7) is the absolute reflectivity of an infinitely thick sample, R (4) is the absolute
reflectivity of a standard reference material, generally BaSO4 or MgO, and R..'(4) is the relative
reflectivity of the sample to a reference material. Assuming the reference material to be a perfectly
reflective object, i.e. Ru, (4)=1, the absolute reflectivity of the sample can be obtained under this
condition.

Since the powder sample used for measurement in the spectrophotometer powder holder has a
thickness greater than 2 mm, almost no light penetrates through, the experimental sample can be
considered as infinitely thick. The spectral absorptivity can be calculated as

a()=I- R.'(1) (3)
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Fig. 6. The spectral absorptivity of alumina particle materials after thermal treatment at different

temperatures.

The spectral absorptivity of undoped alumina particle materials heated to 900 °C, 1000 °C,
1100 °C, and 1200 °C is shown in Fig. 6. It can be observed that alumina material exhibits
significant selective absorption in the range from ultraviolet to near infrared, with lower absorption
performance in the visible light range. The position of the absorption peaks in the alumina samples
treated with the second heating at different temperatures is essentially the same. With the increase in
preparation temperature, the absorption performance remains almost unchanged in the wavelength
range of 700 nm -1200 nm, while it decreases in other wavelength ranges, especially in the near-
infrared region. Furthermore, the absorption edge shifts towards longer wavelengths, which is
consistent with literature results [23]. There is a significant difference in the curve results between

preparation temperatures below 1000 °C and above 1100 °C, which may be attributed to the phase
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transformation of a-alumina. Changes in composition significantly influence the optical absorbance

performance of the material, consistent with the XRD spectrum results.
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Fig. 7. The spectral absorptivity of doped alumina composites annealed at 900 °C under inert gas

atmosphere (solid line) and air atmosphere (dashed line).

The spectral absorptivity of alumina composite materials doped with 5 mol% of metal ions at a
processing temperature of 900 °C is depicted in Fig. 7. It is evident that the doping of Fe, Mn, and
Cr contributes to a significant enhancement in the absorption within the short wavelength range
(less than 1200 nm), while the introduction of Co or Cu is advantageous for improving the
absorption performance within the 500 nm-1800 nm range. All samples exhibit characteristic
alumina peaks at 1931 nm and 2235 nm, while the absorptivity of Al,Os-Fe, Al,03-Cr, and Al,Os-
Mn samples also manifests alumina characteristic peaks at 1423 nm. The spectral absorbance
properties of samples prepared under argon and air atmospheres exhibit disparities, with

intersecting absorption curves. Generally, the inert-treated samples exhibit higher absorption
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performance within the short wavelength range, while the absorptivities decrease in the long
wavelength range. Samples treated under inert gas atmosphere may undergo redox reactions on the
surface, further improving their optical performance [24]. Given the inherent distribution of high-
energy density in the short wavelength range in the solar spectrum, these results are advantageous
for the materials to capture solar energy efficiently.

The solar weighted average absorptivity of the samples was calculated applying the following

equation,

P A (VI(A)dA
g, — oy ZDI @
L)O I1(A)dA

where 4 denotes the wavelength, nm; /(1) indicates the AM 1.5 standard solar spectrum, W/(m?
nm); a(7) represents the spectral absorptivity; o, is the solar weighed mean of absorptivity. This
metric takes into account the distribution of solar energy across different wavelengths and provides
a comprehensive measure of the absorption performance of the samples for solar energy harvesting.
Fig. 8. illustrates the arithmetic mean (AM) and the solar weighted mean (WM) of absorptivity of
alumina composite materials prepared using the sol-gel method. In Fig. 8 (a), it is observed that the
absorbance capacity of alumina particle materials decreases continuously as the preparation
temperature increases. The absorptivity of the oxide samples generally falls within the range of 20%
- 30%, which is insufficient for application as a particulate medium in direct SPSRs. Therefore, it is
imperative to explore methods to enhance their absorbance capabilities. Fig. 8 (b)-(d) depict the
average absorptivity values of composite alumina samples doped with 5 mol% of metallic particles.
Among these, the samples doped with Cu or Mn exhibit the significant enhancement in absorption,

while the sample doped with Fe demonstrates the least improvement. Additionally, a 1.74% average
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decrease in absorptivity are observed with variations in preparation temperature from 900 °C to
1000 °C. The results showed that the highest solar WM of the prepared alumina composite particles
reached 76.6%, representing a marked 3.72-fold increase in absorption performance compared to
alumina samples prepared under the same temperature.

