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ABSTRACT

The thermophotovoltaic conversion process is a pivotal energy-conversion mechanism in radioisotope thermo-
photovoltaic (RTPV) systems. Nevertheless, ensuring that thermal radiation materials maintain their outstanding
emissive performances after extended exposure to elevated temperatures and radiation environments is a sub-
stantial challenge. In this paper, we propose the use of high-entropy spinel oxide (Cug 2Mng 2Feg 2Crp 2Nip.2)304
coatings as infrared radiation coatings for the surfaces of radioisotope thermal sources. The synthesized coatings
exhibited remarkable infrared radiation intensities that are in close approximation to those of a black body. The
synergistic co-doping effect of the transition metal elements and the generation of oxygen vacancies produced a
reduction in the bandgap of the material. This bandgap narrowing significantly enhances the emissive charac-
teristics of (Cug 2Mng oFeg 2Crg 2Nip 2)304. After undergoing treatment at a high temperature of 1127 °C for 30 h
and exposure to y-ray irradiation with a cumulative dose of 27 kGy, the infrared emissivity of the coating remains
steadfastly above 92 %. Moreover, detailed analysis revealed that there were no substantial alterations in the
phase composition and microstructure of the coating. The coating enabled an RTPV system to achieve a
maximum output power density of 16.63 mW/cm?. This value represents a significant increase of 132.91 % in
power density compared to the RTPV system without the coating. Therefore, this coating has potential appli-
cations in the field of efficient thermal energy utilization based on radioisotopes.

1. Introduction

to determining the output performance and conversion efficiency of
RTPV systems [6,7].

Recent years have witnessed rapid advancements in the field of deep-
space exploration, resulting in an increasing demand for high-reliability
power supply technologies [1,2]. Consequently, the radioisotope ther-
mophotovoltaic (RTPV) system, a nuclear power system characterized
by a long lifespan and high stability, has garnered significant interest
[3-5]. In this system, infrared emissive materials convert the thermal
energy released from the decay of radioisotope heat sources into
near-infrared photons, which are subsequently converted into electrical
energy by photovoltaic cells via the photovoltaic effect. Therefore, the
spectral intensity emitted by the thermal radiation materials are critical

Rare-earth materials [8-10] and tungsten-based metals [11,12] are
conventionally employed as emitter materials in thermophotovoltaic
systems owing to their exceptional thermal stability. However, the
narrow characteristic emission peaks of rare-earth materials and the
intrinsically low emissivity of tungsten produce a limited overall spec-
tral intensity, thereby constraining the output performance of TPV sys-
tems and indicating a necessity for further enhancement. Photonic
crystal [13,14] and metamaterial [15,16] emitters have recently been
the focal point of a significant number of research studies, as they could
potentially find application in the production of RTPV systems owing to
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their good spectrally selective emission ability and high theoretical en-
ergy conversion efficiency. However, the effective application of these
materials could be limited by cumbersome preparation processes and
high costs. Moreover, metamaterial structures are prone to degradation
under prolonged high-temperature conditions [17], and the irradiation
effects induced by radioisotope heat sources are yet to be thoroughly
analyzed and investigated. Therefore, it is essential to explore highly
stable and efficient infrared radiation materials based on radioisotope
heat sources. Spinel-type oxide materials exhibit excellent optical ab-
sorption and infrared emission properties, superior structural stability,
and high-temperature resistance [18-21]. For instance, Song et al. [22]
reported a NiFe;04 spinel material with favorable radiative performance
in the mid-infrared region, suitable for energy-saving applications in
high-temperature industrial furnaces, and demonstrated good thermal
shock resistance at 700 °C. Furthermore, the emissive properties of
spinel oxides can be further enhanced by incorporating multiple tran-
sition metals to form high-entropy spinel oxides (HESO) [23-26].
Because of its inherent thermal stability and high emissivity, HESO can
be used as a thermal radiation material on the surfaces of radioisotope
heat sources. However, studies on the infrared radiative properties of
transition-metal-doped HESO remain limited, and the emission stability
after irradiation requires further investigation. Therefore, it is necessary
to explore the infrared radiative behavior and stability of radioisotope
heat sources under high-temperature and irradiation environments, as
well as their effectiveness in enhancing the performance of RTPV
systems.

