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a b s t r a c t

High-temperature radioisotope heat source surface coated with excellent performance of thermo-optical
conversion coating can greatly improve thermophotovoltaic energy utilization. However, long-term
high-temperature and radiation resistance of the thermo-optical conversion pose a great challenge. In
this work, spinel-type ferrite thermo-optical conversion coating was proposed to improve the heat and
irradiation stability and output power of a radioisotope thermophotovoltaic (RTPV) prototype. Under the
continuous irradiation of 32.64 kGy for 24 h at 1400 K, the emissivity of the spinel-type ferrite thermo-
optical conversion coating could maintain more than 90%. In addition, the surface morphology of the
coating was changed under high temperature, which enhanced its surface emissivity. Spinel-type ferrite
thermo-optical conversion coating was applied to the RTPV prototype, which achieved a maximum
output power of 144.23 mW. Compared with the RTPV prototype without coating, the overall output
increased to 181.51%. Spinel-type ferrite thermo-optical conversion coating showed great application
potential in the fields of thermo-optical conversion and high-efficiency utilization of thermal energy.

© 2021 Elsevier Ltd. All rights reserved.
1. Introduction

In the recent decade, the rapid development of deep-space
exploration has aroused an urgent need for high-reliability power
system [1,2]. For space power systems, energy conversion systems
operating in solid state are relatively more stable and reliable
[3e5]. Thermophotovoltaic (TPV) is a stable solid-state, energy
conversion, and thermal-to-electricity technology. Its main com-
ponents and working principle indicate that the thermal at the hot
side of the system is transferred through infrared radiation, and
then the TPV cell at the receiving end converts infrared-light energy
into electric energy through the photovoltaic effect [6e10]. Con-
verting heat energy of the radioisotope heat source into electric
energy by TPV technology leads to high specific power, stability,
and long life. At present, compared with the application of
nce and Technology, Nanjing
211106, China.
).
relatively mature thermoelectric (TE), the TPV experimental effi-
ciency of TE photovoltaic is generally above 10%, which can even
reach 24.1% [11], and the power density can reach 3e4 times that of
TE. Therefore, TPV has great application potential in long-term
deep-space exploration [12e14].

At present, the mature application of radioisotope heat sources
is the general-purpose heat source (GPHS) proposed by the Na-
tional Aeronautics and Space Administration. Given the extensive
and successful application of GPHS in recent space missions, it can
be used as a reference for the specific parameters of RTPV heat
source. The surface of the current radioisotopic heat pellets is
usually covered by low-emissivity metal or ceramic body oxides
[15]. If thermal energy is converted into light directly through the
low-emissivity surface of the heat source, then achieving high-
efficiency advantages of TPV technology becomes difficult. There-
fore, the surface of the radioisotope heat source must add an effi-
cient thermo-optical conversion coating as emitters to improve the
infrared-light emission efficiency of the surface of the radioisotope
heat source [16,17]. The GPHS operating temperature range of the
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Nomenclature

b Wien's displacement constant, nm K�1

c Speed of light, m s�1

h Planck's constant
I Output current of the radioisotope

thermophotovoltaic (RTPV), mA
Isc Short-circuit current of the RTPV, mA
P Power of the RTPV, mW
k Boltzmann constant
M(l) Power density of blackbody radiation, mW cm�1

Pout Output power of the RTPV, mW
Pmax Maximum output power of the RTPV, mW
T Surface temperature of heat source, K
V Output voltage of the RTPV, V
Voc Open-circuit voltage of the RTPV, V
εc Surface emissivity
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surface is usually 1273 Ke1343 K [18,19], and the irradiation effect
of high-energy rays also exists. The initial deposition dose on the
surface of a 500 W GPHS heat source is approximately 0.135 Gy/h
[20,21]. Therefore, in actual work, the thermo-optical conversion
coating of the radioisotope thermo-photoelectric generator is
continuously affected by high-temperature and radiation factors,
and the emissivity of most metal functional materials will decrease
or even fail [7]. Therefore, analyzing the thermo-optical conversion
performance and long-term functionality of the material in the
environment is necessary.