It is undeniable that the absorptance performance of alumina materials doped with only 5% metal
ions in this study is inferior to some artificially synthesized particles, such as silicon carbide and
commercial ceramic proppants, which exhibited excellent optical performance, but there are high
economic costs. The temperatures sintered in rotary kilns during the preparation process often
exceed 1400 °C [8]. Moreover, these particles are typically prepared involving complex
manufacturing processes. For instance, the preparation process of the commercial CARBO
proppants comprises the following steps: 1) Raw materials are initially crushed and mixed. 2) The
powder is granulated through spray drying. 3) The particles are sintered in high-temperature
furnace. 4) Additional post-processing steps such as grinding and sieving may be required to obtain
the final material. The complexity of manufacture and high preparation temperatures result in
significantly higher costs compared to other particle materials [25]. In this research, composite
particle materials were prepared using the sol-gel method combined with stepwise calcination, and
doping metal ions facilitated the formation of a-alumina, significantly reducing the synthesis
temperature of composite alumina particles to below 1000 °C, which offers certain economic

advantages.
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Fig. 8. The average absorptivity of composite materials at different conditions: (a) Al,O3, (b) inert-

treated, 900 °C, (c) air-treated, 900 °C, and (d) inert-treated, 1000 °C.

The absorption capability of aluminum-based composites in the ultraviolet-visible range is
related to the optical band gap energy. The ultraviolet-visible spectroscopic optical characteristics
peaks of alumina composite materials were investigated to evaluate the band gap energy of the
materials. The Kubelka-Munk equation is as follows,

F(R+) = (1- R)*/2Ro0 (5)
where R. represents the reflectivity of an infinitely thick sample. F(R.) is referred to as the

Kubelka-Munk function. The Tauc plot method is utilized to estimate the band gap width of
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materials [26-27], and the relationship between the absorption coefficient a and the energy ho is
expressed as:
(Ahv)"=C(hv-E,) (6)

The Kubelka-Munk function F(R.) is directly proportional to the absorbance 4, and the equation

can also be written as:
(F(R)hv)"=C"(hv-Ey) (7)

where h is the Planck constant of 4.13566743x107'° eV s, v is the photon frequency, Hz; n is the
transition power factor related to the material properties and the photo-induced transition mode,
which is 1/2 for indirect bandgap semiconductors and 2 for direct bandgap semiconductors; C and
C' are physical quantities related to the material; £, represents the band gap energy value, eV.

Powder samples with a thickness of 1-3 mm are suitable to ensure that all incident light is
absorbed or scattered before reaching the back of the samples [28]. The above method was applied
to calculate the band gap of the characterized powders in this experiment. The Tauc plots in Fig. 9
show the estimation of the optical band gap of the direct transition alumina composites. By
extrapolating the Tauc curve to intersect with the abscissa of (F(R)/hv)"=0, the value of the
material's direct energy transition is obtained. Fig. 9 (a) shows that the alumina particle material
prepared at 900 °C has a band gap width of 5.37 eV, which is roughly consistent with the results
reported in other literature [29]. It is worth noting that there are differences in the particle materials
treated in different atmospheres. Apart from the Al O3-Mn sample, the band gaps of the other
samples treated with inert gas decrease. The band gap energies of AI>O3-Cu range from 3.17 eV to
3.13 eV, AlbOs-Fe range from 3.03 eV to 2.88 eV, and Al,03-Co range from 4.90 eV to 4.50 eV. A

smaller band gap value will contribute to the improved optical absorption performance of Al>O3
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448  4.3. X-ray photoelectron spectroscopy analysis
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450  Fig. 10. XPS spectra of composite particles (a-c) Al,O3-Fe and (d-f) Al,Os-Fe/Air.

451

452 Representative samples of Al,O3-Fe composite particles were selected for XPS analysis. The
453  spectra of Al 2p, Fe 2p, and O 1s orbitals, fitted by the Lorenz-Gaussian model, were deconvoluted