In this study, a five-membered HESO (Cug.2Mng 2Feg 2Cro.2Nip.2)304
was synthesized via a high-temperature solid-phase method and inves-
tigated as a thermal-radiation-coating material for radioisotope heat
sources. A systematic study was conducted to analyze the influence of
different solid-phase reaction temperatures on material properties dur-
ing the preparation process. The high-temperature infrared spectral in-
tensity of the coating was measured, and the infrared thermography
temperatures at various temperature gradients were determined. These
data were compared with those of tungsten and alumina emitters, which
are more conventionally used. Furthermore, the infrared emission
mechanism of (CugsMngoFeg2CrgaNig2)304 was elucidated by
analyzing bandgap variations. To verify the emission stability of the
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coating, long-term high-temperature and radiation-irradiation experi-
ments were performed. The coating was applied to the surface of an
electrically heated alumina heat source and integrated into an RTPV
system. The performance output effects at different heat-source tem-
peratures were experimentally evaluated. The results demonstrated that
the coating exhibited excellent infrared emission properties and struc-
tural stability under long-term high-temperature and high-irradiation
environments when used on the surfaces of radioisotope heat sources.
The design of the coating contributes to the simplification and minia-
turization of the RTPV system, indicating its great potential for appli-
cations in long-life space nuclear power systems.

2. Materials and methods

2.1. Preparation of the (Cug 2Mnyg oFeg 2Crp 2Nip 2)304 powder and
coating

Fig. 1 illustrates the (CugaMng oFeq 2Crg2Nig 2)304 coating prepa-
ration process. Equal metal atom molar ratios of CuO (99.5 % purity),
NiO (99.5 % purity), MnOs (99.5 % purity), FeO3 (99.5 % purity), and
Cry03 (99.5 % purity) powders were weighed. The weighed powders
were then mixed with anhydrous ethanol and zirconia milling balls in a
mass ratio of 1:3:4 in a ball-milling jar, followed by ball milling at 500
rpm for 8 h to obtain a uniform slurry. Subsequently, the homogeneous
slurry was dried in a blast drying oven at 80 °C for 24 h and ground to
form a precursor powder. The powder was poured into an alumina
crucible and placed in a tube furnace and calcined for 5 h at 700 °C,
800 °C, 900 °C, and 1000 °C, respectively, with a temperature increase
rate of 5 °C/min, so that the metal oxide powder underwent a solid-
phase reaction to form a spinel structure at high temperatures. After
cooling to room temperature with the furnace, the resulting sample was
ground in a mortar to obtain (Cug 2sMng 2Feg 2Crg 2Nig 2)304 powder. The
powder, ethyl cellulose, rosinol solvent, and inorganic silicate binder
were mixed at a mass ratio of 1:0.03:0.72:0.03, followed by ball milling
at a rotational speed of 300 rpm for 5 h to obtain a uniform coating
slurry.

The surfaces of radioisotope heat sources are typically covered with
ceramic oxide materials containing alumina. Therefore, alumina was
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Fig. 1. (a) Coating preparation process, (b) prepared powder and coating.
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selected as the substrate material for the coating, and metallic tungsten,
a typical thermal radiation material, was used as the reference sample.
Circular alumina substrates (diameter: 8 mm, thickness: 1 mm) were
immersed in anhydrous ethanol for ultrasonic cleaning to ensure surface
purity. The prepared slurry was then dropped onto the surface of the
alumina substrates and spin coated at 2500 rpm for 30 s. After spin
coating, the samples were left to stand at room temperature for 4 h,
followed by drying in an oven at 90 °C for 2 h. Subsequently, the samples
were annealed for 2 h in a tubular furnace under an inert gas atmosphere
at the corresponding sintering temperature (700 °C, 800 °C, 900 °C, and
1000 °C), resulting in (CugoMng oFeg 2CrgoNip2)304 coatings. The
annealing process is primarily intended to eliminate organic compo-
nents such as binders, thereby preventing any potential impact on the
emissivity of the coating. Moreover, it promotes a stronger physical
adhesion between the coating and the substrate. In addition, to enable
an experimental evaluation within the RTPV system, the coating was
applied to electrically heated rods that served as equivalent heat sour-
ces. After the cylindrical heat-source rods were ultrasonically cleaned in
anhydrous ethanol to remove surface contaminants, the (CupoMng .
Fe.2Crg.oNig 2)304 slurry was uniformly applied to the surfaces using a
coating machine. The subsequent processing steps were carried out ac-
cording to the procedure described above.