Currently, rare-earth materials are typical thermal radiation
materials for thermal photovoltaic systems because of their excel-
lent chemical and thermal stability [22]. However, they have a
narrow emission peak and low overall spectral power, which lead
to the poor overall performance of TPV. In addition, using photonic
crystals and metamaterials as emitters on the surface of TPV heat
sources is a novel research idea [23e26]. Given the good spectral
selective emission capability and high theoretical energy conver-
sion efficiency, these materials have excellent application prospects
in TPV systems. However, the effects of the above-mentioned ma-
terials on the irradiation from the heat source have not been deeply
considered and studied. Previous studies have explored the strong
infrared emission performance and application of organosilicon
coatings, but seldom involved its high temperature and radiation
resistance [17]. Therefore, developing highly stable materials with
high temperature and radiation based on a radioisotope heat source
is necessary, which can be used as thermo-optical conversion
coating for RTPV. The spinel-type ferrite is a metal oxide material
with high melting point, high structure, and stable chemical
properties. Given its high-temperature resistance and high emis-
sivity, the spinel-type ferrite is suitable for thermal photovoltaic
systems. Meanwhile, the spinel-type ferrite is widely used in
aerospace, metallurgy, and other high-temperature insulation
fields [27,28].

In this work, the Cu-spinel-type ferrite coating was used as the
thermo-optical conversion layer for isotope heat source. In addi-
tion, it was applied to RTPV to achieve stable and efficient infrared
2

emission and improve the power output. Long-term high temper-
ature heating and ray irradiation experiments on spinel-type ferrite
thermo-optical conversion (SFTOC) coating were further carried
out, and compared and analyzed the changes in the emissivity and
microstructure of SFTOC. Moreover, the prepared SFTOCwas coated
on the equivalent heat source of electric heating and assembled
into an RTPV prototype. The performance of the integrated RTPV
prototype under different heat source temperatures was tested
experimentally. High-temperature cycling experiment was
designed to prove its stability. The obtained results show that the
prepared SFTOC has excellent thermo-optical conversion charac-
teristics, and can has potential application prospects in the long-life
space nuclear power supplies with long-term high temperature
and radiation.

2. Materials and methods

2.1. Synthesis and preparation of SFTOC coating

The preparation of SFTOC powders: NiO (1 mol), Fe2O3 (1 mol),
and anhydrous ethanol (20 ml) were added to the planetary ball
mill and then ground at 200 r/min for 8 h. The ball-milled slurry
was dried to obtain uniform powders in an air drying oven at 80 �C.
The dried powder mixture was calcined in a tubular furnace (OTF-
1200X) at 1100 �C for 3 h. High temperature solid phase synthesis
reaction takes place at high temperature to form spinel structure.
After falling to room temperature, the calcined powder sample was
ground and then passed through a 500-mesh stainless steel screen
to obtain the required NiFe2O4 powders. The CoFe2O4 and CuFe2O4

powders can be obtained by substituting CoO and CuO for NiO,
respectively. The other preparation processes were the same as
previously described.

The preparation of slurry: Ethyl cellulose (3 wt% SFTOC pow-
ders) was used as additives to increase the viscosity of the coating.
Terpineol (52 wt% SFTOC powders) was used as a solvent. BYK-110
(2 wt% SFTOC powders) was used as a dispersant to obtain a sus-
pension of ceramic particles in the paste. SiO2eZnOeB2O3 (3 wt%
SFTOC powders) was used as an inorganic silicate binder to mark
the filler bond to each other and to the matrix material after high-
temperature annealing.

The above-mentioned raw materials were mixed to prepare the
paste, and an appropriate amount of anhydrous ethanol was added
to the paste, which was stirred in a planetary mixer at 80 �C for
20 min and then stirred at room temperature for 2 h to obtain the
SFTOC paste.