454  as shown in Fig. 10. All peaks were calibrated using the standard C 1s peak with a binding energy
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of 284.8 eV. XPS spectra of Al 2p in the two materials exhibited peak positions around 74.1 eV,
corresponding to AI**, which is attributed to the comprehensive contribution of Al-O bonds [30].
The Fe 2p XPS spectra of the particle materials showed satellite peaks and characteristic spin-orbit
double peaks for Fe 2p12 and Fe 2p3., with binding energies around 725 eV and 711 eV,
respectively [31]. Deconvolution of the spectra corresponded to two phases of iron ions, with Fe**
occupying typical octahedral (On) and tetrahedral (Tq) sites [32-33]. However, compared to the
materials treated in air atmosphere, the materials treated in inert protective atmosphere avoided
reactions between some metal ions and oxygen. During the high-temperature preparation of the
particle materials, the lack of interference from oxygen facilitated the enrichment of metal ions into
alumina through surface and internal diffusion. This phenomenon led to a significantly higher Fe
ion content in AlO3-Fe compared to Al,Os3-Fe/Air, resulting in higher intensity and narrower peaks
in the Fe 2p spectrum. The binding energies corresponding to the Fe 2p peak values in A1,O3-Fe
composite particle materials are presented in Table 3.

Table 3. Binding energies (eV) and related information corresponding in Al>Os-Fe particle

materials.
Fe- Fe-
Fe-2p Fe’*(On) Fe*'(Tq) Satellite Fe’*(On) Fe*'(Tq)
2p3n 2p1n
AlOs-Fe 710.3 712.7 718.1 723.6 725.7
AlO:s-
710.3 711.7 719.4 724.1 726.3
Fe/Air
O-1s O1 FWHM Ratio Oy FWHM Ratio

ALLOs-Fe 530.8 1.74 46.7% 531.9 2.18 53.4%
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530.9 2.07 65.3% 532.2 1.90 34.7%
Fe/Air

The O 1s XPS spectra of the composite material are shown in Fig. 10 (¢) and (f). Compared to
other oxides, the binding energy of oxygen ions in alumina is higher. Deconvolution of the O 1s
spectrum resulted in two peaks. The peak around 530.9 eV corresponds to lattice oxygen (O1) on the
catalyst, primarily originating from Al,Os3 in the composites. The peak at 532.1 eV is attributed to
oxygen adsorbed chemically on oxygen vacancies (Oy) on the surface of the composite [34]. The
generation of oxygen vacancies can be described by the following process:

30410+ 2A4l4-0==306+2Al41-0'+3/20: (8)

In this process, Oar.o and Alar.o represent O and Al at the corresponding positions in the alumina
lattice, vo represents the oxygen vacancy, and Alar.o' represents an aluminum ion with an additional
electron. Electrons transfer to AI** during the formation of oxygen vacancies and transition metal
ions with other oxidation states were doped, leads to the formation of non-stoichiometric Al2O3.x
products. The FWHM of the O 1s peak and the relative proportions calculated by the peak areas,
0/(Oy+01) and Oy/(Oy+0), are also presented in Table 3. It can be observed that, after treatment in
an inert atmosphere, the content of chemisorbed oxygen on the sample surface increases from
34.7% to 53.4%. Clearly, the increased number of oxygen vacancies on the surface of the Al,Os-Fe
particles after inert treatment is one of the main reasons for the observed optical performance

differences.



488 4.4 Surface morphological analysis
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490  Fig. 11. Sample images of alumina composite materials: (a) Air atmosphere treatment at 900 °C, (b)
491  Argon atmosphere treatment at 900 °C, (¢) Argon atmosphere treatment at 1000 °C, (d) Thermal
492  testing at 1000 °C for 200 h.

493

494 Fig. 11 shows the sample images prepared under different heat treatment temperatures and

495  atmospheres, as well as after long-term high-temperature thermal testing. It can be observed that the
496  samples exhibit different colors due to the different metal ions doped. There is slight change in

497  brightness of the samples after treatment in air atmosphere and argon atmosphere at 900 °C.

498  However, the increase in treatment temperature seems to have a greater impact on the sample color,
499  especially for Al,O3-Cu with the color changes from light green to orange-brown. After 200 h of
500 high-temperature thermal testing, the A1>O3-Cr sample prepared at 1000 °C shows a significant

501  change from light green to pink, while the colors of the other samples all lighten to varying degrees.

502  All the samples show good dispersibility after high-temperature preparation and thermal testing,
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without any signs of aggregation.

(b)

Fig. 12. SEM images and EDS element diagrams of Co and Cu doped particulate materials prepared

at 1000 °C: (a) ALO3-Co, (b) AL,O3-Cu.