2.2. Performance testing and characterization of the powder and coating

X-ray diffraction (XRD) analysis of the (CugoMngoFeq 2Croa.
Nig2)304 powder and the coated samples was performed using an
Empyrean X-ray diffractometer. The surface morphologies of the mate-
rials were characterized using a LYRA3 GM ionizing dual-beam electron
microscope. X-ray photoelectron spectroscopy (XPS) was performed
using an ESCALAB X-ray photoelectron spectrometer. The reflectance R
(1) and absorbance A of the coatings at room temperature were obtained
by testing with a LAMBDA 1050+ UV-Vis NIR spectrophotometer. Ac-
cording to Kirchhoff’s law (Eq. (1)), the emissivity of an object at
thermal equilibrium e(4) is equal to the absorptivity a(1) at the same
wavelength. Therefore, the emissivity of an object can be derived indi-
rectly by calculating its reflectance R(4) and transmittance T(4). And in
the case of coatings with large thicknesses, the transmittance T(4) can be
considered to be equal to 0.

e(l)=a(2) =1 —R(1) — T(2) ¢8)

The coating and reference samples were heated to 1027 °C using a
RT-1300GP high-temperature heating stage at a heating rate of 50 °C/
min. The infrared radiation spectra of the materials were recorded using
an NIR2500 near-infrared spectrometer (Shanghai Fuxiang Optical Co.,
Ltd.). Additionally, a cryogenic heating stage was employed to heat the
samples to three temperature gradients of 300 °C, 350 °C, and 400 °C,
during which the infrared distribution images of the materials were
captured using an ST9450 infrared thermal imaging camera.

2.3. High-temperature and irradiation resistance testing of the coating

To evaluate the service stability of the coatings, the prepared coating
samples were subjected to high-temperature treatment in a muffle
furnace at 1127 °C for 30 h, after which they were cooled to room
temperature. To further assess the thermal shock resistance of the
coating, thermal cycling tests from 25 °C to 1000 °C were performed
using dual-temperature-zone transfer method. The sample was held for
5 min at each temperature zone, with a total of 60 cycles. Meanwhile,
the coated heating rod samples were directly heated to 1000 °C, main-
tained for 5 min, and then rapidly cooled to room temperature, also for
60 cycles. In addition, equivalent radiation experiments were conducted
at the ®%Co irradiation center of Nanjing University of Aeronautics and
Astronautics. The samples were continuously exposed to a y-radiation
field with a dose rate of 270 Gy/h for 100 h. Based on the reported
surface dose rate of 0.135 Gy/h for a general-purpose heat source using
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238py0, fuel core blocks [27], this corresponds to an equivalent oper-
ational duration of approximately 22.8 years.

2.4. The electrical performance testing of the RTPV system

A schematic of the RTPV system, in which an electrically heated
equivalent heat source was used to simulate a radioisotope heat source
for experimental investigation, is presented in Fig. 2. The surface of the
heating rod was coated with (Cug 2Mng oFeq 2Crg 2Nig 2)304 paint. Power
to the heating rod was supplied by a DPS305U high-precision switching
DC power supply, with the heat source temperature set in the range of
427-727 °C. Temperature measurements of the heat source were
recorded using an AS887 four-channel thermocouple thermometer. To
mitigate the thermal accumulation caused by nonconvertible infrared
photons, a one-dimensional SiO5/TiO, optical filter was utilized to
achieve selective spectral control in the infrared region. The trans-
mission spectrum of the filter is shown in Fig. S1. An InGaAs TPV cell
with a bandgap of 0.72 eV was employed for photovoltaic conversion,
and the external quantum efficiency (EQE) of the TPV cell was metic-
ulously measured using a QE-R3011 tester. The electrical output per-
formance of the RTPV was comprehensively characterized using a
Keithley 4200 SCS Characteristic Parameter Analyzer.