Al2O3 has an excellent heat resistance, and it is often used as a
protective layer on the surface of heat emitters. Thus, we used Al2O3
as substrate and primary comparison sample. Firstly, the Al2O3
substrate (Round, diameter 8 mm, thickness 1 mm) is placed into
anhydrous ethanol, and ultrasonic cleaning is performed for
30 min. After cleaning, the substrate was dried in an oven at 80 �C
for 30 min. The prepared SFTOC paste was applied to the Al2O3
substrate for 30 s at a speed of 3000 r/min on the spinning coater,
and then the coating was removed and left standing for 5 h to dry
evenly (Fig.1). Afterward, the SFTOC coatingwas dried in an oven at
80 �C for 1 h, annealed in a tubular furnace at 1100 �C for 2 h, and
then slowly lowered to room temperature in the furnace body to
obtain the required SFTOC layer. The averagemeasured thickness of



Fig. 1. (aeb) Method of spin coating to SFTOC coating, (c) sintering before the coating structure diagram, and (d) sintering after the actual drawing.

Fig. 2. Emission spectral test platform for SFTOC coating.
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SFTOC was 62 mm (Fig. 1[d]). In addition, the SFTOC coating was
fabricated on a cylindrical heat source with curved surface for
experimental testing on an RTPV prototype. First, the initial cylin-
drical heat source rod was ultrasonic cleaned in anhydrous ethanol
for 30min, and then dried in the air-blast drying oven. The treated
cylindrical heat source rod was soaked into the prepared SFTOC
slurry. After standing for 5 min, the SFTOCC coating machine was
slowly pulled at the speed of 1 cm/min, and the uniform SFTOCC
coating was coated on the heat source rod. The obtained cylindrical
heat source coating was left standing for 5 h at room temperature,
and then dried for 1 h in a drying oven with air blast at 80 �C. The
coating needs to be annealed in a tubular furnace at 1100 �C for 2 h
too. The final SFTOC coating heat source rod was obtained after the
sample was taken out slowly at room temperature in the furnace
body.

2.2. Characterization of SFTOC powder and coating emissivity

X-ray diffraction (XRD) patterns were obtained by using Cu Ka
X-ray source at 40 kV and 40mA. Themorphologies of thematerials
were imaged using Quanta 650 FEG scanning electron microscope
(SEM, Thermo Fisher Scientific) operating at 15 kV. The reflectivity
3

of the coated SFTOC was obtained at room temperature was tested
by the UVeViseNIR spectrophotometer (Cary 5000), and the
emissivity of the samples was calculated according to Kirchhoff's
law [29]. At thermal equilibrium, body's emissivity εcðlÞ at each
wavelength was equal to its absorptivity aðlÞ. According to Equa-
tion (1), emissivity can be obtained indirectly by calculating the
reflectivity RðlÞ and transmittance TðlÞ of the object. In SFTOC
coating with considerable thickness, TðlÞ was equal to 0,

εcðlÞ¼aðlÞ ¼ 1� RðlÞ � TðlÞ (1)
2.3. Experimental methods for tolerance testing of SFTOC coating

In reaching the temperature of the actual GPHS heat source, the
prepared SFTOC coating was placed in a high-temperature muffle
furnace, maintained at 1400 K for 24 h, and collected after cooling.
In obtaining the external radiation characteristics of the GPHS heat
source, the radiation tolerance experiment of the SFTOC coating
was conducted at the 60Co Radiation Center of Nanjing University of
Aeronautics and Astronautics. Under the g radiation field with



Fig. 3. RTPV prototype and experiment.
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photon energy of 1.17 and 1.33 MeV, the dose rate sites of 0.68 kGy/
h were selected. In the experiment, based on the dose rate of the
heat source surface (0.135 Gy/h), SFTOC coating was irradiated for
48 h, attributing to 27.6 yr of working time.
Fig. 4. XRD spectra of (a) CuFe2O4, (b) NiFe2O4, and (c) CoFe2O4 SFTOC powders.
2.4. Test methods for the thermo-optical conversion of SFTOC
coating

The thermo-optical conversion properties can be intuitively
evaluated by the spectral emission curve of materials at high
temperature. SFTOC coating was heated to 1300 K by high-
temperature hot bench (RT1300-GP), and the heating rate was
40 K/min. In addition, the heated SFTOC coating was evaluated by a
near-infrared spectrometer (NIR2500, Shanghai Fuxiang Optical
Co., Ltd.; Fig. 2). The GaSb (Eg ¼ 0.72 eV) TPV cell with an effective
area of 11.05 � 16.51 mm2 was used as the follow-up photoelectric
test and was directly fabricated on the printed circuit board
substrate.