Fig. 12 illustrates the surface morphology and elemental distribution of Co-doped and Cu-doped
alumina. Due to poor conductivity, the samples underwent gold sputtering treatment prior to testing.
It can be observed that the particles exhibit irregular shapes with particle sizes ranging from
approximately 100-200 um, and there are block-like debris on the particle surfaces. In comparison
to Al2O3-Co, the Al,O3-Cu particles tend to be elongated, with small pore distributions on the
surface. Elemental mapping confirms the presence of Al, Cu, Co, and O elements. The results
indicate that there are more bright spots corresponding to Al and O, compared to the doped

elements Cu and Co, suggesting that Al and O are the dominant elements in the particulate
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materials.

Additionally, the Al and O elements on the surface of the alumina composite particles are
uniformly distributed. In contrast, the Cu element in Al2O3-Cu is only concentrated in a few local
regions of the particles, while the Co element in A,O3-Co is evenly distributed. Cu is not uniformly
dispersed in the particulate material, which may be attributed to phase separation resulting from
chemical reactions. Doped Cu ions easily replaces Al*" in the alumina lattice, forming CuAl,O4
spinel crystals with a lattice structure different from alumina. Different phases can lead to uneven
distribution in the material. Due to lattice defects and chemical reactions, the diffusion of Cu ions in
alumina is limited, which may also result in local aggregation and uneven distribution of the metal

element in the material.
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Fig. 13. The EDS element spectra of (a) Al2O3-Cu and (b) Al03-Co.

Table 4. The elemental composition on the surface of Al2O3-Co and A1>O3-Cu particles.



530

531

532

533

534

535

536

537

538

539

540

541

542

543

544

Sample Element Normalized mass (%) Atomic ratio (%)  Error (%)

Al O3-Co O 45.08 59.05 2.82
Al 50.86 39.50 0.96
Co 4.06 4.06 0.51
AlO3-Cu O 44.86 58.37 1.34
Al 53.07 40.95 0.46
Cu 2.07 0.68 0.20

The EDS spectra and elemental compositions on the surface of the A1>O3-Co and Al,O3-Cu
composite particulate materials are presented in Fig. 13 and Table 4. Peaks at 0.277 keV and 2.123
keV in both particle samples are identified as C and Au elements, attributable to the presence of a
carbon conductive film and surface gold sputtering treatment prior to sample measurement.
Additionally, the spectra clearly display peaks for O-Ka (0.525 keV), Co-La (0.775 keV), Cu-La
(0.928 keV), and Al-Ka (1.486 keV). The peaks for Co-Ka and Cu-Ka at 6.931 keV and 8.046 keV,
respectively, are of lower energy and less prominent. It can be observed that the particulate
materials doped with Cu and Co elements primarily consist of aluminum and oxygen, with lower
content of Cu and Co elements. For data accuracy, measurements of element content were repeated
three times for each sample. The atomic ratios of the doping elements in Al>O3-Co and Al,O3-Cu
are 4.06% and 0.68%, respectively. The differences between experimental and measured results are
attributed to factors such as sample loss during the experimental process, uneven material

preparation, or phase separation of spinel crystals on the surface of particle materials.
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Fig. 14. SEM images of composite particulate materials:(a) Al,O3-Cr, 1000 °C (b) Al,Os3-Fe,

1000 °C, (c) Al,03-Mn, 1000 °C, (d) AL,O3-Co, 900 °C, (¢) Al,03-Cu, 900 °C.

Fig. 14 display surface morphological features of the partial 900 °Cand 1000 °C inert-annealed
alumina composite particulate materials at different levels of magnification. The irregularly shaped
composite particulate materials exhibit particle sizes ranging approximately from 100-300 um, with
AlO3-Mn particles having the largest diameter.

A comparison between Fig. 13 and Fig. 14 (d) and (e) revealed that with increasing calcination

temperature, the particle size slightly increased and the surface became rougher. Al,O3-Fe exhibited
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numerous rough small clusters on the surface, while the surfaces of the remaining particulate
materials appeared denser, albeit with some small debris and tiny cracks. These cracks may have

resulted from decarbonization during the heating process of the xerogel [35].