3. Results and discussion
3.1. Analysis of characterization results

Fig. 3 shows the XRD patterns of (CugoMngoFeq oCrg2aNig2)304
powders synthesized at various solid-state reaction temperatures. The
diffraction peaks observed in the samples correspond well with those of
standard spinel-structured Fe3O4 (PDF No. 75-0449), indicating that
solid-state reactions among the mixed metal oxides occurred at elevated
temperatures, leading to the formation of a spinel phase. However, the
crystallinity of the powders varied at different solid-phase temperatures,
and from the XRD results, the diffraction peaks were of lower intensity at
the reaction temperature of 700 °C, and there might be an incomplete
reaction. With increasing temperature, the (311) diffraction peaks of
(Cup 2Mng oFeq 2Crp 2Nig 2)304 gradually narrowed, the peak intensity
increased, and the peak position had a tendency to be slightly shifted to
the left, which indicated that the crystallinity of the powders increased
when the reaction temperature increased.

Fig. 4 presents the morphology of the powders calcined at different
temperatures. At 700 °C, the spinel polyhedral outlines are indistinct. As
the temperature increases to 800 °C and 900 °C, the crystallinity im-
proves and grain interfaces become more pronounced. Notably, powders
calcined at 900 °C exhibit well-defined polyhedral shapes, indicating a
more complete reaction. However, at 1000 °C, significant grain
agglomeration occurs due to the formation of large grains, which may
reduce the specific surface area and thereby weaken the effective
interaction between the material surface and incident infrared radiation.
Furthermore, excessive grain growth tends to increase surface smooth-
ness, diminishing multiple scattering effects and adversely affecting the
coating’s light-absorption and thermo-optical characteristics. On a
macroscopic level, these changes diminish the material’s thermal
emissivity. Fig. 5 shows the emissivity of coatings prepared at different
solid-state reaction temperatures. The coatings prepared at reaction
temperatures of 700 °C and 800 °C exhibit varying degrees of emissivity
reduction due to incomplete reactions. Furthermore, compared with the
coating obtained at 900 °C, the coating prepared at 1000 °C shows a
slight decrease in emissivity in the wavelength range beyond approxi-
mately 1400 nm. This result further confirms that grain growth and
agglomeration at high temperatures can affect the infrared radiation
performance of the coating. Based on the above analysis, this work se-
lects the grain coating with a reaction temperature of 900 °C as the first
object to be considered in subsequent research.

Fig. 6 shows the morphological characteristics of the
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Fig. 3. XRD spectra of (Cug 2Mng sFeq 2Cro 2Nig.2)304 powders at different calcination temperatures.

(Cup 2Mng oFeq 2Crp 2Nip 2)304 powders before and after calcination.
The mixed oxide powders before the reaction consisted of irregular
agglomerated particles, and after calcination, the powders mainly
exhibited irregular polyhedral agglomerations and smooth crystalline
surfaces. The elemental mapping of the powders (Fig. S2) revealed a
uniform distribution of metals and oxygen, which is consistent with the
typical features of high-entropy spinel oxide materials. Moreover, the
elemental mapping of the powder sample synthesized at 1000 °C reveals
a uniform distribution of all metal elements (Fig. S3), with no evident
signs of elemental enrichment or depletion. This indicates that under the
current synthesis conditions, all elements were effectively incorporated
into the spinel lattice without noticeable volatilization or phase sepa-
ration. The thickness of the coating prepared using the spin-coating
method was approximately 24.20 pm (Fig. S4). In addition, the XRD
characterization results and surface morphology images of the coatings

obtained after spin coating and subsequent calcination at the corre-
sponding temperatures (Fig. S5) indicate that the high-temperature
annealing process did not affect the spinel phase.

3.2. Analysis of infrared radiation performance and mechanism

Fig. 7 shows the emissivity of the three emitter materials in the range
of 300-1800 nm at room temperature and the response bands of the
InGaAs TPV cell. In particular, the average emissivity of the coating was
maintained above 92 %, whereas the emissivity of the commonly used
tungsten metal emitter gradually decreased from 60 % to approximately
20 %. Compared to the other two materials, the emissivity of the
(Cug 2Mng oFeq 2Crp 2Nig 2)304 coating was more competitive in the
response range of the InGaAs TPV components.