The infrared radiation spectrum of SFTOC at high temperature
was related to its surface emissivity εc(l) and surface temperature,
as shown in Planck's law [30] (Equation (2)) [10], where h is the
Planck's constant; k is the Boltzmann constant; c is the speed of
light; T is the surface temperature of the heat source; l is the
infrared spectrum wavelength.

MðlÞ¼ εcðlÞ 2phc2
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e

�
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lkT

�
� 1
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2.5. Structural and test method for RTPV prototype with SFTOC

Fig. 3 shows the RTPVmodel for online testing via the parameter
analyzer, and a resistive Joule thermal surrogate was used in the
RTPV to simulate a radioactive fuel pellet for experimental research.
The SFTOC paste was coated on the equivalent fuel pellet surface in
RTPV and conducted high-temperature adhesion treatment. The
power for the heat source rods was provided by a programmable
linear DC power supply (DP832A, RIGOL Technologies Inc.). The
temperature range of 700 Ke1000 K represents the heat source
columns. The temperature of the heat source was obtained using a
temperature-measuring instrument (Agilent 34970A Data Acqui-
sitionwith 34901A 20 Channel Multiplexer). Six pieces of GaSb TPV
cells were connected in series inside the RTPV shell, which were
3.5 cm away from the heat source, and the fins on the back of the
TPV cells were used to heat the TPV cell. The electrical perfor-
mances of the RTPV were tested by a parameter analyzer (Keithley
4200 SCS) in a dark environment with a normal temperature of



Fig. 5. Emissivity of three types of SFTOC coating and GaSb quantum efficiency curve.
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293.15 K and a standard atmospheric pressure of 1 atm.
3. Result and discussion

3.1. Material property analysis of SFTOC coating

Fig. 4(aec) show the XRD spectra of CuFe2O4, NiFe2O4, and
CoFe2O4 SFTOC powder samples. The XRD peaks of the SFTOC
powders can be indexed to the corresponding JCPDF crystal sam-
ples (JCPDF Nos. 34e0425, 10e0325, and 22e1086). The element
types and content are consistent with raw material powder. This
result also proves that the required SFTOCmaterial can be prepared
by the high-temperature solid-phase method.

Fig. 5 shows the three kinds of SFTOC coating emissivity curves.
Fig. 6. (a) SFTOC coating infrared spectra and (b) IeV/PeV c
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In the wavelength range of 400e1800 nm, the emissivity of Cu-
SFTOC and Ni-SFTOC coating was maintained at approximately
80%e90%. Compared with Al2O3 substrate, the emissivity is greatly
improved. SFTOC had a high emissivity in the response band
(400e1800 nm) of the GaSb TPV cell, which can provide higher
photocurrent density and electrical output power to RTPV.
Compared with Ni-SFTOC coating, the emissivity of Cu-SFTOC
coating was approximately 5% higher in the wavelength range of
600e1800 nm. The emissivity of Co-SFTOC was up to 95% in the
visible and near-infrared band (in the wavelength range of
400e800 nm), but it began to decline in the wavelength range of
900e1800 nm. However, the emissivity of Co-SFTOC attenuation
was located in the high photoelectric response range of the GaSb
TPV cell. Thus, the application of Co-SFTOC in RTPV was slightly
inferior to Cu-SFTOC and Ni-SFTOC coating.
3.2. Electrical properties of SFTOC coatings used in the RTPV

The reflectivity of SCTOC coating was tested at room tempera-
ture and the emissivity of SCTOC coating was calculated and
analyzed according to Kirchhoff's law. SCTOC coating was heated to
1300 K with a high-temperature hot table, and its infrared spec-
trum was measured. In addition, the currentevoltage (IeV) char-
acteristic curves of the infrared spectra on a GaSb TPV cell were
measured. The output power versus voltage (PeV) curves was ob-
tained on the basis of the IeV curves and Equation (3).