4.5 High temperature stability analysis

Different metal ion doping has varying effects on the degree of crystallinity of alumina. Al,O3,
ALO3-Cr, ALO3-Co, and Al,03-Cu materials with different crystallinity were selected to investigate
the thermal stability of the prepared alumina composites. The simultaneous thermal analyzer
recorded the mass and thermal flow changes of the alumina composites in air atmosphere from
room temperature to 1200 °C, as shown in Fig. 15. The positive values of the thermal flow data
indicate heat absorption, and negative values indicate heat release. All samples showed an
endothermic peak around 260 °C, and Al,O3 and Al,O3-Cu showed a significant decrease in mass at
around 1160 °C It can be seen that the mass changes of Al,03-Cr, A1203-Co, and Al,O3-Cu within
the range of room temperature to 1200 °Care 0.71%, 0.74%, and 0.49%, respectively, indicating
good thermal stability. Comparatively, undoped Al,O3 particles exhibited the worst thermal stability
with a mass change of 2.36%. Among these samples, Al2O3-Cu is the most stable, which may be
related to the good degree of crystallization shown in Fig. 5. Overall, the alumina composites
prepared by sol-gel combined with stepwise calcination method exhibit excellent thermal stability,

with small mass loss (less than 2.5%) in the range of 30-1200 °C.
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Fig. 15. The TG-DSC curves of AlbO3 composite materials prepared at 1000 °C: (a) Al,O3, (b)

Al03-Cr, (c) ALO3-Co, (d) ALOs-Cu.

Thermal tests under air atmosphere were conducted on particle samples for a duration of 0-200 h
at 1000 °C and 10 cycles from 800 °C to 1200 °C. The results indicate that the spectral absorption
curves have varying degrees of reduction after the thermal testing in Fig. 16. Within the first 50 h, a
significant degradation in absorptivity occurred in the particle samples, particularly in the case of
the A1,O3-Cr sample, which exhibits a sharp decline in absorption across the entire spectrum.
Additionally, new absorption peaks are observed at wavelengths A=234 nm, 403 nm, and 558 nm in
the ultraviolet region, which may have resulted from chemical transformations, consistent with the
observed color changes in the samples. The spectral absorption curves of all the particle samples

show a high degree of overlap at 50, 100, 150, and 200 h, suggesting a relatively stable absorptivity



588  during the 50-200 h period. After undergoing 10 cycles of heating between 800 °Cand 1200 °C, the
589  absorption properties of the composite particle samples remained generally consistent with the
590 performance of samples subjected to long-term heat testing. This indicates that alumina particle

591  composites have the ability to withstand temperature fluctuations over a short period.

100
—=—0h
= = \ ~---50h
S SR 1Y) ~---100 h
: : ‘\,‘ 1/ ~---150 h
£ £ ¥ i/ 200 h
£ S 60 '-)' Thermal cycle test
I3 = \
= ™ Y
e e
z z
=2 = \
s S 40t
= = \
& & A\
o <
2 2 \
@ wn W0F e s SRR £
Tt et
Thermal cycle test
L L L L 0 L L L L
500 1000 1500 2000 2500 500 1000 1500 2000 2500
Wavelength(nm) Wavelength(nm)
(a) (b)
100 100
- ——0h
- \ ~---50h
3 80 3 os0f 3 =--=100 h
g: < “,; ~---150 h
£ £ \ ~---200h
= S {
= 60 = 60 F \ Thermal cycle test
£ - |
5] 5
3 w
= =
< 40} —=—0h < 40}
= =S50k =
bt bt
5 ~---100 h £
@Y @
2 ~---150 h 2
20F -
2 200 h w 20
Thermal cycle test
0 L L L L " ) ' n
500 1000 1500 2000 2500 500 1000 1500 2000 2500
Wavelength(nm) Wavelength(nm)
(c) (d)
100
3 80
=
= 60
1% R
=) =TS
5] .
z S
= oa0r —0 h\
= ~--50h
ol
b5/ ~---100h
2 59 ~--150h
B 200 h
Thermal cycle test
0 L L L L
500 1000 1500 2000 2500
Wavelength(nm)
593 i

594  Fig. 16. The spectral absorptivities of alumina composite particulate materials after long-term and
595  cyclic thermal testing: (a) Al203-Co, (b) Al203-Cr, (c) Al203-Cu, (d) AlbO3-Fe, (¢) Al,03-Mn.

596
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Fig. 17. Average absorptivities of alumina composite materials during 0-200 h of 1000 °C or

thermal cycle testing: (a) arithmetic mean, (b) solar weighted mean.