It can also be observed from the radiation spectra plots of the three
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Fig. 4. Morphological images of (Cug 2Mng oFeq 2Cro 2Nip.2)304 powders calcined at different temperatures: (a) 700 °C, (b) 800 °C, (c) 900 °C, and (d) 1000 °C.
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Fig. 5. Emissivity of coatings prepared at different solid-state reaction
temperatures.

materials at 1027 °C (Fig. 8a) that the (CugsMng oFeg 2Crg2Nig 2)304
coating has a spectral power density closer to that of a blackbody.
Compared with the other two thermal emitter materials, the coating
provided more light intensity gain (yellow part) in the response interval
of the TPV assembly. Under thermal equilibrium conditions, the radia-
tion captured by an infrared imaging system primarily depends on the
infrared emissivity of the material. Infrared imaging results at different
temperature gradients (Fig. 8b) revealed that the (CupaMnga.
Feg.2Cro.oNip.2)304 coating exhibited a higher surface temperature,
indicating that the coating also demonstrated efficient radiative heat
transfer in the mid-to low-temperature range. Furthermore, as the
temperature increased, the temperature gradient became more pro-
nounced, and the brightness of the coated region in the captured
infrared images gradually intensifies (Fig. S6), which corresponded to an
increased amount of radiative energy being transferred.

The full XPS spectra of the (Cug 2Mng 2Feq 2Crg 2Nig 2)304 elements
(Fig. 9a) further confirm the presence of the incorporated metal ele-
ments and oxygen, with the 2p orbitals of the metal elements exhibiting
peak splitting. As shown in Fig. 9b, for Cu as an example, the Cu 2p3/2
characteristic peaks located at 931.01 eV and 934.10 eV correspond to
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Cu* and Cu®", respectively, while the Cu 2p; » characteristic peaks at
951.19 eV and 954.07 eV correspond to Cu® and Cu?* [28,29],
respectively. Two satellite peaks at 941.65 eV and 961.40 eV can be
attributed to Cu*. In addition, other metal elements exhibited valence
state changes (Fig. S7). The Mn 2ps3 2 split peaks indicate the coexistence
of Mn®" and Mn**. The Ni 2p spectral splitting reveals the presence of
both Ni?* and Ni®*. For Fe, the characteristic Fe 2p peaks along with the
corresponding satellite features suggest the coexistence of Fe?* and
Fe3'. Similarly, the Cr 2p split peaks correspond to Cr®" and Cr®*
oxidation states. The general chemical formula for spinels is AB3Oy4,
where the A-site is an octahedral void coordinated by four oxygen
atoms, typically occupied by divalent or low-valent cations, and the
B-site is an octahedral void coordinated by six oxygen atoms, usually
occupied by trivalent or higher-valent cations. Based on the XPS spectra,
along with the chemical characteristics and site occupancy preferences
of the constituent elements, it can be inferred that Cu®>", Cu*, Ni®*, and
Fe* primarily occupy the A-sites (tetrahedral positions) in the spinel
structure, whereas Cr®*, Cr®*, Mn®*, Mn**, Ni®*, and Fe®* are more
likely to reside in the B-sites (octahedral positions). Moreover, the O 1s
spectrum (Fig. 9c) shows three characteristic peaks at 530.05 eV,
530.89 eV, and 531.7 eV, which are attributed to lattice oxygen (Or),
oxygen vacancies (Oy), and adsorbed oxygen (O,), respectively.

The high-emission mechanism of (CugaMng sFeq 2Crg 2Nig 2)304 is
related to changes in its band gap. During high-temperature calcination,
the doping of multiple metal cations leads to a local charge imbalance,
and the difference in bond energies and lengths between the metal
cations and lattice oxygen rebalances the electrons around the lattice
oxygen, leading to a shift in the position of the metal ions, which results
in lattice distortion [30]. Lattice distortion allows oxygen ions to escape
from the lattice, thereby forming oxygen vacancies. Oxygen vacancies
can introduce defect energy levels, which can effectively promote the
transfer of electrons and improve the light absorption performance at
infrared wavelengths [31]. The material bandgap was calculated from
the experimentally measured absorbance data using Tauc’s formula (Eq.