P¼V � I (3)

Fig. 6(a) shows the SFTOC coating infrared spectrum in the
measured wavelength range of 1100e2500 nm. The spectral power
density of the coating increased with wavelength. Under the same
heat source temperature, the infrared spectrum intensity of SFTOC
coating was nearly three times higher than that of the untreated
Al2O3 substrate. This result indicated the excellent thermo-optical
conversion characteristics of SFTOC coatings. As shown in Fig. 6
urves by SFTOC coating on a GaSb TPV cell at 1300 K.



Fig. 7. IV/PV curve of (a) Al2O3 substrate and (b) Cu-SFTOC coating on a RTPV prototype.

Fig. 8. Output performance comparison of the RTPV prototypes with different heat
source coating.

Fig. 9. (aec) Comparison of high-temperature test of Cu/Ni/Co-SFTOC coating.
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Fig. 10. (aec) XRD of Cu/Ni/Co-SFTOC coating before and after heating.
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(b), the IV/PV curves also show the same trend. The experimental
results of the emissivity curve of the coating above can reflect that
Cu-SFTOC coating achieves the highest power output. The current
and output power generated by SFTOC coating in a TPV cell at
1000 K was greater than that of Al2O3 substrate.

The equivalent heat source coated with Cu-SFTOC was loaded
into a RTPV prototype to verify the practical application advantages
of SFTOC coating on RTPV. In addition, the heat source was only
heated to 700 Ke1000 K to ensure the temperature accuracy and
repeatability of the equivalent heat source. The IV/PV curves of
SFTOC coating at different temperatures were measured respec-
tively. Fig. 7(a and b) show the IV/PV curves of Cu-SFTOC coating
and Al2O3 substrate at different temperatures. The Cu-SFTOC
coating significantly improved the infrared radiation emission ef-
ficiency of the same temperature and enabled greater current and
output power. The electrical parameters, including open-circuit
voltage (Voc), short-circuit current (Isc), and maximum output
7

power (Pmax), were extracted (Fig. 8). At various temperatures, Isc
and Pmax of RTPV with SFTOC coating were higher than that with
Al2O3 substrate. When the temperature of the heat source was
1000 K, Cu-SFTOC coating generated Voc of 1.86 V, ISC of 169.77 mA,
and Pmax of 144.23 mW. By contrast, in the Al2O3 substrate, Isc
increased to nearly 206.76%, and Pmax increased to 181.51%.
Therefore, SFTOC coating applied to RTPV can significantly improve
the overall current and power output.

In addition, the Voc increases slowly with the increase of heat
source temperature, and the Voc of SFTOC coating is even slightly
lower than that of Al2O3 at 1000 K. On the one hand, the TPV cell
has an inherent energy band gap (GaSb, Eg ¼ 0.72 eV), as the ra-
diation intensity increases, the Voc tends to a saturation value. On
the other hand, high temperature has certain negative effects on
TPV cell. SFTOC coating has a higher emissivity, which can improve
the thermal radiation intensity, accompanied by a greater amount
of infrared emission, it also carries more heat deposition. As a
result, the temperature of TPV cell rises, and the Voc of SFTOC de-
creases slightly, making it slightly lower than Al2O3. However, the
above changes of Voc in this process have a weak impact on the
comparison between them.

Pmax ¼MaxðV � IÞ (4)
3.3. Analysis of high-temperature tolerance of SFTOC coating

SFTOC coatings provide excellent thermo-optical emission at
high temperature section (800e1300 K) and excellent electrical
output for RTPV applications. Meanwhile, as an emitter, it is
required to operate at high temperatures for long periods of time
and to maintain a high thermo-optical emission. So the thermo-
optical emission stability of SFTOC coating at high temperature
must be further analyzed. After the tolerance test of SFTOC coating
at 1400 K for 24 h, the emissivity of the three SFTOC coatings did
not decline significantly. The overall emissivity of Ni-SFTOC coat-
ings before and after a high-temperature test were increased by
approximately 3%e4% (Fig. 9[aec]). Based on the XRD results, the
material properties of the coating did not change, and the lattice
structure did not deflect (Fig. 10[aec]).