Fig. 17 shows the average absorptivity values of alumina composite particle samples after 50 h,
100 h, 150 h, 200 h, and thermal cycle tests. The trends in absorptivity change over time reveal that
ALOs3-Cr and Al2Os-Fe experienced significant degradation within the first 50 h of thermal testing,
with solar weighted average absorptivity decreasing by 24.71% and 7.15%, respectively. The initial
severe degradation resulted in a sustained lower level of absorptivity. On the other hand, particle
materials doped with Co, Cu, and Mn exhibit higher stability in absorptivity within the 200-hour
period, with solar weighted average absorptivity decreasing by 1.07%, 0.58%, and 3.36%,
respectively. The average change rates of absorptivity over time are found to be -0.00535 %/h, -
0.00292 %/h, and -0.01681 %/h, respectively. Even after 200 h of calcination and 10 times of
cycles, Al2O3-Cu and Al,O3-Mn maintained solar-weighted average absorptivity of 67.8% and
73.2%, respectively. The alumina composite materials demonstrate good stability in absorptivity,
and it is anticipated that the rate of change in absorptivity performance will be even lower beyond

the 200-hour mark. After undergoing 10 cycles of heating between 800 °Cand 1200 °C, the
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absorption properties of the composite particle samples remained generally consistent with the
performance of samples subjected to long-term heat testing more than 50 h. Through the long-term
and cyclic thermal stability tests, Cu-doped alumina particle composite is proved to be the most
reliable option for only a minor decrease of 1.90% in absorptivity, possibly due to the formation of
CuAl,O4 spinel in Al,O3-Cu. For spinel oxides there is highly ordered crystalline structure, where
metal ions and oxygen ions are arranged in certain proportions and in an ordered manner. The
formation of spinel alumina-based oxides by doping ions with alumina maintains the relative
integrity and order of the structure under high-temperature conditions, positively affecting thermal
stability. Other particles experienced varying degrees of mass loss and reduction in optical
absorptance due to the transformation of non-crystalline substances under high-temperature

conditions.

4.6 Electronic structure and band structure analysis

For solid particulate materials used in direct absorption mode in receivers, the prerequisite for
photothermal utilization is the ability to absorb photons. The bandgap energy (E,) of semiconductor
materials is defined as the energy difference between the valence band maximum (VBM) and the
conduction band minimum (CBM). The photons incident on the material must have energy equal to
or higher than E, to be absorbed by the material itself. In order to absorb energy from the entire
spectrum of sunlight, photothermal conversion materials should have an appropriate bandgap,
enabling them to exhibit light absorption capabilities in the visible, ultraviolet, and partial near-
infrared regions. In this study, first-principles calculations were employed to explore the

mechanisms of absorption in Al,O3, Al,03-Cu, and Al>O3-Mn materials. The band structures near
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the Fermi level were investigated, and the variations in band structure were examined in the range

of -5to 10 eV.
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Fig. 18. The band structures of alumina composites: (a) Al.O3, (b) Al203-Cu, (¢) ALO3-Mn.

Fig. 18 (a) illustrates the band structure of the alumina composite material, with the dashed line
representing the Fermi energy level (Er=0). From the graph, it can be observed that the CBM of the
alumina material is at 6.0002 eV, the VBM is at -0.0165 eV, and the bandgap energy is 6.017 eV.
Since both the CBM and the VBM are located at the same high-symmetry point I" in the K-space,
alumina material is proven to be a direct transition type semiconductor, consistent with other
literature [36]. As seen in Fig. 18 (b) and (¢), for the alumina composite material doped with Cu
ions, the CBM is at 4.5010 eV, the VBM is at 0.0368 eV, and the bandgap is 4.464 eV; while for the
alumina composite material doped with Mn ions, the CBM is at 2.1826 eV, the VBM is at 0.0121
eV, and the bandgap is 2.170 eV. The simulation results exhibit slight differences from the bandgap
energy obtained using the experimental Tauc plot method, attributed to the influence of specific
conditions and parameters in the material samples during experimentation. Following the doping of
Cu and Mn atoms, the conduction band significantly decreases, and the band structure becomes
denser, leading to reductions in the bandgap width by 1.553 eV and 3.847 eV, respectively. Due to

the decreased bandgap, the threshold for light absorption continuously shifts towards longer
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wavelength regions, which will have a favorable impact on solar energy absorption, particularly for
AlO3-Mn.

According to band theory, the doping of transition metal ions alters the distribution and
localization of bands in the material. The incorporation of Cu and Mn metal atoms into the alumina
lattice introduces additional energy levels within the bandgap. These impurity levels can act as
intermediate states for electrons, promoting transitions from the valence band to the conduction
band, thereby reducing the bandgap energy.