(2)):
(ahv)" = C(hv — Ey) )
where hv is the photon energy, E; is the optical band gap of the material

of interest, C is an energy-independent constant, and « is the absorption
coefficient. Based on the Beer-Lambert law, a proportional relationship
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Fig. 6. (a)-(b) SEM images of mixed oxide powders before calcination. (c)-(d) SEM images of (Cug >Mng sFeq 2Crg 2Nig 2)304 powder with a reaction temperature
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Fig. 7. Emissivity of three thermal emitter materials and the external quantum
efficiency of the InGaAs TPV cell.

exists between absorbance and the absorption coefficient:

A=Ka 3)

where A is the absorbance of the sample and K is a constant independent
of the absorption coefficient. Therefore, the Tauc equation can be
reasonably rewritten in the form:

(Ahy)" =T(hv—E,) @

In this equation, T is a constant independent of photon energy. The
exponent n is taken as two for direct bandgap jumps and 0.5 for indirect
jumps. It was shown that a direct bandgap exists in spinel ceramic
compounds [32], and the value of the bandgap energy was calculated by
extrapolating the linearly fitted region at (Ahv)" with respect to the
photon energy. Fig. 10 shows the fitting results for the bandgap of the

material. Compared to the conventional spinel ferrite material [21],
(Cup.2Mng oFeq 2Cr 2Nig 2)304 formed by transition metal doping has a
narrower band gap and improved light absorption properties.

The synergistic effect of transition-metal co-doping and the presence
of oxygen vacancies as lattice defects resulted in the formation of im-
purity energy levels within the bandgap, effectively narrowing the
bandgap of the material. This facilitates enhanced electronic transitions
of the outermost d-orbital electrons of transition metals, leading to
improved infrared absorption [33]. Therefore, the bandgap narrowing is
primarily attributed to the increased concentration of oxygen vacancies
induced by the high-entropy effect. According to Kirchhoff’s law, under
thermal equilibrium conditions, an increase in infrared absorption
within the same wavelength range promotes a corresponding enhance-
ment in infrared emissivity. This enables HESO materials to exhibit
spectral intensities approaching that of an ideal blackbody. In RTPV
systems, this characteristic primarily translates to an increased flux of
useable photons received by the photovoltaic conversion unit.

3.3. High-temperature and irradiation stability analysis of HESO coating

Owing to the unique environment of the radioisotope heat source,
the coating must maintain a stable emissivity even after prolonged
exposure to high temperatures and radiation. Fig. 11 shows the emis-
sivity curves of the coating after 30 h of high-temperature treatment at
1127 °C and irradiation at a total dose of 27 kGy from a®Co source. It
can be observed that after high-temperature treatment, the emissivity of
the coating does not exhibit a significant decrease, with only a slight
reduction occurring beyond 1200 nm. After irradiation, the emissivity of
the (Cug oMng 2Feg 2Crg 2Nig 2)304 coating exhibited a minimal decrease
of less than 1 %, indicating that the coating retained excellent intrinsic
stability.

Fig. 12(a) and (b) show the microscopic morphology of the coating
after two different treatments. After the high-temperature treatment, the
spinel polyhedral structure remained intact, while the grain size
increased, which was reflected in the shift of the X-ray diffraction peaks
to lower angles. According to the X-ray diffraction results (Fig. 12c), the
phase composition of the coating remained unchanged after both the
high-temperature and ionizing radiation treatments. Compared with the
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Fig. 10. Results of band gap fitting of (Cug2Mng2Fep oCrooNip2)304 and
CuFe,04 spinel.

05 1.0

original sample (Fig. 12d), the increase in grain size at high tempera-
tures led to the aggregation of larger grains, resulting in a decrease in the
specific surface area for light absorption, which in turn affected the
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optical absorption capability and caused a slight decrease in the emis-
sivity beyond 1200 nm. After irradiation, the coated grains retained
their polyhedral structures. Additionally, the elemental composition and
content analyses (Table S1) indicated that the metal atoms still adhered
to the molar ratio requirements. Small bubble-like projections appeared
on the surface of the polyhedral grains owing to the accumulation of
internal defects after prolonged irradiation, which resulted in a phase
transition from spinel to disordered spinel. However, oxygen Frenkel
pair defects introduced by doping with transition metal atoms can in-
crease the radiation resistance of the spinel structure [34], which is an
advantage of the high-entropy effect.

Fig. 13 shows the surface morphology of the coatings before and
after thermal cycling. As observed, the overall macroscopic morphology
of the coating remained largely unchanged after 60 thermal shock cy-
cles, with no visible cracks or delamination. Furthermore, the coating on
the surface of the heating rod exhibited no noticeable changes and
remained well adhered to the substrate. These results further demon-
strate the excellent thermal stability of the coating.