Futhermore, the emissivity change was explored from the
microscopic structure. Fig. 11(a and b) clearly shows the structural
features similar to triangular dodecahedron. This structure is in
accordance with the crystal configuration of spinel-type ferrite,
which shows high emissivity for the SFTOC coating, thereby
improving its thermo-optical conversion efficiency. By comparing
the SEM images of Ni-SFTOC coating after heating, we found that
the crystal shape of the surface changed into sharp tetrahedral
pyramidal crystals (Fig. 11[ced]). This phenomenon is due to the
effect of high temperature, and the crystal angle on the surface of
SFTOC coating becomes smaller, which is more conducive to the
reflection and scattering of photons. This result improves the light-
absorption and thermo-optical characteristics of the SFTOC coating.
Crystal configuration increases the specific surface at the micro
level, and emissivity increases at the macro level. RTPV with SFTOC



Fig. 11. SEM images of SFTOC coating before (aeb) and (ced) after high temperamture.

Fig. 12. The electrical parameters of Voc, Pmax, and Isc changed with time curves during
the cycle heating experiment.
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coating works in a long-term high-temperature environment of
approximately 1400 K, and the thermo-optical conversion effi-
ciency can ensure stability and evenness.

High-temperature cycle experiment was adopted to evaluate
the high-temperature stability of SFTOC coating applied in RTPV.
The heat source of RTPV with SFTOC coating was heated to 1000 K,
and it was heated four times in a cycle within 45 min. Data was
collected was conducted at 1-min intervals. The electrical param-
eters, including Voc, Pmax, and Isc of RTPVwere extracted to draw the
curve of their variation trend (Fig. 12). Voc and Pmax indicate that the
prepared SFTOC coating can maintain stability during the cyclic
application of RTPV. This also means that SFTOC can still maintain
the original output level after alternating high and low temperature
working scenarios. It can be used in extreme environments such as
space and polar regions.

3.4. Radiation stability analysis of SFTOC

After being irradiated at a dose rate of 0.68 kGy/h for 48 h, the
surface emissivity of SFTOC coatings has not changed, and it has
good tolerance to ionizing radiation (Fig. 13 [aec]). It can be seen
that the Cu/Ni-SFTOC coatings have good radiation resistance, Co-
SFTOC has a 4% fluctuation range from 1200 to 1800 nm. No lat-
tice phase transformation was observed in the XRD spectra (Fig. 14
[aec]).The surface emissivity and thermo-optical characteristics of
8

SFTOC coating are not changed under the action of GPHS heat
source rays for 27.6 yrs. Notably, under high-temperature and
strong irradiation, the adhesion characteristics of SFTOC coating are
not affected. In other similar extreme circumstances, SFTOC coating



Fig. 13. (aec) Comparison of radiation tolerance test of SFTOC coating. Fig. 14. (aec) XRD of SFTOC coating before and after irradiation.
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can be used as refractory protective coating.
4. Conclusions

A radioisotope heat source external SFTOC coating was devel-
oped to enhance the performance of RTPV, which possessed high-
temperature (1400 K) and radiation resistance (32.64 kGy). After
high-temperature heating, the crystal angle in the surface
morphology of the coating was changed to form sharp crystals.
Microscopically, the specific surface area of the coating was
increased, and surface emissivity was increased. Under high-dose
photon irradiation, emissivity had not changed. The above-
mentioned experimental results showed that the prepared
coating had good high-temperature and irradiation resistance. The
RTPV maximum output power of SFTOC coating can reach
144.23 mW, the output performance improved 1.81 times. In the
experiment of thermal shock resistance with temperature alter-
nation, the coating can still maintain high efficiency electrical
output. The SFTOC coating prepared in this study has excellent
performance in improving thermo-optical conversion. It is not only
9

suitable for the improvement of RTPV performance, but also has
good application prospects in the fields of solar absorbers and re-
fractory materials.
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