The electronic and optical properties of most materials are closely related to the electronic
configurations of atoms and the hybridization of electronic orbitals between atoms. Doping ions can
alter the shape and position of the energy bands, thus affecting the distribution of electronic states
on different energy levels. In this study, the total density of states (TDOS) and partial density of
states (PDOS) of pure alumina (Al2O3) and ALO; doped with Cu and Mn were calculated, as shown
in Fig. 19. If the number of electronic states within the energy range E~(E+AE) is denoted as AZ,
the density of state can be defined as,

\4

N(E) =lim == (9)
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Fig. 19. The TDOS and PDOS curves for alumina composite materials: (a) AlbO3, (b) Al2O3-Cu, (c)

Al,O3-Mn.

Fig. 19 (a) displays the electron state density of pure alumina and doped alumina. The energy
range of 5 eV-12 eV in the conduction band bottom is mainly contributed by the 3s and 3p
electronic states of Al, with a smaller contribution from the 2s and 2p electronic states of O. In the
energy range of -7 eV to 0 eV at the valence band top, there is a significant overlap of states
between the Al-3s, Al-3p, and O-2p orbitals, indicating strong hybridization between the Al-sp and
O-2p orbitals, which is a characteristic feature of ionic bonding. In the distant region below the
VBM from 15 eV to 19 eV, there is mainly hybridization between the Al-3p and O-2s orbitals, and
the narrow peaks indicate electron localization, characteristic of covalent bonding. Al,O3 exhibits
both ionic and covalent bonding between Al and O atoms, consistent with the findings in the

literature [37]. The VBM is determined by the 2p orbital electrons of the O atoms, while the CBM
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is determined by the 3p orbital electrons of the Al atoms.

From Fig. 19 (b) of the density of states of Al203-Cu, it can be observed that there is an overlap
of states from multiple atomic orbitals in the conduction band region of 4 eV-11 eV, mainly
contributed by the Al-sp and O-sp orbitals. After Cu doping, the valence band can be divided into
three main parts. Firstly, a new peak appears near the Fermi level, mainly resulting from the
hybridization of Cu-3d valence electrons with O-2p valence electrons. Secondly, in the range of -
8eV to -1eV, there exists a wide energy region in the upper valence band, mainly contributed by Al-
sp, O-2p, and Cu-spd orbitals, and the overlap in this range indicates a strong ionic bonding. Lastly,
in the region of -20 eV to -17 eV, there is a high-energy narrow peak mainly formed by the overlap
of O-2s and Al-sp orbitals, representing the formation of Al-O covalent bonds, as well as a small
amount of Cu-O covalent bonds. The distribution of states in Al,O3-Mn is similar to Al,O3-Cu, as
shown in Fig. 19 (c). In the wide energy region of the valence band top between -9 eV and -2 eV, it
is mainly contributed by Al-sp, O-2p, and Mn-spd orbitals, which are associated with the Al-O and
Mn-O ionic bonds. In the range of -21 eV to -18 eV, a high and narrow energy peak is observed due
to the overlap of O-2s with Al and Mn states, representing the formation of covalent bonds. The
energy peaks in the conduction band region of 3 eV-10 eV mainly originate from the overlap of Al-
sp and O-sp. However, unlike Al,03-Cu, Al,03-Mn exhibits two new narrow peaks near the Fermi
level at 0 eV and 2.2 eV, both formed by the hybridization of Mn-3d valence electrons with O-2p
valence electrons.

After doping Al,O3 with approximately 4.3% concentration of Cu and Mn atoms, the metal atoms
Cu and Mn replace the Al atoms and bond with O atoms, leaving behind unpaired 3d valence

electrons. These electrons participate in conduction and alter the density of electrons and holes in



706  the band gap. The strong overlap between the 3d valence electrons of the metal ions and the O-2p
707  orbitals near the Fermi level in A, O3-Cu and Al,O3-Mn results in the formation of electron state
708  density within the original band gap, further reducing the band gap energy.

709 It is noteworthy that in A1,O3-Cu and Al,O3-Mn, due to the substitution of Al atoms in Al,O3 with
710  Cu and Mn atoms, the density of Al-3s and Al-3p states is suppressed to a very low value.