3.4. Electrical properties of the HESO-coating based RTPV system

Fig. 14 presents the current-voltage (I-V) and power density-voltage
(P-V) curves of the RTPV system equipped with a coated heat source and
a standard AlyO3 heat source at various temperatures. Application of the
coating led to a significant enhancement in both the output current
density and power density of the RTPV system. This improvement was
attributed to the markedly increased infrared spectral intensity of the
coating at the same temperature, resulting in a higher flux of useable
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infrared photons and, consequently, a substantial increase in the output
current. The electrical parameters of the RTPV system at different heat
source temperatures were summarized in Table 1. At a heat-source
temperature of 727 °C, the RTPV system with the coating achieved a
short-circuit current density (Js.) of 30.09 mA/cm? and a maximum
power density (Pmax) of 16.63 mW/cm?. Compared to the RTPV system
employing an AlyOs-based heat source, Js. exhibited an increase of
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76.58 %, whereas P was enhanced by 132.91 %.

In addition, the enhanced radiative intensity introduced by the
coating led to a moderate increase in the open-circuit voltage (V,),
although the extent of this enhancement was relatively limited. Because
of the spectral selectivity of the optical filter, the application of the
coating did not result in additional thermal loading on the TPV cell. The
cell temperature remained stable without a significant increase, and no
decline in V,, was observed with increasing heat-source temperature.
These results confirm that the integration of the (Cug 2Mng 2Feg 2Crg 2.
Nig.2)304 coating into RTPV systems can substantially enhance the
overall output performance.

4. Conclusion

In this study, a HESO (Cug2Mng oFeq 2CrpoNig2)304 coating was
successfully synthesized and demonstrated excellent emissive charac-
teristics. The infrared radiative intensity of the as-prepared coating
approached that of an ideal blackbody. The synergistic effect of co-
doping with multiple transition metal elements and the presence of
oxygen vacancies within lattice defects lead to the formation of a narrow
bandgap, which is the key factor enabling the high emissivity of the
coating. Even after undergoing high-temperature treatment at 1127 °C
and exposure to y-ray irradiation with a cumulative dose of 27 kGy, the
coating maintains remarkable structural and functional stability. Spe-
cifically, no substantial alterations were detected in the spinel-phase
structure or surface morphology. Elemental distribution analysis
revealed that the elements within the coating remained uniformly
dispersed, and the metal content consistently adhered to the equimolar
ratio. When integrated into an RTPV system, the coating exhibited
excellent performance, achieved a short-circuit current density of 30.09
mA/cm? and a maximum output power density of 16.63 mW/cm?.
Compared to the RTPV system without the HESO coating, Js. increased
by 76.58 %, and the power density improved by 132.91 %. The coating
developed in this study not only simplified the structural design of the
RTPV system but also significantly enhanced its output performance.
Moreover, owing to its superior optical absorption and radiative heat

(b)

Fig. 12. Surface microstructure of the coating (a) after high-temperature treatment, (b) after irradiation treatment, and (d) original sample. (c) XRD spectra of the

coating after different treatment.
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30 cycles

Fig. 13. Macroscopic morphology of the coating (a) before thermal cycling, (b) after 30 thermal cycles, and (c) after 60 thermal cycles.
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Fig. 14. I-V/P-V curves of the RTPV systems: (a) before and (b) after HESO coating.

Table 1
Performance parameters of RTPV systems before and after HESO coating.

Temperature (°C) Before HESO coating

After HESO coating

Jse (mA/cm?) Vo (V) Prnax (MW/cm?) TPV cell temperature (°C) Je (mA/cm?) Voe (V) Prax (MW/cm?) TPV cell temperature (°C)
427 0.812 0.61 0.231 24.1 1.543 0.67 0.589 25.5
527 2.417 0.75 1.005 27.2 3.792 0.83 2.049 28.8
627 9.262 0.94 4.069 30.7 15.229 1.07 9.131 31.3
727 17.045 1.06 7.142 36.2 30.091 1.13 16.626 37.8
transfer properties, the coating holds great promise for potential appli- Acknowledgements

cations in solar energy harvesting technologies and protection of high-
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