711 Compared to pure Al2Os3, the peak values of Al-2p state density in Al2O3-Cu and Al>O3-Mn decrease
712 from 128.70 to 6.15 and 5.36, respectively, indicating that the doping leads to a weakening of the
713  interaction between Al and O atoms. The introduction of impurity levels alters the distribution of
714 electronic state density in the valence and conduction bands of the material due to the presence of
715  doping ions Cu and Mn. The incorporation of a small amount of transition metal atoms into Al>O;3
716  can significantly enhance the hybridization of the valence band and the localization of electronic
717  states, thus enriching the electronic transport and light absorption properties of the Al,O3 system.
718

719 5. Conclusions

720 In this paper, the solar-thermal conversion particle materials within the direct irradiation SPSRs,
721 with high-temperature stable corundum (Al,O3) particles as the main component were investigated.
722  The alumina solid particles doped with 5% transition metal ions were synthesized using sol-gel
723  method and stepwise calcination method at different temperatures and annealing atmospheres. The
724  comprehensive characterization and thermal testing of the particle materials were conducted to

725 investigate their elemental distribution, phase composition, oxidation states, solar absorption

726  properties, and high-temperature stability. The following conclusions can be obtained.

727 (1) The optical characterization of the particle materials indicates that pure alumina particle
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materials exhibit poor absorption performance, with a decrease in absorptivity and edge redshift as
the calcination temperature increases. The introduction of 5% metal ions doping significantly
enhances the optical absorption properties of the materials. The absorptivity at 900 °C increases
from 22.4% to 42.3-74.8%, and the optical band gap decreases from 5.37 eV to a range of 2.88 eV
t0 4.90 eV.

(2) The calcination process reveals that inert treatment during stepwise calcination can
significantly increase the number of surface O vacancies in the particle materials, resulting in an
increase in the proportion of Oy from 34.7% to 53.4%. This results in improved absorption
performance in the short wavelength range but decreased absorption performance in the long
wavelength range, which is beneficial for capturing solar energy. Furthermore, the doping of Mn,
Fe, and Cu into the alumina lattice introduces additional point defects to alter the concentration of
lattice defects, which promotes the migration and rearrangement of grain boundaries, and
contributes to lowering the a-alumina phase transition temperature. Particles doped with 5% Mn,
Fe, and Cu have completed the a-Al,O3 phase transition at temperatures between 900 °C and
1000 °C, with a crystallinity of over 93%.

(3) Thermal stability testing of the particle materials demonstrates excellent stability, with a mass
change of only 0.49% in the temperature range from room temperature to 1200 °C. After 200 h of
calcination at 1000 °C and thermal cycle test, the absorptivity of particles doped with Cu only
decreases by 0.58% and 1.90%, respectively. Cu-doped alumina composite particles could be the
optimal choice for the best stability among composite particle materials, possibly due to the
formation of CuAl,Os4 spinel.

(4) First-principles calculations of the band structure and density of states of Cu-, Mn-Al,O3
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revealed that the introduction of a small amount of doped metal atoms replacing internal Al atoms
in Al2Os leads to the generation of new impurity energy levels and electron state density near the
Fermi level. This results in a decrease in the band gap energy from 6.017 eV to 4.464 eV and 2.170
eV, enriching the electronic transport and optical absorption properties of the Al2O3 system.

The significance of this study lies in the promotion of a universal method for preparing alumina-
based high-temperature materials using sol-gel method combined with stepwise calcination, and the
screening of optimal doping ions for alumina-based particle materials, as well as revealing the
mechanism of transition metal element doping in the optical regulation of alumina. Furthermore,
one of the objectives of this study is to synthesize excellent alumina particle materials at as a low
preparation temperature as possible while balancing performance and manufacturing costs.

The inert-treated absorption-enhanced alumina composite particle materials were prepared, and
doping metal ions facilitated the formation of a-alumina, significantly reducing the synthesis
temperature to below 1000 °C. The regulation of the absorption performance on the particle surface
was researched and the degradation rate of the absorptivity of alumina composite particle materials
was quantified. And experimental testing and first-principles analysis of single-doped alumina
particle materials demonstrates that adding metal ions and employing an inert preparation process
positively influenced the absorptance performance of alumina. The high-temperature long-term
resistant and absorption-enhanced alumina particle materials with a low a-Al>,O3 phase transition
temperature in this study provides a reference for subsequent researchers engaged in the preparation
and modification of alumina-based particle candidates, and offers a favorable direction for the
researches on alumina-based heat transfer media on solar-thermal application in high-temperature

conditions such as direct irradiation SPSRs.
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Currently, the absorptance of 5% single-doped alumina particles is limited, resulting in
insufficient efficiency for direct irradiation SPSRs. Subsequent work will focus on researching
multi-doped alumina-based particle media capable of efficiently absorbing within solar spectrum in

1000 °C high-temperature conditions.
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